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Preface

Organocatalysis has recently attracted huge attention. This branch of catalysis was realized
as a fundamental field that provides wide families of catalysts for important achiral and
stereoselective organic transformations.

Given the scope and the diversity of accessible transformations, metal-catalyzed reactions
have become major tools in organic synthesis that will undoubtedly continue to have an im-
portant impact in the future. However, this type of reactions suffer from drawbacks such as
the high cost and toxicity of the transition metal catalysts employed in some cases and the
problems that their residues can cause mainly in pharmaceutical products. Alternatively,
over the last years, a metal-free approach known as organocatalysis has reached a level of
reliability that allowed researchers to discover new catalytic systems based on engagement
of new or early-prepared organic molecules as organocatalysts. Organocatalysis meets green
chemistry principles, especially the reduction of toxicity and chemical accidents and the bio-
degradability.

Certainly, the first organocatalysis known in nature is the hydrogen bond interaction be-
tween a hydrogen atom and an electronegative atom in biological systems. Inspired from
that, recently, the utility of hydrogen bond has been widely investigated, leading to the dis-
covery of novel chiral organocatalysts for asymmetric transformations. The first chapter of
this book reviews the hydrogen bond activation mode in interesting asymmetric organocata-
lyzed reactions. The second chapter presents a general classification of organocatalysts
based on their activation mode and then extends to the recent advances in guanidine-based
chiral organocatalysts. The third chapter reviews the organocatalyzed asymmetric reaction
using a-isothiocyanato compounds, and the fourth chapter reports novel researches on hy-
drogen-bonding isothiouronium organocatalysts considering their designed concepts and
synthetic applications in non-stereoselective as well as stereoselective reactions.

Carbon dioxide transformations attracted an enormous attention in the last decade. In light
of this focus, the fifth chapter summarizes an overview of organocatalytic transformation of
CO, into cyclic carbonates, 2-oxazolidinones, carboxylic derivatives, as well as the synthesis
of CO, adducts.

Photoredox and electro-organocatalysis processes in non-asymmetric organic transforma-
tion as well as in asymmetric ones are overviewed in the sixth chapter.

Finally, green and sustainable organocatalysis is reported in the last chapter. This chapter
highlights one of the twelve principles of green chemistry —the use of benign and friendlier
reaction media and conditions. In this context, several approaches using water as preferen-
tial solvent, an alternative solvent such as ionic liquids, chiral ionic liquids, deep eutectic
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Preface

solvents, PEG, and supercritical fluids, and organic carbonates in addition to solvent-free
methodologies are overviewed.

Dear readers, this volume represents a good measure of high-quality research; nevertheless,
we look forward in the near future to completing this work by editing other volumes. We
hope you find this book enjoyable and illuminating in similar line to our previous work
“Hydrogenation — 2012.” Any comments you may have are mostly welcome.

We would like to take this opportunity to thank all the contributors for their precious contri-
butions and their cooperation in adhering to the time-tight deadlines.

We thank warmly the Lebanese University for giving us all the facilities to complete the edi-
tions.

Finally, we wish to express our gratitude to the staff at InTech for their kind assistance in
bringing this book to fruition.

Iyad Karamé
Faculty of Sciences I, Lebanese University
Beirut, Lebanon

Hassan Srour
(CPE-CNRS-F)
Lyon, France
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Chapter 1

Hydrogen-Bonding Activation in Chiral
Organocatalysts

Hideto Miyabe

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62459

Abstract

In a recent decade, various organocatalysts have been developed to be applicable to a
wide range of asymmetric reactions. This review briefly summarizes the hydrogen-
bonding activation by chiral noncovalent organocatalysts. First, the differences between
hydrogen-bonding catalysts and Brensted acid catalysts are addressed. Next, the effect
of hydrogen-bonding interactions on the transition states is discussed. Finally, the
hydrogen-bonding activations by the typical noncovalent organocatalysts, such as
thiourea, diol, phosphoric acid, Brensted acid-assisted chiral Brensted acid, and N-
triflyl phoshoramide, are shown.

Keywords: hydrogen bond, organocatalyst, enantioselective, Brensted acid, thiourea,
diol, phosphoric acid

1. Introduction

The hydrogen bond is the interaction between a hydrogen atom and an electronegative atom,
which plays a central role in biological systems. Recently, the utility of hydrogen bond in organic
synthesis has been widely investigated, leading to the discovery of novel chiral organocata-
lysts for the asymmetric transformations [1-3].

In contrast to the covalent organocatalysts, such as proline derivatives, DMAP derivatives,
and N-heterocyclic carbene (NHC) catalysts [4-10], the noncovalent organocatalysts have been
mainly developed as hydrogen bond donors or proton donors. For examples, thioureas and
diols are classified into noncovalent hydrogen-bonding organocatalysts. This chapter high-
lights the effective and unique hydrogen-bonding activation modes by noncovalent organo-
catalysts [11-19]. In particular, the various activation mechanisms of nucleophilic additions
into C=O and C=N bonds are described.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

open science | open minds distribution, and reproduction in any medium, provided the original work is pr



4 Recent Advances in Organocatalysis

2. Noncovalent organocatalysts

In general, noncovalent organocatalysts can be classified into hydrogen-bonding catalysts and
Brensted acid catalysts [20], although these catalysts may rely on other additional noncovalent
interactions at the same time. First, the differences between hydrogen-bonding catalysts and
Brensted acid catalysts are addressed.

Hydrogen-bonding catalysts

x—H + A = X—H----A

Acceptor
Hydrogen-bond donor P Hydrogen-bond complex
_H-X cat
(e }xn « 0 = R
— + —
R H RJ\H
Aldehyde

Figure 1. Hydrogen-bonding catalysts.

The hydrogen-bonding catalysts play as a hydrogen bond donor toward an electronegative
hydrogen bond acceptor (Figure 1). The catalysts forming a hydrogen bond complex are called
hydrogen-bonding catalysts. The hydrogen bonds are flexible with regard to bond length and
angle. The typical bond length of a hydrogen bond is 1.5 to 2.2 A. The hydrogen bonds are
stronger than a van der Waals interaction but weaker than covalent or ionic bonds. In general,
the combination of a neutral electrophile (acceptor) and a weak acid catalyst (donor) leads to
hydrogen-bonding catalysis. Therefore, the nucleophilic addition to neutral carbonyl com-
pounds, aldehyde or ketone, takes place via a hydrogen bond complex. In the case of the
hydrogen bond-catalyzed reactions, a direct proton transfer from the catalyst (donor) to the
electrophile (acceptor) will not occur. In other words, the hydrogen bond-catalyzed nucleo-
philic addition proceeds without the formation of an ion pair.

Brensted acid catalysts play as a proton donor toward an electronegative acceptor (Figure 2).
In general, the catalysts forming an activated ion pair are called Bronsted acid catalysts. When
a catalyst (donor) is a stronger acid, the proton transfer to acceptor occurs to give an ion pair
via the hydrogen bond complex. In contrast to hydrogen-bonding catalysts, the combination
of basic electrophile (acceptor) and stronger acid catalyst (donor) leads to Brensted acid-
catalyzed reactions. Therefore, the nucleophilic addition to basic imine is often assumed to
proceed via the formation of ion pair.

These catalysts might be simply distinguished in the point of view of proton transfer from
catalysts. However, it is frequently difficult to make a clear distinction between hydrogen-
bonding catalysts and Brensted acid catalysts, because there is the equilibrium between a
hydrogen bond complex and an ion pair (Figure 2). Moreover, Bronsted acid-catalyzed
reactions can be classified into two types based on where proton transfer occurs to the substrate
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or to the transition state. Particularly, the Bronsted acid-associated proton transfer in the
transition state is closely related to the stabilization of the transition states by hydrogen-

bonding catalysts.

Brensted acid catalysts
cat X-H + A == X—H----A
Proton donor Acceptor Hydrogen-bond complex
Q ®
— cat X H-A
lon pair
R H.@ R
S N = A
cat - + = ca
R™ 'H R™ H
Imine
Figure 2. Bronsted acid catalysts.
Hydrogen-bonding catalysts Bronsted acid catalysts

Thioureas Diols
I ()
r. J R
N O, 0.
| | AN H
H H H :
O, OY
SN L

Phosphoric acids

o\P/o

ANKE

0” 0~ HOR
hiy
R” H

Figure 3. Activation by noncovalent organocatalysts.

Thioureas, diols, phosphoric acids, N-oxide, phase-transfer onium salts, etc., are well known
as noncovalent organocatalysts [11-19]. Thioureas and diols are classified into hydrogen-
bonding catalysts by means of the mode of activation (Figure 3). In contrast, phosphoric acids
are generally classified into Brensted acid catalysts.

3. Stabilization of transition states by hydrogen bond

The strength of hydrogen bond becomes larger in the charged interaction than the uncharged
interaction (Figure 4) [21-23]. The hydrogen bond of a water molecule with a hydroxyl anion
(negatively charged acceptor) is almost three times stronger than that with another water
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molecule (neutral acceptor) in gas phase. The hydrogen bond between a water molecule and
a positively charged donor is also strong.

o

Charged H charged Neutral
O acceptor /0. donor _0O.__ acceptors
HoH, 2O H “H.___H > HTTHO
0. o 0”7
© H | [
H H
111.3 kd/mol 132.3 kJ/mol -22.7 kJ/mol

Figure 4. Strength of hydrogen bond.

Hydrogen bond strength

@ _H-X :': JH=X— cat
T > f
H) 0 RJJ\H

R "Nu---H

" Neutral substrate complex
Charged transition state

Figure 5. Hydrogen bond strength in charged transition states.

In a hydrogen bond-mediated catalysis, the functions of catalysts are both the activation of
substrates and the stabilization of transition states or intermediates. Particularly, the hydrogen
bonds effectively stabilize the negative charges in transition states or intermediates [24, 25],
because the catalysts are bound more strongly to the charged transition states or intermediates
than neutral substrates (Figure 5). Therefore, the study on the transition states or the charged
intermediates stabilized by hydrogen-bonding interactions is of importance [26, 27], although
the catalysts also affect the reaction rates by decreasing the LUMO level of neutral substrates
such as carbonyl compounds and imines.

4. Hydrogen-bonding catalysts

Thioureas and diols are recognized as the typical hydrogen-bonding organocatalysts. This
section highlights the hydrogen-bonding activation models and the mechanical investigations
using hydrogen-bonding catalysts.

4.1. Thiourea derivatives

In 1990, the formation of crystals of diaryl ureas with carbonyl compounds as a hydrogen bond
acceptor was reported by Etter’s group [28]. Later, this study inspired the impressive devel-
opment of thiourea catalysts. The chiral bifunctional thiourea catalyst 1 was developed by
Takemoto’s group (Figure 6) [29, 30]. Thiourea catalyst 1 catalyzed the enantioselective
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Michael addition of 1,3-dicarbonyl compound 2 to nitroolefin 3. The mechanism of this reaction
was investigated through density functional theory (DFT) calculations by Papai’s group [31].
Between two transition states A and B, the reaction would proceed predominantly via
transition state B due to the lower activation barrier.

Takemoto’s group developed the new chiral bifunctional thiourea 5 for catalyzing the
enantioselective Petasis-type reaction using organoboronic acids (Figure 7) [32]. In the
presence of catalyst 5 and PhOCOC], the reaction of quinoline 6 with vinyl boronic acid gave
the adduct 7 in 96% ee. In this reaction, electrophilic quinoline 6 is activated as a reactive N-
phenoxycarbonyl quinolinium salt C. Moreover, the chiral chelating aminoalcohol group of
catalyst 5 activates the vinyl boronic acid by coordinating with the boron atom and directs the
stereochemical outcome of the reaction as shown in transition state D.

CFy

L Q e

MO,
Enok /lkOEt . ph/“v ? Thmumn 1 Me
4 (B5%, 93% ee)
é‘ 7 & @ Mo
N
H :
E‘ . Activation of
% 20 OH  nucleophile
Activation of ™ 4
electrophile =~ =0 Transition state A
Ph
L= 7f~
Ar\'i‘)l\rr CFy
H : o Activation of
Activation of H ? electrophile
nucieophite O O o = CF;
) N.,© Ar=y :
L\v_J J@ (o]
Ph Transition state B

Figure 6. Thiourea-catalyzed Michael addition reaction.

C

Fs ; Q\/L
, Me
m + phx-BOH:2  Thiourea 5 HO/\V ‘Me
N PhO 0

6 PhOCOCH 7 (70%, 96% ee)
s jL
Activation Activation of A .
OC N N
Phococ l of quinoline electrophile 1 Me
"' HO N

| % -Me \
Né Thlourea 5 = :\I OPh /
A w Acuvanon of

07 orh  pr-B(OH: Ph nucleophile
Intermediate C ition state D

Figure 7. Thiourea-catalyzed Petasis-type reaction.

7



8 Recent Advances in Organocatalysis

Thiourea catalyst can recognize the in situ generated counteranion by hydrogen bond to give
the ion pair. Jacobsen’s group studied the thiourea-catalyzed Pictet-Spengler-type cyclization
reaction (Figure 8) [33, 34]. In the presence of thiourea 8, the cyclization of indolylethyl
hydroxylactam 9 gave the cyclic product 10 with good enantioselectivity. In this process,
electrophile is activated as an iminium ion [35]. The thiourea catalyst 8 would promote the
cyclization of 9 by abstracting a chloride on the in situ-generated intermediate 11. In this
proposal mechanism, thiourea 8 works as an anion receptor to form the chiral ion pair E
involving the activated N-acyliminium.

Me_ tBu S
N A
ﬂ'CsHﬂ/ N N
O " e N _pn
e
m 0 Thiourea 8 U | N
J\j N o

N
H HO TMSCI H H
9 10 (90%, 97% ee)

tBu S
9 Yo 2 & Q
- N™ N
TMSCI n-Csthi \“/\| | Ph
Recognition of chloride ion 8 Me™\

| [ o .
NG N Thiourea 8 m@ o Activation
HC > N J of electrophile

i

-
—
I

lon pair E

Figure 8. Thiourea-catalyzed Pictet-Spengler-type cyclization reaction.

4.2. Diol derivatives

Diols, such as a,a,a,’-tetraaryl-1,3-dioxolan-4,5-dimethanol (TADDOL), form an intramo-
lecular hydrogen bond. (R,R)-1-Np-TADDOL 12 catalyzed the hetero-Diels-Alder reaction
between benzaldehyde 13 and Danishefsky’s diene 14 (Figure 9). Although the single hydro-
gen-bond complex F and the double hydrogen-bond complex G are the possible starting
complexes, Ding’s group reported that the complex F activated by a single hydrogen bond was
supported by computational structure optimization [36].

The study on pK, values of TADDOL analogues show that the intramolecular hydrogen bond
in TADDOL analogues enhances the polarity of the second hydroxyl group and stabilizes the
anion resulting from deprotonation [37]. In other words, the formation of the single hydrogen-
bond complexes such as complex F is favored, because the increase in acidity of the second
hydroxyl group on TADDOL is induced by an intramolecular hydrogen bond.
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1) Me Me
Q o
OMe Ar/ Ar
+
Ph” "H OTMS TADDOL 12 (Ar = 1-naphthyl)_ Ph 0
13 14 2) CF3CO,H 15 (77%, 76.3% ee)
Me Me Me Me
o o0 Q 0
Ar Ar Ar. ; Ar
Ar Ar Ar Ar
0\ )0 O O
HT Ty > hh
i Single o Double
Ph” “H hydrogen bond B )LH hydrogen bonds
Starting complex F Starting complex G
Figure 9. TADDOL-catalyzed hetero-Diels-Alder reaction.
1) Me Me
Qo 0
OTBS Ar Ar O OH
D MenyMe AHo on A e A A pp
Ph H h',13 H TADDOL 12 (Ar = 1-naphthyl) h'ﬁe |f;|e
2)HF
13 16 ) syn:anti = 15.4:1 17 (89%, 96% ee)
Single
hydrogen bond
O_Me
X-Ray structure H of the complex between rac-12 and p-anisaldehyde

Figure 10. TADDOL-catalyzed Mukaiyama aldol reaction.
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Rawal’s group studied the Mukaiyama aldol reaction using TADDOL derivatives (Figure 10)
[38]. In the presence of chiral TADDOL 12, the reaction of benzaldehyde 13 with O-silyl-N,O-
acetal 16 gave the product 17 in 96% ee. In this study, they succeeded the X-ray analysis of the
complex H forming between racemic TADDOL 12 and p-anisaldehyde. The X-ray structure
clearly supports the formation of the single hydrogen bond on the oxygen atom of p-anisal-
dehyde and the intramolecular hydrogen bond in TADDOL 12.

5. Bronsted acid catalysts

The stronger acids are suitable for catalyzing the nucleophilic addition to basic imines as a
Brensted acid catalyst. This section highlights the activation by Brensted acid catalyst and the
investigations into Brensted acid-associated proton transfers.

5.1. Phosphoric acid derivatives

In general, phosphoric acid derivatives are classified into Brensted acid catalysts. The chiral
BINOL-based phosphoric acid catalysts, independently developed by Akiyama’s group and
Terada’s group, are bearing both Brensted acidic site and Lewis basic site [39, 40]. In some
cases, the bifunctional interaction of electrophilic and nucleophilic components plays a crucial
role in the transition state of a rate-determining step.

Ar
o_ 0 HO
P\
OD P S
OTMS HN
N

\%\ Ar /:\._‘/COQEt
OEt Ph™ ™
Ph Catalyst 18 (Ar = 4-NO,CgH,) Ve

syn:anti = 87:13 21 (100%, 96% ee’

Le\ms basic site O
o 0" --H-0
‘o o F’
o 0 H
® Tk,
Brensted acidic site Hycrogen-hond complex

l Proton-transfer

0

- @

o} \O --H—p
Ph)LH

Iminium complex (lon pair) J

I

less

l

QO

Figure 11. Phosphoric acid-catalyzed Mannich-type reaction.

Akiyama’s group reported the enantioselective Mannich-type reaction using chiral phosphoric
acids (Figure 11) [39]. In the presence of phosphoric acid 18, the reaction of aldimine 19 with
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ketene silyl acetal 20 gave the adduct 21in 96% ee. The theoretical investigation was performed
using an analogous simple phosphoric acid [41]. The computational analysis supports that a
double hydrogen-bonding complex I is the favored starting complex over a single hydrogen-
bonding complex. Moreover, the calculation supports that the proton transfer from phosphoric
acid to the nitrogen atom of aldimine 19 occurs to give the iminium complex J as a stable ion
pair.

The reductions of imines with Hantzsch ester 23 have been widely investigated by the use of
various chiral phosphoric acids. MacMillan’s group reported that the phosphoric acid 22-
catalyzed reduction of imine, generated from ketone 24 and aniline 25, proceeded with a good
enantioselectivity [42]. In his paper, the single bonding complex between imine and Brensted
acid catalyst 22 was proposed. More recently, Goodman'’s group performed the DFT calcula-
tion study, which indicates that the ternary complex between imine, catalyst 22, and Hantzsch
ester 23 is important to stereochemical course [43]. The Z-imine transition state K is on the
lowest energy route to the product (Figure 12).

SiPhs
OO H H
O“p’fo Et0,C.__>{__CO,Et
FARN
0" 0-H ||
O N

Me Me
o) Ph SiPhy H
J-L + | Catalyst 22 Hantzsch ester 23
Ph™ Me NH,

24 25 l
.Ph

CO,Et Hljl
H . Me Ph” ~Me

EO,C7 s N~ SPhs 26 (73%, 93% ee;

H o H N
e [
I / N
PR N A
\I{:- “Hx.,_O/\
o)

Me O’
Ph,Si

Z-imine transition state K

Figure 12. Phosphoric acid-catalyzed reduction using Hantzsch ester.

5.2. Bronsted acid-assisted chiral Brensted acid

Ishihara’s group developed Brensted acid-assisted chiral Brensted acid catalyst 27 (Fig-
ure 13) [44]. In the presence of catalyst 22, Mannich-type reaction of aldimine 28 with ketene
silyl acetal 29 enantioselectively proceeded to give the adduct 30 in 77% ee. The X-ray analysis
of catalyst 27 indicates the acidity of bis(triflyl)methyl proton of 27 increases by intramolec-

11
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ular hydrogen bond between phenolic hydroxy group and oxygen atom of triflyl group,
which is 2.305 A. Therefore, the activation of aldimine 28 by the acidic bis(triflyl)methyl
proton of 27 should be important.

O L

H
.Ph Ph.
N OH NH O
| OSiEty OG &
Me OMe
/(:j) + \%\OMG Catalyst 27 m
FsC —
8 e 2,6-Xylenol FoC
28 29 30 (>99%, T7% ee)
i
S:(O

Brensted acidic site

—H T --- Hydrogen-bond

X-Ray structure L

Figure 13. Catalyst 22-catalyzed Mannich-type reaction.

N
; SOWL
oTIPS

Ar
ﬁLEt . MehN\Me Catalyst 31 (Ar = 1,3,5-(i-Pr)sCgH,)

12 33 95% (34:35 = 76:24)
we o e 9
TR TR
+
TIPSO H TIPSO
Me Me
34 (92% ee) 35

Figure 14. N-triflyl phoshoramide-catalyzed Diels-Alder reaction.

5.3. N-triflyl phoshoramide

Yamamoto’s group studied the Diels-Alder reaction using chiral N-triflyl phoshoramides
(Figure 14) [45]. N-triflyl phoshoramides are strong Brensted acids due to a strong electron-
withdrawing triflyl group. In the presence of N-triflyl phoshoramide 31, the reaction of ethyl
vinyl ketone 32 with diene 33 effectively proceeded to give the cyclic adduct 34 in 92% ee,
accompanied by the isomeric adduct 35. The bulky 1,3,5-(i-Pr);C,H, groups on catalyst 31 are
essential to achieve the reaction with good chemical efficiencies.
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6. Concluding remarks

The utilization of organocatalysts in organic synthesis has become a subject of recent research.
Particularly, chiral hydrogen-bonding catalysts and chiral Brensted acid catalysts have
developed as the highly efficient noncovalent organocatalysts for a broad spectrum of
asymmetric transformations. One of the most important features of noncovalent organocata-
lysts is that we can use the hydrogen bond for the stabilization of transition states or inter-
mediates as well as the activation of C=O bond in carbonyl compounds or C=N bond in imines.
Because the use of organocatalysts has many advantages in organic synthesis form both
economical and environmental points of view, the research into organocatalysts continues to
blossom and grow.
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Abstract

The field of small-molecule organocatalysis via noncovalent interactions has attracted
the attention of an increasing number of research groups from the academic as well as
industrial sectors. Isothiouronium salts have been explored quite recently as a new class
of hydrogen-bonding subunit for the purpose of molecular recognition of anions in
supramolecular chemistry. The chemical modification of isothiouroniums is readily
varied using synthetic methods to make several types of functional molecular systems.
This chapter, for the first time, describes the research on hydrogen-bonding isothiouro-
nium organocatalysts considering their designed concepts and synthetic applications
in both nonstereoselective and stereoselective reactions.

Keywords: asymmetric aldol reactions, hydrogen-bonding organocatalysts, iso-
thiouronium, reduction, reductive amination

1. Introduction

Organocatalyst has emerged as one of the hot topics in advanced organic chemistry. Al-
though chemical transformations that use organocatalysts have been studied broadly, the field
of organocatalyst was not a key area of research until the late 1990s [1]. Organocatalysts consist
of small, low-molecular-weight organic compounds containing carbon, hydrogen, nitrogen,
sulfur, and phosphorus and acting as catalysts without any metal. The popularity of this word
is due to the notion of green chemistry as opposed to dirty organometallic chemistry. The
advantages of using organocatalysts include their lack of sensitivity to moisture and oxy-
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

open science | open minds distribution, and reproduction in any medium, provided the original work is pr



18 Recent Advances in Organocatalysis

easy availability, low cost, and low toxicity, which confers a huge direct benefit in the produc-
tion of pharmaceutical intermediates when compared with (transition) metal catalysts. In
addition, organocatalysts are also more readily amenable than both metal-based catalysts and
biocatalysts to anchor onasupport with the aim of facilitating catalystrecovery and recycling [2].

The development of acid- and metal-free organocatalysts still remains a challenging task. As
investigated, organocatalysts can be considered as minimal versions of metal-free enzymes,
and the mechanisms and categorizations of enzyme catalysis are applied to the action of
organocatalyst as well. In biological systems, hydrogen bonding plays a key role in many
enzymatic reactions, both in orienting the substrate molecules and lowering barriers to
reaction. Therefore, in many cases noncovalent organocatalysts depend on the formation of
hydrogen-bonding adducts between the substrate and catalyst [3]. Hydrogen bonding can
promote reactions by different mechanisms such as stabilizing anionic intermediates and
transition states. It can also bind small anions for the formation of reactive electrophilic cations
or more acidic donors can actively electrophile by protonation. Especially, for simultaneous
activation of both partners, for example, nucleophile and electrophile, in a reaction, bifunc-
tional organocatalysis has been developed so far. In this case, the close association between
the organocatalyst molecule and the substrate makes the hydrogen-bonding catalysis a
powerful method for inducing enantioselectivity [4].

2. Designed concepts of hydrogen-bonding isothiouronium
organocatalysts

2.1. Hydrogen-bonding thiourea organocatalysts [5, 6]

Thioureas are widely recognized as highly useful templates using them powerful organoca-
talytic systems can be constructed. They result in a considerable acceleration of the reaction
rate through hydrogen-bonding interaction. The scope of these small-molecule H-bond
donors, termed thiourea organocatalysts, covers both nonstereoselective and stereoselective
applications in organic synthesis. The reader may get an idea about the variety of this research
field that is generally based on (thio)urea organocatalysts for “hydrogen bonding in organic
synthesis.”

2.2. Hydrogen bonding in anion recognitions: isothiouronium versus thiourea derivatives

Thioureas have also been thoroughly investigated in the field of molecular recognition [7].
Isothiouronium salts have been explored quite recently as a new class of hydrogen-bonding
subunit for the purpose of molecular recognition of anions in supramolecular chemistry.
Isothiouroniums were proven as prospective replacements of thioureas because such groups
would enhance the acidicity of the NH moieties and therefore can function as a better binder.
The examples of hydrogen-bonding isothiouronium derivatives in anion recognitions were
described in Figure 1 [8-15].
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As previously explored, there is a close relationship and mutual interplay between molecular

recognition, active site consideration in enzyme catalysis involving anions, and organocatal-
ysis utilizing explicit hydrogen bonding. Molecular recognition is the central component of

bio- and organocatalysis. Indeed, the concepts of anion bindings are the key to designing new
organocatalytic transformations [16, 17]. Keeping this fact in mind, in organocatalysts,

isothiouroniums can be used to improve the catalytic property of thioureas because they are
better binder than anion recognitions. In addition, the chemical modification of isothiouroni-

ums is readily varied using synthetic methods to make several types of functional molecular
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systems. Consequently, isothiouronium-derived catalysts have been explored as a new field
in hydrogen-bonding organocatalysts (Figure 2) [18-23].
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Figure 2. Hydrogen-bonding isothiouronium organocatalysts.

2.4. Synthesis of isothiouronium salts

Isothiouronium salts are typically obtained by the displacement reaction of alkyl halides with
thioureas (Scheme 1) [24].

X
{ -Ra
s
MeOH
Ry R+ mx e Rewy )\ R
4 W heat H H

Scheme 1. Synthesis of isothiouronium salts.

It should be noted that the configurational and electronic structures of isothiouronium salts
presented complexities and remained a subject for investigation (Figure 3) [15, 25]. The
following three possibilities of isomerism have been reported (R, # R;):

I. The oscillation of the carbon-nitrogen (CN) double bond (Eq. 1).

i i ) i,
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II. Hindered rotation at the CN bond (Eq. 2).
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Among the above isomerisms, the cis—trans isomerism at the CN double bond in amides is
easily detected; however, the possibility of isomerism at the CS double bond in thioketonium
ions has only been examined at low temperature.
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Figure 3. Isomerism in several structures of isothiouronium salts detected by NMR [14].
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3. Synthetic applications of hydrogen-bonding isothiouronium
organocatalysts

3.1. Nonstereoselective S-benzyl isothiouronium chloride organocatalyst
3.1.1. Reduction of conjugated nitroalkenes [18]

Kim et al. introduced the simple S-benzyl isothiouronium chloride as an efficient hydrogen-
bonding organocatalyst in a series of reduction of conjugated nitroalkenes (Scheme 2). The
mechanism of S-benzyl isothiouronium chloride catalyst for the activation of the reaction was
assumed to be quite similar to that of the thiourea catalyst. Because of the formation of the
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Scheme 2. Reaction scope of reduction of conjugated nitroalkenes using S-benzyl isothiouronium chloride catalyst.
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strong hydrogen bonding between the nitro group and the isothiouronium moiety of the
catalyst, the lowest uncccupied molecular orbital (LUMO) energy of alkenes is lower and then
the reaction is accelerated. The reduction of conjugated nitroalkenes using S-benzyl iso-
thiouronium chloride as a recoverable organocatalyst was successfully accomplished with
high yields (65-97%) and excellent chemoselectivities. Some valuable characteristics such as
the possibilities of working in the protic solvents (MeOH) and recycling (first cycle: 85%;
second cycle: 88%; and third cycle: 87% yields) after converting the thiourea organocatalyst
into the corresponding isothiouronium salt are the key features of this method (Scheme 2).

3.1.2. Reductive amination of aldehydes [19]

The authors also reported S-benzyl isothiouronium chloride as a novel organocatalyst with
high efficiency, selectivity, and easy recovery for the direct reductive amination of aldehydes
using Hantzsch ester. A mild and operationally simple fragment coupling procedure was
developed, which functions with a wide range of aldehydes and amines with good-to-excellent
yields (81-99%). The S-benzyl isothiouronium chloride catalyst can be easily recovered by
simple filtration and reused with no drop in its efficiency (first cycle: 97%; second cycle: 98%;
and third cycle: 95% yields). Compared with the same model based on thiourea, the iso-
thiouronium catalyst showed higher yield and milder reaction conditions as well as easier
recovery and reuse (Schemes 3 and 4, and Figure 4).
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Scheme 3. Reductive amination of aldehyde scope using a variety of aldehydes.
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Figure 4. Proposed mechanism of the hydrogen-bond catalyzed direct reductive amination of aldehydes using S-ben-
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3.1.3. Reductive amination of ketones [20]

As part of an ongoing study of the Hantzsch ester and S-benzyl isothiouronium chloride
system, the authors continuously reported S-benzyl isothiouronium chloride as a new class of
noncovalent organocatalysts for the direct reductive amination of ketones (Schemes 5 and 6).
This reaction exclusively relies on the hydrogen-bond activation by the catalyst. A wide range
of ketones and amines were found to provide the expected products with moderate-to-
excellent yields (45-98%). With simple modification of converting thiourea to its correspond-
ing isothiouronium salt through alkylation, the isothiouronium catalyst acquires certain
valuable characteristics such as high hydrogen-bonding propensity, the possibility of working
in protic solvents (MeOH), and the ability to be recycled and reused (first cycle: 88%; second
cycle: 86%; and third cycle: 85% yields).

_ - o ‘ l) _
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a
|
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Scheme 5. Reductive amination of ketone scope using a variety of ketones.

3.2. Stereoselective isothiouronium organocatalysts

3.2.1. Enantioselective Michael addition reaction [21]

In 2009, Kilburn et al. first synthesized L-proline-based bifunctional organocatalyst contain-
ing tethered isothiouronium salt and then applied it to promote the Michael addition reac-
tion of cyclohexanone to trans-B-nitrostyrene (Scheme 7 and Figure 5). As compared with the
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same model based on thiourea, isothiouronium-substituted organocatalyst showed some
enhancement of enantiocontrol (87% ee vs. 90% ee) and significant enhancement in the reaction
rate (11 h vs. 5 h). Reduced catalyst loading was also tolerated (from 15 to 5%).
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Scheme 6. Reductive amination of ketone scope using a variety of amines.
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Scheme 7. Enantioselective addition of cyclohexanone to trans-B-nitrostyrene.

