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Introduction

The techniques of synthetic chemistry should allow the con-
struction of virtually any molecule, whether derived from nature
or from our own imagination. Nevertheless, even a small
molecule can represent a significant synthetic challenge, since
the successful combination of just a few atoms requires a mas-
tery of chemo-, regio-, and stereoselectivity. Synthetic techni-
ques have naturally focussed, therefore, on solving the simplest
problem of synthesis: the formation of one chemical bond at a
time. In the past decade, two Nobel Prizes have been awarded
for the development of new organic reactions and, in both cases,
these reactions form one new covalent bond.["! While our pro-
ficiency in solo bond formation has led to magnificent
achievements in total synthesis,”” even our best efforts appear
somewhat feeble when compared with biological systems.!)
Frankly, synthetic chemists are presently working far from our
true limits."”! The argument for a move away from solo bond

forming reactions is a simple one: since the organic structures
that we target are significantly different from cheap and readily
available starting materials, our reliance on a ‘one bond at a
time’ strategy inevitably leads to long synthetic sequences
(Fig. 1).

The pursuit of ideality!® in synthesis is not merely academic,
for the material fruits of chemistry can only be shared widely
when there exist robust, scalable, economical, and logistically
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Fig. 1. The contrast between the status quo and the ideal limit of synthesis.
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feasible methods of synthesis. A recurring (and growing) criti-
cism of academic laboratory syntheses is their tendency to yield
tiny quantities of products through a marathon of laboratory
effort. Although always an impressive feat of intellect, skill, and
perseverance, most published total syntheses could not be used
directly to satisfy a large demand for a substance.”) Even though
many members of the pharmaceutical industry are trained by

) Three component domino reaction (Robinson, 1917)!'%
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conducting total syntheses in academic laboratories, total
synthesis — seen as lengthy and expensive — has been described
as ‘out of fashion’ in this setting.!”! This is alarming given that
this industry offers perhaps the greatest potential for total
synthesis to contribute to the benefit of mankind.

It is clear that in order for synthesis to remain relevant, the
problem of step economy must be addressed. Notwithstanding

CO,H CO,H Double S e,
_1)CaCO5 H0 alkylation °N Ca o| zHal N
Me—NH, " Double  |Me—N o .. - | Co, “5co o 2 C-C bonds
addltlon —2H,0 co, 0 2 (e v0pi 2 C-N bonds
HO o *)-tropinone g
COH (42 % yield)
(b) Domino polymerisation (Moad and coworkers, 1998)!"%
S P _P CO,Me S
J\ Py )COQMG DABN | 8T 7 __ M [50000 c-c bonds
Ph~ 87 “Ph Living y S)\Ph PV\S)\Ph Py\S Ph nS 95 % conversion
polymerisation I n = ~56000
RAFT equilibrium P=112
(P, and P, denote chains of degrees of polymerisation of x and y) ’

(c) One component domino reaction (Johnson et al., 1971)/"4

o
R >\\o 0 2) K,COy
|| O\) }\\ o H,0,
| a \) MeOH
X CI(CH,),Cl, V\C Cyclisation
TFA, 0°C \ cascade
Cation
OH . Precursor to (*)-progesterone
formation 71 % yield (5:1 p:c.at C17)
(d) Four component domino reaction (Fukuyama and coworkers, 2002)""% 9
H Ar®
S BocHN C\N/ 1C—C bond
BocHN o) Ar MeOH, reflux : 2 C-N bonds
Ar1\/'\n/OH HZNW/\OTBDPS Ugi reaction j/\OTBDPS 90 % yield
0o AP

(e) Four component consecutive sequence (Huang and coworkers, 2007) e

OBnOBn OBnOBrI
STol Consecutive couplings ﬁ@, %
Me Q OBn 5 operations, Ve NHTrocBnO oB
BrG OBN one pot OBn  200:20p \ § ‘
BnO OBn =21 Bn OBnOR
1) p-TolSCI, AgOTf, —78°C 3) p-TolSCl, AgOTf, —78°C  5) p-TolSCI, AgOTHf,
)p F?h ) P g ) p g 3C-0 bonds|
2) o8 %O 4) OBnyp. HO Ol(3)n 70 % yield_|
n
oBn © . HOSS’& _STol Bno&/OR
Bno&o STol BnO OBn
OH NHTroc TTBP, TTBP,
TTBP, —781t0 —20°C —78to —20°C —78 to —20°C

Li

(0]
|

N OEt

2) LiAIH,
3) CrOg, pyridine

2c-C
bonds

r]

+
OEt’ H
2) LiAIH,

3) CrOg, pyridine

\

2c-C
bonds R R =CO,Et |

R = CHO

4 C-C bonds

TBDPSO

Scheme 1. A selection of impressive of multi-bond forming processes.

Independent inter- and intra-
molecular Diels-Alder reactions TBDPSO

",

40-45 % yield

Precursor to chlorothricolide

(TTBP, 2,4,6-tri-tert-butyl-pyrimidine; TFA, trifluoroacetic acid.)



Multi-Bond Forming Processes in Efficient Synthesis

the enormous advances of the past two centuries, the science
must continue to progress and evolve, and the invention of new,
complexity generating reactions must be at the forefront of this
evolution. Encouragingly, a growing movement of chemists is
responding to the challenge of step economy by the develop-
ment of enabling multi-bond forming processes,!™ the subject of
this review.

Processes that form more than one chemical bond lead to a
more rapid increase in target-relevant structural complexity.¢!
Such transformations are by no means new, with notable
contributions dating back more than a century. Driven by the
desire to deliver step-efficient syntheses and fuelled by increas-
ingly sophisticated synthetic methods, the field has witnessed an
accelerating expansion over the past couple of decades. The
recent popularity of these processes can be seen as a conse-
quence of our need to invent new science in synthesis, rather
than operating merely as synthetic engineers who simply apply
known methods.

