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ringic acid by direct CO2 insertion
into syringol via a Kolbe–Schmitt type reaction

Omar Mohammad, a Jude A. Onwudili *ab and Qingchun Yuan ab

Syringic acid (4-hydroxy-3,5-dimethoxybenzoic acid) is a valuable hydroxybenzoic acid with applications in

pharmaceuticals, food additives, and polymeric materials such as poly(phenylene oxide) (PPO). Despite its

industrial relevance, current synthesis methods are reported only in patents, relying on expensive

precursors such as syringaldehyde and multi-step chemical reactions, leading to high production costs

and chemical waste. In contrast, syringol, a biomass-derived phenolic compound, is commercially

available at half the cost of syringaldehyde, making it a more economical alternative. This study presents,

for the first time, a one-pot method for the direct carboxylation of syringol to produce syringic acid.

Initial experiments using sodium syringolate (SyONa) and the conventional Kolbe–Schmitt reaction

yielded only 0.53% syringic acid. However, at 225 °C and pCO2 between 5 and 50 bar over 2–6 hours,

the addition of guaiacol or potassium carbonate (K2CO3) significantly promoted the yield of syringic acid.

Guaiacol enhanced conversion but led to substantial by-product formation, whereas K2CO3 improved

selectivity to syringic acid (up to 90%) and increased the yield to 39.2% after 6 h. A mechanistic analysis

indicates that K2CO3 activates the para-C–H bond of syringolate more effectively than guaiacol,

enabling a previously inaccessible carboxylation pathway. By leveraging CO2 as a reactant and biomass-

derived feedstock, this work aligns with Green Chemistry principles, reducing reliance on costly reagents

and minimising chemical waste. These findings not only offer a sustainable route for syringic acid

synthesis but also open new possibilities for the large-scale production of green PPO, advancing the

development of bio-based polymers for a sustainable future.
Sustainability spotlight

The study demonstrates that CO2 can be used as a feedstock to produce syringic acid via the Kolbe–Schmitt carboxylation of bio-derived syringol, achieving up to
39% molar yield. This offers a more sustainable route to a compound that is otherwise difficult to obtain. Promoters such as potassium carbonate and guaiacol
improved performance: potassium carbonate increased product purity, while guaiacol generated additional useful carboxylated side products. The method
reduces processing steps and waste compared with conventional biochemical or extractive production routes, supporting greener manufacturing. Our results
highlight the potential for scaling CO2 utilisation to produce high-value organic chemicals, which aligns with UN SDGs on industry and innovation (SDG 9),
responsible production (SDG 12), and climate action (SDG 13).
Introduction

Syringic acid (4-hydroxy-3,5-dimethoxybenzoic acid) is a natu-
rally occurring hydroxybenzoic acid with applications in phar-
maceuticals, food additives, and biobased materials due to its
antioxidant, antimicrobial, and anti-inammatory properties.1

It serves as a key building block in the synthesis of bioactive
compounds, dyes, and polymeric materials such as poly(-
phenylene oxide) (PPO), which is widely used as a high-
performance engineering plastic due to its high thermal and
chemical resistance.2 Oxidative degradation of syringol-rich
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lignin or microbial fermentation methods oen suffer from
low yields and complex purication steps.3 As a result, syringic
acid has been predominantly produced through chemical and
biocatalytic routes or extracted from natural resources.4–6

Notably, while no detailed chemical synthesis routes have been
reported in scientic research articles, they are described in
patents,4–6 highlighting their industrial relevance but limited
academic exploration.

For instance, the reported chemical routes for syringic acid
synthesis include methods starting from syringaldehyde (4-
hydroxy-3,5-dimethoxybenzaldehyde). The syringaldehyde-
based method involves three main steps as shown in Scheme
1: rst, esterication of syringaldehyde with acetic anhydride to
form syringaldehyde acetate ester (4-acetoxy-3,5-
dimethoxybenzaldehyde); second, oxidation of this ester using
hydrogen peroxide to yield 4-acetoxy-3,5-dimethoxybenzoic
RSC Sustainability
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Scheme 1 Schematic synthesis of syringic acid from syringaldehyde
(4-hydroxy-3,5-dimethoxybenzaldehyde), involving three steps: (1)
esterification with acetic anhydride, (2) oxidation with hydrogen
peroxide, and (3) hydrolysis.4
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acid; and nally, hydrolysis of the oxidised ester to produce
syringic acid (yield = 86.5% and purity = 98.6%).4 In the latter
chemical route, 3,4,5-trimethoxybenzoic acid undergoes selec-
tive demethylation by treatment with a hydrogen bromide
solution in glacial acetic acid. This reaction removes one of the
methoxy groups (–OCH3) from the aromatic ring, converting it
into a hydroxyl group (–OH) to form syringic acid. The patent
reported a syringic acid yield of 85.3%. While the purity of the
product was not stated, the formation of minor side products,
such as small amounts of polyhydroxy benzoic acid, was noted.
Further purication was achieved through crystallisation from
the highly water-soluble side products.7

The biocatalytic route involves utilising microbial cells, such
as E. coli, to convert shikimic acid into syringic acid through an
enzymatic cascade. The process employs enzymes such as shi-
kimate kinase, chorismate lyase, mutant hydroxylases, and o-
methyltransferases to catalyse the sequential modications of
shikimic acid, resulting in the formation of syringic acid. While
minor by-products are produced, the nal product would
require further purication and extraction by crystallisation to
achieve high purity.6

