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uctural characterization of L-
prolinol derived chiral eutectic mixtures as
sustainable solvents in asymmetric
organocatalysis†
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Ignacio Fernández *b and Diego A. Alonso *a

The present study focuses on the synthesis, characterization, and examination of the organocatalytic

properties of a series of structurally novel L-prolinol-based chiral solvents. Different L-prolinol/TBAB and

L-prolinol/glycolic acid (GA) mixtures have been characterized and evaluated for their structural

characteristics using ATR-FTIR spectroscopy, differential scanning calorimetry (DSC), and NMR

techniques including diffusion and NOESY NMR measurements. The structural characteristics of the L-

prolinol-based chiral solvents enabled these novel materials to display organocatalytic activities in the

asymmetric conjugate addition of ketones to nitroolefins, with the chiral liquid L-prolinol/GA 1/1 showing

the highest yields and selectivities, which are similar or superior to those displayed by L-prolinol in VOC

or under neat conditions. Moreover, the new chiral liquid was successfully recovered and reused with

minimal loss of performance over several cycles. Regarding the reaction mechanism, a rapid formation

of the oxazoline intermediate has been detected by NMR spectroscopy.
Sustainability spotlight

Asymmetric organocatalysis is a valuable tool in green chemistry although it usually involves toxic volatile organic compounds (VOCs) as the reaction medium.
Reducing chemicals and waste in organocatalysis is an important development in sustainable chemistry, especially using recyclable chiral liquids where the
organocatalyst itself is part of the liquid through a challenging balance between its interactions with the components of the liquid and the reagents involved in
the catalytic process. Herein, we present our latest studies on the use of small molecules as partners of chiral solvents in asymmetric organocatalyzed processes.
Our work emphasizes the importance of the following UN sustainable development goals: industry, innovation, and infrastructure (SDG 9), responsible
consumption and production (SDG 12), and climate action (SDG 13).
Introduction

Sustainable chemistry1 is a concept that has garnered
increasing interest in the scientic community, given the con-
cerning environmental context in which the world currently
exists. One of the primary goals of sustainable chemistry is to
reduce the usage of traditional organic solvents and replace
them with ecofriendly alternatives.2,3 In particular, a variety of
solvents have been examined, including ionic liquids (IL),
eutectic mixtures, deep eutectic solvents (DES), supercritical
uids, liquid polymers, and biodegradable solvents derived
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earch Centre CIAIMBITAL, University of
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
from renewable sources.4 Deep eutectic solvents (DES) are
emerging as one of the most appropriate green solvents to
replace volatile organic compounds (VOCs), due to the limita-
tions of ionic liquids as a reaction medium.5,6 The biodegrad-
ability of DES depends on the components that make up them,
resulting in exceptionally high biodegradability rates7 and no
toxicity.8 Furthermore, the development of DES does not
generate by-products and they do not require purication,
resulting in a favourable ecological footprint.9 DESs are formed
when two or more components interact, primarily through
hydrogen bonding, to create a liquid mixture. When these
interactions are established, a new structure, formed by an
extensive network of hydrogen bonds and other weak interac-
tions, is created. However, not all eutectic mixtures are DES. To
be considered a DES, a eutectic mixture must meet two condi-
tions: have a melting point and a signicantly deviated eutectic
point temperature that is lower than what is expected in respect
of an ideal mixture of the components.10,11 If either of these
conditions is not met, the most appropriate term to use is low
RSC Sustainability, 2024, 2, 499–509 | 499
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Table 1 Preparation of L-prolinol-based mixtures

Entry HBA L-Prolinol/HBAa Tformation
b (°C)

1 TBAB 4/1 30
2 TBAB 3/1 30
3 TBAB 2.5/1 35
4 TBAB 2/1 40
5 TBAB 1.5/1 50c

6 TBAB 1/1 60c

7 TBAB 1/2 ND
8 GA 2/1 30
9 GA 1/1 25
10 GA 1/2 25

a Molar ratio. b Determined by heating mixtures and visually checking
the formation of a stable homogeneous liquid phase. c Solid phase
mixtures at room temperature. ND: not determined.

Fig. 1 DSC thermograms of L-prolinol/TBAB 2/1 and 4/1 and L-proli-
nol/GA 1/1 and 2/1 mixtures.
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transition temperature mixtures (LTTMs),12 which are still
sustainable and alternative solvents. The characterization of
eutectic mixtures typically involves performing an analysis of
eutectic proles, checking for the presence of a melting point,
and verifying interactions between the components using
techniques such as nuclear magnetic resonance (NMR) and
infrared (IR) spectroscopies.

Despite the many benets offered by eutectic mixtures, their
use as a reaction medium in asymmetric organocatalysis
remains limited,13 with conjugate additions,14–19 a-amination
reactions,20 aldol reactions21–25 and reduction reactions26 being
the most extensively studied processes. The utilization of chiral
DES (CDES), where at least one of the components is a chiral
organocatalyst,13,27 as environmentally friendly organocatalytic
liquids is a unique and noteworthy example of catalysis per-
formed by this innovative category of liquids. Although prom-
ising, the utilization of CDES poses signicant challenges and
remains largely unexplored in the realm of green asymmetric
catalysis. For example, (+)-camphorsulfonic acid has been
recently used as a hydrogen bond donor to create liquids at
room temperature when mixed with ammonium methanesul-
fonates as hydrogen bond acceptors.28 Despite exhibiting low
enantioselectivity, the resulting liquids were able to work as
chiral organocatalysts, green solvents, and acid catalysts in the
asymmetric Michael-type Friedel–Cras addition of indole to
chalcone. On the other hand, our research group has recently
shown the potential of L-proline to form chiral room tempera-
ture eutectic mixtures with glycolic acid, glycerol, 1,4-butane-
diol, p-toluenesulfonic acid, thymol, and diethylene glycol,
materials that were successfully employed as green solvents in
the addition of butanone to trans-b-nitrostyrene.29

The present study focuses on the synthesis and examination
of the organocatalytic properties of novel L-prolinol-based chiral
liquids in the asymmetric Michael addition of ketones to
nitroolens as well as in the unravelling of the real structure in
solution of these new mixtures with the help of advanced NMR
methods.

