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PREFACE

Use of transition metal compounds or complexes as catalysts or reagents in organic
synthesis is an exciting field of research, and numerous novel reactions which are
impossible to achieve by conventional synthetic methods have already been
discovered. They are extensively employed in a wide range of areas of preparative
organic chemistry. Total syntheses of many complex molecules have been achieved
efficiently in much shorter steps, which was unbelievable ten years ago. Applications
of transition metal catalysts and reagents to organic synthesis are still being actively
investigated, and these days we can hardly open an organic chemistry journal that does
not contain examples of these reactions. Now the research on the application of
transition metal complexes to organic synthesis is in its golden age. Without doubt, in
the last decade, the introduction of transition metal catalysts and reagents has caused
revolutionary change in organic synthesis.

Today, the knowledge of organotransition metal chemistry is indispensible for
synthetic organic chemists. However, the organotransition metal chemistry is clearly
different mechanistically from traditional organic chemistry. I undertook to write this
book in order to give a birds-eye view of the broad field of organotransition metal
chemistry applied to organic synthesis. I intended to give a better understanding of the
present arts of this chemistry to many synthetic organic chemists, who are not very
familiar with organotransition metal chemistry, but eagerly wish to apply transition
metal-catalyzed reactions to their synthetic works. I have tried to accomplish this task
first by giving a simple mechanistic explanation in chapter 2. Then a number of
important types of reactions classified mainly by representative substrates such as
organic halides and allylic derivatives are surveyed with pertinent examples. For this
purpose, I cited many references; these were selected from a much larger number
which I have collected over the years. I wanted to make the book as comprehensive as
possible by selecting those references which reported original ideas and new reactions,
or evident synthetic utility. Synthetic utility is clearly biased towards catalytic rather
than stoichiometric reactions. The overall task of selecting good examples to include
was very difficult. It was done based on my own knowledge and understanding of the
chemistry, and hence there must be many significant omissions. I apologize for the



Xii Preface

errors and incorrect citations which must inevitably be present in a book written by a
single author.

In 1997, I wrote a book with a similar title in Japanese, and the present book is an
expanded English edition. However, I replaced many old examples in the Japanese
edition with new ones and added many more in order to make the book up-to-date.

I wish to acknowledge valuable suggestions and corrections given by Professor H.
Nozaki who read the whole manuscript. I also thank my wife Yoshiko for her help
during the preparation of the manuscript.

Jiro Tsuji
Kamakura, Japan
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1

PIONEERING INDUSTRIAL
PROCESSES USING
HOMOGENEOUS
TRANSITION METAL
CATALYSTS

Some main group metals have long been used for organic synthesis. Most importantly
Grignard reagents, introduced in the beginning of the twentieth century, have
widespread application in organic synthesis. Compared with the extensive use of
Grigrard reagents and other main group metal reagents, transition metal compounds
have received little attention from synthetic organic chemists. Their application as
catalysts to organic syntheses started much later. The application of transition metal
compounds, particularly as homogeneous catalysts, was initiated by the following
three industrial processes and related reactions, developed from the 1930s to 1950s
without an understanding of their mechanisms:

1. Carbonylation of alkenes and alkynes catalysed by metal carbonyls, typically
Co02(CO)g, Ni(CO), and Fe(CO)s to produce aldehydes, carboxylic acids, esters,
and alcohols.

2. Production of polyethylene and polypropylene by the Ziegler—Natta catalysts,
prepared from Ti chlorides and organoalanes.

3. Production of acetaldehyde from ethylene by the Wacker process using PdCI, and
CuCl, as catalysts.

These commercial processes led to the development of other synthetic reactions
catalyzed by transition metal complexes. The impact and effect of these processes on
organic synthesis are surveyed briefly.



2 Pioneering industrial processes

1.1 Carbonylation of Alkenes and Alkynes Catalysed by
Metal Carbonyls to Produce Aldehydes, Carboxylic
Acids, Esters and Alcohols

In 1925, Fischer and Tropsch developed a process for producing a mixture of saturated
and unsaturated hydrocarbons, and oxygenated products such as alcohols and esters by
the reaction of synthesis gas (a mixture of CO and H,) using heterogeneous catalysts
of Fe and Co (eq. 1.1) [1].

CO + H, _FeorCo_ hydrocarbon (LD

This process is called the Fischer—Tropsch process and attracted attention as an
important method of commercial production of synthetic oil. In 1938 Rélen, one of
Fischer’s co-workers, tried the reaction of alkene with synthesis gas using a Co catalyst
and found the formation of aldehydes. This reaction is now called the oxo reaction or
hydroformylation, because hydrogen and a formyl group add to an alkene bond [2,3].
At present, butyraldehyde is produced by the hydroformylation of propylene on a large
scale. 2-Ethyl-1-hexanol is produced by aldol condensation of butyraldehyde and
subsequent hydrogenation of the resulting enal. Bis(2-ethylhexyl) phthalate is utilized
as a plasticizer for poly(vinyl chloride). At first, Co,(CO)g was used as the catalyst
under homogeneous conditions. Then an Rh complex was found to be a more efficient
catalyst. Rh is much more active, and hence its high cost is easily offset.
HRh(CO)(Ph3P); or RhCl(PhsP), is the catalyst precursor (eq. 1.2).

Co,(CO)
X +CO + H, e, /\/CHO+ )\CHO (1.2)

In the 1930s, the Reppe group developed commercial processes for the production
of carboxylic acids and esters by the carbonylation of alkynes and alkenes using metal
carbonyls [4]. In particular, an industrial process for producing acrylic acid or ester by
the carbonylation of highly explosive acetylene, catalysed by extremely toxic Ni(CO),,
was established (eq. 1.3).

Ni(CO)
CHZCH + CO + MeOH ————> % ~COMe (1.3)

Another commercial process, for 1-butanol production by reductive carbonylation
of propylene with water, catalysed by Fe(CO)s, was developed by the Reppe group (eq.
1.4).

Fe(CO)s
A X +3C0 + 2H,0 ——— 7 "O0H  + 200, (1.4)

The discovery of these carbonylation processes enabled the industrial production of
aldehydes, carboxylic acids or esters, and alcohols from alkenes and alkynes using Fe,
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Co and Ni carbonyl catalysts. These processes have stimulated development of
carbonylation as an important unit reaction, catalysed by transition metal compounds.

Later, in the 1970s, a new commerial process for AcOH by the Rh-catalyzed
carbonylation of MeOH in the presence of HI, the Monsanto process, was developed
(eq. 1.5) [5]. It is significant that MeOH, which is a saturated compound, was shown to
be carbonylated via Mel in this process, rather than unsaturated substrates such as
alkenes and alkynes.

Rh-Hi

1.2 Production of Polyethylene and Polypropylene by
Ziegler—Natta Catalysts

Ziegler started his research on organolithium compounds before the second world war
and synthesized n-BuLi for the first time. After the war, his research extended to
organoaluminium compounds and he synthesized Et;Al. Then a commercial process
for producing higher alcohols by the oligomerization of ethylene using Et;Al was
developed. During this research the famous Ni effect on the reaction of Et; Al with
ethylene was discovered [6], namely that 1-butene is formed selectively and no
oligomers are produced by the reaction of ethylene with Et; Al, when a small amount
of a Ni compound is present in the reaction system (eq. 1.6).

Ni(acac), - Et3Al
2 CH,=CH, - NS (1.6)

The discovery of the Ni effect led to the invention of polyethylene production
catalysed by TiCly combined with Et;Al, the so-called the Ziegler catalyst, in 1953.
Soon after, the process for isotactic polypropylene was invented by Natta using a
slightly modified catalyst prepared from TiCls and Et; Al, which is called the Natta
catalyst (eq. 1.7) [7].

TiCly - EtzAl
n CHy=CH, — 473" . polyethylene

(17)
TiCl;- EtzAl
nox —— % polypropylene

The impact of Ziegler—Natta catalysis was enormous. The combination of TiCly as
a transition metal compound with Et; Al as a main group metal compound opened the
possibility for transmetallation. This is one of the most important unit reactions in
transition metal-catalysed reactions. Also, production of isotactic polypropylene is a
harbinger of stereocontrolled reactions catalysed by transition metal complexes,
leading finally to asymmetric catalysis.

The Ziegler—Natta chemistry was extended to the polymerization of butadiene to
produce polybutadiene using similar catalysts. However, Wilke found that cyclic
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oligomers, such as COD and CDT, rather than linear polybutadiene, are formed by
changing ratios of TiCly and Et;Al [8]. Several years before Wilke’s discovery, Reed
gave the first report on the formation of COD from butadiene using a catalyst derived
from Ni(CO), [9]. However, its catalytic activity was lower due to the strong
coordination of CO. Wilke subsequently found that naked Ni(0) or Ni(0) complexes of
phosphines are active catalysts for cyclodimerization and trimerization. Based on these
discoveries, the chemistry of n—allylnickel was developed.

The Reppe group reported in 1948 the formation of benzene and cyclooctatetraene
by Ni-catalysed cyclotrimerization and cyclotetramerization of acetylene [10].

The Ni-catalyzed cyclizations of butadiene and acetylene opened a fruitful field of
cycloaddition of various unsaturated compounds to afford various cyclic compounds.
These cyclizations are now understood by the formation of metallacycles as

intermediates (eq. 1.8).
Ni(Q) © O
_— +
Ti or Ni(0) O
—_— +

)

(1.8)

HN

Alkene metathesis, a remarkable reaction catalyzed by transition metal catalysts,
can be traced back to Ziegler—Natta chemistry as its origin [11]. In 1964, Natta ef al.
reported a new type polymerization of cyclopentene using Mo- or W-based catalyst,
without knowing the mechanism. This was the first example of ring-opening
metathesis polymerization (ROMP; eq. 1.9) [12].

WCl5-E
5 @ Cls -ELAICI » Mmetathesis polymerization (1.9)

1.3 Production of Acetaldehyde from Ethylene by the
Wacker Process

For long time, Pd has been used mainly as a heterogeneous catalyst for the
hydrogenation of unsaturated bonds. A revolution in Pd chemistry occurred with the
development of homogeneous Pd catalysts. The first example was the invention of the
Wacker process in 1959, by which ethylene is oxidized to acetaldehyde using PdCl,
and CuCl, as catalysts in aqueous solution (eq. 1.10) [13].

PdCIz/CUCIQ
CH,=CH, + 120, ———————— " CH,CHO (1.10)

In 1894 Philips found that, when ethylene is passed into an aqueous solution of
PdCl,, Pd(II) is reduced to Pd(0), which precipitates as black powder [14] and this
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reaction was used for quantitative analysis of Pd(Il) [15]. Ethylene is oxidized to
acetaldehyde at the same time. This reaction is the basis of the Wacker process.
Soon after the invention of the Wacker process the formation of vinyl acetate by the
oxidative acetoxylation of ethylene using Pd(OAc), was discovered by Moiseev [16],
and the industrial production of vinyl acetate based on this reation was developed. At
present, vinyl acetate is produced commercially by a gas-phase reaction of ethylene,
acetic acid and O, using Pd catalyst supported on alumina or silica (eq. 1.11).

Pd-Alumina ¢y, -=CH
_— 270

CHo=CH, + AcOH + 1/2 0O, o
Ac

+ HO (1.11)

1.4 Preparation of Organotransition Metal Complexes

In 1951, ferrocene was synthesized by Pauson [17] and Miller [18]. Soon after this
synthesis, two groups led by Wilkinson and Fischer, independently reported that
ferrocene has a stable carbon—iron n-bond [19]. This was the first example of a true
organotransition metal complex containing a carbon—metal bond. Since then,
numerous organotransition metal complexes have been prepared. The importance of
these complexes as intermediates of many synthetic reactions has been discovered.
More importantly, some transition metal complexes were found to behave as
precursors of active catalysts.

The industrial processes and related reactions described above, combined with the
progress of organometallic chemistry, have stimulated further remarkable development
in applying transition metal complexes to organic synthesis. Various novel synthetic
methods, which are impossible by conventional means, have been discovered, bringing
revolution in organic synthesis.
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2

BASIC CHEMISTRY OF
TRANSITION METAL
COMPLEXES AND THEIR
REACTION PATTERNS

Organic reactions involving transition metal compounds proceed via complex
formation; that is, coordination of a reactant molecule to a low-valent transition
metal is essential for the reaction to occur. In order to explain how synthetic reactions
involving transition metal complexes proceed, it is important to understand the
fundamental behaviour of complexes and their reaction patterns.

2.1 Formation of Transition Metal Complexes

Metallic Mg is used for the preparation of Grignard reagents. However, transition
metal complexes formed by the coordination of ligands (L) to metals are used for
synthetic reactions. The transition metal itself is used rarely. The change of properties
of transition metals, brought about by complex formation, is considerable. For
example, metallic Ni has a very high melting point and is insoluble in organic solvents,
whereas Ni(CO), is a volatile, extremely toxic liquid (b.p. 43 °C) and is soluble in
organic solvents [1]. Although Pd and Pt are stable noble metals, their complexes
Pd(Ph3P), and Pt(Ph;P), are greenish-yellow crystals and soluble in organic solvents.

Four molecules of CO coordinate to Ni to form Ni(CO),, but Ni(CO); is never
formed. The stoichiometry of complex formation can be understood by the 18-electron
rule. According to this rule, a stable complex with an electron configuration of the next
highest noble gas is obtained when the sum of d electrons of metals and electrons
donated from ligands equals 18. Complexes that obey the 18-electron rule are said to
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be coordinatively saturated. Ni(0) has the following ground state electronic structure,
and forms complexes using 3d® and 4s? electrons equally (10 d electrons, or d'°):

1522522p%3s23p® 348 45°

Similarly, Pd(0) and Pt(0) form complexes using their d'° electrons. The numbers of
d electrons of major transition metals used for the complex formation are shown in
Table 2.1. Coordinatively saturated complexes are formed by the donation of electrons
from the ligands until total numbers of the electrons reach 18.

Well-known complexes that obey the 18-electron rule are shown below. Typical
ligands, such as CO, phosphine and alkenes, donate two electrons each. The total
number of d electrons of Ni(CO), can be calculated as 10 4 (2 x 4) = 18, and hence
Ni(CO);5 cannot be formed. In Co,(CO)g, the number of d electrons from Co(0) is nine
and four CO molecules donate eight electrons. Furthermore, a Co—Co bond is formed
by donating one electron each. Therefore, the total is 9 + 8 + 1 = 18 electrons, to
satisfy the 18-electron rule. The relationship between the coordination numbers and
numbers of d electrons of metal carbonyls is shown in Tables 2.2 and 2.3.

Number of electrons in ferrocene 1 can be counted in the following way. In
ferrocene, Fe is Fe(II) and has six d-electrons. The cyclopentadienyl anion donates six
electrons (2 x 2 from two double bonds and two electrons from the anion), and
6+ (4 x2)+ (2 x2) =18 eclectrons satisfy the rule. In another calculation Fe,
regarded as Fe(0), offers eight electrons and the cycloptendienyl radical supplies one
electron. Therefore, total electron count is 8 4+ (4 x 2) + (1 x 2) = 18.

CpoFe Fe(ll) 6e
ferrocene Cp anion x 2 12e
18e

In bis-w-allylnickel 2, Ni(IT) has 8e and the two allyl anions supply four electons
each: 8 + (4 x 2) = 16. The following calculation is also possible: if Ni(0) supplies
10e and the two allyl radicals supply three electrons each, the total number is
10 + (3 x 2) = 16. Therefore, this complex is coordinatively unsaturated.

<(—Ni—>> Ni(ll 8e

allyl anion x 2 8e
16e

Table 2.1 Numbers of d electrons of transition metals

Cr Mn Fe Co Ni
Valency Mo Tc Ru Rh Pd
W Re Os Ir Pt

1

W —=Oo
WA U
EEY e SN
[©XNRN e JNa]
~N 00 O O
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Table 2.2 Complexes that obey the 18-electron rule

Complex Coordination Number of
number electrons

Pd(PPh3), Pd(0) 10e
4PPhs 8e
18e
Fe(CO)s Fe(0) 10e
4 CO 8e
18e
Mo(CO), Mo(0) 6e
6 CO 10e
18e
Ni(CO), Ni(0) 10e
4 CO 8e
18e
Co,(CO)q Co(0) 9e
4 CO 8e
Co—Co le
18e

Table 2.3 Numbers of d electrons and
cordination numbers of metal

carbonyls
Number of Coordination Examples
d electrons number
6 6 Cr(CO)q
8 5 Fe(CO);s
10 4 Ni(CO),

When a reaction of an organic compound (either promoted or catalysed by a
transition metal complex) occurs, the reactant must coordinate to the metal. For
coordination of the reactant to the metal prior to its reaction, the complex must be
coordinatively unsaturated so as to offer a vacant site in order to make the coordination
of the reactants possible. Therefore, Ni(CO), or Fe(CO)s should be made
coordinatively unsaturated by liberating some of the coordinated CO by heating or
irradiation. When Pd(PhsP), is used as a catalyst, it becomes an unsaturated complex
by liberating two molecules of Ph;P in solution. Furthermore, in this complex, Ph;P is
a kind of ‘innocent’ or ‘spectator’ ligand, which does not take part in synthetic
reactions directly, but which modifies the reactivity of the metal. Various phosphines,
namely arylphosphines, alkylphosphines, and bidentate phosphines, acting as innocent
ligands, have different steric effects and electron-donating abilities, and electron
density of the central metal changes depending on the kind of the ligand involved.
Thus in many cases different catalytic activity is observed by the same metal
depending on the innocent ligands. From this consideration, clearly subtle design of
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the best complexes suitable for a desired reaction becomes important, although it is not
always easy to do this.

2.2 Fundamental Reactions of Transition Metal
Complexes; Comparison of Transition Metal-
catalysed Reactions with Grignard Reactions

Six fundamental reactions of transition metal complexes are briefly explained in order
to demonstrate how reactions either promoted or catalysed by transition metal
complexes proceed. In the reaction schemes throughout this book, some of the
spectator ligands that do not participate in the reactions are omitted for simplicity.

2.2.1 Oxidative Addition

The term ‘oxidative’ may sound strange to organic chemists who are not familiar with
organometallic chemistry. The use of this term in organometallic chemistry has a
meaning different from the ‘oxidation’ used in organic chemistry, such as the oxidation
of secondary alcohols to ketones. Thus, oxidative addition means the reaction of a
molecule X-Y with a low-valent coordinatively unsaturated metal complex M(n)L,,
under bond cleavage, forming two new bonds 3. As two previously nonbonding
electrons of the metal are involved in the new bonding, the metal increases its formal
oxidation state by two units, namely, M(#) is oxidized to M(n + 2), and increases the
coordination number of the metal centre by two. In oxidative addition, it is defined that
the electrons in the two new bonds belong to the two ligands, and not to the metal.

This process is similar to the formation of Grignard reagents 4 from alkyl halides
and Mg(0). In the preparation of Grignard reagents, Mg(0) is oxidized to Mg(Il) by the
oxidative addition of alkyl halides to form two covalent bonds.

oxidative addition

M(n) + X-Y > X—M(n+2)—Y
3
oxidative addition
CHz—I + Mg(0) = CHy—Mg(ll)—1
4

Another example, which shows clear difference between oxidation in organic
chemistry and oxidative addition in organometallic chemistry, is the oxidative addition
of a hydrogen molecule to M(n) to form M(n + 2) dihydride 5. In other words, M(#n) is
oxidized to M(n + 2) with hydrogen. This sounds strange to organic chemists, because
hydrogen is a reducing agent in organic chemistry.

oxidative addition
M(n) + H-H — H—M(n+2)—H

5
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Oxidative addition is facilitated by higher electron density of the metals and, in
general, o-donor ligands such as R;P and H™ attached to M facilitate oxidative
addition. On the other hand, m-accepter ligands such as CO and alkenes tend to
suppress oxidative addition.

A number of different polar and nonpolar covalent bonds are capable of undergoing
the oxidative addition to M(n). The widely known substrates are C—X (X = halogen
and pseudohalogen). Most frequently observed is the oxidative addition of organic
halides of sp? carbons, and the rate of addition decreases in the order
C—I> C—Br >> C—Cl >>> C—F. Alkenyl halides, aryl halides, pseudohalides,
acyl halides and sulfonyl halides undergo oxidative addition (eq. 2.1).

Substrates with halogen bonds
0]

X
>:(x ©/ p o Rso—x K @b

X = halogen, pseudchalogen

The following compounds with H—C and H—M' bonds undergo oxidative addition
to form metal hydrides. This is examplified by the reaction of 6, which is often called
ortho-metallation, and occurs on the aromatic C—H bond at the ortho position of such
donar atoms as N, S, O and P. Reactions of terminal alkynes and aldehydes are known
to start by the oxidative addition of their C—H bonds. Some reactions of carboxylic
acids and active methylene compounds are explained as starting with oxidative
addition of their O—H and C—H bonds.

Substrates with hydride (hydrogen) bonds
0]

H-H RsSi—H RsSn—H R,B—H R)L R——=—H
H
E
. ML, £ ML,
R_(?—H —-—»R_?—hﬂ—H RCOQ_H__"» RCOQ_M_H
E E
E=EWG
H M—H
ML
- AN
A A
6

Metal-metal bonds M'—M’ such as R,B—BR; and R3Si—SiRj3 undergo oxidative
addition, (where M’ represents main group metals; eq. 2.2).

Substrates with metal-metal bonds
R3Si—SiR3 R3Sn—SnR3 R,B-BR, R3Sn—-SiR3 efc 2.2)

oxidative addmon' RM'—M—MR

RM'—MR + M
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Oxidative addition involves cleavage of the covalent bonds as described above. In
addition, oxidative addition of a wider sense occurs without bond cleavage. For
example, m-complexes of alkenes 7 and alkynes 9 are considered to form 7> complexes
8 and 10 by oxidative addition. Note that to specify the numbers of carbon atoms that
interact with the metal center, the prefix 1" is used before the ligand formula to imply
bonding to n carbons. Two distinct metal-carbon bonds are formed, and the resulting
alkene and alkyne complexes are more appropriately described as the metallacyclo-
propane 8, and the alkyne complex 9 may be regarded as the matallacyclopropene 10.
Thus the coordination of the alkene and alkyne results in the oxidation of the metal.
The metallacyclobutane 11 is formed by the oxidative addition of cyclopropane with
bond cleavage.

R R'
R R' N— R R'
N— + M — l - \7/
M M
7 8
R R'
R———R + M — R—R , \~7
M
M 10
9

Oxidative cyclization is another type of oxidative addition without bond cleavage.
Two molecules of ethylene undergo transition metal-catalysed addition. The
intermolecular reaction is initiated by m-complexation of the two double bonds,
followed by cyclization to form the metallacyclopentane 12. This is called oxidative
cyclization. The oxidative cyclization of the o,w-diene 13 affords the metallacyclo-
pentane 14, which undergoes further transformations. Similarly, the oxidative
cyclization of the a,w-enyne 15 affords the metallacyclopentene 16. Formation of
the five-membered ring 18 occurs stepwise (12, 14 and 16 likewise) and can be
understood by the formation of the metallacyclopropene or metallacyclopropane 17.
Then the insertion of alkyne or alkene to the three-membered ring 17 produces the
metallacyclopentadiene or metallacyclopentane 18.

The term oxidative cyclization is based on the fact that two-electron oxidation of the
central metal occurs by the cyclization. The same reaction is sometimes called
‘reductive cyclization’. This term is based on alkene or alkyne bonds, because the
alkene double bond in 13 is reduced to the alkane bond 14, and the alkyne 15 bond is
reduced to the alkene bond 16 by the cyclization. Cyclizations of alkynes and alkenes
catalyzed by transition metal complexes proceed by oxidative cyclization. In particular,
low-valent complexes of early transition metals have a high tendency to obtain the
highest possible oxidation state, and hence they react with alkynes and alkenes
forming rather stable metallacycles by oxidative addition or oxidative cyclization.
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Oxidative cyclization

= Z
+ M — >M—’ M
AN Y 12
/
+ M — M
~
13 14
=
7M., Y
AN
15 16
:—»V—i ‘M
17 18

In the cyclization of conjugated dienes, typically butadiene, coordination of two
molecules of butadiene gives rise to the bis-n-allyl complex 20. The distance between
terminals of two molecules of butadiene becomes closer by n-coordination 19 to
metals such as Ni(0) and Pd(0), and the oxidative cyclization generates 1-metalla-2,5-
divinylcyclopentane 21 and 1-metalla-3,7-cyclononadiene 22. The bis-n-allyl complex
20 may be represented by the resonance of 21 and 22. These complexes are
intermediates of the formation of COD and CDT catalyzed by Ni(0) complexes,
typically Ni(cod),. At this point it is worth explaining the rule for the uses of capital
and small letters for the abbreviation of ligands. Capital letters are used for
abbreviation of ligands themselves, for example COD, DPPE, BINAP, Rh-BINAP, and
DBA. According to the IUPAC rules of nomenclature, the abbreviation of ligands are
written with small letters when they are components of transition metal complexes, for
example, Ni(cod),, Pd(dppe)Cl, and Pd,(dba);. When THF and DMF are parts of the

complexes of definite structure, they are written as thf and dmf, as in
RuCl,[(S)-binap], (dmf),,.
(\/\/\ =
S idati o X
M(O) ) oxidative cycllzatlon= :M\/>| @:I 2/';’
N ~~ Pz
A
e 22

19 20 21

Oxidative addition occurs with coordinatively unsaturated complexes. As a typical
example, the saturated Pd(0) complex Pd(Ph;P), (four-coordinate, 18 electrons)
undergoes reversible dissociation in situ in solution to give the unsaturated 14-electron
species Pd(Ph;P), (23), which is capable of undergoing the oxidative addition. Various
g-bonded palladium complexes 24 are formed by the oxidative addition. In many
cases, dissociation of ligands to supply a vacant coordination site is the first step of
catalytic reactions.
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2 PPhg R—X R_ PPhg
Pd(PPhy)y ——2 > Pd(PPhy), — — > Pd
/ N
23 PPh; X
24
18 electrons 14 electrons

16 electrons

Similar to the formation of allylmagnesium chloride (25), the oxidative addition of
allyl halides to transition metal complexes generates allylmetal complexes 26.
However, in the latter case, a m-bond is formed by the donation of n-electrons of the
double bond, and resonance of the g-allyl and rn-allyl bonds in 26 generates the n-allyl
complex 27 or n3-allyl complex. The carbon—carbon bond in the n-allyl complexes has
the same distance as that in benzene. Allyl Grignard reagent 25 is prepared by the
reaction of allyl halide with Mg metal. However, the m-allyl complexes of transition
metals are prepared by the oxidative addition of not only allylic halides, but also esters
of allylic alcohols (carboxylates, carbonates, phosphates), allyl aryl ethers and allyl
nitro compounds. Typically, the z-allylpalladium complex 28 is formed by the
oxidative addition of allyl acetate to Pd(0) complex.

+
/\/Cl + Mg(0) — /\/Mgc| _E_> /\/E + Mg(ln

25
L X Nu™
/\/X + M-L, —»l:@n\x <__><<—M\ —_— /\/NU . M-L,
L
T 26 27
X =Cl, Br, -OCOR, OPh, NO,
OAc oxidative addition ,OAc
P~ + Pd(PPh3), = > <(—de + 3PPh,
PPh,
28

2.2.2 Insertion

The reaction of Grignard reagents with a carbonyl group can be understood as an
insertion reaction of an unsaturated C=0 bond of carbonyl group into an Mg—carbon
bond as shown by 29 to form Mg alkoxide 30. Similarly, various unsaturated ligands,
such as alkenes, alkynes and CO, formally insert into an adjacent metal-ligand bond of
transition metal complexes as shown by 31 to give 32. When the adjacent ligand is o-
alkyl or -aryl (X = carbon in 32), the process is called ‘carbometallation’, forming a
carbon—carbon bond (A = carbon). If the ligand is a hydride (X = H), a C—H bond is
formed, and the process is called ‘hydrometallation’. The term ‘insertion’ is somewhat
misleading. The insertion should be understood as the migration of the adjacent ligand
from the metal to the metal-bound unsaturated ligand, generating a vacant site as
shown by 33.
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CHa™ Mgl CHs Mg~
Vo 7 |9
CHy—G=0 ———— CHy—C—O
CHj; CHj
29 30
Y M—Y X—M—Y
A insertion X M=y ( |
H B —— | | e A—RB
A=—B A—B -
migration
31 32
33

The insertion is reversible. Two types of the insertion are known. They are «, - (or
1,2-) and o,a- (or 1,1-) insertions. Most widely observed is the o,f-insertion of

unsaturated bonds, such as alkenes and alkynes. The unsaturated bonds shown in eq.
2.3 undergo o, f-insertion.

b —_— — = \ —_
>_< >_E< — C=N /C_N\
>:O 0=C=0 S=C=8§

The insertion of alkene to metal hydride (hydrometallation of alkene) affords the
alkylmetal complex 34, and insertion of alkyne to an M—R (R = alkyl) bond forms

the vinyl metal complex 35. The reaction can be understood as the cis carbometallation
of alkenes and alkynes.

2.3)

[
—f\|/|—H + . —l\l/I—CHQCHQ-R
34
| 1 2 R1 Rz
—M-R  + R'—=_R - =
| R ,\|/|_
35

n-Allyl complexes are formed by the reaction of conjugated dienes with complexes.
The insertion of one of the double bonds of butadiene to a Co—H bond leads to the 7-
allylcobalt complex 36. This is an intermediate of the formation of linear
oligomers involving hydride shift. Also the m-allyl complex 37 is formed by the
insertion of butadiene to the Ph—Pd bond. The insertion is usually highly
stereospecific.

Rates of the insertion are controlled by several factors. For example, the insertion of
an alkene to Pd complex is faster when a cationic complex is formed. The addition of
an Ag salt to a chloro complex generates a cationic complex and hence the insertion is
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H-CH, CHa
H-Co(CO)y; + NF — \,Co(co)n — {[—Co(CO),
36
- Ph
Ph—Pd-X + & —
Pd-X (—Pd,
N X
37

accelerated. For the insertion, cis coordination is necessary. Thus the frans acyl-alkene
complex 38 must be isomerized to the rather unstable cis complex 39 to give the
insertion product 40. Coordination of a bidentate ligand forms the cis complex 41 by
chelation, and the insertion is possible without the trans to cis isomerization. This
effect explains partly an accelerating effect of the bidentate ligands, which force the cis
coordination of reacting molecules.

e ] ]
i ll_ = Rm Pd—COR R\ 7OoR Pd—L
—Pd—COR T—» —Pd— —  ||—Pd—L — g
L MeCN L .
38 39 R 40
Ph\P/ph Ph Ph Ph _Ph
7/ N
p.  NC-Me ’ \/—R‘
Ph” “Ph MeCN P
41

CO is a representative species which undergoes o,a-insertion. Its insertion to a
metal-carbon bond affords the acylmetal complexes 42. The CO insertion is
understood to occur by migration of the alkyl ligand to a coordinated CO.
Mechanistically the CO insertion is regarded as 1,2-alkyl migration to the cis-bound
CO (migratory insertion). The migration is reversible, and an important step in
carbonylation. SO,, isonitriles and carbenes are other species that undergo the o,o-
insertion.

Both Mg and transition metal complexes similarly undergo oxidative addition and
insertion. Whereas the main reaction path of Grignard reagents is the insertion of a

o a,a-insertion M-C—
M-R + cz=0 —mm GR

42
R ~y (migration)
! - L, M-C.
LnM_CO n \\O
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carbonyl group, transition metal complexes can undergo both oxidative addition and
insertion with a variety of m-bonds. It should be emphasized that the insertion can
occur sequentially several times. For example, insertion of an alkene to a C—M or
H—M bond, to afford alkyl complex 43, is followed by CO insertion to generate the
acyl complex 44. Sometimes, further insertions of another alkene and CO take place.
Particularly useful is the formation of polycyclic compounds by sequential
intramolecular insertions of several alkenyl and alkynyl bonds. Several bonds are
formed without adding other reagents and changing reactions conditions. These
reactions are called either domino, cascade or tandem reactions. Among these terms,
‘domino’ is the most appropriate [2]. The polymerization of ethylene, catalysed by the
Ziegler catalyst, is understood to occur by very rapid sequential insertion of nearly
20000 molecules of ethylene to the alkyltitanium bonds 45 per second to form the
polymeric product 46.

| _ alkene co | @
X—|\'/|—H + RHC=CH, m X_f\lﬂ—CHZCHQR m X—I\III—C—CH2CH2R
43 44
—+i-H mz—» —Tl'i—CH CH,R n CHz=CH, —1|'i—(CH CH,),,CH,CH
| insertion | e insertion | 2CH2),CHCHAR
45 46

2.2.3 Transmetallation

Ziegler discovered the selective formation of 1-butene from ethylene promoted by
AIR3 without undergoing the oligomerization of ethylene in the presence of a small
amount of an Ni salt. This was called the Ni effect [3] which lead to the great discovery
of the Ziegler catalyst, prepared by the combination of TiCly and Et;Al.

The change of reactivity of Grignard reagents by the addition of a catalytic amount
of transition metal compounds has been known for many years. Coupling of Grignard
reagent with alkyl halides, induced by the addition of a cobalt salt, has been known as
the Kharasch reaction. Also, selective 1,4-addition of Grignard reagents to enones by
addition of a small amount of Cul is an established synthetic method. In these
reactions, the transfer of an alkyl or hydride group from Mg to a transiton metal (Co or
Cu) takes place, and this process is called the transmetallation. Organometallic
compounds M’'—R and hydrides M'—H of main group metals (M’ = Mg, Zn, B, Al,
Sn, Si, Hg) react with transition metal complexes A—M—X formed by the oxidative
addition. The organic group or hydride is transferred to the transition metals by
exchanging X with R or H. In other words, alkylation of the metals or hydride
formation takes place. The driving force of the transmetallation is ascribed to the
difference in electronegativity of the two metals, and the main group metal M’ must be
more electropositive than the transition metal M. The oxidative addition—transmetalla-
tion sequence is widely known. Reaction of benzoyl chloride with Pd(0) gives
benzoylpalladium chloride (47), and subsequent transmetallation with methyltribu-
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tyltin generates benzoylmethylpalladium (48). Formation of acetophenone (49) by the
reductive elimination of 48 is a typical example.

M-X + M—R —— M{ M =——= M-R + M—X

M = transition metal
M'= main group metal

MeSnBus BuzSnCI

0 oxidative j . 0
addition
Ph)J\CI * PO} ——— pp~"py-ci —> Ph)L Pd-Me
47 transmetallation 48
. @]
reductive )J\ Pd(O
—_—
eliminaton  Ph” "Me ©
49

2.2.4 Reductive Elimination

Similar to ‘oxidative’, the term ‘reductive’ used in organometallic chemistry has a
meaning different from reduction in organic chemistry. Reductive elimination is a
unimolecular decomposition pathway, and the reverse of oxidative addition. Reductive
elimination involves loss of two ligands of cis configuration from the metal center of
50, and their combination to form a single elimination product 51. In other words, the
coupling of the two groups coordinated to the metal liberates the product 51 in the last
step of a catalytic cycle. By reductive elimination, both the coordination number and
the formal oxidation state of the metal M(n + 2) are reduced by two units to generate
M(n). Thus, M(n + 2) is reduced to M(n) and the reaction is named ‘reductive’
elimination. The regenerated M(n) species can undergo oxidative addition again. Thus
a catalytic cycle becomes possible by the reductive elimination step. No reductuve
elimination occurs in Grignard reactions. Without reductive elimination, the reaction
ends as a stoichiometric one. This is a big difference between the reactions of
transition metal complexes and main group metal compounds.

For example, in the carbonylation reaction the acylmetal complex 52, formed by the
insertion of CO, undergoes reductive elimination to give the carbonyl compound 53 as
a product, and the catalytic species M(n) is regenerated

reductive elimination

X=A=B-M(n+2) > X-A-B-Y + M)
50 7 1
o)
& )L O
RCH,CH, l\lll(n+2)Lm——> /”\ + M(m—Ly,

RCH,CH,~~ X
52 X 53

The reductive elimination of A—B proceeds if A and B are mutually cis. In other
words, reductive elimination is possible from cis complexes. If the groups to be
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eliminated are frans, they must first rearrange to cis. The cis-diethyl complex 54 gives
butane, whereas ethylene and ethane are formed from the frans-diethyl complex 55 via
elimination of a f-hydrogen to generate the metal hydride 56, and its reductive
elimination. Also, the reductive elimination of the Pd—C(sp?) bond is faster than that
of the Pd—C(sp®) bond. Thus the reductive elimination of cis-PdMe(Ph) (PEt,Ph),
(57) proceeds rapidly at room temperature, whereas heating is necessary for the
generation of ethane from cis-PdMe,(PEt,Ph), (58). Reduced electron density of the
central metals promotes reductive elimination, and addition of strong m-accepter
ligands, such as CO and electron-deficient alkenes, promotes reductive elimination.

C2Hs CoHs |=
L"T‘_d'Csz —> C,Hs-CoHs L-Pd-L —— L-Pd-H |[— CpH, + CaHe
54 CHs Cas
55 56
Et,PhP. CH
PP ELPRP,  CHs
S A T Ph=CHs Pd — > H3C—CHs
Et,PhP Ph EtgPhP/ \CH3
57

58

2.2.5 Elimination of p-Hydrogen and «-Hydrogen
(Dehydrometallation)

Another reaction of the last step in catalytic cycle is syn elimination of hydrogen from
carbon in S-position to the metal in alkyl metal complexes to give rise to the metal
hydride H-M—X and an alkene. This process is termed elimination of -hydrogen or
simply f3-elimination. Insertion of alkene to a metal hydride to form alkyl metal and
the elimination of fS-hydrogen from the alkyl metal are reversible steps. The
elimination of f-hydrogen generates an alkene. Both the hydrogen and the alkene
coordinate to the metal as shown by 59, increasing the coordination number of the
metal by one. Therefore, the f-elimination requires coordinative unsaturation of metal
complexes. The f-hydrogen eliminated should be syn to the metal.

R- ——> R-CH=CH,

I—O-I

——CH
0
M-X H-M-X

59

The reductive elimination and the elimination of -hydrogen are competitive. The
elimination of -hydrogen takes place with frans dialkylmetal complexes such as 55.
The reductive elimination is favoured by coordination of bidentate phosphine ligands
which have larger bite angles to force the cis coordination. Thus bidentate ligands with
large bite angles, such as dppf and dppb 60, accelerate the reductive elimination more
than do the bidentate dppe 61 and monodentate PhsP.
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Ph\ /Ph Ph\ Ph
~ ’P ~ 'P,
/M a /M\)Q 0 = bite angle
R P
PR PR Ph” “Ph
60 61

The catalytic cycle of the Ni-catalysed dimerization of ethylene to give 1-butene
(65) is explained by the insertion of ethylene to the nickel hydride 62 twice to form the
ethyl complex 63 and the butyl complex 64. The elimination of f-hydrogen gives 1-
butene (65), and regenerates the Ni—H species 62. The reaction is chemoselective.
Curiously, no further insertion of ethylene to 64 occurs.

| H,C=CH, | H,C=CH,
—Ni-H ————— —Ni-CHyCHy ———————Ni-CH,CH,CH,CHj
| insertion | insertion 64
63
62T B-elimination

'

H,C=CHCH,CH,
65

The carbonyl compounds 67 are formed by the elimination of f-hydrogen from the
metal alkoxides 66.

R N
-elimination R
R lkO P > >=O + H-M
N R
H'M 67
66

The elimination of a-hydrogen is not general and observed only with limited
numbers of metal complexes. The elimination of «-hydrogen from the methyl group in
the dimethylmetal complex 68 generates the metal hydride 69 and a carbene that
coordinates to the metal. Liberation of methane by the reductive elimination generates
the carbene complex 70. Formation of carbene complexes of Mo and W is a key step in
alkene metathesis. The o-elimination is similar to the 1,2-hydride shift observed in
organic reactions.
a,a-elimination CHa—M=CH; > CH, + \/M=CH2

H
H
68 69 70

CH3—M1(|3H2

2.2.6 Nucleophilic Attack on Ligands Coordinated to Transition
Metals

Many useful reactions that are entirely different from ordinary organic reactions can be
achieved by using transition metal complexes. The effect of the coordination is
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noteworthy. Unsaturated organic compounds such as CO, alkenes, alkynes and arenes
are rather unreactive towards nucleophiles because they are electron rich. However,
their reactivity is inverted when these unsaturated molecules coordinate to electron-
deficient metals. The coordination decreases the electron density of the unsaturated
molecules, which become reactive toward nucleophilic attack and, as a result, the
coordination provides novel synthetic methods. The reaction of nucleophiles with the
coordinated unsaturated compounds is one of the most characteristic and useful
reactions of transition metal complexes. In particular, complexes having strong -
accepter ligands, typically CO, or cationic complexes are highly electrophilic and
accept nucleophiles. Mechanistically, some nucleophiles attack the ligand after
coordination to the metal, and the process is understood as the insertion of the ligand.
Direct attack of nucleophiles on the ligand is also possible.

Various nucleophiles can attack coordinated alkenes. Typically the attack of OH
anion on ethylene coordinated to Pd(II) as shown by 71 takes place in the Wacker
process to afford acetaldehyde (72) [4]. Also COD (73), coordinated to PdCl,, was
shown to be attacked by carbon nucleophiles such as malonate to give 74. This
reaction is the first example of carbopalladation of alkenes [5].

C)/_\ OH
_ H,C=CH,
HaC+CH, H,C—CH,—OH
1 o — L
Pd
Pd_ PN c’
ca” “ci o’ (o
71
——> CHsCHO + Pd(0) + HCI
72
o
CH(CO,EY) CH(CO,EL
O CH(COLE), O G (COED,
\—/ NaH —/
Pd Fd,
cl” c” ac Pd
73 L . Cl
74

The reaction of carbon nucleophiles such as malonate with n-allylpalladium 75 is
well-known [6]. The nucleophilic attack of an alkoxide on the dienepalladium complex
76 produces the substituted n-allyl complex 77 which is attacked again by a
nucleophile to give 78.

Arenes are inert to nucleophilic attack and normally undergo electrophilic
substitution. However, arenes coordinate to Cr(CO), to form the #°-arenechromium
tricarbonyl complex 79, and facile nucleophilic attack on the arene generates the
anionic #°-cyclohexadienyl complex 80, from which substituted arene 81, or
cyclohexadiene is obtained by oxidative decomplexation. In this reaction, strongly
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Cl NaH ¥~ CH(CO,Et),

{-Pd "+ cHycOE, & pa-ci ~ A CHCOED:

75 ~r P(0)

NaCl

¥ OMe OMe OMe
(‘ Pd’ ( .Cl Nu
— —Pd-Cl N
Pd?
N\ el Pd cl § OMe
S 7

electron-withdrawing CO accelerates the attack of the nucleophiles on aromatic
rings.

NuH Nu

< L — e @
Cr(CO) 1

79 Cr(CO)S 81

Coordinated CO in metal carbonyls is reactive towards nucleophiles, offering a
good method to introduce carbonyl groups into organic substrates. Neutral metal
carbonyls are attacked by strong nucleophiles such as alkyllithium to give acyl ate
complex 82. The attack of electrophiles at the metal of the ate complexes 82 or C-
alkylation of metal enolates gives the neutral acyl complexes 83, which undergo
reductive elimination to afford ketones, aldehydes and carboxylic acid derivatives 84.
However, the attack of electrophiles at oxygen, or O-alkylation of the enolate 85, is a
useful preparative method for the carbene complex 86.

+

RLuT Li Q o~ OMe
| +
LM-CO + AL —= ¥ — L KAJ\R]_’ L=y B LM
L,M=C=0 n R
~ 82 85 86
gt l
X
e —=
E 84
83

Carbamoy]l or alkoxycarbonyl complexes 87 are obtained by the attack of amines or
alkoxides to metal carbonyls. They are important intermediates of carbonylation
reactions and undergo insertion of alkene and alkyne.

Direct cleavage of the acyl-metal bonds 88 with alcohols and amines gives esters
89 and amides. This corresponds to the last and key step of the carbonylation process.

No change of the formal oxidation states of the metals occurs in most of these
nucleophilic attacks. However, an exception is palladium in the w-allyl complex 90,
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)1\ "= ~w CO,R
L,M H

L
oM R wmon —— ML e o

which accepts two electrons by the nucleophilic attack and is reduced to Pd(0) state,
directly or indirectly. This process offers the chance of undergoing the oxidative
addition again, as shown below. The reduction of the metals is an essential factor for
catalytic cycles. Pd is a noble metal and Pd(0) is more stable than Pd(Il). In this
respect, Pd is unique. In contrast, however, attack on the allylmetal complex by an
electrophile such as aldehyde may proceed as shown by the reaction of 91 to generate
an oxidized metal ion, which cannot enter into the catalytic cycle. Thus the reaction
ends as a simple stoichiometric one. For example, n-allylnickel complex 91 is attacked
by electrophiles, giving Ni(Il), and the reaction is stoichiometric.

e c - ¥ CHCO,Me),
A~ 4 Pa) _><(_pd + CHCOMel, —= | & by ¢
—
90 l
COgMe
PA(O) + # " COMe

o)

‘ Cl R7, H
O 4 Ni) .__.<(_Ni +ROHO —=| "} 7 T~

o1 @Ni—a

/\/J\R + Ni(ll)

2.2.7 Termination of the Metal-promoted or -catalysed Reactions
and a Catalytic Cycle

The Grignard reaction proceeds via oxidative addition and insertion. The reaction
product 93 is isolated after hydrolysis of the insertion product 92 with dilute aqueous
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HCI, giving MgCl,, and it is practically impossible to reduce the generated Mg(II) to
Mg(0) in situ, and hence the Grignard reaction is stoichiometric. In other words, Mg(0)
is oxidized to Mg(II) by the Grignard reaction. However, reactions involving transition
metal complexes proceed with a catalytic amount of the metal compounds in many
cases whenever they are attacked by nucleophiles.

Me HCI, H,0 Me
Me—f-0-Mg-l ————~ Me—-OH + MgCl
Me Me

92 93

The catalytic reaction that can be carried out with a small amount of expensive
metal complex is the most useful feature of synthetic reactions involving transition
metal complexes. In catalytic reactions, the active catalytic species must be regenerated
in the last step of the reaction. Reductive elimination and elimination of S-hydrogen
are two key reactions that can regenerate the catalytic species, making the whole
reaction catalytic. Not all transition metal complexes undergo the catalytic reactions.

As shown in Scheme 2.1, the catalytic cycle of the metal(0) catalyst 94 is
understood by combination of the aforementioned unit reactions. The reductive
elimination of 97 regenerates M(0) 94, which undergoes oxidative addition to afford
96 and starts the new catalytic cycle, then subsequent insertion gives 98 or
transmetallation affords 97. The catalytic species M(0) 94 can be reproduced from
X—M—H 95, which is a ff-elimination product of 98. The metal hydride 95 itself can
also serve as a catalytic species through the insertion of alkenes. The ability of
transition metals to undergo facile shuttling between two or more oxidation states
contributes to making these reactions catalytic.

As a typical example of the catalytic cycle, the Pd-catalysed reaction of benzoyl
chloride (99) with MeSnBu; to afford acetophenone (100) is explained by the

M(0)

‘\<r H-X

H-M-X R\

94

’ R-R"

reductive eliminatio

oxidative addition

transmetallation J
- R-M-X

97 /_\ 96 insertion H
M*-X M-R" 98

Scheme 2.1 Catalytic cycle
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0 oxidative O
addition
Ph)LCI * PdO) ——— Ph)LPd-CI
99 101

MeSnBu, | transmetallation

)OL reductive 0O
Ph” “Me + Pd(0) elimination Ph)LPd-Me + CISnBus,
100 102

sequence of oxidative addition to generate the acyl complex 101, transmetallation to
give 102, and its reductive elimination.

2.3 Effects of Ligands

As described in the preceding section, the effects of coordinated ligands is remarkable.
Another example of the effect of coordination is added here. The oxidative addition of
covalent molecules to a metal complex, as described before, affords a o-complex in
which the metal is connected to hydrogen, carbon, silicon and a halogen by forming
covalent bonds. The chemical properties of these o-bonds is different, depending on
the metal species and the ligands. For example, the acidity of hydrogens bonded to the
metals is changed considerably by ligands. The acidity decreases when CO, acting as a
strongly electron-withdrawing m-accepter ligand, is displaced by electron-donating
phosphines. For example, H—Co(CO), is a strong acid, similar to a mineral acid,
whereas H—Co(CO);PhsP has an acidity similar to acetic acid. H—Co(Ph;P), does
not show acidity and is considered as a source of a hydride. Also, H—Rh(CO), is more
acidic than H—Co(CO);,.

Changes of pK, for benzoic acid and phenol by the n-coordination of Cr(CO); are
shown in eq. 2.4. The Cr(CO); group, due to the electron-withdrawing effect of CO,
attracts electrons from aromatic rings as strongly as a nitro group, and its coordination
to benzoic acid and phenol increases their acidities. These examples show the strong
electronic effects of ligands.

@— @COzH 02N~<3—co2 @ C\>—OH 2.4)

Cr CO)s Cr (CO)s
pPK, 588 4.77 4.48 11.02 7.09

When chiral ligands are used for complex formation, there is a possibility of
asymmetric synthesis. Remarkable advances have been made in asymmetric catalysis
using various optically active phosphine ligands. So far, good results have been
obtained mainly using bidentate phosphine ligands which have C, symmetry. Some
chelating nitrogen compounds have also been used for asymmetric catalysis. Some
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chiral ligands without C, symmetry that have been used for asymmetric catalysis with
considerable success are listed on the inside of the back cover of this book.
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3

REACTIONS OF ORGANIC
HALIDES AND
PSEUDOHALIDES

3.1 Reaction Patterns of Aryl, Alkenyl and Benzyl Halides
and Pseudohalides

Various organic halides, particularly aryl and alkenyl halides, are the most important
building blocks of organic synthesis involving transition metal complexes, particularly
Pd and Ni catalysts. Numerous new reactions of aryl and alkenyl halides catalysed by
transition metal complexes have been discovered, which are impossible to achieve by
other means. Grignard reagents are prepared by treating alkyl halides with Mg metal in
ether. Alkyl halides are more reactive toward Mg metal than aryl and alkenyl halides.
Organic halides of sp? carbons are less reactive and react only with activated Mg in
THFE. However, transition metal complexes undergo oxidative addition more easily to
halides of sp? carbons than those of sp®> carbons. Based on this high reactivity,
numerous useful reactions of alkenyl and aryl halides have been discovered. Whereas
mainly iodides and bromides are used for Pd-catalysed reactions, chlorides can be used
with Ni catalysts. Reaction of fluorides is rare [1]. Alkyl halides are less reactive
toward transition metal complexes. In addition, alkylmetal compounds, even when
they are formed, undergo facile elimination of f-hydrogen, and no further reaction
occurs.

Innovations in the chemistry of aromatic compounds have occurred by recent
development of many novel reactions of aryl halides or pseudohalides catalysed or
promoted by transition metal complexes. Pd-catalysed reactions are the most important
[2,29]. The first reaction step is generation of the arylpalladium halide by oxidative
addition of halide to Pd(0). Formation of phenylpalladium complex 1 as an
intermediate from various benzene derivatives is summarized in Scheme 3.1.

In addition to halides, some pseudohalides undergo facile oxidative addition to Pd
and Ni complexes. Trifluoromethanesulfonates (triflates), namely aryl triflates 3
derived from phenols and enol triflates of carbonyl compounds, are most useful.
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Scheme 3.1 Formation of arylpalladium intermediate by oxidative addition

Mesylates are used for Ni-catalysed reactions. Arenediazodium salts 2 are very
reactive pseudohalides undergoing facile oxidative addition to Pd(0). They are more
easily available than aryl iodides or triflates. Also, acyl (aroyl) halides 4 and aroyl
anhydrides 5 behave as pseudohalides after decarbonylation under certain conditions.
Sulfonyl chlorides 6 react with evolution of SO,. Allylic halides are reactive, but
their reactions via 7m-allyl complexes are treated in Chapter 4. Based on the reactions
of those pseudohalides, several benzene derivatives such as aniline, phenol, benzoic
acid and benzenesulfonic acid can be used for the reaction, in addition to phenyl
halides. In Scheme 3.1, reactions of benzene as a parent ring compound are
summarized. Needless to say, the reactions can be extended to various aromatic
compounds including heteroaromatic compounds whenever their halides and
pseudohalides are available.
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The phenylpalladium intermediate 1 undergoes further transformations. Either
insertion of unsaturated bonds or transmetallation with organometallic compounds of
main group metals takes place. Further transformations of the intermediates 7-9,
formed by the insertion of conjugate diene, allene and internal alkyne, occur. Finally
the reactions terminate by reductive elimination, elimination of f-hydrogen, or
trapping with various nucleophiles. In Scheme 3.2, the transformations of the
phenylmetal intermediate 1 via insertion are summarized. Transmetallation and
nucleophilic substitution by carbon, oxygen, and nitrogen nucleophiles are shown in
Scheme 3.3. Most of these transformations are not possible without the presence of
catalysts, and these schemes clearly show the innovative developments in aromatic
substitution reactions of organic halides catalysed by Pd catalysts.

Alkenyl halides and their pseudohalides also react with Pd(0) to form the
alkenylpalladium intermediates 11, and their transformations are summarized in
Scheme 3.4. In addition to alkenyl halides, the enol triflates 12 undergo oxidative
addition, showing that carbonyl compounds are useful starting compounds for Pd-
catalysed reactions.

Alkynyl halides 13 undergo the insertion and transmetallation after oxidative
addition, as summarized in Scheme 3.5.

R —_— R
= ©/_/
i et
M-X |

7
R R
©/X — /
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| . SV
lPd(O)Ln Rl R2 e
1 —

Pd-X ___,R =R PA-X| £
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] CO, ROH COR

—_—

COH™ ©/CHO
—_—
CO, MR ©/COR
—ee

Scheme 3.2 Insertion to phenylpalladium intermediate 1
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Scheme 3.3 Transformation of phenylpalladium intermediate 1

Ni(0) complexes react with halides and pseudohalides. Their reactions are
somewhat different from those of Pd(0). Chlorides add to Ni(0) much more easily
than to Pd(0). Even C—O bonds such as aryl alkyl ether bonds are cleaved with Ni(0)
under certain conditions. Not only triflates, but also mesylates react with Ni(0).
Oxidative addition to Ni(0) and subsequent transformations are summarized in

Scheme 3.6.
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Scheme 3.4 Pd-catalysed reactions of alkenyl halides
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Scheme 3.5 Pd-catalysed reaction of alkynyl halides

Attention should be paid to the reactivity of 1 and 11, which react with
nucleophiles. It is well known that Grignard reagents react with electrophiles forming
Mg(Il), whereas Pd complexes generate Pd(0) after reacting with nucleophiles.
Grignard reactions cannot be carried out catalytically, because it is difficult to reduce
Mg(II) to Mg(0) in situ. However, formation of Pd(0) by the reaction of nucleophiles
shows the possibility of catalytic reactions. This is the most important characteristic of
Pd chemistry. Ni compounds react with both electrophiles (stoichiometric) and
nucleophiles (catalytic), depending on the substrates.

o ey
o m ¢S
s
Cr

Ni-X

ltransmetallatlon l SR

oMe J ©/R ©/SR

Scheme 3.6 Ni-catalysed reactions
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Pd-X Nu
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3.2 Cross-coupling with Alkenes (Carbometallation of
Alkenes)

3.2.1 Intermolecular Reactions

All reactions described in this section are explained by: (i) the oxidative addition of a
halide to generate the arylpalladium halide 14; (ii) insertion of an alkene to form 15,
which is regarded as carbopalladation of alkenes; and (iii) formation of the new alkene
16 by elimination of f-hydrogen (dehydropalladation). The reaction was reported
independently by Mizoroki [3] and by Heck [4], and is called the Mizoroki—Heck or
Heck reaction [5].

Ar-X + Pd(0)

oxidative
addition

Pd-X B -elimination Ar.
Ar-Pd-X —> —_ + HX + Pd(0)
insertion R

16

Aryl and alkenyl iodides and bromides undergo facile oxidative addition to Pd(0) or
Ni(0) complexes. Reactivity of halides is in the following order; I > Br >>> CI. The
reaction is carried out in the presence of bases such as tertiary amines and sodium
acetate. Pd,(dba);, Pd(Ph;P),, or even Pd on carbon can be used as Pd(0) catalysts.
Pd(OAc), is reduced easily to Pd(0) in situ with various reducing agents such as
phosphine, CO, ROH, and alkenes, and used as a convenient source of Pd(0) catalyst.
The Pd(0)-catalyzed reactions of aryl iodides can be carried out even in the absence of
a phosphine ligand. The reaction of bromides generally requires phosphine ligands.
Phosphonium salt is formed in some extent by the reaction of Ph;P with iodides and
bromides. In this case, use of tri-o-tolyphosphine (19) as a hindered ligand is
recommended [6]. p-lodobromobenzene reacts with methyl acrylate selectively in the
absence of ligand to give methyl p-bromocinnamate (17), which then reacts with
styrene by addition of (0-Tol);P to give 18 [7]. Sometimes, higher yields are obtained
in the Heck reaction by the addition of tetrabutylammonium chloride [8].

It is worth noting at this point that, for stable DBA (dibenzylideneacetone) Pd(0)
complexes, three types, namely Pd(dba),, Pd,(dba);, and Pd,(dba),—CHCl; are
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known. They are essentially the same complex. DBA coordinates to Pd(0) as a
monodentate ligand, but not a bidentate ligand, and Pd,(dba), = Pd(dba), is formed at
first in its preparation. However, Pd,(dba), should be written more correctly as
Pd,(dba);(dba). This means that three molecules of DBA coordinate to two atoms of
Pd, and one molecule of DBA does not coordinate directly to Pd. When Pd,(dba), is
recrystallized from CHCl;, one DBA molecule is replaced with CHCI; to give deep
violet crystals of Pd,(dba);—CHCIs, which is commercially available [8a].

The long life of the Pd catalyst (high turnover number, TON) is crucial to useful
catalytic reactions. The Pd complex 20, formed by the orthopalladation of
(0-Tol);P(19), is proposed to be a very reactive catalyst, and a turnover number of
200 000 has been achieved in the Heck reation of bromoarenes without precipitation of
metallic Pd [9]. The complex 20 is active even for chloroarenes. However, it was found
that Pd salts such as PdCI, or Pd(OAc), in the presence of PhsPCI, but not Ph3 P, show
much higher catalytic activity than the complex 20 in Heck reactions, which are
carried out in DMF or NMP using AcONa as a suitable base in the presence of a small
amount of N, N-dimethylglycine (DMG) [10]. In the coupling of bromobenzene with
acrylate to give cinnamate 21 using 0.01 mol % of the catalyst, a TON of 9800 was
achieved. Also, an excess of trialkyl phosphites was found to show efficient catalysis
for the Heck reaction [11].

d(OAc), J_Q_ EtsN
+ =\ MeO,C—7"
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83%
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A dramatic increase of the TON is observed in the Heck reaction under high
pressure. A value of 770000 was achieved in the coupling reaction of iodobenzene
with 2,3-dihydropyrrole under 8 kbar at 100 °C. High pressure seems to stabilize the
catalyst [12].

Chlorides are inert to Pd(0) under normal reaction conditions [13]. Chloroarenes
react by the use of more electron-donating bidentate ligands, such as dippp, under
somewhat severe conditions [14]. Chlorides react easily with Ni(0) complexes. Also,
t-BusP is a good ligand for the Heck reaction of chloroarenes [14a].

Alkenes with electron-withdrawing groups react most satisfactorily. Typically
methyl cinnamate is prepared in good yield by the reaction of acrylate with
iodobenzene [3,4]. Even Pd on carbon is used with or without phosphine ligand in
some cases. Water seems to be a good solvent. The substrates such as 22 which are
soluble in a basic solution react smoothly in water, even in the absence of a ligand [15].
It is also observed that the Heck reaction is accelerated in an aqueous solution using
water-soluble TMSPP (XLVII) as a ligand (see the inside of the back cover) [16].

CT
P
)\ Pd(OAc),, H,0

- o O
dippp CN  K,COs, 90°, 94% N on

cis:trans =4:1

22

Several pseudohalides are used for the reaction. Aryl triflates prepared from
phenols, and enol triflates prepared from carbonyl compounds are widely used [16a].
Coupling of the dienol triflate 23, prepared from the enone, with acrylate affords the
conjugated trienyl ester 24 [17]. Aryldiazonium salts 27 are good sources of
arylpalladiums 28. They are very reactive and their reaction with alkenes proceeds
without phosphine ligand [18]. The diazonium salts 27 are usually prepared from nitro
compounds 25 via anilines 26. Therefore, this is the indirect substitution of a nitro
group with an alkene. It should also be mentioned that some aryl iodides, bromides
and phenols, as a source of triflates, are prepared via the diazonium salts 27, and hence
the direct Pd-catalysed reactions of the diazonium salts are more convenient in such
cases. The styrene derivative 30 is prepared from p-chloroaniline (29) after the
diazotization with butyl nitrite in acetic acid under an ethylene atmosphere [19].

Acyl halides undergo the oxidative addition to Pd(0) with or without decarbonyla-
tion. Aroyl chlorides undergo Pd-catalysed decarbonylation at high temperature [20].
In the presence of a base, the decarbonylation of aroyl chlorides proceeds under milder
conditions, and arylpalladium chlorides are formed as intermediates which undergo
the alkene insertion. Based on the fact that aroyl chlorides undergo oxidative addition
to Pd(0) more easily than aryl halides, the reaction of p-bromobenzoyl chloride (31)
with methyl acrylate, catalysed by Pd(OAc), in the absence of phosphine ligand, gives
methyl p-bromocinnamate (33) chemoselectively after the decarbonylation via 32.
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Further reaction of the bromide 33 with acrylonitrile in the presence of Ph3P affords
the disubstituted product 34 [21]. Selection of amines used in the reaction is critical.
Fumaroyl dichloride (35) undergoes oxidative addition, decarbonylation and insertion
of acrylate to produce octatrienedioate (36) [22].

Aromatic carboxylic anhydrides can be used for the Heck reaction without adding a
base. The reaction of benzoic anhydride (37) with acrylate proceeds in the presence of
1.0 mol % of NaBr without phosphine ligand in NMP at 160 °C [23]. The reaction of
anhydrides in the absence of bases, and hence without forming halide salts after the
reaction, is attractive from a practical standpoint.

Asymmetric Heck reactions have been carried out with considerable success. The
arylation of 2,3-dihydrofuran (38) with phenyl triflate using BINAP (XXXI) as a
chiral ligand gave 2-phenyl-2,3-dihydrofuran (42) with 96% ee. Addition of
H—Pd—X to the primary product 40 gives the intermediate 41, and f-elimination
affords the dihydrofuran 42 with 96% ee in 71% yield as the major product in the
presence of 1,8-bis(dimethylamino)naphthalene (39) as a base. Another dihydrofuran
40 with 67% ee was obtained in 7%, showing that one enantiomer of 40 is converted
to 42 with high selectivity [24].

In the reaction of allylic alcohols, elimination of f-hydrogen from an OH-bearing
carbon takes place to give saturated carbonyl compounds, rather than arylated allylic
alcohols [25,26]. The reaction of methallyl alcohol (43) with bromobenzene affords a-
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methyldihydrocinnamaldehyde (45) via 44. The reaction of the prochiral meso form of
2-cyclopenten-1,4-diol (46) with the (Z2)-alkenyl iodide 47 affords the cyclopentanone
49 with complete diastereoselectivity, which is a useful prostaglandin intermediate
[27]. The fact that the reaction of the corresponding (E)-alkenyl iodide is not selective
shows that the formation of the five-membered intermediate complex 48 is crucial for
the selectivity [28].

In addition to allylic alcohols, other unsaturated alcohols react with halides to give
carbonyl compounds. Although the reaction was slow (three days), the reaction of 10-
undecen-1-ol (50) with iodobenzene afforded the aldehyde 52 in a high yield. In this
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reaction, reversible elimination of H—Pd—I and its readdition (reinsertion) in reverse
regiochemistry are repeated several times until irreversible elimination of hydrogen
from the oxygen-bearing carbon in 51 occurs to afford 52 as a main product and 53 as
a minor product [29].

Br-Pd H
OH —
QBr . :<— _Pd(OAC),, PhaP_ @——>_\OH
TELN MeCN
43

82%

o@ o]

HO 46 Na2003
— LOTBDMS

NS Pd CsHqq |—
MeCN J s 49

47

48

on  Pd(OAG), BusNCI, LiOA, LiGI
DMF, 50°, 3 days, 91%

Ar-l + =

50
Pd-I

-H
AI’\)\/\/\/\/\/OH&AF\/\/\/\/\/\/OH + H-Pd-l
AL

A'WOH = A NS SN O AP
— —_—

Pd-I
Pd-I
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A
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Reactions of halides with 1,2-, 1,3- and 1,4-dienes generate m-allylpalladium
intermediates, which react further with nucleophiles. The reaction of 1,3-dienes with
aryl and alkenyl halides is explained by the following mechanism. The insertion of
1,3-diene to the aryl or alkenylpalladium bond generates w-allylpalladium complexes
54, which react further in several ways. As expected, nucleophiles such as carbon
nucleophiles, amines, and alcohols attack the w-allylpalladium 54 to form the 1,4-
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addition product 55. Transmetallation with main group metal reagents affords 56. In
the absence of nucleophiles, elimination of f-hydrogen takes place to give the
substituted 1,3-dienes 57, which react again with aryl halides to form the =-
allylpalladium 58 in some cases. Subsequent f-elimination affords the 1,4-diaryl-1,3-

dienes 59.

ArX + Pd
¢ /\/\
A~ Ar/Y\ . Ar
ArPd-X 4 FNF insertion
B-elimination ArX X
AN P
insertion O
Nu~ 57 A AN AT
T TN 58
55
M'R HX ‘_/iﬁ-elimination
————»Ar/\/\/ﬂ
56 ArM/Ar
59

When 1,2-diene (allene) derivative 60 is treated with aryl halide in the presence of
Pd(0), the aryl group is introduced at the central carbon by the insertion of one of the
allenic double bonds to form the w-allylpalladium intermediate 61, which is attacked
by an amine to give the allylic amine 62. A good ligand for the reaction is dppe [30].
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The Pd-catalyzed three-component reaction of the enol triflate 63, allene (64,) and 2-
methyl-1,3-cyclopentanedione (65) gives 66 in high yield, which is converted to the
steroid skeleton 67 [31].

A series Pd-catalyzed annulation reactions have been developed by the reaction of
o-heterosubstituted iodoarenes 68 and 69 with 1,2-, 1,3- and 1,4-dienes. In the reaction
of o0-iodoaniline with 1,3-cyclohexadiene (70), the n-allyl intermediate 71 reacts with
the aniline moiety to give 72 [32, 33]. Carboannulation of the malonate derivative 73
with the 1,3-diene 74 gives 75 in high yield [33a].

@E cr
|
69
—>
©f EtzN, 70% NH, Pdl N
71 72 H
@i‘\ /\/\OMe ——> @iE/\\\/OMe @6/\
94%

E = COMe

1,2-Dienes (allenes) are also used for heteroannulation with 68 and 69. The eight-
membered nitrogen heterocycle 78 is constructed by the reaction of 1,2-undecadiene
(77) with o-(3-aminopropyl)iodobenzene (76) [34]. The lactones are prepared by
trapping the w-allyl intermediates with carboxylic acids as an oxygen nucleophile. The
unsaturted lactone 81 is prepared by the reaction of f-bromo-o,f-unsaturated
carboxylic acid 79 with the allene 80 [35]. In the carboannulation of 82 with 1,4-
cyclohexadiene (83), the 1,3-diene 85 is generated by f-elimination of 84, and the
addition of H-PdX forms the n-allylpalladium 86, which attacks the malonate to give
87 [36].

3.2.2 Intramolecular Reactions

Whereas the intermolecular Heck reaction is limited to unhindered alkenes, the
intramolecular version permits the participation of even hindered substituted alkenes,
and many cyclic compounds can be prepared by the intramolecular Heck reaction [37].
The stereospecific synthesis of an A ring synthon of 1a-hydroxyvitamin D has been
carried out. Cyclization of the (£)-alkene 88 gives the (£)-exo-diene 90, and the (2)-
alkene 91 affords the (Z)-exo-diene 92 [38]. These reactions are stereospecific, and can
be understood by cis carbopalladation to form 89 and the syn-elimination mechanism.
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Asymmetric cyclization using chiral ligands offers powerful synthetic methods for
the preparation of optically active compounds [39]. After early attempts [40,41],
satisfactory optical yields have been obtained in a number of cases. Synthesis of the
optically active cis-decalin system [42] was carried out with high enantioselectivity
based on the differentiation of enantiotopic C=C double bonds [43]. The cyclization
of the triflate 93 gave the cis-decalin 94 with 95% ee in 78% yield using (R)-BINAP.
A mixture of 1,2-dichloroethane and ~-BuOH is the best solvent, and the asymmetric
synthesis of vernolepin (96) via Danishefsky’s key intermediate 95 has been achieved
[44].

The highly efficient asymmetric cyclization of 97 using (R)-BINAP as a chiral
ligand based on the differentiation of enantiotopic faces gave the tetralin system 98
with 93% ee and has been applied to the synthesis of (—)-eptazocine (99) [45].
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Construction of the B ring of the congested taxol molecule 101 has been carried out
by the intramolecular Heck reaction of the enol triflate 100 [46].

An elegant and efficient stereocontrolled total synthesis of strychnine has been
achieved by applying intramolecular Diels—Alder and Heck reations as key reactions
[47]. An unusual exo-Diels—Alder reaction of 102 afforded 103, which was converted
to the vinyl iodide 104. The Heck reaction of 104 using Pd(OAc), gave the hexacyclic
strychnan system 105 smoothly in 74% vyield. Hydrolysis of 105 afforded
isostrychnine, which was isomerized to strychnine (106) under basic conditions.

The Ni-catalysed Heck reaction is rather rare. Although the attempted Ni(0)-
catalysed cyclization of iodide 107 gave a mixture of many products, the pentacyclic
nitrone 108 was isolated in 40% yield by the domino Heck-type reaction, reductive
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cyclization of the a-(o-nitrophenyl) ketone moiety, and isomerization of alkene as one-
pot reactions using Ni(cod), (6.6 equivalents). The iodide 107 was converted to
dehydrotubifoline (109) by the treatment with Ni(cod), in the presence of LiCN [48].

It was reported that the stable Ni(0) complexes Ni[(PhO);P], and Ni[(EtO);P], are
active catalysts for the Heck reactions of 110 and 111 [49]
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The Heck reaction of 1,3-diene systems via m-allylpalladium is also useful. This
cyclization, which forms very congested quaternary carbon centers involving the
intramolecular insertion of di-, tri- and tetrasubstituted alkenes, is particularly useful
for natural products synthesis. In the synthesis of morphine, bis-cyclization of the
octahydroisoquninoline precursor 112 by the intramolecular Heck reaction proceeded
using palladium trifluoroacetate and 1,2,2,6,6-pentamethylpiperidine (PMP). The
insertion of the diene system forms the w-allylpalladium intermediate 113, which
attacks the phenol intramolecularly to form the benzofuran ring 114. Based on this
method, the elegant total syntheses of (—)- and (+)-dihydrocodeinone, and (—)- and
(+)-morphine (115) have been achieved [50].

Pd(OCOCF3),5(Ph3P),
MePh, PMP, 120 °C
56%

OMe OH
/7 ‘( /-
N MeN =
CO,Me |

114 115

The differentiation of enantiotopic C=C double bonds in the intramolecular Heck
reaction of 1,3-diene 116 using (S)-BINAP, and subsequent regioselective carbanion
capture of the n-allylpalladium intermediate 117 gave 118 with 87% ee with complete
diastereo- and regioselectivity. A%?-Capnellene (119) was synthesized from 118
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[51]. The choice of solvents is crucial in the asymmetric cyclizations. In this case,
DMSO gives the best results.

The consecutive domino insertion of double bonds of halo polyenes lacking f3-
hydrogens bonded to sp® carbon produces polycyclic compounds. This offers a
powerful synthetic method for preparing naturally occurring macrocyclic and
polycyclic compounds. Novel total syntheses of many naturally occurring complex
molecules have been achieved by synthetic designs based on this methodology. An
interesting and useful application is the intramolecular polycyclization of polyalkenes
by domino insertions of alkenes to give polycyclic compounds. In the domino
cyclization of 120, quarternary carbons and the neopentyl-type palladium complex
121 are formed by insertion of the 1,1-disubstituted alkene. The f-elimination reaction
from 121 is not possible. That is, 121 is a living species and undergoes further
insertion to give 122. The key step in the total synthesis of scopadulcic acid B (124) is
the Pd-catalysed construction of the tricyclic system 123 containing the bicy-
clo[3.2.1]octane substructure. The tricyclic product 123 was obtained in 83% yield
from 120 and converted to 124 [52].

