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I. Introduction

This review is not intended to provide an in-depth
coverage of every cascade reaction, but will highlight
relevant reactions where appropriate. General refer-
ences to excellent earlier reviews in the area of
cascade reactions will provide the reader with supple-
mentary material. We will endeavor to recognize
major contributions from other groups; however, it
is not possible in the scope of this review to include
all relevant work.
Modern synthetic design demands high efficiency

in terms of minimization of synthetic steps together
with maximization of complexity.1 The disconnection
approach2 to synthesis design offers an analysis of
complexity change corresponding to each bond dis-
connection. The result of breaking a bond or bonds
leading to the greatest decrease in structural com-
plexity usually defines the shortest synthetic route.
An excellent example of one reaction which maxi-
mizes complexity with maximum efficiency is the
arene/alkene photoaddition discovered simultaneously
by Bryce-Smith, Gilbert, and Orger at Reading and
Wilzbach and Kaplan at Chicago in 1966.3 Paul
Wender and his colleagues at Stanford4 have devel-

oped the intramolecular variant of this reaction in
an exceedingly elegant fashion (Scheme 1) and in

very few steps converted the photoadducts 2 and 3
into (()-R-cedrene (4). In the key photoaddition step
one observes a dramatic increase in molecular com-
plexity.
A cascade sequence can also lead to an increase in

molecular complexity by combining a series of reac-
tions in one synthetic operation.5,6 The possibility of
designing a “one-pot” sequence for the construction
of highly complex molecules is a major driving force
for our research program. This review compiles our
findings in the general area of cascade reactions
together with relevant work from other laboratories.
The plan here will be to highlight areas of brevity in
organic synthesis concentrating on useful methodol-
ogy for the construction of biologically important
natural substances. We will also highlight our
unexpected chemical findings and discuss solutions
to synthetic problems when the tandem reactions
failed.

II. Cycloaddition Sequences to Selected Natural
Products

(With reference to radical and anionic methods in
relevant cases)

A. Morphine
The alkaloid morphine (5) was isolated in 1805 by

Sertürner,7 and the first total synthesis was com-
pleted in 1955 by Gates and Tschudi.8 Since then
interest in the development of new and clean anal-
gesics9 led us to consider novel ways of constructing
morphine and its analogues.

Scheme 1
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Our program of novel strategy and chemical meth-
odology began in the late 1970s, under the direction
of Malcolm Chandler10 and was subsequently con-
tinued by Ian Matthews,11 Grant Spoors,12 Charles
Ellwood13 and Adrian Shell.14
The initial plan relied on a tandem oxime alkyla-

tion/cycloaddition sequence as shown in Scheme 2.
Our idea was to alkylate the oxime (6), thus

forming a nitrone which would perform an intramo-
lecular [2 + 3] dipolar cycloaddition in “one pot” to
give the basic morphinan skeleton (7). Although the
original idea failed this strategy led to a concise
synthetic plan for the construction of morphine (5)
(Scheme 3).10-13

Scheme 2

Scheme 3
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The enone 8, obtained by Grignard methodology,
was reduced under Luche conditions, and the result-
ing allylic alcohol was subjected to an Eschenmoser-
Claisen rearrangement.15 This rapidly assembled the
key quaternary center in 9 for our synthesis of
morphine. Oxidative cleavage of the monosubsti-
tuted double bond, followed by treatment with N-
methylhydroxylamine formed the nitrone 10, which
spontaneously cyclized to give the isoxazolidine 11.
Hydrogenation of 11 resulted in cleavage of the N-O
bond and the benzyl group to give an amino diol. The
HCl salt of the amino diol cyclized in vacuo to give a
cyclic amide, which on treatment with nitrophenyl-
selenyl cyanide and tributylphosphine gave an in-
termediate selenide which was not isolated, but was
oxidized in situ to give the enone 12. A carbene-
mediated cyclization followed by reduction gave 5
albeit in low yield.
An alternative scheme involved the use of an

intramolecular Diels-Alder16 reaction as a key step
(Scheme 4).

