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ABSTRACT: We report the first use of functional renewable ionic liquids,
with favorable ecotoxicological profiles toward representative micro-
organisms, in efficient and recoverable nanoparticle-based catalytic systems
to promote copper-free Sonogashira coupling reactions in the absence of
externally added bases. These systems, based on palladium nanoparticles
immobilized on glycerol-derived [N,01]X ionic liquids bearing basic
anions, achieved the coupling of differently substituted substrates in 1 h.
Contrarily, analogous ionic liquids without basic character and classic
imidazolium ionic liquids —[BMIm]PF,— were not active for the test
reaction at all, even if a large excess of an external base was added. Different
product selectivities were observed, as a function of the different
hydrophilic nature (and water content) of the ionic liquid. Therefore,
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this novel approach improves the catalytic results under milder conditions and minimizes waste generation, as observed in the green
metrics determined for the benchmark process, offering a more sustainable and effective alternative in cross-coupling

transformations.
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B INTRODUCTION

Metal-catalyzed cross-coupling reactions represent nowadays
one of the most powerful tools for the sustainable preparation
of high-value organic chemicals."” Most of these processes
require the use of bases to promote the limiting step.’
Nevertheless, to circumvent the need of strong bases, the
Sonogashira cross-coupling reaction, between a terminal alkyne
and aryl or vinyl halides, can be catalyzed by the combination
of palladium and copper.* Similar mechanisms involving Pd/
palladacycle linked by a multistep transmetalation process have
been proposed for Cu-free reactions.” Because this is a field of
intense study, a growing number of copper-free catalysts have
been developed, but always requiring the addition of external
bases.”’

Ionic liquids (ILs) have been deeply studied as reaction
media in C—C coupling reactions.”™"’ This is a consequence
of the capacity of ionic solvents to both solvate reagents and
stabilize metal catalysts.'”"® However, traditional ILs have
important limitations, such as high cost, well-identified
ecotoxicity issues, and difficult scaling-up and purification
processes.l4_16 Nevertheless, a new generation of biobased ILs,
more benign, and from renewable sources, has been developed
in the recent years.'”'®

Although green molecular solvent/base blends have been
described in the literature,'”° in this letter we report, for the
first time, the use of functional ILs derived from glycerol, of
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renewable origin, accessible, with benign toxicological profile,
and presenting basic character, to actively promote —in a
recyclable process— the Pd nanoparticle-catalyzed Sonoga-
shira coupling, as a benchmark reaction, in the absence of
copper and any externally added base.

B EXPERIMENTAL SECTION

All reagents used in this work were purchased of analytical grade from
Sigma-Aldrich and Alfa Aesar. ILs were synthesized according to our
previously optimized methodology.'® All of the ILs were characterized
by '"H NMR and HRMS, determining their water content by TGA.
'H., BC-, and F NMR spectra ([d¢]DMSO, & ppm, ] Hz) were
obtained by using a Bruker AV-400 instrument with TMS as the
standard. High-resolution mass spectroscopy was carried out in a
Bruker MicroTof-Q, by electrospray ionization (HRMS-ESI). The
impact of glycerol-derived ILs on microbial growth was tested by
broth microdilution in which Escherichia coli, Staphylococcus
epidermidis, and Saccharomyces cerevisiae were exposed to a range of
ILs concentrations. Due to the letter nature of this article, the detailed
synthesis of glycerol-derived ILs, their characterization and spectra,

Received: January 7, 2026
Revised:  March 11, 2026
Accepted: March 12, 2026

https://doi.org/10.1021/acssuschemeng.6c00237
ACS Sustainable Chem. Eng. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alberto+Clemente"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jorge+Cambronero-Arregui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+A.+Ai%CC%81nsa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eli%CC%81sabet+Pires"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+A.+Mayoral"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alejandro+Leal-Duaso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alejandro+Leal-Duaso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.6c00237&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00237?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00237?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00237?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00237?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00237?fig=tgr1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssuschemeng.6c00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf
https://creativecommons.org/licenses/by/4.0/

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

P H
I Z Pd (1% mol) NPs / [N,01]X
T+ & ~7
R 90°C,1h | \
(Ar atmosphere) R + @
H{o— < oH{,_ o |
O\)\,N cr- O NSOZCF3 : /O\)\/N -0
1 7 ‘SO,CF; i j Hé
[N,01]CI [N,01INTF, PDOINO1IPIV [N,01]For :
~ _
0\)\/+/\_ CFs (\@ (FE) o °"'<ﬁ/\ 0
O JJ FF - j -OJH/
[N201]0Tf [BMIm]PF, [N01]Lac OH
100 0 ——— —
90 | [N201]CI 90 | \ # [N201]Piv
e 80| = [N201]NTf2 80 | W = [N201]For
E 70 | = [N201]TfO 70 - } u [N201]Lac
> 60 | = [BMIm]PF6 60 -
% 50 | 50 L
S 40 | 4 |
4
s 30 30
g 20 | 20
O 10 - I I I 10
0 0
1 2 3 4 5 Cycle 1 2 3 4 5 Cycle

Figure 1. Results in the copper-free Sonogashira reaction between iodobenzene 1 and phenylacetylene 2 catalyzed by Pd NPs (1 mol %) over ILs
without (left) and with (right) basic character. Iodobenzene 1 conversions are represented by lines and product 3 yields by solid bars.

the preparation and characterization of catalytic systems, the cross-
coupling reaction procedure and analysis, the green metrics
calculations, and the toxicological study are fully detailed in the
Supporting Information.

