
Sustainable Chemistry and Pharmacy 21 (2021) 100443

Available online 2 May 2021
2352-5541/© 2021 Elsevier B.V. All rights reserved.

Gluconic acid aqueous solution: A bio-based catalytic medium for 
organic synthesis 

Han Yin Lim a, Anton V. Dolzhenko a,b,* 

a School of Pharmacy, Monash University Malaysia, Jalan Lagoon Selatan, Bandar Sunway, Selangor 47500, Malaysia 
b School of Pharmacy and Biomedical Sciences, Curtin Health Innovation Research Institute, Curtin University, GPO Box U1987 Perth, Western Australia 6845, Australia   

A R T I C L E  I N F O   

Keywords: 
Gluconic acid 
Green solvent 
Benign reaction medium 
Sustainable synthesis 

A B S T R A C T   

Gluconic acid is non-toxic, non-volatile, non-corrosive, and easily biodegradable chemical, which can be pro-
duced from biomass using several methods: oxidation by molecular oxygen using heterogeneous catalysis, 
enzymatic oxidation, and microbial fermentation. Being highly soluble in water, gluconic acid can form 
concentrated aqueous solutions, and its 50% aqueous solution has found application as a catalytic medium for 
organic synthesis. For some reactions, gluconic acid aqueous solutions (GAAS) outperform conventional and 
green solvents when used as media for organic synthesis. GAAS was found to be particularly efficient in the 
Knoevenagel condensation, the Michael addition, and multicomponent reactions based on them. These and other 
chemical transformations utilizing GAAS as a medium are discussed in this review. We also compare the 
effectiveness of GAAS as a new green catalytic medium and the performance of other solvents and catalysts.   

1. Introduction 

Gluconic acid is a bio-based inexpensive organic compound (market 
price of 50% aqueous solution is about US$ 300–800/ton) with 
numerous applications in different fields (Hustede et al., 1999). In 2017, 
the global gluconic acid market was more than US$ 50 million, 
expecting to exceed US$ 80 million by 2024 with more than 120 kiloton 
consumption of gluconic acid by industry (Ahuja and Singh, 2018). 
Gluconic acid is listed within 30 chemicals selected by the U.S. 
Department of Energy as the top value-added chemicals from biomass 
(Werpy and Petersen, 2004). 

Being an important intermediate in carbohydrate metabolism of 
many species, gluconic acid is abundantly present in nature. Particularly 
evident is the presence of gluconic acid in fruits and honey. 

Several features of gluconic acid made it very attractive for green 
chemistry applications. Gluconic acid is easily biodegradable (98% after 
2 days in wastewater treatment plants), environmentally safe (Sillanpää 
et al., 2003), and non-toxic for humans. It is often used as a permitted 
food additive; the US FDA (Food and Drug Administration) lists D-glu-
conic acid as a nutrient supplement in the Substances Added to Food 
inventory (Food and Drug Admini, 2020). Moreover, under the law of 
some countries (e.g. Germany) it is classified as foodstuff. 

Gluconic acid is non-corrosive to metallic and non-metallic surfaces. 

However, it is capable to chelate polyvalent metal cations and therefore 
dissolve their oxides, hydroxides, and carbonates outperforming clas-
sical chelating agents (Escandar et al., 1996). The chelating properties of 
gluconic acid open opportunities for numerous applications. For 
example, gluconic acid was found to be useful for the recovery of lithium 
and cobalt from cathodic materials of spent lithium-ion batteries 
(Roshanfar et al., 2019). The chelating properties of gluconic acid were 
effectively used to reduce the turbidity of skim milk powder dispersions 
under an acidic environment (Choi and Zhong, 2020). 

Gluconic acid is very soluble in water and has pKa of 3.70 (Sawyer 
and Bagger, 1959). Even in aqueous solutions, gluconic acid tends to 
undergo a partial lactonization and therefore equilibrates in solutions 
with its γ- and δ-lactones (Scheme 1) (Zhang et al., 2007). In the 
commercially produced 50% (w/w) gluconic acid aqueous solution 
(GAAS), gluconic acid coexists with about 5% of its lactones (at room 
temperature). Unless specified otherwise, GAAS in this review refers to 
the solution of gluconic acid at this concentration. 

GAAS is a liquid possessing a faint acetous odor and light amber 
color. GAAS has a pH of 1.82 and a density of 1.23 g/cm3 at 25 ◦C 
(Hustede et al., 1999). 

Originating from renewable sources, GAAS demonstrated good 
biodegradability and potential for successful recyclability. These char-
acteristics of sustainable solvent are complemented by a great 
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occupational safety profile (high boiling point, low vapor pressure, non- 
toxicity) making GAAS a valuable member of the green solvent family. 
In this capacity, GAAS has been found suitable to serve as an efficient 
medium for several important organic synthesis reactions reviewed 
herein. 

2. Gluconic acid production 

Gluconic acid was first prepared by Hlasiwetz and Habermann via 
chemical oxidation of glucose in 1870 (Hlasiwetz and Habermann, 
1870) and was also isolated as one of the glucose fermentation products 
by Boutroux in 1880 (Boutroux, 1880). The methods for gluconic acid 
production have significantly advanced since that time, but two general 
approaches utilizing eater chemical (biochemical) or microbial oxida-
tion of a carbohydrate substrate (typically, glucose) remained dominant 
and the most sustainable methods. 

