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Abstract: One central challenge for XXI century chemists is the development of sustainable processes
that do not represent a risk either to humanity or to the environment. In this regard, the search
for more efficient and clean alternatives to achieve the chemical activation of molecules involved
in chemical transformations has played a prominent role in recent years. The use of microwave or
UV-Vis light irradiation, and mechanochemical activation is already widespread in many laboratories.
Nevertheless, an additional condition to achieve “green” processes comes from the point of view
of so-called atom economy. The removal of solvents from chemical reactions generally leads to
cleaner, more efficient and more economical processes. This review presents several illustrative
applications of the use of sustainable protocols in the synthesis of organic compounds under
solvent-free reaction conditions.

Keywords: solvent-free; mechanochemistry; biocatalysis; microwave activation; photocatalysis;
green chemistry; sustainable synthesis

1. Introduction

Classic chemical activation strategies are often associated with highly energy-demanding processes,
as well as with the use of solvents that often times are not friendly with the environment and are
commonly associated with costly and time-consuming procedures for the preparation and isolation of
the desired product.

In recent decades, the search for more environmentally friendly processes constitutes one central
theme of research and development in both academic and industrial chemistry. In the 1990s, Anastas
and Warner coined the concept of “Green Chemistry” in terms of the design of products and processes
that imply the reduction or elimination of substances that are harmful to life or the environment.
This philosophy is based on the 12 principles advanced by Anastas and Warner [1].

Following the postulation of the twelve Green Chemistry principles, a significant number of
chemists in both academic and industrial settings have focused their efforts on the development of
processes that meet those criteria.

Conceptually, one obvious approach to achieve more sustainable processes is by avoiding the
use of solvents, since this strategy minimizes the use of chemical auxiliaries while simultaneously
decreasing the generation of waste [2]. Indeed, already in 2005, Sheldon argued that “the best solvent
is no solvent” [3]. Occasionally, this strategy takes advantage of the fact that some of the reactants
are actually liquids at ambient temperature, which helps to achieve a homogeneous reaction mixture.
Occasionally, a slight excess of one liquid reagent may be used and the process can still be considered
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solvent-free. In this context, the use of liquid adjuvants or activators acting as reaction medium can be
particularly convenient—salient examples are ionic liquids and deep eutectic solvents.

Another aspect that is essential for the eventual fulfillment of the principles of Green Chemistry
refers to the chemical activation associated to the reaction of interest. According to conventional
methodologies, chemical reactions involving high activation energy require heating for long periods of
time that result in high inherent cost and the concomitant risk of decomposition of reagents and/or
products. In the last two or three decades, organocatalysis, mechanochemical activation, microwave
irradiation, and photocatalysis are among the most effective alternatives for efficient activation under
sustainable conditions.

As a topic of great current relevance, Green Chemistry has recently generated a significant number
of review articles and monographs describing successful approaches to achieve the activation of
chemical transformations in sustainable processes [4-15]. The present review focuses on the discussion
of several recent applications of non-conventional chemical activation strategies in organic synthesis in
the absence of solvents.

2. Mechanochemistry

Mechanochemistry is defined as the use of mechanical energy to conduct chemical transformations.
The simplest equipment employed to carry out a mechanochemical reaction is the mortar with its
pestle, a methodology that can be dated back to the Stone Age. Nevertheless, the first documented
mechanochemical reaction is attributed to Theophrastus of Eresus, who was a student of Aristotle.
He observed that during the milling process of some cinnabar fragments (HgS) using a copper mortar,
drops of a liquid metal (mercury) were produced [16].

Currently, there exists various grinding equipment that are already automated for their convenient
and reliable use in laboratory (small scale) or industrial (large scale) processes. The most widely used
are high speed ball mills (HSBMs), planetary mills and screw mills (Figure 1).
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Figure 1. Common grinding and milling apparatus. (a) Mortar and pestle. (b) Automatic mortar (Retsch).
(c) Vertical vibrational mini-mill (Fritsch). (d) Vibratory micro-mill (Fritsch). (e) Vibrational ball-milling
(Retsch). (f) Vibrational ball-milling with temperature control (Retsch, Cryomill). (g) Planetary ball-milling
(Retsch). (h) Multi-sample milling (Automaxion). (i) Twin-screw used for continuous mechanochemical
processes. Reproduced with permission of the American Chemical Society from [17].

The stress generated by the friction and the knocking of the spheres in the mill reactor give rise to
high-temperature microsites in the reaction mixture, promoting the breaking of bonds in the substrate
and the formation of new bonds to afford the corresponding products [18].

Among the advantages offered by mechanochemistry, most important is the complete elimination
of solvent, or alternatively the use of very small quantities of it as a grinding assistant (i.e., liquid
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assisted grinding, LAG) [19]. From the above, it is evident that mechanochemistry offers a sustainable
alternative for the design of clean and efficient processes in the absence of bulk solvent [20-30].

2.1. Catalyzed Reactions under Solvent-Free Ball-Milling Conditions

In the year 2000, the essentially simultaneous publication of the articles by List, Lerner and
Barbas [31], on the one hand, and MacMillan and coworkers [32], on the other hand, gave rise to the
development of a new area of rather fruitful research in organic chemistry: organocatalysis [33-35].
Particularly attractive in this novel field is the demonstration that small organic molecules can
catalyze the same chemical reactions that otherwise require large organic biomolecules (enzymes),
usually through similar mechanistic pathways. On the other hand, MacMillan’s work conceptualized
organocatalysis in an important way by showing its economic, environmental and scientific benefits,
while simultaneously describing general activation strategies that could then be applied to a wide
range of reactions.

Presently, organocatalysis continues to be a rapidly developing research area, as shown by the
large number of publications that have appeared since 2000 [36]. Some recent examples are highlighted
in references [37-56].

In a particularly interesting development, the combination of mechanochemical activation and
organocatalysis has provided a powerful synergistic tool in organic synthesis since it affords unusually
efficient processes presenting high yields and remarkable chemo-, regio- and stereoselectivities. Below,
some illustrative examples are highlighted.

One of the most thoroughly studied organocatalytic reactions is the aldol reaction, since it
constitutes one of the most useful strategies for the formation of C-C bonds. In a seminal work reported
in 2006, Bolm et al. carried out asymmetric aldol reactions by means of chiral organocatalysts in a ball
mill with excellent results [57,58]. Indeed, these experiments demonstrated the advantages of the use
of mechanochemistry in enantioselective organocatalyzed aldol reactions, since not only the solvent
was removed but the results clearly showed that reaction times were considerably shorter, relative to
those in solution (Scheme 1).

{\P~co

N 1
(10% mol) Q OH 55h
Yield: 99%
HSBM H dr 89:11
Solvent-free NO, ee: 94%
o H O
NO- <:>1~002H
H
(10% mol) o oH 96 h
- Yield: 98%
stirring H dr 87:13
Solvent-free ee: 94%

NO,

Scheme 1. Asymmetric aldol reaction organocatalyzed by (S)-proline, 1. Comparison between
conventional stirring in solution and high-speed ball-milling (HSBM) conditions. dr, diastereomeric
ratio; ee, enantiomeric excess.

Soon thereafter, Herndndez and Juaristi found that even higher enantioselectivities were obtained
when the reaction depicted in Scheme 1 was catalyzed with dipeptides derived from (S)-proline in a
HSBM (Figure 2). [59,60]. This observation can be attributed to the fact that dipeptides can be better
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incorporated into the reaction mixture because they are less polar compounds. Thus, dipeptide 2
showed a catalytic activity superior to that exhibited by proline 1 requiring only 7% catalyst charge [59].
In subsequent studies [60], dipeptides 3 and 4 were compared with 2, showing that 4 was a better
catalyst. Furthermore, the addition of 1.1 equivalents of water increased the catalytic activity of this
dipeptide 4 allowing us to reduce the required amount of it down to 3%. These results were explained
in terms of a 7-7r stacking between the aromatic groups present in the catalyst and the aldehyde as
illustrated in Figure 3 [60].

The exchange of the carbonyl oxygen atom in dipeptides 2, 3 and 4 for one sulfur in the thiocarbonyl
present in peptides 5, 6 and 7, respectively, led to an improvement in the catalytic activity of the
thiopeptide analogs. This difference in efficiency is explained in terms of the increased acidity of the
N-H hydrogen atom in the thioamide segment, which facilitates the formation of a stronger hydrogen
bond and therefore a more robust transition state for the reaction (Figure 3) [61].

0 0 NH
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NH o NH o} N
2 3 NH

H o

4
Yield of de aldol product: 94% Yield of de aldol product: 80% Yield of de aldol product: 90%
dr: 88:12 ee: 85% dr: 89:11 ee: 80% dr: 93:7 ee: 88%

s ) NH
)
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NH 0 NH o) N
5 6 NH

H O

7
Yield of de aldol product: 81% Yield of de aldol product: 68% Yield of de aldol product: 75%
dr: >93:7 ee: 96% dr: 90:10 ee: 91% dr: 96:4 ee: 92%

Figure 2. (S)-Proline-containing dipeptides 2-7 used as organocatalysts for the asymmetric aldol
reaction carried out under solvent-free HSBM conditions.

As can be observed in Figure 2, the best dipeptidic organocatalysts turn out to be 4 and 5, whose
catalytic activity and efficiency could be improved upon the addition of one equivalent of water to
the reaction mixture, together with a catalytic amount of benzoic acid. Apparently, these additives
induce the formation of a hydrophobic cavity during the transition state that is further stabilized by
-1t stacking between the indole fragment of tryptophan and the aldehyde (Figure 3) [60,62].

¥ hydrophobic effect
¥" activation of amide NH

Figure 3. Proposed transition state for the asymmetric aldol reaction between cyclohexanone and
p-nitro benzaldehyde catalyzed by dipeptide 4.
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Subsequent studies showed, upon comparison with the catalytic efficiency of (S)-proline 1 itself,
that the chiral site of the second amino acid fragment in dipeptide catalysts does not play a determining
role in the stereoselectivity of the reaction. It is, therefore, the proline segment that is responsible for
the stereochemistry and selectivity of the aldol product. Nevertheless, the second amino acid residue
does improve the catalytic performance of the dipeptide when an aromatic group is present in the
side chain as in compounds 1-6; as was previously argued, this is probably a consequence of a 7-7t
interaction with the aromatic ring of the aldehyde [63].
the coupling reaction of isatines, benzamides, imides and phthalimides to isocyanates [64]. This reaction
leads to a variety of amide derivatives which are useful in the synthesis of peptides, polymers and
pharmacological compounds [65]. In general, when these types of reactions are performed under
conventional conditions, they require long reaction times, high temperatures and expensive transition
metal catalysts. In Fri$¢i¢’s work, different copper salts and metallic copper were tested as potential
catalysts, revealing that CuCl afforded the best reaction yields. These coupling reactions were carried
out in a ball mill at room temperature and under solvent-free conditions (Scheme 2). The use of small
quantities of solvent turns out to be crucial for the reaction to take place, since the mixture of the
starting materials and CuCl alone does not give any product. The use of nitromethane as a LAG
liquid allowed the high-yield preparation of the expected products. This study highlights the power
of mechanochemistry as a chemical activation strategy since, when trying the same reactions under
conventional conditions, temperatures above 100 °C were required to obtain the desired products in
poor yields [64].