B RESULTS AND DISCUSSION

First, the biobased ILs were prepared at the large-scale through
a recently developed sustainable methodology starting from a
glycerol-based platform molecule.'"®*" Different anions pre-
senting an intrinsic basic nature, such as pivalate (Piv), lactate
(Lac), and formate (For), together with anions with no basic
character, such as chloride (Cl), triflate (OTf), and
bistriflimide (NTf,), were combined with the glycerol-based
[N,01] triethylammonium cation (Figure 1, Table S-1). The
studied ILs are thus renewable, liquid, and stable in a wide
temperature range, presenting tunable properties through
modifications of the cation chain and the selected anion.'®
Stable and recoverable catalytic systems were designed by
immobilizing spherical palladium nanoparticles (Pd NPs), with
an average size of 1.4 + 0.4 nm (Figure S-16), in glycerol-
derived ILs. These designer systems can remain in the air for
extended periods without the nanoparticles agglomerating.
All of these catalytic systems were applied to a palladium-
catalyzed benchmark reaction, the copper-free Sonogashira
coupling reaction (also known as Heck-Cassar-Sonogashira
reaction) between iodobenzene 1 and phenylacetylene 2
(Figure 1). Optimized reaction conditions (90 °C, 1.5 equiv of
alkyne, Pd 1 mol %, Argon atmosphere, and 1 h reaction time)
were used. When catalytic systems were applied, whose IL did
not have a basic nature, such as Pd NPs/[N,01]C],
diphenylacetylene 3 yields under 10% were obtained for S
reaction cycles (Figure 1, left). In order to avoid possible
problems of substrate solubilization in the ILs or coordination

of the CI” anion to palladium, the systems Pd NPs/
[N,01]NTf, and Pd NPs/[N,01]OTf were studied. However,
in both cases, similar results were observed. Finally, using a
typical commercial hydrophobic imidazolium IL, the resulting
system Pd NPs/[BMIm]PF, did not improve the yields, which
also remained below 10%.

Contrarily, when using catalytic systems based on ionic
liquids having an intrinsic basic character, such as Pd NPs/
[N,01]Piv, Pd NPs/[N,01]For, and Pd NPs/[N,01]Lac, in
the absence of any externally added base, total iodobenzene 1
conversions and diphenylacetylene 3 yields up to 85% were
observed (Figure 1, right). These catalytic systems were
recovered and reused for S reaction cycles without significant
loss of catalytic activity, especially for the case of the system Pd
NPs/[N,01]Piv.

It is important to highlight that, in the case of using the
“non-basic” ILs, the addition of a 6:1 molar excess of external
strong bases did not barely promote the coupling reaction.
More interestingly, in the case of the ILs with basic nature, we
observed that the addition of an external base to the reaction
medium barely caused an additional favorable effect on the
catalytic activity. As introduced above, this basic IL nature
comes from the presence of the pivalate anion, which is the
conjugate base of the weak carboxylic acid pivalic (Figure 1).
Martensson and co-workers investigated p-substituted phenyl-
acetylenes and 4-iodobenzotrifluoride as coupling partners
using a copper-free Pd,(dba);-CHCl,—AsPh; catalyst.”” In this
work, the electron-poor alkynes and the phenyl acetylene 2
were hypothesized to react via a pathway in which the key step
would be the proton transfer from an uncharged complex to
produce a Pd-acetylide intermediate (Figure 2b up), showing
the important role of the base in the alkyne deprotonation.
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Figure 2. a) Key steps in the neutral mechanism for the copper-free
Sonogashira coupling of aryl halides.”® b) Possible alkyne activation
step catalyzed by Pd NPs/[N,01]Piv.>* ¢) Effect of IL water content
(wt %) in the Pd NPs/[N,01]Lac system (0.5 mmol 1, Pd 1 mol %,
Ar atmosphere, 90 °C, 1 h).

More recently, Cabri and co-workers have proposed alternative
mechanisms for couplings promoted by (PPh,),PdCL,.>* For
the case of aryl halides, they propose a neutral mechanism in
which the base contributes in the initial reduction of Pd(II) to
Pd(0), which may not possibly be the case of our Pd(0) NPs,
and also as a ligand in the oxidative addition (Figure 2a).
Among the bases normally used in Sonogashira reactions,
secondary and tertiary amines present conjugate cations that
usually have a pK, ranging from 8.3 to 11.2. Given that the pK,
of pivalic acid is 5.03, the activity of this system seems to be
quite surprising. However, it is important to highlight a
significant advantage of our method: since the base is the
solvent anion itself, it is always present in a notable excess
(6:1). Undoubtedly, the use of a 6:1 excess of base would favor
the reaction, but it probably is not the only reason. In fact, pK,
measurements refer to the behavior in water. In our case, the
solvent is ionic; thus, the ionic pairs should weakly increase the
Bronsted basic character of pivalate anion to promote the key

step (Figure 2b down). This alkyne activation by the IL anion
would evidence its active role as a proton-accepting species.
Finally, in the case of pivalate and lactate, these anions are
poorly coordinated to Pd, thus probably not limiting the
catalytic activity of the system. Indeed, it is possible to find
interesting precedents in Cu-free Sonogashira reactions,
promoted by active palladacycles, occurring in the presence
of excess of added [Bu,N]Ac —in which the basicity of acetate
would be comparable to that of pivalate, lactate, and formate
anions employed in this study— but not with [H,N]Ac, in
agrefglent with the above-commented role of the counter-
ion.”

