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d one-pot synthesis

Yujiro Hayashi

The one-pot synthesis of a target molecule in the same reaction vessel is widely considered to be an

efficient approach in synthetic organic chemistry. In this review, the characteristics and limitations of

various one-pot syntheses of biologically active molecules are explained, primarily involving

organocatalytic methods as key tactics. Besides catalysis, the pot-economy concepts presented herein

are also applicable to organometallic and organic reaction methods in general.
1. Introduction

Efficiency and environmental sustainability are central issues in
contemporary organic chemistry. Both need to be addressed
carefully when making a valuable target molecule over several
distinct steps. When feasible, an effective approach is to
synthesize the target in a single reaction vessel. This approach is
oen termed ‘one-pot’, and can apply to a multi-step reaction,
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method, or synthesis. It is effective because several synthetic
transformations and bond-forming steps can be carried out in
a single pot, while circumventing several purication proce-
dures at the same time. A one-pot procedure can thus minimize
chemical waste, save time, and simplify practical aspects. In
fact, this approach has been used widely in synthetic organic
chemistry for a long time. For instance, Robinson's one-pot
synthesis of tropinone is a landmark achievement in organic
chemistry, which was reported nearly 100 years ago (eqn (1)).1

Among many other classic examples involving single-pot
procedures, one-pot reactions have been elegantly utilized in
the biomimetic syntheses of progesterone by Johnson,2

endiandric acid by Nicolaou,3 and proto-daphniphylline by
Heathcock.4

In the growing eld of organocatalysis,5 organocatalysts
are particularly effective reagents in achieving a one-pot,
multi-step synthesis. This is evidenced by a dramatic
increase of impressive syntheses over the past decade.6 For
example, Enders reported a breakthrough one-pot synthesis
of a chiral cyclohexenecarbaldehyde with excellent enantio-
selectivity using a diphenylprolinol silyl ether-mediated7,8

Michael reaction as a key step (eqn (2)).9 This catalyst was
independently developed by our group7 and the group of
Jørgensen.8 Herein, we review the characteristics of one-pot
syntheses employing prolinol-based organocatalysts as
developed in our laboratories. By detailing the criteria for
a successful multi-step synthesis, the insights and concepts
presented are intended to be transferable to other organic
reaction methods, synthetic strategies, and the eld of tar-
geted synthesis in general.

2. One-pot/domino/cascade/tandem
reaction

There are several terminologies to describe multi-step reac-
tions that take place in one pot. These include: “domino
reaction”, “cascade reaction”, and “tandem reaction”. Nic-
olaou pointed out that these descriptions are comparatively
This journal is © The Royal Society of Chemistry 2016
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interchangeable in his 2006 review titled “Cascade Reactions
in Total Synthesis”.10 Tietze suggested the usage of “domino
reaction” rather than “cascade reaction” or “tandem
reaction”, and dened a domino reaction as a process
involving two or more bond-forming transformations
(usually C–C bonds) that take place under the same reaction
conditions without adding additional reagents and catalysts,
and in which subsequent reactions result as a consequence
of the functionality formed in the previous step.11 Denmark
proposed to keep the all-encompassing denition of
“tandem reactions” as reactions that occur one aer the
other, and to use the modiers cascade (or domino),
consecutive, and sequential to specify how the two (or more)
reactions follow.12 Fogg classied one-pot processes as
one-pot reaction, domino catalysis, or tandem catalysis, the
latter of which being further subdivided into orthogonal
catalysis, auto-tandem catalysis, and assisted-tandem
catalysis.13

In spite of all these terminologies, a one-pot synthesis is
dened as a strategy to improve the efficiency of a chemical
reaction, whereby a reactant is subjected to successive chemical
reactions in just one reactor.14 As long as a particular sequence
of reactions is carried out in the same reactor, it is considered to
be “one-pot” in this review. Thus, a one-pot synthesis has
a much wider meaning than a cascade, domino or tandem
reaction, and the concept of a one-pot synthesis encompasses
all such reaction types as well as the multi-step strategies that
are adopted in a single vessel or reactor.
3. Pot economy/atom economy/step
economy/redox economy

‘Green’15 and ‘efficiency’ are two principal issues in science
and industry. These issues can be characterized in terms of
atom economy, step economy, and redox economy.16 Atom
economy was proposed by Trost, who stated that synthetic
This journal is © The Royal Society of Chemistry 2016
methods should be designed to maximize the incorporation
of all materials used in the process into the nal product (ACS
Green Chemistry Principle #2).17 Reactions with no byprod-
ucts18 are thus desirable and it is necessary to employ “clean”
and reliable reactions when planning the synthesis of a target
molecule. Step economy was proposed by Wender and is
another fundamental economy to consider in order to mini-
mize the number of reaction steps to a target molecule; this
thereby reduces the length, cost, development time, execution
time, effort, separation methods, and environmental impact
of a synthesis.19 Step economy is clearly inuenced by
selecting the right reaction method and sequence to allow for
an optimal increase in target-relevant complexity. Redox
economy was recently proposed by Baran and Hoffmann and
relates to minimizing unnecessary changes in the oxidation
states of isolatable intermediates, and thereby relates to
reducing the number of steps in a given synthetic sequence.20

The concepts of redox and step economy are thus important
in the synthetic design and strategic implementation of
reaction methods to a target molecule.

An additional economy to consider is in the number of
pots required for each reaction method. In other words,
the workup and isolation of intermediates is not always
necessary. Indeed, chemists have omitted workup procedures
and carried out several reactions in the same reactor
for a long time. When several reactions are conducted in
a single reactor, without isolating or purifying the interme-
diates, we can reduce the amounts of solvent, waste, time,
labour and cost. Thus, “pot-economy”21 is also important in
synthesizing a target molecule in terms of ‘greenness’ and
practicability.

Thus, in realizing a multistep synthesis, chemists rst retro-
synthesize the target molecule, in which they choose a synthetic
strategy and reaction sequence according to the principles of
step and redox economy. Next, appropriate reagents and reac-
tion conditions are selected according to atom economy. Today,
Chem. Sci., 2016, 7, 866–880 | 867
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during these design and development stages, chemists are now
adopting the principles of pot economy. Such aspects are dis-
cussed next.
4. Telescope reaction/one-pot
reaction

Process chemists oen carry out several reactions in a single
reactor without the need to isolate intermediates. This multi-
step approach is termed as a “telescoped reaction”. According
to Dr J. Dunetz at Gilead Sciences,22 a telescoped reaction is
dened as follows: while there is no formal denition, in
general terms, telescoping is the execution of multiple
transformations (including quenches and other workup
operations) without the direct isolation of intermediates.
Telescoped solutions of intermediates can be extracted,
ltered (as long as the product remains in the ltrate), and
solvent exchanged, but the intermediate is ultimately held in
solution and carried forward to the subsequent trans-
formation. These workup operations add to the expense of
a process, and the best telescoped processes will minimize
solvent exchange, etc.