O
6] CuCl 10 % mol @E‘;O
HSBM N
* (0] (0]
@ﬁr\]g: 30 Hz, 2h 95% HN)Z
H neat or LAG <\:>
0 CuClI 20 % mol o o
HSBM
* NH; HJ\”/Q
30 Hz, 4h

OCN\O LAG (MeNO,) 41%

CuCl 20 % mol o
HSBM ol o

-
{
4
@

30 Hz, 4h
LAG (MeNO,) 92%
0 CuCl 20 % mol 0 O
HSBM HN
+ NH N—
30 Hz, 4h o
o LAG (MeNO,) 599 ©

Scheme 2. Catalytic nitrogen-carbon coupling reaction using mechanochemistry [64].

In this context, peptide synthesis is presently one of the most salient areas in organic synthesis
because of its central relevance in chemistry and biochemistry. Peptides have interesting properties,
not just as catalysts for many metabolic reactions but also as pharmacological and biological agents.
It is therefore not surprising that a significant number of synthetic chemists are working actively to
develop “greener” methodologies for the synthesis of both natural and unnatural peptides [65-73].
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In a pioneering study, Cavani et al. determined the structure and catalytic activity of hydrotalcite
Mg-Al minerals with the general formula [Mg?"1_,AI**<(OH),**(CO3™ yn)-mH,0 [74]. Among
the useful properties of hydrotalcite materials, one can mention their basic character; furthermore,
following heat treatment (420-470 °C) they form mixed oxides which are homogeneous. On the other
hand, when rehydrated by water vapor, their original layered structure is restored.

Taking advantage of the properties exhibited by hydrotalcites, in 2016 Landeros and Juaristi
reported a convenient strategy for peptide synthesis in the absence of solvent using mechanochemical
activation and hydrotalcite as a catalyst [75]. Hydrotalcite (HT-S), its calcined derivative (HT-C), and a
reconstructed variant (HT-R) were analyzed as basic catalysts in amino acid coupling reaction to
provide a variety of peptides under solvent-free conditions. Preliminary results suggested that the best
basic catalyst is Mg-Al hydrotalcite (HT-S) (Table 1, Essay 1).

Table 1. Effect of the catalyst (base) in the coupling reaction of amino acids activated by HSBM [75].

HOBt (1.1 equiv.)
0 Cat.

o}
H EDC HCI (1.1 equiv) H
BOC/N\)J\OH HZNJ\’(O\ HSBM 25 Hz BOC/N\:)LH O
Y (o)

Y HCI O

Essay Catalyst (Base) [mg] Yield [%]

+
75 min

1 HT-S 250 89
2 HT-C 250 55
3 HT-R 250 89
4 NaHCO; 250 76
5 Cs,CO;4 250 67
6 K,CO; 250 15

Once the best reaction conditions had been established, several «- and (3-amino acids were
employed as substrates and the dipeptides of interest were obtained in good yields as shown in
Table 2 [75]. It is important to mention that the catalyst can be recovered and reused with minor loss of
its catalytic activity.

Table 2. Scope of the coupling reaction of amino acids catalyzed by Mg-Al hydrotalcite [75].
HOBt (1.1 equiv.)

Ho Q Rz Ep Hol (1.1 equiv) H § R
Boc/N\:)J\OH + HzN)\ﬂ/o\ HSBM 25 Hz Boc/N\:)J\N)\”/O\
Ry HCl O 75 min R\ 7 0O
A B
Essay Amino Acid  Amino Acid Dipeptide Yield
A B Product (%)
1 Boc-Leu Ala Boc-Leu-Ala 89
2 Boc-3-ala Phe Boc-3-Ala-Phe 89
3 Boc-pB-ala Val Boc-f3-Ala-Val 85
4 Boc-f3-ala Ala Boc--Ala-Ala 79
5 Boc-3-ala Leu Boc-3-Ala-Leu 89
6 Boc-f3-ala Ile Boc-3-Ala-Ile 82
7 Boc-f3-ala Gly Boc-3-Ala-Gly 78
8 Boc-3-ala His Boc-p3-Ala-His 70
9 Boc-f3-ala B-Ala Boc-B-Ala-B-Ala 73
10 Cbz-Phe Phe Cbz-Phe-Phe 83
11 Cbz-Phe Ala Cbz-Phe-Ala 85
12 Fmoc-Val Phe Fmoc-Val-Phe 83
13 Fmoc-Val Ala Fmoc-Val-Ala 88
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In a particularly useful application of mechanochemistry, Mack et al. recently reported a
methodology for the synthesis of polyaromatic compounds [76]. These compounds are of interest
in synthetic chemistry owing to their application in nanotechnology; nevertheless, their preparation
represents a technical and ecological challenge since polyaromatic derivatives are practically insoluble
in most solvents. Mechanochemistry offers then the advantage that substrates can be used under
solvent-free reaction conditions. Indeed, several of the steps in the synthesis advanced by Mack and
coworkers were carried out in a ball mill (HSBM) under solvent-free conditions, making this strategy
an environmentally friendly alternative (Scheme 3).

Ph3PTCOOEt
CHO COOE COOEt ' oH
LiCl
NaBH, OH
CHO HSBM COOEt HSBM
84% 73%

IBX
HSBM

’g COOEt CHO
-
o ==

-
COOEt CHO
n repeat steps

1-3 81%
n times

Scheme 3. Synthesis of polyaromatic compounds under solvent-free HSBM [76].

In this context, compounds of the furaxane type are of interest in organic chemistry because
they are synthetic intermediates of molecules with pharmacological activity or with applications
in the field of agronomy. In 2019, Guo’s group reported the synthesis of diacyl furoxanes under
solvent-free reaction conditions using a high-speed ball mill (Scheme 4) [77]. This methodology uses
Fe(NO3)3-9H,0 as a nitrating agent and phosphorous pentoxide as an oxidant. The authors tested
different nitrate salts but Fe(NOs3)3-9H,0 afforded the highest yields. The scope of these reactions
includes acetophenones which are substituted with either donor or electron withdrawing groups,
and the expected products were obtained in moderate to good yields as shown in Scheme 4.

A multicomponent reaction is one where three or more reagents combine to afford a new product.
This type of reaction is important from the sustainability point of view due to their high atom economy,
as well as the elimination of several reaction steps that would require isolation and purification
protocols. Multicomponent reactions reflect also the state of the art in chemical control since generally
C-C and C-X (X = heteroatom) bonds are formed in one single step. For recent interesting applications
of mechanochemistry in multicomponent reactions see references [78-87].

In 2016, Polindara-Garcia and Juaristi reported a methodology for the Ugi 4-CR and the Passerini
3-CR multicomponent reactions in the absence of solvent using a ball mill. [88]. In the case of the
Ugi 4-CR, the energy provided by the ball mill was sufficient to afford the products of interest.
When comparing the results with those of reactions carried out in solution under normal heating or
even microwave conditions, it is concluded that mechanochemistry is a better synthetic strategy since it
shortened the reaction times and afforded better yields for a variety of substrates as shown in Scheme 5.

Equally good results were obtained with the Passerini 3-CR reaction. It is important to note that
in the Passerini 3-CR reaction, the heat generated within the mill reactor was sufficient to promote the
reaction without the need for additional energy input, and that the reaction times are shorter than
those required under conventional reflux conditions in solution, affording the desired products in
moderate to excellent yields (Scheme 6).

Very recently, Eldahy’s group reported a methodology for the Ugi 4-CR reaction in a twin-screw
grinding system without catalyst and without solvent [89]. The reaction proceeded with good yields at
a temperature of 100 °C (Scheme 7).



Molecules 2020, 25, 3579

8 of 25

Fe(NO3)3- 9H20/P205
X

_ HSBM, 5h

O,N

N%
N\O, o
57%

0 o)
Focl Cl
(T O

N\O, o

60%

NO,

Cl O (0] Cl Br O (0] Br (6] (0] NO,
I\ |\ |\
« U

70%

56%

79% 64%

Scheme 4. Synthesis of diacylfuroxans under solvent-free HSBM [77].

. o InCly o R®
R? R HSBM 25 Hz 2 ‘ 4
+ + + - + R< N R
ne Ni - HoN 0P RS LAG (MeOH) ﬂkﬁ TOT
R

o /// o) /// o /// ) /
>LH Njo(\u >LH Njof\u >‘\” N cl >‘\” Njof\m

O
74% 62% OO 62% 73%
45 min 180 min

45 min 90 min
Cl

O U e s
>‘\ﬁ NT(\C' ﬂ\m Njof\m >LN / >LN

N
N Cl
o H To(\CI H To(\
AN
74% 62% HN 9% 65%
45 min 90 min 1 o 180 min
NO, OMe 80 min

N

PN

Scheme 5. Ugi 4-CR Reaction under solvent-free and HSBM conditions [88].

In 2019, Lambat and Banerjee developed a methodology for the synthesis of 4-oxo-tetrahydroindoles
using a solvent-free, multicomponent one-pot reaction in a high energy ball mill (HEBM) [90]. Sulphamic

acid was used as the catalyst; it was easily isolated and recovered from the reaction mixture and reused
up to five times with the same efficiency (Scheme 8).
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Scheme 6. Passerini 3-CR reaction under solvent-free HSBM conditions [88].
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Scheme 7. Ugi reaction under solvent-free conditions using a twin-screw reactor [89].
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Scheme 8. Synthesis of 4-oxo-tetrahydroindoles with solvent-free HEBM [90].
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2.2. Enzymatic Reactions under Solvent-Free Ball-Milling Conditions

Enzymes are conveniently used as catalysts because they present a large number of advantages
(see below), they operate at room temperature, are highly selective, and promote a wide variety of
reactions [91-95]. Processes involving enzymes are considered green and sustainable because they
comply with at least 10 of the 12 principles of Green Chemistry; that is:

- Waste generation is minimized;

- Atom economy is maximized;

- Formation of toxic products is avoided;

- Functional and safe products are produced;

- The use of auxiliary substances is minimized;

- Energy consumption is reduced;

- Renewable materials are employed;

- The use of derivatives is eliminated or reduced;
- Catalytic reagents are employed;

- Biodegradable products are usually obtained.

Indeed, enzymes are naturally available molecules representing non-toxic reagents,
and biodegradable molecules [96]. Due to their high efficiency and versatility, enzymes (in particular
lipases) have been used both in small-scale settings (e.g., laboratories) and large-scale synthetic
industrial pharmaceutical processes for the preparation of a wide variety of organic compounds.
The necessary synthetic steps that may be assigned to enzymes can involve hydrolytic, enantioselective,
condensation reactions, and even multicomponent reactions [97-100]. These processes can be carried
out on scales of several grams in either batch or continuous flow reactors [101].

Although it may seem counterintuitive, enzymes present significant resistance in unconventional
media such as ionic liquids [102], deep eutectic solvents [103] and ball-milling apparatus
(cf. mechanoenzymatic methodologies) [104]. Below, we will present some examples of the combined
use of enzymes and mechanochemistry in organic synthesis.