These results indicate that basic ILs act as functional
solvents, capable of promoting the reaction on their own.
Indeed, to the best of our knowledge, this work represents the
first example of a Sonogashira reaction catalyzed by palladium
nanoparticles in the absence of copper and externally added
bases. Additionally, ILs seem to provide unique Pd speciation
and NP stabilization that enhances catalyst recyclability, as
widely described in the literature.'?

It is also interesting to note that different product
selectivities were observed as a result of the nature of the
basic IL used. While the Pd NPs/[N,01]Piv system provides
selectivity values over 80—90%, in the case of the Pd NPs/
[N,01]Lac system, selectivities decreased in some cases to
60%. In this case, a side reaction of hydrogen transfer to
iodobenzene 1 was observed with the formation of benzene 4.
Having analyzed the experimental results, we can conclude that
the differences in the selectivity toward diphenylacetylene 3 are
due to the IL anion nature. Thus, when using the glycerol-
derived IL with pivalate anion —bearing a terc-butyl group in
its structure (see Figure 1)— near quantitative selectivities are
observed. However, when using the IL displaying a lactate
anion, its hydroxyl group was supposed to play an active role in
the hydrodeiodination of the Sonogashira substrate 1, thus
decreasing in this case the selectivity toward the desired
product and promoting the benzene 4 formation. This effect
had been observed in other coupling reactions with
iodobenzene 1 when using as reaction medium deep eutectic
solvents containing lglycerol monoethers with a higher number
of hydroxyl groups."”

This phenomenon prompted us to study the effect of the
water content on the lactate-based catalytic system. Three
different scenarios were assessed: 2, 10, and 20 wt %. The
water content was controlled by drying the ILs prior to the
preparation of the catalytic system and then adding the
corresponding amounts of water.

As observed in Figure 2c for the system Pd NPs/[N,01]Lac,
the effect of the presence of water is significant in the studied
benchmark reaction. The catalytic activity is not affected by the
water content (see conversion lines), but the best yields of 3
were obtained for a water presence of 10 wt %. The almost
water-free systems showed slightly worse results, probably due
to the notably higher viscosity of the reaction medium after
drying the ionic liquid,"® while the systems with higher water
content (i.e., 20 wt %) showed a worsened selectivity, as
expected due to the above-mentioned side hydrogen trans-
ference reaction. Similar conclusions were observed when
using the other basic IL systems.

Finally, a scope of differently substituted substrates was
studied for the best basic catalytic system, Pd NPs/[N,01]Piv.
These results can be observed in Figure 3. In all cases, using
aromatic and olephinic alkynes, quantitative iodobenzene 1
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Figure 3. Yields and desired product (3—7) selectivities in the
substrate scope for 1 catalyzed by Pd NPs (1 mol %)/[N,01]Piv in
the absence of externally added base (Ar atmosphere, 90 °C, 1 h).
The only detected side product is benzene 4.

conversions were obtained in 1 h, with selectivities of 80—
100% toward the desired products (3—6). We mention that
substrates less activated than 1, such as chlorobenzene and
bromobenzene, showed expected low conversions (<15%)
under the conditions described.

A study was conducted to evaluate the effectiveness and
greenness of the developed methodology in comparison with
the state-of-the-art. A selection of works were made on the
Sonogashira coupling of arylbenzene 1 and phenylacetylene 2
promoted by copper-free Pd catalysts. Despite most works in
the literature using ILs were described using copper
cocatalysts,”® we also included a copper-free Pd(PPh;),Cl,
system immobilized on an IL, tetrabutylphosphonium 4-
ethoxyvalerate ([TBP],EtOV).”® In general, our base-free
method allowed us to obtain a similar diphenylacetylene 3
yield to that of the reported works that use significant excesses
of added base —from 1.5 to 3 equiv of potassium carbonate or
triethylamine—and, in most cases, in shorter reaction times —
1 h vs 2 to 24 h. Also, in our method, the use of Pd
nanoparticles avoids the need of using Pd-activating ligands
such as the phosphines in the mentioned IL’s work
(nonrenewable and with significant environmental impact)26
or2i7onic surfactants such as the very recent work of Oftadeh et
al.

The full green metrics study is gathered in Table 1
(additional details in Tables S-4 to S-14). The impact of
recycling the catalytic system was also evaluated when possible
(italic lines in Table 1).