2.1. Synthesis of gluconic acid using heterogeneous catalysis 

Contemporary methods for the synthesis of gluconic acid from 
glucose using chemical oxidation are mainly based on heterogeneous 
catalysis (Scheme 2). These methods typically utilize a variety of gold-, 
platinum-, and palladium-based catalysts and molecular oxygen as 
oxidant. Some methods applying other metals and bimetallic catalysts 
also demonstrated a good performance in gluconic acid production. 
Advancements in this area have been discussed in an excellent review 
(Yan et al., 2020). Analyzing structural design and performance of 
mono- and bimetallic heterogeneous catalytic systems, authors empha-
sized the critical importance of the catalyst particle size for the effec-
tiveness of catalytic processes. They also systematically addressed the 
influence of the base, support, and ligand type on the catalyst perfor-
mance. Herein, we briefly mention some more recent (not included in 
(Yan et al., 2020)) examples of heterogeneous catalysts used for gluconic 
acid production. 

For example, an excellent yield (97.6%) of gluconic acid was ob-
tained from glucose oxidation utilizing the gold nanoparticles on the 
hierarchical porous carbon support as a catalyst (Meng et al., 2020). The 
effective conversion of glucose to gluconic acid under mild conditions 
was achieved using gold nanoparticles supported onto mesoporous silica 

MCM-41 modified by the introduction of amino groups for better elec-
trostatic attraction (Ortega-Liebana et al., 2020). A similar gold catalyst 
using amino-modified mesoporous silica SBA-15 as support was also 
reported (Wisniewska et al., 2020) to be efficient. An effective 
gold-based catalyst was prepared using montmorillonite as a stabilizer 
for colloidal gold nanoparticles, which were then immobilized over the 
ceria support and applied for the selective oxidation of glucose to glu-
conic acid (Chenouf et al., 2019). 

The cellulose-supported palladium nanoparticles demonstrated good 
performance in the catalytic oxidation of glucose to gluconic acid 
(complete conversion in 3 h with >90% selectivity) and excellent 
reusability without loss in catalytic activity over several runs (Zhang 
et al., 2020a). In another study (Haynes et al., 2019), the stability of 
palladium nanoparticles on the carbon black support was improved by 
the encapsulation in mesoporous silica. The encapsulation did not affect 
the catalyst activity for the oxidation of glucose to gluconic acid. 

The bimetallic Au–Pd nanoparticles immobilized on titanate nano-
tubes were used as catalysts for glucose oxidation (Khawaji et al., 2019). 
The better selectivity towards gluconic acid was achieved when the 
content of palladium was higher than that of gold (Au15Pd85). However, 
the catalytic system without gold was not effective. The bimetallic 
nanoparticles Pd–Bi on alumina support were explored as catalysts for 
oxidation of glucose to gluconic acid (Sandu et al., 2020). It was found 
that the efficiency and stability of the catalysts strongly depend on the 
method of their production. The Pd–Bi-based catalysts utilizing (un) 
functionalized carbon were also effective for gluconic acid production 
(Diverchy et al., 2020). Other bimetallic catalysts, such as Au–Pd 
immobilized on ceria nanorods (Khawaji et al., 2021), titania-supported 
Au–Pd and Au–Cu nanoparticles (Sha et al., 2019) have been recently 
developed for the oxidation of glucose to gluconic acid. 

In the electrocatalytic oxidation of glucose to gluconic acid, porous 
Au–Pt–Pd nanocrystals were more effective than Pt/C or bimetallic 
platinum alloys (Au–Pt and Pt–Pd) (Ahmad et al., 2020). 

The electrochemical oxidation of glucose was explored and the 
selectivity towards gluconic acid formation was found to be greater 
when gold electrodes were used (vs. platinum and particularly copper 
electrodes) (Moggia et al., 2020). 

Methods for the effective photocatalytic transformation of glucose to 
gluconic acid have also been developed. Among them, the glucose 
oxidation using hydrogen peroxide under the photocatalysis by the 
composite of graphite-like carbon nitride (g-C3N4) with cobalt tetra(2,3- 
bis(butylthio)maleonitrile)porphyrazine (CoPz) (Zhang et al., 2020b) 
and the air oxidation of glucose using titania modified by phospho-
tungstic acid and CoPz (Yin et al., 2020) demonstrated selectivity to-
wards the gluconic acid formation. 

Gluconic acid was also efficiently prepared by catalytic oxidation of 
substrates other than glucose. For example, gluconic acid was prepared 
from biomass-derived levoglucosan using a heterogeneous bifunctional 
catalyst combining cesium salts of tungstophosphates 
(Cs2.5H0.5PW12O40), catalyzing the hydrolysis of levoglucosan, and gold, 
catalyzing the subsequent oxidation of glucose (Wan et al., 2019). The 
process performed in the one-pot fashion benefits from the participation 
of the final product, gluconic acid, in the acidic catalysis of the levo-
glucosan hydrolysis. With the almost complete conversion, this method 
also demonstrated a good selectivity (93%) towards the gluconic acid 
formation. Similar Au/CsxH3-xPW12O40 catalysts were effective for the 
selective conversion of cellobiose and cellulose into gluconic acid (An 

 

Scheme 1. Equilibrium between gluconic acid and its lactones.  

