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Preface

The ability to create complex molecules in only a few steps has long been the dream
of chemists. That such thinking is not unrealistic could be seen from Nature, where
complicated molecules such as palytoxin, maitotoxin and others are synthesized
with apparent ease and in a highly efficient manner. Now, with the development of
domino reactions, the dream has become almost true for the laboratory chemist −
at least partly. Today, this new way of thinking represents a clear change of para-
digm in organic synthesis, with domino reactions being frequently used not only in
basic research but also in applied chemistry.

The use of domino reactions has two main advantages. The first advantage ap-
plies to the chemical industry, as the costs not only for waste management but also
for energy supplies and materials are reduced. The second advantage is the benefi-
cial effect on the environment, as domino reactions help to save natural resources.
It is, therefore, not surprising that this new concept has been adopted very rapidly
by the scientific community.

Following our first comprehensive review on domino reactions in 1993, which
was published in Angewandte Chemie, and a second review in 1996 in Chemical Re-

views, there has been an “explosion” of publications in this field. In this book we
have included carefully identified reaction sequences and selected publications up
to the summer of 2005, as well as details of some important older studies and very
recent investigations conducted in 2006. Thus, in total, the book contains over 1000
citations!

At this stage we would like to apologize for not including all studies on domino
reactions, but this was due simply to a lack of space. In this book, the term “dom-
ino” is used throughout to describe the reaction sequences used, and we seek the
understanding of authors of the included publications if we did not use their ter-
minology. Rather, we thought that for a better understanding a unified concept
based on our definition and classification of domino reactions would be most ap-
propriate. Consequently, we would very much appreciate if everybody working in
this field would in future use the term “domino” if their reaction fulfills the condi-
tions of such a transformation.

We would like to thank Jessica Frömmel, Martina Pretor, Sabine Schacht and
especially Katja Schäfer for their continuous help in writing the manuscript and
preparing the schemes. We would also like to thank Dr. Hubertus P. Bell for
manifold ideas and the selection of articles, Dr. Sascha Hellkamp for careful over-
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X

seeing of the manuscript and helpful advice, and Xiong Chen for controlling the lit-
erature. We also like to thank the publisher Wiley-VCH, and especially William H.
Down, Dr. Romy Kirsten and Dr. Gudrun Walter, for their understanding and help
in preparing the book.

Göttingen, summer 2006 Lutz F. Tietze

Gordon Brasche

Kersten M. Gericke
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Introduction

During the past fifty years, synthetic organic chemistry has developed in a fascinat-
ing way. Whereas in the early days only simple molecules could be prepared,
chemists can now synthesize highly complex molecules such as palytoxin [1],
brevetoxine A [2] or gambierol [3]. Palytoxin contains 64 stereogenic centers, which
means that this compound with its given constitution could, in principle, exist as
over 1019 stereoisomers. Thus, a prerequisite for the preparation of such a complex
substance was the development of stereoselective synthetic methods. The impor-
tance of this type of transformation was underlined in 2003 by the awarding of the
Nobel Prize to Sharpless, Noyori and Knowles for their studies on catalytic enan-
tioselective oxidation and reduction procedures [4]. Today, a wealth of chemo-, regio-,
diastereo- and enantioselective methods is available, which frequently approach the
selectivity of enzymatic process with the advantage of a reduced substrate specificity.

The past decade has witnessed a change of paradigm in chemical synthesis.
Indeed, the question today is not only what can we prepare − actually there is nearly
no limit − but how do we do it?

The main issue now is the efficiency of a synthesis, which can be defined as the
increase of complexity per transformation. Notably, modern syntheses must obey
the needs of our environment, which includes the preservation of resources and the
avoidance of toxic reagents as well as toxic solvents [5]. Such an approach has advan-
tages not only for Nature but also in terms of economics, as it allows reductions to
be made in production time as well as in the amounts of waste products.

Until now, the “normal” procedure for the synthesis of organic compounds has
been a stepwise formation of individual bonds in the target molecules, with work-
up stages after each transformation. In contrast, modern synthesis management
must seek procedures that allow the formation of several bonds, whether C−C, C−O
or C−N, in one process. In an ideal procedure, the entire transformation should be
run without the addition of any further reagents or catalysts, and without changing
the reaction conditions. We have defined this type of transformation as a “domino
reaction” or “domino process” [6]. Such a process would be the transformation of
two or more bond-forming reactions under identical reaction conditions, in which
the latter transformations take place at the functionalities obtained in the former-
bond forming reactions.

Thus, domino processes are time-resolved transformations, an excellent illustra-
tion being that of domino stones, where one stone tips over the next, which tips the
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next, and the next . . . such that they all fall down in turn. In the literature, although
the word “tandem” is often used to describe this type of process, it is less appro-
priate as the encyclopedia defines tandem as “locally, two after each other”, as on a
tandem bicycle or for tandem mass spectrometers. Thus, the term “tandem” does
not fit with the time-resolved aspects of the domino reaction type; moreover, if three
or even more bonds are formed in one sequence the term “tandem” cannot be used
at all.

The time-resolved aspect of domino processes would, however, be in agreement
with “cascade reactions” as a third expression used for the discussed transforma-
tions. Unfortunately, the term “cascade” is employed in so many different connec-
tions − for example, photochemical cascades, biochemical cascades or electronic
cascades − on each occasion aiming at a completely different aspect, that it is not
appropriate; moreover, it also makes the database search much more difficult!
Moreover, if water molecules are examined as they cascade, they are simply moving
and do not change. Several additional excellent reviews on domino reactions and re-
lated topics have been published [7], to which the reader is referred.

For clarification, individual transformations of independent functionalities in
one molecule − also forming several bonds under the same reaction conditions −
are not classified as domino reactions. The enantioselective total synthesis of (−)-
chlorothricolide 0-4, as performed by Roush and coworkers [8], is a good example of
tandem and domino processes (Scheme 0.1). In the reaction of the acyclic substrate
0-1 in the presence of the chiral dienophile 0-2, intra- and intermolecular Diels−
Alder reactions take place to give 0-3 as the main product. Unfortunately, the two re-
action sites are independent from each other and the transformation cannot there-
fore be classified as a domino process. Nonetheless, it is a beautiful “tandem reac-
tion” that allows the establishment of seven asymmetric centers in a single opera-
tion.

CO2H

O O

O

O

H
OH

HO

Chlorothricolide (0-4)

Me3Si OMOM

OTPS

O O

CO2All

O

O

OMOMMe3Si

OTPS

tBu

O

O

O

tBu (R)-0-2, 1 M toluene, 120 °C, 20 h, BHT.

0-1 0-3 (40–45%)

Oa)
steps

a)

Scheme 0.1. Synthesis of chlorothricolide (0-4) using a tandem process.
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Domino reactions are not a new invention − indeed, Nature has been using this
approach for billions of years! However, in almost of Nature’s processes different
enzymes are used to catalyze the different steps, one of the most prominent ex-
amples being the synthesis of fatty acids using a multi-enzyme complex starting
from acetic acid derivatives.

There are, however, also many examples where the domino process is triggered
by only one enzyme and the following steps are induced by the first event of activa-
tion.

The term “domino process” is correlated to substrates and products without
taking into account that the different steps may be catalyzed by diverse catalysts or
enzymes, as long as all steps can be performed under the same reaction conditions.

The quality of a domino reaction can be correlated to the number of bond-form-
ing steps, as well as to the increase of complexity and its suitability for a general ap-
plication. The greater the number of steps − which usually goes hand-in-hand with
an increase of complexity of the product, the more useful might be the process.

An example of this type is the highly stereoselective formation of lanosterol (0-6)
from (S)-2,3-oxidosqualene (0-5) in Nature, which seems not to follow a concerted
mechanism (Scheme 0.2) [9].

Knowledge regarding biosyntheses has induced several biomimetic approaches
towards steroids, the first examples being described by van Tamelen [10] and Corey
[11]. A more efficient process was developed by Johnson [12] who, to synthesize pro-
gesterone 0-10 used an acid-catalyzed polycyclization of the tertiary allylic alcohol 0-
7 in the presence of ethylene carbonate, which led to 0-9 via 0-8 (Scheme 0.3). The
cyclopentene moiety in 0-9 is then transformed into the cyclohexanone moiety in
progesterone (0-10).

In the biosynthesis of the pigments of life, uroporphyrinogen III (0-12) is formed
by cyclotetramerization of the monomer porphobilinogen (0-11) (Scheme 0.4). Uro-
porphyrinogen III (0-12) acts as precursor of inter alia heme, chlorophyll, as well as
vitamin B12 [13].

The domino approach is also used by Nature for the synthesis of several alka-
loids, the most prominent example being the biosynthesis of tropinone (0-16). In
this case, a biomimetic synthesis was developed before the biosynthesis had been
disclosed. Shortly after the publication of a more than 20-step synthesis of
tropinone by Willstätter [14], Robinson [15] described a domino process (which was
later improved by Schöpf [16]) using succinaldehyde (0-13), methylamine (0-14)
and acetonedicarboxylic acid (0-15) to give tropinone (0-16) in excellent yield
without isolating any intermediates (Scheme 0.5).

Scheme 0.2. Biosynthesis of lanosterol (0-6).

O

(S)-2,3-Oxidosqualene (0-5)

HO

H

Lanosterol (0-6)

Enzyme
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Scheme 0.3. Biomimetic synthesis of progesterone (0-10).

OH 0-7

OO

O

F3CCO2H, 0 °C, 3 h

71%

0-8

H H

H

O

O

O

K2CO3, H2O71%

H H

H

O

H H

H

O

O

1) O3
2) 5% KOH

Progesterone (0-10) 0-9

80%

Scheme 0.4. Biosynthesis of uroporphyrinogen III (0-12).

NH

A

P

HN

P

A

NH

A

P

HN

A

P

N
H

P A

NH2

Porphobilinogen (0-11)

hydroxymethylbilan-synthase
cosynthase

Uroporphyrinogen III (0-12)

A = –CH2–CO2H
P = –(CH2)2–CO2H

Scheme 0.5. Domino process for the synthesis of tropinone (0-16).

CHO

CHO
+ H2N–Me

CO2H

CO2H

O+

Me
N

O

0-13 0-14 0-15 Tropinone (0-16)

Tropinone is a structural component of several alkaloids, including atropine. The
synthesis is based on a double Mannich process with iminium ions as intermedi-
ates. The Mannich reaction in itself is a three-component domino process, which is
one of the first domino reactions developed by humankind.
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Scheme 0.6. Total synthesis of the daphnilactone A.

O
HOH2C

HOH2C
*

1) Swern oxid.
2) NH3
3) HOAc

47%
HN

O

N

O
steps

O

Daphnilactone A (0-19)0-180-17

Scheme 0.7. Enantioselective Pd-catalyzed domino reaction for the synthesis of Vitamin E (0-24).

0-21 0-22 0-23

RO
+

Pd(OCOCF3)2L2
*

O OR

O
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O

HO

steps
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Another beautiful example of an early domino process is the formation of daph-
nilactone A (0-19), as described by Heathcock and coworkers [17]. In this process
the precursor 0-17 containing two hydroxymethyl groups is oxidized to give the cor-
responding dialdehyde, which is condensed with methylamine leading to a 2-
azabutadiene. There follow a cycloaddition and an ene reaction to give the hexacycle
0-18, which is transformed into daphnilactone A (0-19) (Scheme 0.6).

One of the first enantioselective transition metal-catalyzed domino reactions in
natural product synthesis leading to vitamin E (0-23) was developed by Tietze and
coworkers (Scheme 0.7) [18]. This transformation is based on a PdII-catalyzed addi-
tion of a phenolic hydroxyl group to a C−C-double bond in 0-20 in the presence of
the chiral ligand 0-24, followed by an intermolecular addition of the formed Pd-spe-
cies to another double bond.

One very important aspect in modern drug discovery is the preparation of so-
called “substance libraries” from which pharmaceutical lead structures might be
selected for the treatment of different diseases. An efficient approach for the pre-
paration of highly diversified libraries is the development of multicomponent reac-
tions, which can be defined as a subclass of domino reactions. One of the most

Introduction
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widely used transformations of this type was described by Ugi and coworkers using
an aldehyde 0-25, an amine 0-26, an acid 0-27, and an isocyanide 0-28 to prepare
peptide-like compounds 0-29 (Scheme 0.8) [7c]. This process could be even en-
larged to an eight-component reaction.

As a requisite for all domino reactions, the substrates used must have more than
two functionalities of comparable reactivity. They can be situated in one or two
molecules or, as in the case of multicomponent domino reactions, in at least three
different molecules. For the design and performance of domino reactions it is of
paramount importance that the functionalities react in a fixed chronological order
to allow the formation of defined molecules.

There are several possibilities to determine the course of the reactions. Thus, one
must adjust the reactivity of the functionalities, which usually react under similar
reaction conditions. This can be done by steric or electronic differentiation. An il-
lustrative example of the latter approach is the Pd0-catalyzed domino reaction of 0-
30 to give the tricyclic compound 0-31, as developed by the Tietze group (Scheme
0.9) [19]. In this domino process a competition exists between a Pd-catalyzed nu-
cleophilic allylation (Tsuji−Trost reaction) and an arylation of an alkene (Heck reac-
tion). By slowing down the oxidative addition as part of the latter reaction, through
introducing an electronic-donating moiety such as a methoxy group, substrate 0-
30b could be transformed into 0-31b in 89 % yield, whereas 0-30a gave 0-31a in only
23 % yield.

Another possibility here is to use entropic acceleration. In this way, it is possible
to use a substrate that first reacts in an intramolecular mode to give an interme-
diate, which then undergoes an intermolecular reaction with a second molecule.
An impressive older example is a radical cyclization/trapping in the synthesis of
prostaglandin F2α, as described by the Stork group [20]. A key step here is the radical
transformation of the iodo compound 0-32 using nBu3SnH formed in situ from

Scheme 0.8. Ugi four-component (U-4CR) approach.

R1 CHO + + +R2 NH2 R3 CO2H R4 NC R4N

R2

N
O

R1

R3

O
H

0-25 0-26 0-28 0-290-27

Scheme 0.9. Pd-catalyzed domino reaction.

R O O

I
OAc

Pd0

R O O

0-30a: R = H
0-30b: R = OMe

0-31a (23%)
0-31b (89%)
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0-32 0-33

"nBu3SnH", 20 eq tBuNC

Scheme 0.10. Radical reaction in the synthesis of prostaglandine F2α.

O

OEt
I

TBSO

O
OEt

TBSO CN

71%

0-34

OTMS

O
O

O

CO2Me

0-35

methyl acrylate
Et2AlCl, CH2Cl2, r.t.

Scheme 0.11. Twofold Michael reaction in the synthesis of valeriananoid A.

H

H

H

nBu3SnCl and NaBH3CN in the presence of tBuNC and AIBN. The final product is
the annulated cyano cyclopentane 0-33 (Scheme 0.10).

However, it is also possible to avoid an intramolecular reaction as the first step,
for example if the cycle being formed in this transformation would be somehow
strained, as observed for the formation of medium rings. In such a case, an inter-
molecular first takes place, followed by an intramolecular reaction.

On the other hand, many reactions are known where in a first intermolecular
step a functionality is introduced which than can undergo an intramolecular reac-
tion. A nice example is the reaction of dienone 0-34 with methyl acrylate in the pre-
sence of diethylaluminum chloride to give the bridged compound 0-35 (Scheme 0-
11). The first step is an intermolecular Michael addition, which is followed by an in-
tramolecular Michael addition. This domino process is the key step of the total syn-
thesis of valeriananoid A, as described by Hagiwara and coworkers [21].

A different situation exists if the single steps in a domino process follow different
mechanisms. Here, it is not normally adjustment of the reaction conditions that is
difficult to differentiate between similar transformations; rather, it is to identify
conditions that are suitable for both transformations in a time-resolved mode.
Thus, when designing new domino reactions a careful adjustment of all factors is
very important.

Classification

For the reason of comparison and the development of new domino processes, we
have created a classification of these transformations. As an obvious characteristic,
we used the mechanism of the different bond-forming steps. In this classification,
we differentiate between cationic, anionic, radical, pericyclic, photochemical, tran-
sition metal-catalyzed, oxidative or reductive, and enzymatic reactions. For this type

Classification
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of classification, certain rules must be followed. Nucleophilic substitutions are al-
ways counted as anionic processes, independently of whether a carbocation is an in-
termediate as the second substrate. Moreover, nucleophilic additions to carbonyl
groups with metal organic compounds as MeLi, silyl enol ethers or boron enolates
are again counted as anionic transformations. In this way, aldol reactions (and also
the Mukaiyama reaction) as well as the Michael addition are found in the chapter
dealing with anionic domino processes. A related problem exists in the classifica-
tion of radical and oxidative or reductive transformations, if a single electron trans-
fer is included. Here, a differentiation according to the reagent used is employed.
Thus, reactions of bromides with nBu3SnH follow a typical radical pathway,
whereas reactions of a carbonyl compound with SmI2 to form a ketyl radical are
listed under oxidative or reductive processes. An overview of the possible combina-
tions of reactions of up to three steps is shown in Table 0.1.

Clearly, the list can be enlarged by introducing additional steps, whereas the steps
leading to the reactive species at the beginning (such as the acid-catalyzed elimina-
tion of water from an alcohol to form a carbocation) are not counted.

The overwhelming number of examples dealing with domino processes are
those where the different steps are from the same category, such as cationic/
cationic or transition metal/transition metal-catalyzed domino processes, which we
term “homo domino processes”. An example of the former reaction is the synthesis
of progesterone (see Scheme 0.3), and for the latter the synthesis of vitamin E
(Scheme 0.7).

There are, however, also many examples of “mixed domino processes”, such as
the synthesis of daphnilactone (see Scheme 0.6), where two anionic processes are
followed by two pericyclic reactions. As can be seen from the information in Table
0.1, by counting only two steps we have 64 categories, yet by including a further step
the number increases to 512. However, many of these categories are not − or only
scarcely − occupied. Therefore, only the first number of the different chapter corre-
lates with our mechanistic classification. The second number only corresponds to a
consecutive numbering to avoid empty chapters. Thus, for example in Chapters 4
and 6, which describe pericyclic and transition metal-catalyzed reactions, respec-
tively, the second number corresponds to the frequency of the different processes.

Table 0.1 A classification of domino reactions.

I. Transformation II. Transformation III. Transformation

1. Cationic 1. Cationic 1. Cationic
2. Anionic 2. Anionic 2. Anionic
3. Radical 3. Radical 3. Radical
4. Pericyclic 4. Pericyclic 4. Pericyclic
5. Photochemical 5. Photochemical 5. Photochemical
6. Transition metal 6. Transition metal 6. Transition metal
7. Oxidative or reductive 7. Oxidative or reductive 7. Oxidative or reductive
8. Enzymatic 8. Enzymatic 8. Enzymatic

Introduction
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In our opinion, this approach provides not only a clear overview of the existing
domino reactions, but also helps to develop new domino reactions and to initiate in-
genious independent research projects in this important field of synthetic organic
chemistry.
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1
Cationic Domino Reactions

In this opening chapter, the class of domino reactions that covers processes in
which carbocations are generated in the initial step will be discussed. In this con-
text, it should be noted that it is of no relevance whether the carbocation is of formal
or real nature. The formation of a carbocation can easily be achieved by treatment of
an alkene or an epoxide with a Brønsted or a Lewis acid, by elimination of water
from an alcohol or an alcohol from an acetal, or by reaction of carbonyl compounds
and imines with a Brønsted or a Lewis acid. It is worth emphasizing that the reac-
tion of carbonyl compounds and imines with nucleophiles or anionic process (e. g.,
in the case of an aldol reaction) is sometimes ambiguous. They could also be
classified under anionic domino reactions. Thus, the decision between a cationic
reaction of carbonyl compounds in the presence of a Brønsted or a Lewis acid will
be discussed here, whereas reactions of carbonyl compounds under basic condi-
tions as well as all Michael reactions are described in Chapter 2 as anionic domino
processes. It is important to note that all transformations which are affiliated to a
cationic initiation must be regarded as cationic processes, and those with an
anionic initiation as anionic processes, as an alternation between these two classes
would require an as-yet not observed two-electron transfer process. As just dis-
cussed for the cationic/anionic process, in examples for a cationic/radical domino
process, an electron-transfer again must take place, although in this case it is a
single electron transfer. Examples of these processes have been described, but the
transfer of an electron is a synonym for a reduction process, and we shall discuss
these transformations in Section 1.3, which deals with cationic/reductive domino
processes. Furthermore, to date no examples have been cited in the literature for a
combination of cationic reactions with photochemically induced, transition metal-
catalyzed or enzymatic processes. Nevertheless, carbocations are feasible to act in
an electrophilic process in either an inter- or intramolecular manner with a multi-
tude of different nucleophiles, generating a new bond with the concomitant crea-
tion of a new functionality which could undergo further transformation
(Scheme 1.1).

In most of the hitherto known cationic domino processes another cationic
process follows, representing the category of the so-called homo-domino reactions.
In the last step, the final carbocation is stabilized either by the elimination of a pro-
ton or by the addition of another nucleophile, furnishing the desired product.
Nonetheless, a few intriguing examples have been revealed in which a succession
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of cationic (by a pericyclic step) or a reduction is also possible, these being catego-
rized as hetero-domino reactions. Furthermore, rearrangements, which traverse
several cationic species, are also quite common and of special synthetic interest.
Following this brief introduction, we enter directly into the field of cationic domino
reactions, starting with the presentation of cationic/cationic processes.

1.1
Cationic/Cationic Processes

The termination of cationic cyclizations by the use of pinacol rearrangements has
shown to be a powerful tool for developing stereoselective ring-forming domino reac-
tions. During the past few years, the Overman group has invested much effort in the
design of fascinating domino Prins cyclization/pinacol rearrangement sequences
for the synthesis of carbocyclic and heterocyclic compounds, especially with regard
to target-directed assembly of natural products [1]. For example, the Prins/pinacol
process permits an easy and efficient access to oxacyclic ring systems, often occur-
ring in compounds of natural origin such as the Laurencia sesquiterpenes (±)-trans-
kumausyne (1-1) [2] and (±)-kumausallene (1-2) [3] (Scheme 1.2). For the total synthe-
sis of these compounds, racemic cyclopentane diol rac-1-3 and the aldehyde 1-4 were
treated under acidic conditions to give the oxocarbenium ion 1-5. Once formed, this
subsequently underwent a Prins cyclization affording the carbocationic interme-
diate 1-6 by passing through a chairlike, six-membered transition state. Further inter-
ception of carbocation 1-6 by pinacol rearrangement furnished racemic cis-hy-
drobenzofuranone rac-1-7 as the main building block of the natural products 1-1 and
1-2 in 69 % and 71 % yield, respectively.

The Prins/pinacol approach to ring formations is not limited to the assembly of
oxacyclic ring systems; indeed, carbocyclic rings can also be easily prepared [4, 5]. A
nice variant of this strategy envisages the Lewis acid-induced ring-expanding cy-
clopentane annulation of the 1-alkenylcycloalkanyl silyl ether 1-8 (Scheme 1.3) [1d].
Under the reaction conditions, the oxenium ion 1-9 produced performed a 6-endo

Prins cyclization with the tethered alkene moiety, giving cyclic carbocation 1-10.
Gratifyingly, the latter directly underwent a pinacol rearrangement resulting in the

1 Cationic Domino Reactions
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Scheme 1.2. Synthesis of annulated furans for an access to the terpenes kumausyne and 
kumausallene.
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Scheme 1.3. Domino Prins/pinacol rearrangement process.

1.1 Cationic/Cationic Processes

formation of cycloalkanone 1-11, which correlates to a one-carbon expansion of the
substrate 1-8.

This process allowed, for example, formation of the angulary fused tricycle 1-13
containing a five-, six-, and eight-membered ring from precursor 1-12 in 64 % yield
(Scheme 1.4) [1d].
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In a similar manner, terminal alkynes such as 1-14 participate in a Prins/pinacol
reaction, resulting in a ring-expanding cyclopentene annulation to give compounds
such as 1-15 in high yield (Scheme 1.5) [5].

The Prins cyclization can also be coupled with a ring-contraction pinacol rear-
rangement, as illustrated in Scheme 1.6. This allows a smooth conversion of alkyl-
idene-cyclohexane acetal 1-16 to single bond-joined cyclohexane cyclopentane alde-
hyde 1-17 [1e].

It should be mentioned at this point that the strategy for ring construction is not
restricted to being initiated by a Prins cyclization. The first step can also be trig-
gered by preparing allylcarbenium ions from allylic alcohols. One virtue of using
this initiator for cationic cyclization is the possibility of installing functionalities in
the cyclopentane ring that can be employed readily to elaborate the carbocyclic pro-
ducts. Thus, treatment of precursor 1-18 with triflic anhydride led to a cyclization-
rearrangement with concurrent protodesilylation, delivering hydroazulenone 1-19
in formidable 80 % yield (Scheme 1.7) [6].

Finally, a carbocyclic ring formation initiated by a keteniminium cyclization is
depicted in Scheme 1.8 [6]. In the presence of triflic anhydride and DTBMP, pyr-
rolidine amide 1-20 was converted into the keteniminium ion 1-22, traversing inter-

Scheme 1.4. Synthesis of annulated tricyclic compounds.
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1-12 1-13

64%
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Scheme 1.5. Ring-enlarging cyclopentene annulation.
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Scheme 1.6. Synthesis of cyclopentylcyclohexanes.

SnCl4, MeNO2, 0 °C

1-16 1-17

75%
OTIPS

MeO
MeO

CHO
MeO

1 Cationic Domino Reactions
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mediate 1-21. Subsequently, cyclization through a chairlike transition state pro-
vided carbocation 1-23, which was directly converted by way of a pinacol rearrange-
ment to give enamine 1-24. Due to the presence of a pyridinium triflate salt in the
reaction mixture the latter formed an iminium salt 1-25. Ultimately, hydrolysis by
treatment with an aqueous base accomplished formation of the diketone 1-26 in
72 % yield.

In the following sections, we detail another functionality which is of major value
in the area of carbocationic domino processes, namely the epoxides. On the basis of
their high tendency to be opened in the presence of Lewis or Brønsted acids,
thereby furnishing carbocationic species, several challenging domino procedures
have been elaborated relatively recently.

Tf2O, CH2Cl2, –78 °C

80%

TESO

HO
TMS

O

H

Scheme 1.7. Allyl cation-initiated cyclization/rearrangement.
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H
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Scheme 1.8. Domino cyclization/rearrangements via iminium ions.
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An epoxide-triggered reaction involving two of these functionalities was
developed by Koert and coworkers in 1994. Since 2,5-linked oligo(tetrahydrofurans)
(THFs) are the key components of the Annonaceous acetogenins, a pharmaceuti-
cally promising class of natural products [7], their stereoselective synthesis is of
great interest [8]. For this purpose, epoxy alcohols offer a perfect requisite to con-
duct a straightforward and convenient domino procedure furnishing oligo-THFs as
products [9]. Treatment of monoepoxy-olefin 1-27 with mCPBA provided the di-
astereomeric oligo-THF precursors 1-28 and 1-29 as a 1:1 mixture (Scheme 1.9).
The domino-epoxide cyclization was then initiated by addition of p-toluenesulfonic
acid, leading to THF-trimers 1-30 and 1-31 (45 % each); these were subsequently
separable using chromatography on silica gel.

Using this methodology, cyclic ethers of different ring-size can also be con-
structed. Due to the fact that many natural products of marine origin include fused
polycyclic ether structural units, a convenient entry to this structural element is of
continuing challenge.

In the following approach, the group of McDonald provided the first examples for
the application of biomimetic regio- and stereoselective domino oxacyclizations of
1,5-diepoxides to yield oxepanes, as well as of 1,5,9-triepoxides to afford trans-fused
bisoxepanes [10]. These authors observed that subjection of 1,5-diepoxides 1-32, 1-
34, 1-36, and 1-38 to BF3·Et2O at low temperatures, followed by acetylation, fur-
nished the oxacycles 1-33, 1-35, 1-37, and 1-39 in good yields (Scheme 1.10).
Whereas the reaction of 1-32 and 1-34 are normal transformations, the carbonates
1-36 and 1-38 undergo a domino process leading to fused and spiro products, re-

pTsOH, r.t., 1 h

O OTPSO H H OH O O OTPSO H H OH O

OTPSO H H OH O

O O O
TPSO H H OHH H H H O O O

TPSO H H OHH H H H

1-27

mCPBA
CHCl3, r.t., 3 h

+

1-28 1-29

1-30: R = H (45%) 1-31: R = H (45%)

Scheme 1.9. Synthesis of poly-furans.
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spectively. Likewise, 1,5,9-triepoxides can be used as substrates, which react in a
triple domino process; these reactions are described in Section 1.1.1.

In working towards the synthesis of nonracemic 3-deoxyschweinfurthin B (1-42),
an analogue of the biological active schweinfurthin B, Wiemer and coworkers
developed an acid-catalyzed cationic domino reaction to afford the tricyclic diol
(R,R,R)-1-41 from 1-40 in moderate yield (Scheme 1.11) [11].

The stereochemical outcome of the reaction of 1-43, formed from 1-40 by desily-
lation, can be explained by assuming a pseudoequatorial orientation of the epoxide
moiety in a pseudo-chair-chairlike transition state 1-44 which, after being attacked
by the phenolic oxygen, furnishes the correct trans-fused stereoisomer 1-41
(Scheme 1.12). The conformation 1-45, which would lead to 1-46 seems to be dis-
favored.

The tetrahydropyran moiety, another oxacycle, is also found in many biologically
active natural products from marine and terrestrial origin. Consequently, an easy
access to stereodefined tetrahydropyrans by inventive and reliable strategies has
been shown to be an important issue [12].
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O
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Reaction conditions: 1 eq BF3•OEt2, CH2Cl2, –40 °C, 10–30 min,
                                  H2O quench; then Ac2O, Et2N, CH2Cl2.
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65%

60%
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Scheme 1.10. Synthesis of oxepanes.
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Scheme 1.11. Cationic domino poly-cyclization for the synthesis of 3-deoxyschweinfurthin B (1-42).
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For their approach to the synthesis of pseudomonic acid C analogues, Markó and
coworkers used a Sakurai reaction followed by formation of the tetrahydropyran
moiety, starting from the allylsilane 1-47 and the acetal 1-48 to give 1-49 in 80 %
yield (Scheme 1.13) [13]. Pseudomonic acid C shows interesting activity against
Gram-positive bacteria, as well as a high potency towards multiresistant Staphylo-

coccus aureus. It is of interest that the reaction of 1-47 and 1-48 only occurs in pro-
pionitrile as solvent, and not in CH2Cl2. In contrast, the (Z)-isomer of 1-48 reacts
smoothly in CH2Cl2.

Recently, a new multicomponent condensation strategy for the stereocontrolled
synthesis of polysubstituted tetrahydropyran derivatives was re-published by the
Markó group, employing an ene reaction combined with an intramolecular Sakurai
cyclization (IMSC) (Scheme 1.14) [14]. The initial step is an Et2AlCl-promoted ene
reaction between allylsilane 1-50 and an aldehyde to afford the (Z)-homoallylic alco-
hol 1-51, with good control of the geometry of the double bond. Subsequent Lewis
acid-mediated condensation of 1-51 with another equivalent of an aldehyde pro-
vided the polysubstituted exo-methylene tetrahydropyran 1-53 stereoselectively and

TMS OTBS

OH
MeO O

OC8H17MeO

O

OTBS
OC8H17

O
+

BF3•Et2O
CH3CH2CN
–35 °C → –23 °C

1-47 1-48 1-49

80%

Scheme 1.13. Cationic domino process in the synthesis of pseudomonic acid C analogue.
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Scheme 1.14. Domino ene/Sakurai reaction for the synthesis of polysubstituted tetrahydropyrans.
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in good yield. This IMSC reaction is thought to proceed via the formation of the ox-
enium cation 1-52 that undergoes an intramolecular addition of the allylsilane
moiety through a chairlike transition state. Ozonolysis of the exocyclic double bond
in 1-53 and subsequent stereoselective reduction of the formed carbonyl moiety al-
lows the synthesis of the two diastereomeric diacetoxy-tetrahydropyrans 1-54 and 1-
55.

The use of (E)-enolcarbamates of type 1-56 allowed the generation of tetrahy-
dropyrans 1-58 with complementary orientation of the carbamate functionality
(Scheme 1.15). In all cases, the carbamate group adopts an axial orientation in the
chairlike transition state 1-57.

Loh and coworkers used a combination of a carbonyl-ene and an oxenium-ene re-
action for the synthesis of annulated tetrahydropyrans 1-61, using methylenecyclo-
hexane 1-60 as substrates (Scheme 1.16) [15]. The most appropriate catalyst for this
reaction with the aldehydes 1-59 turned out to be In(OTf)3, which furnished the
desired products in good to excellent yields and high stereoselectivity [16].

Another interesting cationic domino process is the acid-induced ring opening of
α-cyclopropyl ketones and subsequent endocyclic trapping of the formed carboca-

1-56 1-58

OH

R

TMS
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TMS

R

R1

1-57

R1CHO
BF3•Et2O, CH2Cl2

OR R1

OCONiPr2

O NiPr2

O

OCONiPr2

Scheme 1.15. Synthesis of tetrahydropyrans.
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Scheme 1.16. Indium(III)-catalyzed domino carbonyl-ene reaction

[a] The relative stereochemistry of the minor product was not determined.
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tion by a double bond or an aryl group (Scheme 1.17) [17]. Ila and coworkers used
this process to synthesize benzo-fused tricyclic arenes and heteroarenes [18.] For
example, when cyclopropyl ketone 1-62 was heated in H3PO4 the tricyclic indole
derivative 1-64 was obtained in 93 % yield via the intermediate carbocation 1-63.
1-64 contains a partial structural framework, which is found in several naturally oc-
curring alkaloids.

Similarly, the thiophene-substituted cyclopropyl ketone 1-65 led to the fused ben-
zothiophenes 1-67 and 1-68 as a 2:1 mixture. In this process the intramolecular in-
terception of the cationic intermediate 1-66 took place at C-3 and C-5 of the ben-
zothiophene moiety (Scheme 1.18).

Moreover, the authors were successful in extending this approach to a threefold
domino procedure (for a discussion of this, see Section 1.1.1).

The ambivalent aptitude of sulfur [19] to stabilize adjacent anionic as well as
cationic centers is a remarkable fact that has shown to be a reliable feature for the
assembly of four-membered ring scaffolds utilizing cyclopropyl phenyl sulfides
[20]. Witulski and coworkers treated the sulfide 1-69 with TsOH in wet benzene
(Scheme 1.19) [21]. However, in addition to the expected cyclobutanone derivative
1-70, the bicyclo[3.2.0]heptane 1-70 was also obtained as a single diastereoisomer,
but in moderate yield. Much better yields of 1-71 were obtained using ketone 1-72

N
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SMe
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SMe
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Scheme 1.17. Synthesis of tricyclic indoles.
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Scheme 1.18. Cationic domino rearrangement for the synthesis of tricyclic thiophenes.
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as substrate, thereby developing a new domino reaction. The reaction was con-
sidered to be initiated by cationic ring enlargement, driven by the ability of the sul-
fur atom to stabilize the cationic center in the intermediates 1-73 and 1-74, which
undergo an intramolecular cyclization to give 1-71. Due to entropic effects the cycli-
zation occurs more rapidly than the competitive hydrolysis of the α-thiocarboca-
tions.

A more recent approach, which also profits from the synthetic versatility of stabi-
lized thionium ions, has been elaborated by Berard and Piras [22]. These authors
observed that the cyclobutane thionium ions 1-76 obtained from the cyclopropyl
phenyl sulfides 1-75 by treatment with pTsOH under anhydrous conditions can be
trapped by an adjacent electron-rich aromatic ring to give the chromane derivatives
1-77 in good to excellent yields (Scheme 1.20). As expected, 1-77 were obtained as
single diastereoisomers with a cis-orientation of the methyl and the phenylthio
group as a consequence of steric constraints.

OOH
S
Ph

1-72

TsOH•H2O
benzene, 70–80 °C

– H2O

89%

S
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H

S
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(20–32%)

O
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+

1-70
(10–26%)

TsOH•H2O
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OH
S
Ph

1-69

TMS

Scheme 1.19. Cationic domino ring-enlargement/annulation process for the synthesis of 
bicyclo[3.2.0]heptanes.
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Scheme 1.20. Cationic domino ring-enlargement/annulation process for the synthesis of 
chromanes.
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Furthermore, the authors showed that compounds of type 1-78, easily accessible
from 1-77, can be used as starting materials for the production of a new cyclo-
propa[c]chromane framework 1-80 (Scheme 1.21). Oxidation of 1-77 to the corre-
sponding sulfoxide and subsequent pyrolytic elimination generated the labile cy-
clobutene 1-78, which was directly epoxidized leading to the desired tricyclic com-
pound 1-80 in 46 % yield, probably via the epoxycyclobutane 1-79, again in a dom-
ino fashion.

Cationic olefin polycyclizations represent important transformations in the field
of domino-type reactions.

Such a polycyclization can be initiated by a Nazarov reaction, as described by
West and coworkers [23]. The authors first observed that, in the presence of
BF3·Et2O, aryltrienone 1-81 is transformed into the exo-methylene hydrindanone 1-
83 in good yield (Scheme 1.22). As an intermediate an oxallylic cation can be as-
sumed, which is trapped by a 6-endo cyclization to give the cationic intermediate 1-
82; this is stabilized by elimination of a proton. Using the stronger Lewis acid TiCl4
at lower temperatures, it was possible to add a further C−C-bond forming step by
reaction of the intermediate cation with an aromatic ring system to produce a tet-
racyclic framework. This threefold domino process is described in Section 1.1.1.

Using this procedure, however, the authors have also prepared tricyclic com-
pounds such as 1-87 in high yield starting from 1,4-diene-3-ones 1-84 containing an
electron-rich arylethyl side chain. Probable intermediates are 1-85 and 1-86
(Scheme 1.23) [24].

One of the most interesting structures of the past decade has been Taxol® [25].
This compound is important in the treatment of cancer, and has stimulated many

1-78 1-79

mCPBA
CH2CI2,  0 °C
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O

1-80

O OHC
46%

Scheme 1.21.  Epoxidation/ring contraction domino process.
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Scheme 1.22. Synthesis of indanone derivatives.
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Scheme 1.24. Lewis acid-catalyzed cationic domino cyclization to give bicyclo[2.2.1]heptane 
derivatives.
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investigators to determine its total synthesis [26]. In working towards this goal,
Fukumoto and Ihara [27] treated the allylsilane 1-88 (1:1 mixture of diastereomers)
with TiCl4. The reaction did not lead to the desired eight-membered ring, but rather
yielded the bicyclo[2.2.1]heptane 1-92 through spirocyclization in a sterically en-
cumbered environment. In addition to 1-92, being formed in 28 % yield as a sole di-
astereoisomer, 5 % of the aromatized compound 1-91 as a mixture of two isomers
was obtained (Scheme 1.24). With reference to the assumed transition state 1-89,
the authors argued that only one of the diastereoisomers of 1-88, in which the silyl
substituent is trans-oriented to the angular methyl group, is able to undergo this
new cationic domino process, whereas the other isomer undergoes decomposition
on treatment with the Lewis acid.

On further exploration it could be shown that the desilylated precursors 1-90
(Scheme 1.24) permit formation of the aromatized products 1-91 and its double
bond isomer in up to 90 % yield, starting from the E-compound as a mixture of two
diastereomers; with a (Z)-configuration of the double bond, 1-90 gave 50 % yield of
1-91.

Cycloheptane-containing natural products occur widely in nature, and therefore
the synthesis of such a carbocycle has captured the attention of many organic
chemists. The Green group reported on the preparation of cycloheptyne hexacar-
bonyldicobalt complexes, which can be regarded as useful synthons for further
transformations such as substitution or cycloaddition [28]. Treatment of the 1,4-
diethoxy-alkyne-Co2(CO)6 complex 1-93 with allyltrimethylsilane in the presence of
the Lewis acid BF3·Et2O allowed conversion into the cationic cycloheptyne com-
plexes 1-96 via the intermediates 1-94 and 1-95. This transformation represents a
formal [4+3]-cycloaddition (Scheme 1.25). The cationic species 1-96 is trapped by
fluoride, furnishing fluorocycloheptyne complexes 1-97 in good yields (67−75 %).
The synthetic potential of this procedure can be expanded by utilizing different
Lewis acids such as SnCl4 and SnBr4, leading to chloro- and bromo-derivatives in
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Scheme 1.25. Cationic [4+3]-cycloaddition/nucleophilic trapping domino reaction in the 
synthesis of halocycloheptynes.
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good (SnCl4) to rather low (SnBr4) yields. Another feature of this process was re-
vealed when benzene as solvent and B(C6F5)3 as Lewis acid were used, since the
formed cationic cycloheptyne intermediate 1-96 underwent a Friedel−Craft alkyla-
tion to provide 1-98 in 70 % yield.

A general, efficient and diastereoselective approach to the marasmane scaffold
(1-104) and, moreover, to the naturally occurring (+)-isovelleral (1-103), has been
elaborated by Wijnberg and de Groot utilizing a MgI2-catalyzed domino rearrange-
ment/cyclopropanation reaction [29]. In this elegant study, the addition of MgI2 to
mesylate 1-99 resulted in an E-1-type elimination of the mesylate to give the car-
bocation 1-100 after a rearrangement (Scheme 1.27). As expected, this cation is
then attacked in an intramolecular fashion by the TMS-enol ether, building up the
cation 1-100 with a cyclopropane unit in 1-101. Subsequent desilylation provided
the ketone 1-102 in 82 % yield, which was converted into (+)-isovelleral (1-103) in six
steps.

An unusual cationic domino transformation has been observed by Nicolaou and
coworkers during their studies on the total synthesis of the natural product
azadirachtin (1-105) [30]. Thus, exposure of the substrate 1-106 to sulfuric acid in
CH2Cl2 at 0 °C led to the smooth production of diketone 1-109 in 80 % yield
(Scheme 1.27). The reaction is initiated by protonation of the olefinic bond in 1-106,
affording the tertiary carbocation 1-107, which undergoes a 1,5-hydride shift with
concomitant disconnection of the oxygen bridge between the two domains of the
molecule. Subsequent hydrolysis of the formed oxenium ion 1-108 yielded the dike-
tone 1-109.

Over the years, intensive studies in medicinal chemistry with regard to the struc-
ture−activity relationships of compounds being used in clinical praxis have revealed
the exceptional position of heterocycles. Moreover, a multitude of bioactive natural
products contain a heteroatom. Therefore, the development of reliable and efficient
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Scheme 1.26. Cationic domino rearrangement/cyclopropanation process for the total synthesis
of (+)-isovelleral (1-103).
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Scheme 1.27. Cationic domino transformation towards the synthesis of azadirachtin (1-105).

O

O

methods for constructing heterocyclic frameworks is of major importance, and it is
of no wonder that several cationic domino processes have been designed in this
field. Romero and coworkers prepared azasteroids based on an acyliminium ion-cy-
clization domino reaction [31]. Azasteroids display a broad variety of biological ef-
fects and thus are of continuing interest. When substrate 1-110 is submitted to
acidic conditions, an acyliminium ion is formed by the elimination of ethanol; the
ion then reacts with the C=C double bond in the molecule, performing the first ring
closure with simultaneous formation of another carbocation (Scheme 1.28). Elec-
trophilic aromatic substitution and demethylation of the methyl ether moiety led to
the final product 1-111. Despite the rather low yield of 30 %, this reaction shows a
new and elegant example of a domino reaction since four contiguous stereogenic
centers are created in a single process, with high stereocontrol.

Another example of an intramolecular cyclization initiated by reactions of an
acyliminium ion [32] with an unactivated alkene has been published by Veenstra
and coworkers. In their total synthesis of CGP 49823 (1-116), a potent NK1 antago-
nist [33], these authors treated the N,O-acetal 1-112 with 2 equiv. of chlorosulfonic
acid in acetonitrile to afford acyliminium ion 1-113 (Scheme 1.29) [34]. This is qual-
ified for a cyclization, creating piperidine cation 1-114, which is then trapped by
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Scheme 1.28. Acyliminium ion-initiated domino cyclization in the synthesis of azasteroids.
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Scheme 1.29. Domino acyliminium ion cyclization/Ritter reaction procedure in the synthesis of 
CPG 49823 (1-116).

acetonitrile in a Ritter reaction to give 1-115 in 73 % yield with high diastereoselec-
tivity (trans:cis, 20:1). The interception of the cation 1-114 is assumed to occur for
steric reasons from the opposite side of the benzyl moiety, leading to the trans pro-
duct [35].

In an effort to assemble pyrrolidine heterocycles from acyclic precursors, the Ray-
ner group developed a stereoselective domino cationic cyclization/aziridinium ion
formation/nucleophilic ring-opening procedure [36]. The general process is dis-
played in Scheme 1.30, in which α-amino acetals 1-117 in the presence of a Lewis
acid are converted into pyrrolidines 1-119 via the bicyclic aziridinium ions 1-118.
The aziridinium ions 1-118 can be isolated as a tetraphenylborate salt; however,
when warming to room temperature, regioselective ring opening by a nucleophile
occurs to give the pyrrolidines 1-119.

Using the chiral α-amino acetal 1-120 ion and two different N-nucleophiles 1-122
and 1-123, the pyrrolidines 1-124 and 1-125, respectively, are obtained in good di-
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Scheme 1.30. Cationic cyclization/aziridinium ion formation/nucleophilic ring-opening procedure
for the synthesis of pyrrolidines.

astereoselectivity and yield (Scheme 1.31). The observed stereocontrol can be ex-
plained by assuming that all substituents adopt a pseudo-equatorial position in a
chairlike transition state during the cyclization step.

Domino procedures are not limited to the construction of oxygen- and nitrogen-
containing heterocycles. A novel exo-endo-cyclization of α,ω-diynesulfides medi-
ated by bis(pyridyl)iodinium(I)tetrafluoroborate (IPy2BF4) has been revealed by Bar-
luenga and coworkers [37]. Depending on the chain length of the diyne 1-126, sul-
fur-containing tricycles 1-127 with different ring sizes were furnished in good to ex-
cellent yields (Scheme 1.32).

It is proposed that the electrophilic iodo ion first reacts with one triple bond in 1-
126 to give the relative stable vinyl cation 1-128. Ring closure leads to a seven-mem-
bered ring 1-129 containing another vinyl cation moiety, which then cyclizes to pro-
duce the final tricycle 1-127.

Recently, a novel domino process for the synthesis of benzazepines with the con-
comitant formation of a C−N and a C−C bond has been published by the Basavaiah
group [38]. These authors have shown that, under acidic conditions in the presence
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Scheme 1.31. Synthesis of enantiopure pyrrolidine derivatives.
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Scheme 1.32. Domino cyclization of α-,ω-diynesulfides.

of nitriles, Baylis−Hillman adducts such as 1-130 can be easily transformed into 2-
benzazepines 1-131, a skeleton which is present in many bioactive molecules
(Scheme 1.32). The process is assumed to proceed via a Ritter reaction of the pri-
marily formed cation 1-132, delivering the nitrilium ion 1-133, which then under-
goes ring closure − a so-called Houben−Hoesch reaction.
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Me
Et
Et
Et
Et
Me
Et
Me
Et
Et
Et
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Yield [%]

55
67
44
58
65
70
74
72
33
48
46

Scheme 1.33. Synthesis of benzazepines.

R

substrate 1-130

An elimination/double Wagner−Meerwein rearrangement process has recently
been developed by Langer and coworkers [39]. Treatment of compound 1-136, ob-
tained by reaction of 1-134 and 1-135, with trifluoroacetic acid (TFA) led to the
cationic species 1-137, which then underwent a twofold Wagner−Meerwein rear-
rangement to give the bicyclic compound 1-139 via 1-138 (Scheme 1.34).

The construction of novel tetracyclic ring systems 1-142, which can be considered
as hybrids of the tetrahydropyrrolo[2,3-b]indole and tetrahydroimidazol[1,2-a]in-
dole ring system, has been described by Herranz and coworkers [40]. The exposure
of tryptophan-derived α-amino nitrile 1-140 to acidic conditions triggers a
stereoselective tautomerization to give 1-142 in quantitative yield (Scheme 1.35).
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Scheme 1.35. Acid-mediated domino tautomerization.
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1.1.1
Cationic/Cationic/Cationic Processes

One of the most fascinating aspects of domino reactions is the fact that the number
of steps being included in one sequence is not really limited; therefore, the com-
plexity of a domino process is simply a question of imagination and skill.

As mentioned earlier, the McDonald group was able to extend their epoxide-
domino-cyclization strategy to 1,5,9-triepoxides [10]. Indeed, they were successful
in converting precursor 1-143 into the tricyclic product 1-146 in 52 % yield after hy-
drolysis (Scheme 1.36) [41]. As a possible mechanism of this polyoxacyclization it
can be assumed that, after activation of the terminal epoxide by BF3, a sequence of
intramolecular nucleophilic substitutions by the other epoxide oxygens takes place,
which is induced by a nucleophilic attack of the carbonate oxygen, as indicated in
1-144 to give 1-145.

As an alternative mechanistic assumption the initiation of the domino process by
one molecule of water could be considered. However, this would lead to the corre-
sponding enantiomer ent-1-146, which was excluded by crystallographic structure
determination.

An impressive cationic domino polycyclization has been developed by Corey and
coworkers in their short and efficient enantioselective total synthesis of aegicer-
adienol (1-150), a naturally occurring pentacyclic nor-triterpene belonging to the �-
amyrin family [42]. Thus, the treatment of the enantiopure monocyclic epoxy tet-
raene 1-147 with catalytic amounts of methylaluminum dichloride induces a ca-
tion-π-tricyclation by initial opening of the epoxide to form the tetracyclic ketone 1-
148 in 52 % yield, and its C-14 epimer 1-149 in 23 % yield, after silylation and chro-
matographic separation (Scheme 1.37). Further transformations led to aegicer-
adienol (1-150) and its epimer 1-151.

Domino reactions are also used in the development of new and potent phar-
maceuticals, which is an important target in organic synthesis. The following ex-
ample by Katoh and coworkers presents an impressive approach to the tetracyclic
core structure of the novel anti-influenza A virus agent, stachyflin (1-152), using as
key feature a new Lewis acid-induced domino epoxide-opening/rearrangement/cy-

1.1 Cationic/Cationic Processes
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H
HO

H

H
HO

+

1-147

1) MeAlCl2, 3:1
    hexane/CH2Cl2, –78 °C
2) TBSCl, CH2Cl2
    reflux

1-148 (52%) 1-149 (23%)

Aegiceradienol (1-150) 14-epi-Aegiceradienol (1-151)

Scheme 1.37. Cationic domino polycyclization in the total synthesis of aegiceradienol (1-150).

clization reaction [43]. Thus, the α-epoxide 1-153 forms the tetracycle 1-157 on treat-
ment with an excess of BF3·Et2O in one process in reasonable 41 % yield (Scheme
1.38). It is assumed that this domino transformation proceeds stepwise via the car-
bocations 1-154, 1-155, and 1-156, with 1,2-methyl group migration, 1,2-hydride
shift and trapping by nucleophilic attack of the phenolic hydroxyl group as the final
step [44]. 1-157 could be further transformed into an analogue of 1-152 containing
all stereogenic centers with the correct configuration.

During the course of a biomimetic synthesis of the indole-diterpene mycotoxin
emindole SB (1-158), the Clark group has observed an unexpected domino reaction
[45]. When epoxide 1-159 was treated with BF3·Et2O, the formation of three rings
and four stereogenic centers in a highly regioselective and stereoselective single
operation took place to give pentacycle 1-160 in 33 % yield (Scheme 1.39). Unfor-
tunately, the desired emindole SB scaffold was not formed, this being due to unex-
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Scheme 1.38. Domino epoxide-opening/rearrangement/cyclization reaction towards the total 
synthesis of (+)-stachyflin (1-152).

O

H

HO BF3•Et2O
CH2Cl2, –30 °C

1-153 1-154

1-1551-1561-157

41%

(+)-Stachyflin (1-152)

E

pected 6-endo cyclization instead of the anticipated 5-exo ring closure during as-
sembly of the second ring. This led on the one hand to the assumption that the pro-
posed biosynthetic pathway [46] is incorrect, and on the other hand to the assump-
tion that the 5-exo ring closure event is controlled enzymatically.

An impressive number of eight steps within one cationic domino process was ob-
served by Mulzer and coworkers, when treating the entriol derivative 1-161 with

1.1 Cationic/Cationic Processes
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Scheme 1.40. Eight-step cationic domino process.

+ 1-165

trimethylsilyliodide [47]. The transformation which provided the uniform bisacetal
1-169 in 37−50 % yield included a silyliodide-promoted cleavage to give oxonium
ion 1-162, a Prins reaction, a pinacol rearrangement, and the formation of an ox-
enium ion 1-167 (Scheme 1.40). This reacts with the intermediate 1-165 to give the
oxonium ion 1-168 and, after debenzylation, the bisacetal 1-169.

As discussed earlier, Ila, Junjappa and coworkers used cyclopropyl units as ca-
tion-provider in cationic domino processes. Within their interesting approach, the
indole derivatives 1-170 could be converted into the unexpected carbazoles 1-171
with 54−69 % yield in a five-step transformation using SnCl4 as reagent (Scheme
1.41) [48].

The domino reaction starts with a Lewis acid-promoted electrophilic ring open-
ing of the cyclopropyl moiety in 1-170. The resulting stable zwitterionic interme-
diate 1-171 undergoes an intermolecular enol capture by another zwitterionic spe-
cies, leading to dimeric indole cation 1-172. Two ring closures follow with 1-173 as
an intermediate, and subsequently a Lewis acid-assisted elimination of indole and
an oxidation through the solvent occur to give the carbazole 1-174.

Another carbocationic domino process by the same group resulted in the forma-
tion of indane derivatives using cyclopropyl carbinol compounds as starting mate-

1 Cationic Domino Reactions
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rial [49]. Reaction of cyclopropyl carbinol 1-175 with BF3·Et2O led to 1-178 in 60−
80 % yield via 1-176 and 1-177 (Scheme 1.42). Using cyclopropyl carbinols with a
different substitution pattern, isomers of 1-178 or monocyclic compounds are ob-
tained.

As discussed previously, West and coworkers developed a two-step domino
process, which is initiated by a Nazarov reaction. This can be extended by an elec-
trophilic substitution. Thus, reaction of 1-179 with TiCl4 led to 1-182 via the inter-
mediate cations 1-180 and 1-181. The final product 1-183 is obtained after aqueous
workup in 99 % yield (Scheme 1.43) [23]. It is important to mention here that all six
stereocenters were built up in a single process with complete diastereoselectivity;
hence, the procedure was highly efficient.

A very impressive multiple cationic domino reaction was used in the enan-
tioselective total synthesis of (−)-gilbertine (1-190), described by Blechert and co-
workers [50]. When the tertiary alcohol 1-184 is treated with TFA, a carbocation is
formed which undergoes a cascade of cyclizations to afford 1-190 in very good yield
(61 %) (Scheme 1.44). The cations 1-185 to 1-189 can be assumed as intermediates.

1.2
Cationic/Pericyclic Processes

The first example of this rather under-represented class of domino processes
depicts an attractive strategy to functionalized cycloheptenes which has been
developed by West and coworkers [51]. As illustrated in Scheme 1.45, substrate 1-
191a is exposed at −30 °C to the Lewis acid FeCl3 to induce a Nazarov electrocycliza-
tion to give carbocation 1-192. Under the applied reaction conditions, this under-
goes a [4+3]-cycloaddition to yield the two diastereomers 1-193a and 1-194a in good
yield, but almost unselectively. Interestingly, the homologous substrate 1-191b led

O

Ph

Cl3FeO

Ph
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CH2Cl2, –30 °C

H

HPh

O
H

HPh

O

1.3:1
0:1
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1-191b: n = 2
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Scheme 1.45. Cationic domino cycloisomerization of tetraenones.
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n

[4+3] cycloaddition

(  ) n(  ) n

Nazarov cycl.

+

(  )
n

1.2 Cationic/Pericyclic Processes



40

to the formation of cycloadduct 1-194b as a single diastereomer in 75 % yield. In
this case, the additional methylene group in the tether causes an attack of the diene
from below anti to the phenyl group in an endo mode. Until now, the origin of this
surprising result has not been clear.

A combination of cationic processes and an ene reaction has been used by Kim
and coworkers for the total synthesis of perhydrohistrionicotoxin (1-202a) using 1-
198 as substrate (Scheme 1.46). Derivatives of histrionicotoxin 1-202b have turned
out to be attractive targets for synthetic chemists, as they demonstrate useful neu-
rophysical properties [52]; 1-202b has a unique structural feature and low natural
abundance. For the synthesis of 1-198, the ketone 1-195 was used as the starting
material which, after epimerization, was treated with the Grignard reagent obtained
from 1-197. The domino process of 1-198 was initiated by using pTsOH, which im-
pelled the pinacol rearrangement as well as the cleavage of the acetal unit, thus pre-
paring the settings for the proximate carbonyl ene reaction. Ultimately, the tricyclic
alcohol 1-201 and its epimer 1-200 were afforded via the transition state 1-199 in a

O
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Scheme 1.47. Domino-1,3-rearrangement/Diels–Alder process.

89:11 ratio in 82 % total yield. 1-201 was further transformed into perhydrohistrioni-
cotoxin (1-202a). It should be noted that ene reactions are classified as pericyclic re-
actions, although carbonyl ene reactions usually follow a cationic mechanism.

The Lewis acid-catalyzed 1,3-migration of divinyl esters allows the formation of
1,3-butadienes, which can undergo cycloaddition. In this respect, Dai and co-
workers described a rearrangement of the divinyl alkoxyacetate 1-203 followed by a
Diels−Alder reaction with a dienophile such as maleic anhydride 1-204 in the pre-
sence of catalytic amounts of Ln(fod)3 to produce 1-205 in up to 61 % yield (Scheme
1.47) [53].
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H
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O
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150 °C, 4 d

hetero-Diels-Alder

Scheme 1.48. Cationic domino cyclization/hetero-Diels–Alder procedure.
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The final example of a cationic/pericyclic domino process was discovered almost
by accident. While preparing bisisoquinoline-bis-N-oxides, the Dyker group re-
vealed an unexpected domino sequence when they treated the benzil derivative 1-
206 with hydroxylamine hydrochloride at high temperature (Scheme 1.48) [54].
Rather than obtaining the desired bisoxime, 13 % of the tetracycle 1-209 was iso-
lated. After further optimization of the reaction conditions, these authors were fi-
nally able to achieve 1-209 within four days as the sole product in a striking quanti-
tative yield. For the mechanistic interpretation it was assumed that the reaction is
initiated by protonation of one of the alkyne functions with ring closure under for-
mation of the benzopyrylium cation 1-207; this is followed by an intramolecular
hetero-Diels−Alder reaction to give 1-208. Finally, the latter undergoes a ring frag-
mentation accomplishing the observed product 1-209.

1.3
Cationic/Reductive Processes

Cationic/reductive domino processes were first described in 2003, and are con-
sequently among the “youngest” domino procedures described in this book. To
date, only two (albeit very useful) examples typifying a combination of a cationic re-
action with a reduction procedure have been identified.

Recently, it was discovered that THF-inactivated AlEt3 has a rare double reactivity,
namely Lewis acidity and reduction potential. By using this reagent, Tu and co-
workers established a semipinacol rearrangement/reduction methodology of α-hy-
droxyepoxides 1-210 to give diols 1-214 with ring contraction (Scheme 1.49) [55]. In
the transformation, 1-211 and 1-212 can be proposed as intermediates, with the Al-
complex 1-213 as the product which is hydrolyzed to afford 1-214.

In addition to hydroxyepoxides, which can be easily prepared in an enantiopure
form, α-aminoepoxides can also be used to produce �-aminoalcohols (Scheme 1.50,
entry 1). Moreover, α and �-hydroxyaziridines are also good substrates, leading
again to aminoalcohols (Scheme 1.50, entries 2 and 3).

The same group has presented another highly diastereoselective domino pro-
cedure for the construction of quaternary 1,3-diols involving a samarium diiodide-
catalyzed semipinacol/Tishchenko reduction sequence [56]. Treatment of α-hy-
droxy epoxides 1-212 with substoichiometric amounts of samarium diiodide in the
presence of an excess of a reducing aldehyde (best results were obtained by using p-
chlorobenzaldehyde) initiated a process in which at first a semipinacol-type rear-
rangement with C-1 to C-3 carbon migration and simultaneous formation of an in-
termediate aldehyde by epoxide opening takes place (Scheme 1.51). Furthermore,
hetero-Tishchenko reduction of the formed aldehyde and the added aldehyde fur-
nished the desired monoesters 1-216 in good yields (58−82 %) and high selectivity.

On the basis of these experimental results, a possible mechanism has been pro-
posed for the reaction of 1-215 with SmI2 (Scheme 1.52). After formation of the syn-
complex A, a rearrangement occurs to give the aldehyde B, which coordinates to the
added aldehyde RCHO to afford complex C. Subsequent samarium-catalyzed nu-
cleophilic attack of the secondary alcohol to the carbonyl of RCHO generates a
hemiacetal, D. There follows an irreversible intramolecular 1,5-hydride transfer via

1 Cationic Domino Reactions
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transition state E to afford the samarium-coordinated 1,3-diol monoester F that
further accomplishes the production of monoesters 1-216a by releasing the samar-
ium species for the next cycle.

In an earlier publication by the same authors, a similar procedure − albeit
without ring contraction − has already been described [57].
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2
Anionic Domino Reactions

Anionic domino processes are the most often encountered domino reactions in the
chemical literature. The well-known Robinson annulation, double Michael reac-
tion, Pictet−Spengler cyclization, reductive amination, etc., all fall into this cate-
gory. The primary step in this process is the attack of either an anion (e. g., a carban-
ion, an enolate, or an alkoxide) or a “pseudo” anion as an uncharged nucleophile
(e. g., an amine, or an alcohol) onto an electrophilic center. A bond formation takes
place with the creation of a new “real” or “pseudo-anionic” functionality, which can
undergo further transformations. The sequence can then be terminated either by
the addition of a proton or by the elimination of an X− group.

Besides the numerous examples of anionic/anionic processes, anionic/pericyclic
domino reactions have become increasingly important and present the second
largest group of anionically induced sequences. In contrast, there are only a few ex-
amples of anionic/radical, anionic/transition metal-mediated, as well as anionic/re-
ductive or anionic/oxidative domino reactions. Anionic/photochemically induced
and anionic/enzyme-mediated domino sequences have not been found in the lit-
erature during the past few decades. It should be noted that, as a consequence of
our definition, anionic/cationic domino processes are not listed, as already stated
for cationic/anionic domino processes. Thus, these reactions would require an oxi-
dative and reductive step, respectively, which would be discussed under oxidative or
reductive processes.

2.1
Anionic/Anionic Processes

Domino transformations combining two consecutive anionic steps exist in several
variants, but the majority of these reactions is initiated by a Michael addition [1].
Due to the attack of a nucleophile at the 4-position of usually an enone, a reactive
enolate is formed which can easily be trapped in a second anionic reaction by, for
example, another α,�-unsaturated carbonyl compound, an aldehyde, a ketone, an
imine, an ester, or an alkyl halide (Scheme 2.1). Accordingly, numerous examples
of Michael/Michael, Michael/aldol, Michael/Dieckmann, as well as Michael/SN-
type sequences have been found in the literature. These reactions can be con-
sidered as very reliable domino processes, and are undoubtedly of great value to
today’s synthetic chemist.
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Scheme 2.1. Twofold anionic domino reaction initiated by a Michael addition.

Twofold Michael additions have been utilized by the groups of Spitzner [2] and
Hagiwara [3] to construct substituted bicyclo[2.2.2]octane frameworks. In
Hagiwara’s approach towards valeriananoid A (2-6) [4], treatment of trimethylsily-
enol ether 2-2, prepared from the corresponding oxophorone 2-1, and methyl acry-
late (2-3) with diethylaluminum chloride at room temperature (r.t.) afforded the
bicyclic compound 2-4 (Scheme 2.2). Its subsequent acetalization allowed the selec-
tive protection of the less-hindered ketone moiety to provide 2-5, which could be
further transformed into valeriananoid A (2-6).

In addition, Hagiwara’s group synthesized the solanapyrones D (2-10) and E (2-
11), two members of the family of the solanapyrones (2-7−2-11) [5], using the same
methodology. These compounds, which cause blight disease to tomatoes and po-
tatoes, were isolated from the fungus Altenaria solani (Scheme 2.3).

The characteristic trans-decalin portion 2-15 of (−)-solanapyrone D (2-10) and E
(2-11) was accessible from enolate 2-12 and methyl crotonate (2-13) via 2-14
(Scheme 2.4) [6].

Herein, the stereogenic center in 2-12 controls the stereochemistry in the way
that the Michael addition occurs from the less-hindered α-face of the enolate to the
si-side of the crotonate 2-13 according to transition structure 2-16. The second Mi-
chael addition occurs from the same face, again under chelation control, followed
by an axial protonation of the formed enolate to give the cis-compound 2-14a. It
should be noted that after the usual aqueous work-up procedure an inseparable

2-1 2-2

2-3

2-5

O

O

OTMS

O
O

O

CO2Me

2-4

CO2Me

Et2AlCl, CH2Cl2, r.t.
(TMS)2NH
TMSI, DME

(CH2OH)2
pTsOH
benzene

O

CO2Me

O

O

HO

O

Valeriananoid A (2-6)

79%
from 2-1

steps

Scheme 2.2. Double Michael addition leading to bicyclo[2.2.2]octane 2-4.

2.1 Anionic/Anionic Processes
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Solanapyrone E (2-11)Solanapyrone A (2-7)
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Scheme 2.3. Natural products isolated from Altenaria solani.
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Scheme 2.4. Synthesis of the solanapyrones D (2-10) and E (2-11).

CO2Me+

1) MeLi, HMPA, THF, –78 °C → 0 °C
2) NaOMe, MeOH, 0 °C → reflux

2-12 2-13 2-14a: cis
2-14b: trans

2-15

H O
Li

L

LO
1,6-stereocontrol H O

Li
L

L

OMe
O

H

TBSO

MeO

TBSO

2-16 2-17

mixture of cis- and trans-decalones 2-14a and 2-14b is isolated. However, this can be
circumvented by isomerizing the cis-compound 2-14a to the trans-compound 2-14b
using NaOMe in MeOH at elevated temperatures.

An interesting domino Michael/Michael addition has also been reported by Car-
reńo’s group [7]. These authors started from chiral sulfur-containing quinamines
and were able to build up enantiopure hydroindolones. Further sequences have been
published by the research groups of Wicha [8], who elaborated a three-component,
twofold Michael addition approach ensuring access to a valuable intermediate of vi-
tamin D3, Pollini [9], who designed a facile synthesis towards indolizidine as well as
quinolizidine derivatives, and de Meijere [10]. By employing a domino Michael proto-
col, the latter group was able to prepare enantiopure �-amino acids (Scheme 2.5).

2 Anionic Domino Reactions
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Scheme 2.5. Synthesis of β-amino acids.
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For a facial selective assembly of the stereogenic centers and the introduction of the
amino functionality, chiral nitrogen-containing reagents, such as benzyl(2-pheny-
lethyl)amine (2-19) and trimethylsilyl RAMP derivative 2-24 were applied. Treatment
of diacrylates 2-18, 2−21, and 2-23 with 2-19 and 2-24, respectively, gave the protected
amino acids 2-20, 2−22, and 2-25 in good yields as single isomers.

As the last example of this section, a conjugate addition sequence of Ikeda and
coworkers will be discussed, in which a somewhat unusual Michael system 2-26
was used (Scheme 2.6) [11]. Reactions of 1-nitro-1-cyclohexene (2-26) and 4-hy-
droxybutynoates 2-27a−c in the presence of the base KOtBu gave E/Z-mixtures of
substituted octahydrobenzofurans 2-28a−c in excellent to good yield.

Domino Michael/aldol addition processes unquestionably represent the largest
group of domino transformations. Numerous synthetic applications − for example,
in natural product synthesis as well as for the preparation of other bioactive com-
pounds − have been reported. Thus, the procedure is rather flexible and allows the
use of many different substrates [12]. In this process it is possible, in theory, to es-
tablish up to two new C−C-bonds and three new stereogenic centers in a single
step. For example, Collin’s group developed a three-component approach.

2.1 Anionic/Anionic Processes
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NO2
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COR3

R2HO
R1

+

a: R1= R2= H, R3= OMe
b: R1= nPr, R2= H, R3= OEt
c: R1= R2= H, R3= NMe2

KOtBu, THF/tBuOH, 0 °C
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Scheme 2.6. Synthesis of octahydrobenzofurans.

2-27 2-28
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Using a cyclic enone 2-29b and an ester-TMS enolate 2-30 in the presence of cata-
lytic amounts of SmI2(THF)2, the Michael addition and the Mukaiyama/aldol reac-
tion with the added aldehyde 2-32 led to the diastereomeric adducts 2-33 and 2-34
via 2-31 with a dr = 80:20 to 98:2 and 70−77 % yield (Scheme 2.7) [13]. The major
product is the trans-1,2-disubstituted cycloalkanone.

This finding is also in agreement with another three-component Michael/aldol
addition reaction reported by Shibasaki and coworkers [14]. Here, as a catalyst the
chiral AlLibis[(S)-binaphthoxide] complex (ALB) (2-37) was used. Such hetero-
bimetallic compounds show both Brønsted basicity and Lewis acidity, and can cata-
lyze aldol [15] and Michael/aldol [14, 16] processes. Reaction of cyclopentenone 2-
29b, aldehyde 2-35, and dibenzyl methylmalonate (2-36) at r.t. in the presence of
5 mol% of 2-37 led to �-hydroxy ketones 2-38 as a mixture of diastereomers in 84 %
yield. Transformation of 2-38 by a mesylation/elimination sequence afforded 2-39
with 92 % ee; recrystallization gave enantiopure 2-39, which was used in the synthe-
sis of 11-deoxy-PGF1α (2-40) (Scheme 2.8). The transition states 2-41 and 2-42 il-
lustrate the stereochemical result (Scheme 2.9). The coordination of the enone to
the aluminum not only results in its activation, but also fixes its position for the Mi-
chael addition, as demonstrated in TS-2-41. It is of importance that the following
aldol reaction of 2-42 is faster than a protonation of the enolate moiety.

Furthermore, the same methodology was used for an approach towards enan-
tiopure PGF1α (2-46) through a catalytic kinetic resolution of racemic 2-43 using (S)-
ALB (2-37) (Scheme 2.10) [14]. Reaction of 2-35, 2-36 and 2-43 in the presence of 2-
37 led to 2-44 as a 12:1 mixture of diastereomers in 75 % yield (based on malonate 2-
36). The transformation proceeds with excellent enantioselectivity; thus, the enone
2-45 obtained from 2-44 shows an ee-value of 97 %.

O

OHC CO2Me
(  )

CO2Bn

CO2Bn
+

5 mol% (S)-ALB (2-37)
4.5 mol% NaOtBu
MS 4 Å, THF, r.t.
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O OH
CO2Me

5

(  )5
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CO2Bn
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2-38 (6:1–17:1 mixture
of diastereomers)

O
O

Al
O

O
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toluene
activated Al2O3
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O
CO2Me(  )5

CO2Bn
BnO2C

HO
CO2H(  )5

C5H11

OH

11-Deoxy-PGF1α (2-40)

steps

+

Scheme 2.8. Formation of 11-deoxy-PGF1α (2-40).
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Scheme 2.9. Proposed transition states for the synthesis of 2-38.
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Scheme 2.10. Conversion of racemic 2-43 into enantiopure 2-45 using a kinetic 
resolution strategy.

steps

Feringa’s group has demonstrated that cyclopentene-3,5-dione monoacetals as 2-
47 can also be successfully applied as substrates in an asymmetric three-com-
ponent domino Michael/aldol reaction with dialkyl zinc reagents 2-48 and aromatic
aldehydes 2-49 [17]. In the presence of 2 mol% of the in-situ-generated enantiomeri-
cally pure catalyst Cu(OTf)2/phosphoramidite 2-54, the cyclopentanone derivatives
2-51 were formed nearly exclusively in good yields and with high ee-values (Scheme
2.11).

2 Anionic Domino Reactions
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Scheme 2.11. Enantioselective Synthesis of 2-51 and 2-53.
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The selectivity of the aldol addition can be rationalized in terms of a Zimmer-
man−Traxler transition-state model with TS-2-50 having the lowest energy and
leading to dr-values of �95:5 for 2-51 and 2-52 [18]. The chiral copper complex, re-
sponsible for the enantioselective 1,4-addition of the dialkyl zinc derivative in the
first anionic transformation, seems to have no influence on the aldol addition. To
facilitate the ee-determination of the domino Michael/aldol products and to show
that 2-51 and 2-52 are 1’-epimers, the mixture of the two compounds was oxidized
to the corresponding diketones 2-53.

The method has been used for a short asymmetric synthesis of (−)-prostaglandin
E1 methyl ester (PGE1) (2-58) starting from 2-47, 2-55 and 2-56 (Scheme 2.12) [17].
The domino reaction provided 2-57 in 60 % yield as mixture of two diastereomers in
reasonable stereoselectivity (trans-threo:trans-erythro ratio 83:17). Further transfor-
mations led to 2-58 in an overall yield of 7 % and 94 % ee in seven steps.

Another group of natural products, namely the biologically active lignans of the
aryltetralin series − for example, isopodophyllotoxone (2-59), picropodophyllone (2-
60), and podophyllotoxin (2-61) (Scheme 2.13) [19] − have also been synthesized
using a domino Michael/aldol process.

2.1 Anionic/Anionic Processes
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Scheme 2.12. Synthesis of PGE1 methyl ester.
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Scheme 2.13. Lignans of the aryltetralin series.

Thus, Pelter and Ward [20], as well as Ohmizu and Iwasaki [21], have shown inde-
pendently that a conjugate addition of an acyl anion equivalent to a butenolide, fol-
lowed by in-situ trapping of the resulting enolate with an aromatic aldehyde can be
employed for the synthesis of podophyllotoxin derivatives. Reaction of TBS-pro-
tected cyanohydrin 2-62, 2-butenolide (2-63) and 3,4,5-trimethoxybenzaldehyde (2-
64) in the presence of LDA afforded 2-65, which led to 2-66 on treatment with TFA
in CH2Cl2 in 77 % yield over two steps (Scheme 2.14) [21]. Finally, the desired 2-59
was obtained in 92 % yield by unveiling the keto function with NH4F in a slightly
aqueous THF/DMF (10:1) solution. Interestingly, by treatment of 2-66 with TBAF
in CH2Cl2/AcOH the isomerized diastereomeric product 2−60 was obtained.

Instead of using an aldehyde for trapping the primarily formed enolate, there are
also a few examples which involve an imino acceptor in the second anionic step.
The Collin group used a lanthanide iodide-mediated reaction of a ketene silyl acetal

2 Anionic Domino Reactions
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Scheme 2.14. Synthesis of isopodophyllotoxone (2-59) and picropodophyllone (2-60).
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Scheme 2.15. Three-component coupling of thiolate 2-67, cyclohexenone (2-29a),
and imines 2-68.

and a cyclic α, �-unsaturated ketone, followed by the addition of a glyoxylic or aro-
matic imine to give 2,3-disubstituted cyclopentanones and cyclohexanones with an
amine moiety in the side chain [22]. A further variant has been published by Hou
and coworkers [23]. In a three-component reaction, cyclohexenone (2-29a), thiols 2-
67, as non-carbon Michael donors, and different N-tosylimines 2-68 as acceptors led
to the �-amino ketones 2-69 and 2-70 in partly remarkable diastereoselectivity
(Scheme 2.15).

2.1 Anionic/Anionic Processes
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Domino Michael/aldol processes, which are initiated by the addition of a halide to
an enone or enal, have found wide attention. They are valuable building blocks, as
they can be easily converted into a variety of extended aldols via subsequent SN2 reac-
tions with nucleophiles or a halide/metal exchange. As an example, α-haloalkyl-�-hy-
droxy ketones such as 2-76 have been obtained in very good yields and selectivities by
reaction of enones 2-71 with nBu4NX in the presence of an aldehyde 2-74 and TiCl4 as
described by the group of Shinokubo and Oshima (Scheme 2.16) [24].

The selective generation of syn-isomers can plausibly be explained by the forma-
tion of (Z)-enolates 2-73 via 2-72 in the addition step and by a six-membered transi-
tion state 2-75 in the subsequent aldol reaction.

Further investigations in this field revealed that the described domino sequence
can also be performed in an intramolecular mode to afford to 2-acyl-3-halocyclohex-
anols 2-78 from 2-77 (Scheme 2.17) [24e].

Enantiopure compounds of type 2-78 can easily be obtained, as elaborated by the
group of Li and Headley, using an Evans auxiliary controlled conjugate addition of
nucleophiles to α,�-unsaturated compounds 2-79 and subsequent trapping of the
resulting enolates by aldehydes 2-81 to give 2-83 in high yield and excellent selectiv-
ity (Scheme 2.18) [25]. The proposed mechanism based on the primary formation
of an (Z)-enolate 2-80 and an open transition state 2-82 accounts for the observed
high anti-diastereoselectivity.
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Scheme 2.16. Intermolecular domino Michael/aldol process initiated by the addition of 
halide to an enone.
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Scheme 2.17. Intramolecular domino Michael/aldol process initiated by the 
addition of halide to an enone.

2-77 2-78

The halogenide-initiated domino Michael/aldol process can also be performed
with ynones such as 2-84 and aldehydes 2-85 using TiCl4, TiBr4, TiCl4/(nBu4)NI,
Et2AlI, MgI2 or TMSI as halogen sources to give �-halo Baylis−Hillman adducts
such as 2-86, as described by Li (Scheme 2.19) [26]. These compounds are of inter-
est for Pd-mediated coupling reactions, for example. As a general trend, the use of
TiCl4, TiBr4, as well as TiCl4/(nBu4)NI leads to (E)-�-halo Baylis−Hillman adducts as
the major product. In contrast, with MgI2, Et2AlI or TMSI the corresponding (Z)-
vinyl isomers are formed preferentially. In a very recent paper, Paré and coworkers
[27] have demonstrated this (see Scheme 2.19), within the synthesis of α-substi-
tuted-�-iodovinyl ketones 2-86 with a (Z)-configuration. Magnesium iodide in
CH2Cl2 is the halogen source of choice.

An unusual two-component domino Michael/aldol process was described by
Tomioka and coworkers in which the initiating step is the formation of an α-
lithiated vinyl-phosphine oxide [28] or vinyl phosphate [29].

As shown in Scheme 2.20, selective lithiation of substrate 2-87 by treatment with
LDA in THF at −78 °C triggers an intramolecular Michael/intermolecular aldol ad-
dition process with benzaldehyde to give a mixture of diastereomers 2-90 and 2-91.
2-91 was afterwards transformed into 2-92, which is used as a chiral ligand for Pd-
catalyzed asymmetric allylic substitution reactions [29].

Besides this unique above-described process, there a numerous examples of
inter- and intramolecular domino Michael/aldol processes in which the sequence is
initiated by the addition of a metalorganic compound to an enone moiety. The
Kamimura group [30] synthesized several five- to seven-membered thio- and hy-

2.1 Anionic/Anionic Processes
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Scheme 2.18. Diastereoselective AlEt2I-mediated domino Michael/aldol process.
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OH

R2 R1

O

I

Scheme 2.19. MgI2-mediated synthesis of β-iodo Baylis–Hillman adducts.

2-84 2-85 2-86
6 examples: 81–90% yield, (Z):(E) >98:2

droxy-functionalized carbocycles; Tomioka and coworkers [31] used the
methodology in the total synthesis of the carbonucleoside (−)-neplanocin A [32], a
naturally occurring compound showing (S)-adenosylhomocysteine hydrolase in-
hibitory activity [33]. Schneider and coworkers produced functionalized enan-
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tiopure cyclohexanes of type 2-94, starting from 2-93 and a cuprate with excellent
selectivity of �95:5 (Scheme 2.21) [34]. The stereochemical outcome can be ex-
plained taking the TS 2-95 and TS 2-96 into account.
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Scheme 2.21. Domino Michael/aldol reactions of 7-keto-2-enimides 2-93.
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Similarly, the addition of an amine to the enone moiety can initiate a domino
process leading to substituted diaminocyclohexanes [34]. In this transformation an
imino aldol reaction occurs. The observed stereoselectivity was again �95:5, and
the yield between 51 % and 69 % in all cases.

The group of Terashima [35] developed an asymmetric domino Michael/aldol
process using the chinchona alkaloid (−)-cinchonidine (2-103), to prepare an inter-
mediate for the synthesis of the natural product (−)-huperzine A (2-102) [36]
(Scheme 2.22).

Reaction of �-ketoester 2-97 and acrolein 2-98 in presence of stoichiometric
amounts of 2-103 led to the desired product 2-100 in 45 % yield. A transition-state
model 2-99 may be postulated assuming an ion-pairing mechanism as reported for
similar asymmetric transformations [37]. The diastereomeric mixture of 2-100 was
transformed into 2-101 by mesylation and subsequent elimination. Despite the
moderate 64 % ee determined for 2-101, it was possible to obtain optically pure 2-
101 by recrystallization from hexane.

An impressive organocatalytic asymmetric two-component domino Michael/
aldol reaction has been recently published by Jørgensen and coworkers (Scheme
2.23) [38].
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Scheme 2.23. Domino Michael/aldol reaction of α,β-unsaturated ketones with β-ketoesters.
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Inspired by the proline-catalyzed Robinson annulation pioneered by Wiechert,
Hajos, Parrish and coworkers [39], they were able to construct cyclohexanones of
type 2-107 with up to four stereogenic centers with excellent enantio- and di-
astereoselectivity from unsaturated ketones 2-104 and acyclic �-ketoesters 2-105 in
the presence of 10 mol% phenylalanine-derived imidazolidine catalyst 2-106. The
final products can easily be converted into useful cyclohexanediols, as well as γ- and
ε-lactones.

Alkenones were used by Rao and coworkers [40] to prepare cyclohexane deriva-
tives which, for example, can be transformed into substituted arenes in a single
step. Another interesting intermolecular Michael/intramolecular aldol reaction
sequence for the construction of the highly substituted 2-hydroxybicy-
clo[3.2.1]octan-8-one framework has been described by Rodriguez’ group [41]. This
process can be extended to a three- and even a fourfold domino reaction [41a, 42,
43].

Krische and coworkers [44] developed a Rh-catalyzed asymmetric domino Mi-
chael/aldol reaction for the synthesis of substituted cyclopentanols and cyclohex-
anols. In this process, three contiguous stereogenic centers, including a quaternary
center, are formed with excellent diastereo- and enantioselectivity. Thus, using an
enantiopure Rh-BINAP catalyst system and phenyl boronic acid, substrates 2-108
are converted into the correspondding cyclized products 2-109 in 69−88 % yield and
with 94 and 95 % ee, respectively (Scheme 2.24).

A proposed simplified mechanism for the conjugate addition/aldol cyclization,
as depicted in Scheme 2.25, is based on detailed mechanistic studies performed on
related Rh-catalyzed enone conjugate additions [45]. A model accounting for the ob-
served relative stereochemistry invokes the intermediacy of a (Z)-enolate and a
Zimmerman−Traxler-type transition state as shown in 2-110 to give 2-111.

2.1 Anionic/Anionic Processes
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In a more recent publication the same research group described a
Cu(OTF)2/(POEt)3-catalyzed two-component Michael/aldol protocol of 2-112 and
ZnEt2 leading to annulated cyclopentanols [46]. They showed that the enolate
formed in the 1,4-addition can be trapped not only by a keto moiety, but also by an
ester (Dieckmann condensation) or a nitrile functionality present in the molecule.
Thus, as depicted in Scheme 2.26, there is a broad product variety. Starting from
2-112, compounds of type 2-114, 2-115 and 2-116 can be obtained via the enolate 2-
113.
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Scheme 2.26. Copper-mediated Michael addition/electrophilic trapping.
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In the so-far described transformations at least one intermolecular process was
involved. However, there are also examples where the necessary functionalities are
all present in the starting material such as 2-117, 2-119, 2-121 and 2-123 [47]. These
substrates can be transformed into polycyclic annulated cyclobutanes 2-118, 2-120,
2-122 and 2-124 using a base and a silylating agent (Scheme 2.27) [48]. The pro-
cedure is of great interest, since a number of biologically active polycyclic com-
pounds incorporating a cyclobutane portion, for example endiandric acids [49],
trihydroxydecipiadiene [50], italicene [51], lintenone [52] and filifolone [53], exist in
nature. Fukumoto and coworkers reported that the domino process can be carried
out under two different sets of conditions, either TBSOTf in the presence of Et3N
[48d] or TMSI in the presence of (TMS)2NH [48c].

As already shown, domino Michael/Dieckmann processes are especially useful
synthetic procedures with regard to the rapid, efficient assembly of complex or-
ganic molecules. This is particularly true for the construction of compounds con-
taining a highly functionalized naphthoquinone or naphthalene unit as central ele-
ment as found in napyradiomycin A1 (2-125) [54], bioxanthracene (−)-ES-242−4 (2-
126) [55], dioxanthin (2-127) [56], and the bioactive compound S-8921 (2-128) [57]
(Scheme 2.28).

The synthesis of these compounds using a domino Michael/Dieckmann process
has been developed by Tatsuta [58], Müller [59], and Mori [60]. The reaction
schemes are shown in Scheme 2.29.

A related domino Michael/Dieckmann process was used by Behar and coworkers
[61] for the ABCD-ring system assembly of lactonamycin (2-132) [62].

Reaction of 2-129 with NaCN followed by treatment with NaH and TIPSCl led to
the anthracene 2-130 in 68 % yield (Scheme 2.30). The desired lactam 2-131 was
then obtained by reduction of the cyano group and ring closure using CoCl2/
NaBH4. Quite recently, this procedure has also been used for a formal total synthe-
sis of tetracenomycin [63].

2.1 Anionic/Anionic Processes
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Scheme 2.29. Domino Michael addition/Dieckmann condensation sequences leading to 
precursors of natural products.
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Groth and coworkers [64] used a Michael/Dieckmann combination for the syn-
thesis of chokol (2-137) [65] starting from 2-133; 1,4-addition employing a vinyl
lithium compound 2-134 in the presence of CuCN led to the enolate 2-135 as inter-
mediate, which was trapped by an intramolecular Dieckmann condensation to give
2-136 (Scheme 2.31). The domino process is highly selective affording only the
trans-1,2-disubstituted cyclopentanones (dr�95 % according to gas chromatogra-
phy) [66].

MeO2C

MeO2C OMe OMe

OMe

1) NaCN, DMSO, r.t.
2) NaH, TIPSCl, DMF, r.t.

68% (over two steps)

CN

MeO2C

TIPSO

OMe OMe

OMe

HN

O

TIPSO

OMeOMe

OMe

CoCl2, NaBH4
MeOH/THF, 50 °C

52%

MeN

O

HO

OOH

O

O

O

OMe

O

O

OH

A

B C D E

F

(+)-Lactonamycin (2-132)

Scheme 2.30. Synthesis of the ABCD-ring skeleton of (+)-lactonamycin (2-132).
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(±)-Chokol A (2-137)

Scheme 2.31. Domino Michael addition/Dieckmann condensation process.

R

2-133 2-135

2-134, CuCN
BF3•OEt2, Et2O

2-136

–78 °C → 40 °C or 25 °C
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O
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OPiv

HO2C

steps

Scheme 2.32. Synthesis of mycophenolic acid (2-143).

Na

2-138 2-139 2-140

2-1412-142

Even fully substituted aromatic compounds can be prepared utilizing the Mi-
chael/Dieckmann strategy. As reported by Covarrubias-Zúńiga and coworkers
(Scheme 2.32) [67], reaction of the anion of 1-allyl-1,3-acetonedicarboxylate (2-138)
and the ynal 2-139 afforded the intermediate 2-140 which led to the resorcinol 2-142
with spontaneous aromatization under acidic conditions via 2-141 in an overall
yield of 32 %. 2-142 was transformed into mycophenolic acid (2-143) in only a few
additional steps [68].

Tridachiahydropyrone belongs to the family of marine polypropionates [69]. Ef-
forts towards its total synthesis have recently led to a revision of the structure with
the new proposal 2-147 [70]. The construction of the highly substituted cyclohex-
enone moiety 2-146 which could be incorporated into this natural product [71] has
been described by Perkins and coworkers (Scheme 2.33) [70, 72]. The conjugate ad-
dition/Dieckmann-type cyclization utilizing organocopper species as Michael
donors afforded the enantiopure 2-145 in 68 % yield. A further methylation of the �-
ketoester moiety in 2-145 followed by an elimination led to the desired cyclohex-
enone 2-146.

Recently, the 2-substituted L-glutamate analogue (2R)-α-(hydroxymethyl)gluta-
mate (HMG) (2-151) has been reported by the group of Kozikowski to serve as a
potential bioactive compound [73]. Since the synthesis of such a small molecule
should be rapid and practical in order to produce it on a multi-gram scale, a domino

2.1 Anionic/Anionic Processes
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O
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N
CO2Et

OTBSOO 5.0 eq CuI, 10.0 eq MeLi
Me2S/Et2O (1:1), r.t.

68%
OTBSO

EtO2C

64%

O

EtO2C
O

O

MeO

Tridachiahydropyrone (2-147)

1) 2.0 eq NaH
    THF, r.t.
2) 10.0 eq MeI
     r.t.

Scheme 2.33. Formation of highly substituted chiral cyclohexenone derivatives using a 
domino conjugate addition/Dieckmann condensation.

2-144 2-145

2-146

OH

CO2HH2N

D-Serine (2-148)

NCO2MeO

tBu

CO2Me

62% CO2Et
LDA, THF, –78°C

N
O

CO2Me

CO2Et

OtBu

HO2C

HO2C

H2N
OH

6 N HCl
reflux

90%

Scheme 2.34. Synthesis of (2R)-α-(hydroxymethyl)glutamate (2-151).

2-149

2-1502-151

Michael/Dieckmann strategy illustrated in Scheme 2.34 was envisaged [73]. Treat-
ment of the oxazolidine 2-149, derived from D-serine (2-148), with LDA followed by
addition of acrylate gave the bicyclic compound 2-150 as a single stereoisomer in
62 % yield after recrystallization. Finally, hydrolysis of 2-150 with 6 M HCl provided
the desired HMG derivative(2-151) in 90 % yield.
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steps
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(+)-Aspidospermidine (2-154)

NaH, DMF, 0 °C

86%

Scheme 2.35. Synthesis of (+)-aspidospermidine (2-154).

2-152 2-153

Enolates formed by a Michael addition can also be trapped by a SN-type reaction.
Applications of this approach have been found in almost every significant topic of
organic chemistry. This includes the efficient construction of 2-substituted 3-aroyl-
cyclohexanones and enantiopure �-amino acids by Enders’ group [74] as well as the
assembly of 3-azabicyclo[3.1.0]hexane skeletons by Braish and coworkers [75].
According to this scheme, key intermediates for the synthesis of natural products
such as monamycin D1 [76] and lignan substructures were also prepared by Hale’s
group [77] as well as by the groups of Mäkelä [78], Pelter and Ward [79] as an alterna-
tive to the Michael/aldol addition protocol [20, 21]. The groups of Marino [80] and
Rubiralta [81] have independently developed synthetic routes towards the biologi-
cally interesting aspidosperma alkaloid (+)-aspidospermidine (2-154) [82]. The ap-
proach of Marino’s group is depicted in Scheme 2.35. Treatment of substrate 2-152
with NaH at r.t. led to 2-153 as a single stereoisomer in 86 % yield. The stereogenic
quaternary center in 2-152 was formed by a ketene lactonization involving a chiral
vinyl sulfoxide [83].

Other applications of Michael/SN-type domino sequences in natural product syn-
thesis have been found in White’s total synthesis [84] of (+)-kalkitoxin and Dani-
shefsky’s investigations into bicycloillicinone asarone acetal (2-160) (Scheme 2.36)
[85]. The latter compound has been isolated from extracts of the wood Illicium tash-

iroi, and is reported to enhance the action of choline acetyltransferase, which cata-
lyzes the synthesis of acetylcholine from its precursor [86]. Since one of the charac-
teristic symptoms of Alzheimer’s disease involves the degeneration of cholinergic
neurons, resulting in markedly reduced levels of acetylcholine, compound 2-160
might serve as an agent in the treatment of such a disorder [87]. With the intention
to construct the cage structure of 2-160, a chromatographically inseparable 2:1 mix-
ture of the epoxides 2-155 was treated with Et2AlCN in THF at 0 °C to provide the
enolate 2-156 in a regioselective 1,4-addition of cyanide, which subsequently at-
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tacked the epoxide moiety. The products 2-157a and 2-157b were obtained after sep-
aration in 58 % and 27 % yields, respectively.

In only two further steps the aldehyde 2-158 was prepared, but this could not be
transformed into the desired acetal 2-160 using catechol 2-159.

The �-lactam antibiotic cephalosporin is one of the most important drugs for the
treatment of bacterial infections. Recently, several new compounds such as ce-
fadroxil (2-161), cephalexin (2-162), cefixime (2-163), and cefzil (2-167) have been
isolated, which contain an alkyl or alkenyl substituent instead of an acetoxymethyl
group at C-3 (Scheme 2.37 and 2.38) [88].

