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A B S T R A C T

This review article highlights key developments in the second wave of formose research (from approximately 
2000), summarizing approximately 100 relevant studies. Section 1 introduces the basics of formose reaction and 
its historical context. Section 2 provides a brief overview of the pioneering works from the first wave of formose 
research (from 1970 to 1990). Section 3 then overviews the second wave of formose research, in which formose 
reactions under various conditions, mechanistic studies of the formose reaction, formose reactions and the origin 
of life, and applications of formose reactions are described. Finally, Section 4 offers summary and outlook.

1. Introduction

The molecular formula of formaldehyde is CH2O, and it can be thus 
considered as the smallest carbohydrate consisting of a carbon atom and 
a water molecule. The general molecular formula of monosaccharides, i. 
e., sugar, is (CH2O)n. For example, the molecular formula of pentoses 
including ribose is C5H10O5, and that of hexoses containing glucose, 
galactose, and fructose is C6H12O6. In other words, if formaldehyde 
molecules are successfully connected, monosaccharides can be obtained. 
In 1861, Butlerow [1], a famous Russian organic chemist, discovered 
that a sugar-like product was obtained by heating an aqueous solution of 
formaldehyde under basic conditions (Scheme 1). Later, Loew [2] 
named the product “formose”, meaning sugar produced from formal
dehyde, and the reaction came to be called “formose reaction”.

Plants synthesize monosaccharides from carbon dioxide and water 
through the Calvin–Benson cycle of photosynthesis. Before the Cal
vin–Benson cycle was discovered, it had been believed that formose 
reaction took place in plants. Currently, the origin of life is proposed to 
be explained by the ribonucleic acid (RNA) world hypothesis, which 
states that life began with RNA, as RNA exhibits enzymatic activities [3,
4]. RNA consists of ribonucleosides, which contain ribose as an impor
tant component. Ribose must be formed in order for RNA to be produced 

under prebiotic conditions. It is considered that formose reaction is one 
of possible prebiotic pathways for the formation of ribose (see Section 
3.3.3).

In relation to photosynthesis and the origin of life, the mechanism 
and products of formose reaction have been studied in the early 20th 
century [5–7]. As a result, it was revealed that formose reaction is a 
complicated reaction that includes acyloin condensation, aldol reaction, 
retro-aldol reaction, carbonyl shift, and Cannizzaro reaction, and that 
formose is a complicated mixture containing >30 types of mono
saccharides and sugar alcohols. Formose reaction is divided into three 
periods, i.e., the induction period, the sugar formation period, and the 
sugar degradation period. During the induction period, two formalde
hyde molecules form glycolaldehyde through acyloin condensation. 
Since glycolaldehyde acts as a cocatalyst, aldol reaction takes place 
favorably to form various monosaccharides when the amount of product 
glycolaldehyde exceeds a certain level. When most of the formaldehyde 
is consumed, the reaction mixture turns yellow. This point is called the 
yellowing point. After the yellowing point, the monosaccharides pro
duced are degraded mainly through retro-aldol reaction and Cannizzaro 
reaction to form a complicated brown mixture containing mono
saccharides and sugar alcohols, along with the formation of larger 
monosaccharides.
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As of October 2024, a search for formose using SciFinder Scholar 
returns approximately 500 publications. Fig. 1 shows the trend in the 
number of publications. Except for certain periods, the average number 
of papers published per year is about one. As can be seen in Fig. 1, the 
first wave of formose research arrived from 1970 to 1990, and we are 
currently in the midst of the second wave since 2000. This review article 
mainly deals with the second wave of formose research. Section 2 briefly 
summarizes the pioneering works in the first wave of formose research. 
Section 3 then reviews the second wave of formose research, in which 
formose reaction under various conditions (Section 3.1), mechanistic 
studies of the formose reaction (Section 3.2), the origin of life and for
mose reaction (Section 3.3), and applications of formose reaction 
(Section 3.4) are described. Section 4 provides summary and outlook. 
Interested readers can refer to other reviews on formose reaction [5,6,
8–10].

2. Pioneering works in the first wave of formose research

In the first wave, Shigemasa et al. [7] and Inoue et al. [11,12] led 
formose research, especially, to realize controlled formose reaction. For 
details of their research, please refer to their publications [7,11,12]. 
Shigemasa et al. [7] identified the induction period, the sugar formation 
period, and the sugar degradation period by measuring the redox po
tential of mixtures of formose reaction. Then, they successfully isolated a 
branched seven carbon sugar alcohol and a branched heptose by opti
mizing the reaction conditions in the sugar formation period. Inoue et al. 
[11] achieved the selective synthesis of 1,3-dihydroxyacetone, i.e., a 
triose, by using a thiazolium salt as a catalyst. Inoue et al. [12] also 
synthesized DL-dendroketose, i.e., a hexose, by coupling two 1,3-dihy
droxyacetone molecules.

3. The second wave of formose research

3.1. Formose reactions under various conditions

3.1.1. Formose reactions in the gas phase
Eckhardt et al. [13–15] performed experimental and simulation 

studies of monosaccharide synthesis in the gas phase. They showed that 
formaldehyde reacted with its isomer, hydroxymethylene, to form gly
colaldehyde through a nearly barrier-free reaction [13]. Hydroxy
methylene acted as a building block for iterative monosaccharide 
formation to yield larger monosaccharides, e.g., glyceraldehyde 

(Fig. 2a). The thermodynamically favored ketose, i.e., 1,3-dihydroxyac
etone, was not formed, and the formation of larger branched mono
saccharides was unlikely in the iterative monosaccharide formation. 
Eckhardt et al. [14] reported the spontaneous formation of 1,3-dioxola
n-4-ol, i.e., a mixed hemiacetal, by addition of glycolaldehyde to form
aldehyde in the gas phase. The hemiacetal was identified by matching 
matrix infrared (IR) spectra with coupled cluster calculations. 1,3-Diox
olan-4-ol is considered as a storage form of formaldehyde and glyco
laldehyde and is fairly stable in the gas phase (Fig. 2b). Eckhardt et al. 
[15] also described the identification of glycolaldehyde enol (1,2-ethe
nediol, HOHC––CHOH) in methanol-containing ice at temperatures as 
low as 5 K (Fig. 2c). A reaction pathway to 1,2-ethenediol was revealed 
by isotopic labeling and isomer-selective photoionization combined 
with reflectron time-of-flight mass spectrometry (TOF-MS). 1,2-Ethene
diol is kinetically stable, applicable for prebiotic formation of mono
saccharides, and detectable in deep space. These studies suggests that 
the gas phase reaction may form selectively linear monosaccharides, 
which are difficult to form in conventional formose reaction, via reac
tion intermediates, which are different from those in solution.

3.1.2. Formose reactions in solutions
Simonov et al. [16] carried out formose reaction at 38 or 41 ◦C in a 

flow or batch reactor using an aqueous solution containing formalde
hyde (0.14 M), a monosaccharide (a cocatalyst, i.e., glycolaldehyde, 
glyceraldehyde, 1,3-dihydroxyacetone, D-erythrose, DL-arabinose, 
D-ribose, D-lyxose, D-L-xylose, D-glucose, L-sorbose, D-fructose, 
D-mannose, or D-galactose), and Ca(OH)2 (0.027 M). The products were 
derivatized with 2,4-dinitrophenylhydrazine and characterized by high 
performance liquid chromatography (HPLC). The HPLC data indicated 
the formation of tetroses, pentoses, and hexoses. Tabata et al. [17] 
focused on the weak Brønsted basicity of oxometalate anions, e.g., WO4

2– 

and MO4
2–, and utilized these anions as catalysts for formose reaction. 

For example, formose reaction was carried out using an aqueous form
aldehyde solution (0.3 M) containing methanol (10 %) at 80 ◦C for ca. 4 
h under weakly basic conditions (pH 7.8) in the presence of Na2WO4 (a 
catalyst) and glycolaldehyde (a cocatalyst). The products derivatized 
with 2,4-dinitrophenylhydrazine were characterized by HPLC. The 
HPLC data indicated that a mixture of pentoses and hexoses, e.g., 1,3, 
4-trihydroxy-3-(hydroxymethyl)butan-2-one, 1,3,4,5-tetrahydrox
ypentan-2-one, and 1,2,4,5,6-pentahydroxyhexan-3-one, was obtained 
(Fig. 3a). Notably, Cannizzaro reaction was retarded in these reactions 
(Fig. 3b). Ono et al. [18] studied formose reaction using mixtures of 
formaldehyde (100 mM) and glycolaldehyde (10 mM) in a phosphate 
buffer (0.2 M, pH = 5.7 – 7.6) or water (pH 4.5) at 55, 75, and 95 ◦C 
under varying conditions. The products were derivatized into aldonitrile 
acetates and characterized by gas chromatography-mass spectrometry 
(GC-MS). At higher pH or temperature, monosaccharides, e.g., pentoses, 
were obtained in higher yields. In the presence of CaCl2, the yield of 
monosaccharides, e.g., erythrose, threose, and glyceraldehyde, was 
higher. Notably, ribose was formed more efficiently at higher pH and 
glycolaldehyde concentration.

Hydrothermal conditions are used for crystal growth and reactions 
because of the improved solubility of solutes. Formose reaction has been 
conducted under hydrothermal conditions. Kopetzki and Antonietti [19] 
performed formose reaction using an aqueous formaldehyde solution 
(0.5 M) and various base catalysts (Ca(CH3COO)2, NaHCO3, K2HPO4, 
and a mixture of NaHCO3 and Na2CO3) in a flow-type reactor under 
hydrothermal conditions at 200 ◦C and 100 bar. The products were 
derivatized by the alditol acetate method and characterized by GC-MS. 
The reaction was completed within a few minutes without selective 
formation of specific monosaccharides independent of the cationic 
species. In contrast to formose reaction performed at low temperatures, 
smaller monosaccharides were formed as major products whereas hex
oses were formed in lower yields (Fig. 4a). Omran et al. [20,21] also 
studied formose reaction under hydrothermal conditions. Omran et al. 
[20] carried out formose reaction using an aqueous formaldehyde 

Scheme 1. Formose reaction.

Fig. 1. Number of publications on formose from 1880 to 2024.
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Fig. 2. (a) Simplified depiction of the traditional autocatalytic (with glycolaldehyde (1a)) formose reaction (top half) in aqueous media in the presence of base at 
ambient temperatures, and the proposed new reaction path via hydroxymethylene (3a) (bottom half) in the gas phase or on surfaces. Reproduced with permission 
from ref. [13]. Copyright 2018 Springer Nature. (b) Formation and equilibrium between gaseous 1, 2, and 7 (top); Autocatalytic mechanism for the aqueous rormose 
reaction (bottom). Reproduced with permission from ref. [14]. Copyright 2018 American Chemical Society. (c) Derived reaction pathways in methanol–carbon 
monoxide ices leading to the formation of 1,2-ethenediol, in which E/Z isomers are omitted for clarity. Reproduced with permission from ref. [15]. Copyright 2021 
American Chemical Society.

A. Hashidzume                                                                                                                                                                                                                                  



BBA Advances 7 (2025) 100141

4

solution (1 M), containing methanol (0.12 %), adjusted to pH 12 with 
NaOH at 120 ◦C and 200 kPa for 1 h. The products were trimethylsily
lated and characterized by GC-MS. The GC-MS data exhibited signals 
ascribable to monosaccharides, e.g., glucose, mannose, and xylose 
(Fig. 4b), although the yield of monosaccharides was 0.003 %. (Omran 
et al. [21] carried out formose reaction under the same hydrothermal 
conditions in the presence of a CaCO3-based chemical garden, i.e., a thin 
cylindrical solid consisting of silica and CaCO3, and obtained similar 
results (see Section 3.1.3).)