Figure 5. Proposed transition state for conjugate addition catalysis by isothiournium-functionalized organocatalyst.
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3.2.2. Asymmetric aldol reaction [22, 23]

With a keen interest in organocatalyst systems based on isothiouronium derivatives, Kim et
al. introduced isothiouronium iodide salt as an efficient cocatalyst with L-proline in the direct
asymmetric aldol reactions between cyclohexanone and aromatic aldehydes [22]. This method
produced good-to-excellent yields (up to 93%) with good stereoselectivities (up to 93:7 dr
and 99% ee). This aldol protocol includes a solvent-free catalytic system inside a refrigerator
without stirring in the hunt for an inexpensive and green process (Table 1, Scheme 8, and

Figure 6).
o OH
»L\ Ei. L-proline (15 mol %) G []
( + H/'\UH“»:E. co-catalysts (10 mal %) e \[:"ﬂ“b;.
£0 L
- H“-";ﬁND-_. neat, 0-5°C, 86 h o )
Entry Cocatalyst Yield (%) anti:syn ee (%)
1 None 78 81:19 56
2 ﬁ 81 89:11 78
HiMN™ “HHa
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|
HoN A HH
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o 5 & o
HaN™HHs
5 = 95 93:7 94
- 4
Br 5
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6 i 93 93:7 97
I- * s _H_‘-::L_I:-:
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HoN™ MM
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Table 1. Screening of isothiouronium cocatalysts for the L-proline-catalyzed aldol reaction.

When exploring an asymmetric aldol reaction, the authors also introduced the mimic system
of isothiouronium salts which were prepared indirectly by adding acids to thiourea (Table 2)
[23]. The isothiouronium core of salts from thiourea and acids could form a network of H-
bonding interactions with the carboxylate of proline as well as with the carbonyl moieties of
cyclohexanone and aromatic aldehyde, thus enhancing their electrophilicity (Figure 7).
Asymmetric aldol reactions between cyclohexanone and aromatic aldehydes using these
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mimic isothiouronium systems as additives provided products with high yields (40-93%) and
good stereoselectivities (up to 95:5 dr and 99% ee). This aldol protocol also enclosed a solvent-
free catalytic system inside a refrigerator without stirring (Scheme 9).
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Scheme 8. Asymmetric aldol reaction between various aldehydes and cyclohexanone with isothiouronium iodide.

Figure 6. Proposed transition state model for asymmetric aldol reaction.
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Entry Acid Yield (%) anti:syn ee (%)
1 None 81 89:11 78
2 None 78 81:19 56
3 PhCO,H 82 93:7 92
4 CF,COH 92 95:5 98
5 HBF, 93 95:5 99
6 HPF, 85 96:4 99

Table 2. Screening of acids for the L-proline/thiourea-catalyzed aldol reaction.
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Figure 7. Proposed transition state model for asymmetric aldol reaction by adding acid to thiourea.
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Scheme 9. Asymmetric aldol reaction with the mimic system of isothiouronium salts using thiourea/HBEF,.

4. Summary and outlook

This chapter reviews the novel research on hydrogen-bonding isothiouronium organocatalysts
considering their designed concepts and synthetic applications in nonstereoselective and
stereoselective reactions. From that isothiouroniums were proven to be the prospective
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replacements of thioureas in improving the catalytic properties because such groups would
enhance the acidicity of the NH moieties for better hydrogen bonding. The milestone
achievement and blooming research on thiourea catalysts have paved the avenue for further
research efforts in this field. Since the chemical modification of isothiouroniums readily varies
using synthetic methods to produce several types of functional molecular systems, hydrogen-
bonding isothiouronium derivatives have been expected to open new approaches for the
discovery of a wide range of new organocatalytic reactions.
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Abstract

Organocatalyzed asymmetric reaction using a-isothiocyanato compounds has received
much attention in the past 5 years, and significant progress has been made for three types
of isothiocyanato compounds, including a-isothiocyanato amides, esters, and phospho-
nates. This chapter covers the recent advances of a-isothiocyanato compounds in the
organocatalytic asymmetric reaction.

Keywords: Organocatalysis, Asymmetric synthesis, Enantioselectivity, a-Isothiocya-
nato compounds, Cascade reaction

1. Introduction

The development of efficient approaches to construct stereochemically complex compounds by
catalytic asymmetric cascade reaction has received significant attention in the past 15 years [1-
3]. Isothiocyanate, a new and versatile reagent for various catalyzed asymmetric cascade
reactions, was firstly prepared from thiocyanate by Hofmann in 1880 [4]. However, isothiocya-
nato compounds, such as 3-(2-isothiocyanatoacetyl)-oxazolidin-2-one (Figure 1, 1a), were not
applied in catalyzed asymmetric cascade reaction until 2005 by Willis. In this process, chiral
bis(oxazoline)-magnesium(Il) complex was used as catalyst, delivering protected aryl (-
hydroxyl-a-amino acids in good results [5]. Afterwards, different kinds of isothiocyanato
compounds, including a-isothiocyanato amides, esters, and phosphonates (Figure 1), were
developed by chemists and applied to the catalytic asymmetric syntheses [6]. In addition, the

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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general methods for the synthesis of a-isothiocyanato compounds were shown in Scheme 1[5,
7-9].

w-isothiocyanato amides
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Figure 1. a-Isothiocyanato amides, esters, and phosphonates developed for the catalytic asymmetric reactions.
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Scheme 1. Representative synthetic methods for the a-isothiocyanato compounds.
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Figure 2. Organocatalysts involved in this chapter.

This chapter focuses on the synthesis of stereochemically enriched compounds based on these
three kinds of isothiocyanato compounds via organocatalytic asymmetric cascade reactions,
including aldol/cyclization, Mannich/cyclization, Michael/cyclization, [3+2] cyclization with
allenic esters, [3+2] cyclization with 2-butynedioic acid diesters, [3+2] cyclization with azodi-
carboxylates, as well as self-cyclization/addition with aziridines and is classified on the basis
of the types of acceptors. Some common organocatalysts involved in this chapter are listed in
Figure 2, including 1,2-cyclohexanediamine- and 1,2-diphenylethylenediamine-derived
bifunctional catalysts 7, Cinchona alkaloids and Cinchona alkaloid-derived catalysts 8,
bisguanidine catalyst 9, phase transfer catalysts 10.

2. Cascade aldol/cyclization

In 2008, Seidel and coworkers successfully established the first cascade aldol/cyclization
reaction of a-isothiocyanato imides (1b) and various aldehydes (11) with a chiral bifunctional
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thiourea—tertiary amine (7a) as catalyst (Scheme 2) [10]. With this method, a wide range of
protected syn 3-hydroxyl-a-amino acids (12) could be readily generated in very good results
(up to 99% yield, 98:2 dr, and 96% ee) with low catalyst loading ( 5 mol%) and under mild
reaction conditions. More importantly, in some instances, due to the product precipitation, the
corresponding products even could be directly isolated with high diastereoselectivities and
enantioselectivities by simple filtration.

Afterwards, another type of protected B-hydroxyl-a-amino acids was obtained in good results
using the same strategy by Seidel and coworkers in 2010 (Scheme 2) [11]. Almost at the same
time, Wang’s group also reported the organocatalytic asymmetric aldol additions of a-
isothiocyanato imide (1b) to a-ketoesters (13b) (Scheme 2) [12]. They developed the rosin-
derived amine-thiourea catalyst (7b), and the corresponding products were obtained in good
to high yields (78-99% yields) with high levels of diastereoselectivities and enantioselectivities
(70:30-97:3 dr, and 81-99% ee). In comparison, Wang achieved excellent results (up to 99% ee
and 97:3 dr) at very low catalyst loadings ( 1 mol%), but the stereocenters of bifunctional
catalyst (7a) are more atom-economic for asymmetric synthesis.
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o o]
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O'JJ\N ) . 0" NH o
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NCS  R' “CO,Me _ N C
78-99% yield ] MeOC
" . 0,
1b 136 70:30-97:3 dr, 81-99% ee 14b %—/

Scheme 2. Organocatalyzed aldol additions of a-isothiocyanato imides to aldehydes and a-keto esters.

Using the rosin-derived amine-thiourea 7c as a bifunctional catalyst, a highly efficient and
convenient cascade aldol/cyclization of a-isothiocyanato amides (1b and 1c) or a-isothiocya-
nato ester (5) with isatins (15) was disclosed by Wang’s group (Scheme 3) [13]. In this process,
optically active spirocyclic thiocarbamates (16 or 17) were obtained in good to excellent results.
Additionally, the products were readily transformed into biologically active spirooxazolines.
Importantly, using a model of acute neuroinflammation, several of the spirooxazolines were
found to significantly reduce LPS-induced fever.
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Scheme 3. Synthesis of spirocyclic thiocarbamates.

Shortly after this report, a similar protocol was reported by Zhao’s group in 2011 (Scheme 3)
[14]. Using catalyst 8h derived from cinchonidine in diethyl ether at room temperature, a series
of spirocyclic thiocarbamate compounds 18 were obtained in high yields (up to 99%) with good
diastereoselectivities and enantioselectivities (up to 86:14 dr and 98% ee).

Inspired by a-isothiocyanato esters or amides are efficient nucleophilic reagents to construct
chiral heterocyclics [10-14], and considering the potential applications of spirocyclic oxindole
skeletons which have particularly emerged as attractive synthetic targets in the field of natural
products synthesis and medicinal chemistry [15-17]. 3-Isothiocyanato oxindoles (2), a novel
kind of a-isothiocyanato amides, were designed and synthesized by our group in 2011 [7].
Using chiral organocatalyst (7e), a class of 3,3’-spirooxindoles (20) could be formed by the
reaction of 3-isothiocyanato oxindoles (2) with aryl and alkyl ketones (19). Additionally, a
plausible mechanism including a sequential asymmetric aldol reaction and intramolecular
cyclization of the aldol adduct with isothiocyanate unit was tentatively suggested
(Scheme 4).
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Scheme 4. Organocatalytic asymmetric aldol reactions of 3-isothiocyanato oxindoles to ketones.

37



38

Recent Advances in Organocatalysis

Although isothiocyanates have previously been applied in the synthesis of cyclic aldol
products [10-14], this represents the first example in the construction of spirocyclic oxindoles
using 3-isothiocyanato oxindoles through direct aldol reaction. In the reaction of 3-isothio-
cyanato oxindoles (2) with simple ketones (19), a range of spirooxindole derivatives (20)
containing two highly congested adjacent tetrasubstituted carbon stereocenters were obtained
in good to excellent results (up to 95% yield, 95:5 dr, and 98% ee). Moreover, the utilities of
this method were also demonstrated by the transformation of product 20a to more structurally
diverse spirooxindoles (21-25) (Scheme 5). It is worthy to note that there is no change in the
stereoselectivities during the various transformations.

o}
1) (Boc),0 BOCHN)J\O

K,CO4, BnBr DMAP
Cri wa U
HCOOH
N™ 70 24 Vo 2
Me gs59, ol

90% vyield for two teps
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sei?tcli:éiégﬂf:) . 0o00n
or F4,CCOOH
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22 23 25
78%, 94.6 dr, 96% ee 95% vyield, 94:6 dr, 98% ee (94:6 dr, 98% ee)

Scheme 5. Transformations of the product 20a to other spirocyclic oxindoles.
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Scheme 6. Organocatalytic asymmetric aldol reactions of 3-isothiocyanato oxindoles to aldehydes.

Following this work, our group further disclosed a highly efficient approach for the synthesis
of spiro[oxazolidine-2-thione-oxindoles] (26) with 3-isothiocyanato oxindoles (2) and alde-
hydes (11) via a cascade aldol/cyclization reaction process (Scheme 6) [18]. In this process,
spiro[oxazolidine-2-thione-oxindole] compounds 26 were obtained in up to 95% yield, 98:2 dr,
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and 89% ee. Importantly, in most instances, high reactivity was observed and the reaction
could be completed even within 1. 0 min.

5
o
i OR? o] . )L
L condit Q" NHO
SCN“‘&’b‘OR? * SJL e B-0R2
LN RY H H B
R &l OR
6 11 27

Yuan
8d (20 mol%), ClyCCH4, n.[ 38-93% yield, 88:12-=99:1 dr, 55-81% ee]

Wang

8k (20 mol%), Et,0, 30 ‘C.[ﬁﬁ-ﬂ@% yield, 16:1->20:1 dr, 87%->99% ee]

Scheme 7. Asymmetric synthesis of 3-hydroxyl-a-amino phosphonic acid derivatives via organocatalytic direct aldol
reaction of a-isothiocyanato phosphonates with aldehydes.

In 2013, our group firstly developed an asymmetric cascade aldol/cyclization reaction between
a-isothiocyanato phosphonates (6) and aldehydes (11) for the construction of 3-hydroxyl-a-
amino phosphonic acid derivatives (27) [19]. Using bifunctional thiourea catalyst 8d derived
from quinine, a range of protected B-hydroxyl-a-amino phosphonates derivatives (27)
containing contiguous quaternary—-tertiary stereocenters was obtained in up to 93% yield, >99:1
dr, and 81% ee. The potential application of this method was demonstrated by a large- scale
experiment and by the further transformation of one product.

Afterwards, a catalytic asymmetric 1,2-addition reaction of a-isothiocyanato phosphonates
(6f) with aldehydes (11) was also reported from Wang’'s group (Scheme 7) [20]. Using
squaramide-based hydrogen-bonding catalyst (8k) derived from quinine, a series of f3-
hydroxyl-a-amino phosphonic acids were obtained in high yields (up to 99% yield) with
excellent stereoselectivities (up to >20:1 dr and >99% ee).

Recently, a novel cascade aldol/cyclization reaction of 3-isothiocyanato oxindoles with o-
ketophosphonates was disclosed by Mukherjee’s group (Scheme 8) [21]. This protocol
provides an alternative approach to the -amino-a-hydroxyphosphonate derivatives which
contains a spirooxindole scaffold bearing two contiguous quaternary stereogenic centers in
high yields with excellent diastereoselectivities (up to >20:1 dr) and enantioselectivities (up to
>99:1 er). In addition, the products of this reaction can be modified to allow easy access to
differently functionalized spirooxindoles.

S5
NCS o HNJ\O R
X G50 PR S A0
R o . 3J'L _OR* 8d (10 mol%), 2-MeTHF, -95°C R .
R TP, - PO(OR?);

N 5 OR 80-91% yield N "0
R? 10:1->20:1 dr, 90:10->99:1 er RZ

2 28 29

Scheme 8. Enantioselective synthesis of f-amino-a-hydroxyphosphonates between 3-isothiocyanato oxindoles and
a-ketophosphonates.
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3. Cascade Mannich/cyclization

Based on the remarkable success in the organocatalyzed asymmetric aldol reaction using a-
isothiocyano imides (Scheme 2) [10], Seidel’s group reported a highly stereoselective cas-
cade Mannich/cyclization reaction between a-isothiocyanato imides (la) and N-sulfonyl
imines (30) in 2009 (Scheme 9) [22]. In this process, a diverse range of imines (Ts, Bs, and
Ns) bearing substituted aromatic, heteroaromatic, and a,3-unsaturated groups could react-
ed with 1a using quinidine derived 8c as chiral catalyst, delivering syn-a,-diamino acid de-
rivatives (31a) in excellent results. Because of the solubility difference in the products, the
reactions with Ns- and Bs-imines were much faster than Ts-imines, and the reaction of «a-
isothiocyanato imides with Ns- and Bs-imines carried out smoothly at a low catalyst loading
(0.25-1. 0 mol%).

Seidel :
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+ E
0" °N | .
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Zhong
S
0O o P (1) 8b (2.5-10 mol%), m-xylene, rt )L
g\
OJ\N . |N (2) EtOMgBr, THF . HN” “N-Pg
/ H” "R 80-99% yield
NCS 67:33-97:3 dr, 86->99% ee EtO,C Ph
1a 30 32
Pg=Ts

Scheme 9. Catalytic enantioselective synthesis of a,3-diamino acid derivatives.

At the same time, a similar reaction between a-isothiocyanato imide (1a) and Ts-imines (30)
catalyzed by the catalyst (8b) derived from quinine was developed by Zhong and coworkers
(Scheme 9) [23]. It was observed that Mannich adducts (32) could be achieved in good re-
sults (up to 99% yield, 97:3 dr and >99% ee).
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Scheme 10. Synthesis of a,3-diamino acid derivatives using bisguanidine or rosin-derived catalyst.

In 2011, Feng's group [24] and Wang’s group [25] independently reported highly efficient
asymmetric cascade Mannich-cyclization reaction of a-isothiocyanato imides (1a and 1b) with
N-Ts-protected imines (30) (Scheme 10). A highly efficient chiral bisguanidine catalyst (9) was
used into the reaction of 1a with 30 in Feng’s group. In that reaction, significant progress
including broad substrate scope, affording chiral «,-diamino acid derivatives in excellent
yields (up to 99%) with high diastereoselectivities (up to >95:5 dr) and excellent enantioselec-
tivities (up to >99% ee) had been made. Notably, the additive (p-CNC¢H,CO,H) in the reaction
had an important influence on the reactivity and asymmetric induction, which attribute to the
hydrogen and the guanidine moiety both played crucial roles in the process. On the other hand,
Wang's group used the bifunctional catalyst (8g) derived from rosin affording corresponding
Mannich products 31b in high yields (up to 94%) with good to high stereoselectivities (up to
20:1 dr, and 99% ee). And preliminary biological studies revealed that several of the methyl-
thioimidazoline derivatives showed extremely promising antipyretic activity.

Feng and Wang also gave a proposed active model for the reaction in their work, respectively
(Scheme 10). Feng proposed that the weakly acidic additive (p-CNC,H,CO,H) could protonate
one of the guanidine moieties leading to a guanidinium salt, which activates the N-Ts-imine
via hydrogen bond to the nitrogen of the N-Ts-imine. Meanwhile, the active hydrogen atom
of a-isothiocyanato imide was deprotonated by the other guanidine group, and then, an
intermolecular hydrogen bond stabilizes the a-isothiocyanato imide. Simultaneously, the N-
H group of the amide on the same side of guanidine moiety might play as a Brensted acid to
locate a-isothiocyanato amide (1a). In this active model, the activated a-isothiocyanato imide
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Scheme 11. Synthesis of a,3-diamino phosphonic acid derivatives.

(1a) preferentially attacked the activated N-Ts-imine from the Si-face, affording the desired
major product with (4S,5R) configuration. On the other hand, Wang proposed that the rosin-
derived tertiary amine-thiourea (8g) would act in a bifunctional fashion. The a-carbon atom
of a-isothiocyanato amide (1b) was enolized by the tertiary amine moiety of the catalyst (8g).
Concurrently, N-Ts-imine (30) was located and activated by two hydrogen atoms of the
thiourea moiety through hydrogen-bond interaction. Afterwards, the nucleophile would
preferentially attack at the N-Ts-imine (30) from the Re-face, since the Si-face of the N-Ts-imine
(30) was restricted by the quinine moiety of the catalyst.

After the success in the asymmetric cascade aldol/cyclization reaction of diphenyl a-isothio-
cyanato phosphonate (6f) with aldehydes (Scheme 7) [20], the asymmetric cascade Mannich/
cyclization reaction between a-isothiocyanato phosphonate (6f) and N-Ts-imine (30) was
explored by Wang and coworkers, giving the a,3-diamino phosphonic acid derivatives (33) in
high yields (up to 99%) with moderate diastereoselectivities and excellent enantioselectivities
(up to >99% ee) (Scheme 11) [20]. In general, the diastereoselectivity of the cascade Mannich/
cyclization reaction was lower than that of the cascade aldol/cyclization process, but the
enantioselectivities of the Mannich products were slightly higher.
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Scheme 12. Synthesis of a,3-diamino derivatives based on 3-isothiocyanato oxindoles.
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Organocatalytic asymmetric cascade Mannich/cyclization reaction between 3-isothiocyanato
oxindoles (2) and N-Ts imines (30) was reported by Xu and co-workers in 2014 (Scheme 12)
[26]. With the developed method, the spiro[imidazolidine-4,3"-oxindole] products (34) were
smoothly prepared in up to 92% yield, 96:4 dr, and >99% ee.

Meanwhile, a similar strategy to access spirooxindole derivatives using quinine 8a as catalyst
for the reaction of 3-isothiocyanato oxindoles (2) and N-Ts imines (30) was discovered in our
group (Scheme 12) [27]. With the developed protocol, a range of structurally complex
spirocyclic oxindoles derivatives (34") was obtained in good results (up to 99% yield, >99:1 dr,
and 97% ee). Importantly, N-PMP aldimine, N-diphenylphosphinoyl aldimine, and N-Boc
isatinimine were also good substrates for reacting with 3-isothiocyanato oxindoles (2). A
possible model for explaining the stereochemistry of the domino Mannich-cyclization reaction
was proposed.

4. Cascade Michael/cyclization

In 2011, Wang and coworkers explored the unprecedented reaction of organocatalytic
asymmetric cascade Michael/cyclization reaction using a-isothiocyanato amides [28], which
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Scheme 13. Enantioselective Michael/cyclization reaction with a-isothiocyanato imide or ester.
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attribute to the stereoselectivity and reactivity of the a-isothiocyanato compounds with
electron-deficient olefins is challenging. As shown in Scheme 13, rosin-derived thiourea (7b)
catalyzed the asymmetric cascade Michael/cyclization reaction of a-isothiocyanato imides (1b,
4a, and 5) with various methyleneindolinones (35), affording the densely functionalized 3,3'-
pyrrolidonyl spirooxindoles (36-38) in excellent results (up to 99% yield, >20:1 dr, and >99%
ee).

Another kind of asymmetric cascade Michael/cyclization reaction between dimethylpyrazole
isothiocyanato imides (3) and methyleneindolinones (35) using bifunctional catalyst (8i)
derived from cinchonidine was also explored by Barbas and coworkers in 2012 (Scheme 13)
[29]. Dimethylpyrazole was selected as the directing group, because there would have
interaction between the pyrazole group and the thiourea moiety of the catalyst. Additionally,
the acetyl protecting group played a crucial role in the enantioselectivity. The reaction
provided smoothly a range of highly functionalized spirocyclic oxindoles (39) in excellent
results (up to 95% yield, >25:1 dr, and 98% ee). Notably, for this kind of asymmetric cascade
Michael/cyclization reactions with bifunctional thiourea—tertiary amine catalyst, although two
substrates were simultaneously activated by the catalyst, Wang and Barbas gave their
respective transition states (Scheme 13). Wang proposed that the oxindole scaffold was
activated by double H-bonding, and the a-carbon atom of isothiocyanate imide was activated
via enolate anion by the tertiary amine moiety of the catalyst. However, Barbas thought that
the oxindole scaffold was activated by the tertiary amine moiety of catalyst and that the a-
carbon atom of isothiocyanato imide was deprotonated by double H-bonding.
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Scheme 14. Asymmetric Michael/cyclization sequence of a-isothiocyanato imides and esters with pyrazolones.
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On the basis of the works from Wang’s and Barbas’ group (Scheme 13) [28, 29], organocatalytic
asymmetric cascade Michael/cyclization reaction of a-isothiocyanato imides and esters (1a,
1b, and 4a) with various unsaturated pyrazolones (40) was also explored by Wang and
coworkers in 2012 (Scheme 14) [30]. With the developed method, a series of spirocyclic
pyrazolone compounds were observed (41a, 41b, and 42) in high diastereoselectivity and
enantioselectivity (up to 20:1 dr, and >99% ee). Undoubtedly, this methodology provides a
convenient and highly efficient approach for the construction of spiropyrazolone skeletons
with high enantioselectivities.

3-Isothiocyanato oxindoles (2) are important reagents for the stereoselective construction of
structurally diverse spirocyclic oxindoles via cascade aldol/cyclization process [7, 18, 21, 31]
and Mannich/cyclization process [26, 27, 31]. It is worthy to note that organocatalytic asym-
metric cascade Michael/cyclization reactions using 3-isothiocyanato oxindoles as donors to
construct densely functionalized spirooxindoles derivatives rapidly appeared during the past
four years. The following examples illustrate the progress in this area.
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Scheme 15. Asymmetric Michael/cyclization based on 3-isothiocyanato oxindoles (2) by Yuan’s group.

In 2013, an efficient asymmetric cascade Michael/cyclization reaction of 3-isothiocyanato
oxindoles (2) with alkylidene azlactones (43) or 3-methylene-2-oxindoles (35) to construct more
complex dispirocyclic thiopyrrolidineoxindoles was explored by our group [32], providing a
range of highly functionalized dispirocyclooxindole compounds (44 and 45a) in excellent
results (up to 99% yield, >99:1 dr, and >99% ee) only using 1 mol% of readily available
aminothiocarbamate catalyst (8m) (Scheme 15).

To further investigate the versatility of 3-isothiocyanato oxindoles for constructing more
complex spirocyclic oxindole scaffolds, the cascade Michael/cyclization reaction of 3-isothio-
cyanato oxindoles (2) with 3-methyl-4-nitro-5-alkenyl-isoxazoles (46) was subsequently
explored in our laboratory (Scheme 15) [33]. To our delight, optically active 3,3"-pyrrolidonyl
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spirooxindole derivatives (47) could be smoothly obtained in high yields (up to 97%) with
excellent stereoselectivities (up to >99:1 dr and 98% ee) with cinchona alkaloid quinine as
catalyst. Nevertheless, the potential application of this method was also demonstrated by the
large-scale experiment and the versatile transformation of the product into other heterocyclic
compounds.

Encouraged by our these progresses using 3-isothiocyanato oxindoles (2) as powerful and
versatile precursors in the organocatalytic asymmetric cascade Michael/cyclization reactions
[32, 33], we further attempted to investigate the reactions of 3-isothiocyanato oxindoles (2)
with unsaturated isoxazolones (48) and pyrazolones (40) (Scheme 15) [34]. It was observed
that the reaction also worked well with quinine as catalyst under mild reaction conditions,
delivering two kinds of spirooxindole derivatives (49 and 50) in high to excellent yields with
moderate to good stereoselectivities.

Recently, an organocatalytic asymmetric Michael/cyclization cascade reaction of 3-isothiocya-
nato oxindoles (2) with 3-nitroindoles (51) was disclosed by our groups [35]. With the devel-
oped protocol, a wide range of polycyclic spirooxindoles (52), containing three contiguous
chiral centers with two of them having quaternary stereocenters, could be obtained with
satisfactory results (up to 99% yield, >99:1 dr, and 96% ee). This method is very promising
because the reaction is scalable, and the versatile transformations of the products into other
spirocyclic oxindoles are also feasible.

In 2013, catalytic asymmetric cascade Michael addition/cyclization reaction of 3-isothiocyanato
oxindoles (2) with electron-deficient olefins (53 or 35) using bifunctional thiourea catalyst
derived from quinidine was reported by Wang and coworkers. In their developed method, the
reaction proceeded well under mild reaction conditions and afforded structurally complex
3,2"-pyrrolidinyl spirooxindole derivatives (54) (up to 99% yield, >20:1 dr, and 96% ee) and bi-
spirooxindoles (45b) (up to 99% yield, >20:1 dr, and 98% ee), respectively, (Scheme 16) [36].

Having achieved remarkable success in organocatalytic asymmetric Michael/cyclization
reaction with a-isothiocyanato imides and esters as versatile precursors [28, 30, 36], the
asymmetric Michael/cyclization process of 3-isothiocyanato oxindoles (2) with unsaturated
pyrazolones (40) using bifunctional thiourea —tertiary amines (7c) as catalyst was explored by
Wang's group (Scheme 16) [37]. The reaction also provided densely functionalized spirocyclic
oxindole compounds (50) in excellent results (up to 96% yield, >20:1 dr, and 99% ee).

In 2013, Chen and coworkers reported a formal [3+2] cycloaddition reaction between 3-
isothiocyanato oxindoles (2) and 3-ylideneoxindoles (35) with quinine-derived squaramide
(8k) as catalyst (Scheme 16) [38], getting multicyclic spirooxindole derivatives (45c) in excellent
results (up to 99% yield, >95:5 dr, and >99% ee) with very low catalyst loading ( 1 mol%).

At the same year, a similar reaction between isothiocyanato oxindoles (2) and methyleneox-
indoles (35) through a cascade Michael/cyclization process for the construction of bispiroox-
indole scaffolds (45d) was also successfully explored in Huang’s group (Scheme 16) [39]. In
this process, trifunctional organocatalyst (8n) based on BINAM and quinine scaffolds was
efficient for the methyleneoxindole substrates bearing ketone moieties. However, bifunctional
organocatalyst (8d) derived from quinine was the optimal catalyst for the methyleneoxindole
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substrates bearing different ester substituents. It should be noted that all of the reactions could
complete in less than 1. 0 min, providing structurally complex bispirooxindole derivatives
(45d) in high yields (up to 99% yield) with excellent stereoselectivities (up to >20:1 dr, and 99%
ee).
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Scheme 16. Asymmetric Michael/cyclization based on 3-isothiocyanato oxindoles (2) by other groups.

Besides, [3-substituted nitro olefins (55) were also good substrates for the reaction with 3-
isothiocyanato oxindoles (2) in asymmetric Michael/cyclization process (Scheme 16) [40].
Structurally complex 3,2"-pyrrolidinyl-substituted spirooxindoles (56) were obtained in high
yields (up to 90% yield) with moderate to good stereoselectivities (up to >20:1 dr, and 96:4 er).

In 2014, Xie and coworkers further developed this process by employing 3-nitro-2H-chromene
compounds (57) as substrates. Their study revealed that thiourea—tertiary amine catalyst (8e)
containing phenyl group was more efficient than the catalyst with (3,5-ditrifluoromethyl)phe-
nyl group (Scheme 16) [41]. Under the optimal reaction conditions, the asymmetric cascade
Michael/cyclization reaction of 3-isothiocyanato oxindoles (2) with 3-nitro-2H-chromene
derivatives (57) proceeded smoothly, affording highly functionalized spiro[chromenol3,4-
c]pyrrole-1,3’-indoline] derivatives (58) in moderate results (up to 99% yield, 60:40 dr, and 86%
ee).

The development of efficient methods to construct complex molecules containing the F atoms
has been attracting considerable interest due to the potential applications of this kind of
compounds in biology, medicine, and agricultural chemistry as well as in materials science.
Recently, Shi’s group explored a novel Cinchona alkaloid-derived multifunctional amine 8j
catalyzed asymmetric [3+2] cycloaddition of 3-isothiocyanato oxindoles (2) with trifluorome-
thylated maleates (59a) or fumarate (59b) to afford the corresponding spirooxindoles (60)
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possessing a CF;-containing quaternary carbon stereocenter in good to excellent results (up to
96% yield, 20:1 dr, and 96% ee) (Scheme 16) [42]. Interestingly, two epimeric isomers were
obtained with the same organocatalyst at different temperatures, which led to an enantiodi-
vergent approach for the synthesis of spirooxindoles (60). From a synthetic standpoint, this
study explored a new trifluoromethylation system for the synthesis of enantioenriched
heterocycles with CF;-containing quaternary carbon stereocenters.

In order to further expand the scope of a-isothiocyanato phosphonate in organocatalyzed
asymmetric cascade reaction, the application of a-isothiocyanato phosphonate (6f) in the
asymmetric Michael reaction was also investigated by Wang and coworkers [20]. Using
methyleneindolinone (35) as Michael acceptor, the corresponding phosphonate-substituted
spirooxindole (61) was obtained with 80% yield, >20:1 dr, and 98% ee (Scheme 17).

R?0,C
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Scheme 17. Synthesis of phosphonate-substituted spirooxindole through Michael/cyclization of a-isothiocyanato phos-
phonate with an activated olefin.

5. Asymmetric [3+2] cyclization of 3-isothiocyanato oxindoles with allenic
esters

A novel asymmetric [3+2] cycloaddition of 3-isothiocyanato oxindoles (2) and allenic esters
(62) with quinine-derived organocatalyst (8k) was explored by Xu and coworkers in 2013
(Scheme 18) [43]. Interestingly, the same reaction could generate different kind of spirocyclic
oxindole products (63 or 64) in very good results (up to 96% yield, and 97% ee) only by
adjusting the ratio of the two substrates. The authors considered that organocatalyst (8k)
having stronger hydrogen-bonding donors plays a vital structure-directing effect on the
stereocontrol through the hydrogen bonds.

6. Asymmetric [3+2] cycloaddition of 3-isothiocyanato oxindoles with 2-
butynedioic acid diesters

Encouraged by the achievements in the enantioselective construction of two classes of
spirooxindole derivatives (63 and 64) (Scheme 18) [43], Xu and coworkers further investigated
the asymmetric [3+2] cycloaddition reaction of 3-isothiocyanato oxindoles (2) and acetylene-
dicarboxylic acid diesters (65) for the construction of another kinds of spirooxindoles
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(Scheme 19) [43]. Similarly, two kinds of spirocyclic oxindoles derivatives (66 and 67) were
also respectively obtained in good to high yields with good to excellent diastereoselectivities
and enantioselectivities by changing the ratio of the two substrates. Additionally, the appli-
cation of this approach was also demonstrated by a large- scale experiment and by the further
conversion of the cycloadduct into other more spirocyclic oxindoles.
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Scheme 18. Asymmetric [3+2] cycloaddition of 3-isothiocyanato oxindoles with allenic esters.
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Scheme 19. Asymmetric [3+2] cyclization of 3-isothiocyanato oxindoles with 2-butynedioic acid diesters.

