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Preface

The monographs, The Organic Chemistry of Nickel, Volume 1 (1974) and Volume 2
(1975), which were written by P. W. Jolly and G. Wilke, have long been the “Bible”
for organonickel chemists. Unfortunately, however, during the past three decades
no books have been published specializing in organonickel [1], whilst in sharp con-
trast there has been a flood of monographs focusing on organopalladium [2]. As
a measure of academic activity, Figure 1 compares the number of publications
in journals and letters relating to Ni, Pd, and Pt during the past four decades
(SciFinder, searched on S5th March, 2004). Within the last decades, although aca-
demic interest in organonickel has clearly fallen, it is still comparable to that in
organopalladium. By contrast, during the last three years in industry, all of the
group 10 transition metals have vied one with another, as demonstrated by the
number of patents relating to Ni, Pd, and Pt (1139, 1173, and 1251, respectively in
2001; 1319, 1320, and 1469, respectively in 2002; and 1268, 1208, and 1481, respec-
tively in 2003).

Nickel and palladium were born under diametrically opposite stars — nickel was

3000
+
+r*/
2500 —e—nickel
—+— palladium 4
—o— i
2000 platinum

1500

IoquinN
+\
\:;

1000

60 65 70 75 80 85 90 95 00
Year 1960-2003

Fig. 1. The number of publications in journals and letters (SciFinder, 5, March, 2004).
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Preface

Fig. 2. (a) A Kabuki actor dressed like a devil, (a Bosatsu who is a Buddhistic goddess of
drawn by Sharaku (front cover). Reproduced wisdom) decollating the wall of Byodo-in, Uji,
with permission of Tokyo National Museum. Japan. Reproduced with permission of

(b) One of wooden images of Buddhist saints ~ © %[z, 1999.

born poor, and palladium to wealth. Nickel was first isolated in 1751 by a Swedish
mineralogist, A. F. Cronstedt (1722-1765), from an ore referred to as “devil Nick
copper”. Miners named the ore in that way because it resembled copper ore, but
did not yield their objective copper. (Old Nick, informal the devil; Satan, from Web-
ster’s Unabridged Dictionary). Nickel was named after its accursed nickname (Fig.
2(a)), whereas palladium was discovered in 1803 in South African crude platinum
ore. Palladium was named after Pallas, a name associated with Greek mythology,
the goddess of wisdom (Fig. 2(Db)). Nickel has transmigrated repeatedly, and today
— as a result of many studies and discoveries — has been re-incarnated in the shape
of the goddess of wisdom.

The advantage of using Ni as a catalyst is its low cost, which is about one-tenth
to one-fiftieth that of Pd and Pt (see Table 1). However, certain disadvantages of Ni
and its derivatives (e.g., Ni(CO)4[3], Ni3S;) are associated with toxicity, human car-
cinogenesis, and skin allergies.

I feel that a book dealing with recent developments in organonickel chemistry
would be beneficial to both organometallic chemists and synthetic organic chem-
ists, alike. This book covers many discoveries which have been made during the
past three decades, and I am very pleased to have received authoritative reviews of
all chapters from experts working at the forefront of organonickel chemistry. These
colleagues are also active researchers in the field of organopalladium chemistry,
and recognize that these two transition metals show many similarities — and in-
deed many dissimilarities; for example, Ni forms Ni(CO)4, while Pd never forms



Preface

Tab. 1. Price comparison of Ni, Pd, and Pt and their dichlorides (Aldrich Catalog, 2004).
Ni slug (99.995)%* Pd slug (99.95)%" Pt slug (99.99) %"
EU g 5.4 62.9 [11.6] 83.1[15.4]
EU mol ! 317 6693 [21.1] 16212 [51.1]
NiCl, (99.99) PdCl, (99.999) PtCl, (99.99)
EU g 26.0 120.0 [4.6] 250.8 [9.6]
EU mol ! 3370 21277 [6.3] 66713 [19.8]

1 euro (EU) = 130 Yen.

4Figures in parenthesis refer to the purity in %.

bFigures in square brackets refer to price rates relative to nickel
compounds.

Pd(CO)y; and #3-allylnickel is nucleophilic, while #3-allylpalladium is electrophilic,
and so on. Consequently, comparisons made sporadically in this book between Ni
and Pd may help the reader to understand more deeply the characteristics of these
metals.

Finally, I would like to acknowledge the assistance of those reviewers who
checked the content of each chapter to minimize errors and enhance the book’s
academic value. The project of publishing this book in its present form began
with an invitation from Wiley-VCH, and I would like also to acknowledge the ini-
tiative of Dr. Elke Maase and the cooperation of Carola Schmidt in bringing the
book to fruition. My acknowledgments are also extended to my wife, Keiko, to my
secretary, Kiyomi Nishina, and also to my colleagues, Dr. Shuji Tanaka and Dr.
Masanari Kimura for their help.

Yoshinao Tamaru
December 2004
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Yoshinao Tamaru

Most organic chemists may be embarrassed and intrigued when they encounter
the type of reaction described in Eq. (1.1). In organic chemistry, most C—C bonds
are formed or cleaved by making use of, more or less, polarized functional groups,
for example, C=0, C-O, and C-halogens. Ethylene is lacking in these ordinary
functionalities and has only the double bond as a reactive group. Consequently,
these chemists may ask themselves: “What is happening here? Does the process
proceed via a radical reaction or a [2+2]cycloaddition followed by ring opening?”

H

cat Ni, AIR
2 H,C=CH, 8 HWH (1.1)

H

This reaction, which marks the cornerstone for the flourishing development of
transition metal-catalyzed reactions and their use in industry, was discovered by
chance — as with many other great discoveries — by Ziegler (who was awarded the
Nobel Prize for chemistry in 1963), Wilke, and their coworkers while investigating
the production of polyethylene and ethylene oligomers (Cs—Cg) promoted by orga-
nolithiums and organoaluminums [1]. These investigators found that 1-butene was
obtained exclusively instead of the expected ethylene oligomers, but also noted that
contaminants such as nickel and acetylene changed the course of the reaction
(today these are referred to as “nickel effects”; see Section 1.6.3 and Schemes 1.26
and 1.27). At the same time, these researchers realized the uncovered potential of
transition metal catalysis in organic transformations and, after conducting many
tests with a wide range of transition metals, they established the protocol of low-
pressure polyethylene production based on the titanium-alkylaluminum catalytic
system.

The aim of this chapter is to outline the basic concepts in the coordination
chemistry as well as the elementary processes and basic reaction patterns in
nickel-catalyzed synthetic reactions. Together, these may help the reader to under-
stand the content of the following chapters, which describe much more sophisti-
cated reactions than that shown in Eq. (1.1).

Modern Organonickel Chemistry. Edited by Y. Tamaru
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30796-6
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Fig. 1.1.  Schematic presentation of the d orbital splitting in
the crystal fields of an octahedral (a), a square planar (b), or a
tetrahedral (c) environment.

1.1
The Crystal Field

If one imagines a nickel atom or its ions isolated in space, it has the five degener-
ated d orbitals (dxy, dyz, dxz, dx?-y?, and dz?), all lying at the same energy level. As
six ligands (represented here with L, such as Cl~, NHj;, and H,0) approach the
nickel from the +x, +y, and +z directions to form an octahedron, the d orbitals
split into two groups, do and dr (Fig. 1.1(a)). The orbitals of do group (dx2-y?, dz2,
the orbitals with the o bonding character) that point toward the L groups are
greatly destabilized by electrostatic repulsion and move to a higher energy position.
The drn group orbitals (dxy, dyz, dxz, the orbitals with the = bonding character), on
the other hand, are less destabilized because these orbitals point away from L. The
magnitude of the energy difference (designated by A and called the “crystal field
splitting” or the “ligand field splitting”) between the do and dr groups depend on
the charges on Ni and L and the distance between them.

If the two Ls move away along the z axis, the other four Ls on the +x, +y axes
will move closer to the central Ni, and this results in a square planar complex. The
expected energy change of the d orbitals is shown in Figure 1.1(b), where the orbi-
tals that possess the x and y components (dxy, dx?-y?) rise, while those possessing
the z component (dz2, dxz) fall. The energy diagram of a tetrahedral complex is
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shown in Figure 1.1(c), where those orbitals do(dz2, dx2-y?) that spread along x, y,
and z axes are apparently away from L and stabilize, whereas dr are all in touch
with L and destabilize. The relative energy levels of do and dr orbitals are reversed
between the octahedral and tetrahedral complexes.

The energy levels in Figure 1.1 are drawn deliberately for all the octahedral,
square planar and tetrahedral complexes to have the identical energy to that of the
isolated Ni(0), the orbitals of which are fully occupied with 10e. For d® Ni(II), a
square planar complex is likely most favored, as the 8e occupy from the most
stable d., up to the d,, orbitals, leaving the most unstable dx?-y? orbital unoccu-
pied. This is in accord with the structures that many Ni(II) complexes display
(e.g., Me;Ni(PR3),, [Ni(CN)4]27).

1.2
Nickel has Wings: The Mond Method

In the industrial process of Na,COj; production (the Solvay soda process, 1865),
erosion of the nickel bulb of CO, lines in an unduly short time period was a seri-
ous problem. Mond, in 1890, discovered that metallic nickel, although being a very
hard solid with a high melting point (1455 °C), reacted with CO (a small contami-
nant of CO; in the above process) to form gaseous Ni(CO), (b.p. 43 °C, extremely
poisonous) at ambient temperature. He also found that Ni(CO); decomposed at
over 180 °C, depositing Ni metal. This unique reaction of Ni and CO has been uti-
lized even today as the industrial refining method of metallic nickel (the Mond
method). In fact, nickel is the only metal that reacts with CO at room temperature
and at atmospheric pressure of gaseous CO [2]. Having been greatly impressed by
the demonstration of the above transformations, one of Mond’s contemporaries
noted, philosophically, that “Mond gave wings to a metal” [3].

13
The Ligand Field

Why does nickel react with CO so easily? Why is Ni(CO), formed selectively, and
not Ni(CO); or Ni(CO)s? To address this question, the idea of the ligand field is
useful. The model makes up matching pairs between the nine atomic orbitals of
Ni (the five 3d, the one 4s, and the three 4p atomic orbitals) and the molecular or-
bitals of CO. The most straightforward — but somewhat approximate — explanation
is as follows. The C and O atoms of CO hybridize to make two sp-orbitals. One elec-
tron each of C and O atoms is then used to make a sp-o bond, and the two sets of
lone pair electrons of C and O reside on their sp-hybridized orbitals. The one elec-
tron on each of the 2p orbitals of C and O forms a 7 bond, and the two 2p electrons
on O interact with the empty 2p orbital of C to form a charged = bond (Fig. 1.2(a)).
On the other hand, the one 4s and the three 4p orbitals of an Ni mix to make up the
four empty sp3-hybridized orbitals. The combination of the four empty sp? orbitals
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Fig. 1.2. The o (a and b) and n-bonding interaction (c and d) between an Ni and CO.

of the Ni and the four sets of the sp lone pair electrons on the C of four CO pro-
vides the four bonding and the four anti-bonding molecular orbitals of the Ni—-CO
bond (¢ and ¢* orbitals; Fig. 1.3). This process is similar to producing tetrahedral
methane (CHy) from the sp3-hybridized C and the 1s orbitals of four hydrogen
atoms. The difference between these reactions is that in the case of methane, the
carbon bears four valence electrons and each hydrogen one valence electron, and
these form the four covalent bonds. In contrast, in the case of Ni(CO), the nickel
bears no valence electrons in the sp orbitals: the two electrons of the Ni-CO o-
bond are donated from the C; hence the o-bond should be ionic in nature (Ni~—C)
as depicted in Figure 1.2(b).

In addition to the o-bonding, there operates another bonding mechanism, so-
called “back bonding” or “back donation”. As is illustrated in Figure 1.2(c), the
n* orbital of the CO has a proper symmetry with the dr atomic orbital of the Ni,
and these two interact to each other to make up a new z-bonding orbital, lower in
energy than the dr atomic orbital (and at the same time, a #* anti-bonding orbitals
higher in energy). In the case of Ni(CO), the three n-bonding and the three n*-
anti-bonding molecular orbitals form (Fig. 1.3). Owing to mismatch of symmetry,
the do orbitals cannot interact with the pr* orbital of CO and so remain at the
same energy level. The 7* orbital of the CO is empty and the dr orbital of an Ni
is filled, so the d electrons of the Ni flow into the 7* orbital of CO (back donation).
This mechanism operates so effectively that CO is sometimes called a “z-acid li-
gand”. In all, the donation of 2e from the C atom (s-bonding) and the back dona-
tion of 2e from the Ni (z-bonding) result in the formation of a formal Ni=C double
bond (Fig. 1.2(d)). The reader should note that each CO possesses two z* orbitals,
which makes CO as a strong r-acid ligand. For clarity, only one of the two 7* orbi-
tals is depicted in Figure 1.2(c).

The back donation significantly perturbs the electronic structure of CO, filling
electrons in the anti-bonding z* orbital and rendering the bond long and weak. In
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Fig. 1.3. Orbital interaction between an Ni(0) and four CO
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bonding (4e) molecular orbitals. All anti-bonding orbitals are
empty. Values indicated beside the energy levels refer to the
number of the orbitals.

this way, in general, the ligands coordinating to metals can be polarized and elon-
gated, and therefore activated toward chemical reactions, the ¢ and 7 bonds in the
ligands can be weakened or broken, and chemical bonds can be made or broken
within and between different ligands. This rich pattern of the activation of ligands
is a characteristic feature of organometallic chemistry.

Figure 1.3 illustrates how the whole system, composed of an Ni (left) and
four CO (right), is energetically stabilized by forming tetrahedral Ni(CO),. That is,
all the four sets of lone pair electrons on the C of CO are accommodated in the
low-lying sp* o-bonding orbitals, and the 6e of 10d electrons of an Ni are in the
low-lying 7-bonding orbitals.

The other sets of hybridization of the one 4s and the three 4p of an Ni, for exam-
ple, (sp? + p) forming 3 sp? and 1p atomic orbitals, are apparently more unfavor-
able than the sp> hybridization, because a g-bond makes a stronger bond and is
more stable in energy than a n-bond - that is, the more the number of ¢-bonds
the more stable the complexes. This is the reason why Ni(CO), is formed selec-
tively, and not Ni(¢-CO); or Ni(g-CO);3(%n-CO). Then why is Ni(CO)s not formed?
This is simply because an Ni is already saturated and no atomic orbitals are avail-
able to interact with the fifth CO.
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1.4
The Formal Oxidation Number

It is sometimes very useful to assign a formal oxidation number to carbon and
some heteroatoms that are frequently outside the octet rule, such as N, P, and S
in organic molecules. For this, we impose an ionic model on the compound by ar-
tificially disconnecting it into an ion pair. In doing this, each electron pair in any
bond is assigned to the most electronegative of the two atoms that constitute the
bond. Some examples are shown in Scheme 1.1. The oxidation number of carbon
ranges from 4— (e.g., methane) to 4+ (e.g., carbon dioxide). All the reactions in
which the oxidation number is increased (making bond with oxygen or electro-
negative elements or losing hydrogen) are oxidations. The reverse processes are
reductions. So, as shown in the Eq. (a) of Scheme 1.1, each of all the steps from
carbon dioxide to methane is 2e reduction, and each of the reverse processes from
methane to carbon dioxide is 2e oxidation.

°H  HO -0 H 2H H -0 H H
0=C=0 0 =0 H—)—OH Csy @
-2H H +0 H -2H H +0 H

4+ 2+ 0 2- 4-
2H H 2H H H 3H . /L\ H
== c:=—= C{, O = B B] (c)
h /"SH B H v H
2H H 2H H -3H ,
2- 4- 0 H 3+

Scheme 1.1.  The count of the formal oxidation number.
Figures indicate the formal oxidation number of carbon (Egs.

(a) and (b)) and boron (Eq. (c)).

In organometallic chemistry, a confusing matter arises because most metal ele-
ments are less electronegative (or more electropositive) than H (Table 1.1). Hence,
as shown in Egs. (b) and (c) of Scheme 1.1, in contrast to the formation of methyl-
carbene and methane from atomic C and 2H and 4H are 2e and 4e reduction, re-
spectively, the formation of BH; from an atomic B and 3H is 3e oxidation, as we
disconnect BH3 as one B3t and three H, that is, bond formation with H is re-
duction for an C, but it is oxidation for an B. The dotted trigonal line of B,Hg in Eq.
(c) of Scheme 1.1 indicates that the three atoms, B, H, and B, form a three-center—
two electron bond.

The idea of oxidation number provides a convenient way to determine the stoi-
chiometric amounts of the reagents required in a variety of oxidation and reduction
reactions. For example, as is shown in Eq. (a) of Scheme 1.2, for the oxidation of an
alcohol with chromium(VI) reagents, balancing the formal oxidation number of
the starting materials and the products shows that 2/3 mol of Cx(VI) are necessary
to oxidize 1 mol of an alcohol to an aldehyde or a ketone. For the reduction of ni-
trobenzene to azobenzene with zinc dust under alkaline conditions, the amount of
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Tab. 1.1.  Physical properties of Group 8, 9, and 10 transition metal elements.

55.845 58.933 58.693
6,3,2,0, -2 3,2,0,-1 4,3,2,1,0, -1
1.8 1.9 1.8
26 Fe 27 Co 28 Ni
[Ar]3d%4s? [Ar]3d74s? [Ar]3d34s?
101.07 102.906 106.42
8,6,4,3,2,0, -2 5,4,3,2,1,0 4,2,1,0
- 2.3 2.2
44 Ru 45 Rh 46 Pd
[Kr]4d75s! [Kr]4d35s? [Kr]4d?
190.23 192.217 195.078
8,6,4,3,2,0, -1 6,4,3,2,1,0, -1 42,0
- 2.2 2.3
76 Os 77 Ir 78 Pt
[Xe]5d%6s? [Xe]5d7 652 [Xe]5d°6s!
relative atomic mass Electronegativity: H (2.2), Li (1.0), B (2.0), C ( 6), N (3.0),
oxidation state (0] (3.4), F (4.0), Na (0.9), g ( . ), (1 6) ( 9), P (2.2),
electronegativity | S (2.6).
atomic number
electron configuration

Zn dust is very crucial (Eq. (b) in Scheme 1.2). Loading of the excess amount of Zn
can cause over-reduction of azobenzene to N,N’-diphenylhydrozine. One mole of
nitrobenzene produces 0.5 mol azobenzene; hence the total formal oxidation num-
ber of azobenzene should be divided by 2. Balancing the oxidation numbers of the
starting material side and the product side indicates that 2 mol of Zn dust is the
exact amount required to perform the reaction successfully.

For the hydride reduction, however, special care is needed, since — as is apparent

3CH;OH + 2Cr(lV) —— 3 CHZO + 2 Cr(lll (@)
2- 6+ 3+
(-2)x3 + 6x2 =6 Ox3 +3x2=6
PhNO, + 2Zn(0) ——1/2Ph—N=N-Ph + 22Zn(ll) (b)
3+ 0 1- 1- 2+
3+0x2=3 [-[1+(¢-1))2+2x2=3
BH3 + 3 CHZO —_— B(OCH3)3 (C) N|H2 + CH2:CH2 — Ni + CHs'CH3
3+10 0 3+ 2 2+1- 20 2 o 3 3
3+ (-1)x3+0x3=0 3+(-2)x3=-3 2+(-1)x2-2-2=-4 0-3-3=-6
3+ (-2)x3+0x3=-3 2+(-2x2-2-2=-6

Scheme 1.2.  Balancing of the formal oxidation number in
oxidation and reduction reactions. Special care is needed when
balancing formal oxidation numbers for hydride reduction
reactions.

(d)
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from Egs. (c) and (d) — the formal oxidation number of the hydrogen on C and
metals is counted in a different way: H™ to metals (e.g., BH3) and H™ to C. Accord-
ingly, simple summation of the oxidation numbers results in a higher oxidation
number being given to the reactant side by the number of hydrogens (Scheme
1.2(b)). For the hydride reduction, we should regard a hydride as a 2e donor, since
H~ changes to H™ in the reaction. The borohydride reduction (Eq. (c)) is not ac-
companied by the change of the oxidation number of the metal. On the other
hand, the reduction with nickel hydride is accompanied by the change of the oxida-
tion number of the metal (Eq. (d)). Even for such cases, the same idea applied to
Eq. (c) holds.

1.5
The 16- and 18-Electron Rule

As the octet rule is a useful guide in organic chemistry (filling all the atomic
orbitals of carbon with electrons: 2s22p®), the 16- or 18-electron rule is useful in
organonickel chemistry (filling all the atomic orbitals of an Ni with electrons:
3d194524p°). The tendency of transition metals to form complexes in which the
metal has an effective atomic number corresponding to the next higher inert gas
has long been recognized. The number of valence electrons (VE) consists of the
valence electrons of the metal itself and the electrons donated or shared by the
ligands, and would be 18 for an inert-gas configuration. If one restricts attention
to Ni complexes, essentially all of the well-characterized compounds have 16 or
18 VE.

With regard to Ni complexes and Ni intermediates, Tolman’s proposal may be
expressed as follows [4]:

1. Ni complexes may exist in a significant concentration at moderate temperatures
only if the valence shell of an Ni contains 16 or 18 electrons. A significant con-
centration is one that may be detected spectroscopically or kinetically and may
be in the gaseous, liquid, or solid state.

2. Organonickel reactions, including catalytic ones, proceed through elementary
steps involving only intermediates with 16 or 18 VE.

For example, Ni(CO), (VE 18) is dissociated into Ni(CO); (VE 16) and CO in so-
lution. Ni(CO)y is coordinatively saturated and no longer has any ability to interact
with other molecules. By contrast, Ni(CO); is coordinatively unsaturated and can
accept 2e ligands. Usually, the equilibrium lies heavily to the Ni(CO), side. The
same holds for the saturated Ni(cod), (VE 18) and the unsaturated Ni(cod) (VE
14) + COD.

Some of the common ligands and their ligand types and electron counts are
summarized in Table 1.2. The symbol L signifies a neutral 2e ligand, which can
be a lone pair donor, such as PPh;, CO, a z-bond donor, such as ethylene, acety-
lene, and a o-bond donor such as H, and C—C. The symbol X refers to 2e ligands
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Tab. 1.2.  Common ligands and their electron counts.

Ligand Type Electron
count
H, Me, Ph, Cl, #'-allyl X 2
PPh;, CO, NH; (lone pair donors), CH,=CHj (zn-donor), H, (s-donor) L 2
13-Allyl, x2-acetate, x%-acetylacetonate LX 4
i*-Butadiene, n*-cyclobutadiene L, 4
1°-Cyclopentadienyl (Cp) L,X 6
1°-Benzene Ls 6

bearing an anionic charge, such as C17, H™, and Me™. The symbol # (eta) (a Greek
letter h, hapticity, haptic from Gr. hapticos, able to grasp or perceive) indicates the
number of ligand atoms bound to the metal. So, benzene, when coordinated to a
metal in type L3, is indicated as #°-benzene, and the cyclopentadienyl group in type
L,X as 5°-Cp. Sometimes 7 is used without a superscript, such as 5-benzene and 7-
Cp, when the number of ligand atoms is obvious. Allyl groups can exist in two
forms, 5'-allyl (type X) and #3-allyl (type LX). The double bond of #!-allylnickel 1.1
does not interact with any nickel atomic orbitals, but conjugates with the C-M or-
bital, are bestowed a certain characteristic reactivity which is different from other
nt-alkyl complexes. The allyl group of #3-allylnickel can be considered as a combi-
nation of an alkyl and a C=C group. The two resonance structures 1.2a and 1.2b
show how all the three carbons are bound to an Ni as LX. This is also expressed
as 1.3. *-Allylnickel chloride 1.4 is an air-stable, square planar 16-electron complex
(8e from Ni, 4e from allyl and 4e from Cl,), with chloride ions bridging in a di-
meric structure. The bridging group is represented in formulas by using the Greek
letter u (mu) as [(u-Cl),(n3-CH,=CHCH;Ni),] ((#*-allyl)nickel chloride dimer). The
Greek letter « (kappa) is used instead of 5 in those cases that ligands bind to metals
via heteroatoms, such as x2-acetylacetonate (x2-acac).

Ni o~ R NV I —Ni_ Ni—)
Ni \ \CI/ b,

Ni Ni

1.1 1.2a 1.2b 1.3 1.4

Cyclobutadiene is a compound that is extremely unstable not only because of its
strain but an anti-aromatic electronic character (cyclic 4z electron anti-Hiickel com-
pound) and was a target from synthetic and physical organic points of view. Only
under special conditions (e.g., a solid argon matrix), it has a life-time long enough
to be spectroscopically detectable [5]. The two double bonds, however, locate nicely
to server as an L, 4e donor to transition metals and the stabilization of cyclobuta-
diene by the coordination to transition metals was suggested theoretically [6]. In
fact, cyclobutadiene forms some stable complexes with nickel, e.g., 1.5 and 1.6,
and some other transition metals [7].

9
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Scheme 1.3.  Formation of stable cyclobutadiene Ni

complexes: [(u-Cl), (7*-cyclobutadiene)Ni(11)],Cl, (1.5) and
bis (17*-cyclobutadiene) Ni(0) (1.6).

The molecular orbital diagram of a square planar cyclobutadiene (in fact, it has a
rectangular structure), as illustrated in Figure 1.4(a), tells us that the 2e of the
totally 47 electrons occupy bonding W; orbital and the other 2e occupy two degen-
erated non-bonding ¥, and ¥; orbitals one each (the Hund rule). Figure 1.4(b)
shows how ¥;~%¥, molecular orbitals interact with the atomic orbitals of an Ni.
These interactions of four molecular orbitals of cyclobutadiene and nine atomic

w4(anti-nonding)

¥ Y3

(non-bonding)
degenerated

S

w,(bonding)
(@) (b)
Fig. 1.4. Molecular orbitals of cyclobutadiene (a) and the
molecular orbitals—atomic orbitals interaction between
cyclobutadiene and Ni (b). For clarity, the orbitals of
cyclobutadiene are shown only on one face.
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d®18e d820e, o
(a) (b) 1.8'(d®18e)

Fig. 1.5. The d orbital energy diagram of ferrocene (Cp,Fe(Il)) (a) and nickellocene 1.7 (b).

orbitals of an Ni make up 13 molecular orbitals; six bonding, one non-bonding,
and six anti-bonding orbitals. The six bonding molecular orbitals are filled with 12e.
The reader should note that the three Ni-Cl bonding orbitals accommodate 6e,
hence the complex 1.5 has a stable d® 18e electronic configuration. The complex
1.6 is another example which demonstrates that cyclobutadiene owes its stability
to the coordination interaction with an Ni.

1.6
The Structure, Reactivity, and Electronic Configuration of Nickel-Complexes

Ferrocene, Cp,Fe(II), is the monumental organometallic compound that serves as
a milestone for the explosive developments in organometallic chemistry [8]. Ferro-
cene is a stable orange crystalline material, and has an ideally stable electronic con-
figuration, d®18e, 6e from an Fe and 12e from 2Cp; as is shown in Figure 1.5(a), all
the 64 electrons are accommodated in the three low-lying orbitals. The nickel ana-
log, nickellocene (1.7) has 20 VE (8e from an Ni and 12e from 2Cp) and is outside
of the 18e rule. The extra 2e are indulged to occupy the high-lying degenerate orbi-
tals, one each (Hund’s rule; Fig. 1.5(b)). Hence the complex is paramagnetic and
extremely sensitive to oxidation, causing instantaneous decomposition in air. In
contrast, the CpNi complexes with 18 VE, e.g., 1.8 [acetylenebis(s°-cyclopenta-
dienyl)nickel(IT)] and 1.8" [dicarbonylbis(;;°-cyclopentadienyl)nickel(II)], are rather
stable [17]. The electron count of 1.8 and 1.8" is as follows: 1.8, 6e (Cp)+ 2e
(acetylene) + 8e (Ni) + 2e (adjacent Ni); and 1.8’, 6e (Cp) + 2e (CO) + 8e (Ni) + 2e
(adjacent Ni).

Figure 1.6 shows some organonickel complexes of chemical and structural inter-
est, all the structures of which are determined using X-ray crystallographic analysis
[9-16]. As is observed in the complexes 1.9-1.15, for the d'® Ni complexes, the five
d orbitals are fully occupied, so, in general, there is no preference for specific geo-
metries (c.f., Fig. 1.1). Probably owing to avoiding steric repulsion between ligands,
nickel(0) generally forms tetrahedral (with four ligands) or trigonal planar com-



12 | 1 Introductory Guide to Organonickel Chemistry

(0] o
,'l’ ,\\‘-..H [\.\,\l“’_ ,,\

/

|
|//'~ / i -Noii, e Y
[ ~NNT L\N\(N\I\ H PtBtBu
| 7 “Bu -50°C
P(t—BU)Z
1.9 [9] 1.10 [10] 1.11 [11]
tetrahedral quasi-tetrahedral trigonal planar
d'%18e d'%18e d'%16e
t-Bu\
> t—Bu“‘P\ .
" 1as S 2 Rt
E AN tBug 8y 142 #Bu
SN p |
\ Ni” Y
=\ / 1457135
P :
t-Bu Bu
1.13[12] 1.14 [13]
trigonal planar trigonal planar
d'%16e (around each Ni)
d'%16e

Fe

§

7 ° N\
i@ NBD Lb

F
1.16 [14] 147 [15] 1.18
d816e d®18e square planar
d®16e

Fig. 1.6. Some organonickel complexes of chemical and
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X-ray analyses. Figures indicate bond distances (A).

<

Ni
P\—t-Bu
t-Bu
P(t-Bu),
1.12
d'%18e

N
~ OPEt,

1.15 [14]
tetrahedral
d'%16e

Ni \N./ N R
N
Ni e CeFs  CeFs SINGE
Et;P7 CeFs 65

1.19 [16]
quasi-tetrahedral
d®14e

plexes (with three ligands). Complex 1.13 is the famous Wilke’s complex, isolated
as a reactive intermediate for the trimerization of butadiene. Thus, CDT, the ligand
of 1.13 offers the seats for CDT of the next generation. In other words, as is shown
in Eq. (1.2), CDT on an Ni is handed down from generation to generation.

ey — gy A

All the three trans-double bonds of 1.13 adopt a propeller-like arrangement
around the Ni atom, hence 1.13 is chiral. In fact, the enantiomer shown in 1.13
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Fig. 1.7. The dn-pr interaction pushing the electron density
from the nickel dr to the alkene pz*.

has been resolved (by use of a chiral phosphine ligand) and its specific rotation is
determined to be [«]p 73" = +104° [12].

The complex 1.10 is an interesting example which shows that the z-coordinated
double bonds of ethylene and formaldehyde intersect perpendicularly to each other
[10]. This unique spatial arrangement of ethylene and formaldehyde impels us to
imagine a through-space orbital interaction between the ligands — a LUMO (C=0)-
HOMO (C=C) interaction. The butterfly-like complex 1.11, despite the presence of
a good chelating phosphine ligand, is coordinatively unsaturated and forms a trigo-
nal planar d'°16e complex [11]. Note the difference of the spatial arrangements
of the two n-ligands between 1.10 and 1.11. In 1.11, a P, Ni, and all the Cs of two
ethylene molecules lie in a plane. The complex 1.11 is highly reactive towards
acetylene, and forms the #%-arene complex 1.12 even at a temperature as low as
—50 °C. In the dinuclear complex 1.14, the originally aromatic and hexagonal
benzene ring is distorted and forms the structure of cyclohexatriene with alternat-
ing single and double bonds [13]. The bond distances of the double bonds coordi-
nating to an Ni are significantly longer than that of a standard double bond
(1.34 A). The bond length of the uncoordinated double bond of 1.14 is within a
standard value. The lengthening of the coordinated double bond is due to dr-pzn*
back donation, filling the anti-bonding pr* orbital with the dn electrons, hence
rendering the double bond long and weak. The dr-pn* back donation is illustrated
in Figure 1.7. Similar bond lengthening is reported for the complex 1.15, which is
considered to be an intermediate leading to the oxidative addition product 1.16.

As is expected from the crystal field splitting (Fig. 1.1), the d® nickel complexes
1.16-1.18 show a strong tendency to form a square planar structure, leaving the
most unstable dx2-y? orbital empty. Ni(II) complexes also have a strong tendency
to adopt the d®16e configuration. The complex 1.17 is one of rare examples adopt-
ing d®18e electronic configuration. The benzene ring of the complex 1.17 is labile
and is readily replaced by other aromatic molecules (e.g., toluene, anisole) or by
alkenes. Replacement with norbornadiene (NBD) forms a rather stable complex
1.18.

For nickel complexes, 0 and 2+ are the oxidation states observed most fre-
quently. The oxidation states of 1+ and 3+ are supposed to be the active forms in
the redox system of some enzymes (e.g., nickel hydrogenase) [18]. The oxidation
state of 44 is very rare. The complex 1.19 is one such example, and is stable in
crystalline form for several days in air, but readily decomposes in solution [16].
The stability of the complex can be attributed to the strong o-bond electron-donor
capabilities of the 1-norbonyl group and bromide anion, which provide the neces-
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Fig. 1.8. Some inorganic Ni(ll) d® complexes of structural and chemical interests.

sary electron density for stabilizing the formal 4+ oxidation state. Both the crystal
field and the ligand field require the complex 1.19 to be paramagnetic, with un-
paired 2e in the dr orbitals. In fact, 1.19 is diamagnetic; this is due to distortion,
lowering the symmetry from Ty to Cs, (e.g., Ty for methane, Cs, for bromome-
thane), which splits the energy levels of the dr orbitals and produces one orbital
of lower energy that accommodates the 2e in pairs. The formal oxidation state of
Ni(4+) has been claimed (speculated) sporadically to rationalize reaction schemes
[19].

Figure 1.8 shows some inorganic Ni(II) complexes of structural and chemical
interests. In contrast to organic Ni(II) complexes, which show a tendency towards
having a square planar configuration, inorganic Ni(II) complexes can have a variety
of configurations. For example, [NiCl4]?~ can not have a square planar configura-
tion owing to the strong electrostatic repulsion between the neighboring chloride
ions, and hence the complex adopts a tetrahedral arrangement, where the electro-
static repulsion becomes minimal. In contrast, [Ni(CN),]?~ is square planar be-
cause of the lack in such a strong electronic and steric repulsion between the
ligands. The tetradentate ligand, N(CH,CH,NMe,)s, topologically forces the Ni
complex to accept the trigonal bipyramidal structure (Fig. 1.8(c)).

The hexahydrate complex of Ni(II) (e.g., Ni(SO4)-6H,0) is a green solid and is
stable in solution (Fig. 1.8(d)). However, this aqua complex is outside of the 18e
rule, d® 20e. This phenomenon is observed for many other transition metals. Pale
red Co?*(H,0); is, for example, a 19-electron complex, and blue Cu?*(H,0)s is a
21-electron complex. This is due to a small Ao splitting (Fig. 1.1). The six H,Os
make the relatively weak o-bonds and hence render the do orbitals weakly anti-
bonding. Accordingly, the do orbitals can accommodate extra electrons. In a sense,
the water molecules may be regarded as a solvent to stabilize the positive charge of
metals. In other words, the solvation stabilization overrides the electronic configu-
rational destabilization.

The propensity of Ni?t to form octahedral complexes with weak-field ligands
is utilized for the asymmetric Diels—Alder reaction (Scheme 1.4) [20]. The si-face
of the acrylamide C=C bond forms a z-% stack with the 4-phenyl group of the chiral
oxazolidine ligand, and only the re-face is open to the cycloaddition toward cyclo-
pentadiene. The central Ni(Il) serves as a Lewis acid and activates the acrylic
double bond toward the Diels—Alder reaction by lowering its LUMO. In fact, the
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Scheme 1.4. The asymmetric Diels—Alder reaction promoted in
the octahedral coordination sphere of Ni?*.

cycloaddition reaction even proceeds at —40 °C and provides the cycloaddition
product with a high enantiomeric excess (ee).

The reaction shows an interesting chiral amplification — that is, a slight ee of the
RR ligand is good enough to assure a high ee in the product. The RR-SS combina-
tion forms a strain-free meso complex 1.20, while the homo-chiral pair RR-RR does
not form because of the steric repulsion between the 4-phenyl groups of the oxazo-
lidine rings. The steric repulsion that the RR-RR complex experiences is readily
understood by imagining an inversion the stereocenters bearing the phenyl groups
of the ligand of 1.20 (shown in gray). This means that almost all of the SS ligand
portion is engaged in forming the RR-SS complex. The remaining portion of the
RR ligand forms the Ni?* complex, which is coordinatively unsaturated and is
able to activate the acrylamide through coordination.

1.7
The Elementary Reactions

Nickel-catalyzed or -promoted reactions usually proceed via the following six ele-
mentary processes: 1) oxidative addition; 2) insertion (or addition); 3) transmetalla-
tion; 4) reductive elimination; 5) f-hydrogen elimination (or dehydrometallation);
and 6) f-carbon elimination, of which the “insertion” and the “transmetallation”
have, more or less, the common ground in organic chemistry [21].

1.7.1
Oxidative Addition

As discussed previously in Section 1.3, the addition of H; to an C is regarded as
reduction of the carbon atom — that is, the addition of one and two molecules of
H, forms carbene (C?~) and methane (C*~) from C°, respectively. On the other
hand, addition of H;, to an Ni is regarded as oxidation of the Ni; Ni® to Ni%*. This
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product (a)

Scheme 1.5. Oxidative addition of an Ni(0) upon the H—H
a-bond. The schematic presentation of the o-da (donation)
and the o*-dn interaction (back donation).

is simply a matter of formalism. In organic chemistry, the oxidation number of H
is assigned 17 (a proton), while in organometallic chemistry, the oxidation number
of His 1~ (a hydride). In organic chemistry, the events transforming an C to CH;:
and CHj, are rather imaginative, but in organometallic chemistry, this type of reac-
tion is in all likelihood. As depicted in Scheme 1.5, an Ni(0) interacts with H,
through the o-do bonding and the ¢*-dr back bonding, both of which cooperate to
cleave the H-H bond and make the two Ni—H bonds. In this process, an Ni(0)
offers 2e to create two Ni—H bonds and the oxidation number changes from 0 to
2*. In organometallic chemistry, the formal oxidation number of a metal is equal
to the number of the o-type ligands (X) attached to the metal.

The process of generating Grignard reagents is a type of oxidative addition,
where Mg(0) is changed to Mg(II) via oxidative addition of the Mg(0) upon the
R—Cl bond. As shown in Eq. (a) of Scheme 1.6, this example is appealing because
as Mg loses 2e, the previously positively charged R group changes to the negatively
charged R group (“umpolung” = changing the polarity).

Ni(0)
R3*-CI% M R —Mg2*-CI (a) @X — @Ni‘x (b)

z
S

Ni(0)
\\_X _I’ \\_Ni_x () \/\X — \/\Ni' (d)
Ni(0) o) Ni(0) Ni-O

RCO-OAr —  RCO-Ni-OAr (e) L\ — \_k (®

Scheme 1.6. Formation of organometallics via oxidative
addition of metals upon a variety of C-heteroatom o-bonds.

In contrast to Mg(0), Ni(0) is capable of undergoing oxidative addition towards a
wide variety of compounds with C-heteroatom bonds. Aryl, alkenyl, and allyl ha-
lides (and triflate, CF3SO3 ™) are good substrates, where coordination of these un-
saturated compounds through the double bonds helps to facilitate this process (cf.,
1.15). The rate of addition decreases in the order: C-I > C-Br > C—Cl > C-F. The
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C—F bond is so strong that it is very difficult to cleave. Some of the Ni(0) species —
and especially those coordinated by electron-donating ¢-ligands, such as (alkyl); P
and H™, are capable of undergoing oxidative addition to the Csp?~F and even the
Csp®~F bonds (cf., 1.16). Raney nickel is a typical example capable of undergoing
oxidative addition to the C—S bond, and reductively cleaves the C—S bond. The acyl
C—O bonds of aryl esters (Eq. (e)) [22], as well as the C—O bonds of epoxides (Eq.
(£)) [23], are also subject to the oxidative addition of an Ni(0).

As with the oxidative addition of an Ni(0) to -bonds, the oxidative addition of an
Ni(0) to m-bonds also takes place, breaking the zn-bond and making new two o-
bonds. Scheme 1.7 illustrates how the 7-do (donation) and #n*-dr (back donation)
orbital interactions function to form nickellacyclopropane.

CH, /CHz 5
o T A
d'® 16e d816e O @b

N—>
n-complex oxidative addition product
Scheme 1.7.  Schematic presentation of oxidative addition of

an Ni(0) upon a double bond. The n-do (donation) and 7*-dx
(back donation) interaction.

As shown in Scheme 1.8, a similar oxidative addition takes place across two or
more 7-ligands of a wide variety of combinations of the ligands. The first example
is an intermediate supposed for the production of cyclooctatetraene by tetrameriza-
tion of acetylene (the Reppe reaction; Eq. (a)) [24]. Alkynes and dienes react with
carbon monoxide, carbon dioxide, and even with aldehydes and ketones in ways
shown in Egs. (b)—(d) (Scheme 1.8) [25-27]. All of these transformations are ac-
companied by the oxidation of an Ni(0) and cyclization, and hence are commonly
referred to as oxidative cyclization.

Among nickellacycles, the Wilke complexes 1.21-1.24, formed by the oxidative
addition of an Ni(0) to two molecules of butadiene, and are the most famous and

7, y _
>Ni(0)Lz — E:Ni(ll)Lz (@) >Ni(0)|_2 - E\,Ni(”)Lz (b)
N % o
7
; — //\ f\
Ni(O)L, — Ni(Il)L
>Ni(O)L2 O/Ni(II)Lz © < iO)L, v Lz (g
A N 3
© R

Scheme 1.8. Oxidative cyclization of an Ni(0) across a variety
of combinations of alkynes, dienes, and carbonyl compounds.
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Scheme 1.9. Oxidative cyclization of an Ni(0) and two
molecules of butadiene forming a variety of #',5'-, #',53- and
173,13 -complexes.

cost-effective in chemistry (Scheme 1.9). All of the intermediates equilibrate one to
another, and can exist in a variety of forms. Some of these are shown in Scheme
1.9 (see also 1.9 and 1.13 in Fig. 1.6). In the absence of ligands, the ;> #>-complexes
1.24 and 1.24’ may be most abundant, because these have a selfsaturated 1,X, d®16e
electronic configuration. All the others are unsaturated, being either X, (d®12e,
e.g., 1.21, 1.22) or ILX, (d®14e, e.g., 1.23). The population of the X, complexes
may increase in the presence of bidentate ligands, such as DPPE [1,2-bis(diphenyl-
phosphino)ethane| and that of the LX; by monodentate ligands, such as PPhs. The
all syn,syn-isomer 1.24 is correlated to the all anti,anti-isomer 1.24’ through many
steps, as shown. The most crucial process of this syn-anti isomerization involves
the isomerization between 1.21 and 1.21’ through rotation about the single bonds
indicated with arrows. The complex 1.21 is all cisoid with respect to the allylnickel
moieties, while the complex 1.21” is all transoid. The syn and anti geometries of 7>-
nickel complexes (or #-allylnickel complexes) are defined as follows. In the #3-three
carbon skeleton, those having substituents on the terminal carbon C; and/or C; cis
to the substituents on the central carbon C; (an H atom !, in this particular case)
are syn, and those of opposite are anti. That is, the cisoid #'-complex 1.21 is trans-
formed to the syn-53-1.24 without changing the olefinic geometries and the transoid
#1-1.21" to the anti-n3-1.24".

1.7.2
Insertion

The nickel hydride Ni—-H and the hydrides of main group elements — for example,
B-H of diborane B,H — show similar reaction patterns, with respect to regio- and
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Scheme 1.10. The insertion reaction of C=0, C=C, and C=C
into metal hydrides.

stereoselectivity, towards polar double bonds as well as to non-polar double and tri-
ple bonds (Scheme 1.10) [28]. In organic chemistry, these reactions are referred to
as either the hydride reduction of carbonyls, hydrogenation of alkenes and alkynes,
or addition of B—H to alkenes and alkynes (or hydroboration), as in organic chemis-
try the change of functional groups of organic molecules is the main concern. On
the other hand, in organometallic chemistry, where the change of the metallic spe-
cies is the main concern, these reactions are simply regarded as the insertion of
C=0, C=C and C=C into the B-H or Ni—H bond. These reactions proceed, more
or less, via a four-membered cyclic transition state (syn addition).

As is apparent from Scheme 1.11, the situation changes dramatically when it
comes to the reactivities of the Ni—R and B—R species. The B-R species never react
with ethylene (Eq. (a)), while the Ni-R species engages in the reaction with ethyl-
ene (Eq. (b)). In fact, even under room temperature, the insertion of ethylene into
the Ni—R bond is repeated almost infinitely, and polyethylene forms (Eq. (b)). The
B-R species reacts with carbon monoxide in a similar way with aldehydes and
ketones. The BR; species repeats the same process two more times finally to pro-
vide a tertiary alcohol (Eq. (c)). The Ni-R species, on the other hand, reacts with

R-B R—Ni R —Ni R-Ni
L iR R-B-R & M i
=0 0]
R B R R._Ni
_/ N R B R Ni hif
\=g R \=0g (e}
inCH2=CH2 '
¥ % /X
: R B
R Ni X
(\_/Sn+1 RF?_O
(@) (b) (c) (d) (e)

Scheme 1.11.  The insertion reaction of C=C and CO into metal alkyls.
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CO in a quite different way, and never reacts in the way shown in Eq. (d). Formally,
CO inserts into the Ni—R bond at the C atom and forms an acylnickel species, as
shown in Eq. (e) in Scheme 1.11.

Mechanistically, the CO insertion proceeds by the migration of the alkyl group
from an Ni (accompanying the Ni—R o-bond breaking) to the carbon of CO (accom-
panying the Ni—CO o-bond strengthening) (Scheme 1.12). This process is referred
to as either 1,2-migration of the R (from the Ni to the C of CO), 1,1-insertion of the
Ni—R (to the same C of CO) or, by putting together these two, migratory insertion of
CO upon the Ni—R bond. For the migratory insertion to proceed, the R and the
C=0 groups must be cis to each other. The trans-isomer is topologically unable to
undergo the 1,2-migration (Scheme 1.12. The symbol [] denotes a vacant site on Ni).

T\ 1,2-migration I|:\ /R L
. — —Ni— I
L-Ni-C=0 L-Ni C\\o U R—Ni-C=0
i i X
X cis 1,1-insertion X trans

Scheme 1.12. The insertion of CO into the Ni-R bond.

Sequential insertion of different molecules (or functionalities) diversifies the
insertion reactions. Scheme 1.13 shows that the diene inserts to the Ni-H bond
regioselectively, providing an internal 73-allylnickel species. Then, the formyl
group undergoes insertion into the thus-formed 53-allylnickel bond [29]. The latter
process is regarded as the nucleophilic addition of #3-allylnickel to an aldehyde,
and is a unique reactivity which is associated specifically with the »>-allylnickel spe-
cies among the Group 10 73-allylmetal species; neither #3-allylpalladiums nor 73
allylplatinums undergo nucleophilic addition to carbonyl compounds. It should be
noted that in all the insertion processes discussed above, the formal oxidation
number of the nickel does not change but remains at 2+.

= =
X—Ni-H + —_—
~o

Scheme 1.13. The sequential insertion of a diene and an
aldehyde upon the Ni—H and Ni-73-allyl bonds, respectively.

\_

Ni(ll)

1.7.3
Transmetallation

Grignard reagents (RMgX), which were first prepared in 1900, have been among
the most popular and useful organometallic reagents, as they react with a wide va-
riety of carbonyl compounds to produce C—C bonds: these include CO,, aldehydes,
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RX + Mg(0) ———  RMgX (@)
RX + RMgX —&—  R-R + MgX, (b)

Scheme 1.14. Formation of Grignard reagent (a) and its
reaction with an alkyl halide (b). Generally, the reaction (b)
takes place easily only when R = allyl.

ketones, esters, and carbonates. The reagent, however, is usually not reactive to-
ward alkyl halides (Scheme 1.14(b)). This is fortunate for the Grignard reagents,
because if that reaction could proceed, their preparation would become a very diffi-
cult task!

The change in reactivity of Grignard reagents in the presence of a catalytic
amount of transition metal salts has long been recognized. A cobalt salt helps the
Grignard reagents to undergo a coupling reaction with alkyl halides (the Kharash
reaction), while a cuprous salt guides the Grignard reagents selectively to undergo
1,4-addition to conjugated enones, instead of 1,2-addition to the C=0. The newly
gained reactivity is apparently ascribed to a new metallic species RM, generated
by exchanging X and R between MX and the R of RMgX (Scheme 1.15). This equi-
librium process is termed “transmetallation”. In order for the equilibrium to go to
the right, M must be less electropositive than Mg. Fortunately, almost all transition
metals are less electropositive than Mg (see Table 1.1), and transmetallation works
in favor of the formation of RM. However, this condition is not always necessary;
an all-important point is that the species RM formed by transmetallation is, irre-
spective of the population in the equilibrium, more reactive than RMgX toward
the given target reaction.

/X ,,X\ X
M Mg—X =—= M, Mg-X — M Mg—X
R R R
Scheme 1.15. The transmetallation between Grignard reagent and a metal salt.

In addition to the “Wilke nickel effect” (see Section 1.1), there is another “nickel
effect” that is closely associated with transmetallation. The Grignard-type vinyla-
tion of aldehydes with vinylchromium(III) is now known as the NHK reaction
(Nozaki-Hiyama—Kishi reaction; Eq. (a) in Scheme 1.16) [30]. The reaction proved
indispensable for the total synthesis of palitoxin (a marine natural product), but the
original authors (Nozaki and Hiyama) and Kishi soon realized independently that
the reaction was not reproducible and that its success depended on the source and
batch of the Cr(II) and Cr(III) salts. After prolonged investigation and careful scru-
tiny, both groups concluded that a trace amount of nickel in the Cr(II) or Cr(III)
species was essential in order to promote the reaction. Initially, palladium salts
were thought to be an effective catalyst, but again it transpired that a trace amount
of nickel in the palladium salt was the true active species. The reaction is mediated

21
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Dby a facile oxidative addition of an Ni(0) upon vinyl iodide (Scheme 1.16(D)). Trans-
metallation between vinylnickel(II) iodide and CrX; produces vinylchromium(III),
which undergoes nucleophilic addition to aldehydes. The Ni(0) species is produced
by the reduction of 1 mol of Ni(II) with 2 mol of Cr(II), and enters a catalytic cycle
(Eq. (c) in Scheme 1.16).

2 CrX, RCHO OCrX,
| — X CrXo | + CrXs AN R (a)
Ni(O) o N--Crx,
\/l B — \/NI\I D — ! ! D — \/CrX2 + N|X2 (b)
Ni---X
"
NiXo, + 2CrX; — Ni(0) + 2CrXg (c)

Scheme 1.16. The NHK reaction catalyzed by  vinylchromium(lll) species that involves

an Ni(0) species: the second ‘Nickel Effect’. a) transmetallation between vinylnickel(ll) and
Chromium(Il)-mediated vinylation of aldehydes Cr(II)X3; c) Reduction process of Ni(ll) to
with vinyl iodide under the Barbier conditions;  Ni(0) with 2 equiv. Cr(ll).

b) Ni(0)-catalyzed generation of nucleophilic

The NHK reaction shows a wide compatibility with functional groups, chemo-
selectivity (aldehydes > ketones), and a low basicity; hence the reaction has been
widely used for the total synthesis of many natural products of structural complex-
ity. Examples include a brefeldin series by Schreiber [31], allopumiliotoxin 339A by
Kibayashi [32], and brevetoxin B by Nicolaou [33]. One of these examples is shown
in Scheme 1.17, and illustrates how well the reaction works [33]. In this particular
case, the aldehyde possesses no enolizable a-proton with respect to aldehyde. The
low basicity of the NHK reagent allows one to perform the vinylation of chiral alde-
hydes bearing enolizable protons, without racemization.

TBDMSO._:_CHO

j/ TfO
+

PvO

OBn

CrCl,, cat NiCl, TBDMSO :

_ =

---> Brevetoxin B

0]

H
PvO H
Scheme 1.17.  Application of the NHK reaction for total
synthesis of Brevetoxin B (dotted arrow denotes many steps of
the reaction).
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1.7.4
Reductive Elimination

Reductive elimination is the reverse of oxidative addition. As shown in Eq. (1.3),
the formation of nickella-3-cyclopentene from butadiene and Ni(0) is oxidative ad-
dition, whilst the reverse to produce a mixture of butadiene and an Ni(0) is reduc-
tive elimination. As mentioned in Section 1.7.1, oxidative addition is accompanied
by an increase in the formal oxidation number of Ni by 2 units; conversely, in
reductive elimination the formal oxidation number is decreased by 2 units. This is
why the process is termed reductive elimination. This type of microscopic reverse
is seen very clearly in organic transition metal chemistry. The reaction of Eq. (1.3)

= oxidative addition
( +  Ni(O)L, E:Ni(II)Lg + L (1.3)

reductive elimination

is by itself not productive, but the insertion of another molecule (e.g., of butadiene)
renders the chemistry productive (Scheme 1.18). Reductive elimination of an Ni(0)
from 1.21’, 1.23’, and 1.22’ provides cis-1,2-divinylcyclobutane, 4-vinylcyclohexene,
and 1,5-cyclooctadiene, respectively. In the most cases this reductive elimination is
rate-determining, though the selective formation of one of these is clearly depen-
dent upon the reaction conditions.

“ = —
~N Ni2t—» CNi2+ . ©
7 l =

1.21' 1.23' 1.22'
Scheme 1.18. Various types of reductive eliminations of (butadiene),Ni?* complexes.

b \

Ni2+ .

It is now well recognized that, in most cases, reductive elimination is accelerated
by the coordination of the fifth electron-deficient ligand (associative activation). In
this regard, it is fortunate for organonickel chemistry that most Ni(II) complexes
have unsaturated d®16e configuration and still have one vacant coordination site
for coordination of the fifth ligand. A. Yamamoto remains among the outstanding
pioneers in this field, and showed that dialkyl(bpy)Ni(II) complexes 1.25 are ther-
mally stable and activated in the presence of some electron-deficient alkenes (e.g.,
acrylonitrile, maleic anhydride) to undergo reductive elimination to provide the
coupling product R-R and (alkene),(bpy)Ni(0) (n = 1 or 2) in quantitative yields
(Scheme 1.19). Yamamoto also succeeded in detecting the five-coordinated com-
plexes using both infra-red and ultra-violet spectroscopy [34].

T. Yamamoto (a former coworker of A. Yamamoto) has shown that the rate
of reductive elimination of diethyl(bpy)Ni(II) (1.25, R = Et) is expressed as
k[Et,Ni(bpy)][aromatic compound], and a plot of a log k value against a Xo value
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Scheme 1.19.  Acceleration of reductive elimination by the fifth
coordination with an electron-deficient alkene (W = electron-
withdrawing group).

(¢ = the Hammett ¢ value of the substituents on aromatic compound) affords a
linear correlation with p-value of +1.4. Furthermore, as is illustrated in Scheme
1.20, when hexafluorobenzene is used as an aromatic compound, reductive elimi-
nation is coupled with oxidative addition of an Ni(0) upon the C-F bond [35].

These observations are suggestive of why the Kumada—Tamao coupling reaction
proceeds so smoothly when using unreactive (in terms of organotransition-metal
chemistry) aryl chlorides as substrates [36]. In palladium chemistry, the oxidative
addition of Pd(0) on the aryl-Cl bond has long been regarded as almost impracti-
cal, but a recent breakthrough led to the palladium-catalyzed transformation of
chloroarenes to aromatic derivatives, and this remains among the most topical sub-
jects currently under investigation [37].

F
Fs 6 Q
C X Bt 1 @ Ni(0) “Ni-h
Ni —_— C X Bt o + Et—Et
Bt \Ni(0) £
5

Scheme 1.20. Acceleration of reductive elimination and
concomitant oxidative addition of hexafluorobenzene.

The Kumada-Tamao (or the Corriu—Kumada-Tamao) reaction proceeds accord-
ing to Eq. (b) in Scheme 1.21 - that is, oxidative addition of an Ni(0) upon an aryl
chloride, transmetallation between the thus-formed arylnickel(II) chloride and a
Grignard reagent, followed by reductive elimination [38]. The idea of an associative
elimination (Scheme 1.21(a)) that achieves both reductive elimination to give a
cross-coupling product and oxidative addition to feed arylnickel(II) chloride simul-
taneously, may be worth further examination.

In general, the higher the electronegativity of the ligand R, the easier and more
rapid the reductive elimination. Accordingly, aryl(Csp?)-aryl(Csp?) coupling pro-
ceeds quantitatively in most cases, and the success of the aryl(Csp?)-alkyl(Csp*)
coupling subtly depends on the reaction conditions, especially the type of organo-
metallic. All types of organometallics (e.g., RMgX, R,ZnX;_,, R,AlX;_p, RyBX;3 4,
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Ar-Cl
Ar-Cl RMgX | |
T— R (@)
Ni(O)L, (a) ArCl L/N'\R
LA
RMgX RN .
DALY N | — NiOL, + A-R ()
" R

Scheme 1.21.  Corriu—Kumada—Tamao cross-coupling reaction
(b). Possible concerted or concomitant reductive elimination-
oxidative addition by the fifth coordination of aryl chloride (a).

etc.) display characteristic reactivities, with alkyl-alkyl coupling being most difficult
and having been developed only recently. For example, Knochel has succeeded in
the coupling reaction shown in Eq. (1.4) [39], but this is successful only in the
presence of 20 mol% p-fluorostyrene, which may serve as the fifth ligand to facili-
tate reductive elimination. Remarkably, the reaction is tolerant to the acidic amide
NH bond and the carbamate CO, the characteristic behavior associated with orga-
nozinc reagents.

F

(0] O
)]\ cat Ni(acac), )]\
0~ "NH + Pentyl,Zn 0O~ "NH —

O
\_K/I F—@—// LK/Pentyl Oy\:\l\i;\N:i‘ L

N
20mol% Pentyl
(1.4)

In order for reductive elimination to proceed, the organic ligands to be coupled
must be cis to each other. The trans-isomers never undergo reductive coupling, and
must isomerize to the cis-isomers prior to undergoing reductive elimination. To
help the reductive elimination, bidentate ligands — especially those having a large
bite angle (0) — have been shown to be effective, as they topologically force the
organic ligands cis and closer to each other [40].

Ph Ph & —PPh,
PPh; PPh, R & ‘
[ < 0 ( M Fe(ll) PPh,
PPh, PPh, R R PPh;
\
Ph Ph @ PPh, OO

DPPE DPPP MRR'(dppb) DPPF BINAP
85° 90~95° 94~99° 99~105° 87°

Fig. 1.9. The bite angles (9) of typical bidentate ligands.
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1.7.5
p-Hydrogen Elimination

The instability of nickel alkyl complexes, or in general, of transition metal-alkyl
complexes, had long prohibited their isolation until the mid-1950s. The main
reason for this instability was attributed to the weakness of the metal-alkyl bonds
(thermodynamic instability). However, this was not the case; rather, the transition
metal-alkyl bond strengths are comparable to those of typical elemental metal-alkyl
bonds. There are two kinetic pathways that facilitate the decomposition of transi-
tion metal-alkyl complexes: one is f-hydrogen elimination, which was first pro-
posed by Wilkinson; and the other is reductive elimination (see Section 1.7.4).
The thermal instability of some dimethyl- and di(neopentyl)metal complexes that
do not have f-hydrogen and are unable to undergo f-hydrogen elimination is
mostly attributed to the ease of reductive elimination.

p-hydrogen elimination is the reverse of migratory insertion of an alkene into an
Ni-H bond (Scheme 1.10(b)). As shown in Scheme 1.22, f-hydrogen elimination
is thought to proceed via a concerted mechanism — that is, via a single transition
state, where both the alkyl and g-hydrogen remain on the Ni, and hence the coor-
dination number increases by one unit. Accordingly, for this process to proceed
smoothly, a preceding dissociation of one L is necessary.

R R rR1¥ R

-L ,_/ —

L-Ni-L L | LNO L=R--H L—Ni-H
X X X X

Scheme 1.22.  f-Hydrogen elimination (towards the right) and
insertion of an alkene into an Ni—H bond (towards the left).

|

The unusual stability of dialkyl(bpy)Ni(II) complexes (1.25, Scheme 1.19) may be
attributed to the bidentate bipyridyl ligand, which is not only a good ¢-donor, but
also a good m-acceptor. Moreover, it binds tightly to an Ni and always keeps the
Ni(II) saturated.

In contrast, the diimine complex 1.26, which is of close structural similarity to
1.25 but of different electronic nature and steric requirement for the ligand, is
rather unstable. Although 1.26 is stable in the solid state for an indefinite period
at temperatures below —15 °C and under inert atmosphere, it is thermally sensitive
when in solution, and liberates the reductive elimination product, hexane, in
CD,Cl, above —20 °C [41]. The cationic diimine complex 1.27’, generated by pro-
tonation with 1 equiv. of Et;O*H BAr,~ and liberation of 1 mol of propane at low
temperature, is formulated as the d®14e [L,XNi(II)]* cationic complex. These types
of coordinatively unsaturated cationic metallic species tend to show a f-hydrogen
agostic structure, a structural equivalent to the transition state supposed for p-
hydrogen elimination (Scheme 1.22) [42]. The structure of i-1.27 has been well
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characterized using low-temperature 'H NMR. For example, at —130 °C in CDCI,F,
the agostic hydrogen is observed at —12.5 ppm (t, ] = 19 Hz). The other two gemi-
nal hydrogens on the agostic methyl group are chemically inequivalent and appear
at 0.26 and 0.11 ppm (multiplet). The methyne proton appears as a complex
multiplet, which becomes a septet above —80 °C. Dynamic NMR analysis has re-
vealed that the exchange of agostic and nonagostic protons occurs with a AG*
of 8.0 Kcal mol~! at —99 °C, and the barrier for the exchange of agostic and nona-
gostic methyl groups is slightly higher, 9.0 Kcal mol~! at —77 °C.

It should be realized that there is a crucial difference between the agostic struc-
tures in Schemes 1.22 and 1.23. In the equilibrium in Scheme 1.22, the agostic
complex is a transition state structure for f-hydrogen elimination (towards the
right) or for migratory insertion of an alkene into the Ni-H (towards the left). On
the other hand, in the equilibrium initiated from cationic unsaturated complexes
1.27" (d®14e) (Scheme 1.23), the agostic complexes i-1.27 and n-1.27 are inter-
mediates and lower in energy than the alkene—NiH complexes shown in square
brackets in Scheme 1.23. n-1.27 serves as a very efficient catalyst for the polymeri-
zation of ethylene. As shown in Scheme 1.24, the polymerization of ethylene even
proceeds at —100 °C.

—|+
N 1. Et,OH* BAry", -130 °C
/ i 2.-130 °C to -80 °C N
| Ni —
O \N/ L 3. - Et,0, - propane <N/ \D
BAI'4-
1.27
1.26
. -0.09
—|+ —|+ +
Ni - ' — N~ — Nyi H 0.26
/W - P -~ [ - Ni_ 27 0.11
N N, H N H N, H
-13.0 BAr, BAr,” BAr, -12.5  BAr,
n-1.27 i-1.27

Scheme 1.23. Generation of a coordinatively unsaturated
alkylnickel(Il) cationic complex 1.27’ and its isomerization to
p-hydrogen agostic complexes n-1.27 and i-1.27. The figures
indicate chemical shifts (in ppm) in "H NMR.

1t BAr, \—I BAr,
J/ o0 _ < /N,

n-1.27 < """""
CH2—CH2 / \// n CHy=CH, N K\/\u—\/\

Scheme 1.24. Polymerization of ethylene catalyzed by an
o-(diimine)alkylnickel(I1) cationic complex.
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The Ni(II)- and Pd(II)-a-diimine complexes, such as 1.26, which were developed
recently by Brookhart and others, exhibit high reactivity for the polymerization of
ethylene (Scheme 1.24), the copolymerization of ethylene and functionalized al-
kenes, the oligomerization of ethylene and o-olefins, and the homo-polymerization
of cyclic and internal acyclic olefins [43].

1.7.6
a- and f-Carbon Elimination (C—C Bond Cleavage)

By using nickellacycles as the probes, Grubbs has demonstrated that all of the
competitive reactions, namely f-hydrogen elimination (Scheme 1.25(a)), reductive
elimination (Eq. (b)), and reductive ring opening (Eq. (c)) (the reverse of oxidative
cyclization), are subject to the number of phosphine ligands in the complexes [44].
The f-hydrogen elimination proceeds cleanly when Cp;P is used as the ligand. The
ligand has a large cone angle, and hence blocks the coordination of another ligand
to the Ni(II) center, keeping the fourth coordination site vacant. With DPPE, reduc-
tive elimination giving rise to cyclobutane takes place selectively. The reductive
ring opening (Eq. (c)) accompanies cleavage of the C;—C, bond and is closely
related to the f-hydrogen elimination, the cleavage of the C;—Hjy bond. However,
examples of this type of C—C bond cleavage reaction are very scare, most likely be-
cause, for this reaction to proceed the Ni-C, and Cs—C, bonds must be syn to each
other, and this conformation is only possible for nickellacycloalkanes. For most
alkylnickel(IT) species, the alkyl chains take on an extended zigzag conformation
and only the C;—Hjp bonds take a conformation syn to the Ni-C, bonds. In fact,
(PPh3),Pt?*(n-Bu), undergoes f-hydrogen elimination approximately 10* times
faster than (PPhs),Pt>*(CH,) (cf. Scheme 1.25(a), Pt?>* in place of Ni%*) [45].
The catalytic version of C—C bond cleavage has been developed recently (Scheme
1.25(d)) [46]. Again in this case, a five-membered ring is a common structural mo-
tif. Equation (e) in Scheme 1.25 demonstrates a novel C,-elimination, providing a
carbene complex which serves as the catalyst for the olefin metathesis [47]. This

Ph. Ph
R \
Cy3P—N<j [ Ni (Ph3P)3—NG Ln—Ni\/i\ (PhgP)g—Ni )
/P\ o
l Ph lPh l l

|
; [] ~ e HZC:NG

= o7

(a) (b) (© (@) (e)
Scheme 1.25.  Effects of the number of the b) reductive elimination (L;); c) f-carbon
coordinated phosphine ligands on the modes  elimination (L;); and e) a-carbon elimination
of decomposition of nickellacyclopentane and  (Ls).

-cyclohexane. a) f-Hydrogen elimination (L;);
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reaction was reported by Grubbs as early as 1978, at which time the catalyst perfor-
mance was modest, though this is in fact a protocol of the ruthenium-based
Grubbs olefin metathesis catalysts which is currently undergoing investigation
[48].

1.8
Catalytic Reactions

Catalytic reactions usually start with oxidative addition and end up with either re-
ductive elimination or f-hydrogen elimination with regeneration of a catalytically
active nickel species. During these two events, the insertion of a variety of un-
saturated molecules, transmetallation with organometallics, and skeletal rearrange-
ment take place. First, we should consider the Wilke 1-butene formation, the dime-
rization of ethylene (Eq. (1.1)), elementary steps of which are shown in Scheme
1.26. The reaction starts with transmetallation between a catalytic amount of a

transmetallation

NiX, + EtzAl - +  EtAX (a)
initiation
X Et association X, Et
/Ni\ + — _— /NI\ (b)
L o dissociation L //
X, Et insertion x A
AN — Ni (c)
74 elimination N Et
x B B-H elimination X‘N"H (d)
'Ni _ , |\
L Rt insertion L J Et
X, H ligand exchange
N, = TR @)
L /L Et ligand exchange
X‘Ni'H insertion
RN I ——
L7 elimination ()
2 = G AH® = -21.9 Kcal/mol

Scheme 1.26. Elementary processes for the Ni-catalyzed
dimerization of ethylene. Summation of Egs. (b) to (f) leaves
2 mol ethylene as the starting material and 1 mol 1-butene as
the product. (The symbol [] denotes a vacant site on Ni.)
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Ni(II) salt and Et;Al, which produces the key reactive intermediate, EtNi(II) species
with one vacant coordination site (Eq. (a)). The EtNi(II) species then reacts with
ethylene to form (n2-ethylene)ethylnickel(II) (Eq. (b)). The insertion of ethylene
into the Ni-ethyl bond yields the BuNi(II) species (Eq. (c)), which is coordinatively
unsaturated and undergoes f-hydrogen elimination to give (52-1-butene)nickel(I1)-
hydride (Eq. (d)). Ligand exchange between 1-butene and ethylene (Eq. (e)), fol-
lowed by insertion of ethylene into the Ni—H bond regenerates the coordinatively
unsaturated EtNi(II) species (Eq. (f)).

The summation of Egs. (b) to (f) in Scheme 1.26 leaves 2 mol ethylene as the
starting material and 1 mol 1-butene as the product. All of the processes (b) to (f)
are microscopic reverse, and hence the driving force of this reaction is partly as-
cribed to its large exothermic property (AH® = —21.9 Kcal mol™!). Provided that
the f-hydrogen elimination step (Eq. (d)) was very slow, then the reactions (b) and
(c) would be repeated infinitely and provide polyethylene. The number of times
that the cycle of Egs. (b) and (c) repeat depends on the reaction conditions (temper-
ature, pressure, etc.) and the types of ligands. Under Wilke’s original conditions,
1-butene was produced almost exclusively [1, 49]. The Shell higher olefin process
(SHOP), which was started in 1977, typically produces a mixture of 1-butene,
1-hexene, and 1l-octene in varying ratios, these being controlled by market de-
mands [3, 50].

The means of expression in Scheme 1.26 is both intricate and time-consuming
in drawing. Hence, catalytic reactions are frequently presented as shown in
Scheme 1.27, where the catalytic species are placed on a circle and the reactants
and products are placed outside the circle, with the curved arrows directing in-
wards and outwards, respectively. As is apparent from Scheme 1.27, the ligand L
and an anionic species do not change all through the reaction, and in this sense

X ):' —_—

Ni
insertion ¥ Et
association
X H X Et
/Ni\ /Ni\
L7 a4
ligand ] )
/\Et exchange insertion
X H
— L/Ni\ X/‘Ni)\j/\
/\EQ g Et

B-H elimination
Scheme 1.27. Catalytic cycle presentation of the Ni-catalyzed dimerization of ethylene.
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these are regarded as a spectator ligand and a spectator anion, respectively; indeed,
for clarity they are sometimes omitted from the schemes.

Ni(CO), o)

~_bBr 1.5
Z co NJ\Br (13)

Equation (1.5) illustrates the carbonylation of allyl bromide catalyzed by Ni(CO)4
under an atmosphere of CO. The reaction provides 3-butenoyl bromide and, as illus-
trated in Scheme 1.28, proceeds in order of: 1) oxidative addition of Ni(CO); into
the C-Br bond of allyl bromide, giving 1.28; 2) migratory insertion of CO into the
Ni-allyl bond, forming an acylnickel species 1.29; and 3) reductive elimination to
yield 3-butenoyl bromide with regeneration of Ni(CO);. For most organic chemists,
this reaction may be easier to access than that of Eq. (1.1), because it possesses
many familiar functionalities and has a reaction pattern similar to that of the
Grignard reaction. However, when looked at in detail, this reaction is more com-
plicated than it appears. For example, in Scheme 1.28 Ni(CO); is proposed as an
intermediate, but the question remains as to whether this is reasonable. The disso-
ciation of Ni(CO), to Ni(CO); and CO is highly endothermic, and Ni(CO); must be
present in a minute concentrations, especially under the carbonylation conditions
(an atmosphere of CO).

Ni(CO), — Ni(CO), + CO  AH® = +22~23 Kcal mol "
The initial oxidative addition can proceed either through coordination of the

C=C double bond of allyl bromide to Ni(CO); or through the coordination of
bromide to Ni(CO)s;, which provide the #3-allyl complex (53-1.28) or the 5!-allyl

B co
Ni(CO)g AN

oxidative
\/\[(B' addition
0 oxidative
addition
reductive co co PN
elimination OoC. ! _CO ) l\lli
AT 0C”1°co
co 1 Br +CO Br
n'-1.28, 18e T]3-1 .28, 18¢

1.29, 16e co 1.29', 14e

Scheme 1.28. Catalytic cycle for the nickel-catalyzed
carbonylation of allyl bromide under an atmosphere of CO.
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complex (5'-1.28), respectively. The migratory insertion of CO of 7!-1.28 provides
the d®16e acyl complex (1.29), whereas the reaction of #3-1.28 leads to the coordina-
tively unsaturated d®14e acyl complex (1.29"). Two additional questions here are: 1)
Is the latter process realistic? and 2) How does the allyl group migrate — does CO
move toward the allyl C—Ni bond, or does the allyl group move and ride on the C of
Cco?

Calculation methods at high levels are very helpful in addressing these ques-
tions, especially with regard to the transition state structures and the activation en-
ergies for each of the elementary steps. The results obtained at the DFT (B3LYP)
level are sketched out in Schemes 1.28 and 1.29 [51].

With regard to the problem of which of Ni(CO)4 or Ni(CO); is a real species, the
calculations conclude that both are equally probable; the reaction of Ni(CO); with
allyl bromide — irrespective of the formation of the 52-bound complex #2-1.30 or
the 5'-bound complexes #'-1.30 — is exothermic and barrier free. On the other
hand, the formation of #2-1.30 and #'-1.30 by displacement of CO from Ni(CO),
is endothermic, and the activation energy is the same (19 Kcal mol™!) for both
pathways (Egs. (a) and (b) in Scheme 1.29). The following oxidative addition pro-
cess is rate-determining, and the reaction giving rise to #3-1.28 proceeds as shown
in Eq. (a) in Scheme 1.29, where formation of the Ni—C and Ni—Br bonds and loos-
ening of the Ni-CO bond anti to the C—Br bond proceed in concert. For the forma-
tion of 7!-1.28, two routes are conceivable (Eq. (b)); one route involves migration of

/\/Br
,\ll, -
19 Keal mol™" OC™1 “CO 26 Kcal mol™"
co co

A

Br

2N
Br

1%-1.30

Br

_— >

Ni, 21 Kecal mol™
oo \i co cal mo
co L J

n'-1.30 \ [

31 Keal mol™

19 Kcal mol™
-CO

_ co
OC-Ni—Br

e (o) (C)

_—

1.
28l mol

oc ,Br
-/
</ ’,I\lli—CO

% Cco

Scheme 1.29. Microscopic views of oxidative addition of
Ni(CO)4 into the allyl C—Br bond (Egs. (a) and (b)) and
migrative insertion (Eq. (c)). Values in Kcal mol~" refer to
the activation energy.
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the allyl fragment from the halogen to the metal, and is less probable owing to its
large activation energy (31 Kcal mol~1). The other route involves a slide of the allyl
fragment along a direction parallel to the Ni—Br bond, where the carbon originally
bound to bromine becomes the terminal methylene carbon in the final product.
n'- and #3-1.28 isomerize to each other either by losing (3! — #°) or gaining
CO (7 — n') and by overcoming a barrier of less than 10 Kcal mol ™.

As for the migratory insertion of CO, #'-1.28 is more reactive than »3-1.28 and
forms the square-planar acylnickel complex 1.29 (Eq. (c), Scheme 1.29), during
which the allyl group migrates to the carbon of one of the two cis-coordinated CO
and, simultaneously, the Ni-CO bond becomes shorter. The same acylnickel com-
plex 1.29 can be derived from #3-1.28, although this route is apparently unfavorable
owing to the inherent instability of the coordinatively unsaturated d®14e complex,
1.29 (AHolAzgr — AH®159 =11 Kcal mol‘l).

Once the acylnickel complex 1.29 is formed, the following few steps are all bar-
rier-free, exothermic, and proceed spontaneously (Scheme 1.30). The coordination
of CO facilitates reductive elimination (associative mechanism, see Section 1.7.4)
to yield first the Ni(0)-5'-acyl bromide complex and then the acyl bromide, the final
product.

CcoO
fCO [co CIJO
OC-Ni-Br CO OC-Ni-Br

/N.\B
—_— D — r p—
o%_\ o od! }/_/*
1.29 \ N\ °

. d®18e d®16e

Scheme 1.30. Microscopic views of reductive elimination of
1.29 giving rise to the final product. All the steps are
exothermic and barrier free, and the reactions proceed
spontaneously.

The example shown in Scheme 1.31 emphasizes the importance of the electronic
and steric effects of the ligands. Because of the stability (to air) and the ease of
handling (solid and odorless), PPhs has been used most widely as the ligand of
catalytic reactions. PPhs is not only an appropriate electron donor to an Ni, but
also an electron acceptor from the Ni (back donation or back bonding, vide infra).
The molecular size allows it to coordinate to an Ni by four molecules, forming
Ni(PPh;)s, which is a flammable solid and usually prepared in situ, for example:

NiX; + DIBAL (or Zn-dust, Et,Zn, a reducing agent) + 4 PPh; or
Ni(cod), + 4 PPhs.

However, as shown in Scheme 1.31 (and also in the subsequent chapters), the
success (course) of reactions depends markedly on the electronic and steric effects
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/_gz NiPCy3

o CyaP’N/i;\A\O
|

NHPh

Ni=N,
CysP  Ph

1.32 (d814e)

Sy

Cy3P
1.31 (d 81 4e)
Scheme 1.31.  Catalytic cycle for the Ni-catalyzed hydrovinylation of acrylamide with ethylene.