Colloid systems have been utilized as media for formose reaction. 
Masaoka et al. [22] studied formose reaction in water pools of reverse 
micelles formed from Aerosol-OT (AOT), Triton X-100 (TX), and hex
adecyltrimethylammonium bromide (CTAB), which contained formal
dehyde (100 mM) and Ca(OH)2 (20 mM), at 60 ◦C. The time–conversion 
plots exhibited no induction period, indicating that the formation of 
glycolaldehyde was accelerated in the interfacial water layer of reverse 
micelles (Fig. 5a). The 13C nuclear magnetic resonance (NMR) spectrum 
for the product obtained in the AOT reverse micelles from form
aldehyde-13C as the starting material showed that the main product was 
ethylene glycol, which might be formed preferentially from glyco
laldehyde and formaldehyde through Cannizzaro reaction. Gardner 
et al. [23] carried out formose reaction in vesicles formed from 1, 
2-di-O-phytanoyl-sn-glycero-3-O-phosphocholine. The vesicles encap
sulated formaldehyde (> 1.0 M) and CaCl2. The reaction was initiated by 
adjusting the external pH to 12.5 and allowing OH– to penetrate into the 
vesicles, and allowed to run at 37 ◦C for 4 h. The products were trime
thylsilylated and characterized by GC-MS. The GC-MS data showed that 
pentoses (65 %), hexoses (15 %), tetroses, and heptoses were formed, 
indicating that pentoses were preferentially formed over the conven
tional formose reaction. Borate esters of the monosaccharides formed 
were able to stimulate a bioluminescence response as signal molecules in 
the natural quorum sensing mechanism of marine bacterium Vibrio 
harveyi (V. harveyi) (Fig. 5b). This observation can be viewed as 
communication from the artificial cells to V. harveyi. To investigate the 
importance of compartmentalization in the origin of life, Lu et al. [24] 
examined formose reaction in droplets (50 – 100 μm in size, compart
ments) fabricated using microchannels with a fluorinated oil as the 
continuous phase, fluorosurfactant (008-FluoroSurfactant, RAN Bio
technologies) and an amphiphilic triblock copolymer (perfluorinated 
polyether-b-poly(ethylene glycol)-b-perfluorinated polyether, 
PFPE-PEG-PFPE) as the dispersion medium (Fig. 5c). A combination of 
CaCl2 and 1,1,3,3-tetramethylguanidine, and glycolaldehyde were used 
as a catalyst system and a cocatalyst, respectively. The aqueous phases 
were injected at 180 mbar and the oil phases were injected at 130 and 
200 mbar. The reaction was carried out at 40 ◦C for 4 h. As the reaction 
proceeded, the volume of droplets more than doubled. The droplets 
were also split by shear, and the growth rate was affected by the transfer 

of components between the droplets. The product was converted to 
2-hydroxymethylphenylboronate and characterized by mass spectrom
etry (MS), indicative of the formation of monosaccharides with carbon 
numbers up to 16.

Since boric acid and boronic acid form esters with diols, the effect of 
boric acid or boronic acid species on formose reaction was investigated 
[25–27]. Kim et al. [25] conducted a formose-type reaction for a mixture 
of glycolaldehyde (100 mM) and formaldehyde-13C (50 mM) in a borate 
buffer (pH 10.4), which prepared by dissolving Na2CO3 (4.68 g, 44 
mmol) and H3BO3 (0.688 g, 11 mmol) in water (40 mL), at 65 ◦C for 1 h. 
13C NMR data indicated that the product contained 5-13C-ribose, 
5-13C-arabinose, and 1-13C-xylulose as major products presumably 
because of stabilization by the formation of borate esters (Fig. 6). Imai 
et al. [26] studied formose reaction at 60 ◦C for an aqueous solution of 
formaldehyde (200 mM) in the presence of varying concentrations of 
sodium phenylboronate (SPB) or a copolymer of sodium 4-vinylphenyl
boronate and sodium 4-styrenesulfonate (pVPB/NaSS) using Ca(OH)2 
(20 mM) as a catalyst with a cocatalyst (glycolaldehyde or fructose (6.9 
mM)) (Fig. 7a). After treatment of ion exchange resins, the products 
were characterized by HPLC, NMR, and MS. Monosaccharides with 
smaller carbon numbers (3 and 4) were favorably formed in the presence 
of SPB, whereas sugar alcohols with larger carbon numbers (6, 7, and 8) 
were preferably obtained in the presence of pVPB/NaSS. Michitaka et al. 
[27] carried out formose reaction for an aqueous solution of formalde
hyde (1.0 M) in the presence of varying concentrations of phenylboronic 
acid (PBA) or a copolymer of N,N-dimethylacrylamide and 4-vinylphe
nylboronic acid (pDMA/VBA) at 60 ◦C using Ca(OH)2 (120 mM) as a 
catalyst (Fig. 7a). The reaction mixtures were analyzed by Fourier 
transform infrared (FTIR) spectroscopy, and the products were charac
terized by liquid chromatography-mass spectroscopy (LC-MS) and 13C 
NMR after treatment with ion exchange resins. PBA or pDMA/VBA 
formed boronic acid esters with the product to deaccelerate the reaction, 
resulting in favorable formation of branched monosaccharides and sugar 
alcohols with carbon numbers of 6 and 7 (Fig. 7b). Ishihara et al. [28] 
designed boronic acid species that bind preferably to target mono
saccharides by machine learning using density functional theory (DFT) 
calculations. A comprehensive pool of 615,876 possible combinations, 
including 42 monosaccharide-derived boronic acid esters and 3003 
commercially available monoboronic acid molecules, exhibited that 
bortezomib, i.e., a molecular targeted therapeutics, was a promising 
candidate for selective capture of glucose, fructose, ribose, and 
arabinose.

The thiazolium moiety of thiamine diphosphate (ThDP), used as a 
coenzyme, activates aldehydes [29]. In the presence of ThDP, enzymes 
that catalyze condensation of formaldehyde molecules were used for 
formose reaction to produce selectively glycolaldehyde or 1,3-dihy
droxyacetone [30–32]. Poust et al. [30] introduced four mutations 
into the active domain of benzaldehyde lyase (BAL), which catalyzes 
conversion of (R)-benzoin to benzaldehyde, to obtain an enzyme for 
formose reaction (Des0) as well as three mutants of Des0, into which 
three of the four mutations were introduced. Formose reaction was 
carried out for a solution of formaldehyde (10 mM or 0.2 mM) in a 
phosphate buffer (100 mM, pH 8), containing MgSO4 (1 mM) and ThDP 
(0.5 mM), in the presence of one of the enzymes obtained (12.5 μM). The 
product was derivatized with O-(2,3,4,5,6-pentafluorobenzyl)hydrox
ylamine and then extracted into the organic layer. The product extracted 
was silylated with N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) 
and characterized by GC-MS. At 10 mM formaldehyde, Des0 yielded 
glycolaldehyde and 1,3-dihydroxyacetone more efficiently than did the 
wild type of BAL. At 0.2 mM formaldehyde, on the other hand, Des0 
produced glycolaldehyde more favorably than did the wild type 
(Fig. 8a). Lu et al. [31] developed an enzyme that catalyzes the con
version of formaldehyde to glycolaldehyde (GALS). The reaction was 
carried out at 37 ◦C for 2 h using an aqueous formaldehyde solution (2 g 
L–1, 67 mM), which contained a potassium phosphate buffer (50 mM, pH 
7.5), MgSO4 (5 mM), ThDP (1 mM), and GALS (2 g L–1), to produce 

Fig. 3. (a) Conversion ratio of formaldehyde to C2 – C6 monosaccharides 
formed in the formose reaction at 80 ◦C with NaOH (60 mM, 17 min) and 
Na2WO4 (60 mM, 230 min) as a catalyst system. (b) Concentration of formic 
acid formed via the formose reaction at 80 ◦C using NaOH (60 mM, 17 min) or 
Na2WO4 (60 mM, 230 min) as a catalyst. Reproduced with permission from ref. 
[17]. Copyright 2023 The Royal Society of Chemistry.
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Fig. 4. (a) Kinetics of formaldehyde consumption and product formation of a 0.5 M formaldehyde solution in 0.1 M K2HPO4 at 200 ◦C and 100 bar. Reproduced with 
permission from ref. [19]. Copyright 2011 The Royal Society of Chemistry. (b) Gas chromatogram for an uncatalyzed formose reaction: an aqueous formaldehyde 
solution (1 M) of pH 12.5 containing methanol (0.5 M) was heated at 80 ◦C for 1 h. Glc, Man, and Xyl, represent glucose, mannose, and xylose, respectively. Peaks 
labeled 1 and 2 are organic acids coeluting with xylose, likely including saccharic acids. Peak 3 is sorbitol and peak 4 is myo-inositol, these were formed from the 
inositol standard, not the formose reaction. Reproduced from ref. [20] under the terms and conditions of the Creative Commons Attribution (CC BY) license (http 
://creativecommons.org/licenses/by/4.0/).

A. Hashidzume                                                                                                                                                                                                                                  

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


BBA Advances 7 (2025) 100141

6

Fig. 5. (a) Time–conversion plots for formose reaction in an aqueous solution (black) and in water pools of AOT (red), TX (green), and CTAB reverse micelles (blue) 
at 60 ◦C. Reproduced from ref. [22] under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/license 
s/by/4.0/). (b) The chemical cell concept. The components of the autocatalytic formose reaction are encapsulated within a lipid (L) vesicle. The increased pH 
outside the vesicle initiates the production of carbohydrates. Carbohydrate–borate complexes are formed (top right), and these diffuse through the medium to 
interact with the bacterium V. harveyi. Reproduced with permission from ref. [23]. Copyright 2009 Springer Nature. (c) Microfluidic device used for 1D droplet 
arrays (left). Images of droplet formation (yellow rectangle), hydrodynamic switch (blue rectangle) and alternating 0.2 M glycolaldehyde (C2) droplets and no-C2 
droplets after 0 h and 4 h (red rectangles) (right). Reproduced with permission from ref. [24]. Copyright 2024 Springer Nature.
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glycolaldehyde in a yield as high as ca. 80 % (Fig. 8b). Li et al. [32] 
constructed four mutants based on the enzyme (Des0) prepared by Poust 
et al. [30]. Formose reaction was performed using a mixture of a purified 
enzyme (0.027 mM), formaldehyde (100 mM), ThDP (0.5 mM), 
K2HPO4/KH2PO4 (50 mM), and MgSO4 (5 mM) at pH 7.4 and 30 ◦C for 3 
h. A colorimetric quantitative method that detects glycolaldehyde and 1, 
3-dihydroxyacetone indicated that two of the mutants produced selec
tively glycolaldehyde whereas the other two mutants formed domi
nantly 1,3-dihydroxyacetone (Fig 8c). Massad and Banta [33] 
computationally engineered a 575 amino acid formolase (FLS) enzyme 
that catalyzes coupling of formaldehyde molecules to produce a mixture 
of glycolaldehyde and 1,3-dihydroxyacetone, and synthesized FLS 
together with two mutants (FLS M3 and FLS A3) using the E. coli 
expression system. Formose reaction was kinetically studied at 25 ◦C 
using solutions containing formaldehyde (0 – 260 mM), a sodium 
phosphate buffer (100 mM, pH 8), MgSO4 (2 mM), and ThDP (0.1 mM) 
in the presence of one of the enzymes (FLS (0.2 – 1.8 μM), FLS M3 (0.2 – 
1.8 μM), or FLS A3 (2 – 4.5 μM)). The glycolaldehyde and 1,3-dihydroxy
acetone produced were detected using a coupling assay with glycerol 
dehydrogenase (50 mg L–1) and reduced β-nicotinamide adenine dinu
cleotide (NADH) (0.8 mM). Massad and Banta [33] evaluated rate 
constants using an empirical kinetic model and ranked FLS and GALS 
mutants based also on the data by Lu et al. [31] (Fig. 8d). Yang et al. [34] 
showed that a stepwise cascade reaction combining FLS and D-fructo
se-6-phosphate aldolase (FSA) produced L-erythrulose and L-sorbose 
from formaldehyde (Fig. 8e).