Kant and coworkers [89] synthesized cefzil (2-167) through a Normant cuprate
addition to allene 2-164, readily available from inexpensive penicillins, to give 2-
165, which cyclized to the cefzil precursor 2-166 in a SN’-type reaction (Scheme
2.38). The conversion of 2-166 into 2-167 was already known [90].

O
O

O

O
Epoxides β:α = 2:1

CN
O

O

Et2AlO

O

Et2AlCN, THF, 0 °C

CN
CN

O

HO

CN
CN

O

HO

+

2-157a (58%) 2-157b (27%)

O

O

O
O

HO

acetalization with

HO

HO OMe

O

O

O
X

HO

Bicycloillicinone asarone acetal (2-160)

X =
O

O OMe

steps

2-155 2-156

2-158

2-159

Scheme 2.36. Synthesis of bicycloillicinone aldehyde (2-158) by a domino Michael
addition/epoxide opening.
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Scheme 2.37. Novel cephalosporin antibiotics.
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Scheme 2.38. Synthesis of cefzil (2-167).
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The method developed for the assembly of 2-166 has a broad scope. Scheme 2.39
shows a variety of differently C-3-substituted cephalosporins obtained from allene
2-164 in yields ranging from 68 % to 95 %.

Another domino Michael addition/SN sequence has been elaborated by the group
of de Meijere. It was discovered that upon basic treatment of 2-chloro-2-cyclopropyl-
idenacetates 2-168 with carboxamides 2-169 in MeCN, 4-spirocyclopropane-anne-
lated oxazoline-5-carboxylates 2-172 are formed (Scheme 2.40) [91]. As intermedi-
ates, the carbanion 2-170 and 2-171 can be proposed.

In a similar way, thiocarboxamides can also be used to produce thiazoline-4-car-
boxylates [92].

It is worth mentioning here that the spirocyclopropyl-substituted oxazoline-5-car-
boxylates 2-172, as well as the corresponding thiazoline-4-carboxylates, can be
transformed into cyclopropyl-substituted amino acids, which might act as potential
enzyme inhibitors [93] and interesting building blocks for peptidomimetics [94].

A novel cyclopropanation method based on a domino 1,4-addition/SN sequence
has recently been described by Florio and coworkers [95]. A diastereoselective Mi-
chael reaction of lithiated aryloxiranes 2-174, obtained from 2-173, onto an α,�-un-
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Scheme 2.39. Synthesis of cephalosporin analogues.
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Scheme 2.40. Synthesis of oxazolinecarboxylates.
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2 Anionic Domino Reactions

saturated Fischer carbene complex 2-175 followed by a nucleophilic ring opening of
the epoxide moiety yielded the substituted cyclopropane carbene complexes 2-177
(Scheme 2.41). Subsequent treatment with pyridine N-oxide in THF at r.t. or expo-
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Scheme 2.41. Preparation of cyclopropanecarboxylates.

2-173 2-174
2-175

2-1762-178 2-177

sure to air oxidation under sunlight in hexane furnished the corresponding cyclo-
propanecarboxylates 2-178.

It should be noted that several domino reactions exist where the Michael/SN-type
processes are reversed. For instance, bicylo[3.3.1]nonane ring systems, applicable
as synthons for the construction of various natural products [96], have been synthe-
sized by Srikrishna and coworkers using a domino SN/Michael process [97]. This
type of domino reaction was also used by the group of Bunce to synthesize N-pro-
tected pyrrolidines and piperidines bearing functionalized side chains at C-2 [98].
For a domino alkylation/spiroannulation process to give homoerythrina alkaloids
2-177 [99], Desmaële/d’Angelo and coworkers have treated the 2-tetralones 2-179
with 2-180 in the presence of Cs2CO3 as base (Scheme 2.42) [100].

The obtained spiro keto esters 2-181 could be converted into 2-183, employing
among other transformations an intramolecular Schmidt rearrangement [101] of
the azido ketones 2-182.

Besides the domino Michael/SN processes, domino Michael/Knoevenagel reac-
tions have also been used. Thus, Obrecht, Filippone and Santeusanio employed
this type of process for the assembly of highly substituted thiophenes [102] and pyr-
roles [103]. Marinelli and colleagues have reported on the synthesis of various 2,4-
disubstituted quinolines [104] and [1,8]naphthyridines [105] by means of a domino
Michael addition/imine cyclization. Related di- and tetrahydroquinolines were pre-
pared by a domino Michael addition/aldol condensation described by the Hamada
group [106]. A recent example of a domino Michael/aldol condensation process has
been reported by Bräse and coworkers [107], by which substituted tetrahydroxan-
thenes 2-186 were prepared from salicylic aldehydes 2-184 and cycloenones 2-185
(Scheme 2.43).

2.1 Anionic/Anionic Processes
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Scheme 2.42. An access to the homoerythrina alkaloids.
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Scheme 2.43. Domino Michael/aldol condensation.
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Scheme 2.44. InCl3-mediated synthesis of various tetrasubstituted pyridines.

2-187 2-188 2-189

6 examples: 55–80%

Various methylenetetrahydrofurans were accessible by a combination of a Zn-
promoted Michael addition and a cyclization using alkylidenemalonates and pro-
pargyl alcohol as substrates, as reported by Nakamura and coworkers [108]. Tetra-
substituted pyridines of type 2-189 have been obtained through a solvent-free InCl3-
promoted domino process of 2-187 and 2-188 (Scheme 2.44) [109].

2 Anionic Domino Reactions
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Although the exact role of the indium in this reaction has not been clarified, its
presence is necessary, according to a report of Prajapati and coworkers.

Laschat and coworkers described an interesting domino Michael addition/elec-
trophilic-trapping process leading to 2-191 as a single diastereomer in 53 % yield,
which was further transformed into enantiopure cylindramide (2-192) (Scheme
2.45) [110]. During the course of the process, substrate 2-190 was reacted with a
TMS-protected propynyl cuprate and subsequently with orthoformate and
BF3·OEt2.

Electron-rich aromatic systems can act efficiently as Michael donors, as shown re-
cently by Krohn’s group (Scheme 2.46) [111]. For example, reaction of the enone 2-
193 with the resorcine derivative 2-194 in a domino Michael/acetalization process
led to various naturally occurring xyloketals of type 2-196 in excellent yield.

H

H O

TMS                  , tBuLi, TMEDA, THF, –40 °C, 1 h, CuI, TMSCl, THF, –78 °C,
2-190, 2 h, then BF3•OEt2, HC(OMe)3, CH2Cl2, –20 °C, 1 h.

53%
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H O
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O
H

H

O

Cylindramide (2-192)

Scheme 2.45. Synthesis of cylindramide (2-192).
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Scheme 2.46. Synthesis of xyloketal D (2-196).
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Scheme 2.47. Synthesis of cycloheptene derivatives 2-200.
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8 examples: 41–73% yield

An unusual combination, namely a Michael addition and a Simmons−Smith re-
action, has been elaborated by the group of Alexakis [112]. Using their protocol, 3/5-
as well as 3/6-annulated systems can easily be obtained, which might be useful as
precursors for the total syntheses of (−)-(S,S)-clavukerin A and (+)-(R,S)-iso-
clavukerin, both isolated from Clavularia koellikeri [113].

Various diphenylphosphine oxide-substituted seven-membered rings 2-200, in-
cluding also hydroazulenes, were synthesized by a Michael addition of 2-198, ob-
tained from 2-197, and 2-199 followed by a Wittig reaction as developed by Fujimoto
and coworkers (Scheme 2.47) [114].

This procedure can also be performed in a chiral auxiliary controlled version
(Scheme 2.48) [114d]. Reaction of enantiopure α,�-unsaturated 8-phenyl-menthyl
esters 2-201 with 2-197 yielded the corresponding cycloheptenyl menthyl ethers,
which on cleavage with hydrochloric acid gave the corresponding cycloheptanone
derivatives. Acetalization with chiral butane-1,3-diol then afforded the acetals 2-203
and 2-204. The yields ranged from 46 to 81 %; however, the diastereoselectivity was
good only for the reaction with the cinnamate 2-201a as substrate.

Other useful building blocks, namely functionalized chromanes [115] are acces-
sible through a process combining a Michael addition and a Friedel−Crafts-type cy-
clization, as introduced by the group of Rutjes and Jørgensen (Scheme 2.49) [116].
Interesting chromanes are the natural antioxidant α-tocopherol 2-205 [117] and
compound 2-206, which inhibits the multidrug transporter that decreases drug ac-
cumulation in resistant cells [118]. Other important chromanes are Ro 23-3544 (2-
207), which is not only a potential peptidoleukotriene antagonist and biosynthesis

2 Anionic Domino Reactions
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Scheme 2.49. Examples of biologically active chromanes.

2-206

2-209

inhibitor [119], but also possesses a potential utility in the treatment of asthma;
furthermore, the sorbinils (2-208 and 2-209) function as aldose reductase inhibitors
[120].

For the enantioselective synthesis of chiral chromanes such as 2-213, a chiral
Lewis acid complex, formed in situ from Mg(OTf)2 and 2-212, is assumed to cata-
lyze the domino transformation of the phenols 2-210 and the �,γ-unsaturated α-ke-
toesters 2-211 (Scheme 2.50). 2-213 was obtained in excellent diastereoselectivity,
but only in mediocre enantioselectivity.
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[a] The reaction was performed in the presence of pMe-N,N-dimethylaniline.

Scheme 2.50. Enantioselective synthesis of chromanes 2-213.

11 mol%

2-210 2-211 2-213

Furthermore, replacement of the aryl substituent by a simple methyl group re-
sulted in the formation of a mixture of diastereomers (4:1) with low enantioselectiv-
ity. Remarkable results according to diastereoselectivity and yield were found with
phenols, where the methoxy group was replaced by a dimethylamine substituent
(entries 5 and 6). Thus, the corresponding chromanes were obtained as single di-
astereomers in �95 % yield, but the enantioselectivity was below 20 %. Most likely,
due to the higher electron-donating character of the dimethylamine substituent
(compared to the methoxy group) the nucleophile is sufficiently reactive to give an
uncatalyzed, non-selective oxa-Michael addition resulting in a dramatic decrease of
the enantioselectivity.

In a recently published report by MacMillan’s group [121] on the enantioselective
synthesis of pyrroloindoline and furanoindoline natural products such as (−)-
flustramine B 2-219 [122], enantiopure amines 2-215 were used as organocatalysts
to promote a domino Michael addition/cyclization sequence (Scheme 2.51). As
substrates, the substituted tryptamine 2-214 and α,�-unsaturated aldehydes were
used. Reaction of 2-214 and acrolein in the presence of 2-215 probably leads to the
intermediate 2-216, which cyclizes to give the pyrroloindole moiety 2-217 with sub-
sequent hydrolysis of the enamine moiety and reconstitution of the imidazolid-
inone catalyst. After reduction of the aldehyde functionality in 2-217 with NaBH4

the flustramine precursor 2-218 was isolated in very good 90 % ee and 78 % yield.
Besides the Michael addition-initiated domino reactions presented here, a multi-

tude of other anionic domino reactions exist. Many of these take advantage of an in-
cipient SN-type reaction (for a discussion, see above). In addition to the presented
SN/Michael transformations [97, 98, 100], a SN/retro-Dieckmann condensation was
described by Rodriguez and coworkers, which can be used for the construction of
substituted cycloheptanes as well as octanes [123]. Various twofold SN-type domino

2 Anionic Domino Reactions
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Scheme 2.51. Synthesis of the (–)-flusramine B (2-219).
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steps

2-214

2-215

2-216

2-2172-218

reactions have been employed for the synthesis of natural products by Holton [124]
and Takikawa [125], as well as by Barrero [126] and coworkers.

Langer and coworkers have utilized dianions of �-ketoesters or 1,3-diketones 2-
220 with epibromohydrin (2-222) in SN/SN domino processes to give functionalized
2-alkylidene-5-hydroxymethyltetrahydrofurans 2-222 (Scheme 2.52) [127].

The process is assumed to take place by a chemoselective attack of the dianion 2-
223 at the bromomethyl group of 2-221 and subsequent nucleophilic attack of the
resultant monoanion 2-224 onto the epoxide moiety to give 2-225. Use of the
sodium-lithium-salt 2-223 of the dicarbonyl compound 2-220, the reaction tempera-
ture as well as the Lewis acid LiClO4, are crucial. The reaction seems to be quite
general, since various 1,3-dicarbonyl compounds can be converted into the corre-
sponding furans.

Moreover, a twofold SN’-type domino reaction was reported by Krische and co-
workers for the synthesis of γ-butenolides 2-229 (Scheme 2.53) [128]. Treatment of
Morita−Baylis−Hillman acetates 2-226 with trimethylsilyloxyfuran (2-227) in the
presence of triphenylphosphane in THF at 0 °C led to 2-229 in yields of up to 94 %
and diastereoselectivities of �95:5.

Starting from salicylaldehydes 2-230 and triphenylchloroacetonylphosphorane
(2-231), substituted 2,3-dihydro-1-benzoxepines 2-233 can be synthesized through a
sequence that starts with a SN2 Williamson ether synthesis followed by a Wittig
olefination (Scheme 2.54) [129]. According to Huang and coworkers, treatment of 2-
230 with NaOEt generates the corresponding sodium salt, which subsequently un-
dergoes an O-alkylation with α-chloroketone 2-231 to give the intermediate 2-232.
Intramolecular ring formation by Wittig olefination then affords 2-233.

2.1 Anionic/Anionic Processes
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Scheme 2.52. Reactions of epoxide 2-221 with 1,3-dicarbonyl dianions.
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The process tolerates alkyl, methoxy, tertiary amino, and nitro groups at the
salicylaldehyde. However, the yields of the nitro- and the amino-substituted salicy-
laldehydes are rather low. Best results were obtained with aldehydes containing
electron-donating groups (entries 4, 6, and 7). Steric effects clearly also play an im-
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Scheme 2.53. Synthesis of γ-butenolide through a twofold SN´-process.
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Scheme 2.54. Domino SN/Wittig-sequence of salicylaldehydes 2-230 and phosphorane 
2-231.

portant role. Reaction of 3-methylsalicylaldehyde did not give any of the wanted
benzoxepine (entry 8).

The versatility of the described domino SN2/Wittig reaction is underlined by its
application in the total synthesis of (Z)-pterulinic acid (2-236) [130], a natural pro-
duct isolated from fermentations of the Pterula sp 82168 species (Scheme 2.55). Re-
action of 2-234 and 2-231 led to 2-235 in 68 % yield, which was then transformed
into 2-236 [129].

Another attractive domino approach starts with an aldol reaction of preformed
enol ethers and carbonyl compounds as the first step. Rychnovsky and coworkers
have found that unsaturated enol ethers such as 2-237 react with different aldehydes
2-238 in the presence of TiBr4. The process consists of an aldol and a Prins-type reac-
tion to give 4-bromotetrahydropyrans 2-239 in good yields, and allows the formation
of two new C−C-bonds, one ring and three new stereogenic centers (Scheme 2.56)
[131]. In the reaction, only two diastereomers out of eight possible isomers were
formed whereby the intermediate carbocation is quenched with a bromide.

2.1 Anionic/Anionic Processes
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Scheme 2.55. Synthesis of (Z)-pterulinic acid (2-236).
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In a similar way, enol ethers 2-240 containing an allylsilane moiety can also be
treated with various aldehydes 2-238 (Scheme 2.57) [132]. In the presence of
BF3·OEt2 2-241 is formed with an exo-double bond in 72−98 % yield.

This approach was used for the total synthesis of the macrolide leucascandrolide
A (2-245) starting from the building blocks 2-242 and 2-243 [133]. The transforma-
tion led to 2-244 in 78 % yield as a 5.5:1 mixture of the C-9-epimers (Scheme 2.58).
The observed unusual high facial selectivity in the aldol reaction can apparently be
traced back to the stereogenic center in �-position of the aldehyde 2-242.

A combination of an aldol reaction and an elimination was used by Pandolfi’s
group to obtain access to the natural product prelunularin [134], and a domino
aldol/aldol sequence was elaborated by the group of West for the synthesis of highly

+ RCHO

OPh
H

BF3•OEt2, 2,6-DTBP
CH2Cl2, –78 °C

O R

OH

Ph
H H

TMS

Scheme 2.57. Aldol/Prins cyclization of 2-240 and an aldehyde promoted by BF3•OEt2.
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Scheme 2.58. Synthesis of leucascandrolide A (2-245).
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substituted triquinacenes [135]. Langer and coworkers reported on the Lewis acid-
mediated Mukaiyama-aldol addition/aldol-condensation of 1,3-bis(trimethylsily-
loxy)-1,3-diene 2-246 with 1,2-diketone 2-247 to provide a highly substituted cyclo-
pent-2-en-1-one 2-248 (Scheme 2.59) [136]. The highest yield was obtained when
the reaction was performed at −78 °C and the mixture then slowly warmed to room
temperature. The success of this protocol can be explained by the assumption that
the initial attack of the diene 2-246 onto the 1,2-diketone 2-247 takes place at low
temperature, and that the cyclization step from 2-249 to 2-250 occurs only at ele-
vated temperature.

A common procedure in C−C-bond formation is the aldol addition of enolates
derived from carboxylic acid derivatives with aldehydes to provide the anion of the
�-hydroxy carboxylic acid derivative. If one starts with an activated acid derivative,
the formation of a �-lactone can follow. This procedure has been used by the group
of Taylor [137] for the first synthesis of the 1-oxo-2-oxa-5-azaspiro[3.4]octane frame-
work. Schick and coworkers have utilized the method for their assembly of key in-
termediates for the preparation of enzyme inhibitors of the tetrahydrolipstatin and
tetrahydroesterastin type [138]. Romo and coworkers used a Mukaiyama aldol/lac-
tonization sequence as a concise and direct route to �-lactones of type 2-253,
starting from different aldehydes 2-251 and readily available thiopyridylsilylketenes
2-252 (Scheme 2.60) [139].

Depending on the Lewis acid used, cis- [139a] or trans-substituted products [139b−
d] are accessible. When SnCl4 was employed at −78 °C as promoter, 2,3-cis-�-lac-
tones were obtained almost exclusively, whereas the ZnCl2-initiated reactions at r.t.
afforded the corresponding trans-substituted compounds (Scheme 2.60).
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Scheme 2.59. Domino aldol addition/aldol condensation process for the synthesis of 
tetrasubstituted cyclopent-2-en-1-ones.
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In addition, enantiopure 2,3-trans-�-lactones could be obtained with good in-
duced diastereoselectivity (1:5.3−1:22) when chiral α- or �-substituted aldehydes are
employed [139d]

Notably, the Mukaiyama aldol/lactonization approach has been used in the total
synthesis of panclicin D (2-258) [139b,c] and okinonellin B (2-261) (Scheme 2.61)
[139d]. In the synthesis of 2-258, aldehyde 2-254 and the ketene acetal 2-255 were
used to prepare the �-lactone 2-256 with high simple and induced diastereoselectiv-
ity. There follows an esterification with the carboxylic acid 2-257. For the synthesis
of 2-261, the aldehydes 2-259 and 2-252b were employed as substrates leading ini-
tially to the �-lactone 2-260.

An interesting double aldol domino approach has been reported by the group of
Shibasaki [140], who showed that lanthanoide containing heterobimetallic asym-
metric catalysts are able to promote an inter-/intramolecular nitro-aldol domino
process of aldehyde 2-262 and nitromethane (2-263) (Scheme 2.62). As the best re-
sult, treatment of 2-262 with 30 equiv. of 2-263 in the presence of 5 mol% (R)-PrLB
(Pr = Praseodymium; L = lithium; B = BINOL) in THF at −40 °C at r.t. gave 2-266
with 79 % ee in 41 % yield after crystallization from the reaction mixture. Recrystalli-
zation of this material gave the diastereomer 2-267 with increased optical purity of
96 % ee in 57 % yield. Mechanistic studies revealed that, at −40 °C, 2-266 is formed
first via 2-264 and 2-265. There follows a gradual transformation into 2-267 at r.t.,
indicating that this is the thermodynamically more stable product.

Yamamoto’s group recently published a highly enantioselective chiral amine-cat-
alyzed domino O-nitroso aldol/Michael reaction of 2-268 and 2-269 (Scheme 2.63)
[141]. As products, the formal Diels−Alder adducts 2-271 were obtained with
� 98 % ee, which is probably due to the selective attack of an enamine, temporarily
formed from amine 2-270 and enone 2-268, onto the nitroso functionality.

2.1 Anionic/Anionic Processes
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Scheme 2.61. Syntnesis of (–)-panclicin D (2-258) and okinonellin B (2-261) employing the 
domino Mukaiyama aldol/lactonization reaction sequence.

H

The following example shows that retro-aldol reactions can also be utilized in
domino processes. Thus, Reißig and coworkers have successfully developed a route
to cyclophanes based on a fluoride-initiated retro-aldol/Michael addition sequence
[142]. Numerous examples varying the ring size and the number of functional
groups were constructed, though usually with only moderate yield and selectivity.
Thus, reaction of 2-272 in the presence of CsF and a phase-transfer catalyst pro-
vided 19 % of 2-274 together with 36 % of 2-273. It should be noted, however, that in
a few cases high yields and very good chemoselectivities were observed, as in the
transformation of 2-275 to give 2-276 (Scheme 2.64).
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Scheme 2.63. Organocatalytic synthesis of 2-271 by a domino O-nitroso-
aldol/Michael reaction.

2-268 2-269 2-271

2-270

Domino processes involving Horner−Wadsworth−Emmons (HWE) reactions
constitute another important approach. Among others, HWE/Michael sequences
have been employed by the group of Rapoport for the synthesis of all-cis-substituted
pyrrolidines [143], and by Davis and coworkers to access new specific gly-
coamidase inhibitors [144]. Likewise, arylnaphthalene lignans, namely justicidin
B (2-281) and retrojusticidin B (2-282) [145], have been synthesized utilizing a
domino HWE/aldol condensation protocol developed by Harrowven’s group
(Scheme 2.65) [146].

In these syntheses, 2-279 was prepared initially through a base-induced cycliza-
tion of ketoaldehyde 2-277 and the phosphonate 2-278 in 73 % yield, together with a
small amount of the monoester 2-280 (14:1). To complete the total syntheses, the

2.1 Anionic/Anionic Processes
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mixture was selectively hydrolyzed to give the monoacid 2-280 using potassium
trimethylsilanolate. Reduction of 2-280 with borane dimethylsulfide complex gave
justicidin B (2-281) almost exclusively, while reduction of the sodium salt of 2-281
with lithium borohydride afforded retrojusticidin B (2-282) as the major product to-
gether with some justicidin B (2-281).

The combination of a Corey−Kwiatkowski [147] and a HWE reaction efficiently
furnishes α,�-unsaturated ketones of type 2-288 in good yields [148]. This unique
domino reaction, developed by Mulzer and coworkers, probably proceeds via the in-
termediates 2-285 and 2-286 using the phosphonate 2-283, the ester 2-284, and the
aldehyde 2-286 as substrates (Scheme 2.66).

Wittig reactions have also been employed in domino processes. For example,
Schobert and coworkers developed an effective addition/Wittig reaction protocol
which provides access to α,�-disubstituted tetronic acids, tetronates, as well as to
five-, six- and seven-membered O-, N-, and S-heterocycles [149].

The group of Molina and Fresneda employed even two different types of anionic
domino processes in their total synthesis of the novel marine alkaloid variolin B (2-
295) (Scheme 2.67) [150]. It is generally accepted that marine organisms are among
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the most promising new sources of biologically active molecules [151]. Indeed, the
variolins, which are isolated from the Antarctic sponge Kirkpatrickia varialosa [152],
are assumed to possess some pharmacological potential. Variolin B (2-295) is the
most active compound of this family, having cytotoxic activity against P388 murine
leukemia cells and also being effective against herpes simplex type I [152b]. All
members have a pyridopyrrolopyrimidine ring in common, which has no prece-
dent in other natural products. With regard to its synthesis, a domino aza-Wittig/
carbodiimide-mediated cyclization provided the tricyclic core 2-291 in almost quan-
titative yield, starting from the known iminophosphorane 2-289 and the isocyanate
2-290 [153].

Completion of the total synthesis afforded only six further steps, including the in-
stallation of the second 2-aminopyrimidine ring via a second domino sequence. This
process presumably involves a conjugate addition of guanidine (2-293) to the enone
system of 2-292, followed by a cyclizing condensation and subsequent aromatization.
Under the basic conditions, the ethyl ester moiety is also cleaved and 2-294 is isolated
in form of the free acid, in 89 % yield. Finally, decarboxylation and deprotection of the
amino functionality yielded the desired natural product 2-295.
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Scheme 2.67. Synthesis of variolin B (2-295).
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Comparable with the Michael addition, the Knoevenagel condensation is also
linked to a broad range of effective domino transformations, and many twofold
anionic processes exploiting this approach have emerged during the past decade.
For example, Daïch’s group described an interesting Knoevenagel/amino-nitrile cy-
clization affording highly functionalized indolizines [154]. Moreover, domino
Knoevenagel/Michael sequences have excelled as useful methods for the construc-
tion of indanones, according to a protocol of Sartori and coworkers [155], as well as
for the generation of highly substituted tetrahydopyran-4-ones, as shown independ-
ently by the groups of Clarke [156] and Sabitha [157]. Dwelling on Clarke’s ap-
proach, the reaction of 5-hydroxy-1,3-ketoesters 2-296 and aldehydes 2-297 under
Lewis acidic conditions provided the desired tetrahydropyran-4-ones 2-299 in rea-
sonable to good yields via intermediate 2-298 (Scheme 2.68). 2-299 exists as a 1:1 to
1:2 mixture of keto and enol forms, except for compounds with R1 = Ph, R2 = iPr or
Ph, where the keto form is found exclusively.

Interestingly, when cyclohexanone was used instead of aldehydes in the reaction
with 2-296, the diastereomerically pure spirocycle 2-300 was obtained in 48 % yield
(Scheme 2.69) [156].

A Knoevenagel condensation/Michael addition sequence has been reported by
Barbas III and coworkers (Scheme 2.70) [158] using benzaldehyde, diethyl
malonate, and acetone in the presence of the chiral amine (S)-1-(2-pyrrolidinyl-
methyl)-pyrrolidine (2-301). As the final product the substituted malonate 2-302
was isolated in 52 % yield with 49 % ee.

In the following section, anionic/anionic domino processes will be discussed
which are, to date, much less common, although important structural elements may

MeO2C
O OH

R1

BF3•Et2O
CH2Cl2, r.t.

O O R1

MeO OH

R2 O

O

R1R2

MeO2C

Scheme 2.68. Diastereoselective formation of substituted tetrahydropyran-4-ones.

R2CHO

2-296
+

2-297 2-298 2-299

6 examples: 55%–80% yield
R1, R2= alkyl and Ph

MeO2C
O OH

O

O
MeO2C

48%

BF3•Et2O, CH2Cl2, r.t.
+

O

Scheme 2.69. Synthesis of a spirotetrahydropyran-4-one derivative.

2-296 2-300
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Scheme 2.70. Asymetric domino Knoevenagel/Michael addition reaction.
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Scheme 2.71. Domino etherification reaction.

Entry TMSNu Nu dr Yield [%]

1
2
3
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–CH2CH=CH2

"
–CH=C=CH2

"
–CH2C(O)CH3

"

TMSCH2CH=CH2

"
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"
CH2=C(OTMS)CH3

"

≥99:1
≥19:1
≥19:1
≥19:1
≥19:1
≥19:1

a
b
c
d
e
f

90
88
80
72
73
80

2-3062-303

a
b
a
b
a
b

2-304

a
a
b
b
c
c

Ph Ph+ TMSNu

2-304
O H

Ph

2-305 2-306

CH2=CH–CH2
CH≡CH–CH2

Nu:

be obtained using these approaches. The groups of Fry, Dieter and Flemming inde-
pendently developed a SN-type halide displacement cyclization to provide either sub-
stituted cyclic imines [159] via an incipient Grignard reaction or substituted tetrahy-
drofurans and pyrans [160] through an initial aldol addition. Moreover, Florio and co-
workers have shown that an electrophilic addition/SN-type aziridine ring opening
can lead to useful building blocks [161]. An appealing tetrahydropyran synthesis has
been reported by the group of Evans and Hinkle [162]. Products of type 2-306 were
generated from aldehydes or ketones 2-303 and various trialkylsilyl nucleophiles 2-
304, in high yield and excellent diastereoselectivity (Scheme 2.71).

The use of the Lewis acid BiBr3 gave the best results, with the formation of an ox-
enium ion 2-306 as intermediate.

Langer and coworkers constructed diverse O- and N-heterocyclic scaffolds, such
as γ-alkylidene-α-hydroxybutenolides and pyrrolo[3,2-b]pyrrol-2,5-diones, exploit-
ing the well-established cyclization strategy of bisnucleophiles with oxalic acid
derivatives [163], while Stockman’s research group reported in this context on a
novel oxime formation/Michael addition providing the structural core of the alka-
loid perhydrohistrionicotoxin [164].

2 Anionic Domino Reactions
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NEt2

O LDA, THF, –40 °C
AlMe3, THF, –40 °C
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Scheme 2.72. Asymmetric domino 1,2-addition/lactamization.

+

2-307 2-308 2-309

36–70% yield
dr >98:2

O

Additions of stabilized carbanions to imines and hydrazones, respectively, have
been used to initiate domino 1,2-addition/cyclization reactions. Thus, as described
by Benetti and coworkers, 2-substituted 3-nitropyrrolidines are accessible via a
nitro-Mannich (aza-Henry)/SN-type process [165]. Enders’ research group estab-
lished a 1,2-addition/lactamization sequence using their well-known SAMP/
RAMP-hydrazones 2-308 and lithiated o-toluamides 2-307 as substrates to afford
the lactams 2-309 in excellent diastereoselectivity (Scheme 2.72) [166]. These com-
pounds can be further transformed into valuable, almost enantiopure, dihydro-2H-
isoquinolin-1-ones, as well as dihydro- and tetrahydroisoquinolines.

Shindo and coworkers have described anionic [2+2] cycloadditions of ynolates to
carbonyl functionalities followed by either a Dieckmann condensation or a Michael
addition [167]. These domino reactions allow the synthesis of five- and six-mem-
bered cyloalkenones and five- to seven-membered cycloalkenes. Exceptionally short
as well as stereoselective routes to several tricyclic diterpenes have been designed
by Ramana’s group using novel types of domino acylation/cycloalkylation and alky-
lation/cycloacylation processes, respectively (Scheme 2.73) [168]. For instance, acid
2-310 was subjected to MsOH/P2O5 (10:1) with anisole 2-311 to give 2-312, which
was subsequently transformed into racemic ferruginol (2-314). In the present case,
the desired product is likely to be formed via an acylation/cycloalkylation sequence.
However, reaction of 2-310 and 2-311 in the presence of concentrated H2SO4 led to
2-313, which could be transformed into totarol (2-315). Clearly, the use of H2SO4

causes a reversal of the reaction steps, resulting in an alkylation/cycloacylation
domino process.

Beller and coworkers have elaborated a twofold hydroamination sequence em-
ploying halo styrenes which led to 2,3-dihydroindoles [169]. An aryne is postulated
as the reactive intermediate, and although the expected products were obtained in
somewhat moderate yields, the method is reported to be superior to conventional
procedures by a factor of three. Another useful 2.2 domino process has been re-
ported by Molander and coworkers [170]. These authors utilized a unique SmI2-me-
diated Barbier-type cyclization/Grob fragmentation sequence which ultimately led
to usually difficult accessible medium-sized carbocycles. However, the loss of two
stereogenic centers during the reaction course is somewhat aggravating. A related
fragmentation/rearrangement domino process with other reaction types has also
been found in the literature. For example, Tu and coworkers developed a semipina-
col rearrangement/alkylation of α-epoxy alcohols [171], with multifunctional and

2.1 Anionic/Anionic Processes
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2 eq CO2H +

OMe
MsOH/P2O5 (10:1), r.t.

H
O

OMe

63%

steps46%

H
O

OMe

steps

H
O

R2
R1

R3

Et2O/conc. H2SO4 (1:2.5) 
0 °C

Ferruginol (2-314): R1= OH, R2= iPr, R3= H
Totarol (2-315): R1= H, R2= OH, R3= iPr

Scheme 2.73. Synthesis of diterpenes via domino acylation/cycloalkylation and alkylation/
cycloacylation strategies.

2-310 2-311 2-312

2-313

diastereomerically pure 1,3-diols being obtained as products. In continuing with
anionic/anionic domino reactions triggered by rearrangements, Oltra’s group pre-
sented a novel enantioselective transannular cyclization/ring contraction approach
for the synthesis of oxygen-bridged terpenoids [172]. The method has proved to be
useful in the synthesis of the antimycobacterial (+)-dihydroparthenolide diol, as
well as for other nine-membered ring systems.

Recently, a further unique domino methodology has been reported by Lu and co-
workers (Scheme 2.74) [173]. Herein, a triphenyl phosphine-catalyzed umpolung
addition/cyclization of allenes and alkynes containing an electron-withdrawing
group 2-316−2-318 followed by reaction with a double nucleophile 2-319 is assumed
to account for the production of a broad palette of various heterocycles 2-321 and 2-
323 via 2-320 and 2-322, respectively. Dihydrofurans, piperazines, morpholines and
diazepanes were obtained during the process.

A proposed catalytic cycle for the formation of 2-321 or 2-323 is illustrated in
Scheme 2.75. Accordingly, the reaction is started by a nucleophilic addition of a
PPh3 molecule to the electron-deficient multiple bond of compounds 2-316−2-318.
Next, the formed zwitterionic intermediate deprotonates the nucleophile 2-319,
thereby facilitating the following addition. Proton transfer and elimination of PPh3

from the new zwitterionic intermediate affords the corresponding γ- or α-adduct.
Finally, an intramolecular conjugate addition reaction gives rise to the desired het-
erocyclic products 2-321 and 2-323.

Parsons and coworkers [174] have published a route to anatoxin-a, which was iso-
lated from strains of freshwater blue-green algae Anabaena flos aqua and is re-
sponsible for the death of livestock, waterfowl, and fish [175]. The sequence started

2 Anionic Domino Reactions
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Entry T [°C] Yield [%]

•
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[a] MeCN was used as solvent.

γ-addition

Scheme 2.74. PPh3-catalyzed domino nucleophilic additions.

2-319

2-320

2-322

2-321

2-323

Product
2-321/2-323

O O

•
C(O)Me

O O

2-319

with the addition of methyl lithium to the �-lactone moiety in 2-324. There follows a
rearrangement with a nucleophilic attack of the nitrogen at the epoxide moiety to
give 2-325, which was transformed into 2-326 (Scheme 2.76).
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Scheme 2.75. Possible catalytic cycle leading to the isolated products.
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Anatoxin-a (2-326)

40%

steps

2-324 2-325

Scheme 2.76. MeLi-induced β-lactam ring-opening/intramolecular cyclization leading to 
anatoxin-a (2-326).

Several other twofold cyclization strategies have been developed by Smith and co-
workers, ultimately to obtain access to the cyclic framework of penitrem D with the
correct stereochemistry [176]. Williams’ group has been interested in Stemona alka-
loids, which are represented by approximately 50 structurally novel, polycyclic natu-
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Scheme 2.77. Iodine-induced domino cyclization affording the pyrrolidino-butyro-lactone 
framework of (–)-stemonine (2-331).

ral products isolated from monocotyledonous plants comprising the genera Ste-

mona, Croomia, and Stichoneuron [177]. Chinese and Japanese folk medicine has re-
corded the extensive use of extracts and herbal teas of Stemonaceae as remedies of
respiratory diseases, including tuberculosis, and as anthelmintics [178]. Dried plant
materials are utilized as powerful insecticidal resources for the treatment of live-
stock throughout East Asia [179]. (−)-Stemonine (2-331), an important secondary
metabolite of Stemona japonica [180], is characterized by the presence of a unique 1-
azabicyclo[5.3.0]decane as an integral part of the molecular architecture. The effi-
cient construction of the bicyclic portion was achieved by an iodine-mediated
twofold cyclization process of 2-327, which provided 2-330 via 2-328 and 2-329 in a
yield of 42 %, along with 20 % recovery of the starting material (Scheme 2.77) [181].

The transformation proceeds with excellent stereoselectivity by kinetic formation
of the 2,5-trans-disubstituted pyrrolidine 2-328 [182]. The tertiary amine can now in-
itiate a nucleophilic backside displacement of the vicinal iodide in 2-328, leading to
an aziridinium salt 2-329 [183]. This event ensures a net retention of the stereo-
chemistry at C-13 in the following attack of the ester carbonyl in the butyrolactone
ring closure to give 2-330.

2.1 Anionic/Anionic Processes
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Scheme 2.78. Acid-mediated condensation/cyclization.

2-332
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2-333
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Domino sequences forming a reactive iminium ion intermediate in the first step
by condensation of an amine or an amido moiety with a carbonyl functionality being
trapped by a nucleophile in the subsequent step are well known (e. g., Pictet−Spen-
gler-type reactions). An illustrative example is the work of Pátek and coworkers, who
reported on a N-acyliminium ion-generation/cyclization process to produce various
multifunctional heterocyclic scaffolds [184]. In addition, the twofold domino reac-
tion can be extended by a further step which provides access to even more complex
heterocycles. Several natural alkaloids and analogues as cis-deethyleburnamine (2-
335) have been synthesized using iminium ion formation/cyclization processes
(Scheme 2.78). The reaction of 2-332 (as described by Zard and coworkers) with TFA
under reflux led to a deprotection of the secondary amine and the cleavage of the
acetal moiety to give an aldehyde. Subsequently, the expected domino process involv-
ing the iminium ion 2-333 as intermediate led to the quadricyclic amine 2-334 in
71 % yield as a 4:1 cis/trans mixture [185]. Transformation of 2-334 into 2-335 can
easily be performed via an already established four-step sequence [186].

The assembly of the benzazepane framework 2-338 (e. g., found in cephalotaxine
[187]) starting from 2-336 has been achieved by the group of Schinzer [188] utilizing
a combination of a Beckmann rearrangement to give the iminiumion 2-337 and an
allylsilane cyclization (Scheme 2.79).

A highly efficient approach to cephalotaxine and its analogues with different ring
sizes has been developed by Tietze and coworkers (Scheme 2.80) [189]. Reaction of the
primary amine 2-339 with the ketoester 2-341 in the presence of AlMe3 first led to the
aluminum amide 2-340, which afforded the spirocyclic lactam 2-343 via 2-342 by reac-
tion with 2-341 in an amidation/Michael process in a very good yield of 81 %. A Pd0-
catalyzed reaction of 2-343 then led to the pentacyclic skeleton 2-344 of cephalotaxine
2-345. In a similar manner, ring size analogues with a six- and five-membered ring C
were prepared using benzylamines or anilines instead of 2-339 as substrates.

2 Anionic Domino Reactions
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Scheme 2.79. Synthesis of benzazepanes via a Beckmann rearrangement/allylsilane-
cyclization sequence.
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Scheme 2.81. Synthesis of spiro-azanonanediones.
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2-346 2-347

AlMe3, benzene
80 °C, Sn(OTf)2

In order to explore the generality of this new domino reaction, the conversion of
various primary amines with 2-341 and the cyclohexane analogue was investigated
(Scheme 2.81). For example, the reaction proceeds with high yields when benzyl- or
(2-phenylethyl)amine are used (entries 1 and 2). In comparison, sterically more
hindered amines such as 2-butylamine produced much lower yield (entry 4).
Furthermore, the reaction tolerates other functional groups, such as an unprotected
hydroxyl group (entry 5), and variation of the enone ring size is possible (entries 6
and 7). More recent results have revealed that the addition of Sn(OTf)2 or In(OTf)2

makes the transformation more reliable.
As the final example in this section, a Li-mediated carboaddition/carbocycliza-

tion process will be described. Thus, Cohen and coworkers observed a 5-exo-trig-cy-
clization by reaction of the lithium compound 2-349 and α-methyl styrene 2-350 to
give 2-352 via 2-351 (Scheme 2.82). Quenching of 2-352 with methanol then led to
the final product 2-353 [189]. In this process, 2-349 is obtained by a reductive lithia-
tion of the corresponding phenyl thioether 2-348 with the radical anion lithium 1-
(dimethylamino)naphthalenide (LDMAN) (2-354). Instead of the homoallylic sub-
stance 2-348, bishomoallylthioesters can also be used to provide substituted six-
membered ring compounds.

Of particular note here is that, besides the organolithium derivative, the solvent
also plays an important role [191]; Me2O was found to be a highly effective for the
in-situ production of the radical anion 2-354 from its precursor N,N-dimethylamino
naphthalene. For the reductive lithiation of the thioethers and the following steps,
the addition of pre-cooled Et2O combined with subsequent removal of the Me2O
under reduced pressure gave the best results.

For synthesis of the sesquiterpene (±)-cuparene (2-358) [192] using this
method, 2-355 was reacted with 2-354 and 2-356 to give 2-358 via 2-357 in 45 %
overall yield.

2 Anionic Domino Reactions
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SPh Li

1) 2-354, Me2O, –70 °C
2) pre-cooled Et2O
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    –60 °C → –70 °C Li

Li

2-353
(56%, 2:1 mixture of diastereomers)

N
Li

Lithium 1–(dimethylamino)-
naphthalenide (LDMAN) (2-354)

Scheme 2.82. Synthesis of substituted cyclopentanes.
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Scheme 2.83. Synthesis of (±)-cuparene (2-358).

1) 2-354, Me2O, –78 °C
2) TMEDA, nhexane
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5) warm to r.t.
6) MeOH

, –30 °C → 0 °C4)

2-356

2-355 2-357

Taylor and coworkers also developed similar twofold intramolecular Li-mediated
carboadditions [193]. In contrast to the aforementioned sequences, they were able
to utilize functionalized triple bonds and to trap the intermediate lithiated species
such as 2-352 with other electrophiles besides a proton. Such a 2.2.2 process will be
discussed in the following section, which relates to threefold anionic domino
processes.

Quite recently, three interesting twofold anionic domino reactions have been
published which we would like to include in this chapter. Thus, novel three-com-
ponent domino Michael addition/electrophilic trapping protocols were independ-
ently developed by the groups of Jørgensen [194] and MacMillan [195]. In both ap-
proaches, two adjacent stereogenic centers could be formed with high dr- and ee-
values by using organocatalysts. A Michael addition/alkylation has been reported
by Pilli and coworker [196]. In this example, the azaspirodecane moiety of
halichlorine [197] was assembled in a diastereoselective manner.

2.1 Anionic/Anionic Processes
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2.1.1
Anionic/Anionic/Anionic Processes

Threefold anionic domino processes clearly have more variants with regard to the
possible combinations compared to twofold reaction sequences. In order to main-
tain some clarity, an attempt was made to classify and sort these, according to the
preceding chapter. Correspondingly, the initiating reaction step is used as the pri-
mary identifying feature. Thus, we start with the Michael addition-initiated
threefold anionic domino processes which are again quite common. Here, a
highlight is a threefold Michael addition developed by the group of Carreńo
(Scheme 2.84) [198]. Treatment of enantiopure [(S)R]-p-[(p-tolylsulfinyl)methyl]qui-
namines 2-359a−c and also their hydroxy analogues 2-359d,e with 2-(trimethylsily-
loxy)furan in the presence of TBAF gave the enantiopure heterocyclic cage com-
pounds 2-360/2-361 in 56 to 67 % yield.

2−359a and 2-359d led to a 1:1 mixture of the two diastereomers 2-360a,d and 2-
361a,d, whereas under the same conditions the sulfoxides 2-359b,e afforded exclu-
sively diastereomer 2-360b,e; as expected, 2-359c gave the diastereomer 2-361c.
Mechanistically, as shown for the reaction of (4R)-2-359b in Scheme 2.85, Michael
addition of 2-(trimethylsilyloxy)furan induced by TBAF takes place on the less-
hindered and more electrophilic site of 2-359b. The newly formed butenolide
framework is then attacked by the amino moiety in a second Michael manner to
give an enolate which, in a third Michael addition, then affords 2-360b.

Another option is the twofold Michael addition/SN-type sequence of which
manifold versions have been published. Thus, Padwa’s group reported on the di-
astereoselective synthesis of bicyclo[3.3.0]octenes [199], while in another approach
by Hagiwara and coworkers various tricyclo[3.2.1.0]octane derivatives and similar
bridged compounds have been constructed [200]. The group of Spitzner has also
been engaged intensively in Michael/Michael/SN-type processes [201]. One such ex-
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Scheme 2.84. Synthesis of 2-360/2-361.
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Scheme 2.85. Stereochemical and mechanistic course of the domino threefold conjugate 
addition.

2-360b

O

2-364b (81%)

nBuLi, (TMS)2NH
THF, –78 °C → r.t.

OBn

CO2tBu

O

O

O
OBz

CO2tBu

O

O

O
OBz

2-364a (77%)

CO2tBu

O

O

Cl

Cl

O

O

CO2tBu

(+)-(E)-2-363b(+)-(Z)-2-363a

Scheme 2.86. Diastereoselective formation of tricyclic compounds 2-364.

2-362

ample is the synthesis of enantiopure tricyclo[3.3.1.0]octenes, as illustrated in
Scheme 2.86. Herein, treatment of the Li-enolate obtained from the enone 2-362
with the chloro esters (Z)-2-363a as well as (E)-2-363b gave the tricyclic compounds
2-364a and 2-364b, respectively, as single isomers.
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Generally, “push-pull” substituted cyclopropanes as 2-364 are flexible building
blocks and represent an equivalent for 1,4-dicarbonyl compounds. They show a pro-
nounced tendency to undergo ring opening [202].

Another interesting reaction sequence has been observed by Moore and co-
workers when a THF solution of 2-365 and catalytic amounts of thiophenol as well
as sodium thiophenolate were refluxed (Scheme 2.87) [203]. This resulted in a rear-
rangement to give the angularly fused tetraquinane 2-366; this skeleton is found in
the natural product waihoensene (2-369) [204]. It can be assumed that, primarily, a
Michael addition of the thiolate from the �-face occurs to give 2-367, which then un-
dergoes a transannular Michael-type ring closure to provide 2-368. The enolate
moiety in 2-368 then induces an intramolecular E2 trans-diaxial elimination to af-
ford product 2-366 with regeneration of the thiophenolate catalyst. The last step
seems to be favored due to the close proximity of the enolate moiety in 2-368 to the
(pro-S)-hydrogen in 2-position of the thiophenol functionality being trans disposed
to the leaving group.

This explanation is in accordance with the reaction of a ring size isomer of 2-365
containing a cyclopentene instead of a cyclohexene moiety as ring C. With catalytic
amounts of thiophenolate and thiophenol, little reaction was observed; neverthe-
less, with stoichiometric amounts of thiophenol a tetraquinane, still containing the
SPh-group, was obtained in 76 % yield. Inspection of a molecular model revealed
that the corresponding enolate is not proximately disposed to facilitate the E2 elimi-
nation step.

SPh

O

H

O

H

H

H

O

0.1 eq PhSH
0.1 eq PhSNa, THF, reflux

93%

H

H

O

– PhS

O

O

O

H

O

H
SPh

Waihoensene (2-369)

Scheme 2.87. Synthesis of the tetraquinanes 2-366.

PhS

2-365 2-366

2-3682-367

A B C
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CO2Me
O

H
MeO2C

O
RH

a: R = H (68%)
b: R = CH2OH (39%)

Scheme 2.88. Synthesis of bridged compounds 2-371.

LiHMDS, nhexane/Et2O,
 –78 °C → r.t., in case of 2-371b
 r.t. → –78 °C; then CH2O

2-370
2-371

Domino processes forming tricyclo[6.2.2.0]dodecane and tricyclo[5.3.1.0]unde-
cane systems have been described by the group of Fukumoto [205]. The sequences
are based on two consecutive Michael additions which are followed by an aldol or a
substitution reactions forming up to three new C−C-bonds and up to five stereo-
genic centers in a single operation. For instance, when 2-cyclohexen-1-one 2-370,
containing an α,�-unsaturated ester moiety attached to C-2 through a tether, was
treated with LiHMDS the double Michael product 2-371a was obtained in 68 %
yield as a single stereoisomer (Scheme 2.88). Moreover, on successive treatment of
the intermediate enolate with gaseous CH2O at −78 °C, the hydroxymethylated
compound 2-371b is obtained in 39 % overall yield.

Under the same conditions, tricyclo[5.3.1.0]undecanes are accessible from 5-sub-
stituted 2-cyclohexen-1-one as 2-370 with a shorter tether by one CH2-group.
Recently, another Michael/Michael/aldol transformation was employed by Paulsen
and coworkers to obtain access to the central aromatic core of compounds as 2-376
(Scheme 2.89) [206]. It is of value that such products are thought to act as
cholesterol ester transfer protein (CETP) inhibitors, and the application of these
drugs should prevent reduction of the HDL-cholesterol level and therefore reduce
the risk of coronary heart diseases [207].

Under classical Mukaiyama conditions, silyl enol ether 2-372 and the Michael ac-
ceptors 2-373 and 2-374 underwent a twofold 1,4-addition to form an enolate in
which an ideal set-up exists for an intramolecular aldol reaction. This led to 2-375
with the desired structural core of 2-376 in an overall yield of 42 %.

Besides the described threefold anionic domino sequences involving three or two
Michael reactions, other combinations with only an initial Michael addition are also
well established. For instance, a Michael addition/iminium ion cyclization/elimi-
nation process yielding naphthopyrandione derivatives [208] has been reported by
K. Kobayashi and coworkers, and a Michael/imino aldol/ring closure procedure for
the production of δ-lactams has been published by the group of S. Kobayashi [209].
Very recently, Zhai and colleagues have contributed a Michael-type addition/im-
inium ion formation/cyclization to this field of domino reactions [210]. According
to the illustration in Scheme 2.90, these authors treated the enaminone 2-377 with
acrolein in the presence of the Lewis acid BF3·OEt2 as reaction promoter, and ob-
served a smooth formation of the pentacycle 2-379, probably via the iminium ion 2-
378. Since 2-379 is hardly soluble in most common organic solvents, it had to be
transformed into its Boc-protected derivative in a subsequent step for the purpose
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F

OO

F3C

O

+ O

F

F3C

OH

42%

Scheme 2.89. Synthesis of CETP inhibitors.

TiCl4/Ti(OiPr)4 (3:1)
CH2Cl2
–7 °C → –1 °C → r.t.

F

R X

OHF

F3C

a: R = isopropyl, X = spirocyclobutyl
b: R = cyclopentyl, X = spirocyclobutyl
c: R = isopropyl, X = dimethyl

2-372 2-373 2-374

+

2-3752-376

TMSO

of purification. This was then used for total synthesis of the �-carboline alkaloid
tangutorine (2-380) (Scheme 2.90) [211].

The groups of Palomo and Aizpurua also exploited this strategy to assemble com-
pounds of type 2-381 (Scheme 2.91) [212]. These azetidin-2-ones have been found to

N
H

HN

O

2.5 eq
O

1.2 eq BF3•OEt2
THF, r.t.

N
H

N

O

N
H

N

O

N
H

N
H

H

H
OH

Tangutorine (2-380)

Scheme 2.90. Synthesis of tangutorine (2-380).

2-377 2-378

2-379

>57%

steps
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R1 R2 R3

a:
b:
c:

H
H
Et

CO2Et
OPh
OC6H4(CH2COH)-P

S(O)C6H4pNO2

C(O)NHCH2Ph
(R)C(O)NHCH(nPr)C6H4pMe

N

O

R3 R2

R1

Scheme 2.91. 3-Alkyl-4-alkoxy-carbonylazetidin-2-ones 2-381.
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O
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R

CO2MeN
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–

H

N
S

O O

a: X* = b: X* = NO

O

Ph

PMPN
CO2Me

Entry Cuprate
RM

dr ee [%] Yield [%]

1
2
3
4

Me2CuLi
Me2CuCNLi2
Me2CuLi
PhCuMgBr

98:2
99:1
99:1
92:8

>99
>99

98
>99

57
40
54
62

Product
2-386

a
a
b
b

a
a
b
b

Scheme 2.92. Three-component asymmetric synthesis of 3-alkyl-4-methoxycarbonyl- 
azetidin-2-ones 2-386 from chiral crotonyl derivatives.

2-382

2-382 2-383

2-385

2-384

2-386

be effective inhibitors of the human leukocyte elastase (HLE), which is believed to
be responsible for the enzymolytic degradation of a variety of proteins, including
the structural proteins fibronectin, collagen, and elastin [213].

Their synthesis is based on a conjugate addition of organocuprates RM to chiral
enantiopure α,�-unsaturated carboxylic acid derivatives 2-382 and subsequent con-
densation of the resulting enolates 2-383 with an imine 2-384 to give 2-385 which
cyclize, affording 2-386 (Scheme 2.92). The best results with respect to reactivity
and yield have been observed when organolithium or organomagnesium cuprates
were used. Enolates formed from so-called “higher-order” cyanocuprates seemed
not to be very reactive towards the imine 2-384. Oppolzer’s N-enoylsultams 2-382a
and Evans’ N-enoyloxazolidinones 2-382b were of similar efficiency to induce both,
asymmetric conjugate addition and subsequent stereoselective enolate condensa-
tion.

2.1 Anionic/Anionic Processes
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Another domino cuprate 1,4-addition-initiated threefold anionic domino
sequence was developed by Chemla and coworkers (Scheme 2.93) [214]. Michael
addition of the α,�-unsaturated ester 2-387 with PhCu(CN)ZnBr was followed by a
carbocyclization to give the zinc species 2-388 which can be intercepted by iodine or
an allyl bromide affording substituted pyrrolidines 2-389 and 2-390, respectively.

Moreover, threefold anionic domino reactions where a Michael and an aldol reac-
tion are combined with a third transformation such as an elimination, an electro-
philic aromatic substitution, or a lactonization are attractive. Jauch used this
strategy for the synthesis of enantiopure butenolides in which as the last step a
BnBr/nBu4NI-triggered syn elimination operates [215]. Its practicability was
highlighted in the total synthesis of kuehneromycin A [216]. Further applications in
this field have recently been reported by the groups of Casey [217] within their
podophyllotoxin synthesis via a domino conjugate addition/aldol/electrophilic aro-
matic substitution reaction. D’Onofrio and Parlanti [218] were able to produce sub-
stituted γ-lactones by trapping the enolate formed in the aldol reaction in a ring-
closing lactonization with a proximate methyl ester moiety. A related Michael addi-
tion/aldol/lactonization multi-step sequence reported by Thebtaranonth and co-
workers gave access to various substituted spirocyclic lactones 2-397 (Scheme 2.94)
[219].

Mechanistically, α-methylenecyclopentenone (2-391) reacts with ester enolate 2-
392 in a Michael addition to give the enolate 2-393, which is then trapped with an
aldehyde 2-394 generating the alcoholate 2-396. This eventually cyclizes through
lactonization to afford 2-397 in good yield. The products 2-397 are obtained as
single diastereomer; thus, it can be assumed that the aldol reaction proceeds via the
six-membered chair-like transition state 2-395.

A process by Li and coworkers with the aldol reaction as the last step is shown in
Scheme 2.95. During a study towards enantiopure �-iodo Baylis−Hillman adducts
(see Section 2.1), trace amounts of interesting side products 2-402 were isolated
(Scheme 2.95) [220]. Their formation was assumed to arise from a α,�-conjugate
addition of TMSI onto ethynyl alkyl ketone 2-398, followed by a Lewis acid-medi-
ated isomerization of the allenolates 2-399 and an aldol reaction of the resulting
enolates 2-400 with an aldehyde 2-401. In order to make this side reaction becom-
ing the main one, a variety of different conditions were tested. In fact, BF3·OEt2 as
Lewis acid in CH2Cl2 turned out to be the best catalyst, giving rise to the desired

 PhCu(CN)ZnBr,
 LiBr, Et2O, 0 → r.t.

BnN
Ph

ZnBr

57%

Br

THF, r.t.

55%

Ph
BnN

Ph
I

BnN  I2, THF

Scheme 2.93. Synthesis of pyrrolidines.

BnN
CO2Me

2-387 2-388 2-389

2-390

MeO2C

MeO2C
MeO2C
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Scheme 2.94. Stereoselective domino Michael/aldol/lactonization process.
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Scheme 2.95. Results of the three-component reaction leading to compounds 2-402.
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products 2-402 with (E)-geometry in yields of 73−82 % without formation of �-iodo
Baylis−Hillman adducts [221].

Diastereoselective domino Michael addition/Friedel−Crafts/SN-type cyclizations
which allow the synthesis of bridged tetrahydroquinolines such as 2-405 have been
observed by Yadav and coworkers when a mixture of anilines 2-403 and δ-hydroxy-
α,�-unsaturated aldehydes 2-404 were treated with catalytic amounts of Bi(OTf)3 or
InCl3 in MeCN at 80 °C (Scheme 2.96) [222].

Ballini and coworkers developed a domino Michael/base-promoted elimination/
hemiacetal process leading to substituted dihydropyranols from cheap starting
materials [223]. Moreover, the compounds obtained contained at least three differ-
ent functionalities for further manipulation. The group of Rodriguez observed a
multicomponent domino reaction leading to fused cyclic aminals 2-409 when 1,3-
dicarbonyls 2-406, α,�-unsaturated carbonyl compounds 2-407, and ω-functional-
ized primary amines 2-408 were heated together in toluene in the presence of 4 Å
molecular sieves [224]. The products depicted in Scheme 2.97 are usually obtained
in good yield and, in some cases, even as single diastereomers.

An interesting observation was made when o-aminophenol (2-411) was em-
ployed in the reaction with carbethoxypiperidone 2-410 and acrolein (Scheme
2.98). In this case, the spirocyclic scaffold 2-412 was exclusively formed in 67 %
yield. This result can be explained by invoking a stereoelectronic control due to
the presence of the aromatic ring which prevents the formation of the corre-
sponding fused tetracyclic isomer. Moreover, both reactive sites can simul-
taneously be functionalized using 2-amino-1,3-propanediol (2-413) as partner in
the multicomponent reaction. This leads to the formation of three new cycles
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NH2

+

OH
AcO

OAc

CHO

5 mol% Bi(OTf)3
MeCN, 80 °C R3
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H
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O
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OAc
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1
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H
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Yield [%]
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Scheme 2.96. Synthesis of bridged heterocycles 2-405 by a domino Michael/Friedel–Crafts/SN-
type cyclization.

2-403

2-404

2-405

2-405

a
b
c
d
e

2 Anionic Domino Reactions



113

O
COR1 +

O

R3 +
NuH

NH2

Nu = O, S, NH

MS 4 Å, toluene, reflux N

Nu
R3

COR1

Entry

1

2

3

4

5

6

2-406

N
Bn

O
CO2Et

O

O

O

2-407

O

O

H2N NH2

2-408

H2N OH

H2N
SH

H2N
NH2

2-409

N

NH

N
Bn

CO2Et

N

O

N
Bn

CO2Et

H

N

N
Bn

CO2Et

S H

N

N
Bn

CO2Et

NH

N

N
Bn

CO2Et

NH

N

N
Bn

NH

Yield [%]

65

80

66

82

85

52

R2

R2

2-406 2-407 2-408 2-409

N
Bn

O
CO2Et

O

N
Bn

O
CO2Et

O

N
Bn

O
CO2Et

N
Bn

O
CO2Et

O

H2N
NH2

H2N
NH2

Scheme 2.97. Multicomponent reaction leading to polycyclic N,N-, N,O- and N,S-aminals
2-409.

and five new bonds, ending with the tetracyclic structure 2-414 bearing six stereo-
genic centers.

It is assumed that the overall process is initiated by a Michael addition of the 1,3-
dicarbonyl compound onto the α,�-unsaturated carbonyl derivative. There follows
the formation of either an aminal and an iminium intermediate which is followed
by the formation of two N,O-acetals.
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Scheme 2.98. Formation of tetracycles 2-412 and 2-414.

(dr 2.5:1)

2-412

2-414

2-411

2-413
2-410

In addition to the already discussed threefold domino processes starting with a
Michael addition, many reactions are known in this field which are initiated by an
aldol- or retro-aldol transformation. Langer and coworkers reported on a novel
TiCl4/TiBr4-mediated twofold aldol-type condensation/SN-type ring-opening con-
verting 1,3-bis-silyl enol ethers with 1,1-diacetylcyclopropanes into substituted
salicylates [225]. According to the process developed by Beifuss and coworkers,
treatment of pyran-4-one (2-415) with a silyl triflate followed by addition of an α,�-
unsaturated ketone 2-417 and 2,6-lutidine in CH2Cl2 furnished substituted tetrahy-
dro-2H-chromenes of type 2-421 in up to 98 % yield (Scheme 2.99) [226]. The
sequence is assumed to start with an aldol-type reaction of oxenium ion 2-416 and
enol ether 2-418, being formed from 2-417, to give 2-419, which is followed by two
1,4-additions with 2-420 as proposed intermediate. In this domino process three
new C−C-bonds and four stereogenic centers are built up in a highly efficient and
selective manner, with the exception of the acyclic double bond.

Furthermore, as described by Mori and coworkers, the domino aldol/cyclization
reaction of the �-keto sulfoxide 2-422 with succindialdehyde (2-423) in the presence
of piperidine at r.t. afforded the chromone 2-424 which, on heating to 140 °C, un-
derwent a thermal syn-elimination of methanesulfenic acid to provide 2-426 in 22 %
overall yield (Scheme 2.100) [227]. This approach was then used for the synthesis of
the natural products coniochaetones A (2-425) and B (2-427) [228].

Cyclopentane ring systems have been constructed in a very elegant manner
through a so-called [3+2] annulation strategy elaborated by Takeda and coworkers
(Scheme 2.101) [229]. Thus, aldol addition of acylsilane 2-428 and enolate 2-429 led
to the intermediate 2-430 which, in a 1,2-Brook rearrangement, generated a delocal-
ized allylic anion 2-431. This then cyclized to a mixture of the diastereomers 2-432
and 2-433. Noteworthy, the ratio of 2-432 and 2-433 is not affected by the configura-
tion of the double bond in the substrate 2-428. This finding is in accordance with
the proposed delocalized allylic anion 2-431 as an intermediate.
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Scheme 2.99. Synthesis of tetrahydro-2H-chromenes 2-421.

2-415 2-416

2-417a

R2

OR1

2-418

O

R1O R2

OR1

H

2-419

2-4202-421

2-416/2-417

R1OTf

O

R2

OMe O
S

O

+ OHC
CHO

cat. piperidine, DMF
r.t. → 140 °C

OMe

O

O

H

S
O

OH

22%

O

O OHOMe

O

O OOH

Coniochaetone A (2-425)
O

O OHOH

Coniochaetone B (2-427)

OH

Scheme 2.100. Synthesis of coniochaetone A (2-425) and B (2-427).
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Scheme 2.101. [3+2] Annulation based on a Brook rearrangement.
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The concept was successfully applied in the synthesis of untenone A (2-434)
[229b], chromomoric acid D-II methyl ester (2-435) [229a], and clavulone II (2-436)
(Scheme 2.102) [229c]. Further studies allowed the development of a multifaceted
[3+4] annulation approach [230]; moreover, numerous associated threefold anionic
domino sequences such as cyanide addition/1,2-Brook rearrangement/alkylation
[231] and epoxide opening/1,2-Brook rearrangement/alkylation processes [232]
have been designed.

Ogasawara and coworkers have also published a complete series of threefold
anionic domino reactions, all of which are based on an initial retro-aldol process.
For instance, starting from chiral bicyclo[3.2.1]octenone 2-437, a formal total syn-
thesis of (−)-morphine (2-445) [233] has been successfully performed (Scheme
2.103) [234]. Transformation of 2-437 into the substrate 2-488, necessary for the
domino reaction, was achieved in seven linear steps. The domino process was then
initiated by simply refluxing a solution of 2-438 in benzene in the presence of ethy-
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D-II methyl ester (2-435)
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Scheme 2.102. Natural products available through the [3+2] annulation strategy.
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Scheme 2.103. Synthesis of (–)-morphine (2-445).

H

steps

2-438 2-439

2-442 2-441 2-440

2-443 2-444

OMe

50%

lene glycol and catalytic amounts of pTsOH to give the hydrophenanthrene 2-443 in
50 % yield as a single stereoisomer.

The course of the transformations can be explained by the initial formation of ox-
enium ion 2-439. This intermediate undergoes a retro-aldol cleavage leading to
another oxenium ion 2-441 via the protonated aldehyde 2-440. There follows an
electrophilic aromatic substitution with subsequent elimination of a molecule of
ethylene glycol to give the hydrophenanthrene 2-443 through a transient 2-442.
Worth noting here is that the addition of ethylene glycol seemed to be essential to
accelerate the cyclization reaction. Conversion of 2-443 into the morphinan 2-444,
an intermediate of a previously published total synthesis of (−)-2-445 [235], was per-
formed in only three steps, thus affording 2-444 in an overall yield of 6 % in twelve
steps from 2-437. In addition, utilizing an identical domino retro-aldol/ring clo-
sure/elimination strategy the hexahydrophenanthrene framework of the natural
product (+)-ferruginol [236] was synthesized [237]. Ogasawara’s group also estab-
lished a retro-aldol/iminium ion formation/cyclization sequence usable for the
construction of other naturally occurring compounds [238]. As depicted in Scheme
2.104, under acidic conditions the cyclic acetal and the MOM ether in 2-446, ob-
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2-450(+)-18-Keto-pseudoyohimbane (2-451)
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acetone, reflux

O

OH

Scheme 2.104. A concise route to (+)-18-Keto-pseudoyohimbane (2-451) using 
bicyclo[3.2.1]octane 2-437 as chiral building block.

O
OMOM

OH

NH

18

tained from (−)-2-437 are simultaneously cleaved, providing the intermediate 2-447.
This undergoes a retro-aldol reaction, thus affording 2-448 with an aldehyde
moiety. Its subsequent intramolecular condensation with the secondary amine
group led to the iminium ion 2-449, which cyclizes to give the desired pentacycle 2-
450 in 82 % yield as a single isomer. Cleavage of the acetal moiety in 2-450 led to 18-
keto-pseudoyohimbane 2-451 [239]. The exclusive generation of the pseudoyohim-
bane skeleton 2-451, but not that of the C-3 epimeric yohimbane in the Pictet−
Spengler reaction, can be explained by stereoelectronic effects [240].

2−451 was subsequently transformed into the corynanthe-type indole alkaloid
(−)-isocorynantheol [239], isolated from Cichona ledgeriana [241], by a simple three-
step strategy.
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R

MeO2C N R1

2-452

+

OMe

OTMS

2-453

LA, see table

NH OMe

O

R1

CO2MeR

2-454

N OMe

O

R1

CO2MeR

2-455

N

O

R1

CO2MeR

N

O

R1

CO2MeR

+

2-457 2-456

Entry

1
2
3
4
5
6
7
8
9
10

2-452

a
b
c
d
e
f
g
h
i
j

pMeOC6H4

pNO2C6H4

nPrl
pMeOC6H4

pNO2C6H4

nPr
iPr
nBu
MeO2C(CH2)3

EtO2C(CH2)2

R (amino acid)

Phg-OMe
Phg-OMe
Phg-OMe
Val-OMe
Ile-OMe
Ile-OMe
Ile-OMe
Ile-OMe
Val-OBn
Val-OBn

Temp [°C]R1

–20
0
0
0

–10
0

–78 to –20
–78 to –20
–78 to –20
–78 to –20

Lewis acid / solvent

ZnCl2 / THF
ZnCl2 / THF
ZnCl2 / THF
ZnCl2 / THF
ZnCl2 / THF
2 eq of ZnCl2 / THF
EtAlCl2 / CH2Cl2
Me2AlCl / CH2Cl2
EtAlCl2 / CH2Cl2
EtAlCl2 / CH2Cl2

a
b
c
d
e
f
g
h
i
j

2-457/2-456

67:33
62:38
71:29

92:8
93:7

15:85
97:3

90:10
93:7
93:7

Yield [%]

63
53
69
54
57
11
48
77
46
50

Scheme 2.105. Domino Mannich-type/Michael/elimination of 2-452 and diene 2-453.

In this context, also mentionable are several publications by the groups of Díaz-
de-Villegas [242], Guarna [243], Kunz [244] and Waldmann [245], which describe the
formation of six-membered azaheterocycles via treatment of an imine with an ap-
propriate substituted diene. For instance, as described by Waldmann and co-
workers, reaction of the enantiopure amino acid-derived imines 2-452 with Dani-
shefsky’s diene 2-453 in the presence of equimolar amounts of a Lewis acid pro-
vided diastereomeric enaminones 2-456 and 2-457 (Scheme 2.105) [245a].

The mechanism of this transformation is a matter of debate, and may vary with
the structure of the heteroanalogous carbonyl compound employed. Although a
Diels−Alder-type process is conceivable [246], a Lewis acid-induced addition of the
silyl enol ether moiety in 2-453 followed by a cyclization through a nucleophilic in-
tramolecular attack of the amine and subsequent elimination of methanol is as-
sumed in this case [247].

2,3-Didehydro-4-piperidinones of type 2-456 and 2-457 are useful intermediates
for the synthesis of various substituted benzoquinolizines [243, 244, 245b−c]; this
scaffold is found in many natural products [245b−d].
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Entry

1
2
3
4
5
6

Yield [%]R1 R2

a
b
c
d
c
d

Me
–(CH2)3–

Me
–(CH2)3–

Me
–(CH2)3–

TMS
TMS
TBS
TBS
TBS
TBS

a
a
b
b
a
a

H
H
Me
Me
H
H

a
b
c
d
e
f

71
70
69
41
51
75

R1S

LiR1S

SiR3
+

R2

OTs

O THF, –78 °C → r.t.

SR1R1S
Li

OSiR3

R2
OTs

OSiR3

R2
SR1R1S

Scheme 2.106. Synthesis of functionalized cyclopentanols.

2-458 2-459 2-461

2-458 2-459 2-460 2-461

SiR3

Leaving the (retro-)aldol addition-initiated threefold anionic domino processes,
we are now describing sequences which are initiated by a SN-type transformation.
In particular, domino reactions based on SN/1,4-Brook rearrangement/SN reactions
are well known. For example, the group of Schaumann obtained functionalized cy-
clopentanols of type 2-461 by addition of lithiated silyldithioacetals 2-458 to epoxy-
homoallyl tosylates 2-459 in 41−75 % yield (Scheme 2.106) [248].

The domino reaction is initiated by the chemoselective attack of the carbanion 2-
458 on the terminal ring carbon atom of epoxyhomoallyl tosylate 2-459 to give the
alkoxides 2-460 after a 1,4-carbon-oxygen shift of the silyl group. The final step to
give the cyclopentane derivates 2-461 is a nucleophilic substitution. In some cases,
using the TBS group and primary tosylates, oxetanes are formed as byproducts.

A highly useful twofold reaction of silyl dithioacetals with epoxides was described
by Tietze and coworkers (Scheme 2.107) [249]. Treatment of 2.2 equiv. of enan-
tiopure epoxides 2-463 with lithiated silyldithiane 2-458b in the presence of a crown
ether led to 2-467 after aqueous work-up. It can be assumed that by attack of the
lithium compound 2-462 at the sterically less-hindered side of the epoxide 2-463,
the alkoxide 2-464 is formed which in a subsequent Brook rearrangement produces
the lithium dithioacetal 2-465. This reacts again with an epoxide to give 2-466 and
furthermore 2-467. Treatment with NaF then leads to the diol 2-468 which can be
converted into the dihydroxy ketones 2-469 and the corresponding 1,3,5-triols, re-
spectively.

The described procedure has been widely used by Smith III and coworkers [250] in
the efficient total synthesis of natural products containing extended 1,3-hydroxylated
chains. This architecture is often found as a structural element in polyene macrolide
antibiotics [251] such as mycotoxin A and B, dermostatin, and roxaticin. The Smith
group used the above-mentioned approach (e. g., as five-component coupling) for the
synthesis of the pseudo-C2-symmetric trisacetonide (+)-2-471 [252], which was em-
ployed by Schreiber and coworkers [253] within the synthesis of (+)-mycotoxin A (2-
470a) (Scheme 2.108). Thus, lithiation of 2.5 equiv. dithiane 2-462b followed by treat-
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S S

TMS

nBuli, THF, –30 °C → 0 °C

S S
Li TMS

+ 2.2 eq

R

O

12-crown-4,
THF, –20 °C

S S
TMS R

OLi

(R)-2-463

(S)-2-464

S S
R

OTMS

(S,S)-2-466

S S
Li R

OTMS

(S)-2-465
R

OLi

H2O, r.t.

S S
R

OTMS

(S,S)-2-467
R

OH NaF, THF/H2O, r.t.
S S

R

OH

R

OH

(S,S)-2-468

Entry Substrate
2-463

R Product
2-468

Yield [%]

2-464

Scheme 2.107. Synthesis of enantiopure 1,5-diols.

Ph
pClC6H4

pMeC6H4

pOMeC6H4

65
41
54
63

(S,S)-a
(S,S)-b
(S,S)-c
(S,S)-d

(R)-a
(R)-b
(R)-c
(R)-d

1
2
3
4

2-458b 2-462

R

OH O

R

OH

2-469

ment with 2.3 equiv. (−)-benzyl glycidyl ether (2-473) and addition of diepoxypentane
2-474 in the presence of HMPA or DMPU furnished the protected diol 2-472 in 59 %
yield.

Weigel and coworkers have found an interesting access to enantiopure
benzo[ f ]quinolinones by utilizing a SN-type metalloenamine alkylation/lactamiza-
tion/Michael addition sequence [254]. To allow a stereoselective formation of the
heterocycle an enantiopure amine was used as auxiliary. Moreover, as part of the in-
vestigation towards novel syntheses of the taxane framework, a domino epoxide-
opening/retro-aldol addition/semiacetalization process for the formation of the
A,B-ring part has been reported by Blechert’s group (Scheme 2.109) [255]. Thus,
when substrate 2-475 was treated with HCl, a ring enlargement takes place to give
product 2-476 stereoselectively in an overall yield of 56 %.

Besides epoxides, the opening also of aziridines and cyclopropanes has been
used as an initiating step in threefold anionic domino processes. Thus, the group of
Shipman reported on an aziridine-opening/enamide alkylation/imine hydrolysis
protocol ending with 1,3-disubstituted propanones [256]. A TMSI/(TMS)2NH-in-
duced cyclopropyl ring opening of compounds 2-477 and 2-481 to give the cyclobu-
tane derivatives 2-480 and 2-482, respectively, has been observed by Fukumoto and
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Scheme 2.108. Synthesis of a trisacetonide for the preparation of (+)-mycotacin A (2-470a).

R = H: Mycotacin A (2-470a)
R = Me: Mycotacin B (2-470b)

HO

OH OH OH OH OH OH

O R

OHO

HO
O O O O O O

OTBS

(+)-2-471

S S
TBSO

BnO
OH HO

SS
OTBS

OBn

2-472

BnO
O

(–)-2-473

S S

TBS

2-458d

O O

2-474

S S

TBS

2-458d

O
OBn

(–)-2-473

steps

a) 2.5 eq (–)-462b, tBuLi, Et2O

b) 2.3 eq (–)-2-473, Et2O

c) 2-474, HMPA, THF, –78 °C → r.t.
–78 °C → –25 °C, 1 h

–78 °C → –45 °C, 1 h

3 h

59%

coworkers (Scheme 2.110) [257]. The reactions likely proceed via transition state 2−
478 in which the iodide anion attacks the cyclopropane moiety. The resulting ring-
opening leads to the corresponding silyl enol ether 2-479 being suitable for a sub-
sequent Michael/aldol-type domino reaction.

A SN reaction-based domino route to clerodane diterpenoid tanabalin (2-488)
[258] has been described by Watanabe’s group (Scheme 2.111) [259]. This natural
product is interesting as it exhibits potent insect antifeedant activity against the
pink bollworm, Pectinophora gossypiella, a severe pest of the cotton plant. The dom-
ino sequence towards the substituted trans-decalin 2-487 as the key scaffold is in-
duced by an intermolecular alkylation of the �-ketoester 2-484 with the iodoalkane
2-483 followed by an intramolecular Michael addition/aldol condensation (Robin-
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aq. HCl, MeCN, r.t.

56%

2-475 2-476

Scheme 2.109. Ring enlagement for the assembly of the portion of taxanes.

MeO2C
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TMSI, (TMS)2NH
DCE, 0 °C → r.t.

H CO2Me

OTMS
H

TPSO

67%

MeO2C
H

O

TMSI, (TMS)2NH
DCE, 0 °C → r.t.

66%

H

I
O

SiMe3

N(TMS)2

H

OTMS

I

OTMS
CO2Me

I

(2)

(1)

CO2Me

CO2Me
I

Scheme 2.110. Domino reaction of cyclopropyl ketones 2-477 and 2-481.

2-481 2-482

2-478

2-479

2-477

2-480

son annelation) to give 2-487 via 2-485 and 2-486. Overall, 2-487 is obtained in 82 %
yield with formation of three new C−C-bonds and two new stereogenic centers. The
natural product (−)-tanabalin (2-488) was accessible from 2-487 in a few more steps.

The following example completes the section of threefold anionic domino
processes initiated by a SN-type reaction. As discussed earlier in Section 2.2, the re-
action of a five-membered cyclic phosphonium ylide with enones, α,�-unsaturated
esters, and α,�-unsaturated thioesters provides cycloheptene or hydroazulene
derivatives in a domino Michael/intramolecular Wittig reaction. This sequence
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CO2Me
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MeO OMe
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O
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CO2MeO
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O
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O

OAc

H

O
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(–)-Tanabalin (2-488)

Scheme 2.111. Selective synthesis of (–)-tanabalin (2-488).

S
PhO

PF6

2-489

LiHMDS, THF, r.t.
S

PhO

2-490

O

2-491

S
PhO

O

2-492

O
PhS

O

2-493

Scheme 2.112. Formation of the cyclopropane derivative 2-493.

98%

proceeds via a rigid phosphabicyclic or phosphatricyclic intermediate, so that the
products are usually formed with good stereoselectivity. Based on these findings,
Fujimoto and coworkers have developed a novel domino transformation employing
the five-membered oxosulfonium ylide 2-490 obtained from 2-489 using a strong
base (Scheme 2.112) [260].

However, as illustrated in Scheme 2.112, the reaction of ylide 2-490 with 4-hexen-
3-one (2-491) did not lead to the expected cycloheptene, but to the cyclopropane
derivative 2-493 in 98 % yield by a simple addition of the ylide to 2-491 to give 2-492
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PhO
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LiHMDS, THF, r.t.
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a: R1= Me, R2= H: 23%
b: R1= iPr, R2= Ph: 77%

Scheme 2.113. Synthesis of cycloheptane derivatives.

2-489 2-490

2-494

R2

R1= Me
R2= H

2-495

2-4962-497R2

2-498

with LiOtBu as base

followed by extrusion of the oxosulfonium group. In this reaction the intramolecu-
lar 1,3-nucleophilic substitution affording 2-493 is preferred over the regeneration
of the corresponding ylide, which would be necessary for a reaction with the keto
group. Nevertheless, if one uses substrates in which an enolate anion as 2-492 is
not formed, the desired domino process can take place (Scheme 2.113). Thus, re-
action of 2-489 and 2-494a in the presence of 2 equiv. of LiHMDS led to 2-498a via

the proposed intermediates 2-490 and 2-495−2-497 in 23 % yield as a single
stereoisomer.

Using substituted α-methylene-�-acetoxy ketones 2-494 with R = Me, Et, iPr, Ph
and LiOtBu as base, the yields of the cycloheptene oxide 2-498 could be greatly en-
hanced to up to 77 %, as in the case of 2-498b. In addition, cyclooctene oxides can be
prepared (though in lower yield and stereoselectivity) starting from a six-membered
oxosulfonium ylide.

Another group of threefold anionic domino processes involves an initial addition
of nucleophiles other than enolates onto an electrophilic center such as a car-
bodiimide, an isocyanate, an aldehyde, or a related moiety. For example, the group
of Volonterio and Zanda has observed that activated α,�-unsaturated carboxylic
acids undergo a domino carboxyl group addition/aza-Michael ring closure/Dim-
roth-rearrangement with carbodiimides producing N,N-disubstituted hydantoins
in good yield [261]. Tetronic acids, a subclass of �-hydroxybutenolides, can be pre-
pared by a twofold addition/Michael sequences described by the group of García-
Tellado [262]. Zercher and coworkers reported on the assembly of α-substituted-γ-
keto esters from �-keto esters by a novel chain extension process which involves a
domino cyclopropanation/rearrangement/aldol addition [263]. Furthermore, an
efficient and simple domino protocol for the synthesis of 1,2,4-triazolo[1,5-c]qui-
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Scheme 2.114. Synthesis of 1,2,4-triazolo[1,5-c]quinazoline-5(6H)-thiones 2-503.

•
S

N

Entry

1
2
3
4
5
6
7
8
9

2-500 R1 2-503

a
b
c
d
e
f
g
h
i

Yield [%]

nazoline-5(6H)-thiones 2-503 has been reported by Langer and coworkers (Scheme
2.114) [264]. The development of efficient syntheses of such compounds is of inter-
est due to their pronounced bioactivity. For example, 1,2,4-triazolo[5,1-b]quinazo-
lines show antihypertonic activity [265]; antirheumatic and anti-anaphylactic activ-
ity has been recognized for 3-heteroaryl-1,2,4-triazolo[5,1-b]quinazolines [266],
while 1,2,4-triazolo[1,5-c]quinazolines possess antiasthmatic, tranquilizing, and
neurostimulating activity [267].

The formation of compounds 2-503 proceeds via the addition of a hydrazide 2-500
onto the central carbon of an isothiocyanate 2-499. Subsequent cyclization by attack
of the hydrazide nitrogen in the formed 2-501 onto the nitrile moiety gives interme-
diate 2-502. A further attack of the newly formed amidine nitrogen onto the carbonyl
group followed by extrusion of water affords the triazoloquinolines 2-503.

Nucleophilic addition to an acylsilane followed by a 1,2-Brook rearrangement and
final trapping of the resulting carbanion in either an acylation or intramolecular
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TBS

O

CO2Me

(  )
n

PhLi, THF, –80 °C → 0 °C Ph

CO2Me

(  )
n

O TBS

2-504
2-505

Ph

CO2Me

OTBS

2-506

OTBS
H

Ph

CO2Me

+
OTBS

Ph

H CO2Me

2-507a 2-507b

Entry

1
2
3

n

1
2
3

Yield [%]

2-507a 2-507b

49
53
47

30
29
23

Table 2.115. Synthesis of four- to six-membered carbocycles.

(  )n
(  )n(  )n

Michael addition has been shown to lead to useful building blocks. According to a
publication by Johnson and coworkers, highly functionalized unsymmetrical
malonic acid derivatives are accessible in this way [268]. Moreover, as described by
Takeda and coworkers, substituted four- to six-membered carbocycles 2-507 can be
prepared starting from 2-504 by reaction with PhLi via the intermediates 2-505 and
2-506 (Scheme 2.115) [269].

Furthermore, Schaumann’s group has described that lithiated silylthioacetals react
not only with epoxides, but also with ω-bromoalkyl isocyanates to give lactams [270].

Threefold anionic domino processes can also be triggered by a condensation re-
action between a nucleophile and a carbonyl or carboxyl moiety. Many different ex-
amples have been published using this approach. Ballini, Petrini and coworkers
constructed 2,3-disubstituted (E)-4-alkylidenecyclopent-2-en-1-ones by exploiting
an aldol condensation/Michael-addition/elimination sequence [271], while Tan-
abe’s group prepared functionalized O-heterocycles using their Claisen condensa-
tion/aldol addition/lactonization combination [272]. The implementation of such
condensation-triggered domino processes in natural product synthesis has been
shown by Yoda’s group with their HWE/Michael addition/lactonization reaction for
the preparation of trilobatin [273], and furthermore by the group of Chamberlin
with their lactam formation/iodination/SN-type cyclization approach as part of the
total synthesis of dysiherbaine [274]. Giorgi-Renault’s and Husson’s group reported
on the design of a three-component Knoevenagel/Michael addition/cyclization
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methodology [275]. Utilizing this process, rapid access to podophyllotoxin aza-ana-
logues such as 2-509 is possible (Scheme 2.116).

The synthesis of analogues of podophyllotoxin (2-508) is important as the com-
pound itself shows severe side effects in the treatment of human neoplasia. To date,
no new analogues have been launched on the market, though for various reasons
aza-analogues as 2-509 are of great interest [276]. The synthesis of these com-
pounds is quite straightforward; simply heating a mixture of tetronic acid (2-512),
an appropriate benzaldehyde 2-511, and an aniline derivative 2-510 in MeOH for
10 min afforded the desired compounds 2-509 in good yields (Scheme 2.117).

It is assumed that in the formation of 2-509, a Knoevenagel condensation of the
benzaldehydes 2-511 and tetronic acid 2-512 initially takes place, and this is fol-
lowed by the generation of a hemiaminal with the aniline 2-510 and an electrophilic
substitution.

Very recently, a highly efficient synthesis of the erythrina and B-homoerythrina
skeleton by an AlMe3-mediated three-step domino condensation-type/iminium ion
formation/iminium ion cyclization sequence has been reported by Tietze and co-
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Scheme 2.116. Podophyllotoxin and aza-analog.
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H
H
H
H
H

Scheme 2.117. Three-component domino reaction leading to aza-analogs of podophyllotoxin 
(2-508).
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workers (Scheme 2.118) [277]. The erythrina alkaloids [278] such as erysodine (2-
520) are a widespread class of natural products with extensive biological activity
[279]. Many compounds of this family exhibit curare-like activity as well as CNS-de-
pressant properties [280]. As starting materials towards their structural core, pri-
mary amines 2-516 and enol acetates 2-515, easily obtainable from the keto ester 2-
513, were employed.

For the synthesis of 2-519, the amines 2-516 were first treated with AlMe3 in ben-
zene at r.t. and after addition of the enol acetates 2-515, easily accessible from 2-513
and 2-514, heated under reflux. Mechanistic investigations using on-line NMR spec-
troscopy, reveal that a metalated amide 2-517 is formed first. This then leads to a N-
acyliminium ion 2-518 which undergoes an electrophilic substitution. Overall, three
new bonds are formed selectively in the domino process, and the alkaloid scaffolds
2-519 are provided in very good yields of 79−89 %. Interestingly, use of the keto
esters 2-513 instead of 2-515 did not lead to the desired products 2-519.

O CO2R1

(  )
n

2-513a: R1= Et, n = 1
2-513b: R1= Me, n = 2

20 eq
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+
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O
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a: R2= Me, n = 1
b: R2= Me, n = 2
c: R2, R2= CH2, n = 1
d: R2, R2= CH2, n = 2

(79%)
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HO

MeO
N

MeO

Erysodine (2-520)

Scheme 2.118. Synthesis of the erythrina and homoerythrina skeleton.
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R1 R2
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Cl
H

2-525

a
b
c

Yield [%]

72
87
69

Scheme 2.119. Synthesis of steroid alkaloids.

2-521

2-522

2-523

2-5242-525

A variety of unique 9,13-bridged D-secoestrone alkaloids of type 2-525 have been
synthesized by treatment of 3-methoxy-16,17-secoestra-1,3,5(10)-trien-17-al (2-521)
with aniline derivatives 2-522 in the presence of different Lewis and Brønsted acids
in a joint study by the groups of Schneider, Wölfling, and Tietze (Scheme 2.119)
[281]. In this transformation, an interesting 1,5-hydride shift after the formation of
the iminium ion 2-523 takes place to give a carbocation 2-524 which reacts with the
secondary amine, formed from the imine. The transformation gives good yields
only if an electron-withdrawing group is present in the aniline component 2-522.

The formation of an iminium ion as 2-530 is also proposed by Heaney and co-
workers in the synthesis of a tetrahydro-�-carboline 2-531 (Scheme 2.120) [282].
Herein, heating a solution of tryptamine (2-526) and the acetal 2-527 in the pre-
sence of 10 mol% of Sc(OTf)3 gives in the first step the N,O-acetal 2-528, which then
leads to the lactam 2-529 and further to the iminium ion 2-530 by elimination of
methanol. The last step is a well-known Pictet−Spengler type cyclization to give the
final product 2-531 in 91 % yield.

Besides tryptamine 2-526, tryptophan and 3,4-dimethoxy-�-phenylethylamine
were also used. The latter led to a tetrahydroisoquinaline, but the yields were much
lower.
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Scheme 2.120. Sc(OTf)3-catalyzed domino process of 2-526 and 2-527.

CO2Me

At the end of this section, carbolithiation-based domino processes will be dis-
cussed in which a bond and a new lithium organic moiety from an alkene and a
starting lithium compound is produced. The new lithium compound can react with
another C−C-double or -triple bond and finally with an electrophile, as depicted in
Scheme 2.121 [283].

intramolecular-intramolecular:

Li

Li E

E

Li
Li

E

intermolecular-intramolecular:

R'

Li R

R'

R

Li

E

R'

R

E

E

Scheme 2.121. General principle of inter-/intramolecular domino carbolithiations.
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According to this scheme, Bailey and coworkers have reported on the domino cy-
clization of the alkadienyllithium compounds 2-533 and 2-538, derived from the
corresponding alkyl iodides 2-532 and 2-537 (Scheme 2.122) [284]. The reactions
proceed through two stereo- and regioselective 5-exo-trig ring closures to deliver
bicyclic alkyllithiums of type 2-535 and 2-540 via 2-534 and 2-539, respectively. Sub-
sequent trapping of these organolithium compounds by addition of an electrophile
led to substituted bicyclo[2.2.1]heptanes 2-536 and trans-bicyclo[3.3.0]octanes 2-541
in 65−74 % yield.

In a more recent contribution, O’Shea and coworkers described a related process
leading to substituted indoles 2-544 and 2-545 by an intermolecular addition of
alkyllithium to a styrene double bond and reaction of the formed intermediate 2-
543 with an appropriate electrophile (Scheme 2.123) [285]. Using DMF, C-2 unsub-

2-532 2-534

I Li

tBuLi
npentane/Et2O
–78 °C

LiTMEDA
–78 °C → 0 °C

2-533

H

Li
2-535

H

E
2-536

E

TMEDA
78 °C → 0 °C

2-537

I
2-538

Li

LiH

H
Li

E

H

H
E

2-541 2-540 2-539

(1)

(2)

Scheme 2.122. Synthesis of bicyclo[2.2.1]heptanes 2-536 and trans-bicyclo[3.3.0]octanes 2-541.

Entry E E Product Yield [%]

1
2
3
4
5
6

CO2

(CH2O)n

(nBu)3SnCl
CO2

(CH2O)n

I2

CO2H
CH2OH
(nBu)3Sn
CO2H
CH2OH
I

2-536a
2-536b
2-536c
2-541a
2-541b
2-541c

65
74
71
71
71
65

tBuLi
npentane/Et2O, –78 °C
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stituted indoles 2-544, and with nitriles the corresponding substituted indoles 2-
545 were formed.

The final group of threefold anionic domino processes described here includes
transformations with an initiating elimination step which is either followed by two
Michael additions or by substitutions. Thus, reaction of protected nitro alcohol 2-
546 and α,�-unsaturated γ-aminoesters 2-547 in MeOH at r.t. afforded the pyrrolid-
ines 2-548 as single isomers (except for entry 1) in good to very good yields, as de-
scribed by Benetti and coworkers (Scheme 2.119) [286].

The first step in this domino process is the formation of an α,�-unsaturated nitro
compound which reacts with the amino functionality in 2-547.

Pyrrolidine 2-548e was used as substrate for the synthesis of the natural product
α-kainic acid [286, 287].

Another example belonging to the class of domino processes initiated by an
elimination was described by Gurjar and coworkers in their synthesis of the 2,4-dis-
ubstituted tetrahydrofuran 2-554 [288]; this compound is a potent anti-asthmatic
drug lead (Scheme 2.125) [289].

It can be assumed that the substrate 2-549 undergoes two elimination steps after
lithiation to give 2-552 via 2-550 and 2-551. The last step is an intramolecular substi-
tution affording 2-553, which was further transformed into the desired bioactive
compound CMI-977 (also named LDP-977) (2-554).

NHR2

R1

2-542

R3Li, Et2O, –78 °C or –25 °C 
with TMEDA

R2HN

R1

2-543

Li
R3

R1

R2N R3

R1

R2N R3

R4

2-544a: R1= H, R2= Boc, R3= nBu (84%)
2-544b: R1= 5-Me, R2= Bn, R3= tBu (70%)

2-545a: R1= H, R2= H, R3= tBu, R4= Ph (65%)
2-545b: R1= 5-Me, R2= Bn, R3= tBu, R4= Ph (51%)

Scheme 2.123. Synthesis of indols via a domino carbolithiation/addition/cyclization process.

1) R4CN, –25 °C
2) 12 M HCl, EtOAc, r.t.

1) DMF, –78 °C
2) 2 M HCl, THF, r.t.
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Scheme 2.124. Domino elimination/twofold Michael addition process.
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Scheme 2.125. Twofold elimination/nucleophilic substitution sequence for the synthesis 
of 2-554.
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2.1.2
Fourfold and Higher Anionic Processes

As mentioned in the Introduction of this book, the quality of a domino process can
be correlated to the number of steps involved and the increase of complexity com-
pared to the starting material. Indeed, there are anionic transformations which con-
sist of four and even five separate steps under identical reaction conditions. Again,
most of these transformations start with a Michael addition.