Scheme 2. General scheme of typical oxidation of glucose over noble metal catalysts.  
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et al., 2012; Zhang et al., 2011). Other bifunctional catalysts for the 
hydrolysis and oxidation of cellobiose to gluconic acid include gold 
nanoparticles immobilized on different active supports, such as 
Amberlyst-15 (Sakurai et al., 2015), phenolic group-functionalized 
carbon xerogel (Morawa Eblagon et al., 2016, 2018a), nitric 
acid-pretreated carbon nanotubes (Tan et al., 2009), and titanium di-
oxide (Amaniampong et al., 2014) (preferably in anatase form (Morawa 
Eblagon et al., 2018b)). The effective conversion of cellobiose to glu-
conic acid was also achieved using platinum nanoparticles on sulfonated 
activated-carbon support (Onda et al., 2011), palladium nanoparticles 
on carbon xerogels support (Mager et al., 2014), and bimetallic (Cu–Au 
and Ru–Au) nanoparticles on titania support (Amaniampong et al., 
2015a, 2015b). 

2.2. Synthesis of gluconic acid using enzymatic catalysis 

Another group of efficient catalytic systems for gluconic acid pro-
duction comprises immobilized enzymes, typically glucose oxidase 
(Scheme 3). The methods for the preparation of gluconic acid by 
oxidation of glucose using glucose oxidases or from other 
polysaccharide-containing substrates via cascade reactions utilizing 
amylases, cellulases, gluconolactonases, and other enzymes in 
conjunction with glucose oxidase are discussed in details in the recent 
review (Kornecki et al., 2020). Additionally, an electroenzymatic pro-
cess based on glucose oxidase was developed for the conversion of 
glucose to gluconic acid (Varničić et al., 2020). Glucose oxidase was 
immobilized on magnetic zirconia making a catalytic system with good 
stability and performance (conversion and selectivity) (Haskell et al., 
2020). Additionally, operational simplicity and minimization of waste 
were achieved by magnetic separation. 

The engineered glucose dehydrogenase was immobilized on hierar-
chically porous silica (MM-SBA-15) and effectively applied for the glu-
conic acid production from breadwaste (Karagoz et al., 2020). The 
catalyst demonstrated suitability for multiple reuses. 

The co-immobilized catalytic system comprising glucose oxidase 
hybrid nanoflowers covered by glucoamylase was designed and proved 
to be significantly more efficient than the free multienzyme system in 
the direct conversion of starch to gluconic acid (Han et al., 2020a). 

Three enzymes viz. cellulase, glucose oxidase, and catalase were 
immobilized on a reversible soluble support Eudragit L-100 and suc-
cessfully used for the conversion of cellulose (corn straw) into gluconic 
acid (Yu et al., 2021). The catalyst was reused several times with min-
imal loss in the activity. 

For the conversion of microcrystalline cellulose to gluconic acid, the 
multi-enzyme system consisting of four enzymes, namely cellulase, 
β-glucosidase, glucose oxidase, and catalase was developed (Rua-
les-Salcedo et al., 2020). The system was effectively used in the hybrid 
process with in situ recovery of gluconic acid by a liquid membrane in 
Taylor flow. 

2.3. Preparation of gluconic acid by fermentation 

Biotechnological methods utilizing the ability of various bacteria and 
fungi to selectively convert carbohydrate-based substrates to gluconic 
acid are well aligned with the sustainable character of gluconic acid and 
often benefit from the selectivity of the process. The particular advan-
tages of fermentation as an approach to gluconic acid production orig-
inate from the use of biomass as substrates, low cost of production, and 
selectivity of oxidation. The substrates, microorganisms, and methods of 
fermentation are well discussed in several specialized reviews (Ram-
achandran et al., 2006; Singh and Kumar, 2007; Anastassiadis and 
Morgunov, 2007). Most advancements in the fermentative preparation 
of gluconic acid nowadays are focused on the development of more 
efficient reactors and purification systems (Pal et al., 2016). Typical 
microorganisms used for the gluconic acid production are bacteria 
Acetobacter diazotrophicus (Attwood et al., 1991), Gluconobacter oxydans 
(Pal et al., 2017; Hou et al., 2018; Yao et al., 2017; Zhou et al., 2019a; 
Jiang et al., 2017), G. japonicus (Cañete-Rodríguez et al., 2015, 2016), 
Pseudomonas taetrolens (Alonso et al., 2015), Zymomonas mobilis (Ferraz 
et al., 2001; Silveira et al., 1999), fungi Aspergillus niger (Ajala et al., 
2017; Chuppa-Tostain et al., 2018; Ahmed et al., 2015), A. carneus 
(Tarekegn and Jabasingh, 2019), A. terreus (Dowdells et al., 2010), 
Penicillium variabile (Crognale et al., 2008), P. puberulum (Ahmed et al., 
2015), P. frequentans (Ahmed et al., 2015), and yeast-like fungi Aur-
eobasidium pullulans (Anastassiadis and Rehm, 2006a, 2006b; Anas-
tassiadis et al., 2003). 

3. Applications of GAAS as a catalytic medium 

GAAS was introduced as a green medium for organic synthesis a 
decade ago (Zhou et al., 2011) and since that time has been used in a 
variety of chemical reactions demonstrating its catalytic properties and 
proving a great potential for further expansion of the application scope. 