Additionally, the extraction of syringic acid from natural sour-
ces, such as plant biomass, has been reported in a patent.5 For
example, oat biomass is known to contain between 0.46 and 1.8%
by mass of syringic acid, which can be obtained by a process
involving multi-step extraction. This process begins with super-
critical CO2 uid extraction, carried out at temperatures of 40–50 °
C and pressures of 200–300 bar over 1–3 hours, allowing extraction
of syringic acid along with other phenolic compounds. The crude
extract is then puried through column chromatography using
silica gel or resin, which separates syringic acid from impurities in
a process lasting 2–4 hours, depending on column parameters.
The nal purication step involves crystallisation, where the
compound is dissolved in ethanol or a similar solvent and cooled
over 12–24 hours to yield a highly pure product with over 98%
RSC Sustainability
purity. Thismethod achieved a yield of 8.4 g of syringic acid from 1
kg of oat biomass, representing an efficiency of 60–75% based on
syringic acid content.5

As discussed, the industrial method uses syringaldehyde as
the starting material, requiring three separate steps with addi-
tional chemical reagents. This process generates chemical
waste and extends production time to approximately 21 hours.
Furthermore, syringol is commercially available at half the cost
of syringaldehyde, making this new approach more economical
and viable. Direct carboxylation of syringol is a promising
alternative primarily derived from lignocellulosic biomass,
particularly hardwoods and herbaceous plants, which are rich
in syringyl lignin.8 Biomass sources such as poplar and mis-
canthus contain high syringyl-to-guaiacyl ratios, making them
promising feedstocks for syringol production.9 Among the
limited methods available, the Kolbe–Schmitt reaction is the
only direct process for the insertion of CO2 into an aromatic
C–H bond.10 However, this reaction is only effective for
compounds that have at least one unoccupied ortho-position
relative to the hydroxyl (–OH) group for CO2 insertion. In the
case of syringol, both ortho-positions are occupied by methoxy
(–OCH3) groups, leaving the para-position as the only potential
site for carboxylation. However, because of its electrophilicity,
CO2 preferentially inserts at the position of the highest electron
density on the aromatic ring. This occurs at the ortho-position
due to the closer proximity and delocalisation of the lone pair of
electrons from the hydroxyl group into the aromatic ring.11

Hence, para-carboxylation is not thermodynamically favoured.
If successful, this method would offer the dual advantage of

potentially utilising eco-friendlier, biomass-derived syringol
while incorporating the most ubiquitous greenhouse gas, CO2,
directly into the process to produce syringic acid under
moderate reaction conditions. Although there are no available
data for the current global production volume of syringic acid,
market analysis indicates that the syringic acid market is pro-
jected to experience a compound annual growth rate (CAGR) of
over 6.5% between 2024 and 2030.12 This growth is driven by the
versatile applications of syringic acid across various industries,
including pharmaceuticals (such as the production of the
methylphenidate prodrug),13 cosmetics and food and beverage
industries, where it functions as a natural sweetener.14

Previously, among the native phenolic compounds (e.g.
phenol, 2-cresol and catechol) guaiacol improved the yield of
syringic acid from sodium syringolate the most without
undergoing extensive carboxylation itself.15 Further tests
showed that using pre-formed phenolate salts, e.g., sodium 2-
methoxyphenolate, led to signicant formation of 3-methoxy-
salicylic acid, vanillic acid, and 2,4-dicarboxy-6-methoxyphenol,
which reduced overall selectivity towards syringic acid.15 K2CO3

was selected because Marasse reported its ability to promote
para-carboxylation,16 and it avoids introducing any additional
organic species, ensuring that no new intermediates for
carboxylation are generated. The chosen promoter loading
(50 wt%) and reaction temperature were based on previous
optimisation work on a carboxylation mixture of ve different
phenolics,15,17 where the yield of syringic acid increased from
4.84% at 175 °C to 31.2% and 33.0% at 200 °C and 225 °C,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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respectively, with no further benet at higher promoter
concentrations.

This study presents a series of novel experiments aimed at
addressing the limitations of traditional industrial synthesis for
syringic acid. The objective of this work is to demonstrate that
direct CO2 insertion into an aromatic C–H bond of syringol is
achievable using guaiacol and a combination of different alkali
metals, enabling the one-pot synthesis of high-purity syringic
acid. Experiments were conducted at 225 °C, with reaction time
and pressure systematically varied to investigate their effects on
syringic acid yield. Obtaining appreciable yields of syringic acid
from this work may offer a sustainable pathway to produce this
high-value chemical from renewable biomass and abundant
CO2 under moderate reaction conditions.
Materials and methods
Materials