L,Pd
Pd(OAc), Ag2COs R \J&/QTBDMS —_—
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83% =/ H
/~R/l OTBDMS
120
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3.3 Reactions with Alkynes

3.3.1 Cross-coupling with Terminal Alkynes to Form Alkenyl- and
Arylalkynes

Coupling of copper acetylides with halides is known as the Castro reaction [53]. Pd(0)
is active for the coupling of terminal alkynes 126 with the aryl or alkenyl halides 125
or 128 to give arylalkynes 127 or conjugated enynes 129 [54]. The Pd(0)-catalysed
coupling, which is called Sonogashira reaction, proceeds most efficiently by the
addition of Cul as a cocatalyst [55,56]. Cul activates the alkynes 126 by forming the
copper acetylide 130, which undergoes transmetallation with arylpalladium halide 131
to form the alkynyl-arylpalladium species 132. Its reductive elimination gives the
coupling product 133 as the final step, with regeneration of Pd(0) and Cul. The
Pd(0)/Cul-catalysed reaction proceeds in the presence of amines. However, the
coupling proceeds smoothly without Cul when water-soluble TMSPP (XLVII) is used
as a ligand in an aqueous solution [57]. Also, coupling without Cul gives arylalkynes
127 or enynes 129 in high yields when the reaction is carried out in piperidine or
pyrrolidine. It was claimed that the use of these amines is crucial, and poor results are
obtained without Cul when Et;N, Pr,NH, Et,NH on morpholine are used [58]. The
coupling without Cul is also possible by the addition of tetrabutylammonium salts
[59]. Interestingly, the Pd-catalysed reaction of terminal alkynes with alkenyl
chlorides, which are inert in many Pd(0)-catalysed reactions, proceeds smoothly
without special activation of the chlorides.
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@’X_* RaN. Cul

195 126 127
X=|, Br
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Monosubstitution of acetylene itself to prepare terminal alkynes is not easy.
Therefore, trimethylsilylacetylene (134) is used as a protected acetylene. After the
coupling, the silyl group is removed by the treatment with fluoride anion. The
hexasubstitution of hexabromobenzene (135) with 134 afforded hexaethynylbenzene
(136) after desilylation in total yield of 28%. The product was converted to
tris(benzocyclobutadieno)benzene (137) using a Co catalyst (see Section 7.2.1).
Hexabutadiynylbenzene was prepared similarly [60]. As another method, terminal
alkynes 139 are prepared in excellent yields by the coupling of commercially available
ethynyl Grignard (138) or ethynylzinc bromide with halides, without protection and
deprotection [61].
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This coupling has widespread use in the construction of enediyne systems present
in naturally occurring anticancer antibiotics [62]. Although (Z2)-1,2-dichloroethylene
(141) is inert in most of the Pd-catalysed reactions, the Pd—Cul-catalysed reaction of
(2)-1,2-dichloroethylene (141) with terminal alkynes proceeds smoothly. No clear
explanation is given for the high reactivity of dichloroethylene. The coupling has wide
synthetic applications, particularly for the synthesis of enediyne structures [63].
Typically, this reaction is successfully applied to the construction of the highly strained
enediyne structure 146 present in naturally occurring antitumor antibiotics, such as
espermicin or calichemicin. (Z£)-1,2-Dichloroethylene (141) reacts stepwise with two
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different terminal alkynes, 140 and 143, to afford 142 and finally 144. The Nicholas
reaction (see Section 9.3) of 145 gives 146 [64].

CI\_/CI —
OMe
BuMeZSiO 141 - BuMe28iO ; 143 -
H 5 Pd(Ph3P)4/Cul, ProaNH || 0 Pd(Ph3P),/Cul, BuNH,
PhH, 11, 1 h, 79% PhH, rt, 12h, 53%
140 142 LCI

Co,(CO)g/n-heptane BuMe,Si0—
rt, 2h | | OSiRs
OMe //\OMe
N
COZ(CO)S
144 145

TiCl,  MesNO/MeOH  RsSIO
DABCO ” | |

146

The intramolecular domino reaction of alkenyl bromide with the terminal alkyne in
147 generates 148, which undergoes the intramolecular Diels—Alder reaction to afford
the highly strained dynemicin A structure 149 in one step, although yield is somewhat
low [65].
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In addition to coupling via Cu acetylides generated in situ as mentioned above, the
coupling of terminal alkynes has been carried out smoothly using actylides of Zn and
other metals as an alternative method of arylation and alkenylation of alkynes [66].
Sn[67], Zn[68] and Mg[69] acetylides are used frequently as activated alkynes, rather
than the alkynes themselves, and their reaction with halides proceeds without using
Cul.

In the total synthesis of harveynone (152), reaction of the iodide 150 bearing labile
functionality took place with the tin acetylide 151, and it was claimed that no reaction
occurs with the free amine [70]. However, this claim is not always true, and the
coupling of the similar iodide 153 was carried out with the corresponding free terminal
alkyne in the presence of diisopropylamine [71]. The coupling of the Mg acetylide 155
with vinyl carbamate 154 to give the enyne 156 is catalysed by a Ni complex [72]. It is
true that free alkynes give better results than the corresponding metal acetylides in
some cases [73].
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TMS group is used for protection of terminal alkynes. However, alkynylsilanes
themselves can be used for the coupling with aryl and alkenyl triflates using Pd—CuCl
as a catalyst [74]. Thus the internal alkyne 160 is prepared by stepwise reactions of
two different triflates 157 and 159 with trimethylsilylacetylene (134) via 158.

As an alternative method, the highly strained enediyne system 163 was constructed
by the coupling of the alkynyl bis-iodides 161 with (Z£)-bis(trimethylstannyl)ethylene
(162) [75]. No cyclization occurs when there is the double bond, instead of the
epoxide.

The alkynyl iodide 164 undergoes the cross coupling with a terminal alkyne to give
the 1,3-diyne 165 [76]. No homocoupling product is formed. This reaction offers a
good synthetic route to unsymmetric 1,3-diynes.
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3.3.2 Reactions of Internal and Terminal Alkynes via Insertion

Internal alkynes 166 insert to some Pd—carbon bonds to generate the alkenyl-Pd bonds
167. This process can be regarded as the syn addition of organopalladium species to
alkynes, or the carbopalladation of alkynes. Whereas the alkene insertion is followed
by facile dehydropalladation (elimination of a f-hydrogen, whenever there is a f-
hydrogen) and generation of Pd(0) species, the alkyne insertion produces the thermally
stable alkenylpalladium species 167, and further transformations are required before
termination of the catalytic reaction. In other words, the generated alkenylpalladium
species 167 undergo no f-elimination (i.e. alkynes 168 or allenes 169 are not formed)
even in the presence of -hydrogen. The alkyne insertion is a ‘living’ process. Thus the
alkenylpalladium species 167 are capable of undergoing further insertion or anion
capture before termination, as summarized in Schemes 3.7 and 3.8.

Terminal alkynes 170 undergo the substitution with aryl and alkenyl halides to form
arylalkynes and enynes in the presence of Cul, as described in Section 3.3.1. However,
the insertion of terminal alkynes 170 occurs in the absence of Cul, and the
alkenylpalladium complex 171 is formed as an intermediate, which cannot be
terminated by itself and must undergo further reactions, such as alkene insertion or
anion capture. These reactions of terminal and internal alkynes with intermediates 172
and 173 are summarized in Schemes 3.7 and 3.8.
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Scheme 3.7 Insertion of inner alkynes to aryl halides and their transformation

In the construction of the conjugated triene system 177 in vitamin D, the
intermolecular insertion of the terminal triple bond of the 1,7-enyne 175 to the
alkenylpalladium, formed from 174, occurs at first to form the alkenylpalladium 176.
Further intramolecular insertion of the terminal double bond in 176, followed by f-
elimination yielded the triene system 177 in 76% yield [77].

Intramolecular version can be extended to polycyclization as a one-pot reaction. In
the so-called Pd-catalysed domino carbopalladation of trienediyne 178, the first step is
the oxidative addition to alkenyl iodide. Then the intramolecular alkyne insertion
generates 179. One alkyne and two alkene insertions are followed. The last step is the
elimination of f-hydrogen. In this way, the steroid skeleton 180 is constructed from the
linear trienediyne 178 [78].

The dienyne 181 undergoes domino 6-exo-dig, 5-exo-trig and 3-exo-trig
cyclizations to give the tetracycle 185 exclusively [79]. As the neopentylpalladium
183, which has no f-hydrogen, is formed after the insertion of the disubstituted
terminal alkene in 182, cyclopropanation occurs to give 184.
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Scheme 3.8 Insertion of inner alkynes to alkenyl halides and their transformation

As mentioned in Section 3.3.1, allenes 169 are not formed from alkenylpalladium
167. However, aryl-substituted allenes 187 are obtained predominantly by the coupling
of aryl bromides with dialkylacetylenes 186 [80].

The alkyne insertion reaction is terminated by anion capture. As examples of the
termination by the anion capture, the alkenylpalladium intermediate 189, formed by
the intramolecular insertion of 188, is terminated by hydrogenolysis with formic acid
to give the terminal alkene 192. Palladium formate 190 is formed, and decarboxylated
to give the hydridopalladium 191, reductive elimination of which gives the alkene 192
[81]. Similarly the intramolecular insertion of 193 is terminated by transmetallation of
194 with the tin acetylide 195 (or alkynyl anion capture) to give the dienyne 196 [82].

Various heterocyclic compounds are prepared by heteroannulation using aryl
iodides 68 and 69, and internal alkynes. Although the mechanism is not clear,
alkenylpalladiums, formed by insertion of alkynes, are trapped by nucleophiles
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intramolecularly. The reaction of o-iodoaniline (68) with alkynes in the presence of
phosphine-free Pd offers a useful synthetic route to 2,3-disubstituted indoles 198 via
197 [83]. Furans are prepared from alcohol, phenol and enol derivatives of
iodobenzenes. The halenaquinone framework 200 was constructed by the intramo-
lecular version applied to the enol in 199 [84].

Isoquinolines 202 are prepared easily in high yield by the iminoannulation of #-
butylimine (201) of o-iodobenzaldehyde with internal alkynes [85].

An interesting synthetic route to 2,3-substituted indenones 205 was discovered by
the annulation of alkynes with o-iodobenzaldehyde (203) [86]. In this reaction, the CH

bond of the aldehyde may oxidatively add to Pd(0) to generate the hydridopalladium
204, which produces indenones 205 by reductive elimination.
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3.4 Cross-coupling via Transmetallation

Organometallic chemistry is classified into main group metal chemistry and transition
metal chemistry. Since the discovery of Ni-catalysed cross-coupling of aryl and
alkenyl halides with Grignard reagents [87], many useful synthetic methods have been
developed by combining both main group metal compounds and transition metal
complexes. In these reactions, after oxidative addition of halides to transition metal
complexes, transmetallation with organometallic compounds of main group metals
such as Mg, Zn, B, Al, Sn, Si or Hg occurs, and subsequent reductive elimination
gives the coupled products. The transmetallation can be regarded as alkylation of
transition metal compounds. Aryl, alkenyl and alkyl halides, and pseudohalides, are
used for the coupling with aryl-, alkenyl- and alkylmetal compounds [88]. Couplings
involving allylic compounds are treated in Chapter 4.

Three transmetallation reactions are known. The reaction starts by the oxidative
addition of halides to transition metal complexes to form 206. (In this scheme, all
ligands are omitted.) (i) The C—C bonds 208 are formed by transmetallation of 206
with 207 and reductive elimination. Mainly Pd and Ni complexes are used as efficient
catalysts. Aryl-aryl, aryl-alkenyl, alkenyl-alkenyl bonds, and some alkenyl-alkyl and
aryl-alkyl bonds, are formed by the cross-coupling. (ii) Metal hydrides 209 are
another partner of the transmetallation, and hydrogenolysis of halides occurs to give
210. This reaction is discussed in Section 3.8. (iii) C—M’ bonds 212 are formed by the
reaction of dimetallic compounds 211 with 206. These reactions are summarized in
Schemes 3.3-3.6.

M'—R
207 M
oxidative . el reductive
Ar—X + M ——— S5 Ar—M-X - Ar—M-R ——————3 M + Ar—R
addition transmetallation elimination
T 206 208
M'—H Ml
209
Ar—X + M —» Ar—M-X A_L» Ar—M-H —— Ar—H + M
R-M-M"-R RV
A—X 4 M —= pmMoX N 7 Ar—M-M'R —-= Ar—NM'R + M
206 212

M=Ni,Pd M, M"=Mg,Zn, B, Al, Sn, Si



Cross-coupling via transmetallation 57

3.4.1 Magnesium Compounds

Phosphine complexes of Ni and Pd show high catalytic activity for the coupling of aryl
and alkenyl halides with Grignard reagents [88,89]. The coupling of Grignard
reagents with halides is called the Tamao—Kumada—Corriu reaction [87]. The Ni
catalyst is used more often than the Pd catalyst, because the Ni catalyst is active for
chlorides. In addition, elimination of f-hydrogen from the intermediates is less
extensive. The coupling using NiX;L, as a catalyst precursor is explained by the
following mechanism. At first the complex 214 is generated in situ by the
transmetallation of the precursor NiCl,(PRj3), 213 with a Grignard reagent, and
converted to the Ni(0) complex 215 as a real catalyst by reductive elimination. The
first step of the catalytic cycle is the oxidative addition of aryl halides to the Ni(0)
complex 215 to generate the organonickel complex 216. The key step in the catalyic
reaction is transmetallation of the organonickel complex 216 with the Grignard reagent
to generate the alkyl-aryl nickel complex 217. The final step is the reductive
elimination of 217 to produce the coupled product 218 with regeneration of the Ni(0)
complex 2185.

NiL,,
Ar—X + RMgCl —— Ar—R + MgCIX

Ar RMgX  MgXs

omdgt?ve L,Ni -
addition ~ .
X transmetallation
2RMgX 2Mg X, ArX 216
L2N|X2 / L2N|R2 L2N| ./AI’
transmetallation i LoNi
213 214 215 “R
R-R 217
reductive : L
elimination reductive elimination
R-Ar
218

Aryl and alkenyl chlorides react smoothly with the Ni(0) catalyst. This is a
characteristic feature of the Ni(0)-catalysed reaction. Bidentate phosphines such as
DPPE (XLIII) and DPPP (XLIV) give better results than Ph;P, although it was
reported that the coupling of aryl Grignard reagents with aryl halides proceeds by
using NiCl, without phosphine [90].

High percentage ee was achieved in the synthesis of the binaphthyl derivative 221
by the coupling of Grignard reagent 219 with bromide 220 using PPFA (XXX) [91].
The cross-coupling of aryl triflates with Griganrd reagents is catalyzed by Pd(0). The
axially chiral (S)-biaryl 224 was prepared with 93% ee in 87% yield by the reaction of
the bistriflate, 1-[2,6-bis(trifluoromethylsulfonyloxy)phenyl]naphthalene (222) with
PhMgBr. PACI, [(S)-phephos] (XXII) is the best chiral catalyst [92]. The diphenylated
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biaryl 223 was obtained in 13% yield. Interesting kinetic resolution occurs in the
second cross-coupling to give 223. The (R) isomer of 224 undergoes the second
phenylation about five times faster than its (S) isomer, indicating that the minor (R)
isomer of 224 is consumed preferentially at the second asymmetric cross-coupling,
which causes an increase of the enantiomeric purity of (5)-224 as the amount of the
diphenylation product 223 increased. The remaining triflate in 224 is converted to 225
by the Pd-catalysed diphenylphosphinylation, which is reduced to the phosphine 226
with HSiCl;.

NiBro[(R,S)- ppfa] @@

Me

Me Me 69%, 95% ee Me
@@

O Ph Ph oTt
TIO oTf PdCL,{(S)-phephos]
+ PhMgBr LB
OO iBr

(S) 224
222 13% 87%, 93% ee

Ph P(O)H O HSICl O
_PhPOR gy P(O)Ph, ————» Ph PPh,
Pd(OAC),, Et3N, 73%
dppb, 99% OO OO
295 ‘ 226

The Ni-catalyzed reaction is utilized for the coupling of halides of heterocyclic
compounds such as pyridine and pyrimidine, offering a new substitution route to these
heterocyclic compounds [93]. The reaction can be extended to pseudohalides. Even
C—O bonds attached to sp> carbons such as aryl and alkenyl ethers, thioethers, silyl
enol ethers and enol phosphates react with Ni(0) [94,95]. The ether bonds of
benzofuran (227) [94], and C—S bonds in the benzothiazole 228 are displaced with
Grignard reagents [95,96]. Thiophene (229) reacts with two equivalents of PhMgCl to
yield 1,4-diphenyl-1,3-butadiene (230) [97]. Ni-catalysed alkenation of the benzylic
dithioacetal 231 with MeMgBr gives 233 via 232. Dimethylation of 234 to give 235 is
achieved by coupling with MeMgBr [98,99]. In these reactions, the oxidative addition
of C—0 and C—S bonds to Ni(0) takes place, followed by transmetallation due to the
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strong affinity of Mg with O and S atoms. These bond cleavages are possible only with
the Ni catalyst.

NiCl,(PhsP Ph
©\/\> + PhMgBr ———»2( 2Pz N
o) 61%
OH
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_—
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228
NiClo(PhsP
4N + 2Phvger _NICLPhsa on XX -Ph
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— s

(\' SI/\S-MgBr
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—_—
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Aryl mesylates are used for the Ni-catalysed cross-coupling with Grignard,
organozinc and organoboron reagents [100].

3.4.2 Zinc Compounds

Lithium reagents are not suitable for transmetallation, and they are used after
converting to zinc reagents. Cross-coupling of organozinc reagents with alkenyl and
aryl halides proceeds generally with high yields and tolerates a wide range of
functionality. A smooth reaction occurs using Pd—phosphine complexes as the catalyst
and is called the Negishi reaction [101,102]. Organozinc reagents are prepared most
conveniently in situ from organolithium, magnesium or aluminum compounds and
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ZnCl,, and used for the coupling with alkenyl and aryl halides [103]. The reaction of
reactive halides with Zn—Cu couple is another method. Alkyl groups can be introduced
without f-elimination by using alkylzinc reagents. Organozinc reagents are inert to
ketones, esters, amino and cyano groups, and are used without their protection. This
feature is an advantage of organozinc reagents. A variety of zinc reagents, such as n-
alkyl, benzyl, homoallyl and homopropargylzinc reagents, have been shown to couple
with aryl and alkenyl halides satisfactorily.

The coupling of aryl- and alkenylzinc reagents with various halides has widespread
use in the cross-coupling of aromatic rings [101]. The reactions of zinc derivatives of
aromatic and heteroaromatic compounds with aryl and heterocyclic halides have wide
synthetic applications [103,104].

The reaction of aryl and alkenyl halides with the Reformatsky reagent 237 in polar
solvents affords a-arylacetates [105]. Iodides of heterocyclic compounds such as
pyridine, quinoline and pyrimidine react smoothly with Reformatsky reagents. The
cross-coupling of 237 with 4-iodo-2,6-dimethyl- and 2-iodo-4,6-dimethylpyrimidine
(236) occurs smoothly to form 238. But no reaction of 5-iodo-2,4-dimethylpyrimidine
(239) takes place [106].

Triflates are used in this reaction [107]. 5-Phenyltropone 241 is prepared by the
coupling of triflate 240 with PhZnCl [108]. Instead of rather expensive triflates, triflate
equivalents such as phenyl mesylates [100], fluoroalkanesulfonates [109] and the
fluorosulfonate 242 [110] are used for the coupling.

Me Me
Pd(PhaP), =
~ ~N P N
| +  BrZn COEt — —— = o | COLEt
Me/fN\)\ ' 237 65% Me NJ\/ 2
Me
236 | 238
/JN\ — no reaction
\N Me
239
0]
o Pd(PhsP),
+ PhznCl —mmm
TfO OMe THF, 1t, 97% Ph OMe
240 241
Pd(PhsP)4
RN . @—OSOZF —— = )Y
0~ ~ZnCl LiCl, 83% 0
242

As another alternative to triflates, aryl nonaflates (ONf) are easily prepared from
phenol and commerically available perfluorobutane sulfonyl fluoride 243, and used for
Pd-catalysed coupling with halides [111]. Aryl nonaflates are more reactive than aryl
triflates. p-lodophenyl nonaflate (244) gives 245 by chemoselective reaction of the
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iodide with a Zn reagent, and the remaining nonaflate in 245 is displaced with another
Zn reagent to give 246 under different conditions. Reaction of 244 with activated Zn
affords the Zn reagent 247, which is regarded as 248 because the different groups can
be introduced stepwise. For example, the arylzinc function in reagent 247 reacts with
aryl haldies, and then undergoes Suzuk—Miyaura coupling (Section 3.4.3) with the
nonaflate moiety in a stepwise mannner.

CF3

| CF;
ZnBr O
+ CF3(CFp)3SO,F  ——> © »
Pd,{dba)s, TFP
243 ONf 2(n, 9)23% O
ONf
245

OH

Zn
Pd,(dba)s;, DPPF

- Zni 80%
CF4
@ O ZnBr
+ ONf

J (%
248 247 CN

Interestingly, alkylzinc reagents which have f-hydrogens undergo the coupling
smoothly to give alkylarenes or alkylalkenes without elimination of the f-hydrogen.
For example, some iodozinc derivatives of 1-phenyl-1-heptanone, as represented by
the 7-substituted compound 249, react with various halides and the triflates 250 to give
251 [107]. The cross-coupling of Grignard reagent 252 with vinyl bromide (253) gives
254 with 93% ee in the presence of ZnCl, using BPPFA (XXV) as a chiral ligand
[112].

60°C, 93%

Bu
Pd(PhzP)4, PhH
Ph\n/V\/\/ZnI + BU>: 8’4 PhW
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0 249 250 0 251

Me Pd(0), BPPFA —
>——MgC| + ZnCly + —\Br —(—)°—> Me—(
Ph 93%ee Ph

252 253
254
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Ni(0) complexes also catalyze the coupling of Zn reagents. The coupling of alkyl
halides with alkylzinc reagents is more difficult. It is known that the presence of a
carbonyl group or an alkenic bond in alkyl groups sometimes has a favourable effect
on the Ni-catalysed alkyl-alkyl coupling. Interestingly it was found that the Ni-
catalysed couplings of alkyl iodides 255 and 257 with dialkylzinc reagents proceeds
smoothly in the presence of a catalytic amount of acetophenone (256), or m-
trifluoromethylstyrene (258) as a cocatalyst [113]. In the absence of the cocatalyst,
iodine—Zn exchange occurs mainly to give 259.

The coupling of alkenyl iodides or bromides with alkylzinc reagents is also
catalyzed by Co complexes. Using Co(acac); as a catalyst precursor, the coupling
product 260 is obtained in THF—NMP in good yield at room temperature [114].

Ni(acac),
C4HQCO/\/\| + Zn(C5H11)2 ——
PhCOPh
255 256
AN
C4H9CO/\/\CSH11 + C4H9CO/\/\Zn| '
259
71% 20% CF5
without 256 5% 57% 258
Ni(acac), 258 _
PhCO(CHo)s-1+  [PIVOC(CHo)l, Zn 2 > PhGO(CHp)sOPiV
257 76%
Piv = pivaloyl
CeHqa Co(acac)s, 25 °C CH
— + BuZnBr - 61113
! THF, NMP, 75% Bu
260

3.4.3 Boron Compounds

The Pd-catalysed coupling of organoboron compounds with halides is called Suzuki—
Miyaura coupling [115] and the most widely used coupling method. Tolerance to
water, a broad range of functionality, and easier disposal of boron compounds after the
coupling than that of Zn and Sn compounds used for similar cross-couplings, have
stimulated the application of Suzuki—Miyaura coupling even to commercial processes.
The coupling proceeds only in the presence of a base. No transmetallation of boron
compounds occurs under neutral conditions [116]. This is a characteristic feature of
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boron compounds, that differs from other organometallic reagents [117]. The role of
the base is said to activate either Pd or boranes. Most probably, the formation of
Ar—Pd—OR 261 from Ar—Pd—X and the tetracoordiated ate complex of boron
facilitates the transmetallation with organoboranes. Various bases including weak
bases such as K,COj; can be used, depending on the reactants. Sometimes the coupling
proceeds without phosphine.

NaOR'
Ar-Pd-X ——» Ar-Pd-OR' —» Ar-Pd-R + R'OB

C 261)

R—?—

/\

The conjugated dienone 266 is prepared by two-step reactions of the «-
methoxyvinylzinc reagent 262 as a methyl ketone precursor. At first the
chemoselective reaction with the bromide in 263 affords 264 under neutral conditions.
Then coupling of the organoborane moiety in 264 with the bromide 265 under basic
conditions gives 266 [117]. When both alkylborane and alkylstannane functions are
present in the same molecule, the borane moiety reacts chemoselectively under basic
conditions [118]. Under basic conditions, the organoborane in 268 is more reactive
than the organostannane, and reacts chemoselectively with the bromide 267 to afford
the alkylstannane 269 without attacking the organotin moiety in the same molecule
268.

MeO PdCI(PhsP), | MeO
b AN B0, ——
/J\ ZnCl Br THF, 74% N\ B(O-i-Pr),
262 263 264

285 ne /ﬁ\/\/L
NF CO,Me

MeOLi 266
@] @]
/\/\/\/SnMea M
+ B KsPO,, 82%
Br 268 SnMej
267 269

Various aryl, alkenyl and even alkylborane reagents of different reactivity can be
used for coupling with aryl, alkenyl, alkynyl and some alkyl halides, offering very
useful synthetic methods. The cross-coupling of aryl and heteroarylboronic acids with
aryl and heterocyclic halides and triflates provide useful synthetic routes to various
aromatic and heteroaromatic derivatives. Sometimes, the reaction proceeds in the
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absence of a ligand [119]. The coupling of aryl bromides proceeds smoothly in water
without organic cosolvent in the presence of BuyNBr [120]. The coupling of the
arylboronate 270 can be carried out smoothly in water, aqueous DMF or acetone as
solvents using Pd(OAc), without PhsP [121]. A similar coupling can be carried out
using Pd on charcoal as a catalyst in EtOH in the presence of Na,COs without ligand
in good yields [119]. Phenylboronic acid (275) is prepared by the treatment of PhLi
with P(OMe); and used for the coupling without isolation to give the coupled products
in good yields in a one-pot reaction. The ortho-palladated tri-o-tolylphosphine
complex 20 was found to be the very active catalyst for the Suzuki-Miyaura reaction
[122]. The reaction has been successfully applied to the commercial production of
medicinal compounds such as substituted f-lactam 273 by the coupling of the enol
triflate 271 [123]. Arenediazonium tetrafluoroborates 274 react smoothly with
phenylboronic acid (275) in dioxane in the absence of ligand without the addition
of a base [124].

e
MeO [ MeO
acetone(aq) 97%

TESO
T CN
ESO |\ N i
: ) o B‘@ Pd,(dba)s, H,0, KOH : )
5 Ny T+ (O THF, CH,Cl,, 95% 5 N
CO,PNB 272 - CO,PNB
271
Pd(OAC),
NaBre +(HO)ZB© dioxane, 87%
274 75

Nickel complexes are active for the coupling of aryl chlorides 276 [125], triflates
and mesylates 277 with phenylboronic acid (275) [100]. The catalyst is generated in
situ by the treatment of NiCl,(dppf) with BuLi in dioxane or Zn [126], and NiCl,
(dppe),, TMSPP (XLVII) with Zn [126a]. Pd is effective for coupling the chlorides
using #-Bu;P as a ligand and Cs,CO; as a base [126b].

The coupling of alkenylboranes with alkenyl halides is particularly useful in the
stereoselective synthesis of 1,3-diene systems of four possible double-bond isomers
[127]. The (F) and (Z) forms of the vinylboron compounds 278 and 279 can be
prepared by hydroboration of alkynes and haloalkynes, and their reactions with the
(E)- or (£)-vinyl iodides or bromides 280 and 281 proceed without isomerization; the
four possible isomers 282-285 can be prepared in high purity. However, for the
efficient preparation of the (ZZ)-dienes 287, the diisopropyl ester of (Z)-
alkenylboronic acid 286 should be used. Other boron compounds give poor yields
[128].
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Bu__ B(O--Pr, . Br _ Hex Pd(Ph3P)a, NaOEt' Bu\_z/:
EtOH, 87% Hex

286 287

The (Z E E)-triene systems in leukotriene and DiHETE were constructed by the
coupling of the (Z E)-dienylborane with the (£)-alkenyl iodide [129,130]. In the total
synthesis of the naturally occurring large molecule palytoxin, which has numerous
labile functional groups, Suzuki coupling gives the best results for the creation of the
(E,Z)-1,3-diene part (290) by the coupling of the alkenylborane 288 with the (Z)-
alkenyl iodide 289. In this case, thallium hydroxide as the base accelerates the reaction
1000 times more than KOH [131].

|

Pd(Ph3P)4

' o

TIOH((aq)

(MeO),P

290

Primary alkylboranes derived by hydroboration of terminal alkenes with 9-BBN-H
are coupled with aryl and alkenyl triflates and halides under properly selected
conditions. The reaction proceeds smoothly without elimination of -hydrogen using
PdCl,(dppf) or Pd(Ph;3P), and K3PO, in dioxane or DMF [132]. The intramolecular
cross-coupling of the alkenyl triflate with the alkylborane in 292, prepared by in situ
hydroboration of the double bond in 291 with 9-BBN-H, is applied to the annulation to
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give 293 [133]. The most difficult reaction is the coupling of alkyl-alkyl groups which
have f-hydrogens. The coupling of 1-octylborane (294) with 1-iodohexane (295) gave
tetradecane (296) successfully in 64% yield [134].

oTt 9-BBN ot BR2 Pd(PhgP)s KsPO,

———

dioxane, 76% COMe

CO,Me CO:Me 293
201 292

Pd(Ph3P)4, KsPOy4
dioxane, 64% "

NSNS
B() + so5 1

294

296

3.4.4 Aluminium and Zirconium Compounds

Palladium and Ni complexes are active catalysts for the coupling of Al and Zr reagnts
[101,103]. The alkenylalanes 298 are prepared by hydroalumination of terminal
alkynes 297, and their coupling with aryl and alkenyl halides gives the disubstituted
alkenes and (E,E) or (E,Z) conjugated diene 299 stereospecifically [101,103]. The
disubstituted alkenylalanes 301 and 304 are obtained by hydroalumination of the
internal alkynes 300 or by the syn carboalumination of the terminal alkynes 303 in the
presence of a stoichiometric amount of Cp,ZrCl,. Their coupling with aryl and alkenyl
halides affords the trisubstituted alkene 302 or the 1,3-diene 305 using Pd or Ni

: I CaH
L SR
CeHi7 (PhsP)4Pd, 65%
297 208 299
| Me
Et Et \@r Et Bt
Et—==—Et + HAl-Bu, —> — _~z — Me
300 H®  A4-Bu;  ZnCl, H
301 Pd(PhsP)s
) 302
/:
Cp,ZrCl Br ZnCl,
)\/\__: + MesAl Pasrtlo MM .
PdACI,(PhsP),
303 304 HAI(-Bu), 70%

J\/\)\/\ M = Al or CpoZr
NS NS X
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catalyst in the presence of a stoichiometric amount of ZnCl,. As no reaction takes
place without ZnCl,, the reaction seems to proceed by the double transmetallation
from Al to Zn and then to Pd (or Ni) [135].

The aryl and enol triflates 306 and 307 couple with Me;Al, Et; Al and Bus Al [136].
The enol phosphate 309, derived from ketone 308, is displaced with methyl group of
MesAl using Pd catalyst in dichloroethane. Based on this reaction, 4-fert-
butylcyclohexanone (308) is converted to 2-methyl-5-fert-butylcyclohexanone (311)
via 310 [137].

oTf Et
Pd(PhsP
@ + AlEt, PaPhaP
94%
306
O Mo Pd(PhaP)s, PhH 0
* SiMes  CICH,CH,CI, 60% SiMe,
oTt ;
307 .
Q 0)(OEY),
— Pd(PhsP)
¢ — + MesAl AN
CICH,CH,Cl, 80%
t-Bu t-Bu
308
Me
_ TGl _ o
H,0,78%
t-Bu t-Bu
311

The alkenylzirconium compound 314 is prepared by hydrozirconation of 1-heptyne
(312) with hydrozirconocene chloride (313), and reacts with alkenyl iodide to afford
the 1,3-diene 315 [138]. The Zr reagent can be used even in the presence of carbonyl
group, which is sensitive to Al or Mg reagents.

3.4.5 Tin Compounds

As organotin compounds (organostannanes) undergo smooth Pd-catalysed trans-
metallation, aryl halides react with a wide variety of aryl-, alkenyl- and alkylstannanes
[139]. Coupling with allylstannane is the first example [140]. The reaction is called the
Migita—Kosugi—Stille or Stille coupling. Aryl, alkenyl, allyl, alkynyl and benzyl
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CsH14 /‘—J

~— Bu
CSH11 —_— + CpZZr(H)CI e -Ep 21Cl >
2:
Pd(PhsP)s4, 91%
312 313 314 (PhaP)g4
C5H11
315 Bu

groups of organostannanes undergo the transmetallation, and are used for the
coupling. Generally only one of four groups on the tin enters into the coupling
reaction.

Different groups are transferred with different selectivities from tin. A simple alkyl
group has the lowest transfer rate. Transfer of a methyl group by the transmetallation
of methylstannanes is slow. Thus unsymmetrical organotin reagents containing three
simple alkyl groups (usually methyl or butyl) are chosen, and the fourth group, which
is usually alkynyl, alkenyl, aryl, allyl or benzyl, undergoes the transmetallation with
aryl and alkenyl halides, pseudohalides and arenediazonium salts. The cross-coupling
of these tin groups with aryl, alkenyl, alkynyl and benzyl halides affords a wide variety
of the cross-coupled products that are difficult to prepare by the uncatalysed reactions.
Usually, Ph3P is used as a ligand. A large acceleration is observed in the rate of
coupling for some organostannanes when tri-2-furylphosphine (TFP) or Ph3As is used
[141]. Although Ph;As is a good ligand for the coupling of triflates, Ph;P retards the
reaction [141,143]. However, it is claimed that ligandless Pd complexes are active for
the cross-coupling at room temperature [142].

The cross-coupling of aromatic and heteroaromatic stannanes has been carried out
extensively [144]. Tin compounds of heterocycles, such as the oxazole 316 [145], the
thiophene (318) [146], furans and pyridines [147], can be coupled with aryl halides.

Pd(0) i
R-X + R'SnR"; ———(—> R-R' + X-SnR";

R' = aryl, alkenyl, allyl, alkynyl, benzyl

N ' pd(Phsp N
T () Zemhe I
0" "SnMe; 80 ~ 100% o ©

316 317

NHCO:Bu 1. 1. Pd(PhaP) S %
2 ; 2 HClL63% N\ | _N
SnMe
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The syntheses of the phenyloxazole 317 [148], and the dithiophenopyridine 319 are
typical examples [149].

Coupling of the (F)-alkenylstannane 320 with the (Z)-alkenyl iodide 321 using a
ligandless Pd catalyst gives the (£,Z)-diene 322 with retention of the stereochemistry
[150]. Arenediazonium salts are also used for the coupling without phosphine [151].
(Z)-stilbene (324) is obtained unexpectedly by the cine substitution of the o-
stannylstyrene 323 by the addition—elimination mechanism. This is a good preparative
method for cis-stilbene (324) [152]. The cyclic triflate 325 is converted to the
alkenylstannane 326 and its reaction with aryl iodide affords the cine product 329. The
reaction is explained via the Pd—carbene complex 328, which is formed by insertion of
the double bond of 326 to Ar—Pd—X to give 327, rather than transmetallation, and o-
elimination of Me;SnX from 327. Finally the cine product 329 is formed by 1,2-
hydride shift of 328 [153,154].

_ e~ PdCl,(MeCN),
/\/\/\SnBu3 + OH -
390 421 DMF, 73%
/\/\N/\/\/OH
322
Ph Pd,(dba)s, MeCN
+ PhN.BF, - Ph__ rPh cis:trans
BU3Sn Etgo, n, 97% 82:18
323 324
oTf SnMe;
Pd(PhaP)4 Ar-|
Y+ o, e Yy
64% Pdy(dba),
OMe OMe PhiAs, 48%  OMe
325 Pd 326 327
H
1,2-shift AT
ﬁ' Ar > Ar= OCOMe
MeszSnX OMe OMe
329
328

Optimum conditions for the coupling of the alkenyl triflates 330 with the
arylstannanes 331 have been studied. Ligandless Pd complexes such as Pd(dba),
are most active in the reaction of the enol triflate. Ph3P inhibits the reaction. NMP
as a polar solvent gives the best results. The use of tri(2-furyl)phosphine and Ph;As
in the coupling of stannanes with the halides and triflates increases the rate
of the transmetallation of the stannanes to Pd, which is thought to be the rate-
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determining step of  the catalytic cycle. Relative  rates are
Ph;P:(fur);P:Ph3As:Ph;As 4+ ZnCl, = 1:3.5:95:151 [141,155]. The iminophosphine
332 was shown to be an excellent ligand for the cross-coupling of aryl halides with
organostannanes [156].

OMe
IGARN ¢ >
. NMP, 89% ‘
t-Bu BusSn ~BU

330 331

<—Pd-CI
332 90%
S
PPhy

332

Instead of enol triflate, the enol phosphate 334, derived from lactone 333, is used
for the coupling to afford the cyclic enol ether 335. No coupling of phenyl phosphate
in 334 takes place [157].

_(PhO)POCI __SnBug
/mmh_______, o
H Pd(PhyP) A
4 l

LiCl, THF
84%

335

Copper and Ag salts have been found to be good cocatalysts. The effect of some
additives and ligands on the cross-coupling of the stannylpyridine 336 has been
studied [158]. However, it seems likely that these effects are observed case by case.
Probably transmetallation of Cu(I) with tin reagents generates organocopper, which
undergoes facile transmetallation with the Pd species.

Coupling of aryl chlorides with vinylstannane can be carried out using Ni(0)—Ph;P
as a catalyst [158a].

The construction of the highly functionalized cyclic polyether framework 339 in
maitotoxin has been achieved by efficient coupling of the alkenylstannane 338 with the
enol triflate 337 [159]. The smooth coupling occurs in the presence of CuCl (2
equivalents) and K,COj3 in THF.

The conjugated (E,E,E) triene part of rapamycin 341 has also been constructed by
the intramolecular coupling of the (E,E) iododiene with the (E) vinylstannane in 340 in
75% yield [160].
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Br
X N
IN/ oo ) Pd(dppb)Cl | A
nBus NG DMF |

336 =N
CuQ 75% 70 min
Ag,O 73% 25 min
none 47% 4h

OMe OMe

Ni(acac),, Bu,AlH
cl + . >
<:§ BusSn PhsP, 80°C, 66% C X

BnO

OBn

Pd(PhsP),. CuCl (2 equiv)
K,COs, THF, 25°C, 77%

0OBn

3.4.6 Silicon Compounds

The transmetallation of Si attached to sp? carbons (aryl and alkenyl) is slow, but
accelerated by the addition of TASF [161]. Trimethylsilylethylene (342), activated by
TASE, is an ethylene equivalent because it reacts with aryl and alkenyl halides to afford
the styrene derivatives 343 and diene [162]. The rate of the transmetallation is
enhanced by using Si compounds attached to alkoxy of fluoride groups [163]. The
facile reaction by the action of F~ supplied from TASF, TBAF and KF is explained by
the formation of five-coordinated silicate compounds [161]. The cross-coupling of the
aryl and alkenylsilyl compounds 344 and 346 with aryl or alkenyl halides and triflates
offers good synthetic routes for the biaryls 345, the alkenyl arenes 348 and 1,3-dienes
[163]. The aryl chlorides 347, activated by an electron-withdrawing group (EWG),
react with the vinylsilane 346 using triethylphosphine as a ligand more smoothly using
NaOH, instead of TBAF [164,165]. The ketene silyl acetal 349 reacts with aryl triflates
in the presence of AcOLi using DPPF to give the a-arylcarboxylate 350 [166].
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[(2-fur)sP},PdCl,
i-ProEtN, 75%

OMe

Me.,,

“OTIPS

3.4.7 Chromium Compounds

Organochromium compounds are useful reagents because they react with aldehydes
selectively without attacking ketones [167,168]. Although the chemistry involved is
somewhat different from that of the usual ‘oxidative addition—transmetallation—
reductive elimination’ type of reaction, the reaction of Cr(II) with halides is treated
here. CrCl, is commercially available as a moisture- and air-sensitive reagent.
Reduction of CrCl; with LiAlH4 generates CrCl, in situ, which seems to give less
reliable results than the commercial product in the case of the coupling of aryl and
alkenyl halides [168a]. The arylchromium or alkenylchromium compound 351 is
formed by the treatment of aryl or alkenyl halides with a stoichiometric amount of
CrCl,. The addition of a catalytic amount of NiCl, is essential [169,170]. The Ni-
catalysed reaction is called the Nozaki—Hiyama—Kishi reaction. Ni(II) is reduced to
Ni(O) with Cr(Il) and forms alkenylnickel 352 by oxidative addition. Then the
alkenylchromium 351 is generated by the transmetallation of 352 with Cr(Ill) and
reacts with aldehyde selectively to give 353 without reacting with ketone. Use of
excess NiCl, tends to induce homocoupling of the halides. The synthetic method with
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a catalytic amount of the Cr reagent has been developed by the addition of Mn powder
in the presence of Me;SiCl. The Mn powder reduces Cr(Ill) to Cr(Il), and Me;SiCl
cleaves Cr alkoxide 353 to liberate Cr(IIl) halide and the silyl ether 354 [171].

The Nozaki—-Hiyama—Kishi reaction has been successfully utilized in the total
synthesis of palytoxin (355) [170] brefeldin (356) [172], halichondrin B [173],
brevetoxin [174], pinnatoxin A [174a] and others. The coupling of alkynyl iodides
with aldehydes can be carried out smoothly using CrCl, and 0.01% of NiCl,
[175] in THFE. The taxane framework 357 was constructed by the intramolecular
version. In this reaction, use of a stoichiometric amount of NiCl, gave better results
[176].

MeAcO Me
MeOQC\/:\)\/\I O NiCI5(0.1%),
OHC CrCl,, DMSO, 50%

R

Qun

R= p-MeOCsH4CH2
X =PhCO

355 X0 Me

H HO.
—_— -
- H
o) \

Ni(acac),, 60% ﬁ X

356
- OH

| CrCl; (6 equiv), NiCl, (1.6 equiv) \

THF, 40%

MOMO T
357
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3.4.8 Reactions with Dimetallic Compounds

Palladium-catalysed reactions of dimetallic compounds 358 such as X;B—BX,,

R3Sn—SnRj3, R3Sn—SiR; or R3Si—SiR3; with halides via oxidative addition and

transmetallation are useful for the preparation of carbon—main group metal bonds 359.
RyM'-M"R,,

" Pd- 398 PAMR, MR
e B

Palladium-catalyzed cross-coupling of the stable pinacol ester of diboron 360 or
tetra(alkoxy)diborons with halides or triflates affords the arylboronate derivatives 361
which are difficult to prepare by conventional methods using ArLi or Grignard
reagents and B(OMe);. As a ligand, DPPF is the most suitable [177]. It was found that
the arylboronate 363 is prepared unexpectedly by the Pd-catalyzed reaction of
pinacolborane (362) without undergoing expected hydrogenolysis [178].

PACly(dppf), ACOK OCO Ve
DMSO, 80°C ’
86%

CO,Me

O 0
0 100°C, 79% Ne)

Palladium-catalysed coupling of Me;SnSnMes (365) with halides provides a good
synthetic route to organotin reagents. The oxidative addition of halides, transmetalla-
tion (stannylation), and reductive elimination sequences afford the organostannane.
Aryl, alkenyl, benzyl and allyl halides react with 365 to afford aryl, alkenyl, benzyl
and allylstannanes [179]. (Bu3Sn), is unreactive. In many cases, the products of the
reaction are used without isolation. The alkenyl chloride 364 is converted to the
alkenylstannane 366. As a synthetic application, the intramolecular coupling between
aryl iodides in 367 was carried out in the presence of (Me;Sn),. The oxidative addition
of one of the iodides and subsequent alkene insertion generate the neopentylpalladium
368, and its transmetallation with the distannane 365 gives 369. Oxidative addition of
the remaining iodide in 369, intramolecular transmetallation and reductive elimination,
gave the coupling product 370 [180].

The trialkylsilyl group can be introduced to aryl or alkenyl groups using
hexaalkyldisilanes. The oxidative addition of alkenyl iodide and transmetallation,
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Pd,(dba)s, PhsP
Cx\%\COQBn + MesSnSnMe; dbas, Pha - MeSSn\%\COQBn

364 365 NMP, 1, 61% 366

SO;Ph

[
@i jﬂNSOQPh Pd(OAC),, PhsP @/ Me3SnSnM93
N '@ :CO3

PhSO, Pd sogph MeSSnI
367
$OzPh SO,Ph
N
@ —- (I
MesSr _ "s0,en *SO,Ph

370

followed by reductive elimination, afford the silylated products [181]. The facile Pd-
catalysed reaction of Me;SiSiMes (371) to give 372 proceeds at room temperature in
the presence of fluoride anion [182]. Alkenyl and arylsilanes are prepared by the
reaction of tris(trimethylsilyl)aluminium (373) with halides [183]. Benzyldimethyl-
chlorosilane (375) is obtained by the coupling of benzyl chloride with dichlorote-
tramethyldisilane (374) [184].

. Pd(PhsP),, TASF
Q—-—I + Me;SiSiMe;, (PhsP)a > Q_SNQS
HMPA, 11, 82%

371 372
Pd(PhsP) ~
CSHH\:—_/‘ + Al(SiMea)s —55-;;5“" C5H”, __ SiMes
373 i
Pd(PhsP),

PhCH,CI + CIMe,SiSiMe,Cl —————» PhCH,SiCIMe, + Me,SiCl,
274 130°C, 100% 275

Under certain conditions, aroyl chlorides are converted to arylsilanes by the reaction
with disilanes. The oxidative addition of aroyl chloride and decarbonylation are
followed by transmetallation and reductive elimination to give aryl silanes. Neat
trimellitic anhydride acid chloride (377) reacts with dichlorotetramethyldisilane (376)
at 145°C to generate 378, which affords 4-chlorodimethylsilylphthalic anhydride
(379) by reductive elimination. Finally it was converted to 380 and used for polyimide
formation [185]. Biphenyltetracarboxylic anhydride 381 is obtained at a higher
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temperature (165°C) in refluxing mesitylene, offering a new synthetic route to
biphenyls from acid chloride [185a].

o co, Me28|CI2 0
Me Me  pyciy( PhCN)2 neat
0 + Cl— s|—s| cl - o)
¢ Me Me PhsP 145°C, 63% Me,CISi —Pd
0
O a7 © 376 165°C,85% 378
mesitylene l
0
2 Me,SiCl + Q Q
Mg 0
Si
!
c Me e}
379
Me
380

Unexpectedly, the arylsilane 383 can be prepared by the Pd-catalyzed reaction of
aryl halides with the hydrosilanes 382, without giving the expected hydrogenolysis
product 384 [186].

Pd,(dba)s
MeO—< >—|+Hs|<OEt>3 ——»2 —< } Si(OEt)s + MeO—< }
(p-Tol)s

382
i-ProEtN, NMP 92% 384 7%

Acyl halides react with dimetal compounds without undergoing decarbonylation.
The acetylstannane 385 is prepared by the reaction of acetyl chloride with (Me;Sn),
(365). The symmetric 1,2-diketones 388 can be prepared by the reaction of an excess
of benzoyl chloride with (Et;Sn), (386). Half of the benzoyl chloride is converted to
the benzoylstannane 387, which is then coupled with the remaining benzoyl chloride
under CO atmosphere to afford the a-diketone 388 [187]. Triethyl phosphite is used as
a ligand. The reaction of benzoyl chloride with (Me;Si), (371) affords benzoyl-
trimethylsilane (389) [188].
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Pd(PhsP)s
MeCOCI + MezSnSnMe; ——— = MeCOSnMe,
365 70% 385
PhCOCI + Et;SnSnE T CafsPddl PhCOS Phcoa
+ 3onon t3 o bl nEt3 —_—
sa5 (1P, CO,70% \v 287 Pd(0)
PhCOCOPh + Et;SnCl EtsSnCl
388
71-CaHsPdClH
Ph iSi > PhCOS|
COC! + MesSiSiMe; (E10),P. 110°C. 93% hCOSiMe;
371 389

3.5 Reactions with C, N, O, S and P Nucleophiles

Although arylation or alkenylation of active methylene compounds can be carried out
using a Cu catalyst, the reaction is sluggish. However, the arylation of malononitrile
(390) or cyanoacetate proceeds smoothly in the presence of a base and Pd catalysts
[189]. Tetracyanoquinodimethane (392) is prepared by the coupling of p-diiodoben-
zene with malononitrile (390) to give 391, followed by oxidation [190]. Presence of
the cyano group seems to be essential for intermolecular reactions. However, the
intramolecular arylation of malonates, f-keto esters and f-diketones proceeds
smoothly [191]. The bromoxazole 393 reacts with phenylsulphonylacetonitrile (394)

| <CN Pd(PhsP), NC CN
| -
< > T Non  NaH, THF, 72% NC: C ZCN

390 391
NC: ::: CN
— _ —
NC CN
392
Pd(PhP)
I)\ . <802Ph Pl hogs )\
t- BUOK 85%
394
5\\ (Ph3P)4Pd
nuu iuMe 7, ":(
Buok Me
84% o)

306 O 397
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to give 395 [192]. Intramolecular alkenylation of the simple ketone 396 gave 397 by
slow addition of +-BuOK in #-BuOH-THF at room temperature to avoid competing
alkyne formation [193].

Intermolecular a-arylation of the ketone 399 with o-tolyl bromide (398) gives 400
under selected conditions using #-BuONa or KN(SiMe,), as suitable bases, and
BINAP or DPPF (XLIX) as a bulky ligand [194]. Furthermore, asymmetric arylation
of the ketone 402 with the bromide 401 gave 403 with 98% ee efficiently by using
chiral BINAP [195].

Displacement of aryl and alkenyl iodides with KCN, or aryl triflates with Zn(CN),
[196] to afford the aryl nitrile 404 is catalyzed by a Pd complex. Similar displacement
of aryl chlorides is catalyzed by a Ni complex [197].

i Pd,(dba)s, DPPF @
als,
Bro+ )J\Ph - @/U\
KN(TMS),, THF Ph
399
398

94% 400
Q 0
FBUQ& ¥ Ph/\é/ Pd(OAc)z, BINAP Phw ,
t-BuONa -
4ot 402 750/0y 98% ee 403

! Pd(Ph3P),4 cN
+ KON ——— + Kl

404

Metal-catalyzed displacement of aryl iodides and bromides with primary and
secondary alkyl- and arylamines, to afford secondary and tertiary arylamines, has been
developed rapidly only recently as a useful synthetic method, and extensive studies
have been carried out under various conditions [198]. The selection of ligands is
important. Bulky ligands such as (o-Tol);P, BINAP, and DPPF (XLIX) [199] were
found to give best results. Primary and secondary alkyl and arylamines react smoothly
in THF or toluene at 80—100 °C in the presence of #-BuONa as a base, as shown by the
reaction of aryl bromides 405 and 406. -BuONa is used because primary and
secondary alkoxides are oxidized to aldehydes and ketones. Cs,COj; as a base is used
for electronically neutral aryl bromides [200]. Furthermore, #-BusP, a bulky and rarely
used phosphine in catalytic reactions, was found to be a good ligand. In particular, the
amination of aryl bromide with diarylamine 407 to give the triarylamine 408 proceeds
satisfactorily with this ligand [201]. The amination proceeds at room temperature in
the presence of crown ethers [202]. Aryl triflates 409 and 410 are similarly aminated
even when they have electron-donating groups [203]. The amination of the aryl
chloride 411 is catalysed by Ni(O)-DPPF [203a] and Pd(Cy;P),Cl, [204].

The N-aryl imines 412 as protected anilines can be prepared by Pd-catalysed
arylation of benzophenone imine with aryl halides using DPPF and BINAP as ligands,
and aniline derivatives are obtained by deprotection [204a].
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The coupling of chiral amines with aryl bromides proceeds without racemization by
proper choice of ligands. Intermolecular amination of a chiral amine proceeds without
loss of enantiomeric purity with Pd(0)-(o-Tol);P. Synthesis of the optically pure
indole 415, an intermediate for the synthesis of a potent ACE inhibitor, has been
achieved by the Pd-catalyzed amination of 414, which is prepared by the Heck reaction
of bromide 413 and Rh-catalyzed aymmetric hydrogenation [205].

The Pd-catalysed intermolecular reaction of aryl bromides containing electron-
withdrawing substituents with a wide variety of alcohols including MeOH, 2-propanol,
benzyl alcohol and #butyl alcohol gives the aryl ethers 416 under milder conditions
than uncatalysed reactions. Bidentate ligands such as BINAP and DPPF (XLIX) are
effective [206,207]. The aryl Pd alkoxide 417 was isolated as an intermediate, and the
formation of the aryl ethers 418 by reductive elimination of 417 was confirmed.
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Ni(cod),, coordinated by DPPF, is superior to the Pd catalyst in some cases. Ni-
catalysed preparation of the aryl ¢-butyl ethers 419 and the silyl ethers 421, and their
facile deprotection offer a good synthetic method for phenols 420 and 422 from aryl
bromides [208].

| PF
PhCOOBr +tBUOK _icod)z, DPPF PhCO@-Or-Bu
,, PhMe, 95 °C,

63%
419
—_— PhCO—OOH
420
Ni(cod),, DPPF
OHC Br + +BuMe,SiOH > OHC OTBDMS
PhMe, 95 °C,
63%

421
— OHC@OH

422
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The aryl sulfides 424 are prepared by the Pd-catalyzed reaction of aryl halides with
the mercaptans 423 or thiophenol 425 in DMSO [209]. Pd(OAc),—-BINAP is active for
the reaction of aryl triflates in the presence of --BuONa [209a]. The NiBr, complex of
bipyridine is an active catalyst for thioarylation of aryl iodides with the thiophenol
425, to give diaryl thioether 426 [210].

‘ S
SH ©/ Pdy(dba)s, DPPF I \©
/E ¥ " AcNH

ACNH Cone DMSO, 76% COQMe
423 424
@; _NiBry(opy)s _
COH + 83%
COQH

425

Formation of P—C bonds occurs by the reaction of various phosphorus compounds
containing a P—H bond with halides or triflates. Monoaryl, symmetric and
unsymmetric diarylphosphinates 428—430 are prepared by the reaction of the rather
unstable methyl phosphinate 427 with different amounts of aryl iodides. Trimethyl
orthoformate is added to stabilize methyl phosphinate [211].

The coupling of aryl triflates with diphenylphosphine (432) catalysed by Ni and Pd
complexes is an important synthetic method for optically active bidentate phosphines.
Bis-substitution of optically active 2,2'-bis[(trifluoromethanesulfonyl)-oxy]-1,1'-
binaphthyl (431) with Ph,PH (432) to give 433 has been achieved using NiCl,(dppe)

Phl, Pd(OAc),, PhaP, HC(OMe), 0
- . Ph—P-OMe
N-methylmorpholine, 63% I|-I 428

O 2 Phi, Pd(OAC),, PhyP o

O = P 1
H-P-OMe >  Ph—P-OMe

H EtsN, HC(OMe)s, 49% oh
429

427 1. Ph—@—l, Pd(OAc),, PhsP
HC(OMe)s, R3N 0

- 1]
2 —©—|,Pd(Ph3P)4,R3N,51°/o Ph@P_OMe

430
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| I QTt NiCl,(dppe), DABCO PPh,
+ Phy,PH — PPh
OTf DMF, 100°C, 2-3 days 2

433

431

: : OTf 0 NiCl,(dppe) -

Ph. i

+ —_
ot ™ o, ~P~H TpaBco, DMF,
Comibak

(S) 431 l ¢
©© P(O)Ph, © PPhy ©© PPh,
0" oo™ o™

(5)-435 (5)-436 (5)-433
| ’ HSICl, J‘
Ph_n —» Ph.
Zpn T PR ::ZB-OH
434 432 437

: : OTf Ph Q Pd(OAc),, DPPB, EtN(-Pr),
\P_H .

+

oTf Ph” DMSO, 90°C, 16 h
g e T

(5)-431
©© oTf 1. NaOH ©© ome % @ Sg:
oo™t g™ QO

(5)-438 (5)-439
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e) as a catalyst, offering a convenient preparative method of BINAP. For the effective
reaction, the use of DABCO as a base is essential. Other amines are ineffective [212].
Diphenylphosphine oxide (434) is more easily handled than Ph,PH (432). Reaction of
431 with diphenylphosphine oxide (434) catalysed by Ni—dppe complex gives the
monooxide 436 and diphosphine 433 as major products, and the dioxide 435 as a
byproduct [213]. These products are formed because 434 is in equilibrium with 432
and 437. The phosphine oxides 435 and 436 are reduced to the phosphine 433 with
HSiCl;. However, selective monophosphinylation of 431 with diphenylphosphine
oxide (434) is catalysed by the Pd complex of DPPB (XLV) or DPPP (XLIV) to give
optically active 2-(diarylphosphino)-1,1’-binaphthyl (438). No bis-substitution was
observed [214]. The monodentate phosphine (MeO-MOP) (XXXVI, 439) can be
prepared from 438.

3.6 Carbonylation and Reactions of Acyl Chlorides

Aromatic carboxylic acids, «,f-unsaturated carboxylic acids, their esters, amides,
aldehydes and ketones, are prepared by the carbonylation of aryl halides and alkenyl
halides. Pd, Rh, Fe, Ni and Co catalysts are used under different conditions. Among
them, the Pd-catalysed carbonylations proceed conveniently under mild conditions in
the presence of bases such as K,CO; and Et;N. The extremely high toxicity of
Ni(CO), almost prohibits the use of Ni catalysts in laboratories. The Pd-catalysed
carbonylations are summarized in Scheme 3.9 [215]. The reaction is explained by the
oxidative addition of halides, and insertion of CO to form acylpalladium halides 440.
Acids, esters, and amides are formed by the nucleophilic attack of water, alcohols and
amines to 440. Transmetallation with hydrides and reductive elimination afford
aldehydes 441. Ketones 442 are produced by transmetallation with alkylmetal reagents
and reductive elimination.

H,O O
———> R-C-OH
R'OH Q
R-C-OR’
co § HNR', Q
Pd(0) + R-X — R-Pd-X —> R-C—Pd-Xx —>———> R-C-NR}
440 = o
11
——> R-C-H
Re_ 441
A= = ©/ N MR" Q
> R-C-R"
X =1, Br, Cl, OTf, NpX 442

CHakp (@]

- R_C‘CHEQ

Scheme 5.9 Pd-catalysed carbonylation
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3.6.1 Preparation of Carboxylic Acids and Their Derivatives

Even the sterically hindered 2,6-disubstituted aryl iodide 443 is carbonylated smoothly
to give 445. Alkyl iodide present in the alcoholic component 444 remains intact under
the carbonylation conditions. This carbonylation reaction is a key reaction in the
synthesis of zearalenone (446) [216]. Optimal conditions for technical synthesis of the
anthranilic acid derivative 448 from bromide 447 has been studied, and it has been
found that N-acetyl protection of 447, which has a chelating effect, is important [217].
Cheaply available chlorides are rather inert [13]. The carbonylation of chloride 449 in
the presence of DBU and Nal gives the amide 450 [218].

120°C, 12 atm, 70%

CO t )\/\X/\/\l I ’ >
MeO

443 SPh 444
OMe O OMe O
s =0
MeO o | o\) MeO 7 o
446
445

NHCOMe
NHCOMe PACI,(PhsP)(0.1 Wt%), PhgP
+ CO + H,O >
Br BuzN, 120 °C, 3 atm, 85% COH
447 448
PdCly(PhsP),, PhaP
Phsoz—©—c:| + CO + NHZO e
DBU, Nal
449 1.atm, 115°C, 82%
o)
Phsoz@—/(NH@
450

Triflates derived from phenols are carbonylated to form aromatic esters by using
Pd-Ph;P. The carbonylation of triflates is 500 times faster if DPPP (XLIV) is used
[219]. This reaction is a good preparative method of benzoates from phenols and
naphthoates from naphthols [220]. Carbonylation of enol triflates derived from ketones
and aldehydes affords «,f-unsaturated esters. The enol triflate in 451 is more reactive
than the aryl triflate and the carbonylation proceeds stepwise chemoselectively. At
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first, carbonylation of the enol triflate affords the amide 452, and then the ester 453 is
obtained in DMSO using DPPP [221]. The carbonylation of the enol triflate 454 to
form the o,-unsaturated acid 455 using DPPF as a ligand in aqueous DMF has been
applied in the total synthesis of multifunctionalized glycinoeclepin [222].

oTi CONPr,

‘ Pd(OAC)(PhaP)s ‘
+ CO + i-ProNH »>
O‘ 60°C, 1 atm, 59% O‘
THO TiO
451 CONPr,
CO, MeOH “
Pd(OAC),, DPPP, DMSO, O‘
EtsN, 70 °C, 1 atm, 73% MeO,C

453

452

AcQ \\\\\k/cone

Pd(OAc),, DPPF

—3

+ CO + Hgo

DMF, 1 atm, 82%

Other pseudohalides are carbonylated. Benzoic acid derivatives are prepared from
arenediazonium salts at room temperature without addition of a phosphine ligand
[223]. For example, the acid anhydride 457 is prepared by the carbonylation of the
benzenediazonium salt 456 in the presence of AcONa. By this method, nitrobenzene
can be converted to benzoic acid indirectly.

Carbonylation of halides in the presence of primary and secondary amines at 1 atm
affords amides. The intramolecular carbonylation of an aryl bromide which has an
amino group affords a lactam. The seven-membered lactam 459 (tomaymycin,
neothramycin skeletons) is prepared from 458 by this method [224].

By careful selection of reactions conditions, double carbonylation occurs, which is
competitive with monocarbonylation. Utilizing alkylphosphines or DPPB, and
secondary amines, the «-keto amide 460 is obtained with high chemoselectivity
[225,226].
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NH2 NQBF4
Pd(QAc),
—_— + CO + AcONa >
9 atm, rt, 83%
456

0
Ph_‘% 180 °C Ph—{o CH3—<O
o + 0

—_

CH3—<O Ph—ﬁo CHs—(

457 S

TsO N TsO N
OR Pd(PhsP).,, BusN
N + O 110°C, 69% |
EtO Br H R EtO N
458

PdCl,(MePh,P)
Ph-l + CO + EtNH 2 2 2 PhCOCONEt, + PhCONEY,
100°C, 95% 60

86 : 14

The Pd(0)-catalysed carbonylation of benzyl chloride proceeds under atmospheric
pressure in a two-phase system utilizing the water-soluble phosphine to give
phenylacetic acid (461) [227]. In the total synthesis of the macrolide curvularin
(465), the Pd-catalysed carbonylation of the benzyl chloride 462 in the presence of the
alcohol 463 to give the ester 464 has been applied [228]. Phenylacetic acid (461) is
produced commercially by Co,(CO)g-catalysed carbonylation of benzyl chloride. The
Co0,(CO)g-catalysed double carbonylation of benzyl chloride using Ca(OH), as a base
gives phenylpyruvic acid (466) with high selectivity [229]. Selection of solvents is
important. DME is a good solvent, whereas MeOH is not satisfactory.

Carbonylation of alkyl halides is rare. As an exception, AcOH is produced
commercially by the Monsanto process from MeOH and CO using Rh as a catalyst in
the presence of HI. In this process (Scheme 3.10), Mel is generated in situ from MeOH
and HI and undergoes oxidative addition. Insertion of CO generates an acetylrhodium
intermediate, and nucleophilic attack of water produces AcOH, regenerating the Rh
catalyst and HI (or reductive elimination to give acetyl iodide and hydrolysis).

Acetic anhydride is also produced by the Rh-catalyzed carbonylation of methyl
acetate. The method is called the Eastman process (Scheme 3.11). The Rh-catalysed
production of acetic anhydride from methyl acetate can be understood by the
formation of Mel and acetic acid by the reaction of methyl acetate with HI. Finally,
attack of AcOH on the acetylrhodium affords the anhydride and HI, or acetyl iodide
reacts with AcOH to give acetic anhydride and HI.
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Cl PdClng, NaOH COZH .
—_— L; PhgP
©/\ + O+ HO heptane, 89% 2

461 SOgNa
ci HO 0._0
MeO PACIy(PhgP), ACONa  MeO
* ro 100°C, 10 atm, 70%
MeO Ph O Meoo o}
462 463 464 PN
0.0
MeO
—_—
—_—
MeO O
465
Coy(CO)g
PhCH,Cl + CO + H,0 ~————= PhCH,COCOH + PhCH,COH
Ca(OH), 461
466

CHsOH + Hl ———— CHal + H,0

CHg + Rk ———» CHz—Rh-
Q
CHs—Rh-I + CO — CH;—C-Rh-|
Q
CHz—G-Rh=I + Hy0 — CH3CO,H + HI + Rh

CHaOH + CO —— CH4CO.H

Scheme 3.10 Monsanto process

CH3CO,-CHy + HI —— CH,CO,H + CHl

CHal + Rh ——— CH,~Rh-1
0]
CHg_Rh—I + CO — CHS__ICl;_Rh_I
Q
CHa—C-Rh—| + CHsCOH — (CH5CO),0 + HI + Rh

CH3C02CH3 +CO0 —m (CH3CO)2O

Scheme 3.11 Eastman process
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3.6.2 Preparation of Aldehydes and Ketones

Aldehydes and ketones are prepared by trapping generated acyl complexes with
hydride and carbon nucleophiles. Aldehydes can be prepared by the carbonylation of
halides in the presence of various hydrides. The Pd(0)-catalysed carbonylation of aryl,
alkenyl iodides and bromides with CO and H; (1:1) in aprotic solvents in the presence
of tertiary amines affords aldehydes [230]. Sodium formate can be used as a hydride
source to produce aldehydes. The «,f-unsaturated aldehydes 468 can be prepared by
the carbonylation of aryl, alkenyl halides and triflate 467, benzyl and allyl chlorides,
using tin hydride as the hydride source and Pd(Ph;P), as a catalyst [231]. Et;SiH is
used as another hydride source [232]. The arenediazonium tetrafluoroborate 469 is
converted to the benzaldehyde derivative 470 rapidly in good yield using Et;SiH or
PHMS as the hydride [233].

CHO
ot Pd(PhP)s, THF
+ CO + BusSnH —>
3 atm, 98%
467 468
N2BFa CHO
Pd(OAc),, MeCN, Et,O
+ CO + Et;SiH >
rt, 10 atm, 10 min, 79%
469
470

Ketones can be prepared by the carbonylation of halides and pseudohalides in the
presence of various organometallic compounds of Zn, B, Al, Sn, Si and Hg, and other
carbon nucleophiles, which attack acylmetal intermediates (transmetallation to
generate acyl alkylmetal) using Pd or Ni catalyst. The carbonylation of phenyl iodide
in the presence of propyl iodide (471) and Zn—Cu couple affords phenyl propyl ketone
(476). The propylzinc iodide 474 is formed from propyl iodide, which gives 475 by
transmetallation with 473, and its reductive elimination gives the ketone 476 [234].
Insertion of CO to phenylpalladium intermediate 472 to form benzoylpalladium 473 is
faster than the transmetallation of phenylpalladium 472 with propylzinc (474), and
hence propylbenzene is not formed. As a simple synthetic route to dialkyl ketones, the
diiodide 477 is converted to the dialkylketone 478 in the presence of Zn and CoBr,
(1.5 equivalents) in THF-NMP at room temeprature by bubbling CO into the reaction
mixture [235].

Organoboranes are used for ketone synthesis under basic conditions. The cyclic
ketone 482 is prepared from alkenyl iodode 479. Hydroboration of terminal double
bond, followed by carbonylation generates 480, and the cyclic ketone 482 is formed by
intramolecular transmetallation of 480 to afford 481 [236].

Organostannanes, such as aryl-, alkenyl- and alkynylstannanes, are useful for the
ketone synthesis via transmetallation of acylpalladium with organostannanes and
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Pd(Ph,P (ole) :
Ph-l #—)f» Ph-Pd-| ——»Ph—COPd—| o
472 g 58% Pt
Ph” Pd” "
A oy — N2 Znl,
471 474 475
0
— ph)J\/\
476
| CoBr, (1.5 equiv)
| + Zn + CO - o
K THF, NMP, 25°C
1 atm, 63%
477 478
OMOM OMOM
Z PdCI,(PhsP)
+ 9-BBN + CO LGN | BRa ___ .
K3PO,, PhH, 74% Pd-I
479 5
480
MOMO OMOM L
| —
Pd
o)
0
481 482

reductive elimination [237]. Carbonylation of the alkenyl triflate and intramolecular
trapping with alkenylstannane, using 483, afford the macrocyclic divinyl ketone 484
[238].

o-Acylmalonates or f-keto esters can be prepared by the carbonylation of aryl
iodides in the presence of malonates or ff-keto esters. A good ligand is DPPF [239]. In
addition to Pd(Ph3P), (90% yield), other metal complexes such as Li,CuCly (92%),

PdCl,(MeCN),
DMF, LiCl, 53%
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NiBr, (90%) and NiCl,(PhsP), (92%) can be used as the catalysts for the
intramolecular carbonylation of 485 to give 486 [240].

CO.Me Pd(PhgP),, 4 atm CO.Me
+ CO >
©:\<002Me 100 °C, EtsN, 90% CO.Me

485 0

486

The carbonylation of aryl iodide in the presence of terminal alkynes affords acyl
alkynes. Bidentate ligands such as DPPF give good results [241]. When Ph;P is used,
phenylacetylene is mainly converted to diphenylacetylene. The alkynyl ketones 488
are prepared by the reaction of the alkenyl triflate 487 with phenylacetylene and CO
[242].

O
Pd(OAc),, DPPE, Et3N _
Ph——= + CO + TfOOPh DMF, 1 atm, 75% . Ph = Ph
487 488

The acylpalladium is formed by CO insertion as the intermediate of the
carbonylation. They can be prepared directly by the oxidative addition of acyl
chlorides to Pd(0). Thus ketones can be prepared by the reaction of acyl halides with
organozinc reagents and organostannanes. Benzoacetate (490) is obtained by the
reaction of benzoyl chloride with the Reformatsky reagent 489 [243]. The macrocyclic
keto lactone 492 is obtained by intramolecular reaction of the alkenylstannane with
acyl chloride in 491 [244].

o)
Pd(PhsP)4
PhCOCI + Brzn” ~COEt —————— Ph/u\/COzEt
489 DME, 50-90% 490

0 1
o Y __Paphe 0

| 0 CO, 100°C, 70% OGN

3.6.3 Decarbonylation of Acyl Halides and Aldehydes

Formation of the aroylpalladium 495 by insertion of CO to the arylpalladium 494
(M = Pd) is reversible. Aroylpalladium complexes 495, prepared directly by the
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oxidative addition of aroyl halides and aldehydes 496, undergo decarbonylation by
heating in the absence of CO to form 493 [245]. Heating of the aroyl chlorides 497 up
to 200 °C with a catalytic amount of RhCI(Ph;P); or RhCI(CO)(PhsP), affords the
chloroarenes 498 [246,247]. The aryl and alkenyl aldehydes 499 and 501 are

X M M-X CO ©/COM-X M COX
— —_—
Cr—0 =+ — [y
CO 495 496

493 M =Pd, Rh 494

X =Cl, H
COCI cl
RhCI(CO)(Ph3P),
MeCN reflux, 85%
Cl Cl
497 498
OH
CHO  Rmnci( (CO)PhaP),
210°C. 80%
500
250°C, 77% =
H H H Me
502 9:1

decarbonylated at high temperature with Pd and Rh catalysts to give 500 and 502.

The decarbonylation of acyl halides and aldehydes proceeds under mild conditions
to give aryl halides ArX and arenes ArH with a stoichiometric amount of
RhCI(Phs;P);. At the same time, RhCI(CO)(Ph3;P), is formed which is inactive at
moderate temperatures, and the reaction is stoichiometric [245-248].

X cox 25-90°C X
R + RhCl(PhsP)y ~——— + Rh(CO)CI(PhsP), + CO
% MeCN

X=H, Cl Br
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3.7 Preparation of Biaryls by the Coupling of Arenes with
Aryl Halides

Biaryls can be prepared from aryl halides in three ways: (i) cross-coupling of aryl
halides with aromatic rings, (ii) Reductive homocoupling of aryl halides using Zn and
Ni, (iii) cross-coupling of aryl halides with aryltin, zinc and boron compounds (this
reaction is treated in Section 3.4). Also, the oxidative coupling of aromatic rings with
Pd(I) salts gives biaryls (see Section 11.2).

The Pd-catalysed coupling of aryl halides or triflates with aromatic rings to give
biaryls proceeds only intramolecularly [249]. The reaction is carried out with PdCl, or
Pd(OAc), as a catalyst in the presence of bases. The oxidative addition of the halide to
Pd(0) is followed by the palladation of aromatic ring with Pd(II) species to generate the
diarylpalladium 504. Finally its reductive elimination gives the coupled product. The
reaction has been applied to the synthesis of gilvocarcin M (505) from 503 via the
diarylpalladium 504 [250]. As another example, the alkenylpalladium intermediate
507, formed from 506 by insertion of two alkyne bonds, attacks the aromatic ring
intramolecularly to give the naphthalene ring 508 [251]. Aroyl chlorides are converted
to biaryls by the Pd-catalyzed reaction with (CIMe,Si), [185a].