This mirrors the work of Ciganek,17 who investi-
gated a tandem Diels-Alder/retro-Diels-Alder strat-
egy for the construction of morphine analogues
(Scheme 5).

Other tandem approaches to morphine include the
work of Parker18 and Fuchs.19 Parker18 (Scheme 6)

demonstrates the elegance of tandem radical cycliza-
tion reactions and in one step creates two rings.
Fuchs19 published a related strategy, based on a
tandem anionic sequence which again formed two
rings in one simple operation (Scheme 7).

B. Histrionicotoxin
Continuing our interest in tandem cycloaddition

reactions, we developed a novel sequence for the
construction of the potent neurotoxin histrionicotoxin
(13). Elizabeth Tyrrell’s20 original work (outlined in
Scheme 8) was extended by Richard Angell21 and
Alan Cornell22 with a view to completing a total
synthesis of the natural product.

The key step involves the addition of an oxime to
an electron-poor double bond; a reaction which has
been extensively studied.23,24
Selective cleavage of the cyclopentenyl double bond

in the unsaturated ester 14 provided the ketoalde-
hyde 15, which underwent a chromium-mediated
selective nucleophilic addition to the aldehyde car-
bonyl giving the cyclization precursor 16. Reaction
of 16 with hydroxylamine-initiated a tandem cascade
sequence involving an addition/cyclization reaction
which resulted in the formation of the isoxazolidine
18. Although 18 was only formed in 25% yield, the
efficiency of bond formation was high with four new

Scheme 7

Scheme 8

Scheme 4

Scheme 5

Scheme 6
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bonds formed in one pot. Reductive cleavage of the
isoxazolidine ring produced the histrionicotoxin skel-
eton (19).
If the key cyclization reaction was performed using

the unprotected secondary alcohol 20, a one-step
Michael addition/cyclization/fragmentation reaction
occurred; the first example of such a tandem se-
quence (Scheme 9).

The dual role of silicon to direct regiochemistry in
the nitrone addition and to act as a feeble proton was
pivotal in this tandem sequence.
Two total syntheses of histrionicotoxin have been

reported by Kishi25 and Stork.26 Stork’s enantiose-
lective synthesis26 (Scheme 10) incorporates a tandem

anionic sequence in the formation of one of the
spirocyclic rings. The chiral lactone generated is
beautifully set up for nitrogen incorporation utilizing
Curtius methodology.

C. Aspidospermidine
We embarked on a synthesis of aspidospermidine

(22) with Andrew Sharpe27 using a strategy which
involved a tandem Michael addition/elimination/
cycloaddition sequence for the construction of the
tricyclic ketone 25. Our intention was to elaborate
25 to aspidospermidine (22) using a Fischer indole
sequence 28 (Scheme 11).

All attempts at the “one-pot” tandem sequence
failed to produce the required tricyclic ketone. How-
ever, the desired cyclization was observed indirectly
by employing an alkylation procedure (Scheme 12).

The silylated lactam 26 was converted into the
unsaturated cyanide 27 using the Bayliss-Hillman29
methodology. Treatment of 27 with Meerwein’s salt
followed by cesium fluoride in DME30 gave the
ketoamide 29, which we assume is formed by oxida-
tive cleavage of the double bond in the intermediate
28. This offers a new and useful method for the
formation of macrocyclic ketones.

III. Tandem Radical Reactions
A. Hydrogen Atom Abstraction/Cyclization
Processes
In an approach to highly substituted pyrrolizidine

alkaloids we envisaged a tandem hydrogen atom
abstraction/cyclization sequence.31 In 1982 David
Lathbury32 was able to demonstrate the feasibility
of this reaction, and the work was subsequently
continued by Ivan Pinto33 (Scheme 13).

The enamine 30 (prepared by a Cloke rearrange-
ment34) was converted to the unsaturated ester 31
using an inverse electron demand Diels-Alder reac-
tion followed by a deprotection and an alkylation se-
quence. Treatment of 31 with tri-n-butyltin hydride
gave the tricyclic intermediate 32 which resulted
from a tandem hydrogen atom abstraction/cyclization
sequence. The intermediate 32 was then further
elaborated to give a range of pyrrolizidines 33.