The chemicals used in this study for the preparation of sodium
syringolate were syringol (HO(CH3O)2C6H3, 154.16 g mol−1,
99% purity) and sodium hydroxide (NaOH, 98.5% purity).
Syringol was also formed as a reaction product and was used in
the external calibration method. The corresponding hydroxy-
benzoic acid products were also purchased for quantication
using the external standard method, which included syringic
acid (HO(CH3O)2C6H2COOH, 97% purity), 3-methoxysalicylic
acid (CH3OC6H3(OH)COOH, 97% purity), vanillic acid (HOC6-
H3(OCH3)COOH, 98% purity), and 2,3-dihydroxyterephthalic
acid ((HO)2C6H2(COOH)2, 97% purity). Guaiacol (C6H4(-
OH)(OCH3), >99% purity) and potassium carbonate (K2CO3,
99% purity) were used as promoters in the reaction. Toluene
(C6H5CH3, HPLC grade, 99.85% purity) was employed to wash
the solid product post-reaction, while acetone ((CH3)2CO, HPLC
grade, 99.8% purity), formic acid (99% purity), and methanol
((CH3OH) HPLC grade, 99% purity) were used as solvents for
sample work-up and analysis. All chemical reagents and
solvents were obtained from Fisher Scientic (Leicester, UK).
Carbon dioxide (industrial grade, 99.8% purity) was supplied in
a 6.5 kg portable cylinder by BOC Gases, UK. Deionised water,
used for sample preparation for HPLC analysis, was obtained
in-house via a Q-pod system.
Scheme 2 Acidification of the sodium salt of syringol (SyONa) to
produce syringol and NaCl.
Preparation of sodium syringolate

The sodium salt of syringol (SyONa) was synthesised according
to Kolbe's method.10,18 Initially, one mole of syringol was di-
ssolved in an equimolar solution of sodium hydroxide (NaOH).
To ensure complete dissolution of NaOH, it was rst dissolved
in water at three times its weight before the addition of syringol.
Excess water was critical, as the immediate interaction of
syringol with NaOH produced solids that could impede stirring.
Therefore, excess water was added to maintain proper stirring
throughout the reaction and to prevent solidication for
a homogeneous mixing. The resulting mixture was loaded into
a glass-lined 450 mL 4575A xed-head bench-top Parr reactor
vessel equipped with a stirrer. The reaction was carried out at
130 °C for 4 hours at a stirring rate of 50 rpm. Following the
© 2026 The Author(s). Published by the Royal Society of Chemistry
reaction, the reactor was cooled to 40 °C, as cooling below this
temperature caused solidication of the salts, complicating
their recovery. The phenolic salt solution was transferred to
a beaker and dried in a vacuum oven at 40 °C overnight. The
dried SyONa was then removed, crushed to a particle size of
125–250 mm, and stored in an air-tight container for further use.
Purity characterisation of sodium syringolate (SyONa)

A newmethod for testing the purity of sodium salts of phenolics
was developed and detailed in our previous work.17 The purity of
sodium syringolate (SyONa) was determined through gravi-
metric analysis of NaCl, veried via back-acidication.
Approximately 1 g of SyONa was acidied by adding droplets
of 12 M HCl, resulting in the formation of syringol and NaCl
(Scheme 2). The mixture was dried to remove excess water, and
acetone was used to extract the syringol, leaving behind white
crystals of NaCl. The acetone was ltered using a Büchner
funnel, with the NaCl solids retained on the lter paper, while
the acetone-syringol solution passed through. The NaCl
recovery was calculated as the ratio of the obtained NaCl mass
to the theoretical NaCl mass, multiplied by 100. The recovery
was 98.0%, demonstrating high purity of SyONa.

The second technique involved quantifying syringol post-
acidication. A known mass of SyONa was rst dried in
a vacuum oven and then acidied in a 10 mL vial using droplets
of concentrated HCl (12 M). The remaining volume was lled
with a 50% v/v water–acetone solution to ensure complete
dissolution of both syringol and NaCl. The resulting solution
was analysed using High-Performance Liquid Chromatography
(HPLC). A calibration curve for syringol in water–acetone (50%
v/v) was prepared, achieving an R-squared value of 0.998. Using
this calibration curve, the average syringol recovery over three
replicates was calculated to be 96.8 ± 3.22. The minor
discrepancy in mass was attributed to moisture or trace impu-
rities. These results conrm that highly pure SYONa was used,
ensuring an accurate mass balance for subsequent reactions.

The HPLC method employed for syringol quantication was
the same as described in a previous work17 and used for char-
acterising all other hydroxybenzoic acids (HBAs). The recovery
of both syringol and NaCl indicated excellent mass balance,
validating the purity of the SyONa for further reactions.
Carboxylation of the sodium salt of syringol (SyONa) via the
Kolbe–Schmitt reaction using guaiacol and K2CO3 as
promoters

The conventional Kolbe–Schmitt reactions were conducted in
a set of 4 × 10 mL Quadracell reactors supplied by Asynt
RSC Sustainability
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Fig. 1 The overall methodology for carboxylation of the sodium salt of
syringol (SyONa) with addition of guaiacol and K2CO3 as promoters
(created using BioRender. Mohammad, O. (2025) https://
BioRender.com/f28k370).

Scheme 3 General reaction scheme showing the carboxylation of the
sodium salt of syringol (SyONa) to form one mole of the sodium salt of
syringic acid (SAONa) and one mole of syringol. The independent
promoters used in this study were guaiacol and K2CO3.
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(Isleham, Cambridgeshire, United Kingdom) as detailed in
a previous report.19 In each reactor cell, a measured mass of
SyONa (0.3 g) was added. The reaction promoters, guaiacol and
K2CO3 were then added into the mixture using 50 wt% of the
initial mass of SyONa (0.15 g). All four reactor cells were then
sealed onto the main reactor cap and purged with CO2 to
remove any residual air. The reactor system was pressurised to
the target operating pressure (5 bar, 10 bar, 30 bar and 50 bar)
using a two-stage piston cylinder regulator (GASARC, Tech
Master GPT420 Series). The regulator valve controlled the
maximum delivery pressure, and a digital pressure transducer
monitored the pressure. The reactor was weighed before and
aer CO2 pressurisation to determine the exact mass of CO2

introduced and the average standard deviation between them
was ±0.06 g. The reactors were heated to 225 °C, at a rate of 10 °
C min−1. The reaction mixture was maintained at the target
temperature for set times (2, 4 and 6 hours) before being
allowed to cool to room temperature. Reaction temperatures
were controlled using an Asynt ADS-HP-NT magnetic stirrer
hotplate, and pressure readings were displayed via a digital
pressure gauge integrated with a cooling tower. The overall
methodology for the carboxylation of SyONa for syringic acid
production is summarised in Fig. 1.
Characterisation of the syringol/toluene mixture by gas-
chromatography ame ionisation detection and mass
spectroscopy (GC-FID/MS)