1.30 (d814e

of the ligands. In order to promote the particular reaction shown in Scheme 1.31,
the use of sterically bulky and highly basic ligand, PCy; (Cy = cyclohexyl), is essen-
tial. This ligand is so bulky that the maximum number which can coordinate to an
Ni is limited to two. In solution, Ni(PCy;), equilibrates with Ni(PCys) + PCy;. The
thus-generated NiPCy; complex is coordinatively unsaturated and shows a strong
propensity to fill the vacant sites with ligands of a small size. In this particular
case, NiPCys reacts with acrylamide, a bidentate ligand, to provide 2-azanickella-
cyclopentane 1.30 [52]. Acrylic acid forms the 2-oxa-analogue of 1.30 [53].

The intermediate 1.30 may be formed either via initial oxidative addition of an
Ni(0) upon the N-H bond followed by endo-hydrometallation (Scheme 1.32(a)), or
via oxidative addition across acrylamide, either stepwise (Eq. (c)) or in concert (Eq.
(d)). Owing to its unsaturated 14e configuration, the intermediate 1.30 is still labile
and is subject to f-hydrogen elimination. Exo-hydrometallation — a process which

‘>:o P CySP’N/_\A\ = //_<\OT

H- N| | 1) N—Ph
CysP F’h
v 1130 CyaP’ I\ M
d®16e A\ WO Ph PGy,
Ni-N_ (b 1(c) l ()
CysP Ph
1.31 1.30 1.30

Scheme 1.32. Formation of nickellalactam 1.30 via endo-
hydrometallation (Eq. (a)) or oxidative cyclization (stepwise
Eq. (c) or concertedly Eq. (d)) and its isomerization to 1.31
via f-hydrogen elimination and exo-hydrometallation (Eq. (b)).
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is preferred to endo-hydrometallation — leads however to a strained 2-azacyclobu-
tane intermediate 1.31 (Scheme 1.32(Db)). Compound 1.31 acquires a higher reactiv-
ity towards the insertion of ethylene to give a six-membered 2-aza-metallalactam
1.32; this occurs not only because of its strain, but also because of the stability of
the product 1.32. f-Hydrogen elimination of 1.32 and reductive elimination of the
thus-formed N-Ni-H intermediate provides the final product with regeneration of
NiPCy;. Clearly, the reductive elimination is competitive to endo-hydrometallation
(regenerating 1.32) or to exo-hydrometallation (giving the 4,5-dimethyl derivative
of 1.30).

One might propose a more straightforward mechanism, namely the direct for-
mation of 1.31 (Scheme 1.32(Db)), but this is not the case. The formation of 1.30
has been demonstrated spectroscopically; in fact, X-ray structure analysis has
shown that the PEt; derivative of 1.30 forms a cyclic tetramer, where the Ni(II) cen-
ters have a square planar structure (d816e) with the coordination of the amide oxy-
gen of the adjacent 1.30 unit [54].

It is worth noting that all of the intermediates 1.30-1.32 have the same elec-
tronic configuration; they differ only in the ring size, and this difference bestows
each of them with unique roles in the catalytic cycle. For example, 1.32 is thermo-
dynamically the most stable and plays a decisive role in liberating the final product,
whilst 1.30 and 1.31 are configurational isomers and equilibrate to each other in
favor of 1.30 (Egs. (a) and (b) in Scheme 1.32). The major component 1.30 is not
productive; rather, only the minor isomer 1.31 is productive and undergoes inser-
tion of ethylene. An interesting point here is that in organometallic chemistry the
Curtin—-Hammett principle applies to configurational isomers, because organome-
tallic configurational isomers can change one to another with activation energies
within a few Kcal mol~!, in the same way that conformational isomers do in organic
molecules [55]. Here, the principle tells us that the ratio of products formed from
conformational isomers is not determined by the conformation population ratio.

Although the two reactions shown in Eq. (1.1) and in Scheme 1.31 appear to be
somewhat different in appearance, they are closely related to each other in terms of
reaction type; the former is hydrovinylation of ethylene and the latter hydrovinyla-
tion of an alkene.

Tolman has quantified the electronic effect of various phosphine ligands on
the basis of the v(CO) (the A; carbonyl stretching frequencies) of a series of
complexes of Ni(CO);L (L = P ligand), based on the assumption that the more
electron-donating the ligand L, the lower the frequency of v(CO) of the complexes,
and vice versa [56]. One extreme is that of the trialkylphosphine complexes, which
show v(CO) values as low as 2055 cm™!. The other extreme is the PF3; complex,
which shows v(CO) values as high as 2110 cm™!. The latter type of ligands are
sometimes referred to as m-acid ligands, because the ¢* orbital of, for example the
P-F bond, is low in energy and able to serve as an electron pool from the Ni dn
orbitals (Scheme 1.33(a)). This back donation compensates for the weak donative
Ni-P o-bonding that stems from the weak basicity associated with PF;. Ph3P is in-
ferior to R3P as a donative ligand but is superior as a z-acid ligand, because Ph;P
has the ¢*(P-Csp?) lying lower than the o*(P-Csp?) of R3P.
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Fig. 1.10. Plots of the Tolman scales of electronic (vCO, in
cm™1) and the steric effects (¢, in degrees) of phosphine
ligands. Reproduced from Ref. [56] with permission of the
American Chemical Society.
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Tolman has also evaluated the steric effects of phosphine ligands with a cone
angle 0 (Scheme 1.33(Db)) [56]. This is determined by measuring the angle of the
cone that will just contain all of the ligand molecule (space-filling model), setting
the apex of the cone at an Ni.

In practice, Figure 1.10 can be used to identify the electronic and steric natures
of phosphine ligands. By examining Figure 1.10 vertically, it is possible to find
many phosphine ligands with different electronic natures, without changing the
steric requirement of the ligand. Then, by examining the figure horizontally, alter-
native ligands can be found with different sizes, but without changing their elec-

tronic nature.
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2
Nickel-catalyzed Cross-coupling Reactions

Tamotsu Takahashi and Ken-ichiro Kanno

Nickel phosphine complex-catalyzed cross-coupling reaction first began with alkyl
or aryl Grignard reagents, as reported by Kumada and colleagues [1] and Corriu
et al. [2], and with alkenylaluminum by Baba and Negishi [3]. Since then, such
cross-coupling has been recognized as one of the most useful methods for
carbon—carbon bond formation in organic synthesis. Not only Grignard and orga-
noaluminum reagents but also various organometallic compounds such as organo-
zinc [4], organozirconium [5], organoboron [6], organotin [7], and organosilicon
[8] have been found to be useful for these cross-coupling reactions. In the case of
catalysts, Ni, Pd, Fe, Mn, and other transition metals can be used. In this chapter,
attention is focused on the latest developments in nickel-catalyzed cross-coupling
reactions investigated since 1995. Several excellent reviews on this subject have
been published [9], and the reader is advised to consult these for details of nickel-
catalyzed cross-coupling reactions carried out before 1995. The sections of this
chapter are categorized in terms of the organic electrophiles utilized in the cross-
coupling reactions.

2.1
Cross-coupling of Alkyl Electrophiles with Organometallic Compounds

A generally widely accepted mechanism for the cross-coupling reaction is shown
in Scheme 2.1. In the case of an alkyl-alkyl coupling reaction, this involves oxida-
tive addition of alkyl electrophiles to nickel, producing alkylnickel complexes,
transmetallation of alkylmetals (which affords bis(alkyl)nickel complexes), and the
reductive coupling of two alkyl groups on nickel. However, alkyl electrophiles have
shown unsatisfactory results in cross-coupling reactions, as the oxidative addition
of alkyl electrophiles to transition metal catalysts is a slow process, whereas f-
hydrogen elimination of the resulting alkyl groups on metal proceeds very easily
[10, 11]. Consequently, until now the organo-electrophiles have been limited to
aryl or alkenyl moieties. In order to circumvent this difficulty, alkyl iodide without
p-hydrogen was used, as shown in Eq. (2.1) [12].
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Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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R\/\R\/ ML, \ngX
R R R_
)\ )\ == T
H ML, H ML, ML,
R’ N X H
PR
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Scheme 2.1. A general mechanism of the metal-catalyzed cross-coupling reaction.

©/7<\| 10 mol% (dppf)NiCl,
+
Et20, reflux OMe
94%
(2.1)

Dithioacetals can be used for the coupling reaction with Grignard reagents,
with chelation of the S atom assisting activation of the alkyl-S bond for the cross-
coupling reaction, as shown in Scheme 2.2 [13].

It is interesting to note that a functional group in the alkyl electrophiles has a
remarkable effect on the cross coupling reaction. As shown in Eq. (2.2), when the
carbon-carbon double bond, carbonyl group, and nitrile are in the alkyl electro-
philes, the cross-coupling proceeds smoothly. The alkyl bromide without such
functionalities affords only a bromine-zinc exchange product in high yields

S,
N R3CH,MgX S C Ni
- . . b 3
cat. NiClp(PPha)s S>< S CH:R
R' = aryl, vinyl R'" R2 R! R2
R2 = H, alkyl, aryl

»
0 o
P

TR

ny)

G :
N Ni__CH,R® - = /[
s X< |

R "R2 R'” "R?

Scheme 2.2. Nickel-catalyzed alkene formation from dithioacetals and Grignard reagents.
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(Eq. (2.3)). However, when one double bond is present in the molecule, the corre-
sponding ethylated product is obtained in >80% yield [14].

20 mol% Lil

Ph ; Ph
7.5 mol% Ni(acac),
BI’W + Etgzn : Etw
-35 °C, THF
81%
(2.2)
20 mol% Lil
Ph Et.z 7.5 mol% Ni(acac), /\)Pi/
Me * 24N > Me
Br -35 to 25 °C, THF XZn
>85%
(2.3)

This indicates that the reductive elimination step from the dialkylnickel inter-
mediate is accelerated by coordination of the carbon—carbon double bond (see Sec-
tion 1.7.4; Eq. (1.4)). In the absence of the carbon—carbon double bond, transmetal-
lation of alkylnickel to zinc occurs more rapidly than reductive elimination, and
therefore a bromine-zinc exchange product is obtained, as shown in Scheme 2.3
[14].

1 R1
R1 R1
& Ni( O) @ EtZZn reductive
— = - —_— —
X Ni Ni_ elimination Et
Et
_ Etzn -

transmetallat/on
ZnX

Scheme 2.3. Effects of n-coordination on the nickel-catalyzed alkyl-alkyl coupling reaction.

The important point here is the acceleration of the reductive elimination of the
dialkylnickel species, this being achieved by coordination of unsaturated bonds.
In the above case, the double bond is in the alkyl electrophiles. The addition of p-
fluorostyrene has a similar effect, as the diorganozinc reacts with primary alkyl
iodides in the presence of a Ni(acac), catalyst and p-fluorostyrene. Under these
conditions, alkylzinc halides do not provide the product. The use of BuyNI im-
proves the reaction in the case of alkylzinc halides; for example, primary and sec-
ondary alkylzinc iodides can react with functionalized primary alkyl iodides in the
presence of Ni(acac), catalyst (Egs. (2.4) and (2.5)) [15].
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10 mol% Ni(acac)» O
o) 300 mol% BugNI
)J\/\/l e A ———— Ph
Ph THF/NMP = 2/1 Me
-5°C, 16 h
78%
X
20 mol% /©/\
F (PFS) (2.4)
o o)

10 mol% Ni(acac)a
N)J\/\| + 05H11\Zn/\SiMe3 - N)J\/\CSHﬁ
THF/NMP = 2/1
-20 °C o
20 mol% PFS 1% (2.5)

The following example outlines the use of butadiene to control the nickel metal
center, whereby alkyl chlorides, bromides or tosylates react with alkyl or aryl
Grignard reagents in the presence of nickel chloride and butadiene (Eq. (2.6)) [16].

1-3 mol% NiCl,

R—X + R'—MgX - R-R'
1,3-butadiene (2.6)
R = alkyl R' = alkyl, aryl THF, 0 °C tor.t.
X =Cl, Br, OTs

According to the proposed mechanism, the key point of this reaction is the use
of butadiene (Scheme 2.4). First, butadiene dimerizes on nickel to give a bis(z-
allyl)nickel species 2.1. Alkyl Grignard reagent then reacts with the nickel species
such that alkyl nickel 2.2 is formed as an ate complex. This ate complex, in turn,

R'—MgCI A MgClI*
=
2.2

NF PN R—X

Ni(Q) ————— Ni

2.1
22T
R-ni:
R-R' R
23

Scheme 2.4. A proposed mechanism for the butadiene-
assisted coupling reaction catalyzed by nickel.
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reacts with alkyl electrophiles to form bis(alkyl)nickel intermediate 2.3. The formal
oxidation state of this nickel complex 2.3 is 4. Nucleophilic attack of the nickel
metal center of the ate complex to alkyl halides appears to proceed rapidly. -
Hydrogen elimination from alkyl nickel intermediates is disturbed as the coordina-
tion sites of the nickel center were occupied by bis(alkyl)butadiene moiety (see Sec-
tion 1.7.5). A radical mechanism is excluded in this reaction [16].

This system could be applied to the cross-coupling reaction of alkyl fluoride com-
pounds (Eq. (2.7)). Although CuCl, produced the best results as a catalyst, nickel
chlorides gave yields of between 44% and 67% of the cross-coupling products [17].

cat. NiCl, or CuCl,
R—F + R'—ng - R-R'

1,3-butadiene

(2.7)
R = alkyl R' = alkyl or aryl

Cross-coupling of secondary alkyl bromides was successfully achieved with s-
BuPybox in the presence of Ni(cod), in DMA (Eq. (2.8)). The Ni(cod),/s-BuPybox
can also be employed for the coupling reaction of primary alkyl iodide or bromide
at room temperature [18].

4% Ni(cod),
8% s-Bu-Pybox*

Rlaky—X  +  RZuuq—MgX' R aiyt —Raikyi

DMA, rt
X = Cl, Br N (2.8)
~

(0]

N
| |
N
s-BU s-Bu
2.2

Cross-coupling of Alkenyl Electrophiles with Organometallic Compounds

The cross-coupling reaction of alkenyl halides with Grignard reagents catalyzed by
nickel-phosphine complexes was first developed in 1972 [1, 2], and with alkenyl-
aluminum reagents in 1976 [3], as referred to above.

The reactivity of alkenyl halide is high, and differs from that of alkyl halides (see
Section 2.1). As shown in Eq. (2.9), vinyl chloride is more reactive than aryl chlo-
ride [19]. It is also of interest to note that a nickel-catalyzed cross-coupling reac-
tion is more powerful than the palladium-catalyzed reaction, and this feature can
be used for the stepwise cross-coupling reaction of g f-dichlorostyrene, as shown
in Eq. (2.10) [20]. In the first step of the reaction, one C—Cl bond trans to the
phenyl group in f f-dichlorostyrene reacted with the organozinc reagent in the
presence of the palladium catalyst. The remaining C—Cl bond could react with
the Grignard reagent, catalyzed by the nickel complex, to afford the corresponding
p.p-dialkylated styrene in high yield.

45
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/©/MgBr NiCly(dppp) /@&
+ 2N - =
cl c Et,0 cl (2.9)

80%
n-BuZnCI N n-Bu
©/\( Pdc:l2 (dppp) cl
81%
n-OctMgBr m n-Bu
_— >
NiCla(dppp) n-Oct
77% (2.10)

As for alkenyl-alkenyl coupling reaction, stereoselectivity of the Ni-phosphine-
catalyzed reaction is lower than that of the Pd-catalyzed reaction, as shown in Eq.
(2.11) [3]. When alkenyl electrophiles have certain functional groups (e.g., a nitro
group) which is reactive towards low-valency nickel metal complexes, then Pd
should be used as the catalyst. Alkenylzinc reagents are very efficient for alkenyl-
alkenyl cross-coupling reactions, and alkenylzirconium can also be used [22].

Al(FBu), cat. Bu
/:/ + /—/ —_— n_CSHn/W
n-CsHq4 Et,O-hexane, r.t.

cat Ni(acac), / DIBAL / PPh 3 70%; 95% E,E
cat PdCly(PPh3), / DIBAL 74%; 99% E,E

(2.11)

During recent years, nickel-catalyzed cross-coupling has been applied to the
stereoselective reaction of alkenyl sulfides [21], selenides [23-25], tellurides [26],
triflates [27], and phosphates [28-30]. As shown in Eq. (2.12), cross-coupling
of (Z)-1,2-bis(ethylseleno)ethene with the alkyl magnesium bromides proceeds
at both of the C—Se bonds to afford symmetrical alkenes in high yield with com-
plete retention of configuration. In the case of phenylmagnesium bromide, the
monoarylation occurs at one of the C—Se bonds to afford (Z)-2-ethylselenostyrene
(Eq. (2.13)) [24].

NiClx(dppe) g
EtSe” ™S +  nOctyl—MgBr ——  »  nOctl |
SeEt (4 equiv) Et,O, r.t. 85%n-Octy
(2.12)
NiClx(dppe)
Etse” N, Ph—MgBr e, PR (2.13)
SekEt Et,O, r.t. SeEt

(4.6 equiv) 73%
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a-Arenesulfanyl enol ether is prepared by the cross-coupling of enol triflates,
which is converted from a lactone, as shown in Eq. (2.14) [27].

KHMDS
H-C7H15 (0] O PhN(Tf)g H-C7H15\(0)/0Tf
—_— |
THF, -78°C

PhSNa n-CHis_O__SPh

NiBro(PPhg) / Zn / PPhy U/

86% (2 steps)
(2.14)

In order to synthesize 4-substituted coumarin, a nickel-catalyzed Negishi cross-
coupling was used using arylzinc reagent (Eq. (2.15)) [29].

OPO(OEt), Ar
1 mol% NiClx(dppe) N
N +  Ar—ZnX >
oo benzene, 25°C o o
78-86%
Ar = Ph, p-FCgH4, p-MeOCgH,4

(2.15)

Not only alkenyl electrophiles but also dienyl compounds can be used for the
coupling reaction. The reaction shown in Eq. (2.16) is the nickel-catalyzed cross-
coupling of dienyl phosphate with alkyl Grignard reagent [30].

o)
o I n-OctylMgBr n-Octyl
1) LDA o POPM2  Nicly(dppe) ’
— . —_—
ij 2) CIPO(OPh), EtO
86%
(2.16)

23
Cross-coupling of Allyl Electrophiles with Organometallic Compounds

The reactions of allylic ethers with alkyl or phenyl Grignard reagents do not pro-
ceed, even in the presence of a nickel catalyst. When a phosphine moiety is in the
allylic ethers, selective carbon—carbon bond formation proceeds, as shown in Egs.
(2.17) and (2.18). The key point of this reaction is the coordination of the phos-
phine moiety to the nickel metal center [31, 32].
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OMe )
Me 5mol% NIClQ(PPhS)Q
Hex” XX - + PhMgBr »  no reaction (2.17)
THF, 22 °C, 12 h
TBSO
OMe Me
5mol% NiClx(PPh3)s
Hex/\)j“‘Me + PhMgBr = Upphz
THF, 22 °C =
PhoP Hex

85%

regioselectivity: >99:1
cis:trans: >49:1
diastereoselectivity: 10:1

(2.18)

2.4
Cross-coupling of Aryl Electrophiles with Organometallic Compounds

The aryl-aryl coupling reaction is a high-activity area of cross-coupling reactions
which has attracted much attention among industrial applications [33]. Halides,
nitriles, and sulfonates have been used as aryl electrophiles. As with arylmetal
compounds, aryl Grignard reagents and arylboron compounds are mainly used.
Recent results for aryl-aryl coupling are summarized in Table 2.1 for Grignard re-
agents, and in Table 2.2 for arylboron compounds. Recent research investigations
have focused on the use of relatively unreactive electrophiles such as aryl chlorides
and fluorides, and mild conditions such as room temperature.

Nickel-catalyzed cross-coupling reactions between aryl Grignard reagents and
aryl chlorides can proceed effectively, even at ambient temperature. In these cases,
appropriate selection of the ligand for the nickel catalysts is essential. Sterically de-
manding N-heterocyclic carbenes [34], hindered alkylphosphines [34], and dialkyl-
phosphine sulfides [35] were chosen to be used as effective ligands (entries 1-3
in Table 2.1). In contrast, the corresponding palladium-catalyzed reactions with a
N-heterocyclic carbene ligand require a higher temperature (80 °C) [36], but this
may lead to problems of selectivity. Under refluxing THF, a heterogeneous Ni/C
catalyst with PPhj also works for the cross-coupling reaction (entry 4) [37-39].

Nickel catalysts can activate unreactive C-F and C—CN bonds of aryl electro-
philes. In the cross-coupling reactions with aryl fluorides, nickel catalysts with N-
heterocyclic carbene ligands show excellent reactivity (entry 5) [40], and catalysts
with relatively simpler ligands (e.g., DPPE, DPPP, or DPPF) also have sufficient
activity (entry 6) [41]. These reactions can proceed at ambient temperature. In
cross-couplings with nitriles as electrophiles, pre-treatment of the Grignard re-
agents with stoichiometric quantities of alkoxides or sulfides is necessary in order
to prevent direct reaction of the nucleophiles with the nitrile groups (entry 7) [42—
44]. Among the ligands examined, the nickel-trimethylphosphine complex pro-
vided the best results.
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Tab. 2.1.

@X + YMg _\,
R< / \ A

Nickel-catalyzed cross-couplings of aryl electrophiles with Grignard reagents.

Ni cat. / ligand @_@
—_— L o
R< VAR SR

Entry Electrophile Grignard Catalyst Ligand Conditions  Yield Reference (s)
%]
1 MeO—@—CI PhMgCl Ni(acac), IMes? THEF, r.t. 71 34
2 MeOOCl PhMgCl Ni(acac), t-Bus P THEF, r.t. 71 34
3 MeOOCI PhMgCl Ni(cod), t-Bu, P(S)H THEF, r.t. 96 35
Cl .
4 Q PhMgCl Ni/C PPh; THF, reflux 83  37-39
Me
5 Fsc@_ F PhMgBr Ni(acac), IMes? THEF, r.t. 98 40
6 Me —QF PhMgCl Ni(acac), DPPF THEF, r.t. 59 41
7 MeO—@—CN PhMgOt-Bu NiCl,(PMe;), - THEF, 25— 91 42-44
60 °C
Me Me

8 S,o\)ﬁBn p+-BuCgH,MgBr NiCly(dppf) - THF, reflux 84 45

Oz

Me Me

Usually, four mechanisms are considered for cross-coupling reactions of aryl
halides. These include: 1) nucleophilic aromatic substitution; 2) elimination—
addition via an aryne intermediate; 3) a radical reaction; and 4) a polar pathway,
probably via oxidative addition. Two mechanisms have been suggested for the
cross-coupling reactions mentioned above. One is a polar reaction via oxidative ad-
ditions based on p-values of the substituent effects on the aryl fluorides [40], while
another possibility is an elimination—addition mechanism similar to a substitution
reaction of 2-fluoropyridine with organolithium reagents. An ate complex of aryl-
substituted nickel intermediate has also been proposed as a possible intermediate

[41].
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A unique reactivity of Grignard reagents toward arenesulfonate esters in the
presence of nickel catalysts has been reported [45]. When a neophyl ester of arene-
sulfonate is treated with an aryl Grignard reagent in the presence of a catalytic
amount of NiCly(dppf), C—S bond activation of the sulfonate occurs selectively in-
stead of C—O bond cleavage to afford the corresponding biaryls (entry 8).

The coupling reaction conditions of arylboron compounds are summarized in
Table 2.2 [46]. Recently, cross-coupling with organoboranes has been optimized as
being applicable for aryl chlorides (entries 1-5) [47-52] and aryl sulfonates (entries
6-10) [53-57], without any loss of efficiency. Compared with an aryl Grignard re-
agent, the reactivity of arylborane towards aryl chloride is different. In the case of
Pd-catalyzed coupling, the reaction proceeds at room temperature with electron-
rich and sterically hindered phosphine or N-containing carbene ligands. In the
case of Ni-catalyzed reactions, a higher temperature is required, but functional
groups such as CN, CHO, CO,Me, COMe, NHAc, OMe, and NH; are tolerated in
the reaction of aryl chloride.

The use of arenesulfonates improved the reaction temperature, such that the re-
action would proceed even at room temperature (entry 10) [57]. Somewhat simple
phosphines such as DPPF, PCys, and PPh; are sufficiently effective. It is of interest
to note that palladium catalysts with the same ligands did not lead to the product,
and a nickel catalyst has an advantage over palladium in this respect.

Aryltrimethylammonium salt has been used for the coupling of Grignard re-
agent [60]. In the case of arylboranes, aryltrimethylammonium triflate chosen as
an electrophile gives very good results in the presence of a nickel catalyst with an
N-heterocyclic carbene ligand (entry 11) [58]. It is also of interest to note that,
under the same conditions, a palladium catalyst did not give any product. For aryl
bromides, nickel(II) chloride can catalyze the cross-couplings without any ligands
(entry 12) [59]. C—F bond activation of heterocyclic compounds has been also
demonstrated, as shown in Egs. (2.19) and (2.20). Fluoroazines, fluorodiazines
[41], and fluoropyridine [61] react with aryl Grignard reagents or alkenyl tin com-
pounds, respectively, to give the coupling product.

o F 5 mol% NiCls(dppe) xPh
+  PhMgCI -
N~ THF, r.t. N~

97%  (2.19)
F F
ots
F »—Ni-F
R \ \
E F ¢ N PEt; (10 mol%) F F
P PEts, Cs,CO3, THF, 50 °C N~

F"ON™°F F™ON
(R=HorF) (2.20)

ny)

The reaction of titanium-alkyne complexes with aryl iodides was catalyzed by
Ni(cod); to afford alkenylation product of aryl halides (Eq. (2.21)) [62].
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R t. Ni(cod) A X
. cat. Ni(cod)
j}TI(OI—PI’)Q + A— @ — T R%Ar + R%Ar
R 50°C Ar

(2.21)

Various alkyl bromides can be converted into alkylzinc reagent in situ in the
presence of 1-5 mol% iodine. The in-situ prepared alkylzinc reagents are useful
for the alkylation of arenes (Eq. (2.22)) [63]. The coupling reaction of resin-bound
ortho-substituted aryl iodide with alkylzinc reagents does not give satisfactory re-
sults with palladium catalysts. The combination of Ni(acac), and p-fluorostyrene
(PFS) as a promoter leads to excellent yields, as shown in Eq. (2.23) [64].

Heterogeneous nickel catalysts, Ni/C, can efficiently promote the coupling reac-
tion with organozinc reagents. First, Ni(0)/C should be prepared by treatment with
2 equiv. n-Buli or MeMgBr with 3-4 equiv. PPh;. This reaction tolerates various
functional groups such as ketones, esters, nitriles, aldehydes and even sulfur(II)-
containing compounds (Eq. (2.24)) [65].

Zn, cat I, Ar-X
R-Br ————— [ R—ZnBr ] > R-Ar (222
DMA, 80 °C cat. NiCly(PPhg), (222)

(>90%)

) n-BuZnl (10 equiv.)
Ni( acac)2 (10 mol%)

O\ PFS (3 equiv.) HoN
BuyNI (3 equiv.) 2
THF/NMP (2/1)

5°C,48h o
2) TFAIGHCl (1/1) 94% 2%
(2.23)
R, — 5% Ni/C, PPhg R, —
\ c t+ FG-(CHp)p-Znl ——F— \ (CHy),-FG
Q THF, A \ 7 n
(2.24)
25
Asymmetric Cross-coupling Reactions
This subject is detailed in Chapter 9, Section 9.1.
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3
Reaction of Alkenes and Allyl Alcohol
Derivatives

Yuichi Kobayashi

Nickel complexes as catalysts or stoichiometric reagents show high reactivity to-
wards olefins, and this results in the formation of a carbon—carbon bond. Several
types of reaction have been developed and are controlled by nickel complexes,
where the contribution of functional groups at proximal positions forwards the fur-
ther steps, causing the reactions to become specific to the molecules in question.
The olefins, when conjugated with the other olefins and acetylenes, show specific
and characteristic reactions, and these are described separately in the following
chapters. This chapter presents the reactions of nonconjugated simple alkenes,
enones, vinyl arenes, and allylic alcohol derivatives. In the last case, the reaction
proceeds through the so-called z-allylnickel (5-allylnickel) intermediates. When
possible and relevant, comparisons with other metals such as palladium are
presented.

3.1
Hydrovinylation of Olefins

Reaction of vinyl arenes 3.1 and ethylene in the presence of a nickel catalyst pro-
duces 3-aryl-1-butenes 3.2 (Eq. 3.1). The catalytic cycle for the reaction shown in
Scheme 3.1 starts with an Ni—-H complex 3.3 produced in situ from a nickel pre-
cursor and a Lewis acid. The hydride adds preferentially to vinyl arene 3.1 over
the vinyl group in a Markovnikov fashion to produce a g-nickel complex 3.4, since
the complex 3.4 is stabilized by forming an #3-benzylic-nickel complex 3.5. The li-
gand bound to the nickel atom in the complex prevents access of vinyl arene 3.1 by
a steric reason, and instead allows the selective coordination of ethylene. The ethyl-
ene n-complex 3.6 thus produced changes into a g-complex 3.7, which undergoes
p-hydrogen elimination and produces 3.2 with regeneration of an Ni-H species.
The use of a low temperature and a short reaction time prevents the formation of
by-product(s).

Modern Organonickel Chemistry. Edited by Y. Tamaru
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30796-6



3.1 Hydrovinylation of Olefins

Arj \ H-Ni~(PRg), A

3.2 3.3 3.1

Ar>_\—Ni—(PR3)n A>_Ni_(PR3)n
3.4

3.7

//i§<_ Ni
N =

CH2:0H2
N Ni— (PR,
Ar E /\Ar
CH2:CH2 3.1
3.6

Scheme 3.1.  The catalytic cycle for the hydrovinylation of vinyl arenes (e.g., styrene).

J CH,=CH; J\/
_— =+ + oligomers
Arm X
Ar H-Ni cat. Ar \ , 3.1)
3.1 3.2 by-products

The combination of a nickel complex and a Lewis acid such as BF;-OEt, or
AlEt,Cl, when used to generate an active Ni—-H species [1, 2], is incompatible
with vinyl arenes possessing Lewis basic centers on the aromatic ring, since un-
wanted coordination of the basic center to the Lewis acid takes place prior to the
generation of an Ni—H. This incompatibility with substrates is overcome with a
cationic Ni-H complex such as 3.11 synthesized in situ from (allyl-NiBr), (3.8),
AgOT{, and PPhj; in the presence of ethylene (Eq. 3.2) [3]. Figure 3.1 presents sub-
strates studied with the 3.8/ AgOT{/PPhj; catalyst system in CH,Cl, at <—50 °C for
2 h and the yields of the products 3.2.

S)

oTi Sott ot
Br AgOTY ® CHp=CH, ® ®
<<—Ni ?E( <<—Ni —_— N ﬁ: H—Ni
N == N
, e PPh, PPhs PO
3.8 3.9 3.10 7N 3

(3.2)
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| | | |
substrate 3.1 MeO ©©
X MeO

m- and p-isomers X =ClI, Br 3.12

product 3.2 > 95% > 95% 81%, > 95% > 90%

Fig. 3.1. The substrates and the product yields for the
hydrovinylation catalyzed by a cationic Ni—H species.

An asymmetric version of the reaction is also studied with substrate 3.12 because
the products of a general structure 3.2 in Eq. (3.1) are potential precursors for
important anti-inflammatory agents (see Section 8.3). As is shown in Eq. (3.3) and
in the table attached below the equation, 62% ee and 80% ee are recorded with an
MOP (3.14) and a benzyl ether derivative 3.15, respectively, in combination with
Na*BAr,~ at <—50 °C. With 3.16, the reaction shows a low yield and a low ee.
These results clearly indicate an important role of weak coordination of the O-alkyl
ether group to the nickel atom.

| CH,=CHj

MeO ©© (allyl-NiBr), (3.8)
Ligand* / NaBAr,
3.12 50 ~ —70 °C 3.13

Ligand* R % ee
QL

(R)-MOP (3.14) OMe 62
PPh;  (R)-3.15 OBn 80
OO (R)-3.16 Et 3

(3.3)

The catalytic system of 3.8/AgOT{/PR; (R = C¢H4(OMe-p)) developed above is
also effective for an intramolecular hydrovinylation of 1,w-dienes (Eq. (3.4)) [4].
There is a requirement for a higher temperature (room temperature), though the
intramolecular formation of a five-membered ring is likely due to an absence of
the benzylic stabilization effect found in the case of vinyl arenes (cf. 3.4 and 3.5 in
Scheme 3.1).

MeOZC><:/i (allyl-NiBr),, AgOTf MeO,C
MeO,C AN P[CgH4(OMe-p)]5 MeO,C : ; (34)

rt.4h 92%




3.2 Hydrocyanation of Olefins

3.2
Hydrocyanation of Olefins

Simple olefins as well as dienes (see Section 5.3.2) undergo addition of HCN to
the double bond [5]. The reaction is promoted by a Ni-phosphite complex in the
presence of a Lewis acid such as ZnCl,, and proceeds in a manner of syn addition
(Eq. (3.5)) [6]. Due to their importance in the manufacture of nonsteroidal anti-
inflammatory agents, phosphinite ligands derived from sugars have been devel-
oped which attain a high level of asymmetric induction (Eq. (3.6); see Section
9.3). The results obtained with 3.12 are summarized in the tables below Eq.
(3.6) [7]. Electron-withdrawing substituents on a phosphorus-linked aryl group
(Ar) and a nonpolar reaction medium contribute substantially to the gaining of a
better ee.

Asymmetric hydrocyanation of norbornene is also reported with moderate ee

(8].
H Ni[P(OPh)gls H 5
: +Bu L
tBU\%D P ZnCl,, P(OPh), HFg\CN (3.3)
H 2s 3 D
syn addition product

| .

Meo/\/\/ L* Meo/\/\/

MeCN, 60 °C

3.12 (S)-3.17

Ligands 3.18 giving (S)-3.17

- Ph N0

L= (0] 0 Ar solvent % ee
(0] _—OPh
\ Ph benzene 40

ArgP P/:) Ph THF 29
f2 3,5-Me,CqHs  benzene 16
3.18 3,5-(CF4),—CgHy  benzene 78
3,5-(CF3)—CgHs  CéFe 85
Wy Ligands 3.19 giving (R)-3.17
@ X Y % ee
2
H H 46
3,5-(CF3),—CgHs  3,5-(CF3)~CgHs 56
H 3,5-(CF3),—CgHs 58
3,5-(CF3)~CgHs H 89
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33
Heck-type Cyclization

Nitrogen-containing 2-halo-1,w-vinylalkenes 3.20 undergoes oxidative addition to
Ni(cod), followed by alkene insertion to afford an intermediates 3.21 (Scheme 3.2)
[9]. The nitrogen chelating to the nickel atom stabilizes the intermediates 3.21 and
prevents an otherwise usual reaction such as f-hydrogen elimination, thus allow-
ing reaction with different reagents (quencher Q) to furnish a product 3.22. The
chelation provides an additional benefit of controlling stereochemistry, as pre-
sented in Scheme 3.3. Oxidative addition of Ni(cod), and cyclization of 3.23 take
place, thereby keeping the chelation (see 3.24B), and quenching with reagents (Q)
provides a product 3.25 with high stereoselectivity. Additional examples are also
presented in Scheme 3.3.

chelation
R Ni(cod), (\ Ni q Q Q A
/—\/\ R (1-2 equiv.) R (quencher) R
R'-N Br — - R-N — > R-N
S X A
3.20 3.21 3.22

Scheme 3.2. The Ni(cod),-promoted cyclization-
functionalization (Q) of 2-halo-1,w-vinylalkenes containing a
nitrogen atom.

HQ |

Bn._ Ni(cod),

N .
HT Br

3.25

CN (from TMSCN), 99%

CO,Me (from CO / MeOH), 95%

H (from NaBH, or Et3SiH), 70-77%
CH»=CH- (from CH,=CHSnBujz), 40%
OH (from O,), 45%

Q
N
Bn Bn OAc H Bn
Q= CN, CO,Me, H,
CH2=CH-CH2- Q= CN, COgMe, H

Scheme 3.3. The examples of the Ni(cod),-promoted
intramolecular cyclization-functionalization.



3.4 Olefin Insertion

CH2=CH2
+ -
CHyCH ‘i;L///, Ni(0)
Et,Ni \<
ZnX
2
3.28 + Ni(DX
\
3.33
EtQZn

<:L¢mmm
<:1\H.+Nwm

327 “~_ CH,

3.34
Scheme 3.4. The catalytic cycle for the cyclozincation of Eq. (3.7).

34
Olefin Insertion

Compounds such as 3.26 in which a halogen atom and an olefinic part are located
in an appropriate position are good substrates for the Et,Zn-mediated cyclization
to afford (cycloalkyl)methylzinc species 3.28 (Eq. (3.7)) [10, 11]. Nickel, as well as
palladium, complexes are essential catalysts for the cyclization. In cases when the
cyclization is retarded by some factors (vide infra), the olefin moiety coordinates
with the nickel atom and assists the coupling reaction (Eq. (3.8)) [12]. A proposed
reaction course for Eq. (3.7) is illustrated in Scheme 3.4. The first step involves a
single electron transfer from an Ni(0) to the carbon—halogen bond of 3.26 and gen-
erates a species 3.33 of radical nature-nickel(I) complex. This species undergoes
olefin insertion producing 3.34, and eventually a nickel(II) complex 3.27. Finally,
transmetallation with Et,Zn produces an organozinc 3.28 and Et,Ni. The latter re-
generates an Ni(0) catalyst for the next catalytic cycle.

CL o Ui = U w0

3.26
<:\ RZZn N|—
R Ni(0) cat. C\ (3.8)

3.29 3.30 3.31

The synthetic advantages of this radical cyclization are: 1) production of the zinc
reagents 3.28 which react with a wide range of electrophiles; and 2) tolerance of
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functional groups such as ester and amide groups. Examples of this cyclization and
further elaboration of the organozincs thus formed are presented in Schemes 3.5
to 3.7.

The reaction of 3.35 proceeds through a conformation in which all of the sub-
stituents occupy the most stable pseudo-equatorial positions to furnish a zinc
reagent 3.36 which, after transmetallation with CuCN-2LiCl, undergoes coupling
with bromoacetylene to produce 3.37 in 86% yield (Scheme 3.5) [11b]. Methyl epi-
jasmonate, a natural product, is synthesized from 3.37 through several steps.

BnO . BnQ
— Et,Zn (2 equiv.) BnO - Znl
CO,Me Ni(acac), © CO,Me
i (2.5 mol%)
3.35 THF, rt 3.36
Br\/ BnO, Q =

S . ~

—

CuCN-2LiCl COMe COMe
3.37 86% from 3.35 methyl epijasmonate

Scheme 3.5. The synthesis of methyl epi-jasmonate based on the Ni-catalyzed cyclozincation.

It should be noted that the methods developed previously for prostaglandin syn-
thesis would meet difficulty in installing two side chains in a cis fashion on the
cyclopentanone ring because such methods rely mostly on the enolate chemistry,
and hence result in affording a thermodynamically more stable trans isomer.

Scheme 3.6 demonstrates other types of reaction of zinc reagent 3.39 produced
by the Ni-catalyzed cyclization of 3.38 [13]. Allylic coupling with an allylic bromide,
1,4-addition to propiolate, and 1,4-addition to an electron-deficient olefin are effi-
ciently conducted after transmetallation with CuCN-2LiCl. It is interesting to note
that a different potency between nickel and palladium catalysts is observed in this
tetrahydrofuran cyclization; palladium catalysts afford a mixture of cyclized and
un-cyclized products.

/Z i EtpZn (2 equiv)_ //\_f\Z”Br ) CuCN-2LiCI E
CeHy3 Lil (25 mol%) 'CeH13 "'CgH13

EtO (0]
Ni(acac), cat. 60-61%
3.38 3.39 3.40
E*+ ngt CO,Et
Br N Ph. _~
\\CozEt CO,Et

Scheme 3.6. The synthesis of tetrahydrofuran derivatives via the Ni-catalyzed cyclozincation.



3.4 Olefin Insertion
Me;Si Me;Si
N\ BT EtyZn, Lil XZ””Q, 02
- ,Jc_jx\ T™MSC
CeHi; 0 OBu cat Ni(acac), CaHit o OBu
3.41 3.42
XZn. o jiMe3 OHC HO,C
\ - -
oL T s -
/D\ CsHy™ O OBu CsHym O ©
OBu
CsHiy” O 3.44 methylenolactocin
3.43

Scheme 3.7. The total synthesis of methylenolactocin.

Direct oxidation of a zinc reagent 3.42 with oxygen produces aldehyde 3.44, prob-
ably through an intermediate 3.43 (Scheme 3.7) [13]. Further oxidation and intro-
duction of methylene unit upon 3.44 complete a total synthesis of methylenolacto-
cin (a natural product). Further advantage of this method is the ready availability
of the starting materials. For example, 3.38 and 3.41 are prepared by the NBS (N-
bromosuccinimide) treatment of an appropriate combination of an allyl alcohol
and an alkyl vinyl ether.

In cases where the olefin moiety is not available for the ring closure owing to
ring strain (e.g., forming a four-membered ring), a large loss of entropy (e.g., form-
ing a seven-membered ring), or conjugation with an ester group, another reaction
such as that shown in Eq. (3.8) (vide supra) takes place [12, 14]. After oxidative ad-
dition of an Ni(0) upon an iodide 3.29 (via one-electron transfer; see Scheme 3.4),
the resulting nickel species 3.30 undergoes transmetallation with R,Zn to afford
3.31. Subsequent reductive elimination gives a coupling product 3.32, and thereby
the coordinated olefin reduces the electron density on the nickel(II), thus facilitat-
ing reductive elimination (see Section 1.7.4). Examples of the reaction are shown
in Egs. (3.9) and (3.10).

Simple alkyl halides (mostly iodides) with no olefin moiety undergo iodo-zinc ex-
change via an alkylnickel species to give the corresponding zinc reagents. Readers
should be aware of the difference of reaction features that similar intermediates,
3.10 and 3.31 display; the former is cationic and the latter neutral.

R2Zn A\

cat Nl(acac)2 Ph R R =CsHy1, 89% (3.9)
THF-NMP R = (CH,)3;0Piv, 90%

C/Acoza (ACO(CHy)s),Zn (Z/;cff\
I cat Ni(acac), OAc (3.10)

78%
THF-NMP
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c !
Lo Ni | R
H
Etzzn
w\ixz CHy=CH,
Et

L,NiEt, |
Lo Nirw l
R/\/Zn-Et

H R
i repetition Et H /
(R) 20 LN
2

Scheme 3.8. The catalytic cycle for the nickel-catalyzed olefin metathesis.

Etzzn

3.5
Nickel-catalyzed Hydrozincation of Olefins

Simple olefins undergo nickel-catalyzed olefin metathesis with Et,Zn (Eq. (3.11))
[15], and a catalytic cycle proposed for this is shown in Scheme 3.8. The reaction
proceeds with olefin possessing not only an ester group, but also a free hydroxy
group, and the zinc reagents thus produced can be used for further reactions (Eqs.
(3.12) and (3.13)). In the latter reaction, the alkoxy moiety in the cyclic zinc inter-
mediate must be converted into the TMS ether in order to increase its reactivity.

Et,Zn (0.5-0.6 equiv.)

RN <R/\/Ezn (3.11)

Ni(acac), (1-2 mol%)
COD (1—4 mol%)

Zn H
AN Et,Zn ( (\/)2 TIPSO(CH,)3CHO TIPSOSO,O
OPiv Ni(acac), (cat.) OPiv Ti(OPr), PivO

COD (cat.) NHTf 68%, 95% ee
O cat.
'NHTS (3.12)
Cl
/
OH as above Zn TMSCI zn i g
)\/ o TMS/OKJ 1) CuCN-2LiCI H/ij
R R R 2) E* R

3) HzO*
o (3.13)

R= i-Pr, CGH13, Ph, (CH2)20T|PS

CO,Et Ph/\(COZEt

E* =1,, PhCOCI, Et—->r Br COLE
Et
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3.6
Ni-catalyzed Addition of Organometallics to Electron-deficient Olefins

3.6.1
The Reaction with Organometallics

Similar to copper reagents which catalyze the conjugate addition of Grignard re-
agents to electron-deficient olefins, nickel complexes also catalyze the conjugate ad-
dition of organometallics such as those based on aluminum, zirconium, and zinc.
The reactivity, as well as synthetic advantages, of the latter reaction is described
below.

0]
+ MezAl —_—
(1 eqiiv.) Ni(acac)2 (314)
(3 mol%)
86%

The reaction of MesAl and 2-cyclohexenones in the presence of Ni(acac); (ca. 3
mol%) was reported independently by Ashby [16] and Mole [17] (Eq. (3.14)). A few
years later, Schwartz applied the reaction to alkenyl zirconium reagents 3.47 to pro-
duce zirconium enolates 3.48 (Scheme 3.9; see Section 4.6.2) [18]. Hydrolysis of
the enolate affords 3.49, while trapping with an electrophile (E*) produces 3.50.
A synthetic advantage of the method is the direct use of acetylenes as a source of
alkenyl reagents.

0]

R—=—H
3.46 ‘ H-ZrCp,Cl X
H* %
0 R/\/ZTCPZO O—ZFCpZC| / |
A

R
3.49
3.47 p
& &

Ni(acac), / DIBAL (1 : 1) 2 E* O
/‘15. o | \ E
(1025 mol%) b
3.45 R
3.48 2 |

350 R
Scheme 3.9. The Ni-catalyzed 1,4-addition of in situ-generated alkenyl zirconium reagents.

A proposed catalytic cycle based on the mechanistic study is presented in
Scheme 3.10 with cyclohexenone (3.45a) as a typical enone [19]. Reaction between
Ni(acac); and DIBAL produces Ni(I) species (note: the authors state negative
comments for the production of Ni(0) species), which transfers one electron to
enone 3.45a to produce Ni(III)-bound species after recombination of the resulting
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—(Zr)
~ 7 3.45a

3.48a 00
+ Ni(ll)

Ni(ln) .

- S
Bu-t O /
\ i Ni(llN)
t—Bu/\/ ZrCpoCl
3.47a

Scheme 3.10. The reaction mechanism of Ni-catalyzed
1,4-addition involving a novel Ni(l)=Ni(lll) catalytic cycle.

ketyl and Ni(II) species. Subsequently, transmetallation of the Ni(III) species with
alkenyl zirconium 3.47a and reductive elimination thereof follow to produce the
zirconium enolate 3.48a and the pivotal Ni(I).

The nickel-catalyzed conjugate addition is applied to prostaglandin synthesis, as
summarized in Eq. (3.15), in which the resulting zirconium enolate is trapped with
formaldehyde to furnish the known intermediate.

o) CICpyZr. _~ CsHy4 0-ZrCp,Cl
OTBS
Me Ni(acac),/ DIBAL Me A Ceft
Ph i(acac), Ph
M?\ o (1:1, 25 mol%) M?\ 0 OTBS
> 83%
(0]
CHp=0 OH
Me
then H* Phﬁ\ = CsHﬂ
v’ © OTBS
70%

An internal acetylene also furnishes the conjugate addition product (Eq. (3.16)).
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(0] o}
CICpyZr. p
+ W’ _ (3.16)

(15 mol%)
52%

The Ni(acac),/DIBAL catalyst system allows the conjugate addition of aluminum
acetylides (Eq. (3.17)) [20]. This is another synthetic advantage of the reaction, as
copper acetylides are inactive toward the conjugate addition.

[o) O

+ R—=—AMe, ,
ij Ni(0) cat. (3.17)
A

71-80% R

R = t-Bu, n-Bu, TMS

Organozinc reagents formulated as R,Zn are prepared from RX, Li, and ZnBr,
under ultrasonic irradiation, and are used in the nickel-catalyzed conjugate addi-
tion. Equations 3.18-3.20 are examples of this reaction [21-23]. Alkyl, alkenyl,
aryl groups can be delivered to the f position of enones. Success with (alkyl);Zn
is noteworthy, since an alkyl zirconium reagent of the above type is marginally re-
active. The high performance of the R,Zn/Ni catalyst system is seen in Eqgs. (3.18)
and (3.19), while no reaction takes place with Me,;CuLi and MeMgX/Cu catalyst
due to steric hindrance.

Q + Me,yZn - -

from Ni(aca::)z (3.18)
Mel + Li + ZnBr, @mol%) g0

B-cuparenone

O
+ (p-Tol)pzZn ——— B-cuparenone (3.19)
Ni(acac), o
(2 mol%) 67%

(0]
ij + RZZn > (320)
Ni cat. R

R = n-C;H,5, 88%
c-CgHy1, 40%
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A nickel complex also catalyzes the addition of RMgX to an electron-deficient
(0]

alkenyl pyridine (Eq. (3.21)) [24].
MeO RMgX MeO

0
_ Ni cat. (3.21)

ON R QN

R = Ph, 93%
R = -CH=CH,, 53%

0]

3.6.2
The Reaction with Organic Halides as Nucleophiles

Alkyl halides and alkenyl halides react with electron-deficient olefins in the pres-
ence of NiCl,-6H,0 as a catalyst, Zn (2.3 equiv.), and pyridine (1.4 equiv.) (Eq.
(3.22)) [25]. The geometry of the alkenyl halides is maintained during the reaction,
without isomerization. More than 1 equiv. of H,O is required for the reaction to be
completed, implying the formation of zinc enolate [26]. A catalyst quantity of 15—
20 mol% of NiCl,-6H,0O provides sufficient H,O for the enolate quench. Alterna-
tively, the combination of a lower loading catalyst and the addition of H,O from
outside is also effective for the reaction.

NiCly-6H,0
(15-20 mol%) R
RX + 2 COE T COE
Zn (2.3 equiv.)
pyridine (1.4 equiv.)

R-X yield, % R-X yield, % (3 22)
n-C/HysBr 75 Ph-I 92
c-CgHy4Br 73 Ph.__ _Br 80
M " ,
Br \/\Br

TBSO., NiCl,-6H,0

Zn / pyridine
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This reaction is applied to synthesis of the vitamin Dj side chain (Eq. (3.23)) [27].

The postulated zinc enolate in the above reaction is available for aldol reaction
with an aldehyde under anhydrous conditions. Thus, reaction between acrylate
3.51, Ph-I, and PhCHO takes place with NiCl, (100 mol%), Zn, and pyridine in
refluxing THF for 24 h to furnish the aldol adduct 3.53 (R = Ph) in 79% yield
with a 2:1 diastereomeric ratio (dr), or more efficiently with Ni(cod), (10 mol%)
and Me,Zn (1.5 equiv.) at 0 °C for 1 h to afford the same adduct in 88% yield with
a better dr of 86:14 (Eq. (3.24)) [28]. It is noteworthy that Et,Zn not only reduces
the quantity of Ni(cod), to 10 mol%, but also accelerates the reaction to be com-
pleted within 1 h. Generality of the reaction under the latter conditions is demon-
strated with aliphatic (R = Et, i-Pr, t-Bu) and aromatic (R = p-(MeO)C¢H,, 2-furyl)
aldehydes.

X COBut + Ph-l + RCHO

3.51
(:\g((r::jl/i) 0ZnMe RCHO Ph/ICOZBU_t
Me,Zn Ph 7 0Bu-t >70% R” YOH
(1.5 equiv.) 352 3.53 (syn)
major stereoisomer
(3.24)

In a catalytic cycle illustrated in Scheme 3.11, complex 3.54 derived from Ph-Ni-I
and Me,Zn is proposed to explain the role of Me,Zn. Thus, the zinc atom, by che-

aldol 3.53
Ph—l + MeyZn
RCHO Ni(0)
+
MesZn
| Me
\Nf""\Zn
Me / ~Me
I~Ni” _Me Ph
+ Zn 3.54
\
Ph O
3.52 OBUt
/\COZBu-t
/Me
| Me—2zri 3.51
N0
Y
i X
OBu-t

3.55

Scheme 3.11.  The mechanism for the Ni-catalyzed Me,Zn-
mediated conjugate addition/aldol reaction of halides.
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lation to the carbonyl oxygen, accelerates transfer of the Ph group from nickel to
the enone olefin to produce zinc enolate 3.52, which undergoes the aldol reaction.

3.7
Polymerization of Ethylene and a-Olefins using Ni(ll)-based Catalysts

The cationic nickel complexes in which a bulky diimine is incorporated as a ligand
are extremely efficient catalysts for the polymerization of ethylene and o-olefins
(Eq. (3.25)) [29, 30]. Due to the importance of this reaction in polymer science
and technology, extensive investigations have been reported in this area. The prin-
ciple of the polymerization is described in the following section, but it should be
noted that similar palladium complexes also function well as polymerization
catalysts.

cat 3.56 .25
R/\ ooce )\/I\)\ [T (3 )

CN\ _Me H(OEt,),* BAr,~ =N_ ,
Ni ( Ni B(An),~
_N/ \Me _N/ \OEt2 ( )4

(Ar = 3,5-(CF3)2CGH3)
Diimine /Pr/©\ /©\R R/©\R (3.26)
MeIN
Me” N
o

C-81 §
m@w

The cationic nickel complexes 3.56 are prepared by protonation of dimethyl com-
plexes 3.57 with H(OEt),"-BArs~ (Ar = 3,5-(CF;),CsH3), as shown in Eq. (3.26).
The exposure of nickel complexes 3.56 to ethylene, propylene, or 1-hexene resulted
in the formation of high molecular-weight polymers. Conveniently, the complex
3.57 is prepared in situ by treatment of the diimine-NiBr, complex with methylalu-
minoxane [a polymer expressed as —(Al(Me)O),—] in the presence of an alkene. The
ratio of linear over branches (the methyl branch is predominant) is controlled
mainly by the steric bulk of the diimine ligand, temperature, and ethylene pres-
sure. A higher ethylene pressure (3 atm versus 1 atm) and use of the sterically
less congested diimine ligand (R = Me in place of i-Pr) produce a higher linear
ratio. At higher temperatures, the branching tends to increase.

= Me, i-Pr R = Me, i-Pr
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CN\ /P (N\N/\/P HZC:CHZ (N\ /\/P
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Ni Ni
Ve “, H 7 Ve “,
N" ™ CH, mgeon N" N" ™ CH,
HZC Insertion H2C
A B c

“ B-H elimination

+ +
( N ( “Ni Chain Growth
AN 7N
N N H

D

| el B

polymer +
Me
N7 (N\Ni)\P H,C=CH,
N
V4 N7

Methyl Branch

E
“ HaC=CHy A
v
+ +
C NI N, P H,C=CH,
N * CHy NI Higher Branch
H,C N o
H |
' A
\ v
New Chain Growth Extensive Chain Running

Scheme 3.12. The polymerization mechanism of ethylene with the diimine-Ni catalyst 3.56.

These results are well understood according to a reaction mechanism proposed
on the basis of kinetic studies (Scheme 3.12) [31, 32]. A high ethylene pressure ac-
celerates the coordination of ethylene to a vacant site of B to produce C. Repetition
of A — Byielding C is responsible for linear polymerization. The f-hydrogen elim-
ination of B to D is retarded by the use of a bulky ligand and low temperature. Re-
insertion of the hydride within complex D in an opposite direction results in the
production of a complex E with a branched alkyl group, which upon further reac-
tion produces the methyl branch. Chain running, E — I and further, provides
higher-branch polymers (see Schemes 1.22 to 1.24).

Scheme 3.12 illustrates the principle for the polymerization. In order to termi-
nate the polymerization and re-start a new polymerization (chain transfer), the ole-
fin ligand in a complex D should be exchanged with ethylene through an associa-
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r H,C=CH, 1%
R R H,C=CH, R R R R
Z2En \ 7 TN NZ N
N‘N<N NSy \ H:“(
v v N
RHT Y R < H </ . R 7 R
D P i P | A p F

Scheme 3.13. The inhibition of the transformation of D into F
by a sterically bulky o-substituent R.

tive process. The steric bulk of the diimine ligand prevents the access of ethylene
from the axial direction (Scheme 3.13), thus allowing the polymerization to pro-
ceed selectively.

3.8
The Nucleophilic Reactions of #-Allylnickel Complexes

The reaction of allylic bromides and an excess Ni(0) species such as Ni(CO); and
Ni(cod), produces z-allylnickel complexes 3.58 (Eq. (3.27)) which, in a polar sol-
vent, undergo nucleophilic substitution with different types of electrophiles as
seen in Scheme 3.14 [33]. Here one can clearly identify the difference in reactivity
between z-allylnickel halides and =-allylpalladium halides, as the latter never dis-
play nucleophilic reactivity.

R-X {R
with  primary halides: Q| ; HOOI; +Bul
Mel, Ph(CH,)3Br,

C|CH20Ph; PhCHzBr 91% 88% 25%
Br Ar-X Ar
(o <
) 70-98%
3.58 .
with ©—|; Br@Br 5 A Br

0= R o

R2 H  with . AN
o PhCHO ; é ;2 CHO
50°C R?

85% 50% 80%
Scheme 3.14. The typical reactions displayed by the z-allyl nickel complex 3.58.
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Br.
Ni(CO) ‘< /
R—(—N
RJV Br < '724 (3.27)
2

3.58 R =H, Me, OMe, CO,Et

A wide range of alkyl halides (R-X) undergoes substitution reactions. In differ-
ing from the classical Sy2 reaction, secondary and tertiary alkyl halides are also
good substrates. Single electron transfer from the nickel complex to halides is
suggested [34], and one successful application of this alkylation is the synthesis of
natural products such as o-santalene (Eq. (3.28)) and f-epi-santalene [33a, 35]. The
reactions with aryl and alkenyl halides (Ar—X) are similar to the so-called metal-
catalyzed cross-coupling reaction (see Chapter 2). Complexes 3.58 show somewhat
low reactivity towards carbonyl compounds, which in turn allows chemoselective
transformations and compatibility with most carbonyl groups. The construction of
a-methylene-y-lactone in Eq. (3.29) is a representative example of the synthetic ad-
vantage of the reaction [36, 37]. Reviews by Semmelhack [38] and by Baker [39] are
recommended to the reader to help grasp the chemistry of z-allylnickel complexes
which are described in detail in this section.

I
_Ni-Br
+ ( — (3.28)

88% o-santalene

Ho O o-H:pH

H ] |
‘. coMe _Nilcod) (excess) : =2:1
2
Pr! - © (3.29)
~Fr
o} 5& I
Me

Confertin (c-H)

Scheme 3.15 demonstrates the reactions of the methoxy complex 3.58
(R = OMe) with electrophiles to afford, after hydrolysis, methyl ketones, some of
which are difficult to obtain by other methods [40].

Br Bhl OMe e (0]
MeO/<<—N/i 724 —— Ph \/& —_— Ph\)l\
2 73%
3.58 Ph
~__Br " Ph v/ > 95% cis

X

O 84%

Scheme 3.15.  The reaction of the methoxy complex 3.58 with
phenyl iodide and alkenyl bromide (with retention of
configuration).
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3.9
n-Allylnickel Complexes from Enones

The reaction of enones 3.59 and a stoichiometric quantity of Ni(cod), in the pres-
ence of a silyl chloride such as TMSCI and TBSCI produces z-allylnickel complexes
3.60 (the Mackenzie complex; Scheme 3.16), which have unique reactivity. Under
irradiation with a sunlamp, the complexes 3.60 undergo reaction with various elec-
trophiles such as alkenyl halides, aryl halides, alkyl halides, and acyl chlorides,
some of which are listed in Scheme 3.16 [41]. Recent advancements associated
with this complex are described in Section 4.6.2.

R2
R2 R! OTBS 2
1\)\ Ni(cod), \)/%/ R-X R
RUAcho L RH)\/OTBS
TBSCI I’ hv, DMF
3.5 O v R
' 3.61
TBS = SiMe,Bu
2 3.60 60-83%

R.s . _OTBS R. oTBS
‘_r“f/\/ /}-\‘J\/OTBS ;‘:@/

R= FPr, n-Bu, CHy=CH-,
Ph, i-PrC(=0)-
Scheme 3.16. The preparation of the Mackenzie complex 3.60
and its reaction with various halides.

R = n-Bu, CH,=CH-, Ph

When alkenyl and acyl stannanes are employed as reaction partners, enones 3.59
in the presence of TBSCI and a catalytic amount of Ni(cod), furnish enol ethers
3.62 (Scheme 3.17), which probably proceeds as indicated through z-allylnickel in-
termediates 3.63 and 3.64 [42].

R2 TBSCI R2
Rk/\ + R-SnBu —>C21t Ni(cod), RH)\/OTBS
CHO 3 OME
3.59 R 362

\Ni(O)
TBSCI R2

1 1
R\)|/§/OTBS R-SnBU, R\)|/§/OTBS
Ni NI
L~ ol R Cl
3.63 3.64
Scheme 3.17. The Ni-catalyzed conjugative 1,4-addition of
organostannanes and TBSCI across enals 3.59.
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§ R’
ag5 OOk BruC0 366 H co
. | - “Ni” R
s Ni
co
X R’ R’ R!
B | 1) CO
Ni R? olefin Ni R®  2)MeOH  MeO,C R?
Br 0 insertion Br O (6]
3.68 3.69 3.67

Scheme 3.18. The plausible reaction pathway for the transformation shown in Eq. (3.30).

3.10
Carbonylative Cycloaddition of Allylic Halides and Acetylenes

The reaction between allylic halides 3.65, acetylenes 3.66, and Ni(CO), that forms
cyclopentenone ring (Eq. (3.30)) has a long history which extends over 30 years [43,
44]. Although attractive, the reaction has been little utilized in organic synthesis
because of the stoichiometric use of Ni(CO),, a highly toxic and volatile reagent
(see Section 1.2), and the formation of by-products; several steps involved in
Scheme 3.18 are competitive with other reactions that produce a mixture of prod-
ucts. Recently, a conventional method has been reported that uses Ni(cod), under a
CO atmosphere, in place of Ni(CO)4 [45].

1
y R =0 Ni(CO)4
B/ * / o MeOH MeO,C R (330)
' R? o}
3.65 3.66 3.67

The reactions shown in Egs. (3.31) and (3.32) are useful extensions of the car-
bonylative cycloaddition [46, 47], and the synthesis of methylenomycin B (a natural
product) may be accomplished [48]. The use of chiral acetylenic sulfoxides provides
a modest enantiomeric excess [49].

Br MeO,C .,

R 3 R'

Ni(CO)4
+

/// MeOH R?

R2
R! Me Me CH,OMe TMS  TMS
R2  CH,OH CO,Me H CH,OMe H
%yield 51 81% 77 17 57

(3.31)
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OMe
OMe NICO)
=— i
—>M OH4 (0] (3.32)
€ rry
x Br H 'H

COMe 5,

A similar reaction takes place with the z-allylnickel complex 3.60, prepared from
acrolein, Ni(cod),, and Me;SiCl according to the method of Mackenzie (Scheme
3.16) [41, 42], under a CO atmosphere giving acetal 3.70 and enol 3.71, as major
and minor products, respectively (Eq. (3.33)) [50]. It is interesting that in this par-
ticular case the reaction ends up at the stage of an Ni complex similar to 3.69 in
Scheme 3.18, without further carbonylation. Instead, the Ni intermediate probably
undergoes f-hydrogen elimination to furnish 3.71 as a primary product, which fur-
ther reacts with methanol to provide 3.70. An intramolecular version is also suc-
cessful (Eq. (3.34)).

) MeO MeO
/A/OSIMea OMe /
rl\l' R'———~r?
Ni - . +
CI>22< CO, MeOH R o) R o
R2 R2
3.60 3.70 3.71
The yields of 3.70 R! H H CO,Me CH,OMe
R? TMS  Ph Me Me
%yield 80 40 95 26
(3.33)
/ 1) Ni(cod), 0o
2) MegSiCl/ CO
N (3.34)
O__~_CHO 3) MeOH 0
OMe  459%

In relation to the above carbonylation, the following reaction has been exten-
sively studied, as described in Chapter 4 (Eq. (3.35)).

H SnBu3
X Ni cat.
PN S I L
R! R2
A
H ‘ X X R?

x \\\\ Niy — LkonNix | — A
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3.1
Nucleophilic Allylation Toward z-Allylnickel Complexes

3.11.1
Allylation with Grignard Reagents

Although nickel-catalyzed nucleophilic allylation has been studied over the past
three decades, nickel catalysis has attracted much less attention than Pd catalysis
as a tool in organic synthesis. This is most likely because of the moderate regio-
and/or stereoselectivities, the use of Grignard reagents which are too reactive to
be compatible with many carbonyl groups, the low reactivity with soft nucleo-
philes, and in particular the fact that Pd catalysis provides similar or better results.
However, recent studies have disclosed new aspects of high efficiency and selectiv-
ity for nickel-catalyzed allylation.

o attack
R~ R? Nu Nu
?/ﬁ/a o .
L cat Metal.
R R
L
v attack W

L: OC(=0O)R, OR, OPh, OH, SH, SR
Nu: hard nucleophiles, soft nucleophiles

(3.36)

Early studies conducted during the 1970s revealed that allylic alcohols, ethers,
and esters are substrates in the nickel- and palladium-catalyzed reaction with orga-
nometallic nucleophiles (Eq. (3.36)). The regiochemistry is highly susceptible to
the nature of the organometallic nucleophile, catalyst, and ligand, as well as to the
stereoelectronic bias around the allylic moiety of substrates. Typical examples are
shown in Table 3.1 for Eq. (3.37) [51], and these suggest that there is a general
trend that Ni- and Pd-catalysts show opposite regioselectivities, providing the -
and a-products, respectively. More detailed examples of Ni- and Pd-catalyzed allyla-
tion with allylic compounds have been compiled in review articles [52].

I PhMgBr “ Ph
/\/\ /\/\
X Ni or Pd Ph )\/ (3.37)
Et20 a-product y-product

A high level of regioselectivity is attained with allylic phosphonate 3.72 and
Ni(acac); as a catalyst (Eq. (3.38)) [53]. In contrast, an aryl group attached to the y
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Tab. 3.1.  Allylation with phenylmagnesium bromide.

X Cat. [10 mol%] Yield [%] ay
OSiEt; NiClL,(dppf) 100 12:88
OSiEt; NiCL,(dppp) 44 59:41
OSiEt; NiCl,(PPhs), 100 67:33
OSiEt; PdCl,(dppf) 100 96:4
OSiEt3 Pdclz(PPh3)2 52 90:10
OPh NiCl,(dppf) >80 14:86
OPh PdCl,(dppf) >80 90:10
OTHP NiCl,(dppf) >80 19:81
OTHP PACl,(dppf) >80 89:11
cl NiCl,(dppf) >80 25:75
Cl PdCl,(dppt) >80 82:18
Cl no catalyst - 2:1
OH NiCl,(dppf) 30-50 20:80
OH PACl,(dppf) 30-50 91:9

carbon substantially dictates the regioselectivity so as to maintain the z-conjugation
between the aryl group and the olefinic double bond (Eq. (3.39)) [54].

Preservation of conjugation is also reported in the geminal dimethylation of
allylic dithioacetals (Eq. (3.40)) [55] and dimethyl acetals [56].

o R
I
X _P. RMgBr e
C/His~ 071 0Ph CH R Z
7s OPh cat Ni(acac), 7s T Ctis
3.72 3.73 3.74

RMgBr % vyield 3.73:3.74
PhMgBr 66 92:8
/\MgBr 78 >99: 1

(3.38)

N"0oH ArMgBr @N\Ar
cat NCl,(PPhg),

73-80% (3.39)
OMe

Nickel-catalyzed allylation proceeds with overall inversion of configuration (Eqs.
(3.41) and (3.42)) [57, 58], indicating that the reaction proceeds with a widely
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Me Me

1 S_ S 1
R < - MeMgl R s
2 ) cat NiCl(dppe) @ (3.40)

R' = H, Me, OMe; R?=H, Me

.‘\\OH MeMgl /@,Me MED
+
Me cat NiCly(dppe) Me Me (3.41)

3.75a, a-Me 53 : 47 from 3.75a
3.75b, B-Me 89 : 11 from 3.75b
BnO BnO
}O Ar-MgBr —Q Ar
— cat NiClp(dppe) — (3.42)

BnO O\©\ BnO
Bu-t

Ar =Ph, CGH4OMG, C5H4Me, etc.

accepted catalytic cycle consisting of: 1) oxidative addition of an Ni(0) species upon
the C-O bond with inversion; 2) transmetallation of the resulting =z-allylnickel
complex with a Grignard reagent; and 3) reductive elimination with retention.

Lautens et al. have recently reported that a reaction course can be tuned by an
appropriate combination of the nickel catalyst and solvent (Eq. (3.43)) [59]. A prod-

(0]
OMe
MeMgBr
Ly ome 1 - .
OMe cat Ni OMe o
OH
3.77

OH OH
3.76 3.78 3.79
—
retention product inversion products
cat. solvent retention inversion
THF 70% -
Ni(cod), Et,O 48% -
Et,O-HMPA 30% -
THF 64% -
NiCly(dppp) Et,O-HMPA - 95%
toluene-HMPA - 80%

(3.43)

79
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uct 3.77 is a compound of complete retention of configuration, which is realized
with Ni(cod); as a catalyst under the conditions specified in the table shown below
Eq. (3.43). Interestingly, high regioselectivity delivering the methyl group at the
allylic termini proximal to the hydroxyl group is attained. On the other hand,
when the reaction proceeds with the “normal” inversion mode, low regioselectivity
is observed giving a mixture of regioisomers 3.78 and 3.79. Unusual syn oxidative
addition with retention of configuration or carbometallation from the less-hindered
olefin face is likely involved for the overall retention giving 3.77. The fact that the
reaction of cyclic allyl halides and palladium complexes proceeds with syn oxidative
addition may support the former mechanism [60].

3.11.2
Allylation with Soft Nucleophiles

In contrast to the palladium-catalyzed reaction, the nickel-catalyzed reaction with
soft nucleophiles is less efficient [61], and consequently the nickel catalysts have
been studied to a much lesser degree.

3.11.3
Regiochemical Control Based on Internal Chelation

As mentioned above, the reaction of allylic alcohol derivatives with Grignard
reagents in the presence of an Ni or Pd catalyst usually produces a mixture of
regioisomers. Recently, a new approach to high regioselectivity was reported by
Hoveyda, who installed a Lewis basic PPh, group onto allylic ethers at an appro-
priate position (Eq. (3.44)) [62]. The reaction of 3.80 with RMgBr (R = Ph, Me)
proceeds with high regio- and cis olefin-selectivities, and is found to be faster than
that without such a phosphine auxiliary. Homologues which are one carbon longer
also display high regioselectively.

R
OMe PPh,  RMgBr (5 equiv.) M R  PPh,
Hex — * Hex
Hexw NiClo(PPhg)s (5 mol%) PPh \_)\)7
2
3.80 THF, r.t. 3.81 3.82

R time 3.81:3.82 yield

Ph 3h 8:1 70%
Me 18h >99:1 73%

(3.44)

Such regioselectivity is well understood when supposing chelation of the internal
phosphine atom to the z-allyl nickel atom to form an 18-electron z-allylnickel 3.83.
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3.80\ y 3.81 A~
Hex, Hex P
X e T T
-Ni — i —PPh ;
RV R Ni _Ni 2 >> N
7\ 7\ ATy Ar” PPhg
PhsP PPh, PhsP PPh, Ph,P
3.83 3.84 3.85 3.86

Scheme 3.19. The 18-electron z-allylnickels 3.83 and 3.85 undergo facile reductive elimination.

This subsequently undergoes reductive elimination to produce a cis olefin 3.81
both regio- and stereoselectively (Scheme 3.19). The reductive elimination of an
18-electron =-allylnickel complex 3.85, according to Kurosawa, proceeds more rap-
idly than that of a 16-electron complex 3.86 [63]. The results of a series of reac-
tions represented by Eq. (3.44) are in accord with this generalization. In contrast
to NiCl,(PPhs),, bidentate NiCl,(dppe) and NiCl,(dppb) complexes are ineffective
(yield: <10%). Since bidentate phosphine ligands dissociate less readily than PPhy,
this observation supports the notion that exchange of the PPh; of 3.80 with one of
the phosphine moieties of the metal complex is critical to the efficiency and selec-
tivity of the C—C bond formation.

A r-allylnickel intermediate 3.83 suggests that substituents on the methylene
tether connecting the allylic moiety and the PPh, group may interfere with the
chelation, and thus change the selectivity and reactivity. Indeed, high selectivities
are recorded with 3.87 (Eq. (3.45)), while its diastereomer 3.89 affords a mixture
of the regio- and olefin-isomers (Eq. (3.46)). In the latter case, the chelation-form
similar to 3.83 is unfavored by the methyl group projecting inside the z-allyl sys-
tem, and hence the reaction probably proceeds without chelation assistance.

MeQ  PPh, RMgEBr PPhy
I (R = Me, Ph) n-CeHiae. —
n-CeHig as Eq. (3.44) :
Me 12h R Me s ss%
3.87 3.88 >99: 1
(3.45)
MeO  PPhy - PPhy Ph PPh,
Hexw %, Hexw . Hex\_)\‘)
Me Ph Me
3.89 3.90 3.91

3.90:3.91=1:1 (3.46)
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3.11.4
Organometallics other than Grignard Reagents for Allylation

The main synthetic advantage of allylation is the possibility of furnishing a chiral
carbon—carbon bond at a secondary allylic carbon with a given nucleophile. As
mentioned above, Grignard reagents are convenient reagents for the efficient
achievement of allylation. The highly nucleophilic nature — and hence the incom-
patibility with many functional groups — have, however, restricted its use in the or-
ganic synthesis of complex molecules. To improve this situation, organometallics
originally developed as reagents for palladium-catalyzed coupling reactions with
alkenyl and aryl halides, were applied to the allylation. Unfortunately, organometal-
lics based on aluminum, boron, silicon, tin, zinc, and zirconium are successful
only with a limited class of allylic substrates, in which the allylic moiety is located
in the terminal position of molecules and/or a reactive halogen atom is used as the
leaving group. For example, the palladium-catalyzed reaction shown in Eq. (3.47)
proceeds well with phenyl ether 3.92a, but a low yield of 3.93 is recorded with ace-
tate 3.92b [64a,b]. Dialkyl boranes such as 3.95 are unreactive with allyl acetate
(3.94b) (Eq. (3.48)) [64c,d]. In contrast, one of the Ph groups from PhyB~ Na* is
transferred onto the cyclohexenyl ring (Eq. (3.49)) [65].

Ol
°

Ph__~~_OR Ph A~~~ Bun
Pd(0) cat.
3.92a:R=Ph no base 3.93  649% from 3.92a
3.92b: R=Ac benzene, reflux 12% from 3.92b
(3.47)
. X _Bu-n
(Sla)zB X (395)
X X Bu-n
NaOH, Pd(0) cat. .
3.94a: X = Br benzene 87% from 3.94a
3.94b: X = OAc reflux no reaction with 3.94b
(3.48)
OAc Pd(0) cat Ph
+  PhyB Na* _— (3.49)
THF,60 C,12h 80%
no base

3.11.41 Ni-catalyzed Allylation with Lithium Borates Derived from Trimethyl Borate
Recently, lithium borates 3.97 prepared in situ from ArLi and B(OMe); were intro-
duced as new reagents for allylation (Scheme 3.20) [66]. These are highly reactive
in the presence of a nickel catalyst (entries 1 and 2, Table 3.2), while typical palla-
dium catalysts affords a methyl ether 3.99 (entries 3 and 4).
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/OMe
Ar—B\—OMe Li
OMe
3.97a-e
cat Ni \A‘!‘/
° r
Ph__~__CsHyy THF, 60-65 °C 3.98a—e 81-89%
OCO,Et
3.96 3.97a (Ar = Ph) th/\rCan
OMe
cat Pd 3.99
A @ MeO @ OMe
r. / \
& b5 2 0oMe ELL@( : :o}
a b c d e

Scheme 3.20. The Ni- and Pd-catalyzed allylation of carbonate 3.96 with lithium borates 3.97.

Tab. 3.2. Results of the reaction shown in Scheme 3.20.

Entry Catalyst Yield [%]

3.98a 3.99
1 NiCl,(PPhs), 97 0
2 NiCl,(dppf) 98 0
3 Pd(PPhs), <10 66
4 Pd(dppf) 0 54

I o) 1 o)
EtO,C_~_ . CsHy Yo Yoy
\/\O/COZEt O A O\)\/\002Et

Fig. 3.2. The allylic substrates for the coupling reaction with
borates 3.97. The arrows indicate the reaction sites.

o,f-Unsaturated ester as well as cyclic carbonates listed in Figure 3.2 are also
good substrates of the Ni-catalyzed allylation [67]. These results indicate that an
ester and a carbonate groups withstand the reaction conditions.

Acetylene borates afford ene-ynes (Eq. (3.50)), in which DPPE and DPPEN pro-
vide good results, whereas neither PPh;, DPPF, nor DPPP do not [68].