For the model reaction studied, the method proposed in this
work provides values for the E-factor and process mass
intensity (PMI) that are clearly comparable to those of the
greenest methods found in the literature, with the exception of
the work of Oftadeh et al.”” However, this study is based on
the use of a surfactant-aided homogeneous Pd catalyst that
cannot be reused. Interestingly, both parameters, indicating the
magnitude of waste generation, are increased in our method to
be the best ones after reusing the catalyst for 5 times. As can be
seen in Table 1, the atomic economy (AE) of our work is
significantly better than the other methods due to the absence
of an added base to promote the reaction. Also, the
stoichiometric factor (SF) is clearly competitive with the
state-of-the-art, only surpassed by the work of Karami et al.*
Nevertheless, this parameter, mainly affected in our case by the
use of analkyne 2 excess, could be easily optimized by
recovering this alkyne after the reaction and reusing it in a
second reaction cycle. Moreover, it should be noted that, after
the catalyst reaches the end of its useful life, Pd is
quantitatively recovered by centrifugation, and then both Pd
and IL can be recovered separately and reused.

In addition to the favorable metrics and the renewable origin
of ILs, we have conducted a preliminary assessment of their
toxicological impact. The absence of ecotoxicity of salt [N,00]
Cl to several bioindicators,” together with the experimental
log P values of ILs,'® seemed to anticipate good ecotoxico-
logical profiles for our ILs. Thus, the impact of glycerol-derived
ILs on the microbial growth of Gram-positive and Gram-
negative bacteria and a fungal strain was tested over a wide
range of concentrations. Average MICy, values for each
microbial species are given in Table 2.

Gram-positive bacteria S. epidermidis and model fungi S.
cerevisiae were highly tolerant to the ILs tested, which indicates
that our ILs have a low toxicity against these two species under
these experimental conditions. Surprisingly, the Gram-negative
bacteria was more susceptible to the action of our ILs, since
lower concentrations were sufficient to arrest E. coli growth,
while the growth of the two other microbial species was
unaffected. Higher susceptibility of Gram-negative bacteria

Table 1. Green Metrics Analysis of Our Novel Methodology and Comparison with the State-of-the-Art for the Studied Model

Reaction

AE E SF PMI® Catalyst Solvent Added base
This work 58% 15.8 12 16.8 Pd NPs (1 mol %) [N,01]Piv -
a 58% 4.7 12 5.7
Barros et al. 2008”* 40% 185 1.8 186 Pd(PPh;), (5 mol %) Ethanol K,CO; (2 equiv)
Orha et al. 2019° 44% 15.1 1.3 16.1 Pd(PPh,),Cl, (0.5 mol %) [TBP],EtOV NEt; (1.5 equiv)
b 44% 7.3 1.3 8.3
Karami et al. 2023* 40% 20.0 1.1 21.0 PdL,/TiO, (0.5 mol %) Ethanol K,CO; (1 equiv)
a 40% 20.4 L1 21.4
Oftadeh et al. 2025”7 44% 4.74 1.5 5.74 Pd(OAc),-P(NBu,); (0.5-2 mol %) CPME + SDS/H,07 NEt; (3 equiv)
Golovenko et al. 2025  44% 40.6 L5 41.6 Pd-PDMS (0.1 mol %) CD,0D K,CO; (2.5 equiv)
Ghiglietti et al. 2024 53%° 14.5 1.5 15.5 Pd(OAc),-XPhos (0.75—1.9 mol %) Aqueous surfactant NEt; (3 equiv)
Pawar et al. 2024°” 40% 24.8 12 25.8 Pd—Fe,0,@GO Isopropanol K,CO; (1.5 equiv)

“Green metrics obtained for the reuse of the catalyst S times. bOnly 4 cycles were available in this work. “PMI of reaction is shown in order to make
a fair comparison between all methods. “Cyclopentyl methyl ether as the solvent and sodium dodecyl sulfate as a surfactant. “This AE is increased
compared to other methods due to the use of bromobenzene instead of iodobenzene.
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Table 2. Minimal Inhibitory Concentration (MICy,) of ILs (%v/v) against Microbial Species

IL“ E. coli S. epidermidis S. cerevisiae
[N,01]Piv 1.40 45 >45
[N,01]For 2.81 >22.5 22.5
[N,01]Lac 3.03 >12.13 >12.13
[N,01]CI1 11.25 22.5 22.5
[N,01]OTf 11.75 >23.5 >23.5

“An IL was considered toxic when MIC,, < 10% (orange), harmful when MIC,y = 10 — 20% (yellow), and not harmful when MIC,, > 20%

(green).

than that of Gram-positives had previously been reported for
imidazolium and other conventional ILs.”*** Some studies
suggested that lipopolysaccharides (a molecule present in the
cell wall of Gram-negative bacteria only) could mediate
interaction between E. coli and ILs.*

In summary, functional glycerol-derived ILs present good
toxicological profiles for representative microbial species,
including S. epidermidis and S. cerevisiae, especially in the
case of the least toxic, [N,01]Piv, the IL responsible for the
best catalytic performance.