A fourfold anionic domino process consisting of a domino Michael/aldol/Michael/
aldol process was used by Koo and coworkers for the synthesis of bicyclo[3.3.1]non-
anes. They employed 2 equiv. of inexpensive ethyl acetoacetate and 1 equiv. of a
simple α,�-unsaturated aldehyde [290]. Differently substituted dihydroquinolines
were assembled in a Michael/aldol/elimination/Friedel−Crafts-type alkylation pro-
tocol by the Wessel group [291]. An impressive approach in this field, namely the con-
struction of the indole moiety 2-557, which represents the middle core of the man-
zamines, has been published by Markó and coworkers [292]. Manzamine A (2-555)
and B (2-556) are members of this unique family of indole alkaloids which were iso-
lated from sponges of the genus Haliclona and Pelina (Scheme 2.126) [293].

Coupling of the aminomethylindole 2-558 with acrolein in a Michael manner fol-
lowed by a HWE reaction with phosphonates 2-560 afforded 2-561 which cyclized
under basic conditions to give the desired product 2-566 via the intermediates 2-
562−2-565 in 55 % yield (Scheme 2.127). The reaction sequence was also conducted
in a stepwise manner, resulting in a greatly reduced yield; this clearly demonstrates
again the advantage of domino strategies over conventional methods.

The reaction tolerates different N-protecting groups as well as a variety of substi-
tuted �-keto-phosphonates. In all cases, the tetracyclic structures were obtained as
single diastereomers, however with respect to the natural product with the un-
desired trans-junction between the rings A and B.

In their synthesis of spirocyclopropanated oxazolines (see Section 2.1), the de
Meijere group obtained initially unexpected cyclobutene-annelated pyrimidones 2-
569 by reaction of the cyclopropylidene derivative 2-567 with the amidines 2-568. In
this fourfold anionic transformation a Michael addition takes place to furnish 2-
570, which is followed by an isomerization affording cyclobutenecarboxylates 2-572
and a final lactamization (Scheme 2.128) [294].
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NH

FG
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OH
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H H

Manzamine A (2-555) Manzamine B (2-556)

A B

C

A
B

C

2-557

H

Scheme 2.126. Manzamine A (2-555) and B (2-556) – Members of a unique family of indole 
alkaloids.
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Scheme 2.127. Synthesis of the core of the manzamine alkaloids.
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Scheme 2.128. Synthesis of cyclobutene-annulated pyrimidinones.
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A fourfold anionic sequence which is not initiated by a Michael but an aldol reac-
tion has been reported by the group of Suginome and Ito (Scheme 2.129) [295]. In
this approach, the borylallylsilane 2-573 reacts selectively in the presence of TiCl4
with two different aldehydes which are added sequentially to the reaction mixture.
First, a Lewis acid-mediated allylation of the aldehyde with 2-573 takes place to form
a homoallylic alcohol which reacts with the second aldehyde under formation of the
oxenium ion 2-574. The sequence is terminated by a Prins-type cyclization of 2-574
and an intramolecular Friedel−Crafts alkylation of the intermediate 2-575 with for-
mation of the trans-1,2-benzoxadecalines 2-576 as single diastereomers.

Furofuran lactones have been constructed by Enders and coworkers by an acid-
mediated hydrolysis/lactone cleavage/hemiacetal formation/lactonization process
[296]. Moreover, the group of Xu has reported on the efficient synthesis of 2-hy-
droxypyrano[3,2-c]quinolin-5-ones by utilizing a Knoevenagel condensation/Mi-
chael addition/cyclization/hydrolysis strategy [297]. A rapid access to the benz[b]in-
deno[2,1-e]pyran-10,11-dione framework (2-579) has been achieved by Ruchirawat’s
group [298], starting from the readily available precursor 2-577, which under basic
conditions undergoes a Baker−Venkataraman rearrangement to give intermediate
2-578 (Scheme 2.130). Cyclization then affords 2-579. Noteworthy, a similar com-

O

O

O

CO2Me

OH

O O CO2Me

2-577 2-578

O

OO

2-579

KOH
pyridine
reflux

Scheme 2.130. Domino reaction involving a Baker-Venkataraman rearrangement to afford 
2-579.

72%
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Scheme 2.131. Synthesis of indolines.
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Scheme 2.132. Synthesis of annulated bipyridines.

R1

2-584 2-585

35–62%

Me2NH
O

OMe

OMe2NH OMe2NH
Me2NH O

N
N

2-584:

2-585:
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pound as 2-579 has been reported to show weak activity against human im-
munodeficiency virus type I reverse transcriptase (HIV-1 RT) [299].

Bailey’s group has elaborated a fourfold anionic domino approach leading to a N-
allyl-3,4-disubstituted indoline 2-582 from 2-580 (Scheme 2.131) [300]. The central
step is the formation of an aryne by treatment of 2-fluoro-N,N-diallylaniline (2-580)
with nBuLi followed by a regioselective intermolecular addition of nBuLi to give 2-
581. This then cyclizes to afford a new lithiated species which is intercepted by
added TMSCl.

Another elimination triggered tetrafold anionic domino process has been re-
ported by Risch and coworkers [301]. These authors synthesized polycyclic bipy-
ridine scaffolds as 2-585 (Scheme 2.132) which are potentially useful as ligands for
host−guest systems or interesting building blocks for supramolecular applications
[302]. The process combines an amine elimination from 2-584 and a Michael addi-
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Scheme 2.133. Synthesis of methylenecyclohexenols.
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Scheme 2.134. Synthesis of a new analog of A-57,207 (2-593).

CO2Et

tion with the enol form of the second starting material 2-583 followed by condensa-
tion with NH3, derived from added NH4OAc, to give 2-585.

Starting from the furan-derived substrates 2-586, Metz and coworkers developed
an unique lithium base-induced fourfold anionic domino ring-opening/alkoxide-
directed 1,6-addition/alkylation/desulfurization process ending with the genera-
tion of methylenecyclohexenols 2-588 (Scheme 2.133) [303]. The reaction probably
involves the formation of a cyclohexadienolate which reacts with a second molecule
of R3Li to give the allylic anion 2-587; this is then able to react with the successively
added ICH2MgCl. The formed intermediate then undergoes an extrusion of SO2 to
yield the product 2-588.

As the last example of a fourfold anionic domino process, the synthesis of a new
analogue 2-592 of the antibacterially active quinoline derivative A-57,207 (2-593)
[304] by the group of Kim will be described (Scheme 2.134) [305].
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Scheme 2.135. Synthesis of complex tricyclic pyrrolidone derivatives.
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Scheme 2.136. Synthesis of cyclopenta[b]benzofuran 2-600.

10 examples: 31–89% yield

The reaction starts with the formation of a mixed anhydride and an acetate on
treatment with an excess of acetic anhydride at 80 °C. There follows a Dieckmann
condensation to give 2-590 and an intramolecular rearrangement/Michael addi-
tion/retro Michael addition to afford the desired tetracyclic compound 2-592 via 2-
591 in an overall yield of remarkable 92 %.

Finally, we turn to processes which combine more than four anionic independent
reaction steps. In this regard, Schäfer and coworkers have developed, besides
several two- and one threefold imino aldol/lactamization sequences, a sextuple
anionic approach by reaction of 2-594 and 2-595 to provide the tricyclic pyrrolidone
derivative 2-596 as a single diastereomer in 17 % yield (Scheme 2.135) [306]. The C6-
building block aconitic acid trimethylester (2-594) to be used was obtained as a by-
product in sugar manufacture, or by dehydration of citric acid, and seems very ver-
satile in the context of domino reactions as it combines five functional groups: one
potential donating group, namely the easily deprotonable methylene group, and
four acceptor groups (one electrophilic double bond and three ester functionali-
ties).

For the preparation of the benzo[b]cyclopropa[d]pyran 2-599, Ohta and coworkers
have treated 3-ethoxycarbonylcoumarin (2-597) with dimethylsulfoxonium
methylide (2-598), derived from the corresponding trimethylsulfoxonium iodide
and NaH (Scheme 2.136) [307]. The isolated product was not 2-599, however, but an
unexpected cyclopenta[b]benzofuran derivative 2-600 probably formed through 2-
599.
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Scheme 2.137. Suggested mechanism for the formation of 2-600.
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Encouraged by this accidentally obtained result, and recognizing that the cy-
clopenta[b]benzofuran moiety is found in natural products such as aplysins [308]
and rocaglamides [309], as well as in natural product analogues such as benzo-
prostacyclins [310], a whole series of coumarin derivatives all bearing a necessary
electron-withdrawing group at the 3-position was subjected to the reaction condi-
tions illustrated in Scheme 2.136. In most cases the obtained cyclopenta[b]benzo-
furans were isolated in useful to very good yields.

A possible reaction mechanism for the formation of 2-600 is depicted in Scheme
2.137. Reaction of the primarily formed cyclopropane derivative 2-599 with dim-
ethylsulfoxonium methylide (2-598) leads to 2-601 which undergoes a ring opening
and a proton shift to give 2-603 via 2-602. There follows a Michael addition to give 2-
604 and a SN-type extrusion of DMSO to provide 2-600. It must be assumed that the
primarily formed cyclopropane derivative 2-599 is not stable under the reaction
conditions due to the activation by two electron-withdrawing groups, and thus the
cascade of reactions is started.

Very recently, the method has been used for the synthesis of racemic linderol A
[311], a natural product isolated from the fresh bark of Lindera umbellata. This com-
pound is reported to exhibit potent inhibitory activity on the melanin biosynthesis
of cultured B-16 melanoma cells in guinea pigs, without causing any cytotoxicity in
the cultured cell or skin irritation [312].

The final example in this section is the synthesis of a tristetrahydrofuran 2-606
described by the group of Rychnovsky [313]. Here, the tris(sulfate) 2-605 was con-
verted into 2-606 by simply heating it in a mixture of MeCN and H2O (Scheme
2.138). The domino reaction is most likely initiated by deprotection of the primary
alcohol, which then attacks the adjacent sulfonate unit in a SN2-type manner to af-
ford the first furan moiety. Under the reaction conditions the formed acyclic sulfate
is hydrolyzed affording a free secondary alcohol which then attacks the next adja-
cent cyclic sulfate unit. Overall, the SN2/hydrolyzation sequence proceeds three
times to finally provide the poly(tetrahydrofuran) 2-606 as a single isomer in 93 %
yield.
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As the latest example in this section, the synthesis of clavolonine [314] by the
group of Evans is mentioned [315]. Through the action of a multiple anionic dom-
ino reaction a functionalized linear carbon chain was converted into the polycyclic
architecture of the natural product.

2.1.3
Two- and Threefold Anionic Processes Followed by a Nonanionic Process

The present section describes domino processes which combine two or three initi-
ating anionic reaction steps with a following nonanionic transformation.

For domino reactions with three steps, only combinations with a pericyclic reac-
tion have been found. In this regard, Schobert’s group has reported on an addition/
Wittig olefination/Claisen rearrangement to construct fully substituted butenolides
[316]. A Corey−Kwiatkowski-type/HWE/Diels−Alder reaction route has been elabo-
rated by the research group of Collignon (Scheme 2.139) [317]. Using this approach,
they were able to prepare derivatives 2-611 of mikanecic acid (2-612), a terpenoid
dicarboxylic acid isolable from Mikanoidine [318] or Sarracine [319]. Treatment of the
allylic phosphonates 2-607 with an excess of LDA, followed by addition of ethyl
chloroformate and then of formaldehyde, led to the transient 2-609 which underwent
a spontaneous Diels−Alder dimerization to give 2-611. The high regio- and
stereoselectivity of this cycloaddition can be explained by the transition state 2-610.

A combination of a transetherification and an intramolecular hetero-Diels−Alder
reaction developed by Wada and coworkers allows the diastereoselective construc-
tion of fused hydropyranopyrans 2-616 (Scheme 2.140) [320]. The process involves a
1,4-addition of alcohols 2-614 containing a dienophile moiety to �-alkoxysubsti-
tuted α, �-unsaturated carbonyls 2-613 followed by elimination of MeOH to give an
oxabutadiene 2-615 which undergoes a [4+2] cycloaddition. The formed cycload-
ducts 2-616 are generally isolated in good yields as single isomers [320a].

The domino process can be catalyzed by a Cu-complex with (S,S)-tBu-bis(oxazo-
line) to give 2-616 with excellent enantioselectivity (97−98 % ee) [320b,c]. The use of
5 Å molecular sieves turned out to be obligatory. Wada and coworkers also reported
on a related transetherification/1,3-dipolar cycloaddition procedure to give access to
trans-fused bicyclic γ-lactones [321].

Li’s group prepared a series of substituted 2-(hydroxyalkyl)tetrahydroquinoline
derivatives 2-619 and 2-620 starting from anilines 2-617 and cyclic enol ethers 2-618
in the presence of catalytic amounts of InCl3 (Scheme 2.141) [322]. Good yields of
73−90 % were obtained with an electron-donating or no substituent R at the aniline
moiety.
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Scheme 2.139. Formation of derivatives of mikanecic acid.
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Scheme 2.140. Domino transetherification/intramolecular hetero-Diels–Alder reaction.
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Scheme 2.141. Synthesis of tetrahydroquinolines.
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Scheme 2.142. Synthesis of hexacyclic tetrahydro-β-carbolines.
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60–80%

2-623

2-624
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It can be assumed that, in the presence of InCl3 and water, the cyclic enol ethers
2-618 form a hydroxy aldehyde which reacts with the aniline to give an aromatic im-
inium ion. This represents an electron-poor 1,3-butadiene which can undergo a
hetero-Diels−Alder reaction [323] with another molecule of 2-618 to give a mixture
of the diastereomeric tetrahydroquinolines 2-619 and 2-620.

The described approach to this pharmaceutically important class of compounds
[324] was also utilized by Bonnet-Delpon and coworkers one year later [325]. Inter-
estingly, these authors employed hexafluoroisopropanol (HFIP) as solvent and
were able to perform the domino process without adding any extra Lewis acid cata-
lyst such as InCl3 due to the acidic properties of HFIP (pKa = 9.3) [326]. Besides di-
hydrofuran or dihydropyran, they have also used acyclic enol ethers.

Unusual hexacyclic tetrahydro-�-carbolines 2-625 have been assembled from
tryptamine (2-621) and the furan 2-622 by the group of Paulvannan, using three
anionic transformations followed by an intramolecular Diels−Alder reaction
(Scheme 2.142) [327]. After condensation to give 2-623, reaction with maleic anhy-
dride leads to the iminium ions 2-624 which enter in an electrophilic aromatic sub-
stitution and an intramolecular Diels−Alder reaction to yield the �-carbolines 2-
625. These rigid oxa-bridged hexacyclic compounds 2-625 are obtained in good
yields and as sole isomers. Overall, five stereogenic centers, including one or two
quaternary centers (depending on R1), and three rings are generated in this domino
sequence.

It is well known that azomethine ylides, which are usually formed in situ, are very
good substrates for 1,3-dipolar cycloadditions. The group of Novikov and Khleb-
nikov [328] generated such a 1,3-dipol by reaction of difluorocarbene formed from
CBr2F2 (2-626) with the imine 2-627. Cycloaddition of the obtained 2-629 with an ac-
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+
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Scheme 2.143. Syntheses of 2-fluoropyrroles via domino carbene addition/1,3-dipolar 
cycloaddition.

2-6312-627

tivated alkyne as DMAD (2-628) led to the adducts 2-630 from which, in a sub-
sequent dehydrofluorination process, substituted fluoropyrroles 2-631 were
formed. The imines used can contain aromatic, heteroaromatic, and unsaturated
carbon compounds as substituents.

Stockman and coworkers [329] developed a straightforward synthesis of a tricy-
clic compound 2-636 which has some resemblance to the spirocyclic portion of the
natural product halichlorine (2-637) [330]. On treatment of the symmetrical ketone
2-633, accessible in five steps from alcohol 2-632, with hydroxylamine hy-
drochloride the spiro piperidine 2-636 could be obtained in 62 % yield (Scheme
2.144). It is assumed that, after the initial formation of the oxime 2-634, a Michael
addition occurs to give 2-635 with formation of a nitrone moiety which then can un-
dergo a 1,3-dipolar cycloaddition to give 2-636.

Another anionic pericyclic domino process is a Pummerer-type rearrangement/
1,3-dipolar cycloaddition/ring-opening sequence of 2-638 to give 2-639 (Scheme
2.145) [331]. Mechanistically, a very electrophilic α-acyl thienium ion A, generated
from the imidosulfoxide 2-638, rapidly reacts with the neighboring imido group
and the resulting oxenium ion B undergoes subsequent deprotonation to produce
isomünchnone C; this contains a carbonyl ylide dipole which can readily undergo a
1,3-dipolar cycloaddition with dipolarophiles. Exposure of the resulting cycload-
ducts D to Ac2O in the presence of a trace of pTsOH results in a ring cleavage to give
pyridones of type 2-639.

2.1 Anionic/Anionic Processes
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Scheme 2.144.  Synthesis of the tricyclic spiro piperidine 2-636.
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H

According to this scheme, a wide variety of naturally occurring alkaloids [331], for
example onychine (2-640) [332] dielsiquinone (2-641) [333], costaclavin (2-642) [334]
and pumiliotoxin C (2-643) [335] have been prepared starting from 2-638a−c via the
cycloadducts 2-639a−c (Scheme 2.146).
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Scheme 2.145. General method for the construction of pyridones of type 2-639.
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Scheme 2.146. Synthesis of several natural products via Pummerer-type rearrangement/
1,3-dipolar cycloaddition/ring-opening reactions.
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A very attractive anionic/anionic/pericyclic/anionic fourfold domino sequence
was developed by Kuehne’s group, as illustrated in Scheme 2.147 [336]. Herein, on
treatment of the enantiopure tryptophane-derived diester 2-644 with α,�-unsatu-
rated aldehydes 2-645 at 70 °C in benzene with benzoic acid and freshly activated
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Scheme 2.147. Synthesis of complex indoles 2-648.
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MgSO4, the tetracycles 2-648 were obtained with excellent diastereoselectivity in
reasonable yield. The reaction presumably starts with a condensation of the alde-
hydes 2-645 with the benzyl-protected amine moiety of 2-644 to give an iminium
ion which can subsequently cyclize to afford the spirocyclic intermediates 2-646. A
[3,3] sigmatropic Cope rearrangement then forms the nine-membered cyclic
enamines 2-647 which, after protonation, act as the starting point for another in-
dole iminium cyclization to provide the tetracycles 2-648 via 2-647.

Recent reports have shown that this highly efficient domino sequence can also be
employed for the synthesis of (−)-strychnine [337] and (−)-lochneridine [338].

A trifold anionic/pericyclic domino reaction was used for the synthesis of the
dioxapyrrolizidine 2-655 combining a nitro aldol condensation, SN-type cyclization,
SN-type etherification, and an intramolecular 1,3-dipolar cyclization as described by
Rosini and coworkers (Scheme 2.148) [339].

As substrates, aliphatic aldehydes 2-649, nitromethane 2-650 carrying an elec-
tron-withdrawing group, and chlorovinylsilane 2-653 were used. The reaction
proceeds via the proposed intermediates 2-651, 2-652, and 2-654. In this three-com-
ponent transformation five new bonds and four new stereogenic centers are
formed, leading to only two diastereomers out of eight possible isomers.

The novel [6+2] annulation approach developed by the Takeda group has also
been included in a threefold anionic/pericyclic process (Scheme 2.149) [340]. The
reaction leads to functionalized eight-membered rings 2-659 in a highly
stereoselective manner, starting from acylsilanes 2-656 and �-(trimethylsilyl)vinyl-
lithium (2-657). After 1,2-addition and 1,2-Brook rearrangement, the cyclobutane 2-
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Scheme 2.148. Synthesis of dioxapyrrolizidines 2-655.

57–89%

7 examples: EWG: CO2Et, SO2Ph; R1= H,Ph; R2= Alkyl; X = Br, OTs

658 is formed which undergoes an oxy-Cope process to give the cyclooctenenones
2-659 in 42−45 % yield.

Moreover, the tricyclic core 2-663 of the cyathins as erinacin E (2-664) and allocy-
athin B2 (2-665) [341], isolated from bird nest fungi, has been synthesized by the
same research group using a related approach with a [3+4] annulation reaction
(Scheme 2.150) [342]. Addition of the enolate 2-660 to the acryloylsilane 2-661 gave
the annulated tricyclic compound 2-663 as a single diastereomer in 60 % yield. The
observed stereoselectivity can be rationalized assuming a concerted anionic oxy-
Cope rearrangement of the cis-1,2-divinylcyclopropanediolate intermediate 2-662
which is selectively derived from the 1,2-adduct of 2-660 and 2-661 by a 1,2-Brook
rearrangement followed by an internal trapping of the generated carbanion by the
carbonyl group.

Besides morefold anionic domino processes with one pericyclic reaction, domino
sequences combining two initiating anionic with two pericyclic steps have also
been developed. For example, the group of Nesi and Turchi reported on the synthe-

O O
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(45%)
(42%)
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Scheme 2.149. Synthesis of cyclooctenones.
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, THF2-657

2-6582-656 2-659

2.1 Anionic/Anionic Processes



150

OLi

+

TBS
O

TMS

THF, –80 °C → 0 °C

TMS

OTBS

OLi

60%

H

H

O

OTBS

TMS

OH

CHO

Allocyathin B2 (2-665)

O

H

H
HO

OH

OH

O
OH

Erinacin E (2-664)
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Scheme 2.151. Synthesis of compounds 2-671 by a fourfold domino process.

2-671

sis of substituted oxazolo[4,5-c]isoxazoles 2-671 in yields ranging from 52 to 61 %
(Scheme 2.151) [343]. Reaction of the oxazole 2-666 and the yneamine 2-667 in a Mi-
chael-type addition with subsequent cyclization of the zwitterionic intermediate 2-
668 leads to 2-669. It is assumed that the next step is a concerted retro-hetero-Diels−
Alder ring-opening due to the exclusive cis orientation observed for R and the CON-
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Scheme 2.152. Combination of anionic and radical transformations.

Et2 group in 2-670. Since 2-670 contains both, a 1,3-dipole as well as a 1,3-
dipolarophile moiety, it immediately undergoes a 1,3-dipolar cycloaddition to form
the heterocyclic compound 2-671.

Further twofold anionic/twofold pericyclic sequences have been developed by the
groups of Mikami and Grigg. The first group reported on an asymmetric domino
addition/elimination (transetherification)/Claisen rearrangement/ene reaction
sequence for the synthesis of a (+)-9(11)-dehydroestrone methyl ether [344], which
is a valuable intermediate towards estrogen synthesis [345]. The second group ex-
amined the in-situ generation of azomethine ylides from an α-amino acid and a ke-
tone via an iminium ion formation/cyclization/decarboxylation (decarboxylative
methodology). The formed dipoles were trapped in a 1,3-dipolar cycloaddition to
give complex molecular scaffolds [346].

There are also some rare domino sequences where two anionic and two radical re-
actions are combined (Scheme 2.152) [347]. According to a report of the Wang group,
thionyl chloride is able to promote a succession of reactions by an initial formation of
a chlorosulfite 2-673 of the tertiary alcohol 2-672, followed by an SN-type reaction to
produce the chloroallene 2-674. A Schmittel cyclization reaction [348] then generates
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the biradical 2-675 which undergoes an intramolecular radical coupling to furnish
the cycloadduct 2-676. After rearomatization, the formed chloride is hydrolyzed
during work-up to give the 11H-benzo[b]fluoren-11-ol 2-677 in 85 % yield.

A combination of three anionic and two pericyclic reactions has been elaborated by
MacMillan’s group to afford α,�-disubstituted-γ,δ-unsaturated amides (Scheme
2.153) [349]. As substrates, allyl diamines 2-678 and acid chlorides 2-680 were used.
The domino process is initiated by the in situ generation of ketene 2-679, which is
then followed by a Lewis acid-mediated addition of 2-679 to either the (Z)- or (E)-
amine moiety of the allyl diamine 2-678 to provide the regioisomeric allyl vinylam-
monium complexes 2-681 and 2-682. It is assumed that in the subsequent aza-Cope
rearrangement only the (E)-1,5-diene 2-681 reacts. However, since the first steps
seem to be reversible, a complete transformation is observed. The formed 2,3-disub-
stituted intermediate 2-683 with syn-orientation of the two substituents contains
again an allyl amine moiety which can react once more with ketene 2-679. The
formed 1,5-diene 2-684 underwent a second aza-Cope rearrangement via conforma-
tion 2-684-K2 in which compared to 2-684-K1 the allylic 1,2-strain [350] about the
C(5)−C(5a) bond is minimized. The final product is a 2,3,6-trisubstituted-1,7-di-
amidoheptane 2-685 with mostly a 2,3-syn-3,6-anti orientation.
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Scheme 2.153. Yb(OTF)3-promoted domino ketene addition/acyl-Claisen rearrangement.
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R = morpholine or piperidine
R1, R2= Me, Cl, OPv, OBz, NPhth
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One very fascinating domino reaction is the fivefold anionic/pericyclic sequence
developedbyHeathcockandcoworkers for the total synthesisofalkaloidsof theDaph-

niphyllum family [351], of which one example was presented in the Introduction.
Another example is the synthesis of secodaphniphylline (2-692) [352]. As depicted in
Scheme 2.154, a twofold condensation of methylamine with the dialdehyde 2-686 led
to the formation of the dihydropyridinium ion 2-687 which underwent an in-
tramolecular hetero-Diels−Alder reaction to give the unsaturated iminium ion 2-688.
This cyclized, providing carbocation 2-689. Subsequent 1,5-hydride shift afforded the
iminium ion 2-690 which, upon aqueous work-up, is hydrolyzed to give the final pro-
duct 2-691 in a remarkable yield of about 75 %. In a similar way, dihydrosqualene
dialdehyde was transformed into the corresponding polycyclic compound [353].
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Scheme 2.154. Total synthesis of the Daphniphyllum alkaloid secodaphniphylline (2-692).
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Another fivefold anionic/pericyclic sequence was developed by Hasegawa and co-
workers, who had the original intention of producing polyamides by reaction of
coumarin dimers with diamines [354]. Accordingly, the reaction of 4-chloro-cou-
marin dimer 2-693 with primary monoamines was investigated [355]. However, un-
expectedly instead of obtaining the corresponding monoamides or diamides, ben-
zopyranocoumarins 2-698 were produced in good yields (Scheme 2.155).

As a possible reaction mechanism the authors proposed the following. The dilac-
tone 2-693 reacts with the amine to give the monoamide 2-694; the remaining lac-
tone ring in 2-694 seems to be less reactive due to a reduced ring strain as compared
to 2-693. Hydrogen chloride is then eliminated to give the cyclobutene 2-695, which
is immediately converted into the diene 2-696 through a cycloreversion of the cy-
clobutene ring. Afterwards, the chlorine atom is substituted by the amino group in
an addition/elimination manner. Finally, a Michael addition of the phenolic hy-
droxy group takes place onto the enamide moiety in 2-697 to afford the benzopy-
ranocoumarins 2-698.
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More than a decade ago Paquette and coworkers investigated the sequential 1,2-
addition of two molecules of an alkenyl anion (either the same or different) to i-pro-
pyl squarate 2-699 [356]. The reaction of 2-699 with 2-700 and vinyl lithium (2-701)
is depicted in Scheme 2.156.

The nucleophilic attack with 2-700 and 2-701 can proceed in a syn or anti manner
to provide either 2-702 or 2-703, or both [357]. If 2-703 is formed, it follows a charge-
driven conrotatory opening of the cyclobutene ring with generation of the coiled
1,3,5,7-octatetraene 2-704. This intermediate is capable of a rapid helical equilibra-
tion [357] and a regioselective 8π electrocyclic ring closure to give 2-705 [358].

2.1 Anionic/Anionic Processes
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Nevertheless, arrival at 2-705 can also be realized somewhat more directly by a di-
anionic oxy-Cope rearrangement starting from 2-702 [359]. These mechanistic op-
tions can be distinguished when additional stereochemical markers are present
[360]. The proper positioning of the acetal moiety in 2-705 allows a �-elimination re-
action with the formation of the ketone 2-706 which undergoes a subsequent trans-
annular aldol ring closure. The final product is the highly functionalized linear
triquinane 2-707 [361], which was transformed into the natural product (±)-hyp-
nophilin 2-710 via 2-708 and 2-709 [362]. Of worth is the knowledge that this con-
cept has also been used in the synthesis of ceratopicanol as well as other, similar
compounds [362].

2.2
Anionic/Radical Processes

In an anionic/radical domino process an interim single-electron transfer (SET)
from the intermediate of the first anionic reaction must occur. Thus, a radical is
generated which can enter into subsequent reactions. Although a SET corresponds
to a formal change of the oxidation state, the transformations will be treated as typi-
cal radical reactions. To date, only a few true anionic/radical domino transforma-
tions have been reported in the literature. However, some interesting examples of
related one-pot procedures have been established where formation of the radical oc-
curs after the anionic step by addition of TEMPO or Bu3SnH. A reason for the latter
approach are the problems associated with the switch between anionic and radical
reaction patterns, which often do not permit the presence of a radical generator
until the initial anionic reaction step is finished.

Jahn combined the formation of the enolate 2-713 resulting from an intermolecu-
lar Michael addition of 2-711 and 2-712 with a radical reaction (Scheme 2.157) [363].
The enolate 2-713 did not undergo any further transformations due to the lack of
appropriate functionalities. However, after formation of a radical using a mixture of
ferrocenium hexafluorophosphate (2-714) and TEMPO, a new reaction channel was
opened which afforded the highly substituted cyclopentene 2-715a diastereoselec-
tively.

Moreover, by using only TEMPO without addition of 2-714 the Michael adduct 2-
713 is transformed into the isopropenylcyclopentane 2-715b as the major product.
The process can also be extended by another radical reaction step [364].

Another anionic/radical one-pot sequence was developed by Guindon and co-
workers for the stereoselective synthesis of substituted pentanoates 2-718 (Scheme
2.158) [365]. Such structures are found in polyketides and are, therefore, of great in-
terest. The described approach offers a diastereoselective access to all four possible
stereoisomers of 2-718 through a Mukaiyama aldol/radical defunctionalization
sequence starting from 2-716 and 2-717 with addition of Bu3SnH after completion
of the first step.

The stereochemical outcome of the Mukaiyama reaction can be controlled by the
type of Lewis acid used. With bidentate Lewis acids the aldol reaction led to the anti

products through a Cram chelate control [366]. Alternatively, the use of a monoden-
tate Lewis acid in this reaction led to the syn product through an open Felkin−Anh
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Scheme 2.157. Michael addition/radical cyclization.
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Scheme 2.158. Mukaiyama aldol/radical defunctionalization process.

1) LA, CH2Cl2, –78 °C
2) Bu3SnH/BEt3, –78 °C

+

2-716 2-717 2-718

R = Bn, LA = Et2BOTf: 81%, 2S, 3S, dr >20:1
R = TPS, LA = BF3•OEt2 then Et3B, HOAc, r.t., 2R, 3R, dr 20:1.5:1

transition state [366]. The stereochemical outcome of the radical displacement of
the selenium substituent is again governed by the Lewis acid employed according
to their coordination as depicted in 2-719 and 2-720 (Scheme 2.159). The first tran-

2.2 Anionic/Radical Processes
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Scheme 2.160. Imin-formation/radical-cyclization for the synthesis of pyrrolidines.
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sition state would lead to a 2,3-anti-orientation and the second transition state to a
2,3-syn-orientation in the product 2-718.

The method can also be performed in an iterative manner [367], and the scope of the
one-pot process can be broaden by replacing Bu3SnH by its allylic derivative Bu3SnAl-
lyl, thus allowing the introduction of an allyl group instead of a hydrogen [365].

Bowman and coworkers described another nice approach in this field combining
one anionic and two radical cyclization steps (Scheme 2.160) [368]. Thus, they were
abletoconstructdifferenttypesofnitrogen-containingheterocyclessuchasannulated
pyrrolidines 2-724 and spiropyrrolidines 2-726 as well as indolizidines as 2-729.

2 Anionic Domino Reactions
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Scheme 2.161. Synthesis of spirocyclopropyl ether involving a SET process.

Br

CO2Me

CO2Me

NaOMe, MeOH, r.t.

Br

CO2Me

CO2Me

MeO

CO2Me

MeO CO2MeOMe

MeO2C
CO2Me •

•

2-730 2-731

2-7322-733

– Br

Reaction of the aldehyde 2-721 and the amine 2-722 gave an imine which, on
treatment with Bu3SnH, led to the radical 2-273. This underwent a twofold cycliza-
tion to give 2-724. In a similar way, 2-725 and 2-722 gave 2-726 whereas reaction of
2-728 with the selenoamine 2-727 afforded the indolizidine 2-729. Although the
yields are low, the transformations are simple and do not depend on complex
starting materials.

The group of Walborsky probably has described one of the first true anionic/radi-
cal domino process in their synthesis of the spirocyclopropyl ether 2-733 starting
from the tertiary allylic bromide 2-730 (Scheme 2.161) [369]. The first step is a Mi-
chael addition with methoxide which led to the malonate anion 2-731. It follows a
displacement of the tertiary bromide and a subsequent ring closure which is
thought to involve a SET from the anionic center to the carbon−bromine antibond-
ing orbital to produce the diradical 2-732 and a bromide anion. An obvious alterna-
tive SN2 halide displacement was excluded due to steric reasons and the ease with
which the reaction proceeded.

Another real anionic/radical domino sequence has been published by Molander
and his group [370], who developed an efficient ring-building strategy utilizing
SmI2, initially in a metal iodide exchange reaction followed by a nucleophilic addi-
tion to a carbonyl moiety, and secondly as a radical generator. In this way, they were
able to construct substituted bicyclic, tricyclic, and spirocyclic compounds from
likewise readily available substrates (Scheme 2.162).

As an example, reactions of 2-734a and 2-734b with 4 equiv. of SmI2 led to the an-
nulated cyclopentanes 2-741a and 2-741b in good to excellent yields. However, the
process is less suitable for the preparation of hydrindanes 2-741c.

The transformation of 2-734 involves an initial generation of an organosamarium
species 2-735 with subsequent nucleophilic addition to the lactone carbonyl. Pre-
sumably, a tetrahedral intermediate 2-736 is formed that collapses to yield the ketone
2-737. This reacts with SmI2 to give a ketyl radical 2-738, which undergoes an in-
tramolecular 5-exo radical cyclization reaction with the alkene moiety. The resultant

2.2 Anionic/Radical Processes
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Scheme 2.162. SmI2-mediated domino reaction leading to bicyclic compounds 2-741.
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carbon-centered radical 2-739 is rapidly reduced to an organosamarium compound
2-740, generating the desired bicyclic products 2-741 after aqueous work-up. The
major diastereomers in the exo cyclizations are those with the developing radical
center trans to the alkoxy group. The formation of this isomer avoids unfavorable
stereoelectronic interactions in the radical cyclization [371]. In the case of 2-734a and
2-734b the products 2-741a and 2-742 were isolated as single isomers.

Moreover, alkynes instead of alkenes can be used as ketyl radical acceptors, and it
was also demonstrated that the organosamarium species of type 2-740 can be
trapped with an electrophile, such as acetone.

2.3
Anionic/Pericyclic Processes

The combination of an anionic and a pericyclic process has found broad application
in synthetic organic chemistry. In these transformations, a primary addition is
frequently followed by an elimination to give a reactive intermediate, which is then

2 Anionic Domino Reactions
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Scheme 2.163. The domino Knoevenagel/hetero-Diels–Alder reaction.
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R3

trapped in a cycloaddition, sigmatropic rearrangement, electrocyclization or ene re-
action. In most cases reported, a C−C-double bond is formed in the anionic reaction
step affording a reactive 1,3-diene, which undergoes a Diels−Alder cyclization or an
ene reaction. Such an in-situ procedure is usually synthetically of advantage com-
pared to a two-step protocol, since the formed dienes are often unstable and diffi-
cult to purify. One of most useful protocols in this respect is the domino
Knoevenagel/hetero-Diels−Alder reaction, which has been developed by Tietze and
coworkers. Domino processes using an initial HWE or Wittig olefination followed
by a pericyclic reaction are also of great interest. Moreover, the formation of 1,3-
dipoles followed by a 1,3-dipolar cyclization reactions has been widely applied.

The domino Knoevenagel/hetero-Diels−Alder reaction is a prominent example
of the great advantage of domino processes as it not only allows the efficient synthe-
sis of complex compounds such as natural products starting from simple sub-
strates, but also permits the preparation of highly diversified molecules. Due to the
vast number of reports that have been made, only a few recent publications can be
discussed here, although several excellent reviews on this topic have been produced
that provide a more detailed insight into this useful method [372].

As the name implies, the first step of this domino process consists of a
Knoevenagel condensation of an aldehyde or a ketone 2-742 with a 1,3-dicarbonyl
compound 2-743 in the presence of catalytic amounts of a weak base such as ethy-
lene diammonium diacetate (EDDA) or piperidinium acetate (Scheme 2.163). In
the reaction, a 1,3-oxabutadiene 2-744 is formed as intermediate, which undergoes
an inter- or an intramolecular hetero-Diels−Alder reaction either with an enol ether
or an alkene to give a dihydropyran 2-745.

In the Diels−Alder reaction with inverse electron demand, the overlap of the
LUMO of the 1-oxa-1,3-butadiene with the HOMO of the dienophile is dominant.
Since the electron-withdrawing group at the oxabutadiene at the 3-position lowers
its LUMO dramatically, the cycloaddition as well as the condensation usually take
place at room or slightly elevated temperature. There is actually no restriction for
the aldehydes. Thus, aromatic, heteroaromatic, saturated aliphatic and unsaturated
aliphatic aldehydes may be used. For example, α-oxocarbocylic esters or 1,2-dike-
tones for instance have been employed as ketones. Furthermore, 1,3-dicarbonyl
compounds cyclic and acyclic substances such as Meldrum’s acid, barbituric acid
and derivates, coumarins, any type of cycloalkane-1,3-dione, �-ketoesters, and 1,3-
diones as well as their phosphorus, nitrogen and sulfur analogues, can also be ap-

2.3 Anionic/Pericyclic Processes
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plied. Hetero-analogue 1,3-dicarbonyl compounds such as the aromatic pyra-
zolones and isoxazolones can also be put to reaction. However, depending on the
substrates used, a domino Knoevenagel/ene process might occur as a side reaction,
or it can become the main process [373]. The Tietze group has widely investigated
the scope and limitation of this method. The most appropriate dienophiles are enol
ethers, while enamines are more difficult to handle. Simple alkenes are also sui-
table as dienophiles, but usually only if the Diels−Alder reaction takes place in an
intramolecular mode. In these cases, excellent stereochemical control is also
possible, and it has been observed that the use of aromatic and aliphatic α,�-unsatu-
rated aldehydes usually provides the cis-fused products with dr � 98 %, whereas in
the cases of simple aliphatic aldehydes the trans-annulated products are predomi-
nantly formed [374].

For the preparation of enantiopure products, chiral aldehydes, chiral 1,3-dicar-
bonyl compounds as well as chiral Lewis acids [375, 376] can be used.

A wide range of solvents can be employed. The most appropriate are acetonitrile,
dichloromethane and toluene, but alcohols and water are also suitable. In those
cases depending on the substrates an additional reaction such as the cleavage of
formed lactones or acetals can be induced.

The cis-selectivity of the Diels−Alder reaction using aromatic aldehydes is de-
monstrated in the reaction of aldehydes such as 2-746, which contain a dienophile
moiety. Treatment with N,N-dimethylbarbituric acid (2-747) in the presence of ethy-
lene diammonium diacetate at 20 °C led to the cis-fused product 2-749 exclusively in
95 % yield (Scheme 2.164) [377]. As an intermediate, the benzylidene-1,3-dicar-
bonyl compound (E)-2-748 is formed, which can be identified using online NMR-

Scheme 2.164. Domino Knoevenagel/hetero-Diels–Alder reaction with aromatic aldehydes
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spectroscopy. In the transition state an endo-E-syn-orientation is assumed; an exo-Z-
syn-transition structure (Z)-2-748 would lead to the same product, but this seems
less likely due to steric interference.

The regioselectivity is controlled by the coefficients at the intermediately formed
dienophile moiety. Thus, aldehydes of type 2-746 favor the formation of annulated
compounds. However, with aldehyde 2-750 the bridged cycloadduct 2-752 is formed
predominantly, in addition to small amounts of the ene product 2-753 via the 1-oxa-
1,3-butadiene 2-751. Interestingly, the preference for 2-752 can be improved by ap-
plying high pressure (Scheme 2.165) [378].

When using aromatic aldehydes such as 2-754 and pyrazolones such as 2-755 as
1,3-dicarbonyl compounds, a higher reaction temperature is necessary. The selec-
tivity in these reactions depends on the substituent at the heteroaromatic com-
pound and the substituents at the dienophile moiety (Scheme 2.166) [379].

In the Knoevenagel reaction using a pyrazolone with a bulky substituent at C-3, a
(Z)-benzylidene-moiety is formed first due to a steric interaction of the substituent
at the formed double bond and the substituent at C-3 of the pyrazolone. It could be
proposed that the (Z)-1-oxa-1,3-butadiene undergoes a cycloaddition via an exo-Z-
syn transition structure. However, it seems that this is less appropriate than the
endo-E-syn transition structure. Thus, the Knoevenagel product first undergoes an
(Z/E)-isomerization before the cycloaddition takes place to allow the formation of a
cis-fused cycloadduct 2-756 via the endo-E-syn transition structure 2-758. Thus, the
reaction of 2-754a and 2-755d led to the isolable 1-oxa-1,3-butadiene 2-757 with a Z-
configuration, which after isomerization at higher temperature yielded 2-756d

Influence of pressure on the regioselectivity of the reaction of 2-751 in 
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Scheme 2.166. Domino Knoevenagel/hetero-Diels–Alder reaction of pyrazolones
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(R = Me) via 2-758 with an E-configuration. The transformation could be performed
as a domino-process at 110 °C; however, under irradiation with UV-light, which
facilitates the double bond isomerization, the cycloadduct was formed at only 40 °C.

By using a different length of tether between the aldehyde and the dienophile
moiety in the aromatic or heteroaromatic substrates, a broad variety of different
highly diversified heterocyclic compounds can be prepared. Thus, reaction of 2-759
and 2-755b led to 2-760 containing a new 5,6-ring system, whereas reaction of 2-761
and 2-755b gave 2-762 with a 7,6-ring system (Scheme 2.167) [380].

As examples of the influence of a stereogenic center in the aldehydes used on the
induced diastereoselectivity, the reactions of 2-763a−d with 2-746 to give the dihy-
dropyrans 2-764a−d were investigated. Moreover, the reactions show that the trans-
cycloadducts are formed almost exclusively using aliphatic aldehydes (Scheme
2.168).

Chiral 1,3-dicarbonyl compounds such as 2-765 and 2-766 have also been used
for the preparation of enantiopure products [381, 382]. In addition, chiral mediators
such as 2-767 have been employed with great success (Scheme 2.169) [375, 376].

Moreover, an effective extension of the aforementioned procedure is the use of
aldehydes derived from carbohydrates to yield polyhydroxylated condensed dihy-
dropyrans, as shown by Yadav [383] and Gallos [384]. According to the latter ap-
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Synthesis of diversified heterocycles by domino Knoevenagel/hetero-Diels–Alde
reaction.

Scheme 2.167.
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proach, good results were obtained when N,N-dimethylbarbituric acid (2-747) as
when 1,3-dicarbonyl component was used (Scheme 2.170). As an example, the re-
quired aldehyde 2-769 was obtained from D-ribose via 2-768. Condensation of 2-769
with N,N-dimethylbarbituric acid led to the enantiopure tricyclic compound 2-771
as a single diastereomer in 43 % yield based on the alcohol 2-768.

It has been assumed that formation of the cis-fused product 2-771 in the domino
reaction of aldehyde 2-769 is due to a strongly favored exo-Z-syn transition state 2-
770. The endo-E-syn structure is prohibited by the rigidity of the acetonide existing
in 2-769, whereas the proximity of the same moiety to the benzyloxymethyl substit-
uent at the double bond disfavors the exo-E-anti transition state, which would be re-
sponsible for the formation of the trans-fused diastereomer.

Another attractive two-component domino Knoevenagel/hetero-Diels−Alder
process employing the enantiopure aldehyde 2-773 and the hydroxypyridones 2-772
has been reported by the group of Snider (Scheme 2.171) [385]. The product, tricy-
clic compound 2-775, was obtained in 35 % yield, and transformed into leporin A
(2-776) [386].

4-Hydroxycoumarins and 4-hydroxyquinolinones have also been applied as 1,3-
dicarbonyl compounds. Using these compounds, Raghunathan and coworkers pre-
pared pyrano[3,2-c]coumarins [387] and pyranoquinolinones [388] under traditional
conditions, while the group of Yadav synthesized similar pyrano[3,2-c]coumarins
employing ionic liquids as solvents [389].

Other valuable substrates for the domino Knoevenagel/hetero-Diels−Alder reac-
tion are chiral oxathiolanes such as 2-778, which are easily accessible by condensa-
tion of 2-thioacetic acid and a ketone in the presence of pTsOH, followed by oxida-
tion with hydrogen peroxide [390]. As described by Tietze and coworkers, the
Knoevenagel condensation of 2-778 with aldehydes as 2-777 can be performed in
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Diastereoselective domino Knoevenagel/hetero-Diels–Alder reaction
with chiral aliphatic aldehydes.

Scheme 2.168.
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dichloromethane in the presence of catalytic amounts of piperidinium acetate with
azeotropic removal of water to give the benzylidene compound 2-779 in good yields
and high Z-selectivity (Scheme 2.172). The cycloaddition takes place at 82 °C or
even with better selectivity at room temperature by addition of ZnBr2. In the latter
case, a single compound 2-780 with cis-annulation of the ring system and anti-
orientation of the aryl moiety to the oxygen of the sulfoxide was obtained in 78 %
yield starting from acetone for the preparation of 2-778 (R1 = R2 = Me). The transi-
tion structures have been calculated [390, 391].

So far, only those domino Knoevenagel/hetero-Diels−Alder reactions have been
discussed where the cycloaddition takes place at an intramolecular mode; however,
the reaction can also be performed as a three-component transformation by applying
an intermolecular Diels−Alder reaction. In this process again as the first step a
Knoevenagel reaction of an aldehyde or a ketone with a 1,3-dicarbonyl compound oc-
curs. However, the second step is now an intermolecular hetero-Diels−Alder reaction
oftheformed1-oxa-1,3-butadienewithadienophile inthereactionmixture.Thescope
of this type of reaction, and especially the possibility of obtaining highly diversified
molecules, is even higher than in the case of the two-component transformation. The
stereoselectivity of the cycloaddition step is found to be less pronounced, however.

The group of Cravotto and Palmisano have accessed substituted coumarin deriva-
tives of type 2-781 using chiral enol ethers 2-783 as dienophiles [392]. Such com-
pounds are widely distributed in Nature and are reported to have various biological
activities such as anticoagulant, insecticidal, anthelmintic, hypnotic, antifungal,
and phytoalexin properties, and are also known to be HIV protease inhibitors [393].
For example, warfarin (2-785a) is today the dominant coumarin anticoagulant
owing to its excellent potency and good pharmacokinetic profile (Scheme 2.173).
While its marketed form is the racemic sodium salt (Coumadin®), the anticoagu-
lant activity of the (S)-(−)-enantiomer is known to be six times higher than that of
the (+)-enantiomer [394]. For the synthesis of enantiopure warfarin (2-785a), iso-
propenyl ether 2-783 derived from commercially available (−)-(1R,2S,5R)-menthol,
hydroxycoumarin (2-781) and benzaldehyde (2-782a) were used. The cycloadduct 2-
784 was obtained with an endo/exo-selectivity of 4.1:1 and an induced di-
astereoselectivity of 88:12. Treatment of 2-784 with trifluoroacetic acid/water (19:1)
provided (S)-warfarin (2-785a) in an overall yield of 61 %, referred to 4-hydroxycou-
marin (2-781) and an enantiomeric excess of 76 % (by HPLC). This could be in-
creased to 95 % ee by recrystallization using the purified endo-product as substrate
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Scheme 2.173. Asymmetric synthesis of coumarin anticoagulants.

2-781

2-784 2-785
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for the hydrolysis (Scheme 2.173). In the same manner, (S)-coumachlor (2-785b)
and (S)-acenocoumarol (2-785c) were obtained with 56 % yield and 93 % ee, or 59 %
yield and 95 % ee, respectively.

In a similar manner, reaction of enol ether 2-787, hydroxycoumarin (2-781), and
α-diketone 2-786 led to the cycloadduct 2-788 in 79 % yield using Yb(OTf)3 as cata-
lyst (Scheme 2.174). 2-788 could be transformed into the natural product preethulia
coumarin (2-789).

O

OH

O

+

2-781

O

O
O

2-787

2-786

cat. Yb(OTF)3
dioxane, r.t.

O

O

O

O

2-788

O

O

O

Preethulia coumarin
(2-789)

O

Scheme 2.174. Synthesis of a preethulia coumarin precursor 2-788.
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Hoffmann and coworkers have elaborated an appealing three-component dom-
ino Knoevenagel/hetero-Diels−Alder procedure [395]. These authors converted cy-
clohexane-1,3-dione, formaldehyde and several as dienophiles acceptor serving
monoterpenes into a variety of “polyketide” terpenes of type 2-790 (Scheme 2.175).

In addition to aldehydes and α-diketones, α-ketoesters can also be used in the
domino process, as shown by Tietze and coworkers [396]. Reaction of methyl pyru-
vate 2-791 with dimethylbarbituric acid (2-747) and the enol ether 2-792 in the pre-
sence of trimethyl orthoformate (TMOF) and a catalytic amount of EDDA gave the
cycloadduct 2-793 in 84 % yield (Scheme 2.176).

In a similar transformation using 4-hydroxycoumarin (2-781) as the 1,3-dicar-
bonyl compound the cycloadduct 2-794 was obtained also in good yield. In order to
demonstrate the general applicability of this process, a small library using substi-
tuted pyruvate was prepared without optimizing the reaction conditions for the
single transformations. α-Ketonitrile can also be used, though with a much lower
yield.

The three-component domino Knoevenagel/hetero-Diels−Alder-reaction is espe-
cially fruitful if one uses aldehydes containing a protected amino function. In such

Entry Yield [%]

O

O

+ + monoterpene(CH2O)n

O

O

2-790

10 mol% KOAc, cat. hydroquinone
MS, AcOH, 60–90 °C

Monoterpene Product 2-790 dr
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Scheme 2.175. Domino Knoevenagel/hetero-Diels–Alder reaction for the construction 
of "polyketide" terpenes.
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Scheme 2.176. Domino Knoevenagel/hetero-Diels–Alder reaction with pyruvate.
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a case the formed dihydropyranyl ether moiety can be used as a source of an alde-
hyde moiety, which can undergo a condensation with the amino group after depro-
tection. Thus, several alkaloids such as hirsutine (2-795), dihydrocorynantheine (2-
796), dihydroantirhin (2-797), emetine (2-798) and tubulosine (2-799) have been
synthesized using this approach (Scheme 2.177). In addition, two new concepts in
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combinatorial chemistry were developed based on this type of domino
Knoevenagel/hetero-Diels−Alder-reaction.

Hirsutine (2-795), which belongs to the corynanthe subgroup of the indole alka-
loids, was isolated from the plant Uncaria rhynchophylla MIQ and used for the pre-
paration of the old Chinese folk medicine “Kampo” [397]. It is of pharmacological
interest as it shows a strong inhibitory effect on the influenza A virus (subtype
H3N2) with an EC50 = 0.40−0.57 µg mL−1, which is about 11- to 20-fold higher than
that of the clinically used ribavirin [398].

Reaction of the enatiopure aldehyde 2-800, obtained from the corresponding
imine by enantioselective hydrogenation, with Meldrum’s acid (2-801) and the enol
ether 2-802a (E/Z = 1:1) in the presence of a catalytic amount of ethylene diam-
monium diacetate for 4 h gave 2-805 in 90 % yield with a 1,3 induction of �24:1. As
intermediates, the Knoevenagel product 2−803 and the primarily produced cycload-
duct 2-804 can be supposed; the latter loses CO2 and acetone by reaction with water
formed during the condensation step (Scheme 2.178).

Domino Knoevenagel/hetero-Diels–Alder reaction of 2-800, 2-801 and 
2-802a.

Scheme 2.178.
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Scheme 2.179. Synthesis of the indole alkaloid (–)-hirsutine (2-795).
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Solvolysis of crude 2-805 with methanol in the presence of K2CO3 led to an open-
ing of the lactone moiety with the formation of a methyl ester and a hemiacetal,
which loses methanol to give 2-806a containing an aldehyde. Under the following
hydrogenolytic conditions the carbobenzoxy group at N-4 is removed to form the
secondary amine 2-806b, which reacts with the aldehyde moiety to give an
enamine. Under these reaction conditions the enamine is hydrogenated to produce
the indoloquinolizidine 2-807 as a single diastereomer in enantiopure form in a
stereoelectronically controlled reaction via a chair-like transition state (Scheme
2.179).

The synthesis of (−)-hirsutine (2-795) was concluded by removal of the Boc-
group, condensation with methyl formate, and methylation of the formed enol
moiety. In a similar manner as was described for 2-795, (+)-dihydrocorynantheine
(2-797) [399] with the (3S)- and (15R)-configuration was synthesized from ent-2-800.

The described approach also allows a simple access to indole alkaloids of the
vallesiachotamine type. In this process, the Cbz-protected secondary amino func-
tion in the formed cycloadducts such as ent-2-805 is deprotected by hydrogenolysis.
There follows an attack at the lactone moiety to form a lactam. In this way, the in-
dole alkaloid (−)-dihydroantirhin (2-797) was prepared [400, 401].

Another class of alkaloids recently synthesized by Tietze and coworkers using a
three-component domino Knoevenagel/hetero-Diels−Alder reaction included the
Ipecacuanha alkaloids such as emetine (2-798) [402], and the Alangium alkaloids
such as tubulosine (2-799) [403]. Both types belong to the group of tetrahydroi-
soquinoline alkaloids, and are formed in Nature from dopamine and the monoter-
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pene secologanin. Emetine (2-798) was isolated from Radix ipecacuanha and the
roots of Psychotria ipecacuanha and Cephalis acuminata, and possesses many inter-
esting biological activities [404]. Emetine shows antiprotozoic properties and activ-
ity in the treatment of lymphatic leukemia; furthermore, as its name suggests, it
was utilized as an emetic. Tubulosine (2-799) was isolated from the dried fruits of
Alangium lamarckii and the sap of Pogonopus speciosus. It is remarkably active
against several cancer cell lines, and has been studied for various other biological
activities, such as the inhibition of protein biosynthesis and HIV reverse transcrip-
tase inhibitory activities [405].

The domino reaction of (1S)-2-808, Meldrum’s acid (2-801) and enol ether 2-802b
in the presence of EDDA, followed by treatment with K2CO3/MeOH and a catalytic
amount of Pd/C in methanol under a nitrogen atmosphere for 50 min and sub-
sequently under a H2-atmosphere for 2 h at r.t. gave the benzoquinolizidine 2-809
with the correct stereochemistry at all stereogenic centers as in emetine (2-798) and
tubulosine (2-799), together with two diastereomers (Scheme 2.180) [406]. Further
manipulations of 2-808 led to emetine (2-798) and tubulosine (2-799).

Instead of the usual 1,3-dicarbonyl compounds, heteroanalogues such as the cor-
responding α-carbonylated phosphonates 2-810 can also be used in the
Knoevenagel/hetero-Diels−Alder process. As in the case of carbonyl groups at the

Scheme 2.180. Domino process for the synthesis of the benzoquinolizidine 2-809.
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Scheme 2.181. Synthesis of dihydropyrans 2-812.

3-position of 1-oxa-1,3-butadienes, a phosphono substituent also enhances the reac-
tivity of the diene by lowering the energy of the LUMO. However, the transforma-
tions must be carried at about 80 °C, compared to r.t. when using oxabutadienes
with a carbonyl compound [372b, 407]. Collignon and coworkers synthesized such
5-phosphono-substituted dihydropyrans 2-812 from 2-810, the aldehyde 2-811 and
ethyl vinyl ether (Scheme 2.181) [408]. However, using the phosphonopyruvate 2-
810a, the dienophile had to be added after complete formation of the intermediate
Knoevenagel product in order to avoid the formation of byproducts. In contrast, the
phosphonopyruvate 2-810b could be used as a mixture with 2-811 and an enol ether.
In both examples, the yields of the isolated cycloadducts 2-812a and 2-812b were
high and much better than for a corresponding stepwise procedure.

Thioesters of 3-phosphonothio carboxylic acids can also be used with great
success in this process to produce 5-phophono-dihydrothiopyrans in yields over
80 % with dr � 80:20.

Recently, a first example of an organocatalytic asymmetric domino Knoevenagel/
Diels−Alder reaction was reported by Barbas and coworkers (Scheme 2.182) [409].
Spiro[5,5]undecane-1,5,9-triones of type 2-818/2-819 were obtained from commer-
cially available 4-substituted-3-butene-2-ones 2-813, aldehydes 2-814, and Mel-
drum’s acid (2-801) in the presence of 20 mol% of the amino acid 2-815 with 80−
95 % ee and diastereoselectivity of dr � 12:1.

The domino process probably involves the chiral enamine intermediate 2-817
formed by reaction of ketone 2-813 with 2-815. With regard to the subsequent cy-
cloaddition step of 2-817 with the Knoevenagel condensation product 2-816, it is in-
teresting to note that only a “normal” Diels−Alder process operates with the 1,3-bu-
tadiene moiety in 2-817 and not a hetero-Diels−Alder reaction with the 1-oxa-1,3-
butadiene moiety in 2-816. The formed spirocyclic ketones 2-818/2-819 can be used
in natural products synthesis and in medicinal chemistry [410]. They have also been
used in the preparation of exotic amino acids; these were used to modify the physi-
cal properties and biological activities of peptides, peptidomimetics, and proteins
[411].

Besides the combination of an anionic with a Diels−Alder reaction, a combina-
tion with a 1,3-dipolar cycloaddition is also possible. There are hundreds of ex-
amples of this type, since 1,3-dipoles are usually always prepared in situ in the
presence of a dipolarophile. Here, only a few more recent publications are pre-
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sented, which show the general approach. For example, Grigg’s group has re-
ported on regioselective nucleophilic ring-opening reactions of epoxides by ox-
imes leading to nitrones which can be trapped by dipolarophiles to give isoxa-
zolidines [412]. The ring-opening reaction and cycloaddition can be either inter-
or intramolecular.

Heating of a racemic mixture of 2-820 in xylene at 140 °C led to the diastereomeri-
cally pure cycloadduct 2-822 via 2-821 in two intramolecular processes in a yield of
90 % (Scheme 2.183). Clearly, enantiopure isoxazolidines can also be obtained
starting from enantiopure epoxides [412a].

Enantioenriched (−)-rosmarinecine, which belongs to the group of pyrrolizidine
alkaloids [413], has been synthesized by Goti, Brandi and coworkers applying an in-
tramolecular 1,3-dipolar cycloaddition as the key step [414]. The required nitrone
was obtained in situ from L-malic acid. Moreover, 1,3-dienes as precursors for a cy-

O
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HO

O N O

HO
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Scheme 2.183. Examples of the domino nitrone formation/1,3-dipolar cycloaddition.
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Scheme 2.184. Synthesis of diverse five-membered heterocycles via domino 1,3-dipole
formation/cycloaddition.

H
R1N

NH

cloaddition can also be obtained by a simple base-induced elimination of, for ex-
ample, homoallylic mesylates such as 2-875 (Scheme 2.195).

In addition to nitrones, azomethine ylides are also valuable 1,3-dipoles for five-
membered heterocycles [415], which have found useful applications in the synthe-
sis of, for example, alkaloids [416]. Again, the groups of both Grigg [417] and Risch
[418] have contributed to this field. As reported by the latter group, the treatment of
secondary amines 2-824 with benzaldehyde and an appropriate dipolarophile leads
to the formation of either substituted pyrrolidines 2-823, 2-825 and 2-826 or oxa-
zolidines 2−828 with the 1,3-dipole 2-827 as intermediate (Scheme 2.184).
However, the yields and the diastereoselectivities are not always satisfactory.

Several other anionic/pericyclic domino processes use a Horner−Wadsworth−
Emmons (HWE) or a Wittig olefination as the first step.

A sequence involving a Diels−Alder reaction as the second step has been used by
Jarosz and coworkers for the synthesis of enantiomerically pure oxygenated perhy-
droindene derivatives such as 2-832 with a trans junction of the five- and the six-
membered ring (Scheme 2.185) [419]. Olefination of the xylose derivative 2-829
with the mannose-derived keto-phosphonate 2-830, having the (S)-configuration at
the α-position led to the enone 2-831, which underwent an intramolecular Diels−
Alder reaction to give 2-832 in 80 % yield as a single stereoisomer. It appears that
the stereochemical outcome of the cycloaddition is mostly controlled by the stereo-
genic center at the α-position in the keto-phosphonate, as compounds with an (R)-
configuration at that center mainly lead to products with the opposite stereochemis-
try at the newly formed stereogenic centers, despite the configuration of the other
stereogenic centers in the substrates.

Interestingly, cis-annulated decalins can also be formed using a slightly modified
protocol [420].
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steps

2-834

A combination of a Wittig reaction and a 1,3-dipolar cycloaddition was used by
Herdeis and coworkers for the synthesis of hydroxy piperidine derivatives, again
starting from an enantiopure natural product [421]. In a recent example, these
authors prepared (+)-desoxoprosophylline (2-837) [422] using compound 2-833 as
substrate which is easily accessible from L-ascorbic acid [2a]. Treatment of 2-832
with phosphorane 2-834 in dry toluene at r.t. afforded the triazoles 2-836 after 5 days
in near-quantitative yield via the intermediate 2-835. The long reaction is due to the
sluggishness of the 1,3-dipolar cycloaddition, as the Wittig reaction is completed
after only 80 min (Scheme 2.186).

The intramolecular cycloaddition of 2-835 led to a mixture of two diastereomers,
both of which can be used for the synthesis of (+)-desoxoprosophylline (2-837) as the
corresponding stereogenic center will be destroyed during the forthcoming steps.
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Scheme 2.187. Synthesis of (–)-pseudophrynaminol (2-842).

steps

88%

Kawasaki, Sakamoto and coworkers have utilized a HWE reaction in combina-
tion with a Claisen rearrangement to introduce an allylic moiety into hexahydropyr-
rolo[2,3-b]indole alkaloids [423]. Among this class of compounds are included
amauromine [424], ardeemins [425], aszonalenin [426], flustramines [427],
roquefortine [428], and pseudophrynamines [429]. As an example, pseudo-
phrynaminol (2-842) has been prepared by olefination of a diastereomeric mixture
of 2-allyloxy-indol-3-one 2-838 with diethyl cyanomethylphosphonate in the pre-
sence of KOtBu. Initially, 2-839 is formed, which on warming leads to 2-840 with an
allyl vinyl ether moiety. This is an ideal precursor for a Claisen rearrangement to
give 2-841, which was transformed into the desired natural product 2-842 (Scheme
2.187). The observed high selectivity of the Claisen rearrangement leading to 2-841
with 97 % ee can be attributed to a chair-like transition state in the reaction of enan-
tiopure 2-840.

Fused imidazopyridines have been prepared by Palacios and coworkers using a
domino aza-Wittig/1,5-electrocyclic ring-closure process [430]. This heterocyclic
moiety is found in alkaloids and in bioactive compounds [431]; thus, this structural
element is part of potent short-acting neuromuscular blocking agents [432] of re-
versible inhibitors of the H+, K+-ATPase enzyme [433] with high antisecretory activ-
ity [434] and of sedative hypnotics of the nervous system [435]. The imidazo[1,5-
a]pyridine skeleton is a basic element of the drug Pirmogrel, which has clinical ap-
plications as an effective inhibitor of platelet aggregation and thromboxane syn-
thetase [436]. For the synthesis of imidazo[1,5-a]pyridines such as 2-845,
phosphazene 2-843 was treated with an aldehyde to induce an aza-Wittig olefina-
tion which leads to the intermediate 2-844 (Scheme 2.188). There follows a 1,5-elec-
trocyclic ring-closure process to produce the desired imidazo-pyridine 2-845, with
good overall yields.

Of note, Quintela and coworkers used a related aza-Wittig/1,5-electrocyclic ring-
closure process to obtain access to multiheterocyclic structural elements such as py-
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Scheme 2.188. Synthesis of imidazo[1,5-a]pyridines.
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Scheme 2.189. Formation of a 2-aza-1,3-butadiene and cycloaddition.
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ridothienopyridazines and pyrimidothienopyridazines [437]. In those reactions, the
phosphazene was coupled with isocyanates, isothiocyanates as well as CO2 and CS2.
Besides their formation by an aza-Wittig reaction imines can also be prepared by a
simple reaction of aldehydes with primary amines. This was utilized by Tietze and
coworkers to prepare 2-aza-1,3-butadienes which then can undergo a hetero-Diels−
Alder reaction [438].

Thus, reaction of the aldehyde 2-846 with the aminothiadiazol 2-847 led to 1,3-
diaza-1,3-butadienes 2-848 and 2-849 as intermediates which can undergo a cy-
cloaddition to give trans-annulated products 2-849 and 2-850 (Scheme 2.189). The
authors have shown that the cycloaddition does not proceed in a concerted manner,
since starting from the (E)-aldehyde 2-846a and the (Z)-aldehyde 2-846b, respec-
tively, gave the same product mixture. Laschat and coworkers have extended the
process using anilines in the reaction with the aldehydes of type 2-846, with good
success [439].
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Novel unusual heterocyclic steroids 2-855 and 2-856 have been prepared by the
groups of Schneider, Wölfling and Tietze in a joint project (Scheme 2.190). Conden-
sation of the secoestrone aldehyde 2-852 with aniline and derivatives 2-853 in the
presence of a Lewis acid led to the iminium ion 2-854 which underwent cycloaddi-
tion to give the hexacyclic steroid alkaloids 2-855. The cycloaddition, however, only
occurs if aniline or aniline derivates 2-853 with electron-donating groups are used.
With anilines 2-853, which contain electron-withdrawing substituents, D-ho-
mosteroids of type 2-856 are obtained, where X depends upon on the Lewis acid ap-
plied; for example, in the case of BF3·OEt2, X is F.

A completely different course of reaction is found if a 16,17-dihydro-2-852 with a
propyl instead of a propenyl side chain is used. In this reaction, an unusual hydride
shift takes place (see Section 2.1.1).

Interesting octahydroacridines 2-860 have been prepared by Beifuss and co-
workers by combining the condensation step with a rare intramolecular polar
[4π++2 π]-cyclization of α-aryliminium ions 2-859, obtained from anilines 2-857 by
reaction with the ω-unsaturated aldehyde 2-858 (Scheme 2.191) [440]. The overall
domino process seems to be stereoselective, since the formation of the two di-
astereomers 2-860 can be traced to the use of the substrate 2-858 as a diastereom-
eric mixture.

In a recent publication, Perumal and coworkers [441] described the condensation
of an aldehyde 2-863 with an aniline 2-864 to give an imine which is trapped by a
dienophile. However, when using this approach an intermolecular cycloaddition
takes place as the reaction is performed as a three-component process using enol
ethers or cyclopentadiene as dienophiles (Scheme 2.192). When using enol ether 2-

2-852

2-853

2-854

Scheme 2.190. Synthesis of steroid alkaloids.
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862, tetrahydroquinolines of type 2-861 are obtained, whereas with cyclopentadiene
tricyclic aza-compounds of type 2-865 are formed. The yields are from mediocre to
good, and this is also true for the diastereoselectivity.

Salicylaldehydes cannot be used in this process, as they form dihydropyrans,
most likely via an intermediate o-quinomethide.

[2,3]-Wittig rearrangements can also be combined with a pericyclic transforma-
tion (Scheme 2.193). In a report by Hiersemann, treatment of esters 2-866 with
LDA at −78 °C in THF followed by warming the reaction mixture to r.t., led initially
to the enolate 2-867, and then to the rearranged intermediate 2-868, which under-
goes an oxy-Cope rearrangement to afford α-keto esters 2-869 in moderate to high
yields [442].

NHR
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Ph

OMe

CO2Me

CO2Me

+

a: R = H
b: R = Me

2-858 (dr 1.3:1)

BF3•Et2O, CH2Cl2
–60 °C → r.t.

N
R

H

CO2Me

CO2Me

OMe

H

a: R = H: C-1 (S) = 38%; C-1 (R) = 29%
b: R = Me: C-1 (S) = 31%; C-1 (R) = 25%

Ph

OMe

CO2Me

CO2Me
N
R
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Scheme 2.191. Domino condensation/cycloaddition reaction leading to octahydroacridine 
2-860.
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Scheme 2.192. Three-component imine formation/Diels–Alder reaction.
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Scheme 2.193. Domino [2,3]-Wittig/anionic-oxy-Cope rearrangement process
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Scheme 2.194. Domino [2,3]-Wittig/anionic-oxy-Cope rearrangement process.

nBu

2-871

2-8722-8732-874:

From 2-870a:
From 2-870b:

An earlier example of this type of domino reaction was reported by Greeves and
coworkers (Scheme 2.194) [443]. Treatment of either the (E)- or (Z)-allyl vinyl ether 2-
870 with NaH initiates the [2,3]-Wittig rearrangement to afford 2-872 via 2-871. The
subsequent oxy-Cope rearrangement led to the aldehyde 2-873, which was reduced
with NaBH4 to give the alcohols 2-874. Both isomers of 2-870 predominantly
generated the (E)-syn-product 2-874 in comparable ratios as the main product.
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Other types of anionic pericyclic domino reactions have been developed by the
groupsofYamamotoandBai.Theformergroupdescribedauniqueα-methylenation/
Diels−Alder sequence to give spiranones [444]. In the latter case, a novel Pummerer
rearrangement/[4+3] cycloaddition process allowed the synthesis of a 5,7-membered
ring system showing similarity to the key fragment of pseudolaric acid A [445].

In this way, tricyclic compounds of type 2-876 were obtained by Alcaide and co-
workers in one process (Scheme 2.195) [446].

A combination of a Sakurai reaction [447] as the first step with an ene reaction
has been developed by Tietze and coworkers for the synthesis of steroids [448].
These studies are discussed in Chapter 4.

As the final example in this section, a domino 5-exo-dig-cyclization/Claisen rear-
rangement process reported by Ovaska and coworkers will be described [449]. Reac-
tion of the allylic alcohol 2-877 containing an alkyne moiety with MeLi induces the
nucleophilic addition of the formed alkoxide to the triple bond to afford 2-878 with
an allyl vinyl ether moiety (Scheme 2.196). This immediately undergoes a Claisen
rearrangement to give 2-879. Interestingly, if the alkyne moiety in 2-877 bears a sili-
con-containing substituent (TMS or TBS) at its end, the process is extended by a
Brook rearrangement, providing a silyl enol ether 2-878 as the final product.
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Scheme 2.195. Domino elimination/Diels–Alder reactions.
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Scheme 2.196. 5-exo-dig-cyclization/Claisen rearrangement of compounds of type 2-877.

5 examples: 76–81% yield2 examples: 70 and 85% yield
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The latter reaction belongs to the group of domino anionic/pericyclic reactions,
which consists of three steps and will be discussed in the following section.

2.3.1
Anionic/Pericyclic Processes Followed by Further Transformations

As expected, some sequences also occur where a domino anionic/pericyclic process
is followed by another bond-forming reaction. An example of this is an anionic/per-
icyclic/anionic sequence such as the domino iminium ion formation/aza-Cope/
imino aldol (Mannich) process, which has often been used in organic synthesis,
especially to construct the pyrrolidine framework. The group of Brummond [450]
has recently used this approach to synthesize the core structure 2-885 of the immu-
nosuppressant FR 901483 (2-886) [451] (Scheme 2.197). The process is most likely
initiated by the acid-catalyzed formation of the iminium ion 2-882. There follows an
aza-Cope rearrangement to produce 2-883, which cyclizes under formation of the
aldehyde 2-884. As this compound is rather unstable, it was transformed into the
stable acetal 2-885. The proposed intermediate 2-880 is quite unusual as it does not
obey Bredt’s rule. Recently, this approach was used successfully for a formal total
synthesis of FR 901483 2-886 [452].
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N
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N
MeON

OHC
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N
MeN HO H
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OPO(OH)2

FR901483 (2-886)

MeO

steps

Scheme 2.197. Synthesis of the structural core 2-885 of the immunosuppressant FR 
901483 (2-886).

H
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Scheme 2.198. Domino condensation/aza-Cope/Mannich reaction sequence leading 
to 2-889.
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Scheme 2.199. Synthesis of diverse heterocycles 2-890 and 2-892 by varying the 
reaction conditions.

Cooke and coworkers reported on the synthesis of the amino acid N-benzyl-4-
acetylproline (2-889) (Scheme 2.198) [453], as this might represent an interesting
synthon for the preparation of bioactive compounds. These authors also used a
domino iminium ion formation/aza-Cope/Mannich protocol. Thus, treatment of
the secondary amine 2-885 with glyoxylic acid (2-888) primarily provided the corre-
sponding iminium ion, which led to 2-889 in 64 % yield as a mixture of diastereom-
ers.

According to the studies of the group of Agami and Couty, as depicted in Scheme
2.199, several nitrogen-containing heterocycles such as 2-890 and 2-892 can be ob-
tained starting from substrates 2-891 and glyoxal using slightly different reaction
conditions [454]. Moreover, these authors have also used this fruitful procedure for
the synthesis of (−)-α-allokainic acid [454c].

A domino Claisen condensation/ene-type decarboxylation/aldol reaction was
used by Braun’s group [455] for the synthesis of spirocyclic compounds which have
similarities with the structural core of the antitumor antibiotic fredericamycin A
[456]. Moore used a 1,2-addition/oxy-Cope/aldol sequence for the synthesis of poly-
quinanes (Scheme 2.200) [450]. The addition of 2-lithiofuran (2-894a) or 2-lithi-
othiophene (2-894b) to the keto moiety of 2-893 gave the linearly fused polyqui-
nanes 2-897a and 2-897b, respectively. As a first intermediate in this domino
process, the alkoxide 2-895 can be assumed which undergoes an oxy-Cope ring ex-
pansion through a cis-boat conformational transition state. The subsequent viny-
logous aldol addition then led to 2-897 under transannular ring closure.

This approach can also be used for the synthesis of angularly fused polyquinanes
2-898 [457].
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Scheme 2.200. Domino sequence for the construction of polyquinanes.
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Scheme 2.201. Synthesis of cis-bicyclo[3.3.0]octenes via domino carbolithiation/ 
electrocyclization/electrophile trapping.
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A new sequence including a carbolithiation/electrocyclization/alkylation reac-
tion was developed by Williams and coworkers for the synthesis of cis-bicy-
clo[3.3.0]octenes [458]. To give an example, to the readily available 3-methylene-1,4-
cyclooctadiene (2-899) was added 1.1 equiv. tBuLi at −78 °C to give 2-900. By raising
the temperature to r.t., a disrotatory cyclization process was started and finally the
resulting anion 2-901 quenched with benzophenone to yield the desired 2-902 in a
good overall yield of 65 % and a very good diastereoselectivity of dr � 20:1 (Scheme
2.201). In other cases, transmetalation from lithium to copper after the electrocycli-
zation step allowed the use of many electrophiles such as α,�-unsaturated ketones,
epoxides, or others. Clearly, these transformations are not domino reactions by
strict definition, but they are useful one-pot reactions and have the advantage that
no isolation or separation of intermediates is necessary.

Bridged carbocyclic compounds such as 2-907 are interesting targets in organic
synthesis [459]. A straightforward approach to these substances was developed by
Shair and coworkers using a triple domino process [460]. Addition of a vinyl Grig-
nard reagent 2-904 to the ketone 2-903 led to 2-907 via 2-905 and 2-906 in a highly
stereoselective manner in reasonable to good yields (Scheme 2.202).
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Scheme 2.202. Synthesis of bridged compounds.

4 examples: 51–82% yield

(  )
n

In this domino process, the 1,2-addition is followed by an anion-accelerated oxy-
Cope rearrangement and a transannular Dieckmann-type cyclization.

Moreover, the authors were able successfully to apply this process to the synthe-
sis of the antibiotic (+)-CP-263,114 (2-912) (Scheme 2.203) [454]. Transformation of
the bromide 2-908 into the vinyl Grignard reagent 2-909, followed by addition to the
ketone 2-910, led to the bridged carbocyclic compound 2-911 which was then trans-
formed into the target compound within a few steps.

Finally, a sequence consisting of thionium ion formation, thionium ion trapping,
an aromatic substitution, and an alkylation, as elaborated by Padwa and coworkers,
will be discussed [462]. Since several related sequences have already been men-
tioned in the foregoing sections, only the total synthesis of (±)-jamtine N-oxide (2-
916) will be discussed here (Scheme 2.204). This natural product is an alkaloid
from the shrub Cocculus hirsutus, which is commonly found in Pakistan [463].

The acid-catalyzed reaction of the substrate 2-913 gave the tetrahydroisoquino-
line 2-914 in 88 % yield, though as a diastereomeric mixture of 5:2:1:1. Intramolecu-
lar alkylation led then to 2-915 which was transformed into jamtine N-oxide 2-916.

The development of synthetic methods for the selective introduction of short-
chain perfluoroalkyl groups into organic molecules is of interest in drug develop-
ment [464]. Fluoromodifications often confer unique properties on a molecule, for
example in terms of increased metabolic stability and lipophilicity and, as a con-
sequence, the pharmacokinetic profiles are often improved [465]. Burger and co-
workers developed a domino process consisting of a SN reaction combined with a
Claisen and a Cope rearrangement which allows the transformation of simple
fluorinated compounds into more complex molecules with fluoro atoms [466].
Treatment of furan 2-917 with 2-hydroxymethyl thiophene (2-918) in the presence
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Scheme 2.205. Unusual domino reaction of a fluorinated furan 2-917.

of NaH at 0 °C at first furnished the ether 2-919 by nucleophilic substitution
(Scheme 2.205). Under the reaction conditions applied, 2-919 reacted further to
give 2-920 through a [1,3]-thienyl migration. This compound proved to be unstable
even at 0 °C. Thus, it slowly rearranges to give a Cope product which spontaneously
underwent heteroaromatization. Overall, the final product 2-921 was isolated in
46 % yield.

Very recently, the Alcaide group constructed fused tricyclic systems from mono-
cyclic precursors by a novel and elegant domino mesylation/[3,3] sigmatropic rear-
rangement/Diels−Alder reaction [467]. This domino process will be described in
Chapter 4.

Anionic/pericyclic sequences with more than three and up to six independent re-
action steps have also been reported. Thus, Florent and coworkers have published a
domino alkylation/aza-Cope rearrangement/Mannich/elimination process [468]
giving rise to essential parts of a 4-alkyl-4-hydroxy-2-cyclopentenone framework, for
example as found in the central element of the punaglandins [469], clavulones [470]
and chlorovulones [471]. Besides these examples, transformations with two or three
additional pericyclic steps have also emerged. In this context, Taylor and coworkers
developed an anionic/trifold pericyclic process giving access to nitrogen-containing
polycycles [472] while, as depicted in Scheme 2.206, Mali and coworkers developed
a route to naturally occurring coumarins 2-924 by employing two pericyclic steps
[473]. Thus, the reaction of compounds 2-922 with phosphorane 2-291 in N,N-dim-
ethylaniline at 200 °C afforded the natural 6-prenylcoumarins [474] suberosin (2-
924a) and toddaculin (2-994b), as well as the analogue O-methylapigravin (2-994c)
in 47−55 % yield.

Rychnovsky and coworkers very recently described a so-far unknown domino Mi-
chael addition/2-oxonia Cope/aldol-type reaction to give tetrahydropyran rings
[475]. The transformation has as its origin an annulation process (see Section 2.1)
which was discovered by the same group.
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Scheme 2.206. Synthesis of naturally occurring coumarins and analogs.
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2.4
Anionic/Transition Metal-Catalyzed Processes

To date, very few investigations have been made into the development of anionic/
transition metal-catalyzed domino processes. Nevertheless, a few examples have
been published which admittedly in most of cases deal with the palladium-assisted
assembly of simple heterocyclic structures. For instance, isoindolinones 2-931 are
accessible through an approach employing the dihalide 2-926, primary amines 2-
927, and carbon monoxide in the presence of palladium nanoparticles obtained
from palladacycle 2-925, as described by Grigg and coworkers (Scheme 2.207) [476].
In the first step, a nucleophilic substitution of the amine 2-927 at the benzyl-
bromide moiety in 2-926 affords the benzylamine 2-928, which undergoes an oxida-
tive addition with Pd0 and subsequent CO insertion to give the intermediate 2-930.
This is trapped in a ring-closure reaction leading to the desired isoindolinones 2-
931.

Another sequence involving an anionic and a Pd-catalyzed step was described by
the groups of Rossi and Arcadi [477]. These authors prepared substituted tetrahy-
dro-2H-pyrrolo[3,2-c]pyrazolones 2-934 starting from hydrazones 2-932 and aryl-
halides or alkenyl triflates 2-933 (Scheme 2.208). The first step is the formation of a
pyrazolone. There follows cleavage of the urea moiety with piperidine and an inter-
as well as an intramolecular Heck-type reaction with 2-933.

Although aryl halides are the substrates of choice for Heck transformations, dia-
zonium salts have also gained great interest, due mainly to reasons of economy
[478]. With this in mind, the group of Beller explored a domino diazotization/Heck
sequence of substituted anilines 2-935 with ethylene (Scheme 2.209) [479]. The re-
action proceeds best in the presence of Pd(OAc)2 and tBuONO as diazotization re-
agent in a mixture of acetic acid and CH2Cl2. Using these conditions, the desired
styrenes 2-936 were isolated in yields up to 72 %.

Balme and coworkers reported on a procedure for the preparation of highly
functionalized furans of type 2-940 (Scheme 2.210) [480]. Their approach is based
on a nucleophilic Michael addition of propargyl alcohols 2-937 to alkylidene or aryl-
idenemalonates 2-938, followed by a palladium-catalyzed cyclization via the carban-
ion 2-939. The reactions with propargyl alcohol led to the formation of only one di-
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NR

O

2-931

Pd(0)

N
Pd

O
F

AcO 2

2-925

NHR

O
Pd I

NHR

PdI

Br

I

NHR

I

2-926

2-928

2-930

CO

HI

2-929

Entry Amine 2-927 Product 2-931 Yield [%]

1
2
3

BnNH2

L-phenylalanine methyl ester
propargyl amine

a
b
c

72
33
51

Scheme 2.207. Synthesis of isoindolinones.

1 mol%

NH2R 2-927, K2CO3
1 atm CO, r.t., DMF

N
H

NH

N

O

R3

2-934

H
N

R1O O

N

H
N NR2

O

2-932

+ R3–X

5 mol% Pd(OAc)2
5 mol% dppf
piperidine, r.t.

2-933

Scheme 2.208. Synthesis of pyrrolopyrazolones.

62–67%

H

NH2

R

+

R

2-935 2-936

5 mol% Pd(OAc)2, tBuONO
20–30 °C, AcOH/CH2Cl2(1 atm)

Scheme 2.209. Synthesis of styrenes 2-936 from anilines 2-935.

64–72%
R = pCl, mCl, oF, pOMe
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R1

R2 OH

Z'

R3

Z
+

O

Z

Z'
R3

R1

R2
OR2 R3

R1

Z
Z'

2-939 2-940

10 mol% BuLi
5 mol% Pd(OAc)2
5 mol% PPh3
THF, 0°C → r.t.

Entry Alcohol Acceptor Product Yield [%]

OH Ph

EtO2C CO2Et

PhO

CO2Et
CO2Et1 94

Ph

EtO2C CN

PhO

CO2Et
CN2 47

Ph

EtO2C

PhO

CO2Et
C(O)Me3 86

EtO2C CO2Et

O

CO2Et
CO2Et4 66

PhO

CO2Et
CO2Et

5 92[a]
OH

PhO

CO2Et
CO2Et6 82

OH

O

[a] Mixture of diastereomers (cis/trans 1:2).

Scheme 2.210. Synthesis of 3-methylene tetrahydrofurans 2-940.

OH

OH

OH

Ph

EtO2C CO2Et

Ph

EtO2C CO2Et

astereomer, whereas the use of an unsymmetrically substituted propargyl alcohol
gave a mixture of two diastereomers.

In a similar way, substituted 3-methylene pyrrolidines were prepared in good to
high yields using propargyl amines as substrates [481]. Herein, in contrast to the
preliminarily utilized palladium salts, copper was the metal of choice, and was
added as CuI at 3−20 mol% to the reaction mixture. Although the precise role of the
metal is not clear, it is believed that a methylene copper(I) compound is formed as
intermediate.

In continuation of the aforementioned reaction, Hiroya and coworkers used cop-
per(II) acetate for the synthesis of indoles 2-943 in reasonable yields from the corre-
sponding ethynylanilines 2-941 by a domino intermolecular Michael addition/cop-
per-assisted nucleophilic tosylate displacement reaction via 2-942 (Scheme 2.211)
[482].
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(  )
n

NTs

2-941a: n = 1
2-941b: n = 2

1) KH, DCE, 0 °C
2) 0.5 eq Cu(OAc)2
    70 °C

N
Ts

CuX

(  )
n N

Ts

(  )
n

2-943a: n = 1 (67%)
2-943b: n = 2 (64%)

Scheme 2.211. Synthesis of indoles 2-943.

OTs

OTs

2-942
H

As a final example in this section, the mechanistically interesting transformation
of α,�-unsaturated aldehydes containing a chloro or bromo atom in the �-position
into five-membered lactams or lactones is mentioned. In this transformation,
which was developed by Rück-Braun and coworkers, an intermediate iron com-
pound is formed by reaction with [C5H5(CO)2Fe]Na, which yields the products
either by adding a primary amine and TiCl4 or a metalorganic alkane as RMgX or
RLi [483].

2.5
Anionic/Oxidative or Reductive Processes

Among the anionic/reductive domino transformations, one of the most often en-
countered is the reductive amination of a carbonyl compound being followed by the
formation of a lactam. As did many others before, Abdel-Magid and coworkers used
this approach for the synthesis of γ- and δ-lactams as 2-949 from either ketone 2-
944 and amine 2-945 or amine 2-946 and ketone 2-947 via 2-948, employing sodium
triacetoxyborane (Scheme 2.212) [484].

In a similar way, piperazinone derivatives can be prepared by either addition of
the formed amine to a carboxylate moiety or by an intramolecular alkylation with a
chloromethyl group present in the substrate [485].

Tietze and coworkers used this process to synthesize the monoterpene alkaloids
bakankosin (2-950) and xylostosidine (2-952), as well as analogues starting from se-
cologanin (2-951) (Scheme 2.213) [486].

A combination of a reductive amination and a Michael addition has been used to
synthesize the anticancer alkaloid camptothecin (2-955) via 2-954, starting from the
quinoline carbaldehyde 2-953 and benzylamine (Scheme 2.214) [487].

Besides the domino reductive amination/lactamization reaction, the aldol/
Tishchenko sequence is another important anionic/reductive domino reaction. In
the classic aldol/Tishchenko variant, two enolizable aldehyde molecules undergo
addition to form an aldol adduct which is subsequently reduced by a third aldehyde
to yield 1,3-diol monoesters with the occurrence of an intramolecular hydride shift
[488]. Nevertheless, the utility of this domino transformation is greatly enhanced
upon reaction of aldehydes with ketones; by using these substrates, three adjacent
stereogenic carbon centers with defined configuration can be synthesized in a
single process [489]. As for the enolate part, preformed silyl enol ethers [489a], Li-
enolates [489b] and Sm-enolates [490], as well as catalytic amounts of a metal

2 Anionic Domino Reactions



195

2-944

2-948 2-949
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+
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Scheme 2.212. Reductive amination/lactamization.

55–92%
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Na[BH(OAc)3]

Scheme 2.213. Reductive amination of secologanin (2-951).

Bakankosine (R = H) (2-950)

R
N O

O

H

H
O-β-D-Glc

NH2R
NaBH4CN

61–74% O

H

H
O-β-D-Glc

CO2MeOHC
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HS
NH2

NaBH4CN

71%

N O

O

H

H
O-β-D-Glc

S
H

Xylostosidine (2-952)

Scheme 2.214. Synthesis of camptothecin (2-955).

N
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CO2Et

a) BnNH2, MeOH, r.t. then NaBH4, 0 °C to r.t..

N
NBn

CO2Et

N
N

O

O

OOH

Camptothecin (2-955)

steps

91%

a)

2-953 2-954

alkoxide catalyst in combination with an appropriate ketone to form the reactive
enolate [491] have been employed. Recently, it was reported by different research
groups that aldol adducts of ketones such as acetone alcohol 2-957 can also be used
for the in-situ generation of metal enolates through a retro-aldol process upon treat-
ment with either Zr- or Al-based catalysts (Scheme 2.215) [492]. Schneider and co-
workers have shown that these enolates can be trapped in an aldol/Tishchenko
domino sequence with 2 equiv. of an aliphatic aldehyde 2-956 to furnish 1,3-anti-
diol monoesters 2-958 in good to excellent yields, complete anti-diastereoselectivity,
and with up to 57 % enantiomeric excess by using a Zr catalyst with TADDOL 2-959
as chiral ligand [493].

2.5 Anionic/Oxidative or Reductive Processes



196

R1

O

2-957

OHO

HR2

2-956

+

10 mol% Zr(OtBu)4/ligand 2-959
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Scheme 2.215. Enantioselective aldol/Tishchenko reactions.
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Scheme 2.216. Synthesis of luminacin D (2-965).

OH
OHC

HO

O

O

HO O

OH

SmI2, MeCHO 2-962
THF, 0 °C

Furthermore, a domino aldol/Tishchenko process has been used by the group of
Wood and Crews [494] to obtain rapid access to the natural product luminacin D (2-
965). The luminacins belong to a growing class of anticancer agents which target
angiogenesis (the process of neovascularization by which growing tumors establish
their blood supply) [495]. The luminacins were isolated from the actinomycete
Streptomyces sp. [496], and elicit their anti-angiogenic biological response by bind-
ing to an as-yet unknown intracellular receptor [497].

As illustrated in Scheme 2.216, generation of the Sm-enolate of 2-960 by treat-
ment with SmI2 in THF followed by sequential addition of (E)-2-bromo-2-pentenal
(2-961) and acetaldehyde (2-962) furnished, after basic work-up, the diol 2-964 as a
single diastereomer in excellent yield of 96 %. The observed high degree of simple
diastereoselectivity is assumed to arise from an organized eight-membered ring
chelate 2-963 [498].

The Michael addition/Meerwein−Ponndorf−Verley (MPV) reduction sequence
developed by Node and coworkers is another easily implementable strategy for the
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Scheme 2.217. Domino Michael/MPV reaction of the α,β-unsaturated ketones.
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N

O

H3CO2S

Scheme 2.218. Examples of tricyclic compounds as selective COX-2 inhibitor.

F

2-973

assembly of three contiguous stereogenic centers [499]. As for the reaction pro-
ducts, utilization of this methodology provides enantiopure mercapto alcohols of
type 2-970/2-971 from α,�-unsaturated ketones 2-967 and (−)-2-966 via 2-968 and 2-
969 in moderate to good yields with very good diastereoselectivities (Scheme 2.217).

Anionic/oxidative reaction sequences have been developed in addition to the
domino anionic/reductive processes. For example, with regard to the synthesis of
novel diaryl heterocycles as COX-2 inhibitors [500], including rofecoxib (Vioxx) 2-
972 [501] (which has recently been withdrawn from the market) or the pyrrolin-2-
one derivative 2-973 [494], Pal and coworkers reported on a so-far unique domino
aldol condensation/oxidation sequence (Scheme 2.218) [503].

The reaction of diaryl compounds 2-974 with 3 equiv. of DBU at r.t. results initially
in an intramolecular aldol condensation to give 2-975; this is followed by an oxidation
to give the 3,4-diaryl disubstituted maleic anhydride or maleimide derivatives 2-976
when the reaction is conducted under atmospheric oxygen (Scheme 2.219).

Very recently, two examples involving an epoxidation as the oxidative step have
been reported. Thus, Taylor and coworkers have described a SN-type ring-opening/

2.5 Anionic/Oxidative or Reductive Processes
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b
c
d
e
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b
c
d
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Ar1

Ph
Ph
pNO2Ph
pMePh
Ph

Scheme 2.219. Base-promoted cyclization/oxidation reaction of compounds 2-974.

epoxidation of 1,2-dioxines [504], while the group of Walsh has developed a practical
asymmetric allylation/epoxidation methodology employing α,�-unsaturated cyclic
enones as substrates (Scheme 2.220) [505]. As products, epoxy alcohols of type 2-
978 are formed in generally very good yields and with excellent ee-values.

This procedure is not a domino process in its strictest definition, but since the ox-
idant tert-butyl hydroperoxide is added after allylation is complete, it is a very im-
pressive and useful transformation for the rapid assembly of three contiguous
stereogenic centers, including a tertiary alcohol moiety.

