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A B S T R A C T   

The transformation of biomass derived platform molecules is an interesting approach to produce valuable chemicals from biomass. In addition, process intensification 
by reducing the number of steps for final chemicals production by performing cascade-type catalytic reactions in one-pot mode is largely desirable in a biorefinery 
facility. In this review the possibilities of valorization of representative platform molecules such as sugars, itaconic and levulinic acids and furanic aldehydes through 
one-pot cascade processes using mono and multifunctional heterogeneous catalysts are illustrated through selected examples.   

1. Introduction 

Fossil feedstocks are traditionally the source of the chemical building 
blocks required for organic synthesis. However, the limited reserves of 
fossil fuels along with the environmental concerns associated to their use 
[1], have prompted to researchers to look for alternative sources of 
renewable energy and chemicals. In this sense, biomass represents an 
abundant source of renewable carbon that can constitute the basis for 
sustainable fuels and chemicals [2–4]. As occurs in a petroleum refinery, 
in a biorefinery the transformation of biomass feedstocks into valuable 
products can be achieved through transformation of a range of mole
cules derived from biomass, commonly referred to as platform mole
cules. The identification of these platform molecules was initially 
conducted by the US Department of Energy (DOE) in 2004 [5], and later 
revised in 2010 [6]. These molecules include sugars (glucose, xylose), 
polyols (sorbitol, xylitol, glycerol), furans (furfural, 5-hydroxymethyl
furfural), and acids (itaconic, succinic, levulinic, and lactic acid acids). 
These platform chemicals can be further processed through biological, 
chemical or thermochemical methods to produce a range of valuable 
compounds that are conventionally produced from fossil resources or 
have similar properties to petroleum-derived compounds [7]. In this 
context, the development of new catalytic processes to competitively 
and efficiently produce biomass-derived chemicals through process 
intensification is largely needed. In these new eco-friendly processes, the 
number of steps for final fuels and chemicals production must be 
reduced by performing consecutive or cascade-type catalytic reactions 
in one-pot mode [8]. These cascade processes, where several catalytic 

events occur in the same reaction vessel, offer a variety of advantages 
over the conventional step-by-step approach. Thus, allow the decrease of 
energy consuming steps such as separation and purification of in
termediates, reducing therefore the operating time, waste and cost of the 
process. Solid catalysts are promising candidates to perform these 
multi-step processes since they allow creating robust site-isolated and 
well-defined multisite catalysts in where the active sites (including 
incompatible sites) can act both in a cooperative way (for instance 
acid-base and also redox) and in different steps of a given cascade pro
cess [9–12]. 

In this mini-review, selected examples of one-pot processes for con
verting biomass derived sugars, acids, such as itaconic and levulinic 
acids, and furanic aldehydes into valuable compounds which are carried 
out on solid catalysts are reported. 

2. Conversion of biomass-derived sugars to value-added 
products 

Carbohydrates represent the major fraction of the biomass, being D- 
glucose the most abundant carbohydrate. D-glucose can be converted 
into valuable chemicals through different reactions as isomerization, 
dehydration, hydrogenation and oxidation [13]. An important sugar 
alcohol derived from glucose hydrogenation is sorbitol that can be 
further converted into isosorbide through an acid catalyzed dehydra
tion, being D-sorbitol and isosorbide among the 15 target molecules of 
special interest for biorefinery development [5]. 

The selective synthesis of isosorbide (5) directly from glucose (1) by 
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coupling hydrogenation and dehydration steps in one-pot (Scheme 1) 
has been performed over a heterogeneous bifunctional catalyst bearing 
metal and Brønsted and acid sites (Ru@Dowex-H) [14]. The reaction is 
performed in water at 190 ◦C, 30 bar H2 achieving 85% isosorbide yield 
after 48 h of reaction time. The hydrogenation selectivity of the resin 
supported-metal catalyst was attributed to the positive combination of 
the microporous structure of the resin support with the narrow size 
distribution of immobilized Ru nanoparticles, while selectivity in 
dehydration can be attributed to the proper balance of density and 
strength of Brønsted acid sites. More recently, a MW-assisted one-pot 
two step isosorbide catalytic synthesis from glucose was investigated in 
the presence of a physical mixture of Ru/TiO2 catalyst and H-Beta 
zeolite [15]. The hydrogenation step was first performed at 155 ◦C, 40 
bar H2 pressure and 1 h of reaction followed by dehydration step at 
190 ◦C, 30 min, 20 bar N2, achieving 47% yield of isosorbide. Interest
ingly, similar results were achieved in the one-pot conversion of cellu
lose into isosorbide, which is a more challenging process. In this case, a 
bifunctional Ni doped NbOPO4 catalyst containing both Lewis and 
Brønsted acid sites, was used to perform the cascade process in water 
which involves cellulose hydrolysis into glucose followed by hydroge
nation and subsequent dehydration [16]. Working at 200 ◦C and 30 bar 
H2 pressure, a 47% isosorbide yield was reached after 24 h of reaction. 
The catalytic performance of the bifunctional catalysts was attributed to 
an appropriate total acid sites and high Brønsted/Lewis acid sites ratio. 
Moreover, a study of catalyst stability showed that catalytic perfor
mance of the Ni/NbOPO4 remained practically constant during five 
consecutive runs. 