7. Asymmetric [3+2] cyclization of 3-isothiocyanato oxindoles with
azodicarboxylates

In 2013, (DHQD),PHAL (80)-catalyzed asymmetric [3+2] cycloaddition reaction of 3-isothio-
cyanato oxindoles (2) and azodicarboxylates (68) was firstly explored by Xu and coworkers.
In the developed method, the desired spirooxindoles (69) could be obtained in high yields (up
to >99% yield) with high enantioselectivities (up to 98% ee) in diethyl ether with the ratio of 2
-68 in 1.3:1 (Scheme 20) [44]. Similarly, another kind of spirooxindoles (70) could also be
afforded in excellent results (up to 99% yield and 99% ee) in toluene with the ratio of 2 —68 in
1:2. Nevertheless, various transformations of the cycloadduct into other highly functionalized
spirooxindole derivatives were also realized, and some products showed promising antitumor
activity via the MTT assays.
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Scheme 20. Asymmetric [3+2] cyclization of 3-isothiocyanato oxindoles with azodicarboxylates.

8. Organocatalytic asymmetric ring-opening reaction of aziridines with a-
isothiocyanato imides

In 2013, Wang’s group developed a catalytic asymmetric ring-opening reaction of meso-
aziridines (71) with a-isothiocyanato imides (1b—-c) using trimeric quaternary ammonium salts
(10a and 10b) derived from cinchonine as catalysts (Scheme 21) [45]. This novel approach
provides an efficient channel to access 3-aminothiooxazole compounds (72) in up to 96% yield
and 92% enantioselectivity.

In Wang's report [45], a plausible mechanism was proposed. As shown in Scheme 21, the
enolized a-isothiocyanato intermediate A might self-cyclize by trapping the oxygen anions in
the enolate. The enolized intermediate might exist in two a-isothiocyanate-thiooxazole states,
such as B and C tautomerisms (Scheme 21). Subsequently, the sulfur-based nucleophiles in
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Scheme 21. Catalytic enantioselective ring-opening reaction of meso-aziridines with a-isothiocyanato imides.
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the thiooxazole intermediate C attack the activated meso-aziridines (71), and consequently with
the aziridine ring-opening process, leading to a series of 3-aminothiooxazole compounds (72).
Notably, this methodology extends the scope of sulfur-based nucleophiles for asymmetric ring
opening of meso-aziridines.

9. Summary and outlook

Using a-isothiocyanato amides, esters, and phosphonates as new type of versatile reagents for
the organic synthesis have been extensively studied and significant process has been made in
this area over the past ten years. With these a-isothiocyanato compounds as powerful
precursors, the scope of the asymmetric cascade reactions with various organocatalysts has
been greatly expanded. Importantly, these developed protocols provided new access to
structurally diverse and complex heterocyclic compounds which were difficult to obtain with
other reactions. Despite rapid progress in organocatalytic asymmetric cascade reactions with
a-isothiocyanato compounds as reagents has been made, the types of chemical reaction in this
area are still limited in number. Accordingly, it might be one promising and exciting research
field to develop novel asymmetric cascade reactions between the a-isothiocyanato compounds
and other accepters, such as nitrosoarenes [46], N-sulfinylanilines [47], oxaziridines [48],
nitrones [49], azomethine imines [50], a-halo N-acyl hydrazones [51], epoxidation [52], et al.
Moreover, making further insight into the reaction mechanism concerning a-isothiocyanato
reagents will facilitate the rapid development of the new methodology in this realm. In
summary, the research by employing a-isothiocyanato compounds for the construction of
complex heterocyclic compounds via organocatalytic asymmetric cascade process has broad
development space. Further ground-breaking and exciting discoveries regarding to the
application of the powerful and versatile will be reported in the near future.
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Abstract

Tremendous efforts have been put toward the design and synthesis of newer enantio-
selective organocatalysts for the enanatioselective synthesis. Recently, guanidine-
containing chiral organocatalysts have attracted considerable attention due to their ease
of synthesis and high enantioselective catalytic activities. This chapter highlights the
successive development of chiral guanidine organocatalysts in asymmetric organic
transformation reactions in the past few decades.

Keywords: asymmetric organocatalysis, biologically active molecule, stereoselective
organic transformation, guanidine group, asymmetric reactions

1. Introduction

Synthesis of enantiomerically pure molecules having multiple chiral centers is one of the
ultimate goals in organic chemistry due to their importance in pharmaceutical science. It led
to the development of stereospecific reactions, the most challenging fields in organic chemis-
try. As a result, asymmetric organocatalysts have become an interesting research field for
chiral molecule synthesis. Small organic molecules have versatile functions such as efficient
and selective catalytic properties that attribute toward their important roles in the construc-
tion of complex and enantiopure molecular skeletons [1].

Indeed, catalytic asymmetric inductions were successfully achieved in the second half of the
twentieth century by employing transition metal catalysts [2]. Enantioselective C—-C bonds and
C-heteroatom bond formations have since been demonstrated by numerous research groups
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worldwide using the power of transition metals. Chiral ligands (organic molecule) form
complexes with transition metals such as palladium, ruthenium, and rhodium that provide
necessary chiral environment for an asymmetric induction. The versatility of transition metal
complex was continually explored for the development of interesting methodologies in the
chiral transformation reactions [3]. The quote “Organic Synthesis—Where now?” given by
Professor Dieter Seebach, often cited from his famous review article, is so promising in the
field of transition metal catalysis [4].

The experimental conditions for transition metal catalysts have been proved challenging
despite the promising catalysts. One of the greatest challenges of transition metal catalysis is
that such reactions required very stringent conditions such as rigorous Schlenk and degassing
techniques or preparation and reaction in glove boxes. Moreover, these catalysts are often air
and moisture sensitive which pose problems especially in their long-term storage and
handling.

In the turn of twentieth century, the historical landmark in the field of asymmetric catalysis
was witnessed with the onset of asymmetric organocatalysis. Chiral motifs bearing organic
molecules derived from nature’s chiral pool such as amino acids have been designed and used
in catalytic amounts for enantioselective bond formation.

0]
CHO

-~ HEN O A. Wholl Li
OH . Wholler and Liebig
2 equiv. e 1832

1 2
HoN

CN CH3CHO

I — 0 0

CN H,0 B. Liebig, 1860
NH2

3
4

Figure 1. Organocatalyzed reactions.

Wohler and Liebig first time reported organocatalyzed Benzoin reaction [5] for the formation
of the a-hydroxyl ketone in the presence of cyanide organocatalyst using two equivalents of
benzaldehyde (Figure 1A). Liebig [6] in 1860 synthesized oxamide in the presence of acetal-
dehyde as organocatalyst from dicyn and water (Figure 1B). Another organocatalyzed reaction
was the Knoevenagel condensation achieved by Emil Knoevenagel [7] in 1896 by reacting
dimethyl malonate with benzaldehyde using piperidine as organocatalyst to generate the
condensation product.

Subsequently, later in the turn of the twentieth century, some sporadic reports of organocata-
lytic reactions came up. Bredig and Fiske [8] used cinchona alkaloid as organocatalyst for
asymmetric addition of HCN to benzaldehyde with low enantioselectivity (10%). Later, in 1960
Pracejus [9] reported chiral cinchona alkaloid-catalyzed methanolysis of a ketene with
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moderate enantioselectivity (74%). Pracejus used the German terminology “Organische
Katalysatoren” which nowa days is used by scientists as the term “organocatalysis.” Sheehan
et al. [10] in 1966 first time used N-heterocyclic carbene as organocatalyst. The major break-
through in the field of organocatalyst research field was seen in 1971 and 1974, when L-proline
was used in the aldol condensation reaction with excellent enantioselectivity and this reaction
is better known as Hajos-Parrish-Eder-Sauer-Wiechert reaction (Scheme 1) [11]. Subsequent-
ly, there was no activity in the organocatalysis research field in the next two decades despite
the pioneering efforts by industrial chemists in organocatalysis. At the turn of the twenty-first
century, List et al. [12] reinvestigated the asymmetric organocatalyzed intermolecular aldol
reaction of the Hajos-Parrish-Eder-Sauer-Wiechert reaction.

O
Hs H3 2

n=1,2 o n=1,2
OH

Scheme 1. L-Proline organocatalyzed intramolecular aldol condensation reaction.

A variety of small organic molecules have since been employed as asymmetric organocata-
lysts such as proline [13], proline derivatives [14], cinchona derivatives [15], binapthol
derivatives [16] (Marouka’s catalyst), and guanidinium-based catalysts [17] in various
chemical reactions. Moreover, lately sincere efforts have been made to design and synthe-
size newer organocatalysts having superior and effective properties in asymmetric organic
transformation reactions. Here, we provide an overview on the recent developments in the
field of guanidine-based catalysts and their ability to act as chiral catalysts in various chemi-
cal reactions.

Generally, organocatalysts can be subdivided into various categories based on their binding
ability with the substrate through covalent bond, noncovalent interactions such as hydrogen
bonding or electrostatic/ion pair interactions as shown in Figure 2.

In the first category, chiral organocatalyst forms covalent bond with an achiral substrate
leading to a chiral transition complex including enamine and iminium activation. For such
type of catalytic activation, proline and proline-derived secondary amines or cinchona
alkaloid-derived primary amines have been widely used as asymmetric organocatalyst in
many organic reactions. N-Heterocyclic carbene and phosphine-derived organocatalysts for
stereoselective Morita-Baylis-Hillman or aza-Morita-Baylis-Hillman type reactions using
covalent bond forming activation are well documented [18]. The second category includes
asymmetric organocatalyst that forms H-bond with an achiral substrate resulting in a chiral
transition state. The example includes Brensted acid catalysts such as derived phosphoric
acids, phosphoryl triflylamides, thiourea, and squaramide which form H-bond with the
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substrate through activation [19]. The last category includes electrostatic interactions be-
tween chiral organocatalyst and achiral substrate for an active chiral transition state. List et al.
developed newer concept involving asymmetric counteranion-directed catalysis (ACDC) for
the activation mode where a chiral counteranion formed an enantioselective product through
an activated transition state [20]. Here, chiral ammonium salts or other protonated bifunc-
tional catalysts such as thioamide or guanidinium catalysts were used as chiral counterca-
tions and these are also called phase-transfer catalysts.
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Figure 2. General classification of organocatalysts based on their activation mode.

2. Guanidine-based asymmetric organocatalysis

Guanidine, discovered over 150 years ago, is well recognized as a very strong base (super-
base). Useful chemical functionalities are shown by guanidine and their corresponding salts.
Free guanidine displays dual behavior, Bronsted basicity, as well as hydrogen bond donat-
ing and accepting abilities [21]. While guanidinium salts show weak Brensted acidity, cationic
hydrogen bond donating capability and the possibility of delocalizing guanidinium cationic
ni-Lewis acids are shown in Figure 3.

Larwisd
Bronsted
.,-"'"f
o . - T
Brosnabed H s
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Figure 3. Guanidine as a Bronsted base as well as a hydrogen bond donor/acceptor.
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Despite the diverse functionalities present in the guanidine group, its synthesis for newer
organocatalytic applications of guanidine is a relatively new research area in chiral com-
pound synthesis. Structurally, guanidine organocatalysts can be classified into several
categories such as open chain 8, monocyclic 9, and bicyclic 10 structures as shown in Figure 4.

Ry +.Fa
N J.I\H (\N'ﬁ‘"‘"
Ry =

Rz HM NH -~

N N
S H
]

10

Figure 4. Structures of bicyclic, monocyclic, and open-chain guanidine scaffolds.

The guanidine and guanidinium salts possess similar features as urea and thiourea, such as
dual hydrogen bonding, which is a key interaction in the electrophilic activation as well as
transition state organization. Najera et al. for the first time used open chain guanidine 11 in
the early 1990s for enantioselective organocatalyzed Henry reaction [22], affording amino
alcohols up to 54% ee (Scheme 2).

Ph  MEt; Ph
H H :
- 11 (10 mod %) R Hs, Pd/C . -
e —_,
[ b
MaklNO; THF, -85 °C oM EtDAc, 24h - hiu
2

Scheme 2. Open chain guanidinium 11 organocatalyzed Henry reaction.

Pn'—{:i? 1P %—gi? "'é
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N
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Figure 5. Guanidine-containing asymmetric organocatalysts.
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Later in 1999, Lipton et al. reported cyclic dipeptide organocatalyzed highly enantioselective
Strecker reaction using 10 mol% of organocatalyst [23]. Further, Corey and Grogan repeated
the Strecker reaction using bicyclic guanidinium chiral organocatalyst [24]. Nagasawa et al.
used pentacyclic guanidine organocatalyst 15 for the enantioselective alkylation reactions [25].
Tan et al. reported bicyclic guanidine to catalyze stereoselective alkylation and Michael
reactions [26]. Subsequently, several chiral guanidinium organocatalyst were used for
stereoselective organic transformation reactions.

Some of the well-documented guanidine-based asymmetric organocatalysts are shown in
Figure 5.
3. Applications of asymmetric organocatalysts

Asymmetric organocatalysis is recognized as an independent synthetic toolbox in addition to
asymmetric metallic and enzymatic catalysis for the synthesis of chiral molecules (Figure 6).
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Figure 6. Application of asymmetric organocatalysis in various stereoselective organic transformation reactions.

In the present chapter, we have focused on the enantioselective reactions catalyzed by chiral
guanidinium and their salts.

3.1. Asymmetric alkylation

Asymmetric alkylation by phase-transfer catalyst is a well-established approach. Nagasawa
et al. designed pentacyclic guanidinium salts for the enantioselective alkylation of glycinate
Schiff base [25]. Glycinate Schiff base underwent alkylation reaction with various alkyl halides
under phase-transfer conditions in the presence of guanidinium salt 15 (Table 1). It was
proposed that the spiro ether rings determined the configuration of the newly formed chiral
center. The methyl group of the spiro ether ring played a crucial role in the enantioselectivity.
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15 (30 mol%s)
Ph\]r/vaCOyiEiu Rk —— Ph WN YCD;!BL
CHoCly/ ag. KOH |
FPh Ph R
20 20 a-e
Entry RX Product t (h) Yield (%) ee (%)
1 BnBr 20a 160 55 90
2 Mel 20b 145 80 76
3 Octl 20c 145 83 80
4 CH,=CHCH,Br 20d 140 61 81
5 CH,~C(Me)CH,Br 20e 145 85 81

ee = enantiomeric excess.

Table 1. Pentacyclic guanidinium 15 catalyzed asymmetric alkylation reaction with various alkyl halides.

OMe
Ar O
= r Eir\/'_l\ 13 (10 mol%:) R on wAr
R—y o * OMe RQ o
N KzHPO4 (3 equiv.) =N
5 1 !
Bn Znl; (0.2 equiv.) B
mesitylene, 0°C
21 a-e 22 a-e
Entry t (h) 21 (R, Ar) Yield (%) ee (%)
1 44 21a (5-F, Ph) 98 94
2 37 21b (5-Cl, Ph) 99 94
3 51 21c (5-Br, Ph) 99 93
4 59 21d (5-Me, Ph) 96 93
5 63 21e (MeO, Ph) 90 93

ee = enantiomeric excess.

Table 2. Alkylation of 3-substituted 2-oxiindoles using activated bromomethanes.

Tan et al. used bicyclic guanidinium 13 as chiral phase-transfer catalyst [27] for enantioselec-
tive alkylation of 3-substituted 2-oxiindoles shown in Table 2.

The position and electronic properties of the substituents on the para- and meta-positions of
aromatic ring at the C-3 position of 3-aryl-2-oxindoles did not affect the enantioselectivity.

Guanidine containing s-triazene asymmetric organocatalyst has been synthesized and used
for asymmetric alkylations [28] as shown in Table 3.
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i Et

5‘;\

23 (10 mol %)

N 3

®

U
M .
QEt+ RBr o OEt
Q 50 % KOH,
Toluene-CHCI3
24 .
25 a4
Entry Electrophile (RBr) Product t (h) Yield (%) ee (%)
1 Brxng, 25a 35 75 95
2 B~ 25b 35 85 89
3 a'/"“‘-l. 25¢ 45 90 82
BrW
4 Br.., ,.CH; 25d 6.0 67 81
VAT
5 Br - 25e 4.5 55 75
6 achH 5 25¢ 55 85 85
15
7 — 25 5.5 80 77
B~ -/ &
8 L 25h 45 76 68
Br" -
9 )\ 25i 45 90 83
Er.\x
10 Br._ .CH 25j 45 85 90
'\-\r.‘_r; 3 ]

ee = enantiomeric excess.

Table 3. Alkylation of glycinate Schiff base using s-triazene based asymmetric organocatalyst.

3.2. Asymmetric aldol reaction

List et al. reported enantioselective intermolecular aldol reaction using proline organocata-

lyst [17]. In these years, hundreds of research articles were published on the stereoselective
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aldol reactions using various asymmetric organocatalysts. Moreover, [-proline and guani-
dine salts as cocatalysts were also used for enantioselective aldol reaction [29] using various
aldehydes 42 a-k, which reacted with chloroacetone (Table 4, Entries 1-5) smoothly, with good
yield and high regio-, diastereo-, and enantioselectivity.

Py
BF,
o
26 [ N
0 (S)-proline (15 mail%) o OH i ?‘H
/J\,_.m + ArCHO - '-"-'szLf“xA, + ~ ar
Meat, 0-3 °C cl
27 ad 28 a-d 28 a-d
Entry ArCHO Conversion Regioselectivity d.r. (%) ee (%)
1 27a 4-NO,~CH, 99 96:4 91:9 98
2 27a 4-NO,-C¢H, 99 99:1 83:17 95
3 27b 3-NO~CH, 97 96:4 92:8 97
4 27¢ 2-NO~CH, 98 >99:1 93:7 97
5 27d  4-CO,Me-CH, 9% 99:1 91:9 97

ad.r. = distereomeric ratio; ee = enantiomeric excess.

Table 4. Synthesis of chlorohydrins using (S)-proline/guanidine salt as cocatalyst.

3.3. Asymmetric epoxidation
Taylor et al. investigated the asymmetric epoxidation [30] reaction using chiral guanidines 30

a—c (Figure 7).

Ph

SOl oo U T T
= - N n B HO. « R _OH
NN N’J\“N g HN™

I
o
I\/C’H i > Bn” "N~ N~ “Bn
: Ph OH K) H | H g H H
R R

30a:R=Ph e 31 32 33 R=CqgHyr

30 b : R= 3-CICgH,
Figure 7. Structure of guanidine catalyst for asymmetric epoxidation.

Epoxide of amidoquinone analogs were obtained in poor-to-moderate ee using the stoichio-
metric amounts of these guanidine-based chiral organocatalysts (Scheme 3).
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O O
Cat. (1 equiv)
'‘BuOOH

. - O
NHBoc PhMe, RT,7-8d MHBoc
MeQ OMe MeQ OMe
34 35
Catalyst

30 a; 31 % Yield, 35 % ee
30 b; 23 % Yield, 29 % ee
30 ¢; O7 % Yield, 08 % ee
31 ; 34 % Yield, 60 % ee

Scheme 3. Asymmetric epoxidation of amidoquinone using various chiral guanidine organocatalysts.

Acyclic guanidine 31 when used in stoichiometric amount shows better ee (60%) in compari-
son to cyclic guanidines (30a—c). Epoxidation of trans-chalcone and 2-methyl-napthoquinone
with chiral guanidine was also carried out. Good yields were obtained but the ee were very
poor [31].

cat. 15 (10 mol%s)
/%'/J'L -
R Ph ——— "R /\)L Ph
tBuDOH o
36 a-f CHsCly/ag. KOH 37 a-f

o'c
Entry R t(h) Yield (%) ee (%)
1 Ph 110 35 39
2 2-naphthyl 140 51 50
3 1-naphthyl 140 77 60
4 9-anthracenyl 140 >99 35
5 4-NO, CH, 130 82 38
6 4-MeOCH, 160 2 36

ee = enantiomeric excess.

Table 5. Asymmetric epoxidation reactions of various chalcones with pentacyclic guanidinium salt 15.

Nagasawa et al. used pentacyclic guanidine salt 15 as phase-transfer catalyst for the epoxida-
tion of chalcones [32] up to 60% ee ratio (Table 5).

3.4. Asymmetric Diels-Alder reaction

Enantioselective cycloaddition is a large area of research catalyzed by Lewis acids [33].
However, the base catalyzed stereoselective Diels-Alder reaction has remained largely
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unexplored. Ma et al. used chiral guanidines 38 as asymmetric organocatalyst for the cyclo-
addition reaction of anthrone and methyl maleimide (Scheme 4) [34].

N N W
- H H & "M
iPr iPr |

D —
I { . oo
P S A {10 mol %) v
J ’_fl | J + | N—Me - m a -i P
A ~ ~( THF, -20°C L on
0 o
39 40 41

B8 % Yield, 7 % ee
Scheme 4. Diels-Alder reaction between anthrone and methyl maleimide.

Tan et al. describe a highly enantioselective guanidine catalyzed Diels-Alder reaction between
anthrones and activated olefins [35].

3.5. Asymmetric Friedel-Craft reaction

Friedel-Craft alkylation has been widely used for the synthesis of relevant and promising
biological entities [36]. Despite the aromatic substitution reactions, catalytic and asymmetric
versions of Friedel-Craft reactions have been described in the mid 1980s. Recently, chiral
organocatalysts such as imidazolidinone, cinchona alkaloids, diaryl prolinol derivatives,
phosphoric acids, thiourea-mediated and guanidine-based catalysts have become more
popular for these transformations.

H H H H H
FiCu, oy, Mo N ,.N_?_T_.h oMM s
| I
|H = -] Pr LN iPr 5 I-l =
T ] I
CF o CF
42
P~ “?:?J,--”"' 42 {5 mol %) O e OH
- Fai) oc o .‘_#ﬁ‘_“____.- ‘INU_,
Pribie i
P
43 624 h 44 '
E6-59% Yield
B2-0ud% o

Scheme 5. Chiral organocatalyzed 1,4-type Friedel-Craft reaction of phenols.

Nagasawa et al. present conformationally flexible stereoselective guanidine/bisthiourea
organocatalysts for chemo-, regio-, and enantioselective 1,4-type Friedel-Craft reaction of
phenols as shown in Scheme 5 [37].
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3.6. Asymmetric Henry reaction

The Henry reaction (nitro-aldol) is one of the oldest C-C bond formation reactions in organ-
ic synthesis. Shibasaki et al. in 1992 for the first time reported the asymmetric version of the
Henry reaction [38]. Later, Najera et al. in 1994 used guanidine organocatalyst for the
enantioselective Henry reaction [22]. Since then, various newer guanidine-based chiral
organocatalysts for the asymmetric Henry reaction have been developed. Some bifunctional
acyclic/cyclic and bisguanidine catalysts were also designed for stereoselective Henry
reaction (Figure 5).

Nagasawa et al. used effective linear guanidine-thiourea-based bifunctional catalyst 14 for an
enantio- as well as diastereoselective Henry reaction [39]. Chiral guanidine-amide organoca-
talyst 17 has been used for an efficient asymmetric aza-Henry reaction [40] of isatin-derived
ketimines (Scheme 6).

Ry R
b Re—pu
i 17 {10 md %) '/"NG,
& 4 A°MS £ e
R—i= | =0 + RoHND Re= | =0
N PhMe, -30 °C SN
45a-h By 46ah R
O QN 0N OuN
BocHM, | EM)G ) Che, | BocHM, |
i oy T N i
(=0 (=0 (Lo T I )=o
Co T et ' Y] ey
Bn Bn Bn Bn
468, T2 h, 09 % Yield 48b, T2h, 90 % Yield  4Bc, T2 h, 90 % Yield 45d, 64 h, 98 % Yield
4% ea B5 % ea BB % w0 52 % e
0N O QN O
BacHM, BocHM, ‘) BocHMN, | BacHM,
FalQ o .'1:’ it T .-:_"‘ o _.'{#"'"
[>=0 W L= (=0 (] =
N Sy N N
Bn | Bn CFa Bn Bn
4B, 48 h, 85 % Yield AB[, 130 h, B9 % Yield  46g. 130 h, 84 % Yield 46h, 144 h, B0 % Vel
60 % oa B9 % e B9 % oo G505 dr, 92080 % oa

Scheme 6. Organocatalyst 17 catalyze aza-Henry reaction.

Ma et al. studied the diastereoselective Henry reactions [41] of a-aminoaldehyde with
nitromethane using open-chain chiral guanidine organocatalyst.

Murphy and coworkers used tetracyclic guanidinium salt for the Henry reaction of nitrome-
thane and isovaleraldehyde with 20% enantioselectivity [42].

Recently, Zhao and coworkers developed a new protocol for the highly stereoselective tandem
Henry-Michael reaction using Misaki-Sugimura guanidine catalyst 19 to synthesize trisubsti-
tuted cyclohexanols [43]. Using the optimized reaction conditions, the desired trisubstituted
cyclohexanols obtained in both high enantioselectivities and diastereoselectivities are shown
in Table 6.
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(o]

O

OH
19 (10 mol %) OzM '

R)J\f/f\/\/u‘u + CH3NO; —*CHGI;.,. % 3\_‘_ O

47 a-a R 48 a-e
Entry R Product Yield (%) d.r. (%) ee (%)

1 Ph 48a 99 >99:1 98
2 4-FCH, 48b 98 599:1 96
3 4-CIC,H, 48c 95 >99:1 96
4 4-BrCH, 48d 99 599:1 97
5 4-CNC.H, 48e 98 >99:1 98

d.r.= diastereomeric ratio; ee = enantiomeric excess.

Table 6. Misaki-Sugimura guanidine 19 catalyzed tandem Henry-Michael reaction.

H Et El
N7 N Ph™ "N” "N” "Ph  pp” "N N" "pn  PRT N N° Ph
: H H H H H L
e
40 50 51 52
0 [0}
Ph. N \)J\ Cat.(20mol %)  Ph._ _N
NG COstBu *+ 2 “COR ¥ COLtBuU
Fh THF, 48h Ph COR
20 -78°Cto-10°C
53 af
Entry Catalyst R Product Yield (%) ee (%)
1 49 Et 53a 99 30
2 50 Et 53b 95 6
3 52 Et 53¢ 97 17
4 51 Et 53d 85 2
5 49 Me 53e 95 16
6 49 tBu 53f 98 30

ee = enantiomeric excess.

Table 7. Asymmetric conjugate additions of glycinate to various acrylates using various organocatalysts.
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3.7. Asymmetric Michael reaction

Michael reaction is the most common approach toward C-C or C-X bond formation via
conjugate addition of nucleophiles to electron-deficient alkenes [44]. Michael reaction between
glycinate and ethyl acrylate was described by Ma et al. using chiral guanidine organocata-
lysts (Table 7) [34a].

Chiral guanidine catalyst 49 was also used for the enantioselective synthesis of the core
structure of (-)-huperzine A by the Michael-aldol annulations reaction [34b]. Ishikawa et al.
catalyzed the enantioselective Michael reaction of glycinate with various Michael acceptors
using the chiral guanidine organocatalyst 31 under solvent-free condition affording excel-
lent enantiomeric excess (Scheme 7) [45].

CDQtBU 31 {QU mol ﬂa"o:'

Ph N CO:tBu
Ph\T"NV x_EWG g ‘
LY v R Solvent free, 20 °C Ph

EWG

20 e i
S4a, EWG= CO;EL, 85 % Yield, 97 % ce
54b, EWG= CO;Me, 98 % Yield, 93 % ce

Sde, EWG= CO-CN, 79% Yield, 55 % ¢e

Scheme 7. Enantioselective conjugate addition reaction of glycinate with various Michael acceptors.

Ishikawa et al. also attempted the Michael reaction [46] of 2-cyclo-penten-1-one with diben-
zyl malonate using the same guanidine organocatalyst 31 (Scheme 8).

0 o]
l 1 9%
| EHOZC\T,':OEBH 31 (10 mol %)
-
4 R a; CHCls, reflux, 12 d '
a: R=H b: neat, 20 °C, 3 d —C0Oz8n
e Foshe R COsBn

56a. 65 % yield, 43 % ee
56b: 82 % yield, 40 % ea

Scheme 8. Michael reactions between cyclo-penten-1-one and dibenzyl malonate using the guanidine organocatalyst
31.

Terada et al. developed axially chiral guanidine organocatalyst 14 that facilitates the high-
ly enantioselective 1,4-Michael reaction with 1,3-dicarbonyl compounds [47] as shown in
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Table 8. Michael conjugated products provide various types of optically active nitroal-
kane derivatives of synthetic and biological importance.

o o (R)-14 (2 mol %) i *

S NOz 4 AN E0” ¢ ~OEt
R, 2 EW0” ™" TOE Et:0 /l’
R Y
57 a-@ 58 NO;
59 a-a
Entry R, Product t (h) Yield (%) ee (%)

1 2-MeOCH~ 59a 2 98 97
2 2-BrC.H,~ 59b 2 >99 98
3 2-NO,C,H,~ 59¢ 4 86 91
4 3-MeOCH,~ 59d 2 94 94
5 3-BrCHy~ 5% 2 90 95

ee = enantiomeric excess.

Table 8. 1,4-Michael reaction of various conjugate reactions with diethyl malonate using organocatalyst 14.

Linton et al. designed pentapeptide organocatalyst incorporated with arginine for the Michael
reaction of nitrocarbonyl compounds [48]. Tan et al. used guanidine organocatalyst 12 for the
Michael reaction between anthrone 60 and maleimides 61 (a—d) to obtained cycloadducts 62
(a—d) in excellent yields and enantioselectivities (Table 9) [35a, 49].

R
! 12 (10 mod %)

. N
vj + O°SCF? oem, 200

\_r

G0 61 a-d
62 a-d
Entry R Product t (h) Yield (%) ee (%)
1 Ph 62 a 7 80 99
2 2-NO,CH, 62b 8 87 97
3 3,4-CL,CH, 62c 8 89 98
4 Bn 62d 8 86 93

ee = enantiomeric excess.

Table 9. Bicyclic guanidine organocatalyst 12 catalyzed enantioselective Michael reaction.
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Bicyclic guanidine organocatalyst 12 worked well with maleimide (Table 9) and other
activated olefins (Table 10) with excellent enantioselectivities and regioselectivities.

oH O OH R,
12 (10 mol %)
- -
[ | )j ) L%“l
L]
e 2 R DCM, -20 °C
60 63 a-c

Entry R, R, Product t (h) Yield (%) ee (%)
1 CO,Me PhCO 64 a 6 92 98
2 CO,Et MeCO 64b 7 92 95
3 CN CN 64 c 7 90 94

ee = enantiomeric excess.

Table 10. Asymmetric Michael reaction of anthrone and activated olefins using chiral organocatalyst 12.

Rz
0 R, 13 (10 mol %) C':;:""RE
R1%NGE + &“P_:RJ T R1/‘\/NU‘E
H 2 2

Entry R, R, T (°0O) t(h) Yield (%) ee (%)*
1 Ph Ph 0 13 64 60 (96)
2 Ph 4-FCH, 0 14 92 60 (>99)
3 Ph 4-PhC.H, 0 40 85 50 (91)
4 Ph 2-EtCH, -40 40 77 75

5 Ph 2-naphthyl 0 6 92 65 (99)

ee = enantiomeric excess.
%ee values obtained after single recrystallization.

Table 11. Phospha Michael reaction of various diaryl phosphine oxide and nitroalkenes using bicyclic guanidine
organocatalyst 13.

Tan et al. used chiral bicyclic guanidine organocatalyst for the phospha-Michael reaction of
nitroalkenes (Table 11) [50]. Various nitroalkenes with di-(1-naphthyl) phosphine oxide at
-40°C gave excellent enantioselectivities.
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Terada et al. demonstrated that axially chiral binaphthyl organocatalyst 14 (Ar = 3,5-di-
tBuCiH,; R = Bn) can used for the phospha-Michael reaction of diphenyl phosphite to
nitroalkenes with high enantioselectivities [51].

Ishikawa et al. investigated the 6-exo-trig intramolecular oxa-Michael cyclization reaction for
the chiral chromane 67 synthesis using guanidine organocatalyst [52] 65 as per Scheme 9. The
E/Z geometry of the a, 3 unsaturated ester played a crucial role in the enantiomeric excess
determination of chromane moiety.

