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Cholinium a-amino carboxylates, which debuted in the ionic liquid arena over a decade ago, exhibit
superior stability and suitable physical properties relative to other RTILs. Although synthetic pursuits in
such media, leveraging their dual role as solvents and catalysts, have been scarce so far, we herein illus-
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trate their catalytic advantage in aza-Michael reactions in terms of low loading, acceleration and improved
yields with respect to conventional conditions and other imidazolium-based ILs. These highly structured
salts most likely act through multiple and cooperative non-covalent interactions. These mechanistic fea-
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Introduction

The use of neoteric solvents along with eco-friendly reaction
conditions for improving organic transformations has become
standard practice. Although the benefits of adopting such con-
ditions can reasonably be justified, reassessment of some
experimental variables often unveils both pros and cons that
can further be tuned in terms of sustainability and efficiency.
This is especially relevant for key reactions such as carbon-
carbon and carbon-heteroatom bond-forming reactions,
which are instrumental for molecular derivatisation and con-
struction of complex skeleta. The aza-Michael reaction is, in
context, a venerable synthetic transformation involving the
addition of a primary or secondary amine (donor) to an acti-
vated double bond (acceptor), often an acrylate, producing
amino ester derivatives.

Aza-Michael reactions can be conducted on a wide range of
substrates under multiple solvent and temperature
conditions.»” Notably, solventless reactions at ambient temp-
erature can successfully be achieved, and the addition pro-
ceeds with 100% atom economy, which in turn fulfils two or
more principles for green chemistry. Significant advancements
include intramolecular and organocatalytic variations, gener-
ally focusing on asymmetric reactions, thus expanding the
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tures have also been investigated through high-level computational analyses as well.

scope and applicability towards chiral natural products and
pharmaceuticals.>> Aza-Michael reactions can also be tailored
to polymer chemistry® and biobased acceptors from renewable
resources.” Although essentially catalyst-free aza-Michael reac-
tions are feasible, in line with Michael-type mechanisms, cata-
lysis greatly enhances the reaction outcome and, in recent
years, organocatalysts have shown significant improvements
acting through both non-covalent interactions and covalent
bond formation (e.g. via iminium ions).> The use of ionic
liquids (ILs) in aza-Michael reactions has been reported for
nearly two decades. Most cases involve conventional ionic
liquids generated by tandem quaternisation/anion metathesis,
leading to well-established imidazolium salts and others
derived from bulky ammonium salts. In general, improve-
ments are observed in acceleration, yields and recyclability
relative to uncatalysed aza-Michael reactions.®° It is widely
accepted that such room-temperature ILs suffer from inherent
drawbacks, namely tedious preparations, hygroscopicity, and
worse, they are non-innocent ligands that may afford reactive
intermediates and toxic species upon decomposition.

The alternative use of low-melting mixtures based on natu-
rally occurring ligands has led to the broad class of deep eutec-
tic solvents (DES), whose popularity has recently increased.
This is well portrayed by choline-based ionic liquids®** and
those derived entirely from biomaterials.>*>® In context, imi-
dazolium-based ILs from naturally occurring amino acids were
also described in early developments of the field,*® and
choline amino acid salts, [Cho][AA], entered into the repertoire
of novel eutectic phases almost a decade ago, as non-toxic sol-
vents for biomass pretreatment.”” Synthetic applications,
however, are still in the infancy. It is fair to mention that
choline-proline, [Cho][Pro], the first prototype, was reported in
2007 as a catalyst in direct aldol reactions.”® The catalyst can
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be regarded as a logical extension of proline as an organo-
catalyst for aldol condensations, although water was employed
as an additive and reactivity (from 10 min to 24 h) was depen-
dent on the carbonyl partners. Subsequent work described the
preparation of other cholinium-amino carboxylates, namely
[Cho][Ala], [Cho][Gly], [Cho][His], [Cho][Phe] and [Cho][Thr],
which catalysed the Knoevenagel condensation, albeit surpris-
ingly [Cho][Pro] was excluded from such a study.> In this case,
the reactivity heavily depends on the acidity of the active
methylene compound, whereas all the ILs have enough basic
strength (pK, > 9) to promote H-abstraction and showed no
appreciable conversion differences after three hours. Further
studies and analyses of such cholinium salts, both experi-
mental and theoretical, unveiled their distinctive structural
features and capabilities.’*> Thus, the interaction and
dynamics of liquids based on choline and amino acids, as por-
trayed by [Cho][Ala], suggest a strong H-bond, which, once
formed, is persistent, and the proton resides exclusively on the
choline hydroxyl. Moreover, no proton transfer occurs within
the simulated temporal framework, and there is no evidence
of medium-range spatial order.*® The densities of [Cho][AA]
are, however, quite similar without apparent correlation with
molecular mass or ion sizes. The latter appears consistent with
common dominant interactions between the cation and the
anionic skeleton.?"*> Further quantum calculations show the
donor-to-acceptor H-bond as the primary interaction between
the ionic pairs, with the charge delocalised over numerous
atoms, thus reducing the strength of electrostatic
interaction.>*® Because of the directional character of
H-bonding, the interaction energies will be affected by the side
chain of the amino acid moiety. As a result, the anions greatly
dictate the mesoscopic structures of [Cho][AA], as non-polar
fragments will segregate from the remaining charged network
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of [Cho][AA], viscosity in particular, vary significantly, and,
remarkably, some derivatives exhibit lubrication performance
comparable to that found for olefin oils.?”