Scheme 9

Scheme 10

Scheme 11

Scheme 12

Scheme 13
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Steven Caddick35 extended these findings to the
formation of carbocyclic rings (Scheme 14).

Generation of the alkenyl radical from 34 under
Stork’s36 catalytic tin conditions gave the cyclized
product (35), resulting from a tandem hydrogen atom
abstraction/cyclization sequence. The yield of the
desired product (35) was low due to an electronically
unfavorable cyclization step. In order to increase the
yield of the cyclization product the radical precursor
37 was synthesized;35 the radical acceptor double
bond being electron poor allowed a more facile
cyclization to occur.
Peter Duff37 performed a competition experiment

(Scheme 15) which demonstrated that electron-rich
allylic radicals will preferentially react with electron-
poor double bonds (route B) rather than electron-rich
double bonds (route A).

Shortly after our original publication,33 Curran and
his co-workers38 published other spectacular ex-
amples of hydrogen atom abstraction reactions
(Scheme 16).

Other groups have shown the utility of hydrogen
atom abstraction sequences in synthesis, including
those of Rawal,39 Murphy,40 and Simpkins.41
Rawal39 demonstrated an interesting radical-

induced epoxide opening/1,5-hydrogen atom abstrac-
tion/cyclization sequence (Scheme 17).

In a different approach Murphy40 utilized tetrathi-
afulvalene to induce aryl radical formation from a
diazoaromatic species which then underwent a hy-
drogen atom abstraction/tandem cyclization proce-
dure to form a fused lactone (Scheme 18).

B. The Avermectins
(An excursion into organopalladium chemistry and

novel cascade sequences)
The avermectins (39) are an important class of

antiparasitic agents. Paul Willis42,43 investigated a
model for the construction of the hexahydrobenzo-
furan fragment of these molecules (Scheme 19).

The acyclic radical precursor 40 was synthesised42
using titanium-mediated alkylation chemistry. When
the bromoalkene 40 was treated with 2 equiv of tri-

Scheme 17

Scheme 18

Scheme 19

Scheme 14

Scheme 15

Scheme 16
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n-butyltin hydride the desired tandem intramolecular
cyclization/intermolecular addition of tri-n-butyltin
radicals occurred, giving the allylstannane 41 in 52%
yield. Oxidation of 41 with peracid gave the desired
product 42.
We considered the use of a palladium cascade

reaction to perform the desired cyclization sequence
in our hexahydrobenzofuran synthesis (Scheme 20).

An important feature of these reactions is the reduc-
tive elimination of palladium to provide a syntheti-
cally useful double bond. The literature contains a
wealth of examples of palladium-mediated cyclization
reactions. Overman44 has demonstrated the use of
this reaction in the synthesis of scopadulcic acid B
(Scheme 21).

Grigg45 has published a tandem palladium cascade
sequence for the production of polycyclic ring systems
(Scheme 22).

Paul Willis attempted the intramolecular Heck
reaction, but was unable to isomerize the organopal-
ladium intermediate 46 in order to complete the final
cyclization42 (Scheme 23).

We found, however, that the organopalladium
intermediate could be trapped with a variety of
alkenes resulting in a tandem cyclization/electrocyclic
ring closure sequence (Scheme 24).

Marijan Stefinovic and Frank Meyer46 extended
these findings to intramolecular systems (Scheme
25). These findings have been further developed by

the de Meijere group.47 We are currently exploring
the use of this chemistry for the facile construction
of pseudopterosin48 and the potent anticancer agent
camptothecin.49
The increase in molecular complexity here is

dramatic and many bonds are formed in “one pot”.
Two spectacular examples of multi-bond-forming
reactions have been published by Trost50 and Ne-
gishi.51 In the construction of a heptaspirane ring
system 44 Trost50 and his co-workers treated the
heptaeneyne (43) with a palladium catalyst. The

Scheme 20

Scheme 21

Scheme 22

Scheme 23

Scheme 24

Scheme 25

Scheme 26
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resulting zipper reaction shows the dramatic increase
in molecular complexity and the power of such a
tandem cascade sequence (Scheme 26).
The impressive example by Negishi51 of a tandem

sequence with incorporation of carbon monoxide in
the final step demonstrates the developments that
are currently taking place in the field of palladium
cascade chemistry (Scheme 27).