MeO  OBn

MeO
| PdCly(PhsP),, AcONa

OBn DMA, 120°C, 90%

MeO

SO,Ph ~ _ SO,Ph
EtN N
_SO,Ph
Pd(OAC),, PhsP — N2 EtN O
—— = . |ip N
AngO3, MeCN, d l
80°C. 60%
E
E E
506 L E 508

507
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A new and related carboannulation reaction is possible, that involves insertion of
alkynes to aryl or alkenyl palladium intermediates, and subsequent cyclization onto an
aromatic ring already present in the substrate [252]. The cyclization of the enol triflate
509 to give 510 is an example. The reaction was applied to the synthesis of the
indolocarbazole derivative 512 from the iodobisindole 511 [253].

Ph Ph
OTf
Pd(OAC),, NaOAc O
G o m=r :
Bu,NCI, DMF
509 75% 510
| Bu  coMe
Pd(OAc),, NaOAc O
‘ ‘O + Bu———CO.Me > .O
Ve o BusNCI, DMF
e
e 56% Me Me
511 512
Zn
PN S y |
R— | + Ni(Q) —— \ + NiX,
X 53
R™N— “R
X=1>8r>Cl
OH oTf
NiCl,, Zn, PhsP, Nal, DMF
— o
60°C, ultrasound, 85% H ©
Me Me
513
Cl
- COREL
| (PhsP),NiBry, Zn, Et,NI
P -
N THF  reflux,36 h, 73%
514 A

i ] [ Pd(OAc),, BuyNBr, DMF OO
OO I K,COs3, 7 days, 85% OO
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The reductive homocoupling of aryl halides promoted by Cu metal is called the
Ullmann reaction. The Ni and Pd versions of Ullmann coupling of aryl and alkenyl
halides to give symmetric biaryls and 1,3-dienes proceed smoothly using Ni(0) and
Pd(0) species, which are oxidized to NiX, and PdXj,. Therefore, reducing agents are
required to regenerate Ni(0) and Pd(0) from Ni(Il) and Pd(Il), in order to make the
reaction catalytic. After the reductive coupling, NiX, is generated, which is reduced to
Ni(0) with Zn. In this way, the reaction can be carried out catalytically by in situ
regeneration of Ni(0) with Zn [255]. DMF and HMPA are suitable solvents. More
smooth reductive coupling is possible using a stoichiometric amount of Ni(0)
complex, such as Ni(cod), or activated Ni [254]. The homocoupling of the aryl
triflates 513 and mesylates derived from phenols is possible using PdCl,(Ph3;P),/Zn
and NiCl, /Zn systems in DMF [256]. Coupling of the chloroquinoline 514 in THF in
the presence of a quaternary salt gives 515 [257]. Although the reaction took 7 days,
perylene (517) was obtained in 85% yield by the intramolecular coupling of the aryl
diiodide 516 with Pd(OAc), [258]. Pdl,, generated by the coupling, may be reduced to
Pd(0) with amines derived from DMF or BusNBr over a long period of time.

3.8 Hydrogenolysis with Hydrides

Oxidative addition of aryl and alkenyl halides, and pseudohalides, followed by
transmetallation with various metal hydrides generates Ar—M—H species, reductive
elimination of which results in hydrogenolysis of halides. In the main, Pd is used as an
efficient catalyst for the hydrogenolysis.

M'H

R-X + M ——— R-M-X ———— » R-M-H + MX

T M + RH
|

HCO,NHEt,

R-Pd-X
J \» (EtaNH)*X
RX

518
RPdOCH

RH
521 \
—— R-Pd-H co
L

520
Scheme 3.12 Hydrogenolysis of halides
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Halogens of aryl and alkenyl halides are removed easily by the Pd-catalyzed
treatment of halides with various hydrides such as NaBH,, LiAlH4, R3SiH, Bu;SnH
and formic acid. Although aryl halides are reduced easily with sodium formate,
triethylammonium formate is a better choice, because it is soluble in organic solvents
[259]. After the oxidative addition of the halides 518, Pd—X is displaced by formate to
give the Pd—formate 519, which undergoes facile decarboxylation to generate the Pd-H
species 520, and give the hydrogenolyzed products 521 by reductive elimination
(Scheme 3.12). Dechlorination of the chloroarene is carried out with HCO,K or
HCO;,;NH,4 using Pdcharcoal as the catalyst [260].

The phenolic OH group can be removed by Pd-catalysed hydrogenolysis of its
triflate 522 with triethylammonium formate [261]. Naphthol can be converted to
naphthalene by the hydrogenolysis of its triflate. The Ni-catalysed reduction of aryl
mesylates 523 is possible using MeOH and Zn as the hydrogen donor [262]. Smooth
removal of phenol groups as triflates and mesylates is not possible by any other means.

OTf H
Pd(OAC),, PhyP
@ + HCOLH (OAC) PhaP _
EtN
522
OMs H

NiBrs(PhsP),, DPPB
Zn, MeOH, 88%

523

Ketones and aldehydes are converted to alkenes by the hydrogenolysis of their enol
triflates with formate. The steroidal enone 524 is converted to the dienol triflate 525
and then to the 1,3-diene 526 by the hydrogenolysis with tributylammonium formate

[263.264].
68% /@;5/ Pd(OAC),, PhaP, BugN Qij/
—_—
o HCO,H, DMF, 60°C, 88%

524 525 526

O

Grignard reagents or alkylaluminum compounds bearing f-hydrogen can be used
for the hydrogenolysis. The hydrogenolysis of the alkenyl sulfones 527 with
isopropylmagnesium bromide to gives the alkenes 531 is an example [265]. The
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reaction is explained by transmetallation of 528 to give 529. f-Elimination of 529
affords the Pd—H species 530, and its reductive elimination affords the alkene 531.

Pd(acac) PhSO:npy pvgal —\
SO,Ph ) acac), PrMg P
_ PrMgCl ——————> _ e
e T PMIC 0 75 S Cere e
527 528 529
o H\Pd H
/A /__<CQH19 CoHyo
530 531

(2)-1-Bromo-1-alkenes 533 can be prepared in high purity based on the
stereoselective monohydrogenolysis of the 1,1-dibromo-1-alkene 532 with HSnBu;
[266]. The conjugatd enediyne 535 is prepared in one pot by the treatment of the 1,1-
dibromoalka-1-en-3-yne 534 with HSnBuj3, followed by the addition of alkyne using
Cul as a cocatalyst.

Br H
~ ~
Br + HSnBu; m, Br
Me,N rt, 90% MeoN
532 533
Br
— =——Ph -
Vi Br 4 HSnBu, PAPhsPa > V4 N
™S Cul,-Pr,NH  TMS Ph
534 85% 535

The Pd-catalyzed hydrogenolysis of acyl chlorides with hydrogen to give aldehydes
is called the Rosenmund reduction. Rosenmund reduction catalyzed by supporting Pd,
is explained by the formation of an acylpalladium complex and its hydrogenolysis
[267]. The Pd-catalysed reaction of acyl halides with tin hydride gives aldehydes. This
is the tin-assisted version of the Rosenmund reduction [268]. It should be noted that
coupling of HSnBuj; to give the ditin 536 is also catalyzed by Pd.

o Pd(0) o BuaSnH Q Q
R—C-Cl + BusSnH W R-C-Pd-Cl ﬁ' R=C~Pd-H[—— p_c_H
R ,
BusSnCl
Pd(0)

BugSnH — > Bu3SnSnBu;
536
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4

REACTIONS OF ALLYLIC
COMPOUNDS

4.1 Catalytic and Stoichiometric Reactions of Allylic
Compounds

n-Allyl complexes are prepared from various allylic compounds, conjugated dienes
and alkenes. Oxidative addition of various allylic halides and esters to low-valent
metal complexes provides a general synthetic method for n-allyl complexes [1]. Some
of them can be isolated. Both electrophilic and nucleophilic n-allyl complexes are
known. These m-allyl complexes react with either nucleophiles or electrophiles
depending on metal species, and offer useful synthetic methods. Some bis-r-allyl
complexes 1 are known to show amphiphilicity.

Both stoichiometric and catalytic reactions of allylic compounds via =-allyl
complexes are known. Reactions of nucleophilic n-allyl complexes with electrophiles
involve oxidation of metals and hence constitutes stoichiometric reactions. n-Allyl
complexes of Ni, Fe, Mo, Co and others are nucleophilic and undergo the
stoichiometric reaction with electrophiles. However, electrophilic w-allyl complexes
react with nucleophiles, accompanying reduction of metals. For example, m-allylnickel
chloride (2) reacts with electrophiles such as aldehydes, generating Ni(II), and hence
the reaction is stoichiometric. In contrast, electrophilic w-allylpalladium chloride (3)
reacts with nucleophiles such as malonate and Pd(0) is generated. Thus repeated
oxidative addition of allylic compounds to Pd(0) constitutes a catalytic reaction.

Some metals are amphiphilic, reacting with both electrophiles and nucleophiles. For
example, the Ru complex 4 reacts with both aldehyde as the electrophile and malonate
as the nucleophile under different conditions [2].

Among r-allyl complexes of several transition metals, the chemistry of n-
allylpalladium has been studied most extensively. From the standpoint of organic
synthesis, reactions involving n-allylpalladium complexes are by far the most
important; therefore, their synthetic applications are mainly treated in this chapter.

The reaction of m-allylpalladium chloride (3) with carbon nucleophiles such as
malonate, acetoacetate and enamines was discovered in 1965 [3]. This reaction
constitutes the basis of stoichiometric as well as catalytic n-allylpalladium chemistry.
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Both stoichiometric and catalytic reactions involving w-allylpalladium complexes are
known. Reactions involving m-allylpalladium complexes become stoichiometric or
catalytic depending on the preparative methods of the m-allylpalladium complex.
Preparation of the m-allylpalladium complexes 6 by the oxidative addition of various
allylic compounds 5, mainly esters to Pd(0), and their reactions with nucleophiles are
catalytic. This is because Pd(0) is regenerated after the reaction with the nucleophile,
and the Pd(0) reacts again with allylic compounds to form the complex 6. These
catalytic reactions are treated in Section 4.3. However, the preparation of w-allyl
complexes 6 from alkenes 7 requires Pd(II) salts. Subsequent reaction with
nucleophiles generates Pd(0). As a whole, Pd(II) is consumed, and the reaction ends
as the stoichiometric process, because in situ reoxidation of Pd(0) to Pd(Il) is not
attainable in this case. Also, m-allylpalladium complex 9 is formed by the reaction of
conjugated dienes 8 with Pd(II), and the reaction of 9 with nucleophiles is
stoichiometric.

The stoichiometric reactions of allylic compounds is treated in Section 4.2, and the
more useful catalytic reactions are treated in Section 4.3.
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R NuH
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4.2 Stoichiometric Reactions of w-Allyl Complexes
4.2.1 Reactions of Electrophilic =-Allyl Complexes

n-Allylpalladium complexes are electrophilic. Their reactions are stoichiometric when
the complexes are prepared from alkenes and PdCl, under basic reactions. The
complex formation occurs in DMF in the presence of bases [4], or in AcOH in the
presence of CuCl, and sodium acetate. It is well-known that w-allylpalladium complex
reacts with soft carbon nucleophiles [3]. Combination of these two reactions enables
alkylation of alkenes with carbon nucleophiles via w-allylpalladium complexes as a
stoichiometric reaction. This reaction offers a method for the oxidative functionaliza-
tion of alkenes, and has been applied to synthesis of a number of natural products [5].
Conversion of farnesoate (10) to geranylgeraniol (13) via regioselective formation of
the m-allylpalladium complex 11 using methyl 4-methyl-2-phenylsulfonyl-3-penteno-
ate (12) as a nucleophile is an example [6].

PdCl,
NS NS X COMe ———— NS X COMe
TN

40% I
10 Pd 11
“Cl
SO,Ph
)\/< 2 SOQP

COgMe —_—
12 - X N ™ x_-COsMe —_—
NaH  80% \ CO,Me

Pd(0)
X NS x> X
OH

13
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n-Allylic palladium complex 16 is formed particularly easily from the o,f- or
f,y-unsaturated carbonyl compounds 14 or 15, because elimination of o- or y-
hydrogen is facilitated by their high acidity [7]. The reaction of complex 16,
prepared from the enones 14 or 15, with a carbon nucleophile leads to 17. The
conversion of 14 and 15 to 17 constitutes y-alkylation of o, -unsaturated ketones
or esters. The regioselective reaction of the complex 18 with malonate at the 6f-
position (y-alkylation of the enone) in DMSO gave 19 stereoselectively [8]. Thus
umpolung is possible via the complex formation, because usually y-alkylation is
possible with an electrophile. Complex 20 is formed from butadiene and PdCl,, and its
carbonylation affords 3-hexenedioate (21), which is converted to muconate (23) by f-
elimination via the complex 22 [9].

o)
R\/\)J\/R
14 PdCl, \/\)J\/R NuH_ R
R, Pd(0) + HCI
o) Nu
RM/R
15
R
N COaMe ™~
PdCI, COMe
—_ . —_—
NN NaH,DMSO + Pd©)
0 Pld CO,Me
X 19
18 Cl CO,Me
AF 4 Pocl, — {(~pd % 0L ot
‘Cl 21
20 Pd(0)
H_ _CO.Et
PdCl base CO,Et
— {(-rd E0,07 N0z
cl 23
COLEt Pd(0)
22

Hard carbon nucleophiles of organometallic compounds react with m-allylpalladium
complexes. A steroidal side chain was introduced to 24 regio- and stereoselectively by
the reaction of the alkenylzirconium compound 26 with the steroidal w-allylpalladium
complex 25, which was derived from 24 to afford 27 [10].

Thus activation and functionalization of alkenes, enones and conjugated dienes are
possible based on the m-allylpalladium complex formation from these unsaturated
compounds.
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(/Pd-CI —
PdCl, Cp,ZrCl 26
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o SN 78%

25

4.2.2 Reactions of Nucleophilic w-Allyl Complexes

n-Allylnickel complexes are prepared by the oxidative addition of allylic halides to
Ni(0) complexes, such as Ni(CO), or Ni(cod),, and they attack an electrophilic carbon.
Reaction of alkyl iodide 30 with z-allylnickel 29, prepared from prenyl bromide (28),
affords 31 [11].

Br
Y\/Br + Ni(CO), —— N©Go— 30

28 29 31

Unlike Grignard reagents, nucleophilic 7-allylnickel complexes react with
aldehydes, but not with ketones and esters. The m-allylnickel complex 33 was
prepared by elimination of thio ether from 32. Its chemoselective intramolecular
reaction with the aldehyde, without attacking the ketone, afforded the lactone moiety
of confertin (38) via 34. Also, chemoselective reaction of the allyllic bromide moiety
in dibromide 35 with Ni(CO), generated the n-allylnickel complex 36. Its
intramolecular reaction with the aldehyde gave 37, and the remaining alkenyl bromide
in 37 was carbonylated via alkenylnickel complex to produce the ¢-methylene lactone
38. Frullanolide was synthesized similarly [12].

Allyl complexes of some other transition metals, such as Ru, Fe, Cr and Ti, are also
used for synthetic purposes. Reaction of allylic acetates with aldehydes catalyzed by a
Ru complex in the presence of Et3;N and CO gives the alcohol 39. It seems likely that
the reaction itself is stoichiometric. But a high-valent Ru complex, formed by the
reaction with the electrophile, is reduced to a lower valences with Et;N or CO, making
whole reaction catalytic [2,13].
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Vinyloxiranes are used for facile m-allyl complex formation [14]. The n-allylic
ferralactone complex 41 was prepared by oxidative addition of Fe,(CO)y to the
functionalized vinyloxirane 40 and CO insertion. Treatment of the ferralactone
complex 41 with optically active a-methylbenzylamine (42) in the presence of ZnCl,
gave the m-allylic ferralactam complex 45 via 44. In this case, as shown by 43, the
amine attacks the terminal carbon of the allylic system and then the lactone carbonyl.
Then, elimination of OH group generates the w-allylic ferralactam complex 45. Finally
the f-lactam 46 was obtained in 64% yield by oxidative decomplexation with Ce(IV)
salt. The d-lactam 47 was a minor product (24%). The precursor of the thienamycin 48
was prepared from 46 [15,16]. This mechanistic explanation is supported by the
formation of both rw-allyllactone and lactam complexes (49 and 51) from the allylic
amino alcohol 50 [17].

Allylchromium complexes may be generated by the reaction of allylic bromides 54,
allylic phosphates 56 [18], and vinyloxiranes 59 [19] with CrCl,. They react with the
aldehyde group in 53 to give 55 selectively. The reaction with ketones is slow. The
reaction takes place regioselectively at the more substituted side of the allylic system
of 56 and 59 to give 57, 58, 60 and 61 as the main products. In the synthesis of the
highly strained nine-membered ring 64 in neocartinostatin, the best result was obtained
by intramolecular CrCl,-promoted regioselective reaction of the aldehyde at the more
substituted side of the allylic system in 63 [20].

The nucleophilic w-allyltitanium complex 67 is prepared by the reaction of the
conjugated diene 65 with titanocene hydride 66, generated in sifu by the treatment of
titanocene dichloride with 2 moles of i-PrMgCl [21]. The complex is nucleophilic and
reacts with aldehydes regio- and stereoselectively to give homoallylic alcohols [22].
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The p,y-unsaturated ester 68 was prepared by the reaction of the m-allyltitanium
complex 67 with methyl chloroformate [23].

Cp2T|C]2 + I'PngCl

_ BN CICO.Me @\
© + [cpati] O 20°C, 77% 0O Me

65 66 67

4.3 Catalytic Reactions of Allylic Compounds
4.3.1 Allylation of Nucleophiles

Transition metal complexes, particularly Pd(0)-catalysed reactions of allylic
compounds via n-allyl intermediates, are useful reactions [24]. Formation of the n-
allylpalladium complexes 69 by the oxidative addition of various allylic compounds to
Pd(0), and subsequent reaction of the complexes with soft carbon nucleophiles to give
70 are the basis of the catalytic allylation. After the reaction, Pd(0) is regenerated,
which undergoes the oxidative addition to the allylic compounds again, making the
reaction catalytic. The catalytic reaction was first reported by two groups [25].
Similarly, hard carbon nucleophiles of organometallic compounds of main group
metals are allylated with m-allylpalladium intermediates. The reaction proceeds via
transmetallation.

'

R X — Pd@) R\/I\ — RSN L Pa0) + X
Pd\x 70
69

The efficient catalytic cycle is ascribed to the characteristic feature that Pd(0) is
more stable than Pd(II). Reactions of m-allylpalladium complexes with carbon
nucleophiles are called Tsuji—Trost reactions. In addition to Pd, other transition metal
complexes, such as those of Mo [26], Rh [27] and other metals, are used for catalytic
allylation.

In addition to the formation of 70 by the usual nucleophilic attack at the terminal
carbon of allylic system, the substituted cyclopropanes 72 are formed by the attack at
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the central sp?> carbon of the allylic system via the palladacyclobutane 71 and its
reductive elimination under certain conditions [28].

R
R R R
%‘de _’Nu‘d%?d-fxi T N“‘épd — <+ a0
71 72

In addition to the catalytic allylation of carbon nucleophiles, several other catalytic
transformations of allylic compounds via m-allylpalladium intermediates 69 are
possible and they are summarized in Scheme 4.1. Sometimes these reactions are
competitive with each other, and the chemoselectivity is dependent on the reactants
and the reaction conditions.

A number of allylic leaving groups shown in Scheme 4.2 are cleaved by Pd
catalysts. Mainly allylic esters are used as substrates for the catalytic reactions. In
addition, even allylic nitro compounds [29,30] and sulfones [31-33] are known to
form m-allylpalladium complexes.

The stereochemistry of the Pd-mediated or -catalysed allylation of nucleophiles has
been studied extensively [34-36]. In the first step, formation of m-allylpalladium
complex 74 by the attack of Pd(0) on an allylic acetate moiety of 73 proceeds by
inversion (anti attack). Subsequent reaction of soft carbon nucleophiles, N— and O—
nucleophiles gives 75 by inversion. Thus the overall retention is observed. However,

- . R/\/\/Nu
C,0orN

R nucleophile (NuH)

X PAO) RN MR' R

transmetaliation

R/\/\/X 69 M'Ar M
EEE——
transmetallation R

R~ M RWR'

————
transmetallation

CO, ROH
— g A _-COR
carbonylation

R'M'M'R' -
> R/\/\/M R
metallation

o R/\/\

: B

hydrogenolysis L R >"Xx
N TS

B-elimination

Scheme 4.1 Pd-catalysed reactions of allylic compounds
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Scheme 4.2 Allylic compounds used for Pd-catalysed reactions

transmetallation of 74 with hard carbon nucleophiles of organometallic compounds
affords 76 by retention, and the final product 77 is obtained by reductive elimination,
which is retention. Thus an overall inversion is observed in this case [37,38].

R
(0) Nu™
—_—— —_—
inversion ‘~ = inversion
Nu
75
(retention)
retention
retentlon
(|nver3|on)

76

Pd-catalyzed reaction of nucleophiles with substituted m-allyl systems usually
occurs at the less substituted side with high regioselectivity, although some exceptions
are known. For example, when bulky (R)-MeO-MOP (XXXVI) is used as a ligand,
reaction of methyl methylmalonate at the more substituted side of 1-ary-2-propenyl
acetate occurs to give 78 with high branch-selectivity (9:1) as well as high
enantioselectivity (87% ee) [39]. Rh complexes are active for catalytic allylation
[27]. Using the Wilkinson complex modified by (MeO),P, the quaternary substituted
product 79 was obtained as a main product from the tertiary allylic carbonate [40].
Also, the reaction of chiral allylic carbonate 80 with malonate gave 81 with almost
complete retention of the absolute configuration [41]. Products from more substituted
side are also obtained using Mo(CO),L,, [42].
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4.3.2 Allylation of C, N and O Nucleophiles

Reactions under neutral conditions are highly desirable. It was believed for long time
that allylation with allylic acetates proceeds only in the presence of bases. An
important advance in m-allylpalladium chemistry has been achieved by the
introduction of highly reactive allylic carbonates. Their reactions can be carried out
under mild neutral conditions [43,44]. Reactions of allylic carbamates [44], allyl aryl
ethers [45,46] and vinyl epoxides [47,48] also proceed under neutral conditions
without addition of bases. As shown by the following mechanism, the oxidative
addition of allyl carbonates is followed by decarboxylation as an irreversible process to
afford m-allylpalladium alkoxide 82, and then the generated alkoxide picks up proton
from active methylene compounds (NuH), yielding 83. This in situ formation of the
alkoxide is the reason why the reaction of allyl carbonates can be carried out without
addition of bases from outside. Alkoxides are rather poor nucleophiles and allyl alkyl
ethers are not formed. In addition, the formation of 7w-allylpalladium complexes from
allylic carbonates involving decarboxylation is irreversible. Allylic carbamates behave
similarly to carbonates [44]. The chemoselective C-allylation of nitroacetate with the
carbonate side of the bis-allylic compound 84 affords 85, while the acetate group
remains unattacked. The chemoselective reaction clearly shows the higher reactivity of
allylic carbonates than allylic acetates [49]. No O-alkylation of the nitro compounds,
usually observed under basic conditions, occurs.

Neutral allylation with allylic carbonates has wide application in the alkylation of
rather labile compounds that are sensitive to acids or bases. For example, successful C-
allylation of the sensitive molecule of ascorbic acid (86) to give 87 is possible only
with allyl carbonate under neutral conditions [50]. However, it was shown recently that
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allylic acetates react with soft carbon nucleophiles except malonate under neutral
conditions [51].

HO OH 4
— Pd(acac,
+ o~ O OEt Fdacad _ |HO
OH Y Phop, 70%
0”0 8 o
OH ¢
86

Allylic phosphates are more reactive than allylic acetates. Chemoselective reaction
of the allylic phosphate moiety of the bis-allylic compound 88 with one equivalent of
malonate, without attacking the allylic acetate moiety, takes place to give 89. Then the
aminated product 90 was obtained by the addition of amine [52].

AcO._==~_ OPO(OEY), 4+ NaCH(COMe), " n3P)a THF

88 rt, 83%

L

AcO MegNH
TNTCHCOMe), —— MeNSAchcoMe),
89 79% g0

Various cyclic compounds from three-membered rings to macrocycles have been
prepared by intramolecular allylation. A typical example of this cyclization is the
reaction of the monoacetate of 1,4-butenediol derivative 91 with the active methylene
compound 92, which afforded the allylic alcohol 93. The three-membered
chrysantemic acid derivatives 94 and 95 were then prepared after acetylation of 93,
followed by Pd-catalysed intramolecular allylation [53].

HO
U SO,Ph  Pd(PhsP), co,Me 1-AcO
HO  N\=""0Ac + < —_— — e

91

CO,Me NaH, 80% SO,Ph 2. Pd(Ph3P),
92 NaH
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SO,Ph
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Cyclization of the allyl phenyl ether 96 under neutral conditions gives the
cyclopentanone 97 as a main product and the cycloheptanone 98 as a minor product
when Ph;P is used. However, the furan 99 is obtained by O-alkylation using (PhO),P
as the ligand. Rearrangement of the furan 99 to 97 and 98 takes place with Ph;P
ligand. However, Claisen rearrangement of 99 at 195 °C gives the cycloheptenone 98,
as expected [54].

0 0O
PhyP & :COZMe @/COZME
0 —————— +
COMe  pgion), = '
' 97
N

MeCN 85:15 98 Pd(OAc),
o (PhO)oP o [ Phgp 97 +98
96 s 3
— =~ “COMe
195°C
99 98

Claisen rearrangement

The six-membered ring 101 is formed from 100 without forming eight-membered
ring [55], whereas the eight-membered ring 103 is obtained as the main product and
the six-membered ring 104 as the minor product from the allyl carbonate 102 using
dppe as a ligand [56].

o o]
Pd(OAc
W)J\/COZMe O > COzMe
PhO PhsP, 62% _
100
101

o o)
BnO PhSO, PhSO,
Pd(dppe) Q
N R + o]

SO:Ph pMsO, 74% — |
o}
102 103Bn0 104

Intramolecular allylation has wide application in the synthesis of macrocycles [57].
Synthesis of humulene (107) by the cyclization of allyl acetate 105 to give 106 is an
early example [58]. The 14-membered ring 109 was obtained from 108 and converted
to cembranolide 110 [59].

Pd(PhsP)4, NaH
% DPPE, 45% o)

MeO,C
MeO,C OAc e
105 106 107
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The trichothecene framework 114 was constructed by interesting Pd-catalysed
skeletal reorganization via pinacolone rearrangement of the allylic lactone 111. The
exo-m-allylpalladium complex 112 is attacked intramolecularly by a carbon bond
(pinacolone rearrangement) to give 113 [60].
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Interestingly, the allylation of stabilized carbon nucleophiles has been found to be
reversible. Complete transfer of dimethyl methylmalonate moiety, involving C—C
bond cleavage, from the secondary carbon 115 to the primary carbon 116 was
observed by treatment with a Pd catalyst for 24 h, showing that the allylic C—C bond
cleavage proceeds slowly [61]. Ni(dppb), was found a more efficient catalyst for the
rearrangement [62].

AN
Pds(dba)s, BusP Z
\(I\ + NaC(Me)(CO.Me), aldba)s BusP = LE
E

£ 24 h, 98%

116
115

Vinyl epoxides (vinyloxiranes) 117 are reactive allylating agents. The epoxy ring is
opened by the oxidative addition of Pd(0) and the n-allylpalladium complex 118 is
formed. At the same time, alkoxide is generated, which abstracts a proton from NuH to
form 119, and hence the allylation of Nu™ proceeds under neutral conditions. In
addition, the 1,4-adduct 120 is formed mainly, rather than the 1,2-adduct 121 [63]. The
reaction has been utilized for the introduction of a 15-hydroxy group in a steroid
related to oogoniol 124 using TMPP (XLVI) as a ligand [64]. The oxirane 122 is the /-
form, and Pd(0) attacks from the «-side by inversion. Then the nucleophile comes
from the f-side to give 123. Thus the overall reaction is syn-Sy2’ in type. The 26-
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membered ring 126 was prepared efficiently by the cyclization of the vinyl epoxide
125 [65].

OH

0 OH |1.4-addition RNR'

o} NuH
R\MR' — R\/-\\)\Ru -_ R\/\\)\RV . Nu 120
1,2-addition OH
L, B R

117 L,

E Pd,(dba),
—
E TMPP, 83%

Pd(OAC),

—_—_—

OH
(i-PrO)sP, 92%

z
SO,Ph

Ph
OTBDPS $0: OTBDPS

Various unsaturated compounds, such as CO,, isocyanates and aldehydes, undergo
Pd-catalysed cycloaddition with vinyl epoxides. Reaction of CO, with 127 affords
cyclic carbonates 128 with retention of the configuration at C(3), offering a method of
cis hydroxylation of epoxides [66], and has been used for the synthesis of the side-
chain unsaturated (—)-exo-brevicomin (129) [67]. The tetrahydrofuran 131 was
prepared by [342] cycloaddition of activated alkenes such as benzylidene
malononitrile (130) with vinyl epoxide via Michael addition and allylation [68].
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Pd-catalysed allylation of amines proceeds smoothly. Allylamine (132) and di- and
triallylamines are produced commercially by the Pd-catalysed reaction of ammonia
with allyl alcohol using DPPB as a suitable ligand [69]. Allylic alcohols are rather
unreactive substrates for n-allylpalladium complex formation under usual conditions.
The intramolecular amination of 133 afforded the azaspiro ring 134 and the reaction
was applied to the synthesis of perhydrohistrionicotoxin (135) [70]. Smooth Pd-
catalyzed allylation of the purine base 136 gives 137, which is utilized for the
synthesis of nucleosides [71].

N
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Although the C—N bond of allylamines is difficult to cleave, it can be cleaved in
AcOH, probably by forming amine salt. However, the allylation of nucleophiles with
the allylamine 138 is catalysed by Ni-DPPB [72]. Removal of the allyl group from
allylamines is possible with Ni(dppp)Cl,—DIBAL and used for deprotection of amines,
which are protected as allylamines [73]. Pd-DPPB is less active.

Ni(cod),, DPPB CH(CO,Me)
/\/NEt2 + CHZ(COQMB)Q ( )2 et é\/ 2 2

138

THF, 100%

Carboxylates behave as an O—nucleophile and are allylated. Reaction of AcONa
with cyclopentadiene monoxide (139) proceeds with retention of stereochemistry as
shown by 140, to give the 3,5-cis-disubstituted cyclopentene 141 [74]. Although
alcohols are rather unreactive nucleophiles for the Pd-catalysed allylation, the alkoxide
anions generated by the treatment of silyl ethers with TBSF are easily allylated.
Desilylated alcohol from 142 reacts intramolecularly with the cis and frans vinyl
epoxides to give the cis and trans pyrans 143 and 144 regio- and stereoselectively, and

]
OAc
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76%
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the reaction was applied to the synthesis of AB rings of gambiertoxin [75]. In this
case, rather unusual 1,2-addition to the vinyl epoxide 142 occurs.

(+)-y-Lycorane (150) has been synthesized by applying allylation of C and N
nucleophiles and the Heck reaction. Asymmetric allylation of the malonate derivative
146 with the benzoates of cyclohexene-1,4-diol (145) using (S)-BINAPO (XXXIV)
afforded 147 with 40% ee. The intramolecular allylation of the amide using DPPB
gave rise to 148. Without isolation, the intramolecular Heck reaction of 148 occurred
by the addition of a tertiary amine to give 149, which was converted to (+)-y-lycorane
(150) [76].

COzMe
BzO OBz & CONH Pd(OAc),, (S)-BINAPO

LDA, 66%, 40% ee
145 < @\) 0% ee
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_

149

Successful asymmetric allylation has been carried out with high ee values using
many kinds of chiral ligand [77]. 1,3-Diphenylallyl acetate (151) is used as a standard
substrate to compare different chiral ligands based on asymmetrization of its meso-7-
allylpalladium intermediate. For example, high enantioselectivity was observed using
2-(2-phosphinophenyl)dihydrooxazole (XXIII) and many other chiral ligands [78-80].
Deracemization of the cis allylic carbonate 152 with sodium propionate gave the
propionate 153 with 98% ee in 95% yield using the chiral diamide phosphine (XXI)
[81]. Reaction of cinnamyl carbonate with dimethyl methylmalonate, catalysed by the
Mo complex coordinated by the chiral tetramine ligand 154, proceeded with high

Qhe CO:Me Pd(0), L*(XXI) Mi)Z\CICOQMe
+ < .
Ph/\)\Ph CO,Me 97%, 97% ee Ph e o

151
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regioselectivity and enantioselectivity (98% ee). The product 155 from attack at the
more substituted terminus was obtained [42].

The Pd-catalysed reaction of 2-(trimethylsilylmethyl)allyl acetate (156) under basic
conditions generates m-allylpalladium 157. Elimination of the allylic TMS group from
157 generates the dipolar complex 158 (trimethylenemethane complex). The [3+2]
cycloaddtion of this species with alkenic bonds 159 bearing an electron-withdrawing
group (EWG) gives 160 [82]. For example, the smooth reaction of the
cyclohexenonecarboxylate 161 with 156 afforded 162. The kampane-type diterpene
163 was synthesized by this reaction [83].

QA _Bd*
pa) (- i S s
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156 TMS 160 E
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The n-allyl complex 165 is formed from the allyl carbonate 164 bearing an EWG.
The dipolar molecule 166 is generated by deprotonation with the alkoxide. The five-
membered ring with exomethylene 169 is formed via 168 by the [3+2] cycloaddition

with the alkene 167 [84]. This cycloaddition proceeds under neutral conditions. For
example, the reaction of the reagent 170 with 5,5-dimethylcyclopentenone gave rise to

the bicyclic ketone 171 [85].
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174

4.3.3 Amphiphilic Bis-w-allylpalladium

It is well-established that m-allylpalladium is electrophilic, and no reaction with
electrophiles has been observed. However, there is an evidence that bis-7-
allylpalladium (172), generated in situ, could be amphiphilic. Typically, formation
of the 2-substituted 3,6-divinylpyran (175) by the reaction of butadiene with aldehyde
can be explained by the amphiphilic nature of the bis-n-allylpalladium 173 generated
in situ as an intermediate, which reacts with the electrophilic carbon and the
nucleophilic oxygen in the aldehyde as shown by 174 [86]. As a similar reaction,
piperidone is obtained by the reaction of butadiene with isocyanate [87]. The reaction
of allyltributylstannane (176), allyl chloride and benzalmalononitrile (177) in the
presence of PdCl,(PhsP), (3 mol %) afforded the diallylated product 178 in high yield.
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The reaction is explained by the in situ formation of bis-n-allylpalladium (172), which
is amphiphilic and reacts with 177 [88]. It is known that the reaction of the
allylstannane 176 with aldehydes proceeds under rather severe conditions. Facile
formation of the homoallyl alcohol 179 at room temperature in the presence of a Pt or
Pd catalyst is explained by the nucleophilic nature of bis-n-allylplatinum or -palladium
generated in situ as an intermediate [89].
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4.3.4 Reactions via Transmetallation

Cross-coupling of allylic compounds occurs by transmetallation between mn-allyl
intermediates and organometallic compounds of Mg, Zn, B, Al, Si and Sn, and
subsequent reductive elimination. Reaction of the allylic dithioacetal 180 with
MeMgBr in the presence of an Ni catalyst affords alkenes 184 bearing a tert-butyl
group [90]. In this reaction, generation of the n-allylnickel 181 by oxidative addition
and subsequent transmetallation with MeMgBr afford 182. Then the methylated
product 183 is formed by reductive elimination, and finally the dimethylated product
184 is formed by the sequence of similar reactions.

Mgl
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™ e 84% Ph/\>< PN
8 181 182
Mgl
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Coupling of the allyl bromide 185 with tolylboronic acid proceeds smoothly with a
ligandless Pd catalyst [91]. The allylic carbonate 186 has much higher reactivity
toward alkenyl and arylstannanes than the corresponding allylic acetate. The reaction
with vinylstannane 187 in aqueous DMF at room temperature with ligandless Pd
catalyst gives the 1,4-diene 188 in high yield [92]. The 1,4-diene 191 is obtained by
the reaction of allylic chloride 189 with alkenylstannane 190, involving an inversion of
stereochemistry [93,94]. Also, the reaction of PhZnCl with the allylic lactone 192
produced the 3-phenylcyclohexene 193 with inversion as expected [37].
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Allylmetal compounds can be prepared by the Pd-catalysed allylation of dimetal
compounds. The phenylallylboronate 195 is prepared by the reaction of 2-phenylallyl
acetate with bis(pinacolate)diboron (194) catalysed by ligandless Pd in DMSO [95]. A
good synthetic route to the allylsilane 197 is the reaction of Me;SiSiMe; with geranyl
trifluoroacetate (196) catalysed by ligandless Pd via transmetallation of the -
allylpalladium intermediate at room temperature in DMF [96].

Pd(dba),, DMSO _)=
A T50°C. 16 h, 89%

Pd,(dba )\/\)\/-\‘
WOCOCH + Me3SiSiMes —i(—i> X X SiMes

t, 90% 197 £:7=62:38

196
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Allylstannane 176 is formed by the reaction of allyl acetate with distannanes
[97,98]. In this reaction, umpolung of the electrophilic n-allylpalladium to the
nucleophilic allylstannane occurs. Allylation of bromoindole 198 to give allylindole
199 involves the oxidative addition of 198 to Pd, transmetallation with the
allylstannane 176, and final reductive elimination [99].

Br
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©|\/\$—002Et
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176

Although simple ketones and esters can not be allylated by Pd catalysts, they are
allylated with allyl carbonates via their enol ethers of Si and Sn. In the allylation of the
silyl enol ether 202 with allyl carbonate 200, transmetallation of 202 with the n-
allylpalladium methoxide 201, generated from allyl methyl carbonate (200), takes
place to generate the Pd enolates 203 and 204. Depending on the reaction conditions,
allyl ketone 205 is formed by the reductive elimination of 203 [100]. When the ratio
of Pd:Ph;P is small, the o,f-unsaturated ketone 206 is obtained by f-elimination
[101]. For example, the silyl enol ether 208 of aldehyde 207 is allylated with allyl
carbonate (200) to give ao-allylaldehyde 210 via 209. The «-allyl carboxylate 213 is
obtained by allylation of ester 211 with allyl carbonate (200), after conversion of
ester 211 to the ketene silyl acetal 212 [102]. As the silyl group is trapped in these
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reactions by the methoxy group, no other trapping agent is necessary. The reaction was
applied to the construction of a building block of vitamin D hydrindan ring-side chain.
Pd-catalyzed reaction of the silyl enol ether 214 with the cis-allyl carbonate 215
afforded the allylated ketone 216 in an overall yield of 87% from 2-methylcyclo-
pentenone [103].
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In the reaction of allyl acetate 217 with ketene silyl acetal 218 of methyl
acetate, using a Pd catalyst coordinated to DPPP, cyclopropane 220 is formed in
addition to the expected allylacetate 219 [104]. The cyclopropanation becomes main
reaction when TMEDA, as a ligand, and thallium acetate are added [105]. The
cyclopropanation can be understood by the attack of the enolate ion at the central
carbon of 7-allylpalladium to form the palladacyclobutane 221, followed by reductive
elimination.
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A new preparative method for o,f-unsaturated aldehydes, ketones and esters has
been developed, based on the formation of Pd enolates from silyl enol ethers.
Allylation of ketones is possible by the Pd-catalysed reaction of silyl enol ethers with
allyl carbonates, as described above. However, no allylation occurs in the reaction of
the silyl enol ether 222 with allyl carbonate 200 in refluxing MeCN. Instead, the enone
224 is formed regioselectively by the elimination of ff-hydrogen without forming the
isomeric enone 225 [101]. In this reaction, the allyl group is a hydrogen accepter, and
converted to propylene. The allylation and dehydrogenation are the competitive
reactions of the Pd enolate 203 and 204 or 223. The allylation by reductive elimination
of 203 becomes a main path when the ratio of Ph3P:Pd is larger than 4. When Pd is
made more coordinatively unsaturated, by keeping the ratio at 1:1-2, f-elimination
occurs mainly at higher temperature to afford the enones 206 or 224. Enone 224 is
obtained regioselectively from 222 without forming the isomeric enone 225. Lactones
can be converted to unsaturated lactones via their ketene silyl acetals [102]. For
example, the eight-membered unsaturated lactone 228 was prepared from the lactone
226 via silyl ether 227, and converted to lanthisan [106].
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It is known that Sn enolates 232 can be generated by the reaction of enol acetates of
ketones 230 and aldehydes with MeOSnBuj (231) [107]. Based on this reaction, the
Pd enolates 234 and 223 can be generated by the reaction of the enol acetate 230 with
allyl carbonate (200), using Pd(0) and MeOSnBuj as catalysts. In this case,
transmetallation of m-allylpalladium methoxide (229) with the generated Sn enolate
232 gives the Pd enolates 234 and 223. At the same time the catalyst, MeOSnBu;
(231), is regenerated. Allyl ketone 235 is formed by the reductive elimination of the Pd
enolate 234 [108], and the enone 224 is formed by f-elimination [109]. As an example
of the allylation, the enol ester 230 is allylated regioselectively with 200 to give the
allyl ketone 235 using Pd(0) and MeOSnBuj as the catalysts. The two isomeric
steroidal dienol acetates 237 and 238 are prepared from the steroidal enone 236. The
dienones 239 and 240 are obtained regioselectively by the Pd and Sn-catalyzed
reaction of 237 and 238 with allyl carbonate 200 [109].
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4.3.5 Carbonylation

f,y-Unsaturated esters are formed by the carbonylation of allylic compounds. 3-
butenoate is formed by facile carbonylation of allyl carbonates 241 at 50 °C under 1-
10atm [110]. Carbonylation of the allyl carbonate 242, prepared from acrylate and
aldehyde, gave the alkylidenesuccinate 243 under mild conditions [111]. Allyl acetates
are carbonylated in the presence of NaBr and amine. The carbonylation of 244 is an
example [112]. Most conveniently, the carbonylation of allyl chloride 245 proceeds at
room temperature and 1 atm in alcohol in the presence of K,CO; using a ligandless Pd
catalyst [113]. Carbonylation of allyl amine 246 using dppp at 110 °C and 50 atm gives
the f,y-unsaturated amide 247 [114].
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Allyl ketones can be prepared by trapping acylpalladium intermediates with main
group metal compounds. The allyl ketone 251 can be prepared from the allyl ester 248
by trapping acylpalladium 249 with the alkylzinc compound 250 at room temperature
and 1 atm [115]. Reaction of geranyl chloride (252) with the furylstannane 253 under
CO pressure afforded the ketone 254, which was converted to dendrolasin (255) [93].
Aldehydes are prepared by trapping with a metal hydride. The p,y-unsaturated
aldehyde 257 is prepared by the carbonylation of the allyl chloride 256 in the presence
of Bu3SnH [116,117].
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Carbonylation of the 3-phenylallyl acetate 258 under somewhat severe conditions in
the presence of tertiary amine and acetic anhydride affords the naphthyl acetate
derivative 260. This interesting cyclocarbonylation is explained by the Friedel-Crafts-
type cyclization of the acylpalladium 259 as an intermediate [118,119]. Even 5-
phenyl-2,4-pentadienyl acetate (261) is cyclocarbonylated to afford 2-phenylphenyl
acetate (262) [120].

Yoo e (Y O
Ac,O, 160°C, 70 atm,
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Methyl (2)-2,5-hexadienoate (263) is prepared by the treatment of allyl chloride and
acetylene with Ni(CO), in MeOH at room temperature under 1atm of CO [121].
When the reaction is carried out in the presence of aqueous acetone (0.4% of water),
the lactone 271 is a main product. Lower concentrations of water tends to give the
lactone 272. Formation of the lactones 271 and 272 presents a good example of the
versatility of insertion reactions as shown by the following mechanism. At first 7-
allylnickel is formed from allyl chloride, to which acetylene and CO are inserted to
generate the acylnickel 264. The acid 265 is formed by the reaction of water. In
aqueous acetone, intramolecular insertion of the double bond in 264 occurs to form the
cyclopentenone 266. Further domino insertions of CO, acetylene, and CO continue, to
form the acylnickel 268. Then, intramolecular insertion of carbonyl group of the
ketone gives the lactone 269, which is stabilized as the m-allylnickel 270. Protonation
of 270 produces the lactone 271, and another lactone, 272, is formed by nucleophilic
attack of the m-allylnickel 270 on acetone. Altogether seven domino insertions occur
efficiently with remarkably high chemoselectivity in the formation of the lactones 271
and 272 as main products.

cl Ni(CO
A = O+ MeOH Ok T CoMe
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4.3.6 Insertion of Alkenes and Alkynes

Intermolecular insertion of alkenes to m-allyl intermediates is possible with an Ru
catalyst. For example, 3,5-dienecarboxamide 274 is formed in high yield by
Ru(cod)(cot)-catalysed coupling of 2-butenyl methyl carbonate (273) with acrylamide
in the presence of N-methylpiperidine [122]. Ni-catalysed transformation of allyl 3-
butenoate (275) to heptadienoic acids 276a and 276b proceeds by insertion of the
double bond to m-allylnickel intermediate [123].
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However, whereas intermolecular insertion of alkene to w-allylpalladium is difficult,
intramolecular insertion proceeds smoothly. This reaction is known as the metalla-ene
(pallada-ene) reaction [124]. Use of AcOH as the solvent is crucial. The Pd-catalysed
reaction of 277 under CO atmosphere affords the keto ester 279 by one-pot reaction
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via domino insertions of triple bond, CO, double bond, and CO to the w-allylpalladium
intermediate 278. The ester 279 was converted to hirsutene (280) [125]. The highly
strained molecule of [5.5.5.5] fenestrane rings 283 was formed in one pot in 65%
yield. The intramolecular insertion of the double bond to the w-allylpalladium
generates 282, and subsequent domino insertions of CO, double bond, and CO
produce 283. Due to the unfavourable stereochemistry of the intermediates, no
elimination of S-hydrogen occurs during the reaction [126].
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The first step of the Pd-catalyzed reaction of allyl acetate bearing allene moiety 284
is attack of the m-allyl group at the central carbon of the allene to form 285, (or
insertion of one of the allene double bonds) which is the r-allylpalladium 286. Then
domino insertions of double bond, CO, double bond, CO and double bond occur to
form six C—C bonds, affording 287. Finally, the tetracyclic diketone 288 was obtained
by f-elimination in 22% total yield [127].
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4.3.7 Hydrogenolysis

Allyl compounds are converted to alkenes by the Pd-catalysed hydrogenolysis using
various hydride sources [128]. Particularly useful is the regioselective formation of
I-alkenes 291 from terminal allyl compounds 289 and 290 using formic acid [129].
The 2-alkenes 292 are formed mainly when other hydrides such as
HSnBus, HSiR3, LiBHEt; or Sml, are used. These regioselectivities can be explained
by the following mechanism. Reaction of the m-allylpalladium 293, generated from
allylic compounds 289 and 290, with formate gives the m-allylpalladium formate 294,
which undergoes decarboxylation and transfer of hydride to the more substituted side
of the n-allyl system by the cyclic mechanism as shown by 295 to afford 1-alkenes
291. n-Allylpalladium formate 294 can be generated directly from the allyl formate
297. However, reaction of other hydrides generates the m-allylpalladium hydride 296
by transmetallation of 293, and 2-alkenes 292 are formed by reductive elimination.
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Regioselective hydrogenolysis has wide synthetic application. The use of allyl
formates is the most convenient for regioselective hydrogenolysis. The hydrogenolysis
of other allyl compounds can be carried out using triethylammonium formate. The
allylic acetate 298 was converted to the exomethylene 299 [130]. However, the
hydrogenolysis of 300 afforded 301 by the isomerization of the internal double bond to
the exo position [131]. Asymmetric hydrogenolysis of geranyl carbonate (302) using
(R)-MOP-Phen (XXXVII) produced the terminal alkene 303 with 85% ee [132].
Regioselective hydrogenolysis is used for the preparation of the 20-keto steroid 307
from the 17-keto steroid 304. The isopropenyl group is introduced to 304 and
converted to the carbonate 305. Its hydrogenolysis with HCO,H — Et;N affords the
17-isopropenylsteroid 306 regio- and stereoselectively [133]. Finally, oxidative
cleavage of the double bond in 306 gives the 17-keto steroid 307 [134].

High regioselectivity is observed also in the hydrogenolysis of internal allylic
formates. The hydrogenolysis of allylic formates 308 and 312 in the A ring of steroids
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proceeds regio- and stereoselectively [135]. The active Pd(0) catalyst, generated from
Pd(OAc), and BusP in 1:1 ratio, attacks the allyl formate of the f-oriented allyl
alcohol 308 from the a-side with inversion, as shown by 309, and subsequent hydride
transfer to the more substituted angular carbon from the a-side produces the A/B trans
steroid 310. No regioisomer 311 is formed. However, the a-oriented formate 312 is
converted to the A/B cis steroid 314 by hydride attack from the f-side as shown by
313. Thus the AB cis and trans ring junctions can be constructed from the 3f- and 3¢-
allylic formates.

The hydrogenolysis of the allyl ester 315 produced 316 regio- and stereoselectively.
The free allyl alcohol in the same molecule was not attacked [136].

Stereocontrolled construction of the natural configuration 327 at C-20 in steroid
side-chains is an important problem in steroid synthesis. In addition, preparation of the
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unnatural epimer 321 has increasing importance, because of its interesting biological
activity. Both epimers can be prepared cleanly at will from the common intermediate
317 by Pd-catalysed regio- and stereoselective hydrogenolysis with HCO,H-Et;N
[137]. The (E)-and (Z)-allyl alcohols are prepared by the reaction of (E)-and (2)-
vinyllithiums with the 20-keto steroids 317, and converted to carbonates 318 and 322.
The Pd-catalyzed hydrogenolysis of these carbonates with HCO,H-Et;N proceeds
regio- and stereoselectively. The C-20 of the unnatural configuration 321 is
constructed from (E)-allyl carbonate 318, and the natural configuration type 327 is
obtained from (Z)-allyl carbonate 322. The selectivities are explained by the following
mechanism. The stable syn-type w-allylpalladium intermediate 319 is generated by the
attack of Pd(0) from the a-side of carbonate 318 with inversion, and the hydride is
transferred to the more substituted tertiary carbon from the a-side as shown by 320,
producing the unnatural configuration 321. However, the intermediate 323 formed
from the (Z)-carbonate 322, is the sterically congested anti form, and isomerized to the
stable syn form 325 via rotation of the g-allyl 324. At the same time, the Pd formate in
323 moves from the o-side to the ff-side by this rotation, and hence the hydride transfer
occurs as shown by 326 from the f-side to give the natural configuration 327. In these
regio- and stereoselective hydrogenolyses, the active catalyst is prepared by mixing
Pd(OAc), or Pd(acac), and BusP in 1:1 ratio [137a].
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4.3.8 Allyl as a Protecting Group and its Deprotection

Based on facile formation of m-allylpalladium intermediates from various allylic
compounds, allyl groups can be used for the protection of carboxylic acids, amines
and alcohols. Deprotection can be achieved by two methods using Pd(0) catalysts
[128,138]. In one method, the allyl group can be removed as propylene by Pd-



Catalytic reactions of allylic compounds 143

catalysed hydrogenolysis; in the other, Pd-catalysed transfer of the allyl group occurs
to other nucleophiles, such as amines and active methylene compounds.

The allyl carboxylate 328 can be deprotected to give free carboxylic acid under
neutral conditions at room temperature using HCO,H—Et;N. Only CO; and propylene
are formed, which are easily removed [139]. The ester group in a very labile
prostaglandin intermediate of a commercial synthetic process is hydrolysed usually
under mild conditions using enzymes, because the use of acid or base cannot be
tolerated. As an alternative method, deprotection of the allyl ester in the precursor 329
of prostaglandin to the free acid 330 is possible by the Pd-catalysed hydrogenolysis
using HCO,H-Et;N under neutral conditions without attacking other functional
groups in the molecule [140].

PdCl(PhsP
ANUCO;™NF 4 HCOMNH, —oelPhaPle |- L COH 4 cOp + Xy

Ph 93%,
328
O
/\/
‘\\\\‘\/\/\/COZ sz(dba)a'BU3P
+ HCOH >~
Az EtN, 40°C, 1 h
TBDMSO 93%
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329
O
\\\\\‘\/\/\/COZH
R
TBDMSO E
OTBDMS
330

Another method for deallylation is the Pd-catalyzed transfer of the allyl group to
reactive nucleophiles. Sodium 2-ethylhexanoate [141], morpholine [142], dimedone
[143] and N, N-dimethylbarbituric acid [144] are used as allyl scavengers. It is claimed
that benzenesulfinic acid 331 or sodium toluenesulfinate are the best allyl scavengers
[145].

Allyl phosphates 332 are deprotectd using HCO,H—amine [146] or HSnBu; [147].
The method is applied to the protection and deprotection of the amino and phosphate
groups in nucleotides synthesized in the solid phase [148].

OH
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0 Pd(PhsP) 0
i /\/ 3T /4
Nu=0-PcONZZ + OO T, Nu-0-P<OH

332

Alcohols are protected as allyl ethers, which are difficult to cleave with the Pd
catalyst and deprotected by other methods [149]. Alcohols are conveniently converted
to allyl carbonates 334 by treatment with allyl chloroformate (333). The allyl
carbonates are deprotected using HCO,H [150], and HSnBu; [151]. This method is
called the AOC (allyloxycarbonyl) method. Phenols are protected as allyl phenyl
ethers, which can be cleaved with HSnBus [152].

o] O Pd(OAc),, PhsP
1t ’
A M H —mmmm
ROH + CI)LOV — R-0-C-0 + HCO, EGN
333 334

ROH + 2CO, + 2™\

One protecting method for ketones and aldehydes is the formation of oximes, but
sometimes further protection of the oximes is required. For this purpose, the oximes
can be protected as the allyl ethers 335, which are deprotected by the Pd-catalysed
hydrogenolysis with HCO,H-Et;N in boiling dioxane under mild conditions without
attacking the acetal group in 335 [153].

HO

AN oMe Pd(OAC),, PhsP SN OMe
I + HCOH ————— |
EtsN, 99%
/‘\)\OMG 3 /K/kOMe
335

Amines are protected by the AOC method as the allyl carbamates 336. Deprotection
is possible by hydrogenolysis with HCO,H [154] or with HSnBu; [155]. Allyl transfer
to the dimedone (337) is also used [143,156]. Protection of the amino group, as
carbamate and phosphoric acid as allyl ester, is applied to protect nucleoside-3-
phosphoramidite monomer units such as 338, and are used in the solid-phase
oligonucleotide synthesis. In 60-mer synthesis, 104 allylic protective groups were
removed in almost 100% overall yield by a single Pd-catalysed reaction with HCO,H
and BuNH, [148,157].

Cleavage of allylamines is rather difficult. However, unexpectedly the allylamine
340 is deprotected by allyl transfer to dimethylbarbiturate (341) [158] or to 2-
thiobenzoic acid using DPPB as a ligand [159]. The 2-thiobenzoic acid method has
been applied to indole synthesis [160]. Allylamines are also cleaved with Pd/C in
EtOH in the presence of methanesulfonic acid [161] or with Ni(dppp)Cl, [162]. Thus
diallylamine (339) can be regarded as protected ammonia.

Pd-catalyzed treatment of the diallyl dicarbamate of hydrazine 342 with HSnBuj3 in
the absence of proton source produces the tin carbamate 343, which is converted to the
free hydrazine 344 by protonation, and to the amide 345 by the treatment with acetic
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anhydride. By this method, transprotection from allyl carbamates 342 to amides 345 is
achieved in one step [163].

4.3.9 Preparation of Conjugated Dienes by 1,4-Elimination

When allylic compounds 346 are treated with Pd(0) catalyst in the absence of any
nucleophile, 1,4-elimination (dehydropalladation) is a sole reaction path as shown by
347, and conjugated dienes are formed as a mixture of (£) and (Z) isomers [164,165].
From terminal allylic compounds, terminal conjugated dienes are formed.

H
Pd(0

l
(rd
348 347 X

Allylic amines are difficult to cleave, but they can be cleaved by using a cationic Pd
complex and DPPB as a ligand. As an example, N,N-diethylgeranylamine (348) is
converted 349, and its regioselective dehydropalladation affords the myrcene-type
conjugated diene 350, and the reaction is applied to commercial production of the
fragrant compound 351, called kovanol [166]. 1,4-Elimination of allylic amines is also
possible as their amine salts using AcOH as a solvent [167].

)\/\)\/\NEQ HO ~ (5-CaH5Pd-PhP(CH,)PPh,)CIO,

NEt,
349 90%

348
CHO
Hw cHo HO)‘\/\/O
350

351

The allyl chloride 353 is prepared from diprenyl ether (352), and its Pd-catalysed
1,4-elimination in the presence of AcONa affords the conjugated diene 354. Citral
(355) is obtained by the consecutive Claisen and Cope rerrangements of 354 [168].

/K/\o /\)\ HoCl )\/\o’\)\ PA(OAC)a. PhsP
352 Cl 353

AcONa, 66%

P —ded = B

0
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Cl 3
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CHO 355
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Palladium-catalysed 1,4-elimination proceeds with high regioselectivity in cyclic
systems, and is particularly useful for the selective preparation of both homoannular
and heteroannular conjugated dienes 362 and 358 in decalin systems [169]. These two
conjugated cyclic dienes exist in a number of natural products, and their regioselective
preparation is highly desirable. Selective formation of the homoannular diene 362 is
considered to be difficult, because acid- or base-promoted elimination of the
corresponding allylic alcohols or their derivatives affords only the heteroannular diene
358. It is possible to prepare both the homo- and heteroannular conjugated dienes at
will only by the Pd-catalysed 1,4-elimination of allylic carbonates under mild
conditions. The regiospecificity of the elimination is dependent on the stereochemistry
of the allylic carbonates in the decalin systems. The heteroannular diene 358 is
obtained selectively from the f-oriented 3-allylic carbonate 356 at room temperature.
The n-allylpalladium intermediate, in which Pd is a-oriented, is formed by inversion of
the stereochemistry, and rapid elimination occurs via the o-oriented angular So-
allylpalladium methoxide 357 to give the heteroannular conjugated diene 358, rather
than via 3o-allylpalladium methoxide 359. This selectivity may be explained by the
different elimination rates of 357 and 359. The elimination of H—Pd—OAc from the
tertiary carbon of 357 seems to be faster than that from 359. However, the f-oriented
n-allylpalladium methoxide is formed from 3w-allylic carbonate 360, and the
homoannular diene 362 is obtained as a major product via the f-oriented 3o-
allylpalladium methoxide 361. Formation of the S-oriented angular 5¢-allylpalladium
363 is sterically unfavourable. The reaction can be applied to AB rings in steroids.
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The reaction has been successfully applied to the synthesis of the precursor 366 of
provitamin D which has the homoannular conjugated diene in the B ring [169].
Treatment of 7a-carbonate 364 with the Pd catalyst at 40 °C affords the 5,7-diene 366
regioselectively in good yield. No heteroannular diene 367 is detected. In the
intermediate complex 365, the f-oriented 7o-allylpalladium undergoes facile syn
elimination of the 8/-hydrogen to afford 366 exclusively.

OTBDMS

Pd(OAC),, BugP
-
40°C, 89%

366 L 167 _

However, a mechanistically interesting result which contradicts the expected anti
addition—syn elimination mechanism of Pd-catalysed 1,4-elimination of allylic
compounds has been reported. This is the elimination of the cyclic allylic carbonate
368 which afforded diene 371, but not diene 370, as expected from the anti addition—
syn elimination mechanism. The selective formation of 371 is explained by oxidative
addition with inversion to genearate 369, followed by elimination of the anti H of 369,
namely anti elimination occurs [170].

N
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Vinyl epoxides 372 and 373 are converted to conjugated dienes 375 and 378 via the
n-allyl intermediates 374 and 377. In other words, different protons are eliminated,
depending on the structure to give either the cyclopentenone 376 or the dienyl alcohol
378. The unsaturated ketone 376 is an expected product, because elimination of a
hydride from the carbon connected to oxygen is common [171].

o Pd(Pha i
& = @ @ A
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& Pd(PhsP), \ ol o
90%
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Pd-catalysed decarboxylation-elimination offers a useful method for regioselective
generation of conjugated dienes. The polyene system of vitamin A derivative 381 is
prepared from the f-acetoxycarboxylic acid 379 by decarboxypalldation, as shown by

380 [172].
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Another interesting reaction is the Pd-catalysed f-decarbopalladation of 4-vinyl
cyclic carbonates 382 to afford dienyl aldehydes or ketones 384. The 2-oxa-1-
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palladacyclopentane 383 is generated by oxidative addition and decarboxylation of the
allylic carbonate 382, and its novel C(3) C(4) bond fission (cis-ff-decarbopalladation)
under mild conditions as shown by 383 affords the dienyl aldehyde 384 [173].

p-Elimination of w-allylpalladium alkoxides produces ketones. Based on this
reaction, the secondary alcohol 385 is oxidized to ketone 388 after converting to the
allyl carbonate 386. Treatment of 386 with ligandless Pd in refluxing MeCN affords
the ketone 388 by elimination of f-hydrogen as shown by 387 under neutral conditions
[174]. Secondary alcohols and allylic alcohols are oxidized easily by this method.
Primary alcohols, particularly MeOH, are difficult to oxidize. Therefore, alcohols are
oxidized using allyl methyl carbonate (389). The m-allylpalladium methoxide 390,
generated from allyl methyl carbonate (389), is subjected to exchange reaction with the
alcohol 391 to be oxidized to generate the m-allylpalladium alkoxide 392, which is
oxidized to 393 by elimination of -hydrogen. Using diallyl carbonate (395), instead
of allyl methyl carbonate, the lactol 394 was oxidized selectively to the lactone 396 in
echinosporin synthesis [175]. The oxidation of alcohols using allyl methyl carbonate
can be carried out more efficiently using a Ru catalyst. The oxidation of 397 to 398 is
an example [176].
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4.3.10 Pd-catalysed Reactions of Allyl 3-Keto Carboxylates,
Malonates, and Enol Carbonates

Needless to say, ff-keto esters are important compounds in organic synthesis. Their
usefulness has been considerably expanded, based on Pd-catalysed reactions of allyl -
keto carboxylates 399. Cleavage of the allylic carbon—oxygen bond and subsequent
facile decarboxylation by the treatment of allyl f-keto carboxylates with Pd(0)
catalysts generate the m-allylpalladium enolates 400, 401. These intermediates
undergo, depending on the reaction conditions, various transformations which are
not possible by conventional methods. Thus new synthetic uses of f-keto esters and
malonates based on Pd enolates have been expanded. These reactions proceed under
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R
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Scheme 4.3 Pd-catalysed transformations of allyl ﬂ-keto carboxylates
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neutral conditions. The chemistry of f-keto esters of the new generation is
summarized in Scheme 4.3 [43]. In addition to allyl f-keto carboxylates, allyl enol
carbonates 402, the structural isomers of allyl f-keto esters, undergo similar reactions
via the formation of the n-allylpalladium enolates 400 and 401. It should be pointed
out that similar n-allylpalladium enolates 203, 204, 223 and 234 are formed by the Pd-
catalysed reactions of silyl enol ethers and enol acetates with allyl carbonates as
described before. Similarly, derivatives of allyl acetate bearing other EWGs such as
malonates, nitroacetates, cyanoacetates, and sulfonylacetates undergo Pd-catalysed
decarboxylation and further transformations. These reactions are explained below.

4.3.10.1 Decarboxylation and allylation

The reductive coupling of the n-allylpalladium enolates 400 gives the allylated ketones
403. This reaction is also possible thermally and is called the Carroll reaction.
Whereas the Carroll reaction proceeds by heating up to 200°C, the Pd-catalysed
Carroll-type reaction can be carried out under mild conditions (even at room
temperature) by reductive elimination of the m-allylpalladium enolate 400 [177,178].
The Pd-catalysed reaction is mechanistically different from the thermal reaction and
more versatile, which is explained by the [3,3] sigmatropic rearrangement of the
enolate form. For example, thermal Carroll rearrangement of the o,x-disubstituted keto
ester 410 is not possible, because there is no possibility of the enolization. However, it
rearranges to ketone 411 smoothly with the Pd catalyst, via the m-allylpalladium
enolate.

thermal rearrangement
— no reaction

0O O
MO/\% ] Pd(0)-catalysed O
rearrangement )5<\/
410 .

100% 411

The o, f-disubstituted cyclohexane 414 is prepared by intramolecular allylation of
412 to generate 413, and subsequent decarboxylation—allylation. The diallylation
reactions of 412 are based on the fact that intramolecular allylation of the -keto ester
412 with the allylic carbonate moiety is faster than decarboxylation of the allyl
carboxylate moiety in 412 [179].
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4.3.10.2  Decarboxylation and B-elimination (enone synthesis)

When the reaction of allyl f-keto carboxylates is carried out in boiling MeCN, the
decarboxylation is followed by elimination of f-hydrogen from the intermediate
enolate 400, affording the o,f-unsaturated ketone 404 [180] (Scheme 4.3). The
1~1.5:1 ratio of Ph3P:Pd is essential for chemoselective formation of the enones.
This means that coordinative unsaturation favours the elimination. Allylation becomes
the main reaction path with higher ratios of Ph;P to Pd, which makes the intermediate
complex more coordinatively saturated and hence accelerates reductive elimination.
The allyl group is the hydride acceptor in the elimination. As supporting evidence, the
enone 416 and 1-phenylpropylene (417) were obtained in equal amounts by the
reaction of the cinnamyl f-keto carboxylate 415.

szmph , @/A S

82% 416

As one application of enone formation, o-substituted cyclopentenones can be
prepared. Methyl jasmonate (421) is produced commercially by applying this as the
key reaction. Dieckmann condensation of diallyl adipate (418), followed by alkylation
gives the a-substituted cyclopentanone carboxylate 419. The allyl ester 419 undergoes
Pd-catalysed decarboxylation-Elimination of fi-hydrogen in boiling MeCN by keeping
the ratio of Pd:PhsP as 1:1 ~ 1.5, yielding 2-(2-pentynyl)-2-cyclopentenone (420).
Methyl jasmonate (421) is produced from 420 [181]. This method is also applied to the
synthesis of 2-methylcyclopentenone (422), which is a useful intermediate for
cyclopentanoid synthesis [182]. When the ratio of Ph;P to Pd is higher than 2 in the
reaction, decarboxylation—allylation takes place.
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The unsaturated allyl f-keto carboxylates 425 and 426, obtained by the Rh-
catalysed reaction of myrcene (423) with allyl acetoacetate (424) (see 5.2), were
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subjected to the Pd-catalyzed enone formation. The pseudo-ionone isomers 428 and
429 were obtained at room temperature using dinitriles such as adiponitrile (427) or
1,6-dicyanohexane as a solvent and weak ligand without giving an allylated product
[183].
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4.3.10.3  Decarboxylation and deacetoxylation (preparation of a-methylene
compounds)

The a-acetoxymethyl group can be introduced to allyl f-keto carboxylates by the
treatment with formaldehyde, followed by acetylation. When allyl f-keto esters 430
with the acetoxymethyl group at the a-position are treated at room temperature with
Pd(0) catalyst, decarboxylation is followed by deacetoxylation as shown by 431 to give
the exo-methylene ketones 405 and 432 [184]. The allyl group is the acceptor of the
acetoxy group and allyl acetate (433) is formed, indicating that the acetoxy group is
eliminated as allyl acetate more easily than f-hydrogen, and 2-acetoxymethylcyclo-
pentenone (434) is not formed. As the elimination reaction proceeds even at room
temperature under mild neutral conditions, the method offers a good synthetic route
for this important functional group. The reaction can be applied to allyl malonates. The
alkylation of diallyl malonate (435) with bromoacetate and the acetoxymethylation
afford the mixed triester 436, which is converted to allyl ethyl itaconate (437).
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4.3.10.4 Decarboxylation and hydrogenolysis

p-Keto esters and malonates are useful compounds in organic synthesis. After
alkylation, they are hydrolysed and decarboxylated to give alkylated ketones or acids.
However, rather severe conditions are required for the hydrolysis and decarboxylation
of alkylated ff-keto esters and malonates. Strongly acidic or basic conditions and high
temperatures are necessary. However, allyl ff-keto carboxylates and allyl malonates,
after the alkylation, can be decarboxylated under extremely mild conditions, namely at
room temperature and under neutral conditions by the Pd-catalysed hydrogenolysis
with ammonium formate [185]. The hydrogenolysis proceeds by displacement of 439
with HCO,H, giving only CO; and propylene. The reaction can be carried out without
attacking acid- or base-sensitive functional groups. The acid-sensitive THP ether in
438 is not cleaved, and no retro-Michael reaction is observed in the decarboxylation of
440, giving the ketones cleanly.

0 HCO,H
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Selective removal of the allyl ester without attacking the methyl ester in 441 to give
442 has been applied to the total synthesis of glycinoeclepin [186]. Hydrogenolysis of
diallyl alkylmalonate with formic acid in boiling dioxane affords monocarboxylic acid.
Allyl ethyl malonates are converted to ethyl carboxylates [187]. The diallyl o-
methylmalonate 443, attached to a f-lactam ring, undergoes Pd-catalysed sterco-
selective decarboxylation and hydrogenolysis using an excess of HCO,H without
amine, and the mono acid 444 which has the desired f-oriented methyl group was
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obtained with high stereoselectivity. Protection of the amide nitrogen with bulky
TBDMS is essential, without which no stereoselectivity is observed [188].
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4.3.10.5 Decarboxylation—aldol condensation and Michael addition

The decarboxylation of allyl f-keto carboxylates generates m-allylpalladium enolates.
Aldol condensation and Michael addition are two reactions typical to metal enolates.
Actually Pd enolates have been found to undergo intramolecular aldol condensation
and Michael addition. When an aldehyde group is present in the allyl 5-keto ester 445,
the Pd enolate 446—447 undergoes intramolecular aldol condensation, yielding cyclic
aldol 448 as the main product in high yield [189]. At the same time, diketone 449 is
formed as a minor product by f-elimination. This is the Pd-catalysed aldol
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condensation under neutral conditions. The reaction proceeds even in the presence of
water, showing that the Pd enolate is not decomposed by water. Allyl acetates bearing
other EWGs such as allyl malonate, cyanoacetate and sulfonylacetates undergo similar
aldol-type cyclizations.

The Pd enolates also undergo the intramolecular Michael addition when the allyl -
keto carboxylate or diallyl malonate 450, in which an enone is present at a suitable
position, is treated with Pd(0) catalyst [190]. The main product is the saturated ketone
451, and the allylated product 452 is obtained as a byproduct.
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Various Pd-catalysed reactions of allyl ff-keto carboxylates, summarized in Scheme
4.3 and shown in the above clearly indicate that synthetic utility of -keto esters and
malonates has been expanded.

4.3.11 Allylic Rearrangement and Isomerization

Rearrangement of allylic esters is catalysed by both Pd(II) and Pd(0) compounds,
although their catalyses differ mechanistically. Allylic rearrangement of allylic acetates
takes place by Pd(0) formed from Pd(OAc),—Ph;P as a catalyst [191]. An equilibrium
mixture of 453 and 454 in a ratio of 1.9:1.0 was obtained [192]. The Pd(0)—Ph;P-
catalysed rearrangement is explained by the formation of a n-allylpalladium complex.
The rearrangement of p-tolylsulfone from tertiary 455 to primary 456 occurs [193].

hop OAc
PA(OAC),, Phs POy
NN N 0pe o > Z =
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453

The rearrangement of allylic esters is also catalysed efficiently by PdCl,(MeCN),
[194]. The Pd(I)-catalysed allylic rearrangement is explained in the following
mechanism. After coordination of alkene to PdCl,, the cyclic intermediate 457 is
formed by oxypalladation as the rate-determining step. The isomerization ends by the
cleavage of 457 [194]. The allylic rearrangement of 458 and 460 in prostaglandin
synthesis is catalysed efficiently by PdCl,(MeCN), [195,196]. The reaction goes in



158 Reactions of allylic compounds

one direction, irreversibly yielding the thermodynamically stable products 459 and
461, possibly due to steric reasons. In addition, a complete transfer of the chirality of
the carbon—oxygen bond is observed. The rearrangement of the (£) and (Z) isomers
458 and 460, respectively, generates the stereochemistry opposite to each other after
the rearrangement. The minor product 462 is formed by m-o-m rearrangement,
involving rotation.
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Rearrangement of the acetate of the optically active cyanhydrin 463 proceeds
stereoselectively to yield the o,f-unsaturated nitrile 464 with 89% ee [197]. Allyl
trichloroacetimidate 465 is rearranged from O to N to give 466 at room temperature
with retention of the stereochemistry [198].
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OTBDMS
m PdACI,(PhCN), O/\E\OTBDMS
——————-
Y rt, 72%
CCls CCls
465 88% ee 466 88% ee

Cope and Claisen rearrangements proceed under milder conditions in the presence
of Pd(Il) catalyst [194,199]. Cope rearrangement of the linear 1,5-diene 467 to 468
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proceeds at room temperature in methylene chloride by the catalysis of PdCl,(PhCN),
[200]. Substituents have large effects on the reaction. Oxy-Cope rearrangement of 469
to the ketone 470 proceeds at room temperature in the presence of 10 mol % of
PdCI,(PhCN), [201].