In an attempt to explore further the synthetic ability of
[Cho][AA], we document our pursuits in the aza-Michael reac-
tion, which has been described under a wide variety of con-
ditions as already mentioned,"* and provide insights into the
catalytic performance of these neoteric liquids.

Results and discussion

We began a preliminary screening of aza-Michael reactions
with a set of representative aliphatic amines and electron-with-
drawing alkenes, such as dibutylamine and morpholine along
with either methyl acrylate or acrylonitrile, with different
[Cho][AA] as catalysts (Fig. 1). As the nucleophilicity of the
amine increases and the Michael acceptor becomes more elec-
trophilic and less sterically impeded at the p-carbon, uncata-
lysed reactions are easy to perform. However, they can take
long, from hours to days to achieve completion."” As gathered
in Table 1, condensations in the presence of [Cho][AA] gener-
ally proceeded quickly. They did go to completion within
minutes (as monitored by TLC on checking the disappearance
of the starting materials). Exceptions were the sluggish reac-
tion observed for Bu,NH/acrylonitrile pair with [Cho][Lys] or a
reluctant reaction with [Cho][His], otherwise faster with other
ILs.

Clearly, [Cho][Pro] performs better than other combinations
of choline cations and a-amino carboxylates. To ascertain the
robustness of this system and verify actual catalytic assistance,
we monitored the reaction completion at different molar ratios

when interacting with external molecules.*"** Other properties and included other amines (Table 2).
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Fig. 1 Representative aza-Michael reactions and amino acids used for generating [Chol[AA] ionic liquids. pK, values for acid and basic groups are
standard, and approximate data is rounded to the first decimal place for comparative purposes.
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Table 1 Screening experiments for aza-Michael reaction models with
[Chol[AA] ILs*?

Amine Alkene [Cho][AA] Reaction time
Dibutylamine Methyl acrylate Cho][Lys 15 min
Dibutylamine Acrylonitrile Chol[Lys 2.5h
Morpholine Methyl acrylate Cho][Lys 20 min
Morpholine Acrylonitrile Chol[Lys 15 min
Morpholine Methyl acrylate Cho][Arg] 40 min
Morpholine Methyl acrylate Cho|[Glu] 50 min
Morpholine Methyl acrylate Cho|[His 3d°
Morpholine Methyl acrylate Cho][Pro] 5 min
Dibutylamine Methyl acrylate Cho][Pro] 10 min
Morpholine Acrylonitrile Cho][Pro] 10 min
Dibutylamine Acrylonitrile Cho|[Pro] 10 min

“Reaction conditions: amine (1.2 mmol), alkene (1.0 mmol), [Cho][AA]
(0.25 mmol). ? All reactions were conducted at room temperature (ca.
25 °C) and monitored by TLC until the disappearance of the starting
materials.  Incomplete reaction, even after heating at 60 °C.

Table 2 Aza-Michael reactions monitored to completion under dual
solvation/catalytic effects of [Chol[Pro]®

[Cho][Pro]  Reaction
Entry  Amine (mmol) Alkene (mmol) (mmol) time
1 Morpholine (1.2) Methyl acrylate (1.0)  0.25 5 min
2 Morpholine (1.2) Methyl acrylate (1.0) 0.1 10 min
3 Morpholine (1.2) Methyl acrylate (1.0) 0.5 10 min
4 Morpholine (1.0) Methyl acrylate (1.0) 0.5 b
5 Morpholine (2.0) Methyl acrylate (1.0) 0.5 10 min
6 Morpholine (1.2) Acrylonitrile (1.0) 0.25 10 min
7 Dibutylamine (1.2)  Methyl acrylate (1.0)  0.25 10 min
8 Dibutylamine (1.2)  Acrylonitrile (1.0) 0.25 10 min
9 Dibutylamine (1.2)  Methyl acrylate (1.0) 0.1 3h°
10 Dibutylamine (2.0)  Methyl acrylate (1.0) 0.5 3 h
11 Benzylamine (1.2) Methyl acrylate (1.0)  0.25 10 min
12 Benzylamine (1.2) Acrylonitrile (1.0) 0.25 5 min
13 Benzylamine (2.0) Methyl acrylate (1.0) 0.5 10 min
14 Piperidine (1.2) Methyl acrylate (1.0)  0.25 10 min
15 Piperidine (1.2) Acrylonitrile (1.0) 0.25 5 min
16 Aniline (1.2) Methyl acrylate (1.0)  0.25 10 min
17 Aniline (1.2) Acrylonitrile (1.0) 0.25 5 min
18 Aniline (1.0) Methyl acrylate (1.0)  0.25 30 min
19 Aniline (1.0) Methyl acrylate (1.0) 0.1 3d
20 Morpholine (1.2) Methyl acrylate (1.0) — 1.5h
21 Dibutylamine (1.2)  Methyl acrylate (1.0) — 3d
22 Aniline (1.2) Methyl acrylate (1.0) — 3d?