As long as a reaction sequence is conducted in the same
reactor, this approach is a one-pot reaction. However, tele-
scoped reactions and one-pot reactions are not always the
same. For instance, the (�)-oseltamivir synthesis given in
Section 8.1 (Scheme 2),23 is regarded as a one-pot reaction but
this synthesis is not telescoped due to the need to concentrate
reactor contents to dryness in order to replace solvents. Such
work-up steps are regarded as an isolation of the crude
intermediates or product material. The one-pot synthesis of
(�)-oseltamivir given in Section 8.2 (Scheme 3),24 however, is
regarded as both one-pot and telescoped, because all reagents
are added successively to one reactor without the need to
evaporate or replace solvents.
5. Reaction/step, intermediate, and
byproduct/side-product

Before discussing one-pot reactions, it is necessary to clarify the
usage of several terminologies such as “reaction”, “step”,
“intermediate”, “byproduct” and “side-product”.

In this review, we follow the denition of “reaction step”
according to the IUPAC gold book,25 namely: an elementary
reaction, constituting one of the stages of a stepwise reaction in
which a reaction intermediate (or, for the rst step, the reac-
tants) is converted into the next reaction intermediate (or, for
the last step, the products) in a sequence of intermediates
between reactants and products.

“Intermediate” is dened according to the same book25 as
a molecular entity with a lifetime appreciably longer than
a molecular vibration (corresponding to a local potential energy
minimum of a depth greater than RT) that is formed (directly or
indirectly) from the reactants and reacts further to give (either
directly or indirectly) the products of a chemical reaction. Thus,
it is a non-transient, isolatable reaction product.
868 | Chem. Sci., 2016, 7, 866–880
According to these denitions, reactions and reaction steps
are not always the same: for instance, the aldol condensation
reaction consists of two reaction steps, because there are two
elementary reactions involved, namely, an aldol reaction and
a dehydration reaction.

As for the terms “byproduct” and “side-product”, we follow
the denitions of Watson,26 namely: byproducts are materials
that are produced as a direct result of the desired reaction, and
so they will appear as part of the fully balanced chemical
equation. Side-products, on the other hand, are the result of
side reactions.
6. Effective reactions for a one-pot
synthesis

There are certain reaction criteria that are effective for a one-
pot synthesis of a target molecule. These include reactions, in
which: (1) the intermediate compound is unstable; (2) the
intermediate compound is malodorous, hazardous, or toxic;
(3) there is equilibration of intermediate compounds; (4)
there is equilibration of the starting material and the inter-
mediate compound; (5) the side-products generated are
convertible into the desired intermediate compound or nal
product; (6) the same reagents are employed in subsequent
reactions. Each reaction criteria will be explained in this
section.
6.1 Reaction in which the intermediate compound is
unstable

Aer the reaction to prepare compound C via an unstable
intermediate B, the isolation of the unstable compound B would
reduce the yield (eqn (3)). It would thus be better to carry out
reaction 2 successively in the same reactor. In this review, when
the intermediate compound B is used directly in the next
reaction, in the same pot without isolation, we characterise this
intermediate as [B], whereby the compound is given in square
brackets (eqn (3)).

(3)

An example of this case is found in our second generation-
synthesis of (�)-oseltamivir (eqn (4)).22 The Michael reaction of
aldehyde 2 and nitroalkene 3 afforded the Michael product 4
with excellent diastereo- and enantioselectivity. If isolated, this
intermediate 4 was readily isomerized which reduced the
resultant syn/anti selectivity for product 6. The next reaction is
a domino Michael/Horner–Wadsworth–Emmons reaction. If
the Michael reaction was subjected to work-up, the yield of 6
would be signicantly reduced, due to the isomerization of the
desired syn-intermediate to the undesired anti-isomer. Thus,
a one-pot reaction sequence was essential for an optimal yield of
product 6.
This journal is © The Royal Society of Chemistry 2016
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(4)

6.2 Reaction in which the intermediate compound is
malodorous, hazardous, or toxic

It is a synthetic advantage to carry out experiments without the
need to remove or isolate intermediates with bad smells or that
present high safety risks (e.g., explosion hazard, toxicity). In our
second generation synthesis of (�)-oseltamivir,27 as given in
Section 8.1 (Scheme 2), an acyl azide intermediate was identi-
ed as a potential hazard. We thus carried out the preparation
of the azide intermediate and subsequent rearrangement reac-
tion without workup, giving synthetic merit to the one-pot
procedure.

6.3 Reaction in which there is equilibration between
intermediate compounds

(5)

For reactions A / D that produce interchangeable intermedi-
ates (B or C) that are both capable of producing the desired
product D, there is no need to isolate or separate the interme-
diates (eqn (5)). In our one-pot synthesis of chiral bicyclo[3.3.0]
octatriene (eqn (6)), the diphenylprolinol silyl ether-mediated
Michael reaction of cinnamaldehyde (7) and cyclopentadiene
(8) was rst performed to afford the Michael product 10 with
70 : 30 diastereoselectivity.28 Addition of a base promotes the
intramolecular nucleophilic addition of cyclopentadienyl anion
11 to the formyl moiety, followed by dehydration, to afford the
bicyclo[3.3.0]octatriene 12 in good yield with excellent enan-
tioselectivity. In this reaction sequence, it is not necessary to
separate the diastereomers in the rst reaction because the
This journal is © The Royal Society of Chemistry 2016
same cyclopentadienyl anion 11 can be generated from either
Michael product 10a or 10b.

(6)

Another example is illustrated in the synthesis of (�)-osel-
tamivir (eqn (7)). Here, the domino Michael/Horner–Wads-
worth–Emmons reaction starting from nitroaldehyde 4 and
ethyl acrylate 5 proceeded to afford the ethyl cyclohexene
carboxylate derivative 6, of which a mixture of 5(R)- and 5(S)-
isomers was obtained. Aer the subsequent addition of tolue-
nethiol, Michael addition proceeded with epimerization of C-5
to provide the 5(S)-isomer 13 selectively. As both 6a and 6b
afforded the same compound 13, it is not necessary to separate
the diastereomers 6a and 6b. It is thus a synthetic advantage to
carry out such successive reactions in the same rector.

