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Abstract: Deep Eutectic Solvents (DESs) based on abundant and non-toxic first-row metals have emerged as 
versatile and sustainable alternatives to conventional solvents/promoters in a variety of synthetic organic proto-
cols under greener and milder reaction conditions. In particular, Fe(III)-based Lewis Acidic DESs (LADESs) have 
recently shown great potential as dual solvent/promoter systems enabling efficient transformations under air 
and recyclable conditions without requiring toxic volatile organic compound (VOC) solvents at any stage in the 
protocol (synthesis, isolation or purification). Specifically, in this short review, we summarize our recent progress 
in the application of FeCl3-based DESs as sustainable and efficient promoters/solvents in organic synthesis by 
presenting two representative examples: i) the hydration and hydration/oxidation of terminal or internal alkynes 
to yield methyl ketones or 1,2-diketones, respectively; and ii) the Friedel-Crafts benzylation reaction. The perfor-
mance, recyclability, mechanistic features and green metrics for these processes are discussed, highlighting the 
promise of this approach for sustainable synthesis.

Keywords: Iron · Lewis-ADESs · Organic synthesis · Sustainability

Dr. Marina Ramos-Martín graduated in 
Chemistry from the University of Oviedo in 
2019. In 2020, she completed a Master’s 
degree in Chemistry and Sustainable 
Development at the same institution. She 
later earned her PhD in 2025, also at the 
University of Oviedo, under the supervi-
sion of Drs. Alejandro Presa Soto and 
Joaquín García-Álvarez, focusing her re-
search on the use of sustainable solvents as 

reaction media in organic synthesis.

Dr. Nicolás Ríos-Lombardía specializes in 
biocatalysis and green solvents, especially 
Deep Eutectic Solvents (DESs). He earned 
his degree from the University of Oviedo 
in 2006 and a PhD in 2012 with Professor 
Vicente Gotor, focusing on chemoenzymat-
ic synthesis of chiral amino alcohols and 
diamines. He later worked at EntreChem 
S.L. on chiral building blocks and natural 
antitumor compound modification. Since 

2022, he has been part of the QuimSinSos group, studying acidic 
DESs in organic synthesis. He has co-authored over 60 publica-
tions and presented at more than 15 international conferences.

Dr. Sergio E. García-Garrido obtained his 
PhD in 2005 at the University of Oviedo 
working on Ru-based organometallic com-
plexes and their catalytic applications. He 
was a postdoc (2005–2007) at Southampton 
University with Prof. Philip A. Gale on su-
pramolecular anion recognition. He re-
turned to Oviedo as a postdoctoral re-
searcher (2008), Ramón y Cajal fellow 
(2009–2013), Profesor Contratado Doctor 

(2014–2018), and is now Profesor Titular (Associate Professor) of 
Inorganic Chemistry at the University of Oviedo. His work fo-
cuses on organometallic chemistry for homogeneous/heteroge-
neous catalysis. He has coauthored more than 60 papers in inter-
national journals and eight book chapters.

Dr. Alejandro Presa Soto earned his PhD 
in 2005 from the University of Oviedo 
(Spain) for his work on inorganic (P=N) 
polymers. Following his PhD, he con-
ducted postdoctoral research as a Marie 
Curie Fellow (2006–2009) with Prof. 
I. Manners at the University of Bristol. 
In 2010, he returned to the University of 
Oviedo, where he now holds the position 
of Profesor Titular (Associate Professor) of 

Inorganic Chemistry and is co-leader of the ‘Sustainable Synthetic 
Chemistry’ group. His current research interests focus on develop-
ing innovative synthetic routes to highly functionalized molecules 
using sustainable reactive solvents

doi:10.2533/chimia.2025.859 � Chimia 79 (2025) 859–864  © M. Ramos-Martín, N. Ríos-Lombardía, S. E. García-Garrido, A. Presa Soto, J.García-Álvarez