[ R — BOM }e @ Ph =~ Et
Ph._~_ _Et — BOMe)s | L
OCO,Et NiClo(dppe) ‘ ‘
R = Ph, Bu, SiMe3 R
68-93%

(3.50)
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3.11.4.2  Allylation with Lithium Borates Derived from Acetylene

In contrast to the coupling reaction with alkenyl and aryl halides, trivalent alkenyl
boranes such as 3.95 are poor reagents for allylation, and hence transmetallation
to copper reagents is recommended. By contrast, heptenyl boronate ester 3.100 de-
rived from 1-heptyne and catecholborane is transformed into the corresponding
lithium borate 3.101, which undergoes the nickel-catalyzed reaction with a carbo-
nate 3.96 to provide an allylation product 3.102 in good yield (Eq. (3.51)) [69].

g 10
ko) —j MeLi
3.100 o o
®
CsH11\/\/Bi :@ Li
Me O
Ph CgH
Ph. _— CsHy4 3.101 Z 51
OCO,Et NiClj(dppf) N
THF-MeCN CeH
o 50111 %
3.96 60 °C 3102 70%
(3.51)

In relation to this reaction, the reactivity of the alkenyl boronate ester 3.100
under palladium catalysis has been studied (Eq. (3.52); Table 3.3). Under the condi-
tions used in Eq. (3.47) (acetate 3.105 and cat. Pd(PPh;), in benzene), a diene 3.103
is produced in 70% yield (entry 1), while an 18:82 mixture of 3.102 (a desired prod-
uct) and 3.103 is obtained under the conditions optimized for the nickel-catalyzed
coupling (cf. entry 2 and Eq. (3.51)). On the other hand, a carbonate 3.96 gives

Ph__~ CsH14 3.100
N PhN‘“C4Hg
OR Pd(PPhg)4 (10 mol%)
3.105: R = Ac solvent 3102 CsH11 3.103
3.96: R = COEt : (3.52)
th/\(Can
+ OEt
3.104

Tab. 3.3. The Pd(PPh;)4-catalyzed allylation with a boronate ester 3.100 (Eq. 3.52).

Entry Ester Conditions Combined Ratio
yield [%] -
3.102:3.103:3.104
1 3.105 benzene, reflux 70 0:100:0
2 3.105 THEF-MeCN, 60 °C nd 18:82:0
3 3.96 THEF, 60 °C 95 18:9:73
4 3.96 THEF-MeCN, 60 °C 87 27:56:17

nd = not determined.
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©
OH HO -H0 0 MeLi Ph_ O ®
Ph—B 4 }R Ph—8 }R B }R Li
OH HO o] Me~ O
3.106 3.107 3.108A-F
boronate ester borate
1) o) 0—-Me 0 Me 0 o>
A: Oj ; B: :> ; C: I ; D: :EMQ; E: :@ ; Fr N—Me
o) 0~~Me o l\z"ee o o>

Scheme 3.21. The preparation procedure of phenylborates 3.108A—F.

a mixture of the three products (entries 3 and 4). Thus, it is concluded that a com-
bination of the borates 3.101 and NiCl,(dppf) is the best choice for the allylation.

3.11.4.3 Allylation with Borates Derived from Cyclic Boronate Esters

Although the methoxy borates 3.97 (Scheme 3.20) and catechol-bound borate 3.101
(Eq. (3.51)) possess sufficient reactivity in allylation with simple sec allylic esters
at 45-65 °C, a new borate of higher reactivity is required for reaction with more
complicated esters in synthetic application. Among MelLi-derived phenylborates
3.108A-F, each of which possesses a cyclic diol ligand (Scheme 3.21), 3.108A-C
show higher reactivity with carbonate 3.96 (Table 3.4). In particular, 3.108C allows
the reaction to proceed at room temperature or below, irrespective of the nickel cat-
alyst (entries 3 and 4) [70].

Lithium borates of a general structure 3.110 possessing the best diol ligand (C)
display high performance for the arylation of a wide structural and electronic vari-
ety of allylic carbonates. Some examples are shown in Scheme 3.22 (reactions (1) to
(3)). The reaction with cyclohexenyl carbonate proceeds with complete inversion of
configuration (Scheme 3.22 (reaction 3)).

3.11.5
The Design of Functionalized Reagents for Allylation

Recently, much attention has been focused on the preparation of functionalized or-
ganozincs. To date, the reactivity of these organozincs for coupling with alkenyl
and aryl substrates has been shown to be quite similar to those prepared using

Tab. 3.4. The NiCl,(dppf)-catalyzed allylation of a carbonate 3.96 with phenylborates 3.108A—C
in THF to yield 3.98a (cf. Scheme 3.20).

Entry Borate Temp. [C] Time [h] Yield of 3.98a [%]
1 3.108A 40 12 95
2 3.108B 35 12 84
3 3.108C rt. 4 88
4 3.108C 5 12 97

r.t. = room temperature.
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o) Me
@B\ I MeLi °
07" “Me T @ o _Me
3.109 g I L®

M&" 0 pe
Ph\/\(CSHﬂ 3.10 Ph o Csthn "
OCO,Et cat Ni
3.96
EtO,C._~ CsH
EtOZC\/\(C5H11 3.110 2 5t
- . 2)
OCOgEt cat Ni 85-98%
CO2M9
COzMe
3.110 (R = Ph) @ -
cat Ni “y

OCO,Et @ 95%
OMe
R: f?{(j Me(?g@ }g/@ }%©/0Me }%@

Scheme 3.22. The allylation of a wide electronic and structural
variety of allylic substrates with lithium borates 3.110.

classical methods [71]. Allylation with these reagents appears to be awkward how-
ever, and an attempt to react with an allylic acetate resulted in the homocoupling,
as shown in Eq. (3.53) [72]. Thus, transmetallation to a more reactive copper re-
agent is one way to achieve successful allyl coupling [73, 74].

The reaction of the boronate ester 3.109 with MeZnCl in place of MeLi produces
a new zinc borate 3.111 (Eq. (3.54)) without nucleophilic methylation at a carbonyl

CO,E
Ph._~ Znl Ph
: Pho s * {\/Vcozlﬂ
OAc Pd(PPhy), Z Z 2
THF-DMA (3.53)
S)
0-_Me MeZnClI ( :) O _Me ®
(R)E I B I ZnCl
0" >Me THF ME O “Me
3.109

311 (3.54)
R= 75@“; (FG = CHO, Ac, CH,0Ac, etc)

:é‘(d\/\/\/\o Ac
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Ph__~ CsH11 O
\/\MW\( oh \/\/\)\/(} Ph \/\M’(CSHH

X
(CH,)40Ac
FG FG=CHO
COMe CHO
3.112 CH,OAC 3.113 3.1104
75-89% (CH,),CO,Et 70% 87%

Fig. 3.3. The yields of the allylation products with
functionalized zinc borates 3.111 (Eq. (3.54)).

carbon on R [75]. The zinc borates undergo allylation to furnish the products
shown in Figure 3.3. Among these, the result obtained with the aldehyde-borate
3.113 is noteworthy in that: 1) the borate is indeed generated from the correspond-
ing boronate ester 3.109 (R = C¢H4CHO-p) and MeZnCl cleanly and without
attack at the aldehyde-carbon; and 2) the electron-withdrawing nature of the alde-
hyde group does not affect the reactivity. In addition, the synthesis of 3.113 demon-
strates the efficiency of the present methodology as two aldehyde groups in the
molecule are differentiated.

3.11.6
Nickel-catalyzed Reactions of Cyclopentenyl Acetate and Borates

Although efficient methods have been established for the preparation of both
enantiomers of 4-cyclopentene-1,3-diol mono-acetate (3.115) [76, 77], the lack of a
method to install hard nucleophiles on the cyclopentene ring prevented its use in
organic synthesis (Scheme 3.23). An intermediate 3.119, as would be expected for
metal-catalyzed transformations, shows a lack of steric or electronic bias, and this
leads selectively to either 3.116 or 3.117 because the hydroxyl group and the M—Nu
portions in the z-allyl metal intermediates (3.118 and 3.119) are placed at opposite
sides to each other.

The reaction of the palladium-catalyzed allylation of mono-epoxide 3.122 and
organostannanes (Eq. (3.55)) [78] is an example showing the low regioselectivity.
The reaction proceeds through a z-allylpalladium intermediate similar to 3.119.

@ R-SnBuy HOu. @,R HOw. Q
o — +
Pd(0) cat. p (3.55)

3.122
R = Ph, CH=CH, <17 :1

Attempted phenylation of 3.115 using the phenylborate 3.110 (Me ligand,
R = Ph) and NiCl,(PPh;), (10 mol%) under the best conditions developed for acy-
clic esters produces, unfortunately, an undesired enone 3.121. This indicates that -
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3 1 hard
HO,,.Q..\OAC Nu Ho,._gNu HO...
and/or /
cat M(0)
3.1152 3.116 Nu
3.117
\ M(0) /
M-OAc z M-Nu
u
HO:.. / HO:.. /
) )
3.118 3.119

oﬁ o oﬁ ----> further reactions

3.120 3.121

Scheme 3.23. The expected reaction(s) of 3.115 with hard
nucleophiles. ?(15,3R)-Isomer is depicted in this scheme.

hydrogen elimination of the z-allyl intermediate 3.118 (M = Ni) to ketone 3.120 is
a more rapid process than transmetallation with phenylborate 3.110 (Scheme 3.23).
A similar elimination that is catalyzed by palladium is reported for epoxide 3.122
[79]. In sharp contrast, advanced phenylborate 3.123a with the Bu ligand furnishes
the coupling products (Eq. (3.56) and Table 3.5, entry 1), whilst the low regioselec-
tivity producing 3.124a and 3.125a in 0.9:1 dr is improved greatly to 13:1 dr by the
addition of +-BuCN (2-5 equiv.) and Nal (0.5-1 equiv.) [80, 81].

R. 0._Me]©
N

f I Li®
3 O™ Me
HO.. 1 WOAc 3.123 HO... R HOu..
+ /
R

NiClo(PPhg),
(10 mol%)
3.115 THF, 1t 3.124 3.125
R for 3.123-13.125, see Table 3.5 (3.56)

The generality of the reaction and the effect of additives (+-BuCN and Nal) on
high regioselectivity are shown in Table 3.5. In addition, the borates 3.123 do not
undergo hydrolysis and are compatible with the hydroxyl group in the substrate
3.115. In other words, a slight excess of 3.123 (1.2-1.8 equiv.) is sufficient to com-
plete the reaction. This advantage is significant, especially in the situation where
the preparation of 3.123 comprises multiple steps.



Tab. 3.5.

3.11 Nucleophilic Allylation Toward n-Allylnickel Complexes

The nickel-catalyzed regio- and stereoselective installation of aryl and alkenyl groups
to mono-acetate 3.115 (Eq. 3.56).

Entry a-1 R Yield [%]° 3.124:3.125
With additive® No additive
1 a 75@ 84 13:1 0.9:1
2 b EQ 80 7:1 1.2:1
3 c 4 ) me 81 12:1 15:1
4 d 5«) 84 6:1 0.7:1
OMe
5 e f§<\}OMe 81 9:1 -
6 f oL 63 8:1 -
o
7 g S CoHygn 89 6:1 31
8 h sy Letn 85 5:1 1.3:1
i CgHq4-n
9 i 67 15:1 5.4:1
OTBDMS
NS Cy
10 j £ 85 15:1 5.5:1
OTBDMS
~S =
1 k #Z opn 80 17:1 8:1
OTBDMS
~S Bu-n
12 1 S 85 6:1 25:1
Bu-n

2Yields for the reaction in the presence of additives.
b4BuCN (2-5 equiv.) and Nal (0.5-1 equiv.).

3.11.7

Synthetic Application of Nickel-catalyzed Reactions of Cyclopentenyl Acetate and

Borates

The asymmetric synthesis of 11-deoxy PGE, and PGA; intermediates 3.127 and
3.128 is a successful application of the method described in Section 3.11.6. As
shown in Scheme 3.24, the reaction with (1R,3S)-3.115 and 1.2 equiv. (15S5)-3.123i
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Q
Me O Bu
;
I B~ cstis Li®
Me~ O =
OTBDMS HO!
3 155)-3.123i
HO""<j1 ( ) 10 = 15_ CsH14
“OAc cat. NiClo(PPhg),  +BuCN, Nal 5TBDMS
(1R,35)-3.115 79%, 19 : 1 selectivity (105,155)-3.124i
0] (0]
HO,C,
N o oA
1) MeC(OEt); C S S
e ;
HY A G\/\/CSHT] O\/\/CsH” G\%\/CsHﬂ
2) LiOH ag. = = z
OTBDMS OTBDMS OTBDMS
3.126 3.127 3.128

Scheme 3.24. The application of an borate (155)-3.124i to the
synthesis of the classical prostaglandin (PG) intermediates.

(PG numbering) produces the product 3.124i with 19:1 regioselectivity (cf. Table
3.5, entry 9), indicating no interference of the chiral centers on the mono-acetate
and any chiral borates.

The short-step synthesis of A’-PGA; methyl ester [80c|, an artificial anti-tumor
agent, is another application of the nickel-catalyzed reaction (Scheme 3.25). The
requisite mono-acetate (1S,3R)-3.115 is the enantiomer used for the classical PG
(Scheme 3.24), and its reaction with (15S5)-3.123i also furnishes (9R,155)-3.124i
with excellent regioselectivity (21:1). Oxidation with PCC followed by aldol reaction
with the a-chain aldehyde produces A7-PG A; methyl ester.

HO HO
23 NiCly(PPhy),
@ 1 + (155)-3.123i W’
] . t-BuCN, Nal = CgH
1 1.2 equiv. 5t
OAc ( quiv.) 799% -

OTBDMS

(1S,3R)-3.115 i
(9R,155)-3.124i

aldol
o o OHC—(CH,)s-CO,Me o
PCC = CO,Me
60% _~__CsH11 ~_-CsHi1
OTBDMS OH

A7-PGA; methyl ester
Scheme 3.25. The short-cut synthesis of A’-PGA; methyl ester.
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1[0] i
< B oron O)K/ACOOH
- o s IIII/K/\)Oi

2) 1,4-addition brefeldin

(1R)-3.124f 3.129 intermediate (3.130)

‘\ HO  OH HO ~ OH
(15)-3.124 3.131 aristeromycin (3.132)

2) HO + OH

Scheme 3.26. The synthesis of intermediates of brefeldin and aristeromycin.

The syntheses of the brefeldin A intermediate 3.130 [82] and aristeromycin
(3.132) [83] have been accomplished from (1R)- and (1S)-enantiomers of the furan
product 3.124f, respectively (Scheme 3.26).

3.11.8
Extension of the Lithium Borate/Nickel Catalyst for Coupling with Alkenyl and Aryl
Substrates

The above borates 3.123 originally developed for allylation may be applied to the
coupling reaction with alkenyl and aryl substrates, which are quite poor substrates
toward conventional coupling reagents due to the steric reason. Indeed, the alkenyl
coupling reaction of cis bromide 3.133 proceeds with the modified borate 3.134
and a nickel catalyst at room temperature to afford a diene 3.135 efficiently (Eq.
(3.57)) [84]. This reaction was later applied to the synthesis of the anti-bacterial kor-
ormicin (active against a marine Gram-negative organism), the human leukocyte
activator 10,11-dihydro-LTBy4, and the HMG-CoA reductase inhibitor decarestric-
tine D (Fig. 3.4) [85, 86].

Me_ ,/—0Q_ Me © ®
OTBS Me)CO/B\/\ o | U OTBS
7 CsHy 3.134 | CsHhs
Br NiClo(PPhg)o \
3133 THF, r.t. 12 h 90°% CeHyy 3435

(3.57)
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g O OH
NJ\)\Z}{VVCBHW
O H o)
korormicin
oPMB OTBDPS
OTBDPS
=z HO™ ™ AN
HO” > OH
a coupling product decarestrictine D

Fig. 3.4. Biologically active compounds synthesized through the coupling reaction of Eq. (3.57).

In contrast to the high reactivity of aryl triflates, aryl mesylates and tosylates are
poor substrates in the previously described coupling reaction. The borate/nickel
catalyst is an efficient reagent system for coupling with such sulfonates (Eq. (3.58))

87].

OMs

© NiCly(PPhs)
Me 2 3)2
Ph_ O @ (10 mol%)
+ B, Li _
Bl O™ “Me THF, rt.12h
Ac 95% Ac

other exampes:

(
Ph
@ ‘f‘ ‘@ o
CO,Me ©
9

3.58)

CO,Me
. 3%
95% 88%

3.12
Nickel Enolates

Nickel enolates have been proposed as intermediates in several organic reactions.
Oxygen-bound and carbon-bound nickel species have been isolated and charac-
terized using both spectroscopy and X-ray analysis (Fig. 3.5). The nickel enolates

O-Ni )
A

Fig. 3.5. Two structural forms of nickel enolates.
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promote several types of reaction, with the overall conversion from the enolate pre-
cursor being barely accessible with the classical enolates. The preparation and reac-
tions of the nickel enolates are detailed in the following sections.

3.12.1
Reactions of Ni(ll) Complexes with Lithium or Potassium Enolates

The reaction of aryl halide 3.136 and lithium enolate 3.137 in the presence of
a nickel catalyst (NiBr, + n-Buli) takes place at —70 °C to produce 3.138 through
a postulated “‘nickel enolate 3.140” (Scheme 3.27) [88]. In the case of a crotonate
anion, reaction with Phl takes place at the y position. Alkenyl halides also produce
coupling products without isomerization of the olefin geometry (Eq. (3.59)). Palla-
dium complexes have recently been reported to catalyze the same arylation [89].

OLi
\
=
Br YOB“" _CO,Bu-t (3.59)
Ph._~ Ph.

Ni(0)

The reaction between Cp*(PPh;3)NiCl (3.141) and potassium enolate 3.137 pro-
duces a nickel enolate [90]. The carbon-bound structure 3.142 was initially dis-
closed using X-ray diffraction, and further supported using spectroscopy (*H and
13C NMR, infra-red) (Eq. (3.60)). This was the first structural confirmation of
nickel enolate chemistry. Similarly, the reaction between Cp(PPh;)NiCl and the
potassium enolate derived from MeC(=O)Bu-t affords an enolate, for which the
carbon-bound structure 3.143 has been determined using spectroscopy (Scheme
3.28). The reaction of 3.143 with Mel in C¢Dg at 45 °C for 2 days affords the
methylation product, EtC(=0)Bu-t, in 33% yield and Cp(PPh;)Nil in 74% yield,
while TMSCI furnishes the corresponding TMS enol ether and Cp(PPh;3)NiCl in

X
CO,Bu-t
©/ + L® ©cH,co.Bu-t @ 2
NiBr, / BuLi (1 : 1)

3.136 (Lf’g;(?;&“) (20 mol%) 3138 X=1,73%
X = Br, 41%
\Ni(o) /\ /
Ni_\)iLi ® eCHQCOZBu-t ©/ Ni-(enolate)
N
3.139 3.140

Scheme 3.27. The Ni-catalyzed coupling reaction of aryl halides and lithium enolate.
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Q PhCHO Ni-Q O d
Ni - - - . SN
PhgP~ QLBU-:‘ toluene Ph/\)J\ Bu-t R’ R?
3.143 59-67% 3.144 3.145a R' = Ph, R% = Bu-t

3.145b, R' = Bu-t, R2 = Ph
PhCHO products from
5-10 equiv. 2 equiv. of PhACHO

Ni\6> O (e}
&O%Ph - Ph)k(_) OH HO OJLPh
O - + H
Phw H Ph/v'\ Bu-t Ph/vL Bu-t
Bu-t
3.146 3.147a 3.147b
products from excess PhCHO

Scheme 3.28. The reaction of Ni-enolate 3.143 with PhCHO.

73% and 84% yields, respectively. Reaction with PhCHO produces different groups
of products, depending on the stoichiometry of PhCHO and the reaction temper-
atures (Scheme 3.28). With 2 equiv. PhCHO at room temperature for 8 h, enones
3.145a and 3.145b are produced, whilst the use of 5-10 equiv. PhCHO at 0 °C af-
fords a mixture of 3.147a and 3.147b in 59-67% yields. The reaction in the latter
case proceeds through 3.146 giving 3.147a directly, while isomerization produces

3.147b.
Me Me
Meﬁr“"e ® o Mejér“"e
Me~ | “Me + K= TCHCOBut —— Me” | “Me
Ni Ni
PhsP”  Cl 3.137 (K" PhgP” " CH,CO,Bu-1
3.141 (K enolate) 3.142
(carbon-bound enolate)

(3.60)

The oxidative cyclization of alkynyl enones and enals, 3.148, with Ni(cod), pro-
duces nickel enolates 3.150 (Eq. (3.61)) [91]. The reactions of these complexes are
described in Chapter 4 (see Section 4.6.2).

{ R? Ni(cod)p

/ / Ligand (L)

3.150

(3.61)
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Enol acetate, upon reaction with Ni(0), produces nickel enolate, which sub-
sequently undergoes the aldol reaction [92].

3.12.2
The Reformatsky-type Reaction

a-Halo carbonyl compound 3.151 reacts with electron-rich Ni(CO), to produce a
nickel enolate, which is highly nucleophilic towards the remaining a-halo carbonyl
carbon, furnishing f,y-epoxy ketone 3.152 in good yield (Eq. (3.62)) [93]. As might
be expected, a stoichiometric quantity of Ni(CO), is required to complete the
reaction.

(0]
oy B+ NiCO), [ Ni enoate |
3.151 (1 equiv.)
(1.7 equiv.) (0]

t—BUMO + N|X2

3.152 (3.62)

The above reaction suggests the possibility of a catalytic variant in combination
with a process for recycling Ni(II) to an active Ni(0) species. Such a catalytic pro-
cess is realized with an electrochemical system (Eq. (3.63)) consisting of a DMF
solution of an a-chloro-ester, a carbonyl compound, ZnBr, (5 equiv.), and 5-10%
of an Ni complex such as NiBr,(bipy) or Ni(bipy)s;(BF4); with a zinc anode and a
carbon cathode [94]. Under these conditions, NiX; is reduced to an Ni(0) species,
which attacks a-chloro-propionate to form a nickel enolate of unidentified structure
(Scheme 3.29). Subsequent transmetallation with ZnBr, produces a zinc enolate
and NiX;, thus closing the catalytic cycle. Although the zinc anode produces the
requisite Zn(II) during electrolysis, the addition of ZnBr, provides better results.
Such an electrochemical system is applied to chloro(difluoro)acetate [95].

O

O R!' R2 R1)J\R2

NiX, -
MeO)HXO—ZnX [Zn enolate ] \<
H,O .
j ’ ZnBr, Ni(0)
aldol [ Ni enolateL/\ 0
MeO)K(CI

Scheme 3.29. The nickel-catalyzed Reformatsky reaction under electrochemical conditions.
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o o NiX, 0 R R

(5—10 mol%)
cl 4
MeOJ\( R1)J\R2 ZnBr, MeO)HXOH (3.63)

Zn anode—C cathode

(2 equiv.) (1 equiv.)

NiX, : NiBro(bipy), Ni(bipy)s(BF4)s

It has been reported that Et,Zn promotes the Rh-catalyzed Reformatsky-type
reaction of a-bromo esters with carbonyl compounds, in which Et,Zn contributes
not only to transmetallation of the initially formed Rh(III) enolate to Zn enolate,
but also to reduction of the R(III) to active Rh(I), probably through Rh(III)Et,
[96]. A similar reaction between a-bromo ester 3.154 and imines 3.153 proceeds
with a nickel catalyst such as Ni(acac),, NiCl,(PPhs),, which exhibits as high a cat-
alytic activity as RhCl(PPh;); (Eq. (3.64)) [97]. Equation (3.65) illustrates the crucial
role of Et,Zn and the nickel enolate involved in the reaction.

Et,Zn
N Q 2 HN

(3.5 equiv.)
| . e O){/ Br _(35eauv) CO,Me
H cat Ni
3.154
cl 5153 cl 3.155
(3.64)
1 Ni(0) ‘
= i (3.65)
MeOJ\/ Ni=X MeOJ\/ Zn-X * NiEte '
Ni enolate ! reaction with imine
\
3.12.3

Other Reactions through Nickel Enolates

The reaction of bromo(difluoro)acetate 3.157 with alkenyl zirconium reagent 3.156
proceeds with a nickel catalyst to produce 3.158 in 65% yield (Eq. (3.66)), in which
transmetallation between zirconium reagent 3.156 and the nickel enolate gener-
ated from ester 3.157 and Ni(0) is probably involved [98].

BrXCog-Pr-i PhWCOZ-Pr-A
FF Ni(PP3)4 FF

A (5 mol%)
3.156 3.157 65%  3.158 (3.66)

Ph
N ZCp,Cl

Although the reaction of allyl acetate with hard nucleophiles such as lithium
borates proceeds with overall inversion (see Section 3.11.4), the stereochemistry



AI’\ /o Me 1©
AcO, B I Li
Bu O Me
B-OAC —~
a-OAc
NiCl,(dppf)
o (5-10 mol%)
3.159
\ Ni(0)
(0] Ni-O
3.161A enolate
Scheme 3.30.

References

® Ar
3.123 JA;S'D
(0]

3.160

Ar-B /

el

3.161B

Ni-catalyzed coupling reaction of octalenone, producing the f-aryl stereoisomer.

observed in the nickel-catalyzed reaction of j-acetoxy-octalenone 3.159 and the
lithium borate 3.123 is unusually independent of the substrate stereochemistry
(Scheme 3.30) [99]. Rapid interconversion between the z-allyl nickel stereoisomers
3.161A and 3.1761B exists through the nickel enolate, and less congested z-allyl
nickel 3.161B undergoes coupling with the aryl borate preferentially to produce
3.160 in a stereoselective manner.
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4
Reaction of Alkynes

Shin-ichi lkeda

Since the earliest investigations represented by cycloaddition [1] and carboxylation
[2], the nickel-catalyzed reactions of alkynes have been extensively studied by
many research groups. This chapter highlights recent developments in the nickel-
catalyzed reactions of alkynes. Recent advancements in cycloaddition and the car-
boxylation of alkynes are described in Chapters 6 and 7, respectively.

The most extensively studied reaction is the addition reaction of an A-B species
(e.g., H-H, H-metals, metals—metals, C-H, and C-metals, where metals = Si,
Sn, B, etc.) to alkynes (Scheme 4.1). Generally, the addition of an A-B species to
alkynes starts with oxidative addition of the A-B species to a nickel(0) complex to
generate an A—Ni-B species (see Section 1.7.1). The insertion of an alkyne into
either the A-Ni or the B—Ni bond gives the alkenylnickel intermediate(s), which
undergo reductive elimination to produce the alkenes functionalized with an A
and B functionalities at the 1,2-positions (see Section 1.7.4). The A and B groups
are usually introduced on the same face of alkynes, and cis-alkenes with respect
to A and B are produced. When an A-B is C—X (X = halogens, O, N), the alkenyl-
nickel X intermediates are capable of undergoing, instead of reductive elimination,

=\ Ni° A-B
A B \( oxidative addition

A-Ni-B
reductive elimination =\ . o
A NiB =
/—\ and/or insertion
BM  _RM N\
. B NiA
R-Ni-A e.g., transmetallation

Scheme 4.1.  The catalytic cycle for the addition of an A-B
species upon alkynes catalyzed by a nickel(0) species: cis
addition of an A-B to an alkyne.

Modern Organonickel Chemistry. Edited by Y. Tamaru
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4.1 Hydrogenation

Tab. 4.1. Nickel-catalyzed hydrogenation of alkynes with T atm H;.

NiBr,-Zn, additive Ph CHj CH
Ph—=—CHj ? \—=/" —— Ph T
H, 1 atm, DMF, 50 °C (2)-alkene alkane
Additive Time [h] Yield [%]
(Z)-alkene alkane
None 3 93 1
6 0 98
DIPHOS 4 92 1
15 90 2
HzN(CHz)zNHZ 8 92 trace
24 93 2

further reactions with organometallics (transmetallation; see Section 1.7.3, dotted
arrow), the other alkynes, alkenes, CO and others (insertion; see Section 1.6.2),
thus furnishing a variety of multi-component connection products.

The oxidative cyclization of an Ni(0) complex upon alkynes across other unsatu-
rated molecules, such as dienes, enones, and carbonyls, is another type of reaction
which currently is attracting much interest (see Scheme 1.8).

4.1
Hydrogenation

Alkynes are hydrogenated to alkenes and alkanes successively by various transition
metals. The nickel catalysts for hydrogenation are usually prepared by the reduc-
tion of nickel salts with H; [3], metals [4], alkali metal hydride [5], and NaBH4
[6]. The catalyst activities depend on the type of nickel salts, reducing agents, and
solvents. Alkynes are hydrogenated successively to (Z)-alkenes and alkanes by a
catalytic amount of NiBr, and Zn under 1 atm of H; (Table 4.1) [7]. Interestingly,
ethylenediamine and DIPHOS effect the partial hydrogenation of alkynes. That is,
in the absence of these additives, mono-hydrogenation and di-hydrogenation pro-
ceed in a sequence, and the mono-hydrogenation can be achieved by controlling
the reaction time or the amount of H,, charged. In the presence of the additives,
only mono-hydrogenation takes place, irrespective of the reaction time and the
amount of Hj.

The partial and stereoselective reduction of alkynes to either (E)- or (Z)-alkenes
has been reported (Table 4.2) [8]. Again here, the selectivity shows marked depen-
dence on the kind of additives. SmI, in isopropanol, in the presence of a catalytic
amount of NiCl,, selectively reduces alkynes to (Z)-alkenes. HMPA changes the
reaction features: it accelerates the reaction and guides the reaction to provide
(E)-alkenes selectively.

103



104

4 Reaction of Alkynes
Tab. 4.2. Stereoselective reduction of alkynes with Sml, catalyzed by NiCl,.

NiCly, PPhs,

Smly, i-PrOH Ph Ph
Ph—=—Ph — N/ 4 pp PN g PR

THF, additi
, additive, rt ) (E) alkane
Additive Time [h] Yield [%] Ratio
(2) (E) alkane

None 2 68 91 9 0
HMPA 0.5 89 1 90 9
4.2
Hydrometallation and Related Reactions
The addition of an H-M species to alkynes is well known and is effectively pro-
moted by various transition-metal catalysts [9-11]. Nickel complexes catalyze the
addition of H-SiR; (hydrosilylation), H-SnR3 (hydrostannylation), H-BR, (hydro-
boration), H-AIR; (hydroalumination), etc.
4.2.1

Hydrosilylation and Hydrostannylation

The hydrosilylation of alkynes with alkyl- and arylsilanes, such as Ph,SiH;,
PhMe,SiH, and Et;SiH [9], has been studied under catalytic systems composed of
an Ni(0), triarylphosphine, and butadiyne [12]. In all cases examined, the reaction
is characterized by cis-addition of hydrogen and silicon. Disubstituted alkynes pro-
vide a mixture of silicon-substituted ethenes, butadienes (insertion of another
alkyne), and hexatrienes (double insertion of alkynes) along with benzenes (cyclic
trimers of alkynes). The reaction of disubstituted buta-1,3-diynes proceeds stepwise
and provides the 1,2-addition products as the primary product, delivering the sili-
con at C2 (Scheme 4.2). The subsequent addition, depending on the kind of sub-
stituents at C1 and C4 of buta-1,3-diynes, proceeds selectively either in a 1,4 fash-

123 4 : .
R—=—— R + Ph,SiH, Ni(0)/PArz-butadiyne
Ar =Ph or o-Tol
H, , SiPhH R R H  SiPhyH
R
— + —e + —
R\ HPh,Si SiPh,H R )=
N4 HPh,Si  H
R=TMS ~2% 90~92% 0%
R="Ph ~2% 0% 37%

Scheme 4.2. The Ni(0)-catalyzed double hydrosilylation of 1,4-disubstituted 1,3-butadiynes.
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ion leading to allenes (R =TMS) or in a 1,2 fashion leading to 1,3-butadienes
(R = Ph). The latter reaction, giving rise to a symmetrically substituted diene, dem-
onstrates that the hydrosilylation takes place twice with the same regioselectivity.

Hydrosilylation across two molecules of alkynes has been reported [13]. An inter-
nal version is shown in Scheme 4.3, where 1,7-octadiynes react with a variety of
hydrosilanes to provide 1,2-dialkylidenecyclohexanes [14]. As is apparent from the
structure of a product 4.1, one of the exocyclic double bonds is assembled with (Z)-
silylmethylene and the other with (E)-pentylidene groups. Moreover, the selective
formation of 4.1 indicates that the hydrosilylation is regioselective and delivers the
hydrogen on the most-substituted and the silicone on the least-substituted alkyne
termini. The reaction of a nitrogen-containing 1,7-octadiyne shows modest regio-
selectivity and produces a mixture of regioisomers, which suggests that the nitro-
gen atom and an Ni(II) center do not interact in controlling the regioselectivity.
All the results suggest the following reaction sequence: 1) oxidative addition of an
Ni(0) upon an Si—H bond; 2) insertion of alkyne into the H-Ni—Si species forming
a vinylnickel bond; 3) insertion of the other alkyne into the vinylnickel bond (cycli-
zation); and 4) reductive elimination. It is not clear, however, that on the first occa-
sion which of the two triple bonds inserts into which of the H-Ni and Ni-Si
bonds.

Ni(acac),

= + (FPrO)Me.SiH DIBAL ~" ~SiMe,(O-iPr)
— gy (-PrO)Me,Si benzene x_H

— 50 °C, 24 h
Bu  4.1:36%

Ni(acac),, DIBAL
benzene, 50 °C, 6 h

OMe % N % NN SiMe,(0-Pr)
o SiMe,(0-i-Pr) *
K kS

47% (71 : 29)

+ (FPrO)Me,SiH

MeO

Scheme 4.3. The nickel-catalyzed hydrosilylation of 1,7-
octadiynes furnishing 1,2-dialkylidenecyclohexanes. Both the H
and Si of Me; (O-i-Pr)SiH are stereoselectively delivered inside
of the exocyclic diene.

Hydrostannylation also seems to occur with cis-addition [10] in the presence of
transition metals [10], including a nickel catalyst [15]. However, the regioselectivity
is not very high (Scheme 4.4). Contamination with a small amount of the (Z)-
isomer may be attributed to thermal isomerization of the primary (E)-product (via
a radical mechanism). A nickel(0) catalyst may be generated in situ by reduction of
NiCl, with Bu3SnH.
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i Ph Ph
NiCl,(PPh
Ph—== + BusSnH 12(0 2 hs)z — + —
r.t. 0.
80% yield BusSn H H SnBujy
45 : 55 (E/IZ=91/9)
THPO NiClo(PPhs)s THPO THPO
\ __ + BugSnH —osn — + —
92% yield BusSn H H SnBugs
88 : 12(Eonly)

Scheme 4.4. The nickel-catalyzed hydrostannylation of alkynes.

4.2.2
Hydroboration

Hydroboration with catecholborane, an unreactive hydroboration agent, smoothly
occurs under mild conditions in the presence of a variety of transition-metal cata-
lysts [11, 16, 17]. The hydroboration of 1-(alkylthio)-1-alkynes with catecholborane
in the presence of NiCl,(dppe) or NiCl,(dppp) takes place both regio- and stereo-
selectively and provides (Z)-alkenylboronates with the boryl group in the a-position
with respect to the sulfur atom (Table 4.3) [18]. Interestingly, rhodium catalysts,
which have been most commonly applied to the catalytic hydroboration of alkenes
and alkynes, show poor regioselectivity for the hydroboration of alkylthioalkynes,
yielding the addition products, albeit in low yield (Table 4.3).

Conjugated 1-(alkylthio)-enyne undergoes hydroboration in the same fashion to
1-(alkylthio)-1-alkynes and provides a geminally heterosubstituted diene as a sole
product (Scheme 4.5). The palladium-catalyzed hydroboration under similar condi-
tions takes place in a 1,4-addition fashion, yielding a geminally heterosubstituted
allene [19].

Tab. 43. Transition metal-catalyzed hydroboration of 1-(alkylthio)alkyne with catecholborane.
Nickel shows a higher catalytic performance than rhodium, the putative transition metal for
hydroboration.

o . O\BH cat >:< >=<
Me—=—SEt / benzene, r.t. 5 h H B~0 H B~0

o S \ + o \

Catalyst Yield [%] Ratio
[Rh(COd)(PPh3)z]2PF(, 45 74:26
NiCl,(dppe) 100 >99:<1

NiCl,(dppp) 97 98:2
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SEt
0 NiCI =
g @: NG /\%E\ro
— o benzege?,/or.t. 5h H O\@

Scheme 4.5. The nickel-catalyzed hydroboration of
(1-alkylthio)-3-buten-1-yne with catecholborane.

423
Hydroalumination

In the presence of a Ni(acac), catalyst, hydroalumination of internal alkynes with
DIBAL principally proceeds via cis-addition. However, the reaction is somewhat
less stereoselective [20].

424
Miscellaneous: the Addition of H—P and H—S Groups

The addition of diphenylphosphine to alkynes occurs with various palladium and
nickel catalysts to yield the alkenylphosphines, both regio- and stereoselectively
[21]. In a particular reaction shown in Table 4.4, nickel catalysts appear to be
much more efficient than palladium catalysts. The regioselectivity depends on the
type of Ni species used. Ni[P(OEt;)]4 and Ni(acac); catalysts mainly provide 4.2,
whereas the NiBr, and Ni(acac),/(EtO),P(O)H systems provide the other isomer
4.3 as the major product. Similar nickel catalysts promote the addition of the H
and P of R,P(=O)H [22] and of the H and S of thiophenol to alkynes [22, 23].

4.3
bis-Metallation

Catalytic activation of the bonds composed of metallic (or metalloid) elements
opens the way to new synthetic methods of organometallic (or organometalloid)

Tab. 4.4. Nickel-catalyzed hydrophosphorylation with diphenylphosphine.

cat Ph Ph
Ph—== + PhpPH  ————— —. +
enzene,
10-60h a2 e TP,

Catalyst Yield [%] 4.2:4.3 E/Z of 4.2
Ni[P(OEt; )]s 93 90:10 50/50
Ni(acac); 82 73:27 67/33
NiBr, 90 14:86 100/0

Ni(acac), + (EtO),P(O)H 90 5:95 100/0

| 107
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compounds [24]. Nickel complexes catalyze bond cleavage of the homogeneous
(R3Si—SiR’3, R3Ge—GeR;) and the heterogeneous metal-metal bonds (R3Si—BR/;,
R3Ge—BR’;) and deliver these metallic fragments upon alkynes in a 1,2 fashion in
most cases, and in a 1,1 fashion in limited number of cases.

431
bis-Silylation and bis-Germylation

Almost three decades ago, Kumada et al. reported that sym-tetramethyldisilane
(Me,HSiSiMe,H) and internal alkynes react to provide tetrasubstituted dimethyl-
silacyclopentadienes in good yields at 90 °C in the presence of NiCl,(PEts); [25].
This unique reaction is rationalized by supposing an active intermediate, either
dimethylsilylene on a nickel(0) [Me;Si: Ni(0)] or bis(dimethylsilyl)nickel(II)
[Ni(SiHMe,),], generated via a few steps initiated by oxidative addition of a
nickel(0) complex upon the Si—H bond. The nickel(0) complex is generated by the
reduction of NiCl, with Si-H. As illustrated in Scheme 4.6, modification and appli-
cation of the reaction to 1,6-diynes has opened a new and effective access to func-
tionalized silacyclopentadienes and silole-thiophene co-polymers, which are new
functional materials [26].

TBDMSO OTBDMS _ TBDMSO OTBDMS
Ni(acac),, PEt;

DIBAL
Me;Si-SiPhoH
—_—

80 °C

Ph; 40%

Scheme 4.6. The nickel-catalyzed synthesis of silacyclopentadienes (silols).

The direct oxidative addition of a Ni(0) complex to Si—Si bonds has been evi-
denced by the reactions shown in Schemes 4.7 and 4.8. At a high temperature,
3,4-benzo-1,1,2,2-tetraethyl-1,2-disilacyclobutane (4.4) reacts with internal alkynes
to give a mixture of 4.5 and 4.6 in the presence of Ni(PEt;)s [27]. On the other
hand, the reaction of 4.4 with phenyl(trimethylsilyl)acetylene provides a mixture
of 4.7 and 4.8. The same class of products 4.5 and 4.7 forms, probably via the
Diels—Alder-type cycloaddition of an o-quinodimethane-nickel(0) complex and
alkynes.

Although the mechanism shown in Scheme 4.7 is speculative, the formation of
4.6 and 4.8 strongly supports the intermediacy of an o-quinodimethane-nickel(0)
complex as a common intermediate. It is worth noting that o-quinodimethane
(composed of all carbons) is itself a reactive intermediate. In view of the intrinsic
instability of the C=Si double bond, the o-quinodimethane that appears in Scheme
4.7 is very unstable, and its intermediacy in the reaction course may owe to the co-
ordination stabilization with an Ni(0). The routes leading to 4.6 and 4.8 are rather
complicated and worth a few comments. The insertion of an alkyne into the Ni—C
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SiEt, . Ni(PEt), Sis -Ph S siet
i _® 4+ Ph—=—=—Ph | + 2
SiEt, 150 °C P
si” >Ph Ph
4.4 Etp Ph 4.6 72%
alkyne 4.5:27% -0: 727
[Ni]\ f .
Et, SiEt )S g
Si ,'\ 2 alkyne SiEt,
\ . . A .
CIN] == [N — _,INi
E{z SIEtz Ph
Ph
Si_ _TMS Etp ™S
. Si
Ni(PEt
4.4 + Ph————TMS i 3 ©[ IE * >:<
150 °C si” >Ph Si  Ph
EtZ Et2
4.7: 44% 4.8: 27%

[Ni]\ alkyne T
SiEt, SEL Tvs SiEt, ™S
~o Ik i A —
S TN C GG ¢
SiEt, = SiEt, Ph
Scheme 4.7.  The nickel-catalyzed cycloisomerization of

disilane 4.4 and alkynes involving oxidative addition of an Ni(0)
upon the Si—Si bond.

Me Me\ Ph
= NiCI,(PPh Sl Pn
Sy pp=—pn NP |
Si 150 °C

md Ph S
e ‘.

, Me Ph 939

CIs

ph‘ Me Ph\Si\Me
; . Ph

C% + pho—pp MCL(PPhy), D:

IS‘I' 150 °C

Me Ph s Ph

trans Me Ph 89%

Scheme 4.8. The nickel-catalyzed stereospecific disilylation of diphenylacetylene.

bond of a nickella-2-silacyclopropane, followed by 1,3-migration of the SiEt, group
of the thus-formed spiro intermediate provides 4.6. Oxidative addition of the Ni(0)
of the o-quinodimethane-nickel(0) complex upon the alkyne C-Si bond, followed
by 1,3-migration of the TMS group from the Ni to the C-bearing phenyl group pro-
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vides a vinylidene carbene complex, which undergoes reductive elimination to give
4.8. 1,2-Disilacyclopentanes stereospecifically add to diphenylacetylene in the pres-
ence of NiCly(PPhs), to give 1,4-disilacyclohept-2-ens (Scheme 4.8). The stereo-
specificity indicates that the insertion of the alkyne upon the Ni-Si bonds of a
1-nickella-2,6-disilacyclohexane intermediate proceeds with complete retention
(or inversion) of the configurations of the both silicone stereocenters [28].

A nickel(IT)-carborane complex 4.10, prepared by the reaction of o-bis(dimethyl-
silyl)carborane (4.9) and Ni(PEt;)s catalyzes the disilylation of alkynes with 4.9
(Scheme 4.9) [29]. The reaction is accompanied by evolution of 1 equiv. of Hj,.
The course of the reaction depends heavily on the type of alkyne substituent; phe-
nylacetylene undergoes 1,2-disilylation giving rise to 4.11, while 1-hexyne under-
goes 1,1-disilylation to form 4.12. The latter is formed via 1,2-migration of the Ni
(see Section 1.7.5) of the primary insertion product. Almost parallel chemistry has
been developed for the digermylcarborane derivatives [30].

Mez

SiMe,H M
+ Ni(PEty), ———— NiPE), + H,
SiMeZH pentane, r.t. SI
&9 Me, 4.10
Nl-e2 M92
4.10 Si_R si’ R
49 + R— . ]/ . .
toluene, r.t.-80 °C . 3'>_<H
M Me
Me2 411 2 412
(@ =B10H1OCZ) R =Ph 64% 0%
R="Bu 0% 71%
Me.
GeMe; Ge2
| NPED. s Ni(PEty),
GeMe, pentane, r.t. Go
M92

Scheme 4.9. The nickel-catalyzed disilylation and digermylation of alkynes.

432
Silaboration and Geraboration

Palladium and platinum complexes catalyze the addition of the Si and B groups of
silylboranes to alkynes [24]. Nickel complexes also work similarly well (Scheme
4.10) [31]. The reaction starts with oxidative addition of an Ni(0) complex upon
the Si-B bond of 4.13, followed by the successive insertion of two molecules of al-
kynes, and terminates with reductive elimination. While internal sym-alkynes can
be transformed to 1-boryl-4-silyl-(Z,Z)-1,3-dienes in high yields with high stereo-
selectivity, terminal alkynes suffer from low regioselectivity and provide mixtures
of the head-to-head and head-to-tail coupling products. The structural motif com-
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_ 0 Ni(acac),, DIBAL
Bu—== + PhMe,SiB oo 80°C
o toluene,
413
Bu
Bu H
B H
NP siMePh Z SiMePh \={(

. B© ~_B© PhMe,Si  B~O
Bu é Bu (I) o
H H ?&

78% (3:1:0.17)
H

_ Ni(acac),, DIBAL, PBug Z > SiMe,Ph
+ 4.13 o}
— toluene, 110 °C NN ||3/
(0]
H 7{<

Scheme 4.10. The nickel-catalyzed silaboration across two alkyne units.

mon to all products is trans with respect to the B and butyl groups. This suggests
that insertion of an alkyne upon the Ni—B bond with regioselective Ni—C bond for-
mation at the most substituted alkyne terminal initiates the sequential reactions.
Some germylboranes show a similar reaction pattern [31].

44
Hydrocyanation, Hydroacylation, and Related Reactions

By the catalysis with Ni[P(OPh)s]4, addition of HCN upon alkynes takes place at
elevated temperatures. The reaction, as usual, proceeds in a cis fashion and pro-
vides o,f-unsaturated nitriles with E geometry (Table 4.5) [32]. A wide variety of
alkynes, encompassing alkyl-, aryl-, and silyl-substituted terminal and internal al-
kynes, are examined.

Tab. 4.5. Nickel-catalyzed hydrocyanation of alkynes.

" R R' R R'
Ni[P(OPh
R—=—R + HON —cOk Ay e
benzene, 120 °C CN NC
Run R R’ Yield [%] Ratio
1 Ph Ph 93 -
2 Bu H 73 14:86
3 Ph H 45 98:2
4 T™MS H 74 25:75
5 ™S Bu 94 72:28
6 T™MS Ph 80 20:80

m

(a)
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Unsymmetrical alkynes form two regioisomers. The regioselectivity is under the
subtle balance of both electronic and steric effects of the substituents, and the alkyl
and TMS groups tend to guide the cyano group on the same carbon (runs 2, 4, 6
in Table 4.5) and phenyl group on the distal carbon (runs 3 and 6). This tendency
for regioselectivity is used in the short synthesis of a-methylene-y-butyrolactone
(Scheme 4.11) [33].

HCN
MOMO\/\ - . MOMO/_>: + Momo/_\_j

Ni[P(OPh)3]4 NC CN
/ 79% (90 : 10)

H30+
O/%
65%

o)

Scheme 4.11.  The nickel-catalyzed regioselective
hydrocyanation of alkynes: a short synthesis of a-methylene-y-
butyrolactone.

Me; SiCN reacts with phenylacetylene in the presence of an Ni(0) complex to pro-
vide pyrrole in modest yield (Eq. (4.1)) [34]. The pyrrole may be disconnected into
three C=N units as shown. The mechanism and the role of the nickel catalyst in
this reaction are not clear, but Ni(cod), efficiently catalyzes the cyanoboration of
alkynes by an intramolecular process (Eq. (4.2)) [35].

Ph
_ NiCl,, BuAIH
Ph——= + TMSCN \\\/\_\ _ (4.1)
reflux NC < N‘ . N(TMS)2
H 58%
M — Me
e T ; Pr
Ni(cod),
Pr — (4.2)
O'l.B'C_:N toluene, 110 °C, 2 h O‘I? CN
N-i-Pry N-i-Pr, 929%

Many transition metals — especially palladium [36] — are able to activate the C—-H
bond of alkynes through oxidative addition. A unique catalytic system, Ni(mesal),
and i-BuyZn, efficiently promotes the selective “head-to-tail” dimeriztion of 1-
alkynes (Eq. (4.3)) [37]. On the other hand, a Ni(0) complex modified with bulky
phosphine ligands catalyzes the selective dimerization, giving rise to the (E)-
“head-to-head” isomer [38].

The hydroacylation of alkynes provides a useful and straightforward method for
preparing o,f-unsaturated enones. Some Ni(0) complexes modified with electron-
donating phosphine ligands show an efficient catalytic performance for the hydro-
acylation of alkynes with aldehydes (Eq. (4.4)) [39]. The reaction may proceed in
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Bu Bu

Ni(mesal),, FBuyZn

2 Bu—= 70 °C / AN

\ Bu Bu
_ 4 Eto\ N=
Ni(mesal), = _N,Ni\o:@ head-to-tail (E)-head-to-head

\ 90%

(4.3)

order of: 1) oxidative addition of an Ni(0) complex upon the C—H bond of an alde-
hyde; 2) insertion of an alkyne into the Ni—H bond; and 3) reductive elimination of
the vinylacylnickel(II) thus formed. The high yield formation of the enone is re-
markable, since the vinylacylnickel(II) is subject of decarbonylation giving rise to
a vinylalkylnickel(II)-CO complex, which might end up with reductive elimination
forming a mixture of vinyl-H (8-hydrogen elimination followed by reductive elimi-
nation) and vinyl-R (reductive elimination).

Bu Bu
Ni(cod)p, P(-CgH
Bu—=Bu + iPrCHO — ooz P o)y =
THF, 135 °C, 20 h i< H

o

80% (E:Z = 95:5)
(4.4)

4.5
Carbometallation and Related Reactions

The addition of organometallic reagents to alkynes is a useful synthetic method for
the preparation of alkenyl metal species, which can be used for further functional-
izations by the reaction with various electrophiles (Scheme 4.12) [40]. Nickel com-
plexes catalyze the regio- and stereoselective addition of C—Mg (carbomagnesia-
tion), C—Zn (carbozincation), and C—Sn (carbostannylation) species upon alkynes.

R‘l R2 E+ R1 R2
— =
R M R E

Scheme 4.12. The nickel-catalyzed carbometallation of alkynes.

cat Ni

R'——R2 + R-M

4.5.1
Carbomagnesiation

The Ni(0) complex generated by the reduction of Ni(acac), with MesAl catalyzes
the regio- and stereoselective addition of MeMgBr to silyl-substituted alkynes, de-
livering the metal on the carbon bearing the Si group (Scheme 4.13) [41]. The

113
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Ni(acac),, >*0Et >70Et
(e}

04( MegAl

(0]
OEt + MeMgBr ™MS =—= \MgBr
——TMS /_>—<— /_>—<_

Me MgBr Me T™MS
414 4.15

| o |

4.14:4.15 O?MS O:
4h 80 : 20 _
%h 15:85 Mé H Mé  TMS

Scheme 4.13.  The nickel-catalyzed methylmagnesiation and
isomerization of vinylmagnesium species.

vinylmagnesium is stereochemically labile under the conditions and undergoes
isomerization in favor of 4.15, stabilized by the coordination of the ethereal oxygen

to magnesium(II).

This methodology is applied to the synthesis of terpene derivatives such as farne-

sol (a natural product) (Scheme 4.14).

1) Ni(acac),,
Z + RO N
X MeMgBr R on R
TMS
2) (CH,O), 39% 5%  OH
(R = Me,C=CH(CH,)) l "
Me Me Me
Mo X x X-"0oH famesol: 80%

Scheme 4.14.  The nickel-catalyzed methylmagnesiation and its
application to the synthesis of farnesol.

45.2
Carbozincation

Both regio- and stereoselectivity of the carbometallation of alkynes is greatly im-
proved by using organozinc reagents in place of Grignard reagents (Scheme 4.15)
[42]. The regioselectivity of the reaction is almost perfect and controlled by the type
of substituents on the alkynes; thus, the phenyl and silyl groups direct the organo
groups of organozincs away from the carbons that they attach. The silyl group is a
more powerful directing group (c.f,, Egs. (a) and (b) in Scheme 4.15). The resulting
alkenyl zinc reagents can be used for further elaboration with various electrophiles,
and hence are applicable to the synthesis of stereochemically defined tri- and tetra-
substituted alkenes [43]. An application of the present methodology to the synthe-

sis of (Z)-tamoxifen-hydrochloride is shown in Scheme 4.16.
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. Ph Me H,O Ph Me
Ph—=—_Me + Rpzn —_Ni@cacy = = =< ()
THF-NMP RZn R H R
-35°C,20 h

R = Et: 73% (E:Z=1 : >99)
R= n—C5H11: 67% (EZ= 1: >99)

: Ph T™MS Ph TMS
Ni(acac) H,O
Ph—=——TMS + EtZn TNM:> >=< R >:< (b)
-35°C, 20 h Et ZnEt Et H

82% (E:Z2=99:1)
Scheme 4.15.  The nickel-catalyzed regio- and stereoselective organozincation.

Ph  Et

Ni(acac), Pd(0), PPh, —

Ph,Zn I, Ph Et RZnBr Ph
Ph—=—Et = - - .

THF-NMP 1" Ph THF, 55 °C, 10 h

85°C,3h then HCI +

88% (E:Z=1:>99) O  NHMe, CI-
__/

NMe, (2)-tamoxifen-hydrochloride

RZnBr = (O_O ZnBr 75% (E:Z=1:>99)

Scheme 4.16. The nickel-catalyzed regio- and stereoselective
organozincation and its application to the synthesis of
tamoxifen.

453
Carbostannylation

Cross-coupling of organostannanes with organic electrophiles — the so-called
Kosugi—Migita—Stille reaction — is a highly versatile method for carbon-carbon
bond formation, and has been widely used as a reliable strategy for the synthesis
of complex natural and unnatural products [44]. Among organostannanes used in
the cross-coupling, alkenylstannanes are a very important class of compounds. Re-
cently, Shirakawa and Hiyama have reported the palladium- and nickel-catalyzed
carbostannylation of alkynes, which provides an easy access to alkenylstannanes
[45]. Nickel complexes catalytically promote the syn-selective addition of alkynyl-
(Table 4.6), allyl- (Table 4.7), and acylstannanes (Table 4.8) to alkynes.

The alkynylstannylation of terminal arylacetylenes in the presence of a Ni(0)
complex, generated in situ from Ni(acac), and DIBAL, selectively furnishes (Z)-2-
(1-alkynyl)ethenylstannanes (Table 4.6) [46]. In contrast, the corresponding reac-
tion catalyzed by palladium tends to produce mixtures of regioisomers [47].

Allylstannylation of alkynes is also catalyzed by a nickel(0) and a palladium(0)
complex. The nickel catalyst shows a better catalytic performance and allows most
types of alkynes to participate in the reaction, whereas a stannyl group regioselec-
tively attacks the alkyne carbon having a more electron-withdrawing substituent
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Tab. 4.6. Nickel-catalyzed alkynylstannylation of alkynes.

R
R Ni(acac),, ‘Bu,AlH M
N + R—SnBuz; ——————~ /\(

\ toluene, 80 °C o SnBus
R R’ Time [h] Yield [%]
Ph n-C6H13 24 72
p-CF3C6H4 n-C6H13 10 70
p-MeOC(,H4 H-C6H13 36 56
p-CF3CeHy 1-cyclohexenyl 5 79
Tab. 4.7. Nickel-catalyzed allylstannylation of a wide variety of alkynes.

1 R’
R Ni(cod

RPN P

R2 toluene
SnBujs
R R? R? Conditions Yield [%]
H H H 80°C,14 h 80
Me Ph H 100 °C, 12 h 77
T™MS Ph H 100 °C, 14 h 76
TMS CO,Et H 100 °C, 40 h 78
Me Ph Me 100 °C, 14 h 64
Tab. 4.8. Nickel-catalyzed acylstannylation of unsymmetrical alkynes.
1 2 1 2
o Ni(cod), i R R R
R'—R? + RsJJ\S R4 L - + 4 -
nR"; toluene R3 SnR43 R43Sn R3
[0} O

R R? R? R* Conditions Yield [%] Ratio
Me Ph Ph Me 100°C, 1.5h 61 83:17
Bu CO,Me Ph Me 30°C,25h 66 88:12
Bu CO,;Me Et Bu 30°C,24h 47 79:20
Me Ph Et,N Bu 100°C, 2 h 81 64:36

(Table 4.7) [46]. On the other hand, the palladium catalyst is effective only for some

alkynes bearing highly electron-withdrawing substituents [48].

The acylstannylation of alkynes provides a very efficient way to introduce the two
useful functional groups, acyl and stannyl, at the same time in a cis fashion upon
the vicinal carbons of alkynes. Ni(cod), serves as an excellent catalyst (Table 4.8),
though the regioselectivity is not very high [49]. Importantly, the reaction is suc-

cessful even with a carbamoyl group (the last row in Table 4.8).



4.5 Carbometallation and Related Reactions

45.4
Miscellaneous

Nickel(0) complexes also activate the carbon—boron bond of arylboronic acids or
esters. Ni(cod), effectively catalyzes the addition of the aryl group of the arylborons
to alkynes in the presence of water (Scheme 4.17) [50]. Thus, 2-pheny-1,3-dioxa-
2-borinane reacts with 4-octyne in 1:1 and 1:2 molar ratios in the presence of
Ni(cod), to give a mixture of hydroarylation products 4.16 and 4.17. Modifications
of the reaction conditions (reagents, solvents, ligands) change the reaction features
dramatically and, under the conditions shown in Eq. (b), the dimer 4.17 is pro-
duced as a sole product. The products may be formed by hydrolysis, instead of reduc-
tive elimination, of a vinyl-Ni—B intermediates (c.f., Table 4.3 and Scheme 4.10).

The C—H proton of terminal alkynes is so acidic that acetylides are generated
readily in the presence of an appropriate base and undergo cross-coupling reaction
with organonickel species, for example, arylnickel(II) [51] and allylnickel(II) [52].
The reaction involving metal acetylides is treated in detail in Chapter 2.

Pr Pr

/O Ni(cod) Pr Pr
Pr—=—Pr + PhE ) — > =/ = @)
o "Bu0,H,0  py Ph =

80°C,5h Pr Pr
4.16 417
98% (80 :20)

PhB(OH) Ni(cod),, PPhg . (b)
— + B —— . o
Pr Pr 2 NP, 0 417 (77%)

80°C,5h

Scheme 4.17. The nickel-catalyzed cis addition of an H and an Ph upon alkynes.

The perfluoroalkylation of unsaturated substrates with perfluoroalkyl halides is a
versatile method for introducing perfluoroalkyl group to organic compounds [53].
Some nickel(0) complexes, generated by the reduction of NiCl, with Zn, catalyti-
cally promote the addition of perfluoroalkyl groups to the terminal carbon of
alkynes (Table 4.9) [54]. The mechanism utilized is not clear, although the in-
volvement of a single electron transfer has been suggested.

Tab. 4.9. Nickel-catalyzed perfluoroalkylation of alkynes.
NiCl,, PPhy, Zn R

R—= + PRe0 i ssi007C —

7-8h Re
R Re Yield [%] E/Z
n-CsHip n-CeF13 73 66:34
I’L-C5H11 H(CF2)4 72 66:34
Ph n-CgFq3 65 60:40

MOM n-CgF13 56 100:0
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Fig. 4.1. The nickel-catalyzed sequential reaction that furnishes
the open-chain and mono-, bi-, tricyclic alkenes in one pot.

4.6
The Sequential Reaction

A sequential reaction — the so-called “domino”, “tandem”, or “cascade” reaction —
by multi-component coupling, which permits complex molecules to be relatively
well constructed in a single operation, is a fascinating process in synthetic chemis-
try [55]. The nickel-catalyzed sequential reaction has recently gained increasing
interest [56]. As illustrated in Figure 4.1, the catalytic sequential reaction with al-
kynes proceeds via the activation of a unit A by a nickel catalyst — for example,
oxidative addition, to generate an A—Ni species, followed by insertion of a carbon—
carbon triple bond of alkynes leading to an alkenylnickel intermediate. This is then
transformed into products upon capturing another unit B, in most cases via reduc-
tive elimination. The intramolecular and fully intermolecular reactions have been
developed for routine use.

4.6.1
Sequential Reaction Starting with Activation of Organic Halides

The example shown in Scheme 4.18(a) is unique in many respects. The most inter-
esting is the difference in reactivity between the two alkynes. The terminal alkyne
plays the leading part, while the alkynylstannane plays a supporting role to stop
the catalytic cycle. The catalytic reaction proceeds as follows: 1) oxidative addition
of an Ni(0) complex upon allyl chloride; 2) insertion of an terminal alkyne deliver-
ing the Ni on the most substituted carbon and generating a vinylnickel(II) species
[57]; 3) which undergoes transmetallation with alkynylstannane; and 4) reduc-
tive elimination of the vinylalkynylnickel(II) thus formed to furnish the three-
component connection product. The reaction overall, both regio- and stereoselec-
tively, introduces an allyl group at the terminal carbon and an alkynyl group of
alkynylstannane at the internal carbon of the terminal alkyne [58].

Me,Zn and Me;Al also play effective supporting roles in stopping the catalytic
cycle for the multi-component connection reaction. One example is shown in Eq.
(b) in Scheme 4.18 [59].
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Br
Br
cl Ph\ Ni(acac),, DIBAL (@)
AN * N SBL THF, reflux, 2 h —
= 3 83%
J AN
l Ni(0) ~Ni(0) Ph

R —
alkynylstannane /—/—<Ni
/—/_<Ni-CI transmetallation /

//'{—l_\

i

cl / insertion \
R// —Bu3SnClI \\

/ .

Cl N x

EtO,C 4 Mezn W@k - EtOC o

EtO,C . THF, rt.2h EtO.C X _Me
- 68%

Scheme 4.18. The nickel-catalyzed intermolecular sequential

reactions of allyl chlorides, alkynes, and organostannanes (a) or
organozincs (b).

Scheme 4.19 indicates that not only an allylnickel(II), but also an alkylnickel(II)
intermediate I, engages in the insertion of an alkyne to provide an intermediate
II. Furthermore, II selectively undergoes reductive elimination [42]. The behaviors
of I and II are remarkable, as these alkylnickel species are, in general, reluctant
toward insertion and reductive elimination, and instead, are prone to undergo f-
hydrogen elimination (see Sections 1.7.4 and 1.7.5). The authors have suggested
that coordination stabilization to the alkyne is crucial for the formation of I and
subsequent reactions. Otherwise, organozinc — rather than organonickel — may be
formed.

Ph Ph

— Ni(acac),
- + R122n
| THF-NMP —
-78°Cto-40°C,20 h R

R' = n-CgHyq: 62%, E:Z=>99 : 1
1_ . o 7 _ .
J NIO) _ Ni(D) T R' = Et: 50%, , EZ=99: 1

Ph Ph

= syn-carbonickellation
Ni-R' =\
Ni-R'

| Il
Scheme 4.19. The nickel-catalyzed cis-dialkylation of alkynes.
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Chromium(II) chloride-mediated and nickel-catalyzed reactions of alkenyl and
aryl halides with aldehydes are indispensable synthetic methods for carbon—carbon
bond formation in compounds of structural complexity (the so-called NHK reac-
tion; see Section 1.7.3) [60]. Some extensions to iodoaryl-tethered alkynes and alky-
nals are shown in Scheme 4.20 [61]. The reaction proceeds via oxidative addition of
an Ni(0) complex to aryl iodide, intramolecular syn-insertion of alkyne, followed by
transmetallation and hydrolysis (Eq. (a)) or nucleophilic attack toward the tethered
aldehyde (Eq. (b)). The low yields in Eq. (b) may be due to premature transmetalla-
tion between Ni(Il) and Cr(IlI) species at the arylnickel(II) stage, the arylchro-
mium(III) thus formed being reactive towards an aldehyde (both inter- and intra-
molecularly) rather than to an alkyne. In the NHK reaction, alkenylchromium(III)
species have been prepared from alkenyl iodides or triflates by the catalysis of an
Ni(0) complex.

X0 NiCl, CrCl, X )
W DMF, rt. 18 h X=0,n
I || X=0,n
X =NAc

=1:57%
,n=2:52%
2 Cr(Il) ,n=1:73%
\ Ni(0) «% Ni(ll) H*
2 Cr(llly @)
X
@ )n crin_
Ni-1 \\
Cr(III
T
0 | NiCl,, CrCl, o = b
DMF, r.t. 15 h OH ()
CHO n=1:11%
n=2:25%

Scheme 4.20. The application of the NHK reaction to
sequential mono- (a) and di-cyclization (b)

Recently, an alternative method for generating 2-alkenylchromiun(III) species
has been reported which utilizes nonactivated terminal alkynes as the starting
materials. The reaction of the reagents with aldehydes provides a variety of 1,2-
disubstituted allyl alcohols in good yields [62].

A catalytic amount of NiBr,(dppe) with a stoichiometric zinc dust promotes the
reaction of o-haloacetophenones and propiolates to afford indenol derivatives in
good yields (Scheme 4.21) [63]. The reaction, like the NHK reaction, may proceed
as follows: 1) oxidative addition of aryl halide to an Ni(0) complex generated by re-
duction of the Ni(II) complex by zinc powder in situ; 2) regioselective insertion of
a propiolate to the arylnickel(II) intermediate; and 3) intramolecular nucleophilic
addition to the tethered ketone. Generally, vinylnickel is not sufficiently reactive to
undergo nucleophilic addition to a ketone. Accordingly, vinylzinc may participate
in the final step.
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R
X : NiBr,(dppe), Z
iBro(dppe), Zn
+ R'
Me \ MeCN, 80 °C, 13 h O‘ Oz
I CO.R Hd Me
Zn X =1, R=Bu, R'=Me: 87%
X =1, R=TMS, R' = Et: 86%
\ Ni(0) «% Ni(ll) / X = Br, R=TMS, R = Et: 76%
Zn(Il)
Ni-X COzR' CO.R'
proplolate N| X Zn X

Scheme 4.21. The modification of the NHK reaction (Zn in
place of Cr(ll) as a reducing agent of Ni(ll)) and its apphcatlon
to a sequential reaction. In the NHK reaction, a nucleophile is
vinylchromium(l11), while in this case may be vinylzinc.

The reaction of o-iodobenzyl alcohols with propiolates under the same cata-
Iytic conditions provides seven-membered lactones (Eq. (4.5)) [64]. The lactones
may be produced after isomerization of the primary (E)-hydroxy esters to the (Z)-
isomers.

R
| R —
@i/ . \\\ NiBry(dppe), Zn o
OH CO,Me MeCN, 80 °C, 16 h o
R = "Bu: 74%
R = MOM: 72%
(4.5)

The Ni(0) complex, generated under conditions similar to those in Scheme 4.21
and Eq. (4.5), guides the reaction of an alkyne and (Z)-3-iodopropenoate in a differ-
ent course (Scheme 4.22) [65]. The intermediate generated via usual insertion reac-
tion of an alkyne may be formulated as III, which shows close structural similarity
to the intermediate shown in Scheme 4.21. However, in this case, the carbonyl is
an ester and less electrophilic than a ketone. Accordingly, no nucleophilic attack on
the carbonyl by neither vinylnickel nor vinylzinc takes place; rather, nucleophilic
attack on the methyl carbon by an iodide anion may occur to give rise to nickella-
2-oxacyclohepta-4,6-dien-3-one, which undergoes reductive elimination to produce
the final product.

The reaction also depends on type of halide involved. As shown in Scheme 4.23,
(Z)-3-bromopropenoate reacts in a quite different manner from the iodo isomer.
The oxidative addition of an Ni(0) complex upon the C—Br bond is so difficult that
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Scheme 4.22. The effects of carbonyl electrophiles on the reaction course (c.f., Scheme 4.21)

Et
CO,Et Et
- NiBry, Zn
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Br MeCN,50°C,24h CO,E
Et 99%
l Ni(0)
Et Et
Et i
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- Ni —— CO,Et —
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Scheme 4.23. The effects of halides on the reaction course
(c.f., Scheme 4.22). In a strict sense, the reaction is not
catalytic, but stoichiometric with respect to Ni(0). Reduction of
NiBr, to Ni(0) with Zn supports the catalytic cycle.

an Ni(0) complex first undergoes oxidative cyclization across two molecules of al-
kyne. The nickellacyclopentadiene thus formed is reactive toward insertion of (Z)-
3-bromopropenoate and forms a nickellacycloheptadiene intermediate. Ring open-
ing via f-Br elimination, followed by Michael addition, provides the ester enolate
of the final product, having an Ni(II)Br" species as a counterion. In the normal sit-
uation at this stage f-hydrogen elimination proceeds with great ease, but in this
particular case the process is not favorable because f-hydrogen elimination pro-
vides an unstable anti-aromatic compound, fulvene, which is destabilized further
by an electron-withdrawing ester group. Therefore, Ni(II)Br™ may be replaced
with Zn(II)Br™, liberating Ni(II)Br,.

The roles that an Ni(0) complex plays in Schemes 4.22 and 4.23 are essentially
different. In the former reaction, an Ni(0) complex, once generated, functions as a
real catalyst to bring the reaction to completion. In contrast, in the latter reaction,
an Ni(0) complex is oxidized and recovered as NiBr, in each reaction cycle. Accord-
ingly, in order to bring the reaction to completion, reduction of NiBr, to Ni(0) by a
stoichiometric amount of Zn is required.
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4.6.2
Sequential Reaction with Enones

The nickel-catalyzed sequential coupling of the three components, alkynes, enones,
and organometallics, provides an excellent method for the synthesis of regiochemi-
cally and stereochemically defined tri- and tetrasubstituted alkenes.

The three components — o,f-enones, alkynes, and alkynylstannanes — combine
with each other both regio- and stereoselectively in the presence of an Ni(0) catalyst
and chlorotrimethylsilane (Me;SiCl) (Scheme 4.24) [66, 67]. Enones are introduced
at the terminal position of 1-hexyne, and the alkynyl groups of the tin reagents at
the internal carbon, cis to each other. The reaction pattern is very similar to that
illustrated in Scheme 4.18, where a terminal alkyne serves as a hinge to connect
an allyl halide and an alkynyltin.

Ni(acac), Ph
DIBAL TMSO

Ph o)
1B \ _TMsCl (= Il
HH \\ THF, 1t, 2 h S H
SnBus

123

Bu

74%

o Ph Ni(acac),, Py
. Bu .\ DIBAL, TMSCI o Q I
é \\ THF, reflux, 2 h
SnBus P

Bu 71%

Scheme 4.24. The nickel-catalyzed three-component
connection reaction of enones, terminal alkynes, and
alkynylstannanes.

The reaction with organozincs, in place of organostannanes, also proceeds
smoothly and delivers the organozinc at the internal carbon of the terminal alkynes
(Scheme 4.25) [68, 69]. With organozincs, not only alkynes but also alkyl groups
can be introduced. Chiral induction for this reaction is achieved by using nickel
catalysts modified with chiral monodentate oxazoline ligands [70].

Some interesting examples of the above reaction applied to w-alkynylenones are
illustrated in Scheme 4.26. The reaction is quite general and useful for the con-
struction of spiro compounds, bicyclic compounds and monocyclic compounds
with stereochemically defined double bonds [71, 72]. The last example demon-
strates that alkenylzirconiums, being readily prepared by hydrozirconation of ter-
minal alkynes, can be utilized to the reaction in the presence of ZnCl,.

The reaction with alkylzincs shows significant ligand effects (Scheme 4.27). The
reaction, when carried out in the absence of phosphine ligands, selectively under-
goes reductive elimination to provide 4.18. In contrast, the use of a nickel catalyst
modified with PPh; promotes f-hydrogen elimination to give 4.19 exclusively in a
quantitative yield.
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Scheme 4.25. The nickel-catalyzed three-component
connection reaction of enones, terminal alkynes, and
organozincs.
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Scheme 4.26. The nickel-catalyzed three-component reaction
of enones, alkynes, and organozincs, of which the enones and
the alkynes are connected by a three-carbon unit.
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Scheme 4.27. The effects of phosphine ligand on the reaction
courses: reductive elimination in the absence and f-hydrogen
elimination in the presence of PPhs.
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It is unclear how the electron-deficient alkene reacts with the terminal alkyne.
One mechanism of sequential coupling via insertion of the alkyne to a z-allyl inter-
mediate 4.20 (the Mackenzie complex), generated from a nickel(0) species, an
enone, TMSCI, and a Lewis acid, has been discussed (Scheme 4.28) [73]. However,
the coupling reaction using the complex 4.20 does not work [74].

o NIO) TMSOVT\ N TMSO
R E, R Ni . R Ni-Cl
| Cl Y\
AN 2 = R
4.20
TMSO TMSO
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R"-met R"
R R X Ni R — R AN R"
= R = R

Scheme 4.28. The nickel-catalyzed three-component
connection reaction of enones, alkynes, and organozincs. A
possible route involving the Mackenzie complex 4.20.

A more reasonable mechanism involves the first formation of a nickel metalla-
cycle 4.21 via oxidative cyclization of an Ni(0) across an alkyne and an enone. Trans-
metallation with an organometallic (R!-met) leads to an alkenyl(R!)Ni(IT) interme-
diate 4.22, which undergoes reductive elimination to provide the final product
(Scheme 4.29).

Recently, a metallacycle 4.23 has been isolated and the structure has been fully
characterized both spectroscopically and by X-ray structure analysis (Scheme 4.30)
[75]. This has a 5!-nickel-O-enolate form, and treatment of 4.23 with dimethylzinc
yields the same product as that obtained from a catalytic reaction (see Scheme
4.26).

o] R Ni(0), R-met Q R! .
TMSCI >_—\F_;*—R
R // R
AN (met = Sn, Zn, Al, or Zr) ! )
—Ni(0
Ni(0) l T )
o) R . R!
Ni_ g I o Ni ; met'-O Ni
R'-met .
R pr A = )R
I,/ \‘ Or II \‘ R I/, \\‘
Lt 4.21 L \\__/I 4.22

Scheme 4.29. The most plausible reaction pathway for the
nickel-catalyzed three-component connection reaction of
enones, alkynes, and organometallics.
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Scheme 4.30. The isolation of an oxidative cyclization
intermediate 4.23. A proof for the reaction mechanism is
shown in Scheme 4.26.

The vinylnickel moiety of 4.23 undergoes nucleophilic addition to the aldehyde
generated by protonation with 1 equiv. of methanol (Scheme 4.31) [76]. The reac-
tion is stoichiometric with respect to Ni(cod),. The nucleophilic addition of a vinyl-
nickel species to aldehydes is not common (c.f., Scheme 4.21), and the unusually
high reactivity observed in Scheme 4.31 may be attributed to the electron-donating
ability of TMEDA, as well as to a special arrangement that enables both reaction
partners to move close together. The synthetic efficiency of the present reaction
may be apparent from the example shown in the lower part of Scheme 4.31; a
one-pot operation provides a tricyclic compound in a good yield and with a high
diastereoselectivity.

OH

MeOH Ph
423 —
82%
OH
, HO H

H | Ph Ni(cod),, TMEDA 2 Ph
H Z
o 61%

Scheme 4.31.  The nickel-promoted multi-bond formation that
involves nucleophilic addition of vinylnickel(ll) species upon an
aldehyde. The reaction is stoichiometric with respect to
Ni(cod),.

The nickel-mediated reaction was used as a strategy for the total synthesis of
natural products, o-alokainic acid [77, 78] and isodomoic acid G [79], and the syn-
thesis of isogeissoschizine skeleton (Scheme 4.32) [80].

A sequential reaction of an enone and an w-enyne in the presence of a Ni(0) cat-
alyst and ZnCl, provides a cyclization product 4.25 [81] (Scheme 4.33), where the
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Scheme 4.32. The natural product syntheses utilizing a
strategy of the nickel-catalyzed multi-component connection
reaction.

double bond of the enyne participates in the reaction in a unique way. Based on the
product structure, the processes of cyclopropanation and $-C elimination (see Sec-
tion 1.7.6) have been proposed.

4.6.3
Sequential Reaction with Aldehydes and Imines

The reaction conditions for the oxidative cyclization of alkynes and enones de-
scribed in Section 4.6.2 are directly applicable to the combination of alkynes and
aldehydes (Scheme 4.34; c.f. Scheme 1.8(b)) [82]. The reaction is useful for pre-
paring stereochemically defined allyl alcohols, and is successful both for inter- and
intramolecular reactions. Alkenylzirconiums, which are readily available by hydro-
zirconation of terminal alkynes, are good reaction partners and widen the scope of
the reaction. The reaction requires 1 equiv. ZnCl,, though the role of this additive
is not clear. Remarkably, for intermolecular coupling, the regiochemistry of alkyne
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Scheme 4.34. The Ni(0)-catalyzed three-component connection
reaction of alkynes, aldehydes, and organozincs (or
-zirconiums).

insertion observed for alkenylzirconiums (Eq. (c)) is opposite to that of MeLi/ZnCl,
(Eq. (a))

As shown in Scheme 4.27, phosphine ligands exert similar effects in these reac-
tions; Ni(cod), alone selectively promotes reductive elimination, while a Ni(0) com-
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Scheme 4.35. The selective reductive elimination and j-
hydrogen elimination in the presence and absence of PBus;.

plex modified by PBus promotes f-hydrogen elimination (Scheme 4.35; see Section
4.7).