Results and discussion
Preparation and characterization of novel L-prolinol-based
eutectic mixtures

Initially, a set of compounds which are known to form eutectic
mixtures as hydrogen bond acceptors (HBA) were evaluated as
counterparts of L-prolinol to prepare the corresponding chiral
mixtures at room temperature. Choline chloride (ChCl), acety-
lated choline chloride (Ac-ChCl), and glycerol were examined in
different molar ratios, with the formation of a homogeneous
liquid phase not detected in any case aer heating the mixture
up to 80 °C. In contrast, n-tetrabutylammonium bromide
(TBAB) and glycolic acid (GA) gave stable liquids at room
temperature (Table 1, entries 8–10). As depicted in entries 5–7,
L-prolinol/TBAB mixtures with lower molar ratios than 2/1 did
not afford homogeneous liquid phases at room temperature.

A characterization study based on DSC, ATR-FTIR and NMR
was carried out for the lowest formation temperature chiral
mixtures: L-prolinol/TBAB 2/1 and 4/1 and L-prolinol/GA 1/1 and
500 | RSC Sustainability, 2024, 2, 499–509
2/1. Regarding the thermal analysis, the four chiral materials
showed, in the second heating cycle, low temperature (between
−76.89 and −55.87) glass transitions (Tg) while only the L-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of glycolic acid (red), L-prolinol/GA 2/1 (violet), L-
prolinol/GA 1/1 (blue), and L-prolinol sodium salt (green).
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prolinol/TBAB 2/1 mixture presented a melting point at 43.05 °C
in the second heating run (Fig. 1). These results led to the
conclusion that, except for the L-prolinol/TBAB 2/1 mixture, the
other three chiral mixtures seemed to form low transition
temperature mixtures.12,36

The chemical structures of the L-prolinol/TBAB 2/1 and 4/1
mixtures were initially studied by ATR-FTIR. The spectra of
these two mixtures compared with the spectra of pure L-prolinol
and TBAB are presented in Fig. 2 and Table 2. As shown, the two
chiral mixtures have very similar FTIR spectra with no signi-
cant variations between them. However, a change in shape and
wavenumber was observed for the nOH stretching vibration of L-
prolinol in the chiral mixtures when compared to pure L-proli-
nol. The broad character of this absorption and the overlap
presence of the nNH stretching vibration in the same range hid
the shi due to the interaction of the O–H/Br− hydrogen bond-
type as it has been previously detected in other eutectic
mixtures.37 On the other hand, a blue-shi wavenumber varia-
tion (from 602 to 584–585 cm−1) was observed for the gOH out of
the plane bending vibration of L-prolinol in chiral mixtures
when compared to the pure sample, while no changes were
detected for the nC–O absorption band (Fig. 2 and Table 2).
Finally, changes in the absorption bands of the asymmetrical
and symmetrical stretching vibrations of C–N present in both
components of the mixture could not clearly conrm the asso-
ciation between L-prolinol and TBAB, since the differences
between the IR spectra of each component and mixtures were
insignicant and difficult to identify. Based on the obtained
spectra, it can be proposed that a weak interaction (probably by
hydrogen bonding) is formed in the studied mixtures between
Fig. 2 FTIR spectra of L-prolinol (green), TBAB (red), L-prolinol/TBAB
2/1 (blue) and L-prolinol/TBAB 4/1 (pink) mixtures.

Table 2 IR absorption frequencies for the studied functional groups of
L-prolinol, L-prolinol/TBAB 2/1 and L-prolinol/TBAB 4/1 mixtures

Entry Mixture nOH (cm−1) gOH (cm−1) nC–O (cm−1) nNH (cm−1)

1 L-Prolinol 3165 602 1047 3294
2 2/1 ND 584 1049 3293
3 4/1 ND 585 1048 3290

© 2024 The Author(s). Published by the Royal Society of Chemistry
the hydroxyl group of L-prolinol and the bromine atom from
TBAB.

ATR-FTIR studies on the two L-prolinol/GA mixtures showed
a change in the carbonyl nC]O stretching vibration of GA from
1700.9 cm−1 (pure GA) to 1581.3 (2/1 mixture) and to
1579.5 cm−1 (1/1 mixture) (Fig. 3). These displacements clearly
indicated the formation of the carboxylate and the corre-
sponding ammonium salt of L-prolinol, a fact that was
Table 3 Coordination shifts (Dd)a of L-prolinol/TBAB mixtures in neat
and CD3CN solutions

Entry Mixture Position
Dd

(ppm, CD3CN)
Dd

(ppm, neat)

1 4/1 N −0.53 ND
2 2/1 −0.65
3 4/1 1T +0.01 ND
4 2/1 +0.01
5 4/1 1P +0.02 +0.02
6 2/1 +0.03 +0.01
7 4/1 1P′ +0.01 +0.04
8 2/1 +0.01 +0.04
9 4/1 5P +0.04 +0.06
10 2/1 +0.03 +0.05
11 4/1 2P +0.04 +0.04
12 2/1 +0.03 +0.04
13 4/1 –OH ND +0.38
14 2/1 ND +0.55

a Coordination shis dened as dmixture − dligand.