R

)\/OH 65a: R = (R)-Bn, Ry= Ph, Ry= Me
N

65b: Ry= (5)-Bn, R:= Ph, By= Me
/]\l\ 65¢c: B y= (R)-Ph, Ry= Ph, Ry= Me

1
Rz

Rs-
N7 R 65d: R~ (R)-Bn, Ry~ 2-MeCgHy, Ry~ Me
‘—{, 65e: R = (R)-Bn, Ey= Ph, R;= Bn
Rz
Me
e Cat. (20 mol %) @(\,L jcoz,rug
il bl S .
COaMe "
- 2 2d, CHCls ot
66 67

Scheme 9. Intramolecular oxa-Michael cyclization reaction of the chiral chromane synthesis.

0
. j.mau Boo
NTE . 65 d (10 mol %) NH O
| s "
/l\ -'r R.I/'\H\

Ry™ "H O. -45°C, PhMe

68 a-e 69 70 a-
Entry R, Product t (h) Yield (%) Syn:Anti ee (%)
1 Ph 70 a 12 >99 >99:1 96
2 4-MeOC¢H, 70b 48 76 36:1 90
3 2-furyl 70 ¢ 36 88 9:1 98
4 Ph(CH,), 70d 24 87 29:1 92
5 -CH,, 70e 48 84 11:1 9

ee = enantiomeric excess.

Table 12. Enantioselective Mannich reactions of various N-Boc protected imines using guanidine organocatalyst 65 d.
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3.8. Asymmetric Mannich reaction

The asymmetric Mannich reaction ranks among the most potent enantioselective and
diastereoselective C-C bond forming reactions to obtain chiral -aminocarbonyl compounds
from imines. Asymmetric organocatalytic reactions had been successfully developed for the
well-known Mannich reaction in particular. In the Mannich reaction, a key species, an iminium
intermediate is formed which is susceptible to nucleophilic attack. Recently, Kobayashi et al.
[53] reported the Mannich reaction of fluorenone imine of glycine ester and its phosphonic
acid analogs using the guanidine organocatalyst 65d (Table 12).

Ph Ph
Ho
N Ph M Ph
|
12 (10 mol %) CHN
+ HCHN S
(2equiv.)  PhMe, -40 °C
Yol 20h T2
96 % Yield
86 % ee

Scheme 10. Strecker reaction using bicyclic guanidine organocatalyst 12.

j\ll i O
HaN™ HH ||N’JL“] ™ pn
o . kﬂ# MH pc
" -
H.
A B9 N PR
'T P woN —(2mol %) .
-~ Ry CN
Ry MeaOH
.75 %C
74 a-8 75 a-e
Entry R, Product Yield (%) ee (%)
1 Ph 75a 97 >99
2 4-CIC.H, 75b 94 >99
3 4-MeOC.H, 75¢ 90 9%
4 3-CICH, 75d 80 >99
5 3-MeOC¢H, 75e 82 80

ee = enantiomeric excess.

Table 13. Asymmetric Strecker of N-benzhydryl imines catalyzed by dipeptide organocatalyst 73.
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3.9. Asymmetric Strecker reaction

Strecker reaction is an excellent way for the synthesis of a-amino acids [54]. Lipton group in
1996 for the first time reported the asymmetric version of the Strecker reaction [23]. In addition,
the metal-catalyzed asymmetric cynation and chiral organocatalytic process had been used for
the enantioselective Strecker reaction. Interestingly, chiral organocatalyst possess high
catalytic properties for the hydrocynation reaction. Corey group used chiral bicyclic guani-
dine as an efficient catalyst in the asymmetric addition of hydrogen cyanide to imine [24]. The
hydrocynation of the benzaldehyde-derived imine gave the corresponding (R)-amino nitrile
in 96% yield and high enantiomeric excess (86%) using 10 mol% of bicyclic guanidine
organocatalyst 12 shown in Scheme 10.

Lipton et al. used guanidine-based dipeptide organocatalyst 73 for the stereoselective Strecker
reaction (Table 13) [23]. Further, the replacement of the guanidine functional group of the
organocatalyst 73 with an imidazole ring failed to achieve any enantioselectivity. It confirms
that the guanidine group plays a crucial role in enantioselectivity determination.

"N
= H
N

N
H _
76

Figure 8. C,-Symmetric guanidinium salt 76 for Claisen rearrangement.

3.10. Asymmetric Claisen rearrangement

Rainer Ludwig Claisen discovered [3, 3]-sigmatropic rearrangement of allyl vinyl ethers which
led to one of the most powerful C-C bond forming reactions [55]. Jacobsen and coworkers used
catalytic amount of the C,-symmetric guanidinium salt 76 for the asymmetric Claisen
rearrangement (Figure 8) [56] and obtained greater enantioselectivity with high yield (Table
14).

3.11. Asymmetric reduction reaction

Basavaih et al. reported the borane-mediated asymmetric reduction of phenacyl bromide using
the chiral guanidine organocatalyst 79 [57]. When the reaction was carried out at room
temperature, it gave R-configured alcohol with 37% ee, while under reflux condition, the S
alcohol was obtained with improvement in ee value to 83% (Scheme 11).

75
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0
MeD"le/’\ R;
o

0O Ry R
TG (2 I % I
6 (20 mol %) _ MeO JH( XK
\L R Hexanes, 22-40 °C ofs R
Ry ‘»‘e]/ 4 5.14d
Rz
7T a-a 78 a-a
Entry R, R, R, R, Product Yield (%) ee (%)
1 Me H H H 78 a 80 92
2 Et H H H 78b 86 92
3 Et H H nPr 78 ¢c 92 85
4 Et H H Ph 78d 91 81
5 Me Me H H 78e 73 96
ee = enantiomeric excess.
Table 14. Guanidine salt 76 catalyzed enantioselective Claisen rearrangement.
NH
J‘L .Ph
N N
5 e )
H
)]\/Er 79 (15 mol %) /!\/Br
Ph Ph
+ L
PhMe, RT, 15 min 80
BH3" Me,S 83 % Yield
37 % ee

Scheme 11. Asymmetric reduction of phenylacyl bromide using chiral guanidine organocatalyst 79.

3.12. Asymmetric amination reaction

Asymmetric electrophilic amination reaction of 1,3-dicarbonyl compounds was achieved by
Terada et al. with a C ,-symmetrical axially chiral guanidine organocatalyst 81 which has a
seven-membered ring structure [58]. The reaction was conducted using 2 mol% catalyst
loading with di-tert-butyl azidocarboxylate at -60°C temperature. Bulkiness of the azidocar-
boxylate played a crucial role in the enantioselectivity. The scope of the reaction is shown in

Table 15 with the optimal reaction conditions.
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o o0 o o
Boc.. 81 (2 mol %) )IYlL
+* —_—
:.- R I':JI‘ THF, -60 °C Ir S R
M Boc e’ | MH
Boc Boc
82 a-e
83 a-e
Entry  Reactant R Product t(h) Yield (%) ee (%)
o -CH,CH, 83a 4 >99 97

(e} O —-CH,CH, 83b 24 >99 98
é/[ OR
O O -CH,CH, 83 ¢ 1 >99 97

@ib}\mﬁ

O o -CH, 83d 24 >99 15
o

é/‘(ﬁ

[a] —CH, 83e 5 99 91

o

ee = enantiomeric excess.

Table 15. Asymmetric electrophilic amination reactions of various 1,3-dicarbonyl ketones.
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4. Other important reactions using chiral guanidine organocatalyst

4.1. Asymmetric protonation reaction

Protonation reaction is a direct approach for the preparation of carbonyl compounds with a
stereogenic center of enolates. A transient enolate is first generated through a conjugate
addition reaction, followed by an in situ enantioselective protonation reaction. Tan et al.
investigated the protonation of 2-phthalimidoacrylate 84 with thiophenols and obtained a
series of arylthiols 85 with excellent yields and enantioselectivities (Table 16) [59].

G 0
(7\ 13 (1-10 mol %) <’_\§~{
={__N_ COMu + RSH —————= A\=( p_ COsu
'EIJ I||II |

-50 °C, Et;0 _/\rr \-(\
0 SR
84 85 a-e

Entry R 20 (mol %) Product t (h) Yield ee (%)
1 Ph 10 85a 0.5 99 90
2 2-CF.C.H, 10 85b 3 99 93
3 2-MeO,CCH, 10 85 ¢ 25 98 )
4 4-BrC,H, 10 85d 4 99 90
5 4-tBuCH, 10 85e 3 92 93

ee = enantiomeric excess.

Table 16. Enantioselective protonations of 2-phthalimidoacrylate using the bicyclic guanidine organocatalyst 13.

Ph Ph

Phee r:l---“
At S By
HN—=

R,
) 86 (1 equiv.) -
/ R,
&H_;:J—---.I/ ! (PhOLP(OMN; - [ Y
;JH CHzClp 1 L x;:f"“--{
(2 equiv.) (1 equiv.) B M.
&7 &8 89

Scheme 12. Guanidine catalyst 86 mediated asymmetric azidation reaction of 1-indanol.

4.2. Asymmetric azidation reaction

Ishikawa et al. used bicyclic guanidine catalyst for the asymmetric azidation reaction of 1-
indanol in the 30% ee with diphenylphosphoryl azide (Scheme 12) [60]. Excess R isomer was
produced with the use of C,-symmetric bicyclic guanidine catalyst 86 in the 58% yield and 30%
ee.
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4.3. Asymmetric transamination reaction

Transamination process is a (1,3) proton-transfer reaction using imines which plays an
important role in the biological systems for the production of amino acids. Berg and cowork-
ers catalyzes transamination reaction [61] using the bicyclic guanidine organocatalyst 13
(Table 17).

0, .0 U, .0
= = THF, RT, 4h = | i

N‘?\:r,-':':"zﬂy M ‘T/EG aFlz
Ry Ry

80 a-d 91 a-d
Entry R, R, Product Yield (%) ee (%)
1 Ph Me 91a 63 43
2 iPr Et 91b 95 45
3 Me Et 91c 98 24
4 MeO,C(CH,), Me 91d 98 0

ee = enantiomeric excess.

Table 17. Stereoselective transamination reactions of an imine catalyzed by bicyclic guanidine organocatalyst 13.

4.4. Asymmetric silylation reaction

The kinetic resolution of secondary alcohols has been done through asymmetric silylation [62]
using the bicyclic guanidine organocatalyst 92 in the stoichiometric amount (Scheme 13).

Ph
N
F*h'-?\ e
N"'L“N
OH H
3 92 (1 equiv.) ’
TIP -
O v TIPSE ehcn, RT, 6d -

I n

93a-b 94 a (n=1; 79 % Yield, 58 % ee)

94 b (n=2; 15 % Yield, 70 % esj

Scheme 13. Kinetic resolution of secondary alcohols through asymmetric silylation using chiral bicyclic guanidine or-
ganocatalyst 92.
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5. Conclusion

Guanidines containing chiral molecules have been successfully employed as chiral organoca-
talysts for the important asymmetric reactions. Guanidine-containing organocatalysts will
continue to play an important role in asymmetric synthesis and catalysis in chemistry in
coming years.
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Appendix 1

Reaction Page nos.
1. Aldol reaction 11
2. Diels-Alder reaction 13
3. Friedel-Craft reaction 14
4. Henry reaction 14, 15, 16
5. Michael reaction 16,17,18,19,20
6. Mannich reaction 21
7. Strecker reaction 21,22
8. Claisen rearrangement 23
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Abstract

Catalytic transformation of CO, into the value-added organic compounds is a very
important and hot research topic in organic synthetic chemistry and green chemistry
from the viewpoint of developing CO, as C resource. Organocatalytic reactions
employing metal-free organic molecules as catalysts have received unprecedented
attention in recent years, with the significant advantages of the catalysts being usually
inexpensive and stable, and the reactions can be performed under air. This chapter
summarizes and gives an overview of the recent advances in the organocatalytic
transformation of CO, into cyclic carbonates, 2-oxazolidinones, carboxylic derivatives,
as well as the synthesis of CO,-adducts and their application as CO, carriers.

Keywords: carbon dioxide, CO,-adduct, cyclic carbonates, organocatalysis, 2-oxazoli-
dinones

1. Introduction

Carbon dioxide (CO,) exhibits many good qualities as an ideal C resource in organic synthesis
such as non-toxicity, natural abundance, and inexpensiveness. Therefore, a variety of efficient
catalyst systems have been developed for the transformation of CO, into the useful and value-
added organic compounds, even it is a kinetically and thermodynamically stable final prod-
uct of all combustion processes of organic matters and some comprehensive reviews have been
reported [1-3]. On the other hand, the organocatalytic reactions using simple, cheap, stable, and
easily available organic compounds as catalysts for various organic transformations have been
widely investigated in the past two decades [4-6] and have also played an important tool for
catalytic activation of CO, and its transformation. In this chapter, we focus on summarizing the
representative examples of the recent advancement on the organocatalytic transformation of

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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CO, into the different types of useful molecules, including cyclic carbonates, 2-oxazolidi-
nones, ureas, and carbamates, as well as the CO,-adducts and their application as CO, carriers.

2. Transformation of CO, into cyclic carbonates

The coupling of CO, with epoxides is an atom-economic transformation for the synthesis of
cyclic carbonates, which have high potential application as the aprotic polar solvents [7],
electrolytes for lithium ion batteries [8], precursors for organic synthesis [9], and polymers [10].

Ionic liquids (ILs) have been well applied as the efficient organocatalysts in the coupling of
CO, with terminal epoxides since it was first reported by Deng’s group in 2001 using 1-n-
butyl-3-methylimidazolium (BMIm) and n-butylpyridinium (BPy) salts as catalysts [11].

Cal¢ [12] group reported a straightforward method for chemical fixation of CO, into terminal
epoxides by simply dissolving epoxides in molten tetrabutylammonium bromide and iodide
(TBAB and TBAI) as solvent under an atmospheric pressure of CO, (Scheme 1). The cyclic
carbonates could be isolated by vacuum distillation or extraction with organic solvents, and
the ionic liquid (IL) was insoluble allowing the recycling of the ammonium salt. In addition,
polymerization sensitive epoxides also reacted very well to give the corresponding cyclic
carbonates, and the reaction rate depended on the nucleophilicity of the halide ion as well as
the structure of the cation. TBAI could be also used as the sole solvent, and at 60°C, the reactions
gave the cyclic carbonates in the similar yields.

o)
o co TBAB/TBAI (1:1 wiw) OJLO
A 2" 120°C, 1-4h
R 1atm —
R
R = alkyl, aryl 80 - 90%
Scheme 1. Formation of cyclic carbonates in tetraalkyammonium salts.
o]
@
9 A
0O NBuy ISIC]
0® CO. o ©
R+ 82 R, 2 ) NBug
R \\--._—/ R Br R C Br

o]
o}’J_LIO

R
Scheme 2. Plausible mechanism for cyclic carbonate formation in Bu,NBr.

A plausible mechanism was proposed for the formation of cyclic carbonates including the steps
of the ring opening of epoxide by a nuclephilic attack of bromide ion, and the reaction of
CO, with the oxy anion species (Scheme 2).
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Another IL such as quaternary ammonium-, phosphonium-, imidazolium-, or pyridinium-
based cations with inorganic counter anions have been also used as the efficient catalysts in
the synthesis of cyclic carbonate via the coupling of CO, with epoxides (Scheme 3) [13].

/
R R |
Nt Pt ® N-R  °N
R™I°R R1R N® +
R R R R

ammonium  phosphonium  imidazolium  pyridinium
Anion: CI, Br', I, BF4, PF5, NO5, CF3804, ...

Scheme 3. Ionic liquids as catalysts in the reaction of CO, with epoxide.

He’s group prepared a series of Lewis basic ILs and examined their catalytic activity in the
synthesis of cyclic carbonate from CO, and epoxides under solvent-free conditions and
established an efficient and recoverable catalyst system using [HDBU]CI (1,8-diazabicy-
clo[5.4.0]Jundec-7-enium chloride) as organocatalyst (Scheme 4) [14]. The catalyst system also
showed fair catalytic activity to internal cyclohexene oxide.

o}
Q 4+ co, JHDBUICI (1.0 mol%) O)J\O
2 140°C,2h
R 1.0 MPa
R
R = alkyl, aryl - 81 - 99%

N* cl
[HDBUICI: O’

Scheme 4. Formation of cyclic carbonates catalyzed by recoverable [HDBU]CIL

A further work of the same group designed and synthesized a series of polyethylene glycol
(PEG)-functionalized basic ILs, and providing the alternative recoverable and high catalytic
activity organocatalysts in the coupling of CO, with terminal and internal epoxides [15].

In addition, although PPN salts (Scheme 5, A) with weak nucleophilic anions such as PPN
*BF,” and PPN*OTf" were inactive for the coupling of CO, with epoxides, PPN*Cl" salt was
found to be a good organocatalyst for the coupling of CO, with neat epoxides without the use
of organic solvents to afford cyclic carbonates [16].

Azaphosphatranes as tunable alternative to quaternary ammonium and/or phosphonium
catalysts for the synthesis of cyclic carbonates from CO, and epoxides was also reported by
Martinez and Dufaud’s group (Scheme 5, B) [17]. In order to examine the nature of the
nanospace of the molecular cavity to affect the stability and reactivity of azaphosphatranes as
organocatalyst, the same groups further reported the synthesis of supramolecular azaphos-
phatranes having cavities of different size and shape, and their excellent catalytic activity in
the synthesis of cyclic carbonates from CO, and epoxides [18].
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Scheme 5. Organocatalyst for the coupling of CO, with epoxides.

Werner’s group synthesized a bifunctional ammonium salt covalently bound to a polystyrene
or silica support, which showed efficient catalytic activity under solvent-free conditions for
the synthesis of cyclic carbonates, developing an alternative recyclable and reusable organo-
catalyst for the coupling of CO, with epoxides (Scheme 5, C) [19].

In addition, in order to understand the mechanism of the coupling of CO, with epoxides
catalyzed by quaternary ammonium salts, Zhang’s group studied the mechanism by experi-
mental and density functional theory (DFT). The detailed structural and energetic information
about each step of the three elementary steps in the catalytic cycle were obtained, and the
effects of the chain length and anion on the reaction mechanisms, as well as the outcomes were
also reported [20].

Wong's group designed and synthesized a new IL (D), which showed high catalytic activity
for the formation of cyclic carbonates under mild conditions in the presence of small amount
of water (Scheme 6) [21]. The IL plays dual roles as an organocatalyst and the reaction medium.
Moreover, IL was very robust under reaction conditions and could be recycled and reused
constantly without showing any significant loss in its catalytic activity.

0

° + CO, D, water (60 uL, 2% wiw) _ OJ\O
R 1.0MPa 80°C, 0.5-3 h. \{

R

R =alkyl, Ph, aryloxy

s - 58 - 99%
o- (L)
N* "N” TN*
1 J) H\ I
N N
O W O

Scheme 6. Ionic liquid as the efficient organocatalyst and reaction medium in cyclic carbonate formation.

In recent years, the simple and cheap organic compounds have been also developed as the
efficient organocatalysts in the activation of CO, and its transformation to cyclic carbonates.

Shi’s group studied the catalytic activity of a combination of phenols with organic bases in the
coupling of CO, with terminal epoxides and found that p-methoxyphenol with 4-dimethyla-
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minopyridine (DMAP) was the best combination to give the cyclic carbonates the excellent
yields (Scheme 7) [22]. A study of mechanism using trans-deuterioethylene oxide as the
substrate disclosed that the formation of cyclic carbonate proceeded via the epoxy ring
activated by phenol by hydrogen bonding and opened by amine (DMAP) and then reacting
with CO, to give the corresponding cyclic carbonate (Scheme 8).

p-methoxyphenol (4 mol%) j‘\
A+ co, DMAP (4 mol%) o o
R 3.57 MPa CH,Clp, 120 °C, 48 h —/
R
Re= alkyl, am 74 - 100%

Scheme 7. Reaction of CO, with epoxide in the presence of p-methoxyphenol and DMAP.

¢ — © vy 0: ?
R @ 0\® DMAP R
DMAP R DMAP R DMAP

Scheme 8. Proposed mechanism for the formation of cyclic carbonates catalyzed by p-methoxyphenol and DMAP.

In addition, Maseras and Kleij's groups examined the catalytic activation of phenols/n-Bu,NI
in methyl ethyl ketone as solvent, and optimized pyrogallol/n-Bu,NI was a powerful catalyst
with ample substrate scope under very mild reaction conditions (25-45°C, P(CO,) = 10 bar, 2-
5 mol% catalyst) for the preparation of various cyclic carbonates from CO, and terminal
epoxides [23]. Kleij's group further designed and synthesized the immobilized pyrogallol
organocatalyst, developing an efficient and recyclable organocatalyst with a significant
advantage of low reaction temperature (45°C) [24]. Furthermore, Kleij’s group found that
tannic acid, a naturally occurring plant polyphenol, was an efficient organocatalyst with the
use of n-BuyNI as cocatalyst in the same transformation [25].

DMF-scCO, system was reported to be a good solvent system for the coupling of 1,2-epoxys-
tyrene with CO, affording the corresponding cyclic carbonate [26]. A further investigation by
Hua’s group disclosed that under solvent-free conditions, the high yields of cyclic carbonates
could be achieved by coupling of CO, with epoxides in the presence of catalytic amount of
DME [27], and in some cases, the catalytic activity of DMF could be significantly increased by
the addition of catalytic amount of H,O (Scheme 9).

Hua’s group also investigated the catalytic activity of nitrogen-containing organic compounds,
such as amines, anilines, amides, and pyridines in the formation of cyclic carbonates via the
coupling of CO, with terminal epoxides, and confirmed that 2,2',2"-terpyridine was an
excellent organocatalyst to catalyze such type of transformation [28].
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DMF (20 mol%), 110 °C, 15 h o)
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Scheme 9. DMF-catalyzed the formation of cyclic carbonates from CO, and epoxides.

On the other hand, the cycloaddition of propargyl alcohols with CO, is an efficient and
alternative transformation for the formation of a-methylene cyclic carbonates, and Dixneuf’s
group first reported a PBus-catalyzed reaction of tertiary propargyl alcohols with CO, in an
inert autoclave led to the high yield of the cyclic carbonates (Scheme 10) [29]. It was found that
in the absence of other solvent, PBu,; showed higher catalytic activity than PPh; and PCys.

0]
R

; 9 N
R — +co, PBuj (8 mol%)

o o
o]
HO 50bar  100°C.8h HRR'

R =R'=Me: 98%
R = Me, R'= Et: 98%
R, R' = cyclohexyl: 58%

Scheme 10. PBu,-catalyzed the reaction of tertiary propargyl alcohols with CO, affording a-methylene cyclic carbo-
nates.

(ﬁl’nox . co, _ (P,HOTOxH t-BuOQl (ﬁ'no\g,oxl
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Scheme 11. The formation of iodo-substituted cyclic carbonates.

Minakata’s group developed a strategy to offer an innovative approach to the fixation of
CO, to a wide range of cyclic carbonates via the reaction of CO, with both olefinic and acetylenic
alcohols including the steps of the formation of alkyl carbonic acid and its iodination, as well
as the subsequent intramolecular cyclization (Scheme 11) [30]. The formation of iodo-
substituted cyclic carbonates results in high potential application of the presented strategy in
organic synthesis.



Organocatalytic Transformation of Carbon Dioxide 93
http://dx.doi.org/10.5772/63096

Johnston’s group also reported a three component reaction of CO,, homoallylic alcohol and
NIS (NIS = N-iodosuccinimide, an electrophilic source of iodine) using a chiral BAM catalyst
having dual Brensted acid/base role that presents hydrogen-bond donor and acceptor
functionality to activate and adjust substrates in an enantioselective reaction, and cyclic
carbonates were obtained enantioselectively (Scheme 12) [31].

BAM-HNTH, (5 - 10 mol%) o
(1]
J\/\ + co, N|S(110molkn) — 070
R OH 1atm toluene, MS 4A, -20°C ]/?\/I
Ph Ph
R = alkyl, aryl, cyclohexyl .||-| 40 - 99%
67 - 91%ee

chiral BAM: C —8 \ / D

Scheme 12. Cyclic carbonates from homoallylic alcohol, CO, and an electrophilic source of iodine.

3. Transformation of CO, into 2-oxazolidinones

Substituted 2-oxazolidinones are one of the important five-membered heterocyclic com-
pounds, which not only show interesting biological and physiological activities but also have
been applied as starting materials in the synthesis of other functional compounds. The
coupling of CO, with aziridine, CO, with propargylamine, as well as the three-component
cycloaddition of CO,, propargyl alcohol, and primary amine is the most interesting and
promising synthetic methods.

N
CO (10 mol%), Lil (20 mol%), O
N /”\N’R

R

|

N + CO Q
L\\R, 2 toluene, 50 or 90 °C, 5 or 24 h \{
R=alkyl; R'=H, Me 38 - 95% *
R' = Me, two isomers

Scheme 13. Synthesis of 2-oxazolidinones from CO, and aziridine catalyzed by DBN.

He’s group designed and synthesized a series of polyethylene glycol (PEG)-functionalized
ionic liquids as recyclable and efficient organocatalysts for selective synthesis of 5-substitut-
ed-2-oxazolidinones from the coupling of CO, and aziridines. It was found that
PEGgo(NBusBr), (PEG MW6000) [32] and BrDBN-PEG;5-DBNBr (DBN: 1,5-diazabicy-
clo[4.3.0]non-5-ene; PEG MW150) [33] were the efficient catalyst not only affording the
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expected 5-substituted-2-oxazolidinones in good yields, but also showing excellent regiose-
lectivities. The same group also developed a proline-catalyzed synthesis of 5-aryl-2-oxazoli-
dinones from CO, and aziridines under solvent-free conditions [34].

Liu’s group developed an efficient catalytic system using DBN as organocatalyst and Lil as an
additive under atmospheric pressure of CO, in toluene to catalyze the coupling of CO, with
aziridines giving 2-oxazolidinones (Scheme 13) [35]. The procedure was tolerated by a number
of N-alkyl aziridines bearing various functional groups in alkyl terminal position, but N-tosyl
aziridines did not undergo the coupling reaction probably due to the less nucleophilic activity
of the nitrogen. In addition, the formation of the DBN-CO, was proposed to be the intermediate
of the catalytic cycle (Scheme 14).

0o 0
Lr o sole
A Ve

CO,
Lil

@
i /N
O)LN’R = N
A
07 0P

Scheme 14. Proposed mechanism in the synthesis of 2-oxazolidinones from CO, and aziridines catalyzed by DBN.

0
BnHN -
e ek DBU (2.0 equiv) BnNJ\ 0
Rk > WeCN, 80°C,05- 127 g7
1 atm R
R =H, alkyl \
R'= CO,Me, Bz 81 - 99%

Scheme 15. DBU-mediated synthesis of substituted 5-vinylideneoxazolidin-2-ones.

Yoshida and Thara’s groups investigated the reaction of 4-(benzylamino)-2-butynyl carbonates
and benzoates with an atmospheric pressure of CO, in the presence of DBU (1,8-diazabicy-
clo[5.4.0]lundec-7-ene), developing a DBU-mediated synthesis of substituted 5-vinylideneox-
azolidin-2-ones, which are attractive and important compounds in both medicinal and
synthetic organic chemistry (Scheme 15) [36].

The three-component cycloaddition of CO,, propargyl alcohol and primary amine catalyzed
by organocatalyst affording 4-methylene-2-oxazolidinones was first reported by Dixbeuf’s
group with the use of simple and cheap PBuj, as catalyst and use of an excess amount of tertiary
propargylic alcohols (Scheme 16) [37].
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Scheme 16. PBu,-catalyzed three-component cycloaddition of CO,, propargyl alcohol and primary amine affording 4-
methylene-2-oxazolidinones.

o}
n-Bu. AO
n-BuNH, (1.0 equiv) N R=H, 78%
Ve g ﬁR=Ph,51%
Moy = g MTBD (5 mol%) R (ZIE: 111)
—_— | Y
HO/ scCO; R=H 0
100 °C, 24 h — » O.__N(n-Bu
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Scheme 17. Reaction of propargyl alcohol with scCO, in the presence of MTBD.
HO 2,2 2"-terpyridine
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R, R'= Me, Ph; R" = benzyl, 71% R, R'=H, Ph; R" = cyclohexyl, 89%
R, R'=Me, Ph; R" = cyclohexyl, 92% R, R'=H, Me; R" = benzyl, 70%
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Scheme 18. Synthesis of 4-methylene-2-oxazolidinones or 2(3H)-oxazolones catalyzed by 2.2.2"-terpyridine.

Costa’s group studied the synthesis of cyclic carbonates or carbamates and oxalkyl carbonates
or carbamates via the direct incorporation of CO, into propargyl alcohol using either scCO, as
solvent and reagent or gaseous CO, in MeCN as the solvent in the presence of a variety of
organic bases. It was found that bicyclic guanidines, such as MTBD (1,3,4,6,7,8-hexaydro-1-
methyl-2H-pyrimido[1,2-a]pyrimidine), TBD (2,3,4,6,7,8-hexaydro-1H-pyrimido  [1,2-
a]pyrimidine), and TBD-pol (1,3,4,6,7,8-hexaydro-2H-pyrimido [1,2-a]pyrimidine supported
on polystyrene), could effectively catalyzed CO, transformation to the different carbonyl
compounds depending upon the use of external nucleophiles [38]. As shown in Scheme 17, in
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Scheme 19. Proposed mechanism for the formation of 4-methylene-2-oxazolidinones and 2(3H)-oxazolones.

the presence of MTBD, the reactions of propargyl alcohols with primary and secondary amines
selectively afforded a-methyleneoxazolidinones and acyclic carbamates in good yields,
respectively.

Hua’s group also investigated the three-component cycloaddition of CO,, propargyl alcohol
and primary amine in the presence of pyridine and its derivatives as organocatalysts under
solvent-free conditions, and 2,2’,2"-Terpyridine was found to be the efficient organocatalyst
to afford 4-methylene-2-oxazolidinones or 2(3H)-oxazolones in good to high yields depending
on the structures of propargyl alcohols (Scheme 18). A proposed mechanism for the formation
of 4-methylene-2-oxazolidinones and 2(3H)-oxazolones is depicted in Scheme 19, it includes
the formation of a-methylene cyclic carbonate as intermediate, and its nucleophilic addition
reaction with primary amine to give N-alkylcarbamate, subsequent cyclization by intramo-
lecular nucleophilic addition reaction and dehydration reaction affording 4-methylene-2-
oxazolidinones or 2(3H)-oxazolones, depending upon the substituents R and R’.

In addition, 2,2',2"-terpyridine also showed high catalytic activity in the coupling of CO, with
aziridines bearing either electron-donating or electron-withdrawing N-substitutents to give
substituted 2-oxazolidinones in high yields. Therefore, 2,2’,2"-terpyridine was applied as an
efficient organocatalyst in the transformation of CO, into not only cyclic carbonates [28], but
also 2-oxazolidinones and 2(3H)-oxazolones [39].

In addition, ILs were also reported to be the effective promoter and reaction media for the
synthesis of 4-methylene-2-oxazolidinones from CO,, propargyl alcohol, and amines with high
yields [40].

4. Transformation of CO, into carboxylic derivatives

CO, is one of the good candidates in the synthesis of carboxylic derivatives. Nitrogen-
containing organic bases mediated the formation of diarylureas via the reaction of CO, with
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aromatic amines was a well-known procedure [41-42]. It has been also known that carbamic
acids derived from the reaction of amines with CO, gas can be transferred into isocyanates,
and then ureas and carbamates via the further reactions with amines or alcohols. Peterson’s
group reported the parallel synthesis of ureas and carbamates from CO, and amines catalyzed
by DBU and in the presence of PBu;/DBAD (Mitsunobu reagent [43]; DBAD: di-'butylazodi-
carboxylate) (Scheme 20) [44]. It was proposed that carbamic acids derived from primary
amines reacted with Mitsunobu reagent to generate isocyanates in situ, which were condensed
with primary and secondary amines to afford the expected unsymmetrical di- and trisubsti-
tuted ureas. Similarly, carbamic acids from secondary amines reacted with alcohols activated
with Mitsunobu reagents to form carbamates via an Sy2 mechanism.

Skrydstrup’s group investigated the CO, trapping with 2-alkynyl indoles in the presence of
various organic bases and developed an efficient TBD-catalyzed the cycloaddition of CO, with
a variety of substituted 2-alkynyl indoles to afford tricyclic indole-containing ring compounds,
good results were obtained with aromatic, heteroaromatic, and aliphatic 2-alkynyl indoles in
terms of both yields and selectivities (Scheme 21) [45]. The new methodology developed a
procedure for the formation of C-C bond between CO, and an indole derivative catalyzed by
an organocatalyst.