For the synthesis of bicyclic nitrogen heterocycles, Et;SiH, in place of a combina-
tion of Et;Zn and phosphine, is used to deliver an H atom on a distal acetylenic
carbon. The strategy is successfully applied to the total synthesis of a natural alka-
loid, allopumiliotoxin 267A in an optically active form (Scheme 4.36) [83].

Me
7—Bu
/ Ni(cod),, PBugs
/ Et;SiH
N _— -

THF

OBzIH

Scheme 4.36. The total synthesis of optically active (+)-
allopumiliotoxin 267A based on the nickel-catalyzed reductive
cyclization of an alkyne and an aldehyde.

In 1998, it was revealed for the first time that Et;B serves as a unique reduc-
ing agent in the nickel-catalyzed reductive coupling reaction of aldehydes and 1,3-
dienes (see Section 5.2.3). Generally, Et;B displays lower reactivities (e.g., trans-
metallation, nucleophilicity) than Et,Zn. Despite the diminished reactivities, Et;B
shows a good performance for the reductive coupling of aldehydes and alkynes
(Scheme 4.37(a)) [84]. In contrast to the reaction with aldehydes, Et;B delivers the
ethyl group at the distal carbon of alkynes for the reaction with imines (Scheme
4.37(Db)) [85]. In this way asymmetric induction is achieved [86], and the technique
has been applied to the total synthesis of (—)-terpestacin (a natural product)
(Scheme 4.38) [87].

4.6.4
Sequential Reaction with Epoxides

The Ni(0) species generated from a combination of Ni(cod);, Et;B, and Bu;P is
able to undergo oxidative addition upon epoxides at the least-substituted C-O

129
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Scheme 4.37.  The nickel-catalyzed reductive coupling of
alkynes and aldehydes (a) and alkylative coupling of alkynes
and imines (b).
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Scheme 4.38. The asymmetric induction for the nickel-
catalyzed reductive coupling and alkynes and aldehydes and its
application to the total synthesis of (—)-terpestacin.

bond (Scheme 4.39) [88]. Since a wide variety of optically active epoxides are avail-
able and the stereochemistry of the chiral center remains intact, the reaction can
be a very powerful tool in the synthesis of optically active homoallyl alcohols. The
reaction mechanism is outlined in Eq. (b) of Scheme 4.39. Oxidative addition at the
terminal C—O bond, followed by insertion of an alkyne in an exo-dig fashion, pro-
duces a bicyclic oxametallacycle which possesses a double bond at the bridge-head
position (an anti-Bredt intermediate). Transmetallation with Et;B, followed by
f-hydrogen elimination yields the final product (see Section 4.7).
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Me ; OH Me
Ni(cod),, PBug
w + — + EtsB —M (a)
o Ph Me 8 toluene Me/l\)\/Ph 71%
H

Ph Ni(cod),, PBu Ph™ ™ ©

A O ,EB —2 % (b)

toluene

Scheme 4.39. The nickel-catalyzed ring opening of epoxides
and subsequent insertion of alkynes: Preparation of optically
active homoallyl alcohols.

4.7
Addenda

A nickel-carbene catalyst introduced recently shows remarkably different reactivity
and regioselectivity for the reductive coupling of alkynes and aldehydes (Eq. (4.6))
from those of the original Ni(0)/PBu; catalytic system (Schemes 4.34(a) and 4.36)
(89].

o R2 Ni(cod)s, L EtzSiIO  H
)I\ + % + Et3SiH R)\%RZ
R H R ™/ .
L= Mes’N\”/'\I"V'es R

R' = H, R2 = aryl, alkyl, alkenyl >98:2 regioselectivity
R' = Me, R? = aryl, alkeny!
R! = Ph, R2 = alkenyl

(4.6)

The two nickel-catalyzed reductive coupling reactions, alkyne-epoxide (Scheme
4.39) and alkyne-aldehyde (Scheme 4.37(a)), developed by Jamison, have been
successfully applied to an enantioselective total synthesis of amphidinolide T1
(Scheme 4.40) [90].

The vinyl groups of conjugated enynes not only nicely navigate a nickel to an
adjacent, allylic position, thus forming a conjugated diene intermediate bearing
the nickel at C2 position for the nickel-catalyzed reductive coupling reactions of al-
kyne-aldehyde (Scheme 4.37(a)) and alkyne-epoxide (Scheme 4.39), but also dra-
matically enhance the reaction rates (Scheme 4.41) [91].
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Ni(cod),, PBug
Et;B

_—

13
16
TBSOA‘/E)QY\/ Me
MePh OH

81%, >99% dr

13 16
Me
TBSO/Y\ + (l)>/\/
Me Ph

>99% ee
98% ee

Ni(cod),, PBus
Et;B
toluene, 60 °C
[A]=0.05 M

44%, >10:1 dr amphidinolide T1

Scheme 4.40. The total synthesis of amphidinolide T1 utilizing
the nickel-catalyzed reductive coupling reactions of alkyne-
epoxide (Section 4.6.4) and alkyne-aldehyde coupling reactions
(Section 4.6.3).

0 L

3 r.0.__R*
RS R RWCHO o RdA R®  Ni RS
sz , \/ S )n - RZW R4
. Ni(cod),, P(c-CsHe)s R
R Et,B R' R R'" R OH
R = aryl, alkyl . L
from aldehyde (n = 0) 9:1 regioselectivity
from epoxide (n=1)
Scheme 4.41.  The nickel-catalyzed regioselective reductive
coupling reactions of vinylalkynes and epoxides (and
aldehydes).
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5
Reaction of Dienes and Allenes

Masanari Kimura and Yoshinao Tamaru

1,3-Butadiene and isoprene (2-methyl-1,3-butadiene) are among the most im-
portant building blocks both in the laboratory and in the chemical industry. 1,3-
Butadiene (AHf =+426.1) and 1,2-butadiene (methylallene AH; = +38.8) are
highly unsaturated and labile even toward relatively unreactive reagents, such as
O, in air, and undergo polymerization during storage.

Although the [4+42]cycloaddition — the so-called Diels—Alder reaction — of buta-
diene to afford 4-vinylcyclohexene is a thermally permitted process, it only pro-
ceeds under harsh conditions (e.g., at 250 °C under high pressure). In contrast,
nickel complexes promote the [4+2]cycloaddition under milder conditions (e.g., at
0 °C under ambient pressure) [1]. Furthermore, the complexes even promote ther-
mally forbidden [4+4]cycloaddition and other reactions. Many other 1,3-dienes and
allenes are also subject to dimerization, oligomerization, and polymerization under
nickel catalysis, and hence serve as useful C4 and C3 carbon resources for a variety
of organic syntheses.

This chapter deals with recent developments in the nickel-catalyzed functionali-
zations of conjugated dienes and allenes, and incorporates the following topics: 1)
dimerization and polymerization; 2) allylic and homoallylic alkylation of carbonyl
compounds (dienes and allenes as nucleophiles); and 3) 1,2- and 1,4-addition reac-
tions of reagents X-Y toward dienes and allenes.

5.1
Dimerization and Polymerization of 1,3-Dienes

Nickel complexes are extremely effective catalysts for the dimerization and poly-
merization of dienes. The catalytic reactions are described in Chapter 6, Section
6.4. The major subject of this section relates to the structures and reactivities of
Ni(II)-(butadiene), complexes (the stoichiometric reactions) and recent develop-
ments in the field of polymerization.

Modern Organonickel Chemistry. Edited by Y. Tamaru
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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5.1.1
Structure of Ni-(butadiene), Complexes Stabilized by Phosphine Ligands

Ni(cod), reacts with 2 mol butadiene (oxidative cyclization), and generally forms
two types of complexes 5.1 and 5.2, depending upon the nature of the ligands [2].

With basic phosphines of a large cone angle (e.g., PCy; or P(i-Pr)3), 5%,73-octa-
dienylnickel(II) complexes 5.1 are the products (Scheme 5.1). With a less bulky
PMe;, a mixture of 5.1 and 73,53-octadienylnickel(II) species 5.2 is formed, and
these do not isomerize with each other on warming from —30 °C to 60 °C. The
less basic ligands (e.g., triphenylphosphine and tris-(o-phenylpheny)phosphite)
also provide the 5! 73-octadienylnickel complexes 5.1, which undergo rearrange-
ment irreversibly at temperatures above —10 °C to give 5.2. At room temperature,
reductive elimination takes place to leave the starting Ni(cod), and the phosphine
ligands.

SN NS L= a PCy,
Ni ) b: Pi-Prj
L Z Ni(cod),/L above ¢ PPhs py

-10°C d: P#0
5.1 5.2 >
3

Scheme 5.1.  The two structural forms of ligand-stabilized Ni(ll)-(butadiene), complex.

At —78 °C in toluene, 5.1a absorbs 3 equiv. CO and provides Ni(PCy3;)CO); and
vinylcyclohexene in quantitative yield (Scheme 5.2). In contrast, treatment with an
excess amount of PPhs at 90 °C results in the liberation of 2 mol butadiene.

~ +  Ni(PCys)(CO)s
N CO, -78°C

Ni -
CygP” F
5.1a PhsP, 90°C N + Ni(O)L,

Scheme 5.2. Reaction of Ni(PCys)(y',7%-octadiene) with CO and PPh;.

The reaction of 5.1c with CO at —78 °C leads to vinylcyclohexene, whereas at
25 °C, a mixture of 1,5-cyclooctadiene, 1,2-divinylcyclobutane, and 4-vinylcyclo-
hexene is formed (Scheme 5.3). Butadiene is liberated on treatment of an ethereal
solution of 5.1c at —70 °C with an excess amount of PPh; with concomitant for-
mation of Ni(PPh;),. Protonation with HCI at —30 °C takes place at one of the two
terminal carbons and gives a triphenylphosphine-stabilized syn-n3-allylnickel(IT)
chloride complex. The double bond of the substituent is partially isomerized to
trans.
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s=— () P70

_Ni _— + Ni(PPh3),4
PhgP = PhgP, -70°C ad
5.1c
< '| N X
HCI, -30°C _Ni,
PhsP”  Cl

Scheme 5.3. Reaction of Ni(PPh;)(',53-octadiene) (5.1c) with some ligands or HCI.

The formation of butadiene trimer (see Section 6.4.1) was quantitatively ana-
lyzed by means of multi-linear regression method (Scheme 5.4) [3], where the
ligand properties are characterized by the steric (cone angle: ) and the electronic
parameters (Tolman’s value: y; see Section 1.8, Figure 1.10). The analysis concludes
that phosphine ligands with a higher donor character (with a smaller y value)
and a cone angle < 140° or > 150° favor the formation of #!,s3-octadienyl-
nickel(II)-butadiene complex and tend to lead to trimers.

P -BD AN
Trimers <—— pBp—Ni _ - L—Ni — Dimers
7/ < -
L=PCy, L BD o
0 >150°, 0 <140° BD = 1,3-butadiene L = PPh3 or phosphite

Scheme 5.4. Ligand-property control of Ni/butadiene/P-ligand complexes.

5.1.2
Dimerization of Substituted 1,3-Dienes

The complexes formed by the reaction of an Ni(0) and 2 equiv. isoprene have a
common structural motif of 5',#3-dimethyloctadienylnickel(II), irrespective of the
type of ligands. The reaction in the presence of PCy; has been investigated in the
greatest detail. Nuclear magnetic resonance (NMR) measurements indicate that
the initially formed complex bears the two methyl groups in the 3- and 6-positions
(head-to-head), which rearranges at temperatures above 10 °C to give a 4:1 mixture
of 2,6- (head-to-tail) and 2,7-dimethyl-substituted allylnickels (tail-to-tail) (Eq. (5.1))
[2].
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Treatment of 2,6-dimethylsubstituted allylnickel 5.3 with CO at —30 °C
causes reductive elimination (ring closure) to give a terpene, dipentene, and
Ni(PCy3)(CO)s. On the other hand, the reaction with an excess amount of PPh; at
90 °C results in degradation to produce 2 mol isoprene (Scheme 5.5) [4].

+ Ni(PCy3)(CO
CO, -30°C W (PCYa)(CO)

Dipentene

PhgP, 90°C )\/ + Ni(O)L,

Scheme 5.5. Reaction of 5.3 with CO and PPh;.

Isoprene undergoes dimerization in the presence of nickel catalysts to give a
wide variety of cyclic and linear dimers, depending on the type of ligands. An
Ni(0) species prepared from NiBr,(PPh;), and ethylmagnesium bromide provides
a mixture of a linear and a cyclic dimer (Scheme 5.6) [5]. Combinations of PPh;-
Ni(acac); and bipyridine-Ni(acac), promote the selective cyclodimerization to pro-
vide dipentene and cyclooctadiene, respectively.

cat Ni(acac), cat Ni(acac),
bpy PPhg
- = —_—

cat NiBry(PPhg),

Scheme 5.6. Selective dimerization of isoprene catalyzed by various Ni-ligand complexes.

The reactions of piperylene (1,3-pentadiene) with Ni(0) complexes modified by
phosphine ligands are rather complicated. trans-Piperylene reacts with Ni(0)-PCy;
to provide an #',73-dimethyloctadienylnickel(II) species 5.4, which upon exposure
to an excess amount of PPh; at 100 °C liberates trans-piperylene (and cis-, in a
small quantity) and trans-3,4-dimethyl-1,5-cyclooctadiene (Scheme 5.7) [2]. PMe;
affords an isomeric mixture of 53 #3-dimethyloctadienylnickel(IT) complexes, all of
which are head-to-head isomers.

Reactions of 2,3-dimethylbutadiene with Ni(0)-PCy; or PMe; lead to #',%>-
2,3,6,7-tetramethyloctadienyl complexes 5.5 (Scheme 5.8) [6]. The complexes 5.5
react with CO to give mixtures of 2,4-dimethyldipentene and the starting diene,
while they undergo degradation to give the starting diene when treated with PPh;
at 100 °C.
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Scheme 5.7.  Stoichiometric reaction of an Ni(0) complex with
piperylene in the presence of trialkylphosphines.

co
+ + Ni(PR3)(CO)g
| _PhsP _ )\[/ +  Ni(O)L,
R=Cy. Me 100°C

Scheme 5.8. Reaction of 5',73-nickel(Il) complexes 5.5 with CO and PPhs.

5.1.3
Ni-catalyzed Polymerization of Butadiene

Butadiene and isoprene are important feedstocks for the manufacture of synthetic
rubbers. Since the discovery of the Ziegler—Natta catalyst for the polymerization of
ethylene and propylene, the polymerization of conjugated diene has been studied
mostly in this line [7]. The regio- and stereoregularity in the polymerization is de-
pendent on the transition-metal catalysts. For example, the catalytic systems, VCl;/
AlEt,Cl, CoCl,/AlEt,Cl, Cr(acac)s/AlEt;, and MoO,(OR),/AlEt; have proven to be
particularly effective for the cis-1,4, trans-1,4, 1,2-isotactic, and I1,2-syndiotactic
polymerization of butadiene, respectively (Scheme 5.9). Of these reactions, cis-1,4-

1,4-Insertion M W

1,4-trans polybutadiene 1,4-cis polybutadiene

1,2-Insertion
N X

1 ,2—synd|otact|c 1,2-isootactic
polybutadiene polybutadiene

Scheme 5.9. The four modes of 1,3-butadiene insertion into R-MLn.

L.M—R + n

R
()

n/2
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polymerization is particularly important for the production of synthetic rubber
tires.

The polymerization of isoprene is rather complex because the methyl group
renders the molecule unsymmetric, and hence the regiochemistry (head-to-head
or head-to-tail) and the stereochemistry (E or Z of the trisubstituted double bonds)
becomes other important issues to be addressed. The head-to-tail poly-(Z)-1,4-
isoprene shows similar physical properties to those of natural rubber, while the
very hard and water-proof properties of head-to-tail poly-(E)-1,4-isoprene is well
suited for golf-balls.

Although the Ziegler—Natta-type catalysts are the major catalysts that have been
put to practical use, detailed experimental [8] and theoretical studies [9] on the Ni-
based polymerization of butadiene have been conducted. Allylnickel(II) complexes
are active catalysts for the 1,4-polymerization of butadiene, with chain propagation
generally considered to proceed via an allyl insertion mechanism (Scheme 5.10)
[10, 11].

anti-n3
b cis-A
R NiLn gk AiLn2) L 14cis _
N\ / R NiLn-2  insertion R &l o polybutadiene
s-cis \\_// anti-n3
R synn3
\/'|\ trans-A
NEERANEEN R—/ a 1A-trans-
NF | — ~ polybutadiene
NiLn-2  insertion 7 |.~. syn-n3
s-trans G NiLn-2

Scheme 5.10. Anti-cis and syn-trans correlation of the 1,4-polymerization of butadiene.

Free monomer butadiene coordinates to an empty site of the nickel metal in two
different modes: either a s-cis or a s-trans conformation. An anti- or syn-;3-butenyl
complex is formed under kinetic control by diene insertion from the s-cis (anti in-
sertion) or s-trans (syn insertion) conformation, respectively. The stereochemistry
of the polymer is determined by the geometry (syn or anti) of the active 5>-allyl
complexes on the butadiene insertion process.

The X-type ligands of the allylnickel(II) complexes play an important role
in stereoregular polymerization. Neutral allylnickel(II) species, such as
[Ni(CH,CH=CCHj3)I],, provide trans-1,4-regulating polymers, whereas cationic al-
lylnickel species, such as [Ni(C3H;s)Cl]; and [Ni(C3Hs)O,CCF;],, furnish cis-1,4-
regulating polymers [12]. Both of the trans- and cis-regulating processes have been
traced by means of 'H and *C NMR spectroscopy [13-15]. The DFT methods de-
fine the detailed mechanistic aspects for the trans- and cis-1,4-polymerizations of
butadiene using butenylnickel(II)L(butadiene) complexes as the models [16, 17].
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5.1.4
Stereo- and Regioselective Polymerization of Conjugated Cyclic Dienes

1,4-Linked, stereoregular precursors to poly(p-phenylene) (PPP) are prepared via
Ni-catalyzed polymerization of microbially prepared cis-5,6-dihydroxy-1,3-cyclohexa-
diene. Masking the hydroxy groups of the monomer as a trimethylsilyl ether and
the use of bis[(z-allyl)(trifluoroaceto)nickel(II)] catalyst promote the polymerization
of 1,3-cyclohexadiene exclusively in a cis-1,4-fashion in 96% yield. This polymer-
ization system not only affords a stereoregular polymer but also permits a degree
of molecular weight control (Scheme 5.11) [18]. The polymer 5.6 thus obtained is
transformed to acetic acid ester 5.7 and then to a PPP via pyrolytic elimination of
acetic acid.

cat
@ n TMSCI n allylnickel
n —_— [

Pseudomonas HO  OH PV, DMAP 96%
i 9%  TMSO  OTMS

i) TBAF, MeOH

ii) Ac,0, py i» @
( Q )n 93% ( Q >n - AcOH n

TMSO OTMS AcO OAc

oly(p-phenylene
5.6 5.7 poly(p-phenylene)

(PPP)

Scheme 5.11.  Allylnickel-catalyzed polymerization of
cyclohexadiene and subsequent transformation to
poly(p-phenylene) (PPP).

Bis(n3-allylnickel bromide)/methylaluminoxane (MAO) is also effective for
the 1,3-cyclohexadiene polymerization. The crystalline polymer obtained is cis-
syndiotactic with 1,4-linkage (Eq. (5.2)). The catalyst is also useful for the copoly-
merization of cyclohexadiene and butadiene [19, 20].

cat. allyl nickel .
n @ polymer yield
MAO n 96%

cis-syndiotactic (5.2)

5.2
Allylation and Homoallylation of Aldehydes with Dienes and Allenes

5.2.1
Allylation of Aldehydes via Dimerization of 1,3-Dienes

1,3-Butadiene and an Ni(0) complex readily undergo oxidative cyclization and form
an 53 n3-bisallylnickel complex (e.g., 6.1) and an 5#3-bisallylnickel complex (e.g.,
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Tab. 5.1.  Nickel-catalyzed allylation of acetaldehyde with butadiene.

Ni(cod),/ligand Me Me___OH
ANF + MeCHO 4’( e m \/\L/\/\
OH 5.8a X XX
5.8b
Me._ OH Me. _OH
T
X AN =
5.8¢c 5.8d
Ligand Yield [%]
5.8a 5.8b 5.8c 5.8d
PPh; 71 12 5 4
P(n-Bu)s 40 19 26 8
P(c-Hex)s 3 29 40 18

6.2). One of the outstanding features of the allylnickel(II) species is their nucleo-
philic reactivity toward carbonyl compounds, these not being observed for either
allylpalladium(II) or allylplatinum(II) species (See Section 1.7.2, Scheme 1.13).
These two characteristics combine to bestow Ni(0) complexes with catalytic activ-
ities that promote the dimerization-allylation of aldehydes with dienes. The results
of the reaction between acetaldehyde and 1,3-butadiene in the presence of phos-
phine ligands are shown in Table 5.1 [21, 22]. In general, four types of isomers,
composed of two trienyl alcohols 5.8a,b and two dienyl alcohols 5.8¢c,d, are formed.
The effects of the phosphine ligands on product distribution are remarkable; PPh;
shows high selectivity in favor of 5.8a. The straight-chain isomer 5.8a may be
formed via an intermediate 5.I, which undergoes f-hydrogen elimination and re-
ductive elimination with regeneration of an Ni(0) complex (Scheme 5.12). In simi-
lar way, an intermediate 5.II, formed by allylation at the internal allylic termini of
5.1 or 5.2, leads to a branched isomer 5.8b. It is difficult to explain the formation of
the dienyl alcohols 5.8c,d, since a stoichiometric amount of reducing agent is nec-
essary to produce these alcohols (e.g., a hydride reduction of 5.1I).

5.1 Me 5.1

Scheme 5.12. Mechanistic explanation for the catalytic
formation of trienyl alcohols, 5.8a and 5.8b, by the reaction of
acetaldehyde and 2 mol butadiene.
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Isoprene does not react with acetaldehyde under the above-optimized conditions,
Ni(cod),-PPhs. The combination of Ni(cdt) and PCy; promotes the reaction to
afford a complex mixture of allylation and homoallylation products (Eq. (5.3)).
The 2:1 adducts 5.10a—d are the major components, whilst the 1:1 adducts 5.9a,b
are also obtained as minor products.

Acetone reacts with isoprene in the presence of Ni(0)-P(O-o-Tol)s, and selectively
provides a mixture of products in a good combined isolated yield involving a dienol
5.10d (R = Me) as the main constituent [23]. Again, in this reaction the origin of
reducing agents necessary for the formation of dienols 5.10a,b,d and enols 5.9 is
not known, and it is difficult to provide a mechanistic rationale for the results.

Ni(cdt)/CyzP
)’\/ /\(Y
MeCHO

MeCOMe 5.9a 510a R
)\A;E/ M >
510b 5100 5.10d R =Hor Me

522

Allylation of Aldehydes with Dienes Promoted by Silane (R4—,SiH,)

An n3-allylnickel species is formed by Markovnikov insertion of a 1,3-diene into an
Ni—H complex, generated by oxidative addition of an Ni(0) complex upon the Si—-H
bond of trialkylsilanes [24]. A Ni(0)-catalyzed 1,w-hydrosilylation across the two
diene units of 1,3,8,10-undecadiene provides trans-substituted cyclopentanes (Eq.
(5.4)) [25]. The reaction shows an interesting stereoselectivity with respect to the
geometry of the substituents, as in both isomers one of the two double bonds is
cis and the other trans.

SiMe,0-i-Pr SiMe,0-i-Pr
A\ 4 Ni(acac), (5 mol%)
PPh; (20 mol%)
\ / O-i-Pr DIBAL (10 mol%) / \ ( )
1. _ > o 54
SiHMe, benzene, 80°C, 6 h \

E= C02Me E E 60% (2:1) E E

The #3-allylnickel species thus formed, which bears a silyl group (R3Si—Ni(II)-3-
allyl), is expected to be highly nucleophilic toward an aldehyde, as the R3Si group
might serve as an efficient Lewis acid to activate the aldehyde. Indeed, Mori et al.
realized this idea in the cyclization reaction of w-dienyl aldehyde 5.11 (Eq. (5.5))
[26]. That is, when a toluene solution of 5.11, Ni(cod); (100 mol%), PPhs (200
mol%), and Et;SiH (150 mol%) was stirred at 0 °C, an intramolecular allylation of
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aldehyde and trapping of the aldehyde oxygen with silicon took place to give 5.12-i
with excellent stereoselectivity.

A Ni(cod), (100 mol%) OSiEt;
O _H PPh (200 mol%) N
EtsSiH or EtzSiD | R R=H (59%)
OBn toluene, 0°C »—~OBn R = D (70%) [95% D]
5.1 5.12-i (5.5)

By using an excess amount of Et;SiH (5 equiv.), the reaction can be performed
catalytically with respect to Ni(cod),. Triethylsilyl deuteride (Et;SiD) delivers the D
to the correct position (95% D content), and a proposed reaction mechanism for
this is outlined in Scheme 5.13. A nickel hydride complex 5.II1, generated by oxi-
dative addition of Et;SiH to an Ni(0) complex, adds to the diene moiety of w-dienyl
aldehyde 5.11 according to the Markovnikov rule to provide 5.IV and its ;3-allyl de-
rivative 5.V. The intermediate 5.V attacks the aldehyde to afford 5.VI, which further
undergoes reductive elimination giving rise to a final product 5.12-i and an Ni(0)
species. Another route involves a concerted silyl group transfer to the aldehyde
oxygen, nucleophilic allylation, and regeneration of an Ni(0) species via a transi-
tion state 5.VIL

ﬁ _Ni-SiEty

(0]
@A\/
“.,_OBn
5.Vl

Et3Si—Ni
39l I H
Ox .
OBn

>~
5.V
svi Ni(0) 5.12-i
5.11 EtsSi—Ni-H - HSiEt,

5.0
Scheme 5.13.  Ni(0)-mediated intramolecular allylic cyclization
of w-dienyl aldehydes using hydrosilane as a reducing (and
promoting) agent.

The reaction tolerates the cyclization of cyclohexa-1,3-dienes, cyclohepta-1,3-
dienes and cyclohepta-1,3,5-trienes having aldehyde groups as the side chains
to form a variety of fused, bridged, and spiro bicyclic skeletons [27]. This strat-
egy is successfully applied to the synthesis of the indolizidine framework of (—)-
Elaeokanine C (a natural product) (Scheme 5.14) [28, 29].
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H -/ Q
AN N He M
No~cHo  EusH 7N )OSR E@,“OH

(0]
(-)-Elaeokanine

Scheme 5.14. Formal total synthesis of (—)-elaeokanine C by Ni-catalyzed allylic cyclization.

This chemistry is extended to an asymmetric version. By using a chiral cyclic
phosphine, w-formyl-1,3-dienes undergo similar cyclization to provide five- and
six-membered carbocyclic compounds and pyrrolidines in up to 86% enantiomeric
excess (ee) [30].

Intermolecular allylation of aldehyde with 1,3-dienes and triethylsilane in the
presence of a catalytic amount of Ni(cod), and PPh; proceeds with excellent regio-
and stereoselectivity to provide homoallylic alcohols (Eq. (5.6)) [31a]. 1-Silyl-1,3-
butadienes react with aldehydes providing either trans- or cis-homoallyl alcohols
selectively under the conditions shown in Eq. (5.7) [31b]. Aromatic aldehydes pos-
sessing electron-donating groups enhance the yields of the cis-allylsilanes, whereas
trans-allylsilanes are obtained in better yields for those with electron-withdrawing
groups.

Ni(cod), .
PPh3 H OSIEt3 (5 6)
AN+ R'CHO I~ :
EtSiH R™ > R
PPhs NN R
2Si _— tBuMe,SiH
SN Nieod), 2 OTBDMS
* A S G-7)
RCHO AN R 8

R
ZSiU<
— OSiEts

Et38| H y 032003

523
Allylation of Aldehydes with Dienes Promoted by Diisobutylaluminum Hydride
(DIBAL) or Diisobutylaluminum(lll)(acac)

w-Dienyl aldehyde 5.11 also undergoes allylation-cyclization smoothly by treatment
with a stoichiometric amount of a nickel hydride complex, prepared from Ni(acac);
and 2 equiv. DIBAL in the presence of PPhjs, to provide cycloalkanols as a mixture
of 5.12-t (a homoallylation product) and 5.12-i (an allylation product; Scheme
5.15(a)) [32]. This is in sharp contrast to the results shown in Eq. (5.5). The reac-
tion using 10 mol% of a nickel hydride complex (relative to 5.11) selectively affords
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X Ni(acac), (100 mol%) OH OH
O H PPhj (200 mol%) G/\% G/\V
(a)
DIBAL (200 mol%) ,
OBn toluene, 0°C ~—0Bn ~—OBn
5.1 5.12-t mixture 5.12-i

The same as above
5.11 5.12-t:5.12-i = 95:5 (b)
1,3-CHD (150 mol%)

Ni(cod), (100 mol%)
PPh3 (200 mol%)
5.11 5.12-i (82%) (c)
i-BusAl-acac (220 mol%)
toluene, 0°C

Scheme 5.15.  Allylation versus homoallylation cyclization
of w-dienyl aldehyde 5.11 promoted by Ni-DIBAL and
Ni-i-BuyAl(acac).

5.12-t in 10% yield (100% based on the nickel hydride complex). When 150 mol%
of 1,3-cyclohexadiene, as a dummy ligand, is added to the mixture of w-dienyl alde-
hyde 5.11, Ni(acac), (100 mol%), PPh; (200 mol%), and DIBAL (200 mol%), 5.12-t
is produced selectively along with a small amount of 5.12- in a ratio of 95:5. These
results indicate that an excess proportion of the diene affects the course of the re-
action, with allylation giving 5.12-i and homoallylation giving 5.12-t.

The cyclization of an optically active w-dienyl aldehyde 5.13 gives a key interme-
diate 5.14, which has the correct o-chain and the four contiguous chiral carbon
stereocenters as an intermediate for the synthesis of PGF,, (a natural product)
(Scheme 5.16) [33].

COzMe HO
3 :

! R'0"
R'O OR? R20 R
5.13 5.14 PGF,,

Scheme 5.16. Formal total synthesis of PGF,, via
homoallylation—cyclization of w-dienyl aldehyde.

The reaction of 5.11 with Ni(cod), (100 mol%) and PPh; (200 mol%) in the
presence of diisobutylaluminum(III) acetylacetonate [34] (220 mol%) in toluene
selectively provides 5.12-i in 82% vyield (Scheme 5.15(c)) [35]. As in the case of
Ni(II)-DIBAL (Scheme 5.15(Db)), the reaction in the presence of 1,3-cyclohexadiene
produces 5.12-t exclusively in high yield.
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Dienyl aldehyde 5.15, in having an aldehyde tether at the C2 position of 1,3-
butadiene moiety, displays a quite different reaction behavior compared to the
same molecule with an aldehyde tether at the C1 position (e.g., 5.11). On exposure
to a stoichiometric amount of Ni(acac), in the presence of 2 equiv each of DIBAL
and PPhj, 5.15 provides a mixture of 5.16a, 5.16b, and 5.16c¢ in a ratio of 1.5:1:1.3
(Scheme 5.17(a)) [36]. One of the two hydroxy groups of 5.16a,b stems from alde-
hyde, and the other allylic OH from O, in air, this being introduced by oxidation
during work-up. On the other hand, the reaction with Ni(cod), in the absence of
DIBAL provides a mixture of other types of products 5.16d and 5.16e in a ratio of
1:3 containing trace amounts of 5.16a and 5.16b (Scheme 5.17(b)). Moreover, the
combination of cat Ni(cod), and a stoichiometric amount of Et;SiH does not pro-
mote cyclization of 5.15 (see Section 5.2.2).

0]

= _ OH
Ni(acac), (100 mol%)
PPhs (200 mol%)
(a)

O__O  DIBAL (200 mol%) o) 0__0O
X toluene 0°C O><O >< X

o)

5.15 5.16a 5.16b 5.16¢c
Ni(cod), (100 mol%) Ni—O
PPh; ( 200 mol%) =
THF, 23°C O><O o><)
5.16d 5.16e

Scheme 5.17. Nickel(0) /DIBAL-promoted cyclization of dienyl aldehyde 5.15.

These results indicate that cyclization promoted by an Ni(0) complex with DI-
BAL (and probably also i-BuyAl(acac)) and that promoted by an Ni(0) complex
with Et;SiH are mechanistically different. While the reaction with Et;SiH proceeds
as shown in Scheme 5.13, the reaction with an aluminum species starts with oxi-
dative cyclization of an Ni(0) across a diene and aldehyde, and provides either #!-
allyl- (5.VIII) or »3-allylnickel(II) intermediate (5.IX) (Scheme 5.18; see also Section
1.7.1). These intermediates equilibrate to each other and, in the presence of a
bidentate ligand, cyclohexadiene, 5.X might be favored. Transmetallation through
5.X (R = H) followed by reductive elimination provides 5.12-t. When R = i-Bu, §-
hydrogen elimination, giving rise to an Ni—H and isobutylene, precedes the reduc-
tive elimination. In the absence of a bidentate diene ligand, both 5.VIII and 5.IX
might undergo transmetallation and reductive elimination to provide a mixture of
5.12-t and 5.12-i. The reaction in Scheme 5.17 may be accounted for in a similar
way — that is, 5.16a,b are formed via oxidation with air, 5.16¢ via hydrolysis, and
5.16¢,d via f-hydrogen elimination of a bicyclic oxa-nickel(II) intermediate.
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chd

/ iBUoAl, R
O—Ni O~Ni
/ BULAIR /)
K——» “cho - 5.12-t
-CHD
- A - Ni(0)
. ~._-0OBn “,_OBn when R = H
O-Ni / 5.X whe
when R = i-Bu
- Me,C=CH,
/ N . .
“_OBn N BuAl,
5.VIIl = “BUAR 0N
k_, 7 == 5.12-i
“,_-OBn |
“._OBn CHD = 1,3-cyclohexadiene
5.1X - Bo i)

Scheme 5.18.  Effect of cyclohexadiene (CHD) on regioselective
hydrogen delivery to the internal allylic terminus.

) R R'
R \/2\/ 4 Ni(0)-PPhg =
7 — Ni<—O., .acac —~ - S18a
3 x R ; ~
q i-BuyAl-acac iBU A.'
+ 5.XI FBu :<
R'CHO l R'CHO +

5.19 NI(C)

Scheme 5.19. Reaction scheme accounting for the formation of 5.18a and 5.19.

Treatment of a diene 5.17 and benzaldehyde in a 1:1 ratio with 20 mol% of a
Ni(0)-PPh; complex in the presence of i-Bu,Al(acac) gives a mixture of a linear ad-
duct 5.18a, a branched adduct 5.18b, and a linear 1:2 adduct 5.19 (Eq. (5.8)) [37].
The Ni(0) species is generated beforehand in situ by the reduction with n-BulLi
(e.g., NiBu; — Ni(0) + octane). An account of the formation of 5.18a and 5.19 is
shown in Scheme 5.19. An intermediate 5.XI, formed by oxidative cyclization of
an Ni(0) species across the C3=C4 double bond and benzaldehyde followed by
transmetallation, reacts in two different ways; one is f-hydrogen elimination and
reductive elimination giving rise to 5.18a, and the other is nucleophilic attack of
5.XI to benzaldehyde to give 5.19. Apparently, 5.18b is formed by oxidative cycliza-
tion of an Ni(0) species across the C1=C2 double bond and benzaldehyde. Owing
to steric (and partly electronic; loss of benzylic conjugation) reasons, this pathway
is not favorable and 5.18b forms as a minor product.

Ar =
SN cat NiCL(PPhs), _ ph AT Z AL Ph
5.17 n-Buli e j\/\/\(
— Ar OH .
+ i-BusAl-acac Ph oH Ph OH
PhCHO toluene, r.t. 5.18a (62%) 5.18b (7%) 5.19 (8%)

(5.8)
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Tab. 5.2. Ni(0)-catalyzed and Et;B-promoted homoallylation of benzaldehyde with 1,3-dienes,
providing 1,3-anti-5.20 selectively.

2 Ni(acac), 2 2
\j‘\/m (1-10 mol%) R ' R '
X + PhCHO ——— \Al)\Ph th
Et;B
oom temerature R R' not formed
5.20
Diene Time [h] Yield [%] [isomer ratio]
\/J\ 35 i 90[1,3 i = 1:15]
: ,3-synianti = 1:
XN th
OH
AN CO0aMe 66 WPh 91 [1,2-syn:anti = 1:>25]
CO,Me
OTIPS TIPSQ  OH .
. 65 S 65 [1,3-syn:anti = 1:>25]

5.2.4
Homoallylation of Aldehydes Promoted by Triethylborane or Diethylzinc

Both allylic electrophiles (e.g., allyl halides) and allylic nucleophiles (e.g., allyl-
zinc(I1), allylsilane(IV), allyltin(IV)) are highly reactive, and both nucleophilic and
electrophilic allylations are among the most useful and viable processes in organic
syntheses. Accordingly, to date, a vast number of efficient methodologies has been
developed. On the other hand, homoallylation (longer by one carbon than allyla-
tion) has received little attention owing to the normal reactivity of homoallylic nu-
cleophiles and electrophiles as well as the difficult availability of the homoallylic
reagents.

Recently, 1,3-dienes were shown to serve as homoallyl anion equivalents and to
react with aromatic aldehydes in the presence of a catalytic amount of Ni(acac),
and a stoichiometric amount of Et;B at room temperature to provide 1-aryl-4-
pentenols 5.20 (Table 5.2) [38]. The reaction proceeds with high regio- and stereo-
selectivities, selectively yielding a 1:1 adduct of diene and aldehyde. 2-Substituted
1,3-dienes react with aldehyde at the C1 position to provide 1,3-anti-5.20, and
1-substituted 1,3-dienes furnish either 1,2-syn-5.20 (from Z diene) or 1,2-anti-5.20
(from E diene) selectivity. This is the first example to demonstrate that trialkyl-
borane is able to serve as a reducing agent and promote reductive coupling of
1,3-diene and aldehydes (homoallylation, cf. Eq. (5.8)).

The reaction tolerates water and a hydroxy functional group (Scheme 5.20) [39].
For example, isoprene reacts with a 50% aqueous solution of glutaraldehyde regio-
selectively at the C1 position, and stereoselectively to provide 1,3-anti-5.21 as a
single isomer, being 1,3-anti with respect to a THP oxygen and a methyl group.
Glutaraldehyde is only stable in water and is available commercially as an aqueous
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CHO CHO cat. Ni(acac),
+ —_——
\/K EtsB, r.t.
50% aqueous
R1 cat. Ni(acac),
S Y T e
X HO™ O EtsB, r.t.
n=1or2
Scheme 5.20. Ni(0)-catalyzed and Et;B-promoted

homoallylation of aldehydes with 1,3-dienes. The reaction is
compatible with water and hydroxy groups.

solution. Cyclic hemiacetals (n = 1 or 2) undergo (probably through their hydroxy
aldehyde form) homoallylation with 1,3-dienes under similar conditions and form
bishomoallylic diols 5.22 with excellent 1,3-asymmetric induction.

A plausible mechanism for nickel-catalyzed homoallylation of aldehydes with
isoprene and Et3B is outlined in Scheme 5.21. An s-trans-diene-Ni(0) complex
reacts with an aldehyde activated by coordination to Et;B. An oxa-nickellacyclopen-
tane intermediate 5.XIII is formed through a cyclic transition state 5.XII, where
aldehyde is arranged in such a way to place the oxygen to the vacant site of the
s-trans-diene-Ni(0) complex and the R aldehyde substituent in a quasi-equatorial
position so as to avoid a quasi-1,3-diaxial repulsion that a transition state 5.XII’
with alternative orientation of aldehyde experiences. One of the ethyl groups of
5.XIII migrates from B to Ni(II) to form 5.XIV, which then undergoes f-hydrogen
elimination to give an intermediate 5.XV with cis-configuration with respect to the
n'-allyl carbon and H. Reductive elimination through 5.XV with retention of con-
figuration delivers the hydrogen at the allylic position, providing the final product
with the correct stereochemistry. In this mechanism, Et;B not only plays as an
activation agent of an aldehyde, but also serves as a reducing agent.

catalyzed homoallylation of aldehydes promoted by Et;B.

H
Me  R__H Moo Te P Yo e
SA LT [Ny i SR
N N "Ni---077 gy Ni—O~" 7 Et
Ni© Et
s o BEt, % Et /
5.X1 5.XII
H YN
Me Et Me  Hg Me H Me R _
N R, W\LH W\ P,
T/ B! LT/ B ~ R < >/ _gH
,N|<—O Et _V,N|\ O \Et H O “Ni---0~77 N
B sy N M Ni(0) BEt, % Et Et
' 5.XV CHp=CH S-XII
Scheme 5.21. Plausible reaction mechanism for the nickel-
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Tab. 5.3. Ni(0)-catalyzed homoallylation of aldehydes and ketones with isoprene promoted by
Et,Zn or Et3B, showing complementary reactivity.

Carbonyl Product Et,Zn Et;B
Time Yield [syn:anti] Time Yield [syn:anti]
Ph : OH 0.5h 70 h
\CHO th 28% (3-phenylpentanal) 81% [1:20]

: OH 05h 10h
Cy-CHO \v'\)\cy 839% [1:>20] 28%
N , o 1h 46h

o %SzM 69% [4-Me:5-Me = 5:1] 0%

Diethylzinc also promotes nickel-catalyzed homoallylation of aldehydes with a
variety of 1,3-dienes (Eq. (5.9)) [40]. In this reaction, however, reactive aldehydes
(e.g., aromatic aldehydes) are plagued with the ethylation of aldehydes furnishing
5.23, and hence with diminished yields of the expected homoallylation products.
However, the combination of Et,Zn and Ni(acac), is particularly effective for the
homoallylation of less-reactive aliphatic aldehydes and ketones, which are either re-
luctant or entirely unreactive under the Et;B/Ni(acac); conditions. Thus, these two
methods complement each other (Table 5.3).

cat Ni(acac), - OH OH
+ RCHO : +
\/& Et,Zn, rt. W R Et)\ R
(5.9)

Imines undergo homoallylation with conjugated dienes in the presence of Et,Zn
and an Ni(0) catalyst to provide 1,3-syn-5.24 in good yield (Eq. (5.10)) [41]. The
stereoselectivity is opposite to that observed for aldehydes (Tables 5.2 and 5.3).

N’ Ar cat. Ni(acac), \J\/’l\l\HAr
\v& ! i N R

Et,Zn
R 5.24

1,3-syn selective

(5.10)

Although cyclic dienes are reluctant to react with aldehydes under the Et;B/
Ni(acac), conditions, they react smoothly with aldehydes under Et,Zn/Ni(acac),
conditions. For example, cyclohexadiene reacts with steroidal aldehyde to provide
a corresponding homoallylation product in good yield (Eq. (5.11)) [42].

153



154 | 5 Reaction of Dienes and Allenes

@ OH T

”””” Std =
""" CHO  cat. Ni(acac), | (5-11)

Std EtyZn, r.t. X
anti.syn = 75:25 0O

The protocol for intermolecular homoallylation of aldehyde with 1,3-dienes is
applied successfully to an intramolecular version of w-dienyl aldehyde forming
five- and six-membered rings (Scheme 5.22) [43]. Generally, aliphatic w-dienyl alde-
hydes show remarkably high stereoselectivity. For example, 5-methoxycarbonyl-
(5E,7E)-nonadienal provides 5.25 as a single stereoisomer. On the other hand, ben-
zaldehyde derivatives show almost no stereoselectivities, and both (E)- and (Z)-5.26
provide cyclization products as a mixture of cis and trans isomers in a ratio of 1:1.
Furthermore, homoallylation accompanies allylation.

COzMe with Et;B

MeO,C cat. NI(aCﬁC)g : = 34 h;5. 25: 67%
EtsB or Etzzn OH with Et,Zn
5.05 15 min; 5.25: 72%
@(\M‘W cat. Ni(acac), @(;L/\/ Eji;t./\/
CHO ET3B or Etzzn
5.26
61-74% [1:1] 9% [1:1]

Scheme 5.22.  Nickel-catalyzed intramolecular homoallylation
of w-dienyl aldehydes promoted by Et3B or Et,Zn.

5.2.5
Allylation of Aldehydes Promoted by Dimethylzinc, Trimethyborane, and Related
Compounds: the Three-component Connection Reactions

When Me,Zn is employed in place of Et,Zn, the Ni(0)-catalyzed reaction of 1,3-
butadienes and aldehydes takes a completely different course. The methyl group
of Me;Zn and an aldehyde add to a diene in 1,4-fashion and provide a homo-
allyl alcohol 5.27 in good yield (Eq. (5.12)) [44]. For example, benzaldehyde, 1,3-
butadiene, and Me,;Zn combine one with another linearly in this sequence in a
1:1:1 ratio to provide (E)-3-phenyl-3-hexen-1-o0l 5.27 in quantitative yield. Dihydro-
cinnamaldehyde furnishes a 1:1:1 coupling product 5.27 (R = CH,CH,Ph) as a
major product, together with a 1:2:1 combination product 5.28 (R = CH,CH,Ph)
as a minor product. An increase in steric bulk around the carbonyl moiety in-
creases the relative proportions of 5.28 to 5.27, and acetone produces a 1:2:1 adduct
5.28 (R = Me,) as sole product.



5.2 Allylation and Homoallylation of Aldehydes with Dienes and Allenes

cat Ni(acac),

Me OH Me OH
W
Me,Zn WR =z Z3>"1°R

XX + RCHO

or

MesB 5.27 5.28 (5.12)
\/& cat Ni(acac),
+ RCHO W
X Me,Zn 5 13
or (E)-5.29 (Z)-5.29
Me3B

Isoprene undergoes a similar three-component coupling reaction, combining
regioselectively with benzaldehyde at the C1 position and with the methyl group
of Me,Zn at the C4 position (Eq. (5.13)). The yield is good, but the stereoselectivity
is rather poor, and a mixture of (E)- and (Z)-5.29 is produced in a ratio of ca. 2:1.

Me;B, generated from 3 MeLi and BCl;, takes the place of Me,Zn for the
(E)-stereoselective coupling reaction of isoprene [45]. With MesB, aromatic and
aliphatic aldehydes undergo a three-component connection reaction to provide
(E)-5.29 almost exclusively.

A plausible reaction mechanism is outlined in Scheme 5.23. A 1:1 complex of
1,3-butadiene and an Ni(0) species reacts with an aldehyde activated by coordina-
tion to Me,Zn via a transition state 5.XVI to give a 1:1:1 coupling product 5.27
(path A), where an intermediate 5.XVII with a syn-3-allylnickel(II) structure
undergoes reductive elimination to deliver the methyl group to the distal position,
so that coordination of the Ni(0) species both to the oxygen of OZn and the trans-
C=C bonds is better maintained. For less-reactive carbonyl compounds, such as
bulky aliphatic aldehydes and ketones, a transition state 5.XVI is too high in energy
to surmount. For such cases, a transition state 5.XVIII is assumed to be respon-
sible (path B). Despite a smaller equilibrium concentration of a 2:1 complex of

path A R
/ - --->= 527
(\ o \N <O e O~ ZnMe
NIV—/ ZnM82

5.XVI Me 5.XVII

\/—\WR

o. O~ ---> 528
/\ . i
/

(\

./ ZnMe2

E() 5.XVII

Scheme 5.23. Possible mechanism for the 1:1:1 and 1:2:1
coupling reaction of 1,3-butadiene, Me;Zn, and carbonyls.
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butadiene and an Ni(0) species, the 2:1 complex might have higher nucleophilic
reactivity than the 1:1 complex, owing to its higher polarizability.

Organozinc compounds with no f-hydrogen atoms accessible can similarly under-
go a three-component connection reaction. Ph,Zn serves as a phenylating agent
for the reaction of 1,3-butadiene and aldehydes to provide 5-phenyl-3-pentenols
5.30 (Scheme 5.24). However, Ph,Zn is more reactive than dialkylzinc, and a
side reaction — the phenylation of aldehyde — becomes a serious problem for
the reaction with reactive aldehydes. The combination of Ph;B and Et,Zn easily
circumvents this problem [46]. Moreover, the Ph3;B-Et,Zn reagent shows excellent
E-selectivity, and (E)-3-methyl-5-phenyl-3-pentenols (E)-5.30 are obtained in good

yields.
cat. Ni(acac), A‘.)\/OC' )O\H
Z
\/K i RCHO PhyZn Ph R Ph” "R
5.30
cat. Ni(acac), /\)\/O[|
+ RCHO =
\/K PhyB-Et,Zn Ph R
(E)-5.30

Scheme 5.24. Nickel-catalyzed three-component coupling
reaction of isoprene, aldehydes, and a phenyl group of
phenylating agents.

Transmetallation of an oxanickellacycle, generated from 5.15 via oxidative
cyclization of a stoichiometric Ni(cod);, with Grignard reagents, followed by reduc-
tive elimination, provides three-component coupling products (Scheme 5.25, cf.
Scheme 5.17) [47]. Methyl, phenyl, and allyl Grignard reagents are selectively intro-
duced to the distal allylic terminus, while alkynyl Grignard reagents are introduced
nonregioselectively at both the distal and proximal allylic termini.

Ni(0)-catalyzed Dbis-metallic cyclization of an w-dienyl aldehyde 5.31 with
Me;SiSnBuj provides a mixture of cyclohexanols trans-5.32a (R = TMS) and trans-
5.32b (R = H) with high stereoselectivity, having a trans-allylstannyl group as the
side chain (Scheme 5.26) [48]. A similar reaction proceeds intermolecularly be-

Ni(cod), (100 mol%) @; : 3
><  PPhg (200 mol) ><O
THF, 0°C

o Wsr ;
5.15

Scheme 5.25. Reaction of Grignard reagents with oxanickellacycle generated from 5.15.
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MeO,C MeO.C
CHO cat. Ni(cod), ><:>—OR
M602C 2

M902C \ Me.SiSnB 3
e3SiSnBug —
A oMF _\_3”5“3 51% (a:b =1:7.5
5.31 5.32 o (atb =1:7.5)

cat. Ni(cod), OTMS
+ PhCHO —— - /1%)\)\
\/K Me3SiSnBug BugSn & Ph

DMF 533  49%[EZ=1.31]

Scheme 5.26. Nickel(0)-catalyzed intra- and intermolecular bis-
metallation across dienes and an aldehydes with Me;SiSnBus.

tween isoprene and the SiSn reagent, placing the Sn group on the C4 position of
isoprene and the Si group on the oxygen of aldehyde. No stereoselectivity with re-
spect to the tri-substituted double bond is observed.

5.2.6
The Multi-component Connection Reaction

In the presence of Ni(acac), catalyst, the four components of Me,Zn, internal
alkynes, 1,3-butadiene, and carbonyl compounds combine in this order in a
1:1:1:1 ratio at room temperature to furnish (3E,6Z)-octadien-1-ols 5.34 with high
stereoselectivity and excellent yields (Eq. (5.14)) [49]. The three-component
coupling product 5.27 (Eq. (5.12)) and the Montgomery reaction product 5.35
(R! = R% = Et; see Section 4.6.3) are obtained as minor products. Under similar
conditions, conjugated alkynes or electron-deficient alkynes also function well. Un-
symmetrically disubstituted alkynes show almost no regioselectivity, despite a large
steric and electronic bias between the substituents. As mentioned previously (Eq.
(5.12)), the Ni(0)-catalyzed three-component connection reaction of Me;Zn, 1,3-
butadiene, and sterically demanding aldehydes provides 1:2:1 adducts consisting
of Me, 1,3-butadiene, and aldehydes, respectively (Scheme 5.23). In contrast, in
the present four-component connection reaction, no such 1:2:1 adducts are formed
at all. In this context, the selective formation of the 1:1:1:1 adducts — regardless of
the kinds of carbonyl compounds — suggests that an alkyne has a strong tendency
to prohibit 1:2:1 adduct formation, probably through occupation of one of the two
butadiene coordination sites of an intermediate 5.XVIII (Scheme 5.23) [49].

R2——R! PhCHO 5 Me OH Me OH
+ cat Ni(acac), R = Ph w J\/k
2
NS MeyZn, r.t | Z Pn 7 \1 i
ex/n, .t R? Me 5.34 5.27 R 5.35

(5.14)
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The same reaction conditions are applicable to an intramolecular four-
component coupling reaction. In the presence of a catalytic amount of Ni(acac),,
the conjugate addition of Me,Zn and carbonyl compounds across 1,w-dienynes
5.36 occurs at the terminal positions of the alkyne and the diene moieties, respec-
tively, with through-space interaction of the alkyne and the diene groups ensuring
C—C coupling at the internal positions (Eq. (5.15)) [50]. It is worth mentioning
that, under these conditions the Ni(0)-mediated intramolecular Diels—Alder reac-
tion of 1,w-dienynes does not proceed at all (see Section 6.4.4). Terminal alkynes
provide the cyclization products 5.37 (R! = H) in moderate yields, whereas internal
alkynes give the products 5.37 in good to excellent yields. The most interesting as-
pect of the present reaction is the high remote 1,5-diastereoselectivity, giving rise to
the 1,5-syn-isomers, either exclusively or selectively (> 10:1). The reaction is also
stereoselective with respect to the exocyclic double bonds as shown in 5.37 (100%
selectivity in all cases).

= . 1 SN 5 R2
S~ cat Ni(acac), X
X S + R2CHO Me OH
W\\ ; Me,Zn, r.t. a

R Ri

5.37 X =CH,, C(CO,Me),, O, NTs
n=1or2 (5_15)

5.2.7
Cyclization of Allenyl Aldehydes

At almost the same time, Montgomery and Kang reported that w-allenyl aldehydes
and ketones 5.38 undergo cyclization to provide cis-2-vinylcyclopentanols 5.39 with
excellent stereoselectivity when exposed to a catalytic amount of Ni(cod); and orga-
nozincs (Scheme 5.27) [52, 53]. Both terminal 5.38 (R? = H) and internal allenes

R2
/.//_ R3
/ cat Ni(cod) — OH
o o + R3,Zn 2 R2 as
R' 538 (or R3Li/ZnCly) o~ 5.39
Ni(0) l T - Ni(0)
R_Z —|i R2
5 R3,Zn
/\//g - = NiR®
O‘,ﬁ/::é . o) . O~ZnR3
H Ni H HZI,
R! 5.XX R! 5.XXI R'  s5.xxi

Scheme 5.27. Nickel(0)-catalyzed stereoselective cyclization of w-allenyl aldehydes and ketones.
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(R2 # H) enjoy this process, with the latter allowing preparation of the stereo-
chemically defined tri-substituted vinyl substituents.

A plausible reaction mechanism is outlined in Scheme 5.27. Oxidative cycliza-
tion of an Ni(0) species across the internal allene double bond and the carbonyl
group first takes place to give 5.XXI via a transition state 5.XX, where the R? points
away from the Ni(0)-alkene #2-bond for steric reasons. Transmetallation with an or-
ganozinc reagent forms an intermediate 5.XXII which, upon reductive elimination
affords a zinc alkoxide, an alcoholate of the final product 5.39. The reductive elim-
ination process is extremely susceptible to ligands. n-Bu;P induces f-hydrogen
elimination (when R3 = Et) and 5.39 (R?® = H) forms predominantly along with
small amount of 5.39 (R® = Et). In contrast, ethyl group transfer takes place selec-
tively in the absence of a phosphine ligand. Analogous Ni-catalyzed cyclization of
allenyl aldehyde with Me,Zn is utilized in preparing the core structure of (+)-
testudinariol A, a natural product (Scheme 5.28) [54].

OBn

., cat. Ni(cod),
‘OMEM

Me,Zn, Ti(Oi-Pr),

=

L HO
(+)-Testudinariol A

Scheme 5.28. Synthesis of (4)-Testudinariol A via the
Ni(0)-catalyzed cyclization of an w-allenyl aldehyde.

Conjugated enones, such as 2,7,8-trienylnonanal 5.40 (R = H) and -nonanone
5.40 (R # H), undergo Michael-type oxidative cyclization upon an Ni(0) species
across the electron-deficient double bond and the allene double bond. Thus,
treatment of N-allenyl oxazolidinone 5.40 with 2MeLi/ZnCl, in the presence of
Ni(cod), and Ti(O-i-Pr), directly and selectively affords the product with the identi-
cal stereochemistry to that of the natural product a-kainic acid (97:3) (Scheme 5.29)
[51].

o) R._O. MeNi

P & N| MeZnO
“ HO,C
g F Ni(©)_ /!/ _Mezn R [\ . 2 }fi
T| (Oi-Pr)4
N

H=

S HO.C'
\o/&o O/\%o o

5.40 (-)-o-kainic acid

R

Scheme 5.29. Synthesis of a-kainic acid by the Ni(0)-promoted cyclization of allenyl enones.
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53
Addition Reaction of HX on Dienes and Allenes

5.3.1
Addition of Active Methylene Compounds to 1,3-Dienes

1,3-Cyclohexadiene reacts with diethyl malonate in ethanol containing 50 mol%
sodium ethoxide at room temperature using an Ni(0) complex prepared from
Ni(II)(acac); and Et;Al (Eq. (5.16)) [55]. The reaction is clean, and a formal 1,4-
addition product of active methylene compounds (e.g., diethyl malonate and ethyl
acetoacetate) is obtained in quantitative yield. Hydrogen cyanide reacts in a sim-
ilar way (see Section 5.3.2), but benzenesulfinic acid (PhSO,H) fails to form 2-
cyclohexenyl phenyl sulfone. Cyclopentadiene undergoes the addition reaction sim-
ilarly, albeit with modest or low yields. A proposed reaction mechanism involves:
1) the formation of an H-Ni(II)-X complex; 2) addition of the H-Ni to cyclohexa-
diene, forming an #3-cyclohexenylnickel(I1) intermediate; and 3) reductive elimina-
tion of Ni(II) X with generation of a cyclohexene product with a substituent at the
C3 position and an Ni(0) complex.

cat. Ni(acac),
O + NaCH(CO,Et), e CH(CO,EY),
Et3A| (516)
5.3.2

Hydrocyanation of 1,3-Dienes

The sequence of reactions shown in Scheme 5.30 is the DuPont adiponitrile
process that utilizes cheap feed stocks, 1,3-butadiene and hydrogen cyanide. This
method was commercialized in 1971 and currently supplies ca. 75% of the world’s
demand for adiponitrile. The hydrolysis and hydrogenation of adiponitrile provide
adipic acid and hexamethylenediamine, respectively, both being the starting mono-
mer for the production of Nylon-6,6. In fact, adipic acid is almost exclusively pro-
duced by the more economical cyclohexane oxidation method. Few data have been
published with regard to the details of these reactions. The process consists of
three discrete steps: 1) Markovnikov addition of hydridonickel(II) cyanide to 1,3-
diene yielding 1-cyano-2-butene; 2) isomerization to terminal nitrile, 1-cyano-3-

CN
i CN Ni(0) CN  catNi(0)
- _cat Ni(0) cat Ni( ’/\)
I Then A\) N HON

CN

Scheme 5.30. DuPont process for the production of
adiponitrile from 1,3-butadiene and HCN catalyzed by an Ni(0)
species.
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butene; and 3) anti-Markovnikov addition of HCN to the terminal double bond.
All of these three steps are promoted in one pot with Ni[P(OAr);]s as catalyst
[56]. An Ni—H species may play a central role in these transformations. Markov-
nikov addition of an Ni—H to 1,3-diene affords #3-allylnickel(II) cyanide, which
undergoes reductive elimination to selectively produce 1-cyano-2-butene. Re-
peated addition (insertion) and elimination (f-hydrogen elimination) of an Ni-H
species isomerizes the internal double bond to the terminal position. The addi-
tion of an Ni—H species in anti-Markovnikov fashion forms an intermediate
(N=C)Ni%*(CH,CH,CH,CH,C=N), which is only reactive enough to undergo re-
ductive elimination to produce adiponitrile with the regeneration of an Ni(0) spe-
cies (see Sections 3.2 and 9.3).

5.3.3
Hydroamination of 1,3-Dienes and Allenes

The hydroamination of 1,3-dienes is an efficient route by which to prepare allylic
amines, and many transition-metal catalysts have been studied, but with little suc-
cess. A combination of Ni(cod),, dppf, and trifluoroacetic acid serves as a highly
active catalyst for addition reaction of amines to dienes to form allylic amines
(Scheme 5.31(a)) [57].

Primary and secondary aliphatic amines with modest steric bulk all give the 1:1
addition products in good isolated yields. Aromatic amines are reluctant to react at
room temperature or even at elevated temperatures (60 °C). The addition reaction
of aromatic amines is promoted nicely by a Pd(0) species [58]. The Ni(0) catalyst
also promotes the substitution of aliphatic primary or secondary amines for the
amines of allyl amines (Scheme 5.31(b)). The substitution proceeds so effectively
that the relative thermodynamic stability among 3-aminocyclohexenes can be deter-
mined based on the composition at equilibrium (Scheme 5.31(c)). 3-Morpholino-
cyclohexene is approximately 10-fold more stable than 3-(N,N-dibutylamino)cyclo-

Ni(cod), (5 mol%), dppf (5 mol%)
@ + R'RENH @NR1R2 (@)
TFA (20 mol%), toluene, r.t.

80~90%

/\ _ cat. Ni(0) /—\
@NHR + HN O @ +  RNH; (b)
__/
@W @ CF 7 CF " @

Scheme 5.31.  (a) Nickel- catalyzed hydroamination of cychc
dienes; (b) the substltutlon reaction of allylamines with the
other primary or secondary amines; and (c) the relative
thermodynamic stability of 3-aminocyclohexenes.
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hexene; the relative stability depends mainly on steric factors, with only minimal
effect due to electronic factors.

NiBr; (5 mol%) —
/./ + NHRR ————  maN ™~ R'RNW RRN
7 phosphine 5.41c

100°C 5.41a 5.41b

6.56 5.41d 5.41e (5.17)

In the presence of NiBr, (5 mol%) and a phosphine ligand, allene reacts with
amines to provide 5.41d as a major product which consists of three molecules of
allene and one molecule of amine (Eq. (5.17)) [59]. Thus, when a mixture of allene
(150 mmol), morpholine (50 mmol), and NiBr, (1 mmol), and phenyl(di-isopro-
poxy)phosphine in ethanol is heated in a sealed tube at 100 °C for 1 h, a mixture
of 5.41a (trace), 5.41b (1%), 5.41c (22%), 5.41d (72%), and 5.41e (5%) is obtained.
Apparently, the major isomer 5.41d is derived from an intermediate 6.58 by nucle-
ophilic attack of an amine at the »3-allylnickel(II) moiety, cross-conjugated with
methylene (see Section 6.5.1). 5.41e is the product formed by nucleophilic attack
of an amine at the other #3-allylnickel(II) center of 6.58. The second major product,
5.41c, is derived from an intermediate 6.56 in a similar manner.

5.34
1,4-Dialkenylation of 1,3-Dienes

Treatment of 2,3-dimethyl-1,3-butadiene with f-iodocyclopentenone or f-iodocyclo-
hexenone 5.42 (n = 1 or 2) in the presence of zinc powder and a catalytic amount
of nickel bromide and triphenylphosphine at 80 °C provides diketones 5.43 (Eq.
(5.18)) [60]. Cyclohexadiene displays similar reactivity and provides 1,4-cis-disubsti-
tuted 2-cyclohexene exclusively.

(0] _
N|Br2/Zn 0}
/j i\ PPhs, CH3CN
n=1or2 n 5.43 n
(5.18)

The reaction may proceed as follows (Scheme 5.32). An Ni(0) species, generated
by reduction with Zn(0), undergoes oxidative addition upon the C—I bond of 5.42.

N
R’ L
5 xxm 5.XXIV 5.43'

Scheme 5.32. Reaction mechanism for the Ni-catalyzed dialkylation of conjugated dienes.
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1,3-Cyclohexadiene undergoes insertion into the cycloalkenylnickel(II) iodide thus
formed to provide an #3-allylnickel(II) iodide complex 5.XXIII bearing the Ni(II)
atom and the cycloalkenyl group on the same face of the cyclohexane ring (cis in-
sertion). Cycloalkenylzinc iodide, generated in situ by zincation of 5.42, undergoes
transmetallation with 5.XXIII to yield an intermediate 5.XXIV, which undergoes
reductive elimination with retention of configuration to provide 1,4-cis-disubsti-
tuted 3-cyclohexene.

In order for this reaction to proceed successfully, the oxidative addition of an
Ni(0) upon 5.42 must proceed much faster than the oxidative addition of a Zn(0)
on 5.42. The latter process must also be much slower than the generation of
5.XXIII, otherwise the Kumada-Tamao cross coupling (homo-coupling in this
case) would result. In fact, very slow zincation of 5.42 is independently confirmed
under the identical conditions shown in Eq. (5.18).

The reaction pattern of the present symmetric 1,4-dialkenylation is reminiscent
of the symmetrical 1,4-acetoxylation of cyclic dienes catalyzed by Pd(II) salt [61].
The present reaction does not involve redox, but the latter is accompanied by the
oxidation of cyclohexadiene.

535
Addition of Si—B and Csp>—B compounds on 1,3-Dienes

The silicon-boron bond of (dimethylphenylsilyl)pinacolborane is cleaved into the
Si and B fragments which add stereoselectively to acyclic 1,3-dienes in 1,4-fashion
to produce (Z)-4-boryl-1-silyl-2-alkene as a single isomer in the presence of an
Ni(0) species generated by reduction of Ni(acac); with DIBAL (Scheme 5.33(a))
(62, 63].

R R Ni(acac), (5 mol%) | —
Me,PhSi—Bpin + _— PhSi Bpin
DIBAL (10 mol%) I

Ni(acac), (5 mol%) |_ .
Me,PhSi—Bpin + Q - Phsll—Q—Bpm (b)

n DIBAL (10 mol%) n cis/trans = >99/1

) 0 n=1or2 P(c-Hex)Ph;
Bpin = B,
o}

Scheme 5.33.  Nickel(0)-catalyzed silaboration of conjugated dienes.

R =H or Me
ZiE=>o01] @

Silaboration of cyclic 1,3-dienes does not proceed under the above conditions;
rather, a sterically congested ligand, cyclohexyl(diphenyl)phosphine, effects the
1,4-addition. With this ligand cis-4-boryl-1-silyl-2-cycloalkenes are obtained in high
yield with excellent stereoselectivity (Scheme 5.33(b)). Although the silaboration of
1,3-dienes is also catalyzed by a Pt complex, the adducts are usually obtained as
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a 1:1 mixture of Z- and E-isomers [64]. The products possess both allylsilane and
allylborane moieties, which could be utilized for the diastereoselective allylation
of aldehydes.

The aryl and alkenyl groups of aryl- and alkenylboronates are transferred to 1,3-
dienes in the presence of a catalytic amount of Ni(cod), and a stoichiometric
amount of a proton source (Eq. (5.19)) [65]. Thus, hydroarylation of 1,3-dienes
takes place to give a mixture of 1,2- and 1,4-addition products when 5 mol% of
Ni(cod),, 10 mol% triphenylphosphine, 1 equiv. of 2-(p-tolyl)-1,3-dioxa-2-borinane,
and 1 equiv. butanol are heated at 100 °C in 1,4-dioxane. A proton source such as
an alcohol, aniline, or water, in one equivalent, is essential; otherwise no reaction
proceeds at all. The use of more acidic proton sources (e.g., acetic acid, phenol) or
less acidic proton donors (e.g., aliphatic amines) suppress the yields.

Ni(cod), (5 mol%)

¢ _ PPh (10moi%)
+ R-B

le) BuOH (1.0 equiv.)
100°C 82% (74:26) for R = p-Tolyl

(5.19)

5.3.6
Carbostannylation of 1,3-Dienes and Allenes

With Ni(0) complexes the C—Sn bonds of aromatic and aliphatic acylstannanes
are cleaved into the acyl and stannyl fragments, which add to 1,3-dienes in a 1,4-
manner to provide (Z)-5-trialkylstannyl-3-penten-1-one with excellent stereoselec-
tivity (Eq. (5.20)) [66]. Carbamoylstannanes (R3SnCONR;) are exceptional, and
provide (E)-isomers as the major product. The reaction is applicable to a variety of
2-substituted and 2,3-disubstituted 1,3-dienes, but not to 1-substituted ones. The
regioselectivity for the reaction of unsymmetrical 1,3-dienes is low and at best 1:2.
Toluene is the solvent of choice; polar solvents (e.g., DMF, THF) cause decarbony-
lation of an acylnickel(II) intermediate. The products are assembled with a latent
nucleophile (allylstannane) and an electrophile (carbonyl), and may be useful as
synthetic intermediates.

3 4
R3 R4 (@] Ni(cod), (5 mol%) | R _ R
+ jk _ R 5 (5.20)
R!” ~SnR2, toluene SnR<;

100°C o)

A plausible catalytic cycle, which starts with oxidative addition of an Ni(0) com-
plex upon the Sn—CO bond is outlined in Scheme 5.34. An s-cis-1,3-diene inserts
into the Sn—Ni bond of the acylstannylnickel(II) intermediate and provides a syn-
n*-allyl(acyl)nickel(I1) intermediate, which via reductive elimination leads to the
final product with regeneration of a catalytically active Ni(0) species. The stereo-
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SnR2,

SnR?4
Ni(0)
Y\/\/ . r i(0) \( Rl SnR2
2)5
T - Ni(0)

o)

J']\ SnR 3

R' Ni — RN
o e \J \ R‘kNl—SnRzg
NN nR%, N~
\_/

Scheme 5.34. The catalytic cycle for the Ni(0)-catalyzed
acylstannylation of conjugated 1,3-dienes.

chemical outcome depends on the type of the R! of acylstannane. While ben-
zoylstannanes (R! = Ph) afford the Z isomers exclusively, carbamoylstannanes
(R! = NR;) give the E isomers as the major products. The carbamoyl group ap-
pears to be sluggish when undergoing reductive elimination, and an equilibrium
between the syn and anti-n>-allyl(acyl)nickel(II) intermediates in favor of the for-
mer may precede the reductive elimination.

Under conditions similar to those used for the acylstannylation of 1,3-dienes,
a variety of alkyl, aryl, and methoxyallenes undergoes 1,2-acylstannylation with
aromatic and aliphatic acylstannanes, selectively placing the acyl group on the
most substituted allylic terminus (Scheme 5.35) [67]. The reason for this is not
clear, but this is in contrast to the regioselectivity observed for reductive elimina-
tion in Scheme 5.34, where reductive elimination selectively proceeds at the least-
substituted allylic terminus.

This method is useful for the preparation of terminal alkenes geminally substi-
tuted by stannyl and alkyl groups, as this class of alkenylstannane compounds is
difficult to prepare using other methods (e.g., carbostannylation of alkynes; see
Section 4.5.3). 1,1-Disubstituted allenes show the same regioselectivity as mono-

0}
2
e e— 0 Ni(cod), (5 mol%) Ni” TR o SnR<3
T JkSnRZ > o — g
R s toluene R
SnR2 R
Pr (0] (ot ) O  SnR?%
Ni(cod), (5 mol%
|
== 7 R1JJ\SnR23 —_— RN
Pr toluene, 2 h Pr Pr

50°C R'=Ph,R®=Me 72% (E:Z=63:37)
80°C R'=Et, R?=Bu 54% (E:Z=56:44)

Scheme 5.35. Nickel(0)-catalyzed acylstannylation of terminal and internal allenes.
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substituted allenes. Symmetric internal allenes show no stereoselectivity and pro-
vide mixtures of E and Z isomers in a ratio of ca. 1:1.

The Csp—Sn bond of alkynylstannanes, encompassing arylethynyl- and silylethy-
nylstannanes, is also subject to oxidative addition upon an Ni(0) complex. An
ethynyl(stannyl)nickel(II) intermediate undergoes 1,2-addition to allenes (parent,
mono-, 1,1-disubstituted allenes) in a way similar to that shown in Scheme 5.35
(Eq. (5.21)) [68, 69]. A bidentate phosphine ligand is not only essential to bring
the reaction to completion, but also plays an important role in determining the re-
gioselectivity of the reductive elimination step. DPPP (1,3-bis(diphenylphosphino)-
propane) promotes reductive elimination at the most substituted allylic terminus
(giving 5.44), while DMPP (1,3-bis(dimethylphosphino)propane) at the least-
substituted allylic terminus (giving 5.45).

R Ni(cod), (5 mol%) Rl SnMe, ,
R/\\' . \\ DPPP or DMPP % R “ SnMeg
N IR
SnMe, toluene R
5.44 5.45

DPPP 50°C R=H,R'= TMS  91%
DMPP 30°C R=n-Bu, R'= Ph  82% (1:2)

(5.21)

5.3.7
Carbozirconation of Allenes

The highly regio- and stereoselective assembly of allenes, aryl iodides (and vinyl io-
dides), and alkenylzirconiums is carried out by nickel catalysts. The treatment of a
substituted allene with an aryl iodide and an alkenylzirconium reagent in the pres-
ence of NiCl,(PPhs), and zinc powder in THF at 50 °C leads to a three-component
connection product 5.46 in moderate to good yields with high E selectivity [70]. In
Eq. (5.22), thick bonds are used to simplify following the allene carbons. The
reaction is highly regioselective, and delivers the aryl group to the allene central
carbon and the alkenyl group of zirconium reagent to the unsubstituted terminal
carbon. The reaction tolerates a variety of functional groups such as acetyl, me-
thoxy, and ethoxycarbonyl groups on the aromatic ring of aryl iodides, and is suc-
cessfully extended to some vinyl iodides. Selection of the Ni catalyst is crucial, as
the halides on the nickel complex show a profound effect on the yield. Ni(cod), is
totally inactive.

NiCly(PPhy), (5 mol%) Ar
— CICpZr Zn powder —
/" + Al + — - 5
R R THF, 50 °C, 24 h R A\
' ’ 5.46 R

R =Cy, Ar= 4-PhCO,Et, R'=n-Pr  81% (E/Z=99/1)
R = Ph, Ar=4-PhOMe, R'= Ph 65% (E/Z=98/2)

(5.22)
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5.3.8
Wurtz-type Coupling Reaction of Organic Halides and Grignard Reagents Mediated
by the Butadiene—Nickel complex (5.1)

The Ni-catalyzed cross-coupling reactions of Grignard reagents with aryl and al-
kenyl halides (the Kumada-Tamao Coupling; see Section 1.7.4, Scheme 1.21) is
among the most useful methods for C—C bond formation. This method, however,
is not applicable to alkyl halides because an alkylnickel(II) halide intermediate
readily undergoes facile f-hydrogen elimination. The alkyl-alkyl cross-coupling
reaction is one of the most simple but challenging subjects to be addressed, even
in modern organic chemistry. NiCl, promotes the cross-coupling reaction of pri-
mary alkyl chlorides, bromides, tosylates [71], and even fluorides [72] with alkyl
Grignard reagents in the presence of butadiene as an additive (Eq. (5.23)). The re-
action is limited to primary alkyl halides, and is not applicable to either secondary
or tertiary alkyl halides.

cat NiCl,
RX + R'MgX R-R' (5.23)
X = Cl, Br, F, OTs R' = alkyl, aryl NF

The reaction of n-decyl bromide with 1.3 equiv. n-butylmagnesium chloride in
the presence of 1 mol% of NiCl; and 10 mol% 1,3-butadiene (0.07 M in THF) at
0 °C affords the coupling product tetradecane, quantitatively. This is the first suc-
cessful example of a cross-coupling reaction for primary alkyl chlorides. In the ab-
sence of butadiene, a trace amount of tetradecane is obtained, and mostly decane
and decene are formed. n-Decyl bromide does not undergo oxidative addition upon
an Ni(0) species in THF containing 1,3-butadiene without a Grignard reagent, and
remains intact.

A proposed reaction pathway is depicted in Scheme 5.36. A nickel(II) complex
5.1 reacts with the Grignard reagent to form an ate complex of nickel 5.XXV, which
is nucleophilically active enough to undergo an Sy2 reaction with an alkyl halide to

S R'MgX
. N~
R-R L/
5.1
’\r [ <
r-Ni =~ Ni_ +
Fli R Mg*X
5.XXVI \_{ 5.XXV

RX
Scheme 5.36. Proposed reaction pathway for the cross-
coupling reaction of Grignard reagents with primary alkyl
halides promoted by 5.1.
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provide an intermediate 5.XXVI. The intermediate 5.XXVI must be very high in
energy and unstable, because the formal oxidation number of the nickel is 4+
(see Section 1.5, compound 1.19), and hence readily undergoes reductive elimina-
tion to provide the cross-coupling product R-R’, with regeneration of 5.1.

The relative reactivity of C9—C11 alkyl halides (RX; X = F, Cl, Br) is in the order
of chloride < fluoride < bromide, which is determined by competitive experiments
using n-CsHj1MgBr. The higher reactivity of fluoride than chloride is inconsistent
with the above-mentioned simple Sy2 reaction mechanism, but some as yet un-
resolved factors might be responsible for this variation.

