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Abstract

The formylation of mercaptans using CO; as a C1 source represents a sustainable and
efficient strategy for converting CO; into value-added chemicals. However, to date, S-
formylation still remains scarcely explored with CO; as the starting material, despite its
important role in various biological processes. In this work, the S-formylation reaction
between CO, and mercaptans was successfully carried out to construct C-S bonds using an
inexpensive and commercially available carboxylate salt (sodium edetate) as the catalyst
under mild conditions (25 °C and 0.1 MPa). Further investigations demonstrated that
the present catalytic system applies to a broad substrate scope, affording moderate to
excellent yields in the S-formylation of both aliphatic and aromatic thiols with CO;. To
clarify the excellent catalytic performance of carboxylates in these S-formylation reactions,
reaction intermediates as well as the activating effects of carboxylates on carbon dioxide
and phenylsilanes were identified through control experiments and spectroscopic analysis.
Based on these findings, the reaction pathway of the S-formylation process was determined,
and a corresponding reaction mechanism is proposed.

Keywords: carboxylate salts; CO, conversion; phenylsilane; S-formylation; thiols

1. Introduction

The development of synthetic methods for constructing C-S bonds under mild, inex-
pensive, and operationally simple reaction conditions is attracting widespread attention,
due to the ubiquitous presence of sulfur in natural products, bioactive molecules, and
materials [1-3]. Esterification of thiols is one of the most common and favored reactions
in organic synthesis, enabling the preparation of thioester derivatives [4-7]. S-Acylation
of thiols further provides an efficient and economical strategy for protecting sulthydryl
groups during multi-step synthetic processes [8,9]. Thioesters are an important class of
organosulfur compounds that play a fundamental role in the construction of pharmaceuti-
cals, biological molecules [10,11], industrial products [12-14], and natural products [15,16].
Their central role in biological processes (e.g., formyl-CoA) and industrial applications has
further driven research into their synthetic methods [17,18]. Traditional thioester synthesis
typically relies on the activation of carboxylic acid derivatives under strong bases (e.g.,
triethylamine, pyridine, and DMAP) at elevated temperatures. However, recent advances
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have expanded the catalytic toolkit to include Lewis acids, NBS, CsF, zeolites, dodecylben-
zenesulfonic acid, ionic liquids, and rongalite for the acylation of thiols [19-27]. Despite
these developments, most methods still face challenges such as harsh reaction conditions,
costly catalysts, or a narrow substrate scope. Consequently, the exploration of inexpensive
and safe starting materials combined with efficient catalytic systems remains a significant
challenge for researchers.

The concentration of greenhouse gases (GHGs) in the atmosphere is steadily rising,
leading to environmental degradation phenomena such as global warming, sea-level
rise, weakened thermohaline circulation, ocean acidification, and the loss of coral reefs.
Ultimately, these changes are triggering climate shifts. As the most prevalent greenhouse
gas, carbon dioxide (CO;) accounts for 76.7% (by volume) of such emissions. Since the onset
of industrialization, its concentration has increased sharply due to human activities such as
deforestation, fossil fuel combustion, transportation, and land-use changes. Nowadays,
CO, utilization has been successfully applied to numerous synthetic procedures [28,29],
particularly in formylation reactions, where excellent results have been obtained under
relatively mild conditions. However, most reported formylation methods focus on the
construction of C-N bonds between amines and CO,, while S-formylation remains scarcely
explored [30,31], despite its important role in various biological processes [32-35].

As shown in Scheme 1a, in 2024, Mandal and coworkers developed a metal-free pro-
cess under ambient conditions for the S-formylation of various thiols using CO, as the C1
source [36]. In 2025, Zhao and coworkers prepared a novel Mn@MOF-303 as the catalyst
for the S-formylation of benzyl thiols with CO; at room temperature. As a heterogeneous
catalyst, Mn@MOF-303 exhibited highly efficient catalytic activity and excellent cycling
performance (Scheme 1b) [37]. The synthesis of catalysts involved in the aforementioned S-
formylation reactions is relatively complex. While EDTA (edetic acid) has been successfully
employed as a catalyst for the N-formylation of amines [38], its application in the synthesis
of S-formylated products remains significantly more challenging. Thiols, although reason-
ably effective nucleophiles, possess very low basicity. Moreover, the thioester bond (C-5
bond) formed during the reaction exhibits greater susceptibility to hydrolysis and lower
thermodynamic stability compared to the corresponding amide bond. In salt-catalyzed
systems, most reactions generate key pentacoordinate silicon intermediates (PhSiH3X),
which drive nucleophilic attack of hydrides on CO,. The formation of pentacoordinate
high-valent silicon intermediates requires only one nucleophile (X7) to activate hydrosi-
lane. Therefore, salts containing nucleophilic anions exhibit excellent catalytic efficiency.
Particularly noteworthy, carboxylates demonstrate favorable catalytic activity due to their
strong nucleophilic nature [39,40], enabling both efficient adsorption of CO, and effective
activation of hydrosilane, thereby significantly promoting the S-formylation of thiols with
CO; (Scheme 1c).
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Scheme 1. Methods of S-formylation [36,37].

