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Abstract: In this research, ethyl levulinate, methyl levulinate, and 2-methyltetrahydrofuran as bio-
derived hemicellulose-based solvents were applied as green alternatives in palladium-catalyzed
aminocarbonylation reactions. Iodobenzene and morpholine were used in optimization reactions
under different conditions, such as temperatures, pressures, and ligands. It was shown that the
XantPhos ligand had a great influence on conversion (98%) and chemoselectivity (100% carboxamide),
compared with the monodentate PPh3. Following this study, the optimized conditions were used to
extend the scope of substrates with nineteen candidates (various para-, ortho-, and meta-substituted
iodobenzene derivatives and iodo-heteroarenes), as well as eight different amine nucleophiles.
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1. Introduction

Biomass is the only abundant and concentrated source of non-fossil carbon that is
available on Earth, and its conversion into special chemicals and fuels has been the focus
of several chemical researches within the past decade [1]. The biomass obtained by plants
and other wastes can be used to provide sustainable chemicals. In general, biomass usage
will bring benefits, such as a cleaner environment, more security, and projected long-term
economic savings [2]. The solvent industry, as one of the biggest and most important global
markets, is projected to reach 30.0 billion USD in 2025 (21.8 billion USD in 2020) at a CAGR
(compound annual growth rate) of 6.6% during the forecast period and is estimated to
reach 34 million metric tons by 2027 [3,4].

The bio-derived solvents obtained from biomass are environmentally benign,
biodegradable, and have lower toxicity than conventional organic solvents. Lomba and
coworkers found in a detailed study that levulinic acid and its esters showed very low toxi-
city, with a high biodegrability, which supports their use as green alternatives of traditional
chemicals. They investigated the ecotoxicity on Chlamydomonas reinhardtii, Vibrio fischeri,
Daphnia magna, and Eisenia foetida and ascertained that the toxicities of the levulinates
(methyl-, ethyl-, and butyl levulinate) were increased as a function of the length of the
alkyl chain [5]. Ventura and her research group evaluated the toxicity of biomass-derived
platform molecules by using the Microtox toxicity test. Contrary to the statement of the
above-mentioned research group, they found that ethyl levulinate was less toxic (practically
harmless, EC50 = 694 mg L−1) than levulinic acid (moderately toxic, EC50 = 28.4 mg L−1)
in the case of Vibrio fischeri bacteria [6]. In recent times, 2-MeTHF has been selected over
tetrahydrofurane, due to its favorable characteristic properties (e.g., higher boiling point,
which allows performing reactions at a relatively higher temperature [7], lower miscibility
in water, which favors a cleaner workup [8]). Furthermore, it has been established after
detailed toxicological studies that 2-MeTHF is not associated with any genotoxicity and
mutagenicity [9].
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Because solvents have great influence on reactivity and selectivity, their selection is
very crucial in most chemical processes. For this reason, there are solvent selection guides
made by researchers in academic and industrial areas (e.g., CHEM21, Sanofi’s selection
guide) to help choose the appropriate reaction media for a chemical synthesis [10–13]. In
these guides, the preferable terms are characterized by favorable environmental, health,
and safety (EHS) properties [14], and chemicals are categorized generally as hazardous,
problematic, or recommended. On the other hand, these guides are helpful for selecting
the best solvent because the “green solvents” deal with constraints that are sometimes
contradictory: the chemical reaction efficiency, safety (flash point, resistance, energy de-
composition, and peroxydation), health (acute, long-term, and single-target organ toxicity),
environment (biodegradability, ecotoxicity, solubility in water, volatility, odor, and life
cycle analysis), quality, industrial constraints (boiling and freezing points, density, and
recyclability) and cost. Briefly, the best green solvent must meet the specifications by which
the concept of “green chemistry” has been defined by the well-known 12 principles [15].

Water is cheap, safe, non-toxic, environmentally benign, and readily available; there-
fore, the application of it as a suitable reaction medium has received increasing attention
during the last decades. However, an efficient homogeneous CC coupling, as well as an
aminocarbonylation reaction, are often restricted, due to the limited solubility of reagents
(substrates, amine nucleophiles) and amide products or the decomposition of the catalyst.
Consequently, many more heterogeneous [16–21] or biphasic [22] aminocarbonylation pro-
cesses have been described than homogeneous processes [23–25]. Additionally, it has been
described by our research group that water can act as an O-nucleophile during aminocar-
bonylative conditions, resulting in the formation of carboxylic acid when low-reactive
nucleophile reaction partners are used [26]. Considering the above-mentioned reasons, our
attention turned to using bio-derived solvents instead of water.

Transition metal-catalyzed carbonylation reactions in the presence of nucleophile
reagents have become an indispensable tool for the synthesis of several α,β-unsaturated
and aromatic carboxylic acid derivatives [27,28]. Although these reactions require low
catalyst loading, they generally need a huge amount of solvent as a reaction media. One of
these reactions is aminocarbonylation, which has great importance concerning the synthesis
of simple building blocks and the functionalization of biologically important skeletons.
Carboxamides can be synthesized from easily available starting materials with aminocar-
bonylation, although the conventional carboxylic acid−carboxylic halide−carboxamide
route is difficult to prepare because it has no notable yield in the implementation [29,30].
Moreover, our research group has been investigating this reaction in the conventional
solvent DMF for years [29–39], and thanks to the ascertainments of the groups from Skryd-
strup [40] and Mika [41–43], our interest has been turned to the investigation of green
solvents.

In this study, we plan to investigate some appropriate green solvents as reaction
mediums for Pd-catalyzed aminocarbonylation, which has many applications in both
industrial and fine chemistry in organic synthesis, including the introduction of amides
with a variety of N-substituents [44,45]. Amides are one of the most important classes of
organic compounds, especially for the pharmaceutical industry, because most of the drugs
contain amide functionality. For example, most of the top 15 best-selling drugs in 2017
contained amide moiety [46].

Levulinic acid (LA), which is one of the platform compounds derived from biomass,
can be produced from lignocellulose biomass via two different ways. One is the direct
hydrolysis of biomass based on cellulose through 5-(hydroxymethyl)furfural (5-HMF) inter-
mediate, while the other is known as the furfuralcohol catalytic hydrolysis way, producing
LA via the hemicellulose–xylose(C5 unit)–furfural–furfuralcohol pathway (Figure 1). There-
fore, levulinic acid can be considered a valuable platform molecule that can be converted
into several important chemicals, such as levulinate esters, GVL, 2-MeTHF, etc. In this
work, ethyl levulinate was chosen as a biomass-derived solvent that can be synthesized
via direct esterification of the platform molecule, levulinic acid, in ethanol (Figure 1). This
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bio-based solvent is the viable additive for gasoline and diesel transportation fuels, and it
can also either be used in the flavoring and fragrance industries or as substrates for vari-
ous kinds of condensation and addition reactions at the ester and keto groups in organic
chemistry [47,48]. Lei et al. investigated the Suzuki−Miyaura coupling of amides with
this solvent and obtained 63% conversion during this transformation [49]. Another chosen
levulinate ester was methyl levulinate, which is also a certified viable additive for gasoline
and diesel transportation fuels, similar to the other levulinate esters [50]. Homogeneous
acid catalysts or mixtures of Lewis and Brønsted acids have also been generally employed
to produce a high yield of methyl levulinate from cellulose [51].
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Figure 1. Converting lignocellulose through levulinic acid to alkyl levulinates and 2-MeTHF [52,53].

