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Abstract The organocatalyst cinchonidine-squaramide was immobi-
lized within three different deep eutectic solvents (DESs): betaine:D-sor-
bitol:water, betaine: D-xylitol:water, and betaine:D-mannitol:water and
evaluated in a well-known asymmetric Michael addition. These reac-
tions provided excellent yields (up to 99%) and enantioselectivities (up
to 98%) using only 1 mol% of organocatalyst. It was also possible to
achieve 9 cycles in reactions with DES (betaine:D-sorbitol:water), prov-
ing the high recyclability of this system. In the reactions realized with
only 0.5 mol% of organocatalyst, it was possible to achieve 5 cycles, and
the products were obtained with high yields (up to 95%) and excellent
enantioselectivities (up to 94%), using DES (betaine:D-sorbitol:water).

Keywords cinchonidine-squaramide, betaine, deep eutectic solvent
(DES), immobilization, organocatalysis

Over the last years, in asymmetric organocatalysis, the

use of alternative solvents has increased, contributing to

the reduction of waste formation, in many cases from the

use of volatile organic compounds as a reaction medium.2

The development of greener chemistry is necessary and in

this context, deep eutectic solvents (DESs) emerged as a

new generation of cheap and readily available solvents

which are simple to prepare.3

DESs are recyclable, reusable, stable, nonflammable,

biodegradable, and nontoxic mixtures. Some of its proper-

ties are similar to ionic liquids, however, these can be toxic

and are not biodegradable. These excellent properties give

DESs the possibility of being used as greener solvents as an

alternative to those commonly used in synthesis. Currently,

DESs are already known as the solvents of the century.4

Thanks to their low ecological footprint and attractive pric-

es, plus the fact that they are nontoxic and biodegradable,

DESs have garnered significant interest and are now consid-

ered as alternative ‘green’ solvents, with application in a

wide range of organic reactions.5 DESs are built from hydro-

gen-bond donor and hydrogen-bond acceptor components

and gratifyingly can be easily adapted for specific applica-

tions. The most widely used hydrogen-bond donor compo-

nents, include: urea, thiourea, phenol, glucose, citric acid,

malonic acid, sorbitol, and glycerol. The most commonly

used hydrogen bond acceptors are: choline chloride, beta-

ine, glycine, and proline.6,7

DESs have been applied in numerous chemical sectors,

such as polymerizations, biotransformations, such as sol-

vents, in metal-catalyzed reactions, sample preparations,

catalytic techniques, and also in the design of new pharma-

ceutical formulations.8
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DESs containing betaine and carbohydrates have been

studied by Vicente et al.9 Recently, Gutíerrez and coworkers

modelled the interactions between DES constituents using

computational methods.10

A very peculiar and relevant aspect for asymmetric syn-

thesis is the use of chiral DESs that can be simultaneously

used as a reaction medium and a source for asymmetric in-

duction, where the chirality of the solvent itself is very im-

portant.11

Recently, our group reported the first immobilization of

cinchona organocatalysts on porous glass beads and subse-

quent application in heterogeneous catalysis. We compared

their performance in both batch and flow systems.12 In this

paper we report our studies on immobilized cinchona-

squaramide catalysts in three different DESs, focusing on

both catalytic activity and enantioselectivity of the organo-

catalyst and its recyclability over several reaction cycles.

Considering the excellent enantioselective and catalytic

properties that the cinchonidine-squaramide catalyst13

(Figure 1) previously provided, a standard Michael reaction

was tested, in order to evaluate the enantioselectivity, yield,

and number of catalytic cycles. This benchmark reaction is

easy to perform and provides an excellent measure of the

efficiency of the system under the parameters discussed

above.13,14

Figure 1  Structure of the cinchonidine-squaramide catalyst

In the first part of this work, we selected a set of DESs, in

which one of its components is a chiral compound, and

these compounds can be linear or cyclic (see the Supporting

Information, Tables I–III). All DESs presented in Tables I–III

of the Supporting Information were tested in the chosen

Michael reaction. Figure 2 shows the chemical structures of

the components of the DESs that were studied.

