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In this study, we have delved into various reactions conducted using green solvents or under solvent-free
conditions, employing hydrogen bonding organocatalysis to advance more sustainable practices in
chemical synthesis. The outcomes suggest that cyclopentyl methyl ether could potentially replace non-
polar organic solvents such as hexane and toluene with comparable enantioselectivity and yields. The
non-polar nature of liquefied or supercritical CO, restricts its application to reactions that require non-
polar solvents. Furthermore, pursuing solvent-free conditions, even without liquid substrates, might
result in similar conversion rates with reduced catalyst loading. These findings highlight the potential of

exploring solvent-free conditions when enantioselectivity is not of concern. Based on the results,
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Introduction

Organocatalysis is one of the most flourishing research areas in
organic synthesis that covers a series of classic catalytic
modes."® Among the different organocatalytic activation
mechanisms, hydrogen bonding is a powerful method to acti-
vate Lewis basic substrates.® This activation mode has laid the
groundwork for a vast and dynamic field of research, resulting
in the development of over 30 new asymmetric reactions.'® In
addition, organocatalysis is especially appealing for construct-
ing bioactive molecules that typically cannot withstand metal
impurities." Consequently, in 2019, IUPAC designated enan-
tioselective organocatalysis as one of the ten emerging tech-
nologies in the field of chemistry with the potential to make our
planet more sustainable."> However, the greenness of organo-
catalysis is often debated due to catalyst recycling and high
catalyst loading."”® Additionally, organocatalysts often employ
hazardous solvents such as DMSO, DMF, acetonitrile,
dichloromethane, or toluene."" Applying greener solvent
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environmentally friendly approaches.

alternatives or solvent-free conditions is a straightforward
approach to improving the sustainability of any chemical
reaction. Several factors influence the choice of a greener
solvent. The solvent should be relatively non-toxic, non-
hazardous and not be released into the environment.'®
Furthermore, there is increasing scrutiny on solvent use, and
environmental legislation is becoming increasingly stringent to
ensure sustainability in chemical processes.™

An examination of solvent utilisation between 1997 and 2012
indicated significant potential for improvement across the
pharmaceutical industry.** A recent trend in asymmetric
chemical synthesis is the use of biosolvents, which are derived
from biomass and offer properties like low toxicity and high
biodegradability.>* A recent review by Corréa and co-workers
reports that chiral organocatalysts in greener solvents have
been limited to ethanol, ethyl acetate, 2-methyl tetrahydro-
furan, and ethyl lactate, despite the growing availability of the
commercial portfolio of other green solvents.>

Among greener solvents, carbon dioxide (CO,) has attracted
significant interest in green chemistry due to its availability,
non-toxicity, non-flammability, and stability.**** Liquid and
supercritical CO, have been extensively studied in chemical
reactions, including synthesis  using
organometallics**>° or biocatalysts.>*** Currently, there are
limited studies on applying CO, as a reaction medium in
asymmetric organocatalysis.>*>*%7

Further research is necessary to comprehensively grasp the
scope and limitations of environmentally friendly solvents.

asymmetric
30-
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Herein, we have investigated several reactions in solvent-free
conditions and green solvents that utilise hydrogen bonding
organocatalysis to promote more sustainable methods within
chemical synthesis.

Results and discussion

The synthesis of optically active organosulphur compounds is
highly desirable as chiral sulphur-containing compounds are
common in natural products, pharmaceuticals, and bioactive
molecules.*®*° In particular, thioether structural fragments are
important bioisosteric replacements in rational drug design.**
Functionalised B-ketoesters are versatile building blocks and
synthons in organic chemistry, widely employed in efficiently
synthesising various complex natural products.*> Considering
their significance in medicine, there has been substantial
interest in developing new methods for optically active deriva-
tives containing a carbon-heteroatom bond.**** We began our
investigation with the effect of greener solvents on Zhu and co-
worker's asymmetric sulfenylation of B-ketoesters initially re-
ported in hexane.*> However, European Directives and Regis-
tration, Evaluation, Authorisation and Restriction of Chemicals
(REACH) now strictly regulate solvents derived from petro-
chemical sources such as hexane.*® In addition, hexane poses
significant health risks (neurotoxin) and is at risk of being
prohibited in Europe within the coming years. Accordingly,
substituting hexane with environmentally sustainable alterna-
tives is of significant interest to academic and industrial
sectors.*’