The first report disclosing the use of enzymes in mechanochemistry was the one revealed by
Hernandez et al. who described the mechanoenzymatic resolution of secondary alcohols [105].
When carrying out the enantioselective resolution of racemic carbinols with Candida antarctica Lipase
B (CALB) enzyme in a ball mill (HSBM), Herndndez and coworkers obtained excellent results.
For instance, for the separation of 1-phenylethanol a conversion = 47% (out of a theoretical maximum
of 50%), with enantiomeric excess (ee) higher than 99% for the acetate product, and ee = 90% for the
recovered alcohol (Scheme 9a). The wide scope of the method was verified by the good results obtained
for a family of racemic secondary alcohols that could be resolved through this methodology. Not only
that, the process could be carried out on a gram scale in a planetary mill, obtaining practically the same
conversion and selectivity (Scheme 9b). An additional bonus is that the enzyme could be recovered
and reused up to three more cycles with some loss in the degree of conversion but maintaining an
excellent enantioselectivity for the acetylated product. By contrast, when the resolution process was
carried out with the immobilized enzyme lipase PS-IM, the products of interest were obtained with
less efficiency in terms of conversion and enantiomeric excess in the recovered alcohol (Scheme 9c¢).

Soon thereafter, Pérez-Venegas et al. reported a methodology for the enzymatic resolution
of N-benzylated-p3-amino esters using Candida antarctica lipase B in a ball mill (HSBM) [106,107].
The resolution process took place essentially in the absence of solvent with only a half equivalent
of water added to the reaction mixture and 0.2 mL of 2-methyl-2-butanol (2M2B) as the liquid
grinding assistant (LAG). The reaction proceeded at ambient temperature; that is, no additional heating
was required. The yields achieved in this mechanoenzymatic approach were comparable to those
obtained in solution [108] but conveniently with a significant reduction in reaction times. Furthermore,
the process could be scaled up one order of magnitude and the enzyme catalyst could be recovered
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and reused twice, maintaining the enantiomeric excess of the products, although with a decrease in
yield due to partial denaturation of the enzyme and partial destruction of the support (Scheme 10).

a)
o L CALB OAc OH
+ —_—— =
R1J\R2 AcO Me HSBM R1/\R2 R1J\R2
conv. = 5-49%
ee: 35-99% ee: 5-99%
b)
o OAc OH
JL CALB Z
©)\Me " A" “Me Planetary mill ©/\Me ©)\Me
Conv. = 49%
ee: > 99% ee: 98%
c)
™ OAc OH
JL lipase PS-IM =
©)\Me " A" “Me HSBM ©/\Me Me
Conv. = 39%
ee: > 99% ee: 63%

Scheme 9. Mechanoenzymatic resolution of secondary alcohols with CALB. (a) Separation of racemic
1-phenylethanol. (b) Process carried out on a gram scale. (c) Process carried out with the immobilized
enzyme lipase PS-IM [105].

Subsequently, Pérez-Venegas and Juaristi reported the mechanoenzymatic resolution of chiral
amines [109], including the enantioselective synthesis of (R)-Rasagiline (a drug employed for the
treatment of Parkinson’s disease) and its (S) enantiomer. In this case, the resolution process required
dioxane as a grinding adjuvant (Scheme 11a). Following the initial enantioselective acylation reaction
of the (S) enantiomer, the addition of propargyl mesylate to the reaction mixture afforded (S)-Rasagiline
(Scheme 11b). On the other hand, (R)-Rasagiline was prepared by acid hydrolysis of the acylated
product followed by treatment with propargyl mesylate in the ball mill (Scheme 11b). Chiral amines
are important building blocks for the synthesis of molecules with pharmacological activity. According
to this mechanoenzymatic procedure, it was possible to obtain a family of chiral amines with high
enantiomeric purity under solvent-free conditions.

Bn. H,0O Bn. Bn.
HSBM 3
R OMe LAG (ZMZB) R OH R OMe
Bn- Bn. . N
"“NH O "“NH O BlNH O Blsni o
\)\/U\OH \/\)J\OMe \MMOH WJ\OMe
Yield: 51% Yield: 49% Yield: 53% Yield: 43%
ee: 91% ee:97% ee : 84% ee: 98
Bn. Bn.

BlNH © BhNH © "NH O "NH 0
\(\/)3\/U\OH 3 OMe \MMOH f OMe
Yield: 68% Yield: 29% Yield: 74% Yield: 24%
ee: 23% ee: 94 ee: 57% ee: 94

Bn. Bn. Bn. Bn.

"NH O "“NH o "“NH O "“NH O
\Mg\/U\OH 5 OMe Ph OH Ph/\)J\OMe
Yield: 79% Yield: 18% Yield: 92% Yield: 10%

ee: 13% ee: 91 ee: 18% ee: 83

Scheme 10. Enzymatic resolution of N-benzylated-B3-amino esters under solvent-free HSBM
conditions [106].
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a) 0]
MR : o
J\ CALB O RJ\N)K

R” NH, HSBM R”NH,

LAG (Dioxane) H
Yield: 21-48%
ee: 66-99%
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1.AcOEt
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Scheme 11. (a) Mechanoenzymatic resolution of chiral amines and (b) synthesis of both enantiomers
of Rasagiline [109].

As was mentioned above, peptide synthesis continues to be one of the areas of greatest interest
in organic chemistry. This is due to the fact that peptides have many diverse applications, not only
in the synthesis of organic compounds, but most importantly in the food and pharmaceutical
industry [110-112]. In this regard, in recent years mechanochemistry has played an important role in
the green synthesis of these compounds [103-118].

In 2017, Bolm’s group reported the mechanoenzymatic synthesis of dipeptides using the enzyme
Papain in a HSBM reactor [119]. The results obtained from this research proved the versatility of the
mechanoenzymatic method since it allowed the high yield preparation of a variety of dipeptides,
including those containing amino acids with steric impediment, which are generally difficult to couple,
such as valine and isoleucine. It was also possible to prepare «,3-dipeptides containing the 3-alanine
residue (Scheme 12). By contrast, it was observed that the enzyme is not capable of incorporating
p-amino acids. The reproducibility of the process was verified in a planetary mill and in a twin-screw

reactor [120].

R R3 Papain R’ y 0
2 L-Cys, Na,CO5; 10H,0
Z\NJ\H/OR S HzN)\[fNHZ y e Z‘NJ\H/N\:)J\NHZ
Hoo 0 H o R

Yield: Yield:

Z-L-Ala-L-Phe-NH,  99% Z-L-Phe-L-Phe-NH, 95%

Z-L-Ala-L-Trp-NH,  97% Z-L-Leu-L-Phe-NH, 95%

Z-L-Ala-L-Leu-NH,  95% Z-L-Gly-L-Phe-NH,  93%

Z-L-Ala-L-lle-NH, 90% Z-L-Phe-L-Leu-NH, 93%

Z-L-Ala-L-Val-NH,  63% Z-L-Phe-L-lle-NH,  59%

Z-L-Ala-L-Ala-NH,  45% Z-L-Leu-L-Leu-NH, 98%

Z-L-Ala-L-Gly-NH, traces Z-L-Phe-p-Ala-NH,  43%

Z-L-Ala-p-Phe-NH,  48% Z-D-Ala-L-Phe-NH, 33%

Z-L-Ala-D-Phe-NH, 0%
Z-D-Ala-D-Phe-NH, 0%

Scheme 12. Mechanoenzymatic synthesis of dipeptides with Papain [119].
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Furthermore, in 2017, Hernandez et al. reported the Strecker reaction between aldehydes
and ketones with amines catalyzed with lignin under solvent-free conditions and HSBM to obtain
a-aminonitriles [121]. The reaction proceeds well, and the yields are good to excellent with the
minimum presence of the imine obtained as a by-product of the reaction (Scheme 13). The study
compared peanut shell powder, cellulose and lignin as promoters of the Strecker reaction, the latter
showing the best catalytic activity.

R® 3
(0] . HN~ . .
Kraft lignin N minor product
I+ HN-R® + KceN —frabionin + |
less than 20%
R R2 HSBM, 3h R1R20N R1J\R2 (less than o)
NHBn NHBn OMe NHBn NHBn
CN CN CN CN
92% Me 78% 91% F 84%
NHBn NHBn NHBn NHBn
CN CN | X" “CN CN
~
c 88% Br 79% N" 76% 95%
NHPh BnHN_ CN
CN
70% 92%

Scheme 13. Strecker reaction promoted by Kraft lignin under solvent-free HSBM conditions [121].

Very recently, Juaristi and coworkers reported a dual mechanoenzymatic resolution of Ketorolac
with CALB enzyme [122]. This strategy allows for the isolation of both enantiomers of the drug with
high enantiomeric purity, either through enantiomeric esterification of the racemic Ketorolac carboxylic
acid with methanol, or via the enantioselective hydrolysis of its racemic n-propyl ester (Scheme 14).
Both Ketorolac enantiomers are valuable because of their pharmacological activity. (S)-Ketorolac is a
powerful pain reliever, while its enantiomer (R)-Ketorolac is used in the treatment of ovarian cancer.

o)
MeOH
N o CALB Bz N, on , BEN OR
| ) HSBM \ T | /
O o

LAG (MTBE) 0
rac-Ketorolac (S)-Ketorolac (R)-Ketorolac methyl ester
0,
42% conv. ee: 72% ee: >99%
0 H,0 B B
N Onpr CALB N S, onpr , BASN OH
| ) HSBM \ T |
o) LAG (2M2B) o )
rac-Ketorolac 46% conv. (S)-Ketorolac (R)-Ketorolac
n-propyl ester n-propyl ester
ee: 85% ee: >99%

Scheme 14. Dual mechanoenzymatic resolution of Ketorolac under solvent-free HSBM conditions [122].
3. Microwave Activation under Solvent-Free Conditions

Microwave irradiation has been revolutionizing organic chemistry for over a couple of decades.
Just as in home cooking, instant heating and optimization of reaction times are the main attractive



Molecules 2020, 25, 3579 14 of 25

feature of this form of activation [123]. Among the advantages offered by the use of microwaves in
organic synthesis, are better yields and higher purity of the reaction products, energy saving, uniform
heating and good reproducibility [123,124]. Due to the above, the use of microwave activation is now
quite widespread among groups working in the area of organic synthesis, generating a large number
of publications [125-131].

One of the potential problems in the employment of microwave reactors is the occasional explosion
of the reactor flasks or tubes owing to the pressure exerted by the reaction solvent during irradiation.
For this reason, the elimination of solvent has become rather important, which actually leads to
shorter reaction times and better yields [124]. Below there are some illustrative examples of the use of
microwaves in solvent-free reactions.

In 2017, Monga et al. reported the synthesis of coumarins using microwaves in a solvent-free
process [132]. Coumarins are compounds found in a variety of plants and have interesting therapeutic
properties. This procedure uses oxalic acid in catalytic amounts and allows the preparation of a variety
of products that demonstrate the scope of the method (Scheme 15).

