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ABSTRACT: This memorial account traces the scientific legacy of Dr. Shinji Murai, a
central figure in organometallic chemistry and homogeneous catalysis whose work influ-
enced modern synthetic chemistry. From his early studies on organosilicon chemistry to
his contributions to transition-metal-catalyzed bond activation and bond formation,
Dr. Murai shaped research directions by recognizing possibilities in fundamental organo-
metallic processes. A defining feature of his research was his ability to transform reactions

S e

that had been viewed as stoichiometric, isolated, or mechanistically specialized into general .The‘;t o? Ohor.ne't;.iic Cataly:sis

catalytic processes of broad synthetic significance. His studies involving organosilicon com-

pounds, hydrosilanes, carbon monoxide, and unactivated C—H bonds identified reactivity

patterns and expanded the conceptual foundation of catalysis. Equally characteristic of his work was independent thinking, careful
observation, and persistent experimental exploration, qualities that enabled discoveries beyond the prevailing trends of the time.
Dr. Murai’s legacy extends far beyond the reactions associated with his name: through both his scientific achievements and his men-
torship of generations of chemists, he helped shape the development of organometallic and catalytic chemistry in Japan and through-
out the world. His career remains an enduring example of how creativity, rigor, and intellectual independence can transform the
practice of chemical research.
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1. INTRODUCTION Sonoda’s laboratory as Associate Professor, where he devoted
himself to the development of organic synthetic reactions using
transition-metal catalysts and organometallic species. In 1987,
he was promoted to Professor in the Faculty of Engineering,
Osaka University, and, until his retirement in 2002, he dedi-
cated himself wholeheartedly to both research and education.
Throughout his career and after his retirement, Dr. Murai
made extensive contributions to the broader scientific commu-
nity through a range of leadership roles. In university adminis-
tration, he served as Dean of the Faculty of Engineering at
Osaka University and later helped guide institutional affairs at
Nara Institute of Science and Technology as a Board Member
and Vice President. His activities also extended to Japan’s major
chemical societies, where he held the presidencies of the Society
of Synthetic Organic Chemistry, Japan, and the Chemical
Society of Japan. In addition, he took part in national science
administration through responsibilities associated with the
Japan Science and Technology Agency (JST) and the Ministry
of Education, Culture, Sports, Science and Technology
(MEXT). In these capacities, he devoted himself to advancing

On June 30, 2025, we received the deeply saddening news that
Dr. Shinji Murai (Figure 1) had passed away at the age of 86. In
reflecting on his life and achievements, we are reminded not
only of his outstanding contributions to chemistry but also of
the breadth of his intellect, creativity, and character.

Dr. Murai was born in Osaka in 1938. During his high school
years, he served as president of the art club and devoted himself
to painting. He was also known as a literary-minded youth who
avidly read the works of Japanese writers such as Natsume
Soseki and Hideo Kobayashi. What ultimately shaped the
course of his career was his encounter with the discovery of
nylon, the world’s first fully synthetic fiber. Deeply impressed
by the ingenuity that made it possible to create “a thread finer
than spider silk and stronger than iron” from such simple raw
materials as water, air, and coal, he resolved to study chemistry
and entered the Department of Applied Chemistry, Faculty of
Engineering, Osaka University.

After graduation in 1961, he continued his studies at the
Graduate School of Osaka University and completed his doc-
toral program in 1966 under the guidance of Professor

Shigeru Tsutsumi, in a free and intellectually stimulating Received: June 19, 2026
research environment that helped cultivate Dr. Murai’s scientific Revised:  July 25, 2026
insight and creativity. Immediately after receiving his doctorate, Accepted: July 27, 2026

he was appointed Research Assistant in the same laboratory.
Following a period of study with Professor Robert West at the
University of Wisconsin, Madison, a leading authority in orga-
nosilicon chemistry, Dr. Murai joined Professor Noboru
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Figure 1. Dr. Shinji Murai in his later career.

not only chemistry but also science in general and supporting the
broader academic community in Japan.

Against this broad biographical background, it is, of course,
Dr. Murai’s scientific achievements that remain most vividly
associated with his name. For many chemists, his name immedi-
ately evokes “C—H activation”. His influence on synthetic
organic chemistry, including organometallic chemistry and
homogeneous catalysis, has been both profound and enduring.
For researchers who followed his work from its early stages,
the catalytic transformation of carbon monoxide using hydrosi-
lanes remains a landmark achievement; for younger generations,
his pioneering contributions to the catalytic activation of other-
wise unreactive aromatic C—H bonds are equally emblematic of
his scientific vision. Yet the accomplishments of Dr. Murai’s
extraordinary career extend far beyond these widely recognized
breakthroughs. Although he discovered numerous groundbreak-
ing reactions, only a few have come to be known by his name.
This reflects not a lack of impact, but rather the exceptional
breadth and continuity of his creativity. Throughout his career,
he continued to uncover fundamentally new reactions, making
it difficult for any single reaction to encapsulate the full scope
of his contributions.