An impressive selection of old and new multi-bond forming
processes is presented in Scheme 1. We believe that an
appreciation of the similarities and differences between
distinct classes of process is critical to the development of
the field. The aim of the present review is to classify the
different types of multi-bond forming processes, to provide
recent examples of their application, and to offer perspective
on the state-of-the-art and future directions of more efficient
syntheses.

Classification of Multi-Bond Forming Processes

The common characteristic of every reaction depicted in
Scheme 1 is the creation of two or more bonds without the tra-
ditional workup and/or purification interlude. Despite this
similarity, all have significant differences. Tietze and Beifuss
have defined ‘domino’ and ‘consecutive’ reactions!”! in order to
draw a distinction between those processes that involve either a
single or multiple synthetic operations.!'” Thus, a domino
reaction has been defined as ‘a 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’.!''! Domino
reactions are the ultimate expression of synthetic orchestration
and execution. Sir Robert Robinson performed one of the
earliest domino reactions, in his truly innovative — and now
classic — synthesis of tropinone (Scheme la).['l Domino
reactions may be intra- or intermolecular, or a mixture of
both, and can include many processes, such as polymerisa-
tion reactions (Scheme lb),['3 1 unimolecular ‘cascades’
(Scheme 1c),l'" and multiple component reactions
(Scheme 1d).1"*! In some respects, certain polymerisation pro-
cesses can be seen as extreme incarnations of domino reactions,
in that many thousands of bonds are formed in a single opera-
tion, in the conversion of a simple monomer (usually an alkene)
into a large organic structure. The advent of ‘living’ polymeri-
sation techniques!'® has allowed exquisite control over the
structure and molecular weight distribution of polymers. Since
non-polymeric structures are the focus of this review, we direct
the interested reader to key reviews on polymer formation.['”?
Consecutive reactions, unlike domino reactions, require
some kind of change in reaction conditions to complete the
bond forming sequence. Such changes may include, for exam-
ple, successive additions of reagents or an increase in tempera-
ture. A good example of consecutive reactions can be found in
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the total synthesis of oligosaccharides by Huang and
coworkers.!"® Up to four glycosides can be united in a one-
pot sequence of consecutive couplings (Scheme le). The one-
pot process circumvents costly purifications, and achieves a
comparable outcome to automated solid phase synthesis.!'”)

Consecutive reactions arise through reagent/reactant incom-
patibilities and the need to conduct certain sequences in a
consecutive manner can be viewed as a weakness of current
synthetic methods (i.e. the necessary reagents have not yet been
invented to allow the process to be conducted in a true domino
sense). Nevertheless, from a practical standpoint, the order and
timing of reagent additions is more a tactical issue than a
strategic one, and many extremely impressive consecutive-type
processes have been invented. For this reason, in this review we
sometimes relax the strict definition of domino reactions to
include striking, one-pot consecutive sequences. To maintain a
tight focus, we highlight strategies and tactics rather than
techniques devised for consecutive reactions, e.g. flow chemis-
try, solid phase synthesis, automated synthesis, etc.

A strategy complementary to domino and consecutive pro-
cesses involves two or more discrete reactive sites in a substrate
undergoing independent reactions. The two or more reactions in
question can be equivalent or non-equivalent, with the former
being the much more commonly encountered. Independent
reactions are distinct from domino and consecutive reactions
in that a bond-forming event is not contingent upon the previous
one (Fig. 2). A particularly prominent subclass of independent
reactions is two-directional synthesis, as used in Johnson et al.’s
classic squalene synthesis (Scheme 11).*”) In the synthesis of
chlorothricolide, Roush and Sciotti reported a rare example of
two different chemical reactions, promoted by the same reaction
conditions, occurring at discrete sites in the one substrate
(Scheme 1g).[21] ‘Tandem’ is a term often used to describe
reactions of this type.

Finally, it should be noted that some reactions, such as
cycloadditions (e.g. the Diels—Alder reaction®)), and metal-
catalysed cycloisomerisations (e.g. the Pauson—Khand
reaction")) form two or more covalent bonds, and for this
reason enjoy a privileged status in synthetic chemistry. Cases
where these reactions are performed alone formally constitute
multi-bond forming processes, but are not covered in this
review. Instead, we consider cases where these and other
transformations are strung together, using one of the three
strategies/tactics above, to lead to even more breathtakingly
rapid increases in structural complexity.

The remainder of this review is divided into two broad
sections: the former on domino reactions**! and the latter on
independent reactions. The larger section on domino reactions is

Domino reactions
— All reagents present initially
— Un-isolable intermediates

Independent reactions
— Discrete reactive sites
— Multiple reactions

A— [B] — [C] — D

A /\AI
Consecutive reactions ¢
— External input required
g - s Y
— Isolable intermediates B B’

Fig. 2. Types of one-pot, multi-bond forming process.
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subdivided into those involving one, two, and more than two
skeletal components.