“TLC monitoring until the disappearance of reagents. ” Complete after the
addition of morpholine. ¢ Incomplete after 3 h. ¢ Incomplete after 3 d.

Data collected in Table 2 show the beneficial effect of
[Cho][Pro], using substoichiometric amounts of 10 mol%,
25 mol% and 50 mol%, aiding in dissolving the reaction
mixture and affording rapid and complete transformations. A
lower catalyst loading decreases reactivity slightly (entries 2, 9,
and 19). A little excess of amine triggers the Michael addition
(entry 4 or 18), although in general, archetypal primary and
secondary amines exhibit good reactivity, including less basic
aniline (entries 16-19) and the bulkier dibutylamine. Even if
aliphatic primary amines tend to produce both mono- and bis-
adducts,"” the present reactions with acrylic acid derivatives
gave rise to monoadducts and no evidence of alkene poly-
merisation could be observed. As expected, neat reactions

This journal is © The Royal Society of Chemistry 2024
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work as well, albeit taking longer or remaining incomplete
(entries 20-22), thus unravelling the catalytic intermediacy of
the ionic liquid.

From a practical standpoint, product isolation can easily be
accomplished and requires no more than extraction (see
Experimental), drying and evaporation. In some cases, fil-
tration through a short silica pad prior to evaporation removes
insoluble impurities, leading to essentially pure adducts.
Isolated yields, not optimised nevertheless, are good enough,
and the reactions mentioned above are generally faster than
those achieved with other conventional ILs as well as other
green alternatives with other ILs (Table 3).

Furthermore, a scale-up test was carried out using the
addition of morpholine to methyl acrylate at room temperature
as a model reaction. In 2.5 mmol of ionic liquid, 12 mmol of
the amine were reacted with 10 mmol of the alkene. The
process, monitored by TLC, was completed within five
minutes, and the adduct was successfully isolated in quantitat-
ive yield by flash chromatography, as described in the
Experimental section.

The recyclability of [Cho][Pro] is worth mentioning without
compromising its catalytic activity after several cycles. As dis-
played in Fig. 2, the reaction of morpholine with methyl acry-
late was complete in 5 min when using the recovered IL up to
five times.

However, an elusive point with this family of ILs is their
homogeneous character, a fact illustrated, as mentioned
above, through disparate viscosity values and, surprisingly,
some have been reported as solids at room temperature.*” The
usual synthetic protocol involves a one-step neutralisation
reaction of aqueous choline hydroxide, [Cho][OH], with the
corresponding amino acids, which releases water as the only
by-product, thus accounting for a green character indeed. In
our hands, they were viscous yet handleable liquids. They do
not need to be particularly dried, as water content can be toler-

Table 3 [Cho][Pro]-mediated aza-Michael reactions and isolated yields
Reaction time (min)
Yield® This

Entry Amine Alkene (%)  study” Other studies

1 Morpholine ~ Methyl acrylate 100 5 10, 180,%® 90,*°
3540

6 Morpholine  Acrylonitrile 83 10 90,% 20,%° 30**

7 Dibutylamine Methyl acrylate 75 10 15,° 300%°

8 Dibutylamine Acrylonitrile 52 10 120*°

11 Benzylamine Methyl acrylate 54 10 180,%% 150

12 Benzylamine Acrylonitrile 89 5 30"

14 Piperidine Methyl acrylate 65 10 10,° 120,%% 90,%°
30’40 30%!

15 Piperidine Acrylonitrile 91 5 10,° 90,%% 15,%°
2540

16 Aniline Methyl 55 10 120,** 180,*°

acrylate 1440*°
17 Aniline Acrylonitrile 51 5 150,%% 120%°

“Isolated yield, not optimised. 5 Amine 1.2 mmol, alkene 1.0 mmol,
[Cho][Pro] 0.25 mmo], rt.

Org. Biomol. Chem., 2024, 22, 2423-2434 | 2425


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ob02006a

Open Access Article. Published on 28 February 2024. Downloaded on 12/4/2025 8:14:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
Reusability of [Cho][Pro]

100 45
%0 40
80 35
70 30
60 25
50
40 ~ -
. ’%%? 15
- | 10
10 - °

o 0

. [solated Yield (%) === Reaction time (min)

Fig. 2 Reusability of [Cho][Pro] (0.25 mmol) as a catalyst for the stan-
dard aza-Michael coupling between morpholine (1.2 mmol) and methyl
acrylate (1.0 mmol).

ated and actually facilitates reaction work-up. The proton
transfer reaction not only leads to a permanent formation of
an alkylammonium salt but also avoids introducing foreign
ions derived from alternative metathesis procedures. It is well
known that the addition of water (even used as solvent) accel-
erates the aza-Michael reaction by activating both the donor
and acceptor, which is associated with hydrogen bonding with
surrounding water molecules.” This may explain the positive
effect observed for [Cho][Pro]-mediated aldol reaction by delib-
erately adding one equivalent of water.”®