In this context, Fernandes’ group published in 2019 a convenient synthesis of Julolidines by means
of a microwave-assisted supported catalysis in the absence of solvent [133]. This strategy involves
a multicomponent reaction as shown in Scheme 16. The supported catalyst is a Calix[4]arene that
showed synergistic catalytic activity when acting together with microwave activation in a metal-free
process. In addition, the easy removal of the catalyst simplifies the isolation of the products (both
diastereomers of the Julolidines of interest) that were obtained in an approximate 1:1 ratio. Julolidines
are a family of compounds of relevance owing to their application as antivirals, antidepressants, as well
as for their useful properties in non-linear optics [134,135].

R! o
. M Oxalic acid ¢ R’ N
OR? MW
OH 5-10 min o X
CH
CHs, CHs OH CH; 3
O2N N N X =
HO 0" o
0”0 HO 0" o
HO o o OH
49% 68% 70% 47%
CH3 CH3 OH CH3

39% 57%

Scheme 15. Solvent-free synthesis of coumarins under microwave irradiation [132].
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Br Br Br
. JOL . {/ \ CX4SOsHSi(n) .
H” “H (0} Solvent- free 0 WO, 0 O
MW, 10 min )
NH, N~ N
92%

Scheme 16. Microwave assisted solvent-free synthesis of Julolidines [133].

An additional application of microwave activation under solvent-free conditions was described
in 2019 by Rao et al., who reported the multicomponent microwave-assisted preparation of Biginelli
derivatives in the absence of solvent [136]. This reaction proceeds in just a few minutes with yields in
the range of 84-94% as shown in Scheme 17.

O Ar
o o o - : R?
MW, 2-4 min R N
r AL pe LN+ AcHo - |
N N R r}l/go
R1
84-94%

Scheme 17. Solvent-free Biginelli reaction using microwave irradiation [136].

In another interesting example, in 2017 Lomonaco et al. reported the synthesis of benzoxazines by
means of an environment-friendly microwave-assisted methodology in the absence of solvent [137].
Benzoxazines are useful intermediates in the manufacture of resins employed in the area ofpolymers
and synthetic materials. This work presents the synthesis of a family of compounds obtained with
short reaction times of 2—-6 min with moderate to good yields as shown in Scheme 18.

OH NH, (o
OMe MW
" | Ng T (CHON . —soventfree N
P X

2-6 min R+

OMe oMe OMe

(0]

o ( © Me (
- o fj

©/ 70% Me 78% 83%

0

OMe OMe OMe
(0] 0] (0]
[ /e [ o
N = N N
: 81% 56% 73%

Scheme 18. Microwave synthesis of benzoxazines under solvent-free conditions [137].

4. Photocatalysis under Solvent-Free Conditions

The use of light as an energy source for chemical activation has boomed in recent years. It is
certainly a rapidly growing research area that has largely been promoted by the availability of efficient
light sources, which are cheap, with precise wavelengths, and quite powerful (e.g., light emitting
diodes, LED) [138]. Photocatalysis with visible light has multiple applications in the synthesis of
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organic compounds via cross coupling reactions, cycloadditions, fluorination, etc. When comparing
these procedures with conventional ones, one finds that photocatalysis frequently promotes reactions
under milder reaction conditions, such as at ambient temperature [139]. Photocatalysis generally
depends on the use of catalytic amounts of metallic complexes (that are toxic and expensive) or on
organic pigments that may not be recyclable [140]. As a consequence, researchers in synthetic organic
chemistry work day by day in the development of processes that are friendly to the environment and
that may be achieved through photo-organocatalytic processes; that is, by the use of small molecules
that interact with light promoting chemical reactions [141]. Photocatalysis is therefore a topic of current
interest and has given rise to many publications [142-144]. However, there are very few reports of the
use of this technique under solvent-free conditions.

In the year 2018, Siddiqui and collaborators described a photocatalyzed methodology for the
synthesis of imidazole pyridines and imidazole thiazoles under solvent-free conditions and without
the need for a catalyst, using only visible light as an activator (Scheme 19) [145].

* R:°> H
o N™
N R3
| v A, NS
R1/CKNH H™ "R? C Solvent-free N\\ R?
2 Catalyst-free R N

NH
7< 3h 97% Q 3h, 98% < 3h, 95% Q 5h, 83%

NF NN NN =
=N NZ >N =N “r N
/ Y/
S WO VW
\ NH NH
Me 3h, 90% 3h, 90%
Q 2.75h, 95% Q 2.5h, 96%
T O o SO
O 2.75h, 93% 2.75h, 93% Q 0o 7< 3h 88%
Za A\ =N =N O | =N
e O U0 O
NH NH NH NH
Q 2.5h, 97% A 25h97% Q 2.25h, 97% Q 2.75h, 91%

Scheme 19. Photocatalytic synthesis of imidazol pyridines and imidazol thiazoles under solvent-free

Q

conditions. The yellow bulb-shaped sign indicates irradiation with visible light [145].

Imidazol pyridines and imidazol thiazoles are of interest as intermediaries in drug synthesis.
The methodology reported by the Siddiqui’s group is a simple and “green” alternative because it does
not require catalysts or solvent. It is important to remember that photochemical reactions often require
metal complexes as catalysts. The reported yields for a variety of substrates range from 83 to 98%,
which demonstrates the usefulness of the method.
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In this context, Lee’s group recently reported the photochemical solvent-free reaction of aldehydes
with thiols in the synthesis of thioacetals. The reaction is catalyzed by Eosyn Y and activated by blue
LED light at ambient temperature with good yields (Scheme 20) [146]. This work was highlighted by
scaling of the process to obtain 49 g of the reaction product between benzaldehyde and dodecanothiol
(Scheme 20b).

O

! Q)
(0] o
L . RSH Eosyn Y (10 mol %) S”RZ Br (0] Br
R v L e L0
R s HO™ Y0 oH
r r
Np, 12 h, rt 52-99% oy
b)
Eosyn Y (19 mol %) SC12H2s
OCHO + CypHpgSH ——————
L SCi2H2s5
10.57 g > 99%
Ny, 12 h, rt 499
10 g scale

Scheme 20. (a) Photocatalytic thioacetalization of aldehydes under solvent-free conditions.
(b) Scaling-up of the process to obtain 49 g of the reaction product. The blue bulb-shaped sign
indicates irradiation with blue LED light [146].

Very recently, Siddiqui reported the photocatalytic synthesis of 1,3-thiazolidin-4-ones in the
absence of a solvent [147]. This is another multicomponent reaction that proceeds under photochemical
activation without the need of a metal catalyst. The scope of this technique afforded excellent results (all
yields exceeding 90%) for a variety of substrates (Scheme 21). The protocol is superior, relative to those
previously reported that required the use of toxic and expensive metal catalysts, high temperatures,
and the use of solvent.

In conclusion, the search for processes that comply with the principles of “Green Chemistry” has
motivated researchers in organic synthesis to develop efficient alternatives to carry out the chemical
activation of numerous synthetic processes. Among the most profitable alternatives are solvent-free
mechanochemistry, microwave activation, photocatalysis and the combination of enzymatic catalysis
with mechanochemical activation. The reactions carried out according to these methodologies usually
afford good yields, take place under mild reaction conditions and offer the possibility of scale-up
processes. It is true that from a strict point of view, the isolation of products and the subsequent
purification procedures often require column chromatography or at least filtration followed by
recrystallization, involving necessarily the use of solvent. Nevertheless, non-traditional activation
strategies such as mechanochemistry, microwave activation and photochemistry, when carried out in
the absence of solvent, certainly result in more efficient synthetic procedures and contribute significantly
to the overall atom economy, waste minimization and sustainability of the process.
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Scheme 21. Photocatalytic synthesis of 1,3-Thiazolidin-4-ones under solvent-free conditions. The yellow
bulb-shaped sign indicates irradiation with visible light [147].

Funding: This research was funded by Consejo Nacional de Ciencia y Tecnologia (CONACYT, Mexico) via
grant A1-5-44097 and by fund Secretaria de Educacion Publica-Centro de Investigacion y de Estudios Avanzados
(SEP-CINVESTAYV, Mexico) via grant 126.

Acknowledgments: We are grateful to Consejo Nacional de Ciencia y Tecnologia (CONACYT, Mexico) for
financial support via grant A1-5-44097 and funding from Secretaria de Educacion Publica-Centro de Investigacion
y de Estudios Avanzados (SEP-CINVESTAYV, Mexico) via grant 126.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Anastas, PT.; Warner, ].C. Green Chemistry: Theory and Practice; Oxford University Press: Oxford, UK, 1998.
2. Tanaka, K; Toda, F. Solvent-Free Organic Synthesis. Chem. Rev. 2000, 100, 1025-1074. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/cr940089p
http://www.ncbi.nlm.nih.gov/pubmed/11749257

Molecules 2020, 25, 3579 19 of 25

10.

11.

12.
13.

14.
15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Sheldon, R.A. Green solvents for sustainable organic synthesis: State of the art. Green Chem. 2005, 7, 267-278.
[CrossRef]

Kristofikova, D.; Modrocka, V.; Me&iarova, M.; Sebesta, R. Green Asymmetric Organocatalysis. ChemSusChem
2020, 13, 2828-2858. [CrossRef] [PubMed]

Kerru, N.; Maddila, S.; Jonnalagadda, S.B. Design of Carbon-carbon and Carbon-heteroatom Bond Formation
Reactions under Green Conditions. Curr. Org. Chem. 2019, 23, 3154-3190. [CrossRef]

Zangade, S.; Patil, P. A Review on Solvent-Free Methods in Organic Synthesis. Curr. Org. Chem. 2019, 23,
2295-2318. [CrossRef]

Sarkar, A.; Santra, S.; Kundu, S.K.; Hajra, A.; Zyryanov, G.V.; Chupakhin, O.N.; Charushin, V.N.; Majee, A. A
decade update on solvent and catalyst-free neat organic reactions: A step forward towards sustainability.
Green Chem. 2016, 18, 4475-4525. [CrossRef]

Gawande, M.B.; Bonifacio, V.D.B.; Luque, R.; Branco, P.S.; Varma, R.S. Solvent-Free and Catalysts-Free
Chemistry: A Benign Pathway to Sustainability. ChemSusChem 2014, 7, 24-44. [CrossRef]

Hernandez, J.G.; Avila-Ortiz, C.G.; Juaristi, E. Useful Chemical Activation Alternatives in Solvent-Free
Organic Reactions. In Comprehensive Organic Synthesis, 2nd ed.; Knochel, P., Molander, G.A., Eds.; Elsevier:
Amsterdam, The Netherlands, 2014; pp. 287-314. [CrossRef]

Hernandez, ].G.; Juaristi, E. Recent efforts directed to the development of more sustainable asymmetric
organocatalysis. Chem. Commun. 2012, 48, 5396-5409. [CrossRef]

Anastas, P; Eghbali, N. Green Chemistry: Principles and Practice. Chem. Soc. Rev. 2010, 39, 301-312.
[CrossRef]

Clark, J.H. Green chemistry: Today (and tomorrow). Green Chem. 2006, 8, 17-21. [CrossRef]

Varma, R.S.; Ju, Y. Solventless Reactions. In Green Separation Processes: Fundamentals and Applications;
Afonso, C.AM., Crespo, ].P.S.G., Eds.; Wiley-VCH: Weinheim, Germany, 2005; pp. 53-87.

