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1. Introduction

A countless number of catalytic reactions are based on the
ability of transition metals to isomerize or migrate carbon-
carbon double bonds." The scope of applications of these
processes spans across multiple areas such as food, fragrance,
materials, medicinal chemistry, pharmaceutical and petro-
chemical. A strategy based on C—C bond isomerization
provides the distinct advantages to (i) control the position
and geometry of the unsaturation, (ii) install new functional-
ities at a different position of the starting alkene if it is

Organic Chemistry Department, University of Geneva, 30 quai Ernest Ansermet,
Geneva 1211, Switzerland. E-mail: clement.mazet@unige.ch
+ These authors contributed equally to this work.

Daniele Fiorito studied Chemistry
at the University of Milano (Ttaly)
where he received his MSc in
2015 working under the super-
vision of Prof. Cesare Gennari.
He completed his PhD in
chemistry at the University of
Geneva (Switzerland) under the
direction of Prof. Clément Mazet
working on the development of
several transition metal-catalyzed
selective reactions (2019). He was
recently awarded a Swiss National
Science Foundation early postdoc
mobility fellowship to pursue postdoctoral studies in the group of Prof.
Varinder K. Aggarwal at the University of Bristol (UK).

Daniele Fiorito

This journal is © The Royal Society of Chemistry 2021

attractive features of olefin isomerization.

judiciously combined with a second chemical transformation.
The latter reduces the number of steps, functional group
manipulations and protection/deprotection events.?

The economic and environmental benefits associated with
the development of multistep ‘one-pot’ catalytic reactions has
raised strong interest in academia and industry.® The field
emulates from Nature’s ability to separate different reactive
sites within an enzyme, or different enzymes within a cell to
accomplish a series of orthogonal transformations in a given
sequence without the need to isolate reactive intermediates.” In
this context, numerous research groups have associated olefin
isomerization with (at least) one additional chemical transfor-
mation using transition metal catalysts, organocatalysts, enzy-
matic catalysts or any combination thereof.” In such ventures, a
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major task for the synthetic chemist is to meet the requirement
of temporal resolution and compatibility of all reaction com-
ponents to a single set of experimental conditions. Importantly,
the elaboration of multicatalytic systems is not achieved at the
expense of molecular complexity; rather it provides access to
novel chemical space by exploiting the reactivity of a transiently
generated (sensitive) functional group.

This Review aims at providing the reader with an overview of
the most significant advances in the field of ‘one-pot’ transfor-
mations articulated around transition metal-catalyzed alkene
isomerization. To highlight the inherent benefits of a ‘single-
vessel’ approach, our contribution is organized according to the
nature of the function transiently generated after the first
catalytic transformation. It is further sub-divided according to
the nature of the coupled catalytic process at play. For sake of
clarity, we follow the generally accepted classification set by
Fogg and dos Santos in 2004 and discuss examples of tandem
catalysis, sequential catalysis as well as domino reactions
(Fig. 1).° Tandem catalysis encompasses one-pot reactions,
which occur via two consecutive mechanistically distinct and
non-interfering processes.” Within this category, one can
further distinguish auto-tandem catalysis which employs a
single catalyst from assisted-tandem catalysis in which the
initial catalyst is modified by an external intervention at a given
time point to initiate the second transformation.® A final
subset is orthogonal tandem catalysis, which operates with
two catalysts present at the beginning of the reaction.’ By
contrast, sequential catalysis is based on the use of several
distinct precatalysts added sequentially, in the same flask,
at different time points of the reaction in order to trigger a series
of successive transformations. Finally, domino reactions based
on alkene isomerization are one-pot processes in which the
migrating alkene can be either trapped intermolecularly with
an external reagent or engaged intramolecularly in a skeletal
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Fig. 1 Transition metal-catalyzed alkene isomerization in tandem, sequential
and domino processes.
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rearrangement.’® Independently of any categorization, the
identification of an appropriate thermodynamic driving force
for olefin isomerization is an important strategic aspect for the
development of one-pot processes relying on this elementary
transformation.”

In the present digest, we arbitrarily decided to place our
focus on systems which either rely on a single metal precursor
or which combine two distinct transition metal catalysts.'*
Arguably two of the most common associations falling within
this categorization are isomerization/metathesis and isomeri-
zation/hydroformylation processes. While the former has been
summarized recently and will not be covered in the present
conspectus,'” an update of the most significant contributions
published since it has been last reviewed in 2015 is presented
in Section 2.1 for the latter."* Of important note, a vast body of
the literature covers catalytic isomerizations of alkenes termi-
nated by a functionalization event which operate through a
single catalytic cycle (i.e. isomerizing hydrofunctionalization).
For this very reason, these systems cannot be defined as
tandem, domino or sequential processes and, therefore, fall
beyond the scope of this Review.''®'1°

2. Relocated alkenes as transient
intermediates

The formation of thermodynamically more stable alkenes is
a commonly employed tactic in olefin isomerization. This
can be achieved either by formation of a more substituted
double bond or by conjugating the migrating alkene with a
neighboring unsaturated functional group (carbonyls, arenes,
alkenes...). In the following sections, emphasis has been
placed on one-pot processes where a transiently relocated
alkene is engaged in a subsequent transformation by means
of an auto-tandem, a domino or a sequential approach. The net
result is the functionalization of a previously unactivated
C(sp®), which does not rely on a directing group strategy.

This journal is © The Royal Society of Chemistry 2021
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2.1 Tandem processes

As part of a study on Ru-catalyzed addition of aldehydes to
conjugated 1,3-dienes to access P,y-unsaturated ketones, the
Ryu group disclosed an isolated example of an auto-tandem
isomerization/addition process starting from a non-conjugated
1,5-diene (Fig. 2)."® Based on preliminary investigations, the
authors proposed that a coordinatively unsaturated [Ru-H]
in situ generated from [RuHCI(CO)(PPh;);] (Rul) is likely to
chemoselectively react with the terminal alkene and reconju-
gate the system via successive migratory insertion/p-H elimina-
tion sequences (ie. 2-C chain walking via 1,2-H shift)."”
Subsequent formation of a Ru-m-allyl intermediate (A2)
by reinsertion of the Ru-hydride across the conjugated diene
A1 is supported by NMR spectroscopy.® This intermediate was
proposed to react with aldehydes via a Zimmerman-Traxler
6-membered transition state that minimizes detrimental steric
interactions. The resulting alkoxy-ruthenium A3 was proposed
to deliver the targeted carbonyl compound (3) upon B-H
elimination.

