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The conversion of C; molecules (single-carbon species) into C,, products (carbon chains) is a key challenge
for developing sustainable chemical feedstocks to replace fossil resources. Carbohydrates, a vital class of
complex polycarbon molecules, are mainly extracted from biomass, but de novo synthesis provides

a complementary route to access rare and non-natural carbohydrates. Here, we report a fully integrated,
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the electroreduction of CO to formaldehyde with the organocatalytic oligomerization of formaldehyde
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into Cs_g carbohydrates selectively. This work establishes a novel pathway to utilize CO as a building

rsc.li/chemical-science block for synthesizing complex carbon chains.
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Introduction

Carbon monoxide (CO) has been present in trace amounts in
Earth's atmosphere since ancient times* and plays an important
role in various biological processes.” It has also been detected
both in outer space and in the atmosphere of other planets.® For
decades, CO has been a pivotal molecule in chemistry, serving
as a key ligand in transition metal complexes*® and as a vital
feedstock for large-scale industrial processes such as hydro-
formylation, the Monsanto process, and the Fischer-Tropsch
synthesis.”® More recently, CO has also attracted significant
interest in main group chemistry.>' Current industrial
production of CO relies on carbon-intensive processes like coal
gasification, steam reforming of natural gas and partial oxida-
tion of hydrocarbons.® These fossil-based routes have recently
been supplemented by newer synthetic methods: biomass
conversion ™ and CO, reduction. CO, reduction strategies
mainly include hydrogenation (via the water-gas shift reac-
tion),"** and electrochemical reduction. Notably, efficient
electrochemical CO,-to-CO conversion - enabled by nano-
materials or transition metal catalysts — represents significant
advances nearing maturity at the laboratory scale due to
improved mechanistic understanding, with industrial-scale
development now imminent.**”

These sustainable pathways have amplified interest in CO
utilization as a single-carbon (C,) synthon for generating carbon
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chains (C,. products) for applications as energy carriers or
chemical feedstocks.’**® Nevertheless, CO-derived products
remain predominantly limited to highly reduced compounds -
primarily hydrocarbons, aliphatic alcohols, and olefins - across
most reported systems (Scheme 1a). The two principal reductive
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Scheme 1 (a) CO conversion to C,, compounds; (b) overview of the
present work; (c) status and challenges of CO to HCHO electro-
conversion; (d) status and challenges of formose reaction catalyzed by
inorganic base (in H,O) and by NHC (in organic solvent).
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pathways are (i) high-temperature/pressure CO hydrogenation
(via Fischer-Tropsch synthesis with syngas, ie. a CO/H,
mixture), the oldest industrial process for converting C, to C,
products and (ii) electrochemical CO reduction, which yields
similar compounds under milder conditions but with shorter
chain lengths.*?* CO electroreduction products are indeed
usually limited to C, and C; chains, mainly employing Cu-based
catalysts,>*** although recent results have shown that this
“short chain wall” could be broken with Ni***” and Au/Ni*®
systems notably, to generate C;-C, hydrocarbons or a-olefins.
These reduced products exhibit high energy density and
substantial value as chemical feedstocks compared to C;
molecules. Nevertheless, less reduced polyoxygenated
compounds would offer greater chemical complexity and
broader synthetic versatility. Such molecules - particularly long-
chain C,. polyoxygenated products - remain rarely synthesized
or even observed in CO transformations.***>*>*® This feature is
explained by the easy deoxygenation of the reaction interme-
diates before or after C-C bond formation under the applied
conditions. The over-reduction event thus prevents the accu-
mulation of polyoxygenated products.

Carbohydrates are a class of polyoxygenated compounds
which is ubiquitous in natural processes, because their molec-
ular complexity is used as ideal key/lock tools in biological
recognition. Besides the extraction of the naturally abundant
carbohydrates from biomass and their use as feedstock in
further - often biocatalyzed - transformations, there is a strong
long-term interest in the de novo synthesis of less abundant or
non-natural species from non-natural resources.*** In this
domain, a new emerging field aims at using sustainable C;
source as the only source of carbon. CO, was the obvious first
explored molecule for this purpose. Only a few examples have
been reported so far, underscoring the challenges of (i) inte-
grating multiple steps into fully operational systems, (ii)
achieving atom-economical transformations and (iii) operating
under mild conditions.*"** In none of these cases does CO act as
an intermediate. Consequently, developing methods to
synthesize carbohydrates directly from CO would establish both
a novel route to carbohydrates and an innovative pathway for
CO utilization as a multi-carbon building block (Scheme 1a).