2. Results
2.1. Optimization of Reaction Conditions

As summarized in Table 1, no reaction occurred in the absence of a catalyst, confirm-
ing that a catalyst is essential for the S-formylation process (entry 1). Upon addition of
NayEDTA, the desired product was obtained in 89% yield (entry 2). When EDTA (edetic
acid) or DTPA (pentetic acid), which lacks metal ion exchange capability, were employed
as catalysts, the reaction was significantly suppressed due to their reduced nucleophilicity
(entries 3, 4) [41]. Further screening of organic bases revealed that DBU, a strong base, af-
forded a moderate yield of 74% (entry 5), whereas N-butyldiethanolamine (BDEA) proved
ineffective, yielding only trace amounts of the product (entry 6). It should be noted that
increasing the CO; pressure from 0.1 MPa to 2 MPa resulted in a yield of 71% yield with
NayEDTA as the catalyst (entry 7). The reduced yield of 2a is likely attributable to the
high CO; pressure, which diluted the interaction between 1la and the NayEDTA catalyst.
This dilution effect lowered the local concentration of 1a near the active sites [42]. This
trend is further supported by the yields obtained under other CO, pressures, as detailed in
Table S1. Control experiments showed that the reaction could not proceed in the absence of
phenylsilane as a reducing agent (entry 8). When other silanes such as PhySiH, or Ph3SiH
were used, lower conversion rates were obtained (entries 9, 10). Further substitution with
Me,PhSiH, (EtO)3SiH, or PMHS as the hydrogen source afforded only trace amounts of the
thioester (entries 11-13) [43,44].

As shown in Table 2, the reaction failed to proceed under solvent-free conditions
(Table 2, entry 1). Polar aprotic solvents demonstrated superior performance, with DMSO,
DME, and DMAC affording product yields of 89%, 69%, and 72%, respectively (Table 2,
entries 2, 5, 6) [45-47]. Low-polarity solvents (THF, CH3CN) provided only trace yields
(Table 2, entries 3, 4). Notably, strongly polar protic solvents (MeOH, H,O) completely
suppressed product formation (Table 2, entries 7, 8) [48]. This inhibition is attributed to
the acidic environment generated by the dissolution of CO; in H,O, which hinders the
S-formylation reaction [49]. After adding a small amount of dimethyl sulfoxide (1 mL)
to acetonitrile, the product yield was significantly enhanced. Polar solvents that effec-
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tively dissolve both the catalyst Na4EDTA and the reactant CO, simultaneously create a
homogeneous environment with optimal reactant concentrations. The reaction exhibited
temperature dependence, with yield decreasing at elevated temperatures (Table 2, entries
10, 11). This decrease is likely attributable to the limited solubility of NayEDTA in DMSO
at elevated temperatures, which leads to increased viscosity and catalyst aggregation [50].
As the reaction time was extended, the yield of 2a gradually increased (Table 2, entries
12-15). When the reaction time was extended to 48 h, a decrease in yield was observed
(Table 2, entry 15 vs. entry 2). The slight drop in yield after 48 h is attributed to the over-
reduction of the silyl formate intermediate over extended reaction times, which generates
trace S-methylated byproducts and reduces the target product yield (Figure S1).

Table 1. Optimal reaction conditions for S-formylation catalysts and reducing agents *P.

Entry Catalyst Hydrosilane Yield (%)

1 None PhSiHj3 -

2 Nay4EDTA PhSiH; 89%
3 EDTA PhSiH; 2%
4 DTPA PhSiH; 2%
5 DBU PhSiHj3 74%
6 BDEA PhSiHj3 trace
7€ Nay4EDTA PhSiH; 71%
8 Na4EDTA None -

9 Nay4EDTA Ph,SiH,; 76%
10 NaysEDTA Ph3;SiH trace
11 Nay4EDTA Me,PhSiH 24%
12 NaysEDTA (EtO)3SiH trace
13 Nay4EDTA PMHS -

@ Reaction conditions: thiol 1a (1 mmol), NayEDTA (5 mol%), DMSO (1 mL), hydrosilane. (1.5 mmol), temperature:
25 °C, CO, pressure: 0.1 MPa, time: 24 h. ® The yields of the products were determined by "H NMR spectroscopy
using TMS as an internal standard. © CO, (2 MPa).