A remote and seemingly unactivated C(sp®) can become
the site for C-C bond formation by exploiting its transient
electrophilic character. Goofden and co-workers developed
an auto-tandem system in which a Rh catalyst isomerizes
o-unsaturated esters (4) into conjugated esters (B).'> The
in situ generated Michael acceptors, in turn, undergo a Rh-
catalyzed conjugate addition of C- or N-centered nucleophiles
(Fig. 3).>° The authors showed that the rhodium -catalyst
initially establishes a dynamic equilibrium of positional and
geometrical alkene isomers and, once the C—C bond is con-
jugated with the ester group, it is continuously removed from
the equilibrium by a rhodium-catalyzed 1,4-addition of either
tetraarylborates, primary or secondary amines. The combi-
nation of [Rh(acac)(cod)] and a bulky bidentate phosphite
(1.5 mol% each) is uniquely effective at catalyzing each indivi-
dual event. In the case of N-nucleophiles, even though the aza-
Michael addition proceeds thermally, the rhodium catalyst led
to markedly improved yields.

The conversion of biobased fatty acids to hydrocarbons is a
highly sought-after goal to provide alternative sources of raw
materials to the petrochemical industry. In this context, the
catalytic decarboxylation of mixtures of fatty acids has been
identified as a particularly attractive strategy.>' In 2014, Doll
and co-workers developed an auto-tandem isomerization/
decarboxylation, which gives access to mixtures of alkenes from

Ph,P
e
Ph3P Ru—H
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J\/\/ __Rul(domol%) _ Me
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Fig. 2 Ru-Catalyzed auto-tandem isomerization/aldehyde addition.
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Fig. 3 Rh-Catalyzed auto-tandem isomerization/conjugate addition of
w-unsaturated esters.

unsaturated fatty acids using [Ru;(CO);,] as precatalyst and
reached promising turn-over frequencies.”> The advantage
of this system over existing protocols is that the catalyst
dynamically isomerizes the alkene towards the terminal carbo-
nyl moiety and subsequently decarboxylates the most reactive
a,B- or B,y-unsaturated acid derivatives (C1 and C2). Moreover,
it maintains efficiency at slightly lower temperatures and it
offers a better mass-balance compared to reagent-assisted
decarboxylation methods. This protocol is also scalable to
multi-gram quantity (Fig. 4).

Formation of a styrenyl intermediate by conjugative isomer-
ization of a terminal alkene to a distant arene is a robust
strategy to relocate an alkene with high positional fidelity. Liu,
Chen and co-workers developed an auto-tandem Pd-catalyzed
isomerization/Wacker oxidation of terminal alkenes (8) using
tert-butyl hydrogen peroxide as oxidant, which operates at room
temperature within short reaction times (Fig. 5).>*

The isomerization catalyst — obtained by addition of 1 equivalent
of TsOH to [Pd(OAc),] (5 mol%) - converts allyl(hetero)aryls
into the thermodynamically more stable vinyl(hetero)arenes
(D1) by migrating the alkene over 1C atom.** The in situ
generated alkene was proposed to produce a peroxypalladacycle

OH " [Rus(CO)1] (0.89 wi%)
neat, 250 °C, 4 h
(TON 178)

c1

Fig. 4 Ru-Catalyzed auto-tandem
10-undecenoic acid into decenes.

isomerization/decarboxylation  of
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Fig. 5 Pd-Catalyzed auto-tandem isomerization/Wacker oxidation of term-
inal alkenes.

(D2), which degrades into the desired carbonyl compound via
heterolytic O-O bond cleavage.>® The method was applied to a
dozen of examples and the products were usually isolated in
high to very high yield.

Stoltz and co-workers showed that synthetically useful
carboxylic acids are accessible by an assisted-tandem 1C iso-
merization/oxidation of terminal olefins using Grubbs second-
generation (Ru2) as transition metal precursor (Fig. 6).°
Their strategy relies on the formation of thermodynamically
more stable internal olefins followed by oxidative cleavage of
the repositioned unsaturation. Using Nishida’s protocol (vide
infra), the initial Ru-alkylidene complex Ru2 is converted in situ
into a [Ru-H] isomerization catalyst Ru3.>” By a simple solvent
switch once the C—C bond migration is complete, the metal
hydride is converted in situ with NalO, into an ill-defined
ruthenium-oxo complex Ru4 (presumably resembling [RuO,])

Z>0TMs (10 equiv) o
EW Ru2 (5 mol%) NalO, (4.5-8 equiv) RH)J\OH
R3 Toluene, 110 °C CCl/CHsCN/H,0 R% s
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Ru3 Ru4
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Fig. 6 Ru-Catalyzed assisted-tandem isomerization/oxidation of terminal
olefins.
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for the subsequent oxidation of the vinyl intermediate into
carboxylic acids. The overall transformation is a formal two-
carbon scission, which provides expedient access to enantio-
enriched tri- and tetrasubstituted a-amino acids. Among other
examples, the utility of the method was further established
with the synthesis of (R)-a-ethyl-ornithine (12) in an elegant
sequence that combines the Ru-catalyzed tandem isomeriza-
tion/oxidation with a Curtius rearrangement followed by a
simple hydrolysis.