According to the computational study of Leal Silva’s group, the conversion of furfural
derived from hemicellulose to 2-methyltetrahydrofuran (2-MeTHF) could be more prof-
itable than ethyl levulinate synthesis [52], which moved our attention to the advantages
of 2-MeTHF as a solvent in the aminocarbonylation reaction. It is highly flammable and
mostly used as a fuel additive and an alternative solvent of tetrahydrofuran (THF) [47,54].
2-MeTHF is a promising solvent for transition metal-catalyzed reactions, and it has been
justified with quite a large number of articles published in literature [28,54–63]. In this
research, considering the green properties of the above-mentioned alkyl levulinates and
2-MeTHF, we investigated their applicability in the palladium-catalyzed aminocarbonyla-
tion of iodobenzene and its substituted derivatives, as well as iodo(hetero)arenes, in the
presence of various N-nucleophiles.

2. Results and Discussion
2.1. Optimization Study

Iodobenzene and morpholine as the nucleophilic reaction partners were chosen to
find the optimized conditions in our aminocarbonylation model reaction performed in
green solvents (Scheme 1). Pressure, temperature, and ligand were selected as the variable
parameters in the optimization study (Figure 2). First, the reaction was performed in the
presence of a Pd(OAc)2/2 PPh3 catalyst at 50 ◦C under 1 or 40 bar CO, conditions which
have been generally used and well-studied by our research group [64].
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Figure 2. Optimization study of the aminocarbonylation of iodobenzene (1) with morpholine (a).
(Reaction conditions: 0.5 mmol of iodobenzene, 0.75 mmol of morpholine, 0.0125 mmol of Pd(OAc)2,
0.025 mmol of PPh3 or 0.0125 mmol of XantPhos, 0.25 mL of triethylamine, and 5 mL of solvent under
a CO atmosphere for 6 h. The conversion was determined by GC using dodecane as an internal
standard.)

Under atmospheric carbon monoxide pressure, the reaction showed moderate conver-
sion (29–46%) in the alkyl levulinate-type solvents (MetLEV and EtLEV) and 9% conversion
in 2-MeTHF after 6 h. Under these conditions, the reaction was not chemoselective, due
to the formation of the corresponding 2-ketocarboxamide-type product (16–41%) caused
by the double carbon monoxide insertion. After carrying out the reactions under elevated
temperature (70 ◦C) in the presence of the previously used catalyst, the following consid-
erations are worth mentioning: (i) the chemoselectivity was favorable toward the amide
(1aa) product, and (ii) the conversions were increased in the case of all solvents after a
6 h reaction time. The CO pressure had a great influence on the product selectivity. After
carrying out the reaction at 40 bar of carbon monoxide pressure in the presence of the
previously used catalyst at 50 ◦C, the 1-morpholino-2-phenylethane-1,2-dione (1ab) formed
with high chemoselectivity (>85%) in all cases. It must be noted that the iodobenzene (1)
was converted by 79% by using the alkyl levulinate-type solvents, while in 2-MeTHF, the
conversion was only 35% after a 24 h reaction. Despite the promising chemoselectivity
results at the elevated CO pressure, the above-mentioned low conversions inspired us to
find other reaction conditions that could increase the synthetic importance of this reac-
tion in green solvents. The aminocarbonylation of iodobenzene and tert-butylamine has
been investigated by Marosvölgyi-Haskó and coworkers in DMF [65] and GVL using the
Pd(OAc)2/PPh3 catalyst [41]. Although the amines were different, we described similar
behavior in our former research (reactivity and selectivity) under the same reaction con-
ditions [66–68]. After carrying out the reactions with tert-butylamine in the conventional
organic solvent, the following considerations can be stated after a 6 h reaction time: (i)
the conversion (50%) was higher under atmospheric conditions than in our green solvents
(9–46%); (ii) the chemoselectivity was better towards the ketoamide-type product in DMF
(amide:ketoamide = 22:78) at 1 bar of CO, while the amide formation was more favorable
in alkyl levulinates and 2-MeTHF (59–84%); (iii) under elevated carbon monoxide pressure,
higher conversions were detected in alkyl levulinates (63–78%) than in DMF (53%); (iv) ex-
cellent chemoselectivity towards the ketoamide was observed in the conventional solvents,
as well as in our green solvents. It also has to be mentioned that the conversions and the
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chemoselectivity values, observed in GVL by Marosvölgyi-Haskó et. al., are similar to our
results detected in alkyl levulinates.

Based on our former research [69,70], in which XantPhos was used successfully to
convert the substrate selectively to the target product in a short reaction time, we decided to
apply this rigid bidentate phosphine ligand with a large bite angle to increase the efficiency
(e.g., conversion, selectivity) of the model reaction. After changing the triphenylphosphine
to XantPhos and carrying out the reaction under ambient conditions (50 ◦C and 1 bar of
CO pressure), complete conversion was detected in the alkyl levulinate solvents, while the
reaction was also almost complete in 2-MeTHF (87%) after 6 h.

To justify the applicability of the bio-derived candidates, we performed our model
reaction in DMF under the same reaction conditions as in the green solvents, and the results
are summarized in Table 1.

Table 1. Comparison of the aminocarbonylation reaction of iodobenzene (1) and morpholine (a) in
conventional and green solvents (a).
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Entry Solvent Ligand Temp. pco Conv.(b) Ratio of Products (b)

[◦C] [bar] [%] Amide Ketoamide
1 DMF PPh3 50 1 71 28 72
2 DMF PPh3 70 1 74 67 33
3 DMF PPh3 50 40 79 3 97
4 DMF XantPhos 50 1 100 88 12
5 MetLev PPh3 50 1 29 59 41
6 MetLev PPh3 70 1 62 88 12
7 MetLev PPh3 50 40 63 5 95
8 MetLev XantPhos 50 1 99 100 0
9 EtLev PPh3 50 1 46 68 32
10 EtLev PPh3 70 1 69 91 9
11 EtLev PPh3 50 40 78 8 92
12 EtLev XantPhos 50 1 98 100 0
13 2-MeTHF PPh3 50 1 9 84 16
14 2-MeTHF PPh3 70 1 20 82 18
15 2-MeTHF PPh3 50 40 31 14 86
16 2-MeTHF XantPhos 50 1 87 100 0

(a) Reaction conditions: 0.5 mmol of iodobenzene, 0.75 mmol of morpholine, 0.0125 mmol of Pd(OAc)2, 0.025 mmol
of PPh3 or 0.0125 mmol of XantPhos, 0.25 mL of triethylamine, and 5 mL of solvent under a CO atmosphere after
a 6 h reaction time. (b) The conversion and the ratio of the carbonylated products were determined by GC using
dodecane as an internal standard.

It can be seen that the conversion in DMF was higher than in our solvents under
atmospheric conditions and in the presence of the Pd(OAc)2/2 PPh3 catalyst system.
Furthermore, the formation of the 1ab product was more favorable in DMF, while the
amide (1aa) formation was preferable in the green solvents (entries 1, 5, 9, and 13). The
amide (1aa) formation was much more expressed by carrying out the reactions at 70 ◦C
(entries 2, 6, 10, and 14). The conversion and the selectivity values were almost the same
in conventional and green solvents (except in 2-MeTHF) under high pressure conditions
(entries 3, 7, 11, and 15). After changing the triphenylphosphine to the bidentate XantPhos,
the reaction rate was extremely increased, and the amide (1aa) was formed with high
selectivity (88%) (entries 4, 8, 12, and 16).

