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ABSTRACT: Glyoxylic acid, the simplest a-keto acid, contains both aldehyde and carboxyl groups in its
molecule and exhibits the reactivity of both. This compound features low toxicity, low cost, ease of storage
and handling, and has become a highly valuable C1 and C2 synthon in organic synthesis. In recent years,
new reactions based on decarboxylative coupling, condensation, and cyclization strategies of glyoxylic acid
have emerged, providing green and efficient routes for the construction of aldehydes, carboxylic acids,
amines, heterocycles, and other structural motifs. This review systematically summarizes representative
advances in the past five years in the chemical transformations of glyoxylic acid as a C1 synthon (formyl
source, carboxylic acid source, methylene source) and as a C2 synthon (participating in Petasis reaction,
Morita-Baylis-Hillman reaction, and cyclization reactions), with emphasis on reaction design, substrate
scope, functional group compatibility, and mechanistic features. Future directions are also discussed.

Keywords: Glyoxylic acid; C1 synthon; C2 synthon; Decarboxylative coupling; Formylation; Multicomponent
reaction

1. Introduction

Glyoxylic acid (OHC-COOH) is the structurally simplest a-keto acid, containing both an aldehyde and
a carboxyl group, and is highly reactive [1]. It possesses low toxicity, good stability, low cost, and ease of
handling and storage, and has thus gained wide attention in the pharmaceutical, agrochemical, fragrance,
and fine chemical industries [2,3]. From an industrial perspective, the main synthetic routes include:
catalytic oxidation of glyoxal (heterogeneous noble metal catalysis, homogeneous nitric acid or hydrogen
peroxide oxidation, electrochemistry, and enzymatic methods), ozonolysis of maleic acid, oxidation of
glycolic acid (enzymatic or chemical), as well as alternative processes such as electroreduction of oxalic
acid and pyrolysis of haloacetic acid derivatives [4—8]. Among them, the nitric acid oxidation of glyoxal
and the ozonolysis of maleic acid are the mainstream industrial routes, but they suffer from NOx pollution
and the need for high-pressure equipment, respectively. In synthetic chemistry, glyoxylic acid can
participate in transformations either as a one-carbon unit (C1 synthon) or as a two-carbon unit (C2 synthon).
As a C1 synthon, glyoxylic acid often provides a formyl group (—-CHO) or a methylene bridge (—CH>—) via
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decarboxylation, used for constructing aldehydes, formamides, methylene-bridged heterocycles, efc. As a
C2 synthon, glyoxylic acid retains its full carbon skeleton and participates in Petasis reactions, Morita-
Baylis-Hillman reactions, and cyclizations to afford a-amino acids, a,B-unsaturated acids, quinolines,
naphthoquinones, and other important structural units. In recent years, the rapid development of visible-
light photocatalysis, electrochemistry, transition-metal catalysis, and metal-free green strategies has greatly
expanded the range of reaction types and substrates for glyoxylic acid [9]. Based on the dual role of
glyoxylic acid in organic synthesis, this review classifies reactions according to C1 and C2 synthons,
summarizes the main research progress in this field over the past five years, and comments on the design
concepts, limitations, and future directions of key reactions.

2. Glyoxylic Acid as a C1 Synthon
2.1. Glyoxylic Acid as a Formyl Source

In 2017, Wang et al. [10] reported a novel organocatalytic strategy that utilizes aryl or alkenyl boronic
acids with glyoxylic acid in a Petasis reaction, followed by oxygen-promoted oxidative decarboxylation, to
efficiently synthesize a variety of aromatic, heteroaromatic, and a,-unsaturated aldehydes (Figure 1). This
method, for the first time, achieves the catalytic formylation of boronic acids without transition metals,
featuring mild conditions, simple operation, good atom economy, and environmental friendliness. The
innovation lies in using N-alkylaniline derivatives such as tetrahydroquinoline or indoline as
organocatalysts. Their low oxidation potential allows them to be oxidized by oxygen via single-electron
transfer, thereby driving the oxidative decarboxylation of the a-amino acid intermediate. The process
tolerates a wide range of functional groups, including halogens, nitro, and triflate groups, and enables
selective formylation at the non-C3 position of indole. Mechanistic studies suggest that the Petasis adduct
first undergoes single-electron transfer to generate an aminium radical cation, which rapidly decarboxylates
to form an a-amino radical, then is oxidized to an iminium ion; hydrolysis releases the desired aldehyde
and regenerates the amine catalyst. The generated hydrogen peroxide may yield small amounts of phenolic
byproducts, but increasing the temperature suppresses this process (Scheme 1).
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Figure 1. Tetrahydroquinoline-catalyzed formylation of arylboronic acids with glyoxylic acid.
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Scheme 1. Plausible reaction mechanism.

In 2018, Huang’s group reported the first synthetic method for electrochemical N-formylation of
amines via decarboxylation of glyoxylic acid, ref. [11] which enables the construction of formamide
compounds. Using glyoxylic acid as the formyl source, the reaction was carried out in an undivided cell at
a constant current of 5 mA at room temperature. Under standard conditions, copper(I) acetate dihydrate
and nickel(Il) chloride hexahydrate were employed as additives, cesium carbonate as the base, sodium
perchlorate as the electrolyte, and dimethyl sulfoxide as the reaction solvent. Reaction-optimization results
demonstrated that the base and electric current were essential for this transformation. Only the trace product
was detected in the absence of base, and no reaction occurred without an electric current. The addition of
copper and nickel salts could effectively improve product yields. Secondary aromatic amines and cyclic
amines, including indoline, piperazine, tetrahydroisoquinoline, and morpholine, were compatible with this
protocol (Figure 2). Mechanistically, the authors proposed a plausible reaction pathway based on a set of
verification experiments. Glyoxylic acid is converted into a carboxylate anion in the presence of cesium
carbonate, which subsequently condenses with an amine to form an intermediate. This intermediate is
oxidized by Cu(Il), followed by decarboxylation, further one-electron oxidation, and deprotonation to
afford the target formamide product. The Cu(Il) species is regenerated at the anode, whereas protons are
reduced to hydrogen gas at the cathode. Proceeding smoothly under ambient conditions, this
electrochemical transformation provides a new sustainable synthetic route for N-formylation of amines.
The authors noted that further investigations on mechanistic details and synthetic applications were ongoing
in their laboratory (Scheme 2).
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Scheme 2. Plausible reaction mechanism.