Mechanistic studies on the Pd(Il)-catalysed Cope rearrangement of the deuterated
1,5-diene 471 has been carried out. After coordination of the alkene to PdCl,, the 4-
palladacyclohexyl cation 472 is formed by carbopalladation as the rate determining
step. The isomerization ends with the cleavage of 472 to afford 473 [202].

B0, _PdCI;(PhCN)z EtOC
= 83%
467
PdCI2 (PhCN),
=
OH
469
AT PdCl, Ar

+ CD2 )\CDZ )\CDz
PdCIz ClgPd/\) ‘_X\)

Pd PdCI
[Pd] 2 473
472

co, \;
s

PdCI,(PhCN),-catalysed Claisen rearrangement of the allyl vinyl ether 474 derived
from cyclic ketone at room temperature affords the syn product 475 with high
diastereoselectivity [203]. In contrast to thermal Claisen rearrangement, the Pd(II)-
catalysed Claisen rearrangement is always stereoselective, irrespective of the geometry
of allylic alkenes. The anti product is obtained by the thermal rearrangement in the
presence of 2,6-dimethylphenol at 100 °C for 10 h.

1]
PdCIiy(PhCN),
OO rt, 95%, syn 98%
MeO

474 475

MeO

The Pd(Il)-catalysed reaction of an allylic alcohol with the ketene acetal 476 at
room temperature generates the ortho ester 477. Its Claisen rearrangement via 478 in
boiling xylene with a catalytic amount of PdCl,(PhCN), gives the 7,d-unsaturated
ester 479 [204].
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OE
OFt PdCl,(PhsP EtO
Pho~_OH + =< 2(PhaPe \1/ .
OEt  xylene reflux, 84% Me =~
476
Ph
477

EtO.__O
\n’ AN Cogk
= Ph
Ph

479
478

Allylic double bonds can be isomerized by some transition metal complexes.
Isomerization of alkyl allyl ethers 480 to vinyl ethers 481 is catalysed by Pd on carbon
[205] and the Wilkinson complex [206], and the vinyl ethers are hydrolysed to
aldehydes. Isomerization of the allylic amines to enamines is catalysed by Rh
complexes [207]. The asymmetric isomerization of N,N-diethylgeranylamine (483),
catalysed by Rh-(S)-BINAP (XXXI) complex to produce the (R)-enamine 484 with
high optical purity, has been achieved with a 300 000 turnover of the Rh catalyst, and
citronellal (485) with nearly 100% ee is obtained by the hydrolysis of the enamine 484
[208]. Now optically pure /-menthol (486) is commerically produced in five steps from
myrcene (482) via citronellal (485) by Takasago International Corporation. This is the
largest industrial process of asymmetric synthesis in the world [209]. The following
stereochemical corelation between the stereochemistries of the chiral Rh catalysts,
diethylgeranylamine (483), diethylnerylamine (487) and the (R)- and (S)-enamines 484

=" oR — Mo ~cro
480 481
_ NS
. NEY =
Li, Et,NH 2 Rh-(S)-BINAP(XXXI) NEte
| | |

(R)-484

482 483
H>O ZnBr, H>
—_— J— -
CHO >
| OH T OH
PN
485

()-isopulegol 486
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//L\v//\\//L§¢/A\ Rh-(5)-BINAP //L\//“\v/l\\//\

NS NS _ N

NEt, > A N,
483 g 7 (R)-484

Rh-(R)-BINAP

N

X Rh-(S)-BINAP

—> N Et2
NEt
487 2 (S5)-488

and 488 was confirmed, and the mechanism of the asymmetric isomerization has been
studied [210]. This means that both geranylamine and nerylamine are used for this
process. The higher stability of the enamine relative to the allylamine is the driving
force of the isomerization.

a-Methylene-n-allylpalladiums 490 are generated from the esters of 2,3-alkadienyl
alcohols 489. The complexes are reactive and give either 1,2- or 1,3-dienes, 491 or
492, depending on reactants. Reaction of the acetate 493 with malonate affords
dimethyl 2,3-butadienylmalonate (494) [211]. However, hard carbon nucleophiles
such as Mg or Zn reagents react with the 2,3-alkadienyl phosphate 495 to give the 2-
alkyl-1,3-butadiene 496 [212]. The 3-alkyl-1,3-butadiene-2-carboxylate 498 is
obtained in high yield by the carbonylation of the 2-alkyl-2,3-butadienyl carbonate
497 under very mild conditions (room temperature and 1 atm) [213]. The Pd-catalysed
carbonylation of 2,3-dienylamine 499 using DPPP as a ligand and TsOH as a promoter
under somewhat severe conditions affords the o-vinylacrylamide 500 in high yield
[214].

R
R R> A
491
R A
OR
489 490 L =F§=\R
492
H CO.Me Pd(PhsP), H
zc& + < 2 —_— COQMe H CO.Me
OAc CO,Me + 7

COzMe

493 494 o CO;Me
47% 26%
=.={ Pd(PhsP) CH
3774 745
+ C7H15MgBr - >
OPO(OEY), 80% i_

495 496
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CeHi3 Pd(PhsP), CO,Me
I& + CO + MeOH —— »
OCO,Me rt, 1 atm
497 91% CeH1a
498
H @] Et
Pdo(d - )
=:&N,Et +CO 2(dbays, DPPP, p-TsOH :&N,
N o ; o Bn
499 Bn 75°C, 600 psi, 83% —
500
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5

REACTIONS OF
CONJUGATED DIENES

Reaction of conjugated dienes with aryl and alkenyl halides is treated in Section 3.2
and oxidative difunctionalization of conjugated dienes with Pd(II) is treated in Section
11.3. This chapter covers other reactions of conjugated dienes as major reactants.

Polymerizations of butadiene and isoprene catalysed by Ti or Ni complexes are
large-scale industrial processes, and polybutadiene and polyisoprene as synthetic
rubbers are produced. The catalysts are prepared by the treatment of Ni or Ti
compounds with alkylaluminiums, and slight modification of the catalysts induces 1,4-
polymerization or 1,2-polymerization. Also, cis or trans polymer is obtained
selectively by changing the catalysts. Although the relationship between nature of
the catalysts and structures of the polymers is interesting, only oligomerization of
conjugated dienes is treated in this chapter, because oligomers are more useful in
organic synthesis.

5.1 Formation of Cyclic Oligomers by Cycloaddition

Several cyclic oligomers 1-5 are prepared from butadiene using transition metal
catalysts. The preparation of 1,5-cyclooctadiene (3; 1,5-COD) by a catalyst prepared
from Ni(CO), and phosphine is the first report on cyclooligomerzation of butadiene
[1]. However, the activity of this catalyst is low due to strong coordination of CO.
Catalyst prepared from TiCly and Et;Al has higher catalytic activity for the formation
of 1,5-COD and 1,5,9-cyclododecatriene (1,5,9-CDT; 4). Also Ni(0) catalysts are
active for the preparation of COD and CDT. In addition to COD and CDT, the cyclic

o~ O Y &

1
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compounds 1, 2 and 5 are formed [2]. The cyclic compounds 1-5 are prepared with
high selectivity using proper catalysts. Also, cocyclizations with alkynes and alkenes
give cylic compounds with various ring sizes [2].

Cyclization of butadiene catalysed by Ni(0) catalysts proceeds via m-allylnickel
complexes. At first, the metallacyclic bis-m-allylnickel complex 6, in which Ni is
bivalent, is formed by oxidative cyclization. The bis-w-allyl complex 6 may also be
represented by o-allyl structures 7, 8 and 9. Reductive elimination of 7, 8 and 9
produces the cyclic dimers 1, 2 and 3 by [2+42], [24+4] and [4+4] cycloadditions.
Selectivity for 1, 2 and 3 is controlled by phosphine ligands. The catalyst made of a
1:1 ratio of Ni and a phosphine ligand affords the cyclic dimers 1, 2 and 3. In
particular, 1 and 3 are obtained selectively by using the bulky phosphite 11. 1,2-
Divinylcyclobutane (1) can be isolated only at a low temperature, because it undergoes
facile Cope rearrangement to form 1,5-COD on warming. Use of tricyclohexylpho-
sphine produces 4-vinylcyclohexene (2) with high selectivity.

A very active form of Ni(0) is generated from bis-n-allylnickel (12) and Ni(cod),
(13) in the absence of phosphine ligand, and is often called naked Ni(0). Three
butadienes coordinate to naked Ni(0) and the 18-electron trimeric complex 10 is

%

4a t it ab cit

j\\/; +N|(O)—>i\l;__—] H///Nb
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Ni Ni Ni
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formed. 1,5,9-CDT (4) is formed by reductive elimination of 10. However, further ring
expansion occurs to give 16, 20, 24 and higher membered macrocyclic polyalkenes 15
when the catalyst prepared by mixing naked Ni(0) 13 and =-allylnickel chloride (14) is
used. This is an interesting cyclization reaction, although its usefulness is limited
because selectivity is not high [3]. Continuing insertion of butadiene finally forms
polybutadiene, which may be huge macrocycles. Classical synthesis of macrocyclic
compounds is usually carried out under high-dilution conditions, which is not an
efficient method. It should be emphasized that transition metal-catalysed cyclization of
conjugated dienes, and cocyclization with alkenes and alkynes proceed efficiently
without high dilution. This is due to the template effect of metal complexes.

In the cyclization reactions mentioned above, an Ni—H species is not involved and
hence no migration of hydrogen occurs. However, 1-methylene-2-vinylcyclopentane
(5) is formed using the catalyst prepared by the reduction of NiCl, with NaBHy4 in the
presenc of BusP [4]. Addition of alcohol is essential. In this reaction, the n-allyl alkene
complex 16 is formed by insertion of butadiene to the Ni—H bond. Subsequent
intramolecular insertion of terminal alkene in 16 gives 17, and elimination of f-
hydrogen affords 5 and regenerates the Ni—H species. This reaction is related to the
metalla-ene reaction (see Section 4.3.6), and 5 is prepared by the Pd-catalysed
cyclization of 1-acetoxy-2,7-octadiene (18).

2 ANF 17 5 ‘
AcO AcO
\ ) o (PL\ . /A&
5

18

1,5,9-CDT is produced commercially and used for production of 12-nylon.
Interesting synthetic reactions have been reported based on the modification of CDT-
and COD-forming reactions. Di- and tetraazacyclododecatrienes 20 and 21 were
prepared by cooligomerization of the diazadiene 19 and butadiene [5,6].

Interesting synthetic applications of the [4+4] and [4+4+44] cycloadditions are
reported. A novel, short-step synthetic method of muscone (24) has been developed
using complex 10 as a starting compound [7]. Insertion of allene to the Ni—carbon
bond in 10 at low temperature gives the bis-n-allylnickel 22. Then isonitrile is inserted
to 22. When the reaction mixture is warmed, the 15-membered cyclic compound 23 is
formed by reductive elimination, and conversion of 23 to muscone (24) is achieved by
hydrolysis and subsequent hydrogenation in 43% overall yield.

Intramolecular [4+4-4] cycloaddition proceeds smoothly and is a useful reaction. The
skeleton 26 of asteriscanolide (27) was constructed by utilizing Ni-catalysed
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intramolecular [4+4] cycloaddition of the tetraene 25 as a key reaction [8]. The eight-
membered ring skeletons 29a and 29b as partial structures of the taxane molecule are
formed by the intramolecular reaction of 28 using Ni(0) coordinated by tri(o-
phenylphenyl) phosphite (11) as a catalyst [9].

Using the diazadiene Fe complex 31, derived from optically active menthol, as a
catalyst, enantioselective [4+4] cocycloaddition of isoprene and piperylene (30)
occurred to give 3,5-dimethyl-1,5-cyclooctadine (32) with 61% ee in 89% yield
without forming homodimers [10].

Three isomers of the substituted cyclobutanes 33, 34 and 35 are obtained by the
[242] cycloaddition of isoprene, and separated at low temperature from other
cooligomers without undergoing Cope rearrangement. When the mixture was
subjected to hydroboration and oxidation, the alcohol 37 was obtained from the
isomer 34, and easily separated from 35 and the diol 36. The alcohol 37 is a
pheromone called grandisol [11]. Although overall yield was 15%, this is the shortest
synthetic route to this pheromone.
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In addition to homooligomerization, butadiene undergoes cooligomerization with
unsaturated bonds of alkenes and alkynes offering simple synthetic methods of cyclic
compounds of various sizes. Even C=0 and C=N bonds participate in the
cooligomerization. 1,5-Cyclodecadiene (38) is formed by the [44+4+2] cycloaddition
of ethylene and butadiene in 1:2 ratio using the Ni catalyst coordinated by (PhO);P
[2d]. The reaction of ethylene and butadiene in 1:1 ratio is catalysed by a Ti complex
having bipyridyl ligand, and produces vinylcyclobutane (41) [12]. In this reaction, n-
methallyltitanium 39 is formed by insertion of butadiene to Ti—H species. Subsequent
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insertion of ethylene and intramolecular alkene insertion generate the cyclobutane 40.
p-Elimination gives vinylcyclobutane (41) besides the regenerated Ti—H species.

2~ Ni(0), (PhO)P @ij
x /m 80%

Tan4 bpy
Ti Ti
I
+ = %—Tl*u — 9\\'
135 °C

selectivity 74%
N
— + Ti—
41

The 10-membered 1,2-disubstituted cyclodecatriene 42 can be prepared in high
yield by the cooligomerization of alkyne with butadiene in 1:2 ratio. Selective
hydrogenation to give 43 and its ozonization afford the linear diketone 44 [13]. The
20-membered cyclic diketone 47 was prepared from 46, which was obtained by the
cooligomerization of cyclododecyne (45) with butadiene. Selective hydrogenation of
two disubstituted double bonds in 46 and ozonization of the remaining double bond
afford 47.
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Under high concentration of alkynes, the cooligomerization of alkyne and
butadiene in 2:2 ratio takes place using the Ni(0)catalyst, coordinated by (PhO);P,
to give the 12-membered cyclic tetraenes 48 [13]. Acetylene and butadiene react in 2:1
ratio to give 5-vinyl-1,3-cyclohexadiene (49) using the Ni complex of BusP [14].

Me
: Ni(0) Me
2 Me—=—Me + 2 \F
PhOSP e
Me 48
Ni(acac),, EtzAl
2 HCZCH + ANF > o
n-BugP, 25°C, 6 h
66% 40

Alkynes are poor dienophiles in the Diels—Alder reaction; decomposition occurs by
an attempted thermal intramolecular Diels—Alder reaction of dienynes at 160 °C. In
contrast, the Ni-catalysed [442] cycloaddition of the dienyne 50 proceeded smoothly
at room temperature using tri(hexafluoro)isopropyl phosphite to give 51, which was
converted to the yohimbine skeleton 52 [15]. The same reaction is catalysed
by RhCI(Ph;P); in trifluoroethanol [16]. Intramolecular Diels—Alder reactions of
the 6,8-dieneyne 53 and the 1,3,8-triene 55, efficiently catalysed by
[Rh(dppe)(CH,CH,;),]SbF¢ at room temperature, gave 54 and 56 [17].

» e (Y
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The Rh-catalysed intermolecular [44-2] cycloaddition of a diene and a terminal
alkyne affords the 1,4-disubstituted-1,3-cyclohexadiene 58 via 57 [18]. The 1,2,6-
trisubstituted-1,4-cyclohexadiene 60 is obtained by the Fe-catalysed [4+2] cycloaddi-
tion of dienes and internal alkynes. The catalyst 59 is prepared by the reaction of a 1,4-
diaza-1,3-diene complex of FeCl, 59 with EtMgBr [19].

>_\ [Rh(cod)(dppb)]PF4 \O\ \©\
+ B
h CH2C|2, 25 °C,85% Ph Ph

57 58
R
/N\
[\ FeCl, + EtMgBr
—7 N\ N
+ R 59
/=" \_ 20°C,72h, 64%
60

As a related reaction, the bicyclo[5.3.0]decane derivative 64 was obtained at 30 °C
by the Rh-catalysed intramolecular [5+2] cycloaddition of the alkyne with the
vinylcyclopropane moiety in 61. The latter behaves as a pseudo-1,3-diene in oxidative
addition, and generates 62. This is followed by rearrangement to 63, whose reductive
elimination gives 64 [20]. [Rh(CO),Cl], is a better catalyst than RhCI(Ph;P);. The
reaction can be extended to alkenes [20a].

E — [RhCI (CO), RhL )CC)
E 30 c 79%
— @
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Ni- and Rh-catalyzed intramolecular [4+4-2] cycloadditions of the diene-allene 65
using tri(o-phenylphenyl) phosphite gave the different products 66 and 67 [21].

No homocyclization of butadiene is possible with a Pd catalyst, because easy
hydrogen transfer occurs with the Pd catalyst to give linear oligomers. However, Pd-
catalysed cocyclization occurs with some C=0 and C=N bonds to give the
heterocycles 68. The divinyltetrahydropyran 71 and the unsaturated alcohol 72 are
obtained by the reaction of aldehydes [22—-24]. The unsaturated alcohol 72 is obtained
as a main product when a ratio of PhsP and Pd is 1-2, and pyran 71 is the main
product when the ratio is larger than 3. Formation of the pyran 71 and the unsaturated
alcohol 72 is interesting, because benzaldehyde, an electrophile, reacts with the bis-7-
allylpalladium intermediate 68 formed from buadiene. The reaction can be understood
by the amphiphilic nature of the bis-zm-allylpalladium 68. The nucleophilic attack of
one of the allyl group in 68 to the carbonyl group of benzaldehyde generates 70.
Subsequent electrophilic attack (or reductive elimination) of the remaining -
allylpalladium in 70 affords the pyran 71, which is favoured by a higher ratio of Ph;P
to Pd, and the alcohol 72 is formed by f-elimination of the allyl group when the ratio
of Ph3P is small.

Pd
68

A—B
69

PhofH N\
PdCly(PhsP)s, Y ZaN nucleophilic attack
2 N + PhCHO . » o Pd -
PhONa, 'Pr-OH, (‘ A
rt, 72% 68
H Ph
= |
O .
\ electrophilic attack
— Pd O
N\ |
Ph
70 71
H Ph
= p-elimination = A
O >
— A\\ Ph H
Pd OH
N 72
70 71:72 =928

In contrast, Ni(0)-catalysed intramolecular reaction of the diene aldehyde 73 and
ketones with hydrosilane proceeds smoothly to give five-, six- and seven-membered
alcohols. The m-allylnickel species 75 is formed by the reaction of 73 with Ni hydride
74, generated by the oxidative addition of hydrosilane. It is well-known that 7-
allylnickel reacts with carbonyl as an electrophile (or insertion of carbonyl) to afford
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Ni alkoxide as a stoichiometric reaction. However, in this reaction the silylnickel
alkoxide 76 is formed, and its reductive elimination affords silyl ethers 77 and 78. At
the same time, Ni(0) is regenerated to make the reaction catalytic. The formal total
synthesis of elacokanine C (79) was carried out by this reaction [25]. Homoallylic
alcohol 81 is obtained by the intermolecular reaction of benzaldehyde with the diene
80 and hydrosilane in high regio- and stereoselective manner [26].

N|/S|Et3
H
e : ~
X . N , PhsP .
+ EtosiH 0z, PP |H-ni-siEts | N\/\ —
N\/\ CHO
CHO 74
o) : O 75
73
) NA/SiEts ) ) o%)
HE HE H E . :
T A T A OSiEt; 4 z wOSIEty '; A _WOSiEt
N : " -
N
N
0 IO) 0 o) o 79
76 77 37% 78 36%

OR

x 4
X Nl(COd)ZY PhsP o
+ PhCHO + Et,SH———— Ph
MOMO 84%
80 MOMO 81

The C=N bonds of isocyanates [27] and Schiff bases 83 [28] react with butadiene
to give the piperidone 82 and piperidines 84. The nucleophilic attack of CO, to the
amphiphilic bis-n-allylpalladium 68 generates the m-allylpalladium carboxylate 85,
from which the six-membered lactone 86 and five-membered lactone 87 are obtained
under certain conditions [29-31]. The unsaturated ester 88 is also formed.

5 N
Ph—N=C=0 00
_Pd
100°C @ EAF

SR\ NP

o) OW
88
z
o =0
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5.2 Formation of Linear Oligomers and Telomers

The linear dimers 89-91 are formed by Ni [32], Co [33], Fe [34] and Pd [35] catalysts.
Linear dimers 90 and 91 are produced via the formation of metal M—H,
accompanying migration of hydrogen. The formation of 89 is discussed later. The
mechanism of the formation of 91 was studied by an experiment using butadiene 92
deuterated at the terminal carbons. In the formation of the branched dimer 91 from the
deuterated butadiene 92, catalysed by Co or Fe complexes, insertion of the second
butadiene occurs at the substituted side of the n-allyl complex 93 to give 94. Finally,
the triene 96 is formed from 95 and Fe—H(D) is regenerated.

Dimerization of isoprene, if carried out regioselectively to give the head-to-tail
dimer 97, would be useful for terpene synthesis. So far few reports on successful
regioselective dimerization of isoprene have been given, and this remains an unsolved
problem. 2,6-Dimethyl-1,3,6-octatriene (97), the head-to-tail dimer, can be prepared
with high selectivity using Zr [36], Ni [37,38] and Pd [39] catalysts. However,
selective functionalization of this dimer to the terpene alcohol 98 is not easy.

NN NN =z o
89 Pd, Nicat 90 Fe, Co cat 91 Co, Fecat.
D
D — insertion
D insertion
92 o D b b D" p
a3 94
DsC D
D D
—_— —» D D
| (e = AV + D-Fe
95 96
EEE
N — )\%\)\/ ----- - M\OH
97 o8

Several linear cooligomers of butadiene are prepared with alkenes and alkynes.
Commercially important 1,4-hexadiene (103) is prepared by the reaction of ethylene
and butadiene catalysed by Ni [40], Fe [41] and Rh [42]. The experiment carried out
using deuterated ethylene (100) supports the mechanism that the insertion of butadiene
to M—H forms the 7-allyl complex 99. Insertion of ethylene (100) to 99 gives 101, and
its f-elimination affords the cooligomer 102, tetradeuterated at C-1,1,2,6 of 103.
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Functionalized alkenes are used for the cooligomerization. Phenyl-1,4,8-decatriene
(104) is obtained by the Ni-catalysed 1:2 addition of styrene and butadiene [42a]. Pd
catalyst affords the 1:1 adduct [43]. Co or Fe catalyst gives the 1:1 adducts 105 and
106 of methyl acrylate and butadiene [44,42a]. The 1:1 adducts 107 and 108 are
obtained by the Ru-catalyzed coupling of butadiene and acrylamide [45]. Reaction of
methyl methacrylate affords the 1:2 adduct 109 with Ni—Ph3P catalyst at 0°C,
whereas the oligomer 110 is obtained at higher temperature [46].

Ni(0 W H
P +2 o~ 9 e M
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PR " SN
Co(0)

= — —

ONF o+ COgMe — /\/\/\COZMe + w
96% CO,Me
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107 108
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CO;Me CO;Me
/\/\M + = A = P X
109 110
109 110

PhsP, 20°C, 120h 6% 62%
PhsSb, 80°C, 2n 1% 79%
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Ene-type products are obtained by Co- and Fe-catalysed reaction of dienynes. Co-
catalysed cyclization of substrate 111 proceeds smoothly with respect to the diene,
acetylene and allylic ether moiety to afford 114. In this cyclization, the n-allyl complex
112 is formed by insertion of the diene to Co—H, followed by domino insertions of the
triple and double bonds to give 113. The final step is the elimination of the f-alkoxide
group from 113 to form 114 [47]. The six-membered ene-type products 117 and 118
are obtained from the reaction of 115 catalysed by an Fe bipyridyl complex. The
reaction seems to involve oxidative cyclization to form 116. Subsequent f-elimination
and reductive elimination provide 117 and 118. As another possibility, insertion of the
diene to Fe—H gives a w-allyl complex. Then double bond insertion and f-elimination
should give 117 and 118 [48].

P
OBn Co(acac)s, AlEts, PhsP | Co-H]
% = —
PhMe, 55 °C, 84%
RO
E7E
11

; —_

—
ok E = COzEt, RO = TBDMSO

NS
RO RO
g7 E " E
113 _ 114
= Fe(acac),:bpy:Et3Al
\ 1:1.1:3.1
N I
\/\\\ 70%
OBn
115

Dienylation of alkynes proceeds in the presence of Co catalysts, and the conjugated
diene system is retained in the adducts. The conjugated trienes 120 and 121 are
obtained from 2-butyne (119) and butadiene [44]. The dienylation occurs to give the
conjugated 1,8-diphenyl-1,3,5,7-octatetraene (122) by attack of two phenylacetylene
molecules to both side of butadiene [42a].
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The Ru—Bu;P complex-catalysed addition of 1-hexyne to the functionalized diene
123 gives 126 and 127 via the n-allyl complex 125, which is formed by insertion of
the diene to the Ru alkynyl complex 124 [49].

PN CoMe
A\ L Ru(cod){cot) 123
= — | " —=——Ru-H -
BU3P, 81%
124
Fliu-H
\/\_:'_—_/\\//\002'\/]6 —
125
SN =~ C0Me TN = COMe
126 3862 127

Unique linear dimerization of butadiene is catalysed by a Pd—Ph3;P complex [50].
This Pd-catalysed linear dimerization affords 1,3,7-octatriene (89) by fS-elimination of
128 and reductive elimination of 129. Transfer of H from C(5) to C(3) in the
intermediate bis-m-allylpalladium 68 occurs to give 1,3,7-octatriene (89).

More importantly the telomers 133 and 134 are formed by the reaction of
pronucleophiles (NuH), incorporating the Nu group [51,52,53]. The reaction can be
explained by the amphiphilic nature of bis-m-allylpalladium 68. The first step is the
nucleophilic attack of the amphiphilic bis-r-allylpalladium 68 to NuH (or protonation)
as shown by 130 to generate m-allylpalladium 131=132, and their electrophilic attacks
as shown by 131 and 132 afford 133 and 134 [53a]. The reaction, carried out in
deuterated MeOD, affords 1-methoxy-2,7-octadiene (135), deuterated at carbon 6 [54].
Pd(Ph;P), serves as the catalyst. Most conveniently, Pd(OAc), and Ph3P are used as the
catalyst precursor. In this case, Pd(OAc), is reduced in situ to Pd(0), which is an active
species.

Telomerization with various nucleophiles affords interesting functionalized dimers
133 and 134 [50-54]. The Pd-catalyzed telomerizations of butadiene with various
nucleophles gives 1-substituted 2,7-octadienes 133 as major products, and 3-
substituted 1,7-octadienes 134 as minor products as summarized in Scheme 5.1.
The telomers obtained by the Pd-catalysed reactions are useful building blocks.
Natural products, such as steroids and macrolides, are synthesized efficiently using
these telomers [55].

Formation of 2,7-octadien-1-ol (136) by the reaction of water attracts attention as a
new commercial process for n-octanol (155). The Pd-catalysed reaction of water under
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usual conditions is very sluggish. The addition of CO, facilitates the telomerization of
water, affording 2,6-octadien-1-ol (136) as the major product [56]. In the absence of
CO3, only 1,3,7-octatriene (89) is formed. Octadienyl carbonate is probably formed,
which is than easily hydrolyzed to give 136. A commercial process for the production
of 2,7-octadien-1-ol (136) has been developed, which is operated in two phases — water
and hexane — in the presence of carbonate salts. The water-soluble sulphonated
phosphine ligand XLVIII or 154 is used [57]. The reaction proceeds in the aqueous
phase and the product goes into the organic layer. The Pd catalyst always stays in the
aqueous phase, and hence 2,7-octadien-1-ol (136) can be separated easily from the
catalyst. 2,7-Octadien-1-ol (136) is used for the commercial production of 1-octanol
(155) by hydrogenation. 1,9-Nonanediol (156) is also produced by isomerization of
the allyl alcohol to the aldehyde, hydroformylation, and reduction.

NN 0H
155
Ha
Pd(OAc), Cu-Cr ‘
ONF H,O #, WOH = . W\/\/CHO
154 136
CO, H, Hy
" e OHC/\/\/\/\CHO e HO/\/\/\/\/\OH
Rh Ni 156
+ R
Ph,P{ : SO3;Na

154

Phenol is a reactive substrate and smoothly gives octadienyl phenyl ether (137) in a
high yield [52]. Primary alcohols such as MeOH react easily to form ethers 135 [51].
The higher the classes of alcohols, the lower the reactivity [58].

Carboxylic acids react with butadiene as alkali carboxylates. A mixture of isomeric
1- and 3-acetoxyoctadienes 138 and 139 is formed by the reaction of acetic acid [51].
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Scheme 5.1 Butadiene telomers obtained by Pd-catalysed reactions

The reaction is very slow in acetic acid alone, and accelerated as acetate by the
addition of bases [59]. These two isomers undergo Pd-catalysed allylic rearrangement
with each other. 3-Acetoxy-1,7-octadiene (139) is converted to the allylic alcohol 157
and to the enone 158, which is used as a bisannulation reagent [60]. Thus Michael
addition of 158 to 2-methylcyclopentanedione (159) and aldol condensation give 160.
The terminal alkene is oxidized using PdCl,/CuCl/O, to the methyl ketone 161. After
reduction of the double bond in 161, aldol condensation affords the tricyclic system
162.
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The telomer 138 is a good building block for the 10-membered skeleton of
diplodialide (166) [61]. The terminal double bond in 138 is oxidized with

PdCl,/CuCl/O; to the methyl ketone 163 and converted to 164. The phenylthioacetate
165 is prepared and its cyclization gives 9-decanolide (166).
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As shown in Scheme 5.1, formic acid behaves differently to other carboxylic acids.
Expected octadienyl formate is not formed. The reaction with formic acid in the
presence of Et;N affords 1,7-octadiene (140) [62—64]. The first step is the protonation
of bis-m-allylpalladium 68 with formic acid to generate 167. Formic acid is a hydride
source. It is known that the Pd hydride, formed by the decarboxylation of palladium
formate, attacks the substituted side of m-allylpalladium as shown by 167 to form the
terminal alkene 140 [65]. The regioselective attack of Pd—H at the more substituted
side of m-allyl systems is covered in Section 4.3.7.

Reaction of aqueous ammonia (28%) with butadiene in MeCN in the presence of
Pd(OAc), and Ph;P at 80 °C gives tri-2,7-octadienylamine (141) as the main product
[66,67]. The reaction proceeds stepwise, but the primary amine 142 is more reactive
than ammonia, and the secondary amine is more reactive than the primary amine. Thus
the main product is the trioctadienylamine (141), even when the reaction is stopped
before completion.
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Both aromatic and aliphatic amines react with butadiene to give tertiary
octadienylamines 143 [51]. Amines with higher basicity show higher reactivity, and
electron-donating substituents on aniline have an accelerating effect [68].

Enamines, as nucleophiles, react with butadiene, and the 2-octadienyl ketones 149
or aldehydes are obtained after hydrolysis [69]. This is a good way of introducing the
octadienyl group at the a-carbon of ketones or aldehydes, because butadiene does not
react with ketones or aldehydes directly. Active methylene or methine compounds to
which two EWGs, such as carbonyl, alkoxycarbonyl, formyl, cyano, nitro or sulfonyl
groups are attached, react with butadiene smoothly and the acidic hydrogens are
displaced with the 2,7-octadienyl group to give mono- and disubstituted compounds
[53]. 3-Substituted 1,7-octadienes are obtained as minor products. f-Keto esters,
p-diketones, malonates, a-formyl ketones, cyanoacetates, nitroacetates, cyanoaceta-
mide and phenylsulfonylacetates react with butadiene smoothly. Di(octadienyl)
malonate (145), obtained by this reaction, is converted to the interesting fatty acid
168 which has an acid function at the center of the long carbon chain.

Ho

145 —

Hz0 CO.H
168

Nitroalkanes react smoothly in zert-butyl alcohol as a solvent with butadiene, and
their acidic hydrogens are displaced with the octadienyl group. From nitromethane
three products, 146, 147 and 148, are formed, accompanied by 3-substituted 1,7-
octadiene as a minor product. Hydrogenation of 147 affords the fatty amine 169 which
has a primary amino function at the center of the long chain [66,70]. The telomer 171,
obtained from nitroethane (170) was converted to recifeiolide (175) by the following
sequence of reactions [61]. The nitro group in 171 was converted to the ketone and
protected to give 172. The terminal double bond was converted to iodide via Ti-
catalysed alumination and the ketone was reduced to alcohol to give 173. Cyclization
of the phenylthioacetate 174 afforded recifeiolide (175). The nitro compound 147 is a
good building block for civetone carboxylate [71].
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The intramolecular reactions of the 1,3,8,10-undecatetraene system in [di(2,4-
pentadienyl)malonate] 176 with nucleophiles proceeded smoothly to give the five-
membered rings. Reaction of nitromethane gave 177, in which the nucleophile is
introduced at the terminal carbon [72].

a4
Et Pd(OAC) N
Ozc></<>\/ + CHaNO, 2 EtOZC>O/\/\N02
Et02C N Ph3P, 79% ETOZC //,,’,/\
176 177

Carbonylation of butadiene gives two different products, depending on the catalytic
species. When PdCI, is used in alcohol, 3-pentenoate (150) is obtained [73,74].
Further carbonylation of 150, catalysed by cobalt carbonyl, affords the adipate 178
[75]. However, 3,8-nonadienoate (151) is obtained by dimerization and carbonylation
when Pd(OAc), and Ph;P are used [76,77]. The presence of chloride ion firmly
attached to Pd makes the difference.

Pd(OAC),

/\/\/\/\
N+ CO + MeOH —— PdCla 151
2
L[PG, | N~come CO-MeOH
PhgP 150 Co2(CO)g
MeOQC/\/\/COZMe
178

A Rh complex coordinated by the water-soluble phosphine TMSPP (XLVII)
catalyses the 1:1 coupling of isoprene with the malonamide derivative 179 to give 180,
and feprazone (181) was prepared after isomerization [78]. Under similar conditions,
reaction of myrcene (182) with methyl acetoacetate gives 183 and 184 in 97% yield,
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which are used for pseudo-ionone synthesis [79]. The Ni(0)-catalysed 1:1 coupling of
1,3-cyclohexadiene (185) with malonate produces 186 [80].
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Nickel-catalysed addition of HCN to butadiene was developed by du Pont for
adiponitrile production [81]. A Ni(0)—phosphite complex is used as the catalyst in the
presence of Lewis acids. Oxidative addition of HCN to Ni(0), followed by insertion of
butadiene, generates n-allyl intermediate 187. Reductive elimination of 187 yields 188
and 189, and isomerization of the double bond in 189 to the terminal position gives
4-pentenonitrile (190). Then, insertion of 190 to H—Ni—CN affords adiponitrile

(191).
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The Co reagent 192, prepared by the reaction of Co,(CO)g with sodium, is reactive,
and the acylcobalt complex 193 is formed by the reaction of acyl halides. Insertion of
butadiene at the Co—acyl bond generates the n-allylcobalt complex 194, from which
the acylbutadiene 195 is formed by deprotonation with a base [82]. Based on this
reaction, various acyldienes are prepared by Co,(CO)g-catalysed reaction of active
alkyl halides, conjugated dienes and CO. The Co-catalysed reaction can be carried out
smoothly under phase-transfer conditions. For example, 6-phenyl-3,5-hexadien-2-one
(197) was prepared in 86% yield by the reaction of Mel, 1-phenylbutadiene (196) and
CO in the presence of cetyltrimethylammonium bromide [83].
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5.3 Bis-metallation, Carbometallation and
Hydrometallation

Conjugated dienes undergo metallation to give the 1,4-adduct 198 and the
dimerization—1,8-addition product 199 with main group metal compounds. The
reaction proceeds by oxidative addition of main group metal compounds to transition
metal complexes. Reactive allylmetal compounds 198 and 199 as useful synthetic
intermediates are prepared by this methods.

R,M'A + N —_— Ran/\/\/A + R”M'WWA

198 199
A=H,R MR,
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Disilanes add to conjugated dienes by splitting their Si—Si bond. The dimerization
and 1,8-disilylation of conjugated dienes with hexamethyldisilane are catalysed by
PdCl,(PhCN), at 90 °C [84]. Using Pds(dba); without phosphine as an active catalyst,
the reaction proceeds in DMF at room temperature to give 200 [85]. Smooth
dimerization and 1,8-distannation of butadiene with hexamethyldistannane to give 1,8-
distannyl-2,6-octadiene (201) is catalysed by Pd,(dba); without phosphine [86]. The
cyclopentane 203 is formed by the reaction of di-(2,4-pentadienyl)malonate (202) with
hexamethyldistannane [87]. However, 1,4-disilylation of 1,3-dienes occurs by Pt-
catalysed metallation [88], and the selective 1,4-silylstannation of butadiene with the
silylstannane 204 to give 205 is catalysed by Pt(CO),(PhsP), [89].

Pdy(dba)s, DMF :
)\% + MesSiSiMes > MesSi S X siMes
n, 85%

200
Pdg(dba):;
N + Me3zSnSnMe; ——ST» Messn/\/\/\/\/SnMe;;
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+ Me3zSnSnMe; — EO.C
EtO.C N 80°C, 90% 1O, = SnMes
202 203

A~ + BuSnSive; _PUCEQ=PhaP) Bugsn” - SiMes
204 100°C, 93% 205

Addition of bis(pinacolate)diboron (206) to dienes is catalysed by Pt complexes.
The 1:1 adduct 207 is obtained with Pt(Ph3P),, whereas Pt(dba), without phosphine is
a very active catalyst and the 1,8-adduct 208 is obtained at room temperature [90].

Pt(Ph3P)4
o [“g0°C, 03% ; —/_Q ]
N /O
)\% + IB_B ——
| Ptidba), :Ié
206 r, 94%
Silaboration of diene with the silylborane 209 is also catalysed by Pt complexes to

give the 1,4-adduct 211 as an £/Z mixture which reacts with benzaldehyde to afford
the homoallyl alcohol 212 having a silyl group [91]. However, the silaborative

-
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coupling of the diene 210 with 209 and benzaldehyde proceeds in one step under
milder condition to yield the silyl-protected homoallyl alcohol 215 having a boryl
group with high stereoselectivity. In this coupling, reaction of the intermediate 213
with aldehyde generates the alkoxysilylplatinum 214, and finally 215 is obtained by
reductive elimination.
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As an example of carbometallation, the 1,4-carbosilylation product 218 is obtained
by the reaction of dienes, disilanes and acid chlorides of aromatic and o, f-unsaturated
acids at 80°C. The phenylpalladium 216 is formed by the oxidative addition of
benzoyl chloride, followed by facile decarbonylation at 80°C, and reacts with
butadiene to generate the benzyl-n-allylic complex 217. Then, transmetallation with
the disilane and reductive elimination afford 4-silyl-2-butenylbenzene 218 [92].
Regioselective carbomagnesation of isoprene with allylic magnesium bromide 219
catalysed by Cp,TiCl, gives 220, which is useful for terpene synthesis [93,94].

1,4-Hydrometallation of dienes proceeds smoothly to give the allylmetal
compounds 221. 1,4-Hydromagnesation is catalysed by Cp,TiCl,. As the Cp,TiCl,-
catalysed exchange reaction between Grignard reagents which have f-hydrogen and
conjugated dienes, such as butadiene and isoprene, is irreversible, the methallylic
Grignard reagent 224 can be prepared in a quantitative yield by the exchange reaction
of i-PrMgBr and isoprene [95-97]. The reaction can be explained by the following
mechanism. Cp,TiH (222) is generated by the transmetallation of Cp,TiCl, with i-
PrMgBr, followed by f-elimination. Then insertion of isoprene generates the n-allylic
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Ti complex 223, and transmetallation with the Grignard reagent gives the methallylic
Grignard 224, and the Ti-hydride 222 is regenerated.

Hydroboration proceeds without a catalyst, but hydroboration with less active
catecholborane (225) is accelerated by catalysts. Usually 1,2-addition to conjugated
dienes takes place, but the Pd-catalysed reaction of catecholborane (225) gives the 1,4-
adduct 226. This reaction is not catalysed by Rh complexes [98]. Hydroalumination of
conjugated dienes catalysed by Cp,TiCl, affords the allylic aluminium compounds
227 by 1,4-addition. The Pd-catalysed hydrostannation of isoprene with HSnBuj
affords the (Z)-2-alkenylstannane 228 with high regio- and stereoselectivities [99].

Hydrosilylation of butadiene gives rise to different products depending on the kinds
of hydrosilanes and the reaction conditions. Trimethylsilane produces the 1:2 adduct,
namely 1-trimethylsilyl-2,6-octadiene (231) in high yields [100,101]. Unlike other
telomers, which have the 2,7-octadienyl chain, the 2,6-octadienyl chain is formed by
the hydrosilylation. However, 1-trichlorosilyl-2-butene (230) as the 1:1 adduct is
formed selectively with trichlorosilane, which is more reactive than trialkylsilanes. The
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89%
Cp,TiCl, ]
~Z  + i-BuAlH —————— [-BUZAl X

227
Pd(PhsP)4
/\f + BugSnH  —— o> —<_SnBu;
228
H X=Cl /TN\SiCl
Pd(PhsP), SiXs 20
HSiXs + =2~ — > {(—pd ] Me.Si
€30l
X =Me Xy 2 TPd
229 |
NF St

PdO)  cisi
2\/ + HSiCly — ‘>:/ 231

232
EtO,C A . Pd.(dba)s
+ PhysiH _92(@b&)s
EtOC XX 25°C, 94%
233
EtOZC><j/\/\SiPh3 £10,C
EtO,C +  EtO,C
) _
Ph3Si
6:1 °

234

catalyst
+ HSIMe,Cl ———>
SiMe,Cl

235
Catalyst Conditions Yield of 235
Ni(acac)o/AlEts —78-0°C, 1h 72%
Pd(Ph3P), 100°C, 6h 82%

RhCI(Ph3P)3 100°C, 6 h 83%
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reaction gives the (Z) form stereoselectively. A mixture of the 1:1 and 1:2 adducts
(83.5 and 5.2%) is obtained with dichloromethylsilane [101]. The reaction of
chlorosilanes proceeds even in the absence of a phosphine ligand. The reaction of
trichlorosilane with isoprene gives (Z)-1-trichlorosilyl-2-methyl-2-butene (232) regio-
and stereoselectively. No reaction takes place with trialkylsilanes and isoprene [101,
102]. Cyclization of 1,3,8,10-undecatetraene system in di(2,4-pentadienyl) malonate
(233) via hydrosilyation gave the cyclopentane derivative 234, which corresponds to
2,6-octadienylsilane [103].

The Ni catalyst is most active for the hydrosilylation of 1,3-cyclohexadiene to
afford 235 with HSiMe,Cl, and the reaction proceeds at —78°C in 1h, whereas
Pd- and Rh-catalysed reactions proceed at 100 °C in 6 h [104].
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6

REACTIONS OF
PROPARGYLIC
COMPOUNDS

6.1 Classification of Catalytic Reactions Based on
Mechanistic Consideration

Propargylic compounds (2-alkynyl compounds) are derivatives of alkynes and they
undergo several types of transformations in the presence of transition metal catalysts.
However, catalytic reactions of propargylic compounds, particularly their esters and
halides, clearly differ mechanistically from those of simple alkynes, except in a few
cases. Therefore, the catalytic reactions of propargylic compounds are treated
independently from those of simple alkynes. The most extensive studies have been
carried out using Pd catalysts, and mainly Pd-catalysed reactions are treated in this
chapter [1].

The Pd(0)-catalysed reactions of propargylic compounds can be understood by the
following mechanistic consideration. Complex formation by stoichiometric reaction of
the propargylic chlorides 1 and 3 with Pd(Phs;P), have been studied, and the o-
allenylpalladium 2 and the propargylpalladium (or, g-prop-2-ynylpalladium) 4 are
isolated as yellow powders [2]. Allenylpalladium chloride 2 is formed by Sn2’ type
displacement of the chlorine with Pd(0). Compound 4 is generated by direct oxidative
addition, and formed when a bulky group such as trimethylsilyl or fert-butyl is
attached to the alkyne terminal. It is reasonable to expect that Pd(0)-catalysed reactions
of various propargylic compounds should proceed by the formation of either 2 or 4 as
intermediates.

_i_-— [PA(Ph3P)4] THF, 20°C \Fl:\
— _
¥4 gogs9 PdCI(PhsP),

: ;
H H
THF, 20°C
H——l—:—SiMe3 + [PA(PhsP)al - H } — SiMe,
o] PACIPhsP),
4

3
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From a mechanistic viewpoint, the Pd(0)-catalysed reactions of propargylic
compounds so far discovered can be classified into four types I-IV. The allenyl
complexes 5 undergo three types of transformations depending on reactants. Type 1
reactions proceed by insertion of unsaturated bonds to the g-bond between Pd and the
sp? carbon in 5. Type Ia is the insertion of alkenes to the palladium—carbon ¢-bond,
and the 1,2,4-alkatrienes are formed by f-elimination. Alkynes insert to form the
alkenylpalladium 6, which undergoes various transformations such as insertion of
unsaturated bonds and anion captures.

Insertion of CO also generates the acylpalladium intermediate 7, and 2,3-
alkadienoates are obtained by alcoholysis (Type Ib).

Type la
H 1 2 1 2
= R R R N
R 3 R 3
— >R R’='=<_
1 , H (Pd-X R
R R
R® Pd R R2
5 X R—=—R R el
. Ra\:—_—'l_—_S:<
R Pax| X
6
Typelb
R! R2 co Rl R®
—— 3
3\:.:( R>=:<// PdX
R Pd , O
5 X

ROH R R?
—_— \=-=/>- + HX + Pd(0)
R® OR
o)

The reactions of type II proceed by transmetallation of the complex 5. The
transmetallation of 5 with hard carbon nucleophiles M'R (M’ = main group metals)
such as Grignard reagents and metal hydrides MH generates 8. Subsequent reductive
elimination gives rise to an allene derivative as the final product. Coupling reactions of
terminal alkynes in the presence of Cul belong to Type II.

Type ll

1 2 1 2

? R M-R Ra R . R1\:=<R2 . Pd(o)
R I?d ; R Fl’d R3 R
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Type III reactions proceed by attack of a nucleophile at the central sp carbon of the
allenyl system of the complexes 5. Reactions of soft carbon nucleophiles derived from
active methylene compounds, such as ff-keto esters or malonates, and oxygen
nucleophiles belong to this type. The attack of the nucleophile generates the
intermediates 9, which are regarded as the palladium—carbene complexes 10. The
intermediates 9 pick up a proton from the active methylene compound and =-
allylpalladium complexes 11 are formed, which undergo further reaction with the
nucleophile, as expected, and hence the alkenes 12 are formed by the introduction of
two nucleophiles.

Typelll

1 2
R R NuH
Sy NUH,
Pd” 5 H

Nu Nu
R ( R2 R1\H\/R2 X
>=I::< — - —
-

X- X-Pd’A  H X-Pd o
o Nu 2 ] 1 Nu Nu Nu
NS H 2 1 2
LN ngH\/R . R%\/R NuH R1\%\/Nu
Pd X-Pd .Pd ; 2
10 X HX R
11 12

Two reactions of type IV are known. They proceed via the propargylpalladium
complexes 13. Formation of alkynes 14 by direct displacement of Pd in 13 with
hydride is one reaction. Elimination of Pd—H species from 13 to form the enyne 15 is
another reaction which proceeds via the propargylpalladium intermediate 13.

Type IV
R1\| R
_ )
R3 = R? » R3 = R? + Pd(0)
Pd-X H
13 14
R1
;
w elimination R
RS ——=—R" > 3\\ =R? + Pd(0) + HX
Pd-X R™ 45
13

Several propargylic derivatives can be used for Pd-catalysed reactions, although
they have different reactivities. Propargylic carbonates 16 are highly reactive and
undergo various Pd-catalysed reactions smoothly, especially under neutral conditions.
The allenylpalladium methoxides 17 are generated by facile irreversible oxidative
addition of the carbonates with evolution of CO,. Extensive studies on propargylic
compounds have been carried out using propargylic carbonates as convenient
substrates. Also, the 2-(1-alkynyl)oxiranes 18 undergo facile reactions using Pd(0)
catalysts under neutral conditions by forming alkoxypalladium complexes 19 as
intermediates. Examples of reaction types I-IV are now discussed.
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Pd(0)

R? 2
R 1 2
R—— | g3 + Pd(0) —» R1Q~ N R R
OCOzMe (OCOZMG C;o

3

R? 3 1 2
= R, ?
(9 *pd o
18 19 R

Pd(0)
1

6.2 Reactions via Insertion to the Palladium—sp? Carbon
Bond (Type I)

6.2.1 Reaction of Alkenes and Alkynes

Reaction of the propargylic carbonate 20 with alkene 21 offers a good synthetic route
to the 1,2,4-alkatriene 23. Smooth insertion of methyl acrylate (21) to the
allenylpalladium bond generates 22, and subsequent elimination of f-hydrogen
affords the 2,4,5-alkatrienoate 23 in a good yield [3]. The reaction of allyl alcohol (25)
as an alkene component with 24 gives aldehyde 27 by the elimination of f-hydrogen
from the carbon attached to the oxygen in the intermediate 26.

CeH1sa
— + =\ PA(OAC),, PhsP, KBr, Et;N
0CcOoMe OTHP CO.Me g
” 21 71%
CeH1s OTHP CeH1a OTHP
Pd.OMe | ——> /:':’Q
=< 23
,, H 7 COMe COMe
o _ " PA(OAC);, PP _
o 0CO.Me OTHP KBr, Et;N :
) - 70°C, 2 h. 65%
24
OTHP OTHP
(\ o Pd-OMe (\ o
o) g on o
-0 CHO
26 H 27

Polycyclic compounds are prepared by domino insertions of alkenes and alkynes to
the allenylpalladium intermediates. As examples, 1,6-enyne 28 underwent intramo-
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lecular alkene insertion twice via the allenylpalladium 29, to form the intermediate
bearing bicyclo[3.1.0]hexane structure 30, which was trapped with CO to give ester 31
and with phenyl group of NaBPhy, to give 32 [4]. The triyne 33 generates the
allenylpalladium 34, and triscyclization starting from 34 by domino insertions of two
alkyne and one alkene bonds affords 36 via 35 in 82% [5].

OCO,Me _
Pd-X ) X-Pd Pd.X
Ly men | NSNS A
e
' SO,Ph | \
SO,Ph $O,Ph S0,0h
- 29 0 1
28 co
MeQOH .
COQMe 73 /o NaBPh4
80%
Ph
N
SO,Ph ,}j
31 32 S0,Ph
OCO,Me \\
CO.Me
Il N COMe  Pd(PhsP)s, MeCN PdX
> =
= CcOMe 2 h, 82% = CO,Me
h }
' S
Ts 33 B .
XPd

CO,Me O’ CO,Me
—_— 7 COMe | — ™ ‘ "‘COMe
N

N .
Ts Ts
35

36

6.2.2 Carbonylation

Propargylic compounds undergo facile Pd-catalysed mono- and di-carbonylations
depending on the reaction conditions [6]. The facile monocarbonylation of propargylic
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carbonates 37 proceeds under mild conditions [7]. The carbonylation of propargylic
alcohols carried out under somewhat severe conditions affords mainly dicarbonylation
products [8,9].

The mono- and dicarbonylations in an alcohol can be understood by the following
mechanism. At first, CO insertion to the allenylpalladium intermediates generates
acylpalladium complexes 38 which react with alcohol to give the 2,3-alkadienoates 39.
The carbonylation of propargylic carbonates under mild conditions stops at this stage.
Under high pressure of CO, or in the presence of an activating group (for example,
R3 = CO,R), further attack of CO at the central sp carbon of the allenyl system in 39
takes place to give the diesters 40.

1 1 8
R Pd(0) R R R’ R3
R? =R’y co —| g? o |/
R? CO,Me
OCO,Me 38 py 29 2
37 ‘OMe
1 4
R R3 o0 + RO Pd(0) R CO,R
a8 —
=  +C0~ R2 R®
R COR CO,R*
39 40 2

The 2,3-alkadienoate 42 is obtained by smooth decarboxylation—carbonylation of
propargylic carbonate 41 in an alcohol under mild neutral conditions [7]. The reaction
proceeds at 50 °C under 1-10 atm pressure of CO. The tertiary propargylic carbonates
43, with a terminal triple bond, are the most reactive and give high yields of esters 44.
Propargylic acetates [10] and propargyl bromides [11] are also carbonylated under
more severe conditions than those of carbonates. Carbonylation of propargylic
mesylate 45 gave ester 46 with net inversion of the configuration [12].

CiHis —=— Pd(OAc),, PhsP CO-Me
OCOQME + CO + MeOH N — + COQ
40°C, 10 atm C;Hqs
41 820, 42
// Pd(OAC)z, Ph3P COzMe
+ CO - <:>=I:/
Ocone 50°C, 15 atm
96% 44
43
Pdg(dba)s, Ph3P
+ CO + ROH -
Yoy, 70% H AN iz
MsO S "/ > l
COLR
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The 5-hydroxy-2,3-dienoate 49 is obtained from 2-alkynyloxirane 47 via the
allenylpalladium 48. In the presence of hydroxymethyl group in 50, the 2,3-
dihydrofuran-4-ol derivative 51 is obtained [13].

Pd HO
X - MeO,C
0 (MePh,P),Pd | H 2
N + CO + MeCH 4» o
rt, 20 atm H
70% 49
47 48
MePh,P)4Pd _
N\ 0+ 00+ meon MePhPlPd —» MeO,C
r, 20 atm
OH 70%
50
o}
Meozc/j_z

51 OH

Substituted propargylamines 52 can be carbonylated in the presence of TsOH
which may facilitate the oxidative addition of Pd(0) to the C—N bond to generate 53,
and the 2,3-dienecarbamides 54 are obtained by CO insertion using DPPP as a ligand.
The terminal alkynes 55 are converted to the 2,4-dienecarbamide 56 [14].

O
Ph——— sz(dba)3, DPPP, TsOH Ph
- + CO — — Bnl}l

Il\l-Bn 40atm, 100 °C, 82% Bn[}j—Pd Et Ph
52 Et Et 53 54
Pd(dba);, DPPP, TsOH 1
— 2(dba)s, . I8l
== + CO = ph-NT N
HN—Ph 40 atm, 100°C, 66% H
55 56

Facile dicarbonylation becomes the main path, with the introduction of an ester
group to the alkynic terminal of propargylic carbonates. That is, vicinal dicarbonyla-
tion, rather than monocarbonylation, occurs to afford triesters 60 by carbonylation of
the 3-methoxycarbonyl-2-propynyl methyl carbonates 58, demonstrating that the ester
group has a strongly activating effect [15]. The dicarbonylation proceeds at room
temperature, and it is not possible to stop the reaction after the monocarbonylation to
form 59. Bidentate ligands such as DPPP and DPPF are the most effective for
dicarbonylation. The alkynic esters 58 are easily prepared in one step by the treatment
of propargylic alcohols 57 with two equivalents of #n-BuLi, followed by the reaction of
two equivalents of methyl chloroformate.

One possible mechanism is the following. The allenyl geminal diester 61, not
isolable, is expected to be susceptible to Michael-type addition of Pd(0)L,, species to
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HO 5 MeO,CO
2 n-BuLi e
O%H + 2CICO,Me ——— Cﬁ—— COMe
58
57
CO, MeOH, Pd(OAc), C CO.Me CO,Me
- —_— —_—
DPPF, 1 atm, 25°C, 74% CO.Me CO:Me
59 60 COgMe

the allenyl sp carbon, resulting in the formation of the palladacyclopropane 62.
Insertion of CO to 62 and methanolysis afford the triester 63. The alkene geometry of
the product 63 is exclusively (E). The high stereoselectivty is rationalized by assuming
that a nucleophilic attack of Pd(0) species to the allenyl sp carbon in 61 occurs from
the less hindered side of a smaller alkyl substituent (Rs).

r Pd(0)
Rs
Rs CO,Me
R,_——'%COZMe _Pd©@ )=_=< 2 (oe) Rs COsMe
OCO;Me R Pd-OMe{ MeOH R, CO,Me

61
co -
Rs. \,Pd

R >:§{- MeOH Rs _ COzMe
Ry CO,Me g RL)_%»COgMe

COMe CO,Me
62 63

Bis(methylene)butanedioate 68, which is an interesting derivative of butadiene as
well as acrylate, can be prepared by the dicarbonylation of the dicarbonate of
butynediol 64 [16]. The monocarbonylation of 64 affords the allylic carbonate 65, and
the diester 68 is obtained by further carbonylation of n- or ¢-allyl complexes 66 and
67.

— Pd(OAC),, PhsP

E10,c0  OCOo,Et *+ CO + EtOH 10atm, 50°C
6 70%
- COEL N COEL | o5 EOC, — COEt
EtO.CO T e Pd EtOH
—_— Pd. o, OEt o8
66 67

Propargylic alcohols are less reactive than their esters, and their carbonylation has
been carried out under somewhat severe conditions (100°C, 100atm) [89].
Carbonylation of propargyl alcohol (69) in MeOH without using a phosphine ligand
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proceeds in the presence of HCI to afford methyl itaconate (71) as the main product
and methyl aconitate (72) as a minor product. PdCl, or Pd/charcoal is an active
catalyst [9]. 2,3-Butadienate (70) is a primary product of the Pd(0)-catalysed
carbonylation.

Terminal and internal propargylic alcohols 73 are carbonylated using DPPB under
CO-H,; pressure, and 2(5H)-furanones 75 are obtained via the lactonization of 2,3-
dienecarboxylic acids 74. Hydrogen pressure is claimed to be essential [17].

Pd/C, HCI
—_— ’ :-;
= H
on + GO+ MeO 100°C, 100 atm [ COEt
70
69
COgMe COZMe
> Y MeO,CT COMe
COzMe
71, 63% 72,10%

—,—E + CO
CHchQ, 40 atm, 98%

OH Ha, Pdo(dba)s, DPPB { /_\COQH
Dicarbonylation in aprotic solvents yields acid anhydrides. Fulgide (dimethylene-
succinic anhydride derivative) 78 was obtained in 49% yield by the Pd(0)-catalysed
dicarbonylation of 2,5-dimethyl-3-hexyne-2,5-diol (76) via 77 in benzene [6]. The
fulgide-forming reaction proceeds more smoothyl using Pd(OAc), as the catalyst in
the presence of iodine (Pd:I = 1:1) instead of hydrochloric acid [18].

co
o PA(OAC),, I, PhH HOLC 'S N
HO——=—770H + 2C0 4 m s0-C 762'2/\ NG
86%
HO O
76 77 78

O

The o-vinylidene-y-lactones 80 are prepared from 5-hydroxy-2-alkynyl methyl
carbonates 79 under mild conditions in good yields [19]. The reaction proceeds at
room temperature under 1-10 atm of CO. Bidentate ligands, particularly DPPP and
DPPF, are the best ligands.

Carbonylation of propargyl carbonates bearing an amino group yields lactams. The
a-vinylidene—f3-lactams 82 are prepared by the carbonylation of 4-benzylamino-2-
alkynyl methyl carbonates 81 [20]. The best results are obtained by using the cyclic
phosphite (4-ethyl-2,6,7-trioxa-1-phosphabicyclo[2,2,2]octane) (83). The lactam
formation is carried out in THF or MeCN as solvents at 50 °C under 1-10 atm of CO.

Active methylene compounds can be used for trapping the acylpalladium
intermediates [21]. The triketone 85 is obtained in the presence of cyclohexane-1,3-
dione (84). The carbonylation proceeds under 1 atm of CO at 50 °C.
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HO
OCOMe Pd(OAc),, DPPF, 14 h CeHis
=S HO
=— CeHiz + CO PhMe. 25°C. 84% X_;Q=-=<
79 0
o}
80
j— Pd(OAc),, 83
— cCO ————
MeQ,CO NHEn MeCN, 10 atm .
50°C, 48% X-Pd NHBn NBn
81 0 0
oy 82
K 9/\
O
83
9) o]
Pd(OAc),, PhsP, NaH
CeH1a ——C4Hg + CO +
OCO,Me THF, 50°C, 1 atm, 58%

84

Interesting domino carbonylation, Diels—Alder and ene reactions are possible in the
presence of alkene bonds in propargylic carbonates. The allenyl esters formed by the
carbonylation of propargylic carbonates are highly reactive, and undergo subsequent
intramolecular reaction in the presence of alkenic bonds in the same molecules. The
smooth carbonylation, followed by intramolecular Diels—Alder reaction of the dienyne
carbonates 86, proceeds at 50°C under 1atm of CO in benzene smoothly without
stopping after formation of the allenyl esters 87, and the cyclized products 88 of the
intramolecular Diels-Alder reaction are obtained in good yields [22]. As a ligand,
DPPP is the most suitable.

OCOZMG

H
MeO,C
[Pd(dba)s], PhH { ez

DPPP, 50°C, 1atm o
o O
89% J \)

87

+ CO + MeOH

The reaction proceeds even at room temperature when a dienophile has an electron-
donating group. The cyclized products 91 and 92 are obtained in good yields from
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propargylic carbonate 89 at room temperature under 1 atm. This means that the Diels—
Alder reaction of the intermediate 90, in which the diene has an electron-withdrawing
group (CO;Me) and the dienophile has an electron-donating group (OMe), proceeds at
room temperature. The electronic effect in this case is opposite to the effect usually
observed in Diels—Alder reactions [23]. This reaction offers a good synthetic route to
the bicyclic skeleton of glycinoeclepin (93).

MeO MeO
Pd(OAc),, DPPF | o .
| + CO + MeOH > o~
& PhMe, 1 atm. 25°C, 3 h
MeO,CO CO,Me
MeO
CO,Me CO,Me o COH
91, 54% 92, 16% 93

The allenyl esters formed by the carbonylation undergo an intramolecular ene
reaction when there exists an alkenic bond at a suitable position. A particularly facile
ene reaction is observed with the propargyl carbonates with an ester group attached to
the triple bond [24]. The propargyl carbonate 94, bearing an isopropenyl terminus,
undergoes Pd-catalysed monocarbonylation, followed by ene reaction via 95 to yield
the six-membered ring 96. The ensuing thermodynamically controlled alkene
isomerization from the 1,4-diene 96 to the 1,3-diene, affords 1,3-cyclohexadiene 97
in high yields. In sharp contrast, the carbonylation of propargyl carbonate 98 with the
2-methyl-1-propenyl terminus yields the five-membered ring 100, having an
isopropenyl group via the intermediate 99. The triesters corresponding to 60 are not

ol/\o OCO,Me OI/\ o
Pd(OAc),, DPPF CO:Me
\\ —_— T e —
COMe  50°C, 1 atm, 70% ) CO.Me
J
H
CO.Me COMe
O CO,Me O COzMe



210 Reactions of propargylic compounds

formed by further carbonylation of the intermediary allenyl geminal diesters 95 and
99. Instead, the intramolecular ene reaction proceeds preferentially. The reaction takes
place smoothly at 50 °C under 1 atm of CO. Pd(OAc), combined with DPPP or DPPF
(1:1 ratio) is used as a suitable catalyst.

0CO,Me COMe
COM
A co _Pd(OAT), DPPP 2Me CoMe
+
| CO-Me 1 atm, 50 °C, 84% | OzMe

98

The domino carbonylation and Diels—Alder reaction proceed only as an
intramolecular version. Attempted carbonylation and intermolecular Diels—Alder
reaction of conjugated 2-yne-4-enyl carbonates 101 in the presence of various alkenes
as dienophiles give entirely different carbocyclization products without undergoing the
intermolecular Diels—Alder reaction. The 5-alkylidene-2-cyclopenten-4-onecarboxy-
lates 102 were obtained unexpectedly by the incorporation of two molecules of CO in
82% yield from 101 at 50 °C under 1 atm [25]. The use of bidentate ligands such as
DPPP or DPPE is important. The following mechanism of the carbocyclization of 103
has been proposed. The formation of palladacyclopentene 105 from 104 (oxidative
cyclization) is proposed as an intermediate of 108. Then CO insertion to the
palladacycle 105 generates acylpalladium 106. Subsequent reductive elimination
affords the cyclopentenone 107, which isomerizes to the cyclopentenone 108 as the
final product.

MeO,CO 9-—% CO,Me

~° Pd(OAc),, DPPP )<
4 - = 0
+ CO 25°C, 5 atm. 82%
o}
101 102
Pd—OMe MeO,C
Rl __ 0COMe pgp) | R R
V. — e 3 co 3
R2 R? | R — | R
103 R? H R2 H
104
M R®
MeOZC R3 R1 eOzC P M602C RS M602C Ra
e G o NP AT
Pd R Pd" O 2
R o] 2
R2 (I)Me R o]
105 106 107 108
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6.3 Reactions via Transmetallation and Related Reactions
(Type 1)

The reactions of propargylic halides, acetates and phosphates with hard carbon
nucleophiles M'R (M’ = main group metals such as Mg, Zn or B) gives allenyl
derivatives. The reaction of octylmagnesium chloride with 3-chloro-1-butyne (109)
gives 2,3-dodecadiene (110) [26]. The 1,3-dimethylated allenes 114 are obtained by
the Ni-catalysed reaction of propargylic dithioacetals 111 with MeMgl. Based on this
reaction, the propargylic dithioacetal 111 can be regarded as 1,3-dication synthons of
allene 115 [27]. In this coupling, oxidative addition of Ni(0) to the C—S bonds in 111
and 112 and subsequent transmetallation afford 114.

PdCly PhsP
\—: + CgHyMgll —=2 %, ===

BuzAIH, 62% CeHi7
Cl 110
109
Ph Ph Me
s NiCl(dppe) S Mgl S
ph%S + MeMgI _‘—_:—“‘_> N| S S Me Ni 'Ylgl
11 Me 80% Me —/ S S
112 113 —/
Ph Me Ph Me Ph
- P 4 _ = >:-:{ ﬁ_.::
Me Ni-Me Me Me Me
114 115

Reaction of PhZnCl with 3-acetoxy-3-methyl-1-butyne (116) gives 1-phenyl-3-
methyl-1,2-butadiene (119) in high yield [28-30]. The reaction can be explained by
transmetallation of the allenylpalladium intermediate 117 with PhZnClI to generate the
allenyl(phenyl)palladium intermediate 118, followed by reductive elimination to afford
119.

4‘—: + PhznCl >=.:<PdOA° . >=_=<Pd-Ph
OAc H H

116 117 118

[Pd(Ph3P)4]

The (R) allene 121 was obtained with high anti stereoselectivity in the reaction of
(R)-(—)-1-trifluoroacetoxy-1-phenyl-2-propyne (120) with PhZnCl. 2-Alkynyloxiranes
react smoothly with alkynyl, alkenyl and arylzinc reagents. Reaction of 2-methyl-2-(1-
propynyl)oxirane (122) with vinylzinc chloride (123) yields 2,4-dimethyl-2,3,5-
hexatrien-1-ol (124) [31].
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Organoboranes react with propargylic carbonates. Usually, addition of a base is
indispensable for Pd-catalysed reactions of organoboranes with aryl, alkenyl and allyl
halides. However, the reaction of organoboranes with methyl propargyl carbonates
proceeds without addition of the base, because methoxide as the base is generated in
situ from the carbonates. For example, the 1,2,4-alkatriene 127 is obtained by the
reaction of alkenylboranes 126 with propargylic carbonate 125 under neutral
conditions [32].

P [PA(PhP).] Ph Ph
:—\< + PhznCl - /\_-._\\
OCOCF, THF, B0 H H
(A)-120 (R)-121
anti - syn
82:18
=1 =g PRI N
© o = OH
25°C, 75%
122 123 124
[Pd(PhsP)J] CaHo
CGH13 — C4Hg + Tgs;» CaH -
— , 95% 613
OCOQMe B(OH)2
125 126 127

The Pd/Cu-catalysed coupling of propargyl compounds with terminal alkynes
proceeds via transmetallation. The allenylalkynes 133 can be prepared in good yields
by Pd-catalysed coupling of terminal alkynes 130 with propargylic compounds 128,
such as carbonates, acetates and halides, in the presence of a catalytic amount of Cul
as a cocatalyst. Addition of Cul is not necessary when metal acetylides are used. The
Pd/Cu-catalysed coupling of propargylic carbonates with terminal alkynes proceeds at
room temperature rapidly within 30 min [33]. The reaction is explained by the
following mechanism. At first, reaction of Cul with the terminal alkyne 130 affords the
copper acetylide 131, and its transmetallation with 129 generates the allenyl(alk-
ynyl)palladium intermediate 132. Finally its reductive elimination gives the
allenylalkyne 133 at room temperature in 85% yield in 25 min.

Various metal acetylides are used for smooth coupling with propargylic halides and
acetates. 2,3-Alkadien-5-yn-1-ols are obtained by the reaction of 2-(1-alkynyl)oxiranes
[28,29]. As a synthetic application, the unstable 2,3-octadiene-5,7-diyn-1-o0l (136), a
fungus metabolite, has been synthesized by the coupling of 4-trimethylsilylbutadiy-
nylzinc chloride (134) with 2-ethynyloxirane (135) followed by desilylation [31].

The allenylalkyne 139, the primary product of the coupling of 137 and 138,
undergoes further reaction with terminal alkyne. The Pd-catalysed bis-alkynylation of
propargylic carbonate 137 occurs to afford enediynes 144. The reaction is understood
by the following mechanism. The insertion of one double bond of the allene in 139 to
the alkynylpalladium 141, formed from the terminal alkyne 140, generates 142 which
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(|:6H13 Pd(0) CeH C4H
PR 6' 113 49
—_— 4119 - )=-=<
Pd-X
OCOMe Pd(PPhg)s, Cul, Et,NH,
128 129 -
_ Cul A KBr, 25°C, 30 min.
OH T T o 85%
130 131
CeH1a ,CaHg CgHq3 C4Hg
Pd _— ):'
AN N
133
132 OH OH
— Pd(PhsP),, THF MS——=
TMS—==—==—7nCl + =— \/ \
o 85%

134 135 OH

AgNQO3, NaCN, NH,CI e
H,O, THF, 30%

136
OH

is stabilized as the m-allylpalladium 143. Reductive elimination of 143 affords the
enedyne 144 [34].

V7 =— ph —» H-Pd—=—Ph
S o, PAPheP | E 7 120 18

ocoMe * DME
137 138

139 Bu

Bu Bu //
o A # E‘)/

Et
—= P
H-Pd Me”r\
\ Ph

N
= Ph e 144 58%

142 143
E:Z=47 53

6.4 Reactions with C, O and N Nucleophiles (Type lll)

Type III reaction proceeds by an attack of a nucleophile at the central sp carbon of the
allenylpalladium. Soft carbon nucleophiles such as f-keto esters and malonates react
with propargylic carbonates under neutral conditions using DPPE as a ligand [35].
The 2,3-disubstituted propenes 151 and 152 are obtained by the reaction of 2-
propynyl carbonate (145) with two moles of malonate under neutral conditions in
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boiling THF. Attack of the carbanion 146 to the central sp carbon of the
allenylpalladium 147 generates 148, which picks up a proton from malonate to form
the m-allylpalladium intermediate 150. The intermediate 148 can be considered as the
palladium carbene complex 149. Again, attack of the malonate anion 146 on the 7-
allylpalladium 150 gives 151, as expected. Migration of the double bond in 151
affords 152 [35,36]. Thus propargylic carbonate 145 has two reaction sites for
nucleophiles. The best ligand for the reaction is DPPE. The reaction is slow when
Ph;3P is used.

_ CHCOME) Pd_(dba)s, DPPE <CH(CO?Me)
- N + 20 Vie), _ 146
OCO,Me THFE, 49% MeO-Pd _—
145 -
147
CH(COMe). CH(CO,Me), CH(COMe)2 |~ cH(COMe),
_ — PPN 146
Pd ' Ptli
OMe Pd -ome ~OMe
148 149 150
CH(CO,Me), C(COMe);
CH(COMe), + CH(CO:Me),
151 152

Methyl acetoacetate anion 153, bearing one active hydrogen, reacts with methyl
propargylic carbonate (145) in a 1:1 ratio in THF at room temperature, giving an
entirely different product. At first, C-alkylation generates the m-allylpalladium
intermediate 155 via 154. The intramolecular attack of the oxygen nucleophile of
the enolate 155 gives 4-(methoxycarbonyl)-5-methyl-3-methylene-2,3-dihydrofuran
(156) in 88% yield under neutral conditions. The methylenefuran 156 is unstable and
isomerizes to the stable furan 157 quantitatively under slightly acidic conditions [35,
36]. Thus the C- and O-alkylations of propargylic carbonates offer new synthetic

COMe
COzMe 0
= Pd(dba)s MeO-Pd 153 CO,Me
OCOMe  pppg o5 —
88% _
145 S
OMe
154
07X CO;Me COQMe H* COs;Me
\ [\
Pd ©
157

155
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routes to furans. Formation of the furan 159 by the reaction of acetonedicarboxylate
(158) with 146 is an example.