At the reported conditions of 20 mol% of catalyst (I), RT
(room temperature) in hexane, the reaction had a conversion of
99% and an ee of 82% (Table 1, entry 1). The excellent conver-
sion was maintained even at 5 mol% catalyst loading (Table 1,
entry 2). However, a further decrease in catalyst loading
inhibited the reaction (Table 1, entry 3). Applying cyclo-
pentylmethyl ether (CPME) as a solvent led to a conversion and
ee identical to hexane (Table 1, entry 4). The application of N-
butyl-2-pyrrolidone (NBP) led to a conversion of 90% but a poor
ee of 30% (Table 1, entry 5). Applying y-valerolactone (GVL) or 2-
methyl tetrahydrofuran (2-MeTHF) had moderate conversions
of 40 and 52%, respectively (Table 1, entry 6 and 7). Performing
the reaction under liquid CO, conditions (100 bars, RT) led to
an excellent conversion of 96% and an ee of 72% (Table 1, entry
8). Under solvent-free conditions, a conversion of 91% was ob-
tained with a slight decrease in ee (70%, Table 1, entry 9). As
noted earlier, the increase in concentration allowed the reaction
to be performed even at 1 mol% catalyst with a good conversion
of 75% (Table 1, entry 11), which was impossible in hexane
(Table 1, entry 3). The results demonstrate that the hydrophobic
green ether CPME can replace hexane in this organocatalysed
reaction. In addition, liquid CO, and solvent-free conditions
can also serve as benign alternatives, albeit with a decrease in
enantioselectivity.

Among the strategies for synthesising chiral organosulphur
compounds is the asymmetric sulfa-Michael addition.*®
Turowska-Tyrk and associates investigated the asymmetric
Michael addition of thiophenols to chalcones to prepare chiral
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Table 1 Optimisation of reaction conditions for the asymmetric sul-
fenylation of ethyl 2-oxocyclopentane-1-carboxylate®

fis

Catalyst loading

Entry  [mol%] Solvent Conversion” [%]  ee [%)]
1 20 Hexane 99 82
2 5 Hexane 94 82
3 1 Hexane NR —
4 5 CPME 99 (99)? 83
5 5 NBP 90 30
6 5 GVL 40 —
7 5 2-MeTHF 52 —
g 5 Liquid CO, 96 72
9 5 Neat 91 70
10 1 Neat 75 68

¢ Reaction conditions: 1a (0.19 mmol), N-(phenylthio)phthalimide (1.2
equiv.), (S)—ot,a—bis(s,5—dimethﬁylphenyl)—z—pyrrolidinemethanol, solvent
(0.1 M), for 3 hours at RT. ” Conversion was determined by GC-MS
analysis of the reaction mixture; entries were performed in duplicate.
¢ Reaction conditions: stirred for 3 hours under 100 bars of CO, at
RT. ¢ Isolated yield.

building blocks, which are useful for synthesising biologically
active compounds.* We initiated our investigation with the
asymmetric Michael addition of 4-methoxybenzenethiol to
chalcone initially reported in anhydrous toluene. It is suspected
that prolonged exposure to toluene could potentially harm an
unborn child and cause organ damage. Although commonly
used as a substitute for carcinogenic benzene, toluene is a non-
renewable solvent under regulatory scrutiny.*® Therefore, alter-
natives which are safe and bio-based are essential.