In 2018, Zhao et al. [12] reported a decarboxylative formylation of aryl halides with glyoxylic acid via
synergistic photoredox/palladium catalysis (Figure 3). Using the organic dye 4CzIPN as a photocatalyst
together with a phosphine-ligated palladium catalyst under blue light irradiation, they successfully achieved
a mild transformation with glyoxylic acid monohydrate as the formylating reagent. The conditions are
simple and applicable to a variety of aryl and heteroaryl iodides and bromides, tolerating halogens, cyano,
nitro, ester, boronate, and other functional groups. Late-stage modification of natural amino acid derivatives
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and steroid complex molecules was also realized. Mechanistic studies indicate that the reaction may
proceed via photocatalytic oxidative decarboxylation to generate a formyl radical, which then combines
with an arylpalladium species from the palladium catalytic cycle, followed by reductive elimination to give
the aldehyde product (Scheme 3). This method provides a green and efficient route to functionalized
aromatic aldehydes and extends the application of photoredox/palladium synergistic catalysis in
decarboxylative coupling reactions, demonstrating the potential of glyoxylic acid as a practical formyl
source for the modification of complex molecules.
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Figure 3. Palladium-catalyzed formylation of aryl halides with glyoxylic acid.
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Scheme 3. Plausible reaction mechanism.

In 2018, Wu et al. [13] reported a nickel-catalyzed dehydrogenative-decarboxylative formylation of
indoles with glyoxylic acid (Figure 4). This method achieves direct C3-formylation of indoles for the first
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time, using a Cu(OAc)2/Ag2COs3 oxidation system with Ni(OAc)2-4H20 and FeCls bimetallic catalysis in
DMSO at 130 °C, converting various indoles to the corresponding 3-formylindoles. The strategy cleverly
combines dehydrogenative and decarboxylative coupling processes, using cheap and readily available
glyoxylic acid as the formyl source. The reaction exhibits excellent functional group compatibility: indoles
bearing either electron-donating (methyl, methoxy) or electron-withdrawing groups (halogen, nitro, ester)
on the benzene ring afford the target products in moderate to good yields. Notably, no N-formylation
byproduct was detected, indicating good chemoselectivity. Mechanistic studies suggest that the
dehydrogenation and decarboxylation steps may occur cooperatively, with a copper salt as the terminal
oxidant, a silver salt for recycling the catalytic cycle, and an iron salt promoting indole activation (Scheme
4). This method provides a new, step-economical route to 3-formylindoles, an important class of
pharmaceutical intermediates, without the need for prefunctionalization.
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Figure 4. Four-metal-salt catalyzed formylation of indoles with glyoxylic acid.
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In 2018, Liu’s group [14] reported a palladium-catalyzed hydroformylation of terminal arylacetylenes
using glyoxylic acid as the formyl source. Under syngas-free conditions, using PdCl2(PPhs)2 as a catalyst
with common bidentate ligand dppp and monodentate ligand PPhs, they efficiently and stereoselectively
synthesized various (E)-a,B-unsaturated aldehydes under mild conditions (Figure 5). Mechanistically, the
authors proposed a catalytic cycle involving the formation of a cationic palladium hydride species, which
inserts into the alkyne to give a vinylpalladium intermediate, followed by hydrogenolysis with glyoxylic
acid to release the product and regenerate the catalyst (Scheme 5). This method avoids the need for high-
pressure equipment and hazardous syngas in traditional hydroformylation, providing a convenient
laboratory route to these valuable building blocks.
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Figure 5. Palladium-catalyzed hydroformylation of terminal arylacetylenes with glyoxylic acid.

Scheme 5. Plausible reaction mechanism.
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In 2019, Huang’s group [15] reported an efficient electrochemical method for C3-formylation of
indoles (Figure 6). Using an amine as a dual-function organocatalyst, they achieved direct formylation of
indoles with glyoxylic acid under mild electrochemical conditions. The reaction was carried out at room
temperature in an undivided cell with platinum electrodes, requiring only 1 mol% dimethylamine solution
or 10 mol% aniline as a catalyst, under very mild conditions. The method exhibits excellent functional
group tolerance, works for various N-substituted and free NH indoles, and accommodates methyl, methoxy,
halogen, nitro, ester groups on the benzene ring. The key strategy is that the amine first condenses with
glyoxylic acid to form an a-iminocarboxylate, which is more prone to oxidative decarboxylation at the
anode; the resulting active intermediate is then attacked by indole, and finally hydrolyzed to give 3-
formylindole while regenerating the amine catalyst (Scheme 6).
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Figure 6. Amine-catalyzed electrochemical formylation of indoles with glyoxylic acid.
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In 2020, Cao et al. [16] reported a radical/palladium synergistic decarboxylative formylation of aryl
halides with glyoxylic acid under an oxygen atmosphere (Figure 7). Using glyoxylic acid monohydrate as
the formyl source, PACI2(PPhs): as catalyst, EtsN as base, AIBN as radical initiator, and oxygen (1 atm) in
DMEF at 110 °C, they efficiently synthesized aromatic aldehydes. The conditions are suitable for a variety
of aryl and heteroaryl iodides and bromides, tolerating methyl, methoxy, acetyl, ester, halogen, and other
functional groups, giving moderate to good yields. Electron-deficient or ortho-substituted substrates
showed lower activity, reflecting steric and electronic effects. The proposed mechanism involves a
synergistic radical/palladium cycle: AIBN generates isobutyronitrile radicals, which are converted to
peroxy radicals by oxygen, possibly promoting oxidative decarboxylation of glyoxylic acid to form a
formyl radical; the formyl radical is then captured by an arylpalladium(II) species, followed by reductive
elimination from a palladium(III) intermediate to give the aldehyde (Scheme 7). This work provides a new
route for formylation without photoirradiation and highlights the unique role of oxygen in modulating
radical-metal synergistic reactions.
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Figure 7. Palladium-catalyzed formylation of aryl halides with glyoxylic acid.
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In 2022, Wang et al. [17] reported a metal-free, external oxidant-free visible-light photocatalytic
strategy using deuterated glyoxylic acid directly as the formyl source to achieve highly selective C3-
deuterated formylation of indoles (Figure 8). Using air (Oz2) as the terminal oxidant, under visible light
irradiation without an external photocatalyst, they efficiently synthesized C1-deuterated 3-formylindoles
with 95-99% deuterium incorporation. The method is mild, shows excellent functional group compatibility,
works for various N-substituted and free NH indoles, including those with electron-donating or electron-
withdrawing groups, and enables late-stage deuterated formylation of complex bioactive molecules (e.g.,
nonsteroidal anti-inflammatory drug (NSAID) derivatives, sugars, and dipeptides). Mechanistically, indole
and glyoxylic acid first undergo aldol condensation to form an a-hydroxy acid intermediate; meanwhile, a
small amount of indole is oxidized to isatin under light and air. The excited state of isatin promotes
decarboxylation of the o-hydroxy acid intermediate via single-electron oxidation, generating a carbon
radical; this radical combines with Oz and then fragments to give the target aldehyde and H202, completing
the catalytic cycle (Scheme 8). This strategy provides a green and practical new route to high-value
deuterated aldehydes.
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Figure 8. Amine-catalyzed formylation of indoles with deuterated glyoxylic acid.
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In 2022, Dinesh et al. [ 18] reported a direct decarboxylative cross-coupling method using ammonium
persulfate (APS) as oxidant and a-oxo/keto acids (such as glyoxylic acid, pyruvic acid, phenylglyoxylic
acid) as formyl/acyl sources to achieve C—H formylation or acylation of indoles and B-carbolines, giving
moderate to good yields (Figure 9). This method was successfully applied to the efficient total synthesis of
the indole alkaloids pityriacitrin, eudistomin Y1/Y3, and marinacarbolines A—-D, demonstrating excellent
synthetic utility. Mechanistically, thermal decomposition of APS generates sulfate radical anion (SO} ),
which abstracts a hydrogen atom from the o-keto acid to form an acyloxy radical, which rapidly
decarboxylates, releasing CO2 and forming a formyl or acyl radical. This radical undergoes Minisci-type
electrophilic addition to the electron-rich indole or B-carboline, followed by single-electron transfer or
hydrogen atom abstraction to give the final carbonyl product (Scheme 9). This strategy offers a green and
efficient route to structurally diverse 3-formylindoles and acylated B-carbolines.
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In 2023, Laha et al. [19] reported a general strategy for site-selective decarboxylative formylation of
nitrogen heterocycles and anilines using glyoxylic acid as the formyl source and potassium persulfate as the
oxidant (Figure 10). Under mild neutral conditions, this method simultaneously achieves C-formylation of
indoles, azaindoles, pyrroles, and N-formylation of anilines. Furthermore, the method can be extended to
tandem reactions for one-pot construction of quinazolinones, benzimidazoles, and other heterocycles, and
successfully synthesized a key intermediate of the anticancer drug vemurafenib and the natural product
luotonin F, demonstrating its potential for practical application. Mechanistically, the authors proposed two
possible pathways: Path 1 involves thermal decomposition of persulfate to generate sulfate radical, which
abstracts a hydrogen from glyoxylic acid and induces decarboxylation to form a formyl radical, followed by