To prevent over-reduction, our approach centers on accu-
mulating formaldehyde from CO reduction as a critical first
step, followed by controlled C-C coupling to ultimately generate
carbohydrates. The oligomerization of formaldehyde - the for-
mose reaction - is indeed a reaction that gives rise to carbohy-
drates. However, CO-to-formaldehyde reduction remains
underexplored,*~° while achieving selective formose reaction is
significantly challenging in particular in aqueous conditions.*”
In this work, we report an integrated electro/organocatalytic
system for converting CO to Cs_¢ sugars under mild condi-
tions. The sequence process is not merely an extension of C-C
coupling strategies used for producing hydrocarbons, but opens
a new conceptual pathway for sustainable synthesis of sugars,
a feat that biochemistry typically accomplishes via highly
evolved enzyme cascade. Our one-pot two-step approach
combines (i) the electrocatalytic CO-to-formaldehyde reduction
using a molecular cobalt catalyst and (ii) the organocatalyzed
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formose transformation in the same aqueous electrolyte with
triazolium-based catalyst (Scheme 1b). Overcoming three key
challenges - inherent difficulties in each step plus their syner-
gistic integration - our approach unlocks this unprecedented
transformation.

There are indeed limited reports of CO reduction to
formaldehyde.**** We recently demonstrated that the electro-
reduction of CO in aqueous solution at pH 12, using potassium
phosphate as electrolyte and a Co-based molecular catalyst,
generates formaldehyde, along with methanol and hydrogen as
a by-products.*> A maximum formaldehyde concentration of
1.2 mM was obtained after 30 min, which represents the highest
reported one for such transformation (Scheme 1c).

The formose reaction - first documented in the 19th
century®® - typically yields complex mixtures containing carbo-
hydrates, carboxylic acids, and polyols.>” Product distribution
proves highly sensitive to reaction conditions (notably time and
solvent) and catalytic systems. While inorganic bases - such as
Ca(OH), - can catalyze the reaction, their inability to promote
formaldehyde dimerization in solution® necessitates co-
catalysts and typically generates mixtures of up to 30 products
(Scheme 1d).*” The utilization of specific N-Heterocyclic Car-
bene (NHC), such as thiazolium- and triazolium-based
compound 1 and 2 (Scheme 1d), able to notably catalyze the
dimerization of formaldehyde by Umpolung, have been shown
to improve the selectivity of this transformation in organic
solvent.*”* Thiazolium-based catalysts are inactive in pure
water”” and display only moderate activity when limited
amounts of water are present in organic solvents.** Although we
demonstrated that triazolium-based catalysts can withstand up
to 10% water in THF during the formose reaction, selectively
producing glycolaldehyde (a C, carbohydrate),* their applica-
tion under fully aqueous conditions has not yet been reported.
Likewise, no study has described the formose reaction at
formaldehyde concentrations as low as 1 mM. We therefore
focused on formaldehyde oligomerization, with particular
attention to low-concentration conditions.

Results and discussion

Formose reaction in aqueous media: NHC catalysis and
concentration limits

NHC 1 and 2 were evaluated under rather standard conditions,
i.e. 0.5 mol% catalyst loading, 80 °C, and 30 min (Table 1).***
Compound 3 was also tested because of its in situ formation
from the reaction of 2 with methanol - a component present in
the electroreduction mixture. Additionally, our prior work
demonstrated that 3 achieves comparable performance to 2 in
the formose reaction within a THF/H,O mixture, selectively
yielding glycolaldehyde.** Moreover, compound 3 being air
stable contrarily to 1 and 2, it does not require inert conditions
during storage and handling. The initial exploration showed
that although 1 does not catalyze the reaction (Table 1, entries 1
and 5), given its known instability in H,0,* compounds 2 and 3
catalyze the reaction to C, ¢ carbohydrates with high yields of
82% and 71%, respectively, at[HCHO] = 1 M (Table 1, entries 2—-
3). In the absence of catalyst, no carbohydrate was detected
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Table 1 Initial exploration with NHC catalysts 1-3 for the formose reaction in agueous solutions®
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ol Oln g m © o OH
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| R=Hor %% "3? Carbohydrates C.¢ 1

: OH :

' aldoses !
Entries [HCHO] (M) pH Catalyst® Coy Cs_
1 1 12 1 nd nd
2 1 12 2 35 47
3 1 12 3 41 30
4 1 12 none nd nd
5 0.1 12 1 nd nd
6 0.1 12 2 5 26
7 0.1 12 3 5 21
8 0.01 12 2 nd nd
9 0.01 12 3 1 nd
10 0.007 12 3 nd nd
11 0.1 13 3 nd nd
12 0.1 14 3 3 2
13 0.1 8 3 11 8
14° 0.1 12 2 5 24
15? 0.1 12 3 6 29

“ See above. ” With the addition of 4 M of MeOH.