In order to study the recyclability and performance of

the catalyst, three different quantities (5, 1, and 0.5 mol%)

of the cinchonidine-squaramide organocatalyst were tested

in the Michael addition using the selected DESs, starting

with the DES containing D-sorbitol (DES A). The results ob-

tained at a catalyst loading of 5 mol% are presented in Table 1.

After nine reaction cycles, there was a noticeable drop

in both the yield and the enantioselectivity (Table 1, entry

9), which suggested loss of catalytic activity. The yields

were generally consistent throughout, whilst there were

some irregularities with the enantioselectivity measure-

ments, which may have been due to sampling errors (for in-

stance, entry 2, 62% ee, entry 3, 70% ee and then entry 4,

95% ee) or due to the chiral nature of the sorbitol compo-

nent that can potentially compete with the organocatalyst

(see below for further study of this effect). According to

Alonso and co-workers, one of the factors that influences

the results is the partial solubility of DES or the catalyst in

the extraction solvents Hex:AcOEt (1:1) used to isolate the

reaction product.2 It is not easy to explain this observation,

but it is a strong indication of a complex dynamic system.

This oscillation in enantioselectivity could be the result of

Figure 2  Chemical structure of hydrogen-bond acceptor (HBA) and 
hydrogen-bond donors (HBD)

Table 1  Results of Michael Reactions (Acetylacetone (1) and trans--
Nitrostyrene (2)a) Catalyzed by 5 mol% Cinchonidine-Squaramide Im-
mobilized in DES A (Betaine:D-Sorbitol:Water)

Entry DES A Catalyst loading Cycle Yield (%)b ee (%)c

1

betaine:
D-sorbitol: water 5 mol%

1 ≥99 97

2 2 ≥99 62

3 3 ≥99 70

4 4 ≥99 95

5 5 97 82

6 6 98 90

7 7 ≥99 94

8 8 95 90

9 9 88 62

a Reaction conditions: 1 (0.275 mmol), 2 (0.25 mmol), DES A (2 mL), 40 °C, 
24 h.
b Determined by 1H NMR spectroscopy using mesitylene as a standard.
c Determined by HPLC with a chiral stationary phase column.
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dynamic processes occurring in solution, i.e., the formation

of several transient species between the reagents, the DES

constituents, and the organocatalyst. It is likely that these

transient species are chiral and influence the enantioselec-

tivity of the reaction (see below for further discussion).

There were no indications of the structure of these tran-

sient species, but they are probably formed through hydro-

gen bonds and other noncovalent interactions, such as ion–

dipole interactions and – interactions.

The reactions were run at 40 °C, as opposed to room

temperature, for the purpose of maintaining the DES in the

liquid state (it tends to solidify at the latter temperature).

The use of 5 mol% of immobilized catalyst in the DESs

containing D-sorbitol showed a high catalytic activity over

nine cycles. Based on these excellent results, we decided to

decrease the catalytic loading to 1 mol%, and the results ob-

tained are shown in Table 2.

Table 2  Results of Michael Reactions (Acetylacetone (1) and trans--
Nitrostyrene (2)a) Catalyzed by 1 mol% Cinchonidine-Squaramide Im-
mobilized in DES (Betaine:D-Sorbitol:Water)

Table 2 shows that 1 mol% of organocatalyst provided

nine reaction cycles, the same number of cycles achieved

with 5 mol% of the same catalyst. From entry 1 to 9, Table 2,

the yields were quantitative during the first three cycles

and then decreased slightly for the next 5 cycles, before

bottoming out to 81% after the 9th cycle. Again, there was

an oscillatory trend with the enantioselectivities, which

was probably due to the dynamics of the chiral components

(see below), but eventually bottomed out after the 8th cycle

falling to 29% ee and then 17% ee after the 9th cycle.

Since with only 1 mol% of catalyst we obtained nine re-

action cycles, it was of interest to decrease the loading to

only 0.5 mol% catalyst (Table 3). In this case the results were

less encouraging, it was impossible to obtain quantitative

yields and although the yields remained consistent

throughout the five cycles, the enantioselectivity bot-

tomed-out at 43% ee after the 5th cycle.