Based on the work conducted in the previous report,17 the
carboxylation reaction of phenolics would yield approximately
one mole each of the sodium salt of hydroxybenzoic acids
(HBAs) and precursor phenolic compound. An example with
RSC Sustainability
syringol is shown in Scheme 3. In this present work, non-
syringic acid products were recovered by washing the carbox-
ylated products with approximately 50 mL of toluene and
quantied using gas-chromatography ame ionisation detec-
tion (GC-FID). A calibration curve of syringol in toluene was
constructed to quantify the mass of syringol formed during the
reaction using an external standard via GC-FID. The GC-FID
method was the same as the previously reported method.19

For qualitative analysis of other potential toluene-soluble
organics and post-acidication products of SAONa, a Shi-
madzu gas chromatography-mass spectrometer (GC-MS,
QP2010 SE) was used. The instrument was equipped with an
SH-Rxi™-5ms capillary column (diphenyl dimethyl poly-
siloxane, 30 m length, 0.25 mm inner diameter, 0.25 mm lm
thickness). The analysis conditions included a 1 : 20 split ratio
and an initial temperature of 40 °C held for 5 minutes, followed
by a ramp of 5 °C min−1 to 300 °C, which was held for 10
minutes. The injector temperature was set to 300 °C. A quad-
rupole mass detector with electron ionisation (operating rela-
tive to tuning results) was employed to detect ions within the
range of 20–300 m/z.

Quantication of carboxylation products of sodium
syringolate (SyONa) using high-performance liquid
chromatography (HPLC)

A high-performance liquid chromatography (HPLC) method
was developed in the previous work to characterise the HBA
products of the Kolbe–Schmitt reaction.17 The carboxylation
products of SyONa using K2CO3 yielded mainly syringic acid
with minor impurities. In contrast, using guaiacol as
a promoter resulted in the formation of other products, such as
3-methoxysalicylic acid (3-MSA), vanillic acid (VA), and 2,4-
dicarboxylic acid-6-methoxyphenol (2,4-DCA-6-MXP), due to
substitution reactions between SyONa and guaiacol.

The quantication of syringic acid, 3-MSA, VA, and 2,4-DCA-
6-MXP was carried out using calibration curves prepared from
commercially available standards of these compounds at
known concentrations. The standards were dissolved in
a water–acetone solution (50% v/v), and calibration curves with
R-squared values of 0.999 were achieved for all compounds. The
HPLC method employed a reverse-phase Kinetex 5 mm C18 100
Å, 250 × 4.6 mm column (Phenomenex Ltd, UK) with a mobile
phase consisting of water with 0.1% formic acid (Solvent A) and
methanol (Solvent B). The gradient program was as follows:
5.0 min (90% A, 10% B), 20.0 min (70% A, 30% B), 30.0 min
(50% A, 50% B), and 40.0 min (30% A, 70% B). The ow rate was
kept at 0.5 mL min−1, with an injection volume of 10 mL.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparative HPLC chromatograms illustrating product distri-
butions from the carboxylation of sodium syringolate (SyONa) under
different promoters: (a) reaction with guaiacol as a promoter, yielding
syringic acid along with a wide range of hydroxybenzoic acid (HBA) by-
products derived from guaiacol, and (b) reaction using potassium
carbonate (K2CO3) as a promoter, which produced primarily syringic
acid with only minor formation of methyl syringate (marked with an
asterisk *). The methyl syringate was confirmed as the sole product in
the solid fraction via GC-MS analysis.
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Detection was performed using a UV detector set at 254 nm with
a bandwidth of 4 nm at a column temperature of 30 °C. The
retention times of the reaction products matched those of the
commercially available standards. For the commercially
unavailable 2,4-DCA-6-MXP, quantication was performed
using 2,3-dihydroxyterephthalic acid as a calibration standard.
Additionally, the calibration curve of syringol was constructed
to quantify the unreacted syringol.

Calculating the yield and conversion of syringic acid

The molar yields of syringic acid were calculated based on the
initial amount of SyONa (0.3 g) added to each reactor based on
a 1 : 1 molar ratio. The rst step involved determining the moles
of SyONa fed to the reactor. The next step involved determining
the moles of syringic acid from the HPLC data using its peak
area and calibration curve. A similar approach was applied to
quantify the unreacted syringol. The syringol formed during the
reaction was recovered using toluene and quantied by con-
structing a calibration curve for syringol in a toluene solution
using GC-FID. The molar yield of each product was calculated
relative to the initial moles of SyONa using eqn (1).

Molar yieldð%Þ ¼ nProduct

nSyONafed
� 100 (1)

Here, the moles of products (nProduct) correspond to syringic
acid and syringol (from the toluene fraction).