Green Chem. Technol. 2026, 3(4), 10033. doi:10.70322/gct.2026.10033 13 of 46

Minisci-type addition to the substrate and oxidative deprotonation to give the product; Path 2 involves initial
aldol condensation to form an a-hydroxy acid intermediate, which then undergoes sulfate radical-induced
single-electron oxidation, decarboxylation, and radical recombination to yield the target aldehyde (Scheme 10).
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In 2023, Wu et al. [20] reported a hydrogen peroxide (H202)-promoted decarboxylative N-formylation
method using glyoxylic acid as the formyl source, under metal-free, base-free, room-temperature conditions,
to efficiently synthesize formamides. The substrate scope covers various substituted anilines, heterocyclic
amines, benzylamines, and alkylamines, with moderate to excellent yields (up to 97%), and gram-scale
synthesis and chemoselective transformations (e.g., monoformylation of p-phenylenediamine) were also
achieved (Figure 11). The innovation lies in the first use of H202 as a green oxidant to drive the
decarboxylative formylation of amines with glyoxylic acid, avoiding metal catalysts, strong bases, or high
temperatures in traditional methods, and featuring simple operation and environmental friendliness.
Mechanistic studies suggest that H2O2 undergoes homolysis to generate hydroxyl radicals OH, which first
react with the intermediate (carboxylate salt) formed in situ from glyoxylic acid and amine, inducing
decarboxylation via single-electron oxidation to give a carbon-centered radical; further oxidation and
intramolecular electron rearrangement ultimately release a proton to yield the formamide product (Scheme
11). This strategy provides a new idea for the sustainable synthesis of formamides.
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Figure 11. Synthesis of formamides. ? Reaction conditions: 1 (0.3 mmol), 2a (0.3 mmol, 50% in water), H,O, (2.0 equiv, 30%
in water), DMSO (1.5 mL), at rt under air for 1 h. Yields shown are of isolated products. ®H,O as the solvent. ¢0.6 mmol of 2a.
460 °C for 3 h. ¢90 °C for 6 h. 120 °C for 6 h.



Green Chem. Technol. 2026, 3(4), 10033. doi:10.70322/gct.2026.10033 15 of 46

standard

H,0, conditions 2-0OH

o OH OH

_H+
- . R R
RNH, + HOOC)I\H HOOC N - 00C N
H
A B
Simple Reactin System *OH
Convenient Operation “OH
H OH OH
gt _N - .R
O R=~—— R/Nm <—R/Nj+7LR N <—=2:00C”" N
HON OH : OH OH
“OH
F E D c

A-F are key intermediates in this catalytic mechanism.

Scheme 11. Plausible reaction mechanism.

In 2023, Nagarajan’s group developed a transition-metal-free and oxidant-free photochemical
decarboxylative formylation strategy [21]. Using 50% aqueous glyoxylic acid as the formyl synthon, C3-
selective decarboxylative formylation of indoles was accomplished under 254 nm UV irradiation at room
temperature to efficiently construct a series of indole-3-carboxaldehyde derivatives (Figure 12). Traditional
protocols for C3-formylation of indoles mainly rely on classic reactions, including Vilsmeier-Haack, Riemer-
Tiemann, and Duff reactions, which commonly suffer from environmentally hazardous reagents, harsh
reaction conditions, and unsatisfactory selectivity. In contrast, previously reported glyoxylic-acid-mediated
indole formylation systems generally require nickel catalysis, electrochemical set-ups, or photoredox catalysts.
Different from those precedents, the present system dispenses with transition-metals, external oxidants,
exogenous bases, and photoredox catalysts. With acetonitrile serving as the sole solvent, the transformation
proceeds under UV irradiation at room temperature, featuring inexpensive starting materials and
straightforward operation. Mechanistically, the authors proposed a plausible reaction pathway for this
photochemical decarboxylative formylation based on previous literature. A reactive formyl-containing species
is generated upon 254 nm UV photoexcitation of aqueous glyoxylic acid, which reacts with indole. Subsequent
decarboxylation releases CO2 and yields indole-3-carboxaldehyde. Notably, no control experiments such as
radical-trapping tests or high-resolution mass-spectrometry analysis were carried out in this study, so the
proposed mechanism remains to be further validated (Scheme 12). This work provides a concise new
photochemical route for the decarboxylative formylation of nitrogen-containing heterocycles.

R R?
=0 =0 =0 =0
MeO
\ - -0 O
65% 75% 78% 70%
=0 =0 =0 =0
F. Cl
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66% 76% 61% 63%
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Figure 12. Synthesis of indole-3-carboxaldehyde derivatives.
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Scheme 12. Plausible reaction mechanism.