5.3.9
Carbosilylation of Diene Dimers

An Ni(0) complex catalyzes the dimerization—carbosilylation of 1,3-dienes in the
presence of trialkylsilyl chlorides and Grignard reagents to give rise to 1,6-dienes
5.47 with high regio- and stereoselectivity (Scheme 5.37(a)) [73]. When a catalytic
amount of Ni(acac), is mixed with a solution of isoprene, a trialkylsilyl chloride,
and cyclohexylmagnesium in THF at —20 °C, the trialkylsilane and cyclohexyl
groups are introduced at the C3 and C8 positions of (E)-3,6-dimethyl-1,5-octadiene
(Scheme 5.37(a), R = Me, R” = Cy). The reaction of the primary alkyl Grignard re-
agent and 1,3-butadiene produces a mixture of 5.47 and 5.48 (a mixture of terminal
and internal olefins) (Scheme 5.37(b)).

SiR
N + RSSICl + R"MgX cat Ni WRH (@)
R R
R
5.47
) Ni(acac), SiEts SiEty
A\ + EtSicl ——— 5 b
~ ® n-BuMgCl X A~ MBU Xy AN ®
-20°C 5.47: 32% 5.48: 56% (1:1)

Scheme 5.37. Nickel(0)-catalyzed dimerization—carbosilylation
of 1,3-dienes with trialkylsilyl chlorides and Grignard reagents.
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6
Cyclooligomerization and Cycloisomerization of
Alkenes and Alkynes

Shinichi Saito

Nickel-catalyzed cyclooligomerization and cycloisomerization reactions of alkenes
and alkynes form the cornerstones of organic transition metal chemistry (Reppe,
in the 1940s; see Section 6.3.1), and so far these have been among the main sub-
jects studied extensively. In this chapter, nickel-catalyzed cyclooligomerization and
cycloisomerization reactions will be described, as will certain nickel-mediated (stoi-
chiometric) reactions, which are closely related to the catalytic reactions. Emphasis
is placed on recent developments in nickel chemistry, as earlier studies have been
repeatedly reviewed from several viewpoints [1-10]. Cyclization and cycloaddition
reactions which involve the addition of other substrates (e.g., hydrosilanes, hydro-
stannanes and disilanes) will be described in other appropriate chapters in this
monograph.

6.1
Cyclooligomerization of Alkenes

In nickel-catalyzed cyclooligomerization reactions of alkenes, strained compounds
such as cyclopropenes, methylenecyclopropanes, and norbornadiene are nor-
mally used as the reactive substrates. The reactions may involve either the cleav-
age of the weakened carbon—carbon = bond — as is the case for many cyclo-
oligomerization and cycloisomerization reactions — or the cleavage of the strained
carbon—carbon ¢ bond, which is followed by the formation of new carbon—carbon
o bonds. Unstrained alkenes usually produce linear oligomers in the presence of
nickel catalysts (see Chapter 3).

Cyclopropenes are highly strained carbocyclic compounds. For example, the
calculated strain energy of cyclopropene is 228 KJ mol~! (54.5 Kcal mol~!) [10]. Ac-
cordingly, cyclopropenes are prone to undergo cyclooligomerization in the pres-
ence of a Ni catalyst. As an example, 3,3-dimethylcyclopropene provides cyclodime-
rization and cyclotrimerization products (Eq. (6.1)) [11a, b]. A generally accepted
mechanism for this reaction is shown in Scheme 6.1, where the Ni(0) complex in-
teracts with the = bond of the cyclopropene molecule and forms a Ni(0)-;2-olefin

Modern Organonickel Chemistry. Edited by Y. Tamaru
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30796-6
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R R
R R o A
R R  catNi0) R, . R
- + o +
P R R
_ A R
R =Me, Ph R R 64 R 62 R 163

(6.1)

complex. This complex reacts with another cyclopropene and gives a nickellacyclo-
pentane 6.4. The cyclobutane derivative 6.1 is formed by the reductive elimination
of 6.4 with the regeneration of a Ni(0) species (path a). The seven-membered nick-
ellacycle 6.5 is formed by the insertion of another cyclopropene and undergoes re-
ductive elimination to give rise to 6.2 (path b). The carbene complex 6.6, which
may be formed either directly by the reaction of 6.4 with cyclopropene or stepwise
by the isomerization of 6.5, as indicated by curved arrows (the o- and $-C elimina-
tion; see Section 1.7.6), further undergoes insertion of the carbene carbon into the
Ni—-C(o) bond to give a six-membered metallacycle 6.7. Reductive elimination of 6.7
finally furnishes a vinylcyclopentane 6.3 (path c).

6.3 )/, Ni(0)
R
R 6.2 path b N R><]

R Tpathc R><]---Ni
L
%;, | .

R 6.4 R

Scheme 6.1. The catalytic cycle for the nickel-catalyzed cyclooligomerization of cyclopropenes.

Bipyridyl complexes 6.8 [12] and 6.9 [13] (Fig. 6.1) of close structural similarity
to the intermediates proposed in Scheme 6.1 are isolated, and their structures are
determined spectroscopically and by X-ray structural analyses. Palladium com-
plexes also catalyze the cyclooligomerization of cyclopropenes [1a, 11d-f].

Cyclopropenones are more strained compounds than cyclopropenes, but gain
stability owing to the aromatic nature (a 2z electron Hiickel compound) and form



6.1 Cyclooligomerization of Alkenes

X Me X
MeOOC I Me |
tBu NF Nz

\Q]——M Ni
3 - B
MeooC N | e
X 6.8 Me X 6.9

Fig. 6.1. The analogues of reactive intermediates proposed in
Scheme 6.1. The structures are determined using X-ray
analyses.

an electron-deficient double bond. They display completely different reactivity from
cyclopropenes, and selectively undergo cleavage of the o-bond to give the cyclo-
dimerization products, benzoquinones, in modest yields (Eq. (6.2)) [14].

o

0 cat Ni(cod), R R
2 H _ -
R R

R R

(6.2)

51% (R = Ph)
o) 43% (R = Pr)

While a large number of cycloaddition reactions of methylenecyclopropanes
has been reported [15], the number of the cyclooligomerization reactions is rela-
tively small. The parent methylenecyclopropane (strain energy = 175 KJ mol™?
(41.7 Kcal mol~1) [10]) undergoes dimerization, trimerization (cyclic and acyclic),
and higher oligomerization (Eq. (6.3)) [16]. The ratio of the dimers, trimers, and
oligomers depends on the ligands bound to the Ni(0) [16a]. The reactions of
substituted methylenecyclopropanes are rather selective, and cyclic dimers are ob-
tained (Eq. (6.4)) [15]. Methylenecyclopropanes bearing an ethoxy carbonyl group
on the exocyclic double bond are characteristic for an electron-deficient double
bond, and the cyclodimerization products are produced selectively (Eq. (6.5)) [17],
where cleavage of the strained ¢ bond and a facile cyclopropenyl-butenyl rearrange-
ment [16d] are observed.

cat N| cod

Ao ~
+ + +
cat Ni(cod),-PR3
etc.
dimer trimer
(6.3)
HzC HiC
cat Ni(cod), R R HaC
or
2 /\_CHg + * R CH
R cat Ni(cod),-PRg R R . 8
R=HorCH, HsC CHs
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EtO,C COEt CO,Et
COzEt cat N| cod COQEt

cat Ni(cod),-PR3 EtOZC
EtO,C EtO,C CO,Et

(6.5)

The cyclodimerization of norbornadiene is catalyzed by many transition metals,
including nickel. While only a couple of examples have appeared for the linear di-
merization of norbornene [18], the nickel-catalyzed cyclooligomerization of norbor-
nadiene and related compounds has been studied extensively. As shown in Eq.
(6.6), there are several possible structures for the dimers. While the exo-trans-endo
dimer 6.10, endo-trans-endo dimer 6.11, and exo-trans-exo dimer 6.14 are the major
products in many reactions, the ratio of the products depends heavily on the type
of catalysts used [19-21]. The dimer 6.10 is formed as the major isomer together
with 6.11 in a ratio of 3:1 in a 41% combined isolated yield when the reaction is
carried out in the presence of Ni(CO), [19d], whilst selective formation of 6.14 is
observed when the reaction is carried out in the presence of NiBr,~Zn [18D] or
metallic Ni [21a]. Occasionally, an unusual dimerization—aromatization product
6.16 is formed [20]. The trimerization of norbornadiene has also been reported [21].

bty
Mwmw

Cycloisomerization of Alkenes

A few examples have been reported of the nickel-catalyzed cycloisomerization of
nonconjugated dienes and related compounds [22]. Some 1,5- and 1,6-dienes un-
dergo cycloisomerization in the presence of cationic nickel catalysts (Eq. (6.7))
[22a]. The cycloisomerization of 6-hepten-1-yne [22b] and 1,2,7-octatriene [22c]
also proceeds smoothly in the presence of a catalytic amount of NiCl, (Egs. (6.8)
and (6.9)). In these reactions, sequential reactions take place: 1) addition of a nickel
hydride to the most unsaturated carbon—carbon multiple bond; 2) insertion of the
terminal alkene into the nickel-C bond thus formed; and 3) f-hydrogen elimina-
tion with regeneration of the nickel hydride. Chromium(II) chloride serves as a
one-electron reducing agent.
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/_// cat 2*Ni(|_)soacF3 J
M\ (6.7)

(CHg)sCmp <R

L=
(R = CHg, t-Bu)

X=CHyorO
(an epimeric mixture)

— cat phosphinylated
MeOOC_ /—== polymer bound NiCly-CrCl, MeOO%Ci
6.8
MeOOC \ MeOOC ( )

82%
/-¢ cat phosphinylated —
polymer bound NiCl,-CrCl, (6 9)
OH “OH
= 72%

6.3
Cyclooligomerization of Alkynes

The cyclooligomerization of alkynes is catalyzed by a variety of transition metals
such as Ni, Co, Pd, and Rh. The first nickel-catalyzed trimerization and tetrameri-
zation of acetylene yielding benzene and cyclooctatetraene, respectively — which
marks also the first example of a transition metal-catalyzed cyclooligomerization
of alkynes — was reported in 1948 by Reppe and co-workers [23]. Since then, a
vast number of examples has appeared related to this subject [1, 3, 5, 24-28].

6.3.1
Cyclotrimerization of Alkynes

The cyclotrimerization of alkynes which leads to the formation of benzene rings is
generally catalyzed by the Ni(0) coordinated with electron-donating ligands such as
organophosphorous compounds [1, 23c, 30-32]. Cyclooctatetraenes tend to form
when the Ni(0) complexes with weakly coordinating ligands are used (see Section
6.3.4). A generally accepted mechanism for cyclotrimerization is shown in Scheme
6.2.

Nickellacyclopentadiene 6.19, which is formed by the coordination of two alkyne
molecules with a Ni(0) species and oxidative cyclization, is a key intermediate in
this reaction. Some complexes with structural similarity to 6.19 have been isolated
and characterized chemically and spectroscopically [29].

In many reactions, of the possible two regioisomers (1,3,5- and 1,2,4-
trisubstituted benzenes), the unsymmetrically substituted benzenes are formed as
the major products when terminal alkynes are employed [30-32]. The reaction of
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W — O O
= or N 621
6.20 Ni

Yaw

U 6.22

Ni Ni(0)
6.19
"N Ni =
6.18 6.17

Scheme 6.2. The catalytic cycle for the nickel-catalyzed
cyclotrimerization of acetylene, yielding benzene.

ethyl propiolate in the presence of (PPh;),Ni(CO), selectively provides 1,2 4-tris-
(ethoxycarbonyl)benzene (Eq. (6.10)) [32a]. The reaction of sterically hindered
propargyl alcohols and their derivatives are exceptional, and they selectively provide
both the symmetric and unsymmetric benzenes depending on the type of nickel
catalysts used (Eq. (6.11)). For example, 1,3,5-tris(1-hydroxy-1-methylethyl)benzene
is formed selectively in excellent yield when 2-methylbut-3-yn-2-0l is reacted in
the presence of (n-BuszP);NiBr; [31b]. The selectivity is high, but the yield is not
acceptable with (PPh;);Ni(CO), as the catalyst [31d]. The reaction becomes less
selective when (n-Bu3P),Ni|C=CC(CHj;),0H], is used as the catalyst [31a]. On
the other hand, when (PPh;),Nil, is used as the catalyst, unsymmetric 1,2,4-
tris(1-hydroxy-1-methylethyl)benzene is isolated in high yield [31c].

COOEt
cat (PPhg),Ni(CO), COOEt
3 =—COOEt (6.10)

COOEt 89%

OH OH
| cat Ni
3 = | OH + OH
HO OH g (6.11)
(n-BugP),NiBr, 100 : 0 84%
(PPha),Ni(CO), 100 : 0 20%
(n-BugP),Ni[C=CC(CHg),0Hl, 82 : 18 100%

(PPhg),Nil, 0 © 100 85%
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Unsymmetrical internal alkynes provide benzenes as a mixture of all possible
regioisomers. When symmetric internal alkynes are employed, it is not necessary
to worry about the regioselectivity, and many examples have been reported [32g—i].
For example, hexaethylbenzene forms by the reaction of 3-hexyne in the presence
of NiBr,—Mg (Eq. (6.12)) [32h]. The two reactions shown in Egs. (6.12) and (6.13)
are in marked contrast. The latter reaction is accelerated under a CO, atmosphere
and forms cyclopentadiene as the major product of the cyclotrimerization of
4-octyne [33].

cat NiBr,-Mg R R

(6.12)

R = Et (97%), R = Me (35%), R = MeSiOCH,(95%)

Pr cat Ni(cod),-2 PPh; Pr.
Il + (6.13)
CO, Pr

Pr

pr 4% 75%

Pr

Pr. ~"\
Pr. Pr
Pr Pr A
+ | 5
Pr Pr Pr
4% o) 14%

Recent interest in this area has been related to the development of a new and
recyclable catalyst such as the silica-immobilized catalyst [30h,i], and an applica-
tion of the reaction to the synthesis of functionalized polysubstituted benzenes.
As an example, the synthesis of hexaborylbenzene is shown in Eq. (6.14) [32i].

Some conjugated alkynes such as 1,3-diynes (Eq. (6.15)) [32¢c| and 1,3-enynes
[30g] react similarly, and the corresponding 1,2,4-trisubstituted benzenes are iso-
lated in good yields in the presence of a nickel catalyst.

.
B
3 ]@
o / o , (6.14)
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R R R
Y cat (PPhg)oNi(CO), R Z
3
4 = X
R 7 N 77% (R = Me)
R R R 83% (R=Ph)
(6.15)
6.3.2

Co-cyclotrimerization and Cycloisomerization of Alkynes

Active studies have been carried out in the field of co-cyclotrimerization — the syn-
thesis of benzene rings from different alkyne components — because this type of
reaction is synthetically more useful and can be more selective compared to the
(homo)cyclotrimerization discussed in Section 6.3.1. Various approaches have
been examined in order to achieve the regio- and chemoselective synthesis of sub-
stituted benzenes. For example, tethering the two or three alkyne units is a viable
approach (Egs. (6.16) and (6.17)). This approach has been proved to be very effec-
tive for Co- [26-28] and Rh catalyzed reactions [27, 28].

— R cat Ni
- — (0 19

| | - . (6.17)

The nickel-catalyzed co-cyclotrimerization reaction was first reported by Colthup
and co-workers. Their aim was the polymerization of a 1,6-heptadiyne by nickel
catalysis, but the product obtained was a low molecular-weight material, 1,3-bis(7-
indanyl)propane (albeit in low yield), the product of so-called “co-cyclotrimeriza-
tion” (Eq. (6.18)) [34a]. Subsequently, the wide applicability of co-cyclotrimerization
methodology was exemplified by the synthesis of indanes (Eq. (6.19)) [34f,g], bi-
aryls [34j], arylalkynes [34l], 6-arylpurines (Eq. (6.20)) [34m], various heterocyclic
compounds [34c,d,h,i], and benzoquinones from o-di(alkynylacyl)benzene and al-
kynes (Eq. (6.21)) [34b]. Equation (6.22) demonstrates a useful application of the
asymmetric synthesis of isoindoline and isoquinoline derivatives [34h].
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3<:z cat (PPhy),Ni(CO), Ci U :>

15 - 20%
(6.18)

(PPhg),NiCl, -

EtO0C — R 5 n-BuLi EtOOC R
>< _ " |‘| ><:©/ 78% (R = CH,OMe)
Et0OC =

EtOOC 62% (R = (CH,),OH)
52% (R = CH,OH)

(6.19)
— Pn R Nj\NBn cat (dppe)NiBrz -Zn
0} + | A
— N\&N 87%
(6.20)
Ph
cat (PPh3)2NI(CO)2
+ |
Ph
70%
(6.21)
H t Ni(cod ™
LN I cat Ni(cod), s
P S + PPh, Z
Z X i
MeSi SiMe; 1y thp_o/ Me;Si SiMeg
O%Ot—Bu 92% vyield, 60% ee
(6.22)

As expected, the intermolecular co-cyclotrimerization of more than two different
types of alkynes produces a mixture of many isomeric benzenes [34e]. Provided
that the two or three alkynes had different steric and/or electronic natures from
each other, the selective co-cyclotrimerization could be realized under carefully
controlled conditions. Indeed, the co-cyclotrimerization of methyl propiolate and
methyl propargyl ether provides a single isomer in a remarkable yield (Eq. (6.23))
[34K].
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COOMe
OMe cat Ni(acac),-PPhy MeOOC OMe

COO'V'e ( -Et,Zn-PhOH OMe

(6.23)
COOMe

81% (ratio 95 : 5)

COOMe

While the cycloisomerization of triyne has been most successfully achieved
using Co catalysts [26], Ni(0) can also be a good catalyst [35]. For example, helicenes
are prepared by the nickel-catalyzed (or nickel-mediated) reaction (Eq. (6.24)) [35b].
In Eq. (6.24), the benzene ring formed is shown in gray. An enantioselective syn-
thesis of a helicene has also been reported [35a].

o 60 2

_, (100 mol% Ni(cod),)
\ / \ 64%
(20 mol%Ni(cod)»-40 mol% PPhg)

(6.24)

6.3.3
Co-cyclotrimerization of Alkynes with other Unsaturated Compounds

The incorporation of an alkene as the third component widens the scope of co-
cyclotrimerization. The co-cyclotrimerization of alkynes and other unsaturated
hydrocarbons was first reported by Reppe and co-workers [23c], wherein the
nickel-catalyzed reaction of acetylene with acrylates provided co-cyclotrimerization
products in the ratio of 2:1 (e.g., Eq. (6.25)). These authors also reported formation
of the 1:2 and 1:1:1 co-cycloadducts of acetylene, butyl acrylate, and butyl vinyl
ether. Similarly, the reaction of phenylacetylene and N-methylmaleimide provides
dihydrophthalimide and its Diels—Alder adduct in a good combined isolated yield
(Eq. (6.26)) [36a].

The bimetallic system, Ni-Zn [36e,j] or Ni—Al [36d,h,k|, opens a new approach,
which relies on a mechanism which is different from that outlined in Scheme 6.2.

H cat (PPhg),Ni(CO),

CO,Bu

CO.B or 2

| + f 25U (6.25)
| cat (PPh3)2N|B|’2

H

Ph o cat

(PPha),Ni(CO),
-+ [ Nme + MeNPh
H

(o] O 50% 0O 27%
(6.26)
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In these bimetallic systems, a Zn(II)X, salt (or an AI(III)X; salt) produced by re-
duction of a nickel(II) species may serve as a Lewis acid, which interacts with
enones to promote first the oxidative cyclization of a Ni(0) species across an alkyne
and an enone (Egs. (6.27)—(6.29)). The primary product is cyclohexadiene, which
undergoes dehydrogenation spontaneously under air or in the presence of a base
(DBU = 1,8-diazabicyclo[5.4.0]-7-undecene) [36e]. The reaction of cyclopentenone
and terminal alkynes shows marked regioselectivity, depending on the steric size
of the alkyne substituents; when it is small, the isomer 6.24 is dominant, but iso-
mer 6.25 forms exclusively when the substituent is large [36d,h].

o) cat NiCl-Zn-

— (0]
< . ZnCly-EtgN COMe
N ﬁk X X

77%, X = C(COEt)y; 50%,X = O;

42%, X = (CHy)z (6.27)
R
O Ni(acac),-2PPhg R 9
ot n b -MezAIl‘PhOH
2 — +
R
R
R! =Y R2
0 o} o}
DaBirU R2 R2 R
+ +
R! R2 R2
R® 624 R' 625 R 6.26
R! R2 Total yield [%]  Ratio [6.24 : 6.25 : 6.26]
Et Et 60 R -
n-Bu H 71 82 14 4
+-BuMe,SiOCH, H 42 599 : 0 0
+-BuMe,SiO(CH,), H 81 93 : 7 0
tBu H 45 11 : 89 0
MesSi H 33 0 : >99 0
(6.28)

The success of the 1:1:1 co-cycloaddition of three different components (two dif-
ferent alkynes and enones) by sequential addition of different alkynes is not only a
great advancement in this field but also supports the intervention of nickellacyclo-
pentene as an intermediate (Eq. (6.29)) [36h].

MesSi O

o Ni(acac),-2PPhs DBU

|‘| -MeAl-PhOH e
+ i
SiMe
e /_// 59%
t-BuMe3SiO

+BuMesSiO (6.29)
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Under similar bimetallic conditions, the co-cyclotrimerization of oxa-benzo-
norbornadiene (Eq. (6.30)) [36f]], an allene (Eq. (6.31)) [36m,n], and a fullerene
(Eq. (6.32)) [36g] proceeds successfully.

0} cat (PPh3),NiCly ph O
___ -PPhs-Zn
2 Ph— + s /‘\i
/ _—
g oL L =
95%
(6.30)
I CO,Me
= CO,Me U cat (dppe)NiBr,-Zn 2
+ |L
— n-Bu n-Bu 79o,
(6.31)

72%, X = C(CO,Et),; 66%, X = CH,
75%, X = C(COMe),; 47%, X = O

(6.32)

Heterocumulenes such as carbon dioxide [33, 37] and isocyanates [36b,c, 38] are
good substrates for the co-cyclotrimerization reactions. For example, the reaction of
1.6-diynes with carbon dioxide proceeds smoothly in the presence of Ni(cod), and
PCys (Eq. (6.33)) [33f ]. Under the same catalytic system, a variety of alkynes reacts
with phenyl isocyanate to give pyridones (Eq. (6.34)) [38a]. Metallic heterocycles
such as 6.27 [33d,g] and 6.28 [36D] are assumed to be the intermediates of these
reactions. The reaction is applicable to the synthesis of a variety of polymers [36c,

37, 38b].
Et
i R
— i o) cat Ni(cod), 0
: + & -2 PCy; R _— Ni/|_ =
— Ft o) o S e}
fe) (0]
6.27 Et 88%
(6.33)
R
R
R 9 cat Ni(cod), R L R o
|‘| . G _2POY ~ N ~
1 - = N -
R Nepn o7 N b RN pn 84% (R = Ph)
R R 82% (R = Et)
6.28 81% (R = Me)

(6.34)
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6.3.4
Cyclotetramerization of Alkynes

The cyclotetramerization of alkynes yielding cyclooctatetraene is one of the most
remarkable reactions which can be efficiently achieved by transition-metal cata-
lysts. The nickel-catalyzed reaction was first reported as early as in 1948 (Eq.
(6.35)) [23a]. A mixture of Ni(CN), and CaC, catalyzes the reaction, though the
precise mechanism of the reaction is not clear. It is reasonable to postulate a nick-
ellacyclononatetraene 6.29 [23a] as an intermediate (c.f., Scheme 6.2). The bimetal-
lic complex 6.30 is also a possible candidate as an intermediate, and this has been
isolated and its structure determined using X-ray analysis [8, 39d]. Experiments
with labeled acetylene exclude the formation of a nickel-*-cyclobutadiene complex
or a nickel-®-benzene complex as the intermediate [39¢ k.

In contrast to the cyclotrimerization reaction (see Section 6.3.1), the cyclotetra-
merization proceeds relatively smoothly in the presence of a Ni(0) and weakly coor-
dinating ligands or nitrogen ligands.

cat Ni(CN),-
_ CaC2
\ /
— @. @ (6.35)

6.29

Apparently, the regiochemistry of the cyclotetramerization of (unsymmetrical)
terminal alkynes is more complicated than that of the cyclotrimerization; as shown
in Eq. (6.36), four isomers rather than two (1,3,5- and 1,2,4-trisubstituted ben-
zenes) are possible [39].

R R

A R R R R R

cat Ni
R
R R R R
H R R

R R
(

Remarkably, symmetric 1,3,5,7-tetrakis(hydroxymethyl)cyclooctatetraene forms
selectively by the reaction of propargyl alcohol in the presence of the nickel catalyst
bound with a 1,4-diaza-1,3-diene ligand 6.31 (Eq. (6.37)) [39j]. The same catalyst
shows contrasting regioselectivity toward a hydroxy-protected propargyl alcohol,
and in this case 1,2,5,6-tetrasubstituted cyclooctatetraene is formed selectively (Eq.
(6.38)) [39g].

6.36)
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The 1,4-diazabutadiene ligands shown in Egs. (6.37)—(6.39) [39h] characteristi-
cally possess sterically bulky substituents on the nitrogen atoms, which exert
salient steric and electronic effects on the reactivity and regioselectivity.

(FPYHC  CH(i-Pr),

/N\ /N\
cat [ i j
N N7 631 HOCH, CH,OH
(-Pr)oHC  CH(i-Pr),
4 HOCH,———H
HOCH; CH,OH
100% (tetramer : trimer = 99 : 1)
(6.37)
cat 6.31 p-TolOCH, CH,O-p-Tol
4 p-TolOCH,——H ————
p-TolOCH, CH,O-p-Tol  45%
(6.38)
cat
i-Pr i-Pr OMe
/N\
_ N
i-Pr: i-Pr OMe CO,Me
MeOZC
4 MeO,C———H
MeOZC

CO,Me  95%
(6.39)

A 1,24 6-tetrasubstituted cyclooctatetraene, an unsymmetrically substituted tet-
raene [39a,l], forms when Ni(PCls), is used (Eq. (6.40)) [39a]. The yields are based
on 66% conversion. Cyclooctatetraenes are also prepared by the dimerization of
1,w-diynes (e.g., Eq. (6.41)) [39¢].

CO,Me CO,Me

cat Ni(PClg), MeO,C COMe
4 MeO,C—=—H .

MeO,C CO,Me
87% COMe  13%
(yields based on 66% conversion)

(6.40)
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o) O Ph Ph O
PR, T OO0
0] Ph
A\
o o
Ph Ph Ph

80%

6.3.5
Co-cyclotetramerization of Alkynes

As in the case of the co-cyclotrimerization of alkynes (see Sections 6.3.2 and 6.3.3),
the co-cyclotetramerization of two different alkynes also takes place (Eq. (6.42))
[40]. The reaction is usually carried out in the presence of a large excess of acety-
lene, so that only one molecule of the substituted alkyne is incorporated into
the product. Several mono- and disubstituted cyclooctatetraenes may be prepared
using this method [40].

3 H——H cat Ni(acac),-
CaC, R
+ _— 25% (R = n-Pr, R' = H)
— | 24% (R = (CH,),0H, R' = H)
R—="R R 14% (R=R = Ph)
(6.42)
6.4

Cyclooligomerization of Dienes

The nickel-catalyzed cyclodimerization and cyclotrimerization of 1,3-butadiene
were first reported by Reed in 1954 [41a]. Extensive studies subsequently carried
out by Wilke, Heimbach, and co-workers have led to an understanding of the reac-
tion mechanism involved [1-4a, 5, 6, 8, 9, 42, 43]. The formation of cyclic dimers,
trimers, and higher oligomers is usually observed (Eq. (6.43)).

= O D
NF — + +/\©+

6.32 6.33 6.34 6.35
+

CO

6.36 6.37 6.38 (6.43)
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6.4.1
Cyclodimerization and Cyclotrimerization of 1,3-Butadiene

Nickel(0)-phosphine or -phosphite ligands are good catalysts for the cyclodimeriza-
tion of 1,3-butadiene, and the distribution of the isomers can be controlled by
choosing appropriate ligands [41, 44—46]. For example, 1,5-cyclooctadiene (6.32,
COD) is produced in high yield when the reaction is carried out in the presence
of Ni(cod); and bulky phosphite ligands such as tris(biphenyl-2-yl)phosphite
(6.39) at 70-80 °C [41n—p].

1,2-Divinylcyclobutane (6.33) is isolated in 30-40% yield when the reaction is
carried out at a lower temperature (20 °C) or for a shorter period [41c]. These re-
sults suggest that the formation of 6.33 and its rearrangement to 6.32, proceeds
(more or less) under these reaction conditions, and this has been confirmed by an
independent experiment using the isolated sample of 6.33 in the presence of a
nickel catalyst (Scheme 6.3) [41d,g]. The isomer 6.34 forms selectively in the pres-
ence of some chiral aminoalcohol-based phosphine ligands [45a]. Modest chiral in-

duction (up to 21% ee) is observed (Eq. (6.44)) [45].
20°C — 20 °C 6.32
Ph
o <o (+ 6.32, 6.34)
\[‘: —
3 6.39 6.33

Scheme 6.3. Nickel-catalyzed cyclodimerization of 1,3-butadiene.

cat Ni(cod),-6.39, 80 °C

2 N

Although 2-vinylmethylenecyclopentane (6.35) is occasionally formed as a minor
product, the selective formation of 6.35 takes place when the reaction is carried out
in the presence of methanol (Eq. (6.45)) [46].

Ph,, _O—PPh,

cat Ni(cod), - 2 )i
PPh
’Il/ 2 /
2 o~ /\© 6.34 (21% ee)
6.34:6.32 = 40:60

(6.44)

cat (PPh3),NiBry-n-BuLi-MeOH AN
2 AAF (6.45)
benzene
6.35 90%




6.4 Cyclooligomerization of Dienes

The cyclotrimerization of 1,3-butadiene has also been studied in depth. The se-
lective formation of trans, trans, trans-cycylododecatriene (6.36) takes place in the
presence of a Ni(0) species generated by reduction of Ni(acac), with Al(OEt)Et,
(Eq. (6.46)) [41D,e,h,j]. The effects of the cone angle, the electronic nature of phos-
phorous compounds, and the ligand:nickel ratio on the selectivities of dimers
(6.32—6.35 and others) and trimers (6.36—6.38 and others) have been studied exten-
sively [411,m]. Whilst the cyclodimerization proceeds predominantly in the pres-
ence of a Ni(0) species and a phosphine ligand, the cyclotrimerized products are
isolated as the major products when the phosphine:nickel ratio is low.

( cat Nl(acac -EtOAIEt, /\©
A

6.36 6.38 6.32
65 : 7 : 9 : 5 : 9
(6.46)

A generally accepted mechanism for the cyclic dimerization and trimerization of
1,3-butadiene is outlined in Scheme 6.4 [1]. Thus, the Ni(0) species interacts with
two molecules of butadiene and forms a nickellacycle 6.41 via oxidative cyclization.
This complex isomerizes to various nickellacycles such as 6.42—6.44, and the cyclo-
dimerization products 6.32—6.34 are formed by reductive elimination of the Ni(0)
species. Clearly, distribution of the dimers is subject to the ratio of 6.42-6.44, and
the reaction rate of the individual step of the reductive elimination. The insertion

Ni(0) T\ ~ NS
+ NP 1 e
2 NF ':\_ Ni_
6.40 6.41 6.45

6.42 6.43

—Ni0 “ / 1 Ni(0) |-nio
@ =

6.34 6.33 6.32 6.36 (+ isomers)

Scheme 6.4. Reaction pathway of the nickel-catalyzed
dimerization and trimerization of 1,3-butadiene.
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of another butadiene molecule to 6.41 provides 6.45, which undergoes reductive
elimination to give, for example, an all-trans-cyclododecatriene-Ni(0) complex 6.46.
Coordination of butadienes to the Ni(0) of 6.46 liberates all-trans-cyclododecatriene
(6.36) and 6.40. As is the case for the cyclooligomerization of alkynes (see Section
6.3.4), the higher cyclic oligomers (including cyclic trimers) are formed preferen-
tially when weakly coordinating ligands are present in the reaction system.

The proposed mechanism is supported experimentally by the isolation and
reaction of various nickel-butadiene intermediates [41g,h,j, 44]. For example, nick-
ellacycles similar to 6.41 are isolated and fully characterized [41g, 44f]. Detailed
computational mechanistic study have also been carried out [47].

The formation of 6.35 is rationalized according to Scheme 6.5, which involves
protonolysis and exo-mode insertion, followed by f-hydrogen elimination [46].

“\QA N'+RO N \ &“

) + ROH 6.35

Scheme 6.5. Nickel-catalyzed dimerization of 1,3-butadiene in the presence of a proton source.

6.4.2
Cyclodimerization and Cyclotrimerization of Substituted 1,3-Dienes

Owing mainly to steric reasons, substituted dienes display lower reactivities than
the parent 1,3-butadiene. Moreover, the regioselectivity (e.g., head-to-head, head-
to-tail, etc.) is another condition that makes the reaction difficult to analyze, and
accordingly far fewer studies have been carried out using substituted dienes [1, 48].

Isoprene reacts in the presence of various nickel catalysts, and usually provides a
complex mixture of dimers and trimers [42, 49]. The selectivity can be managed to
some extent by choosing an appropriate catalyst (Eq. (6.47)) [49¢,e].

)W :"’“ i © Q 5 5 Eé

14  others 16
(6.47)

3

Some sterically or electronically biased 1,3-dienes show unique selectivity
[56b,c]. For example, 1-methoxycarbonyl- and 1-siloxy-1,3-dienes provide trans-3,4-
disubstituted 1,5-cyclooctadienes with high selectivity and in excellent yields when
the reactions are carried out under the Ni(acac),-PPh;-Et, AlOEt catalyst (Eq. (6.48))
[S0a,d]. By contrast, the same reaction by the catalysis of Ni(cod),-phosphines
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furnishes a mixture of vinylcyclohexenes [50D,c]. Based on these observations, the
intermediacy of a Ni-diene-Al(III) complex is proposed [50c|. The enantioselec-
tive formation (up to 25% ee) of a vinylcyclohexene derivative is observed for the
cyclodimerization of methyl sorbate (Eq. (6.49)) [50f]. The nickel-catalyzed cyclodi-
merization of 2-tert-butyl- and 2-trimethylsilyl-1,3-butadiene provides a mixture of
positional isomers of vinylcyclohexene, with 1,4-isomers predominating over the
1,3-isomers (Eq. (6.50)) [50e].

i R
cat Ni(acac),-PPhs-
=
2 R AR Q 90% (R = OSi(CHo))
2 ‘R 83% (R = CO,Me)

(6.48)
cat Ni(acac),-L-Threophos CO,Me
-Et,AIOEt CO-Me
Pl
2 N\COQMG X
PhePQ _ CHOPPh, 37%, 25% ee
o, o
V' g ‘IH
HsC'  N(CHg)PPh,
L-Threophos (6.49)
tBu cat Ni(cod) B
2 /‘»\’ R, tBu , Y +Bu
| t-Bu 10:1
(6.50)

6.4.3
Co-cyclooligomerization of 1,3-Dienes

1,3-Butadiene undergoes co-cyclooligomerization with alkenes [51], alkynes [52],
and other conjugated dienes [53] in the presence of nickel catalysts. For the reac-
tion of butadiene with ethylene, 1,5-cis,trans-cyclodecadiene is formed (Eq. (6.51))
[51a]. Usually, the cyclooligomerization products of butadiene itself are isolated as
the by-products.

The co-cyclooligomerization of butadiene with alkynes has been studied exten-
sively, and the 2:1 co-cyclization products of butadiene and alkynes form as the ma-
jor products. For example, as is shown in Eq. (6.52), 2-butyne reacts with butadiene
in a 1:2 ratio to provide trans,cis,cis-1,4,7-cyclodecatriene in high yield under appro-

cat Ni(acac),-EtOAIEt,
2 AL+ -

78%
(6.51)
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cat Ni(acac),-PPh3-EtOAIEt,
2 AN+ /

80%
(6.52)
cat Ni(acac),
PPh3 Et0A|Et2 ;@;tl
30% 38%
(6.53)

priate reaction conditions [52]. This reaction has been applied to the synthesis of
macrocyclic compounds [52b,f]. The 2:2 co-cyclization product is produced occa-
sionally in addition to the 1:2 adduct (Eq. (6.53)) [52¢,g].

1,3-Cyclohexadiene skeleton is formed from 1 mol butadiene and 2 mol phenyl-
acetylene [52c]. Substituted cyclooctadiene and cyclohexene derivatives are the
major products for the co-cyclooligomerization of 1,3-butadiene with substituted
dienes [53]. The co-oligomerization of azadienes has also been investigated [54].

Some stoichiometric reactions with respect to the Ni(0) species have been re-
ported. Thus, the isolated sample of bis-3-allyl nickel complex is subjected to the
reaction with allene (1,2-propadiene) [55a] and substituted alkynes (Scheme 6.6)
[55b]. In Scheme 6.6, the vinyl(allyl)nickel(II) intermediate formed by the insertion
of diethyl acetylenedicarboxylate is reluctant to undergo reductive elimination, and
carbon monoxide is used to accelerate this process (see Section 1.7.4). The complex
6.45 also reacts with alkynes [55c—e] and allene [55e—g]. The reaction of 6.45 with
1,2-propadiene is shown in Scheme 6.7. One of the two 7>-allylnickel moieties

EtO,C—=—CO,Et | EtO:C X/
EtO,C

Scheme 6.6. The stoichiometric reaction of the bis-;3-allyl
nickel complex and an alkyne. CO induces the reductive
elimination (cyclization).

Et0,C

EtO,C

tBuNC 1) hydrolysis
—_— —_—

2) Hy, Pd/C

6.45

t-BuN O muscone
Scheme 6.7. Nickel-promoted (stoichiometric) synthesis of
muscone (a thick line indicates the carbons originated from
allene).
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reacts with allene and forms a stable bis(;73-allyl)nickel species, which undergoes
migratory insertion into an isonitrile and reductive elimination to give rise to a
15-membered cyclic imine. Hydrolysis and hydrogenation provide muscone, the
odorous principle of musk [55f,g].

6.4.4
Co-cycloisomerization of 1,3-Dienes

As is the case for other cyclooligomerization and co-cyclooligomerization reactions,
the selective formation of carbocyclic compounds is accomplished by means of a
nickel-catalyzed intramolecular co-cycloisomerization of dienes [56, 57]. For exam-
ple, the thermally forbidden nickel-catalyzed intramolecular [4+4] cycloaddition of
dienes is effected by the Ni(0) complex (Eq. (6.54)) [56a]. This reaction is applied to
the synthesis of a polycyclic natural product, asteriscanolide (Scheme 6.8) [56d],
with the origin of stereoselectivity being addressed by computational calculation

[56g].

COOMe C}O|_(|)Me
cat Ni(cod),-2 PPh, - K
Z\ (od)z-2 PPhs : (6.54)
N\ A 84%
O o}
gj\‘ cat Ni(cod),-2 PPhg @
\*{ 67%

(+)-Asteriscanolide

Scheme 6.8. Nickel-catalyzed co-cycloisomerization of
1,3-dienes and its application to the total synthesis of (+)-
asteriscanolide.

The intramolecular [4+2] cycloaddition of w-dienynes [57] is a thermally permit-
ted process and proceeds at elevated temperatures (e.g., 180-200 °C). The reaction
is accelerated by a Ni(0) complex and proceeds smoothly at room temperature to
provide a cyclohexadiene skeleton in good yield (Eq. (6.55)) [57]. The reaction has
been widely applied to the synthesis of natural products, such as steroids and
vitamin D analogues [57b,d] as well as alkaloids including (+)-yohimban and (+)-
alloyohimban (Scheme 6.9) [57¢].

4//_\\\ cat Ni(cod),-6.39

o o} (6.55)
MegSi——" Me;Si

98%
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cat Ni(cod),-
@\—/I(\\N 3 PIOCH(CFa)ols
N~ O \
Boc \ / SiMe,

(x)-yohimban (z)-alloyohimban
(1:1)
Scheme 6.9. Synthesis of yohimban alkaloids by the nickel-
catalyzed intramolecular [4+4-2]cycloaddition of 1,w-dieneyne.

6.5
Cyclooligomerization of Allenes and Cumulenes

6.5.1
Cyclooligomerization of Allene (1,2-Propadiene)

The nickel-catalyzed cyclooligomerization of allene is rather complicated, and a
mixture of cyclization products is formed composed of dimers, trimers, and tet-
ramers, etc. (Scheme 6.10) [58].

Whilst the dimers 6.48 and 6.49 have been formed only minimally [58¢], the
trimers 6.50 and 6.51 are formed as major products by the catalysis of a nickel(0)
complex (Eq. (6.56)) [58a,c,fh]. The tetramers 6.52 and 6.53 are prepared in moder-
ate yields when a nickel-phosphine complex is used as the catalyst [58d,fh]. A
high selectivity is achieved at a higher nickel:phosphine ratio. Ni(cod), (Eq. (6.57))

Xé ‘\X“ XV ; 6.48 )%6.49
6.52 N

6.54 6.55

AN
IG5 Ny
6.50
cyclopentamer cyclohexamer  + linear oligomers and polymers

6.53

6.51

Scheme 6.10. Nickel-catalyzed cyclooligomerization of 1,2-propadiene (allene).
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[58b,h], [P(OPh);],Ni(CO), [58c]|, and Ni(PPhs), [58d] catalyze the formation of
the pentamer 6.54.

Y cat [P(OPh)3]oNi(CO),

3 .
Vi 0% * (6.56)
6.50 6.51
4 1
V% cat Ni(cod),
7 50 - 55% ( )
6.54

The generally accepted reaction pathway is shown in Scheme 6.11, which is sup-
ported by the isolation of some intermediates. In this scheme, for the reader’s con-
venience, the newly introduced allene molecule at any stage is indicated as a thick
line. The ligands are omitted for clarity, but as usual the course of the reaction is
controlled by the steric and electronic nature of the ligands bound to the nickel.

Allene coordinates with a Ni(0) species and forms complexes such as 6.56
[58d.i], 6.57, and 6.58. The structure of 6.57 has been determined using X-ray anal-
ysis [58j]. The third molecule of allene inserts into the allyl-nickel bond of 6.57 and

x, - Ni
N j:”' S //j—J(
6.48 6.49

6.56 6.57 l 6.58

\ ' _.j:j% Zi

6.60 \ 6.50 6.51

6.61 6.52 6.53

6.62 6.54

Scheme 6.11.  Reaction mechanism for the nickel-catalyzed cyclooligomerization of allene.

hexamers,
higher oligomers, =~~~
polymers
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6.58, and forms 6.59 and 6.60, respectively. The bis-#>-allyl complex 6.59 is isolated
and characterized spectroscopically [58g, i] and the structure is determined by an
X-ray analysis [58h]. Reductive elimination at this stage provides 6.50 and 6.51
with the regeneration of a Ni(0) species. A further insertion of allene into the #3-
allylnickel terminal of 6.59 cross-conjugated with an exo-methylene leads to a sym-
metric bis(;*-allyl)nickel complex 6.61 [58f]. Reductive elimination of 6.61 forms a
cyclic tetramer 6.52 [58f]. Similar transformation leads 6.60 to 6.53. The cyclic
pentamer is also formed by reductive elimination through 6.62, formed by the fur-
ther reaction of 6.61 with allene. It is generally observed that the trialkyl-, triaryl-
phosphine and mixed alkyl(aryl)phosphine ligands accelerate the insertion of the
fourth allene molecule to provide 6.61 and hence help the preferential formation
of the tetramers. On the other hand, the phosphite ligands, owing to electronic ef-
fects, retard the insertion of the fourth allene to 6.59 and assist the selective forma-
tion of the cyclic trimer [58i]. Facile insertion of allene to 6.61 takes place when
Ni(cod); is used as the catalyst; as in the case of cyclooligomerization of other al-
kenes and alkynes, the absence of the strongly coordinating ligands facilitates the
insertion reaction.

6.5.2
Cyclooligomerization of Substituted Allenes

Much fewer studies have been carried out on the reaction of substituted allenes.
The formation of polymers [59a] a linear dimer [59¢,h], and a mixture of cyclic
and acyclic oligomers (Eq. (6.58)) [59d] has been reported for the nickel-catalyzed
reaction of alkylallenes. The regioselective formation of a cyclic dimer takes place
for the nickel-catalyzed reaction of 1,3-diphenylallene [59b]. Some electronically
or sterically biased allenes undergo cycloisomerization selectively. For example,
allenyl cyanide is transformed into cyclic dimers and trimers [59d], and ethyl alle-
necarboxylate forms cyclic dimers selectively and in good yield (Eq. (6.59)) [59€]. t-
Butylallene undergoes cyclotrimerization selectively in the presence of Ni(PPh;);
(Eq. (6.60)) [59d].

cat Ni(PPhg)s —

2 _\:.: - +

(6.58)

E cat Ni(cod),-4 PPh. EtOOC COOEt
5 tOOC\:.: 2 3 Y (6.59)

71%

tBu

tBu
. Ni(PPh

3 M, SR (6.60)

ey 26%
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6.5.3
Cyclooligomerization of Cumulenes

The cyclooligomerization of cumulenes provides an efficient entry for the prepara-
tion of radialenes [5, 60, 62]. Usually, cyclodimerization or cyclotrimerization takes
place at the internal double bonds. For example, butatrienes such as 6.63 provide
the cyclic dimers in excellent yields (Eq. (6.61)) [60a]. Hexapentaenes ([5]cumu-
lenes) also undergo cyclodimerization and furnish various cyclobutanes. In this
case, the mode of cyclodimerization depends on the steric size of the substituents
bound to the cumulene termini. For example, when a bulky group is attached, di-
merization takes place selectively at the central double bond and forms a [4]radia-
lene with higher symmetry (Eq. (6.62)). In this reaction, dimerization accompanied
by the insertion of CO also takes place. On the other hand, less sterically bulky
hexapentaenes react at the next double bond to the central double bond and form
either a parallel “head-to-head” dimer (Eq. (6.63)) or an anti-parallel “head-to-

t-Bu t-Bu
cat (PPhg),Ni(CO), tBu
[e) o—e 0
tBu t-Bu tBu
6.63

t-Bu t-Bu

//' 100 mol% \ ' / )
_(PPhg)oNi(CO),
36%
)\Ph
Ph>: :<Ph cat Ni(PPhg), Ph
Ph Ph Ph
\\

64% Ph

a parallel "head-to-head" dimer
(6.63)
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cat Ni(PPhs),

e——e—e—e B ——

82%

an anti-parallel "head-to-tail" dimer

(6.64)
X X o) o) 0
\U/ | =N | N ﬁ
2 o+ Ni(cod) —= Ni
L 9
NS NS

6.64 83%
Scheme 6.12. Isolation of the bipyridyl complex of oxidative
addition product 6.64 and its reductive elimination promoted
by an electron-deficient alkene.

79%

tail” dimer (Eq. (6.64)) with lower symmetry [60g,h]. The difference in cyclization
modes in Eqs. (6.62)—(6.64) may be rationalized taking the higher coordinat-
ing ability (reactivity) of the cumulenic C,=C3 (C4=Cs) double bond compared
to the central C3=C, double bond and the relative steric size of the substituents
(tetramethylcyclopentylidene > tetramethylcyclohexylidene > diphenylmethylene)
into consideration: the reaction at the C3=C4 double bond is favored when a very
bulky substituent is bound. In the presence of bipyridine ligand, the nickellacycle
6.64 is isolated, which undergoes reductive elimination by the coordination of an-
other electron-deficient ligand, maleic anhydride (Scheme 6.12; see Section 1.7.4)
[60k].

Cumulenes generated in situ from 2,3-dihalo-1,3-butadienes undergo cyclooligo-
merization in the presence of a Ni(0) complex. A large solvent effect on the reac-
tion modes is observed [60c—f]]. 2,5-Dimethyl-2,3,4-hexatriene generated in situ
by the reduction of 2,5-dimethyl-3,4-diiodo-2,4-hexadiene selectively undergoes cy-
clodimerization in the presence of a nickel complex in benzene solution. The same
reaction in DMF furnishes the cyclic trimer almost exclusively (Eq. (6.65)) [60c,f].
A small number of examples for co-cyclooligomerization of allenes with acetylene
[60j] and alkenes [58d] has appeared. The cycloisomerization of 1,w-enallenes is
discussed in Section 6.2 (Eq. (6.9)).
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I cat (PPh3),NiBr,-
_ 2PPhgZn

48% - (in benzene)
1% 50% (in DMF)
(6.65)

6.6
Cyclooligomerization and Cycloisomerization of Miscellaneous Compounds

Biphenylene, a compound with a strained ¢ bond, undergoes cyclodimerization in
the presence of (PMes);Ni(cod) (Eq. (6.66)) [61]. The oxidative addition of a Ni(0)
species to the strained ¢ bond triggers the reaction [63].

-0
O.Q

(6.66)

Although conjugated enynes usually undergo cyclotrimerization at the alkyne
part [30g, 32a], an unusual nickel-catalyzed cyclodimerization involving the double
and triple bond is observed for the cyclodimerization of 1-buten-3-ynes bearing the
perfluoroalkyl groups at the 2-position (Eq. (6.67)) [64]. The cyclooligomerization
of a conjugated bis-allene compound 6.65 proceeds in the presence of a Ni(0) cata-
lyst [65]. The structure of the products depends on the structure of the nickel cata-
lyst employed (Scheme 6.13). Thus, 6.65 undergoes cyclotrimerization in the pres-

cat Ni(cod), i.)\ cat Ni(PPhy),
X,
Y q
6.66 86%Y

6.67 17% 6.68 30% 6.65

Scheme 6.13.  Nickel-catalyzed cyclodimerization and
cyclotrimerization of a conjugated bis-allene 6.65.

cat (PMe3),Ni(cod)
= (I
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, CeF13 cat Ni(PPhg), CeF13 CeF13
=
7 89%
(6.67)
Ni vapor
2 —_——

O‘D 4 U‘D (6.68)

ence of Ni(PPhs)s, while 6.65 provides a mixture of a [242] cycloaddition product
6.67 and a cyclodimerization product 6.68 when Ni(cod), is used as the catalyst. A
[6-+6]cycloaddition of dimethylfulvene proceeds when it is exposed to the Ni vapor
(Eq. (6.68)) [66].
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7
Nickel-mediated and -catalyzed Carboxylation

Miwako Mori and Masanori Takimoto

Transition metal-mediated or -catalyzed carboxylation is a useful tool for one-
carbon elongation reactions in synthetic organic chemistry. In addition, carbon
dioxide fixation is a very fascinating process because there is abundant CO, in the
air. Although CO, is a useful resource in synthetic organic chemistry, it has been
used very infrequently, except for Grignard reactions. It is well known that CO; co-
ordinates to transition metals, and particularly strongly to a nickel complex. In this
respect there are two major coordination modes, namely #%-side-on coordination
and 5!-C-on coordination, though #'-end-on coordination has also been proposed
as a result of calculations (Fig. 7.1) [1].

The first structurally characterized carbon dioxide complex was synthesized by
treating Ni(PCys); with CO, (Eq. (7.1)), since which several reports have been
made on the synthesis of nickel-carbon dioxide complexes and the use of CO; in
synthetic organic chemistry.

0O
co CyP.
2 Ys Ni’q (71)

Ni(cod)s  + 2PCy, -
Cy,P O

7.1
Nickel-mediated or -catalyzed Carboxylation of 1,3-Diene

Oxidative coupling of diene and CO, using a nickel complex provides a z-
allylnickel complex, the structure of which has been confirmed using X-ray crystal-

o)
M-C M-C'(
O AY

M-0=C=0

n2-side-on coordination  1'-C coordination  n'-end-on coordination
Fig. 7.1. Modes of coordination of carbon dioxide to nickel metal.

Modern Organonickel Chemistry. Edited by Y. Tamaru
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30796-6
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) +co, + NoL

lography [3]. Acidic treatment of this complex affords 3,4-dimethyl-3-pentenoic
acid (Eq. (7.2)) [3].

The reaction of butadiene and CO; in the presence of Ni(cod), and tetramethyl-
ethylenediamine (TMEDA) produces the z-allylnickel complex 7.1, which is in
a state of equilibrium with o-oxanickelaheptene 7.2 and o-oxanickelacyclopentane
7.3 (Eq. (7.3)). Further reaction with CO, gives a nickeladicarboxylate complex 7.4,
which is treated with MeOH-HCI to produce cis-dicarboxylic acid ester in high yield

[3].
/
Ni(cod),-TMEDA -
=& + CO, -\
= Ni
| O
7.3
MeOH- 0
/~\ HCI / |
M902CCH2 CH2COzMe N{O
88%
O
74 (7.3)

1,3,7-Octatriene is treated in a similar manner to give a mixture of mono- and
dicarboxylic acid esters in a ratio of 1 to 2 (Eq. (7.4)). In this reaction, no products
resulting from an attack of CO; at the alkene part of the molecule can be isolated

[4].
NS +Ni(cod), +bipy
1.CO,
2. MeOH/HCI (7.4)
NN CoMe + WCOQMe

COzMe
95% (1 to 2)

As an application of this reaction, 2-substituted butadiene reacts with (bpy)-
Ni(cod) and CO; to give nickelalactone 7.5 in high yield. Protonation followed by
esterification of 7.5 gives ester 7.6 (Scheme 7.1).
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COOCHs

1. Hacac
2. HCI

3. CHoN,

CO,

(bpy)Ni(cod)

RO o
0% 40% po

1. c-CgHy4l
Mnl,
2. HCI
3. CHoN, Z

COOCH,

43%

RO

Scheme 7.1. Reaction of diene and CO,.

Ultrasound-activated cross-coupling of 7.5 with cyclohexyl iodide in the presence
of Mnl, affords 4-substituted-5-cyclohexyl-3-pentenoic acid 7.7, although the role of
Mnl; is not clear [5].

Recently, a nickel-mediated carboxylation reaction of diene was reported [6].
When diene is reacted with CO, (1 atm) using Ni(cod); and DBU as a ligand, f,)-
unsaturated carboxylic acids 7.8a and 7.8b are obtained in good yields (Scheme
7.2).

CO, (1 atm)

N|(cod) (1 equiv.) Ph
DBU (2 equiv.) 0 \ .
THFO0°C,4h O-Ni

77% (2/3)
l HCI
CO.H

7.8a 7.8b
Scheme 7.2.  Nickel-mediated carboxylation of 1,3-diene.

This reaction can be further extended to the arylative carboxylation by combina-
tion with transmetallation. When diene is treated with Ni(cod); and DBU under
CO,, Ph;Zn is then added to give arylative carboxylic ester in high yield (Eq. (7.5)).
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CO, (1 atm) COM
PN Ni(cod), (1 equiv.)  Ph,Zn (5 equiv.) 2Ve Ph
PSS Togy 2 equivy) 0°C,2h Ph)% + Ph/\/\
THF0°C,4h then CH,N, Ph CO,Me
85% (41:59) (7.5)

However, when Me,Zn is added to the solution of oxanickelacycle, dicarboxylic
acid esters is obtained in good yield after treatment with CH;N;, though the rea-
son for this is not clear at this stage (Eq. (7.6)).

CO5 (1 atm) CO,Me
Ni(cod), (1 equiv.) Me,Zn (5 equiv.)
PN Ty @ equiv.) 0°C.2h Ph" A=/ CO,Me
THFO0°C,4h then CH,N, 68% (7.6)

When cyclohexadiene is treated with Ni(cod); under CO; and Ph;Zn is
then added to the solution, phenylative carboxylation of cyclohexadiene proceeds
smoothly to give methyl 4-phenylcyclohexenecarboxylate 7.11 after treatment with
CH;N;,. The stereochemistry of phenylation product 7.11 is determined as being
cis. Presumably, n-allylnickel complex 7.9 (R = Ph) should be formed as an inter-
mediate via transmetallation, and a phenyl group attacks from the same side of
the nickel metal to give a cis-product.

The use of Me,Zn for this reaction affords methyl trans-2-cyclohexene-1,4-
dicarboxylate 7.10. In this case, m-allylnickel complex 7.9 (R = Me) should be
formed, but it is fairly stable under these reaction conditions. Thus, before reduc-
tive elimination, it is attacked by the second CO;, from the rear of the nickel com-
plex to give a trans-product (Scheme 7.3).

Nickel-mediated cocyclization of 1,3-diene and CO,, which proceeds via a bis-
m-allylnickel complex, is one of the most extensively studied transition metal-

.. CO,Me
e
Ni COd Rzzn Rzn .
oBU N Ni A,
N R then CHoN,

CO,Me
R =Ph 7.10
l HaO*
then CH,N,
COZMe
Ph
711

Scheme 7.3.  Arylative carboxylation of cyclohexadiene.
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catalyzed CO, fixation processes. A functionalized cyclopentanecarboxylic acid has
been synthesized from 1,3-butadiene and CO, using Ni(cod), and the phosphine
ligand [7]. When a mixture of 1,3-butadiene (166 mmol), Ni(cod), (0.20 mmol)
and P(O-i-Pr); (0.6 mmol) in DMF is allowed to stand at 60 °C for 23 h in a steel
autoclave, 2-methylene-3-vinylpentanecarboxylic acid 7.12 (5.86 mmol) is obtained
(Eq. (7.7)).

cat.
Ni(cod),

N + 002
P(OiPr)3 (77)

CO,H
7.12

This reaction would proceed as shown in Figure 7.2. The reaction of 1,3-diene
with Ni(0) gives =-allylnickel complex 7.13. Insertion of the carbon-oxygen bond
of CO; into the carbon-nickel bond gives complex 7.14, and further insertion of
the double bond into the nickel-carbon bond gives complex 7.15. f-Hydrogen
elimination from 7.15 affords complex 7.16, and reductive elimination gives cyclo-
pentene derivative 7.12 with the regeneration of Ni(0).

A highly regio- and stereoselective ring-closing carboxylation of bis-1,3-dienes
7.17 has been reported (Scheme 7.4) [8]. This reaction proceeds in the presence of
a zinc reagent to give cyclized carboxylic acid 7.19. A THF solution of bis-diene
7.17a, a catalytic quantity of Ni(cod); (20 mol%), PPh; (40 mol%), and Et,Zn
(4.5 equiv.) is stirred under an atmosphere of CO, at 0 °C for 3.5 h to give cyclized
compound 7.19a in 75% yield. The reaction proceeds in a highly regio- and stereo-

LN
N\/
7.13
(L)Ni(0)
Z4
L

COOH H

7.12 (LN |~

L = P(O-i-Pr)g S
7.16

Fig. 7.2. Possible reaction course.
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CO.H
- e |
X o 2. RoZn = R
7.7 7.18 7.19
H COgMe
S~NF Ni(COD),-PPhg =
TsN _— TsN 75%
S T CO, (1 atm), Et,Zn B X
0 H
7.17a THF,07°C, 350 7.19a
then CH,N,
Ni(acac),-PPh
S~ NP (acac),-PPhg N
TsN NG CO, (1 atm), PhyZn 64%
THF, 30 °C, 24 h
7.17b then CH,N,
N\ Ni(acac),-PPhg
TSN XX~ CO, (1 atm), MeyZn TsN.__ 56%
7.17¢ THF, 50 °C, 30 h H
then CH,N, 7:19¢
Scheme 7.4. Nickel-catalyzed ring-closing carboxylation.

selective manner, and only a single product is obtained. In this reaction, a catalytic
amount of Ni(acac); (5 mol%) can be used instead of air-sensitive Ni(cod),, and
the desired compound 7.19a is obtained in 72% yield. Various zinc reagents can
be used for this reaction, and even in six-membered ring formation, the reaction
proceeds in a highly regio- and stereoselective manner to give 7.19c.

The reaction appears to start with oxidative cycloaddition of bis-diene 7.17 by an
Ni(0) complex to produce bis-z-allylnickel complex 7.18, and insertion of CO, into
the nickel-carbon bond of 7.18 affords carboxylate 7.20. Transmetallation of com-
plex 7.20 with Et,Zn then provides ethylnickel complex 7.21, which can undergo f-
hydride elimination to afford complex 7.22, from which an Ni(0) complex is repro-
duced and provides carboxylic acid 7.19 after hydrolysis (Fig. 7.3).

The remarkable features of this reaction are that it proceeds via a catalytic quan-
tity of nickel complex, the stereochemistry is highly controlled, the yield is high,
and 1 atm pressure of CO, can be used.

Very recently, the same authors achieved a successful nickel-mediated asym-
metric carboxylative cyclization. Treatment of bis-diene 7.17 with Ni(acac), and
(S)-MOP as a chiral ligand under an atmosphere of CO, gives cyclized compounds
7.19 with high enantiomeric excess (Scheme 7.5) [9].
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CO,ZnEt
Hoy o2

<7.17

r Etzzn

Ni(acac),

OZnEt

N
Etgzn

7.21
Fig. 7.3. Possible reaction course for nickel-catalyzed ring-closing carboxylation.

. CO,Me
1) Ni(acac), (10 mol %) H

S~ (5-MeO-MOP (20 mol %)

TsN TsN
CO, (1 atm), Me,Zn (4.5 equiv.) B PPh,
\ THF, 4°C,62 h Me
A 2) CH,N,, Et,0

7.19d (5)-MeO-MOP

llOMe

7.17d
88% yield, 96% ee
M

1) Ni(acac), (10 mol %) y §OMe
MeOzC><ﬁf (5)-MeO-MOP (20 mol %) MeO,C
MeO,C X CO, (1 atm), Me,Zn (4.5 equiv.) MeO,C B Me

THF, 4 °C, 32 h H
7.17e
2) CHoNy, EL,0 719

100% yield, 94% ee

Scheme 7.5. Nickel-catalyzed asymmetric carboxylative cyclization.

7.2
Nickel-mediated or -catalyzed Carboxylation of Alkyne

In 1977, the synthesis of o-pyrone from CO, and terminal alkyne using Ni(cod),
and bidentate phosphine ligand was reported [10]. Although the yield was not
good due to a simultaneous [2+42+2]cocyclization reaction of alkyne, this was the
first example of nickel-catalyzed carboxylation into alkyne. The same authors later
reported that disubstituted alkyne improved the yields (Eq. (7.8)).
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Pr
Ni(cod), Pr N Pr
PrC=CPr + CO, | 78
PhyP(CH,)4PPh, Pr ©
120 °C, 20 h
O 0%
SiMe3
— 4 Ni(cod),, P(n-CgH17)3 = 0
( + CO. 7
=——SiMe3 i —2THF’ 1007200 0 v
(50 kg cm™) 59%
Et
——Ft Ni(cod), = ©
+ CO, X0 (7 10)
——SiMe3 m\ |
N”CH,CH,PBu, Sies
74%
5 mol % Ni [\
B mol % Ni(cod), -
ECMe 10 mol % L E Z "0 NN
E =——Me 1amCO; E N 0 ; <
60°C,2h
E=CO,Me 93%
(7.11)

Using this procedure for an intramolecular reaction, bicyclic a-pyrone is synthe-
sized from diyne and CO, (50 kg cm™2) (Eq. (7.9)) [11]. In this reaction, disubsti-
tuted diyne also affords good results (Eq. (7.10)). The same reaction has been
carried out using Ni(cod), and N-heterocyclic carbene as a ligand under an atmo-
sphere of carbon dioxide at 60 °C (Eq. (7.11)) [12]. The reaction proceeds smoothly
under mild conditions within a short time period, and the desired product is ob-
tained in high yield. In this reaction, the authors claim that oxanickelacycle 7.23
should be formed as an intermediate (Fig. 7.4).

Ni(0)Ln E = Me
E Z 0
E'< _
E><j§:&o \( \F, =—Me
E
E

=

Fig. 7.4. Reaction course for formation of a-pyrone.
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On the other hand, the reaction of CO, (1 atm) and alkyne using a stoichiomet-
ric quantity of Ni(cod), and TMEDA as a ligand provides oxanickelacycle 7.24
under mild conditions. Hydrolysis of 7.24 affords carboxylic acid, while the inser-
tion of carbon monoxide affords cyclic anhydride [13].

H3C\ /CH3
=C
H30* ~ COpH
\N/ CHS / H 2
TMEDA \
(cdt)Ni + HaCC=CCHz + CO, E NiTX~CHa
rt 48h N &
7\ o CcOo c
HsC H
62% 7.24 rshS ’
(6] o~ 0
+ Ni(CO),

Scheme 7.6. Reaction of alkyne and CO; under mild conditions.

Using this reaction, a procedure for the regio- and chemo-selective synthesis of
a,f-unsaturated carboxylic acids from terminal alkyne has been developed. In this
reaction, a stoichiometric quantity of Ni(cod); and 2 equiv. of DBU are used (Eq.
(7.12)) [14].

CO, (1 atm)

( .~ Ph
Ni(COD), (1 equiv.) H.O* Ph
Ph—=— n S N—= (7.12)
DBU (2 equiv.) ‘o COOH

O
0°C

The electrochemical reduction of Ni(bpy)s;(BF4); yields an active catalyst for
the reaction of terminal alkyne and CO;. A novel electrochemical carboxylation
allowed transformation of terminal alkynes into o-substituted acrylic acids with se-
lectivity of 65-90% and in relatively good overall yields [15].

The same authors report electrosynthesis of 2-vinylidene-3-yne carboxylic
acids from CO; and disubstituted 1,3-diyne. The reaction is catalyzed by a nickel-
triamine complex and proceeds in a regio- and stereoselective addition to one triple
bond (Eq. (7.13)).

Anode: Mg — Mg?* + 2e
Cathode: Ni(bpy)s(BF4)2 + 26 —» Ni(O)bpy, + 2BF,

10 mol %
Ni(b BF CgHi3
Cotig—=—H + CO, —OPV)sBFa)2_ >— + Cetia con
DMF, Bu,NBF,  HO2C
80°C conv.80% 85% (88/12)

Scheme 7.7.  Electrochemical carboxylation.
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e, Ni(ll) 10 mol %

c-CsHg—=—=—c-CsHy + CO;
5 atm DMF, BusNBF,
70% conv.
¢-CsHyg ¢c-CsHg
/?—H 7 CO,H
c-CsHy—= + ¢-CsHg—=
CO,H "
86% (97 / 3) (7.13)

As nickelacycle has active nickel-Csp? and nickel-oxygen bonds, which can
be used for further transformation, a highly regio- and stereoselective synthesis of
B.B'-disubstituted unsaturated carboxylic acid has been developed utilizing a nickel-
mediated CO, coupling process and a transmetallation process (Scheme 7.8) [16].
When phenylacetylene 7.25a (1.1 equiv.) is reacted with CO, (1 atm) in the pres-
ence of a stoichiometric quantity of Ni(cod), (1.0 equiv.) and DBU (2 equiv.), nick-
elacycle 7.26a would be formed. Dimethylzinc (2.5 equiv.) is added to this solution
at 0 °C, and the mixture is stirred at 0 °C for 2 h. Hydrolysis of the reaction mix-
ture with 10% aqueous HCI solution affords f-methylcinnamic acid 7.27a in quan-
titative yield. In this reaction, various zinc reagents can be used and functionalized
trisubstituted o,f-unsaturated carboxylic acids 7.27 are obtained in high yields.

CO, (1 atm)
Ni(cod), (1 equiv.) NOE
DBU (2 equiv.) Me,Zn (2.5 equiv.) HHO
Ph—= ° ~ © 0 °C, 2 h (one-pot) =
THF,0°C,1h Ni-G ; p COH
7.25a 7.26a 7.27a Me
quant.
1. CO, (1 atm)

Ni(cod),, DBU
BnO = (©0d)2 Bno\/\/\COZH
R

7.25 2. RznX 7.27

BnO
Z>CO,H Bno\/\KCOZH BnO\/\@O2H BnO 2~CO,H
Et
Ph CO,Et CO,

CO,Me

7.27¢c 81% 7.27d 81% 7.27e 82%
7.27b 70%

Scheme 7.8.  Alkylative carboxylation to alkyne.

The same group extends this reaction to the synthesis of heterocycles (Scheme
7.9) [17]. That is, if alkyne 7.28 having the heteroatom in a tether is converted
into o,f-unsaturated carboxylic acid 7.30 using nickel-mediated alkylative carboxyla-
tion, then Michael addition of the heteroatom to resultant o,f-unsaturated carbo-
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R~ 20X COLH
// -0 R
Ni(0), CO, Ni o | o
O M — .
YH then RZnX \F:H _,CL/M? 2
n YH n n
Y =0, NR' n
7.28 7.29 7.30 7.31
1. CO,, Ni(cod),
2 DBU, 0 °C Me Me /~CO2Me
then MeyZn xCO:Me  1gaF
OTBDMS 0°C.8h OTBDMS °
2. CH,N THF
22 0°C
7.28a 7.30a 906 min 7.31a81%
81%
CO,Me
// Me Me 2
x_-COs,Me
—_— R NBn
NBnBoc NBnBoc
7.28b 7.30b 75% 7.31b 83%

Scheme 7.9. Synthesis of heterocycles using alkylative carboxylation.

xylic acid 7.30 gives nitrogen or oxygen heterocycles 7.31 having a tetrasubstituted
carbon center. When alkyne 7.28a is treated with CO; in the presence of Ni(cod),
and DBU under an atmosphere of CO,, the desired o,f-unsaturated carboxylic
ester 7.30a is obtained after treatment with CH;N,. Deprotection of the tert-butyl-
(dimethyl)silyl (TBDMS) group affords isobenzofurane 7.31a in 81% yield. In the
case of nitrogen as a heteroatom, isoindoline 7.31b is obtained in high yield.

The total synthesis of erythrocarine has been achieved using this procedure
(Scheme 7.10). The reaction of alkyne 7.28c with CO; in the presence of Ni(cod),
and DBU produces oxanickelacycle, after which alkynylzinc reagent is added to the
solution to produce trisubstituted alkyne 7.30c in 69% vyield after treatment with
CH;N;. Deprotection of the t-butoxycarbonyl group, followed by Michael addition
of the resultant amine and then deprotection of the silyl group, gives isoquinoline
derivative 7.31c, which is then converted into dienyne 7.32. Ruthenium-catalyzed
dienyne metathesis followed by deprotection of the acetyl group affords erythro-
carine.

7.3
Nickel-mediated Carboxylation of Alkene

Mono-olefins are known to react stoichiometrically with Ni(0) and CO,; to yield
nickelaoxacyclopentanes. One of the first olefins studied was norbornene [18], but
less-activated acyclic mono-olefins such as ethene and hexenes also couple with
CO; [19]. The first isolation of oxanickelacycle produced from olefin is a 1:1 cou-
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1. CO, 1. CF3CO,H

10 NHBoc  Ni(cod), 0 NHBoc 2. MeOH <O
< DBU < TMS  reflux NH
é = > O
0 N then o] 3. TBAF N\
TMS——2nClI | CO,Me
7.28 CO.Me
c 2. CH,N, 730c 2 7.31c
PCy
1. 2 Cay > s
2. L|A|H4 : I ~Cl <
PCy
3. (COCl), N~ 2 o
DMSO, Et;N 2. KOH, MeOH
4.2 MgBr H
5. Ac,O h .
7.3 erythrocarine
Scheme 7.10.  Total synthesis of erythrocarine.
Z " COH
Ph . 2
\/\/\002,4 (bdu)oNi] s +
95% Ph == O 79%
, _ “""COH
(dbu),Ni o)
NC\/\/\CO H /\COZMG \ %J'\ﬂ
2
60% CO.H
MeOQC\/\/\COZH 91%
45%

Scheme 7.11.  Reaction with oxanickelacycle.

pling product 7.33 of ethene and CO,, and the structure is confirmed using X-ray
crystallography [20]. This is a 16-electron complex with square-planar coordination
of the nickel atom, in which two nitrogen atoms of the DBU ligands occupy neigh-
boring coordination positions and the carboxylate moiety is bound to the metal
through both Ni—~O and Ni-Csp? bonds. Hydrolysis of oxanickelacycle 7.33 affords
propionic acid (Eq. (7.14)). Subsequent reactions with unsaturated compounds,
such as styrene, ethylene, allene, and o,f-unsaturated compounds, as shown in
Scheme 7.11, are also investigated.

Ni(cod), .
H + 1 B (dbu)le/t\l\
C,H, (30 bar) COy,(15 bar) 2DBU 0 o
40 °C, 90 h 70% 733 (7.14)
H3O*

~>COOH
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Et,O/HCI
rt,6h CO,H
95% \ /
1. BeCl,/CO, (10 bar)
Ni(cod) THF/Py/60 °C, 24h
i(co
2 2. Et,O/HCI CO,H
., 6h
=
- | CO,H
71%
i N P(CY). N
CO, (1 bar), -30 °C o |
then 20 °C, THF, 48 h 1. CO (1 bar) / THF
rt,10h
95%  7.34 2. 2N H,S0, COzH
78% q
CO.H
1. Me3gNO/ THF
reflux, 24 h
2. 2N H,S0, COLH
63% Z
OH

Scheme 7.12. Reaction of cyclopentene, CO, and Ni(COD)s,.

Furthermore, cyclopentene is treated with Ni(cod), and 2-[2-(dicyclohexylphos-
phino)ethyl]pyridine as a ligand to give bicyclic nickel complex 7.34, which is
treated with Et,O-HCI to afford cyclopentanecarboxylic acid (Scheme 7.12) [21].
Treatment of this complex with CO, in the presence of BeCl, affords dicarboxylic
acid. On the other hand, the complex 7.34 is treated with carbon monoxide to give
cyclopentane-1,2-dicarboxylic acid. Refluxing of complex 7.34 with trimethylamine
N-oxide in THF solution gives 2-hydroxy cyclopentanecarboxylic acid.

Five-membered nickelacycle is prepared from alkene, CO, and Ni(cod), in the
presence of a heterobifunctional ligand (Scheme 7.13). A ring contraction of five-
membered nickelacycle to four-membered metallacycles occurred on addition of
BeCl,, or on heating. The four-membered nickelacycle with higher reactivity is ca-
pable of undergoing reaction with CO;, CO and ethylene (see Schemes 1.31 and
1.32) [22].

R /‘R\ ’ R
Ni(cod /3 . {
\— + CO, i(cod), LoNi. ﬂ» 'T' LN X
X (@) (0] Lan\ o)
_ | (Oe)
R = H, Me, Hex. _ e}

N P(Cy).
Scheme 7.13.  Ring contraction of nickelacycle.
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7.4
Nickel-mediated Carboxylation of Allene

1,2-Diene reacts with CO; in the presence of Ni(cod), and 1,2-bis(dicyclohexyl-
phosphino)ethane or 2,2’-bipyridyl to form oxanickelacycle. The structure of the
hydrolysis product indicates that the reaction proceeds via oxanickelacyle 7.35
(Scheme 7.14), and infers that CO, is inserted at the central carbon of 1,2-diene

23],
LnN{i:Ef Jf%5+»4J\\
o MeOH CO,Me

O
Ni(cod),Ln 7.35

HCI
LnN& MeoH H,C=CHCH,CO,Me
0™

By contrast, when a CH3CN solution of Ni(cod),, DPPE, and allene is stirred in
an autoclave at 80 °C for 45 h under 15 atm of CO,, lactone is obtained in 20%
yield (Eq. (7.15)) [24].

ch:C:CHz + 002

Scheme 7.14. Reaction of allene with CO,.

Ni(cod),
H2C:C:CH2 + Coz e g—— |

2DPPE (7.15)

O
o

CgH i —
8 17\=C=CH2 CO,, e, NiBrp CgHy7 _/ (4)_8H17 __ #—COH
MezN\/\N/\/NMeZ CO.H
H
DMF, 20 °C 80% (60% conv. 56 : 37) (7.16)

Reductive electrocarboxylation of allene with a nickel complex in the presence
of a magnesium anode affords carboxylic acid (Eq. (7.16)). A 10:1 substrate-to-
nickel ratio and a 2:1 ligand-to-metal ratio are used, and electrolysis is carried out
in a single-compartment cell fitted with a central magnesium anode surrounded
with a carbon fiber cathode. The carboxylation reaction is performed at a constant
current intensity under CO; pressure (5 atm) [25].

In the case of substituted allene 7.36, CO, reacts at the central carbon of allene
in the presence of Ni(0), and oxanickelacycle 7.37, 7.39 and/or z-allylnickel com-
plex 7.38 should be obtained (Scheme 7.15) [26]. When 7.36a is reacted with CO,
in the presence of Ni(cod); (1 equiv.) and DBU (2 equiv.) at 0 °C for 2 h, carboxylic
acid methyl ester 7.41a is obtained in 59% yield after treatment with CH;,Nj,.
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e R A S I

7.36
7.38 7.39

E
7.40 .41

1. Ni(cod), (1 equiv.)

DBU (2 equiv.)
BnO/\/\'\ THF,0°C, 2 h BnO/\/YCOZMe
2. HCI
7.36a 3. CH,N, 59% 7.41a

Scheme 7.15. Reaction of substituted allene and CO,.

This indicates that terminal alkene coordinates to Ni(0) at the opposite site of the
substituent (Fig. 7.5) to form oxanickelacycle 7.37 and/or 7.38.

Since it is thought that an intermediary oxanickelacycle 7.37 is in a state of equi-
librium with z-allylnickel complex 7.38, an electrophile attacks at the allylic posi-
tion. When the reaction with benzaldehyde is examined, «-methylene-y-lactone is
isolated in 60% yield after acid-catalyzed dehydration (Scheme 7.16). In a similar

Fig. 7.5. Coordination of allene into Ni(0).