Fatty acid isosorbide esters constitute a class of non-ionic sugar bio- 
based surfactants that are widely used in cosmetic, household and other 
industrial applications [17]. The production of isosorbide esters is usu
ally performed starting from pure isosorbide under homogeneous acid 
catalysis [18]. Therefore, the direct conversion of sorbitol (2) to iso
sorbide ester is highly attractive. However, due to the polyhydroxylated 
structure of sorbitol, the direct conversion is challenging due to the 
existence of several side reactions such as isomerization and humins 
formation. A simple and efficient cascade process for the direct con
version of sorbitol and fatty acids to isosorbide esters (8,9) on H-beta 
zeolite in the presence of methyl isobutyl ketone (MIBK) has recently 
been reported (Scheme 2) [19]. The key to this tandem reaction is the 
formation of sorbitol ketals with MIBK (that acts as co-solvent and 
protecting group), preferentially forming the 1,3-dioxolane structure 
with terminal vicinal-dihydroxyl groups of sorbitol (compound 6) and 
with 1,4-sorbitan (compound 7), that control the reaction pathway and 
minimize the side reactions. Similar strategy was previously described in 
a two-step cascade process for the synthesis of sorbitol fatty acid esters 
using acid zeolites and acetone as protecting group [20]. The ketal 
protection of hydroxyl groups allowed a controlled cascade sequence of 
sorbitol dehydration into isosorbide (5) followed by esterification with 
the fatty acid preventing side reactions of sorbitol and limiting the for
mation of 1,4-sorbitan (3) and humins. The direct 
dehydration-esterification of sorbitol with various C2–C8 fatty acids was 
successfully performed over H-beta (Si/Al = 20), achieving 79–84% 
yield of isosorbide esters (8,9) containing 59–65% of diesters (9), at 
190 ◦C within 4 h. 

A two-steps one-pot sequential process was also performed using 
different sulfonic resins as acid catalysts for the dehydration of sorbitol 
under solvent free conditions at 130 ◦C under vacuum for 24 h, followed 
by the esterification of isosorbide with acetic or octanoic acids at 130 ◦C 
or 160 ◦C for 24 h [21]. Isosorbide yield up to 80% and 70–80% diac
etate yield and up to 57% dioctanoate yield were obtained in the pres
ence of DOWEX-50 or SAC-13 catalysts. 

3. Conversion of biomass-derived carboxylic acids to high value- 
added products 

Among renewable chemicals, biomass-derived carboxylic acids with 
bifunctional groups such as itaconic, levulinic and succinic acids play a 
key role in the production of valuable biobased chemicals such as 
tetrahydrofuran derivatives, pyrrolidones and esters [22–24]. Particu
larly pyrrolidones, are high value products with a wide range of appli
cations, serving as solvents, surfactants, chelating agents, agrochemical 
components, or pharmaceuticals [25,26]. 

The tandem one-pot reductive amidation/amination of biogenic 
carboxylic acids with ammonia or primary amines offers a promising 
approach for 2-pyrrolidones synthesis. In this section, recent examples 
of the preparation of methyl 2-pyrrolidones through one-pot cascade 
processes starting from itaconic and levulinic acids are presented. 

3.1. Synthesis of 2-pyrrolidones from itaconic acid 

Itaconic acid (10) is a monounsaturated diacid widely used in the 
food, plastics, textile, paint and pharmaceutical industries. Itaconic acid 
is produced via glucose fermentation, being the global itaconic acid 
market size USD 97.9 million in 2022 and is expected to grow at a 
compound annual growth rate (CAGR) of 4.4% from 2023 to 2030 [27]. 

The reductive amidation of itaconic acid with ammonia has been 
recently performed on a commercial Ru/C as catalyst, using a low 
amount of water as a solvent and hydrogen as reducing agent [28]. The 
proposed reaction pathway (Scheme 3) involves as a first step the double 
bond hydrogenation of itaconic acid (10) into 2-methyl succinic acid 
(11), followed by amidation (compounds 12a-c) and cyclisation (ther
mally driven steps), leading to 3-methylsuccinimide (13) that is finally 
hydrogenated into 3- and 4- methylpyrrolidones isomers (14a-b), being 
this last step the rate-determining reaction step. 3- and 4-Methylpyrroli
dones (14a-b) were obtained in 83% yield, while the recycling study of 
the catalyst showed good stability over five consecutive cycles. Addi
tionally, the catalytic system could be applied to other biogenic acids 
such as levulinic and succinic acids with 45–47% yield. Interestingly, 
under optimized reaction conditions, the catalytic system was applied to 
the reductive amidation of itaconic and succinic acids with ethanol
amine yielding N-(2-hydroxyethyl)-2-pyrrolidones, which are pre
cursors of N-vinyl-2-pyrrolidones of interests as valuable monomers. 
The authors performed the dehydration of N-(2-hydrox
yethyl)-2-pyrrolidones into N-vinyl-2-pyrrolidones in a continuous gas 
phase dehydration process over sodium-doped silica, achieving N-vinyl 
pyrrolidone with a total yield of ≥72% over two process steps [22]. 