0 COQMS
= . 80°C
0OCO,Me MeOQC\/U\/COZMe —_— \L/;\S\/cone

86%

146 158 159

In order to study the mechanism of the furan formation, the following reactions
were carried out. The reaction of isomeric 2-butynyl methyl carbonate (160) and 1-
methylpropynyl methyl carbonate (161) with methyl acetoacetate (162) gives the same
product 163. This shows that the furan formation from 160 and 161 proceeds via a
common intermediate.

— 9 60°C
T Nocome * M __come

97% COQMe
160 162 L . }g\
O

O
— ( 60°C
— + COM
0CO Me A ooue 79% 163

161 162

However, reactions of 160 and 161 with methyl 2,2-bisdeuterioacetoacetate (164)
give the products deuterated at different carbons; namely 2-deuterio-3-hydrofuran 166
is obtained from 160 via 165. Also, reaction of 161 with 164 affords the furan 168,
deuterated at the exomethylene carbon via 167. These results are explained by
assuming that the attack by the oxygen nucleophile (O-allylation) occurs at the more
substituted side of 7w-allylpalladium systems in 165 and 167.

The 2-vinyloxiranes undergo Pd-catalysed furan annelation with soft nucleophiles
[36,37]. The allenylpalladium 170 is generated from ethynyloxirane 169, and the
attack of acetoacetate anion 153 at the central carbon of 170 forms 171. The oxygen

@] 0]
D D
— 0 D COM Pd(0) )kl/COQMe COZMe
0OCOMe + /U\'/ 2T *j — .
160 13‘ MeOD 3 ) +
+pg Pd_
OMe
~“OMe

~ oA\ COMe CO;Me
— )
/'l\ D

(0]
D Pd.
OMe 166

165



216 Reactions of propargylic compounds

T T
0
. D o PAO) M come COMe
— < + 2 -
0CO,Me /U\‘/ N % A
D N
161 MeQOD - . gt
164 Pd L oOMe
“OMe
—07 Xy COMe N CO:Me
D \ MeOD
AN *
Pd. 0O
OMe
167 168

anion attacks the more substituted side of w-allyl palladium 171 to give 172, and the
tetrasubstituted furan 173 is formed by elimination of formaldehyde as shown by 172.

~ _COMe
COMe _ A -CO:Me
o] Pd(dba)s, DPPE H 153 0
Vv 25°C, 75% - = bt N
169 170 Pd

HO

171
___COMe COMe
.0 l/_\g\ + CHO
g
~ @]
OH
72 173

1

In an intramolecular reaction of the malonate in 174, the intermediate -
allylpalladium complex 175 undergoes elimination of -hydrogen to form the diene
176 [23].

R
R
OCO,Me R
o)) Mg |, A e —
E Pd-OMe
Pd-OMe

174
E = COMe

K/ Pd-OMe |—

175 176
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Allenyl o, f-unsaturated isoprenoid aldehydes can be prepared in high yields by
rearrangement of mixed propargyl enol carbonates. The carbonate 178 was prepared
from f-ionone (177) and subjected to Pd-catalysed rearrangement, and a mixture of
the allenyl aldehyde 180 as an (£)/(Z) mixture and the alkynyl aldehyde 181 was
obtained in 54% combined yield, accompanied by the elimination product 182 (25%)
using trinaphthylphosphine as a ligand. The allenylpalladium 179 is an intermediate of
the rearrangement and its reductive elimination affords 180. The aldehyde 180 is
converted to the conjugated polyenal with hydrogen bromide, and the all-trans isomer
of retinal (183) was obtained by a simple equilibration [38]. The reaction is applicable
to syntheses of polyunsaturated aldehydes and ketones. The single product 185 was
obtained by the Pd-catalysed rearrangement of propargylic enol carbonate 184 in a
high yield [39]. It should be added that the corresponding allyl enol carbonates
undergo a similar rearrangement to give a-allyl aldehydes in high yields [40].

NN = = — [Pd(dbalel, THF
- o) o\/\‘/ (Naph)sP, 54%
177 _

178 ©
= X
= N PdY\CHo — 2N0HO
179 180
_ _
+ — + = = \\
A NeHO 180:181=86:14

181 182

HBr, 57% R XACHO
—_—

180
acetone
183
o OV/Y 60°C, 90% Z>CHO
0 Ph
184 185

Umpolung of propargyl compounds occurs in the presence of excess Et,Zn, and
homopropargyl alcohols 187 are obtained by the reaction of propargyl benzoates (186)
with benzaldehyde, although the exact mechanism is not known. Ethylallene, which is
expected to be formed by transmetallation of the allenylpalladium with Et,Zn and
reductive elimination, is not formed [41].
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Et,Zn, Pd(PhsP)4 H H

E_\ + PhCHO » Ph I<
OBz THF, it, 57% Et
186 187 OH

The propargyl carbonates 188, which have a hydroxy group at C(5), undergo
cyclization by an attack of an alkoxy group at the central carbon of the allenyl system
189. The intermediate o-allylpalladium complex 190 undergoes elimination of f-
hydrogen to give the dienes 191 and 192, which are converted to the more stable furan
193 as the final product [41,42]. The reaction proceeds in the presence of DBU in
80% yield in refluxing dioxane using DPPP. The primary products 191 and 192 are
isomerized easily to furan 193 during column chromatography on silica gel. Similarly,
dihydropyrans 196 and 197 are formed from 6-hydroxy carbonates 194 via the
intermediate 195 [42,43].

C10H21
CqoH O
HO Pd(OAC),, DPPP OHW 1orzt P CaHyy
_ CgH ? CgH
CroHa );__( &7 bBU, 90°C g T -
dioxane, 2-PrOH, :
MeO,CO e Pd-OMe OMe
188 189 190
O
CyoH 0 CqoH O ; GioHz
10H21 m L, Lroha \Q/»\CSHW SO, W\CSHw
C7H15
191 192 193
_ CsH11 Pd(OAc),, DPPP, DBU /—\
— - HO —— CsHy4
HO OCO,Me 90 °C, dioxane, 2-PrOH MeO-Pd ™
194 79%
o] CsH1q o) - CsH11 NG CsHq4
(\ I | +
Fd =z
195 OMe 196 1:15 197

Nitrogen nucleophiles also react smoothly. The reaction of optically active
propargyl mesylate 198 with aniline without a catalyst gives 200 with inversion.
However, the Pd-catalysed reaction affords 199 with retention of stereochemistry [44].
The 4-ethenylidene-2-oxazolidinone 202 is obtained by intramolecular reaction of the
biscarbamate of the 2-butyn-1,4-diol 201 [45].

N
NH, Pd(PhsP), L H—@
_OMs 78% 7s Q
CrHis —= < + S 90% ee 199

198 no catalyst ”@
—_— I
MeCN, 63%  CrHis ==X

200
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6.5 Hydrogenolysis with Formate and Other Hydrides to
Give Allenes and Internal Alkynes (Types Il and V)

Palladium-catalysed reactions via the propargylic palladium intermediate 13 is rather
rare. One reaction that does proceed via 13 is decarboxylation—hydrogenolysis of
propargylic formates which have internal alkynic bond and various functional groups.
Allenes and internal alkynes are prepared by treatment of propargyl formates with Pd
catalyst, or the hydrogenolysis of other propargyl compounds with HCO,NH,4 or
HCO,H-Et;N. Propargyl formates 203 or 205, which have terminal alkyne or no
substituent on propargylic carbon, are converted selectively to allenes 204 and 206
[46,47]. Allene formation can be carried out most satisfactorily from primary and
secondary propargylic formates with a terminal alkyne. Tertiary propargylic formates
cannot be prepared, and in that case the corresponding carbonates are hydrogenolysed
by treatment with triethylammonium formate. However, substituted propargyl
formates 208 are converted to the internal alkyne [47, 48]. Exceptionally, the primary
propargylic formate 205 with an internal alkynic bond gives allene 206 as the main
product, accompanied by a small amount of alkyne 207. Allene formation has been
applied to the synthesis of the corticoid f-methasone (214) [49]. The carbonate 211
was prepared from 210 using methyl phenyl carbonate. This is a better reagent than
methyl chloroformate for the preparation of methyl carbonates from alcohols. The Pd-
catalysed hydrogenolysis of propargyl carbonate 211 afforded allene 212 cleanly,
which was converted to ff-methasone (214) via 213.

MOM(CHz)s  Pd(OAC), n-BusP, PhH MOMO(CHz)q MOMO(CH,)e
— — ):-: " —
HCO; 4h, 25°C, 86% H H
203 204 99 : 1

OCHo  Pd(acac),, n-BuzP

MOMO(CHy),q —=— -
25°C, 93%
205
MOMO(CHy) o
) +  MOMO(CHy)1g —=
206 91:9 207

e e

0 O OCHO Pd(acac),, n-BusP, PhH o 0

w\ 25°C, 97%, Lk/\

208 CeHis selectivity 97% 209 CgH13
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NCOZNH4
_—

Pd(OAc);, BusP

Allenes are reduced further to 1-alkenes with excess ammonium formate at 100 °C.
Whereas allene 216 is formed with two equivalents of formate at room temperature in
THE, terminal alkene 217 is obtained with excess HCO,NHy4 directly from 215. The
use of propargyl formates is therefore recommended for clean allene formation
without overreduction whenever the formates are available.

2 HCO,NH M

- 0COMe THF, 30°C, 76% ”6
S
5 HCOo,NH, )\/\)\/
215 dioxane, 100°C X =

93%
217

The following mechanism has been proposed for the hydrogenolysis of propargylic
formate 219. The allenylpalladium formate complex 221 is generated by oxidative
addition of 219. The same intermediate is formed by oxidative addition of the
corresponding propargylic carbonate 218 via 220 in the presence of triethylammonium
formate. Decarboxylation of 221 gives the allenylpalladium hydride complex 224.
Finally, reductive elimination of 224 gives the allene 225, and the Pd(0) species is
regenerated. Also, the propargylic formate complex 223 is formed from 218
depending on the substituent. The alkyne 227 is obtained from the propargylpalladium
hydride complex 226 via 223. Formation of the alkynes 227 as the main product from
the hydrogenolysis of propargylic carbonate 218 is discussed here although the
reaction belongs to type IV.

Palladium(0)-catalysed selective allene formation by hydrogenolysis is a convenient
synthetic route to allenes from propargylic alcohols. The method offers a new and
efficient preparative method for allenes from easily available propargylic alcohols after
converting them to formates or carbonates. The best catalyst for smooth
hydrogenolysis is prepared by mixing Pd(OAc), or Pd(acac), with n-BusP in a ratio
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2 R R? H
HCO Pd()| R? Pd-O,CH R Pd-H
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R
219 225
2 co, 24 Pd(0)
HCO,™ R'=HorR2=H
MeO,CO Pd(0) [ L2 .
\/2 — 1 R Pd-OMe
R" e H R
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Pd(O)l 0
MeO-Pd HCO,~
N o >~ | HCO,-Pd H-Pd ,
R N — N = gt >—=—F
R2 R?
222
223 CO, 226
l Pd(0)
H
;
R R $H =
R
227

of 1:1 [50]. This reaction is also useful for the selective preparation of internal alkynes,
particularly those with labile functional groups. It is not always easy to prepare
disubstituted alkynes 229 by simple alkylation of the terminal alkynes 228,
particularly in the presence of labile functional groups. However, propargylic alcohols
230 are prepared more easily by reaction of terminal alkynes 228 with ketones or
aldehydes, and internal alkynes 232 are prepared by the hydrogenolysis of their
formates or carbonates 231 (formates of primary and secondary alcohols, and
carbonates of tertiary alcohols).

base

R'—— + R3X R'——R?
228 229
R2
O:/\ 3 R? R? 2
—R_, R—=—1R?° = Rl—=— | g3 Rl_— <R
230 23 232

R = OCHO, OCO,Me

Reduction of propargylic compounds with Sml;, is possible in the presence of Pd
catalysts. Propargylic acetates 233 are converted mainly to the allene 236 by Pd-
catalysed reaction with Sml, in the presence of a proton source [51]. In this reaction,
the allenylpalladium 234 is reduced with Sm(II) to the allenyl anion 235, which is
protonated to give allene 236. The alkyne 237 is a byproduct. 2,3-Naphthoquinodi-
methane (240) as a reactive intermediate, can be generated by applying this reaction.
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Treatment of 1,2-di(1-acetoxypropynyl)benzene (238) with Sml, generates 1,2-
dipropadienylbenzene (239), which spontaneously cyclizes to give 2,3-naphthoquino-
dimethane (240). Then facile Diels—Alder reaction of 240 with fumarate (241) gives
the tetrahydroanthracene derivative 242 [52].

Pd-X 25m"
Pd(PhsP),
AcO R2 +Smly ———— R1/:r:< \/
R1~ THF, MeOH 234
233
Pd(0)
_ H+ e —=R?
R1- g2 R’ RZ2 *+ R
235 236 - 237
7:1
_Pd(PhaP)s
e ——
OAc 238
MeOC P ~co,Me

CO,Me
““COMe
242

Racemization occurs by the reaction of a chiral propargyl phosphate with Sml, and
t-BuOH. However, asymmetric synthesis of allenic esters by dynamic kinetic
protonation of the racemic allenylpalladium species, generated from propargyl
phosphates, has been carried out using Sml, and chiral proton sources. The racemic
allenylmetal intermediates 245 and 246 are formed by the treatment of the propargyl
phosphate 243 with Sml,. Their protonation with (R)-pantolactone 244 as a chiral
proton source proceeds enantioselectively and the (R)-allenic ester 247 with 95% ee
was obtained [53].

MeO.C Pd(PhsP)4
\\ +8mhb . S _
o OH

(Et0),0PO

243
MeO,C, P:(JO + MeOgC H+ MeOQC\:-___(—O
Smliry H S’

245
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6.6 Elimination Reaction via Propargylpalladium
Intermediates (Type IV)

When propargylic carbonates 248 are treated with a Pd catalyst in the absence of other
reactants, elimination of f-hydrogen from the propargylpalladium intermediate 249
occurs to afford conjugated enynes 250. Formation of 1,2,3-alkatriene 252 by
elimination of the allenylpalladium intermediate 251 is not observed. The elimination
reaction proceeds with a variety of propargylic carbonates under mild and neutral
conditions. Bidentate phosphines, particularly DPPF is the best ligand for tertiary
carbonates, and PhzP is used for secondary carbonates. The reaction of tertiary
propargylic carbonate 253, derived from cyclooctanone, proceeds smoothly to give the
conjugated enyne 254 in good yield. The reaction is applicable to other cyclic ketones
except cyclohexanone [47,54].

MeOPd

—— R‘l ; - ‘RZ

Me0,CO “ 249

R1_>%R2 Pd(0)

248

R'—7 = R2

i 250

MeOH + Pd(0)

PdOMe H H
252

H
251

OTHP OTHP

Y
Z Pd,(dba)s, DPPF 7

OCOMe THF, 60°°C, 95%

+ COQ + MeOH

253 254

6.7 Miscellaneous Reactions

Some reactions of propargylic compounds which do not belong to the above-
mentioned types are known. These reactions are surveyed in this section, although
their mechanisms are not always clear.

Propargylic acetates are less reactive than the corresponding carbonates toward
Pd(0) and do not form allenylpalladium intermediates easily. Addition reaction of
acetic acid to propargylic acetate 255 catalysed by Pd,(dba); and PhsP gives the allylic
geminal diacetate 258. The reaction is explained by the isomerization of triple bond to
allene 256, and the insertion of its double bond to H-Pd—OAc to generate =-
allylpalladium 257, which is attacked by acetoxyl anion to give 258. An intramolecular
version of this reaction offers a good synthetic route to acetoxylactones. The 14-
membered acetoxylactone 260 was obtained in refluxing benzene in 52% yield from
259 [55].

A Pd-catalysed variant of the Nazarov cyclization of 1-ethynyl-2-propenyl acetate
derivatives to form cyclopentenone dierivatives involving 1,2-acetoxy migration is
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MeO_ Pd.(dba)s, PhsP MeO H-Pd-OAc
/\ — N i / OAC g

OAc PhMe, 77%
255 256

)\//\\/OAC __O'Ai, )\/\(OAC

Pd 258 OAc
257 “OAc
TBDMSO TBDMSO
— “opc _Pda(dba)s, Ph3PA' ~OAC
PhH, 52%
COH ) 7 o
259 260 (

possible by catalysis of the Pd(II) salt. 3-Acetoxty-4-methylene-1-decyne (261) was
converted to 3-hexyl-2-cyclopentenone (263) in 63% vyield in the presence of one
equivalent of acetic acid. Formation of the acetoxycyclopentadiene 262 as a precursor

to

263 was confirmed by trapping with N-phenylmaleimide. However, the mechanism

of this interesting reaction is not clear [56].

CGH13 ACOH, 80 C, 63%

R

N —

W

O 00 3N L

AcO O
PdCl,(MeCN),, MeCN + Ac,0O

> e

AcO //

CeH
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8

SYNTHETIC REACTIONS
VIA TRANSITION METAL
CARBENE COMPLEXES

8.1 Chemistry of Transition Metal Carbene Complexes

Carbenes, generated by several methods, are reactive intermediates and used for
further reactions without isolation. Carbenes can also be stabilized by coordination to
some transition metals and can be isolated as carbene complexes which have formal
metal-to-carbon double bonds. They are classified, based on the reactivity of the
carbene, as electrophilic heteroatom-stabilized carbenes (Fischer type), and nucleo-
philic methylene or alkylidene carbenes (Schrock type).

Fischer-type complexes such as 1 were first prepared in 1964 and their chemical
properties studied [1]. Schrock-type nucleophilic complexes such as 2 were prepared
later [2]. They are formed by coordination of strong donor ligands such as alkyl or
cyclopentadienyl with no m-accepter ligand to metals of high oxidation states. The
nucleophilic carbene complexes show Wittig’s ylide-type reactivity and the structures
may be considered as ylides (eq. 8.1)

M:CHZ <> M+—CH27 (81)

These carbene (or alkylidene) complexes are used as either stoichiometric reagents
or catalysts for various transformations which are different from those of free carbenes.
Reactions involving the carbene complexes of W, Mo, Cr, Re, Ru, Rh, Pd, Ti and Zr
are known. Carbene complexes undergo the following transformations: (i) alkene
metathesis; (ii) alkene cyclopropanation; (iii) carbonyl alkenation; (iv) insertion to
C—H, N—H and O—H bonds; (v) ylide formation; and (vi) dimerization. Their
chemoselectivity depends mainly on the metal species and ligands, as discussed in the
following sections.
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oc, £O ph N H
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8.2 Catalytic Metatheses of Alkenes and Alkynes, and
Their Synthetic Applications

8.2.1 Historical Background and Mechanism of Alkene
Metathesis

It was known that internal alkenes could not be polymerized by Ziegler—Natta
catalysts. However, in 1964 Natta and co-workers found that cyclobutene and
cyclopentene could be polymerized using catalysts prepared by treating WClg or
MoCls with Et;Al [3]. This polymerization was discovered in the same year as
Fischer’s preparation of carbene complex 1 [1]. Strangely, presence of cis double
bonds was observed in the polymer showing that this is not a simple vinyl
polymerization of alkenes. It was subsequently found that the polymerization of cyclic
alkenes involves ring-opening polymerization, as shown by the reaction of
cyclopentene (38) to afford polymer 41 via 39 and 40. Therefore, the presence of
cis-alkene bonds in the resulting polymer confirmed that the W complex-catalysed
polymerization was not a simple polyethylene-type polymerization, which produces
saturated polymers. This reaction proved to be the first example of ring-opening
metathesis polymerization (ROMP), although the Natta group was unable to determine
the correct mechanism of this strange reaction. In order to explain the new
polymerization, Calderon and co-workers ingeneously carried out the reaction of 2-
pentene using a similar catalyst and confirmed rapid formation of an equilibrium

Mo, WClg, EtAICI, _ Me . &
-~ — ]
Et rt, 3 min Me Et 8.2)
R! _ R! N R2
- — N, )
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mixture of 2-pentene, 3-hexene and 2-butene. Based on this result, they proposed the
alkene metathesis as shown in eq. (8.2) [4,5]. Also it was known at that time that solid
catalysts of W and Mo catalyse alkene metathesis in the gas phase [6].

At present, Mo, W, Re and Ru complexes are known to catalyse alkene metathesis
[7]. This unique reaction, catalysed by transition metal complexes, is impossible to
achieve by other means. Later, based on studies of the reactivities of Fischer-type
carbene complexes, it was discovered that carbene complexes are the intermediates in
alkene metatheses. WClg reacts with EtAICI, to afford the diethyltungsten complex 3
by transmetallation, and subsequent elimination of a-hydrogen generates ethane and
the carbene complex 4 which is the active catalyst.

WClg + 2 EtAICl, — [C|nW(CH2CH3)2 + 2AICl3
3

CH30H2—W}CIJHCH3 — CH3CH; —W=CHCH; —= W=CHCHa | + CH3CH,
H H 4
3

Metathesis of alkene 6 to give the new alkenes 11 and 15 is explanined by the
following mechanism. The first step is [242] cycloaddition between metal carbene 5
and alkene 6 to generate the metallacyclobutane 7 as an intermediate. The real catalyst
8 is generated by retrocycloaddition of the metallacyclobutane 7. Reaction of 8 with
alkene 6 generates the metallacyclobutanes 9 and 10 as intermediates. The
intermediate 10 is a nonproductive intermediate, which reproduces 6 and 8, while 9
is a productive intermediate and yields the new alkene 11 and the real catalyst 12.
Cycloaddition of 12 to alkene 6 produces the productive intermediate 14, from which
the new alkene 15 and the active catalytic species 8 are formed. The intermediate 13 is
a nonproductive one.

Me 1 \}v Me A4
— R _— W Me
W=+ "= = — ) o+ N=,
5 6 R 1 2 R1 R
R R
7 8
| R NIz l R2

2 2
I R H2 —VIV R NI
— == W
2 ;R “ 12 R 1 > g *
R 13 R ., \—_—"L. , R R 8
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Although not strictly correct from a mechanistic viewpoint, the course of alkene
metathesis can be easily understood and the products predicted by considering the
reversible formation and cleavage of the hypothetical cyclobutane 16 from alkene 6 to
give the alkenes 11 and 15. The whole process involves the cleavage of double bonds
and the formation of new double bonds. Such a process cannot be realized by any
other means. The cyclobutane 17 is nonproductive.

R! Rl A R? R' R2
e Y| ABdeavage | [
R R? «————— | C--3-:-2---D 1 |
\:\_L' CD cleavage RH—EJ\RZ R R2
6 R B 11 15
lT 16
R! R?
R? R’
17

8.2.2 Development of Catalysts for Metathesis

Several catalysts have been introduced since the discovery of alkene metathesis.
Catalysts generated by combinations of MoCls and WClg with alkylaluminium
(R,AICI;_,) were the first-generation catalysts, which were not suitable for
functionalized alkenes.

Methyltrioxorhenium (MTO, CH3ReO; 18) is a second-generation catalyst [8].
MTO is easily prepared from Re(VII) oxide and Me4Sn. It is stable and soluble in
organic solvents. The catalyst is used as heterogeneous (MTO supported on Al,O3 or
Si0,) and homogeneous catalysts, and they catalyse the metathesis of functionalized
alkenes such as oleate at room temperature in methylene chloride.

Re 05 Me,Sn
CISiMe; — ™ 2CIReO3 —— 2MeReO3; + Me;zSnCl
18
Re.0; + Me,Sn —— 2MeReO3 + Me3SnOReO3
18

Further developments have been made possible by the introduction of third-
generation catalysts. These are the commercially available, highly active Schrock-type
Mo-based catalyst 19 and W catalyst 20, coordinated by a bulky neopentylidene group
and alkoxides [2]. They are well-defined, single-component catalysts. The W complex
20 is very active, but the Mo complex 19 is more versatile. These catalysts have some
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_p,—/©\,'_pr i-Pr ; i-Pr

N  Ph N
Rggﬂox RO W\K R = CMe(CF3)»
19 20

functional group tolerance, although they are sensitive to O, and water. These
complexes show catalytic activity without activation by Lewis acids.

A significant breakthrough was achieved in 1993 by Grubbs and co-workers who
prepared the well-defined Ru complexes 22 and 24 as the fourth generation of
catalysts, which are more tolerant to functional groups [9]. Although the Ph;P
complex 21 formed from 3,3-diphenylcyclopropene is inactive, it becomes active by
exchange with bulky tricyclohexylphosphine (Cy);P. The more active Ru catalyst 24
can be prepared by the reaction of the Ru complex with phenyldiazomethane, followed
by exchange with tricyclohexylphosphine [10].

Reaction of the complex 24 with terminal alkene 25 generates styrene and the real
catalytic species 27 via the ruthenacyclobutane 26. The complex 24 is commercially
available, active without rigorous exclusion of O, and water, and has functional group
tolerance. Carbonyl alkenation is not observed with the catalysts 22 and 24. Their
introduction has enormously accelerated the synthetic applications of alkene
metathesis [11].

Ph. Ph Tpha Ph o] Tcys
ANy
*+ RUCly(PhsP)y —» >| —/_<Ph _yi, \
Cl
PPhs PCVs
21 22
o Tpha Tcya
__ Ph Cyp Cl __ Ph
RuCly(PhgP); + PhCHN, —s \Tu—/ o, >Tu—/
¢ PPhs c PCys
23 24
;
RN Cl PCy,
25 Cl~Ry——Ph Ru=- Ph
PCys” [ U= =
R 27

The new carbene complex 31 can be prepared more easily by reaction of Ru hydride
28 with propargyl chloride 29. Insertion of the triple bond to Ru—H, followed by -
chloro elimination from 30 affords the carbene complex 31 [12]. As another method,
carbene complex 34 is obtained by oxidative addition of the Ru complex to benzal
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chloride (32) and a-chloro elimination [13]. It is known that RuCl,(PhsP), reacts with
terminal alkyne to form alkynyl complexes, which isomerize to vinylideneruthenium
complexes [14]. For example, vinylidene complex 36 is obtained from tert-
butylacetylene via the alkynyl complex 35. After ligand exchange of 36 with Cy;P,
the complex 37 is active for ROMP of norbornene derivatives [15].

Cl m PC
c U Ci cl Y
RUMH)(Ho)CIPCya), + = insertion AN\ Ru= _
” Cl'pc
H y-chloro Y3

28

29 30 elimination a1
oxidative C'\ —C a-chloro o
iti elimination R Ph
Ru(0) + PhCHCl, —2ddtion Ruv,—éHPh — CI'Ru=<H
32 13 e
Pl H PPhs By
RuCla(PhaP), + =—tBu —» Cl~Ru—=—tBu — %ER,u:-:(
PhaP PPh,  H
|
PCi» CC;;I\'RIU==<
PCys H

37

8.2.3 Classification of Alkene Metathesis

Alkene metatheses useful for organic synthesis can be classified into four types.

8.2.3.1 Homometathesis

The symmetric alkenes 11 and 15 are formed by homometathesis of the unsymmetric
alkene 6. Alkene metathesis is an equilibrium reaction, and the homometathesis of
internal alkene 6 may be a useful one only when separation of the products 11 and 15
from the starting alkene 6 is easy, namely when R; and R, are clearly different
functional groups.

Homometathesis of cyclic alkenes affords polymers that have macrocycles by ring-
opening metathesis polymerization (ROMP). The polymerization of cyclopentene,
carried out by the Natta group in 1964, was the first example of ROMP [3]. This would
be a good synthetic method for macrocyclic compounds, if the ring-opening
metathesis (ROM) of cycloalkene 38 could be stopped at an earlier stage. The 2n- and
3n-membered oligomeric rings 39 and 40 may be prepared, rather than polymer 41
from n-membered ring 38.
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8.2.3.2  Cross-metathesis of two alkenes and ethenolysis

Cross-metathesis of two different alkenes 11 and 42 usually produces a mixture of
products 6 and 15. However, depending on the functional groups R' and R?, the cross-
product 6 is obtained with high selectivity rather than the homoproduct 15 from 11 and
42. Some terminal alkenes, such as allylstannane [16], acrylonitrile [17,18] and
allylsilane [19], undergo clean cross-metathesis to give cross-products 6 as the main
product, rather than homoproducts 15. Cross-metathesis of the cyclic alkenes 43 with
terminal alkenes 42 can be used for the synthesis of dienes 44.

R! R2 RU__ R2
? + N— i\Rz + g

2
11 R’ 42 R
15
R R2
[+ == |
CZ ™=,
— R
43 42 14 15

A very useful cross-metathesis is the reaction involving ethylene, which is called
ethenolysis. Reaction of ethylene with internal alkenes produces the more useful
terminal alkenes. Two terminal alkenes 45 and 42 are formed from the unsymmetric
alkene 6 and ethylene. The symmetric alkenes 11 are converted to single terminal
alkenes 45. The terminal dienes 46 are formed by ethenolysis of the cyclic alkenes 43.
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R’ R
) Nm— + CH2:CH2 _—>‘ ——

11 R 45
(r ==
43 46

8.2.3.3  Ring-closing metathesis (RCM)

Dienes are cyclized by intramolecular metathesis. In particular, cyclic alkenes 43 and
ethylene are formed by the ring-closing metathesis of the o,w-diene 46. This is the
reverse reaction of ethenolysis. Alkene metathesis is reversible, and usually an
equiliubrium mixture of alkenes is formed. However, the metathesis of a,w-dienes 46
generates ethylene as one product, which can be removed easily from reaction
mixtures to afford cyclic compounds 43 nearly quantitatively. This is a most useful
reaction, because from not only five to eight membered rings, but also macrocycles
can be prepared by RCM under high-dilution conditions. However, it should be noted
that RCM is an intramolecular reaction and competitive with acyclic diene metathesis
polymerization (ADMET), which is intermolecular to form the polymer 47. In
addition, the polymer 47 may be formed by ROMP of the cyclic compounds 43.

RCM
ﬂ _ACM, ( )M,@ —— polymer
43 a7

46

47
8.2.3.4 Ring-opening—closing metathesis

Intramolecular metathesis of the cyclic—acyclic diene 48 affords the rearranged
products 50 by reconstruction of the ring via 49.

Qf=lg |=C

49 50
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8.2.4 Synthetic Applications of Alkene Metathesis
8.2.4.1 Homometathesis

The complex WOCIl;—Cp,TiMe, was used for the metathesis of ethyl oleate (51) to
give diethyl 9-octadecenedioate (52). Civetone (53) was synthesized by the
Dieckmann condensation of this diester, followed by decarboxylation [20].
Homometathesis of terminal alkenes is useful, because it yields symmetric internal
alkenes and ethylene, which can be removed easily. Metathesis of 10-undecenoate (54)
proceeds smoothly to give the diester 55 [20].

Homometathesis of cyclic alkenes affords larger rings. For example, cyclohex-
adecadiene (57) was prepared by liquid-phase metathesis of cyclooctene (56) using
WCls/Et;Al [21], or in the gas phase by short-time contact of cyclooctene to a
supported catalyst of Re,O; activated with MesSn [22]. Cyclohexadecenone (58), a
muscone-type perfume, is produced commercially from 57 by selective oxidation.

WOCl, . HyyGCe CsH17
CeH17 \ ,(CH,)7CO,Et _Cp_leMez’ =
— -~
51 —>  EtO,C(CHz);__ (CH2)7CO,Et
—r
0 o 52
CO,Et
—_
53 '
WOC,
szTiMez
:\/\/\/\/\COQMG MeOQC(CHz)g g
54 ; (CHz)g'COZMe
— 55

0
MTO —
S — ———
Al,03, 30% __ —
56 57
58

8.2.4.2  Cross-metathesis using terminal alkenes or ethylene

Formation of an equilibrium mixture of ethylene and 2-butene by the metathesis of
propylene is a convenient process for controlling the relative amounts of ethylene and
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propylene in the petrochemical industry. The process is called the ‘triolefin process’
and carried out in gas phase using a supported catalyst of molybdenum oxide [6].

Mo CHa~
= CHs - = 7 HCHs
The Mo-catalysed cross-metathesis of acrylonitrile (59) [17,18] and allylsilane (60)
[19] with alkenes 61 and 62 produced cross-products 63 and 64 with high selectivity.
Reaction of 1-octene with 2 equivalents of styrene (65) afforded 66 in 89% yield. Only

small amounts of stilbene (68) and 67 as the homoproducts were formed [23].

I\

— o_ .0 00
Mo 19 N CN
CN + '_‘\\\\% Lo N— rl
61 63
Mo
TS b N\ COMe — MEOL gy + =
87% 64
60 62
CeH1a
Ph + Cetia Mo 19 “
— = =
— = I
65 Ph

Ph CeH1a Ph
\_—_'\ + —— + N
Cetlia CeHu1s Ph

66 89% 67 2% 68 trace

Ethenolysis is synthetically very useful. The reaction of stilbene (68) with ethylene
is attracting attention as a potential commercial process for styrene (65). The o,w-
dienes 46 are formed from cyclic alkenes 43 and ethylene. Ethenolysis of the

bicyclo[2.2.0]Thexene 71, formed from 69 via 70, afforded the 1,5-diene 72, which
underwent Cope rearrangement to give the cyclooctadiene 73 [24].

Ph —
= = — 2T

Ph 68 65

8.2.4.3  Preparation of cyclic compounds by RCM of dienes

Intramolecular metathesis of dienes leads to ring-closing metathesis (RCM), offering a
useful synthetic route to cyclic compounds. The Ru and Mo catalysts are extremely
useful for RCM of dienes as a synthetic method for cycloalkenes, cylic ethers and
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69 70
Ru 24 Ph
CH,=CH, — Her,
—_— °
60% 98%
o]
73

72

cyclic amines, from small to large rings. Carboxylic acids, aldehydes and amine
hydrochlorides do not destroy the catalytic activity. However, the reaction is
competitive with the intermolecular metathesis to form polymeric products by acyclic
diene metathesis polymerization (ADMET), and further complicated by possible ring-
opening metathesis polymerization (ROMP). Thus high dilution condition is necessary
for selective RCM.

Preparation of five to eight-membered rings A number of common ring amines and
ethers have been prepared [25]. The five-membered amine is obtained from the
diallylamine 74 [26,27]. (+)-Citronelene (75), 0.75M in toluene, was converted to 3-
methylcyclopentene quantitatively in 30 min with retention of stereochemistry using

O
>j /[kn/ A Ru 24 E/N)%:NU'

89%

Mo 19 (0.1 mol%) g

rt, 30 min, 100%

95% op. pure

75
HQ Ho © o '
N/[< _Ru24 A AQ
O — HO
o 97°/o ‘\\\“I\/
/ X A\ HO
Ph 77 Ph 78

76
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0.1 mol % of Mo catalyst [28]. However, racemization occurred at higher concentra-
tions. Ru-catalysed RCM of the (S)-4-benzyl-2-oxazolidinone 76 afforded the
cyclopentene 77, which was converted to 5-(hydroxymethyl)-2-cyclopenten-1-ol
(78) with 99.5% ee [29].

Enantioselective RCM is achieved using the chiral Mo complex 79 [30]. Kinetic
resolution occurred in the reaction of the racemic diene 80 catalysed by 79, and the
cyclized product 81 with 93% ee was obtained, and the unreacted diene 80 (19%) of
99% ee was recovered. Also the optically active dihydrofuran 83 with 93% ee was
obtained in 85% yield by enantioselective desymmetrization through RCM of triene
82 using the Mo complex 79 [30a].

OSiEt,
Me Ets;SIO, |4
Me “Bu | Mo 79 Me W
O Mors
o NAr Me 10 min
Me RA// CMe,P | 75% conversion
Me O/ 0y ~CMezPh 5 81
o, o,
© unreacted 43%, 93% ee
Me -+-Bu 19%, 99% ee

79
Ar= 2,5-(/—Pf)2C6H3

O/\% Me
M pr—
Me Me ﬂ.’ Me \‘\; 5
85% \“ o)
82 83
93% ee

The six-membered ring 85 is obtained from the allylamine 84 [31]. The sulfur-
containing ring 87 was obtained from 86 using the Mo catalyst. The Ru catalyst is not
active for this reaction [32]. The (S, R)-chromene derivative 89 was obtained in 97%
yield by the Mo-catalysed intramolecular metathesis of (S,R)-cycloheptenyl styrenyl
ether 88 under an atmosphere of ethylene. In the absence of ethylene, 89 and its dimer
were obtained. The enantioselective total synthesis of (S,R,R,R)-nebivolol (90) has
been carried out from 89 [33]. No cyclization of the cyclopentene 91 was observed,
because the highly strained cyclobutane intermediate 92 is difficult to form.

Bn O Bn 0
Ru 24
NPh — || NPh
/\/N\\( 52% N
o)

o]

.

85
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The dihomoallyl ether (93) is converted to the seven-membered ether 94 [25]. The
hydroazulene 96 is obtained by the metathesis of the 1,8-diene 95 using MTO as a
catalyst in solution [34]. Similarly, the seven-membered lactam 98 is prepared from 97

[35].

o)
Mo 19
B Q + CH2=CH2
7 N\
03
TCILFOCR,Cl + CHa=CH,

"N reflux 7 days

95 80% 96
k Ru 24 Q + CHp=CH,
z 65% N” "CO.Me
AN O 2
0”7 "N “COMe oVB
PMB
o7 98

Preparation of eight-membered rings is expected to be rather difficult by
conventional methods. However, the eight-membered precursor 100 of the antitumer
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agent FR900482 is prepared in a good yield by the metathesis of terminal diene 99
catalysed by the Mo complex [36]. The eight-membered lactam 102 was prepared in
63% yield from terminal diene 101 using the Mo-based catalyst 19 in the synthesis of
Manzamine A (103) [37].

OBn OBn

—_ Mo 19
77% I + CH2=CH2
N—/=
CF5CO’ ‘
99

101 102 103

Preparation of macrocyclic compounds Development of efficient RCM, catalysed by
Ru and Mo complexes, has revolutionized the synthesis of macrocyclic compounds.
As an early example of RCM, intramolecular metathesis of oleyl oleate (104) using
WClg — Cp,TiMe, afforded the 19-membered lactone 105, although yield was not
satisfactory [20].

WOCI,
szTlMez

+ Oct O

The 12-membered lasiodiplodine ring 107 was prepared in 94% yield by slow
addition of terminal diene 106 to a solution of the Ru catalyst. The equilibrium was
shifted to completion by bubbling with argon to remove the ethylene [38].

The disaccharide fragment of tricolorin A 110, which is a 19-membered
macrolactone, was synthesized by efficient RCM of terminal diene 108 to give 109
and its hydrogenation in 77% yield [39]. The presence of sugar groups as a polar
‘relay’ substituent, its proper distance to the alkene groups, and low steric hindrance
close to the double bonds are decisive parameters for the efficient RCM of 108.
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RCM of the (S,S,5)-tetrapeptide 111, catalysed by Ru complex 24, gives the 14-
membered (S,S,S)-macrocycle 112 in 60% yield. The covalently stabilized [-turn
structure in the tetrapeptide 112 serves as a model for 113 [40]. The correct
configuration of peptide 111 is crucial for efficient RCM, and the allyl groups in the
tetrapetpide, having only the (S,S,S) structure 111, gave 112 in high yield. Hydrogen
bonding facilitates the cyclization. As another example, the 14-membered lactam ring
115 which is the aglycon of Sch 38516 and fluvirucin B, was obtained in 90% yield
from diene amide 114 using Mo catalyst 19 [41].

The 16-membered polyfunctionalized antitumor macrolide, epothilone A (118),
was synthesized by the Ru-catalysed RCM of 116 to give 117, followed by
epoxidation [42—44]. The (E):(Z) ratio in 117 may be changed by protecting groups.

Substrates that are devoid of any conformational constraint can be efficiently
cyclized by RCM to macrocyclic compounds. For example, the 21-membered lactone
120 was prepared in 71% yield by slow addition of 10-undecenyl 10-undecenoate
(119) to a solution of Ru complex 24. 20-Icosanolide was obtained by hydrogenation
of 120 [45].

Efficient synthesis of 7-20-membered crown ethers 122 having a frans-alkene bond
was achieved by the Ru-catalysed metathesis of diallyl ethers 121 [46]. A remarkable
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template effect was observed in the formation of the crown ethers [47]. Crown ether
124 with a cis bond was obtained in 95% yield by RCM of 123 in the presence of 5
equivalents of LiClOy. In the absence of the Li salt, the yield was 39% and a cis—trans
mixture was formed. RCM of neat 123 afforded the polymer 125 by ADMET. Ru-
catalysed depolymerization of 125 in 0.02 M solution produced 124 in the presence of

”P”P ”P”P

17~20
n4h

n=1 80%

121 n=2 66%

n=4 72%

O _ 0 Y\
[ @ :] Ru 24 (5 mol%) 0O ©
O O 45°C, 1h EO O:l 124 cis:trans
0.02 M, MCIO, LiICIO, 95% 100:0

IN( __ NaClO, 42% 62:38
KCIO, 36% 36:64

123 124 none  39% 38:62
Ru 24, LiCIO,
ADMET | neat 0.02 M, 50°C, 95%
50°C

qF/\O/\/O\/\o/\/o\/%b

n
125

Ru24,1.2M,nt
95%

8.2.4.4 Ring-opening—closing metathesis

Ru-catalysed domino ring-opening—closing metathesis of strained cyclic alkenes with
terminal alkenes gives the less-strained rings. Thus cyclobutene 126 is converted to
two five-membered ether rings 127. Although no metathesis of cyclohexene usually
occurs, under high-dilution conditions diallyl ether 128 undergoes the smooth ring-
opening—closing metathesis to afford 129 in 73% yield with evolution of ethylene.
Also the N,N-diallyl diamide of the 1,4-dihydronaphthalenedicarboxylic acid 130 was
transformed to 135 in 95% yield as explained by steps 131-134 [48].
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8.2.5 Metathesis of Akynes and Enynes

8.2.5.1 Metathesis of alkynes

Although studies are still limited, alkynes undergo metathesis using W and Mo
catalysts. Addition of phenol in an equivalent amount to the alkynes gives better
results [49]. The metathesis of unsymmetric alkyne 136 can be explained by the
formation of carbyne complex 137, and proceeds via reversible formation of
metallacyclobutadienes 138a and 138b as intermediates to afford the symmetric
alkyne 140 and the carbyne complex 139. The metathesis of alkynes 141 bearing an
ester group was carried out with Mo(CO), as a catalyst in the presence of p-
chlorophenol to give two symmetric internal alkynes [50]. Cross-metathesis of
diphenylacetylene (142) in a large excess of the symmetric alkyne 143 gave
unsymmetric alkyne 144 in 74% yield [51]. RCM of the internal diyne ester 145
catalysed by tungsten alkylidene complex 146 under high dilution conditions afforded
lactam 147 in 69% yield [51a]. Based on this reaction, the lactam with a cis double
bond can be prepared after hydrogenation.
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8.2.5.2  Domino metathesis of enynes

Reaction of the carbene complex 148 with alkyne affords vinylcarbene 150 via
metallacyclobutene 149. In the intramolecular reaction of enyne 152, catalysed by
carbene complex 151, the triple bond is converted to vinylcarbene 153 which then
reacts with the double bond to give the conjugated diene 154. Generation of 154 is
expected by the formation and cleavage of cyclobutene 155 as a hypothetical
intermediate. Based on this reaction, Ru-catalysed intramolecular metathesis of enyne
156 gave the N-containing cyclic diene 157, from which (—)-stemoamide (158) was
synthesiszed. The reaction can be understood by assuming the formation of the
hypothetical cyclobutene 159 from 156 [52].

Selective conversion of acyclic dienynes to fused bicyclic rings containing five-,
six- and seven-membered rings is efficiently catalysed by Ru complex 22. The reaction
of dienyne 160 having two terminal alkene chains gave the two products 162 and 164

—_— 7 —_— M>—-<\—-R3
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in 1:1 ratio in 86% yield via 161 and 163. However, metathesis of dieneyne 165, with
the terminal and internal double bonds, starts from the terminal alkene, and leads
selectively to the bicyclic structure 166 [53]. Also, the tricyclic compound 171 was
obtained from 167 in 70% yield. The reaction can be understood by the following
sequence starting from 167 via 168, 169 and 170. This sequence of the domino
reactions is a good example of useful metathesis chemistry [54].

OSlEta OSiEt
3
Ru22
“en
OSiR, OSiR, OSiR, OSiR,
U VR N (N S/
Ru
\ \ w ,
167 169
osife 168 170
SeB
171

Unlike the efficient intramolecular domino reaction of enynes, intermolecular enyne
metathesis is of limited application because a complex mixture is obtained. Selective
intermolecular enyne metathesis has been carried out using ethylene as an alkene,
offering a useful synthetic method for the conjugated dienes 176. At first the
methylene complex 172 is generated by the reaction of ethylene with Ru complex 24,
and the ruthenacyclobutene 173 is formed, which is cleaved to give 174. Again
ruthenacyclobutane 175 is formed by the reaction of ethylene, from which the
conjugated diene 176 is produced. As shown by 177, diene 178 is prepared by
introduction of two methylene groups from ethylene to the alkyne bond. As an

ruer ___Ph
24 A, =Ru
CH,=CHj 172
=Ru J:{ V CHa=CH, "1 ] N4
R——= W ‘3 £ R
173 174 175 —py
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179 180
177 178

example, the Ru-catalyzed reaction of the diacetate of butynediol (179) under an
ethylene atmosphere affords the conjugated diene 180 in high yield [55].

8.3 Carbonyl Alkenation Reactions via Carbene
Complexes

Wittig-type alkenation of the carbonyl group is possible with Ti carbene compounds
[56]. The reaction is explained by the formation of nucleophilic carbene complexes of
Ti, although they are not isolated. In the carbonyl alkenation, the oxametallacyclo-
butane intermediate 182 is formed by [2+42] cycloaddition of the carbene complex 181
with the carbonyl group. This intermediate is converted to the new alkene 183 and the
Ti(IV) oxo species 184, which is a stable compound, and hence the carbonyl
alkenation requires a stoichiometric amount of the Ti complex. Also, ester 185 is
converted to the enol ether 187 via 186.

R! R3 i ]l:T' i i=0
1 =
\=[Ti] + Rzzo — 25 —— \TL + [Ti=0]

R2 pe 184
3
181 f;z 183
Rermi 9 1iFﬂ1 R!
= g — Ry —— 1 + =0
181 185 OR' R” "OR 184
186 187

The Ti carbene complex 188 is prepared easily in sifu by the reaction of CH,Br;
with a low-valent Ti species generated by treatment of TiCly with Zn. Without
isolation, the complex 188 is used for the alkenation. The presence of a small amount
of Pb in Zn was found to be crucial [57]. It is synthetically equivalent to ‘Cl, Ti=CH,’.
The reaction is explained by the formation of the four-membered metallacycle 189 as
an intermediate. However, in this case, the reaction may proceed probably via the
formation of the dimetal compound 190, rather than the carbene complex 188 to give
192 via 191. The reagent reacts with ketones, but not with esters. Usefulness of this
reaction is shown by application to synthesis of the prostaglandin derivative 194
without attacking other labile functional groups in 193 [58].

The Wittig reaction is carried out under strongly basic conditions, and is not
possible with the five-membered keto ester 195, because an enolate of the ketone is
formed. The Tebbe reagent, as described later, reacts with both esters and ketones to
give a mixture of products. Selective reaction of the ketone in 195 without attacking
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the ester group to give 196 is possible only with the CH,Br, —TiCly—Zn reagent 190
[59].

O cl;|
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— CLTI=CH, % 6+R1
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190 CH,—TiCl
CH, 2 3
_ . + ClL,Ti=0 191

R R
192
CH,

R "R?
192

@)
\\“\\WCOZMG

+ CHyBr, + TiCl, + Zn-Pb

MeO,C MeO,C

+ CH.Br, + TiCly + Zn-Pb -_—
58%
195 0 196 CH,
The yields from aldehyde alkylidenation is somewhat lower due to the reductive
dimerization of aldehydes with low-valent Ti. Alkylidenation of esters is possible by
the reaction of 1,1-dibromoalkane, TiCly and Zn in the presence of TMEDA to give
(Z) vinyl ethers [60]. Cyclic vinyl ethers are prepared from unsaturated esters in two
steps. The first step is formation of the acyclic enol ethers using a stoichiometric
amount of the Ti reagent, and the second step is ring-closing alkene metathesis
catalysed by Mo complex 19. Thus the benzofuran moiety of sophora compound I
(199, R = H) was synthesized by the carbonyl alkenation of ester in 197 with the Ti
reagent prepared in situ, and the subsequent catalytic RCM of the resulting enol ether
198 catalysed by 19 [61].
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The Ti—methylene complex 200, stabilized by forming a bridged structure with a
Lewis acid, is isolated by the reaction of Cp,TiCl, with Me;Al, and called the Tebbe
reagent [56,62,63]. This is synthetically equivalent to Cp,Ti=CH, 201. Due to high
oxophilicity of Ti, it reacts smoothly with ketones, esters and lactones to form
oxometallacycles 202. It was shown that the Tebbe reagent is superior to the Wittig
reagent, because methylenation of ketones takes place smoothly under nonbasic
conditions, and reaction of hindered ketones proceeds without racemization of chiral
ketones. This reagent reacts with esters 203 to give vinyl ethers 204 [64].

Cp._..Cl Cp._CHz_ Me i

Ti? + AlMe Tio Al _
Cp” i Cl 3 Tka Ci Me —— [Cp2T| ] + AlMe,Cl

HCI 200 201
ij + Cpplim=m —» (5' — + Cp,TiO
202
Jiy
R OR' + Cp2T|: N RJJ\OR' + Cp2T|O
203 201 204

The Tebbe reagent reacts with some alkenes. The tricyclo[5.3.0.0] ring 207 was
obtained nearly quantitatively by domino alkene metathesis and carbonyl alkenation of
the norbornene-type ester 205 with the Tebbe reagent. This interesting reaction to give
the intermediate 206 can be explained by the kinetic preference of the Tebbe reagent
for the strained double bond over the ester. Alkenation of the ester in 206 produces
207. Capnellene (208) has been synthesized by applying this reaction as a key reaction
[65].

Direct conversion of the ester 209 to the cyclic enol ether 211 via enol ether 210 by
ester alkenation and subsequent RCM has been achieved by using 3—6 equivalents of
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the Tebbe reagent or Cp,TiMe, (213), and applied to the synthesis of polycyclic
polyether systems 212 [66]
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Dimethyltitanocene (213), called the Petasis reagent, can be used for alkenation of
carbonyls (aldehydes, ketones, esters, thioesters and lactones). This reagent is prepared
more easily than the Tebbe reagent by the reaction of titanocene dichloride with MeLi.
However, this reagent may not be a carbene complex and its reaction may be explained
as a nucleophilic attack of the methyl group at the carbonyl [67]. Alkenylsilanes are
prepared from carbonyl compounds. Tri(trimethylsilyl)titanacyclobutene (216), as a
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precursor of the carbene complex 215, is formed by the reaction of bis(trimethylsi-

lylmethyl)titanocene (214) with bis(trimethylsilyl)acetylene under mild conditions.
The lactone 217 is converted to the alkenylsilane 218 by reaction with 216 [68].

' a-elimination [Cp2Ti —/C_P-m
Cp,TiCl, + 2Meli ——» CpoTiMe, — & T» hpzT'—]

C —
213 @\/l CH, 201
. ™S 00
80°C o
CpeTi(CH,TMS), ———= CP2Ti 217 - TS
214 215 60°C, 83% 0
T l ™S T™MS 218

™S
CpTi{_ D)—TMS

™S
216

Instead of titanocene dichloride, zirconocene dichloride can be used for the
preparation of the carbene complex 219. The Lewis acidity of Zr is lower than that of
Ti, and the Zr reagent 219 reacts smoothly with aldehydes and ketones, but not with
esters [69].

CHzBrQ + Zn + szZl’Clz R (szZfZCH2)

CgH17

(CpZZr = CH2) m/
64%

Methylenation of aldehydes and ketones can be carried out more easily by the W or
Mo reagent 221, generated in situ by the reaction of MoCls or WCls with MeLi via
220. The reagent does not react with esters [70].

Formation of the Mo carbene complex 223 from 222 and the Mo carbene complex
19, followed by the alkenation of the ketone in 223 gives seven-membered cycloalkene
224 [71]. The ester in 225 undergoes carbonyl alkenation with the more reactive W
complex 20 to afford the cyclic enol ethers 226 [72].

Ethylidenation is not possible with the Tebbe-type reagents. The dimetal compound
228 can be generated from Cr(I) salts and diiodoalkanes 227. Alkylidenation of
ketones and aldehydes can be carried out with this reagent to afford 229.
Alkylidenation with other diiodoalkanes proceeds smoothly in the presence of DMF
to afford the (E)-alkene selectively. Reaction of aldehydes with the reagent, generated
from (dibromomethyl)trimethylsilane (230) and CrCl,, offers a good synthetic route to
(E)-alkenylsilane 231 [73]. The (F)-alkenyl iodides 232 can be prepared by the
reaction of aldehyde, trilodomethane and CrCl,.
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8.4 Synthetic Reactions Using Carbene Complexes of
Metal Carbonyls as Stoichiometric Reagents

Stable electrophilic carbene complexes 234 are prepared from Cr(CO)4, Mo(CO)4 and
W(CO),. They are electrophilic carbenes due to the strong electron-withdrawing effect
of CO. The complexes can be isolated and used as useful synthetic reagents offering
unique synthetic methods.
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8.4.1 Reactions of Electrophilic Carbene Complexes of Cr, Mo, W,
Fe and Co

Electrophilic carbene complexes are prepared from M(CO), (M = Cr, Mo, W) in the
following way. An organolithium compound attacks one of the six coordinated CO in
M(CO)4 (M = Cr, Mo, W) to give the anionic lithium acyl ‘ate’ complex 233 due to
anion-stabilizing and delocalizing effects of the remaining five w-accepting electron-
withdrawing CO groups. Acidification of the product, followed by treatment with
diazomethane, affords the methoxycarbene complex 234 [1]. The reactivity of the
carbene complexes 235 can be understood in the following way. The carbon atom of
the carbene is electron defficient due to the electron-attracting CO groups, and the
electron-donating OR group stabilizes the carbene. They are strongly electrophilic
carbenes and attacked by nucleohiles. In addition, the H on the a-carbon is acidic and a
carbanion is generated by deprotonation with a base, and hence electrophiles attack the
a-carbon. The alkoxycarbene complex 236 resembles an reactive organic ester, and in
practice the ester is prepared by the oxidation of 236 with Ce(IV).

R H* R | CH.N, R
R—Li + M(CO)s —|(CO)sM=< — (CO)sM= — (CO)sM=
OLi OH s34 OMe
233

HZ N\
O)<H acidic _B o cey) O=C’R

C
\ §_ LM=C_ — \
001z o o
oc "co\ OR 236
‘Nu
235

Based on these reactivities various derivatives of carbenes, such as the
aminocarbene 238, are prepared by displacement of the OR group in 237 with amine
via addition—elimination, analogous to transesterification [74,75]. As an example the
carbanion 240, generated by deprotonation of 239, attacks ethylene oxide to give the
lactone equivalent 241, which is further alkylated by chloromethyl methyl ether, again
at the o-position. Finally the a-methylene-y-lactone 242 is obtained by oxidative
demetallation with a Ce(IV) salt [76].

Due to the strongly electron-withdrawing character of the Cr(CO)s unit, the alkyne
in 243 becomes a good dienophile and undergoes a smooth Diels—Alder reaction at
50°C to give 244, and subsequent annulation with alkyne and CO affords the
dihydronaphthol complex 245. The reaction can be carried out as a one-pot reaction
[77].

Various cyclic compounds are prepared by the reaction of these carbene complexes
with various unsaturated compounds [78-80]. The metallacyclobutane 246 is
generated by [2+2] cycloaddition with electron-rich alkenes, and its reductive
elimination affords the cyclopropanes 247.

No [44-2] cycloaddition of the vinylcarbene complex 249 with the optically active
diene 248 takes place. Instead, the cyclopropane 250 is obtained, and the Cope
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rearrangement of the divinylcyclopropane and hydrolysis afford the cycloheptanedione
252 with 86% ee [81].

The carbene complex 253 reacts with alkyne to give vinylcarbene complex 255 via
the metallacyclobutene 254. The triple bond in allylpropargylamine 256 reacts at first
to form vinylcarbene 257, and cyclopropanation of the double bond gives 258 [82].

The reaction of carbene complexes with alkynes offers useful synthetic methods.
The formation of various cyclic compounds by the reaction of alkynes with the
alkoxycarbene complex 259 can be summarized by the following scheme, which is
simplified for easy understanding, although the explanation is not exactly correct
mechanistically.

At first, cycloaddition of alkyne to the carbene complex 259 gives the
chromacyclobutene 260, which is cleaved to form the vinylcarbene complex 261. It
is claimed that vinylcarbenes 255 and 261 are formed directly without forming
chromacyclobutenes 254 and 260 (M = Cr) [83]. The 6m-electrocyclization of 261
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involving the benzene ring generates the chromacyclohexadiene 262 and its reductive
elimination affords indene 263. Hydrolysis of 263 yields indanone 264. The vinyl
ketene 265 is formed by insertion of CO to the vinyl carbene 261 and the 67-
electrocyclization of 265 gives rise to the cyclohexadienone 266, which isomerizes to
the 1,4-dihydroxynaphthalene monoether 270. Cyclization of the vinyl ketene 265
generates 267, which is converted to the furan 268 by demethoxylation. Another route
is the formation of cyclobutenone 269. Selectivity among these various possible
reactions is controlled by the reaction conditions, particularly by solvents and
irradiation.

Well-established is the formation of hydroquinone and phenol derivatives 273 from
alkynes. This reaction is called the Dotz reaction [78,79]. The reaction of carbene
complex 271 to give 273 can be expressed by the general scheme 272.
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The Dotz reaction of the carbene complex 274 with phenylacetylene proceeds
smoothly to give metal-free phenol derivatives 275 in high yields by photo-irradiation
employing a xenon lamp without the oxidative workup [84]. Hydroquinone 277 is
formed from the vinylmethoxycarbene complex 276, and the reaction is applied to the
synthesis of the tetracycline 278 [85]. The triple bond activated by the carbene in the
triyne chain of the W alkynylcarbene complex 280 undergoes Diels—Alder reaction
with the diene 279 selectively to give 281, and the intramolecular reaction with the
remaining two triple bonds generates the vinylcarbene complex 282 and then 283,
which is converted to the ketene 284 by CO insertion. Cyclization of the ketene 284
affords the steroid skeleton 285 in 63% yield [86]. CO is isoelectronic with isonitrile.
The indolocarbazole 287 is constructed by aminobenzannulation of carbene complex
286 when isonitrile is used instead of CO [87].

A MeO Ph
! e} xenon lamp, 1.5 h

(CO)sCr=C¢ THF, 88%
OMe \

274 275
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Facile addition of either alcohols or amines to carbene complex 288 produces the /-
amino-o, f-unsaturated carbene complexes 289, which are useful for the preparation of
cyclopentenone derivatives. Insertion of alkyne to 289 gives the 1,3-dienylcarbene
complex 290, and its formal [3+2] cycloaddition gives cyclopentadiene 291. Under
different conditions, [242+1] cycloaddition of vinylketene 292 produces the 5-
methylene-2-cyclopentenone derivative 293 [88]. The cyclopentenone 295, isomeric to
293, was obtained by the reaction of complex 294 with trimethylsilylacetylene, and
oudenone (296) was synthesized by its hydrolysis [89].
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The methoxyketene 297, coordinated to Cr carbonyl, is formed from methoxy-
carbene easily by insertion of CO under irradiation [90]. An ester is formed by the
reaction of ketene with alcohol. The aminocarbene complex 298 was prepared from
benzamide and converted to phenylalanine ester 300 under irradiation of sunlight in
alcohol via ketene 299 [91]. The eight-membered lactone 304 was prepared in high
yield by the reaction of the alkyne 301 having the OH group in a tether with Cr
carbene without irradiation. The vinylcarbene 302 is formed at first and converted to
the vinylketene intermediate 303 as expected. The keto lactone 304 is formed from
303 by intramolecular reaction with the OH group and hydrolysis [92].
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Irradiation of carbene complexes in CO atmosphere generates the ketene 305 and its
[24+2] cycloaddition to alkene gives the cyclobutanone 306 [93]. Total synthesis of
(+)-cerulenin (310) has been carried out by the formation of cyclobutanone 309 by
cycloaddition of 307 to the double bond of 308 as the key reaction without attacking
the triple bond. Then cyclobutanone 309 was converted to (4)-cerulenin (310) via
regioselective Bayer—Villiger reaction of 309, and side-chain elongation using 7-
methallylnickel bromide, epoxidation and hydrolysis [94].

Cycloaddition of a ketene complex with unsaturated bonds other than alkenes and
alkynes is also possible. The ketene 312, formed from 311, adds to imine 313 to give
the fS-lactam 314 under sunlight photolysis. The optically active f-lactam 314 was
prepared from the optically active carbene complex 311 with 99% ee, and converted
to 315 [95]. Irradiation of carbene complex 316 generates ketene 317, which cyclizes
to the o-hydroquinone derivative 318 [96].

Carbene complexes of Fe and Co carbonyls are also prepared. Unlike the Cr
carbene complexes, no cyclopropanation of alkenes occurs with these carbene
complexes. Furans are formed by the reaction of alkynes involving rearrangement of
methoxy group. The 2-aminofuran 323 is formed by the reaction of the
dimethylaminocarbene complex 319 of Fe carbonyl, via rearrangement of the amino
group. Under CO pressure, pyrone 324 is the main product [97]. In these reactions, the
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ketene complex 321 is formed by CO insertion to the metallacyclobutene 320. The
rearranged amino or methoxy group attacks the ketene 321 to give amide or ester with
the regeneration of the Fe carbene complex 322. Its cyclization affords the furan 323,
and the pyrone 324 is formed by CO insertion and cyclization.
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8.5 Rh and Pd-catalysed Reactions of Diazo Compounds
via Electrophilic Carbene Complexes

Transition metal Lewis acids of Cu(l), Pd(IT) and Rh(Il) catalyze decomposition of
diazo compounds 325 via unstabilized electrophilic metal carbene 326, offering useful
synthetic methods [98]. In particular, relatively stable z-diazocarbonyl compounds are
used extensively. Rh(II) carboxylates are by far the most useful catalysts in synthesis
[99]. Rh(II) is a d’ metal and Rhy(OAc), is a binuclear compound with four bridging
acetate ligands (328) and possesses one vacant axial coordination site per metal atom.
The Rh-catalysed decomposition of a-diazo carbonyl compounds has wide synthetic
application [98]. Rh carbene 326 can be regarded as an ylide of inverted polarity or
inverse ylide, as shown in 327, which may be stabilized by electron donation from Rh,
but destabilized by the adjacent electron-withdrawing carbonyl group. This type of
inverse ylide has never been isolated and does not induce alkene metathesis. The
purity of Rhy(OAc), seems to be crucial for high catalytic activity, particularly for
intramolecular reactions. The reactions include: (i) cyclopropanation of alkenes (ii)
insertion to C—H, N—H and O—H bonds (iii) generation of ylides and (iv) f-hydride
elimination. The insertion and generation of ylides are particularly useful, because
they are not possible with other metal-carbene complexes [98].

Well-known is the cyclopropanation of various alkenes. As shown by 329,
cyclopropanation starts by electrophilic attack to the alkene. Electron-rich alkenes
have higher reactivity. Numerous applications of intramolecular cyclopropanation to
syntheses of natural products have been reported. Optically active cyclopropanes are
prepared by enantioselective cyclopropanation [100]. As the first successful example,
asymmetric synthesis of chrysanthemic acid (331) was carried out by cyclopropana-
tion of 2,5-dimethyl-2,4-hexadiene (330) with diazoacetate, catalysed by the chiral
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copper imine complex 332, prepared from salicylaldehyde and the optically active
amino alcohol as the key step [101]. Later, highly enantioselective cyclopropanation
was achieved using copper complexes of bidentate nitrogen ligands such as semicorrin
[102], 5-aza-semicorrin [103] and bisoxazoline [104,105].
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The enantioselective intramolecular cyclopropanation of alkenyl diazoacetates to
afford fused bicyclic products catalysed by chiral Rh catalysts is particularly useful.
Highly efficient asymmetric cyclization of the allyl or homoallyl diazo esters 333 to
bicyclic y- or d-lactones is achieved using Rh complexes of chiral carboxamide ligands
such as methyl 2-pyrrolidone-5-carboxylate [(5S)-MEPY] (335) and 4-alkyloxazoli-
dinones [106,107]. Although the Rh carboxamides are less reactive toward diazo
compounds than Rhy(OAc),, they provide higher selectivities. The bicyclolactone 334
of 98.6% ee was obtained from the allylic ester of diazoacetic acid 333 catalysed by
the Rh complex 335 [106]. Intramolecular cyclopropanation of farnesyl diazoacetate
(336,) catalysed by Rhy[(5S5)-MEPY], occurred at the neighbouring allylic double
bond in 96% yield to give the optically active bicyclic lactone containing quarternary
carbon 338 with 94% ee, and efficient asymmetric synthesis of presqualene
diphosphate has been achieved [107]. Interestingly, the 13-membered macrocyclic
lactone 337 was obtained in 63% yield by the regioselective cyclopropanation at the
remote double bond when Rh(OAc), was used [107].

1,4-Cycloheptadiene (340) is obtained by the Cope rearrangement of cis-
divinylcyclopropane (339.) Based on this reaction, highly diastereoselective and
enantioselective construction of the 1,4-cycloheptadiene 343 (98% ee) was achieved
by domino asymmetric cyclopropanation to generate cis-divinylcyclopropane
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[(N-dodecylbenzenesulfonyl)prolinate] as a catalyst, and subsequent Cope rearrange-
ment of the divinylcyclopropane [108].
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Pd(OAc), catalyses cyclopropanation of terminal alkene or o, f-unsaturated enones
[109]. Selective cyclopropanation of the terminal alkene in the macrolactam 344 gives
345 in high yield [110].
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The intramolecular selective insertion of carbenes to C—H is synthetically
important, and has evolved with the use of Rh carboxylates. Easily available «-diazo
derivatives of fi-keto esters and f-diketones are used extensively [111]. Formation of
five-membered rings is the favoured process, and cyclopentanone derivatives are easily
prepared [112]. The reactivity of C—H bonds is in the order of tertiary > secondary >
primary. Reaction of 346 with TPA (triphenylacetic acid) salt gives the five-membered
ring 347 with high selectivity, whereas the four-membered ring 348 is obtained with
Rhy(OAc), [113]. The construction of six-membered rings is also possible. The
synthesis of pentalenolactone (350) from 349 is an example [114]. Four-membered
ring formation from the f-keto amide 351 gives f-lactam 352 as a frans isomer in a
nearly quantitative yield [115]. Efficient asymmetric insertion based on the
differentiation of enantiotopic aliphatic C—H bonds in a molecule with prochiral
quarternary carbons is possible, and the highly optically pure bicyclic lactone 353 was
obtained by this method [116].
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Intermolecular insertion to aryl C—H bonds is possible. The asymmetric
intramolecular reaction of the o-diazo compound 354 catalysed by Rh,[(S)-PTTL],,
Rh,[(S)—PTTL]4 = dirhodium tetrakis[N-phthaloyl(S)—t—leucinate], afforded indane
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355 with 93% ee and the reaction was applied to the asymmetric total synthesis of
FR115427, an NMDA receptor antagonist 356 [117]. Ring enlargement of benzene
derivatives by the reaction of a-keto carbenes generated from the diazo compound 357
(Buchner reaction) takes place to generate norcaradiene 358 as an intermediate, which
rearranges to 3,8a-dihydroazulene-1(2H)-one (359). The reaction has been applied to
the synthesis of the sesquiterpene confertin (360) [118].

The insertion of keto carbene to the N—H bond in 361 to form the carbapenem ring
system 362 is a commercially established synthesis [119].

o Rh[(SFPTTL],
O COMe
Me N 87‘% 0
2
O CO,Me

355 93%ee
354 ©
Me

NHHCI

356 ER 115427

=
© (0]

358
HO
)” H };i O i? H |:|
J;!/\Z Rha(OAC)4 J;O:
—_— O
NH % N
o TN/TcoR %% At
361 362 CO-R

Intermolecular insertion to Si—H bonds offers a synthetic route to allylsilanes. The
Rh-catalyzed reaction of the o-vinyldiazoacetate 363 with hydrosilane gives the
allylsilane 364 [120].

N SiMe,Ph
/\)J\z Rh(OAc), S
N + PhMe,SiH ——— CgH CO.Et
CsH11 CO,Et 2 76% T ea 2

363
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The cyclic ylide intermediate 366, as a 1,3-dipole, is generated by intramolecular
reaction of Rh—carbene with the ketone in 365, and undergoes cycloaddition with 7-
bonds to give the adduct 367 [121]. When «-diazocarbonyls have additional
unsaturation, domino cyclizations occur to produce polycyclic compounds. The Rh—
carbene method offers a powerful tool for the construction of complex polycyclic
molecules in short steps, and has been applied to elegant syntheses of a number of
complex natural products.

O
0 (@]
Rh(ll) A=B
R/U\/\”/CHNz L /C\f_ R 0]

o R™ 0
365 366

The decomposition of 368 catalysed by Rh perfluorobutyrate and subsequent
intramolecular cycloaddition give 370 in high yield (93%) as the key step in the total
synthesis of lysergic acid (371), and is believed to involve the intramolecular reaction
of the ylide intermediate 369 at the alkene. No C—H insertion takes place [122].
Another elegant example is the efficient construction of the aspidosperma alkaloid
skeleton 374. The Rh-catalysed domino cyclization—cycloaddition of diazo imide 372
afforded cycloadduct 374 in 95% yield as a single diastereomer via the dipole 373,
and desacetoxy-4-0x0-6,7-dihydrovindorosine (375) has been synthesized from 374
[123].

Intermolecular cycloaddition also proceeds smoothly. The 2,8-dioxabicyclo-
[3,2.1]octane core system 379 of zaragozic acid 380 was constructed by the
intramolecular carbonyl ylide formation from 376 catalysed by Rh,(OAc),, followed
by intermolecular 1,3-dipolar cycloaddition of the electron-deficient dipolarophile 377
as shown by 378 as a single diastereomer out of four possible diastereomers [124].

The Rh-catalysed intramolecular reaction of the diazocarbonyl with the alkyne in
381 generates vinyl ketocarbenes 382, which undergo further transformations. The
Rh(II)-catalysed domino cyclization—cycloaddition sequence, in particular the
intramolecular reaction of o-diazocarbonyl with alkynes, is useful for efficient
construction of polycyclic compounds. o-Alkynyl-a-diazopropiophenone 383 contain-
ing tethered carbonyl and alkyne groups underwent Rh(II)octanoate-catalysed alkyne—
carbene metathesis as shown by 384 and 385 to give the vinyl carbene 386, which
cyclized onto the neighbouring carbonyl group to give the resonance-stabilized ylide
dipole 387. Finally, intramolecular dipolar cycloaddition to the alkene afforded the
cycloadduct 388 in a remarkably high yield of 97% [125].

The oxonium ylide 390 is generated by the interaction of carbene with the unshared
electron pair of the oxygen atom of ether 389, and subsequent sigmatropic
rearrangement affords 391 [126]. The reaction was applied to the diastereoselective
construction of 2,8-dioxabicyclo[3.2.1]octane, the core system 394 of zaragozic acid.
The Rh-catalysed reaction of diazo ester 392 generates the bicyclic oxonium ylide 393
from the acetal, and its exocyclic 2,3-shift affords 394 [127].
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a-Diazo esters and ketones undergo carbene—alkene rearrangement to afford (2)-
o, f-unsaturated esters and ketones [128]. Elimination of N, from 395 proceeded
selectively at —78°C to give the o, f-unsaturated ester 396 with high (Z) selectivity,
particularly when Rh trifluoroacetate is used [128].
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8.6 Other Reactions

Some reactions proceed by the formation of carbene complexes and their
cycloaddition. Carbodiimide 398 is prepared in good yields by heating o-
tolylisocyanate (397) with a catalytic amount of Fe(CO)5 or Mo(CO),, with evolution
of CO;, [129]. The reaction can be understood by the following mechanism. Bonding
between transition metals and CO and isonitrile can be expressed by the resonance
forms 399 and 400. These carbene-type complexes, possessing cumulative double
bonds, undergo the cycloaddition with isocyante. The first step is the cycloaddition of
metal carbonyl 401 with isocyanate 402 to form four-membered metallacycles 403.
Decarboxylation of the cycloadduct 403 generates the Fe—isonitrile (or carbene)
complex 404, which then reacts with the isocyanate to form the four-membered
metallacycle 405. Retrocycloaddition of the four-membered ring 405 affords
carbodiimide 406. At the same time, Fe(CO)s (401) is regenerated and the reaction
proceeds catalytically.

Treatment of diphenylketene (407) with a catalytic amount of Co,(CO)g produces
tetraphenylethylene (410,) involving a carbene complex as an intermediate. In this
reaction carbene complex 408 is formed from 407 and Co,(CO)g, the cobaltacyclo-
butanone 409 is generated by cycloaddition of 407 and 408, and cleaved to give 410
[130].