A defining feature of Dr. Murai’s research was his persistent
pursuit of chemistry founded on new concepts. Broadly
speaking, his research strategies may be divided into two com-
plementary approaches: a “thinking-first” approach and an
“experiment-first” approach. In the former, an ingeniously con-
ceived idea for a new reaction is first formulated, after which
the strategy for its realization is meticulously designed.
Experimental work is then carried out primarily to validate the
underlying concept. In this sense, the “thinking-first” approach
may be regarded as a true exercise in creativity. Two major
achievements exemplify this style of research. One was the pio-
neering development of the chemistry of acyllithium species,
which had long been considered too reactive for practical appli-
cation in organic synthesis.' "> Another was his introduction of
a novel concept for modulating the reactivity to m-allyl metal
complexes, important intermediates in catalytic reactions.

Based on this concept, he developed catalytic processes that
include nucleophilic substitution on the central carbon atom
of mt-allyl palladium and platinum complexes.'*'*

The “experiment-first” approach represents a research style in
which extensive experimental exploration precedes conceptual
understanding, allowing new reactions and ideas to emerge
from unexpected observations. Rather than starting from a
well-defined hypothesis, this approach relies on the careful
examination of experimental outcomes and the insight to recog-
nize the significance of unforeseen phenomena. Many of
Dr. Murai’s distinctive and innovative catalytic reactions also
originated from this approach. Success in this mode of research
depends not only on the ability to identify promising leads hid-
den within complex experimental results, but also, to a signifi-
cant extent, on the fortuitous circumstances of encountering
it. This Account, written in memory of Dr. Shinji Murai, focuses
on his contributions to the development of new catalytic reac-
tions that arose from such experimental explorations and
reflects on how his persistent search for new phenomena
shaped lasting advances in organic chemistry, organometallic
chemistry, and catalysis.

2. EARLY CATALYTIC STUDIES AND THE CHEMISTRY
OF SILYL ALKENYL ETHERS

Dr. Shinji Murai began his academic career in 1966 as an assis-
tant professor in the Faculty of Engineering at Osaka
University. Shortly thereafter, he published his first catalytic
reaction, entitled “Copper Salt Catalyzed Addition Reaction of
Polychloroacetonitrile to Olefins” (Scheme 1).'? This reaction is
initiated by the one-electron reduction of polychloroacetonitrile
by a copper salt (CuX), followed by chloride elimination to
generate chloroacetonitrile radical 1, concomitant with the for-
mation of Cl-CuX. This radical adds to an olefin, and the
resulting carbon-centered radical abstracts a chlorine atom from
Cl-CuX, regenerating CuX and completing the catalytic cycle.
Notably, this catalytic system enabled the same overall transfor-
mation to proceed in high yield with only catalytic amounts of
the copper salt, whereas the use of more than stoichiometric
amounts of benzoyl peroxide as an oxidant afforded only mod-
erate yields. Even at this early stage of his career, this work
already foreshadowed a defining trait that would characterize
many of Dr. Murai’s later achievements: the ability to recognize
the synthetic potential of fundamental chemical events and to
translate that potential into useful catalytic reactions.

From 1967 to 1968, Dr. Murai conducted postdoctoral
research in organosilicon chemistry in Professor Robert
West’s group at the University of Wisconsin, Madison. During
this period, he encountered this field for the first time and
became deeply fascinated by its breadth and depth.>® Many of
his subsequent discoveries of new catalytic reactions would
involve silicon-containing molecules, reflecting the way in which
organosilicon chemistry became deeply embedded in his later
studies of catalysis. After returning to Japan, his first research
project focused on the development of novel organic synthetic
reactions that exploited the unique properties of silyl alkenyl
ethers (now commonly referred to as silyl enol ethers or enol
silyl ethers). Electron-deficient carbon radicals generated via
one-electron transfer from copper salts to polyhaloalkanes were
subsequently used in addition reactions with these substrates.
He had already recognized that the highly electron-rich C=C
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Scheme 1. First Catalytic Reaction Developed by Dr. Murai
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double bond of silyl alkenyl ethers could serve as a versatile
platform in organic synthesis.

At that time, silyl alkenyl ethers had been actively investi-
gated primarily as readily handled precursors of carbonyl eno-
lates. Consequently, intensive efforts had been devoted to the
in situ generation of metal enolates under neutral conditions
through silicon—metal exchange reactions with metal salts. In
contrast to this prevailing approach, Dr. Murai postulated that
the extremely electron-rich C=C double bond of silyl alkenyl
ethers could itself function as a nucleophile, without prior con-
version to an enolate. On this basis, he set out to develop a
method that would enable their direct reactions with electro-
philes under neutral conditions. These efforts were soon
rewarded. In 1972, he reported that silyl alkenyl ethers reacted
with polyhalogenated compounds in the presence of catalytic
amounts of copper chloride, resulting in C—C bond formation
through a formal nucleophilic substitution at a polyhalogenated
carbon atom (Scheme 2).>' CuCl is believed to serve as a
single-electron redox catalyst, generating a carbon radical 2
from the polyhalogenated compound. The resulting electro-
philic carbon radical then adds to the electron-rich C=C double
bond of the silyl alkenyl ether, followed by halogen abstraction
from CuX, to form a formal C—X insertion intermediate. This
intermediate subsequently undergoes sequential elimination of
Me,SiX and HX to furnish the conjugated enone product.
This reaction represents not only the first example of a direct
chemical transformation of silyl alkenyl ethers involving car-
bon—carbon bond formation, one of the most fundamental pro-
cesses in organic synthesis, but also the first catalytic
transformation of these compounds.”***