RSC Sustainability, 2024, 2, 499–509 | 501
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Fig. 4 Stejskal–Tanner plots from 1H PGSE NMR diffusion experi-
ments in CD3CN at 292 K using the stimulated echo with the bipolar
pair pulse (stebpgp1s1d) sequence for 2/1 and 4/1 (L-prolinol/TBAB)
mixtures.

Fig. 5 Proposed structure in L-prolinol/TBAB chiral mixtures.

Table 5 Coordination shifts (Dd)a of L-prolinol/TBAB mixtures in neat
and CD3CN solutions

Entry Nucleus Mixture Position Dd (ppm, CD3CN)

1 1H 2/1 2G +0.32
2 1/1 +0.36
3 13C 2/1 1G −3.81
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View Article Online
corroborated when preparing the sodium salt of GA which
showed a nC]O stretching vibration frequency at 1589 cm−1.

Next, 1H and 14N NMR studies of the 4/1 and 2/1 L-prolinol/
TBAB mixtures were performed in neat and CD3CN solutions
(Table 3). In the tests carried out in CD3CN, a deshielding of
0.53 and 0.65 ppm was obtained for the nitrogen-14 of TBAB in
4/1 and 2/1 mixtures (entries 1 and 2). In both tests a slight
shielding of 1/1′P, 2P and 5P protons was observed, and an
important shielding of the proton of L-prolinol's hydroxyl
(entries 5–14), facts that seemed to indicate the presence of
weak interactions between the two entities probably through
the bromide.

1H NMR diffusion measurements in CD3CN were conducted
on both samples 4/1 and 2/1, monitoring signals from both
entities L-prolinol and TBAB. We were interested in the study of
their diffusion properties through PGSE NMR, an important
tool used nowadays in the analysis of ion-pairing and molecular
weight estimations, amongmany other applications.38,39 In both
mixtures, diffusion values of 1.49228 and 1.48103 × 10−10 m2

s−1 were obtained for TBAB and values of 2.64001 and 2.71421
× 10−10 m2 s−1 for L-prolinol. The Stokes–Einstein relation
allowed us to transform the D-values into the corresponding
hydrodynamic radii (Table 4), making evident the lack of any
kind of interaction in solution.

PGSE signal attenuations are shown in Fig. 4 for both
mixtures in CD3CN at 294 K, together with both in independent
samples. The hydrodynamic radii obtained for free L-prolinol
and free TBAB of 2.3 and 4.1 Å, which are almost equal those
obtained in the mixtures, validated the previous statement.
However, that a small proportion of bromide interacting species
is in fast exchange with the main species cannot be rejected and
could be this minor percentage of the coordinated assembly,
the one catalytically active.

Driven by the IR and NMR results, it was tentatively proposed
an equilibrium between a minor species in where an ionic–
hydrogen bond-like interaction between the hydroxyl group of L-
prolinol and TBAB was responsible for the formation of the
eutectic mixture (Fig. 5).

1H and 13C NMR studies for the 2/1 and 1/1 L-prolinol/GA
mixtures showed different chemical shis compared to the
free compounds (Table 5). In 1H NMR, the most signicant
Table 4 Diffusion coefficient (D) and Stokes–Einstein hydrodynamic
radius (rH) values for free substrates and L-prolinol/TBAB mixtures at
different ratios in CD3CN

Component Mixture D × 10−10a (m2 s−1) rH
b (Å)

L-Prolinol 4/1 2.61001 2.3
2/1 2.71421 2.2
Pure 2.68786 2.3

TBAB 4/1 1.49228 3.9
2/1 1.48103 4.0
Pure 1.43697 4.1

a The experimental error in the D-values is ±2%. b The viscosities used
in the Stokes–Einstein equation were taken from Perry's Chemical
Engineers' handbook 8th edition and the value was 0.36023 × 10−3 kg
s−1 m−1 for acetonitrile. The signals at dH 3.12, 3.35 and 1.97 ppm
were monitored for TBAB, L-prolinol and CD3CN, respectively.

502 | RSC Sustainability, 2024, 2, 499–509
changes occurred in the 2G protons, with a shielding of 0.32
and 0.36 ppm in 2/1 and 1/1 mixtures (entries 1 and 2), and in
the 1P, 1P′, 2P and 5P protons in the 2/1 mixtures, with
a deshielding of 0.20, 0.15, 0.22 and 0.16 ppm respectively
(entries 7, 9, 11, and 13), suggesting the presence of a possible
hydrogen bonding interaction between these positions. In 13C
4 1/1 −3.93
5 13C 2/1 2G +0.06
6 1/1 −0.70
7 1H 2/1 1P −0.20
8 1/1 −0.19
9 1H 2/1 1P′ −0.15
10 1/1 −0.13
11 1H 2/1 2P −0.22
12 1/1 −0.21
13 1H 2/1 5P −0.16
14 1/1 −0.14
15 13C 2/1 1P −1.62
16 1/1 −0.10
17 13C 2/1 2P −0.86
18 1/1 −0.67
19 13C 2/1 5P −0.45
20 1/1 −0.10

a Coordination shis dened as dmixture − dligand.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Stejskal–Tanner plots from 1H PGSE NMR diffusion experi-
ments in CD3CN at 294 K using the stimulated echo with the bipolar
pair pulse (stebpgp1s1d) sequence for (a) free L-prolinol (P), free gly-
colic acid (G) and DES (2P + 1G); (b) free L-prolinol (P), free glycolic acid
(G) and DES (1P + 1G).
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NMR, the most relevant changes occurred in 1G, observing
a deshielding of 3.81 and 3.93 ppm for the 2/1 and 1/1 mixtures,
respectively (entries 3 and 4), suggesting the presence of an
ionic-type interaction between the carboxylate and the ammo-
nium that form the liquid salt. Other important displacement
changes occurred in 2G, 1P, 2P and 5P (entries 6, 15, 17, 18 and
19, Table 5) reinforcing the idea of hydrogen bond interactions
between those positions.