O

R(  )
n

(  )
n

O

R
HO

2-977
n = 1 or 2

2-978

Scheme 2.220. Synthesis of epoxy alcohols.

O OH

72–89%
88–96% ee

4 examples 
R = Me, C5H11, CH2Ph, CH2OTBS

 (5–6 M in decane)then 1.0 eq TBHP

30 mol% BINOL, 30 mol% Ti(OiPr)4
20 eq iPrOH, 1.5 eq Sn(allyl)4, CH2Cl2, r.t.
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3
Radical Domino Reactions

Besides carbon−carbon-bond formations by aldol reactions, transition metal-cata-
lyzed couplings and pericyclic reactions, transformations based on radicals have
become an indispensable alternative as a nonpolar method for the connection of
carbon atoms. For quite some time, chemists have hesitated to apply transforma-
tions involving free radicals for the synthesis of fine chemicals, because they were
afraid of the radicals’ high reactivity and thus unselectivity, as well as their unpre-
dictability in product formation. On the other hand, radical chemistry was always
very important for the synthesis of bulk chemicals. During the past few decades,
radical reactions have acquired their rehabilitation for the controlled preparation of
complex molecules as a versatile mainstream tool in organic synthesis. This was
made possible through intense research in physical organic chemistry, bringing
light into the rather marginal knowledge of the behavior of radicals. Since radical
reactions are ideal for sequencing, due to the very fundamental reason that the
product of every radical reaction is a radical, they have opened the door for many
efficient and elegant domino processes. Nowadays, domino radical reactions are
prized for their capability to build complex, highly substituted ring systems, and
for their general tolerance of functionalities in the substrates, allowing transforma-
tions with a minimum use of protecting groups. In marked contrast to polar
processes, radical transformations can proceed in most cases in the presence of
free hydroxyl and amino groups, as well as keto and ester functionalities. Not sur-
prisingly, high grades of chemo-, regio- and stereoselectivity can be obtained, a
characteristic attributable to the mild reaction conditions, which are applied in
radical chemistry. Another advantageous feature to the use of radicals is the fact
that they are equally feasible to add to either inactivated double and triple bonds as
to those bearing polarizing groups. As a consequence, the development of new
domino radical reactions continues at a vigorous pace, their beneficial contribu-
tions in the field of organic chemistry having been documented by a multitude of
publications.

Usually, free-radical domino processes are characterized by a sequence of in-
tramolecular steps, the overall propagation coordinate being unimolecular (exclud-
ing initiation and termination steps) (Scheme 3.1) [1].

The most relevant counterpart of these unimolecular reactions is represented by
reactions in which one step − in many cases the first − is an intermolecular radical
addition to an appropriate functionalized acceptor (Scheme 3.2).
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If the attacking radical contains an adequately placed radical acceptor functional-
ity, the possibility of a radical cycloaddition is provided, offering a procedure to con-
struct cyclic products from acyclic precursors. For this type of ring-forming process,
in which two molecular fragments are united with the formation of two new bonds,
the term “annulation” has been adopted (Scheme 3.3).

Oligomerizations and polymerizations in which many radical additions to a
limited range of alkenes (or other acceptors) take place will not be discussed in this
book, although they are typical domino reactions. However, they usually do not lead
to single well-defined products.

Radical domino processes follow a general scheme involving the generation of
free radicals as an initiation step. Specifically, the formation of radicals can either
proceed by abstraction or substitution utilizing halides, as well as phenylthio or
phenylselenium compounds as substrates and stannanes such as nBu3SnH,
silanes and germanes as initiators, or by redox processes employing transition
metals or lanthanides. Since the often-utilized organo tin compounds bear a toxic
potential, there is an ongoing search to use alternative methodologies for the crea-
tion of radicals. These should be on the one hand nonpolluting and safe, and on the
other hand efficient and reliable. Nevertheless, the provided radical intermediate

R1 R2

n rearrangements

Rn product

Scheme 3.1. General scheme for an intramolecular domino radical reaction.

• • •

+ X Y

intermolecular
addition X Y

R

m rearrangements
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Scheme 3.2. General scheme for an intermolecular domino radical reaction.

• •••R

Scheme 3.3.  Intermolecular radical addition leading to cyclic products.
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undergoes either an intermolecular addition to an acceptor molecule or a unim-
olecular rearrangement. Furthermore, the sequence can be carried on until the
final radical is captured by reduction, oxidation or atom transfer, resulting in the
formation of the desired product. A fundamental requirement for a radical domino
reaction to proceed effectively is that the rates of each individual rearrangement
must be rapid compared to the termination reactions (combination, dispropor-
tionation, redox) of the radical intermediates and additionally, in comparison with
reactions with the solvent, the precursor, or initiator molecules. Another important
fact is the selective reaction of the final radical product (and not the remainder of
the intermediate radicals) with the designated acceptor. This elementary goal can
be achieved by creating a final radical which displays a significant change in the
polarity or reactivity, for example an O-centered or vinyl-type radical.

An excellent review by Walton and McCarroll has recapitulated the various
processes which can be featured during a radical cascade [2]. Moreover, these
authors have elaborated a compilation of classes of unimolecular free-radical rear-
rangements, as illustrated in Scheme 3.4.

The first type of process is characterized by cyclization reactions, which are found
in a plethora of examples and hence can be considered as the “flagship” of the
different classes being discussed in this section. In spite of the fact that this reac-
tion type distinguishes a broad scope of subsections, the 5-exo-trig ring closure can
be regarded as the most frequent and productive one. Furthermore, 6-endo and 6-
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exo processes are also encountered in radical chemistry, though less often.
Nevertheless, the well-established Baldwin’s rules elucidate the favored and dis-
favored cyclization modes, providing a helpful guidance for synthetic predictions
and mechanistic assumptions [3]. Another important feature that can be imputed
to radical cyclization methodologies, is the ability to construct carbon−carbon
bonds at centers exhibiting a high sterically demand and in addition congested qua-
ternary stereocenters − one of the most striking tasks in organic chemistry − in an
efficient manner.

The second, albeit scarcely applied, class of radical domino reactions includes in-
tramolecular homolytic substitutions, which can also result in the formation of
rings. As a consequence, the radical is ejected with the displaced center and does
not remain with the main ring; hence, this type of reaction is normally featured as
terminating step. The most typical complication occurring within substitutions is
an undesired branching of a sequence caused by the released radical.

Another more common group envisages intramolecular hydrogen abstraction
processes. Both 1,5- and 1,6-hydrogen migrations should be mentioned at this
point as the most prevalent appearing events leading to a translocation of the prior
radical center. Moreover, 1,2-group migration typifies a class of radical processes
presented as the fourth example in Scheme 3.4. Most of them involve groups that
feature some type of unsaturation such as aryl, vinyl, or carbonyl, whereas carbon-
centered groups, R3C, with sp3 hybridization are usually not able to afford a 1,2-mi-
gration.

The final category is represented by fragmentations, whereupon ring-opening
motifs, in which a single unsaturated radical is generated, is the most relevant type.
Substrates which are well-suited to this type of transformation include cyclopropyl-
methyl, oxiranylmethyl and cyclobutylmethyl radicals which exhibit a rapid ring
opening. A special case of fragmentation is combined with a coexistent degradation
such as decarboxylation.

Furthermore, Walton and McCarroll proposed a very logical and concise system
for the classification of free-radical domino reactions, and this is presented in the
following [2]. First, a capital letter is assigned to each of the above-described
processes: cyclizations (C), substitution reactions (S), H-abstractions (H), 1,2-group
migrations (M), and fragmentations (F). The corresponding symbols are combined
with a suffix (exo = x, endo = n) clarifying the mechanistic details − for example, C5x

codes a 5-exo-cyclization, and C6n a 6-endo-cyclization. By using this abbreviation
system the specification of complex radical domino processes becomes much faster
and convenient.

It is also worth emphasizing that the initiation and termination steps are not in-
cluded in the central chain process. For instance, in metal hydride-promoted dom-
ino reactions the initial halogen abstraction (or SePh displacement, etc.) and the
final hydrogen abstraction from RnMH are not classified as part of the domino
sequence. More precisely, only the propagation steps within the mechanism of this
process will be considered as a strict integral part of the domino reaction.

Not surprisingly, the majority of examples presented in this chapter are of pure
radical nature, since, as mentioned above, radical reactions are well-suited to
sequencing and can be regarded as the prototype of a chain reaction. Nevertheless,
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a few hetero-radical domino processes, such as combinations with cationic,
anionic, pericyclic and oxidative processes, have also been published to date, and in-
sights into these more exotic types of procedure will be described here. As yet,
however, no examples in which photochemically induced, transition metal-cata-
lyzed, reductive or enzymatic processes were involved have been identified in the
literature.

3.1
Radical/Cationic Domino Processes

We enter into the field of domino radical procedures by presenting a composition
of an initiating radical process and a terminating cationic transformation. This
methodology, which was described sometime ago by Iwata and coworkers, allows
an interesting approach to an enantiopure spiro ether such as 3-6 (Scheme 3.5)
[4]. In these studies, the authors made use of the oxidizing properties of ceric am-
monium nitrate (CAN) to furnish radical-cation species 3-2 out of optically active
1-arylthiobicyclo[4.1.0]heptane 3-1 by single electron transfer (SET). Radical fis-
sion of the cyclopropane moiety and yet another SET process led to the generation
of the tertiary carbocation 3-4 with ring expansion. Nucleophilic ring closure gave
the spirocyclic ether 3-5 which, on hydrolysis, afforded the desired 1-ox-
aspiro[4.6]undecane 3-6 in excellent yield (88 %) and high optical purity
(� 90 % ee).

This is the only example of a radical/cationic domino process, which has been
found in the literature.

3.1 Radical/Cationic Domino Processes
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3.2
Radical/Anionic Domino Processes

Since its introduction in 1980 by Kagan [5], samarium(II) iodide has been recog-
nized as a versatile and powerful reagent in organic synthesis [6]. In addition to
many procedures in which it is used as reducing agent or for the construction of
carbon−carbon bonds, only very few examples for the samarium(II) iodide-pro-
moted fragmentation of carbon−carbon bonds have been reported to date. Herein,
a new reductive fragmentation/aldol reaction domino sequence by Schwartz and
coworkers is highlighted, mediated by samarium(II) iodide [7]. Hence, when 1,4-
diketone 3-7 was subjected to a THF solution of samarium(II) iodide and HMPA
(this additive was crucial for the success of the process), initially two one-electron
transfer processes occurred from samarium(II) iodide to the carbonyl groups of the
1,4-diketone, furnishing intermediate 3-9 bearing two ketyl radicals (Scheme 3.6).
Subsequent fragmentation generated a bicyclic samarium enolate which, after
tautomerization to 3-10a and 3-10b, underwent an aldol reaction to give the two di-
astereomeric products 3-8a and 3-8b in 28 % and 20 % yield, respectively.

The occurrence of the indole subunit is well established within the class of natu-
ral products and pharmaceutically active compounds. Recently, the Reissig group
developed an impressive procedure for the assembly of highly functionalized in-
dolizidine derivatives, highlighting again the versatility of domino reactions [8].
The approach is based on a samarium(II) iodide-mediated radical cyclization termi-
nated by a subsequent alkylation which can be carried out in an intermolecular − as
well as in an intramolecular − fashion. Reaction of ketone 3-11 with samarium(II)
iodide induced a 6-exo-trig cyclization, furnishing a samarium enolate intermediate
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Scheme 3.6. Samarium(II)iodide-promoted domino reductive fragmentation/aldol reaction.
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Scheme 3.7. Samarium(II)iodide-induced domino radical cyclization/alkylation procedure

which is consumed by the added allyl iodide; this generates the tricyclic indole
derivative 3-12 in good yield and excellent diastereoselectivity (Scheme 3.7). The
second example shows an intramolecular alkylation by reaction of 3-13 providing
tetracycle 3-14.

3.3
Radical/Radical Domino Processes

As mentioned above, processes with two or more radical intermediates represent
the majority of radical domino reactions. Of special interest is the use of this
methodology for the efficient synthesis of natural products.

The naturally occurring alkaloid lysergic acid (3-15) has disclosed challenging
pharmacological activities, and therefore has attracted the attention of both medici-
nal [9] and synthetic [10] chemists. Parsons and coworkers developed a radical dom-
ino approach for the facile construction of the tetracyclic ring system of 3-17
(Scheme 3.8) [11]. After submitting the aromatic bromide 3-16 to classical radical
conditions (tributyltin hydride/AIBN, refluxing benzene), initially a 5-exo-trig cycli-
zation took place to afford a N-heterocycle, which was followed by a 6-endo-trig cycli-
zation. In this way, the desired product 3-17 was obtained as a 3:1 mixture of two di-
astereoisomers, in 74 % yield.

In 2002, Lee and coworkers prepared the unnatural (−)-enantiomer of lasonolide
A (3-21) using a domino radical cyclization procedure as the key step, and further-
more revised its structure [12]. Lasonolide A possesses a macrolactone structure
with two embedded stereochemically demanding tetrahydropyran rings. The com-
pound demonstrates antitumor activity, in particular against leukemia and the
highly lethal lung carcinoma. Reaction of �-alkoxyacrylate 3-18 and (bromomethyl)-
chloro-dimethylsilane provided 3-19, which was used for the following radical cycli-
zation (Scheme 3.9). Exposure to tributyltin hydride and AIBN in refluxing ben-
zene led to a 6-endo-trig ring closure by the generated α-silyl radical onto the adja-

3.3 Radical/Radical Domino Processes
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cent double bond. Subsequent 6-exo-trig cyclization involving the acrylate moiety
delivered the desired bicyclic product 3-20 in 80 % yield (over two steps) as a single
diastereoisomer bearing all stereogenic centers with their correct configuration,
which was further transformed into 3-21.

Another effective combination of two radical cyclization steps has been demon-
strated by Sha and coworkers during the course of the first total synthesis of (+)-
paniculatine (3-24), a natural alkaloid belonging to the subclass of Lycopodium alka-
loids [13]. 3-24 has a unique tetracyclic scaffold with seven stereogenic centers [14].
Although no special features of (+)-paniculatine have so far been documented,
other Lycopodium alkaloids are reported to be potent acetylcholinesterase inhibitors,
or show promising results in the treatment of Alzheimer’s disease [15]. When
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H

H

standard radical conditions were applied to iodo ketone 3-22, an α-carbonyl radical
is generated, which undergoes a 5-exo-dig cyclization forming a bicyclic vinyl radi-
cal intermediate (Scheme 3.10). This is followed by a 5-exo-trig ring closure onto the
adjacent olefin moiety, which then provides the tricyclic core structure 3-23 as a
single diastereoisomer, in 82 % yield.

In 1997, a compound termed CP-263,114 (3-32) was isolated from an uniden-
tified fungal species by a group at Pfizer (Groton, USA) [16]. The compound ex-
emplified the architecture of unprecedented molecular connectivity, and possessed
interesting biological activities such as cholesterol-lowering properties through the
inhibition of squalene synthase [16, 17]. Moreover, it was found to inhibit farnesyl
transferase, an enzyme implicated in cancer [16, 18]. The first total synthesis was
accomplished by the Nicolaou group in 1999 [19]. In another approach to CP-
263,114 (3-32), the Wood group has established an intramolecular domino radical
cyclization to afford the desired isotwistane core (Scheme 3.11) [20]. First, the terti-
ary alcohol 3-25 was converted into the acetal 3-27 using dibromoethyl ether 3-26
and N,N-dimethylaniline. Homolytic abstraction of the bromo atom furnished
compounds 3-30 and 3-31 as a mixture of diastereoisomers in 86 % yield over two
steps. The process was suggested to proceed via initial formation of the primary
radical 3-28, followed by a 5-exo-trig ring closure to give 3-29, by reaction with the
maleate moiety and subsequent addition of hydrogen from the less-hindered side.

In attempting to synthesize the natural product azadirachtin (3-38) [21], a power-
ful insect antifeedant and growth regulator, Nicolaou and coworkers created an in-
novative radical reaction sequence (Scheme 3.12) [22]. Under classical radical con-
ditions (tributyltin hydride/AIBN, refluxing toluene), the bromo acetal 3-33 led to
the hexacyclic compound 3-36 in 75 % yield. The reaction is supposed to proceed via

the radicals 3-34 and 3-35. The latter is formed by a 5-exo-trig cyclization. It follows
a 1,5 hydrogen shift with concomitant oxidative rupture of the benzylic bond to give
the observed product 3-36. Further manipulations of 3-36 led to 3-37, which was
again formed in a domino fashion.

Natural products containing a spiropyrrolidinyloxindole nucleus have recently
found to exhibit interesting biological activity such as cell-cycle inhibition [23]. This
observation encouraged Murphy and coworkers to design a novel domino route to
(±)-horsfiline (3-43), a natural spiropyrrolidinyloxindole (Scheme 3.13) [24]. Treat-
ment of azide 3-39 with tris(trimethylsilyl)silane (TTMSS) and AIBN as radical
starter led to the radical intermediate 3-40 after a first ring closure, which under-

3.3 Radical/Radical Domino Processes
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Scheme 3.11. Domino radical cyclization process towards the total synthesis of 
CP-263,114 (3-32).
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Br

went a second 5-exo-trig cyclization with concomitant loss of nitrogen providing
spirocycle 3-42 via 3-41. Methylation and debenzylation completed the synthesis of
3-43.

Another domino radical cyclization approach, which allows construction of the
B- and E-rings of the alkaloid (±)-aspidospermidine (3-46), has been described by
the same group [25]. Transformation of the iodoazide 3-44 into the tetracycle 3-45
was accomplished in 40 % yield by selective attack at the carbon−iodine bond in the

3 Radical Domino Reactions



229

RO

O
O

H
O

MeO

OPMB
3-34

•

O

O
OMe

AcO H

Ph

3-37

Bu3SnH
AIBN, toluene
reflux

1,5-[H]-shift

O

O
OMe

RO H

O
ArH•

TBSO

O
O

H
O

MeO

OPMBBr

TBSO

O
O

H
O

H

H

O

OMe

AcO

OO

O

O
HMeO2C

MeO2C OH

OH

O

O O

OH

H

3-35

3-33

3-36

Azadirachtin (3-38)

5-exo-trig

75%

Scheme 3.12. Domino radical cyclization towards the synthesis of azadirachtin (3-38).

O

O

Bn
N

O

N
N

N

MeO

•

Bn
N

O

•

N
N

N

MeO

Bn
N

O

NH

MeO

H
N

NMe

MeO
O

Bn
N O

I
N3

MeO

(Me3Si)3SiH
AIBN, benzene, ∆

– N2

3-39 3-40

3-413-42(±)-Horsfiline (3-43)

Scheme 3.13. Synthesis of (±)-horsfiline (3-43).

+ H•steps

87%

3.3 Radical/Radical Domino Processes



230

I
N
Ms

N3 N

N
H H

N
Ms

NH

A B C

E D

3-44 (±)-Aspidospermidine (3-46)

40%

3-45

TTMSS = (Me3Si)3SiH

Scheme 3.14. Synthesis of (±)-aspidospermidine (3-46).

steps

a) TTMSS, AIBN, benzene, reflux.

a)

presence of the azide group, again using TTMSS/AIBN (Scheme 3.14) [26]. The re-
sulting aryl radical initiated a two-fold 5-exo-trig cyclization sequence which is ac-
companied by evolution of nitrogen.

The skeleton of the indole alkaloid (±)-vindoline was prepared in a similar way
[27].

Since the discovery that the pyrroloquinoline alkaloid camptothecin (3-47) and
the related alkaloids mappicine (3-48a), nothapodytine B (3-48b) and nothapody-
tine A (3-48c) exhibit significant anticancer and antiviral properties [28], many syn-
thetic approaches towards these compounds have been developed. Recently, the
Bowman group devised a radical domino reaction protocol for the synthesis of the
A−D ring system, featuring a vinyl radical cyclization onto nitriles [29]. In-
tramolecular cyclization of the vinyl radical 3-50, generated from vinyl iodide 3-49
and hexamethylditin under photolysis, led to the iminyl radical 3-51 (Scheme 3.15).
This can either cyclize in a 6-endo-trig fashion to give the π-radical 3-53 directly, or a
5-exo-trig cyclization takes place leading to the spirodienyl radical 3-52, which is
then converted into intermediate 3-53 by a neophyl rearrangement. Finally, loss of a
hydrogen atom from 3-53 yields the tetracyclic products 3-54. The mechanism of
the final oxidation step is still unclear; however, a H-abstraction caused by methyl
radicals, formed from thermal breakdown of trimethyltin radicals, was suggested
as an explanation.

Another anti-cancer agent in clinical use is podophyllotoxin (3-59); this has an
aryl tetrahydronaphthalene lignan lactone skeleton, and demonstrates potent
tubulin-binding, anti-mitotic properties (Scheme 3.16) [30]. The Sherburn group
[31] prepared this molecule by a tris(trimethylsilyl)silane promoted conversion of
thionocarbonate 3-55 into the lactone 3-58, which proceeded with a yield of 38 %. As
intermediates, the radicals 3-56 and 3-57 can be assumed.

Zard and coworkers [32] reported a simple approach to create another group of
natural products, namely the lycopodium alkaloids [15]. These authors first investi-
gated the reaction of O-benzoyl-N-allylhydroxylamide 3-60 with tributyltin hydride
and ACCN in refluxing toluene, which led (after formation of the N-radical 3-61 in a
5-exo-trig/5-exo-trig cyclization) to the undesired pyrrolidine 3-62 in 48 % yield.
Nevertheless, a small structural modification, namely the placement of a chlorine
atom at the allyl moiety as in 3-63, induced a 5-exo-/6-endo- instead of the 5-exo-/5-
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exo-trig cyclization to give the wanted indolizidine 3-64 in 52 % yield as a single di-
astereomer. In this case, a second equivalent of tributyltin hydride was necessary to
reductively remove the chlorine atom in situ after the twofold cyclization process. 3-
64 could be transformed into the lycopodium alkaloid 13-desoxyserratine (3-65)
(Scheme 3.17).

N-Aziridinylimines are valuable substrates for domino radical cyclizations since
they are able to serve simultaneously as radical acceptors and donors. They allow a
versatile and general construction of quaternary carbon centers from carbonyl com-
pounds [33]. By employing this methodology, an elegant and stereoselective synthe-
sis of (±)-modhephene (3-70), one of the rare naturally occurring [3.3.3]propellanes,
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steps

has been designed by the group of Lee and Kim (Scheme 3.18) [34]. The necessary
substrate 3-68 was prepared by treatment of 3-66 with N-amino-2-phenylaziridine
3-67 under acid-catalysis. In the presence of tributyltin hydride, 3-68 was trans-
formed almost exclusively into the desired propellane 3-69a.

In a similar way, α-cedrene has been synthesized by the same group [35].
Moreover, these authors have also developed a further access to modhephene (3-70)
using a free-radical 6-endo-/5-exo-domino cyclization of a dieneyne [36].

During the course of a short and efficient total synthesis of (−)-dendrobine (3-76),
an alkaloid which exhibits antipyretic and hypotensive activities [37], a new domino
radical sequence has been exploited by Cassayre and Zard which involves the cycli-
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Scheme 3.18. Domino radical cyclization reaction of N-aziridinyl imine 3-68 in the total 
synthesis of (±)-modhephene (3-70).
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zation of a carbamyl radical [38]. O-Benzoyl-N-hydroxyurethane 3-71 reacts with
tributyltin hydride and ACCN in refluxing toluene to the carbamyl radical 3-72,
which directly undergoes a 5-exo-trig cyclization to furnish the oxazolidinone radi-
cal 3-73 (Scheme 3.19). The carbon framework of 3-73 then collapses by a radical
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fragmentation, providing the more stable radical 3-74, which is finally intercepted
by tributyltin hydride. This results in formation of the annulated oxazolidinone 3-
75 with the desired stereochemistry, in 71 % yield.

In their enantioselective total synthesis of (+)-triptocallol (3-79), a naturally occur-
ring terpenoid, Yang and coworkers made use of a concise Mn(OAc)3-mediated and
chiral auxiliary-assisted oxidative free-radical cyclization [39]. Reaction of 3-77, bear-
ing a (R)-pulegone-based chiral auxiliary, with Mn(OAc)3 and Yb(OTf)3 yielded
tricyclic 3-78 in a twofold ring closure in 60 % yield and a diastereomeric ratio of
9.2:1 (Scheme 3.20). A further two steps led to (+)-triptocallol (3-79). For the inter-
pretation of the stereochemical outcome, the authors proposed the hypothetical
transition state TS-3-80, in which chelation of the �-keto ester moiety with Yb(OTf)3

locks the two carbonyl groups in a syn orientation. The attack of the MnIII-oxidation-
generated radical onto the proximate double bond is then restricted to the more ac-
cessible (si)-face, as the (re)-face is effectively shielded by the 8-naphthyl moiety.

An exciting example of a rare radical transannular cyclization is the transforma-
tion of the iododieneyne 3-81 in the presence of Bu3SnH by Pattenden and co-
workers which, via 3-82, led to the two diastereomeric products 3-83 and 3-84 in a
6:1-ratio with 45−60 % yield (Scheme 3.21) [40]. This procedure offers a straightfor-
ward approach to the taxane system.

These authors have also used an iodotrienedione in this process, but this led to
the desired taxane skeleton in only 25 % yield.

The [6.5.5]-ring fused tricyclic motif is found in many natural products, and has
therefore become an important target in synthesis. A convenient access to this
structural framework is offered by a radical domino procedure published by the Na-
gano group [41]. This reaction of optical pure dibromoacetal 3-85 led to the desired
tricycle 3-87 via 3-86 as a single diastereoisomer in a very respectable yield of 94 %
by applying classical radical conditions (excess tributyltin hydride/AIBN, irradia-
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O
O

O
Yb(OTf)3

OMe

O

O

O

OMe

O

O

O
H

OMe

OH

H
OH

3-77 3-78

a) Mn(OAc)3•2H2O, Yb(OTf)3, CF3CH2OH, –5 °C → 0 °C,
    60% (9.2:1 dr).

a)

(+)-Triptocallol (3-79)TS-3-80
syn-orientation

(si)-face cyclization

Scheme 3.20. Mn(OAc)3-mediated chiral auxiliary-assisted enantioselective domino radical
cyclization in the total synthesis of (+)-triptocallol (3-79).

O

O

H

H

H

•

1.1 eq Bu3SnH
0.05 eq AIBN
benzene, reflux, 8 h

O

O

H

H

O

O

H

H

O

I

O

3-81

3-83

3-82

3-84

+

45–60%

6:1 mixture

Scheme 3.21. Domino radical macro-cyclization/transannular-cyclization procedure for the 
synthesis of the taxane skeleton.

tion) (Scheme 3.22). Intermediate 3-86 could be isolated when only one equivalent
of tin hydride was used.

The conversion of a glycal to enantiomerically pure [6.5.6]-dioxatricycles contain-
ing eight stereogenic centers has been accomplished by Hoffmann and coworkers,
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Br

OMeO

Br

OMeO

Br

H

OMeO

3-85  3-86  3-87

>2 eq Bu3SnH
AIBN, Et2O, hν

94%

Scheme 3.22. Domino radical cyclization procedure for the synthesis of [6.5.5] fused tricycle 3-87.

carrying out only three simple steps [42]. As shown in Scheme 3.23, the stereo-
chemically pure substrates for the cyclization (R)-3-92a−d and (S)-3-93a−d were pre-
pared by iodoglycosylation of glycal 3-89 and the racemic silylated ene-ynols 3-88a−
d after chromatographic separation of the formed diastereomers 3-90a−d, as well as
3-91a−d and desilylation. The cyclization method of choice appeared to be the air-
induced triethylborane protocol, launching the 5-exo-trig-/6-endo-dig radical cas-
cade, which also implies an iodine transfer. The final products (R)-3-94a−d and (S)-
3-95a−d, respectively, were obtained in low to moderate yield in case of the (R)-
isomer, and in moderate to good yields in the case of the (S)-isomer. Undoubtedly,
the difference in outcome of both series is caused by steric factors. Hence, X-ray
crystal structure elucidation of the products confirmed that in the (S)-series the py-
ranoside ring is a well-developed chair, whereas in the (R)-series a non-chair confor-
mation is adopted.

The first examples of a consecutive radical 5-exo-/dig-5-exo-dig cyclization of 1,5-
diynes have been accomplished by the same researchers [43]. These authors were
able to show that their cycloisomerization procedure provides access to strained
semicyclic, conjugated dienes with a functionalized dioxatriquinane framework
which occurs in the aglycones of steroidal cardiac glycosides, such as isogenine (3-
96) [44] and C-norcardanolide (3-97) (Scheme 3.24) [45].

For example, exposure of the iodotetrahydrofurans 3-98 to triethylborane in re-
fluxing benzene in the presence of air and ethyl iodide triggered the formation of
the diastereomeric dioxatriquinanes 3-99 and 3-100 (Scheme 3.25).

An efficient methodology for the construction of pyrrolizidines and other polycy-
clic nitrogen heterocycles using a radical domino sequence has been revealed by
Bowman and coworkers [46]. These authors employed sulfenamides as substrates,
which easily form aminyl radicals by treatment with tributyltin hydride and AIBN.
For instance, 3-101 smoothly underwent a twofold 5-exo-trig cyclization to give the
tetracyclic pyrrolizidine product 3-105 in 90 % yield (Scheme 3.26). As intermedi-
ates, the radicals 3-102 to 3-104 can be assumed.

Free-radical ring-expansion reactions have been established as attractive ap-
proaches to standard, medium-sized, and even large rings [47]. The incorporation
of an additional, appropriately positioned radical acceptor offers the possibility to
extend this methodology to a domino ring expansion/cyclization procedure [48]. A
general reaction path is presented in Scheme 3.27, in which readily available sub-
strates 3-106 first undergo a radical ring expansion to generate intermediates of
type 3-107. These are then captured by the tethered alkyne moiety, furnishing the
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Scheme 3.24. Steroids with dioxatriquinane substructure.
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Scheme 3.25. Dioxatriquinanes by triethylborane-induced domino radical atom transfer/
cyclization of 1,5-diynes.

3-98a: R = H
3-98b: R = CH2OPiv

3-100a: 60% (1.4:1)
3-100b: 48% (2.9:1)

+

3-99a
3-99b

+
+

BEt3, air, EtI
benzene or MeCN
60–65 °C

N•

5-exo-trig

N

•

N

H

H

NSPh

3-101

Bu3SnH, AIBN
THF, reflux

3-102 3-103

5-exo-trig

3-1043-105

90%

Scheme 3.26. Synthesis of pyrrozidine 3-105 by a domino radical cyclization via an 
aminyl radical.
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Scheme 3.27. General scheme of domino radical ring expansion/cyclization procedure.

3-108

steps

fused bicyclic products 3-108 [49]. As pointed out by Carreira and coworkers, the
two reactions may compete with each other. Thus, initially, instead of the ring ex-
pansion a 1,5-hydrogen transfer could take place, whereas in the cyclization step
with m = 1 a 6-exo cyclization might compete.

However, cyclopentanone 3-109 with a cis orientation of the iodoalkane group
and the alkyne moiety was converted into the fused cyclooctanone 3-110 in 82 %
yield (Scheme 3.28). In contrast, the corresponding trans-isomer only underwent
1,5-hydrogen transfer, leading to a dehalogenated starting material.
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Bu3SnH, AIBN
benzene, reflux

O

I

CO2Me

MeO2C

O

82%

3-109 3-110

Scheme 3.28. Example of a domino radical ring expansion/cyclization procedure.
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•
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•
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R1

SiMe2R2

a: R1= Me, R2= Ph
b: R1= Ph, R2= Me
c: R1= C6H13, R2= Me

a: 58%
b: 54%
c: 48%

Bu3SnH, AIBN, 
benzene, reflux

3-112 3-113

Scheme 3.29. Synthesis of bicyclo[3.1.0]oxahexanes.

3-111 3-114

+
acceptor donor

•

•

•

• [4+1]

[4+2]

Scheme 3.30. Boomerang-type [4+1] and [4+2] radical sequences.

acceptor
radical donor

An early − but mechanistically interesting − construction of a bicyclo[3.1.0]oxa-
hexane by a domino radical cyclization was presented by Luh’s group [50]. The addi-
tion of tributyl tin and AIBN to a solution of bromides 3-111 in refluxing benzene
gave 3-114 as single diastereoisomers in acceptable yields via the intermediates
3-112 and 3-113 (Scheme 3.29). It is important that the cyclopropyl carbinyl radical
intermediate has the correct stability and reactivity, which is achieved by the α-silyl
substituent.

In their studies, Takasu, Ihara and coworkers used a new methodology based on a
boomerang-type radical domino sequence [51], in which an iodoalkenyl can act as
both radical donor and acceptor providing [4+2] or [4+1] cyclization products [52].

Thus, reaction of the 2-iodovinyldienoate 3-115 using different reaction condi-
tions led to the assembly of annulated product 3-116 in moderate to good yields
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(Scheme 3.31, entries 1−3). The reaction proceeds via a 5-exo-trig ring closure by at-
tack of the primarily formed vinyl radical onto the adjacent olefin moiety. Further 6-
endo-trig cyclization involving the initial double bond furnished the desired product
3-116. Heating of 3-115 in benzene did not lead to the product, which suggests that
the [4+2] annulation reactions are not the result of a Diels−Alder process. Ulti-
mately, it should be mentioned that indirect cathodic electrolysis applying Ni(cy-
clam)2+ as mediator afforded only the monocyclic product 3-117 instead of bicycle 3-
116.

Various bicyclo[3.3.0]octanes employing a radical iodine atom transfer reaction
have been successfully synthesized by Taguchi and coworkers [53]. This procedure
exemplifies the small number of radical domino processes which are initiated by an
intermolecular radical addition. The process makes use of the 2-iodomethylcyclo-
propane derivative 3-118 as precursor of a homoallylic radical 3-120, which can be
captured by 1,4-dienes as well as 1,4-ene-ynes 3-119. Triethyl borane/air-mediated
formation of 3-120 from 3-118 and subsequent Lewis acid-catalyzed formal [3+2] cy-
cloaddition involving a diene or an ene-yne 3-119 led to the radical intermediate 3-
121. Further 5-exo-dig(trig) ring closure furnished bicyclic radical 3-122, which is fi-
nally trapped by iodine to give the desired product 3-123. The products containing
an iodalkyl group were converted into the corresponding olefinic compound 3-124
by treatment with DBU, to allow a better separation (Scheme 3.32).

Another Lewis acid-catalyzed atom-transfer domino radical cyclization, to pro-
duce various bicyclic and tricyclic ring skeletons, has been developed by Yang and
coworkers [54]. Reactions of the α-bromo-�-keto ester 3-125 with Yb(OTf)3 and
Et3B/O2 led to the bicycle 3-126 in 85 % yield (Scheme 3.33). The reaction proceeds
via a 6-endo-trig and 5-exo-trig cyclization after initial abstraction of the bromine

TsN
I

CO2Me

Ph
TsN

H

H
Ph

CO2Me

TsN
Ph

CO2Me

3-115 3-116 3-117

Entry Conditions Yield [%]

3-116 3-117

1
2
3
4

20
0
0

85

40
63
66
0

Bu3SnH, AIBN, benzene, reflux[a]

Bu3SnH, AIBN, benzene, reflux[b]

(TMS)3SiH, AIBN, benzene, reflux[b]

Ni(cyclam)2+, DMF, –1.5 V, r.t.

[a] 1.2 eq Bu3SnH and 0.5 eq AIBN were added dropwise over 1 h. 
[b] 1.2 eq hydride and 0.5 eq AIBN were added dropwise over 2 h.

+

Scheme 3.31. Intramolecular [4+1] and [4+2] annulation reactions employing domino
radical cyclizations.
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Scheme 3.32. Products and mechanism of an iodine atom transfer radical domino reaction.
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42
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(3-123: 80%)
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[a] Conditions: 0.5 mmol 3-118, 1 mmol diene or enyne 3-119, 0.5 mmol BEt3, 0.5 mmol 
Yb(OTf)3 in 4 mL CH2Cl2 at –15 °C.

R = TPS
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0.3 eq Yb(OTF)3
BEt3/O2, Et2O, –78 °C

85%

0.3 eq Yb(OTF)3
1.1 eq L, CH2Cl2, –78 °C

60%
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OO
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O
CO2Et

H

Br

NO

N N

O

Ph Ph

3-125 3-126

3-125 3-126 (66% ee)

L

Scheme 3.33. Lewis acid-promoted free radical domino cyclization reaction and 
enantioselective approach.

atom. The reaction was also carried out in an enantioselective manner using pybox-
ligand L with 66 % ee and 60 % yield.

The consecutive multiple carbon−carbon bond construction with help of radical-
mediated intramolecular domino cyclizations is well established, and has been ap-
plied with great success. However, the extension to intermolecular procedures has
been severely limited. Nonetheless, a successful example was reported by Yamago,
Yoshida and coworkers using a new group-transfer coupling which avoids the prob-
lem of selective reaction of transient radicals with coupling partners in radical
chain reactions [55]. The reaction was accomplished by heating a neat mixture of
benzophenone 3-127, phenyl acetylene 3-128 and trimethylsilyl phenyl telluride to
100 °C, providing silyl-protected allylic alcohol telluride species 3-129 in excellent
93 % yield and 96 % (E)-selectivity (Scheme 3.34). The transformation is assumed to
pass the radical intermediates 3-130 and 3-131 on the way to product 3-129.

The vinylic carbon−tellurium bond in 3-129 can easily be cleaved by a tributyltin
radical to afford vinyl radical 3-131, which can undergo further transformations as
hydrogenation or C−C-bond formation, for example with dimethylfumarate in a
(Z)-selective mode.

The addition of carbon-centered (alkyl or vinyl) radicals to alkene moieties bear-
ing chiral auxiliaries has been extensively studied [56]. Herein, an approach is
highlighted by Malacria’s group, relying on the easy introduction and low cost of an
enantiopure sulfoxide unit which can be regarded as temporary chiral auxiliary [57].
As can be seen in the general approach [route (1) in Scheme 3.35], the sulfoxide-
controlled intramolecular addition of a radical as in 3-132 to a proximate alkene
unit furnishes a five-membered ring system 3-133 in a 5-exo-trig manner in an di-
astereoselective way. �-Elimination of the chiral auxiliary then provides the enan-

3 Radical Domino Reactions



243

Me3SiO Ph

Ph TePh
Ph

Me3SiO

Ph
Ph

Ph
•

Me3SiO

Ph
Ph

•

O

PhPh
Ph

Ph

+

Me3SiTePh
[– • TePh]

Me3SiTePh
neat, 100 °C

+

[+ • TePh]

3-129
96:4 (E:Z)

93%

3-127 3-128

3-130 3-128 3-131

Scheme 3.34. Intermolecular domino radical addition procedure for the synthesis of 
silyl-protected allylic alcohols.
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3-132 3-133 3-134

a: R1= iPr, R2= H
b: R1= cPr, R2= H
c: R1, R2= –(CH2)5–
d: R1, R2= Me

a: R1= iPr, R2= H
b: R1= cPr, R2= H
c: R1, R2= –(CH2)5–
d: R1, R2= Me

(1)

(2) 52–93%

(42–96% ee)

E = CO2Me

Et3B/O2
Bu3SnH
0 °C or –78 °C

R

3-1363-135

tiomerically enriched product 3-134. Hence, the sulfoxides 3-135 were converted
under low-temperature radical conditions (Bu3SnH, Et3B/O2) to the desired pro-
ducts 3-136 in 52−93 % yield and in moderate to high enantiopurity (42−96 % ee).

As early as 1986, Stork and coworkers presented an intramolecular radical cycli-
zation/intermolecular trapping methodology within their synthesis of prostaglan-
din F2α [58].

The first example of an intermolecular radical addition/intermolecular trapping
domino reactions of an acyclic system in a stereocontrolled fashion to build stereo-
genic centers at the α- and �-carbons was described by Sibi and coworkers [59].
Enantioselective addition of in-situ-prepared alkyl radical to crotonate or cinnamate,
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facilitated by the addition of substoichiometric amounts (30 mol%) of a Lewis acid
(MgI2, Cu(OTf)2 or Mg(ClO4)2) and chiral bisoxazoline ligand 3-139, produced a
radical in the α-position which could be trapped by a present allylic tin species in an
anti-manner (Scheme 3.36). The best results according to stereoselectivity were ob-
tained when the substituents R1 and R2 were as large as possible, whereas different
Lewis acids gave almost the same results. Thus, utilization of cinnamate 3-137
(R1 = Ph) in combination with tBuI and MgI2 as Lewis acid gave 3-138 (R1 = Ph,
R2 = tBu) with diastereomeric ratio 99:1 and 97 % ee in 84 % yield.

The classical procedures for the synthesis of �-amino carbonyl compounds are
based on a Mannich reaction, which relies on iminium ions. Quite recently, Naito
and his group have designed a new type of Mannich reaction involving free-radical
chemistry [60]. Thus, submitting substrates 3-140, containing two electrophilic
radical acceptors, to radical conditions (Et3B, oxygen, refluxing benzene) in the pre-
sence of a nucleophilic alkyl radical precursor R2I, led to a selective addition on the
acrylate moiety, furnishing intermediates 3-141 (Scheme 3.37). This radical stays in
equilibrium with the aminyl radical 3-142. Since only the aminyl radical can be in-
tercepted by the highly reactive triethylborane, the equilibrium is pushed to the for-
mation of 3-143, which gives the �-aminobutyrolactone 3-144 in good yields (64−
70 %) and high stereoselectivity (12:1).

A rather new concept in the context of domino radical cyclizations has been
developed by Gansäuer and coworkers utilizing titanocene-complexes for the radi-
cal opening of unsaturated epoxides. The titanocene-catalyzed reactions [61] of 3-
145 primarily led to radical 3-146, which underwent a subsequent intermolecular
addition to a present α,�-unsaturated carbonyl compound to form bicyclic carbocy-
cles of type 3-148 via the intermediate 3-147 after aqueous work-up (Scheme 3.38)
[62]. From a kinetic point of view, the reaction is remarkable since the intermolecu-
lar addition of simple radicals to α,�-unsaturated carbonyl compounds is not an
easy task, as highlighted above.

R3= Bu
R3= PhNO

O

R1

O

NO

O

R1

O R2

N N

OO

3-137 3-138
66–95%

3-139

R1= Ph, Me
R2= CH2OMe, Et, cHx, iPr, tBu
X = I, Br

(53–97% ee, 2.4–99:1 dr)

Lewis acids: MgI2, Cu(OTf)2, Mg(ClO4)2

Scheme 3.36. Enantioselective intermolecular domino radical addition procedure.

Sn(R3)3

Lewis acid, 3-139, R2X
BEt3, O2, CH2Cl2, –78 °C
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Scheme 3.37. Domino radical addition/cyclization-reaction for the asymmetric synthesis
of β-aminobutyrolactones.
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In a similar manner, the Gansäuer group also used this domino methodology for
the constructions of annulated tetrahydrofurans 3-150 using epoxides of type 3-149
[63]. In this way, a broad variety of products could be synthesized in a cis-selective
fashion in good yields and high diastereoselectivity (Scheme 3.39).

Recently, the Cuerva group also presented a titanocene-catalyzed domino cycliza-
tion of an aryl epoxypolyene such as 3-151, which led to the formation of a trans/
anti/trans-fused tricyclic compound 3-152, though in only moderate yield.
Nevertheless, six stereogenic centers are formed in this domino process [64]. 3-152
could be transformed into the natural terpenoid stypoldione (3-153) (Scheme 3.40)
[65].

Another new example using titanocene as catalyst has been revealed by Malacria
and coworkers. Here, a previously unknown combination of radical cyclization in-
volving an epoxide-opening of 3-154 and a �-phosphinoyl-elimination takes place to
furnish various pyrrolidines 3-155, bearing a tetrasubstituted exo-double bond, in
good yields (Scheme 3.41) [66].

Examples of samarium-promoted radical procedures, which were combined with
anionic processes, were detailed in Section 3.3. Here, we describe two-fold radical
reactions initiated by SmI2. A combination of two samarium(II) iodide-promoted
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Scheme 3.39. Examples of titanocene-catalyzed domino reactions.
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Scheme 3.40. Titanocene-catalyzed synthesis of a tricyclic terpenoid.

radical processes has been used by Molander’s group for the synthesis of cyclo-
hexanediols [67]. Exposure of α,�-epoxy ketone 3-156 containing an alkene moiety
to a THF/HMPA solution of samarium(II) iodide provided cis-cyclohexanediols 3-
157 and 3-158 as a diastereomeric mixture (12:1), in 88 % yield (Scheme 3.42).

The following mechanism can be assumed. Initially, the ketyl intermediate 3-159
is formed, which leads to 3-160 by a radical epoxide opening. Reaction with the sec-
ond molecule of SmI2 gives samarium-chelated hydroxy-ketyl 3-161, which cyclizes
to afford the products 3-157 and 3-158.

SmI2 has also been used in the transformation of sugars to give highly oxy-
genated cyclopentanes, as described by Enholm and coworkers [68]. Treatment of 3-
162 with samarium(II) iodide in THF at −78 °C in the presence of a ketone such as
3-163 or an aldehyde 3-165 led to the cyclopentane derivatives 3-164 and 3-166, re-
spectively, in good yields and excellent to moderate diastereoselectivity
(Scheme 3.43). It can be assumed that the reaction proceeds via the formation of a
ketyl radical from 3-162 and subsequent radical ring closure with the adjacent ole-
fin moiety. The formed radical then undergoes an intermolecular addition to the
added carbonyl compound.

Radical ring-opening reactions of cyclopropyl ketones, mediated by samarium(II)
iodide and other electron-transfer agents, have been shown to provide a reliable
methodology for the construction of carbocycles. Motherwell and coworkers have
provided an overview of the great potential of ring-opening reactions of bicy-
clo[4.1.0]ketones 3-167 to produce radicals of type 3-169 via the ketyl radical 3-168.
3-169 can undergo further domino-type radical cyclization or enolate-trapping
(Scheme 3.44) [69].
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[a] E/Z ratio 3:1. [b] Hydrolysis with a saturated solution of NH4Cl.

Scheme 3.41. Titanocene-catalyzed synthesis of alkylidenepyrrolidines.
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Scheme 3.42. Synthesis of cyclohexan-1,3-diols from epoxides containing a C=C-double bond.
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Scheme 3.43. Samarium(II) iodide-promoted domino reaction of carbohydrates.
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3-171a: R = TMS
with Zn/Hg: 52% + 34% of 3-172
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with SmI2: 79%
3-171b: R = H
with SmI2: 57%

3-172

a) Zn/Hg, TMSCl, 2,6-lutidine, THF, reflux
or SmI2, THF/DMPu (9:1), –78 °C → r.t..

Scheme 3.45. Domino radical ring-opening/cyclization procedure for the synthesis
of spiroketone 3-171.

a)

In a first approach, the spiroketone 3-171a was prepared by treatment of 3-170a
with a Zn/Hg/TMSCl/2,6-lutidine electron-transfer system (Scheme 3.45). Besides
52 % yield of the desired product 3-171a, 34 % of the uncyclized compound 3-172
and 9 % of starting material were isolated.

In contrast, the use of SmI2/DMPU as an electron-transfer system led to the
smooth production of spiroketone 3-171a in 79 % yield, without any side products
(Scheme 3.45). It was also possible to cyclize the unprotected cyclopropyl ketone 3-
170b to give the spiroketone 3-171b in 57 % yield.

Similar results were observed with 3-173 as substrate. Using zinc amalgam, the
hydridane 3-174 was obtained in 43 % yield, whereas samarium(II) iodide fur-
nished 3-174 in 77 % yield (Scheme 3.46).

Grignon-Dubois and coworkers have shown that reduction of a quinoline using
zinc and acetic acid in THF gives the dimeric compound 3-177 via intermediate 3-
176 (Scheme 3.47) [70]. Usually, a mixture of the syn- and anti-products is formed;
the substituent has some influence on the regioselectivity of the dimerization and
cyclization step. With R = H and R = 6-Me, only the benzazepine 3-177 were pro-
duced, by a head-to-head dimerization.

O O
H

H

CO2Mea) or b)

3-173 3-174

a) Zn/Hg, TMSCl, collidine, THF, reflux, 43%.
b) SmI2, DMPU, THF, –78 °C → r.t., 77%.

Scheme 3.46. Domino radical ring-opening/cyclization procedure in the synthesis of
bicyclic ketone 3-174.

CO2Me
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Scheme 3.48. Thermolysis of benzoenynes-allenes initiating a domino radical cyclization.

3-178 3-179

3-1803-181

Finally, thermally induced isomerizations which generate carbon-centered
biradical organic molecules have been shown to serve as alternative for conven-
tional chemical and photochemical methods [71]. A straightforward procedure to
accomplish such biradicals was described by Myers using a thermal conversion of
yne-allenes [72]. According to this scheme, Wang and coworkers [73] heated 3-178
in 1,4-cyclohexadiene to 75 °C and obtained 3-181 in 22 % yield via the biradicals 3-
179 and 3-180 (Scheme 3.48).
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The Pattenden group has recently revealed a new synthetic approach to the pro-
pellane sesquiterpen triquinane (±)-modhephene (3-70), introducing an eight-
membered ring system with an appropriate thioester. Thus, using standard radical
conditions (Bu3SnH, AIBN) a 5-exo-trig/5-exo-dig domino cyclization took place to
generate the propellane structure in 60 % yield [74].

Another very new radical/radical domino procedure was used in the total synthe-
sis of the alkaloid lennoxamine by Ishibashi and coworkers. Here, a 7-endo cycliza-
tion/homolytic aromatic substitution reaction cascade led to the target compound
in 41 % yield [75].

3.3.1
Radical/Radical/Anionic Domino Processes

Domino reactions have shown to be useful not only for the composition of
molecules, but also for their degradation. This is a concept which is often en-
countered in Nature. Hence, ribonucleotide reductases (RNRs) represent a type of
enzyme that is able to catalyze the formation of DNA monomers from ribonu-
cleotides by radical-mediated 2’-deoxygenation. This process has also been studied
in vitro utilizing a chemical approach. For example, Robins and coworkers used 6’-
O-nitro esters of homonucleosides 3-182 containing a chloro substituent in the 2’-
position for their investigations (Scheme 3.49) [76]. Treatment of the latter with
nBu3SnD and AIBN in refluxing benzene resulted in the formation of 6’-oxygen
radical 3-183, which allows a 1,5-hydrogen shift resulting in an abstraction of H-3’.
The formed C-3’ radical loses a chlorine atom, as postulated for the action of ri-
bonucleotide reductase, to furnish enol 3-184 which then undergoes elimination of
uracil to give the furanone derivative 3-185 in 75 % yield.

SnBu3

O

HO Cl

ONO2

U

•

1'

2'3'

4'

5'6' O U

OH

OH

O
H

O
U

HO Cl

•

– Cl

O

O

HO

Bu3SnD, AIBN
benzene, reflux

•

U = uracil

Scheme 3.49. Biomimetic simulation of a free radical-initiated domino reaction.

3-182 3-183 3-184
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75% – U
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3.3.2
Radical/Radical/Radical Domino Processes

Instead of simply using two radical reactions in a domino process, the combination
of three and more radical C−C- or C−N-bond forming radical transformations is
also possible. This makes this methodology one of the most powerful procedures in
the synthesis of complex molecules starting from simple substrates [77]. During
the years, several strategies have been developed, and these are depicted in
Scheme 3.50. The strategies can be classified as three types:
� The so-called “zipper” strategy is characterized by starting the cyclization process

in the middle of the chain and working its way back and forth across toward the
ends.

� The “macrocyclization/transannular cyclization” process [78], in contrast, is in-
itiated at the ends of the chain and works towards the middle.

� The third, less common, “round trip radical reaction” process starts at one end of
the chain and works its way back to the same end [79].

The latter strategy has been employed by Curran and coworkers for their very short
total synthesis of the natural products (±)-iso-gymnomitrene 3-191 and (±)-gym-
nomitrene 3-194 (Scheme 3.51) [80]. As substrate, the easily accessible iodotriene 3-
186 was used; this was converted into a mixture of compounds containing 31 % of
3-191 and 3 % of 3-194 using a tin hydride derivative. In this process, 3-191 is
formed by a 5-exo-trig/6-endo-trig/5-exo-trig domino cyclization via 3-187, 3-188 and

•

• The "zipper" strategy goes from the middle to the ends.

•

• The "macrocyclization/transannular cyclization" strategy goes 
from the ends to the middle.

• The "round trip" strategy goes from the end back to the same end.

•

•

••

Scheme 3.50. Domino radical cyclization strategies from linear acylic precursors (the formed 
bonds are highlighted in bold).
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3-188
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6-endo-trig
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6-endo-trig
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5-exo-trig
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(31%)

3-192 (20%)

3-193 (22%)

Scheme 3.51. Proposed mechanism for the "round trip" synthesis of iso-gymnomitrene ketone
(3-191) and gymnomitrene ketone (3-194).

3-189. Other compounds obtained are the monocycle 3-195 in 23 %, as well as the
bicycles 3-192 and 3-193 in 20 % and 22 % yields, respectively, with 3-190 as a pro-
posed intermediate.

A dramatic improvement in this new “round trip radical domino processes”
developed by Curran’s group was presented by Takasu, Ihara and coworkers. The
new method relies on the introduction of a conjugated ester moiety at the terminal
olefin, thereby effecting an acceleration of the domino reaction accompanied with
an enhancement of the regio- and stereoselectivity [81]. Thus, reaction of 3-196 with
Bu3SnH led to a 4:3 mixture of the two diastereomeric tricycles 3-197 and 3-198 in
83 % yield. In this process, the vinyl radical 3-199 is initially formed, but this
smoothly cyclizes in 5-exo-trig manner to give radical 3-200 (Scheme 3.52). Due to

3 Radical Domino Reactions



255

3-200

CO2Me

E

E
•

3-199

5-exo-trig
E

E

MeO2C

•

CO2Me

E

E
• 5-exo-trig

E
E

CO2Me
H

H

H

CO2Me

E

E

E
E

CO2Me
H

H

H

3-201

3-1983-196

Bu3SnH, BEt3
benzene, r.t.

83%
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+

5-exo-trig
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Scheme 3.52. Improved "round trip radical reaction" for the synthesis of linear fused 
[5.5.5]tricycles.

I

the high nucleophilicity of this radical, a 5-exo-trig addition onto the unsaturated
ester moiety providing α-carboxy radical 3-201 is kinetically predominant. The
sequence is terminated by a 5-exo-trig ring closure onto the electron-rich olefin
moiety.

Domino reactions of aryl isocyanides 3-202 with iodopentynes 3-203 for the
generation of cyclopentaquinolines 3-204 and 3-205 turned out to be very fruitful
for the synthesis of several natural products and analogues belonging to the camp-
tothecin family, as demonstrated by the Curran group [82]. This process can be re-
garded as [4+1]-radical annulation furnishing geminal carbon−carbon bonds [83].
Interestingly, the second ring can be closed either in a 1,6-fashion which leads, after
oxidation, to the tricyclic ring system 3-204, or in a 1,5-fashion affording a spiro-in-
termediate which rearranges to give 3-205 (Scheme 3.53).

In a similar way (and as described for the aromatic isocyanides), aliphatic α,�-un-
saturated isocyanides can also be used, leading to similar structures with a cyclo-
hexano instead of a benzo moiety [84]. Based on the approach using aromatic isocy-
anides, a small library of about 20 camptothecin derivatives has been prepared, of
which irinotecan® and topotecan® have entered the clinical treatment of cancer
[85]. For the synthesis of the camptothecin derivatives, 3-206 was alkylated with the
appropriate propargylic bromides 3-207 to give 3-208, which were irradiated in ben-
zene at 70 °C, together with the respective isocyanide 3-209 and hexamethylditin
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Me6Sn2
hν, benzene, 150 °C

Scheme 3.53. Synthesis of cyclopentaquinolines from aryl isonitriles and iodopentynes.
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g: Y = C, R1= H, R2= NHBoc (58%)

Scheme 3.54. Domino radical sequence in the synthesis of camptothecin analogues.

3-210

3-208

[86]. In this way, various pentacycles 3-210 could be obtained in yields of 51 to 63 %
(Scheme 3.54). It should be noted that toxic tin organyls could be replaced by
silanes such as tris(trimethylsilyl)silane, but under these conditions the reaction
rate was significantly reduced.

The same methodology was also used for the synthesis of (S)-mappicine (3-213),
which can be oxidized to produce mappicine ketone, an antiviral lead compound
[87]. Reaction of the chiral alcohols 3-211a and 3-211b, respectively, with phenyli-
socyanide 3-212 and hexamethylditin in benzene under irradiation delivered (S)-
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Scheme 3.55. Synthesis of (S)-mappicine (3-213).
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       CH2CH2tBu, Amyl, Ph, tol, Bn
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Scheme 3.56. Solution-phase parallel synthesis of rac-homosilatecan analogues (3-216).

mappicine (3-213) in 38 % and 64 % yields, respectively (Scheme 3.55). It is interest-
ing to note that the yield was almost doubled by using the iodide 3-211b instead of
the bromide 3-211a.

Also in this case, Curran and coworkers produced a library of 64 mappicine ana-
logues by automated solution-phase combinatorial synthesis, as well as a 48-mem-
ber library of mappicine ketone derivatives [88]. Furthermore, these authors were
successful in building up a 115-member library of rac-homosilatecans 3-216 using
different iodopyridones 3-214 and aryl isocyanides as substrates 3-215
(Scheme 3.56) [89].

It has been shown by Zanardi, Nanni and coworkers that, instead of isocyanides,
isothiocyanates can be used in the radical process [90]. Treatment of the mixture of
the diazonium tetrafluoroborates 3-217 and the isothiocyanates 3-218 with pyridine
or a mixture of 18-crown-6 and potassium acetate in ethyl acetate, furnished the
benzothienoquinoline derivatives 3-219. In addition, in some cases the rearranged
products 3-220 were furnished in low to reasonable yields (Scheme 3.57).
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In a similar manner, benzothienoquinoxaline derivatives 3-223 can also be syn-
thesized by employing the diazocyanoaryl tetrafluoroborates 3-221 and the
isothiocyanate 3-222 (Scheme 3.58) [91].

Some excellent examples of cationic polycyclizations, especially in the field of
steroid synthesis, were described in Chapter 1. However, these polycyclizations can
also be performed using a radical as initiator. Such reactions can be divided into
those based on serial 6-endo-trig cyclizations from polyene acyl precursors [92], radi-
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Scheme 3.57. Domino radical reaction in the synthesis of benzothienoquinoline derivatives.
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Scheme 3.59. Sevenfold domino radical 6-endo-trig cyclization.

cal-mediated macrocyclizations from alkyl radicals followed by radical transannula-
tions [93], consecutive oxy (and aminyl) radical fragmentation/transannulation/cy-
clization sequences [92], and several combinations of these processes [95].

An impressive example of the power of this approach is the combination of seven
6-endo-trig cyclizations in one single event, as devised by Pattenden and his group
(Scheme 3.59) [96], The hydroxyheptenselenoate 3-225, synthesized from all-E-ger-
anylgeraniol (3-224) involving two successive homologations, was treated with
AIBN and tributyltin hydride in refluxing benzene to give the all-trans-anti heptacy-
clic ketone 3-227 in a yield of 17 % via the primarily formed radical 3-226. In order
to minimize the formation of reduced byproducts, the Bu3SnH was added over 8 h
using a syringe pump − a popular method in the area of radical chemistry.

It could be shown that the stereochemical outcome of such radical polycycliza-
tions is influenced by the nature of the substituents (H, Me, CO2R). For instance, as
in the example 3-225, the all-(E)-methyl-substituted polyene 3-228 also gave the cor-
responding all-trans-anti polycycle 3-229 in the presence of Bu3SnH and AIBN.
However, the ester-substituted polyene 3-230 led to the cis-anti-cis-anti-cis tetracycle
3-231 under similar reaction conditions (Scheme 3.60). A certain degree of preor-
ganization of the precursor is assumed to be the reason for this result [97].

An exact tuning of the reactivities clearly plays an important role in the develop-
ment of radical domino reactions. Thus, as shown by Pattenden and coworkers, the
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Scheme 3.60. Influence of substituents on the stereochemical outcome of radical cyclizations.
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45%
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CO2Me

radical 3-233, obtained from the selenoate 3-232, does not undergo tetracyclization
but rather forms the cyclopropyl-substituted macrocycle 3-234 in about 40 % yield
via a 14-endo-trig-cyclization (Scheme 3.61) [98].

As mentioned above, the class of Aspidosperma alkaloids (see Section 3.4) has at-
tracted the attention of the chemical community, due to the compounds’ challeng-
ing architecture and biological activity [99]. Here, a new approach to the ABCE-tet-
racycle 3-239 of, for example, aspidospermidine (3-240), as developed by the Jones
group, is disclosed [100]. Reaction of the substrate 3-235 with tributyltin hydride in
refluxing 5-tert-butyl-m-xylene (ca. 200 °C) resulted in the formation of an aryl radi-
cal 3-236 with its well-known ability to abstract a hydrogen atom via a six-mem-
bered ring transition state, leading to the α-amino radical 3-237. It follows an attack
on the indole systems, which is facilitated by the electron-withdrawing cyano group
and a 5-exo-trig ring closure of the intermediate 3-238 to give the tetracyclic scaffold
3-239 in 43 % yield as a 8:3:2:1 mixture of diastereoisomers (Scheme 3.62).

The natural spironucleoside hydantocidin (3-241), which was discovered in 1991,
demonstrates pronounced herbicidal and plant growth-regulatory properties. This
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Scheme 3.61. Undesired 14-endo-trig macrocyclization.

3-233
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has in turn led to a stimulation of studies related to the synthesis of anomeric
spironucleosides [101].

Herein, two short and efficient synthetic approaches of the group of Chatgilialoglu
[102], both based on radical domino reactions, for the preparation of anomeric
spironucleosides such as 3-246 and 3-250, are described. The first method features
the conversion of protected 6-hydroxymethylribouridines 3-242a/b into spironu-
cleosides 3-246a/b in 36 % and 49 % yields, respectively, using PhI(OAc) and I2

(Scheme 3.63). Photolysis of the primarily formed hypoiodite generates an alkoxy
radical 3-243, which directly undergoes a Barton-type hydrogen migration, furnish-
ing the anomeric C-1’ radical 3-244. This forms the corresponding oxenium salts 3-
245. Finally, probably via an unstable anomeric iodo intermediate, nucleophilic addi-
tion of the hydroxyl group in 3-245 occurs to produce the desired 3-246.

In the second example, the protected dibromovinyl deoxyuridine 3-247 was trans-
formed into a 2:1-mixture of the desired spirocompounds 3-249 and 3-250 in 57 %
yield using standard radical conditions with (TMS)3SiH. In addition, 25 % of a E/Z-
mixture of 3-251 was obtained (Scheme 3.64).
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Bromomethyldimethylsilyl (BMDMS) propargyl ethers undergo intramolecular
radical 5-exo-dig cyclizations using tributyltin hydride; the reaction is initiated by
the generation of a stabilized α-silyl radical such as 3-253 [103]. The Malacria group
has described the reaction of the monocyclic compound 3-252 which gave the pen-
tacyclic product 3-254 [104]. This was transformed using a Tamao oxidation and
subsequent desilylation, to afford the antibiotic epi-illudol (3-255) in 47 % yield over
three synthetic steps (Scheme 3.65).

It should be noted that this strategy could also be utilized to build up the linear
triquinane framework 3-257 in 45 % yield, employing the 11-membered ring sys-
tem 3-256 in which the BMDMS group is simply moved from one to the other side
of alkyne moiety as compared to 3-252 (Scheme 3.66) [105].

In another approach, the annulated [5.6.5] ring system 3-259 was obtained from
3-258 in a radical reaction in 61 % yield (Scheme 3.67) [106]. This motif is found as
the central core in several important natural products.

1) Bu3SnH, AIBN
    benzene, reflux
2) Tamao oxidation
3) Bu4NF,THF
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Scheme 3.65. Synthesis of epi-illudol.

5-exo-dig
4-exo-trig
6-exo-trig

H

O
SiBr

OMe OMe
HO

HO
•
•

3-256

1) Bu3SnH, AIBN, benzene, reflux
2) Tamao oxidation
3) Bu4NF, THF

3-257

Scheme 3.66. Synthesis of a linear triquinane.

45%

3.3 Radical/Radical Domino Processes



264

Br
OTBS

E E E
E

OTBS

E = CO2Me3-258

61%

3-259 (dr 1.5:1 )

Bu3SnH, AIBN
benzene, reflux

Scheme 3.67. Alternative domino radical procedure for the construction of a [5.6.5] tricycle

Mascareńas and coworkers uncovered a rather exceptional procedure featuring a
very effective domino radical cyclization/Beckwith−Dowd rearrangement sequence
furnishing bicyclo[5.3.1]undecanes as products [107]. On treatment with tributyltin
hydride and AIBN, the vinyl bromide 3-260 underwent a smooth conversion to
the desired product 3-265 in 81 % yield as an approximate 3:1 mixture of insepa-
rable diastereoisomers (Scheme 3.68). The authors proposed a plausible mecha-
nism in which the primarily formed vinyl radical 3-261 cyclizes in a 7-endo-trig
mode to deliver the carbon-centered secondary radical 3-262. Afterwards, an inter-
nal 1,2-acyl transfer occurs, which in the light of the well-known Beckwith−Dowd
ring expansion of α-halomethyl and related cyclic ketones [108], should proceed by
a 3-exo-trig ring closure between the secondary radical and the carbonyl group to
form a strained, short-lived oxycyclopropyl radical intermediate 3-263. �-Fragmen-
tation of the latter yielded ring-expanded radical 3-264 which, after reaction with
Bu3SnH, provides 3-265. It should be mentioned that the methodology could be ex-
tended to the preparation of the bicyclo[4.3.1]decane scaffolds, though in lower
yield.
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Scheme 3.68. Cyclization/ring expansion for the construction of bridged polycyclic systems.
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Clive and coworkers have developed a new domino radical cyclization, by making
use of a silicon radical as an intermediate to prepare silicon-containing bicyclic or
polycyclic compounds such as 3-271 and 3-272 (Scheme 3.69) [109]. After formation
of the first radical 3-267 from 3-266, a 5-exo-dig cyclization takes place followed by
an intramolecular 1,5-transfer of hydrogen from silicon to carbon, providing a sili-
con-centered radical 3-269 via 3-268. Once formed, this has the option to undergo
another cyclization to afford the radical 3-270, which can yield a stable product
either by a reductive interception with the present organotin hydride species to ob-
tain compounds of type 3-271. On the other hand, when the terminal alkyne carries
a trimethylstannyl group, expulsion of a trimethylstannyl radical takes place to af-
ford vinyl silanes such as 3-272.

Scheme 3.70 illustrates three examples in which the highly efficient construction
of bi- and polycyclic compounds 3-274, 3-276 and 3-278 from 3-273, 3-275 and 3-
277, respectively, is depicted. It should be noted that the carbon−silicon bond in the
obtained products can be easily cleaved [110] to achieve valuable synthons for
further transformations.

As discussed previously, radical ring-opening reactions of three-membered sys-
tems via cyclopropylmethyl and oxiranylmethyl radicals represent a fruitful method
in organic synthesis [111]. De Kimpe and coworkers have now shown that azirid-
ines can also be used, featuring a radical one-step synthesis of pyrrolizidines 3-280
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from 2-(bromomethyl)aziridines 3-279 by application of standard radical conditions
in 49−63 % yield (Scheme 3.71) [112].

The reaction sequence is assumed to be launched by the fragmentation of ini-
tially formed aziridinylmethyl radicals to give a N-allylaminyl radical, which under-
goes a twofold 5-exo-trig cyclization.

The use of samarium(II) iodide in synthesis permits the assembly of complex
molecules as already shown in many examples. They profit from the electron-trans-
fer ability of samarium(II) iodide; thus, if ketones are employed as substrates the
furnished ketyl-radical can react in a multitude of different ways.
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Scheme 3.72. Synthesis of the eudesmane tricyclic framework.

An example, where two C−C-bonds are formed and one C−C-bond is broken is
the synthesis of the tricycle 3-285, which has some similarity with the eudesmane
framework 3-286, developed by Kilburn and coworkers (Scheme 3.72) [113]. Thus,
exposure of the easily accessible methylenecyclopropyl−cyclohexanone 3-281 to
samarium(II) iodide led to the generation of ketyl radical 3-282, which builds up a
six-membered ring system with simultaneous opening of the cyclopropane moiety.
Subsequent capture of the formed radical 3-283 by the adjacent alkyne group af-
forded the tricycle 3-285 via 3-284 as a single diastereoisomer in up to 60 % yield. It
should be noted that in this case the usual necessary addition of HMPA could be
omitted.

The analgesic properties of paeonilactone B (3-289) and its analogues have made
these compounds challenging synthetic targets, and again the Kilburn group has
presented a samarium(II) iodide-promoted domino radical cyclization for their
synthesis [114]. Hence, samarium(II) iodide reaction of the diastereomeric ketones
3-287a and 3-287b led to the desired bicycles 3-288 (Scheme 3.73). The stereoselec-
tivity depends heavily on the stereochemistry of the starting material. Thus, the
(S)-isomer 3-287a gave a mixture of the diastereomers 3-288a and 3-288b, with
3-288a as the main product. In contrast, 3-287b exclusively afforded 3-288b. In this
case, the use of an additive such as HMPA or DMPU is crucial for achieving
satisfactory yields and high selectivities, with HMPA clearly excelling over
DMPU.

In the final section of this chapter, we would like to present some domino
processes with a particular high number of reaction steps, and partly unusual trans-
formations.

An unusual formation of alkyl radicals as intermediates was observed in the con-
version of the silyl ether 3-290 into the bicyclo[3.1.1]heptanes 3-291 using Bu3SnH,
and described by the Malacria group (Scheme 3.74) [115]. The obtained product 3-
291 was further transformed either into 3-292a using methyl lithium, or into 3-292b
by oxidative degradation.
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Scheme 3.73. Samarium(II) iodide-promoted domino radical reaction in the synthesis of 
paeonilactone B (3-289).
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steps
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40
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The transformation is proposed to start with the formation of radical 3-293,
which undergoes a 5-exo-dig cyclization providing vinyl radical 3-294 (Scheme
3.75). This does not intercept with the alkyne moiety, but a 1,6-hydrogen transfer
occurs to give radical 3-295, which by 6-endo-trig ring closure leads to 3-296 with
complete diastereoselectivity. 3-296 is then converted by a previously unknown 4-
exo-dig ring formation to the vinyl radical 3-297, followed by a 1,6-hydrogen transfer
to give the stabilized α-silyl radical 3-298, which can be considered as the driving
force.

Xanthates serve as a reliable source of electrophilic radicals, and this was ex-
ploited by Zard and coworkers for a short synthesis of (±)-matrine (3-304), a natu-
rally occurring alkaloid which has been claimed to have anti-ulcerogenic and anti-
cancer properties [116]. Heating a mixture of xanthate 3-299 and the radical accep-
tor 3-300 (3 equiv.) in benzene in the presence of lauroyl peroxide as initiator, gave
3-301 in 30 % yield and a 3:1 mixture of the tetracylic products 3-302 and 3-303 in
18 % yield (Scheme 3.76) [117]. The three compounds could be converted into the

Scheme 3.74. Synthesis of bicyclo[3.1.1]heptanes.
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Scheme 3.75. Proposed radical intermediates in the formation of 3-298.

diastereomeric tetracycles 3-305 and 3-306 utilizing lauroyl peroxide and 2-pro-
panol as solvent. After separation, 3-305 was transformed into (±)-matrine (3-304).
Although the yield was not very high, during this remarkable process four new
bonds (including an intermolecular step) and five contiguous stereogenic centers
were created in a single operation, with acceptable stereoselectivity.

Fenestranes [118] possess four rings which share a central carbon atom. As they
are conformationally rigid and have a chemically robust structure [119], fenestranes
are used as scaffolds for molecular recognition elements [120], catalysts [121], chiral
auxiliaries [122], chemical libraries [123], and mechanistic research requiring spa-
tially defined functionalities [124]. The first synthesis of the energetically un-
favorable cis,cis,cis,trans-[5.5.5.5]-fenestranes 3-311 was discovered by Wender and
coworkers, who disposed a remarkably effective domino arene-alkene photocy-
cloaddition-radical cyclization methodology to produces a compound with five
rings and eight stereocenters in three overall steps (cf. Chapter 5) [125]. Exposure of
3-307 to an acetonitrile radical generated from benzoyl peroxide in refluxing ace-
tonitrile led, under concomitant opening of the three-membered ring system, to
radical 3-309 (Scheme 3.77). After performing two further 5-exo-trig cyclizations
and a final reductive capture of hydrogen from acetonitrile (as depicted in structure
3-310), the pentacyclic fenestranes 3-311 were obtained in 35 % and 32 % yields.

Another elegant fenestrane synthesis, discovered by Keese, is described in Chap-
ter 6.

Finally, a rather early (but from a mechanistic viewpoint a very interesting)
sequence of radical reactions has been described by Pattenden and coworkers, in
which an acetylenic oxime ether 3-312 was converted into the bicyclic oxime 3-319
in 70 % yield (Scheme 3.78) [126]. Hydrolysis of 3-319 led to the bicyclic enone 3-
320, which in fact can also more easily be synthesized by a Robinson annulation.
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The proposed mechanism is described in Scheme 3.78, and includes the six radical
intermediates 3-313 to 3-318.

An interesting multicomponent domino free radical reaction in which five new
bonds are formed in one operation has recently been applied in the total synthesis
of yingzhaosu A by Bachi and coworkers. Thus, a 2,3-dioxabicyclo[3.3.1]nonane sys-
tem reacts with phenylthiol and 2 equiv. of molecular oxygen in the presence of
AIBN, which under irradiation with UV light led to a diastereomeric mixture of en-
doperoxide-hydroperoxides [127].
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3.3.3
Radical/Radical/Pericyclic Domino Processes

The connection of radical and pericyclic transformations in one and the same reac-
tion sequence seems to be “on the fringe” within the field of domino processes.
Here, we describe two examples, both of which are highly interesting from a mech-
anistic viewpoint. The first example addresses the synthesis of dihydroindene 3-326
by Parsons and coworkers, starting from the furan 3-321 (Scheme 3.79) [128]. Reac-
tion of 3-321 with tributyltin hydride and AIBN in refluxing toluene led to the 1,3,5-
hexatriene 3-324 via the radicals 3-322 and 3-323. 3-324 then underwent an elec-
trocyclization to yield the hexadiene 3-325 which, under the reaction conditions,
aromatized to afford 3-326 in 51 % yield.

The second example covers a completely different strategy. Wang and coworkers
have exemplified that thermolysis of benzannulated ene-yne-carbodiimides offer
an easy access to the corresponding heteroaromatic biradicals [129]. Thus, ther-
molysis of the ene-yne-carbodiimide 3-327 in chlorobenzene at 132 °C generated
the biradical 3-328 which underwent a 1,5-hydrogen shift to give the intermediate 3-
329 (Scheme 3.80) [130]. This then lost a molecule of formaldehyde to furnish 3-
331, which could also be regarded as a pyridine analogue of an o-quinone methide
imine. An intramolecular hetero-Diels−Alder reaction of 3-331 then led to 3-332.
However, the fragmentation process of 3-329 to give 3-331 is relatively slow, and
therefore compound 3-330 was produced predominantly in 49 % yield.

It should be mentioned that the same group has also developed a related method
in which benzoene-yne-allenes were cyclized via biradicals in a domino-like man-
ner [131].
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Scheme 3.79. Domino radical cyclization/fragmentation/electrocyclization for the synthesis
of a dihydroindene.
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30%

3.3.4
Radical/Radical/Oxidation Domino Processes

The unexpected formation of cyclopenta[b]indole 3-339 and cyclohepta[b]indole
derivatives has been observed by Bennasar and coworkers when a mixture of 2-in-
dolylselenoester 3-333 and different alkene acceptors (e. g., 3-335) was subjected to
nonreductive radical conditions (hexabutylditin, benzene, irradiation or TTMSS,
AIBN) [132]. The process can be explained by considering the initial formation of
acyl radical 3-334, which carries out an intermolecular radical addition onto the
alkene 3-335, generating intermediate 3-336 (Scheme 3.81). Subsequent 5-endo-trig
cyclization leads to the formation of indoline radical 3-337, which finally is oxidized
via an unknown mechanism (the involvement of AIBN with 3-338 as intermediate
is proposed) to give the indole derivative 3-339.

As seen in Scheme 3.82 the yields of the cyclopenta[b]indoles obtained by this
method are moderate to good; in some cases (entries 3 and 4), significant amounts
of the uncyclized addition products were formed as byproducts. Interestingly, when
methyl acrylate was applied, a bis-addition took place, leading to a cyclohepta[b]in-
dole derivative in 61 % yield (entry 5).
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3.4
Radical/Pericyclic Domino Processes

One of the very rare examples of a combination of a radical with a pericyclic reac-
tion − in this case a [4+2] Diels−Alder cycloaddition − is depicted in Scheme 3.83
[133]. The sequence, elaborated by Malacria and coworkers, is based on the premise
that the vinyl radical 3-341 formed from the substrate 3-340 using tributyltin hy-
dride exists mainly in the “Z”-form. This is reduced by a hydrogen atom to form a
1,3-diene, which can undergo an intramolecular Diels−Alder reaction via an exo-
transition state reaction (the chain lies away from diene).

In addition to 3-343, triene 3-346 was also formed in a ratio of 1:4 in relation to 3-
343, presumably via the intermediates 3-344 and 3-345. The overall yield of 3-343
and 3-346 was quoted as a respectable 72 %.
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Scheme 3.83. First domino radical cyclization/intramolecular Diels–Alder reaction process.
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4
Pericyclic Domino Reactions

The combination of pericyclic transformations as cycloadditions, sigmatropic
rearrangements, electrocyclic reactions and ene reactions with each other, and
also with non-pericyclic transformations, allows a very rapid increase in the com-
plexity of products. As most of the pericyclic reactions run quite well under
neutral or mild Lewis acid acidic conditions, many different set-ups are possible.
The majority of the published pericyclic domino reactions deals with two succes-
sive cycloadditions, mostly as [4+2]/[4+2] combinations, but there are also [2+2],
[2+5], [4+3] (Nazarov), [5+2], and [6+2] cycloadditions. Although there are many ex-
amples of the combination of hetero-Diels−Alder reactions with 1,3-dipolar cy-
cloadditions (see Section 4.1), no examples could be found of a domino all-carbon-
[4+2]/[3+2] cycloaddition. Co-catalyzed [2+2+2] cycloadditions will be discussed in
Chapter 6.

The combination of two successive [4+2] cycloadditions has already been de-
scribed by Diels and Alder [1a] for the reaction of dimethyl acetylenedicarboxylate
with an excess of furan. A beautiful, more modern, example is the synthesis of
pagodane (4-5) by Prinzbach [2], in which an intermolecular Diels−Alder reaction
of 4-1 and 4-2 to give 4-3 is followed by an intramolecular cycloaddition. The ob-
tained 4-4 is then transformed into 4-5 (Scheme 4.1).

Another impressive example is the synthesis of paracyclophanes as 4-9 by Hopf
[3], starting from a 1,2,4,5-hexatetraene 4-6 and an electron-deficient alkyne 4-7 to
give 4-9 via the intermediate 4-8 (Scheme 4.2).

An impressive combination of two Diels−Alder reactions is also described by
Winkler [4] for the synthesis of the taxane skeleton, though two different Lewis
acids must be used for the two cycloadditions. Thus, it does not strictly match the
definition of a domino reaction.

The second largest group of pericyclic domino reactions starts with a sigmatropic
rearrangement, which is most often a Claisen or an oxa- and aza-Cope rearrange-
ment; however, some processes also exist with a 2,3-sigmatropic rearrangement as
the second step.

A beautiful example of a domino [3+3]-sigmatropic rearrangement is the synthe-
sis of the enantiopure antifungal antibiotic (−)-preussin (4-14) by Overman [5],
which starts from the amine 4-10 and decanal to give the iminium ion 4-11
(Scheme 4.3). This undergoes a [3+3]-sigmatropic rearrangement to provide 4-12,
followed by a Mannich reaction with the formation of 4-13.
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Scheme 4.1. Synthesis of pagodane (4-5).
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Scheme 4.2. Synthesis of paracyclophanes.
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To date, only a few examples have been identified of electrocyclic transformations
and ene reactions as the initiating event in a domino process.

4.1
Diels−Alder Reactions

Since the number of domino processes which start with a Diels−Alder reaction is
rather large, we have subdivided this section of the chapter according to the second
step, which might be a second Diels−Alder reaction, a 1,3-dipolar cycloaddition, or
a sigmatropic rearrangement. However, there are also several examples where the
following reaction is not a pericyclic but rather is an aldol reaction; these examples
will be discussed under the term “Mixed Transformations”.

4.1.1
Diels−Alder/Diels−Alder Reactions

Dailey and coworkers [6] extended the studies of Prinzbach using 4-1 as substrate.
These authors found that, by employing dicyanoacetylene 4-15 in the reaction with
4-1 the domino adduct 4-16 but not 4-17, as expected, is the main product (Scheme
4.4). In the formation of 4-16 one of the two 1,3-butadiene moieties in 4-1 has re-
acted with the dienophile 4-14 from the inside, followed by a second [4+2] cycloaddi-
tion of the formed dicyanoethene moiety. 4-17 is observed as a side product; here, in
the first step, the dienophile reacts from the outside, while in the second step the
other formed dienophile moiety undergoes a cycloaddition with the second 1,3-bu-
tadiene moiety. This mode of action is actually favored in the reaction of all other
dienophiles employed, due to their larger size when compared to 4-15.

In further studies, the group of Dailey [6] also investigated the domino Diels−
Alder reaction of tetraenes of type 4-18 with dicyanoacetylene 4-15, which led exclu-
sively to product 4-19 in good yield (Scheme 4.4).

4-1

CNNC

+

4-16 (74%) 4-17 (26%)

(1)

MeO OMe

(2)

NC CN

4-15
∆, toluene

CN

CN

CN

CN

MeO OMe

4-18 4-19

Scheme 4.4. Domino Diels–Alder reactions of 4-1 and 4-18.

NC CN

4-15
∆, toluene
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Scheme 4.5. Reaction of acetylenedicarboxylate and furan.

Slee and LeGoff performed further investigations on the reaction of dimethyl
acetylenedicarboxylate 4-20 with an excess of furan 4-21, as first described by Diels
and Alder (Scheme 4.5) [1a]. At 100 °C, 4-24 and 4-25 were not produced (as pro-
posed), but rather 4-22 and 4-23, since at elevated temperature an equilibrium takes
place and the primarily formed 4-24 and 4-25 isomerize to give a 6:1-mixture of the
exo-endo and the exo-exo products 4-22 and 4-23, respectively. However, at lower
temperature, in the primarily formed [4+2] cycloadduct the double bond substi-
tuted with the two carbomethoxy group acts as the dienophile to give the two pro-
ducts 4-24 and 4-25 in a 3:1 ratio with 96 % yield within five weeks, as has been
shown by Diels and Olsen [1a,1c]. For a differentiation of these two types of ad-
ducts, Paquette and coworkers [7] used a “domino and pincer product”. The Cram
group [8] described one of the first examples of a reaction of a tethered bisfuran 4-26
with dimethyl acetylenedicarboxylate 4-20a to give 4-27.

Lautens and coworkers [9] ultimately used this approach to prepare a multitude
of different polyheterocyclic ring systems 4-29, using 4-20 and 4-28 as substrates
(Table 4.1). Unsymmetrical tethered bisfurans and acetylene dicarboxyclic acid
derivatives have also been used in this domino process to allow the formation of
three new rings with up to six stereogenic centers.

The development of efficient syntheses of steroids remains an important target.
For example, Sherburn and coworkers [10a] developed a new strategy for the pre-

4.1 Diels−Alder Reactions
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Entry Product Yield [%]

1
2
3
4
5
6
7

Dienophile Bis-diene

CO2R

CO2R

O O

X

O O

RO2C
CO2R

X

4-20a: R = Me
4-20b: R = H

74
71
76
63
72
65
71

X = CH2

X = CH2

X = O
X = NPMP
X = NBn
X = NPNB
X = S

a
b
a
a
a
a
a

a
a
b
c
d
e
f

4-28 4-29

aa
ba
ab
ac
ad
ae
af

Table 4.1. Reaction of acetylenedicarboxylate and tethered bisfurans.

paration of tetracarbocyclic products of D-homosteroids using a novel Lewis acid-
promoted domino process of two intramolecular Diels−Alder reactions. This ap-
proach can also be used for the construction of the steroid skeleton. Thus, heating
enantiopure 4-30 obtained from D-galactose gave the tetracycles 4-31 and 4-32 in
87 % yield as a 57:43 mixture (Scheme 4.6) [10b].
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HO

OH

D-galactose

7 steps
O

O

O

H

MeO2C
O

4-30

O
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H
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H
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H
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+
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87%
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Scheme 4.6. Synthesis of steroid analogues.
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Domingo and coworkers [11] have contributed an important theoretical input for
the understanding of domino reactions. An interesting example is the domino
Diels−Alder reaction of 4-33 and 4-34, in which the products 4-37 and 4-38 could be
formed via 4-35 and 4-36, respectively (Scheme 4.7). Visnick and Battiste [12] had
shown that, at room temperature, only cycloadduct 4-37 is formed, whereas with
heat 4-38 is obtained quantitatively. This is in line with the calculations showing
that TS5 is higher in energy than TS4 (74.5 and 55.3 kJ mol−1, respectively); on the
other hand, cycloadduct 4-38 is more stable (−92.9 kJ mol−1) than cycloadduct 4-37
(−78.7 kJ mol−1), which explains the formation of 4-38 under thermodynamic con-
trol. Calculations have also been performed for the bisfuran system 4-28a [13].

4.1.2
Diels−Alder Reactions/Sigmatropic Rearrangements

In contrast to the lack of examples of the domino Diels−Alder reaction/1,3-dipolar
cycloaddition, the combination of a Diels−Alder reaction with a sigmatropic rear-
rangement has been used intensively.

Serrano’s group described asymmetric domino Diels−Alder/Cope reactions
using 1,3-nitrocyclohexadienes containing a sugar moiety such as 4-39 and cy-

CF3

F3C C C CF3

4-33

N N

4-34

N N

CF3

CF3

4-38

N N

CF3
CF3

4-36

[TS5]

N N

CF3

CF3

4-35

[TS5]

N N

CF3

4-37

[TS2][TS1]

channel A channel B

[TS3]

Scheme 4.7. Theoretical investigations on the reaction of 4-33 and 4-34.
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+
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a: S  = D-galacto-(CHOAc)4-CH2OAc (67%)
b: S  = D-galacto-(CHOH)4-CH2OH (73%)
c: S  = CHO (80%)
d: S  = CH2OH (86%)

+

4-40 4-41a–d 4-42a–d

S

NO2

4-43a–d

Scheme 4.8. Reaction of nitrocyclohexadienes with cyclopentodiene.

clopentadiene 4-40 (Scheme 4.8) [14]. These authors obtained 4-43 as a more or less
single product upon heating. The proposed cycloadducts 4-41 and 4-42 could also
be isolated in very small quantities, and it could be shown that only the endo adduct
4-42 undergoes Cope rearrangement to give 4-43.

Neier and coworkers have used a domino Diels−Alder/Ireland−Claisen process
for the synthesis of (rac)-juvabione 4-46 and (rac)-epijuvabione [15]. Since neither
the Diels−Alder reaction of the acetal 4-44 and methyl acrylate nor the sigmatropic
rearrangement seemed to be stereoselective, these authors obtained the cyclo-
hexene derivative 4-45 as a mixture of three diastereomers (Scheme 4.9).

O

OTBS

+
CO2Me

1) 140 °C, 4 h
2) H2SiF6, (CH2OMe)2, 1 h CO2Me

HO2C

steps

O

CO2Me

60%

4-44
(dr 47:29:24)

rac-4-45

rac-Juvabione (4-46)

Scheme 4.9. Synthesis of rac-juvabione (4-46).
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O

Scheme 4.10. Reaction of chiral butadienes and maleic anhydride.
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[a] Calculated from the crude reaction mixture.

4-2

4-2 [eq]

3.0
1.2

+

Carreňo, Ruano and coworkers [16] designed a very useful combination of a
Diels−Alder reaction and a 2,3-sigmatropic rearrangement of a sulfoxide which al-
lowed the synthesis of enantioenriched or even almost enantiopure products. The
approach had been used for the synthesis of many structurally diversified com-
pounds. In an earlier report, these authors had synthesized bridged lactones 4-49a
and 4-49b, starting from the chiral butadiene 4-47 and maleic anhydride 4-2
(Scheme 4.10). Interestingly, high pressure accelerates the formation of the cy-
cloadduct 4-48, but not rearrangement of the sulfoxide moiety in 4-48.

The same authors also used this approach for an enantioselective synthesis of the
natural product (+)-royleanone (4-54), a member of the abietane diterpenoid family
[17]. The enantiopure sulfoxide 4-50 was oxidized using DDQ to give crude 1,4-ben-
zoquinone 4-51, which by reaction with the diene 4-52 in CH2Cl2 under high pres-
sure led to the tricyclic compound 4-53 with 97 % ee and 60 % yield based on 4-50
(Scheme 4.11). Hydrogenation of the unconjugated double bond in 4-53 afforded
35 % of the desired compound 4-54 after crystallization to separate it from the un-
wanted cis-isomer.

The procedure can also be initiated by a hetero-Diels−Alder reaction [18].
Recently, Carreńo, Urbano and coworkers were also able to synthesize almost

enantiopure [7]helicene bisquinones 4-58 and 4-59 (96 % ee) by reaction of the
sulfoxide (S,S)-4-55 with the diene 4-56 in dichloromethane at −20 °C (Scheme
4.12) [19]. This six-step domino process includes a double Diels−Alder reaction,
sulfoxide elimination, and aromatization of the rings B and F of the intermediate 4-
57 to give 4-58, which could be oxidized to the fully aromatized 4-59.

4.1 Diels−Alder Reactions
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4.1.3
Diels−Alder/Retro-Diels−Alder Reactions

Diels−Alder reactions can also be coupled with retro-Diels−Alder reactions to form
interesting sequences. An illustrative example is the reaction of 4-60 to give 4-62 via

the nonisolatable Diels−Alder adduct 4-61 used by Jacobi and coworkers in a syn-
thesis of paniculide-A (4-63) (Scheme 4.13). The elimination of acetonitrile from
the primary cycloadduct 4-61 in this sequence is worthy of note [20]. The synthesis
of ansa compounds from steroids by Winterfeldt and coworkers [21], in which the
steroid framework is almost completely dismantled, is an attractive example of a
Diels−Alder/retro-Diels−Alder process. Thus, reaction of ergosterolacetate 4-64
with propargylaldehyde in refluxing toluene led directly to the ansa compound 4-
66. On the other hand, the primary cycloadduct 4-65 can be isolated if Lewis acids
are used at room temperature. Heating leads again to 4-66 (Scheme 4.14).

In their approach towards novel antitumor agents, Danishefsky and coworkers
[22] recently published another interesting example of a domino Diels−Alder/retro-
Diels−Alder reaction. These authors were attracted by the 14-membered resor-
cinylic macrolide radicol (4-67) which inhibits the Hsp90 molecular chaperone [23,
24]. However, in order to avoid the epoxide moiety in 4-67, which might serve as a
locus of nondiscrimimating cell toxicity, these authors focused their activity on the
cyclopropane-analogue 4-70 by heating a mixture of 4-68 and 4-69, which led to 4-70
with extrusion of isobutene in 75 % yield (Scheme 4.15).
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Scheme 4.13. Synthesis of paniculide A (4-63).

4.1 Diels−Alder Reactions



290

R

HH
H

AcO

+ HC C CHO

4-64

BF3•Et2O
CH2Cl2, 20 °C

85% CHO

R

4-65

toluene
111 °C, 8 h

85% quant. toluene
111 °C, 4 h

R

CHO

4-66

R =

H
H

Scheme 4.14. Synthesis of macrocycles from steroids.

AcO

AcO

Radicicol (4-67)

OH

HO

Cl
O

OO
H

H

OTMS

TMSO

+

OTBS

O
H

H

O

OH

HO

OTBS

OO
H

H140 °C, neat

75%

4-68 4-69 4-70

–

O

Scheme 4.15. Synthesis of a radicicol analogue.

4.1.4
Diels−Alder Reactions/Mixed Transformations

All examples which do not belong to the above-described sections have been col-
lected under the heading of Diels−Alder/mixed transformations. It is quite as-
tounding which combinations have been put together. The following transforma-
tions have been used as a second step after the Diels−Alder reaction: [2+2] cycload-
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Scheme 4.16. Synthesis of (±)-paesslerin (4-73).

ditions, aldol reactions, allylations of aldehydes, a Schmidt rearrangement, a
Morita−Baylis−Hillman cyclization, a retro-Prins reaction, aromatizations, and
metal-organic transformations.