Following this initial discovery, Dr. Murai developed a broad
range of transformations employing silyl alkenyl ethers as sub-
strates, thereby revealing their rich and versatile reactivity
beyond their conventional role as masked enolates. In addition

Scheme 2. Direct Use of Silyl Alkenyl Ethers for Catalytic
C-C Bond Formation

; X
Me3S|O
% + X X catalyst CuCl
R z

R Z
+CX,Z + CuCIX X
2
Me;SiO X o X

CXaZ = CCly, CBry, CCI;CN, CCl3CO,Et, CBryCO,Et

to the catalytic reactions described above, both the S—Cl bond
of phenylsulfenyl chloride and the carbon—halogen bonds of
acyl chlorides, such as polychloroacetyl chlorides and oxalyl
chloride, were found to react with the C=C double bond of silyl
alkenyl ethers via electrophilic addition, without the need for
activators such as metal salts.”>*® Simmons—Smith cyclopropa-
nation using ZnEt,/CH,I, was also achieved by taking advan-
tage of the high electron density of the C=C double bond in
silyl alkenyl ethers.>”° It was further demonstrated that photo-
excited silyl alkenyl ethers can serve as synthetic equivalents of
enols, reacting with Michael acceptors such as acrylates, acrylo-
nitrile, and methyl vinyl ketone to afford cyclobutyl silyl ether
with high regioselectivity.”" Finally, he developed a method
for the oxidation of silyl alkenyl ethers to o,p-unsaturated
ketones using oxidizing reagents such as 2,3-dichloro-5,6-dicya-
noquinone (DDQ)).*" This transformation further underscores
the synthetic versatility of silyl alkenyl ethers as key intermedi-
ates in organic synthesis. Taken together, these studies provided
important contributions to organosilicon chemistry and organic
synthesis and foreshadowed several qualities that would later
become hallmarks of Dr. Murai’s research: a willingness to look
beyond conventional reactivity patterns, a keen eye for hidden
synthetic potential, and a persistent effort to transform mecha-
nistic insight into useful catalysis. Thus, the first half-page pub-
lication®' can be regarded as a remarkably fruitful “catalyst” for
uncovering the diverse synthetic potential of silyl alkenyl ethers.

3. CATALYTIC REACTIONS USING HYDROSILANES
AND CARBON MONOXIDE

One of Dr. Murai’s notable contributions is a series of catalytic
transformations using hydrosilanes and carbon monoxide as
reagents. This line of research, initiated around 1976, was
inspired by the well-recognized analogy between the reactivity
of H, and that of HSiR; toward transition-metal complexes.
Scheme 3 illustrates one of the clearest examples of this analogy,
as reported by Haszeldine.*> In addition to the stoichiometric
reactions shown in Scheme 3a, similar relationships can also
be found in catalytic hydrogenation and hydrosilylation reac-
tions of various substrates, as summarized in Scheme 3b.

This analogy led Dr. Murai to ask what reaction might occur
if hydrosilanes were used in place of hydrogen in hydroformyla-
tion. When he discussed this idea with a professor at another
university in Japan, he learned that a different research group
had already explored the same concept. Although no discernible
reaction had been identified in that study, the professor offered
to share the experimental data. He, however, declined the offer
and instead embarked on an independent and systematic inves-
tigation of a wide range of catalysts, focusing primarily on those
commonly employed in olefin hydroformylation.

After accumulating many minor or inconclusive results, a
familiar stage in exploratory research, Dr. Murai eventually suc-
ceeded in identifying the reaction shown in Scheme 4.** In a
subsequent literature survey, however, he was disappointed to
learn that Colleuille had already filed a patent describing essen-
tially the same reaction.®* At that time, electronic databases
such as SciFinder were not yet available, and researchers had
to rely on the printed volumes of Chemical Abstracts, making
literature searches extremely time-consuming and labor-
intensive. Had this patent come to his attention before the
study began, or had he decided to discontinue the project after
learning of the earlier unsuccessful attempts at the other
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Scheme 3. Analogous Reactivity of H, and HSiR; in
Stoichiometric (a) and Catalytic (b) Transformations

(a) Stoichiometric Reactions
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university, this reaction, together with the subsequent discover-

ies that developed from it, might never have been realized.

Further unexpected observation emerged during the optimi-
zation of the reaction conditions. Dr. Murai found that, when
THF was used as the solvent, the solvent itself underwent an
unanticipated transformation. The resulting product incorpo-
rated two carbon monoxide molecules and three silyl groups,
yielding a compound with a substantially higher boiling point
than the products originally expected. As a result, the product
was detected only because the GC analysis had inadvertently
run for an extended period while a student had stepped away
to play baseball. This serendipitous observation prompted a
more detailed investigation of the reaction conditions and ulti-
mately led to the identification of the ring-opening silylformyla-
tion of cyclic ethers (Scheme 5).3>¢ These studies established
that the R,Si—Co(CO), species 3, generated from Co,(CO),
and hydrosilanes, serves as the catalytically active species in this
reaction. The transformation is driven by the strong affinity of
the silicon atom for oxygen, together with the high nucleophilic-
ity of the anionic Co(CO), fragment.