The catalytic system for itaconic acid amidation with ammonia was 
further improved by using a Pd catalyst based on Pd nanoparticles 

Scheme 1. Reaction pathway for the direct conversion of glucose (or cellulose) to isosorbide.  
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supported on an oxidized carbon (Pd/Cox) [29]. Optimization of the 
nanoparticle size showed that the reaction was sensitive to the structure 
of the metal, achieving optimal results with Pd nanoparticles with 
average size between 1.8 and 2.2 nm, yielding 3- and 4-methyl-2-pyrro
lidones (14a-b) up to 95% yield. Subsequently, the authors performed 
the vinylation of the synthesized methyl-2-pyrrolidones with acetylene 
under standard industrial conditions (10–18 bar acetylene, 150 ◦C, KOH 
catalyst, solvent-free), obtaining up to 80% N-vinyl-
methyl-2-pyrrolidone. Furthermore, Pd/Cox catalyst displayed high ac
tivity in the reductive amination of levulinic acid, successfully 
producing 5-methyl-2-pyrrolidone. These findings hold significant 
promise for industrial-scale applications. However, a challenge remains 
in the recycling of the catalyst, as the oxidized carbon material un
dergoes degradation under reaction conditions, resulting in a significant 
reduction in surface area and pore volume. 

3.2. Synthesis of 2-pyrrolidones from levulinic acid 

Levulinic acid (LA) (4-oxopentanoic acid) is a bifunctional γ-keto- 
carboxylic acid with rich chemistry that can be converted into a wide 
range of fuel additives and commodity chemicals [30]. LA can be pro
duced from carbohydrates present in agricultural wastes, wheat straw, 
and residues from agrochemical industries. On an industrial scale, lev
ulinic acid is usually produced by synthetic, biological and extraction 
routes. Synthetic processes use sulphuric acid, hydrochloric acid, 
hydrogen peroxide and phosphoric acid as catalysts. The global levulinic 

acid market was valued at USD 27.38 Billion in 2021 and is expected to 
grow at a CAGR of 14% from 2022 to 2030 [31]. 

The one-pot reductive amination of LA (or esters) (15) with primary 
amines (Scheme 4) yields 5-methyl-N-(alkyl/aryl) substituted-2- 
pyrrolidones (18). The reaction usually proceeds through of the acid- 
catalyzed formation of an imine intermediate (16), which is the rate- 
determining step [32] followed by its hydrogenation into amine (17) 
and spontaneous cyclisation to the 2-pyrrolidone derivative (18). For 
this process, noble metal-based catalysts such as Pt, Ru, Ir, Pd, Rh and Au 
have been the most used [33–38], while different reducing agents such 
formic acid, hydrosylanes and ammonia borane have also been reported 
[39,40], being gaseous H2, especially green H2, the preferred due to its 
industrial, economic and environmental advantages. This emerging 
approach has received a great attention for both research and industrial 
perspectives [41] and several reviews on the reductive amination of 
levulinic acid (or esters) with amines or N-containing precursor com
pounds have been recently reported [26,42–44]. 

In Table 1 are summarized some of the more relevant results on 
reductive amination of LA (or esters) with primary amines and H2. In 
general, noble metal-based catalysts are the most active for the reductive 
amination of LA. Among them, Pt and Pd supported on acidic supports, 
as well bimetallic catalysts such as AuPd represent efficient bifunctional 
acid-metal catalysts for performing the one-pot cascade process, while 
more sophisticated Ru based catalysts, recently reported, also showed 
good performances. Additionally, the reductive amination of levulinic 
acid (esters) starting from nitroarenes instead of anilines is a more direct 

Scheme 2. Selective one-pot dehydration-esterification of sorbitol to isosorbide esters over H-beta catalyst.  

Scheme 3. One-pot reductive amidation reaction pathway of itaconic acid with ammonia to 3- and 4-methyl-2-pyrrolidones.  

Scheme 4. One-pot reductive amination of levulinic acid with primary amines into N-substituted-5-methyl-2-pyrrolidones.  
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and atom-economical process than has been comparatively less inves
tigated. Efficient catalytic systems for the reductive amination of LA 
with nitroarenes such as Pt supported on TiO2 nanotubes [45] Pt/Nb2O5 
[46] and Ir supported on polyvinylpyrrolidone (Ir/PVP) [36] have been 
recently reported, being Pt/Nb2O5 and Ir/PVP of remarkable activity 
able to perform the process under very mild reaction conditions. 

Comparatively, the reductive amination of LA on non-noble metal- 
based catalysts has been much less studied due to they suffer of poor 
stability and are prone to deactivation by metal aggregation and 
leaching, while harsh reaction conditions are usually required to achieve 
satisfactory performances. Recently, monometallic catalytic systems 
based on Co [55,56], Ni [51,53,57] and Fe [58] have been found to be 
effective in the reductive amination of levulinic acid. An operative 
strategy to increase catalyst stability is by encapsulating metal nano
particles within a protective shell that prevents metal aggregation and 
leaching. For instance, porous-carbon-coated Ni catalysts supported on 
carbon nanotubes (CNF30@Ni@CNTs) performed the reductive amina
tion of LA with benzyl amine in excellent yield, while exhibited higher 
stability than Ni@CNTs and Ni/C catalysts. Interestingly, an uncon
ventional reaction pathway with amide formation first, followed by 
tandem cyclisation, intramolecular dehydration and hydrogenation to 
pyrrolidone was observed [53]. An strategy to increase the catalytic 
activity has been the introduction of a second metal to form a multi
component alloy or bimetallic catalyst, providing more active sites, 
while improving metal dispersion [59,54]. The development of 
cost-effective non-noble metal catalysts for reductive amination is 
economically appealing and it remains a challenge to develop a 
large-scale industrial process using an efficient and robust non-noble 
metal-based catalyst able to operate under mild reaction conditions. 