C. Indole Alkaloids and Cascade Processes
We examined the possibility of using aryl radicals

for the construction of various indole alkaloids. A
simple synthesis of lysergic acid (47) was proposed
which resulted in a novel approach to the natural
product and its analogues. The initial work by David
Cladingboel52 is shown in Scheme 28.

The readily available aldehyde 48 was converted
into enamine 49 and subjected to a tri-n-butyltin
hydride-mediated radical cascade cyclization to give
the skeleton of lysergic acid. Unfortunately the
tandem cyclization resulted in the D ring contracted
analogue of lysergic acid (50) in high yield. The
radical cascade reaction involved a 5-exo-trig-6-endo-
trig-5-exo-trig cyclization/hydrogen atom abstraction
sequence (Scheme 29).
In a continuation of this work, Yusuf Özlü53 con-

structed the six-membered D ring of lysergic acid
prior to radical cyclization. This led to a successful
synthesis54 of the lysergic acid analogue 53 (Scheme
30).

Further research utilizing aryl radicals55 was per-
formed by Julian Jenkinson56 for the formation of a
key intermediate toward the synthesis of ajmaline
(Scheme 31).

A similar disconnection was utilized by Clive
Penkett57 in an approach to the pseudocopsinine
skeleton (Scheme 32).

The use of a different dipolarophile in the nitrone
cycloaddition step allowed a facile entry into the
aspidosperma alkaloid framework57 (Scheme 33).

Scheme 27

Scheme 28

Scheme 29

Scheme 30

Scheme 31

Scheme 32
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Key contributions to the field of tandem radical
cyclization processes for the construction of natural
products have emerged from several groups. Schemes
34 and 35 demonstrate the vast diversity of radical
reactions reported to date. Scheme 34 details ex-

amples of radical cyclizations by Pattenden,58 Cur-
ran,59 Stork,60 Beckwith,61 and Fraser-Reid.62 Scheme
35 demonstrates how radical fragmentation/cycliza-
tion reactions have been used by the groups of
Motherwell,63 Kilburn,64 Pattenden,65 and Booker-
Milburn66 for the synthesis of highly complex mol-
ecules.

D. Carbocyclic Rings via Radical Addition/
Fragmentation Sequences
Max Penverne has investigated the intramolecular

addition of alkenyl radicals to furans.67 This chem-
istry provides a novel entry into highly functionalized
cyclopentenes (Scheme 36).

Intramolecular alkenyl radical addition to the
furan moiety (54) gave an allylic radical intermediate
(55) which fragmented to give the highly function-
alized five-membered ring (56). Aydin Demircan68
has continued our work in this area with a view to
the synthesis of prostanoids2 and their analogues.
Radical addition/fragmentation processes can also

be used for ring expansion reactions, as demonstrated
by Baldwin69 and Dowd.70 Baldwin reported69 an
elegant process for the construction of medium-sized
rings by a radical addition/fragmentation/elimination
sequence (Scheme 37).

Scheme 33

Scheme 34

Scheme 35

Scheme 36
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Dowd70 has published a flexible ring expansion
sequence (Scheme 38). By altering the length of the
alkyl halide chain, the cyclobutanone ring can be
expanded by 3 or 4 carbons (Scheme 38).

IV. Tandem Anionic Processes
A. Formation of Carbocyclic and Heterocyclic
Rings
On the basis of our earlier work on the inter- and

intramolecular addition of alcohols to allene sulf-
oxides,71-73 Matthew Gray74 developed a tandem
sequence for the construction of highly substituted
benzofurans (Scheme 39).

The chemistry outlined in Scheme 39 was further
developed for the synthesis of indoles. A tandem
[2,3]-sigmatropic shift/Michael addition/sila-Pum-
merer rearrangement was observed as a “one-pot”
sequence. We are directing this chemistry to the
synthesis of complex indole alkaloids (Scheme 40).