One-Component Domino Reactions

The development of the Stork—Eschenmoser hypothesis in the
1950s%*! led to many synthetic chemists daring to attempt to
emulate nature’s highly selective polycyclisation reactions to
assemble terpenoid frameworks. Pioneers in this area include
Goldsmith®® and van Tamelen®”) but perhaps the most sig-
nificant contributions were made by Johnson.!*®! Johnson et al.
spectacularly demonstrated the viability of a biomimetic poly-
cyclisation approach to steroids with a landmark total synthesis
of progesterone.l'*! This late-stage, acid-promoted domino
reaction (Scheme 1c) formed four new bonds, three new rings,
and five new stereocentres with a high degree of relative ste-
reocontrol, allowing the synthesis of progesterone to be com-
pleted in just three more steps. This famous work is the
predecessor of many different, one-step approaches to poly-
cyclic frameworks.!*”) Notable and varied contributions that
cannot be highlighted in detail in such a short review include
those from the groups of Corey,””" Grubbs,*" Keay,?!
Negishi,ml Overman,*¥! Oppolzer,[35] Trost,*®! Vollhardt,”?
Wang,?*! and Wulff.?*! Recently, the groups of Isihara and
Snyder have made excellent progress towards the mimicry of
nature’s halonium-induced cyclisations.!*"!

Synthesis through cationic polycyclisation has remained an
active area of research. Important recent developments include
the realisation of efficient catalytic enantioselective methods,
which build on the pioneering work of Yamamoto and co-
workers.'*'! Thus, Toste and coworkers deployed an efficient,
high-turnover chiral Au' complex-catalysed polycyclisation
reaction to synthesise a variety of enantioenriched bi-, tri-, and
tetra-cyclic frameworks (Scheme 2).1** The approach involves
the chemoselective (soft chiral Lewis acid) activation of an
alkyne, which triggers polycyclisation by an initial 6-exo-dig
ring closure. Formation of up to three C—C bonds proceeded in
good yields and high diastereo- and enantioselectivities. Related
examples of cationic, metal-catalysed, enantioselective poly-
cyclisations have been reported by the groups of Corey,!*)
Loh,” and Gagné,[45] and Jacobsen and coworkers have
reported a complementary organocatalytic technique.[*®’

While the head-to-tail cyclisations of terpenes have been
mimicked in many laboratories, tail-to-head polycyclisations
have, until most recently, proven elusive. In their recent total
syntheses of B-funebrenes, B-cedrenes, cumacrene, and the
dunnienoic acids, Shenvi and Pronin imitated the anion-
sequestering ability of an enzyme to effect tail-to-head cyclisa-
tions in the laboratory, resulting in hitherto unsynthesised,
strained natural products (Scheme 3).*”) While this new
multi-bond forming strategy lacks stereocontrol, selectivity will
no doubt improve as further work is conducted in the area.

Radical polycyclisation has long been recognised as a
complementary approach to cationic cyclisations, sometimes
leading to structures with different stereochemistries.l*®) The
groups of Breslow,*” and later Julia,®” demonstrated the
viability of radical cyclisations using simple polyene substrates
and organic radical initiators that were incorporated into the
product.® ! Different methods have been pioneered by the likes
of Demuth and coworkers®®! and Pattenden and co-
workers.[>*>* Oxidative metal-mediated radical polycyclisa-
tions'>>! have also seen significant application, with notable
examples from the groups of Snider,”®! Zoretic,'*” Barrero,*™
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Synthesis of B-cedrenes and B-funebrenes by Shenvi and

and Gonzéles.*”) Historically, asymmetric syntheses by these
methods invariably featured chiral substrates.®”) Recently,
MacMillan and coworkers have disclosed radical polycyclisa-
tions forming up to six new rings, using their previously
developed catalytic enantioselective organo-SOMO strategy
(SOMO, singly occupied molecular orbital).!°!! These reactions
proceeded with the formation of up to six new C—C bonds and 11
contiguous stereocentres (five quaternary), in good overall
yields and high enantioselectivities (Scheme 4).1°?!

The rather obvious benefits of domino reactions must be
weighed up against the (sometimes significant) synthetic effort
required to prepare the precursors. Furthermore, high-yielding
polycyclisations typically require substrates with built in ‘error-
correcting’ groups for (de)stabilisation of intermediates and
(de)activation of participating groups. Some syntheses, how-
ever, are striking in their brevity since they avoid these lengthy
precursor assemblies. The synthesis of polyether natural
products has provided some classic examples in this regard.[63 !
A superb example is Corey and coworkers’ recent and remark-
ably short, enantioselective synthesis of (+)-omaezakianol
(Scheme 5).1°%21 A five-fold asymmetric epoxidation of chloro-
hydrin 1 generates penta-epoxide 2, which, upon treatment with
camphorsulfonic acid, undergoes a spectacular substrate-
controlled five-fold polycyclisation sequence to generate
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Scheme 5. Synthesis of (+)-omaezakianol by Corey and coworkers.'**]

(CSA, camphor sulfonic acid.)

pentacycle 3. Just one more step furnishes the natural product, in
only six steps from squalene.

Cycloadditions, powerful multi-bond forming processes in
themselves, have been put to extremely good use in polycyclisa-
tion reactions.!®! Nicolaou et al.’s application of the Black
biosynthetic hypothesis'® in the synthesis of endiandric acids,
using a hydrogenation/double-clectrocyclisation/Diels—Alder
sequence, is a classic.'”! Wender and Howbert’s metaphoto-
cycloaddition route to hirsutene, ®® the more recent syntheses of
hirsutellone B by Nicolaou et al.!®’ and Sorensen and
coworkers,’”)  the double Diels—Alder approaches to
FR182877 by Sorenson and coworkers,[m Evans and Starr,m]
and most recently Nakada and coworkers,!”*! and Denmark
et al.’s [44-2]/[34+2] domino approach towards daphnilactone
B are also outstanding examples.!”*! Generation of a reactive
ylide from a carbenoid, a strategy pioneered by Padwa from the
1980s, with enantioselective methods emerging from the labo-
ratory of Hodgson,!”! has also proven an effective strategy in
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Scheme 6. Domino sequence in the synthesis of vindorosine by Boger
et al.7®7") (IMDA, intramolecular Diels-Alder.)