Metal-catalyzed isomerization/hydroformylation processes
have been the subject of numerous investigations."> These
systems typically rely on orthogonal-tandem catalysis, where
an alkene isomerization catalyst produces statistical mixtures
of internal and terminal olefins. A second catalyst reacts
with the thermodynamically less stable terminal alkenes, and
constantly shifts the equilibrium towards what appears to be
the contra-thermodynamic product. Recently, Vorholt showed
that excellent linear/branched selectivity (14, rr 10.1:1) could
be achieved with methyl oleate 13 by associating the Pd-catalyst
employed by Gooflen for orthogonal-tandem isomerization/
metathesis with the well-established [(biphephos)Rh] hydro-
formylation catalyst (Fig. 7A).>**° Key to the success of this tandem
process is the ability of the Rh-catalyst to react exclusively with
terminal olefins under the reaction conditions.*

In 2018, the Beller and Pereira groups extended a [Ru/Rh]
bimetallic system developed by Nozaki and co-workers five

(A) [Pdly] (0.5 mol%)

[Pd(PtBus),] (1.0 mol%)
[Rh(CO)(acac)] (0.8 mol%)
OMe biphephos (3.2 mol%)
X Me CO/H, 1:1 (10 bar)

Toluene, 100 °C, 72 h

NS
14: 74%, rr 10.1:1 O
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e P(OAT); (0.154 mol%) o
Me ~ Me
Me Hs (30 bar), CO (10 bar) Me
Me Toluene, 120 °C, 20 h Me
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Ph O\H/O Ph
Ph  Ph
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Ph .Ru Ru, Ph
oct]” TH™ \co
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Fig. 7 (A) Orthogonal-tandem isomerization/hydroformylation of methyl
oleate. (B) Orthogonal-tandem isomerization/hydroformylation of 2,3-
dimethylbut-2-ene.
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[Rh(CO)(acac)] P(OAR)3

This journal is © The Royal Society of Chemistry 2021
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years earlier to tetrasubstituted olefins, a particularly challen-
ging sub-class of alkenes (Fig. 7B).>"**> The system consists of a
succession of three non-interfering catalytic cycles (isomeriza-
tion, hydroformylation, reduction). Similar cooperative effects
as in the original report were observed between the Rh and Ru
catalysts. High yield, chemo- and regio-selectivity were obtained
in many cases, including for stereochemically complex steroid

derivatives.

2.2 Domino processes

Upon isomerization, an alkene can be strategically positioned
to engage in a subsequent pericyclic transformation. In this
context, diastereomerically pure annulenes (18) and cyclohep-
tenones (19) were prepared through an expedient Ir-catalyzed
isomerization/Cope rearrangement by the Marek group, start-
ing from readily accessible dialkenyl cyclopropanes or alkenyl
silylated cyclopropanols (17) (Fig. 8).** While the isomerization
was found to proceed at room temperature, the pericyclic
rearrangement was thermally triggered by heating up the
system at 85 °C. These domino procedures appeared to be
highly functional group tolerant and afforded densely function-
alized bicyclic compounds in moderate to good yield. The
authors proposed that the high level of diastereoselectivity
obtained originated from excellent control of the double-bond
geometry during Ir-catalyzed chain walking, a process sustain-
able over up to 10 carbon atoms (18b).>*

2.3 Sequential processes

A series of remote functionalizations based on sequential
multimetallic catalytic reactions has been reported by Mazet
and co-workers.*® The reactions are triggered by hydrometalation
of a,B-unsaturated esters using [Pd-H] or [Ru-H] isomerization
catalysts and are driven by the formation of thermodynamically
more stable (hetero)vinyl arenes (Fig. 9). Intermediates such as I
were generated with high levels of stereoselectivity and were
engaged in a subsequent functionalization reaction in the same
reaction vessel. Several [Pd/Cu] catalytic systems were developed.

5 [Ir(cod)Cl], (1-2.5 mol%)
FG PCyj; (6-15 mol%)

: ) CO,Me
NaBArs (2.5-6.25 mol%) R
e or
S 1,2-DCE, 85 °C Me Me
n

n
18 (FG = COzMe 9 (FG = OTBS)

isomerization

Cope rearrangement

CO,Me
CO,Me

18a: 82%, rr >20:1

CO,Me
M

A&l

18b: 52%, rr >20:1

0 Ho
H
Me™ ™\

19b: 77%, rr >20:1

186. 87%, rr >20:1

Me [\
19a: 73%, rr >20:1

Fig. 8 Ir-Catalyzed domino olefin migration/Cope rearrangement.
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Fig. 9 Remote functionalization of a,f-unsaturated esters by sequential
multimetallic catalysis.

Specifically, an isomerization/enantioselective a-borylation,
an isomerization/B-borylation and an isomerization/enantio-
selective o-amination provided access to multifunctional
compounds with excellent levels of regio- and/or enantio-
control. The authors showed that the combination of existing
protocols is not necessarily trivial, in particular in the context of
enantioselective catalysis.

Finally, difunctionalization can occur simultaneously at
the benzylic and homobenzylic positions by combining the
deconjugative isomerization with Sharpless asymmetric dihy-
droxylation (SAD) using either [Pd/Os] or [Ru/Os] couples.
Starting from a simple o,B-unsaturated ester, the isomerization/
dihydroxylation sequence followed by in situ lactonization deliv-
ered a naturally occurring y-butyrolactone in enantiopure form.

3. Enol ethers as transient
intermediates

Enol ethers are synthetically useful entities but their inherent
reactivity poses several challenges for their preparation and
isolation.*® Catalytic approaches, which consist in generating enol
ethers from stable precursors prior to engaging them in situ in a
subsequent catalytic reaction, are therefore attractive.

3.1 Tandem processes

In 1998, Crivello and Rajaraman reported a Co-catalyzed auto-
tandem isomerization/polymerization of allyl ethers (Fig. 10).>”
They found that in presence of a silane the precatalyst [Co,(CO)g]
disproportionates into [HCo(CO),] and [R3SiCo(CO),]. Upon loss
of carbon monoxide, the former readily produces [HCo(CO)s],
which catalyzes the isomerization of allyl ethers into a mixture of

Chem. Soc. Rev., 2021, 50, 1391-1406 | 1395
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Fig. 10 Co-Catalyzed auto-tandem isomerization/polymerization of allyl
ethers.

cis- and trans-1-propenyl ethers. These were subsequently poly-
merized by the silyl-cobalt complex [R;SiCo(CO),] at room
temperature. Multifunctional allylic ethers were also polymer-
ized by this method to produce cross-linked insoluble matrices.
Finally, because polymerization was inhibited by Lewis bases,
a cationic polymerization mechanism was proposed to be
operating.