Takasu, Ihara and coworkers described an efficient synthesis of (±)-paesslerin A
(4-73) using a combination of a [4+2] and a [2+2] cycloaddition (Scheme 4.16) [25].
Reaction of 4-71 and propargylic acid methyl ester in the presence of the Lewis acid
EtAlCl2 led to 4-72 in 92 % yield, which was converted in six steps into the desired
natural product 4-73 by transformation of one of the ester moieties into a methyl
group, hydrogenation of one double bond, removal of the other ester moiety, and
exchange of the TIPS group for an acetate.

Deslongchamps and coworkers [26] used a combination of a transannular Diels−
Alder cycloaddition and an intramolecular aldol reaction in the synthesis of the un-
natural enantiomer of a derivative of the (+)-aphidicolin (4-74), which is a diterpe-
noic tetraol isolated from the fungus Cephalosporium aphidicolia. This compound is
an inhibitor of DNA polymerase, and is also known to act against the herpes sim-
plex type I virus. In addition, it slows down eukaryotic cell proliferation, which
makes it an interesting target as an anticancer agent.

The γ-epiaphidicoline skeleton as in 4-75 was synthesized from the macrocyclic
precursor 4-76 containing an electron-poor dienophile and a butadiene moiety, and
which undergoes a transannular Diels−Alder reaction to give 4-78 via the transition
state 4-77 (Scheme 4.17). Due to the vicinity of the formyl moiety and the methy-
lene group in 4-78, an intramolecular aldol reaction can take place to form 4-79. The
overall domino reaction is highly diastereoselective to give 4-79 as a single di-
astereomer in 81 % yield, being controlled by the two stereogenic centers in the
substrate 4-76. In addition to 4-79, 8 % of the intermediate cycloadduct is obtained.
In the reaction, three new rings and six new stereogenic centers are formed.
Further transformations of 4-79 then led to 4-75.

4.1 Diels−Alder Reactions
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In 1987, Vaultier and coworkers [27] developed a combination of a [4+2] cycload-
dition of a bora-1,3-diene to provide an allylborane, which then reacts with an alde-
hyde to give a highly functionalized alcohol. The Lallemand group, as well as Hall
and colleagues, has recently used this procedure. In an approach for the synthesis
of the antifeedant natural product clerodin (4-83), Lallemand and coworkers per-
formed a three-component domino reaction of 4-80, 4-81 and methyl acrylate to
give 4-82 (Scheme 4.18) [28].

Hall also prepared condensed cyclohexenes 4-89 by reaction of 4-84, 4-85 and 4-
87 in excellent yield and with high selectivity via the proposed intermediate and
transition state 4-86 and 4-88, respectively (Scheme 4.19) [29].

Partially hydrogenated indoles are useful heterocycles. They can easily be ob-
tained by a domino Diels−Alder/Schmidt process, as described by Aubé and co-
workers [30]. An example is the reaction of the enone 4-90 with a butadiene 4-91 in
the presence of the Lewis acid MeAlCl2, which led to tricyclic compounds as 4-93
via 4-92 in over 80 % yield (Scheme 4.20). The procedure has also been used for the
synthesis of pyrroloisoquinolones, azepinoindolones, and perhydroindoles.

Roush and coworkers developed a new one-pot sequence consisting of an in-
tramolecular Diels−Alder- and an intramolecular vinylogous Morita−Baylis−
Hillman-cyclization for the synthesis of spinosyns [31]. These compounds are poly-
ketide natural products possessing extraordinary insecticidal activity.
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Scheme 4.19. Synthesis of condensed cyclohexenes 4-89.

The reaction of 4-95 to give a 96:4-mixture of 4-96 and 4-97 containing the central
core of 4-94 was performed by heating 4-95 for 67 h at 40 °C and then adding PMe3

to induce the Morita−Baylis−Hillman reaction (Scheme 4.21).

4.1 Diels−Alder Reactions



294

O

N3

4-90

R1

R2

4-91

, MeAlCl2
R1

R2

H

N3

O

4-92

NR1

R2

H

O

4-93a: R1= H, R2= Me (84%)
4-93b: R1=  R2= Me (85%)

Scheme 4.20. Synthesis of indole derivatives.
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H

H

Padwa’s group has not only developed highly efficient domino reactions using
transition metal catalysis, but they are also well known for their unique combina-
tions of a cycloaddition and a N-acyliminium ion cyclization. An example of this
strategy, which is very suitable for the synthesis of heterocycles and alkaloids, is
the reaction of 4-98 to give 4-101 via the intermediates 4-99 and 4-100 (Scheme
4.22). Furthermore, 4-101 was transformed into the alkaloid (+)-γ-lycorane 4-102
[32].

4 Pericyclic Domino Reactions
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12 h, sealed tube

87%

steps

Scheme 4.22. Synthesis of (±)-γ-lycorane (4-102).

The sequence could even be prolonged by including a Pummerer reaction. Thus,
treatment of 4-103 with trifluoroacetic acid (TFA) gave the furan 4-104, which un-
derwent a cycloaddition to furnish 4-105; the erythryna skeleton 4-109 was obtained
after subsequent addition of a Lewis acid such as BF3·Et2O (Scheme 4.23) [33]. It
can be assumed that 4-106, 4-107 and 4-108 act as intermediates. In a more recent
example, these authors also used the procedure for the synthesis of indole alkaloids
of the Aspidosperma type [34].

A combination of a [4+2] cycloaddition of an electron-deficient 1,3-diene with an
enamine followed by an elimination was described by the Bodwell group [35].

Reaction of 4-110 with the enamines 4-111 at room temperature gave the 2-hy-
droxybenzophenones 4-114 via 4-112 and 4-113 in usually good yield, especially
using cyclic enamines with a ring size of five to seven (Scheme 4.24); in contrast,
the reaction rate fell markedly with eight-membered enamines.

A combination of a Diels−Alder and a Fisher carbene-cyclopentannulation is de-
scribed as the last example in this subgroup. Thus, Barluenga and coworkers used a
[4+2] cycloaddition of 2-amino-1,3-butadienes 4-115 with a Fischer alkoxy-arylalky-
nylcarbene complex 4-116; this is followed by a cyclopenta-annulation reaction with
the aromatic ring in 4-116 to give 4-117 (Scheme 4.25) [36]. An extension of this
domino process is the reaction of 4-118 with 2 equiv. of the alkynyl carbene
4-119 containing an additional C−C-double bond (Table 4.2) [37]. The final product
4-120, which was obtained in high yield, is formed by a second [4+2] cycloaddition
of the primarily obtained cyclopenta-annulated intermediate.

Quite recently, a domino Diels−Alder/Prins/pinacol reaction was reported by
Barriault’s group [38]. This novel method is very reliable and efficient for the syn-
thesis of highly functionalized bicyclo[m.n.1]alkanones. In addition, Aubé and co-
worker [39] used a combination of a Diels−Alder and a Schmidt reaction within the
total synthesis of the Stemona alkaloid stenine [40].

4.1 Diels−Alder Reactions
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Scheme 4.23. Synthesis of erythryna alkaloids.
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4 Pericyclic Domino Reactions

4.1.5
Hetero-Diels−Alder Reactions

As with all-carbon Diels−Alder reactions, the hetero-Diels−Alder reaction [41] can
also be used as the first step in many combinations with other transformations. In
contrast to the normal Diels−Alder reaction, several examples are known where the
first step is followed by a 1,3-dipolar cycloaddition. This type of domino reaction has
been especially investigated by Denmark and coworkers, and used for the synthesis
of several complex natural products. Since Denmark has reviewed his studies in
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Scheme 4.24. Combination of a cycloaddition with an elimination.
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Entry R1 R2 R3 M Time
Product 4-120

Yield [%]

1
2
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4
5

H
H
CH2OMe
H
CH2OMe

H
H
H

Ph
Ph
Ph

CH2(CH2)2CH2

CH2(CH2)2CH2

W
Cr
W
Cr
Cr

20 min
30 min
25 min
2 days
6 days

95
95
–

86
85

Table 4.2. Results of the domino reaction of 4-118 and 4-119.

Scheme 4.25. Combination  of a Diels–Alder reaction with a carbene-cyclopentannulation.

Substrates 4-118 and 4-119

detail, only a few newer examples will be discussed at this point [42]. For the synthe-
sis of (+)-1-epiaustraline (4-127), these authors used an inter/intramolecular
[4+2]/[3+2] domino reaction [40]. In the first step, the nitroalkene 4-121 undergoes a



298

Si
O

NO2
iPr iPr

4-121

Ph

O

2.0 eq MAPh, toluene, –75 °C → r.t.

49%

4-122
N

OO OR

OSi
H

iPr
iPr

4-123

K2OsO4•2H2O
K3Fe(CN)6
DHQD-PHN

90%

N
OO OR

OSi
H

iPr
iPr

TBSO

TsO H
N

OO OR

OSi
H

iPr
iPr

HO H

HO

(R)4-124/(S)4-124
(1:2.6)

steps

H2O2 / KHCO3
THF / H2O
55 °C, 48 h

90%

4-125

N
OO OR

OH
H

TBSO

TsO H

HO

4-126

steps
N

OH

OHHHO

HO

(+)-1-Epiaustraline (4-127)

R =

Ph

2.0 eq

Scheme 4.26. Synthesis of (+)-1-epiaustraline (4-127).

cycloaddition with the chiral enol ether 4-122 to give a nitrone; this is intercepted by
the vinylsilane moiety in 4-122 to furnish 4-123 as a single diastereomer (Scheme
4.26). In this process, four of the five stereogenic centers in 4-127 are already estab-
lished. The final stereogenic center was installed by a diastereoselective dihydroxy-
lation of 4-123 to give 4-124, which was then further transformed to furnish (+)-1-
epiaustraline (4-127) via 4-125 and 4-126.

Examples for [4+2]/[3+2] domino processes, in which both cycloadditions
proceed in an intramolecular mode, are the SnCl4-catalyzed transformation of 4-
128 and 4-131, respectively to give 4-130 and 4-133 via the corresponding nitronates
4-129 and 4-132 (Scheme 4.27) [44].

This approach allows linear polyenes to be converted to functionalized polycyclic
systems bearing up to six stereogenic centers. Another interesting use of the
method deals with the synthesis of azapropellanes [45].

Another combination of hetero-Diels−Alder reactions and a [3+2] cycloaddition
of a nitroalkene was described by Avalos and coworkers [46]. Using the chiral sub-
strate 4-134 derived from a sugar, the domino process can be performed as a three-
component transformation using an electron-rich dienophile and an electron-poor

4 Pericyclic Domino Reactions
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Scheme 4.27. Intramolecular domino hetero-Diels–Alder/[3+2] cycloaddition.
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Scheme 4.28. Reaction of 4-134 with ethyl vinyl ether and electron-deficient alkenes.

[a] Isolated yields after crystallization, [b] Not isolated

EWG

R

R

1,3-dipolarophile. Thus, reaction of a mixture of 4-134, 4-135 and ethyl vinyl ether
led to 4-137 as the major diastereomer, together with 4-138 via the primarily formed
[4+2]-cycloadduct 4-136 (Scheme 4.28).

4.1 Diels−Alder Reactions
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Having an efficient total synthesis of the indole alkaloid vindoline in mind, the
Boger group [47] developed a facile entry to its core structure using a domino
[4+2]/[3+2] cycloaddition. Reaction of the 1,3,4-oxadiazoles 4-139 led to 4-140 in
high yield and excellent stereoselectivity via the intermediates 4-141 and 4-142
(Scheme 4.29).

As already described for the all-carbon-Diels−Alder reaction, a hetero-Diels−
Alder reaction can also be followed by a retro-hetero-Diels−Alder reaction. This type
of process, which has long been known, is especially useful for the synthesis of het-
erocyclic compounds. Sánchez and coworkers described the synthesis of 2-
aminopyridines [48] and 2-glycosylaminopyridines 4-144 [49] by a hetero-Diels−
Alder reaction of pyrimidines as 4-143 with dimethyl acetylenedicarboxylate fol-
lowed by extrusion of methyl isocyanate to give the desired compounds (Scheme
4.30). This approach represents a new method for the synthesis of 2-aminopyridine
nucleoside analogues. In addition to the pyridines 4-144, small amounts of py-
rimidine derivatives are formed by a Michael-type addition.
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Scheme 4.29. Synthesis of analogues of the indole alkaloid vindoline.
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Scheme 4.31. Synthesis of carbo- and hetero-cage systems.

4,5-Dicyanopyridazine 4-145 has been used for the synthesis of carbo- and het-
ero-cage systems employing nonconjugated dienes such as cyclooctadiene 4-146, or
4-148 or 4-150 to give 4-147, 4-149 and 4-151, respectively (Scheme 4.31) [50]. In a
similar way, dihydrofurans, dihydropyrans, pyrrolines, and enol ethers have also
been used [51].

4.1 Diels−Alder Reactions
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Scheme 4.32. Combination of a hetero-Diels–Alder reaction with an allylation.
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Scheme 4.33. Synthesis of dihydropyrans 4-157.

The Hall group [52] has developed a new three-component domino reaction of 1-
aza-4-borono-1,3-butadiene 4-152, a dienophile and an aldehyde to give α-hydroxy-
methylpiperidine derivatives. In the first step, a hetero-Diels−Alder reaction takes
place, which is followed by allylboration. As an example, reaction of 4-152 with the
maleimide 4-153 in the presence of benzaldehyde furnished 4-154 in yields of up to
80 % using the three substrates in a 1:2:1 ratio (Scheme 4.32).

In a similar way, Carreaux and coworkers [53] used 1-oxa-1,3-butadienes 4-155
carrying a boronic acid ester moiety as heterodienes [54], enol ethers and saturated
as well as aromatic aldehydes. Thus, reaction of 4-155 and ethyl vinyl ether was car-
ried out for 24 h in the presence of catalytic amounts of the Lewis acid Yb(fod)3

(Scheme 4.33). Without work-up, the mixture was treated with an excess of an
aldehyde 4-156 to give the desired α-hydroxyalkyl dihydropyran 4-157. Although
this is not a domino reaction, it is nonetheless a simple and useful one-pot pro-
cedure.

Vassilikogiannakis and coworkers described a simple sequential process for the
biomimetic synthesis of litseaverticillol B (4-159) which includes a cycloaddition of
4-158 and singlet oxygen to give 4-160, followed by ring opening to afford the hydro-
genperoxide 4-161 (Scheme 4.34) [55]. Reduction of 4-161 led to the hemiacetal 4-
162, which underwent an aldol reaction to afford 4-159.

4 Pericyclic Domino Reactions
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Scheme 4.34. Singlet oxygen-initiated transformation of furan 4-158 into litseaverticillol B 
(4-159).

4.2
1,3-Dipolar Cycloadditions

As with the Diels−Alder reaction, 1,3-dipolar cycloadditions can be used to start a
domino process. In some examples, a second 1,3-dipolar cycloaddition, a rearrange-
ment, a cleavage of the formed heterocycle, or an elimination may follow.

Giomi’s group developed a domino process for the synthesis of spiro tricyclic
nitroso acetals using α,�-unsaturated nitro compounds 4-163 and ethyl vinyl ether
to give the nitrone 4-164, which underwent a second 1,3-dipolar cycloaddition with
the enol ether (Scheme 4.35) [56]. The diastereomeric cycloadducts formed, 4-165
and 4-166 can be isolated in high yield. However, if R is hydrogen, an elimination
process follows to give the acetals 4-167 in 56 % yield.

Knölker and coworkers also used a domino [3+2] cycloaddition for the clever for-
mation of a bridged tetracyclic compound 4-172, starting from a cyclopentanone 4-
168 and containing two exocyclic double bonds in the α-positions (Scheme 4.36)
[57]. The reaction of 4-168 with an excess of allylsilane 4-169 in the presence of the
Lewis acid TiCl4 led to the spiro compound 4-170 in a syn fashion. It follows a Wag-
ner−Meerwein rearrangement to give a tertiary carbocation 4-171, which acts as an
electrophile in an electrophilic aromatic substitution process. The final step is the

4.2 1,3-Dipolar Cycloadditions
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Scheme 4.35. Synthesis of spiro tricyclic compounds by a domino 1,3-dipolar cycloaddition.

elimination of the tertiary alcohol during hydrolytic work-up to give 4-172, in 47 %
overall yield.

Another domino process which is initiated by a 1,3-dipolar cycloaddition, and
which allows the synthesis of either �-lactams or thiiranes, was recently reinvesti-
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Scheme 4.36. Reaction of 4-168 with an allylsilane 4-169.
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gated by Babiono’s group [58]. For the synthesis of �-lactams 4-176, a 1,3-oxa-
zolium-5-olate (münchnone) 4-173 is treated with an imine to give a cycloadduct 4-
174, which then undergoes two rearrangements with 4-175 as a proposed interme-
diate (Scheme 4.37) [59].

Fu and coworkers described a copper/phospha-ferrocene-oxazoline-catalyzed
procedure for the enantioselective coupling of alkynes with nitrones also to give �-
lactams with excellent ee-values (up to 93 %) [60]. The reaction can be performed in
an intermolecular mode, but is even more interesting in an intramolecular mode
and also tolerates many functional groups. An example, which in addition includes
an α-alkylation after cyclization in the presence of the chiral ligand, is the reaction
of the heterocyclic nitrone 4-177. This substrate, in the presence of allyl iodide (4-
178) and the chiral ligand 4-179, gave the �-lactone 4-180 in 70 % yield and 90 % ee

(Scheme 4.38). The first example of this type of transformation using stoi-
chiometric amounts of a copper acetylide with a nitrone was described by Kinugasa
[61].
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Scheme 4.37. Synthesis of β-lactams.
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Scheme 4.38. Enantioselective formation of β-lactams from nitrones and alkynes.
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Pagenkopf’s group developed a novel domino process for the synthesis of pyr-
roles 4-183, which allows for the control over the installation of substituents at three
positions and seems to be very suitable for combinatorial chemistry [62]. The
process consists of a 1,3-dipolar cycloaddition of an intermediate 1,3-dipole formed
from the cyclopropane derivative 4-181 with a nitrile to give 4-182 followed by dehy-
dration and isomerization (Scheme 4.39). The yield ranges from 25 to 93 %, and the
procedure also works well with condensed cyclopropanes.

Reaction of the nitrone 4-184 with allenic esters 4-185 as described by Ishar and
coworkers led to the benzo[b]indolizines 4-186, together with small quantities of 4-
187 (�5 %) (Scheme 4.40) [63]. The first transformation is a 1,3-dipolar cycloaddi-
tion; this is followed by four further steps, including a [4+2] cycloaddition of an in-
termediate 1-aza-1,3-butadiene.
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Scheme 4.39. Synthesis of pyrroles.
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Scheme 4.40. Synthesis of benzo[b]indolizines.
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4.3
[2+2] and Higher Cycloadditions

In this section, those domino reactions are described which start with a cycloaddi-
tion not of the [4+2] and [3+2] types. The variety referred to is quite high; con-
sequently, in addition to the well known [2+2] scheme, [4+3] cycloaddition and the
more exotic [5+2] cycloaddition are also outlined.

One of the best methods to synthesize cyclopentenone derivatives is the Pauson−
Khand procedure. However, Shindo’s group have recently developed a domino
process consisting of a [2+2] cycloaddition of a ketone with an ynolate, followed by a
Dieckmann condensation to give a �-lactone as 4-190 which is decarboxylated
under reflux in toluene in the presence of silica gel to afford cyclopentenones [64a].
Thus, the reaction of 4-188 and 4-189 led to 4-190, which on heating furnished the
linear cucumin 4-191 (Scheme 4.41). This natural product has been isolated from
the mycelial cultures of the agaric Macrocystidia cucumis [65, 66]. The domino pro-
cedure described was also used to synthesize dihydrojasmone and α-cuparenone.
Moreover, the [2+2] cycloaddition can be combined with a Michael reaction [64b].

3,6-Dihydro-2H-pyran-2-ones (e. g., 4-195) are valuable intermediates in the syn-
thesis of several natural products [67]. Hattori, Miyano and coworkers [68] have re-
cently shown that these compounds can be easily obtained in high yield by a Pd2+-
catalyzed [2+2] cycloaddition of α,�-unsaturated aldehydes 4-192 with ketene 4-193,
followed by an allylic rearrangement of the intermediate 4-194 (Scheme 4.42). In
this reaction the Pd2+-compound acts as a mild Lewis acid. α,�-unsaturated ketones
can also be used, but the yields are below 20 %.

An unusual domino process was observed by Biehl and coworkers [69] in the re-
action of 2-bromo-1-naphthol 4-196 with arylacetonitriles in the presence of LDA or
LiTMP; by employing 3-thienylacetonitrile 4-197, the tetracyclic compound 4-200
was obtained in 57 % yield (Scheme 4.43). The reaction probably includes the for-
mation of an aryne and a ketenimine which undergo [2+2] cycloaddition to give 4-
198, followed by rearrangement and allylic addition to the intermediately formed
aryl cyano compound 4-199.

Kanematsu’s group used a combination of an intramolecular [2+2] cycloaddition
of an allenyl ether 4-202 followed by a [3+3] sigmatropic rearrangement (Scheme
4.44) [70]. The substrate for the domino reaction can be obtained in situ by treat-

H

H

O

O

CO2Et

+

OLi

O

O

O

OH

H
THF
–20 °C, 1 h

toluene
reflux, 13 h

54%
(2 steps)

O

OH

H4-188

4-189
4-190 (±)-Cucumin E (4-191)

Scheme 4.41. Synthesis of (±)-cucumin E (4-191).
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Scheme 4.42. Synthesis of dihydropyranones.
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Scheme 4.43. Unusual domino process of 4-196 and 4-197.

ment of the propargyl ether 4-201 with tBuOK to give the enantiopure oxataxane
derivative 4-203 in quantitative yield via 4-202.

Quinoline derivatives are of major interest as bioactive compounds. A new
method for the synthesis of polycyclic fused quinolines 4-207 was developed by
Rossi and coworkers [71], who used the [2+2] cycloaddition of an alkyne 4-204 with
enamines 4-205 to give 4-206 (Scheme 4.45). Thereby follows an annulation, with
the formation of 4-207a−c.

West and coworkers developed two new domino processes in which a [4+3] cy-
cloaddition (Nazarov electrocyclization) of 1,4-dien-3-ones is succeeded by either an
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Scheme 4.44. Synthesis of an oxataxane skeleton.
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Scheme 4.45. Synthesis of polycyclic fused quinolines.

addition of allylsilanes [69] or a [2+3] cycloaddition [73]. The Lewis acid-catalyzed re-
action of 4-208 and allylsilane 4-209 first led stereoselectivity to the cyclopentenyl
carbocation 4-210, which is attacked by the allylsilane present in the reaction mix-
ture to give the two diastereomeric carbocations 4-211a and 4-211b, probably as a
2:1 mixture (Scheme 4.46). Further reaction of the two cations involves either a nu-
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Scheme 4.46. Domino [4+3] cycloaddition.
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cleophilic attack at the silicon atom to give 4-212a, 4-212c and 4-212d, respectively,
or addition of the enolate functionality present in 4-211 to the cationic center. The
latter reaction occurs only in the diastereomer 4-211a to give 4-212b. In a similar
fashion, treatment of a mixture of the 1,4-dienone 4-213 and the 1,3-butadiene 4-
214 with BF3·Et2O yielded the bridged compound 4-215 as a single isomer.

A remarkable domino process which leads to products of high complexity with
good stereoselectivity was observed by Engler and coworkers by treating a mixture
of 4-216 and 2.2 equiv. of 4-217 in the presence of BF3·Et2O at −78 °C to −20 °C
(Scheme 4.47) [74].
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2) 1 eq
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4-218
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Scheme 4.47. Three-component reaction of 4-216, 4-217 and 4-218.
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toluene
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4-224 4-225 4-226a: R1= R2= Me, 81%
4-226b: R1= H, R2= OTBS, 83%
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CN
CN
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R2R1
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H

CN
CN

O

R1

R2

H
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Scheme 4.48. Synthesis of tetracyclic compounds from pyrone 4-224.

As main product, 4-219 (56 %) was obtained together with 9 % of a stereoisomer.
The reaction can also be performed as a three-component reaction using 4-216, 4-
217 and 4-218, which gave a mixture of 4-219, 4-220 and 4-221. The latter transfor-
mation indicates that intermediates such as 4-222 or 4-223 might play a role in this
domino process.

A interesting combination of a [5+2] and a [4+2] cycloaddition was used by Mas-
careňas and coworkers [75] for the synthesis of 6,7,5-tricarbocyclic compounds
bearing a 1,4-oxa-bridge. In this process, the entropic acceleration of an in-
tramolecular process compared to an intermolecular cycloaddition was used to
allow differentiation. Simple heating of a 1:5 mixture of the pyrone 4-224 and 2,3-
dimethylbutadiene at 160 °C in toluene in a sealed tube for 30 h led to 4-226a in
81 % yield (Scheme 4.48); in this reaction, 4-225 could be identified as intermediate.
Similarly, reaction of 4-224 and 2-TBSO-1,3-butadiene gave 4-226b in 83 % yield.
The process allows the straightforward formation of four carbon−carbon bonds,
and creates three new cycles and five stereogenic centers.

O
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OMePh
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OMePh
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H
+

4-227 4-228 4-229

4-230 (58%) 4-231 (16%)

Scheme 4.49. Domino [5+3]/[3+2] cycloaddition.
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Engler and coworkers [76] developed a new domino process which consists of a
[5+3] cycloaddition of a p-quinone monoimide with a styrene derivative followed by
a [3+2] or [3+3] cycloaddition. The reaction allows the formation of two additional
rings and up to eight stereogenic centers, with high selectivity. The best results,
with 58 % yield of 4-230, were obtained in the transformation of 4-227 and 4-228 in
the presence of BF3·Et2O at −20 °C (Scheme 4.49). In addition, the diastereomer 4-
231 was obtained in 16 % yield. It can be assumed that the cation 4-229 functions as
an intermediate. The process also functions with quinones, though much less effi-
ciently.

4.4
Sigmatropic Rearrangements

Domino reactions starting with a sigmatropic rearrangement have long been
known. Most of these processes use a Cope or Claisen rearrangement [77], followed
by another Cope or Claisen rearrangement.

This sequence was successfully employed by Thomas [78] for the synthesis of
sesquiterpenes such as �-sinesal (4-232), and by Raucher and coworkers [79] for the
synthesis of the germanocrolid (+)-dihydrocostunolide (4-233) (Scheme 4.50).

Jacobi and coworkers used an oxy-Cope/Diels−Alder sequence to synthesize the
tumor inhibitor gnididione (4-234) [80]. A similar sequence was also used by Kraus
and coworkers for the synthesis of 11-deoxydaunomycinone (4-235) [81].

A domino Claisen/ene strategy was employed for the synthesis of (+)-9(11)-dehy-
droestrone [82] methyl ether, while an example of a domino aza-Cope rearrange-
ment/Mannich reaction is the above-mentioned synthesis of (−)-preussin (4-14) [5].

Clearly, during the past few years the development of domino reactions with a
sigmatropic rearrangement as the first step has increased steadily.

Gnididione (4-234)
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O OMe O
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OH OH
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11

11-Deoxydaunomycinone (4-235)
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β-Sinesal (4-232)

O
O

(+)-Dihydrocostunolide (4-233)

Scheme 4.50. Natural products synthesized through domino sigmatropic rearrangements.
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Scheme 4.51. Synthesis of the cycloadduct 4-238.

Alcaide, Almendros and coworkers developed a combination of a 3,3-sigmatropic
rearrangement of the methanesulfonate of an α-allenic alcohol to give a 1,3-bu-
tadiene which is intercepted by a dienophile present in the molecule to undergo an
intramolecular Diels−Alder reaction [83]. Thus, on treatment of 4-236 with
CH3SO2Cl, the methanesulfonate was first formed as intermediate, and at higher
temperature this underwent a transposition to give 4-237 (Scheme 4.51). This then
led directly to the cycloadduct 4-238 via an exo transition state.

Several natural products such as forbesione (4-242a), which is isolated from the
genus Garcinia of the Guttiferane family of plants, contain a 4-oxatricy-
clo[4.3.1.0]decan-2-one ring system. It has been proposed that it is formed in Na-
ture from a prenylated xanthone by a Claisen rearrangement, followed by a Diels−
Alder reaction [84]. Accordingly, Nicolaou and coworkers heated the substrate 4-339
for 20 min at 120 °C in dimethylformamide (DMF) and obtained two major pro-
ducts − the desired 1-O-methylforbesione 4-242b in 63 % yield, and compound 4-
243 in 26 % yield (Scheme 4.52) [85]. It can be proposed that 4-242 is formed via

pathway A and 4-243 via pathway B, with 4-240 and 4-241, respectively, as interme-
diates.

Using a similar approach, Theodorakis and coworkers aimed at synthesizing la-
teriflorone (4-244) from 4-246 [86]. The synthesis was unsuccessful, but the domino
Claisen/Diels−Alder reaction allowed an efficient access to 4-245, which is a pro-
posed precursor in the biosynthesis of 4-244. With 4-246 in hand, its treatment in
toluene at 110 °C gave 4-248 via 4-247 as a single compound. Interestingly, 4-248
was also obtained from 4-246 in excellent yield, simply upon standing at room
temperature for several days (Scheme 4.53). Further transformations of 4-248 led to
4-249 and, furthermore, to 4-250, which was then converted into seco-lateriflorone
(4-245). The process could be even prolonged by another Claisen rearrangement,
which allowed the total synthesis of racemic forbesione acetate (4-252) starting
from 4-251; 4-252 was then converted into forbesione (4-242a) [87]. Studies on the
timing of this domino reaction suggest that the initial step of the reaction is the C-
ring Claisen rearrangement [88].

Baldwin and coworkers described an interesting and high-yielding pericyclic
domino process, consisting of a Cope and a Diels−Alder reaction, which on ther-
mal treatment of the tetraene 4-253 led to tricyclic compound 4-254 (Scheme 4.54)
[89].

An unpredicted rearrangement was found by Mal and coworkers when heating
the anthraquinone 4-255 in toluene at reflux [90]. These authors obtained the rear-
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Scheme 4.52. Synthesis of 1-O-methylforbesione (4-242b).

ranged anthraquinone 4-256 in high yield, which might be formed from 4-255 by a
Cope rearrangement to give 4-257 followed by a cheleotropic CO elimination and
an aromatization via a 1,5-sigmatropic hydrogen shift (Scheme 4.55).

Benzoxazoles are of interest due to their optical applications. Hiratani and co-
workers prepared novel bis(benzoxazole) derivatives by two consecutive Claisen
rearrangements of 4-258 [91]. Heating 4-285a to 180 °C without solvent gave a mix-
ture of 4-259a to 4−261a in 71 %, 13 %, and 5 % yields, respectively (Scheme 4.56).
In a similar reaction, 4-258b led to 15 % of 4-259b and 82 % of 4-260b with a trace of
4-261b. 4-259b was seen to emit blue fluorescence.

Barriault developed a new pericyclic domino process for the synthesis of the bi-
oactive diterpenoid vinigrol (4-262), which was isolated from Virgaria nigra [92].
The natural product possesses antihypertensive and anti-platelet-aggregating prop-
erties. 4-262 contains a unique tricyclo [4.4.4.04a,8a]tetradecane framework, which
could be obtained by a combination of an oxy-Cope, a Claisen and an ene reaction
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starting from 4-263 using NaH and microwave irradiation (Scheme 4.57). In this
domino process, 4-265 and 4-266 are the proposed intermediates. Whereas 4-263a
gave 4-264a in 86 % yield, neither 4-263a nor 4-263c containing the necessary iPr-
group, as in 4-262, gave the desired products 4-264b or 4-264c.

Barriault and coworkers also examined the synthesis of wiedemannic acid (4-
267), using a similar approach. This natural product is a diterpene of the abietane
group (4-268), which has been isolated from Salvia wiedemannii, a native plant of
central Turkey. A major challenge in the synthesis was the efficient formation of the
five contiguous stereogenic centers C-4, C-5, C-8, C-9, and C-10, of which three car-
bons are quaternary centers [93]. The goal was accomplished by the combination of
an oxy-Cope, a Claisen and an ene reaction, starting from 4-269 under microwave
irradiation to give 4-270 in 90 % yield with an excellent diastereoselectivity (�25:1)
(Scheme 4.58). It can be assumed that 4-271 and 4-272 are intermediates in this
domino process. 4-270 could be transformed into the desired 4-267 in 13 steps, in
23 % yield.
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Scheme 4.57. Investigations towards the synthesis of vinigrol (4-262).
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Scheme 4.58. Total synthesis of wiedemannic acid (4-267).

In another approach aimed at the synthesis of the sesquiterpene (+)-arteannuin
M 4-274, the same group used a domino oxy-Cope/ene process [94]. 4-274 had
been isolated by Brown and coworkers [95] in 1998, from Artemisia annua L., a
plant found in the mountains of Sichuan province in Southern China. The abso-
lute configuration of 4-274 was not known at that time, and neither was the relative
configuration at C-4. As substrate for the domino process the 1,5-diene 4-276 was
used, having been prepared from enantiopure 4-273 by reaction with the Li-com-
pound 4-275. Heating of 4-276 in the presence of DBU gave 4-280, which was
further transformed into (+)-arteannuin M (ent-4-274), thus clarifying the structure
of the natural product as the (−)-enantiomer (Scheme 4.59). The domino Cope/ene
reaction has some interesting stereochemical features. The relative configuration
in 4-280 is determined by the equatorially oriented side chain in the transition
structure 4-279; the other possible diastereomer was not observed. Also of worth-
while note is the chirality transfer, since the intermediate 4-277 does not contain
a stereogenic center. However, the compound is chiral due to a planar chirality,
and racemization of 4-277 is slow but not zero; thus, 4-280 is obtained only with
78 % ee.
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Scheme 4.59. Synthesis of (+)-arteannuin M (ent-4-274).

steps

A domino process based on the twofold addition of alkenyl anions to a squarate
ester was used by Paquette and coworkers [96] for the total synthesis of the triqui-
nane sesquiterpene hypnophilin (4-284). The three-component reaction of 4-281,4-
282 and vinyl lithium gave primarily the trans- and cis-adducts A and B, which fur-
nished D either by an electrocyclic ring opening/ring closure via C or a dianionic
oxy-Cope rearrangement (Scheme 4.60). Further transformations led to E and F,
which resulted in the formation of 4-283 on treatment with acid.

Jasmonates are important odorant compounds. For the synthesis of new sub-
stances of this type, Giersch and Forris developed a domino Claisen/ene/retro-ene
process which allows the acid-catalyzed transformation of sorbyl alcohol 4-285 and
the cyclic acetals 4-286 into the cycloalkenone 4-292 with the proposed intermedi-
ates 4-287 to 4−291 (Scheme 4.61) [97]. A similar domino process had been de-
scribed by Srikrishna and coworkers [98]. Acyclic acetals gave only the Claisen rear-
rangement products.

Several examples of domino oxy-Cope carbonyl-ene (Prins) reactions have been
described by Hiersemann and coworkers, leading to mono- and bicyclic com-
pounds [99]. Examples are the transformations of 4-293a−c to give 4-294a−c as
single diastereomers (Scheme 4.62).

4 Pericyclic Domino Reactions



321

O O
Li +

iPrO O

OiPrO
24%

a), b)

O H

iPrO

iPrO
OH

O

steps

H

O

O

O

H

Hypnophilin (4-284)

4-281 4-282 4-283

a) THF, –78 °C, 5 min, CH2=CHLi, 0 °C, 2 h; r.t. 16 h;
    degassed NH4Cl solution; 36 h.
b) 10% H2SO4, overnight, r.t..

O

O

OiPrO

iPrO
O

O

O

iPrO

iPrO
O

A B

iPrO OiPr

O

O

O
O

O

O

iPrO

iPrO
O

O

H

iPrO

iPrO
O

H

O

O

O

iPrO

iPrO
O

H

O

O

O

H

C D

EF

O

Scheme 4.60. Synthesis of hypnophilin (4-284).
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A simple synthesis of fluorenes as 4-297 was developed by Schäfer and co-
workers, also using a combination of a Claisen rearrangement and a carbonyl ene
reaction (Scheme 4.63) [100]. Heating 4-295 in xylene at 180 °C led to 4-297 as a
single diastereomer in 73 % yield; the phenol 4-296 can be assumed as an interme-
diate, but this could not be detected in the reaction mixture.

Gonda and coworkers developed a new domino process to give substituted di-
astereomerically pure imidazolethiones from thiocyanates, which includes a 3,3-
sigmatropic rearrangement and an intramolecular amine addition [101]. Heating 4-
298 at 80 °C in toluene for 1 h led to the two diastereomers 4-299 in a 1:1-ratio,
whereas prolonged heating of the mixture for 26 h gave 4-300 as an almost single
product (Scheme 4.64).

A dianionic dioxy-Cope rearrangement followed by an intramolecular aldol reac-
tion was described by Saito and coworkers for the formation of enantiopure 5,6-dis-
ubstituted cyclopentene carbaldehydes [102]. Thus, treatment of 4-301 containing
two (E)-double bonds with NaN(TMS)2 in the presence of crown ether afforded
enantiopure (−)-4-302 in 70 % yield after aqueous work-up as a single diastereomer
(Scheme 4.65). It can be assumed that 4-301 is transformed into the dianion 4-303,
which undergoes a Cope rearrangement to give 4-304. Aldol addition and elimina-
tion of water then led to (−)-4-302 via 4-305. Due to the stereospecific nature of the
Cope rearrangement, the all-(Z)-compound 4-306 exclusively afforded (+)-4-302 in
63 % yield. Moreover, the E,Z-substrate gave (±)-4-302.

Majumdar and coworkers used a combination of a 3,3-sigmatropic rearrange-
ment followed by an intramolecular [1,6]-Michael addition for the synthesis of py-
rimidine-annulated heterocycles as 4-308 from 4-307 (Scheme 4.66) [103].

CHO

OMe
O

4-295

xylene
180 °C, 7 h

CHO

OMe
OH

4-296

H

H

HO

OH
OMe

4-297

73%

Scheme 4.63. Synthesis of fluorenes.
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Scheme 4.64. Synthesis of imidazolethiones.
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Scheme 4.65. Domino Cope/aldol reaction.
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Scheme 4.66. Synthesis of pyrimidine-annelated heterocycles.
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Wipf and coworkers used a Claisen rearrangement of allyl phenyl ethers 4-309
followed by an enantioselective carboalumination using the chiral Zr-complex 4-
310 and trimethyl aluminum (Scheme 4.67) [104]. After an oxidative work-up of the
intermediate trialkylalane, the corresponding alcohols 4-311 were obtained with up
to 80 % ee and 78 % yield. One can also transfer an ethyl group using triethyl alum-
inum with even better ee-values (up to 92 %), but the yields were rather low (42 %)
due to a more sluggish oxidative cleavage of the Al−C bond.

A combination of a Claisen rearrangement, a Wittig rearrangement and a Wittig
reaction was described by Mali and coworkers for the synthesis of 6-prenylcou-
marins. In these transformations, 2-prenyloxybenzaldehydes was employed as sub-
strate [105].

A combination of 2,3 sigmatropic rearrangement (Pummerer-type reaction) fol-
lowed by an electrophilic aromatic substitution of the intermediate sulfenium ion,
the formation of an iminium ion and, finally, a second electrophilic aromatic sub-
stitution, was used by Daïch and coworkers for the synthesis of iso-indolo-
isoquinolinones as 4-314 (Scheme 4.68) [106]. Thus, reaction of the two diastereo-
meric sulfoxides 4-313, easily obtainable from 4-312 by a Grignard reaction and oxi-
dation, led to 4-314 as a single product after crystallization in 42 % yield.

O

1) 4 eq Me3Al, 1 eq H2O, CH2Cl2

2) 5 mol% , air

4-309

4-310

HO

OH

75%, 80% ee

4-311

8 examples: 39–78% yield
60–80% ee

Scheme 4.67. Enatioselective formation of alcohols of type 4-311.
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O

HO

N

O

S

TFAA
CH2Cl2
r.t., 8–12 h
TFA, 12 hS S

4-312 4-313 4-314

O
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Scheme 4.68. Combination of a 2,3-sigmatropic rearrangement with electrophilic aromatic 
substitutions.
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R

OH

OTBS

OTBS

S(O)Ph
R

4-315 4-316

R =

61%

3.0 eq NEt3
3.0 eq PhSCl, THF 
–78 °C → r.t.

Scheme 4.69. Synthesis of conjugated tetraenes.

Another domino process starting with a [2,3] sigmatropic rearrangement allows
transformation of the propargylic alcohol 4-315 into the conjugated tetraenes 4-316
on treatment with phenylsulfenyl chloride, as described by Lera and coworkers
(Scheme 4.69) [107].

Quite recently, Wipf and coworkers developed a combination of a Claisen rear-
rangement with the addition of an organo aluminum species to the newly formed
carbonyl moiety [108]. The new process is based on an already-discussed (see above)
transformation by the same author [104].

4.5
Electrocyclic Reactions

To date, only a few examples are known where a domino reaction starts with an
electrocyclic reaction, although the value of this approach is clearly demonstrated
by the beautiful synthesis of estradiol methyl ether 4-319 through a domino elec-
trocyclic/cycloaddition process. There is also an impressive example of a double
thermal electrocyclization being used; however, the starting material for this dom-
ino reaction was prepared in situ by a transition metal-catalyzed transformation,
and is therefore discussed in Chapter 6.

For the synthesis of estradiol methyl ether 4-319, the cyclobutene derivative 4-317
was heated to give the orthoquinonedimethane 4-318 which cyclized in an in-
tramolecular Diels−Alder reaction [109]. The thermally permitted, conrotatory elec-
trocyclic ring-opening of benzocyclobutenes [110] with subsequent intramolecular
cycloaddition also allowed the formation of numerous complex frameworks
(Scheme 4.70).

Fukumoto and coworkers used this approach for the synthesis of (±)-genesine (4-
324). The key step is the thermal electrocyclic ring opening of 4-320 with the forma-
tion of 4-321, followed by an electrocyclic ring closure to give 4-322. This then un-
dergoes a [3,3] sigmatropic rearrangement to give 4-323 (Scheme 4.71) [111].

Sorensen and coworkers used a domino conrotatory electrocyclic ring-opening/
6π-disrotatory electrocyclization for the formation of ring C in the total synthesis of
(±)-viridin (4-327) (Scheme 4.72) [112]. Heating 4-325 in the presence of a base
followed by in-situ oxidation with DDQ afforded the tetracycle 4-326 in 83 %
yield.
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Scheme 4.70. Synthesis of estradiol methyl ether (4-319).
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Scheme 4.72. Synthesis of (±)-viridine (4-327).
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TAN-1085 4-331 is a tetracyclic antibiotic that is produced by Streptomyces sp.
S-11106 and inhibits not only angiogenesis but also the enzyme aromatase. Suzuki
and coworkers have recently published the first total synthesis using a domino elec-
trocyclic process as the key step [113]. For this purpose, the benzocyclobutene 4-328
containing an allylic alcohol was oxidized to the corresponding α,�-unsaturated
aldehyde, which underwent two electrocyclic reactions, namely the ring opening of
the cyclobutene moiety and the subsequent 6π-closure to give the biaryl dialdehyde
4-329 (Scheme 4.73). Formation of the tetracycle 4-330 was then achieved by treat-
ment with SmI2. Interestingly, the corresponding TBS ether of the allylic alcohol
moiety in 4-328 did not undergo the desired process, whereas the α,�-unsaturated
aldehyde of 4-328 − probably due to the cooperative effect of the electron-donating
(2 × OMe) and the electron-withdrawing aldehyde group − underwent the reaction
at only room temperature.

Very recently, de Meijere and coworkers reported on a 6π electrocyclization/
Diels−Alder reaction [114]. The domino transformation provides access to highly
substituted tri- and tetracyclic compounds.

OMOM

OH
BnO

OHOMe
OMe

OMe

OBn

(COCl)2
DMSO
Et3N, CH2Cl2
–78 °C → r.t.

OBn OMe O

O

OMe
BnO OMOM
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0 °C, 2 min

96%

OBn OMe OH
OH

OMe
BnO OMOM

+ cis-4-330

trans-4-330 9:1

steps

OH O

O
HO

OH
A

BCD
OH

O

O

OH

TAN-1085 (4-331)

Scheme 4.73. Synthesis of TAN-1085 (4-331).
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4.6
Ene Reactions

Ene reactions offer an excellent means of commencing a domino process, and typi-
cal carbon-ene reactions are described in this section (for details of the reaction
mechanisms, see Chapter 1).

A three-component domino process consisting of an ene reaction followed by the
addition of an allylsilane to afford polysubstituted tetrahydropyrans in generally
good yield was described by Markó and coworkers [115]. However, the nature of the
products formed in this process depends heavily on the Lewis acid employed as a
catalyst. Thus, reaction of the allylsilane 4-333 with an aldehyde in the presence of
BF3·Et2O led to the domino products 4-334, whereas in the presence of TiCl4 the
diol 4-332, and in the presence of Et2AlCl the alcohol 4-335, were obtained (Scheme
4.74). The latter compound can then be transformed in stepwise manner to 4-334,
using the same aldehyde as previously. However, it is also possible to use another
aldehyde to prepare tetrahydropyrans of type 4-336.

Cohen and coworkers also used a metallo-ene reaction starting from allylic
phenyl thioethers such as 4-337 (Scheme 4.75) [116]. With tBuOK/nBuLi, 4-338 is

4-333

R1

OH
OH OTMS

TMS

O

OH

R1R1

R1CHO, TiCl4

4-332

2 R1CHO, BF3•Et2O

4-334

O

OH

R2R1

4-336

R2CHO, BF3•Et2O

OH

OTMS

R1

TMS

R1CHO, BF3•Et2O

4-335

R1, R2= H, alkyl, aryl, .... (57–85%)

R1CHO
Et2AlCl

Scheme 4.74. Synthesis of tetrahydropyrans.
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Scheme 4.75. Domino metalle-ene/substitution process.
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formed and undergoes an intramolecular ene reaction to give a cycloalkane 4-339,
followed by the formation of a cyclopropane moiety as in 4-340.

Tietze and coworkers [117] also used a metallo-ene reaction as the initiating step
for the synthesis of the BCD-ring portion of steroids, which is then followed by a
carbonyl-ene reaction.

Treatment of the enantiopure substrate 4-341 containing a sila-ene moiety
with trimethylsilyl trifluoromethanesulfonate (TMS OTf) gave 4-342 in a highly
stereoselective fashion and 52 % yield. It can be assumed that the reaction
passes through the two chairlike transition structures 4-345 and 4-346 (Scheme
4.76). It is of interest that the stereochemistry of the two C−C-double bonds in
4-341 did not influence the configuration of the product. Moreover, when using
EtAlCl2 as mediator, a 3:1-mixture of 4-343 and 4-344 is obtained in 40 % yield.
This can be explained by an axial orientation of the carbonyl moiety in the tran-
sition state.

Some older examples of this type of process include the studies of Markó on the
synthesis of pseudomonic acid C analogues [118], the preparation of indanones by
Snider [119], and synthesis of the skeleton of the sesquiterpenes khusiman and zi-
zaen by Wenkert and Giguere and their coworkers [120, 121].

4.7
Retro-Pericyclic Reactions

In this section are described those domino reactions which start with a retro-pericy-
clic reaction. This may be a retro-Diels−Alder reaction, a retro-1,3-dipolar cycloaddi-
tion, or a retro-ene reaction, which is then usually followed by a pericyclic reaction
as the second step. However, a combination is also possible with another type of
transformation as, for example, an aldol reaction.

Scheme 4.76. Synthesis of the BCD-ring portion of steroids.
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Recently, Mander and coworkers [122] reported the total synthesis of sordaricin
(4-347), the aglycone of the potent antifungal diterpene sordarin which was first iso-
lated in 1971 from the ascomycete Sordaria araneosa. Two approaches were ex-
plored: the first method utilized a possible biogenetic Diels−Alder reaction; the sec-
ond was based on a domino retro-Diels−Alder/intramolecular Diels−Alder process.
Thus, heating of 4-348 led, with extrusion of cyclopentadiene, to a 1,3-butadiene as
intermediate which underwent an intramolecular Diels−Alder reaction to give the
desired 4-349 as the main product, together with a small amount of 4-350 (Scheme
4.77).

A retro-1,3-dipolar cycloaddition followed by an 1,3-dipolar cycloaddition was
used for a highly efficient total synthesis of (−)-histrionicotoxin (4-354) (HTX) by
Holmes and coworkers [123]. HTX is a spiropiperidine-containing alkaloid which
was isolated by Doly, Witkop and coworkers [124] from the brightly colored poison-
arrow frog Dendrobates histrionicus. It is of great pharmacological interest as a non-
competitive inhibitor of acetylcholine receptors.

The key step in the synthesis of 4-354 is the retro-1,3-dipolar cycloaddition of the
isoxazolidine 4-351 to give the nitronate 4-352, which underwent an intramolecular
1,3-dipolar cycloaddition. The obtained cycloadduct 4-353 can be transformed in a
few steps into the desired target 4-354 (Scheme 4.78).

Goti, Brandi and coworkers developed an effective synthesis of (−)-rosmarinecine
(4-357) via a domino cycloreversion-intramolecular nitrone cycloaddition of 4-355,
which led to 4-356 (Scheme 4.79) [125].

A combination of an anionic oxy retro-ene and an aldol reaction to give annulated
cyclopentenones 4-361 from 4-358 was described by Jung and coworkers (Scheme
4.80) [126]. It can be assumed that, in the presence of KH, the potassium alkoxide 4-
359 is first formed; this leads to 4-360 and finally to 4-361 in an intramolecular aldol
reaction.
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HO

CHO
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CO2Me
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76%

CO2Me

HO

CHO
CO2Me

HO

CHO

4-350

+

4 : 1

o-dichlorobenzene
180 °C, 1 h

Scheme 4.77. Synthesis of sordaricin (4-347).
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5
Photochemically Induced Domino Processes

Photochemical reactions usually proceed via an excited electronic state. Unique
products can therefore be obtained, which are not accessible by thermally induced
transformations. Furthermore, selectivity in these reactions has recently been im-
proved lately [1]. On the other hand, processes involving excited states are somehow
limited in their substrates. That may be the reason why, until now, the combination
of photochemical and thermal processes in a domino fashion has received such
scarce attention. Thus, there are respectively only a few examples − or even no ex-
amples − for the different categories, which we have used for classification.
However, since light is an environmentally safe “reagent” and allows many interest-
ing transformations, we believe that there is ample space to conduct research in the
field of photo-induced domino processes. The usual photochemical transforma-
tions which could be used in this field are photolytic cleavages, cycloadditions,
isomerizations (including rearrangements), oxidations, and reductions − including
photo-induced electron transfer (PET) reactions.

5.1
Photochemical/Cationic Domino Processes

PET reactions [2] can be considered as versatile methods for generating radical
cations from electron-rich olefins and aromatic compounds [3], which then can
undergo an intramolecular cationic cyclization. Niwa and coworkers [4] reported
on a photochemical reaction of 1,1-diphenyl-1,n-alkadienes in the presence of
phenanthrene (Phen) and 1,4-dicyanobenzene (DCNB) as sensitizer and electron
acceptor to construct 5/6/6- and 6/6/6-fused ring systems with high stereoselec-
tivity.

Hence, irradiation of 1,1-diphenyl-8-methyl-1,7-nonadiene (5-1a) in the presence
of DCNB and Phen through an aqueous CuSO4 filter solution (λ � 334 nm) af-
forded octahydro-phenylanthracene 5-2a in 45 % yield as the sole isomer (Scheme
5.1). In a similar way, 5-1b and 5-3 led to 5-2b and 5-4 in 57 % and 71 % yields, re-
spectively.

It can be assumed that in the domino process of, for example 5-3, a reactive radi-
cal cation intermediate 5-5 is initially formed [5]. The intramolecular cyclization
then proceeds almost exclusively through a stable, chair-like, six-membered transi-
tion state 5-8 to give a distonic radical cation 5-9, which is trapped by the aromatic
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ring to give 5-4 (Scheme 5.2). The process continues under electron transfer from
the DCNB−-radical and rearomatization [6]. In theory, 5-5 could also exist in confor-
mation 5-6, which would give 5-7 in a first cyclization. However, the latter radical ca-
tions seems not be able to cyclize due to steric interactions.

Ph

Ph(  )
n

5-1a: n = 2
5-1b: n = 1

hν (> 334 nm, aqueous
CuSO4 filter solution)
DCNB, Phen, MeCN

(  )
n

H

Ph
H

5-2a: n = 2 (45%)
5-2b: n = 1 (57%)

Ph

Ph

5-3

H

Ph
H

5-4

71%

(1)

(2)

Scheme 5.1. Stereoselective domino cyclization via photoinduced electron-transfer reaction.

hν (> 334 nm, aqueous
CuSO4 filter solution)
DCNB, Phen, MeCN

Phen: Phenanthrene; DCNB: Dicyanobenzene
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H
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H

•

H
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•
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•
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DCNBDCNB•
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H

H
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•

5-8

H

H Ph
•
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Scheme 5.2. Proposed mechanism of the domino cyclization of photochemically induced 
reaction of 5-4.
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Scheme 5.3. Cyclization of polyalkene by photoinduced electron transfer.
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5.2
Photochemical/Anionic Domino Processes

In a similar approach, Demuth and coworkers used PET and employed 1,4-dicyano-
tetramethylbenzene (DCTMB) and 1,1’-biphenyl (BP) to form radical cations as 5-
11 from tetraenes as 5-10.

Irradiation of 5-10 in MeCN/H2O in the presence of DCTMB and BP gives rise to
a DCTMB−/BP+-radical pair. Subsequent electron transfer from the tetraene 5-10 to
the BP+-radical oxidizes regioselectively the ω-alkene moiety of 5-10 to give 5-11,
and in addition restores the uncharged cosensitizer. After nucleophilic attack of
water to 5-11, deprotonation takes place, delivering the neutral �-hydroxy radical 5-
12, which then undergoes the desired cyclizations. Depending on the substitution
pattern, the cyclization proceeds either in a 5-exo- or 6-endo-trig fashion to give the
products 5-14 and 5-15, respectively.

The procedure has been used for the total synthesis of the natural product stypol-
dione (5-18) starting from 5-16 to give the 6/6/6-membered tricyclic compound 5-
17 which was further manipulated (Scheme 5.4) [7]. 5-17 was obtained as a mixture
of two diastereomers in low yield ranging from 20 to 30 % [8, 9]. However, three

5.2 Photochemical/Anionic Domino Processes
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hν (λmax = 300 nm, DCTMB + BP
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Scheme 5.4. Synthesis of a stypoldione precursor.
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c: R = CH2CH2OH

R
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R
NH H
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b: R = CH2C(O)NH2 (41% at 90% conversion)
c: R = CH2CH2OH (100% at 90% conversion)
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Nu OH

NHR
NuH, HClO4
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Scheme 5.5. Photochemical reaction of 5-19.

hν (450 W medium pressure 
Hg-lamp, Vycor), KOH, H2O

5-19

5-21

new C−C bonds, three six-membered rings, and seven stereogenic centers were
formed in this process.

The research groups of Mariano and West developed a photoinduced electrocycli-
zation/nucleophilic addition sequence. Thus, irradiation of N-alkylpyridinium per-
chlorates as 5-19 in an aqueous solution led to the aziridine cations 5-20, which
react in a nucleophilic addition with OH− to give the isolable azabicyclo[3.1.0]hex-2-
enols 5-21. These can be further transformed by a nucleophilic ring-opening of the
aziridine moiety under acidic conditions to lead to useful unsymmetrically
trans,trans-trisubstituted cyclopentenes 5-22 (Scheme 5.5) [10].

5 Photochemically Induced Domino Processes
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Scheme 5.6. Synthesis of fused oxetanes 5-28 and bicyclic ethers 5-29.

5-29a (29)
5-29b (29)
5-29c (19)
5-29d (14)

5-23

A direct formation of 5-22 [e. g., of 2-amino-4-cyclopentene-1,3-diol (5-22,
Nu = OH)], is observed if the photochemical reaction of 5-19 is performed under
acidic conditions using HClO4. After acetylation, the formed diacetate can be iso-
lated in about 25 % yield.

In a comparable manner, irradiation of an alcoholic solution of tetraalkyl pyran-4-
ones 5-23 led to 2-alkoxycyclopentenones 5-25 by nucleophilic trapping with the sol-
vent of the intermediate oxyallylic zwitterion 5-24 (Scheme 5.6) [11]. However, in
contrast to the aziridines 5-20, further exposure to light induces a subsequent reac-
tion in which hydrogen abstraction from the excited enone chromophore in 5-25
furnishes a 1,4-biradical 5-26. This can undergo a radical coupling in two ring-clo-
sure modes (Scheme 5.6; Paths A and B) to give 6-oxabicyclo[3.2.0]hept-2-ene-1,4-
diols 5-28 and 2-oxabicyclo[2.2.1]heptane-6-ones 5-29 as a mixture of compounds.
Despite the moderate yields and selectivities, the increase of complexity in this
domino process is high.

A remarkable combination of a photochemical [2+2] cycloaddition with a retro-
aldol reaction and cyclization is the so-called de Mayo reaction. Büchi and co-
workers have used this method for the total synthesis of loganin (5-35). Thus, reac-

5.2 Photochemical/Anionic Domino Processes
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Scheme 5.7. Synthesis of loganin (5-35).
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Scheme 5.8. Synthesis of 1,2-disubstituted cyclopentanes.
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SiMe3
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5-39
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tion of the alkene 5-30 with methyl diformylacetate (5-31) under irradiation with a
high-pressure mercury lamp led to the cyclobutane derivative 5-32, which opens up
to give 5-33 and, after recyclization, the cyclopentadihydropyran 5-34. Tietze and co-
workers used a similar approach for the first total synthesis of secologanin, which is
a key intermediate in the biosynthesis of the monoterpenoic indole alkaloids, the
cinchona, pyrroloquinoline and ipecacuanha alkaloids [12].

Another photochemically induced domino process consisting of three steps was
employed for the formation of 1,2-disubstituted cyclopentanes 5-39, as described by
Tietze and coworkers. Irradiation of a mixture of 5-36, dimethyl malonate and cata-
lytic amounts of the Lewis acid Me2AlCl in a Pyrex flask caused a Norish Type I
cleavage of 5-36, followed by an intramolecular hydrogen shift to give the acyclic

5 Photochemically Induced Domino Processes
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aldehyde 5-37 with an ω-allylsilane moiety. 5-37 underwent a Knoevenagel conden-
sation with dimethyl malonate to give 5-38, followed by a Lewis acid-catalyzed sila-
ene reaction. The final product is the cyclopentane 5-39 with a trans-1,2-disubstitu-
tion with very good diastereoselectivity [13].

HN

OHC CO2Me

SiMe3

(  )
n

N

CO2Me

SiMe3

(  )
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HN

R
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•
H

(  )n

R

CO2Me
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N

•
H

R
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(  )n
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Entry

1
2
3
4

5-40

a
a
b
b

n

1
1
2
2

5-41

a
b
a
b

CO2tBu
CN
CO2tBu
CN

R 5-45/5-46

a
b
c
d

dr

63.8:1
86.3:1
32.2:1
69.3:1

Yield [%]

60
48
68
41

Scheme 5.9. Photochemical cycloaddition/iminium ion cyclization affording quinolizidines and 
higher analogues.
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The same group has developed another synthetically useful photochemically in-
duced domino transformation. Irradiation of the enaminecarbaldehydes 5-40a or 5-
40b in the presence of acrylic acid ester 5-41a or acrylonitrile 5-41b afforded the
quinolizidines 5-45a and 5-45b as well as the pyrido[1,2-a]azepines 5-45c and 5-45d,
respectively, with high stereoselectivity [14]. Only very small amounts of the corre-
sponding diastereomers 5-46a−d were detected.

It can be assumed that, upon irradiation, tautomer 5-40-II reacts with the alkene
5-41 in a highly regioselective [2+2] cycloaddition to give the cyclobutane 5-42 as an
intermediate. Subsequent retro-aldol-type reaction and hemiacetal formation pro-
duces 5-44 via 5-43. After addition of the Lewis acid (BF3·Et2O), cyclization takes
place to give the desired products. It should be noted that the excess of alkene must
be removed under reduced pressure before addition of the Lewis acid in order to
avoid polymerization.

5.3
Photochemical/Radical Domino Processes

Photochemically formed radicals can undergo normal radical reactions. In these
transformations, the radical cation being formed by PET gives a neutral radical spe-

Entry Yield [%]5-48 5-50/
5-51 5-50 5-51

1
2
3
4
5

a
b
c
d
e

H
H
Me
H
H

H
H
H
Me
   –(CH2)2–

H
Me
H
Me

a
b
c
d
e

74
60
78
64
53

3
2
3
4
3

OOO

5-47

+

NMe2

R3

R2

R1

5-48a–e

O

NMe2Me2N 5-49

O

hν, MeCN, r.t.

NMe

O

R1

R2 R3

OR*

H H

O

NMe

O

R1

R2 R3
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H H

O

+

5-50a–e 5-51a–e

,

Scheme 5.10. Synthesis of quinoline derivatives.
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cies through a simple proton abstraction (Scheme 5.10). Thus, irradiation of a mix-
ture of enantiopure (5R)-5-menthyloxy-2,5-dihydrofuran-2-one 5-47, the aniline 5-
48 and the benzophenone derivative 5-49 as sensitizer in the presence of acetone
(as reported by Hoffmann and coworkers) led to enantiopure 1,2,3,4-tetrahy-
droquinolines of type 5-50 and 5-51 in reasonable yields (Scheme 5.10) [15].

According to the proposed mechanism, the radical cation 5-52 is first formed by
the PET process sensitized by excited Michler’s ketone 5-49. The aminoalkyl radical
5-53 is then formed by proton abstraction, which adds to 5-47 to give the oxoallyl
radical 5-54 (Scheme 5.11). There follows an intramolecular addition process in the
ortho position of the electron-rich aromatic ring to give 5-55, and a rearomatization
using acetone as oxidant. The formed radical 5-56 can then abstract a hydrogen
from 5-48 to give again the aminoalkyl radical 5-53.

Quite recently, Mattay and coworkers reported on several related photochemi-
cally induced domino processes for the synthesis of steroids [16]. In these cases, the
initially formed radical cation is stabilized by formation of an oxenium ion. For in-
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•
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O
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•

•
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Scheme 5.11. Proposed mechanism for the photochemical reaction of 5-47 and 5-53.
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OTMS
MeO
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(Pyrex), n-decane
MeCN/EtCN (3:1)

MeO
OTMS

5-59

O
H

MeO
O

H
MeO

+

5-60

•

Scheme 5.12. Synthesis of steroid derivatives.
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H H
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H H

H

O
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•

•

5-61 5-62 5-63

O

O

••

O
O

hν[a]

benzene, r.t.

5-64

~85%

5-65

[a] >340 nm, 450 W medium pressure Hg-lamp, Pyrex, uranium-glass filter.

Scheme 5.13. Photochemically induced formation of a tetrasubstituted furan.

stance, irradiation of a diastereomeric mixture of racemic silylenol ether 5-57 in the
presence of 9,10-dicyanoanthracene (DCA) as sensitizer led to the two compounds
5-59 and 5-60 in 27 % combined yield (Scheme 5.12).

One of the best-known and highly useful photochemical synthetic procedures is
the Paterno−Büchi reaction [17]. This transformation has also been adapted as basic
principle for domino processes by different research groups. Agosta and coworkers
published a procedure by which tetrasubstituted furans such as 5-65 can be built up
from 5-61 and 5-62 (Scheme 5.13) [18].
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Scheme 5.14. Synthesis of tetrahydrooxepins.
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Scheme 5.15. Photochemical synthesis of functionalized cyclopropyl ketones.
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N
OMe

5-80

hν (265 nm, 400 W medium 
pressure Hg-arc-lamp)
nhexane, r.t.

N
OMe

•

•

5-81

quant.
(dr~10:5:2:1)

N
OMe

5-82a (55%)

N
OMe

5-82b (36%)

N
OMe

5-82c

N
OMe

5-82d

1) mCPBA, CH2Cl2, r.t.
2) micro wave (100 W), DMSO, 200 °C, 1 min
3) 5 mol% Pd/C, H2, EtOAc, r.t.

24% over 3 steps

(–)-Cuparene (5-83)

Scheme 5.16. Synthesis of (–)-cuparene (5-83) via a 5.3 sequence.

It is assumed that first biradical 5-63 is formed on addition of 5-62 to photochemi-
cally excited 5-61. There follows a ring closure involving the triple bond to yield α-
acyl-α, �-unsaturated carbene 5-64. The carbene moiety then undergoes a final 6π
electrocyclic ring closure on the carbonyl group to give the desired furan 5-65.

A more recent approach by the research group of Lambert gives access to substi-
tuted tetrahydrooxepins of type 5-70 (Scheme 5.14) [19]. Here, irradiation of the
starting materials 5-66 and 5-67 again did not lead to the usually observed oxetane,
but rather to a biradical 5-68. There follows a cyclopropyl ring fragmentation to give
a new biradical 5-69, which finally undergoes a radical recombination generating
the tetrahydrooxepins 5-70, though in relatively low yields and poor selectivities.

The Norrish−Yang reaction [20] is based on the photochemical excitation of ke-
tones followed by an intramolecular hydrogen transfer with the formation of biradi-
cals. Wessig and coworkers used this procedure to prepare functionalized cyclo-
propyl ketones as 5-75 from 5-72 (Scheme 5.15) [21]. The substrate employed con-
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Scheme 5.17. Photochemical transformation of 5-84.

hν (100 W tungsten-
filament lamps), 
Hg(OAc)2, I2, 10 atm O2
cyclohexane, 40–45 °C

tains a leaving group adjacent to the C=O group. In that way, the primarily formed
biradical 5-73 undergoes a rapid elimination to give a new biradical 5-74, which
then cyclizes to afford the product. In a similar way, 5-76 was transformed into 5-77,
whereas 5-78 led to 5-79. All reactions proceed with high yield.

Grainger’s group has developed an asymmetric route to (−)-cuparene (5-83) [22]
using another photoinduced generation of a biradical (Scheme 5.16) [23]. Thus, ir-
radiation of (S)-proline-derived 5-80 resulted initially in the formation of 5-81,
which subsequently cyclizes in almost quantitative yield to afford a mixture of the
four possible diastereomers 5-82a−d in an approximate 10:5:2:1 ratio. The two
major isomers could be separated by column chromatography to provide 5-82a in
36 % yield and the desired 5-82b in 55 %, which was converted into the natural pro-
duct 5-83 in 24 % yield over three steps.

The final example to be discussed in this chapter is a domino �-fragmentation/
hydrogen abstraction process developed by Suárez and coworkers [24]. Besides
other related examples reported by the same group [25], the formation of 5-91 from
5-84 is probably the most striking due to its similarity to the natural product li-
monin (5-92) [26].
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Irradiation of the hemiacetal 5-84 in the presence of Hg(OAc)2, iodine, and
molecular oxygen with visible light affords the alkoxy radical 5-85. Subsequently, a
�-fragmentation/peroxidation sequence gives 5-88 via 5-86, which then reacts with
iodine leading to the alkoxy radical 5-89 and, furthermore, to the carbon radical 5-90
by hydrogen transfer. Trapping of 5-90 in a ring closure yields product 5-91 in satis-
factory 56 % yield, along with a byproduct 5-87.

5.4
Photochemical/Pericyclic Domino Processes

Among photochemical/pericyclic domino processes, sequences that involve an
initial photoenolization to afford reactive hydroxy-o-quinodimethane species
which can be subsequently trapped by dienophiles in either an inter- or an in-
tramolecular Diels−Alder fashion belong to the most elegant and efficient domino
reactions in this class. Their potency for the construction of complex molecules
has been demonstrated by Barton and Quinkert or, more recently, by Kraus [27],
Moorthy and Venugopalan [28], as well as by Bach using an enantioselective ap-
proach [29]. In addition, Nicolaou’s group has developed a straightforward ap-
proach to highly substituted tetralines 5-96 and 5-99 employing aromatic alde-
hydes of type 5-93 or 5-97 as substrates (Scheme 5.18) [29]. In the reaction of 5-93,
an intermolecular cycloaddition of the formed o-quinodimethane 5-94 with an
alkene 5-95 took place, whereas with 5-97 an intramolecular reaction of the inter-
mediate 5-98 occurred.
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Scheme 5.18. General strategy for the synthesis of benzannulated compounds from 
benzaldehydes by the photogeneration and trapping of hydroxy-o-quinodimethanes.
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Entry Aldehyde Dienophile Product dr[b] Yield [%][a]

H

O O
HO OH

H

1 ca. 8:1 71

H

OOMe

MeO
OMe

O

OMe

OHOMe

MeO
OMe

O

OMe

H

OOMe

MeO
OMe

O

H

OHOMe

MeO
OMe

O

2

3

ca. 3:1 83

84ca. 9:3:1

[a] Reaction conditions: hν (450 W medium pressure Hg-lamp, Pyrex), toluene, r.t..
[b] Major diastereomers shown.

Table 5.1. Synthesis of tetralines by intermolecular trapping of hydroxy-o-quinodimethanes.
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O H
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O

H

H

OMe

HO

In Table 5.1 are listed six selected examples, which show that many functional
groups are tolerated, and that the intermolecular (Path A) as well as the in-
tramolecular Diels−Alder mode (Path B) provide good yields and reasonable to very
high selectivities.

Nicolaou and coworkers used this approach also for the synthesis of hamigerans
A and B [30], as well as of several of their epimers [29, 31]. The group of Kraus
succeeded in a formal total synthesis of the anticancer agent podophyllotoxin 5-103
from 5-100 [32] (Scheme 5.19) [33]. The method allows a rapid access to the central
core 5-102 via 5-101.

Another photoinduced 1,5-hydrogen shift/twofold Diels−Alder process to give
substituted aromatic compounds has been reported by Nair and coworkers [34].
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Scheme 5.20. Photoinduced cyclizations of 5-104.
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Scheme 5.19. Photoenolization/Diels–Alder reaction sequence is the synthesis of 
podophyllotoxin (5-103).
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Likewise, Sheridan’s group developed a photoassisted twofold [6π + 2π] cyclization
generating tetracycloundecadienes [35], while Dittami’s group has reported on
several impressive domino photocyclization/pericyclic processes of substrates of
type 5-104, which are represented in Scheme 5.20 [36].

The group of Nakatani introduced photochemically induced cyclization that takes
advantage of a system in which a carbene generator and a carbene trap are com-
bined in the same molecule [37]. Thus, irradiation of compound 5-105 induced a cy-
clization to give an intermediate carbene 5-106, which underwent an intramolecu-
lar trapping by a pericyclic 6π electrocyclization to afford 5-107 in a very good yield
of 95 % (Scheme 5.21).

Finally, a nice combination of a light-induced Wolff reaction of a diazoketone
(e. g., 5-108) with a thermal Cope rearrangement, a light-induced Norrish type I
cleavage and a recombination was developed by Stoltz and coworkers (Scheme
5.22) [38]. Here, irradiation of 5-108 at 254 nm in a photoreactor afforded the bicy-

O
O

O

O
O

O
O

O
O

5-106 5-1075-105

95%
••

Scheme 5.21. Photocyclization/electrocyclization sequence for the synthesis of 5-107.

a) hν (365 nm, Pyrex), benzene, 
r.t..

a)
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Scheme 5.23. Synthesis of retigeranic acid (5-116) by photochemical meta-cycloaddition.

hν, vycor 
filter, cHx

hν pyrex filter
HCONH2, MeCO2Me
tBuOH

H

H

steps

H2N(O)CH
HO2C

H

5-113 5-114

Retigeranic acid (5-116) 5-115

72% (two 
isomers)

H

clic compound 5-112 in 72 % yield. As intermediate, the cyclopentanoheptadienone
5-110 is formed via 5-109, which on prolonged exposure to light leads to a Norrish
type I fragmentation to give the transient allylic radical 5-111. Immediate recombi-
nation of that biradical then leads to 5-112. It is worth noting that the high di-
astereoselectivity of the formal 1,3-acyl migration affords the fused bicyclo[3.3.0]oc-
tane 5-112 as a single isomer.

5.5
Photochemical/Photochemical Domino Processes

The photochemical meta cycloaddition of arenes and alkenes, in which three C−C
bonds are formed, is a powerful sequence for the construction of complex
molecules [39]. The photoaddition, starting from simple substrates, proceeds with
almost quantitative yield. The process has been employed by Wender and co-
workers in various ways for the synthesis of natural products such as silphenes,
subergorgic acids, grayanotoxin, and retigeranic acid (5-116) [40]. The meta photo-
addition of enantiomerically pure 5-113 led to the angular annulated tricyclopen-
tane system 5-114 which, after addition of formamide, gave triquinane 5-115 in a
second photochemical step with opening of the vinylcyclopropane. The complex
pentacyclic retigeranic acid (5-116) could then be formed from 5-115 in a few steps
[40b]. This process includes an intramolecular Diels−Alder reaction for the forma-
tion of the 5,6-ring system.
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5.6
Photochemical/Transition Metal-Catalyzed Domino Processes

To date, only one example of a combination of a photochemically induced transfor-
mation with a transition metal-catalyzed reaction has been found in the literature.
This hν/Pd0-promoted process allows the synthesis of five-membered cyclic γ-keto
esters 5-119 from 5-iodoalkenes 5-117 in the presence of CO and an alcohol 5-118 as
a nucleophile (Scheme 5.24) [41]. The yields are high, and differently substituted
iodoalkenes can be employed.

Komatsu and coworkers also carried out mechanistic studies on their new dom-
ino process, showing there is an interplay of two reactive intermediates: radicals
and organopalladium complexes (Scheme 5.25). It is proposed that under the in-
fluence of both, the Pd0 catalyst and light, radical 5-120 is formed first. Subsequent
CO addition furnishes the acyl radical 5-121, which is trapped in a 5-exo-trig cycliza-
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Scheme 5.24. Light-Pd0-induced cyclization/carbonylation sequence.
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Scheme 5.25. Proposed mechanism of the Pd/light-induced domino sequence.
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O

OR2
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5-118

tion, after which a second carbonylation gives 5-123 via 5-122. This radical couples
with a PdI species to form an acyl-palladium intermediate 5-124, which is attacked
by the nucleophile R2OH 5-118 to afford the final products 5-119 by a reductive
elimination of Pd0.

To date, no examples have been found in the literature for the combination of
photochemically induced transformations with reductive/oxidative or enzymatic
processes.
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6
Transition Metal-Catalyzed Domino Reactions

Transition metal-catalyzed transformations are of major importance in synthetic
organic chemistry [1]. This reflects also the increasing number of domino
processes starting with such a reaction. In particular, Pd-catalyzed domino transfor-
mations have seen an astounding development over the past years with the Heck
reaction [2] − the Pd-catalyzed transformation of aryl halides or triflates as well as of
alkenyl halides or triflates with alkenes or alkynes − being used most often. This
has been combined with another Heck reaction or a cross-coupling reaction [3]
such as Suzuki, Stille, and Sonogashira reactions. Moreover, several examples have
been published with a Tsuji−Trost reaction [1b, 4], a carbonylation, a pericyclic or an
aldol reaction as the second step.

In a similar manner, cross-coupling reactions have been used as the first step, fol-
lowed by a second Pd-catalyzed transformation or other reactions.

Several Pd-catalyzed domino processes start with a Tsuji−Trost reaction, a pal-
ladation of alkynes or allenes [5], a carbonylation [6], an amination [7] or a Pd(II)-cat-
alyzed Wacker-type reaction [8]. A novel illustrious example of this procedure is the
efficient enantioselective synthesis of vitamin E [9].

Within this chapter, two sections are devoted to rhodium and ruthenium. The
two main procedures using rhodium are: first, the formation of 1,3-dipoles from di-
azocompounds followed by a 1,3-dipolar cycloaddition [10]; and second, hy-
droformylation [11]. The ruthenium-catalyzed domino reactions are mostly based
on metathesis [12], with the overwhelming use of Grubbs I and Grubbs II catalysts.

In thefinalsectionof thechapter, theuseof theremainingtransitionmetals indom-
ino processes, including cobalt, nickel, copper, titanium, and iron, will be discussed.

In transition metal-catalyzed domino reactions, more than one catalyst is often
employed. In Tietze’s definition and the classification of domino reactions, no dis-
tinction has been made between transformations where only one or more transi-
tion metal catalyst is used for the different steps, provided that they take place in a
chronologically distinct order. Poli and coworkers [13] differentiated between these
processes by calling them “pure-domino reactions” (which consisted of a single cat-
alytic cycle driven by a single catalytic system) or “pseudo-domino reactions”. The
latter type was subdivided into:
� Type I reactions, which consisted of two or more independent catalytic cycles em-

ploying one catalyst; and
� Type II reactions, which employed two or more different catalysts.
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Such an inter-type difference will not be utilized in this book, mainly because it
complicates the classification and is not necessary as the focus is placed on the sub-
strates and the products. The argument is also valid for enzymatic transformations
[12d, 14], where one enzymatic system with one enzyme or different independent
enzymatic systems with one or more enzymes may be used. In Nature, as well as in
several artificial enzymatic domino reactions, a mixture of different enzymes cata-
lyzing independent cycles is employed.

6.1
Palladium-Catalyzed Transformations

Palladium has the advantage of being compatible with many functional groups, and
it is therefore an ideal catalyst for domino reactions. As in all processes of this type,
an adjustment of the reactivity of the functionalities involved in the different steps
is necessary. This may be done by taking advantage, for example, of the different re-
activity of aryl iodides compared to aryl bromides, or of vinyl bromides compared to
aryl bromides. An illustrious example of this is the synthesis of estradiol 6/1-5 by
Tietze and coworkers, who used two Heck reactions starting with the substituted
anisol 6/1-1, which undergoes a Heck reaction with the indene derivative 6/1-2 to
give 6/1-3 [15]. The transformation takes place exclusively at the vinyl bromide
moiety in 6/1-1. In a second Heck reaction, 6/1-3 was transformed into 6/1-4,
which led to the enantiopure estradiol (6/1-5) in three steps (Scheme 6/1.1).

Another possibility of allowing differentiation is preference in the formation of
different ring sizes in the different steps, as in the reaction of 6/1-6, where a four- or
a six-membered ring could be formed in the first step.

Thus, an early example of two successive Heck reactions is the formation of the
condensed bicyclic compound 6/1-7 from the acyclic precursor 6/1-6 by Overman

Br
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Scheme 6/1.1. Synthesis of enantiopure estradiol (6/1-5).
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Scheme 6/1.2. Formation of polycyclic compounds.

and coworkers [16]. It was later shown by Negishi that a multitude of rings, as in
6/1-9, can be prepared by this process, starting from 6/1-8 [17].

The variety of products can be increased by an anion-capturing process of the in-
termediate Pd-compounds, and this has been intensively explored by Grigg and co-
workers [18].

One productive facet of Pd-catalyzed domino reactions is the cycloisomerization
of enynes and allenes, as shown by Trost and coworkers [19]. Thus, transformation
of the dienyne 6/1-10 using Pd(OAc)2 led to 6/1-13 in 72 % yield, in which the last
step is a Diels−Alder reaction of the intermediate 6/1-12 (Scheme 6/1.2).

6.1 Palladium-Catalyzed Transformations
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6.1.1
The Heck Reaction

6.1.1.1 Domino Heck Reactions
Overcrowded tetrasubstituted alkenes can possess remarkable switching properties
under ultraviolet (UV) light [20]. They are therefore an interesting class of com-
pounds for the design of organic switches and the development of reversible optical
data storage. Tietze and coworkers [21] have prepared a wide variety of this type of
compounds 6/1-16 by double Heck processes in high yield, and with complete con-
trol of the configuration of the formed double bond using aryl bromides 6/1-14a−f
as substrates which contain a triple bond and an allylsilane moiety. The best results
were obtained using the Hermann-Beller catalyst 6/1-15 [22]. It can be assumed
that the Pd species 6/1-18, 6/1-19 and 6/1-20 are intermediates, whereby the allyl-
silane moiety in 6/1-20 is responsible for selective formation of the tertiary stereo-
genic center (Scheme 6/1.3). Thus, Tietze and coworkers have shown that the in-
herent disadvantage of Heck reactions using alkenes with α- and α’-hydrogens to
produce mixtures of double bond isomers can be avoided by employing allylsilanes
[23]. In such cases, the Pd−H elimination of the intermediate Pd-complex is highly
regioselective. When irradiated with a high-pressure mercury lamp, (E)-6/1-16
gives a 1:1-mixture of the (Z)- and (E)-isomers.

The double-Heck-approach can also be employed for the preparation of novel het-
erocyclic compounds as 6/1-25 and 6/1-26 (Scheme 6/1.4) [24]. Thus, the pal-
ladium-catalyzed reaction of 6/1-21 and the cyclic enamide 6/1-22 gave a 1.2:1-mix-
ture of 6/1-23 and 6/1-24, which in a second Heck reaction using the palladacene
6/1-15 led to 6/1-25 and 6/1-26 in an overall yield of 44−49 %. The synthesis can
also be performed as a domino process using a mixture of Pd(OAc)2 and the pal-
ladacene 6/1-15.

A clever synthesis of (+)- and (−)-scopadulcic acid A 6/1-27 was described by
Overman and coworkers [25] employing a Pd-catalyzed domino process of the
methylene cycloheptene iodide 6/1-33. This generates the B, C, and D rings of the
scopadulan skeleton as a single stereoisomer in 90 % yield following the retrosyn-
thetic analysis of 6/1-27 to give 6/1-28. The synthesis started with 6/1-29, which al-
lowed an enantioselective reduction of the carbonyl moiety using (R)-B-
isopinocampheyl-9-borabicyclo[3.3.1]nonane[(R)-Alpine-Borane] following the pro-
cedure by Brown and Midland [26] to generate the corresponding secondary alcohol
in 94 % yield and 88 % ee. Transformation of the CH2OTBS group into the or-
ganolithium-derivative followed by coupling with the amide 6/1-30 gave 6/1-31.
Cope rearrangement of the corresponding enoxysilane of 6/1-31 then led to 6/1-32
which was transformed into 6/1-33 using classical reactions. The domino Heck re-
action of 6/1-33 proceeded cleanly to afford 6/1-34 after desilation as a single tricy-
clic product. The addition of Ag2CO3 is necessary to suppress migration of the
double bond in the initially formed intermediate. In a seven-step synthesis, 6/1-34
was then transformed into 6/1-35 which, in eight steps, afforded the desired pro-
duct 6/1-27 (Scheme 6/1.5).

The Shibasaki group [27] developed an enantioselective total synthesis of (+)-xes-
toquinone (6/1-38) using an asymmetric double Heck reaction with BINAP as chi-
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Scheme 6/1.5. Synthesis of (–)-scopadulcic acid A (6/1-27).

H2
CH2CR1=

ral ligand. Reaction of 6/1-36a with Pd2(dba)3·CHCl3 in the presence of (S)-BINAP
gave 6/1-37 in 39 % yield and 63 % ee, which was transformed into xestoquinone
6/1-38 (Scheme 6/1.6). It is interesting that in the second Heck reaction an endo-
trig approach takes place to give a six-membered ring instead of the seemingly
more favored exo-trig reaction with the formation of a five-membered ring. Keay
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Scheme 6/1.7. Synthesis of macrocyclic compounds.

and coworkers [28] recently reported on an improvement of this process using the
triflate 6/1-36b as substrate. They obtained 6/1-37 with a much higher yield and
slightly improved enantioselectivity.

The intramolecular Heck reaction is an appropriate method for the synthesis of
all types of cyclic compounds such as normal, medium, and large rings [29]. Using

6.1 Palladium-Catalyzed Transformations
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Scheme 6/1.8. Reaction of 6/1-42 and 6/1-43 under different conditions.

ω-haloallenes, 20-membered carbocycles can be obtained in over 85 % yield;
however, by using the same reaction conditions, 13-membered rings were only
formed in 18 % yield. In agreement with these basics is the observation that the Pd0-
catalyzed transformation of substrate 6/1-39 does not give an intramolecular cycli-
zation, but first by an intermolecular C−C-bond formation to afford the pseudo-
dimer 6/1-40 which then cyclizes to yield the 26-membered carbocycle 6/1-41 in
54 % yield (Scheme 6/1.7) [30].

It is well known that minor changes in conditions can have dramatic effects on
the products obtained. For example, Heck’s group [31] described the palladium-cat-
alyzed reaction of iodobenzene 6/1-42 and 2 equiv. of diphenylacetylene 6/1-43 in

6 Transition Metal-Catalyzed Domino Reactions
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the presence of triphenylphosphane and triethylamine as base to give the substi-
tuted naphthalene 6/1-44. Dyker and coworkers [32] used a 2:1-mixture of 6/1-42
and 6/1-43 in the presence of nBu4NBr and K2CO3 as base, and obtained the
phenanthrene 6/1-45 (Scheme 6/1.8). Moreover, Cacchi’s group [33] used the same
conditions but added a formate and obtained the triphenylethene 6/1-46.

Finally, Larock and coworkers [34] recently reported on an efficient synthesis of 9-
alkylidene- and 9-benzylidene-9H-fluorenes 6/1-47, again using 6/1-42 and 6/1-43
as substrates. The best results were obtained with sodium acetate and nBu4NCl,
which allowed 6/1-47 to be obtained in 62 % yield. A proposed mechanism is given
in Scheme 6/1.9, suggesting a migration of palladium from a vinylic to an arylic
position [35].

De Meijere and coworkers developed a nice example where three C−C-bonds are
formed in one domino process [36]. Thus, reaction of 6/1-48 with the Hermann−
Beller catalyst 6/1-15 led to 6/1-50 as the only product (Scheme 6/1.10). It can be as-
sumed that the Pd-compound 6/1-49 is an intermediate.

Another cyclotrimerization was observed in the Pd0-catalyzed transformation of
substrates of type 6/1-51 which led to annulated naphthalenes 6/1-52, as described
by Grigg and coworkers [37] (Scheme 6/1.11). The reaction can also be performed
as a two-component transformation involving a combination of an intra- and an in-
termolecular process.
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Br

E

E

O

6/1-48

O

LnPdBr

E
E

6/1-49

O
E

E

6/1-50 (48%)

(single product)

Pd0

Scheme 6/1.10. Synthesis of a tetracyclic cyclopropane derivative.

I

X

YR2N
10 mol% Pd(OAc)2, 20 mol% PPh3
1 eq Ag2CO3, 1.5 eq NaOCHO 
MeCN, 80 °C

6/1-51a: X = NAc, Y = C(CO2Et)2
6/1-51b: X = CH2C(CO2Et)2, Y = NSO2Ph

6/1-52a: 2 h (77%)
6/1-52b: 15 h (60%)

Scheme 6/1.11. Cyclotrimerisation of 6/1-51.

X

Y

R2N

The same group [38] also developed a double Heck reaction which was then ter-
minated by a Friedel−Crafts alkylation to give 6/1-54 from 6/1-53 (Scheme 6/1.12);
this involved an attack of an alkylpalladium(II) intermediate on an aryl or heteroaryl
moiety. Noteworthy is the finding that the formal Friedel−Crafts alkylation occurs
on both electron-rich and electron-poor heteroaromatic rings, as well as on substi-
tuted phenyl rings. Single Heck/Friedel−Crafts alkylation combinations have also
been performed.

To date, only double Heck reactions have been described, but triple Heck reac-
tions are also possible [39]. Reaction of the alkynyl aryl iodide 6/1-55 with norbor-
nene in the presence of Pd(OAc)2, triphenylphosphane and triethylamine as base
led to the cyclopropanated norbornene derivate 6/1-59 as a single diastereomer in
40 % yield (Scheme 6/1.13). It can be assumed that the alkenyl Pd-species 6/1-56 is
first formed stereoselectively, and this undergoes a Heck reaction with norbornene

PhSO2N

I

10 mol% Pd(OAc)2, 20 mol% PPh3
1 eq Tl2CO3, toluene, 110 °C, 15 h

46%

PhSO2N

6/1-53 6/1-54

Scheme 6/1.12. Double Heck/Friedel–Crafts reaction.
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HB

10 mol% Pd(OAc)2
20 mol% NEt3
MeCN, refluxNMe

I

O 45%

6/1-55

NMe

HIPd

O

6/1-56

NMe

H

O

H
PdI

H

6/1-57

NMe

O

H

H H

6/1-58

– HPdI
N
Me

O

HA

HB

6/1-59

PdI

Scheme 6/1.13. Triple Heck reaction.

to give 6/1-57 in a syn-fashion, followed by formation of the cyclopropanated inter-
mediate 6/1-58, which loses HPdI.

As shown in the preceding examples, although intramolecular Pd-catalyzed poly-
cyclization is a well-established procedure, some few examples exist of polycycliza-
tions where the first step is an intermolecular process. In this respect, the Pd0-cata-
lyzed domino reaction of allenes in the presences of iodobenzene reported by Tan-
aka and coworkers [40] is an intriguing transformation. As an example the Pd-cata-
lyzed reaction of 6/1-60 in the presence of iodobenzene led to 6/1-61 in 49 % yield,
allowing the formation of three rings in one sequence (Scheme 6/1.14).

Domínguez and coworkers [41] used a twofold Heck reaction for the construction
of annulated N-heterocycles such as 6/1-64a−c, starting from the enamides 6/1-63
which can be easily obtained from the corresponding amines 6/1-62a−c and o-iodo-
benzoic acid chloride (Scheme 6/1.15).

6/1-60

10 mol% [Pd(PPh3)4]
2.0 eq PhI, 2.0 eq K2CO3
dioxane, reflux, 8 h

49%

6/1-61

Scheme 6/1.14. Intermolecular polycyclisation.

MtsN

HHH

H

MtsN

H

•
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6/1-62a: n = 0
6/1-62b: n = 1
6/1-62c: n = 2

6/1-63

6/1-64a: 2 h, 130 °C, (81%)
6/1-64b: 6 h, 100 °C, (87%)
6/1-64c: 24 h, 130 °C, (47%)

Br

H2N
(  )

n

1) MeCHO

2)

I

Cl

O

OI

(  )n

N

O

(  )
n

Pd(OAc)2, PPh3
Et4NBr, K2CO3
DMF

Scheme 6/1.15. Synthesis of annulated heterocycles.

Br

Another double Heck reaction was reported by Pan and coworkers [42] to prepare
substituted pyrrolines 6/1-67 using the bisallylamine 6/1-67 and benzylchlorides as
substrates (Scheme 6/1.16).

Keay and coworkers [43] observed an unusual remote substituent effect on the
enantioselectivity in intramolecular domino Heck processes to give the tetracyclic
products 6/1-69 to 6/1-72 from 6/1-68a−d (Scheme 6/1.17). The enantioselectivity
varies strongly with the substitution on pattern; thus, the transformation of 6/1-68a
and 6/1-68c containing one methyl group gave the corresponding products 6/1-69
and 6/1-71 with excellent enantioselectivity up to 96 %, whereas the substrates with
no or two methyl groups gave much lower ee-values.

6.1.1.2 Heck/Cross-Coupling Reactions
The combination of a Heck and a cross-coupling reaction has not been widely ex-
ploited. However, there are some reactions where, following oxidative addition, a

TsN
R

Cl
+

1 mol% Pd(OAc)2, nBu3N
DMF, 130 °C

TsN
R

47–76%

6/1-65 6/1-67

Scheme 6/1.16. Synthesis of pyrrolines.

6/1-66
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R2

OTf

O

O

R1

Pd2(dba)3, (R)-BINAP
toluene, PMP, 110 °C

6/1-68a: R1= Me, R2= H
6/1-68b: R1= R2= H
6/1-68c: R1= H, R2= Me
6/1-68d: R1= R2= Me

6/1-69: R1= Me, R2= H, 78%, 90% ee (R)
6/1-70: R1= R2= H, 83%, 71% ee (R)
6/1-71: R1= H, R2= Me, 71%, 96% ee (R)
6/1-72: R1= R2= Me, 68%, 71% ee (R)

Scheme 6/1.17. Influence of the substitution pattern on the enantioselectivity in intramolecular 
double Heck reaction.

O

R2

O

R1

N Br

N

O

+

Cl

Cl B(OH)2

5 mol% Pd(OAc)2
10 mol% PPh3
NaOH, THF/H2O
reflux

N
N

O

Cl

Cl

6/1-73 6/1-74

6/1-75

68%

Scheme 6/1.18. Synthesis of azaindoles.

cis-palladation of an alkyne takes place, and this is followed by a Suzuki, Stille, or
Sonogashira reaction. This approach utilizes the comparatively high reaction rate of
the cis-palladation of alkynes. Most often, the first step is an intramolecular trans-
formation which utilizes the entropic effect, though this is not a necessary require-
ment.

Ternary Pd-catalyzed coupling reactions of bicyclic olefins (most often norbor-
nadiene is used) with aryl and vinyl halides and various nucleophiles have been in-
vestigated intensively over the past few years [44]. A new approach in this field is to
combine Heck and Suzuki reactions using a mixture of phenyliodide, phenyl-
boronic acid and the norbornadiene dicarboxylate. Optimizing the conditions led to
84 % of the desired biphenylnorbornene dicarboxylate [45]. Substituted phenyl-
iodides and phenylboronic acids can also be used, though the variation at the nor-
bornadiene moiety is highly limited.

Cossy and coworkers described a precise combination of a Heck and a Suzuki−
Miyama reaction using ynamides and boronic acids to give indole and 7-azaindole
derivatives [46]. Thus, reaction of 6/1-73 with 6/1-74 using Pd(OAc)2 as catalyst led
to 6/1-75 in 68 % yield (Scheme 6/1.18).