At first sight, there is no obvious reason to invoke differ-
ences in H-transfer to choline cation based on amino acid
acidity (Fig. 1), at least in terms of the ApK, rule, which is
usually applied to rationalise the formation of solid salts and
cocrystals.*> Dynamic simulations of some [Cho][AA] showcase
heterogeneity features arising from segregation between the
polar domain of electrostatic/H-bonding interactions and the
non-polar one due to the anion side chains.**** This sort of
solvophobic effect manifests itself by adding an additive (e.g.
alcohols), which alters the continuity of the [Cho][AA]-IL
network by establishing competing IL-additive interactions.*’
Since one of the most relevant applications of [Cho][AA]-ILs is
their capability for biomass solubilisation,®" this has been
largely attributed to the anion side chain having excellent
H-bond donors in the cases of [Arg] and [Lys] anions, which
become stronger through polarisation by nearby cholinium
cations.**> However, an electrostatic effect alone cannot
justify marked differences in reactivity, and steric and hydro-
phobic interactions should underpin the outperformance of
[Cho][AA] as catalysts, the Pro-based IL in particular. Indeed,
we reasoned that H-bonding represents the driving force to
bring reaction partners together, a fact attributable to other
less polarised choline-based ILs when interacting with
covalent molecules.*®

On the other hand, the H-bond between choline and
a-amino carboxylates, being strong enough as documented,*?
should most likely involve both electrostatic and covalent con-
tributions.*” The case of [Cho][Pro] should a priori be ascribed
to the compelling evidence that proline acts as a bifunctional
catalyst that lowers the activation barrier to C-N formation by

2426 | Org. Biomol Chem., 2024, 22, 2423-2434
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charge stabilisation at the transition structure.*®*° Having a
less flexible secondary amine side chain than other amino
acids, activation of the electrophile will produce a highly
ordered intermediate towards nucleophilic attack, where the
polarisation of the ionic catalyst will also enhance the orient-
ing role of H-bond donor groups.

To elucidate the reaction mechanism behind the catalytic
activity caused by the ionic liquid in the aza-Michael men-
tioned above reactions, we selected as starting materials those
leading to the fastest reactions experimentally: proline as
amino acid, morpholine as secondary amine, and methyl acry-
late as 1,4-difunctionalised compound. The structures of ionic
liquid pairs formed from choline and proline were obtained
throughout MTD simulations (see computational details),
which afforded 200 structures within a 6 kcal mol™" window.
The most stable structure (Fig. 3) shows a hydrogen bond
between the OH of choline and the carboxylate group of the
amino acid. This result perfectly matches previous MD simu-
lations and neutron diffraction analysis of choline-based ionic
liquid.*** However, one water molecule was included in the
present case, in which an acid-base reaction between proline
and choline hydroxide should have formed. Overall, this
feature could also unveil the putative catalytic effect of water.
Moreover, this water molecule forms non-covalent interactions
with the same oxygen that interacts with both the OH of
choline by hydrogen bonding and the ammonium ion of
choline through dipole-induced dipole interactions.

The ionic liquid (referred to as Liq, for simplicity) could
then complex with either morpholine (M) or methyl acrylate
(A). Our docking analysis (see Computational details) shows
that the most favourable interactions of Liq with A (Lig-A in
Fig. 4) are dispersion forces between A and the pocket gener-
ated by the aliphatic chains of proline and morpholine (for a
visual description of such interactions, go to the NCI plots in
Fig. 4). On the other hand, the strongest interaction energy
between Liq and M (Liqg-M in Fig. 4) is found when M acts as
hydrogen donor with one oxygen of the carboxylate group of

Liq

Fig. 3 Optimised geometry of the ionic liquid (Liq) optimised at the
®B97X-D/def2-SVP level of theory in a cage (SMD method) having a
dielectric constant similar to that of the ionic liquid.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Optimised geometries of complexes Liq-M and Lig-A at the ®B97X-D/def2-TZVP//oB97X-D/def2-SVP level of theory with bulk solvation
(SMD method). Relative energies in kcal mol™ are given between Liq and M and A for Lig-M and Lig-A, respectively. NCI analyses of each structure

are depicted below.

proline. In this case, the oxygen atom (ether bond) of morpho-
line is also forming dipole-induced dipole interactions with
choline as well as the water molecule (NCI interactions, Fig. 4).
From a quantitative standpoint, such non-covalent interactions
between Liq and either M or A were estimated through an
energy decomposition analysis (EDA). The energy change
during the formation of a complex can be elucidated as:

AEq = Ecomplex - ZEfrag = AE¢s + AEgx + AEom
i

= AEsteric + AEpolar

where E,; represents the orbital interaction term, which
stabilises the complex, E.s refers to the electrostatic inter-
action and Eg, is the exchange repulsion term, arising from
the Pauli repulsion effect. These two last terms can be com-

This journal is © The Royal Society of Chemistry 2024

bined as the steric term (Eseric). The Ep, contribution stabil-
ises the Liq-M complex (—8.6 kcal mol™") to a higher extent
than Liq-A, being —5.4 kcal mol™". Otherwise, the steric term
(Ee1s + Egy) favours the complexation of Liq with A with respect
to Lig-M by 0.7 kcal mol™". Surely, the stabilising effect can
also be ascribed to a closer proximity of M to Liq in Liq-M
than that between A and Liq in Lig-A, since M forms stronger
NCIs with Liq. All in all, the total interaction energy (E.) is
more favourable for the Lig-M complex by —2.4 kcal mol™".
Note that the total interaction energy obtained for the EDA
analysis differs from the relative electronic energy of the com-
plexes because of the distorted fragments employed, whereas
AE is obtained from ground-state geometries.