In 2024, Yang et al. [22] reported a visible-light-induced photoredox catalytic reaction using glyoxylic
acid acetals and COz as starting materials to achieve formyl/carboxylation of activated alkenes, efficiently
synthesizing y-formyl esters (Figure 13). The reaction applies to a variety of aryl ethylenes and a,f-
unsaturated amides. Moreover, the products can be further converted to y-formyl esters, hemiacetals, and
1,4-diols. Mechanistically, deprotonation of the glyoxylic acid acetal by Cs2COs is followed by reductive
quenching of the excited state photocatalyst 4CzIPN, generating an acetal radical. This radical adds to the
alkene, and the resulting intermediate undergoes single-electron reduction to form a carbanion, which then
attacks COz to form a carboxylate salt, and finally, methyl esterification gives the target product. Control
experiments (TEMPO inhibition, D20 exchange, benzaldehyde trapping) confirmed the presence of radical
and carbanion intermediates (Scheme 13). This strategy provides a green new route to multifunctional
molecules containing both aldehyde and carboxyl groups.

In 2025, Kumbhakar et al. [23] developed a sustainable electrochemical strategy for the direct
formylation of enamines via anodic decarboxylation of glyoxylic acid, affording a series of formylated
enamines in good yields and excellent diastereoselectivity E/Zupto >?20:1 (Figure 14). The method
completely avoids metal catalysts and chemical oxidants, operates at room temperature under air, and an
electrolyte-free version was developed, significantly enhancing sustainability. The substrate scope is broad,
including long-chain alkyl, allyl, propargyl, aryl, and heterocyclic substituted enamines, and the reaction
can be scaled to the gram level, with further conversion to pyrazole derivatives. Mechanistically, cyclic
voltammetry and spectroelectrochemical studies indicate that enamine and glyoxylic acid first form a rapid
adduct intermediate. This intermediate undergoes anodic single-electron oxidation to generate a radical
cation, which undergoes ionic decarboxylation to form a resonance-stabilized allyl radical; subsequent
anodic oxidation and deprotonation give the target product. A parallel pathway involves oxidative
decarboxylation of a carboxylate intermediate. This work provides a green and efficient new method for
the selective functionalization of enamines (Scheme 14).
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Figure 13. Visible-light-induced photoredox catalytic formylation involving glyoxylic acid.
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Green Chem. Technol. 2026, 3(4), 10033. doi:10.70322/gct.2026.10033 19 of 46

R! . tautome-rization R!
NH O H . NH OH

_H+ | —_
CO,R? O > N O
porton transfer

2
\\ o ROL H O PathwayB R°0:C O

C D
OH
H)kn/ anodic
oxidation

20
1 1
NH  OH —TNH oH R'NH OH
anodic Vo . B
OH oxidation OH N o) S
_e' 2 ) ‘L
A 2 Pathway A R OZCB O ) R OZCE @)
R? -H
NH OH NH OH \ ‘
2 - NS o C02¢
CO,R? CO,R? decarboxylation
F' F
R |
NH, OH . NH O : H, A
, - N H i +2e”
R? CO,R? |
e 3 : oH*

Scheme 14. Plausible reaction mechanism.

In 2025, Sujat et al. [24] reported a metal-free, mild C3 selective functionalization strategy using
cheap and readily available glyoxylic acid as the C1 source and potassium persulfate as the oxidant. By
simply switching the reaction solvent and temperature, they achieved hydroxymethylation (DMSO, 80 °C)
(Figure 15), methylenation (DMSO, 130 °C, giving a dimeric coupled product) (Figure 16), and
formylation (CH3CN, 80 °C) of the 4H-pyrido[1,2-a]pyrimidin-4-one scaffold. Mechanistic studies
indicate that persulfate thermal decomposition generates sulfate radical, which reacts with glyoxylic acid
to form a hydroxymethyl radical; addition and hydrogen abstraction give the hydroxymethyl product. At
higher temperatures, Whereas in acetonitrile, a decarboxylative formylation pathway yields the aldehyde
product (Scheme 15), the hydroxymethyl intermediate dehydrates to form a methylene radical, which
couples with another substrate molecule to give the methylene-bridged product (Scheme 16). This
strategy offers a green and tunable method for constructing diverse heterocyclic derivatives.
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Figure 15. Glyoxylic acid as a hydroxymethyl source.
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Scheme 15. Plausible reaction mechanism (formylation pathway).
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2.2. Glyoxylic Acid as a Methylene Source

In 2008, Kita and co-workers reported a novel oxidative decarboxylation strategy [25]. Using 1,2-
diamines and glyoxylic acid monohydrate as substrates, a variety of 2-H-imidazoline compounds were
efficiently synthesized via condensation followed by N-bromosuccinimide (NBS)-mediated oxidative
decarboxylation (Figure 17). This work achieved the first preparation of 2-H-imidazolines from glyoxylic
acid and 1,2-diamines through oxidative decarboxylation, featuring mild reaction conditions (room-
temperature operation), simple manipulation, nearly neutral reagents, and good functional-group tolerance.
The key innovation lies in employing glyoxylic acid monohydrate as the coupling partner. The carboxyl
group within the molecule not only enhances the reactivity of the aldehyde moiety to facilitate aminal
formation, but also assists bromide elimination during the oxidation step, thus driving the oxidative
decarboxylation of the 2-carboxyimidazolidine intermediate. This transformation tolerates various sensitive
functional groups, including ester and nitrile groups, and enables efficient conversion of N-alkyl-, N-benzyl-,
bulky alkyl-, and even quaternary-carbon-substituted 1,2-diamines. Mechanistic studies indicate that 1,2-
diamine first condenses with glyoxylic acid to afford 2-carboxyimidazolidine intermediate i. Subsequent
bromination at the nitrogen atom furnishes intermediate ii, which rapidly undergoes a concerted
decarboxylation-debromination process to deliver the desired 2-H-imidazoline product (Scheme 17).

HCOCO,H-H,0 (1.1eq.) Ph ph

Ph  Ph
2 NBS (1.1 eq.)
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Figure 17. Synthesis of 2-H-imidazoline derivatives.
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Scheme 17. Plausible reaction mechanism.

