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I.1 Historical Background of
Organopalladium Chemistry

EI-ICHI NEGISHI

This Handbook is all about the use of palladium (Pd) mostly as a component of catalysts
for organic synthesis. Today, it is widely recognized that Pd has very significantly
changed and improved the art of organic synthesis over the last three decades. It seems
reasonable to state that Pd already is one of the most versatile, useful, and hence signifi-
cant metals in organic synthesis along with Li, Mg, B, Cu and a few others and that its
significance is still sharply rising. Over 1000 research publications dealt with the use of
Pd mostly in organic synthesis in 1998 alone.

One question this author has frequently encountered is: Why is Pd so versatile and
useful? This is indeed a good question, which is not so easy to answer, but some attempts
will be made later in Sect. I.2. In this section, however, let us look back and try to
become acquainted with some of the notable events in the history of organopalladium
chemistry with emphasis on the use of Pd in organic synthesis.

In 1912 V. Grignard and P. Sabatier shared, for the first time, a Nobel Prize in chem-
istry.[1] It is striking to note that the significance of both Grignard’s mostly stoichiometric
main group organometallic chemistry and Sabatier’s catalytic transition metal chemistry
were correctly recognized in a largely prophetic manner by the Royal Swedish Academy
of Sciences almost a century ago. It is also striking that the developments of both areas up
to that point were rather slow, circuitous, and evolutionary in many ways. The discovery
and development of Grignard reagents spanned roughly half a century after Frankland’s
discovery of Et2Zn as the first well-recognized main group organometallic compounds in
1849.[2] It took a few to several decades before organomagnesium chemistry, developed
mainly by Barbier,[3] supplanted that of organozincs. Subsequent studies by Grignard led
to the discovery and development of the Grignard reagents.[4] The significance and syn-
thetic utility of the Grignard reagents have only increased with time. Along with organo-
lithiums developed later,[5] they continue representing one of the most important classes
of organometallic compounds.

The development of organopalladium chemistry for organic synthesis has been even
more sluggish than that of the organometallic chemistry of Mg and Li. It has been 
reported[6] that Wollaston in London discovered and isolated Pd in 1803 and named it 
after the asteroid Pallas, which was discovered a year before. Although an ethylene 
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complex of Pt, commonly known as Zeise’s salt, was reported as early as 1827,[7] little
was known a bout either organopalladiums or the use of Pd in organic synthesis during
the 19th century. Sabatier’s systematic investigation of catalytic hydrogenation[8],[9] about
a century ago was instrumental in laying the foundation for the widespread use of cat-
alytic hydrogenation in both academia and industry. However, he clearly stated in his 
Nobel lecture[9] that catalytic hydrogenation of acetylene with H2 over Pt black producing
ethylene and/or ethane had been reported by von Wilde in 1874.[10] Moreover, if his 
Nobel Lecture is an accurate indication, he used mostly Ni along with Pt, Co, Cu, and Ag
but perhaps not Pd. As cited by von Wilde, the earliest work on the reduction with H2

over transition metals appears to be that conceived and suggested by Kolbe[11] and per-
formed under his guidance and reported by Saytzeff [12] on the reduction of benzophenone
and related carbonyl compounds with H2 over Pd. By 1912, however, the use of Pd in cat-
alytic reduction including that of alkenes and alkynes had been reported by various
chemists including Paal and Amberger[13] and Wieland,[14] and the autoclave technology
permitting high-pressure catalytic hydrogenation had been introduced by Ipatieff.[15] As
clearly established later, organopalladiums serve as intermediates in these reactions. In
this Handbook, catalytic hydrogenation and related addition reactions are discussed
mainly in Part VII, with other related reactions being discussed in several other sections
including II.2.1, II.2.5, III.3.1, and VI.2.4. As important as these earlier developments of
Pd-catalyzed hydrogenation and related reduction reactions were in the area of organic
synthesis, they nevertheless represented an isolated, largely technological, and practical
discipline and had remained so until recently.

Neither Roelen’s development[16] of the “oxo” process in the 1930s nor the wide-scope
investigations of organotransition metal chemistry led by Reppe[17] during World War II
made Pd an important transition metal for organic synthesis, even though Pd may have
shown some catalytic activities in these investigations.