(7)
Chem. Sci., 2016, 7, 866–880 | 869
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6.4 Reaction in which there is equilibration of the starting
material and the intermediate compound

(8)

A one-pot, two-reaction procedure to produce a product C is also
advisable where the intermediate [B] from reactant A can reverse
back into A over time (eqn (8)). Rovis reported the reaction of
crotonaldehyde (14) and acetylacetone (15) via aMichael addition
reaction followed by an intramolecular cross-benzoin condensa-
tion (eqn (9)). Compared to the orthogonal use of two organo-
catalysts in a single reactor, the yield and enantioselectivity
decreased when these reactions were conducted in a two-pot
isolated sequence.29 Thus, the second catalyst served to drive the
intermediate 17 to the product 19 by diminishing the possibility
of a retro-Michael reaction occurring.

(9)

6.5 Reaction in which the side-products generated are
convertible into the desired intermediate compound or nal
product

In reactions where a side-product C is generated from the
reactant A by reaction 1, but C is also convertible to the desired
product B via reaction 2 within the reaction mixture that is
generated, both reactions 1 and 2 can be carried out succes-
sively in the same reactor without the need to separate
compounds B and C (eqn (10)).

(10)

In our synthesis of (�)-oseltamivir,23,24,27 when the nitro
compound 4 was treated with 5 in CH2Cl2 with Cs2CO3,
a domino Michael/Horner–Wadsworth–Emmons reaction
870 | Chem. Sci., 2016, 7, 866–880
proceeded to afford the desired product 6, as well as the
undesired side-products 20 and 21 (eqn (11)). Compound 20 is
a doubly-reacted Michael product formed by the further reac-
tion of 6 with 5, and 21 possesses a trans-stereochemistry about
the hydroxyl group and phosphoric ester moiety, from which
syn-elimination does not proceed. As it was found that both
side-products 20 and 21 can be converted into the desired
product 6 in EtOH with Cs2CO3 (via a retro-Michael reaction
from 20 or a retro-aldol/Horner–Wadsworth–Emmons reaction
from 21), the product 6 could be obtained in a yield approach-
ing 80% in an efficient manner by conducting both reactions 1
and 2 in the same reactor successively.

(11)

6.6 Reaction in which the same reagents are employed in
subsequent reactions

(12)

If the same reagent is employed in successive reactions, it is
a synthetic advantage to carry out the two reactions in the same
reactor (eqn (12)). An example is shown in our rst one-pot
reaction sequence tomake (�)-oseltamivir, whereby Cs2CO3 was
utilised in ve different ways as a base (vide infra, Section 8.1,
Scheme 1). Another example is found in the syntheses of
(�)-horsline and (�)-coerulescine, where Zn acted in several
ways (vide infra, Section 8.6).
7. Restrictions for one-pot reactions

There are several restrictions to carrying out a one-pot
synthesis. These are detailed next.
This journal is © The Royal Society of Chemistry 2016
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7.1 Reaction

In a one-pot sequential synthesis of a target product, each
reaction has to proceed in excellent yield, in which the gener-
ation of byproducts and side-products is minimized as much as
possible. As the number of reactions increases, byproducts and
side-products accumulate more and more affecting the
following reactions and diminishing yields. Subsequent reac-
tions thus have to proceed in the presence of these accumulated
byproducts and side-products.

It is therefore important to select reaction methods with the
least amount of byproducts and side-products. For instance, the
Horner–Wadsworth–Emmons reaction is widely used in the
synthesis of alkenes, but it produces an equimolar amount of
phosphoric acid derivatives and such byproducts can interfere
with successive reaction conditions due to acidity issues. Thus,
it is important to not only select suitable reactions withminimal
byproducts, but also to optimize reaction methods so as to
suppress the generation of undesired side-products.
7.2 Solvent

If a solvent with a high boiling point is employed in a previous
reaction, this may be unsuitable or suboptimal for the next
reaction. Besides the solvent being difficult to remove
completely in vacuo, the higher evaporation temperature may
harm the structural integrity of the product via thermal
decomposition. It is thus necessary to determine reaction
conditions under which both reactions can proceed in the same
solvent, or to employ a solvent with a low boiling point that can
then be readily removed via evaporation.
7.3 Amount of reagent

When excess reagents are rst employed, which cannot be
removed under reduced pressure, the next reaction has to be
carried out in the presence of this reagent and the following
reaction conditions need to be compatible. It is thus desirable
to use reagents with a low boiling point and in stoichiometric
amounts relative to the reactant. Alternatively, the remaining
reagents can be deactivated before the next reaction conditions
are applied.

Reactions that give few byproducts and side-products are
thus suitable for one-pot synthetic sequences, especially those
that proceed with stoichiometric reagents and future-compat-
ible low boiling solvents. Although certain reactions might
afford undesired side-products, or reagents might remain in the
reaction mixture, we can control the reactivity of these side-
products or the remaining reagents by the addition of additives
to make the next reaction or reactions work successfully. Thus,
a “one-pot” reaction is not a simple combination of each,
separately optimized, set of reaction conditions, but an additive
sequence of reagents, solvent-modications, and in situ
quenching events.

Traditional “stop-and-go” synthesis is composed of a reac-
tion, workup, and purication. Compared with this traditional
approach, a one-pot synthesis is relatively difficult to optimize.
Similarly, when compared to a sequence of solid phase
This journal is © The Royal Society of Chemistry 2016
reactions, in which excess reagents and high boiling solvents
from the prior steps can be readily removed by washing with the
next solvent, a one-pot reaction sequence is challenging to
develop in practice.
8. Case studies: representative
examples of one-pot syntheses
8.1 Two-pot synthesis of (�)-oseltamivir23

(�)-Oseltamivir phosphate (Tamiu®), a neuraminidase
inhibitor, is one of the most effective drugs for the treatment of
inuenza.30 Our group has a continuing interest in supplying
this drug in an efficient manner, and have reported three
versions of its synthesis. In the rst and second generation
approaches in 2009 and 2010, the highly substituted cyclo-
hexane carboxylate 13 was synthesized with an initial set of
sequential reactions in one pot (Scheme 1).23,27a

Here, the rst reaction is the asymmetric Michael addition
reaction between a-alkoxyaldehyde 2 and nitroalkene 3 cata-
lyzed by diphenylprolinol silyl ether. Next, the Michael addition
of the anion of nitroalkane 4 to the ethyl acrylate derivative 5
provided three compounds 6, 20 and 21. As the undesired side-
products 20 and 21 can be transformed into the desired ethyl
cyclohexenyl carboxylate 6 by adding EtOH solvent, 6 can be
derived from both 20 and 21 (cf. the synthesis of 6 from 2 and 3
in Sections 6.1 and 6.5). The subsequent transformation of 6,
involving the stereoselective isomerization of the 5R-isomer 6a
and 5S-isomer 6b in the same reactor, completed the synthesis
of the highly substituted cyclohexane derivative 13 (as explained
in Section 6.3).