B CONCLUSIONS

This work reveals the potential of basic renewable ionic liquids
(ILs) as functional solvents, acting as both reaction media and
catalytic promoters, in this case due to their intrinsic basic
character, and for the first time, in combination with
nanoparticle-catalysts. The catalytic systems designed by
immobilizing palladium nanoparticles on glycerol-derived ILs
bearing basic anions achieved in 1 h the coupling of a scope of
differently substituted substrates with 80—100% selectivity, in
the absence of copper species and externally added bases. On
the contrary, glycerol-derived ILs without basic character, as
well as a classic imidazolium IL —[BMIm]PF4,—, were not
active in the studied coupling reaction, even if a large excess of
external base was added. Therefore, the use of functional
[N,01]X ionic liquids allows the stabilization, activity, and
recycling of the catalyst, minimizing the waste generation
thanks to the combination of high catalytic activity and
absence of additional bases and cocatalysts. The relevance of
this methodology is thus evident in the practical implications,
operational simplicity, catalyst recyclability, and simple work-
up. Moreover, the green metrics analysis of the method
developed using our functional ILs shows comparable or
superior greenness to those of previous methods described in
the literature, especially when considering the possibility of
reusing the catalyst. Finally, the study of antimicrobial activity
reveals that functional ILs derived from glycerol, most notably
the one exhibiting the best catalytic performance, [N,01]Piv,
are not harmful toward representative model bioindicators,
including Gram-positive bacteria (S. epidermidis) and model
fungi (S. cerevisiae), thus presenting favorable ecotoxicological
profiles. Therefore, our work represents an advance in Green
Chemistry principles including 1) Prevention of waste
generation; 2) Improvement of atomic economy in Sonoga-
shira reactions by the absence of base; 3 and 12) Less
hazardous chemical syntheses; 5) Safer solvents; 7) Renewable
feedstocks in the catalytic/solvent systems; and 9) Develop-
ment of active catalysts. It is expected this novel approach will
allow to eliminate the need to add external bases in future
works to promote catalytic coupling processes.

B ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.6¢00237.

Synthesis, structures, and characterization of the func-
tional ionic liquids used in this work, the preparation of
the catalytic systems, the characterization of the catalytic
systems, the Cross-Coupling reaction procedure, the
determination of results and GC calibrations, the green
metrics calculations, and the toxicity study details (PDF)

B AUTHOR INFORMATION
Corresponding Author

Alejandro Leal-Duaso — Instituto de Sintesis Quimica y
Catdlisis Homogénea (ISQCH). CSIC-University of
Zaragoza, Faculty of Science, E-50009 Zaragoza, Spain;

orcid.org/0000-0002-3256-2089; Email: alduaso@

unizar.es

Authors

Alberto Clemente — Instituto de Sintesis Quimica y Catdlisis
Homogénea (ISQCH). CSIC-University of Zaragoza, Faculty
of Science, E-50009 Zaragoza, Spain

Jorge Cambronero-Arregui — Instituto de Sintesis Quimica y
Catdlisis Homogénea (ISQCH). CSIC-University of
Zaragoza, Faculty of Science, E-S0009 Zaragoza, Spain

José A. Ainsa — Department of Microbiology, Faculty of
Medicine, and BIFI, University of Zaragoza, E-50009
Zaragoza, Spain; © orcid.org/0000-0003-2076-844X

Elisabet Pires — Instituto de Sintesis Quimica y Catdlisis
Homogénea (ISQCH). CSIC-University of Zaragoza, Faculty
of Science, E-50009 Zaragoza, Spain; © orcid.org/0000-
0002-2676-8814

José A. Mayoral — Instituto de Sintesis Quimica y Catdlisis
Homogénea (ISQCH). CSIC-University of Zaragoza, Faculty
of Science, E-50009 Zaragoza, Spain

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.6c00237

Author Contributions

Conceptualization, Data curation, and Writing original draft:
A. Leal-Duaso. Funding acquisition: E. Pires, A. Leal-Duaso,
and J.A. Mayoral. Investigation and methodology: A.
Clemente, J. Cambronero-Arregui, and A. Leal-Duaso. Toxicity
study: José A. Ainsa. Supervision: A. Leal-Duaso and E. Pires.
Writing — review and editing: J. Cambronero-Arregui, J.A.
Mayoral, E. Pires, and A. Leal-Duaso. All authors have given
approval to the final version of the manuscript.

https://doi.org/10.1021/acssuschemeng.6c00237
ACS Sustainable Chem. Eng. XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00237?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6c00237/suppl_file/sc6c00237_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alejandro+Leal-Duaso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3256-2089
https://orcid.org/0000-0002-3256-2089
mailto:alduaso@unizar.es
mailto:alduaso@unizar.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alberto+Clemente"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jorge+Cambronero-Arregui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+A.+Ai%CC%81nsa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2076-844X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eli%CC%81sabet+Pires"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2676-8814
https://orcid.org/0000-0002-2676-8814
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+A.+Mayoral"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00237?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00237?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00237?fig=tbl2&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.6c00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Funding

This work was financially supported by the Agencia Estatal de
Investigacion of Spain (PID2021—125762NB-I00) and the
Gobierno de Aragon (E37_23R).