Table 3  Results of the Michael Reactions (Acetylacetone (1) and trans-
-Nitrostyrene (2)a) Catalyzed by 0.5 mol% Cinchonidine-Squaramide 
Immobilized on DES A (Betaine:D-Sorbitol:Water)

From these studies we concluded that our organocata-

lyst performs best at 5 and 1 mol% loading. Since these re-

sults were obtained using DES A, we also decided to study

other DESs containing D-sorbitol analogues: such as D-xyli-

tol (DES B) and D-mannitol (DES C; Tables 4 and 5). On using

DES B and C it was also possible to obtain a high number of

catalytic cycles with catalyst loadings of 1 and 0.5 mol%, re-

spectively. In a similar fashion to what happened upon us-

ing DES A these catalyst loads also presented the most

promising results. In the case of DES B (Table 4), best results

were obtained at 1 mol% catalyst loading; after 4 cycles

both the yield and enantioselectivity remained high (86%

and 84% ee). However, in the case of the system using 0.5

mol% catalyst, the enantioselectivity bottomed out at 10%

ee after the 4th cycle, although the yield was quantitative.

This was a strong indication of the competing or the antag-

onistic effects of the organocatalyst and the DES chiral com-

ponent (D-xylitol) (see below for DFT calculations).

Finally, Table 5 shows the results of the reactions cata-

lyzed by 0.5 and 1 mol% of cinchonidine-squaramide (cata-

lyst A) in the DES containing D-mannitol (DES C). The re-

sults shown in Table 5 correspond to loadings of 0.5 and 1

mol% of the catalyst. A 5th reaction cycle was also per-

formed with 0.5 mol% catalyst but unfortunately the DES

solidified, a clear indication of the increased density of the

DES most likely due to increased hydrogen-bonding net-

Entry DES A Catalyst loading Cycle Yield (%)b ee (%)c

1

betaine:
D-sorbitol:water 1 mol%

1 ≥99 98

2 2 ≥99 69

3 3 ≥99 66

4 4 94 79

5 5 95 93

6 6 93 75

7 7 99 60

8 8 94 29

9 9 81 17

a Reaction conditions: 1 (0.275 mmol), 2 (0.25 mmol), DES B (2 mL), 40 °C, 
24 h.
b Determined by 1H NMR spectroscopy using mesitylene as a standard.
c Determined by HPLC with a chiral stationary phase column.
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Entry DES A Catalyst loading Cycle Yield (%)b ee (%)c

1

betaine:
D-sorbitol:water 0.5 mol%

1 82 94

2 2 94 87

3 3 95 68

4 4 95 74

5 5 88 43

a Reaction conditions: 1 (0.275 mmol), 2 (0.25 mmol), DES A (2 mL), 40 °C, 
24 h.
b Determined by 1H NMR spectroscopy using mesitylene as a standard.
c Determined by HPLC with a chiral stationary phase column.
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work formation. The same also happened on the fourth re-

action cycle using 1 mol% catalyst. The yields obtained were

good, albeit the enantioselectivities generally lower that

those obtained using DES A and B. It should be noted that

DES C was partially soluble in the solvent used in the ex-

traction of the product.

Table 5  Results of Michael Reactions (Acetylacetone (1) and trans--
Nitrostyrene (2)a) Catalyzed by 0.5 and 1 mol% Cinchonidine-Squara-
mide Immobilized in DES C (Betaine:D-Mannitol:Water)

The best enantioselectivities were obtained using both

DES A and C, which are C6 sugars (and epimers in the C-5

position; sorbitol C-(S)5 and mannitol C-(R)5), with the for-

mer giving the best results, probably due to the configura-

tion of the C-5 stereocenter. The C-5-sugar D-xylitol was the

worst performer, probably due to the length of its backbone

and its influence on reactant solubility and transition-state

stabilization.