Table 2. Optimal reaction conditions of solvent, time and temperature for S-formylation reaction .
Entry T (°Q) Time (h) Solvent Yield (%)
1 25 24 None -
2 25 24 DMSO 89%
3 25 24 THF trace
4 25 24 CH3CN 5.6%
5 25 24 DMF 69%
6 25 24 DMAC 72%
7 25 24 MeOH -
8 25 24 H,O -
9¢c 25 24 CH;CN:DMSO 81%
(4:1)
10 40 24 DMSO 12%
11 60 24 DMSO trace
12 25 4 DMSO 33%
13 25 12 DMSO 52%
14 25 18 DMSO 61%
15 25 48 DMSO 75%

2 Reaction conditions: thiol 1a (1 mmol), NagEDTA (5 mol%), Solvent (1 mL), PhSiH3. (1.5 mmol), temperature:
25 °C, CO, pressure: 0.1 MPa, time: 24 h. P The yields of the products were determined by "H NMR spectroscopy
using TMS as an internal standard. € 0. 8 mL CH3CN and 0.2 mL DMSO.

2.2. S-Formylation of Benzyl Thiols with CO, Catalyzed by Sodium Edetate

With benzyl mercaptan derivatives, ortho-substituted methyl groups afforded a high
yield (86%, 4b), compared to meta- (81%, 4c) and para-substituted (78%, 4d) analogs.
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Notably, electron-donating methoxy substitution enhanced reactivity, achieving 91% yield
(4e). Conversely, electron-withdrawing groups (—F, —Cl, —INO;) substantially decreased
yields (4f—4h). Subsequently, when using heteroaryl mercaptans as substrates, such as 2-
furylmethanethiol and 2-methyl-3-furylthiol (4i,4j), the corresponding S-(furan-2-ylmethyl)
methanethioate can be produced in 67% yield in our reaction scheme. When the methyl
group is located at the ortho position of the furan, increased steric hindrance results in only
trace yields of the final S-formylated product, The furan ring is an aromatic heterocycle
with electron-rich properties, and its oxygen atom can influence the electron density at the
reaction site through electron-withdrawing conjugation effects. Compared to the phenyl
group, the introduction of a furan moiety may reduce the nucleophilicity of the thiol,
thereby weakening its ability to attack the reaction intermediates (Figure 1).

o]
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PhSiH; (1.5 mmol) " 87 'H

Na;EDTA (5 mol%) DMSO (1 ml)

|
R—

e
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Figure 1. S-formylation of benzyl thiols with CO, *P. @ Reaction conditions: thiol 1a (1 mmol),
Nay4EDTA (5 mol%), DMSO (1 mL), CO, (0.1 MPa), PhSiH; (1.5 mmol), 25 °C, 24 h.  The yields
of the products were determined by "H NMR spectroscopy using TMS as an internal standard. All
products are known compounds [36,37], and their yields were determined by NMR spectroscopy
without further purification.

2.3. S-Formylation of Aliphatic Thiols with CO, Catalyzed by Sodium Edetate

Linear and branched aliphatic thiols (isobutyl, butyl, and isoamyl mercaptans, 6a—6c)
afforded moderate to good yields (63-83%). However, as the alkyl carbon chain length
increased, the product yield decreased [51]. 3-methyl-2-butanethiol and tert-butanethiol
gave substantially lower yields (48% and 7%, respectively) after 24 h. After extending the
reaction time to 48 h, the formylation yield of 3-methyl-2-butanethiol was increased to
53%, but there was no enhancement in the formylation yield of tert-butanethiol (6d,6e)
(Figure 2).