This finding subsequently led to the development of a variety
of reactions between Si—Co species and oxygen-containing sub-
strates (Scheme 6), including aldehydes (Scheme 6a),*” cyclo-
butanones (Scheme 6b),*® and esters (Scheme 6¢).3%*
Moreover, highly reactive oxygenated substrates such as epox-
ides (Scheme 6d),*' oxetanes,*” acetals,"> and orthoesters**
were found to undergo related transformations under relatively
mild conditions, without the need for elevated temperatures or
high pressures. Taken together, these studies illustrate how Dr.
Murai transformed the simple analogy between hydrogen and

Scheme 5. Expansion of the Co,(CO)./Hydrosilane/CO
System to Oxygen-Containing Compounds

catalyst
{ \ . C0,(CO)g I
+ H-SiEt,Me + CO ————
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Scheme 6. Catalytic Reactions of Oxygen-Containing
Compounds Mediated by R,Si-Co(CO), 3 as the Key
Catalytic Species
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hydrosilanes into a broader class of carbonylative transforma-
tions involving Si—Co species and oxygen-containing substrates.

4. CATALYSIS VIA CONVERSION OF A CO LIGAND TO
A CARBYNE LIGAND: A THIRD MODE OF CO
INCORPORATION

During the studies aimed at developing new catalytic reactions
mediated by silylmetal species generated from hydrosilanes
and carbon monoxide, Dr. Murai discovered a novel catalytic
process that revealed a third elementary mode for incorporating
carbon monoxide into organic compounds. Until then, catalytic
carbonylation reactions had generally been understood to pro-
ceed through one of two elementary pathways: (1) migration
of an organic group from a metal center to a coordinated CO
ligand, or (2) nucleophilic attack by an external nucleophile
on a coordinated CO ligand. His work uncovered a third mode
of CO incorporation, in which bond formation occurs through
an oxycarbyne complex 4 (Scheme 7).

The reaction of 1-hexene with HSiEt,Me and carbon monox-
ide in the presence of [IrClI(CO),], afforded a silyl alkenyl
ether (Scheme 8a).* This sequence, consisting of an iridium-
catalyzed transformation followed by acidic workup, provides
a new synthetic route to acylsilanes from readily available termi-
nal olefins. At the time of its discovery, the reaction mechanism
remained entirely unknown. Only later, after the diyne reactions
described below (Scheme 8b) had been shown to proceed

https://doi.org/10.1021/acscatal.6c04752
ACS Catal. XXXX, XXX, XXX-XXX

920z isnbny g0 uo 1T 1ambu IX ‘A NN TWAMON IXNVWHS Ad 4pd "22S.¥0 -9202 -S9O /6¥709¥99 /2527099 * [e ¥edsde /TZ0T "0T / 10p /4pd -8 |9 1} Je /soedde /6 1o "soe "sqnd //:d 13y wo 14 papeo juwod


http://pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.6c04752

ACS Catalysis

pubs.acs.org/acscatalysis

Scheme 7. Third Catalytic Mode of CO Incorporation via a
Metal Carbyne Complex

§iR3 1,3-Silicon shift

- M=C-0-SiR,

4

through an oxycarbyne ruthenium complex 6, did it become
clear that this reaction also involved a carbyne intermediate S.

The following year, Dr. Murai reported a novel ruthenium-
catalyzed reaction of 1,6-diynes with hydrosilanes and carbon
monoxide that affords O-monosilylated catechol derivatives
(Scheme 8b).* The catalytic cycle was proposed to involve this
third mode of carbon monoxide incorporation through oxycar-
byne complex 6. This transformation is particularly remarkable
because it represents both a rare example of catalytic CO incor-
poration into a diyne and the first example of the successive
incorporation of two molecules of carbon monoxide. In the pro-
posed mechanism, a hydrosilane undergoes oxidative addition
to the catalytically active Ru(0)-CO species to generate a
Ru(1I) intermediate, which undergoes a 1,3-silyl shift to form
the siloxycarbyne ruthenium complex 6, a rare but crucial inter-
mediate. Subsequent coupling of the carbyne ligand with a sec-
ond molecule of carbon monoxide on the ruthenium center
generates complex 7, bearing a dioxyethyne unit, which finally
undergoes [2 + 2 + 2] cocyclization with the diyne to afford
the catechol derivative, while regenerating the Ru—CO species.

This reaction represents the first catalytic process involving
an oxycarbyne complex as the key catalytic intermediate, as well
as the first example of the successive incorporation of two mol-
ecules of carbon monoxide into diynes. The third mode of car-
bon monoxide incorporation and bond formation demonstrated
in this work opened a new perspective in carbonylation chemis-
try. The study was highlighted in the “Science and Technology”
section of C¢&#EN on December 6, 1993.*” Remarkably, another
of Dr. Murai’s studies was highlighted in C&EN the following
week (vide infra),*® underscoring the exceptional visibility and
impact of his research during this period.