3.1.3. Formose reactions catalyzed by solid catalysts
Tajima et al. [35–38] used thiazolium salts immobilized on solid 

supports as solid catalysts for formose reaction. The thiazolium catalyst 
was supported on a cation exchange resin, and a mixture of para
formaldehyde (6.7 mmol), 2-(dimethylamino)ethanol (5 mmol), 1, 
4-dioxane (18 mL), and the catalyst resin (in the H form and wet 
state, 10 mL) was heated using a water bath thermostated at 60 ◦C for 2 
h under an argon atmosphere with stirring [36]. The product was tri
methylsilylated and characterized by gas chromatography (GC). The GC 
data indicated that a mixture containing 1,3-dihydroxyacetone and 
erythrulose was obtained. The catalytic activity of the resin decreased 
upon washing with organic solvents, but was restored upon washing 
with water (Fig. 9a). Tajima et al. [37] studied quantitatively the effects 
of counter anions and solvents on the catalytic activity of thiazolium in 
formose reaction using a highly active immobilized catalyst in which 
thiazolium salts were supported on crosslinked polystyrene. Formose 
reaction was carried out using mixtures of paraformaldehyde (0.5 M), 
2-(dimethylamino)ethanol (0.5 M), catalyst resins (0.1 g) containing 
various counter anions (at 80 ◦C), and various solvents (at 60 ◦C) under 
an argon atmosphere. The concentrations of formaldehyde were deter
mined at varying times. Using time–conversion plots, the 
pseudo-first-order reaction rate constants (kapp) were evaluated. A 
higher kapp was obtained for a counter anion with larger pKa and for a 
solvent with larger solvent parameter (Dimroth–Reichardt ET parame
ters) (Fig. 9b). Tajima et al. [38] also carried out formose reaction for a 
solution of paraformaldehyde (6.7 mmol) and 2-(dimethylamino) 

Fig. 6. Proposed borate-constrained abiotic metabolic cycle of formose reaction to form pentoses and pentuloses. Reproduced with permission from ref. [25]. 
Copyright 2011 American Chemical Society.
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ethanol (5 mmol) in a solvent (i.e., 1,4-dioxane, 1,4-dioxane/water 
(1/1), ethanol, or N,N-dimethylformamide) (18 mL) at 60 ◦C under an 
argon atmosphere using zeolite (Wako, F-9, pore size 0.9 nm) loaded 
with thiazolium catalysts (thiamine (Th), 3-ethylbenzothiazolium 
(BTh), or 3-ethyl-5-(2-hydroxyethyl)-4-methylthiazolium (ETh)). The 
products were trimethylsilylated and characterized by GC-MS. The 
GC-MS data exhibited that 1,3-dihydroxyacetone, erythrulose, and 
4-hydroxymethyl-2-pentulose were obtained, indicating that zeolites 
loaded with Th or ETh catalyzed formose reaction in organic solvents. 
Furthermore, Tajima et al. [39] investigated the mechanism of formose 
reaction catalyzed by thiazolium salts using the MOPAC-PM3 semi
empirical molecular orbital (MO) method. They indicated that an ion 
pair of the zwitterionic intermediate and an ammonium ion was first 
formed and then the intermediate 2-hydroxymethyl-3-ethyl-5-(2-hy
droxyethyl)-4-methylthiazolium was formed (Fig. 9c). Recently, Wang 
et al. [40] immobilized thiamine (vitamin B1) onto an insoluble 

aromatic polymer network obtained by Sonogashira coupling of 1,3, 
5-tribromo-2-(4-bromobutoxy)benzene and 1,4-diethynylbenzene (Pol
y-OC4Br-VcB1). They also treated Poly-OC4Br-VcB1 with a (trime
thylsilyl)methyllithium solution to obtain Poly-OC4Br-VcB1-TMSiL. A 
mixture of Poly-OC4Br-VcB1 (60 mg), powdered paraformaldehyde 
(180 mg), triethylamine (84 μL), and N,N-dimethylformamide (1 mL) 
was heated at 90 ◦C for 2 h with stirring. 1H NMR showed that the 
product was 1,3-dihydroxyacetone. When Poly-OC4Br-VcB1-TMSiL was 
used, 1,3-dihydroxyacetone was produced even in the absence of trie
thylamine. Notably, formaldehyde was repeatedly converted to 1, 
3-dihydroxyacetone by a continuous flow reaction using a Soxhlet 
extractor containing Poly-OC4Br-VcB1-TMSiL (a solid catalyst) and 1, 
4-dioxane (a solvent) (Fig. 10).

Simonov et al. [41] carried out formose reaction using a phosphate 
(pH 7.3) or borate buffer (pH 7.7) containing formaldehyde (0.1 M), 1, 
3-dihydroxyacetone (5 mM), and a catalyst at 40 or 60 ◦C. A solid 

Fig. 7. (a) Structures of the boronic acid compounds used (i.e., SPB, PBA, and pVPB/NaSS, pDMA/VBA). (b) Conceptual illustration of formose reaction in the 
presence of a boronic acid polymer, in which the polymer stabilizes the product via ester formation, leading to an enhanced selectivity. Reproduced from ref. [27] 
under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 8. (a) Product profiles of the formolase Des0 at 10 mM (upper) and 0.2 mM (lower) formaldehyde concentrations. Reproduced with permission from ref. [30]. 
Copyright 2015 Wiley-VCH. (b) The synthesis of glycolaldehyde from formaldehyde by GALS. Reactions were executed under different formaldehyde concentrations 
with 2 mg mL–1 purified GALS at 37 ◦C for 2 h. Reproduced from ref. [31] under the terms and conditions of the Creative Commons Attribution (CC BY) license (http 
://creativecommons.org/licenses/by/4.0/). (c) The amount of glycolaldehyde (white bar) and 1,3-dihydroxyacetone (black bar) produced by the parent M3 and 
variants M4, M5, and M6. The reaction was carried out using enzyme (0.027 mM) and formaldehyde (100 mM) at 30 ◦C for 3 h. Reproduced with permission from ref. 
[32]. Copyright 2019 The Royal Society of Chemistry. (d) Ranking of FLS variants based on overall activity at saturating substrate concentrations, dilute substrate 
concentrations, preference for 1,3-dihydroxyacetone (Q) production, and preference for glycolaldehyde (P) production. Reproduced with permission from ref. [33]. 
Copyright 2022 Wiley-VCH. (e) Stepwise whole-cell transformation to synthesize 4a and 6a. In the first step, FALD, GALD, and the resting cells expressing FSA were 
mixed. Once GALD was completely consumed, DHA and the resting cells expressing FSAA129S were added in the second step. Reproduced with permission from ref. 
[34]. Copyright 2017 The Royal Society of Chemistry.
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Fig. 9. (a) Time–conversion plots in formose reaction with 1,4-dioxane (left) and water-washed (right) catalyst resin. Paraformaldehyde, 6.7 mmol: DAE, 5 mmol: 
1,4-dioxane, 1.8 × 10–5 m3: IR-120B (in H+ form, wet state), 1.0 × 10–5 m3: thiamine hydrochloride, 3 mmol: argon atmosphere, 60 ◦C. Reproduced with permission 
from ref. [36]. Copyright 2000 The Chemical Engineering of Japan. (b) Relationship between kapp and parameter En or H (left) and the plot of log(kapp) against ET 
parameter (right). Reproduced with permission from ref. [37]. Copyright 2001 The Chemical Engineering of Japan. (c) Proposed mechanism of formose reaction 
catalyzed by a thiazolium salt with an ammonium ion. Reproduced with permission from ref. [39]. Copyright 2003 Society of Computer Chemistry, Japan.
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compound (hydroxylapatite, Ca3(PO4)2, or CaCO3), a natural mineral 
(apatite or vivianite), or soluble phosphates was used as a catalyst. The 
products were derivatized with 2,4-dinitrophenylhydrazine and char
acterized by HPLC. The HPLC data indicated that erythrulose and 3-pen
tulose were formed as main products, and branched pentulose and 
hexulose were also produced as minor components (Fig. 11a). In addi
tion, Simonov et al. [42] reported that erythrose, threose, ribose, arab
inose, and fructose were produced by a reaction between glycolaldehyde 
and glyceraldehyde using apatite (10 g L–1), Na2HPO4/KH2PO4 (0.02 
M), or Na2B4O7 (0.02 M) as a catalyst at 40 ◦C (Fig. 11b).

Hashidzume et al. [43] prepared porous alumina samples by the 
sol-gel method using aluminum tri‑sec-butoxide in the presence of 
D-glucose, D-ribose, or sucrose, followed by calcination. The crystallinity 
and porosity of the obtained alumina samples were dependent on the 
amount of added sugar and the calcination temperature; The crystal
linity increased whereas the porosity decreased as the amount of added 
sugar was decreased or the calcination temperature was increased. The 
alumina samples with lower crystallinity exhibited higher sugar 
adsorption capacity and higher catalytic activity for formose reaction of 
an aqueous formaldehyde solution (36 % (ca. 13 M), 1.25 mL) at 90 ◦C 
using an alumina sample (1.0 g) and fructose (13 mM) as catalyst and 
cocatalyst, respectively (Fig. 12). These observations indicate that de
fects in the porous alumina samples act as strong basic sites.

Schreibersite is a rare iron-nickel phosphide mineral (Fe,Ni)3P that 
may react with organic compounds to form nucleotides and phospho
lipids [44]. Pallmann et al. [45] used synthetic schreibersite (1 g) as a 
catalyst for formose-type reaction of monosaccharides. They carried out 
reactions using aqueous solutions (1 mL) containing monosaccharides 
(0.250 M) at 80 ◦C for 1 or 7 day(s). The products were trimethylsily
lated with BSTFA and characterized by GC-MS. In the presence of syn
thetic schreibersite, tetroses and hexoses were formed from 
glycolaldehyde, and hexoses were obtained from a combination of 
glyceraldehyde and 1,3-dihydroxyacetone. In addition, larger mono
saccharides were produced using combinations of formaldehyde and 
glycolaldehyde, glycolaldehyde and glyceraldehyde, and glyco
laldehyde and 1,3-dihydroxyacetone. These results were indicative of 

the catalytic activity of synthetic schreibersite for formose reaction 
(Fig. 13a). Colón-Santos et al. [46] repeated the formose reaction cycle 
in the presence of minerals and characterized the products. An aqueous 
formaldehyde solution (37 % (ca. 13.6 M), 0.5 mL), glycolaldehyde 
(0.0126 g), and Ca(OH)2 (0.0705 g) were dissolved in a mixed solvent of 
water and formamide (2.25 mL/2.25 mL). The solution was heated at 50 
◦C for 48 h in the presence of goethite (α-FeO(OH), montmorillonite 
((Na,Ca)0.33(Al,Mg)2(SiO10)), hydroxyapatite (Ca5(OH)(PO4)3), chalco
pyrite (CuFeS2), ulexite (NaCaB5O6(OH)6•5H2O), zoisite (Ca2Al3(
SiO2)3(OH)), or quartz (SiO2) with stirring at 1200 rpm (Fig. 13b). The 
products were treated with an ion exchange resin and then characterized 
by ultra-high pressure liquid chromatography-tandem mass spectros
copy (UPLC-MS/MS). The UPLC-MS/MS characterization data indicated 
that the products included ribose, uracil, and hexamethylenetetramine, 
and the total number of products detected decreased with increasing the 
number of cycles. Omran et al. [47] heated an aqueous solution con
taining formaldehyde (1 M), methanol (0.5 M), and NaOH (pH 12.5) at 
90 ◦C in the presence of various solid catalysts (0.5 g). The solids used 
were minerals of olivine, serpentine, and Ca-Mg carbonates, and artifi
cial Ca/Mg-chemical garden. The products were characterized by NMR 
in D2O or by GC-MS after per-O-trimethylsilylation with Pierce’s Tri-Sil 
reagent. The characterization data exhibited that the main products 
were formic acid, glycolic acid, lactic acid, acetic acid, and methanol, 
and only small amounts of monosaccharides were also produced. These 
results indicate that Cannizzaro reaction was predominant. Vinogradoff 
et al. [48] carried out formose reaction by heating an aqueous mixture of 
olivine (100 g L–1) and formaldehyde (10 g L–1 (ca. 0.33 mM)) at 80 ◦C 
for 2, 7, or 45 days in the presence and absence of glycolaldehyde (1 g 
L–1 (ca. 0.017 mM)) (Fig. 13c). The products were trimethylsilylated 
with BSTFA and characterized by two-dimensional GC-MS using 
CPChirasil-Dex CB and DB Wax columns. All the products were 
complicated mixtures containing trioses, tetroses, pentoses, and hex
oses, whereas the amount of sugar alcohols increased with increasing 
the reaction time, indicating that Cannizzaro reaction became pre
dominant for a longer reaction time. Furthermore, the mechanism of 
glycolaldehyde formation on the olivine surface was investigated by 

Fig. 10. (a) The reactor based on the Soxhlet extractor for the continuous solvent-flow formaldehyde condensation reaction. (b) Reusability of pre-activated poly- 
OC4Br-VcB1-TMSiLi under continuous-flow or batch conditions. Reproduced with permission from ref. [40]. Copyright 2023 The Royal Society of Chemisty.
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DFT calculations.
Vojood et al. [49–51] used fumed silica catalyst for formose reaction. 