It is known that vinylidene complexes 412 are formed by isomerization of the
terminal alkynyl complexes 411 [131]; their reactions are treated in Section 3.5.2.2.

Complexes of Pd, Pt and Ru catalyse enyne metathesis, giving similar products to
those obtained by the Ru—carbene complex 22 as described in this chapter. These
enyne metatheses are discussed in Section 7.2.6. Other mechanisms, without involving
carbene complexes as intermediates, have been proposed.
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9

PROTECTION AND
ACTIVATION BY
COORDINATION

Some transition metal carbonyls form stable complexes with alkenes, conjugated
dienes, alkynes and aromatic rings. The electron density of these unsaturated
compounds is decreased by the coordination of strongly electron-withdrawing metal
carbonyls, and their reactivity is modified. Complex formation can be used in two
ways, as protection or as activation. Reactive unsaturated bonds are masked by the
coordination and protected for some reagents, such as reducing agent and
electrophiles. As it is difficult to protect alkenes, conjugated dienes and alkynes by
conventional methods, protection by coordination offers a useful method. Aromatic
rings are activated toward nucleophiles by coordination. The transition metals in these
complexes have low valences, and they lose the ability to coordinate by mild oxidation
to higher valence states, and facile oxidative deprotection is possible, liberating the
unsaturated compounds.

9.1 Protection and Activation of Alkenes by the
Coordination of Iron Carbonyls

The carbonyls Fe(CO)s and [CpFe(CO),]* (2) form stable cationic complexes with
alkenes, which are used for both protection and activation of alkenes [1].
[CpFe(CO),]" (2; abbreviated as Fp™) is prepared by the reaction of cyclopentadienyl
anion (1) with Fe(CO);, followed by oxidative cleavage with bromine, and used for the
protection of alkenes. The electron density of the double bond is decreased by the
coordination of [CpFe(CO),]" and hence this bond is activated to nucleophilic attacks.
Introduction of nucleophiles, such as the carbon nucleophile of malonate, to
cyclopentene becomes possible via the formation of the complex 3, and the stable
trans-g-alkyliron complex 4 of cyclopentane is prepared. The vinyl ether complex 6 is
obtained easily from the a-bromoacetal 5, and reacts with an enolate of ketone 7 as an
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electrophile to give 8, which is converted to the alkene complex 9 by the treatment
with HBF,, and deprotected to give 10 [2]. In this way, the vinyl ether complex 6 can
be regarded as a vinyl cation equivalent, which reacts with enolates as the nucleophile.

Bra -
(D" + Fe(G0) ——» [0BFe(00Ml, — = [OpFe(COLI'Br ™ =Frr
a

2
1

Fp
@_Fp+gr + LICH(CO,E1), e O’ + LiBr

“"CH(COLEY,
3 4
EtO g
Me——/ 1. NaFe(CO);Cp E‘O\”/Me
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EtO 2. HBF, —FpBF
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o :
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o Ome. OFt /P 0
LDA HBF4 NaBr
M
o F %
Me Me P 86% | Me e
7 8 9 10

Alkenes are also protected by coordination against electrophilic attacks. The less-
hindered bond of the two double bonds in vinylcyclohexene (11) is protected
preferencially by the formation of the complex 13 by exchange reaction with the
isobutylene complex of FpX 12, and the unprotected alkene in 13 can be hydrogenated
selectively. After the hydrogenation, the monoene 14 is deprotected by the treatment
with Nal [3]. The double bond in the enyne 16 is protected selectively with 12 as
shown by 17. The triple bond of 17 is hydrogenated and alkene 18 is obtained by
deprotection. Monoprotection of norbonadiene, followed by selective bromination of
the remaining double bond, gives 19 without forming cyclopropane ring 20 [3].
Bromination of the double bond in eugenol (21) with bromine gives 22, whereas
selective bromination of the aromatic ring is achieved by protection of the double bond
as complex 23. After the bromination to give 24, facile deprotection with Nal
generates the free alkene 25 [4].

Cyclobutadiene (26) is antiaromatic and its isolation is not possible. However, it can
be stabilized by #*-coordination of Fp™ to one of the double bonds to give 27, and the
uncomplexed double bond in 27 undergoes Diels—Alder reaction with cyclopentadiene
to give 28 [4]. As described in Section 9.2, cyclobutadiene (26) can be stabilized as a
diene by the n*-coordination of Fe(CO),.

9.2 Protection and Activation of 1,3-Dienes by the

Coordination of Iron Carbonyls

Fe(CO); forms stable n* complexes of conjugated dienes, and acts as a useful
protecting group for dienes, preventing reactions normally associated with carbon—
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carbon double bonds (hydrogenation, hydroboration, hydride reduction, osmylation),
and with 1,3-dienes (Diels—Alder reaction) [5,6]. These complexes withstand the
reaction conditions of aldol and Wittig reactions. In addition, the complexation
stabilizes the dienes, moderating their reactivity toward electrophiles, and enables the
addition of nucleophiles that are not possible under normal conditions.

Very stable diene complexes can be prepared by the reaction of conjugated dienes
with Fe(CO)s, Fes(CO)y or Fe3(CO),, by heating or under irradiation. For synthetic
purposes, the complexes of acyclic 1,3-dienes, 1,3-cyclohexadienes and 1,3-
cycloheptadienes are useful.

Unconjugated dienes form the 1,3-diene complexes after isomerization to
conjugated dienes. Formation of the stable conjugated diene complexe is the driving
force of the isomerization. For example, the 1,4-diene in the synthetic intermediate 29
of prostaglandin A can be protected as the diene complex 30 after isomerization to the
conjugated diene when it is treated with Fe;(CO)y. This method was applied to the
synthesis of prostaglandin C (13). The diene complex 30 is stable for the oxidation of
the lactol and introduction of the a-chain [7].
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Free 1,3-dienes can be regenerated from the complexes by oxidative decomplexa-
tion using Ce(IV), H,O,, peracids or O3. However, osmylation (OsQOj, t-BuO,H) and
periodate cleavage of glycols can be carried out without decomplexation [8]. The 1,3-
diene of ergosterol is protected as complex 32 for osmylation, and only the double
bond in the side chain is oxidized selectively to 33. The alcohol is oxidized to ketone
34 and its reduction with a bulky reducing agent occurs from the normally hindered /-
face to afford epi-ergosterol (35), because the o-face is blocked by Fe(CO); [9].

OSO4
—_—
85%

1. LIAIH(O-t-Bu),

_————
2. FeCly Lo

35

Isolation of cyclobutadiene (26) is not possible. It can be prepared by
dechlorination of 3,4-dichlorocyclobutene (36) with Fe,(CO),y, and isolated as the
stable cyclobutadieneiron tricarbonyl (37) [10,11]. The coordinated cyclobutadiene
(37) shows aromaticity and undergoes Friedel-Crafts reaction to give 39. Formation of
the stable cationic m-allyliron 38 as an intermediate is the driving force [11]. Oxidative
decomplexation of the complex 37 with Ce(IV) salt generates free cyclobutadiene
(26), which undergoes immediate cycloaddition with unsaturated bonds. Using this
method, the highly strained Dewar benzene 40 and cubane (41) were synthesized [12].
Also, intramolecular [2 4 2] cycloaddition of 42 produced the bicyclo[2.2.0]hexane
ring 43, which isomerized to the 1,3-cyclohexadiene 44 upon heating [13].

1,4-Cyclohexadienes are avaiable by the Birch reduction of aromatic compounds,
and converted to 1,3-diene complexes by heating with Fe(CO)s. 1-Methoxy-1,4-
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cyclohexadiene (45) is isomerized to the two separable conjugated diene complexes 46
and 47. Hydride abstraction from the complexes 46 and 47 affords cationic complexes
48 and 48a. Unstable 2,4-cyclohexadien-1-one, a keto form of phenol, can be prepared
as complex 49 by hydrolysis of the methoxy-substituted cyclohexadienyl-Fe(CO),
complex 48 [14]. The complex reacts with Reformatsky reagent to give 50 and then
51. Also, complex 49 can be used for the Wittig reaction, showing strong protection of
the diene by Fe(CO)j;.

OMe OMe OMe (CO)Fe OMe
3
i Fe(CO)s > NG PhyCBF
@ _Li/NHg © —— [ J—Fecco, + I —
46 47
OMe O
H*, H,O
—_— | —
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49
CO,Et
COgEt
Brzn” > COZEt
CO)3 g Fe(CO

Complex 49 was converted to the oxime complex 52. Reaction of 52 with
organocuprate, followed by treatment with Ac,O and CO, afforded the interesting but
rather unstable [(1,2,3,4-1)-1-(N-acetoxy-N-methoxyamino)-5-endo-acyl-1,3-cyclo-
hexadiene] complex 55 via 53 and 54 [15].
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In addition to protection, a change of diene reactivity is effected by coordination to
carbonyl. Butadiene forms the very stable complex 56 and its reactions are different
from those of free butadiene. Electrophiles attack C(1) or C(4) of the complexed
dienes, and reactions that are impossible with uncomplexed dienes now become
possible.

Friedel-Crafts acetylation of butadiene complex 56 proceeds smoothly to give a
mixture of 1-acetyldienes 58 and 59 via the cationic n-allyl complex 57 [16].
Intramolecular Friedel-Crafts acylation with the acid chloride of the diene complex
60, promoted by deactivated AICl; at 0 °C, gave the cyclopentanones. The (Z)-dienone
complex 61 was the major product and the (E)-dienone 62 the minor one [17].
Acetylation of the 1,3-cyclohexadiene phosphine complex 63 proceeded easily at
—78°C to give the rearranged complex 65 in 85% yield. Without phosphine
coordination, poor results were obtained [18,19]. In this reaction, the acetyl group at
first coordinates to Fe, and attacks at the terminal carbon of the diene from the same

Fe(C )
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L Pe!
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side of Fe to generate the cationic m-allyliron 64. Then deprotonation occurs from the
Fe side to produce 65 selectively. The acidic proton attached to the acetyl-bearing
carbon in 64 is not eliminated because it is opposite to the Fe. As a result,
rearrangement of the diene system occurs.

Nucleophilic attack occurs at C(2) of the diene. The 1,3-cyclohexadiene complex
66 is converted to the homoallyl anionic complex 67 by nucleophilic attack, and the 3-
alkyl-1-cyclohexene 68 is obtained by protonation. Insertion of CO to 67 generates the
acyl complex 69, and its protonation and reductive elimination afford the aldehyde 70
[20]. Reaction of the butadiene complex 56 with an anion derived from ester 71 under
CO atmosphere generates the homoallyl complex 72 and then the acyl complex 73 by
CO insertion. The cyclopentanone complex 74 is formed by intramolecular insertion
of alkene, and the 3-substituted cyclopentanone 75 is obtained by reductive
elimination. The intramolecular version, when applied to the 1,3-cyclohexadiene
complex 76 bearing an ester chain at C(5), offers a good synthetic route to the
bicyclo[3.3.1]nonane system 78 via intermediate 77 [21].
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The 1,3-cyclohexadiene complex 66 was expanded to cycloheptadienone (80) by an
interesting reaction of CO mediated by AICl; via 79. The bicyclo[3.2.1]octenedione
81 was prepared by the twofold carbonylation of 66 under high pressure of CO via the
intermediate 79 [22,23]. This interesting transformation has been applied to the
stereoselective construction of the dicyclopenta[a,d]cyclooctene core 83 of ceroplastin

terpene from 82 under 5 atm of CO [24].
(0]
——> (CO}Fe—L"
\
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r T o
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e i
120°C, 70% (6]
81
(@]
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COFe +Co nes% T120°C, 92%

(@]
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Complexes of unsymmetrically substituted conjugated dienes are chiral. Racemic
planar chiral complexes are separated into their enantiomers 84 and 85 by chiral HPLC
on commercially available f[-cyclodextrin columns and used for enantioseletive
synthesis [25]. Kinetic resolution was observed during the reaction of the meso-type
complex 86 with the optically pure allylboronate 87 [26]. The (2R) isomer reacted
much faster with 87 to give the diastereomer 88 with 98% ee. The complex 88 was
converted to 89 by the reaction of meldrum acid. Stereoselective Michael addition of
vinylmagnesium bromide to 89 from the opposite side of the coordinated Fe afforded
90, which was converted to 91 by acetylation of the 8-OH group and displacement
with Et;Al. Finally, asymmetric synthesis of the partial structure 92 of ikarugamycin
was achieved [27].

Addition to unsaturated centres (C=0, C=N, C=C) adjacent to the diene can occur
in a diastereoselective fashion, and asymmetric synthesis can be carried out if the
diene complex is optically active. As Fe(CO); coordinates from one face of the
unsymmetrically substituted conjugated dienes, the complexes are chiral and can be
resolved to the optically active forms 93 and 94, which are used for asymmetric
synthesis. The optically active acetyldiene complex 95, obtained by the acetylation of
the optically active diene complex 94, reacts diastereoselectively with PhLi to give 96.
The optically active tertiary alcohol 97 is obtained by its decomplexation. The
enantiomer 100 can be synthesized by the opposite operation; namely the benzoylation
of 94 to give 98, and subsequent reaction of MeLi gives 99. The enantiomer 100 is
obtained by decomplexation [16].
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The usefulness of 1,3-cyclohexadiene complexes is enhanced by their conversion to
stable cationic complexes. The #°-cationic complex 102 is prepared as a stable salt by
the hydride abstraction from the neutral complex 66 via 101, and its highly regio- and
stereoselective reaction with nucleophiles is used for synthetic purposes. Complex 102
reacts with nucleophiles such as amines, active methylenes, alkyl copper or alkoxides
at C(1) or C(5) from the uncomplexed exo side. In other words, the nucleophilic attack
occurs regioselectively at a dienyl terminus, and stereoselectively anti to Fe(CO); to give
103. Hydride abstraction from 103 affords 104, which reacts with a nucleophile to form
105. Decomplexation of 105 produces the 5,6-disubstituted-1,3-cyclohexadiene 106.

Fe(CO)3

RN _ ~ _
(;—Fe(CO)a + PhyC'BF, —> © Fe(CO)s —> @ BF,  + PhsCH
66 101 102
Fe(CO); _ Fe(CO)s
_ X PhyC*BF, - Nu?
+ )| BFs 4+ Nu' —— —=Fe(CO); —— » + )] BF4 ——
1N F o
Nu Nu
102 103 104
2 2
NU“,, Nu%,,
—Fe(CQO); —
Nyt Z Nu™
105 106

The cationic diene complex 107 prepared from p-methylanisole reacts with
nucleophiles regioselectively at the methyl-substituted terminal carbon of the dienyl
group and stereoselectively from the opposite side of the coordinated iron to give 108.
The following three transformations are possible, depending on subsequent
decomplexation and/or dehydrogenation. As deprotection and hydrolysis of 108
afford the 4,4-disubstituted cyclohexenone 109, umpolung of the enone y-carbon is
possible as shown by 110, and the nucleophile is introduced at this carbon. Similarly
reaction of the nucleophile at the terminal carbon of cationic complex 111 affords 112.
1,5-Disubstituted-1,3-cyclohexadiene 113 is obtained by decomplexation. This
transformation corresponds to the introduction of the nucleophile to the cyclohex-
adienyl cation 114. Also, reaction of 115 with the nucleophile gives 116, and p-
substituted benzene 117 is obtained by decomplexation and dehydrogenation. In this
way, introduction of the nucleophile to the para position of monosubstituted benzene
is possible as shown by 118. The products 109 and 117 represent the umpolung. They
are synthetic equivalents 110 and 118. Many synthetic applications of these species
have been reported.

The following application of the synthetic equivalent 110 was carried out. Complex
107 was utilized for the total syntheses of trichothecene (122), trichodiene and
trichodermol, applying the reaction of cationic complex 107 with a f-keto ester or tin
enolate [28]. The tin enolate of cyclopentanone 119 reacted with the complex 107 with
high diastereoselectivity to give the diene complex 120 in high yield. After



Protection and activation of 1,3-dienes 365

synthetic
equivalents
(CO)sFe
Fe(CO)3 _ \
MeQO (73 Nu MeO N O @]
+ e —_— | —Me —— - Me +M
R Nu e
107 108N 109 110
Fe(CO), (CO)sFe
o0, — OO
+ —_— | —_—
R R “Nu R “Nu | R +
111 112 13 114
i F6(CO) (COF):Fe\ ] )
+ —_— I
“Nu Nu +
115 116 Ho 117 118

introduction of an oxygen function at the «-carbon of the ketone, oxidative
decomplexation with CuCl, afforded the enone 121, from which trichodermol (122)
has been synthesized after several steps.

Nucleophilic attack of the electron-rich aromatic ring 124 to the cationic complex
123, and intramolecular amination afforded the intermediate 125 for the synthesis of
discorhabdin and prianosin alkaloids [29].
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As an example of conversion of complex 111 to 113, optically pure complex 126
was used for the enantioselective total synthesis of shikimic acid (129) [30]. The
hydroxy-substituted diene complex 127 was prepared from 126. Silylation and
decomplexation of 127 gave 128. Stereoselective dihydroxylation of the more reactive
double bond of the decomplexed silyl ether derivative 128, followed by desilylation
afforded (—)-methyl shikimate (129).

COQMe Cone
Fo(CO) KHCOs, H,0 x 1. TBSCI, Et,NPr
+ e _— -
S o % A Te(COk "5 meNO
6 HO' o
126 127 82%
CO,Me CO,Me
1. OSO4
_——>
T8SO" 2. BuNF o™ OH
128 37% OH
129

9.3 Protection and Activation of Alkynes by the
Coordination of Cobalt Carbonyl

The carbonyl Co,(CO), forms stable n-complexes of alkynes (> complexes). Four
effects on alkyne reactivity are expected from this coordination: (i) protection of the
triple bond; (ii) stabilization of the carbonium ion on the a-carbon (or propargylic
cations; (iii) syntheses of common and medium-size cycloalkynes; and (iv) steric
effects.

As a result of complex formation, the normally linear digonally hybridized triple
bond bends to approximately 145°. Two n-bonds in the triple bond coordinate to two
Co atoms, respectively, as shown by 130. In the following discussion, the simplified
form 131 is used instead of 130 in most cases for simplicity.

145°
R.(_R R—=—R
C\—\,(l: |
(CO)sCo=Co(CO)s Cox(CO)s
130 131

The 1,2-shift of a cyclopropyl group is well-known as shown by 132. Similarly,
propargyl-type alkyne Co complexes which have the cobaltacyclopropyl structure 130
undergo a facile 1,2-shift. The Co complex 134 of the alkynylchlorohydrin 133
undergoes facile 1,2-shift promoted by Me; Al at low temperature to give 135, and the
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a-alkynyl ketone 136 is obtained by decomplexation [31]. Rearrangement of the free
alkyne 133 to 136 is not possible.
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r_ c 98% @ 78% X :
u
{L 133 134 ¢ Ce(lV) (CO)Co;
132 . 135
‘ le} 99%
I
11
A
136 Bu

As regards the protecting effect, the complex is stable to Lewis acids. Also, no
addition of BH3 occurs. As Co,(CO), can not coordinate to alkene bonds, selective
protection of the triple bond in enyne 137 is possible, and hydroboration or diimide
reduction of the double bond can be carried out without attacking the protected alkyne
bond to give 138 and 139 [32]. Although diphenylacetylene cannot be subjected to
smooth Friedel-Crafts reaction on benzene rings, facile p-acylation of the protected
diphenylacetylene 140 can be carried out to give 141 [33]. The deprotection can be
effected easily by oxidation of coordinated low-valent Co to Co(Ill), which has no
ability to coordinate to alkynes, with CAN, Fe(Ill) salts, amine N-oxide or iodine.

BHa3, H-O TN —
3, 122 HO —

62%
= 138 C02(COk
T -
COQ(CO)S —__>N2H2 u
1 37 920/0

@|@ 1. MeCOCI, AlCls O _ O comte

COg(CO 2. (NH4)QCG(N03)6

140

The coordination stablizes the a-carbonium ion. This stabilization is due to
delocalization of the positive charge of the propargyl cation by the Co cluster as shown
by 142 and 143. Metal carbonyls are strong electron-withdrawing groups, and
generally decrease the electron density of alkynes, alkenes and arenes by coordination.
Therefore, stabilization of the propargyl anion is expected by the coordination of
Co0,(CO);. In practice, however, the propargyl cation, rather than anion, is stabilized
by the contribution of 142 and 143. Thus propargylic alcohols undergo facile
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dehydration as a result of coordination and react easily with many nucleophiles. The
reaction at the Co-stablized propargylic cation with nucleophiles is called the Nicholas
reaction [34,35]. Friedel-Crafts reaction of propargylic alcohol 144 with activated
aromatic compounds such as anisole gives 145 by this coordination [36].

Rl
7
", - A
(CO)3C6—Co(CO); (C0)3Co—C0o(CO);

142 143
Me HBF,4 MeO Me —_—
Ho_‘__: + MeO —_— e —|—
Me —cl: co 7o Ve CoutCONs
02( )6 145
144

According to the Baldwin rule, the exo cyclization mode is favored in
intramolecular reactions of alkynyloxiranes with alcohols to afford cyclic ethers.
However, the unfavorable endo cyclization mode is observed by the complexation.
Thus exclusive endo cyclization of epoxide complex 146 takes place regioselectively
to give 147, without forming the five-membered ether 148 by exo mode reaction [37].

HO
endo 1. C0x(CO)g, 1t

> = O
2. BF,, Et,0, -78°C T™S \COZ(CO)G
o 86% 147
o)
~ H
™S exo

BF; HO

146 trans epoxide //
TMS
148

Coordination to alkynes distorts the triple bond character nearer to that of a double
bond, decreasing the linearity. Utilization of the coordination effect makes it feasible to
prepare cyclic alkynes whose synthesis is difficult to achieve. Highly strained
cyclooctyne can be prepared by coordination. As an example, starting from (R)-
pulegone, three of the four rings of the epoxydictymene skeleton 152 were constructed
by the consecutive Lewis acid-promoted Nicholas reaction of allylic silane 149 to form
150, and the intramolecular Pauson—Khand reaction of 151. The total synthesis of (4)-
epoxydictymene 153 from 152 has been achieved [38].
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Intramolecular Lewis acid-promoted reaction of coordinated propargylic ether with
the silyl enol ether in 158 has been applied successfully to the construction of the
highly strained 10-membered cyclic enediyne system 159, present in esperamycin and
calicheamycin [39,40]. The enediyne system 157 was prepared by the Pd-catalysed
Sonogashira coupling of (Z£)-1,2-dichloroethylene (154) with two different terminal
alkynes 155 and 156.

i Z OMe
1. ijﬁ 2. = RO

Ci . Cl 155 79% 156 59% I | 5 OMe 1.TMSCI
154 Pd(PhsP)s, Cul, PrNH " F 2. Cox(CO)s
157
RO RO ‘
||| oT™s ome Tk, MeNO
DABCO | R = 1-BuMe,Si
e
A
Co,(CO
1sg 2Ok 159

The seven-membered cyclic ether 161 containing the Co-stablized triple bond was
prepared by the Nicholas reaction of 160. The decomplexation and reduction of the
triple bond to the double bond to produce 162 were achieved by Rh-catalysed
hydrogenation. The method was used for the preparation of the A/B fragment of
ciguatoxin [41].

The highly strained molecule of 3,4-diphenylcycloocta-1,5-diyne (165), stabilized
by the coordination of Co,(CO)4, was prepared from the bis-propargylic alcohol 163.
Cyclization of the propargylic dication complex 164, induced by reduction with Zn,
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PivO PivO

Ho, RhCI(Ph3P)3
76%

afforded the cyclocta-1,5-diyne ring 165 in 48% yield. The complex of more strained
7,8-diphenylcyclooct-3-ene-1,5-diyne was prepared similarly [42].

(COYsCo, " 0 Ph | (CO)Cos
\/ OH (CO)6002 + J_
Z HBF, Xz wPh
— Zn /Na /Ph,CO
N S 48%, 98% de Ph
(CONCos O) CO/\ .
Ph 692 Bh (CO)sCo,
163 - 164 - 165

The a-oriented alkynyl sugar 166, formed originally, is transformed to the f-isomer
169 by forming the Co complex 167. Due to the stable propargylic cation of the Co

complex, facile opening and closing of the dihydropyran ring in 167 yield the
thermodynamically stable f-isomer 168 [43].

, SiMea
AcO
COQ(CO TfOH o| ‘_COZ(CO)G
° 40°C 10 min
2 AO |[[CozCO)e  90% —
AcO
SIM63 SIM63 168
SiMe,
2 AcO I |
0]
100%

AcO
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9.4 Activation of Arenes and Cycloheptatrienes by
Coordination of Chromium Carbonyl and Other Metal
Complexes

Complexes of Cr, W, Mo, Fe, Ru, V, Mn and Rh form stable, isolable arene #°-
complexes. Among them, arene complexes of Cr(CO); have high synthetic uses.
When benzene is refluxed with Cr(CO), in a mixture of dibutyl ether and THE, three
coordinated CO molecules are displaced with six-n-electrons of benzene to form the
stable 7%-benzene chromium tricarbonyl complex (170) which satisfies the 18-electron
rule (6 from benzene + 6 from Cr(0) + 6 from 3 CO = 18). Complex formation is
facilitated by electron-donating groups on benzene, and no complex of nitrobenzene is
formed. Complex formation has a profound effect on reactivity of arenes, and the
resulting complexes are used in synthetic reactions. The metal-free reaction products
can be isolated easily after decomplexation by mild oxidation using low-valent Cr.
Cycloheptatriene also forms a stable complex with Cr(CO); and its synthetic
applications are discussed below.

=
+ CrCO)g \\I +3C0

Cr(CO)s3
170

attack of nucleophil

increased acidity Sw stabilization of benzylic anion
facilitated lithiation — ﬁ and cation
H
X
P Ve

facile disptacement of Fand CI X Cr.
[}

co” steric effect

co } - formation of chiral complex

CO

Through this coordination, the electron density of the benzene ring is considerably
reduced. The electron-withdrawing effect of coordinated Cr(CO); is similar to that of a
nitro group, as is apparent from the following pK, values: pK, of
PhCO,H = 5.68; p-NO,CcH4CO,H = 4.48; and PhCO,HCr(CO); = 4.77. The basi-
city of aniline is decreased from 11.70 (pKp) to 13.31 by complex formation. In
addition to the electron-withdrawing effect, coordinated Cr(CO); has a large steric
influence by blocking one face of the arenes. These electronic and steric effects of the
coordination bring about the following changes to aromatic rings:

1. Aromatic nucleophlic substitution with stabilized carbanions is possible, and
nucleophilic substitution products and cyclohexadiene derivatives are preparable.

2. The displacement of aromatic halogens is facilitated, and its order is
F>Cl>Br>1

3. The acidity of aromatic hydrogens is increased and lithiation of the aromatic ring is
facilitated.
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4. The acidity of the benzylic hydrogen is increased, and hence the benzylic carbanion
is stablized and substitution at this carbon with electrophiles is accelearated. In
addition, the benzylic cation is stabilized.

5. Due to the coordination of bulky Cr(CO);, nucleophiles react from the opposite
side of the ring, (i.e. the exo side) with high stereoselectivity.

6. Another important feature is the planar chirality of complexes of ortho and meta
disubstituted arenes, and asymmetric synthesis is possible using optically active
complexes.

9.4.1 Reactions of Carbanions

Arenes usually undergo electrophilic substitution, and are inert to nucleophilic attack.
However, nucleophilc attack on arenes occurs by complex formation. Fast nucleophilic
substitution with carbanions with pK, values >22 has been extensively studied [44].
The nucleophiles attack the coordinated benzene ring from the exo side, and the
intermediate 72-cyclohexadienyl anion complex 171 is generated. Three further
transformations of this intermediate are possible. When Cr(0) is oxidized with iodine,
decomplexation of 171 and elimination of hydride occur to give the substituted
benzene 172. Protonation with strong acids, such as trifluoroacetic acid, followed by
oxidation of Cr(0) gives rise to the substituted 1,3-cyclohexadiene 173. The 5,6-trans-
disubstituted 1,3-cyclohexadiene 174 is formed by the reaction of an electrophile.

: R
170 171 [RX,CO _ ©’ 174
""COR’

The carbon nucleophiles listed in eq. (9.1) are known to react. But no reaction
occurs with some nucleophiles such as malonate and Grignard reagents.

LiICH,CO,R, LICHLCN, KCH,CO-£Bu,LICH(CN)(OR), LICH,SPh

o-Li-1,3-dithiane, LICH=CH,, LiPh, LICH,CH=CH,, LiCMe;, Li——=—R -1

First, the preparation of the substituted benzene 172 is explained. In the reaction of
substituted benzene complex 175 with carbanions, the meta orientation to give 176 is
observed even in the presence of ortho- and para-orienting electron-donating groups,
such as methoxy and amino groups [45]. Using this property, the nucleophilic
substitution reaction, complementary to ordinary electrophilic substitution reaction, is
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made possible by complex formation. As shown by the following example,
substitution at C(1) in the A ring of an aromatic steroid is difficult. However, by the
coordination of Cr(CO);, the 1,3-dithiane anion 178 was introduced at C(1), meta to
the methoxy group in 177 at —78 °C in THF. Oxidative decomplexation of the product
179 with iodine and hydrogenolysis with Raney Ni produced the 1-methyl steroid 180
[46].

OMe

N e, ©
\C(CO'

175 176

90 - 100% 0-10% o

m (\| OR

;88 S.__S
Li+ 178 Ni
_—— —_—
' 2t MeO
"CHCO)s €
177 R = SiMe,Bu 179
OR
Me
MeO total yield
180 42%

Cr(CO); coordinates to the benzene ring of indole (181) selectively and the reaction
occurs mainly at the normally inaccessible C(4) carbon to give 182, and substitution at
C(7) to give 183 is a minor reaction [47]. With the uncomplexed indole, substitution at
C(2) is common.

3 A\
A\ \
(CO)3Cr H H R
. 181 182 183
R = LiC(CH3),CO,+-Bu g9 : 1 92% vyield
= LiCH,CN 75 : 25  43% yield

Formation of cyclohexadiene 173 by protonation is a useful reaction. Cyclohex-
enone can be prepared from anisole by this reaction. Meta-substitution of the
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complexed anisole (175) with a nucleophile, followed by protonation and hydrolysis of
the anionic intermediate 184, gives rise to the two cyclohexenone derivatives 185 and
186; their ratio depends on the conditions [44].

OMe
X _HOH" H*
| + L
////
Cr(CO)s Cr(CO
175 184

Synthesis of acrorenone is an interesting application of the modified reactivity of o-
methylanisole (187) by coordination of Cr(CO), [48]. After the coordination, the
carbanion of cyanohydrin 188 was introduced at the meta position to the methoxy
group to produce 189 after hydrolysis, and modification of the side chain was carried
out. The recoordination of Cr(CO); gave rise to two diastereomers of 190 due to
coordination from both sides of the ring. Intramolecular nucleophilic alkylation of one
of the diastereomers 190 took place again at the meta position to generate the anionic
cyclohexadiene complex with a spiro ring. Protonation of the complex gave
cyclohexadiene 191 and its hydrolysis produced cyclohexenone 192, which was
converted to acrorenone (193).

OMe CN
Li —,
.
O O oo
(CO 3Cr

Copcr’ 180
187 188
NC MeO CN
MeO - ) H,0
C — —_—
I

5,6-Disubstituted-1,3-cycolohexadiene can be obtained by the irreversible reaction
of a reactive nucleophile, followed by the attack of electrophiles other than a proton.
For example, MeLi attacked from the exo side of 194 to give 195, which was
converted to the Cr—acyl complex 196 by ethylation and CO insertion. When 196 was
warmed, acylation of the ring from the same side as Cr(CO); by reductive elimination
occurred to give the trans-5,6-disubstituted cyclohexadiene 197, stereo- and
regioselectively [49]. a-Ethylation of the ketone 197 afforded 198. Reaction of an
electrophile on the dienylanion complex 195 usually regenerates the original
Cr(CO);—arene complex. However, if the reaction of nucleophile is irreversible, the
disubstituted cyclohexadiene is formed.
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Asymmetric addition of PhLi, coordinated by the chiral ligand 200, to the prochiral
imine complex 199 generates 201. Discrimination between enantiotopic sites at C(2)
and C(6) occurs. Then the 5,6-trans-disubstituted 1,3-cyclohexadienal 202 was
prepared with 93% ee by electrophilic attack of propargyl bromide [50].

NCy
z /NCy
RN , Ph FPh  78°C «Ph
l o+ PhLi + N —_— =~
MeO OMe
CO)5Cr
(CORCT™ o9 (18,28)-200 CO)sCr
201
B
1, IM§—— ' GHO
> WwPh TMs
2.H0  64% //

202 93% ee

The complex of o-substituted anisole 203 is planar chiral, and can be used for
diastereoselective generation of two new stereogenic centres in the products.
Propargylation and allylation of 203 gave 204 regio- and stereoselectively. Hydrolysis
of 204 afforded the cyclohexenone 205, and its intramolecular Pauson—Khand reaction
gave 206 diastereoselectively. The two reactions were completely diastereoselective,
and the planar chirality in 203 was efficiently transferred to the three new stereogenic
centers in 206 [51].
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MeO =
Cr(CO)s B 7
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Coy(CO)¢ NMO
88%, 90% ee, 100% de

9.4.2 Nucleophilic Substitution of Aromatic Chlorides

Although chlorobenzene is rather inactive in usual reactions, its activity is enhanced by
complex formation, and two products are formed by the reaction of stabilized
carbanions on the complexed chlorobenzene 207, depending on the conditions [44].
The anion of a-methylpropionitrile reacts at the meta position at —78 °C, and the meta-
substituted product 208 is obtained by oxidation with I,. However, equilibration
(rearrangement) of the carbanion occurs at 25 °C, because the attack of the carbanion
is reversible, and the substitution product 209 of the chlorine is obtained. The
fluorobenene 210, coordinated by Cr(CO),;, is very reactive. Reaction of 7-
butyrolactone to the o-lithiated fluorobenzene 211 gives rise to the alkoxide 212,
which displaces the fluoride intramolecularly to give the cyclic ether 213 [52]. In other
words, the complex 211 can be regarded as the 1,2-dipolar synthon 214. However,
Cr(CO);-complexed aromatic bromide and iodide can not be used for the nucleophilic
substitution.

Although as described in Section 3.1.1.1, oxidative addition of chlorobenzene to
Pd(0) is difficult, chlorobenzene 207, coordinated by Cr(CO),, undergoes the facile
oxidative addition to Pd(0). Then alkene insertion (Heck reaction) [53] and coupling

cl
78°
; @ SLE N
S 2
| . Li_‘_ | COCr H CN 208

(CO)sCr CN
207 ﬁ Cl CN

L (CO)sCr _
209
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with terminal alkynes occurs to afford aryl alkyne 215 [54]. In the Suzuki—Miyaura
reaction of chloroanisole (216) with p-bromophenylboronate (217), the chloride in
216, although further deactivated by the methoxy group, reacts with the boronate 217
to give 218. No reaction of the bromides in 217 and 218 occurs [55]. Carbonylation of
chlorobenzene to form benzoate is made possible by coordination [56].

Cl PdCly(PhsP), I .
| —==Cr(C0O); + TMS—— ——TMS
= Cul, EtsN, rt 85%
215
OMe
| AN MeO N OMe
_ Pd(PhgP)4, Na,COs |
(CO) Cr/ “ B TTMeOH, H,0, 60% / Z
) 217 8O, H0. 60% o0t
Bi
218

The coordination of Cr(CO); does not activate aryl chloride sufficiently for
Williamson diaryl ether formation to occur. Smooth formation of aryl ether 222
proceeds by reacting the easily prepared arene—Ru complex 220 of the highly
functionalized aryl chloride with phenol 219. Decomplexation of 221 by irradiation
gives 222, and the product is used for the synthesis of the BCF rings of ristocetin A
[57].

9.4.3 Lithiation of Aromatic Rings

Another effect of coordination is facilitated lithiation with n-BuLi. Lithiation at the
ortho position takes place with anisole, chlorobenzene and fluorobenzene 223, and
reaction of the lithiation products 224 with electrophiles gives the ortho product 225
after decomplexation [58]. This selective lithiation was applied to the synthesis of the
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frenolicin intermediate 233. One side of the methoxy group in the anisole complex
(226) was blocked with a TMS group to give 227, and the alkylated complex 228 was
prepared after ortho-lithiation. Then introduction of the carbanion 229 to the less-
hindered site, meta to the methoxy group, followed by oxidation with I, and
desilylation, afforded 230, which was converted to the unsaturated alcohol 231. The
final step is the oxidative intramolecular oxycarbonylation of the unsaturated alcohol
231 using PdCl, and CuCl, to yield 232. Its hydrolysis afforded frenolicin (233) [58].

9.4.4 Activation of Benzylic Carbons by Coordination

The negative charge on the benzylic position of the side chain is stabilized by the
electron-withdrawing effect of coordinated Cr(CO);. In complex 234, attack of a
carbanion occurs at the f-carbon of the double bond to generate the stabilized anion
235 at the benzylic carbon, which is trapped by an electrophile such as Mel. Thus two
substituents are introduced from the opposite side of Cr(CO); to give the cis product
236 [59].

CN CN
1. Mel
() o — L) |
3 CN 3 2.1
Cr(CQO)s3 Cr(CO)s 65%
236

234 235

Utilizing the activation of benzylic carbon, the model compound 245 of helioporing
E has been synthesized stereo- and regioselectively [60]. At first the complex 238 was
prepared from the optically active complex 237. Hydrogenation of 238 proceeded
stereoselectively from the opposite side of Cr(CO),. The lithiation occurred on the
aromatic ring at 1 and 4 positions, which were trapped by silylation to give 239. Then
the less hindered benzylic carbon was regioselectively alkylated as shown by 240, and
Michael addition to 241 at the remaining benzylic carbon afforded 242. The ketone
243 was obtained by intramolecular acylation, and converted to the methyl group 244
by methylation with Mes Al of the acetoxy group from the opposite side of Cr(CO); by
the Uemura’s method [61]. Further methylation afforded 245.

When there is a substituent on the benzene ring, a benzylic methylene proton at the
meta position is more activated than the para position. Reaction of formaldehyde on
the complexed estradiol derivative 246 occurred regioselectively and stereoselectively
from the opposite side of Cr(CO), to give 247 [62].

Another effect of the coordination is that the benzylic cation is also stabilized [63].
This stabilization is explained by delocalization of the positive charge due to the
interaction of the d-orbital of Cr with the m-orbital of the benzylic carbon, caused by
the coordination of Cr(CO);. Facile stereospecific Friedel-Crafts-type cyclization of
the complex of the optically active benzyl alcohol 248 gave the tetrahydrobenzazepine
249 with retention of the stereochemistry, and the free amine 250 with 98% ee was
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prepared by decomplexation [64]. Although the cyclized product 250 was obtained
without coordination of Cr(CO);, complete racemization occurred and the yield was
low.

As an example of the activation of the side-chain a-carbon by the coordination, the
alkylation of 251 with 1,3-dibromopropane produced 252. No such an alkylation is
possible using NaH without complex formation [65].

Attack of a carbanion at the -carbon of styrene 253 becomes possible by complex
formation, and the carbanion 254, generated at the o-carbon, can be trapped by an
electrophile (Mel) to give 255 [59].
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9.4.5 Steric Effect of Coordination

Stereic hindrance due to the coordination affects the orientation of substitutions. As
described before, the substitution occurs from the exo (opposite) side of the
coordination. Utilizing this effect, two methylated products 258 and 260 of opposite
stereochemistry were prepared from the a-tetralone complex 256 [61]. The ketone 256
was reduced and acetylated to give 257. The methylated product 258 was prepared by
displacement of the acetoxy with the methyl anion of Me; Al from the back side of the
coordination. However, MeLi attacked 256 from the opposite side of the coordinated
Cr(CO); to give 259, and the benzyl cation generated from 259 was attacked by
hydride from the back to afford 260. Similarly, complex 261 was converted to 264 by
the displacement of the acetoxy group of 262 with allylsilane 263 from the exo side,
and the ketone in 264 was converted to a methyl group giving 265. As described
before, the meta substitution of 265 occurs to give 266. Hydroboration of the double
bond in the isobutenyl group in the meta-substituted product 266 with 9-BBN-H, and
Pd-catalysed Suzuki—Miyaura coupling with alkenyl bromide 267 afforded 268, from
which dihydroxyserrulatic acid (269) [66] was synthesised [63].
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Stereoselectivity in the reaction of acyclic ketone 270 is different from that of the
cyclic ketone 256. The acetate in 271, prepared by reduction of the ketone 270 to
alcohol with LiAlH4 and acetylation, was displaced with Me3Al from the exo side to
give 272 with retention of the stereochemistry. No racemization of benzyl cation was
observed. However, reaction of 270 with MeLi gave 274. The OH group of 274 was
removed with hydride from the less hindered side as shown by 275 to give 276 with
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retention of the stereochemistry. In this way, the stereoisomers 273 and 277 were
prepared selectively.

Complexation of 278 with naphthalene-Cr(CO); gave one isomer 279 with high
diastereoselectivity (89:11) due to coordination effect of OH group. After hydrolysis
of the acetal, 279 was converted to 281 via 280. The acetate 281 was converted to the
syn product 282 by displacement with Me; Al in a similar way (271-272) as described
before. On the other hand, 283 was obtained from 280, and the anti product 284 was
prepared stereoselectively by selective displacement with hydride [61,67]
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9.4.6 Asymmetric Synthesis using Chiral Cr(CO);—arene Complexes

Cr(CO); coordinates from either the top or bottom side of aromatic rings, bearing two
different substituents in ortho or meta position, so that the enantiomers 285 and 286
are obtained. Optical resolution of the enantiomers is carried out by recrystallization,
or column chromatography. The racemic complex of benzyl alcohol derivative 287
was separated to 288 and 289 by lipase-catalysed acetylation [68]. Enzymes recognize
Cr(CO); as a bulky group. Chiral Cr(CO);—arene complexes are used for asymmetric
synthesis [68a].

As reactions occur from the face opposite to the metal, highly enantioselective

o~ A
- XN o
B
(CO)sCr/ B Cr(CO)s (CONCr B
285 286
0 lipase (&~ OH (\OA
QPR T I
CO)aCramic | +
(€O ;)f o A Y .
(CO)Cr (CO)sCr*
(S)R) (1R) s
287 288 100% ee, 48% 289 98% ee, 47%

reactions of the chiral complexes are possible, and are used for asymmetric synthesis.
The imine, obtained from the racemic complex of o-methoxybenzaldehyde 290 and
chiral L-valinol, is a mixture of diastereomers, and can be separated to 291 and 292 by
column chromatography. Their hydrolysis gave 293 and 294 in optically pure forms
[66]. Complex formation by ligand exchange of the optically active alcohol of tetralin
295 with the naphthaline complex 296 gave the optically active complex 297
diastereoselectively from the same side of the hydroxy group [69].

Although the optical yield was unsatisfactory, stereoselective monocoupling of the
o-dichlorobenzene complex 298 with phenylboronic acid catalysed by an optically
active Pd catalyst gave rise to the optically active complex 299 [70].

9.4.7 Reactions of Cycloheptatriene Complexes

In addition to benzene rings, cycloheptatriene is activated or protected by forming the
stable 7° complex 300. An example of the strong stabilization effected by coordination
is shown by isolation of the optically active 1,3,5-cycloheptatrien-3-ols 301, 304 and
305 as their enol forms. 1,3,5-Cycloheptatrien-3-ol was isolated as complex 301 by
hydrolysis of silyl enol ether 300. The triene system is stabilized by coordination,
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without forming the keto form [71]. The complex 301 was converted to a mixture of
diastereomers 302 and 303 by esterification with chiral o-methoxyphenylacetic acid,

and the mixture was separated into the components. Hydrolysis of 302 and 303
afforded the optically active trienol complexes 304 and 305.

DD

CI’ CO)3 le) CI‘(CO)3 OH
TBAF
/ /\ OMe 304
/ = 90% —
CHCO); OTBS CHCO); OH
300 301

_—
™

Cr(CO)3 OH
()-303 305

Cr(CO)a o)
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The cycloheptatriene complex undergoes cycloadditions with various unsaturated
bonds, such as monoenes, dienes and alkynes, under mild conditions to afford
interesting polycyclic compounds. In particular, the intramolecular version offers
efficient methods for the construction of strained polycyclic skeletons, which are
difficult to synthesize by other means [72].

Thus [6+2] cycloaddition of alkene with complex 306, bearing an optically active
side chain, under irradiation at room temperature afforded the bicyclic compound 307
in 98% de [73]. According to the Woodward—Hoffmann rule, the [6+2] cycloaddition
proceeds by irradiation, and is thermally forbidden. However, the cycloheptatriene
complex 308 underwent 1,5-hydride shift, followed by [6+2] cycloaddition by heating,
to give the tricyclic compound 309 in 90% yield [74]. The cycloaddition was applied
to the synthesis of f-cedrene [75].

¥ EtO.C.,
hvy X H
[\ . — COEt _ "™ _
—X — 86%
Cr(CO)s
306 I
= (+)-isopinocampheol 307 98% de

7\
%

_150°C
Cr(CO)s Tso%

The bicyclo[4.4.1]undecane derivative 311 was obtained by [6+4] cycloaddition of
310 with a conjugated diene [72]. The [6+4] cycloaddition is a thermally allowed
reaction, and free cycloheptatriene undergoes the [6+44] cycloaddition by heating.
However, the [6+4] cycloaddition of cycloheptatriene coordinated by Cr(CO),
proceeds at 0°C under irradiation. These results show the profound effect of
coordination of Cr(CO); on reactivity.

308

OMe
n (2
/ \ + )\/ __V__,.
_\ 66%
Cr(CQO)s

The [6+44] cycloaddition reaction was applied to the construction of a taxane
skeleton [76]. Adduct 314 was obtained by the reaction of complex 312 with diene
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313, and converted to 315. The ABC ring system of the taxane model (316) was
prepared by the rearrangement of 315, promoted by (i-PrO);Al Similar [6+4]
cycloaddition of cycloheptatriene proceeds with a catalytic amount of cyclohepta-
triene—Cr(CO); in the presence of Mg powder as a reducing agent [77]. Intramolecular
version of the [6+4] cycloaddition was applied to the synthesis of a tricyclic model
skeleton 321 of ingenol (317), which has highly strained #rans-intrabridgehead
stereochemical relationship. The cycloheptatriene derivative 318 underwent 1,5-H
shift in refluxing dioxane to generate 319, and its cyclization proceeded under
irradiation to give the tricyclic compound 320 after demetallation as a single
diasterecomer, which was converted to 321 [78]

dioxane
reflux
g

“CrCO)s

318

The bicyclo[4.2.1]nonatriene 323 was prepared by the [6+2] cycloaddition of
internal alkyne with the complex 322 under irradiation [79]. Ligand exchange of 323
with toluene liberated 324. The complex 325 underwent the [6+2] cycloaddition with
two moles of terminal alkyne to give the tetracyclic compound 327 via 326. The [6+-2]
cycloaddition of the complex 322 and 1,7-octadiyne (328) afforded 329 as a primary
product, which was converted further to 330 in 56% yield by further intramolecular
[642] cycloaddition [80]. The tropone complex 331 underwent intramolecular [6+42]
cycloaddition under irradiation to give the strained tricyclic compound 332 in
moderate yield [81].
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9.4.8 Activation of Arenes by the Coordination of an Osmium
Complex

A peculiar complex is formed by #? coordination of Os(II) ammine complex to one of
the double bonds of benzene rings, rather than #° coordination, and the coordinated
benzene rings show interesting reactivity [82]. For example, Os(II) coordinates
regioselectively to the 2,3-double bond of anisole to form the complex 333, and hence
localization of the remaining n-electrons occurs. As a result, at 20 °C an electrophile
attacks easily at C(4) due to electron-donation of the methoxy group. The 4H-cationic
intermediate 334 is stabilized by backdonation from the metal, and the monosubstitu-
tion product 334 is formed without deprotonation. The para-substituted anisole 335 is
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obtained by deprotonation with amine and decomplexation. These results show that
the #* coordination of Os(II) is strong enough to localize 7-electrons in aromatic rings.

OMe OMe
AN
(NH3)5Os*2—© + EY ——— (NHj)s0s*> —
=
333 E
335

The n?> complex 333 can be prepared in 98% yield by the reaction of anisole with
Os(NH3)5(OTf); in the presence of Mg. Michael addition of methyl vinyl ketone to
the complex at 20 °C using TfOH afforded 336, which was converted to 337 by
deprotonation with tertiary amine [83]. The diketone 340 was obtained by the Michael
addition of methyl vinyl ketone to C-4 of the 4-methylanisole complex 338 to generate
339, followed by intramolecular nucleophilic attack of the keto enolate in 339.

OMe OMe
TIOH
B Z M Pr,NEt
Os*2—|| + /\ﬂ/ 95%
— o 0
333
337
OMe +OMe *OMe
TIOH
Os*?— + = _—
/\g/ Os+2_] l ’
Me Me” Me
338 /\o(_ 0
339
0]
DDQ H
Me
O
340

Reaction of the pyrrole complex 341 with acrylate gives 343 via 342, and indole
ring 344 is formed by oxidation with DDQ [84]. Similarly, the aniline complex 345
reacts with acrylate to afford 347 via 346 [85].
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10

CATALYTIC
HYDROGENATION,
TRANSFER
HYDROGENATION AND
HYDROSILYLATION

The hydrogenation of unsaturated bonds has been carried out for many years using
supported or non-supported metals such as Ni, Pd and Pt as solid catalysts under
heterogeneous conditions. Transition metal complexes were found to be active
catalysts for hydrogenation under homogeneous conditions in 1960s. Active studies on
homogeneous hydrogenation were initiated by introduction of the Wilkinson complex
RhCI(PhsP); [1,2]. This complex is soluble in organic solvents, and homogeneous
hydrogenation of alkenes and alkynes can be carried out under mild conditions. Since
then, remarkable progress has been made in transition metal complex-catalysed
homogeneous hydrogenation. Particularly noteworthy are the advances in asymmetric
hydrogenation using complexes coordinated by chiral phosphines, and a number of
optically active compounds with nearly 100% ee have been synthesized. Asymmetric
hydrogenation of carbonyl and imine bonds has been achieved using Ru and Rh
catalysts, and now it is possible to reduce some ketones and imines by hydrogenation,
without applying stoichiometric reduction with NaBH,4 and other metal hydrides.

10.1 Homogeneous Hydrogenation of Alkenes

The homogeneous hydrogenation of alkenes is explained by two mechanisms. The first
is the dihydride mechanism, in which the dihydride 1 is formed by oxidative addition
of H,, and the hydrogenation proceeds by the insertion of alkene to the metal hydride
bond, followed by reductive elimination (Scheme 10.1). The other hydrogenation is
explained by the formation of the monohydride 2 (Scheme 10.2). Insertion of alkenes
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Scheme 10.1 Monohydride hydrogenation mechanism
to the metal hydride is followed by attack of H; to give the hydrogenation product 3

with regeneration of the monohydride 2. Hydrogenation proceeds by one of these
mechanisms, depending on catalyst species.
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Scheme 10.2 Dihydride hydrogenation mechanism

As steric hindrance has a strong effect on the alkene insertion step, Rh complex-
catalysed selective hydrogenation is possible. For example, only the isopropenyl group
in carvone (4) is hydrogenated selectively at room temperature under 1 atm of H; to
give 5 [3]. Unsaturated bonds of carbonyl, nitrile and nitro groups are not reduced with
the Wilkinson complex, and fS-nitrostyrene (6) is reduced to 1-phenyl-2-nitroethane
[4]. RuCly(PhsP); is a good catalyst of homogeneous hydrogenation of alkenes, and
selective hydrogenation of the terminal alkene without attacking the internal alkene in
ethyl 2,7-octadienylacetoacetate (7) at room temperature under pressure is possible [5].

Remarkable advances have been achieved in the homogeneous asymmetric
hydrogenation of prochiral alkenes by using chiral complexes of Rh and Ru, which
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are prepared by replacing Ph;P in their parent complexes with various chiral
phosphines [6,7]. A number of effective chiral phosphines so far reported are listed on
the inside back cover of this book. Simple alkenes are not good substrates. High
enantiomeric excesses (ee) have been obtained in the hydrogenation of alkenes bearing
chelating groups. Initially, high ee values were obtained as a breakthrough in the
hydrogenation of a-acetylaminocinnamic acid 8, or its ester to give phenylalanine 9, or
its ester using (R,R)-DIOP (V) [8] and (R,R)-DIPAMP (II) [9], and the reaction is
applied to commercial production of L-DOPA (2,4-dihdroxyphenylalanine). At present
the acid 8 is regarded as a standard substrate with which to evaluate and compare
effectiveness of chiral ligands. The high ee values, obtained in the Rh-catalysed
hydrogenation of 8 with some representative chiral bidentate ligands are given.

Ph___ NHCOCH, Rh-L* NHCOCH; (R, R)-DIOP 85% ee(R)
>—< + Hy ——————— pp (R.R)-DIPAMP 96% ee(S)
H CO,H CO.H (5,5)-NORPHOS  95% ee(R)
8 o (S)-BINAP 100% ee(R)
(R)- BisP 99.9% ee
BICP 96.8% ee

For asymmetric hydrogenation, the monodentate tertiary phosphine, o-anisylcyclo-
hexylmethylphosphine (I) which has a chiral center on P atom was used [10,11],
followed by the bidentate phosphine DIPAMP (II), which has the chiral center on P
[9]. The bidentate ligand DIOP (V) was prepared by Kagan from cheeply available
optically active tartaric acid, and found to be an excellent chiral ligand for the
hydrogenation of «-acylaminocinnamate [8]. Successive asymmetric hydrogenation
using DIOP as a ligand suggested that bidentate phosphines, which have a chelating
effect and C, symmetry, are particularly suitable. An industrial process for the
production of optically active L-DOPA has been developed using DIPAMP. As another
example, (S)-N-acetylphenylalanine was obtained in 99% ee by using 1/10000
equivalent of (S,S)-PYRPHOS (XX) [12].
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A number of bidentate phosphines with C, symmetry, typically BINAP (XXXI)
[13] and DuPHOS (XI, XII) [14] have been introduced. However, although powerful,
these ligands are not totally effective for every prochiral substrate, and improvements
in the ee can be achieved by some modification of the parent phosphines. Reports on
new chiral phosphines are still appearing. For example, bisphosphines, (III, IV) were
recently reported as easily preparable P-chiral bidentate ligands [15]. These ligands
with a bulky (adamantyl or ~-Bu) and the smallest alkyl (methyl) group are highly
basic, and hence active for oxidative addition. BICP (IX), a new type of bisphosphine
containing a cyclic backbone with four stereogenic carbon centers is an interesting
ligand [16]. A chiral phosphinite ligand with a rigid spiro-nonane backbone, called
spirOP (X), has been synthesized [17].

It should be emphasized that in asymmetric hydrogenation, selection of optimum
reaction conditions — solvents, hydrogen pressure, temperature — are critically
important. The preparative method and purity of catalyst precursors are also crucial for
achieving high ee values, and the reaction must be carried out carefully in order to
reproduce good results. The mechanism of asymmetric hydrogenation using bidentate
ligands has been studied [18].

Asymmetric hydrogenation of the ester 10 using the Rh complex 11, coordinated by
bidentate chiral phosphine, is explained by Scheme 10.3. The more stable intermediate
12 is formed by the coordination of 10 to the complex 11. But the formation of
hydrogenation product 14 from 12 is considered to be slow. However, the less-stable
intermediate 13 is formed as the diasterecomer of 12 in a smaller amount, although its
rate of hydrogenation is faster. The intermediates 12 and 13 are in rapid equilibrium.
As a result, the hydrogenation product 15 is formed with high ee as the main product;
the enantiomer 14 is the minor product.

In the following sections, efficient asymmetric hydrogenation of various alkenes
using Rh and Ru catalysts are illustrated by selecting only a few representative
examples for each type of the hydrogenation.

Esters of f-branched amino acids are obtained by highly enantioselective
hydrogenation of a-acylaminoacrylates bearing different substituents at the f-carbon
using Rh complexes of Me-DuPHOS (XI) and Me-BPE (XV). The D-allo-isoleucine
derivative 17 with 98.2% ee is obtained from the (Z)-enamide 16, and the D-isoleucine

Me l\:/le
N CO.Me y [(R,R)-Me-BPE-Rh]* OTf Et A CO:Me
+ 2 o =
NHCOMe 25°C, 6 atm NHCOMe
16 (2R,35)-17, 98.2% ee
Et Et
- COMe R,R)(S,S)-E{TRAP-[Rh(cod),]BF
Ph 2 + H, (R.A)S,S) [Rh(cod),] 4 o CO.Me
NHCOMe 100%, 15°C, 1 atm NHCOMe
18

(25,3A)-19, 86% ee
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Scheme 10.3 Asymmetric hydrogenation mechanism

derivative with 98.3% ee is obtained from (£)-enamide [19]. Similar highly
enantioselective hydrogenation is possible with Rh-TRAP complexes. TRAP
(XXVIII) is a rare bidentate ligand, which is trans-chelating. The (2S,3R) ester 19
is obtained from the (Z)-enamide 18, and the (25,3S5)-ester is formed from the (E)-
enamide [20].

Asymmetric hydrogenation offers a useful synthetic route to chiral amines.
Although the mechanism is unknown, only the (R)-N-acetyl-1-arylalkylamine 21 with
95% ee was obtained by the hydrogenation of a mixture of (£)- and (Z)-enamides 20a
and 20b using Rh—Me-DuPHOS (XI). The N-acetyl enamines 20a,b are prepared by
the reduction of oximes with Fe powder in acetic anhydride [21]. Also the acetamide
23 was obtained from 22 [22].

The amine 25 was prepared with excellent enantioselectivity by the hydrogenation
of 24 with Rh—Hg-BDPAB (XXXYV) [23]. Beside these ligands, few suitable ligands
are known for the hydrogenation of these substrates.

Highly enantioselective hydrogenation of cyclic enol acetates was achieved using
the complex Rh—PennPhos (XIII), offering a good synthetic method for optically pure
alcohols [23a].

In addition to Rh complexes, Ru complexes are also good catalysts for asymmetric
hydrogenation. BINAP (XXXI) is a particularly good chiral ligand [6,24]. Several
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Me Me . Me
l + JI + H, _(S.5-1(Me-DUPHOS)-Rh]* OTY J:
Ph” "NHCOMe Ph” "NHCOMe 4 atm, 22°C Ph” “"NHCOMe
20a 20b (R)-21 95% ee
NHCOMe
o] NOH
Fe powder
M me — _ N we é Ph)\"Me
Ph Ph Ac,0, toluene
20a, b
NHCOMe
NHCOMe S5 0s Me z
Rh-(S,S)-Me-DuPH
Me + Hp Meh/\ Me
Me e 1 atm, rt Me
22 (R)-23 99% ee
“(R)-Hg- MeCONH
/U\ . H Rh-(R)-Hg-BDPAB e >‘\“Me
Ph NHCOMe Ph H
1 atm, rt
24 (RA)-25 96.8% ee

prochiral alkenes are hydrogenated with high ee using Ru dicarboxylate complexes 27
and 28, coordinated by (R)- and (S)-BINAP [6, 25]. The precursor 26 of the Ru—
BINAP catalysts is prepared from the Ru—COD complex as shown [13,26,27], and
used for the hydrogenation of f-keto esters to f-hydroxy esters. By contrast, the
carboxylate complexes 27 and 28, prepared from the chloride 26, are good catalysts for
the hydrogenation of alkenes.

EtsN _
[RuCly(cod)], + (S)-BINAP ————> RuxCl4[(S)-binap], Et;N

t
oluene 26 l RCO,Na
R R
o]
QO # 7% OOLx 1%
\Ru/ P\RU/
o] 0 p”"| SO Ar=Cetts, p-CHACHs
Ar, 04 @@ A O 4 R = CHg, (CHa)sC. CF4
R R
(R)-27 (5)-28

The optically active isoquinoline derivative 30 was prepared by asymmetric
hydrogenation of the 1-benzylidene-1,2,3,4-tetrahydroisoquinoline 29 catalysed by 27,
and optically pure tetrahydropapaverine (31) is synthesized by this method [28].

Asymmetric hydrogenation of o, -unsaturated acids is carried out successfully
using Ru—BINAP and Ru—Hg—BINAP (XXXIII). (S)-Ibuprofen (33) with 97% ee is
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obtained by the hydrogenation of the simple derivative of acrylic acid 32. Higher H;
pressure gives the higher ee in this hydrogenation [29].

MeO
27,1 atm :@@
2 N\
23°C, 100% MeQO COCHg3
\@EOMe
OMe

(A)-30 99.5% ee

\©:OMG
OMe

(R)»31 99.5% ee

2
135 atm, 100%

32 (5)-33 97% ee

(S)-Methylsuccinic acid (35) with above 90% ee was obtained by hydrogenation of
itaconic acid (34) using the Rh complex coordinated by (25,45)-BCPM (VIII) [30] or
(R)-BICHEP (XL) [31]. Reduction of itaconic acid (34) to methylsuccinic acid (35)
with 97% ee was achieved by asymmetric hydrogen transfer from formic acid using
the Rh-(25,45)-BPPM (VII) catalyst in the presence of (S)-1-phenethylamine [32].
Hydrogenation of the itaconic acid derivative 36 proceeds using MOD-DIOP (3,5-
dimethylanisole derivative of DIOP) as a ligand to give 37 with 93% ee, and optically
active deoxypodophyllotoxin (38) was synthesized [33].

Double bonds in the allylic alcohol moieties in geraniol (39) and nerol (40) are
hydrogenated regioselectively with Ru—BINAP without attacking the simple double
bond in the same molecules under 30-100 atm of H, to give (R)- or (S)-citronellol (41
and 42) with 99% ee [34]. The stereochemical relationships between substrates,
chiralities of the ligands and products are shown. Asymmetric hydrogenation of the
allylic alcohol moiety in 43 was achieved with 99.8% ee using (R)-Tol-BINAP
(XXXII) and applied to the synthesis of 1f-methylcarbapenem 44 [35].

Kinetic resolution is observed in the hydrogenation of a racemate of 3-methyl-2-
cyclohexen-1-ol (45). After 46% conversion, frans-(1R,3R)-3-methylcyclohexanol
(47) with 95% ee was obtained using Ru—(R)-BINAP. The unreacted (S)-allylic
alcohol 46 (54%) had 80% ee. When the conversion was 54%, the (S)-cyclohexenol
46 with 99% ee was obtained. Also, hydrogenation of the (S)-allyl alcohol 46 (80%
ee) using (S)-BINAP afforded the (1S,35)-alcohol 48 with 99% ee after 68%
conversion [36].
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CO.H ~_-CO:H
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OH OH OH
(j\ . H, Ru-(F?)-BINAFL O\ . @
4 atm, 25°C
a5 46 47
H 54%, 80% ee 46%, 95% ee
C§)H 2 46%, 99% ee
O\ #~ Ru-(S)-BINAP
48

68%, 99% ee

The interesting phenomena of chiral poisoning and kinetic resolution of racemic 2-
cyclohexenol (49 and 50) are observed in the Ru-catalysed hydrogenation of the
racemate using racemic BINAP by preferential deactivation of one enantiomer of the
catalyst with an enantiomerically pure chiral poison. Poisoning of the racemic Ru
catalyst with (1R,2S)-ephedrine (52) provided (R)-2-cyclohexenol (49) with 95% ee
after 77% conversion. The result shows that only 50 is selectively hydrogenated by the

unpoisoned chiral catalyst possibly arising from selective poisoning of the other
enantiomeric one [37].

OH CH
e Ru-BINAP ( racemate)
+ + Hp §
O-(1R,25)-ephedrine NHCH3;
49 50 77% conversion

R)-49, 95% ee 52 (1R,2S)

Enol-type double bonds are hydrogenated. j-Methylbutyrolactone (54) with 92%
ee was prepared by asymmetric hydrogenation of diketene (53) with Ru BINAP [38].
Ring-opening polymerization of the hydrogenated lactone 54, catalysed by

distannoxane, produces poly(3-hydroxybutylate) (55) of high molecular weights,
which is an important biodegradable polyester [39]

Me,, Me O
Ru,Cl4[(S)-binap],EtzN ’ Sn catalyst 4
o + H2 " - O —_— O =
o 50°C, 100 atm, 97% ko n
53 (R)-54 92% ee 55

The chiral complex EBTHI—Ti is an excellent chiral catalyst [40]. This complex is
a derivative of titanocene and used as the Kaminsky catalyst, which has brought
epoch-making progress in polypropylene production. The chiral bridged titanocene
complex is used for the production of optically active polypropylene arising from the
helical structure of the polymer chain. The chiral complex also behaves as an excellent
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chiral catalyst for efficient asymmetric syntheses, such as asymmetric Ti-catalysed
Pauson—Khand reaction described in Section 7.2.4 [41,42].

Chiral Ti complexes are prepared by the following method [43]. Coordination of
ethylenebis(tetrahydroindene) (56; abbreviated as EBTHI) to TiCly produces the
racemic complex 57 and the meso complex 58 depending on which side (the same or
opposite side) is occupied by the cyclohexane ring. Optical resolution of the racemate
57 is carried out in the following way. First, 0.6 equivalents of the dilithium salt of (R)-
2,2'-dihydroxy-1,1’-binaphthyl (59 abbreviated as (R)-binol) and 1.0 equivalents of p-
aminobenzoic acid are added to the racemate 57, and the mixture is heated in toluene
with Et;N. When cooled, (S)-ebthi-Ti(ArCO;), complex 62 precipitates, and the
optically pure (S)-ebthi-TiCl, (63) is obtained in 33% yield by treatment with HCI.
The pure (R,R)-ebthi-Ti binolate (60) is obtained by concentration of the filtrate and
recrystallization, from which the chiral Ti hydride 61 is prepared as a precursor of the
active catalyst.

Asymmetric hydrogenation of trisubstituted alkenes without a chelating effect of
functional groups is not easy with Ru catalysts. Hydrogenation of 1,2-diphenylpro-

+ KH + TiCl, ’ T|
\Cl
ethylenebis(tetrahydroindene)

(EBTHI) racemate 58 meso
@ &
OLI + EtaN
_—
OLi
toluene reflux
N CO,H
(R)-59
-
S O— \ 1. BUL| H2
™ T2 PhSiHy T'\H
(R,R)-60
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pylene (64), bearing no functional group, has been achieved to give 1,2-
diphenylpropane (65) with high ee using the chiral EBTHI—Ti catalyst 61 [44]. The
o-methylbenzylamine derivative 67 with 92% ee was obtained by asymmetric

hydrogenation of the enamine 66 with the same catalyst [45].

61
S,

2
O 65°C, 34 atm, 94%
64

N

(5)-65 99% ee

Ti
I~
N

(R)-67 92% ee (R)-61

2o

61
+ H2 -
1 atm, rt., 75%
MeO MeO
66

Selective 1,4-hydrogenation of 1,3-dienes to (Z)-alkenes is possible with
benzenechromium tricarbonyl as a catalyst precursor. Only those conjugated dienes
that can adopt a cisoid conformation, and hence chelate to the metal, are hydrogenated.
Methyl sorbate (68) is reduced to methyl (Z2)-3-hexenoate (70) [46,47]. The reaction

N
| Crcoss 150°C
—7 N\—coMe — A N—cOoMe + Hy ¢
Cr(CO)s 48 atm
68
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— TN coMe
70
CO.Me
> COMe CO,Me
| SN
_ | ) Gr(COs 7
+ H,
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= CsHy1 95% 3 = CsH14
RO RO
OTBDMS OTBDMS
71 72
o} o] (o]
N - —
P T H aph-Cr(CO)3
45°C, 50 atm, 96% [ 5
© (coycr” © 75

73
74
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proceeds by the coordination of coordinatively unsaturated Cr(CO); to the diene as
shown by 69. Selective (Z)-alkene formation is applied to the preparation of (E)-
trisubstituted exo-alkene in the carbacycline 72 from the 1,3-diene 71. This reaction
proceeds at 70 atm of H, at 120 °C using methyl benzoate-chromium tricarbonyl [48].
Naphthalene-chromium complex as the precursor has higher catalytic activity and the
hydrogenation proceeds in THF at room temperature under 1atm of Hj. o,f-
Unsaturated carbonyl compounds can be hydrogenated when they can take a (S)-cis
conformation. For example, one of the two enones in 73 is selectively reduced to 75
via the coordination as shown by 74 [49].

10.2 Asymmetric Reduction of Carbonyl and Imino
Groups by Homogeneous Hydrogenation, Transfer
Hydrogenation and Hydrosilylation

Although catalytic asymmetric homogeneous hydrogenation of carbonyl groups has
been regarded as difficult to achieve, Ru—BINAP complexes have been found to be
active for asymmetric hydrogenation of some types of ketones, and high ee values are
observed in a number of cases [50, 51]. First, the ketone group of ethyl acetoacetate is
reduced selectively under 86 atm of H; to give 3-hydroxybutanoate with 99% ee using
1/1000 equivalent of Ru—BINAP as the catalyst [26,50,52]. The Ru catalyst, active
under 3 atm, is prepared from [RuCl,(cod)], and BINAP, and the keto ester 76 was
reduced to 77 with 98% ee [53]. Hydrogenation of acetoacetate proceeds in 97% ee
under atmospheric pressure of hydrogen using the Ru catalyst prepared from
(cod)Ru(2-methallyl), and BINAP [54].

Acetylacetone (78) is hydrogenated with Ru—(R)-BINAP exclusively to give (R, R)-
2,4-pentanediol (79) with 100% ee. Formation of the meso isomer 80 was only 1%
[50,52]. Various important chiral pharmaceutical compounds are produced by Ru-
catalysed asymmetric hydrogenation of carbonyl groups. ¢-Amino alcohols with high
ee are obtained by the asymmetric hydrogenation of o-amino ketones using Rh
complex of (R,S)-BPPFOH (XXIV) [55] and Ru—BINAP catalyst [52]. For example,
(S)-propranolol (82) with 90.8% ee was synthesized by the hydrogenation of 1-
naphthoxymethyl-N-isopropylaminomethyl ketone (81) using the Rh complex of
(25,48)-MCCPM (V) [56].

(R)-SEGPHOS (XLI) has axial chirality because free rotation is not possible and is
an optically stable ligand. This ligand gives better results than BINAP for some
prochiral compounds [57]. The hydrogenation of «-hydroxyacetone (83) with this
ligand affords (2R)-1,2-propanediol (84) of 98.5% ee with a substrate-to-catalyst ratio
up to 10000, while BINAP gives 84 with 89% ee. The diol 84 is a chiral building
block for levofloxacin (85).

The chlorohydrin 87 was obtained with 97% ee by the Ru-catalyzed hydrogenation
of y-chloroacetoacetate (86) at 100°C. The % ee was lower at lower temperature. The
chlorohydrin 87 was converted to (R)-carnitine (88) [58]. Asymmetric hydrogenation
of the o-bromo-f-keto phosphonate 89 with Ru(S)-BINAP affords (1R,2S5)-o-bromo-f3-
hydroxyphosphonate 90 with 98% ee which is converted to fosfomycin (91) [59].
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Although formation of a mixture of diastereomers is expected by the hydrogenation
of o-substituted f-keto esters, in practice the hydrogenation of the keto group in o-
substituted f5-keto esters catalysed by 95 proceeds with epimerization of the «-carbon
under the reaction conditions, and only one diastercomer is obtained in high
selectivity. Thus methyl [-N-benzoylaminomethylacetoacetate (92) is reduced
selectively to give 93 with 98% ee in 88% de and used for the commercial
production of the carbapenem precursor 94 [60]. The high diastereoselectivity is
achieved in (7:1) CH,Cl,:MeOH using the Ru complex coordinated by the BINAP
derivative 95.

(6] @) OH O TBDMSO H
Al
OMe Ho L» OMe — - /l"’u, e
100 atm, 100%
NHCOPh : NHCOPh NH
O
92 (2S3R)93 88% de 04
98% ee
cer
P<°‘r _ p-cymene
Ru
Pl
cep
Ar
(R)-95

Aromatic ketones are hydrogenated with Rh, Ir and Ru complexes. Addition of an
amine as a ligand and KOH is crucial. Thus it is possible to reduce these ketones
without using a stoichiometric amount of metal hydrides reagents. The activity of
RuCl,(Ph3P), for the hydrogenation of aromatic ketones is considerably enhanced by
the addition of one equivalent of ethylenediamine and 2.8 mM solution of KOH in 2-
propanol. Highly efficient enantioselective hydrogenation of aromatic ketones such as
96 is carried out using RuCly[(S)-binap](dmf), in 2-propanol in the presence of (S,S)-
1,2-diphenylethylenediamine (98) and KOH (1:1:2) under mild conditions (room
temperature, 4 atm) to afford the alcohol 97 with 94% ee [61]. In the presence of the
amine and KOH, only the ketone and aldehyde are hydrogenated without attacking
alkene and alkynes. This is due to the affinity of the Ru—amine complex with carbonyl
group, and the carbonyl group is hydrogenated 370 000 times faster by the Ru—amine
complex than the Ru complex without amine. Preparation of the active Ru precatalysts
has been reported [62].

The Rh complex of PennPhos (XIII) is a good catalyst for highly enantioselective
hydrogenation of ketones, and acetophenone (99) was hydrognated to sec-phenethyl
alcohol (100) with 95% ee in 97% yield in the presence of 2,6-lutidine as an
important additive [63].

