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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 Frommel, Martina Pretor, Sabine Schacht and
especially Katja Schifer 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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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.

Gottingen, 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.

MesSi  OMOM MesSi  OMOM OH

0-1 0-3 (40-45%) Chlorothricolide (0-4)

0.0
a) Bu=— 1 (R)-0-2, 1 M toluene, 120 °C, 20 h, BHT.
O

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 B, [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 Willstitter [14], Robinson [15] described a domino process (which was
later improved by Schépf [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).

O‘l S~ H
‘><\ 7 R Enzyme

(S)-2,3-Oxidosqualene (0-5) Lanosterol (0-6)

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



4 | Introduction

(o}

O)J\O
[

] FsCCOzH, 0°C, 3 h
= 71%

71% KoCO3, HoO

1) O3
2) 5% KOH

80%

Progesterone (0-10)

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

R A hydroxymethylbilan-synthase
7 cosynthase

Iz

NH
2 A A

P P

Porphobilinogen (0-11) Uroporphyrinogen 11l (0-12)

A = —~CH,~CO,H
P = —(CHy),—CO,H

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

CO.H M
CHO N
[ +  HoN-Me + 0 .
CHO
CO.H @)
0-13 0-14 0-15 Tropinone (0-16)

Scheme 0.5. Domino process for the synthesis of 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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1) Swern oxid. 0
2) NH3
3) HOAc O steps o)
47% / HN- N
0-18 Daphnilactone A (0-19)

Scheme 0.6. Total synthesis of the daphnilactone A.

Pd( OCOCF3)2L2 RO
H\ OR  84%, ec96%
0-21

0-22 0-23

*: (S,9)-iPr-BOXAX (0-24) Vitamin E (0-24)

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

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 Pd!-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

5
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O Re
N 3
R'—CHO + R?*-NH, + R°—CO,H + R*NC —— R4N)K'/ \H/R
H 1
R" O
0-25 0-26 0-27 0-28 0-29

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

R O O R O O
P 0
OAc —d>
I
0-30a: R=H 0-31a (23%)
0-30b: R = OMe 0-31b (89%)

Scheme 0.9. Pd-catalyzed domino reaction.

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 Pd°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 F,,, as described by the Stork group [20]. A key step here is the radical
transformation of the iodo compound 0-32 using nBu;SnH formed in situ from
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Scheme 0.10. Radical reaction in the synthesis of prostaglandine Fy,.
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Scheme 0.11. Twofold Michael reaction in the synthesis of valeriananoid A.

nBu;SnCl and NaBH;CN 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

7
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Table 0.1 A classification of domino reactions.

I. Transformation 1l. Transformation 11l. 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

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 nBu;SnH follow a typical radical pathway,
whereas reactions of a carbonyl compound with SmI, 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.
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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 Bregnsted 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 Brgnsted 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 Bregnsted 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

1
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x -x°

Scheme 1.1. General scheme of a cationic-cationic domino process.

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
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Scheme 1.3. Domino Prins/pinacol rearrangement process.

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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Scheme 1.4. Synthesis of annulated tricyclic compounds.
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Scheme 1.5. Ring-enlarging cyclopentene annulation.
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Scheme 1.6. Synthesis of cyclopentylcyclohexanes.

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-