In the presence of fumed silica or montmorillonite (0.17 g), formose 
reaction was conducted for an aqueous formaldehyde solution (ca. 3.8 % 
(ca. 1.3 M)) by adjusting the solution pH to 7.5 – 9.6 with 2 M NaOH at 

60 ± 5 ◦C under a nitrogen atmosphere [49]. After quenching with 6 M 
hydrochloric acid and removing the solvent, the products were extracted 
with methanol and characterized by GC-MS. In the presence of fumed 
silica catalyst, as the pH increased from 7.6 to 9.3, the amount of 
ethylene glycol produced decreased, whereas the amount of 

Fig. 11. (a) Condensation of formaldehyde and dihydroxyacetone in the presence of phosphates. Reproduced with permission from ref. [41]. Copyright 2007 
Springer Nature. (b) Formation of ribose and fructose from glycolaldehyde and glyceraldehyde in the course of aldol reactions. Reproduced with permission from ref. 
[42]. Copyright 2007 Elsevier.
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glyceraldehyde produced increased (Fig. 14a). When montmorillonite 
was used, the activity was lower than that of fumed silica, but the same 
tendency was observed. In the presence of fumed silica (0.08 g), an 
aqueous formaldehyde solution (37 % (ca. 13.6 M), 11 mL) was dis
solved in methanol (100 mL), and a reaction was carried out at 60 ◦C by 
adjusting the solution pH to 7.8 with 2 M NaOH [50] (Fig. 14b). The 
production of ethylene glycol (ca. 9 mM) was confirmed after 600 min 
by GC-MS in the same way. Ethylene glycol was obtained more effi
ciently (ca. 30 mM after 600 min) when montmorillonite was used in 
water. When the reaction was carried out in methanol in the presence of 
fumed silica at pH 10.6 and 60 ◦C for 90 min, ethylene glycol (ca. 5 mM) 
was also produced [51]. There was no significant difference in the re
actions at pH 7.8 and pH 10.6.

Balloi et al. [52] used four types of zeolitic imidazolate frameworks 
(ZIF) as catalysts for formose reaction. Formose reaction was carried out 
using an aqueous mixture (ca. 1 mL) of formaldehyde (0.4 mmol), a ZIF 
(a catalyst, 20 mg), and glycolaldehyde (a cocatalyst, 0.5 mmol) at 60 ◦C 
for 30 min or 24 h. The products were derivatized with 2,4-dinitrophe
nylhydrazine and characterized by HPLC. The HPLC data indicated that 
the product consisted dominantly of trioses and tetroses after 30 min, 
whereas the product was a complicated mixture containing pentoses, 

hexoses, and sugar alcohols (e.g., ribose, ribulose, arabinose, xylitol, 
fructose, tagatose, glucitol, and dulcitol) after 24 h. Waki et al. [53] 
utilized zeolitic materials, including Linde type A zeolite, faujasite type 
zeolite, and mordenite type zeolite, as heterogeneous catalysts for for
mose reaction. Formose reaction was carried out by simply adding 
Ca2+-loaded Linde type A zeolite (Ca-LTA) (300 mg) to an aqueous so
lution (10 mL) containing formaldehyde (0.15 M) and glycolaldehyde 
(0.075 M, a cocatalyst) for 72 h at room temperature. The product was 
derivatized with 2,4-dinitrophenylhydrazine and characterized by 
HPLC. The HPLC data revealed that a mixture of trioses, tetroses, pen
toses, and hexoses was obtained (Fig. 15a). Other zeolites were also 
active for formose reaction. A reaction mechanism was proposed in 
which the mild basicity of the oxygen atoms of the aluminosilicates on 
the zeolite surface and the acidity of the metal ions promoted the for
mation of C–C bonds (Fig. 15b).

3.1.4. Formose reactions under mechanochemical conditions
Mechanochemical reactions are conducted in the solid state under 

solvent-free conditions, and thus have attracted attention as an envi
ronmentally friendly synthetic method. Recently, formose reaction has 
been performed under mechanochemical conditions to model events 
upon meteorite impacts [54–56]. Trapp et al. [54] performed formose 
reaction by grinding glycolaldehyde (20.8 mmol) and Ca(OH)2 (4.18 
mmol), or a one-to-one glycolaldehyde/glyceraldehyde mixture (0.86 
mmol/0.86 mmol) and Ca(OH)2 (0.35 mmol), in a vibratory ball mill 
with a 7 mm stainless steel ball at a frequency of 30 Hz for 90 min. The 
products were dissolved in pyridine, trimethylsilylated with BSTFA, and 
characterized by GC-MS. The GC-MS data indicated that tetroses and 
hexoses were obtained from glycolaldehyde, whereas tetroses, pentoses, 
hexoses, and heptoses were obtained from the glycolaldehyde/glycer
aldehyde mixture (Fig. 16a). In addition, when formaldehyde (4.16 
mmol)-containing molecular sieves, glycolaldehyde (4.16 mmol), and 
Ca(OH)2 (1.67 mmol) were milled at 400 rpm for 90 min, a mixture of 
trioses to heptoses was obtained (Fig. 16a). Trapp et al. [55] also studied 
mechanochemical formose reaction catalyzed by a rock (basalt) and 
representative minerals of hydroxides, carbonates, sulfates, silicates, 
mica, zeolites, clays, olivines, phosphates, phosphides, and borates (0.2 
eq.), using glycolaldehyde (0.5 eq.) as a starting material. They carried 
out reactions at room temperature by milling mixtures at a frequency of 
30 Hz for 90 min. As a result, basalt and all minerals, other than 
anhydrous ferrite (sulfate mineral) and colemanite (borate mineral), 
produced tetroses and hexoses (Fig. 16b). In addition, when formalde
hyde (1.0 eq.)-containing minerals and glycolaldehyde (0.5 eq.) were 
milled at 400 rpm for 90 min, a mixture of trioses to heptoses was ob
tained (Fig. 16b).

Yang et al. [56] synthesized a novel covalent organic framework 
(COF) material (Zn-COF), which was based on tetrakis(4-ethynylphenyl) 
methane (5,5′,5′’,5′’’-((methanetetrayltetrakis(benzene-4,1-diyl))tetra
kis(ethyne-2,1-diyl))tetrakis(3-(tertbutyl)-2-hydroxybenzaldehyde) and 
possessed a Zn–salen complex structure (Fig. 16c). Glycolaldehyde 
dimer (60 mg) and Zn-COF (100 mg) were placed in a stainless steel 
container with a stainless steel ball and the mixture was milled at 30 Hz 
and 37 ◦C for 2 h. The reaction under mechanochemical conditions 
showed a higher conversion than did the heterogeneous reaction in THF. 
The products were dissolved in pyridine and trimethylsilylated with 
BSTFA, and characterized by GC-MS. The GC-MS data exhibited that 
tetroses were preferentially produced (Fig. 16c). The coordination 
structures of two glycolaldehyde molecules to the Zn–salen complex, 
which yield different isomers, were compared based on DFT 
calculations.

3.1.5. Formose reactions under light irradiation
Some examples of photochemical formose reaction have been re

ported [42,57–62]. Pentunove et al. [57] irradiated an aqueous form
aldehyde solution (0.5 M, 1 – 2 mL) in a quartz cell with ultraviolet (UV) 
light using an ArF excimer laser (wavelength 193 nm, pulse duration 15 

Fig. 12. (a) Time–conversion plots for formose reaction at 90 ◦C using 
commercially available activated alumina (triangle) and the porous alumina 
samples prepared in the absence and presence of glucose (PA-300 (square), and 
PA-G10–300 (circle), respectively). (b) HPLC diagrams for the formose products 
at 90 ◦C after 1 h using commercially available activated alumina (top), PA-300 
(middle), and PA-G10–300 (bottom). Reproduced with permission from ref. 
[43]. Copyright 2010 The Society of Polymer Science, Japan.
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ns, 2 Hz pulse frequency with 75 mJ pulse energy; the beam area 24 
mm2). Carbon monooxide, methane, carbon dioxide, and hydrogen were 
detected in the gas phase by GC. The products in the solution were 
derivatized with 2,4-dinitrophenylhydrazine and characterized by 
HPLC. The HPLC data indicated that glycolaldehyde and glyceraldehyde 
were formed in 4.2 % and 0.18 % yield, respectively. Snytnikova et al. 
[58] irradiated an aqueous formaldehyde solution (11.8 M, pH 3.18) in a 

quartz cell with full light from a DRSh-500 high pressure mercury lamp 
for 4, 8, 18, 24, and 28 h. The products were derivatized with 2,4-dini
trophenylhydrazine and characterized by HPLC. The pH of the irradi
ated solution decreased with the irradiation time, indicating that 
Cannizzaro reaction proceeded preferentially to form formic acid as the 
main product. Notably, the HPLC data indicated that glycolaldehyde 
and small amounts of 3 – 6 carbon monosaccharides were also formed (<

Fig. 13. (a) Product distribution of schreibersite catalyzed formose and formose type reaction in the presence of (A) glycolaldehyde, (B) glyceraldehyde, (C) 1,3- 
dihydroxyacetone, (D) formaldehyde and glycolaldehyde, (E) glycolaldehyde and glyceraldehyde, and (F) glycolaldehyde and dihydroxyacetone. Greek labeling 
denotes the following compounds: (α) glyceraldehyde, (β) dihydroxyacetone, (γ) erythrose, (δ) threose, (ε) erythrulose. Reproduced from ref. [45] under the terms 
and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/3.0/). (b) Recursive cycles: A formose reaction 
(green) in formamide/water (purple) is carried out in the presence of a mineral. After each cycle of 48 h at 50 ◦C, a fraction of the total volume (70 %, from the top) 
is removed and the vial is replenished with fresh starting materials to start the next cycle. Reproduced from ref. [46] under the terms and conditions of the Creative 
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). (c) Olivine-catalyzed glycolaldehyde and sugar synthesis under aqueous 
conditions. Reproduced with permission from ref. [48]. Copyright 2024 Elsevier.
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1 % yield in total).
Simonov et al. [42] performed formose reaction by irradiating a 

solution of formaldehyde (1.12 M or 1.79 M) in a phosphate buffer (0.01 
M Na2HPO4/KH2PO4) with a high-pressure mercury lamp (254, 297, 
313, and 365 nm) and then heating at 60 or 70 ◦C for varying times. 
HPLC data for the samples derivatized with 2,4-dinitrophenylhydrazine 
confirmed that erythrulose and 3-pentulose were produced as main 
products (< 2 % yield in total) with production of erythrose and threose 
as minor components.

Stovbun et al. [59–62] irradiated an aqueous formaldehyde solution 
(95 %), which was prepared by decomposition of paraformaldehyde at 
160 – 170 ◦C for 1.5 h, with UV light using a DRSh-100 lamp (without 
filters) at 70 ◦C for 8.5 h after the solution had completely solidified. 
Most of the formaldehyde was converted to paraformaldehyde, but a 
non-sublimable product (analyte 1) was obtained in 0.7 % yield. The 
product (analyte 1) was fractionated into water-soluble (analyte 2) and 
water-insoluble (analyte 3) components. Analytes 2 and 3 were trime
thylsilylated and then characterized by GC-MS. The GC-MS data 
exhibited that analytes 2 and 3 contained monosaccharides and sugar 
alcohols. Analyte 1 transmitted light in a crossed Nicol state, suggesting 
that analyte 1 contained optically active components. The xerogels ob
tained from analytes 2 and 3 exhibited long fibrous morphologies with 
partial helical structures (Fig. 17).

Abe et al. [63] carried out formose reaction under gamma ray irra
diation. They prepared and degassed two aqueous solutions containing 
formaldehyde (2.8 M), methanol (0.46 M), and ammonia (0 – 2.8 M) 
with and without glycolaldehyde (0.56 M). They conducted reaction for 
these solutions by heating at 50 ◦C for 72 h or by irradiating with gamma 
rays (60Co source at Tokyo Institute of Technology, 1.5 kGy h–1) at 
temperatures < 40 ◦C for 60 h. Under gamma ray irradiation, the pH 
decreased significantly, indicating that Cannizzaro reaction occurred. 
The aldoses contained in the reaction mixtures were derivatized by the 

aldononitrile acetate ester derivatization method and characterized by 
GC-MS. Glyceraldehyde, erythrose, and threose were observed as main 
products, and the production of pentoses and hexoses was also 
confirmed (Fig. 18). When glycolaldehyde was used as a cocatalyst, 
formose reaction proceeded significantly in the presence of ammonia 
(0.56 M or 2.8 M), both by heat and gamma ray irradiation. Even in the 
absence of glycolaldehyde, the formose reaction proceeded significantly 
when the ammonia concentration was 0.28 M or 0.56 M under gamma 
ray irradiation. Based on these data, the authors stated that gamma ray 
irradiation should play a significant role in the production of mono
saccharides in meteorite parent bodies containing radioactive nuclides, 
e.g., 26Al.