By exploiting the propensity of enol ethers to undergo
intramolecular rearrangements when brought in close proxi-
mity of another reactive unsaturation, Tanaka and co-workers
identified a cationic bisphosphine-rhodium complex
([(ddpf)Rh(cod)|BF,) for the isomerization/propargyl Claisen
rearrangement of allyl propargyl ethers (26) to allenes (27)
(Fig. 11).*® The reaction proceeds via enol ethers K generated
by a Rh-catalyzed 1-carbon olefin isomerization. The system
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/ R [Rh(cod),]BF4 (5 mol%) RS'&. R! .
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Fig. 11 Thermally-controlled Rh-catalyzed isomerization/propargyl Claisen
rearrangement and isomerization/propargyl Claisen rearrangement/carbonyl
migration reactions. Allenyl aldehydes were isolated as alcohol after reduction
with sodium borohydride in methanol.
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operates at room temperature and the products are isolated
in good yield after reduction using sodium borohydride in
methanol. The authors found that carbonyl migration occurred
when the reactions were conducted at 80 °C to afford the
corresponding dienals in high yield (28). However when pri-
mary and secondary propargyl ethers were investigated under
these conditions the system afforded allenes (27) resulting from
a propargyl-Claisen rearrangement. A sequence consisting
in aldehyde C-H activation, hydrorhodation of the allene,
carbonyl migration and reductive elimination was proposed
to account for the formation of dienals 28. The intermediacy of
enol ethers K and aldehydes 27 was confirmed by monitoring
the reaction by "H NMR spectroscopy.

As a direct continuation of this study and inspired by
seminal work from Eilbracht,*® Tanaka disclosed a Rh-
catalyzed olefin isomerization/allyl Claisen rearrangement/
intramolecular hydroacylation of diallyl ethers (29) (Fig. 12).*°
The authors propose that chemoselective isomerization of
the 1,1-disubstituted alkene in 29 produces alkenyl ethers L1,
which subsequently undergo allyl Claisen rearrangement.
Rhodium-catalyzed intramolecular hydroacylation of the
pendant allyl ether moiety in L2 delivers substituted cyclopen-
tanones (30). Of note, both L1 and L2 were observed by
conducting the reaction at room temperature. Isotopically
labelled substrates provided additional evidences in support
of this mechanistic hypothesis. Overall, the catalytic system
tolerates a variety of functional group and is compatible with
heteroaryl-containing bis-allyl ethers. Cyclopentanones with
two contiguous quaternary centers are accessible using this
method as established with the synthesis of a naturally occur-
ring terpenoid rac-o-cuparenone 30d.

3.2 Domino processes

In 1977, Reuter and Salomon showed that non-symmetrical
bis-allyl ethers (31) were competent substrates for the Ru-
catalyzed isomerization/Claisen rearrangement (ICR) to produce
v,9-unsaturated aldehydes and ketones (33) (Fig. 13A).*" Metal-
catalyzed isomerization of the less substituted alkene occurs

Fe PPhy

O\/K pth/@ dppf (5 mol%) 9 Ve
[Rh(cod),]BF, (5 mol%) R
2
N-R 1,2-DCE, 80 °C, 16-72 h R
R! 29 30 R
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rearrangement

g T
R
Me | hydroacylation
1 R!

H
L R

| R
O.
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~R?
R! L1

o] o] o] o]
Me Me Me Me
Me Me Me
Q Me
4
30a: 83% 30b: 67% 30c: 58% 7 30d: 60% Me

dr>20:1 (+)-a-cuparenone

Fig. 12 Rh-Catalyzed auto-tandem isomerization/Claisen

ment/hydroacylation of bis-allyl ethers.

rearrange-
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Fig. 13 Metal-catalyzed isomerization/Claisen rearrangement of non-
symmetrical bis-allyl ethers.

preferentially and poises the C—C bond in a position favorable
for a subsequent thermal Claisen rearrangement (M). The
scope of this method was later extended by the Dixneuf group
with the use of in situ generated [(NHC)Ru] complexes.*
Cadierno showed that similar reactions could be performed
in refluxing water employing a Ru-arene precatalyst.** Between
2003 and 2007, Nelson developed a series of elegant and
practical protocols using iridium catalysis and optically active
bis-allyl ethers (31) to afford syn-2,3-dialkyl-4-pentenal deriva-
tives (33) with high diastereoselectivity and enantiospecificity
(Fig. 13B).** While the transition metal catalyzed isomerization
occurs readily at room temperature, the [3,3] sigmatropic
rearrangement requires temperatures that never exceed 40 °C.
This contrasts markedly with the ruthenium-based catalytic
systems for which temperatures ranging from 100 to 200 °C are
necessary.*’™** Of important note, addition of triphenylpho-
sphine (3 mol%) was hypothesized to attenuate the Lewis acid
character of iridium in order to avoid epimerization of the
aldehyde o-stereocenter. The origin of the high levels of dia-
stereocontrol were attributed to the highly E-selective isomer-
ization, which occurred exclusively at the less substituted allyl
ether. The same group published a similar method for the
construction of vicinal quaternary and tertiary stereocenters
starting from 1,1-disubstituted allylic ethers, and later showed
that anti-2,3-disusbtituted-pentenals were accessible by means
of a simple Pd-catalyzed Claisen rearrangement protocol,*#4°
The efficiency of the iridium-catalyzed ICR protocol developed
by Nelson was recognized by the Trost and Chen groups,
who employed it in the total syntheses of communiol
A and (+)-antroquinonol respectively.*® Of note, in addition
to ruthenium and iridium, Stork, and Echavarren reported
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examples of domino isomerization/Claisen rearrangement
using palladium catalysts.*’

Ishii and Schmidt independently achieved the domino metal-
catalyzed isomerization/Claisen rearrangement of unsymmetrical
allylic/homoallylic ethers (32) using iridium and ruthenium
catalysts respectively (Fig. 13C).***° Although the products are
identical to those obtained from bis-allyl ethers (vide supra),
these reactions involve a double C=C bond migration prior to
the thermal [3.3] sigmatropic rearrangement. The absence of
diastereoselectivity in either case can be attributed to the lack
of stereocontrol upon olefin isomerization.