Tanaka, K. Solvent-free Organic Synthesis, 2nd ed.; Wiley-VCH: Weinheim, Germany, 2009. [CrossRef]
Clark, J.H. Green chemistry: Challenges and opportunities. Green Chem. 1999, 1, 1-8. [CrossRef]

Takacs, L. The historical development of mechanochemistry. Chem. Soc. Rev. 2013, 42, 7649-7659. [CrossRef]
[PubMed]

Pérez-Venegas, M.; Juaristi, E. Mechanochemical and Mechanoenzymatic Synthesis of Pharmacologically
Active Compounds: A Green Perspective. ACS Sustain. Chem. Eng. 2020, 8, 8881-8893. [CrossRef]

Jones, W.; et al. Mechanochemistry: Opportunities for new and cleaner synthesis. Chem. Soc. Rev. 2012, 41,
413-447. [CrossRef]

[CrossRef]

Egorov, LN.; Santra, S.; Kopchuk, D.S.; Kovalev, L.S.; Zyryanov, G.V.; Majee, A.; Ranu, B.; Rusinov, V.L.;
Chupakhin, O.N. Ball milling: An efficient and green approach for asymmetric organic syntheses. Green Chem.
2020, 22, 302-315. [CrossRef]

[CrossRef]

Avila-Ortiz, C.G.; Pérez-Venegas, M.; Vargas-Caporali, ].; Juaristi, E. Recent applications of mechanochemistry
in enantioselective synthesis. Tetrahedron Lett. 2019, 60, 1749-1757. [CrossRef]

Colacino, E.; Porcheddu, A, Charnay, C.; Delogu, F. From enabling technologies to medicinal
mechanochemistry: An eco-friendly access to hydantoin-based Active Pharmaceutical Ingredients.
React. Chem. Eng. 2019, 4, 1179-1188. [CrossRef]

Tan, D.; Garcia, F. Main group mechanochemistry: From curiosity to established protocols. Chem. Soc. Rev.
2019, 48, 2274-2292. [CrossRef]

Strukil, V. Mechanochemical Organic Synthesis: The Art of Making Chemistry Green. Synlett 2018, 29,
1281-1288. [CrossRef]

Hernandez, J.G.; Bolm, C. Altering Product Selectivity by Mechanochemistry. J. Org. Chem. 2017, 82,
4007-4019. [CrossRef] [PubMed]

Zhao, S.; Li, Y.; Liu, C.; Zhao, Y. Recent advances in mechanochemical C-H functionalization reactions.
Tetrahedron Lett. 2018, 59, 317-324. [CrossRef]


http://dx.doi.org/10.1039/b418069k
http://dx.doi.org/10.1002/cssc.202000137
http://www.ncbi.nlm.nih.gov/pubmed/32141177
http://dx.doi.org/10.2174/1385272823666191202105820
http://dx.doi.org/10.2174/1385272823666191016165532
http://dx.doi.org/10.1039/C6GC01279E
http://dx.doi.org/10.1002/cssc.201300485
http://dx.doi.org/10.1016/B978-0-08-097742-3.00935-6
http://dx.doi.org/10.1039/c2cc30951c
http://dx.doi.org/10.1039/B918763B
http://dx.doi.org/10.1039/B516637N
http://dx.doi.org/10.1021/op034052v
http://dx.doi.org/10.1039/a807961g
http://dx.doi.org/10.1039/c2cs35442j
http://www.ncbi.nlm.nih.gov/pubmed/23344926
http://dx.doi.org/10.1021/acssuschemeng.0c01645
http://dx.doi.org/10.1039/C1CS15171A
http://dx.doi.org/10.1002/ejoc.201700961
http://dx.doi.org/10.1039/C9GC03414E
http://dx.doi.org/10.1002/anie.201906755
http://dx.doi.org/10.1016/j.tetlet.2019.05.065
http://dx.doi.org/10.1039/C9RE00069K
http://dx.doi.org/10.1039/C7CS00813A
http://dx.doi.org/10.1055/s-0036-1591868
http://dx.doi.org/10.1021/acs.joc.6b02887
http://www.ncbi.nlm.nih.gov/pubmed/28080050
http://dx.doi.org/10.1016/j.tetlet.2017.12.021

Molecules 2020, 25, 3579 20 of 25

28.

29.

30.

31.
32.
33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

[PubMed]

Achar, TK,; Bose, A.; Mal, P. Mechanochemical synthesis of small organic molecules. Beilstein . Org. Chem.
2017, 13, 1907-1931. [CrossRef]

Machuca, E.; Juaristi, E. Asymmetric organocatalytic reactions under ball milling. In Ball Milling towards
Green Synthesis: Applications, Projects, Challenges; Brindaban, R., Stolle, A., Eds.; Royal Society of Chemistry:
Cambridge, UK, 2015; pp. 81-95.

List, B.; Lerner, R.A.; Barbas, C.F. Proline-Catalyzed Direct Asymmetric Aldol Reactions. J. Am. Chem. Soc.
2000, 122, 2395-2396. [CrossRef]

Ahrendt, K.A; Borths, C.J.; MacMillan, D.W.C. New Strategies for Organic Catalysis: The First Highly
Enantioselective Organocatalytic Diels-Alder Reaction. J. Am. Chem. Soc. 2000, 122, 4243-4244. [CrossRef]
MacMillan, D.W.C. The advent and development of organocatalysis. Nature 2008, 455, 304-308. [CrossRef]
Movassaghi, M.; Jacobsen, E.N. The Simplest “Enzyme”. Science 2002, 298, 1904-1905. [CrossRef]
Berkessel, A.; Groger, H. Asymmetric Organocatalysis: From Biomimetic Concepts to Applications in Asymmetric
Synthesis; Wiley-VCH: Weinheim, Germany, 2005.

Available online: https://www.google.com/search?client=firefox-b-d&q=scifinder (accessed on 30 June 2020).
Lu, H; Ly, J; Zhou, C.; Kato, T.; Liu, Y.; Maruoka, K. Practical Synthesis of High-Performance Amino
Tf-Amide Organocatalysts for Asymmetric Aldol Reactions. Asian ]. Org. Chem. 2020, 9, 206-209. [CrossRef]
Martins, R.S.; Pereira, M.P; de Castro, PP; Bombonato, FI. Design and preparation of a novel
prolinamide-based organocatalyst for the solvent-free asymmetric aldol reaction. Tetrahedron 2020, 76,
130855. [CrossRef]

Bolm, J.; Reyes-Rodriguez, G.J.; Tobiesen, H.N.; Lamhauge, ].N.; Iversen, M.V.; Barlose, C.L.; Hammer, N.;
Rusbjerg, M.; Jorgensen, K.A. Umpolung Strategy for «-Functionalization of Aldehydes for the Addition of
Thiols and other Nucleophiles. Angew. Chem. Int. Ed. 2019, 58, 17856-17862. [CrossRef] [PubMed]

Kim, H.; Gerosa, G.; Aronow, ].; Kasaplar, P; Ouyang, J.; Lingnau, J.B.; Guerry, P; Fares, C.; List, B.
A multi-substrate screening approach for the identification of a broadly applicable Diels-Alder catalyst.
Nat. Commun. 2019, 10, 1-6. [CrossRef] [PubMed]

Zhao, L.; Raabe, G.; Enders, D. Asymmetric Synthesis of 2,2-Disubstituted Benzofuranones through an
Organocatalytic Alkylation with Nitroallylic Acetates. Synthesis 2019, 51, 1391-1398. [CrossRef]

Kaur, J.; Chimni, S.S. Catalytic synthesis of 3-aminooxindoles via addition to isatin imine: An update.
Org. Biomol. Chem. 2018, 16, 3328-3347. [CrossRef]

Hammer, N.; Erickson, J.D.; Lauridsen, V.H.; Jakobsen, J.B.; Hansen, B.K.; Jacobsen, K.M.; Poulsen, T.B.;
Jorgensen, K.A. Catalytic Asymmetric [4+2]-Cycloadditions Using Tropolones: Developments, Scope,
Transformations, and Bioactivity. Angew. Chem. Int. Ed. 2018, 57, 13216-13220. [CrossRef]

Donslund, B.S.; Monleon, A.; Palazzo, T.A.; Christensen, M.L.; Dahlgaard, A.; Erickson, ].D.; Jorgensen, K.A.
Organocatalytic Enantioselective Higher-Order Cycloadditions of In Situ Generated Amino Isobenzofulvenes.
Angew. Chem. Int. Ed. 2018, 57, 1246-1250. [CrossRef]

Zhao, L.; Li, S.;; Wang, L.; Yu, S.; Raabe, G.; Enders, D. Asymmetric Synthesis of Cyclopentene-Fused
Tetrahydroquinolines via N-Heterocyclic Carbene Catalyzed Domino Reactions. Synthesis 2018, 50, 2523-2532.
[CrossRef]

Jafari, E.; Chauhan, P; Kumar, M.; Chen, X.-Y,; Li, S.; von Essen, C.; Rissanen, K.; Enders, D. Organocatalytic
Asymmetric Synthesis of Trifluoromethylated Tetrahydrocarbazoles by a Vinylogous Michael/Aldol Formal
[4+2] Annulation. Eur. J. Org. Chem. 2018, 2462-2465. [CrossRef]

Kumar, M.; Chauhan, P; Bailey, S.J.; Jafari, E.; von Essen, C.; Rissanen, K.; Enders, D. Organocatalytic
Oxa-Michael/Michael/Michael/Aldol Condensation Quadruple Domino Sequence: Asymmetric Synthesis of
Tricyclic Chromanes. Org. Lett. 2018, 20, 1232-1235. [CrossRef]

Palazzo, T.A.; Mose, R.; Jorgensen, K.A. Cycloaddition Reactions: Why Is It So Challenging To Move from
Six to Ten Electrons? Angew. Chem. Int. Ed. 2017, 56, 10033-10038. [CrossRef] [PubMed]

Triandafillidi, I.; Raftopoulou, M.; Savvidou, A.; Kokotos, C.G. Organocatalytic Synthesis of Lactones by the
Oxidation of Alkenoic Acids. ChemCatChem 2017, 9, 4120-4124. [CrossRef]