Invention of the Wacker process[18] in 1959 and its subsequent development repre-
sent one of the most important milestones in the history of organopalladium chemistry.
Although not widely known, the stoichiometric conversion of ethylene to acetaldehyde
by the action of PdCl2 under aqueous conditions, which was accompanied by 
precipitation of Pd black, was reported as early as 1894.[19] Aside from the historical
intricacy, however, the catalytic hydrogenation and the Wacker oxidation firmly 
established that Pd and its compounds can serve as catalysts for both reduction and
oxidation. At its core, the Wacker process involves a stoichiometric oxypalladation –
dehydropalladation tandem (Scheme 1), and the development of a catalytic process 
required an exquisitely engineered two-stage oxidation involving O2 and CuCl2,[18]

(Scheme 2), as detailed in Sect. V.3. More recent results have clearly indicated that
the scope of the Wacker oxidation can be and has indeed been expanded far beyond
the initial oxidation of ethylene and 1-alkenes to give aldehydes and ketones. Thus,
related aminopalladation, halopalladation, and other addition reactions of heteroatom-
Pd bonds have been developed. Furthermore, these addition reactions can provide
organopalladium intermediates that can be used further for the formation of additional
bonds including C — C bonds (Sect. V.3).

In the meantime, many other types of oxidation reactions catalyzed by Pd have also
been discovered and developed. These other Pd-catalyzed oxidation reactions are dis-
cussed in Part VIII. For some practical reasons, however, a few additional oxidation re-
actions involving C —C bond formation are discussed in earlier sections, such as Sects.
III.2.20, VI.4.4, and VI.7.

4 I INTRODUCTION AND BACKGROUND



Mechanistic consideration of the Wacker reaction, which is thought to involve
nucleophilic attach of ethylene complexed with Pd by H2O, led to the discovery of a
carbon–carbon bond-forming reaction of 1,5-cyclooctadiene–Pd �-complex with ethyl
malonate in the presence of Na2CO3 by Tsuji et al. in 1965[20] (Scheme 3). Re-
searchers[21] admit that an analogy between the organopalladium derivatives in Scheme 3
and �-allylpalladium complexes was drawn and exploited in the discovery of the reaction
of �-allylpalladium with malonate also in 1965 (Scheme 4). It is noteworthy that this
reaction remained only stoichiometric in Pd for several years. Once its catalytic
version[21],[22] was developed, however, this reaction has been extensively developed by
Tsuji,[23] Trost,[24] and many others, as detailed in Sect. V.2. Today, it is widely referred 
to as the Tsuji–Trost reaction, and it represents one of the most widely investigated areas
of the organopalladium chemistry (Scheme 4).

The birth of the Heck reaction, another important Pd-catalyzed C—C bond-forming
reaction, was not straightforward either. In 1968, Heck[25] reported the reaction of
organometals containing Hg, Sn, and Pb with alkenes in the presence of one equivalent 
of a Pd(II) complex leading to substitution of an alkenyl hydrogen with a carbon group of
the organometallic reagent, typically an organomercury (Scheme 5). Here again, how-
ever, history has been skewed by frequent and unfortunate omission of a closely related
stoichiometric reaction by Moritani and Fujiwara[26] reported in 1967 and shown at the
bottom of Scheme 5. Unfortunately, both of these stoichiometric reactions were as such
not very attractive from the synthetic viewpoint. It was not until three to four years later
that Mizoroki et al.[27] and Heck and Nolley[27a] reported what is now generally referred to
as the Heck reaction, sometimes called the Mizoroki–Heck reaction (Scheme 5). As
detailed in Part IV, this reaction has been shown to proceed via addition of C—Pd bond
to alkenes (i.e., carbopalladation), followed by dehydropalladation (Scheme 6). The use
of the term ‘‘Heck reaction’’ should be limited to those processes that involve this
carbopalladation–dehydropalladation sequence, be they stoichiometric or catalytic. It is
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important to do so because the scope of carbopalladation itself is considerably broader
than that of the Heck reaction, as can readily be seen in Part IV. For example, Blomquist
and Maitlis[28] earlier investigated Pd-catalyzed cyclic oligomerization reactions of
alkynes proceeding via a series of carbopalladation, which do not fall within the defini-
tion of the Heck reaction.

The full synthetic scope and utility of those reactions that involve carbopalladation
including the Heck reaction became apparent only in the 1980s through extensive 
investigations by a number of workers, as detailed in Part IV. The scope of carbopal-
ladation may conceptually be further expanded so as to include addition reactions of
palladium–carbene complexes as well as palladacyclopropanes, palladacyclopropenes,
and higher palladacycles. These reactions are also discussed in Part IV (i.e., Sects.
IV.9 and IV.10).