Building on this insight, Dr. Murai further demonstrated that
the same conceptual framework could be extended beyond
hydrosilane-based reactions. By exploiting the water—gas shift

reaction, they developed a ruthenium-catalyzed synthesis of cat-
echols from diynes.*” The proposed catalytic cycle involves the
reaction of a ruthenium carbonyl species with water to generate
oxycarbyne-type ruthenium intermediate 8, which subsequently
incorporates a second molecule of carbon monoxide to furnish
1,2-dioxyethyne equivalent 9 (Scheme 8c). This reaction
emphasized that the significance of this chemistry lies not
merely in a particular hydrosilane-mediated process, but rather
in the ability of a transition-metal center to reorganize coordi-
nated carbon monoxide into a reactive unit capable of C-C
bond formation.

Dr. Murai also extended this concept to the Rh(I)-catalyzed
reductive oligomerization of carbon monoxide with hydrosi-
lanes (Scheme 8d).>® Under relatively harsh conditions, carbon
monoxide was converted into a series of silyl-protected C1-CS
oxygenated products. Although the detailed product distribu-
tion and proposed intermediates provide valuable mechanistic
insight, the broader importance of this reaction lies in its role
as a molecular model for CO homologation, in which multiple
CO molecules are assembled on a metal center through oxycar-
byne- and dioxycarbon-type intermediates.

This series of studies exemplifies Dr. Murai’s distinctive
approach to catalysis. Rather than treating carbon monoxide
merely as a one-carbon feedstock, he revealed that it could be
reorganized on transition-metal centers into highly unusual
reactive intermediates, including oxycarbyne and dioxycarbon
species. These findings broadened the mechanistic landscape
of CO activation and opened new possibilities for the catalytic
transformation and homologation of carbon monoxide. In
doing so, these studies on silylmetal species set the stage for
an even more unusual mode of CO activation, in which a coor-
dinated CO ligand itself is transformed into a carbyne-type
ligand.

5. FROM HYDROSILANES TO VINYLSILANES:
DEHYDROGENATIVE SILYLATION

In the early 1980s, considerable research effort was directed
toward the development of new synthetic reactions using orga-
nosilicon compounds. Among the important advances of this
period was the recognition of vinylsilanes as versatile synthetic

Scheme 8. Catalytic Transformation via Oxycarbyne Complexes as a Key Species
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intermediates. Owing to the electron-rich character imparted by
the silyl group, vinylsilanes react readily with electrophiles to
give substitution products. In many cases, electrophiles are
introduced stereoselectively at the carbon atom originally bear-
ing the silyl group, thereby enabling the synthesis of a wide
range of substituted olefins. In addition, epoxidized vinylsilanes
can be readily converted into carbonyl compounds and may
therefore be regarded as synthetic equivalents of carbonyl func-
tional groups.

By the time Dr. Murai began developing dehydrogenative
silylation reactions of olefins, numerous hydrosilylation reac-
tions of alkynes with hydrosilanes had already been reported
as representative methods for the synthesis of vinylsilanes. A
major drawback of these methods, however, was the formation
of alkylsilanes as byproducts. These byproducts arise from both
simple hydrosilylation and subsequent reactions of the initially
formed vinylsilanes with hydrogen derived from the hydrosi-
lanes and the olefin. Even when such overreduction is sup-
pressed, the range of applicable olefins remained largely
limited to styrene derivatives.

In 1980, Dr. Murai and co-workers developed a reaction of
olefins with hydrosilanes using Ru,(CO),, as a catalyst to pro-
duce vinylsilanes (Scheme 9a).>' This reaction exhibited excel-
lent product selectivity (>99%) and high stereoselectivity for
E-vinylsilanes, while accommodating a wide range of olefin sub-
strates. In addition, vinylsilanes were obtained with essentially
quantitative selectivity when Fe;(CO),, was used as the cata-
lyst.>> The selectivity of the reaction, however, depended
strongly on both the structure of the olefin and the nature of
the catalyst employed. For example, in the reaction of 1-hexene,
even Ru;(CO),, afforded a mixture of vinylsilanes and allylsi-
lanes, the latter arising from double-bond isomerization of the
initially formed vinylsilane. Co,(CO)g proved effective for the
reaction of acrylic esters (Scheme 9b),>>>* whereas 1,5-dienes
selectively afforded vinylsilanes when RhCI(PPh,), was used
as the catalyst (Scheme 9c).>

The dehydrogenative silylation studies described above also
constitute an important prelude to the landmark discovery of
catalytic C—H bond functionalization discussed later. They
are related to that discovery in two significant ways. First,
dehydrogenative silylation can be viewed as a transformation
in which an olefinic C-H bond is replaced by a C-Si bond
via silylmetalation followed by B-hydride elimination; in this
sense, a reaction concept now described as C-H bond

Scheme 9. Dehydrogenative Silylation of Olefins (Direct
C-H Bond Silylation)
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functionalization was already embodied in these studies.
Second, a subsequent investigation involving vinylsilanes
unexpectedly led to the discovery of catalytic directed C-H
bond functionalization itself. Thus, this body of work occupies
a distinctive position in Dr. Murai’s research: it represented
both a significant advance in organosilicon synthesis and an
intellectual stepping stone toward one of his most influential
contributions to catalysis.