Usually, a stoichiometric amount of metal hydride, such as a selectride reagent, is
required for diastereoselective reduction of aliphatic ketones to secondary alcohols.
Now the same purpose can be achieved by the Ru-catalysed diastereoselective
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hydrogenation [64]. Using RuCl,(Ph;P);, NH2(CH;),NH,, and KOH (1:1:2) as a
catalyst precursor, 2-methylcyclohexanone (101) is hydrogenated to give cis-2-
methylcyclohexanol (102) in 98% stereoselectivity. As the two methyl groups in 2,6-
dimethylcyclohexanone (103) are in rapid cis and trans equilibrium in alkali-
containing 2-propanol, and the hydrogenation of the cis isomer proceeds much faster
than the frans isomer, cis,cis-1,6-dimethylcyclohexanol (104) is obtained in 98.7%
stereoselectivity.

Moreover, when (1R,45)-(—)-menthone (105), equilibrating with isomenthone, the
4R isomer, is hydrogenated with (R)-BINAP and (S,5)-1,2-diphenylethylenediamine
(abbreviated as DPEN), (4+)-neomenthol (106) is formed exclusively.

?H Ph  Ph

'y,

RuCl,[(S)-tolbinapl(dmf),

NH,  NH,
(S,5)-DPEN
Y

(5,5)-98, 4 atm
i-PrOH, 99% (R)'97 94% ee

[Rh{(cod)Cl],
PennPhos, 2,6- Iutldlne

MeQOH, 30 atm
(S)-100 97%, 95% ee

OH
@/ RuCIZ(PhaP) NHQ(CHZ)QNHZ, KOH @/ .
12
4 atm, 95% cis . trans

102 98:2

RuCl( PhSP) NHQ(CHz)ZNHZ, KOH OoH
1:2
4 atm \C/

104 CIs,cis=98.7%

Ru-(R)-BINAP-(S,S)-diamine (98) 35 k
> 4
1

105(1R.45) and (1R.4R) 106 (1R.3545)

An interesting asymmetric activation of Ru complexes for enantioselective
hydrogenation of ketones has been observed [65]. Hydrogenation of 2,4,4-trimethyl-
2-cyclohexenone using racemic RuCl,(tolbinap)(dmf),, (S,S)-DPEN and KOH (1:1:2)
afforded the alcohol 107 with 95% ee in 100% yield. When (R)-TolBINAP and (S,S)-
DPEN were used, the alcohol 107 with 96% ee was obtained. On the other hand, only
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26% ee was obtained by the combination of (R)-TolBINAP and (R,R)-DPEN and the
reaction was slow. These results clearly show that (R)-TolIBINAP is activated more
efficiently by (S,S)-DPEN than (R,R)-DPEN.

(@] OH
racemic
RuCly(tolbinap)(dmf),
+ H2 -
(S,5)-DPEN, KOH

(S)-107
100%, 95% ee
R)-tolbina
(B) P > 96% ee
(S5,5)-DPEN, KOH
R)-tolbina
(R) P 26% ee

(R.R)-DPEN, KOH

Furthermore, efficient enantioselective hydrogenation was achieved using a
conformationally flexible, and racemic bis(diarylphosphino)biphenyl (BIPHEP)
—RuCl,, coordinated by the enantiopure diamine (98). Thus hydrogenation of the
ketone 108 using a mixture of racemic and proatropisomeric DM-BIPHEP-RuCl,,
enantiopure (S,5)-DPEN (98), and KOH (1:1:2) in 2-propanol afforded the (R)-alcohol
with 92% ee in 99% yield. In this case, (S)-DM-BIPHEP-RuCl,/(S,S)-98 can
isomerize gradually to (R)-DM-BIPHEP RuCl,/(S,5)-98, and the efficient enantio-
selective hydrogenation proceeded by the enriched (R)-DM-BIPHEP RuCl,/(S,S)-98
catalyst. These results show a general strategy for the use of not only racemic but also
conformationally flexible ligands for efficient enantioselective reactions [65a].

Ketones are reduced by asymmetric hydrogen transfer from either HCO,H or 2-
propanol as hydrogen sources, catalysed by chiral Ru complexes [66]. HCO,H is used

H Ha
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successfully for Rh-catalysed asymmetric transfer hydrogenation of itanonic acid (34)
in the presence of a chiral amine as described before [32]. In principle, transfer
hydrogenation is reversible, but the reduction with HCO,H proceeds irreversibly.
Similarly, the efficient irreversible asymmetric transfer hydrogenation of acetophenone
(99) to give (S)-1-phenylethanol (100) is catalysed by chiral Ru complexes, prepared
from [(1%-arene)RuCl,], and the chiral 1,2-diamine (1S,2S)-N-p-toluenesulfonyl-1,2-
diphenylethylenediamine (TsDPEN) 109. An azeotropic mixture of HCO,H-Et;N
(5:2) is used as the hydrogen source [67].

Asymmetric hydrogen transfer from 2-propanol to aromatic ketones such as
acetophenone (99) has been achieved by using the same chiral Ru complex in 2-
propanol containing KOH at room temperature, and (S)-1-phenylethanol (100) with
98% ee was obtained [68,69]. Similarly, efficient Ru-catalysed transfer hydrogenation
of aromatic ketones using the cyclic amino alcohol [(1S,3R,4R)-2-azanorbornylmetha-
nol] (110) [70] and bis(oxazolinylmethyl) amine (111) [71] was reported.

h Ph
Q [RUCl,(mesitylene)], OH P P
(8,9)-TsDPEN NH; NHTs
+ H CO2H >
EtsN, 99% (S,5)TsDPEN
0 109

(S)-100 98% ee

O [RuClo(mesitylene)], OH
(S.5)-TsDPEN
+ >—OH - + >=O
KOH, 95%

29 (5)-100 97% ee

H
NH O/\(N_N—|\>/\0
OH (. )/l

110 Ph Ph
111

The catalyst precursors 112 and 114, the true catalysts 113 and 115, and the reactive
intermediate 116 in the transfer hydrogenation were isolated and the mechanism of the
transfer hydrogenation has been clearly established [69]. The catalyst precursor 114,
the 18-electron complex, was prepared by reacting [RuCly(1°-p-cymene)],, (S,5)-
TsDPEN and KOH (1:1:1) as orange crystals. Elimination of HCI from 114 by
treatment with one equivalent of KOH produces the true catalyst 115 as the 16-
electron, neutral Ru(Il) complex. The complex 115 shows distinct dehydrogenative
activity for 2-propanol. Rapid formation of acetone occurs to produce the Ru-hydride
species 116 as yellow needles when 115 is treated with 2-propanol at room
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temperature in the absence of base. In turn, treatment of 116 with excess acetone leads
instantaneously to the true catalyst 115 and 2-propanol. It was confirmed that the
complex 115 indeed catalyses the asymmetric reduction of acetonephenone (108) in 2-
propanol without KOH to afford (5)-1-phenylethanol (109) with 97% ee. Similar 16-
and 18-electron complexes of Cp—Rh and Cp—Ir were prepared, and they are efficient
catalysts for the transfer hydrogenation of ketones [72].

TS KOH Ph,,j: Ru/é\
—_— I~
Ph. ! N / CH2C|2 Ph

Ph H, 113
(S5,5)-112
Ts KOH Ph,
Ph., _N. / N J: Ru—
): RU‘CI CHCl, Ph
N o
Ph H, 87%
(5.5)-114

(CHa),CHOH (CH3),CO

l_ij N S

N

(CH3),CHOH (CH3),CO

As the hydrogen transfer from 2-propanol is reversible, the efficiency is highly
dependent on the redox properties of the alcohols formed. Therefore, highly
enantioselective transfer hydrogenation of ketones with an electron-donating group
on the aromatic ring is not possible. However, this tendency provides an opportunity
for kinetic resolution of secondary alcohols in acetone [73]. Thus when the racemic
benzyl alcohol with an electron-donating group 117 in the presence of the true Ru
catalyst 115 was left in acetone for 22 h, the (R)-alcohol 118 with 92% ee was
recovered in 47% yield in addition to the acetophenone 119. The use of 115, which
has a unique 16-electron configuration, is the key for the successful kinetic resolution
under neutral conditions.

In addition, based on the reversibility of the transfer hydrogenation, very unique
desymmetrization of meso substrates is possible using cheaply available acetone as the
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OH /@)k
0
115
+ —_—
/©/K A\ 22h,28°C MeO
eO
117

Q

(R)-118
92% ee, 47%

HO
HO <
2 H X
0
113
+ )J\
z H
HO H o
120 (RA)-121
96% ee, 70%
meso

hydrogen accepter. When the meso diol 120 was treated with the Ru catalyst 113 in
acetone, the (R)-keto alcohol 121 with 96% ee was obtained in 70% yield.

The successful Ru-catalysed transfer hydrogenation of «, -alkynyl ketones, without
reducing the triple bond in 2-propanol, offers a good synthetic route to chiral
propargyl alcohols [74]. Transfer hydrogenation of the chiral (S)-ketone 122 using the
(R,R)-Ru catalyst corresponding to (S,S)-115 proceeds in 2-propanol at room
temperature to afford (35,45)-amino alcohol 123 with 99% ee in 97% yield, whereas
the reduction of 122 with the enantiomeric (S,5)-Ru catalyst 115 gives the (3R,4S)-
amino alcohol 124 with 99% ee in 97% yield, showing that the carbonyl diastereo
faces in 122 are efficiently differentiated by the chirality of the Ru template; the
adjacent N-substituted stereogenic center does not play a significant role.

OH
B > Ph/\EJ:Cb
yA
2-PrOH
O (35.45)-123
99% ee, 97%
/k/ _
Ph NHCbz
OH
(S)-122 /\/
= x
-1 = :
(S5)-115 > Ph NHCbz
2-PrOH
(3RA45)-124

99% ee, 97%

Reduction of carbonyl groups can be achieved by catalytic hydrosilylation, followed
by hydrolysis. Hydrosilanes add to ketones and aldehydes more easily than to alkenes
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using Rh and Ru catalysts. Oxophilic Si adds to oxygen of the carbonyl groups to
afford silyl ethers, which can be hydrolysed easily to alcohols. In the reduction of
camphor (125) catalysed by RhCI(Ph;P)s, ratios of borneol (126) and isoborneol (127)
depend on a kind of silanes used, and the more stable isomer 127 is obtained with the
bulky silane [75].

(Rh] R,SiH 126 :127
+ R3SiH ———— H + OH PhSiH;  90:10
OH H n-PrsSiH  30:70

126 127

Chiral alcohols are prepared by asymmetric hydrosilylation. The nitrogen-
containing polydentate ligands 128, 129 and 130 are better than chiral phosphine
ligands for Rh-catalysed asymmetric hydrosilyation of ketones [76]. Highly efficient
(~99% ee) asymmetric hydrosilylation of 1-tetralone (131) with Ph,SiH, was
achieved to give 132 with 99% ee using optically active bis(oxazolinyl)pyridine
(pybox) (128) as a ligand [77]. Pythia (129) [78] and pymox (130) [79] are also good
ligands.

S @_

0
125

N :
ipr? H CO?Me t-Bu
128 (S,S)-pybox 120 (R)-pythia 130 (5)-pymox
0
Rh(cod)Cllo-(S,S PhaSig
cod)ClI box
+ Ph,SiH, [Rh(cod)Cl]-(S,S)-py
92%
131 132
99% ee

The chiral titanocene complex 61 is an excellent catalyst for the enantioselective
hydrosilyation of the ketone 131 with PMHS (133) to afford the alcohol 132 with 91%
ee [80]. Efficient asymmetric hydrosilylation of symmerical diketones is catalysed by
the Rh complex coordinated by EtTRAP. Biacetyl (134) was converted to (25,35)-2,3-
butanediol (135) with 95% ee in 69% yield [81].

Chiral amines can be prepared by asymmetric hydrogenation, transfer hydrogena-
tion and hydrosilylation of imines. The piperidine 137 with 98% ee was obtained by
highly efficient asymmetric hydrogenation of the cyclic imines 136 catalysed by the Ti
catalyst 61 [82]. Pyrrolidine 139 with 99% ee was obtained in 34% after 50%
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0
Ne 1. Ti catalyst 61
+ MesSiO——Si0+}SiMe, ' S&ayst 67
H 2. TBAF
n

131 133 132
91% ee

QP [Rh(cod),]BF, HO,  PH
>, ph,sH -
* PheSifz =g p)(S S)-ETTRAP

134 69% 135 95% ee

OH

conversion of the asymmetric hydrogenation of the racemic disubstituted 1-pyrroline
138 using by the titanocene catalyst 61. The kinetic resolution occurs during the
hydrogenation [83]. Imine 140 with 99% ee was recovered in 37%. Amine 142 with
80% ee was obtained by the asymmetric hydrogenation of 141 using 1/1 000000
equivalent of Ir—josiphos (XXVI). The herbicide (S)-metolachlor (143) is produced
commercially from 142 [84].

Ti catalyst 61

S N
NT +H ——————— H
65 °C, 35 atm, 78%
136 137
98% ee

Ti catalyst 61 A
P Ph

+ Hy ————— Me N + Me N Ph
Me™ "N” "Ph 65 °C, 5 atm H
138 50% conv. 139 140
34%, 99% ee 37%, 99% ee

O
J o 1o 'y
N/ ~ HN ~ CI\)J\N O\

\@/\ Ir-Josiphos derivative (XXVI) \©/\
+ H, _—

141 142
80% ee

143

Highly enantioselective hydrosilylation of the imine 144 was achieved using (S,S)-
(ebthi)titanium difluoride as a catalyst precursor to give the optically active
benzylamine 145 with 99% ee in 95% after acidic workup [85].

Transfer hydrogenation of the imine bond in 146 from HCO,H, catalysed by the Ru
chiral amine complex 114, afforded salsolidine (147) [86].
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Cp,TiF, + PhSiH; — = [szTiH}

M
N-Me HN e

] = i )
Me - 1. TiF»-(S,S)-(ebthi), rt Me
+ PhSiH; S >
2 H* H,O 95%

144 145 99% ee

MeO

@:?\1 + HCO.H [RuClz(p-cymene)]; (S, 5)-TsDPEN Meom
= —-
MeO EtsN, MeCN, 99% oo NH

146 : Me
(R)-147 95% ee
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11

REACTIONS PROMOTED
AND CATALYSED BY
Pd(ll) COMPOUNDS

Palladium is the most widely used transition metal for organic synthesis. Its
compounds are used in two ways. One is catalysis by Pd(0) complexes, which starts
from oxidative addition to substrates, and Pd(0) is regenerated after the reaction. Thus
Pd(0) complexes are used as catalysts as described in Chapters 3—7. The other is
catalysis by Pd(Il) compounds, involving the oxidation of substrates. Many unique
oxidation reactions (or dehydrogenations) specific to Pd(Il) salts are treated in this
chapter. In the oxidation of substrates, Pd(II) is reduced to Pd(0). If a stoichiometric
amount of expensive Pd(Il) compounds is consumed, the reaction cannot be regarded
as a truely useful synthetic method. Interestingly, in situ reoxidation of Pd(0) to Pd(II)
is possible using CuCl, and some other inorganic compounds such as
Cu(OAc),, Cu(NO3),, FeCls, dichromate, HNO3; and MnO, under certain conditions.
Also, organic oxidants such as benzoquinone (BQ) and organic peroxides are used for
the in situ oxidation of Pd(0). Alkyl nitrites are unique oxidants and used in some
industrial processes [1,1a]. Efficient reoxidation of Pd(0) with O, alone without other
reoxidants is said to be possible in DMSO in some cases [2,3].

The in situ regeneration of Pd(II) from Pd(0) should not be counted as being an
easy process, and the appropriate solvents, reaction conditions, and oxidants should be
selected to carry out smooth catalytic reactions. In many cases, an efficient catalytic
cycle is not easy to achieve, and stoichiometric reactions are tolerable only for the
synthesis of rather expensive organic compounds in limited quantities. This is a
serious limitation of synthetic applications of oxidation reactions involving Pd(II).
However it should be pointed out that some Pd(Il)-promoted reactions have been
developed as commercial processes, in which supported Pd catalysts are used. For
example, vinyl acetate, allyl acetate and 1,4-diacetoxy-2-butene are commercially
produced by oxidative acetoxylation of ethylene, propylene and butadiene in gas or
liquid phases using Pd supported on silica. It is likely that Pd(OAc), is generated on
the surface of the catalyst by the oxidation of Pd with AcOH and O,, and reacts with
alkenes.
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11.1 Oxidative Reactions of Alkenes

Palladium (II) compounds coordinate to alkenes to form m-complexes. Roughly
speaking, the decrease of alkene electron density caused by coordination to an
electrophilic Pd(II) compound enables an attack by nucleophiles on the coordinated
alkenes. The attack of a nucleophile with concomitant formation of a carbon—
palladium o-bond 1 is called the palladation of alkenes. This reaction is similar to the
mercuration reaction. Unlike the products of mercuration which are stable and
isolable, palladation product 1 is usually unstable and undergoes rapid decomposition.
Palladation is followed by two reactions. The elimination of H-Pd-X from 1 to form
the vinyl compounds 2 is one path, resulting in nucleophilic substitution of the alkene.
Displacement of the Pd in 1 by an other nucleophile effects nucleophilic addition of
the alkene to give 3. Depending on the reactants and conditions, either nucleophilic
substitution of the alkene or the nucleophilic addition to the alkene takes place [4,5].

R
R palladation LA
—/ + AH + PdX2 '——‘R‘—> X—Pd H -
HX 1
R nucleophilc R
—Q A  substitution
S [ —= + Pd(0) + HX
—
l(/ Pg) H A
1 2
B_ _ R
3 R B <+ Pd(0) + HX
_ A~ "B A
Z(J—Py H  nucleophilic 3

it
1 addition

AH, BH = nucleophiles, H,O, ROH, RCO,H, RNH,, CH,E»

The oxidative reactions of alkenes can be classified further based on the attacking
species.

11.1.1 Reactions with Water

Formation of acetaldehyde and precipitation of metallic Pd by passing ethylene into an
aqueous solution of PdCl, was reported by Phillips in early 1894 [6] and used for
quantitative analysis of Pd(II) [7]. The reaction has been highlighted by the
development of an industrial process for acetaldehyde production from ethylene based
on this reaction. The process is called the Wacker process [8—10]. The Wacker process
is the first example of oxidation of organic compounds with Pd(Il) in a homogeneous
phase. The great success of the Wacker process relies on its ingeneous catalytic cycle,
in which the reduced Pd(0) is reoxidized in situ to Pd(II) by a base metal salt, such as
CuCl; which is reduced to CuCl. In turn, CuCl is easily reoxidized to CuCl, with
oxygen. As a result, ethylene is oxidized indirectly with oxygen without consuming
PdCl, and CuCl, by the combination of these redox reactions. Palladium is called a
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noble metal because it is not easily oxidized, whereas Cu is a base metal because it is
easily oxidized. Therefore, the oxidation of Pd(0) with a base metal salt seems
unexpected [11]. The very small equilibrium constant calculated for the oxidation of
metallic Pd with free Cu(Il) ion suggests the difficulty of oxidizing Pd(0) with Cu(II)
salts. The reaction becomes somewhat easier in the presence of chloride ion, which
stabilizes Pd(I) and Cu(I) states by complex formation [12]. In the Wacker process,
the oxidation is actually carried out in aqueous HCI at high chloride ion concentration
and elevated temperature. A high concentration of CuCl, and a low concentration of
PdCl, are factors that shift the equilibrium further in the right direction.

Extensive studies on the Wacker process have been carried out in industrial
laboratories, and many mechanistic and kinetic studies have been published [13-16].
Several interesting observations have been made on the oxidation of ethylene. Most
importantly, it has been established that no incorporation of deuterium occurs by the
reaction carried out in D,O, and the four hydrogens in ethylene are retained in
acetaldehyde, indicating that a hydride shift occurs. Therefore, free vinyl alcohol (4) is
not an intermediate [8,9]. One possible explanation is oxypalladation of ethylene to
generate 5, followed by the hydride shift as shown by 6 to afford acetaldehyde, rather
than f-elimination of 5 to give vinyl alcohol (7).

CHy=CH, + HzO + PdCl, —————= CHCHO + 2HCI + Pd(0)
Pd(0) + 2CuCl, ———— PdCl, + 2 CuCl
2CUuCl + 2HCI + 120, —_ . 2CuCl, + H0

CH2:CH2 + 120, CH3;CHO

OD
H

N

CH3CHO + Pd(0) + 2 DCI

H
CH,— C—H o

CHQZCHQ + HQO + PdC|2 -

CH,=CZ

CH2:CH2 + Dzo + PdC|2

]
Pd-Cl 50H IR
17 -
CHp=CL " ~Jt- clefq—H H
7 (Pd_c, CH ! C>:o + Pd(0) + HCI
3

CHZCHO

The attack of OH™ anion obeys the Markovnikov rule. The oxidation of propylene
affords acetone. Propionaldehyde is not formed. Higher alkenes are oxidized to
ketones. This means that the oxidation of terminal alkenes affords methyl ketones 8,
which are useful synthetic intermediates. Based on this reaction, terminal alkenes can
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be regarded as masked methyl ketones which are stable to acids, bases and
nucleophiles [17,18]. The oxidation of higher alkenes is carried out in organic solvents
which can mix with both alkenes and water. DMF is widely used for this purpose [19].
Although the oxidation proceeds faster in alcohols, extensive double bond
isomerization also occurs [20]. The oxidation of ethylene proceeds even in aqueous
ammonia to afford the two pyridine derivatives 9 and 10 selectively via acetaldehyde
[21].

O
PdCl,
o~ + HO0 —/——m J\
R CuCl, 8

_PdCl, _
nCH2=CH2 + NH3 + 02
CuCI2

In addition to CuCl,, several other oxidizing agents of Pd(0) are used in reactions of
alkenes. Sometimes chlorination of carbonyl compounds occurs with CuCl,. Use of
CuCl, after facile preoxidation to Cu(Il) with oxygen, is recommendable because no
chlorination of ketones takes place with CuCl [18,22]. A typical oxidation procedure
of 1-decene to give 2-decanone in 68—73% yield was reported [23]. Some organic
compounds are used as stoichiometric oxidants of Pd(0). Benzoquinone is widely used
[24]. The oxidation can be carried out using a catalytic amount of benzoquinone by
combination of electrochemical oxidation [25], or with iron phthalocyanin [26].
Peroxides such as H,O, [27,28] and #-butyl hydroperoxide [29,30] are good oxidants.

The oxidation of terminal alkenes to methyl ketones has been extensively applied to
syntheses of many natural products [31]. Several 1,4-dicarbonyl compounds are
prepared based on this oxidation. Typically, the 1,4-diketone 11 or the 1,4-keto
aldehyde 13 can be prepared by the allylation of ketone [18] or aldehyde [32,33],
followed by the oxidation. The reaction provides a good annulation method to prepare
cyclopentenones 12 and 14.

OB~y e oy o)
—_— _— O
o) o H,O, DMF, 68% 85%

1 12

78%

O
0]
TsOH PdCl,
>~CHO + /\/OH . /\XCHO —_— /U\><CHO ﬂﬂ,ﬁ
13

7-Acetoxy-1,11-dodecadien-3-one (17) is a synthetic equivalent of 1-dodecene-
3,7,11-trione (18), and prepared from 1,7-octadien-3-one (16), which is obtained from
the butadiene telomer 15 (see Section 5.2). The acetoxy group and the double bond in
17 are precursors of two carbonyl groups. The reagent 17 is used for steroid synthesis.
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After Michael addition of 17 to 2-methyl-1,3-cyclohexanedione (19) and the first aldol
condensation, the double bond in 20 is reduced to give 21. The acetoxy group in 21 is
unmasked by hydrolysis and oxidation, and subsequent aldol condensation gives 22.
Again, the terminal double bond in 22 is oxidized with PdCl, to methyl ketone, and
subsequent hydrogenation of the internal double bond affords the trione 23, from
which the steroid A-ring 24 is formed by aldol condensation [34].

OAc /\/\/U\/
Pd(0 Z
S (0) _ o —
PhsP 16
= 15 —
0
o) . o EtsN
- = 17 + __I —
L-alanine
Z AcO o 0] 94%
17 0] 19
1. NaBH4 1. NaOH, 2. CrO3
2 LiNH, 3. base i
Z AcO Z
20 AcO

21

PdCl,, CuCl, 84% ol
H,-Pd

The 1,5-diketone 26 is prepared by 3-butenylation of ketone, followed by the Pd-
catalyzed oxidation of 25 and annulated to form cyclohexenone 27 [18]. In this
method, the 3-butenyl group is the masked methyl vinyl ketone. The 3-butenyl group
attached to the B ring of the baccatin skeleton 28 was oxidized to the methyl ketone 29
in 98% yield, whereas the corresponding allyl group was oxidized to aldehyde [35].

The oxidation of simple internal alkenes is very slow. Clean selective oxidation of
the terminal double bond in 30 to the methyl ketone 31 in the presence of the internal
double bond is possible under normal conditions [36]. The oxidation of cyclic alkenes
is difficult. Addition of strong mineral acids such as HCIO4, H,SO4 or HBF4
accelerates the oxidation of cyclohexene and cyclopentene [25,37]. PdCl,—CuCl, in
EtOH is used for the oxidation of cyclopentene and cyclohexene [38].

11.1.2 Reactions with Oxygen Nucleophiles

Oxidation of ethylene in alcohol with PdCl, in the presence of a base gives the acetal
of acetaldehyde and vinyl ether [39,40]. The reaction of alkenes with alcohols
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base

L \/\/Br )/I} PdCl, } /IA/;(
0 e CuCl o1 o 0]

25 26 27

PdCl,, H,0
DMF, rt, 98%
o) o D

R = c-HexMe,Si

29

O
WOA PdCl,, CuCl, O, )J\/\A/\
30 CTDMFHO OAc
70 ~ 83% 31

O PdCl,, CuCl, 0
—_—
HBF,, 84%

mediated by PdCl, affords the acetals 32 as major products and the vinyl ethers 33 as
minor products. No deuterium incorporation was observed in the acetal formed from
ethylene and MeOD, indicating that a hydride shift takes place as shown by 34. The
acetal is not formed by the addition of methanol to methyl vinyl ether [41].

The syntheses of brevicomin (36) [42,43] and frontalin [44,45] have been achieved
as an elegant application of the intramolecular acetal formation from the double bond
with the diol in 35 in dry DME.

The oxidation of terminal alkenes with an EWG in alcohols or ethylene glycol
affords acetals of aldehydes chemoselectively. Acrylonitrile is converted to 3,3-
dimethoxypropionitrile (38), which is produced commercially as an intermediate of
vitamin B; in MeOH using methyl nitrite (37) as a unique reoxidant of Pd(0). Methyl
nitrite (37) is regenerated by oxidation of NO with oxygen in MeOH. Methyl nitrite is
a gas, which can be separated easily from water formed by the oxidation [1a].

Oxypalladation of vinyl ether, followed by alkene insertion, is an interesting
synthetic route to functionalized cyclic ethers. In prostaglandin synthesis, the
oxypalladation of ethyl vinyl ether (40) with the protected cyclopentenediol 39
generates 41 and its intramolecular alkene insertion generates 42. The intermolecular
insertion of the alkene 43, and f-elimination of 44 occurred as one-pot reaction at
room temperature, giving the final product 45 in 72% yield [46]. The stereochemistry
of the product shows that the alkene insertion (carbopalladation of 41) is syn. It should
be noted that the elimination of f-hydrogen from the intermediate 42 is not possible,
because there is no f-hydrogen syn coplanar to the Pd and, instead, the insertion of
alkene 43 occurs.
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The direction of elimination of the f-hydrogen to give either enol ethers or allylic
ethers from alkenes can be controlled by using DMSO as a solvent. Formation of the
allylic ether 47 was utilized in the synthesis of the tetronomycin precursor 47 from 46
[47]. The oxidation of optically active 3-alkene-1,2-diol 48 afforded the 2,5-
dihydrofuran 50 with high ee. It should be noted that -OH in 49 is eliminated to

Pd(OAC), Xr T o T~

—_————

DMSO, 72% HoH
OTBDMS

47
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generate Pd(Il), rather than f-H, at the end of the reaction [48]. Similarly, the
dehydrative cyclization of cis-4-alkyl-2-cyclohexenol 51 gives the furan 53 and the
tricyclic spiroacetal 54 as shown by 52 with generation of Pd(II) in one-pot using a
catalytic amount of PdCl, without a reoxidant [49].

A phenolic oxygen participates in facile oxypalladation. 2-Allylphenol (55)
undergoes clean cyclization to 2H-1-benzopyran (56) in DMSO under air with a
catalytic amount of Pd(OAc), without a reoxidant. 2-Methylbenzofuran (57) is
obtained when PdCl, is used [50]. But different chemoselectivity with the Pd(II) salts
was also reported [51]. Catalytic asymmetric cyclization of the tetrasubstituted 2-
allylic phenol 58 using the binaphthyl-type chiral ligand 60, called (S,S)-ip-borax,
afforded the furan 59 with 96% ee. Use of Pd(CF5CO,), as a catalyst is essential in
the presence of benzoquinone [52]. Formation of the benzofuran 62 from 61 has been
utilized in the synthesis of aklavinione [53]. The intramolecular reaction of 2-
hydroxychalcone (63) produces the flavone 64 [54].

Soon after the invention of the Wacker process, the formation of vinyl acetate (65)
by the reaction of ethylene with PdCl, in AcOH in the presence of sodium acetate was
reported [39,40]. No reaction takes place in the absence of base. Also, the reaction of

Pd(OAC),

- AN
= DMSO, H,0
| KHCOs,, air, 80% 0
OH 56
PdCl,
55 - N
DMSO, H,0
KHCOQO3, air 0

57
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63

Pd(OAc), with ethylene forms vinyl acetate. Industrial production of vinyl acetate
from ethylene and AcOH has been developed by Imperial Chemical Industries,
initially in the liquid phase [55]. However, due to operational problems caused mainly
by corrosion, the liquid-phase process was abandoned. Then a gas-phase process using
a supported Pd catalyst was developed [56]. Vinyl acetate is now produced
commercially, based on this reaction in the gas phase, using Pd supported on alumina
or silica as a catalyst in the absence of any Cu(Il) salt [57]. It seems likely that
Pd(OAc), is generated from the supported Pd by the reaction with AcOH and O, at
high temperature.

— N\
CH,=CH, + Pd(QAc), —» OAc + Pd(0) + AcOH

65
CH,=CH, + ACOH +0, — 05102 (OrALOy) _ Noac * HeO
gas phase 65 c i

With higher alkenes, alkenyl acetates, allylic acetates and dioxygenated products
are obtained [58]. The reaction of propylene gives two propenyl acetates, 66 and 67,
and allyl acetate (68) by the acetoxypalladation to form two intermediates, followed by
elimination of f-hydrogens. The chemoselective formation of 68 by a gas-phase
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H
I
" AcOPd)  OAc —> <
~ OAc
—\ + Pd(OAc), — H H 66
—> AcO kfd-OAc—" AcO * AcO
Pd-SiO,. 67 68
TN +AOH — = o —"0ac
gas phase 68

reaction using a supported Pd catalyst has been developed as a commercial process
[59].

The oxidation of cycloalkenes to cyclic ketones with PdCl, is difficult, but its
allylic acetoxylation with Pd(OAc), proceeds smoothly [60—63]. In the reaction of
cycloheptene with Pd(OAc),, MnO, and benzoquinone (BQ), syn acetoxypalladation
gives 69, and subsequent syn elimination of the f-hydrogen in 69 yields the allylic
acetate 3-acetoxycycloheptene (70). 1-Acetoxycycloheptene (71) is not formed,
because no f-hydrogen syn to Pd is available on the acetoxy-bearing carbon [64].
Reaction of cyclohexene gives 3-acetoxycyclohexene [65].

AcO H Qhe OAc
PA(OAC),, MO, | ACQPA, 3¢
AcOH, BQ, 73% ! r
70 71

1,2-Dioxygenation by nucleophilic addition to alkenes is the main path in the
presence of nitrate anion. The reaction of ethylene with Pd(OAc), in the presence of
LiNOj; affords ethylene glycol monoacetate (73). The primary product may be glycol
ester 72 of AcOH and HNOj;, which is hydrolysed easily to give 73 [66]. Propylene
glycol monoacetates are formed from propylene in the presence of LiNOj. These
reactions attract attention as being potentially useful for the commercial production of
ethylene glycol (74) and propylene glycol.

Acetoxylchlorination of norbornene (75), followed by skeletal rearrangement of 76
in an excess of CuCl,, gives exo-2-chloro-syn-7-acetoxynorbornane (77). This is a
good synthetic method for syn-7-norbornenol (78) [67]. Similarly, the brendane

f* ONO,
Pd(OAC),

LiNO3, O, @'Pd) OAc

—

CH,=CH, + AcOH

ONO" OAc — = /_/ - /_/

72 HO 44 HO 4,4
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derivative tricyclo[4.2.1.0>7]nonane 80 was prepared in one step by the oxidative
acetoxychlorination of the commercially available vinylnorbornene (79) using PdCl,—
CuCl, as the catalyst [68].

The intramolecular reaction of alkenes with various O and N functional groups
offers useful synthetic routes to heterocycles [69—71]. The isocoumarin 83 is prepared
by the intramolecular reaction of 2-(2-propenyl)benzoic acid (81) with one equivalent
of PdCl,(MeCN),. However, the (Z)-phthalide 82 is obtained from the same acid with
a catalytic amount of Pd(OAc), under 1 atm of O, in DMSO. O, alone is remarkably
efficient in reoxidizing Pd(0) in DMSO. The isocoumarin 83 is obtained by the
reaction of 2-(1-propenyl)benzoic acid (84) under the same conditions [2]. 2-
Vinylbenzoic acid was converted to the isocoumarin, but not to the five-membered
lactone [72,73].

10 mol% Pd(OAc),, DMSO |

W ACONa, 02, 71%
o 82 O

81 1 equiv. PdCIy(MeCN), x
Na2C03, 86%

0]
AN
©\/\/ 10 mol % Pd(OAc), T
CO,H

DMSO, O,, AcONa

Y

84
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11.1.3 Reactions with Amines

Enamine formation is expected from the reaction of alkenes with amines using Pd(Il)
salts via aminopalladation, but enamine synthesis is not easy. Aliphatic amines are
rather strong ligands to electrophilic Pd(Il), and the aminopalladation is possible only
in a special case. Amide nitrogen reacts more easily than the amines to form the
enamide 85, because amidation of amines reduces the complexing ability of the
amines. Unlike the intermolecular reaction, intramolecular aminopalladation proceeds
more easily [69-71]. Methylindole (87) is obtained by intramolecular exo-amination of
2-allylaniline (86). If there is another double bond in the same molecule, the
aminopalladation product 88 undergoes intramolecular domino alkene insertion to
give the tricyclic compound 89 [74]. Oxidative amination proceeds smoothly with
aromatic amines which are less basic than aliphatic amines, whereas it is difficult to
use aliphatic amines for cyclization under similar conditions. Successful oxidative
amination is possible with the tosylated aliphatic amine 90 to give 91. The tosylation
of amines also reduces the strong complexing ability of aliphatic amines, which is why
amides or tosylamides are used for smooth reaction with alkenes [75].

R R H R
N—+ NHAc + Pd(QAc), —™ —_— —
AcOPd NHAc NHAc
85
PdClg(MeCN)z \
| + PdCl, >
BQ, 60~90% N
NH» 87 H
86 .
LT — | | —
N N o~ " N
—
HY S o
S 88 89 O
BQ, 85% N
90 NHTs ) Ts

The usefulness of Pd-catalysed reactions is demonstrated amply in the total
synthesis of clavicipitic acid [76]. The first step is intramolecular aminopalladation of
the 2-vinyltosylamide 92 with Pd(I) to give the indole 93. Then stepwise Heck
reactions of the iodide and bromide of 94 with two different alkenes 95 and 96 in the
absence and presence of a phosphine ligand give 97. In the last step of the synthesis,
the intramolecular aminopalladation of 97 with a catalytic amount of Pd(Il) gives the
cyclized product 99. It should be noted that the aminopalladation is a stoichiometric



Oxidative reactions of alkenes 431

reaction in nature. However, instead of the elimination of the f-hydrogen, the Pd(II)
species HO—PACI is generated as the elimination product, as shown by 98, and
reoxidation of Pd(0) to Pd(I) is not necessary; hence the reaction is catalytic without a
reoxidant.

Br

@\ PdCIz(MeCN)z @j @j/
NHTSs BQ 80%

92

M
NHAC B AcHN ‘ CO, e/
CO,Me OH
95 " ] 96
Pd(OAC),, EtsN, 60% N~ Pd(OAc),, (o-tol)sP, EtsN
I
Ts
PdCly(MeCN),
MeCN, 95%
Pd(il)

11.1.4 Reactions with Carbon Nucleophiles

Carbopalladation occurs with soft carbon nucleophiles. The PdCl, complex of COD
(100) is difficult to dissolve in organic solvents. However, when a heterogeneous
mixture of the complex, malonate and Na,COj in ether is stirred at room temperature,
the new complex 101 is formed. This reaction is the first example of C—C bond
formation and carbopalladation in the history of organopalladium chemistry. The
double bond becomes electron deficient by the coordination of Pd(Il), and attack of the
carbon nucleophile becomes possible. The Pd—carbon ¢-bond in complex 101 is
stabilized by coordination of the remaining alkene. The carbanion is generated by
treatment of 101 with a base, and the cyclopropane 102 is formed by intramolecular
nucleophilic attack. Overall, the cyclopropanation occurs by attack of the carbanion
twice on the alkenic bond activated by Pd(II). The bicyclo[3.3.0]Joctane 103 was
obtained by intermolecular attack of malonate on the complex 101 [77].

CH(CO,EY)

2
Na2C03 C|~
I + CHaACOE, —— [T Pd. CPd e |
ether, rt. cl
'Pé‘ (EtO,C),HC
cl” ¢ 101

100
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Another type of carbopalladation is observed in the oxidation of the 2,2-
disubstituted alkene attached to the cyclobutanol 104. The shift of the carbon—carbon
bond as shown by 105 and ring expansion generate 106. Intramolecular alkene
insertion gives the bicyclo[4.3.0]nonane system 107. Finally, 108 is obtained [78].
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T _—
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11.1.5 Oxidative Carbonylation

The unique oxidative carbonylation of alkenes is possible with Pd(II) salts, which is
mechanistically different from the hydrocarboxylation of alkenes catalysed by Pd(0)
(Section 7.1.1). The first example of oxidative carbonylation is the reaction of alkenes
with CO in benzene in the presence of PdCl,, affording ff-chloroacyl chloride 109
[79]. The oxidative carbonylation of alkene in alcohol gives the o, f-unsaturated ester
110 and f-alkoxy ester 111 by monocarbonylation, and succinate 112 by
dicarbonylation, depending on the reaction conditions [80—82]. Oxidative carbonyla-
tion in alcohol can be understood in the following way. The reaction starts by the
formation of alkoxycarbonylpalladium 113. Carbopalladation of the alkene (alkene
insertion) with 113 gives 114. Then elimination of f-hydrogen from the intermediate
114 yields the o,f-unsaturated ester 110. Further CO insertion to 114 gives the
acylpalladium intermediate 115 and its alcoholysis yields the succinate derivative 112.
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The f-alkoxy ester 111 is formed by nucleophilic substitution of 114 with alkoxide.
Formation of 109, the esters 111, and 112 can be regarded as the nucleophilic addition
to alkenes promoted by Pd(II).
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Scope of oxidative carbonylation has been studied [83]. The synthesis of acrylic
acid or its ester (116) from ethylene has been investigated in AcOH from the
standpoint of its commercial production [84]. The carbonylation of styrene is a
promising commercial process for cinnamate (117) [80,85,86]. Succinate formation
occurs at room temperature and 1 atm of CO using Pd on carbon as a catalyst in the
presence of an excess of CuCl,, although the reaction is slow (100% conversion after
9 days) [87].

Asymmetric carbonylation of styrene with Pd(acac), and benzoquinone in the
presence of TsOH using 2,2’-dimethoxy-6,6-bis(diphenylphosphino)-biphenyl (119)
as a chiral ligand gave dimethyl phenylsuccinate (118) with 93% ee, although yield
was not satisfactory, showing that phosphine coordination influences the stereo-
chemical course of the oxidative carbonylation with Pd(II) salts [88].

The dicarboxylation of cyclic alkenes is a useful reaction. Only exo-methyl-7-
oxabicyclo[2.2.1]heptane-2,3,5,6-tetracarboxylate (121) was prepared from the cyclic
alkene 120 using Pd on carbon and CuCl, in MeOH at room temperature with high
diastereoselectivity [89]. Methyl nitrite 37 is used for efficient oxidative carbonylation
of alkenes to produce the succinate derivatives 122 [1a,90]. It was claimed that the
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PdCl,
CH,=CH, + CO + ROH + QO — — \COQR
CUC|2 116

PdCl,, CuCl, Ph

Ph _—— —
«__ + CO + MeOH — \—\COZMe
117
Ph Pd(acac),, TsOH, BQ Ph CO.Me
N— + 2CO + MeOH > 2

O COzMe
118
MeO PPh,

48% conversion

MeO O Pphg 93% ee

119

oxidative carbonylation using alkyl nitrites is different mechanistically from the
carbonylation catalysed by PdCl,/CuCl, [91].

The carbonylation of alkene in AcOH—acetic anhydride in the presence of NaCl
affords the f-acetoxy carboxylic anhydride 123 in good yields and the method offers a
good synthetic route to the f-hydroxycarboxylic acid 124 [92].

o)
Pd/C, CuCl, MeO,C CO,Me
@' 0 + CO + MeOH - m
AcONa, 1, 71% MeO,C CO,Me
120 © 121
PdCl, COMe
~— + 2CO + 2MeONO —_— COMe + 2NO
37 122

PdCl,, CuCl,, NaCl
AcOH, 80°, 1 atm., 84%

WcogAc H>0O /\/Y\'CozH
OH

OAc
123 124

NN+ CO + AcO + 120,

Intramolecular oxidative carbonylation has wide synthetic application. The y-
lactone 128 is prepared by intramolecular oxycarbonylation of the alkenediol 125 with
a stoichiometric amount of Pd(OAc), at atmospheric pressure [93]. The intermediate
126 is formed by oxypalladation, and subsequent CO insertion gives the acylpalladium
127. The oxycarbonylation of alkenol and alkenediol can be carried out with a
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catalytic amount of PdCI, and a stoichiometric amount of CuCl,, and has been applied
to the synthesis of frenolioin [94] and frendicin B [95].

MeO  OH

Pd(OAc),, THF
—_—

+ CO 1 atm, 65%

Pd(0), HCI

The aminopalladation and subsequent carbonylation proceed smoothly. The
aminopalladation of one of the double bonds of allene 129 generates 130, and CO
insertion affords the ester 131 [96]. The carbopalladation of the optically active N-
vinyl carbamate 132 with malonate afforded 133. Then CO insertion and trapping with

vinylstannane produced the ketone 134 with 95% de, which was converted to 135
[97].

/_/ _PdCl,, CuCl, /_JL /_([L
Pd-Ccl| CO CO.M
\[rNHTS " MeOH, 90% — I\ e
o i
@]

Y
o
129 130 131
Ph
Ph Q
Ph I
Y~ _CO,Et PdClMeCN), | 5 A k=0 o,
SN O+ NaHCC — N >
N CO,-t-Bu EfN, -78°C EtOzC\(K/PdC' __SnMe;
O >
132 COo-t-Bu
133

PhI )=o O NH, OH

~30°C, 77% — v A O
B — N—N 2
H

95% de EtOC ™ HO,C—
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11.2 Difunctionalization of Conjugated Dienes

Palladium(II)-promoted oxidative 1,4-difunctionalization of conjugated dienes with
various nucleophiles is a useful reaction [98]. The reaction is stoichiometric with
respect to Pd(II) salts, but it can be made catalytic by use of Pd(0) reoxidants. 1,4-
Difunctionalization with the same or different nucleophiles has wide synthetic
application. The oxidative diacetoxylation of butadiene with Pd(OAc), proceeds by
acetoxypalladation to generate the m-allylpalladium 136, which is attacked by acetoxy
anion as the nucleophile, and (£)-1,4-diacetoxy-2-butene (137) is formed with 3,4-
diacetoxy-1-butene (138) as the minor product. The commercial process for 1,4-
diacetoxy-2-butene (137) by the reaction of butadiene, AcOH and O, has been
developed using a supported Pd catalyst containing Te. 1,4-Butanediol (139) and THF
are produced commercially from 1,4-diacetoxy-2-butene (137) [99].

OAc OAc
Pd-Te-SiO
N + ACOH + 0, —— 22 | Z — (—Pd.
N\ OAc
Pd-OAc 136

D T A e e P

AN
137 139 ACO/\(\

trans-3,6-Diacetoxycyclohexene (141) is obtained by the reaction of 1,3-
cyclohexadiene (140) with Pd(OAc), (catalytic amount) and benzoquinone (BQ,
stoichiometric amount) in the presence of LiOAc. When LiCl (0.2 equivalent) is
added, cis-3,6-diacetoxycyclohexene (142) is obtained. cis-3-Acetoxy-6-chlorocyclo-
hexene (143) is formed selectively by the addition of 2 equivalents of LiCl [100]. In
these reactions, acetoxypalladation occurs in #rans fashion to afford m-allylpalladium
intermediate 144. As the acetoxy anion migrates from Pd, the frans product 141 is
formed. With a small amount of LiCl, displacement of chloride ion with acetoxy ion
takes place to generate 145, and the cis-product 142 is obtained by external attack of
acetoxy ion. Chloride ion attacks the intermediate 145 from the opposite side of Pd,
and cis-3-acetoxy-6-chlorocyclohexene (143) is obtained at high LiCl concentration.
The same type of stereoselectivity is observed with cyclic as well as linear dienes.

The stereoselective cis diacetoxylation of 5-carbomethoxy-1,3-cyclohexadiene
(146) has been applied to the synthesis of dl-shikimic acid (147).

Pd(QAc),, LIOAC <;>_
» AcOwv OAc
MnQO,, BQ, AcOH, 93%

O

Pd(OAc),, LiOAc, LiCl

140 MnO,, BQ, AcOH, 86%

142
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Pd(OAc),, LiCl _<;>_
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LiCl + 2 AcOH >
@ + LG+ 2ACOR =58 TioAc, 75%
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"OAcorCl™

( @PAC k' QPAC
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o RO O
‘Q
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"OAc OAc

@J —
d(OAc),

141
OAc
OCO?MG Pd(OAC);, LiCl COMe HO., COH
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BQ, LiOAc, 59% - HO"
146 LY OAc

147

The following Pd-catalysed stereoselective transformations of 142 and 143 are
possible. The Pd-catalysed reaction of the cis product 143 with malonate gives the cis
product 148 with retention of the stereochemistry. However, reaction of 143 without
the Pd catalyst affords the trans product 149. The cis product 142 is a meso form and
can be converted to the chiral half ester 150 by enzyme-catalysed partial hydrolysis.

OAc
NaCH(CO,Me), o
> Ac
OAc Pd(OAc),, PhaP 148 98% cis
25°C, 91% CH(CO,Me), enzyme
OAc 98% ee
Cl NaCH(CO.;Me), OH
143 MeCN, 80 °C, 90% meso 142 150
~ 149 98% trans
no catalyst z
CH(CO,Me),

By changing the relative reactivity of the allylic leaving groups, namely acetate and
the more reactive carbonate, either enantiomer of 4-substituted cyclohexenyl acetate is
accessible by choice. The Pd-catalysed reaction of the allylic acetate moiety of 150
with malonate affords 151. Acetylation of 151 and Pd-catalysed 1,4-elimination of
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AcOH, followed by hydrolysis, gives the (R)-1,3-dienecarboxylic acid 152. Then the
acetoxylactone 153 can be prepared by the Pd-catalysed intramolecular trans-1,4-
functionalization of the 1,3-cyclohexadiene 152. On the other hand, the acetate 155 is
obtained by the Pd-catalysed chemoselective displacement of the allylic carbonate
moiety in 154 with malonate under neutral conditions. The (5)-1,3-dienecarboxylic
acid 156 is obtained by Pd-catalysed 1,4-elimination of 155. The Pd-catalysed 1,4-
functionalization of the 1,3-cyclohexadiene 156 and acetylation, afford 157, which is
an enantiomer of 153 [101].

OAc CH(C02M6)2 CH(COQMG)Z CH2002
NaCH(CO,Me), 1. Pd(0)
- - —_—
Pd(OAc),, PhsP, 82% 2.H0

OH OH /(R)_152
150
151 aAcO Pd(OAC),
‘@ >0 sa75%
g

‘ CH,(CO,Me), Pd(0) Pd(OAc), ~ AcO.,
@ 2(CO7 P wo
o

Pd(OAC),, PhsP H,0 BQ, 75%
CH,CO,H
OCO,Me CH(CO,Me), 157
154 155 (S)-156

The intramolecular version offers useful synthetic methods for heterocycles. The
total syntheses of o- and y-lycoranes, 160a and 160b, have been carried out by
applying the intramolecular aminochlorination of the carbamate of 5-(2-aminoethyl)-
1,3-cyclohexadiene 158 to give 159 as the key reaction [102]. Interestingly, the 4,6-
diene amide 161 undergoes intramolecular amination twice via the m-allylpalladium
162 to form the skeleton of pyrrolizidinone 163, showing that the amide group is
reactive [103].

Oj©/ MgBr
doAc),, Ba m <o
@ LiCl, 95% N _ i

COan

58

03

COZBH —_

@)
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161 AcOPd i\
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11.3 Reactions of Aromatic Compounds

The unstable phenylpalladium intermediate 164 is formed by palladation of benzene
with Pd(OAc),, and then the following three reactions occur.

1. homocoupling to form biphenyl (165);
2. formation of phenyl acetate (166) by displacement (reductive elimination);
3. formation of the styrene derivative 167 by the coupling with alkene (insertion

and f-elimination).
o O <
Pd(OAc), Pd-OAc OAc
ey e

AcOH
164 166

= . ©/4 +Pd(0)

Oxidative homocoupling of aromatic and heteroaromatic rings proceeds with
Pd(OAc), in AcOH. Biphenyl (165) is prepared by the oxidative coupling of benzene
[104,105]. The reaction is accelerated by the addition of perchloric acid. Biphenyl-
tetracarboxylic acid (169), used for polyimide synthesis, is produced from dimethyl
phthalate (168) commercially [106]. Intramolecular coupling of the indole rings 170 is
useful for the synthesis of staurosporine aglycone 171 [107].

MeOQC COzMe
@Cone Pd(OAc), . .
T i ™ MeQ,C O O CO,Me = polyimide
A 2 p)
coMme  Cu(OA%:
169

168

@] O
Pd(OA
> j_\( ( C)2
“ I
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Biaryls and 1,3-dienes can be synthesized by the Pd-promoted oxidative
homocoupling of different substrates. The homocoupling of the arylstannane 172
and the alkenylstannane 175 gives the biaryl 173 and 1,3-diene 176 using a catalytic
amount of Pd(OAc), and O, in the presence of the iminophosphine ligand 174, or in
the absence of ligand [107a].

<(— PdCI
L, DMF, O,
172 95% 173 W
PPh,

Ph. .= Pd(OAC)s, 5%
\/\Sn8u3 2 - Pthh 174
175 02, PhH, 78°/o 176

The formation of phenyl acetate (166) from benzene is attracting attention as a
promising commercial process for phenol. Phenol is also obtained by the oxidation of
benzene with O, under CO atmosphere [108].

Oxidative cross-coupling with alkenes is possible with Pd(OAc), [109]. The
reaction proceeds by the palladation of benzene to form phenylpalladium acetate
(164), followed by alkene insertion and elimination of f-hydrogen. Heteroaromatics
such as furan and thiophene react more easily than benzene [109]. Stilbene (177) is
formed by the reaction of benzene and styrene. The complex skeleton of
paraberquamide 179 was obtained in 80% yield by the Pd(II)-promoted coupling of
the indole ring with the double bond in 178, followed by reduction of the intermediate
with NaBH4 [110].

Ph H Ph
Pd-OAc __ -
© + Pd(OAC); —» = pa.onc| —
(o
164
__Ph
+ Pd(0) + AcOH
177
rBDMSO
TBDMSO BOG
0 BoC PACI,, AgBF, SO
! _—
o N NaBH,, 80% o \ / A
| y/ H
MeO N
N=
~ 179 ©

178 I
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11.4 Synthetic Reactions Based on the Chelation of
Heteroatoms

11.4.1 ortho-Palladation of Aromatic Compounds

Aromatic compounds with substituents containing heteroatoms, such as N, P, S or O, at
positions suitable for forming mainly five-membered or sometimes six-membered
chelating rings, undergo the cyclopalladation at an ortho position to form a o-
arylpalladium bond by virtue of the stabilization due to the chelation of these
heteroatoms. The ortho-palladation products are stable and can be isolated [111,112].
After the first report of the preparation of the PdCl, complexes of N,N-
dimethylbenzylamine and azobenzene complexes 180 and 181 [113], numerous
ortho-palladation complexes have been prepared. The amide carbonyl of acetanilide is
able to form the six-membered chelate ring 182 [114]. In addition to sp? aromatic
carbons, even the sp® carbon of the methyl group in 8-methylquinoline (183)
[115,116] and ortho-N,N-dimethylaminotoluene (184) [117] form g-bonds to Pd.

The o-arylpalladium bonds in these complexes are reactive and undergo insertion
and substitution reactions. The reactions offer useful methods for regiospecific
functionalization of aromatic rings, although the reactions are difficult to make
catalytic in most cases. Insertion of styrene to N,N-dimethylbenzylamine complex
(180) to form the stilbene derivative 185 occurs smoothly at room temperature in
AcOH [5]. The reaction has been extended to the functionalization of the dopamine
analogue (N,N-dimethyl-2-arylethylamine) 187 via the six-membered ortho-palladated
complex 186 [118].

NMe2 ; ‘Pd ci @ /f d-X Pd-X
—CI /O =~ N /

| NMe2
~
180
@ 182 183 184
Ph __
181
N{"ez NMe,
Sy Pd(0 — P
H Ph Fao) 185
MeQ 65% MeQO NMe,
—_—
MeO pd’ Mo /\”/ " oji)/\;/\r(
Cl e
186 187 0

Facile insertion of CO takes place. The 2-aryl-3-indazolone 189 is obtained in high
yields from azobenzene complex 188 in alcohol or water [119]. For unsymmetrically
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substituted 4-methyl, 4-chloro- or 4-methoxyazobenzenes, o-bond formation with Pd
was found to take place mainly with substituted benzene rings, because the cobalt-
catalysed carbonylation of 189 gives 190, and subsequent hydrolysis affords 5-
methylanthranilic acid (191) and aniline. The results show that g-bond formation is an
electrophilic substitution of PdCl, on the benzene ring [119,120].

Chlorination of the azobenzene complex 181 with chlorine produces monochlor-
oazobenzene (192) with regeneration of PdCl,. The complex of the chlorinated
azobenzene 193 is formed again. By this sequence, finally the tetrachloroazobenzene
(194) is obtained using a catalytic amount of PdCl,. The reaction, carried out by
passing chlorine gas into an aqueous dioxane solution of azobenzene and PdCl, for
16 h, gives a mixture of polychlorinated azobenzenes [121].

Me H
@ X
CO, EtOH _co N
PACl — —— /=0 Cox(CO)s Me/©;f \©

Nay, A 84% \N I

190 l
189 NH» NHz
LT
Me COQH

191

o L 3
181 —» Cl CIPd Ci

~

SN+ PdCl; —»

192 193
Cl~ ; Cl
—_— N¢N
cl \©/CI
194

The chromanone oxime 195 is carbonylated in the aromatic ring to give the ester
197 via the oxime-stabilized palladated complex 196 [122]. The acetanilide complex
198 is carbonylated to give 2-acetaminobenzoate (199). Alkene insertion to 198
affords 200 [114]. ortho-Alkylation is possible with alkyl halides. Treatment of
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complex 198 with three equivalents of Pd(OAc), and excess Mel affords 2,6-

dimethylacetanilide (202) by stepwise ortho-palladation and methylation via 201
[123].

o o} ‘ o]
PdCl, CO,MeOH H*
| PhsP 45%
|
N‘OH cn/Pd *N\OH MeO,C O
195 196 197

0 / NHCOMe
H Et;N  83% __
@NHCOMG CO, 2 atm @(N\H/
EtOH, rt, 79% 200 0
CO,E ML 79% ~O

] NHCOMe

198 { i jNH Mel (I
d(OACc), Me

11.4.2 Reactions of Allylic Amines

The facile cyclopalladation of allylamine proceeds due to the chelating effect of the
nitrogen. Carbopalladation of allylamine with malonate affords the chelating complex
203, which undergoes insertion of methyl vinyl ketone to form the amino enone 204
[124]. Homoallylamines and allyl sulfides behave similarly [125].

E _ CI—Pd /\n/
/\/NMez + < + LIQPdC|4 —_—
= E Meg

MezN
E= COgMe

An ingenious application of the facile palladation of allylic amines is the synthesis
of a prostaglandin derivative starting from 3-(dimethylamino)cyclopentene (205)
[126]. The key steps in this synthesis are the facile and stereoselective introductions of
a carbanion and an oxy anion into the cyclopentene ring by virtue of the chelating
effect of the amino group, and the alkene insertion to the Pd—carbon g-bond. The first
step is the stereodefined carbopalladation with malonate to generate 206. The
subsequent elimination of f-hydrogen gives the 3-substituted 4-aminocyclopentene
207 in 92% yield. The attack of the malonate occurs anti to the amino group. Further
treatment of the amino ester 207 with Li,PdCly, 2-chloroethanol and diisopropyl-
ethylamine in DMSO gives rise to the oxypalladation product 208, which is
immediately treated with pentyl vinyl ketone. The insertion of this alkene affords the
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desired enone 209 in 50% yield. This enone 209 was converted to the intermediate
210 for prostaglandin synthesis.

N ~Nn
Vg NS y N
@ + _CH(COZEt)Q + L|2PdC|4 W @; —_— @N\CH(COQR)Z
CH(COuR)
205 206 (COR). 207
\N<
—_—
CICH,CH,OH o -
50% CH(CO.R
CI/\/O (CO2 )2J
208 o

210

11.5 Reactions of Alkynes

Alkynes undergo stoichiometric oxidative reactions with Pd(II). A useful reaction is
oxidative carbonylation. Two types of oxidative carbonylation of alkynes are known.
The first one is the synthesis of alkynic carboxylates 211 by the oxidative
carbonylation of terminal alkynes using PdCl, and CuCl, in the presence of a base
[127]. Dropwise addition of the alkyne is recommended as a preparative-scale
procedure of this reaction, in order to minimize the oxidative dimerization of alkynes
as a competitive reaction [128]. The reaction has been applied to the synthesis of the
intermediate 213 of the carbapenem 214 from the terminal alkyne 212 [129].

PdClp, CuCl _
CeHyy —== + CO + MeOH ———2 M2 _ CgHy; —==—CO,Me
AcONa, 74% 211
RaSiO

Pdclz, CUC|2
e
MeOH, 66%

X 4 CO + MeOH
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—_—
—

CH2C02Me ()
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The second type is oxidative dicarbonylation of acetylene with PdCl, in benzene,
which produces chlorides of maleic, fumaric and muconic acids [130]. Methyl maleate
(215), fumarate (216) and muconate (217) are obtained in MeOH containing thiourea
by passing acetylene and oxygen in the presence of a catalytic amount of PdCl, [131].

Aconitate is obtained as a minor product in the carbonylation of propargyl alcohol
[132]. However, in the two-step synthesis of methyl aconitate (220) from propargyl
alcohol (218) in 70% overall yield, the first step is the oxidative carbonylation under
CO and air using Pdl, and KI to give dimethyl hydroxymethylbutenedioate (219),
which is carbonylated further to give trimethyl aconitate (220) by using
[Pd(tu),]Ix(tu = thiourea) as a catalyst [133]. The oxidative cyclocarbonylation of
dipropargylamine (221) affords the muconate derivative 222, which is isomerized to
3,4-bis(methoxycarboylmethyl)pyrrole (223) [134].

_ PdCl,
HC=CH + CO + MeOH —»
=\ COgMe — Cone
MeO,C COMe + == . —
M
OH p O o, MeoH
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MeO,C CO,Me
CO,Me
220
= Pd/C. Op KI | 2COMe
AcN 27 e

AN+ 99+ MO THus0, BN, 82% | . CO:Me

921 222
A ST COMe

= _co,Me

223

The propargyl esters 224 undergo an interesting oxidative rearrangement in the
presence of a catalytic amount of PdBr; under an oxygen atmosphere to form the o-
acyloxy-a, f-unsaturated aldehydes 227. Oxypalladation of 224 generates 225, and
rearrangement occurs by the attack of hydroxy ion to give 227 via 226. Interestingly,
reoxidation of Pd(0) takes place smoothly under oxygen without using other
reoxidants [135]. The reaction was applied to the propargyl ester 229, prepared from
the steroidal ketone 228, and corticosteroid (231) was prepared via 230 [136].
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11.6 Oxidative Carbonylation Reactions

Oxidative carbonylation of MeOH with PdCl, affords dimethyl carbonate (233) and
dimethyl oxalate (232) [137,138]. Selectivity of the mono- and dicarbonylation
depends on CO pressure and reaction conditions.

An industrial process for oxalate (232) from CO, alcohol and oxygen, catalysed by
Pd, has been developed by Ube Industries [1a,139]. An ingeneous point in this process
is use of alkyl nitrite 37 as a reoxidant of Pd(0). Although the mechanism of the
reaction is not completely clear, formally Pd(0) is oxidized to Pd(Il) easily with alkyl
nitrite and then oxidative carbonylation proceeds to give oxalate and Pd(0). NO gas is
generated from alkyl nitrite. In turn, NO is reconverted to the alkyl nitrite 37 by the
reaction of oxygen and alcohol. Most importantly from the standpoint of the
commercial process, the water, formed by the oxidation, can be separated easily from
the alkyl nitrite. Otherwise, water reacts with CO to give CO,. The industrial
production of dimethyl carbonate (233) by oxidative carbonylation was developed by
Ube Industries using alkyl nitrite as the reoxidant. Another promising reaction is the
preparation of commercially important diphenyl carbonate (234) by oxidative
carbonylation of phenol [140].

Carbamates are produced by the oxidative carbonylation of amines in alcohol, and
active research for commercial production of carbamates 235 as precursors of
isoyanates 236 based on this reaction has been carried out. As one example, ethyl
phenylcarbamate is produced in a high yield (95%) with a selectivity higher than 97%
by the reaction of aniline with CO in EtOH at 150 °C and 50 atm. Pd on carbon is the
catalyst and KI is added as a promoter [141]. The reaction proceeds even at room
temperature and 1 atm of CO [142].
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PdCl,
2MeONO + 2C0 — §O:Me, 5y
37 CO;Me
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e
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PdCl
Ph-NH, + CO + MeOH — = PhNHCO,Me —»= PhN=C=0

235 236

As an extension of the oxidative carbonylation using alkyl nitrite, malonate 238
can be prepared by the oxidative carbonylation of ketene (237) [la,143]. Also,
acetonedicarboxylate (240) is prepared by the Pd-catalysed, alkyl nitrite-mediated
oxidative carbonylation of diketene (239) [1a,144].

PdCI Pd-Cl COM
CHo=C=0 + CO + 2MeONO ——=— | | H,CZ 772" 4 2NO
CH,-CO,Me COMe
237 238
PdCI, Q
51 +co+2meono —= meo,c _I_coMe + 2n0
0

Although turnover of the catalyst is low, even unreactive cyclohexane and its
derivatives are oxidatively carbonylated to cyclohexanecarboxylic acid using K;S,Og
as a reoxidant in 565% yield based on Pd(II) [145]. Methane and propane are similarly
converted to acetic acid and butyric acid in 1520% and 5500% yields respectively
[146,147].

Pd(OAC),, Cu(OAC),

CH, + CO > CHsCO,H
K2S20s, CF3CO.H

Pd(OAC)g, KQSQOB‘

CF3CO,H

CH3CH3 + CO

CHaCH,CO,H
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11.7 Reactions via Pd(ll) Enolates

Transmetallation of silyl enol ethers of ketones and aldehydes with Pd(II) generates
Pd(IT) enolates, which are usefull intermediates. Pd(Il) enolates undergo alkene
insertion and f-elimination. The silyl enol ether of 5-hexen-2-one (241) was converted
to the Pd enolate 242 by transmetallation with Pd(OAc),, and 3-methyl-2-
cyclopentenone (243) was obtained by intramolecular insertion of the double bond
and f-elimination [148]. Formally this reaction can be regarded as carbopalladation of
alkene with carbanion. Preparation of the stemodin intermediate 246 by the reaction of
the silyl enol ether 245, obtained from 244, is one of the many applications [149].
Transmetallation and alkene insertion of the silyl enol ether 249, obtained from
cyclopentadiene monoxide (247) via 248, afforded 250, which was converted to the
prostaglandin intermediate 251 by further alkene insertion. In this case syn elimination
from 250 is not possible [150]. However, there is a report that the reaction proceeds
by oxypalladation of alkene, rather than transmetallation of silyl enol ether with
Pd(OAc), [151].
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p-Elimination of the Pd enolate 253, formed by the transmetallation of 252, is a
good synthetic method of the enones 254 [152]. The silyl enol ether 255, prepared by
trapping the conjugate addition product of cyclohexenone, is dehydrogenated with
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Pd(OAc), to give the cyclohexenone 256. In clavulone synthesis, only the silyl enol
ether in 257 reacts with Pd(OAc), to give the enone 258 [153]. The dehydrogenation
can be carried out with a catalytic amount of Pd(OAc), using benzoquinone as the
reoxidant. Cyclopentenone (260) is prepared from cyclopentanone (259) by using a
supported Pd catalyst under O, atmosphere [154]. The enone 261 is converted to the
dienone 263 via the dienol silyl ether 262 [155].

BQ
A
OSiMe;, 0<PdOAC 0
3
+ Pd(OAc), — —_— + Pd(0) + AcOH
H
252 253 254
OSiMes 0
Me,CulLi Pd(OAc),
——— —————————-
Me,SiCl BQ, 91%
255 256
0 Me;Sio
OH > OSiMe, .. Pa(OAD
= > =~ T"MeCN
63%
257
o)
OSiMes,
— — clavulone
258
o OTMS 0
MesSiCl Pd/SiO,
— + 0y ———
90%
259 260
PN Me;SiCl /\/\/\/Ph __Pd©A), /\%\%\H/Ph
/\/\/\n/ _MegSiCl T KoL 735 T
261 0 262 8 263

An interesting application of Pd(Il) enolates is catalytic asymmetric aldol
condensation and enantioselective addition to imines. Reaction of the silyl enol ether
of benzophenone 264 with benzaldehyde gave aldols 265 and 266 in high optical
yields using a catalyst [Pd(R)-binap)(H,O)*(BF47), 267, generated from
PdCl,[(R)-binap)] and AgOTf [156]. The presence of water is essential. In this
reaction, the Pd(Il) enolate 268 reacts with aldehyde to generate the Pd alkoxide 269,
which undergoes transmetallation with the silyl enol ether 264 to give the aldol
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product 265. Addition of the silyl enol ether 264 to the imine 270, catalysed by the
chiral complex [Pd(R)-tol—binap)(HzO)]2+(BF4_)2, gave 271 in 95% vyield and
90% ee [157].

