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To	the	Editor	of	Green	Chemistry	
	
From:	Prof.	Francesca	D’Anna	

	
	
Dear	Prof.	Han,	
we	are	submitting	the	revised	version	of	the	paper	entitled	“Natural	Eutecto	gels:	Sustainable	
Catalytic	 Systems	 for	 C-C	 Bond	 Formation	 Reactions”	 (Manuscript	 ID:	 GC-ART-05-2021-
001647),	 by	 Beatriz	 Saavedra,	 Alessandro	 Meli,	 Carla	 Rizzo,	 Diego	 J.	 Ramón	 and	 Francesca	
D’Anna	 to	be	 considered	 for	publication	as	an	article	 in	Green	Chemistry.	We	would	 like	 to	
thank	you	and	referees	for	your	work.	
We	have	revised	our	manuscript	based	on	the	reviewer’s	suggestions	and	comments.	
We	declare	that	this	manuscript	has	been	submitted	exclusively	to	Green	Chemistry	and	that	
no	 part	 of	 this	 material	 has	 been	 previously	 published	 in	 any	 medium	 including	 electronic	
journals	or	computer	databases	of	a	public	nature.	Moreover,	we	assure	that	no	related	paper	is	
under	consideration	for	publication	or	has	been	published	elsewhere	in	any	medium.	
We	confirm	that	all	the	graphic	files	and	figures	in	the	text	are	original	work	of	the	authors.	All	
manuscript	 changes	 are	 reported	 below	 and	 they	 have	 been	 underlined	 and	 highlighted	 in	
yellow	in	the	paper.	
We	hope	this	revised	form	should	be	suitable	for	publication	in	Green	Chemistry.	You	will	find	
the	file	in	DOC	format	(Word	XP).	
	

Sincerely	yours.	

Francesca	D’Anna	
	
	
	
Full	Professor	of	Organic	Chemistry	at	Palermo	University	

Address:	Dipartimento	STEBICEF,	Sezione	di	Chimica,	Viale	delle	Scienze,	Edificio	17,	90128	Palermo	(Italy)	

Phone	number:	+39-091-23897540	

E-mail:	francesca.danna@unipa.it	

	

The	ORCID	number	of	some	of	the	authors	are	reported	below:	

Dr.	Carla	Rizzo	

ORCID:	0000-0002-5157-1773	

Dr.		Alessandro	Meli	

ORCID:	0000-0003-0666-2905	

	

	
Reviewer	1:	
The	authors	should	revise	their	manuscript	in	light	of	the	following	points:	
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R:	 1.	 In	 table	 3,	 entry,	 7.	 We	 have	 seen	 that,	 when	 the	 concentration	 of	 L-pro	 (as	 gelator)	 was	
increased	the	%yield	without	affecting	the	ee	value.	Therefore,	 I	would	like	to	suggest	 that,	author	
should	try	to	increase	the	concentration	of	gelator	(with	L-pro	up	to	8-10	wt%)	by	giving	some	more	
time	and	check	the	results.	
	
AA:	According	to	the	referee’s	request,	further	experiments	were	carried	out	using	eutectogels	with	
higher	amounts	of	L-Pro	(8	wt%	and	10	wt%)	for	24	and	48	h	(see	page	5,	Table	3,	entries	8	and	9).	
The	 results	 showed	 higher	 yields	 but	 lower	 enantioselectivities	 in	 comparison	 with	 the	 model	
reaction	(5	wt%).	This	comment	was	added	 into	the	manuscript	(page	5,	below	Table	3):	 “Further	
[…]	reaction	occurred).”	
	
R:	 In	 table	 5,	 if	 possible	 authors	 should	 try	 to	 increase	 the	 substrate	 scope	 with	 using		 		
different	electron	releasing	groups.	
AA:	According	to	the	referee’s	request,	a	new	product	was	added	using	p-tolualdehyde	as	substrate	
(see	page	7,	table	5,	product	3n).	We	tried	to	use	p-anisaldehyde	as	substrate	(reaction	conditions:	
cyclohexanone	(5	equiv.)	and	aldehyde	(1	equiv.)	at	20	oC	during	4	days)	but	the	obtained	yield	was	
lower	than	10%.	
	
R:	 in	 table	4:	 “products	3”	should	be	written	as:	products	3(a-h)”	similarly	 in	 table	5:	 “products	3”	
should	be	written	as	:products	3(i-p)”.	
AA:	According	to	the	referee’s	request,	on	Page	6,	Table	4	and	5,	“products	3”	have	been	changed	by	
“products	3a-h”	and	“products	3i-q”,	respectively,	as	the	referee	suggested.	
	
R:	 Author	 should	 check	 the	 reference	 based	 on	 natural	 gelatin	 used	 for	 the	 C-C	 Bond	
formation	https://doi.org/10.3762/bjoc.9.123		 and	 add	 some	 more	 reference	 based	 on	 natural	
gelatin.	
AA:	According	to	the	referee’s	request	we	have	added	some	references	about	gels	based	on	natural	
gelatin	and	their	use	for	C-C	bond	formation	reactions.	
	
	
Reviewer	2:	

Regarding	the	referee’s	questions:	
	
R:	 Did	 the	 above	 phenomenon	 (gel	 material	 and	 reactants/products	 exist	 in	 a	 separate	 phase)	
change	with	the	reaction	time?	
AA:	 According	 to	 the	 referee’s	 request,	 different	 photos	were	 taken	 during	 the	model	 reaction	 in	
order	to	corroborate	that	this	separate	phase	exists	during	all	the	reaction	(24	h;	see	the	comment	in	
page	4,	2nd	column,	line	16:	“The	evolution	[…]	54%	ee)”	and	Supporting	Information	Figure	S3).	
	
R:	Did	the	reactants	or	products	diffuse	into	the	gelatinous	material	and	react?	
AA:	It	seems	that	reactants/product	diffuse	in	the	first	layer	of	the	eutectogel	as	it	can	be	seen	in	the	
SI	photos	(Figure	S3).	Furthermore,	1H	NMR	spectra	of	the	liquid	phase	on	the	top	of	gel	have	been	
recorded	at	the	end	of	the	reaction	time,	to	demonstrate	that	no	diffusion	of	the	gelator	occurred	in	it	
(Figure	S4)	[see	corresponding	comment	on	page	4,	2nd	column	“We	were	also	able	to	verify…”]	
	
R:	If	the	gel	material	is	stirred	and	broken,	does	it	affect	the	reaction	performance?	
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AA:	According	to	the	referee’s	request,	we	performed	different	experiments:	stirring	the	top	of	 the	
reaction	for	the	first	5	min	of	the	reaction	and	a	similar	reaction	stirring	during	a	24	h	period	[see	the	
corresponding	comment	in	page	4,	2nd	column,	line	16:	“The	evolution	[…]	54%	ee)”]	and	Figure	S3-
Supporting	 Information).	When	 the	 eutectogel	was	 stirred	 for	 the	 first	 5	min	 of	 the	 reaction,	 the	
results	were	very	similar	 in	comparison	with	the	model	reaction	(89%	yield	and	67%	ee	and	87%	
yield	and	68%	ee,	respectively).	However,	when	the	eutectogel	was	stirred	during	a	24	h	period,	the	
gel	structure	was	destroyed	and	the	enantioselectivity	of	the	reaction	decreased	(93%	yield	and	54%	
ee).	
	
R:	Figure	1	is	not	clear	enough,	so	it	is	recommended	to	replace	a	clear	one.	
	
AA:	According	to	the	referee’s	request,	we	have	improved	quality	of	Figure	1.	
	
R:	The	author	believed	that	the	good	reaction	outcome	in	the	manuscript	was	related	to	the	stiffness	
of	 the	gel,	but	 the	reviewer	don’t	 think	that	 the	authors	provide	sufficient	evidence,	nor	a	 in-depth	
possible	 mechanism.	 The	 reviewer	 believes	 that	 the	 good	 catalytic	 effect	 may	 be	 related	 to	 the	
degree	 of	 freedom	 of	 catalyst	molecules	 or	 the	 morphology	 of	 pore	 channels	 in	 the	 gel	 network.	
Therefore,	the	author	is	suggested	to	further	consider	and	verify	the	effect.	
	
AA:	According	to	the	referee’s	request,	we	tried	to	have	further	insights	about	the	structural	features	
of	 the	gels	 to	understand	the	relationship	operating	between	gel	structure	and	catalytic	 ability.	To	
this	aim,	beside	rheological	investigation	and	morphological	investigation,	we	measured	porosity	of	
gel	 network	 and	 recorded	 resonance	 light	 scattering	 spectra	 of	 the	 best	 and	 the	 worse	 catalytic	
systems.	Data	 collected	 are	 discussed	 on	 pages	 4-5	 [see	 page	 4	 for	 the	 comments	 “To	 explain	 the	
above	trend,	we	tried	to	have…”]	and	they	indicate	that	the	best	catalytic	ability	was	exhibited	by	the	
gel	with	higher	stiffness,	fibrous	morphology	and	featured	by	the	presence	of	smaller	aggregates.	
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Natural Eutecto gels: Sustainable Catalytic Systems for C-C Bond 

Formation Reactions

Beatriz Saavedra,a Alessandro Meli,b Carla Rizzo,b Diego J. Ramón*a and Francesca D’Anna*b

Natural eutecto gels were prepared combining properties of amino acids with the ones of deep eutectic solvents. Soft 

materials obtained were fully characterised determining the gel-sol transition temperatures and analysing mechanical and 

morphological features through rheological measurements and polarised optical microscopy. All eutecto gels were tested 

as catalytic reaction media for the enantioselective aldol reaction and, the best performing one was also used to carry out 

the Michael addition. In both cases, eutecto gels proved to have a great potential as sustainable reaction media, allowing to 

perform processes under mild conditions, obtaining excellent yields and, in some cases, also good enantiomeric excess. 

Catalytic soft materials can be reused up to five cycles keeping the stereochemical control of the reaction and using a 

recommended solvent by recent sustainable solvent guidelines.

Introduction

Carbon-carbon bond formation are a class of organic reactions 

that play a pivotal role in both academic and industrial organic 

chemistry. They allow the obtainment of complex organic 

molecules starting from simpler ones and, over the years, 

several efforts have been carried out to make them catalyst and 

additive free, environmentally friendly, economical and less 

sensitive to air. Furthermore, particular attention has been 

devoted to the possibility of separating products using 

operationally simple procedures, which also allow decreasing 

the environmental impact the whole process. This explains the 

surge in interest that, in the last few years, has promoted the 

employment of transition metal free protocols,1 supported 

catalysts2 and photochemical processes.3-5 

Among different perspectives, also the possibility to perform 

these reactions in confined and highly organised media has 

recently gained attention. Consequently, the use of zeolites,6, 7 

covalent organic frameworks,8, 9 and metal organic 

frameworks10, 11 has been promoted. The use of these systems 

opens the possibility to take advantage from both the 

heterogeneous nature of the catalytic site and its peculiar 

features of size and shape that can positively affect the 

outcome of the process. In this context, also supramolecular 

gels have been considered as suitable and environmentally 

friendly opportunities.12-16

Supramolecular gels are emerging materials originated by the 

self-assembling of small molecules (Low Molecular Weight 

Gelators, LMWGs) in dilute solution.17, 18 The structure of the gel 

is formed by non-covalent interactions (hydrogen bonding, van 

der Waals, A6�����������
@ established between the low 

molecular weight gelator and the solvent.19 Since these 

networks involve weak interactions, they can be readily 

transformed to a fluid by heating and are generally thermally 

reversible. Gels can be classified in different ways depending 

upon the type of gelator and the medium they encompass. 

Based on which solvent is hardened, gels are distinguished in 

hydrogels20 and organogels,21 originated from solutions of 

water and organic solvents, respectively. A recent development 

in the field is represented by gels formed using ionic liquids 

(ionogels or ionic liquid gels)22-25 and even, deep eutectic 

solvents (eutecto gels).23, 26-30 

Thanks to their properties, supramolecular gels have been 

applied in different fields, like drug delivery systems,31, 32 

sensors,33-35 and sorbent systems for the removal of different 

environmental pollutants.36-38 Among different applications, 

the use of these soft materials as reaction media has recently 

gained a raise in interest.12-14 This is mainly due to the porosity 

featuring supramolecular gel phases, that allows reactions to 

occur in a confined space. Performing reactions in 

supramolecular confined spaces offer different advantages, like 

microenvironment effects, the control of reagents 

conformation or the protection of unstable species. 