3.1.6. Formose reactions under microwave irradiation
There have been some examples of reactions that occur with high 

efficiency and selectivity under microwave (MW) irradiation. Hashid
zume et al. [64] investigated formose reaction under MW irradiation 
under various conditions. Using formaldehyde (1.0 mol kg–1) and Ca 
(OH)2 (55 mmol kg–1) as a catalyst, formose reaction proceeded very 
quickly at a high set temperature (150 ◦C) for a short time (1 min) even 
in the absence of any cocatalyst, preferentially producing branched 
hexoses and heptoses. After treatment with ion exchange resin, the main 
products were isolated by thin layer chromatography (TLC) and char
acterized by MS and NMR (Fig. 19a and b). The characterization data 
revealed that the hexose and heptose were 2-hydroxymethyl-1,2,4,5-tet
rahydroxy-3-pentanone (C6*) and 2,4-bis(hydroxymethyl)-1,2,4,5-tet
rahydroxy-3-pentanone (C7*), respectively. DFT calculation data for 
the energies of all isomers of trioses, tetroses, and pentoses indicate that 
C6* and C7* are likely produced preferentially by repeated aldol re
actions with formaldehyde via 1,3-dihydroxyacetone, 1,3,4-trihydrox
y-2-butanone, and 1,2,4,5-tetrahydroxy-3-pentanone (Fig. 19c). 
Homnan et al. [65] performed formose reaction using an aqueous 

Fig. 14. (a) The time evolutions of concentrations of ethylene glycol (pH = 9.3, left) and glycolaldehyde (pH = 9, right) for formose reaction in the presence of a 
fumed silica catalyst under basic conditions. Reproduced from ref. [49] under the terms and conditions of the Creative Commons Attribution (CC BY) license (http 
://creativecommons.org/licenses/by/4.0/). (b) The time evolutions of concentration of ethylene glycol for formose reaction using methanol (left) or water (right) as 
a solvent in the presence of a fumed silica catalyst. Reproduced from ref. [50] under the terms and conditions of the Creative Commons Attribution (CC BY) license 
(http://creativecommons.org/licenses/by/4.0/).
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solution containing formaldehyde (1 M) and Ca(OH)2 (pH 12.5) by 
heating and under MW irradiation at 800 W. FTIR spectra showed that 
monosaccharides were obtained within 1 min under MW irradiation. 
However, the monosaccharides obtained were not fully characterized.

3.1.7. Formose reactions utilizing electrochemical reactions
Cestellos-Blanco et al. [66] used glycolaldehyde (15 μM), which was 

electrochemically generated from CO2 in KHCO3 (0.1 M) at − 0.81 V (vs. 
reversible hydrogen electrode) using copper nanoparticles as a catalyst, 
as a cocatalyst for formose reaction of formaldehyde (70 mM) at pH 11 
in the presence of NaOH (60 mM) at 75 ◦C for 75 min. The product was 
benzylated with benzyl chloride and characterized by electrospray 
ionization-MS (ESI-MS). The ESI-MS data indicated the production of 
monosaccharides with carbon numbers 3 to 8 (Fig. 20a). Soland et al. 
[67] used a palladium foil electrode to generate formaldehyde with a 
faradaic efficiency of about 90 % by applying a voltage of 0.9 V (vs. 
Ag/AgCl electrode) to a methanol/water (9/1, w/w) mixture containing 
0.1 M NaClO4. Without purifying the resulting formaldehyde, they 
added Sr(OH)2 (40 mM) and glycolaldehyde (0.1 mM), adjusted the pH 
to 10 – 12 with 1 M NaOH, and carried out formose reaction at 80 ◦C. 
The yellowing point was observed within 20 min, and the product was 
obtained in ca. 25 % yield, which was evaluated by the phenol-sulfuric 
acid assay. HPLC data for the product, which was not derivatized, 
indicated that pentoses and hexoses were produced (Fig. 20b).

3.2. Mechanistic studies on formose reaction

3.2.1. Experimental studies
Delidovich et al. [68] carried out formose reaction using an aqueous 

formaldehyde solution (0.1 M) containing glycolaldehyde (5 mM) and 
glyceraldehyde (5 mM) at pH 10.4 (0.027 M MgO) or pH 7.3 (0.2 M 
Na2HPO4/KH2PO4). The reaction temperature was adjusted to 30 – 70 
◦C at pH 10.4 or 60 – 80 ◦C at pH 7.3. The products were derivatized 
with 2,4-dinitrophenylhydrazine and characterized by HPLC. The HPLC 
data confirmed the formation of monosaccharides up to heptoses. Based 
on the temperature dependence of the pseudo-first-order reaction rate 
constants (kapp), the apparent activation energies for the consumption of 
glycolaldehyde and glyceraldehyde were estimated to be 64 ± 3 and 69 
± 4 kJ mol–1 at pH 10.4 and 109 ± 8 and 90 ± 4 kJ mol–1 at pH 7.3, 
respectively.

Ricardo et al. [69] applied Fourier transform-ion cyclotron reso
nance MS (FT-ICR MS) with 2-hydroxymethylphenylboronate to the 
characterization of complicated mixtures of monosaccharides produced 
by formose reaction (Fig. 21a). Formose reaction was carried out for an 
aqueous solution containing formaldehyde (350 mM), CaCl2 (50 mM), 
and NaOH (60 mM) at 68 or 40 ◦C. The products derivatized with 
2-hydroxymethylphenylboronate were characterized by FT-ICR MS. The 
FT-ICR MS data exhibited that hexoses and heptoses were the main 
components before the yellowing point. When formose reaction was 

Fig. 15. (a) Time course of conversion and yields of C3 – C6 in formose reaction using Ca-LTA. (b) A proposed mechanism for C–C bond formation during formose 
reaction using Ca-LTA. Reproduced from ref. [53] under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons. 
org/licenses/by/3.0/).
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Fig. 16. (a) Comparison of different mineral catalysts with pure Ca(OH)2 used in mechanochemical formose-type reaction starting from glycolaldehyde; Oscillatory 
ball mill, 30 Hz, 90 min, 20 mol% catalyst (left). Product distribution of the mechanochemical formose-type reaction in a planetary ball mill at 400 rpm after 90 min 
starting from glycolaldehyde, 20 mol% Ca(OH)2, and molecular sieves with adsorbed formaldehyde or dry molecular sieves (right). Reproduced from ref. [54] under 
the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). (b) Comparison of product distri
bution observed after ball milling of glycolaldehyde and the different minerals catalysts (20 mol% catalyst, head space gas: air, oscillatory ball mill, 90 min, 30 Hz) 
(left). Comparison of product distribution observed after ball milling of formaldehyde adsorbed onto minerals with 1:1 glycolaldehyde (head space gas: nitrogen, 
planetary ball mill, 90 min, 400 rpm) (right). Reproduced from ref. [55] under the terms and conditions of the Creative Commons Attribution (CC BY) license (http 
://creativecommons.org/licenses/by/4.0/). (c) The synthetic route of Zn-COF from tetrakis(4-ethynylphenyl)methane and benzaldehyde, 3-(1,1-dimethyle
thyl)-2‑hydroxy-5-iodo (upper). Activity comparison between different catalysts (previous reports) and Zn-COF under mechanical reaction conditions for sugar 
production from glycolaldehyde (lower). Reproduced with permission from ref. [56]. Copyright 2023 The Royal Society of Chemisty.
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carried out in D2O at 65 ◦C, it took a longer time (39 min) that the 
mixture started to turn yellow. (In the case of formose reaction in H2O, 
the onset of yellowing was observed after 18 min.) Notably, only ca. 10 
% of the heptoses observed after 32 – 34 min incorporated a single 
deuterium atom. This observation indicates that most of the interme
diate enols are not protonated, and that no formaldehyde molecule is 
released during retro-aldol reaction. Appayee and Breslow [70] 
re-examined the mechanism of formose reaction. They carried out the 
elementary reactions of formose reaction catalyzed by Ca(OH)2, and the 
products derivatized with 2-nitrophenylhydrazine were characterized 
by HPLC and NMR. The reaction of 2-deuterated glyceraldehyde with 
formaldehyde in H2O gave 74 % deuterated 1,3-dihydroxyacetone. This 
observation indicates that the carbonyl transfer does not involve enolate 
formation accompanied by proton abstraction, which Breslow [71] 
described previously, but rather involves hydride shift through Ca2+

coordination (Fig. 21b). Furthermore, Breslow et al. [72] investigated 
the deuterium isotope effect associated with hydrogen shift in the 
isomerization of glyceraldehyde to 1,3-dihydroxyacetone to reveal the 
contribution of hydrogen tunneling. Based on the Arrhenius plot of the 
rate constants obtained at 0, 40, and 80 ◦C, the ratio of pre-exponential 
factors (AH/AD) and the activation energy difference (Ea(H) – Ea(D)) 
were estimated to be 0.28 and 9.1 kJ mol–1, respectively. These data are 
suggestive of a significant contribution of quantum mechanical 
tunneling in the isomerization mechanism (Fig. 21c).

Brǐs et al. [73] investigated the detailed mechanism of the initial 

stage of formose reaction by online detection of the reaction mixture by 
ion mobility separation MS (IMS-MS) (Fig. 22). Formaldehyde-13C (70 
mM) was added to an aqueous solution containing CaCl2 (6.5 mM) and 
KOH (13 mM) and the solution was then heated at 40 ◦C. After 2 min, 1, 
3-dihydroxyacetone (10 or 20 mM), glyceraldehyde (10 or 20 mM), 
glycolaldehyde (10 or 20 mM), erythrose (20 mM), or erythrulose (20 
mM) was added as a cocatalyst and the reaction was allowed to run for 
another 13 min (for 15 min in total). A large data set obtained by the 
IMS-MS online detection of the reaction mixtures was analyzed by 
non-negative matrix factorization to obtain the time-dependent data on 
ion signals corresponding to monosaccharide/calcium complexes. The 
kinetic profiles of these complexes were analyzed by the multivariate 
method to provide an overview of the interconnected kinetic processes 
in solution. Notably, fast retro-aldol reactions were observed for calcium 
complexes with ketoses, and the diversity of reaction mixtures was 
greater when ketones rather than aldehydes of the same size were uti
lized as cocatalyst. Ion mobility separation of the individual mono
saccharide complexes revealed cyclization of pentoses and branching of 
hexoses and heptoses.

Huck et al. [74–76] focused on the importance of environmental 
fluctuations in prebiotic reactions. Thus, Huck et al. [74] studied 
non-equilibrium formose reaction in the flow state using a conical 
continuous stirred tank reactor (CSTR) equipped with five input chan
nels and one output channel under various conditions (the formalde
hyde concentration, CaCl2 concentration, NaOH concentration, 
temperature, and cocatalyst). The time evolutions of components in the 
products were monitored by HPLC (for the samples derivatized with 2, 
4-dinitrophenylhydrazine) and GC-MS (for the samples trimethylsily
lated). In particular, the concentration of cocatalyst (glycolaldehyde, 1, 
3-dihydroxyacetone, erythrulose, or ribose) was sinusoidally varied. The 
product data were subjected to hierarchical clustering using a 
correlation-based pairwise dissimilarity metric, and the relationships 
between the average composition and kinetic properties produced under 
various conditions were visualized as tree diagrams (Fig. 23a). The re
sults indicated that the product composition was controlled by altering 
the feedstock and catalyst conditions. Detailed pathways of formose 
reaction were also presented. Huck et al. [75] investigated the product 
distribution of formose reaction under similar flow conditions at varying 
the magnitudes and rates of temporal fluctuation of the concentrations 
of Ca2+ and OH– (Fig. 23b). It was shown that the product composition 
of formose reaction under the dynamic conditions was different from 
that under conventional stationary conditions. The temporal concen
tration patterns were analyzed by hierarchical clustering and correction 
analysis, indicating that each compound does not respond indepen
dently to the applied dynamics but a collection of compounds respond 
together due to the structure of the underlying reaction network. It is 
thus likely that the key gate reaction branching off from the autocata
lytic cycle proposed by Breslow [71] is an important reaction charac
teristic of formose reaction. More recently, Huck et al. [76] developed a 
system that uses the formose reaction system to produce mono
saccharides and others and converts their amounts into numbers for 
information processing. This system converts the output of formose re
action into numbers, enabling information processing according to goals 
such as input classification, mimicking chemical dynamics, and pre
dicting the behavior of complicated systems (Fig. 23c). Furthermore, 
machine learning was used to optimize the weight parameters to provide 
accurate output. Based on these procedures, the authors indicate that the 
chemical reaction network can act as a chemical reservoir computer that 
processes information.