At the reported conditions of 1.5 mol% cinchonine (II) in
anhydrous toluene, a conversion of 91% and an ee of 40% were
obtained (Table 2, entry 1). Applying CPME as a solvent led to an
excellent conversion (87%) and equivalent ee (Table 2, entry 2).
The application of other bio-based solvents had good to excel-
lent conversions (80-99%) but were not enantioselective (Table
3, entries 2-5). Performing the reaction under liquid CO,
conditions (100 bars, —20 °C) led to a moderate conversion of
67% with poor ee (18%, Table 2, entry 6). In the absence of
a solvent, the reaction maintained an excellent conversion of
88%. However, enantioselectivity was lost (14%, Table 2,
entry 7). Following the previous trends, solvent-free conditions
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Table 2 Optimisation of reaction conditions for the Michael addition
of 4-methoxybenzenethiol to chalcone®

SH |
oy °
~o r
s
B N %\GN

2a

2b

Catalyst loading

Entry  [mol%] Solvent Conversion® [%]  ee [%]
1 1.5 Toluene 91 40
2 1.5 CPME 87 (85)¢ 40
3 1.5 NBP 86 0
4 1.5 GVL 80 0
5 1.5 2-MeTHF 99 0
6° 1.5 Liquid CO, 67 18
7 1.5 Neat 88 14
8 0.1 Neat 86 —
9 0.005 Neat 88 —
10 0 Neat 58 —
11 0 Toluene 6 —

% Reaction conditions: 2a (0.24 mmol), methoxybenzenethiol (1.1
equiv.), cinchonine, solvent (0.33 M), 4 hours at —20 °C. ? Conversion
was determined by LC-MS analysis of the reaction mixture; entries
were performed in duplicate. © Reaction conditions: stirred for 4
hours under 100 bars of CO, at —20 °C. ? Isolated yield.

allowed for a 300x reduction in catalyst loading (Table 2,
entries 8 and 9). In addition, under solvent-free conditions, the
reaction could proceed uncatalysed with a moderate conver-
sion. This was impossible in anhydrous toluene (Table 2, entries
10 and 11). The results indicate that CPME can be a green
alternative to toluene. CPME demonstrates minimal acute or
subchronic toxicity, coupled with moderate irritation and a lack
of genotoxic and mutagenic effects.” It is important to note that
when handling CPME, care should be taken not to swallow or
expose the skin and eyes.” It should also be noted that anhy-
drous CPME was not required. As observed earlier, liquid CO,
and solvent-free conditions offer similar conversions and
enantioselectivity. This may be due to the low solubilising
power of CO,.

One of the classical methods for synthesising heterocycles is
the Biginelli three-component condensation, which involves the
combination of an aldehyde, a P-keto ester, and thiourea,
resulting in the formation of dihydropyrimidinethiones
(DHPMSs).** In medicinal chemistry, DHPMs are regarded as
privileged structures owing to the presence of the DHPM
component in numerous drug candidates.>® Enantioselective
synthesis holds a crucial position in the pharmaceutical
industry, as individual enantiomers may exhibit varying
behaviours under physiological conditions.>*>>*
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Table 3 Optimisation of reaction conditions for the asymmetric

Biginelli reaction of 4-nitrobenzaldehyde, thiourea, and ethyl
acetoacetate”
o} S
Ao NO,
| s N
SiPh, Y
HN___~ (0]
on OO -~
o___0O o)
O/P:/OH
3a OO 3b
SiPh,
1
Catalyst loading

Entry  [mol%] Solvent Conversion” [%]  ee [%]
1 10 Toluene 99 92
2 10 CPME 99 (98)¢ 92
3 10 NBP NR —
4 10 GVL NR —
5 10 2-MeTHF 40 —
6° 10 scCO, NR —
7 10 Neat 91 46

“ Reaction conditions: 3a (0.03 mmol), thiourea (1.2 equiv.), ethyl
acetoacetate (3 equiv.), (S)-3,3'-bis(triphenylsilyl)-1,1"-binaphthyl-2,2'-
diyl hydrogenphosphate, solvent (0.1 M), 60 hours at 50 °C.
Conversion was determined by LC-MS analysis of the reaction
mixture; entries were performed in duplicate. © Reaction conditions:
stirred for 60 hours under 80 bars of CO, at 50 °C. ¢ Isolated yield.