In 2019, Yan and co-workers developed a novel copper-catalyzed synthetic strategy [26]. Using
substrates containing dual nitrogen nucleophilic sites and glyoxylic acid as starting materials, a variety of
nitrogen-containing heterocyclic compounds, including 1,3,5-triazines, quinazolinones, and quinazolines,
were efficiently constructed via oxidative decarboxylative amination (Figure 18). This work firstly realized
the copper-catalyzed oxidative decarboxylative amination between glyoxylic acid and dinucleophilic
nitrogen substrates, which possesses the advantages of mild reaction conditions, simple operation, high
atom economy, and environmental friendliness. The core innovation of this strategy lies in the adoption of
low-cost copper(Il) triflate (Cu(OTf)2) as the catalyst and di-tert-butyl peroxide (DTBP) as the oxidant. The
synergistic effect of the tetramethylethylenediamine (TMEDA) ligand effectively promotes the oxidative
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decarboxylation of glyoxylic acid. During the reaction, the aldehyde carbon of glyoxylic acid is
incorporated into the heterocyclic skeleton, while the carboxyl carbon is eliminated in the form of carbon
dioxide. This synthetic protocol exhibits excellent functional group tolerance toward halogens,
trifluoromethyl, methoxy, and methyl groups. Moreover, it can be scaled up to a 10 mmol gram-scale
synthesis with an 80% yield, demonstrating promising practical application potential. Mechanistic studies
reveal that the reaction proceeds predominantly via Path A. The substrate first condenses with glyoxylic
acid to afford intermediate A, which undergoes ligand-exchange with Cu(OTf)2 to form Cu(Il) complex B.
Complex B releases COz2 to generate Cu(Il) complex C. Upon oxidation and elimination of one molecule
of water, complex C is converted into Cu(IIl) complex D. Finally, reductive elimination of D delivers the
heterocyclic product and regenerates the copper catalyst. In addition, control experiments confirm that in-
situ-generated formaldehyde can act as a minor intermediate and participate in the reaction through a
sequential condensation-oxidation process (Path B) (Scheme 18).

Cu(OTf), (20 mol%)

TMEDA (20 mol%) R?
0 DTBP (2 equiv) _Ce
NH R3 0 . N
k HCl or N + L Cs,CO3 (1 equiv) J\ /)\
R" "NH, H RZ >COOH  DCE (1mL) RN OR!
NH; 120°C, 24 h
H H
C.
Cey | N
| N/ /@)\ )\@\ /@)\ )\@\ /@)\N/)\Q\
93% 64% 73% FC 63% CF
H
N/C\\N ,c\ /C\\ ,C\
N N
Br 57% Br 64% 45% 63%
H
H
_Cq
PN NN
— ‘ ~
N N
56% 55% 25%
67%
: @
N c
: M : N" SN
N ©)\N/)\©
28% 40%
8 8 8 8
"N "N NN NN
| Pz ‘ — ‘ — ‘ -
N N N N
OMe CI OMe OMe NO,
36% 25% 35% 30%
_CH B ~CH
N N et N
72% 65% 67% 66%
i i i 2 O
©\)LN &Nﬁ N/\/\ /@\)LN
P -CH -CH P
N/CH N N al CH
92% 72% 78% 64%

Figure 18. Copper-catalyzed oxidative decarboxylative amination of glyoxylic acid with dinucleophilic amines.
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Scheme 18. Plausible reaction mechanism.

In 2021, Feng’s group [27] reported a carboxyl-assisted metal-free decarboxylative coupling method
using glyoxylic acid monohydrate, secondary amines, and alkynes to synthesize a series of propargylamine
derivatives in moderate to good yields (up to 93%) (Figure 19). The innovation lies in using the carboxyl
group of glyoxylic acid to activate the sp carbon of the alkyne in situ, promoting Michael addition with the
iminium ion generated in situ, followed by decarboxylation to give the target product, thus avoiding the
need for transition metal catalysts (e.g., Cu, Au) in traditional A’-coupling. The method uses cheap and
readily available glyoxylic acid instead of expensive propiolic acid, and the substrate scope includes various
N-alkylbenzylamines, aliphatic secondary amines, and aryl/alkyl alkynes. Mechanistically, glyoxylic acid
condenses with the amine to form an iminium salt intermediate, whose carboxyl group assists the
deprotonation or activation of the alkyne via hydrogen bonding or electronic effects, allowing nucleophilic
addition to proceed smoothly, giving an unstable intermediate that undergoes metal-free decarboxylation,
releasing COz to give the propargylamine (Scheme 19). This strategy provides a green and simple route to
the biologically important propargylamine scaffold.
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Figure 19. Three-component reaction of glyoxylic acid, secondary amines, and alkynes.
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Scheme 19. Plausible reaction mechanism.

In the same year, Lim et al. [28] developed a metal-free double decarboxylative three-component
reaction using arylalkynoic acids, glyoxylic acid, and amines at 80 °C to efficiently synthesize
propargylamines (Figure 20). In a toluene/DCE mixed solvent, the reaction worked well with various cyclic
and acyclic secondary amines (e.g., morpholine, pyrrolidine, diethylamine, efc.) and arylalkynoic acids
bearing different substituents, giving good yields (up to 95%). Mechanistically, the authors proposed that
glyoxylic acid condenses with the amine to form an iminium ion intermediate, while the arylalkynoic acid,
assisted by its carboxyl group, promotes decarboxylation to form an alkynyl nucleophile; subsequent
nucleophilic addition and a second decarboxylation release COz2 to give the target product (Scheme 20).
Control experiments showed that the carboxyl groups of both the arylalkynoic acid and glyoxylic acid are
crucial for reaction efficiency—both are indispensable. This method provides a green route to
propargylamines without metal residues.
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Figure 20. Three-component reaction of glyoxylic acid, arylalkynoic acids, and amines.
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Scheme 20. Plausible reaction mechanism.

In 2021, Luo’s group [29] reported a copper-mediated [5+1] oxidative cyclization strategy using 2-
vinylanilines and glyoxylic acid to efficiently synthesize 4-arylquinoline derivatives in good to excellent
yields (Figure 21). This method avoids the dependence on specific ketone substrates in traditional
Friedlander-type approaches; the substrate scope is broad, with the aniline ring tolerating electron-donating
(tert-butyl, methoxy) and electron-withdrawing (F, Cl, Br, CF3) substituents, and the alkene part
accommodating aryl or methyl groups, providing a new route to diverse 4-arylquinolines. Mechanistically,
glyoxylic acid and 2-vinylaniline undergo nucleophilic addition under Lewis acid Cu(OAc): catalysis,
dehydrating to form an imine intermediate; then a 6m electrocyclization gives a dihydroquinoline; finally,
copper-mediated aerobic oxidative aromatization, accompanied by decarboxylation (release of COz) yields
the target 4-arylquinoline (Scheme 21). This strategy offers a simple and efficient route to the biologically
important quinoline scaffold.
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Figure 21. Copper-mediated [5+1] annulation of 2-vinylanilines and glyoxylic acid.
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Scheme 21. Plausible reaction mechanism.