6. CATALYTIC REACTIONS INVOLVING THE C-H
BOND CLEAVAGE: THE DAWN OF C-H BOND
ACTIVATION CATALYSIS

Among Dr. Murai’s most influential contributions to chemistry
was the discovery of a catalytic reaction that directly converts
C-H bonds into C-C bonds. This reaction, catalyzed by a
ruthenium phosphine complex, RuH,(CO)(PPh,),, enables
the regioselective coupling of substrates such as acetophenones
with olefins through the cleavage of an aromatic C—H bond
directed by a coordinating functional group. The reaction pro-
ceeds with remarkable efficiency and selectivity across a broad
range of substrates, establishing it as a powerful transformation
in catalytic organic synthesis (Scheme 10).5%%

At the time of this discovery, efforts to develop catalytic C—H
bond functionalization in Dr. Murai’s group remained explor-
atory and were being pursued primarily by a single graduate stu-
dent rather than as a full-scale team project. Transition-metal
complexes known to undergo oxidative addition of C—H bonds
to low-valent metals were examined as potential catalysts. For
nearly two years, however, these efforts yielded no promising
results.

A decisive breakthrough finally emerged in April 1992. The
pivotal observation arose from the reaction of acetophenone with
trimethylvinylsilane in the presence of RuHCI(CO)(PPh,),, pur-
chased from a chemical supplier, as the catalyst. This experiment
had originally been examined in connection with an entirely
different research project. GC and GC/MS analyses indicated
the formation of new products, and subsequent 'H NMR anal-
ysis revealed that the ortho-C—H bond of acetophenone had
added across the C=C double bond of the vinylsilane, afford-
ing an ortho-monoalkylated and an ortho-dialkylated products.
This transformation embodied precisely the type of catalytic
C—H bond functionalization that Dr. Murai had long sought
to realize. The discovery marked a watershed moment in
organic synthesis and initiated a major stream of research that
has continued to flourish worldwide for more than three
decades.

At first glance, this finding might appear to have been the
result of extraordinary fortune. In reality, it was far more than
that. As Louis Pasteur famously stated, “Le hasard ne favorise
que les esprits préparés” (chance favors only the prepared mind).
Dr. Murai himself later remarked, “It’s not just serendipity.”
Detailed NMR analysis revealed that the commercially

Scheme 10. Ruthenium-Catalyzed Coupling of Aromatic
Ketones with Olefins
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purchased RuHCI(CO)(PPh,),, obtained for a different
research purpose, contained a substantial amount of another
complex, RuH,(CO)(PPh,),, which is formed through a
closely related synthetic route (Figure 2). This ruthenium dihy-
dride complex exhibited high catalytic activity, ultimately lead-
ing to the recognition of RuH,(CO)(PPh,), as the actual
catalyst precursor responsible for the C—H alkylation of aceto-
phenone with the vinylsilane (Figure 3).

The catalytic transformation of C—H bonds did not begin
with Dr. Murai. Stoichiometric C—H activation reactions had
already been reported, and catalytic reactions employing large
excesses of substrate or conducted under photoirradiation con-
ditions were also known. However, their efficiency and regiose-
lectivity were far from suflicient for practical use as synthetic
methods. The development of highly efficient and regioselective
catalytic functionalization of inert C—H bonds therefore
remained an elegant but long-standing goal in organic synthesis.
In textbooks and specialized monographs on organometallic
and coordination chemistry, C—H activation was mentioned
only briefly, typically as a few stoichiometric examples in chap-
ters devoted to oxidative addition.

Against this background, the significance of the Murai reac-
tion was not simply that it cleaved an aromatic C—H bond, but
that it incorporated such cleavage into a highly efficient cata-
Iytic C—C bond-forming process. When Dr. Murai’s group ini-
tiated its C—H functionalization project, several mechanisms
for C-H bond cleavage by transition-metal complexes had
already been recognized, including oxidative addition to low-
valent metal centers, electrophilic cleavage at high-valent
metal centers, and ligand-assisted cleavage. The ruthenium-
catalyzed reaction, however, revealed a distinctive oxidative
addition pathway. The proposed reaction pathway, later sup-
ported by DFT studies, is shown in Scheme 11.°%%° As the
ruthenium center approaches the C-H bond, it interacts
simultaneously with the C—H bond and the ortho carbon atom
of the aromatic ring, generating an intermediate in which the
metal—carbon bond is largely formed while the hydrogen atom
remains partially associated with the carbon atom. Subsequent
hydrogen migration to the metal center completes C—H bond
cleavage. This c-interaction-driven pathway represents one of
the truly innovative aspects of his discovery and is fundamen-
tally distinct from Michael-type addition to a conjugated 7-
system.

