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Abstract 

Due to their handedness and wide scope, transition-metal-, organo- and biocatalysed 

tandem processes have become routine and highly sought-after methodologies because 

they dramatically increase synthetic efficiency, while decreasing the number of 

laboratory operations, the quantities of chemicals and solvents used, producing in a 

simpler way highly complex organic molecules with the desired selectivity. In this 

Current Opinion, recent examples of the use of metal-, organo- and biocatalysed 

tandem processes, run under environmentally responsible conditions (e.g., use of water, 

bio-based solvents or without additional solvents), are showcased, highlighting 

practical and valuable aspects.  
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1. Introduction  

The environmental impact associated with chemical transformations has been pressing 

the researchers to design new environmentally responsible and cost-effective synthetic 

procedures in accordance to the Twelve Principles of Green Chemistry [1] and to 

improve and/or modify existing processes to achieve a similar goal. One of the most 

easily accessible manifolds affecting the footprint of a chemical process concerns the 

nature of the reaction medium. For this reason, considerable efforts are being made in 

using benign reaction media in place of often toxic, volatile organic compounds (VOCs) 

in many domains of chemical synthesis.  

The conventional preparation of a complex molecule, however, generally requires 

multiple synthetic operations that include stages of purification and extraction for each 

individual step. Not only this lowers the synthetic efficiency, but also generates very 

large amounts of chemical waste, with long reaction times and energy-consuming 

pathways [2]. Thus, running the synthesis of a target molecule in a single reaction vessel 

(‘one-pot’) and with the single steps run in ‘tandem’ represents an effective and 

forward-looking approach worth pursuing. This also allows to work with unstable 

reaction intermediates, as no isolation of reactive or transition species is required, 

overall simplifying practical aspects [3–5]. Many highly efficient and sustainable one-

pot two-step sequential processes are today already available in non-conventional 

solvents [6–11]. This brief Opinion showcases in two Sections recent studies published, 

in particular since 2020 (with background references), in which metal-, organo- and 

biocatalysed processes are run in tandem with other relevant chemical transformations 

under mild and environmentally responsible conditions aimed at forging new carbon-

carbon or carbon-heteroatom bonds, highlighting chemo-, regio- and stereoselective 

aspects. Special emphasis will be given to those processes carried out without additional 

solvents, in water or buffer mixtures, in green (e.g., cyclopentyl methyl ether, CPME) 

[12] or bio-based solvents like the so-called Deep Eutectic Solvents (DESs). The latter 

are binary or ternary combination of safe and inexpensive components comprising 

Lewis or Brønsted acids and bases, which are strongly associated with each other via 

hydrogen bond interactions to form a eutectic mixture with a melting point far below 

that of an ideal liquid mixture [13,14]. DESs show tuneable and attractive 

physicochemical properties from an environmental point of view such as negligible 

vapour pressures, high thermal stability, nonflammability, easy recycling, and low 
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toxicity. As for the last point, new guidelines have recently been published for DESs 

toxicity monitoring [15]. 

 

2. Metal- and/or Organo-catalysed tandem processes using green solvents or 

green conditions 

Nowadays, metal- and/or organo-catalysed tandem reactions run in environmentally 

friendly or nature-inspired solvents are at the forefront of the sustainability agenda of 

several scientific communities that have started to reorganize strategic, industrially or 

biologically relevant chemical processes [16,17]. Recent advances in this field are 

briefly reviewed. 

 

Blangetti, Prandi and co-workers have recently reported the synthesis of a 

functionalised benzofuran carboxamide derivative 4 (71%), en route to (+)-(R)-

concentricolide (an anti-HIV agent), by exploiting a tandem Sonogashira coupling 

annulation in CPME of a salicylamide derivative 2 with TMS-acetylene 3, the former 

being obtained through an ortho-Fries (AoF) rearrangement of 1, triggered by lithium 

2,2,6,6-tetramethylpiperidide (LiTMP) at room temperature (RT) and under aerobic 

conditions (Figure 1a) [18]. Free amine TMP could be recycled after acidic quenching 

of the reaction mixture, followed by treatment with NaOH, extraction with EtOAc, and 

evaporation of the solvent under reduced pressure. 