Fig. 5 shows the free energy profile at 298.15 X for the reac-
tion involving the complex Lig-M with A. The first step yields
the new C-N bond between the morpholine nitrogen atom and

Org. Biomol. Chem., 2024, 22, 2423-2434 | 2427
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Fig. 5 Free energy profile in kcal mol™ for the aza-Michael reaction between methyl acrylate (A), morpholine (M) and the ionic liquid (Liq) com-
puted at the ®B97X-D/def2-TZVP//®B97X-D/def2-SVP level of theory with bulk solvation (SMD method) at 298.15 K.

methyl acrylate’s y carbon (TS1). This process shows a free
energy barrier of 18.7 kcal mol™" and leads to the zwitterionic
intermediate Intl through an endergonic process having a free
energy change of 15.9 kcal mol™" along the reaction coordinate
that links reactants to Int1, thus accounting for C-N bond for-
mation. The enolate intermediate Intl could evolve through
two different reaction pathways. The less favoured pathway
links Int2 with intermediate Int3 in which the Michael adduct
(P) complexes with the ionic liquid. This process shows a
40.8 kcal mol™" free energy barrier corresponding to the
transition structure TS2b. This transformation actually consti-
tutes the second step of a typical 1,2-addition in an aza-
Michael reaction. Instead, the first intermediate Int1l could
lead to the unstable intermediate Int2 through another tran-
sition structure (TS2a) and proceed with a very low energy
barrier (0.2 kcal mol™). This process involves a proton-transfer
reaction from the NH of the morpholinium cation to the nitro-
gen atom of proline. The last step takes place by evolving Int2
into Int3 through the transition structure TS3. In this case, the
positive charge held by the nitrogen atom at the proline
moiety is alleviated by proton transfer to the p-carbon of the
enolate. Notably, the latter’s energy barrier is also low, being
0.5 keal mol™" from Int2.

2428 | Org. Biomol. Chem., 2024, 22, 2423-2434

When considering that the reaction outcome comes from
the approach of morpholine to the f-carbon of acrylate in Liq-
A complex, we characterised in addition the transition struc-
ture TS1' (Fig. 6). This step, corresponding to the formation of
the C-N bond, exhibits a free energy barrier of 20.3 kcal mol ™.
Taking into account that this initial step is 1.6 kcal mol™" less
favourable than TS1 (Fig. 5) and that the Boltzmann popu-
lation of the Liq-A complex with respect to Liq-M is 1.8x107>
(see free energy differences in Fig. 4), we can assert with confi-
dence that formation of the Michael adduct proceeds through
the reaction of Lig-M and methyl acrylate.

The mechanistic study evidences that the participation of
the ionic liquid (Liq), acting as a catalyst, in the reaction is
critical to generating the Michael adduct. In the first step, the
ionic liquid is not involved in any bond-forming and bond-
breaking process; it merely interacts with the secondary amine
through hydrogen bonding. After the formation of the C-N
bond, there are two reaction pathways, which may or may not
involve the Liq species. When Liq does not participate, the
rate-determining step in the formation of the Michael adduct
is the proton transfer from the ammonium ion, generated at
the onset, to the anionic carbon of the enolate. As mentioned
above, this stepwise process is a typical 1,2-addition, which

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Optimised geometry of the transition structure TS1' at the
®B97X-D/def2-TZVP//wB97X-D/def2-SVP level of theory with bulk sol-
vation (SMD method). Relative energy in kcal mol™ is given with respect
to Lig-A and M.

shows a close energy profile to those of previous compu-
tational studies dealing with the addition of dimethylamine
and ethyl acrylate.>® This similarity in free energy profiles of
the two isolated reactants justifies, in the present case, the
negligible (or none) influence of Liq on the mechanistic
outcome.

Conversely, when Liq is involved in the “reaction pocket”,
there is a significant increase in the reaction rate, with the
rate-determining step being the formation of the C-N bond. It
has been shown that the participation of an additional amine
during the reaction of secondary amines with acrylates also
increases the proton transfer rate from the ammonium ion
generated in the first step (Intl-like intermediates) to the
anionic carbon of the enolate.”® Although this amine-assisted
mechanism increases the reaction rate, it is still the rate-deter-
mining step of the whole process. Moreover, for the ionic
liquid-assisted reaction, the free energy profile changes sub-
stantially, and the rate-determining step involves the formation
of the C-N bond. If we may say so, the actual catalyst of the
reaction evaluated here is the nitrogen atom of the amino acid
fragment, which transfers the proton from an ammonium ion
(Int1) to the enolate carbon in two steps, thereby forming a
new, highly unstable, zwitterionic intermediate (Int2), which
evolves into the Michael adduct through a subsequent proton
transfer.