3.3 Sequential processes

While tandem and domino reactions involving enol ethers
occur preferentially intramolecularly, intermolecular transfor-
mations have been achieved by sequential multi-catalysis.
Romano and Mazet identified conditions for the one-pot multi-
metallic conversion of allyl methylethers (34) in alkenes (35)
with high degree of stereocontrol (Fig. 14).°° In the first step, a
cationic iridium precatalyst is activated by molecular hydrogen
and isomerizes 34 in vinyl methylethers (N) at room tempera-
ture. Two complementary [(NHC)Ni] catalysts were identified
for the subsequent cross-coupling between the in situ-generated
C-O0 electrophiles and a variety of Grignard reagents at elevated
temperatures.®® The method is compatible with sensitive func-
tional groups and a several olefinic substitution patterns. The
newly generated alkenes were systematically obtained with high
to very high levels of stereocontrol (E/Z: 4.5:1 to >25:1).
Control experiments showed that the Ir-catalyzed process is
stereoconvergent in nature and that the stereochemistry
set during isomerization is preserved upon cross-coupling.
Finally, the one-pot isomerization/cross-coupling sequence
was conducted with a prochiral substrate and a chiral iridium
precatalyst (Ir2), originally developed for the isomerization of
allylic alcohols into aldehydes.’® The final olefinic products
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Fig. 14 One-pot sequential Ir-catalyzed isomerization/Ni-catalyzed

cross coupling to convert allyl methylethers in substituted alkenes.
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Fig. 15 One-pot [Pd/Nil- and [Ru/Ni]-catalyzed remote isomerization/
cross coupling sequences for the synthesis of (poly)substituted alkenes.

were isolated in moderate yield but with particularly high levels
of stereo- and enantiocontrol (35e).”°

The inability of the iridium catalysts to displace C—C bonds
over more than one carbon atom prompted the same group to
evaluate alternative systems for the development of a related
long-range isomerization/cross-coupling sequence (Fig. 15).

Thus, a [Pd/Ni] catalytic sequence was identified where
the palladium catalysts enabled isomerization of the remote
C=C bond in several alkenyl methyl ethers (36).>>>® Solvent
exchange between the isomerization step and the cross-
coupling reaction was necessary. The final di- and trisubsti-
tuted alkenes were obtained in good yield but with low level
of stereocontrol (originating from the isomerization step).
Concomitantly, the Marek group reported a complementary
[Ru/Ni] catalytic combination for the remote isomerization/
cross-coupling of alkenyl benzyl-, silyl-, methoxyethoxy-methyl
ethers leading to 1,2-disubstituted alkenes (37).>* While the
isomerization was performed in refluxing THF, addition of
toluene was found to be beneficial for the cross-coupling
reaction (1:1 v/v). Only C(sp?) Grignard reagents were dis-
closed, and higher levels of stereocontrol were achieved in
comparison with the [Pd/Ni] system (1:1 to 19:1).

Subsequently, the same group disclosed a related sequential
catalytic isomerization/Suzuki cross-coupling strategy in which
the vinyl boronic ester intermediates generated via isomeriza-
tion act as a transmetalating agent rather than electrophilic
coupling partner.>® Overall, 1,2-disubstituted styrenes were
prepared with similar efficiency and stereocontrol than with
the sequential alkenyl ether isomerization/Kumada cross-
coupling approach.

4. Enamines as transient intermediates
4.1 Tandem processes

Enamines are typically prepared by Schiff-base condensation
between a carbonyl compound and a secondary amine. Nonetheless,
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Fig. 16 Enantioselective auto-tandem Rh-catalyzed isomerization/oxidation
of allylic amines to B-chiral amides.

they can also be accessed through transition metal-catalyzed
isomerization of allylic amines. In this context, the Hull labora-
tory developed an elegant enantioselective auto-tandem process
consisting of Rh-catalyzed isomerization of allylamines (38),
followed by enamine exchange and subsequent Rh-catalyzed
oxidation to chiral B-branched amides (39) (Fig. 16).>® While the
first step takes inspiration from the Rh-catalyzed enantio-
selective isomerization optimized by the Takasago Company
for the production of menthol,?” the exchange process is based
on the Rh-catalyzed conversion of allylic alcohols into amides
under oxidative conditions identified in their own laboratory.>®
In the present system, under basic reaction conditions the
in situ generated enamines (P1) is converted to a hemiaminal
(P2) in presence of an external amine nucleophile and water.
Rh-catalyzed oxidation of P2 into amides 39 is proposed to
occur next. A sacrificial hydrogen acceptor is used regenerate
the initial Rh(1) complex. Overall, this approach enables the
installation of a stereocenter and an amide functionality in a
single step under mild conditions from readily available start-
ing material. Excellent diastereo- and enantioselectivity were
obtained using a broad set of allylic amines and amine nucleo-
philes such as primary amines, secondary amines or even
anilines. In the following years, a similar protocol was docu-
mented using primary, secondary or tertiary alcohols as exter-
nal nucleophiles giving access to f-branched esters in excellent
yield and enantioselectivity starting from simple allylic
amines.>® Finally, an assisted tandem Rh-catalyzed isomeriza-
tion/reductive amination of allylic amines was also reported.®®
The rhodium isomerization catalyst was converted into a
hydrogen transfer catalyst by addition of formic acid at the
final stage of the tandem process. Overall, this method delivers
enantioenriched B-branched amines.

This journal is © The Royal Society of Chemistry 2021
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4.2 Sequential processes

While in the auto-tandem approaches devised by the Hull
laboratory, enamines are employed in intermolecular reactions,
Arisawa and Nishida showed that sequential processes offer the
possibility to exploit transient enamines for intramolecular
heterocycle synthesis. In 2006, they established that a well-
defined ruthenium hydride Ru3 is quantitatively generated
upon treatment of Grubbs second-generation catalyst Ru2 with
vinyloxytrimethylsilane (Fig. 6).”” In their seminal study, an
isomerization/metathesis sequence using both ruthenium com-
plexes for the preparation of a handful of protected indoles was
developed.

Later, Arisawa reported that commercially available ruthe-
nium hydride Rul could be associated with Hoveyda-Grubbs
metathesis catalyst Ru5 in a sequence consisting of a one-carbon
isomerization/ring-closing metathesis/oxidation/1,3-dipolar
addition using benzoquinone to deliver isoindolo[1,2-a]
isoquinoline 41 (Fig. 17).°* This particular example highlights
the versatility of their sequential isomerization/metathesis
approach for heterocycle synthesis starting from simple N-allyl
anilines.