1. Ni(cod), (1 equiv.) Ph
BrO” X, DBU (2 equiv.) )
n X
THF,0°C,2h o}

7.36a 2 PhCHO BnO

3. PPTS, benzene, reflux 60% 7.42a
1. Ni(cod), (1 equiv.)
DBU (2 equiv.) Ph 0

THF,0°C,2h o
Z
= 2. PhCHO

7.36b 3. PPTS, benzene, reflux 73%

7.42b
Scheme 7.16.  Synthesis of a-methylene-y-lactone.
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1. Ni(cod), (1 equiv.)
DBU (2 equiv.)

CO,Me
THF,0°C,5h BnO A
/\/\. . ’ ) /\(j:
BnO x-SiMey + CO2 e aq. H

(1 atm) 3. CH,N, NOECJH SiMes
7.43a
18% 7.44a
1. Ni(cod),, DBU
THF,0°C,4.5h
then Et,Zn (4 equiv.)
0°C,1h M
7.43a + COQ 7.44a + BnO C02 e
2.10% HCl aq. |
3. CH2N2 SiMe3
75% 7.45a
7.44a/7.45a=2.5/1
(0]
o Ni-O
R
0O = R \ O = R 0)
. Ni Moo,/ |
Si ! N
Si Si
7.46 7.47 7.48a

Scheme 7.17. Reaction of allene bearing a silyl group with CO,.

manner, various terminal allenes 7.36 afford a-methylene-y-lactone 7.42 in high
yields [26].

Nickel-mediated carboxylation of trimethylsilylallene 7.43a gives allylsilanes
7.44a having a carboxyl group at the 2-position, but the yield is low. In order to im-
prove the yield of 7.44a, Et,Zn is added to the intermediary oxazirconacycle solu-
tion to give the desired product in high yield, but a relatively large amount of vinyl-
silane 7.45a is formed (Scheme 7.17). The intermediary oxanickelacycles should
be 7.46, which is in a state of equilibrium with z-allylnickel complex 7.47, and o-
oxanickelacycle 7.48 and vinyl silane 7.45a would be formed from 7.48 and Et,Zn.

The use of PhMe;SiH instead of Et,Zn for this reaction gives a good selectivity
for formation of allylsilane 7.44. Various allylsilanes are synthesized using this
method (Table 7.1) [27].

7.5
Various Nickel-mediated Carboxylations

Recently, the generation of (2,3-7)-naphthalyne-nickel(0) complex and reaction
with CO, has been reported. Sodium-amalgam reduction of a (3-bromonaphthyl)-
nickel(IT) complex gives the first monomeric nickel(0) complex of 2,3-naphthalyne,
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Tab. 7.1. Regio- and stereoselective carboxylation of trimethylsilylallene.

1) CO,
Ni(cod),, DBU
toluene, 0 °C, 3 h
N . ! ’ COQMe
RN SiMeg . RN
2) PhMe,SiH
50°C, 13h SiMe
7.43 3) CH,N, (after workup) 7.44 8
Product Yield [%]
CO,Me
— (CH,);0Bn 7.43a B”OAME\[ 7.44a 59
SiMe;
CO,Me
— —(CH,),0TBS 7.43b TBSO/\/T 7.44b 59
SiMes
CO,Me
R = (CH,);OTBS 7.43¢ TBSOAM/\[ 7.44c 78
SiMe;
CO,Me
R = (CH,),Ph 7.43d Phw 7.44d 66
SiMeg

which reacts with CO; to produce isolable oxanickelacycle, the structure of which
is confirmed using X-ray crystallography (Eq. (7.17)) [28].

The #%-coordination of CO; to the nickel complex (Cy;P),;NiCO, is favored for a
reaction with ylide due to the electrophilic carbon of the coordination of CO, [29].
When (Cy3P);NiCO, is treated with an excess of trimethyl phosphorus ylide, a
nickel ketene complex is formed (Eq. (7.18)). The nickel ketene complex shows
characteristic infra-red (IR) stretches of a #2-(C,0) coordinated nickel ketene com-
plex. The band at 1570 cm~! may be assigned to the C=0 stretch of the ketene co-
ordinating to the nickel with #2-(C,0). The IR stretch at 1611 cm™! can be assigned
to the C=C double bond in the ketene ligand.

PCy3

,Br

2PEt PPh2 C P

Y3

(0]

Na/Hg CO,

|—NI Jo)

N|\

PCy,

CyR_J (7.17)

CH,

0
Ni(cod), Me3zP=CH,
CO, CYSP\'Ni% CySP\,Nii (7.18)
PCys, CysP” O CysP
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Reaction of the nickel(bpy)(cod) complex with benzaldehyde or propionaldehyde
and CO; results in the formation of oxanickelacycle (Eq. (7.19)). A detailed kinetic
analysis of this reaction has been carried out [30].

‘ N 0 | N Et
/N\ / )]\ /N\ _><O
Ni + Et” "H + CO, — Ni (7.19)
N A = |N 0" o
X ! X

7.6
Perspectives

Carbon dioxide is abundant in the air, and is considered to be a very important re-
source in synthetic organic chemistry. However, few studies have been conducted
on the utilization of CO,, except for its use in the Grignard reaction because of its
stability. Recently, organometallic complexes have been shown to play an important
role in synthetic organic chemistry. As CO, can coordinate to the transition metals
to form organometallic complexes, novel utilization of CO; is expected. It is known
that CO; coordinates to Ni(0) to form a nickel complex under very mild conditions.
Oxidative coupling of CO, and an unsaturated double or triple bond using Ni(0)
yields oxanickelacycle, which is a very useful intermediate in synthetic organic
chemistry. In general, a stoichiometric quantity of nickel complex is required for
the utilization of CO,, mainly because the five-membered oxanickelacycle formed
is stable. In order to realize nickel-catalyzed CO, fixation, the transmetallation
of oxanickelacycle with another metal should be an important tool. In the past,
CO; has been used in the synthesis of carboxylic acids. However, if it were possible
to use CO; for the synthesis of other carbonyl compounds (e.g., ketone and alde-
hyde), then CO;, should serve as a valuable one-carbon unit source, instead of car-
bon monoxide. Indeed, in the near future, CO; is expected to become an important
resource in synthetic organic chemistry.
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8
Carbonylation and Decarbonylation

Yoshinao Tamaru

Transition metal-catalyzed carbonylation is a useful tool, via which carbonyl func-
tionalities such as aldehyde, ketone, and carboxylic acid can be introduced into
a molecule. As with the carbonylation of organic halides, however, nickel appears
not to stand comparison with palladium [1]. This is because CO coordinates very
strongly with nickel and tends to saturate the coordination sites of the metal (see
Section 1.2) so that both oxidative addition of nickel on C-X bonds and migratory
insertion of CO into a nickel-C bond are rate-limiting (see Schemes 1.28 and 1.29)
[2]. In fact, nickel complexes can be utilized very well for decarbonylation reactions
(see Section 8.1). However, as shown in Eq. (8.1), nickel can assist palladium in
improving the reactivity. Under similar conditions in the absence of NiCl,, these
amide and ester products are created in 44% and 8% yields, respectively (100 °C,
24 h) [3].

o/> PdCI,(PPhg), 2 mol% EtO o/>
- co  NiCly#6H,0 0.5 mol% -
N 4 N + N
(3 atm) Et;N 150 mol%
Br EtOH, 100 °C, 12 h ) CO,Et
87% 12%

8.1
Decarbonylation

The Nenitzescu's hydrocarbon (tricyclo[4.2.2.0%3]deca-3,7,9-triene, 8.1) is a com-
pound of interest from a theoretical point of view. Earlier preparations of the
compound suffered from a low yield of the final oxidative bis-decarboxylation
step (e.g., with Pb(OAc), [4]) or in the ability to scale up other oxidative decarboxy-
lation steps [5]. The decarbonylation-decarboxylation catalyzed by Ni(CO),(PPh;),
in refluxing diglyme provides highly efficient access to this compound. Under
the conditions shown in Eq. (a) in Scheme 8.1, 8.1 is obtained in 78% isolated yield
on a 20-g scale [6]. The same procedure was applied to the synthesis of some

Modern Organonickel Chemistry. Edited by Y. Tamaru
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30796-6
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0
(0] cat NI(CO)z(PPhg)Z
+l o — £ (a)
e} 200°C,3.5h %
© O 959 8.1: 73%
CO,Me CO,Me
Z o PdH o as above [% icozl\/le ®)
o] o}
O O 99% 8.2: 91%

Scheme 8.1.  The nickel(0)-catalyzed decarbonylation-
decarboxylation method utilized to prepare molecules with
strained double bond.

bridgehead substituted norbornenes, for example, 8.2 [7]. This nickel-catalyzed
decarbonylation-decarboxylation method enables maleic anhydride to serve as a
synthetic equivalent of acetylene in the Diels—Alder reaction. Acetylene itself is a
very poor dienophile, and the mechanism for the decarbonylation is described in
Scheme 8.2, while the decarboxylation is a reverse process discussed in Section
7.3 (a microscopic reverse).

The nickel-catalyzed decarbonylation process has been clarified by the isolation
of its intermediates (Scheme 8.2) [8]. Ni(cod), undergoes oxidative addition upon

o co [
N
~
oot + o Mg m —| 0 || T N o @
(0} Ni. 7 0
¥ O "0 Z "N

8.3
|\
_N_
Ni(cod), + + Bpy —— Ni + CO (b)
0”00 I VRe)
| o)
X~ 85
Ph, Ph,
[P\N' ~ [P\Ni ©
85 + DPPE — i = i g c
A A
p- O PO
Ph, O Ph, gg

07Ny S0
100%

Scheme 8.2.  The nickel(0)-promoted decarbonylation of cyclic
anhydrides forming nickella-lactones.
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the CO—-O bonds of succinic anhydride, and an intermediate 8.3 thus formed ex-
trudes CO to provide a nickel-lactone 8.4 (Eq. (a)). Glutaric anhydride reacts in a
similar manner to provide 8.5 (Eq. (b)). By exposure to DPPE, the six-membered
nickel-lactone isomerizes to a five-membered nickel-lactone 8.6 through p-
hydrogen elimination and re-insertion of the alkene thus liberated upon Ni-H
in Markovnikov fashion (see Schemes 1.13 and 1.32) [9]. The metallacycle 8.6
undergoes carbonylation to provide o-methylsuccinic anhydride; thus, the reac-
tion sequence (b)~(d) is, overall, an isomerization of glutaric anhydride to «-
methylsuccinic anhydride [9].

The position of oxidative addition of an Ni(0) species for unsymmetric cyclic
anhydride depends markedly on the type of ligand. Both for aspartic anhydride
(n = 1) and glutamic anhydride (n = 2), PCy; promotes the Ni(0) insertion at the
distal CO-O bond of the amino substituent. From a synthetic viewpoint, Ni(0) in-
sertion at the proximal CO-O bond may be desirable, since it could be utilized as
a synthetic block of the a-amino acid fragment. For this purpose, TMEDA and 2,9-
dimethyl-1,10-phenanthroline are the ligands of choice for aspartic anhydride and
glutamic anhydride, respectively [10].

O
(0] H;O*
0 - ﬁo : gf*OH
PhtN Phtin NI
%o THF, A o L PhtN
- - 8.7
PhtN
) _ N | (s ®
; : i -1
Ni(cod)L () NIL (On o n OH
(0] PhtN
Q PhtN PhtN 0
L o) o |
NPht= N
d L=PCys n=18.7:8.8 = 10:1 (82%) 8.8
n=28.7:8.8 =3:1(91%)
T L=TMEDA n=18.7:8.8 = 1:1 (82%)
Me,Phen = n=28.7:8.8 = 1:50 (96%)
N L =Mey,Phen n=18.7:8.8 =1:11 (91%)
! =
Scheme 8.3. The nickel(0)-promoted decarbonylation of unsymmetric cyclic anhydrides.

In the presence of Mnl, (slightly more than 100 mol%), 8.4 undergoes a cross-
coupling reaction with sterically hindered primary and secondary alkyl iodides in
good to modest yields (Eq. (8.2)). Without Mnl;, the yield of coupling products re-
duces by approximately one-third [11]. The nickel complexes 8.4 and 8.5 can also
be prepared by the reaction of Ni(acac),, Bpy, and a corresponding anhydride with
the use of Et;Al as a reducing agent [12]. The cross-coupling reaction of 8.4 and 8.5
with aliphatic iodides bearing functional groups (e.g., CHO, CN) is effected by
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| bpy,
Ni Mnl, (100 mol%) CO,H
+ O
};j DMF, rt.
0
HO 8.4 HO 78% (8.2)

Mnl, under ultrasound irradiation. Mnl, is thought to accelerate the reaction by
forming a bimetallic complex [12].

The exo-isomer 8.9 of the Diels—Alder products of cyclopentadiene and maleic
anhydride undergoes decarbonylation as expected, and forms a nickella-tricyclic
intermediate, which reacts with Ph,Zn (a nucleophile) to provide a cross-coupling
product 8.10 with complete retention of configuration (Scheme 8.4). Both DPPB
and p-fluorostyrene are essential, the former acting to remove CO on a nickel-
lacycle intermediate, and the latter accelerating reductive elimination as a fifth
ligand (see Section 1.6.4 and Eq. (1.4)) [13]. The endo-isomer also undergoes de-
carbonylation in a similar manner, except that an intermediate 8.12 equilibrates
with 8.13 and undergoes reductive elimination through 8.13 to provide 8.14 as a
single isomer. The selective formation of 8.14 may be due either to the thermo-
dynamic stability or the kinetic ease of reductive elimination of an intermediate
8.13 [13].

0 1) Ni(cod), 150 mol%, MesPhen 100 mol%, DPPB 50 mol%
; o THF, 66 °C, 3 h Ab//COZH
2) PhyZn 200 mol%, p-flucrostyrene 100 mol% Ph

o) ¢ .
8.9 THF, 66°C, 5h 8.10 56%
7 O as above l]iNilL . %Ii
' "Ph -
0 0 Ph-Ni._ <0
o) o RNe Ph CO,H
8.1 8.12 8.13 8.14 56%

Scheme 8.4. The nickel(0)-promoted decarbonylation and reductive coupling with Ph,Zn.

8.2
Electrochemical Carbonylation

The nickel complex Ni’bpy generated from Ni2*bpy serves as an efficient catalyst
for the electrochemical conversion of organic halides into symmetrical ketones.
Carbonylation is achieved with the use of either CO (method A), CO, (method B),
or Fe(CO)s as the CO source of ketones (method C) [14]. The standard reaction
conditions for these methods are as follows.
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8.2.1
Method A: Utilization of CO [15]

Stainless (Fegs/Nisg) rod sacrificial anode, nickel cathode, DMF (50 mL), BuyNBF,
(1.5 mmol), FeCl, (1.2 mmol), Bpy (1 mmol), RX (20 mmol), CO supply at ambient
pressure, constant current 1~2 A cm™2, —1.2 V versus SCE.

8.2.2
Method B: Utilization of CO, as a CO Source [16]

Ni(bpy)Br; (0.6 mmol), Bpy (0.9 mmol), NMP (30 mL), CO; saturation, BusNBF,
(3 mmol), 10 x (—1.6 V versus SCE), RX (10 x 0.6 mmol).

823
Method C: Utilization of Fe(CO)s as a CO Source [17]

Stainless (Fegq/Nisg) rod sacrificial anode I = 0.5 A (25 mA - cm~2), nickel cathode,
DMF (50 mL), BusyNBF, (1.5 mmol), RX (20 mmol), Fe(CO)s (3 mmol), Ni(bpy)Br,
(3 mmol).

In method B, the formation of Ni%bpy)(CO), and the reduction of CO, into
CO are thought to proceed as shown in Scheme 8.5. The Ni%(bpy), complex ini-
tially formed at —1.2 V/SCE reacts stoichiometrically with CO, to yield a stable
Ni%(bpy)(CO), complex (Eq. (a)). This complex is in turn reduced at —1.6 V/SCE
to give an intermediate Ni%bpy)(CO),;'~ (Eq. (b)), which further reacts with CO,
via a catalytic process to give CO and CO32~ (Egs. (b)~(d)).

12V

Ni'(bpy),2* + 4CO, + 66 —————= Ni9(bpy)(CO), + 2COz% (a)
1.6V .

Ni°(bpy)(CO), + e =—=Ni%pbpy)(CO), (b)

Ni%bpy)(CO)," + COp ——— Ni%bpy)(CO), + CO" (©)]

2C0,” — CO + CO* (d)
Scheme 8.5. The electrochemical generation of Ni®(bpy) (CO), from Ni?* (bpy), and CO,.

Primary benzylic, allylic, and aliphatic ketones can be prepared in good yields
(Scheme 8.6). However, secondary alkyl halides, and even a-phenylethyl bromide,
provide the corresponding ketones in ca. 5% yield (monitored by GLC). The major
product is a reductive coupling product R—R (method C). Aromatic ketones are
difficult to prepare using any of these methods as the reduction products (Ar-H),
along with biphenyl or benzoic acid, are the major byproducts created when using
methods A and B, respectively.
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cat Ni (0]

2R-X + CO )J\ + RR + RH + RCO.H
e R R
Method A Method B Method C
PhCH,CI 80 75 90
PhCH,Br 70 85 70
MeCH=CHCH,Cl 65 85 -
Hex-| 50 60 80
Hex-Br 60 80 40
Phl 25 - 15
4'CF306H4Br 50 0 -

Scheme 8.6. The comparison of the % isolated yields of
symmetrical ketones by three different electrochemical
reductive coupling methods A~C.

The electrochemical reductive carbonylation of organic halides may proceed ac-
cording to Scheme 8.7. An active species 8.15 undergoes oxidative addition upon
RX and forms 8.16, which disproportionates to give 8.17 and 8.19. Migratory inser-
tion of CO into the R—Ni bond of 8.17, followed by reductive elimination of the
8.18 thus formed, produces a symmetrical ketone with generation of Ni%(bpy).
The two-electron reduction of 8.19 regenerates an active species 8.15.

RCOR

RCONi'R(bpy) J» Ni%(bpy) co
8.18
2e ox
R,Ni'(CO)(bpy) Ni'(CO)(bpy)Xo
847 8.19

2 RNi'(CO)(bpy)X ﬁ 2 Ni%(CO)(bpy)
8.16 2 RX 8.15

Scheme 8.7. The plausible catalytic cycle for the
electrochemical ketone synthesis from organic halides.

83
Termination of Cascade Reactions by Carbonylation

Scheme 8.8 illustrates both the strong and weak points of nickel chemistry [18].
The reaction is carried out in the presence of a large excess of Ni(CO)y, and both
(E)- and (Z)-8.20 provide a mixture of an allylation product 8.21 and an allylation-
carbonylation product 8.22, an expected product frullanolide, under the various

229
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Ni(CO), 26 equiv. as before
CHO A benzene, 65 °C Et3N
Br OMs HO °
Br o
8.20 8.21 8.22: frullanolide

30~40% overall

Scheme 8.8. The Ni(CO)4-promoted single-step synthesis of
frullanolide. In fact, 8.20 provides a mixture of 8.21 and 8.22,
and the intermediate 8.21 is subjected to further carbonylation.

reaction conditions examined. This indicates that a z-allylnickel, generated from
allyl mesylate 8.20 and Ni(CO)s, is an excellent nucleophilic allylating agent, whilst
a vinylnickel, formed by oxidative addition of Ni(CO)s upon 8.21, is reluctant to
undergo carbonylation. In order to convert 8.21 to 8.22, further treatment with an
excess quantity of Ni(CO), in the presence of Et;N is inevitable.

A mixture of allyl chloride, propargyl alcohol, and Ni(CO), in methanol pro-
vides a dicarbonylation product 8.23 in remarkably good yield (Scheme 8.9). This
reaction may involve the following sequence: cis addition across an alkyne of
an #3-allylnickel, generated in situ from allyl chloride and Ni(CO),, migrative CO
insertion, intramolecular exo-trig alkene insertion, insertion of another CO, and
methanolysis. The product 8.23 is useful as a precursor of methylenomycin B, a
member of the cyclopentenoid antibiotics [19]. The same transformation can be
performed in stepwise fashion: first, palladium-catalyzed cis-allylbromination of

OH
/ : A
*200mol% qgec |R N = — "~ R
\/\CI CII (CO), o) CI‘NI_(CO)n
(200 mol%) R Me (a)
D 5 Np— - A
le} COzMe o)
8.23: 78% methylenomycin B
/
7 i
Ni(CO)4 340 mol%
+ Pdg’ ri(m;f;”)? neat / EtaN 350 mol% )
NN -20°C, 1 day == MeOH 350 mol%
Br B MeCN o COMe
(large excess) 8.24 8.23: 93%

Scheme 8.9. The Ni(CO)4-promoted sequential cross-coupling
of allyl halides and alkynes accompanied by double
carbonylation.
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alkyne with an excess of allyl bromide; and second, Ni(CO)4-promoted double car-
bonylation in the presence of a limited quantity of MeOH [20].

The Mackenzie complex 8.24 reacts with unsymmetric alkynes, delivering the
allyl group on the alkyne carbon which is most negatively charged (e.g., R =
CO;Me, R’ = TMS, Ph; Scheme 8.10). An intermediate 8.25 is reluctant to un-
dergo further carbonylation, and so undergoes f-hydrogen elimination. The prod-
uct 8.27 may be a Michael addition product of methanol upon 8.26 [21].

otms R R R
i co ) OTMS
Cl'N;P‘ - 00~ | RToNi ) R
S, R 15°C C'(éO)n OTMS o) CI,Ni—(CO)n
8.24 8.25
R R
MeOH
- OMe OMe
-15°C~ R R
r.t. o o OMe
8.26 8.27

Scheme 8.10. The reaction of the Mackenzie complex 8.24
with alkynes under a CO atmosphere.

Scheme 8.11 shows that an #3-allylnickel is also capable of undergoing addition
reaction upon alkenes intramolecularly, thereby forming a five-membered ring in-
termediate 8.28, which then undergoes migratory CO insertion and cyclization to
provide a bicyclic intermediate 8.29 (Eq. (a)). As was observed above, the nickel spe-
cies would not undergo carbonylation; rather, it undergoes $-hydrogen elimination
[21, 22]. Equation (b) demonstrates the versatility of the present reaction, despite
its not being catalytic and requiring a stoichiometric quantity of an Ni(0) species.
Even in the absence of CO, an #3-allylnickel reacts with alkene to furnish a tetrahy-
drofuran ring intermediate 8.28. This in turn indicates that in Eq. (a), even in the
absence of CO, Ni(cod); and TMSCI are able to lead the reaction to an intermediate
8.28, and CO drives 8.28 to 8.29. In Eq. (c), f-hydrogen elimination predominates
over hydrolysis [22].

8.4
Carbonylation Forming Carboxylic Acid under Phase-Transfer Conditions

Carbon monoxide is utilized for the hydrocarboxylation of alkynes and allenes, as
well as for the carboxylation of organic halides and allylic alcohols under basic
phase-transfer conditions. Ni(CN),-4H,O as a catalyst, cetyl(trimethyl)Jammonium
bromide (CTAB) or tetrabutylammonium bromide (TBAB), or sometimes PEG-400
as a phase-transfer reagent, 5 M~7 M NaOH as a base, toluene (Tol) or isobutyl
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=
~F 1) Ni(cod), 100 mol% | @ | Cl
o L~ 0TMS = ¢ Ni
V\ o T %
CHO g) '|C'|\(gSC| 200 mol% \,ij o OTMS
) ! 8.28
© 0 MeOH O 0 OCO:O @
— (€O D\ >
i /—~0OM
TMSO i MeO MeO ¢
8.29 56% 4%
CHO
as above
\ _ (b)
o OMe
8.30: 85%
o F 1) Ni(cod), 100 mol%
V\CHO 2) TMSCI 200 mol%
OTMS OTMS
8.31: 40% 8.32: 20%

Scheme 8.11. The intramolecular addition reaction of the
in-situ generated Mackenzie complexes upon alkenes.

methyl ketone (IBMK) as an organic phase are commonly used. Without a phase-
transfer reagent, in general, reactions either do not proceed at all, or show poorer
yields (one-fifth).

Cyano(tricarbonyl)nickel(0) anion 8.33 is an active species which is formed in
an aqueous phase under alkaline conditions (Eq. (8.4)) and is characterized as an
ammonium salt, (Ph;P),N*Ni(CO);CN~ [23].

OH  {NI(CN)(CO), CO o
Ni(CN), + 2CO —= Ni(CN),(CO), — — ——  Ni(CN)(CO)g
HN? 06 0,33

(8.4)

Reactions take place within a specialized environment, at an interface between
an organic and inorganic water phase, and are expected to enhance reactivities of
both nucleophiles and electrophiles. For example, 1,2-dienes (allenes) and alkynes
are reluctant to undergo nucleophilic addition, whilst alkoxides, for example, only
add nucleophiles under very harsh conditions (high temperatures and pressures).
In contrast, under the phase-transfer conditions, cyano(tricarbonyl)nickel(0) anion
8.33 undergoes addition reaction at 90 °C upon allenes (Egs. (a) and (b)) [24] and
alkynes (Egs. (c) and (d)) [25] to form carboxylic acids (Scheme 8.12).
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Ni(CN), 10mol% H
— + CO CTBA 20 mol%
N (1 atm) 5M NaOH 20 ml T \COH e
10 mmol J(())I%O 1mr|‘ 52%
— Co as above __ /—COH
— t  (1atm) _
COH  72%
co as above HO,C
Ph——= +  (1atm) e, 2
PH 95%
— 002H
co as above
+
_ (1 atm) 6.25M NaOH 20 ml
— 90°C,6h CO,H 73%
CoCl, 10 mol%
p-Tol + CO NiCN, 10 mol% HOLG,
(1 atm) PEG-400 5 mol% CHa
5M NaOH, Tol p-Tol 63%

90°C,24 h

Scheme 8.12. The Ni-catalyzed hydrocarboxylation reaction of
allenes and alkynes under phase-transfer conditions.

Scheme 8.13 shows a catalytic cycle for the hydrocarboxylation of 1,1-dimethylal-

lene. At an interface,

8.33 attacks allene at the terminal carbon and forms the #'-

allylnickel(II) intermediate 8.35, which in turn undergoes CO insertion and forms
an acylnickel species 8.36. Coordination of CO with the nickel and nucleophilic

water phase

o
Ni(CN)(CO)5

8.33

y 8.35(CO);
/K >:<_<Ni(CN)(CO)j/

H
>:<_<OO

0]

— interface organic
/ phase

o N|(CN)(CO
8.34

N| (CN)

8.36 O

oH®
co

Scheme 8.13. The catalytic cycle for the nickel-catalyzed
hydrocarboxylation of allenes with CO under phase-transfer

conditions.
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cleavage of the acyl-Ni bond yields carboxylate, with regeneration of 8.33. Allenes
usually react with nucleophiles at the central carbon because of the higher s char-
acter of the central carbon (sp versus sp?), as well as allylic anion stabilization
of the resulting intermediate. By contrast, in the present reaction, allenes react
selectively at the terminal carbon. The stabilization gained by forming allylnickel
species 8.34 and 8.35 may be a major factor for this unusual regioselectivity. The
mechanism through which the dicarboxylic acid is formed (Eq. (b) in Scheme
8.12) is not clear. Nonetheless, this reaction is useful for the preparation of succinic
acid derivatives from readily available (pentamethylene)allene. The reaction is also
applicable to mono-substituted allenes (e.g., 1,2-pentadiene to 3-hexenoic acid in
48% isolated yield) [24].

The hydrocarboxylation of alkynes may proceed in similar way as depicted in
Scheme 8.13, where alkynes are attacked by 8.33 at the internal carbon. The reac-
tion is applicable to aromatic and aliphatic alkynes, but not to internal alkynes,
which remain intact under the conditions (Egs. (c) and (d) in Scheme 8.12). CoCl,
and Ni(CN), cooperate to convert aromatic alkynes to aliphatic carboxylic acids (Eq.
(e) in Scheme 8.12) [26]. Under the phase-transfer conditions, CoCl, itself is capa-
ble of performing this transformation, albeit in low yield.

Aryl iodides (not bromides; see Eq. (8.5)) [27] and vinyl bromides (Eq. (8.6)) [28]
are subject to carboxylation with CO catalyzed by Ni(CN), under phase-transfer cat-
alyst conditions. In these reactions, the same cyano(tricarbonyl)nickel anion 8.33 is
thought to be an active species, although the mechanism involved has not been
discussed explicitly.

Ni(CN), 10 mol%

co CTBA 20 mol%
QI Y (1atm) @COZH (8.5)
5M NaOH 20 mL 80%

10 mmol Tol20 mL, 90 °C, 17 h
Br co as above COxH
( T (1atm) (8.6)
Ph 7M NaOH Ph 65%
90 °C,3h

Under normal phase-transfer carboxylation conditions, bromobutadiene 8.37 is
converted to an expected carboxylic acid 8.39, albeit in low yield. In this reaction,
an unexpected dicarbonylation product 8.38 is created as a major product (Eq. (a)
in Scheme 8.14) [29]. Interestingly, it was later clarified that 8.39 could be con-
verted into 8.38 under similar conditions (Eq. (b) in Scheme 8.14), and this was
rationalized according to the mechanism shown below the equation [30]. Carboxyl-
nickel(0) dianion extrudes CO, and forms a vinylnickel(II) intermediate 8.40; this
undergoes carbonyl insertion twice and provides a square-planar acylnickel inter-
mediate 8.42 which is stabilized by coordination with a terminal double bond. Hy-
drolytic cleavage of the acyl-nickel bond, followed by CO coordination to an Ni,
liberates an unsaturated carboxylic acid as a lactone 8.44 and a catalytically active
species 8.33.
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Ni(CN), 10mol% o
jr)_\ . co CTBA 20 mol% o o . HOiC)_\ @
ph? (1atm) 6 5M NaOH 10 mL — phad N\
Tol 10 mL
8.37: 10 mmol 80°C Ph = a0 e 8.39: 12%
o}
HO2C H OO Oo
4/)_\ . co Ni(CN), 10mol%, CTBA 20 mol% 0 0 (b)
Ph \ (1 atm) 6.25M NaOH 20 mL Tol 15 mL =
8.39 95°C, 4 h Ph Me
l 8.38: 69%
—Ni 2-
O-Ni(CO)sCN Ni(CO)sCN®
oS A RERE
/ e
Ph N 8.44
‘}\ o //
co NC. Q. N “Ni-CN°
? NoniCOk Ni=(CO), Ni-CO  ph—?
NG T 2 T
e co P’ \ Ph o
8.40 8.41

Scheme 8.14. The Ni-catalyzed double carbonylation under
phase-transfer conditions and a proposed reaction mechanism.

As expected, 8.33 serves as a good nucleophile towards allyl [31], benzyl [32], and
propargyl halides (Scheme 8.15) [33]. In these reactions, halides are added drop-
wise into a well stirred phase-transfer catalytic medium saturated with CO. In Eq.
(a), a A’-carboxylic acid (a primary product) isomerizes to a A2-isomer under the
conditions and provides a mixture of A%- and A-acids, reflecting their relative ther-
modynamic stabilities [31].

In the absence of CeCl;, the conversion of benzyl chloride to phenylacetic acid is
very low, for example, 35% (Eq. (b)) [32]. A catalytic quantity of CeCl; as well as
LaCl; greatly accelerates the reaction, and provides a variety of substituted phenyl-
acetic acids and 1- and 2-naphthylacetic acids in 42~90% isolated yields. The role
of the lanthanide salts may be to promote migratory insertion of CO by coordina-
tion with CN or CO (Scheme 8.15(A)).

As is apparent from the reaction time and product distribution, propargyl chlo-
rides are transformed first to allene carboxylic acids 8.45 (via a SN, mechanism)
and then to methylene-succinic acids 8.46 (via Michael addition) with high (E)-
stereoselectivity (Eq. (c)) [33]. The origin of stereoselectivity is illustrated in
Scheme 8.15(B), where cyano(tricarbonyl)nickel anion attacks the allene central
carbon from the least hindered side of the plane defined as the acrylic acid moiety
(in this case, from the opposite side of Et group). The reader should note that, due
to the electron-withdrawing carboxylate, the regiochemistry observed here is oppo-
site to that in Egs. (a) and (b) in Scheme 8.12.
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Ni(CN), 9 mol%
co TBAB 18 mol%

(1 atm) 5M NaOH 22 mL
10 mmol IBMK 40 ml, r.t. A2 79%, A3 21%

\/\Br + \V/\COzH (a)

Ni(CN), 10 mol%
CeClz 8 mol%

c . co CTBA 20 mol% @_/CO2H )
(1 atm) 5M NaOH 20 mL 89%

Tol 20 ml, 90 °C, 4.5 h

10 mmol
Et Ni(CN), 7 mol%
— co TBAB 2 mol% Me Me  COuH
}—7 + — (c)
Meg, (1 atm) 5M NaOH 20 mL Et>: " coH o
14 mmol IBMK 50 ml, r.t. 8.45 8.46 >
1h 87 : 13 (E/Z=95/5)
24 h 0 : 100 (E/Z=91/9)
Ar-CH,Ni(CO)5CN:Ce3* T Ni(CO)SCNe .
Me Me  Ni(CO),CN

L AR - f— — (E)-8.46
Ar-CH,CONi(CO),CN:Ce3*| | Et Z%coz@ EQ—CO?

(A) (B)
Scheme 8.15. The Ni-catalyzed carboxylation of allylic, benzyl,
and propargyl halides with CO under phase-transfer conditions.

Interestingly, even allyl alcohols [34] and propargyl alcohols [35] also undergo
carboxylation with CO under phase-transfer catalytic conditions. The carboxylation
of allyl alcohols is believed to proceed as shown in Scheme 8.17, where the hydroxy
group of 8.48 serves as a leaving group in conjunction with nucleophilic attack by
Ni(CO);CN™.

Tertiary propargyl alcohols first produce an o-carboxylation product (cf. Egs.
(c) and (d) in Scheme 8.12), and then follow the process utilized by allyl alcohols
(Scheme 8.17) [35]. The latter process may be more facile than carboxylation
of allyl alcohols themselves (Eq. (a) in Scheme 8.16), as nucleophilic addition of
Ni(CO);CN™ is facilitated by the electronegative CO,~ substituent. It is important
to note that the present carboxylation differs mechanistically from that of propargyl
chloride (Eq. (c) in Scheme 8.15). The reaction displays contrasting stereoselectiv-
ity: the a-phenyl group guides the reaction to provide (E)-isomers selectively (Eq.
(), while alkyl substituents, larger than methyl group, furnish (Z)-isomers selec-
tively (Eq. (b) in Scheme 8.16).

The stereoselectivity is inverted when «-alkyl-a-methylpropargyl alcohols are sub-
jected to the reaction conditions characterized by the use of CeCl; as a co-catalyst
and PEG-400 as a phase-transfer reagent (cf. Eqgs. (b) and (d) in Scheme 8.16)
[35b]. A rationale is as follows: a bulky cerium—-Ni(CO);CN~ complex approaches
to the six-membered cerium p-hydroxy-a-methylenecarboxylate from the less-
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Ni(CN), 10 mol%

CTMB 20 mol%
OH n coO = COZH CO5H a
Y\ (1 atm) 5M NaOH 20 mL * 2 (@)

o © 0,
10 mmol Tol 20 mL, 90 °C, 20 h 88% 7%
By o a5 above Me  COH Me COH
= + + (b)
] 1at
HO (1 atm) iBu coH By COH
(E)-8.47: 7% (Z)-8.47: 88%
Mzh _ cO as above Me CO.H N Me CO,H ©
= 4 _— C
1 atm
HO (1 atm) PH COH  PH COH
Ni(CN), 10 mol% 78% 10%
-Bu CeClz 8 mol%
Mes — , OO _FPECAO3mO%_ (£ ga778% + (2)847:19% (@
HO (1atm) — 5MNaOH 10mL
Tol 10 mL, 90 °C, 4-8 h
4 mmol

Scheme 8.16. The Ni-catalyzed carboxylation of allylic and
propargylic alcohols with CO under phase-transfer conditions.

hindered side of the ring — that is, the side on which the methyl group resides
(Scheme 8.17). Meanwhile, the static interaction between CO,~ and the Ce3t of
the nucleophile forces the CO,~ unit to move towards the Ce** ion center to
form a complex B and hence to provide (E)-isomers selectively. The (E)-selectivity
under these conditions is within 80~90% for many tertiary (o-methyl-a-alkyl-, o-
methyl-a-phenyl-) and secondary (o-alkyl-, a-phenyl)propargyl alcohols.

N Ni(CO)sCN HO,C
MeR% [\__h_li_(t_:_O_)?f_Jﬁe Mo NICO),CN. R _ R 2
B co ) - co =
HO MO) CO,H ME  COLM vé o
8.48 8.49 2

o\d \C:/OM
e
o/| o E/ :f
R No N oc SO
Moo Ni ocNco!
N/ oc '\ CO R~ \cO
C co L S :
Meﬂ/o
o}
(A) (B)

Scheme 8.17. The reaction mechanism for the Ni-catalyzed
carboxylation of allylic, benzyl, and propargyl alcohols with CO
under phase-transfer conditions and the origin of selective
formation of (E)-8.47.
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9
Asymmetric Synthesis

Ryo Shintani and Tamio Hayashi

9.1
The Cross-coupling Reaction

Transition metal-catalyzed cross-coupling reactions represent a powerful approach
for the construction of carbon—carbon bonds. As a result, these processes have
been widely studied during the past few decades. Among the transition metals em-
ployed, the majority of the investigations have focused on nickel- and palladium-
catalyzed cross-couplings of aryl and alkenyl halides with various organometallic
reagents [1]. In addition to the simple, nonasymmetric cross-coupling reactions,
the enantioselective variants of these have also been the topics of interest in or-
ganic and organometallic chemistry [2].

During the late 1970s and early 1980s, nickel-catalyzed asymmetric cross-
coupling reactions of 1-arylethylmagnesium chlorides with vinyl bromide were de-
scribed in the presence of chiral phosphine ligands [3]. It was first demonstrated
that NiCl,/9.1 catalyzed the coupling reactions efficiently, affording the products
in good enantiomeric excess (ee) (Scheme 9.1). The prerequisite of these reactions

R 0.5% NiCl,/9.1 R

e oM —— e

4 Me  Et0,0°C 7 Me

2.0 equiv.
Entry R Yield [%]  ee [%]?

1 Ph >95b 81
i-Pr 2 4-MeCgH,4 94 83
Me,N PPh, 3 2-naphthyl 88 72
4 n-hex 45° 6

@ Calculated from optical rotations.

b Determined by GLC.
Scheme 9.1.  Enantioselective cross-couplings between vinyl
bromide and secondary alkyl Grignard reagents in the presence
of Ni/9.1.

Modern Organonickel Chemistry. Edited by Y. Tamaru
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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9.1 The Cross-coupling Reaction

using racemic secondary alkyl Grignard reagents as a coupling partner is that the
equilibration of two enantiomeric forms of the Grignard reagents has to be faster
than the actual coupling reaction with vinyl bromide. The proposed catalytic cycle
depicted in Scheme 9.2 invokes that the dimethylamino group of the ligand 9.1
directs the approach of the Grignard reagents to the nickel-center in a diastereo-
selective fashion (formation of D via C), following the preceding oxidative addition
of vinyl bromide (formation of B from A). The reductive elimination of diorgano-
nickel species provides the coupling product and regenerates the nickel catalyst
(formation of A from D).

i-Pr
) PN
Me Br
X
N MeoN_ PR,
Ph NiLp,
A
i-Rr i-Pr
Me,N PPh
D €2 N2 MezN\ ./Pth B
Me_ Ni Ni
m Br
Ph |
i-Pr
MgCl
MBQN PPh2
MgBrClI Me / | Me Ph

>MM\9 Br’le
Ph cl | c

Scheme 9.2. Proposed catalytic cycle for the enantioselective
Grignard cross-coupling reaction in Scheme 9.1.

Following these pioneering studies, there appeared other successful ligands,
such as 9.2-9.4, in the asymmetric Grignard cross-coupling reaction to afford the
product in relatively good enantioselection (Scheme 9.3) [4-6].

The same reaction can also be catalyzed with similar efficiency by chiral palla-
dium complexes. For example, Pd/9.5 affords 79% ee of the product [7]. Secondary
organozinc reagents provide better results than corresponding Grignard reagents
when palladium catalysts are used (Scheme 9.4) [8].

Asymmetric Grignard cross-coupling reactions can also be used to construct ax-
ially chiral binaphthyl derivatives, and there have been some reports in the litera-
ture on nickel catalysis to induce such axial chirality. For example, enantioselective
couplings between 2-substituted-1-bromonaphthalenes and 2-substituted-1-naph-
thylmagnesium bromides in the presence of Ni/9.8 have been developed, which
furnishes enantio-enriched substituted binaphthyls (Scheme 9.5) [9]. It is worth
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Ph cat NiL* Ph
//—Br + CIMg—<Me —>Et20 //_<|:/|e
2.0 equiv.

Entry Catalyst Temp ['C] Yield[%] ee[%]
1 0.8% NiCl,/9.2 -5 N/A 884
2 0.5% NiBr,/1.0% 9.3 -20 76 82
3 0.5% NiCl,/9.4 0 50 85

@ Calculated from optical rotation.

Et Me
H
MeS—ﬂ)s NMez %
7\ Fe 2 H{ N Mo P 7

MeoN PPh 2 Fe
2 2 @ PPh2 @
9.2 9.3 9.4 9.5

Scheme 9.3. Enantioselective cross-couplings between vinyl
bromide and sec-phenethylmagnesium chloride in the presence
of various chiral nickel complexes.

Ph 0.5% PdCly/L* Ph
ya - cizn— A
/ Me ELO/THF,0°C / <Me
3.0 equiv.
Me
@—(MG Me N>_© 9.6: >95% GLC yield
2 () : .
I|:e Pthl\lMe2 Ph,P Fl-'e 85% ee (by optical rotation)
Cé: s\ Me 9.7: 100% yield
Q_/ 93% ee (by optical rotation)
NMe,
PPh,
9.6 9.7

Scheme 9.4. Enantioselective cross-couplings between vinyl
bromide and sec-phenethylzinc chloride in the presence of
chiral palladium complexes.

noting that the coupling between 2-methyl-1-naphthylmagnesium bromide and 1-
bromonaphthalene provides significantly higher ee than the reverse combination
(1-naphthylmagnesium bromide and 2-methyl-1-bromonaphthalene) for the syn-
thesis of 2-methyl-1,1’-binaphthyl (entry 2 versus entry 3). This observation
strongly suggests that the bis(naphthyl)-nickel species, which is generated after
oxidative addition and transmetallation, undergoes reductive elimination without
epimerization.



9.1 The Cross-coupling Reaction

Br ‘O
‘O ) Ri 4% NiBr,/8% 9.8 R
R OO 10% MeMgBr R

MgBr Et,O/toluene (1/1) ‘O

Me Entry R R' Temp['C] Yield[%] ee[%]
Me0” S/ Me Me 15 69 95

PhP” L 1
e 2 Me H -30 92 83
Qé 3 H  Me -10 25 16
9.8
4 Et H —20 85 77

Scheme 9.5. Enantioselective cross-couplings between
1-naphthyl bromides and 1-naphthylmagnesium bromides in
the presence of Ni/9.8.

O Me 1. NBS, (PhCOg)g, CC|4
9.9

O Me 2. PhCONH,, NaH, DMF
54% yield, 94% ee

Scheme 9.6. Functionalization of enantio-enriched 2,2’-dimethyl-1,1’-binaphthyl.

NCOPh

The highly enantio-enriched 2,2’-dimethyl-1,1’-binaphthyl obtained by this
method can be further functionalized as shown in Scheme 9.6, furnishing cyclic
amide 9.9 with no loss of enantiomeric excess.

Another way to construct axially chiral binaphthyls by nickel catalysis was
achieved by using a novel strategy [10]. Thus, dinaphthothiophene 9.10 was enan-
tioselectively ring-opened and alkylated by Grignard reagents in the presence of
Ni/9.11 (Scheme 9.7). Based on the catalytic cycle described in Scheme 9.8, it was
proposed that the stereochemical outcome of this coupling reaction was deter-
mined at or after the transmetallation step, since the ee values of the products de-
pend on the nature of the Grignard reagents (e.g., entry 1 versus entry 4).

The products, such as 9.12, obtained in this cross-coupling reaction can be
further converted to various functionalized binaphthyl compounds (9.14-9.17)
through the sulfoxide intermediate 9.13 as shown in Scheme 9.9 without any loss
of ee.

It is worth noting that a palladium-catalyzed enantioselective desymmetrization
of prochiral biaryl ditriflates has also been developed for the asymmetric synthesis
of axially chiral biaryls (Scheme 9.10) [11].
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g 3% Ni(cod)»/4.5% 9.11 g ‘ R

S + RMgBr

THF, 20 °C SH
OO 10 equiv. then OO
.
9.10 H30
Entry R Yield [%] ee [%]

1 Ph 92 95

|5 2 4-MeCgH, 97 95

PhyP N— 3 4-MeOCgH, 96 93

i1 a
9.11 i-Pr 4 Me 54 54

2MeMgl was used at 0 °C.

Scheme 9.7.  Enantioselective ring-opening and alkylation of
dinaphthothiophene 9.10 by Grignard reagents in the presence
of Ni/9.11.

OO . Ni(0)L* il

oxidative

SMgX , addition
reductive
elimination
QBN I
l}liL*

/
NiL*

Oy 1y

transmetallation R-MgX

Scheme 9.8. Proposed catalytic cycle for the enantioselective
Grignard cross-coupling reaction in Scheme 9.7, taking place
the event of enantio-enrichment not at the stage of oxidative
addition, but somewhere after the oxidative addition.

OO Ph 1. Mel, K,COg3, acetone OO Ph N OO Ph

OO SH 2. mCPBA, CH,Cl, OO SMe O X
S ()

9.12 9.13
91% yield

Scheme 9.9. Preparation of several derivatives of enantio-
enriched 2’-phenyl-1,1"-binaphthyl-2-thiol 9.12.
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TfO O oTf 5% PdCl>/9.18 TfO O Ph

+ PhMgBr Ph

1.0 equiv LiBr _3—\
Et,Oftoluene (1/1) OO Me,N  PPh,
-30°C 9.18

21 equiv. 87% yield, 93% ee

Scheme 9.10. Palladium-catalyzed enantioselective
desymmetrization of prochiral biaryl ditriflates.

Not only Grignard reagents but also other nucleophiles have been used in the
nickel-catalyzed asymmetric cross-coupling reactions. For example, a Ni/(S)-binap
catalyzed asymmetric o-arylation of a-substituted y-butyrolactones has been re-
cently described, constructing quaternary stereocenters in high enantioselection
(Scheme 9.11) [12]. The presence of ZnBr, (5-30 mol%) is essential for the accel-
eration of the reaction, leading to the high isolated yield. The ZnBr, presumably
acts as a Lewis acid, facilitating halide abstraction from an oxidative addition inter-
mediate Ni(Ar)(Cl)((S)-binap). It is also important to mention that the use of a
Pd(0)/(S)-binap catalyst under similar conditions provides much lower yield and
ee, with the opposite enantiomer of the product enriched (e.g., 58% yield, 54% ee
for entry 2), although palladium catalysis was shown to be highly enantioselective
for the a-arylation or o-vinylation of cyclopentanones [13].

9 5% Ni(cod),/8.5% (S)-BINAP Q R
ArCt 0\5/ R 15% ZnBr, Ob;ﬁ\r
2.3 equiv. NaN(SiMegy),
2.0 equiv. toluene/THF (3/1), 60 °C
Entry Ar R  Yield[%] ee[%]

1 Ph Me 86 >97

2 3-MeOCgH, Me 86 96

‘O PPh, 3 3-MesNCgH, Me 81 >97

4 2-naphthyl Me 95 94

PPh, 5 4-TBSOCgH, Me 67 95

OO 6 4-EtO,CCgH4 Me 73 90

(S)-BINAP 7 Ph n-Pr 84 98

8 3-MeOCgH,4 allyl 56 95

9 2-naphthyl Bn 91 96

Scheme 9.11.  Asymmetric o-arylation of o-substituted }-
butyrolactones in the presence of Ni/(S)-binap.
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9.2
Allylic Substitution

9.2.1
Allylic Substitution by Carbon Nucleophiles

Since the first finding of a palladium-catalyzed asymmetric allylic alkylation in
1977 [14], the asymmetric allylation of soft nucleophiles (e.g., dimethyl malonate)
by palladium catalysis has been developed considerably during the past few de-
cades [15]. In contrast, asymmetric allylation of hard nucleophiles (e.g., Grignard
reagents) has seen much less success. From a mechanistic viewpoint, an allylation
of hard nucleophiles is considered to undergo a different pathway from that of soft
nucleophiles (Scheme 9.12). Thus, a hard nucleophile is believed to attack the tran-
sition metal portion of a metal/#3-allyl complex (path B) and, aside from few excep-
tions [16], most of the reports on allylation of hard nucleophiles utilize nickel com-
plexes as the catalysts.

path A r R

ft nucleophil Mol R\l/\/ﬂ
soft nucleophile  |R < _R| ML,
Nug™ ;Ul/\/ Nug
R%\\/R L s ]
w, | : :
n R R
hard nucleophile V/r\/ -ML, R\l/\/R
NUh_ Nu /MLn NUh
path B Lh E

Scheme 9.12.  Reaction pathways of metal-catalyzed allylic
substitution reactions depending on the types of nucleophiles
(soft and hard).

The first successful results in asymmetric allylation by Grignard reagents were
described in 1991, which achieved good enantioselectivity in the couplings between
allyl phenyl ethers and Grignard reagents in the presence of Ni/9.19 as the catalyst
(Scheme 9.13) [17]. Good yield and ee are obtained for the reactions with EtMgBr;
however, a significant decrease in the yield and/or ee is observed when sterically
smaller or larger Grignard reagents (e.g., MeMgBr, n-PrMgBr) are used.

More recently, a ferrocene-based P,N-bidentate ligand 9.20 was utilized for the
allylation reaction, achieving high ee with several aromatic Grignard reagents
(Scheme 9.14) [18]. However, the expansion into five-membered or acyclic sub-
strates leads to a decrease in enantiomeric excess (~40% ee).

Arylboronic acids, instead of Grignard reagents, can also be used as the nucleo-
philes in the nickel-catalyzed asymmetric allylation reactions, although the level
of enantioselectivity is only moderate (Scheme 9.15) [19]. The use of acyclic sub-
strates leads to even lower enantioselectivity (18-28% ee) in modest yield under
these conditions.



9.2 Allylic Substitution

OPh Et O
0.4% NiBr,/9.19 I Me PPh,
n

+ EtMgBr
Et,O, r.t. Me O PPh,
1: 90% vyield, 94% ee

n=2: 84% yield, 83% ee 9.19

)n

Scheme 9.13.  Enantioselective allylic substitution reactions by
ethylmagnesium bromide in the presence of Ni/9.19.

OPh 5% Ni(acac), Ar
10% 9.20
+  ArMgBr
THF, rt.
3.0 equiv.
o Entry Ar Yield [%] ee[%]
@_<\N:\ 1 Ph 98 87
| .

Fe Ph2  i-Pr 2 4MeOCgH, 69 91
@ 3 1-naphthyl? 39 80
9.20 4 2-naphthyl@ 72 88

4In the presence of 16% HAI(i -Bu)s.

Scheme 9.14. Enantioselective allylic substitution reactions by
arylmagnesium bromides in the presence of Ni/9.20.

OAc 5% Ni(acac),/10% 9.20 Ar
©/ + ArB(OH), @
16% HAI(i-Bu),, 3.0 equiv. KOH

3.0 equiv. THF, reflux

Entry Ar Yield [%] ee[%]
1 Ph 81 504
2  4-MeOCgH, 41 43
3 1-naphthyl 13 25
4 2-naphthyl 31 45

@ Determined by optical rotation.
Scheme 9.15. Enantioselective allylic substitution reactions by
arylboronic acids in the presence of Ni/9.20.

Compared with the cyclic allylic substrates described above, corresponding acy-
clic substrates have met even less success in the reaction with hard nucleophiles
catalyzed by chiral nickel complexes. It was demonstrated that a Ni/(S,S)-chiraphos
complex catalyzes coupling reactions between acyclic allylic ethers and alkyl
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5% Ni(cod),

OR 5% (S,S)-chiraphos R
Ph/v\ Ph § MgB_r Et,0, 25 °C ph/\)\Ph
3.0 equiv.
Enty R R  Yield [%] ee[%)]

Me Me 1 Me Me 81 74

N 2  Me Et 91 73

PhP PPhy 3 Ph Et 56 64
(S,S)-chiraphos 4 H Me 10 73

Scheme 9.16. Enantioselective allylic substitution reactions of
acyclic substrates by alkyl Grignard reagents in the presence of
Ni/(S,S)-chiraphos.

Grignard reagents with relatively high enantioselection (Scheme 9.16) [20]. It is
worth noting that an unprotected allylic alcohol can also be employed in this reac-
tion, albeit in low yield (entry 4).

The dimethyl acetal of 2-cyclohexen-1-one can be incorporated as an allylic sub-
strate in the reaction with Grignard reagents by nickel catalysis [21]. The reaction
presumably goes through an intermediate 9.21. In the presence of (S,S)-chiraphos,
various 3-substituted cyclohexanones can be obtained in good ee after hydrolysis
(Scheme 9.17). The overall transformation is, therefore, a surrogate of the asym-
metric conjugate addition to o,f-enones (see Section 9.4.2 for more details on
conjugate addition reactions). It should be noted that the presence of PPh; in the
catalyst system is essential for the high enantioselectivity. Thus, when 5 mol% of
NiCl,((S,S)-chiraphos) is used without any additional PPhjs, the product is obtained
in very low ee (80% yield, 10% ee for entry 1).

ueO, OMe s X
+ RMgX
THF, 22 °C
3.0 equiv. then acidic work-up R
Entry RMgX Yield [%] ee [%]
1 EtMgBr 90 85 OMe
2 n-BuMgClI 85 85
3 i-BuMgCIa 63 70 Ly
4 PhMgBr 67 83 9_21R
5  PhCH,CH,MgClI 81 84

4 Reaction was run at 50 °C.
Scheme 9.17. Regio- and enantioselective allylic substitution
reactions of dimethyl acetal of 2-cyclohexen-1-one by Grignard
reagents in the presence of Ni/(S,S)-chiraphos.
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9.2.2
Allylic Substitution by Hydride Nucleophiles

A nickel-catalyzed reductive ring-opening of oxa-bicyclic alkenes has been devel-
oped [22]. By using (R)-BINAP as a chiral ligand, high enantioselectivity is
achieved in a number of substrates (Schemes 9.18-9.20). It is important to note
that a slow addition of HAI(i-Bu), [DIBAL-H]| (over 1-4 h) is necessary for ob-
taining ring-opened products in high ee. In some cases, the catalyst loading can
be lowered to 4 mol% with the same level of ee, although the addition rate of
DIBAL-H must be even slower (over 8-12 h).

14% Ni(cod),
o _ 21% (R)-BINAP OMe
Mom + HAI(i-Bu), OMe
A toluene, r.t.
OMe OH .
97% yield, 97% ee
Me
OBn OMe X “OMe
OBn OMe 7 _OMe

OH 96% yield, 97% ee  Meé OH  g19% yield, 84% ee OH 88% yield, 91% ee
Scheme 9.18. Enantioselective reductive ring-opening of 7-
oxabicyclo[2.2.1]hept-2-enes in the presence of Ni/(R)-binap.

14% Ni(cod),

0
21% (R)-BINAP ‘O
+ HAI(-Bu)y, ———
z (FBuz THF, rt.

OH " 88% yield, 98% ee

o OO

OH Me73% yield, 88% ee  OH  58% yield, 94% ee OH  84% yield, 96% ee
Scheme 9.19. Enantioselective reductive ring-opening of 7-oxa-
benzonorbornadiene in the presence of Ni/(R)-binap.

It was proposed that a coordination of Ni/(R)-binap to the alkene facilitates the
subsequent diastereoselective hydro-nickellation, followed by the f-oxygen elimina-
tion (Scheme 9.21). The enantioselective ring-opening desymmetrizations of the
same class of substrates by carbon-, nitrogen-, and oxygen-based nucleophiles by
palladium or rhodium catalysis have also been reported [22d].

The nickel- or palladium-catalyzed asymmetric reductive ring-opening of oxa-
and aza-bicyclic alkenes has been also achieved, using a combination of zinc
metal/carboxylic acid, instead of DIBAL-H, as a reducing agent (Scheme 9.22)
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0] . Me
14% NI(COd)2 N
24% (R)-BINAP

L Me + HAI(i-Bu), OSi(i-Pr)3
Me| toluene, 60 °C L
OSi(i-Pr)3 HO Me
87% yield, 95% ee
«OH +OMe OBn
HO 899 yield, 96% ee HO 7% yield, 95% ee HO 889 yield, 95% ee
Scheme 9.20. Enantioselective reductive ring-opening of
bicyclic allylic ethers in the presence of Ni/(R)-binap.
R2'>|\
0 _ o A Al =
L*Ni \_ H—AIR2 | *Ni \ B-O elim.
N ;\ H f H
i oM
M = NiL*
M = AIR, <:\
Scheme 9.21.  Proposed reaction pathway for the
enantioselective reductive ring-opening reactions of bicyclic
allylic ethers in Schemes 9.18-9.20.
N Nilx((S)-b
5% Ni -bina
; + (n-Pr),CHCO,H 2((S)-oinap)
5.0 equiv. Zn metal .
3.0 equiv. MeCN, 25 °C :

OH  89% yield, 77% ee

5.0 equiv. Zn metal
3.0 equiv. MeCN, 25 °C

CO,Me
N . .
5% Nily((S)-bina
% +  t-BUCH,CO,H 2((S)-binap)

H’N\CO2M6
86% yield, 75% ee
Scheme 9.22. Asymmetric reductive ring-opening of oxa- and
aza-bicyclic allylic alkenes, using a combination of zinc metal/
carboxylic acid as a reducing agent in the presence of Ni/(S)-
binap.

[23]. In this system, the nickel catalyst generally affords higher yield of the prod-
ucts in somewhat lower enantioselectivity than the palladium catalyst (PdCl,((R)-
binap)).

9.3
Hydrocyanation and Hydrovinylation Reactions

A regioselective, Markovnikov addition of HCN or ethylene to 1-alkenes provides
an efficient way of creating stereogenic centers in the carbon—carbon bond-forming



9.3 Hydrocyanation and Hydrovinylation Reactions

process, considering that a wide variety of 1-alkenes are readily available. There-
fore, the development of its enantio-controlling variant is of high value in organic
chemistry.

Glucose- and fructose-derived bidentate chiral phosphinite ligands 9.22 and 9.23
have been used in the nickel-catalyzed asymmetric hydrocyanation reactions [24].
Electron-deficient 3,5-bis(trifluoromethyl)phenyl groups are essential on phospho-
rus atoms of the ligands for achieving high enantioselectivity in these reactions
(Scheme 9.23). The products thus obtained can easily be converted to profen drugs
by hydrolysis of the nitrile group (e.g., ibuprofen from the product in entry 2, and
naproxen from the product in entry 6 or 7).

1-5% Ni(cod),/L* CN

/ Entry Ar Ligand ee[%]
1 4-MeCgH, 9.22 70
2 4-(i-Bu)CgH,4 9.22 56
3 4-PhOCgH,4 9.22 60
OMe 4 1-naphthyl 9.22 68
5
6

(e}

—PPh,
2-naphthyl 9.22 77

“O-PR, 4 Q 6-MeO-2-naphthyl 9.22  85-91 (S)

OCPh; 9.23 g 7 6-MeO-2-naphthyl 9.23 89-95 (R)
Fa

R=cr

Yields are not provided.

Scheme 9.23. Regio- and enantioselective hydrocyanation of
styrene and its derivatives in the presence of chiral nickel
complexes.

Scheme 9.24 describes a part of the catalytic cycle of this hydrocyanation reac-
tion, and it is proposed that the stereochemical outcome of this process is deter-
mined at the reductive elimination step (B — C), based on the mechanistic studies
that showed the reversibility between intermediates A and B (see Section 3.1).

The hydrovinylation of alkenes is even more challenging in the sense that it
must overcome undesired oligomerizations and/or polymerizations, which can

H H
*CP\A" | _alkine reductive Me
AN insertion elimination NG % SN
oy —— 2 Y |
X *C NT K¢ X
R PN R R
A B (o

Scheme 9.24. Proposed reaction pathway of the hydro-
cyanation involving an equilibrium between intermediates A and
B (Scheme 9.23).
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X + HCN
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compete with the desired hydrovinylation process [25]. The hydrovinylation reac-
tion has a long history, and various transition metals (e.g., Ru, Rh, Ni, and Pd)
are known to catalyze the reaction. In terms of its asymmetric variant, the first
highly enantioselective example appeared in 1988. Thus, Ni/9.24 was used as an
effective catalyst to achieve 93% ee in the reaction with styrene, although the pre-
cise yield is unknown (Scheme 9.25) [26].
Me
Me
G Me
o 7 e e
@ || 0.026% [NiCl(n*-allyl)]/9.24 Ph—/ H N Me
+ ’ b
Et,AlCls, CH,Cly, ~72 °C Me Me N
1 atm Me
93% ee Me
9.24

Scheme 9.25. Enantioselective hydrovinylation of styrene catalyzed by Ni/9.24.

Since then, the development of asymmetric hydrovinylation has been mostly
focused on the use of nickel complexes as the catalysts. For example, a nickel-
catalyzed asymmetric hydrovinylation reaction of 1,3-cyclohexadiene was reported
in the presence of ligand 9.25 [27]. A high ee of 93% was obtained under these
reaction conditions (Scheme 9.26).

=
© ” 0.5% Ni(cod)»/9.25 Ph,PO OPPh,
+
2.7% Et,AlCI
_ toluene, 0 °C Me  N—PPh;
1.0 equiv. Me

Yield is not provided (full consumption of ethylene)
93% ee (determined by optical rotation)

Scheme 9.26. Enantioselective hydrovinylation of 1,3-cyclohexadiene in the presence of Ni/9.25.

A nickel-catalyzed asymmetric hydrovinylation of styrenes in liquid or supercrit-
ical CO, has also been developed [28]. The use of Ni/9.24 in combination with
NaBArf, (Arf = 3 5-bis(trifluoromethyl)phenyl) efficiently provides hydrovinyla-
tion products in good enantiomeric excess (Scheme 9.27). An asymmetric hydrovi-
nylation reaction of styrene can be conducted in ionic liquid/compressed CO; as
well using the same ligand to provide the product in up to 89% ee [29].

A phosphoramidite ligand 9.26 [30] is also effective in these nickel-catalyzed
asymmetric hydrovinylation reactions, achieving high catalytic activity and enantio-
selectivity (Scheme 9.28) [31].
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=
/©/\ ” 0.14% [NiCl(n3-allyl)],/9.24
+
R 0.8% NaBA*, Me
9.0 equiv. liquid or supercritical CO, R
Enrty R Temp[°C] Conv.[%] Selectivity [%] ee [%)]
1 H 1 >99 89 86
Cl 24 >99 87 81
3 t-Bu 35 >99 44 89
Scheme 9.27. Enantioselective hydrovinylation of styrene
and its derivatives in liquid or supercritical CO, catalyzed by
Ni/9.24.
0.02-0.08% [NiCl(n3-allyl)], &
A 0.04-0.16% 9.26 :
+ ” F N Me
R NaBAr 4 CHQC|2, -70°C
~1atm R
Eny R Conv.[%] Selectivity [%] ee [%] OO Ph
0 YeMe
1 H 100 85 95 \P—N
2 i-Bu 28 100 68 o —Me
3  Br 83 99 92 Ph
4 clé 100 81 91 9.26

4 Reaction at -30 °C.

Scheme 9.28. Enantioselective hydrovinylation of styrene and
its derivatives in the presence of Ni/9.26.

Furthermore, a range of phosphorus-based chiral ligands has been employed
in the nickel-catalyzed asymmetric hydrovinylation of styrene and its deriva-
tives [32]. Chiral monodentate ligands such as 9.27 and 9.28 are found to be partic-
ularly useful to achieve the high yield, yet with good enantioselectivity (Scheme
9.29).

A general catalytic cycle of the hydrovinylation of styrenes is proposed in
Scheme 9.30. A nickel-hydride species A generated in situ coordinates to a styrene
derivative, which inserts into the nickel-hydride in a Markovnikov fashion to afford
a Ni/(53-benzyl) species C. Coordination of ethylene, followed by insertion and f-
hydride elimination (D — E — A), furnishes the hydrovinylation product, regener-
ating the nickel-hydride species.

Recently, the reaction scope has been expanded to norbornene. The reaction pro-
vides exo-(vinyl)norbornane in good enantiomeric excess when the phosphorami-
dite ligand 9.26 is used as a chiral ligand (Scheme 9.31) [33].
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\\“‘\

0.7% [NiBr(n3-allyl)l»

= w |
O 1.4% 9.27 OBn
+
O H NaBAr™4, CHCla, 70 °C O PPh,
taim &
MeO

MeO 93, yield 9.27
80% ee
Z/ ph/VOO o
B (0]
cat. [NiBr(n3-allyl)], / 9.28 Me Arp” Ay
+ = / OBn
NaBAr 4, CHgC|2 Ac
~1 atm —7010-55°C 9.28
R Me
R = H: 89% yield, 81% ee Ar= -
R = Br: 94% vyield, 89% ee Me
Scheme 9.29. The highly productive and enantioselective
hydrovinylation of styrenes in the presence of Ni/9.27 and
Ni/9.28.
A
Me—* —
\_ p . \ |/
| H-NiL, R
R
A \ H—lTliLn
L, Ni —
Me—* \ | /)
R B
Y A H .
R \ - NiL,
NiL /
Me " I
A =
\ 1/ \\/
R D R

Scheme 9.30. The generally accepted catalytic cycle for the
enantioselective hydrovinylation of styrenes.



9.4 Reactions of Organometallic Reagents with Aldehydes and Enones

1.5% [NiBr(n3-allyl)]o

} ” 0.04-0.16% 9.26 Lb\
+
NaBArF 4, CHoCl, =

-50 to —65 °C

>99% GC yield
80% ee

Scheme 9.31. Ni-catalyzed hydrovinylation of norbornene
yielding exo-(vinyl)norbornane in good ee.

9.4
Reactions of Organometallic Reagents with Aldehydes and Enones

9.4.1
Reaction with Aldehydes

Enantioselective addition of organometallic reagents to aldehydes in the presence
of a chiral catalyst is one of the most established carbon-carbon bond-forming
asymmetric processes, providing enantio-enriched secondary alcohols [34]. Among
the nucleophiles used in the literature, diethylzinc has been by far the most exten-
sively studied [35]. A series of chiral a-amino acid amides, such as 9.29-9.31, have
been applied to a nickel-catalyzed enantioselective addition of diethylzinc to benzal-
dehyde (Scheme 9.32) [36]. Control experiments revealed that the reaction did not
proceed in the absence of a metal salt such as Ni(OAc); under otherwise identical
reaction conditions.

O 10% Ni(OAc),/L* OH
+ Etzzn
Ph H toluene, r.t. Ph” O Et
2.0-2.5 equiv.
9.29: 92% yield, 85% ee | N O  929:R=Ph
9.30: 90% vyield, 86% ee 9.30: R = 1-naphthyl

9.31: 94% yield, 97% ee HoN NHR 9.31:R=Bn

Scheme 9.32. Enantioselective addition of diethylzinc to
benzaldehyde in the presence of a catalytic amount of chiral
nickel complexes.

A nickel catalyst promotes the reductive cyclization of w-formyl-1,3-dienes in
the presence of hydrosilanes (Scheme 9.33; see also Section 5.2.2) [37]. The ligand
of choice for this asymmetric catalysis is a monodentate phosphine 9.32, which
achieves moderate to good enantioselectivity. Other ligands, such as (S)-BINAP
and ligand 9.11, failed to achieve this.

As another example of nickel-catalyzed reductive couplings with aldehydes, an
asymmetric coupling of internal alkynes and aldehydes has been recently devel-
oped [38]. The reaction generally proceeds with high regio- and enantioselectivity
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10% Ni(cod)»

y/ ~CHO 20% 9.32 ij«‘OSiR?: OSiRg
. X + XC‘
XX 5equiv. RgSiH ""/\M A
MeCN
| T
: ° Yield [%] Ratio ee [%]
e Entry X R3SiH  Temp [°C] I+ T T T
1 (EtO)3SiH -30 83 >50/1 73/—
_— 2 CCOMe): ppvesiH  —20 83 1/1 40/85
> /0O Me .
Me 3 ¢ X (EOgSH 30 80  >50/1 64/—
9.32 -0 Me
4 NTs (EtO)sSiH 0 60  4.6/1 48/41
Scheme 9.33.  Reductive cyclization of w-formyl-1,3-dienes
catalyzed by Ni/9.32 in the presence of hydrosilanes.
10% Ni(COd)Z OH
o) 20% (+)-NMDPP E
Ar———R +
' H)J\Fp 2.0 equiv. Et;B Ar/\/\ R'
EtOAc/DMI (171) R
1.0 equiv. 2.0 equiv. (>95:5 regioselectivity)
Entry Ar R R' Yield [%] ee[%]
1 Ph Me i-Pr 95 90
Me
O’ 2 Ph Me nPr 82 65
Mewv“ : 3 4MeOCH, Me i-Pr 80 88
Me PPh; 4 1-naphthyl Me i-Pr 93 90
(+)-NMDPP ) .
5 Ph i-Pr i-Pr 58 92
6 Ph CH,NHBoc  j-Pr 60 96
7 Ph SiMes n-Pr 43 92
Scheme 9.34. Asymmetric reductive coupling of internal

alkynes and aldehydes in the presence of Ni/(+)-nmdpp
(DMI = 1,3-dimethylimidazolidinone).

in the presence of a Ni/(+)-nmdpp catalyst, affording synthetically useful chiral

allylic alcohols (Scheme 9.34).

9.4.2
Reaction with Enones

The conjugate addition of carbon nucleophiles to «,f-unsaturated carbonyl com-

pounds is a useful approach for the construction of carbon—carbon bonds [39]. As

a result, the catalytic enantioselective variants of this process have been extensively

investigated [40].
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Among examples described in the literature for asymmetric conjugate addition
reactions, the copper and rhodium catalyses may be particularly worth mentioning.
In the copper catalysis, alkylzinc reagents (e.g., diethylzinc) are generally used as
the nucleophile, and early successes were restricted almost entirely to cyclic enone
substrates (e.g., 2-cyclohexen-1-one) [40a]; however, a few catalysts have been re-
cently reported that provide very good enantioselectivity for a number of acyclic
enones [41]. By contrast, rhodium catalysis requires the use of aryl or alkenyl metal
species (e.g., phenylboronic acid) as the nucleophilic component, and a variety of
cyclic and acyclic enones have been successfully employed in this way [42].

In addition to copper and rhodium, some chiral nickel complexes have also re-
corded successes in this arena. The early studies in the nickel-catalyzed asymmet-
ric conjugate addition reactions were mostly devoted to the addition of organozinc
reagents to chalcones. Pioneering investigations established that certain chiral
amino alcohols functioned as effective ligands for the enantioselective addition of
diethylzinc to chalcone, furnishing f-chiral ketones in good ee (Scheme 9.35) [43—
45].

1-7% Ni(acac),

o) 17-20% ligand Et O
A~ B ; AN
Ph Ph MeCN, =30 °C Ph Ph
1.0 equiv. 1.1-1.5 equiv.
Entry Ni(acac), [%] Ligand [%)] Additive Yield [%] ee [%]
1 7.0 9.33 (17)  2,2'-bipyridyl (7.0%) 47 90
2 1.0 9.34 (20) none 75 72
3 7.0 9.35 (17)  2,2"-bipyridyl (7.0%) 75 85
Me Ph Me. Me
Me
7\ OH
n-BuN  OH t-Bu —t-Bu NMe,
OH HO
9.33 9.34 9.35

Scheme 9.35. Enantioselective conjugate addition of
diethylzinc to chalcone in the presence of chiral nickel
complexes.

Based on these successes in homogeneous catalysis, a highly enantioselective
conjugate addition reaction catalyzed by a chiral nickel complex on a solid support
has been developed (Scheme 9.36) [46]. Interestingly, an N,N-bidentate ligand 9.37
supported by USY-zeolite provides better enantioselectivity than a structurally sim-
ilar, unsupported ligand 9.36 (entry 1 versus entry 2; entry 3 versus entry 4). This
enhanced selectivity is attributed to the additional steric constrains at the surface of
the support.

A further report has been made on homogeneous catalysis, by the use of chiral
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mo 0 5% catalyst Et O
+ Etgzn >
X Ph/vj\ R )\)’L

N
N \N.{NH(t B_u) he)ie;rée%HF Ph” R
/ '\ PFs 1.0 equiv. 1.56 equiv.
(0] (0]
Me)J\/\Me 0.36 Entry R Catalyst Yield [%] ee [%]
1 Ph 9.36 75 77
EHO 2 9.37 80 91
3 9.36 85 75
4 Me 937 74 95

\ Si—[USY-zeolite]
Me” 7 “Me 037

Scheme 9.36. Enantioselective conjugate addition of
diethylzinc to chalcone in the presence of a chiral nickel
complex on a solid support.

amino alcohol ligands 9.38 and 9.39 in combination with Ni(acac), for the conju-
gate addition of diethylzinc to chalcone (Scheme 9.37) [47]. The same catalyst sys-
tem in entry 2, however, failed to induce any significant enantioselectivity on cyclic
enones such as 2-cyclohexen-1-one (12% ee). Similar systems have also been de-
scribed for chalcone, using ligands 9.40 and 9.41 [48, 49].

o 1-7% Ni(acac), Et O
+ Et,Zn
Ph/\)l\ Ph 16-20% ligand Ph)\)L Ph
1.0 equiv. 1.5-2.4 equiv. MeCN,-30°C

Entry Ni(acac),[%] Ligand [%] Yield [%] ee [%]

1 1.0 9.38 (16) 74 84
2a 7.0 9.39 (16) 83 83
3 2.0 9.40 (20) 69 80
4b 15 9.41 (20) 71 91

a Reaction was run at —25 °C. © Reaction was run in EtCN.

Me. Me Me __Me Me. Me Me
s S O
N N OH
NMe,| | Mé m S._Ph
Me o HO Me’N Me o4
9.38 9.39 9.40 9.41

Scheme 9.37. Enantioselective conjugate addition of
diethylzinc to chalcone in the presence of chiral nickel
complexes.
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(a) b
H (L Et  Ph (®) X Me. L'
\ | O= Me. L' N Ni.
. *>~Ni- - N—Ni o]
i-Pr J 7 ( ;70 VS.
Ph Ph :
Ph/\)kPh Ej
Ph s-cis s-trans
Ni-9.41-enone complex 9.42

Scheme 9.38. Model for the enantioselective conjugate
addition catalyzed by a chiral nickel(ll) complex (a) and
transition states for acyclic and cyclic enones (b).

The origin of enantioselectivity in entry 4, for example, is depicted in Scheme
9.38(a). Likewise, in these nickel-catalyzed conjugate addition reactions of diethyl-
zinc to enones, it is generally believed that the ethyl group is transferred intramo-
lecularly from the nickel to the enone via a transition state 9.42. Due to this con-
formational requirement, cyclic enones, which cannot take an s-cis conformation,
are not suitable substrates to induce high enantioselectivity (Scheme 9.38(D)).

As a variant of the nickel-catalyzed conjugate addition to enones, a Ni/oxazoline
9.43 catalyst has been used to effect asymmetric three-component coupling reac-
tions of cyclic enones, alkynes, and dimethylzinc (Scheme 9.39) [50]. Although
the yield and enantioselectivity are not always high, this method can introduce
highly substituted (sterically defined) alkenes at the f-position of carbonyl com-
pounds from simple precursors.

O Et 0
5% Ni(acac),/10% 9.43
+ ‘ | + MeZZn
M 1.5 equiv. MeSiCl Me *  Me
© Me Et triglyme, r.t. MeEt — -
. : ; then H3O*
1.0equiv.  1.5equiv. 1.5equiv. 8 78% yield, 81% ee
- (0]
d Bu o Et
same as above
Me
O N + || + MeyZn _
h Rt
Me Et E
9.43 1.0 equiv. 1.5 equiv. 1.5 equiv. t

39% yield, 38% ee

0 | | same as above Q
é + ‘ + Me2zn dlglyme é Me
SiMeg w, A

’ SiMe3
51% yield, 66% ee

1.0 equiv. 1.5 equiv. 1.5 equiv.

Scheme 9.39. Asymmetric three-component coupling reaction
of cyclic enones, alkynes, and dimethylzinc in the presence of
Ni/9.43.
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9.5
Activation of Carbonyl Compounds for Cycloaddition and Other Related Reactions

9.5.1
The Diels—Alder Reaction

Catalytic enantioselective Diels—Alder reactions can be achieved by various Lewis
acidic transition metals [51]. Among these, nickel(II) complexes have also been
used as efficient catalysts in combination with nitrogen-based chiral chelating li-
gands. For example, a Ni(II)/9.44 complex is an effective catalyst for the reactions
between cyclopentadiene and 3-alkenoyl-2-oxazolidinones, showing high endo- and
enantioselectivity (Scheme 9.40) [52].

o O .
10% Ni(ClO,4)-*6H,0/9.44
)+ A e
R N O CH20|2, r.t. [0) N/>
10 equiv. O)\

Entry R Yield [%] endo:exo endo ee [%]

1 H 95 92:8 89
2 HE 96 97:3 >99
3 Me 90 92:8 93
4 n-Pr quant 93:7 94

4Reaction at —40 °C.