(Table 1, entry 4), confirming KOH inability to catalyze the
reaction under these conditions. Furthermore, adding 18-
crown-6 (1:1 to 0.01 M KOH) to coordinate K' ions did not
affect product formation with catalyst 2 (Fig. S14). This further
confirms K" negligible role in NHC catalysis, consistent with its
minimal impact in the formose reaction compared to more
influential cations like Ca*'.**¥ Formose reactions are
conventionally conducted at concentrations exceeding 0.1-1 M,
presumably because lower concentrations yield minimal or no
carbohydrates.”* Given the maximum reported formaldehyde
concentration from CO electroreduction is only 1.2 mM, we
anticipated that concentrations would pose a significant

22998 | Chem. Sci, 2025, 16, 22996-23004

challenge for our study. When catalysts 2 and 3 were tested at
a formaldehyde concentration of 0.1 M, yields decreased to 31%
and 26%, respectively (Table 1, entries 6-7). At even lower
concentrations, ie. 0.01 M or below, no carbohydrate was
detected (Table 1, entries 8-10). pH optimization studies at
0.1 M revealed detrimental effects of pH 13 and 14 (Table 1,
entries 11-12), likely due to the rapid disproportionation of
formaldehyde to methanol and formic acid via the Cannizzaro
reaction. In contrast, pH 8 afforded carbohydrates in 19% yield
(Table 1, entry 13). Finally, the addition of an excess of MeOH (4
M) with catalysts 2 and 3 (Table 1, entries 14-15) did not
modified the outcome of the catalysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Optimized parameters and constraints, including pH, form-
aldehyde concentration and nature of the electrolyte, for the formose
reaction using commercial HCHO and catalyst 3

0 o
3 (10 mol%) .
HO{’G\O]’H H g on * HO™ gl oH
n H,0, KOH, pH 12 oH OH OH
commercial 90 min, 80°C, electrolyte aldoses ketoses

Carbohydrates Cs.g

Yields (%)

Entries [HCHO] (M) Electrolyte Coa Cs_¢
1 0.01 — 2 0

2¢ 0.03 — 1 42
3 0.015 — nd 2

4 0.019 — nd 18
5 0.022 — nd 18
6 0.026 — 1 21
7° 0.03 K,HPO, or K,CO, nd nd
8¢ 0.03 KCI nd 47

“ Average yields over 9 runs, —13%/+10% deviation. ” [K,HPO, or
K,CO;] = 0.625 M. ¢ [KCI] = 1.3 M.

Proposed mechanism

We propose that compound 3 generates carbene 2 through
methanol elimination under the reaction conditions (Table 1, i),
and that 2 serves as the active catalytic species for both
compounds. A particularly notable feature of NHCs in organo-
catalysis is their capacity to induce Umpolung transformations
of aldehydes. As first proposed by Breslow in 1958 and subse-
quently corroborated by Castells, Inoue, Teles, Enders, Tajima,
and others,***>*° the carbene reacts with formaldehyde to
form the elusive, yet crucial, Breslow intermediate (R =H, Table
1, ii). In this intermediate, the nucleophilic carbon atom of the
former formaldehyde molecule can attack another molecule of
formaldehyde (R, R, R” = H, Table 1, iii), leading to the
formation of glycolaldehyde, the C, carbohydrate. A subsequent
addition to a third formaldehyde molecule, followed by release
of the carbene catalyst, yields the C; carbohydrates glyceralde-
hyde or dihydroxyacetone. Alternatively, the Breslow interme-
diate (R=H, Table 1, ii) may react with the formed C,-Cs
aldoses, accounting for the generation of C;-C, aldoses. The
formation of C,-C¢ ketoses could be explained by Umpolung
reactivity occurring not with formaldehyde, but with the
produced C,-C, aldoses (R(=CHOH),,-CH,0H, Table 1, ii).
Although this mechanism is largely accepted, detailed experi-
mental and theoretical studies of the NHC-catalyzed formose
reaction accounting for the formation of the carbohydrates but
also of other polyol chains (vide infra) remain scarce, most likely
due to the complexity of the competing reactions involved in
this process.