5. Carbonyls as transient intermediates

The conversion of allylic alcohols into carbonyl compounds is a
cornerstone of transition metal-catalyzed olefin isomerization.>>*>
Not only is the process thermodynamically favorable, but rapid
increase in molecular complexity can be achieved from readily
available starting materials. Several research groups have also
combined this isomerization in one-pot processes by capitalizing
on the ability of the carbonyl intermediate either to undergo
a-functionalization or to direct C-H activation. Examples where
the carbonyl intermediates are engaged in situ in reductive or
oxidative transformations have also been reported.

5.1 Tandem processes

Jun and co-workers reported a Rh-catalyzed auto-tandem iso-
merization/hydroacylation yielding non-symmetric aliphatic
ketones (43) from simple allylic alcohols (42) and alkenes
(Fig. 18).%® In the first step, aldehydes R1 are produced upon
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Fig. 17 Sequential Ru-catalyzed isomerization/ring-closing metathesis/
oxidation/1,3-dipolar cycloaddition.
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isomerization of 42. Schiff-base condensation with 2-amino-4-
picoline in presence of benzoic acid gives aldimine R2 in situ.
Subsequent chelation-assisted hydroiminoacylation of the
appropriate alkene followed by hydrolysis of the resulting
ketamine affords the targeted ketone. Noticeably, this strategy
(i) prevents aldol condensation, (ii) reduces catalyst deactiva-
tion upon decarbonylation, two processes often observed in
hydroacylation employing aliphatic aldehydes. The reaction
is critically influenced by the alkene substitution pattern. For
instance, o,B-unsaturated ketones were observed as by-products
in the isomerization/hydroacylation of trisubstituted allylic
alcohols.®*

Bartoszewicz and Martin-Matute documented a Ru-catalyzed
auto-tandem isomerization/C-H activation starting from sec-
ondary allylic alcohols.®® In a likely mechanistic scenario, the
ketone intermediate (S1) generated upon isomerization directs
the subsequent ortho-C-H activation (Fig. 19). Migratory inser-
tion of the [Ru-H] (S2) across triethoxyvinylsilane, followed by
reductive elimination affords 45. While sodium formate acts as
both a base and a reducing agent, reproducibility issue were
circumvented by addition of a catalytic amount of a bulky,
electron-rich trialkylphosphine. The amount of double C-H
activation product varied between ca. 1:1 to 1:0 depending
upon the structure of the allylic alcohol (44). One example
using a homoallylic alcohol was provided, indicating olefin
migration can be sustained over several carbon atoms (45c).

In the period 2007-2009, Cadierno, Gimeno and co-workers
developed a series of Ru-catalyzed isomerization/transfer
hydrogenation systems of primary and secondary allylic alco-
hols (Fig. 20).°° The tandem process consists first in the
isomerization of the allylic alcohol (46), followed by transfer
hydrogenation of the resulting carbonyl (T). The system oper-
ates under basic conditions using iso-propanol as hydrogen
donor and [{(n®Ce¢Meg)RuCl(u-Cl)},] Ru6 as precatalyst and is
applicable to a broad array of substrates, including derivatives
with a trisubstituted olefin. The products are obtained in quasi-
quantitative yield within relatively short reaction times. The
overall transformation offers an attractive alternative to alkene

ZR2 (3 equiv), [RhCI(PPhs)s] (3 mol%) o
2-amino-4-picoline (40 mol%), PhCO,H (10 mol%)
RTX0oH _ R1’\)J\/\R2
neat, 130 °C, 4 h
42 43
HoN Me
—) =
isomerization o N\ / Me N \N | hydroiminoacylation
|
RW’\)J\H R1/\/]\H

g %
43a: 78% 43b: 83%

o]

43c: 77%

43d: 89% 43e: 92%

Fig. 18 Rh-Catalyzed auto-tandem allylic alcohol isomerization/chelation-
assisted hydroacylation.
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hydrogenation because it circumvents the use of molecular
hydrogen. It is also highly chemoselective as illustrated with
the isomerization/transfer hydrogenation of geraniol leading
exclusively to citronellol (47b). In the same contribution, the
authors showed that the reaction could be carried out in water
with similar efficiency when sodium formate was employed as
hydrogen source. They later found that glycerol could act as
both solvent and hydrogen donor.®” In a remarkable study,
Bizet et al. disclosed an analogous tandem isomerization/
transfer hydrogenation of y-trifluoromethylated allylic alcohols
using [(PhsP);RuCl,] as catalyst. The saturated alcohols
were obtained in excellent yield and could be accessed from
B-trifluromethylated enones with similar performances.®®

In 2012, Sowa disclosed the first version of the Ru-catalyzed
enantioselective isomerization/transfer hydrogenation of var-
ious allylic alcohols (Fig. 21).°° The highest enantioselectivities
were obtained for geraniol and nerol for which (S)-Tol-Binap
and (S,S)-iPrDuphos were found to be the most effective chiral
ligands. In analogy with related hydrogenation reactions, the
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system was found to be stereospecific with (S)-Tol-Binap and
stereoconvergent with (S,S)-iPrDuphos (Fig. 21).”° On the basis
of deuterium labelling experiments, the authors proposed that
the isomerization proceeds via a 1,3-H shift mechanism and is
the enantio-determining step of the tandem process. The same
group and the Adolfsson lab concurrently reported a related
tandem isomerization/asymmetric transfer hydrogenation of
secondary allylic alcohols using either diamine or a-amino acid
hydroxyamide chiral ligands.”*