Additionally, the morpholino(phenyl)methanone (1aa) compounds were isolated in
the following yields after performing the aminocarbonylation under optimized conditions:
61% (MetLev), 66% (EtLev), and 65% (2-MeTHF). After comparing these values with the
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isolated yields (>81%) reached by using conventional solvents [71–73], it can be stated that
removing the solvent under reduced pressure followed by column chromatography is an
applicable process to isolate the carboxamide products synthesized in bio-derived solvents.
In this way, we have appropriate conditions to use in further reactions, in which we can
extend the scope of the amine nucleophiles, as well as the substrates.

2.2. Extending the Scope of Amine Nucleophiles

With the optimized conditions on hand (XantPhos, 50 ◦C, atmospheric carbon monox-
ide pressure), we extended the scope of the amine nucleophiles in the aminocarbonylation
of iodobenzene (Figure 3).

Molecules 2023, 28, x FOR PEER REVIEW 6 of 15 
 

 

It can be seen that the conversion in DMF was higher than in our solvents under 
atmospheric conditions and in the presence of the Pd(OAc)2/2 PPh3 catalyst system. 
Furthermore, the formation of the 1ab product was more favorable in DMF, while the 
amide (1aa) formation was preferable in the green solvents (entries 1, 5, 9, and 13). The 
amide (1aa) formation was much more expressed by carrying out the reactions at 70 °C 
(entries 2, 6, 10, and 14). The conversion and the selectivity values were almost the same 
in conventional and green solvents (except in 2-MeTHF) under high pressure conditions 
(entries 3, 7, 11, and 15). After changing the triphenylphosphine to the bidentate XantPhos, 
the reaction rate was extremely increased, and the amide (1aa) was formed with high 
selectivity (88%) (entries 4, 8, 12, and 16). 

Additionally, the morpholino(phenyl)methanone (1aa) compounds were isolated in 
the following yields after performing the aminocarbonylation under optimized 
conditions: 61% (MetLev), 66% (EtLev), and 65% (2-MeTHF). After comparing these 
values with the isolated yields (>81%) reached by using conventional solvents [71–73], it 
can be stated that removing the solvent under reduced pressure followed by column 
chromatography is an applicable process to isolate the carboxamide products synthesized 
in bio-derived solvents. In this way, we have appropriate conditions to use in further 
reactions, in which we can extend the scope of the amine nucleophiles, as well as the 
substrates. 

2.2. Extending the Scope of Amine Nucleophiles 
With the optimized conditions on hand (XantPhos, 50 °C, atmospheric carbon 

monoxide pressure), we extended the scope of the amine nucleophiles in the 
aminocarbonylation of iodobenzene (Figure 3). 

 
Figure 3. Palladium-catalyzed aminocarbonylation of iodobenzene (1) with different amines (b–h). 
(Reaction conditions: 0.5 mmol of iodobenzene, amine nucleophile (1.5 mmol of tert-butylamine, 
0.75 mmol of pyrrolidine, 0.75 mmol of cyclohexylamine, 1.0 mmol of aniline, 0.55 mmol of amino 
acid methyl esters (AlaOMe, ProOMe), and 0.75 mmol of 4-picolylamine), 0.0125 mmol of Pd(OAc)2, 
0.0125 mmol of XantPhos, 0.25 mL of triethylamine, and 5 mL of solvent at 50 °C under 1 bar of CO 
in 6 h. The conversion was determined by GC using dodecane as an internal standard.) 

It can be seen, by using simple primary (b,d) and secondary amines, that they showed 
complete conversion in all green solvents. The tert-butylamine (b) provided similar 
reactivity to amine (c) and (d) alkyl levulinate solvents, while in 2-MeTHF, strikingly 
lower conversion was detected after 6 h. The lowest basicity among our nucleophiles was 

Figure 3. Palladium-catalyzed aminocarbonylation of iodobenzene (1) with different amines (b–h).
(Reaction conditions: 0.5 mmol of iodobenzene, amine nucleophile (1.5 mmol of tert-butylamine,
0.75 mmol of pyrrolidine, 0.75 mmol of cyclohexylamine, 1.0 mmol of aniline, 0.55 mmol of amino
acid methyl esters (AlaOMe, ProOMe), and 0.75 mmol of 4-picolylamine), 0.0125 mmol of Pd(OAc)2,
0.0125 mmol of XantPhos, 0.25 mL of triethylamine, and 5 mL of solvent at 50 ◦C under 1 bar of CO
in 6 h. The conversion was determined by GC using dodecane as an internal standard.)

It can be seen, by using simple primary (b,d) and secondary amines, that they showed
complete conversion in all green solvents. The tert-butylamine (b) provided similar reac-
tivity to amine (c) and (d) alkyl levulinate solvents, while in 2-MeTHF, strikingly lower
conversion was detected after 6 h. The lowest basicity among our nucleophiles was in the
presence of the aromatic aniline (e), with 46 and 70% conversions detected in methyl and
ethyl levulinate, respectively. The N-phenylbenzamide (2ea) was identified in traces in
2-MeTHF. Alanine methyl ester (f) and proline methyl ester (g) showed a slightly lower
reactivity in methyl levulinate than in ethyl levulinate, but the difference was not significant.
Furthermore, the two amino acid methyl esters provided the lowest conversion in 2-MeTHF,
which can be explained by their low solubility in this solvent. While the 4-picolylamine (h)
showed similar reactivity to the amino acid methyl esters in alkyl levulinates, surprisingly,
it was completely converted to the corresponding carboxamide (2ha) in 2-MeTHF after a
6 h reaction.
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2.3. Extending the Scope of Substrates

In the next step, iodobenzene derivatives (2–9) possessing various para-substituents
were reacted with morpholine (a) in the chosen green solvents under carbonylative condi-
tions (Scheme 2).
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Scheme 2. Palladium-catalyzed aminocarbonylation reaction with para-substituted iodobenzenes
(2–9) and morpholine (a).

Although a strong relation between the reactivity and the Hammett para constant
of the substrates was not observed, the substrates (8, 9), having electron-withdrawing
substituents, provided lower conversions (55–67%) than the first three para-substituted
iodobenzene derivatives (2–4) that bore electron-donating groups (Figure 4). Furthermore,
substrates 2–4 reacted quite quickly with morpholine and gave high conversion values
(76–96%), especially in methyl levulinate, after a 2 h reaction. It can also be seen that
1-fluoro-4-iodobenzene (5) and 1-bromo-4-iodobenzene (6) showed the lowest reactivity
(46–59% conversions) in the alkyl levulinate solvents. After analyzing the reaction mixtures
after 6 h, complete conversions were detected in almost all cases except 4-iodoanisole
3 (92%). Each substrate showed quite a high reactivity in alkyl levulinate-type solvents
(>46%) in a 2 h reaction. It can also be seen that the behaviors of the para-substituted model
compounds are almost completely the same. Only substrate 3 provided a much lower
reactivity in the EtLEV (46%) than in the MetLEV (76%/) solvent. Consequently, there
was no significant difference between the behaviors of our para-substituted substrates
(2–9) in the alkyl levulinate-type solvents. The reactions, performed in 2-MeTHF under
the same conditions mentioned above, showed strikingly different reactivity than those in
the alkyl levulinate solvents. Most of the substrates showed very low conversions (<22%)
in 2 h, except 4-iodotoluene (4) and methyl 4-iodobenzoate (7), in which cases 68% and
45% conversions were observed, respectively. While substrates 4 and 7 provided complete
conversion, the others (2, 3, 5, 6, 8, and 9) were converted by only 24–68% after a 6 h
reaction. More than 92% of the target compounds were detected in the reaction mixture
after 24 h; only the 4-iodobenzotrifluoride (8) provided the corresponding carboxamide in
a quantity of 78%.
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Figure 4. Palladium-catalyzed aminocarbonylation of para-substituted iodobenzene derivatives
(4-iodo-phenole, 4-iodoanisole, 4-iodotoluene, 1-fluoro-4-iodobenzene, 1-bromo-4-iodobenzene,
methyl 4-iodo-benzoate, 4-iodobenzotrifluoride, and 4-iodobenzonitrile). (Reaction conditions:
0.5 mmol of para-substituted iodobenzene, 0.75 mmol of morpholine, 0.0125 mmol of Pd(OAc)2,
0.0125 mmol of XantPhos, 0.25 mL of triethylamine, and 5 mL of solvent under a CO atmosphere for
2 h. The conversion was determined by GC using dodecane as an internal standard.)