Ahn, Kim and coworkers, in the preparation of 4-alkylidene-3-arylmethylpyr-
rolidines 6/1-77, used a Heck reaction of the vinyl bromide 6/1-76 in the presence
of an arylboronic acid [47] (Scheme 6/1.19). It has been assumed that the interme-
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diately formed alkylpalladium species is stabilized by a coordination with one of the
N-sulfonyl oxygens which might suppress the Pd-�-hydride elimination to allow
the Suzuki reaction to proceed.

Recently, Larock and coworkers used a domino Heck/Suzuki process for the syn-
thesis of a multitude of tamoxifen analogues [48] (Scheme 6/1.20). In their ap-
proach, these authors used a three-component coupling reaction of readily available
aryl iodides, internal alkynes and aryl boronic acids to give the expected tetrasubsti-
tuted olefins in good yields. As an example, treatment of a mixture of phenyliodide,
the alkyne 6/1-78 and phenylboronic acid with catalytic amounts of PdCl2(PhCN)2

gave 6/1-79 in 90 % yield. In this process, substituted aryl iodides and heteroaro-
matic boronic acids may also be employed. It can be assumed that, after Pd0-cata-
lyzed oxidative addition of the aryl iodide, a cis-carbopalladation of the internal
alkyne takes place to form a vinylic palladium intermediate. This then reacts with
the ate complex of the aryl boronic acid in a transmetalation, followed by a reductive
elimination.

A combination of an intramolecular Pd0-catalyzed alkenylation of an alkyne and a
Stille reaction followed by a 8π-electrocyclization was developed by Suffert and co-
workers [49]. Thus, treatment of the diol 6/1-80 with the stannyldiene 6/1-81 in the
presence of [Pd(PPh3)4] led to 6/1-83 in 16 % yield via the intermediate 6/1-82. At a
higher temperature, 6/1-83 can undergo a 4π conrotatory ring opening to afford a
mixture of 6/1-85 and 6/1-86 via 6/1-84 (Scheme 6/1.21).

Müller and coworkers developed a concise domino process in which termination
of an intramolecular arylation of an alkyne was achieved by a Sonogashira alkynyla-

N

Br

Ts
N
Ts

Arcat. Pd0, ArB(OH)2
Na2CO3, THF/H2O, 80 °C

6/1-76 6/1-77

49–92%

Scheme 6/1.19. Synthesis of pyrrolidines.

6/1-78

I

+

+

B(OH)2

1 mol% PdCl2(PhCN)2
KHCO3, DMF/H2O
100 °C, 12 h

6/1-79

0.5 eq

0.25 eq
90%

0.75 eq

Scheme 6/1.20. Synthesis of tamoxifen analogues.
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HO
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SiMe3
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[Pd(PPh3)4], PhH
85 °C

6/1-81 SiMe3
HO

HO

E
E6/1-82

HO

HO

H

SiMe3

6/1-83

E
E

SiMe3
OH

H

O
H

6/1-84

4π conrotatory
ring opening

SiMe3
OH

E
E

O

H

+

SiMe3
O

E
E

O

H

H
H

6/1-85

6/1-86

[1,5] H
transfer

Scheme 6/1.21. Combination of a domino Heck/Stille reaction with an electrocyclization.

E
E

I

X O

R1

+

(het)aryl

O

R2
R3

6/1-87 6/1-88

5 mol% [PdCl2(PPh3)2]
2.5 mol% CuI, toluene
or butyronitrile, NEt3
∆, 3 d

X
O

R1

O (het)aryl

R2
R3

6/1-89 (33–86%)
R1= Ph, R2= R3= Me
(het)aryl = pClC6H4
X = NTs: 86%

X = O, NTs

Scheme 6/1.22. Synthesis of spiro compounds 6/1-89.

tion [50]. The transformation could even be carried on by an intramolecular cy-
cloaddition. Treatment of a mixture of 6/1-87 and 6/1-88 in the presence of catalytic
amounts of [PdCl2(PPh3)2] and CuI in toluene/butyronitrile/triethylamine under
reflux led to hitherto unknown spiro compounds 6/1-89 in up to 86 % yield
(Scheme 6/1.22).
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6.1.1.3 Heck/Tsuji−Trost Reactions
To date, only a few examples have been described where a Heck reaction has been
combined with a Pd0-catalyzed nucleophilic substitution and the yields are less
satisfying. However, the opposite variation − namely the combination of a Tsuji−
Trost and a Heck reaction − has been used more often (see Section 6.1.3).

Helmchen and coworkers employed α,ω-amino-1,3-dienes as substrates [51]. By
using palladium complexes with chiral phosphino-oxazolines L* as catalysts, an
enantiomeric excess of up to 80 % was achieved. In a typical experiment, a suspen-
sion of Pd(OAc)2, the chiral ligand L*, the aminodiene 6/1-90 and an aryltriflate in
dimethylformamide (DMF) was heated at 100 °C for 10 days. Via the chiral pal-
ladium complex 6/1-91, the resulting cyclic amine derivative 6/1-92 was obtained in
47 % yield and 80 % ee (Scheme 6/1.23). Using aryliodides the reaction time is
shorter, and the yield higher (61 %), but the enantiomeric excess is lower (67 % ee).
With BINAP as a chiral ligand for the Pd0-catalyzed transformation of 6/1-90 and
aryliodide, an ee-value of only 12 % was obtained.

Within a total synthesis of the neurotoxin (−)-pumiliotoxin C [52], Minnaard, Fer-
inga and coworkers used a domino Heck/Tsuji−Trost reaction of 6/1-93 and 6/1-94
to give the perhydroquinoline 6/1-95 in 26 % yield after hydrogenation [53]
(Scheme 6/1.24).

6/1-90 6/1-91 6/1-92

NHBn

45%, 80% ee

3 mol% Pd(OAc)2
6 mol% L*, DMF
100 °C, 10 d

NHBn

Ar

PdL*

NBn

Ar

O

Ph

PPh2

L* =

Ar = 2,6-Me2C6H3

Scheme 6/1.23. Enantioselective domino Heck/allylation process.

+ ArOTf

NHTs

Br

Pd(OAc)2, P(oTol)3, Na2CO3
nBu4NCl, acetonitrile, 86 °C, 68 h

1) 6/1-94

2) H2/Pd/C, ethanol
Ts
N

H

H

6/1-93 6/1-95
(2 epimers)

26%

Scheme 6/1.24. Towards the synthesis of pumiliotoxin C.
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Similarly, acyclic ω-olefinic N-tosyl amides with vinyl bromides have also been
used to give pyrrolidones and piperidones in 49 to 82 % yield (eight examples) [54].

6.1.1.4 Heck Reactions/CO-Insertions
The insertion of CO into an organic Pd species is a very common procedure, and
may also form part of a domino process, for example, after a Heck reaction.

In an approach towards a total synthesis of the marine ascidian metabolite pero-
phoramidine (6/1-96) [55], Weinreb and coworkers developed a domino Heck/car-
bonylation process [56]. This allowed construction of the C,E,F-ring system of 6/1-
96, together with the C-20 quaternary center and the introduction of a functionality
at C-4 (Scheme 6/1.25). Thus, reaction of 6/1-97 in the presence of catalytic
amounts of Pd(OAc)2 and P(oTol)3 under a CO atmosphere in DMA/MeOH led to
6/1-98 in 77 % yield.

Bicyclic lactones such as 6/1-101 were synthesized by Negishi and coworkers [57]
using a domino Heck carbopalladation as the key step of vinyl halides as 6/1-99 to
give 6/1-100. The product can be transformed into the desired lactone 6/1-101 in a
few steps (Scheme 6/1.26).

6/1-97 6/1-98

N
H

N

N

Me
N

Br

Cl

Cl 20

A

B
C

D

EF

Perophoramidine (6/1-96)

Cl I

N
Me

O
OTBS

Br

12 mol% Pd(OAc)2
38 mol% P(oTol)3, 50 eq NEt3
12 eq Bu4NBr, 1 atm CO
DMA/MeOH (2:1), 85 °C

Cl

N
Me

O

TBSO MeO2C H

Br
20

4

77%
Cl

Cl

Scheme 6/1.25. Synthesis of the C,E,F-ring system of perophoramidine (6/1-96).

6/1-99 6/1-100 6/1-101

TBSO
H

TBSO
H

CO2Me
O

O

H

a) 5 mol% Cl2Pd(PPh3)2, 1 atm CO, NEt3, MeOH, H2O, DMF, O2, 85 °C, 0.5–1 h.

a)

91%

steps

Scheme 6/1.26. Synthesis of bicyclic lactones.
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6.1.1.5 Heck Reactions/C−H-Activations
A domino process, which has been encountered with increasing frequency during
the past few years, is the combination of a Heck reaction with a C−H-activation.
This type of transformation takes place if the intermediate organopalladium com-
pound cannot react in the usual manner, and an aryl-H-bond is in close vicinity. C−
H-activation can also occur if the arylhalide is used in excess.

Carretero and coworkers [58] encountered three C−H-activations after a first
Heck reaction using α,�-unsaturated sulfones 6/1-102 and iodobenzene. Under
normal conditions, the expected Heck product 6/1-103 is formed; however, if an
excess of phenyliodide is used, then 6/1-104 is obtained in high yield. In this trans-
formation three molecules of phenyliodide are incorporated into the final product
(Scheme 6/1.27).

6/1-102 6/1-103 6/1-104

PhSO2 R PhSO2 Ph

R

PhR
PhSO2

+

R = H, alkyl, aryl

78–86%
Selectivity:

6/1-103 to 6/1-104 = 
12:88 to 3:97

PhR
PhSO2

Ag2CO3

Pd0
PhI

H

Pd

PhSO2
H

R

Pd
PhSO2

R

H

Pd

RPhSO2

Ph

Pd
PhSO2

R Ph

Ph

Pd

RPhSO2

H

Ph

Pd

R

Ph

R

H

PhSO2

syn
β-H-elim.

PhI
Ag2CO3

C–H
activation

C–H
activation

PhI

Ag2CO3

Scheme 6/1.27. Domino Heck reaction/CH-activation of α,β-unsaturated sulfones and PhI.

C-H
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PhSO2

R
PhSO2
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Larock and coworkers identified a Pd-catalyzed double C−H-activation by reac-
tion of N-(3-iodophenyl)anilines as 6/1-105 with alkynes as 6/1-106 [59]. Thus, reac-
tion of 6/1-105 with 6/1-106 in the presence of Pd0 led to 6/1-107 in reasonable
yield. It can be assumed that the two palladacycles 6/1-108 and 6/1-109 act as inter-
mediates. The procedure allows the efficient synthesis of substituted carbazoles
(Scheme 6/1.28).

Tietze and coworkers [60] observed a combination of a Heck reaction and a C−H-
activation by treatment of the alkyne 6/1-111 with Pd0. These authors aimed at com-
pound 6/1-112, but 6/1-110 was obtained as a single product in high yield (Scheme
6/1.29). It can again be assumed that after oxidative addition a cis-carbopalladation
of the triple bond takes place to give an alkenyl Pd intermediate which undergoes
the C−H-insertion into the neighboring naphthalene and not into the aryl ether
moiety.

Based on a transformation described by Catellani and coworkers [61], the Lautens
group [62] developed a three-component domino reaction catalyzed by palladium
for the synthesis of benzo annulated oxacycles 6/1-114 (Scheme 6/1.30). As sub-
strates, these authors used a m-iodoaryl iodoalkyl ether 6/1-113, an alkene substi-

H
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I6/1-105

+ Et Ph

6/1-106

H
N

Et
Ph

H
N

Ph
Et

5 mol% Pd(OAc)2
5 mol% dppa
CsPiv, DMF
100 °C, 6 h

6/1-107a 6/1-107b

10 : 1

examples: 40–75% yield

75%

H
N

Pd

R2 R2

Pd

H
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R2

R2

6/1-108 6/1-109

Scheme 6/1.28. Synthesis of carbazoles.
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Scheme 6/1.29. Synthesis of acenaphtylenes.
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tuted with an electron-withdrawing group (such as t-butyl acrylate), and an iodoal-
kane (such as nBuI) in the presence of norbornene. The yields are high in most
cases. It is proposed that, after the oxidative addition of the aryliodide, a Heck-type
reaction with norbornene first takes place to form a palladacycle, which is then alky-
lated with the iodoalkane. Finally, norbornene is eliminated under formation of the
oxacycle and the obtained Pd-aryl species reacts with the acrylate.

6.1.1.6 Heck Reactions: Pericyclic Transformations
The most common combination of a Heck reaction in a domino process with a non-
Pd-catalyzed transformation is that with a pericyclic reaction, especially a Diels−
Alder cycloaddition. This is reasonable, since a Heck reaction allows an easy forma-
tion of a 1,3-butadiene.

The de Meijere group [63] prepared interesting spiro-compounds containing a
cyclopropyl moiety using a combination of a Heck and a Diels−Alder reaction, with
bicyclopropylidene 6/1-115 as the starting material. The transformation can be
performed as a three-component process. Thus, reaction of 6/1-115, iodobenzene
and acrylate gave 6/1-116 in excellent yield. With vinyliodide, the tricyclic com-
pound 6/1-117 was obtained (Scheme 6/1.31). Several other examples were also de-
scribed.

Another domino Heck/Diels−Alder process described by the same group [64] im-
plies the Pd0-catalyzed reaction of 6/1-118 in the presence of acrylate or methyl
vinyl ketone to give the corresponding bicyclic compounds 6/1-120 and 6/1-121 via

the transient 6/1-119 (Scheme 6/1.32). Good yields were obtained only if potassium
carbonate is used as base.

Similarly, the Pd-catalyzed arylation of 1,3-dicyclopropyl-1,2-propadiene 6/1-122
with iodobenzene in the presence of dimethyl maleate led to the diastereomeric cy-
clopropane derivatives 6/1-124 and 6/1-125 via 6/1-123 in 86 % yield as a 4:1-mix-
ture [65] (Scheme 6/1.33). Several other aryl halides and dienophiles have been
used in this reaction.

PhI CO2Me
Ph

CO2Me

5 mol% Pd(OAc)2, 15 mol% PPh3
K2CO3, Et4NCl, MeCN, 80 °C+ +

6/1-115 6/1-116

CO2Me
CO2Me

5 mol% Pd(OAc)2, 15 mol% PPh3
K2CO3, Et4NCl, MeCN, 80 °C+ +

6/1-115 6/1-117

I

100%

59%
CO2Me

Scheme 6/1.31. Domino Heck reaction/cycloaddition.
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2 eq K2CO3, MeCN, 80 °C, 18 h

6/1-120 6/1-121

a: R = CO2Me, 78%, 6/1-120:6/1-121 = 1.5:1
b: R = COMe,  78%, 6/1-120:6/1-121 = 1.9:1

Scheme 6/1.32. Synthesis of indene derivatives.

•

6/1-122

Ph

5 mol% Pd(OAc)2, 10 mol% PPh3
1.2 eq PhI, 2.0 eq NEt3

6/1-123

Ph

MeO2C

MeO2C

Ph

MeO2C

MeO2C

+

6/1-124 6/1-125

CO2Me

CO2Me
2.0 eq , DMF, 100 °C, 24 h

86% (6/1-124:6/1-125 = 4:1)

Scheme 6/1.33. Synthesis of cyclopropane derivatives.

Suffert and coworkers [66] described several examples of a carbopalladative cycli-
zation followed by an electrocyclic reaction. Treatment of a mixture of the trans-
bis(tributylstannyl)ethylene and the alkyne 6/1-128c, which can easily be obtained
from 2-bromocyclohexenone 6/1-126a and the lithium compound 6/1-127, with cat-
alytic amounts of Pd(Ph3P)4 at 90 °C led to 6/1-130a, presumably via the cyclobutane
6/1-129 in 62 % yield. The ring size of the starting material seems to have a pro-
nounced influence on the reaction, since 6/1-128d obtained from 6/1-126b gave 6/1-
130b only in 24 % yield. The developed methodology could eventually be applied for
the synthesis of ascosalipyrrolidinone (6/1-131) [67] (Scheme 6/1.34).
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Scheme 6/1.34. Synthesis of ascosalipyrrolidinone (6/1-131).

Thiemann and coworkers [68] sought novel types of steroids with different bio-
logical activity, and in doing so prepared areno-annulated compounds such as 6/1-
133 (Scheme 6/1.35). This is achieved with a Heck reaction of 6/1-132 with an acry-
late, followed by an electrocyclic ring closure of the formed hexatriene. The reaction
is then terminated by removal of the nitro group, with formation of the aromatic
ring system.

6/1-133
6/1-132MeO

Br
NO2

MeO

CO2Me

– HNO2

6 mol% [Pd(PPh3)4], NEt3, DMF, 80 °C, 48 h.CO2Mea)

a)

H H H H

HH

Scheme 6/1.35. Synthesis of areno-annulated steroids.
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6.1.1.7 Heck Reactions/Mixed Transformations
Heck reactions can also be combined with anion capture processes, aminations,
metatheses, aldol and Michael reactions, and isomerizations. The anion capture
process has also been widely used with other Pd-catalyzed transformations. Out-
standing examples of many different combinations have been developed by Grigg
and coworkers, though not all of them match the requirements of a domino
process. All of these reactions will be detailed here, despite the fact the nature of
these intermediate transformations would also have permitted their discussion in
Chapter 2.

Grigg and coworkers developed bimetallic domino reactions such as the electro-
chemically driven Pd/Cr Nozaki−Hiyama−Kishi reaction [69], the Pd/In Barbier-
type allylation [70], Heck/Tsuji−Trost reaction/1,3 dipolar cycloaddition [71], the
Heck reaction/metathesis [72], and several other processes [73−75]. A first example
for an anion capture approach, which was performed on solid phase, is the reaction
of 6/1-134 and 6/1-135 in the presence of CO and piperidine to give 6/1-136. Libera-
tion from solid phase was achieved with HF, leading to 6/1-137 (Scheme 6/1.30)
[76].

Another example, which includes a metathesis and a 1,3-dipolar cycloaddition, is
the reaction of a mixture of iodothiophene, the allylamine 6/1-138 and allene with
10 mol% Pd(OAc)2, 20 mol% PPh3 and K2CO3 in toluene at 80 °C for 36 h under
1 atm CO to give the enone 6/1-139. Subsequent metathesis reactions using
Grubbs’ second-generation catalyst 6/1-140 led to the ∆3-pyroline 6/1-141, which
can undergo a 1,3-dipolar cycloaddition [77]. Thus, in the presence of AgOAc and
the imine 6/1-142, the cycloadduct 6/1-144 was obtained with intermediate forma-
tion of the 1,3-dipole 6/1-143 (Scheme 6/1.37).

Yamazaki, Kondo and coworkers [78] reported on a combination of a Heck reac-
tion and an amination on solid phase for the synthesis of indole carboxylate 6/1-
148, employing an acetylated immobilized enamide 6/1-145 and a bifunctionalized
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75%
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94%

Scheme 6/1.37. Synthesis of 6/1-144.

SO2Ph

arene 6/1-146; in these transformations, 6/1-147 can be assumed as the interme-
diate (Scheme 6/1.38). The best results were obtained with o-dibromoarenes as 6/1-
146b and 6/1-146d using the Pd2(dba)3/tBu3P/Cy2NMe catalytic system developed
by Fu and coworkers [79]. The protocol was also extended to the synthesis of
isoquinolines [80]. Indoles were additionally synthesized employing an opposite
protocol, with the initial step being the amination reaction [81].

The Balme group [82] also used the anion capture approach to develop a short
entry to triquinanes as 6/1-150 forming a transient PdII-complex in a Heck reaction
of the vinyl iodide 6/1-149 (Scheme 6/1.39). The latter reacts with the carbanion of a
malonate moiety in the substrate; however, the products of the normal Heck reac-
tion are also formed.

A combination of a Heck reaction with an aldol condensation is observed on
treatment of aromatic aldehydes or ketones as 6/1-151 with allylic alcohols as 6/1-
152, as described by Dyker and coworkers [83]. The Pd-catalyzed reaction led to 6/1-

154 via 6/1-153, in 55 % yield (Scheme 6/1.40).
Hallberg and coworkers [84] developed a synthesis of monoprotected 3-hydroxy-

indan-1-ones 6/1-156 in moderate to good yields using salicylaldehyde triflates and
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6/1-149 6/1-150 (34%)

Br

CO2Me

CO2Me CO2Me
CO2Me

1.1 eq KH
0.5 eq 18-C-6
5 mol% Pd(dppe)
THF, 55 °C, 24 h

CO2Me
CO2Me

CO2Me
CO2Me

+ +

major minor

41%

Scheme 6/1.39. Synthesis of triquinanes.

2-hydroxyethyl vinyl ether, presumably via a transient 6/1-155 (Scheme 6/1.41). The
best yields were obtained using PMP as base; however, salicylcarbaldehydes with
electron-withdrawing groups give always lower yield, and in the reaction of the
nitro compound a product was not observed.
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6/1-153

6/1-154

6/1-151 6/1-152

Br

O

OH

55%

O

O+

a) 5 mol% Pd(OAc)2, 2.5 eq NaOAc, 2 eq Bu4NBr,
    1.0 eq LiCl, DMF, 90–100 °C, 24 h.

a)

Scheme 6/1.40. Domino Heck/aldol reaction.
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6/1-156a: R = 5-OMe, 78%
6/1-156b: R = 5-NO2, 0%
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1) 1 mol% Pd(OAc)2
     DMF, 2 eq PMP
     2 mol% dppp, 120 °C
2) HOAc, 80 °C

Scheme 6/1.41. Synthesis of hydroxyindanones.

The Cacchi group [85] developed a Pd-catalyzed domino process between o-alky-
nyltrifluoroacetanilides as 6-157 and aryl or alkenyl halides, which leads to substi-
tuted pyrroles within an indole system. This scheme was successfully applied to the
preparation of indolo[2,3-a]carbazoles as 6-158 using N-benzyl-3,4-dibro-
momaleimide (Scheme 6/1.42). The indolocarbazole is found in several bioactive
natural products as arcyriaflavin A and the cytotoxic rebeccamycin.

6/1-157

[Pd(PPh3)4], K2CO3
MeCN, 50 °C, 19 h

NH HN
F3COC COCF3

NO O

Br Br

Ph

+

N

N
H

N
H

O O

Ph

6/1-158

52%

Scheme 6/1.42. Synthesis of the indolocarbazole skeleton.
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Very recently, Dongol and coworker have developed a one-pot synthesis of isoxa-
zolidinones starting from O-homoallyl hydroxylamines and aryl halides. After a
Heck reaction of the substrates, a subsequent C−N bond formation took place to
furnish the target compounds in up to 79 % yield [86].

6.1.2
Cross-Coupling Reactions

Domino transition metal-catalyzed processes can also start with a cross-coupling
reaction; most often, Suzuki, Stille and Sonogashira reactions are used in this con-
text. They can be combined with another Pd-catalyzed transformation, and a num-
ber of examples have also been reported where a pericyclic reaction, usually a Diels−
Alder reaction, follows. An interesting combination is also a Pd-catalyzed borina-
tion followed by a Suzuki reaction.

6.1.2.1 Suzuki Reactions
Interestingly, not only the combination of a Heck with a Suzuki reaction (as de-
scribed above) but also a Suzuki with a Heck reaction is possible. However, a fine
tuning of the reactivity of the different functionalities is necessary.

Shibasaki and coworkers [87] described the first enantioselective combination of
this type in their synthesis of halenaquinone (6/1-162) (Scheme 6/1.43). The key
step is an intermolecular Suzuki reaction of 6/1-159 and 6/1-160, followed by an
enantioselective Heck reaction in the presence of (S)-BINAP to give 6/1-161. The ee-
value was good, but the yield was low.

OMe

OMe

OTf

OTf

6/1-159

+

OTBS

B

20 mol% Pd(OAc)2
40 mol% (S)-BINAP
K2CO3, THF, 60 °C

OMe

OMe

OTBS

6/1-160 6/1-161
20% yield, 85% ee

steps

Halenaquinone (6/1-162)

Scheme 6/1.43.  Synthesis of halenaquinone (6/1-162).

O

O
O

O O
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1) 9-BBN/THF

2) 1.2 eq
I OTPS

10 mol% PdCl2(dppf), 10 mol% AsPh3
2.5 eq CsHCO3, DMSO, 85 °C

65%

O

O

H
TPSO

CO2Et

6/1-164

Scheme 6/1.44. Synthesis of tricyclic 6/1-165.

Br Br

+

B
HO OH

Br

20% Pd2(dba)3
PCy3, DBU
DMF, 155 °C, 48 h

6/1-166 6/1-167

6/1-168 (27%)

+

6/1-169 (27%)

Scheme 6/1.45. Synthesis of fluoranthrene.

Similarly, in the reaction of 6/1-163 and 6/1-164, the corresponding boron com-
pound is first formed in situ by addition of 9-BBN 6/1-163; this then undergoes
cross-coupling with 6/1-164, followed by a Heck reaction to give the tricyclic carbon
skeleton 6/1-165. The use of triphenylarsine as co-ligand has a pronounced positive
effect. Thus, without any additional ligand lower yields (53 %), several side products
were obtained. Somewhat surprisingly, by using triphenylphosphane 6/1-165 is ob-
tained in only 4 % yield (Scheme 6/1.44) [88].

Polycyclic aromatic hydrocarbons such as fluoranthrene or C60-fullerene are
structures of great interest. A straightforward entrance to analogues and partial
structure, respectively, has now been developed by de Meijere and coworkers [89],
using a combination of a Suzuki and a Heck-type coupling. Thus, reaction of 1,8-
dibromophenanthrene 6/1-166 and obromphenylboronic acid 6/1-167 employing
20 mol% of the Pd0 catalyst led to 6/1-168 and 6/1-169 in 54 % yield as a 1:1-mixture
(Scheme 6/1.45).
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6.1.2.2 Stille Reactions
In those domino processes which start with a Stille reaction, the second step is usu-
ally a Diels−Alder reaction. However, there are two examples where an electrocycli-
zation follows.

The natural product panepophenanthrin (6/1-170), isolated in 2002 from the fer-
mented broth of the mushroom strain Panus radus IFO 8994 [90], is the first ex-
ample of an inhibitor of the ubiquitin-activating enzyme [91]. Retrosynthetic analy-
sis based on a biomimetic analysis led to the conjugated diene 6/1-172 by a retro-
Diels−Alder reaction via the hemiacetal 6/1-171. Further disconnections of 6/1-172
produces the vinyl stannane 6/1-173 and the vinyl bromide 6/1-174 [92].

Indeed, a Stille reaction of the TES-protected (�)-bromoxone (6/1-175) with the
stannane 6/1-173 led to 6/1-176 upon standing overnight, via the diene 6/1-172
(Scheme 6/1.46). This synthesis is a classic example of a transition metal-catalyzed
formation of a 1,3-diene, followed by a cycloaddition.

Martin and coworkers [93] described a highly efficient enantioselective total syn-
thesis of manzamine A (6/1-177) with a concise domino Stille/Diels−Alder reaction
to construct the tricyclic ABC ring core in 6/1-177 as the key step. Reaction of 6/1-
178 with vinyl tributylstannane in the presence of (Ph3P)4Pd afforded the triene
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O
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H
OH

H

OH
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Panepophenanthrin (6/1-170)
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O

OH
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Stille coupling
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+
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O

O
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O
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O

O
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Scheme 6/1.46. Synthesis of panepophenanthrin (6/1-170).
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Scheme 6/1.47. Synthesis of manzamine A (6/1-177).

6/1-179 as intermediate, and this underwent an intramolecular Diels−Alder reac-
tion upon heating to yield 6/1-180 as the only product, in 68 % yield (Scheme
6/1.47). In this process, three new carbon−carbon bonds and three new stereogenic
centers with excellent induced diastereoselectivity under the existing stereogenic
center in 6/1-178 are formed.

Suffert and coworkers [94] developed a useful procedure for the synthesis of poly-
cyclic ring systems by employing an intramolecular Stille reaction of a tributylstan-
nyl diene as 6/1-182 or 6/1-183 containing a vinyl triflate moiety, followed by a
transannular Diels−Alder reaction. Thus, the intramolecular Stille reaction of 6/1-
183a at room temperature did not lead to the expected macrocycle 6/1-184, but
rather to the annulated polycyclic compound 6/1-185. This is slowly converted by
oxidation to give the pentacycle 6/1-186 in an overall yield of 48 % (Scheme 6/1.48).
Better yields were obtained with the monomethoxy-compound 6-183b (61 %) and
the dimethoxy-compound 6/1-183c (70 %). In addition, similar products containing
a six- or seven-membered ring E 6/1-181a and 6/1-181b were also prepared, starting
from 6/1-182. A puzzling result is the fact that the transannular Diels−Alder reac-
tion [95] takes place at only room temperature, perhaps due to Pd-catalysis [96];
however, final proof of this assumption has not yet been provided.

The combination of a Stille and a Diels−Alder reaction has also been used for a
derivatization of steroids, for example, in the synthesis of pentacyclic compounds
such as 6/1-189, as described by Kollár and coworkers [97]. Reaction of 17-iodoan-
drosta-16-ene 6/1-187 with vinyltributyltin and various dienophiles such as diethyl
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maleate in the presence of catalytic amounts of Pd0 led to 6/1-189 via the 1,3-bu-
tadiene 6/1-188 (Scheme 6/1.49).

The same group has also performed a combination of a Stille reaction and 1,3-
dipolar cycloaddition using substrate 6/1-187 [98].

As mentioned previously, the Stille reaction can also be combined with an elec-
trocyclization. Trauner and coworkers [99] used this approach for the synthesis of a
part of SNF4435C (6/1-190) and its natural diastereomer. SNF4435C, which was
isolated from the culture broth of an Okinawan strain of Streptomyces spectabilis,
acts as an immunosuppressant and multidrug resistance reversal agent [100]. In
order to form the annulated cyclobutane skeleton in 6/1-190, the vinyl iodide
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Scheme 6/1.49. Derivatisation of steroids.
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Scheme 6/1.50. Stille reaction/double-thermal-electrocyclization.
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Synthesis 6/1.51. Synthesis of the immunosuppressant SNF4435 C (6/1-190).
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6/1-191 and the tin compound 6/1-192 were treated with Pd0 to give the interme-
diate E,E,Z,E-phenyloctatetraene 6/1-193, which cyclizes to the cyclooctatriene
6/1-194. There followed a ring contraction, leading to the desired cyclobutane
derivative 6/1-195 in 40 % overall yield (Scheme 6/1.50).
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Scheme 6/1.52. Synthesis of tetra-substituted alkenes.

Finally, Parker and coworkers [101] were able to use this approach for the total
synthesis of SNF4435C (6/1-190) (Scheme 6/1.51). The Pd-catalyzed reaction of
6/1-191 and 6/1-195 gave a 4:1-mixture of 6/1-190 and its endo-diastereomer 6/1-
199 in 53 % yield. In this transformation, the tetraene 6/1-196 can be assumed as
intermediate, which theoretically could undergo an 8π/6π electrocyclization to give
the endo-products via conformation 6/1-197 and the exo-products via conformation
6/1-198. However, only the two endo-products 6/1-190 and its diastereomer 6/1-199
are found, and not 6/1-200, which is consistent with the most likely nonenzymatic
formation of 6/1-190 and its diastereomer in Nature from their co-metabolite
spectabilin.

6.1.2.3 Sonogashira Reactions
In domino Sonogashira processes, the second step is usually an amination or a hy-
droxylation to give γ-lactones, furans, or indoles; however, there is also the possi-
bility of performing a Heck reaction as a second step.

Thus, Alami and coworkers [102] have shown that benzylhalides as 6/1-201 can
react with 1-alkynes as 6/1-202 in the presence of Pd0 and CuI in a Sonogashira re-
action which is followed by a Heck and a second Sonogashira reaction to give tetra-
substituted alkenes 6/1-203 in yields of 22 to 90 % (Scheme 6/1.52).

Fiandanese and coworkers [103] described a new approach for the synthesis of
the butenolides xerulin (6/1-207) and dihydroxerulin (6/1-208), which are of inter-
est as potent noncytotoxic inhibitors of the biosynthesis of cholesterol (Scheme
6/1.53). The key transformation is a Pd0-catalyzed Sonogashira/addition process of
6/1-204 or 6/1-206 with (Z)-3-iodo-2-propenoic acid 6/1-205, which is followed by
the formation of a lactone to give 6/1-207 and 6/1-208, respectively.

Snieckus and his group members [104] used the known domino Sonogashira/
Castro−Stephens reaction [105, 106] for the synthesis of the natural product pli-
cadin (6/1-209), this having been isolated from Psorelia plicata in 1991 [107]. In this
synthesis, Pd0-catalyzed reaction of the alkyne 6/1-210 and the iodobenzene deriva-
tive 6/1-211 in the presence of CuI led to the furan 6/1-212, which was transformed
into 6/1-209 via 6/1-213 (Scheme 6/1.54). There are some discrepancies of the
physical data of the natural and the synthetic product; thus, it might be possible that
the natural product has a different structure. It should also be mentioned that the
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Scheme 6/1.53. Synthesis of butenolides.
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Scheme 6/1.54. Synthesis of plicadin (6/1-209).

Snieckus group also prepared 6/1-209 using a different route, which gave 6/1-209
in 20.5 % overall yield in five steps, whereas the described synthesis led to 6/1-209
in 6.8 % in six steps.
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Scheme 6/1.55. Synthesis of furopyridones.

Useful sequential one-pot transformations for the synthesis of heterocycles again
employing two Pd-catalyzed steps were developed by Balme and coworkers [108]. A
recent example is the synthesis of furo[2,3-b]pyridones 6/1-218 [109] by reaction of
iodopyridone 6/1-214 [110] and the alkyne 6/1-215 in the presence of catalytic
amounts of PdCl2(PPh3)2 and CuI in MeCN/Et3N, followed by addition of the aryl
iodide 6/1-217 to give 6/1-218 (Scheme 6/1.55). A wide variety of other pyridones,
alkynes and arylhalides have been used as substrates, with yields ranging from 6 %
(6/1-218, R = pOMe) to 90 % (6/1-218, R = mCF3).

Rubrolide A (6/1-221b) is a marine tunicate metabolite with some in-vitro antibi-
otic activity; it contains a (Z)-γ-alkylidene butenolide moiety which was synthesized
by Negishi and coworkers using a domino cross-coupling/lactonization process
[111]. Reaction of alkyne 6/1-219 and (Z)-3-iodocinnamic acid 6/1-220 gave the dia-
cetate of rubrolide A in 38 % yield using Pd(PPh3)4 as catalyst and CuI in ace-
tonitrile (Scheme 6/1.56).

The diacetates of rubrolide C, D, and E were prepared in 50 to 54 % yield, in simi-
lar manner.

Pal and coworkers described a Pd0-catalyzed water-based synthesis of indoles 6/1-
224 using iodoanilines as 6/1-222 and alkynes 6/1-223 in up to 89 % yield (Scheme
6/1.57) [112].

In a similar way, Alami and coworkers described a three-component Pd-catalyzed
domino process of o-iodophenols or o-iodoanilides in the presence of a secondary
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6/1-219

6/1-221a: R = Ac (38%)
Rubrolide A (6/1-221b: R = H)

AcO

Br

Br CO2HI

RO Br

Br
+

O O

Br
Br

AcO

RO Br

Br

[Pd(PPh3)4], CuI
NEt3, MeCN

6/1-220

Scheme 6/1.56. Synthesis of rubrolide A (6/1-221b).

amine and propargyl bromide to give benzofurans and indoles, respectively, in
good to excellent yield [113].

Djakovitch and coworkers [114] have finally shown that Pd on activated carbon
can also be used for these multistep transformations. Reaction of 2-iodoaniline 6/1-
225 and phenylacetylene 6/1-226 in the presence of 1 mol% Pd/C and 1 mol% CuI
at 120 °C led to the indole 6/1-228, probably via 6/1-227, though the latter com-
pound was not detected in the reaction mixture (Scheme 6/1.58).

Cl I

NHSO2CH3

+

10 mol% Pd/C
PPh3, CuI
2-aminoethanol
H2O, 80 °C

89%

Cl

N
SO2CH3

6/1-222 6/1-223 6/1-224

Scheme 6/1.57. Synthesis of indoles.

OH OH

I

NH2

+

H

Ph

1 mol% Pd/C, 1 mol% CuI
DMF/H2O (1:1), NEt3
120 °C, 6 h

72%

Ph

NH2
N
H

Ph

6/1-225 6/1-226 6/1-227 6/1-228

Scheme 6/1.58. Domino reaction with palladium on charcoal as catalyst.
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6.1.2.4 Other Cross-Coupling Reactions
A variety of less common cross-coupling reactions are discussed in this section, in-
cluding borylations, silastannylations, and even cross-coupling with diindium com-
pounds.

For the domino transition metal-catalyzed synthesis of macrocycles, conditions
must be found for two distinct cross-coupling reactions, of which one is inter- and
the other intramolecular. For this purpose, Zhu’s group [115] has developed a
process of a Miyura arylboronic ester formation followed by an intramolecular
Suzuki reaction to give model compounds of the biphenomycin structure 6/1-232
containing an endo-aryl-aryl bond.

Thus, reaction of 6/1-229 with the diborane 6/1-230 in the presence of catalytic
amounts of Pd(dppf)2Cl2 in high dilution afforded 6/1-231 in 45 % yield (Scheme
6/1.59).

A similar reaction (which is not a domino process in its strict definition but a use-
ful one-pot transformation) was described by Queiroz and coworkers [116]. Reac-
tion of bromobenzothiophene 6/1-233 with pinacolborane in the presence of
Pd(OAc)2 and a phosphine followed by addition of 2-bromonitrostyrene 6/1-234 led
to 6/1-235, normally in good yields (Scheme 6/1.60).

A regio- and diastereoselective Pd-catalyzed domino silastannylation/allyl addi-
tion of allenes 6/1-236 containing a carbonyl moiety with Bu3Sn-SiMe3 6/1-237 is
described by Kang and coworkers [117]. The reaction allows the synthesis of hetero-
and carbocyclic compounds with a ring size of five and six. It can be assumed that

MeO

I

H
N

NHBoc

O
N
H

O CO2Me

I
OMe

6/1-229

O
B

O O

O
B

6/1-230
Pd(dppf)2Cl2
0.02 M KOAc in
DMSO, 80–85 °C

H
N

N
H

O

O
BocHN CO2Me

MeO OMe

6/1-231

45%

Scheme 6/1.59. Synthesis of biphenomycin analogue.

H
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6/1-232a: R = OH
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R1

Br S

6/1-233a: R1= H
6/1-233b: R1= Me

Br

NO2R2

R2 = OMe, CF3

S

R1

R2 NO2

6/1-235a: R1= H, R2= OMe (80%)
6/1-235b: R1= H, R2= CF3 (70%)
6/1-235c: R1= Me, R2= CF3 (50%)

Reagents and conditions: 
3.0 eq pinacolboran, 5 mol% Pd(OAc)2, 20 mol% 2-(dicyclohexylphosphino)biphenyl, 
4.0 eq NEt3, dioxane, 1 h, 80 °C
then 0.7 eq 6/1-234, 3.0 eq Ba(OH)2•8H2O, 100 °C, 1.5 h.

6/1-234a,b

Scheme 6/1.60. Synthesis of biphenyls.

Me3SiPdSnBu3 is formed primarily from 6/1-237, which then adds to the allene
moiety in 6/1-236 to give a σ- or π-allyl palladium complex. This undergoes an in-
tramolecular carbonyl allyl addition to afford the cis-cycloalkanols 6/1-238 (Scheme
6/1.61).

An unusual Pd-catalyzed cross-coupling reaction of a diindium reagent obtained
from 3-bromo-1-iodopropene 6/1-239 was recently described by Hirashita and co-
workers [118] to afford homoallylic alcohols 6/1-240 (Scheme 6/1.62).

6.1.3
Nucleophilic Substitution (Tsuji−Trost Reaction)

The Pd0-catalyzed nucleophilic substitution of allylic acetates, carbonates or halides
(also known as the Tsuji−Trost reaction) is a powerful procedure for the formation
of C−C, C−O, and C−N bonds. One of the early impressive examples, where this
transformation had been combined with a pallada-ene reaction, was developed by
Oppolzer and coworkers [119]. In general, the Tsuji−Trost reaction can be com-
bined with other Pd-catalyzed transformations as a Heck or a second Tsuji−Trost re-
action; however, Michael reactions are also known as the second step. In their enan-
tioselective total synthesis of the alkaloid cephalotaxin 6/1-244, Tietze and co-
workers [120] used a combination of a Tsuji−Trost and a Heck reaction (Scheme
6/1.63). Again, it was necessary to adjust the reactivity of the two Pd-catalyzed trans-
formations to allow a controlled process. Reaction of 6/1-241a using Pd(PPh3)4 as
catalyst led to 6/1-242, which in a second Pd-catalyzed reaction led to 6/1-243. In
this process, nucleophilic substitution of the allylicacetate is faster than the oxida-
tive addition of the arylbromide moiety in 6/1-241a; however, if one uses the iodide
6/1-241b, the yields fall dramatically due to an increased rate of the oxidative addi-
tion.

The formation of 6/1-243 from 6/1-241a is not a domino reaction, however, as a
change of the catalyst is necessary for the second step. The Pd-catalyzed transfor-
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Scheme 6/1.61. Synthesis of cycloalkanols.

O

R

mation of 6/1-245 to give 6/1-246, which is also described by Tietze and coworkers
[121], is a “real” domino process, however (Scheme 6/1.64). Here, substrate 6/1-
245d gave the best result, as the reaction rate of the oxidative addition in compari-
son to the nucleophilic substitution is reduced due to the electron-donating group
at the arylhalide.

A combination of a Tsuji−Trost and a Heck reaction was also used by Poli and Gi-
ambastiani [122] for the synthesis of the aza analogues 6/1-252 of the natural pro-
ducts podophyllotoxin 6/1-247a and etoposide 6/1-247b, which show pronounced
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I Br

6/1-239

1 eq In

R M

M M

R
M

M = InL2
R1R2CO

InL2
L2InO

R2R1

R3X, [Pd(PPh3)4], LiCl
R3HO

R2R1

6/1-240

Scheme 6/1.62. Cross-coupling reactions with indium compounds.

R

antimitotic and antitumor activities, respectively [123]. For the synthesis of 6/1-252,
compound 6/1-248, obtained from piperonal, and the amide 6/1-249 containing an
allylacetate moiety, were transformed into 6/1-250, which served as the starting
material for the domino reaction. Treatment of 6/1-250 with catalytic amounts of
Pd(OAc)2 in the presence of dppe at 145 °C led to the tetracyclic structure 6/1-251 in
55 % yield as a 75:25 mixture of two (out of four possible) diastereomers (Scheme
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6/1-245a–d

R O O OAc R O O

6/1-246a: R = H
6/1-246b: R = OMe

10 mol% Pd(OAc)2
20 mol% PPh3, 2.2 eq NEt3
MeCN/H2O 10:1, 80 °C

Scheme 6/1.64.  Domino Tsuji–Trost/Heck reaction.

a
b
c
d

H
H
OMe
OMe

Br
I
Br
I

R Hal

Hal

49
23
77
89

Yield [%]6/1-246

a
a
b
b

6/1-245

6/1.65). It has been shown that the nucleophilic substitution of the allylacetate
moiety takes place at only 85 °C, whereas the following Heck reaction requires a
higher reaction temperature.

Lamaty and coworkers described a straightforward combination of three Pd-cata-
lyzed transformations: first, an intermolecular nucleophilic substitution of an al-
lylic bromide to form an aryl ether; second, an intramolecular Heck-type transfor-
mation in which as the third reaction the intermediate palladium species is inter-
cepted by a phenylboronic acid [124]. Thus, the reaction of a mixture of 2-
iodophenol (6/1-253), methyl 2-bromomethylacrylate 6/1-254 and phenylboronic
acid in the presence of catalytic amounts of Pd(OAc)2 led to 3,3-disubstituted 2,3-di-
hydrobenzofuran 6/1-255 (Scheme 6/1.66). In addition to phenylboronic acid,
several substituted boronic acids have also been used in this process.

An intramolecular Pd-catalyzed ring closure of an allylic halide, acetate or car-
bonate containing an allene moiety as 6/1-256, followed by a Suzuki reaction, was
used by Zhang and coworkers for the synthesis of five-membered carbo- and heter-
ocycles 6/1-257 and 6/1-258 (Scheme 6/1.67) [125].

In their elegant synthesis of (+)-hirsutene 6/1-261, Oppolzer and coworkers [126]
combined an intramolecular Pd-catalyzed nucleophilic substitution of the allylcar-
bonate 6/1-259 with carbonylation; this is followed by an insertion of the formed
carbonyl Pd-species into the double bond, obtained in the former reaction. The last
step is a second carbonylation to give 6/1-260 after methylation of the formed acid
moiety (Scheme 6/1.68).

A combination of a Pd-catalyzed nucleophilic substitution by a phenol and a ring
expansion was described by Ihara and coworkers [127] using cis- or trans-substi-
tuted propynylcyclobutanols 6/1-262a or 6/1-262b. The product ratio depends on
the stereochemistry of the cyclobutanols and the acidity of the phenol 6/1-263.
Thus, reaction of 6/1-262b with p-methoxyphenol 6/1-263 (X = pOMe) led exclu-
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Scheme 6/1.65. Synthesis of aza analogues of podophyllotoxin.
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6/1-253

CO2Me
Br+ + PhB(OH)2

12 mol% Pd(OAc)2
4.2 mol% K2CO3
1.2 nBu4NCl, DMF
80 °C, 15 h

O

CO2Me
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6/1-254 6/1-255

45%

Scheme 6/1.66. Synthesis of benzofurans.
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Scheme 6/1.67. Synthesis of five-membered hetero- and carbocycles.
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H H
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6/1-260 + C-1 Epimer
(85:15)

(+)-Hirsutene (6/1-261)

72%

1) 10 mol% Pd(dba)2
    30 mol% PPh3
    1 atm CO, AcOH, 40 °C
2) CH2N2 H

H steps

Scheme 6/1.68. Synthesis of (+)-hirsutene (6/1-261).

sively to 6/1-264a in 98 % yield, whereas with p-nitrophenol 6/1-263 (X = pNO2)
only 6/1-265 was obtained, though in modest yield. In contrast, the Pd-catalyzed re-
action of 6/1-262a with p-methoxyphenol 6/1-263 (X = pMeOH) gave a mixture of
6/1-264b and 6/1-265 in a 36:64 ratio in 98 % yield, whereas with p-nitrophenol 6/1-
263 (X = pNO2) again only 6/1-265 was obtained.

It can be assumed that, according to the proposed mechanism, the �,γ-unsatu-
rated ketone 6/1-264a or 6/1-264b is first formed, and this then isomerizes to give
the α,�-unsaturated ketone 6/1-265 (Scheme 6/1.69).

A combination of a Tsuji−Trost and a Michael addition was used for the synthesis
of (+)-dihydroerythramine 6/1-269, as reported by Desmaële and coworkers [128].
The Pd-catalyzed reaction of the allylic acetate 6/1-267 with the nitromethylarene
6/1-266 in the presence of Cs2CO3 as base led to the domino product 6/1-268 as a
4:1 mixture of two diastereomers in 79 % yield. Further manipulation of 6/1-268a
yielded the desired dihydroerythramine 6/1-269 (Scheme 6/1.70). Interestingly,
using the corresponding allylic carbonate without additional base gave the mono-
alkylated product only.
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X

Scheme 6/1.69. Domino Tsuji–Trost reaction/rearrangement.

6.1.4
Reactions of Alkynes and Allenes

The Pd0-catalyzed transformation of enediynes represents a highly efficient and ef-
fective approach for the synthesis of polycyclic compounds, with different ring
sizes being obtained by a variation of the tether [129]. In this respect, reaction of
6/1-270 led to the tricyclic product 6/1-271 as a single diastereomer. The initial step
is a chemoselective hydropalladation of the propargylic ester moiety in 6/1-270 to
give an alkenyl-Pd-species, according to the mechanism depicted in Scheme 6.71. A
hexatriene is formed as a byproduct.
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2.0 eq Cs2CO3, THF, 50 °C, 8 h

steps

Scheme 6/1.70. Synthesis of (±)-dihydroerythramine (6/1-269).

6.1 Palladium-Catalyzed Transformations



406

In a similar way, enetetraynes can undergo a pentacyclization as observed for
compound 6/1-272, which gave 6/1-273 in 66 % yield (Scheme 6/1.72). In this case
the initial alkenyl-Pd-species is formed by an oxidative addition of Pd0 to the
alkenyliodide moiety in 6/1-272 [130]. In comparison to the reaction of 6/1-270, this
procedure has the advantage of complete control of the chemoselective formation
of the alkenyl-Pd-species, but the disadvantage that the starting material is less
easily accessible.

Trost and coworkers [131] synthesized oxaheterocycles by a Pd-catalyzed addition
of terminal alkynes onto hydroxyalkynoates, followed by an intramolecular addition
of the hydroxyl functionality on the triple bond. Simple lactonization may take place
as a side reaction.

The best results were obtained using 10 mol% of Pd(OAc)2 and TDMPP at room
temperature; under these conditions, 6/1-277 could be obtained from 6/1-274 and
6/1-275, probably via 6/1-276 in 61 % yield; the amount of the lactone 6/1-278 was
below 5 % (Scheme 6/1.73). Several other terminal alkynes and hydroxyalkynoates
have been used to produce dihydropyrans in yields of 41 to 71 %.

6/1-272 6/1-273

E
E

I

OH

nBu
E

E

O

nBu

O1.1 atm CO, 5% Cl2Pd(PPh3)2
2 eq NEt3, MeOH, 70 °C, 1 d

E = CO2Me

66%

Scheme 6/1.72. Polycyclisation of enetetraynes.
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nC5H11 MeO2C
OH

+
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MeO2C
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MeO2C

O
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+

6/1-276

6/1-277 (61%) 6/1-278 (traces)

5 mol% Pd(OAc)2
2 mol% TDMPP
benzene, r.t.

Scheme 6/1.73. Synthesis of dihydropyrans.
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EtO2C

6/1-280

Scheme 6/1.74. Synthesis of tricyclic compounds from sugars.

Holzapfel and coworkers [132] used the carbopalladation of alkynes followed by a
cyclization for the synthesis of tricyclic compounds as 6/1-280, derived from the
sugar derivative 6/1-279 (Scheme 6/1.74).

Another versatile domino process for the synthesis of carbocycles as well as het-
erocycles is the Pd-catalyzed reaction of organic halides or triflates with alkynes or
allenes, which contain a carbo- or heteronucleophile in close vicinity to these
functionalities (see Scheme 6/1.75) [133].

Some single examples of this type of reaction were discussed in earlier sections,
but due to the importance of these transformations, an additional overview will be
provided here. One of the first transformations based on this strategy was pub-
lished by Inoue and coworkers [134] using propargylic alkoxide, an arylhalide or
vinyl bromide and CO2 to give cyclic carbonates. The Balme group used this ap-

R
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R Pd R'
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R
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R'

Nu

R
R'
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R R'
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exo endo

– Pd0
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R'PdX =

R'' Pd X PdX
R''

PdX

R'' R''
·

PdX

R''

(X = halide, OTf) (X = halide, OR''')

PdX

Scheme 6/1.75. Pd-catalyzed transformation of organic halides or triflates with alkynes or 
allenes containing a nucleophilic functionality.
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PdCl2(PPh3)2, nBuLi
DMSO/THF, 20 °C

OR2
R1

R4 CO2Et
CO2Et
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R1, R2= H, Me
R3= aryl, alkyl
R4X = aryl iodide, vinyl triflate (or bromide)

46–90%
(21 examples)

Scheme 6/1.76. Synthesis of furan derivatives.

proach for the synthesis of tetrahydrofurans [135], as well as for benzylidene and
alkylidene tetrahydrofurans 6/1-284 [136], starting from an alkylidene or benzyl-
idene malonate 6/1-282, an aryl halide or vinyl triflate (bromide) 6/1-283 and an al-
lylic alkoxide or propargylic alkoxides as 6/1-281, the latter being more reactive with
the malonate 6/1-282 (Scheme 6/1.76).

Allylic chlorides can also be used as coupling partners, as shown by Lu and Liu
[137]. In addition, the domino process could be used for the synthesis of benzyl-
idene pyrrolidines, as shown for the reaction of 6/1-285 with benzylidene malonate
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+
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+
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Scheme 6/1-77. Synthesis of pyrrolidines.
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Scheme 6/1.78. Synthesis of burseran (6/1-294).
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Scheme 6/1.79. Reaction of propynyl-1,3-dicarbonyls.

6/1-286 and diiodobenzene 6/1-287 to give 6/1-289 as a single diastereomer in 54 %
yield with 6/1-288 as a proposed intermediate (Scheme 6/1.77) [138].

The approach also allows the synthesis of furans by employing ethoxymethylene
malonate, followed by an eliminative decarboxylation. This method was used by
Balme for a formal synthesis of the antitumor lignan burseran (6/1-294), starting
from 6/1-290,6/1-291 and 6/1-292 via the furan 6/1-293 (Scheme 6/1.78) [139].

Furans as 6/1-298 can also be obtained by Pd-catalyzed reaction of 2-propynyl-1,3-
dicarbonyls 6/1-295 with aryl halides 6/1-296 in DMF, using potassium carbonate
as base, as shown by Arcadi, Cacchi and coworkers (Scheme 6/1.79) [140].

This method has also been applied to the synthesis of steroidal derivatives as 6/1-
300 and 6/1-302 from 6/1-299 and 6/1-301, respectively (Scheme 6/1.80).
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Scheme 6/1.80. Introduction of a furan moiety to steroids.
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Scheme 6/1.81. Synthesis of pyrrolidones.

I

Furthermore, the Wu group [141] has prepared isoquinolines and iso-indoles
starting from 2-(2-phenylethynyl)-benzonitrile, while Yamamoto and coworkers
[142] prepared benzopyrans from alkynylbenzaldehydes, the Cacchi group [143]
synthesized benzofurans, and Balme and coworkers [144] furo[2,3-b]pyridones.

Instead of alkynes, allenes can also be used as substrates in this type of approach.
Finally, one can also apply carbon-nucleophiles such as butadienes in this domino
process. Thus, Lu and Xie [145] have treated the alkyne 6/1-303 with an aryl halide
6/1-304 and an amine 6/1-305 to give the substituted pyrrolidinone 6/1-308 via the
proposed intermediates 6/1-306 and 6/1-307. As a side product, 6/1-309 is found to
have been formed by a cycloaddition of 6/1-303 (Scheme 6/1.81).

Mourińo and coworkers have shown, in a latest publication, an impressive com-
bination of a palladium-catalyzed 6-exo-cyclocarbopalladation and a Negishi cou-
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Scheme 6/1.82. Synthesis of chromanones and quinolones.

pling. Using this strategy, the authors were able to synthesize bioactive metabolites
of vitamin D3 [146].

Another recent development in the field of palladium-catalyzed reactions with
alkynes is a novel multicomponent approach devised by the Lee group. Starting from
α-bromovinyl arenes and propargyl bromides, the assembly of eight-membered car-
bocycles can be realized via a cross-coupling/[4+4] cycloaddition reaction. The
authors also presented the combination of a cross-coupling and homo [4+2], hetero
[4+2], hetero [4+4] or [4+4+1] annulation leading to various cyclic products [147].

6.1.5
Other Pd0-Catalyzed Transformations

A very common combination in Pd-catalyzed domino reactions is the insertion of
CO as the last step (this was discussed previously). However, there is also the possi-
bility that CO is inserted as the first step after oxidative addition. This process, as
well as the amidocarbonylation, the amination, the arylation of ketones, the isomer-
ization of epoxides, and the reaction with isonitriles will be discussed in this sec-
tion.

A typical second step after the insertion of CO into aryl or alkenyl-Pd(II) com-
pounds is the addition to alkenes [148]. However, allenes can also be used (as shown
in the following examples) where a π-allyl-η3-Pd-complex is formed as an interme-
diate which undergoes a nucleophilic substitution. Thus, Alper and coworkers
[148], as well as Grigg and coworkers [149], described a Pd-catalyzed transformation
of o-iodophenols and o-iodoanilines with allenes in the presence of CO. Reaction of
6/1-310 or 6/1-311 with 6/1-312 in the presence of Pd0 under a CO atmosphere
(1 atm) led to the chromanones 6/1-314 and quinolones 6/1-315, respectively, via

the π-allyl-η3-Pd-complex 6/1-313 (Scheme 6/1.82). The enones obtained can be
transformed by a Michael addition with amines, followed by reduction to give γ-
amino alcohols. Quinolones and chromanones are of interest due to their pro-
nounced biological activity as antibacterials [150], antifungals [151] and neu-
rotrophic factors [152].
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Another option is the in situ reaction of the obtained enones in a 1,3-dipolar cy-
cloaddition using nitrones or azomethineylides formed from the corresponding
imines with DBU in the reaction mixture [153].

Arndtsen and coworkers [154] described the first Pd-catalyzed synthesis of
münchnones 6/1-318 from an imine 6/1-316, a carboxylic acid chloride 6/1-317 and
CO. The formed 1,3-dipol 6/1-318 can react with an alkyne 6/1-319 present in the
reaction mixture to give pyrroles 6/1-321 via 6/1-320, in good yields. The best re-
sults in this four-component domino process were obtained with the preformed
catalyst 6/1-322 (Scheme 6/1.83).

As described above, Pd-catalyzed transformations can also be combined with a
Cope rearrangement. The scope of the Cope rearrangement was greatly increased
by the introduction of the anionic oxy-Cope approach, which allows a rate accelera-
tion of about 1010- to 1017-fold [155]. However, in some cases even this is insufficient
(as shown in the synthesis of phomoidrides [156]) due to an insufficient overlap of
the involved orbitals [157]. Thus, Leighton and coworkers proposed the use of a
bicyclic 1,5-diene 6/1-326 with a lactone moiety having a significant strain and
twisting, which would be released in the Cope rearrangement to give 6/1-327. This
was indeed successful, and allowed the rearrangement to take place at 110 °C,
thereby avoiding the formation of side products [158]. The lactone moiety in 6/1-
326 was introduced by a Pd-catalyzed carbonylation of the vinyl triflate 6/1-325 at
75 °C, followed by the rearrangement at 110 °C (Scheme 6/1.84).

N-Acyl-α-amino acids are important compounds in both chemistry and biology.
They are easily obtained in a transition metal-catalyzed, three-component domino
reaction of an aldehyde, an amide, and CO. Whereas cobalt was mainly used for
this process, Beller and coworkers [159] have recently shown that palladium has a
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+
O

R3 Cl
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O
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O
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O
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N
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O
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a) Preformed 5 mol% Pd-catalyst, 15 mol% P(otolyl)3, iPr2NEt, CH3CN/THF.
Tol = ptolyl; An = pC6H4OMe; R1= R2= R3= aryl, alkyl; R4= R5= H, aryl, electron-withdrawing 
groups.

Scheme 6/1.83. The four-component assembly of pyrroles.
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Scheme 6/1.84. Synthesis of the phomoidride skeleton.

higher catalyst activity and can be used under milder conditions. Among the many
reactions developed by Beller and coworkers, the amidocarbonylation of
acetamides 6/1-328 and aromatic aldehydes 6/1-329 to give 6/1-330 is described
(Scheme 6/1.85). Electron-donating substituents at the aromatic aldehyde have
been shown to increase the reaction rate.

A very useful Pd-catalyzed domino reaction consisting of a formal Buchwald−
Hartwig amidation and a C−H activation/aryl-aryl bond-forming process was re-
cently developed by Zhu and coworkers [160]. The products are polyheterocycles
such as 6/1-332, obtained from linear diamides as 6/1-331. If great intrigue is the
possibility also of preparing azaphenanthrenes 6/1-333 to 6/1-336, fused with me-
dium-sized and macrocyclic ring systems and using a longer tether between the
amide functionalities (Scheme 6/1.86). Also of interest is the observation that re-
placement of one of the iodo atoms in 6/1-331 did not lead to the expected 1,4-ben-
zodiazepine-2,5-dione. Thus, it can be assumed that there is some kind of coopera-
tive effect in the two distinct Pd-catalyzed bond-forming processes.

Zhu and coworkers have also discovered an interesting switch in the synthesis of
different heterocyclic scaffolds from the same starting material, simply by chang-
ing the metal [161].

Again, using a Pd-catalyzed amidation as the first step, Edmondson and co-
workers [162] developed a synthesis of 2,3-disubstituted indoles 6/1-340 by reaction
of 6/1-337 and 6/1-338 with catalytic amounts of Pd2(dba)3 and the ligand 6/1-341.
On order to achieve good results, a second charge of Pd had to be added after 12 h.
In the first step the enaminone 6/1-339 is formed, which then cyclizes in a Heck-
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Scheme 6/1.85. Palladium-catalyzed amidocarbonylation of aromatic aldehydes.
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type reaction to give 6/1-340. In a similar way, reaction of 6/1-337 and 6/1-342 led to
6/1-343 (Scheme 6/1.87). The driving force for the aryl migration is, presumably,
the formation of a stable indole moiety.

The Alper group [163] reported on a highly efficient double carbohydroamination
for the preparation of α-amino carboxylic acid amides 6/1-345, starting from aryl
iodides and a primary amine 6/1-344, in usually high yield (Scheme 6/1.88); both,
aryl iodides with electron-donating and electron-withdrawing groups can be used.

A combination of a Pd-catalyzed arylation of a ketone followed by intramolecular
cyclization of the formed enolate with an allylic silyl ether moiety in one of the sub-
strates led to the direct formation of a 1-vinyl-1H-isochromene, as described by
Wills and coworkers [164].
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[a] Reaction conditions: 1 mmol ArI, 10 mmol amine, 3 mL NEt3, 1 g MS 4 Å , 10% of
0.02 mmol Pd/C and CO/H2 were employed in the reactions for 24 h.
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Scheme 6/1.89. Synthesis of cyclopentenones and cyclohexenones.

Epoxides are reactive substrates, which can easily be isomerized to give aldehydes
or ketones. Kulawiec and coworkers have combined a Pd-catalyzed isomerization of
mono and diepoxide 6/1-348 or 6/1-349 and 6/1-352 or 6/1-353, followed by an
aldol condensation to give either cyclopentenones or cyclohexenones 6/1-350, 6/1-
351, 6/1-354 and 6/1-355, respectively (Scheme 6/1.89) [165].
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Scheme 6/1.90. Synthesis of the camptothecin analogue DB-67 (6/1-360).
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Finally, Curran and coworkers [166] developed a Pd0-catalyzed domino process
for the synthesis of camptothecin (6/1-356) and analogues. This natural product is a
very potent anticancer agent [167]; it contains a 11H-indolizino[1,2-b]quinolin-9-
one skeleton, which is also found in mappicine [168] and the promising new ana-
logue DB-67 (6/1-360) [169], which is currently in preclinical development for the
treatment of cancer. The skeleton can be provided simply by a domino radical reac-
tion of an aryl isonitrile and a 6-iodo-N-propargylpyridone in 40−60 % yield [170].
However, the product is also accessible by a Pd-catalyzed domino process. Reaction
of the isonitrile 6/1-357 and the iodopyridone 6/1-358 occurred in the presence of
1.5 equiv. Ag2CO3 and 20 mol% Pd(OAc)2 in toluene, though the transformation of
6/1-359 was not complete. This problem was solved by filtration and evaporation of
the product mixture and addition of a new charge of Pd(OAc)2 and Ag2CO3, employ-
ing the same reaction conditions. Using this procedure the anticancer agent DB-67
6/1-360 was synthesized in 53 % yield from 6/1-357 and 6/1-358 after deprotection
(Scheme 6/1.90).

6.1.6
Pd(II)-Catalyzed Transformations

The most important reaction based on PdII-catalysis is the Wacker oxidation [171],
which is used industrially for the synthesis of acetaldehyde, starting from ethane.
This process can be combined with a Heck reaction and has been used by Tietze
and coworkers [172] for an efficient enantioselective synthesis of vitamin E (6/1-
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366) [173] using a BOXAX ligand (Scheme 6/1.91) [174]. In this way, the chromane
ring and parts of the side chain of vitamin E can be introduced in one process.
Thus, reaction of 6/1-361 with acrylate 6/1-362 in the presence 6/1-365, ben-
zoquinone and Pd(TFA)2 led to 6/1-364 in 84 % yield and 96 % ee. It can be assumed
that 6/1-363, which reacts with acrylate, is an intermediate in this process. Methyl-
vinylketone has also been used with similar results. The product of the domino
process had been transformed into vitamin E (6/1-366) within a few steps [175].

Another example of a PdII-driven domino process is the reaction of the alkyne
6/1-367 with CO on a solid support to give the benzo[b]furan 6/1-368 (Scheme
6/1.92). Ninety different benzo[b]furans were prepared using this procedure, with
� 90 % purity in most cases [176].

Nemoto, Ihara and coworkers [177] used a PdII-catalyzed domino process for the
synthesis of the steroid equilenin (6/1-373) (Scheme 6/1.93); this includes a ring en-
largement followed by a Heck-type reaction. One interesting point in this process is
the near-complete reversion of the facial selectivity using different solvents. Thus, re-
action of compound 6/1-369 with Pd(OAc)2 at room temperature in HMPA-THF
(1:4) gave the two diastereomers 6/1-372a and 6/1-372b in a 73:27 ratio in 60 % yield,
whereas in dichloroethane only 6/1-372b was formed in 63 % yield. As intermedi-
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Scheme 6/1.91. Enantioselective synthesis of vitamin E (6/1-366).
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Scheme 6/1.93. Synthesis of (+)-equilenin (6/1-373).

ates, the Pd-complexes 6/1-370 and 6/1-371 can be assumed as the two transition
structures TS A and TS B, thereby explaining the different facial selectivity.

Toyota, Ihara and coworkers [178] used a combination of a Wacker- and a Heck-
type transformation to construct the cedrane skeleton. Thus, reaction of 6/1-374
using 10 mol% Pd(OAc)2 under an atmosphere of O2 led to the domino product
6/1-375 in 30 % yield. In addition, 58 % of the mono-cyclized compound 6/1-376
was obtained (Scheme 6/1.94).
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Scheme 6/1.94. Palladium-catalyzed domino cycloalkenylation.
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Scheme 6/1.95. PtII-mediated polycyclisation.

A PdII- or PtII-induced polycyclization of compounds containing two or even three
C=C-double bonds and a hydroxyl group was described by Gagné and coworkers
[179]. Thus, reaction of 6/1-377 with equimolar amounts of the PtII complex 6/1-378
led to the Pt−alkyl complex 6/1-379. Treatment of 6/1-379 with NaBH4 provided the
tetracyclic 6/1-380 as a 96:3:1 mixture in 86 % yield (Scheme 6/1.95). It was proposed
that, in the domino process, carbocations are formed as intermediates.

Holzapfel and coworkers [180] transformed the pseudoglycal 6/1-381 into the di-
hydropyran 6/1-382 using PdCl2(MeCN)2 in the presence of CuCl2 in acetic acid/
acetonitrile (Scheme 6/1.96). The process contains an opening of the acetal moiety
followed by a Wacker-like reaction, elimination of HPdL2Cl, and isomerization of
the formed double bond.

Lloyd-Jones, Booker-Milburn and coworkers described a novel PdII-catalyzed di-
amination of 1,3-butadienes as 6/1-384 with ureas 6/1-383 to give 6/1-385 (Scheme
6/1.97) [181]. The best results were obtained in the presence of p-benzoquinone,
whereas with Cu-salts the turnover was inhibited.
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Scheme 6/1.96. PdII-catalysed formation of dihydropyrans.

Scheme 6/1.97. PdII-catalyzed 1,2-diamination of isoprene with N,N-dialkyl ureas.
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6/1-385a

+ RN NR

O

6/1-385b

6/1-384

REntry

1
2
3

Me
Et
Bu

Ratio
6/1-385a/6/1-385b

67/33
77/23
90/10

Yield [%]
6/1-385a/b

29
81
82

As described in the preceding sections, many domino reactions start with the for-
mation of vinyl palladium species, these being formed by an oxidative addition of
vinylic halides or triflates to Pd0. On the other hand, such an intermediate can also
be obtained from the addition of a nucleophile to a divalent palladium-coordinated
allene. Usually, some oxidant must be added to regenerate PdII from Pd0 in order to
achieve a catalytic cycle. Lu and coworkers [182] have used a protonolysis reaction of
the formed carbon−palladium bond in the presence of excess halide ions to re-
generate Pd2+ species. Thus, reaction of 6/1-386 and acrolein in the presence of
Pd2+ and LiBr gave mainly 6/1-388. In some reactions 6/1-389 was formed as a side
product (Scheme 6/1.98).

A similar approach was used by the Alcaide group [183] in the synthesis of tricy-
clic �-lactams 6/1-391 from 6/1-390 (Scheme 6/1.99). In this domino process the
primarily obtained π-allyl-Pd-complex reacts with the N-nucleophile of the
urethane moiety to form a C−N-bond and a vinyl halide. The final step is then an in-
tramolecular Heck-type reaction of the vinyl halide with the alkyne moiety and re-

6.1 Palladium-Catalyzed Transformations
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•

O NHTs

R3
R2

R1

O

+

O

H

Pd(OAc)2
LiBr/THF

O NTs

R3

R2R1

CHO

O
6/1-386 6/1-387 6/1-388

O NTs

R3

R2R1

R2

O

R1

R3

+

6/1-389

8 examples
e.g. R1= R2= Me, R3= Et
6/1-388: 71% (1.7:1), 6/1-389: trace

Scheme 6/1.98. Synthesis of urethanes.

N

H
MeO

O

H
O

O

NHTs
10 mol% Pd(OAc)2, LiBr
Cu(OAc)2, K2CO3, O2, MeCN, r.t.

N

H
MeO

O

H

Br

NTsO

O

6/1-391

•
41%

6/1-390

Scheme 6/1-99. Synthesis of tricyclic β-lactams.

placement of Pd by bromide. In this transformation, O2/Cu(OAc)2 was used to reox-
idize the formed Pd0 to PdII.

The latest example of a PdII-catalyzed Wacker/Heck methodology was published
by Rawal and coworkers. During the total synthesis of mycalamide A, an inter-
molecular Wacker oxidation with methanol acting as nucleophile and a subsequent
ring closure via Heck reaction led to a tetrahydropyran moiety in a 5.7:1 diastereom-
eric mixture [184].

6.2
Rhodium-Catalyzed Transformations

There are two important rhodium-catalyzed transformations that are broadly used
in domino processes as the primary step. The first route is the formation of keto
carbenoids by treatment of diazo keto compounds with RhII salts. This is then fol-
lowed by the generation of a 1,3-dipole by an intramolecular cyclization of the keto
carbenoid onto an oxygen atom of a neighboring keto group and an inter- or in-
tramolecular 1,3-dipolar cycloaddition. A noteworthy point here is that the inser-
tion can also take place onto carbonyl groups of aldehydes, esters, and amides.
Moreover, cycloadditions of Rh−carbenes and ring chain isomerizations will also be
discussed in this section.

6 Transition Metal-Catalyzed Domino Reactions
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7
Domino Reactions Initiated by Oxidation or Reduction

During the past few years, increasing numbers of reports have been published on
the subject of domino reactions initiated by oxidation or reduction processes. This
was in stark contrast to the period before our first comprehensive review of this
topic was published in 1993 [1], when the use of this type of transformation was
indeed rare. The benefits of employing oxidation or reduction processes in domino
sequences are clear, as they offer easy access to reactive functionalities such as nu-
cleophiles (e. g., alcohols and amines) or electrophiles (e. g., aldehydes or ketones),
with their ability to participate in further reactions. For that reason, apart from com-
binations with photochemically induced, transition metal-catalyzed and enzymati-
cally induced processes, all other possible constellations have been embedded in
the concept of domino synthesis.

7.1
Oxidative or Reductive/Cationic Domino Processes

This chapter begins by classifying the combinations of oxidation/reduction
processes with subsequent cationic transformations, though to date the details of
only two examples have been published. The first example comprises an asym-
metric epoxidation/ring expansion domino process of aryl-substituted cyclopropyl-
idenes (e. g., 7-1) to provide chiral cyclobutanones 7-3 via 7-2, which was first de-
scribed by Fukumoto and coworkers (Scheme 7.1) [2].

This procedure was used for the asymmetric total synthesis of the steroid (+)-
equilenin (7-7) [3]. Cyclopropylidene derivates 7-4 could be converted into the cy-
clobutanones 7-5 in good yields by applying an asymmetric epoxidation using the
chiral (salen)MnIII complex 7-6 (Scheme 7.2) [4]. It is of interest that the demethoxy-
lated substrate 7-4b led to 7-5b with a very high enantiomeric excess of 93 %,
whereas 7-4a gave 7-5a with only 78 % ee.

Ar H Ar H
O

* Ar H

O

*

7-1 7-2 7-3

Scheme 7.1. Domino asymmetric epoxidation/ring expansion reaction.
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H

R

7-4a: R = OMe
7-4b: R = H

5 mol% 7-6, NaClO
4-phenyl-pyridine N-oxide
CH2Cl2, 0 °C, 0.5 h

R

O

H

7-5a: R = OMe, 55% (78% ee)
7-5b: R = H, 67% (93% ee)

Mn
N

O O

N
H H

Cl
tBu

tBu tBu

tBu

7-6

steps

O

H

HO

(+)-Equilenin 7-7

Scheme 7.2. Asymmetric expoxidation/ring-expansion reaction using chiral (salen)MnIII

complex 7-6.

(  )
12

(  )
12

(  )
12

(  )
12

OH

OOHOH
PhI(O2CCF3)2
acetone/H2O (9:1)
r.t., 20 min O

O
OHnC13H27

OH

O

O

O

OH

O

O
O

OH

(±)-Aculeatin 7-12 (19%)

O

O

OH

OH

OH

(±)-7-8
(±)-7-9

+

(±)-7-11 (43%)

+

(±)-7-10 (27%)

Scheme 7.3. Biomimetic oxidative domino cyclization.

The second example was reported by Baldwin, Bulger and coworkers, and fea-
tures the oxidation of a phenol initiating a cationic cyclization sequence to afford
the natural product (±)-aculeatin D (7-12) [5]. Thus, when the dihydroxyketone 7-8
is treated with PhI(O2CCF3)2, a formal two-electron oxidation of the phenol moiety
takes place, triggering a twofold cationic-based cyclization to furnish the desired
(±)-aculeatin D [(±)-7-12] in 19 % yield, together with 43 % of the isomer (±)-7-11
and the side product (±)-7-10 via the cation 7-9 (Scheme 7.3).

7.1 Oxidative or Reductive/Cationic Domino Processes
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7.2
Oxidative or Reductive/Anionic Domino Processes

Anion-triggered reactions, as discussed earlier in Chapter 2, embody transforma-
tions in most cases, in which a nucleophile acts as the attacking species towards an
electrophile. Since oxidation and reduction procedures are well established for pro-
viding nucleophilic or electrophilic functionalities, they can be combined with
anionic process.

Taylor and coworkers described an in situ alcohol oxidation/Wittig (or Horner−
Wadsworth−Emmons) domino reaction which is the only example of this type of
domino reaction [6]. The main virtue of this approach is that there is no need to iso-
late the intermediate aldehydes, which are often volatile, toxic, and highly reactive.
As seen in Schemes 7.4 and 7.5, it was possible to convert benzylic, allylic and pro-
pargylic alcohols with nonstabilized phosphonium salts and stabilized phos-
phonates directly into the desired alkenes, by using MnO2 as oxidizing agent, a
guanidine as base and, in some cases, titanium isopropoxide as a promoter, in good
to excellent yield. However, the stereoselectivity is not always sufficient.

In the construction of C=N bond-containing compounds, such as nitrogen heter-
ocycles, the aza-Wittig methodology has received increased attention as the method
of choice [7]. Thus, an easy access to optically active (−)-vasicinone (7-15), a pyr-
rolo[2,1-b]quinazoline alkaloid which is used in indigenous medicine [8], was

Scheme 7.4. Oxidation/Wittig sequence I.

Entry Alcohol Conditions[a] Product Yield [%]

1

2

3

4

5

6

O2N

OH

O2N

OH

O2N

OH

Br

OH

Br

OH

H13C6

OH

O2N

O2N

Ph

O2N
Pr

Br

Br
Pr

H13C6

Ph

Z:E

– 91
Ph3PCH3Br
4 h

Ph3PCH2PhCl
12 h

Ph3PCH2PrBr
Ti(iPrO)4, 24 h

4:5 92

64

88

64

62

–

4:1

5:1

1:2

Ph3PCH3Br
Ti(iPrO)4, 48 h

Ph3PCH2PrBr
Ti(iPrO)4, 72 h

Ph3PCH2PhCl
Ti(iPrO)4, 24 h

[a] 10 eq MnO2 in refluxing THF, 1.1 eq phosphonium salt, 2.2 eq guanidine 
and in some cases 1.0 eq Ti(iPrO)4. N

N

N

7 Domino Reactions Initiated by Oxidation or Reduction
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Scheme 7.5. Oxidation/Wittig sequence II.

Entry Alcohol Conditions[a] Product
yield [%]

1

2

3

4

5

6

O2N

OH

O2N

OH

MeO

OH

OH

OH

OH

O2N

CO2Et

CO2Et

CO2Et

(EtO)2P(O)CH2CO2Et, THF, ∆
A: 12 h
B: 12 h A: 75%

B: 81%

[a] 10 eq MnO2 in refluxing THF, 1.2 eq phosphonate and 
A) 2.2 eq guanidine.
B) 2.0 eq LiOH/MS 4 Å.

CO2Et

MeO

CO2Et

O2N

CO2Et

NHZ

A: 43%, > 95% (Z)
B: 49%, > 95% (Z)

(MeO)2P(O)CHNHZCO2Me, THF
A: 48 h, ∆
B: 6 h, r.t.

A: 43%
B: 70%

(EtO)2P(O)CH2CO2Et, THF, ∆
A: 48 h
B: 72 h

A: 69%
B: 53%

(EtO)2P(O)CH2CO2Et, THF, ∆
A: 48 h
B: 48 h

62%, (Z):(E) = 2:1

(PhO)2P(O)CH2CO2Et, THF, ∆
A: 48 h
B: 48 h

(EtO)2P(O)CH2CO2Et, THF, ∆
A: 24 h
B: 48 h 72%

achieved using a domino Staudinger reduction/intramolecular aza-Wittig process,
as shown by the Eguchi group in 1996 (Scheme 7.6) [9]. Addition of tri-n-butyl-
phosphine to o-azidobenzoic imide 7-13 led to a reduction of the azide group and
additional formation of a phosphine imide species. The latter conducts an aza-Wit-
tig reaction with the more suitable carbonyl group of the imide to give the tricycle 7-
14 in 76 % yield. Finally, cleavage of the silyl ether in 7-14 utilizing TBAF provided
(−)-vasicinone (7-15) in excellent 82 % yield and 97 % ee.

Recently, the same procedure has been used by Williams and coworkers in their
approach to the natural product (−)-stemonine (7-18) [10], an alkaloid which exhib-
its broad biological activity [11]. Conversion of the formyl azide 7-16 in a Staudinger
reaction with ethyldiphenylphosphine first generated a phosphineimide which was
used for the subsequent aza-Wittig process (Scheme 7.7). The furnished seven-

7.2 Oxidative or Reductive/Anionic Domino Processes
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N

O O

OTBS

7-13

N

N

O

OTBS

N

N

O

OH

PnBu3, toluene, 
r.t. 1 h → reflux, 2 h

TBAF, THF
0 °C → r.t., 18 h

7-14

(–)-Vasicinone (7-15) (97% ee)

76%

82%

Scheme 7.6. Synthesis of (–)-vasicinone (7-15) by a domino Staudinger-reduction/aza-Wittig reaction.

N3

membered imine was immediately treated with NaBH4 after changing the solvent
from benzene to a mixture of THF and methanol to give the desired amine 7-17 in
70 % overall yield.

The Staudinger/aza-Wittig procedure has recently also been used by Mellet and
Fernández for the synthesis of calystegine B2, B3, and B4 analogues, emphasizing
the growing importance of this methodology [12].

α-Amino acids constitute a valuable natural source of chiral substrates [13].
However, the use of dicarboxylic amino acids, such as aspartic or glutamic acid, is
frequently complicated as a consequence of the attendance of two different carboxyl

7-16 7-17

(–)-Stemonine (7-18)

O

N

H

OH O
H

H

O

H

H

O
TBSO

OTBS

H

OMe

O
N3

NH
O

MeO

TBSO

H

HTBSO

a)

a) EtPPh2, benzene, r.t., 18 h; the mixture was then
    concentrated in vacuo, and THF, NaBH4, MeOH were added.

70%

Scheme 7.7. Synthesis of (–)-stemonine (7-18).

steps

7 Domino Reactions Initiated by Oxidation or Reduction
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O

OEt(  )
n

NHCO2R

OEt

O

7-19a: n = 0
7-19b: n = 1

(R'O)2P CO2R'
O

Li1)

2) DIBAL-H,  THF, –78 °C → r.t.

(  )
n

NHCO2R

OEt

O
CO2R'

(  )
n

OEt

O
R'O2C

NHCO2R

7-22

7-21

Entry 7-19 7-20 Ratio 7-21/7-22 Yield [%] 7-21

1
2
3
4

n = 0, R = Me
n = 1, R = Me
n = 0, R = Me
n = 1, R = tBu

R' = Et
R' = Et
R' = Me
R' = Et

100:0
> 40:1
> 20:1
> 13:1

62
74
58
66

Scheme 7.8. Synthesis of dialkyl N-alkoxycarbonyl-α,β-unsaturated dicarboxylates.

7-20

+

groups. Knaus and coworkers have developed a method for the differentiation of
both acid functionalities in these compounds by applying a one-pot DIBAL-H re-
duction/Wittig−Horner reaction at the α-ester group [14]. When N-alkoxycarbonyl-
protected L-diethyl aspartate 7-19a or L-diethyl glutamate 7-19b was treated with
DIBAL-H at low temperatures, and in the presence of triethylphosphonoacetate
lithium salt (7-20), γ-amino-α,�-unsaturated dicarboxylates 7-21 were obtained in
good yields, high regioselectivity, and without loss of optical purity (Scheme 7.8). In
some cases the side products 7-22 were also formed.

In a comparable approach, Roques and coworkers [15] converted the aspartic acid
derivative 7-23, which bears a protected thiol in the �-position, into unsaturated
compounds 7-27 and 7-28, respectively (Scheme 7.9).

It should be noted that by using the phosphonate 7-25 as well as the triphenyl-
phosphane derivative 7-26, only the E-isomers were formed and a loss of the optical
purity was not detectible. In contrast, complete racemization at both stereogenic
centers was observed performing a Wittig−Horner reaction with the corresponding
free aminoaldehyde. The observed result may be explained by the formation of a
favored five-membered ring chelate 7-24 as intermediate using 7-23 as substrate, in
which the aluminum coordinates to the amido- and the ester-group, leading to the
observed preference of subsequent reduction.

Another domino process, designed by Polt and coworkers [16], deals with the
consecutive transformation of an in situ-prepared aldehyde to give �-amino allylic
alcohols 7-31 from �-amino acids. When the �-amino acid ester derivative 7-29 is
sequentially treated with iBu5Al2H and vinyl magnesium bromide, a 3:2 mixture of
the allylic alcohol derivatives 7-30 is obtained in 60 % yield, which can be hydro-
lyzed to give 7-31 (Scheme 7.10).

7.2 Oxidative or Reductive/Anionic Domino Processes
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7-23 7-24

7-26

MeO SPMB

HN

OBn

O
CO2tBuO

MeO SPMB

N

OBn

O
CO2tBuO

Al
iBu

iBu
H

P
(OR')2

O

R1

7-25
nBuLi

R1

CbzHN
CO2tBu

SPMB
R

R

7-27

PPh3Ph , Br

nBuLi

Ph

CbzHN
CO2tBu

SPMB
R

R

7-28

Scheme 7.9.  Domino reduction/Wittig-Horner olefination process of aspartates.

Reagent 7-25 and 7-26 R1

(Et2O)2P(O)CH2SO3CH2tBu
(Et2O)2P(O)CH2CO2Bn
(Et2O)2P(O)CH2CONHtBu
(Et2O)2P(O)CH2CON(CH3)-OMe
Ph3P   CH2Ph, Br

SO3CH2tBu
CO2Bn
CONHtBu
CON(CH3)-OCH3

Ph

68
58
17
72
60

Product 7-27 and 7-28
yield [%]

Entry

1
2
3
4
5

DIBAL-H, THF
–78 °C → r.t.

O

OMe
N

Ph

Ph

7-29

1) iBu5Al2H, THF, –78 °C

MgBr2) , –78 °C → r.t.

60%

OH

N

Ph

Ph

7-30

OH

NH2

7-31

Scheme 7.10. Synthesis of β-amino allylic alcohols.

(S):(R) = 3:2 (S):(R) = 3:2

H2O

A facile synthesis of cyclic five-, six-, and seven-membered oxonitriles 7-35 by a
combination of an ozonolysis and an aldol reaction has been described by the Flem-
ing group [17]. As starting material the unsaturated oxonitriles 7-33 are used, which
are easily accessible by reaction of unsaturated esters 7-32 with LiCH2CN
(Scheme 7.11). It can be assumed that 7-34 acts as an intermediate.

7 Domino Reactions Initiated by Oxidation or Reduction
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7-337-32 7-34

OEt

O O
CN

O

O

CN
O

CNLiCH2CN

(excess)

O3, Me2S

Entry Ketonitrile Yield [%] Yield [%]Oxonitrile

O

CN

O

CN

O

CN

O
CN

OTMS

O
CN

OH

O

CN

O

CN

O

CN

O
CN

OH

O
CN

OTMS

1

2

3

4

5

81

73

71

70

58 57

53

91[b]

91[a]

83[a]

[a] The intermediate aldehydes cyclize during silica gel chromatography. 
[b] The intermediate ketone is cyclized by sequential treatment with

Scheme 7.11. Domino ozonolysis/aldol cyclization of unsaturated ketonitriles.

7-35

CaH2 and aqueous NH4Cl.

A similar approach in which alcohols are oxidized by IBX or DMP to give alde-
hydes that are directly attacked in an aldol-fashion by a tethered malonate moiety
has been published by Malacria and coworkers [18].

A convenient procedure for the lactonization of alkenols has been recently re-
vealed by Borhan and coworkers [19]. This methodology was successfully applied in
the total synthesis of (+)-tanikolide (7-37), a natural product of marine origin which
exhibits antifungal activities. Thus, when alkenol 7-36 is subjected to soluble oxone
and a catalytic amount of OsO4, a smooth domino oxidative cleavage/lactonization
process takes place which leads, after debenzylation, to the desired product in good
overall yield (Scheme 7.12).

The Bunce group disclosed a straightforward domino process for the construc-
tion of aryl-fused nitrogen heterocycles by employing a combination of a reduction
and a Michael addition [20]. The transformation involves an initial Fe-mediated re-
duction of nitroarenes 7-38, furnishing an aniline which undergoes a subsequent

7.2 Oxidative or Reductive/Anionic Domino Processes
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OBn

OH

7-36

O

O
OH

(+)-Tanikolide (7-37)

a)

a) 1) nBu4NHSO5/OsO4 (cat), THF (73%)
    2) Pd(OH)2/H2, EtOAc, r.t. (87%).

Scheme 7.12. Oxidative cleavage/lactonization in the synthesis of (+)-tanikolide (7-37).
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X

O2N
CO2Et

7-38

N
H

X

CO2Et
7-39

R

Fe, HOAc, 115 °C, 30 min

Substrate
7-38

X R Product
7-39

Yield [%]

a
b
c E
d Z
e E
f
g

CH2

CH2

O
O
O
NH
NH

H
Me
H
H
Me
H
Me

a
b
c
c
d
e
f

98
89
94
98
88
89
86

Scheme 7.13. Synthesis of aryl-fused nitrogen heterocycles.

Entry

1
2
3
4
5
6
7

Michael addition to give the azaheterocycles 7-39 through a favorable 6-exo-trig ring
closure (Scheme 7.13). Even highly sensible substrates such as aryl-allyl ethers and
amines could be transformed to the desired products in excellent yields.

Domino reduction/anionic processes have also been used for the synthesis of
natural products. Such an approach was used by the Nicolaou group [21] in the total
synthesis of diazonamide A (7-43), a substance which was of marine origin, has a
highly strained and unprecedented structure, and exhibited cytotoxicity against
several tumor cell lines. As one of the last steps, the N,O-acetal moiety in 7-43 was
formed by reduction of the five-membered ring lactam in 7-40 with DIBAL-H to
give an imine 7-41; this is followed by a ring closure with the adjacent phenolic hy-
droxyl group to deliver 7-42 in 55 % overall yield (Scheme 7.14). The total synthesis
of diazonamide A (7-43) was then accomplished by reductive Cbz group removal,
followed by installation of the remaining side chain 7-44 in 82 % overall yield.

7 Domino Reactions Initiated by Oxidation or Reduction
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a) DIBAL-H, THF, –78 °C → 25 °C, 3 h.
b) 1) H2, Pd(OH)2/C; 2) 7-44, EDC, HOBt.
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Cl

N
H

CbzHN

O

HN N
O

O

aminal closure

NH

Cl
N

O

Cl

N
H

H
N

O

HN N
O

O

O

HO

7-40 7-41

b)

55%

Diazonamide A (7-43) 7-42

82%
overall

HO
OH

O

7-44

Scheme 7.14. Domino reduction/nucleophilic cyclization procedure in the synthesis of 
diazonamide A (7-43).

7.2.1
Oxidative or Reductive/Anionic/Anionic Domino Processes

Domino oxidative/reductive anionic processes with more than two steps are also
known. For example, in an effort to synthesize analogues of CC-1065, a potent anti-
tumor antibiotic [22], the group of Boger [23] successfully designed a novel domino
sequence consisting of an initial oxidation followed by several anionic transforma-
tions. Thus, MnO2-mediated oxidative coupling of 2-(benzyloxy)ethylamine 7-47
with 5-hydroxyindole 7-45 led to the pyrrolo[3,2-e]benzoxazole 7-53 in 48 % yield
(Scheme 7.15). 7-53 can be considered as a scaffold of a DNA-binding subunit. It
can be assumed that, in the conversion of 7-45 to give 7-53, an oxidation of 7-45 first
takes place affording p-quinone monoimine 7-46; this then undergoes a regioselec-
tive C-4 addition with the primary amine 7-47 to furnish 7-48. Several more steps
follow this via the intermediates 7-49 to 7-52.

2-Isoxazolines are valuable substrates in organic synthesis as they can be trans-
formed into useful building blocks such as γ-amino alcohols, �-hydroxy ketones,

7.2 Oxidative or Reductive/Anionic Domino Processes
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7-45 7-46 7-48

7-497-507-51

a)

MnO2

HO

NH

O

N

HO

NH
H
N

BnO

O

NHN

BnO

O

N
H
N

BnO

HO

NHN

BnO

7-52

NHH
N

O

BnO MnO2

7-53

NHN

O

BnO

48%

a) 30 wt eq MnO2, 2 eq (benzyloxy)ethylamine (7-45), ethylenglycol dimethylether, 0 °C → r.t., 14 h.

Scheme 7.15. Synthesis of a DNA-binding subunit.

1,5-H
shift

BnO(CH2)2NH2

7-47

and �-hydroxy nitriles. 4-Hydroxy-2-isoxazolines have also been shown to be sui-
table intermediates for the synthesis of amino sugars and other biologically impor-
tant molecules [24]. An established method for producing 2-isoxazolines is the reac-
tion of nitroacetates and α-bromo enones or α-bromoaldehydes [25]. Recently,
Righi and coworkers described a so-far unknown domino process towards 4-hy-
droxy-4,5-dihydroisoxazoles 2-oxides 7-56 using α-epoxyaldehydes 7-55 which were
prepared in situ by the oxidation of epoxyalcohols such as 7-54 with (dia-
cetoxy)iodobenzene (DAIB) and catalytic amounts of TEMPO (Scheme 7.16) [26].
Once formed, these were treated with α-bromoesters or amides, polymer-supported
nitrite and diisopropylethylamine (DIPEA) to give the corresponding α-nitroesters
or amides which induce the nitro-aldol reaction. There follows a nucleophilic ring
closure with simultaneous opening of the epoxide to give the 4,5-dihydroisoxazoles
2-oxides 7-56 as an approximate 3:2 mixture of 4,5-cis and 4,5-trans isomers in excel-
lent yields.

The isoxazoles can also be prepared in stepwise manner from the epoxyalde-
hydes 7-55 using α-nitroacetic acid derivatives and DIPEA, though the yields are
much lower.