In 2022, Tang’s group [30] reported a transition metal-free three-component reaction using
imidazo[1,2-a]pyridine, glyoxylic acid, and sodium sulfinates in aqueous medium to achieve direct C3-
sulfonylmethylation of imidazo[1,2-a]pyridines (Figure 22). The substrates include various substituted
arylsulfinates (with electron-donating, electron-withdrawing, halogen, alkyl groups) and wvariously
substituted imidazopyridines (with aryl, alkyl, heterocyclic, and various substituents on the pyridine ring),
and the products can be further converted to 3-alkenylimidazopyridines. Mechanistically, control
experiments indicate that glyoxylic acid and imidazopyridine first undergo nucleophilic addition to form
an o-hydroxy acid intermediate; after protonation, this intermediate undergoes nucleophilic substitution
with the sodium sulfinate to generate a sulfonyl-substituted intermediate; finally, decarboxylation releases
CO2 to give the target product (Scheme 22). This strategy provides a green and efficient route to
sulfonylmethylated N-heterocycles with potential biological activity.
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Figure 22. C3-sulfonylmethylation of imidazo[1,2-a]pyridines with glyoxylic acid and sodium sulfinates.



Green Chem. Technol. 2026, 3(4), 10033. doi:10.70322/gct.2026.10033 28 of 46

0) OH

4

N

NN H 2a% N . 7
fPh — T )—Ph T (N Ph

N N "
1a OH

OH,
HOOC
Hooc” 5 A
TsNa N
s N
3a ) Ph ~ T >—ph
T~ SN N KN
H,0 co
’ Hooc ' ? 4aa s
B

Scheme 22. Plausible reaction mechanism.

In 2022, Tang’s group [31] developed a new C(sp?)-H sulfonylmethylation method using glyoxylic
acid as the C1 source and sodium sulfinates as the sulfonyl source, achieving highly regioselective C4-
sulfonylmethylation of pyrazol-5-amines in aqueous medium, in good to excellent yields (Figure 23). The
substrate scope is broad, covering various substituted pyrazol-5-amines, enamines, indoles, and antipyrine,
and can be extended to enamine substrates by adding Sc(OTf)3 catalyst and acetonitrile; some products
exhibited antiproliferative activity against HeLa, HepG2, and other cancer cell lines. Mechanistically,
pyrazol-5-amine first condenses with glyoxylic acid to form an o-hydroxy acid intermediate; after
protonation, elimination of an amine gives an imine intermediate, which undergoes nucleophilic addition
with sodium sulfinate, followed by decarboxylation, releasing COz to give the target product (Scheme 23).
This strategy provides a green and simple route to sulfonylmethylated heterocycles with potential
pharmaceutical activity.
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Figure 23. C4-sulfonylmethylation of pyrazol-5-amines with glyoxylic acid and sodium sulfinates.
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Scheme 23. Plausible reaction mechanism.

In 2025, Wu’s group [32] developed a base-catalyzed (NaHCO3) aqueous methylenation method using
glyoxylic acid as the methylene source to achieve methylenation of imidazo[1,2-a]pyridines, constructing
a series of bis(imidazo[1,2-a]pyridin-3-yl)methane derivatives (Figure 24). The system has a broad
substrate scope, tolerating both electron-donating and electron-withdrawing substituents, and was
successfully extended to cross-coupling with various nucleophiles such as indole, pyrrole, antipyrine,
amines, and benzimidazole, giving a variety of functionalized products. Some new compounds exhibited
antiproliferative activity against three tumor cell lines. Mechanistically, control experiments showed that
glyoxylic acid and imidazo[1,2-a]pyridine first undergo nucleophilic addition to form an a-hydroxy acid
intermediate, which then decarboxylates and deprotonates under base catalysis to form a nucleophilic
carbanion intermediate. This intermediate subsequently undergoes electrophilic substitution with another
substrate molecule or direct protonation to give the methylene-bridged product or mono-substituted product,
respectively (Scheme 24). This strategy provides a green and simple new route to methylene-bridged bis-
heterocyclic scaffolds.

In 2026, Liu’s group reported the first catalyst-free selective C3-aminomethylation of 7-
aminopyrazolo[1,5-a]pyrimidine [33]. Using 7-aminopyrazolo[1,5-a]pyrimidine-type substrates and
glyoxylic acid monohydrate, this strategy enables direct reaction under mild conditions to efficiently afford
a series of C3-aminomethylated pyrazolo[1,5-a]pyrimidine derivatives (Figure 25). Conventional Mannich
reactions suffer from the drawbacks of using carcinogenic formaldehyde as the methylene source and
relying on anhydrous reagents. To address these issues, this work employs industrially accessible and
operationally safe glyoxylic acid monohydrate instead of formaldehyde, which not only circumvents the
stringent requirement for anhydrous conditions but also greatly improves the safety and operability of the
reaction. The key innovation is that no external catalyst is required; the aminomethylation process can be
driven merely by the direct interaction between the substrate and glyoxylic acid. Featuring mild conditions
and simple operation, the reaction is amenable to gram-scale preparation. Furthermore, the resulting
aminomethylated products can undergo diverse downstream functional transformations such as
chlorination and C-N cross-coupling, showing excellent synthetic application potential. Mechanistic studies
demonstrate that radical reaction pathways can be ruled out on the basis of radical-trapping, stepwise-
addition control experiments, and high-resolution mass spectrometry (HRMS) detection of intermediates.
The transformation proceeds via two parallel stepwise ionic pathways, which converge to a common
carboxyl-substituted intermediate. Final decarboxylation of this intermediate delivers the desired
aminomethylated product (Scheme 25). This study provides a mild, green, and efficient synthetic strategy
for the construction of C3-aminomethyl pyrazolo[1,5-a]pyrimidine derivatives in medicinal chemistry.
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3. Glyoxylic Acid as a C2 Synthon

In 2016, Amarasekara and Ha [34] reported the acid-catalyzed condensation of levulinic acid with
glyoxylic acid. Using concentrated sulfuric acid (20 mol%) as a catalyst under solvent-free conditions at
80 °C for 24 h, they obtained 1-methyl-2,8-dioxabicyclo[3.3.0]oct-4-ene-3,7-dione in 92% yield (Figure
26). The reaction mechanism involves an acid-catalyzed aldol condensation, two lactonizations, and a
dehydration cascade (Scheme 26). Under 10% Pd/C catalysis, the unsaturated bislactone can be
quantitatively reduced to the saturated bislactone under Hz (1 atm), or ring-opened in methanol to give 3-
acetyl-dimethyl glutarate. The saturated bislactone is an important monomer for polyester synthesis, but
traditional routes give low yields; this method uses the biomass platform molecule levulinic acid and
renewable glyoxylic acid as starting materials, providing a fully carbon-renewable, efficient, and green
route to a polymer precursor. This work expands the application of biomass-derived small molecules in
high-value chemicals and polymer monomers.
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Figure 26. Condensation-cyclization of levulinic acid with glyoxylic acid.

) +
. _H e
6 *H {OH o; 5
OH___, MOH . X OH OH
o o <t‘0+ S HO 0
HS04 OH OH
H o}
’ |
™~ +
HaC + N +H OH
00 HsC GH; on Fi% OH o ¢ OH
o) o 2 o) —
e T e T
6] HO (0]
QHH o OH o OH I OH

H3C

0-1.-0 CHs
Owo ~H.0 O\\/\itg<
—/‘ —_—
TNH (9H2 o
HSO4 3

Scheme 26. Plausible reaction mechanism.