Accordingly, we next focused on investigating the effect of
greener solvents on the asymmetric Biginelli reaction catalysed
by the MacMillan TiPSY catalyst (III), as initially reported by
Gong and co-workers.?” At the reported conditions of 10 mol%
chiral phosphoric acid in toluene, a conversion of 99% and an
ee of 92% were obtained (Table 3, entry 1). As seen in Tables 1
and 2, applying CPME as an alternative to toluene led to
equivalent conversion (99%) and ee (Table 3, entry 2). Applica-
tion of the polar aprotic solvents NBP and GVL inhibited the
reaction (Table 3, entries 4 and 5). Performing the reaction in 2-
MeTHF decreased the conversion to 40% (Table 3, entry 6),
while performing the reaction under supercritical CO, (scCO,)
conditions (80 bars, 50 °C) again inhibited the reaction. In the
absence of a solvent, the reaction maintained excellent
conversions. However, under these conditions, the reaction
possessed poor selectivity towards the desired Biginelli product
(Table 3, entries 7). In alignment with prior trends under neat
conditions, there was a decrease in enantioselectivity.

Reductive amination represents one of the most powerful
and commonly employed techniques for producing amines.*®
This versatile coupling reaction provides rapid and general
access to forming C-N bonds, a crucial structural feature in
natural products and pharmaceuticals.®® In metal hydride
reductive processes, eliminating toxic metal impurities is
challenging, yet crucial, particularly in pharmaceutical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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manufacturing. The pursuit of metal-free reductive methods is
an important research objective. Consequently, the use of
Hantzsch ester as a biomimetic, cost-effective, stable, and safe
reducing agent is of great interest.®

We investigated the thiourea-catalysed (IV) reductive ami-
nation of aldehydes using Hantzsch ester as the reducing agent
in anhydrous toluene initially reported by Menche and Arikan.**
At the reported conditions of 10 mol% thiourea in anhydrous
toluene, the conversion of p-anisidine was 99%, and the ratio
between the imine and secondary amine was 9:91 (Table 4,
entry 1). Hantzsch ester was consumed entirely, indicating an
equivalence higher than 1.2 is required to drive the reaction.
Replacing toluene with CPME leads to an increase in imine
formation (Table 4, entry 2). The polar aprotic solvent NBP
allowed an almost complete reduction of the imine (Table 4,
entry 3). The use of GVL as a solvent led to a complete reduction
(Table 4, entry 4). When 2-MeTHF was applied as a solvent,
a ratio of 20:80 of imine to secondary amine was obtained
(Table 4, entry 5). The reaction was incompatible with scCO,,
most likely due to solubility issues. Conducting the reaction
under solvent-free conditions allowed for a drop in catalyst
loading to 1 mol% while maintaining reactivity (Table 4, entries
7-9). As noted earlier, the uncatalysed reaction was more active
under solvent-free conditions than in anhydrous toluene (Table

Table 4 Optimisation of reaction conditions for the direct reductive
amination of 4-nitrobenzaldehyde and p-anisidine”

N
PMP PMP
EtO,C CO,Et | i
e =
O II
NO, N
S
NH NO. NO.
2 HZNJ\NH2 2 2
4a 4b 4c
v
Catalyst loading

Entry [mol%] Solvent  Conversion” [%] 4b” 4c”
1 10 Toluene 99 9 91
2 10 CPME 99 31 69
3 10 NBP 99 4 96
4 10 GVL 99 — 100 (90)°
5 10 2-MeTHF 99 20 80
6° 10 5cCO, NR — -
7 10 Neat 99 17 83
8 5 Neat 99 20 80
9 1 Neat 99 9 91
10 0 Neat 99 34 66
11 0 Toluene 99 66 34