Furthermore, in supramolecular gels, catalytic behaviour 

derived from non-covalent interactions, could be used for the 

construction of multicomponent catalysts.39 The above 

advantages can be further strengthened if the formation of the 

gelatinous network occurs in a sustainable solvent like water, 

ionic liquids or deep eutectic solvents (DESs).

In particular, DESs40-42 are mixtures of two or more cheap and 

non-toxic components which are capable of forming a eutectic 

a.Departamento de Química Orgánica and Instituto de Síntesis Orgánica (ISO), 

Facultad de Ciencias Universidad de Alicante, Apdo. 99, 03080 Alicante, Spain. 

Email: djramon@ua.es
b.Università degli Studi di Palermo, Dipartimento di Scienze Biologiche, Chimiche e 

Farmaceutiche, Viale delle Scienze, Ed. 17, 90128 Palermo, Italy. Email: 

francesca.danna@unipa.it

† Footnotes relating to the title and/or authors should appear here. 

Electronic Supplementary Information (ESI) available: [details of any supplementary 

information available should be included here]. See DOI: 10.1039/x0xx00000x
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Results and Discussion

Gelation tests and gel-sol transition temperatures. Gelation 

tests were performed in screw capped vials in which the 

suitable amount of solvent and gelator were weighted and 

heated at 80 °C, until a clear solution was obtained. The 

obtained solutions were left overnight at room temperature 

and after, gel phase formation was assessed by using the tube 

inversion test.56 Results of gelation tests are reported in Table 

S1, whereas obtained eutecto gels together with Tgel, i.e. the 

temperature corresponding to gel-sol transition, are displayed 

in Table 1.

Table 1. Obtained eutecto gels ChCl/U (1:2) and corresponding Tgel values.

Gelator Concentration (wt%) a Tgel (°C)b

L-Pro 5.0 34

L-Pro 3.0 31

L-Pro-NH2 3.0 34

t-4-OH-L-Pro 3.0 34

L-Ser 3.0 31

L-Trp 3.0 35

a Concentration: gelator mass/solvent and gelator mass; bTgel are reproducible 

within 1 °C.

Analysis of data reported in Table 1 and S1 evidences that, with 

the exception of L-Ile, L-Asp and L-Cys, all the other tested 

gelators were able to harden ChCl/U (1:2) (from now on 

indicated as ChCl/U). In all cases, white opaque gels were 

obtained (Scheme 1a). Furthermore, in most cases gels were 

obtained at 3.0 wt%, but in the case of L-Trp soft material 

formation was already detected at 2.0 wt%. On the other hand, 

in the presence of L-Pro, stable gel phases were obtained both 

at 3.0 and 5.0 wt%.

Tgel values range from 31 up to 35 °C, showing only a marginal 

dependence on the gelator structure. In general, concentration 

being the same, the highest Tgel was obtained for L-Trp based 

eutecto gel, evidencing a certain relevance of A6A interactions 

in the building of the fibrillary supramolecular network. On the 

other hand, comparison among Tgel values collected for gel 

phases formed by L-Pro, L-Pro-NH2 and t-4-OH-L-Pro allows 

assessing the positive role played by the functionalisation of 

both carboxyl group and aliphatic skeleton of the L-Pro, as 

accounted for by the increase in Tgel going from L-Pro to L-Pro-

NH2 and t-4-OH-L-Pro.

The comparison with Tgel values previously reported for eutecto 

gels obtained, using L-Pro and L-Trp as gelators in ChCl/PhAA 

(1:2) at 3 wt%, testifies the relevance of the solvent nature. 

Indeed, in both cases a significant decrease in Tgel was detected 

(Tgel: 38 and 43 °C for L-Trp and L-Pro gels in ChCl/PhAA (1:2), 

respectively),30 indicating the positive effect deriving from the 

presence of an acid and aromatic HBD in the solvent. 

With the only exception of L-Ser based eutecto gel, all soft 

materials proved to be thermoreversible. Furthermore, Tgel was 

also positively affected by gelator concentration as accounted 

for by the higher Tgel measured for L-Pro gel at 5 wt% with 

respect to the one obtained at 3 wt%.

All gel phases were also tested for their ability to respond to the 

action of external stimuli. In particular, taking in consideration 

their possible application as reaction media, their thixotropic 

behaviour was analysed. To this aim, gel phases were 

magnetically stirred for 5 minutes at 1000 rpm. However, in all 

cases, disassembly of the soft materials was not observed, 

allowing to classify them as stable to the action of the stimulus.

Rheological investigation. Rheological response of eutecto gels 

was studied as function of strain and frequency applied to the 

gel on oscillatory mode. To this aim, all materials were prepared 

at 3 wt%. Only in the case of L-Pro, the gel mechanical features 

were also investigated at 5 wt%.

Both above investigations allowed to confirm the gel like nature 

of the materials as, at fixed frequency =MN 1 rad/s), the classical 

intermediate behavior between a solid and a liquid was 

observed (Figure 1a). In particular, at low strain values, G', 

indicating the elastic modulus was higher than G'', that 

represents the loss modulus. In addition, at a fixed strain value 

=M = 0.025 %), chosen within the linear viscoelastic region, G' 

was always higher than G'' (Figure 1b). Plots corresponding to 

rheological investigation for all the other eutecto gels are 

reported in Figure S1.

Figure 1. Rheological investigation of L-Pro in ChCl at 3 wt%: a) strain and b) frequency 

sweep.
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measured the porosity of the gel network and recorded 

resonance light scattering (RLS) spectra of the gel phases (Figure 

S5). As previously reported, RLS intensity is related to the size 

of the aggregates featuring a self-assembled system57 and this 

technique has been already used to study structural features of 

supramolecular gels.24, 25

Compared eutetogels exhibited a similar porosity (P = 86.9 and 

86.3% for L-Pro/ChCl/U and t-4-OH-L-Pro/ChCl/U, respectively; 

Table S2). However, they showed significant differences in the 

size of the aggregates, as IRLS = 24 and 129 a.u. at ��= 560 nm for 

L-Pro/ChCl/U and t-4-OH-L-Pro/ChCl/U, respectively. The above 

results, recall differences observed in gel morphologies and 

shed light on the higher catalytic ability of the fibrous structure 

of the L-Pro based eutecto gel also featured by a higher stiffness 

(cfr tan� in Table 2).

Analysis of results obtained with L-Pro based catalysts sheds 

light on the performance of L-Pro/ChCl/U eutecto gel that, both 

at 3 and 5 wt%, allowed obtaining the product in 32 and 87% of 

yield, proving to be the best catalyst (entries 6-7). However, also 

with the best yield, only a modest enantiomeric excess (ee) was 

obtained (entry 7).

Table 3. Optimization of the aldol reaction between acetone (1a) and p-

nitrobenzaldehyde (2a) in different ChCl/U based eutecto gels,a together with data 

previously reported in literature.

O

+ H

O

NO2

Gel

T, 24 h

OH

NO2

O

1a 2a 3a

Entry Gelator T(oC) Yield (%)b ee (%)c

1 L-Ser (3 wt%) 20 -d -

2 L-Trp (5 wt%) 20 5 -

3 t-4-OH-L-Pro (3 wt%) 20 <5 50

4 L-Pro-NH2 (5 wt%) 20 50 20

5 L-Pro (2 wt%, aggregates) 20 20 69

6 L-Pro (3 wt%) 20 32 69

7 L-Pro (5 wt%) 20 87 68

8 L-Pro (8 wt%) 20 91 (98)e 62 (62)e

9 L-Pro (10 wt%) 20 92 (98)e 64 (64)e

10 L-Pro (5 wt%) 15 21 68

11 L-Pro (5 wt%) 4 7 56

12 L-Pro (5 wt%) 35 90 55

13 L-Pro-L-Val-Cn
58 < 2 -

14 L-Pro (4.0 % mol)53 92 62

a Reaction conditions: acetone (5 equiv.) and p-nitrobenzaldehyde (1 equiv.) at 20 

°C during 24 h. b Yield calculated by 1H NMR. c Enantioselectivities determined by 

chiral HPLC. d No reaction; e Reaction performed for 48 h.

Further increase of the L-Pro amount led to higher yields but 

slightly lower ee (compare entry 7 and entries 8-9). In addition, 

when the reaction time was increased up to 48 h, the yield 

suffered a further increase but the enantioselectivity was 

retained (entries 8-9). These results seems to indicate that no 

kinetic resolution/retro aldol reaction occurred. To improve the 

enantioselectivity, L-Pro/ChCl/U eutecto gel was tested at 

different temperatures ranging from 4 up to 35 °C (entries 10-

12). Temperatures higher than 35 °C could not be used as a 

consequence of the gel melting. Analysis of data collected 

demonstrates that changes in temperature did not positively 

affect the ee. Indeed, decreasing the temperature from 20 

down to 4 °C, caused a significant decrease in both yield and ee 

(entries 7 and 10-11). On the other hand, the increase in 

temperature, from 20 up to 35 °C, induced a significant 

decrease in the ee, without significant changes in yield (entries 

7 and 12).

Obviously, although both reaction temperatures stayed in the 

sustainable range defined by the Clark approach,59 the lower 

one is more advisable also from an energetic point of view.

Results obtained in this work were compared with the ones 

previously reported, using L-Pro (30-40% mol) in ChCl/U  

solution.48 We are aware that in the present case a higher L-

Pro/aldehyde molar ratio was used (L-Pro/aldehyde molar ratio: 

1.3 and 0.4 in the case of eutecto gel and solution, respectively). 

However, temperature and reaction time being equal, 

significant improvements both in term of yield and ee were 

obtained for the reaction performed in gel phase (yield: 87 and 

32%; ee: 68 and 38% in gel phase and in solution, respectively). 

In our opinion, the better catalytic performance of eutecto gel, 

with respect to the catalyst in DES solution, cannot be ascribed 

only to the increased concentration of the catalyst. To verify this 

assertion, we performed reactions using L-Pro at 2 and 3 wt%. 

The first system, having a concentration lower than CGC, should 

be featured by the presence of gelatinous aggregates, whereas 

the latter one represents the gel phase at the CGC (entries 5-6). 

In the systems analysed (entries 5-7), the increase in L-Pro 

concentration induced a parallel increase in yield, without 

affecting ee value. A further increase in L-Pro caused a decrease 

in ee (entries 7-8), but it stayed unchanged increasing the L-Pro 

concentration up to 10 wt% (entries 8-9).

The obtained trend perfectly agrees with a previous report 

about the study of the Michael reaction in gel phase, showing 

that the increase in gelator concentration does not affect the ee 

value.60 Probably, the obtained trend can be rather ascribed to 

the structural rigidification of the catalytic supramolecular 

aggregates54 and to the confined and organised structure of the 

reaction environment, that favours the outcome of the 

reaction. A similar effect was previously detected studying the 

asymmetric alcoholysis of the anhydrides, catalysed by 

Cinchona alkaloids in ionic liquid gels.61

On the other hand, in gel phase, L-Pro based catalysts showed 

significant different reactivities with respect to the ones 

previously observed in ChCl/U solution.48 Indeed, in DES 

solution (ChCl/Gly), no significant changes in yield were 

observed as a function of the catalyst nature, with a complete 

loss in ee, going from L-Pro to L-Pro-NH2 or t-4-OH-L-Pro. 

Differently, in gel phase, changing the nature of the catalyst, a 

marked decrease in both yield and ee was observed. Probably, 

the presence of better hydrogen bond donor groups on the 

catalyst structure induces a rigidification of the gel network that 

exhibits worse catalytic performance.