In 2017, Zhang’s group [35] reported an iridium photoredox-catalyzed decarboxylative Michael
addition using glyoxylic acid acetals (e.g., diethoxyacetic acid) as formyl equivalents, reacting with various
Michael acceptors under blue LED irradiation. The substrate scope includes a,p-unsaturated amides
(secondary and tertiary), acrylates, diethyl maleate, benzylidene diethyl malonate, unsaturated ketones,
aldehydes, and nitriles, all of which give the corresponding acetal products in good to excellent yields
(Figure 27). Additionally, 2-vinylpyridine, 4-vinylpyridine, and a-arylstyrene can also be used as substrates.
The method features mild conditions (room temperature, atmospheric pressure), simple operation, and
avoids the need for high-pressure syngas and transition metal catalysts in traditional hydroformylation. The
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resulting acetals serve as protected aldehyde forms and have significant synthetic value. Mechanistic studies
indicate that the excited state iridium catalyst oxidizes the diethoxyacetate anion, triggering
decarboxylation to generate a diethoxymethyl radical; this radical is trapped by the Michael acceptor, and
the resulting radical then oxidizes the reduced iridium catalyst to complete the catalytic cycle (Scheme 27).
This work extends the application of photoredox catalysis in decarboxylative coupling and provides a new
strategy for constructing functionalized acetals and aldehydes.
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Figure 27. Iridium photoredox-catalyzed decarboxylative Michael addition of glyoxylic acid acetal.
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Scheme 27. Plausible reaction mechanism.

In 2021, Uguen et al. [36] developed a microwave-assisted aldol condensation of glyoxylic acid with
methyl ketone derivatives to synthesize a series of E-4-oxo-2-butenoic acids (Figure 28). Two optimized
conditions were established for aromatic and aliphatic methyl ketones: p-toluenesulfonic acid catalysis for
aromatic substrates, and pyrrolidine/acetic acid catalysis for aliphatic substrates. The substrate scope is
broad (covering electron-donating, electron-withdrawing, heterocyclic, and ketones with additional
enolizable sites), yields are moderate to excellent, reaction times are short, and gram-scale synthesis is
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possible. All products were obtained as single E-isomers. Mechanistically, the authors calculated the
HOMO energies of the enol and enamine and the LUMO energy of protonated glyoxylic acid. Aromatic
ketones have higher enol HOMO energies and a smaller energy gap with the electrophile, so the acid-
catalyzed pathway predominates; for aliphatic ketones, the enol HOMO is lower, but the pyrrolidine-
derived enamine has a significantly raised HOMO, reducing the energy gap, so the base/amine-catalyzed
pathway is more effective (Scheme 28). This work provides a green, general, and scalable route to
biologically active 4-oxo-2-butenoic acids.
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Figure 28. Microwave-assisted aldol condensation of methyl ketones with glyoxylic acid.
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In 2022, Davioud-Charvet’s group [37] reported a safe and economical second-generation route for
multigram synthesis of 6-fluoromenadione and its 6-substituted derivatives (Figure 29). Starting from 4'-
fluoropropiophenone, the key steps include aldol condensation with glyoxylic acid, catalytic hydrogenation,
polyphosphoric acid (PPA)-mediated cyclization to construct 7-fluoro-3-methyltetralone, then bromination,
lithium carbonate-promoted aromatization to give a naphthol intermediate, and finally oxidation with
(diacetoxyiodo)benzene (PIDA) to give the target product. The route requires only a final purification step,
overall yield 50%, and was successfully extended to methoxy, methyl, trifluoromethyl, chloro, bromo, and
other substituted derivatives. Mechanistically, the aldol condensation under acidic conditions gives an a3
unsaturated carboxylic acid (E/Z mixture); hydrogenation reduces the double bond; PPA cyclization
proceeds via formation of a carboxylic-phosphoric mixed anhydride, followed by intramolecular Friedel—
Crafts acylation; bromination and elimination (dehydrobromination with Li2CO3) achieve aromatization;
PIDA oxidizes the naphthol to 1,4-naphthoquinone. This method avoids the dangerous lauroyl peroxide
and low-yield radical cyclization steps of the first-generation route.
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Figure 29. Condensation-cyclization of arylpropiophenones with glyoxylic acid.

In 2023, Jakob et al. [38] reported a palladium-catalyzed asymmetric three-component reaction using
glyoxylic acid, sulfonamide, and arylboronic acid to efficiently synthesize a-arylglycine derivatives (Figure
30). Despite the presence of a fast racemic Petasis background reaction, the authors achieved
enantioselective control through a carefully designed catalyst system: Pd(TFA)2 with an S,S’-iPrBox chiral
ligand, using nitromethane as the solvent and adding 5 equivalents of water as an additive, thereby obtaining
moderate to good yields and excellent enantiomeric ratios. The method is applicable to various substituted
arylboronic acids (e.g., p-tolyl, p-fluorophenyl, p-chlorophenyl), but electron-rich or sterically bulky
boronic acids led to decreased enantioselectivity. The resulting Pbf-protected product can be used directly
in peptide synthesis: coupling with L-valine methyl ester hydrochloride, followed by deprotection, gave a
dipeptide without racemization. Mechanistic studies indicate two competing pathways: a catalyst-free
Petasis pathway (via coordination of the boronic acid to the hydroxyl group of glyoxylic acid to form an
ate complex, followed by intramolecular aryl transfer, giving racemic product) and a palladium-catalyzed
pathway (transmetalation, enantioselective aryl transfer to the imine, product dissociation). Water plays a
key role in the product dissociation step, while nitromethane stabilizes the cationic palladium species
(Scheme 29). This strategy provides a green and practical asymmetric route to a-arylglycine-containing
peptides and natural products.
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Figure 30. Construction of a-arylglycine scaffold from glyoxylic acid, sulfonamide, and arylboronic acid.
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In 2025, Yue et al. [39] studied the application of glyoxylic acid in the Morita-Baylis-Hillman (MBH)
reaction. By attaching glyoxylic acid, a polar C2 fragment, to alkyl acrylates in a single step, they
synthesized a series of new amphiphilic compounds (surfactants) and systematically assessed their
physicochemical properties and surface activity (Figure 31). Using 2 equivalents of DABCO, 2 equivalents
of acrylate, 4 M concentration, at room temperature for 24 h, GAOn series products
n=26,8, 10,12, 14, 16, 18 were obtained, and hydrogenation gave the saturated products GAOnH. This
work demonstrates the potential of glyoxylic acid as an electrophilic substrate in the MBH reaction for
constructing novel amphiphilic molecules (Scheme 30).
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Figure 31. Synthesis of novel amphiphilic compounds using glyoxylic acid.
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In 2025, Wang et al. [40] reported a hexafluoroisopropanol (HFIP)-promoted three-component cascade
cyclization for the efficient construction of a-amino-y-spirolactones (Figure 32). The method utilizes readily
available amines, glyoxylic acid, and unactivated alkenes as starting materials, and proceeds under mild, metal-
free, and additive-free conditions via a one-pot condensation/aza-Prins cyclization/lactonization sequence to
afford complex spirocyclic frameworks. Regarding the reaction mechanism, HFIP acts as a strong
hydrogen-bond donor to stabilize the iminium ion intermediate (Int-I), facilitating its aza-Prins-type
addition with the alkene to generate a carbocation intermediate (Int-1I), which is subsequently trapped by
the pendant carboxylic acid to form the target spirolactone (Scheme 31). The method features broad
substrate scope, high functional group tolerance, and excellent sustainability metrics, and has been
successfully applied to the late-stage functionalization of drug molecules (Figure 33). Preliminary
bioactivity assays show that certain spirolactone derivatives exhibit antiproliferative activity against PC-9
lung cancer cells comparable to that of 5-fluorouracil, along with improved metabolic stability over the
parent drugs, highlighting their potential for drug discovery.
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Figure 32. Reactivity of various secondary amines with glyoxylic acid and methylenecyclohexane.
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Recently, Wang et al. [41] reported a metal-free, hexafluoroisopropanol (HFIP)-mediated three-
component cascade reaction of secondary amines, glyoxylic acid, and allenes via a hydroaminoalkylation-
aza-Prins process, enabling the efficient construction of structurally diverse o-amino-butenolide
frameworks (Figure 34). The reaction simultaneously forms C—N, C—C, and C—O bonds with water as the
sole byproduct, featuring excellent atom and step economy. Mechanistically, HFIP acts as a strong
hydrogen-bond-donating solvent that significantly stabilizes the electrophilic iminium ion intermediate
generated in situ from the amine and glyoxylic acid. This iminium ion then undergoes an aza-Prins addition
with the allene to generate a carbocationic intermediate, which rapidly participates in intramolecular O-
cyclization to afford the target butenolide (Scheme 32). This mechanism explains the unique superiority of
HFIP over other solvents and enables the reaction to accommodate a broad range of substrates under mild
conditions and to be applicable to the late-stage functionalization of drug molecules.
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4. Glyoxylic Acid as a Promoter