 

S-Trityl-L-cysteine and related analogues (7a,b), which are selective inhibitors of 

human mitotic kinesin Eg5, have straightforwardly been prepared by means of 

telescoped, one-pot processes, using water as the sole reaction medium. Overall, the 

process consists in the preliminary synthesis of a tertiary alcohol (triphenylmethanol) 

(6) via a nucleophilic addition of PhLi to a suspension of methyl benzoate (5) in water 

under aerobic conditions, followed by the reaction with L-cysteine·HCl or 

cysteamine·HCl in the presence of trifluoroacetic acid. Products 7a,b were isolated by 

filtration in good yield (80–84%) and purity with no need of column chromatography 

(Figure 1b) [19]. 

 

Primary benzylic alcohols 8 could be directly converted into secondary benzylic 

alcohols 10 (up to 94% yield) or nitroalkenes 11 (up to 80% yield), through the 

corresponding carbonyl derivatives 9, by means of one-pot two-step transformations in 
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which oxidation processes have been combined either with main group-mediated 

nucleophilic additions or with nitroaldol (Henry) reactions, respectively, carried out in 

water or in a D-fructose/urea low melting mixture under mild conditions [40 °C with 

the assistance of ultrasound]. In both processes, a key role is played by the 

CuCl2/N,N,N',N'-tetramethylethylenediamine(TMEDA)/2,2,6,6-tetramethylpiperidine-

N-oxyl (TEMPO) system, with air being the terminal oxidant (Figure 1c) [20*]. 

 

The synthesis of highly-substituted and non-simmetric tertiary alcohols 13, 16 has also 

been achieved (a) by exploiting a double chemoselective addition of different 

organolithium/Grignard reagents to aromatic nitriles 12, working under neat conditions 

in air at RT (13: up to 84% yield) (Figure 1d) [21*], and (b) via tandem protocols that 

combine the 2-azaadamantane N-oxyl (AZADO)/NaClO organocatalytic/oxidation of 

secondary alcohols 14 to ketones 15 with the chemoselective addition of several 

organolithium reagents to 15, at RT under air and in aqueous media, with improved 

selectivities than when using VOCs under inert atmosphere (16: up to 95% yield) 

(Figure 1e) [22]. 

 

Regioselective and straightforward access to 2-(hetero)aryl THF 20 or THP derivatives 

21 (up to 95% yield) has been enabled by ligandless, telescoped, one-pot Mizoroki-

Heck (M-H) cross-coupling/reduction processes, run in a choline chloride 

(ChCl)/glycerol (Gly) eutectic mixture and under aerobic conditions, upon reacting 2,3-

dihydrofuran (17) or 3,4-dihydro-2H-pyran (18) with several electron-rich or electron-

deficient (hetero)aryl halides 19. Key intermediates to pharmacologically relevant 

inhibitors of Kv1.2 channel have also been targeted (Figure 1f) [23*]. The recycle of 

the solvent/catalyst was, in this case, ineffective even if performed soon after the M-H 

reaction (that is, before the final reduction step), most probably because of the increased 

viscosity of the reaction medium and the precipitation of Pd-black. 
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Figure 1. Selected metal- and organo-catalysed one-pot tandem processes using green 

solvents and/or green conditions (a–f). ChCl = choline chloride; Gly = glycerol; 

AZADO = 2-azaadamantane N-oxyl; LiTMP = lithium 2,2,6,6-tetramethylpiperidide; 

CPME = cyclopentyl methyl ether; TMEDA = N,N,N',N'-tetramethylethylenediamine; 

TFA = trifluoroacetic acid; US = ultrasound; TEMPO = 2,2,6,6-tetramethylpiperidine-

N-oxyl; RT = room temperature. 
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3. Biocatalysed tandem processes in non-conventional media  

There is an increasing interest in the development of tandem chemoenzymatic processes 

for the synthesis of chiral compounds, fine chemicals and Active Pharmaceutical 

Ingredients (APIs) that combine the versatility of traditional chemical catalysis with the 

unbeatable selectivity brought about by an enzyme [24–30]. In principle, the catalysts 

involved in these processes remain prone to conflicts because of the preference of many 

chemical catalysts for hydrophobic solvents and of many enzymes for water mixtures. 