Diffusion studies were also carried out for these L-prolinol/
GA mixtures. PGSE signal attenuations are shown in Fig. 6 for
the mixture of reagents L-prolinol (P) + glycolic acid (GA) in
CD3CN at 294 K, together with both in independent samples.
Oen the Stokes–Einstein equation40 and its modications41,42

are useful and enable molecular size estimation of particles
larger than the solvent. These calculated hydrodynamic radii,
rH, assume spherical shapes; hence, they do not represent the
real shape of the molecules. Nevertheless, their use is well
established for comparison, since they offer a rapid and easy
method to recognize ion pairing and/or aggregation. As is
shown in Table 6, diffusion experiments showed decreased D-
values and increased rH values of both components when they
are forming the mixture with respect to their free states (Table
2). This fact suggested and conrmed the formation of a new
Table 6 Diffusion coefficient (D) and Stokes–Einstein hydrodynamic
radius (rH) values for free substrates and L-prolinol/GA mixtures at
different ratios in CD3CN

Component Mixture D × 10−10a (m2 s−1) rH
b (Å)

L-Prolinol 2/1 2.09974 2.9
1/1 1.57077 3.9
Pure 2.68786 2.3

GA 2/1 1.48276 4.1
1/1 1.57049 3.9
Pure 3.12463 2.0

a The experimental error in the D-values is ±2%. b The viscosities used
in the Stokes–Einstein equation were taken from Perry's Chemical
Engineers' handbook 8th edition and the value was 0.36023 × 10−3 kg
s−1 m−1 for acetonitrile. The signals at dH 3.12, 3.35 and 1.97 ppm
were monitored for TBAB, L-prolinol and CD3CN, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
entity, where both components diffused together due to the
established interactions.

Interestingly, in this polar and non-protic solvent media, the
hydrodynamic radius slightly increased with concentration (ca.
0.3–0.5 Å) probably due to the extent of aggregation.

To shed more light on the existing interactions that
discriminate between the real conformation of the chiral
mixture we measured one-dimensional build-up NOESY curves
to estimate inter-moiety distances between each of the two
constitutional partners. As seen in Fig. 7, NOE experiments
showed proximity between the 2G and 1P, 1P′, 2P and 5P
protons. One of the 2G protons was selectively excited, giving an
NOE effect with the 1P, 1P′, 2P and 5P protons (Fig. 7c); on the
other hand, the same test was carried out by exciting the 3P
diastereotopic proton up the plane, giving an NOE effect with
the 1P, 1P′, 2P, 4P and 5P protons (Fig. 7b). The information
extracted from these tests was the distance of the 3P protons
from 2G, and the proximity of the 2G with 1P, 1P′, 2P and 5P,
these latter being the positions at which the interactions
occurred.

Inter-protonic distances between GA and L-prolinol have
been calculated by the −1/6 power of the cross-relaxation rates
ratio between the unknown distance and that for a reference
xed distance times the reference distance. The respective
cross-relaxation rates, s, were obtained by linear tting of the
normalized growing curves, using the excited peak intensity at
the same mixing time to minimize relaxation bias.43 The
selective 1D DPFGSE-NOESY spectrum of H2G and differenti-
ated signals of L-prolinol showed clear and well-resolved NOE
enhancements with very at baselines, which are representative
of all the spectra obtained in this study. The analysis to deter-
mine inter-proton distances on both samples is illustrated in
Fig. 8. Selective 1D DPFGSE-NOESY was obtained over a range of
mixing times, i.e., 0.1, 0.2, 0.3, 0.4, 0.5, 0.7 and 1.0 s.34,35,44,45

The NOE intensities, normalized with respect to the inverted
peak intensity, were plotted against the mixing time to obtain
build-up rates that, to a large extent, canceled the effect of
Fig. 7 (a) 1H NMR (500 MHz, ACN-d3) spectrum of the 1/1 mixture; (b)
1D 1H, 1H DPFGSE NOESY spectrum (tm 1.0 s) with selective excitation
of the up-field shifted diastereotopic proton H3P, and (c) 1D 1H, 1H
DPFGSE NOESY spectrum (tm 1.0 s) with selective excitation of the
methylenic proton of glycolic acid H2G.

RSC Sustainability, 2024, 2, 499–509 | 503
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Fig. 8 1D DPFGSE-NOESY intensities (INOE) normalized with respect
to the inverted peak intensity and plotted against mixing time (tm). (a)
Selective excitation of H2G; (b) selective excitation of H1P.

Fig. 9 Proposed structure in L-prolinol/GA chiral mixtures.
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external relaxation at moderate mixing times.46 The average
interproton distances were then calculated from the obtained
cross-relaxation rates (s values) and the intramolecular refer-
ence distance, assuming that the tumbling of the system can be
described by a single rotational correlation time. The corre-
sponding reference distance of 2.6 Å between protons H5 and
H3 in L-prolinol was derived from experimental data available
from X-ray diffraction. For example, the cross-relaxation rate
constants for the intramolecular H2G–H2P and H2G–H5P were
s = 0.0008207 s−1 and s = 0.0006866 s−1, corresponding to
estimated distances of 2.9 and 3.0 Å, respectively (Table 7). As
expected, smaller distances are found within L-prolinol,
whereas weaker contacts and larger distances are obtained
between glycolic acid and L-prolinol. The estimations of the
average cross relaxation rate constants and the distances
derived from the whole analysis are shown in Table 7.