Dithiols like 1,3-propanedithiol afforded both mono- and di-S-formylated products in
27% and 48% yield, respectively (6f). Linear thiols with a bulky terminal group, exemplified
by 2-phenylethanethiol and 2-pyrazinylethanethiol, also underwent S-formylation, yielding
the corresponding products in 39% and 19% yield [52]. Under the optimized conditions,
cyclohexanethiol and 2-methyl-3-tetrahydrofuranethiol were also reactive, with the latter
giving a 69% yield (6i-6;j).
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Figure 2. S-formylation of aliphatic linear thiols and aliphatic cyclic thiols with CO, *P. @ Reaction
conditions: thiol 1a (1 mmol), NayEDTA (5 mol%), DMSO (1 mL), CO, (0.1 MPa), PhSiH3 (1.5 mmol),
25°C, 24 h. ® The yields of the products were determined by "H NMR spectroscopy using TMS as an
internal standard. € 48 h. 4 35 °C. All products are known compounds [36], and their yields were
determined by NMR spectroscopy without further purification.

2.4. Mechanistic Study of the S-Formylation Reaction of Thiols Catalyzed by Ethylene
Diaminetetra Acetic Acid Tetrasodium Salt

To elucidate the reaction mechanism, we performed a series of control experiments.
When N, was substituted for CO, under identical conditions, no thiocarbonate product
was detected by spectroscopic analysis after 24 h (Figure 3a). This confirms that CO; is
indispensable as the exclusive carbon source for the S-formylation reaction. In situ 'H NMR
analysis of the reaction mixture revealed a distinct singlet signal at 6 = 8.17 ppm. This chemi-
cal shift is consistent with the formyl proton of a silyl formate intermediate, thereby directly
capturing and confirming the formation of this key reactive species (Figures 3b, 4 and S2).
The detected silyl formate species is consistent with the key intermediate proposed by
Mandal et al. [36] in their metal-free system and by Zhao et al. [37] in their Mn@MOF-303
catalytic cycle.

To probe the catalytic activation pathway, we systematically examined the interactions
between the catalyst (Na4EDTA), phenylsilane, and CO,. Reaction of NasEDTA with
PhSiH; for 12 h induced a detectable downfield shift in the Si-H bond resonance (‘"H NMR,
Figure 5), confirming nucleophilic activation of phenylsilane by the carboxylate moiety.
In our previous study on the N-formylation reaction catalyzed by alkanolamine (MDEA),
MDEA first reacts with CO, to generate a zwitterionic intermediate, which then activates
the silane to form a pentacoordinate silicon species, ultimately leading to the formation
of silyl formate [29]. In contrast, the present study reveals that the carboxylate anion
itself possesses sufficient nucleophilicity to directly activate phenylsilane and generate a
pentacoordinate silicon species without the need for prior coordination with CO,, which
subsequently converts to silyl formate.
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a Without CO,
1 A SH PhSiH; (1.5 mmol) | X SCHO
R— + N, > R—
= Na,EDTA (5 mol%) DMSO (1 mL) =
3a (1 mmol)

No reaction, 0% yield

b Formation of silane formate

[e]
CO, (0.1 MPa)
PhSiHj; (1.5 mmol) > H
Na,EDTA (5 mol%) DMSO (1 mL) /0
hH,Si
7a (NMR)

Figure 3. Step-by-step experiment of S-formylation reaction. (a) S-formylation reaction in N; (without
COy). (b) Formation of silane formate.

(o]
PhHZSi\OJ\H
1_/\ . L 1

110 100 90 80 70 60 50 40 30 20 10 00
f1 (ppm)

Figure 4. Si-H 'H NMR spectra of the formyl proton signal of the silyl formate intermediate.

PhSiH

PhSiH;+Na,EDTA

440 430 4.20 4.10 4.00 3.90 3.80 3.70 3.60 3.50 3.40 3.30 3.2
f1 (ppm)

Figure 5. 'H NMR spectra of phenylsilane and phenylsilane /sodium edetate mixtures.
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FT-IR analysis of the NayEDTA /CO, system revealed two diagnostic absorptions at
1646 cm~! and 1335 cm ! after 12 h (Figure 6), attributed to the asymmetric stretching
vibration formed by the interaction between carbon dioxide and NayEDTA [53,54].

120

100 1335cm

Transmittance (%)

80

60 T T T T T
2000 1800 1600 1400 1200 1000 800

Wavenumber (cm™)

Figure 6. FT-IR spectra of CO, and CO,/NasEDTA mixtures.

As depicted in Scheme 2, the proposed mechanism begins with the dual activation of
carbon dioxide and phenylsilane by the same carboxylate unit: the carboxylate moiety first
activates CO, to generate intermediate I, while its nucleophilic oxygen anion concurrently
activates phenylsilane to form the more reactive pentavalent silicon species II. Subsequent
proton migration (H-transfer) within intermediate II facilitates the insertion of CO, into
the Si-H bond, generating the key silyl formate intermediate III while regenerating the
carboxylate catalyst. Finally, nucleophilic attack of the thiol substrate on intermediate III re-
sults in C-O bond cleavage, selectively affording the S-formylated product and completing
the catalytic cycle.