The conversion was calculated as the ratio of unreacted moles
of SyONa (nSyONaunreacted) to the initial moles (nSyONafed),-
expressed as a percentage as shown in eqn (2).

Conversionð%Þ ¼ 1�
 
nSyONaunreacted
nSyONafed

!
� 100

¼
P
n

products

nSyONafed
� 100 (2)

Finally, validation of this method was conducted through

ensuring the total moles for all products
�P

n
products

�
and

unreacted SyONa (nSyONaunreacted) accounted for the initial
amount of SyONa fed to the reactor (nSyONafed). An example is
shown in eqn (3).

nSyringic acid + nSyringoltoluene + nSyONaunreacted
# nSyONafed (3)

Additionally, the molar yields of products deemed to have
formed from guaiacol (see above) as a promoter were deter-
mined using the same methodology; however, their yields were
calculated relative to the initial mass of guaiacol added (0.15 g).

Results and discussion
Effect of pressure on syringic acid yield and by-product
formation using guaiacol or K2CO3 as a promoter

The novelty of this work is the rst demonstration that CO2 can
be inserted directly into syringol (via sodium syringolate),
© 2026 The Author(s). Published by the Royal Society of Chemistry
despite both ortho-positions being blocked, by enabling
a promoter-assisted para-carboxylation route under Kolbe–
Schmitt-type conditions. This is not a routine substrate exten-
sion, because syringolate cannot undergo the conventional
ortho-carboxylation pathway; instead, promoter choice governs
whether para-carboxylation is accessible and whether side
reactions dominate.

The feasibility of using syringol obtained directly from lignin
depolymerisation as a feedstock has also been explored.
However, lignin depolymerisation does not yield pure pheno-
lics; it produces complex mixtures containing numerous
aromatic and non-phenolic compounds.20 When these crude
mixtures were converted into their sodium salts and subjected
to Kolbe–Schmitt carboxylation, no detectable carboxylated
products were formed. This indicated that a certain level of
isolation of lignin-derived phenolics would be required in
future work. A recent study has shown that addition of phenol
to sodium phenoxide can promote the reaction signicantly.17

In this work, adding syringol to sodium syringolate did not
enhance syringic acid formation, yielding only 0.53%. However,
it was discovered that guaiacol as a promoter can aid in
promoting syringic acid formation.15 Therefore, guaiacol was
selected for further optimisation, with experiments conducted
at reaction times of 2, 4, and 6 hours and varying CO2 pressures
of 5, 10, 30, and 50 bar. The only limiting factor was the
continued formation of signicant amounts of by-products,
including 3-methoxysalicylic acid (3-MSA), vanillic acid (VA),
and a dicarboxylic acid derivative of guaiacol. This by-product
revealed that hydroxybenzoic acid (HBA) production can occur
through an in-situ sodium–proton exchange mechanism.21 In
this work, SyONa reacted with guaiacol by transferring a sodium
ion to form sodium guaiacolate, which then underwent
carboxylation. This process generated a mixture of HBAs.
Fig. 2(a) illustrates the product distribution from the carboxyl-
ation of SyONa with guaiacol as a promoter via HPLC. Since the
efficiency of the process depends on minimising by-product
formation, an alternative strategy has to be explored to
enhance selectivity and yield.

To address this challenge, various carbonate salts were tested,
revealing that a mixture of potassium carbonate (K2CO3) and
RSC Sustainability
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Fig. 3 Results of the carboxylation of sodium syringolate (SyONa) under two different conditions: (a) with guaiacol as a promoter and (b) with
potassium carbonate (K2CO3) as a promoter. For each experiment, 0.15 g of the promoter was added to 0.3 g of SyONa under reaction
conditions of (T= 225 °C, t= 2 h, and pCO2= 5–50 bar). Themolar yield of syringic acid was calculated based on a 1 : 1 molar ratio relative to the
initial mass of SyONa, while the molar yield of guaiacol-derived products was calculated based on the 0.15 g of guaiacol added.
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sodium syringolate (SyONa) effectively promoted syringic acid
formation while signicantly reducing by-products, as shown in
Fig. 2(b). Based on this nding, a comparative optimisation study
was carried out using both guaiacol and K2CO3 as reaction
promoters. The results of the carboxylation of SyONa using
guaiacol as a promoter shown in Fig. 3(a) demonstrate an
increasing trend in syringic acid formation with rising CO2 pres-
sure. The syringic acid yield increased from 0.61% at 5 bar, to
1.18% at 10 bar to 18.8% at 30 bar and 28.9% at 50 bar. Similarly,
the conversion of SyONa also improved with pressure, as the
formation of syringol increased from 18.6% at 10 bar to 34.3% and
45.5% at 30 bar and 50 bar, respectively. However, the conversion
was higher at 5 bar, with a higher formation of sodium guaiaco-
late, indicating lower pressure increases the rate of sodium–