Scheme 3. General scheme for typical oxidation of glucose by glucose oxidase.  
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3.1. GAAS-catalysed transformations of biomass 

GAAS has found application as a green solvent for the biomass pre-
treatment and recovery of polysaccharides (Contreras-Esquivel et al., 
2014). The general process involves hydrolysis of xylan-hemicellulose 
from the biomass using gluconic acid catalysis allowing the selective 
formation of soluble xylooligosaccharides, which can be easily separated 
from the solid fraction containing glucan, xylan, and lignin. The enzy-
matic hydrolysis of glucan from the solid fraction can be effectively used 
for glucose preparation. The GAAS remains intact after the process and 
can be recovered and reused. This general protocol in different varia-
tions was applied to various feedstocks. For example, approximately 
180 g of xylooligosaccharides and 290 g of glucose were obtained from 
1000 g of corncob in the process of the pretreatment with GAAS fol-
lowed by the enzymatic hydrolysis of glucan (Scheme 4) (Han et al., 
2020b). 

GAAS (5%) was effectively used as a catalytic medium for the hy-
drolysis of sugarcane bagasse as a lignocellulosic feedstock to produce 
xylooligosaccharides (Scheme 5) (Zhou et al., 2019b). Importantly from 
the sustainability point of view, the solid (61% glucan) remaining after 
the hydrolysis with GAAS was washed to remove inhibitors and then 
subjected to enzymatic hydrolysis. The resulting glucose-containing 
hydrolysate was bio-oxidized by the fermentation with Gluconobacter 

oxydans affording gluconic acid in good yield. A similar approach using 
acetic acid for the sugarcane bagasse hydrolysis was less efficient in 
terms of xylooligosaccharides yield (39%), but the overall process still 
allowed the production of gluconic acid by G. oxydans in 96% yield 
(Zhou and Xu, 2019). 

Catalytic properties of gluconic acid were effectively used in the 
preparation of 5-hydroxymethylfurfural (1) by dehydration of fructose 
(Lin et al., 2020). The high fructose corn syrup (HGCS-55) was con-
verted by bio-oxidation (co-immobilized glucose oxidase and catalase) 
to gluconic acid and fructose. The enzymatic oxidation solution con-
taining fructose and gluconic acid was heated under microwave irradi-
ation in the presence of calcium chloride to afford 
5-hydroxymethylfurfural (1) (Scheme 6). 

3.2. Michael addition, Knoevenagel condensation, and related reactions 

The Michael addition of indole to 2-cyclopentenone was found to 
give an appreciable yield of 2 when GAAS was used as a medium 
(Scheme 7) (Zhou et al., 2011). This reaction under otherwise identical 

Scheme 4. Preparation of xylooligosaccharides from corncob.  

Scheme 5. Preparation of xylooligosaccharides from sugarcane bagasse.  

Scheme 6. Preparation of 5-hydroxymethylfurfural (1) from high fructose 
corn syrup. 

Scheme 7. Effect of solvents on the Michael addition between indole and 2-cyclopentenone.  
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conditions was not effective in most of the solvents used in the screening 
and besides GAAS, only acetic acid seemed to promote the addition to 
some extend. Recycled GAAS demonstrated nearly the same activity in 
the fourth run (82%) indicating stability under the reaction conditions 
and sustainable character of this catalytic medium. The reaction was 
also successfully scaled up from an initial 0.5 mmol scale to 20 mmol 
without any loss in efficiency (82% yield). GAAS served as a solvent for 
the synthesis of thirteen analogs of 2 using substituted indoles and 
various electron-deficient alkenes. Depending on the substrate struc-
tures, yields varied from moderate 55% to nearly quantitative 99%. 

GAAS was reported (Xu et al., 2018) as an efficient catalyst for the 
Knoevenagel condensation of O-glycosylated p-hydroxybenzaldehydes 

with 2,2-polymethylene-1,3-dioxane-4,6-diones. In the screening of 
catalysts, GAAS demonstrated the most promising results affording 3 in 
a good yield (Scheme 8). Moreover, the recycled GAAS was reused for 
the same reaction several times retaining good activity (86% yield of 3 
after the 5th run). The reaction scope was demonstrated by the synthesis 
of ten Knoevenagel condensation products using glycosylated aldehydes 
substituted in the aromatic ring and 2,2-tetramethylene- or 2,2-pentam-
ethylene-1,3-dioxane-4,6-dione. The role of GAAS in the catalysis was 
attributed to hydrogen bonding of GAAS with both the reaction partners 
increasing electrophilicity of the aldehyde carbonyl group and pro-
moting enolization of the active methylene dicarbonyl substrate 
(Scheme 9). 

Scheme 8. Effect of catalysts on the Knoevenagel condensation.  

Scheme 9. Catalysis of the Knoevenagel condensation by GAAS.  

Scheme 10. Effect of solvents and catalysts on the reaction of benzaldehyde and Meldrum’s acid.  
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The benefits of performing the Knoevenagel condensation and 
Michael addition in GAAS made it logical to test this catalytic medium 
for multicomponent reactions combining these two processes. GAAS was 
assessed and effectively applied to the tandem of the Knoevenagel 
condensation and Michael addition in many variations for diverse sub-
strates. This can be illustrated by the reaction of aromatic aldehydes 
with two equivalents of Meldrum’s acid (Lin et al., 2017). In the 
screening of the reaction conditions at ambient temperature, GAAS was 
more efficient for the synthesis of 4 than other solvents (Scheme 10). 
Using aqueous solutions of acetic, oxalic, or malic acids did not signif-
icantly improve the reaction outcome compared to pure water. The yield 
increased when the temperature of the reaction in GAAS raised to 40 ◦C. 
GAAS recycled from four subsequent runs of the reaction demonstrated a 
minimal decrease in its catalytic power. The conditions optimized in the 
model reaction were successfully applied to the condensation of Mel-
drum’s acid with nine different benzaldehydes and the desired products 
were obtained in 81–95% yields. 