Accordingly, this theoretical study provides further insight
into both structural and reactivity aspects, particularly regard-
ing the ionic liquid-amine type complexes. Five different
amino acids and two amines have been used, and as already
mentioned, the fastest reactions involve morpholine as amine
and proline as amino acid. The increase in reaction rate could
mainly be ascribed to both molecular rigidity and non-covalent
interactions. Concerning the latter, morpholine affords the
best complexes with choline-derived ILs for the reaction to
occur because, along with H-bond interaction with the carbox-
ylate group, the ether linkage also interacts strongly with the
methyl groups of the ammonium ion of choline through exten-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

Fig.7 Zoomed NCI interactions of Lig-M near the surrounding
environment of the morpholine oxygen atom.

sive induced dipole-dipole interactions (Fig. 7). Such inter-
actions contribute to packing tightly the amine to Liq.
Concerning the latter and as inferred from computation, the
proton transfer from the amino acid nitrogen atom represents
the driving force supporting this mechanism. Clearly, this
effect is constrained in the heterocyclic fragment of proline,
whereas the other amino acids are prone to higher confor-
mational freedom. An increase in the conformational land-
scape could give rise to more stable isomers than those
needed for amine complexation, thus preventing both efficient
approach and proton transfer.

Regarding the effect of the 1,4-difunctionalised compound,
experiments show a faster reaction with methyl acrylate than
with acrylonitrile. The main reason accounting for this fact
should be due to the relative stability of the first intermediate
(Int1). Since this specific process involves mesomeric effects
where charge delocalisation from the f-carbon to the electron-
withdrawing group occurs, enolate stability is enhanced rela-
tive to a cumulenic sp-like carbon formed with acrylonitrile. As
a result, the first reaction step with acrylonitrile should be a
more endergonic process than that of methyl acrylate, thus
shifting the chemical equilibrium towards the reactants.

Experimental
Materials and methods

Solvents of HPLC grade were purchased from Scharlab
S. L. and Labkem. Reagents were purchased from Acros
Organics and Sigma-Aldrich. NMR spectra were recorded on a
Bruker Avance 500 spectrometer at 500.15 MHz using CDCl;
and D,O as solvents and TMS as an internal standard. TLC
was performed on silica gel plates coated with fluorescent indi-
cator F254 from Merck KGaA. Flash chromatography was per-
formed on Merck 60 silica gel (230-400 mesh).”

Amino acid-derived IL [Cho][Pro] was obtained following
the protocol described previously.> The synthesis of the ionic
liquids [Cho][Arg], [Cho][Glu], [Cho][His], and [Cho][Lys] was
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conducted according to the methodology reported by Moriel
et al.”®

General procedure for aza-Michael condensations

In a typical aza-Michael addition experiment, a mixture of the
amine (1.2 mmol) and the alkene (1.0 mmol) were stirred in
the ionic liquid (0.25 mmol) at room temperature until the
completion of the reaction, as determined by TLC. Once the
reaction is finished, to get rid of the IL and the excess amine,
the mixture was dissolved in either DCM or Et,0, and filtered
off in an allihn-type filter tube (10 x 2 c¢cm) through a bed of
silica gel. The filtrate was evaporated at reduced pressure to
yield the pure product. Alternatively, the reaction mixture can
be diluted with water and extracted with either DCM or Et,O.
The organic phase was dried over anhydrous MgSO, and evap-
orated at reduced pressure to yield the pure product. In some
cases, the product was further purified by flash chromato-
graphy. All the compounds have been identified by their NMR
spectra, which match those of known samples.

12 mmol of morpholine, 10 mmol of methyl acrylate and
2.5 mmol of [Cho][Pro] were used in the scale-up experiment
at room temperature. The reaction reached completion within
5 min, and the adduct was quantitatively isolated by flash
chromatography.