¢ Reaction conditions: 4a (0.24 mmol), 4-nitrobenzaldehyde (1.2 equiv.),
Hantzsch ester (1.2 equiv.), thiourea, solvent (0.4 M) stirred for 16 hours
at 70 °C. ” Conversion was determined by GC-MS analysis of the reaction
mixture; entries were performed in duplicate.  Reaction conditions:
stirred for 16 hours under 80 bars of CO, at 70 °C. ¢ Isolated yield.
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4, entries 10 and 11). The results illustrate that the polar aprotic
bio-based GVL or NBP can be green alternatives to toluene.
While NBP is not inherently derived from biological sources, it
can be manufactured using renewable resources.®* It should
also be noted that anhydrous solvents were not required,
making this protocol more convenient and benign, as the
solvent drying step is avoided. The non-polar nature of scCO,
prevented its application, but it should be kept in mind that
a bio-based modifier could be added to adjust solubility.
Solvent-free conditions offer similar conversion to the bio-based
solvents with a decreased catalyst loading.

Sulfoxides are valuable synthetic intermediates in synthe-
sising a wide range of biologically active compounds.®*** The
most direct approach to synthesising sulfoxides is through the
oxidation of sulfides. While numerous reagents can be used for
this purpose, many tend to over-oxidise to sulfones. Conse-
quently, careful control of reaction conditions is necessary to
prevent the formation of sulfones.®® In contrast to other oxi-
dising agents, hydrogen peroxide (H,O,) is highly appealing
from an environmental perspective. It is an ideal, waste-
minimising oxidant, as its only theoretical by-product is water.*®

Lastly, the investigation focused on the r-proline (V) cata-
lysed oxidation of thioanisole. The oxidation of sulfides initially
reported by Ravindra and co-workers utilised a hydrogen
bonding r-proline H,0, system.®” Ravindra reported a conver-
sion of 98% using 10 mol% r-proline in acetonitrile (0.33 M).
However, in our hands, using the exact conditions, a conversion
of 4% was obtained (Table 5, entry 1). In addition, using a new
bottle of H,0, did not improve conversions. Interestingly,
decreasing the solvent volume increased the conversion to 89%
(Table 5, entry 2). A range of bio-based solvents were evaluated
(Table 5, entries 3-6). However, poor conversions were obtained
(4-28%). Under scCO, conditions (80 bars, 40 °C), low conver-
sion was obtained with a mixture of sulfoxide and sulfone
products (Table 5, entry 7). This is most likely attributed to the
low solubility of proline in scCO, at milder pressures.***” It has
been previously reported by Liu et al. that higher pressures
increase conversions for the r-proline-catalysed aldol reaction
under scCO, conditions.*® Inspired by previous reports on the
solvent-free oxidation of sulfides using H,0,, the reaction was
conducted under neat conditions.®®* Remarkably, a conversion
of 99% was obtained (Table 5, entry 8). In addition, the catalyst
loading could be dropped to 1 mol% while maintaining excel-
lent conversion (Table 5, entry 9). Any further drop in catalyst
loading displayed similar conversions to the uncatalysed reac-
tion (Table 5, entries 10-12). The decrease in catalyst loading is
arguably a result of an increase in concentration due to solvent-
free conditions. Although bio-based solvents were unsuccessful
in replacing acetonitrile, the results highlight the use of solvent-
free conditions and the need to explore these conditions during
method development. It is important to note that no enantio-
selectivity with L-proline was observed.

While studying the impact of solvents on reactivity often
involves considering intrinsic properties such as polarity or
dielectric constants, they may not always provide a complete
explanation, and the effects can be more complex.” Solvation
encompasses all types of inter-molecular interactions. Solvents

RSC Adv, 2024, 14, 7992-7998 | 7995
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Table 5 Optimisation of reaction conditions for the oxidation of thioanisole®
(@)
H,0, Y
S - S
SR i S
OH
ba NH 5b
\)
Catalyst loading
Entry [mol%] Solvent Conversion” [%)]
1 10° Acetonitrile 4
2 10 Acetonitrile 89
3 10 y-Valerolactone (GVL) 28
4 10 N-butyl-2-pyrrolidone (NBP) 6
5 10 Cyclopentylmethyl ether (CPME) 4
6 10 2-MeTHF 9
74 10 scCO, 45
10 Neat 99 (99)°
9 1 Neat 87
10 0.1 Neat 79
11 — Neat 81