The catalytic role of gluconic acid suggested its involvement in the 
activation of the aldehyde carbonyl group, simultaneously increasing 
nucleophilicity of Meldrum’s acid and therefore promoting the 

Knoevenagel condensation with the formation of intermediate 5 
(Scheme 11). Then, gluconic acid also promotes the Michael addition of 
Meldrum’s acid to 5 affording the formation of reaction product 4. 

When spiro-fused analogs of Meldrum’s acid were used in similar 
reactions, GAAS also demonstrated superior performance compared to 
other solvents (Xu et al., 2017). In the model reaction, 6 was prepared in 
GAAS in a good yield at room temperature (Scheme 12). Aqueous so-
lutions of acetic or oxalic acids of the same concentration as GAAS (50%) 
used as media were not more beneficial for the yield than pure water. 
Unlike in the reaction with Meldrum’s acid (Scheme 10), no improve-
ment in the reaction outcome was observed at higher temperatures. 
Good potential for recycling and reusing GAAS for the same reaction was 
demonstrated and reused four times, it still allowed to prepare 6 in the 
87% yield. Under the optimized conditions, the reaction scope was 
explored using 2,2-tetramethylene- and 2,2-pentamethylene-1, 
3-dioxane-4,6-diones and various benzaldehydes to afford fourteen 
compounds in 81–95% yields. 

GAAS was found to be a particularly efficient catalytic medium for 
the Yonemitsu three-component condensation of indole, 2,2-pentam-
ethylene-1,3-dioxane-4,6-dione, and aldehydes (Yan et al., 2014). In 

Scheme 11. Catalysis of the reaction between benzaldehyde and Meldrum’s acid by GAAS.  

Scheme 12. Effect of solvents and catalysts on the reaction between benzaldehyde and 2,2-pentamethylene-1,3-dioxane-4,6-dione.  
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the model reaction, only traces of 7 were detected when conventional 
organic solvents were utilized (Scheme 13). However, the reaction in 
GAAS proceeded much faster and afforded a good yield of 7. Warming 
the reaction mixture to 45 ◦C further increased the yield, while dilution 
of GAAS from the standard 50% concentration to 25% made the yield 
nearly quantitative. This yield remained after the reaction scale was 
increased from 1 mmol to 20 mmol. Other organic acids tested as po-
tential catalysts were less efficient. The sustainable character of GAAS 
was supplemented by its good recyclability over several runs without 
substantial loss of activity in this reaction (~5% decrease in the yield of 
7 after 5 runs). Various benzaldehydes and even aliphatic aldehydes 
were successfully applied as substrates in the reaction with 2,2-pentam-
ethylene-1,3-dioxane-4,6-dione and indole (13 examples, 66–99% 
yields). However, attempts to involve o-nitrobenzaldehyde in this 
three-component reaction failed and resulted in the isolation of the 
Knoevenagel condensation product in 92% yield. 

It was reported (Sheng et al., 2012) that under mild conditions and in 
the absence of other catalysts, GAAS was more efficient than other sol-
vents in the condensation of benzaldehyde with indole (Scheme 14). The 
reaction outcome was further improved by warming the reaction 
mixture to 60 ◦C and diluting GAAS to half of its standard 50% con-
centration. Reusing GAAS after the extraction of 8 with ethyl acetate did 
not significantly affect the catalytic medium activity and the yield after 
four cycles remained nearly the same. Substituted benzaldehydes and 
indoles were also successfully used as substrates for this reaction in 

Scheme 13. Effect of solvents and catalysts on the Yonemitsu three-component reaction.  

Scheme 14. Effect of solvents on the reaction between benzaldehyde 
and indole. 

Scheme 15. Effect of solvents on the reaction between 2-(phenylsulfonyl)acetophenone and paraformaldehyde.  
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GAAS and eighteen examples (81–99% yields) illustrated the method 
scope. 

Typically, GAAS is used as a catalytic medium without any addi-
tional catalysts. However, its catalytic power for some reactions can be 
induced and synergistically modulated by the introduction of another 
component of the catalytic system. For example, the addition of amino 
sugar meglumine to GAAS changed the outcome of the reaction between 
2-(phenylsulfonyl)acetophenone and paraformaldehyde (Scheme 15) 
(Yang et al., 2012). In the presence of meglumine, GAAS became a 
medium promoting formation of the hydroxymethylation product 9. 
However, only 10 was isolated from the reaction performed in other 
solvents regardless of meglumine presence. Several interesting reactions 
were developed utilizing the ability of 9 to undergo dehydration 
generating reactive α-methylene derivative, which was trapped in situ 
using a one-pot methodology. 