In this one-pot reaction sequence to 13, a highly function-
alized chiral cyclohexane framework with the correct relative
and absolute conguration was synthesized over seven reaction
steps: (1) a diphenylprolinol silyl ether-mediated, asymmetric
Michael reaction (2 and 3 / 4), (2) a domino Michael reaction
and (3) Horner–Wadsworth–Emmons reaction (4 / 6)
combined with (4) a retro-aldol/(3) Horner–Wadsworth–
Emmons elimination (21 / 6), (5) a retro-Michael reaction (20
/ 6), (6) a base-catalyzed isomerization, and (7) a thiol-Michael
reaction (6 / 13).

It should be noted that the same reagent was employed in
several reactions in a single reactor, whereby changes in the
solvent and temperature were used to moderate the reactivity
of the intermediate compounds (Section 6.6). For instance,
Cs2CO3 acts as a base in ve different ways: (1) for the
Michael reaction of nitroalkane 4 and vinylphosphonate 5 in
toluene; (2) for the intramolecular Horner–Wadsworth–
Emmons reaction; (3) in EtOH, for the retro-Michael reaction
from 20 to 6 and retro-aldol/Horner–Wadsworth–Emmons-
based reactions from 21 to 6; (4) for the C5 isomerization of 6
for (5) the Michael reaction of the thiol and 6, in which the
reaction was conducted at a lower temperature (�15 �C) to
suppress over-reaction, such as the elimination of HNO2

from 6. It is thus operationally simple and economically
advantageous to use the same reagent multiple times in the
same reactor.
Chem. Sci., 2016, 7, 866–880 | 871
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Scheme 1 One-pot synthesis of 13 during the synthesis of (�)-oseltamivir.
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During our second generation synthesis of (�)-oseltamivir,
six reaction steps were conducted in a second, one-pot reaction
sequence from 13 (Scheme 2). These include: (1) deprotection of
a tert-butyl ester (13 / 22) and (2) its conversion to the acid
chloride 23, then (3) transformation to the acid azide 24, (4) the
domino Curtius rearrangement/amide formation of 25, (5) the
nitro reduction of 25 to the amine 26, and (6) the retro-Michael
reaction of the thiol group. In this case, several evaporation
procedures were employed to change solvents and remove
volatile components from the reaction mixture. Aer the
reduction of the nitro moiety with Zn, NH3 bubbling is neces-
sary to cleave zinc chelates in situ. This is comparable to a “stop-
and-go” synthesis, whereby the Zn chelates are cleaved by acid
treatment during aqueous workup. In the one-pot sequence,
this kind of “in situ work-up” modication is necessary to carry
out sequential one-pot reactions successfully. It is also worth
mentioning that there is no need to isolate the potentially
hazardous azide intermediate 24, which is an advantage safety-
wise (Section 6.2).
8.2 One-pot synthesis of (�)-oseltamivir24

Recently, we accomplished a one-pot targeted synthesis of
(�)-oseltamivir (Scheme 3),24 which is based on our own
previous work and the syntheses of Ma,31 Sebesta32 and Lu.33

Starting from the diphenylprolinol silyl ether-mediated asym-
metric Michael reaction of a-alkoxyaldehyde 2 and (Z)-N-2-
nitroethenylacetamide 27, the rest of the transformations are
slight modications of our previous synthetic sequences.
Today, we can thus synthesize (�)-oseltamivir in a one-pot
sequence in 36% yield by changing conditions only 6 times over
nine reaction steps, including: (1) a diphenylprolinol silyl ether-
872 | Chem. Sci., 2016, 7, 866–880
mediated, asymmetric Michael reaction (2 and 27 / 28), (2)
a domino Michael reaction/(3) Horner–Wadsworth–Emmons
reaction (28 / 29), combined with (4) a retro-aldol/(3) Horner–
Wadsworth–Emmons elimination (30/ 29), (5) a retro-Michael
reaction (31 / 29), (6) a base-catalyzed isomerization, (7)
a thiol-Michael reaction (29 / 32), (8) reduction of the nitro
group to an amine (32 / 33), and nally (9) a retro-Michael
reaction of the thiol.

A noteworthy synthetic advantage is that this one-pot
synthesis does not involve any evaporation processes or solvent
swapping. Also, the present synthesis is the rst example of
a stereochemically complex drug being synthesized in a single
reactor, in signicant yield, without the need to evaporate or
swap solvents. This achievement shows the power of a carefully
developed one-pot reaction sequence.
8.3 One-pot synthesis of ABT-341 34

ABT-341 is a highly potent, selective, and orally bioavailable
DPP4 (dipeptidyl peptidase IV) inhibitor, which is a drug
candidate for type 2 diabetes being developed by Abbott Labo-
ratories.35 We accomplished a one-pot sequential synthesis of
ATB-341 based on an organocatalyst-mediated Michael reaction
as a key step (Scheme 4). The rst reaction is the diphenylpro-
linol silyl ether mediated asymmetric Michael reaction of acet-
aldehyde and nitroalkene 34 previously developed by our
group.36 The successive reaction for the formation of chiral
cyclohexene carboxylate 37 involves a method that we developed
for the synthesis of (�)-oseltamivir, aer which the isomeriza-
tion of the a-position of the nitro group presented difficulties.
Optimization of this isomerization with isolated 37 revealed
that i-Pr2EtN cleanly afforded 40. In a one-pot sequential
This journal is © The Royal Society of Chemistry 2016
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Scheme 2 One-pot synthesis of (�)-oseltamivir from 13.
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reaction, however, no isomerization occurred. The differences
between the one-pot and “stop-and-go” reaction sequences were
reasoned to be due to the presence of Cs2CO3 preventing
a reversible isomerization of the a-position of the nitro group.
As Cs2CO3 cannot be removed without a standard work-up, as is
the case for stop and go reactions, we investigated its deacti-
vation (an in situ quenching step). In this event, we found that
the addition of EtOH and TMSCl was key to deactivating
Cs2CO3. That is, TMSCl reacts with the solvent, EtOH, to
generate HCl, which reacts further with Cs2CO3 to provide
insoluble CsCl. Aer this treatment, the addition of i-Pr2EtN
cleanly promotes the isomerization process to provide the
Scheme 3 One-pot targeted synthesis of (�)-oseltamivir.