COONa COONa SH
a00C_ /\/N Na0OC. /\/]\ ‘C00™
Ph— Sh H N COO

COONa
COONa Ph/ Sl

HS
COONa

Na0OC
N o
N/\/ Ncoo- H

©/ Sl K
COONa
PhH,SiOH
_COONa
NaOOC COONa

NaOOC, XN, 0
COONa 7 "N coo-

7 X0 COONa
I

Scheme 2. Mechanism of S-formylation of CO, with thiols catalyzed by sodium edetate.

3. Materials and Methods
3.1. Chemicals and Analytical Methods

All thiol chemicals used were purchased from Aladdin (Shanghai, China) and used
directly, while some solvents and chemicals were sourced from Bellingway (Beijing, China)
and Macklin (Shanghai, China). NMR spectra were recorded on a Bruker Avance III
400 MHz spectrometer (Bruker Corporation, Billerica, MA, USA) using tetramethylsilane
(TMS) as an internal standard. The data were processed using TopSpin 4.1.4 (Bruker).
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Infrared spectra were recorded on a PerkinElmer 2000 FT-IR spectrometer (PerkinElmer,
Inc., Waltham, MA, USA). The IR data were analyzed using Spectrum software (version
10.5.2, PerkinElmer).

3.2. Experiment Procedure

High-pressure experimental procedure: A clean and dry 50 mL high-pressure auto-
clave was purged three times with CO; gas. Under a protective CO; atmosphere, precise
quantities of the catalyst, thiol, and hydrosilane were added to the autoclave. The sealed
autoclave equipped with a stirrer was then placed in an oil bath at the set temperature.
After 30 min, CO; gas was introduced into the autoclave to reach the specified pressure,
and stirring was initiated. The reaction was terminated upon reaching the predetermined
time, and the autoclave was immersed in ice water to slowly release the gas. Finally, a
small aliquot of the reaction mixture was directly taken for NMR analysis to determine the
yield of the S-formylated product.

Atmospheric pressure experimental procedure: An appropriate amount of solid
catalyst was added to a 75 mL Schlenk flask. The apparatus was sealed and subjected
to three cycles of vacuum purging under a nitrogen atmosphere. After evacuation, the
Schlenk flask was maintained under vacuum, and a CO; balloon was connected to fill the
flask with carbon dioxide. The solvent was then injected into the flask using a syringe. If
the hydrosilane and thiol were solids at room temperature, they were added along with
the catalyst prior to the nitrogen purging and evacuation. If they were liquids at room
temperature, they were injected into the flask together with the solvent via syringe after
the nitrogen purging and evacuation. Subsequently, the reaction vessel was resealed. The
prepared Schlenk flask was preheated in a constant-temperature oil bath for 20 min to
initiate the reaction, which was terminated upon reaching the predetermined reaction time.

IHa denotes the signal peak area integral of Ha for the reactant thiol in 'H NMR
spectra, and IHb denotes the signal peak area integral of Hb for the formyl group of the
product in 'H NMR spectra (Figure 7).

o
SHa Catalyst )k
+ 0O, — s Hb
T, P
I
Yield %)= ———— x  100%
Iga + T

Figure 7. Determination of the yield of S-formylation products.

4. Conclusions

Although S-formylation plays a crucial role in various pharmaceutical and biological
processes, its synthetic utilization remains underdeveloped. Herein, we report a mild and
efficient carboxylate-catalyzed S-formylation of diverse thiols with CO;. This protocol
is applicable to both benzyl mercaptans and aliphatic thiols (including mono- and dithi-
ols), enabling their catalytic reductive transformation with CO; into the corresponding
S-formylated products. Controlled experiments, supported by spectroscopic analysis, iden-
tified key intermediates and verified that the carboxylate catalyst activates both CO, and
phenylsilane. Based on these findings, a plausible reaction mechanism is proposed.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ catal16040334 /51, Figure S1: "H NMR spectrum of S-methylated
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product; Figure S2: 'H NMR spectra of a mixture of silicone formate; Figures $3-S8: 'H NMR
spectrum of S-formylation; Table S1: Yields at different CO, loadings; Table S2: Effect of NayEDTA
and PhSiHj loading on the reaction outcome; Table S3: Advantages of the NayEDTA Catalytic
System [36,37,44,55].
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