With all the information obtained, a structure was proposed
for L-prolinol/GA mixtures where there were present ionic and
hydrogen bond interactions (Fig. 9).
Table 7 Cross relaxation rate constant (sIS, s−1)a and internuclear
distance (rIS, Å)

b at a 1H frequency of 500 MHz

Entry Inter-moieties sIS (s
−1) rIS (Å)

1 H2G–H1P 0.0006881 2.96
2 H2G–H1P′ 0.000674 2.97
3 H2G–H2P 0.0008207 2.87
4 H2G–H5P/H5P′ 0.0006866 2.96
5 H1P–H2G 0.0004315 3.20
6 H1P′–H2G 0.0003826 3.26
7 H2P–H2G 0.0004399 3.19

Entry Intra-moieties sIS (s
−1) rIS (Å)

8 H5P/H5P–H2G 0.0004238 3.21
9 H1P–H5P/H5P 0.0002933 3.41
10 H1P–H3P 0.0060052 2.06
11 H1P′–H5P/H5P 0.0012299 2.69
12 H1P′–H3P 0.0078786 1.97
13 H5P/H5P–H3P 0.0016386 2.56
14 H3P–H1P 0.0048353 2.14
15 H3P–H1P′ 0.0067618 2.02
16 H2P–H5P/H5P 0.0019036 2.50

a All the ts have R2 values higher than 0.99 and the estimated error for
a single sIS value is about 10%. b Reference distance of 2.6 Å between
protons H5 and H3 in L-prolinol.

504 | RSC Sustainability, 2024, 2, 499–509
Application of L-prolinol-based chiral liquids in asymmetric
organocatalysis

The organocatalytic activity of the synthesized chiral mixtures
was studied next. Thus, L-prolinol/TBAB 2/1 (61 ± 7 cP at 50 °C;
0.9% H2O by Karl-Fischer) and 4/1 (27 ± 15 cP, at 50 °C; 0.7%
H2O by Karl-Fischer) as well as L-prolinol/GA 1/1 (931 ± 2 cP, at
50 °C; 0.9% H2O by Karl-Fischer) and 2/1 (197 ± 2 cP, at 50 °C;
1.4%H2O by Karl-Fischer) were employed as a reaction medium
in the model conjugate addition of cyclohexanone to b-nitro-
styrene. The reactions were carried out at 30 °C using 5/1 and 3/
1 chiral solvent/limiting reagent mass ratios (Table 8). As
shown, when using L-prolinol/GA chiral liquids, full conversions
were obtained with good diastereo- and enantioselectivities
(Table 8, entries 1–4). The best results were observed when
using L-prolinol/GA 1/1 (mass ratio 5/1) with a dr (syn/anti) of 83/
17 and a 74% ee for the major syn diastereomer (entry 1). These
results demonstrated similar or superior performance
compared to the use of L-prolinol as a catalyst (10 mol%) in both
neat conditions (Table 8, entry 5) and in dichloromethane (entry
6) aer 3 days. In the case of dichloromethane, the enantiose-
lectivity for the major diastereomer increased to 81% ee,
however, the reaction conversion was only 61%. Much lower
enantioselectivity was obtained when using L-prolinol/GA 1/1 as
catalyst (10 mol%) under neat conditions (57% ee for the syn
diastereoisomer), as depicted in entry 7. On the other hand,
lower conversions and selectivities were generally obtained for
the chiral liquids L-prolinol/TBAB which again led to poorer
results when decreasing the chiral liquid/limiting reagent mass
ratio (Table 8, entries 8–11). Subsequently, the inuence of
water on the selectivity of the model conjugate addition of the
most selective chiral liquid (L-prolinol/GA 1/1) was evaluated. As
demonstrated in entry 12 of Table 8, the mixture L-prolinol/GA/
H2O 1/1/0.4 afforded the conjugate addition product with better
syn diastereoselectivity (90 versus 66%), but lower enantiose-
lectivities for both diastereomers (Table 8, compare entries 1
and 12). Finally, model conjugate addition was scaled up to 10 g
of chiral liquid obtaining an 82/2 (syn/anti) diastereomeric ratio
and a 77% ee for the major diastereomer (Table 8, entry 13).

Aer establishing the optimized reaction conditions (Table
1, entry 1), the conjugate addition of ketones to nitrostyrenes
was further investigated to determine the reaction scope (Table
9). Various nitroolens were reacted with cyclohexanone and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Asymmetric conjugate addition of cyclohexanone to b-nitrostyrene in L-prolinol-based chiral liquids

Entry Medium Conv.f (%) drg (syn/anti) eeg (syn/anti)