The modest ee obtained in L-Pro eutecto gel indicates that the 

catalyst basicity did not significantly change as a consequence 

of the gel phase formation. Indeed, our result is different from 

the one previously reported about organogels formed by L-Pro 
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Table 5. Aldol reaction between ketones and aldehydes in L-Proline based eutecto gel.a

O

+
H

O OHO

*

1 2 3i-q

R3 R3

R1 R2 R1 R2

*

Eutecto gel:
ChCl:urea (1:2) +
L-proline (5 wt%)

20 oC, 24 h

OHO

NO2

anti-3i (95%)

28% de, 97% ee

OHO

CF3

anti-3j (85%)

31% de, 55% ee

OHO Cl

anti-3k (80%)

86% de, 67% ee

OHO

CN

anti-3l (85%)

17% de, 62% ee

OHO

anti-3m (53%)

20% de, 45% ee

OHO

CH3

anti-3n (63%)b

9% de, 46% ee
OH

NO2

O

syn-3o (39%)

46% de, 45% ee

OHO

NO2
OMe

anti-3p (90%)

62% de, 97% ee

OHO

NO2
OH

syn-3q (20%)

64% de, 84% ee

a Reaction conditions: ketone (5 equiv.) and aldehyde (1 equiv.) at 20 oC during 24 

h. Yield calculated by 1H NMR (yield%, anti:syn). Enantioselectivities determined 

by chiral HPLC; b Reaction performed for 4 days.

On the other hand, aldehyde being the same (p-

nitrobenzaldehyde), different behaviours were detected as a 

function of different ketones. Indeed, anti diastereoisomers 

were mainly obtained in the presence of cyclohexanone (3i) and 

methoxypropanone (3p). Differently, cyclopentanone (3o) and 

hydroxypropanone (3q) gave syn diastereoisomers as the 

prevalent ones. The highest de values were observed by using 

the propanone derivatives (de: 62 and 64 % for 3p and 3q, 

respectively). In particular, methoxypropanone was the ketone 

that warranted the highest ee. Among investigated ketones, this 

was the most structurally flexible. On the other hand, on the 

grounds of rheological parameters, the L-Pro eutecto gel shows 

a certain rigidity, as accounted for by the high G' value 

measured. Probably, in the formation of the enamine 

intermediate, essential to have a control of the stereochemical 

pathway, a more flexible substrate better conforms to the rigid 

and interconnected fibrous network. This result is different 

from the one previously obtained for the alcoholysis of the 

anhydrides.61 Indeed, in that case, as a consequence of the high 

rigidity of the substrates, better catalytic performance was 

obtained in the presence of more flexible gelatinous network 

able to reorganise around the reactive intermediate.

Table 6. Yield, de and ee values for the aldol reaction between cyclohexanone and p-

nitrobenzaldehyde in gel phase.

Entry Solvent Gelator Yield 

(%)

de 

(%)

ee 

(%)

Reference

1 ChCl/U L-Pro 95 28 

(anti)

97 This work

2 Toluene L-Pro-L-

Val-C12

99 75 

(anti)

12 54

3 ACNa (L-Pro-L-

Val)2C12

20 - 80 51

4 Phosphate 

buffer

L-Pro-

peptide

99 86 

(anti)

88 63

aThe reaction was performed at -20 °C for 25 h.

The reaction between cyclohexanone and p-nitrobenzaldehyde 

has been previously performed in organo- and hydrogels based 

on L-Pro peptides. Then, to better understand the potential of 

the present catalytic system, we compared our results with the 

ones previously collected in literature (Table 6).

In general, the main advantage of the L-Pro eutecto gel stays in 

the possibility to perform the reaction using a lower ketone 

loading. Indeed, in all case previously reported, a higher ketone/ 

aldehyde molar ratio (10:1) was used.

In terms of yield, our result is comparable to the ones obtained 

using organo- or hydrogels (cfr entries 1, 2 and 4). In our case, 

the aldol was obtained with lower de, but with significantly 

better ee, above all if organogels are considered (cfr entries 1-

3). Furthermore, in all cases previously reported, the possibility 

to recycle the gel phase was not considered.

The L-Pro/ChCl/U eutecto gel was also tested as catalyst for the 

enantioselective Michael reaction. In this case, the 

isobutyraldehyde (4a) was employed as nucleophile in the 

reaction with trans6V6�����
������ or different maleimides as 

electrophiles (Table 7).

The reaction proceeded only in the presence of additives and, 

data reported in the Table evidence the effect exerted by the 

additive nature on the outcome of the reaction. Indeed, using 

trans6V6�����
������ as electrophile, the reaction proceeded 

with excellent yields, only in the presence of bases (entries 2-6). 

With the only exception of pyridine (entry 6), in all the other 

cases quantitative yields were obtained with low ee. Also in this 

case, the attempt to improve the ee, by decreasing the 

temperature was unsuccessful (entries 4 and 10), as a 

significant decrease in yield was detected, without significant 

improvement in the stereochemical pathway of the reaction.

In the presence of acidic additives (entries 7-9), ee stayed 

almost constant whereas a significant drop in yield was 

detected.
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Table 7. Michael reactions performed in L-Pro/ChCl/U based eutecto gel.a

Eutecto gel:
ChCl:urea (1:2) +
L-proline (5 wt%)

additive (10 mol%)

20 oC, 24 h

Ph
NO2

N R

O

O

H

O Ph

NO2

H

O
N R

O

O

*

*

4a

5a

7

6a

8

A

B

H

O

Entry Alkene Additive Yield 

(%)b

ee 

(%)c

1 trans6V6

nitrostyrene

- 8 -

2 trans6V6

nitrostyrene

DMAP >99 23

3 trans6V6

nitrostyrene

DABCO >99 19

4 trans6V6

nitrostyrene

Imidazole >99 20

5 trans6V6

nitrostyrene

DBU >99 16

6 trans6V6

nitrostyrene

Pyridine 53 24

7 trans6V6

nitrostyrene

Benzoic acid 44 24

8 trans6V6

nitrostyrene

p-Nitrobenzoic 

acid

36 27

9 trans6V6

nitrostyrene

Adipic acid 27 25

10 trans6V6

nitrostyrene

Imidazole 43d 9

11 N-phenylmaleimide - 4 -

12 N-phenylmaleimide Pyridine 10 -

13 N-phenylmaleimide 2,6-Lutidine 3 -

14 N-phenylmaleimide p-Nitrobenzoic 

acid

<1 -

15 Maleimide Imidazole 11 -

a Reaction conditions A: trans6V6�����
������ (0.2 mmol) and aldehyde (0.8 mmol) 

at 20 °C during 24 h; Reaction conditions B: 7 (0.2 mmol) and aldehyde (0.4 mmol) 

at 20 °C during 24 h. b Yield calculated by 1H NMR. c Enantioselectivities determined 

by chiral HPLC. d Reaction performed at -10 °C.

It is worth mentioning that ee values collected in our case are 

perfectly in line with the ones previously reported in literature, 

studying the Michael reaction between cyclohexanone and 

trans6V6�����
������ in the organogel formed by L-Pro-L-Val 

peptide in a toluene/hexane mixture (90:10).60 According to a 

previous report, the low enantioselectivity can be ascribed to 

the occurrence of two concomitant mechanisms. The first one 

foresees the enamine intermediate formation and the second 

one, occurring through a base catalysis that induces the 

formation of enolate intermediate. The occurrence of this latter 

pathway could be a consequence of the change in the L-Pro 

basicity induced by gelation process (see above) and this being 

the case, this factor proves to be more relevant in the case of 

the Michael than aldol reaction.

The reaction was also performed in the presence of 

cyclohexanone that gave 73% of yield with low 

enantioselectivities (96% de, syn 29%, ee). Unfortunately, 

changing the nature of the maleimide gave only traces in 

product (entries 11-15). Also in this case, the obtained trend can 

be ascribed to the higher structural organisation and rigidity of 

the maleimides, which with more difficulty can reach the 

catalytic site to promote the reaction.

Conclusions

Natural eutecto gels have been developed combining 

properties of amino acids with properties of deep eutectic 

solvents. Among tested solvents, amino acids used were able to 

gel ChCl/U (1:2) and soft materials obtained were characterised 

to determine their thermal stability, rheological properties and 

morphological features.

Eutecto gels were used as catalytic systems to promote C-C 

bond reaction formation like the enantioselective aldol 

reaction, taking advantage of the dual role of amino acids that 

acted both as gelators and catalysts. Among tested materials, 

the L-Pro/ChCl/U eutecto gel was the one exhibiting the best 

catalytic performance. In particular, it was able to catalyse the 

cross-aldol reaction between acetone and p-nitrobenzaldehyde 

with excellent yield and good ee. The obtained results are better 

than the ones previously reported in literature for the study of 

the same reaction in organo- or hydrogels.

Data collected demonstrate that the rigidification of the 

aggregates in the hydrogen bond rich gelatinous network of the 

eutecto gel allows to preserve a certain stereochemical control 

of the reaction, notwithstanding the increase in catalyst basicity 

induced by the gelation process. This latter factor became more 

relevant as far as the Michael reaction was taken in 

consideration. Indeed, in this case, beside the quantitative yield 

in product, low ee were collected.

Interestingly, for both tested reactions, catalytic performance 

of the eutecto gel proved to be affected by the structural 

organisation of the substrate. Indeed, in both cases, the 

substrate scope evidenced that better results in terms of yield, 

de and ee (aldol reaction) were obtained with more flexible 

substrate. This can be ascribed to their ability to conform to the 

rigid gelatinous network, better interacting with the catalytic 

active site.

From the environmental point of view, the tested catalytic 

systems present different advantages. Firstly, they were 

prepared using natural, cheap and renewable components. As 

catalytic systems, they were used employing lower reagents 

loading with respect to similar systems so far reported in 

literature. The procedure respects most of the purposes of the 

Green Chemistry, since it is simple, clean and safe. Furthermore, 

products can be recovered with a green solvent and, the 

eutecto gel can be reused five consecutive times maintaining 

the enantioselectivity in each cycle. On the grounds of all above 

results, we are confident in stating that eutecto gels represent 

new materials to carry out enantioselective organic reaction in 

a totally eco-friendly manner.
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Experimental section

General procedure for the preparation of DESs. A mixture of 

hydrogen-bond donor and hydrogen-bond acceptor, with the 

previously specified molar ratio, was added in a round bottom 

flask. The mixture was stirred for 30 minutes at 80 °C obtaining 

the corresponding DES.

General procedure for eutecto gel preparation. Gels were 

prepared by weighting into a screw-capped sample vial 

(diameter 1 cm) the suitable amounts of gelator and DES. The 

sample vial was heated in an oil bath at 80 °C until a clear 

solution was obtained (30 minutes). Then, the vial was rapidly 

cooled at 4 °C and then left to stand at room temperature for 

one night.

Determination of Tgel. Gel-sol transition temperature, Tgel, was 

determined through the falling drop method. The vial, filled 

with the gel, was immersed and turned upside down in a water 

bath, and the bath temperature was gradually increased, with a 

rate of 2 °C minW%. The temperature at which the first drop of 

the gel fell was recorded as Tgel and these values were 

reproducible within 1 °C.

Whenever possible, Tgel was also confirmed by the lead-ball 

method. In this case, a lead-ball (weighing 46.23 mg and with 2 

mm of diameter) was placed on top of the gel, and the vial was 

immersed in a water bath. The bath temperature was gradually 

increased (2 °C minW%) until the gel melted and the lead-ball 

reached the bottom of the vial. 

After gel melting, the solution was left to rest to check the 

reformation and the thermoreversibility of the gel.

Thixotropy tests. The eutecto gels were subjected to a 

mechanical stimulus that involved the stirring of the gel phase 

at 1000 rpm for 5 min, using a stirring bar (length 8 mm, height 

3 mm). Then, the ensuing materials were kept to rest overnight 

and, afterwards, gels were considered thixotropic if they were 

self-supporting with the tube inversion test.

Rheological measurements. Rheological measurements of 

eutecto gels were performed on ARES G2 (TA Instruments) 

strain-controlled rheometer using an oscillatory mode and a 

plate–plate geometry tool (PP 25-2). The sample, previously 

formed on a blister, was cast between the shearing plates of the 

rheometer.