Another procedure for preparing 4-hydroxy-4,5-dihydroisoxazole 2-oxides deriva-
tives in 86−100 % yield, and published by the same group [27], is based on an oxida-
tive cleavage of D-mannitol-derivatives furnishing 2 equiv. of identical enantiopure
(2R)-2-methanesulfonyloxyaldehydes which can react with α-nitroacetate in the
usual manner.
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Another class of important heterocyclic compounds is represented by the piper-
azinones such as 7-61, which have been often utilized in medicinal chemistry due
to their structural similarity to constrained peptides. During the past few years,
many examples of multiple bond-forming reactions between primary amines and
doubly activated substrates to produce piperazinones have been developed [28]. Be-
shore and coworkers have discovered an effective and novel domino reaction
towards these heterocycles, which is based on an reductive amination/transamida-
tion/cyclization sequence by coupling an aldehyde such as 7-57 with an α-amino
ester 7-58 in the presence of the reducing agent Na(AcO)3BH (Scheme 7.17) [29].
The crucial and rate-limiting step within this procedure seems to be the in-
tramolecular N,N’-acyl transfer converting intermediate 7-59 into 7-60. The yields
of the formed piperazinones 7-61 are very good, with the exception of compounds
containing an aryl moiety in the α-position (R1 = Ph, R2 = H: 17 % yield).
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N
CO2Me
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X
O

X = e.g. Me, Ph, CF3, OBn
R1= R2= H, alkyl, Ph, Bn

Scheme 7.17. Synthesis of piperazinone derivatives.

(17–99% yield; 30–100% ee)
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43–87%

cis/trans ≅ 3:2–1:1
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X = H, Me, OMe, Cl, Br, F, CN

Scheme 7.19. Indium-mediated domino reaction for the synthesis of tetrahydroquinoline derivatives

It should be noted that, especially when using higher temperatures and longer re-
action times, a considerable degree of racemization was observed. However, using
aldehydes 7-57 with X = CF3, ee-values of up to 100 % were found, together with
usually excellent yield.

A well-elaborated domino process for the synthesis of benzoxazoles 7-64 has
been published by the Miller group [30]. The strategy involves a chromium-man-
ganese redox couple-mediated reduction of o-nitrophenol 7-62 to the corresponding
anilines (Scheme 7.18). Since TMSCl is needed as an additive, the formation of a
hexamethyldisilazane as intermediate is assumed. When the reaction was carried
out in the presence of an aldehyde such as 7-63, instantaneous conversion to the
corresponding imine took place, which was then attacked by the phenolic hydroxy
group, leading to an aminal. Finally, a dehydrogenation reaction, which could be
caused by the in situ-formed MnIV species, furnished the desired benzoxazole
derivatives 7-64 in good yields. It is worth mentioning that this reaction only
proceeds in high yields when o-nitrophenols 7-62 are used which bear an electron-
withdrawing group para to the nitro group. Although this substitution pattern
decreases the ability of imine formation, it is proposed that the shift from the imine
to the aminal is facilitated.

A variety of natural products and pharmaceutical agents contain a tetrahy-
droquinoline moiety [31]. Recently, a simple and general access to these heterocy-
cles by a so-far unknown domino reaction of aromatic nitro compounds 7-65 and
2,3-dihydrofuran mediated by indium in water has been described by Li and co-
workers (Scheme 7.19) [32]. It is assumed that the process is initiated by reduction
of the nitro group in 7-65 to give the aniline 7-66 on treatment with indium in
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two steps

steps

Scheme 7.20. Zn-mediated domino reduction/biscyclization process in the total synthesis of 
(–)-strychnine (7-76).

aqueous HCl. The indium(III) ion thus generated catalyzes the hydration of 2,3-di-
hydrofuran 7-67 to give hemiacetal 7-68, which forms an imine 7-69 with 7-66.
There follows an indium(III)-promoted aza-Diels−Alder reaction with reversed elec-
tron-demand employing another equivalent of 7-67 as electron-rich dienophile,
which leads to the tricycles 7-70 and 7-71 in almost 1:1 mixture. The obtained yields
vary between 43 % and 87 %, but are generally higher when the substituent X has a
low electron-withdrawing effect.

Due to its high complexity, the total synthesis of the Strychnos alkaloid (−)-strych-
nine (7-76) remains a major challenge [33]. A new approach for the enantioselective
construction of this alkaloid was reported by Shibasaki and coworkers, in which the
B- and D-rings are simultaneously assembled by an elegant domino reduction/
biscyclization process (Scheme 7.20) [34]. After amination of 7-72 with 7-73, the
crude product 7-74 was treated with Zn in MeOH/aqueous NH4Cl to provoke the
formation of tetracycle 7-75 in 77 % yield. This domino process is thought to start
with the reduction of the nitro group with zinc, generating an aniline. Subsequent
1,4-addition of the secondary amine to the enone and irreversible indole formation
of the aniline moiety with the resulting ketone led to the desired tetracyclic com-
pound 7-75 in 77 % over two steps. Remarkably, establishing this process made it
possible to skip more than eight steps during the total synthesis, underlining once
more the amazing potency of domino reactions.

The Hanna group developed a rapid route to (+)-calystegine B2 (7-79) [35], a natu-
ral product with strong glycosidase enzyme-inhibiting properties [36]. As the key
step, a triple domino procedure first published by Madsen and coworkers was em-
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Scheme 7.21. Zinc-mediated domino reaction in the total synthesis of (+)-calystegine B2 (7-79).
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Scheme 7.22. Synthesis of a [5.8.5] ring system.

ployed [37]. Reaction of 6-iodoglucopyranose 7-77 with zinc dust in the presence of
benzylamine, followed by addition of allyl bromide in THF under sonication, led to
the amino diene 7-78 as a separable 85:15 mixture of diasteromers in 73 % yield
(Scheme 7.21) [38, 39]. The reaction proceeds via an initially reductive fragmenta-
tion of 7-77 by zinc furnishing a 5,6-unsaturated aldehyde which is trapped in situ

as the corresponding benzyl imine. The latter is then allylated by slow addition of
allyl bromide, resulting in formation of the amino diene 7-78. Metathesis and intro-
duction of a hydroxy function afforded the desired natural product in a good overall
yield (25 % over six steps).

The final example in this section deals with the potent synthesis of a [5.8.5] ring
system, as achieved by Cook and coworkers [40]. When tetracyclic diol 7-80 is
treated with NaIO4, a tetraketone 7-81 is formed, presumably by an oxidative C−C
bond cleavage (Scheme 7.22). There follows a nucleophilic attack on the nonconju-
gated carbonyl group by either water or methanol. The generated oxygen anion
then reacts with the α,�-unsaturated ketone in a Michael fashion, furnishing the

7.2 Oxidative or Reductive/Anionic Domino Processes
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bridged hemiacetal 7-82 and acetal 7-83. Evidence for the proposed mechanism was
obtained from the conversion of the hemiacetal 7-82 into the acetal 7-83 in hot
methanol. In this event, the tetraketone 7-81 is generated by undergoing a retro-Mi-
chael addition, followed by addition of methanol and reattack at the enone system
to provide 7-83.

7.2.2
Oxidative/Anionic/Pericyclic Domino Processes

The use of masked o-benzoquinones or o-benzoquinoid structures (MOB) as poten-
tial synthons for Diels−Alder reactions have furnished elegant and reliable ap-
proaches to a multitude of structurally diverse organic compounds [41, 42].

o-Benzoquinones can easily be formed by an oxidation of phenols using hyper-
valent iodine reagents such as bis(trifluoroacetoxy)-iodobenzene (BTIB), first re-
ported by Wessely and coworkers during the 1950s [43]. However, due to their high
tendency to dimerize, the handling of o-benzoquinones is rather difficult, and this
reduces their usefulness as building blocks. A good solution to bypass this problem
has been developed by Wood and coworkers, in which intramolecular trapping of
the oxidation product by an appropriate tethered carboxylic acid moiety provides
spirolactonedienones 7-85 which are relatively stable against dimerization
(Scheme 7.23) [44].

When the oxidation of, for example, 7-84 was carried out in the presence of a sui-
table dienophile, the formed dienone is directly consumed within an intermolecu-
lar Diels−Alder reaction, leading to cycloadduct 7-89, albeit in a yield below 40 %. In

7-84

7-86

7-887-87

7-85

HOOC

OH

BTIB
MeCN

O

HOOC

N
MeC

H

O
O

O

N

O
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2) MVK
3) H2O

O
O

O O
O

O

O
O

7-89 (< 40%)

O

O

O

O
O

O

BTIB: bis(trifluoroacetoxy)-iodobenzene

(MVK)

Scheme 7.23. Domino oxidation/spirolactonization/Diels–Alder reaction sequence.
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Scheme 7.24. Synthesis of spiro-compounds 7-91.
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(  )nR

OMe
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Scheme 7.25. Acetalization/Diels–Alder sequence.

7-92

R = H, Me, Ph
n = 1 and 2

addition, the dimer 7-86 and cycloadduct 7-88, which is formed via 7-87, were ob-
tained. The picture changed, however, when para-substituted aromatic phenols 7-
90 in the presence of different dienophiles were used, which gave the desired com-
pounds 7-91 in much better yield (Scheme 7.24).

Another synthesis using in situ-prepared o-benzoquinones has been reported by
Liao and coworkers [45]. These authors observed that oxidation of 2-methoxy-
phenols 7-92 with DAIB in the presence of unsaturated alcohols 7-93 furnish tran-
sient o-benzoquinone monoacetal intermediates, which easily undergo an in-
tramolecular Diels−Alder reaction to provide bicyclo[2.2.2]octenones 7-94 with high
regio- and stereoselectivity, as well as in acceptable yields (Scheme 7.25).
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7.2.3
Oxidative or Reductive/Anionic/Oxidative or Reductive Domino Processes

It is well known that the reactivity of a double bond is highly influenced by its adja-
cent substituents. Electron-donating groups increase the reactivity towards an elec-
trophilic addition, whereas electron-withdrawing groups favor a nucleophilic attack.
A neat solution for performing a nucleophilic addition on electron-rich double
bonds has recently been developed by the Williams group, featuring a reversible oxi-
dation process [47]. This concept of temporarily oxidizing alcohols has been demon-
strated to allow a Michael-addition of methylmalononitrile to an allylic alcohol 7-95
by a procedure involving a catalytic electronic activation of the substrate
(Scheme 7.26). In this way, a domino Oppenauer-oxidation/Michael addition/Meer-
wein−Ponndorf−Verley reduction process led to substituted alcohols such as 7-96.

An example of a highly chemo-, regio-, and stereoselective domino ester reduc-
tion/epoxide formation/reductive epoxide-opening process has been recently pub-
lished by Huang and coworkers in their synthesis of pine sawfly sex pheromones
[48]. Subjecting substrate (2S,3R)-7-97 to LiAlH4 triggers a reaction sequence, in-
volving the reduction of the ester functionalities to afford 7-98, SNi reaction with in-
version of configuration leading to epoxide 7-99, which then underwent a reductive
epoxide-opening reaction at the terminal carbon giving the diol (2S,3R)-7-100 in
79 % yield (Scheme 7.27).

OH 10 mol% Al(OtBu)3, 10 mol% KOtBu
1 eq CH3CH(CN)2, 10 mol% 2-cyclohexene-1-one
CH2Cl2, 100 °C (ACE pressure tube), 8 h

90%

OH

CN

CN

Scheme 7.26. Aluminium-catalyzed domino Oppenauer/Michael addition/Meerwein–Ponndorf–
Verley process.

7-95 7-96

EtO2C CO2Et

TsO HO
LiAlH4, THF
55 °C, 4 h

79%

(2S,3R)-7-97 (2S,3S)-7-100

O
O AlH3Li

OTs

AlH3Li

O
OAlH3Li

Scheme 7.27. Domino ester reduction/epoxide formation/reductive epoxide-opening reaction.

OH

LiAlH4 LiAlH4, H

7-997-98
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7.3
Oxidative or Reductive/Pericyclic Processes

Oxidative-pericyclic processes, and in particular the oxidative/Diels−Alder reaction,
are quite common in nature. The so-called Diels−Alderase is usually an oxidizing
enzyme, which induces, for example, the formation of a suitable dienophile such as
an enone from an allylic alcohol [49].

Such reactions are also possible in vitro, as several mild oxidizing agents are at
hand nowadays. Thus, the Dess−Martin periodinane (DMP) [50] has been proven to
be a versatile and powerful reagent for the mild oxidation of alcohols to the corre-
sponding carbonyl compounds. In this way, a series of new iodine(V)-mediated re-
actions has been developed which go far beyond simple alcohol oxidation [51]. Ni-
colaou and coworkers have developed an effective DMP-mediated domino polycy-
clization reaction for converting simple aryl amides, urethanes and ureas to com-
plex phenoxazine-containing polycycles. For example, reaction of the o-hydroxy
anilide 7-101 with DMP (2 equiv.) in refluxing benzene under exposure to air led to
polycycle 7-103 via 7-102 in a yield of 35 % (Scheme 7.28) [52].

Interestingly, the oxidation of anilide 7-104 with 4 equiv. DMP led to 7-105 with
the same tetracyclic core (Scheme 7.29).

2 eq DMP, benzene, 75 °C
exposure to air

35%O

H
N

OH

O

N

O

H

H

H

7-101 7-103

O

N

O

7-102

Scheme 7.28. DMP-induced domino oxidation/hetero-Diels–Alder sequence.

2 eq DMP, 4 eq H2O
CH2Cl2, r.t.

O

H
N

O

N

O

H

H

H

7-104 7-105

40%

Scheme 7.29. Synthesis of tetracycle 7-105 from 7-104.
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a) 4 eq DMP, 2 eq H2O, CH2Cl2, 3 h, r.t.; b) 1. [4+2] cycloaddition; 2. + H2O;
c) toluene, reflux, 12 h; [4+2] cycloaddition; d) K2CO3, MeOH.

a) b)

7-109

86%

c) d)

25%
overall

The oxidative formation of p-benzoquinones from anilides such as 7-108 was
used for the synthesis of the core scaffold of the natural products elisabethin A (7-
106) and pseudopterosin A aglycone (7-107) (Scheme 7.30). Exposure of anilide 7-
108 to DMP [53] led to the formation of the o-imidoquinone 7-109, which under-
went an intramolecular Diels−Alder reaction to give 7-110 in 28 % yield after hydra-
tion. In a competitive pathway, the p-quinone 7-111 is also formed from 7-108,
which on heating in toluene again underwent an intramolecular Diels−Alder reac-
tion to give cycloadduct 7-112 in 25 % overall yield. Hydrolysis of 7-112 furnished
the carbocyclic skeleton 7-113 of elisabethin A (7-106).

En route to the total synthesis of tashironin (7-114a) and the debenzoylated com-
pound 7-114b, which shows an interesting promotion of neurite growth, Dani-
shefsky and coworkers have developed a domino oxidative dearomatization/trans-
annular Diels−Alder reaction [54]. In this line, treatment of 7-115 with phenyl-
iodine(III) diacetate (PIDA) led to an intermediate 7-116, which immediately under-
went a transannular Diels−Alder reaction to furnish the complex cycloadducts 7-
117 in good yields (Scheme 7.31).
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Scheme 7.31. Domino oxidative dearomatization/transannular-Diels–Alder reaction.
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R
R

R

a: R = H
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a: R = H (66%)
b: R = Me (60%)

7.3.1
Oxidative/Pericyclic/Anionic Domino Processes

Lead tetraacetate is a well-established reagent for the oxidative cleavage of 1,2-
diols, furnishing the corresponding aldehydes. An interesting aspect of this trans-
formation is the design of domino processes by setting up the formed carbonyl
functionalities in a way that further reactions can occur. As described by the group
of Arseniyadis [55], a monocyclic unsaturated 1,2-diol such as 7-118 is cleaved to
give the dialdehyde 7-119, which can undergo an intramolecular hetero-Diels−
Alder reaction (Scheme 7.32). The formed cyclic ene-acetal 7-120 suffers a rear-
rangement by an electrophilic attack of the metal on the electron-rich double bond
in 7-120 via the temporary organolead intermediate 7-121 to give the carbocation
7-122; this is trapped by an acetate group completing the synthesis of dioxa-bicy-
clo[2.2.2]octanes 7-123 which were obtained as a separable mixture of two di-
astereoisomers in 56 % and 6 % yield, respectively. It is important to mention that
this reaction only proceeds when the conformational freedom of the hetero diene/
dienophile motif is reduced by inserting appropriate groups (e. g. gem-dimethyl
group).

The same group also published a similar procedure using unsaturated bicyclic
diols 7-124 to yield the tricyclic ene-acetals 7-125, using PhI(OAc)2 as oxidizing
agent. The products can be further transformed by treatment with Pb(OAc)4, and
this led to the tricyclic bisacetat 7-126 in remarkably good yield (Scheme 7.33) [56].
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Scheme 7.33. General process of iodobenzene diacetate-mediated hetero-domino 
transformation.

Examples of the oxidative cleavage/bis-hetero-Diels−Alder domino sequence of
compounds of type 7-124 to give acetals of type 7-125 are listed in Scheme 7.34.
This shows that the reaction is high-yielding and can be carried out under rather
mild conditions.

Moreover, compounds of type 7-127, which were obtained from 7-125 by reaction
with Pb(OAc)4, can undergo a further domino process when treated with potassium
carbonate in a mixture of water and methanol [57]. This includes saponification of
the acetate moieties in 7-127 to provide 7-129 via the unstable cyclic hemiacetal 7-
128 (Scheme 7.35). Retro-Claisen reaction and ring closure with the proposed inter-
mediates 7-130 and 7-131 led to the bridged ring-system 7-132 as a mixture of di-
astereomers with preference of the �-isomer.
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Scheme 7.34. Synthesis of endocyclic acetals of type 7-125.
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7.3.2
Oxidative or Reductive/Pericyclic/Pericyclic Domino Processes

During their total synthesis of the cytotoxic natural product FR182877 (7-133) [58]
and hexacyclinic acid (7-134) [59], the Evans group invented an impressive oxida-
tion/twofold transannular Diels−Alder reaction process of the macrocycle 7-135
(Scheme 7.36) [60]. The sequence was initiated by introducing a conjugated double
bond at C2−C3 of 7-135 using Ph2Se2O3, SO3/pyridine and NEt3 in THF, leading to
7-136. The setting was now prepared for a subsequent twofold cycloaddition,
starting with an intramolecular Diels−Alder reaction with normal electron demand
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Scheme 7.36. Domino oxidation/twofold transannular-Diels–Alder reaction in the total synthesis 
of FR182877 (7-133).
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to give 7-137, which was followed by an intramolecular hetero-Diels−Alder reaction
with inverse electron demand to provide the pentacycle 7-138 as a single di-
astereoisomer in an excellent yield of 63 %.

Coumarins are known to have pronounced bioactivity. A rather new procedure
for the synthesis of pyrrolo[3,2-c]coumarins uses a domino process in which an
amine oxide rearrangement [61] is involved (Scheme 7.37) [62]. Reaction of the cou-

O O

MeN

OAr

7-139

O O

MeN

7-140

OAr

OH

a: Ar = 2-ClC6H4
b: Ar = C6H5
c: Ar = 4-MeC6H4
d: Ar = 4-OMeC6H4
e: Ar = 2,4-Cl2C6H3

70–75%

mCPBA, CHCl3
1) 0–5 °C, 10 min
2) r.t., 10–12 h

Scheme 7.37. Oxidative twofold rearrangement sequence for the synthesis of 
coumarin derivatives.
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OH
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O

OAr

1
2

3

O O

•

O
MeN OAr

7-142

[3,3]-rearr.

O O

7-143

MeN OAr
O

H

O O

7-144

HMeN OAr
O

O O

MeN

7-145

OArHO

OH2

H2O

[2,3]-rearr.

Scheme 7.38. Mechanism of the oxidative-twofold rearrangement sequence.
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OH
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O

O

OH

O

O
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O
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7-148b
7-148a

O

O
HO

O

H

Epoxyquinol A (7-149), 40%

O
O

O

OH

O

O
HO

O

H

Epoxyquinol B (7-150), 25%

7-148b
7-148b

Scheme 7.39. Synthesis of epoxyquinol A (7-149) and B (7-150).

hetero-(7-148)2 homo-(7-148)2

marin derivatives 7-139 with mCPBA provided 7-140 in a clean reaction, and good
yields of 70−75 %.

A proposed mechanism for the transformation of 7-139 to 7-140 is depicted in
scheme 7.38. Initially, the unstable N-oxide 7-141 is formed which undergoes a [2,3]
sigmatropic rearrangement leading to allene 7-142. There follows a [3,3] sigmatropic
rearrangement providing imine 7-143, which then tautomerizes to the enamine 7-
144. Addition of the amine moiety to the carbonyl group forms the hemiaminal,
which reacts with water in a SN2’ displacement to yield the final products 7-140.

An innovative approach to the epoxyquinols A (7-149) [63] and B (7-150) [64], two
novel angiogenesis inhibitors with a heptacyclic ring system containing 12 stereo-
genic centers, has been developed by Hayashi and coworkers [65] using a biomi-
metic oxidation/6π-electrocyclization/(hetero)-Diels−Alder domino reaction. This
type of transformation was first described by Porco, Jr. [66]. The reaction sequence
is initiated by oxidation of the monomeric benzyl alcohol 7-146 to give aldehyde 7-
147 using MnO2 (Scheme 7.39). The latter undergoes a 6π-electrocyclization to
generate the 2H-pyran derivatives 7-148a and 7-148b. Subsequent dimerization by a
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H
O

O CO2R

O

O
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b)

(±)-7-154 (39%) (±)-7-155 (41%)

+

(±)-Torreyanic acid (±)-"iso"-Torreyanic acid

Scheme 7.40. Synthesis of (±)-torreyanic acid (7-151).

Diels−Alder reaction of the same or different partners via the transition states het-
ero-(7-148)2 and homo-(7-148)2 furnished epoxyquinol A (7-149) and B (7-150) in
40 % and 25 % yields, respectively. Remarkably, the reaction proceeds only via these
two transition states, although there are 16 possible reaction modes.

Porco, Jr. and coworkers also used this biomimetic domino approach for the syn-
thesis of the quinone epoxide dimer torreyanic acid 7-151 as racemic mixture [67].
This natural product, isolated from the fungus Pestalotiopsis microspora, shows a
pronounced cytoxicity to tumor cells. Its retrosynthetic analysis leads to the
2H-pyran 7-152 (Scheme 7.40). As substrate for the domino process, the epoxide
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7-153 was used, of which the hydroxyl group was oxidized with DMP to give the cor-
responding aldehyde. 6π-Electrocyclization afforded the desired pyran 7-152, which
underwent an intermolecular Diels−Alder reaction under the influence of silica gel,
indicating acid catalysis in the dimerization. Since 7-153 was used as a racemic mix-
ture the two racemic diastereomers 7-154 and 7-155 were obtained as products in
nearly equal quantity with an overall yield of 80 %. The final step in the synthesis of
(±)-torreyanic acid (7-151) was the acid-catalyzed cleavage of the t-butyl ester in 7-
154. Under the same conditions, 7-156 was obtained from 7-155.

7.4
Oxidative or Reductive/Oxidative or Reductive Processes

The domino oxidative polycyclization with rhenium(VII) reagents was first reported
by Keinan and Sinha in 1995 [68]. Using this method, polyenic bis-homoallylic alco-
hols can be transformed in a single, highly efficient process into poly-THF products
with excellent diastereoselectivity [69]. The procedure is particular beneficial for the
asymmetric synthesis of polyether natural products, such as rollidecins C and D (7-
159a) and (7-159b) (Scheme 7.41). These compounds belong to the family of An-

noaceous acetogenins, and display a broad variety of biological activities [70]. Reaction
of freshly prepared CF3CO2ReO3 in CH2Cl2 with the alcohols 7-157a and 7-157b in

H25C12

HO
OTPS

O

O

(  )
n

a: n = 2
b: n = 4

1) Re2O7, (CF3CO)2O, THF, r.t., 1 h
2) 7-157, CH2Cl2, (CF3CO)2O, 0 °C → r.t.

OR

O

O

(  )
nOO

HO

H25C12

a: n = 2, R = TPS (49%)
b: n = 4, R = H (29%)

OR

O

O

(  )
nOO

HO

H25C12

a: n = 2, Rollidecin C
b: n = 4, Rollidecin D

1 or 2 steps

Scheme 7.41. Total synthesis of rollidecins C and D.

7-157

7-158

3 h or overnight

7-159
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Scheme 7.42. Stereochemistry in oxidative polycyclization with trifluoracetylperrhenate.
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the presence of TFAA, led to the desired polyethers 7-158a and 7-158b in 49 % and
29 % yields, respectively [71]. Hydrogenation and deprotection completed the total
syntheses of 7-159a and 7-159b.

It should be noted that the stereochemistry of the products 7-159 depends not
only on the configuration of the stereogenic centers but also on the double bond
geometry in the substrates 7-157. These correlations are indicated in Scheme 7.42
[72].

A useful and simple method for the one-pot preparation of highly functionalized,
enantiomerically pure cyclopentanes from readily accessible carbohydrate precur-
sors has been designed by Chiara and coworkers [73]. The procedure depends on a
samarium(II) iodide-promoted reductive dealkoxyhalogenation of 6-desoxy-6-iodo-
hexopyranosides such as 7-160 to produce a δ,ε-unsaturated aldehyde which, after
reductive cyclization, is trapped by an added electrophile to furnish the final pro-
duct. In the presence of acetic anhydride, the four products 7-161 to 7-164 were ob-
tained from 7-160.

Samarium(II) iodide also allows the reductive coupling of sulfur-substituted aro-
matic lactams such as 7-166 with carbonyl compounds to afford α-hydroxyalkylated
lactams 7-167 with a high anti-selectivity [74]. The substituted lactams can easily be
prepared from imides 7-165. The reaction is initiated by a reductive desulfuration
with samarium(II) iodide to give a radical, which can be intercepted by the added
aldehyde to give the desired products 7-167. Ketones can be used as the carbonyl
moiety instead of aldehydes, with good − albeit slightly lower − yields.

7.4 Oxidative or Reductive/Oxidative or Reductive Processes
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Scheme 7.43. Synthesis of highly functionalized enantiopure cyclopentanes.
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Scheme 7.44. SmI2-promoted domino reductive desulfuration/reductive coupling process of 
lactams 7-166 with an aldehyde.

7 Domino Reactions Initiated by Oxidation or Reduction



525

The final example in this section relates to the synthesis of the pharmaceutically in-
teresting and structurally unusual CP molecules 7-168 and 7-169 (Scheme 7.45). Ni-
colaou and coworkers developed a neat domino Dess−Martin oxidation process for
preparation of the CP core structure by transforming the 1,4-diol 7-170 into the bis-
lactols 7-174 [75]. The reaction is initiated by a selective oxidation of the sterically
hindered bridgehead alcohol in 7-170, leading to formation of the isolatable hemia-
cetal 7-171. Further oxidation with the Dess−Martin reagent converts 7-171 to the
keto aldehyde 7-173 via the ring-chain intermediate 7-172. Subsequent reaction with
a molecule of water furnished the stable diol 7-174 in an excellent yield of 82 %; this
can be further oxidized, using TEMPO as an oxidizing agent, to give 7-175.

Scheme 7.45. Synthesis of the γ-hydroxy moiety of CP compounds.
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8
Enzymes in Domino Reactions

Over the years of evolution, Nature has developed enzymes which are able to cata-
lyze a multitude of different transformations with amazing enhancements in rate
[1]. Moreover, these enzyme proteins show a high specificity in most cases, allowing
the enantioselective formation of chiral compounds. Therefore, it is not surprising
that they have been used for decades as biocatalysts in the chemical synthesis in a
flask. Besides their synthetic advantages, enzymes are also beneficial from an
economical − and especially ecological − point of view, as they stand for renewable
resources and biocompatible reaction conditions in most cases, which corresponds
with the conception of Green Chemistry [2].

Nature, however, has performed more than simple stepwise transformations;
using a combination of enzymes in so-called multienzyme complexes, it performs
multistep synthetic processes. A well-known example in this context is the bi-
osynthesis of fatty acids. Thus, Nature can be quoted as the “inventor” of domino
reactions. Usually, as has been described earlier in this book, domino processes are
initiated by the application of an organic or inorganic reagent, or by thermal or pho-
tochemical treatment. The use of enzymes in a flask for initiating a domino reac-
tion is a rather new development. One of the first examples for this type of reaction
dates back to 1981 [3], although it should be noted that in 1976 a bio-triggered dom-
ino reaction was observed as an undesired side reaction by serendipity [4].

In recent years, due to their increased availability, enzymes have been used in the
development of domino reactions. This interesting field has recently been sum-
marized by Faber and coworkers in an excellent review [5]. In this chapter, the
different types of biocatalyzed domino reactions are discussed and classified
(Table 8.1).

Enzyme-triggered domino reactions follow a common scheme. Initially, the
enzyme modifies a so-called “trigger” group in the starting material, furnishing a
reactive species that can undergo a subsequent domino reaction. In the examples
discussed below, the reactive group created in the first step may be a diene or
dienophile (the latter generated, for example, by the oxidation of an allylic alcohol),
or a negatively charged atom produced by hydrolysis of an ester or epoxide, which
increases the electron density of a π-electron system or acts as a nucleophile. Ac-
cordingly, the intermediates provided can undergo further transformations, which
may consist of a nucleophilic substitution, a cyclization (e. g., Diels−Alder cycload-
dition), a fragmentation, or a rearrangement.
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Table 8.1. Types of biocatalyzed domino reactions.

Enzymatic trigger reaction Effect of trigger reaction Domino process

oxidation
transesterification
ester hydrolysis
ester hydrolysis
ester hydrolysis
ester hydrolysis
ester hydrolysis
epoxide hydrolysis

formation of dienophile
formation of activated diene
electron-donating group liberated
electron-donating group liberated
electron-donating group liberated
nucleophile liberated (–CO2–)
nucleophile liberated (–OH)
nucleophile liberated (–OH)

intermolecular Diels-Alder
intramolecular Diels-Alder
retro-[2+2] cycloaddition/fragmentation
fragmentation
rearrangement
cyclization
cyclization
cyclization

OH

R

O

R

OH

R

tyrosinase
CHCl3, O2

OH
tyrosinase
CHCl3, O2

8-1 8-2 8-3

R2

8-4

R2= OEt, Ph
43–77%

+
O

O

R1
R2

O

O

R1 R2

8-5 8-6

R1= H, Me, iPr, tBu, I, Br, Cl, F, OMe

Scheme 8.1. Enzymatic oxidative generation of a diene followed by a Diels–Alder reaction

O

In 1996, the first successful combination of an enzymatic with a nonenzymatic
transformation within a domino process was reported by Waldmann and co-
workers [6]. These authors described a reaction in which functionalized bicy-
clo[2.2.2]octenediones were produced by a tyrosinase (from Agaricus bisporus) -cata-
lyzed oxidation of para-substituted phenols, followed by a Diels−Alder reaction with
an alkene or enol ether as dienophile. Hence, treatment of phenols such as 8-1 and
an electron-rich alkene 8-4 in chloroform with tyrosinase in the presence of oxygen
led to the bicyclic cycloadducts 8-5 and 8-6 in moderate to good yield (Scheme 8.1).
It can be assumed that, in the first step, the phenol 8-1 is hydroxylated by tyrosi-
nase, generating the catechol intermediate 8-2, which is then again oxidized enzy-

8 Enzymes in Domino Reactions
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8-7

8-8

(R)-8-9 (70% ee)

Scheme 8.2. Lipase-catalyzed domino transesterification/Diels–Alder reaction of (±)-8-7 with 8-8.

MeO2C O

O

OEt

Pseudomonas aeruginosa lipase
(a crude solution in acetone)
acetone, 30 °C, 10 h

O
OH

O
O

MeO2C
O

O
OH

O
O

MeO2C
O

O

OH
MeO2C

OO

OH
MeO2C

O + + +

(2R)-syn-8-10
(78–79% ee)

(2R)-anti-8-10
(75–81% ee)

(R)-8-9
(20–29%, 10–68% ee)

(S)-8-7
(35–46%, 73–79% ee)

30 °C 
7–8 days

(25–36%, syn/anti = 3:2)

matically to produce the o-quinone 8-3 containing a highly reactive 1,3-butadiene
moiety. This undergoes a Diels−Alder reaction with inverse electron demand with
the present dienophile 8-4. In principle, four different diastereoisomers can be
formed in this chemoenzymatic domino process, but analysis of the products
showed that mainly the exo-diastereoisomer 8-5 with a 1,3-substitution pattern was
formed (in some cases as the only product). It is noteworthy to say that the overall
process was rather slow and required up to three days for completion. Furthermore,
no asymmetric induction was detected, since the addition seemed to proceed
without the influence of the enzyme.

Another example for the combination of an enzymatic process with a cycloaddi-
tion is the lipase-catalyzed transformation of racemic alcohol 8-7 with fumaric acid
ester 8-8 described by the Kita group (Scheme 8.2) [7]. As products, nonracemic 7-
oxabicyclo[2.2.1]heptenes 8-10 were obtained, which are useful intermediates in the
synthesis of various biologically important natural products [8]. An interesting
aspect of this enzyme-triggered domino reaction using a lipase from Pseudomonas

aeruginosa is the fact that during the transesterification a partial kinetic resolution
occurred. As intermediate, the ester (R)-8-9 was formed with 70 % ee, which can un-
derwent an intramolecular cycloaddition to give the products (2R)-syn- and (2R)-
anti-8-10 with slightly increased ee-values compared to (R)-8-9 in a 3:2 ratio and 25−
36 % yield. A disadvantage of this reaction is the long reaction time of about 7 to 8
days. Besides the cycloadducts, nonracemic furfuryl alcohol (S)-8-7 and the Diels−
Alder precursor (R)-8-9 were isolated in 35−46 % and 20−29 % yields, respectively.

8 Enzymes in Domino Reactions
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Carbon skeleton rearrangements often lead to products of unrelated and excep-
tional structure; they are, therefore, of particular interest in organic synthesis. Such
rearrangements as part of a domino process can also be triggered utilizing
enzymes. During the development of a new strategy for the assembly of paclitaxel, a
diterpene anticancer agent [9], an unexpected enzymatically induced selective dehy-
dration and rearrangement has been observed by Kim and coworkers [10]. When
the paclitaxel precursor 8-11 was treated with Rhizopus delemar lipase (RDL) in the
presence of trichloroacetic anhydride, the tricyclic diterpene 8-12 was generated in-
stead of the expected ester at the 13-hydroxyl group (Scheme 8.3). The authors as-
sume that the elimination of the 13-hydroxyl group and the deprotonation of the 1-
hydroxyl group occur in a concerted way, and thus a trichloroacetate intermediate is
not involved. An evidence for the proposed mechanism is the stability of the sepa-
rately prepared 8-11 containing a trichloroacetyl moiety at C-13 in the presence of
RDL, trichloroacetic acid, and triethylamine in THF. Interestingly, the enzymatic
reaction, when allowed to react for a longer time, furnished the new product 8-13,
which is formed by a second dehydration, in 95 % overall yield.

The application of enzymes for the mild hydrolysis of esters has been well estab-
lished as a convenient method, and hence can be regarded as a standard
methodology in organic synthesis. Accordingly, the expectation is met that such
enzymatic ester cleavage reactions are included in domino processes. In this con-
text, a number of publications describe enzyme-initiated fragmentation reactions.

In 1982, the Schaap group demonstrated that chemiluminescence can be in-
duced by the addition of a base to dioxetanes bearing a phenolic substituent [11].
Herein, the same group presents a method utilizing aryl esterase to catalyze the
cleavage of a naphthyl acetate-substituted dioxetane in aqueous buffer at ambient

HO

HO O

HO O

OTES

AcO
H

BnO

13

10
TCAA, RDL

H2O

O

O
OBn

OAc

TESO

O
HO

H

H2O

O

O
OBn

OAc

TESO

O

H

8-11 8-12

8-13

TCAA = trichloroacetic anhydride
RDL = Rhizopus delemar lipase

Reaction conditions: 
8-12: RDL, 6 eq TCAA, THF, 1.5 h, 73–95%.
8-13: RDL, 6 eq TCAA, THF, 4–7 h, 95%.

13

Scheme 8.3. Enzymatic dehydration and rearrangement of a paclitaxel precursor.

1
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Scheme 8.4.  Dioxetane fragmentation initiated by enzymatic ester hydrolysis.

OAc

OO
OMe

8-14

porcine liver esterase
buffer pH 7.6

O

OO
OMe

8-15

O

MeO

O

adamantanone (8-17)  +   light    +

8-16

temperature [12]. Hydrolysis of the acetate unit in the oxetane derivative 8-14 em-
ploying porcin liver esterase liberated the free naphtholate anion 8-15, which un-
derwent a subsequent fragmentation reaction generating naphthol methylester 8-
16 and adamantanone with the concurrent chemiluminescence (Scheme 8.4).

The combination of an enzyme-catalyzed ester cleavage with a proximate frag-
mentation is of interest in protective group chemistry. According to this line, Wald-
mann and coworkers developed a new protecting group for amino, hydroxy and car-
boxy moieties containing a p-acetoxybenzyloxycarbonyl group during their synthe-
sis of N-Ras lipopeptides [13]. After enzymatic cleavage of the acetate group of 8-18
using a lipase 8-19, the resulting phenolate anion 8-21 induced (at an appropriate
pH) a fragmentation leading to the formation of a quinone methide with liberation
of the desired product 8-22 or 8-23 (Scheme 8.5). Thus, depending on the reactive
group within the target molecule, liberation can occur with or without decarboxyla-
tion (amines, alcohols and carboxylic acids, respectively). Another beneficial feature
of this strategy is the possibility of employing a phenylacetate ester instead of an
acetate, which can be cleaved with high chemoselectivity using penicillin G acylase
(8-20).

An ester hydrolysis is also the starting transformation for the domino reaction
depicted in Scheme 8.6. Here, an unexpected rearrangement of achiral norbornene
dicarboxylates 8-24 has been observed by Niwayama and coworkers to give a chiral
bicyclo[3.1.0]hexene framework 8-27 by enzymatic hydrolysis using a pig liver
esterase (PLE) [14]. This enzyme-triggered domino reaction proceeds via the forma-
tion of the monoester 8-25, which immediately executes a Meinwald rearrange-
ment providing 8-27 in near-quantitative yield via carbocation 8-26. Though the
enantiomeric excess turned out to be moderate, with 48 % ee for R = CH3 and 65 %
for R = Et, the reaction allows the formation of interesting molecules with three
new stereogenic centers.

Besides fragmentation or rearrangement, the carboxylic acid anions, formed by
an enzymatic hydrolysis, can also act as nucleophiles. Kuhn and Tamm used the
asymmetric hydrolysis of meso-epoxy diester 8-28 with PLE to synthesize γ-lactone

8 Enzymes in Domino Reactions
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enzymatic
hydrolysis

O

O X

O

R2

O R1

O

O X

O

R2

O CR3
2R2

O

X

8-21

X = CR3
2 X = NH, O

HXR2  + CO2

R1 (trigger group) Enzyme R2 (target molecule)

CH3, nC3H7, nC7H15

CH2Ph

Lipase (8-19)

Penicillin G Acylase (8-20)

O
CR3

2

NH

Alcohol
Carboxylic acid
Amine

8-18

8-22 8-23

Scheme 8.5. Enzyme-triggered fragmentation of protective groups for amines, alcohols and 
carboxylic acids.

pig liver esterase
buffer pH 8, 30 °C

8-25

8-27a (~quant., 48% ee)
8-27b (quant., 65% ee)
8-27c (75%, 28% ee)

Scheme 8.6. Asymmetric ester hydrolysis followed by Meinwald rearrangement.

O CO2R
CO2R

O CO2
CO2R

O CO2
CO2RCO2R

CO2

8-24a: R = Me
8-24b: R = Et
8-24c: R = nPr

8-26

HOHC

8-31, in which the formed carboxylic acid anion 8-29 in a SN2-type fashion attacks
the epoxide moiety (Scheme 8.7) [15]. It is of interest that, after formation of the lac-
tone 8-30, the remaining ester moiety is turned into a more accessible equatorial

8 Enzymes in Domino Reactions



535

CO2Me

CO2Me
O

O

O

O
pig liver esterase
buffer pH 7

72% (96% ee)

CO2Me

8-28 8-29

O
O

HO CO2H

8-31

pig liver esterase
buffer pH 7

O
O

HO CO2Me

8-30

Scheme 8.7. γ-Lactone formation initiated by an enzymatically liberated Nu (– CO2
– ).

a) pig liver esterase, phosphate buffer pH 7.5–8, r.t., 1 h.

MeO CHO
OO

O 8-32

O CHO
OO

O

OO O O OH

8-34

a)

70%

8-33

Scheme 8.8. Synthesis of a tris-tetrahydrofuran derivative.

position, which also allows a hydrolysis by PLE to give 8-31 in 72 % yield and excel-
lent enantiopurity of 96 % ee.

A similar domino process involving the opening of two epoxide moieties after an
enzymatic ester hydrolysis has been described by Robinson and coworkers [16].
Treatment of 8-32 with PLE in an aqueous buffer solution at pH 7.5−8 led to 8-34 in
70 % yield after formation of 8-33 (Scheme 8.8).

In another approach, the alcohol moiety, formed by an enzymatic hydrolysis of an
ester, can act as a nucleophile. In their synthesis of pityol (8-37a), a pheromone of
the elm bark beetle, Faber and coworkers [17] used an enzyme-triggered reaction of
the diastereomeric mixture of (±)-epoxy ester 8-35 employing an immobilized
enzyme preparation (Novo SP 409) or whole lyophilized cells of Rhodococcus erythro-

polis NCIMB 11540 (Scheme 8.9). As an intermediate, the enantiopure alcohol 8-36
is formed via kinetic resolution as a mixture of diastereomers, which leads to the di-
astereomeric THF derivatives pityol (8-37a) and 8-37b as a separable mixture with a
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O

8-35

Scheme 8.9. Synthesis of tetrahydrofurans.

O

tBu

O

OH

8-36
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O
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(crude)

Scheme 8.10. Enzyme-triggered rearrangement of multifloroside 8-38.
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10–20%
O
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CO2R1
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R1 = Me, DHP
R2 = DHP, H, Me

DHP =

OH

OH

β-glucosidase
0.1 M acetate buffer
37 °C

H

ratio of 1:1.2 in approximately 70 % yield by nucleophilic opening of the epoxide
moiety. Interestingly, there is evidence for a participation of the biocatalyst in the
formation of the furan ring, since in the absence of the enzyme a reaction of iso-
lated 8-36 to give 8-37 did not take place at pH 7, but only under basic conditions.

The Shen group has devised a domino process wherein after an enzymatic cleav-
age of a glycoside a rearrangement sequence takes place [18]. Subjecting multi-
floroside 8-38 to �-glucosidase in acetate buffer (Scheme 8.10) afforded jasmolac-
tone analogues such as 8-39 in a rather low yield.

In addition to the enzymatic hydrolysis of esters, there also ample examples
where an epoxide has been cleaved using a biocatalyst. As described by the Faber
group [19], reaction of the (±)-2,3-disubstituted cis-chloroalkyl epoxide rac-8-40 with
a bacterial epoxide hydrolase (BEH), led to the formation of vic-diol (2R,3S)-8-41
(Scheme 8.11). The latter underwent a spontaneous cyclization to give the desired
product (2R,3R)-8-42 in 92 % ee and 76 % yield. The same strategy was used with the
homologous molecule rac-8-43, which afforded the THF derivative (2R,3R)-8-45 in
86 % ee and 79 % yield.
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Scheme 8.11. Enzyme-initiated domino reaction of (±)-disubstituted chloroalklyl epoxides.
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Scheme 8.12.  Natural products panaxytriol (8-46) and falcarinol (8-47).

(3R,9R,10R) (3S,9R,10R)Panaxytriol (8-46)

Falcarinol (8-47)

The strategy has been used for the synthesis of the natural products panaxytriol
(8-46) and falcarinol (8-47) [20], both of which exhibit strong neurotoxicity, antifun-
gal, and cytotoxic activities [21] (Scheme 8.12).

Using strain Streptomyces sp. FCC008, rac-cis-8-48 could be converted into
(2R,3R)-8-50 in 92 % yield, 99 % ee and 95 % de (Scheme 8.13). 8-50 is one of the two
building blocks required for the synthesis of panaxytriol (8-46).

rac-cis-8-48

Streptomyces sp.
FCC008
trisbuffer pH 8

C7H15

Cl

HO

HO

(2R,3R)-8-49

O

C7H15HO
– HCl spont. 

92%

(2R,3R)-8-50
 (99% de, 95% ee)

O

C7H15

Cl

Scheme 8.13. Enzyme-assisted synthesis of the epoxide 8-50.
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In a similar manner, and as shown again by the Faber group, the catalyzed reac-
tion of bis-epoxides led to THFs containing four stereocenters [22]. Thus, treatment
of cis,cis,meso-8-51 with the epoxide hydrolase Rhodococcus sp. CBS 717.73 predomi-
nantly yielded the THF derivative 8-53a in 94 % ee and 89 % de, whereas the use of
other biocatalysts has shown only low to moderate stereoselectivity (Scheme 8.14).
As intermediate, the diol 8-52 can be assumed, whereby for the further transforma-
tion path A is always favored.

It should be noted that as early as 1993, Kurth and coworkers investigated the
enzymatic transformation of bis-epoxides of type 8-51 using cytosolic epoxide hy-
drolase from rat liver. However, at that time the regio- and stereochemistry of the
obtained THFs had not been investigated.

A combination of an enzymatic kinetic resolution and an intramolecular Diels−
Alder has recently been described by Kita and coworkers [23]. In the first step of this
domino process, the racemic alcohols (±)-8-55 are esterified in the presence of a
Candida antarctica lipase (CALB) by using the functionalized alkenyl ester 8-56 to
give (R)-8-57, which in the subsequent Diels−Alder reaction led to 8-58 in high
enantioselectivity of 95 and 91 % ee, respectively and 81 % yield (Scheme 8.15). In-
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[a] Conversion after 49 h, calculated as the sum of the products.

Scheme 8.14. Enzyme-catalyzed transformation of bis-epoxide cis,cis,meso-8-51.
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Scheme 8.15. Preparation of optically active polysubstituted decalines by a lipase-catalyzed 
domino esterification/Diels–Alder reaction.

stead of 8-56, the methyl ester can also be used, with similar results. A special fea-
ture of this domino process is the possibility of performing a rapid racemization of
the slow-reacting enantiomer (S)-8-55 with the help of ruthenium catalyts 8-59. In
this way, a complete transformation of the racemic substrate (±)-8-55 into almost
enantiopure products in 81 % yield can be performed. Normally, in such a kinetic
resolution process the yield is limited to �50 %.

Beside the use of a single enzyme, a cocktail of different biocatalysts can also be
used in performing a domino process, provided that the enzymes do not interfere
one with another. This approach was used by Scott and coworkers in the synthesis
of precorrin-5 (8-61) (Scheme 8.16) [24]. Starting from δ-amino levulinic acid (ALA)
8-60, a mixture of eight different enzymes including the ALA-dehydratase to form
porphobilinogen (PBG), as well as PBG deaminase and co-synthetase to furnish the
tetracyclic uroporphyrinogen III (8-62) as intermediates, was employed to provide
precorrin-5 (8-61) in 30 % yield.

In a very new example, the Kita group has presented a neat combination of a li-
pase-catalyzed kinetic resolution of α-hydroxynitrones and a 1,3-dipolar cycloaddi-
tion, which was successfully applied in the asymmetric total synthesis of (−)-ros-
marinecine [25].

Another very recent development in the field of enzymatic domino reactions is a
biocatalytic hydrogen-transfer reduction of halo ketones into enantiopure epoxides,
which has been developed by Faber, Bornscheuer and Kroutil. Interestingly, the re-
action was carried out with whole lyophilized microbial cells at pH ca. 13. Investiga-
tions using isolated enzymes were not successful, as they lost their activity under
these conditions [26].

The reactions presented in this chapter show clearly that enzyme-triggered dom-
ino reactions offer a great potential in asymmetric synthesis. It remains to be seen,
whether this methodology becomes a general tool, since the design of such
enzyme-induced domino processes is not trivial. Nonetheless, this emerging field
obviously has great potential.

8 Enzymes in Domino Reactions
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Scheme 8.16.  Multienzyme cocktail for the domino synthesis of precorrin-5 (8-61).
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9
Multicomponent Reactions

Chemical transformations utilizing more than two starting materials as the input
for product formation are usually referred to as multicomponent reactions (MCRs).
They can be considered as a subclass of domino processes as they are usually per-
formed employing all substrates in one pot under similar reaction conditions,
where the compounds undergo the transformations in a time-resolved mode,
meaning “after each other”. Since several substrates are put together, it is not only
the molecular complexity that is built up very rapidly; indeed, there is also the possi-
bility of generating manifold analogues. This diversity and easy accessibility to a
large number of compounds, combined with high-throughput screening tech-
niques, means that MCRs represent a very important tool in modern drug dis-
covery processes [1].

For this reason, we have included an extra chapter in this book which deals with
this topic. Quite recently, an excellent book on multicomponent transformations, as
well as many highly informative reviews on the subject [1a,b,2] have been pub-
lished. Therefore, only general aspects and the latest developments will be pre-
sented here, especially of isocyanide-based MCRs.

With regard to the classification of MCRs, three different types are often distin-
guished in the literature:
� Type I, when all the participating reactions are reversible.
� Type II, when the majority of the reactions are reversible, but the final product is

formed irreversibly.
� Type III, when practically all of the reactions are irreversible.

Type I MCRs are usually reactions of amines, carbonyl compounds, and weak acids.
Since all steps of the reaction are in equilibrium, the products are generally ob-
tained in low purity and low yields. However, if one of the substrates is a bi-
functional compound the primarily formed products can subsequently be trans-
formed into, for example, heterocycles in an irreversible manner (type II MCRs).
Because of this final irreversible step, the equilibrium is forced towards the product
side. Such MCRs often give pure products in almost quantitative yields. Similarly,
in MCRs employing isocyanides there is also an irreversible step, as the carbon of
the isocyanide moiety is formally oxidized to CIV. In the case of type III MCRs, only
a few examples are known in preparative organic chemistry, whereas in Nature the
majority of biochemical compounds are formed by such transformations [3].
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Officially, the history of MCRs dates back to the year 1850, with the introduction
of the Strecker reaction (S-3CR) describing the formation of α-aminocyanides from
ammonia, carbonyl compounds, and hydrogen cyanide [4]. In 1882, the reaction
progressed to the Hantzsch synthesis (H-4CR) of 1,4-dihydropyridines by the reac-
tion of amines, aldehydes, and 1,3-dicarbonyl compounds [5]. Some 25 years later,
in 1917, Robinson achieved the total synthesis of the alkaloid tropinone by using a
three-component strategy based on Mannich-type reactions (M-3CR) [6]. In fact,
this was the earliest application of MCRs in natural product synthesis [7].

The first MCR involving isocyanides (IMCR) was reported in 1921 with the
Passerini reaction (P-3CR) [8], and over the years these reactions have become in-
creasingly important and have been highlighted in several publications (for discus-
sions, see below). Another older MCR which leads to (non-natural) α-amino acids is
the Bucherer−Bergs reaction (BB-4CR), which was first reported in 1929 [9]. This
type of transformation is closely related to the Strecker reaction, with CO2 em-
ployed as a fourth component.

In recent years, many novel MCRs − including Michael addition-initiated three-
component domino sequences [10], Knoevenagel/hetero-Diels−Alder-based MCRs
[11], radical chain MCRs [12], transition metal-catalyzed Pauson−Khand MCRs [13],
as well as Petasis MCRs [14], have been added to the chemist’s armamentarium and
successfully applied to all fields of organic synthesis.

Modern MCRs that involve isocyanides as starting materials are by far the most
versatile reactions in terms of available scaffolds and numbers of accessible com-
pounds. The oldest among these, the three-component Passerini MCR (P-3CR), in-
volves the reaction between an aldehyde 9-1, an acid 9-2, and an isocyanide 9-3 to
yield α-acyloxycarboxamides 9-6 in one step [8]. The reaction mechanism has long
been a point of debate, but a present-day generally accepted rational assumption for
the observed products and byproducts is presented in Scheme 9.1. The reaction
starts with the formation of adduct 9-4 by interaction of the carbonyl compound 9-1
and the acid 9-2. This is immediately followed by an addition of the oxygen of the
carboxylic acid moiety to the carbon of the isocyanide 9-3 and addition of this car-
bon to the aldehyde group, as depicted in TS 9-5 to give 9-5. The final product 9-6 is

9 Multicomponent Reactions
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then derived from 9-5 by a rearrangement [1a]. Consequently, catalytic asymmetric
Passerini-3CRs have been recently developed on this basis [15].

The group of Banfi and Guanti has reported on a Passerini reaction employing
N-protected α-aminoaldehydes of type 9-7, though to date these have been used
only rarely [16]. The general approach depicted in Scheme 9.2 involves the forma-
tion of a MCR product 9-8 followed by a one-pot Boc-deprotection and acyl migra-
tion under the release of peptide-like substances 9-9 possessing a central α-hy-
droxy-�-amino acid unit (Scheme 9.2). Interestingly, such compounds have been
used in the synthesis of enzyme inhibitors [17]. In addition, the oxidized com-
pounds 9-10 are even more attractive, as they are similar to a protease transition
state [18].

The transformation has a broad scope, and higher oligopeptides can easily be ob-
tained using higher functionalized carboxylic acids and/or isocyanides as starting
materials [19]. The only disadvantage is the modest diastereoselectivity of approxi-
mately 2:1.

Dömling and colleagues have described interesting new variants of the Passerini-
3CR. The reaction of arylglyoxals 9-11, isocyanides 9-12 and α-phosphonatoal-
kanoic acids 9-13 led to the products 9-14, which cyclized on treatment with LiBr
and NEt3 in a one-pot procedure. These authors obtained the substituted
butenolides 9-15 in medium to high yield (Scheme 9.3) [20]. The butenolide moiety
is found in several bioactive natural products, including the cardiotonic digitoxines
[21] and the antifungal incrustoporin [22].

9 Multicomponent Reactions
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0 °C → r.t.

In a more recent approach, the same group synthesized macrocycles using a
Passerini reaction followed by a ring-closing metathesis [23], but the final cycliza-
tion gave only low yields.

It should be mentioned that the Passerini reaction has also been used by Marcac-
cini’s group to prepare �-lactams [24], oxazoles [25], and furanes [26]. Natural pro-
ducts have also been accessed using this procedure as one of the key steps. The syn-
theses of azinomycin by Armstrong [27] and eurystatin A by Schmidt [28] represent
two good examples of this procedure.

9 Multicomponent Reactions
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Perhaps the best-known MCR is the Ugi four-(or higher) component condensa-
tion (U-4CR) [29]. First reported in 1959, the Ugi-4CR describes the conversion of
carbonyl compounds 9-16, amines 9-17, various types of acids 9-19 and isocyanides
9-21, the final product being peptide-like structures 9-24. A rather simplified mech-
anism of the Ugi-4CR is depicted in Scheme 9.4.

In the first step, condensation of the oxo-component 9-16 with the amine 9-17
takes place. Protonation of the obtained imine 9-18 by means of the acid 9-19 gener-
ates the highly electrophilic iminium salt 9-20, which in the following step adds to
the isocyanide 9-21 to give the intermediate 9-22. This so-called α-adduct is a very
strong acylating agent. Accordingly, the nitrogen of the former amine is immedi-
ately attacked to give the stable product 9-24 via 9-23.

The diversity of the Ugi-MCR mainly arises from the large number of available
acids and amines, which can be used in this transformation. A special case is the
reaction of an aldehyde 9-26 and an isocyanide 9-28 with an α-amino acid 9-25 in
a nucleophilic solvent HX 9-30 (Scheme 9.5). Again, initially an iminium ion 9-27
is formed, which leads to the α-adduct 9-29. This does not undergo a rearrange-
ment as usual, but the solvent HX 9-30 attacks the lactone moiety. Such a process
can be used for the synthesis of aminodicarboxylic acid derivatives such as 9-31 [3,
30].

Moreover, Kim and coworkers have shown that α-amino-butyrolactones can be
synthesized by a related process employing the amino acid homoserine with an un-
protected hydroxy functionality [31]. In a more recent publication by the same re-
search group, morpholin-2-one derivatives of type 9-37 have been prepared
(Scheme 9.6) [32]. Herein, glycolaldehyde dimer 9-32 acts as a bifunctional com-
pound, which first reacts with the α-amino acids 9-33 to give the iminium ions 9-34,

R1 CHO + R2 NH2

9-16 9-17

R1 N
R2

R3CO2H

R1
H
N
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R3CO2
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O
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O
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Scheme 9.4. Simplified mechanism of the Ugi-4CR involving a carboxylic acid

9-22
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Scheme 9.5. Classical Ugi-4CR based on α-amino acids.
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and then with the isocyanides 9-35 to afford the α-adducts 9-36. Subsequent in-
tramolecular acylation of the free hydroxy moiety led to the products 9-37.

The process is not limited to acyclic amino acids, as cyclic compounds such as
proline and pipecolic acid derivatives can also be employed, though in these cases
more complex heterobicyclic substances are formed.

Ugi and Dömling have shown that the U-4CR can also be combined with other
MCRs, thus creating sequences which involve up to nine different substrates [33].
An example of such an approach is the combination of an Ugi-4CR with the as-yet
not mentioned Asinger reaction (A-3CR or A-4CR). The latter allows the formation
of thiazolines from ammonia, carbonyl compounds and sulfides [34]. As shown in
Scheme 9.7, a mixture of α-bromoisobutyraldehyde, isobutyraldehyde, sodium hy-
drogensulfide and ammonia yields the imine 9-38 which, by reaction with t-butyl-
isocyanide, methanol, and CO2, led to the final product 9-39 [35].

9 Multicomponent Reactions
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Scheme 9.7. Combination of an A-4CR and U-4CR corresponding to a 7CR.
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The combination of a Mannich-3CR with an Ugi-4CR results in a seven-com-
ponent reaction (7CR), as shown in Scheme 9.8. Reaction of dimethylamine, for-
maldehyde and isobutyraldehyde led to the �-aminoaldehyde 9-40, which was
treated with valine, methyl isocyanide, and methanol to give the anticipated product
9-41 [3].

Other variations such as a combination of an Ugi-5C-4CR with an Ugi-4CR,
creating an Ugi-9C-7CR, or a combination of an Ugi-4CR and a Passerini-3CR to
form a 7C-6CR process, are also known [3, 36]. However, the limitations of these ap-
proaches are clear, as in “higher MCRs” competing reactions can occur more often
such that the formation of unwanted side products is preprogrammed. In some
cases the addition of a catalyst, which would accelerate single transformations in
these domino processes, can be helpful [3].

Studies describing the combination of Ugi-type reactions and conventional trans-
formations are also known. One report by Torroba and coworkers noted that quino-
line-2-(1H)-ones could be obtained via a one-pot Ugi-4CR/intramolecular
Knoevenagel condensation [37], while interesting heterocyclic compounds contain-
ing a �-lactam and a thiazole moiety were available using a highly efficient Ugi-
3CR/Michael addition-initiated cyclization/elimination sequence discovered by the
group of Dömling [38]. Another very new domino process combines a Staudinger
reduction, an aza-Wittig reaction and an Ugi-3CR (SAWU-3CR) (Scheme 9.9) [39].

The latter sequence, as reported by Overkleeft, van Boom and coworkers, em-
ploys substrates of type 9-42 containing both azide and aldehyde functionalities.
Treatment of 9-42 with PMe3 in MeOH at room temperature forms a cyclic imine 9-
43 via an intermediate phosphazene. Following the addition of an acid and an isocy-
anide 9-43, products of type 9-44 are obtained. According to this scheme, enan-
tiopure carbohydrate-derived azido aldehydes 9−45 and 9-48 led to the morpholino
compounds 9-46 and 9-47, as well as to the pipecolic acid scaffolds 9-49 and 9-50, re-

Scheme 9.8. Combination of a M-3CR and an U-4CR.
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Scheme 9.9. Staudinger/aza-Wittig/Ugi (SAWU-3CR)-process producing N-heterocycles.
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then R1CO2H
and R2–NC
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spectively (Scheme 9.10). In the described cases the final products were isolated as
sole diastereomers in yields ranging from 46 % to a maximum of 78 %.

It should be noted that the group of Martens has also produced pipecolic acid
derivatives, although in their Ugi-3CR approach pre-formed cyclic imines were em-
ployed as the starting materials [40].

Other recent reports on Ugi multicomponent processes describe the generation
of lactams of different ring size. To give some examples of this, Wessjohann and
Ruijter [41] published some interesting results on an Ugi-based macrocycle as-
sembly involving bifunctional starting materials, while Banfi’s group described the
synthesis of novel nine-membered lactams containing a C−C double bond with cis

geometry [42]. The formation of these compounds is accomplished by utilizing un-
saturated substrates in the Ugi reaction, which deliver an ideal ring-closing
metathesis precursor for the subsequent step. According to a report by Hulme’s
group, it is also feasible to prepare γ-lactams using tethered N-Boc aldehydes in a
Ugi-4CR followed by Boc removal and base-promoted cyclization (Ugi/De-Boc/Cy-
clize strategy; UDC) [43]. Kennedy and colleagues have used a somewhat related ap-
proach to access 2,5-diketopiperazines and 1,4-benzodiazepine-2,5-diones [44].
Such motifs are interesting from a pharmacological point of view, as they form part

Scheme 9.10. Morpholine and pipecolic amide SAWU-3CR products.
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of several lead-generation libraries [45]. In their approach, Kennedy and colleagues
used a so-called “resin-bound carbonate convertible” isocyanide 9-54 [43, 46] This
was obtained from the oxazoline 9-51 by treatment with nBuLi to give 9-52 followed
by acylation using the resin-bound chlorocarbonate 9-53. The procedure allows a
convenient and safe preparation of otherwise hazardous and malodorously smell-
ing isocyanides.

For the preparation of the 2,5-diketopiperazines 9-57 and 1,4-benzodiazepine-
2,5-diones 9-58, respectively, the isocyanide 9-54 was either treated with an alde-
hyde and an amino acid, or with an aldehyde and an anthranilic acid, to give either
9-55 or 9-56, using the conditions depicted in Scheme 9.11. Further transforma-
tions include liberation from the resin with KOtBu forming N-acyloxazolidones
and treatment with NaOMe to afford the corresponding esters, which are then cy-
clized to the desired products 9-57 and 9-58 under acidic conditions.

Sheehan and coworkers [47] have also prepared a novel isocyanide derivative,
which was used in an Ugi-4CR to prepare noncovalent inhibitors of factor Xa, a key
element in the coagulation process [48].

Furthermore, the groups of both Martens [49] and Dömling [50] have independ-
ently employed an Ugi-MCR as key reaction in the synthesis of so-called peptide
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nucleic acids (PNAs) [51], compounds that are of interest both as diagnostics and
therapeutics [52]. An example of the approach of the latter research group is
depicted in Scheme 9.12. Herein, the simple PNA 9-63 simply precipitated by stir-
ring the four substrates 9-59, 9-60, 9-61, and 9-62 in MeOH. However, this pro-
cedure also allows the synthesis of PNA polymers.

A straightforward application of an Ugi reaction in natural product synthesis has
been elucidated by Bauer and Armstrong [53]. These authors prepared the interme-
diate 9-68 in the synthesis of the complex protein phosphatase inhibitor motuporin
(9-69), by using an U-4CR process starting from the acid 9-64, the aldehyde 9-65,
methylamine, and the isocyanide 9-66 via 9-67.

9-59 9-60

9-63

NH2
+

N

NH

O

N
N
H

O
NBoc
H80%

N

NH

O

CO2H

O

O

O

CN NBoc
H

+

Scheme 9.12. Synthesis of a PNAs by an U-4CR process.

9-61 9-62

MeOH, r.t.

9-67
dr = 1.4:4

n-hexane
MeOH, r.t.

+

59%
NC

CO2HZN
H

+

Scheme 9.13. Synthesis of a motuporin (9-69) by an U-4CR process.
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Beside the Ugi-MCRs, several other novel multicomponent processes using
isocyanides as central substrates are known. Kaime and coworkers have described a
MCR between nitro compounds, isocyanides and an acylating agent such as acetic
acid anhydride [54]. The α-oximinoamides of type 9-75 obtained are probably
formed via the intermediates 9-72 to 9-74 (Scheme 9.14).

Acylation of the nitronate 9-71 leads to the iminium ion 9-72 which, by the addi-
tion of an isocyanide, forms the cation 9-73. Following two acyl group migrations,
the compound 9-75 is obtained via 9-74. The best results were obtained when allylic
nitro derivatives were used, as these can form the corresponding enolate in the pre-
sence of NEt3. Aliphatic nitro compounds could also be employed, but in these
cases it was necessary to use the more basic DBU.

Almost accidentally, Bienaymé and Bouzid discovered that heterocyclic amidines
9-76 as 2-amino-pyridines and 2-amino-pyrimidines can participate in an acid-cata-
lyzed three-component reaction with aldehydes and isocyanides, providing 3-
amino-imidazo[1,2-a]pyridines as well as the corresponding pyrimidines and re-
lated compounds 9-78 (Scheme 9.15) [55]. In this reaction, electron-rich or -poor
(hetero)aromatic and even sterically hindered aliphatic aldehydes can be used with
good results. A reasonable rationale for the formation of 9-78 involves a non-con-
certed [4+1] cycloaddition between the isocyanide and the intermediate iminium
ion 9-77, followed by a [1,3] hydride shift.

A whole set of related powerful isocyanide-based MCRs has been developed by
Zhu’s research group. By varying the structures of the starting materials and
slightly changing the reaction conditions, the group was able to produce different
hetereocyclic scaffolds selectively. For example, heating a methanolic mixture of an
aldehyde, an amine and an isocyanoacetamide 9-80 allowed the clean formation of
5-amino-oxazoles 9-82 (Scheme 9.16) [56]. It can be assumed that, in the formation
of the products 9-82, the imines 9-79 as well as the adducts 9-81 act as intermedi-
ates.

9-70 9-71

Scheme 9.14. Formation of compounds 9-75 and proposed intermediates.
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R1 NO2
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O
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N
O

O
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O
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9-76

Scheme 9.15. MCR involving amidines as starting materials.
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Scheme 9.16. Synthesis of oxazoles.
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Furthermore, oxazoles of type 9-82 bearing a secondary amino functionality can
be converted into pyrrolo[3,4-b]pyridines 9-86 by reaction with appropriate acid
chlorides 9-83 in a triple domino process consisting of amide formation/hetero
Diels−Alder reaction and retro-Michael cycloreversion via 9-84 and 9-85
(Scheme 9.17). The pyrrolo[3,4-b]pyridines can be obtained in even higher yields
when the whole sequence is carried out as a four-component synthesis in toluene.
Here, 1.5 equiv. NH4Cl must be added for the formation of the now intermediate
oxazoles [56b].

In addition, oxa-bridged pyrrolopyrimidines can be prepared by employing elec-
tron-poor allyl amines, with aldehydes and isocyanoacetamides [57]. The products
can be transformed into the pyrrolopyridines by adding TFA at −78 °C to the reac-
tion mixture.

When aniline derivatives 9-87 bearing an alkyne moiety were used as the reaction
input together with an aldehyde and 9-80, furo[2,3-c]quinolines 9-88 were obtained
(Scheme 9.18) [58]. Here, an intermediate oxazole is also assumed to occur, enter-

2.2 eq

N

O
R1

R2HN

R3

N

9-82

a: 57%

Cl

O

R4

5.0 eq NEt3, toluene
0 °C → reflux

O
9-83

N

O
R1

R2N

R3
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O

O
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N

O

R3

NR2

O
H

R4N

O

9-85

N
R2N

R1

O

R3

R4

OH

9-86

Scheme 9.17. Domino amide-formation/hetero-Diels–Alder reaction/Michael-cycloreversion 
producing pyrrolopyridines 9-86.
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Scheme 9.18. Three-component synthesis of furo[2,3-c]quinolines 9-88.

9-87

R3CHO

9-80

NH4Cl, O2
toluene, r.t. → reflux

CN

R6
NR4R5

O
+

R1

R2

NH2

R1
N R3

O

R2 NR4R5

9-88

5 examples: 43–75% yield

ing into a Diels−Alder/retro Diels−Alder reaction sequence followed by oxidation
with atmospheric oxygen.

Other interesting multicomponent sequences utilizing isocyanides have been
elaborated by Nair and coworkers. In a recent example, this group exploited the nu-
cleophilic nature of the isocyanide carbon, which allows addition to the triple bond
of dimethyl acetylenedicarboxylate (DMAD) (9-90) in a Michael-type reaction
(Scheme 9.19) [59]. As a result, the 1,3-dipole 9-91 is formed, which reacts with N-
tosylimines as 9-92 present in the reaction vessel to give the unstable iminolactam
9-93. Subsequently, this undergoes a [1,5] hydride shift to yield the isolable
aminopyrroles 9-94. In addition to N-tosylimine 9-92 and cyclohexyl isocyanide (9-
89), substituted phenyl tosylimines and tert-butyl isocyanide could also be used
here.

Quinoneimines can also be used, but in this case iminolactams 9-93 are the final
products because the aromatization process cannot take place [59]. A completely
different mechanism is proposed when methylene active compounds such as 4-hy-

Scheme 9.19. Synthesis of aminopyrroles.
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droxycoumarin (9-95) are utilized as the starting materials together with isocy-
anides and DMAD (9-90) (Scheme 9.20). The first steps are identical, but sub-
sequently the formation of a ketenimine is proposed as intermediate; this finally cy-
clizes through its tautomer to give the condensed dipyran derivatives 9-96 [60].

Besides isocyanides, Nair and coworkers also used carbenes to add to alkynes
such as DMAD (9-90) leading to 1,3-dipoles, which can be trapped in a formal 1,3-
dipolar cycloaddition (Scheme 9.21) [61]. Thus, the dimethoxycarbene 9-99,
generated in situ through thermolysis of 9-98, reacts with DMAD (9-90) to give the
dipole 9-100, which adds to an aldehyde 9-97 or a ketone. As the final product, dihy-
drofurans 9-101 are obtained in good yields.

Beller and coworkers have described a very useful 4-CR, which initially generates
1-acylamino-1,3-butadienes 9-104 as intermediates from two molecules of an alde-

O O

OH

O

O

O

MeO2C

MeO2C
NR

68%

9-90

+R N C

CO2Me

CO2Me

benzene, 80 °C

9-95

9-96

Scheme 9.20. Synthesis of condensed dipyrano derivatives.

9 examples: R = tBu: 65–98% yield
R = cHx: 49–80% yield

H

Scheme 9.21. Synthesis of dihydrofurans 9-101.
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hyde and one molecule of an amide in the presence of Ac2O and catalytic amounts
of pTsOH·H2O (Scheme 9.22) [62].

The formation of 9-104 proceeds through several equilibrium steps, but the
process has been shown to be highly efficient when dienophiles such as
maleimides 9-103, acetylene dicarboxylates 9-105, maleic anhydride (9-107) or acry-
lonitrile (9-108) are present in the reaction mixture. Thus, the formed butadienes 9-
104 are trapped in a [4+2] cycloaddition and thereby the equilibria are shifted to the
product side. The cycloadducts 9-102, 9-106, 9-109 and 9−110 are formed in good to
excellent yields with high diastereoselectivity.

A classical non-isocyanide-based multicomponent process is the Biginelli dihy-
dropyrimidine synthesis from �-keto esters, aldehydes and urea or thiourea [63].
The transformation was first reported in 1893 [64], but during the early part of the

Scheme 9.22. Diels–Alder trapping of intermediate 1-arclamino-1,3-butadienes.
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twentieth century it was somewhat neglected. Today, however, it is once more a “hot
topic”, and this is underlined by several current publications. One interest in this
field is the design of novel catalysts which allow the process to be conducted under
milder conditions and to deliver higher yields in comparison to the first protic acid-
mediated version described by Biginelli. Besides the generally “normal” Lewis acids
which are used as the triflates, Bi(OTf)3 [65], Cu(OTf)2 [66], Sr(OTf)3 [67], Yb(OTf)3

[68], the halides MgCl2 [69], BiCl3 [70], CuCl2·6H2O [71], FeCl3·6H2O [72], ZnCl2
[73], CeCl3 [74], RuCl3 [75], VCl3 [76], LaCl3·7H2O [77], LiBr [78], InCl3 [79], InBr3

[80], SmI2 [81], TMSCl [82], TMSI [83] or other Lewis acid derivatives such as
Bi(NO3)3·5H2O [84], Mn(OAc)3·5H2O [85], LiClO4 [86] somehow “exotic” catalyst-
systems such as a polyaniline-bismoclite complex [87], silica aerogel-iron oxide
nanocomposites [88] and ionic liquids [89] have been used. In addition, significant
rate and yield enhancements for Biginelli reactions have been reported, for ex-
ample by Kappe [90] and Stefani [91], as well as by Mirza-Aghayan [92], under the
influence of microwave irradiation, while Jenner has recently studied the effect of
high pressure on this multicomponent process [93].

In 1997, the controversial mechanism of the Biginelli reaction was reinvestigated
by Kappe using NMR spectroscopy and trapping experiments [94], and the current
generally accepted process was elucidated (see Scheme 9.23). The N-acyliminium
ion 9-112 is proposed as key intermediate; this is formed by an acid-catalyzed reac-
tion of an aldehyde with urea or thiourea via the semiaminal 9-111. Interception of
9-112 by the enol form of the 1,3-dicarbonyl compound 9-113 produces the open-
chain ureide 9-114, which cyclizes to the hexahydropyrimidine 9-115. There follows
an elimination to give the final product 9-116.

Scheme 9.23. Mechanism of the Biginelli multicomponent reaction.
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Scheme 9.24. Examples of biologically active Biginelli products.
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The renaissance of the Biginelli MCR can be attributed to the obtained py-
rimidine derivatives, which show remarkable pharmacological activity. A broad
range of effects, including antiviral, antitumor, antibacterial, anti-inflammatory as
well as antihypertensive activities has been ascribed to these partly reduced py-
rimidine derivatives [96], such as 9-117 and 9-118 (antihypertensive agents) [97] and
9-119 (α1a-adrenoceptor-selective antagonist) [98] (Scheme 9.24). Recently, the
scope of this pharmacophore has been further increased by the identification of the
4-(3-hydroxyphenyl)-pyrimidin-2-thione derivative 9-120 known as monastrol [98], a
novel cell-permeable lead molecule for the development of new anticancer drugs.
Monastrol appears specifically to affect cell division (mitosis) by a new mechanism,

Scheme 9.25. Synthesis of a C-glycosylated monastrol derivative 9-124.
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which does not involve tubulin targeting. It has been established that the activity of
9-120 consists of the specific and reversible inhibition of the motility of mitotic
kinesin Eg5, a promoter protein required for spindle bipolarity [98].

Not surprisingly, many newer reports are concerned with the synthesis of monas-
trol (9-120) and analogues thereof, as identified by the groups of Bose [99] and Don-
doni [100]. The latter research group assembled an interesting C-glycosylated
monastrol analogue 9-124 by reaction of the sugar derivative 9-121, the aldehyde 9-
122, and thiourea in the presence of Yb(OTf)3 (Scheme 9.25). In this way, the
benzyl-protected 9-123 was obtained in 66 % yield as a separable 2:1-mixture of di-
astereomers. Subsequent debenzylation gave the desired compounds (S)-9-124a
and (R)-9-124b, respectively. The advantage of these compounds is improved water
solubility, while the sugar moiety might also positively influence the bioactivity
[101]. These recent investigations have also shown that the configuration of the
stereogenic center at the pyrimidine ring is important for the biochemical potency
of monastrol [102].

The pyrimidine skeleton has also been found in several marine natural products
with interesting biological activities [103]. Among the most notable of these are the
crambescidin (9-125) [104] and the batzelladine (9-126) [105] alkaloids which show
pronounced bioactivity (Scheme 9.26). Thus, batzelladine A and B are new leads for

Scheme 9.26. Representative crambescidin and batzelladine alkaloids.

a: Ptilomycalin A: R1= R2= R3= H, n = 10
b: Crambescidin 800: R1= R2= H, R3= α-OH, n = 10
c: Crambescidin 816: R1= OH, R2= H, R3= α-OH, n = 10
d: Crambescidin 844: R1= R3= OH, R2= H, n = 13 
e: Celeromycalin: R1= R3= H, R2= β-OH, n = 10
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Scheme 9.27. Synthesis of (–)-dehydrobatzelladine C (9-131).
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AIDS therapy, as they inhibit the binding of HIV envelope protein gp-120 to human
CD4 cells [105a].

Overman and coworkers have synthesized crambescidin [106] and batzelladine
alkaloids [107], as well as simplified analogues [108] using an intramolecular
Biginelli condensation [109]. For the synthesis of (−)-dehydrobatzelladine C (9-131),
as described recently [110], a Biginelli condensation of �-ketoester 9-127 with the
enantiopure guanidine aminal 9-128 was used. 9-127 can be synthesized in 10 steps
from commercially available materials [107a]. These authors obtained 9-129 with
high stereoselectivity (�10:1), but the compound was difficult to separate from re-
sidual �-keto ester 9-127. The mixture was therefore oxidized with CAN to give 9-
130 in 33 % yield after chromatographic purification, and this was then was trans-
formed into the desired (−)-dehydrobatzelladine C (9-131).

A very important development in multicomponent domino reactions is the enan-
tioselective approach using organocatalysts which has been recently discussed in
an excellent review by Yus and Ramón [2c]. The latest great success in this field
stem from Enders and coworkers, presence of an enantiopure proline derivative to
give polyfunctionalized cyclohexenes with 99 % ee [111].

9 Multicomponent Reactions



562

References

1 (a) A. Dömling, I. Ugi, Angew. Chem. Int.

Ed. Engl. 2000, 39, 3168−3210; (b) H.
Bienaymé, C. Hulme, G. Oddon, P.
Schmitt, Chem. Eur. J. 2000, 6, 3321−
3329; (c) L. Weber, Drug Discovery Today

2002, 7, 143−147; (d) A. Dömling, Curr.

Opin. Chem. Biol. 2002, 6, 306−313; (e) A.
Dömling, Curr. Opin. Chem. Biol. 2000, 4,
318−323; (f) C. Hulme, V. Gore, Curr.

Med. Chem. 2003, 10, 51−80.
2 For recent reviews and monographs, see:

(a) I. Ugi, Pure Appl. Chem. 2001, 73, 187−
191; (b) J. Zhu, H. Bienaymé, Multicom-

ponent Reactions, Wiley-VCH, Weinheim,
2005; (c) D. J. Ramón, M. Yus, Angew.

Chem. Int. Ed. 2005, 44, 1602−1634; (c) C.
Simon, T. Constantieux, J. Rodriguez,
Eur. J. Org. Chem. 2004, 4957−4980; (d) I.
Ugi, B. Werner, A. Dömling, Molecules

2003, 8, 53−66.
3 I. K. Ugi, B. Ebert, W. Hörl, Chemosphere

2001, 43, 75−81.
4 A. Strecker, Liebigs Ann. Chem. 1850, 75,

27−45.
5 A. Hantzsch, Liebigs Ann. Chem. 1882,

215, 1−82.
6 R. Robinson, J. Chem. Soc., 1917, 111,

876−899.
7 M. Arend, B. Westermann, N. Risch,

Angew. Chem. Int. Ed. 1998, 37, 1044−
1070.

8 (a) M. Passerini, Gazz. Chim. Ital. 1921,
51, 126; (b) M. Passerini, Gazz. Chim.

Ital. 1921, 51, 181.
9 (a) H. Bergs, DE-B 566,094, 1929; (b) T.

Bucherer, H. Barsch, J. Prakt. Chem.

1934, 140, 151.
10 For a detailed discussion, see Chapter 2.2

and the following chapters.
11 For detailed discussions, see: (a) Chapter

2.4 and Chapter 10; (b) L. F. Tietze, N.
Rackelmann, Pure Appl. Chem. 2004, 76,
1967−1983.

12 For a recent example, see: K. Miura, M.
Tojino, N. Fujisawa, A. Hosomi, I. Ryu,
Angew. Chem. Int. Ed. 2004, 43, 2423−
2425, and for a detailed discussion, see
also Chapter 3.

13 For a detailed discussion, see Chapter 6.
14 For some recent examples, see: (a) N. A.

Petasis, I. A. Zavialov, J. Am. Chem. Soc.

1997, 119, 445−446; (b) N. A. Petasis, A.

Goodman, I. A. Zavialov, Tetrahedron

1997, 48, 16463−16470; (c) N. A. Petasis,
Z. D. Patel, Tetrahedron Lett. 2000, 41,
9607−9611; (d) L. M. Harwood, G. S.
Currie, M. G. B. Drew, R. W. A. Luke,
Chem. Commun. 1996, 1953−1954; (e)
G. S. Currie, M. G. B. Drew, L. M. Har-
wood, D. J. Hughes, R. W. A. Luke, R. J.
Vickers, J. Chem. Soc. Perkin Trans. 1

2000, 2982−2990; (f) P. J. Pye, K. Rossen,
S. A. Weissman, A. Maliakal, R. A. Re-
amer, R. Ball, N. N. Tsou, R. P. Volante,
P. J. Reider, Chem. Eur. J. 2002, 8, 1372−
1376; (g) N. A. Petasis, I. A. Zavialov, J.

Am. Chem. Soc. 1998, 120, 11798−11799;
(h) G. K. S. Prakash, M. Mandal, S.
Schweizer, N. A. Petasis, G. A. Olah, Org.

Lett. 2000, 2, 3173−3176; (i) G. K. S.
Prakash, M. Mandal, S. Schweizer, N. A.
Petasis, G. A. Olah, J. Org. Chem. 2002,
67, 3718−3723; Corrigendum: J. Org.

Chem. 2002, 67, 6286; (j) T. Koolmeister,
M. Södergren, M. Scobie, Tetrahedron

Lett. 2002, 43, 5969−5970.
15 (a) P. R. Andreana, M. C. Liu, S. L.

Schreiber, Org. Lett. 2004, 6, 4231−4233;
(b) U. Kusebauch, B. Beck, K. Messer, E.
Herdtweck, A. Dömling, Org. Lett. 2003,
5, 4021−4024; (c) S. E. Denmark, Y. Fan,
J. Am. Chem. Soc. 2003, 125, 7825−7827.

16 L. Banfi, G. Guanti, R. Riva, Chem. Com-

mun. 2000, 985−986.
17 For examples, see: (a) B. E. Evans, K. E.

Rittle, M. G. Bock, C. D. Bennett, R. M.
DiPardo, J. Boger, M. Poe, E. H. Ulm,
B. I. LaMont, E. H. Blaine, G. M. Fanelli,
I. I. Stabilito, D. F. Veber, J. Med. Chem.

1985, 28, 1756−1759; (b) T. Mimoto, J.
Imai, S. Tanaka, N. Hattori, S. Kisanuki,
K. Akaji, Y. Kiso, Chem. Pharm. Bull.

1991, 39, 3088−3090.
18 For examples, see: (a) Z. Li, A.-C. Ortega-

Vilain, G. S. Patil, D.-L. Chu, J. E. Fore-
man, D. D. Eveleth, J. C. Powers, J. Med.

Chem. 1996, 39, 4089−4098; (b) J. Cacci-
ola, R. S. Alexander, J. M. Fevig, P. F. W.
Stouten, Tetrahedron Lett. 1997, 38, 5741−
5744; (c) S. L. Harbeson, S. M. Abelleira,
A. Akiyama, R. Barrett, III, R. M. Carroll,
J. A. Straub, J. N. Tkacz, C. Wu, G. F.
Musso, J. Med. Chem. 1994, 37, 2918−
2929.

9 Multicomponent Reactions



563

19 L. Banfi, G. Guanti, R. Riva, A. Basso, E.
Calcagno, Tetrahedron Lett. 2002, 43,
4067−4069.

20 B. Beck, M. Magnin-Lachaux, E. Herdt-
weck, A. Dömling, Org. Lett. 2001, 3,
2875−2878.

21 K. R. H. Repke, R. Megges, J. Weiland, R.
Schön, Angew. Chem. Int. Ed. Engl. 1995,
34, 282−294.

22 S. Zapf, T. Anke, O. Sterner, Acta Chem.

Scand. 1995, 49, 233−234.
23 B. Beck, G. Larbig, B. Mejat, M. Magnin-

Lachaux, A. Picard, E. Herdtweck, A.
Dömling, Org. Lett. 2003, 5, 1047−1050.

24 R. Bossio, C. F. Marcos, S. Marcaccini, R.
Pepino, Tetrahedron Lett. 1997, 38, 2519−
2520.

25 R. Bossio, S. Marcaccini, R. Pepino, Lie-

bigs Ann. Chem. 1991, 1107−1108.
26 R. Bossio, S. Marcaccini, R. Pepino, T.

Torroba, Synthesis 1993, 783−785.
27 R. W. Armstrong, A. P. Combs, P. A.

Tempest, S. D. Brown, T. A. Keating, Acc.

Chem. Res. 1996, 29, 123−131.
28 U. Schmidt, S. Weinbrenner, J. Chem.

Soc. Chem. Commun. 1994, 1003−1004.
29 (a) I. Ugi, R. Meyr, U. Fetzer, C. Stein-

brückner, Angew. Chem. 1959, 71, 386; (b)
I. Ugi, C. Steinbrückner, Angew. Chem.

1960, 72, 267−268.
30 B. M. Ebert, I. K. Ugi, Tetrahedron 1998,

54, 11887−11898.
31 S. J. Park, G. Keum. S. B. Kang, H. Y.

Koh, D. H. Lee, Y. Kim, Tetrahedron Lett.

1998, 39, 7109−7112.
32 Y. B. Kim, E. H. Choi, G. Keum, S. B.

Kang, D. H. Lee, H. Y. Koh, Y. Kim, Org.

Lett. 2001, 3, 4149−4152.
33 (a) I. Ugi, A. Dömling, W. Hörl, En-

deavour 1994, 18, 115−122; (b) I. Ugi, A.
Dömling, W. Hörl, GIT Fachzeitschrift für

das Laboratorium 1994, 38, 430−437; (c)
A. Dömling, Combinatorial Chem. High

Throughput Screening 1998, 1, 1−22; (d) I.
Ugi, A. Demharter, A. Hörl, T. Schmid,
Tetrahedron 1996, 52, 11657−11664.

34 F. Asinger, Angew. Chem. 1956, 68, 413.
35 (a) A. Dömling, I. Ugi, Angew. Chem. Int.

Ed. Engl. 1993, 32, 563−564; (b) A. Döml-
ing, I. Ugi, E. Herdtweck, Acta Chem.

Scand. 1998, 52, 107−113.
36 B. Ebert, Dissertation, Technical Univer-

sity of Munich, 1998, p. 58.
37 S. Marcaccini, R. Pepino, M. C. Pozo, S.

Basurto, M. García-Valverde, T. Torroba,
Tetrahedron Lett. 2004, 45, 3999−4001.

38 J. Kolb, B. Beck, A. Dömling, Tetrahedron

Lett. 2002, 43, 6897−6901.
39 M. S. M. Timmer, M. D. P. Risseeuw, M.

Verdoes, D. V. Filippov, J. R. Plaisier,
G. A. van der Marel, H. S. Overkleeft,
J. H. van Boom, Tetrahedron: Asymm.

2005, 16, 177−185.
40 (a) W. Maison, A. Lützen, M. Kosten, I.

Schlemminger, O. Westerhoff, J. Mar-
tens, J. Chem. Soc. Perkin Trans. 1 1999,
3515−3525; (b) W. Maison, A. Lützen, M.
Kosten, I. Schlemminger, O. Westerhoff,
W. Saak, J. Martens, J. Chem. Soc. Perkin

Trans. 1 2000, 1867−1871.
41 L. A. Wessjohann, E. Ruijter, Mol. Diver-

sity 2005, 9, 159−169.
42 L. Banfi, A. Basso, G. Guanti, R. Riva,

Tetrahedron Lett. 2003, 44, 7655−7658.
43 C. Hulme, L. Ma, M.-P. Cherrier, J. J. Ro-

mano, G. Morton, C. Duquenne, J. Sal-
vino, R. Labaudiniere, Tetrahedron Lett.

2000, 41, 1883−1887.
44 A. L. Kennedy, A. M. Fryer, J. A. Josey,

Org. Lett. 2002, 4, 1167−1170.
45 (a) Y. Funabashi, T. Horiguchi, S. Iinuma,

S. Tanida, S. Harada, J. Antibiot. 1994,
47, 1202−1218; (b) C.-B. Cui, H. Kakeya,
H. Osada, J. Antibiot. 1996, 49, 534−540;
(c) T. A. Keating, R. W. Armstrong, J. Org.

Chem. 1996, 61, 8935−8939; (d) C.
Hulme, M.-P. Cherrier, Tetrahedron Lett.

1999, 40, 5295−5299; (e) C. Hulme,
M. M. Morrissette, F. A. Volz, C. J. Burns,
Tetrahedron Lett. 1998, 39, 1113−1116.

46 For some other applications, see: (a) T. A.
Keating, R. W. Armstrong, J. Am. Chem.

Soc. 1995, 117, 7842−7843; (b) J. J. Chen,
A. Golebiowsky, J. McClenagan, S. R.
Klopfenstein, L. West, Tetrahedron Lett.

2001, 42, 2269−2271; (c) C. Hulme, J.
Peng, G. Morton, J. M. Salvino, T. Her-
pin, R. Labaudiniere, Tetrahedron Lett.

1998, 39, 7227−7230.
47 S. M. Sheehan, J. J. Masters, M. R. Wiley,

S. C. Young, J. W. Liebeschuetz, S. D.
Jones, C. W. Murray, J. B. Franciskovich,
D. B. Engel, W. W. Weber II, J. Marimu-
thu, J. A. Kyle, J. K. Smallwood, M. W.
Farmen, G. F. Smith, Bioorg. Med. Chem.

Lett. 2003, 13, 2255−2259.
48 R. J. Leadly, Jr., Curr. Top. Med. Chem.

2001, 1, 151−159.
49 W. Maison, I. Schlemminger, O. Westerh-

off, J. Martens, Bioorg. Med. Chem. Lett.

1999, 9, 581−584.

9 Multicomponent Reactions



564

50 A. Dömling, K.-Z. Chi, M. Barrère, Bio-

org. Med. Chem. Lett. 1999, 9, 2871−2874.
51 (a) P. E. Nielsen, M. Egholm, R. H. Berg,

O. Buchardt, Science 1991, 254, 1497−
1500; (b) E. Uhlmann, A. Peyman, Chem.

Rev. 1990, 90, 543−584; (c) A. De
Mesmaeker, R. Häner, P. Martin, H. E.
Moser, Acc. Chem. Rev. 1995, 28, 366−
374.

52 B. Hyrup, P. E. Nielsen, Bioorg. Med.

Chem. 1996, 4, 5−23.
53 S. M. Bauer, R. W. Armstrong, J. Am.

Chem. Soc. 1999, 121, 6355−6366.
54 P. Dumestre, L. El Kaim, A. Grégoire,

Chem. Commun. 1999, 775−776.
55 H. Bienaymé, K. Bouzid, Angew. Chem.

Int. Ed. 1998, 37, 2234−2237.
56 (a) X. Sun, P. Janvier, G. Zhao, H. Bien-

aymé, J. Zhu, Org. Lett. 2001, 3, 877−880;
(b) P. Janvier, X. Sun, H. Bienaymé, J.
Zhu, J. Am Chem. Soc. 2002, 124, 2560−
2567.
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10
Special Techniques in Domino Reactions

10.1
Domino Reactions under High Pressure

In organic synthesis, chemical transformation with a negative volume of activation
(∆V‡) can be improved by application of high pressure, leading in many cases to an
increase of the yield, an enhancement of the reaction rate, and an improvement of
the selectivity (chemo-, regio- and stereoselectivity). This is especially true for cy-
cloadditions with ∆V‡ values of approximately −50 cm3 mol−1 [1].

Scheeren and coworkers used the pressure effect for a powerful domino
process consisting of three cycloadditions [2], to form up to six bonds and eight
stereogenic centers in a single operation. At 15 kbar and 50 °C, the reaction of a
mixture of 10-1 (1 equiv.) and 10-2 (3 equiv.) led to tricyclic nitroso acetals 10-5, 10-
6 and 10-7 in a 1:3:1 ratio via the first [4+2]-cycloadduct (±)-10-3 and the second
[4+2]-cycloadduct (±)-10-4. The final step in this sequence is a [3+2]cycloaddition
(Scheme 10.1).
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Scheme 10.1. Synthesis of tricyclic nitroso acetals under high pressure.
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Scheme 10.2. Four-component domino process under high pressure.

Moreover, the reaction can also be performed as a four-component domino
process. Thus, treatment of a mixture of 10-1, 10-2, 10-8, and 10-9 at 15 kbar gave
the two tetracycles 10-10 and 10-11 in 83 % yield as a 65:35 mixture. It should be
mentioned here that several other reports were published earlier by the same
group, using a similar technique (Scheme 10.2) [3].

Another example of the application of high pressure in the field of domino trans-
formations has been revealed by Brinza and Fallis, representing a carbonylation/cy-
clization procedure [4]. Thus, when hydrazones 10-12, bearing a bromine atom, are
subjected to standard radical conditions under a high-pressure atmosphere of car-
bon dioxide, cyclopentanones 10-16 and 10-17 are smoothly produced in good
yields (Scheme 10.3).

It is assumed that the reaction is initiated by a radical bromine abstraction to
give 10-13, which after carbon monoxide insertion undergoes a rapid 5-exo cycliza-
tion onto the hydrazone moiety. The two diastereomeric hydrazinyl cyclopen-
tanones 10-16 and 10-17 are formed with good yields, though with low stereo-
selectivity.