the generation of several bonds and significant structural com-
plexity in one step.”®””)

The research group of Boger has championed a complemen-
tary method of ylide formation to that of Padwa’s in an
uncatalysed, pericyclic intramolecular sequence featuring a
hetero-Diels—Alder, retro-Diels—Alder, and dipolar cycloaddi-
tion. Two very recent applications of this strategy are in the
asymmetric syntheses of vindoline and vindorosine,!’® and
(+)-fendleridine and (+)-1-acetylaspidoalbidine.””*? Each fea-
tures a similar domino sequence of pericyclic reactions, gener-
ating, in the case of vindorosine (Scheme 6), three rings, four
carbon—carbon bonds, and six stereocentres, in 55 % yield after
reduction. The remarkable synthesis of the complex alkaloid
was finished in a further nine steps.

Two-Component Domino Reactions

The inclusion of intermolecular processes in a domino sequence
will impart convergence and hence, in principle, could lead to a
more efficient synthesis. Famous examples of two component
domino reactions can be found in Heathcock et al.’s landmark
synthesis of daphniphyllum alkaloids (Scheme 7).5%) Thus,
acyclic unsaturated dialdehyde 4 undergoes a cyclo-
condensation sequence with methylamine to furnish bicyclic
aza-diene 5. An intramolecular (formal) hetero-Diels—Alder
cycloaddition generates tricycle 6. Aza-Prins cyclisation fol-
lowed by a hydride shift yields the complex carbocyclic
framework of the daphniphyllum alkaloids, from which the final
product 7 is generated by iminium hydrolysis. This spectacular
transformation forms six new bonds and proceeds in a remark-
able 65 % yield to provide a single diastereomer of 7. That the
discovery of this particular sequence came about through the use
of a mislabelled reagent bottle adds further fascination to this
already compelling story."!

Other approaches that use the union of an aldehyde and an
amine to trigger a remarkable series of reactions include Corey
and coworkers’ synthesis of aspidophytine,'®*! an alkaloid that
has also been synthesised by Mejia-Oneto and Padwa using his
domino cyclisation/[342] cycloaddition approach.™®! Sarpong
and Fischer recently performed condensation reactions of
in situ-deprotected carbonyl and amine groups to initiate a
domino sequence in the synthesis of (+)-complanadine A.[*¥
Overman and coworkers promote an aza-Cope/Mannich
sequence by condensation of an amine and formaldehyde in
their recent synthesis of (—)-actinophyllic acid.[**)
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Scheme 8. Syntheses of substituted cyclopentanones by Lathrop and

Rovis.®”1 (TMS, trimethylsilyl.)

The next example of a combined intermolecular—
intramolecular domino sequence highlights some advantages
over ‘stop-and-go’ chemistry.[**°! Lathrop and Rovis’ synthesis
of highly substituted cyclopentanones, using a synergistic cata-
lytic system, is presented in Scheme 8.1*”) Thus, the two starting
materials, 3-diketone 8 and enal 9, along with chiral amine
organocatalyst 10 and N-heterocyclic carbene precatalyst 11,
are combined in the one flask to afford cyclopentanones 12. In
contrast, when the two processes (organocatalysed Michael
addition and N-heterocyclic carbene-catalysed intramolecular
benzoin reaction) are carried out separately, lower yields and
enantioselectivities are recorded. The problem with the stop-
and-go approach is that the intermediate is prone to epimerisa-
tion and decomposition. This example also highlights the new
and rapidly growing area of ‘synergistic’ domino reactions,
which employ different catalysts that are tolerant of each other
and possess orthogonal reactivities.[**)

Cycloaddition reactions can also act as effective triggers for
domino sequences. Recent examples include Nicolaou et al.’s
synthesis of antibiotic BE-43472B, involving a stereoselective
Diels—Alder/hemiacetalisation sequence®’) and Aubé and
Zeng’s Diels—Alder/Schmidt domino reaction in the synthesis
of stenine.l””) Majetich et al. recently disclosed a synthesis of
perovskone by a remarkable, biomimetic polycyclisation
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Scheme 10. Domino sequence by Barriault and coworkers.”?! (TBDPS,
tert-butyldiphenylsilyl.)

triggered by an intermolecular Diels—Alder reaction
(Scheme 9).°! Treatment of dienophile 13 and diene 14 with
a Lewis acid led to formation of the Diels—Alder adduct 15,
which, under carefully optimised conditions, underwent alkene
isomerisation to allow a triple cyclisation. This remarkable one-
pot sequence led to the creation of four rings, five bonds, and six
stereocentres and the synthesis of enantiopure (+)-perovskone
in 50 % yield.

Barriault and coworkers developed an unusual, highly
diastereoselective sequence involving a Gassman-type Diels—
Alder reaction, Prins cyclisation, and finally a pinacol rear-
rangement to generate bridged/fused tetracyclic systems 16
(Scheme 10).°% The efficiency and stereoselectivity of this
process are striking, especially given the complex nature of the
product.

MacMillan and coworkers recently employed an impressive
intermolecular—intramolecular domino sequence for the effi-
cient synthesis of an array of alkaloid natural products
(Scheme 11).*! The approach involved the generation of key
intermediate 17, from which no less than six structurally related
natural products were synthesised. Tetracycle 17 was prepared
by an ‘organocascade’ sequence, commencing with a catalytic
enantioselective iminium-mediated Diels—Alder reaction,
followed by a selenide elimination and terminated with an
aza-Michael addition. This polished and cleverly designed
sequence forms two C—C bonds and one C-N bond, two new
rings and two stereocentres in high enantioselectivity.
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[94]

Synthesis of carpanone by Chapman et al.