4. Conversion of furanic aldehydes to high value-added 
products 

Furfural and 5-Hydroxymethylfurfural (HMF) are two important 
biomass derived platform molecules with high potential to serve as 
building blocks for high value-added chemicals and materials due their 
chemical versatility associated to the presence of different functions in 
their structure [60–63]. These compounds can be prepared by the 
acid-catalyzed dehydration of pentoses and hexoses respectively. 
Furfural is produced on a large scale from lignocellulosic biomass, with 
annual global production being approximately 652 kilotons [64]. The 
global furfural market valued USD 595.14 million in 2023, and is ex
pected to reach USD 954.36 million by 2030 [65] while the global 

market size of 5-hydroxymethylfurfural reached USD 61 million in 
2022, and it is expected the market to reach USD 68.2 million by 2028 
[66]. 

In this section, we focused on the preparation of two types of 
important compounds such as surfactants and amine derivatives starting 
from furfural and HMF by one-pot cascade processes through selected 
examples. 

4.1. Synthesis of biobased surfactants from HMF 

Surfactants, which contain a polar head groups and a hydrophobic 
counterpart in their structure are found in many commonly used prod
ucts. In the last years, HMF has been considered as a valuable starting 
material for biobased surfactants due to its renewability and improved 
biodegradability [67,68]. Surfactants (or surfactant precursors) derived 
from HMF (19) were prepared in one-pot mode, by reacting in a first step 
the HMF with fatty alcohols to introduce the lipophilic moiety using 
H-beta zeolite as acid catalyst (Scheme 5). The selective acetalization of 
the aldehyde group or etherification of the hydroxymethyl group with 
the fatty alcohol could be controlled by optimizing the acidity and 
adsorption properties of the beta zeolite and reaction conditions 
[69–71]. Thus, by controlling the acidity of H-beta zeolites by partial 
exchange of H+ with Na+ the synthesis of dialkyl acetals of HMF (21) 
was selectively achieved by transacetalization with a fatty alcohol of a in 
situ preformed dimethyl acetal (20) in excellent yields (87–98%) while 
the undesirable side reaction of etherification was avoided. The dia
lkylacetal derivative (21) could be further converted in a carboxylate 
derived surfactant (22) by subsequent oxidation of the hydroxymethyl 
group. In addition, by controlling the adsorption properties of hydro
phobic H-beta zeolites synthesized in fluoride media and free of con
nectivity defects, the etherification of the hydroxymethyl group of HMF 
with fatty alcohols was selectively achieved yielding 5-alkoxymethylfur
fural derivatives (23) in high yields (98 % yield). In a second step, the 
introduction of the polar moiety was achieved by two different strate
gies. One of them involves the oxidation of the formyl group of 5-alkox
ymethylfurfural derivative intermediate (23) into carboxylate function 
using gold nanoparticles supported on CeO2 and air as oxidant in 
aqueous alkaline media, leading to 5-alkoxymethyl-2-furoates surfac
tants (24). The other one, involves the acetalization of the formyl group 
with glycerol catalyzed the same H-beta catalyst yielding a dioxolan and 
dioxan isomers mixture (25a-b). 

Table 1 
Reductive amination of levulinic acid (or esters) with alkylamines with different metal-based solid catalyst and H2 as reductant.  

Entry Catalyst (mmol%) H2 (bar) T (oC) Time (h) Substrate Amine Yield (%) Ref 

1 Pt-MoOx/TiO2 (0.001) 3 100 20 LA octyl 95 [47] 
2 Pt/TiO2 (0.05) 10 120 2 EL octyl 98 [48] 
3 Pt/P–TiO2 (0.1) 1 RT 3 LA octyl 97 [49] 
4 Pt/P–TiO2 (0.1) 1 RT 10 EL octyl 94 [49] 
5 Pd/ZrO2 (0.1) 5 90 12 LA octyl 98.7 [37] 
6 C–Au66Pd34 (0.3) 1 85 12 LA octyl 93 [38] 
7 C–Au66Pd34 (0.3) 1 85 12 EL octyl 99 [38] 
8 Ru@GOIL 15 130 5 LA heptyl 81 [39] 
9 Ru-PP/CNTs 3 120 24 EL octyl 89 [50] 
10 10% Ni@CeOx 20 140  LA methyl 96.8 [51] 
11 Cu15Pr3/Al2O3 (5) 50 175 20 LA octyl 94.2 [52] 
12 CNF30@Ni@CNTs 30 130 4 LA benzyl 99 [53] 
13 CoNi@NC 30 130 6 LA benzyl 99 [54] 

LA: Levulinic acid; EL: Ethyl levulinate; P–TiO2: porous TiO2 nanosheets; C–Au66Pd34: Au66Pd34 alloy nanoparticles loaded onto C; Ru@GOIL: Ru supported on ionic 
liquid immobilized into graphene oxide; Ru-PP/CNTs: Polymeric ruthenium porphyrin-functionalized carbon nanotubes; CoNi@CN: CoNi alloy nanoparticles confined 
in N-doped porous carbon. 
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4.2. Synthesis of cyclopentanone and cyclopentanol derivatives from 
furanic aldehydes 