Computational details

The first task in the computational study was to elucidate the
structure of the catalyst, i.e., the ionic liquid. To this end, we
optimised the geometry of water, deprotonated proline and
choline with the tight-binding method GFN2-xTB* in benz-
aldehyde with the ALPB solvation model.>* The dielectric con-
stant of benzaldehyde was chosen for computational simu-
lations as most ionic liquids have dielectric constants of
approximately 15 on average;>®> and benzaldehyde (& = 18.22)
mimic well that polar character using both the SMD (see
below) and ALPB solvent models. The three structures were
placed randomly, and a non-covalent conformational sampling
was carried out based on meta molecular dynamic simulations
(MTD) within the NCI-iMTD workflow, implemented in the
CREST software®® at the level mentioned above of theory. The
system was placed on an ellipsoid potential of 41.5, 28.0 and
27.3 Bohr to avoid complete dissociation of the resulting com-
plexes. A total of six MTD simulations of 20 ps each were
carried out to obtain a set of 200 conformers within a 6 kcal
mol™" window at 298.15 K. The most stable conformer was
optimised at the DFT level with the ®B97X-D method®” in com-
bination with the def2-SVP*® basis set in benzaldehyde
(SMD).> After obtaining the geometry of the ionic liquid, the
most plausible interaction of the latter with both reagents,
namely morpholine and methyl acrylate, was evaluated. To
this end, we carried out an automated interaction site screen-
ing (aISS)®® with the XTB program package®"®* involving the
pairs of ionic liquid-morpholine and ionic liquid-methyl acry-
late, according to a similar methodology employed in previous
work.®® The final complexes denoted as Liq-M for morpholine
and Liq-A for methyl acrylate were optimised at the above-men-
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tioned DFT level of theory. Then, all electronic energies were
refined with the same method and using the def2-TZVP basis
set.>® Relative energy comparison showed that the Lig-M
complex is the most stable species and was used as a reagent
for computing the mechanism of the aza-Michael reaction. All
the stationary points were optimised without restrictions at the
®B97X-D/def2-SVP level of theory in benzaldehyde (SMD).
Electronic energies were refined with the ®@B97X-D method in
combination with the def2-TZVP basis set in benzaldehyde
(SMD). The level of theory employed is denoted by wB97X-D/
def2-TZVP//wB97X-D/def2-SVP. All the minima and transition
structures (TS) were characterised by hessian evaluation,
obtaining zero and one imaginary frequency, respectively.
Intrinsic reaction coordinate (IRC) analyses were conducted
for all the characterised transition structures to ensure that all
the saddle points belonged to the desired reaction path. The
step size for the calculation of the reaction coordinate was set
to 0.15 Bohr and an RMS Gradient Norm stopping criteria of
1.2x10™* Hartree per Bohr. For the predictor step we used the
local quadratic approximation, and the force constants were
computed at every point. Non-covalent interactions (NCI) were
obtained with NCIPLOT4.°*°> A density cutoff of p = 0.5 au was
applied, and isosurfaces of s(r) = 0.5 were coloured by sign(42)p
in the [-0.03, 0.03] au range using VMD software.’® All DFT
calculations were carried out with the Gaussian 16 software
package.®” The EDA analysis was carried out with the Multiwfn
software.®®

Product characterisation

[Choline][Proline]. '"H NMR (500.15 MHz, CDCl,): 6y 3.94
(bs, 2H, CH,-OH), 3.55 (m, 2H, CH,-NMej), 3.37 (t, Jun 4.5
Hz, 1H, CH-COO"), 3.01 (m, 1H, CH,-NH), 2.69 (m, 1H, CH,-
NH), 1.98 (m, 1H, CH,-CHCOO"), 1.66 (m, 2H, CH,~(CHa),),
1.59 (m, 1H, CH,-CHCOO").

[Choline][Arginine]. "H NMR (500.15 MHz, D,0): 6y 3.93 (m,
2H, CH,-OH), 3.36 (t, Juu 5 Hz, 2H, CH,-NMej3), 3.14 (m, 1H,
CH-COOQ7), 3.08 (m, 11H, NMe;, CH,-NH), 1.48 (m, 4H, CH,-
CH,—-CH,-NH,).

[Choline][Histidine]. "H NMR (500.15 MHz, D,0): 6y 7.58 (s,
1H, NH-CH-N), 6.89 (s, 1H, NH-CH-C), 3.95 (m, 2H, CH,-
OH), 3.70 (dd, Jyu 5 Hz, Juu 8 Hz, 1H, CH-COO~), 3.40 (t, Juu
5 Hz, 2H, CH,-NMe;), 3.09 (bs, 9H, NMejy), 3.03 (dd, Juu 4.5
Hz, Juu 15 Hz, 1H, CH,-~CHNH,COO"), 2.91 (dd, Juu 8 Hz, Jun
15 Hz, 1H, CH,~CHNH,COO").

[Choline][Lysine]. "H NMR (500.15 MHz, D,0): 8y 3.97 (m,
2H, CH,-OH), 3.44 (t, Juu 5 Hz, 2H, CH,-NMej3), 3.17 (t, Jun
6.5 Hz, 1H, CH-COO"), 3.12 (s, 9H, NMej), 2.65 (t, Jun 7 Hz,
2H, CH,-NH,), 1.52-1.44 (m, 4H, NH,-CH,-CH,-CH,-CH,-
CH), 1.26 (m, 2H, NH,-CH,-CH,-CH,-CH,-CH).

[Choline][Glutamate]. "H NMR (500.15 MHz, D,0): &y 3.98
(m, 2H, CH,-OH), 3.68 (dd, Jun 5 Hz, Juu 7.5 Hz, 1H, CH-
NH,), 3.44 (t, Jun 5 Hz, 2H, CH,-NMe;3), 3.12 (s, 9H, NMej),
2.29 (dd, Jun 3 Hz, Juu 8 Hz, 2H, CH,~CHNH,), 2.07-1.95 (m,
2H, COO™-CH,-CH,).

3-(Benzylamino)propanenitrile. 'H NMR (500.15 MHz,
CDCly): 6y 7.34-7.25 (m, 5H, arom), 3.83 (s, 2H, Ph—-CH,-NH),
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2.92 (d, Jun 7 Hz, 2H, NH-CH,-CH,), 2.50 (d, Juu 6.5 Hz, 2H,
NH-CH,-CH,), 1.69 (bs, 1H, NH).