In the continuation, ortho/meta-mono-substituted (10–12) and di- and tri-substituted
(13, 14) iodobenzene derivatives were examined. Compared to para-substituted substrates,
the ortho-, di-, and tri-substituted compounds (10, 13, 14) provided lower conversions,
likely due to steric reasons (Figure 5).
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Figure 5. Pd-catalyzed aminocarbonylation of substituted iodobenzenes (10–14) with morpholine (a).
(Reaction conditions: 0.5 mmol of substrate, 0.75 mmol of morpholine, 0.0125 mmol of Pd(OAc)2,
0.0125 mmol of XantPhos, 0.25 mL of triethylamine, and 5 mL of solvent under CO atmosphere in 6 h.
The conversion was determined by GC using dodecane as an internal standard.)

The 3-iodotoluene (11) (96 and 94% conversion) and 3-iodobenzonitrile (12) (71 and
84% conversion) showed high activity in both MetLEV and EtLEV solvents after 6 h
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reactions, while 2-iodoanisole (10) was converted in moderate yields (57–60%), due to the
steric hindrance of the methoxy moiety in the ortho position. Substrate 13, which had
trifluoromethyl substituents in ortho- and para-positions, showed less reactivity (32–37%)
in alkyl levulinate solvents, while the tri-substituted 5-iodo-1,2,3-trimethoxybenzene (14)
was slightly more reactive than 1-iodo-3,5-bis(trifluoromethyl)benzene (13) during the 6 h
reaction. Furthermore, it was demonstrated that substrates 11, 12, and 14 were converted
completely, in contrast with substrates 10 and 13, which gave 80–93% conversions in
alkyl levulinates after a 24 h reaction. Considering our result in the aminocarbonylation
reaction with substrates 11–14 and morpholine in 2-MeTHF, it can be easily seen that each
starting material showed very poor reactivity (<33%) after 6 h. Nonetheless, substrate
11 had a complete conversion in 24 h, while substrates 10, 12, and 14 were converted by
58–65% in one-day reactions. Only substrate 13 was converted slowly, resulting in the (2,4
bis(trifluoromethyl)phenyl) (morpholino)methanone (13aa) product being detectable in
traces (16%) after 24 h. Consequently, we can underline that alkyl levulinate-type solvents
could be more appropriate solvents than 2-MeTHF in the aminocarbonylation reaction
in the presence of ortho/meta-mono-substituted (10–12) and di/tri-substituted (13, 14)
iodobenzene derivatives.

In the last part of the study, some iodo-heteroaromatic substrates (15–19) were reacted
with morpholine under optimized conditions. Then, their reactivities were investigated
and compared in the green solvents above (Figure 6).

Molecules 2023, 28, x FOR PEER REVIEW 9 of 15 
 

 

The 3-iodotoluene (11) (96 and 94% conversion) and 3-iodobenzonitrile (12) (71 and 
84% conversion) showed high activity in both MetLEV and EtLEV solvents after 6 h 
reactions, while 2-iodoanisole (10) was converted in moderate yields (57–60%), due to the 
steric hindrance of the methoxy moiety in the ortho position. Substrate 13, which had 
trifluoromethyl substituents in ortho- and para-positions, showed less reactivity (32–37%) 
in alkyl levulinate solvents, while the tri-substituted 5-iodo-1,2,3-trimethoxybenzene (14) 
was slightly more reactive than 1-iodo-3,5-bis(trifluoromethyl)benzene (13) during the 6 
h reaction. Furthermore, it was demonstrated that substrates 11, 12, and 14 were converted 
completely, in contrast with substrates 10 and 13, which gave 80–93% conversions in alkyl 
levulinates after a 24 h reaction. Considering our result in the aminocarbonylation reaction 
with substrates 11–14 and morpholine in 2-MeTHF, it can be easily seen that each starting 
material showed very poor reactivity (<33%) after 6 h. Nonetheless, substrate 11 had a 
complete conversion in 24 h, while substrates 10, 12, and 14 were converted by 58–65% in 
one-day reactions. Only substrate 13 was converted slowly, resulting in the (2,4 
bis(trifluoromethyl)phenyl) (morpholino)methanone (13aa) product being detectable in 
traces (16%) after 24 h. Consequently, we can underline that alkyl levulinate-type solvents 
could be more appropriate solvents than 2-MeTHF in the aminocarbonylation reaction in 
the presence of ortho/meta-mono-substituted (10–12) and di/tri-substituted (13, 14) 
iodobenzene derivatives. 

In the last part of the study, some iodo-heteroaromatic substrates (15–19) were 
reacted with morpholine under optimized conditions. Then, their reactivities were 
investigated and compared in the green solvents above (Figure 6).  

 
Figure 6. Pd-catalyzed aminocarbonylation of iodoheteroaromatic substrates (15–19) with 
morpholine (a). (Reaction conditions: 0.5 mmol of substrate, 0.75 mmol of morpholine, 0.0125 mmol 
of Pd(OAc)2, 0.0125 mmol of XantPhos, 0.25 mL of triethylamine, and 5 mL of solvent under CO 
atmosphere in 2 h. The conversion was determined by GC using dodecane as an internal standard.) 

2-Iodopyridine (15) and 1-iodoisoquinoline (18), in which the iodo-functionality is 
adjacent to the N-atom in the ring, were completely converted into the target carboxamide 
(15aa, 18aa) in methyl- and ethyl levulinate after a 2 h reaction. 2-Iodothiophene (17) and 
6-iodoquinoline (19) also showed good conversions (60–83%), while 3-iodopyridine (16) 
was the least reactive (43–47%) among them. While substrates 17 and 19 were converted 
completely in 6 h, 3-iodopyridine (16) showed 88% and 92% conversions in MetLEV and 
EtLEV, respectively. It is clearly seen in Figure 6 that the substrates unambiguously 
showed much higher reactivity in the alkyl levulinate-type solvents than in 2-MeTHF after 

Figure 6. Pd-catalyzed aminocarbonylation of iodoheteroaromatic substrates (15–19) with morpholine
(a). (Reaction conditions: 0.5 mmol of substrate, 0.75 mmol of morpholine, 0.0125 mmol of Pd(OAc)2,
0.0125 mmol of XantPhos, 0.25 mL of triethylamine, and 5 mL of solvent under CO atmosphere in 2 h.
The conversion was determined by GC using dodecane as an internal standard.)