860  CHIMIA 2025, 79, No. 12� New Frontiers in Organometallic Chemistry

2. Hydration and Hydration/Oxidation of Alkynes  
in FeCl3-Based DESs

The hydration of alkynes is a cornerstone transformation in syn-
thetic chemistry, providing direct access to carbonyl compounds 
from readily available starting materials.[16] Traditionally, this reac-
tion has been catalyzed by mercury(II) salts, a process well-known 
for its toxicity and environmental concerns.[17] Later developments 
replaced Hg(II) with noble transition metals such as Au, Pt, Ru 
or Pd, achieving high activity and selectivity.[18,19] However, these 
methodologies usually suffer from significant drawbacks, includ-
ing: i) the need for strong acidic additives and/or co-solvents (typi-
cally MeOH); ii) protecting atmospheres; iii) VOCs during isola-
tion/purification steps; and iv) expensive/toxic catalysts,[20] that 
hinder their large-scale implementation (see upper part of Fig. 
1). Iron salts have emerged as more sustainable alternatives due 
to their abundance, low cost, and reduced toxicity.[6] However, in 
most cases, the Fe-catalyzed alkyne hydration still required harsh 
conditions, such as elevated temperatures or additional acidic co-
catalysts, which limited their practical utility.[21–29]

2.1 Hydration of Terminal Alkynes in 3FeCl3·6H2O/
Glycerol DES

We have recently demonstrated that the combination of 
FeCl

3
·6H

2
O and glycerol (Gly) in a 3:1 molar ratio produces a 

stable Lewis-Acidic Deep Eutectic Solvent (LADES) capable of 
efficiently promoting the hydration of terminal alkynes.[12] This 
medium represents a significant advancement from conventional 
protocols, as it allows the reaction to proceed: i) under air; ii) at 
relatively mild temperatures (45–80 °C); and iii) without any acid-
ic co-catalysts or VOC co-solvents. Depending on the substrate, 
reaction times ranged from 30 minutes to 24 hours, consistently 
delivering the corresponding methyl ketones in high efficiency and 
selectivity (see lower part of Fig. 1).

From an organic synthetic point of view, it is important to men-
tion that the substrate scope is broad as a variety of aryl-substituted 
terminal alkynes, decorated with electron-donating or electron-
withdrawing substituents, were converted into the desired methyl 
ketones in yields ranging from 80% to 98%. A particularly attrac-
tive feature of this system is that, in many cases, ketone products 
crash down directly from the DES medium. This spontaneous pre-
cipitation enabled a straightforward isolation procedure by simple 
filtration and washing with water, thereby completely avoiding the 
use of volatile organic solvents or labor-intensive chromatographic 
purifications at any stage of the synthesis or isolation/purification 
protocols.

In terms of sustainability, the 3FeCl
3
·6H

2
O/Gly DES can be 

recycled and reused for at least eight consecutive runs without a 
detectable decrease in catalytic activity. The process also exhib-
its highly competitive green metrics, achieving an E-factor of 10. 
Remarkably, this value is in the same order of magnitude as that 
reported for large-scale petrochemical processes,[15] which are 
often considered industrial benchmarks for efficiency. Thus, this 
comparison highlights not only the academic interest of this meth-
odology but also its genuine potential for scalability and industrial 
application. Overall, this Fe-based DES offers a combination of the 
following advantages rarely observed in alkyne hydration chemis-
try: i) operation under air; ii) absence of toxic and expensive noble 
metals; iii) elimination of VOC solvents and acidic additives; iv) 
simplified product isolation; and v) recyclability. These features 
align with the 12 Principles of Green Chemistry, being a robust 
and sustainable alternative for the synthesis of methyl ketones.