Strain and frequency sweeps were recorded three times on 

three different aliquots of gels at 3 or 5 wt% of gelator. 

Measurements were carried out after determining the linear 

viscoelastic region (LVR) of gels. In particular, strain sweeps 

were recorded at a fixed angular frequency of 1 rad sW% and 

frequency sweeps at a fixed strain of 0.025%. All measurements 

were performed at 25 °C.

Polarized Optical Microscopy investigation. Morphological 

investigation was carried out on polarized optical microscope, 

Optika B-353 PL, equipped with crossed polarizers, and an 

Optika camera interfaced to a computer with Optika Pro View 

Software. Eutecto gels at 3 wt% of the gelator were cast 

between two glasses to record the POM images. 

Porosity measurements. Porosity of eutectogels was 

determined according to the reported procedure,64 using HPLC-

grade hexane as solvent. Hexane was cast on gels for 24 h. 

Knowing the initial weight of the empty vial (W1), the weight of 

the vial and the gel before (Wdry) and after (W2) adding hexane 

and the final weight of the vial and gel after removing the 

hexane (W3 = Wwet), it was possible to determine porosity (P), 

using the following equations:

where Zh is density of hexane, Vp and Vg (mL) represent the 

volume of gel and of the hexane in the pores, respectively. 4 mL 

is the total volume occupied by gel and hexane.

RLS Meausurements. RLS measurements were carried out at 

288 K on a spectro-fluorophotometer (JASCO FP-777W) using a 

synchronous scanning mode in which the emission and 

excitation monochromators were preset to identical 

wavelengths. The RLS spectrum was recorded from 300 to 600 

nm with both the excitation and emission slit widths set at 1.5 

nm. Samples for a typical measurement were prepared injecting 

in a quartz cuvette (light path 0.2 cm) the limpid hot solution of 

gelator. The solution was rapidly cooled at 4 °C and then left to 

stand at room temperature for one night. The gel phase 

obtained at the end of the measurement was stable after the

tube inversion test.

General procedure for the aldol reaction. Aldehyde (0.165 

mmol, 1 equiv.) and ketone (0.825 mmol, 5 equiv.) were added 

in 500 mg of the corresponding gel in a vial. The reaction 

mixture was kept at 20 °C during 24 h. Then, the mixture was 

extracted with EtOAc (3 x 1 mL). The resulting organic phase was 

dried over MgSO4 and the solvent was removed under reduced 

pressure. The resulting crude was purified by preparative TLC or 

column chromatography.

General procedure for the Michael reaction. Electrophile (0.2 

mmol) and freshly distilled isobutyraldehyde (reaction A: 0.8 

mmol or reaction B: 0.4 mmol) were added in 500 mg of the 

corresponding gel in a vessel. The reaction mixture was kept at 

20 °C during 24 h. Then, the mixture was extracted with EtOAc 

(3 x 1 mL). The resulting organic phase was dried over MgSO4 

and the solvent was removed under reduced pressure. The 

resulting crude was purified by preparative TLC or column 

chromatography.

General procedure for the recycling experiments. The reaction 

was performed according to the general procedure. Once the 

reaction was completed, the formed product was extracted 

with a small amount of a renewable VOC solvent (2- MeTHF, 3 x 

1 mL), the remaining solvent was evaporated and finally, the gel 

material was charged again with fresh reagents, repeating the 

process.

Vg = 4 -
W2 - W1 - Wdry

	h

Vp =
W2 - W1 - Wdry

	h

P =
Vp

Vp + Vg

(1)

(2)

(3)x 100
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Natural Eutecto gels: Sustainable Catalytic Systems for C-C Bond 

Formation Reactions

Beatriz Saavedra,a Alessandro Meli,b Carla Rizzo,b Diego J. Ramón*a and Francesca D’Anna*b

Natural eutecto gels were prepared combining properties of amino acids with the ones of deep eutectic solvents. Soft 

materials obtained were fully characterised determining the gel-sol transition temperatures and analysing mechanical and 

morphological features through rheological measurements and polarised optical microscopy. All eutecto gels were tested 

as catalytic reaction media for the enantioselective aldol reaction and, the best performing one was also used to carry out 

the Michael addition. In both cases, eutecto gels proved to have a great potential as sustainable reaction media, allowing to 

perform processes under mild conditions, obtaining excellent yields and, in some cases, also good enantiomeric excess. 

Catalytic soft materials can be reused up to five cycles keeping the stereochemical control of the reaction and using a 

recommended solvent by recent sustainable solvent guidelines.

Introduction

Carbon-carbon bond formation are a class of organic reactions 

that play a pivotal role in both academic and industrial organic 

chemistry. They allow the obtainment of complex organic 

molecules starting from simpler ones and, over the years, 

several efforts have been carried out to make them catalyst and 

additive free, environmentally friendly, economical and less 

sensitive to air. Furthermore, particular attention has been 

devoted to the possibility of separating products using 

operationally simple procedures, which also allow decreasing 

the environmental impact the whole process. This explains the 

surge in interest that, in the last few years, has promoted the 

employment of transition metal free protocols,1 supported 

catalysts2 and photochemical processes.3-5 

Among different perspectives, also the possibility to perform 

these reactions in confined and highly organised media has 

recently gained attention. Consequently, the use of zeolites,6, 7 

covalent organic frameworks,8, 9 and metal organic 

frameworks10, 11 has been promoted. The use of these systems 

opens the possibility to take advantage from both the 

heterogeneous nature of the catalytic site and its peculiar 

features of size and shape that can positively affect the 

outcome of the process. In this context, also supramolecular 

gels have been considered as suitable and environmentally 

friendly opportunities.12-16

Supramolecular gels are emerging materials originated by the 

self-assembling of small molecules (Low Molecular Weight 

Gelators, LMWGs) in dilute solution.17, 18 The structure of the gel 

is formed by non-covalent interactions (hydrogen bonding, van 

der Waals, A6�����������
@ established between the low 

molecular weight gelator and the solvent.19 Since these 

networks involve weak interactions, they can be readily 

transformed to a fluid by heating and are generally thermally 

reversible. Gels can be classified in different ways depending 

upon the type of gelator and the medium they encompass. 

Based on which solvent is hardened, gels are distinguished in 

hydrogels20 and organogels,21 originated from solutions of 

water and organic solvents, respectively. A recent development 

in the field is represented by gels formed using ionic liquids 

(ionogels or ionic liquid gels)22-25 and even, deep eutectic 

solvents (eutecto gels).23, 26-30 

Thanks to their properties, supramolecular gels have been 

applied in different fields, like drug delivery systems,31, 32 

sensors,33-35 and sorbent systems for the removal of different 

environmental pollutants.36-38 Among different applications, 

the use of these soft materials as reaction media has recently 

gained a raise in interest.12-14 This is mainly due to the porosity 

featuring supramolecular gel phases, that allows reactions to 

occur in a confined space. Performing reactions in 

supramolecular confined spaces offer different advantages, like 

microenvironment effects, the control of reagents 

conformation or the protection of unstable species. 

Furthermore, in supramolecular gels, catalytic behaviour 

derived from non-covalent interactions, could be used for the 

construction of multicomponent catalysts.39 The above 

advantages can be further strengthened if the formation of the 

gelatinous network occurs in a sustainable solvent like water, 

ionic liquids or deep eutectic solvents (DESs).

In particular, DESs40-42 are mixtures of two or more cheap and 

non-toxic components which are capable of forming a eutectic 
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Results and Discussion

Gelation tests and gel-sol transition temperatures. Gelation 

tests were performed in screw capped vials in which the 

suitable amount of solvent and gelator were weighted and 

heated at 80 °C, until a clear solution was obtained. The 

obtained solutions were left overnight at room temperature 

and after, gel phase formation was assessed by using the tube 

inversion test.56 Results of gelation tests are reported in Table 

S1, whereas obtained eutecto gels together with Tgel, i.e. the 

temperature corresponding to gel-sol transition, are displayed 

in Table 1.

Table 1. Obtained eutecto gels ChCl/U (1:2) and corresponding Tgel values.

Gelator Concentration (wt%) a Tgel (°C)b

L-Pro 5.0 34

L-Pro 3.0 31

L-Pro-NH2 3.0 34

t-4-OH-L-Pro 3.0 34

L-Ser 3.0 31

L-Trp 3.0 35

a Concentration: gelator mass/solvent and gelator mass; bTgel are reproducible 

within 1 °C.

Analysis of data reported in Table 1 and S1 evidences that, with 

the exception of L-Ile, L-Asp and L-Cys, all the other tested 

gelators were able to harden ChCl/U (1:2) (from now on 

indicated as ChCl/U). In all cases, white opaque gels were 

obtained (Scheme 1a). Furthermore, in most cases gels were 

obtained at 3.0 wt%, but in the case of L-Trp soft material 

formation was already detected at 2.0 wt%. On the other hand, 

in the presence of L-Pro, stable gel phases were obtained both 

at 3.0 and 5.0 wt%.

Tgel values range from 31 up to 35 °C, showing only a marginal 

dependence on the gelator structure. In general, concentration 

being the same, the highest Tgel was obtained for L-Trp based 

eutecto gel, evidencing a certain relevance of A6A interactions 

in the building of the fibrillary supramolecular network. On the 

other hand, comparison among Tgel values collected for gel 

phases formed by L-Pro, L-Pro-NH2 and t-4-OH-L-Pro allows 

assessing the positive role played by the functionalisation of 

both carboxyl group and aliphatic skeleton of the L-Pro, as 

accounted for by the increase in Tgel going from L-Pro to L-Pro-

NH2 and t-4-OH-L-Pro.

The comparison with Tgel values previously reported for eutecto 

gels obtained, using L-Pro and L-Trp as gelators in ChCl/PhAA 

(1:2) at 3 wt%, testifies the relevance of the solvent nature. 

Indeed, in both cases a significant decrease in Tgel was detected 

(Tgel: 38 and 43 °C for L-Trp and L-Pro gels in ChCl/PhAA (1:2), 

respectively),30 indicating the positive effect deriving from the 

presence of an acid and aromatic HBD in the solvent. 

With the only exception of L-Ser based eutecto gel, all soft 

materials proved to be thermoreversible. Furthermore, Tgel was 

also positively affected by gelator concentration as accounted 

for by the higher Tgel measured for L-Pro gel at 5 wt% with 

respect to the one obtained at 3 wt%.

All gel phases were also tested for their ability to respond to the 

action of external stimuli. In particular, taking in consideration 

their possible application as reaction media, their thixotropic 

behaviour was analysed. To this aim, gel phases were 

magnetically stirred for 5 minutes at 1000 rpm. However, in all 

cases, disassembly of the soft materials was not observed, 

allowing to classify them as stable to the action of the stimulus.

Rheological investigation. Rheological response of eutecto gels 

was studied as function of strain and frequency applied to the 

gel on oscillatory mode. To this aim, all materials were prepared 

at 3 wt%. Only in the case of L-Pro, the gel mechanical features 

were also investigated at 5 wt%.

Both above investigations allowed to confirm the gel like nature 

of the materials as, at fixed frequency =MN 1 rad/s), the classical 

intermediate behavior between a solid and a liquid was 

observed (Figure 1a). In particular, at low strain values, G', 

indicating the elastic modulus was higher than G'', that 

represents the loss modulus. In addition, at a fixed strain value 

=M = 0.025 %), chosen within the linear viscoelastic region, G' 

was always higher than G'' (Figure 1b). Plots corresponding to 

rheological investigation for all the other eutecto gels are 

reported in Figure S1.