Since Dr. Murai’s seminal report, a wide variety of strategies
for C-H bond functionalization have been developed,

a)

b) ..
n

Figure 2. (a) 'H NMR spectrum of the hydride region of the pur-
chased RuHCI(CO)(PPh;);. (b) "H NMR spectrum of the hydride
region of the prepared RuH,(CO)(PPh,),.
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Figure 3. A page from the experiment notebook documenting the first
coupling reaction of acetophenone with trimethylvinylsilane using
RuH,(CO)(PPh,); as a catalyst.

stimulating extensive research worldwide. Among transition-
metal complexes employed in catalytic C—H functionalization
via oxidative addition, RuH,(CO)(PPh,), proved effective for
a broad range of substrates beyond aromatic ketones. It exhibits
wide-ranging catalytic activity in C—H alkylation,*’~®* alkenyla-
tion,**®* arylation,%*®” and silylation®*®’ of diverse substrates,
including carbonyl compounds, imines, nitriles, heteroaromatic
compounds, and conjugated systems. Although this complex
was not initially recognized as a general catalyst for such trans-
formations, it ultimately became clear that, in terms of catalytic
performance, “the first choice had turned out to be the best
choice.”

It is noteworthy that the term “C—H activation” does not
appear in the titles of Dr. Murai’s papers on these reactions.
He strongly disliked the use of such terminology merely as a
fashionable label and avoided emphasizing nomenclature for
its own sake. In his view, “true C—H activation” referred specif-
ically to oxidative addition of a C—H bond to the metal center of
a transition-metal complex. Once this elementary process had
been incorporated into a catalytic reaction, however, C—H acti-
vation itself was no longer the central message. In his subse-
quent publications, he consistently emphasized the novelty
and synthetic significance of the chemical transformations
themselves, often drawing attention to the availability and sim-
plicity of the substrates rather than to the terminology used to
describe the underlying mechanism.

This attitude reflected Dr. Murai’s broader philosophy of
organic synthesis. One essential objective of synthetic chemistry
is to develop reactions that use readily available organic com-
pounds, while another is to minimize the number of reaction
steps and the overall energy required to construct target mole-
cules. Through catalytic C—H bond functionalization, he estab-
lished a synthetic strategy that addressed both objectives. This
perspective illustrates how deeply his work was rooted in the
logic and spirit of organic synthesis.

One of the hallmarks of his regioselective catalytic C—H func-
tionalization was the utilization of a coordinating functional
group, now commonly referred to as a directing group. By
bringing the metal center into close proximity to a specific
C-H bond and stabilizing the resulting C-M-H intermediate
through formation of a metallacycle, the directing group
enables highly regioselective C—H bond cleavage. In the
RuH,(CO)(PPh,),-catalyzed C-H alkylation of aromatic
ketones with olefins, the ketone carbonyl group functions as
this directing group. Coordination of the carbonyl oxygen atom
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Scheme 11. Plausible Reaction Pathway via 1,2-Hydrogen and 1,2-Alkyl Shifts
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to ruthenium enables selective ortho C—H bond cleavage, lead-
ing to a stable five-membered ruthenacycle intermediate
(Scheme 11). The Ru—H bond of this intermediate then adds
to the olefin double bond in an anti-Markovnikov manner,
and subsequent reductive elimination releases the C—C bond-
forming product while regenerating the catalytically active
species.

Another unexpected yet highly informative finding was that
C-H bond cleavage is not the turnover-limiting step. Because
of the large bond dissociation energy of C—H bonds, typically
around 100 kcal/mol, their cleavage had often been intuitively
assumed to be the highest-energy process in catalytic C-H
functionalization reactions. In the Murai reaction, however,

deuterium-labeling experiments revealed that the ruthenium
intermediates formed prior to reductive elimination are in
equilibrium,®>“* and theoretical studies by Morokuma’s group
demonstrated that C—H bond cleavage proceeds with a
remarkably low activation barrier (Scheme 12).%%¢°
Together, these findings indicated that the key kinetic bottle-
neck lies after C—H bond cleavage. Although Dr. Murai was
not a coauthor of Morokuma’s papers,®”®° the two groups
remained in close communication throughout the computa-
tional studies. Dr. Murai himself requested that the work be
published independently as a theoretical chemistry paper, a
gesture that reflected both his modesty and his scientific

integrity.

Scheme 12. (a) Deuterium-Labeling Experiments Using Methyl
(c) 13C KIE Experiment

Benzoate-d, (b) Equilibria Prior to the Reductive Elimination.
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To place this mechanistic picture on firmer experimental
footing, Dr. Murai employed an innovative method: the mea-
surement of the natural-abundance '*C kinetic isotope effect
in the RuH,(CO)(PPh,),-catalyzed reaction of methyl 2-
methylbenzoate ~with  trimethylvinylsilane.””  Deuterium-
labeling experiments had shown that the steps prior to reductive
elimination are reversible and remain in equilibrium
(Scheme 12ab). If reductive elimination, namely the C-C
bond-forming step, was turnover-limiting, a **C kinetic isotope
effect would be expected at C6 of the ester substrate. Indeed,
the recovered starting material showed a slightly higher *C
abundance at C6 than the natural isotopic ratio. This indepen-
dent experimental evidence confirmed the mechanistic picture
suggested by the deuterium labeling and theoretical studies:
the turnover-limiting event is reductive elimination, not C-H
bond cleavage (Scheme 12c).