1 L-Prolinol/GA 1/1a >99 83/17 74/11
2 L-Prolinol/GA 1/1b >99 80/20 52/48
3 L-Prolinol/GA 2/1a >99 73/27 44/37
4 L-Prolinol/GA 2/1b >99 76/24 56/56
5 Neatc >99 72/28 67/61
6 CH2Cl2

c 61 88/12 81/34
7 Neatd >99 94/6 57/14
8 L-Prolinol/TBAB 2/1a >99 83/17 64/6
9 L-Prolinol/TBAB 2/1b 73 62/38 41/12
10 L-Prolinol/TBAB 4/1a 89 66/34 51/4
11 L-Prolinol/TBAB 4/1b 51 55/45 19/23
12 L-Prolinol/GA/H2O 1/1/0.4a >99 95/5 63/5
13 L-Prolinol/GA 1/1a,e >99 85/15 74/12

a Chiral liquid/limiting reagent mass ratio of 5/1. b Chiral liquid/limiting reagent mass ratio of 3/1. c L-Prolinol (10 mol%) was used as catalyst. d L-
Prolinol/GA 1/1 mixture (10 mol%) was used as catalyst. e Reaction performed employing 10 g of chiral solvent and 8 mmol of reagents.
f Determined by 1H NMR analysis of the crude reaction mixture. g Determined by chiral HPLC analysis of the crude reaction mixture. Major
diastereomer syn (S,R).47
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cyclopentanone, which yielded the corresponding adducts with
moderate to high yields and moderate to good diastereo- (38–
66%) and enantioselectivities (59–74% for the syn isomer)
(Table 9, entries 1–4).

The importance of studying the new chiral liquids capacity
from an economic perspective stems from the concept of using
the solvent multiple times. To optimize the regeneration
method, recyclability of chiral liquids L-prolinol/TBAB 2/1 and L-
prolinol/GA 1/1 was investigated. Initially, the solubility of the
two liquids was examined in various solvents including ethyl
acetate, methyl tert-butyl ether (MTBE), cyclopentyl methyl
ether (CPME), toluene, ethanol, and cyclohexane. The chiral
mixture L-prolinol/TBAB 2/1 was found to be completely soluble
Table 9 Asymmetric conjugate addition of ketones to b-nitrostyrenes
in L-prolinol/GA 1/1

Entry n R3 Conv.a (%) drb (syn/anti) eeb (syn/anti)

1 2 –H >99 83/17 74/11
2 2 –OMe 90 82/18 60/69
3 2 –Cl 37 69/31 59/62
4 1 –H >99 72/28 61/55

a Determined by 1H NMR analysis of the crude reaction mixture.
b Determined by chiral HPLC analysis of the crude reaction mixture.
Major diastereomer syn (S,R).47

© 2024 The Author(s). Published by the Royal Society of Chemistry
in all the solvents evaluated and was therefore not included in
further studies. In contrast, the L-prolinol/GA 1/1 liquid showed
low solubilities (1.6–8 wt%) in all tested solvents except for
ethanol (soluble up to 40% by weight according to 1H NMR).
Ethyl acetate was chosen for further investigation due to the low
(1–2 wt%) and complete solubility showed by the chiral mixture
and the conjugate addition products in this solvent, respec-
tively. During ve reaction cycles of the model addition of
cyclohexanone to b-nitrostyrene, no decrease in conversion or
diastereoselectivity was observed.48 However, the enantiose-
lectivity of the major syn diastereomer decreased progressively
from 74% to 46% ee probably due to the slow but progressive
slight loss of organocatalyst aer each wash (Table 10). To give
some clarity to this last result, the EtOAc washing regeneration
method was analyzed. Thus, two freshly prepared batches of the
L-prolinol/GA 1/1 chiral liquid were washed with two different
batches of EtOAc (0.27 and 0.16 wt% H2O content, respectively)
and then dried under vacuum to completely remove the organic
solvent. In both experiments, insignicant extraction of the
chiral liquid to the EtOAc phase was observed (1.6 and 1.3 wt%,
respectively), although the L-prolinol/GA molar ratio in the
extracted material (determined by 1H NMR) was 1/1.7 and 1/0.7,
respectively. This probably indicated the presence of small
amounts of free L-prolinol in the freshly prepared chiral liquid,
which was extracted in the washing process, especially when
using EtOAc with a higher water content.

The reaction mechanism and intermediates involved in the
L-prolinol derived organocatalysts reaction with aldehydes have
been previously studied by in situ NMR spectroscopy in DMSO-
d6.49 Using this dipolar aprotic solvent Gschwind and colleagues
have been able to detect the enamine and its rapid cyclization to
RSC Sustainability, 2024, 2, 499–509 | 505
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Table 10 Recyclability studies on the model reaction using L-prolinol/
GA 1/1 as solvent

Entry Cycle Conv.a (%) dr (syn/anti)b ee (syn/anti)b

1 1 >99 83/17 74/11
2 2 >99 87/13 72/15
3 3 >99 85/15 65/18
4 4 >99 85/15 65/15
5 5 >99 78/22 46/19

a Determined by 1H NMR analysis of the crude reaction mixture.
b Determined by chiral HPLC analysis of the crude reaction mixture.
Major diastereomer syn (S,R).47
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the corresponding oxazolidine (unreactive hemiaminal) in the
reaction between L-prolinol and L-prolinol ethers with alde-
hydes. In the case of the stoichiometric reaction between
cyclohexanone and the chiral liquid L-prolinol/GA 1/1 we have
been able to detect and characterize, for the rst time in a chiral
liquid, the corresponding spirooxazolidine as a function of time
(Fig. 10), not being able to detect under these conditions neither
the iminium salt nor the enamine intermediates. As depicted in
Fig. 10, aer 1 h the conversion into the oxazolidine is 37%, and
only aer 20 hours the conversion is above 87%.