Figure 1. Rheological investigation of L-Pro in ChCl at 3 wt%: a) strain and b) frequency 

sweep.
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measured the porosity of the gel network and recorded 

resonance light scattering (RLS) spectra of the gel phases (Figure 

S5). As previously reported, RLS intensity is related to the size 

of the aggregates featuring a self-assembled system57 and this 

technique has been already used to study structural features of 

supramolecular gels.24, 25

Compared eutetogels exhibited a similar porosity (P = 86.9 and 

86.3% for L-Pro/ChCl/U and t-4-OH-L-Pro/ChCl/U, respectively; 

Table S2). However, they showed significant differences in the 

size of the aggregates, as IRLS = 24 and 129 a.u. at ��= 560 nm for 

L-Pro/ChCl/U and t-4-OH-L-Pro/ChCl/U, respectively. The above 

results, recall differences observed in gel morphologies and 

shed light on the higher catalytic ability of the fibrous structure 

of the L-Pro based eutecto gel also featured by a higher stiffness 

(cfr tan� in Table 2).

Analysis of results obtained with L-Pro based catalysts sheds 

light on the performance of L-Pro/ChCl/U eutecto gel that, both 

at 3 and 5 wt%, allowed obtaining the product in 32 and 87% of 

yield, proving to be the best catalyst (entries 6-7). However, also 

with the best yield, only a modest enantiomeric excess (ee) was 

obtained (entry 7).

Table 3. Optimization of the aldol reaction between acetone (1a) and p-

nitrobenzaldehyde (2a) in different ChCl/U based eutecto gels,a together with data 

previously reported in literature.

O

+ H

O

NO2

Gel

T, 24 h

OH

NO2

O

1a 2a 3a

Entry Gelator T(oC) Yield (%)b ee (%)c

1 L-Ser (3 wt%) 20 -d -

2 L-Trp (5 wt%) 20 5 -

3 t-4-OH-L-Pro (3 wt%) 20 <5 50

4 L-Pro-NH2 (5 wt%) 20 50 20

5 L-Pro (2 wt%, aggregates) 20 20 69

6 L-Pro (3 wt%) 20 32 69

7 L-Pro (5 wt%) 20 87 68

8 L-Pro (8 wt%) 20 91 (98)e 62 (62)e

9 L-Pro (10 wt%) 20 92 (98)e 64 (64)e

10 L-Pro (5 wt%) 15 21 68

11 L-Pro (5 wt%) 4 7 56

12 L-Pro (5 wt%) 35 90 55

13 L-Pro-L-Val-Cn
58 < 2 -

14 L-Pro (4.0 % mol)53 92 62

a Reaction conditions: acetone (5 equiv.) and p-nitrobenzaldehyde (1 equiv.) at 20 

°C during 24 h. b Yield calculated by 1H NMR. c Enantioselectivities determined by 

chiral HPLC. d No reaction; e Reaction performed for 48 h.

Further increase of the L-Pro amount led to higher yields but 

slightly lower ee (compare entry 7 and entries 8-9). In addition, 

when the reaction time was increased up to 48 h, the yield 

suffered a further increase but the enantioselectivity was 

retained (entries 8-9). These results seems to indicate that no 

kinetic resolution/retro aldol reaction occurred. To improve the 

enantioselectivity, L-Pro/ChCl/U eutecto gel was tested at 

different temperatures ranging from 4 up to 35 °C (entries 10-

12). Temperatures higher than 35 °C could not be used as a 

consequence of the gel melting. Analysis of data collected 

demonstrates that changes in temperature did not positively 

affect the ee. Indeed, decreasing the temperature from 20 

down to 4 °C, caused a significant decrease in both yield and ee 

(entries 7 and 10-11). On the other hand, the increase in 

temperature, from 20 up to 35 °C, induced a significant 

decrease in the ee, without significant changes in yield (entries 

7 and 12).

Obviously, although both reaction temperatures stayed in the 

sustainable range defined by the Clark approach,59 the lower 

one is more advisable also from an energetic point of view.

Results obtained in this work were compared with the ones 

previously reported, using L-Pro (30-40% mol) in ChCl/U  

solution.48 We are aware that in the present case a higher L-

Pro/aldehyde molar ratio was used (L-Pro/aldehyde molar ratio: 

1.3 and 0.4 in the case of eutecto gel and solution, respectively). 

However, temperature and reaction time being equal, 

significant improvements both in term of yield and ee were 

obtained for the reaction performed in gel phase (yield: 87 and 

32%; ee: 68 and 38% in gel phase and in solution, respectively). 

In our opinion, the better catalytic performance of eutecto gel, 

with respect to the catalyst in DES solution, cannot be ascribed 

only to the increased concentration of the catalyst. To verify this 

assertion, we performed reactions using L-Pro at 2 and 3 wt%. 

The first system, having a concentration lower than CGC, should 

be featured by the presence of gelatinous aggregates, whereas 

the latter one represents the gel phase at the CGC (entries 5-6). 

In the systems analysed (entries 5-7), the increase in L-Pro 

concentration induced a parallel increase in yield, without 

affecting ee value. A further increase in L-Pro caused a decrease 

in ee (entries 7-8), but it stayed unchanged increasing the L-Pro 

concentration up to 10 wt% (entries 8-9).

The obtained trend perfectly agrees with a previous report 

about the study of the Michael reaction in gel phase, showing 

that the increase in gelator concentration does not affect the ee 

value.60 Probably, the obtained trend can be rather ascribed to 

the structural rigidification of the catalytic supramolecular 

aggregates54 and to the confined and organised structure of the 

reaction environment, that favours the outcome of the 

reaction. A similar effect was previously detected studying the 

asymmetric alcoholysis of the anhydrides, catalysed by 

Cinchona alkaloids in ionic liquid gels.61

On the other hand, in gel phase, L-Pro based catalysts showed 

significant different reactivities with respect to the ones 

previously observed in ChCl/U solution.48 Indeed, in DES 

solution (ChCl/Gly), no significant changes in yield were 

observed as a function of the catalyst nature, with a complete 

loss in ee, going from L-Pro to L-Pro-NH2 or t-4-OH-L-Pro. 

Differently, in gel phase, changing the nature of the catalyst, a 

marked decrease in both yield and ee was observed. Probably, 

the presence of better hydrogen bond donor groups on the 

catalyst structure induces a rigidification of the gel network that 

exhibits worse catalytic performance.

The modest ee obtained in L-Pro eutecto gel indicates that the 

catalyst basicity did not significantly change as a consequence 

of the gel phase formation. Indeed, our result is different from 

the one previously reported about organogels formed by L-Pro 
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Table 5. Aldol reaction between ketones and aldehydes in L-Proline based eutecto gel.a

O

+
H

O OHO

*

1 2 3i-q

R3 R3

R1 R2 R1 R2

*

Eutecto gel:
ChCl:urea (1:2) +
L-proline (5 wt%)

20 oC, 24 h

OHO

NO2

anti-3i (95%)

28% de, 97% ee

OHO

CF3

anti-3j (85%)

31% de, 55% ee

OHO Cl

anti-3k (80%)

86% de, 67% ee

OHO

CN

anti-3l (85%)

17% de, 62% ee

OHO

anti-3m (53%)

20% de, 45% ee

OHO

CH3

anti-3n (63%)b

9% de, 46% ee
OH

NO2

O

syn-3o (39%)

46% de, 45% ee

OHO

NO2
OMe

anti-3p (90%)

62% de, 97% ee

OHO

NO2
OH

syn-3q (20%)

64% de, 84% ee

a Reaction conditions: ketone (5 equiv.) and aldehyde (1 equiv.) at 20 oC during 24 

h. Yield calculated by 1H NMR (yield%, anti:syn). Enantioselectivities determined 

by chiral HPLC; b Reaction performed for 4 days.

On the other hand, aldehyde being the same (p-

nitrobenzaldehyde), different behaviours were detected as a 

function of different ketones. Indeed, anti diastereoisomers 

were mainly obtained in the presence of cyclohexanone (3i) and 

methoxypropanone (3p). Differently, cyclopentanone (3o) and 

hydroxypropanone (3q) gave syn diastereoisomers as the 

prevalent ones. The highest de values were observed by using 

the propanone derivatives (de: 62 and 64 % for 3p and 3q, 

respectively). In particular, methoxypropanone was the ketone 

that warranted the highest ee. Among investigated ketones, this 

was the most structurally flexible. On the other hand, on the 

grounds of rheological parameters, the L-Pro eutecto gel shows 

a certain rigidity, as accounted for by the high G' value 

measured. Probably, in the formation of the enamine 

intermediate, essential to have a control of the stereochemical 

pathway, a more flexible substrate better conforms to the rigid 

and interconnected fibrous network. This result is different 

from the one previously obtained for the alcoholysis of the 

anhydrides.61 Indeed, in that case, as a consequence of the high 

rigidity of the substrates, better catalytic performance was 

obtained in the presence of more flexible gelatinous network 

able to reorganise around the reactive intermediate.

Table 6. Yield, de and ee values for the aldol reaction between cyclohexanone and p-

nitrobenzaldehyde in gel phase.

Entry Solvent Gelator Yield 

(%)

de 

(%)

ee 

(%)

Reference

1 ChCl/U L-Pro 95 28 

(anti)

97 This work

2 Toluene L-Pro-L-

Val-C12

99 75 

(anti)

12 54

3 ACNa (L-Pro-L-

Val)2C12

20 - 80 51

4 Phosphate 

buffer

L-Pro-

peptide

99 86 

(anti)

88 63

aThe reaction was performed at -20 °C for 25 h.

The reaction between cyclohexanone and p-nitrobenzaldehyde 

has been previously performed in organo- and hydrogels based 

on L-Pro peptides. Then, to better understand the potential of 

the present catalytic system, we compared our results with the 

ones previously collected in literature (Table 6).

In general, the main advantage of the L-Pro eutecto gel stays in 

the possibility to perform the reaction using a lower ketone 

loading. Indeed, in all case previously reported, a higher ketone/ 

aldehyde molar ratio (10:1) was used.

In terms of yield, our result is comparable to the ones obtained 

using organo- or hydrogels (cfr entries 1, 2 and 4). In our case, 

the aldol was obtained with lower de, but with significantly 

better ee, above all if organogels are considered (cfr entries 1-

3). Furthermore, in all cases previously reported, the possibility 

to recycle the gel phase was not considered.

The L-Pro/ChCl/U eutecto gel was also tested as catalyst for the 

enantioselective Michael reaction. In this case, the 

isobutyraldehyde (4a) was employed as nucleophile in the 

reaction with trans6V6�����
������ or different maleimides as 

electrophiles (Table 7).

The reaction proceeded only in the presence of additives and, 

data reported in the Table evidence the effect exerted by the 

additive nature on the outcome of the reaction. Indeed, using 

trans6V6�����
������ as electrophile, the reaction proceeded 

with excellent yields, only in the presence of bases (entries 2-6). 

With the only exception of pyridine (entry 6), in all the other 

cases quantitative yields were obtained with low ee. Also in this 

case, the attempt to improve the ee, by decreasing the 

temperature was unsuccessful (entries 4 and 10), as a 

significant decrease in yield was detected, without significant 

improvement in the stereochemical pathway of the reaction.

In the presence of acidic additives (entries 7-9), ee stayed 

almost constant whereas a significant drop in yield was 

detected.
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Table 7. Michael reactions performed in L-Pro/ChCl/U based eutecto gel.a

Eutecto gel:
ChCl:urea (1:2) +
L-proline (5 wt%)

additive (10 mol%)

20 oC, 24 h

Ph
NO2

N R

O

O

H

O Ph

NO2

H

O
N R

O

O

*

*

4a

5a

7

6a

8

A

B

H

O

Entry Alkene Additive Yield 

(%)b

ee 

(%)c

1 trans6V6

nitrostyrene

- 8 -

2 trans6V6

nitrostyrene

DMAP >99 23

3 trans6V6

nitrostyrene

DABCO >99 19

4 trans6V6

nitrostyrene

Imidazole >99 20

5 trans6V6

nitrostyrene

DBU >99 16

6 trans6V6

nitrostyrene

Pyridine 53 24

7 trans6V6

nitrostyrene

Benzoic acid 44 24

8 trans6V6

nitrostyrene

p-Nitrobenzoic 

acid

36 27

9 trans6V6

nitrostyrene

Adipic acid 27 25

10 trans6V6

nitrostyrene

Imidazole 43d 9

11 N-phenylmaleimide - 4 -

12 N-phenylmaleimide Pyridine 10 -

13 N-phenylmaleimide 2,6-Lutidine 3 -

14 N-phenylmaleimide p-Nitrobenzoic 

acid

<1 -

15 Maleimide Imidazole 11 -

a Reaction conditions A: trans6V6�����
������ (0.2 mmol) and aldehyde (0.8 mmol) 

at 20 °C during 24 h; Reaction conditions B: 7 (0.2 mmol) and aldehyde (0.4 mmol) 

at 20 °C during 24 h. b Yield calculated by 1H NMR. c Enantioselectivities determined 

by chiral HPLC. d Reaction performed at -10 °C.