Optimization of the formose reaction with catalyst 3

Compound 3 was selected to optimize carbohydrate formation
at lower HCHO concentrations. Various reaction times and
catalyst loadings were investigated (see Table S6 for the full list

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of tests), with the most significant results summarized in Table
2. Initial testing used 0.01 M HCHO. Despite extended reaction
times (90-180 min) and higher catalyst loadings (5-20 mol%),
only traces of carbohydrates were detected (Table 2, entry 1 and
Table S6), although formaldehyde was fully consumed, forming
unidentified products (likely carboxylic acids and polyols
chains, vide infra).

A formaldehyde concentration of 0.03 M was subsequently
tested under similar conditions (Tables 2 and S6) and,
encouragingly, carbohydrate formation was successfully ach-
ieved. Optimal conditions (90 min reaction, 10 mol% catalyst)
established good yields in carbohydrates. The process demon-
strated excellent reproducibility over three months across nine
identical runs (Table S6). The average yield of C,_ carbohy-
drates was 43%, with deviations ranging from —13% to +10%
(Table 2, entry 2). The reaction exhibited high selectivity,
yielding an average of 42% C;_¢ carbohydrates and only 1% C,_,
carbohydrates. While we showed earlier that triazolium based
compounds 2 and 3 catalyses the formose reaction in THF/H,0
(10/1) to yield selectively glycolaldehyde (C, carbohydrate), we
show herein that the same catalyst can operate in water medium
to achieve high selectivity for Cs_¢ chains without significant
drop in yields. Interestingly, this Cs_¢ selectivity vanishes under
identical conditions at elevated formaldehyde concentrations.
The inherent complexity of the formose reaction prevented us
from fully rationalizing this selectivity. We further systemati-
cally mapped the formaldehyde concentration threshold to
generate carbohydrates. Trace carbohydrates (2% yield)
emerged at 0.015 M, while at 0.019 M, 0.022 M and 0.026 M,
carbohydrate yields of 18%, 18%, and 21% are obtained,
respectively (Table 2, entries 3-6). These data establish a clear
reaction threshold near 0.020 M under these conditions.

The electrolyte effect on the formose reaction was also
investigated at 0.03 M HCHO solutions (Table S7). When
potassium phosphate or potassium carbonate were used in
electrolyte concentration (0.625 M), carbohydrate was unde-
tectable in both cases (Table 2, entry 7). The 20-fold excess of
these electrolytes compared to formaldehyde may inhibit the
formose reaction itself*® or interfere with carbohydrate analysis
indicating that electrolytes may pose significant compatibility
challenges between electrocatalysis and other catalytic systems
- a critical consideration for tandem one-pot reactions. Inter-
estingly, KCl demonstrated full compatibility with the formose
reaction: even at electrolyte concentrations (1.3 M), it afforded
a 47% yield of exclusively Cs_s carbohydrates under otherwise
identical conditions (Table 2, entry 8). Finally, the formose
reaction was conducted with '*C-labeled formaldehyde. It not
only confirmed that the observed carbohydrates arise from
formaldehyde as the sole carbon source, but also that C,, chains
other than carbohydrates are generated from the homocoupling
of formaldehyde (Fig. S19 and Tables S9, S10).

Electrolyte compatibility and formaldehyde concentration as
key optimization parameters for CO electroreduction

As mentioned earlier, our recent work demonstrated electro-
chemical CO-to-HCHO conversion under controlled potential

Chem. Sci., 2025, 16, 22996-23004 | 22999
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Scheme 2 Electrochemical synthesis of formaldehyde (HCHO) from carbon monoxide (CO) gas. (a) Temporal concentration profiles of liquid-
phase reduction products: HCHO (H), CHzOH (@) and HCOO™ (a) with pH variation indicated after each four successive CPE experiments (CPE
1-4, see ESI for details); (b) *H NMR data after each CPE (CPE 1-4, from bottom to top; internal standard DMSO, 0.33 mM): note that the HCOO™~
peak is not shown due to its negligible production; expanded spectra are available in ESI, Fig. S31 and S32; (c) three compartment single cell
including (i) glass pH electrode, (ii) saturated calomel electrode, (iii)) CoPc/MWCNT working electrode, (iv) platinum counter electrode and (v) inlet
and outlet of CO gas; (d) controlled potential electrolysis conditions for CO to formaldehyde using CoPc/MWCNT working electrode.