2.2 Hydration/Oxidation of Internal Alkynes 
in 3FeCl3·6H2O/Glycerol DES

In contrast to terminal alkynes, the reactivity of internal al-
kynes in 3FeCl

3
·6H

2
O/Gly DES follows a distinct pathway. When 

subjected to the eutectic medium under air (110 °C, 4.5–24 h), 
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1. Introduction
The use of Lewis acids as promoters or catalysts in organic 

synthesis remains one of the most powerful strategies for C-C 
and C-heteroatom bond formation.[1] However, traditional Lewis 
acids such as AlCl

3
, BF

3
, TiCl

4
, ZnCl

2
 or SnCl

4
 (among others) 

suffer from important drawbacks, including: i) stoichiometric 
consumption; ii) lack of selectivity; iii) strong reaction conditions 
and protecting atmosphere; and iv) generation of waste streams 
that prevent their recycling.[2] Thus, in the context of Greener 
Synthetic Organic Chemistry,[3] there is a strong drive to develop 
new systems that: i) minimize waste; ii) employ abundant and 
low-toxicity metals; iii) work under mild and air/moisture com-
patible reactions conditions; and ideally iv) integrate solvent and 
catalytic/promoting roles in a single medium.

In general, Deep Eutectic Solvents (DESs) are defined as mix-
tures of Hydrogen Bond Donors (HBDs) and Acceptors (HBAs) 
that form liquids at room temperature and have attracted growing 
attention as innocent and sustainable reaction media during the 
last two decades in a variety of synthetic organic transformations, 
including: i) biocatalysis; ii) polar organometallic chemistry; iii) 
transition metal catalysis; and iv) organocatalysis.[4] Among the 
broad family of DESs, Lewis Acidic DESs (LADESs), which are 
prepared from metal halides and simple and sustainable HBDs 
[like ureas or naturally occurring polyalcohols (i.e. glycerol)] 
stand out for their unique dual behavior, as they act simultane-
ously as solvents and as Lewis acid catalysts/promoters.[5] In 
recent years, FeCl

3
-based DESs have been recognized as par-

ticularly attractive because iron is earth-abundant, inexpensive  
and environmentally benign compared to noble metals.[6] 

Moreover, their intrinsic Lewis acidity enables them to pro-
mote a wide range of synthetic organic transformations under 
operationally simple and sustainable conditions, like, for ex-
ample: i) the synthesis of amides[7] or furans[8]; ii) the oxida-
tion of alcohols into carbonyl compounds;[7,9] iii) the Meyer-
Schuster rearrangement of propargylic alcohols;[10] or iv) the 
Ritter reaction.[11]

Thus, in this mini-review, we summarize our last contri-
butions on the application of FeCl

3
-based DESs as promoters/

solvents towards organic synthesis, focusing on two transforma-
tions recently explored: i) the hydration and hydration/oxidation 
of terminal or internal alkynes to yield, respectively, methyl ke-
tones or 1,2-diketones;[12] and ii) the Friedel-Crafts benzylation 
reaction.[13] These studies showcase how Fe-DESs can: i) unlock 
reactivity under air; ii) avoid volatile organic solvents (both dur-
ing the synthetic protocol and the concomitant isolation/purifica-
tion steps); and iii) allow recycling and scale-up, thus in line with 
the 12 Principles of Green Chemistry.[14] Moreover and to further 
validate the sustainable credentials of our transformations, key 
Green Metrics (such as the calculated E-factors[15]) are also dis-
cussed.
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internal alkynes in this way is synthetically valuable, as diketones 
are versatile precursors in heterocycle synthesis, ligand design, 
and materials science.[30] 

3. Friedel-Crafts Benzylation in 3FeCl3·6H2O/Glycerol 
DES

Friedel-Crafts benzylations are among the most iconic Lewis 
acid-promoted electrophilic aromatic substitution reactions,[31] 

providing direct access to 1,1-diarylalkanes,[32,33] which are con-
sidered key motifs in pharmaceuticals, fragrances and advanced 
materials. However, classical protocols typically rely on stoi-
chiometric amounts of AlCl

3
 or other strong Lewis acids under 

strictly anhydrous conditions. Moreover, these methods are inher-
ently wasteful as, in most of the cases, the employed Lewis acid 
is destroyed in a subsequent quench step, producing large quanti-
ties of by-products. Furthermore, these traditional methodologies 
usually require: i) large excesses of arene; ii) toxic alkyl halides 
as coupling partners; and iii) large amounts of VOC solvents for 
the isolation/purification of the desired 1,1-diarylalkanes, which 
strongly limits the atom economy and sustainability of the overall 
synthetic protocol.