It is worth mentioning that ee values collected in our case are 

perfectly in line with the ones previously reported in literature, 

studying the Michael reaction between cyclohexanone and 

trans6V6�����
������ in the organogel formed by L-Pro-L-Val 

peptide in a toluene/hexane mixture (90:10).60 According to a 

previous report, the low enantioselectivity can be ascribed to 

the occurrence of two concomitant mechanisms. The first one 

foresees the enamine intermediate formation and the second 

one, occurring through a base catalysis that induces the 

formation of enolate intermediate. The occurrence of this latter 

pathway could be a consequence of the change in the L-Pro 

basicity induced by gelation process (see above) and this being 

the case, this factor proves to be more relevant in the case of 

the Michael than aldol reaction.

The reaction was also performed in the presence of 

cyclohexanone that gave 73% of yield with low 

enantioselectivities (96% de, syn 29%, ee). Unfortunately, 

changing the nature of the maleimide gave only traces in 

product (entries 11-15). Also in this case, the obtained trend can 

be ascribed to the higher structural organisation and rigidity of 

the maleimides, which with more difficulty can reach the 

catalytic site to promote the reaction.

Conclusions

Natural eutecto gels have been developed combining 

properties of amino acids with properties of deep eutectic 

solvents. Among tested solvents, amino acids used were able to 

gel ChCl/U (1:2) and soft materials obtained were characterised 

to determine their thermal stability, rheological properties and 

morphological features.

Eutecto gels were used as catalytic systems to promote C-C 

bond reaction formation like the enantioselective aldol 

reaction, taking advantage of the dual role of amino acids that 

acted both as gelators and catalysts. Among tested materials, 

the L-Pro/ChCl/U eutecto gel was the one exhibiting the best 

catalytic performance. In particular, it was able to catalyse the 

cross-aldol reaction between acetone and p-nitrobenzaldehyde 

with excellent yield and good ee. The obtained results are better 

than the ones previously reported in literature for the study of 

the same reaction in organo- or hydrogels.

Data collected demonstrate that the rigidification of the 

aggregates in the hydrogen bond rich gelatinous network of the 

eutecto gel allows to preserve a certain stereochemical control 

of the reaction, notwithstanding the increase in catalyst basicity 

induced by the gelation process. This latter factor became more 

relevant as far as the Michael reaction was taken in 

consideration. Indeed, in this case, beside the quantitative yield 

in product, low ee were collected.

Interestingly, for both tested reactions, catalytic performance 

of the eutecto gel proved to be affected by the structural 

organisation of the substrate. Indeed, in both cases, the 

substrate scope evidenced that better results in terms of yield, 

de and ee (aldol reaction) were obtained with more flexible 

substrate. This can be ascribed to their ability to conform to the 

rigid gelatinous network, better interacting with the catalytic 

active site.

From the environmental point of view, the tested catalytic 

systems present different advantages. Firstly, they were 

prepared using natural, cheap and renewable components. As 

catalytic systems, they were used employing lower reagents 

loading with respect to similar systems so far reported in 

literature. The procedure respects most of the purposes of the 

Green Chemistry, since it is simple, clean and safe. Furthermore, 

products can be recovered with a green solvent and, the 

eutecto gel can be reused five consecutive times maintaining 

the enantioselectivity in each cycle. On the grounds of all above 

results, we are confident in stating that eutecto gels represent 

new materials to carry out enantioselective organic reaction in 

a totally eco-friendly manner.
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Experimental section

General procedure for the preparation of DESs. A mixture of 

hydrogen-bond donor and hydrogen-bond acceptor, with the 

previously specified molar ratio, was added in a round bottom 

flask. The mixture was stirred for 30 minutes at 80 °C obtaining 

the corresponding DES.

General procedure for eutecto gel preparation. Gels were 

prepared by weighting into a screw-capped sample vial 

(diameter 1 cm) the suitable amounts of gelator and DES. The 

sample vial was heated in an oil bath at 80 °C until a clear 

solution was obtained (30 minutes). Then, the vial was rapidly 

cooled at 4 °C and then left to stand at room temperature for 

one night.

Determination of Tgel. Gel-sol transition temperature, Tgel, was 

determined through the falling drop method. The vial, filled 

with the gel, was immersed and turned upside down in a water 

bath, and the bath temperature was gradually increased, with a 

rate of 2 °C minW%. The temperature at which the first drop of 

the gel fell was recorded as Tgel and these values were 

reproducible within 1 °C.

Whenever possible, Tgel was also confirmed by the lead-ball 

method. In this case, a lead-ball (weighing 46.23 mg and with 2 

mm of diameter) was placed on top of the gel, and the vial was 

immersed in a water bath. The bath temperature was gradually 

increased (2 °C minW%) until the gel melted and the lead-ball 

reached the bottom of the vial. 

After gel melting, the solution was left to rest to check the 

reformation and the thermoreversibility of the gel.

Thixotropy tests. The eutecto gels were subjected to a 

mechanical stimulus that involved the stirring of the gel phase 

at 1000 rpm for 5 min, using a stirring bar (length 8 mm, height 

3 mm). Then, the ensuing materials were kept to rest overnight 

and, afterwards, gels were considered thixotropic if they were 

self-supporting with the tube inversion test.

Rheological measurements. Rheological measurements of 

eutecto gels were performed on ARES G2 (TA Instruments) 

strain-controlled rheometer using an oscillatory mode and a 

plate–plate geometry tool (PP 25-2). The sample, previously 

formed on a blister, was cast between the shearing plates of the 

rheometer.

Strain and frequency sweeps were recorded three times on 

three different aliquots of gels at 3 or 5 wt% of gelator. 

Measurements were carried out after determining the linear 

viscoelastic region (LVR) of gels. In particular, strain sweeps 

were recorded at a fixed angular frequency of 1 rad sW% and 

frequency sweeps at a fixed strain of 0.025%. All measurements 

were performed at 25 °C.

Polarized Optical Microscopy investigation. Morphological 

investigation was carried out on polarized optical microscope, 

Optika B-353 PL, equipped with crossed polarizers, and an 

Optika camera interfaced to a computer with Optika Pro View 

Software. Eutecto gels at 3 wt% of the gelator were cast 

between two glasses to record the POM images. 

Porosity measurements. Porosity of eutectogels was 

determined according to the reported procedure,64 using HPLC-

grade hexane as solvent. Hexane was cast on gels for 24 h. 

Knowing the initial weight of the empty vial (W1), the weight of 

the vial and the gel before (Wdry) and after (W2) adding hexane 

and the final weight of the vial and gel after removing the 

hexane (W3 = Wwet), it was possible to determine porosity (P), 

using the following equations:

where Zh is density of hexane, Vp and Vg (mL) represent the 

volume of gel and of the hexane in the pores, respectively. 4 mL 

is the total volume occupied by gel and hexane.

RLS Meausurements. RLS measurements were carried out at 

288 K on a spectro-fluorophotometer (JASCO FP-777W) using a 

synchronous scanning mode in which the emission and 

excitation monochromators were preset to identical 

wavelengths. The RLS spectrum was recorded from 300 to 600 

nm with both the excitation and emission slit widths set at 1.5 

nm. Samples for a typical measurement were prepared injecting 

in a quartz cuvette (light path 0.2 cm) the limpid hot solution of 

gelator. The solution was rapidly cooled at 4 °C and then left to 

stand at room temperature for one night. The gel phase 

obtained at the end of the measurement was stable after the

tube inversion test.

General procedure for the aldol reaction. Aldehyde (0.165 

mmol, 1 equiv.) and ketone (0.825 mmol, 5 equiv.) were added 

in 500 mg of the corresponding gel in a vial. The reaction 

mixture was kept at 20 °C during 24 h. Then, the mixture was 

extracted with EtOAc (3 x 1 mL). The resulting organic phase was 

dried over MgSO4 and the solvent was removed under reduced 

pressure. The resulting crude was purified by preparative TLC or 

column chromatography.

General procedure for the Michael reaction. Electrophile (0.2 

mmol) and freshly distilled isobutyraldehyde (reaction A: 0.8 

mmol or reaction B: 0.4 mmol) were added in 500 mg of the 

corresponding gel in a vessel. The reaction mixture was kept at 

20 °C during 24 h. Then, the mixture was extracted with EtOAc 

(3 x 1 mL). The resulting organic phase was dried over MgSO4 

and the solvent was removed under reduced pressure. The 

resulting crude was purified by preparative TLC or column 

chromatography.

General procedure for the recycling experiments. The reaction 

was performed according to the general procedure. Once the 

reaction was completed, the formed product was extracted 

with a small amount of a renewable VOC solvent (2- MeTHF, 3 x 

1 mL), the remaining solvent was evaporated and finally, the gel 

material was charged again with fresh reagents, repeating the 

process.

Vg = 4 -
W2 - W1 - Wdry

	h

Vp =
W2 - W1 - Wdry

	h

P =
Vp

Vp + Vg

(1)

(2)

(3)x 100
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Table S1. Gelation tests performed in the presence of different gelators and solvents. 

aG = gel; S = soluble; I = insoluble 

 

Table S2. Porosity of eutectogels determined in hexane. 

 

 

Gelator DES Conc. 
(w/w %) 

Aspecta 

L-Pro ChCl/U (1:2) 3.0-5.0 G (3.0 %) 
 DA/TBABr (1:2) 4.0-5.0 I 
 ChCl/AcA (1:2) 2.0 S 
 ChCl/Frut (1:2) 3.0-4.0 I 
 MePh3PBr/Gly (1:2) 2.0-3.0 S 
    

L-Pro-NH2 ChCl/U (1:2) 1.0-5.0 G (3.0%) 
 DA/TBABr (1:2) 2.0-5.0 I 
 ChCl/AcA (1:2) 2.0 S 
 MePh3PBr/Gly (1:2) 2.0-3.0 S 
    

t-4-OH-L-Pro ChCl/U (1:2) 1.0-5.0 G (3.0%) 
 DA/TBABr (1:2) 2.0-5.0 I 
 ChCl/AcA (1:2) 2.0 I 
    

L-Ser ChCl/U (1:2) 1.0-3.0 G (3.0%) 
 DA/TBABr (1:2) 1.0-4.0 I 
 ChCl/AcA (1:2) 2.0 I 
 MePh3PBr/Gly (1:2) 2.0-3.0 S 
    

L-Iso ChCl/U (1:2) 2.0 S 
 DA/TBABr (1:2) 2.0 I 
 ChCl/AcA (1:2) 2.0 I 
    

L-Asp ChCl/U (1:2) 3.0 I 
    

L-Cys ChCl/U (1:2) 1.0-3.0 I 
    

L-Trp ChCl/U (1:2) 1.0-2.0 G (2.0%) 
 MePh3PBr/Gly (1:2) 2.0 S 

Eutectogel P (%) 
L-Pro/ChCl/U 86.9 
t-4-OH-L-Pro/ChCl/U 86.3 
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Figure S1. Strain and frequency sweeps of eutectogels. 

Figure S2. POM images for eutecto gels at 3.0 wt %: a)- b) L-Pro-NH2/ChCl/U, c) - d) L-Ser/ChCl/U and 
e) - f) L-Trp/ChCl/U. 

 

 

 

 

a) b) c) 

d) e) f) 
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a) Evolution of the standard reaction 

 

87% yield, 68% ee 

b) Evolution of the reaction stirring only the first 5 min 

 

89% yield, 67% ee 

c) Evolution of the reaction stirring during 24 h period 

 

93% yield, 54% ee 

Figure S3. Evolution of the reaction images. 