Importantly, it produces a structure with a wealth of possible
avenues for further manipulation into the alkaloids
(—)-kopsanone,  (+4)-vincadifformine, (—)-akuammicine,
(—)-kopsinine, (+)-aspidospermidine, and (—)-strychnine.

Dimerisation reactions are maximally convergent, and when
performed in a domino sense can lead to some astonishingly
concise syntheses of complex structures. Chapman et al.’s
synthesis of (£)-carpanone features a classic domino dimerisa-
tion reaction that highlights the power of symmetry recogni-
tion.l” Chapman et al. saw that carpanone is a dimeric natural
product and performed a one-pot coupling/intramolecular
hetero-Diels—Alder reaction to form three new bonds and
assemble the natural product, as a single diastereomer, in 46 %
yield (Scheme 12).

Nicolaou et al.’s syntheses of rugolosin and thiostrepton are
further outstanding examples of multi-bond forming dimerisa-
tions.!””! Recently, Lawrence and coworkers synthesised the
natural products (+£)-incarviditone and (+)-incarvilleatone by
multi-bond forming domino biomimetic dimersations of
rengyolone (Scheme 13).1°°) A particularly interesting feature
of'this synthesis is that the outcome of the reaction is determined
by the relative configurations of the two reacting rengyolone
molecules. A domino sequence of oxa-Michael and Michael
additions between enantiomers of the same absolute configura-
tion led to incarviditone, while a different oxa-Michael/
Michael/aldol sequence between enantiomers of opposite abso-
lute configuration led to incarvilleatone.
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Synthesis of incarviditone and incarvilleatone by Lawrence

Diversity oriented synthesis is also benefiting from devel-
opments in two-component domino reactions. Recently, Kumar
and coworkers described an interesting approach to library
generation. Instead of adopting the established method, which
involves carrying out the same reaction(s) simultaneously on a
range of different substrates to produce a group of related
structures, this group employed different cascade pathways
using a common precursor.!”’

Multi-Component Reactions (MCRs)

Multi-component reactions (MCRs) enjoy an elevated position
in the hierarchy of organic transformations, and have been the
topic of numerous reviews.”™ Since they involve the conver-
gent combination of three or more starting materials, at least two
new bonds must be formed, which places them in the realm of
cycloaddition reactions in terms of their synthetic power. The
first MCRs, such as the Strecker,”” Hantzsch,!'°” and
Biginelli'*! reactions, were reported in the 19th century and are
still widely used. Sir Robert Robinson’s synthesis of tropinone,
the forerunner of multicomponent transformations in natural
product synthesis, has already been highlighted (Scheme 1a).
Multicomponent reactions remain the subject of intense inves-
tigation, especially isocyanide-based MCRs such as the Ugi
reaction (Scheme 1d),""%% in the context of diversity oriented
synthesis.['9:104]

There has been much interest in enantioselective organo-
catalytic multi-component processes in recent times.['°*! A lead-
ing example from this new wave of MCRs is Enders et al.’s
enantioselective synthesis of functionalised cyclohexenes
(Scheme 14).1'% The products are formed in high diastereo-
and enantioselectivities by the organocatalysed union of three
acyclic components. Thus, essentially a single enantiomer of a
product with a new ring, four new stereocentres, and three new
carbon—carbon bonds is generated from simple, readily avail-
able precursors. Notably, organocatalyst 18 mediates highly
stereoselective enamine- and iminium-based processes.' ")
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Scheme 14. Domino multicomponent synthesis of cyclohexenes by

Enders et al.['%!
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Scheme 15. Amine-catalysed three component reaction in the synthesis of
cannabinol by Nandaluru and Bodwell.['™]

Through the incorporation of a consecutive intramolecular
Diels—Alder reaction, the Enders group has subsequently
extended this process into the one-pot synthesis of bi- and tri-
cyclic frameworks, forming five new C—C bonds and up to eight
stereocentres.!'**

The use of cycloadditions in MCRs is a particularly effective
way of generating complexity in a rapid and convergent
manner."' %> The Knoevenagel condensation,!' ' which gen-
erates a hetero- or carbo-diene, has been used to generate
reactive intermediates that undergo cycloaddition.[''!
Nandaluru and Bodwell have recently used such an approach
in the synthesis of cannabinol (Scheme 15).!""*) The successful
route features a three-component reaction comprised of six
mechanistic steps. Thus, starting materials 19, 20, and 21 are
united by the intervention of pyrrolidine (22) as a simple amine
catalyst to furnish tricycle 23 in 48 % yield. The sequence
involves nucleophilic acyl substitution, intramolecular
Knoevenagel condensation, an inverse electron demand
Diels—Alder reaction, elimination, and finally transfer dehydro-
genation. Tricycle 23 is converted into the natural product
cannabinol in a further four steps.

The Kerr group has developed a formal [3+43] multi-
component cycloaddition and deployed the process in the total
synthesis of (4)-phyllantidine!''*! and (4)-nakadomarin A.!''>}
In the synthesis of (+)-nakadomarin A, chiral cyclopropane 24
reacts with in situ formed nitrone 27, the product of condensa-
tion between hydroxylamine 25 and aldehyde 26 (Scheme 16).

N. J. Green and M. S. Sherburn
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Scheme 16. Three component reaction in the synthesis of nakadomarin A
by Kerr and Young.[lls] (MS, molecular sieves; TBDPS, tert-
butyldiphenylsilyl.)
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Scheme 17. Multi-component carbonylative arylation and domino cycli-

sation in the synthesis of hyperolactone by Nicolaou et al.['>"]

Oxazine 28 is formed in high yield as a single diastereomer,
allowing subsequent installation of an important quaternary
stereocentre from the geminal diester functionality and the
completion of the total synthesis of the manzamine natural
product.