This journal is © The Royal Society of Chemistry 2016
desired product 40. This exemplies that one-pot syntheses
cannot be realized by the simple combination of individually
optimized reaction conditions.

The next key issue was found to be the formation of an amide
bond. Although the isolated carboxylic acid 41 can be coupled
with the amine easily, this coupling reaction had to be per-
formed in the presence of a phosphoric acid derivative under
the current one-pot conditions, which was generated by the
previous Horner–Wadsworth–Emmons reaction releasing
a byproduct. In spite of the amine 42 being able to react with the
phosphoric acid byproduct, we reasoned that the activated
derivative of the carboxylic acid 41 would be more reactive than
Chem. Sci., 2016, 7, 866–880 | 873
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that derived from the phosphoric acid. Thus, the amidation
reaction was performed at 0 �C to minimize the formation of
phosphonamides, aer which the temperature was increased to
room temperature. This result indicates that it is necessary to
design new reaction conditions according to the existing
byproducts and current one-pot conditions, which will clearly
differ from the optimized conditions using isolated starting
material.

In short, the eventual synthesis developed consisted of nine
reaction steps in one pot, namely: (1) an asymmetric Michael
reaction of an acetaldehyde (34 / 35), (2) a domino Michael
reaction/(3) Horner–Wadsworth–Emmons reaction (35 / 37),
(4) a retro-aldol/(3) Horner–Wadsworth–Emmons elimination
(38 / 37), (5) a retro-Michael reaction (39 / 37), (6) an
isomerization (37 / 40), (7) the conversion of a tert-butyl ester
to a carboxylic acid (40/ 41), (8) amide bond formation (41/

43), and (9) a nal nitro to amine group reduction (43 / 44).

8.4 Three-pot synthesis of prostaglandin E1 (PGE1) methyl
ester37

The prostaglandins are known to act as local hormones,
controlling a multitude of important physiological properties in
only trace amounts, and some of their derivatives are important
medicines.38 There are several syntheses of the prostaglandins39
Scheme 4 One-pot synthesis of ABT-341.

874 | Chem. Sci., 2016, 7, 866–880
including Corey's landmark synthesis.40 We have accomplished
the enantioselective total syntheses of PGA1 and PGE1 methyl
esters in 25% and 14% total yield, respectively, in three pots,
which includes three isolations and three chromatographic
purications (Scheme 5). The rst one-pot reaction sequence
starts with a key asymmetric formal [3 + 2] cycloaddition
reaction, resulting from the domino Michael reaction of
succinaldehyde 46 and nitroalkene 45, with a successive
intramolecular Henry reaction, to afford the cyclo-
pentanecarbaldehyde 48.41 A sequential Horner–Wadsworth–
Emmons reaction then provides 50, which possesses all the
carbons necessary for a PGE1 structure. As 48 readily isomerizes,
it is essential to carry out the Horner–Wadsworth–Emmons
reaction in the same reactor to obtain excellent diaster-
eoselectivity and high yields. Aer the diastereoselective
reduction of ketone 50, the following ve reaction steps were
developed to occur in a single reactor, namely: (1) a dehydration
step (51/ 52) followed by a novel base-mediated conversion of
a nitroalkene into an a,b-unsaturated ketone (52 / 53),
comprising (2) the a,b- to b,g-isomerization of the unsaturated
nitro compound, and (3) an oxidative Nef reaction using
molecular oxygen,42 as well as (4) an epoxidation step (53/ 54)
and (5) the reductive opening of the epoxide (54 / 55). An in
situ quenching method was also employed in this one-pot
This journal is © The Royal Society of Chemistry 2016
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synthesis. Namely, aer the base-promoted conversion of
nitroalkene 52 into the a,b-unsaturated ketone 53, the reaction
mixture was neutralized by the addition of TMSCl. Aer the
epoxidation of a,b-unsaturated ketone 53 using NaOH and
H2O2, a second addition of TMSCl also neutralized the reaction
mixture. Such modications are necessary when performing
several reactions in the same reactor. As the intermediate 53
was found to be unstable, via the facile isomerization of its
double bond, this one-pot procedure, without workup,
increased the yield.
8.5 Baclofen

Baclofen is a potent GABAB receptor agonist used for the
treatment of spinal cord injury-induced spasms.43 Recently we
accomplished the targeted synthesis of (S)-baclofen from
commercially available materials over four reaction steps in
a one-pot set of operations (Scheme 6).44 The success of our one-
pot synthesis was to develop an efficient synthesis of the a,b-
Scheme 5 Three-pot synthesis of prostaglandin E1 methyl ester.

This journal is © The Royal Society of Chemistry 2016
unsaturated aldehyde that also gave conditions suitable for
subsequent reactions to proceed in the same reactor. Although
there are many methods for the preparation of a,b-unsaturated
aldehydes from the corresponding aldehyde, there was no
known method that would circumvent aqueous workups, as
well as byproducts, side-products or remaining reagents dele-
terious to the next reactions. In particular, the next reaction was
to be an asymmetric catalytic reaction, and even a small amount
of side-product was expected to decrease the enantioselectivity.
We soon realized that the aldol condensation of acetaldehyde
would be an ideal rst method because the byproduct would
only be water. To this end, we developed a DBU catalyzed aldol
condensation between p-chlorobenzaldehyde 56 and acetalde-
hyde. This provided the desired a,b-unsaturated aldehyde 57
(with the side-product acetal 58). Acetal 58 could then be con-
verted into the desired aldehyde 57 by retro-acetalization and
dehydration at 50 �C. If acetaldehyde was present during the
conversion of 58 to 57, then an undesired aldol reaction of 57
with acetaldehyde would proceed. Thus, excess acetaldehyde
Chem. Sci., 2016, 7, 866–880 | 875
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Scheme 6 One-pot synthesis of (S)-baclofen.
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was removed under reduced pressure and, aer the conversion
of 58 to 57, the additional acetaldehyde, which was further
generated via retro-acetalization, was also removed under
reduced pressure at 50 �C. By adopting this newly developed
procedure, the desired a,b-unsaturated aldehyde 57 was ob-
tained in good yield (Section 6.5).

Another synthetic challenge was the subsequent asymmetric
Michael reaction of nitromethane catalyzed by diphenylprolinol
Scheme 7 Three-pot synthesis of (R)-horsfiline and (R)-coerulescine.