Based on the best results that were obtained for DES A,

to measure the scope of the reaction, we decided to evalu-

ate the reaction of cinchonidine-squaramide (1 mol%) im-

mobilized in DES A for the asymmetric Michael addition of

methyl 2-oxocyclopentane-1-carboxylate (4) and trans--

nitrostyrene (2). Table 6 shows the results and gratifyingly

shows that the catalytic system was active up to ten cycles,

maintaining the enantioselectivities, diastereoselectivities,

and yields. The diastereoselectivities increased significantly

from the 1st to the 2nd cycles and remained more or less

constant until the 10th cycle, up to 97% de. Surprisingly, the

enantioselectivity of the major diastereomer (S,R) had very

small variation over the 10 cycles, in the 1st cycle 94% ee

and in the last cycle 93% ee. The yields were almost quanti-

tative during all the cycles, with the exception of the 6th cy-

cle, where the yield dropped to 56%, which may have been a

mixing issue.

Table 6  Results of the Michael Reactions with Methyl 2-Oxocyclopen-
tane-1-carboxylate (4) and trans--Nitrostyrene (2)a Catalyzed by 1 mol% 
Cinchonidine-Squaramide Immobilized on DES A

Entry DES C Catalyst loading Cycle Yield (%)b ee (%)c

1

betaine:
D-mannitol:water

0.5 mol%

1 57 83

2 2 35 73

3 3 55 99

4 4 67 ≥99

5

1 mol%

1 19 52

6 2 64 78

7 3 87 87

a Reaction conditions: 1 (0.275 mmol), 2 (0.25 mmol), DES C (2 mL), 40 °C, 
24 h.
b Determined by 1H NMR spectroscopy using mesitylene as a standard.
c Determined by HPLC with a chiral stationary phase column.

Table 4  Results of Michael Reactions (Acetylacetone (1) and trans--
Nitrostyrene (2)a) Catalyzed by 0.5 and 1 mol% Cinchonidine-Squara-
mide Immobilized on DES B (Betaine:D-Xylitol:Water)

Entry DES B Catalyst loading Cycle Yield (%)b ee (%)c

1

betaine:
D-xylitol:water

0.5 mol%

1 96 87

2 2 91 93

3 3 89 63

4 4 98 10

5

1 mol%

1 98 92

6 2 93 67

7 3 90 93

8 4 86 84

a Reaction conditions: 1 (0.275 mmol), 2 (0.250 mmol), DES B (2 mL), 
40 °C, 24 h.
b Determined by 1H NMR spectroscopy using mesitylene as a standard.
c Determined by HPLC with a NOT A chiral stationary phase column.
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Entry DES A Catalyst (loading) Cycle Yield 
(%)b

de 
(%)c

ee 
(%)c

1

betaine:
D-sorbitol:water

no – 99 58 rac

2

1 mol%

1 99 73 94

3 2 99 92 86

4 3 99 93 84

5 4 99 92 92

6 5 99 94 88

7 6 56 94 96

8 7 98 94 93

9 8 97 97 94

10 9 98 97 95

11 10 97 97 93

a Reaction conditions: 4 (0.275 mmol), 2 (0.25 mmol), DES A (2 mL), 40 °C, 
24 h.
b Determined by isolated mass.
c Determined by HPLC with a chiral stationary phase column.
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4 2

5 (major enantiomer of
the major diastereomer)
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SynOpen 2023, 7, 374–380



378

D. P. Fonseca et al. LetterSynOpen
As an interesting side study, to determine if the chiral

DES had an impact on the asymmetric induction, some re-

actions were carried out in the absence of catalyst. Gratify-

ingly, the reaction showed for DES A a large enantioselectiv-

ity of 75% ee (Table 7, entry 1), but interestingly when the

reactions were performed using DES B and C only an enan-

tioselectivity of 3% ee was obtained and the yields were

about 30% lower (Table 7, entries 2 and 3).