O
R"R"lNH " R"N)kNlR
C02 DBU O Flzl Flzm

(1 at"") (0.1 equiv) J\ __| PBuj (2.1 equiv) 18 - 99%

MeCN N" "OH DBAD (2.1 equiv) o

R—NH o I
l _ R\ ,R"
R R"OH N~ O

Rand R'% H R' 46 - 96%

Scheme 20. Parallel synthesis of urea and carbamate from CO, and amine via carbamic acid.
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R'-aryl heteroaryl, aIkyI

Scheme 21. TBD-catalyzed cycloaddition of CO, with 2-alkynyl indoles.
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5. CO,-adduct and its use as precatalyst in CO, transformation

CO, is a typical electrophilic reagent, and the synthesis and application of its adduct with
nucleophiles have been considered to be an efficient way for CO, capture, activation, and
further transformation.

DBU-CO, adduct could be prepared and isolated as a white powder in good yield by the
reaction of DBU with CO, in anhydrous acetonitrile at 5°C and was first used as the efficient
carrier of CO, in the synthesis of N-alkyl carbamates by a transcarboxylation of amines and
subsequent O-alkylation using ethyl iodide [46].

R' R'
R.__N RGN O
I >+ CO, I+)>—<(|
R N R N (0]
R' R
imidazolium-2-carboxylate
as NHC-CO, adduct
Scheme 22. Formation of NHC-CO, adduct.
(@]
0 CO,-adduct (3 mol%) M
/\ + CO; - 0 0
R 1.0 MPa 120°C, 24 h \_<
R
R =alkyl, aryl 85 - 990/

Scheme 23. Formation of cyclic carbonates from CO, and epoxide catalyzed by CO,-adduct.

Scheme 24. Betaine-CO, adduct as key intermediate in the formation of cyclic carbonates.

On the other hand, unsaturated NHCs with the unique property of the carbon atom having
strong basicity, stabilized by the electrondonating heteroatoms on either side, have been



Organocatalytic Transformation of Carbon Dioxide
http://dx.doi.org/10.5772/63096

applied as versatile ligands in transition metal complexes and organocatalysts [47]. NHCs have
been found to react easily with CO, by its nucleophilic addition to C=O bond as the key step,
resulting in the formation of carboxylates, a NHC-CO, adduct proposed as carriers of NHC as
well as CO, (Scheme 22) [48-50].

Sakai’s group designed and synthesized bifunctional organocatalysts bearing an ammonium
betaine framework, which showed high catalytic activation of CO,, and catalyze the coupling
of CO, with terminal epoxides affording cyclic carbonates in good yields (Scheme 23) [51].
Among them, 3-(trimethylammonio)phenolate was found to be one of the most active
organocatalysts, and the formation of betaine-CO, adduct was demonstrated to be the key
intermediate (Scheme 24).

Moreover, several thermally stable CO, adducts of N-heterocyclic carbenes (NHC-CO,) from
the reaction of CO, with NHCs were found to be the efficient organocatalysts in the coupling
of CO, with epoxides [52].

‘Bu
!

> 0
N0 somomy A

O O

\
. Bu X
R—= <OH ¥ €0, 60°Cor80°C ﬂ
R

R =H, aryl, 2-pyridyl 51-99%
3-thienyl, trans-PhCH=CH

Scheme 25. Formation of 4-methylene cyclic carbonates catalyzed by NHC-CO, adduct.

In addition, Ikariya’s group synthesized several 1,3-dialkylimidazolium-2-carboxylates
(NHC-CO, adduct) and investigated their catalytic activity in the cycloaddition reaction of
CO, with propargyl alcohols affording 4-methylene cyclic carbonates (Scheme 25) [53]. 1,3-di-
t-butylimidazolium-2-carboxylate showed high catalytic activity under solvent-free condi-
tions for the formation of the desired cyclic carbonates, and the reaction catalyst tolerated
substrates bearing heterocycles such as pyridine and thiophene. The substrate having an
olefinic group at the acetylenic terminus also provided the desired 5-exo-dig cyclization
product in good yield. In addition, the C=C double bond at 4-position was found to have a Z
configuration as determined by NMR spectroscopy, indicating that the addition to the alkynes
proceeded predominantly in a trans fashion. Moreover, the catalyst was also found to be
successful in the cyclic carbonate synthesis via the coupling of CO, with epoxides.

1-n-butyl-3-methylimidazolium-2-carboxylate was also applied as organocatalyst in the
synthesis of glycerol carbonate via transesterification of glycerol with dimethyl carbonate
(DMC) [54].
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Scheme 26. Formation of NHC-CO, adduct.
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Scheme 27. Formation of 4-methylene cyclic carbonates catalyzed by NHC-CO, and NHC-CO, adducts.

N-heterocyclic olefin (NHO), shown in Scheme 26, is considered to be advantageous to
stabilize a positive charge due to the aromatization of the heterocyclic ring resulting in the
terminal carbon atom of the olefins more electronegative (NHO'). Therefore, NHO was
considered as potent nucleophile for CO, capture, activation, and further transformation. Lu’s
group first synthesized a variety of NHO-CO, adducts and studied their catalytic activity in
the reaction of CO, with propargyl alcohols giving 4-methylene cyclic carbonates (Scheme
27) [55]. It was found that NHO-CO, not only showed high catalytic activity for the transfor-
mation, but also showed higher catalytic activity compared to the corresponding NHC-CO,
adducts at the same reaction conditions. The higher activity of NHO-CO, adduct was tenta-
tively attributed to its low stability for easily releasing the CO, moiety and/or the desired
product in a possible rate limiting step in the catalytic cycle.

The same group also reported the synthesis of various CO,, COS, and CS, adducts of NHO,
and these adducts were found to be efficient in catalyzing the cycloaddition reaction of CO,
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with epoxides to selectively afford the corresponding cyclic carbonates. Among them, NHO-
CO, adducts were found to be more active [56]. Furthermore, a variety of CO, adducts of
phosphorus ylides were prepared by the same group, and they were demonstrated to be the
highly active organocatalysts for CO, transformation under mild conditions to cyclic carbo-
nates, oxazolidinone, N-methylated, and N-formylated amines [57].

6. Conclusion

The use of CO, as a C starting material for the synthesis of useful and value-added organic
compounds is an important and challenge research topic in the academic and industrial
interest. The representative examples summarized in this chapter suggest that the simple,
easily available, oxygen- and moisture-tolerated organocatalysts have played an important
role in developing the promising and practical catalysis for the transformation of CO, to
various organic compounds. It seems reasonable to expect that the organocatalyzed CO,
transformation to much more different types of functional organic compounds will be greatly
developed with the inspiration of the reported innovative progress. For example, Cantat’s
group recently developed the novel and interesting organocatalyst systems for the transfor-
mation of CO, to methylene in the synthesis of aminal derivatives, and CO, as CO source in
the formylation of amines using hydrosilanes as reductants catalyzed by nitrogen-containing
organic bases [58-59]. The simple accessibility of CO, and the vast range of possibilities to
introduce various functional groups are some of the attractive features of CO, transformations.
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Abstract

The research involving photo-organocatalysis, photoredox, and electro-organocataly-
sis processes is revised in this chapter. Modern synthetic processes enable the formation
of large arrays of organic molecules with precise control over their three-dimensional
structure, which is important in a variety of fields ranging from pharmaceutical to
materials science. Photochemical reactions may have a substantial impact on these fields
by affording direct access to specific structural motifs that are difficult to construct
otherwise. The conjugate structural feature shown by most of the photo-organocata-
lysts seems to enable the production of free radicals or radical ions in an easy fashion.
Electro-organocatalysis has also received recent interest from both academia and
industry. In this chapter, we mainly review recent remarkable advancements in
organocatalysis involving photo-, photoredox, and electrochemical processes with
particular emphasis on asymmetric protocols.

Keywords: photochemistry, photoredox, electrochemistry, organocatalysis, sustaina-
ble chemistry

1. Introduction

In general, organocatalysts are divided into two main classes according to the interaction,
covalent or non-covalent (H-bonding, proton transfer, ion pair formation), with the organic
substrate within the catalytic cycle. In this context, an organocatalyst reacts with an organic
molecule in order to form a stable organic compound or a labile intermediate. At this stage, the
activation induced by the organocatalyst enables the attack of the second reagent to form a
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second adduct that releases the desired product with the concomitant regeneration of the
organocatalyst.

Most of the common organocatalysts used for carbon-carbon bond formation reactions are
based in chiral and achiral secondary amines, while reagents are electrophiles such as alde-
hydes, ketones, or a,-unsaturated carbonyls. For these cases, the selected organocatalysts
normally promote the generation of either an iminium ion or an enamine. N-heterocyclic
carbenes have also been used as organocatalysts that promote the polarity inversion of an
organic moiety for C—C bond formation.

Photocatalysis, where an electronically excited species acts as the catalyst, has gained increas-
ing interest over the last years, with different organic transformations under such conditions
being reported.

Recently, the catalytic activation of organic molecules by visible light photoredox catalysis that
works under stereochemical control and provides chiral molecules in an asymmetric fashion
has been largely reported. Generically, this approach relies on the ability of metal complexes
and organic dyes to engage in single-electron transfer (SET) processes with organic substrates
upon photoexcitation with visible light. Most common visible light photocatalysts are based
on polypyridyl complexes of ruthenium, for example, tris(2,2"-bipyridine)ruthenium(Il) or
[Ru(bpy);]*, and iridium. These complexes absorb light in the visible region of the electro-
magnetic spectrum to give stable, long-living photoexcited states. The lifetime of the excited
species is sufficiently long that it may engage in bimolecular electron transfer reactions in
competition with deactivation pathways. Although these species are poor single-electron
oxidants and reductants in the ground state, excitation of an electron affords excited states that
are very potent single-electron transfer reagents. The ability of [Ru(bpy)s]** and related
complexes to function as visible light photocatalysts has been recognized and currently applied
to the electrolysis of water and the reduction in carbon dioxide to methane. These photocata-
lysts have also been employed in organic transformations including asymmetric approaches.
Much of the excitement around visible light photoredox organocatalysis is due to the ability
to achieve unique, if not exotic bond constructions that are not possible using the established
protocols. For instance, photoredox organocatalysis can perform under overall redox neutral
reactions where both oxidants and reductants are transiently generated in the same reaction
vessel. This approach stands in contrast to methods requiring stoichiometric chemical oxidants
and reductants, which are often incompatible with each other, as well as to electrochemical
approaches, which are not amenable to redox neutral transformations.

Electro-organocatalysis has also received recent interest from both academia and industry.
Electron transfer is one of the most important processes in organic chemistry in which one
electron is added to or removed from an electroactive substrate. Such an electron transfer is
reversible only when the resulting species are stable under those conditions. In other cases, an
electron transfer generates subsequent chemical processes such as bond dissociation and bond
formation. In general, radical cations and radical anions can be generated by electrochemical
electron transfer reactions. Carbocations, carbon-free radicals, and carbanions can also be
generated by subsequent bond dissociation or bond-forming processes. Several organic
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synthetic transformations especially carbon-carbon bond formation reactions, oxidation, and
reduction processes (electrocatalytic processes) have been reported.

2. Recent approaches in photo-organocatalysis

2.1. Asymmetric Photo-Organocatalysis

In the area of catalytic reactions, tremendous improvement has been made in the last decades,
mostly upon the discovery of efficient transition metal catalysts. According to the variety of
reactions, accessible, metal-catalyzed and enantioselective reactions have become significant
tools in organic synthesis [1]. However, some disadvantages remain, such as the high cost and
toxicity of the transition metal catalysts, employed and in some cases the problems that their
residues, mainly in pharmaceutical products, can cause. Nonetheless, this transition metal
catalysis will certainly continue to have an impact in synthetic organic chemistry in the future
[2]. Alternatively, over the last years, a metal-free approach known as organocatalysis has
reached a level of reliability that has allowed researchers to combine this procedure with other
powerful techniques for molecule activation based on photochemical processes promoted by
visible light. This green strategy has allowed previously unachievable synthetic issues to be
solved and has rapidly progressed with application in both symmetric and asymmetric
reactions (e.g., nucleophilic substitutions, Michael additions, cycloadditions, and aldol
reactions) [3]. Generically, the organic catalysts can be categorized into two main classes
according to the covalent or non-covalent (viz. H-bonding, proton transfer, ion pair formation)
nature of the interaction established with the substrate within the catalytic cycle.

Product PCIR-X"™ or PCTIR-X™
a) A
ET
- R-Z PC g b) R-H ) )
R-Z---PC a) PC* = a7 ™ PCH + R
Complexation °) ET
R-Y
Y
PC + R-Y*

Scheme 1.

Homogeneous catalytic asymmetric transformations utilizing visible light photocatalysis
include chiral and racemic photocatalysts with chiral organocatalysts, chiral Brensted acids,
or chiral Lewis acids [4]. In photo-organocatalytic processes, there are two main reaction
models: the photocatalyst (PC) can act through an electron transfer (ET) process that causes
an one-electron oxidation/reduction in the organic substrate R-X (Scheme 1, route a) or through
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hydrogen atom transfer (HAT, route b) from a hydrogen donor R-H [5]. Most of the photo-
organocatalysts are aromatic ketones, dyes, and (chiral) secondary amines, while R substrates
are electrophiles, typically aldehydes, ketones, or a,B-unsaturated carbonyls [5, 6]. Further-
more, photosensitization is known as an energy transfer between the excited photocatalyst
(PC*) and substrate, which creates an excited state (R-Y*, from quenching of PC¥), that is able
to initiate a chemical reaction (route c). Sensitization can occurs by energy or electron transfer
processes. The catalyst is transformed to act as a photosensitizer via photo-induced electron
transfer (PET), hence leading the resulting photo-organocatalytic reaction to occur under
stereoselective control [7].

Nowadays, a possible alternative can be considered in the photochemical activation step, in
which the complexation of an organic reagent R-Z is controlled by a distinct, photostable chiral
catalyst (route d) [8].

The aim of this subchapter was to point out the effective tools that the stereoselective ground-
state processes offer to enantioselective photochemistry. The catalysts control the photoacti-
vation of the substrates by inducing the transient formation of photon-absorbing chiral electron
donor-acceptor (EDA) complexes. In addition, high stereocontrol in synthetically relevant
intermolecular carbon-carbon bond-forming reactions driven by visible light can be provided
by the inherent chirality of the catalysts.

The group of Bach focuses on catalytic processes, which allow previously unknown transfor-
mations employing both photochemical and conventional techniques. Their published papers
concern photoredox organocatalysis, such as the first highly enantioselective (up to 90% ee)
singlet oxygen [2+4] cycloaddition reactions [9], but also some related with the photo-
organocatalysis. In 2005, Bach and co-workers presented an enantioselective photo-induced
electron transfer (PET) sensitization with significant turnover and high enantioselectivity [10].
These PET-catalyzed conjugate additions of a-amino alkyl radicals to enones have already
been studied non-enantioselectively [11]. For the first time, an electron-accepting chiral
organocatalyst was applied, in contrast to conventional complexing reagents. The (pyrrolidi-
nylethyl) quinolone (PC1; 30 mol%) that induces a chiral environment on the substrate through
hydrogen bonding at the bridgehead lactam, lead to the formation of the spirocyclic pyrroli-
zidine product in high enantiomeric excess and yields (ee up to 70%, yield 64%).

Four years later, the same group tested the intramolecular [2+2] photocycloaddition of
prochiral 4-(3’-butenyloxy) quinolone to the desired products (Scheme 2) [12]. The previously
characterized chiral organocatalyst-benzophenone PC1 indeed caused a rate acceleration of
the photocycloaddition, but low stereoselectivity was achieved. In contrast, a novel synthe-
sized xanthone PC2 proved to be a more active catalyst resulting in significant rate acceleration
by triplet energy transfer and high enantiomeric excess values. After initial optimization using
20 mol% of chiral organocatalyst, it was possible to obtain the products in 94% ee (Table 1,
entry 12). Bearing in mind these two catalysts as a potential prototype for synthetically relevant
transformations of quinolones, in 2011 Bach and co-workers reported the synthesis of six 2-
quinolones and their use in intramolecular [2+2] photocycloaddition [13].
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This photo-organocatalytic transformation was provided by applying a chiral, hydrogen-
bonding template with an attached catalytically active sensitizing unit (benzophenone or
xanthone). In all cases, it was possible to obtain high yields (78-99%) and enantioselectivities
(83-94% ee) as shown in Table 1. These studies lead to a better understanding of stereoselective
photo-organocatalytic processes, showing the importance of kinetic factors in creating an
optimal catalytic cycle, as well as the activity range of different quinolones.

Entry Substrate A (nm) Catalyst (mol%) Yield (%)* ee (%)°
1 1 300 PC3 25 43 89
2 2 300 PC3 25 87 >90
3 3 300 PC3 25 66 83
4 4 366 PC325 89 89
5 5 366 PC325 99 90
6 6 366 PC325 99 94
7 4 366 PC210 58 92
8 4 366 PC210 75 90
9 4 366 PC210 50 91
10 4 366 PC210 46 89
11 4 366 PC25 48 90
12 4 366 PC220 53 94

?Yield of isolated product.
® The enantiomeric excess of the straight photocycloaddition products was determined by chiral HPLC analysis.

Table 1. Enantioselective photo-organocatalytic intramolecular [2+2]-photocycloaddition of quinolones.

113



114 Recent Advances in Organocatalysis

In parallel, the group of Bach proposed an immobilization of earlier mentioned chiral photo-
organocatalysts and their use in intramolecular [2+2] photocycloaddition of 4-allyloxyquino-
lone (Scheme 3) [14]. Under irradiation with light, the immobilized templates PC4 and PC5
allowed the substrate to undergo a [2+2] photocycloaddition to give the chiral products in high
ee values and did not decrease even after the fourth use of recovered catalyst. Furthermore,
the linking position of the catalyst at the C-6 carbon atom of the tetrahydronaphthalene was
the one that rendered best results.

In different experiments, the group of Bach also investigated enantioselective photochemical
reactions resorting on chiral Lewis acids as catalysts [15]. They reported the AlBr;-activated
chiral cationic oxazaborolidine catalyst for enantioselective intramolecular [2+2] photocy-
cloaddition reactions of 4-alkenyl-substituted coumarins (78% ee were recorded with 20 mol
% of catalyst). Nevertheless, the use of metals was inevitable.

o
== N :CO\H"\/O
"
/j PC4 or PC5 o] N Q' ~in " NH 9
o] (0.2 equiv.) i : PC4 99% vyield (96% yield after
_— H + "H 0 5 cycles; 93:7-enantiomeric ratio
(PhCF3) & N o

_74 o O
H ho N o\/*{ /\}/0
— 9 O ~
MNH "
o}

PG5 99% yield (97% yield after 5
cycles; 95:5-96:4-enantiomeric ratio

Scheme 3.

More recently, Vallavoju et al. [16] reported intramolecular [2+2] photocycloadditions of 4-
alkenyl-substituted coumarins promoted by various atropisomeric binaphthyl-derived
thioureas as photo-organocatalysts (Scheme 4). Thiourea catalysts are simple, environmen-
tally benign, sustainable, and inexpensively synthesized from ‘chiral pool’, as well as easy to
modulate and to handle. The photocatalytic cycle involves the formation of both static and
dynamic complexes (exciplex formation) between the photo-organocatalyst and the reactive
substrate, which are stabilized by hydrogen bonding. The corresponding products were
achieved with high enantioselectivities (77-96% ee of product 1, Scheme 5) with low catalyst
loading (1-10 mol%). The authors tested the catalyst readily prepared in one step from
commercially available, optically pure 2-amino-2"-hydroxy-1,1"-binaphthalene with different
functional groups, in order to understand the interaction(s) between the catalyst and improve
the stereoselectivity. It was discovered that using catalyst PC6, an excellent conversion and
high enantioselectivity of the photoproduct would be obtained (84% conversion; 74% ee of
product 1). Nevertheless, the catalyst PC8 showed a great potential as photo-organocatalyst
for this transformation resulting in 100% product conversion and 96% ee. Additionally, it was
proved that reducing the PC8 catalyst loading from 100 to 30 to 10 mol% had a minimal impact
on the enantioselectivity (94-96% ee; of product 1) of the photoaddition product, and the
reaction was completed in 30 min. By controlling the reactivity of the excited state through the
formation of static and dynamic complexes, photocatalysts or sensitizers with higher excited-
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state energies than the substrates can be completely avoided. This concept of catalysts may be
a breakthrough in the discovery on new task-specific photo-organocatalysts.

R
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X N X 3F H O NN T
e — “H 40Me H Rs
toluene / m-xylene 5H Me OO Rz
Y 0”0 789G Y 070 h FC LR PC6-12

PC6 Ry=R4=Rs=H, R,=0H, R3=CF3; 84% conversion, 74% ee

PC7 Ry=H, R;=0H, R3=R,;=Rg=F; 85% conversion, 71% ee

PC8 R,=CF; R;=0H, R3=R;=Rs=F; 100% conversion, 96% ee
PC9 Ry=CF3 R,=OH, R3=CF, R4=Rg=H; 95% conversion, 90% ee
PC10 Ry= R;=R4=Rs=H, R3=CF3; 50% conversion, 7% ee

PC11 Ry= R4=Rs=H, Ry=0H, R3=CF5; 46% conversion, 28% ee
PC12 R,= R4=Rs=H, R,=OMe, R3=CF3; 9% conversion, 11% ee

Scheme 4.

Melchiorre and co-workers presented the catalytic approach using a chiral organic catalyst
with hydrogen-bonding motifs to bind a specific substrate selectively in synthetically relevant
intermolecular carbon-carbon bond-forming reactions driven by visible light [7]. In the
asymmetric a-alkylation of aldehydes with alkyl halides, the commercially available diary-
Iprolinol silyl ether catalysts [17] PC13 and PC14 were chosen due to their ability to induce
high enantioselectivity in thermal reactions of aldehydes that carry on through enamine
formation. The authors tested the possibility of EDA complex formation by addition of an
excess of butanal (15 equiv.) and amines PC13 and PC14 (1 equiv.) in methyl tert-butyl ether
(MTBE) with 2,4-dinitrobenzyl bromide (1 equiv.). Using either 2,6-lutidine or sodium acetate
as bases, this model reaction provided the desired a-benzylated product with high enantio-
selectivity (Table 2, entries 1 and 2, 83% ee with PC14). In its turn, the chiral organocatalyst
PC15 increased the ee value of the final product to 92%. The discovery of in situ created chiral
EDA complexes from enamine intermediates which have the potential to participate actively
in the photoexcitation of substrates without the required external photosensitizer, took the
group of Melchiorre a step further.

In 2014, the authors describe the first light-driven enantioselective organocatalytic alkylation
of unmodified ketones with alkyl halides [18]. This correlates to the previously established
mechanism, in which the chiral enamines are the key intermediates in ground-state organo-
catalytic asymmetric processes. A variety of chiral primary amines (20 mol%) to activate
cyclohexanone towards benzylation with 2,4-dinitrobenzyl bromide were studied. A chiral
secondary amine did not show any ability to catalyze the photochemical alkylation; never-
theless, the primary amines displayed promising (entries 4 and 5) or even excellent (entry 6)
reactivity, butinsufficient enantioselectivity. The primary cinchona-based amine catalyst PC16
confirmed the formation of photon-absorbing chiral electron donor-acceptor complexes, thus
the photoactivation of the substrates. The benzylation product was obtained under cryogenic
conditions (0°C) in a good yield and with an improved optical purity (60% yield, 90% ee, entry
7). Based on these optimized experiments, Melchiorre and co-workers examined different
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cyclic ketones in order to have an overview of the photochemical organocatalytic ketone
alkylation approach. They discovered that a variety of N-Boc protected piperidine and
dioxaspiro species can be readily active in this asymmetric alkylation reaction. Furthermore
the scope of the photochemical a-alkylation with diverse alkylating agents and cinchona-based

amine catalyst led to the formation of a-alkylated products with high levels of regio-, diaster-
eo-, and enantioselectivity.

A. Enamines as donors in Photo-Active EDA Complexes in the Ground State:
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Entry Ketone or aldehyde Alkyl halide substituted ~ Catalyst Yield (%) ee (%) Ref.
with EWG
1 -(CH,),-CH,4 2,4-dinitrobenzyl bromide @Ph 98 75 [7]
N Ph
H  oms
PC13
2 FaC. 98 8 [7]
CFy
{ 1
H
H T
PCi4 CFs
3 F 87 2 7]
CF,
H CFs
F
PCAS 2
4 Cyclohexanone OMe = 45 88 [18]
PPN
.
PC16
5 2,4-dinitrobenzyl bromide Fy 45 42 [18]
Bho© rlfﬂ“%
Fh.., _an%ch
i H K :
M pen
6 HH, 90 18 [18]
L
PC18B
7 60 90  [18]
8 50 90  [18]
9 4,4-dimethylcyclohexanone PC16 65 82  [18]
10 3,3-dimethylcyclohexanone PCl6 57 94 [18]
11 4-methylcyclohexanone PCl6 94 94 [18]
12 1,4-dioxaspiro[4.5]decan-8-one PC16 70 95 [18]
13 -(CH,),-CH, Diethyl-2-bromomalonate PC14 94 83 [19]
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Entry Ketone or aldehyde Alkyl halide substituted  Catalyst Yield (%) ee (%) Ref.
with EWG

14  -(CH,),-CH, diethyl 2-bromo-2 PC14 98 91  [19]
-methylmalonate

15 -(CH,),- TIPSO diethyl 2-bromo-2 PC14 94 88  [19]
-methylmalonate

Table 2. Asymmetric a-alkylation of aldehydes and ketones with alkyl halides by photo-organocatalysis.

Last year, the group of Melchiorre reported the photo-organocatalytic enantioselective a- and
v-alkylation of aldehydes and enals with bromomalonates by a fluorescent light bulb without
the need of any external photoredox catalyst [19]. The preliminary studies involved butanal
and diethyl bromomalonate (Table 2) as substrates for this photo-organocatalytic reaction. The
results showed that using the aminocatalyst PC14 (20 mol%) in a MTBE solution under
irradiation, the alkylation product was obtained in high yield and enantioselectivity after 4 h
(94% yield, 83% ee; entry 13). The detailed photochemical studies using absorption and
emission spectroscopy suggested that the direct photoexcitation of the enamine could trigger
the radical generation from diethyl bromomalonate. Furthermore, no photoabsorbing ground-
state EDA complex formation was observed. Accordingly, the photochemical reaction
proceeds through a different mechanism. As previously described, the metal-free process
depends on the creation of photon-absorbing electron donor-acceptor (EDA) complexes [18],
generated in the ground state upon association of electron-deficient benzyl and phenacyl
bromides II with the electron-rich enamine I (Scheme 5A). A single-electron transfer (SET)
induced by visible light irradiation of the colored EDA complex III allows access to radical
species under mild conditions. This reactivity allowed the expansion of a light-driven stereo-
selective a-alkylation of carbonyl compounds [18]. In contrast to this, the authors suggest a
novel photo-organocatalytic mechanism, in which enamines can use to drive the photochem-
ical generation of radicals acting as a photosensitizer upon direct photoexcitation (Scheme 5B).
The enamine I, under light absorption, reaches an electronically excited state (I*) and to act as
a photoinitiator causing the formation of the electron-deficient radical V through the reductive
cleavage of the bromomalonate C—Br bond via a single-electron transfer (SET) mechanism
(Scheme 5B) [19, 20]. Taking into consideration the capacity of I to infer high stereoselectivity
in enamine-mediated polar reactions, adding the radical V to the ground-state I progresses in
a stereocontrolled manner. Since a-aminoalkyl radicals known as strong reducing agents, the
intermediate VI would induce the reductive cleavage of bromomalonate through an outer-
sphere SET process, thus regenerating the radical V. This route affords a bromide iminium ion
pair VII, which then hydrolyzes to release the desired product and the aminocatalyst PC14.
Then, the scope of enantioselective organocatalytic alkylation of aldehydes and enals was
examinated. Differently substituted bromomalonates successfully contributed to the enantio-
selective alkylation of butanal at room temperature (Table 2, entry 14). Aldehydes with a
heteroatom moiety, long-alkyl chain, or an internal olefin, were also stereoselectively alkylated
to give products with good enantioselectivity (Table 2, entry 15). Additionally, it was pre-
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sented that enamine intermediates, synthesized from a-branched enals, could trap the
generated radical while locating a new stereocenter at a distant y-position.

In parallel, the same group of researchers investigated the phase transfer catalyzed, enantio-
selective perfluoroalkylation and trifluoromethylation of cyclic f-ketoesters under visible light
irradiation [21]. The photo-organocatalytic approach is again caused by the photochemical
activity of EDA complexes generated in sifu from the ground-state association of chiral enolates
and perfluoroalkyl iodides. Irradiating the colored EDA complex induces a single-electron
transfer (SET) allowing access to radical species at ambient temperature. Perfluoroalkyliodides
were selected as electrophiles due to their potential for facilitating EDA associations in the
ground state. At the same time, chiral quaternary ammonium salts were used as phase transfer
catalysts (PTC) that enabled the formation of a chiral ion pair after deprotonation of -
ketoesters by an inorganic base [22]. Perfluoroalkylation of one indanone methyl ester with
perfluorohexyl iodide in chlorobenzene under visible light irradiation with PTC organocata-
lyst was chosen as model reaction. The best results were obtained using the pseudo-enantio-
meric cinchonine PC20 derivative catalysts, with an excess of perfluorohexyl iodide (3 equiv)
for 64 h (59% yield, 93% ee) (Scheme 6) [21].

The above presented strategies of enantioselective photo-organocatalytic processes have a
great potential for the sustainable preparation of chiral molecules, a rapidly developing area
of modern chemical research.

In parallel to the efforts performed in the field of asymmetric photo-organocatalysis, some
attempts were also performed in the non-enantioselective processes.
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Scheme 6.

Non-asymmetric photocatalysis has gained a great deal of attention during the last decades
[23, 24], and a remarkable and interesting case was recently described by the already cited
group of Melchiorre, in which an aromatic aldehyde was involved in the intermolecular atom
transfer radical additions (ATRA) of a variety of haloalkanes to alkenes, one of the essential
carbon-carbon bond-forming processes in organic chemistry [25]. In an ATRA reaction, the
addition of an organic halide across a carbon-carbon double-bond yields a new C—C and C—X
bond (X =halogen) in a single operation. Once more, organic compounds known to be capable
of high photoreactivity [25] could alternatively be used as an energy transfer photocatalyst. It
is important to note that for the first time, aromatic aldehydes have been used as photo-
organocatalysts in an effective and valuable process [26]. Recent exciting findings by Mel-
chiorre and co-workers have also shown the metal-free photo-organocatalysis which allows
the direct alkylation of 2- and 3-substituted 1H-indoles with electron-accepting benzyl and
phenacyl bromides [27].
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3. Recent approaches in photoredox organocatalysis

The term photoredox organocatalysis has its origin in the work by Nicewicz and MacMillan
in 2008. They reported the enantioselective a-alkylation of aldehydes using [Ru(bpy);]Cl, as a
photoredox catalyst. This complex, alongside many others such as [Ir(ppy),(dtb-bpy)]PF, and
fac-[Ir(ppy)s] that have been subsequently reported, acts as strong oxidizers in the excited state
upon absorbing visible light. In general, different inorganic solid photocatalysts such as TiO,
and ZnO have been largely explored as photoredox catalysts. The poor absorption of visible
light by such inorganic photocatalysts is considered a limitation for application in organic
synthetic processes using solar energies. In contrast, organic photocatalysts show some
advantages regarding their low-cost, significant synthetic versatility, and the possibility to
tune their redox properties. In this context, the organic photoredox dyes are usually selected
according to their A, and redox potential E°.

Scheme 7 depicts the most popular dyes investigated in photoredox catalysis procedures.
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Scheme 7.

The photoactivation reveals the ability of the photosensitizer to absorb in the visible domain
and to act both as a strong oxidant in the excited state S* and as an efficient reductant in its
semi-reduced form S°*~. In Scheme 8, a comparison between the general photoredox catalytic
cycles of ruthenium-based catalysts and a photo-organocatalyst, viz. Eosin Y (EY), is presented.
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3.1. Asymmetric photoredox organocatalysis

One of the most explored aspects investigated in the field of enantioselective photoredox
catalysis has been the use of organic dyes as photocatalysts. In the seminal work by Zeitler
et al. [28], they reported the efficient cooperative asymmetric intermolecular a-alkylation of
aldehydes catalyzed by Eosin Y under LED green light and in the presence of MacMillan’s
imidazolidinone catalyst A (see Scheme 9 for a simplified proposed mechanism of the reac-
tion). According to the electron-withdrawing groups of the substrates [diethylmalonate, p-
nitrophenyl (PNP) and polyfluorinated alkane], the reactions performed better between -15
and +5°C with yields from 56 to 85% and enantiomeric excesses higher than 86%, despite
the 18 h reaction time (see Table 3, entries 1-4).
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Using the same conditions adapted to a microreactor flow regime, smaller reaction times were
obtained with comparable results [29]. Rose Bengal was also applied as photoredox catalyst
in this type of reaction (Table 3, entries 3-9). Again, imidazolinone A was employed as well
as a Lewis acid such as LiCl to co-catalyze the photoreaction [30].