The Murai reaction transformed the way chemists viewed C—
H bonds in organic molecules. It showed that a C—H bond, long
regarded primarily as an inert structural element, could be trans-
formed directly and selectively into a C—C bond under catalytic
conditions. Equally important, it demonstrated that the central
challenge was not merely to cleave a strong C—H bond, but to
design an entire catalytic sequence in which C—H activation,
substrate coordination, migratory insertion, and reductive elim-
ination are orchestrated in a productive manner. In this sense,
the Murai reaction helped shift C—H activation from a special-
ized topic discussed largely in the context of stoichiometric
organometallic processes to the foundation of a broad field
now recognized as catalytic C—H bond functionalization. This
conceptual advance helped launch one of the major movements
in modern catalytic chemistry and remains one of the most
enduring legacies of Dr. Murai’s work.

7. CONCLUSIONS

In this Account, we have reflected on the outstanding achieve-
ments and lasting legacy of Dr. Shinji Murai, whose work had
a profound impact on organic chemistry, organometallic chem-
istry, and catalysis. What distinguished his science was not a ten-
dency to follow prevailing trends, but a firm resolve to open
new directions in chemistry. Throughout his career, he never
entered a field simply because it was fashionable. Instead, he
consistently looked beyond established paradigms, framed his
own questions, and created new paths through original discov-
eries. Many of his contributions continue to influence subse-
quent generations of researchers. The numerous honors
bestowed upon him, including the Chemical Society of Japan
Award for Academic Achievement in Chemistry (198S), the
Chemical Society of Japan Award (1998), the Special Award
of the Society of Synthetic Organic Chemistry, Japan (2005),
the Fujiwara Prize (2006), the Japan Academy Prize (2010),
the Asahi Prize (2015), and his designation as a Person of
Cultural Merit (2017), testify to the depth and breadth of his
impact on chemistry.

At the heart of this approach was Dr. Murai’s unwavering
belief that science advances through discovery, and that discov-
ery is the source of the fascination and joy not only of chemis-
try, but of science as a whole. For him, research was not merely
the accumulation of knowledge or the production of results; it
was a creative endeavor that required sustained thought and
engagement with the unknown. Having served as the president
of the art club during his high school years, he may also have

sensed in scientific work a creative dimension akin to art. This
did not mean embellishing research achievements, but rather
identifying a meaningful question on one’s own and refining it
until one could be fully satisfied with the answer. Because of
his deep love of chemistry, he sought to convey to his students
that research was not only a demanding pursuit of results, but
also an endeavor in which the very act of thinking could be
enjoyed.

This philosophy was vividly reflected in the words he repeat-
edly shared with Dr. Murai’s students. He often urged them to
“Always think about chemistry,” emphasizing that chemistry
should not be confined to the laboratory but should be culti-
vated in everyday thought. He also encouraged rigorous intel-
lectual engagement through his memorable expressions, such
as “Sleep with the Aldrich chemical catalog as your pillow” and
“Think until your brain sweats.” These words remain clearly
etched in the memories of those who learned from him, not
merely as humorous remarks, but as expressions of the kind
of scientist he was: one who loved chemistry wholeheartedly
and found genuine joy in thinking. Those who worked closely
with Dr. Murai witnessed this passion firsthand. His spirit has
naturally taken root in his students and colleagues and con-
tinues to guide researchers in academia as well as those engaged
in industrial development.

At the same time, for Dr. Murai, enjoying research never
meant taking an easy or superficial approach. Rather, he valued
above all the willingness to face problems directly and continue
thinking until reaching genuine conviction. His maxim,
“Conduct many experiments and write few papers,” aptly expressed
this attitude. It conveyed the importance of resisting the temp-
tation to rush toward publication and instead continuing to
experiment and reflect patiently until the essence of the chemi-
cal reaction became clear. He understood more deeply than
anyone that such sincerity is what ultimately advances and
enriches chemical research.

This rigor was equally evident in the way Dr. Murai men-
tored his students. Even when experiments did not proceed as
hoped, he would often say, “Accept setbacks,” reminding them
that difficulties themselves can provide opportunities for deeper
understanding. Even when the problems assigned to students
were extremely challenging and progress came slowly, he stood
alongside them and seemed to enjoy the process of overcoming
such hurdles together. As was the case for the authors of this
Account, many students were drawn to Dr. Murai’s laboratory
not only by the originality of his science, but also by his open-
mindedness, generosity, and warmth. In an environment where
such rigor and kindness coexisted, his students learned not only
the difficulties inherent in research, but also the joy of exploring
the unknown.

It is deeply saddening that we can no longer discuss chemis-
try with Dr. Murai or enjoy his warm sense of humor.
Nevertheless, the scientific frontiers he opened, the attitude
toward research that he embodied, and the profound love of
chemistry that he imparted will continue to live on in many
researchers he inspired. With deep respect and gratitude, we
dedicate this Account to the memory of Dr. Shinji Murai.
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