Obregén-Zufiiga, A.; Milan, M.; Juaristi, E. Improving the Catalytic Performance of (S)-Proline as
Organocatalyst in Asymmetric Aldol Reactions in the Presence of Solvate Ionic Liquids: Involvement
of a Supramolecular Aggregate. Org. Lett. 2017, 19, 1108-1111. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/acscentsci.6b00277
http://www.ncbi.nlm.nih.gov/pubmed/28149948
http://dx.doi.org/10.3762/bjoc.13.186
http://dx.doi.org/10.1021/ja994280y
http://dx.doi.org/10.1021/ja000092s
http://dx.doi.org/10.1038/nature07367
http://dx.doi.org/10.1126/science.1076547
https://www.google.com/search?client=firefox-b-d&q=scifinder
http://dx.doi.org/10.1002/ajoc.201900730
http://dx.doi.org/10.1016/j.tet.2019.130855
http://dx.doi.org/10.1002/anie.201911793
http://www.ncbi.nlm.nih.gov/pubmed/31595649
http://dx.doi.org/10.1038/s41467-019-08374-z
http://www.ncbi.nlm.nih.gov/pubmed/30770804
http://dx.doi.org/10.1055/s-0037-1610337
http://dx.doi.org/10.1039/C7OB03002A
http://dx.doi.org/10.1002/anie.201808221
http://dx.doi.org/10.1002/anie.201710694
http://dx.doi.org/10.1055/s-0036-1591995
http://dx.doi.org/10.1002/ejoc.201800034
http://dx.doi.org/10.1021/acs.orglett.8b00175
http://dx.doi.org/10.1002/anie.201701085
http://www.ncbi.nlm.nih.gov/pubmed/28653796
http://dx.doi.org/10.1002/cctc.201700837
http://dx.doi.org/10.1021/acs.orglett.7b00129
http://www.ncbi.nlm.nih.gov/pubmed/28199118

Molecules 2020, 25, 3579 21 of 25

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Jalani, H.; Karagoz, A.; Tsogoeva, S. Synthesis of Substituted 1,2,3-Triazoles via Metal-Free Click Cycloaddition
Reactions and Alternative Cyclization Methods. Synthesis 2017, 49, 29-41. [CrossRef]

Hepburn, H.B.; Dell’Amico, L.; Melchiorre, P. Enantioselective Vinylogous Organocascade Reactions.
Chem. Record 2016, 16, 1787-1806. [CrossRef]

Kaur, J.; Chauhan, P.; Chimni, S.S. ,«-Dicyanoolefins: Versatile substrates in organocatalytic asymmetric
transformations. Org. Biomol. Chem. 2016, 14, 7832-7847. [CrossRef]

Held, FE.; Tsogoeva, S.B. Asymmetric cycloaddition reactions catalyzed by bifunctional thiourea and
squaramide organocatalysts: Recent advances. Catal. Sci. Technol. 2016, 6, 645-667. [CrossRef]

Donslund, B.S.; Johansen, T.K.; Poulsen, P.H.; Halskov, K.S.; Jergensen, K.A. The Diarylprolinol Silyl Ethers:
Ten Years After. Angew. Chem. Int. Ed. 2015, 54, 13860-13874. [CrossRef]

McCort-Tranchepain, I; Petit, M.; Dalko, PI. Organocatalysis. Handb. Environ. Chem. 2010, 255-318.
[CrossRef]

Rodriguez, B.; Rantanen, T.; Bolm, C. Solvent-Free Asymmetric Organocatalysis in a Ball Mill. Angew. Chem.
Int. Ed. 2006, 45, 6924-6926. [CrossRef]

Rodriguez, B.; Bruckmann, A.; Bolm, C. A Highly Efficient Asymmetric Organocatalytic Aldol Reaction in a
Ball Mill. Chem. Eur. 2007, 13, 4710-4722. [CrossRef] [PubMed]

Hernandez, J.G.; Juaristi, E. Asymmetric Aldol Reaction Organocatalyzed by (S)-Proline-Containing
Dipeptides: Improved Stereoinduction under Solvent-Free Conditions. J. Org. Chem. 2011, 76, 1464-1467.
[CrossRef] [PubMed]

Hernandez, ].G.; Juaristi, E. Efficient ball-mill procedure in the ‘green’ asymmetric aldol reaction
organocatalyzed by (S)-proline-containing dipeptides in the presence of water. Tetrahedron 2011, 67,
6953-6959. [CrossRef]

Hernandez, ].G.; Garcia-Lopez, V.; Juaristi, E. Solvent-free asymmetric aldol reaction organocatalyzed by
(S)-proline-containing thiodipeptides under ball-milling conditions. Tetrahedron 2012, 68, 92-97. [CrossRef]
Machuca, E.; Juaristi, E. Organocatalytic activity of «,x-dipeptide derivatives of (S)-proline in the asymmetric
aldol reaction in absence of solvent. Evidence for non-covalent 7t-7t interactions in the transition state.
Tetrahedron Lett. 2015, 56, 1144-1148. [CrossRef]

Machuca, E.; Rojas, Y.; Juaristi, E. Synthesis and Evaluation of (S)-Proline-Containing «,(3-Dipeptides as
Organocatalysts in Solvent-Free Asymmetric Aldol Reactions Under Ball-Milling Conditions. Asian .
Org. Chem. 2015, 4, 46-53. [CrossRef]

C-N coupling of amides and isocyanates using mechanochemistry. ChemSusChem 2020, 13, 2966-2972.
[CrossRef]

Greenberg, A.; Breneman, C.M.; Liebman, J.E. The Amide Linkage: Structural Significance in Chemistry,
Biochemistry, and Materials Science; Wiley & Sons: New York, NY, USA, 2000.

Jaradat, D.M.M. Thirteen decades of peptide synthesis: Key developments in solid phase peptide synthesis
and amide bond formation utilized in peptide ligation. Amino Acids 2017, 50, 39-68. [CrossRef]
Hollanders, K.; Maes, B.; Ballet, S. A New Wave of Amide Bond Formations for Peptide Synthesis. Synthesis
2019, 51, 2261-2277. [CrossRef]

Rhodes, C.A; Pei, D. Bicyclic Peptides as Next-Generation Therapeutics. Chem. Eur. J. 2017, 23, 12690-12703.
[CrossRef]

Zuconelli, C.R,; Brock, R.; Adjobo-Hermans, M.J.W. Linear Peptides in Intracellular Applications.
Curr. Med. Chem. 2017, 24, 1862-1873. [CrossRef]

Isidro-Llobet, A.; Kenworthy, M.N.; Mukherjee, S.; Kopach, M.E.; Wegner, K.; Gallou, F; Smith, A.G;
Roschangar, F. Sustainability Challenges in Peptide Synthesis and Purification: From Ré&D to Production.
J. Org. Chem. 2019, 84, 4615-4628. [CrossRef]

Varnava, K.G.; Sarojini, V. A Review of the Literature on Making Solid Phase Peptide Synthesis Greener.
Chem. Asian . 2019, 14, 1088-1097. [CrossRef] [PubMed]

Fuse, S.; Otake, Y.; Nakamura, H. Peptide Synthesis Utilizing Micro-flow Technology. Chem. Asian J. 2018, 13,
3818-3832. [CrossRef] [PubMed]

Ramesh, S.; de la Torre, B.G.; Albericio, F.; Kruger, H.G.; Govender, T. Microwave-Assisted Synthesis of
Antimicrobial Peptides. In Antimicrobial Peptides Methods in Molecular Biology; Hansen, P., Ed.; Humana Press:
New York, NY, USA, 2017.


http://dx.doi.org/10.1055/s-0036-1588904
http://dx.doi.org/10.1002/tcr.201600030
http://dx.doi.org/10.1039/C6OB01229A
http://dx.doi.org/10.1039/C5CY01894C
http://dx.doi.org/10.1002/anie.201503920
http://dx.doi.org/10.1002/9783527628698.hgc009
http://dx.doi.org/10.1002/anie.200602820
http://dx.doi.org/10.1002/chem.200700188
http://www.ncbi.nlm.nih.gov/pubmed/17506051
http://dx.doi.org/10.1021/jo1022469
http://www.ncbi.nlm.nih.gov/pubmed/21250720
http://dx.doi.org/10.1016/j.tet.2011.06.042
http://dx.doi.org/10.1016/j.tet.2011.10.093
http://dx.doi.org/10.1016/j.tetlet.2015.01.079
http://dx.doi.org/10.1002/ajoc.201402170
http://dx.doi.org/10.1002/cssc.201902576
http://dx.doi.org/10.1007/s00726-017-2516-0
http://dx.doi.org/10.1055/s-0037-1611773
http://dx.doi.org/10.1002/chem.201702117
http://dx.doi.org/10.2174/0929867324666170508143523
http://dx.doi.org/10.1021/acs.joc.8b03001
http://dx.doi.org/10.1002/asia.201801807
http://www.ncbi.nlm.nih.gov/pubmed/30681290
http://dx.doi.org/10.1002/asia.201801488
http://www.ncbi.nlm.nih.gov/pubmed/30341812

Molecules 2020, 25, 3579 22 of 25

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Cavani, E; Trifiro, F; Vaccari, A. Hydrotalcite-type anionic clays: Preparation, properties and applications.
Catal. Today 1991, 11, 173-301. [CrossRef]

Landeros, ].M.; Juaristi, E. Mechanochemical Synthesis of Dipeptides Using Mg-Al Hydrotalcite as Activating
Agent under Solvent-Free Reaction Conditions. Eur. J. Org. Chem. 2017, 687-694. [CrossRef]

Wang, C.; Hill, M.; Theard, B.; Mack, ]J. A solvent-free mechanochemical synthesis of polyaromatic
hydrocarbon derivatives. RSC Adv. 2019, 9, 27888-27891. [CrossRef]

Gu, Z.-Z.; Guo, E-C,; Zhang, P; Qin, Y.-J; Guo, Z.-X. Solvent-free mechanochemical synthesis of
diacylfuroxans. Tetrahedron Lett. 2019, 60, 1687-1690. [CrossRef]

Treesa, G.S.S.; Saranya, S.; Meera, G.; Anilkumar, G. Recent Advances and Perspectives in the Silver-catalyzed
Multi-component Reactions. Curr. Org. Chem. 2020, 24, 291-313. [CrossRef]

Vavsari, V.E; Shakeri, P; Balalaie, S. Application of Chiral Isocyanides in Multicomponent Reactions.
Curr. Org. Chem. 2020, 24, 162-183. [CrossRef]

Xu, X.; Wei, H.; Feng, H. Synthesis of functionalized oxazolidines by multicomponent reactions of 1,2-amino
alcohols (microreview). Chem. Heterocycl. Compd. 2020, 56, 464—466. [CrossRef]

Lambruschini, C.; Moni, L.; Banfi, L. Diastereoselectivity in Passerini reactions of chiral aldehydes and in
Ugi reactions of chiral cyclic imines. Eur. J. Org. Chem. 2020, 3766-3778. [CrossRef]

Paul, B.; Maji, M.; Chakrabarti, K.; Kundu, S. Tandem transformations and multicomponent reactions
utilizing alcohol following dehydrogenation strategy. Org. Biomol. Chem. 2020, 18, 2193-2214. [CrossRef]
[PubMed]

Insuasty, D.; Castillo, ].; Becerra, D.; Rojas, H.; Abonia, R. Synthesis of Biologically Active Molecules through
Multicomponent Reactions. Molecules 2020, 25, 505. [CrossRef] [PubMed]

Neetha, M.; Rohit, K.R.; Saranya, S.; Anilkumar, G. Zinc-Catalysed Multi-Component Reactions: An
Overview. ChemistrySelect 2020, 5, 1054-1070. [CrossRef]

Rocha, R.O.; Rodrigues, M.O.; Neto, B.A.D. Review on the Ugi Multicomponent Reaction Mechanism and
the Use of Fluorescent Derivatives as Functional Chromophores. ACS Omega 2020, 5, 972-979. [CrossRef]
[PubMed]