Cyclopentanone and cyclopentanol derivatives are important in
termediates in organic synthesis used to produce a variety of com
pounds, such as fragrances, cosmetics, solvents and agrochemicals 
[72–74]. Cyclopentanone derivatives can be obtained from furfural (26) 
and HMF (19) through a cascade reaction (Scheme 6) that and includes 
metal catalyzed hydrogenation and rearrangement reactions. The 
hydrogenative ring rearrangement usually occurs in pure water that acts 
as a solvent and reactant [75], while temperatures higher than 120 ◦C 
are commonly required to promote the ring rearrangement reactions. In 
the process, first, furfural (26) or HMF (19) are hydrogenated on the 
metal sites into furfuryl alcohol (27) and 2,5-bis(hydroxymethyl)furan 
(28), respectively, followed by the rearrangement of (27) to 4-hydrox
y-2-cyclopentenone (29) or 28 to 4-hydroxy-4-hydroxymethyl-2-cyclo
pentenone (30) through the acid catalyzed Piancatelli rearrangement. 
Finally, hydrogenation of the Piancatelli rearrangement products (29 
and 30) produces the final cyclopentanones or cyclopentanols (33 and 
34) (Scheme 6) [74,76–79]. Important aspects of the reaction are that 
the metal sites should have a high activity for aldehyde group hydro
genation into alcohols while simultaneously exhibit low activity for the 
furan ring hydrogenation and hydrogenolysis of the C–O bond, since 
when the later reactions occur the generated products cannot undergo 
isomerization to cyclopentanone derivatives. In addition, an important 
drawback of the reaction is the possible polymerization of the furfuryl 

alcohol intermediates (27 and 28) in a hot acidic aqueous solution. 
Therefore, weak acidity is required for the formation cyclopentanone 
derivatives, and most active catalytic systems are based on metal sup
ported on medium-weakly Lewis acid supports [80,81], while on 
Brønsted acid supports the polymerization of active intermediates was 
observed [82]. On the other hand, when non-acidic supports are 
involved, the slightly acidic conditions generated by the water dissoci
ation at elevated temperature are enough to promote the 
ring-rearrangement [83–85]. 

Since the pioneering work of Hronec et al. [86] for the trans
formation of furfural into cyclopentanone, several catalytic systems 
based on supported noble metals such as Pd, Pt, Ru, and Au [81,82, 
87–91] and non-noble metals such as Ni, Co and Cu [92–98] have been 
reported for furanic aldehydes rearrangement into cyclopentanones. 
However, sintering of monometallic species in aqueous media as well as 
over-hydrogenation reaction of the furan ring and C–O hydrogenolysis 
are the main drawbacks associated to the monometallic catalysts 
[98–102]. Therefore, the introduction of a second metal has been a 
widely adopted strategy to modulate the hydrogenating activity and 
increasing the stability of the metal catalyst through a synergistic effect. 
For instance, highly selective bimetallic catalysts such as PdCu [103], 
PdCo [104], CuCo [105], CuNi [106–108], CuZn [109] and NiMo [110] 
have been recently reported for the conversion of furfural into cyclo
pentanone. Conversion of furanic aldehydes into cyclopentanone and 
cyclopentanol derivatives has been recently reviewed [111–113]. 
Therefore, in Table 2 are collected several representative catalytic 

Scheme 5. Valorization of HMF into anionic and non-ionic biobased surfactants.  

Scheme 6. Transformation of HMF and furfural to cyclopentanone and cyclopentanol derivatives.  
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systems recently reported for the transformation of furfural and HMF 
into cyclopentanone and cyclopentanol derivatives. 

3-hydroxymethyl cyclopentanone (31), cyclopentanone (32), 3- 
hydroxymethyl cyclopentanol (33), cyclopentanol (34). Co1Ni1@C 
and Co@C: Co–Ni alloy and Co nanoparticles covered by a carbon shell; 
NP-C: P and N co-doped carbon; Ni@HCS: nickel hollow carbon spheres 
catalyst; Co@Co–NC: N-doped carbon-encapsulated Co nanoparticles. 

4.3. Synthesis of biobased linear ketones from HMF 

Besides cyclic ketones, linear diketones can also be obtained through 
the tandem conversion of C6 furanic aldehydes. For instance, 1-hydroxy- 
2,5-hexanedione have gained increased attention as novel starting 
compound for synthesizing high-value chemicals from biomass with 
applications ranging from energy and food to pharmaceuticals and 
beyond [85,125–136]. 1-Hydroxy-2,5-hexanedione (36) is typically 
obtained from HMF in aqueous phase through a cascade sequence that 
involves as the first step the hydrogenation of HMF into 2,5-bis-(dihy
droxymethyl)furan (28) followed by ring opening promoted by acid 
sites, giving the intermediate 1-hydroxy-3-hexene-2,5-dione (35) which 
is subsequently hydrogenated into 36 (Scheme 7) [137–139]. Moreover, 
the reaction temperature is usually maintained below 130 ◦C to avoid 
competitive reactions such as ring rearrangement into cyclopentanone 
derivatives [134]. 