A further extension of the above chemistry for the
construction of all-carbon ring systems was investi-
gated by Marijan Stefinovic75 (Scheme 41).

From dehydrolinalool (57) the allenyl sulfoxide 60
was prepared in three steps. Addition of lithium
thiophenoxide to 60 led to the isolation of a highly
substituted cyclohexane ring 61. A tandem double
Michael addition/[2,3]-sigmatropic shift occurred pro-
viding a precursor of the taxol A ring in one synthetic
operation.
Other tandem anionic approaches toward the syn-

thesis of carbocyclic rings have been published by
Padwa76 and Yoshii.77 Padwa76 reported the elegant
use of a tandem Michael sequence for the construc-
tion of fused rings (Scheme 42).

Yoshii77 demonstrated the use of a sequential
Michael addition sequence for the formation of a
carbocyclic ring with a high degree of stereocontrol
(Scheme 43).

B. Tandem Ring Opening/Cyclization Cascade
Sequences: A Total Synthesis of Anatoxin
The blue-green algae Anabaena flos aqua produces

a toxin which is known as “very fast death factor” or
anatoxin A (62).78 The toxin has proved fatal to
livestock, waterfowl and fish as it mimics the neu-
rotransmitter acetylcholine and acts as a potent
agonist for the nicotinic acetylcholine receptor

Scheme 41

Scheme 42

Scheme 43

Scheme 37

Scheme 38

Scheme 39

Scheme 40
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(nAChR). In our approach to anatoxin we envisaged
a tandem â-lactam ring opening/epoxide ring opening
sequence to give in one synthetic operation the
anatoxin skeleton (Scheme 44). Mark Underwood72
carried out the model studies and Nick Camp com-
pleted the synthesis.79
Treatment of cyclooctadiene (63) with chlorosulfo-

nyl isocyanate followed by epoxidation with MCPBA
yielded the lactam-epoxide 65. Reaction of the lac-
tam epoxide 65 with methyllithium results in a
tandem â-lactam ring opening/intramolecular cy-
clization to give the alcohol 66 which was readily
converted to anatoxin by known methods.80 Other
tandem anionic processes have also been utilized by
Fuchs19 (Scheme 7), Stork28 (Scheme 10), and Schau-
mann81 (Scheme 45).

V. Rearrangement/Fragmentation Routes
The galbonolides have been shown to have a broad

range of activity against fungi that are pathogenic
to man.82 Our synthesis toward galbonolide B (69)
involves as a key step, a tandem “Ireland-Claisen83/
silyl-mediated epoxide opening” reaction, to set up
the stereochemistry of the lower fragment. James
Eshelby’s work84 is shown in Scheme 46.
An Ireland-Claisen83 rearrangement of the acetal

71 yielded the silyl ester 72, which upon acid workup
rearranged to the alcohol 73.
Other examples representative of this theme have

been reported by Wender85 and Overman.86 Wend-

er85 published a tandem Cope-Cope rearrangement
to form a 14-membered macrocycle in one pot (Scheme
47). Overman assembled the skeleton of strychnine86
utilizing an aza-Cope-Mannich sequence (Scheme
48).

Scheme 46

Scheme 47

Scheme 48

Scheme 44

Scheme 45
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VI. Conclusion
This short review covers recent aspects of tandem

methodology and its use for the construction of highly
functional molecules. The future of organic synthesis
lies in efficient methodology and the discovery of new
processes for controlling the formation of homochiral
centers as well as building up complex chemical
architecture using simple techniques. Brevity in
organic synthesis is of paramount importance for
industry and over the next few years we will see
dramatic improvements in this subject and the
development of novel catalysts for achieving tandem
reactions. Such processes will minimize waste and
costs will be kept to a minimum thus increasing
efficiency.
Organic synthesis remains the key training ground

for organic chemists and underpins the economy of
this country. We owe much of the modern discoveries
in chemistry to the polymer chemists, who were the
forerunners of cascade reaction processes.
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