2-Iodopyridine (15) and 1-iodoisoquinoline (18), in which the iodo-functionality is
adjacent to the N-atom in the ring, were completely converted into the target carboxamide
(15aa, 18aa) in methyl- and ethyl levulinate after a 2 h reaction. 2-Iodothiophene (17) and
6-iodoquinoline (19) also showed good conversions (60–83%), while 3-iodopyridine (16)
was the least reactive (43–47%) among them. While substrates 17 and 19 were converted
completely in 6 h, 3-iodopyridine (16) showed 88% and 92% conversions in MetLEV and
EtLEV, respectively. It is clearly seen in Figure 6 that the substrates unambiguously showed
much higher reactivity in the alkyl levulinate-type solvents than in 2-MeTHF after 2 h of
reaction time; conversion values lower than 20% were detected by GC analysis. The most
reactive 2-iodopyridine (15) provided the target morpholino(pyridin-2-yl)methanone (15aa)
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compound with 82% conversion while in the reaction mixture, even though the conversions
were just 7–36%, in the case of substrates 16–19, after 6 h in 2-MeTHF.

Because the conversions, especially in alkyl levulinates, are comparable to the reactions
performed in conventional solvents, and the isolated yields in the case of compound 1aa
are similar to the results found in literature, the elementary steps of the catalytic cycle
should be the same as in conventional solvents. Considering this concept, the following
mechanism could be proposed. The ‘starting’ palladium(0) complex (Pd(CO)Ln, A) formed
by reduction, reacts with the organic halide substrate in an oxidative addition, affording
the palladium(II)-aryl intermediate (B). It is followed by the insertion of carbon monoxide
into the palladium–carbon (Pd-Ar) bond, resulting in the corresponding palladium(II)-
acyl complex (C). The next step is the nucleophile (NuH) attack on the species C, giving
the catalytic intermediate D. It is followed by the HI elimination in the presence of the
base (Et3N) from the complex D, providing the amido-acyl-palladium(II) species (E). The
last step is the reductive elimination, in which the carboxamide (F) is formed, and the
palladium(0) species is regenerated (Scheme 3).
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3. Materials and Methods
3.1. Compounds and Solvents

Solvents (ethyl levulinate, methyl levulinate, 2-MeTHF, and dichloromethane), sub-
strates (1–19), nucleophiles (a–h), and triethylamine (Et3N) were purchased from Sigma-
Aldrich (St. Louis, MO, USA), and they were used without any further purification. The
Pd(OAc)2 and the ligands (PPh3 and XantPhos) were also purchased from Sigma-Aldrich.
TLC plates (silica gel on TLC Al foils with fluorescence indicators of 254 nm) and the silica
gel (high-purity grade, average pore size 60 Å (52–73 Å), 70–230 mesh) were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

3.2. Aminocarbonylation Reaction under Atmospheric Pressure of CO

Pd(OAc)2 (2.8 mg, 0.0125 mmol), PPh3 (6.5 mg, 0.025 mmol), or XantPhos (7.2 mg,
0.0125 mmol) were measured in a 100 mL three-necked flask equipped with a reflux
condenser connected to a balloon filled with argon. An amount of 0.5 mmol of substrate,
one of the amine nucleophiles (0.75 mmol of 4-picolylamine, cyclohexylamine, pyrrolidine,
and morpholine; 0.55 mmol of ProOMe·HCl and AlaOMe·HCl; 1.0 mmol of aniline; and
1.5 mmol of tBuNH2), 0.25 mL of triethylamine, 0.25 mmol of internal standard (dodecane),
and 5 mL of the green solvent were added under argon. Then the balloon was vacuumed
and filled with carbon monoxide. The reaction mixture was stirred at 600 rpm in an oil
bath at 50 ◦C for 24 h. The conversion was determined by GC measurements after 2, 6, and
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24 h, and then the reaction was stopped and filtered. All the carboxamides, synthesized
in the aminocarbonylation reactions, have already been described and characterized in
previous literature. Due to this reason and environmental considerations, the isolation of
the products was not performed. We performed the workup and isolation processes only in
the case of our model aminocarbonylation reaction, which was performed in the presence
of XantPhos; the solvents were removed under reduced pressure, and the crud was purified
using a column chromatography with the carefully chosen CHCl3: EtOAc = 8:2 eluent.

3.3. Aminocarbonylation Reaction under High Pressure of CO

Pd(OAc)2 (2.8 mg, 0.0125 mmol), PPh3 (6.5 mg, 0.025 mmol), or XantPhos (7.2 mg,
0.0125 mmol) were measured into a 100 mL stainless steel autoclave. The reagents and
solvents, which were mentioned in Chapter 2.2, were transferred under argon. The reaction
vessel was pressurized up to 40 bar total pressure with carbon monoxide, and the reaction
mixture was stirred at 600 rpm in an oil bath at 50 ◦C for 24 h. After the given time, the
reaction was stopped, and the autoclave was carefully depressurized in a well-ventilated
hood. Then, the reaction mixture was filtered and analyzed by GC measurements after 2, 6,
and 24 h.

3.4. Analytical Measurements

The reaction mixtures were analyzed by gas chromatography (Shimadzu Nexis GC-
2030, Tokyo, Japan; Agilent J&W GC Column, DB-1MS stationary phase with automatic
injection or DB-5MS stationary phase for ethyl levulinate and 1-iodobenzene with manual
injection) using the following parameters: injector temperature: 250 ◦C; oven initial tem-
perature: 50 ◦C (holding time: 1 min.); heating rate: 15 ◦C/min; final temperature: 320 ◦C
(holding time: 11 min.); detector temperature: 280 ◦C; and carrier gas: helium (1 mL/min).
The conversion and selectivity of the reactions were determined by GC. Unless otherwise
stated, the conversion was checked with the internal standard method using dodecane.
Mass spectrometry data were recorded using a GC–MS-QP2020 system (Shimadzu, Tokyo,
Japan) with electron spray ionization (ESI) to identify the amides formed in the reactions
(See Supplementary materials). The data are given as mass unit per charge (m/z), and the
intensities are given in brackets. These data sets can be found in the Supplementary file.

4. Conclusions

In conclusion, we focused our attention on selecting environmentally friendly and
greener solvents, which are commercially available and quite new, to facilitate the devel-
opment of palladium-catalyzed homogeneous aminocarbonylation reactions. After the
detailed optimization study, it has been shown that the Pd(OAc)2/XantPhos catalyst sys-
tem has great activity in the aminocarbonylation reaction of iodobenzene and morpholine,
and the substrate converted completely and selectively towards the target carboxamide.
By performing our model reaction in a conventional solvent, we demonstrated that the
results observed in DMF and in the bio-derived reaction media are similar, justifying the
applicability of our green solvents in aminocarbonylation. The appropriate conditions
were chosen to extend the scope of amine nucleophiles with eight candidates, as well
as nineteen different substrates (various para-, ortho-, and meta-substituted iodobenzene
derivatives and iodo-heteroarenes). Considering our results, it can be unambiguously
stated that the methyl- and ethyl levulinate are much more effective than the 2-MeTHF
under similar conditions. Consequently, the ’alkyl levulinate’-type solvents could be used
as alternative solvents for palladium-catalyzed aminocarbonylation reactions, opening a
greener procedure for this synthetically relevant transformation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28010442/s1, Table S1: Optimization study of the
aminocarbonylation of iodobenzene (1) with morpholine (a); Table S2: Palladium-catalyzed aminocar-
bonylation of iodobenzene (1) with different primary and secondary amines (b–h); Table S3: Palladium-
catalyzed aminocarbonylation of para-substituted iodobenzene derivatives (2–9) with morpholine (a);
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line (a); Table S5: Palladium-catalyzed aminocarbonylation of iodoheteroaromatic substrates (15–19)
with morpholine (a); Table S6: Palladium-catalyzed aminocarbonylation of iodobenzene (1) with
different primary and secondary amines (a–h); Table S7: Palladium-catalyzed aminocarbonylation of
para-substituted iodobenzene derivatives (2–9) with morpholine (a); Table S8: Palladium-catalyzed
aminocarbonylation of substituted iodobenzenes (10–14) with morpholine (a); Table S9: Palladium-
catalyzed aminocarbonylation of iodoheteroaromatic substrates (15–19) with morpholine (a).