Over the past decade, several Acidic Deep Eutectic Solvents 
(ADESs, both based on Brønsted and Lewis acidic motifs) 
have opened a new pathway toward greener Friedel-Crafts 
benzylations.[34] In this field, our group systematically explored 
(with 132 different 1,1-diarylalkanes) the use of the aforemen-
tioned 3FeCl

3
·6H

2
O/Gly DES as a highly efficient medium and 

Fig. 3. Blank experiments showing the sequential aerobic conversion 
of propiophenone and α-chloropropiophenone into the corresponding 
1,2-diketone in 3FeCl3·6H2O/Gly at 110 °C, confirming the stepwise 
chlorination-oxidation pathway.

these substrates undergo a tandem hydration/oxidation sequence 
that selectively affords 1,2-diketones in yields of up to 94% (see 
upper part of Fig. 2). Importantly, the protocol remains operation-
ally simple, requiring no additional oxidants beyond atmospheric 
O

2
 and allowing the DES to be recycled up to three times with 

minimal loss of activity. Mechanistic investigations (see lower 
part of Fig. 2) revealed that this transformation proceeds through 
a formal hydrochlorination/hydration protocol. The first detect-
able intermediates are vinyl chlorides, which evolve into the cor-
responding ketones. These ketones then undergo α-chlorination, 
affording α-chloroketones that are subsequently oxidized under 
aerobic conditions to deliver the final 1,2-diketones.

Furthermore, blank experiments carried out with independent-
ly prepared intermediates fully validated this mechanistic picture 
(see Fig. 3). Both the isolated propiophenone and its α-chloro-
ketone analogue could be cleanly converted into the correspond-
ing 1,2-diketone under the standard reaction conditions 
(3FeCl

3
·6H

2
O/Gly, 110 °C, aerial O

2
), thus demonstrating the 

stepwise evolution of the process and confirming the intermediacy 
of these species. The ability to directly access 1,2-diketones from 

Fig. 1. Comparison between traditional transition-metal (TM)-catalyzed hydration of terminal alkynes (upper part) and the 3FeCl3·6H2O/Gly DES 
system which operates under mild, VOC-free, air-tolerant and recyclable conditions (lower part).

Fig. 2. Recyclable 3FeCl3·6H2O/Gly DES promoted aerobic hydration/
oxidation of internal alkynes into 1,2-diketones under air.
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the best value reported to date, to the best of our knowledge. This 
fact, together with the avoidance of corrosive stoichiometric re-
agents, inert atmosphere, and VOC solvents, clearly positions our 
method as a paradigm of a Green Chemistry-aligned C-C bond-
forming protocol.

3. Conclusions
This mini-review tries to highlight the power of the iron-

based LADESs 3FeCl
3
·6H

2
O/Gly as a truly powerful and versatile 

synthetic organic tool capable of promoting both the activation 
of C≡C triple bonds (through hydration and tandem hydration/
oxidation sequences to access methyl ketones and 1,2-diketones) 
and highly efficient C-C bond-forming reactions such as Friedel-
Crafts benzylations, working in all cases under operationally sim-
ple, aerobic-tolerant and VOC-free conditions. Thus, the described 
examples illustrate how the Fe-LADESs deliver high selectivity, 
broad substrate scope and excellent functional group tolerance, 
even when applied to challenging or deactivated substrates. The 
dual function of these eutectic mixtures as both solvent and Lewis 
acid promoter allows reactions to be performed under air, with-
out stoichiometric corrosive additives, and with simplified down-
stream processing. Product isolation often benefits from sponta-
neous phase separation or precipitation, eliminating the need for 
chromatography and significantly reducing solvent consumption 
and waste generation.