Graebin, C.S.; Ribeiro, F.V,; Rogério, K.R.; Kiimmerle, A.E. Multicomponent Reactions for the Synthesis of
Bioactive Compounds: A Review. Curr. Org. Synth. 2019, 16, 855-899. [CrossRef]

Leonardi, M.; Villacampa, M.; Menéndez, ].C. Multicomponent mechanochemical synthesis. Chem. Sci. 2018,
9,2042-2064. [CrossRef]

Polindara-Garcia, L.A.; Juaristi, E. Synthesis of Ugi 4-CR and Passerini 3-CR Adducts under Mechanochemical
Activation. Eur. J. Org. Chem. 2016, 1095-1102. [CrossRef]

Ali El-Remaily, M.A.E.A.A; Soliman, A.M.M.; Elhady, O.M. Green Method for the Synthetic Ugi Reaction by
Twin Screw Extrusion without a Solvent and Catalyst. ACS Omega 2020, 5, 6194-6198. [CrossRef]

Lambat, T.L.; Abdala, A.A.; Mahmood, S.; Ledade, P.V.; Chaudhary, R.G.; Banerjee, S. Sulfamic acid promoted
one-pot multicomponent reaction: A facile synthesis of 4-oxo-tetrahydroindoles under ball milling conditions.
RSC Adv. 2019, 9, 39735-39742. [CrossRef]

Otten, L.G.; Hollmann, F.; Arends, .W.C.E. Enzyme engineering for enantioselectivity: From trial-and-error
to rational design? Trends Biotechnol. 2010, 28, 46-54. [CrossRef]

Hudlicky, T.; Reed, ].W. Applications of biotransformations and biocatalysis to complexity generation in
organic synthesis. Chem. Soc. Rev. 2009, 38, 3117-3132. [CrossRef] [PubMed]

Wegman, M.A; Janssen, M.H.A.; van Rantwijk, F,; Sheldon, R.A. Towards Biocatalytic Synthesis of 3-Lactam
Antibiotics. Adv. Synth. Catal. 2001, 343, 559-576. [CrossRef]

Koeller, KM.; Wong, C.-H. Enzymes for chemical synthesis. Nature 2001, 409, 232-240. [CrossRef] [PubMed]
Jones, ].B. Enzymes in Organic Synthesis. Tetrahedron 1986, 42, 3351-3403. [CrossRef]

Sheldon, R.A.; Brady, D. Broadening the Scope of Biocatalysis in Sustainable Organic Synthesis. ChemSusChem
2019, 12, 2859-2881. [CrossRef]

Honig, M.; Sondermann, P; Turner, N.J.; Carreira, E.M. Enantioselective Chemo- and Biocatalysis: Partners
in Retrosynthesis. Angew. Chem. Int. Ed. 2017, 56, 8942-8973. [CrossRef]

Sugai, T.; Higashibayashi, S.; Hanaya, K. Recent examples of the use of biocatalysts with high accessibility
and availability in natural product synthesis. Tetrahedron 2018, 74, 3469-3487. [CrossRef]

Dwivedee, B.P; Soni, S.; Sharma, M.; Bhaumik, J.; Laha, ] K.; Banerjee, U.C. Promiscuity of Lipase-Catalyzed
Reactions for Organic Synthesis: A Recent Update. ChemistrySelect 2018, 3, 2441-2466. [CrossRef]


http://dx.doi.org/10.1016/0920-5861(91)80068-K
http://dx.doi.org/10.1002/ejoc.201601276
http://dx.doi.org/10.1039/C9RA04921E
http://dx.doi.org/10.1016/j.tetlet.2019.05.024
http://dx.doi.org/10.2174/1385272824666200217102036
http://dx.doi.org/10.2174/1385272824666200110095120
http://dx.doi.org/10.1007/s10593-020-02681-w
http://dx.doi.org/10.1002/ejoc.202000016
http://dx.doi.org/10.1039/C9OB02760B
http://www.ncbi.nlm.nih.gov/pubmed/32134063
http://dx.doi.org/10.3390/molecules25030505
http://www.ncbi.nlm.nih.gov/pubmed/31991635
http://dx.doi.org/10.1002/slct.201904146
http://dx.doi.org/10.1021/acsomega.9b03684
http://www.ncbi.nlm.nih.gov/pubmed/31984252
http://dx.doi.org/10.2174/1570179416666190718153703
http://dx.doi.org/10.1039/C7SC05370C
http://dx.doi.org/10.1002/ejoc.201501371
http://dx.doi.org/10.1021/acsomega.0c00369
http://dx.doi.org/10.1039/C9RA08478A
http://dx.doi.org/10.1016/j.tibtech.2009.10.001
http://dx.doi.org/10.1039/b901172m
http://www.ncbi.nlm.nih.gov/pubmed/19847346
http://dx.doi.org/10.1002/1615-4169(200108)343:6/7&lt;559::AID-ADSC559&gt;3.0.CO;2-Z
http://dx.doi.org/10.1038/35051706
http://www.ncbi.nlm.nih.gov/pubmed/11196651
http://dx.doi.org/10.1016/S0040-4020(01)87306-3
http://dx.doi.org/10.1002/cssc.201900351
http://dx.doi.org/10.1002/anie.201612462
http://dx.doi.org/10.1016/j.tet.2018.05.053
http://dx.doi.org/10.1002/slct.201702954

Molecules 2020, 25, 3579 23 of 25

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Lima, R.N.; dos Anjos, C.S.; Orozco, E.V.M.; Porto, A.L.M. Versatility of Candida antarctica lipase in the
amide bond formation applied in organic synthesis and biotechnological processes. Mol. Catal. 2019, 466,
7-105. [CrossRef]

Guajardo, N.V.,; Dominguez de Maria, H.P. Continuous biocatalysis in environmentally-friendly media: A
triple synergy for future sustainable processes. ChemCatChem 2019, 11, 3128-3137. [CrossRef]

Itoh, T. Ionic Liquids as Tool to Improve Enzymatic Organic Synthesis. Chem. Rev. 2017, 117, 10567-10607.
[CrossRef] [PubMed]

Patzold, M.; Siebenhaller, S.; Kara, S.; Liese, A.; Syldatk, C.; Holtmann, D. Deep Eutectic Solvents as Efficient
Solvents in Biocatalysis. Trends Biotechnol. 2019, 37, 943-959. [CrossRef]

Duangkamol, C.; Jaita, S.; Wangngae, S.; Phakhodee, W.; Pattarawarapan, M. An efficient mechanochemical
synthesis of amides and dipeptides using 2,4,6-trichloro-1,3,5-triazine and PPh;. RSC Adv. 2015, 5,
52624-52628. [CrossRef]

Hernandez, ].G.; Frings, M.; Bolm, C. Mechanochemical Enzymatic Kinetic Resolution of Secondary Alcohols
under Ball-Milling Conditions. ChemCatChem 2016, 8, 1769-1772. [CrossRef]

Pérez-Venegas, M.; Reyes-Rangel, G.; Neri, A ; Escalante, J.; Juaristi, E. Mechanochemical enzymatic resolution
of N—benzylated—[53—amino esters. Beilstein |. Org. Chem. 2017, 13, 1728-1734. [CrossRef]

Pérez-Venegas, M.; Reyes-Rangel, G.; Neri, A.; Escalante, J.; Juaristi, E. Correction: Mechanochemical
enzymatic resolution of N—benzylated—(}3—amino esters. Beilstein J. Org. Chem. 2017, 13, 2128-2130. [CrossRef]
Rangel, H.; Carrillo-Morales, M.; Galindo, ].M.; Castillo, E.; Obregon-Zuiiiga, A.; Juaristi, E.; Escalante, J.
Structural features of N-benzylated-3-amino acid methyl esters essential for enantiodifferentiation by lipase
B from Candida antarctica in hydrolytic reactions. Tetrahedron Asymmetry 2015, 26, 325-332. [CrossRef]
Pérez-Venegas, M.; Juaristi, E. Mechanoenzymatic resolution of racemic chiral amines, a green technique for
the synthesis of pharmaceutical building blocks. Tetrahedron 2018, 74, 6453-6458. [CrossRef]
Negahdaripour, M.; Owji, H.; Eslami, M.; Zamani, M.; Vakili, B.; Sabetian, S.; Nezafat, N.; Ghasemi, Y.
Selected application of peptide molecules as pharmaceutical agents and in cosmeceuticals. Expert Opin.
Biol. Ther. 2019, 19, 1275-1287. [CrossRef]

Sarojini, V.; Cameron, A.J.; Varnava, K.G.; Denny, W.A; Sanjayan, G. Cyclic Tetrapeptides from Nature and
Design: A Review of Synthetic Methodologies, Structure, and Function. Chem. Rev. 2019, 119, 10318-10359.
[CrossRef]

De la Torre, B.G.; Albericio, F. The pharmaceutical industry in 2018. An analysis of FDA drug approvals
from the perspective of molecules. Molecules 2019, 24, 809. [CrossRef]

Pill, M.F; East, A.L.L.; Marx, D.; Beyer, M.K.; Clausen-Schaumann, H. Mechanical activation drastically
accelerates amide bond hydrolysis, matching enzyme activity. Angew. Chem. Int. Ed. 2019, 58, 9787-9790.
[CrossRef]

Bolm, C.; Hernandez, ].G. From Synthesis of Amino Acids and Peptides to Enzymatic Catalysis: A Bottom-Up
Approach in Mechanochemistry. ChemSusChem 2018, 11, 1410-1420. [CrossRef]

Fritch, B.; Kosolapov, A.; Hudson, P.; Nissley, D.A.; Woodcock, H.L.; Deutsch, C.; O’Brien, E.P. Origins of the
Mechanochemical Coupling of Peptide Bond Formation to Protein Synthesis. J. Am. Chem. Soc. 2018, 140,
5077-5087. [CrossRef]

Lawrenson, S.B.; Arav, R.; North, M. The greening of peptide synthesis. Green Chem. 2017, 19, 1685-1691.
[CrossRef]

Porte, V.; Thioloy, M.; Pigoux, T.; Métro, T.-X.; Martinez, J.; Lamaty, F. Peptide Mechanosynthesis by Direct
Coupling of N-Protected x-Amino Acids with Amino Esters. Eur. J. Org. Chem. 2016, 3505-3508. [CrossRef]
Anselmi, M.; Stavole, P; Boanini, E.; Bigi, A.; Juaristi, E.; Gentilucci, L. Green synthesis of bioactive
oligopeptides promoted by recyclable nanocrystalline hydroxyapatite. Future Med. Chem. 2020, 12, 479-491.
[CrossRef]

Hernandez, J.G.; Ardila-Fierro, K.J.; Crawford, D.; James, S.L.; Bolm, C. Mechanoenzymatic peptide and
amide bond formation. Green Chem. 2017, 19, 2620-2625. [CrossRef]

Ardila-Fierro, K.J.; Crawford, D.E.; Korner, A.; James, S.L.; Bolm, C.; Hernandez, J.G. Papain-catalysed
mechanochemical synthesis of oligopeptides by milling and twin-screw extrusion: Application in the
Julid—-Colonna enantioselective epoxidation. Green Chem. 2018, 20, 1262-1269. [CrossRef]