Table 7  Results of Michael Reactions Carried Out in the Absence of 
Catalyst in DESs between Acetylacetone (1) and trans--Nitrostyrene 
(2)a

It’s hard to understand the exact role of the chiral DES in

these reactions. It appears to have a specific role in estab-

lishing key hydrogen bonding networks with the reagents

and the catalyst. Some possible interactions are described

in Figure 3. In Figure 3A, a possible interaction between D-

sorbitol and betaine is shown, however, due to steric hin-

drance it is more likely that the ratio between sorbitol and

betaine would be 1:2 or 1:3 at most. In Figure 3B, the possi-

ble stabilization of the Michael addition transition state by

sorbitol and betaine is shown. For simplicity, water is not

included, but for sure it must also be a key component in

stabilizing this transition state via specific H-bonding inter-

actions. Fluctuations in the enantioselectivities between

cycles may be explained via disruptions and changes in the

H-bonding networks during the reaction cycles; for exam-

ple, the nitro groups of the various Michael addition inter-

mediates shown in the drawing in Figure 3B may alternate

between different hydroxyl groups of the sorbitol unit,

which can affect the bulk enantioselectivity. The oscilla-

tions in the enantioselectivities could be due to dynamic

matching and mismatching interactions. In the case of the

catalyst’s role, a purported mode of action is outlined in

Figure 4B13,15 where it is suggested that the sorbitol compo-

nent can form stable H-bonding interactions with the two

carbonyls of the squaramide unit, possibly lowering the en-

ergy of the transition state. In fact, it’s very likely that the

TS shown in Figure 4B competes with that shown in Figure

4A and might explain these oscillations.

Entry DES Ratio Yield (%)b ee (%)c

1 betaine:D-sorbitol:water (DES A)

1:1:3

81 75

2 betaine:D-xylitol:water (DES B) 53 3

3 betaine:D-mannitol:water (DES C) 51 3

a Reaction conditions: 1 (0.275 mmol), 2 (0.25 mmol), DES (2 mL), 40 °C, 
24 h.
b Determined by 1H NMR spectroscopy using mesitylene as a standard.
c Determined by HPLC with chiral stationary phase column.

O O

Ph
NO2

DES, 40ºC, 24h
O O

Ph
NO21

2

3

without
catalyst

Figure 3  (A) Possible interactions between D-sorbitol and betaine. (B) Possible stabilization of the reaction transition state (TS) by the key DES A com-
ponents. The water molecules are not shown but they may act as a bridge between the betaine and sorbitol components and perhaps also between the 
DES components and the TS structure.

Figure 4  (A) Purported transition-state mechanism for the cinchona-squaramide catalyzed Michael addition.13,15 (B) Postulated role of the DES sorbitol 
component in stabilizing the transition state (for clarity the betaine component is omitted).
SynOpen 2023, 7, 374–380
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To gain deeper insights into the mechanism of this reac-

tion in these systems we performed DFT computational

studies on a very simplistic model system at M06-2X/6-

31G(d,p) level using the Gaussian 16 software package.16

Solvent effects were considered by the SMD continuum sol-

vation model.17 Four models were considered for the reac-

tion between acetylacetone and trans--nitrostyrene envi-

ronment (Figure 5): (a) implicit water, (b) implicit water

plus explicit water molecules, (c) implicit water and sorbi-

tol, (d) and implicit water and cinchona-squaramide cata-

lyst.

Figure 5  Transition-state structures calculated (DFT) for the studied 
models displaying relevant H-bonds with the TS structure

Transitions states for the different models shown in Fig-

ure 5 were found and the free energy profiles show an im-

portant reduction on the barrier height (activation energy)

when compared with the water models, not only for the

cinchona-squaramide case, but also on the sorbitol system.

We found that it was the cinchona-squaramide catalyst that

gave the lowest TS energy (d, blue line Figure 6) followed by

the sorbitol system (c, red line Figure 6) and, interestingly,

it was the system composed of intrinsic and extrinsic water

that showed the highest energy barrier (grey line Figure 6).

This study shows clearly that the DES component sorbitol

has a significant positive effect on reaction transition state,

probably at a catalytic level, supporting the observed exper-

imental results.