3.2.2. Simulations
Jalbout et al. [77,78] investigated the mechanism of protic formose 

reaction under gas phase conditions using first-principles calculations. 
Jalbout et al. [77] performed first-principles calculations for the for
mation of glycolaldehyde mediated by a hydronium cation in the gas 
phase. The calculation data indicated that hydronium cations mediated 

Fig. 17. Microscopic image (magnification, × 40) of xerogel of analyte-1 (top), 
xerogel of water-soluble analyte-2 (middle), and a dispersed sediment of water- 
insoluble analyte-3 (bottom) in a crossed Nicol state. Reproduced with 
permission from ref. [62]. Copyright 2019 Springer Nature.
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Fig. 18. (a) Aldose production from FAW samples by gamma ray irradiation at 1.5 kGy h–1 for 60 h, heating at 50 ◦C for 72 h, and controls; the samples were kept at 
room temperature (RT) for 60 h and analyzed immediately (0 h). Horizontal axis is the ratio of ammonia: formaldehyde (NH3:HCHO). (b) Pentose production in FAW 
gamma-irradiated (1.5 kGy h–1, 60 h) samples (horizontal axis: NH3:HCHO). Pentose production in control samples is below the quantification limit. Reproduced 
from ref. [63] under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 19. (a) A photograph of a TLC plate for separation of the major products (heptose C7* and hexose C6*) of formose reaction under MW irradiation using 
formaldehyde (1.0 mol kg–1) and Ca(OH)2 (55 mmol kg–1) at a set temperature of 150 ◦C for 1 min. (b) MS for C7* (upper) and C6* (lower). (c) Plausible reaction 
pathways for the preferential formation of C6* and C7* in the formose reaction under MW irradiation. Reproduced with permission from ref. [64]. Copyright 2023 
The Royal Society of Chemistry.
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the dimerization of formaldehyde to form a covalent bond via a 1, 
3-dioxocyclobutane intermediate, resulting in the formation of glyco
laldehyde and water. Furthermore, based on first-principles calcula
tions, Jalbout et al. [78] showed a mechanism, in which protonated 
glycolaldehyde and triose reacted with formaldehyde to form 

protonated triose and tetrose, respectively, via a 1,3-dioxocyclobutane 
intermediate, leading to growth (Fig. 24).

Proppe et al. [79] developed a protocol combining DFT calculations 
and kinetic simulations to the initial steps of formose reaction in order to 
accurately describe the complicated kinetic network by examining 

Fig. 20. (a) Formose product distributions obtained from glycolaldehyde (100 μM) and formaldehyde (70 mM) at different temperatures (left), from varying 
concentrations of formaldehyde and glycolaldehyde (100 μM) at 75 ◦C (middle), and from formaldehyde (70 mM) and varying concentrations of glycolaldehyde at 75 
◦C (right). Reproduced with permission from ref. [66]. Copyright 2022 Elsevier. (b) Total concentration of formaldehyde in a cell as a function of time at a 10 mA 
applied current in a galvanostatic time trial and a schematic illustraton of the partial oxidation reaction over the palladium surface (upper). HPLC chromatograms of 
a single reaction sampled before (black) and after (dark yellow) the formose reaction show the consumption of formaldehyde and the generation of multiple products 
(pentoses and hexoses) as discrete peaks (lower). Reproduced with permission from ref. [67]. Copyright 2023 American Chemical Society.
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Fig. 21. (a) Reaction in water between 2-hydroxymethylboronate and a neutral cis-1,2-diol yielding an anionic complex detectable by FT-ICR MS. Reproduced with 
permission from ref. [69]. Copyright 2006 American Chemical Society. (b) Isomerization of 2-deuteroglyceraldehyde (6) to 1-deuterodihydroxyacetone (9) through a 
1,2-hydride shift under formose reaction conditions. Reproduced with permission from ref. [70]. Copyright 2014 American Chemical Society. (c) Hydride shift 
mechanism for the isomerization of glyceraldehyde to dihydroxyacetone. Reproduced with permission from ref. [72]. Copyright 2015 The National Academy 
of Sciences.
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stationary points across multiple potential energy surfaces. The time 
evolutions of the component concentrations obtained for a reaction 
system containing C1 species (i.e., formaldehyde and methanediol), C2 
species (i.e., glycolaldehyde, 1,2-ethenediol, and ethane-1,1,2-triol), 
and glyceraldehyde indicated that the C1 species (formaldehyde and 
methanediol) were consumed and the C2 species (glycolaldehyde, 1, 
2-ethenediol, and ethane-1,1,2-triol) were obtained (Fig. 25). During 
the reaction, the concentration of glyceraldehyde increased to reach a 
maximum, and then decreased.

Thripati and Ramabhadran [80] investigated the role of various 
cations (Na+, K+, Al+, Mg2+, and NH4

+) and small molecules (H2O, NH3, 
H2S, PH3, HF, HCl, HCN, and HNC) found in the interstellar medium 
(ISM) in the first step of formose reaction, i.e., the conversion of form
aldehyde to glycolaldehyde in the gas phase, using electronic structure 
calculations (CCSD(T) and DFT methods). They proposed a novel 
mechanism in which metal–oxygen interactions and hydrogen bonds 
cooperatively promote the formation of glycolaldehyde from formal
dehyde. The reactions containing Na+, K+, and NH4

+ had large free en
ergy barriers. However, the reaction involving Mg2+ exhibited no 
overall barrier because of the formation of stable precomplexes and the 
reaction featuring Al+ ions had only a small barrier (Fig. 26a). Kong 
et al. [81] used DFT calculations to validate the proposed reaction 
mechanism for the sequential addition of hydroxycarbene to formalde
hyde to form glycolaldehyde and 1,3-dihydroxyacetone (Fig. 26b). A 
favorable exothermic and de-ergonic pathway was found under ISM 
conditions (0 atm and 5 K), demonstrating the feasibility of the forma
tion of 1,3-dihydroxyacetone.

Venturini and González [82] studied the initial steps of formose re
action using DFT calculations. The geometry of all stationary points 
found in the potential energy surface of formose reaction was optimized. 
Each stationary point was characterized as either a minimum or a 
first-order saddle point (transition state) by calculating the harmonic 
vibrational frequencies at 298.150 K and 1.0 atm. The connection be
tween the reactants or products and the corresponding transition 
structures was established using the intrinsic reaction coordinate 
method. The dimerization of formaldehyde proceeds through aldol re
action of formaldehyde deprotonated by Ca(OH)2 with formaldehyde 
molecules coordinated to the same Ca(OH)2. Then, the cis-enediol 
tautomer of glycolaldehyde forms a complex with Ca2+(H2O)2, and this 
complex reacts with formaldehyde coordinated to Ca(OH)2 to form 
glyceraldehyde (Fig. 27).

Cantillo et al. [83] investigated the formation of pentoses from gly
colaldehyde catalyzed by L-valine dipeptide (L-Val-L-Val) using 
first-principles calculations. The imine compound of L-Val-L-Val with 
glycolaldehyde forms a five-membered imidazolidinone ring (Fig. 28). 
Glyceraldehyde is then bound to the cyclic intermediate to form pen
toses. Simulation results showed that the L-isomers of arabinose, lyxose, 

and xylose were stable, while the D-isomer of ribose was stable.
Rappoport et al. [84] presented a model of formose reaction at 

various stoichiometries, obtained by combining chemical heuristics with 
semi-empirical quantum chemistry (the PM7 method). Chemical heu
ristics provide a convenient way to traverse high-dimensional reaction 
potential energy surfaces, and the structures and energies of in
termediates and products can be obtained in combination with quantum 
chemical structure optimization. The ninth generation network (T9), 
which started with one glycolaldehyde molecule and two formaldehyde 
molecules to give tetroses, contained 146 species, including 6 mono
saccharides, 78 acetals, and 9 enols (Fig. 29a). On the other hand, the 
ninth generation network (P9), which started with one glycolaldehyde 
molecule and three formaldehyde molecules to give pentoses, contained 
354 species, including 11 monosaccharides, 235 acetals, and 9 enols 
(Fig. 29a). These networks should be further improved because distorted 
three- and four-membered hemiacetals were contained. Simm and 
Reiher [85] proposed a new protocol to fully automate the complex 
exploration of chemical reactions. Starting materials and conditions are 
set, and a reaction network is built and expanded by repeatedly applying 
the protocol. Heuristic rules are used to efficiently narrow down possible 
reaction combinations and search for optimal reaction paths. Finally, the 
reaction network is visualized using an automatically generated graph 
structure (Fig. 29b). The protocol was applied to formose reaction to 
explore the complicated reaction network producing monosaccharides. 
Based on analysis of a large number of intermediates and minimum 
energy paths, a path for the formation of D-erythrose and the autocata
lytic properties of forming glycolaldehyde was discovered.

Shahi and Cleaves [86] used in silico reaction modeling with the 
MØD software package to build a complicated reaction network for 
formose reaction in the presence and absence of iron ions, with an upper 
limit of 200 for the molecular weight of products, and to investigate the 
potential influence of iron ions. In the absence of iron ions, formose 
reaction was investigated using formaldehyde and water as reactants. In 
the presence of iron ions, on the other hand, the reaction was examined 
using Fe3+, Fe2+, and hydroxide ions as reactants as well as formalde
hyde and water. The number of products increased as the generation of 
the reaction network increased. From the first to fifth generations of the 
reaction network, the network contained a larger number of products by 
17 – 61 % in the presence of iron ions than that in their absence (Fig. 30). 
The connectivities of the network were also different, indicative of the 
significant effect of iron ions on formose reaction.

Stan et al. [87] investigated the autocatalytic formose reaction 
network using a computational nanoreactor. Simulations of six different 
starting configurations were performed. Starting with a 4:1 mixture of 
formaldehyde and glycolaldehyde containing 5 % argon under neutral 
conditions, the number of products in the network ranged from 22 to 81, 
with an average of 56 reactions identified (Fig. 31). Glyceraldehyde was 

Fig. 22. Monosaccharides growing in the formose reaction and the ions monitored by IMS-MS. Reproduced from ref. [73] under the terms and conditions of the 
Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 23. (a) Non-equilibrium formose reaction in the flow state using a CSTR equipped with five input channels and one output channel under various conditions and 
a tree diagram of the relationships between the average composition and kinetic properties produced under various conditions. Reproduced with permission from ref. 
[74]. Copyright 2022 Springer Nature. (b) A schematic representation of a CSTR used to perform formose reaction under out-of-equilibrium conditions (left). Ex
amples of an input for Ca2+/hydroxide concentration profile and output carbohydrate concentration profiles (right). Reproduced from ref. [75] under the terms and 
conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). (c) A schematic overview of the experimental 
set-up and reservoir training process. A set of input variables u used to obtain a target (dynamic) transformation f(t,u). Reproduced from ref. [76] under the terms and 
conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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obtained by aldol reaction of formaldehyde with glycolaldehyde, fol
lowed by isomerization to 1,3-dihydroxyacetone. Aldotetroses and 
erythrulose were produced directly from the initial compound. The 
production of precursors of aldopentoses, e.g., 2,3-hydroxypentanedial, 
was confirmed, but no aldohexoses were produced. Other than mono
saccharides, water, carbon dioxide, carbon monoxide, hydrogen, 
methane, alcohols, carboxylic acids, and acetone were also formed.

Takehara et al. [88] developed a new Monte Carlo code to simulate 
photochemical reactions caused by intermittent UV irradiation on the 

surface of ice particles in a protoplanetary disk (Fig. 32). They used a 
model that tracks the reaction sequence of molecules without assuming 
a conventional chemical reaction network. Formaldehyde, carbon di
oxide, methanol, hydrogen, and water were used as starting materials to 
compare the changes in the amount of tetroses and pentoses obtained by 
the simulation. Monosaccharides and related products, e.g., pentoses 
and deoxypentoses were produced. These results were consistent with 
the experimental data previously reported. However, unlike the con
ventional stepwise formose reaction, the reaction under intermittent UV 

Fig. 24. Geometrical parameters for all species studied in this work in which bond lengths in angstroms (Å) and bond angles in degrees (◦) are depicted. Reproduced 
with permission from ref. [78]. Copyright 2008 Springer Nature.
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Fig. 25. (a) Possible mechanism of the first steps in the formose reaction. (b) An abstract graph representation of this reaction sub-network. (c) Concentration 
trajectories with respect to time for formaldehyde (1), methanediol (2), glycolaldehyde (3), 1,2-ethenediol (4), ethane-1,1,2-triol (5), and glyceraldehyde (6). 
Reproduced from ref. [79] under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/3.0/).
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Fig. 26. (a) Formose reaction pathways for the gas phase conversion of formaldehyde to glycolaldehyde occurring under the ISM conditions. Reproduced with 
permission from ref. [80]. Copyright 2017 American Chemical Society. (b) The proposed reaction pathway of formose reaction towards larger monosaccharides 
mediated by hydroxycarbene under the ISM conditions. Reproduced with permission from ref. [81]. Copyright 2020 Canadian Science Publishing.