In the 1H NMR spectrum of the oxazolidine intermediate, it
is worth mentioning the signal at 3.75 ppm which was assigned
to the bridgehead 7a′. In the 13C NMR spectrum, the signal at
97.9 ppm, corresponding to the spirocyclic carbon C1, also
indicated the formation of an oxazolidine compound. The
HMBC spectrum provided denitive proof by observing key
cross-peaks, especially those involving the spirocyclic carbon
C1. Fig. 10a illustrates the interactions found, where three-bond
couplings (to H3, H5, H1′, H5′, and H7a′) as well as four-bond
couplings (to H4) were all observed in the two-dimensional
map (see Fig. 10a). In addition to conducting long-range NMR
experiments, we performed a 2D NOESY experiment, revealing
intense cross-peaks between the methylenic protons of C2
(located at 1.51 ppm) and the two diastereotopic protons of C5′
Fig. 10 (a) 1H, 13C gHMBC and (b) 1H, 1H gNOESY key interactions; (c)
evolution of the amount of cyclohexanone and spirooxazolidine as
a function of time as monitored by 1D 1H NMR spectroscopy.

506 | RSC Sustainability, 2024, 2, 499–509
(located at 2.69 and 2.54 ppm). These moieties are highlighted
in Fig. 10b for clarity. Fig. 10c displays the kinetic prole,
demonstrating the concurrent formation of the oxazolidine
product and the simultaneous decrease in the conversion of
cyclohexanone over time.
Experimental
General

Unless otherwise noted, all commercial reagents and solvents
were employed without further purication. Reactions under an
argon atmosphere were carried out in oven-dried glassware
sealed with a rubber septum. 1H NMR (300 MHz) spectra for
catalysis experiments were recorded on a Bruker AC-300,
employing CDCl3 as solvent and TMS (0.003%) as reference;
1H NMR (500.13 MHz), 13C NMR (125.75 MHz) and 14N NMR
(36.14 MHz) spectra for characterization studies were recorded
on a Bruker Avance III 500 employing a 5 mm BBFO 1H/BB(19F)
probe; unless otherwise stated, standard Bruker soware
routines (TOPSPIN) were used for the 1D and 2D NMR
measurements. 1H, 13C and 14N chemical shis (d) are reported
in ppm values relative to TMS and liquid NH3, respectively, and
coupling constants (J) in Hz. ATR-IR spectra were recorder on
a JASCO FT/IR 4100 and on an FT-IR Bruker Alpha spectro-
photometer (Alpha II, Bruker Optik, Ettlingen, Germany)
equipped with an attenuated total reection module (ATR)
containing a diamond crystal. Chiral HPLC analyses were per-
formed on an Agilent 1100 Series (Quat Pump G1311A, DAD
G1315B detector and automatic injector) equipped with Chir-
alpack (AS-H, AD-H and OD-H) chiral columns usingmixtures of
hexane/isopropanol as mobile phase, at 25 °C. Differential
Scanning Calorimetry (DSC) studies were carried out on DSC
heat ow equipment with MDSC temperature from TA Instru-
ments, model Q250. Karl-Fischer water content analyses were
performed using a Mettler Toledo KF V20 Compact Volumetric
Titrator. Viscosity analyses were performed on a Brookeld high
torque viscosimeter CAP 1000+, the measurements were per-
formed at 50 °C, 750 rpmwith a 10 s hold time and 25 s run time
using spindle 5.

ln
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�
D� 6:344p2 � 207

19:44p2
d� s

2

�
D

81

100
G2 (1)
Chiral eutectic mixtures preparation

Choline chloride, acetyl-choline chloride, glycine, n-tetrabuty-
lammonium bromide (TBAB), glycolic acid (GA) and L-prolinol
were purchased from Merck, Sigma-Aldrich, BLDpharm or Alfa
Aesar (purities >98%). To achieve the desired molar ratio, the
respective amounts of each component were added to a 5 mL
glass vial, resulting in a nal mass of 0.1 g. The resulting
mixture was introduced into a sand bath under stirring at 25 °C
and kept under an argon atmosphere. Subsequently, the
mixtures were heated gradually at a rate of 4 °C every three
minutes until the temperature reached 80 °C over the course of
an hour, while monitoring the formation of a single liquid
© 2024 The Author(s). Published by the Royal Society of Chemistry
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phase. Aer the liquid phase was observed, the vials were taken
out of the sand bath and allowed to settle at room temperature
to ensure that a uniform and liquid phase was sustained. Once
conrmed, the mixtures were stored under an argon atmo-
sphere at room temperature for further characterization and
subsequent utilization in catalytic experiments.

Diffusion experiments

PGSE NMR diffusion measurements were carried out using the
stimulated echo sequence containing bipolar pair pulses.30 A
smoothed rectangular shape was used for the gradient pulses
and their strength varied automatically during the experiments.
The D values were determined from the slope of the regression
line ln(I/I0) versus G

2, according to the Stejskal–Tanner equation
for smoothed rectangular shaped gradient pulses (eqn (1))31 and
employing the DiffAtOnce package.32 I/I0 = observed spin echo
intensity/intensity without gradients, G = gradient strength, D
= delay between the midpoints of the gradients, D = diffusion
coefficient, d = gradient length, s = duration of the gradient
recovery delay and the 180° pulse.

The measurements were carried out without spinning. The
delay aer the radiofrequency pulses was set to 200 ms, and the
delay aer the gradient pulses was set to 1 ms. Gradient cali-
bration was carried out by means of a diffusionmeasurement of
HDO in D2O (D(HDO) = 1.902 × 10−9 m2 s−1).33 To check
reproducibility and lack of convection, three different
measurements with different diffusion parameters (D and/or d)
were always carried out. The experimental error in D values was
estimated to be smaller than ±2%. All the data leading to the
reported D values afforded lines whose correlation coefficients
were above 0.999. The gradient strength was incremented in 4%
steps from 8% to 96% so that 23 points could be used for
regression analysis. The recycle delay was set to 5 s. Experiments
were carried out without active temperature regulation, at the
probe ambient temperature of 294 ± 0.1 K.