876 | Chem. Sci., 2016, 7, 866–880
silyl ether,45 which had to be conducted in the presence of DBU.
To quench DBU as the stronger base, the asymmetric reaction
was eventually found to proceed, without compromising enan-
tioselectivity, by adding formic acid. Subsequently, oxidation
(59/ 60) and reduction (60/ 61) were carried out in the same
pot. Thus, by the dual development of a new aldol condensation
reaction sequence and suitable modication of the reaction
conditions, a one-pot synthesis of (R)-baclofen was realized.
This journal is © The Royal Society of Chemistry 2016
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Scheme 8 One-pot synthesis of diversely substituted
tetrahydropyrans.

Scheme 9 One-pot synthesis of highly substituted piperidines.
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This synthesis consists of six reaction steps in a single reactor,
namely: (1) an aldol addition reaction, (2) a dehydration step
(56 / 57) and (3) a retro-acetal reaction; followed by (2) dehy-
dration (58 / 57), (4) asymmetric Michael reaction of nitro-
methane (57 / 59), (5) oxidation (59 / 60) and (6) reduction
(60 / 61).
8.6 Horsline and coerulescine

(�)-Horsline (78) and (�)-coerulescine (79) are spirooxyindole
alkaloids that have been isolated from Horseldia superba in
1991 by Bodo's group46 and from Pharalis coerulescens in 1998 by
Colegate's group,47 respectively. In our three-pot synthesis of
these alkaloids, an organocatalyzed asymmetric reaction was
selected as the key step (Scheme 7).48 As a one-pot prelude to
this key step, the rst reaction is a DBU-catalyzed aldol addition
with acetaldehyde and then the condensation of an isatin
derivative 62/63.44 The next reaction sequence comprises four
reactions: (1) the Michael reaction of nitromethane and b,b-
disubstituted aldehydes 66/67 catalyzed by diphenylprolinol
silyl ether to generate all-carbon quaternary stereogenic centers
in 68/69 with excellent enantioselectivity;49 (2) reduction of the
nitro group to amines 70/71 in the presence of Zn and acetic
acid; (3) the intramolecular reductive amination via aminal
formation of 72/73 to provide the pyrrolidino-spirocycles 74/75;
and (4) the installation of an N-methyl group by sequential
intermolecular reductive amination by adding formaldehyde to
the reaction mixture. This sequence afforded 76 and 77 in 46%
This journal is © The Royal Society of Chemistry 2016
and 69% yield over four reactions in a single reactor from
aldehydes 66 and 67, respectively. In one pot, Zn acted as
a reducing reagent in three different ways: (1) reduction of
a nitro group to an amine (68 / 70, 69 / 71), (2) intra-
molecular reductive amination (70 / 74, 71 / 75), and (3)
intermolecular reductive amination (74 / 76, 75 / 77)
(Section 6.6).
8.7 One-pot synthesis of chiral pyrans and piperidines

One-pot reaction sequences to produce high-valued intermedi-
ates efficiently are well suited for process chemistry. Moreover,
one-pot syntheses are highly applicable for medicinal chem-
istry, because they can generate a diversity of compound types
in a short period of time.

For instance, we have developed a four-component coupling
reaction between two different aldehydes, a nitroalkene, and
a silylated nucleophile to provide substituted chiral tetrahy-
dropyrans in one pot over three reaction steps, with one nal
purication step (Scheme 8).50 The reaction starts with (1)
a diphenylprolinol silyl ether mediated asymmetric Michael
reaction of an aldehyde and a nitroalkene (80 and 81 / 82),7

followed by (2) a domino Henry reaction/intramolecular ace-
talization (82/ 84), and (3) a Lewis acid-catalyzed nucleophilic
addition reaction (84 / 85). This reaction sequence proceeds
with excellent diastereoselectivity and enantioselectivity, and
substituents R1, R2, R3 and R4 can be readily diversied with the
use of different aldehydes, nitroalkenes and nucleophiles. Here,
work-up and purication is only conducted one time at the end,
Chem. Sci., 2016, 7, 866–880 | 877
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allowing this one-pot approach to generate a plethora of
substituted chiral tetrahydropyrans in a streamlined and timely
manner.

This strategy was extended to a one-pot synthesis of chiral
substituted piperidines (Scheme 9).51 An efficient, asymmetric,
four-component, one-pot synthesis of highly substituted piperi-
dines with excellent diastereo- and enantioselectivity was thus
established through the diphenylprolinol silyl ether-mediated
Michael reaction of aldehyde 81 and nitroalkene 80, followed by
a domino aza-Henry/hemi-aminalization reaction sequence, and
a nal Lewis-acid mediated allylation or cyanation reaction. In
this way, all carbons of the piperidine ring can be substituted
with different groups, and the ve contiguous stereocenters are
completely controlled in both a relative and absolute sense. As R1,
R2, and R3 are readily changed by adopting different starting
materials, this is a concise method to generate a diverse range of
chiral substituted piperidines in a relatively rapid fashion.

These two examples thus demonstrate the rapid synthesis of
highly substituted tetrahydropyran and piperidine frameworks,
which hold promise as chemical libraries of pharmaceutically
important chiral building blocks, and further illustrate the
power of one-pot syntheses in the elds of medicinal chemistry
and, potentially, process chemistry.

9. Conclusion

The one-pot synthesis of target molecules is not new. Under an
impetus to determine the most efficient strategy to synthesize
a molecule, one-pot approaches have been widely used, even in
the rst reports of multistep organic synthesis, to carry out
several reactions in the same reactor. Such pot economy
encompasses the concepts not only of domino reactions, in
which all the reagents are mixed together from the beginning,
but also multistep reactions in which the reagents are added
and changed successively, as well as in situ work-up procedures
or quenching events that are performed in order to modify the
one-pot conditions for the next reaction. These are one-pot
syntheses in as far as the reactions proceed in the same reactor,
but it is more than that. Several characteristics and limitations
of one-pot syntheses have been described herein, mostly from
the accomplishments of my own group’s studies. As demon-
strated, the one-pot synthesis of a target molecule is not merely
a linear combination of each optimized reaction. Rather, it
requires logical changes in the reaction conditions to moderate
reactivity, minimize byproducts, circumvent or reverse side-
reactions, and importantly allow for the tactical selection of
reagents that can play multiple roles in reactions downstream
in the synthesis. A one-pot synthesis is thus not only a useful
methodology to adopt for the production of organic molecules,
but also a promising green approach to contemporary
synthesis. The future of “pot economy” in the synthetic design
and provision of complex molecules looks bright.