Fig. 27. A possible stepwise mechanism for the ionic dimerization of formaldehyde. Reproduced with permission from ref. [82]. Copyright 2024 Wiley-VCH.
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irradiation proceeded through less stable intermediates, and the amount 
of pentoses depended dominantly on the H/O ratio in the starting ma
terial mixture. It is presumed that the monosaccharides produced are 
stabilized by a cyclic structure.

Kua and Tripoli [89] performed DFT calculations of the energy 
changes and activation energies of the reactants and products for 
elementary reactions (e.g., hydration, aldol reaction, Cannizzaro reac
tion, and retro-aldol reaction), involving formaldehyde, glycolaldehyde, 
glyceraldehyde, and tetroses, in the absence and presence of water, 
formic acid, ammonia, or hydrogen sulfide to construct an energy map 
for entire formose reaction (Fig. 33). Aldol reaction was thermody
namically favored. Cannizzaro reaction was thermodynamically driven 
by the formation of alcohol, but the kinetic barrier was relatively high. It 
was also shown that formic acid and ammonia acted as acid and base 
catalysts, respectively.

3.2.3. Mathematical models
Chemical reaction networks can be mathematically modeled as 

directed multi-hypergraphs by corresponding molecules and reactions 
to vertices and hyperedges, respectively. Benkö et al. [90] constructed a 
graph-theoretic toy model that provides a consistent framework, which 
allows ones to explore general properties of a wide range of chemical 
reaction networks in detail. They applied the model to formose reaction 
starting from formaldehyde and glycolaldehyde. The chemical reaction 
mechanism was implemented as graph rewrite rules acting on the 
structural formulas, and the reactivity and selectivity were modeled by a 
variant of frontier MO theory based on the extended Hückel scheme. 
Then, reaction networks were constructed for the isomers up to heptose 
(Fig. 34a). Andersen et al. [91] applied a generic approach for 
composing graph grammar rules to define chemically useful rule com
positions to formose reaction. They illustrated the use of transformation 
rule compositions by deriving meta-rules from the graph grammar 
consisting of the four rules required for formose reaction (i.e., forward 
and reverse keto–enol tautomerization, forward and reverse aldol re
action). By repeatedly applying these rule constructions to elementary 
transformations, an autocatalytic cycle in formose reaction was derived 
automatically; Two glycolaldehyde molecules were formed from two 
formaldehyde molecules and one glycolaldehyde molecule (Fig. 34b). 

Furthermore, Andersen et al. [92] extended the formose reaction 
network to include all derivable molecules with up to 9 carbon atoms to 
obtain a network consisting of 284 molecules and 978 reactions. 
Computational analysis of the chemical space of formose reaction indi
cated that there were many autocatalytic cycles associated particularly 
with monosaccharides of 5 to 8 carbon numbers, which branch off from 
compounds in the basic autocatalytic cycle and then back again to the 
basic cycle. Liu and Sumpter [93] set up a general mathematical model 
of a chemical reaction system that properly considers energetics, ki
netics, and conservation laws. They applied the model to formose re
action. When formaldehyde was used as the starting material, 
glycolaldehyde and glyceraldehyde were formed exponentially, which is 
a characteristic of a self-replicating system (Fig. 34c). Notably, since the 
formation of glycolaldehyde was a low-barrier reaction, glycolaldehyde 
was produced whenever formaldehyde was added, leading to the for
mation of more glycolaldehyde in the entire system.

3.3. Formose reactions and the origin of life

3.3.1. Chemical evolution in the universe
Halfen et al. [94] conducted a comprehensive study of glyco

laldehyde at 2 mm and 3 mm wavelengths using the 12 m telescope of 
Arizona Radio Astronomy Observatory toward the Sagittarius B2 mo
lecular cloud core (Sgr B2(N)). Based on the rotational diagram analysis, 
the column density of glycolaldehyde was estimated to be 5.9 × 1013 

cm–2, with an abundance ratio to H2 of 5.9 × 10–11. From the observa
tion of formaldehyde toward Sgr B2(N), formaldehyde and glyco
laldehyde are thought to arise from the same gas with an abundance 
ratio of ca. 1:27. These observations imply that glycolaldehyde is formed 
through formose reaction in the gas phase.

3.3.2. Chemical evolution involving meteorites
Furukawa et al. [95] analyzed monosaccharides in three carbona

ceous chondrites, i.e., Murchison meteorite, NWA801, and NWA7020. 
The carbonaceous chondrites were crushed and extracted with 2 % 
hydrochloric acid and water, and the solvents were removed by distil
lation, followed by extraction with methanol to remove inorganic salts. 
The residues obtained after removal of methanol were treated with a 
cation exchange resin to obtain samples. The samples were dissolved in 
pyridine containing hydroxylammonium chloride, heated, and acety
lated with acetic anhydride. The derivatized samples were characterized 
by GC-MS. The GC-MS data exhibited that the samples contained 
monosaccharides, e.g., ribose, arabinose, xylose, and lyxose. The 
13C-enriched stable carbon isotope composition of the detected mono
saccharides indicated that these monosaccharides were of extraterres
trial origin. In addition, formose reaction using formaldehyde (100 mM) 
and glycolaldehyde (10 mM) in an ammonia buffer (pH 9.6) at 90 ◦C for 
360 min gave a product containing pentoses, and the composition of 
pentoses was similar to that in the meteorites. It is thus likely that the 
monosaccharides in the chondrites were formed by formose reaction.

3.3.3. Formation of ribose
Ribose, an important component of RNA, is unstable under basic 

conditions. Ricardo et al. [96] indicated that ribose was stabilized in the 
presence of boric acid by the formation of borate esters (Fig. 35). They 
also conducted formose-type reaction using a suspension mixture of 
glycolaldehyde (0.5 mM), glyceraldehyde (0.5 mM), and Ca(OH)2 (0.5 
M) at 45 ◦C for 20 min, and detected the formation of small amounts of 
pentoses by GC of the trimethylsilylated product. After incubation for 1 
h, the pentoses decomposed. On the other hand, when the same incu
bation was performed in the presence of the borate minerals ulexite 
(NaCaB5O9•8H2O), kernite (Na2B4O7), or colemanite (Ca2B6O11•5H2O), 
aldopentoses (i.e., arabinose, lyxose, xylose, and ribose) were detected 
even after 2 months. These observations suggest that organic molecules 
in star- and planet-forming nebulae form pentoses in the presence of 
borate minerals.

Fig. 28. Addition of a carbanion intermediate (3) to glyceraldehyde (4) to yield 
the divaline monosaccharide precursor (5). Reproduced with permission from 
ref. [83]. Copyright 2012 Wiley-VCH.
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Fig. 29. (a) Representations of the T9 (left) and P9 (right) networks. Filled circles represent product flasks. Color coding and chemical formulas denote the largest 
constituent molecule of the respective flask (see legend). Black solid lines indicate major pathways of monosaccharide formation. Reproduced with permission from 
ref. [84]. Copyright 2014 American Chemical Society. (b) Reaction network generated from formaldehyde, glycolaldehyde, and water consisting of reactions with 
activation barriers below 85 kJ mol–1. Reproduced with permission from ref. [85]. Copyright 2017 American Chemical Society.
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Fig. 30. (a) Examples of iron-independent aldol condensation reaction (upper) and iron-dependent two-electron oxidation of an aldehyde accompanied by the 
reduction of two iron(III) atoms to two iron(II) atoms (lower) as encoded in MØD. (b) The number of products in formose reaction in the absence (blue) or presence 
(red) of iron species as a function of reaction generation. Reproduced from ref. [86] under the terms and conditions of the Creative Commons Attribution (CC BY) 
license (http://creativecommons.org/licenses/by/4.0/).
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Since silicate minerals are the main components of rocky planets, 
Lambert et al. [97] investigated the formation and stabilization of 
monosaccharides using sodium silicate. When glycolaldehyde or glyc
eraldehyde was mixed with sodium silicate at room temperature, 2:1 
complexes of tetrose or hexose with silicate were detected by MS 
(Fig. 36). Furthermore, it was also indicated that the complexation 
suppressed decomposition of the monosacchrides. Vazquez-Mayagoitia 
et al. [98] employed DFT calculations to investigate the relative stabil
ities of 2:1 complexes of aldopentoses (i.e., arabinose, lyxose, ribose, and 
xylose) with silicate. Five stereoisomers were examined for each aldose 
complex. The least stable stereoisomer of the ribose/silicate complex 
was more stable than the most stable stereoisomers of complexes of the 
other pentoses. These observations imply that formose reaction in the 
presence of silicate minerals preferentially forms a silicate complex of 
ribose.

Usami and Okamoto [99] investigated formose reaction and its 
elementary reactions using hydroxyapatite as a catalyst, which is 
composed of PO4

3– and Ca2+. Hydroxylapatite powder was added to an 
aqueous solution of a 1:2 mixture of formaldehyde and glycolaldehyde. 
The reaction mixture was heated at 80 ◦C for 128 h to obtain ribose in a 
0.28 % yield as one of the main products. Based on the results of the 
elementary reactions using hydroxylapatite, the reaction pathway was 
predicted as follows (Fig. 37). 1,3-Dihydroxyacetone is formed by 
carbonyl transfer of glyceraldehyde produced by the reaction of form
aldehyde with glycolaldehyde. Glycolaldehyde and 1,3-dihydroxyace
tone in the reaction mixture form ribulose, which is then converted to 
ribose via carbonyl shift. Camprubi et al. [100] performed formose re
action in the presence of acetyl phosphate, a simple phosphorylating 
agent, to investigate phosphorylation of the intermediate to form 
selectively ribose. The reaction was carried out by heating a mixture 
containing formaldehyde (0.5 M), Ca(OH)2 (0.167 M), CaCO3 (0.167 
M), lithium potassium acetyl phosphate or K2HPO3 (400 mM), and water 

(2 mL) at 60 ◦C for 0.5, 1, 2, 3, and 5 h while adjusting the pH with 5 M 
NaOH. The product was derivatized with 3-amino-9-ethylcarbazole, and 
the monosaccharide samples obtained by desalting the water-soluble 
fraction were characterized by HPLC and LC-MS. The main products 
were pentoses, and hexoses, tetroses, and trioses were also detected. The 
phosphorylated monosaccharides were barely detectable. Mechanistic 
analysis by LC-MS suggested that the enhanced selectivity for pentoses 
was due to the termination of formose reaction by precipitation of Ca2+

ions as phosphate minerals, e.g., apatite and hydroxyapatite.
Furukawa et al. [101,102] also focused on the effect of boric acid in 

the process of ribose formation under prebiotic conditions (Fig. 38a). 
Furukawa et al. [101] investigated the stability of aldopentoses in the 
presence of borate. A borax solution containing borate (40 or 80 mM B 
(OH)4–) was heated to 45 ◦C, and an aldopentose (i.e., ribose, arabinose, 
xylose, or lyxose) (1 mM) and Ca(OH)2 (2.14 g L–1) were then added. 
The solution pH was 12.0 – 12.2. Heating was continued at 45 ◦C. 
Portions of the reaction mixture were taken at 90 min intervals and the 
amounts of remaining aldopentoses were evaluated by LC-MS. The data 
indicated that the stability of ribose was significantly improved in the 
presence of B(OH)4– (80 mM), i.e., an equimolar amount of the pentose 
(Fig. 38a). Furukawa et al. [102] also investigated the effect of silicate or 
phosphate on the stability of aldopentoses. An aldopentose (i.e., ribose, 
arabinose, xylose, or lyxose) (1 mM) was added to saturated aqueous Ca 
(OH)2 containing sodium silicate or sodium phosphate (40 or 80 
equivalents relative to the aldopentose). The mixture was then heated at 
45 ◦C, and the amount of remaining aldopentose was estimated by 
LC-MS. In both cases, the decomposition rates of ribose and lyxose were 
reduced compared to those of xylose and arabinose (Fig. 38b). However, 
no complexes of aldopentoses with sodium silicate or sodium phosphate 
were observed by NMR. When sodium silicate and sodium phosphate 
were added, precipitation as calcium salts was observed. From these 
results, it was concluded that the decrease in the decomposition rate of 

Fig. 31. Overview of relevant molecular species obtained from six formose reaction network simulations starting from formaldehyde and glycolaldehyde at a ratio of 
4:1 and 5 % of added argon atoms. Feedstock compounds are highlighted in green, while obtained aldoses are colored in orange. The depicted reaction paths to the 
aldotrioses and aldotetroses were extracted as such from the generated networks. Side products of the formose reaction network are depicted in dark blue. 
Reproduced with permission from ref. [87]. Copyright 2022 American Chemical Society.
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aldopentoses in the presence of sodium silicate or sodium phosphate was 
due to a decrease in the Ca2+ concentration and not due to stabilization 
by sodium silicate or sodium phosphate.