For example, the reaction of 9, formed in situ from 2-(phenylsulfonyl) 
acetophenone and paraformaldehyde, in the same medium at higher 
temperature proceeded via the dehydration and the subsequent oxo- 
Diels-Alder reaction with α-methylstyrene affording dihydropyran 11 
(Scheme 16) (Yang et al., 2012). The reaction was equally efficient (72% 
yield) when its scale was increased from 0.25 mmol to 10 mmol. 
Moreover, the catalytic medium was recovered after the extraction of 11 
with the ethyl acetate-heptane mixture and effectively reused five times 
without significant loss of activity. The scope of the developed one-pot 
procedure was demonstrated by the synthesis of ten examples 
(50–82% yields) using various styrenes and β-ketosulfones. 

A similar one-pot methodology in the GAAS/meglumine medium 
was applied for the reaction of 9 with 2-methylfuran affording 12, which 
was probably formed via the Michael addition of the putative α-meth-
ylene intermediate to the furan ring (Scheme 17) (Yang et al., 2012). 
Five examples (60–82% yields) were prepared by varying β-ketosulfone 
structures in the reaction with 2-methylfuran. 

The three-component format of the reaction was applied for the 
synthesis of 13 from 2-(phenylsulfonyl)acetophenone, para-
formaldehyde, and thiophenol in the GAAS/meglumine system (Scheme 

18) (Yang et al., 2012). The reaction was very effective affording 13 in 
nearly quantitative yield. These conditions were successfully utilized for 
the synthesis of nineteen analogs of 13 in good yields (70–99%). The 
reaction tolerated different β-ketosulfones and was also efficient with a 
variety of thiophenols and thiols. Moreover, it was demonstrated that 
the reaction can be performed with equal efficiency in a one-pot manner 
using 2-(phenylsulfonyl)acetophenones pre-formed in GAAS from the 
corresponding α-bromoacetophenones and sodium benzenesulfinate. 

Other nucleophiles did not give an appreciable outcome in the three- 
component reactions with 2-(phenylsulfonyl)acetophenone and para-
formaldehyde. However, reactions of 9 with C-nucleophiles in GAAS 
were more successful (Yang et al., 2012). For example, heating 9 with 
resorcin in GAAS resulted in the formation of 14 (Scheme 19). Similar 
Friedel-Crafts alkylation products were obtained in reactions of 9 with 
N,N-dimethylanilline, β-naphthol, pyrrole, 2-phenylindole, and 
antipyrine. 

The Friedel-Crafts alkylation of electron-rich aromatics with benzyl 
alcohols was highly efficient in GAAS (Zhou et al., 2011). In the model 
reaction, 15 was prepared in an excellent yield using GAAS as a medium 
(Scheme 20). The scope of the reaction was exemplified by the synthesis 
of twelve examples applying diverse benzyl alcohols as electrophiles and 
indols, antipyrine, and N,N-dimethylaniline as nucleophiles thus 
affording products in yields up to 99%. 

In the ring-opening reaction of 3,4-dihydropyran with indole, GAAS 
outperformed other solvents used for the screening and afforded 5,5-bis 
(3-indolyl)pentanol (16) as a product (Scheme 21) (Zhou et al., 2011). 
GAAS was also successfully used for the reactions of substituted indoles 
and five analogs of 16 were prepared in 70–91% yields. 

Similar media preferences were observed in the reaction of indoles 
with substituted 2-butoxy-3,4-dihydropyran (Scheme 22) (Yang et al., 
2013). From the set of solvents tested, only acetic acid and GAAS were 
suitable for the synthesis of 17, but the latter was more efficient and also 
operationally convenient due to its immiscibility with non-polar organic 
solvents. After extraction of 17 with the ethyl acetate-heptane mixture, 
GAAS was repeatedly reused and no yield reduction was noticed after 
the fourth time. The reaction scope was demonstrated by the successful 

Scheme 16. The oxo-Diels-Alder reaction under the GAAS/meglumine catalysis.  

Scheme 17. One-pot synthesis of 12 in GAAS/meglumine medium.  

Scheme 18. The three-component reaction of 2-(phenylsulfonyl)acetophe-
none, paraformaldehyde, and thiophenol in GAAS/meglumine medium. 

Scheme 19. The Friedel-Crafts alkylation of resorcin in GAAS.  
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incorporation of five substituted indoles and seven 2-butoxy-3,4-dihy-
dropyrans as substrates (66–86% yields). 

The ring-opening reactions of dihydropyrans with an aryl group 
instead of the butoxy group was effectively performed in GAAS using 
various nucleophiles, such as indoles, resorcin, β-naphthol, N-methyl- 
and N,N-dimethylanilines (Yang et al., 2013). This reaction is exempli-
fied in Scheme 23 by the preparation of 18. 

The ring-opening also took place upon heating of 1-arylisochromane 
19 with indole in GAAS affording 20 in good yield (Scheme 24) (Yang 
et al., 2013). A similar addition of pyrrole to 19 in GAAS was also 

successful but the corresponding product formed in lower yield (46%). 

3.3. Heterocyclizations in GAAS 

GAAS was found to be an effective medium for the synthesis of 
pyrroles by several methods. In the Paal-Knorr pyrrole synthesis using a 
reaction between hexane-2,5-dione and aniline, GAAS was more effi-
cient than alcohols, water, or polyethylene glycol (PEG) affording pyr-
role 21 in good yield (Scheme 25) (Sharma et al., 2018). The reaction in 
GAAS took just 10 min and was even faster under ultrasound irradiation. 

Scheme 20. The Friedel-Crafts alkylation of indole in GAAS.  

Scheme 21. Effect of solvents on the reaction between 3,4-dihydropyran and indole.  