Dabral, S.; Turberg, M.; Wanninger, A.; Bolm, C.; Hernandez, J].G. Mechanochemical Lignin-Mediated
Strecker Reaction. Molecules 2017, 22, 146. [CrossRef]


http://dx.doi.org/10.1016/j.mcat.2019.01.007
http://dx.doi.org/10.1002/cctc.201900773
http://dx.doi.org/10.1021/acs.chemrev.7b00158
http://www.ncbi.nlm.nih.gov/pubmed/28745876
http://dx.doi.org/10.1016/j.tibtech.2019.03.007
http://dx.doi.org/10.1039/C5RA10127A
http://dx.doi.org/10.1002/cctc.201600455
http://dx.doi.org/10.3762/bjoc.13.167
http://dx.doi.org/10.3762/bjoc.13.210
http://dx.doi.org/10.1016/j.tetasy.2015.02.007
http://dx.doi.org/10.1016/j.tet.2018.09.029
http://dx.doi.org/10.1080/14712598.2019.1652592
http://dx.doi.org/10.1021/acs.chemrev.8b00737
http://dx.doi.org/10.3390/molecules24040809
http://dx.doi.org/10.1002/anie.201902752
http://dx.doi.org/10.1002/cssc.201800113
http://dx.doi.org/10.1021/jacs.7b11044
http://dx.doi.org/10.1039/C7GC00247E
http://dx.doi.org/10.1002/ejoc.201600617
http://dx.doi.org/10.4155/fmc-2019-0320
http://dx.doi.org/10.1039/C7GC00615B
http://dx.doi.org/10.1039/C7GC03205F
http://dx.doi.org/10.3390/molecules22010146

Molecules 2020, 25, 3579 24 of 25

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Pérez-Venegas, M.; Rodriguez-Trevifio, A.M.; Juaristi, E. Dual Mechanoenzymatic Kinetic Resolution of
(x)-Ketorolac. ChemCatChem 2020, 12, 1782-1788. [CrossRef]

Nain, S.; Singh, R.; Ravichandran, S. Importance of Microwave Heating in Organic Synthesis. Adv. |. Chem. A
2019, 2, 94-104. [CrossRef]

Mandal, B. Alternate Energy Sources for Sustainable Organic Synthesis. ChemistrySelect 2019, 4, 8301-8310.
[CrossRef]

Henary, M.; Kananda, C.; Rotolo, L.; Savino, B.; Owens, E.A.; Cravotto, G. Benefits and applications of
microwave-assisted synthesis of nitrogen containing heterocycles in medicinal chemistry. RSC Adv. 2020, 10,
14170-14197. [CrossRef]

Fairoosa, ].; Saranya, S.; Radhika, S.; Anilkumar, G. Recent Advances in Microwave Assisted Multicomponent
Reactions. ChemistrySelect 2020, 5, 5180-5197. [CrossRef]

Kappe, C.O. My Twenty Years in Microwave Chemistry: From Kitchen Ovens to Microwaves that aren’t
Microwaves. Chem. Rec. 2018, 19, 15-39. [CrossRef]

Gopi, C.; Krupamai, G.; Dhanaraju, M.D. A Recent Progress in Microwave-assisted Synthesis of Heterocyclic
Compounds Containing Nitrogen, Sulphur and Oxygen. Rev. ]. Chem. 2019, 9, 255-289. [CrossRef]

Das, S.; Banik, R.; Kumar, B.; Roy, S.; Noorussabah; Amhad, K.; Sukul, PK. A Green Approach for Organic
Transformations Using Microwave Reactor. Curr. Org. Synth. 2019, 16, 730-764. [CrossRef]

Ghosh, S.; Mukhopadhyay, C. Microwave Syntheses: A Modern Day Approach TOWARDS Sustainable
Chemistry. Curr. Microw. Chem. 2017, 4, 287-305. [CrossRef]

Bandala, Y.; Melgar-Ferndndez, R.; Guzman-Mejia, R.; Olivares-Romero, J.L.; Diaz-Sanchez, B.R;
Gonzélez-Olvera, R.; Juaristi, E. Optimized Methodologies in Asymmetric Organic Synthesis Applying
Microwaves. J. Mex. Chem. Soc. 2009, 53, 147-154. [CrossRef]

Monga, PK.; Sharma, D.; Bhasin, S.; Dubey, A. Environmentally positive and energy proficient synthesis of
coumarin by the Pechmann reaction via microwave irradiation. Indian J. Chem. Technol. 2017, 24, 447-451.
De Paiva, W.E; Bastos-Braga, I.; de Assis, J.V.; Bonilla-Castaneda, S.M.; Sathicq, A.G.; Palermo, V,;
Romanelli, G.P; Natalino, R.; da Silva, M.J.; Terra-Martins, F; et al. Microwave-assisted multicomponent
synthesis of julolidines using silica-supported calix[4]arene as heterogeneous catalyst. Tetrahedron 2019, 75,
3740-3750. [CrossRef]

Zhang, Y.-B.; Yang, L.; Luo, D.; Chen, N.-H.; Wu, Z.-N.; Ye, W.-C.; Li, Y.-L.; Wang, G.-C. Sophalines E-I, Five
Quinolizidine-Based Alkaloids with Antiviral Activities against the Hepatitis B Virus from the Seeds of
Sophora alopecuroides. Org. Lett. 2018, 20, 5942-5946. [CrossRef]

Liu, F; Xu, H.,; Zhang, H.; Chen, L,; Liu, J.; Bo, S.; Zhen, Z.; Liu, X.; Qiu, L. Synthesis of julolidine-containing
nonlinear optical chromophores: Achieving excellent electro-optic activity by optimizing the bridges and
acceptors. Dyes Pigm. 2016, 134, 358-367. [CrossRef]

Deepthi, V., Triloknadh, S.; Nagaraju, B.; Rao, C.V. An Efficient Synthesis of Novel
N,N’-Dibenzoylpyrimidin-2(1H)-Ones Using Microwave Irradiation via Three-Component Biginelli Reaction.
Chem. Sci. Trans. 2019, 8, 261-267. [CrossRef]

Oliveira, J.R.; Kotzebue, L.R.V.; Ribeiro, EW.M.; Mota, B.C.; Zampieri, D.; Mazzetto, S.E.; Ishida, H.;
Lomonaco, D. Microwave-assisted solvent-free synthesis of novel benzoxazines: A faster and environmentally
friendly route to the development of bio-based thermosetting resins. J. Polym. Sci. Pol. Chem. 2017, 55,
3534-3544. [CrossRef]

Konig, B. Photocatalysis in Organic Synthesis—Past, Present, and Future. Eur. |. Org. Chem. 2017, 1979-1981.
[CrossRef]

Marzo, L.; Pagire, S.K.; Reiser, O.; Kénig, B. Visible-Light Photocatalysis: Does It Make a Difference in
Organic Synthesis? Angew. Chem. Int. Ed. 2018, 57, 10034-10072. [CrossRef]

Gisbertz, S.; Pieber, B. Heterogeneous photocatalysis in organic synthesis. ChemPhotoChem 2020, 4, 1-21.
[CrossRef]

Sideri, I.K.; Voutyritsa, E.; Kokotos, C.G. Photoorganocatalysis, small organic molecules and light in the
service of organic synthesis: The awakening of a sleeping giant. Org. Biomol. Chem. 2018, 16, 4596-4614.
[CrossRef] [PubMed]

Verschueren, R.H.; De Borggraeve, W.M. Electrochemistry and Photoredox Catalysis: A Comparative
Evaluation in Organic Synthesis. Molecules 2019, 24, 2122. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/cctc.201902292
http://dx.doi.org/10.29088/SAMI/AJCA.2019.2.94104
http://dx.doi.org/10.1002/slct.201901653
http://dx.doi.org/10.1039/D0RA01378A
http://dx.doi.org/10.1002/slct.202000683
http://dx.doi.org/10.1002/tcr.201800045
http://dx.doi.org/10.1134/S2079978019040034
http://dx.doi.org/10.2174/1570179416666190412160048
http://dx.doi.org/10.2174/2213335604666170830122722
http://dx.doi.org/10.29356/jmcs.v53i3.998
http://dx.doi.org/10.1016/j.tet.2019.05.049
http://dx.doi.org/10.1021/acs.orglett.8b02637
http://dx.doi.org/10.1016/j.dyepig.2016.07.038
http://dx.doi.org/10.7598/cst2019.1586
http://dx.doi.org/10.1002/pola.28755
http://dx.doi.org/10.1002/ejoc.201700420
http://dx.doi.org/10.1002/anie.201709766
http://dx.doi.org/10.1002/cptc.202000137
http://dx.doi.org/10.1039/C8OB00725J
http://www.ncbi.nlm.nih.gov/pubmed/29888357
http://dx.doi.org/10.3390/molecules24112122
http://www.ncbi.nlm.nih.gov/pubmed/31195644

Molecules 2020, 25, 3579 25 of 25

143.

144.

145.

146.

147.

Michelin, C.; Hoffmann, N. Photosensitization and Photocatalysis—Perspectives in Organic Synthesis.
ACS Catal. 2018, 8, 12046-12055. [CrossRef]

Chen, J.; Guan, Z.; He, Y.-H. Photoenzymatic approaches in organic synthesis. Asian J. Org. Chem. 2019, 8,
1775-1790. [CrossRef]

Shivhare, K.N.; Jaiswal, M.K,; Srivastava, A.; Tiwari, S.K.; Siddiqui, LR. Visible-light-activated C-C and C-N
bond formation in the synthesis of imidazo[1,2-a]pyridines and imidazo[2,1-b]thiazoles under catalyst and
solvent-free conditions. New J. Chem. 2018, 42, 16591-16601. [CrossRef]

Du, K.; Wang, S.-C.; Basha, R.S.; Lee, C.-F. Visible-Light Photoredox-Catalyzed Thioacetalization of Aldehydes
Under Metal-Free and Solvent-Free Conditions. Adv. Synth. Catal. 2019, 361, 1597-1605. [CrossRef]
Nazeef, M.; Shivhare, K.N.; Ali, S.; Ansari, K.; Ansari, M.D.; Tiwari, SK.; Yadav, V.; Siddiqui, LR.
Visible-Light-Promoted C-N and C-S Bonds Formation: A Catalyst and Solvent-Free Photochemical Approach
for the Synthesis of 1,3-Thiazolidin-4-ones. ]. Photochem. Photobiol. A Chem. 2020, 390, 112347-112368.
[CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/acscatal.8b03050
http://dx.doi.org/10.1002/ajoc.201900427
http://dx.doi.org/10.1039/C8NJ03339K
http://dx.doi.org/10.1002/adsc.201800999
http://dx.doi.org/10.1016/j.jphotochem.2019.112347
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Mechanochemistry 
	Catalyzed Reactions under Solvent-Free Ball-Milling Conditions 
	Enzymatic Reactions under Solvent-Free Ball-Milling Conditions 

	Microwave Activation under Solvent-Free Conditions 
	Photocatalysis under Solvent-Free Conditions 
	References