It has been showed that the nature and size (or dispersion) of the 
metal catalyst have a notable impact on the conversion of HMF. For 
instance, Rosseinsky et al. [128] reported the conversion of HMF to 
linear ketones using beta zeolite loaded with various metal species (Co, 
Ni, Cu, Ru, Pd), being Pd nanoparticles the most efficient metal. Indeed, 
the suitability Pd-based catalysts for the synthesis of the linear diketone 
from HMF has been showed by other authors [139–141]. Moreover, the 
hydrogenation activity and selectivity to the diketone have been asso
ciated to smaller Pd nanoparticle size (entries 1 and 2, Table 3) [128, 
133,142]. Interestingly, the influence of the bimetallic synergy between 
Pd–Au catalysts on the HMF conversion was reported by Cao et al. [143] 
where it was showed that Pd decorated Au/TiO2 catalyst exhibited 
higher catalytic activity than the non-decorated one (entry 3, Table 3). 
This effect was attributed to the increase of hydrogen dissociation ac
tivity on the modified Pd surface species. 

On the other hand, and concerning to the acidity required for the 
process, it is generally considered that Brønsted acid sites promote the 

ring opening of the furan ring to diketones [128,145], while Lewis acid 
sites are prone to induce ring closing reaction through an intramolecular 
aldol condensation of diketone 36 giving cyclopentanone derivatives 
[80]. However, recently it has been demonstrated that Lewis acids are 
also selective promoting the formation of 1-hydroxy-2,5-hexanedione, 
although their efficiency is lower than Brønsted acids. For instance, it 
has been demonstrated that Lewis acid sites on the TiO2 support [143] 
and Cr+3 species in the bifunctional Pd/MIL-101(Cr) [144] catalyst 
promote the formation of linear ketones with selectivities higher than 80 
% (entries 3 and 6, Table 3). More recently, the combination of Brønsted 
and Lewis acids has been investigated in transforming C6 furan com
pounds into linear diketones. For instance, Ru/AHSw (AHSw, biochar 
derived from hazelnut shells) showed increased HMF conversion and 
diketone selectivity than the commercial Ru/C, which was mainly 
attributed to the synergy between Lewis acid (from the oxidized Ru 
species) and the Brønsted acid sites from the biochar support [142]. 
Interestingly, it was recently reported that the metal–support interaction 
not only affects the catalyst activity, but also has an important influence 
on the selectivity towards the ring opening [127,129]. For instance, 
Deng et al. [129] have recently reported that using a bifunctional 
Pd-loaded MAX (Pd/Ti3AlC2) catalyst, 91 % selectivity to the diketone 
36 (at practically total conversion of HMF) was obtained (entry 7, 
Table 3). Mechanistic studies showed that the exceptional activity and 
selectivity of the catalyst can be attributed to the generation of addi
tional acid sites for the furan ring opening, associated to frustrated Lewis 
H+− H- pairs ((H–Pd/Ti–O(H+)–Al) which are produced in situ by 
H2O-assisted hydrogen spillover. In Table 3 are summarized the results 
of some relevant catalytic systems here discussed. 

4.4. Synthesis of amine derivatives from furanic aldehydes 

Amines are important chemicals widely used in the synthesis of a 
variety of pharmaceuticals, insecticides, surfactants, polymers, pig
ments and food additives [146–148]. The one-pot reductive amination 
of aldehydes and ketones is a remarkable approach for the synthesis of 
amines which allows the direct conversion of carbonyl compounds into 
amines using simple operations. The direct reductive amination of 
carbonyl compounds with ammonia or amines involves the in-situ hy
drogenation of a pre-formed imine intermediate on acid sites, into 
amine. The one-pot reductive amination of furfural and HMF with 
ammonia and primary (or secondary amines) yielding furfuryl amine, 

Table 2 
Catalytic systems for the conversion of furfural and HMF into cyclopentanones and cyclopentanols.  

Entry Catalyst (mmol%) H2 (bar) T (oC) Time (h) Substrate Product Conv. (%) Yield (%) Ref. 

1 Ni1Co1@C 20 140 7 HMF 31 99 92.0 [84] 
2 (Sr2P2O7)0.40/Ni2P 1 150 12 HMF 31 >99 72.1 [114] 
3 PdZn/ZnO 40 120 12 HMF 31 99.9 95.8 [115] 
4 Co@C 20 140 6 HMF 33 100 95.0 [84] 
5 Pd/NiMoO4 40 150 12 HMF 33 99.9 65.4 [116] 
6 Ni/Nb2O5 20 130 5 Furfural 32 >98 >92 [117] 
7 Ni3Sn2-ReOx/TiO2 30 140 5 Furfural 32 100 92.5 [118] 
8 Ni@NP-C 15 130 2 Furfural 32 100 86.7 [119] 
9 (Sr2P2O7)0.40/Ni2P 30 150 4 Furfural 32 >99 91.6 [114] 
10 Pd/CeO2/SiO2 20 150 3 Furfural 32 93 78.1 [120] 
11 Ni@HCS 20 150 12 Furfural 32 100 99.1 [121] 
12 Ni5Cu5/m-SiO2 30 140 4 Furfural 32 99.9 89.6 [122] 
13 NiCu/SiO2 20 150 6 Furfural 32 100 95.4 [123] 
14 Co@Co–NC 40 150 6 Furfural 32 100 95.1 [124] 
15 Pd/NiMoO4-AC 40 150 6 Furfural 34 100 85.2 [116]  

Scheme 7. Conversion of HMF into 1-hydroxy-2,5-hexanedione.  
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5-hydroxymethylfurfuryl amine and 2,5-bis(aminomethyl)furan and 
derivatives has attracted great attention in recent years due to its wide 
application in the production of pesticides, pharmaceuticals and 
monomers [149–152], and the subject has been extensively reviewed 
recently [153–155]. Therefore, in this section we have selected different 
examples of one-pot cascade processes leading to valuable amine com
pounds starting from furanic aldehydes and where reductive amination 
is involved. 