It is generally agreed that Roelen’s discovery of the hydroformylation reaction[16] was
the birth of the transition metal-catalyzed carbonylation. Initially, Co catalysts were most
extensively used, but the Rh-based processes have since been developed as a superior
methods. Although Pd may have been tested along with several other metals, such as Fe,
Ru, and Ni, it has never been shown to be very useful in the hydroformylation reaction,
sometimes called the “oxo” process. A publication in 1963 by Tsuji et al.[29] on a related
but clearly different reaction of alkenes with CO and alcohols in the presence of a Pd 
catalyst producing esters was one of the earliest, if not the earliest, reports describing a 
successful and potentially useful Pd-catalyzed carbonylation reaction. This was soon 
followed by the discovery of another Pd-catalyzed carbonylation reaction of allylic 
electrophiles with CO and alcohols[30] (Scheme 7).
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By 1974 the latter reaction had been generalized, and a wide variety of organic halides
and other related electrophiles including alkenyl and aryl halides had been used, most no-
tably by Heck and co-workers.[31] Also developed in his study was a related carbonylation
reaction for the synthesis of amides.[32] Use of organometals and metal hydrides in place
of alcohols and amines most notably by Steffy and Stille[33] further expanded the scope of
Pd-catalyzed carbonylation.

Yet another important development in the area of Pd-catalyzed carbonylation is the de-
velopment of acylpalladation and related carbonyl–Pd bond addition reactions. Acylpal-
ladation may be defined as a process of acyl–Pd bond addition to alkenes and alkynes.
Clearly, it is a kind of carbopalladation reaction. For practical reasons, however, it is dis-
cussed in Part VI together with other carbonylation reactions mentioned above. Tsuji and
Hosaka[34] reported in 1965 what appears to be the first example of the perfectly alternat-
ing alkene–CO copolymerization (Scheme 8). Independently, Brewis and Hughes[35] re-
ported also in 1965 a Pd-catalyzed cyclic carbonylation of dienes with CO and methanol
(Scheme 9). Although the exact mechanism of the initiation is unclear, these reactions



must involve acylpalladation for crucial C—C bond formation. As promising as they
were, they remained a couple of isolated studies until about 1980.
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The potential for industrial use of the perfectly alternating alkene–CO copolymers rec-
ognized primarily by Shell[36] triggered intensive investigations throughout the world, as
detailed in Sect. VI.4.2. Independently and concurrently, a systematic investigation 
of the cyclic acylpalladation was initiated by Negishi and co-workers[37]–[40] using 
�-alkene-substituted organic halides. This has led to the discovery and development of
several different carbonylation reactions involving CO and �-compounds, as discussed in
Sects. VI.4.1 and VI.4.3.

Cross-coupling between organometals and organic electrophiles, such as organic
halides, is not only one of the most straightforward methods but also the potentially most
general method for the formation of carbon–carbon bonds (Scheme 10). Even so, the de-
velopment of cross-coupling in general and of the Pd-catalyzed version in particular has
been surprisingly sluggish. In fact, Pd-catalyzed cross-coupling was one of the last to be
developed among the several fundamentally different patterns of C — C bond formation
that are widely observable with Pd, as discussed further in Sect. I.2. 

+

CO (10 atm)
cat. PdLn

150 °C

COOMe

O

50%
MeOH

Scheme 9

R1M     +     R2X R1 R2 +     MX

Scheme 10

Before the 1960s, the scope of cross-coupling as defined above was largely limited to
those involving Mg and Li. In general, organometals containing these metals undergo
synthetically useful cross-coupling only with certain relatively unhindered alkyl halides,
such as those containing methyl, primary alkyl, allyl, and benzyl. Unsaturated organic
halides containing Csp2—X and Csp—X bonds do not generally undergo cross-coupling
with organolithiums and Grignard reagents. Even their reactions with alkyl halides are
subject to various side reactions, such as � and � eliminations, halogen-metal exchange
leading to the formation of homocoupled products, and so on, in addition to their com-
petitive reactions with other electrophilic functional groups present in the reactants. 
Although there were some exceptions, such as alkylation of alkynylmetals containing Li
and Mg, direct cross-coupling was, in the main, something to be avoided and substituted
with more reliable but more circuitous enolate-based methods. Introduction and develop-
ment of organocopper-based methods in the 1960s[41] solved many of the difficulties
mentioned above. Nonetheless, a number of other problems remained unsolved.



In 1972, Tamao et al.[42] as well as Corriu and Masse[43] reported independently that
the reaction of Grignard reagents with alkenyl or aryl halides could be catalyzed by Ni
complexes, especially Ni–phosphine complexes. A related study of the stoichiometric
carbon–carbon coupling reaction of diorganylnickel derivatives by Yamamoto et al.[44] is
also noteworthy. Although many other transition metal-catalyzed reactions of Grignard
reagents with organic halides without the use of phosphines were known, these so-called
Kharasch-type reactions,[45] with the exception of the Cu-catalyzed versions,[46]–[48] were
not well suited for cross-coupling due to various complications including cross-homo
scrambling.