The Dixon group has recently targeted other manzamines
with a stereoselective, multi-component domino nitro-Mannich
lactamisation methodology.[''®

Despite the attraction of their inherently convergent nature,
there are relatively few examples of true domino MCRs in target
synthesis.[''”! Significant developments in this area will no
doubt be witnessed in the coming years.!''®!

The Nicolaou group has used a remarkable palladium-
catalysed multi-component reaction developed by Inoue
et al.'"") in the synthesis of hyperolactone (Scheme 17).['*")
Treatment of propargyl alcohol 29 with iodobenzene and a
palladium catalyst under an atmosphere of carbon monoxide
and carbon dioxide effects carbonylativel'"! arylation, and
subsequent formation of a carbonate sets off a sequence of
additions, insertions, and eliminations to generate spirocycle 29,
in 77 % yield.
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Scheme 18.  Synthesis of antiviral telaprevir involving an Ugi reaction and
a Passerini reaction by Ruitjer and coworkers.!'**) (DMP, Dess—Martin
periodinane.)

Other groups have focussed on improving well known
MCRs and applying them in synthesis. The Ugi reaction, for
example, while often considered unsuited to stereoselective
target synthesis, has been employed in several recent total
syntheses.!'?? Ruitjer and coworkers used two classic MCRs —
an Ugi reaction and a Passerini reaction — in the convergent
synthesis of the antiviral drug telaprevir (Scheme 18).['**! The
synthesis is also three times shorter than the original reported
procedure.!'?*

Many chemists have developed carefully designed ‘one-pot’
consecutive sequences that unite multiple components. Unlike
the MCRs discussed so far, these are not domino reactions,
because reagents are added or conditions are changed sequen-
tially in order to avoid undesired processes. When executed
well, such a tactic is still extremely meritorious, since inter-
mediates are not isolated and many components can be com-
bined in a convergent manner leading to a remarkable increase
in structural complexity.!'*!

The Hayashi group has adopted this approach to great
effect. Recently, the group completed a notable one-pot
synthesis of dipeptidyl peptidase IV inhibitor, ABT-341
(Scheme 19).1'2°! The carefully optimised one-pot sequence
consists of six steps and furnishes the pure product as a single
diastereomer in 63 % yield. The first, enantioselective step is
an organocatalysed Michael addition between 31 and 32,
proceeding with an enantiomeric ratio of 98.5:1.5. Careful
removal of excess acetaldehyde and solvent leaves behind the
product 34 and the organocatalyst 33, the latter being inert
during the rest of the sequence. A two-component domino
Michael addition/intramolecular Horner—Wadsworth—-Emmons
reaction establishes the cyclohexene ring but with incorrect
stereochemistry, which is rectified in the next step. Hydrolysis
of the ester of 35 is followed by amide formation and sub-
sequent reduction of the nitro group to the amine completes
the synthesis. This work builds upon the group’s earlier,
equally remarkable three-pot synthesis of influenza drug
(—)-oseltamivir (Tamiflu).['>”!

The MacMillan group has demonstrated the successive use
of a metal catalyst and two organocatalysts in a one-pot
transformation, in the enantioselective synthesis of
(—)-aromadendranediol.!'?*) Specifically, consecutive use of
the Grubbs II catalyst, imidazolidinone 36b, and proline brought
about a three component union through olefin metathesis
and iminium and enamine catalysis (Scheme 20).[128.129]
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Scheme 19.  One-pot synthesis of ABT-341 by Hayashi and coworkers.!®!

(TBTU, O-(benzotriazol-1-yl)-N,N,N',N -tetramethyluroniumtetra-fluorobor-
ate; TMSCI, trimethylsilyl chloride.)
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Scheme 20. Combination of metal and organic catalysis in the synthesis

of aromadendranediol by MacMillan and coworkers.'**! (DNBA, 2,4-
dinitrobenzoic acid.)

)]\/WO

In the search for a library of potentially bioactive
compounds, Waldmann and coworkers recently developed a
three-component, one pot sequence that proceeds by a striking
12-step mechanism (Scheme 21).!'*% The sequence involves
two intermolecular Michael additions and various ring-closing
and ring-opening steps. Overall yields of up to 80% show
control over the selectivity of this process, which involves three
separate additions of reagents. Considering the impressive
length of this mechanistic sequence, the fact that only two
new rings and three new bonds are formed in the process is
surprising.

Independent Reactions

All examples discussed so far involve multi-bond forming
events that are linked by clear-cut chronology. Specifically, the
first bond-forming event sets up the functionality for the second,
which sets up the third, etc. The multi-bond forming processes
discussed in the present section involve bonds that are formed in
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no particular order. Several sub-genres of this grouping — which
we choose to name ‘independent reactions’ — exist but the field
is dominated by contributions in the multi-directional synthesis
arena. The synthesis of squalene provides an instructive exam-
ple. Throughout their pioneering work on the synthesis of
squalene, Johnson and coworkers implemented a two-
directional chain extension strategy (Scheme 11).>”) Since each
step is a two-fold functionalisation, bonds are made in a ‘two for
the price of one’ fashion, hence the structure is generated twice
as fast as the more familiar unidirectional approach. The bene-
fits of such a strategy continue to be exploited in the synthesis of
C,-symmetric targets.!'>"]