1D NOESY experiments

Selective 1D DPFGSE NOESY experiments were carried out by
using the double pulse eld gradient echo sequence34,35 with
different mixing times varying from 0.1 to 1.0 s. The data were
collected using a spectral width of 6849 Hz and 32 K complex
data points for a 2.39 s acquisition time with a 2 s recycle delay.
Selective Gaussian pulses of 61.5 ms were used to invert the
target resonances. Processing of the spectra was accomplished
by zero lling to 64 K followed by an exponential multiplication
using a line width of 1 Hz. All NOESY peaks areas were subse-
quently divided by the area of the inverted signal at the same
mixing time. This ensures that the enhancements are corrected
for relaxation effects. Inter-proton distances were obtained from
the slopes of the normalized growing rates versus mixing time
obtained by linear regression and applying the isolated spin
pair approach (ISPA) using the H4–H5 distance of 2.8 Å in L-
prolinol as reference and the peak at the same mixing time to
account for relaxation effects. All the distances were calculated
from s ratios by including the appropriate correction factors to
account for the number of protons involved, i.e., those involving
© 2024 The Author(s). Published by the Royal Society of Chemistry
H5/H5′ of L-prolinol, the sIS was calculated dividing the slope of
the normalized growing rate by a factor of two. All the ts have
R2 values higher than 0.99 and the estimated error for a single
sIS value was about 10%. 2D NOESY spectra were collected with
1.0 second of mixing time using a spectral width of 3894 Hz in
F2 and 1 K complex data points for an acquisition time of
0.132 s with a 2 s recycle delay. 256 points were collected in the
indirect F1 dimension for a 0.033 s acquisition time. 16 scans
were collected per F1 increment and F1 quadrature detection
was achieved using the States-TPPI method.

General procedure of conjugate additions. Cyclohexanones to
b-nitrostyrene

Initially, 0.08 mmol of b-nitrostyrene was added to a glass vial
containing 100 mg of the appropriate chiral solvent, and the
mixture was stirred for 5 minutes at room temperature. The
corresponding ketone (0.08 mmol) was then added to the
reaction mixture, which was stirred for 3 days at 30 °C. In the
case of using L-prolinol/GA mixtures as the reaction medium,
aer this time, 0.5 mL of EtOAc was added to the mixture and
vigorously stirred. The organic phase was collected, and this
procedure was repeated twice. The combined organic phases
were then evaporated under vacuum to give the crude reaction
product, which was analyzed by 1H NMR and chiral HPLC. On
the other hand, when L-prolinol/TBABmixtures were used as the
solvent, aer 3 days, 3 mL of EtOAc were added to the mixture
until it was completely dissolved. Then, this organic mixture
was washed with 5 mL of water, which was decanted and
extracted with 3 mL of EtOAc twice. The organic phases were
collected and evaporated under vacuum to give the crude
reaction product, which was analyzed by 1H NMR and chiral
HPLC.

Experimental procedure for scaling up the conjugate addition
of cyclohexanone to b-nitrostyrene using the L-prolinol/GA 1/1
mixture

b-nitrostyrene (8 mmol) was added to the L-prolinol/GA 1/1
mixture (10 g) and the obtained mixture was stirred for 5 min
at RT. Then, cyclohexanone (8 mmol) was added to the reaction
mixture, which was stirred for 3 days at 30 °C. Then, EtOAc (10
mL) was added to themixture, which was vigorously stirred, and
the organic phase was collected. This extraction procedure was
repeated twice, and the combined organic phases were evapo-
rated under vacuum to give the crude reaction product which
was analyzed by 1H NMR and chiral HPLC.

Study of the recyclability of the L-prolinol/GA 1/1 mixture in
the addition of cyclohexanone to b-nitrostyrene

0.08 mmol of b-nitrostyrene was added to a glass vial containing
100 mg of the L-prolinol/GA 1/1 mixture, and the mixture was
stirred for 5 minutes at room temperature. Cyclohexanone (0.08
mmol) was then added to the reaction mixture, which was
stirred for 3 days at 30 °C. Aer this time, 0.5 mL of EtOAc was
added to the mixture and vigorously stirred. The organic phase
was collected, and this procedure was repeated twice. The
combined organic phases were then evaporated under vacuum
RSC Sustainability, 2024, 2, 499–509 | 507
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to give the crude reaction product, which was analyzed by 1H
NMR and chiral HPLC. The remaining chiral mixture was used
directly in a new reaction cycle following the above-described
procedure, and this was repeated for a total of ve reaction
cycles.

Conclusions

In this paper, L-prolinol-based chiral mixtures were prepared
and used as green and organocatalytic reaction media in the
asymmetric conjugate addition of ketones to nitroolens. L-
Prolinol/TBAB 4/1 and 2/1, as well as L-prolinol/glycolic acid 2/
1 and 1/1 chiral liquids, were structurally characterized using
ATR-FTIR spectroscopy, differential scanning calorimetry
(DSC), and NMR techniques. In particular, the chiral solvent L-
prolinol/glycolic acid 1/1 showed very good activity and
moderate to good diastereo- and enantioselectivities in the
organocatalyzed conjugate addition of ketones to b-nitro-
styrenes. A protocol for conjugate addition at a gram-scale was
developed, and the recovered chiral liquid was found to be
reusable for up to ve reaction cycles. However, the enantiose-
lectivity of the resulting product decreased with each cycle,
suggesting that further optimization of the recovery protocol is
necessary. Also, by in situ NMR studies, we have been able to
detect the oxazolidine intermediate generally observed in
enamine activated organocatalyzed asymmetric reactions
involving L-prolinol derived organocatalysts.
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