Scheme 22. Effect of solvents on the reaction between 2-butoxy-3,4-dihydropyran and indole.  

Scheme 23. Synthesis of 18 in GAAS.  
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However, only traces of 21 were detected after 1 h of the reaction under 
ultrasound irradiation in other solvents. It was demonstrated that after 
the extraction of 21 with ethyl acetate, GAAS can be recovered and 
reused for the reaction in several cycles without substantial loss in the 
product yield. Applying a variety of aromatic and aliphatic primary 
amines as substrates in the reaction with hexane-2,5-dione, the 
Paal-Knorr pyrrole synthesis was effectively performed with and 
without ultrasound irradiation demonstrating a good scope of the 
method (18 examples, 84–96% yields). The catalytic role of GAAS was 
suggested to be associated with its acidic properties and activation of the 
diketone by the protonation of the carbonyl oxygen atoms. 

In the four-component synthesis of pyrrole 22, GAAS was found to be 
very effective while the same reaction in other green solvents like water, 
PEG 400, or glycerol as well as in ionic liquids did not afford more than 
traces of the product event after a longer heating (Scheme 26) (Li et al., 
2013). In acetic and trifluoroacetic acids, also only small quantities of 22 
were obtained. From this model reaction in GAAS, the optimized 

conditions were successfully translated to the synthesis of 39 analogs of 
22 using the reaction between aromatic (including heteroaromatic) al-
dehydes, aromatic or aliphatic primary amines, acetylacetone (or ace-
toacetates), and nitromethane (48–93% yields). 

This four-component reaction was suggested to involve the initial 
formation of enamine 23 and β-nitrostyrene 24, followed by the Michael 
addition and cyclization with aromatization (Scheme 27). This mecha-
nism was confirmed experimentally by the synthesis of pyrrole 22 from 
the corresponding β-nitrostyrene, acetylacetone, and p-anisidine in the 
80% yield. 

GAAS plays an important role in controlling the selectivity of the 
four-component reaction. In this medium, imines formed in potential 
side reactions between aldehydes and amines undergo hydrolysis 
ensuring the desired direction of the process. This could be a possible 
reason for the greater efficiency of GAAS compare to other catalysts, for 
example in the synthesis of 25 performed in nitromethane (Scheme 28) 
(Qu et al., 2015). This reaction was efficient and highly selective with 

Scheme 24. Synthesis of 20 in GAAS.  

Scheme 25. Effect of solvents on the Paal-Knorr pyrrole synthesis.  

Scheme 26. Effect of solvents on the four-component synthesis of pyrrole 22.  
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various primary amines used as substrates and also remained suitable for 
the preparation of pyrroles when acetylacetone was replaced by ace-
toacetates. Eighteen examples of pyrroles substituted with the o-azido-
phenyl moiety were prepared (62–94% yields) as starting materials for 
the subsequent Staudinger/aza-Wittig cyclization with the quinoline 
annulation to the pyrrole ring. 

The reaction of two molecules of cyclohexane-1,3-diones with imi-
dazo[1,2-a]pyridine-3-carboxaldehydes was reported (Patel et al., 
2019) to proceed smoothly in GAAS with ethanol added as a co-solvent 
(5:1, v/v). The model reaction demonstrated good efficiency in this 
solvent system on a 1 mmol scale (Scheme 29) and when the reaction 
was scaled up to 20 mmol (87% yield). Lower yields of 26 were obtained 

in pure GAAS or combinations of GAAS with other solvents. Importantly, 
GAAS was recycled several times without significant loss in catalytic 
activity and 26 was prepared in 82% yield in the third run using 
recovered GAAS. The optimized conditions were demonstrated to be 
suitable for the reactions of substituted imidazo[1,2-a]pyr-
idine-3-carboxaldehydes with dimedone or cyclohexane-1,3-dione (13 
examples, 61–88% yields). 

Similar results were obtained when one equivalent of cyclohexane- 
1,3-diones was replaced by malononitrile (Thakur et al., 2020). In the 
model reaction, the same GAAS-ethanol solvent system was found to be 
optimal (Scheme 30) and in attempts to increase the content of ethanol 
in the reaction medium or replace it with other solvents, yields of 27 
were lower. However, under ultrasound irradiation, the reaction time 
and temperature were reduced to 20 min at 80 ◦C (from 2 h at 100 ◦C in 
the absence of ultrasound) still retaining the same yield. In the synthesis 
of ten analogs of 27, the yields obtained under ultrasound irradiation 
were slightly higher than those from the conventional heating protocol. 
Some of the prepared products demonstrated antimicrobial activity 
against Staphylococcus aureus. 

The combination of the Konoevenagel condensation, Michael addi-
tion, and heterocyclization in the three-component reaction took place 
upon heating of dimedone, barbituric acid, and isatin in GAAS (Scheme 
31) (Guo et al., 2013). The yield of the reaction carried out in GAAS was 
excellent, while only traces of the spiro-fused oxindole 28 were detected 
when typical organic solvents were used as media. Glycerol, water, and 

Scheme 27. Mechanism of the four-component synthesis of pyrrole 22.  

Scheme 28. Effect of catalysts on the four-component synthesis of pyrrole 25.  

Scheme 29. Synthesis of 26 in GAAS-ethanol medium.  