Scheme 9.40. Enantioselective Diels—Alder reaction between
cyclopentadiene and 3-alkenoyl-2-oxazolidinones in the
presence of Ni/9.44.

The origin of enantioselectivity can be rationalized by the re-face attack of cyclo-
pentadiene to the dienophile chelated to a Ni/9.44 complex in a square bipyramidal
structure as drawn in Scheme 9.41 (Scheme 1.4; see Section 1.6). In this transition
state structure, the si-face of the dienophile is effectively blocked by the phenyl
group (boldface) of the ligand 9.44.

In this system, a high positive nonlinear effect [53] is observed, presumably due
to the formation of a meso-Ni(9.44), complex as well as a hetero-chiral Ni(9.44)
dimer, both of which are catalytically inactive [52b]. It was also shown that other
metal perchlorate/9.44 complexes (e.g., Mg(II), Fe(II), Co(II), Cu(Il), and Zn(II))
can also induce high enantioselectivity in the Diels—Alder reaction of cyclopenta-
diene with 3-acryloyl-2-oxazolidinone under similar conditions.

The use of a Ni(II)/bis(oxazoline) 9.45 catalyst provides moderately good enan-
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f
<
-
L

& re-face attack \\

R vV

Scheme 9.41. Octahedral transition state model for the
enantioselective Diels—Alder reaction in Scheme 9.40.

o O
10% Ni(CIO,)»+6H,0/9.45 ;
+
@ A N)LO

CH,Cl,, 40 °C o N
)—0

5 equiv. f0)
{):”><“/O yield not provided

N N endo:exo=93:7
: endo 78% ee

= Ph
P ph
9.45

Scheme 9.42. Enantioselective Diels—Alder reaction between
cyclopentadiene and 3-acryloyl-2-oxazolidinone in the presence
of Ni/9.45.

tiomeric excess (78% ee) in the reaction between cyclopentadiene and 3-acryloyl-2-
oxazolidinone (Scheme 9.42) [54]. Unlike the catalyst system with the ligand 9.44
described above, a square planar transition state structure of the nickel/9.45/dien-
ophile complex is proposed, which leads to a preferential si-face attack to the dien-
ophile, providing the opposite enantiomer of the product enriched (Scheme 9.43).

A binaphthyl-based chiral diimine ligand 9.46 has also been utilized in the
nickel(II)-catalyzed enantioselective Diels—Alder reactions of cyclopentadiene with

l/( CH Ph, si-face attack \2\(
N"'N'" Ob‘/j = PhHC) o’ I\o CHPh,

CHPh2 P L )ko
/

N

Scheme 9.43. Square-planar transition state model for the
enantioselective Diels—Alder reaction in Scheme 9.42.
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o O 10% Ni(ClO,)p+6H;0
10% 9.46
+ A )k
O O @ R/\)LN 0 MS4A, CH,Cl, o

L

10 equiv.
N Ny Enty R Temp[°C] Yield [%] endo:exo endo ee [%)]
/N A\ 1 H -40 94 >99:1 94
X X
_ — oa H —40 quant. 88:12 50
3 Me r.t. 85 80:20 92
b .
9.46: X = N 4 Ph r.t. 96 73:27 90
9.47: X = CH 2| jgand 9.47 was used. ©20 mol% catalyst was used.
Scheme 9.44. Enantioselective Diels—Alder reactions between

cyclopentadiene and 3-alkenoyl-2-oxazolidinones in the
presence of Ni/9.46.

3-alkenoyl-2-oxazolidinones (Scheme 9.44) [55]. It is worth noting that the quino-
line moiety in the ligand 9.46 (X = N) is essential for the high enantio-control,
and the use of analogous ligand 9.47 (X = C) provides a significantly lower ee
(entry 2; 50% ee).

9.5.2
The 1,3-Dipolar Cycloaddition Reaction

1,3-Dipolar cycloadditions are powerful methods for constructing a variety of five-
membered heterocycles in a convergent manner from relatively simple precursors
[56]. In addition to the Diels—Alder reaction — as described in the previous section
— chiral nickel(II) complexes can also function as excellent Lewis acid catalysts
for the enantioselective 1,3-dipolar cycloaddition of nitrones. The oxazoline-based
ligand 9.44 has been used in this context to achieve high enantioselectivity with 3-
crotonoyl-2-oxazolidinone and various nitrones (Scheme 9.45; cf. Scheme 9.40)
[57].

The presence of MS4A (100-500 mg/1-mmol scale) is essential to achieve high
enantioselectivity, and the catalyst loading can be lowered to 2 mol% without de-
creasing the yield and ee in some cases. MS4A is considered to facilitate the ab-
straction of water, by which the Ni/9.44/dienophile complex forms a trigonal bipyr-
amidal structure, rather than a square bipyramidal structure (octahedron), leading
to a better stereoselectivity (Scheme 9.46; cf. Scheme 5.41).

A similar system using pybox ligand 9.48 has also been reported, achieving excel-
lent endo-selectivity and enantioselectivity in high yield (Scheme 9.47) [58]. The
Ni(II)/pybox catalyst used in these reactions is typically prepared in the presence
of MS4A at 40 °C prior to the catalytic reactions.
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1
Me R\
© \ i~ %
oﬁ,w . 10% Ni(ClO4)p+6H,0/9.44 e
Pl 0™y MS4A, CH,Cly, r.t. 3

R j RN
=5 oLy

Entry R R! Yield[%)] endo:exo endo ee [%)]
1 Ph Me 72 98:2 >99
/ \ 2 Ph Ph 96 98:2 89
oA © o 3 4MeOCgH, Ph 100 >99:1 87
LN N 4  4MeCgH, Ph 100 99:1 >99
Ph oas ™" 5  1-naphthyl  Ph 25  74:26 9
6 2naphthyl Ph 100 99:1 45
7 Et Bn 92 94:6 97

Scheme 9.45. Enantioselective 1,3-dipolar cycloaddition
between nitrones and 3-crotonoyl-2-oxazolidinone in the
presence of Ni/9.44.

O
— \\/N N|— )j
Ph
\<— re- face attack }( M <— re-face attack

Scheme 9.46. Trigonal-bipyramidal transition state model for
the enantioselective 1,3-dipolar cycloadditions in Scheme 9.45.

Subsequently, a modified system of these cycloaddition reactions has been devel-
oped to conduct the reaction in an alcoholic medium (&-BuOH), obtaining similar
results as in dichloromethane [59].

9.5.3
The Ene Reaction and Conjugate Addition Reaction

An enantioselective ene reaction catalyzed by a Ni(II)/dppf has been achieved in
the presence of chiral diamine 9.49 [60]. A combination of dppf/9.49 is essential
for achieving high catalytic activity and enantioselectivity (Scheme 9.48).
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. "
N-o
o N\ . Ar
0.9 _Ph 20% Ni(ClO4),*6H,0/9.48
N~ N R1
Jl + S N CH20|2 O:_j\
Ar vy j N
: 3
o 040
Entry Ar R! Temp [°C] Yield [%] endo:exo endo ee [%]
Z | 1 Ph H 0 99 >99:1 >99
O SN Q| 2 Ph Me 25 95 98:2 96
& N\f 3  4-MeCgH, H 0 95 >99:1 >99
\OR RO 4 4-MeCgHs, Me 25 90 >99:1 96
9.48 5 4-MeOCgH; H 0 98 >99:1 >99
R = Si(i-Pr)3 6 4-MeOCgH,; Me 25 80 >99:1 97
7  4BrCHy, Me 25 72 >99: 1 98
Scheme 9.47. Enantioselective 1,3-dipolar cycloaddition
between nitrones and 3-alkenoyl-2-oxazolidinones in the
presence of Ni/9.48.
M o} 5% Ni(dppf)(SbFe)z OH
e 5.5% 9.49 :
PR H)S(oa 6 on MOEt
Ph i CHyCly, rt. I OO
1.0 equiv. 1.25 equiv. 84% yield, 90% ee NH,
fe) NH
same as above QH ‘O 2
+ H)S(OEt ~ OEt
9.49
o} o
1.0 equiv. 1.25 equiv. 91% yield, 92% ee

Scheme 9.48. Enantioselective ene reactions catalyzed by Ni/dppf/9.49.

Conjugate addition of various nucleophiles to o f-unsaturated chelating carbonyl
compounds can also be effected by a Ni(II)-based Lewis acid catalysts [61]. For ex-
ample, a nickel-catalyzed highly enantioselective conjugate addition of nitrome-
thane to o,f-unsaturated carbonyl compounds has been realized by the use of
ligand 9.44 and 2,2,6,6-tetramethylpiperidine (TMP) (Scheme 9.49) [62]. A catalytic
TMP is crucial for nitromethane to undergo the Michael addition reaction. The
scope of this reaction is rather broad, although the reaction time is typically around
4-7 days.

Subsequently, malononitrile was also shown to be a suitable nucleophile for the
Ni/9.44/TMP-catalyzed conjugate addition reactions, furnishing the 1,4-addition
products in good enantioselectivity (Schemes 9.50 and 9.51) [63].
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o) O,N

o)
N 10% Ni(CIO),+3H,0+9.44 ]\)L
R/\)J\lj_\?/Me + MeNO, v e R * N’N\ Me

10% TMP, THF —

Me Me
Entry R Temp [°C] Yield [%] ee[%]

/ \ 1 Me -20 85 94
(6) 2 Et 0 93 94
?\\/N N 3 i-Pr -20 74 97
4 )) 4 t-Bu 0 39 95
Ph 9.44 Ph 5 (E)-MeCH=CH- -20 49 77
6 MeO,C rt. 91 83
7 Ph -20 90 93
M,\e;‘ 7 N MI(\e/Ie 8 2-furyl -20 75 97
VP 9 2-thienyl -20 83 97

Scheme 9.49. Enantioselective conjugate addition of
nitromethane catalyzed by Ni/9.44 and 2,2,6,6-
tetramethylpiperidine (TMP).

0] NC\:/CNo

0 0
10% Ni(ClO4)2*3H,0°9.44
R/\)J\N)J\O + NC__CN R N)LO
\/ 10% TMP, CH,Cl,

Entry R Temp[°C] Yield [%] ee[%]

1 Me -20 90 85
2 i-Pr -20 90 87
3 t-Bu 0 58 90
4 Ph r.t. 95 75

Scheme 9.50. Enantioselective conjugate addition of
malononitrile in the presence of Ni/9.44/TMP.

A highly enantioselective conjugate addition of thiophenols catalyzed by the
Ni(II)/9.44 has also been reported [64]. Under the optimized conditions, several
aromatic thiols undergo 1,4-addition to 3-crotonoyl-2-oxazolidinone, achieving
high yield and ee, although the typical reaction time is as long as 96 h (Scheme
9.52).

The same ligand 9.44 can also be applied to a nickel-catalyzed enantioselective
addition of N-methyl aromatic amines to 3-alkenoyl-2-oxazolidinones (Scheme
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R/\)LQMe

Me Br

+

Scheme 9.51.  Enantioselective conjugate addition of
malononitrile in the presence of Ni/9.44/TMP/Ac,O.

o O
Me/\)LN)J\O + ArSH
v/

NC._CN,
10% Ni(ClO,),*3H,0+9.44 :
NG._CN (C1O4)2°3Hy 5 /\)J\ N
10% TMP, 10% Ac,O
THF, .. e
Entry R Yield [%] ee [%]
1 Me 92 88
2 i-Pr 94 93
3 t-Bu 82 91
4 Ph 87 88
5 2-furyl 78 55
10% Ni(Cl0,),*6H,0/9.44 Sar 9 Q
% Ni 4)2°0Fo E z
10% proton sponge Me/\)J\N 0
/

CH.CIo/THF (10/1), 0 °C

Entry Ar Yield [%] ee [%]
1 Ph 84 94
2 2-MeCgHy4 99 95
3 mesityl 36 98
4  24t-Bu)CgH, 96 94
5 1-naphthyl 92 55
6 2-naphthyl 88 91

MezN

NMeg

proton sponge

Scheme 9.52. Enantioselective conjugate addition of thiols in the presence of Ni/9.44.

o O
R/\)J\Nko + ArNHMe
v/

5% Ni(ClO,),*6H,0/9.44

CHQC|2, r.t.

MeNAr O

o)
R/\)J\NJ\O
/

Entry R Ar Yield [%] ee [%]
1 Me Ph 62 90
2 Me 4-MeOCgH,4 75 76
3  Me 4-MeCgH, 87 48
4 Me  4-CICgH, 23 96
5 n-Pr Ph 25 95

Scheme 9.53. Enantioselective conjugate addition of N-methyl
aromatic amines in the presence of Ni/9.44.
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MeNPh o)
;\j)\ JI_ LiOH.H0,  MelNPh O
Me N O THFH,0 Me/\)I\OH

Scheme 9.54. Hydrolysis of the product in Scheme 9.53 to a -amino acid.

9.53) [65]. The products thus obtained can easily be converted to enantio-enriched
B-amino acids by treatment with LiOH and H,0, in aqueous THF (Scheme 9.54).

9.5.4
Addition of Nickel-Enolate Intermediates

A Ni(IT)/bis(oxazoline) 9.50 complex is an effective catalyst to achieve highly enan-
tioselective aldol reactions between an N-(propionyl)thiazolidinethione and various
aldehydes (Scheme 9.55) [66]. Unlike magnesium-catalyzed anti-aldol processes
[67], these nickel-catalyzed conditions provide syn-aldol adducts predominantly
(syn:anti = 88:12-98:2), presumably through an intermediate 9.51, a chelation
form of a (Z)-enolate.

)SL )OH . i 1.;g é)q’:ljlig.)-l\r/flgg.i(ngf) i jL(?\H
S\_/N H” "R 3.33 equiv. 2,6-lutidine S\_/N R
Me toluene/CH,ClI, (4/1) Me
1.0 equiv. 1.2 equiv. ~7810-20°C
O o]
Entry R syn:anti  Yield [%] ee [%] lN N'J
1 Ph 94:6 812 97 tBU g5 t-Bu
2 4-MeCeH, 937 80 95 -
3 1-naphthyl 93:7 73 92 O\?iro —\®
4 2-naphthyl 92:8 822 93 NN
5  (E)-PhCH=CH 88:12 63 93 B S:Ni:o % Bu
6 Me 97:3 86 93 )k «__Me
7 i-Pr 98:2 70 90 S\_/N
25 mol% catalyst was used. 9.51

Scheme 9.55. Enantioselective aldol reactions between N-
(propionyl)thiazolidinethione and aromatic and aliphatic
aldehydes in the presence of Ni/9.50.

Nickel-catalyzed enantioselective conjugate addition of f-keto esters and 1,3-
diketones to methyl vinyl ketone has also been reported. Thus, a Ni(II)/diamine
9.52 catalyst is able to create quaternary stereocenters in moderate to good enan-
tioselectivity (Scheme 9.56) [68]. The reaction presumably goes via nucleophilic
addition of an intermediate 9.53 composed of a chiral enamine coordinated to
nickel(II).
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Q9 o 5% Ni(OAC)*4H,0
37.5% 9.52 *

X + X
ij)L \)J\Me CHClg, r.t. o
" 1.2 equiv. " Mé

Entry  Substrate Yield [%] ee [%]
o o

2

o 0 N,
NilL,
> é)kmu o 7 (Y s

Scheme 9.56. Enantioselective conjugate addition of f-keto
esters and 1,3-diketones to methyl vinyl ketone in the presence

of Ni/9.52.
= 8% Ni(cod),
N-CPhg 20% L* N-CPhg
' MesSi—= —_— *
\ THF, r.t. vessi |

4.0 equiv. .
SiMes SiMe,

9.54: 92% yield, 60% ee
9.55: 52% yield, 73% ee
= 8% Ni(cod),

i - \ 40% 9.56 @O

- N
:*KN\CPh3 THF, rt. 7 "CPhg

10 equiv. \\ H|

62% yield, 54% ee

= <we., )
NMe. OMe
) =
PPh,
Ao | e, 1)

9.54 9.55 9.56

Scheme 9.57. Enantioselective synthesis of isoindolines and
isoquinolines by [2+2+2] cycloadditions in the presence of
chiral nickel(0) complexes.
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N-CPh — X
a 8 Ni(O)L*,
R
\\ reductive
R elimination
/ n )n
N-CPhg L*nNi N—-CPhjs
L*Ni Y aC *
R
RN \’_{ A
R insertion e 9.57 R
Scheme 9.58. Proposed catalytic cycle for the reactions in Scheme 9.57.
9.6

Other Reactions

Transition metal-catalyzed [2+2+42] cycloaddition of alkynes is a convergent
method for the synthesis of highly substituted aromatic compounds. Asymmetric
synthesis of isoindolines and isoquinolines has been developed by the use of a

nickel(0)-catalyst.

The reaction proceeds presumably through a nickellacyclopentadiene intermedi-
ate (Scheme 9.57) [69]. The origin of enantioselectivity in this reaction is a differ-
entiation of the two enantiotopic alkynes using a chiral Ni(0)/phosphine catalyst
(Scheme 9.58; enantioselective desymmetrization), selectively forming one of the
two diastereomeric intermediates 9.57 during an oxidative cyclization step.
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10
Heterogeneous Catalysis

Tsutomu Osawa

The heterogeneous nickel (Ni) catalyst was first reported by Sabatier et al.* as early
as 1897 [1] for gas-phase hydrogenation, since which time it has been used for
a wide variety of reactions, including hydrogenation, hydrogenolysis, reductive
amination, desulfurization, methanation, and steam reforming, either in the labo-
ratory or on an industrial scale. In this chapter, heterogeneous Ni catalysts and
reactions catalyzed by them are described from a synthetic organic chemistry
viewpoint. The general characteristics of the heterogeneous catalyst and catalysis
(reaction on a solid surface) are introduced, after which methods of Ni catalyst
preparation and their reactions are described. Most of this chapter relates to the
heterogeneous Ni catalyst for asymmetric synthesis, and it is hoped that the infor-
mation provided will help synthetic organic chemists to become familiar with —
and to use — heterogeneous Ni catalysts as a routine.

10.1
Heterogeneous Catalysts and Catalytic Reactions

Compared with their homogeneous counterparts, heterogeneous catalytic reactions
possess certain characteristic features because they proceed on a solid surface. The
general characteristics of a heterogeneous catalyst and catalysis are briefly outlined
in this section, though detailed discussions of the differences between homoge-
neous and heterogeneous catalyses are described elsewhere [2].

*) Two French chemists, P. Sabatier (1854— of natural unsaturated fatty acids and the
1941) and F. A. V. Grignard (1871-1935) were industrial methanol synthesis, and the latter
awarded the Nobel Prize in 1912, the former for the synthesis of organomagnesium
for the contribution to the catalytic hardening reagents (Grignard reagents).

Modern Organonickel Chemistry. Edited by Y. Tamaru
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30796-6
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Tab. 10.1.  General characteristics of heterogeneous catalysts and catalytic reactions.

Property Characteristics

Catalyst availability Commercially available for general reactions

Catalyst preparation Easy, but sometimes requires special know-how
Catalyst reproducibility Good, but requires special caution with raw materials
Catalyst separation Easy (only filtration) and low costs

Catalyst re-use Easy recovery and re-use

Reaction apparatus Special apparatus needed for a high-pressure reaction
Large-scale production Easy to scale up

Catalyst storage Generally sensitive to air

Catalyst characterization Difficult to understand the phenomena on the solid
Active sites (species) Difficult to create single types of active sites

10.1.1
Comparison of Heterogeneous and Homogeneous Catalysts and Catalytic Reactions

The general characteristics of heterogeneous catalysts and catalytic reactions are
summarized in Table 10.1.

Although the preparation of heterogeneous catalysts is generally more straight-
forward than that their homogeneous counterparts, a degree of specialized knowl-
edge is required to prepare solid catalysts. Heterogeneous catalysts possess various
properties, including the specific surface area of the metal and its support, the
metal crystallite size (distribution), the pore size of the support, the particle size
of the catalyst, the promoter, and also impurities. As each of these factors affects
the catalytic activity and selectivity, special care must be taken in catalyst prepara-
tion. For example, different raw materials and preparation methods produce differ-
ent catalysts, even if designated by the same name (e.g., 20% Ni/Al,03; = 20%
nickel loaded on alumina). Therefore, correct raw materials and catalyst prepara-
tion methods must be chosen for any intended reaction. The ease with which the
catalyst is separated, re-used, and scaled-up for the reaction are usually claimed to
be advantages of heterogeneous catalysts, which can be used in flow reactors that
successively generate the products or, in the case of the gas-phase reaction or fast
reaction, in the liquid phase. These are important factors from a practical view-
point.

There are, however, some disadvantages associated with heterogeneous catalysts.
Reactions conducted over heterogeneous catalysts occasionally require specialized
equipment (not normally for laboratory-based organic syntheses) — perhaps a stain-
less steel autoclave for high-pressure reactions and/or a specialized apparatus for
the gas feed. Also, analyses of the reaction mechanism and the creation of single
type active sites on the solid are more difficult to perform for heterogeneous reac-
tions than for homogeneous.
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10.1.2
Reactions over Heterogeneous Catalysts in Liquids

The syntheses of fine chemicals using heterogeneous catalysts are usually carried
out in a liquid phase. Special care must be taken with liquid phase reactions cata-
lyzed by heterogeneous catalysts, as these differ from homogeneous reactions. An
example is hydrogenation over a heterogeneous catalyst, which is a three-phase
system: 1) the gas phase of hydrogen; 2) the liquid phase of the reactant and sol-
vent; and 3) the solid phase of the catalyst (Fig. 10.1).

In order for the reaction to proceed at a reasonable rate, hydrogen in the gas
phase must pass through the gas-liquid interfacial barrier, diffuse into the liquid,
and reach the active site on the catalyst surface. The substrates should diffuse in
the liquid, reach the active site on the surface, be converted to the product, and
then diffuse again into the liquid. If the catalyst is porous, diffusion in the pores
should also be taken into account. Every step can be a rate-determining step, and
the position of that step can alter the selectivity of the product. The parameters
affecting the mass diffusion include the agitation speed, the pressure of the gas
phase, the amount of catalyst, the particle size (distribution) of the catalyst, the
pore size (distribution), and the concentration of the substrate [3]. In order to
draw upon the maximum power of the catalyst, attention must be paid to whether
the reaction is under surface reaction control or mass diffusion control. For ex-
ample, in the enantio-differentiating hydrogenation of a-ketoesters over cinchona-
modified Pt/Al,03, a low enantioselectivity is obtained under the gas-liquid and/
or liquid—solid transport resistance [4].

Gas phase He

H
Gas phase \2
Liquid phase Liquid phase J

o
[ @\ \@.
! - | metal particle
\r\netal article Support Diffusion
P in the pore .~
Unsupported catalyst Supported catalyst

Fig. 10.1. The three-phase system for hydrogenation over a heterogeneous catalyst.
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10.2
Heterogeneous Ni Catalysts

Heterogeneous Ni catalysts are widely used for reactions related to the petroleum
refining industry and for organic functional group transformations in the fine
chemical industry.

10.2.1
Reactions in the Petroleum Industry

In the fuel or petroleum industries, steam reforming, hydrodesulfurization, and
methanation reactions are catalyzed over heterogeneous Ni catalysts. A summary
of the reactions and the representative catalysts are shown in Table 10.2.

Steam reforming of methane or natural gas (light to moderate hydrocarbons) is
a process for the production of hydrogen and synthesis gas (a mixture of CO and
hydrogen) [5], both of which are among the most important raw materials in the
chemical industry. They are mainly consumed in ammonia synthesis (49% of the
total hydrogen consumed worldwide), methanol synthesis (10%), and petroleum
refining [6]. The demand for hydrogen is steadily increasing, because ultradeep
hydrodesulfurization is required due to strict regulations relating to the sulfur con-

Tab. 10.2. Ni-catalyzed reactions used in the petroleum industry.

Process Name Reaction Catalyst
Steam CyHp + nH;0 — nCO + (n + m/2)H, Ni/AlL, O3
reforming CO+ H,0 = CO, + H, (Water gas shift reaction)

CO + 3H; = CH,4 + H,0 (Methanation)

Hydrode- s s-s H,
[t =Y , N N ' H,S
sulfurization R R - RH + RH tHe

_ ONF N +H,S

||
S
H A
©j — ©/\©/\ +H2S Ni-Mo/ALO;
S CO*MO/Ale;
Ols O =, g > < 2 +H,S

Methanation CO + 3H, — CH4 + H,O Ni/AL, O3
CO,; +4H, — CH4 + 2H,0 Ni/Kieselguhr
CoHonsa + (1’1 - 1)H2 — nCHy
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tent in diesel oil and the increase in demand for fuel cell systems. From an eco-
nomical viewpoint, Ni/Al,O3 with alkaline or Ni/MgO is a conventional catalyst
for steam reforming in large-scale plants. The reaction is highly endothermic and
in an industrial environment is operated at a high temperature (1000-1150 K). A
high partial pressure (2-4 MPa) of excess steam is required to prevent carbon
deposition on the catalyst surface. The water gas shift reaction constitutes steam
reforming. Part of the CO is consumed by the methanation reaction and, as the
water gas shift reaction and methanation reach thermodynamic equilibrium, the
composition of the gas product is determined by the reaction temperature, pres-
sure, and ratio of hydrocarbon to steam, irrespective of the type of hydrocarbon
present. The reaction conditions for steam reforming are severe for the catalyst
and reactor tube materials, and consequently a catalyst with sufficient activity at
lower temperatures is currently under investigation. A Ni catalyst with a bimodal
pore structure (comprising mesopore and macropore together) increases the cata-
Iytic activity three- to four-fold compared with commercial catalysts, and lowers the
reaction temperature by 25 K [6].

Hydrodesulfurization is the hydrogenolysis of sulfur-containing compounds
and is aimed at reducing the sulfur content of petroleum fractions. Accordingly,
this process is vastly important in the petroleum refining field [7]. Crude oil
usually contains 0.1-3% sulfur, and this must be reduced to 500 ppm, since
the sulfur-containing fuel causes SOy air pollution. The reactions of representative
sulfur-containing compounds are shown in Table 10.2. The type and size of the
sulfur-containing molecules depend on the distillate fuel fractions. Fractions with
higher boiling points (e.g., gas oil or vacuum gas oil) are usually rich in sterically
hindered and less-reactive (difficult to remove) sulfur-containing molecules.
The Co0(3.5-6%)-M003(9-16%)/Al,0; or NiO(3-5%)-Mo0Os3(13-26.5%)/Al,0;
are widely used in this process, these catalysts being sulfided in the reactor before
using CS,, H;S, or suffering compounds in the feedstock. The active species of the
hydrodesulfurization catalyst would be the Co(Ni)-Mo-S phase. The hydrodesulfu-
rization reaction is usually performed at 573-623 K and at 5-10 MPa. When pro-
ducing affordable ultra-low-sulfur fuels, an improvement in the catalyst and the
process is required, as many countries have imposed more stringent environmen-
tal regulations for the sulfur content of diesel oil. For example, in Japan and the
European Union the intended permitted S content of gas oil is <50 ppm in 2005,
and in the US is 15 ppm in 2006. Further information relating to ultradeep hy-
drodesulfurization processes is available in Refs. [8] and [9], and references cited
therein.

Methanation is the reaction in which methane is produced from CO, CO,, or
alkanes using hydrogen. The process is used conventionally to remove trace
amounts of CO from the feedstock of an ammonia synthesis, or for increasing the
calorific value of the synthesis gas through the reaction between CO and H; to
methane. The reaction over a Ni catalyst is carried out below 623 K. The Ru catalyst
is more active than the Ni catalyst, and is used at 473-523 K to remove CO in the
H; feed and hence to avoid deactivation of the Pd or Pt catalyst for the production
of hydrogen peroxide or hydroxylamine. Ni/ZrO; and Ru/TiO; are effective for the
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removal of CO in a hydrogen-rich gas stream for supplying pure hydrogen to the
polymer electrolyte cells [10].

Ni catalysts are used in the production of atmospheric gas for heat treatment
when producing metal products from ingots. NiO(5-10%)/SiO,-Al, O3 produces a
mixture of CO, H;, and N, from propane and air at 1173-1273 K, and this gas is
used to create an atmosphere of cementation and radiant quenching or annealing
of steel. A NiO(20-30%)/Al,0s is also applied for the decomposition of ammonia
(773-1173 K), with the decomposed gas (a mixture of N, and H;) being used for
the radiant heat-treatment of stainless steel, copper, and copper alloy to avoid
cementation.

10.2.2
Transformation of Organic Functional Groups

The representative reductive transformations of organic functional groups cata-
lyzed by heterogeneous catalysts are listed in Table 10.3 [2, 3, 11]. The main reac-
tions catalyzed by heterogeneous nickel catalysts are hydrogenation, reductive ami-
nation, and hydrogenolysis. Most of these reactions are also catalyzed by many
other transition metals, but these are more expensive than nickel (see Preface).

Tab. 10.3. Representative reductive transformations of organic functional groups catalyzed by
heterogeneous catalysts.

Reaction Catalyst
Se=c! L CH-CH Ni, Pd, Pt, Rh
/ AN / N
H, N_._ / .
—C=C— R C=C, Ni, Pd
c=c H H
>C:O e, “CH-OH Ni, Ru, Pt, Rh
7/
Ar\C:O i) ArCH.OH Ni, Pd, Pt
/ s
H
—C=N — —CH,NH, Ni, Co, Pd, Rh, Pt
H
7N02 —>Z —NH2 Ni, Pd, Pt
H . .
—COOH(R) —2 —CH,OH Ni, Cu—Cr oxide, Re
H
—COOH —2, —CHO Cr-Zr0,, Cr,03
H, .
Aromatics —_— O Ni, Rh, Pt, Ru
H,;, NH
Ne=0 =27 "CH-NH, Ni, Pd, Pt
7/ s
H
R-X —2 RH + XH Ni, Pd
Hy

R-S-R' S RH + RH + HyS Ni, Mo
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Tab. 10.4. Representative reactions and their conditions catalyzed by Raney Ni catalyst.

Raney Ni, H,
HzC:CHCHon _— CH}CHchon
r.t, 0.1 MPa

R Ni, H
CH;CH,CH,CHO e T CH;(CH,);0H

r.t., 0.1 MPa

CHO Raney Ni, H, @ECHZOH
et S SN
r.t., 0.1 MPa
OH ' OH

Raney Ni, H, H
CH;3;0CH,CH,-C-CHj3 —_— CH;0CH,CH,-C-CH;
CH) 373-383 K, 10 MPa éH

54

i H

‘CI:_CHS Raney Ni, Hy C—-CH,
|

e} 303 K, 0.1-0.3 MPa OH

NO, NH,

P

Raney Ni, H,

r.t., 0.1 MPa @

Raney Ni, H,, NH,OH
403 K, 10 MPa

>< Raney Ni, H,

>
_ RemeyNLFL |
HO™ “CO,Et 383 K 3¢ MPa HO™ “CH,OH

Raney Ni, H,
CHj —
423 K, 10 MPa
Raney Ni, H,, NH3
408 K, 7 MPa

NC(CH,)sCOOH H,N(CH,)sCOOH

.

CHj

CH3;CH,CHO CH3;CH,CH,NH,

The choice of the appropriate catalyst depends on the catalytic activity, catalyst
selectivity, the scale of the reaction, purity of the reactant, reaction equipment,
and economical efficiency. For reference, readers are directed towards a series of
useful guidebooks that list the reaction types with appropriate catalysts and reac-
tion conditions [11]. The choice of catalyst from a practical viewpoint has been de-
scribed elsewhere [2]. Examples of the representative reactions and conditions cat-
alyzed by nickel catalysts [11c] are listed in Table 10.4. The hydrogenation of
ketones usually requires more severe conditions compared to that of carbon—car-
bon double bonds or aldehydes. The hydrogenation of aromatic ketones proceeds
more easily than those of aliphatic ketones, although accompanying side reactions
may occur, such as hydrogenolysis and/or hydrogenation of the aromatic rings.
The hydrogenation of aromatic nitro compounds to anilines is among the most
useful transformations, and proceeds readily at ambient temperature. As the reac-
tion is highly exothermic (560 k] mol~?!), removal of the reaction heat is important.
Care should be taken to control the catalyst:substrate ratio, the scale of the reac-
tion, and the reaction temperature and pressure. The detailed safety and handling
considerations are discussed elsewhere [12]. Carboxylic acids and esters are the
most difficult functional groups to be hydrogenated, and these reactions are gener-
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ally carried out over Cu—Cr oxide or Re (for hydrogenation to alcohol) and Cr-ZrO,
or Cr,0; (for hydrogenation to aldehyde). The Raney nickel catalyst is exceptionally
reactive for the hydrogenation of a-amino acid esters and o-hydroxy acid esters to
the corresponding alcohols. Hydrogenation of the aromatic ring usually requires
high pressure and high temperature.

Excellent detailed monographs and reviews relating to the transformation of
organic functional groups over heterogeneous catalysts [2, 3, 13-15] — and espe-
cially over nickel catalysts [16—18] — are available. A brief description of prepara-
tion methods for nickel catalysts and their reactions are outlined in the following
section.

Heterogeneous nickel catalysts are generally classified into two groups: unsup-
ported and supported. Unsupported nickel catalysts are further classified according
to the catalyst structure and its preparation method — that is, Raney (skeletal type)
nickel, amorphous alloy catalyst such as nickel boride, reduced nickel (obtained by
the reduction of nickel oxide under a hydrogen stream), nickel catalyst obtained by
the decomposition of nickel formate or nickel oxalate, Urushibara nickel, and fine
nickel powder. Supported catalysts are prepared from different types of supports
and preparation methods. Raney nickel (both alloy and stabilized activated catalyst)
and supported nickel catalysts are available commercially, and can be used for re-
search studies on the transformations of common organic functional groups. Cata-
lyst manufacturers supply various types of Raney nickel and supported nickel cata-
lysts customized for specified reactions. The detailed composition and preparation
methods of commercial catalysts are rarely known; hence, if a reaction does not
proceed satisfactorily with a commercial catalyst, or if a special catalyst (e.g., asym-
metric) is needed, it should be prepared in-house.

In the following section, the general features and recent advances in Raney Ni,
Ni boride, and supported Ni catalysts for organic syntheses are described, based
on their wide range of applications. Preparation methods for Ni catalysts used in
asymmetric syntheses are described in Section 10.4.1.

10.2.2.1 Raney Nickel

Raney Ni was discovered by Murray Raney in 1927, and is the most widely used
unsupported Ni catalyst for liquid-phase reactions. It serves as a versatile hydroge-
nation catalyst in the production of fine chemicals, and also in the hydrogenation
of p-glucose to sorbitol (Eq. (10.1)), which is used in the cosmetic, food, and drink
industries, and as a starting material in the manufacture of ascorbic acid [19].

Oy ..H
~C

. CHZOH
H-C-OH _ H-C-OH
HO-C~H Raney Ni, H, HO-C-H
H-C-OH  393-423K, 37MPa  H-C-OH (10.1)
H-C-OH H-C-OH
CH,OH CH,OH

D-Glucose Sorbitol
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Raney nickel is prepared by treating a Ni—Al alloy with an alkaline solution
to leach out (digest) the aluminum component, thus leaving the active nickel spe-
cies in the form of a porous material. The different types of classical preparation
methods provide the Raney Ni catalysts with varying activities. These are desig-
nated as W1, W2, W3, W4, W5, W6, W7, and W8 [20]. The preparation procedures
for these catalysts differ in terms of the temperatures at which the alloy is added to
the NaOH solution, the concentrations of the NaOH solution, digesting tempera-
tures and times, and washing processes. The preparation methods and character-
istics of each type have been reviewed [3]. The high activity of Raney Ni is attrib-
uted to the high surface area (50-120 m? g~!), and the large amount of hydrogen
adsorbed on and in the metal particles (25-100 cm? g~!). The Raney Ni catalyst is
supplied as a Ni—Al alloy or as a stabilized activated Ni.

The morphology and microstructure of the alloy and the activated catalysts have
been widely studied [21, 22]. Raney Ni contains the phases of NiAl, Ni,Al;, NiAl;s,
and eutectic. The digestion of aluminum from NiAl; and eutectic is relatively
straightforward, while it is more difficult to digest Ni,Al;, and almost impossible
to remove aluminum from the NiAl phase. The commercially available alloy is
usually a 50 wt% nickel alloy. This is a compromise between the readily digestible
NiAl; and the more mechanically strong Ni,Al;. The distribution of the two main
phases consists of a core of Ni,Al; with a shell of NiAl; [23].

A new technique for Raney Ni preparation, termed “melt-quenching”, has been
developed. A cooling rate of 10° K-s™! is used to prepare the alloy, with H,-
pretreatment at 773 K; this results in an increased content of the Ni,Al; phase,
which benefits the formation of an ultra-uniform Ni with a high surface area [24].
By using Raney Ni prepared in this manner, a higher selectivity of “active qui-
nones” is attained in the hydrogenation of 2-ethylanthraquinone than when using
commercially available Raney Ni [25]. The quinones are used in the production of
H,0, (Scheme 10.1).

A wet chemical method has been reported for production of the Ni—Al system
[22]. This consists of the reaction between Ni(cod); and AlEt; in toluene (Scheme

(0]
CLy e OOO )
O H20, O

(active quinone)

N| Catalyst

C¢i>/ H2 Ni Catalyst Et

H2O2 02 (active quinone)

Scheme 10.1. Hydrogenation of 2-ethylanthraquinone over the
Ni catalyst and its use for the production of hydrogen peroxide.
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H
Ho 2
Ni(cod), + xAIEt; ~——— NiAl, + cyclooctane + ethane NiAl,
toluene 16 h, 403K

Scheme 10.2.  Preparation of nickel-aluminide by a wet chemical method.

10.2). A black-brown dispersion is dried and heated under hydrogen to yield a
black powder of nickel aluminide (particle size 2—5 nm). This method offers an op-
portunity to prepare nanoscale NiAl, in which the composition can be controlled
by the stoichiometry of the starting nickel and aluminum components. For butyr-
onitrile hydrogenation, the catalyst NiAl, (x > 1.5) shows a two- to five-fold greater
activity than commercial Raney Ni.

In addition to hydrogenation, C—C bond formation catalyzed by Raney Ni has
also been reported, where alkylation of indolin-2-one with alcohols attains an 82—
98% yield of 3-alkyloxindoles (Eq. (10.2)) [26].

R
. R
R Raney Ni
©\/,\>:O + )—OH o (10.2)
H R’ 423-493K, 1-5h N
indolin-2-one H 82-98%

10.2.2.2  Nickel Boride

A nickel boride catalyst is prepared by the reduction of nickel salts (generally nickel
acetate or nickel chloride) with sodium or potassium borohydride [27, 28]. Conven-
tionally, the catalyst prepared by reduction in an aqueous solution is called P-1 Ni
boride, while reduction in 95% ethanol produces a colloidal catalyst referred to as
P-2 Ni boride. The Ni boride is neither ferromagnetic nor pyrophoric. The notori-
ous isomerization of the double bond during the hydrogenation is minimal over the
P-1 and P-2 Ni borides. For example, the P-2 Ni boride has a low isomerization
capability and is effective in selective alkene hydrogenation (Eqgs. (10.3) and (10.4))
[29]. Whilst selective hydrogenation of an alkyne to an alkene is generally carried
out using Pd catalysts (e.g., Lindler catalyst), the P-2 Ni boride also shows high
selectivity (Eq. (10.5)) [28].

AN P-2 Ni boride
- e +
ethanol, r.t., (10'3)
0.1 MPa 97%
M P-2 Ni boride
= ethanol, r.t., /J‘\/\/ (10.4)
0.1 MPa
P-2 Ni boride Et
— Et Et —
— - > + — + hexane
Et Et ethanol, r.t., \—/ t

E
0.1 MPa, 1 mol H, 96% 3% 1% (10.5)
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Amorphous alloy catalysts such as Ni boride have been intensively studied dur-
ing the past two decades [30, 31]. The hydrogenation of various substrates (e.g.,
benzaldehyde, glucose, cyclopentadiene, adiponitrile, benzene, acrylonitrile, cinna-
maldehyde, furfural, nitrobenzene, 2-ethylanthraquinone) over Ni boride is gener-
ally successful [32]. The composition of Ni boride catalysts prepared by the reduc-
tion with potassium borohydride are NigyB3;—Niz;B,3 for the bulk composition
measured by inductively coupled plasma (ICP) analysis, and Niy; Byg—NizsB;s for
the surface composition measured by X-ray photoelectron spectroscopy (XPS)
analysis.

XPS analysis further revealed that boron, when bound to Ni, donated electrons
to the nickel. Based on these concepts, it was proposed that variations in 3d orbital
electron density on the Ni modified the activity and selectivity of the catalyst [33,
34]. Reviews have been published on the catalytic features of Ni borides supported
on various materials (SiO,, Al,O3;, MCM-41, SBA-15, or bentonite) [35, 36]. Appli-
cations of Ni boride to asymmetric synthesis are discussed in Section 10.3.2.

10.2.2.3 Supported Nickel Catalysts

The main objectives of preparing a supported Ni catalyst are to gain a high Ni sur-
face area on a porous material, and to minimize the sintering of Ni metals at high
temperatures. Thus, supported Ni catalysts can be used for gas-phase reactions at
high temperatures, as well as for liquid-phase reactions. The type of support used,
and the preparation method used, both affect the activity and selectivity of the
catalyst.

Supported Ni catalysts are prepared by conventional impregnation, precipitation,
co-precipitation, or ion-exchange methods. The general features of the conven-
tional preparation methods have been described elsewhere [3, 37, 38|, and prepara-
tion methods using a sol-gel process and citric acid are outlined in the following
section.

The metal particle size of the supported catalyst is important because it cor-
relates not only with the surface area of the metal (i.e., catalytic activity) but also
with the selectivity of the catalyst in some cases. Reaction in which selectivity is de-
pendent upon the metal particle size are termed “structure-sensitive reactions”
(in the reverse case, structure-insensitive reactions). The distribution of metal par-
ticle size in catalysts prepared by conventional methods (e.g., impregnation) is
quite broad. Hence, because reaction selectivity might depend on the metal particle
size, a preparation method in which metal particle size could be controlled would
be desirable. Preparation using sol-gel chemistry enables a homogeneous metal
particle size to be provided, the size being controlled by the metal ion concentra-
tion of the starting material. A typical preparation procedure is shown in Scheme
10.3.

H.O air Hp
Ni(NO3), + Si(OEt)y —— Ni(OH), +Si(OH); ——— > NiO/Si0O, ——— Ni/SiO,
calcination reduction

Scheme 10.3. Preparation procedure of the supported Ni catalyst by a sol-gel method.
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Nickel(II) nitrate is dissolved in ethylene glycol, and an appropriate quantity of
Ni solution (depending on the desired loading on the catalyst) is poured into the
tetraethoxysilane and stirred in a N, atmosphere. Water is then added to the mixed
solution and the solution is stored without being stirred. The fine precipitates
are filtered, calcined in air, and reduced in a hydrogen stream [39]. The key to con-
trolling the Ni particle size is to disperse NiO homogeneously among the support
material before the reduction; the homogeneous NiO distribution is due to the
Ni—O-Si chemical bonding [39].

Hydrogenation of propionaldehyde accompanies decomposition of the aldehyde
to produce ethane, CO, and H,. The selectivity of this reaction over Ni/SiO, pre-
pared by the sol-gel process depends on the mean Ni particle size; 1-propanol/
CO ~ 3 for Ni of ~2 nm; 1-propanol/CO = 0.5 for Ni of 7-10 nm [40].

Catalyst preparation using citric acid was first reported for mixed oxide catalysts
[41], while citric acid use to prepare supported Ni catalysts with the sol-gel process
was developed more recently [42]. Tetraethoxysilane is added to an aqueous alco-
holic solution of nickel(II) nitrate and citric acid. After storing for 3 days, the ob-
tained gel is dried, calcined, and reduced in a hydrogen stream. The advantages of
using the Ni citrate complex are: i) a high Ni surface area is achieved due to aggre-
gation of the Ni species being inhibited by the formation of nickel citrate; and ii) a
catalyst is produced with mesopores. The space occupied by citric acid becomes
pores that do not shrink when the citric acid is eliminated. A catalyst with meso-
pores (>5 nm) is favorable for the hydrogenation of 3-pentanone or 4-heptanone
because of the lesser restriction of diffusion in the pores [43].

0
©\ Ni/C, PPhg, LiBr O
+
ol B(OH), K3PO,, dioxane

92% Yield

(10.6)
H
\Q ©\ _ NiC,DPPF__ N
NH,  LiO-t-Bu, dioxane /©/ \©
93% Yield
(10.7)

C—C bond formation catalyzed by supported Ni catalysts was first reported in
1999. Lipshutz et al. suggested that Ni on charcoal (Ni/C) catalyzed a variety of
cross-coupling reactions, such as the Negishi—, Suzuki- (Eq. (10.6)), and Kumada—
Tamao couplings, and amination of aromatic halides, especially the less-reactive
chlorides (Eq. (10.7)) [44]. They prepared Ni(II)/C from nickel(II) nitrate and acti-
vated charcoal by an impregnation method. In-situ reduction of the Ni(II)/C with
n-Buli or n-BuMgCl (see Sections 1.7.3-1.7.5) assured the higher conversion and
better yields than reduction in a hydrogen atmosphere. Removal of the catalyst by
simple filtration left a reaction mixture containing only traces of Ni, which is an
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important feature from a practical viewpoint. Later, however, it was revealed that
catalysis using Ni/C was most likely of a homogeneous rather than a hetero-
geneous nature [44]. An equilibrium exists between the homogeneous Ni species
located inside and outside the pores of charcoal and the homogeneous Ni species
favors inside the pores. The trace amount of Ni outside the pores is beneficial for
the recovery of Ni by simple filtration.

I 20% Ni/Al,O. CO,Et
=\ o 3 2
/©/ ’ COEt ~ycozazak . MO < > /
MeO 2V

NMP 94% Yield
(10.8)

An example of the Heck reaction catalyzed by supported Ni (Ni/Al,03 and Ni/
HY-Zeolite) is shown in Eq. (10.8) [45]. The vinylation of 4-iodoanisole with ethyl
acrylate proceeds in high yield, producing trans-ethyl cinnamate, although a con-
siderable amount of the Ni catalyst is leached out under these conditions.

10.3
Asymmetric Syntheses over Heterogeneous Nickel Catalysts

For asymmetric syntheses, two approaches are available: i) a diastereo-
differentiating reaction; and ii) an enantio-differentiating reaction. A diastereo-
differentiating reaction is defined as one in which a chiral moiety is incorporated
into the substrate itself, whereas in an enantio-differentiating reaction a chiral moi-
ety is incorporated into a reagent, a catalyst, or a solvent, but not into the substrate.
The difference between these two reaction types is less clear-cut in heterogeneous
catalysis than in homogeneous catalysis, however. For example, asymmetric hydro-
genation over a cinchona-modified Pt or Pd catalyst [46] is generally recognized as
an enantio-differentiating reaction. However, the cinchona alkaloid may either re-
side on the metal surface or dissolve in the reaction mixture. In the former case, it
acts as a modifier on the surface, but in the latter case it serves as a chiral auxiliary
of the substrate [47].

10.3.1
Diastereo-differentiating Reactions

The most common diastereo-differentiating reactions over heterogeneous Ni cata-
lysts are hydrogenations. As this reaction is also well catalyzed by Pd catalysts, a
greater number of studies over heterogeneous Pd catalysts have been reported.
Diastereo-differentiating hydrogenations over heterogeneous catalysts have been
reviewed in the literature [48-50], and some typical examples over Raney nickel
are shown in Table 10.5.
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Tab. 10.5. Diastereo-differentiating reactions over the heterogeneous Ni catalysts.

Reaction
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10.3.2
Enantio-differentiating Reactions

A heterogeneous enantio-differentiating catalyst is defined here as one that origi-
nally has catalytic activity, with enantio-differentiating ability being bestowed by
the adsorption of optically active substances on the catalyst surface. In the case of
homogeneous enantio-differentiating catalysts, chiral environment around the or-
ganometal atom is important. However, for heterogeneous enantio-differentiating
catalysts the active site is generally the metal surface, and so the structure of
the metal surface and mode of adsorption of chiral compounds are key issues. Or-
ganometal complexes that intrinsically have both catalytic activity and an enantio-
differentiating ability and are linked to the solid surface are categorized as hetero-
genized catalysts, and their reactions are described in Chapter 9 (see Scheme 9.36).

A heterogeneous enantio-differentiating Ni catalyst was first reported in 1932,
when Schwab et al. demonstrated that Ni on quartz dehydrogenates racemic 2-
butanol in 10% ee at a low conversion [57]. In this reaction, the chiral arrange-
ment of the quartz crystal is responsible for the kinetic resolution. A Ni catalyst
modified with an optically active organic compound was first reported in 1939,
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when glucose-modified Raney Ni was shown to hydrogenate 2-methylcinnamic
acid in ~10% ee [58]. In 1963, Izumi et al. developed a tartaric acid-modified Ni
catalyst [59], and to the present day this is the only enantioselective heterogeneous
Ni catalyst to be used for a practical application. This topic is dealt with in Section
10.4.

Oxaza-borolidine Ni boride (Scheme 10.4) catalytically reduces acetophenone in
94% ee by using BH;-THF as a reducing agent [60]. Based on the facts that: i) this
catalyst can be recycled with little or no loss of catalyst performance; ii) no traces
of the amino alcohol can be detected in the liquid phase after reduction; and iii)
inelastic neutron spectroscopy shows the disappearance of O—H absorption of the
amino alcohol after reaction with NiB; [61], it is claimed that the amino alcohol is
anchored on the surface of NiB,. The use of hydrogen, instead of BH3;-THF, as the
reducing agent provides a poorer enantioselectivity (ee <2%).

Ph_ Ph THF _ O~pPh
NiB, + x Vam — > NiBoy 1B j + xHy
HO NH, H “Ph
X

Scheme 10.4. Preparation of the oxaza-borolidine Ni-boride catalyst.

10.4
Tartaric Acid-modified Nickel Catalyst

As many detailed reviews on tartaric acid-modified Ni catalysts have been pub-
lished [62-71], only a summary of important points relating to this catalyst, to-
gether with some recent developments, are described in this section.

Historically, catalyst performance has been improved gradually by conducting
detailed studies of the hydrogenation of methyl acetoacetate (Eq. (10.9)). Historical
changes in ee values for the hydrogenation of methyl acetoacetate are shown in
Figure 10.2, with an ee of 91% being attained in 1995.

100 g 9 1963: Discovery of glutamic acid-modified Raney
82 Ni [72]
80 1963: Discovery of tartaric acid-modified Raney Ni
[59]
o 60 8 1966: Discovery of 2,3-dimethyl tartaric acid-
& modified Raney Ni [73]
o 32 1977: Discovery of tartaric acid-modified reduced
© 40 Ni [74]
20 1978: Discovery of tartaric acid-NaBr-modified
20 Raney Ni [75]
1995: Discovery of deep modification of tartaric
0 : : : ‘ ‘ acid-NaBr-modified Raney Ni [76]

1963 1963 1966 1977 1978 1995

Fig. 10.2. Historical changes in ee-values for the enantio-
differentiating hydrogenation of methyl acetoacetate.
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i) Catalyst preparation process l
Base Ni catalyst

{ Modifier (tartaric acid)
i) Modification process Co-modifier (NaBr)

* Formation of enantio-differentiating site

Modified Ni catalyst
ii) Hydrogenation process ~——— Substrate

Optically active product
Fig. 10.3. Outlines of the overall process of enantio-
differentiating hydrogenation over the tartaric acid-modified Ni
catalyst.

\H/\H/OMG Ho \/\H/OMG \l/\n/OMe
+

o O (R,R)-tartaric acid-modified Ni C:)H O OH O
major product (10.9)

The overall process of enantio-differentiating hydrogenation over a tartaric acid-
modified Ni catalyst is outlined in Figure 10.3. This process consists of the follow-
ing three stages: i) catalyst preparation; ii) modification; and iii) hydrogenation.
In catalyst preparation, the activated base Ni catalyst is created, where the base
Ni catalyst is defined as that with hydrogenation activity, and is converted to an
enantio-differentiating catalyst via modification. Modification is the formation of
an enantio-differentiating site on a Ni surface by the adsorption of tartaric acid
and a co-modifier. These two stages include many variables that affect enantioselec-
tivity and hydrogenation activity, and these are described in Sections 10.4.1 and
10.4.2.

10.4.1
Preparation of the Base Ni Catalyst

Basically, all Ni catalysts mentioned in Section 10.2 can be used to prepare tartaric
acid-modified Ni catalysts (see Section 10.4.2). However, only a limited type of base
Ni catalysts can produce modified Ni catalysts with high enantioselectivity; these
include Raney Ni, reduced Ni, fine Ni powder, and supported Ni catalysts (Ni/
Al,03 or Ni/SiO,). The type of appropriate base Ni catalyst depends on the sub-
strate(s) to be reduced [77]. Moreover, the preparation method used for base Ni
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catalysts significantly affects their enantioselectivity. Representative methods of
preparing base Ni catalysts are described below, together with practical comments.

10.4.1.1 Raney Ni Catalyst

Preparation [78] A commercially available Ni-Al alloy (Ni:Al = 41:59 wt%) (2 g) is
digested with a 20% NaOH solution at 373 K for 1 h. The catalyst is then washed
with 500 mL (20 x 25 mL) de-ionized water.

Comment Raney Ni has been the most intensively investigated base Ni catalyst,
as it produces a modified catalyst with high hydrogenation activity and high enan-
tioselectivity. Although various preparation methods (including W1-W8 [22]) are
known, the above-described simple method is sufficient to achieve satisfactory re-
sults for a base Ni catalyst to prepare tartaric acid-modified Ni. A commercially
available activated Raney Ni catalyst may also be used, but it is strongly recom-
mended that the activation process (digestion of the alloy) be carried out in the lab-
oratory, as variables in the digestion process significantly affect the resultant enan-
tioselectivity. As any remaining aluminum is detrimental to enantioselectivity, a
high-temperature digestion (373 K) is recommended [78]. For extensive removal
of the remaining surface aluminum, the Raney Ni catalyst should be pre-modified
with tartaric acid solution at pH 3.2, 373 K (Fig. 10.4). During pre-modification,
the Raney Ni surface is conditioned by the weak acidic solution (tartaric acid solu-
tion), as well tartaric acid being adsorbed onto the surface. Raney Ni alloy with
a Ni:Al ratio of 41:59 (corresponding stoichiometrically to NiAl;) gives a higher
enantioselectivity than the 50:50 alloy [70]. This may be due to differences in the
Ni,Al;:NiAl; ratio in the alloy. The NiAl; phase is favorable for attaining an Ni sur-
face for high enantioselectivity. An influence of the pure phase of Ni,Al;, NiAl;,
and the Al/NiAl; eutectic on the enantio-differentiating ability of the correspond-
ing modified catalysts has been reported. Among these catalysts, a tartaric acid-
NaBr-modified Ni prepared from the Al/NiAl; eutectic recorded the highest enan-
tioselectivity [79].

10.4.1.2 Reduced Ni Catalyst

Preparation [74] Commercially available Ni oxide is reduced in a hydrogen stream
(8 dm? h™1) at 623 K for 1 h before use.

Comment Whilst the hydrogenation activity of the reduced Ni catalyst prepared
by this method is much lower than that of Raney Ni, the enantioselectivity of the
modified reduced Ni is higher. It is reported that different manufacturers or lot
numbers of Ni oxide affect the enantioselectivity of the modified reduced Ni cata-
lyst [80-82]; thus, the choice of Ni oxide is important. Whatever the nature of the
factors affecting enantioselectivity, a high calcination temperature (1373 K) of the
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precursor of Ni oxide (resulted in olive green Ni oxide) is important in order to at-
tain high enantioselectivity [83].

10.4.1.3 Supported Ni Catalyst

Precipitation method of preparation [84] Ni(NO;),-6H,0 (10 g) and a support (the
theoretical amount is changed according to the percentage of the loading) are
mixed in 50 mL distilled water. The mixture is degassed and then gently stirred
for 15 min at ambient temperature, and again for 15 min at 348 K. Na,COs (3.7
g) in 25 mL distilled water, preheated to 348 K, is added to the mixture during 1
min with vigorous stirring. The precipitate is then aged for 15 min at 348 K with
gentle stirring. The precipitate is washed with warm distilled water (3 x 50 mL).
The sample is dried at 383 K for 24 h, and then reduced in a hydrogen stream at
523-773 K.

Impregnation method of preparation [78] Ni(NOs);-6H,0 (1 g) and a support are
mixed in 25 mL distilled water. Water is slowly evaporated on a steam-bath with
stirring. The residue is dried for 3 h at 383 K, and then reduced in a hydrogen
stream at 673 K.

Comment There are many variables affecting resultant enantioselectivity in the
preparation of a supported Ni catalyst [84], including the percentage of Ni loading,
type of support, precipitation temperature, aging temperature and time, agitation
speed of the solution, and reduction temperature in the hydrogen stream. Thus, it
is not easy to attain maximum performance. Generally, the investigation of a sup-
ported metal catalyst is to obtain stable, highly dispersed metal particles (small
metal particles with high surface area) on the support in order to obtain a high
activity. However, in the case of tartaric acid-modified supported Ni catalysts, it is
generally accepted that a large Ni crystallite size produces a high enantioselectivity
[70, 86, 87]. A nickel surface with fewer defects would be needed for regular ar-
rangement of the tartaric acid to attain a high enantioselectivity [86]. A large Ni
crystallite size is generally incompatible with high hydrogenation activity. In the
development of a supported Ni catalyst, a high hydrogenation activity and a high
enantioselectivity are important subjects to be addressed.

10.4.1.4 Fine Nickel Powder

Preparation [88] Commercially available fine Ni powder (Vacuum Metallurgical
Co., Ltd., Chiba; Japan; mean particle diameter 20 nm) is treated in a hydrogen
stream at 553-573 K for 30 min before use.

Comment This catalyst is prepared by sublimation of an Ni metal in an inert gas
[89]. The temperature of the catalyst activation in the hydrogen stream is critical
for hydrogenation activity and enantioselectivity, as sintering of the fine Ni powder
occurs easily at a temperature of 573 K. The hydrogenation activity of this catalyst
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is similar to that of Raney Ni. The hydrogen treatment is carried out to reduce the
nickel oxide on the surface, while thermal treatment of the catalyst enlarges the
mean crystallite size of Ni [88]. The merits of using this catalyst are the higher du-
rability of enantioselectivity compared to modified Raney Ni (see Section 10.4.3.1),
and the higher enantioselectivity for the hydrogenation of 3-octanone [88].

10.4.2
Modification of the Base Nickel Catalyst

The adsorption of tartaric acid (modifier) and an inorganic salt (co-modifier) onto a
Ni surface is termed a “modification process”. The tartaric acid-NaBr-modified Ni
catalyst recognizes an enantio-face of a substrate through an interaction between
the tartaric acid adsorbed on the Ni surface and the substrate. A co-modifier, such
as an inorganic salt, is known to improve the enantioselectivity of the catalysts [75,
87, 90-92]. Among various inorganic salts examined, NaBr is the best co-modifier.
There are two types of modification process (Fig. 10.4): A) pre-modification; and B)
in-situ modification [92, 93]. Pre-modification means that a modification is carried
out before hydrogenation of the substrate, whereas in-situ modification means that
the modification occurs during or just before hydrogenation.

Pre-modification Many variables affect enantioselectivity, including temperature,
pH, time, concentration of tartaric acid, and concentration of the co-modifier [65,
68, 94]. The most satisfactory and representative modification conditions are illus-
trated schematically in Figure 10.4[A].

In-situ modification A reduced Ni or fine Ni powder should be used as the base
catalyst to attain a high enantioselectivity for the in-situ modification (Fig. 10.4{B])
[93]. Pre-modification of the Raney Ni catalyst brings about a high hydrogenation
activity and a high enantioselectivity, though the in-situ-modified Raney Ni shows
a low enantioselectivity [95]. This is caused by aluminum remaining on the Raney
Ni surface, but this is removed during pre-modification at pH 3.2 and 373 K.

The in-situ modification has the advantage of using tartaric acid and NaBr
in smaller amounts as compared to pre-modification. Tartaric acid (100 mg) and
NaBr (2 mg) are adequate for the reduced Ni catalyst (1.2 g). Furthermore, while
in-situ modification produces no waste containing Ni ions, pre-modification leads
to large amounts of waste solution containing Ni ions.

10.4.3
Enantio-differentiating Hydrogenation over Tartaric Acid-NaBr-modified Nickel
Catalysts

Enantio-differentiating hydrogenation over a tartaric acid-modified Ni catalyst has
been examined from atmospheric pressure to 9-10 MPa, the high pressure being
necessary to attain high enantioselectivity. Reciprocal shaking or a stirred autoclave
constructed from stainless steel is used for high-pressure hydrogenation (Fig. 10.4).
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( Pre-modification method ) ( In-situ modification method )

Raney Ni alloy (2 g) Nickel oxide (1.5 g)

20% of NaOH solution
Development 373K. 1 h

Reduction Hydrogen stream

) 623K, 1h
Raney Ni catalyst

Y
Aqueous solution of 1% tartaric  Reduced Ni catalyst
acid and 6% NaBr (100 mL)

Modification (adjusted to pH 3.2 by NaOH)
73K, 1h
373K, Methyl acetoacetate (5 g)
PO THF (10 mL)
) . » ) Modification 1 Acetic acid (0.1 g)
Tartaric acid-NaBr-modified Raney Ni Tartaric acid (0.1 g)
NaBr ( 2 mg in 50 pL water)
Methyl acetoacetate (10 g)
THF (20 mL)
Acetic acid (0.2 g) Y
H ioni I Hydrogenation in an autoclave
ydrogeg%:o}? |g ar; :utoc ave 373K, 9 MPa
[A] [B]

Fig. 10.4. Enantio-differentiating hydrogenation using pre-
modification [A] and in-situ modification methods [B].

10.4.3.1 Hydrogenation of Functionalized Ketone

At present, various f-functionalized ketones can be hydrogenated in >90% ee over
a tartaric acid-NaBr-pre-modified Raney Ni catalyst (Table 10.6). The highest enan-
tioselectivity of 98% is achieved for hydrogenation of methyl 3-cyclopropyl-3-
oxopropanoate [97]. The enantioselectivity of hydrogenation of f-keto alcohols, -
keto ethers, and f-keto sulfones — all of which were recorded during the 1980s —
is ~70%, and no better ee-values have since been reported.

By contrast, the hydrogenation of a-, y-, -, and e-ketoesters are in the region of 15
to 60% ee. The use of a carboxylic acid as an additive affects enantioselectivity. In
the case of hydrogenation of - and y-ketoesters, a small amount of acetic acid in-
creases the enantioselectivity [75, 81, 82, 102]. The use of a large amount of pivalic
acid is indispensable for attaining high enantioselectivity in the hydrogenation of
o- and ¢-ketoesters, which is the same characteristic of the hydrogenation of alkyl
ketones (see Section 10.4.3.2). The hydrogenation of f-keto esters carrying a bulky
alkyl group and J- and ¢-keto esters at lower temperatures increases enantioselec-
tivity [96].

The durability of catalysts for repeated process runs is important, and the dura-
bility of enantioselectivity in the hydrogenation of methyl acetoacetate is shown
graphically in Figure 10.5.

Although the pre-modified Raney Ni catalyst is successful in attaining high
enantioselectivity and high hydrogenation activity, it is of poor durability with
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Tab. 10.6. Enantio-differentiating hydrogenation of functionalized ketones over the pre-modified
Ni catalyst.

Catalyst®  Additive Temp [K] % ee Configuration Reference

7

£
S
g
S
g
o

o

<

@

MRNi Acetic acid 373 91 R 76
0 o
O-Fi-Pr
hdhd MRNi  Aceticacid 333 8 R 9%
0 o
mom MRNi  Aceticacid 333 9% R 9%
0 o
OMe MRNi  Aceticacid 373 98 R 97
0 o©
Ph OMe
YOy MRNi  Aceticacid 333 88 R 98
0 o
OMe
N MRNi  Aceticacid 358 68 R 99
o)
SO,CH,
g MRNi  Aceticacid 373 68 R 100
o)
OH
e MRNi  Aceticacid 373 70 R 101
o
)
)I\ MRNi Acetic acid 373 15 R 96
CO,Me
0
)V\ MHNi Acetic acid 373 51 R 82
CO,Me
WCOZMG MRNi  Pivalicacid 333 61 S 9%
0
M MRNi Pivalic acid 333 61 S 71

CO,Me

aMRNIi: (R,R)-tartaric acid-NaBr-pre-modified Raney Ni.
MHNi: (R,R)-tartaric acid-NaBr-pre-modified reduced Ni.

repeated use, and the enantioselectivity is lost after the third run (A in Fig. 10.5)
[103]. Tai et al. showed that the durability of enantioselectivity of pre-modified
Raney Ni was enhanced by treatment with an amine solution (A) [104]. The use
of reduced Ni instead of Raney Ni as the base catalyst also enhances the durability
of enantioselectivity of pre-modified catalysts (O) [95]. The gradual decrease in
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Fig. 10.5. Repeated use of pre-modified and in-situ-modified
Ni catalysts for the hydrogenation of methyl acetoacetate.

enantioselectivity during repeated runs may be caused by desorption of tartaric
acid from the catalyst surface, as the addition of tartaric acid to the reaction me-
dium (M) recovers the original enantioselectivity (runs 13 and 14 in Fig. 10.5). By
contrast, an in-situ-modified reduced Ni (O) shows high enantioselectivity and
high hydrogenation activity after the 20 runs [95]. The representative conditions
for hydrogenation using an in-situ-modified reduced Ni are shown in Figure
10.4[B]. (R,R)-Tartaric acid and NaBr are added to the reaction mixture only during
the first run. The use of reduced Ni or fine Ni powder and the use of in-situ mod-
ification realizes the high durability of enantioselectivity.

10.4.3.2 Hydrogenation of Alkyl Ketones

For the enantio-differentiating hydrogenation of 2-alkanones, only a few percent ee
is obtained under optimum conditions for the hydrogenation of methyl acetoace-
tate. The type and amount of carboxylic acid added to the reaction mixture signifi-
cantly affects enantioselectivity in the liquid-phase hydrogenation of 2-alkanones
(Fig. 10.6) [105]. The addition of double the molar quantity of a bulky carboxylic
acid (e.g., pivalic acid) to the substrate is important to attain high enantioselectivity.

Representative results for the hydrogenation of alkyl ketones are listed in
Table 10.7. The highest ee-value of 85% is attained for the hydrogenation of 3,3-
dimethyl-2-butanone, whilst hydrogenation of 2-butanone produces 72% ee; hence,
this catalyst recognizes the difference between methyl and ethyl groups. For the
hydrogenation of 3-alkanones, the addition of 1-methyl-1-cyclohexanecarboxylic
acid produces a higher ee than that for pivalic acid [77].

The effect of hydrogenation temperature on enantioselectivity is dependent upon
the structure of the alkanones (Fig. 10.7), though the mechanism of this tempera-
ture effect has not yet been elucidated.

In-situ modification may also be applied to the hydrogenation of 2-octanone
[109]. The durability of enantioselectivity of in-situ-modified reduced Ni is higher
than that of pre-modified Raney Ni (Fig. 10.8) [110]. However, in contrast to
the hydrogenation of methyl acetoacetate (see Fig. 10.5), the enantioselectivity of
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in-situ-modified reduced Ni falls in the fifth run. The addition of tartaric acid and
sodium 2-ethylhexanoate to alternate runs improves enantioselectivity, which re-
mained at ~60% ee during 16 runs at 373 K. Sodium 2-ethylhexanoate is added
to supply sodium ion. The presence of a large amount of pivalic acid in the reac-
tion medium causes tartaric acid and Na* to desorb from the Ni surface, and this
requires the addition of tartaric acid and sodium 2-ethylhexanoate on alternate

runs [110].

Tab. 10.7. Enantio-differentiating hydrogenation of alkyl ketone.

Substrate Catalyst®  Additive Temp [K] % ee  Configuration  Reference
T OMRNG Pivalicacid 333 80 S 106
\‘)< MRNi Pivalicacid 333 85 S 107

O
b MRNi  Pivalicacid 333 72 S 108
T mEN Mea 373 3 77
STUTT OMRNG Pivalicacid 373 6 S 70

aMRNi: (R,R)-tartaric acid-NaBr-pre-modified Raney Ni.
MHNI: (R,R)-tartaric acid-NaBr-pre-modified reduced Ni.

PMCA: 1-methyl-1-cyclohexanecarboxylic acid.
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Fig. 10.7. The dependence of ee-value on reaction temperature.

For the gas-phase hydrogenation of 2-butanone, the highest enantioselectivity of
31% is recorded when using a tartaric acid pre-modified Ni/SiO, catalyst [111]. It
is noteworthy that moderate enantioselectivity is attained without any addition of a
carboxylic acid to the feed; the addition of a carboxylic acid to the reaction medium
is mandatory to attain enantioselectivity for the liquid-phase hydrogenation.

10.4.4
What Happens on the Nickel Surface?

10.4.4.1 Adsorption of a Modifier and a Co-modifier

The adsorbed species of modification reagents have been investigated using both
chemical and physico-chemical techniques. In the case of pre-modification, the ef-
fects of pH changes on the ee have been mainly investigated while determining the
adsorbed species of tartaric acid [65, 78, 94].

80 [ : Pre modified Raney Ni
V¥ V :In situ modified reduced Ni (2.4 g)
60 8> @%%O%GU% ¥ :Addition of tartaric acid (5 mg) and NaBr
(0.75 mg/25 pl H,0) to the reaction media
g 40 } @ OO :1n situ modified reduced Ni (2.4 g)
s @ : Addition of tartaric acid (5 mg) and NaBr
(0.75 mg/25 pl H,0) to the reaction media
20 @© :Addition of tartaric acid (4 mg) and Na
2-ethylhexanoate (1,28mg) to the reaction
0 LS VN v A — media

1 3 5 7 9 11 13 15 17
Repeating number
Fig. 10.8. Repeated use of pre-modified Raney Ni and in-situ-
modified reduced Ni in the hydrogenation of 2-octanone at
373 K.



10.4 Tartaric Acid-modified Nickel Catalyst

0||||||
0 2 4 6 8 10 12 14

Modification pH
Fig. 10.9. Relationship between modification pH and ee-value
over modified reduced Ni (modification temperature 373 K).

The relationship between modification pH and ee for the hydrogenation of
methyl acetoacetate using a reduced Ni catalyst as the base catalyst is shown in
Figure 10.9 [78]. When the pH of the modification solution is not adjusted with
an NaOH solution (corresponding to pH 2.2), the ee is very low. The adsorption
species at this pH may be nickel(II) tartrate, taking the corrosion of Ni surface at
373 K into account. With the increase in pH, the ee increases and then reaches a
plateau at pH values over 6. These results indicate that the species for effective
enantio-differentiation may be monosodium tartrate or di-sodium tartrate. LiOH,
KOH, or RbOH, in place of NaOH, shows a lower ee [112]. Although the reason
for this phenomenon is not clear, the sodium ion is one of the most important
factors for attaining high enantioselectivity.

The role of NaBr remains a matter of controversy; however, one suggested mech-
anisms by which NaBr improves enantioselectivity is that the Br~ ion blocks
non-enantio-differentiating sites where racemic compounds are produced [113].
Another explanation is that NaBr changes the intrinsic enantioselectivity of the
product-determining surface complex [114].

In the case of in-situ modification, the conditions are significantly different from
those of pre-modification, as in-situ modification is carried out in an organic sol-
vent and the source of Na' is NaBr (and sodium 2-ethylhexanoate). The adsorbed
species of tartaric acid may be either a free acid or its sodium salt, which is pro-
duced by the sodium ion supplied by NaBr (and sodium 2-ethylhexanoate). The ad-
dition of a small amount of NaBr to the reaction medium increases both enantio-
selectivity and hydrogenation rate; for the pre-modification method, the addition
of NaBr causes the hydrogenation rate to decrease [93]. NaBr added to the reaction
medium for in-situ modification plays the following roles: i) the Na* ion increases
enantioselectivity and hydrogenation rate; and ii) the Br~ ion increases enantio-
selectivity but decreases hydrogenation rate.

With regard to the characterization of adsorbed species using physico-chemical
techniques, few investigations were made until the 1980s. Subsequently, XPS
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studies indicated that the hydroxy groups of tartaric acid had minimal interaction
with the surface Ni atoms; whether the adsorption species is nickel tartrate or so-
dium tartrate has not been determined [115]. Studies using reflection absorption
infrared spectroscopy (RAIRS) have suggested that sodium tartrate is the major
fraction on the surface of the tartaric acid-NaBr-modified Ni [116].

Recent developments in analytical instrumentation, including XPS, RAIRS, FT-
IR, scanning electron microscopy with an X-ray micro-analyzer, temperature pro-
grammed desorption (TPD), or scanning tunneling microscopy (STM), have pro-
duced a wealth of valuable information. A tartaric acid-modified Ni-Ce oxide has
been studied using XPS and FT-IR [92], and nickel tartrate was seen to be adsorbed
onto the catalyst surface. XPS analysis showed that the ratio of Ni?*:Ni® on the
surface of the tartaric acid-NaBr-modified Raney Ni catalyst is approximately 1:1,
whilst the surface of Raney Ni contains only an Ni® [117]. Analyses using STM,
RAIRS and ab initio calculations (DTF) showed that (R,R)-tartaric acid is adsorbed
onto Ni(110) from the gas phase in its bi-tartrate form, which locally reconstructs
the Ni atoms and leaves a chiral footprint on the Ni surface [118]. The adsorption
of (R,R)-tartaric acid on a Ni(111) surface has been also studied using RAIRS,
STM, and TPD [119]. The adsorption of (R,R)-tartaric acid onto the Ni(111) produ-
ces ordered adlayer structures. At 300 K, back-to-back mono-tartrate species with
dimer formation between the free carboxylic acid groups are proposed. The hy-
droxy groups interact via hydrogen bonding to the hydroxy groups on neighboring
molecules. At 350 K, bi-tartrate molecules are surrounded by four other bi-tartrate
molecules.

The adsorbed species on the surface of tartaric acid-NaBr-modified Ni change de-
pending on the variability of the method used to prepare the base Ni catalysts, as
well as their modification method, and especially whether tartaric acid is adsorbed
from the liquid or gas phase and whether Na* exists in the modification solution,
or not. Hence, further systematic studies must be conducted to determine which
surface species are necessary for effective enantio-differentiation, and how a sur-
face with a high enantio-differentiating ability may be constructed.

10.4.4.2 Mechanism of Enantio-differentiating Hydrogenation

The kinetic study Kinetic studies of unmodified and pre-modified Ni catalysts
have been examined in order to understand the features of a catalyst which has
both hydrogenation activity and enantio-differentiating ability. The results of these
investigations are summarized in Table 10.8.

Ozaki et al. showed that the reaction rate and activation energy of tartaric acid-
modified Ni and malic acid-modified Ni were the same, and concluded that the
surface reaction between methyl acetoacetate and hydrogen — regardless of modi-
fier type — is rate-determining. This means that the enantio-differentiating step is
independent of the rate-determining step, and this is consistent with the results of
Yasumori et al. and Woerde et al. — that the activation energy is the same between
the unmodified and modified catalysts. In contrast, Sachtler and Kean showed that
the activation energy of the modified Ni is lower than that of unmodified Ni. The
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Tab. 10.8. Kinetic studies of unmodified Ni and tartaric acid-modified Ni catalysts.

Author(s) Catalyst, Activation energy Reaction rate ee of Temp.
[Ref] reaction [kJ mol~'] modified range
catalyst tested [K]
Unmodified Modified %]
Ozaki et al. Raney Ni - 44 - 26 303-353
(1978) liquid phase
[120] 0.1 MPa
Yasumori Decomposed 44 44 Decrease after 37-48 323-353
etal. Ni, gas modification
(1982) phase 0.1
[121] MPa
Woerde 0.5% Ni/SiO, 61 61 Decrease after <15 333-363
etal. gas phase modification
(1982) 0.1 MPa
[122]
Nitta et al. 50% Ni/SiO, Proposal of Langmuir-Hinshelwood 30-60 -
(1983) liquid phase  type rate equation
[123] 0.1-13 MPa
Sachtler 14% Ni/SiO, 57 46 Increase after 37 300-321
(1985) gas phase modification
[124] 0.1 MPa
Keane 11.6% Ni/SiO, 52 47 Increase ~22 318-383
(1997) liquid phase 2-fold after
[125] 0.1 MPa modification

decrease in activation energy after modification is attributed to stabilization of the
adsorption state of methyl acetoacetate through interaction with tartaric acid [125].