Bruneau established that saturated amines could be accessed
from allylic alcohols via Ru-catalyzed auto-tandem isomerization/
reductive amination of primary allylic alcohols using arene-
ruthenium complex Ru7 at elevated temperatures (Fig. 22).”>
Under the optimized reaction conditions, secondary amines
were reacted in excellent yields, while primary anilines suffered
from parasitic dialkylation. The reaction proceeds in presence
of formic acid, which serves as reducing agent. Under the
optimized reaction conditions, a broad range of primary and
secondary amines was isolated in moderate to good yield. Of
particular note, aniline 49e could be generated in 71% yield
from a mixture of five different monoterpenoids. Beyond the
synthetic interest of working with complex mixtures, this result
indicates that hydrogen (auto-)transfer occurs from different
alcohols and aldehydes and converges toward the formation of
a single product. A related process was developed shortly after
for allylic and homoallylic alcohols using a light-activated Fe
catalyst and polymethylhydrosiloxane as reducing agent.”®

As part of their program directed to the synthesis of valuable
amides from simple starting materials, Wu and Hull disclosed
a Rh-catalyzed tandem oxidative amidation of allylic alcohols
using a wide array of primary and secondary amines with
acetone or styrene as hydrogen acceptor.”® The system served
as a basis for the enantioselective tandem oxidative amidation
of allylic amines presented in Section 4.1. Given the mecha-
nistic similarities, it will not be discussed in further details in
this section.
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Fig. 21 Ru-Catalyzed enantioselective auto-tandem isomerization/trans-
fer hydrogenation of allylic alcohols.
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Fig. 22 Ru-Catalyzed auto-tandem reductive amination of allylic

alcohols.

Based on a related strategy, Li and co-workers developed a
Ru-catalyzed isomerization/acceptorless dehydrogenation of
allylic alcohols for the synthesis of quinazolinones (51) using
o-aminobenzamide nucleophiles (Fig. 23).”* The system is general
and requires only low loading of the commercially available [(p-
cymene)RuCl,], complex under microwave irradiations (130 °C). A
plausible mechanism has been proposed based on a series of
control experiments. After initial Ru-catalyzed isomerization, con-
densation of o-aminobenzamide to the resulting aldehydes (V1)
generates 2,3-dihydroquinazolinones (V2). Observation of gas evo-
lution and NMR studies provided evidences for a Ru-catalyzed
acceptorless dehydrogenation producing quinazolinones (51).

6. Transition metal enolates as
transient intermediates

While the formation of main group enolates typically requires
enolization of a carbonyl compound under basic conditions,
transition metal enolates are usually prepared by exchange with
preformed alkali enolates. Alternatively, transition metal eno-
lates can be generated by oxidative addition into a-halo carbo-
nyls, by decomposition of a-azo carbonyls or by conjugate
reduction of o,B-unsaturated carbonyls.”” A different approach
consists in generating transient transition metal enolates by
olefin isomerization before engaging them in a subsequent
transformation. Examples of this strategy are discussed below.

6.1 Tandem processes

Building on the observation that alkenyl alcohols undergo
isomerization/aldol dimerization under Ru-catalysis,’® Ryu

This journal is © The Royal Society of Chemistry 2021
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isomerization condensation R? RN dehydrogenation
— R o
1
3
R v2

V1

= Me HN
NS
Me)\)\N

55D X
51a: 90% 51b: 90% 51c: 53%
o
o 1,0
SN
L0 L)
Me\/J\\N Me A Me

51d: 78%

51e: 67%

Fig. 23 Synthesis of quinazolinones via Ru-catalyzed auto-tandem redox
isomerization/acceptorless dehydrogenation.

and co-workers followed a related C-C bond formation strategy
for the construction of 2-alkyl substituted 1,3-diketones (53)
starting from non-conjugated enones (52) and aldehydes
(Fig. 24).”7 Initially, the ruthenium hydride Rul reconjugates
the remote C—C bond with the carbonyl group (W1). Subse-
quent hydro-ruthenation generates Ru-enolate W2, which
undergoes aldol condensation with the aldehyde to produce
B-keto alkoxy-ruthenium intermediate W3, which upon B-H
elimination delivers the product.'® This sequence is supported
by preliminary mechanistic experiments performed with iso-
topically labelled aldehydes. The method was applied to a
handful of aliphatic and aromatic aldehydes using hex-5-en-2-
one as model substrate. The expected 1,3-diketones were iso-
lated in good to excellent yield.

A joint effort from the Lautens and Taylor groups led to
the development of an elegant Rh-catalyzed auto-tandem
isomerization/allylation of unsymmetrical diallyl carbonates
for the synthesis of aldehydes possessing a a-quaternary center
(Fig. 25).”® The protocol displays high chemoselectivity, as

PhsP
%o

o PhyP— FI{u H  Rul Q o
¢’ Loy, (10.0 mol%)
\/\)J\M + R o S Me R
Benzene, 80 °C, 5 h Me

52 53

o Rul
(@)
H)‘\ [Ru] fj/k aldol/oxtdal/on
Me
w3
o O o O o O

Me' Me' A Me Me’ Me
Me Me Me Me Me

53a: 92% 53b: 91% 53c: 69%, 1:1 dr

e

isomerization

Fig. 24 Auto-tandem Ru-catalyzed isomerization/aldol addition/oxida-
tion of hex-5-en-2-one with aldehydes.
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Fig. 25 Rh-Catalyzed auto-tandem
carbonates.

isomerization/allylation of diallyl

ketones, Michael acceptors and heteroaromatics are all well-
tolerated. The reactions is also compatible with substrates
possessing an enolizable position (55¢). Competition and cross-
over experiments together with reaction progress kinetic ana-
lysis (RPKA) shed light on the operating mechanism of this
intriguing catalytic process. The concomitant formation of a
nucleophilic Rh-enolate (X1) and an electrophilic Rh-allyl spe-
cies (X2) is proposed to precede bimetallic C-C bond formation
to produce 55. While formation of X2 is believed to proceed via
an oxidative addition/decarboxylation sequence, X1 is presum-
ably generated via isomerization of the most hindered C—=C
bond. Moreover, the reaction was found to be second order in
rhodium, which is consistent with the C-C bond formation step
operating through a rate-limiting bimetallic pathway. Of note,
controlled experiments ruled out the possibility of a Claisen
rearrangement being involved in product formation.