proton exchange, as less CO2 is available to facilitate the reaction,
leaving the sodium syringolate susceptible to sodium–proton
exchange. The increases in conversion and syringol formation
were attributed to sodium–proton exchange between SyONa and
guaiacol. The formation of HBA products derived from guaiacol,
namely 3-MSA, VA, and 2,3-DCA-6-MXP, also increased with
pressure, rising from 1.63% at 5 bar to 3.57% at 10 bar and to
14.3% at 30 bar, before slightly decreasing to 11.7% at 50 bar.
Notably, other impurities, including various guaiacol and syringol
derivatives, were detected both in the toluene fraction and the
nal solid products. As shown in Table S1, these compounds likely
formed through substitution reactions involving the methoxy
groups of phenolics and hydroxyl groups. In the toluene fraction,
the by-products accounted for less than 7.5% of the normalised
peak areas, with 1,2,3-trimethoxybenzene (1,2,3-TMB) being the
most prominent. In the solid fraction, methyl syringate (0.31–
0.52%) and 1,2-benzenediol-3-methoxy or 3-methoxycatechol (3-
MC) (0.22–1.31%) were the main impurities, although their values
remained relatively low. It is noteworthy that many of the afore-
mentioned by-products were below the detection limit at 5 bar.
RSC Sustainability
For the carboxylation of SyONa using 50 wt% K2CO3 relative
to the initial mass of SyONa, the effect of pressure was not as
signicant beyond 10 bar as shown in Fig. 3(b). The yield of
syringic acid at 5 bar was 15.3%. However, the yield remained
relatively unchanged at 23.2% at 10 bar, 22.1% at 30 bar, and
24.4% at 50 bar. The yield of syringol in the toluene fraction
showed a slight increase from 19.8% at 5 bar, to 22.1%, 23.0%
and 23.2% at 10, 30, and 50 bar, respectively. This suggested
that the reaction followed a 2 : 1 molar ratio, where for every two
moles of SyONa, approximately one mole of syringic acid and
one mole of syringol were formed (Scheme 3).

Earlier studies by Kolbe22 showed similar trends, when
reacting sodium phenoxide in an open system. The issue of
phenol volatilisation was mitigated by increasing the pressure
in a closed system, which helped to shi the equilibrium from
disodium salicylate formation towards mono-sodium salicylate,
thereby regenerating sodium phenoxide for further reaction
cycles. This led to the achievement of an overall 1 : 1 molar ratio
of salicylic acid from sodium phenoxide.

The GC-MS spectra of the toluene fractions for reactions with
guaiacol and K2CO3 as promoters are shown in Fig. 4(a) and (b),
respectively. Similarly, the solid fractions for the two promoters
are presented in Fig. 4(c) and (d). For comparison, Fig. 4(a)
shows a greater variety of side products, including derivatives
from both syringol and guaiacol derivatives. These by-products
likely resulted from methyl group substitution reactions
between syringol, guaiacol, and their respective HBAs. In
contrast, Fig. 4(b) shows a simpler product prole since syringol
was the only compound present.

Here, the formation of 1,2,3-TMB can be attributed to
a reaction between two syringol molecules, yielding both 1,2,3-
TMB and 3-MC, followed by further substitution reactions. It is
noteworthy that 1,2,3-TMB was also detected in the pure
syringol sample during GC-MS analysis, albeit in trace amounts
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 GC-MS spectra illustrating the product distribution from the carboxylation of SyONa with different promoters at pCO2 = 30 bar: (a)
toluene fraction from the reactionwith guaiacol, showing a wide variety of syringol and guaiacol derivative by-products; (b) toluene fraction from
the reaction with K2CO3, showing fewer by-products with 1,2,3-trimethoxybenzene (1,2,3-TMB) as a notable compound; (c) solid fraction from
the reaction with guaiacol, indicating minor peaks of methyl syringate and other organics; and (d) solid fraction from the reaction with K2CO3,
where only unreacted syringol and syringic acid were prominent, with trace amounts of methyl syringate.
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(0.09%). It seems that the reaction has accelerated its
formation.

The normalised peak areas of 1,2,3-TMB in the toluene fraction
were 4.53% at 5 bar, 5.47% at 10 bar, 6.68% at 30 bar, and 4.85% at
50 bar, indicating that its concentration did not signicantly
change with increasing pressure. In the solid fraction obtained
with K2CO3 as the promoter (Fig. 4(d)), the most prominent peaks
correspond to unreacted syringol and syringic acid. Along the
chromatographic line, minor peaks are present, indicating trace
amounts of other organic compounds. These peaks are not visu-
ally distinct due to their small intensity. Among the detected
compounds, methyl syringate and 3-MC were the most notable,
albeit in negligible quantities, with normalised peak areas ranging
from below the detection limit to 0.34% for methyl syringate and
up to 0.95% for 3-MC (Table S2).
Effect of reaction time on syringic acid yield and by-product
formation using guaiacol or K2CO3 as a promoter