Since few natural products are symmetrical, one might
conclude that multi-directional synthesis is very limited in
application. This is not the case! Careful structure analysis can
often reveal some measure of ‘hidden’ symmetry in a target. If a
symmetrical precursor to a non-symmetrical target is accessed
then evidently, a desymmetrisation event will be necessary.
Schreiber was a pioneer of the two-directional chain extension/
terminus  differentiation strategy!'*?! and his group has
employed the approach in magnificent syntheses of a range of
unsymmetrical targets, including hikizimycin!'** and mycoti-
cins A and B.!'** This strategy remains popular, with recent
examples including those from the laboratories of Zhang,!'**!
Metz,''*®! Molinski,!'*”! Blakemore,!'*® Nelson,**! and
Vogel.l'*% Stockman and coworkers have reported the applica-
tion of the two-directional approach in both target and diversity
oriented synthesis.!'*'! A skillful recent example is their formal
total synthesis of halichlorine, which involved two-directional
chain extension of ethyl formate (40) using addition, oxidation,
and cross-metathesis reactions (Scheme 22).['*?! Chain termini
were differentiated by a two-component, domino cyclisation
sequence to generate 41. Further manipulation intercepted an
intermediate from Clive and coworkers’s earlier approach,'**)
thereby completing a formal total synthesis.

Multi-directional chain extension is neither limited to acyclic
chains nor to symmetrical precursors In their impressive syn-
thesis of hibarimicinone,"'**! Shair and coworkers carried out a
two-fold annulation process upon pseudo-symmetric biaryl
precursor 42, which was generated by desymmetrising an
earlier, symmetric intermediate (Scheme 23). The same enone

One-pot twelve-step cascade by Waldmann and coworkers.
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Scheme 22. Two-directional strategy in the formal total synthesis of
halichlorine by Stockman and coworkers.'*?! (PCC, pyridinium
chlorochromate.)

43 reacts at the two distinct ‘termini’ of 42. Thus, independent
domino Michael-Claisen sequences yield octacycle 44 in a
single operation that forms four key bonds in the target and
promotes the completion of a particularly elegant synthesis.['*!

Diels and Alder’s first report of the transformation now
known as the Diels—Alder reaction involves independent
cycloadditions to the two alkenes of benzoquinone by two
molecules of cyclopentadiene.”*'¢! Another interesting three
component reaction using independent dipolar cycloadditions to
benzoquinone (45) was recently disclosed by Waldmann and
coworkers (Scheme 24).["*”) Enantioselective [3+2] cycloaddi-
tions are deployed in a two-directional sense to unite three
components, forming up to eight stereocentres. Judicious modi-
fication of reaction conditions allowed the control of both
chemo- and regioselectivity, which promises access to a wide
range of related structures.

With the development of selective and functional group-
tolerant olefin and ene-yne metathesis reaction conditions,'**!
sequences of such processes for multi-bond formation have
emerged. The laboratories of Clark,!"**'*" Zhang,["*! and
Nakata''? have exploited two-fold ring-closing metathesis
(RCM) strategies to independently and simultaneously form
two rings of polyether natural products. These approaches are
pre-dated by seminal work by the groups of Mioskowski,!'>!
Nicolaou,!"™* and Martin.[">! Very recently, Selfridge and



Multi-Bond Forming Processes in Efficient Synthesis

OMe SPh

OMe
NC

o A J(_
43 SiMe3

Two-fold Michael-Claisen j LIHMDS then KHMDS

43 -OTBS OBn 42

annulations, aromatisation

OMe SPh . OTBs

44 (50-59 % yield, 1.3: 1 ratio of atropisomers)

Scheme 23. Two-directional approach in the synthesis of hibarimicinone
by Shair and coworkers.['44] (HMDS, hexamethyldisilazide; TBS, tert-
butyldimethylsilyl.)
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Scheme 24. ‘Programmable’ three-component reaction by Waldmann and
coworkers."*"1 (DIPEA, N, N-diisopropylethylamine.)

Feldman utilised a double metathesis on a symmetrical substrate
to obtain the linked bicyclic core of ent-lomaiviticin.['**! Two-
directional RCM reactions can also be performed as part of a
domino sequence, for instance in the ring-opening metathesis/
double-RCM sequence employed in Phillips and Pfeiffer’s
elegant synthesis of (+)-cyanthiwigin U (Scheme 25),["*” and
the metathesis sequence employed in Nelson and coworkers’
recent synthesis of molecular ‘libraries’.!'**! Two-fold ene-yne
metathesis, pioneered by the group of Grubbs in the 1990s,!">!
has also proven to be an efficient strategy for the synthesis of
structures containing up to four new rings.!'>'*"! Some of the
most recent examples feature in the work reported by the
groups of Yang!'®? Fukuyama,'®! Metz,['*" Oguri,!'®
Movassaghi,[l“] Mulzer,!'®”" and Lee.['®®]

Olefin metathesis steps have also been combined with other
transformations in independent reaction sequences.!'''¢0%!¢%]
A notable example is the work of North and Banti, who exploited
a one-pot, two-directional, double ene-yne metathesis/double
Diels—Alder sequence (Scheme 26).1'7%! The reaction forms a
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Scheme 25. Metathesis sequence featuring domino and independent
metatheses by Phillips and Pfeiffer."'>”! Independent reactions often have
multiple pathways and here only one of three possibilities is shown.
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Scheme 26. Two-fold ring-opening/ene-yne metathesis/Diels—Alder
sequence by North and Banti.['”]

meso compound (48) with six new rings, eight new stereocentres,
and eight new covalent bonds. This example demonstrates how a
two-directional strategy can further amplify the complexity
generating effect of an already powerful consecutive sequence.