Scheme 30. Synthesis of 27 under ultrasound irradiation in GAAS- 
ethanol medium. 
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acetic acid were also less efficient than GAAS. GAAS substantially out-
performed deep eutectic solvent choline chloride-urea and a variety of 
low-melting mixtures of sugars with urea salts. As an optimal catalytic 
medium for this reaction, GAAS decreased the reaction time and affor-
ded the desired product in good yield and high selectivity. The 
by-product resulted from the reaction of isatin with two molecules of 
dimedone was detected in trace amounts only. There were no signs of 
another by-product from the potential reaction of isatin with two mol-
ecules of barbituric acid. The scope of the method was explored using 
reactions of dimedone or cyclohexane-1,3-dione and barbituric acid, 1, 
3-dimethylbarbituric acid, or thiobarbituric acid with (un)substituted 
isatins. The method was effective for many substrates and a library 
consisting of 28 and its 55 analogs was prepared in good yields 
(81–95%). 

When dimedone was used as a nucleophile in a similar 2-butoxy-3,4- 
dihydropyran ring-opening reaction in GAAS, partially hydrated 
xanthene-1,8-dione 29 was obtained in nearly quantitative yield 
(Scheme 32) (Yang et al., 2013). Five analogs of 29 were prepared using 
reactions of different cyclohexane-1,3-diones and 2-butoxy-3,4-dihydro-
pyrans in GAAS as a medium (73–96% yields). 

The four-component reaction of hydrazine hydrate, 3-aminocrotono-
nitrile, isatin, and indane-1,3-dione was faster and gave a better yield of 
spiroheterocycle 30 in GAAS than in aqueous solutions of citric or lactic 

Scheme 31. Effect of solvents on the three-component synthesis of 28.  

Scheme 32. Synthesis of 29 in GAAS.  

Scheme 33. Effect of solvents on the four-component synthesis of 30.  

Scheme 34. The four-component synthesis of 31 in GAAS.  

Scheme 35. The four-component synthesis of 32 in GAAS.  
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acids of the same concentration (Scheme 33) (Khandelwal et al., 2017). 
When indane-1,3-dione in this reaction was replaced by 4-hydroxy-6--
methyl-2-pyrone or 4-hydroxycoumarin, pyranopyrazolopyridine 31 
and chromenopyrazolopyridine 32 were obtained in good yields 
(Schemes 34 and 35). These reactions were demonstrated to tolerate 
5-substituted isatins as substrates affording products in yields of 90% 
and above. The catalytic activity of GAAS was associated with its mild 
acidic character. 

GAAS was found to be an excellent medium for the four-component 
reaction of ethyl acetoacetate, hydrazine, malononitrile, and benzalde-
hyde (Scheme 36) (Diwan et al., 2019). Outperforming classical organic 
solvents, GAAS was also significantly more efficient in this reaction than 
low-melting mixtures of dimethylurea with fructose, citric, or tartaric 
acids. Good recyclability of GAAS without substantial loss in yield of 33 
over several runs was reported for this reaction. Using substituted 
benzaldehydes and hetarylaldehydes, sixteen analogs of 33 were pre-
pared in 87–94% yields and evaluated in antibacterial, antifungal, and 
antioxidant assays. The activity of some compounds was comparable 
with that of the reference drugs. 

In the three-component synthesis of 2,3-dihydroquinazolinones from 
isatoic anhydride, aromatic aldehydes, and substituted anilines, GAAS 
was applied as an efficient catalytic medium (Khandelwal et al., 2015). 
Aqueous solutions of organic acids, particularly GAAS, were found to be 
efficient in the model reaction affording 2,3-dihydroquinazolinone 34 in 
good yields (Scheme 37). It was reported that in addition to high effi-
ciency, GAAS also demonstrated good recyclability retaining its activity 
in four subsequent runs of the reaction. Using GAAS as a medium, 
twenty 2,3-dihydroquinazolinones were prepared in consistently high 
yields (90–95%) applying various combinations of substituted anilines 
with aromatic aldehydes in their reaction with isatoic anhydride. 

4. Conclusion 

Gluconic acid is a bio-based chemical, which can be produced via 
green methods from biomass, including polysaccharide-containing 
waste. Due to high solubility in water, gluconic acid can form rather 
concentrated solutions, e.g. standard 50% GAAS. GAAS is inexpensive, 
non-toxic to humans, environmentally benign, non-volatile, non-corro-
sive, and easily biodegradable. Possessing attributes of a green and 
sustainable solvent, GAAS has been applied in this capacity for a variety 
of important reactions in organic synthesis and demonstrated great 
performance. In some cases, using GAAS led to dramatic improvements 
in the reaction outcome suggesting catalytic enhancement of the re-
actions in the GAAS medium. Non-miscibility with non-polar organic 
solvents allows recovery and reuse of GAAS after the product extraction. 
Serving as an alternative for acetic acid for the acid-promoted reactions, 
GAAS allows isolation of products by extraction without prior neutral-
ization with a base, thus reducing waste generation and contributing to 
the process greenness. However, GAAS has two main limitations: (1) it is 
not suitable for reactions utilizing moisture-sensitive reactants and re-
agents, and (2) the synthesis of hydrophilic products in GAAS is not 
practical due to difficulties associated with product isolation. 

In general, GAAS appears to be an emerging green catalytic medium 
for organic synthesis. GAAS is expected to find its niche as one of the 
sustainable organic acidic media for promoting a range of chemical 
transformations. 
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