In this context, environmentally friendly reaction media like ionic liquids, DESs, 

supercritical CO2, used as solvents, co-solvents or performance additives, have offered 

a great help not only in overcoming barriers associated with the solvent compatibility, 

but also in solving issues related to the low solubility of many substrates in aqueous 

media, and in improving or reverting the stereoselectivity of reactions [31–37]. 

Revolutionary advances have recently been made with several ad hoc protocols set up 

for biotransformations catalysed by both isolated enzymes and whole cells, also 

interfaced with metal- or organocatalytic processes, for the synthesis of 

enantiomerically enriched alcohols and amines [38–40]. 

 

The development of efficient catalytic technologies for processing renewable sources 

of raw materials represents one of the primary objectives for many researchers. Bio-

based furfural, 5-hydroxymethylfurfural (HMF) and 2,5-bis(hydroxymethyl)furan 

(BHMF) are key building blocks to produce bioactive compounds, value-added 

intermediates, polymers, and fuels [41,42]. Recent studies have disclosed green 

processes for simultaneous biomass fractionation and furfural production. The acidic 

eutectic mixture ChCl/glycolic acid/water, for example, straightforwardly converted 

either a C6/C5 (glucose/xylose) sugar mixture or birch sawdust to furfural (22) and HMF 

(23), without any additional catalyst. Up to 10 equiv of water revealed to be beneficial 

to obtain 22 in 62% yield from the sugar mixture, and in 37.5% from birch sawdust, 

whereas HMF yields remained lower (14%), probably due to HMF-DES interactions. 

DES could successfully be recycled for three runs after extraction of products with 

methyl isobutyl ketone (Figure 2a) [43]. 

 

A hybrid process for selective valorisation of D-fructose (24) to BHMF (25) was set up 

by He, Ma and co-workers by bridging chemo- and biocatalysis in a betaine 

(Bet)/benzenesulfonic acid DES. The tandem transformation consisted of a preliminary 
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fast dehydration of 24 to 23 (62.3% yield, 120 °C, 2 min) followed by a mild 

bioreduction of 23 to 25 with the recombinant Escherichia Coli DCF containing both 

reductase and formate dehydrogenase (99.6% yield, 40 °C, pH 7.5, 48 h) (Figure 2b) 

[44*]. 

 

An important HMF derivative, that is 5-hydroxymethyl-2-furfurylamine (HMFA) (26), 

an intermediate widely used in the synthesis of drugs and as a curing agent in epoxy 

resins, could be prepared by a tandem chemoenzymatic approach based on a 

preliminary dehydration of 24 to 23 followed by a biological amination of HMF to 

HMFA, the latter being catalysed by a double-mutated Aspergillus terreus w-

transaminase as the biocatalyst, working in a DES (Bet/formic acid)/water mixture, 

reaching the yield of 0.46 g HMFA per kg D-fructose (Figure 2c) [45]. 

 

He and co-workers set up an effective one-pot chemo- and biocatalytic cascade process 

for converting corncob-valorized furfural (22) into furfuryl alcohol (27) (97.7% yield 

at pH 7.5 and 40 °C) using immobilized DES Bet/lactic acid on silica gel as a 

heterogeneous catalyst and newly constructed recombinant E. coli KF2021 whole-cells 

harboring formate dehydrogenase and reductase (Figure 2d) [46]. 

 

Furoic acid (28), which is an important bio-based furan chemical, was obtained in 

42.51% yield by means of a hybrid strategy first converting easily available and 

renewable bulrushes (Phragmites communis) into 22 (47.64% yield; 180 °C, 30 min) 

in an aqueous ChCl-based DES with citric acid. Then, a dehydrogenase biocatalyst 

(recombinant E. coli HMFOMUT whole-cells) was used to valorize 22 into 28 under 

mild conditions. DES mixture could be recycled, although furfural concentration 

decreased significantly from 51.82% to 37.84% on going from the 2nd to the 5th round 

(Figure 2e) [47]. 