The route to cyanthiwigin F by Stoltz and Enquist is
a sophisticated application of the two-fold strategy.!'”!]
A two-directional, catalytic asymmetric approach is used to
target a chiral C,-symmetric intermediate (Scheme 27a). Thus,
amixture of the three stereoisomers of allyl ester 49 (namely the
two Cy-symmetric enantiomers and the one achiral meso diaste-
reomer) was converted, by the formation of two new C—C bonds
in an enantioselective double Tsuji-Trost allylation,!'”? into a
highly enriched sample of the chiral diastereomer 50. Syntheses
of other members of the cyanthiwigin natural product family
utilised the same powerful ‘stereoablative’ method.!'”*) The
advanced synthetic technology on show in this reaction illus-
trates the level to which two-directional methods have evolved
over the past three decades. This synthesis also features a pair of
independent metathesis reactions carried out in a one-pot
manner (Scheme 27b): one a ring-closing and the other a
cross-metathesis process.

Two-fold synthesis clearly offers a powerful method for
quickly forming bonds, by doubling the amount of complexity
generated with each operation. Many examples of even higher
order independent ‘n-fold’ transformations exist, although
seldom in the synthesis of naturally occurring materials.!'”*!
The authors’ group has pioneered the synthesis and exploration



278

[;\ o
\J o
PPh, N

| o o
2 A
H o I'Bu
0 H Pd(dmdbay),, 25°C
) \ Two-fold e}
49

stereoablative allylation 50 (78 % yield)
(R,R):meso = 4.4:1

er99.5:0.5
[\
(b) g
Cl,Ru=
| L7
,'Pr/O XxB-o
SN (0]
| WINF (10 mol-%) Toluene, 60°C H
k 2) NaBO,, THF/H,O
Ring closing- and cross-methatheses
0 (then oxidation) 0
(51 % yield)
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Scheme 28. Independent cyclopropanation approach to ivyanes by Sher-
burn and coworkers.!'7®! (TFA, trifluoroacetic acid.)

Et,Zn, TFA then CH,l,,
then 51

Exhaustlve
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of the reactivity of a fundamental class of unsaturated hydro-
carbons, the dendralenes.!'”>! As polyalkenes, dendralenes are
prime substrates for multi-bond forming processes. The ivyanes,
polycyclic helically chiral molecules that exhibit extraordinarily
high heats of combustion, are generated in one step from
dendralenes by exhaustive cyclopropanation sequences.!'”®)
In the case of [8]ivyane, the synthesis from [8]dendralene (51)
proceeds by an eight-fold cyclopropanation to form 16 new
carbon—carbon bonds (Scheme 28).

Dendralenes are by no means the only polyenes that have
found use in n-fold reactions. Sharpless and coworkers’ six-fold
dihydroxylation of squalene from 1993 is a landmark example
of the enantiopurity amplification that results from a reagent-
controlled, multi-bond forming reaction.!'””'7"1 The breath-
takingly short approaches to polyether natural products
(+)-omaezakianol (Scheme 5)[** and glabrescol[lgo] by Corey
and coworkers feature stereoselective five- and four-fold
epoxidations, respectively. Paterson et al.’s synthesis of the
DEF tricyclic spiroketal fragment of spirastrellolide A
(Scheme 29)!"®11 is another example of ingenious synthetic
design using independent reactions combined with domino
sequences. Application of a two-fold stereoselective dihydroxy-
lation sets up the requisite functionality for a double acetalisa-
tion to tricycle 52, installing no less than six C—O bonds, five
stereocentres, and three rings in one pot after exposure to
mild acid.

The ‘independent reactions’ strategy is complementary to the
domino/consecutive strategy and, importantly, the two
approaches are not incompatible. Undoubtedly, important
avenues for future exploration will involve the design of
syntheses that exploit the two approaches simultaneously
(Fig. 3). Importantly, to avoid the accumulation of unwanted
side products, each discrete bond-forming event must be highly
selective.
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Mixture of diastereomers

Scheme 29. Synthesis of the DEF fragment of spirastrellolide by Paterson
et al.l"!1 (TES, triethylsilyl; PPTS, pyridinium p-toluenesulfonate;
(DHQ),PYR, hydroquinine 2,5-diphenyl-4,6-pyrimidinediyl diether.)

Combined domino/
independent sequences

A/—\A,

2]

:

le——¢]

:

D/\D,

Fig.3. Combining both domino and independent type reactions is a highly
sophisticated approach to step economy.

Conclusion

In 1992, Clayton Heathcock wrote: ‘Although our approaches
to problems have matured, we need even more mature strategies
of synthesis. There is no reason that organic chemists should
not be able to surpass nature’s virtuosity in the synthesis of
complex organic structures. In fact, we are still very far from
this goal in most cases.’!"®*! The authors of the present review
believe that Heathcock’s statement is as relevant today as it was
20 years ago.

Multi-bond forming processes and the impressive synthetic
achievements that they allow are being reported at an accelerat-
ing pace. In this review, we have attempted to sample both
pioneering work and recent contributions that exhibit the most
sophisticated current methods. We believe that, while future
contributions will report increasingly improved methods and
applications, the strategies and tactics employed will be varia-
tions or combinations of the general themes defined in the
present review.

How can practitioners of the science of synthesis move the
discipline forward? The key to unleashing the true potential of
synthetic organic chemistry lies in the development of better
chemical transformations. Specifically, we need reagent and
catalyst systems that exhibit broad substrate scope but also
extraordinarily high selectivity. We invite the reader to ask the
following question when analysing any synthetic reaction
sequence: how can consecutive but discrete reactions be united
into a single synthetic operation? If we strive to answer this
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simple question by amalgamating separate reactions into the
same process, we are compelled to improve our toolkit of
selective and compatible transformations. The more effort that
we expend in devising such processes, the less time we will
subsequently spend doing target synthesis in the laboratory.
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