Page 34 of 90Green Chemistry



 S7 

 

 

Figure S4. 1H NMR spectra of L-Pro in DMSO-[d6] (down) and liquid phase (reaction 
mixture acetone/p-nitrobenzaldehyde) on the top of the gel after 24h (top). 

 

 

Figure S5. RLS spectra of L-Pro/ChCl/U and t-4-OH-L-Pro/ChCl/U eutectogels. 

N
H

H OH

O

Page 35 of 90 Green Chemistry



 S8 

Spectra data of aldol products 

4-Hydroxy-4-(4-nitrophenyl)butan-2-one (3a):1 1H NMR (300 
MHz, CDCl3): δ= 8.21 (d, J = 8.8 Hz, 2H, ArH), 7.54 (d, J = 8.8 Hz, 
2H, ArH), 5.30-5.25 (m, 1H, CH2CHOH), 3.62 (brs, 1H, OH), 2.90-

2.85 (m, 2H, COCH2CH), 2.23 (s, 3H, COCH3) ppm; 13C NMR (75 MHz, CDCl3): δ = 
208.6, 150.1, 147.5, 126.6, 123.9, 69.1, 51.6, 30.8 ppm. 
The enantiomeric excess was determined by HPLC with a Chiracel AS column at 254 
nm (n-hexane/i-PrOH: 85/15, 1.0 mL/min), tR = 17.99 (major), tR = 26.79 (minor). 
 

4-Hydroxy-4-(3-nitrophenyl)butan-2-one (3b):1 1H NMR (300 
MHz, CDCl3): δ= 8.25-8.20 (m, 1H, ArH), 8.15-8.10 (m, 1H, ArH), 
7.75-7.70 (m, 1H, ArH), 7.54 (t, J = 7.9 Hz, 1H), 5.30-5.25 (m, 1H, 

CH2CHOH), 3.64 (d, J = 3.1 Hz, 1H, OH), 2.90-2.85 (m, 2H, COCH2CH), 2.24 (s, 3H, 
COCH3) ppm; 13C NMR (75 MHz, CDCl3): δ = 208.8, 148.5, 144.9, 131.9, 129.6, 122.7, 
120.9, 68.9, 51.6, 30.9 ppm. 
The enantiomeric excess was determined by HPLC with a Chiracel ADH column at 254 
nm (n-hexane/i-PrOH: 95/5, 1.0 mL/min), tR = 26.78 (major), tR = 29.02 (minor). 
 

4-Hydroxy-4-(2-nitrophenyl)butan-2-one (3c):1 1H NMR (300 MHz, 
CDCl3): δ= 8.00-7.90 (m, 2H, ArH), 7.70-7.65 (m, 1H, ArH), 7.50-7.40 
(m, 1H, ArH), 5.69 (dd, J = 9.4, 2.0 Hz, 1H, CH2CHOH), 3.15 (dd, J = 

17.8, 2.0 Hz, 1H, COCH2CH), 2.80-2.70 (m, 1H, COCH2CH), 2.24 (s, 3H, COCH3) ppm; 
13C NMR (75 MHz, CDCl3): δ = 208.8, 147.2, 138.3, 133.8, 128.3, 128.2, 124.5, 65.7, 
51.0, 30.5 ppm. 
The enantiomeric excess was determined by HPLC with a Chiracel ADH column at 254 
nm (n-hexane/i-PrOH: 98/2, 1.0 mL/min), tR = 42.34 (major), tR = 45.77 (minor). 
 

4-(1-Hydroxy-3-oxobutyl)benzonitrile (3d):1 1H NMR (300 MHz, 
CDCl3): δ= 7.70-7.60 (m, 2H, ArH), 7.50-7.45 (m, 2H, ArH), 5.25-5.20 
(m, 1H, CH2CHOH), 3.56 (d, J = 3.2 Hz, 1H, OH), 2.90-2.80 (m, 2H, 

COCH2CH), 2.22 (s, 3H, COCH3) ppm; 13C NMR (75 MHz, CDCl3): δ = 208.7, 148.1, 
132.5, 126.4, 118.9, 111.5, 69.2, 51.6, 30.9 ppm. 
The enantiomeric excess was determined by HPLC with a Chiracel ODH column at 230 
nm (n-hexane/i-PrOH: 95/5, 1.0 mL/min), tR = 34.30 (major), tR = 40.06 (minor). 
 

4-Hydroxy-4-(4-(trifluoromethyl)phenyl)butan-2-one (3e):1 1H 
NMR (300 MHz, CDCl3): δ= 7.61 (d, J = 8.2 Hz, 2H, ArH), 7.48 (d, J 
= 8.2 Hz, 2H, ArH), 5.22 (t, J = 6.1 Hz, 1H, CH2CHOH), 2.85 (d, J = 

6.1 Hz, 2H, COCH2CH), 2.21 (s, 3H, COCH3) ppm; 13C NMR (75 MHz, CDCl3): δ = 
208.9, 146.7, 129.8, 128.5, 126.1, 125.6 (q, J = 3.8 Hz), 122.9, 69.4, 51.8, 30.9 ppm. 
The enantiomeric excess was determined by HPLC with a Chiracel AS column at 210 
nm (n-hexane/i-PrOH: 92/8, 1.0 mL/min), tR = 8.97 (major), tR = 11.35 (minor). 
 

4-(2-Chlorophenyl)-4-hydroxybutan-2-one (3f):1 1H NMR (300 MHz, 
CDCl3): δ= 7.65-7.60 (m, 1H, ArH), 7.35-7.30 (m, 2H), 7.25-7.20 (m, 1H, 
ArH), 5.51 (dt, J = 9.7, 2.2 Hz, 1H, CH2CHOH), 3.55 (d, J = 3.3 Hz, 1H, 

OH), 3.00 (dd, J = 17.7, 2.2 Hz, 1H, COCH2CH), 2.68 (dd, J = 17.7, 9.7 Hz, 1H, 
COCH2CH), 2.22 (s, 3H, COCH3) ppm; 13C NMR (75 MHz, CDCl3): δ = 209.4, 140.1, 
131.2, 129.4, 128.7, 127.4, 127.2, 66.7, 50.1, 30.8 ppm. 
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The enantiomeric excess was determined by HPLC with a Chiracel AS column at 210 
nm (n-hexane/i-PrOH: 98/2, 1.0 mL/min), tR = 16.96 (minor), tR = 18.89 (major). 
 

4-Hydroxy-4-phenylbutan-2-one (3g):1 1H NMR (300 MHz, CDCl3): δ= 
7.40-7.35 (m, 4H, ArH), 7.35-7.30 (m, 1H, ArH), 5.20-5.15 (m, 1H, 
CH2CHOH), 3.28 (d, J = 2.8 Hz, 1H, OH), 2.95-2.80 (m, 2H, COCH2CH), 

2.21 (s, 3H, COCH3) ppm; 13C NMR (75 MHz, CDCl3): δ = 209.3, 142.8, 128.7, 127.9, 
125.8, 70.0, 52.1, 30.9 ppm. 
The enantiomeric excess was determined by HPLC with a Chiracel AS column at 210 
nm (n-hexane/i-PrOH: 90/10, 1.0 mL/min), tR = 9.95 (major), tR = 12.34 (minor). 
 

4-Hydroxy-4-(p-tolyl)butan-2-one (3h):2 1H NMR (300 MHz, CDCl3): 
δ= 7.25-7.20 (m, 2H, ArH), 7.20-7.15 (m, 2H, ArH), 5.13 (dd, J = 9.2, 
3.2 Hz, 1H, CH2CHOH), 2.95-2.80 (m, 2H, COCH2CH), 2.34 (s, 3H, 

ArCH3), 2.20 (s, 3H, COCH3) ppm; 13C NMR (75 MHz, CDCl3): δ = 209.4, 139.8, 137.6, 
129.4, 125.7, 69.9, 52.1, 31.0, 21.3 ppm. 
The enantiomeric excess was determined by HPLC with a Chiracel ASH column at 210 
nm (n-hexane/i-PrOH: 90/10, 1.0 mL/min), tR = 9.09 (major), tR = 11.28 (minor). 
 

2-(Hydroxy(4-nitrophenyl)methyl)cyclohexan-1-one (3i) syn:anti 
(1:4):1 1H NMR (300 MHz, CDCl3): δ= 8.25-8.20 (m, 2H, ArH), 7.55-
7.50 (m, 2H, ArH), 5.49 (d, J = 2.2 Hz, 1H syn, CHOH), 4.90 (d, J = 

8.4 Hz, 1H anti, CHOH), 2.65-2.60 (m, 1H), 2.55-2.50 (m, 1H), 2.40-2.30 (m, 1H), 2.15-
2.10 (m, 1H), 1.90-1.80 (m, 1H), 1.70-1.50 (m, 3H), 1.45-1.35 (m, 1H) ppm; 13C NMR 
(75 MHz, CDCl3): δ = 214.9 (anti), 214.2 (syn), 149.2, 148.5, 147.7, 147.2, 128.0 (anti), 
126.7 (syn), 123.7 (anti), 123.6 (syn), 74.2 (anti), 70.3 (syn), 57.3 (anti), 56.9 (syn), 42.8 
(2C, anti, syn), 30.9 (anti), 28.0 (syn), 27.8 (anti), 26.1 (syn), 24.9 (syn), 24.8 (anti) ppm. 
The enantiomeric excess was determined by HPLC with a Chiracel ADH column at 254 
nm (n-hexane/i-PrOH: 90/10, 1.0 mL/min), syn: tR = 18.72 (major), tR = 20.66 (minor), 
anti: tR = 24.06 (minor), tR = 27.25 (major). 
 

2-(Hydroxy(4-(trifluoromethyl)phenyl)methyl)cyclohexan-1-one 
syn:anti (1:2) (3j):1 1H NMR (300 MHz, CDCl3): δ= 7.65-7.60 (m, 
2H, ArH), 7.50-7.40 (m, 2H, ArH), 5.45 (d, J = 1.0 Hz, 1H syn, 

CHOH), 4.85 (d, J = 8.6 Hz, 1H anti, CHOH), 2.65-2.60 (m, 1H), 2.50-2.45 (m, 1H), 
2.40-2.30 (m, 1H), 2.15-2.00 (m, 1H), 1.90-1.75 (m, 1H), 1.70-1.65 (m, 1H), 1.60-1.50 
(m, 2H), 1.40-1.30 (m, 1H) ppm; 13C NMR (75 MHz, CDCl3): δ = 215.3 (anti), 214.6 
(syn), 145.6 (syn), 145.1 (anti), 130.4 (anti), 127.5 (anti), 126.2 (anti), 125.5 (q, J = 3.5 
Hz, anti), 125.3 (q, J = 3.5 Hz, syn), 74.4 (anti), 70.4 (syn), 57.4 (anti), 57.1 (syn), 42.8 
(2C, anti, syn), 30.9 (anti), 28.1 (syn), 27.9 (anti), 26.0 (syn), 25.0 (syn), 24.9 (anti) ppm. 
The enantiomeric excess was determined by HPLC with a Chiracel AD column at 210 
nm (n-hexane/i-PrOH: 90/10, 1.0 mL/min), syn: tR = 7.21 (major), tR = 8.38 (minor), anti: 
tR = 10.70 (minor), tR = 13.55 (major). 
 