Acknowledgements

I deeply appreciate my former and present coworkers, whose
names appear in the reference section. I also thank Prof. Martin
878 | Chem. Sci., 2016, 7, 866–880
J. Lear at the University of Lincoln, UK, for the excellent
suggestions, discussions, and help in preparing the manu-
script. I thank Prof. Rick L. Danheiser at MIT and Dr Joshua R.
Dunetz at Gilead Sciences for signicant discussions and
suggestions about telescoped reactions and one-pot reactions. I
thank Prof. Dieter Seebach at ETH for the helpful comments. I
also thank referees for several useful comments. This work was
supported by a Grant-in-Aid for Scientic Research on Innova-
tion areas “Advanced Molecular Transformations by Organo-
catalysts” from The Ministry of Education, Culture, Sports,
Science and Technology, Japan.

Notes and references

1 R. Robinson, J. Chem. Soc., Trans., 1917, 762.
2 W. S. Johnson, M. B. Gravestock and B. E. McCarry, J. Am.
Chem. Soc., 1971, 93, 4332.

3 (a) K. C. Nicolaou, N. A. Petasis, R. E. Zipkin and J. Uenishi, J.
Am. Chem. Soc., 1982, 104, 5555; (b) K. C. Nicolaou,
N. A. Petasis, J. Uenishi and R. E. Zipkin, J. Am. Chem. Soc.,
1982, 104, 5557; (c) K. C. Nicolaou, R. E. Zipkin and
N. A. Petasis, J. Am. Chem. Soc., 1982, 104, 5558; (d)
K. C. Nicolaou, N. A. Petasis and R. E. Zipkin, J. Am. Chem.
Soc., 1982, 104, 5560.

4 S. Piettre and C. H. Heathcock, Science, 1990, 248, 1532.
5 Selected reviews on organocatalysis: (a) Enantioselective
Organocatalysis, ed. P. I. Dalko, Wiley-VCH, Weinheim,
2007; (b) S. Mukherjee, J. W. Yang, S. Hoffmann and
B. List, Chem. Rev., 2007, 107, 5471; (c) A. M. Walji and
D. W. C. MacMillan, Synlett, 2007, 1477; (d)
D. W. C. MacMillan, Nature, 2008, 455, 304; (e) C. F. Barbas
III, Angew. Chem., Int. Ed., 2008, 47, 42; (f) A. Dondoni and
A. Massi, Angew. Chem., Int. Ed., 2008, 47, 4638; (g)
P. Melchiorre, M. Marigo, A. Carlone and G. Bartoli, Angew.
Chem., Int. Ed., 2008, 47, 6138; (h) S. Bertelsen and
K. A. Jørgensen, Chem. Soc. Rev., 2009, 38, 2178; (i)
Asymmetric Organocatalysis 1: Lewis Base and Acid Catalysts,
ed. B. List, Thieme, Stuttgart, 2012; (j) Asymmetric
Organocatalysis 2: Brønsted Base and Acid Catalysts, and
Additional Topics, ed. K. Maruoka, Thieme, Stuttgart, 2012.

6 Review, see: (a) C. Grondal, M. Jeanty and D. Enders, Nat.
Chem., 2010, 2, 167; (b) L. Albrecht, H. Jiang and
K. A. Jørgensen, Angew. Chem., Int. Ed., 2011, 50, 8492; (c)
H. Pellissier, Adv. Synth. Catal., 2012, 354, 237; (d)
C. M. R. Volla, I. Atodiresei and M. Rueping, Chem. Rev.,
2014, 114, 2390; Selected reference, see: (e) B. Simmons,
A. M. Walji and D. W. C. MacMillan, Angew. Chem., Int.
Ed., 2009, 48, 4349; (f) A. Michrowska and B. List, Nat.
Chem., 2009, 1, 225; (g) F. Xu, M. Zacuto, N. Yoshikawa,
R. Desmond, S. Hoerrner, T. Itoh, M. Journet,
G. R. Humphrey, C. Cowden, N. Strotman and P. Devine, J.
Org. Chem., 2010, 75, 7829; (h) S. B. Jones, B. Simmons,
A. Mastracchio and D. W. C. MacMillan, Nature, 2011, 475,
183; (i) K. S. Halskov, B. S. Donslund, S. Barfusser and
K. A. Jørgensen, Angew. Chem., Int. Ed., 2014, 53, 4137; (j)
D.-H. Jhuo, B.-C. Hong, C.-W. Chang and G.-H. Lee, Org.
Lett., 2014, 16, 2724.
This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc02913a


Perspective Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
le

dn
a 

20
16

. D
ow

nl
oa

de
d 

on
 2

7.
01

.2
02

6 
19

:3
8:

53
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
7 Y. Hayashi, H. Gotoh, T. Hayashi andM. Shoji, Angew. Chem.,
2005, 117, 4284; Angew. Chem., Int. Ed., 2005, 44, 4212.

8 M. Marigo, T. C. Wabnitz, D. Fielenbach and K. A. Jørgensen,
Angew. Chem., 2005, 117, 804; Angew. Chem., Int. Ed., 2005,
44, 794.

9 D. Enders, M. R. M. Huttl, C. Grondal and G. Raabe, Nature,
2006, 441, 861.

10 (a) K. C. Nicolaou, D. J. Edmonds and P. G. Bulger, Angew.
Chem., Int. Ed., 2006, 45, 7134; (b) K. C. Nicolaou,
T. Montagnon and S. A. Snyder, Chem. Commun., 2003,
551.

11 (a) L. F. Tietze, Chem. Rev., 1996, 96, 115; (b) Domino
Reactions, ed. L. F. Tietze, Wiley-VCH, Weinheim, 2014.

12 S. E. Denmark and A. Thorarensen, Chem. Rev., 1996, 96,
137.

13 (a) D. E. Fogg and E. N. Dos Santos, Coord. Chem. Rev., 2004,
248, 2365; other recent reviews about tandem reaction, see:
(b) J.-C. Wasilke, S. J. Obrey, R. T. Baker and G. C. Bazan,
Chem. Rev., 2005, 105, 2001; (c) D. J. Ramon and M. Yus,
Angew. Chem., Int. Ed., 2005, 44, 1602; (d) C. J. Chapman
and C. G. Frost, Synthesis, 2007, 1, 1; (e) J. Zhou, Chem.–
Asian J., 2010, 5, 422.

14 http://en.wikipedia.org/wiki/One-pot_synthesis, 12 May
2015.