Paschek et al. [103] investigated simplified formose reaction in 
which ribose is formed from one formaldehyde molecule and two gly
colaldehyde molecules inside carbonaceous chondrite parent bodies. 
The amount of ribose calculated based on the simplified reaction 
equation under conditions inside a carbonaceous planetesimal was 
found to be strongly dependent on the initial abundances of glyco
laldehyde and formaldehyde. The simulated ribose abundances were in 
good agreement with those measured in carbonaceous chondrites. To an 
aqueous solution containing formaldehyde (1.34 M) and glycolaldehyde 
(0.269 M, 20 mol%), 10 mol% of catalyst (i.e., Ca(OH)2, CaCO3, K2CO3, 
or KOH) was added. The mixture was heated at 40 ◦C or 60 ◦C for 180 

min. The products obtained were trimethylsilylated and characterized 
by GC-MS to evaluate the ribose fraction in the pentose. For all the 
catalysts, the ribose fraction was (2.4 – 4.1) × 10–2, which was consis
tent with the simulation results.

3.3.4. Formation of ribonucleosides and ribonucleotides
Powner et al. [104] showed that activated pyrimidine ribonucleo

tides were formed in a short sequence via arabinose aminooxazoline and 
anhydronucleoside intermediates using cyanamide, cyanoacetylene, 
glycolaldehyde, glyceraldehyde, and inorganic phosphate as starting 
materials (Fig. 39a). This route does not involve ribose and nucleobases. 
Inorganic phosphate is required from the beginning to act as an acid/
base catalyst, a nucleophilic catalyst, a pH buffer, and a chemical buffer 
to control the three early reactions. Meanwhile, inorganic phosphate is 

Fig. 32. (a) Monosaccharide synthesis pathways shown by the simulation using UV irradiation (the red and blue arrows) and by the conventional formose-type 
reactions (the green arrow). The horizontal and vertical axes are the numbers of carbon and oxygen atoms contained in molecules, respectively. (b) Example re
action paths of ribose synthesis. The red shaded region represents the evolution during the UV phase and the non-shaded region shows the evolution in the post-UV 
phase. Reproduced from ref. [88] under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/lice 
nses/by/4.0/).

A. Hashidzume                                                                                                                                                                                                                                  

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


BBA Advances 7 (2025) 100141

33

Fig. 33. Overall free energy map with G values in kcal relative to CH2O, H2O, NH3, and H2S. Reproduced from ref. [89] under the terms and conditions of the 
Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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incorporated into nucleotides later in the reaction sequence. Zhao and 
Wang [105] used the selective binding of ribose over other mono
saccharides by clay minerals doped with metal cations to select ribose 
from formose reaction products and form ribonucleotides. A suspension 
of kaolinite, montmorillonite, or silica doped with Cu2+, Fe2+, Ca2+, or 
Mg2+ was added to a neutral aqueous solution of a mixture of aldo
pentoses (arabinose, lyxose, ribose, and xylose) and stirred at room 
temperature for 3 h at 1000 rpm. The supernatant was then separated 
from the clay minerals by centrifugation. Aqueous ammonia was added 
to the clay minerals to desorb the adsorbed aldopentoses. The samples 

derivatized with 1-phenyl-3-methyl-5-pyrazolone were characterized by 
HPLC. The HPLC data indicated that ribose was selectively adsorbed on 
all the clay minerals. When the formose reaction was conducted for a 
mixture of glycolaldehyde and glyceraldehyde using Ca(OH)2 as a 
catalyst in the presence of clay minerals for 0.5 h at room temperature, 
ribose was preferentially adsorbed on the clay minerals from the reac
tion mixture. The adsorbed ribose was available for synthesis of nucle
osides and nucleotides using 4,6-diamino-5-formamidopyrimidine 
(Fig. 39b). Based on DFT calculations, Jeilani and Nguyen [106] pro
posed a free radical pathway for the formation of RNA nucleosides, in 

Fig. 34. (a) Formose reaction network. The initial mixture consists of formaldehyde and glycolaldehyde, and reacts via aldol condensations and dismutations. 
Reproduced with permission from ref. [90]. Copyright 2003 American Chemical Society. (b) Chemical reaction network for formose reaction. Reproduced from ref. 
[91] under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/2.0/). (c) Time evolution of the 
numbers of glycolaldehyde (N2), glyceraldehyde (N3), and tetroses (N4) produced. Reproduced from ref. [93] under the terms and conditions of the Creative 
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 35. Pentose formation in the presence of borate. Reproduced with permission from ref. [96]. Copyright 2004 American Association for the Advancement 
of Science.
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Fig. 36. The preferred structures of erythrose and threose for reaction with sodium silicate, in which the 1- and 2‑hydroxy groups are cis (upper). The bottom-up 
synthesis of threose from glycolaldehyde (lower). In the presence of sodium silicate, the aldol dimer is sequestered as its 2:1 silicate complex. Reproduced with 
permission from ref. [97]. Copyright 2010 American Association for the Advancement of Science.

Fig. 37. (a) The crystal structure of hydroxyapatite. (b) Proposed chelating structures in the cross-aldol reaction and subsequent aldose–ketose isomerization in the 
presence of two chelated calcium ions. Reproduced with permission from ref. [99]. Copyright 2017 The Royal Society of Chemistry.
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Fig. 38. (a) Formation of ribose–borate complexes (upper). Changes in the concentration of aldopentoses incubated in a borate-free solution and borate solutions (40 
and 80 mM) at 45 ◦C (lower). Reproduced with permission from ref. [101]. Copyright 2013 Springer Nature. (b) Changes in the concentration of aldopentoses 
incubated in sodium silicate (80 mM, pH 12.5 – 12.9) and sodium phosphate (80 mM, pH 12.6 – 13.1) at 45 ◦C. Reproduced with permission from ref. [102]. 
Copyright 2016 Springer Nature.
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which the hydroxymethyl radical (•CH2OH) generated under condi
tions, e.g., heat, UV light, and discharge, was the main reactant 
(Fig. 39c). In the pathway, ribose and all RNA nucleosides were formed 
with a relatively low energy barrier. Formose reaction proceeded with or 
without Ca2+ and CaOH+ ions. When CaOH+ was involved in the re
action, an autocatalytic cycle for the formation of glycolaldehyde and 
glyceraldehyde was confirmed. This result suggests that Ca2+ cations are 
not involved in the production of ribose from glyceraldehyde. Further
more, these pathways produced 1,3-dihydroxyacetone and erythrose. 
The DFT calculation data showed that the glycosidic bond was formed 

between ribose and nucleobases, and ribose formed a cyclic free radical 
that reacts with neutral nucleobases.

3.3.5. The origin of chirality
Cowan and Furnstahl [107] discussed the possibility that parity 

non-conservation effects might be involved in stereoselectivity in life 
using a model that explains chiral selectivity through the autocatalytic 
reaction of glyceraldehyde. They showed that a small energy difference 
in the formation of stereoisomers in the Ca2+ (or Sr2+, Ba2+)-catalyzed 
coupling of formaldehyde and glycolaldehyde was large enough to give 

Fig. 39. (a) Previously assumed synthesis of β-ribocytidine-2′,3′-cyclic phosphate 1 (blue; note the failure of the step in which cytosine 3 and ribose 4 are proposed to 
condense together) and the successful new synthesis (green). Here p and f denote pyranose and furanose, respectively. Reproduced with permission from ref. [104]. 
Copyright 2009 Springer Nature. (b) A conceptual illustration of ribose selection (A, arabinose; L, lyxose; R, ribose; X, xylose; Tet, tetroses; Hex, hexoses) and 
synthesis of nucleosides. Reproduced with permission from ref. [105]. Copyright 2021 Elsevier. (c) A conceptual illustration of autocatalysis in formose reaction and 
formation of RNA nucleosides. Reproduced with permission from ref. [106]. Copyright 2020 American Chemical Society.

A. Hashidzume                                                                                                                                                                                                                                  



BBA Advances 7 (2025) 100141

39

an effective enantiomeric excess, defined by the ratio of rate constants 
replicated over evolutionary time (50 million years or more).

3.4. Applications of formose reactions

3.4.1. Production of chemicals based on formose reactions
Deng et al. [108] combined formose reaction with biomass gasifi

cation and aqueous phase processing to produce liquid transportation 
fuels (Fig. 40). 3-Hexylbenzothiazolium bromide and triethylamine 
were heated in 1,4-dioxane at 80 ◦C for 12 h, and the precipitated 
triethylammonium bromide was filtered off to prepare a catalyst solu
tion. Formaldehyde obtained from biomass via methanol was mixed 
with the catalyst solution. The reaction mixture was heated at 80 ◦C for 1 
h to produce 1,3-dihydroxyacetone (96 % purity, 30 % yield). Aldol 
condensation of the 1,3-dihydroxyacetone followed by dehydration 
gave 4-hydroxymethylfurfural (4-HMF). The resulting 4-HMF was then 
hydrogenated to produce 2,4-dimethylfuran (2,4-DMF) or C9 – C15 
branched alkanes as liquid transportation fuels.

3.4.2. Chemical treatments using formose reaction
Glyphosate (N-(phosphonomethyl)glycine) is one of the widely used 

pesticide ingredients. Xing et al. [109] used formose reaction to treat 
glyphosate wastewater. Glyphosate wastewater containing organic 
phosphorus (40 – 600 mg L–1) and formaldehyde (1 – 4 %) was subjected 
to catalytic wet oxidation (CWO) using activated carbon modified by 
H2O2 oxidation and thermal treatment with melamine as a catalyst, and 
>90 % of the organic phosphorus was removed. The CWO wastewater 
was further treated with lime at 80 ◦C to remove the remaining phos
phorus compounds and formaldehyde, thereby improving the 
biodegradability.

3.4.3. Cultivation of microorganisms using formose
Cestellos-Blanco et al. [66] used the product obtained from formose 

reaction using the electrochemically produced glycolaldehyde as a 
cocatalyst to culture E. coli (see Section 3.1.7). The reaction solution was 
filtered to remove precipitate, and the product was recovered by 
removal of the solvent. An appropriate amount of the product, i.e., 
formose (0 % – 0.1 % (w/v)) was added to the M9 minimal medium and 
sterilized with a syringe filter, and then XL1-blue E. coli cells were 

inoculated into the M9 minimal medium supplemented with glucose or 
formose. Growth curves of E. coli were generated by reading the optical 
density (OD) of a 48-well plate using a plate reader at 37 ◦C for 12 h The 
growth of E. coli using the formose was slower than that using glucose, 
indicating that the metabolic efficiency of formose is low. Tabata et al. 
[17] used the product obtained from formose reaction using Na2WO4 as 
a catalyst and glycolaldehyde as a cocatalyst, including 1,3,4-trihydrox
y-3-(hydroxymethyl)butan-2-one, 1,3,4,5-tetrahydroxypentan-2-one, 
and 1,2,4,5,6-pentahydroxyhexan-3-one, to culture soil microorganisms 
collected from forest soil near the National Institute of Advanced In
dustrial Science and Technology in Hokkaido (see Section 3.1.2). After 
several days of cultivation, microbial growth was observed. After the 
start of cultivation, the supernatant of the microbial culture medium was 
characterized by HPLC, and it was confirmed that the peak intensity of 
the monosaccharides decreased over time (Fig. 41a). In particular, 1,3, 
4-trihydroxy-3-(hydroxymethyl)butan-2-one was almost consumed 
after 8 days. Tabata et al. [110] carried out formose reaction of form
aldehyde (2 M) and 1,3-dihydroxyacetone (20 mM) using Ca(OH)2 (100 
mM) as a catalyst at 80 ◦C for 1.5 min to obtain a product containing 
hexoses and pentoses as the main components. They cultured 
C. glutamicum under oxygen-limiting conditions with the product as the 
sole carbon source, allowing C. glutamicum to produce lactate (Fig. 41b). 
Some of the monosaccharides produced by formose reaction inhibited 
cell proliferation, but the rate of cell proliferation increased using a 
product treated with 2 M NaOH overnight at room temperature.

4. Summary and outlook

This review provides an overview of key studies from the second 
wave of formose research, which began in the early 2000s and lasted 
nearly two decades. Since the number of publications has continued to 
increase, this wave is expected to continue for another 20 years or more. 
The second wave will further make significant progress, and future 
innovative breakthroughs are expected to enhance the ability to utilize 
formose reaction for a variety of fundamental studies and industrial 
applications.

Fig. 40. Schematic diagram of the process for conversion of methanol to 2,4-dimethylfuran. Reproduced with permission from ref. [108]. Copyright 2013 
Springer Nature.
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