In 2023, Dong’s group reported a novel metal-free promotion strategy [42]. Using glyoxylic acid
monohydrate as the promoter, the reaction of maleimides, quinones, and sodium sulfinates was realized to
efficiently construct C—SO2 bonds, achieve a-sulfonylation of a,B-unsaturated ketones, and furnish a variety
of sulfonylated succinimide and monosulfonylated hydroquinone products (Figure 35). This method is free
of transition metals and features mild reaction conditions, short reaction times, good atom economy, and
simple operation. The key innovation lies in the adoption of inexpensive and green glyoxylic acid
monohydrate as the promoter and sodium sulfinates as sulfonylating reagents. The transformation proceeds
via a protonation-nucleophilic addition mechanism. Radical control experiments unambiguously ruled out
radical pathways (Scheme 33). This reaction possesses broad substrate scope, tolerates diverse structural
skeletons, and can be readily scaled up to the gram scale. Nevertheless, this strategy still exhibits certain
limitations toward several substrates, such as sodium triflinate and diethyl maleate. This work provides a
new experimental protocol for the synthesis of sulfone compounds.
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Figure 35. a-sulfonylation of maleimides.
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In 2025, Zhu’s group reported a novel post-synthetic modification strategy for pillararenes [43]. Using
glyoxylic acid monohydrate as the promoter, the reductive addition of sodium sulfinates to pillararene-quinone
was realized, affording a series of hydroquinone-type 4-O-sulfonylated pillararene derivatives (15 examples in
total) (Figure 36). This method establishes a new route for highly selective 4-O-sulfonylation of pillararene-
quinone. Unlike the common aromatic C—H sulfonylation between quinones and aryl sodium sulfinates under
acidic conditions, this transformation features mild reaction conditions, high selectivity, and simple operation.
The reaction exhibits good substrate scope. Aryl sodium sulfinates bearing electron-donating groups, electron-
withdrawing groups, as well as ortho-/meta-substituents, mostly give satisfactory yields, whereas heterocyclic
and alkyl sodium sulfinates show relatively limited applicability. In addition, the obtained products can
undergo diverse functional-group transformations, thereby facilitating the introduction of various functional
moieties. Mechanistic studies reveal a plausible pathway for this reductive addition reaction. This strategy not
only provides a new route for post-synthetic modification of pillararenes, but also holds promise for the
functionalization of other pillararene and calixarene homologues. (Scheme 34).
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Figure 36. Reductive addition to pillararene-quinone.
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5. Conclusions and Outlook

Glyoxylic acid, as a cheap, readily available, and low-toxicity a-keto acid, has seen significant progress
in organic synthesis in recent years. As a C1 synthon, glyoxylic acid has successfully achieved formylation,
deuterated formylation, sulfonylmethylation, and methylenation of various substrates such as
aryl/alkenylboronic acids, aryl halides, indoles, enamines, and N-heterocycles via decarboxylative
pathways, avoiding the need for high-pressure syngas, toxic metal catalysts, or harsh conditions in
traditional methods. In particular, photoredox, electrochemical, and persulfate-mediated metal-free
strategies provide new tools for the mild and green construction of aldehydes, formamides, and methylene-
bridged heterocycles. As a C2 synthon, glyoxylic acid can construct a-arylglycine scaffolds in Petasis-type
three-component reactions, introduce polar fragments for surfactant design in Morita-Baylis-Hillman
reactions, and furnish pharmaceutically relevant core structures such as 4-arylquinolines and 6-substituted
menadiones in cyclization reactions.

Despite the many excellent works, the chemistry of glyoxylic acid still faces some challenges and
opportunities: (1) In asymmetric catalytic transformations, how to effectively suppress the fast racemic
background reaction remains difficult, requiring more efficient catalysts and chiral ligands. (2) When
glyoxylic acid acts as a C1 synthon, the decarboxylation process often requires stoichiometric oxidants or
strongly oxidizing conditions; developing systems with catalytic amounts of oxidants and air/oxygen as the
terminal oxidant is more in line with sustainable development requirements. (3) Currently, the types of C2
synthon reactions involving glyoxylic acid are relatively few; exploring more novel cyclization, ring-
expansion, or rearrangement reactions will enrich its application scenarios. It is expected that the chemistry
of glyoxylic acid will move toward more efficient, highly selective, and environmentally friendly directions
in the future, and play a greater role in late-stage drug modification, total synthesis of natural products, and
functional materials preparation.
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