 

The chemistry of polar organometallic compounds has also been successfully combined 

with biocatalytic organic transformations run in aqueous media under aerobic 

conditions at RT. Densely functionalised tertiary alcohols 31 have been prepared in up 

to 96% yield by exploiting one-pot tandem processes based on a preliminary oxidation 

of secondary alcohols 29 to 30 [promoted by the laccase from Trametes 
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versicolor/TEMPO system, in the presence of O2 as the terminal oxidant, in citrate 

buffer or bulk water] followed by the chemoselective and fast addition (reaction time: 

3 s) of aromatic and aliphatic organolithium and Grignard reagents to transiently-

formed ketones 30. Higher conversion efficiency have been achieved in the presence 

of CPME in the second step (Figure 3a) [48*]. 

 

The synthesis of stilbene derivatives 37,38 was developed by García-Álvarez, 

González-Sabín and co-workers by combining a tandem decarboxylation of p-

hydroxycinnamic acid derivatives 32,33, catalysed by BsPAD (phenolic acid 

decarboxylase from Bacillus subtilis), either with a Ru-catalysed (Grubbs-II) 

metathesis of transiently-formed styrene-type olefin 34 or with a Pd-catalysed Heck 

coupling process of transient olefin intermediate 35 with iodobenzene (36) performed 

in a DES-water medium (Figure 3b). The inhibitory activity detected in the Heck 

coupling reaction on the Pd catalyst was circumvented by using an immobilized 

biocatalyst or aqueous micellar solutions, with the target biaryl derivatives being 

isolated in moderate to good overall yields [49]. The heterogeneous immobilized 

biocatalyst could be efficiently recycled up to four times in water, though it completely 

lost its activity after just one cycle in the DES mixture, most probably because of the 

high concentration of choline chloride in the reaction medium that partially released the 

enzyme from the carrier. Of note, the decarboxylation of 33 by BsPAD, coupled with a 

Pd-catalysed Heck-cross-coupling reaction of 35 with 36, en route to olefin 38, has also 

been performed by exploiting a fully integrated two-step continuous (more than 16 h) 

flow process in a DES-water medium. When working in flow, the latter mixture allowed 

to overcome solvent compatibility problems, while increasing the substrate 

concentration up to 20 mM [50]. 
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Figure 2. Selected biocatalysed one-pot tandem processes using green solvents (a–e). 

ChCl = choline chloride; GA = glycolic acid; Bet = betaine; BSA = benzenesulfonic 

acid; FA = formic acid; LA = lactic acid; CA = citric acid. 
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Figure 3. Selected biocatalysed one-pot tandem processes using green solvents (a,b). 

DES = Deep Eutectic Solvent; TEMPO = 2,2,6,6-tetramethylpiperidine-N-oxyl; CPME 

= cyclopentyl methyl ether; BsPAD = phenolic acid decarboxylase from Bacillus 

subtilis. 

 

4. Conclusions and opportunities 

In this last decade, efforts have been made to design sustainable multistep, one-pot 

processes and simplified work-up procedures aimed at reducing the environmental 

impact of solvents, while minimizing time consumption and chemical waste. In this 

Current Opinion, recent organo-, metal- and biocatalysed tandem transformations run 

in bio-based/green solvents, water or under neat conditions have been highlighted. In 

particular, the use of s-block organometallic reagents in combination with organo- or 

biocatalysts, under aerobic and mild conditions, working in protic DESs or water, is 

well established, and thus worth pursuing. Future directions should focus on scalable 

strategies based on earth-crust abundant metals as chemocatalysts [51] jointly with 

engineered recombinant biocatalysts in order to set up more efficient and ad hoc 

designed multistep stereoselective chemoenzymatic processes [52**] in DES mixtures 

or water amenable of industrial applicability. 
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