For instance, a new family of tetrahydrofuran-derived amines has 
been prepared by a two-step one-pot process by combining C–C bond 
formation and reductive amination [156]. THF-derived amines (38) 
have high potential for the synthesis of biosolvents or biosurfactants, 
while the presence of the THF moiety is of high importance for the 
solvent properties and production of polymers [24,157,158]. The 
one-pot cascade process to synthetize this type of amines involves as the 
first step the aldol condensation of furfural with MIBK to the corre
sponding α,β-unsaturated ketone intermediate (37) using Amberlyst 26 
as basic catalyst, followed by the reductive amination of the ketone 
intermediate with ammonia, and the hydrogenation of the furan ring 
catalyzed by Pd/Al2O3 (Scheme 8) [156]. The authors showed that a 
physical mixture of both catalysts gave low yield of the target com
pound, while a complex mixture of hydrogenated products and amines 
was formed. This was overcome by adding the Pd/Al2O3 in the reductive 
amination step, and under optimized reaction conditions, the 
THF-derived amine (38) could be obtained into in a yield of up to 85%. 
Using similar strategy, the authors also performed the synthesis of 
furan-derived amines (39) [159] but in this case using a Ru/C catalyst 
instead of Pd/Al2O3. Interestingly, in this case the physical mixture of 
Amberlyst 26 and Ru/C was compatible and could be used from the 
beginning of the reaction, although better results were achieved when 
the ammonia and hydrogen were inserted in a second step. Notably, a 
high yield of the furan-amine derivative 39 was obtained directly from 
furfural following this two-step process and the catalytic system was also 
successfully applied to other ketones such as 2-pentanone and 
2-heptanone. 

Biobased piperidines have been recently prepared by Beller et al. 
[160] through a one-pot cascade process starting from furfural, 
ammonia and H2 in presence of a bimetallic Ru–Co supported on hy
droxyapatite (Ru1CoNP/HAP) catalyst. The cascade process starts with 

the reductive amination of furfural into tetrahydrofurfurylamine (41) 
followed by hydrogenative ring cleavage into 5-amino-1-pentanol (42) 
that is quickly converted into piperidine (45) through ring closure 
following alcohol dehydrogenation (43), intramolecular reductive 
amination (44), and final hydrogenation sequence (Scheme 9). Opti
mization of the Co/Ru ratio was key and allowed obtaining 97 % yield of 
piperidine. Catalyst characterization coupled with theoretical studies 
showed that the high catalytic activity is due to the formation of 
atomically dispersed Ru species on the surface of Co nanoparticles, 
forming a surface single-atom alloy structure, which is only achieved at 
Co/Ru ≥ 10 on the HAP support. These surface species play a key role in 
the hydrogenative ring opening of the intermediate tetrahydrofurfur
ylamine (41) into piperidine. The strategy was also extended to the 
synthesis of 2-substituted piperidines. Interestingly, pyridine (46) could 
be also obtained in excellent yield (88 %) in one pot from the pre-formed 
piperidine by increasing the temperature at 240 ◦C and by simply 
switching the H2 gas to N2. 

Another recent example involves the transformation of HMF in 3- 
hydroxymethylcyclopentylamine (48) of interests as intermediate in 
the preparation of several pharmaceuticals [161]. The process is per
formed in one-pot mode in aqueous phase and using a non-noble metal 
as catalyst. The strategy involves as the first step the hydrogenative ring 
rearrangement of HMF in 3-hydroxymethyl cyclopentanone (31) (>90% 
yield) catalyzed by a NiCo catalyst (Ni/Co molar ratio = 1) partially 
covered with a thin carbon layer, that is subsequently aminated with 
ammonia in aqueous phase [84]. The high performance of the catalyst 
was attributed to the formation of NiCo alloy structures as hydroge
nating sites, which prevented competitive reactions such as hydroge
nation of the furan ring and over-reduction of the formed 
cyclopentanone, while are highly active in the hydrogenation of the 
intermediate imine (47) (Scheme 10). Thus, the formation of the alloy as 
well the cover of carbon plays a key role in the catalytic activity, 
selectivity and stability of the catalyst, being possible their recycling 
over six consecutive runs without loss of activity and selectivity. 

A final example recently reported, involves the synthesis of iso
indolinones (51) starting from furfural derivatives through an intra
molecular cycloaromatization strategy based on the selective formation 
of exo- Diels Alder adducts followed by aromatization (Scheme 11) 
[162]. The one-pot tandem intramolecular Diels Alder 

Table 3 
Catalytic systems for the conversion of HMF into linear diketones.  

Entry Catalyst H2 (bar) T (oC) Time (h) Conv. (%) Product Yield (%) Ref. 