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was developed within the scope of the project
PID2021-125762NB-100 from Agencia Estatal de Investigacion
of Spain. Financial support from the Gobierno de Aragén
(Research Group E37_23R) is acknowledged. The authors
thank the Laboratory of Advanced Microscopy from the
Universidad de Zaragoza for their assistance in TEM
characterization. L. Torné from the Servicio de Andlisis
Térmico of CEQMA-Universidad de Zaragoza is acknowl-
edged for her valuable assistance in the determination of the
ILs water content.

B REFERENCES

(1) Osorio-Tejada, J. L.; Ferlin, F.; Vaccaro, L.; Hessel, V. The
Sustainability Impact of Nobel Prize Chemistry: Life Cycle Assess-
ment of C-C Cross-Coupling Reactions. Green Chem. 2023, 25 (23),
9760—9778.

(2) Sagar, S.; Patra, S. R.; Bhunia, S. Recent Advance in Nanoparticle
Catalysts for C—C Cross-Coupling Reaction. In Nanoparticles in
Green Organic Synthesis; Bhunia, S.; Kumar, B.; Singh, P.; Oraon, R;
Kim, K-H., Eds; Advances in Green and Sustainable Chemistry;
Elsevier, 2023; pp 41—73.

(3) Mohajer, F.; Heravi, M. M.; Zadsirjan, V.; Poormohammad, N.
Copper-Free Sonogashira Cross-Coupling Reactions: An Overview.
RSC Adv. 2021, 11 (12), 6885—6925.

(4) Chinchilla, R.;; N4jera, C. The Sonogashira Reaction: A Booming
Methodology in Synthetic Organic Chemistry. Chem. Rev. 2007, 107
(3), 874—922.

(5) Gazvoda, M.; Virant, M.; Pinter, B.; Kosmrlj, J. Mechanism of
Copper-Free Sonogashira Reaction Operates through Palladium-
Palladium Transmetallation. Nat. Commun. 2018, 9 (1), 4814.

(6) Yan, F.; Zhang, X.; Li, D.; Zhu, N.; Bao, H. Recent Applications
of the Sonogashira Reaction in the Synthesis of Drugs and Their
Derivatives: A Review. Appl. Organomet. Chem. 2025, 39 (1),
No. e7932.

(7) Consorti, C. S.; Flores, F. R.;; Rominger, F.; Dupont, J. A Simple
and Efficient Copper-Free Catalytic System Based on a Palladacycle
for the Arylation of Alkynes. Adv. Synth. Catal. 2006, 348 (1-2),
133—141.

(8) Welton, T. Ionic Liquids in Green Chemistry. Green Chem.
2011, 13 (2), 228.

(9) Kaur, G.; Kumar, H,; Singla, M. Diverse Applications of Ionic
Liquids: A Comprehensive Review. J. Mol. Lig. 2022, 351, 118556.

(10) Dupont, J.; Leal, B. C.; Lozano, P.; Monteiro, A. L.; Migowski,
P.; Scholten, J. D. Ionic Liquids in Metal, Photo-, Electro-, and (Bio)
Catalysis. Chem. Rev. 2024, 124 (9), 5227—5420.

(11) Scholten, J. D.; Leal, B. C; Dupont, J. Transition Metal
Nanoparticle Catalysis in Ionic Liquids. ACS Catal. 2012, 2 (1), 184—
200.

(12) Leal-Duaso, A.; Favier, L; Pla, D.; Pires, E.; Gémez, M. Design
of Glycerol-Based Solvents for the Immobilization of Palladium
Nanocatalysts: A Hydrogenation Study. ACS Sustainable Chem. Eng.
2021, 9 (19), 6875—688S.

(13) Gracia-Barberan, S.; Leal-Duaso, A.; Pires, E. Are Deep Eutectic
Solvents a Real Alternative to Ionic Liquids in Metal-Catalysed
Reactions? Curr. Opin. Green Sustain. Chem. 2022, 35, 100610.

(14) Kuroda, K. A Simple Overview of Toxicity of Ionic Liquids and
Designs of Biocompatible Ionic Liquids. New J. Chem. 2022, 46 (42),
20047—-20052.

(15) Kudtak, B.; Owczarek, K.; Namiesnik, J. Selected Issues Related
to the Toxicity of Ionic Liquids and Deep Eutectic Solvents—a
Review. Environ. Sci. Pollut. Res. 2015, 22 (16), 11975—11992.

(16) Leal-Duaso, A.; Adjez, Y.; Sinchez-Sanchez, C. M. Role of Ionic
Solvents in the Electrocatalytic CO, Conversion and H, Evolution
Suppression: From Ionic Liquids to Deep Eutectic Solvents.
ChemElectroChem. 2024, 11 (9), No. ¢202300771.

(17) Hulsbosch, J.; De Vos, D. E.; Binnemans, K; Ameloot, R.
Biobased Ionic Liquids: Solvents for a Green Processing Industry?
ACS Sustainable Chem. Eng. 2016, 4 (6), 2917—2931.

(18) Gracia-Barberan, S.; Del Barrio, J.; Leal-Duaso, A.; Mayoral, J.
A,; Pires, E. Glycerol-Derived Ionic Liquids: A New Family of High-
Potential Renewable Ionic Solvents. RSC Sustainability 202§, 3,
5225-5240.