2-((2-Chlorophenyl)(hydroxy)methyl)cyclohexan-1-one syn:anti 
(1:3.3) (3k):1 1H NMR (300 MHz, CDCl3): δ= 7.60-7.55 (m, 1H, ArH), 
7.35-7.30 (m, 2H, ArH), 7.25-7.20 (m, 1H, ArH), 5.71 (d, J = 1.8 Hz, 1H 

syn, CHOH), 5.35 (d, J = 8.1 Hz, 1H anti, CHOH), 2.85-2.80 (m, 1H syn), 2.70-2.65 (m 
1H), 2.50-2.40 (m, 1H), 2.40-2.30 (m, 1H), 2.15-2.05 (m, 1H), 1.85-1.80 (m, 1H), 1.70-
1.50 (m, 4H) ppm; 13C NMR (75 MHz, CDCl3): δ = 215.4 (anti), 215.0 (syn), 139.2 
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(anti), 138.7 (syn), 133.1 (anti), 129.4 (anti), 128.9 (anti), 128.7 (syn), 128.4 (anti), 128.3 
(syn), 70.4 (syn), 127.4 (anti), 126.8 (syn), 70.6 (anti), 67.9 (syn), 57.7 (anti), 53.7 (syn), 
42.9 (anti), 30.6 (anti), 28.1 (syn), 28.0 (anti), 26.1 (syn), 25.1 (anti), 25.0 (syn) ppm. 
The enantiomeric excess was determined by HPLC with a Chiracel ODH column at 210 
nm (n-hexane/i-PrOH: 95/5, 1.0 mL/min), syn: tR = 7.22 (major), tR = 8.38 (minor), anti: 
tR = 9.35 (major), tR = 11.87 (minor). 
 

4-(Hydroxy(2-oxocyclohexyl)methyl)benzonitrile (3l) syn:anti 
(1:2.5):3 1H NMR (300 MHz, CDCl3): δ= 7.65-7.60 (m, 2H, ArH), 
7.45-7.40 (m, 2H, ArH), 5.43 (d, J = 2.0 Hz, 1H syn, CHOH), 4.84 (d, 

J = 8.5 Hz, 1H anti, CHOH), 2.60-2.50 (m, 2H), 2.45-2.30 (m, 1H), 2.15-2.10 (m, 1H), 
1.90-1.75 (m, 3H), 1.40-1.30 (m, 1H) ppm; 13C NMR (75 MHz, CDCl3): δ = 215.0 (anti), 
214.3 (syn), 147.1 (syn), 146.5 (anti), 132.3 (anti), 133.2 (syn), 127.9 (anti), 126.7 (syn), 
119.0 (syn), 118.9 (anti), 111.9 (anti), 111.0 (syn), 74.4 (anti), 70.3 (syn), 57.3 (anti), 
56.9 (syn), 42.8 (2C, anti, syn), 30.9 (anti), 28.0 (syn), 27.8 (anti), 26.0 (syn), 24.9 (syn), 
24.8 (anti) ppm. 
The enantiomeric excess was determined by HPLC with a Chiracel ADH column at 240 
nm (n-hexane/i-PrOH: 95/5, 1.0 mL/min), syn: tR = 31.58 (major), tR = 39.68 (minor), 
anti: tR = 46.53 (minor), tR = 59.58 (major). 
 

2-(Hydroxy(phenyl)methyl)cyclohexan-1-one (3m) syn:anti (1:2.5):4 
1H NMR (300 MHz, CDCl3): δ= 7.40-7.30 (m, 5H), 5.40 (d, J = 2.1 Hz, 
1H syn, CHOH), 4.79 (d, J = 8.8 Hz, 1H anti, CHOH), 2.90-2.80 (m, 1H 

syn), 2.65-2.50 (m, 1H), 2.50-2.30 (m, 2H), 2.15-2.10 (m, 1H), 2.00-1.50 (m, 4H), 1.35-
1.30 (m, 1H) ppm; 13C NMR (75 MHz, CDCl3): δ = 215.7 (anti), 202.0, 141.1, 135.7, 
130.4, 128.5, 128.3, 128.1, 127.2, 125.9, 74.9 (anti), 70.8 (syn), 57.6 (anti), 57.3 (syn), 
42.9 (anti), 40.5 (syn), 31.0 (anti), 28.1 (syn), 28.0 (anti), 26.2 (syn), 25.0 (syn), 24.9 
(anti) ppm. 
The enantiomeric excess was determined by HPLC with a Chiracel ODH column at 210 
nm (n-hexane/i-PrOH: 95/5, 0.5 mL/min), syn: tR = 18.79 (major), tR = 21.48 (minor), 
anti: tR = 25.58 (major), tR = 37.91 (minor). 
 

2-(Hydroxy(p-tolyl)methyl)cyclohexan-1-one (3n):5 1H NMR (400 
MHz, CDCl3): δ= 7.25-7.10 (m, 4H, ArH), 4.75 (dd, J = 8.7, 2.7 Hz, 
1H, CHOH), 3.89 (d, J = 2.7 Hz, 1H, OH), 2.70-2.55 (m, 1H), 2.55-

2.45 (m, 1H), 2.40-2.35 (m, 1H), 2.34 (s, 3H, CH3), 2.08 (m, 1H), 1.85-1.75 (m, 1H), 
1.70-1.50 (m, 2H), 1.35-1.20 (m, 2H) ppm; 13C NMR (101 MHz, CDCl3): δ = 209.2, 
137.7, 136.0, 129.2, 127.1, 74.7, 57.6, 42.8, 31.1, 28.0, 24.9, 21.3 ppm. 
The enantiomeric excess was determined by HPLC with a Chiracel ODH column at 210 
nm (n-hexane/i-PrOH: 98/2, 1.0 mL/min), syn: tR = 8.25 (major), tR = 8.76 (minor), anti: 
tR = 10.79 (major), tR = 14.26 (minor). 
 

2-(Hydroxy(4-nitrophenyl)methyl)cyclopentan-1-one (3o) syn:anti 
(1.8:1):1 1H NMR (300 MHz, CDCl3): δ= 8.25-8.20 (m, 2H, ArH), 
7.55-7.50 (m, 2H), 5.43 (d, J = 2.9 Hz, 1H syn, CHOH), 4.85 (d, J = 

9.2 Hz, 1H anti, CHOH), 2.50-2.10 (m, 3H), 2.10-1.90 (m, 2H), 1.85-1.45 (m, 2H) ppm; 
13C NMR (75 MHz, CDCl3): δ = 222.4 (anti), 219.5 (syn), 150.2, 148.8, 147.8, 147.3, 
127.5 (anti), 126.5 (syn), 123.9 (anti), 123.8 (syn), 74.6 (anti), 70.7 (syn), 56.2 (syn), 
55.2 (anti), 39.1 (syn), 38.7 (anti), 27.0 (anti), 22.6 (syn), 20.5 (2C, anti, syn) ppm. 
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The enantiomeric excess was determined by HPLC with a Chiracel AD column at 280 
nm (n-hexane/i-PrOH: 96/4, 1.0 mL/min), syn: tR = 32.64 (major), tR = 48.06 (minor), 
anti: tR = 56.63 (minor), tR = 61.25 (major). 
 

4-Hydroxy-3-methoxy-4-(4-nitrophenyl)butan-2-one (3p) syn:anti 
(1:3.3):1 1H NMR (300 MHz, CDCl3): δ= 8.25-8.20 (m, 2H, ArH), 
7.60-7.55 (m, 2H, ArH), 5.05 (d, J = 4.0 Hz, 1H syn, CHOH), 5.03 (d, 

J = 6.3 Hz, 1H anti, CHOH), 3.77 (d, J = 4.0 Hz, 1H syn, CHOCH3), 3.70 (d, J = 6.3 Hz, 
1H anti, CHOCH3), 3.38 (s, 3H syn, COCH3), 3.32 (s, 3H anti, COCH3) ppm; 13C NMR 
(75 MHz, CDCl3): δ = 210.0 (anti), 147.9, 147.5, 146.9, 127.8 (anti), 127.3 (syn), 123.7 
(syn), 123.6 (anti), 90.1 (syn), 89.7 (anti), 73.5 (anti), 73.4 (syn), 59.8 (2C, anti, syn), 
27.7 (syn), 27.6 (anti) ppm. 
The enantiomeric excess was determined by HPLC with a Chiracel ODH column at 280 
nm (n-hexane/i-PrOH: 90/10, 0.8 mL/min), anti: tR = 15.34 (major), tR = 18.14 (minor), 
syn: tR = 19.05 (minor), tR = 24.24 (major). 
 

3,4-Dihydroxy-4-(4-nitrophenyl)butan-2-one (3q) syn:anti 
(1.6:1):6 1H NMR (300 MHz, CDCl3): δ= 8.30-8.25 (m, 2H, ArH), 
7.65-7.60 (m, 2H, ArH), 5.23 (d, J = 2.5 Hz, 1H syn, CCHOH), 5.11 

(d, J = 4.7 Hz, 1H anti, CCHOH), 4.49 (d, J = 4.7 Hz, 1H anti, COCHOH), 4.42 (d, J = 
2.5 Hz, 1H syn, COCHOH), 2.38 (s, 3H syn), 2.02 (s, 3H anti) ppm; 13C NMR (75 MHz, 
CDCl3): δ =  206.7, 206.6, 147.4, 127.4, 127.3, 123.9, 80.7, 80.1, 74.6, 73.1, 26.1 ppm. 
The enantiomeric excess was determined by HPLC with a Chiracel ADH column at 254 
nm (n-hexane/i-PrOH: 80/20, 0.8 mL/min), anti: tR = 10.62 (minor), tR = 11.93 (major), 
syn: tR = 13.77 (minor), tR = 17.35 (major). 
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NMR spectra for aldol products 

 
 

3a 
1H NMR (300 MHz, CDCl3) 
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3a 
13C NMR (75 MHz, CDCl3) 
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3b 
1H NMR (300 MHz, CDCl3) 
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3b 
13C NMR (75 MHz, CDCl3) 
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3c 
1H NMR (300 MHz, CDCl3) 
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3c 
13C NMR (75 MHz, CDCl3) 

Page 45 of 90 Green Chemistry



 S18 

 
 
 
 

3d 
1H NMR (300 MHz, CDCl3) 
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3d 
13C NMR (75 MHz, CDCl3) 
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3e 
1H NMR (300 MHz, CDCl3) 
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3e 
13C NMR (75 MHz, CDCl3) 
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3f 
1H NMR (300 MHz, CDCl3) 
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3f 
13C NMR (75 MHz, CDCl3) 
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3g 
1H NMR (300 MHz, CDCl3) 
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3g 
13C NMR (75 MHz, CDCl3) 
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3h 
1H NMR (300 MHz, CDCl3) 
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3h 
13C NMR (75 MHz, CDCl3) 
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3i 
1H NMR (300 MHz, CDCl3) 
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3i 
13C NMR (75 MHz, CDCl3) 
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3j 
1H NMR (300 MHz, CDCl3) 
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3j 
13C NMR (75 MHz, CDCl3) 
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3k 
1H NMR (300 MHz, CDCl3) 
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3k 
13C NMR (75 MHz, CDCl3) 
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3l 
1H NMR (300 MHz, CDCl3) 
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3l 
13C NMR (75 MHz, CDCl3) 
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3m 
1H NMR (300 MHz, CDCl3) 
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3m 
13C NMR (75 MHz, CDCl3) 
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3n 
1H NMR (400 MHz, CDCl3) 
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3n 
13C NMR (101 MHz, CDCl3) 
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3o 
1H NMR (300 MHz, CDCl3) 
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3o 
13C NMR (75 MHz, CDCl3) 
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3p 
1H NMR (300 MHz, CDCl3) 
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3p 
13C NMR (75 MHz, CDCl3) 
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3q 
1H NMR (300 MHz, CDCl3) 
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3q 
13C NMR (75 MHz, CDCl3) 
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HPLC for aldol products 

 

 

3a 

 

 

 

 

 

Page 74 of 90Green Chemistry



 S47 

 

3b 

 

 

 

 

 

 

 

Page 75 of 90 Green Chemistry



 S48 

 

3c 

 

 

 

 

 

 

 

Page 76 of 90Green Chemistry



 S49 

 

3d 

 

 

 

 

 

 

Page 77 of 90 Green Chemistry



 S50 

 

3e 

 

 

 

 

 

 

 

Page 78 of 90Green Chemistry



 S51 

 

3f 

 

 

 

 

 

 

 

Page 79 of 90 Green Chemistry



 S52 

 

3g 

 

 

 

 

 

 

 

Page 80 of 90Green Chemistry



 S53 

 

3h 

 

 

 

 

 

 

 

Page 81 of 90 Green Chemistry



 S54 

 

anti-3i 
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