Author Contributions: Conceptualization, L.K. and A.T.; methodology, N.U. and A.T.; data curation,
N.U. and A.T.; writing—original draft preparation, A.T. and N.U.; writing—review and editing, P.P.,
L.K., N.U. and A.T. All authors have read and agreed to the published version of the manuscript.

Funding: The research in Hungary was funded by NKFIH within the framework of the project
TKP2021-EGA-17. This research was financed by the National Research, Development, and Inno-
vation Office (Grant Number PD-132403). Project no. TKP2020-4.1.1 has been implemented with
the support provided from the National Research, Development, and Innovation Fund of Hungary,
financed under the Thematic Excellence Program 2020 National Excellence Sub-program.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the Supplementary
Material.

Acknowledgments: The authors are grateful to Gábor Mikle for the GC-MS measurements.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Clark, J.H. Green and Sustainable Chemistry: An Introduction. In Green and Sustainable Medicinal Chemistry: Methods, Tools and

Strategies for the 21st Century Pharmaceutical Industry; Summerton, L., Sneddon, H.F., Jones, L.C., Clark, J.H., Eds.; The Royal
Society of Chemistry: London, UK, 2016; p. 5. Available online: www.rsc.org (accessed on 1 October 2016).

2. Clark, J.H.; Farmer, T.J.; Hunt, A.J.; Sherwood, J. Opportunities for Bio-Based Solvents Created as Petrochemical and Fuel Products
Transition towards Renewable Resources. Int. J. Mol. Sci. 2015, 16, 17101–17159. [CrossRef] [PubMed]

3. Global Solvents Industry. Available online: https://www.globenewswire.com/news-release/2020/07/10/2060660/0/en/Global-
Solvents-Industry.html (accessed on 28 December 2022).

4. Solvents Market by Type (Alcohols, Ketones, Esters, Glycol Ethers, Aromatic, Aliphatic), Application (Paints Coatings, Polymer
Manufacturing, Printing Inks), and Region-Global Forecast to 2025. Available online: https://www.marketsandmarkets.com/
Market-Reports/solvent-market-1325.html (accessed on 28 December 2022).

5. Lomba, L.; Muñiz, S.; Pino, M.R.; Navarro, E.; Giner, B. Ecotoxicity studies of the levulinate ester series. Ecotoxicology 2014, 23,
1484–1493. [CrossRef] [PubMed]

6. Ventura, S.P.M.; de Morais, P.; Coelho, J.A.S.; Sintra, T.; Coutinho, J.A.P.; Afonso, C.A.M. Evaluating the toxicity of biomass
derived platform chemicals. Green Chem. 2016, 18, 4733–4742. [CrossRef]

7. Jordan, A.; Hall, C.G.J.; Thorp, L.R.; Sneddon, H.F. Replacement of Less-Preferred Dipolar Aprotic and Ethereal Solvents in
Synthetic Organic Chemistry with More Sustainable Alternatives. Chem. Rev. 2022, 122, 6749–6794. [CrossRef] [PubMed]

8. Pace, V.; Hoyos, P.; Castoldi, L.; De María, P.D.; Alcántara, A.R. 2-Methyltetrahydrofuran (2-MeTHF): A Biomass-Derived Solvent
with Broad Application in Organic Chemistry. Chemsuschem 2012, 5, 1369–1379. [CrossRef]

9. Bijoy, R.; Agarwala, P.; Roy, L.; Thorat, B.N. Unconventional Ethereal Solvents in Organic Chemistry: A Perspective on
Applications of 2-Methyltetrahydrofuran, Cyclopentyl Methyl Ether, and 4-Methyltetrahydropyran. Org. Process. Res. Dev. 2021,
26, 480–492. [CrossRef]

10. Alfonsi, K.; Colberg, J.; Dunn, P.J.; Fevig, T.; Jennings, S.; Johnson, T.A.; Kleine, H.P.; Knight, C.; Nagy, M.A.; Perry, D.A.; et al.
Green chemistry tools to influence a medicinal chemistry and research chemistry based organisation. Green Chem. 2007, 10, 31–36.
[CrossRef]

11. Byrne, F.P.; Jin, S.; Paggiola, G.; Petchey, T.H.M.; Clark, J.H.; Farmer, T.J.; Hunt, A.J.; McElroy, C.R.; Sherwood, J. Tools and
techniques for solvent selection: Green solvent selection guides. Sustain. Chem. Process. 2016, 4, 1. [CrossRef]

12. Prat, D.; Pardigon, O.; Flemming, H.-W.; Letestu, S.; Ducandas, V.; Isnard, P.; Guntrum, E.; Senac, T.; Ruisseau, S.; Cruciani, P.;
et al. Sanofi’s Solvent Selection Guide: A Step Toward More Sustainable Processes. Org. Process. Res. Dev. 2013, 17, 1517–1525.
[CrossRef]

www.rsc.org
http://doi.org/10.3390/ijms160817101
http://www.ncbi.nlm.nih.gov/pubmed/26225963
https://www.globenewswire.com/news-release/2020/07/10/2060660/0/en/Global-Solvents-Industry.html
https://www.globenewswire.com/news-release/2020/07/10/2060660/0/en/Global-Solvents-Industry.html
https://www.marketsandmarkets.com/Market-Reports/solvent-market-1325.html
https://www.marketsandmarkets.com/Market-Reports/solvent-market-1325.html
http://doi.org/10.1007/s10646-014-1290-y
http://www.ncbi.nlm.nih.gov/pubmed/25081381
http://doi.org/10.1039/C6GC01211F
http://doi.org/10.1021/acs.chemrev.1c00672
http://www.ncbi.nlm.nih.gov/pubmed/35201751
http://doi.org/10.1002/cssc.201100780
http://doi.org/10.1021/acs.oprd.1c00246
http://doi.org/10.1039/B711717E
http://doi.org/10.1186/s40508-016-0051-z
http://doi.org/10.1021/op4002565


Molecules 2023, 28, 442 13 of 15

13. Prat, D.; Wells, A.; Hayler, J.; Sneddon, H.; McElroy, C.R.; Abou-Shehada, S.; Dunn, P.J. CHEM21 Selection Guide of Classical- and
Less Classical-solvents. Green Chem. 2016, 18, 288–296. [CrossRef]

14. Capello, C.; Fischer, U.; Hungerbühler, K. What is a green solvent? A comprehensive framework for the environmental assessment
of solvents. Green Chem. 2007, 9, 927–934. [CrossRef]

15. Anastas, P.T.; Warner, J.C. Green Chemistry: Theory and Practice. Available online: https://www.acs.org/content/acs/en/
greenchemistry/principles/12-principles-of-green-chemistry.html (accessed on 10 October 2022).