From previous studies on the effect of reaction time in the
conventional Kolbe–Schmitt carboxylation of phenol, it was
found that near-complete conversion occurs within 1 hour
© 2026 The Author(s). Published by the Royal Society of Chemistry
producing approximately one mole each of phenol and salicylic
acid.17 However, with extended reaction time, phenol begins to
react with disodium salicylate, forming mono-sodium salicylate
and regenerating sodium phenoxide to sustain further reaction
cycles. A similar trend was expected for the carboxylation of
SyONa. However, as shown in Fig. 5(a), the yield of syringic acid
did not increase aer 6 hours of reaction time when guaiacol
was used as a promoter. The conversion of SyONa into syringic
acid reached 18.8% aer 2 hours, 32.5% aer 4 hours, and
27.8% aer 6 hours. The trend showed an initial increase in
conversion before plateauing at 6 hours. The conversion of
SyONa correlated with an increased formation of syringol,
which accounted for 34.3%, 36.3%, and 38.8% at 2, 4, and 6
hours, respectively. It was hypothesised that, as the reaction
progressed, guaiacol underwent proton substitution with
sodium from SyONa, effectively extracting sodium from syringol
to facilitate carboxylation. The increased presence of guaiacol in
the solid products suggests that upon acidication, the sodium
salt reverted to guaiacol. These products would probably have
remained in the organic toluene fraction had they not inter-
acted with sodium during the reaction.
RSC Sustainability
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Fig. 5 Effect of reaction time on carboxylation of the sodium salt of syringol (SyONa) under two different conditions: (a) with guaiacol as
a promoter and (b) with potassium carbonate (K2CO3) as a promoter. For each experiment, 0.15 g of the promoter was added to 0.3 g of SyONa
under reaction conditions of T = 225 °C, pCO2 = 30 bar and t = 2 h, 4 h, and 6 h. The molar yield of syringic acid was calculated based on a 1 : 1
molar ratio relative to the initial mass of SyONa, while themolar yield of guaiacol-derived products was calculated based on the 0.15 g of guaiacol
added.

Scheme 4 Deprotonation syringol with K2CO3 to form potassium
syringolate (SyOK), accompanied by water formation.
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The yields of HBA products derived from guaiacol decreased
over time, from 14.3% at 2 hours to 8.82% at 4 hours and 7.34%
at 6 hours. GC-MS analysis revealed increased formation of
1,2,3-trimethoxybenzene (1,2,3-TMB), which rose from 6.35% at
2 hours to 7.05% at 4 hours and 14.2% at 6 hours. Similarly, the
relative abundance of 1,2-dimethoxybenzene changed from
2.81% to 2.15% and then to 4.23% over the same period (Table
S3). These results indicated that syringol and guaiacol
progressively lost protons, forming additional methoxy groups
as the reaction time increased. The absence of syringol in later
stages likely reduced the yield of syringic acid, as syringol could
no longer regenerate and participate in further reaction cycles.

A different trend was observed when using K2CO3 as the
promoter (Fig. 5(b)), where the yield of syringic acid was 22.1%
aer 2 hours, 25.2% aer 4 hours, and 39.2% aer 6 hours. An
increasing trend in conversion with reaction time was observed.
The conversion of SyONa was maximal at 6 hours, reaching
91.0%, associated with the formation of syringol, whose yield
increased from 23.0% at 2 hours to 49.4% at 4 hours, followed
by a slight drop to 44.5% at 6 hours. It was plausible that, as the
reaction proceeded, the in-situ produced free syringol was
deprotonated to form potassium syringolate (SyOK), which
participated in the reaction; however, this also resulted in water
formation. The presence of water likely inhibited further reac-
tion.18 A schematic diagram of this reaction is presented in
Scheme 4.

These results were consistent with the GC-MS analysis,
which showed that at 6 hours, the formation of syringic acid was
signicantly higher, 85.4%. Common side products, such as 3-
MC formation, exhibited normalised peak areas of 0.95% at 2
hours, 1.01% at 4 hours, and 1.35% at 6 hours. Methyl syringate
formation also increased from 0.34% at 2 hours to 0.35% at 4
hours and 0.96% at 6 hours. Although the side reactions
increased with time, the increase was not substantial, as they
RSC Sustainability
were still at around 1%. In the toluene fraction, 1,2,3-TMB
showed a rising trend, with peak areas of 6.68% at 2 hours,
12.2% at 4 hours, and 14.63% at 6 hours. This increase corre-
lates with the formation of methyl syringate in the solid frac-
tion, suggesting that as the reaction time progresses, a methyl
group from syringol transfers to syringic acid, forming methyl
syringate and 3-MC. Notably, 3-MC, containing two hydroxyl
groups, can coordinate with two alkali metal species, potentially
restricting further reaction. These preliminary ndings are
promising, as side product formation is inevitable even in
industrial processes. The key advantage of this process is that it
is a one-pot method and the only approach proposed for direct
CO2 insertion into the C–H bond of syringol to form syringic
acid.
Proposed mechanism for the activation of sodium syringolate
(SyONa) with guaiacol or K2CO3 as a promoter

The Kolbe–Schmitt reaction of phenol, as the simplest model
compound, has been investigated in detail by both density
functional theory (DFT) calculations and experimental
studies.17,23,24 These studies provide a basis for formulating
mechanisms for more substituted phenolic compounds.
Accordingly, the mechanism proposed for the carboxylation of
sodium syringolate follows analogous steps, with the rst stage
involving the formation of the SyONa–CO2 complex (a), an
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Proposed pathways for the carboxylation of sodium syringolate. Path 1: the initial SyONa–CO2 complex (a) proceeds through inter-
mediates (b) and (c) to sodium syringate (SAONa), but this direct route is intrinsically unfavourable because both ortho positions are blocked by
methoxy groups and the geometry between the phenoxide oxygen and the para-C–H bond does not readily allow a cyclic transition state. Path
2: with K2CO3 as a promoter, complex (d) forms via a bifurcatedO/H–C interaction that activates the para-C–H bond and promotes conversion
through (b) and (c) to SAONa. Path 3: with guaiacol as a promoter, complex (e) forms via a weaker monodentate O/H–C interaction, resulting in
only limited activation before conversion through (b) and (c) to SAONa.

Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

8/
20

26
 1

1:
30

:0
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
intermediate that is widely accepted in the Kolbe–Schmitt
reaction.17,24,25 In the case of syringolate, however, both ortho-
positions are occupied by methoxy groups, so the conventional
ortho-carboxylation pathway available to phenol is sterically
blocked. Under these constraints, the reaction is considered to
proceed exclusively via the formation of complex (b), as shown
in Fig. 6.

The direct conversion of the SyONa–CO2 complex (a) into
complex (b) is intrinsically disfavoured due to the distance and
geometry between the phenoxide oxygen and the para-C–H
bond, which do not readily permit a cyclic transition state. For
phenol, the Kolbe–Schmitt reaction predominantly forms 2-
hydroxybenzoic acid (2-HBA), since two ortho-positions (C-2 and
C-6) and only one para-position (C-4) are available for carbox-
ylation, giving a two-to-one statistical advantage to ortho-
substitution.15 In addition, resonance from the phenoxide
increases electron density at the ortho-sites, and intramolecular
hydrogen bonding in the transition states stabilises the ortho
pathway relative to para pathway, as shown in previous mech-
anistic and DFT studies on sodium and potassium phenox-
ides.15,24,25 In syringolate, by contrast, both ortho-positions are
blocked by methoxy substituents, preventing the usual ortho-
directed carboxylation and making a direct intramolecular
approach of CO2 to the para-position less favourable.
© 2026 The Author(s). Published by the Royal Society of Chemistry
In the presence of K2CO3, complex (d) offers a way to over-
come this intrinsic disadvantage. The two carbonate oxyanions
can engage in a bifurcated O/H–C interaction with the para-C–
H bond,26 pre-organising the ion pair and polarising the C–H
bond in a position that is more conducive to C–H activation.
This behaviour is consistent with recent studies on carboxylate-
assisted C–H activation in supported alkali carbonates, where
dispersed M2CO3 (M = K or Cs) promoted C–H deprotonation
and CO2 incorporation through a cyclic, carboxylate-stabilised
transition state.26,27 These systems demonstrate that carbonate
bases can organise and polarise aromatic C–H bonds suffi-
ciently to enable carboxylation under mild conditions. As
shown in Fig. 6, guaiacol can also promote C–H activation
through an O/H–C intermolecular bond between its phen-
oxide oxygen and the para-C–H bond in the SyONa–CO2

complex (complex (e)).28 However, this interaction is mono-
dentate, involving only a single hydrogen-bond acceptor.29

Methoxy-substituted phenols such as guaiacol are known to
form relatively weak and easily disrupted hydrogen bonds due
to intramolecular interaction,28 providing far less geometric
stabilisation than the bifurcated interaction observed with
K2CO3. Consequently, the monodentate contact offered by
guaiacol leads to only limited C–H activation, which is consis-
tent with the lower selectivity and increased formation of side
RSC Sustainability
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products observed under guaiacol-promoted conditions. Rather
than facilitating effective C–H activation, guaiacol primarily
participates in sodium–proton exchange with SyONa,
a phenomenon reported in earlier studies.15,21

Conclusions

This work reports the rst direct CO2 insertion into the C–H
bond of syringol to form syringic acid through the Kolbe–
Schmitt reaction using guaiacol and K2CO3 as promoters.

Under optimal reaction conditions in this work (225 °C, 4
hours, and 30 bar CO2), the use of guaiacol as a promoter
increased the molar yield of syringic acid to 32.5%. However,
this also led to a higher formation of syringol and the sodium
salt of guaiacol due to the sodium–proton exchange mechanism
between SyONa and guaiacol. The sodium salt subsequently
underwent carboxylation, producing HBA products of guaiacol
with a yield of 8.82% aer 4 hours. Additionally, GC-MS analysis
identied various syringol and guaiacol and their correspond-
ing HBA derivatives as by-products, formed through methyl
substitution and proton exchange reactions involving methoxy
(–OCH3), hydroxyl (–OH), and carboxyl (COOH) groups.

In contrast, the use of K2CO3 alongside SyONa promoted
a more selective reaction pathway, yielding syringic acid with
minimal by-products. Across varying CO2 pressures (5, 10, 30,
and 50 bar), K2CO3 maintained syringic acid yields between
15.3% and 24.4%, while reducing the formation of side prod-
ucts such as methyl syringate and 1,2,3-TMB. Regarding reac-
tion time, the maximum syringic acid yield of 39.2% was
achieved at 6 hours with minimal by-products.

A mechanistic analysis was also proposed. In syringolate, both
ortho-positions are blocked by methoxy groups, preventing the
conventional ortho-carboxylation pathway established for phenol.
Consequently, the unpromoted reaction proceeds through an
intrinsically disfavoured para-carboxylation route. In the presence
of K2CO3, the two carbonate oxyanions can interact simulta-
neously with the para-C–H bond, helping to pre-organise the ion
pair and weaken the C–H bond so that carboxylation becomes
more accessible. Guaiacol, in contrast, can interact with the para-
C–H bond only through a single oxygen atom, providing much
weaker activation; instead, it mainly undergoes sodium–proton
exchange with SyONa, consistent with prior observations. These
ndings suggest that direct CO2 insertion into syringol to form
syringic acid is feasible, though the choice of promoter is crucial
for improving efficiency. In addition, the results highlight
a promising strategy for converting CO2 into high-value aromatic
acids, and future studies may further optimise conditions and
explore biomass-derived syringol as a sustainable feedstock for
scalable CO2 utilisation.
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