O  OSiMes

OSiMe Ph)l\/'\ph O‘ A oBF,
/& 3 PACI,[(A)-binap]- AGOTF 265 o~b Oy
o

87%, 71% ee

+  PhCH -
Ph DMF, H,0, 96% o on P»Pd\ZOH
o OO A
A r
N '

266 267

OSiMes 9%, 73% ee
Ph O 0OSiMey

Ph Ph
(Pl ~ 265

RN

MezSiOH OSiMe;

Qa \_ ph/&
26

268 O Ph QIP
Pd<
Ph)J\/kO’ P

269
OSiMes p-MeOCgH,4 ~N [PdIL @] NHCgH4-p-OMe
+ K .
Ph . Ph COyi-Pr
264 270 CO,-i-Pr
271 95%, 90% ee
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Acetaldehyde, Wacker process, 4-5, 420-1

Acetals, preparation, 4234

2-Acetaminobenzoate, preparation, 442-3

Acetic anhydride, preparation, 88-9
Acetonedicarboxylate, preparation, 447
Acetophenone, 18, 24-5, 406-10
f-Acetoxycarboxylic acid
anhydride preparation, 434
decarboxypalladation, 149
3-Acetoxycycloheptene, preparation, 428
7-Acetoxy-1,11-dodecadien-3-one,
synthesis, 422-3
Acetoxylactones, preparation, 2234, 438
Acetoxyoctadienes, preparation, 184-5
Acetoxypalladation, 436
Acetylacetone, hydrogenation, 404-5
a-Acetylaminocinnammic acid,
hydrogenation, 395
(R)-N-Acetyl-1-arylalkylamine, synthesis,
397-8
N-Acetylenamines, preparation, 397-8
Acetylene
carbonylation, 2, 230, 445
cyclization, 4, 238-9, 2434, 247-9
monosubstitution, 47
Acetylides, cross-coupling with terminal
alkynes, 46-9
Acidity, ligand effects, 25, 371-2
Acrorenone, synthesis, 374
Acrylic acid, 2, 230, 399, 433—4
Acrylonitrile
cross-metathesis, 314
hydrodimerization, 271-2
hydroformylation, 2334
oxidation, 424-5
Acyclic diene metathesis polymerization,
315
Acyl aldehydes, decarbonylation, 92-3
Acylamino acids, preparation, 233—4
Acyl chlorides, 85-93, 98

Acyl halides
cross-coupling reactions, 35-6, 78-9
decarbonylation, 92-3, 237
as pseudohalides, 28
Acylpalladium intermediates
alkenes and alkynes, 228-9, 432-5
allyl compounds, 135-6
halides and pseudohalides, 85, 92, 98
propargylic compounds, 200, 204, 210
Addition reactions see Metallation;
Oxidative addition
Adiponitrile, preparation, 188, 271-2
Alcohols
allylation, 124-5
oxidation, 150
preparation, 2-3, 231-7, 279
Aldehydes
alkenation, 327, 330-1
n-allyl complex reactions, 113-15

cross-coupling via chromium metallation,

73-5

decarbonylation, 92-3, 237-8

preparation, 2-3, 90-2, 231-7, 361
Alder-ene reaction, 263-7
Aldol condensation

acetoxy group, 423

butanal, 231-2

butyraldehyde, 2

decarboxylation, 156-7

palladium(I) enolates, 449-50

telomerization, 184-5
2,3-Alkadienoates, preparation, 204
Alkaloids, synthesis, 232, 257, 365
Alkanes, bis-metallation, 281-3
Alkatrienes, synthesis, 202, 212, 223
Alkenation, carbonyl group, 326-31
n-Alkene complexes, 227
Alkenediol, oxycarbonylation, 434-5
Alkenes

alkylation, 111
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n-allyl complex reactions, 110-11, 128,
137-9
bis-metallation, 281-3
carbometallation, 277-80
carbonylation, 2-3, 238-71, 432-5
carbopalladation, 21, 159, 424-5, 431-2
copolymerization, 229-30
cross-coupling, 33-45, 271-7, 439
cyclization
cocyclization with conjugated dienes,
170-1, 173-4, 179-80
intramolecular polycyclization, 45,
202-3
oxidative, 12-13, 238-40
stereospecific, 40-1
cycloaddition, 238-71
Pauson-Khand reaction, 2504, 262-3
hindered, 40
homogeneous hydrogenation, 393-404
hydroacylation, 294-5
hydroformylation, 2, 231-7
hydrometallation, 284-94
insertion reactions, 137-8, 430, 432
o, 00 insertion, 17
o,f insertion, 15
metathesis
Alder-ene reaction, 263-7
classification, 310-12
synthetic applications, 313-22
Ziegler-Natta chemistry, 4, 306
nucleophilic attack, 11, 21, 420, 423-9,
431-2, 433
oxidative reactions, 12-13, 238-40, 420-35
preparation, 97-8, 201, 220, 4034
propargylic compound reactions, 202-3
protection and activation by iron
carbonyls, 355-6
terminal, 4214
Alkenylalanes, preparation, 67
Alkenyl arenes, preparation, 72, 74
Alkenyl compounds, preparation, 46-50
Alkenyl halides
cross-coupling
alkenes, 33
terminal alkynes, 46, 48, 50-3
via transmetallation, 57, 60, 64-6, 72-9
hydrogenolysis with metal hydrides, 96-8
nucleophilic reactions, 80
reaction patterns, 27-33
Alkenylpalladium intermediates, 29, 31,
504, 94-5, 265-6
Alkenyl sulfones, hydrogenolysis with
metal hydrides, 97-8
Alkenyl triflates, 70-1, 91, 92
p-Alkoxy ester, preparation, 433
Alkyl allyl ethers, isomerization, 160
Alkylation

alkenes, 111
enones, 112
propargylic compounds, 214-15
1-Alkylcyclopropanol, preparation, 259-60
5-Alkylidene-2-cyclopenten-4-
onecarboxylates, preparation, 210
o-Alkylidene-v-lactone,
preparation, 261-2
Alkylidenesuccinate, preparation, 134
Alkyl nitrite, dimethyl oxalate production,
446-7
n-Alkyne complexes, 227
Alkynes
n-allyl complex reactions, 137-8
bis-metallation, 281-3
carbometallation, 277-80
carbonylation, 2-3, 238-71, 444-5
cross-coupling, 271-7
cycloaddition, 12-13, 238-71
cocyclization, 170-1, 173-6, 179-80,
244-50
cyclotrimerization and
cyclotetramerization, 239-44
Pauson-Khand reaction, 250-4, 262-3,
368-9
dienylation, 181
halide and pseudohalide reactions, 46-55
hydroacylation, 294-5
hydrometallation, 284-94
insertion reactions, 50-5, 137-8
o, insertion, 15
internal, 50-5, 219-22
metathesis, 305-6, 322-3
oxidative reactions, 12, 444-5
cyclization, 12-13, 238-41
palladium(II) reactions, 4446
preparation, 201, 219-22
propargylic compound reactions, 202-3,
protection and activation by cobalt
carbonyl, 366-70
terminal, 46-55
see also Propargylic compounds
Alkynic carboxylates, synthesis, 444
Alkynic sugar, synthesis, 370
Alkynyl halides, 29, 32, 366-7
Alkynyl ketones, preparation, 92
Alkynylpalladium intermediates, 212-13
Allenes
aryl-substituted, 53
halide reactions, 39—40
insertion, 138
preparation, 211-12, 219-22
Allenylpalladium intermediates, 199-205,
211-19
Allyl acetates
acetylation, 437-8



carbonylation, 134-5
cyclization reactions, 121-2, 131-2, 138
hydrogenolysis, 139-40
production, 427-8
rearrangement and isomerization, 157,
161
a-Allylaldehyde, 130-1
Allyl amines
carbometallation, 278
carbonylation, 134
cyclization, 315-16
deprotection, 144-5
isomerization, 160
palladium(I) reactions, 4434
preparation, 124
2-Allylaniline, oxidative amination, 430
Allylation
annulation, 422
decarboxylation, 152
nucleophiles, 11627
Allyl carbamates, deprotection, 144-6
Allyl carbonates
allylation, 119-20
carbonylation, 134
conjugated diene preparation, 147-50
cyclization, 121, 127
deprotection, 144
deracemization, 125-6
hydrogenolysis, 141-2
transmetallation, 129-31, 133
Allyl carboxylates, 130-1, 143
n-Allyl complexes
bis-n-allyl complexes, 109-10, 120, 127-8
conjugated diene reactions, 181-2, 189,
358-9
electrophilic, 111-13
ferralactone preparation, 114-15
nucleophilic, 113-16, 274-5
preparation, 14-15, 109-11
Allyl enol carbonates, decarboxylation
reactions, 151-7
Allyl esters
hydrogenolysis, 140-1, 155-6
rearrangement and isomerization, 157-62
Allyl ethers
carbometallation, 278-9
cyclization, 317, 321-2
deprotection, 144
isomerization, 160
preparation, 425
Allyl ethyl itaconate, preparation, 154-5
Allyl formates, hydrogenolysis, 13940
Allyl halides, oxidative addition, 14
Allylic alcohols
Claisen rearrangement, 159-60
cross-coupling with alkenes, 36-8
cyclization, 120
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hydrogenation, 399401
Allylic compounds
carbonylation, 134-7
catalytic reactions, 109-11, 116-62
conjugated diene preparation, 146-50
cross-coupling via transmetallation,
128-34
hydrogenolysis, 13943
protection and deprotection, 142-6
stoichiometric reactions, 109-16
Allylic dithioacetal, cross-coupling via
transmetallation, 128
Allylic phosphates, allylation, 120
Allylindole, preparation, 130
Allyl keto esters, 137-8, 151-7
Allyl ketones, preparation, 130-1, 133, 135,
151-2, 157, 274-5
Allylmagnesium halide, preparation, 14
n-Allylnickel
18-electron rule, 8
bis-n-allylnickel, 170
carbonylation, 136-7
chemistry, 4
cyclization, 170, 177-8, 188, 338-9
electrophilic reactions, 23, 109-10, 113-15
preparation, 113-14, 128
o-Allylnickel, 170
(Allyloxycarbonyl) method, 144
n-Allylpalladium
alkynylation, 212-13
bis-rm-allylpalladium, 127-8, 177, 178
carbonylation, 206
catalytic reactions, 109-11, 116-62
conjugated diene reactions, 146-50, 191-2,
436, 438-9
decarboxylation of f-keto esters, 151-7
enolates, 151-7
Heck reactions, 38—40, 44-5
nucleophilic reactions, 21-3, 3840,
109-11, 214-16
preparation, 14-16, 110-12
rearrangement and isomerization, 157-62,
223
stoichiometric reactions, 109-13
o-Allylpalladium, 206, 218
2-Allylphenol, cyclization, 426
Allyl phenyl ether, cyclization, 121
Allyl phosphates, deprotection, 143—4
Allyl vinyl ether, Claisen rearrangement,
159
Alternaric acid, synthesis, 2734
Aluminium compounds
alkene and alkyne metallation, 278-9,
281-2, 287-8
carbonylation, 90
conjugated diene reactions, 1924, 362
coupling of halides, 67-8
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hydrogenolysis with hydrides, 97
Amides, preparation by carbonylation, 86-8
Amination, nucleophilic reactions, 80-1
Amines

allylation, 124

palladium(I) reactions, 430-1
Amino compounds, preparation, 396-7,

404-5, 409, 411
Aminopalladation, 430-1, 435
Amphiphilic reactions, m-allyl complexes,
109-10, 127-8
Anisoles, complexation, 374, 375-6, 377-8,
3889
Annulation reactions, palladium-catalysed,
40, 54-5, 245-6
Anthranilic acid, synthesis, 86
Antibiotics, synthesis, 47-8, 270-1
Anticancer agents, synthesis, 47-8, 317-20
Antimony compounds, cyclization, 266
Apopinene, preparation, 238
Arenediazodium salts, pseudohalides, 28
Arenes
activation
by chromium carbonyl, 371-88
by osmium complexes, 388-90

cross-coupling with aryl halides, 94-6

nucleophilic attack, 21-2, 372
Aroyl anhydrides, pseudohalides, 28
Aroyl chlorides, decarbonylation, 93
Aroyl halides, cross-coupling reactions,

35-7,77-8
Aroylpalladium intermediates, 92-3
Arylalkynes, preparation, 46-50
Arylation, 79-81
Aryl t-butyl ethers, preparation, 82
Aryldiazonium salts, cross-coupling with
alkenes, 35-6
Aryl ethers, preparation, 81-2
C-Arylglycoside, synthesis, 243
Aryl halides
carbonylation, 86, 92
cross-coupling
alkenes, 33
arenes, 94-6
terminal alkynes, 46, 48, 50-3
via transmetallation, 57, 60, 64-5,
68-79, 94-6
hydrogenolysis with metal hydrides, 96-8
nucleophilic reactions, 79-83
reaction patterns, 27-33
N-Aryl imines, preparation, 80-1
2-Aryl-3-indazolone, preparation, 441-2
Aryl mesylates, hydrogenolysis with metal
hydrides, 97

Aryl nitrile, preparation, 80

Aryl nonaflates, cross-coupling via
transmetallation, 60-1

Arylpalladium intermediates, 27-8, 33,
81-2, 92-3, 441
diarylpalladium, 94
Aryl phosphates, pseudohalides, 28
Aryl sulfides, preparation, 83
Aryl triflates
carbonylation, 86-7
as pseudohalides, 27-8
cross-coupling reactions, 35-6, 57-8, 68,
72, 74, 95-6
nucleophilic reactions, 80-1, 834
Ascorbic acid, allylation, 119-20
Asteriscanolide, synthesis, 171-3
Asymmetric catalysis, 25-6
chromium carbonyl complexes, 384
cyclization, 42
Heck reactions, 36-7, 125
hydrogenation, 397-8, 404-14
hydrogenolysis, 139—40
isomerization, 160-1
Azaspiro ring, 124
Azobenzene, palladium(I) complex, 441-2

Baccatin, oxidation, 4234
Baldwin rule, 369
Bayer—Villiger reaction, 338-9
Benzaldehydes, preparation by
carbonylation, 90
Benzannulation reactions, 245-6, 335-6
Benzene derivatives
activation by coordination
benzylic carbons, 379-81
chromium carbonyl, 371-84
osmium complexes, 388-90
halide reactions, 28, 376-7
lithiation, 371, 375-9, 381-2
palladium(I) reactions, 439
preparation by cycloaddition, 23940,
245
Benzoacetate, preparation, 92
Benzoic acid, 25, 87-8
Benzoic anhydride, cross-coupling
reactions, 36-7
2H-1-Benzopyran, preparation, 426
p-N-Benzoylaminomethylacetoacetate,
hydrogenation, 406
Benzoyl chloride, transmetallation, 17-18,
24-5
N-Benzoylpipecorinic acid, preparation,
233-4
Benzylamines, synthesis, 413-14
Benzyl chloride, carbonylation, 88-9
Benzyl halides, reaction patterns, 27-33
Biacetyl, hydrosilylation, 412-13
Biaryls, preparation, 57-8, 72, 74, 94-6, 440
Bicyclo[2.2.0]hexene, ethenolysis, 314-15
Bicyclo[4.3.0]lnonane, preparation, 432



Bicyclo[4.2.1]nonatriene, preparation, 387-8
Bicyclo[3.3.1]-2-nonen-9-one, preparation,
229
Bicyclo[3.3.0]octane, preparation, 431
BINAP see 2,2’-bis(diphenylphosphino)-
1,1"-binaphthyl
Biphenyls, synthesis, 77-8, 439
Birch reduction, 358-9
2,2’-Bis(diphenylphosphino)-1,1’-binaphthyl
(BINAP), synthesis, 83-5
Bis-metallation, 189-94, 281-3
3,4-Bis(methoxycarboylmethyl)pyrrole,
preparation, 445
Bis(methylene)butanedioate, preparation,
206
2,2’-Bis[(trifluoromethanesulfonyl)-oxy]-
1,1"-binaphthyl, 83-5
Bond cleavage, oxidative addition, 10-12
Borneol, synthesis, 412
Boron compounds
alkene and alkyne metallation, 279-81,
2867, 381-2
carbonylation, 90-1
conjugated diene metallation, 190-3
coupling of halides, 62-7, 76, 129
propargylic compound reactions, 212
Brefeldin, synthesis, 75
Brendane, synthesis, 428-9
Brevicomin, synthesis, 123, 424-5
Bromides
n-allyl complex reactions, 113-15,
128-30, 338-9
carbonylation, 86-7, 445-6
cross-coupling
alkenes, 334, 36-8
via transmetallation, 624, 69
Heck reaction, 430-1
hydrogenation, 404-5
hydrogenolysis with metal hydrides, 98
iron complex formation, 355-6
nucleophilic reactions, 79-82, 355-7,
380-1
reactivity order, 33, 371
see also Organic halides
(2)-1-Bromo-1-alkenes, preparation, 98
Bromobenzene, cross-coupling reactions, 34,
36-8
Buchner reaction, 344
2,3-Butadienate, preparation, 207
Butadiene
activation by iron carbonyls, 360
carbonylation, 187
insertion reactions, 15
linear dimerization, 182
nickel-catalysed cyclization, 4
oligomerization, 169-89
oxidative cyclization, 13
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palladium-catalysed reactions, 112, 127-8
polymerization, 34, 169
telomerization, 182, 184
Butanal, production, 231-2
1,4-Butanediol, production, 436
1-Butanol, production, 2, 237
Butenes
cyclization, 254-6
preparation, 3, 17, 20
Butenylation, 4234
tert-Butyldimethylsilyl protection, 156
n-Butyllithium
aromatic ring lithiation, 377-9
Ziegler-Natta catalysis, 3
3-Butyn-1-0l, monocarbonylation, 231
Butyraldehyde, hydroformylation of
propylene, 2
~-Butyrolactone, preparation, 262-3

Campbhor, hydrosilylation, 412
Camptotecin, synthesis, 248-9
Capnellene, synthesis, 328-9
Carbanions, nucleophilic substitution,
371-7, 431-2
Carbapenems, synthesis, 230, 344, 399400,
406, 444
Carbene complexes
alkene and alkyne reactions, 264, 270-6,
292-3
metathesis, 306-26
carbonyl group alkenation, 326-31
chromium, 331-9
cobalt, 338, 348-9
cycloaddition, 340-8
electrophilic, 305-6, 33140
iron, 338-40, 348-9
metal carbonyls, 33140
molybdenum, 308-9, 314-20, 322-3,
330-2, 348-9
palladium, 201, 214, 340-8
reactivity, 332
rhenium, 308
rhodium, 340-8
ruthenium, 309-10, 314-26
titanium, 313, 318, 326-30
tungsten, 306-9, 313, 318, 322-3, 330-1,
335-6
vinylcarbenes, 3234, 332-4, 337-8, 345,
347
zirconium, 330
Carboannulation reactions, 40, 95
Carbodiimide, synthesis, 348-9
Carbometallation, 14, 15
alkenes, 33-45, 277-80
alkynes, 277-80
conjugated dienes, 191, 279
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Carbonylation
alkenes and alkynes, 2-3, 238-71
allylic compounds, 134-7
butadiene, 187
cyclocarbonylation, 135, 445
dicarbonylation, 205-7
halides and pseudohalides, 85-93
nucleophilic attack, 22
oxidative, 432-5, 444-7
propargylic compounds, 203-10
reductive, 2, 18-19, 237
see also Decarbonylation
Carbonyl groups
alkenation, 326-31
hydrogenation, 404-14
hydrosilylation, 411-12
Carbonyls see Metal carbonyls
Carbopalladation
alkenes, 21, 159, 424-5, 431-2, 435, 448
alkynes, 50-2
decarbopalladation, 149-50
Carboxylates, allylation, 124-5
Carboxylic acids, preparation by
carbonylation, 2-3, 85-8, 227-31
Carilon, production, 229-30
(R)-Carnitine, preparation, 404-5
Carroll reaction, 152
Carvone, 257, 394-5
Cascade reactions see Domino reactions
(+)-Cassiol, synthesis, 265
Castro reaction, 46
Catalytic reactions
allylation, 109-11, 116-62
asymmetric, 25-6, 36-7
catalytic cycle, 23-5, 419-21
mechanistic classification, 199-202
termination, 23-5, 53
Cembranolide, synthesis, 121-2

Cerium compounds, decomplexation, 358-9

Ceroplastin terpene, synthesis, 362
(+)-Cerulenin, synthesis, 338-9
Chemoselectivity

n-allyl complex reactions, 113-14, 119-20,

153
carbonylation, 87-8
cyclization, 245-6
p-elimination, 20, 153
functionalization, 438
hydrometallation, 190-1, 288-9
oxidation, 424-6, 427-8
Chirality see Stereospecific reactions
Chlorides
acetoxychlorination, 428-9, 436
aromatic, 3767, 442
carbonylation, 85-6, 134-6, 187, 362,
432-5, 444-5
cross-coupling

alkenes, 33, 35-7, 369
via transmetallation, 57, 64-5, 71-2,
76-8, 95-6, 129
dehydropalladation, 146
electrophilic reactions, 109-10
hydrogenation, 404-5
nucleophilic reactions, 80-1, 109-10, 199,
211, 376-7
oxypalladation, 443—4
reactivity order, 33, 371
Wacker process, 4-5, 21, 420-1
see also Organic halides
p-Chloroacyl chloride, preparation,
432-3
Chloroarenes, 35, 93
(5 R)-Chromene, synthesis, 316-17
Chromium carbonyl
arenes
activation by coordination, 371-88
asymmetric synthesis, 384
nucleophilic attack, 21-2
carbene complexes, 331-9
cycloheptatriene activation, 384-8
hydrogenation, 403—4
Chromium compounds
n-allyl complex reactions, 114-15
coupling of halides, 73-6
Chrysanthemic acid, synthesis, 120, 340-1
Cinnamates, production, 4334
Citral, 146, 288-9
(+)-Citronelene, synthesis, 315-16
Citronellal, preparation, 160, 288-9
Citronellol, synthesis, 399-400
Civetone, synthesis, 313
Claisen rearrangement, 121, 146, 158-9
metalla-Claisen rearrangement, 276
Clavicipitic acid, synthesis, 430-1
Clavulone, synthesis, 449
Cobalt carbonyl
carbene complexes, 338, 3489
carbonylation of alkenes and alkynes,
2-3, 231-2, 235, 442
cycloaddition, 242, 244-5, 247-54
hydrogenolysis, 231-2
oligomerization of conjugated dienes, 189
preparation, 8-9
protection and activation of alkynes,
366-70
Cobalt-catalysed reactions
carbonylation, 2-3, 88-9, 2314, 235, 442
coupling of alkenyl halides, 62
cycloaddition, 240-5, 2474
oligomerization of conjugated dienes,
180-2, 189
Cocatalysts
copper compounds
carbonylation, 90-1, 228, 444



cross-coupling, 46, 71-2, 212-13
diazo compound decomposition, 340-1
hydrogenolysis, 98
silver compounds, 71-2
Cocyclization
alkynes, 244-50
conjugated dienes, 170-5, 177
CO insertion, 16-17
allylic reactions, 136-7, 138
carbene complexes, 337-40
carbonylation, 228, 231-2, 237, 432-3, 435
domino reactions, 136-8, 202-3, 208-10,
252-3, 266
Pauson-Khand reaction, 250-4, 262-3
propargylic reactions, 202-6, 210
Commercial processes see Industrial
processes
Complexes see Transition metal complexes
Confertin, synthesis, 344
Conia ene reaction, 242-3
Conjugated dienes
n-allyl complex reactions, 110-11, 114-15,
129
annular, 147-50
Cope rearrangement, 158-9
cyclization
metathesis, 312, 316-20
oligomerization, 169-78
oxidative, 13, 239
reductive, 254-5
difunctionalization, 436-9
halide and pseudohalide reactions, 38—40,
44-5, 64-8
hydrogenation, 403
insertion reactions, 15
metallation, 189-94, 279
oligomerization
cyclic, 169-79
linear, 179-89
preparation
1,4-elimination, 146-50, 216, 218
coupling reactions, 64-8, 70, 129, 2734,
440
cyclization, 257, 263-5, 268-9
ethenolysis, 311-12, 314
hydrogenolysis, 97
metathesis, 323-6
rearrangement, 161
protection by iron carbonyls, 356-66
activation, 360, 364
telomerization, 182-9
Conjugated trienes, synthesis, 51, 71, 73,
181-2
Coordination
18-electron rule, 7-9
protection and activation
by allyl groups, 142-6
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by osmium complexes, 388-90
metal carbonyls, 355-88
transition metal complexes, 7-10
unsaturated compounds, 21
see also Ligands
Cope rearrangement, 146, 158-9, 172-3,
314-15, 332-3, 341-2
Copolymerization, alkenes, 229-30
Copper acetylides, cross-coupling with
halides, 46
Copper compounds
cocatalysts
carbonylation, 90-1, 228, 444
cross-coupling, 46, 71-2, 212-13
diazo compound decomposition, 340-1
hydrogenolysis, 98
conjugated diene reactions, 359-60
transmetallation, 212-13, 258, 281-2,
287-8
Wacker process, 4-5, 421
Corticosteroid, synthesis, 445-6
Coupling see Cross-coupling
Covalent bonds, oxidative addition, 11, 25
Crinipellin B, synthesis, 252-3
Cross-coupling
alkenes, 33-45, 271-7, 439
alkynes, 46-50, 271-7, 439
allylic compounds, 128-34
halides and pseudohalides
alkenes, 33-45
alkynes, 46-50
arenes and aryl halides, 94-6
via transmetallation, 56-78
intermolecular reactions, 3340
intramolecular reactions, 40-5
Cross-metathesis, 311-12, 322-3
Crown ethers, synthesis, 319, 321
Cubane, synthesis, 358-9
Curvularin, synthesis, 88-9
Cyanhydrin, rearrangement and
isomerization, 158
Cyclic dienes, preparation, 147-50
Cyclic ethers, synthesis, 71-2, 368, 424-5
Cyclic ketones, preparation, 90-1, 428
Cyclic oligomers, preparation, 169-78
Cyclization
alkenes, 12-13, 40-1, 45, 170-4, 179-80,
202-3, 238-71
alkynes, 12-13, 170-1, 173-6, 179-80,
202-3, 238-71
allylation, 120-2, 127
asymmetric, 42
Baldwin rule, 369
carbocyclization, 210
cocyclization, 170-5, 177, 244-50
cyclotetramerization, 23944
cyclotrimerization, 23944
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enol triflates, 95
Friedel-Crafts reaction, 136
Nazarov cyclization, 2234
nickel-catalysed reactions, 4
oxidative, 12-13, 238-41, 251
pentacyclization, 244-250, 266
reductive, 42-3, 238, 254-63, 266-7
triscyclization, 203
vinyl epoxides, 123
Cycloaddition reactions, 4
alkenes and alkynes, 123, 127, 238-71
carbene complexes, 340-8
conjugated dienes, 169-78
cycloheptatriene complexes, 3868
domino, 242, 252-3, 341-2
see also Diels—Alder reaction
Cycloalkenes, oxidation, 428, 4334
Cyclobutadiene, stabilization by
coordination, 356-7, 358-9
Cyclobutanes, preparation, 172—4
Cyclobutanol, oxidation, 432
Cyclobutanone, synthesis, 338-9
Cyclobutenes
preparation, 263—4, 267, 269-70, 273
ring-opening-closing metathesis, 321-2
Cyclocarbonylation, 135, 445
1,5-Cyclodecadiene, preparation, 1734
Cyclododecatrienes, preparation, 169, 174
1,4-Cycloheptadiene, synthesis, 341-2
Cycloheptadienone, preparation, 362
Cycloheptanedione, synthesis, 332-3
Cycloheptanone, preparation, 121
Cycloheptatrienes, activation by chromium
carbonyl, 384-8
Cycloheptenes, preparation, 121, 428
Cyclohexadecadiene, synthesis, 313-14
Cyclohexadecenone, production, 313
1,3-Cyclohexadienal, preparation, 375
Cyclohexadienes, 209, 244-5, 358-64, 3724,
438
Cyclohexanes, preparation, 152
Cyclohexanone, preparation, 294-5
Cyclohexenes, preparation, 268-9
Cyclohexenols, synthesis, 399, 401
Cyclohexenones
hydrogenation, 407-8
preparation, 364-5, 374-6, 423-4, 449
Cycloisomerization, 263—4, 267-71
Cyclooctadienes
carbonylation, 229
palladium(II) complexes, 431-2
synthesis, 4, 169-71, 314-15
Cycloocta-1,5-diyne, synthesis, 370
Cyclooctatetraenes, preparation, 23940,
2434
Cyclooctene, liquid-phase metathesis, 313
Cyclooctyne, preparation, 368-9

Cyclopalladation, 441-4
Cyclopentadienones, preparation, 248-9
Cyclopentanol, preparation, 262
Cyclopentanone, preparation, 121, 258-9,
294-5, 361

Cyclopentene

preparation, 124-5

ring-opening metathesis polymerization,

4, 306, 310-11

Cyclopentenone synthesis

allylic compounds, 136-7, 149, 153

carbonylation, 258-9

cycloaddition, 337-8

dehydrogenation, 449

oxidation, 422

Pauson-Khand reaction, 2504, 262—4

propargylic compounds, 2234
Cyclopentetie, synthesis, 315-16
Cyclopropanes

cyclopropanation, 340-2, 431-2

oxidative addition, 12

preparation, 116-17, 131-2, 332-3
Cyclotetramerization, alkynes, 23944
Cyclotrimerization, alkynes, 23944
Cycloundecanes, synthesis, 271, 386

Danishefsky’s intermediate, 42
Deacetoxylation, decarboxylation, 154-5
Decalins, synthesis, 42, 147
9-Decanolide, synthesis, 185
Decarbonylation

acyl halides, 92-3

see also Carbonylation
Decarboxylation

aldol condensation, 156-7

allylation, 152

allyl f-keto esters, 151-7

deacetoxylation, 154-5

p-elimination, 1534

hydrogenolysis, 155-6, 219-20

Michael addition, 156-7

propargylic compounds, 204
Decarboxypalladation, 149
1-Decene, hydroboration, 286-7
Dehydrometallation, 19-20
Dehydropalladation, 33, 50, 146-50
d electrons, transition metals, 7-9
(—)-Dendrobine, synthesis, 257
Dendrolasin, synthesis, 135
Depolymerization, 321
Desacetoxy-4-oxo0-6,7-dihydrovindorosine,

synthesis, 345-6

Deuteration

enyne-diyne cyclization, 246-7

Wacker process, 421
Dewar benzene, synthesis, 358-9



1,4-Diacetoxy-2-butene, production, 436
3,6-Diacetoxycyclohexene, preparation, 436
Dialkylketone, preparation, 90-1
Diallyl adipate, Dieckmann condensation,
153
Diarylphosphinates, preparation, 83
Diaryl thioether, preparation, 83
Diazacyclododecatriene, preparation, 171-2
Diazadiene, cooligomerization with
butadiene, 171-2
Diazo compounds, electrophilic carbene
complex reactions, 340-8
Dibenzylidieneacetone, palladium
complexes, 334
Dichloroethylene, cross-coupling with
terminal alkynes, 47-8
Dieckmann condensation, 153, 313
Diels—Alder reaction
alkenes and alkynes, 238, 242, 265
conjugated dienes, 174, 335-6, 3567
halides and pseudohalides, 42, 48
metal carbonyls, 332-3
propargylic compounds, 208-10, 222
Dienecarbamides, preparation, 205
3,5-Dienecarboxamide, preparation, 137
(R)-1,3-Dienecarboxylic acid, preparation,
438
Dienes see Conjugated dienes
Dienones, preparation, 133-4, 360
Dienyl alcohols, preparation, 149
Dienyl aldehydes, preparation, 149-50
2,3-Dienylamine, carbonylation, 161-2
Dienylation, alkynes, 1812
Dienyl ketones, preparation, 149
Dienynes, 244-5, 325
N,N-Diethylgeranylamine, 146, 160-1
Diethyl 9-octadecenedioate, synthesis, 313
Dihydrofurans, synthesis, 36-7, 316, 4256
Dihydropyrans, preparation, 218, 370
2,4-Dihydroxylphenylalamine, production,
395
Dihydroxyserrulatic acid, synthesis, 381-2
Diketones, preparation, 156, 174, 389, 422
Dimedone, allyl transfer, 144-5
Dimerization, ethylene, 20
Dimetallic compounds
allylation, 129
bis-metallation, 281-3
coupling of halides via transmetallation,
76-9, 129
3,3-Dimethoxypropionitrile, production,
424-5
2,6-Dimethylacetanilide, preparation, 443
N,N-Dimethyl-2-arylethylamine,
preparation, 441
Dimethylbarbiturate, allyl transfer, 144-5
Dimethyl carbonate, production, 4467
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3,5-Dimethyl-1,5-cyclooctadiene,
preparation, 172-3
2,4-Dimethyl-2,3,5-hexatrien-1-ol,
preparation, 211-12
Dimethyl hexenedioates, preparation, 271-2
Dimethyl hydroxymethylbutenedioate,
preparation, 445
2,6-Dimethyl-1,3,6-octatriene, preparation,
179
Dimethyl oxalate, production, 4467
Dimethyl phenylsuccinate, preparation,
4334
Diols, preparation, 290-1
2,8-Dioxabicyclo[3.2.1]octane, synthesis,
345, 347
Diphenylacetylene, 322-3, 367
Diphenyl carbonate, preparation, 446-7
1,8-Diphenyl-1,3,5,7-octatetraene, 181-2
Diphenylphosphine, nucleophilic reactions,
834
1,2-Diphenylpropylene, hydrogenation,
402-
Disaccarides, synthesis, 318-19
Discorhabdin, synthesis, 365
Diterpenes, synthesis, 126
Dithiophenopyridine, synthesis, 69-70
1,2-Divinylcyclobutane, preparation, 170
Divinyl ketone, preparation, 91
3,6-Divinylpyrans, preparation, 127-8
Divinyltetrahydropyran, preparation, 177
Diynes
cyclization, 245-50, 254-5, 258
Alder-ene reaction, 2637
2,3-Dodecadiene, preparation, 211
Domino reactions, 17
alkene insertion, 430
alkenyl bromide, 48
carbometallation, 279
CO insertion, 136-8, 202-3, 208-10, 252-3,
266
cycloaddition, 242, 252-3, 341-2, 345
Heck-type reaction, 42-5
metathesis, 321-2, 323-6, 328-9
Dotz reaction, 334—-6
Du Pont, 188
Dynemicin A, synthesis, 48

Eastman process, 88-9
Echinosporin, synthesis, 150
Elaeokanine C, synthesis, 178
Electronegativity, transmetallation, 17
Electrophilic reactions
n-allyl complexes, 109-10
carbene complexes, 305-6, 33140
Grignard reagents, 32-3
iron carbonyl complexes, 356, 360
ligands, 22-3
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nickel complexes, 30, 32
n-allylnickel, 23, 109-10
Elimination reactions
1,4-elimination, 33, 50, 146-50
o-elimination, 20
p-elimination, 19-20, 24, 223
decarboxylation, 1534
propargylic compounds, 223
reductive, 18-19, 24-5, 439
4-Enal, preparation, 294-5
Enamides, hydrogenation, 397-8
Enamines, synthesis, 160, 430
Enantioselectivity
alkene metathesis, 316
allylation, 125-6
chromium carbonyl complexes, 375, 384
conjugated diene reactions, 362, 366, 438
copolymerization, 229-30
cyclization, 42, 44, 172-3, 242-3, 252-3,
343
cyclopropanation, 340-1
hydroformylation, 233
hydrogenation, 395411
hydrogenolysis, 222
hydrometallation, 290
hydrosilylation, 412-14
nucleophilic reactions, 81-2, 118-19
palladium(II) enolates, 449-50
see also Stereospecific reactions
Enediynes, synthesis, 47-50, 98, 369
Ene reactions
cycloaddition, 242-3
Alder-ene reaction, 263-7
propargylic compounds, 208-10
Enol acetate, cross-coupling via
transmetallation, 133
Enol ester, allylation, 133
Enol ethers
hydroformylation, 233
synthesis, 326, 327-9, 425
Enol phosphate, cross-coupling via
transmetallation, 71
Enol triflates
carbonylation, 86-7
cross-coupling
alkenes, 35-6, 39-40, 42-3
via transmetallation, 68, 70-1
cyclization, 95
oxidative addition, 29, 31
Enones
alkylation, 112
cyclic, 276-7
metallation, 279-80, 283, 286
synthesis, 132-3, 1534, 4434, 4489
Enynes
benzannulation, 245-8
cyclization, 254-6, 258-9

Alder-ene reaction, 263-7
skeletal reorganization, 267-71
metathesis, 267-71, 323-6
preparation, 46, 201, 223, 272
protection by coordination, 356-7, 367
Enzyme catalysis, 437-8
(1R,25)-Ephedrine, chiral poisoning, 401
Epimerization, 406
Epimers, preparation, 141-2
Epothilone A, synthesis, 319-20
(+)-Epoxydictymene, synthesis, 368-9
(—)-Eptazocine, synthesis, 42
Esters
hydrogenation, 396-7
preparation by carbonylation
acyl chlorides, 87, 91-2
alkenes and alkynes, 2-3, 227-31
Estradiol, synthesis, 379-80
Estrone, synthesis, 242
Ethenolysis, 311-12, 314
4-Ethenylidene-2-oxazolidinone,
preparation, 218-19
Ethylene
acetoxylation, 5
carbonylation, 229, 433
cyclization, 12-13, 238-9
dimerization, 20
nickel effect with triethylaluminium, 3, 17
oxidation, 423, 428
polymerization with Ziegler catalysts, 17
Wacker process, 4-5, 21, 420-1
see also Ethenolysis
Ethylene glycol, production, 428
2-Ethyl-1-hexanol, preparation, 231-2
Ethyl 2,7-octadienylacetoacetate,
hydrogenation, 394-5
Ethyl oleate, metathesis, 313
Ethyl phenylcarbamate, preparation, 4467
Ethynylzinc bromide, 47
Eugenol, protection by coordination, 356-7
Exomethylene, preparation, 139—40

Farnesoate, conversion to geranylgeraniol,
111
Fenestrane rings, preparation, 138
Feprazone, preparation, 187-8
Ferralactams, 114-15
Ferrocene
18-electron rule, 8
structure, 5
Fischer-type complexes, 305-6
Fischer-Tropsch process, 2
Flavones, synthesis, 426-7
Fluorides
cross-coupling via transmetallation, 72,
74, 129
hydrosilylation, 413-14



nucleophilic reactions, 3767
reactivity order, 371
see also Organic halides
Fluvirucin B, synthesis, 319-20
Fosfomycin, synthesis, 404-5
Frenolicin, synthesis, 378-9
Friedel-Crafts reaction, 136, 358-60,
367-8, 379-81
Fulgide (dimethylene-succinic anhydride),
preparation, 207
Functionalization, n-allylpalladium
reactions, 111-13
2(5H)-Furanones, preparation, 207
Furans, synthesis, 54-5, 121, 214-16, 218,
334-5, 338-40, 4267

Geraniol, hydrogenation, 399-400
Geranyl carbonate, hydrogenolysis, 139—40
Geranylgeraniol, preparation, 111
Gilvocarcin M, synthesis, 94
Glycinoeclepin, synthesis, 209
Glycol esters, preparation, 428
Grandisol, preparation, 172-3
Grignard reagents
comparison with transition
metal-catalysis, 10-25
conjugated dienes, 191-3
cross-coupling via transmetallation, 57-9,
61
cyclization, 254, 256, 258-61
electrophilic reactions, 32-3
ethynyl, 47
hydrogenolysis with hydrides, 97-8
hydrometallation, 284-5
organic synthesis, 1
preparation, 7, 10, 27
see also Magnesium compounds

Halenaquinone, synthesis, 54-5
Halides see Organic halides; Pseudohalides
Harveynone, synthesis, 49
Heck reaction
domino, 42-5
intermolecular, 33-7, 81-2, 125
intramolecular, 40-5, 376-7
nickel-catalysed, 42-3
palladium(II)-catalysed, 430-1
Helioporing E, synthesis, 379-80
Heptadienoic acids, preparation, 137
6-Hepten-2-one, cyclization, 262
Herbicides, 413
Heteroannulation reactions, 40, 53—4
Heterocyclic compounds
coupling of halides and pseudohalides,
58-9
synthesis, 53—4, 429, 438
1,4-Hexadiene, preparation, 179-80
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2-Hexanol, preparation, 290
5-Hexenal, cyclization, 262-3
3-Hexyne, cyclization, 240
High pressure, increased turnover number,
35
Hirsutene, preparation, 138
Homogeneous transition metal catalysts,
industrial processes, 1-6
Homometathesis, 310-11, 313
Humulene, synthesis, 121-2
Hydrazine, preparation, 144-5
Hydride bonds, oxidative addition, 11
Hydrides see Metal hydrides
1,2-Hydride shift, 245-8, 386, 424
Hydroacylation, alkenes and alkynes, 294-5
Hydroazulene, synthesis, 317
Hydrocarboxylation, alkenes and alkynes,
227-31
Hydroesterification, alkenes and alkynes,
227-31
Hydroformylation, alkenes, 2, 231-7
Hydrogenation
alkenes, 393-404
carbonyl and imino groups, 404-14
transfer hydrogenation, 404-12
Hydrogenolysis
allylic compounds, 139-43, 155-6
cobalt carbonyl, 231-2
decarboxylation, 155-6, 219-20
halides and pseudohalides, 56, 96-8
propargylic compounds, 219-22
Hydrometallation, 14, 15
alkenes and alkynes, 284-94
conjugated dienes, 191-3
Hydropalladation see Alkenylpalladium
intermediates
Hydroquinones, synthesis, 334-5, 338-9
Hydrosilylation, carbonyl and imino
groups, 411-12
a-Hydroxyacetone, hydrogenation,
404-5
1-Hydroxybicyclo[4.1.0]heptane,
preparation, 159-61
f-Hydroxycarboxylic acid, synthesis, 434
5-Hydroxy-2,3-dienoate, preparation, 205

(S)-Ibuprofen, synthesis, 398-9

Ikarugamyecin, synthesis, 362-3

Iminocyclopentene, preparation, 262

Imino groups, hydrogenation and
hydrosilylation, 412-14

Imperial Chemical Industries, 427

Indane, synthesis, 343—4

Indanone, synthesis, 334-5

Indene, synthesis, 334-5

Indoles, 54-5, 373, 389-90, 430-1, 439-40

Indolizidine alkaloid, synthesis, 232
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Indolocarbazoles, synthesis, 95, 335-6
Industrial processes
acetic anhydride, 88-9
acrylic acid, 230, 4334
adiponitrile, 188
allyl acetate, 427-8
allylamines, 124
butanal, 231-2
1,4-butanediol, 436
1-butanol, 2, 237
carbapenems, 344, 406
carilon, 229-30
cinnamates, 433—4
1,5,9-cyclododecatriene, 171
cycohexadecenone, 313
1,4-diacetoxy-2-butene, 436
2,4-dihydroxylphenylalamine, 395
dimethoxypropionitrile, 424-5
dimethyl carbonate, 446-7
dimethyl oxalate, 4467
ethylene glycol, 428
homogeneous transition metal catalysts,
1-6
kovanol, 146
p-lactam, 64
I-menthol, 160
methyl jasmonate, 153
(S)-metolachlor, 413
1,9-nonanediol, 183
2,7-octadien-1-o0l, 183
n-octanol, 182-3
organotransition metal complex
preparation, 5
0X0 process, 232
phenol, 440
phenylacetic acid, 88-9
polymerization, 169
polypropylene, 34, 401
propylene metathesis, 313-14
pyridine, 247
styrene, 314
vinyl acetate, 5, 426-7
Wacker process, 4-5, 420-1
Ingenol, synthesis, 387
Insertion reactions, 14-17, 24
alkynes, 50-5
CO insertion, 16-17
allylic reactions, 136-8
carbene complexes, 337-90
carbonylation, 228, 231-2, 237, 432-3,
435
domino reactions, 136-8, 202-3, 208-10,
252-3, 266
Pauson-Khand reaction, 2504, 262—4
propargylic reactions, 202-6, 210
phenylpalladium intermediates, 29
propargylic compounds, 200, 202-10

sequential, 17
Intermolecular reactions, cross-coupling
with alkenes, 30—40
Intramolecular reactions
cross-coupling
alkenes, 40-5
terminal alkynes, 48
Iodides
n-allylnickel reactions, 113
bis-metallation, 282
carbonylation, 86, 90-2, 445
cross-couplin
alkenes, 33-5, 37-8, 40, 42-3
terminal alkynes, 49, 53—4
via transmetallation, 60-2, 66, 68-71,
73, 75-7, 95-6
Heck reaction, 430-1
nucleophilic reactions, 79-80, 83, 372-3
reactivity order, 33, 371
see also Organic halides
Iridium-catalysed reactions, hydrogenation,
410
Iron carbonyl
alkene and alkyne reactions, 2, 237, 248,
250
n-allyl complex reactions, 114-15
carbene complexes, 338-40, 348-9
protection and activation of conjugated
dienes, 355-66
Iron complexes
cyclopentadienyl, 355-6
oligomerization of conjugated dienes,
172-3, 180-1
phosphine, 360
Irradiation
CO insertion, 337-9
conjugated diene complexes, 357
cyclization, 252-3, 338-9, 386-8
decomplexation, 377
Dotz reaction, 335-6
Isocoumarin, synthesis, 429
Isocyanates, preparation, 4467
p-allo-Isoleucine, synthesis, 396-7
Isomerization
alkynes, 370
allylic rearrangement, 157-62
asymmetric, 160-1
conjugated dienes, 184-5, 187-8, 357-8
coupling reactions, 274-5
cycloisomerization, 263—4, 267-71, 445
hydrogenolysis, 139-40
hydrometallation, 292-3
propargylic compounds, 209-10, 214, 223
see also Stereospecific reactions
Isoprene, polymerization, 169, 179, 187-8,
1912

Isoquinolines, synthesis, 54-5, 242-3, 398-9



Isoretronecanol, preparation, 236
Itaconic acid, hydrogenation, 399-400, 409
IUPAC rules of nomenclature, 13

Kaminsky catalyst, 401-3
Ketenes, 335-9, 348-9, 401, 447
1,4-Keto aldehyde, preparation, 422
o-Keto amide, 87-8
Keto esters, 229, 398, 404—6
Keto lactones, synthesis, 337-8
Ketones
alkenation, 326-7, 330-1
arylation, 80-1
3-butenylation, 423—4
cyclic, 90-1
hydrogenation, 404, 406-11
hydrosilylation, 412
preparation, 85, 90-2, 127, 227-31, 294
Keto steroids, preparation, 13941
Kharasch reaction, 17
Klinkovich reaction, 259-60
Kovanol, production, 146

Lactams
decarboxylation and hydrogenolysis,
155-6
synthesis
p-lactam production, 64
allylic reactions, 114-15
carbene complex reactions, 338-9,
342-3
carbonylation, 87-8, 207-8, 236
metathesis, 317, 319-20, 322-3
Lactones
alkenation, 330
cycloaddition, 261-3
synthesis
acetoxylation, 2234, 438
allylic reactions, 122, 132, 136-7, 150
carbene complexes, 332-3, 337-8,
341-3
carbonylation, 231, 434-5
conjugated dienes, 178
hydrogenation, 401
hydrometallation, 291
metathesis, 318-20
propargylic compounds, 207, 2234
Lanthisan, synthesis, 132
Lasiopdiplodine, synthesis, 318-19
Levofloxacin, synthesis, 404-5
Ligands
acetates, 340-1
acidity, 25, 371-2
carbenes, 201, 214, 264, 270-6, 292-3,
305-54
electronic effects, 25-6
electrophilic attack, 22-3, 356
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nomenclature, 13
nucleophilic attack, 20-3, 355-6
steric effects, 371-2, 381-3
transition metal complexes, 7-26
see also Coordination
Lycoranes, synthesis, 125, 244-5, 438
Lysergene, synthesis, 248-9
Lysergic acid, synthesis, 345-6

Macrocyclic compounds
allylation, 121-2
synthesis, 45, 174-5
carbene complex reactions, 310-11,
318-21, 3412
lactones, 92, 341-2
Macrolides, preparation, 272
Magnesium compounds
alkene and alkyne metallation, 277-8,
281-2, 284-5
allylic rearrangement and isomerization,
161
conjugated diene reactions, 191-2
coupling of halides, 57-9
propargylic compound reactions, 211
see also Grignard reagents
Maitotoxin, 71-2
Malonates, 125, 447
Malononitrile, arylation, 79
Manganese powder, 74-5
Manzamine A, synthesis, 318
Markovnikov rule, 421-2
Meldrum acid, 362-3
I-Menthol, production, 160
(1R45)-(—)-Menthone, hydrogenation, 407
Mercaptans, nucleophilic reactions, 83
Mercury compounds, carbonylation, 90
Mesylates, nickel-catalysed reactions, 28, 30
Metacycloprodigiosin, synthesis, 270-1
Metalametallation see Bis-metallation
Metal carbonyls
carbene complexes, 331-40
nucleophilic attack, 22, 355-6, 361, 364-5,
371-7
protection and activation by coordination,
355-88
see also specific compounds
Metal hydrides, transmetallation, 56, 96-8,
139-42
Metallacycles, 4, 12
alkenes and alkynes
coupling reactions, 273
metallation, 292-3
metathesis, 322-3
carbonyl group alkenation, 326, 328
conjugated dienes, 170
cycloaddition, 238, 241, 244, 250-1,
254-63, 332-3, 348-9
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Metallation
alkenes and alkynes, 277-94
conjugated dienes, 189-94
see also Transmetallation
ortho-Metallation, oxidative addition, 11
Metallocenes, 254-63
Metal-carbon bonds, o,a insertion reactions,
16
Metal-metal bonds, oxidative addition, 11
Metathesis
alkenes, 4, 263-7, 306-22
alkynes, 305-6, 322-3
classification, 310-12
domino reactions, 321-6, 328-9
enynes, 267-71, 323-6
ring-opening polymerization, 4, 3067,
310-11, 315, 401
Methanol, carbonylation, 3
p-Methasone, preparation, 219-20
o-Methoxybenzaldehyde, synthesis, 384,
385
1-Methoxy-2,7-octadiene, preparation, 182
6-Methoxy-2-vinylnaphthalene,
carbonylation, 228
o-Methylacetophenone, coupling, 276-7
Methyl aconitate, synthesis, 207, 445
5-Methylanthranilic acid, preparation, 442
2-Methylbenzofuran, preparation, 426
o-Methylbenzylamine, preparation, 403
2-Methyl-5-tert-butylcyclohexanone,
preparation, 68
p-Methylbutyrolactone, synthesis, 401
15-Methylcarbapenem, 399-400
Methyl cinnamate, preparation, 35
2-Methylcyclohexanone, hydrogenation,
407
3-Methyl-2-cyclohexen-1-ol, hydrogenation,
399, 401
Methylcyclopentenones, synthesis, 153, 448
1-Methylcyclopropanol, preparation, 259-60
a-Methylene compounds, preparation,
154-5
o-Methylene lactones, synthesis, 113-14,
231, 332-3
1-Methylene-2-vinylcyclopentane,
preparation, 171
Methyl fumarate, preparation, 445
Methyl(Z)-2,5-hexadienoate, preparation,
136
Methyl(Z)-3-hexenoate, preparation, 403—4
Methylindole, synthesis, 430
Methyl itaconate, preparation, 207
Methyl jasmonate, production, 153
Methyl ketones, preparation, 421-3
Methyl maleate, preparation, 445
Methyl methacrylate, 230, 271-2
Methyl muconate, preparation, 445

exo-Methyl-7-oxabicyclo[2.2.1]heptane-
2,3,5,6-tetracarboxylate, preparation,
433-4

Methyl phosphinate, nucleophilic reactions,
83

Methyl sorbate, hydrogenation, 403—4
(5)-Methylsuccinic acid, synthesis, 399-400
(5)-Metolachlor, production, 413
Michael addition, 123, 184-5, 379-80, 389,
423
decarboxylation, 1567
dicarbonylation, 205-6
stereoselective, 362-3
Migita—Kosugi-Stille coupling, 68
Mizoroki-Heck reaction see Heck reaction
Molybdenum carbonyl
carbene complexes, 330-2, 348-9
preparation, 9
reactions, 254, 322-3
Molybdenum-catalysed reactions
allylation, 125-6
carbonyl group alkenation, 330-1
metathesis, 308-9, 314-20, 322-3
Monsanto process, 3, 88-9
Morphine, synthesis, 44
Muconate, preparation, 112
Muscone, synthesis, 171-2
Myrcene, 1534, 160, 187-8
Myrtenal, decarbonylation, 238

Naphthalenes, preparation, 258
2,3-Naphthoquinodimethane, preparation,
221-2
Natta catalyst, 3
Nazarov cyclization, 2234
(5,R,R,R)-Nebivolol, synthesis, 316-17
Negishi reaction 59m, 254-63
(+)-Neomenthol, preparation, 407
Neopentylpalladium intermediates, 266
Nerol, hydrogenation, 399-400
Nicholas reaction, 48, 368-9
Nickel carbonyl
carbonylation of alkenes and alkynes,
2-3, 230
cyclic oligomer preparation, 169
1,5-cyclooctadiene preparation, 4, 169-71
preparation, 7-9
Nickel-catalysed reactions
alkene and alkynes
carbometallation, 279-80
hydroacylation, 294
allylic compounds, 124, 128, 136-7
arenes, 373
carbonylation, 2-3, 92, 1367, 230
conjugated dienes, 4, 169-78, 180, 194
cycloaddition, 242-4, 248-50
dimerization of ethylene, 20



halides and pseudohalides, 30, 32
cross-coupling via metallation, 57-9,
64, 67-8, 73-5, 95-6
nucleophilic reactions, 82-5
Heck reaction, 42-3
insertion, 137
mesylates, 28, 30
propargylic compounds, 211
Nickel complexes
o-bonded complexes, 170
electrophilic and nucleophilic reactions,
30, 32
nickel(0)
n-allylnickel preparation, 113
coupling of halides and pseudohalides,
57-9, 62, 73
cyclization, 169-73, 175, 177-8, 188,
242-5, 248-50
nickel(Il) preparation, 109-10
phosphines, 57-9, 169-70
preparation, 7-9
triphenylphosphine, 57-9
see also m-Allylnickel
Nickel effect, reaction of triethylaluminium
and ethylene, 3, 17
Nomenclature, ligands, 13
3,8-Nonadienoate, preparation, 187
1,9-Nonanediol, production, 183
Norbornadiene, protection by coordination,
356-7
Norbornene, reactions, 273, 290-1, 428-9
syn-7-Norbornenol, synthesis, 428-9
Nozaki-Hiyama—Kishi reaction, 73-5
Nucleophilic reactions
acylation, 260-1
alkenes, 11, 21, 420, 423-9, 431-3
n-allyl complexes, 109-27, 136-7
arenes, 21-2
carbene complexes, 305-6
cobalt carbonyl complexes, 371-9
conjugated dienes, 355-6, 361, 364
halides and pseudohalides, 79-85, 376-7
ligands, 20-3
nickel complexes, 30, 32, 136-7
palladium complexes, 32-3
n-allylpalladium, 21-3, 38-40, 111-13
palladium(II), 420, 423-9, 431-3
phenylpalladium intermediates, 29-30
propargylic compounds, 201, 213-19
Nucleosides, synthesis, 124
12-Nylon, production, 171

2,3-Octadiene-5,7-diyn-1-ol, synthesis,
212-13
Octadienyl compounds, preparation, 183-6,
1934
n-Octanol, production, 182-3
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1,3,7-Octatriene, preparation, 183—4
Octatrienedioate, production, 36-7
Octenes, 287, 314
Oleyl oleate, intramolecular metathesis, 318
Oligomerization
cooligomerization, 170-5
cyclic, 169-78
linear, 179-89
see also Polymerization
Oogoniol, allylation, 122-3
Optically active compound synthesis, 42,
83-5, 160, 366, 372, 379-80, 384-5, 435
benzylamine, 413-14
conjugated dienes, 362-3
cyanhydrin, 158
cycloheptatriene-3-ols, 384-6
cyclopropanes, 340-1, 362
dihydrofuran, 316, 425-6
isoquinolines, 398-9
p-lactam, 338-9
Organic halides
acyl chloride reactions, 85-93
alkyne reactions, 46-55
biaryl preparation, 94-6
carbonylation, 85-93
cross-coupling reactions
alkenes, 33-45
arenes and aryl halides, 94-6
via transmetallation, 56-79
hydrogenolysis with metal hydrides, 56,
96-8
nucleophilic reactions, 79-85, 371
reaction patterns, 27-33
reactivity order, 33
see also Bromides; Chlorides; Fluorides;
Todides
Organic synthesis
industrial processes, 1-6
see also specific compounds
Osmium complexes, protection and
activation by coordination, 358, 366,
388-90
Oudenone, synthesis, 337
Oxal5.5.5.5]fenestrenedione, synthesis, 252-3
Oxametallacycles, 262-3
Oxidative addition, 10-14, 24-5
alkenes, 420-5
allylic compounds, 110-11, 113
carbonylation, 432-5, 444-7
cyclization, 12-13, 238, 251
transmetallation, 24-5, 96-8, 118
Oxo process, 2, 232-4
see also Hydroformylation
Oxypalladation, 421, 424-6, 434-5, 445-6,
448
Oxy—Cope rearrangement, 159
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Palladacycles, preparation, 131-2, 206, 210,
263, 268-9
Palladium-catalysed reactions
acetoxylation of ethylene, 5
alkenes and alkynes
bis-metallation, 281-3
carbonylation, 227-31, 237-8
coupling reactions, 271-2, 369
cycloaddition, 240-1, 245-7, 263-9
hydrometallation, 288-9, 290-1
allylic compounds, 109-13, 116-62
p-keto esters, 151-7
annulation reactions, 40, 54-5, 245-6
catalytic cycle, 24-5
conjugated dienes
cocyclization, 177-8, 180
linear dimerization, 182
metallation, 1904
telomerization, 182-9
diazo compounds, 340-8
elimination
1,4-elimination, 146-50
decarboxylation, 149, 1534
reductive, 19
halides and pseudohalides, 27-33
carbonylation, 85-92
cross-coupling, 35-7, 39, 46, 94-6
hydrogenolysis with metal hydrides,
96-8
nucleophilic reactions, 79-85
transmetallation, 17-18, 57-72, 76-9
nucleophilic reactions, 32-3, 420, 423-9,
431-2
oxidative addition, 13-14
propargylic compounds, 199-226
zipper reaction, 266
Palladium chloride, Wacker process, 4-5, 21
Palladium complexes, 14
o-bonded complexes, 11, 13-14, 206, 218,
441-3
bis(diphenylphosphino), 208-10, 214, 223
carbenes, 201, 214, 340-8
dibenzylidieneacetone, 33—4
dimethylphenylphosphine, 230-1
intermediates
acylpalladium, 85, 92, 98, 135-6, 200,
204, 210, 228-9, 432-5
alkenylpalladium, 29, 31, 504, 94-5,
265-6
alkynylpalladium, 212-13
allenylpalladium, 199-205, 211-19
aroylpalladium, 92-3
arylpalladium, 27-8, 33, 81-2, 924, 441
neopentylpalladium, 266
phenylpalladium, 29-30, 90-1, 191-2,
211, 439-40
propargylpalladium, 199-201, 219

palladium(0)

allyllic reactions, 110-11, 116-19, 122-3,
142-3, 146, 151, 157

carbonylation, 90-2, 206-7, 227-31

catalytic cycle, 419-21, 424-8, 445-7

halides and pseudohalides, 35-7, 39, 46

preparation, 109-10

propargylic compounds, 199-202, 206,
220-1

transmetallation, 17-18, 57-8, 116-18
palladium(I)
alkene oxidative reactions, 420-35
alkynes, 444-6
allylic reactions, 110-11, 157-9
aromatic compounds, 43943
difunctionalization of conjugated
dienes, 4369
enolates, 448-50
heteroatom chelation, 441-4
iminophosphine, 440
ortho-complexes, 441
oxidative carbonylation, 4447
phosphine—phosphite, 228-9, 233
preparation, 7-10
2-pyridyldiphenlphosphine, 230
triphenylphosphine
addition, 223
carbonylation, 92, 228, 230-1, 2334
cross-coupling, 56-7, 69-70
decarboxylation, 153
rearrangement, 157-62
t-tributyl phosphine, 80-1
turnover number, 34-5
see also m-Allylpalladium
Palladium-carbon bonds, insertion, 50
Palytoxin, synthesis, 75
Paraberquamide, synthesis, 440
Paracyclophane, preparation, 245-6
Pauson-Khand reaction, 234, 2504, 2624,
368-9, 375-6
Pentalenolactone, synthesis, 343
(R,R)-2,4-Pentanediol, preparation, 404-5
4-Pentenonitrile, preparation, 188
Perhydrohistrionicotoxin, synthesis, 124
Perylene, preparation, 95-6
Petasis reagent, 329-30
Phenol
acidity and ligand effects, 25
production, 440
Phenols, synthesis, 82, 245-6, 334-5
Phenyl acetate, preparation, 43940
Phenylacetic acid, preparation, 88-9
Phenylacetylene, Dotz reaction, 335-6
Phenylalanine, synthesis, 395
3-Phenylallyl acetate, cyclocarbonylation, 136
2-Phenylcinnamaldehyde, preparation,
233-4



3-Phenylcyclohexene, preparation, 129
Phenyl-1,4,8-decatriene, preparation, 180
1-Phenylethanol, preparation, 286-7, 409-10
6-Phenyl-3,5-hexadien-2-one, preparation,
189
1-Phenyl-3-methyl-1,2-butadiene,
preparation, 211
Phenyloxazole, synthesis, 69-70
Phenylpalladium intermediates, 29-30,
90-1, 191-2, 211, 439, 440
5-Phenyl-2,4-pentadienyl acetate,
cyclocarbonylation, 136
Phenyl propyl ketone, preparation, 90-1
Phenylpyruvic acid, preparation, 88-9
Pheromones, preparation, 172-3
Phorbol, synthesis, 255-7
Phosphine ligands
acetylation, 360
carbonylation, 228-31, 4334
cross-coupling via transmetallation, 57,
70-1, 440
cyclization, 169, 187-8, 264
p-elimination, 19-20, 153
hydrogenation, 395-401, 404-5, 408
hydrometallation, 290
preparation, 7, 9-10
Phosphines, optically active, 83—4
Phosphite ligands, 228-9, 233, 268
Phosphorus—carbon bonds, preparation, 83
Photolysis see Irradiation
Z-Phthalide, synthesis, 429
Phyllocladane, synthesis, 242
Picrotoxane, synthesis, 264
Pinacolone rearrangement, 122
Piperidines, preparation, 178, 412-13
Piperidones, preparation, 178
Platinum-catalysed reactions
allylation, 127-8
conjugated diene reactions, 190-1
cycloaddition, 265, 267, 269-71
hydrometallation, 289-90, 292
Platinum complexes, preparation, 7-8
Polycyclic compounds
synthesis, 45, 51, 202-3, 252-67, 329
diazo compounds, 345-8
sequential insertion reactions, 17, 45
Polyesters, biodegradable, 401
Polyethers, cyclic, 71-2
Polyethylene, production by Ziegler-Natta
catalysts, 34
Poly(3-hydroxybutylate), synthesis, 401
Polyketones, preparation, 229-30
Polymerization
butadiene, 34, 169
copolymerization, 229-30
cyclopentene, 4
depolymerization, 321
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ethylene, 17
isoprene, 169
ring-opening metathesis polymerization,
4, 306-7, 310-11, 315, 401
Ziegler-Natta catalysis, 34
see also Oligomerization
Polypropylene, production, 34, 401
Prelog-Djerassi lactone, preparation, 291
Prianosin, synthesis, 365
Prodiginine antibiotics, synthesis, 270-1
(2R)-1,2-Propanediol, synthesis, 404-5
2-Propanol, hydrogen transfer, 409-11
Propargylic compounds
addition reactions, 2234
carbonylation, 203-10, 445
decarboxylation, 204
elimination, 223
hydrogenolysis, 219-22
insertion, 200, 202-10
isomerization, 209-10, 214, 223
nucleophilic reactions, 201, 213-19
protection and activation by cobalt
carbonyl, 367-70
reaction classification, 199-202
rearrangement, 217, 445-6
transmetallation, 200, 211-13, 292-3
Propargylpalladium intermediates, 199-201,
219, 223
2-(2-Propenyl)benzoic acid, oxidation, 429
(S)-Propranolol, synthesis, 404-5
Proprionates, preparation, 125-6, 229
Propylene
copolymerization, 229-30
hydroformylation, 2, 231-2, 237
metathesis, 313-14
oxidation, 421-2, 427-8
reductive carbonylation, 2
Propyne, 230, 247-9
Prostaglandin
deprotection, 143
synthesis, 157-8, 326-7, 357, 424-5, 4434,
448
Protected groups, 142-6, 355-92
deprotection, 142-6, 356, 364
Pseudohalides
acyl chloride reactions, 85-93
alkyne reactions, 46-55
biaryl preparation, 94—6
carbonylation, 85-93
cross-coupling reactions
alkenes, 3345
arenes and aryl halides, 94-6
via transmetallation, 56-79
hydrogenolysis with metal hydrides, 96-8
nucleophilic reactions, 79-85
reaction patterns, 27-33
reactivity order, 33
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Pyrans, preparation, 124-5, 218, 248-9
Pyridines, preparation, 247-9, 422
Pyridones, preparation, 248, 250
Pyrones, preparation, 248-9

Pyrrole, osmium complex, 389-90
Pyrrolidine, preparation, 412-13
Pyrrolizidinone, synthesis, 438-9

Racemization, 125-6, 222, 316, 362, 380-1,
384, 399, 401-2
see also Stereospecific reactions
Rapamycin, synthesis, 71, 73
Reactivity
carbene complexes, 332
modification by coordination, 355-92
organic halides, 33
ylides, 305-6
Reductive reactions
carbonylation, 2, 18-19, 237
cyclization, 42-3, 238, 254-63, 266-7
elimination, 18-19, 24-5, 439
Reformatsky reagent, 60, 92, 359
Regioselectivity
n-allyl complex reactions, 111-15, 118-19,
125-6
conjugated diene reactions, 178, 1914
cross-coupling via transmetallation,
132-3
dehydropalladation, 146-9
hydrogenolysis, 139-42
carbonylation, 228, 230, 232
chromium carbonyl complexes, 364-5,
374-6, 379-80
cyclization, 240-2, 244-9, 338-9, 341-2,
368
Heck reaction, 43-4
hydrogenation, 399400
metallation, 281-2, 286, 288-91
palladium(II) complexes, 441
see also Stereospecific reactions
Reppe butanol process, 237
Rhenium-catalysed reactions, alkene
metathesis, 308
Rhodium-catalysed reactions
allylation, 118-19, 1534
carbene complexes, 340-8
carbonylation, 2-3, 88-9, 232-5
conjugated diene reactions, 175-7, 187-8,
194
cycloaddition, 243, 252, 254
decarbonylation, 93, 237-8
diazo compounds, 340-8
hydroacylation, 294-5
hydrogenation, 81-2, 369-70, 394-400,
406-7, 410
hydrometallation, 2867, 292-3
hydrosilylation, 411-12

isomerization, 160-1
phosphine complexes, 388-400, 395-8
Wilkinson complex, 118-19, 160, 237-8,
294, 393
Ring-closing metathesis, 312, 314-21, 321-2
Ring-opening metathesis, 4, 306-7, 310-12,
315, 401
ring-opening-closing, 321-2
Ristocetin A, synthesis, 377
Rosenmund reduction, 98
Ruhrchemie, 232
Ruthenium-catalysed reactions
alkenes and alkynes
coupling, 271-7
hydroacylation, 294-5
hydrometallation, 291-2
metathesis, 309-10, 314-26
n-allyl complex reactions, 113-14, 137,
278-9
amphiphilic reactions, 109-10
arenes, 377-8
cyclization, 245, 248, 250, 252, 254, 267,
269-71
hydrogenation, 394-5, 397-401, 404-14
hydrosilylation, 411-14
oligomerization of conjugated dienes,
180, 182
oxidation of alcohols, 150
phosphine complexes, 395-7, 397-401,
404-5, 408

Salsolidine, preparation, 413-14
Samarium compounds, propargylic
compound reactions, 221-2
Schrock-type complexes, 305-6, 308-9
Shell, 229-30
Shikimic acid, synthesis, 366, 436-7
Siccanin, synthesis, 267
Silicon compounds
alkene and alkyne metallation, 279-80,
289-94
carbonylation, 90, 235-6
carbonyl group alkenation, 330-1, 381-2
conjugated diene metallation, 190—4
coupling reactions, 72-3, 76-8, 129-30,
276-7
cycloaddition, 240, 245-6, 248, 250, 257,
262, 265, 266-7, 344-5
hydrosilylation, 411-12
palladium(II) enolate reactions, 448-50
Silver compounds, cocatalysts, 71-2
Silyl enol ethers, allylation, 130-2
Silyl ethers, preparation, 82, 178
Sonogashira reaction, 46, 369
Sophora compounds, synthesis, 327-8
Spiroacetal, preparation, 426
Staurosporine aglycone, synthesis, 439



(—)Stemoamide, synthesis, 3234
Stemodin, preparation, 448
Stereospecific reactions
n-allyl complex reactions, 112-15, 13842,
155-6
allylation of nucleophiles, 117-19, 124-5
conjugated diene reactions, 178, 193—4
rearrangement and isomerization,
157-62
carbonylation, 206, 237-8, 4334
chromium carbonyl complexes, 371-2,
374-5, 379-86
cross-coupling
alkenes, 40-3
via metallation, 64-5, 67
cycloaddition, 242, 341-2, 345, 348, 362
1,3-cyclohexadiene complexes, 364-5
diacetoxylation, 4367
elimination
p-elimination, 19-20
reductive, 18-19
hydrogenation, 394-6, 399-400, 406
hydrogenolysis, 98, 13942, 155-6
insertion, 15-16, 138, 4434
inversion, 117-18, 129, 218
metallation, 211-12, 2824, 286-7, 291
Michael addition, 362-3
see also Enantioselectivity;
Regioselectivity
Sterepolide, synthesis, 265
Steric hindrance, 371-2, 381-3, 394
Steroids
n-allylpalladium reactions, 112, 122-3, 133
enones, 97, 133
synthesis, 3940, 139-41, 273-4, 335-6,
373, 422-3, 445-6
Stilbene, synthesis, 70, 314, 440-1
Stille coupling, 68
Stoichiometric reactions
alkynes, 444
allylic compounds, 109-16
carbene complexes, 305
difunctionalization of conjugated dienes,
436
Pauson—Khand reaction, 234, 250-4, 262-4
Strychnine, synthesis, 42-3
Styrenes
carbonylation, 228, 380-1, 4334
cross-metathesis, 314
hydroformylation, 233
hydrogenation, 394-5
hydrometallation, 2867
insertion, 441
preparation, 72, 74, 245-6, 314, 439
Substitution reactions, phenylpalladium
intermediates, 29-30
Succinates, preparation, 432—4
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Sulfonyl chlorides, pseudohalides, 28

Sulfur compounds, cyclopropanation, 342

Sunlight photolysis see Irradiation

Suzuki coupling, 66

Suzuki-Miyaura coupling, 61-4, 281, 377,
381-2

Takasago International Corporation, 160
Tamao-Kimada—Corriu reaction, 57
Tandem reactions see Domino reactions
TASF see Tris(diethylamino)sulfonium
difluoro(trimethyl)silicate
Taxane, synthesis, 75, 172-3, 387
Taylorione, synthesis, 252
Tebbe reagent, 326, 328-30
Telomerization, conjugated dienes, 182-9,
422-3
Termination
anion capture, 53
catalysed reactions, 23-5
Terpenes, synthesis, 179, 191-2, 344, 362
Tetraazacyclododecatriene, preparation,
171-2
Tetracyanoquinodimethane, preparation, 79
Tetracyclic diketone, preparation, 138
Tetracycline, synthesis, 335-6
Tetradecane, preparation, 66—7
Tetrahydroanthracenes, preparation, 222
Tetrahydrobenzazepine, synthesis, 379-81
Tetrahydrofuran, synthesis, 123
Tetrahydropapaverine, synthesis, 398-9
Tetralin, synthesis, 42, 242, 384-5
Tetralones, reactions, 276-7, 381-2, 412
Tetrapeptides, synthesis, 319-20
Tetronomycin, synthesis, 425-6
Thienamycin, synthesis, 114-15
Thiophenol, nucleophilic reactions, 83
Tigliane, synthesis, 257-8
Tin compounds
alkene and alkyne metallation, 279-80,
282, 288-9
allylation, 127-9, 144-5
carbonylation, 90-2, 135, 229-31
conjugated diene reactions, 190, 192, 194,
364-5, 440
coupling of halides, 68-72, 76-8, 98,
129-30, 133
ring-opening polymerization, 401
Titanium-catalysed reactions
alkene metallation, 284-9, 313, 318
n-allyl complex reactions, 114-16
conjugated diene reactions, 169, 1734,
191-3
cyclization, 252-3, 258-63
ethylenebis(tetrahydroindene) complexes,
401-3
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hydrogenation, 401-3
hydrosilylation, 412-14
Titanium chlorides, Ziegler catalyst, 34, 17
p-Tolylsulfone, rearrangement and
isomerization, 157
TON see Turnover number
Tosylated amines, oxidative amination, 430
Transition metal complexes
o-bonded complexes, 11, 13-14, 25
d electrons, 7-9
homogeneous hydrogenation, 393
n-bonded complexes, 14-15
preparation, 7-10
reaction patterns, 10-26
regeneration, 24-5
Transmetallation, 3, 17-18, 24-5
alkenes and alkynes, 277-94
n-allyl intermediates, 116-18, 128-34
conjugated diene reactions, 189-94
cross-coupling of halides and
pseudohalides, 56-78
hydrogenolysis with hydrides, 96-8,
13942
palladium(II) enolate preparation,
448-50
phenylpalladium intermediates, 29-30
propargylic compounds, 200, 211-13,
292-3

reaction mechanisms, 56
see also Metallation
Trichodermol, synthesis, 364-5
Trichothecene, synthesis, 122, 364-5
Tricolorin A, synthesis, 318-19
Tricyclo[3.3.0.0]ldecane, preparation, 251
Tricyclo[4.2.1.0]nonane, preparation, 429
Trienediyne, carbopalladation, 51-2
Triethylaluminium
polymerization, 169
Ziegler catalyst, 34, 17
Triflates
carbonylation, 86, 90
cross-coupling via transmetallation, 60, 70
hydrogenolysis with metal hydrides, 97
Trimethyl aconitate, preparation, 445
Trimethylsilyl group
cross-coupling via transmetallation, 72,
74, 77-9
protection of terminal alkynes, 49-50
2-(Trimethylsilylmethyl)allyl acetate,
allylation, 126
Tri-2,7-octadienylamine, preparation, 184,
185
1,2,4-Triol, preparation, 283
Triolefin process, 314
Triones, preparation, 423
Tris(benzocyclobutadieno)benzene,
preparation, 47

Tris(diethylamino)sulfonium difluoro(tri-
methylsilicate (TASF), transmetallation
of silicon, 72, 74
Tropone, synthesis, 387-8
Tsuji-Trost reactions, 116
Tungsten carbonyl, carbene complexes,
335-6
Tungsten-catalysed reactions
carbonyl group alkenation, 330-1
metathesis, 4, 306-9, 313, 318, 322-3
Turnover number, 34-5

Ube Industries, 446
Uemura’s method, 379-80
Ullmann reaction, 96
1-Undecenoate, metathesis, 313
Union Carbide, 232
Unsaturated compounds
alcohol reactions with halides, 37-8
carbonyl compounds, 112
Claisen rearrangement, 159-60
cycloaddition, 4, 123, 244-63
dehydropalladation, 149
ester preparation, 116, 178, 260-1
insertion reactions, 15
nucleophilic attack on ligands, 21
o,f-unsaturated compounds
aldehydes, 90, 132, 135, 217, 233-8,
273-4, 287-9, 294-5, 4456
amides, 134-5
carbene complexes, 337
carboxylic acids, 85-7, 132, 398-9
enones, 342
esters, 132, 134, 230-1, 276-7, 2934,
346, 348, 432-3
insertion reactions, 15
ketones, 130, 132, 151, 153, 273-6, 279,
293, 294

L-Valinol, synthesis, 384, 385

Vernolepine, preparation, 231

Vinyl acetate, production, 5, 426-7

o-Vinylacrylamide, preparation, 161-2

Vinyl carbamates, 276, 435

Vinylcarbenes complexes, 323—4, 3324,
337-8, 345, 347

4-Vinyl cyclic carbonates,
decarbopalladation, 149-50

Vinylcyclobutane, preparation, 174

5-Vinyl-1,3-cyclodexadiene, preparation,
175

Vinylcyclohexene, protection by
coordination, 356-7

Vinylcyclohexenes, preparation, 170, 270

1-Vinylcyclopentene, preparation, 263, 267,
270

Vinyl epoxides, 123, 149



Vinyl ethers
deprotection, 356
isomerization, 160
oxypalladation, 424-5
synthesis, 328, 4234
a-Vinylidene-f-lactams, preparation, 207-8
a-Vinylidene-v-lactones,
preparation, 207-8
Vinylnorbornene, acetoxychlorination,
428-9
Vinyloxiranes, n-allyl complex reactions,
114-15, 122-3, 215-16
2-Vinyltosylamide, aminopalladation, 430-1
Vitamin A, preparation, 149
Vitamin By, synthesis, 424-5
Vitamin D
conjugated triene system, 51
hydrindan ring-side chain, 131
provitamin D, 148

Wacker process, 4-5, 21, 420-1

Wakamatsu reaction, 2334

Water, palladium(II)-catalysed reactions,
420-3, 446, 449-50

Wilkinson complex, 118-19, 160, 237-8, 294,
393

Williamson diaryl ether formation, 377

Wittig reaction, 305-6, 3267, 357, 359
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Woodward-Hoffmann rule, 386

Ylides
cycloaddition, 345, 347-8
Wittig reactivity, 305-6
Yohimbine, synthesis, 175

Zaragozic acid, synthesis, 345, 347-8
Zearalenone, synthesis, 86
Ziegler catalysis, 3, 17, 287
Ziegler-Natta catalysis, 34, 306
Zinc compounds
alkene and alkyne metallation, 279-82,
284-5
allylic rearrangement and isomerization,
161
carbonylation, 90-2, 135
coupling reactions, 59-62, 95-6, 129,
2712
cyclization, 244-5, 369-70
propargylic compound reactions, 211-12,
Zirconium compounds
alkene carbometallation, 277-9, 287
n-allylpalladium reactions, 112-13
carbonyl group alkenation, 330
coupling of halides, 67-8
cycloaddition, 241, 254-8