16. Lei, Y.; Wan, Y.; Li, G.; Zhou, X.-Y.; Gu, Y.; Feng, J.; Wang, R. Palladium supported on an amphiphilic porous organic polymer: A
highly efficient catalyst for aminocarbonylation reactions in water. Mater. Chem. Front. 2017, 1, 1541–1549. [CrossRef]

17. Qureshi, Z.S.; Revankar, S.A.; Khedkar, M.V.; Bhanage, B. Aminocarbonylation of aryl iodides with primary and secondary amines
in aqueous medium using polymer supported palladium-N-heterocyclic carbene complex as an efficient and heterogeneous
recyclable catalyst. Catal. Today 2012, 198, 148–153. [CrossRef]

18. Khedkar, M.V.; Sasaki, T.; Bhanage, B.M. Immobilized Palladium Metal-Containing Ionic Liquid-Catalyzed Alkoxycarbonylation,
Phenoxycarbonylation, and Aminocarbonylation Reactions. ACS Catal. 2013, 3, 287–293. [CrossRef]

19. Wójcik, P.; Rosar, V.; Gniewek, A.; Milani, B.; Trzeciak, A. In situ generated Pd(0) nanoparticles stabilized by bis(aryl)acenaphthenequinone
diimines as catalysts for aminocarbonylation reactions in water. J. Mol. Catal. A Chem. 2016, 425, 322–331. [CrossRef]

20. Suzuka, T.; Sueyoshi, H.; Ogihara, K. Recyclable Polymer-Supported Terpyridine–Palladium Complex for the Tandem Aminocar-
bonylation of Aryl Iodides to Primary Amides in Water Using NaN3 as Ammonia Equivalent. Catalysts 2017, 7, 107. [CrossRef]

21. Mart, M.; Tylus, W.; Trzeciak, A. Pd/DNA as a highly active and recyclable catalyst for aminocarbonylation and hydroxycarbony-
lation in water: The effect of Mo(CO)6 on the reaction course. Mol. Catal. 2019, 462, 28–36. [CrossRef]

22. Pace, V.; Castoldi, L.; Alcántara, A.R.; Holzer, W. Highly efficient and environmentally benign preparation of Weinreb amides in
the biphasic system 2-MeTHF/water. RSC Adv. 2013, 3, 10158–10162. [CrossRef]

23. Wu, X.; Ekegren, J.K.; Larhed, M. Microwave-Promoted Aminocarbonylation of Aryl Iodides, Aryl Bromides, and Aryl Chlorides
in Water. Organometallics 2006, 25, 1434–1439. [CrossRef]

24. Bhanage, B.M.; Tambade, P.J.; Patil, Y.P.; Bhanushali, M.J. Pd(OAc)2-Catalyzed Aminocarbonylation of Aryl Iodides with Aromatic
or Aliphatic Amines in Water. Synthesis 2008, 2008, 2347–2352. [CrossRef]

25. Tambade, P.J.; Patil, Y.P.; Qureshi, Z.S.; Dhake, K.P.; Bhanage, B.M. Pd(OAc)2-Catalyzed Carbonylative Coupling of Aryl Iodide
with Ortho-Haloamines in Water. Synth. Commun. 2011, 42, 176–185. [CrossRef]

26. Ács, P.; Takács, A.; Szilágyi, A.; Wölfling, J.; Schneider, G.; Kollár, L. The synthesis of 13α-androsta-5,16-diene derivatives with
carboxylic acid, ester and carboxamido functionalities at position-17 via palladium-catalyzed carbonylation. Steroids 2009, 74,
419–423. [CrossRef]

27. Beller, M.; Wu, X.F. Transition Metal Catalyzed Carbonylation Reactions; Springer: Berlin/Heidelberg, Germany, 2013; p. 1.
28. Santoro, S.; Ferlin, F.; Luciani, L.; Ackermann, L.; Vaccaro, L. Biomass-derived solvents as effective media for cross-coupling

reactions and C–H functionalization processes. Green Chem. 2017, 19, 1601–1612. [CrossRef]
29. Takács, A.; Farkas, R.; Kollár, L. High-yielding synthesis of 2-arylacrylamides via homogeneous catalytic aminocarbonylation of

α-iodostyrene and α,α′-diiodo-1,4-divinylbenzene. Tetrahedron 2008, 64, 61–66. [CrossRef]
30. Takács, A.; Farkas, R.; Petz, A.; Kollár, L. Synthesis of 2-naphthylacrylamides and 2-naphthylacrylates via homogeneous catalytic

carbonylation of 1-iodo-1-naphthylethene derivatives. Tetrahedron 2009, 65, 4795–4800. [CrossRef]
31. Gergely, M.; Farkas, R.; Takács, A.; Petz, A.; Kollár, L. Synthesis of N-picolylcarboxamides via palladium-catalysed aminocar-

bonylation of iodobenzene and iodoalkenes. Tetrahedron 2014, 70, 218–224. [CrossRef]
32. Ács, P.; Takács, A.; Kiss, M.; Pálinkás, N.; Mahó, S.; Kollár, L. Systematic investigation on the synthesis of androstane-based 3-, 11-

and 17-carboxamides via palladium-catalyzed aminocarbonylation. Steroids 2011, 76, 280–290. [CrossRef]
33. Takács, A.; Ács, P.; Farkas, R.; Kokotos, G.; Kollár, L. Homogeneous catalytic aminocarbonylation of 1-iodo-1-dodecene. The facile

synthesis of odd-number carboxamides via palladium-catalysed aminocarbonylation. Tetrahedron 2008, 64, 9874–9878. [CrossRef]
34. Takács, A.; Ács, P.; Berente, Z.; Wölfling, J.; Schneider, G.; Kollár, L. Novel 13β- and 13α-d-homo steroids: 17a-carboxamido-d-

homoestra-1,3,5(10),17-tetraene derivatives via palladium-catalyzed aminocarbonylations. Steroids 2010, 75, 1075–1081. [CrossRef]
35. Kégl, T.R.; Mika, L.T.; Kégl, T. 27 Years of Catalytic Carbonylative Coupling Reactions in Hungary (1994–2021). Molecules 2022, 27,

460. [CrossRef]
36. Mikle, G.; Bede, F.; Kollár, L. Synthesis of N-picolylcarboxamides in aminocarbonylation. Tetrahedron 2021, 88, 132128. [CrossRef]
37. Szuroczki, P.; Boros, B.; Kollár, L. Efficient synthesis of alkynyl amides via aminocarbonylation of iodoalkynes. Tetrahedron 2018,

74, 6129–6136. [CrossRef]
38. Gergely, M.; Kollár, L. Aminothiazoles and aminothiadiazoles as nucleophiles in aminocarbonylation of iodobenzene derivatives.

Tetrahedron 2018, 74, 2030–2040. [CrossRef]
39. Mikle, G.; Skoda-Földes, R.; Kollár, L. Amino- and azidocarbonylation of iodoalkenes. Tetrahedron 2021, 100, 132495. [CrossRef]
40. Ismael, A.; Gevorgyan, A.; Skrydstrup, T.; Bayer, A. Renewable Solvents for Palladium-Catalyzed Carbonylation Reactions. Org.