“ Reaction conditions: 5a (0.24 mmol), H,0, (2.5 equiv.), L-proline, solvent (3.8 M) for 2 hours at 40 °C. ” Conversion was determined by LC-MS
analysis of the reaction mixture; entries were performed in duplicate. ° Reaction conditions: acetonitrile (0.33 M). ¢ Reaction conditions: stirred

for 2 hours under 80 bars of CO, at 40 °C. ° Isolated yield.

employed as media for chemical reactions have a profound
effect on both the thermodynamics and kinetics of chemical
processes.”* Although there may be instances where reactivity
and polarity do not correlate, the polarity can serve as an initial
reference point during solvent selection in method
development.

In academia, where small-scale chemistry predominates,
there's often a perception that organic waste is primarily an
industry-related concern. However, this perspective overlooks
that academic research groups often contribute significantly to
organic waste generation. When the total volume and weight of
solvents and contaminated water used in these processes are
calculated and compared to the final product's weight, the E
factor can reach the hundreds.”” Hence, developing methodol-
ogies for organocatalysis in green solvents or under solvent-free
conditions can substantially contribute to advancing the
sustainability of organic synthesis. Additionally, the availability
of greener methods from academic laboratories could support
industrial pharmaceutical laboratories in adopting greener
routes, even at small-scale synthesis.”

Experimental

For experimental procedures refer to the ESL{

Conclusions

Within this work, we have preliminarily assessed hydrogen
bonding organocatalysts on model reactions in green solvents
or under solvent-free conditions.

7996 | RSC Adv, 2024, 14, 7992-7998

While CPME can be considered a greener alternative to more
problematic ethereal solvents, the results indicate that CPME is
a potential green replacement for reactions in non-polar
organic solvents such as hexane and toluene with equivalent
conversion and ee (Tables 1-3).>* However, it is essential to note
that while CPME may be deemed more environmentally friendly
than some other solvents, responsible handling and disposal
practices are still important to minimise its environmental
impact.”

The polar aprotic solvents NBP and GVL can serve as green
alternatives in reactions requiring heating due to their high
boiling points of 240.6 °C and 207-208 °C, respectively (Table
4). However, this property also serves as a disadvantage, as these
solvents are difficult to remove and recover efficiently. Notably,
the workup of reaction products still required conventional
organic solvent extraction or water precipitation. Both of which
may impact the greenness of the protocol. Solvent-free condi-
tions, even in the absence of liquid substrates (Table 4), may
lead to comparable conversions with reduced catalyst loading;
however, mostly with a drastic impact on enantioselectivity. As
process chemistry laboratories are looking for more sustainable
approaches, these results warrant exploring solvent-free condi-
tions during method development when ee is not of concern. It
should be highlighted that “The best solvent is no solvent”.'®
Nonetheless, solvents are essential for several chemical
processes, as solvation offers several key advantages, such as
improved selectivity, safety (for example, as a heat sink or
containing toxic reagents), and enhanced ease of handling.”

The non-polar nature of liquefied or supercritical CO,
restricts its application to reactions that require non-polar

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solvents (Table 1). However, the polarity of liquefied or super-
critical CO, can be adjusted with an appropriate modifier,
which is worthwhile to explore further. In addition, liquefied or
supercritical CO, may be more suited to reactions requiring CO,
or gaseous reactants (such as O, and H,) due to the miscibility
of gases.”

The future for organic synthesis as a whole will most likely
involve a gradual shift away from petrochemical-based solvents
and unsustainable practices. It is worth mentioning that there
is no absolute green solvent. It always depends on the context of
its application, and it is only a relative term.

Based on the results of several model reactions presented in
this study, solvent-free conditions and bio-based solvents can
be applied as alternatives to conventional organic solvents
without performance loss. Hence, it is advisable to include
green solvents in the solvent selection process during method
development. While preserving enantioselectivity under greener
conditions remains a challenge, this study serves as a catalyst
for future investigations in the realm of genuinely green
asymmetric organocatalysis, paving the way for further
advancements in this direction.
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