Of all the DESs used in the standard reaction, DES A (be-

taine:D-sorbitol:water) was the one that gave the best re-

sults.18–21 The use of low loads of catalyst, namely 5 and 1

mol%, provided the Michael adduct with the best yields, ees,

and greatest number of cycles, five and nine cycles, respec-

tively, in the case of acetylacetone and ten cycles in the case

of methyl 2-oxocyclopentane-1-carboxylate. The differenc-

es in the results with the various DESs may be accounted

for by the different sugar components used. The structure

of D-mannitol is also very similar to that of D-sorbitol and

the only aspect that distinguishes them is the orientation of

one of the hydroxyl groups. Some oscillations in the ees

from one cycle to the next were recorded, this can be due to

various H-bonding modes between the DES components,

the reactants, and the catalyst (see above) but also the mix-

ing may also have an influence, poor mixing of the viscous

DES may lead to a nonuniform or asymmetric distribution

of the components, including elements of the DES and the

organocatalyst provoking these oscillations in the enanti-

oselectivity. DFT studies showed that sorbitol appears to

have a catalytic effect on the reaction through specific H-

bonding effects. Furthermore detailed experimental studies

will be conducted in due course to understand more fully

the mechanistic nature of the reactions in these systems.
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(18) General Procedure for Producing DESs 

In general, DESs result from the mixture of several components

in the appropriate amounts to obtain the DES in the desired

ratios. The conditions presented were optimized for each DES.

The specific DES resulted from mixing 1 equiv of betaine with 1

equiv of the desired sugar and 3 equiv of water, in the case of

DESs produced in the ratio 1:1:3.

(19) General Procedure for Asymmetric Catalytic Michael Addi-

tions 

2 mL of DES solvent was added to a 25 mL round-bottom flask

containing a magnetic stirring bar. 1 equiv of trans--nitrosty-

rene (2, 0.25 mmol) and 1.1 equiv of acetylacetone (1) or methyl

2-oxocyclopentane-1-carboxylate (4, 0.275 mmol) were added

to the DES. Finally, 5, 1, or 0.5 mol% of cinchonidine-squaramide

(catalyst A in the Supporting Information) were added to the

mixture and allowed to react for 24 h at 40 °C under sufficient

stirring (this is very important as the DES by nature is viscous).

The reaction was monitored by TLC and after total consumption

of the starting material, extraction was performed with

Hex:AcOEt (1:1, 2 × 2 mL). The crude products 3 (yellowish

solid) or 5 (colorless opaque oil) isolated from the reaction

mixture were directly analyzed by 1H NMR spectroscopy and

HPLC without further purification. The previously described

procedure was repeated for several reaction cycles until the cat-

alyst no longer showed catalytic activity.

(20) Product 3 

Yellow solid. 1H NMR (400 MHz, CDCl3):  = 7.35–7.16 (m, 5 H,

ArH), 4.65 (m, 2 H, CH2), 4.38 (m, 1 H, CH), 4.27 (m, 1 H, CH),

2.29 (s, 3 H, CH3), 1.94 (s, 3 H, CH3) ppm. 13C APT-NMR (100

MHz, CDCl3):  = 201.80 (C), 201.03 (C), 135.99 (CH), 129.36 (2 ×

CH), 128.58 (CH), 127.95 (2 × CH), 78.20 (CH2), 70.74 (CH),

42.80 (CH), 30.45 (CH3), 29.55 (CH3) ppm.

(21) Product 5 
1H NMR (400 MHz, CDCl3):  = 1.81–2.07 (m, 4 H, 2 CH2), 2.31–

3.39 (m, 2 H, CH2), 3.75 (s, 3 H, CH3), 4.08 (dd, J = 4, 12 Hz, 1 H,

CH), 4.98–5.04 (m, 1 H, CH2), 5.14–5.18 (m, 1 H, CH2), 7.23–7.33

(m, 5 H, ArH) ppm.12 HPLC: Daicel Chiralpak OD-H column, n-

hexane/i-propanol = 95/5, 1 mL/min, 220 nm. Retention times:

tmajor = 15.747 min, tminor = 26.280 min (minor diastereomer);

tmajor (S,R) = 19.040 min, tminor = 27.487 min (major diastereo-

mer).12
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