The mode of enantio-differentiation Although enantio-differentiation models for
hydrogenation over tartaric acid-modified Ni have been proposed by many groups
since 1978, the subject remains a matter of controversy. These models are divided
roughly into three categories: i) enantio-differentiation is carried out through a 1 to
1 interaction between tartaric acid adsorbed onto the Ni surface and the substrate;
ii) enantio-differentiation is carried out by interaction between the Ni tartrate com-
plex and the substrate; and iii) other models. Half of the models proposed belong
to category 1).

Yasumori has proposed that the half-hydrogenated methyl acetoacetate interacts
with tartaric acid through hydrogen bonding, as shown in Figure 10.10(a) [121].
Klabunovskii et al. introduced a model of intermediate complex between acetylace-
tone and tartaric acid on a Ni—Cu/aerosil catalyst, where hydrogenation proceeds
at the step of metal surface, as shown in Figure 10.10(b) [66]. In 1983, Tai et al.
suggested hydrogen bond interaction between the two hydroxy groups of tartaric
acid and the two carbonyl groups of methyl acetoacetate [99], and this model has
contributed significantly to the optimization of catalyst preparation conditions and
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Fig. 10.10. Models for asymmetric induction proposed by
Yasumori et al. (a) and Klabunovskii (b). Fig. 10.10 (a) is
reproduced from Ref. [121] with permission from the Royal
Society of Chemistry and (b) from Ref. [64] with permission
from Elsevier.

reaction conditions. Recently, these authors updated this model to an “extended
stereochemical model” in order to explain the features of hydrogenation of o-, -,
y-,0-ketoesters, and 2-alkanones (Fig. 10.11) [71].

Leclercq et al. have suggested an interaction between tartaric acid and methyl
acetoacetate on the Ni-Ce oxide catalyst through a stable six-membered ring, in
which one of the enantiotopic C—H bonds of the active methylene group of methyl
acetoacetate is involved (Fig. 10.12(a)) [92]. Osawa et al. have proposed a model
which explains the importance of Na* for attaining high enantioselectivity. Tartaric
acid is adsorbed onto the Ni surface as the di-sodium salt. Methyl acetoacetate then

(8,8-TA
e H-0 Hscc}o
NN
re figel Ha - (sH
c)
DCH, OCH;
_uO_H_
N o
- - O-H--O=iaas  HO o MHB
i siface H,| H\%\
a) b)

Fig. 10.11. The extended stereochemical model introduced by
Tai et al., reproduced from Ref. [71] with permission from
Wiley-VCH.
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Fig. 10.12. The transition state models proposed by Leclercq
et al. [92] (a) and Osawa et al. [70] (b). Fig. 10.12 (a) is
reproduced from Ref. [92] with permission from Elsevier.

interacts with sodium tartrate through a hydrogen bond and a dipole-Na* interac-
tion, as illustrated in Figure 10.12(b) [70].

As with the model of category ii), three models have been introduced. Hoek
et al. assumed that the Na—Ni-tartrate complex shown in Figure 10.13(a) (Na not
shown in the figure) acted as the template, and that one of the Ni atoms in the ad-
sorption complex was the site on which the enantio-differentiating hydrogenation
takes place [85]. Keane et al. have shown that Ni(II) tartrate has both an enantio-
differentiating ability and hydrogenation activity [126]. The proposal by Kukula
et al., based on XPS analysis, is that the modified Ni surface consists of two active
centers; a metallic nickel and a nickel complexed with tartaric acid, which are ar-
ranged in an approximate 1:1 ratio on the surface [117]. The enantio-differentiating
reaction is carried out over the latter center.

Recently, based on the physico-chemical analyses of a single crystal surface in a
high vacuum, Humblot et al. offered a new type of enantio-differentiating model

(a) (b)
Fig. 10.13. The schematic projection of Ni tartrate (a) and

adlayer of (R,R)-tartaric acid and methyl acetoacetate on Ni(111)
(b), reproduced from Ref. [127] with permission from Elsevier.
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(a category iii) in that the adsorption of tartaric acid induces the chiral footprint on
the Ni surface, and this contributes to the enantio-differentiating ability of the cat-
alyst [118]. Jones et al. have proposed that, at a low tartaric acid coverage, the low
coverage of methyl acetoacetate rearranges the tartrate modifiers to produce a two-
dimensional co-crystal. In this adlayer, methyl acetoacetate molecules have the
same orientation and hence it is adsorbed with the equivalent enantio-face on Ni
surface (Fig. 10.13(b)) [127].

10.4.5
Concluding Remarks on Tartaric Acid-NaBr-modified Ni Catalysts

The tartaric acid-NaBr-modified Ni catalyst attains an 80-98% ee for the hydroge-
nation of various types of f-functionalized ketones and 2-alkanones. For the hydro-
genation of methyl acetoacetate, the use of reduced Ni and an in-situ modification
permits repeated use of the catalyst, without loss of hydrogenation activity and
enantioselectivity. These facts indicate that although the tartaric acid-NaBr-
modified Ni catalyst is at the stage of practical application, the results of kinetic
studies and the mode of enantio-differentiation remain too diverse to comprehend.
The more efficient enantio-differentiating catalysts will be developed by a combina-
tion of chemical and physico-chemical studies, and especially of aspects of surface
chemistry.
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Index

a

ab initio calculation (DFT)

acetal preparation 63

acetaldehyde 144

acetoacetic acid

— enantio-selective hydrogenation over Ni
catalyst 292

— ethyl ester 160

acetone 145, 153, 154

acetophenone

— p-chloro- 284

—o-halo- 120

a-acetoxyoctalenone

— coupling with arylboronate 97

2-acetylcyclohexanone 268

acetylene 13

— 1,2-bis(catecholato)boryl- 177

— 1,2-bis(methoxymethyl)-, oligomerization
with butadiene 190

— bis-silylation 109

- 1-n-butyl- 111, 181

— 1-t-butyl- 18

— 1-butyl-2-trimethylsilyl- 111

— carboxylation 213

— carbozincation 115

— 1,2-diphenyl- 111

— 1,2-diphenyl, bis-silylation of 109

- 1,2-diphenyl, hydrogenation of 104

— disilylation with o-bis(dimethylsilyl)-
carboranes 110

— 1-methyl-2-phenyl-, carbozincation of 115

— 1-phenyl- 106

— 1-phenyl-2-trimethylsilyl- 111

— l-trimethylsilyl 111, 181

n-acid ligand 4, 35

acrolein

— reaction with z-allylnickel 72

32, 142, 298

— three-component coupling with alkynes and

alkynylstannanes 123
acrylamide 14, 34
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acrylic acid 34

— o-bromomethylethyl ester 62

— butyl ester, co-cyclotrimerization of 180

— t-butyl ester 69

— ethyl ester 68

— 2-hexyl- 213

- 3-hexyl- 213

— insertion into Ni-C bond 216

acrylonitrile 23, 34, 11

— hydrogenation over Ni boride 283

— insertion into Ni-C bond 216

activation energy 32, 35

active quinones

— production of H,0, 281

acylstannanes

— addition to allenes 165

— 1,4-addition to dienes 164

— carbostannylation of alkynes 115

acylstannylation

—allenes 165

— dienes 164

addition reaction

— 1,4-addition of amines to cylohexadiene
161

— 1,4-addition of benzenesulfinic acid to
cylohexadiene 160

— 1,4-addition of diethyl malonate to
cylohexadiene 160

— 1,4-addition of ethyl acetoacetate to
cylohexadiene 160

— 1,4-addition of hydrogen cyanide to
cylohexadiene 160

— of amines to allenes 162

- of vinylalkenes to double bonds 60

adipic acid

— diethyl ester 86

— preparation of 160

adiponitrile

— hydrogenation over Ni boride 283

— preparation of 160
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agostic hydrogen 27
agostic structure 26
air pollution 277

aldehydes 17, 20
aldol 69, 90
alkenes

— stereoselective preparation of tri-substituted
119

3-alkylcyclohexanones

alkyl fluoride 167

— cross-coupling 45

alkyl halides 21

alkynes

— coupling reaction with aldehydes and
Et;SiH 131

alkynylstannanes

— coupling reaction with alkynes and allyl
chloride 119

— carbostannylation of alkynes

allene 162

— carboxylation 218

— cyclodimerization of ethoxycarbonyl-allene
194

— cyclooligomerization 192

— cyclotrimerization of t-butyl-allene 194

— ethyl-cyclodimerization 194

— methyl- 137

— preparation of 104

— 1-trimethylsilyl-3-(2-benzyloxyethyl)-

w-allenyl aldehydes 159

()-allokainic acid 127

(+)-allopumiliotoxin  267A 129

allopumiliotoxin  339A 22

alloyohimban 192

ally alcohol

— cross-coupling with Grignard reagents
77

— heterogeneous hydrogenation 279

248

115

219

— MOM ether 117
— B-tributylstannyl- 106
— yp-tributylstannyl- 106

allyl bromide 31

allyl chloride

— coupling reaction with alkynes and
alkynylstannanes 119

allyl ether

— cross-coupling with Grignard reagents 77

allyl halides 151

allyl methyl ether

— cross-coupling with Grignard reagents 80

allyl phosphate

— cross-coupling with Grignard reagents 77

allylamines

— preparation of 161

Index

allylation

— acetaldehyde with diene 144, 147

— asymmetric, 2-cyclohexen-1-one dimethyl
acetal 248

— asymmetric, 3-cyclophenyl acetate and
arylboronic acid 247

— asymmetric, 3-phenoxycyclohexene and
arylmagnesium 247

— asymmetric, 3-phenoxycyclohexene and
ethylmagnesium 247

— asymmetric, 3-phenoxycyclopentene and
ethylmagnesium 247

— asymmetric, hard nucleophile 245-248

— asymmetric, soft nucleophile 245

— intramolecular with w-dienyl aldehyde

— stereoselective, with aldehyde 219

allylboranes 163

allylic acetals

— cross-coupling with Grignard reagents 77

allylic alcohols

— chiral 256

— preparation of 128

allylic dithioacetals

— cross-coupling with Grignard reagents 77

allylic ethers

— 7-azanorbornenes

— 7-oxanorbornenes

allylsilanes 163

allylstannanes

— carbostannylation of alkynes

aluminum

— acetylide 67

— AL, O3, support

— A(OEt)Et, 187

- (i-Bu),Al(acac) 148

—Et;Al 30, 141, 160, 188, 281

—ELAIC] 57,141

~ MesAl 65,127

— — reduction of Ni(II)

— Me,Al-alkyne 67

- Ni/AL,O53 277

- organo-aluminum 1

amination

- reductive, heterogeneous

a-amino acid esters

— chiral 250

— hydrogenation, heterogeneous

— preparation 161

3-aminocyclohexene

— relative thermodynamic stability 161

ammonia synthesis 276

amphidinolide T1 132

aniline 284

— preparation from nitrobenzene 279

147

250
250

115

273

113

278

279
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Index

anisole

— p-iodo-, Heck reaction over Ni/C 285

anode

-Zn 92

anthraquinone

— hydrogenation over Ni boride 283

— production of H,0, 281

anti 18

anti-aromatic 8

anti-flammatory agents 58

anti-Markovnikov 161

aqua complex 14

aristeromycin 91

aryl esters 17

aryl methanesulfonate

— coupling with phenylborate 92

3-aryl-1-butene 56

a-arylation of cyclopentanone 245

arylboronic acid 247

2-arylpropionitrile, chiral

ascorbic acid 280

associative activation 23, 33

associative elimination 24

asymmetric synthesis

— diastereo-differentiation 286

— hydrogenation of alkenes over Raney Ni
286

— hydrogenation of o-keto esters over Raney
Ni 286

— hydrogenation of furans over Raney Ni

— hydrogenation of imines over Raney Ni
286

251

286

— of 3-alkylcyclohexenes 247
— of 3-alkylcyclopentenes 247
— of amino compounds 265

— of 3-aryl-1-butene 240, 253

— of 3-arylcyclohexanones 248

— of 3-arylcyclohexenes 247

— of 2-arylpropionitrile 251

— of binaphthyls 243

— of a-hydroxy esters

- of isoindolines 269

- of isoquinolines 269

— of ketones with stereocenter at the f-carbon
257

— of nitro compounds

— of norbornenes 260

— of o-substituted cyclopentanone 245

264

265

— of o-substituted y-butyrolactones 245
- of sulfide compounds 265

— of 2-vinylnorbornane 255

— of 3-vinylcyclohexene 252

— over heterogeneous Ni catalyst 285

(+)-Asteriscanolide 191

atomic number 7

autoclave 209, 274

axial chirality 241
2-azanickellacyclobutane 35
2-azanickellacyclopentane 34
azines

— fluoro- 50

azobenzene 6

b

back bonding 16

back donation 4, 35

base Ni catalyst

— fine nickel powder 290

— Raney nickel 289

— reduced nickel 289

— supported nickel 290

BeCl, 217

benzaldehyde 150, 255

— hydrogenation over Ni boride
— reaction with z-allylnickel 72
— reaction with nickel enolate 94
benzamide

283

— o-butyl- 53

benzene

— hexa-(catecholato)boryl- 177
— hexaethyl- 177

— hexamethyl- 177

— hexapropyl- 177

— hydrogenation over Ni boride 283

- 1,2,4-tris(1-hydroxy-1-methylethyl)- 176
benzenesulfinic acid 160
benzo[b]thiophene 276
3,4-benzocyclobutane

—1,2-disila- 109

benzonorbornadiene

— co-cyclotrimerization with alkynes 182

benzopyrrolidine

— preparation of 120

benzoquinone

— tetraphenyl-

biaryls

— preparation via co-cyclotrimerization of
alkynes 178

bidentate ligands

173

— BINAP 25
- DPPB 25
- DPPE 25
- DPPF 25
- DPPP 25

bimetallic catalyst
— Ni-Al, co-cyclotrimerization of enone and

alkynes 180
— Ni-Zn, co-cyclotrimerization of enone and
alkynes 180

bimodal pore 277



BINAP 25, 249, 255
1,w-bis(diene)
— reductive carboxylation 210
1,1'-binaphthyl
—2,2-dimethyl- 243
— 2-diphenylphosphino-2’-phenyl-
— 2-iodo-2'-phenyl- 244
— 2-mercapto-2'-methyl-
— 2-mercapto-2’-phenyl-
— 2-mercapto- 244
- 2-methyl- 242
- 2-methyl-2’-phenyl-
biphenylene
- cyclodimerization 197
biphenyls
— preparation of 49-51
1,2-bis(ethylseleno)ethene 46
1,2-bis(methoxymethyl)acetylene
— co-cyclooligomerization with butadiene
190
bis-metallation
— bis-germylation of alkyne 108
— bis-silylation of alkyne 108
— geraboration 110
— silaboration 110
— of dienes and aldehydes with Si-Sn reagents
157
bis-metallic species

244

244
244

244

- B-Ge 111
~B-Si 110, 163
- Ge-Ge 110

- Si-Sn 156

- Si-Si 108
bite angle 25
borane

— alkenyl(methyl)B(OCH,CMe, CH,0)-Li"
91

— ArB(OH), 51

— Ar(B(OMe);)"M*™ 83

— Ar(Bu)B(OCHMeCHMeO) M* 85

- BCl; 155

- BH3 or BzH(, 6, 18

— butyl(cis-1-alkenyl)B(OCHMeCHMeO) M ™"
85

— butyl(trans-1-alkenyl)-
B(OCHMeCHMeO) M* 85

~ butyl(2-furyl)B(OCHMeCHMeO)"M* 85

— catecholborane 106

— (dimethylphenylsilyl)pinacolborane

—EtB 130, 151

— hydroboration of alkynes 106

— hydrophenylation of alkynes

—MesB 155

— methyl(vinyl)(catecholato)boronate 84

~ NaBPh, 58,82

163

117

Index

— (pinacolato)BSiMe2Ph 111

— PhB(OH), 117

— 2-phenyl-1,3-dioxa-2-borinane

— — hydrophenylation of alkynes 117

— PhMeB(OCH,CH,;NMeCH,CH,0) " M* 85

— PhMeB(OCH,CH,0)"M* 85

— PhMeB(OCHMeCHMeO) M+ 85

— PhMeB(pinacolato)"M™ 85

- RCCB(OMe);"M*+ 83

— 2-(p-tolyl)-1,3-dioxa-2-borinane 164

— vinyl(catecholato)borane 82

Brefeldin 22, 91

Brevetoxin B 22

bromo(difluoro)acetic acid

— i-propyl ester, coupling with vinylzirconium
96

a-bromomethylacrylic acid 62

1-bromonaphthalene 241

(Z)-3-bromopropenoic acid ester

— reaction with alkynes 122

p-bromostyrene

— cross-coupling with 2-methoxy-r-allylnickel
73

1,3-butadiene

— 1,4-bis(trimethylsilyl)-

— 1-boryl-4-silyl- 111

— carboxylation 206

- 1,4-dicyclopentyl-, carboxylation of 214

— 1,4-diphenyl- 104

— dummy ligand 44, 167

— 1-ethylthio-1-boryl 107

— 1-methoxycarbonyl-, cyclodimerization of
189

— oligomerization 137

— oxidative addition and reductive elimination
of Ni(0) 23

— 1-phenyl, carboxylation of 207

— preparation of 104, 117

— 1-silyl- 147

— 2-silyloxy 151

— 2-t-butyl-, cyclodimerization of 189

— 1-trimethylsiloxy-, cyclodimerization of 189

butanal

— heterogeneous hydrogenation 279

butanoic acid

3-hydroxy, methyl ester 288

optically active 288

2-butanone

enantioselective hydrogenation over pre-

modified Ni catalyst 295

3-buten-1-yne

- 1,4-diphenyl- 104

- 1,3, 4-trisilyl- 104

— 3-perfluorohexyl-, cyclodimerization of 197

— (Z)-4-stannyl-, preparation of 116

104

309
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Index

1-butene 1,29

— 3-aryl- 56

3-i-butylcyclohexanone, chiral 248

3-n-butylcyclohexanone, chiral 248

t-butylisonitrile

migratory insertion into bis-z-allylnickel(II)
190

3-butyn-1-ol

MOM ether

2-butyne

co-cyclooligomerization with butadiene 190

y-butyrolactone

— 2-allyl-2-(3-methoxyphenyl)-

— 2-benzyl-2-(2-naphthyl)- 245

— 2-methyl-2-phenyl- 245

— o-methylene- 219

butyronitrile

— heterogeneous hydrogenation catalysis

282

111

245

c

calcination 283

carbamates 25

carbamoylstannane

— 1,4-addition to dienes

carbomagnesiation

alkynes 113

carbon deposition 277

carbon dioxide 17, 20

— carboxylation 205

— co-cyclotrimerization with alkynes

— supercritical 252

carbon disulfide 277

p-carbon elimination, see elimination

carbon fiber

— cathode 218

carbon monoxide 17, 19, 138, 217

~Ni(CO); 8

- Ni(CO); 3

— three-component coupling with allyl halides
and alkyne 75

carbonates 21

carbonylation of allyl bromide 31

carboranes

— o-bis(dimethylgermyl)-, digermylation 110

— o-bis(dimethylsilyl)-, disilylation of alkenes
110

carbosilylation of dienes

carbostannylation

—alkynes 115

— dienes 164

carboxylation

— of alkenes

— of alkynes

164

182

168

215
212

—of allenes 218

— of 1,w-bis(diene) 210

- of conjugate diyne 214

—of diene 205

—of 1,w-diynes

carboxylic acid, di-

—cis- 206

— trans-cyclohexene-3,6-dicarboxylic acid 208

— cyclopentane-1,1-dicarboxylic acid 217

— cyclopentane-1,2-dicarboxylic acid 217

— cis-2-heptenedioic acid 214

— 3-hexenedioic acid 206

— trans-3-hexenedioic acid, 2-(3-butenyl)-
206

— maleic acid anhydride, 2,3-dimethyl-

— 3,8-nonadienoic acid 206

— cis-2-octenedioic acid 214

— 2-phenyl- 208

carboxylic acid, mono-

— acrylic acid

— (E)-2-alkenoic acids, 1-trimethylsilylmethyl-
221

— 2-butenoic acid, 2-methyl-

— cinnamic acid 213

——2-methyl 214

— 2-cyclohexenecarboxylic acid, cis-4-phenyl-
208

- cyclopentanecarboxylic acid 217

— — 2-hydroxy- 217

— — 2-methylene-3-vinyl-

— 2-dodecenoic acid 218

— glyoxylic acid 264

— 2-hexyl- 213

~ 3hexyl- 213

— B-(N-methyl-N-phenyl)aminobutanoic acid,
chiral 267

— 3-pentanoic acid 216

— = 3,4-dimethyl- 206

— — 2-phenyl- 207

— - 2,5-diphenyl-

— - 5-phenyl- 207

— 4-pentenoic acid 216

— - 3,5-diphenyl- 208

— - 5-phenyl- 216

— 2-undecenoic acid, 2-methyl-

carbozincation of alkynes 114

cathode, Crod 92

cementation 278

cesium fluoride (CsF) 51

chalcone

— 1,3-diphenyl-2-propen-1-one 257

— 1-phenyl-1-buten-3-one 258

chelation control 48, 60

— amine ligand 60

212

213

213

209

208

218



— cis, trans-configuration of vinylmagnesium
114

— regio- and stereoselectivities

— phosphine ligand 80

— stability of alkyl-Ni(II) 119

chemoselectivity

— aldehydes vs. ketones 22

chiral amplification 15

chiraphos (S,S) 227-248

chloro(difluoro)acetate

— Reformatsky reaction 95

a-chloropropionate

— Reformatsky reaction 95

chromium 6, 21

— Cr(acac); 141

- CrCl, 120,174

— — vinylchromium 22

cinchona alkaloids 285

cinnamaldehyde 153

— dithioacetal 79

— hydrogenation over Ni boride 283

cinnamic acid

— p-methoxy-, ethyl ester 285

— preparation of 213

cinnamyl alcohol

— cross-coupling with Grignard reagents 78

citric acid 284

cobalt 7, 14, 260

- C02+(H20)6 14

- COO-MOO3/A1203 277

co-cyclotrimerization

— definition 178

—of alkynes 178

— of enones and alkynes 180

compatibility with water and alcohol 151

cone angle 36, 138

Confertin 73

conformation, s-cis 259

conformer

— butadiene 142, 164

— isoprene 152

conjugate addition 21

— asymmetric, of 2-acetylcyclohexanone and
methyl vinyl ketone 268

— asymmetric, of arylamine and 3-
alkenoyloxazolidinones 266

— asymmetric, of chalcone and diethylzinc
257

— asymmetric, of 2-cyclohexen-1-one, 257,
259

— asymmetric, of malononitrile and
3-alkenoyloxazolidinones 264

— asymmetric, of nitromethane and
3-alkenoyloxazolidinones 265

60, 80

Index

— asymmetric, of thiophenols and
3-alkenoyloxazolidinones 266

— of Grignard reagents to 4-vinylpyridine 68

— of organozinc to ethyl acrylate 68

— vinylzirconium to enones 65

connection reaction see coupling reaction

co-polymer

— cyclohexadiene-butadiene 143

— silole-thiophene 108

co-polymerization of ethylene and

functionalized alkenes 28

Copper 7, 21, 257

— Copper acetylide 67

- CuCl, 45

— CuCN-2 LiCl 62, 64

- Cu”(HzO)G 14

Corriu-Kumada-Tamao coupling 24

Coumarin 47

— 3-arylcoumarin 47

coupling reaction

— asymmetric, three-component 259

— of aryl halides and enolate 93

— of vinyl halides and enolate 93

— four components

— — dienes, aldehydes, R3Si, and R3Sn 157

— — dienes, alkynes, aldehydes, and Me;Zn
157

— — pinacolatoboran, dimethylsilane, and
alkynes 111

——R3Si-, R'MgX, and 2x diene 168

——R,Zn, 2x diene and CO, 210

— reductive

— — acetaldehyde and butadiene

— — allylnickel(Il) cyanide 161

— — asymmetric, alkynes and aldehydes 256

— — asymmetric, w-formyl-1,3-diene 256

— three components

— — aldehyde, alkyne, and Et;B 130

— — aldehyde, alkyne, and organozinc 128

— — aldehyde, alkyne, and silanes 129

— — aldehyde, alkyne, and vinylzirconium
128

— — aldehydes, alkynes, and Et;SiH 131

— — aldehydes, allenes, and organozinc 158

— — aldehydes, dienes, and organoborane 154

— — aldehydes, dienes, and organozincs 154

— — aldehydes, dienes, and Ph;B 156

— — aldehydes, dienes, and Ph,Zn 156

— — aldimine, alkyne, and Et;B 130

— — alkynes, epoxides, and Et;B 130

— — allenes, alkyne, and Me;Sn 166

— — allenes, ArX, and (vinyl)Zr(IV) 166

— — allenes, RCO, and R3Sn 165

— — allyl halides, alkynes, and alkylzincs 119

144, 151
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Index

coupling reaction (cont.)

— — allyl halides, alkynes, and alkynyl-
stannanes 119

— — asymmetric, enone, alkyne, and
dimethylzinc 259

—— CO, allyl halides, and alkynes 75

— —dienes and CO, 209

— —dienes and  3-iodo-2-cyclopentenone
163

— — dienes, RCO, and R3Sn 164

— — dienes, R3Si, and R,B 163

— — enones, alkynes, and alkynylstannanes
123

— — enones, alkynes, and organozincs

— — ethylene, alkene, and CO, 216

— — ethylene, allene, and CO, 216

— — ethylene and CO, 216

— — intramolecular: alkyl halides, alkynes, and

124

alkylzincs 119
— — intramolecular: aryl halides, alkynes, and
aldehydes 120

— — intramolecular: aryl halides, alkynes, and
ketones 121

— — intramolecular: CO, allyl halides, and
alkynes 76

— r-allylnickel and allyl halides 72

— n-allylnickel and aryl halides 72

— r-allylnickel and Grignard reagents 77

— arenesulfonic acid ester, ArMgBr 49

— aryl chlorides and aniline over Ni/C 284

— aryl chlorides and alkylzincs, heterogeneous
53

— aryl chlorides and arylboronic acid over
Ni/C 284

— aryl chlorides and PhB(OH), 51

— aryl chlorides and PhMgBr 49

— aryl cyanide and PhMgO-t-Bu 49

— aryl fluoride and PhMgBr 49, 50

— aryl fluoride and vinyltin 50

— aryl iodides resin-bound and alkylzincs
53

— aryl methanesulfonate and PhB(OH), 51

— aryl tosylate and PhB(OH), 52

— arylammonium and PhB(OH), 52

— asymmetric, p-butyrolactone and aryl
chlorides 245

— asymmetric, 1-naphthylmagnesium and
1-naphthyl bromides 243

— asymmetric, 1-phenethylmagnesium and
vinyl bromide 240

— — intramolecular: CO, enone, and alkene 76 - (Z)-1-bromoalkene and R(Me)-

— — intramolecular: enones, alkynes, and
aldehydes 126

— — intramolecular: enones, alkynes, and
alkenes 128

— — intramolecular: enones, alkynes, and
organozincs 124

— — intramolecular: enones, alkynes, and
vinylzirconium 124

— — organozing, acrylate, and benzaldehyde
69

Cross-coupling

— o-acetoxyoctalenone and arylboronate 97

— alkenyl halides and alkenylaluminum 46

— alkenyl halides and alkenyzirconium 46

— alkenyl halides and alkylmagnesium 45

— alkenyl halides and alkylzincs 45

— alkenyl phosphates and phenylzinc 47

— alkenyl selene and alkylmagnesium 46

— alkyl-alkyl 25

— alkyl fluorides and alkylmagnesium 45

— alkyl halides and alkylmagnesium 44

— alkyl halides and alkylzincs 41-45

— alkyl halides and Grignard reagents

— allyl ether and PhMgBr 48

— allylic carbonates and ArB(OMe); 83

— allylic carbonates and RCCB(OMe); 83

— allylic carbonates and vinyl(Me)-
B(catecholato) 83

— n-allylnickel and alkyl halides 72

167

B(OCH,CMe,CH,0)"Li* 91

— chiral 2-cyclopenten-1,4-diol mono-acetate
and R(Bu)B(OCHMeCHMeO) Li" 88

— dithioacetals and alkylmagnesium 42

— vinyl iodides and phenylzinc 115

crotonaldehyde

— three-component coupling with alkynes and
Me,Zn 124

crude oil 277

crystal field 2

- splitting 2, 14

cumulene

—[3]-, cyclodimerization 195

—[5]-, cyclodimerization 195

p-Cuparenone 67

Curtin-Hammett principle 35

cyanoboration

— alkyne, intramolecular

1-cyano-3-butene 160

cyclization

— of bis-dienes

— oxidative

— — of aldehydes and dienes

— — of aldehydes and enones

— — of alkyne and enone 94

— — of allene and aldehydes

——of dienes 148

- radical 61

— reductive

112

145

149, 152
159

159



— — of dienes and aldehydes 151

— — w-dienyl aldehyde 146, 154

cyclization

- yielding 2-cyclopentenones 75

cycloaddition, see also cyclodimerization

- [4+2] 137

—[4+4] 137

— asymmetric, [242+2] 269

— asymmetric, [342] 262

— asymmetric, [44+2] 260

cyclobutadiene

— anti-aromatic 9

- ligand over Ni 10

— molecular orbital 10

cyclobutane

- 1,2,3,4-tetra(isopropylidene)- 196

- 1,2-bis(ethoxycarbonylmethylene)- 194

— 1,2-bis(methylene)-, dimer of allene 192

— 1,3-bis(methylene)-, dimer of allene 192

— 1,2-bis(propenylidene)- 194

cyclobutene

— 3,4-bis(isopropenylidene)- 197

1,5-cyclodecadiene

— preparation of 189

cyclodecane

- 1,2,4,6,9-penta(methylene)-, pentamer of
allene 193

cyclodecatrienes

— preparation of 190

cyclodimerization

—of allene 192

- of 1,w-bis(diene) 191

— of butadiene 185

- of 3-buten-1-yne 198

— of conjugated bis-allene 197

- of cumulene 195

— of cyclopropene 172

— of dienes 186

— of fulvene 198

—of isoprene 188

— of methylenecyclopropane 173

- of norbornadiene 174

cyclododecatriene (CDT)

— preparation of 187

— X-ray structure of Ni(CDT) 12

1,3-cycloheptadiene 146

1,3,5-cycloheptatriene 146

3-cyclohepten-1-ols, chiral 259

1,3-cyclohexadiene 143, 160, 252

- 5-butoxycarbonyl- 180

— carboxylation 208

— cis-5,6-dihydroxy- 143

— dummy ligand 148

- 2-n-octyl- 47

— silaboration 163

Index

— -2-yl phosphate 47

1,4-cyclohexadienes

— preparation of 191

cyclohexane

— 2-alkenyl-1-ethylidene- 158

— 1-borylmethylene-2-silylmethylene- 111

— bromo- 68

- 1,2-dialkylidene- 105

—iodo- 72

— 4-iodo-1-hydroxy- 72

—1,2,3,4,5,6-hexa(isopropylidene)- 197

— reaction with z-allylnickel 72

- 1,2,4-tris(methylene)-, trimer of allene 192

- 1,3,5-tris(methylene)-, trimer of allene 192

—1,3,5-tris(t-butylmethylene)- 194

cyclohexanecarbaldehyde 153

cyclohexanecarboxylic acid

— 1-methyl- 294

cyclohexene-3,6-dicarboxylic acid

— trans-, 208

cyclohexanols

— 3-benzylidene- 131

cyclohexanone

— 2-acetyl- 268

— 3-cyclohexyl- 67

- 3-i-butyl-, chiral 248

- 3-n-butyl-, chiral 248

- 3-(2-n-butyl)ethynyl- 67

- 3-(2-t-butyl)ethynyl- 67

— 3-ethyl-, chiral 248

— 2-ethoxycarbonyl- 268

- 3-n-heptyl- 67

— 3-phenyl-, chiral 248

— 3-(2-trimethylsilyl)ethynyl- 67

- 3,3,5,5-tetramethyl- 65

- 3-vinyl- 124

cyclohexatriene 13

cyclohexene

— 3-amino- 161

— 3,6-bis-(3-oxo-1-cyclopentenyl) 162

— 6-boryl-3-silyl 163

— 3-cyano- 160

- 3,4-dimethyl- 79

- 3,6-dimethyl- 79

- 1,4-dimethyl-4-vinyl- 140

— 4-ethyl- 282

— 4-isopropenyl-1-methyl- 140

— 4-isopropenyl-1,2,4-trimethyl- 140

— trans-5-methoxycarbonyl-3-phenyl-

- 3-phenyl- 82

— preparation 189

— 4wvinyl- 137, 186

— — selective hydrogenation, heterogeneous
282

3-cyclohexene-1-ol, chiral 249

313
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Index

2-cyclohexene-1-one 257

2-cyclohexene-1-one

— dimethyl acetal 248

2-cyclohexenecarboxylic acid

— cis-4-phenyl- 208

3-cyclohexenol

— acetic acid ester 247

— 4-methyl 79

— 2-methyl-5,6-(dimethoxymethyl)- 79

— 4-methyl-5,6-(dimethoxymethyl)- 79

2-cyclohexenone

- 3,5,5-trimethyl 65

cycloisomerization

of 1,w-bis-dienes 191

1,5-cyclooctadiene (COD)

— preparation of 186, 191

- 3,4,7 8-tetra(isopropylidene)-

cyclooctane

— 1,2,4,7-tetra(methylene)-, tetramer of allene
193

- 1,3,5,7-tetra(methylene)-, tetramer of allene
193

cyclooctatetraene 17

— preparation via cyclotetramerization of
alkynes 183

— tetrabenzo- 197

cyclooligomerization

- of cyclopropene 171

— of cyclopropenone 173

— of methylenecyclopropane 173

— of norbornadiene 174

1,3-cyclopentadiene 15, 260

— hexa-substituted 177

— hydrogenation over Ni boride 283

— 5-isoproylidene-

— - cyclodimerization 198

— mono-epoxide 87

— silaboration 163

cyclopentane

23,138

197

— 2-alkenyl-1-ethylidene 158
— 1-alkylidene-2-phenyl 119
- 1,2-bis(methylene)- 175

— 1,2-dialkenyl 145

— 3-ethylidene-1,1-diethoxycarbonyl-4-vinyl-
119

— 1-methylene-2-methyl-

— 1-methylene-2-vinyl- 186, 188

— 1-oxa-2-boracyclopentane 112

cyclopentane-1,2-dicarboxylic acid 217

cyclopentanecarboxylic acid 217

- 2-hydroxy- 217

— 2-methylene-3-vinyl-

cyclopentanol

— 2-alkylidene-, preparation of 120

175

209

- 3-benzylidene- 131
cyclopentanone 245

— reaction with z-allylnickel 72

- 3,4,4-trimethyl-3-tolyl- 67

- 3winyl- 124

cyclopentene

— carboxylation 216

- 3,5-dihydroxy- 87

- 3,5-dihydroxy-, mono-acetate 87
2-cyclopentenol

— 2-(1-cis-alkenyl)-, chiral 88

— 4-(1-cis-alkenyl)-, chiral 88

— 2-(1-trans-alkenyl)-, chiral 88

— 4-(1-trans-alkenyl)-, chiral 88

— 2-aryl-, chiral 88

— 4-aryl-, chiral 88

- 2-(2-furyl)-, chiral 88

— 4-(2-furyl)-, chiral 88
2-cyclopentenone

— co-cyclotrimerization with alkynes 181
— three-component coupling with alkynes and

alkynylstannanes 123

— three-component coupling with alkynes and
alkynylzinc 124

cyclopropane

— ethoxycarbonylmethylene 174

— methylene- 173

cyclopropene

- 3,3-dimethyl- 172

cyclopropenone

—2,3-diphenyl- 173

- 2,3-dipropyl- 173
cyclotetramerization of alkynes
cyclotrimerization

- of alkynes 175

- of allenes 192

— of cyclopropene 172

- of di-alkynes 178

— of dienes 186

- of 1,3-diynes 178

—of 1,3-enynes 177

— of methylenecyclopropane 173
1,5-cyclooctadiene

- 1,5-dimethyl- 140

- 1,6-dimethyl- 140

183

— trans-3,4-dimethyl- 140
d

DBU 207
3,7-decadien-1-0ol 155

7,9-decadien-1-yne

— cycloisomerization of 191
Decarestrictine D 92

4,7 9-decatrien-2-ol 144



5-decyne

— hydroacylation 113

desymmetrization 243, 248, 269

diallyl ether

— cycloisomerization of 175

diamagnetic complex 14

1,2-diaminocyclohexane

— trans-, chiral, 268

diastereo-differentiation

— asymmetric synthesis 285

diastereoselectivity

—remote 1,5- 158

diazines

— fluoro- 50

diazomethane 206

DIBAL 33, 147, 163

— reduction of Ni(II) 46, 65, 119

dibenzo-norbornadiene

— 7-oxa- 182

Diels-Alder reaction

— asymmetric 14

— asymmetric, 3-acyloyl-2-oxazolidinone
260

dienes

— preparation of 46

1,3-dienes

~(1E32)- 91

dienyl alcohols

— preparation of 128

1,w-dienes

— hydrovinylation, intramolecular 58

w-dienyl aldehyde 146, 154, 157

1,w-dienyne 158

Diesel oil 277

diethylzinc 33, 44, 151, 255

— reduction of rhodium(III) 96

2,3-dihydrobenzofuran

- 3-methylene- 120

dihydrocinnamaldehyde 154

2,3-dihydro-1H-indene 181

2,3-dihydroindene-1-one 181

1,3-dihydroisobenzofuran 181

— 1-methyl-1-methoxycarbonylmethyl-
215

10,11-dihydro-LTB4 92

3,4-dihydronaphthalen-1(2H)-one 181

1,2-dihydronaphthalen-1-ol, chiral 249

diimine

— cationic complex of Ni(II) 26, 70

— cationic complex of Pd(II) 28

cis-5,6-dihydroxycyclohexa-1,3-diene 143

dimer

— butadiene 137

- 2,3-dimethylbutadiene 141

Index

—isoprene 140

— piperylene 140

dimerization

—alkynes 112

— ethylene 29

(dimethylphenyl)silylpinacolborane 163

3,3-dimethyl-2-butanone

— enantio-selective hydrogenation over
pre-modified Ni catalyst 295

1,5-dimethyl-1,5-cyclooctadiene 140

1,6-dimethyl-1,5-cyclooctadiene 140

3,4-dimethyl-1,5-cyclooctadiene 140

1,4-dimethyl-5-hexen-2-ol 145

1,5-dimethyl-4-hexen-2-ol 145

2,3-dimethylbutadiene 141

5,9-dimethyldeca-4,9-diene-2-0l 145

dimethylzinc 155, 258

dinaphthothiophene 243

1,3-dioxa-2-borinane

— 2-(p-tolyl)- 164

dipentene 140

N,N-diphenylhydrazine 7

diphenyl(a-styryl)phosphine 107

diphenyl(f-styryl)phosphine 107

diphenylacetylene

— bis-silylation 108

— hydrogenation 104

1,2-Diphenylethylene

—(E)-, (2)- 104

diphenylphosphine (Ph,PH) 107

diphenylzinc 156

1,3-dipolar cycloaddition

— asymmetric, 262

dipropargyl ether

— co-cyclotrimerization with fullerene 182

1,4-disilacyclohept-2-enes

- 1,4-dimethyl-1,2,3 4-tetraphenyl-, cis 109

— 1,4-dimethyl-1,2,3 4-tetraphenyl-, trans 109

1,2-disilacyclopentane

- cis-1,2-dimethyl-1,2-diphenyl- 109

— trans-1,2-dimethyl-1,2-diphenyl- 109

disulfide compounds 276

dithioacetal 42

1,2-divinylcyclobutane 138

—cis- 23

1,3-diynes

— cyclotrimerization 177

DMA 45,53

DMF 213

DPPB 25

DPPE 25,28

DPPEN 83

DPPF 25

DPPP 25
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Index

1,3,9,11-dodecatetraene
— cycloisomerization 191

e

16-electron rule 8
18-electron rule 8
Elaeokanine 147
electrochemical reaction

— carboxylation of alkynes
— carboxylation of allenes
electron configuration 7
electronegativity 7, 21, 24

213
218

elimination
— associative 24
——a-C 28,172

—_pC 28,128,172
— — o-carbon, with nickellacyclohexane 28
— — p-carbon, with nickellacyclopentane 28
— — p-hydrogen, nickellacyclopentane 28

- — phydrogen 15, 26, 124, 144

— pyrolytic 143

— reductive 15, 26, 144

— - 2,3,4,5-tetra(isopropylidene)-1-

nickellacyclopentane 196
— — allylnickel(II) cyanide 161
— —ally(RCO)N{(II) 164

— — aryl(enol)nickel(II) 93

— — butyl(vinyl)nickel(II) 124
— — ethynyl(stannyl)Ni(II) 166
— — ethynyl(vinyl)Ni(II) 166

— — Ni(II)Y(CH,CH,CH,CH,CN)(CN) 161
— — nickellacyclopentane 28

— — vinylnickel(I)COR 113
enantio-differentiation

— asymmetric synthesis 286
enantioselective hydrogenation

— over pre-modified Ni catalyst 292
— p-keto alcohols 292

— a-keto esters 292

— B-keto esters 292

— d-keto esters 292

— e-keto esters 292

— y-keto esters 292

— B-keto sulfones 292
endo-hydrometallation 34

ene reaction, asymmetric, 26

enones 21
—(Z)-p-stannyl- 116
— preparation of 113
1,3-enynes

— cyclotrimerization 177
epi-Jasmonic acid

— methyl ester 62
epimerization 242
p-epi-Santalene 73

epoxide 17

— reductive coupling reaction with alkynes
131

— reductive coupling reaction with enynes
132

B,y-epoxy ketones 95

Erythrocarine 216

2-ethoxycarbonylcyclohexanone 268

ethyl acrylate

— Heck reaction over Ni/C 285

3-ethylcyclohexanone, chiral 248

3-ethylcyclohexene, chiral 247

3-ethylcyclopentene, chiral 247

ethylene

— carboxylation 215

— co-cyclooligomerization with butadiene

— dimerization 1

— hydrovinylation, asymmetric 253

— nickel complex 12, 17

- oligomerization 28

— polymerization 70

ethylene carbonate

— 2-(trans-ethoxycarbonyl)vinyl- 83

—1,3-dienyl- 83

ethylenediamine 103

ethylmagnesium bromide 140

exo-hydrometallation 34

Farnesol 114

ferrocene 11, 246

fluorobenzene

—p-Me- 49

— p-trifluoromethyl- 49
p-fluorostyrene 25

—as ligand 43,53

formaldehyde 13

— reaction with vinylmagnesium 114
w-formyl-1,3-diene 255

fuel cell 277

fullerene

— co-cyclotrimerization with alkynes
Fulvene 122

— cyclodimerization 198

furfural

— hydrogenation over Ni boride 283

182

gasoil 277

geraboration

—alkynes 110

glucose

— hydrogenation over Ni boride 283
D-glucose 280

glutaraldehyde 151

189



glyoxylic acid ethyl ester 264
golf-ball 142
Grignard, F. A. V. 273

Grignard reagents 16, 20, 68
—alkynyl- 156

—allyl- 156

- n-butyl 167, 248

- i-butyl- 248

—ethyl- 246, 248

— methyl- 113, 156, 246

— 2-methyl-1-naphthyl- 242
— 1-naphthyl- 242

— 1-phenethyl- 240-243

— phenyl- 156, 248

— n-propyl- 246

h

h (eta)

- ligand type 8
Hiickel 9

a-halo esters

— Reformatsky reaction 95

o-Halo ketones

— Reformatsky reaction 95

Hammett 24

— p-Value 24

—o-Value 24

heat of formation (AH®)

— 1-butene 30

- Ni(CO); from Ni(CO); 31

Heck reaction

— over Ni/AL,O; 285

— over Ni/HY-Zeolite 285

helicenes

— preparation via co-cyclotrimerization of
alkynes 178

hemiacetal

—cyclic 152

hepta-3,6-dien-1-yne

— 1-phenyl-3-phenethyl- 119

1,2-heptadiene

— co-cyclotrimerization with alkynes 182

1,6-heptadiene

— cycloisomerization 175

1,6-heptadiyne

- 1,7-bis(2-thieny)- 108

— carboxylation 212

heptane

— 1-bromo- 68

heptanoic acid

— 7-amino-, preparation by heterogeneous
hydrogenation 279

4-heptanone

— hydrogenation over supported nickel
catalyst 284

Index

heterogeneous catalysis

1,5-hexadiene

- 1,4-diphenyl 86

— 2-methyl-

— — selective hydrogenation, heterogeneous
282

3,5-hexadienol 132

hexamethylenediamine 160

1,2,4,5-Hexatetraene

- 1,1,6,6-tetramethyl-, cyclodimerization
197

1,2,7-octatriene cycloisomerization 17

3-hexene

—(E)- 282

-(2)- 282

3-hexene-1-0l 155

1-hexene 30

— l-perfluoroalkyl, preparation 117

— polymerization 70

1-hexyne

— co-cyclotrimerization with enones 181

— disilylation with o-bis(dimethylsilyl)-
carboranes 110

— silaboration 111

— three-component coupling with enones and
alkynylstannanes 123

3-hexyne 259

— carboxylation 212

— co-cyclotrimerization with enones 181

— selective hydrogenation, heterogeneous
282

HMPA 79, 103

HOMO of ethylene 12

homoallyl alcohols

— preparation of 131, 144

homoallyl anion 151

homoallylation

— of aldehydes

—of imine 153

Hund’s rule 10, 11

f-hydride elimination (see elimination) 253

hydroacylation

—of alkynes 113

hydroalumination

- of alkynes 107

hydroamination

—of dienes 161

hydroarylation

— of alkynes with arylboranes 117

—of dienes 164

hydroboration 19

hydrocyanation

— asymmetric, styrenes

— of alkenes 59

—of alkynes 111

273, 274

147, 150-154

250-251

317
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Index

hydrodesulfurization 276

— ultradeep 276

hydrogen 15, 103

hydrogen cyanide 160

— hydrocyanation of alkenes 59

— hydrocyanation of vinylnaphthalene 59

f-hydrogen elimination, see elimination

hydrogen peroxide 277, 281

hydrogenation 19

— heterogeneous

— —alkene 278

— —alkynes 278

— — aromatic nitro compounds

— — carboxylic acid 278

— — ketones 278

— — nitriles 278

— of alkynes 103

— partial, of alkynes

hydrogenolysis

— heterogeneous

— — of organic halides

— —of sulfides 278

hydrophosphination

- of alkynes with Ph,PH 107

— of alkynes with R,P(=0)H 107

hydrosilane 255

hydrosilylation

—of alkynes 104

- of 1,7-octadiyne 105

hydrostannylation

— of alkynes 105

hydrosulfenylation

— of alkynes with thiophenols

hydrovinylation

— asymmetric, norbornene 255

— asymmetric, styrenes and vinylnaphthalenes
252

—of acrylamide 34

— of ethylene 34

- of vinylarene 56

2-hydroxybenzaldehyde

278

103

278

107

— hydrogenation, heterogeneous 279
a-hydroxycarboxylic acid ester
— hydrogenation, heterogeneous 279

hydroxylamine 277
hydrozincation 64
hydrozirconation

— of terminal alkyne 65

i

imine

— homoallylation 153

— Reformatsky reaction with nickel enolate
96

Indanes

— preparation via co-cyclotrimerization of
alkynes 178

indenoles 120

indolidine 146

indoline

—2-one 282

- 2-one, 3-alkyl 282

inductively coupled plasma (ICP)

Ingot 278

insertion 15, 18

— alkyne into alkyl-Ni(II)

— 1,1-insertion of CO 20

— migratory insertion 20

interfacial barrier 275

3-iodo-2-cyclohexenone

o-iodobenzyl alcohol

— coupling reaction with acetylenecarboxylic
acid esters 121

(Z)-3-iodopropenoic acid ester

— reaction with alkynes 122

ionic liquid 252

iridium 7

iron 7,260

isobutylene 149

Isodomoic acid G 127

isogeissoschizinoid skeleton 127

isoindoline 215, 269

— preparation via co-cyclotrimerization of
alkynes 178

isoprene 137, 145, 151, 155, 168

— cyclodimerization 188

4-isopropenyl-1,2 4-trimethylcyclohexene

140

isoquinoline 269

— preparation via co-cyclotrimerization of
alkynes 178

283

119

162

k

k (kappa)

- ligand type 8

o-kainic acid 159

B-keto alcohols

— enantioselective hydrogenation, pre-modified
Ni catalyst 292

o-Keto esters

— enantioselective hydrogenation, pre-modified
Ni catalyst 292

[-Keto esters

— enantioselective hydrogenation, pre-modified
Ni catalyst 292

J-Keto esters

— enantioselective hydrogenation, pre-modified
Ni catalyst 292



&-Keto esters

Index

- 1,1-bis(2,4-pentadienyl)-, methy ester 211

— enantioselective hydrogenation, pre-modified - diethyl ester 160

Ni catalyst 292
y-Keto esters

— enantioselective hydrogenation, pre-modified

Ni catalyst 292
B-Keto sulfones

— enantio-selective hydrogenation, pre-

modified Ni catalyst 292
ketones 17, 21
Kharash reaction 21
KHDMS 47
Korormicin 92
Kumada-Tamao coupling 24

I

Lewis acids

— Co(II) 260

— Fe(Il) 260

~ Mg(II) 260

— Ni(Il) 260269
—Zn(Il) 245, 260
ligand field 3
ligand field splitting 2, 14
ligand type 8

-L 8

- L2 8

-L; 8

-IX

~1X,

-LLX 8

-LX; 18

-X 8

-X; 18

Lindler catalyst 282
LUMO
—acrylamid 14
-CO 12
2,6-lutidine 267

m
Mackenzie complex

— cross coupling with alkyl, vinyl, aryl halides

74

— cross coupling with organotins

macropore 277
magnesium 16

—as anode 213, 218
- Ni/MgO 277
maleic anhydride 23

— acceleration of reductive elimination 196

—2,3-dimethyl 213
malonic acid

— benzylidene-, diethyl ester 62

— 2-allyl-2-propargyl-, cycloisomerization of
175

malononitrile 264

manganese (Mnl,) 207

MAO 70, 143

Markovnikov 56, 146, 160, 253

mechanism

— acylstannylation of dienes 165

— air oxidation of SiC-Zn bond 63

— aldol of nickel enolate 94

— allylation of aldehyde with dienes,
intermolecular 150

— allylation of aldehyde with dienes,
intramolecular 146, 150

— n-allylmetal and soft and hard nucleophiles
246

— associative activation 23

— butadiene, dimerization vs. trimerization
139

— p-carbon elimination 28

— carbonylation of allyl bromide 31

— chelation control in allylic substitution 80

— chelation control in Heck-type reaction
60

— 1,4-cis-polybutadiene formation 142

— CO insertion 20

— CO insertion toward alkylborane vs.
alkylnickel 19

— co-cyclooligomerization of butadiene and
acetylene 189

— conjugate addition of phenyl iodide to
acrylate 69

— conjugate addition of vinylzirconium to
enone 66

— cross-coupling of alkyl halide and alkylmetal
42-44

— cross-coupling of alkyl halide and Grignard
reagent 167

— cross-coupling of aryl halide and ester
enolate 93

— cross-coupling of dithioacetal and alkylmetal
42

— cyclooligomerization of allene 193

— cyclotetramerization of acetylene 176

— cyclotetramerization of butadiene 187

— cyclotrimerization of acetylene 176

— cyclozincation of w-haloalkenes 61

— di-alkenylation of dienes 162

— dimerization of ethylene 29

— electrochemical maintenance of Ni(0) in
Reformatsky reaction 95

— enantioselective conjugate addition 259

319
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Index

mechanism (cont.)

— enantioselective cross-coupling reaction
241, 244

— enantioselective [2+2+2] cycloaddition
reaction of alkynes 269

— enantioselective Diels-Alder reaction 261

— enantioselective 1,3-dipolar cycloaddition
reaction 263

— enantioselective hydrocyanation 254

— enantioselective ring-opening of bicyclic
allylic ethers 250

— enantio-differentiating

— — hydrogenation over heterogeneous Ni
catalysts 298

— formal conjugate addition of aryltin to
acrolein 74

— formation of Ni(CO); 3

— generation of cationic Ni-H species 57

— homoallylation of aldehydes with dienes,
intermolecular 152

— B-hydrogen elimination 26

— hydrovinylation of acrylamide 34

— hydrovinylation of styrenes 57

— hydrozincation through olefin metathesis
64

— 1,2-isotactic poly-butadiene, synthesis 141

— oligomerization of cyclopropene 172
— oxidative addition of Ni(0) to Si-Si bond
109

— oxidative cyclization of Ni(0) to alkynes and

enones 125
- reductive coupling 144
— reduction of Ni(II) with Et,;Zn 96
— reduction of Rh(III) with Et;Zn 96

— reductive coupling of epoxides and alkynes

131
— reductive cyclization of w-allenyl aldehyde
158

— reductive cyclization of allenyl enones 159

— 1,2-syndiotactic poly-butadiene, synthesis
141

— three-component coupling of allyl halides,
alkynes, and alkynylstannanes 119

— three-component coupling of aryl halide,

alkyne, and ketone, intramolecular 119

— three-component coupling of CO, allyl
halide, and alkyne 75

— three-component coupling of enone, alkene,

and alkyne 128

— three-component coupling of Me,Zn, dienes,

aldehydes 155

— three-component coupling of vinyl bromide

and alkynes 122
— three-component coupling of vinyl iodide,
alkyne, and ester, intramolecular 122

— transmetallation 20

— 1,4-trans-polybutadiene, synthesis 142

melt-quenching

- Raney nickel 281

mesopore 277, 784

metal particle 275

metathesis

— alkene and Et,Zn 64

—olefin 28

methanation 277

methane 6, 276

methanol synthesis 276

2-methoxy-r-allylnickel

— cross-coupling with aryl halides 73

— cross-coupling with vinylic bromide 73

methyl acetoacetate

— enantioselective hydrogenation,

heterogeneous Ni catalyst 287

methyl epi-jasmonate 62

methyl vinyl ketone 68

— co-cyclotrimerization with alkynes 181

3-methyl-3-hexene-1-ol

—(E)and (Z) 155

4-methyl-5-hexene-2-ol 145

5-methyl-4-hexene-2-0l 145

3-methyl-5-phenyl-3-pentenol

—(E)and (Z) 156

2-methylacrylic acid

— methyl ester 218

methylallene 137

N-methylaniline 266

methylcarbene 6

methylenecyclohexane 264

methylenecyclopropane

—2,2-dimethyl- 173

- 2-methyl- 173

o-methylene-y-butyrolactone

preparation 73, 112

methylenolactocin 63

methylenomycin 75

N-methylmaleimide

— co-cyclotrimerization 180

p-N-methyl-N-phenylaminobutanoic acid
267

o-methylstyrene 103

f-methylstyrene 264

Michael addition 215

microscopic reverse 30

migration

—1,2-migration 20

— 1,3-migration 109

migratory insertion 20, 27, 32

molybdenum

- COO-MOO3/A1203 277

- MoO, 141



Mond method 3
MOP 58
MS4A 262
muscone 191

n

naphthalene

- 2,3-dibromo- 220

— 6-methoxy-2-vinyl, asymmetric
hydrovinylation 57

- 1,2,3,4-tetrahydro- 181

naphthalyne

— nickel complex 221

naphthoquinones

— preparation via co-cyclotrimerization of
alkynes 178

naproxen, chiral 251

natural gas 276

natural product

- (+)-0-allokainic acid 127

— allopumiliotoxin  339A 22

- (+)-allopumiliotoxin  267A 129

— alloyohimban 192

— (+)-asteriscanolide 191

— amphidinolide T1 132

— aristeromycin 91

— ascorbic acid 280

— brefeldin 22, 91

— brevetoxin B 22

— confertin 73

— decarestrictine D 92

— elaeokanine 147

— erythrocarine 216

— farnesol 114

— D-glucose 280

-10,11-dihydro-LTB4 92

— isodomoic acid G 127

— isogeissoschizinoid 127

— o-kainic acid 159

— korormicin 92

— methyl epi-jasmonate 62

— methylenolactocin 63

— methylenomycin 75

—muscone 191

— palitoxin 21

— prostaglandin PGF,, 148

— o-santalene 73

— p-epi-santalene 73

— sorbitol 280

— tamoxifen hydrochloride 115

— (—)-terpestacin 130

— testudinariol A 159

—vitamin D 68

—yohimban 192

NBS 63

Index

NHK (Nozaki-Hiyama-Kishi) reaction 21,
120

Ni-Al alloy 289

NiAl; phase 289

nickel

— n-allylnickel 72

— — reaction with aldehydes, ketones, allyl
halides, aryl halides 72

— allylnickel(II) cyanide 161

— n-allylnickel intermediate with 18e 80

— ate complex 44

— benzylnickel(II) 56

— bis(diimine)Ni(0) complex 184

— bis(nickellacyclopentadiene)(COT) complex
183

- n-BuNi(II) 30

— (butadiene), Ni(II) 137

— cationic Ni-H complex 57

— Cp*Ni(II)(PPh3)(CH,CO-t-Bu) 94

— CpNi(II)(PPh;(CH,CO-+-Bu) 94

— dialkyl(bpy)Ni(II) 23

— (diimine)Ni(II) 26

— Ety(bpy)Ni(II) 23

— (*-ethylene)ethylnickel(IT) 30

— ethynyl(stannyl)Ni(II) 166

— L, XNi(II) cationic complex 26

— 2-methoxy-n-allylnickel 73

— Me,Zn-PhNi(II)I complex 69

- (2,3n)-naphthalyne-Ni(0) complex 220

— Ni-Al alloy 281

— NiAl phase 281

— NiAl; phase 281

— Ni;Al; phase 281

- Ni/ALO5 277

- NiB, 287

_Ni/C 48,53

— Ni(0)-carbene complex 212

— nickel boride 282

— nickel enolate 94

— nickellacyclohexane 28

— 1-nickella-2-azacyclobutan-2-one 34

— 1-nickella-2-azacyclohexan-2-one 34

— 1-nickella-2-azacyclopentan-2-one 34

— 1-nickella-3,4-bis(methylene)cyclopentane
193

— l-nickellacycloheptatriene 176

— 1-nickellacyclononatetraene 183

— l-nickellacyclopentadiene 175, 269

— l-nickellacyclopentane 28, 172

— 1-nickella-2-cyclopentene 125

— 1-nickellacyclopropane 17

— 1-nickella-2,4-dioxacyclopentan-3-one 222

— 1-nickella-2,6-disilacyclohexane 110

— 7-nickellanorbornadiene 176

— 1-nickella -2-oxacyclobutane 131
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Index

nickel (cont.)

— 1-nickella-2-oxa-3-oxocylcohept-5-ene 206

— 1-nickella-2-oxa-3-oxocylcopentane(dbu)2
complex 216

— 1-nickella-2-oxa-4-methylenecyclopentan-2-
one 218

— 1-nickella-2-oxacyclohepta-3,6-diene

— 1-nickella-2-oxacyclopentan-3-one

— 1-nickella-2-oxa-hepta-3,6-diene 94

— 1-nickella-2,3,4,5-
tetra(isopropylidene)cyclopentane/bpy
complex 196

— 1-nickella-2,3,5-tri(methylene)cyclohexane
193

— nickellocene 11

- NiCl, 69

— NiCl,(dppe) 79

— NiCl,(dppf) 78

(

(

125

— NiCl,(dppp) 78
- NiCl,(PPhs), 78
— NiCl,-6H,O0 68

- NiCL >~ 14

~ Ni(CN), 2~ 14

- Ni(CO); 8,31

- Ni(CO); 3,31

— Ni(0)-CO; complexes 205
— Ni(cod), 281

— Ni(IV) complex 12

— Ni(0)CO,(PCy3); complex 221

- Ni-diimine cationic complex 70

— Ni(0)-dimethylsilylene complex 108

- Ni(H,0)s2t 14

— Ni(0)-ketene complex 221

— Ni(I) intermediate 61, 65

— Ni(III) intermediate 65

— Ni(IV) intermediate 44, 167

- Ni/MgO 277

- NiO-MOO3/A1203

- Ni(PCy3), 34

- Ni[P(OAr);]s 160

— Ni[P(OEt3)]4, catalyst for hydrophoshination
of alkynes 107

— Ni[P(OPh);]4, hydrocyanation of alkyne 111

— Ni(PPh3), 33

— Ni(0)-o-quinodimethane complex 108

- Ni(SiHMez)z 108

— Ni(111) surface 298

- PhN{(II)I 69

— Raney nickel 17, 280

— reduced nickel 280

— Urushibara nickel

- vinylnickel 22

nickel aluminide 282

nickel boride

-P-1 282

AR ==

277

280

-P-2 282

— oxaza-borolidine 287

nickel effect 1, 21

nickel enolate 93

— Reformatsky reaction 95

nickel hydride 253

nickel oxide 289

nickellacycle see nickel

nickellocene 11

nitrobenzene 6

— hydrogenation, heterogeneous 279

— hydrogenation over Ni boride 283

nitromethane 265

nitrone

— asymmetric, cycloaddition 262

NMP 63, 44,119

NMR

— dynamic 27

6,8-nonadien-1-yne

— cycloisomerization 191

non-linear effect 260

norbornadiene (NBD) 13

— cyclodimerization 174

— exo-trans-endo dimer 174

— exo-trans-exo dimer 174

— 7-oxa-, co-cyclotrimerization with alkynes
182

norbornene 255

— asymmetric hydrocyanation 59

— carboxylation 215

Nylon-6,6 160

o

1,7-octadiyne

— 1-butyl, hydrosilylation 205

— carboxylation 212

— co-cyclotrimerization with allenes

— silaboration 111

octahedral complexes 2

2-octanone

— enantioselective hydrogenation, pre-modified
Ni catalyst 295

3-octanone

— enantioselective hydrogenation, pre-modified
Ni catalyst 295

4-octanone

— enantioselective hydrogenation, pre-modified
Ni catalyst 295

1,3,7-octatriene

— carboxylation 206

l-octene 30

4-octyne

— cyclotrimerization 177

oligomerization 251

— ethylene and «-alkenes 28

182



orbital

— d-orbitals 4

— interaction 4
organoborane

— triethylborane 256
organozinc

— diethylzinc 255, 258

— dimethylzinc 259

— 1-phenylethylzinc 242
osmium 7
7-oxa-4,5-benzbicyclo[2.2.1]-1-heptene 249
7-oxa[bicyclo-2.2.1]hept-2-ene
- 5,6-bis(methoxymethyl)- 79

7-oxa-4,5-bis(methoxymethyl)bicyclo|[2.2.1]-1-

heptene 249
2-oxanickellacyclopentane 28, 150
7-oxa-2-norbornene
- 5,6-bis(methoxymethyl)- 79
2-oxazolidinone
- 3-acryloyl 260-262
— 3-alkenoyl 260-267
- 3-cinnamoyl 262
— 3-crotonoyl 260
oxazoline
chiral, 4-t-butyl-2-methyl- 259
oxidation number 6, 16
oxidation state 7
oxidative addition 15, 22
- 1,w-bis(diene) 210
—B-Sibond 110
-CO; 205
— CO, and alkenes 216
— CO; and alkynes 212
— CO, and allenes 218
- CO; and 1,w-bis(diyne) 212
— CO, and dienes 205
— H-C bond of aldehyde 113
— HCN, H-CH(CO,Et), H-CH(CO,Et)COMe

160
— RCO-SnR; 164
- Si-C-bond 109
—Si-H 108, 146
—Si-Si 108
oxidative cyclization
— of acetylenes 17, 122
— of acetylene and aldehyde 17
— of acetylene and imine 17
- of aldehyde and alkyne 128
— of aldehyde and allene 158
— of aldehyde and diene 150, 154
- of aldehyde, diene, and alkyne 153
—of alkenes 172
— of alkene and alkynes 180
— of alkene and CO, 217
— of alkene and enal 231

Index

—of allenes 162, 192, 194

— of allenes and alkene 189, 190
— of allenes and CO, 218

- of alkynes 175, 183

— of alkynes and CO, 212, 213, 221
- of alkyne and epoxide 131

- of cumulenes 195

— of dienes 187, 191

— of diene and aldehyde 17

— of diene and alkyne 191

— of diene and CO; 206, 209

- of enone and alkyne 124

— of imine and dienes 153
oxygen 63

Palitoxin 21

palladium

— n-allylpalladium 20, 144

— asymmetric a-arylation of cyclopentanone
245

— carbostannylation of alkynes 115

— cationic diimine complex 28

— cross coupling of allylic acetates and
phenylborane 82

— cross coupling of allylic acetates and
vinylboranes 82

— cross-coupling of alkyl halides and
organometallics 45

— hydroboration of enynes 106

— NHK reaction 21

— Pd(0)-diimine complex, polymerization of
alkenes 70

— PA(II) salt 163

paramagnetic complex 14

particle size

— heterogeneous catalyst 275

1,4-pentadiene 82

— (Z)-1-stannyl, preparation 116

2,4-pentadienol 132

3-pentanoic acid

- 3,4-dimethyl- 206

3-pentanone

— hydrogenation over supported nickel
catalyst 284

perfluoroalkyl chlorides

— reaction with alkynes 117

petroleum refining 276

3-phenoxycyclohexene 247

3-phenoxycyclopentene 247

phenylacetic acid

- t-butyl ester 93

phenylacetylene

— disilylation with o-bis(dimethylsilyl)-
carboranes 110
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Index

— hydrostannylation 106
3-phenylcyclohexanone, chiral 248
2-phenylcyclohexene, chiral 247
N-phenylisocyanate

— co-cyclotrimerization with alkynes 182
3-phenyl-1-butene  240-242
5-phenyl-3-pentenol 156
1-phenyl-4-penten-1,3-diol
—anti- 151
phenyltrimethylammonium 52
phosphine

- Ph,PH 107

—R,P(=0)H 107

— tri(cyclopentyl)phosphine 132
piperidines

- 3,4-dialkylidene 105
piperylene 140

pivalic acid 295

pivalonitrile

— additive 88

platinum

—r-allyl- 20, 144

— (PPh;);P{(CH,), 28

- (PPh3)3 Pt(n-Bu)z 28

— silaboration of diene 163
polarizability 156

polyethylene 19

— low pressure 1

polymer

— butadiene 137

— butadiene, cis-1,4- 141

— butadiene, isotactic 141

— butadiene, syndiotactic 141

— butadiene, trans-1,4- 141

— 1,3-cyclohexadiene 143

— cyclohexadiene, cis-syndiotactic 143
— poly-(E)-1,4-isoprene 142

— poly-(Z)-1,4-isoprene 142
polymer electrolyte cell 278
polymerization

— cyclic alkenes 28

— ethylene 27, 70, 141

— 1-hexene 70

— internal alkenes 28

— propylene 70, 141

pore size

— support 274

potassium borohydride

— reduction of Ni(II) salts 282
potassium phosphate

—K;PO, 51

PPP

— poly(p-phenylene) 143
profen

— drugs, chiral 251

1,2-propadiene

— co-cyclooligomerization with butadiene
190

propanal

— hydrogenation, decomposition into ethane,
H, and CO 284

— reductive amination, heterogeneous 279

propargyl alcohol

- 1,1-dimethyl-, cyclotrimerization 176

— THP ether 106

propargylic acid
— ethyl ester 62
propene

— l-ethylthio-1-boryl 106
— 1-ethylthio-2-boryl 106
- polymerization 70
propiolic acid

— ethyl ester, cyclotrimerization 176
propylene oxide

— chiral 131

propyne

— l-methylthio 107

— 1-phenyl 103
prostaglandin 62, 66

— chiral, 11-deoxi PGE2 89
— chiral, D7-PGA1 90

— PGF,, 148
proton sponge 266
purine

— 6-aryl, preparation via co-cyclotrimerization
of alkynes 178

pybox 262

2H-pyran-2-one

- 3,4,5,6-tetrapropyl

- 34-diethyl 122

pyridine

— perfluoro- 50

- 2,3,5,6-tetrafluoro- 50

— 4-vinyl- 68

pyridine-2(1H)-ones, preparation of 182

pyrroles, preparation of 112

pyrrolidines

— 4-alkenyl-3-ethylidene 158

— 3-methylene 60

177, 212

q

quartz 286

quaternary stereocenter 245
o-quinodimethane

— disilicone derivative 108

r

radialenes
~[4] 195
-16]- 197



radiant heat-treatment

— stainless steel, copper 278

Raney, M. 280

Raney nickel 17

— hydrogenation, aldehydes 279

— hydrogenation, alkenes 279

— hydrogenation, ketones 279

— hydrogenation, nitrobenzene 279

— hydrogenation, toluene 279

- reductive amination 279

- W1, W2, W3, W4, W5, W6, W7, W8 281

(—)-terpestacin 130

1,3,8,10-undecatetraene

— cycloisomerization 191

reactivity order

— alkyl halides 163

redox 13

reduction

— electrochemical, Zn(II) to Zn(0) 95

reductive elimination see Elimination

reflection absorption infrared spectroscopy
(RAIRS) 298

Reformatsky reaction

— Ni-catalyzed 95

Reppe 17

Repulsion

—1,3-diaxial 152

p-value 24

rhodium

— catalysis 7, 252, 257

— enolate, Reformatsky reaction 96

— hydroboration of alkynes 107

ring contraction

— nickella-2-azacyclopentan-2-one 34

— nickella-2-oxacyclopentan-2-one 217

ring-opening reaction

— asymmetric, azabenzobicyclic alkenes

250

— asymmetric, oxabicylic alkenes

— dinaphthothiophene 243-244

rubber

— natural 142

— synthetic 141

ruthenium

— catalysis 7, 252

— metathesis 29

249-250

S

Sabatier, P. 273

samarium

— Sml,, reduction of alkynes 103
o-santalene 73

scanning tunneling microscopy (STM) 298
selenium

— 1,2-bis(ethylseleno)ethene 46

Index

serine 127

SHOP

— Shell higher olefin process 30

gvalue 24

silaboration

—alkynes 110

— conjugated dienes 163

silacyclopentadiene 108

silicon

— alkynyl-, carbomagnesiation 114

— allylsilane 151

- Et;SiH 104

— Me;SiSiPh,H 108

- Ph,SiH, 104

— PhMe,SiH 104

— (pinacolato)BSiMe,Ph 111

— sym-tetramethyldisilane 108

— tetraethoxysilane 283

— trialkylsilyl chloride 168

— trimethylsilyl cyanide 112

silole 108

2-siloxy-1,3-butadiene 151

silver

- AgOTf 57

1-silylbutadiene 147

single electron transfer

sintering 283

sodium borohydride 103

— reduction of Ni(II) salts 282

sodium iodide

— additive 88

sodium tetraphenylborate

— NaBPhy, cross coupling with z-allylnickel
82

sol-gel process 283

Solvey

—soda process 3

sorbic acid methyl ester 151

sorbitol

— heterogeneous hydrogenation of D-glucose
280

SOx 277

spectator anion 31

spectator ligand 31

spiro compounds

— preparation 124

square bipyramidal complex 260, 262

square planar complexes 2, 13, 33

steam reforming 276

steroids 153

strain energy

— cyclopropene 171

— methylenecyclopropane 173

structure-sensitive reaction

— supported nickel catalyst 283

61, 65,73
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Index

Styrene

— (E)-B-bromo- 68

- (Z)-p-bromo- 68, 73

— p-bromo-, hydrovinylation 57

— p-chloro 46

— p-chloro-, hydrovinylation 57

- o, p-dibutyl- 117

— B,p-dichloro- 45

— o-diphenylphosphino 107

— p-diphenylphosphino 107

— (Z)-p-ethylseleno- 46

— hydrovinylation 57

— insertion into Ni-C bond 216

— o-methoxy-, hydrovinylation 57

— p-methoxy-, hydrovinylation 57

—(Z)-p-methyl- 103

— p-perfluoroalkyl-, preparation 117

— (E)-p-phenyl- 104

—(Z)-p-phenyl- 104

— o-tributylstannyl- 106

— Btributylstannyl- 106

sugar

— ligand for asymmetric hydrocyanation
59

sulfides 276

— 1-boryl-1-ethylthio-1,3-butadiene 106

— 2-boryl-1-ethylthiopropene 106

— 1-ethyl-1-ethylthiopropene 106

— 1-ethylthio-3-buten-1-yne 107

— 1-ethylthiopropyne 106

— thiophene 108

sulfur 277

sunlamp 74

supported nickel catalyst 283

sym-tetramethyldisilane

— Me,SiHSiHMe, 108

syn

— definition of geometries of z-allylnickel
18

synthesis gas 276

t

tamoxifen hydrochloride 115

tartaric acid-modified Ni catalyst 287

TBAF 215

temperature programmed desorption (TPD)

298

terephthalic acid

- 2-methoxymethyl-, prep via co-
cyclotrimerization of alkynes 180

terpene 140

testudinariol A 159

tetraethoxysilane 283

tetrahedral complexes 2, 14

tetrahydrofuran

— 4-alkenyl-3-ethylidene- 158

— 4-methyl-3-methylene- 175

thermodynamic instability

— metal-alkyl bonds 26

thiazolidinethione

— N-propionyl 267

thiols

- 2-t-butylphenyl- 266

— mesityl- 266

— 2-methylphenyl- 266

— 1-naphthyl- 266

— 2-naphthyl- 266

— phenyl- 266

thiophene 108

thiophenol

— hydrosulfenylation of alkynes 107

THP 151

three center-two electron bond 6

three-phase reaction

- gas/liquid/solid 275

tin

— acylstannanes 115

— alkynylstannanes 115

— alkenylstannanes, preparation 115

— alkynyltin 166

— alkynyltin, three-component coupling with
allyl halides and allylic halides 76

—allyltin 151, 115

— Bu3;SnH 106

— carbamoylstannane 116

- vinyltin 166

tire 142

titanium

— Ti(O-i-Pr); 64

TMEDA 206

TMP 264

TMSCl 64, 74

Tolman 8

— electronic parameter 139

—scales 35

toluene

— p-chloro- 284

— p-fluoro- 49

tosylamide

— N,N-bis(2,4-pentadienyl)- 210

— N+(2,4-hexadienyl)-N-(3,5-hexadienyl)- 210

— N-2 4-(pentadienyl)-N-(2,4-hexadienyl)-
210

thiazolidinethione

— N-propionyl 267

transmetallation 15, 20, 22

tri(cyclohexyl)phosphine 34

tricyclic compounds, preparation of 126



triethylborane 151, 256
trifluorophosphine 35

trigonal bipyramidal complex 14, 262
trigonal planar complexes 13
trimethylamine N-oxide 217
trimethylborane 155
2,5,9-trimethyldeca-4,9-diene-2-0l 145
trimethylsilylacetylene 259

— co-cyclotrimerization with enones 181
tris-( N,N-dimethylaminoethyl)amine 14

u

ultrasonic irradiation 67
umpolung 16
USY-Zeolite 257

4

vacuum gas oil 277

valence electron (VE) 8, 11
vanadium

-VCl; 141

vinyl bromide 240-242
vinyl iodide 22
3-vinyl-5,7-octadien-2-0l 144
3-vinyl-6-octen-2-0l 144
3-vinyl-7-octen-2-ol 144
vinylarenes 56

a-vinylation

— asymmetric, cyclopentanone 245
4-vinylcyclohexene 23, 137
vinylnickel 22
2-vinylnornornane, chiral 255
vinylstannane 166

vitamin D 68

w
water gas shift 276
Wilke 1, 13,29

X

X-ray photoelectron spectroscopy (XPS) 283,

298

X-ray structure

- 3,4-bis(methylene)-1-nickellacyclopentane
193

— bis(nickellacyclopentadiene)(cot) complex
183

— Ni(0)(5>-arene) complexes 12

— Ni(II)(#%-arene) complex 12

— Ni(cdt) 12

Index

— 1-nickella-2-azacyclopentan-3-one(PCys)
complex 34

— nickellacyclopentane(bpy) complex 172

— nickella-2-oxa-cyclohepta-3,6-diene-TMDA
complex 126

— nickella-2-oxacyclopentan-3-one derivative
221

— 1-nickella-2-oxa-3-oxocylcopentane(dbuy),
complex 216

— Ni(cod), 12

- Ni(0)/CO,/2,3-dimethyl-1,3-butadiene
complex 215

— Ni(0)(cyclopropene)(bpy) complex 172

— nickel enolate 92

— Ni(0)(ethylene)(formaldehyde)(tmeda)
complex 12

- 2,3,5-tri(methylene)-1-nickellacyclohexane
193

— Ni(IV)[tris-(1-norbornnyl)|Br 12

Y

Yohimban 192
z

zeolite

- HY- 285
Ziegler 1
Ziegler-Natta 140
zinc

— alkylzinc, preparation 53

—allylzinc 151

- n-BuZnCl 46

— cycloalkylmethylzinc 61

—dust 33,47, 68, 120, 166, 249

—Et,Zn 33,43, 61, 114, 151, 209

- functionalized organozinc 61

— functionalized organozincs giving borates
R,(BOCHMeCHMeO) 86

—Me,Zn 67, 155, 208

— Me,Zn-PhNi(II)I complex 69

—Ph,Zn 114, 156, 208

— RZnX: Ph, benzyl, EtO,CCH,CH,CH,-
214

— (p-toly),Zn 67

- TMSCC-ZnCl 216

—7ZnCl, 59,159

zirconium

— Cp,Zr(CH=CHPh)Cl 96

- Cp,ZrHCl 65

- vinylZr(IV) 166
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