The discovery of Pd-catalyzed cross-coupling was more subtle and evolutionary. 
Formation of C —C bonds via reductive elimination of diorganylpalladium–phosphine
complexes was reported in the early 1970s,[49] but no catalytic procedure was developed.
During the 1975–1976 period, several groups of workers including Cassar,[50]

Murahashi et al.[51] Baba and Negishi,[52] Fauvarque and Jutand,[53] and Sekiya and
Ishikawa[54] reported seemingly independently some Pd-catalyzed cross-coupling reac-
tions. The alkyne version of the Heck reaction by Dieck and Heck[55] and its variant 
involving the use of Cu(I) salts developed by Sonogashira et al.[56] were also reported
during the same period. In most of these studies, however, one or two papers were pub-
lished in a rather fragmentary manner, but the systematic studies by Negishi and co-
workers [52,[57]–[63] during the 1976–1978 period clearly pointed to the current vision and
scope and thus established the foundation for the current broad-spectrum Pd-catalyzed
cross-coupling. As detailed in Sect. III.1, the studies during this period generated many
notable findings, such as (i) generality with respect to the metal countercations including
Zn,[57]–[59],[62] B,[62],[63] Al,[52],[61] Sn,[62] and Zr[60],[61] in addition to Mg[51]; (ii) develop-
ment of both hydrometallation–cross-coupling[52] and carbometallation–cross-
coupling[61] tandem procedures with Al and Zr demonstrating some distinct advantages
of Pd over Ni; (iii) development of protocols using metals of intermediate electronega-
tivity including Zn, Al, and Zr for superior reactivity and chemoselectivity; and (iv)
demonstration of double metal catalysis involving Pd and added metal compounds, espe-
cially ZnCl2 and ZnBr2.[61] During this period, related Pd-catalyzed cross-coupling reac-
tions of organotins with aryl[64] and acyl halides[65] were reported by Kosugi and co-
workers. These first-generation studies were followed by extensive second-generation
studies of the Pd-catalyzed cross-coupling involving various metals, most notably Zn,[66]

B,[67] and Sn[68] over the past two decades. Today, Pd-catalyzed cross-coupling involving
metals of intermediate electronegativity, mostly Zn, Al, and Zr, is often referred to as the
Negishi coupling.[66] No other metals appear to have exhibited a higher reactivity than
Zn. However, higher chemoselectivity associated with more electronegative meals, espe-
cially B[67] and Sn,[68] and their other advantages have been recognized and exploited. In-
tramolecular cross-coupling of �-haloorganometals containing B[69] and Sn[70] as well as
the carbopalladation–cross-coupling tandem and cascade reactions of organotins[71] are
but a few representative examples demonstrating their potential advantages. Coupled with
their stability in water, Pd-catalyzed cross-coupling reactions involving B and Sn have be-
come widely used, as discussed in detail in Part III. The B protocol is commonly known
as the Suzuki reaction, and that involving Sn is often called the Stille reaction. Their first
papers on Pd-catalyzed cross-coupling with organoborons and organotins were reported in
1979[72] and 1978,[73] respectively. Here again, however, earlier contributions by other work-
ers including the first Pd-catalyzed organoboron cross-coupling reaction by Negishi[62],[63]

and seminal contributions with Sn by Kosugi et al.[64],[65] as well as extensive studies with Sn
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by Beletskaya[74] should not be overlooked. Extensive developmental studies of the Mura-
hashi Pd-catalyzed cross-coupling with Grignard reagents[51],[75] by several workers including
Negishi et al.,[57],[76],[76a] Linstrumelle and co-workers,[77]–[79] and Hayashi et al.[80],[81] initiated
in the late 1970s are also noteworthy.

Today, the Negishi, Suzuki, and Stille reactions represent the three most widely used
protocols along with the Sonogashira reaction[82] specializing in the synthesis of alkynes.
These reactions are discussed mostly in Part III along with the recently developed 
Si-based cross-coupling (Sect. III.2.4) as well as related Pd-catalyzed hydrogenolysis
and carbon–heteroatom bond formation reactions (Sect. III.3).