Methyl 3-(benzylamino)propanoate. "H NMR (500.15 MHz,
CDCly): 6y 7.35-7.27 (m, 5H, arom), 3.83 (s, 2H, Ph-CH,-NH),
3.71 (s, 3H, OCH3), 2.93 (d, Juu 6.5 Hz, 2H, NH-CH,-CH,),
2.57 (d, Jun 6.5 Hz, 2H, NH-CH,-CH,), 1.82 (bs, 1H, NH).

3-Morpholinopropanenitrile. "H NMR (500.15 MHz, CDCl,):
8y 3.72 (t, Jun 4.5 Hz, 4H, CH,OCH,), 2.68 (t, Ji;y 7 Hz, 2H, N-
CH,CH,CN), 2.54-2.50 (m, 6H, (CH,),-N-CH,CH,CN).

Methyl 3-morpholinopropanoate. '"H NMR (500.15 MHz,
CDCLy): 6y 3.72-3.70 (m, 7H, CH,OCH,, OCHj,), 2.70 (t, Juy 7
Hz, 2H, N-CH,CH,CO,CH;), 2.52 (t, Juu 7.5 Hz, 2H, N-
CH,CH,CO,CHj3), 2.47 (bs, 4H, (CH,),~N-CH,CH,COOCHj3).

BC NMR: (125 MHz, CDCl3): 8¢ 31.89 (1C, CH,CO), 51.68
(1C, OCH3), 53.40 (2C, CH,NCHS,), 53.94 (1C, NCH,CHy,), 66.92
(2C, CH,OCH,), 172.84 (1C, C=0).

3-(Dibutylamino)propanenitrile. 'H NMR (500.15 MHz,
CDCLy): 6y 2.78 (t, Jun 7 Hz, 2H, N-CH,CH,CN), 2.44-2.40 (m,
6H, (CH,),-N-CH,CH,CN), 1.44-1.28 (m, 8H, CH;-
(CH,CH,),), 0.91 (t, Jun 7.5 Hz, 6H, 2CHj).

Methyl 3-(dibutylamino)propanoate. "H NMR (500.15 MHz,
CDCl;): 6y 3.68 (s, 3H, OCHg), 2.79 (t, Jun 7.5 Hz, 2H, N-
CH,CH,CO,CH3), 2.46 (t, Juu 7.5 Hz, 2H, CH,CO,CH3), 2.41 (t,
Juu 7.5 Hz, 4H, (CH,),-N-CH,CH,COOCH3), 1.42 (q, Juu 8 Hz,
4H, N(CH,CH,CH,CHj;),), 1.31 (m, 4H, N(CH,CH,CH,CH3),),
0.92 (t, Juy 7.5 Hz, 6H, 2CH,).

3-(Phenylamino)propanenitrile. 'H NMR (500.15 MHz,
CDCL;): 8y 7.26-7.23 (m, 2H, arom), 6.81 (t, Jun 7 Hz, 1H,
arom), 6.66 (d, Juy 8.5, 2H, arom), 3.73 (s, 1H, NH), 3.56 (t, Juu
6.5 Hz, 2H, NHCH,), 2.67 (t, Jun 6.5 Hz, 2H, CH,CO,CH3;).

Methyl 3-(phenylamino)propanoate. '"H NMR (500.15 MHz,
CDCly): 6y 7.23-7.17 (m, 2H, arom), 6.81-6.74 (m, 1H, arom),
6.72-6.65 (m, 2H, arom), 3.73 (s, 3H, OCHj3), 3.48 (t, Juu 6.5
Hz, 2H, NHCH,), 2.65 (t, Juu 6.5 Hz, 2H, CH,CO,CHj).

3-(Piperidin-1-yl)propanenitrile. 'H NMR (500.15 MHz,
CDCly): 8y 2.69 (t, Juu 7 Hz, 2H, NHCH,), 2.51 (t, Jun 7 Hz, 2H,
CH,CN), 2.45 (bs, 4H, CH,NCH,), 1.63-1.58 (m, 4H, 2CH,),
1.48-1.43 (m, 2H, CH,).

Methyl 3-(piperidin-1-yl)propanoate. 'H NMR (500.15 MHz,
CDCl3): 6y 3.68 (s, 3H, CH3), 2.67 (t, Jun 7 Hz, 2H, NHCH,),
2.52 (t, Juu 7.5 Hz, 2H, CH,CO,CH3), 2.39 (bs, 4H, CH,NCH,),
1.57 (q, Jun 5.5 Hz, 4H, 2CH,), 1.45-1.42 (m, 2H, CH,).

Conclusions

In conclusion, this study shows the positive effects, in terms of
high-yielding fast reactions, operational simplicity, and green-
ness by using choline-amino acids ionic liquids in the vener-
able and otherwise synthetically useful aza-Michael addition
through a set of benchmark reactions. The mechanism under
such conditions has been evaluated by computation, showing
the initial complexation of the ionic liquid with reactants,
instrumental for the subsequent catalytic effect, together with
intermediates and saddle point structures along the reaction
pathway. Although some theoretical analyses have already
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highlighted the unique microstructure of [Cho][AA], our
results reinforce that view and gain insight into the roles
played by different electrostatic interactions in their catalytic
effects, involving hydrogen bonding, hydration, and other
cation-anion side chain interactions.
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