(19) Fantoni, T.; Bernardoni, S.; Mattellone, A.; Martelli G.;
Ferrazzano, L.; Cantelmi, P.; Corbisiero, D.; Tolomelli, A.; Cabri, W;
Vacondio, F.; Ferlenghi, F.; Mor, M.; Ricci, A. Palladium Catalyst
Recycling for Heck-Cassar-Sonogashira Cross-Coupling Reactions in
Green Solvent/Base Blend. ChemSusChem 2021, 14 (12), 2591—
2600.

(20) Palladino, C.; Fantoni, T.; Ferrazzano, L.; Tolomelli, A.; Cabri,
W. Copper-Free Heck-Cassar-Sonogashira and Suzuki-Miyaura
Reactions of Aryl Chlorides: A Sustainable Approach. ACS Sustainable
Chem. Eng. 2023, 11 (44), 15994—16004.

(21) Leal-Duaso, A.; Gracia-Barberan, S.; Mayoral, J. A;; Garcia, J. L;
Pires, E. Readily Scalable Methodology for the Synthesis of
Nonsymmetric Glyceryl Diethers by a Tandem Acid-/Base-Catalyzed
Process. Org. Process Res. Dev. 2020, 24 (2), 154—162.

(22) Ljungdahl, T.; Bennur, T.; Dallas, A.; Emtenis, H.; Martensson,
J. Two Competing Mechanisms for the Copper-Free Sonogashira
Cross-Coupling Reaction. Organometallics 2008, 27 (11), 2490—2498.

(23) Palladino, C.; Fantoni, T.; Ferrazzano, L.; Muzzi, B.; Ricci, A.;
Tolomelli, A,; Cabri, W. New Mechanistic Insights into the Copper-
Free Heck-Cassar-Sonogashira Cross-Coupling Reaction. ACS Catal.
2023, 13 (18), 12048—12061.

(24) Alonso, D. A.; Néjera, C.; Pacheco, M. C. C(Sp?)-C(Sp) and
C(Sp)-C(Sp) Coupling Reactions Catalyzed by Oxime-Derived
Palladacycles. Adv. Synth. Catal. 2003, 345 (9—10), 1146—1158.

(25) Kmentovs, L; Gotov, B.; Gajda, V.; Toma, S. The Sonogashira
Reaction in Ionic Liquids. Monatsh. Chem. 2003, 134 (4), 545—549.

(26) Orha, L.; Tukacs, J. M; Kolldr, L.; Mika, L. T. Palladium-
Catalyzed Sonogashira Coupling Reactions in y-Valerolactone-Based
Tonic Liquids. Beilstein J. Org. Chem. 2019, 15, 2907—2913.

(27) Oftadeh, E.; Baumann, M.; Ortiz, M.; Mamo, K.; Boeira, E.;
Oceguera Nava, E.; Lopez Lemus, M. S.; Fang, S.; Aue, D. H,;
Lipshutz, B. H. A New P;N Ligand for Pd-Catalyzed Cross-Couplings
in Water. Chem. Sci. 2025, 16 (29), 13316—13332.

(28) Barros, J. C.; De Souza, A. L. F,; De Lima, P. G.; Da Silva, J. F.
M.,; Antunes, O. A. C. Selectivity Studies in the Reaction between
Iodobenzene and Phenylacetylene: Sonogashira Coupling vs Hydro-
arylation. Appl. Organomet. Chem. 2008, 22 (S), 249—252.

(29) Karami, K.; Abedanzadeh, S.; Afroomand, M.; Hervés, P.;
Bayat, P. Heterogeneous Copper-Free Sonogashira Cross-Coupling
Reactions Catalyzed by a Recyclable Orthopalladated Azo-Complex.
Catal. Lett. 2023, 153 (5), 1438—1449.

(30) Golovenko, E. A.; Petrova, P. P.; Pankin, D. V.; Baykov, S. V.;
Kukushkin, V. Yu.; Boyarskiy, V. P.; Islamova, R. M. Recyclable
Palladium-Polysiloxane Catalyst with Ultra-Low Metal Leaching for
Drug Synthesis. Polymers 2025, 17 (22), 3066.

(31) Ghiglietti, E.; Incarbone, E. A; Mattiello, S.; Beverina, L.
Efficient Copper-Free Sonogashira Coupling in Water and under
Ambient Atmosphere. Eur. J. Org. Chem. 2024, 27, No. e202400223.

(32) Pawar, M. A,; Nakhate, A. V,; Kadu, S. S; Tekade, P. V.
Solvothermal Single-Pot Synthesis of Pd-Fe;O,@GO Catalyst:
Enhanced Catalytic Performance in Sonogashira Coupling Reactions.
Appl. Organomet. Chem. 2024, 38, No. e740S.