The final example of a domino process under high pressure, to be discussed
in this chapter, is a combination of a Horner−Wittig−Emmons (HWE) reaction
with a Michael addition developed by Reiser and coworkers [5]. Hence, reaction
of a mixture of an aldehyde such as 10-18, a phosphonate 10-19 and a nu-
cleophile 10-20 in the presence of triethylamine at 8 kbar led to 10-21. By this
method, �-amino esters, �-thio esters and �-thio nitriles can be prepared in high
yield (Scheme 10.4). Many of these transformations do not occur under standard
conditions, thereby underlining the importance of high pressure in organic
chemistry.

10.1 Domino Reactions under High Pressure [1]
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Scheme 10.3. Synthesis of hydrazinocyclopentanones.
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Scheme 10.4. Domino HWE/Michael reaction under high pressure.
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10.2
Solid-Phase-Supported Domino Reactions

Today, multi-parallel synthesis lies at the forefront of organic and medicinal
chemistry, and plays a major role in lead discovery and lead optimization programs
in the pharmaceutical industry. The first solid-phase domino reactions were
developed by Tietze and coworkers [6] using a domino Knoevenagel/hetero-Diels−
Alder and a domino Knoevenagel/ene protocol. Reaction of solid-phase bound 1,3-
dicarbonyl compounds such as 10-22 with aldehydes and enol ethers in the pre-
sence of piperidinium acetate led to the 1-oxa-1,3-butadiene 10-23, which under-
went an intermolecular hetero-Diels−Alder reaction with the enol ethers to give the
resin-bound products 10-24. Solvolysis with NaOMe afforded the desired dihydro-
pyranes, 10-25 with over 90 % purity. Ene reactions have also been performed in a
similar manner [7].

Combinatorial solid-phase synthetic methodologies have been used extensively
in drug development [8]. A new solid-phase synthesis of 2-imidazolidones has been
discovered by Goff, based on a domino aminoacylation/Michael addition reaction
[9]. Thus, when immobilized amine 10-26 (HMPB-BHA resin) was treated with
phenylisocyanate in the presence of triethylamine, a smooth formation of 2-imida-
zolidone took place. Acid-catalyzed removal from solid phase provided 10-27 in
good yield (Scheme 10.6).

10.2 Solid-Phase-Supported Domino Reactions
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The concept for the synthesis of 4-hydroxy-4,5-dihydroisoxazoles by Righi and co-
workers was discussed earlier, in Chapter 7. Here, an extension of this methodology
by utilizing polymer-bound nitroacetate (hydroxylated Merrifield resin) is described
[10]. Thus, the one-pot domino oxidation/nitroaldol cyclization of aziridine 10-28
with immobilized nitroacetate 10-29 furnished 10-30 which, after detachment from
the resin, led to the desired product 10-31 in good yield and excellent trans-selectiv-
ity (Scheme 10.7).

An impressive diastereoselective domino Mannich/Michael condensation of pol-
ymer-bound (polystyrene) glycosylimines 10-32 with 1,3-butadiene 10-33 has been
reported by Kunz and coworkers [11]. These authors obtained dihydropiperid-
inones 10-34 in good yield and high diastereoselectivity (Scheme 10.8).

10 Special Techniques in Domino Reactions
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In a similar manner, diastereoselective Ugi reactions have been performed by
utilizing immobilized amine 10-35 to give 10-36 (Scheme 10.9) [12].

A combination of a multicomponent Ugi transformation and an intramolecular
Diels−Alder reaction has been developed by Paulvannan [13]. Hence, condensation
of the resin-bound (acid-labile ArgoGel-Rink resin) amine 10-37 with a tenfold

10.2 Solid-Phase-Supported Domino Reactions
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excess of furaldehyde 10-38, benzyl isocyanide 10-39 and unsaturated acid 10-40
furnished the Ugi-product 10-41 which directly underwent an intramolecular Diels−
Alder reaction to provide tricyclic lactams 10-42 after cleavage from the polymer
using trifluoroacetic acid (TFA) (Scheme 10.10). Of note here was that all products
were isolated in high yields and in reasonable diastereoselectivity.

Recently, Oikawa and coworkers also published a successful parallel synthesis
using a domino Ugi/Diels−Alder process [14]. Thus, reaction of immobilized fur-

O
O O
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+

O
R

H
NHO2C

10-44a: R = Bn
10-44b: R = p-bromophenyl
10-44c: R = p-methoxyphenyl
10-44d: R = m-methoxyphenyl
10-44e: R = diphenylmethyl

+ 20 eq R NH2 +

10-45

NH

O
O

HO

O N

O

N

H1) MeOH, 50 °C, 48 h
2) TFA, CH2Cl2, r.t., 4 h

10-46

Scheme 10.11. Domino Ugi/Diels–Alder process on a MPEG–O–CH2-platform.
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Scheme 10.12. Domino oxidation/hetero-Diels–Alder reaction.

H

OO

H

Mniopetal F (10-52)

HO
OH

CHO

fural 10-43 with five different fumaric acid building blocks 10-44 and twenty
amines 10-45 in the presence of benzyl isocyanide 10-39 led to the formation of 96
products 10-46 in predominantly high yields (Scheme 10.11).

In this context it must be mentioned that the procedure by Kennedy and co-
workers, in which a novel resin-bound isonitrile is applied in an Ugi multicom-
ponent reaction for the synthesis of 2,5-diketopiperazines and 1,4-benzodiazepine-
2,5-diones, was discussed earlier, in Chapter 9.

A solid-phase-supported synthesis of a building block for the synthesis of dri-
mane sequiterpenes [15] such as mniopetals F (10-52), kuehneromycins and maras-
manes using a domino process has been reported by Reiser and Jauch [16]. The
sequence was initiated by oxidation of an immobilized allylic alcohol 10-47 onto
Wang resin to give the corresponding α,�-unsaturated ketone which underwent an
intramolecular Diels−Alder reaction to give 10-49 (Scheme 10.12). Removal of the
polymer took place either by treatment with DDQ to give alcohol 10-50 in 13 %
yield, or by using Me2S and MgBr2·OEt2, yielding the tetracycle 10-51 in 35 %.

Since poly(ethylene glycols) (PEGs) are rather nontoxic resins, their application
in the field of combinatorial chemistry is particularly attractive. A four-component
domino process of immobilized aromatic amines 10-53 to give 1,2,3,4-tetrahy-
droquinolines 10-54 using this support has been developed by Benaglia and co-

10.2 Solid-Phase-Supported Domino Reactions
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workers (Scheme 10.13) [17]. Removal of the resin was accomplished by a reductive
desulfurization using NiCl2/NaBH4.

Domino radical transformations on solid support can also be used, as shown by
Naito and coworkers [18]. Thus, immobilized oxime ether 10-55 (Wang resin) af-
forded the tetrahydrofuranones 10-57 after removal of the resin, when it was ex-
posed to BEt3 in the presence of different alkyl iodides 10-56 (Scheme 10.14).

10.3
Solvent-Free Domino Reactions

Today, in the field of organic chemistry, increasing attention is being given to
“Green Chemistry” [19], using environmentally safe reagents and, in particular, sol-
vent-free procedures. Reactions performed without the use of a solvent can indeed
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Scheme 10.15. Solid-state domino synthesis of pyrrole derivatives.

allow clean, eco-friendly and highly efficient transformations, with the additional
advantage of a simplified work-up. In this way, liquid and solid substrates can be
employed, and even reactions of solids with solids − so-called solid-state synthesis −
can be performed. The latter transformations often profit from crystal-packing ef-
fects and are usually highly selective. Solid-state transformations take place in
quantitative manner provided that three indispensable requirements are fulfilled:
1) In the phase rebuilding step, the molecules must be able to move long distances
within the crystal; 2) the phase transformation step deals with unhindered crystalli-
zation of the product; and 3) disintegration of the new phase from the old one is es-
sential in order to create a fresh surface such that the reaction is continued to com-
pletion [20].

By adhering to these conditions, Kaupp and coworkers performed a remarkable
one-pot synthesis of highly substituted pyrroles [21]. When primary or secondary
enamine esters 10-58 were ground with trans-1,2-dibenzoylethene 10-59 in a ball-
mill, the pyrroles 10-60 were obtained in quantitative yield (Scheme 10.15). In con-
trast, when in solution the yields were much lower and the reaction also required
higher reaction temperatures.

The following four examples deal with solid-phase transformations under micro-
wave irradiation. Although microwave-assisted reactions are detailed in Section
10.4, the transformation will be discussed at this point under the heading of solid-
phase transformations [22]. A recent access to flavonones of plant origin, which are
of interest due to their use in medicine, has been published by Moghaddam and co-
workers [23]. Their approach is based on a domino Fries rearrangement/Michael
addition (Scheme 10.16). Under microwave irradiation, and in the presence of
AlCl3-ZnCl2, supported on silica gel as promoter, the α,�-unsaturated esters 10-61
are transformed into the flavonones 10-63 via 10-62.

1,3-Thiazines, a heterocyclic system which is found, for example, in antibiotics of
the cephalosporin type, were synthesized using a solvent-free domino procedure by
Yadav and coworkers [24]. Hence, reaction of N-acylglycines 10-64, an aromatic

10.3 Solvent-Free Domino Reactions
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Scheme 10.16.  Solvent-free domino synthesis of flavanones.
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a) AlCl3/ZnCl2 mixture supported on silica gel, microwave irradiation, 7 min.

a)

aldehyde 10-66 and ammonium N-aryldithiocarbamate 10-68 in the presence of
acetic anhydride and anhydrous sodium acetate, gave the 1,3-thiazines 10-70 via 10-
65, 10-67 and 10-69 in high yield and diastereoselectivity (Scheme 10.17). Perform-
ing the reaction in an oil-bath gave much lower yield and diastereoselectivity.

A solvent-free synthesis of benzo[b]furan derivatives 10-79, a class of compounds
which is often found in physiologically active natural products, was described by
Shanthan Rao and coworkers. These authors heated phosphorane 10-71 for 8 min
in a microwave oven and obtained the benzo[b]furan 10-74 in 73 % yield
(Scheme 10.18) [25]. The sequence is initiated by an intramolecular Wittig reaction,
providing alkyne 10-72; this underwent a subsequent Claisen rearrangement to
give the intermediate 10-73. Also in this case, normal oil-bath heating gave much
lower yields (5 %) of the desired product; the authors hypothesize that the micro-
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Scheme 10.18. Solvent-free domino Wittig–Claisen cyclization-process.

73%

wave energy favors the dissociation of phenol 10-73 into the phenolate to initiate
formation of the furane moiety.

Recently, the Texier-Boullet group [26] has prepared nitrocyclohexanols 10-77 by a
twofold Michael addition/aldol reaction sequence (Scheme 10.19). Simply mixing
chalcone 10-75 with nitromethane in the presence of a mixture of KF and Al2O3

under microwave irradiation gave 10-79 via the proposed intermediates 10-76, 10-
77 and 10-78 as a single diastereomer in 65 % yield. One possible explanation for
the stereoselectivity of the transformation is fixation of the reactive species onto the
solid KF/Al2O3, as depicted in 10-79.

10.3 Solvent-Free Domino Reactions
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10.4
Microwave-Assisted Domino Reactions

Microwave heating was first used for organic synthesis by Gedye in 1986 [27]. Since
then, its use has grown in interest, due to shorter reaction times and reduced ther-
mal strain of substances and products [28]. Microwave irradiation allows for a very
rapid heating by direct transfer of energy to the molecules; this is in contrast to con-
ventional heating, where energy transfer takes place via the walls of the vessel.
Undheim and coworkers have shown that microwave irradiation can improve dom-
ino metathesis reactions [29]. For the transformation of 10-81 to give 10-82 in the
presence of the catalyst 10-83, heating at 85 °C for 14 h was necessary
(Scheme 10.20) [30]. However, under microwave irradiation in toluene at 160 °C for
20 min, 100 % conversion was observed. It is of interest the Grubbs II catalyst 10-84
was much less effective in this respect.

In order to study any chemoselectivity influences of microwave irradiation on the
domino Knoevenagel/hetero-Diels−Alder process (the so-called Tietze reaction),
Raghunathan and coworkers [31a] investigated the transformation of 4-hydroxy
coumarins (10-85) with benzaldehydes 10-86 in EtOH to afford pyrano[2,3-c]cou-
marin 10-87 and pyrano[2,3-b]chromone derivatives 10-88. Normal heating of 10-
85a and 10-86a at reflux for 4 h gave a 68:32 mixture of 10-87a and 10-88 in 57 %
yield, whereas under microwave irradiation a 97:7 mixture in 82 % yield was ob-
tained. Similar results were found using the benzo-annulated substrates 10-85b
and 10-86b.

1,2-Dihydro-2-quinolones were also re-investigated, and showed a higher yield
and better selectivity under microwave irradiation compared to conventional heat-
ing [31b]. The resulting pyranoquinoline skeleton is found in several naturally oc-
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curring products, such as flindersine (10-89) and melicobisquinolone A (10-90) and
B (10-91) (Scheme 10.22) [32]. All of these compounds have psychotropic, anti-aller-
genic, anti-inflammatory, antihistaminic and estrogenic activities [33].

A reductive amination/cyclization strategy was used by Surya Prakash Rao and
coworkers to synthesize the annulated tricyclic compounds 10-93 [34]. These
authors employed the microwave irradiation of a cis/trans-mixture of 1,5,9-triketone
10-92 with an excess of ammonium formate for 1 min in 87 % yield (Scheme 10.23).

10.4 Microwave-Assisted Domino Reactions
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A new microwave-assisted domino reaction towards pyrimidines has been
developed by the Bagley group, affecting up to four separate synthetic transforma-
tions in a single process [35]. Thus, irradiating a mixture of propargylic alcohol 10-
94, amidine hydrochloride 10-95 and MnO2 or IBX as oxidant up to 120 °C gave 10-
96 in good yield (Scheme 10.24). Under normal heating, the products were ob-
tained in much lower yield. The reaction is proposed to proceed via the initial oxida-
tion of the alcohol to the corresponding ketone with a subsequent Michael addition.

N
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O N
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NMe

O N
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Scheme 10.22. Selection of natural compounds possessing a pyranoquinolinone skeleton
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Scheme 10.23. Microwave-assisted synthesis of compounds 10-93.
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Scheme 10.24. Synthesis of pyrimidines
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Scheme 10.25. Synthesis of daurichromenic acid (10-100).

In a similar manner, 2,4,6-trisubstituted 3-pyridinecarboxylic acid esters have
been prepared using a mixture of α,�-ketoesters, propargylic alcohols, ammonium
acetate and MnO2. The reaction proceeds by oxidation of the propargylic alcohol to
the corresponding ketone, which reacts with the enamine being formed from the �-
ketoester and ammonium acetate. For this domino process, normal heating at
70 °C was used.

The highly potent anti-HIV natural product daurichromenic acid (10-100) was
synthesized by Jin and coworkers [36] using a microwave-assisted reaction of the
phenol derivative 10-97 and the aldehyde 10-98 (Scheme 10.25). Normal heating
gave the desired benzo[b]pyran 10-99 by a domino condensation/intramolecular
SN2’-type cyclization reaction only in low yield. However, when the reaction mixture
was irradiated twenty times in a microwave for 1-min intervals, 10-99 was obtained
in 60 % yield. This compound was then transformed into 10-100 by cleavage of the
ester moiety.

Functionalized 3-alkyltetronic acids can be obtained by a thermal domino
Claisen/oxa-ene/ring-opening reaction of the corresponding allyl tetronates 10-101
[37]. However, under these conditions allyl tetronates with a trisalkylsubstituted
alkene moiety such as 10-101 (R1 = R2 = CH3) led to products of type 10-104 via 10-
102 and 10-103, with two H-shifts as terminating transformations. Using micro-
wave irradiation not only allows the reaction time to be shortened; rather, the reac-
tion can also be halted at product 10-103 [38]. Moreover, by employing alkyl
tetronates 10-101 with R1 = H and R2 = chlorophenyl as well as tetranates, the reac-
tion can be halted after the Claisen rearrangement under microwave irradiation.

10.4 Microwave-Assisted Domino Reactions
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Fg

A combination of three highly stereoselective pericyclic reactions using micro-
wave technology has been recently disclosed by Sauer and Barriault, leading to the
formation of decalin skeletons possessing two contiguous quaternary centers [39].
The domino reaction is supposed to be initiated by an oxy-Cope rearrangement of
precursor 10-105 to build up a ten-membered ring enol ether macrocycle 10-106
(Scheme 10.27). The latter immediately rearranges via a Claisen[3,3] shift to the cor-
responding (E)-cyclodec-6-en-1-one 10-107, which spontaneously performs a cycli-
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Z

10-109

+
R

O

10-110

domino I

Z

RO

Z

10-111

domino II

N
R1Z

R Z

10-113

Scheme 10.28. Microwave-assisted domino processes to tetrasubstituted pyrroles.

Entry

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

Z

CO2Me
CO2Me
CO2Me
CO2Et
CO2Et
CO2Me
CO2Me
CO2Et
CO2Me
CO2Et
CO2Et
CO2Et
CO2Et
CO2Me
CO2Et
CO2Et

R

Et
Et
Et
Et
Et
Et
Et
Me
Hex
Hex
3-butenyl
cit
iPr
iPr
cPr
BnOCH2

R1

Bn
Ph
pOMe–Ph
pOMe–Ph
Bn
(S)PhCHMe
amino acid
Bn
Bn
Bn
Bn
Bn
Bn
Bn
Bn
Bn

10-111 [%]

a (87)

e (88)

h (73)
i (76)

k (79)
l (68)

m (85)
n (81)
o (72)
p (41)

10-113

a
b
c
d
e
f
g
h
i
j
k
l
m
n
o
p

Domino II [%][a]

74
38
56

77
72
69
76
61

60
65
63
58
70
55

One-pot [%][b]

44

53
51
47
42

47
41
49
46

46

[a] Conjugated alkynoate 10-111 (1 mmol) and the amine R1-NH2 (1.3 mmol) were absorbed on
1 g or 2 g of silica gel and irradiated at 900 W for 8 min; [b] (1) Aldehyde (1 mmol), alkyl 
propiolate (2 mmol), NEt3 (0.5 mmol), 0 °C, 30 min. (2) silica gel (1 g), amine R1-NH2

(1.3 mmol). (3) µν-irradiation (900 W),  8 min.

NR1

OR
Z

Z

10-112

+ R1NH2

zation via a transannular ene reaction to furnish decalin 10-108, with high yield and
excellent diastereoselectivity (�25:1).

It should be noted that microwave irradiation could also be useful for accelerat-
ing the reaction of aldoximes with dimedone. Thus, the corresponding N-hydroxy-
lacridinediones were produced within a few minutes, in excellent yield [40].

The final example demonstrates that microwave irradiation allows a perfect fine-
tuning of reaction conditions to obtain different products from the same starting
materials. In the procedure developed by García-Tellado and coworkers [41], two
domino processes were coupled. The first process consists of a high-yielding syn-
thesis of enol-protected propargylic alcohols 10-111 starting from alkyne 10-109
and aldehyde 10-110 (Scheme 10.28). In the second process, transformation into
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tetrasubstituted pyrroles 10-113 takes place when enol-protected propargylic alco-
hols 10-111 adsorbed onto silica gel are irradiated in a microwave oven at 900 W for
5 min. It should be noted that the two domino processes could be performed as a
one-pot procedure.

Interestingly, by conducting the second domino reaction at only 160 W for
90 min, it is also feasible to halt the process at the stage of the corresponding 1,3-ox-
azolidines, which are intermediates in the formation of pyrroles 10-113 [42].

It should be also noted that, in a very recent publication, Liu and coworkers were
successful in applying microwave radiation within their domino approach towards
the synthesis of pyrrolo[2,1-b]quinazoline alkaloids such as deoxyvasicinone, 8-hy-
droxydeoxyvasicinone, mackinazolinone and isaindigotone, which exhibit a pro-
mising broad spectrum of biological activities. In the case of isaindigotone, the
authors were able to extend their strategy to a three-component procedure, which
comprises the domino conversion of anthranilic acids and Boc-protected amino
acids into the tricyclic core skeleton [43].

10.5
Rare Methods in Domino Synthesis

In addition to high pressure, solid-phase and microwave assistance, a number of
less common and rarely occurring methods have been introduced into the field of
domino reactions.

For example, McNab and coworkers have discovered that flash-vacuum pyrolysis
(FVP) (1000 °C, 0.01 Torr) of pyrrole 10-114 led to the formation of pyrrolo[2,1-
a]isoindol-5-one 10-117 in 79 % (Scheme 10.29) [44]. The transformation is pro-
posed to proceed via an initial 1,5-aryl shift to give intermediate 10-115, which then
undergoes an elimination of methanol. Finally, electrocyclization of the ketene 10-
116 results in the formation of 10-117.

Ionic liquids such as 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim]BF4)
or hexafluorophosphate ([bmim]PF6) process unique properties, and are therefore
nowadays often used in organic chemistry. As they exhibit only a negligible vapor
pressure, formation of a separate liquid phase both with water and with common or-
ganic solvents, a good capacity for solubilizing organic substrates, an ease of recy-
cling and reuse and a lack of flammability, they fit nicely into the concept of “green”
solvents [45].

Recently, Sasson and coworkers have shown that a Knoevenagel condensation
can be coupled effectively with catalytic hydrogenation to develop a domino process
which leads directly to functionalized saturated esters [46]. When the reaction of
aldehyde 10-118 and the active methylene compound 10-119 was carried out in an
ionic liquid solvent ([bmim]BF4) in the presence of EDDA and Pd/C under a hydro-
gen atmosphere (25−90 °C, 300 kPa), the product 10-120 could be obtained by ex-
traction with diethyl ether after 4−12 h in excellent yield (Scheme 10.30). Interest-
ingly, using DMA resulted in significant competing hydrogenation of the aldehyde
to the alcohol.

The field of on-chip solution-phase synthesis and analysis, termed µSYNTAS
(miniaturized-SYNthesis and Total Analysis Systems) is a rather new field in or-
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N

MeO2C

10-114

FVP O

OMe
N

H – MeOH •
O

N

10-115 10-116

N

O
10-117

Scheme 10.29. Flash-vacuum pyrolysis (FVP).

79%

R1 R2

O

10-118

R1= R2 = H, alkyl, aryl

+
O

CN
EtO

10-119

10 mol% EDDA
10 mol% Pd/C
[bmim]BF4, 300 kPa H2
25–90 °C, 4–12 h

R2

R1

CN

EtO
O

10-120

Scheme 10.30. Domino Knoevenagel condensation/catalytic hydrogenation reaction in ionic liquid.

17 examples: 70–100% yield
with the exeption of the reaction 
of diethyl malonate and 4-anisaldehyde
(27% yield)

ganic synthesis. The motivation behind the development of µSYNTAS is that a min-
iaturizing of processing systems leads to a significant enhancement in the effi-
ciency of mixing and separation. Moreover, using extremely small amounts of
materials in such systems makes them ideal for processing particularly valuable or
hazardous reaction components. Furthermore, the large surface-to-volume ratios
encountered in micro-reactor environments allow for rapid interruption of chemi-
cal processes, which may lead to higher reaction selectivity und therefore high-
value products. De Mello and coworkers have applied the concept of µSYNTAS to
the Ugi four-component condensation to give 10-126 starting from piperidine hy-
drochloride (10-121), formaldehyde (10-122) and cyclohexyl isocyanide (10-124) via

10-123 and 10-125 [47]. In the formation of 10-123, water is formed which adds to
10-125 to give 10-126. Interestingly, these authors were the first to confirm experi-
mentally that the reaction proceeds by traversing a nitrilium cation species 10-125
(Scheme 10.31). Furthermore, these authors pointed out that the highly exothermic
reaction requires no cooling when carried out in a micro-reactor.

Tietze and coworkers developed two new domino approaches in the field of com-
binatorial chemistry, which are of interest for the synthesis of bioactive com-
pounds. Combinatorial chemistry can be performed either on solid phase or in so-
lution using parallel synthesis. The former approach has the advantage that purifi-
cation of the products is simple and an excess of reagents can be used. This is not
possible for reactions in solution, but on the other hand all known transformations
can be used. The Tietze group has now developed a protocol which combines the
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advantages of solid- and solution-phase chemistry without having their disadvan-
tages [48]. The main idea is to form salts which can be precipitated from the reac-
tion mixture in excellent purity by simply adding diethyl ether (Scheme 10.32).
Thus, reaction of N-Cbz-protected α-, �- or γ-aminoaldehydes 10-127 with a 1,3-
dicarbonyl compound 10-128 in the presence of a benzyl enol ether 10-129 followed
by hydrogenation led to substituted pyrrolidines, piperidines or azepanes 10-132
via the intermediates 10-130 and 10-131 in �95 % chemical purity in nearly all
cases as colorless solids after precipitation.

N

Cl
HH

H H

O

10-121

10-122

MeOH
N

10-123

Cl

+
H2O N

N

10-125

H2O

N
NH

O

10-126

Scheme 10.31. Ugi-multicomponent reaction in a micro reactor.

N
C

10-124

10-127

Scheme 10.32. General scheme for multicomponent domino Knoevenagel/hetero-Diels–Alder 
hydrogenation sequence.

R1

CbzN H

O

H

n = 0
n = 1
n = 2

+
X Z

Y

O O

+

OBn

R3

10-128 10-129

EDDA, 50 °C
15 h, )))

X Z
Y

O O

CbzN R1

R2

R3
OBn

10-130

X Z
Y

O O

CbzN R1

R2

10-131

OBn
R3

X Z
Y

O O

N

10-132

n = 0
n = 1
n = 2

Pd/C/H2, 1 bar
20 °C, 24 h

(  )
n

(  )
n

(  )
n

(  )
n

HR2

R1

R3Enol ether

Amino aldehyde
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10-133

Scheme 10.33. Domino Knoevenagel/hetero-Diels–Alder hydrogenation sequence using TMS 
enol ethers as dienophiles.

+
MeN NMe

O O
+
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MeN NMe

O O
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O

OTMS

O

H
NHCbz HN

Ph

O
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+
MeN NMe

O O
+
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EDDA, TMOF
Pd/C/H2

MeN NMe

O O

10-138

O

OTMS

O

H
NHCbz HN

O

Purity: > 95%

Ph

The method can be further improved using trimethylsilyl (TMS) enol ethers,
which can be prepared in situ from aldehydes and ketones [49]. TMS enol ethers of
cyclic ketones are also suitable, and diversity can be enhanced by making either the
kinetic or thermodynamic enol ether, as shown for benzyl methyl ketone. Thus, re-
action of the “kinetic” TMS enol ether 10-133 with the amino aldehyde 10-134 and
dimethylbarbituric acid 10-135 yielded 10-136, whereas the “thermodynamic” TMS
enol ether 10-137 led to 10-138, again in excellent purity, simply by adding diethyl
ether to the reaction mixture (Scheme 10.33).

To date, the main aim of combinatorial chemistry has been the preparation of a
multitude of organic compounds with high constitutional diversity. Until now,
stereochemical aspects have played only a minor role, although it is well known that
the configuration of a molecule can have a dramatic affect on its biological activity.
To address this problem, a new combinatorial strategy was developed by Tietze and
coworkers [50], where stereogenic centers in a molecule are introduced by a cata-
lyst-controlled transformation of a prostereogenic center. Using this approach in
combination with a domino Knoevenagel/hetero-Diels−Alder reaction, 12 out of
the 16 possible stereoisomers of emetine 10-149b containing four stereogenic cent-
ers were synthesized. For this purpose, the two enantiomeric aldehydes 10-139 and
ent-10-139 obtained from the imine 10-141 by transfer hydrogenation with the
ruthenium complexes (R,R)-10-140 and (S,S)-10-140 [51] irrespectively were used in
the domino Knoevenagel/hetero-Diels−Alder reaction with Meldrum’s acid 10-142
and the enol ether 10-143, followed by solvolysis with methanol in the presence of
potassium carbonate and hydrogenation.
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Using the aldehyde 10-139 as substrate, the three diastereomers 10-144, and
using the aldehyde ent-10-139, the three diastereomers 10-145 were obtained. All
six compounds were transformed independently into the imines 10-147a−c and 10-
148a−c, which were then reduced independently again using the ruthenium com-
plex (R,R)-10-140 and (S,S)-10-140, respectively, to produce the desired 12
stereoisomers 10-149a−f and 10-150a−f.

Scheme 10.34. Catalyst controlled synthesis of 12 stereoisomers of emetine.
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Domínguez 369
Dömling 544, 547 ff., 550
Dondoni 560
Dongol 386
D’Onofrio 110
Dyker 4, 367, 383, 482

e
Edmondson 413
Eguchi 497
Eilbracht 431, 433
Enders 71, 95, 137
Engler 311, 313
Enholm 247
Evans, D. A. 142
Evans, D. E. 518
Evans, P. A. 94, 437

f
Faber 529, 535 ff.
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Piras 22
Piva 442
Plumet 447
Poli 359, 399
Pollini 50
Polt 499
Porco, Jr. 520 ff.
Prajapati 77
Prinzbach 280, 282

q
Queiroz 397
Quinkert 350
Quintela 179

r
Raghunathan 165, 578
Ramana 95
Rao 63
Rapoport 89
Raucher 313
Rawal 422
Rayner 28
Reiser 567, 573
Reißig 88, 224
Righi 504, 570
Risch 138, 177
Robins 252
Robinson, J. A. 535
Robinson, R. 3, 543
Rodriguez 63, 80, 112
Romero 27
Romo 86
Roques 499
Rosini 148
Rossi 191, 308
Roush 2, 292
Ruano 287
Rubiralta 71
Ruchirawat 137
Rück-Braun 194, 478
Ruijter 549
Rutjes 78
Rychnovsky 83, 141, 190

s
Sabe 426
Sabitha 93
Saito 323
Sakamoto 179
Sánchez 300
Santeusanio 75
Sartori 93
Sasson 584
Sauer 582
Schaap 532
Schäfer 140, 323
Schaumann 127
Scheeren 566 f.
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x
Xi 470
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abietane 318

– diterpenoids 287
acenaphthylenes 377
(S)-acenocoumarol 169
N,O-acetals 27, 113
acetylcholine 71

– receptors 331
acetylcholinesterase inhibitors 226
acetylenedicarboxylate 300
acetylenic oximes 269
acetylproline 186
acid-catalyzed polycyclization 3
achiral Cu catalysts 64
(±)-aculeatin D 495
1-acylamino-1,3-butadienes 556
N-acylglycines 575
acyliminium ions 27
N-acyloxazolidones 550
α-acyloxycarboxamides 543
2-acyl-3-halocyclohexanols 58
adamantanone 533
1,2-addition/oxy-Cope/aldol domino

reactions 186
(S)-adenosylhomocysteine hydrolase

60
aegiceradienol 33
aflatoxins 433
Agaricus bisporus 530
AIDS therapy 561, 581
Alangium alkaloids 173
Alangium lamarckii 174
aldehydes

– δ,ε-unsaturated 523
aldol/aldol domino reactions 85

– /lactonization domino reac-
tions 87

– /Tishchenko domino reactions
195

aldose reductase inhibitors 79

alkene carbonylative co-cyclization
462

1-alkoxycyclopentenones 341
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127
alkylidenemalonates 76
alkylidenepyrrolidines 247
4-alkylidene-3-arylmethylpyrrolidines

371
γ-alkylidene-α-hydroxybutenolides 94
2-alkylidene-5-hydroxymethyltetrahy-

drofurans 81
3-alkyltetronic acids 581
4-alkyl-4-hydroxy cyclopentenones

190
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– trimerization 458 ff.
o-alkynylbenzaldehyde 481
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allenyl ethers 307
AlLibis[(S)-binaphthoxide]complexes

53
α-allenic alcohols 314
allocyathin B2 149
(+)-α-allokainic acids 186
allyl vinyl ethers 475
allylic alcohols 243
allylsilanes 19
N-allyltoluenesulfonamides 458
allyltrimethylsilane 25
1-allyl-1,3-acetonedicarboxylate 69
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Alzheimer’s disease 71, 226
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Domino Reactions in Organic Synthesis. Lutz F. Tietze, Gordon Brasche, and Kersten M. Gericke
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-29060-5



597

amine oxide rearrangement 519
α-amino acetals 28
amino acids 51,175

– �-amino acids 50
�-amino allylic alcohols 499
�-amino carbonyl compounds 244
γ-amino dicarboxylates 499
�-amino esters 567
δ-amino levulinic acids 539
α-amino nitriles 31
amino sugars 504
aminoacylation/Michael addition

domino reactions 569
aminoalcohols 42, 503
aminoaldehydes

– α-aminoaldehydes 544, 546,
586

– �-aminoaldehydes 244 ff., 548,
586

– γ-aminoaldehydes 586
α-aminocyanides 543
aminodicarboxylic acids 546
α-aminoepoxides 42
aminoglycoside antibiotics 448
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2-aminopyridine nucleosides 300
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2-amino-pyrimidines 92, 552
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anatoxin-α 96
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– inhibitors 519
angular annulated tricyclopentanes

354
anilines 377
anion capture 382
anionic domino processes 48 ff.

– /anionic domino reactions 48
– /oxidative processes 194 ff.
– /pericyclic processes 160 ff.
– /radical processes 156 ff
– /reductive processes 194 ff.
– /transition metal-catalyzed

processes 191 ff.
Annonaceous acetogenins 16, 522

annulated indoles 470
– lactams 447

3/5-annulated systems 78
3/6-annulated systems 78
annulation

– [3+2] 114
– [3+4] 116
– [4+1] 240
– [4+2] 240
– [6+2] 148

anthracenes 65, 337
anthraquinones 314 f.
antiallergenic agents 579
antibacterial agents pyrimidines 559
antibiotics 395, 575
antibiotic(+)-CP-263,114 188
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– catalytic monoclonal 448
anticancer agents 225, 268, 289, 291,

313, 351, 399, 409, 417, 423, 468,
502 ff., 518, 532, 537, 559

anticonvulsant agents 468
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antifungal antibiotics 280
antihistaminic agents 579
antimicrobial agents 468
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antiviral pyrimidines 559
anti-HIV agents 561, 581
anti-inflammatory agents 579
anti-influenza A virus agents 33
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ardeemins 179
areno annulated steroids 381
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aromatase 328
aromatic imines 57
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(+)-arteannuin M 319
Artemisia annua L. 319
aryl imines 57
aryl tetralines 5
arylboronic acids 371
arylboronic esters 397
N-aryldithiocarbamate 576
arylglyoxals 544
α-aryliminium ions 181
arylnaphthalene lignans 89
aryloxiranes 73
1-arylthiobicyclo[4.1.0]heptane 223
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ascidian metabolites 375
L-ascorbic acids 178
ascosalipyrrolidinone 380
Asinger MCR 547
aspartate 499
aspidosperma alkaloids 71, 423
aspidospermidine 71, 228, 260
asymmetric allylation/epoxidation

198
aszonalenin 179
atropine 4
atropisomers 478
Au-catalyzed [3,3]-rearrangement/

Nazarov domino reactions 482
AuCl(PPh3)/AgSbF6 482
1-aza-borono-1,3-butadiene 302
1-aza-1,3-butadienes 306
aza-Cope/Mannich domino reactions

313
aza-Cope rearrangements 152, 185,

280 ff.
aza-Diels−Alder reactions 508
1-aza-1,3-dienes 457
aza-Wittig/1,5-electrocyclic ring-clo-

sure domino reactions 179
aza-Wittig olefinations 179, 496, 548
azabenzonorbornadienes 469
azabicyclic compounds 71, 99, 340,

447
3-azabicyclo[3.1.0]hexane 71
1-azabicyclo[5.3.0]decane 99
azabicyclo[3.1.0]hex-2-enols 340
azadiquinanes 464
azadirachtin 26, 227
7-azaindoles 371
azaphenanthrenes 413
azapropellanes 298
azaspirodecane 103
azasteroids 27
azatriquinanes 464
azepanes 586
azepinoindolones 292
azetidin-2-one 108
azido ketones 75
azinomycin 545
aziridine-opening/enamide alkylation

domino reactions 121
aziridines 341, 570
aziridinium salts 99
N-aziridinylimines 231
azomethine ylides 412, 426

b
bacterial epoxide hydrolase (BEH)

536

bakankosin 194
Baker–Venkataraman rearrange-

ments 137
Bamford−Stevens reaction 429
barbituric acids 161
batzelladine 560
Baylis–Hillman products 110

– reactions 30
B-bishomo steroids 448
BCD-ring portion of steroids 330
BCl3 in metatheses 454
Beckmann rearrangements 100
benzazepane 100
benzazepines 29 f.
benz[b]indeno[2,1-e]pyran-10,11-dione

137
benzoaxazoles 507
benzocyclobutenes 328, 458
benzo[b]cyclopropa[d]pyran 140
1,4-benzodiazepine-2,5-diones 413, 549 ff.
benzoenynes-allenes 251
11H-benzo[b]fluoren-11-ol 152
benzofuranones 12
benzofurans 51, 395, 401, 410, 418,

576, 577
benzo[b]indolizines 306
benzoisofurans 469
benzophenone 242
benzoprostacyclins 141
benzopyranocoumarins 154
benzopyrans 410
benzopyrylium cations 42
benzo[f]quinolinones 121
benzoquinolizidines 174
benzoquinolizines 119
o-benzoquinones 510
benzothienoquinoline 257
benzothienoquinoxaline 258
benzothiophenes 21
1,2-benzoxadecalines 137
benzoxazoles 315, 470
O-benzoyl-N-allylhydroxylamide 230
O-benzoyl-N-hydroxyurethane 233
benzo-fused tricyclic arenes 21
(−)-benzyl glycidyl ethers 121
benzyliden-1,3-dicarbonyl com-

pounds 162
benzylidene sulfoxides 168
benzyl(2-phenylethyl)amine 51
BF3 33, 39
Bi(OTF)3 112
biaryls highly hindered 468
bicyclic aziridinium ions 28
bicyclic compounds 49, 440
bicyclic cyclooctenes 451

Subject Index



599

bicyclic 1,5-dienes 412
bicyclic lactones 375
bicyclic[2.2.2]octenones 511
bicyclic oximes 269
bicyclo[m.n.1]alkanones 295

– [4.3.1]decane 264
– [2.2.1]heptanes 25
– [3.1.1]heptanes 267
– [3.2.0]heptanes 21
– [3.1.0]hexanone 480
– [3.1.0]hexenes 481, 533
– [4.1.0]ketones 247
– [3.3.1]nonanes 75
– [4.3.0]nonanes 240
– [3.1.0]oxahexanes 239
– [2.2.2]octanes 49
– [3.2.1]octanes 118
– [3.3.0]octanes 132, 240, 354
– [3.2.1]octan-8-ones 63
– [2.2.2]octenediones 530
– [3.3.0]octenes 104
– [3.2.1]octenones 116
– [5.3.1]undecanes 264

bicycloillicinone asarone 71
bicyclopropylidene 379
bifunctionalized arenes 383
bifurans 285
Biginelli dihydropyrimidine synthesis

557
BINAP 468

– (S)-BINAP 386
– Rh catalysts 63

BINOL-Rh2-complexes 424
biomimetic oxidation 519

– synthesis 3
bioxanthracene(–)-ES-242−4 65
bio-triggered domino reactions 529
biphenomycin 397
1,1’-biphenyl 339
biphenylnorbornene dicarboxylates

371
bipyridines 138
biradicals 251
bird nest fungi 149
bisacetals 36
bis(α-amino acid)derivates

– as-indacene-bridged 458
bisannulated cyclopentanones 184
bis(benzoxazoles) 315
biscyclopropanes 483
bisexpoxides 535, 538
bisfurans 283
bishomoallylthioester 102
bisisoquinoline-bis-N-oxides 42
bislactim ethers 458

bisoxazoline ligand 244
bis(pyridyl)iodinium (I)-tetra-

fluoroborate 29
bis(trifluoroacetoxy)-iodobenzene 510
1,3-bis(trimethylsilyloxy)-1,3-diene 86
bis-alkynes 453
bis-butadienes 453
blue-green algae 96
[bmim]BF4 584
[bmim]PF6 584
boomerang-type radical domino reac-

tions 239
bora-1,3-diene 292
BOXAX ligand 418
borohydride, lithium 90
borylations 397
Bredt’s rule 185
brevetocine A 1
bridged compounds 475

– lactones 287
– ring systems 451, 516

bridgehead alcohols 525
bromobenzothiophene 397
2-bromocyclohexenone 380
2-bromomethylacrylate 401
2-(bromomethyl)aziridines 266
2-bromonitrostyrene 397
4-bromotetrahydropyrans 83
(+)-bromoxone 388
α-bromo-�-keto esters 240
2-bromo-1-naphthol 307
Brook rearrangements 114, 120, 126,

148 ff., 184
Bu3SnAllyl 158
Bucherer−Berg multicomponent re-

actions 543
burseran 409
butenolides 56, 81, 104, 110, 142,

393, 395, 442, 544
butyl isocyanide 555
butyrolactones 99

c
[C5H5(CO)2Fe]Na 194
C60-fullerenes 387
cage systems 301
calystegines 498

– (+)-calystegine B2 508
camptothecin 194, 230, 255, 417
capnellane 440
carbanucleosides 448
carbazoles 36, 377
carbenes

– α, �-unsaturated 348
carbethoxypiperidones 112
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carbocycles
– 20-membered 366
– 26-membered 366

carbohydrates
– as substrates 446, 448
– reactions with SmI2 249

carbohydroamination 414
�-carbolines 108
carbonucleosides 60
α-carbonylated phosphonates

174
carbonylylides 423
carbopalladation 407
(+)-2-carene 170
cascade reactions

– definition 2
catalyst-controlled transformations

587
catalysts

– Al-based 195
– Zr-based 195

catechol 530
cationic domino processes 11 ff.

– cationic domino processes
12 ff.

– /cationic/cationic domino
processes 33 ff.

– /pericyclic processes 33 ff.
– /reductive processes 42 ff.

cation-π-tricyclization 33
CC-1065 503
cedrane 419
α-cedrene 232
cefadroxil 72
cefixime 72
cefzil 72
cell-cycle inhibition 227
cephalexin 72
Cephalis acuminata 174
cephalosporin 72 f., 575

– C-3-substituted 73
cephalotaxin 100, 398
ceratopicanol 156
CGP 49823 27
C−H activation 377, 413
chaperones 289
cheleotropic CO elimination 315
chemiluminescene 532
chemoenzymatic domino processes

531
chinchona alkaloids 62, 342
CHIRACEL AD-H 457
chiral auxiliary sulfoxides 242
chiral complexes

– Mn(salen) 494

– ruthenium complexes 587
– Zr-complexes 325

chiral copper catalysts 54
chloroalkyl epoxides 536
chlorophyll 3
chlorosulfonic acids 27
(−)-chlorothricolide 2
chlorovinylsilanes 148
chlorovulones 190
2-chloro-2-cyclopropylidenacetates 73
1-chloro-2-phenylacetylene 464
chokol 68
cholesterol inhibitors

– biosynthesis 393
choline acetyltransferase 71
cholinergic neurons 71
chromans 22, 78, 114, 418, 440

– chiral 79
– Ro 23−3544 78

chromanones 411
chromium-induced transformations

479
chromium-manganese redox couples

507
chromomoric acids 116
(−)-cinchonidine 62
cinnamate 244
cis-annulated decalin 177
cis-1,2-divinylcyclopropanediolate 149
cis-deethyleburnamine 100
Claisen condensation/aldol addition/

lactonization domino reactions 127
Claisen rearrangements 280 ff., 429
Claisen/oxa-ene/ring-opening dom-

ino reactions 581
Claisen/Wittig rearrangement/Wittig

olefination domino reactions 325
clavolonine 142
(−)-(S,S)-clavukerin A 78
Clavularia koellikeri 78
clavulones 116, 190
cleavage

– Norish Type I 342
clerodane deterpenoids 121
clerodin 292
CMI-977 133
C-norcardanolide 236
Co/C 460
CO insertion 411
Co-induced transformations 458
co-synthetase 539
coagulation processes 550
cobalt-induced transformations

458
Cocculus hirsutus 188
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colchicin 423
combinatorial chemistry 585
7-component reactions 548
9-component reactions 548
Conia-ene-type reactions 458
coniochaetones 114
conrotatory ring openings 155
Cope rearrangement 429
copper thiophene-2-carboxylate 470
copper-induced reaction 470
Corey–Kwiatkowski-type/HWE/Diels−

Alder domino reactions 142
costaclavin 146
(S)-coumachlor 169
Coumadin® 168
coumarins 161, 168, 190, 519

– preethulia 169
COX-2 inhibitors 197
Cp*2NdCH(TMS)2 483
Cp*2SmCH(TMS)2 483
CP molecules 525
CP oxidation 525
CP-263,114 227
Cram chelate control 156
crambescidin 560
Croomia 99
cross coupling annulation 411
cross coupling reactions 386 ff.
cross coupling/cycloaddition domino

reactions 411
cross metathesis 440
cucumin 307
cuparenes

– (−)-cuparene 349
– (±)-cuparene 102

α-cuparenone 307
cyanocuprates 109
cyanohydrins 56
cyanomethylphosphonate 179
cyathins 149
cyclic comounds

– 1,2-diols, 515
– enones 53, 57, 75
– imines 94
– γ-keto esters 354
– ketones 264

[4+1] cyclization 239
[6π + 2π] cyclization 353
cyclization/aziridinium ion forma-

tion/nucleophilic ring-opening
domino reactions 28

cycloadditions 280 ff., 382
– 1,3-dipolar 144, 151, 280 ff.,

303 ff., 422 ff.
– [2+1] 429

– [2+2] 95, 307 ff.
– [2+2+1] 458, 460
– [2+2+2] 280, 458, 460
– [4+2+2] 437
– [4+3] 39, 308
– [6+2] 479

cycloaddition domino reactions
– [2+2]/[3+3]sigmatropic rear-

rangements 307
– [2+2+1]/[2+1] 479
– [4+2]/[3+2] 297
– [5+1]/[2+2+1] 460
– [5+2]/[4+2] oxa bridged com-

pounds 312
– [5+3]/[3+2] 313
– [5+3]/[3+3] 313

cycloalkane-1,3-dione 161
cycloalkanes 330
cycloalkanols 398
cycloalkanones

– 3-substituted 465
– trans-1,2-disubstituted 53

cycloalkenones 320
cyclobutanes 392

– annulated 65, 121, 390
cyclobutenecarboxylates 135
cyclobutylmethyl radical 222
cyclocarbopalladation 410
(E)-cyclodec-6-en-1-one 582
cycloheptadienes

– annulated 431
cyclohepta[b]indoles 273
cycloheptane hexacarbonyldicobalt

complexes 25
cycloheptanes 80

– natural products 25
cycloheptanones 78
cycloheptene oxides 125
cycloheptenes 39
cyclohexane carbaldehyde 455
cyclohexanediols 63, 247
cyclohexanols 71

– 1,2-disubstituted 63
– 2,3-disubstituted 57

cyclohexenones 416
cyclooctane oxides 125
cyclooctanes 80

– annulated 238, 372, 423
cyclooctatrienes 392
cyclooctenenones 149
cyclooxaalkanones 423
cyclopenta[b]benzofuran 140
cyclopenta[c]carbazoles 37
cyclopenta[b]indoles 273
cyclopentane annulation 12, 14, 159, 475
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cyclopentanes 114, 343, 477
cyclopentanoheptadienone 354
cyclopentanols

– annulated 64
– 1,2-disubstituted 63

cyclopentanones 54, 403, 458
– 1,2-disubstituted 68
– 2,3-disubstituted 57
– 3-substituted 465

cyclopenta[c]pyrans 342
cyclopentene carbaldehyde 323
cyclopentene-3,5-diones monoacetals

54
cyclopentenes 477
cyclopentenones 416, 482

– annulated 331, 462
cyclopropa[c]chromans 23
cyclopropanated norbornenes 368
cyclopropanation 73

– enantioselective 429
cyclopropanation/rearrangement/

aldol addition domino reactions 125
cyclopropanes 124, 330, 427

– spiro 379
cyclopropyl carbinols 36, 39
cyclopropyl carbinyl radicals 239
cyclopropyl ketone 20, 247, 250, 348
cyclopropyl phenyl sulfides 22
cyclopropylmethyl radicals 222, 265
cyclopropyl-substituted macrocycles

260
cylindramide 77

d
daphnilactone 5
Daphniphyllum alkaloids 153
daurichromenic acids 581
DB-67 417
de Mayo reaction 341
dealkoxyhalogenation 523
deaminase, PBG 539
decalins 583
decalones 50
decomposition hydrazones 429
(−)-dehydrobatzelladine C 561
(+)-9(11)-dehydroestrone 313

– methyl ethers 151
Dendrobates histrionicus 331
dendrobatid alkaloids 443
(−)-dendrobine 232
11-deoxydaunomycinone 313
3-deoxyschweinfurthin B 17
deoxyvasicinone 584
5-deoxy-5-iodopentafuranosides 450
11-deoxy-PGF1α prostaglandines 53

dermostatin 120
(+)-desoxoprosophylline 178
desoxyserratine 231
6-desoxy-6-iodo-hexopyranosides 523
Dess−Martin oxidation 525
(diacetoxy)iodobenzene 504
1,1-diacetylcyclopropanes 114
diacrylates 51
dialkyl zinc 54 f.
1,7-diamidoheptane 152
diaminations 420
diamino cyclohexanes 62
1,3-diaza-1,3-butadienes 180
diazepanes 96
diazepines 443
1,4-diazines 501
diazo esters 422 ff.
diazo ketones 422 ff.
diazo compounds 359
diazocyanoaryl tetrafluoroborates 258
diazonamide A 502
diazonium tetrafluoroborates 257
dibromomaleimides 385
dibromovinyl deoxyuridines 261
dicarbonyl compounds

– 1,3-dicarbonyls 164
– 1,4-dicarbonyls 106
– solid-phase-bound 569

dicarboxylic acid esters 533
dicarboxylic amino acids 498
dicyanoacetylene 282
9,10-dicyanoanthracene 346
1,4-dicyanobenzene 337
dicyanoethene 282
4,5-dicyanopyridazine 301
1,4-dicyanotetramethylbenzene 339
dicyclopenta[a,e]pentalene derivates

460
1,3-dicyclopropyl-1,2-propadiene 379
2,3-didehydro-4-piperidinones 119
Dieckmann condensation 64
Diels−Alder domino reactions 287

– /Cope domino reactions 285
– /1,3-dipolar cycloadditions

domino reactions 285
– /Ireland−Claisen domino reac-

tions 286
Diels−Alder reactions 282 ff.
Diels−Alder transannular reaction

389
dielsiquinone 146
1,4-diene-3-ones 23
diepoxide 416

– 1,5-diepoxides 16
diethoxy-alkyne-Co2(CO)6 25
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diformylacetate 342
digitoxines 544
dihydroanthirin 171
dihydroclerodin 433
dihydrocornynantheine 171
(+)-dihydrocostunolide 313
(+)-dihydroerythramine 403
dihydrofurans 96, 301, 345, 442, 556

– 2,3-dihydrofuran 507
dihydroindenes 272
2,3-dihydroindoles 95
dihydroisoquinolones 95
4,5-dihydroisoxazoles-2-oxides 504
dihydrojasmone 307
dihydropiperidinones 570
dihydropyrans 161 ff. 301 f., 406, 420,

569
dihydropyrimidines 557
dihydropyroles 442
dihydroquinolines 135
dihydrosqualene dialdehyde 153
dihydroxerulin 393
dihydroxyketones 495
dihydroxypentanoic acids 158
2,3-dihydro-1-benzoxepines 81
3,6-dihydro-2H-pyran-2-ones 307
1,2-dihydro-2-quinolones 578
diindium 397
diketones 15, 26

– 1,2-diketones 86, 161, 170
2,5-diketopiperazines 549 f.
dimeric benzazepines 250
dimeric quinolins 250
dimethoxycarbene 556
dimethyl acetylenedicarboxylate 283
N,N-dimethylamino naphthalene 102
dimethyltitanocene 478
diols 42, 196

– 1,3-diols 96
1,3-diones 161
2,3-dioxabicyclo[3.3.1]nonane 270
dioxabicyclo[2.2.2]octanes 515
dioxanthin 65
dioxapyrrolizidines 148
[6.5.6]-dioxatricycles 235
dioxatriquinanes 236, 448
dioxetanes 532
1,2-dioxines 198
diphenylacetylene 366
1,1-diphenyl-1,n-alkadienes 337
dipyrans 556
diterpenes 315, 318, 331, 532

– indole containing mycotoxins
34

diterpenoids 121, 423

divinyl alkoxyacetate 41
divinyl esters 1,3-migrations 41
α,ω-diynesulfides 29
DMP 501
DNA polymerase inhibitor 280
dolabelides 437
domino reactions

– anionic 48
– cationic 11
– classification 7
– definition 1
– enzymatic 529
– multicomponent 542
– oxidofive or reductive 494
– pericyclic 280
– photochemical 337
– radical 219
– transition metal catalyzed 359

domino synthesis
– rare methods 584 ff.
– special techniques 566 ff.
– theoretical aspects 285

double Michael reactions 48
dysiherbaine 127

e
8 π electrocyclic cyclobutene ring clo-

sure 155
electrocyclic reactions 280 ff., 326 ff.,

454
electrocyclization 272

– 6π 520
– 8π 155, 372
– 8π/6π 393

elisathin A 514
emetine 171, 587
emindole SB 34
enamides 362
enaminecarbaldehydes 344
enaminones 119, 413
enantiomer differentiating esterifica-

tion 538
enantiopure compounds

– amines 80
– cyclohexanols 61
– cyclopentenes 441
– �-amino acids 71

enantioselective hydrogenation 587
enantioselective domino reactions 417
endiandric acids 65
endoperoxides 270
6-endo-trig cyclizations 35, 258, 339
ene reactions 19, 280 ff., 329 ff.
enediynes 405
enetetraynes 406
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ene-yne-carbodiimides 272
enolcarbamates 20
N-enoyloxazolidinones 109
enzymatic oxidation 530
enzymes in domino processes 529 ff.
γ-epiaphidicoline 291
(+)-1-epiaustraline enzyme 297
epi-illudol 263
epi-juvabione 286
epoxidation/ring expansion domino

reactions 494
epoxide cyclization domino reactions

33
epoxide hydrolase Rhodococcus 538
epoxide-opening/rearrangement/cy-

clization domino reactions 33
– /retro-aldol domino reactions 121

epoxides 125
– in carbocationic domino

processes 15
epoxyalcohols 198, 504

– α-epoxyalcohols 95
α-epoxyaldehydes 504
epoxycyclobutanes 23
epoxycyclohexane 533
epoxyhomoallyl tosylate 120
epoxypolyenes, aryl 246
epoxyquinols A 520 f.
equilenin 418
erinacin E 149
erysodine 129
erythrina alkaloids 128, 295
esterification

– enantiomer differentiating 538
estradiol 360

– methyl ethers 326
estrogen 151
estrogenic activities 579
Et2AlCl-promoted ene reactions 19
Et2AlI 59
ethyl alkyl ketone 110
ethylene diammonium diacetate 162
ethylene glycol 117
etoposide 399
eudesmane 267
eurystatin 545
5-exo cyclizations 35
5-exo radical cyclizations 159
5-exo-dig-cyclization/Claisen rear-

rangement domino reactions 184
exo-methylene hydrindanones 23
5-exo-trig-cyclizations 102, 339
6-exo-trig cyclizations 224

f
factor Xa inhibitors 550
falcarinol 537
farnesyl transferase 227
fenestranes 269 f., 459
ferruginol 95

– (+)-ferruginol 117
filifolone 65
Fischer alkynyl carbene complexes 475

– alkynyl Cr carbenes 479
– carbenes 74
– carbene-cyclopenta-annulation

295
– indole synthesis 433, 477

flash-vacuum pyrolysis 584
flavors 575
flindersine 579
fluoranthrene 387
fluorenes 323, 475
9H-fluorenes

– 9-alkylidene 367
– 9-benzylidene 367

fluorobenzofurans 577
fluorocycloheptynes 25
fluoromodifications 188
fluoropyrroles 145
fluorous biphasic systems 451
flustramines 179

– (−)-flustramine 80
folk medicine 99, 172

– Chinese 423
– Japanese 99

forbesione 314
formyl azide 497
FR 901483 185
FR182877 518
fragmentation/rearrangement 95
Friedel–Craft alkylation 26
Friedel–Crafts-type cyclization 78
fullerene 387, 438
fully substituted arenes 69
functionalized furans 191
fungicides 331, 423, 501, 537
fungus Altenaria solani 49
fungus Cephalosporium aphidicolia 291
furanoindolines

– natural products 80
furanones 252
furans 393, 409, 545, see also dihydro-

furans and tetrahydrofurans
– tetrasubstituted 346

furfuryl alcohols 531
furopyridones 395

– furo[2,3-b]pyridones 410
furo[2,3-c]quinolines 554
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g
galactose 284
gambierol 1
Garcinia 314
(±)-genesine 326
geranylgeraniol 259
germanes 220
germanocrolids 313
(–)-gilbertine 39
glucosides 536
glutamate 499
L-glutamate analogues 69
glutamic amino acids 498
glycolaldehyde dimer 546
glycopyranosides 236
glycosidase inhibitors 508
glycosidic steroids 236
glycosylamines 570
2-glycosylaminopyridines 300
glyoxylic imines 57
gnididione 313
gold-induced reactions 480
Gram-positive bacteria 19
grayanotoxin 354
Green Chemistry 574
Grob fragmentation 95
growth regulator 227
Grubbs catalysts 440
guanidine aminal 561
guanidines 92
Guttiferane family 314
(±)-gymnomitrene 253

h
halenaquinone 386
halichlorine 103, 145
Haliclona 135
�-halo Baylis–Hillman products 59
α-haloalkyl-�-hydroxy ketone 58
ω-haloallenes 366
α-halomethyl 264
(−)-halosaline 441
hamigerans 351
Hantzsch multicomponent reactions

543
Heck/aldol domino reactions 383
Heck reaction 6, 359 ff., 362

– of allyl silanes 362
Heck reactions/mixed transforma-

tions 382
helicenes 287
heliophenanthrone 481
heme 3
hemiacetals

– bridged 510

heptacycles 519
heptacyclic ketone 259
herbicides 260, 468
Hermann–Beller catalyst 363
herpes simplex 92, 291
hetero Diels−Alder reactions 42, 142,

161 ff., 280 ff., 297 ff.
heteroarenes 21
heterobimetallic asymmetric catalysts 87
heterocycles 567

– bridged 163
N-heterocycles

– annulated 369
heterocyclic compounds 164

– steroids 181
1,5-hexadienes 448
hexahydropyrimidines 558
hexahydropyrrolo[2,3-b]indole alka-

loids 179
hexamethylditin 255
4-hexen-3-one 124
high pressure-induced domino reac-

tions 163, 566 ff.
hirsutine 171
(+)-hirsutene 401
histrionicotoxin 40

– (−)-histrionicotoxin 331
HIV protease inhibitors 168
homoallylic alcohols 398, 437

– (Z)-homoallylic alcohols 19
homoerythrina alkaloids 75, 128
homologations 259
homonucleosides 252
homosteroids 284
Horner−Wadsworth-Emmons (HWE)

domino reactions 89
Horner−Wadsworth-Emmons (HWE)

olefinations 177
(±)-horsfiline 227
Houben-Hoesch reactions 30
human leukozyte elastase 109
(−)-huperzine A 62
hydantocidin 260
hydantoins 125
hydrazones 567
1,2-hydride shift 34, 480
1,5-hydride shift 26, 42, 130, 222, 555
1,6-hydride shift 222
hydroamination 95, 483
hydroazulenes 78
hydroazulenone 14
hydroformylation/allylboration dom-

ino reactions 434
hydroformylation/Wittig olefination

domino reactions 431
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hydroformylations 359, 423, 431 ff.
hydroindolones 50
hydropalladation 405
hydrophenanthrenes 117
1,4-hydropyridines 543
α-hydroxy �-amino acids 544
hydroxy bicyclodecanes 160
hydroxy carbocycles 59
�-hydroxy carboxylic acids 86
�-hydroxy ketones 53, 503
�-hydroxy nitriles 504
hydroxy piperidines 178
hydroxy tetralines 538
N-hydroxylacridinediones 583
α-hydroxyaziridines 42
2-hydroxybenzophenones 295
�-hydroxybutenolides 125
4-hydroxybutynoates 51
4-hydroxycoumarins 165,168, 555
8-hydroxydeoxyvasicinone 584
hydroxyepoxides 42
hydroxyheptenselenoate 259
hydroxylamines 386
(hydroxymethyl)glutamate (HMG) 69
6-hydroxymethylrebouridines 261
α-hydroxynitrones 539
2-hydroxypyrano[3,2-c]quinolin-5-ones

137
hydroxypyridones 165
4-hydroxyquinolinones 165
4-hydroxy-4,5-dihydroisoxazoles 570
3-hydroxy-indan-1-ones 383
4-hydroxy-2-isoxazolines 504
5-hydroxy-1,3-keto esters 93
δ-hydroxy-α,�-unsaturated aldehydes

112
hydrozirconation 483
hypnophilin 320

– (±)-hypnophilin 156

i
IBX 501
Illicium tashiroi 71
imidazolethiones 323
imidazolidines organo catalysts 63
imidazolidinone catalysts 80
2-imidazolidones 569
imidazo[1,5-a]pyridines 179
imides

– o-azidobenzoic 497
o-imidoquinone 514
imidosulfoxides 145
iminium ion formation/aza-Cope/

imino aldol (Mannich) domino re-
actions 185

iminium ions 4
iminolactams 555
iminophosphoranes 92
immunosuppressant agents 390
In(OTf)3 20
InCl3 76
incrustoporin 544
indanes 36
indanones 23, 93, 330

– indium(III)-promoted synthe-
sis 508

indole alkaloids 118, 171, 300, 470
indoles 36, 133, 193, 393, 396, 433, 470

– 2,3-disubstituted 413
indolines

– 3,4-disubstituted 138
indolizidine alkaloids 426, 442
indolizidines 50, 158, 224, 435, 483
indolizines 93
11H-indolizino[1,2-b]quinolin-9-one

417
indolocarbazols 385
influenza virus A 172
inhibitors of the H+, K+-ATPase

enzyme 179
inositol phosphates 448
insect antifeedant 227
insecticides 292
�-iodo Baylis–Hillman adducts 112
17-iodoandrosta-16-ene 389
iodoazide 228
(Z)-3-iodocinnamic acids 395
iododieneyne 234
6-iodoglucopyranose 509
2-iodomethylcyclopropane 240
iodopyridones 257, 395
iodotetrahydrofurans 236
iodothiophenes 382
iodovinyl ketones 59
2-iodovinyldienolate 239
3-iodo-2-propenoic acids 393
ionic liquids 558, 584
Ipecacuanha alkaloids 173, 342
(−)-iricinianin 469
iron-induced reactions 482
isaindigotone 584
isochromenes 414
isobenzopyrylium cations 482
(−)-(R,S)-isoclavukerin A 78
(−)-isocorynantheol 118
isocyanates 92
isocyanides 6, 257, 543 ff.

– aryl isocyanides 255
– resin-bound carbonate con-

vertible isocyanides 550
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isocyanoacetamide 552
isogenine 236
isoindolinones 191
isomünchnone 145
isopinocamphenyl-9-borabicy-

clo[3.3.1]nonane 362
isopodophyllotoxone 55
(−)-isopulegol 170
isoquinolines 383, 410, 587
isothiocyanates 257 f.
(+)-isovelleral 26
isoxazolidines 176
isoxazolidinones 386
isoxazolines 176

– 2-isoxazolines 503
isoxazolones 162
(±)-iso-gymnomitrene 253
iso-indoles 410
iso-indoloisoquinolinones 325
italicene 65

j
(±)-jamtime N-oxide 188
jasmolactone 536
jasmonates 320
justicidin B 89
juvabione 286

k
α-kainic acids 133
(+)-kalkitoxin 71
Kampo 172
ketene acetals 87
ketenimines 307, 556
keteniminium cyclization 14
keteniminium ions 14
keto carbenoids 422
α-keto esters 62, 161, 170, 182
�-keto sulfoxide 114
ketones

– α,�-unsaturated 90
– �,γ-unsaturated 403

α-ketonitriles 170
keto-phosphonates

– from mannose 177
ketyl radicals 247
khusiman 330
kinetic resolution 539
Kirkpatrickia varialosa 92
Knoevenagel condensation 161, ff. 343
Knoevenagel condensation/Michael

addition/cyclization/hydrolysis
domino reactions 137

– /hetero-Diels−Alder domino
reactions 161, 569, 587

– /Michael domino reactions 93
– /Michael addition/cyclization

domino reactions 127
– /ene domino reactions 569

Knoevenagel/hetero-Diels−Alder
multicomponent reactions 543

kuehneromycins 573
(±)-kumausallene 12

l
�-lactam antibiotics 72
lactams 95, 127

– hydroxyalkyl 523
– �-lactams 184, 304 f., 545
– γ-lactams 194, 457, 549
– δ-lactams 107, 194
– 9-membered 549
– tricyclic 572

(S)-lactate 329
lactols 455
lactonamycin 65
lactones 455

– �-lactones 86 f., 307
– ε-lactones 63
– γ-lactones 142, 194, 393, 533

lanosterol 3
lanthanide catalysts 56
lanthanide-induced reactions 483
lasonolide A 225
(−)-lasubine 442
lateriflorone 314
Laurencia sesquiterpenes 12
lauroyl peroxide 269
LDP-977 133
lead letraacetate 515
lennoxamine 252
leporine A 165
leucascandrolide A 85
Lewis acids 558

– AlEt2Cl 49
– AlMeCl2 33
– B(C6F5)3 26
– BF3 · Et2O 33, 39
– Bi(OTf)3 112
– FeCl3 39
– In(OTf)3 20
– InCl3 76
– Ln(fod)3 41
– Sc(OTf)3 130
– TiBr4 59
– TiCl4 39, 59
– Yb (fod)3 302
– Yb(OTf)3 169, 234, 240
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lignans 409
limonin 349
Lindera umbellata 141
linderol A 141
lintenone 65
lipases 531

– Candida antarctica (CALB) 538
lithium 1-(dimethylamino)naph-

thalenide (LDMAN) 102
litseaverticillol B 302
(−)-lochneridine 148
loganin 341
luminacins 196
Lycopodium alkaloids 226, 230 f.
(+)-γ-lycorane 294
lyophilized cells 535, 539
lysergic acids 225

m
mackinazolinone 584
macrocycles 397, 389, 545, 518
macrocyclization/transannular cycli-

zation domino reactions 253
Macrocystidia cucumis 307
macrolactone 225
macrolides 85, 289
Mannich reactions 4

– multicomponent reactions 543
mannitol 504
manzamine 388

– manzamine A 135
mappicine 230, 417

– ketone 256
– (S)-mappicine 256

marasmanes 573
– scaffold 26

marine alkaloids 90
marine natural products 560
marine polypropionates 69
marine tunicate metabolite 395
(±)-matrine 268 f.
medium ring lactones 478
medium-sized carbocycles 95
Meinwald rearrangement 533
Meldrum’s acids 161, 587
melicobisquinolones activities 579
9-membered ring systems 96
(+)-(1R,2S,5R)-menthol 168
mercapto alcohols 197
Merrifield resin 570
meso-epoxy diester 533
metallo-ene-reactions 330
metathesis 359, 439 ff.
methylaluminum dichloride 33
O-methylapigravin 190

α-methylenecyclopentenones 110
methylenecyclopropyl-cyclohexanone

267
methylenetetrahydrofurans 76
1-O-methylforbesione 314
methylmalonates 53
(5R)-5-methyloxy-2,5-dihydrofuran-2-

one 345
MgI2 59
Michael addition 78

– domino reactions 73
Michael addition/electrophilic trap-

ping domino reactions 103
Michael addition/2-oxonia Cope/aldol

domino reactions 190
Michael addition/SN-type domino

reactions 104
Michael/aldol addition domino reac-

tions 51 ff.
– /aldol/Michael/aldol domino

reactions 135
– /Dieckmann domino reactions

65 ff.
– /Friedel-Crafts domino reac-

tions 78
– /iminium ion cyclization

domino reactions 107
– /Knoevenagel domino reac-

tions 75
– /Simmons-Smith domino

reactions 78
– /Wittig domino reactions 78

Michael multicomponent reactions
543

Michler’s ketone 345
micro reactor 585
microwave irradiation 318, 577
microwave-assisted domino reactions

578 ff.
migrations, see also hydride shift

– 1,2-methyl 34
– 1,2 ring-expansion 426, 516

mikanecic acids 142
mikanoidine 142
mitosis 559
mitotic kinesin Eg5 560
Mn(OAc)3-mediated cyclization 234
Mn/Sn sequence 73
(±)-modhephene 231, 252
molybdenum-induced reactions 476
monamycin D1 71
monastrol 559
monoterpene alkaloids 194
monoterpenes 536
monoterpenoic indole alkaloids 342
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Morita−Baylis−Hillman acetates 81
– cyclization 291 f.

(−)-morphine 116
morpholin-2-ones 546
morpholines 96, 501, 513
morpholino compounds 548
motuporin 551
Mukaiyama aldol/lactonization

domino reactions 87
Mukaiyama aldol reaction 431
Mukaiyama/aldol domino reactions

53
multicomponent enantioselective

domino reactions 561
multicomponent reactions (MCR) 5,

542 ff.
– classifications 542
– type I, II, III 542

multicyclization 460
multidrug transporter 78
multienzyme complexes 529
multifloroside 536
münchnone 305
mycalamide A 422
mycophenolic acids 69
mycotioxins 34, 120

n
naphthalenes 65
naphthol methylester 533
naphtopyrandione 107
naphthoquinones 65
[1,8]naphthyridines 75
napyradiomycin A1 65
natural products with py-

ranoquinolinone skeleton 580
Nazarov reaction 23, 39, 308, 482

– [2+5], [4+3] (Nazarov) domino
reactions 280

neophyl rearrangements 230
(−)-neplanocin A 60
neurite growth 514
neuromuscular blocking agents 179
neurotoxicity 537
neurotoxins

– (−)-pumiliotoxin C 374
nickelacycles 466
nickel-catalyzed domino reactions 465
nitrilium cations 585
nitroacetate

– polymer-bound 570
1,3-nitrocyclohexadienes 285
nitrocyclohexanols 577
nitrocyclohexen 566
nitrones 305

3-nitropyrrolidines 95
nitroso acetals 303, 566
nitro-aldol domino processes 87
1-nitro-1-cyclohexene 51
NK1 antagonist 27
Normant cuprates 72
Norrish−Yang reaction 348
nor-triterpenes 33
nothapodytines 230

o
octahydro-phenylanthracene 337
octahydroacridines 181
octahydrobenzofurans 51
1,3,5,7-octatetraene 155
okinonellin B 87
olefin polycyclization 23
oligotetrahydrofurans 16
omniopetals F 573
ondoloquinolizidines 173
Oppenauer oxidation/Micheal addi-

tion/Meerwein−Ponndorf−Verley
reduction domino reactions 512

organocatalysts 561
organosamarium species 159
orthoformate 77
orthoquinonedimethanes 326
oxabenzonorbornadienes 469
2-oxabicyclo[2.2.1]heptan-6-ones 341
6-oxabicyclo[3.2.0]hept-2-ene-1,4-diols

341
7-oxabicyclo[2.2.1]heptenes 531
1,3-oxabutadienes 161
oxacycles

– annulated 377
1,3,4-oxadiazoles 300
oxaheterocycles 406
oxallyllic zwitterions 341
oxalthiolanes 165
oxataxanes 308
4-oxatricyclo[4.3.1.0]decan-2-one 314
oxazoles 554 f.
oxazolidines 70, 177

– annulated 234
oxazolidinone radicals 233
oxazoline 550
oxazoline-5-carboxylates 73
1,3-oxazolium-5-olates 305
oxazolo[4,5-c]isoxazoles 150
oxa-Cope rearrangement 280 ff.
oxa-pentacycles 519
oxa-tetracycles 509, 514
oxepanes 16, 348
oxepins 348
oxetanes 120
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oxidation/6π-electrocyclization/(het-
ero)-Diels−Alder domino reactions
520

– /nitroaldol/1,3-dipolar cycload-
dition domino reactions 570

– /twofold transannular Diels−
Alder domino reactions 518

oxidative cleavage/bis-hetero-Diels−
Alder domino reactions 516

– dearomatization/transannular
Diels−Alder domino reactions
514

oxidative domino processes 494 ff.
– /pericyclic/pericyclic domino

processes 518
(S)-2,3-oxidosqualene 3
oximes 94
α-oximinoamides 552
oxiranes 125
oxiranylmethyl radical 222
oxocarbocyclic esters 161
oxonitriles, cyclic 500
oxophorone 49
oxosulfonium ylides 124
1-oxo-2-oxa-5-azaspiro[3.4]octanes 86

– dianionic 320, 323
oxycyclopropyl radicals 264
oxygenated cyclopentanes 247
oxygen-bridged terpenoids 96
oxy-Cope/Claisen/ene domino reac-

tions 318
oxy-Cope rearrangements 149, 156, 182
ozonolysis 20

p

P388 murine leukaemia cells 92
paclitaxel 532
(±)-paesslerin A 291
pagodane 280
palladacene 362
palladium-catalyzed transformations

360 ff.
palytoxin 1
panaxytriol 537
panclicin D 87
panepophenanthrin 388
(+)-paniculatine 226
paniculide 289
Panus radus 388
(R)-pantolactone 429
paracyclophanes 280
parallel synthesis 585
Passerini multicomponent reactions

543

Paterno−Büchi reaction 346
Pauson−Khand reaction 307, 438,

453, 458
– multicomponent reactions 543

Pauson−Khand/Diels−Alder domino
reactions 460

Pd-catalyzed cycloisomerizations 361
– of enynes 361
– of allenes 361

Pd(II)-catalyzed transformations
417 ff.

Pd/Cr Nozaki−Hiyama−Kishi domino
reactions 382

Pd/In Barbier-type allylation domino
reactions 382

Pectinophora gossypiella 121
Pelina 135
penicililin G acylase 533
penitrem D 98
pentacyclic compounds 479

– carbocycles 389
– carbonylylides 423
– diazo 423
– nor-triterpenes 33

pentacyclization 406
4-pentynoic acids 459
peptide nucleic acids 551
peptidoleukotriene antagonists 78
peptide-like compounds 6
perfluoroalkyl groups 188
perhydrindoles 292
perhydrohistrionicotoxin 40, 94
perhydroquinoline 374
pericyclic domino processes 280 ff.
perophoramidine 375
perruthenate 434
Pestalotiopsis microspora 521
PET 344
Petasis multicomponent reactions

543
(+)-α-phellandrene 170
phenanthrene 337
phenanthrenes sulfones

– α,�-unsaturated 376
phenoxazines 513
phenyl benzoxazoles 471
phenyl boronic acids 6
phenyl isopropyl ketone 475
phenylacetylene 396
E,E,Z,E-phenyloctatetraene 392
phenylselenium compounds 220
phenylthio compounds 220
8-phenyl-methyl esters 78
pheromones 535
PhCu(CN)ZnBr copper catalysts 110
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Philip Triolefin Process 441
phosphatase inhibitors 551
phosphazene 179, 548
phosphinoyl-elimination 246
phosphino-oxazolines 374
α-phosphonatoalkanoic acids 544
5-phosphono-substituted dihydropy-

rans 175
phosphoroamidites, chiral 470
photochemical domino reactions

353
– /Wolff/Cope domino reactions

353
– [2+2] cycloaddition/retroaldol

domino reactions 341
photochemical/anionic domino

processes 339
– /pericyclic domino processes

350
photochemically induced domino

processes 337 ff.
photoenolization 351
photoinduced domino processes 340

– electrocyclization/nucleophilic
addition domino processes
340

photoinduced electron transfer 337
phrynaminol 179
phthalide derivates 468
phyllocladane 458
phytoalexin

– properties 168
picropodophyllone 55
Pictet–Spengler cyclization 48

– reactions 100, 118, 130
pinacol rearrangements 12, 15, 36,

40
– domino reactions 12

pinacolborane 397
pine sawfly sex pheromones 512
α-pinene 445
pink bollworm 121
pipecolic acids 547 f.
piperazines 96
piperazinones 194, 505
piperidine alkaloids 441
piperidines 75, 586
piperidones 375
pityol 535
plant growth-regulator 260
plants

– monocotyledonous 99
platinum-induced reactions 480 ff.
PLE 533
plicadin 393

PNAs 551
podophyllotoxin 55, 110, 351, 399

– aza analogues 128
Pogonopus speciosus 174
polyaniline-bismoclite complexes 558
polycyclic compounds 404

– ethers 16
polycyclization 339
polyene macrolide antibiotics 120
polyether natural products 522
polyethers 445, 523
polyethylene glycol 573
polyfunctionalized cyclohexenes 561
polyheterocyclic ring systems 283
polyhydroxy dihydropyrans 164
polyhydroxylated carbocycles 448

– cyclopentanes 523
polyketide terpenes 170
polyketide-derived natural products

435
polymer-supported nitrite 504
polyols 435
polyoxacyclization 33
polyquinanes 186
polystyrene-bound palladium cata-

lysts 451
polytetrahydrofurans 141, 535
porphobilinogen 3, 539
porphyrines 539
precorrin-5 539
prelunularin 85
6-prenylcoumarins 190
2-prenyloxybenzaldehydes 325
(−)-preussin 280, 313
previtamin D3 448
Prins cyclization 12, 14

– pinacol rearrangement dom-
ino reactions 12

Prins reactions 36, 40, 83, 137, 320
progesterone 3
proline 547

– organo catalysts 63
– (S)-proline 349

propellane sesquiterpens 252
[3.3.3]propellanes 231
propynylcyclobutanols 401
prostaglandins

– prostaglandin F2 6
– prostaglandin F2á 243

pseudoglycal 420
pseudolaric acids 184, 423
Pseudolarix kaempferi Gordon

(Pinaceae) 423
Pseudomonas aeruginosa, lipase from 531
pseudonomic C acids 19
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– analogues 330
pseudophrynamines 179
pseudopterosin A 514
pseudoyohimbane 118
Psorelia plicata 393
Psychotria ipecacuanha 174
psychotropic activities 579
Pterula sp 82168 species 83
(Z)-pterulinic acids 83
(R)-pulegone 234
pumiliotoxin C 146
Pummerer rearrangement/[4+3]cy-

cloaddidtion domino reactions
184

Pummerer-type reaction 295, 325
– rearrangements 145

punaglandins 190
pybox ligands 242
pyrano[2,3-b]chromone 578
pyrano[2,3-c]coumarin 165, 578
pyranopyrans 142
pyranoquinoline 578
pyranoquinolinones 165
pyrans 94

– 2H-pyrans 520
pyran-4-ones 341
pyrazolones 162
pyridines

– annulated 62
pyrido[1,2-α]azepines 344
pyridones 145, 395
pyridopyrrolopyrimidines 92
pyridothienopyridazines 179
pyrimidines 300, 552, 560, 580

– annulated 323
pyrimidine-thiones 559
pyrimidones

– cyclobutene annulated 135
pyrimidothienopyridazines 180
pyrolines 382

– 2,3-pyrolines 426
pyrones 442
pyrroles 306, 385, 412, 575

– annulated 164
pyrrolidines 28, 75, 99, 158, 177, 408,

426, 586
– cis-substituted 89
– 3-methylene 193
– nitro 133

pyrrolidinones 375, 410, 447
(S)-1-(2-pyrrolidinylmethyl)-pyr-

rolidine 93
pyrrolines 301, 370
pyrrolizidine alkaloids 176
pyrrolizidines 265, 483

pyrroloindolines
– natural products 80

pyrrolo[2,1-a]isoindol-5-one 584
– [3,2-e]benzoxazole 503
– [3,2-c]coumarins 519
– [3,2-c]pyrazolones 191
– [3,4-b]pyridines 554
– [3.2-b]pyrrol-2,5-diones 94
– [2,1-b]quinazolines 496, 584
– [2,3-b]quinoxalines 473

pyrroloisoquinolones 292
pyrrolones 457
pyrrolopyrimidines 554
pyrroloquinoline alkaloids 230, 342
pyruvate 170

q
quinamines 50, 104
o-quinodimethanes 350, 458
quinoline carbaldehyde 194
quinolines 139, 501

– annulated 308
– 2,4-disubstituted 75

quinoline-2-(1H)-ones 548
quinolizidines 50, 344, 483
quinolones 411
o-quinomethide 182
quinone compounds

– epoxides 521
– imines 555
– methide 533

o-quinone methide imines 272
p-quinone monoimide 313 503
quinones 313

– o-quinones 531
quinoxalines 470, 473
quinozilidine alkaloids 442

r
racemization of allylic alcohols
− ruthenium catalysts 539
rac-homosilatecans 257
[4+1]-radical annulation 255
radical cations 337 ff.
radical domino processes 219 ff.

– /anionic domino processes 224 ff.
– /cationic domino processes

223 ff.
– cyclization/Beckwith−Dowd

rearrangement domino reac-
tions 264

– /pericyclic domino processes
275 ff.

– /radical domino processes 225 ff.
radical reactions
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– cyclizations 221
– degradative fragmentations

221
– fragmentations 221
– 1,2-group migrations 221
– intramolecular hydrogen ab-

stractions 221
– substitutions 221

radicicol 289
Radix ipecacuanha 174
RAMP 51
N-Ras lipopeptides 533
rearrangement/cyclopropanantion

domino reactions 26
rebeccamycin 385
reductive aminations 48
reductive amination/lactamization

domino reactions 194
reductive domino processes 494 ff.

– /pericyclic/pericyclic domino
processes 518

resin 570
resistance

– multidrug 390
retigeranic acids 354
retrojusticidin B 89
retro-aldol/Michael domino reactions 88
retro-Diels−Alder reactions 289
retro-electrocyclizations 469
retro-pericyclic reactions 330 ff.
retro-Prins reaction 291
Rh-carbenes, cycloadditons of 422
rhenium(VII) reagents 522
Rhizopus delemar, lipase from 532
Rhodococcus erythropolis NCIMB

11540 535
ribasine 423
ribavirin 172
ribonucleotide reductases 252
D-ribose 165
ring-closing metathesis 440 ff.
ring closure

– 5-exo-trig 132
– transannular 186

ring-contraction 14
ring-expansion 426

– Beckwith−Dowd 264
– oxy-Cope 186

ring-opening
– 4π conrotatory 372

ring-opening metathesis 440
Ritter reactions 28, 30
Robinson annulation 48, 63, 269
rocaglamides 141
rofecoxib 197

rollidecins 522
roquefortine 179
rosmarinecines

– (+)-rosmarinecine 176
– (−)-rosmarinecine 331, 539

round trip radical reactions 253
roxaticin 120
(+)-royleanone 287
rubrolides 395
Ru(salen)-complexes 458
ruthenium catalysts 539

– chiral 457
ruthenium-catalyzed transformations

439 ff.
ruthenium(II)porphyrins 425

s
S-8921 65
Sakurai reactions 19
salicylates 114
salicylic aldehydes 75, 81
samarium(II) iodide 42, 224, 266,

523
SAMP/RAMP-hydrazones 95
Sarracine 142
Savia wiedemannii 318
Sc(OTf)3 130
Schmidt rearrangements 75, 291
Schrock Mo-complex 440, 477
schweinfurthin B 17
scopadulcic acids 362
secodaphniphylline 153
secoestrone aldehydes 181
secoiridoids 536
secologanin 194, 342
selenoamines 159
semipinacol rearrangement/reduc-

tion 42
semipinacol-Tishchenko reduction 42
sensitizer 337, 346
sequiterpenes 12, 313, 319, 330

– drimane 573
– triquinane 320

D-serine 70
SET see single electron transfer
Shell Higher Olefin Process 441
sigmatropic rearrangements 280 ff.,

313 ff.
– 2,3-rearrangements 280 ff.,

287, 458
– [3+3] rearrangements 280 ff.

silaformylation 435
silanes 220
silastannylation/allyl addition dom-

ino reactions 397
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silastannylations 397
sila-ene reaction 343
silica aerogel-iron oxide nanocom-

posites 558
silphenes 354
α-silyl radicals 268
silyldithioacetals 120
�-sinesal 313
single electron transfer 156 ff., 223
SmI2 159, 196, 246, 328
SmI2 Barbier-type cyclization 95
SmI2(THf)2 53
SnBr4 25
SnCl4 25
SNF4435C 390, 393
SN/SN domino reactions 81
SN sequence domino reactions 73
solanapyrones 49
solid phase 585
solid-phase-supported domino reac-

tions 569 ff.
solid-state synthesis 575
solvent-free domino reactions 574 ff.
Sonogashira reactions 359 ff., 393 ff.
Sonogashira/Castro−Stephens dom-

ino reactions 393
sorbinils 79
sorbyl alcohols 320
Sordaria araneosa 331
sordaricin 331
sordarin 331
spectabilin 393
spinosyns 292
spiranones 184
spirocyclic compounds 16, 261

– ethers 223
– indoles 148, 228, 373
– keto esters 75
– ketones 175, 250
– lactones 110
– piperidines 145, 148

spiro[5,5]undecane-1,5,9-triones 175
spirocyclopropanes 73
spirocyclopropyl ethers 159
spirolactonedienones 510
spironucleosides 260 ff.
spiropyrrolidines 158
spiropyrrolidinyloxindole 227
sponges 135
squalene synthase 227
squarates 155

– ethers 320
stachyflin 33
stannanes 220
Staphylococcus aureus 19

Staudinger reduction 548
Staudinger/aza-Wittig domino reac-

tions 497
stemona alkaloids 98, 295
Stemona japonica 99
(−)-stemonine 99, 497
stenine 295
steroid alkaloids 130
steroids 184, 345, 409, 458
Stichoneuron 99
Stille/Diels−Alder domino reactions 388

– /Friedel−Crafts 368
– /metathesis domino reactions

382
– /Tsuji−Trost/1,3-dipolar cy-

cloaddition domino reactions
382

Stille/1,3-dipolar cycloaddition dom-
ino reactions 390

– /electrocyclization domino re-
actions 390

Stille reactions 359 ff., 388 ff.
Strecker multicomponent reactions

543
Streptomyces spectabilis 390
Streptomyces sp. FCC008 537
Streptomyces sp. S-11106 328
(−)-strychnine 148, 508
stypoldione 246, 339
styrenes 191
subergorgic acids 354
suberosin 190
substance libraries 5, 569 ff.
5-substituted cyclohexanols 107
successive cycloadditions domino re-

actions 280
succindialdehydes 114
sulfamidation 458
sulfenamides 236
sulfenium ions 325
sulfoxide elimination 287
sulfoxides 287
Suzuki reactions 359 ff., 386 ff.
(−)-swainsonine 442
syn-elimination 114
µSYNTAS 584

t
TADDOL 195
Tamao oxidation 263, 435
tamoxifen 372
TAN-1085 328
tanabalin 121
tandem reactions definition 2
tangutorine 108
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(+)-tanikolide 501
tashironin 514
tautomerizations tetracyclic com-

pounds 31
taxane 234, 280
Taxol 23
Tebbe reagent 439
TEMPO 156, 525
terpenes 246

– as substrates 445
terpenoid dicarboxylic acids 142
terpenoids 234
γ-terpinene 170
α-terpineol 170
tetracenomycin 65
tetracyclic compounds 460

– bridged 303
– pyrrolizidines 236
– tetrahydroimidazol[1,2-a]in-

doles 31
tetracyclic heterocycles 567
tetracyclization 260
tetracycloundecadienes 353
tetraenes 282
tetrahydroesterastin 86
tetrahydrofuranones 574
tetrahydrofurans 94, 408, 535, 538

– annulated 246, 455
– 2,5-disubstituted 133

tetrahydrofurobenzofurans 433
tetrahydroisoquinoline alkaloids 173
tetrahydroisoquinaline 130
tetrahydroisoquinolines 95
tetrahydrolipstatin 86
tetrahydronaphthalene lignans 230
tetrahydrooxepins 348, 442
tetrahydropyranes 17, 19, 190, 225,

328, 422, 442,
– annulated 20
– diacetoxy 20

tetrahydropyran-4-ones 93
tetrahydropyridines 442
tetrahydropyrrolo[2,3-b]indoles tet-

racyclic compounds 31
tetrahydroquinolines 112, 142, 144,

182
– nitroarenes 507
– 1,2,3,4-tetrahydroquinolines 573

tetrahydroxanthenes 75
tetrahydro-�-carbolines 130, 144
tetrahydro-2H-chromans 114
tetraketones 510
tetralines 350
2-tetralones 75
tetraquinanes 106

tetrasubstituted alkenes 362, 372, 390
– cyclohexanols 63, 69
– pyridines 76

tetronates 581
tetronic acids 125
1,3-thiazines 575
thiazolines 547
thialzoline-4-carboxylates 73
[1,3]-thienyl migrations 190
thiiranes 304
thio carbocycles 59
thio esters

– �-thio esters 567
– α,�-unsaturated 123

�-thio nitriles 567
thiocarboxamides 73
thiocyanates 323
thionocarbonates 230
thiophenol 106
thiopyridylsilylketenes 86
α-thio-�-amino carboxylates 499
Thorpe−Ingold effect 435
TiBr4 59
TiCl4 39, 59
TiCl4/(nBu4)NI 59
titanium-induced reactions 477
titanocene-complexes 244
TMS ester enolates 53
TMSI 59
(TMS)3SiH 261
α-tocopherol 78
toddaculin 190
o-toluamides 95
[(S)R]-p-[(p-tolylsulfinyl)methyl]qui-

namines 104
torreyanic acids 521
transannular cyclization/ring contrac-

tion domino reactions 96
transannular Dieckmann cyclization

188
transannular Diels−Alder reaction

291, 514
transetherification 142
transition metal-catalyzed domino re-

actions 359
transition states

– endo-E-syn 163
– exo-Z-syn 163
– exo-E-trans 163

(±)-transkumausyne 12
trans-bis(tributylstannyl)ethylene 380
trans-1,2-dibenzoylethene 575
trans-�-lactones 87
1,2,4-triazolo[1,5-c]quinazoline-5[6H]-

thiones 125

Subject Index



616

triazoloquinolines quinazolines 125
tricyclic aza-compounds 182
tricyclic bisacylal 515
tricyclic carbocycles 388
tricyclic compounds 339, 404, 445,

453 ff., 482
– alcohols 40
– angulary fused 13
– annulated 454
– diterpenes 95, 448
– guanacastepene A 448
– lactams 421
– δ-lactones 460

tricyclic indoles 225
– derivatives 21

tricyclo[4.4.4.04a,8a]tetradecane 315
– [6.2.2.0]dodecanes 107
– [3.2.1.0]octane 104
– [3.3.1.0]octenes 104
– [5.3.1.0]undecanes 107

tridachiahydropyrone 69
1,5,9-triepoxides 16 f., 33
trifluoroacetanilides 385
trihydroxydecipiadiene 65
1,5,9-triketones 579
trimethoxybenzaldehyde 56
trimethylsilyl phenyl telluride 242
trimethylsilyloxyfurans 81

– 2-trimethylsilyloxyfuran 104
1,3,5-triols 120
triphenylarsine co-ligands 387
triphenylchloroacetonylphospohorane 81
(+)-triptocallol 234
triquinacenes 86
triquinane 156, 252, 263, 354, 383,

467, 460
tristetrahydrofuran 141
tris(trimethylsilyl)silane 256
trisubstituted cyclopentenes 340
trisubstituted cyclopentenones 86
trisubstituted 3-pyridineacarboxylic

acid esters 581
tropane 429
tropinone 3, 543
tryptamine 80

– derivates 478
Tsuji−Trost reactions 6, 359 ff., 398 ff.
tubulosine 171

– indole 172
tujinpi chinese medicine 423
tungsten-induced reactions 475
tyrosinase 530

u
ubiquitin-activating enzyme 388
Ugi reactions 6, 571
Ugi-MCRs 546
Ullmannn coupling 468
Uncaria rhynchophylla MIQ 172
untenone A 116
uroporphyrinogen 3

– uroporphyrinogen III 539

v
valeriananoid A 49
variolin B 90, 92
various cyclic products 411
(−)-vasicinone 496 f.
vindoline 300

– (±)-vindoline 230
vinigrol 315
vinyl lithium compounds 155
vinyl silanes 265
vinylcyclohexadienes 470
vinylcyclopropanes 354
vinyldiazoacetate 427
vinylsilane 298
vinyltributyltin 389
Vioxx® 197
Virgaria nigra 315
(±)-viridin 326
vitamins

– B12 3
– D3 50, 411, 448
– E 5, 417

w
Wacker reactions 359 ff., 417
Wagner−Meerwein rearrangements

31, 303
waihoensene 106
Wang resin 574
warfarin 168
wiedemannic acids 318
Williams ether/Wittig domino reac-

tions 81
(+)-wistarin 469
Wittig olefinations 177
[2,3]-Wittig rearrangements 182

x
xanthates 268
xanthenes 17
xanthone 314
xerulin 393
(+)-xestoquinone 362
xyloketals 77
xylostosidine 194
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y
Yb(fod)3 302
Yb(OTF)3 169, 234, 240
yingzhaosu A 270
yne-allenes 251
ynolates 95
ynones 59
yohimbane 118

Subject Index

z
Zimmerman-Traxler transition state
55, 63
zipper strategy radical reactions 253
zirconacycle 470
zirconium-induced reactions 482
zizaen 330
zwitterionic compounds 96