6.2 Domino processes

Pioneering studies from Bosnich and Motherwell established
the potential of enolates in situ generated by metal-catalyzed
isomerization of allylic alcohols to engage in subsequent C-C
bond-forming domino aldol or Mannich processes.”” Quite
remarkably, with this approach formation of the metal enolate
does not require the presence of a carbonyl group or of a
carbonyl group flanked with a reactive a-functionality. The
reader is invited to consult the exhaustive review written by
Martin-Matute to appreciate the quantity and quality of the
work accomplished in this area.®

In recent year, the field has witnessed the elaboration of
related domino reactions in which sources of electrophilic
halides have been employed as quenching agent of the
transient enolate (Fig. 26). The selective synthesis of monosub-
stituted a-iodo- (57a), a-bromo- (57b), a-chloro- (57¢) and
a-fluoroketones (57d) has been accomplished under mild
and base-free reaction conditions using cyclopentadienyl-
iridium complex Irl and aqueous solvent systems.®! Acyloins
(57e) have been prepared following the same approach using an
oxoammonium tetrafluoroborate salt derived from TEMPO.*>
Finally, an ingenious variant based on an isomerization/
umpolung functionalization strategy has been published by
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Fig. 26 Ir-Catalyzed domino isomerization/C-X and C-O bond for-

mation processes.

the Martin-Matute group.®® The combination of the appropriate
iodine(m) reagent in methanol provided access to the targeted
a-alkoxy ketones.

6.3 Sequential processes

The development of iterative enantioselective cross-aldol reac-
tions between two distinct aldehydes is particularly challenging

R2 ’%O

(1 equiv)
[(Pha(Me)P),Ir(cod)]PF MesCu (5 mol%)
(R20)B~ (0.5 mol%) (R)-L2 (5 mol%) Hol o
H,, activation iPrOH (1 equiv) 5 |
R -
| Acetone THF, -60 °C, 24 h T
R! 0°C, 30 min R'
58 59
(1-6 equiv)
B(ORZ /[CU]
/somer/zat/on J) transmetallation J) aldol
repeat x (n—-1)
single aldol
OH OH OH OH OH OH OH OH
MeN
Me Me Me Me
Me
59a: 66% 59b: 80% 59c: 91% 59d: 90%
98.5:1.5er 97:3dr, 97.5:2.5 er 93:7 dr,99.5:0.5 er 94:6 dr, 98.5:1.5 er
double aldol
OH OH OH 590 8695 OH OH OH 5ot 5196
96:1:3 dr 2 4:92:4 dr
Me Me >99.5:0.5er Me Me >99.5:0.5er
using (S)-L2
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OH OH OH OH OH OH OH OH OH

Me Me Me Me Me Me Me
599: 71%, 90:10 dr, >99.5:0.5 er 59h: 42%, 90:10 dr, >99.5:0.5 er

Fig. 27 Sequential [Ir/Cu]-catalyzed isomerization/iterative aldol reaction.
L2 = DTBM-SEGPHOS (see Fig. 9). Products were isolated after reduction.
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because it necessitates to differentiate their role as donor and
acceptor in order to avoid synthesis of 1,3-polyols of random
composition.®* In a remarkable study, Lin et al. described the
Cu-catalyzed aldol reaction between aldehydes (acceptor) and
boron enolates (donor, (Z1)) in situ generated by Ir-catalyzed
isomerization of the allylic oxyboronates (58) (Fig. 27).%°
The proof of concept was validated for the single aldol reaction.
Under the optimized conditions, the iridium catalyst is acti-
vated with molecular hydrogen at 0 °C in acetone and the aldol
reaction is accomplished with 5 mol% of a [(R)-(DTBM-
SEGPHOS)CuMes] catalyst in the presence of 1 equivalent of
isopropanol in THF at —60 °C. Aliphatic, aryl, and heteroaryl
aldehydes all gave the cross-aldol products in moderate to
excellent yields with consistently high diastereo- and enantio-
selectivity (after reduction (59a-d)). By adjustment of the nature
and stoichiometry of the boronate, the alcohol and the nature
of the amine additive, the aldol process can be repeated by
using the aldol products as acceptor in the subsequent aldol
addition. One-pot diastereo- and enantioselective double, tri-
ple- and quadruple aldol reactions were successfully achieved
following this strategy (59e-h). Moreover, the stereodivergency
of the process was demonstrated by simply using the chiral
bisphosphine ligand of opposite handedness (59e-f).

7. Conclusions

One-pot processes based on transition metal-catalyzed isomerization
of olefins enable chemists to convert commodity chemicals into
more complex molecular architectures with maximum effi-
ciency, be it in terms of atom-, step-, and redox-economy. Over
the last decades, a large number of novel transformations have
been developed using either tandem, domino or sequential
approaches. Adjusting and controlling the reactivity of a distal
position by catalytic migration of an alkene offers new perspec-
tives for retrosynthetic analysis. For instance, remote and
apparently inert sp® hybridized carbon atoms can now be
functionalized by judicious design of isomerization/functiona-
lization processes. In the same vein, ethers and tertiary amines
can be converted into far more reactive entities upon transition
metal-catalyzed olefin isomerization (i.e. enol ethers and enam-
ines) and subsequently engaged in one-pot transformations
that would not be conceivable with traditional approaches.
Electrophilic carbonyls or nucleophilic enolates can also be
generated by alkene isomerization and used in situ for the
functionalization of previously inaccessible carbon atoms. In
addition to providing access to novel reactivity patterns, recent
reports have highlighted the possibility to exert exquisite relative
and absolute stereocontrol in complex systems based on remote
functionalization strategies or iterative sequences. In spite of
these remarkable achievements, there is certainly much ingenious
one-pot catalytic reactions that can be developed and novel
reactivity that can be unveiled.®® For instance, the latest reports
on zirconium-catalyzed olefin isomerization augurs well for the
development of tandem approaches exploiting early transition
metal catalysis.’” Moreover, the intermediacy of alkyl-boron or
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silicon compounds, generated by well-established isomerizing
hydrofunctionalization of alkenes, could open new synthetic
opportunities, if coupled with a sequential catalytic functiona-
lization of the C-B and C-Si bond.®® If one looks beyond the
field of organic synthesis, extension of tandem or sequential
catalysis to chain-walking polymerization processes represent
an exciting venue for polymer chemistry.*® We hope this Review
will gather interest and inspire the design of novel one-pot pro-
cesses based on transition metal-catalyzed olefin isomerization.
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