On the other hand, asymmetric a-amination of aldehydes has also been accomplished by
means of photoredox chemistry [31]. By using an amine substrate bearing ODNs, photolabile
groups that simultaneously work as the photoredox catalyst and also release the reactive
carbamyl reagent that couples with the in sifu formed enamines; sixteen a-amino aldehydes
were successfully prepared in 67-79% yield and >86% ee (see Table 4).

] 1% Rose Bengal
05 moth Eosiny | 08 mo"% Rose Banga

o R 20 moi% A O fuorescent bulb 24 W B500 K o Rs
3 530 nm LED | 10 mol% LiC1 .\FR
. + Br—{R, = o~ "R
Rz

R: 2 eq. 2.6-lutiding, solvent,
Ry R

Entry R, R, R, Yield (%) ee (%) Ref.
1 n-Pentane H (CF,);CF; 56 96 [28]
2 n-Pentane H PNP-CO 82 95 [28]
3 Ph CO,Et H 76 86 [28]

Ph CO,Et H 89 83 [30]
4 n-Pentane CO,Et H 85 88 [28]

n-Pentane CO,Et H 88 80 [30]
5 4-tBuPh CO,Et H 51 83 [30]
6 3-CIPh CO,Et H 90 82 [30]
7 4-OMePh CO,Et H 94 80 [30]
8 2,4-(OMe),Ph CO,Et H 51 83 [30]
9 (CH,),CH=CHEt CO,Et H 56 85 [30]

Table 3. Asymmetric alkylation of aldehydes catalyzed by Eosin Y or Rose Bengal.
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Entry R, R, R, Yield (%) ee (%) Ref.
1 Ph Me Cbz 77 89 [31]
2 Ph Me Alloc 75 90 [31]
3 Ph Me Boc 71 89 [31]
4 Ph Me Fmoc 73 89 [31]
5 Ph Bu CO,Me 76 90 [31]
6 Ph MOM CO,Me 75 94 [31]
7 Ph (CH,);Ph CO,Me 71 86 [31]
8 Ph Me CO,Me 79 92 [31]
9 n-pent Me CO,Me 71 90 [31]
10 (CH,),OBn Me CO,Me 73 88 [31]
11 (CH,),ONPhth Me CO,Me 77 90 [31]
12 CH=CH, Me CO,Me 76 90 [31]
13 (CH,),CO,Et Me CO,Me 71 90 [31]
14 PMP Me CO,Me 79 91 [31]
15 Cyclohexyl Me CO,Me 72 91 [31]
16 Me, Me CO,Me 67 94 [31]

Table 4. Asymmetric a-amination of aldehydes by ODNs dual catalysis.

Rsa, COOH 1 mol% Mes-Act*BF, Ry _H
Y 10 mol% DODDS
Ry _NH — Ry _NH
20 moi% 2 6-lutidine “\(
EF:], blua LED=, 14 h, rt GF:]
Entry R, R, Yield (%) ee(%) Ref.
1 4-FPh iPr 72 83 [32]
2 Ph iPr 75 97 [32]
3 Ph (CH,),SCH, 76 69 [32]
4 Ph Bn 37 88 [32]

Table 5. Decarboxylative reduction in 1-aryl-2,2,2-trifluoroethyl-substituted amino acids.

H
: 2.5 mol% EY H
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Entry Compounds R Yield (%) d.r. (%) Ref.
1 Br 93 >19:1 [33]
2 CO,Me 79 >19:1 [33]
3 F 85 >19:1 [33]
4 In @] 85 >19:1 [33]
H R

5 OCF, 83 >19:1 [33]
6 I 83 >19:1 [33]
7 OMe 83

8 Br 7 >19:1 [33]
9 Cl 40 >19:1 [33]
10 - 70 >19:1 [33]
11 : - 65 >19:1 [33]
12 Ph Ph 88 [33]
13 Ph OEt 88 [33]
14 Ph Me 87 [33]
15 Me OEt 91 [33]
16 Ph OEt 60 [33]

Table 6. Cyclization of polyprenoids and 1,3-ketocabonyls catalyzed by Eosin Y.

Wallentin et al. [32] reported the photocatalyzed decarboxylative reduction in several
classes of biologically relevant enantio-enriched 1-aryl-2,2,2-trifluoroethyl-substituted amino
acids (see Table 5). A plausible redox-coupled hydrogen shuttle mechanism was proposed
by using one of the strongest oxidizing organic dyes mesityl acridinium (Mes-Acr'BF,;,
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E, 4 =+2.06 V vs SCE) as photoredox catalyst and bis(4-chlorophenyl)disulphide (DDDS) as
a sacrificial hydrogen atom donor. This methodology was also applied to the synthesis of
other achiral carboxylic acids, namely a-amino acids, a-hydroxy acids, and phenylacetic
acids in moderate to quantitative yields.

A stereoselective radical cascade cyclization of polyprenoids through a photocatalytic
mechanism has been reported yielding polyenes in moderate to very high yields with excellent
diastereoselectivities (d.r. > 19:1) in HFIP and using Eosin Y as the photoredox catalyst
(Table 6) [33]. The methodology was based on the cyclization by terminal OH groups of a large
substrate array of aliphatic alcohols, phenols, or enols, which was tolerable to electron-rich or
electron-poor substituents. In addition, the cyclization of 1,3-diketones required the use of LiBr
as a weak Lewis acid. Stern-Volmer analysis reinforced that these reactions proceeded via a
PET-induced radical mechanism.

The photoredox catalyst 2,4,6-tris(4-methoxyphenyl)pyrylium tetrafluoroborate (D) was used
in the enantioselective ring opening metathesis polymerization (ROMP) of endo-DCPD to
provide the corresponding linear polymer with conversion yields as high as 20% [34]
(Scheme 10). The copolymerization of this monomer with norbornene was also accomplished.
By using partially hydrogenated monomers, side reactions at the terminal positions were
hindered which enabled higher degrees of polymerization to be obtained. By applying visible
light, the polymerization can be turned on or off at will, bringing a dynamic nature to it by
exposure to the stimulus.

Me OEt
H A CF D
7 “blue LEDs, CH,Cl,

Scheme 10.

Over the last years, several publications involving non-asymmetric photoredox organocata-
lytic synthetic transformations mediated by metal-free organic photoredox catalysis under
mild conditions have been reported [35].

From the industrial point of view, it is important to focus the recent developments on selective
photocatalytic transformations of benzene, in particular the oxidation of benzene to phenol
[36], alkoxylation of benzene [37], and monofluorination of benzene with fluoride and oxygen
[38]. As an alternative to inorganic catalysts, the selective oxidation of benzene to phenol can
be made under visible light irradiation of 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) in
an oxygen-saturated acetonitrile solution of benzene and water [39]. In 2004, Fukuzumi et al.
[40] reported the use of 9-mesityl-10-methylacridinium (Acr*-Mes) ion as an efficient photo-
redox catalyst due to its high oxidizing and reducing abilities of the long-lived electron transfer
(ET) state. Acr*-Mes provides an efficient mediator to the formation of radical cations of
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electron donors and radical anions of electron acceptors thus enabling coupling between
electron donors and acceptors.

Photocatalytic [2+2] cycloaddition of dioxygen to tetraphenylethylene (TPE) via electron
transfer reactions of TPE and oxygen with the ET state of Acr*-Mes is one example of the
strategies described before [41].

Eosin Y as a well-known low-cost organic dye that absorbs green light (characteristic peak at
539 nm) has been extensively investigated as photoredox catalyst for different organic
transformations [42—49].

4. Recent approaches in electro-organocatalysis

As described in the previous sections, the electron transfer (ET) process is a crucial step in the
organic chemistry field on which many organic reactions rely in order to occur [50, 51].
Essentially, an electron transfer process is based on the removal (or addition) of at least one
electron from (or to) the electroactive substrate. This process is considered reversible only
when the obtained products are stable under those experimental conditions. An electron
transfer can generate intermediates which subsequently undergo chemical processes such as
bond dissociation and bond formation. Basically, electroctrochemical techniques can be
applied to establish the electrochemical oxidation and reduction mechanisms, that is the
electron transfer reaction (formation and determination of the intermediates) and subsequent
chemical reaction associated with the electrochemical generated process (formation of the
reaction products). Thus, those formed intermediates are radical cations (or radical anions),
and they can be generated by electrosynthetic processes using organic compounds. Carbon-
free radicals (carbocations and carbanions) can also be generated by subsequent bond disso-
ciation or bond formation process. Several electro-organic synthetic transformations,
especially carbon-carbon, carbon-nitrogen, and carbon-phosphorous bond formation reac-
tions, as well as oxidation and reduction processes have been reported [52]. Electrochemical
processes are considered ‘green’ procedures for those synthetic transformations. The main
advantage of the electrosynthetic approach is that electrons flow as current and are regard as
one inexpensive reactant, thus making the route more environmentally friendly. Moreover,
reactions take place in low-temperature conditions, reducing the local consumption of energy
and the risk of corrosion, material failure, and accidental release. Finally, it is important to
highlight that electrodes can be regarded as heterogeneous catalysts that are easily separated
from the products. The low or even almost inexistent volatility of the reaction media is another
factor to be taken into account. Therefore, electro-organocatalysis constitutes a valuable tool
for the organic chemist with numerous applications in both academia [53, 54] and industry [55].

The electro-organocatalysis field can be divided into two main branches, depicted in
Scheme 11(A) direct electrolysis, in which the redox process occurs between the electrode
surface and the reactant without the addition of other compounds and (B) ‘indirect electrolysis’
where the redox process occurs between the electrode surface and an external redox catalyst
(or ‘mediator’) which then performs the ET with the reactive species) [56].
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Scheme 11.

4.1. Direct electro-organocatalysis'

In the direct electro-organocatalysis process, the electron transfer (ET) step occurs at the
electrode surface. Due to its heterogeneous nature, the catalyst recycling can be performed
easily by separating it from the reaction media after the formation of the desired organic
product.

‘Direct electro-organocatalysis' or electro-organic synthesis has recently gained increasing
attention, which can be attributed to their sustainable and ‘green’ features when compared to
the traditional ones.

In the literature, there are few reports concerning bond formation and bond dissociation
reactions. Gallardo and co-workers reported the formation of C—C [52, 57, 58], C—N [58],
C—P [59], and C—S [60] bonds by an electrochemical approach of nucleophilic aromatic
substitution reactions (SyAr). The proposed new route for the electrochemical processes
consists on the reaction between an electron-deficient, aromatic compound and a nucleophile,
leading to the formation of a o-complex or Meisenheimer complex intermediate. Then, this
species undergoes an oxidation that leads to the departure of the leaving group (heteroatom
radical [NASX] and/or hydride, two electrons and a proton [NASH]). This procedure was
similarly conducted with other nucleophiles (hydride, cyanide, fluoride, methoxy, ethane-
thiolate, and n-butylamine) and aromatic compounds as starting materials. In addition,
preparative electrolysis was also employed as means to promote the oxidation of the inter-
mediate produced in the first step of the process [52, 58].

This technique allows determination, characterization, and quantification of the type and
number of electrochemically produced complexes present in the reaction media. It is also
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possible to assess if the reaction was successful once most classical SyAr reactions give lower
yields.

The main drawbacks of the electrochemical approach are the use of solvent and the amount
of tetraalkylammonium salt as electrolyte, which consequently have to be separated from the
desired product. The use of ionic liquids (ILs) in particular room temperature ionic liquid
(RTIL) as solvents may address this specific problem. They are considered non-flammable,
non-volatile, and thermally stable over a wide range of temperatures, as well as good solvents
for organic and inorganic compounds. In addition, they may be applied concomitantly as
solvent and as electrolyte thereby enhancing the ‘green’ aspect of these procedures.

Gallardo and co-workers [61] adapted the electrochemical approach of nucleophilic aromatic
substitution reactions to this 'greener’ alternative family of solvents. The authors described the
investigation of the electrocatalytic process as well as regioselectivity effects induced by the
solvation properties of the RTILs (1-butyl-3-methylimidazolium [BMIM] combined with
tetrafluoroborate [BF,], hexafluorophosphate [PF], bis(trifluoromethylsulfonyl)imide [NTf,],
and acetate [AcO] as anions).

The use of electrochemical techniques such as cyclic voltammetry (CV) and controlled potential
electrolysis allows the evaluation of the nature and stability of the electrochemically generated
intermediate on the solvent, as well as the extension of the reaction.

Despite the successful reports on SyAr reactions, the “direct electrolysis’ approach requires the
application of high potentials in order for the electrosynthetic process to occur. To address this
issue, the redox process can be applied to organocatalysts which then lead to yield the desired
products in the indirect electrocatalysis fashion.

4.2. Indirect electro-organocatalysis

In the indirect electro-organocatalysis process, the electron transfer (ET) step is shifted from a
heterogeneous process occurring at the electrode surface (as described earlier as ‘direct
electrolysis’) to homogeneous process that can provide an electrochemically generated
substance which acts as a so-called organocatalyst (or ‘mediator’). Usually triarylamines,
triarylimidazoles and N-oxyl radicals [62] are employed as these electroauxiliary species. The
group of R. D. Little has reported several environmentally friendly methodologies to obtain
products via 'indirect electro-organocatalysis' in which no metal catalyst and external chemical
oxidants were employed [63-65].

In order to explore and generalize this methodology, analogous organocatalysts with modified
aromatic rings were also reported by the authors. The desired products were formed in good
yields [63].

4.3. Asymmetric electro-organocatalysis

In this specific case of the ‘indirect electro-organocatalysis’, particular conditions of solvent
and catalyst are employed in order to enhance the enantioselectivity of the formed products.
It is considered as safer and ‘green route’ towards enantioselective reactions by combining
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asymmetric organocatalysis with electrochemistry. The selected organocatalysts are stable,
stereoselective organic compounds that can undergo the electrosynthetic process under
unsuitable conditions for conventional catalysts. Asymmetric electro-organocatalysis meth-
odologies have been successfully employed to produce several optically active compounds
with application in life sciences. Scheme 12 depicts the direct intermolecular a-arylation of
aldehydes to produce meta-alkylated anilines using electron-rich aromatic compounds [66].

Electrochemistry | (elfCUl It (Regioisomer Product |

NH-PG NH-PG
" R/\fo solvent
electrolyte
H y
OH
PG - Protecting Group R = Et, iPr, Hex
ex: PG = Tosyl
Scheme 12.
NHTs NHTs NHTs
. R/\f 1[) mol% PC13 _NaBHy
H CHSCNIHZO R CHiOH
OH NaClO,
R = Et, iPr, Hex, cis-pent-2-enyl 69-87% yle!d 54-75% vyiald
92-98% ee 81-96% ee
Scheme 13.

The described methodology for the regio- and stereoselective electroorganocatalyzed produc-
tion of the meta-substituted anilines takes place in two steps: (1) firstly occurs the electrochem-
ical activation of the aromatic compound that evolves to an electrophilic intermediate and (2)
then an electron-rich enamine is generated by the condensation of the organocatalyst and the
desired aldehyde, which subsequently undergoes a nucleophilic addition to the intermediate
formed in step 1, giving rise to another intermediate that upon hydrolysis and proton transfer
regenerates the organocatalyst and yields the corresponding product. The described reactions
occur between the tosyl-protected reactant with a series of aldehydes catalyzed by [(S)-2-
[diphenyl(trimethylsilyloxy)methyl]pyrrolidine] (PC13), which has also been reported for the
photocatalyzed a-alkylation of aldehydes [7]. In these conditions, the meta-substituted aniline
enantiomeric products were obtained in 54-75% yields and high enantiomeric excess between
81 and 96% (Scheme 13) [66].

In 2005, Schifer and co-workers [67] reported the reaction of enamines and mediated anodic
oxidation of carbohydrates in the presence of 2,2,6,6-tetramethylpiperidine-1-oxoammonium
cation ([TEMPQ]) as organocatalyst. These species reacted with selected enaminoesters to form
intermediate imidazolium cations, which selectively oxidize the primary hydroxy groups of

129



130

Recent Advances in Organocatalysis

trisaccharides at the anode to give tricarboxylic acid sugars in 50-80% yields. The relative
stability of the electrogenerated TEMPO cation in acetonitrile enables it to react as a selective
oxidant, electrophile, and also catalyst.

Enantioselective a-oxyamination of aldehydes has been reported by the group of H.-]. Jang
using a sec-amine as chiral catalyst (Scheme 14) [68]. An enamine intermediate is formed by
anodic oxidation of the aldehydes that ultimately reacts with TEMPO leading to the formation
of the desired products in reasonable yields. Once again using PC13 as organocatalyst, a-
oxyaldehydes were obtained in 23-57% yields and 60-70% ee.

7(} @)
OTMS (_)‘QOTMS o Hj\i)
R 50 mol% PC13 N 200 mol% 0}
H CH,CIl,/TBAP )\/R Ph N
2 i HY X
=Rz
R = Ph; 57% yield, 64% ee
R = n-hex; 23% yield, 70% ee
R = iPr; 49% yield, 60% ee
Scheme 14.
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o CH,CI,/TBAP
(0]

R = n-pent, Ph, Bn, (CHy),Ph, CH,-CgH,OCHg-p 40-84% yield
20-68% ee

Scheme 15.

An asymmetric electro-organocatalysis method for enantioselective a-alkylation of aldehydes
with xanthene has also been devised by the group of Jang et al. [69]. Scheme 15 depicts the
best results using a chiral imidazole as organocatalyst, which was chosen from a plethora of
differently substituted imidazole-based compounds [69]. According to electrochemical studies
and control experiments, the reaction is probable to occur through the formation of an enamine
intermediate. DFT calculations suggested that xanthene adds to the opposite side of the phenyl
ring of the radical intermediate blue to stereochemical hindrance issues, thus enhancing the
stereoselectivity of the reaction.

In 2014, Xu and co-workers [70] published an electrochemical intramolecular aminooxygena-
tion reaction of unactivated alkenes based on the addition of N-centered radicals to alkenes
(generated from electrochemical oxidation) followed by trapping of the cyclized radical
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intermediate with TEMPO. This process allowed the preparation of different aminooxygena-
tion products in high yields and excellent trans-selectivity for cyclic systems (d.r. up to >20:1).

Very recent, Xu and collaborators [71] reported the first electrocatalytic method using ferrocene
as a cheap redox catalyst to produce amidyl radicals from N-arylamides. The conventional
methods for oxidative generation of amidyl radicals from N—H amides need to use a stoi-
chiometric quantity of expensive noble-metal catalysts or strong oxidants. In this case, the
authors showed an efficient radical-generating process based on intramolecular olefin
hydroamidation reaction.
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Abstract

The recent advances on green and sustainable organocatalysis are revised in this
chapter. An important focus on one of the 12 principles of green chemistry, organoca-
talysis pursues to reduce energy consumption as well as to optimize the use of different
resources, targeting to become a sustainable strategy in organic chemical transforma-
tions. In last decades, several experimental methodologies have been performed to
make organocatalysis an even greener and sustainable alternative to stoichiometric
approaches as well as non-catalytic conditions by the use of benign and friendlier
reaction media. In this line, several approaches using water as preferential solvent,
alternative solvents such as ionic liquids including chiral ones, deep eutectic solvents,
polyethylene glycol (PEG), supercritical fluids and organic carbonates or solvent-free
methodologies have been reported. In this chapter, we mainly focus on the recent
remarkable advancements in organocatalysis using green and sustainable protocols.

Keywords: water, solvent-free, heterogeneous organocatalysis, alternative solvents,
sustainable organocatalysis

1. Introduction

Aqueous reactions can combine the unique physical properties exhibited by water and other
desirable advantages from the point of view of environmental concerns, safety and low cost.
For many cases, the application of water is limited due to the reduced solubility and stability of
diverse organic substrates in aqueous media as well as the problems associated with possible
contamination of water phase with organicsubstratesand theneed of efficient purification steps.
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Alternatively, the strategy to use solvent-free organocatalysed reactions has also been ex-
plored. In these cases, a large excess of reagent, which acts as reaction media avoiding the
additional use of auxiliary solvents is tested. Alternative solvents such as ionic liquids (ILs);
acyclic and cyclic carbonate and polycarbonate solvents (e.g. dimethylcarbonate and polyethy-
lenoglycol derivatives); fluorinated solvents and supercritical carbon dioxide have been largely
explored for catalytic processes. In this context, the large number of examples is centred in the
application of ionic liquids including chiral ones as efficient reaction media for several organ-
ic transformations. Taking advantage of physical, chemical and thermal properties of ionic
liquids as well as the possibility to tune their properties according to the adequate cation-
anion combinations, it is possible to develop designer solvents for organocatalytic reactions.
Also, the high capacities to solubilize and stabilize different organic, inorganic and polymeric
materials as well as the reusable and recyclable behaviour are relevant parameters to justify the
largeapplicationofionicliquidsinsynthesisand catalysis. Recentadvancesshowed the potential
use of supercritical carbon dioxide as unique solvent or in combination with ionic liquids for
efficient reaction-extraction processes. Supported catalytic processes as efficient, greener and
recyclable methodologies for some organocatalytic processes have been also described. The
organocatalysts including chiral ones can be incorporated in solid supports improving their
stability and catalyticactivity as well as the possibility to reuse and recycle several times without
significant decrease in their performance. The use of alternative techniques such as micro-
wave irradiation and ultra-sons (sonication) instead of the traditional synthetic protocols will
be also reviewed. One of the most important challenges of synthetic chemistry is related with
the combination of efficiency, reduced costs and environmental impact in the production of
relevant molecules, particularly for the preparation of chiral compounds. The creation of chiral
centres can be achieved by several methodologies such as by using chiral auxiliaries, readily
obtained by chemical manipulation of chiral natural and non-natural compounds by asymmet-
ric catalysis including biocatalysis.

2. Organocatalytic reactions in water

Traditionally, the majority of organic reactions have been performed in organic solvents,
mainly due to the fact that most organic compounds are not very water-soluble. In addition,
many reagents used in organic synthesis are destroyed by water. This fact is contradictory to
what happens in nature, where reactions promoted by enzymes and antibodies take place in
aqueous media. Despite their utility in solubilising substrates and reagents, organic solvents
are toxic and volatile. Water has a few obvious advantages over organic solvents [1-4]; it is
relatively abundant, non-toxic, non-flammable and inexpensive. In addition, it has a large
temperature window in which it remains in the liquid state and high heat capacity, making it
a good and safe heat sink for exothermic reactions, particularly important when they are
carried out on a large scale. Water also has a large dielectric constant, high surface tension,
hydrogen bonding capacity and optimum oxygen solubility. Since the solvent is usually
present in large excess, it can play an important role in the reaction. Initially, it was thought
that the presence of water was only detrimental to organic reactions [5]; it brought insolubility
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problems, and it could react with functional groups from different substrates, slowing them
down and causing low yields. Due to its capacity to form hydrogen bonds, water could disrupt
H-bonding in transition states, i.e. those formed between catalyst and substrate molecules,
deteriorating catalytic activity and stereocontrol. Pioneering studies by Breslow showed that
Diels-Alder reactions were accelerated in water [6]. This fact was a surprise, since Diels-Alder
reactions are relatively insensitive to solvent polarity. He determined that the acceleration was
due to the fact that in the presence of water, the less polar reagents would be drawn together
in hydrophobic hydration, resulting in a more favourable overall entropy. The increase in
concentration led to rate enhancements. In 2005, Sharpless showed that many uni- and
bimolecular reactions were accelerated when carried out in vigorously stirred aqueous media
[7]. Reactions which took place as an emulsion displaying rate acceleration, he described as
taking place ‘on water’. It would later be observed that under the right conditions the benefits
of water may be not only to rate acceleration but also to increased selectivity (vide infra). The
effect of water on organocatalytic reactions was investigated even when the first examples of
this type of catalysis were studied, i.e. in the direct proline-catalysed aldol reaction (Scheme
1). This reaction, in which two unmodified carbonyl compounds react to give a B-hydroxy
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Scheme 1. The direct aldol reaction and a selection of catalysts which perform well in aqueous media.
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carbonyl product, is used by aldolase enzymes for the biosynthesis of carbohydrates, keto acids
and some amino acids. In organic synthesis, the organocatalytic direct aldol version is
catalysed by chiral amines via in situ formation of imines and then enamines, in a mechanism
similar to that used by aldolase Type I enzymes and antibodies. This C-C bond-forming
reaction is extremely useful and it may be used for the stereoselective assembly of complex
polyols. Nowadays, the use of water as a solvent for few asymmetric organocatalytic reactions
was already described, but studies on the aldol reaction predominate by far in the literature
[8-10].

2.1. The direct aldol reaction

The capability of proline (1) to promote asymmetric direct intra-molecular aldol reactions was
shown in the Hajos-Parrish-Eder-Sauer-Wiechert cyclisation in 1971. However, despite the
utility of this reaction for the synthesis of steroids, it would be only 30 years later that the broad
applicability of this catalyst would be discovered and the first inter-molecular version of the
direct aldol was described by List and Barbas [11]. High yields and stereoselectivities can be
obtained with proline catalysis in organic solvents, but addition of water to the reaction
mixture lowers the yields and stereoselectivities, not only in these examples but also in other
studies reported in subsequent years. In the asymmetric direct aldol reaction, the chemo-,
regio-, diastereo- and enantioselectivity should be controlled. Side reactions are possible,
which reduce the yield: aldol condensation, aldol reaction and condensation of the aldehyde
acceptor and also oxazolidinone formation between the catalyst and the aldehyde. Excess
ketone is often used to prevent aldehyde homodimerisation and catalyst kill events. Another
inherent problem is that aldol reactions are very difficult to achieve under stoichiometric
conditions, since the equilibrium constants for many direct ketone-aldehyde aldol reactions
are just barely on the side of the products. Pihko and co-workers were the first to observe
significant rate enhancements, yield and stereoselectivity increases in the proline-catalysed
aldol reaction when small amounts of water (1-10 equiv.) were added to a DMF solution of
acetone or 4-thianone and various aromatic aldehydes [12]. The effect obtained was such that
the reaction could be performed with equimolar quantities of reagents. The beneficial role of
water was attributed to a suppression of the competing reaction which leads to oxazolidinone
formation. The first direct aldol reactions performed solely in water were later described
independently by Hayashi [13] and Barbas [14] in 2006. To achieve their aim, these authors
developed novel organocatalysts derived from proline containing hydrophobic groups. In
these reactions, aldehyde and ketone substrate molecules aggregate excluding water, thus
generating a two-phase system. Hayashi’s catalyst, 4-siloxyproline 2 (Scheme 1) operates in
the organic phase where enamine formation takes place. A reaction in this heterogeneous
system was defined by Hayashi as a ‘direct aldol reaction in the presence of water’ as opposed to
a system in which the reactants are dissolved in water, which he labelled ‘reactions in water’.
In these reactions, water is not an inert second phase, but it influences the stereoselectivity and
yield, although an explanation for the effect obtained was not presented. Barbas and co-
workers performed the direct cross-aldol reaction of cyclohexanone (2 equiv.) with 4-nitro-
benzaldehyde in pure water, obtaining the anti-aldol product in 94% ee. Catalyst loading could
be as low as 1 mol% with protonated diamine 3. This catalyst is a water soluble quaternary
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ammonium salt with long hydrophobic chains, and it probably worked at the water-organic
interface of the emulsion formed, in a similar way than organic surfactants.

In an emulsion, hydrophobic catalysts also reduce the contacts between the transition state
and bulky water. Catalysts 2 and 3 were less efficient in reactions with non-activated aldehydes
showing lower yields and ees of products. Hayashi also developed catalyst 4 for cross-aldol
reactions of aldehydes in water [15]. In the presence of 5 equiv. of aliphatic aldehyde, products
were isolated in moderate to high yields, high drs and ees (89-99%).

The concepts applied in the development of catalysts 2—-4 would also be used for catalyst design
in subsequent years (Scheme 1). Proline analogues obtained through derivatisation of the
carboxyl or the amino groups and 4-hydroxyproline derivatives have predominated. These
reactions are usually anti-selective while the use of acyclic amino acids and analogues usually
promote syn-selective reactions.

Due to space limitations, in the examples the highlighted solvent was usually pure water
without the addition of any organic co-solvents, although in some cases one of the carbonyl
components was used in excess and could play the role of a solvent too.

Gryko studied in more detail hydrophobic aggregation processes [16]. The use of different
salting-in and salting-out conditions in the reaction between cyclic ketones and aromatic
aldehydes catalysed by protonated thioamide 5 showed that both the reaction rate and
stereochemistry were affected by the rate of hydrophobic aggregation. Around this time, Singh
described a very efficient prolinamide (6) for anti-aldol reactions between ketones and
aldehydesin brine [17]. As little as 0.5 mol% provided very high ees even in reactions of acetone.
The efficiency of this catalyst was ascribed to its capability to activate the acceptor aldehyde
through the formation of hydrogen bonds via the amine and hydroxyl groups and also to a
salting-out effect. Armstrong emphasized product recovery and developed protected hydrox-
yproline 7 which, when used in water with a sulphated {3-cyclodextrin, allowed the formation
of anti-aldol products from equimolar amounts of cyclohexanone and aryl aldehydes. The
products could be obtained in quantitative yields after a simple filtration [18]. Catalyst
recovery and recycling was possible with Wang's fluorous proline sulphonamide 8, developed
for aldol reactions between ketones or aldehydes with aromatic aldehydes on water. The
catalyst was recovered by fluorous extraction and reused up to seven cycles [19].

In 2008, Gong developed highly reactive prolinamide 9, showing that only 1 mol% was enough
to catalyse the direct aldol between a wide range of aromatic aldehydes and 2 equiv. of cyclic
or linear ketones in water to afford products in high yields and ees (91-99%) [20]. For direct
aldol reactions of hydroxyacetone and fluoroacetone with electron-poor aromatic aldehydes,
the related prolinamide 10 (20-30 mol%) was developed [21]. However, for hydroxyacetone
products (with 84-96% ees), THF/water mixtures (2:1) were required. Chiral 1,4-diols, which
are disfavoured products in aldol reactions catalysed by aldolases or L-proline, were obtained
as the major products. This regioselectivity was possible only when water is presented.
Similarly, fluoroacetone would only react when water was added to the THEF solution.
Theoretical studies revealed that water forms hydrogen bonds with the amide oxygen of the
prolinamide and the hydroxyl of hydroxyacetone, which influence the regioselectivity by
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micro-solvation. Previously, the same group had used small proline-based peptides, e.g.
catalyst 11, which also worked well provided water was presented [22]. Contrary to what is
observed with cyclohexanone, the aldol reactions of cyclopentanone are more difficult, and
often the drs obtained are low. As little as 2 mol% of catalyst 12, developed by Gruttadauria
in 2008, catalysed reactions with aromatic aldehydes, giving ees in the range 93-99% [23]. The
solvent was pure water, but 5 equiv. of ketone were used. In the same year, Zhao achieved the
direct cross-aldol reaction between ketones and 3, y-unsaturated ketoesters with 2 [24]. Two
chiral centres, one quaternary, were assembled in 98 to more than 99% ee when cyclohexanone
was the selected substrate. The reaction was faster and the yield and stereoselectivities were
higher in water. Other ketones provided lower ees, but dr remained very high (=19:1). Cross-
reactions of aldehydes are particularly problematic to achieve because of the formation of
various side products, in particular the self-aldolisation is very difficult to control. When
secondary amines are used, anti-products are obtained. The first cross-aldol reaction in which
a-branched aldehydes were reacted as the ene component was reported by Mahrwald in 2009
[25]. Under D-histidine (13) catalysis, syn f-hydroxyaldehydes were obtained in high yields
and very high ees. Electron-rich aldehydes reacted in water exclusively as the ene component
and electron-poor aldehydes as the carbonyl component, allowing for the formation of
quaternary carbon centres. Aldol methodologies were applied for the first time to total
synthesis of pantolactone and lyxose. Also in 2009, Singh developed highly reactive L-cysteine-
derived 14, which promoted even aldol reactions of acetone (a problematic substrate) in brine,
in quantities as low as 1 mol%, with several aromatic aldehydes affording 70-86% yields, 96—
99% ees [26].