Aside from various types of isomerization, rearrangements, and other miscellaneous
organopalladium reactions discussed in Part IX, most of the fundamental and widely
observable patterns of organopalladium reactions had probably been discovered by
1980. However, this was about the time when developments of those reactions discov-
ered earlier as well as their applications, especially in the areas of natural products
synthesis and the synthesis of polymers and other compounds of materials chemical
interest, began becoming intensive. In recognition of their significance, applications of
organopalladium chemistry to the natural products synthesis are highlighted in Sects.
III.2.17.1, III.2.18, IV.8, V.2.6, V.3.6, and VI.6, while those applications to the synthe-
sis of polymers and other compounds of materials chemical interest are discussed in
Sects. III.2.17.2 and VI.8.

Development of enantioselective procedures for those reactions discovered earlier
also began in the 1980s. Four of the most notable investigations along this line are 
(i) development of enantioselective cross-coupling by Hayashi et al.[83] (Sect. III.2.16),
(ii) development of the enantioselective Heck reaction by Overman[84] and Shibasaki[85]

(Sect. IV.2.3), (iii) development of highly enantioselective procedures for Pd-catalyzed
allylation by Trost and Van Vranken[86] (Sect. V.2.4), and (iv) development of enantios-
elective copolymerization of alkenes and CO by several workers[87]–[90] (Sect. VI.4.2).

Yet another important aspect of fundamental significance is the “living” and “cas-
cading” nature of some of the organopalladium reactions, especially carbopalladation
and migratory insertion. The discovery of “cascading” organopalladium reactions can
be traced back to pioneering findings in the 1960s represented by Maitlis’ cyclooligomer-
ization of alkynes[28],[91] that was shown to proceed by a series of carbopalladation
(Scheme 11) and Tsuji’s alternating copolymerization of norbornadiene and CO[34]

(Scheme 8).
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As such, these reactions may be suited for the synthesis of symmetrically structured
oligomers and polymers. In fact, the latter reaction[36] has been intensively investigated in
the 1980s and 1990s primarily for its commercial application (Sect. VI.4.2). However,
these reactions are not readily adaptable to the selective synthesis of unsymmetrically
structured natural products and other molecules of biological and medicinal interest. The
feasibility of cascading carbopalladation within the context of the selective synthesis of
unsymmetrical molecules was more or less simultaneously demonstrated by Abelman and
Overman,[92] Trost and co-workers,[93],[94] and Negishi and co-workers[95]–[97] only about a
decade ago. A related investigation of the cyclic allylpalladation –acylpalladation mainly
by Oppolzer[98]–[100] is also noteworthy. Some prototypical and maximally “cascading”
examples of cyclic carbopalladation are shown in Scheme 12.

These examples have triggered interest in exploiting the “living” and “cascading” pos-
sibilities that organopalladium chemistry offers even for the synthesis of unsymmetrical
molecules. Some chemists including this author use the term “tandem” process for two-
stage cascades, especially in cases where two different kinds of processes are involved,
while others have used the term “domino” in place of “cascade.” Usage of these relatively
nonscientific but amusing and attractive terms is largely a matter of personal preference,
but it is nonetheless important to be familiar with their definitions. In reality, some of the
most useful reactions may involve just two- or three-stage “tandem” and “cascade” (or
“domino”) processes. Nonetheless, the full and widespread recognition of the “living”
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characteristics of carbopalladation and migratory insertion has transformed the mostly uni-
dimensional organopalladium chemistry dealing with just one organopalladium reaction at
a time into a multidimensional one, thereby significantly expanding its synthetic useful-
ness. Many “cascading” organopalladium reactions are discussed in Part IV, and addi-
tional discussions may be found in various sections including Sects. V.3.2.2, V.3.3.2, V.3.4,
V.3.5, VI.2.1.3, VI.4.1, and VI.4.3.

As further investigations and developments at all fronts of organopalladium chemistry have
been continued and intensified, some other largely technological aspects of organopalladium
chemistry have also become important. They include such matters as (i) immobilization of Pd
catalysts through the use of polymer-bound Pd-complexes and polymer support materials 
(Sect. X.2), (ii) development of aqueous organopalladium chemistry for various purposes (Sect.
X.1), (iii) applications of organopalladium chemistry within the context of combinatorial chem-
istry (Sect. X.3), and (iv) minimization of unsafe and/or toxic materials such as pyrophoric
metals, toxic metals, and toxic ligands, such as As and even P compounds, and (v) use of more
economical reagents, for example, organic chlorides in place of iodides and bromides. These
dynamic activities incorporate not just fundamental chemical matters but also practical engi-
neering and technological issues that are particularly important in industry. They are clearly
adding new dimensions to organopalladium chemistry that cut across the entire field.
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