(33) Garralaga, M. P.; Lomba, L.; Leal-Duaso, A.; Gracia-Barberén,
S.; Pires, E.; Giner, B. Ecotoxicological Study of Bio-Based Deep

https://doi.org/10.1021/acssuschemeng.6c00237
ACS Sustainable Chem. Eng. XXXX, XXX, XXX—-XXX


https://doi.org/10.1039/D3GC01896B
https://doi.org/10.1039/D3GC01896B
https://doi.org/10.1039/D3GC01896B
https://doi.org/10.1016/B978-0-323-95921-6.00019-6
https://doi.org/10.1016/B978-0-323-95921-6.00019-6
https://doi.org/10.1039/D0RA10575A
https://doi.org/10.1021/cr050992x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr050992x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-07081-5
https://doi.org/10.1038/s41467-018-07081-5
https://doi.org/10.1038/s41467-018-07081-5
https://doi.org/10.1002/aoc.7932
https://doi.org/10.1002/aoc.7932
https://doi.org/10.1002/aoc.7932
https://doi.org/10.1002/adsc.200505310
https://doi.org/10.1002/adsc.200505310
https://doi.org/10.1002/adsc.200505310
https://doi.org/10.1039/c0gc90047h
https://doi.org/10.1016/j.molliq.2022.118556
https://doi.org/10.1016/j.molliq.2022.118556
https://doi.org/10.1021/acs.chemrev.3c00379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.3c00379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs200525e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs200525e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c01694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c01694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c01694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cogsc.2022.100610
https://doi.org/10.1016/j.cogsc.2022.100610
https://doi.org/10.1016/j.cogsc.2022.100610
https://doi.org/10.1039/D2NJ02634A
https://doi.org/10.1039/D2NJ02634A
https://doi.org/10.1007/s11356-015-4794-y
https://doi.org/10.1007/s11356-015-4794-y
https://doi.org/10.1007/s11356-015-4794-y
https://doi.org/10.1002/celc.202300771
https://doi.org/10.1002/celc.202300771
https://doi.org/10.1002/celc.202300771
https://doi.org/10.1021/acssuschemeng.6b00553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D5SU00393H
https://doi.org/10.1039/D5SU00393H
https://doi.org/10.1002/cssc.202100623
https://doi.org/10.1002/cssc.202100623
https://doi.org/10.1002/cssc.202100623
https://doi.org/10.1021/acssuschemeng.3c04926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.3c04926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.9b00411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.9b00411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.9b00411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om800251s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om800251s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c02787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c02787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.200303067
https://doi.org/10.1002/adsc.200303067
https://doi.org/10.1002/adsc.200303067
https://doi.org/10.1007/s00706-002-0558-8
https://doi.org/10.1007/s00706-002-0558-8
https://doi.org/10.3762/bjoc.15.284
https://doi.org/10.3762/bjoc.15.284
https://doi.org/10.3762/bjoc.15.284
https://doi.org/10.1039/D5SC02923F
https://doi.org/10.1039/D5SC02923F
https://doi.org/10.1002/aoc.1385
https://doi.org/10.1002/aoc.1385
https://doi.org/10.1002/aoc.1385
https://doi.org/10.1007/s10562-022-04059-3
https://doi.org/10.1007/s10562-022-04059-3
https://doi.org/10.3390/polym17223066
https://doi.org/10.3390/polym17223066
https://doi.org/10.3390/polym17223066
https://doi.org/10.1002/ejoc.202400223
https://doi.org/10.1002/ejoc.202400223
https://doi.org/10.1002/aoc.7405
https://doi.org/10.1002/aoc.7405
https://doi.org/10.1039/D2GC01293F
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.6c00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Eutectic Solvents Formed by Glycerol Derivatives in Two Aquatic
Biomodels. Green Chem. 2022, 24 (13), 5228—5241.

(34) Mester, P.; Wagner, M.; Rossmanith, P. Antimicrobial Effects of
Short Chained Imidazolium-Based Ionic Liquids—Influence of Anion
Chaotropicity. Ecotoxicol. Environ. Saf. 2015, 111, 96—101.

(35) Gongalves, A. R. P.; Paredes, X.; Cristino, A. F.; Santos, F. J. V.;
Queirds, C. S. G. P. Ionic Liquids—A Review of Their Toxicity to
Living Organisms. Int. J. Mol. Sci. 2021, 22 (11), 5612.

(36) Kowalczyk, P.; Borkowski, A.; Czerwonka, G.; Clapa, T.; Cietla,
J.; Misiewicz, A.; Borowiec, M.; Szala, M. The Microbial Toxicity of
Quaternary Ammonium Ionic Liquids Is Dependent on the Type of
Lipopolysaccharide. ]. Mol. Lig. 2018, 266, 540—547.

https://doi.org/10.1021/acssuschemeng.6c00237
ACS Sustainable Chem. Eng. XXXX, XXX, XXX—-XXX


https://doi.org/10.1039/D2GC01293F
https://doi.org/10.1039/D2GC01293F
https://doi.org/10.1016/j.ecoenv.2014.08.032
https://doi.org/10.1016/j.ecoenv.2014.08.032
https://doi.org/10.1016/j.ecoenv.2014.08.032
https://doi.org/10.3390/ijms22115612
https://doi.org/10.3390/ijms22115612
https://doi.org/10.1016/j.molliq.2018.06.102
https://doi.org/10.1016/j.molliq.2018.06.102
https://doi.org/10.1016/j.molliq.2018.06.102
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.6c00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