Despite all these developments, during the next five years the organocatalytic direct aldol
reaction still continued to attract considerable attention and catalysts with novel backbones
were reported. Luo used primary-tertiary diamine Brensted acid 15 to obtain the otherwise
difficult to get syn aldol products, isolated after borohydride reduction [27]. Good results were
reported with linear and branched aldehydes. Glycoaldehyde donors were also used, but in
DME, although it was observed for the first time for these substrates that addition of water
caused large improvements in ee.

In an early study on the cross-aldol reaction of ketones catalysed by proline, Garden and co-
workers explored the effect of water [28]. They found that when excess acetone was reacted
neat with isatins, which may be viewed as a type of activated ketones, addition of small
amounts of water gave large enhancements in yields and ees. In 2010, Singh showed that cross-
aldol reaction between cyclohexanone and five substituted isatins is possible in water in the
presence of primary-tertiary diamine Brensted acid 16 [29]. The syn products, which are
potential anti-convulsants, were obtained in excellent drs and high ees in either DMF or water.
The majority of catalysts tried during this period were based on amino acids. Nugent used a
different template to obtain 2-pycolylamine 17 [30]. It performed very well affording 89-99%
ees in reactions between cyclic ketones, including N-Boc-piperidone and aromatic aldehydes,
in water or brine, in the presence of 2,4-dinitrobenzenesulphonic acid. Simple O-acylation of
threonine provided novel surfactant organocatalysts, e.g. 18 [31]. When tested by Fu on
reactions between cyclic or aliphatic ketones and aromatic aldehydes, high yields and
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stereoselectivities were described. Even unprotected hydroxyacetone could be reacted in water
with nitrobenzaldehydes to provide very good results too. The catalyst could be recovered
and reused without loss of performance when tried on a large-scale reaction (25 mmol
aldehyde). In the same year, Caputo showed that p-glucosamine could be used successfully
as a catalyst template when coupled with L-proline, e.g. in 19, to promote the direct aldol
reaction between cyclohexanone and substituted benzaldehydes in brine [32]. Catalytic
loading could be as low as 2 mol% to provide very high ees (82-99%). Ni, Headley and co-
workers were the first to achieve successfully the direct asymmetric cross-aldol reaction of
acetaldehyde (10 equiv.), a difficult substrate prone to undergo side reactions with various
aromatic aldehydes in aqueous media [33]. To catalyse the reaction, a diaryl prolinol contain-
ing dioctylamino groups (20) (5 mol%) was used, with ionic liquid 21 (10 mol%) as co-catalyst.
The products were isolated in high yields and ees after borohydride reduction. Also, in 2013
the catalystloading in cross-aldol reactions of ketones in water was lowered to anew minimum
value: from 5 to 1 mol%. This was possible with new primary-tertiary diamine catalyst 22
developed by Chimni for reactions of isatins [34]. In 2014, Wang developed azetidine-2-
carboxamides 23 as catalysts [35], which were tested on aldol reactions between acetone and
benzaldehydes in brine. The yields varied in the range of 38-88%, being lower with more
demanding substrates (67-96% ees). In the same year, Dash developed a novel approach to
obtain tubuvaline precursors based on a prolinamide 24 catalysed aldol reaction of thiazole
carbaldehydes with ketones ‘on water’ [36]. Tubuvalin is the core structure of a family of
tetrapeptides, the tubulysins, which are the most potent anti-cancer agents known so far. The
best results obtained with methyl isopropyl ketones donors were when 20 mol% catalyst was
used together with two acid additives, formic acid and 2,4,6-trifluorobenzoic acid. The
formation of a branched product competed, but when the reaction was performed in water,
the linear aldol product was obtained with >99:1 regioselectivity and 92% ee. The authors
reasoned that the facial linear selectivity was due to the preferential formation of the least
substituted enamine, since the more substituted one is thermodynamically less favourable due
to greater steric congestion. In this system, the reactants and the catalyst remain undissolved
during the reaction. When a soluble ketone, acetone, was reacted, the product was racemic,
but an enantioselective reaction was possible when the catalyst was changed to proline with
R-BINOL as co-catalyst.

2.2. The Mannich reaction

The asymmetric Mannich reaction is one of the most important methods for the synthesis of
enantioenriched molecules containing a stereogenic carbon-nitrogen bond. Of lately, there
have been several reports on Mannich reactions performed in organic solvents to which small
amounts of water were added [1, 37]. Reported methods using water as unique reaction media
are few, probably because this is more difficult to achieve due to the inherent susceptibility of
the imine substrates to hydrolysis [1]. Enamine catalysis was used in all cases. The first reaction
performed solely in water was described by Ibrahim and Cérdova in 2006 [38]. They showed
that 10 mol% of TMS-protected prolinol 25 catalysed the Mannich reaction between alde-
hydes (3 equiv.) and glyoxylate imines, to afford anti-products in moderate yields but very
high stereoselectivities (97-99% ee).
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In 2007, a three-component Mannich reaction of O-benzyl hydroxyacetone, p-anisidine
and aliphatic or aromatic aldehydes, taking place solely in water, was described by Lu
[39]. The reaction was promoted by primary amino acid, derived from L-threonine, and
also led to the formation of O-protected anti-1,2-amino alcohols in good to excellent yields
and high ees. Amedjkouh and Brandberg described an interesting example of autocatalysis
based on a direct Mannich reaction when cyclohexanone was reacted with N-PMP-pro-
tected glyoxylate imine [40]. The product was found to act as a catalyst for its own repli-
cation and the ees obtained in aqueous solutions (pH 7) were much better than those
obtained in organic solvents. The major product was syn-configured. Teo, Lau and Wu
found that 5-10 mol% of a TBDPS-protected L-serine could catalyse the three-component
Mannich reaction between ketones, aldehydes and p-anisidine in water. In this example,
syn-products were obtained with aliphatic aldehydes, but anti-products were produced
from cyclic ketones [41]. Protected hydroxyl proline was found by Hayashi to promote
syn-selective Mannich reactions between linear aldehydes and glyoxylate imines. The reac-
tions were more favourable in basic solutions made with sodium bicarbonate and the
products could be obtained in good yields and high stereoselectivities [42]. For the three-
component reaction of dimethoxyacetaldehyde with cyclohexanone and p-anisidine, si-
loxy-tetrazole hybrid catalyst afforded the product in 95% ee. In 2011, this group reported
an asymmetric Mannich reaction between imines formed in situ from aliphatic and aro-
matic aldehydes and amidesulphones, catalysed by prolinol 25. In these anti-selective re-
actions performed in basic solutions, f-amino aldehydes were obtained with excellent ees
[43]. Tao’s isosteviol-proline conjugates were used in water to promote three-component
Mannich reactions between cyclohexanone, aromatic amines and aromatic aldehydes [44].
Syn Mannich products were obtained in high drs and ees. More recently, in 2013, Sebesta
and co-workers developed a Mannich reaction between ethyl N-PMP-iminoglyoxylate and
cyclohexanone which afforded (-aminoketones in a high yield of 70% and high stereose-
lectivity [45]. The best catalyst reported for this reaction was proline sulphonamide, which
also promoted a Mannich-type cyclisation domino reaction between ethyl N-PMP-imino-
glyoxylate and 5-hydroxypentanal. The aldehyde is available commercially as a water sol-
ution, in which it is present predominantly in the cyclic hemiacetal form, tetrahydro-2H-
pyran-2,6-diol. The desired tetrahydropyridine was obtained in excellent dr (>95:5) and
96% ee but a low yield (20%) compared to reactions in organic solvents.

2.3. The Diels-Alder reaction

The Diels-Alder reaction was one of the first organocatalytic asymmetric reactions to be
studied in pure water [46]. In 2002, Northrup and MacMillan reported that linear and cyclic
enones reacted with cyclopentadiene in the presence of the chiral amine salt of oxazolidi-
none 26, to give bicyclic adducts in good yields and high stereoselectivities (Scheme 2) [47].
The reaction presumably proceeds via the formation of an intermediate iminium, a process
which lowers the energy of the HOMO, facilitating the cycloaddition. When R? was bulky, e.g.
i-Pr, the yield dropped considerably, and the product was racemic as a result of steric inhibition
to iminium formation. In reactions of ethyl vinyl ketone and acyclic dienes, yields and ees were
even higher and the endo selectivity was greater than 100:1 in all cases. In 2005, Lemay and
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Ogilvie showed that aldehydes can also be used as dienophiles [48]. Protonated cyclic
hydrazide 27 afforded high yields (71-96%) and ees (69-94%) of products in reactions of linear
enals with cyclopentadiene. The diastereoselectivity was low, with either endo or exo isomers
predominating according to the structure, the enal. Later, Lee described the use of camphor
sulfonyl hydrazines like 28 to promote Diels-Alder reactions between aldehydes and cyclo-
pentadiene in brine [49]. In the presence of trichloroacetic acid, high yields of predominantly
endo products were obtained in high ees. The dr was once again low (1:0.9-1:2.5 exo/endo). In
2008, Hayashi and co-workers widened the scope of the organocatalytic aqueous Diels-Alder
reaction of enals showing that a low loading of 5 mol% of TMS-protected pyrrolidine salt 29
provided high drs and ees of product with a variety of cyclic and acyclic dienes with cyclo-
pentadiene or linear dienes [50]. Water accelerated the reaction and increased ees but in brine
the results were worse, as a result of a detrimental salting-out effect. In this case, the reaction
was exo-selective and pyrrolidine salt 29 afforded better drs than the camphor-based cata-
lysts previously developed (62:38 to 85:15). In 2009, Xu's pyrrolidine-based catalyst 30 allowed
for the first time Diels-Alder reactions of cyclohexenones with nitroolefins [51]. Water was
found to provide both rate acceleration and higher ees with respect to organic solvents and
eventually the reactions could also be performed in brine and in seawater. When the catalyst
(20 mol%) was used in conjunction with 4-trifluoromethylbenzoic acid, high yields (55-99%)
and ees (83-96%) were reported for a variety of substrates. The exo/endo ratio was higher
than 25:1 for all the products. The dienamine obtained via reaction of the catalyst with the
ketone and the Diels-Alder adduct resulting from the cycloaddition prior to enamine hydrol-
ysis in the reaction of cyclohexenone with $-nitrostyrene could be detected by ESI-MS analysis.
In 2010, Zhang and co-workers developed C,-symmetric bipyrrolidine 31 for Diels-Alder

@ 10 mol % 26 ,2*
R‘ 710 mol % HCIO, HCIO, )\E)’
78-89%, 61-92% ee
endo:exo 6:1 - 25:1

Catalysts:
TfOH CCI;COO0H
m /NH NH
S-N-Et
H OTms =N o
27 28 H H
N N
O\/S
U
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30 4-CF5CgH,CO,H 3

Scheme 2. The first organocatalytic asymmetric Diels-Alder reaction performed in water and other catalysts for cyclo-
additions in aqueous media.
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reactions of enals with cyclopentadiene in water [52]. High yields of products and ees could
be obtained but in this exo selective reaction dr was also low (0.8-1:2.2-1). The catalyst could be
recycled up to five cycles without losses in stereoselectivity, but after the 4th cycle the yield
dropped. In 2011, Merino showed that 1,3-dipolar cycloaddition reactions could be per-
formed in water to afford cyclic nitrones [53].

The reaction promoted by 28 was initially developed as a one-pot procedure involving addition
of aldehydes to nitroolefins, followed by in situ reductive cyclisation. The nitrones were
obtained in good yields and more than 99% ee. The addition reaction was then performed on
5-hexenal. The resulting alkenyl nitrones underwent spontaneous intra-molecular 1,3-dipolar
cycloaddition reactions leading to tricyclic derivatives containing four chiral in high yields
and excellent ees simply by pH adjustment to 6 and stirring a few hours at room tempera-
ture. It is important to mention that in all cases only one enantiomer was reported in the
literature.

3. Organocatalytic reaction in alternative solvents

In previous years, the search of alternative solvents as sustainable reaction media for asym-
metric organocatalysis have been reported [54]. In particular, ionic liquids including chiral
ones: polyethylene glycol (PEG) derivatives, organic carbonates and supercritical fluids are
the major examples of alternative solvents already tested with comparable or even better
performances than conventional organic solvents [55].

3.1. Ionic liquids and chiral ionic liquids

Ionic liquids as organic salts with low melting point (lower than 100°C) have emerged as
environmentally benign alternative media to classic organic solvents [56]. Some peculiar
properties of ILs such as their almost negligible vapour pressure, high thermal stability, high
ionic conductivity, large electrochemical window, insolubility in supercritical CO, (scCO,) and
significant dissolution performance of a large range of organic molecules and transition metal
complexes are very attractive for application in organic synthesis and catalytic processes. In
general, the physical and structural properties of the ILs are dependent on the suitable
combination of cation/anion structures.

The possibility to use different ILs as efficient and recyclable reaction media is one impor-
tant parameter for applications in organocatalysis. Additionally, the organocatalyst can be
dissolved and stabilized into IL allowing to preserve its catalytic activity for several cycles [57].
In2002, two independent reports [58, 59] showed the possibility to use ILs as alternative solvent
for asymmetric aldol reaction between acetone and some aromatic aldehydes in the presence
of (S)-proline (1-30 mol%) as organocatalyst. The best results (94% yield and 89% ee) were
obtained using 1-butyl-3-methylimidazolium hexafluorophosphate, [bmim][PF] as IL and the
organocatalyst could be reused four times without significant decrease in the yield and
enantioselectivities. After these first reports, other research groups have used ILs as reaction
media for different organocatalytic reactions such as Michael reaction [60]; Mannich reaction
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[61]; Diels- Alder [62]; alfa-amination [63] and alfa-aminoxylation [64], among others [65].
Normally, the ILs are mainly based on alkylmethylimidazolium cation combined with BF,,
PF,, TfO and NTf, anions. According some limitations related to loss of catalyst during the
recovery of the product and recycle of the IL media, different approaches reported an efficient
linkage of the catalyst (e.g. proline) to cationic or anionic unit from IL structure [66]. The novel
class of ILs-supported catalyst have been described in the literature allowing a significant
improvement of stability and recycling of the catalyst [67]. It is possible to use chiral ILs by
simple incorporation of chiral organocatalyst into original cation/anion scaffold or alterna-
tively using natural chiral cations/anions based on aminoacids (protic chiral ILs and chiral ILs
based on aminoacids as anions) [68].

Chiral ionic liquids (CILs) have been recognized as having potential application for chiral
discrimination, including in asymmetric synthesis and resolution of racemates [69]. A transfer
of chirality in these solvents should be expected; however, only a few number of chiral ILs
have been reported to date [70]. The initial report from Seddon and co-workers [71] showed
the preparation of CIL [bmim][Lactate] for application in catalysis. Then, a number of new
chiral ILs have been synthesized and employed as chiral additives in order to induce moder-
ate enantioselectivity in some reactions such as in Aldol reaction, photo-isomerisation, the
Baylis-Hillman reaction and Michael additions [72]. Recently, several chiral ILs have been
reported based on introduction of chiral units in the organic cation or anion by efficient
synthetic methods. In parallel, many examples have described the use of natural chiral sources
such as aminoacids or commercially available chiral compounds such as chiral carboxylic or
sulphonic acids [73]. A larger number of reported chiral ionicliquids derive their chirality from
the cationic moiety. Taking advantage of the readily available chiral precursors such as amines,
aminoalcohols and amino acids, it is possible to incorporate them in cationic structures.

In this context, Bica and co-workers [74] reported the synthesis and application of basic
chiral ILs based on (S)-proline incorporating alkylpyrrolidinium cations and NTf, as
anions. The authors designed these CILs in order to replace trifluoroacetic acid in enam-
ine-based organocatalysis for asymmetric C-C bond reactions. In the case of asymmetric
aldol reaction of 4-nitrobenzaldehyde and acetone, moderate to high yields and enantiose-
lectivites (up to 80% ee) were obtained as a novel strategy for acid-free organocatalytic
process. Then, Gonzalez et al. [75] developed CILs based on chiral a-amino amides partic-
ularly derived from (S)-valine, (S)-phenylalanine and (S)-leucine for application as sol-
vents or additives for direct enantioselective aldol reaction. Moderate to good yields and
enantioselectivities for aldol reaction between p-nitrobenzaldehyde and acetone were ob-
tained using these CILs or [bmim][NTf,] as additives. A transfer of chirality from the chi-
ral reaction media has been observed as well as the participation of match interactions of
the chiral medium with both enantiomers of proline. The catalytic system was recovered
by simple filtration, and their reuse and recycle is possible at least four times with only a
slight reduction in activity. Zlotin and co-workers [76] reported a novel recyclable prolina-
mide-derived ionic-liquid-supported organocatalyst of asymmetric cross-aldol reactions in
aqueous medium. In particular, they used aromatic aldehydes reacting with cyclic or line-
ar ketones to give chiral aldol adducts in moderate to high yields and good dr (anti/syn
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up to 96:4) and ee (81-99%) values. The catalyst was recycled more than 10 times without
any reduction of catalytic efficiency. Chauan et al. [77] published an efficient method for
the enantioselective Diels-Alder reaction between cyclopentadiene and crotonaldehyde
(94% conversion of product with exo/endo (1/1.1) and 90% ee of endo product) catalysed
by recoverable MacMillan catalyst tailored with imidazolium ionic liquid at room temper-
ature. In this conditions, IL-supported MacMillan catalyst is used as catalyst in the pres-
ence of trifluoroacetic acid (5 mol%) as co-catalyst, and it is reported that the catalyst can
be reused up to five cycles without any significant decrease in conversions and ee’s val-
ues. De Nino et al. [78] described a novel chiral organocatalyst based on (55)-2,2,3-tri-
methyl-5-thiobenzylmethyl-4-imidazolidinone hydrochloride for enantioselective Diels-
Alder reactions in good yields with good to excellent enantioselectivities. This catalyst can
be recovered and recycled for further transformations at least six times with the retention
of its catalysis and enantioselectivity. In addition, only 6 mol% of catalyst and a slight
excess of donor aldehyde (1.5 equiv.) are required, without additional organic solvent for
final purification step. Recently, Kragl and collaborators [79] reported a novel strategy for
the embedding of quinine-based organocatalysts in polymer ionic liquids-based hydrogels
for application in asymmetric nitroaldol (Henry) reaction. Using this organocatalyst en-
capsulated into polymer IL, it is possible to recover and reuse the catalyst four times
without any loss of enantioselectivity (up to 91% ee) and significant catalytic leaching
(<0.01%).

3.2. Polyethylene glycol and deep eutectic solvents (DESs)

Polyethylene glycol as alternative media for asymmetric aldol reaction was first reported in
2004 by the Chandrasekar group [80]. The authors tested different aldehydes and ketones with
comparable yields and enantioselectivities than conventional organic solvents. Also, PEG400
and Proline as catalyst were recycled at least 10 times without any decrease in the activity.
In 2011, Verma et al. [81] described PEG-embedded thiourea dioxide (PEG.TUD) as an useful
and recyclable host-guest complex organocatalyst for the synthesis of 3, 4-dihydropyrimi-
dones via Biginelli condensation in order to afford the desired pure product in high yields. It
is interesting to know that these results are in contrary to unreactive PEG-thiourea com-
plexes (PEG.TU) for similar reaction condition processes. Despite the potential use of PEG
derivatives as biocompatible alternative reaction media for organocatalysis, only few exam-
ples in the literature have been reported.

Deep eutectic solvents were first introduced by Abbott and co-workers [82] to describe the
formation of a liquid eutectic mixture (mp 12°C) starting from two solid materials with high
melting points: choline chloride (ChCl, mp 133°C) and urea (mp 302°C) in a molar ratio of 1:2.
DES are generally formed by suitable combinations of two or three safe and inexpensive
components which are able to engage in hydrogen-bond interactions with each other to form
an eutectic mixture with a melting point lower than either of the individual components. The
application of DES as alternative solvent for catalysis is very promising mainly because no
purification is required; their physicochemical properties can be easily tuned according to
specific reaction requirements, and they offer convenient methods of product isolation simply
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based on organic phase extraction or even precipitation upon addition of water, which can be
subsequently removed, thereby restoring a reusable DES [83]. In recent years, DES have been
applied in the fields of biotransformations, metal-catalysed reactions, organometallic chemis-
try and also in organocatalysis. Benaglia and co-workers [84] published three distinct
stereoselective reactions (addition reactions: isobutyraldehyde to 3-nitrostyrene; E-3-meth-
yl-3-nitroethylacrylate to benzylacetone and 4-hydroxycoumarin to benzaldehyde) catalysed
by a chiral primary amine through different activation methods. For these reactions, they tested
three different DES (choline chloride: urea, 1:2; choline chloride: fructose; water, 1:1:1; choline
chloride: glycerol, 1:2) in order to obtain the desired chiral products in high yields and
enantioselectivities. Also, the use of these unconventional and biorenewable reaction media
based on DES allowed the recovery and the recycling of the chiral catalyst.

3.3. Supercritical fluids and organic carbonates

The use of supercritical carbon dioxide (scCO,) as an alternative medium for organocatalytic
reactions is very promising from the ‘green chemistry’ viewpoint [85]. CO, in the supercriti-
cal state (critical point 31.1°C, 73.8 bar) is characterized by higher diffusion rates and a unique
capability of dispersing poorly soluble reagents, thus enhancing the reaction scope, rates and
selectivity. In 2014, Zlotin and co-workers [86] reported the first enantioselective organocata-
lytic reaction in the scCO, medium, in particular asymmetric Michael addition of diphenyl-
phosphite to a-nitroalkenes in the presence of tertiary amine-squaramide-derived bi-
functional organocatalysts. The reaction products, chiral f-nitrophosphonates, are precursors
of B-amino phosphonic acid derivatives that occur in nature and possess valuable biological
activities. In the reported reaction conditions (100 bar, 35°C), a-nitroalkenes enantioselective-
ly accept diphenylphosphite in the presence of bi-functional organocatalysts bearing the
tertiary amino group and the squaramide fragment to give corresponding [-nitrophospho-
nates in high yields and enantioselectivities (up to 94% ee). The use of scCO, is crucial for
reaction as well as product isolation by efficient extraction and further catalyst recovery.
Recently, the same group discovered the application of supercritical fluids (scCO, and scCHF;)
as an alternative media for asymmetric Michael domino-reactions catalysed by bi-functional
tertiary chiral amines [87]. In the optimized conditions, o-N-nitrosylaminophenyl o,f3-
unsaturated ketones react with a-nitroalkenes in order to give functionalized chiral tetrahy-
droquinolenes in moderate to high yields and excellent diastereo- (dr > 99:1) and
enantioselectivities (ee > 98%).

Organic carbonates have been claimed as alternative low cost and biodegradable solvents for
application in organocatalytic reactions [88]. North et al. [89] reported ethylene and propy-
lene carbonate as an alternative solvent in asymmetric aldol reactions catalysed by (S)-proline.
Using cyclic and acyclic ketones reacting with aromatic aldehydes, the desired chiral aldol
products were obtained in good yields and high stereoselectivities. Additionally, an appro-
priate combination between propylene carbonate and the proline enantiomer was observed
allowing a considerable improvement in the stereoselectivity of aldol product [90]. The same
authors also reported the use of cyclic carbonates as solvents for a-hydrazination of alde-
hydes and ketones by diazodicarboxylates using (S)-proline as organocatalyst [91].
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4. Organocatalytic reaction under solvent-free conditions

On the road to sustainability, organic chemistry has been changing and the application of
catalytic processes has contributed to a more efficient use of energy, less waste and the
exploration of raw materials [92]. Indeed, sustainability is a growing concern in the twenty-
first century, and consequently the use of solvent-free reactions in organic chemistry is gaining
importance, with a foremost impact in the environmental protection as well as on human
health. Organic reactions in the absence of conventional organic solvents have become highly
attractive. Consequently, over the last years, the number of reactions under solvent-free
conditions has grown.

4.1. Aldol reactions

The solvent-free enantioselective organocatalysed reactions have been reviewed [93] and
this chapter focuses on the most recent advances. Kumar and co-workers have recently re-
ported two new prolinamide catalysts 32 and 33 for direct stereoselective organocatalytic
and direct aldol reaction of aldehydes and ketones to produce the corresponding 3-hydroxy
carbonyl compounds under neat conditions [94, 95]. Catalyst based on myrtanyl-prolina-
mide that was synthesized in two steps from N-Boc-L-proline and cis-myrtanylamine using
standard peptide coupling conditions followed by Boc group removal. The authors also ex-
plored the D-proline version of catalyst 32; however, similar results were found and only
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Scheme 3. Two approaches of solvent-free enantioselective aldol reactions.
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this catalyst was further explored. The best catalytic conditions comprised the use of 20 mol
% of catalyst and 5 mol% of benzoic acid as an additive. Several other additives were inves-
tigated such as acetic acid, formic acid, phenol, CSA, TFA and p-TSA. The protocol revealed
to be highly effective for the preparation of several aldol adducts with high yields and high
stereoselectivities under solvent-free conditions (Scheme 3A) [94]. Furthermore, the same
authors reported the use of catalysts 33 for asymmetric direct aldol reaction, compatible
with solvent-free conditions [95]. The phthalimido-prolinamide was prepared in a similar
procedure, in two steps from N-Boc-proline and N-aminophthalimide. The enantioselective
aldol reaction catalysed by 33 was performed using various ketones 37 and aldehydes 38
(Scheme 3), and proved to be effective with 15 mol% of catalyst under neat conditions. The
use of 5 mol% of water accelerated the reaction and the a-hydroxy carbonyl product 39
could be attained in high yields and high stereoselectivities. Proline-containing catalysts un-
der solvent-free conditions have also been explored by Juaristi and co-workers. They report-
ed the use of four (S)-proline-containing dipeptidic organocatalysts bound to MBHA (4-
methylbenzhydrylamine) resin in the asymmetric aldol reaction between cyclohexanone and
several aldehydes [96]. The authors have explored different spacers (linker between the pro-
line moiety and the resin) with different lengths in order to investigate the influence in cata-
lytic activity in the case of spacial position of the catalyst attached to resin. Preliminary
studies with all catalysts pointed 40a (10 mol%) as the best catalyst for the aldol reaction of
41 with 42 to afford 94% of isomer anti-43 with 74:26 (anti/syn) and 77:23 (er). However, the
conditions were optimized and the presence of benzoic acid and water as additive showed
considerable improvement of the yield of 56 to 99% as well as higher stereoselectivity. Con-
cerning the four catalysts 40a-d, under the optimized conditions, organocatalyst 40c gave
best results. Although the results obtained were very similar for all the catalysts tested. The
authors concluded that the spacer length of the bound catalyst had a slight influence on the
catalytic activity, and that 40b and 40c showed an improved stereoselectivity. Furthermore,
organocatalyst 40c can be reused at least for five consecutive cycles. A limitation of these
catalysts is that they are not effective for less electrophilic aldehydes. Then, Jurasti and
Machuca also reported the use of a dipeptidic organocatalyst in the asymmetric aldol reac-
tion between 41 and several aldehydes under solvent-free conditions and mechanochemical
activation in a ball mill [97]. Previous studies suggested that the catalysis by dipeptides and
prolinamides is operative [98]. The authors proposed that the pyrrolidine moiety in catalyst
activates the ketone through formation of a chiral enamine intermediate, and the aldehyde is
activated by the formation of a strong hydrogen bond, via amide NH. Furthermore, they
proposed that a non-covalent -7 interaction between aromatic rings of the catalyst and the
aldehydes leading to a rigid transition state and inducing a higher stereoselectivity in the
condensation reaction. Thus, the authors decided to explore the catalyst containing a naph-
thyl substituent in order to obtain further data to support the proposed non-covalent -t
interaction between the aromatic ring of catalyst and aldehyde units. The fact that the reac-
tion is carried under solvent-free conditions and with the use of HSBM (high speed ball mill-
ing) allowed reduction of the molecular motion. Thus, this dipeptide catalyst was prepared
via condensation of N-Cbz-(S)-proline and the hydrochloric salt of the methyl ester of (5)-
naphthylalanine and subsequent N-deprotection via hydrogenation under Pd/C. Several ar-
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omatic aldehydes were tested and the reaction was carried in a ball mill. Higher
stereoselectivities and higher yields (except for aldehyde possessing m-Cl group) were ob-
tained with aldehydes possessing electron-withdrawing groups on the aromatic ring. Best
stereoselectivity was reported for aldehydes possessing a p-metoxy and per-fluorinated aro-
matic ring (99:1, anti/syn) and er (99:1). The results obtained supported the proposed transi-
tion state in which a m-stacking between naphthyl ring of the catalyst and electron poor
aromatic aldehyde furnishes a more rigid transition state and therefore a higher stereoselec-
tive aldol reaction.

Additionally, the same group has further used solvent-free conditions and evaluated the use
of three (S)-proline containing dipeptides as organocatalysts in asymmetric aldol reactions of
cyclohexanone (41) p-nitrobenzaldehyde (42) and under ball-milling conditions [99]. The
authors have used three different protocols: solvent-free under HSBM activation; neat
conditions with conventional stirring; and in solution phase. The HSBM was the best strat-
egy since shorter reaction times were needed and higher stereoselectivities were observed.
Some catalysts led to comparable yields and stereoselectivity [98% yield, 90:10 (anti/syn) and
90:10 er]. Thus, the authors concluded that the presence of a second stereogenic centre in the
o,p-dipeptide organocatalysts did not result in a higher stereoselectivity comparing with
examples with one stereogenic centre. Asymmetric aldol reactions under solvent-free
conditions have been further explored by Najera and Gémez-Bengoa [100] comparing with
examples with one stereogenic centre (Scheme 4).

4.2. Michael addition reactions

Asymmetric organocatalysed reactions under solvent-free conditions have been extended to
Michael addition reactions. Recently, Bolm and co-workers developed an efficient, solvent-
free protocol for Michael addition reactions of a-nitrocyclohexanone to nitroalkenes using
thiourea derivatives as catalysts [101]. These reactions have been carried out in sustainable
conditions, using planetary ball mill, with low catalyst loading and short reaction times,
leading to high yields (up to 97%) and high enantioselectivities (er up to 98:2). In a previous
study, the authors have developed the use of natural amino acid-derived bi-functional
thioureas as bi-functional organocatalysts in the asymmetric Michael addition reaction [102].
On the follow-up of this work, the authors investigated mechanochemical effects induced by
ball milling on the aforementioned thiourea-catalysed asymmetric Michael addition reac-
tions of a-nitrocyclohexanone to nitroalkenes to provide desired products. The reaction
conditions were optimized such as the catalyst loading. The reaction proceeded with high
stereoselectivity even with 1 mol% of catalyst; however, the yield was lower (57%) and thus
2.5 mol% of catalyst was used. Thiourea-organocatalysts have also been explored by
Hestericovd and Sebesta as hydrogen-bonding organocatalysts for the Michael addition
reaction to nitrostyrene under solvent-free conditions [103]. Thus, different thioureas have
been used involving aminoalcohols, Cinchona alkaloid, binaphthyl diamine, bis(thiourea) and
also squaramides. The authors have performed comparative reactions in a ball mill and in
solution. In terms of yields, both reactions proceeded well; however, a large variation of yields
was obtained (19-95%) under solvent-free conditions. The use of an additive such as benzoic
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acid or mandelic acid (20 mol%) improved the yield from 50 to 80% and 95%, respectively, in
the case of the reaction carried in the ball mill. Concerning enantioselectivities, the best results
were obtained with thiourea catalysts as well as with Cinchona-containing catalyst, which
increased the enantiomer ratio up to 10:90. A pyrrolidine-diaminomethylenelononitrile
organocatalyst was developed by Miura and co-workers for the Michael addition of carbon-
yl compounds to nitroalkenes under solvent-free conditions [104]. The novel organocatalyst
promotes the asymmetric conjugate addition of cyclohexanone to nitroalkene to afford the
corresponding adduct in high yield with up to 99% ee, under solvent-free conditions. The novel
organocatalyst based on the skeleton of DMM (diaminomethylenemalononitrile) efficiently
catalysed the reaction employing low amounts of catalyst and in a short reaction time under
mild conditions, affording high enantioselectivity. The authors proposed that the DMM
skeleton can act as an efficient double hydrogen bond donor for Michael additions to nitroal-
kenes under solvent-free conditions. A highly efficient and simple asymmetric organocatalyt-
ic Michael addition of a,(3-disubstituted aldehydes 44 to nitroolefins 45 under solvent-free
conditions was developed by Ni and co-workers [105]. The authors have developed a chiral
pyrrolide-based diamine 46, that in combination with benzoic acid, proved to be very effective
in order to prepare the adduct 47 in high yields and high enentioselectivities (up to 96% ee)
with a wide range of Michael acceptors (Scheme 5).