1 Pd/Beta (dM = 16.2 nm) 20 110 6 56 36 22 [128] 
2 Pd/Beta (dM = 3.5 nm) 20 110 6 96 36 54 
3 Pd0.02^Au/TiO2 10 120 1 73 36 64 [143] 
4 Commercial Ru/C 30 100 1 81 36 

28 
0 
81 

[142] 

5 Ru/AHSw 30 100 1 97 36 
28 

72 
21 

6 Pd/MIL-101(Cr) 40 140 6 64 36 52 [144] 
7 Pd/Ti3AlC2 40 90 6 99.1 36 91 [129]  

Scheme 8. Synthesis of furan and tetrahydrofuran derived amines from furfural.  
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cycloaddition-aromatization was successfully performed in the presence 
of heterogeneous bifunctional catalyst prepared by impregnation of 
Brønsted acidic ionic liquid [Hmim]HSO4 on Zn-BTC-SA (MOF) 
(Zn-BTC-SA/[Hmim]HSO4). Zn-BTC-SA catalyst promoted the targeted 
regioselective exo-Diels Alder cycloaddition while [Hmim]HSO4 cata
lyzed the dehydration-aromatization. Thus, the catalytic system showed 
a broad substrate scope for producing isoindolinones with excellent 
yields (89–94%). 

4.5. Synthesis of diols derivatives from HMF 

2,5-bis (hydroxymethyl)tetrahydrofuran (BHMTHF) constitutes a 
valuable furan diol for the production of biodegradable plastics and fine 
chemicals [163,164]. BHMTHF (52) is produced through the total hy
drogenation of furan ring and aldehyde group of HMF(Scheme 12). 
Extensive efforts have been dedicated to developing diverse metal 

catalytic systems involving Ni, Co, Ru, Pd, Pt and their composites in 
conjunction with operating conditions for the selective hydrogenation of 
HMF to BHMTHF [165–167]. Among the noble metal-based catalysts, 
Ru catalysts are the most active. For instance, a commercial Ru/C 
catalyst, exhibits notable efficiency with a 88.6% BHMTHF yield at 50 
bar and 100 ◦C within 4 h [168], however their industrial applicability is 
limited by high costs and low availability. Among non-noble metal 
catalysts, Ni-based catalysts usually offer high activity [169–171], 
although their main drawback is associated to the leaching of Ni species 
under harsh reaction conditions. In addition, bimetallic catalysts can 
offer an enhancement in catalytic performance, stability, and product 
selectivity. For instance, NiPd/SiO2 [172], PdIr/SiO2 [173], RuPd/
graphene oxide [174], NiRe/TiO2 [175] and carbon encapsulated CoNi 
alloy [176] exhibited very good performances. In Table 4 are summa
rized some relevant examples of catalytic systems used in the total hy
drogenation of HMF. Additionally, although processes in continuous 

Scheme 9. One-pot synthesis of piperidine and pyridine from furfural.  

Scheme 10. Cascade process to produce 3-hydroxymethyl cyclopentylamine from HMF.  

Scheme 11. One-pot tandem intramolecular Diels Alder cycloaddition-aromatization for the synthesis of isoindolinones from renewable furfural derivatives. 
[Hmim]HSO4: N-methylimidazolium hydrogen sulfate; Zn-BTC-SA: Stearic acid grafted Zn-BTC. 

Scheme 12. Total hydrogenation of HMF into BHMTHF.  
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flow are preferred for industrial applications, up to now there are limited 
examples of the continuous hydrogenation of HMF into BHMTHF 
[176–179] in fixed bed reactors. 

5. Conclusions and perspectives 

In this Mini-review, we have briefly highlighted the utility of one-pot 
cascade processes for the valorization of various selected biomass 
derived platform molecules through several representative examples of 
transformations carried out with mono- and multifunctional solid cat
alysts that have been recently reported. Thus, one pot cascades on the 
same active sites such as acidic sites on H-beta zeolites have been 
showed for instance in the conversion of sorbitol into isosorbide esters 
and in the synthesis of surfactants by combining HMF, fatty acids and 
glycerol. Single atom bifunctional metal active sites able to catalyze 
hydrogenation, dehydrogenation and reductive amination steps have 
showed remarkable activity, for instance, in the transformation of 
furfural into piperidine, while cascades processes that requires bifunc
tional catalysts such as acid-metal active sites have been performed by 
employing a single bifunctional catalyst, containing both metal and acid 
sites (case of reductive aminations, HMF conversion into ketones or 
conversion of glucose into sorbitol) or by combining different catalysts 
containing acid (or basic) and metal sites, as the case of the synthesis of 
5-alkoxymethyl furoates biosurfactants and THF-amines. As showed, 
some of them occurs in the same vessel and under the same reaction 
conditions, while in other examples, the one-pot reactions have to be 
carried out in two or more stages under different optimized reaction 
conditions. Although the one-pot methodology is highly promising for 
designing multi-synthetic sequences for valorizing biomass into chem
icals, this strategy is still poorly exploited. Future developments for 
process intensification not only will require a more systematic design 
and deep understanding of a multifunctional catalyst but also a deep 
knowledge of the mechanism of the reactions involved. Additionally, the 
combination of versatile heterogeneous catalysis with the highly selec
tive enzymatic catalysis offers a vast potential for transforming biomass 
into valuable compounds through one pot chemo-enzymatic processes. 
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