From a sustainability standpoint, it is important to mention 
that the recyclability of the Fe-LADESs (up to 8 cycles for al-
kyne hydration and 20 cycles for Friedel-Crafts benzylations), 
combined with their exceptionally low E-factors (as low as 0.23) 
demonstrates their excellent green metrics. Their robustness and 
reproducibility, together with the successful scale-up of key trans-
formations (e.g. PXE synthesis on a 10 mmol scale), further em-
phasizes their potential for industrial implementation.

Overall, Fe-based LADESs represent a genuinely green and 
scalable platform for modern organic synthesis, offering a path-
way toward cleaner, safer, and more circular chemical manufac-
turing. Their ability to integrate efficiency, functional group toler-
ance and waste minimization places them in direct alignment with 
several of the 12 Principles of Green Chemistry and emphasizes 
their relevance as next-generation tools for sustainable synthetic 
methodology development.

promoter for this transformation. Screening experiments revealed 
that either Brønsted acidic DESs [e.g. ChCl/p-TSA·H

2
O (ChCl = 

choline chloride, p-TSA = p-toluenesulfonic acid) or ChCl/HFIP 
(HFIP = hexafluoroisopropyl alcohol)] or different LADESs 
(based on Co, Ni, or Cu) were totally inactive under standard con-
ditions, whereas the 3FeCl

3
·6H

2
O/Gly DES furnished a myriad of 

para-benzylated products in up to 93% isolated yield with excel-
lent para/ortho (p/o) selectivity under air at 120 °C (see Fig. 4).

Thus, our system tolerates a broad substrate scope in both 
partners of the Friedel-Crafts benzylation, being compatible with 
different:

i) Nucleophiles: mono-, di- and tri-substituted arenes (includ-
ing o-, m-, p-xylene, mesitylene, anisole and heteroarenes) de-
livered the benzylated products in moderate-to-excellent yields 
(30–99%) with consistent para-regioselectivity. Arenes with elec-
tron-donating groups (EDGs) showed higher reactivity, whereas 
deactivated arenes bearing strong electron withdrawing groups 
(EWGs) (NO

2
, CF

3
) required longer reaction times (up to 67 h) or 

showed low conversion (see Fig. 5)
ii) Electrophiles: benzyl alcohols, acetates, ethers and even 

benzyl chlorides were competent substrates. Secondary ben-
zyl alcohols proved particularly effective, affording the desired 
1,1-diarylalkanes in >90% yields, often superior to the analogous 
styrenes and with significantly shorter reaction times. The system 
also tolerated challenging electrophiles such as fluorostyrenes, 
allowing the synthesis of fluorinated diarylalkanes (see Fig. 5) 
that are typically inaccessible under FeCl

3
-catalyzed conditions. 

Moreover, the process could be scaled up without loss of ef-
ficiency. On a 10 mmol scale, the synthesis of 1-phenyl-1-xylyl 
ethane (PXE, an important industrial chemical) was achieved in 
77% isolated yield demonstrating excellent reproducibility and 
robustness (see Fig. 6). Notably, the reaction mixture undergoes 
spontaneous phase separation after completion, forming a recy-
clable Fe-DES bottom layer and an upper organic phase contain-
ing the product. This allows simple decantation and recovery of 
the DES, avoiding column chromatography or VOC extraction 
(see Fig. 6). Finally, a key strength of our methodology lies in its 
recyclability and green metrics. The 3FeCl

3
·6H

2
O/Gly DES could 

be recycled at least 20 consecutive times with negligible activity 
loss, maintaining high yields and regioselectivity. The calculated 
E-factor for the model reaction was as low as 0.23, representing 

Fig. 4. Versatile 3FeCl3·6H2O/Gly DES promoted Friedel-Crafts benzylations with a wide scope of electrophile/activated arenes and excellent yields/
regioselectivity, which operate under air-tolerant conditions.
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