0 9 o ox ; Q
ij N K@\ 40a-d (10 molté) é/kﬁ '
# po,  PRCOH (20 molt) 3 > ©
& 42

A1/H0{1:1.5), 61
0 t 43

NO;
: 0 =
i & w |
; N NW“ =
Cat  Yield(%) er driantilsyn) + gy isomer : n HA@\ Ronll
da 99 8317 919 i N °
i 40a

HH
ob 72 8812 637
0c 9 8941 946 , profin
40d a9 BG:14 o919 H d0dn=5

Scheme 4. Solvent-free approach using (S)-proline containing dipeptides as organocatalysts in asymmetric aldol reac-
tions.
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Scheme 5. Highly efficient and simple asymmetric organocatalytic Michael addition of a, f-disubstituted aldehydes to
nitroolefins under solvent-free conditions.

157



158 Recent Advances in Organocatalysis

AT I @ oo G &
Fiofor L ‘;'@N ~Jofo” 1‘ ﬁ

SBA-15-Imi X $BA-15-Thia Y@‘N

Scheme 6. SBA-15 mesoporous silica functionalized with imidazolium (SBA-15-Imi) and thiazolium groups (SBA-15-
Thia).

MW Ar

0 15-34 min N
2 A—{ + A'—CN + NH,0Ac : Ar'—{’]/\
H 70-90% N ar

0 HN K,CO;4 N AT

+ . - /4
2 A< $ar — Ar— I
H HoN N7 ™ar

Ar'= 2-pyridinyl; 2-pyrimidinyl; 2-quinolinyl Yield: 76-92%

Scheme 7. Multi-component synthesis of 2-(2'-azaaryl)imidazoles under microwave irradiation.

BusPO (15 mol%)
PhSiH, com
butylene oxide -~ 2Me
JU * e cope Sueneoide |~
R™ 'H dioxane
MW, 150 °C, 1-2h

R =alkyl, aryl
Scheme 8. Microwave-assisted catalytic Wittig reaction.

The organocatalytic Michael reaction of ketones with y-monohalonitrodienes was reported by
the Xu group using chiral prolinethiol ether as organocatalyst for the synthesis of functional-
ized monohaloalkenes, under solvent-free conditions [106]. After optimisation of the reac-
tion conditions, the reaction scope was examined and several substitutions on the aromatic
ring were investigated (for X = Br), and several groups were well tolerated (e.g. p-Cl and p-
CF;), as well as several ketones. Furthermore, the enantioselectivity of the reaction was not
much affected by the substituents on the cyclic ketone. The authors highlighted that the
reactions proceeded on the sterically less hindered carbon, which is opposite to the other
acyclic ketones. They propose that the balance between steric effects and stability of the
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enamine derived from the catalyst and ketones might favour the formation of the terminal
Michael adduct. Different substituents on the y-position of the nitryl scaffold demonstrated
that nucleophiles possessing substituents can be used to form the desired adducts in high
diastereoselectivities and high to excellent enantioselectivities. The method represents a novel
approach for accessing highly functionalized monohaloalkenes with a,(3 stereocentres of up
to >99% ee. In 2015, Jurasti and co-workers reported the organocatalysed Michael addition
reaction under solvent-free conditions of ketones to nitro-olefins [107]. The authors synthe-
sized several organocatalysts derived from chiral (S)-proline containing a thiohydantoin
moiety. The prepared thiohydantoins were evaluated as organocatalysts in asymmetric
Michael addition under solvent-free conditions, using cyclohexanone and (3-nitrostyrene as
models.

4.3. Mannich reaction

Organocatalysed Mannich reactions have also been recently explored under solvent-free
conditions. Fioravanti and co-workers have reported the synthesis of trifluoromethyl syn- or
anti-amino alcohols by one-pot solvent-free Mannich-type reactions under temperature
control [108]. On the basis of their previous results [109], these authors explored a one-pot
solvent-free approach [110]. Thus, a L-proline catalysed Mannich-type reaction was investi-
gated to prepare nitrogen-containing organofluorine compounds. On the expectation that the
presence of a stereocentre in the a-position to the electrophilic site of not isolated (R,E)-
aldimines could influence the diastereoselective reaction outcome, the authors started from
the chiral amines(R)-1-phenylethylamine and (R)-1-(p-methoxyphenyl) ethylamine. The
results reported demonstrated that at room temperature a mixture of syn/anti was always
formed, while changing the temperature only syn or anti isomers were formed at 40 and 0°C,
respectively. The products were detected by F NMR experiments of the crude mixtures.
Moreover, the chiral stereocentre on the benzyl moiety strongly affected the stereoselectivity
of the reaction. The absolute configurations of the created chiral centres were determined. The
protocol developed by Fioravanti and co-workers consists on a highly diastereoselective one-
pot solvent-free synthesis of fluorinated syn- or anti-amino alcohols by an environmental
friendly approach. Under solvent-free conditions, the authors highlight the presence of a
resident stereocentre in the a-position to the imine carbon that leads to the facial stereoselec-
tive control of nucleophilic attack, suggesting that the proline is able to control only the syn or
anti diastereoselectivity. A theoretical study was developed by Parasuk and co-workers about
the factors that influence stereoselectivity in proline-catalysed Mannich reactions [111].

5. Organocatalytic reaction using heterogeneous systems

The immobilisation of homogeneous organocatalysts using several supports has been quite
explored in previous years since in general their heterogenisation allows more stable and
efficient catalyst. These parameters are aligned to the demands of sustainability and econom-
ical scalability issues. Several supports have been used: mesoporous silica [112, 113], biopol-
ymers as chitosan [114, 115], synthetic polymers as polystyrene and polyacrylamide [116],
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carbon nitrides [117], metal organic frameworks (MOFs) [118], dendrimers [119], graphene
[120] and magnetic nanoparticles [121-123].

5.1. Recent approaches in heterogeneous organocatalysts

Corma and Garcia have reported silica-bound organocatalysts as heterogeneous, recovera-
ble and recyclable catalysts in several organic transformations [112]. Heterogeneous organo-
catalysts based on organically modified hybrid mesoporous silica (mainly MCM-41 and
SBA-15) and their efficiency in several organic transformations have been also reviewed by
Rostamnia [113]. These types of supports are very stable, biocompatible and can be function-
alized with a wide range of functional groups. In general, their resultant-supported organo-
catalystis more stereoselective, chemoselective and efficient than the homogeneous analogous.
The organic moieties supported include: amines (primary, secondary and tertiary), sulphon-
ic acids, acid-based bi-functionalized systems, ephedrine, proline, urea, thiourea and guani-
dine and fluorinated alcohol [114]. Kadib [114] and Mahé et al. [115] summarized the field of
organocatalytic reactions promoted by chitosan used as an insoluble organocatalyst or as a
support for organocatalysts. Chitosan is ranked as the second most abundant polysacchar-
ide after cellulose and it is obtained from deacetylation of chitin, which is exclusively extract-
ed from industrial marine discharge. Chitin is constituted by N-acetyl-d-glucosamine
monomers connected through (3 (1->4) linkages. The presence of amino groups on the polymer
backbone enables the covalent linkage of different functional groups to its skeleton. Several
organocatalysts based on pyridine, proline, ionic liquids and quaternary ammonium have
been supported. These chitosan derivatives showed reactivity similar to their homogeneous
analogous, nevertheless the introduction of cooperative acid-based interactions enhances
significantly their reactivity. Carbon nitride, for simplicity C;N,, mainly composed of C and
N, is one of the oldest reported polymers and has many advantages when compared with
traditional heterogeneous catalysts, it is abundant and cheap, metal free, tunable electronic
structure and has good thermal and chemical stabilities. The group of Antonietti [117] has
emphasized the recent breakthroughs in their modification and their applications as sustain-
able catalysts in several reactions, such as photochemical splitting of water, mild and selec-
tive oxidation and hydrogenation reactions, and in photodegradation of pollutants.

In the previous years, dendrimers have also attracted the attention of the scientific commun-
ity as they combine the advantages of homogeneous catalysts, showing fast kinetic behav-
iour, and heterogeneous catalaysts, since they can be easily separated from the reaction mixture
by precipitation, membrane or nanofiltration methods. Wang et al. described the recent
advances for metallodendritic catalysts and dendritic organocatalysts [119]. Magnetic
nanoparticles are another interesting supports for heterogenisation of organocatalysts since it
allows their recovery with sustainable techniques of magnetic separation. Magnetite, also
known as ferrite (Fe;O,), has a very active surface suitable for functionalisation or adsorp-
tion of several metal- and organic-based catalysts. In general, these heterogeneous catalysts
are highly stable and can operate under mild conditions, using environmentally benign
solvents or even water, with good performances and recyclabilities [121-123]. They have been
applied in a wide range of reactions, such as Mannich-type reactions, C-C, C-S and C-O
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coupling reactions, alkylation, oxidation, reductions and asymmetric synthesis. Mréwczyn-
ski et al. summarized their use as supports for organocatalysts [122], their use in asymmetric
catalysis has been reviewed by Dalpozzo [123] and their application in catalysis, green
chemistry and pharmaceuticals reactions are described by Gawande et al. [121]. Bartok reports
the advancements of heterogeneous asymmetric direct aldol reactions using organocatalysts
based on hydroxyproline, prolinamide and peptides immobilized by covalent or ionic bonding
and by adsorption on different supports [124]. In order to allow the application of organoca-
talysts in industry, their scale-up using continuous flow technology has attracted much
attention in recent years. Three very interested reviews in this field were published recently
[125-127]. Puglisi et al. [126] and Atodiresei et al. [127] reported several types of asymmetric
organocatalysed reactions in continuous flow and highlighted their advantages over batch
reactors. Heterogeneous-supported organocatalysts are focused on both reviews. This field is
still in its infancy since the examples known are applicable mostly for particular substrates
and with some problems of catalyst deactivation. However, in general these processes improve
the efficiency of the organic transformations by reducing the amount of catalyst loading and
reactions times. Very recently, Munirathinam et al. [125] reviewed the main achievements that
has been in this area but focusing on a broader range of supported catalysts including acid,
base, organomettalic, peptidic, enzymatic, ionic liquids and metal nanoparticles by using the
three main approaches to incorporate them into the catalytic micro-reactors: (i) packed-bed,
(if) monolithic and (iii) inner wall-functionalized. The application of these catalytic micro-
reactors on several reactions and their advantages over classical batch reactors were also
presented.

5.2. Some examples of heterogeneous organocatalysts in solvent-free conditions

SBA-15 mesoporous silica functionalized with mercaptopropyl groups were used for the
covalent immobilisation of multi-layered ionic-liquid-like phases containing imidazolium or
thiazolium active sites [128]. These new hybrid materials were used for the etherification of
1-phenylethanol under solvent-free conditions at 160°C under different gas phase (oxygen,
air, nitrogen and argon). The best catalytic performances were obtained for the material
bearing thiazolium groups under oxygen, and this hybrid material also showed higher
catalytic activity (92% of conversion and 75% of selectivity, under O,, 160°C, 7 h) when
compared with its homogeneous analogous catalyst (92% of conversion and 72% of
selectivity in the same reaction conditions). For example, the heterogeneous catalyst was
recycled seven times, without loss of activity, for the etherification of 1-phenylethanol. Other
two alcohols were also tested: benzyl alcohol and diphenylmethanol. Garcia-Sudrez et al.
[129] have tested for the first time the catalytic activity of a Bio-IL [Chol][Pro] (choline-
proline) in the Michael addition reaction and supported this catalyst on different heat-
treated mesoporous carbon materials by simple physical adsorption in organic media,
reporting also the catalytic activity of the heterogeneous systems. The coupling of cyclo-
hexanone and (-nitrostyrene to produce 2-(2-nitro-1-phenylethyl)cyclohexanone was
selected to evaluate the catalytic activity of the catalysts, under solvent-free and at room
temperature conditions. Excellent conversions and high diasteroselectivities were obtained
for the heterogeneous catalysts based on commercially available mesoporous carbon beads
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heated at 1500°C and 2000°C. These results are similar to those obtained for the homoge-
neous catalyst. The stability of the supported Bio-IL is strongly influenced by the textural
and surface chemical properties of the supports tested.

Recently, the group of Wang [130] described a new method for the hollow-structured
phenylene-bridged periodic mesoporous organosilica (PMO) spheres using hematite (a-Fe,05)
nanoparticles as a hard template. These materials were functionalized with MacMillan
catalyst (H-PhPMO-Mac) by a co-condensation process and a ‘click chemistry” post-modifica-
tion and by grafting. For comparison, analogous materials were prepared in the absence of
hematite. Their catalytic activity was tested in asymmetric Diels-Alder reaction using water
as solvent. The model reaction tested was the Diels-Alder cycloaddition of 1,3-cyclopenta-
diene with trans-cinnamaldehyde. The catalyst H-PhPMO-Mac has shown higher catalytic
activity (98% yield, 81% enantiomeric excess (ee) for endo and 81% ee for exo) in water than its
non-hollow analogous and it can be reused for seven runs without a significant loss of activity.
For the homogeneous catalyst in the same conditions, lower yield of product (80%) and higher
ee for endo (93%) and exo (91%) were obtained. The materials functionalized with the catalyst
by grafting exhibit lower catalytic efficiency. Colloidal graphene oxide was synthesized
through a modified Hummer’s method, avoiding additional hazardous treatments, and its
activity as base catalyst for the condensation of several substituted benzaldehydes with
acetophenone (aldol reaction) and with active methylene compound malononitrile (Knoeve-
nagel reaction) at room temperature and under solvent-free conditions was tested [131]. The
heterogeneous organocatalyst showed high reactivity in 8 h toward Knoevenagel condensa-
tion with 97% of conversion and 99% of product selectivity. It can also be reused for five cycles
without any loss of activity (Scheme 6).

The same group reported for the first time the incorporation of 4-(N,N-dimethylami-
no)pyridine (DMAP) into the network of a nanoporous-conjugated polymer (NCP) prepared
through the Sonogashira-Hagihara coupling reaction of rigid building blocks of DMAP
monomer and a structural linker [132]. A nanoporous structure, mainly with mesoporous, with
highly concentrated and homogeneously distributed DMAP catalytic sites was obtained and
its activity in the acylation of alcohols studied. This catalyst has shown excellent catalytic
performance for the conversion of several aliphatic alcohols and phenols into the correspond-
ing ester products, at room temperature and with dry dichloromethane as solvent (if neces-
sary), with yields higher than 90%. This heterogeneous catalyst can be reused for 14 cycles
without significant loss of activity and run for 536 h under continuous-flow conditions, which
shows its potential as robust heterogeneous catalyst for industrial use [132]. Guan et al.
prepared bi-functionalized SBA-15 and AI-SBA-15 mesoporous materials with different
matches of acid and base by immobilisation of different organic amines, 3-aminopropyltrie-
thoxysilane and 3-(triethoxysilyl)propylcarbamoyl)pyrrolidine, through a post-synthesis
method. The materials were tested in a Knoevenagel reaction, tandem deacetalisation-
Knoevenagel reaction, one-pot deacetalisation-Henry reaction, aldol reaction and nitroaldol
reaction. In these systems, there is a synergic effect between the acid and base which fav-
oured different reactions. For example, weak acid matching weak base favoured the
Knoevenagel reaction and nitroaldol reaction, while moderately strong acid matching weak
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base showed good results for one-pot deacetalisation-Knoevenagel reaction, one-pot deace-
talisation-Henry reaction and aldol reaction [133]. A bi-functional catalyst was prepared by
covalent immobilisation of trans-4-hydroxy-L-proline on graphene oxide via a succinate
spacer and its catalytic performance tested for the solvent-free ketene forming reaction of
benzaldehyde and acetone [134]. The results demonstrated that it behaves as an efficient,
recoverable and recyclable catalyst (for five cycles). The effect of different solvents on its
performance was also studied.

A new approach to obtain chiral metal organic frameworks as heterogeneous asymmetric
photocatalysts through the cooperative combination of stereoselective organocatalyst L-or D-
pyrrolidin-2-ylimidazole (PYI) and a triphenylamine photoredox group into a single frame-
work was developed by Duan, He and co-authors [135]. Two enantiomeric MOFs of Zn were
prepared and applied to prompt the light-driven a-alkylation of aliphatic aldehydes with high
catalytic efficiency and enantioselectivity. For comparison, lanthanide-based MOFsHo-TCA
(H3TCA =4, 4',4" - tricarboxyltrihexylamine and MOF-150, assembled from 4,4’,4" -nitrilotri-
benzoic acid, were studied and the results suggested that both photosensitizer triphenyla-
mine and the chiral organocatalyst were necessary for the light-driven reaction. However, the
corresponding MOF obtained by mixing the chiral moiety has shown lower enantioselectivi-
ty. Two chiral porous MOFs functionalized with carboxylic acid groups were reported for the
first time by Liu et al. [136]. One of them was able to encapsulate S)-2-(dimethylaminometh-
yl) pyrrolidine by combining the carboxylic acids and chiral amines in situ through acid-base
interactions. This organocatalyst revealed to be an efficient and recyclable heterogeneous
catalyst for the asymmetric direct aldol reactions of both acetone and cyclohexanone with nitro-
substituted aromatic aldehydes, in a ketone/water mixture at room temperature. The results
indicated a significant enhancement of stereoselectivity by comparison with its homogene-
ous organocatalyst. The yield/ee values for the three consecutive runs were 73/74, 72/73 and
70/73%, respectively. Krishnan et al. [137] described for the first time the use of polystyrene-
supported poly(amidoamine) (PAMAM) dendrimers of first, second and third generations as
highly efficient and heterogeneous basic organocatalyst in Knoevenagel condensations of
carbonyl compounds with active methylene compounds. The third generation catalyst gave
the better results. The reactions of several carbonyl compounds proceeds very well in ethanol
for short periods of times, at 30°C or 50°C, with product yield in the range of 95-100%. The
catalyst can be recycled up to 10 times with only a decrease in the product yield from 100 to
97% and an increase of time reaction from 15 to 20 min for the reaction of benzaldehyde with
malonitrile at 30°C. This catalyst is also environmentally friendly, once the use of aromatic and
halogenated solvents and complicated purification processes is avoided.

6. Organocatalytic reactions using sustainable synthetic protocols

Over the past two decades, many efforts have been made both in industry and academia to
develop synthetic organic protocols using more efficient methodologies with the aim to protect
the environment and prevent waste. With that goal in mind, sustainable mechanochemical
processes such as high-speed ball [138-140] microwave (MW) [138, 141, 142] or ultrasound
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[143] are being increasingly used in the synthetic organic chemistry [144]. Employing this
unconventional energy inputs, it is conceivable to offer innovative and highly appropriate
alternatives to traditional synthetic processes [145, 146]. The use of microwave or ultrasound
in organocatalytic processes have been previously reviewed by others [147, 148].

MW irradiation offers several advantages over conventional heating, such as instantaneous
and rapid heating (deep-inside heating), high temperature homogeneity and selective
heating [138, 142, 148, 149]. The observed enhancement of the reaction rate is in part associat-
ed with the rapid heating caused by MW irradiation relative to the same reaction using
conventional heating. Beyond the controversial debate around the existence or not of non-
thermal microwave effects, we must have to accept that MW chemistry is an effective, safe,
rapid and highly reproducible way to perform chemical reactions that recently were translat-
ed to continuous flow processes [149, 150]. Also, the possibility to performing the MW and
ultrasound reactions in the absence of a solvent is a major advantage [151]. An example is the
Michael addiction of diethyl malonate to several enones catalysed by (S)-proline (15 mol%)
under solvent-free conditions. The Michael adducts were obtained in short reaction times with
good yields and moderate to excellent enantioselectivities (40-99% ee) [152]. In another
procedure, pyranones were prepared under microwave irradiation and solvent-free condi-
tions in ball-milling through a oxa-Diels-Alder reaction between o, 3-unsaturated ketones and
aldehydes. Enantioselectivities up to e.r. 63:37 were observed with chiral pyrrolidine-based
organocatalysts [153]. Also under solvent-free conditions, Qaroush and collaborators report-
ed a microwave-assisted preparation of [6]-oligourea based on an isocyanate-free method
utilising propylene carbonate as a green carbonylating agent and 1,6-hexamethylene dia-
mine under catalysis of 1,5,7-triazabicyclo[4,4,0]dec-5-ene (TBD). Whereas dynamic mode
microwave-assisted synthesis gave 79% yields of [6]-oligourea, almost quantitative yields were
obtained using the fixed mode, within 20 min, at 10 W and with the same catalyst loading [154].
The imidazole ring is a very important motif since this ring is the key constituent of a range of
bioactive compounds [155]. Multicomponent approaches between aromatic aldehydes and
heteroaryl nitriles under solvent-free and microwave-irradiation conditions led to highly
substituted 2-(2'-aza-aryl)imidazoles. Anti-1,2-diarylethylbenzamides could also be obtained
in an efficient six-component approach between aldehydes and ammonium acetate [156]. The
syntheses were finished within short periods (15-34 min) with good to excellent chemical
yields and stereoselectivity. An interesting mechanistic approach was proposed by the authors
for these two reaction processes [156] (Scheme 7).

Recently, the same authors describe an efficient three-component domino [3+1+1] heterocyc-
lisation to 2-(2'-aza-aryl)imidazoles promoted by K,CO; under microwave irradiation
conditions [157]. This one-pot operation makes use of mild conditions and short reaction times
of 20-32 min and excellent atom economy. An interesting mechanism involving a umpolung
process has been proposed for the formation of the 2-(2’aza-aryl)imidazoles [157]. Catalytic
amounts (10 mol%) of bis-arylureas and bis-thioureas promote the Friedel-Crafts alkylation
between nitroolefins and aromatic and heteroaromatic N-containing derivatives [158]. Best
results are noticed on running the reactions in the absence of solvent. When applied to indoles,
this protocol provides the corresponding Michael adducts in good to excellent yields and with
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high selectivity. L-Proline is actually one of the most studied catalysts in organic catalytic
transformations [159], in particular involving Michael additions [160], and as expected quite
applied also in transformations using unconventional energy inputs. The L-proline catalysed
Michael addition of aldehydes and ketones to trans-nitrostyrene using microwave irradia-
tion was investigated by Russo et al. [161]. High yields, short reaction times and comparable
diastereo- and enantioselectivity were obtained under simple and more environmentally
benign conditions such as the use of ethanol as solvent and only a slight excess of the carbonyl
compound. Omara et al. [162] using microwave-assisted technique and L-proline catalysed the
Michael addition reaction of aldehyde to a-styrene using the ionic liquid 1-butyl-3-methyli-
midazolium bis(trifluoromethylsulfonyl)inide ([bmim]NT{,) as reaction medium. The Michael
product was obtained in excellent yield (96.5%) and 36.9% ee with 10 mol% catalyst loading,
5.0 min reaction time and 2.0 substrate equivalent ratio. Other amines where some natural
alkaloids are included are also used as catalyst in organic Michael additions. A quadruple
cascade Michael/Henry condensation/Michael/aldol condensation reaction allows an effi-
cient asymmetric synthesis of tri-substituted cyclohexene carbaldehydes employing acetalde-
hyde and nitroalkenes as substrates. Moderate to good yields (25-45%) and high
enantioselectivities (ee = 89-99%) were obtained [163]. Enders et al. performed the reaction
between acetaldehyde and nitrostyrene in dioxane at room temperature using (S)-diphenyl-
prolinol TMS-ether (20 mol%) as a catalyst. This procedure has the disadvantage of needing
14 days to complete affording the aldehyde with a moderate yield, high enantioselectivity and
a good diastereomeric ratio. In an attempt to try to improve the results, the authors ob-
served that the presence of water accelerates the reaction substantially and also tested the
reaction under microwave irradiation [164]. L-Proline and proline analogues were used as
catalyst for the a-amination of di-substituted aldehydes with azodicarboxylates under
microwave conditions. It could be observed that enantioselectivity and yield could be
significantly increased by the use of microwave irradiation. Although the catalyst loading is
slightly high, this is an interesting protocol that allows the a-amination of branched alde-
hydes. An extensive study was performed by the authors changing several parameters as the
temperature, solvent and reaction time [165]. Chiral squaramides have proven to be very
effective hydrogen-bonding organocatalysts with application in several asymmetric transfor-
mations [166]. Sanchez-Rosell6 and co-workers applied chiral squaramides in intra-molecu-
lar aza-Michael reactions under microwave irradiation with conjugated N-acyl pyrazoles as
ester-type Michael acceptors. This protocol was especially efficient in the formation of
piperidine derivatives and the authors evaluate the synthesis of different 6-memberering
heterocycles [167].

Chiral tetrahydroisoquinoline-based guanidines were prepared by Naicker and collabora-
tors [168] using a microwave-assisted synthesis. The prepared catalyst was applied as chiral
catalysts to promote the asymmetric 1,4-addition of -keto esters or malonates to nitroole-
fins in up to 97% ee. a-Spirolactones and a-spirolactams can be obtained in an overall
transformation involving an olefin cross-metathesis followed by an intra-molecular organo-
catalytic Michael-induced spirocyclisation under microwave irradiation. The Hoveyda-
Grubbs catalyst can be used on the metathesis reaction and also as a spirocyclisation N-
heterocyclic carbene catalyst [169]. Thiazolium derive N-heterocyclic carbene (NHC)-catalysed
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Stetter reaction of acetyl anions to various a, B-unsaturated acceptors under microwave
irradiation. This procedure involving microwave heating significantly increased the chemi-
cal efficiency by the substantial reduction of reaction time [169].

The aldol reaction is one of the most important carbon-carbon bond formation reactions widely
employed in synthetic organic chemistry. Proline has also an important role as organocata-
lyst on this reaction. Liao and co-workers [170] developed a microwave-based procedure to
promoted direct aldol condensation using polystyrene-supported amine catalyst. Micro-
wave greatly shorten the reaction times to only 20 min and improved the yield significantly.
This procedure has the advantage of recovering the catalyst by simple filtration and can be
reused for at least four times without significant loss of reactivity. The synthesis of heterocy-
cles can be achieved under mild conditions using microwave irradiation. Gangwar et al. [171]
using oxalic acid as catalyst reported the preparation of 3,4-dihydropyrimidin-2(1H)-one
derivatives by Biginelli reaction between aromatic aldehydes, ethylacetoacetate or methyla-
cetoacetate and urea under microwave irradiation for 2-5 min. The oxalic acid was used in
very low quantity (2 mol%). The antioxidant properties were evaluated and the compounds
having ~-OH group on benzene ring were found to have higher activity. A new, efficient and
convenient approach to the synthesis of new extended angular fused aza-heterocycles
including dibenzacridine and naphth([2,3-a:2',3'j] acridine units with good luminescent
properties is described [172]. The multicomponent reactions (MCRs) were conducted by
reacting readily available and inexpensive starting materials using thiosalicylic acid as a
catalyst under microwave irradiation. A total of 14 examples were examined, and a broad
substrate scope and high overall yields (72-89%) were revealed. 1,2,3-Triazoles are an
interesting class of heterocyclic unit widely used in the discovery and modulation of drug
candidates. The copper-free cycloaddition reaction of azidophenyl arylselenides with {3-keto-
esters under catalysis of diethylamine and microwave irradiation allowed the synthesis of
high-functionalized-1,2,3-triazole in good to excellent yield. With microwave irradiation it was
possible to reduce the reaction time from hours to few minutes [173]. The proposed mecha-
nism involves [3 +2] cycloaddition reaction between the azide group and the enamine followed
by elimination of the diethylamine catalyst. A very interesting MW-assisted formation of
polysubstituted salicylaldehydes from propargyl vinyl ethers using imidazole as catalyst was
developed by Tejedor et al. [174]. A diverse array of salicylaldehydes from simple aromatic
monocyclic to complex fused polycyclic systems was obtained in moderate to high yields (38—
72%). Using this procedure, it was possible to achieve the benzophenone-derived natural
product morintrifolin B in a five-step synthesis. The authors proved that the reaction is scalable
and instrumentally simple to perform, highly regioselective and takes place under symme-
try-breaking conditions. Symmetrically substituted propargyl vinyl ethers afforded asymmet-
rically substituted salicylaldehydes. Some protocols are being developed for the microwave-
assisted catalytic Wittig reaction. Recently, Hoffmann, Werner and Deshmukh [175-177]
address this subject and a very extensive study was carried out to find the scope and limita-
tions of this reaction. Among the several catalysts tested, epoxides proved to be suitable
masked bases for this reaction. Phosphine oxides BusP = O proved to be the most promising
catalyst that can be reduced in situ with silanes to generate Bu,P as the actual catalyst. Good
isolated yields and excellent E/Z selectivities were achieved. In respect to the halide compo-
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nent, 2-bromoacetonitrile proved to be particularly suitable, giving the desired product in
yields of up to 88%. Using chiral bis-phosphines enantiomerically enriched alkene with a er
of 81:19 were obtained (Scheme 8).

In another approach, McNulty and collaborators [178] have shown that it is possible to achieve
high (E)-olefin selectivity employing phosphonium salts in water as the solvent and with weak
bases, including secondary amine catalysis under MW irradiation. Extension of this proce-
dure for the preparation of stilbenes under physiological conditions is also described. A very
simple work up of the reaction involves filtration or aqueous organic partition which allows
easy separation of water-soluble phosphine oxides. Taking advantage of the higher tempera-
ture achieved via either microwave (vessels heated to 190°C over 5 min) or conventional
heating (5—40 min at 190°C), the decarboxylation of L-histidine and other L-amino acids were
achieved with R-carvone as catalyst [179]. The use of carvone can be of advantage as any
unrecovered R-carvone catalysts can hydrolyse at high-temperature to carvacrol. Ultra-
sound is considered an environmentally clean technology, which is based on the application
of sound energy. With this technology it is possible to speed dissolution by breaking inter-
molecular interaction and provide the energy for certain chemical reactions to proceed. This
can lead to an increased yield and selectivity of the products avoiding adverse reactions
conditions that use long reaction times and high temperatures [180]. Mangilal et al. reported
[169, 181] the regioselective ring opening of trans spiro-epoxyoxindoles with aniline deriva-
tives, from the less hindered end, to obtain B-hydroxy-f-amino esters, in water under
sonication. From the several organocatalysts used, quinine combined with urea-hydrogen
peroxide (UHP) was proved to be the best for the diastereoselective epoxidation of (E)-3-
ylidene-indolin-2-one derivatives to afford trans spiro-epoxyindoles. Azizi et al. [182] made
use of ultrasound in water or polyethylene glycol to assist the rapid and sustainable catalyst-
free synthesis of thiourea from the condensation between aliphatic aines and carbon disul-
phide. The traditional mechanical shaking method required prolonged reaction times, whereas
sonicated reactions were completed within 5 min of ultrasonicirradiation. Unsymmetrical and
symmetrical thiourea can be achieved with a very simple work up involving simply filtra-
tion of the precipitated thiourea or extraction with ethyl acetate for the liquid products. The
reaction products were obtained in high purity and moderate to high yields (50-80%) with
PEG offering a slightly higher yields and did not require further purification. This proce-
dure has the advantaged over the traditional ones which resort to the use of the more
dangerous thiophosgene and isothiocyanates.

Warfarin is one of the most effective anticoagulants used as a racemate. However, the (S)-
form proved to be more active to its mirror image [183]. Warfarin can be achieved by the
asymmetric Michael addition catalysed by organic primary amines and under ultrasound.
The conjugate addition of the enolate from the 4-hydroycoumarin to an a,(3-unsaturated ke-
tone, with catalysis of (S,5)-diphenylethylenediamine afforded warfarin in 98% yield. A ser-
ies of warfarin analogues were achieved in good to excellent yields (73-98%) and with good
enantioselectivities (up to 76%) [184].
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Edited by Iyad Kavame and Hassan Srour

Organocatalysis has recently attracted enormous attention as green and sustainable
catalysis. It was realized as a fundamental field providing wide families of catalysts
for important organic transformations. It will certainly develop in the future. Given
the diversity of accessible transformations, metal-catalyzed reactions have become
major tools in organic synthesis that will undoubtedly continue to have an important
impact in the future. Alternatively, over the last years, a metal-free approach such as
organocatalysis has reached a level of faithfulness, allowing researchers to discover
new catalytic systems based on engagement of new or early-prepared organic
molecules as organocatalysts. Organocatalysis meets green chemistry principles,
especially the reduction of toxicity and chemical accidents, the biodegradability, and
the use of benign and friendlier reaction media and conditions.
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