15 (a) P. T. Anastas and J. C. Warner, Green Chemistry: Theory
and Practice, Oxford University Press, New York, 1998; (b)
P. T. Anastas and M. M. Kirchhoff, Acc. Chem. Res., 2002,
35, 686; (c) M. Poliakoff, J. M. Fitzpatrick, T. R. Farren and
P. T. Anastas, Science, 2002, 297, 807; (d) I. T. Horvath and
P. T. Anastas, Chem. Rev., 2007, 107, 2169.

16 T. Newhouse, P. S. Baran and R. W. Hoffmann, Chem. Soc.
Rev., 2009, 38, 3010.

17 (a) B. M. Trost, Science, 1991, 254, 1471; (b) B. M. Trost,
Angew. Chem., Int. Ed., 1995, 34, 259.

18 See Section 5 for the denition of byproduct.
19 (a) P. A. Wender, M. P. Croatt and B. Witulski, Tetrahedron,

2006, 62, 7505; (b) P. A. Wender, V. A. Verma, T. J. Paxton
and T. H. Pillow, Acc. Chem. Res., 2008, 41, 40; (c)
P. A. Wender, Nat. Prod. Rep., 2014, 31, 433.

20 N. Z. Burns, P. S. Baran and R. W. Hoffmann, Angew. Chem.,
Int. Ed., 2009, 48, 2854.

21 (a) P. A. Clarke, S. Santos and W. H. C. Martin, Green Chem.,
2007, 9, 438; (b) C. Vaxelaire, P. Winter and M. Christmann,
Angew. Chem., Int. Ed., 2011, 50, 3605.

22 The private communications with Dr Dunetz and Prof. R.
Danheiser at MIT.

23 H. Ishikawa, T. Suzuki, H. Orita, T. Uchimaru and
Y. Hayashi, Chem.–Eur. J., 2010, 16, 12616.

24 T. Mukaiyama, H. Ishikawa, H. Koshino and Y. Hayashi,
Chem.–Eur. J., 2013, 19, 17789.

25 http://goldbook.iupac.org/src_PAC1994661077.html.
26 W. Watson, Org. Process Res. Dev., 2012, 16, 1877.
27 (a) H. Ishikawa, T. Suzuki and Y. Hayashi, Angew. Chem., Int.

Ed., 2009, 48, 1304; (b) H. Ishikawa, B. Bondzic and
Y. Hayashi, Eur. J. Org. Chem., 2011, 6020.

28 (a) H. Gotoh, R. Masui, H. Ogino, M. Shoji and Y. Hayashi,
Angew. Chem., Int. Ed., 2006, 45, 6853; (b) H. Gotoh,
This journal is © The Royal Society of Chemistry 2016
H. Ogino, H. Ishikawa and Y. Hayashi, Tetrahedron, 2010,
66, 4894; (c) H. Gotoh, T. Uchimaru and Y. Hayashi,
Chem.–Eur. J., 2015, 21, 12337.

29 S. P. Lathrop and T. Rovis, J. Am. Chem. Soc., 2009, 131,
13628.

30 Review of the synthesis of Tamiful, see: (a) V. Farina and
J. D. Brown, Angew. Chem., Int. Ed., 2006, 45, 7330; (b)
M. Shibasaki and M. Kanai, Eur. J. Org. Chem., 2008, 1839;
(c) J. Magano, Chem. Rev., 2009, 109, 4398; (d) J. Andraos,
Org. Process Res. Dev., 2009, 13, 161; (e) J. Magano,
Tetrahedron, 2011, 67, 7875; (f) M. Shibasaki, M. Kanai and
K. Yamatsugu, Isr. J. Chem., 2011, 51, 316.

31 S. Zhu, S. Yu, Y. Wang and D. Ma, Angew. Chem., Int. Ed.,
2010, 49, 4656.

32 J. Rehak, M. Hut'ka, A. Latika, H. Brath, A. Almassy,
V. Hajzer, J. Durmis, S. Toma and R. Sebesta, Synthesis,
2012, 44, 2424.

33 J. Weng, Y. B. Li, R. B. Wang and G. Lu, ChemCatChem, 2012,
4, 1007.

34 H. Ishikawa, M. Honma and Y. Hayashi, Angew. Chem., Int.
Ed., 2011, 50, 2824.

35 Z. Pei, X. Li, T. W. von Geldern, D. J. Madar, K. Longenecker,
H. Yong, T. H. Lubben, K. D. Stewart, B. A. Zinker,
B. J. Backes, A. S. Judd, M. Mulhern, S. J. Ballaron,
M. A. Stashko, A. M. Mika, D. W. A. Beno, G. A. Reinhart,
R. M. Fryer, L. C. Preusser, A. J. Kempf-Grote, H. L. Sham
and J. M. Trevillyan, J. Med. Chem., 2006, 49, 6439.

36 Y. Hayashi, T. Itoh, M. Okubo and H. Ishikawa, Angew.
Chem., Int. Ed., 2008, 47, 4722.

37 Y. Hayashi and S. Umemiya, Angew. Chem., Int. Ed., 2013, 52,
3450.

38 C. D. Funk, Science, 2001, 294, 1871.
39 S. Das, S. Chandrasekhar, J. S. Yadav and R. Gree, Chem. Rev.,

2007, 107, 3286.
40 (a) E. J. Corey, N. M. Weinshenker, T. K. Schaaf and

W. Huber, J. Am. Chem. Soc., 1969, 91, 5675; (b) E. J. Corey
and X. M. Cheng, The Logic of Chemical Synthesis, Wiley,
New York, 1995.

41 S. Umemiya and Y. Hayashi, Eur. J. Org. Chem., 2015, 4320.
42 S. Umemiya, K. Nishino, I. Sato and Y. Hayashi, Chem.–Eur.

J., 2014, 20, 15753.
43 (a) H. R. Olpe, H. Demieville, V. Baltzer, W. L. Bencze,

W. P. Koella, P. Wolf and H. L. Haas, Eur. J. Pharmacol.,
1978, 52, 133; (b) N. G. Bowery, Trends Pharmacol. Sci.,
1982, 31, 401.

44 Y. Hayashi, D. Sakamoto and D. Okamura, Org. Lett., DOI:
10.1021/acs.orglett.5b02839.

45 (a) H. Gotoh, H. Ishikawa and Y. Hayashi, Org. Lett., 2007, 9,
5307; (b) L. Zu, H. Xie, H. Li, J. Wang and W. Wang, Adv.
Synth. Catal., 2007, 349, 2660.

46 A. Jossang, P. Jossang, H. A. Hadi, T. Sévenet and B. Bodo, J.
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