Process. Res. Dev. 2020, 24, 2665–2675. [CrossRef]
41. Fodor, D.; Kégl, T.; Tukacs, J.M.; Horváth, A.K.; Mika, L.T. Homogeneous Pd-Catalyzed Heck Coupling in γ-Valerolactone as a

Green Reaction Medium: A Catalytic, Kinetic, and Computational Study. ACS Sustain. Chem. Eng. 2020, 8, 9926–9936. [CrossRef]
42. Marosvölgyi-Haskó, D.; Lengyel, B.; Tukacs, J.M.; Kollár, L.; Mika, L.T. Application of γ-Valerolactone as an Alternative

Biomass-Based Medium for Aminocarbonylation Reactions. ChemPlusChem 2016, 81, 1224–1229. [CrossRef]

http://doi.org/10.1039/C5GC01008J
http://doi.org/10.1039/b617536h
https://www.acs.org/content/acs/en/greenchemistry/principles/12-principles-of-green-chemistry.html
https://www.acs.org/content/acs/en/greenchemistry/principles/12-principles-of-green-chemistry.html
http://doi.org/10.1039/C6QM00331A
http://doi.org/10.1016/j.cattod.2012.03.039
http://doi.org/10.1021/cs300719r
http://doi.org/10.1016/j.molcata.2016.10.025
http://doi.org/10.3390/catal7040107
http://doi.org/10.1016/j.mcat.2018.10.013
http://doi.org/10.1039/c3ra41262h
http://doi.org/10.1021/om051044p
http://doi.org/10.1055/s-2008-1067160
http://doi.org/10.1080/00397911.2010.523155
http://doi.org/10.1016/j.steroids.2008.12.009
http://doi.org/10.1039/C7GC00067G
http://doi.org/10.1016/j.tet.2007.10.102
http://doi.org/10.1016/j.tet.2009.04.056
http://doi.org/10.1016/j.tet.2013.11.087
http://doi.org/10.1016/j.steroids.2010.11.008
http://doi.org/10.1016/j.tet.2008.08.022
http://doi.org/10.1016/j.steroids.2010.07.002
http://doi.org/10.3390/molecules27020460
http://doi.org/10.1016/j.tet.2021.132128
http://doi.org/10.1016/j.tet.2018.09.001
http://doi.org/10.1016/j.tet.2018.03.007
http://doi.org/10.1016/j.tet.2021.132495
http://doi.org/10.1021/acs.oprd.0c00325
http://doi.org/10.1021/acssuschemeng.0c03523
http://doi.org/10.1002/cplu.201600389


Molecules 2023, 28, 442 14 of 15

43. Tukacs, J.M.; Marton, B.; Albert, E.; Tóth, I.; Mika, L.T. Palladium-catalyzed aryloxy- and alkoxycarbonylation of aromatic iodides
in γ-valerolactone as bio-based solvent. J. Organomet. Chem. 2020, 923, 121407. [CrossRef]

44. Ojima, I.; Commandeur, C.; Chiou, W.-H. Amidocarbonylation, Cyclohydrocarbonylation and Related Reactions. In Comprehensive
Organic Chemistry III, (COMC-III), 3rd ed.; Micheal, D., Mingos, P., Crabtree, R.H., Eds.; Elsevier Ltd.: Amsterdam, The
Netherlands, 2007; Volume 13, pp. 511–555.

45. Tomé, V.A.; Calvete, M.J.F.; Vinagreiro, C.S.; Aroso, R.T.; Pereira, M.M. A New Tool in the Quest for Biocompatible Phthalocyanines:
Palladium Catalyzed Aminocarbonylation for Amide Substituted Phthalonitriles and Illustrative Phthalocyanines Thereof.
Catalysts 2018, 8, 480. [CrossRef]

46. Bousfield, T.W.; Pearce, K.P.R.; Nyamini, S.B.; Angelis-Dimakis, A.; Camp, J.E. Synthesis of amides from acid chlorides and
amines in the bio-based solvent Cyrene™. Green Chem. 2019, 21, 3675–3681. [CrossRef]

47. Yan, K.; Yang, Y.; Chai, J.; Lu, Y. Catalytic reactions of gamma-valerolactone: A platform to fuels and value-added chemicals.
Appl. Catal. B Environ. 2015, 179, 292–304. [CrossRef]

48. Pastore, C.; D’Ambrosio, V. Intensification of Processes for the Production of Ethyl Levulinate Using AlCl3·6H2O. Energies 2021,
14, 1273. [CrossRef]

49. Lei, P.; Mu, Y.; Wang, Y.; Wang, Y.; Ma, Z.; Feng, J.; Liu, X.; Szostak, M. Green Solvent Selection for Suzuki–Miyaura Coupling of
Amides. ACS Sustain. Chem. Eng. 2020, 9, 552–559. [CrossRef]

50. Yan, K.; Jarvis, C.; Gu, J.; Yan, Y. Production and catalytic transformation of levulinic acid: A platform for speciality chemicals
and fuels. Renew. Sustain. Energy Rev. 2015, 51, 986–997. [CrossRef]

51. Gao, W.; Wu, G.; Zhu, X.; Akhtar, M.A.; Lin, G.; Huang, Y.; Zhang, S.; Zhang, H. Production of methyl levulinate from cellulose
over cobalt disulfide: The importance of the crystal facet (111). Bioresour. Technol. 2021, 347, 126436. [CrossRef] [PubMed]

52. Silva, J.F.L.; Mariano, A.P.; Filho, R.M. Economic potential of 2-methyltetrahydrofuran (MTHF) and ethyl levulinate (EL) produced
from hemicelluloses-derived furfural. Biomass- Bioenergy 2018, 119, 492–502. [CrossRef]

53. Xu, W.; Chen, X.; Guo, H.; Li, H.; Zhang, H.; Xiong, L.; Chen, X. Conversion of levulinic acid to valuable chemicals: A review. J.
Chem. Technol. Biotechnol. 2021, 96, 3009–3024. [CrossRef]

54. Sherwood, J.; Clark, J.H.; Fairlamb, I.J.S.; Slattery, J.M. Solvent effects in palladium catalysed cross-coupling reactions. Green
Chem. 2019, 21, 2164–2213. [CrossRef]

55. Hao, W.; Xu, Z.; Zhou, Z.; Cai, M. Recyclable Heterogeneous Palladium-Catalyzed Cyclocarbonylation of 2-Iodoanilines with
Acyl Chlorides in the Biomass-Derived Solvent 2-Methyltetrahydrofuran. J. Org. Chem. 2020, 85, 8522–8532. [CrossRef]

56. Kadam, A.; Nguyen, M.; Kopach, M.; Richardson, P.; Gallou, F.; Wan, Z.-K.; Zhang, W. Comparative performance evaluation and
systematic screening of solvents in a range of Grignard reactions. Green Chem. 2013, 15, 1880–1888. [CrossRef]

57. Mondal, M.; Bora, U. Eco-friendly Suzuki–Miyaura coupling of arylboronic acids to aromatic ketones catalyzed by the oxime-
palladacycle in biosolvent 2-MeTHF. New J. Chem. 2016, 40, 3119–3123. [CrossRef]

58. Santoro, S.; Marrocchi, A.; Lanari, D.; Ackermann, L.; Vaccaro, L. Towards Sustainable C−H Functionalization Reactions: The
Emerging Role of Bio-Based Reaction Media. Chem.-A Eur. J. 2018, 24, 13383–13390. [CrossRef] [PubMed]
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