electrolysis (CPE) at Eejectrode = —0.650 V vs. RHE (pH 12 phos-
phate buffer, T = 10 °C), formaldehyde (HCHO) and methanol
(CH30H) were observed. Notably, 30 min CPE yielded 1.2 mM
HCHO (Table S12, entry 1).>* With the aim of increasing form-
aldehyde concentration, CPE duration was extended to 120 min
leading to [HCHO] of 2.6 + 0.6 mM (FEycuo = 15.6%; Fig. S22-
S24). Critically, a three-compartment closed cell further boosted
[HCHO] to 4 mM (Table S12, entry 2).

To ensure sufficient CO supply while preventing oxygen
contamination, we implemented a continuous CO flow system.
Key optimizations included extending electrolysis from 5 h to
10 h, increasing electrolyte volume from 5 mL to 12.5 mL
(enhancing dissolved CO), and expanding electrode surface
from 1 x 1 em® to 1.5 x 2 cm? (larger electroactive surface).
These modifications doubled HCHO production to 9.6 mM
(Table S12, entry 4). Further extension to 12 h yielded 14.6 mM
HCHO (Table S12, entry 5), confirming system stability beyond
10 h. Despite these gains, concentrations still remained insuf-
ficient for the formose reaction, and solvent evaporation
attempts failed to increase the concentration. Progressively
longer CPE durations achieved 17.4 mM HCHO after 15 h (Table
S12, entry 6; Fig. S25 and S26) and 23.9 mM HCHO after 30 h
(Table S12, entry 8; Fig. S27). Notably, no catalyst poisoning

23000 | Chem. Sci., 2025, 16, 22996-23004

occurred at pH 12, in contrast with the report of HCHO induced
deactivation at pH 6.8.°* However, beyond 30 h, pH rose to 13.3
despite buffering, accelerating Cannizzaro reactions. After 42 h,
HCHO dropped to 7.8 mM with significant formate (HCOO™)
formation (Fig. S28).

Finally, given the incompatibility of carbonate and phos-
phate electrolytes with formose reaction, we adopted a 1 M KOH
electrolyte acidified to pH 12 with concentrated HCl (5 M) for
optimized formaldehyde generation. The pH was adjusted every
7-8 hours during CPE (Scheme 2a). Although formaldehyde
production was slower than in phosphate buffer, its concen-
tration increased linearly (Fig. $29), reaching ca. 32 mM after
23 h (Scheme 2a and b). Subsequent CPE showed HCHO decline
to 27.4 mM with concurrent methanol increase (from 26 to 31
mM), indicating onset of HCHO electroreduction. Reproduc-
ibility was demonstrated by achieving 29.4 mM HCHO after 23 h
in a replicate experiment (Fig. S30).

Proof-of-concept for a fully integrated one-pot two-step
process

These electrolytic solutions of 27.4 and 29.4 mM obtained in
Paris were then shipped to Toulouse to be tested in the formose
reaction. Under optimized conditions (90 min, 80 °C, 10 mol%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 One-pot two-step transformation on the real system.

of 3), we were able to observe the formation of carbohydrates in
both cases, with consistent yields of 21% and 22% for the
29.4 mM and 27.4 mM solutions, respectively (Scheme 3). These
yields are in agreement with those produced with the
commercial 26 mM formaldehyde solution (22%, Table 2, entry
6) and with the lower limit obtained with the 30 mM HCHO
solution (30%, Table 2, entry 2). In addition, the selectivity to
Cs_¢ carbohydrates was maintained like in the model reaction
with commercial para-formaldehyde. The GC-MS analysis
further revealed that non-carbohydrate C,_ chains were also
formed in the same mixture. These findings constitute the
experimental proof of concept of the proposed CO-to-
carbohydrate pathway and thus validate the optimization/
compatibility studies described herein. Gaining deeper insight
into the selectivity of the formose reaction under aqueous
conditions, along with expanding the accessible formaldehyde
concentration range, will further advance this promising
approach for complex CO conversion and the de novo synthesis
of carbohydrates.

Conclusions

The conversion of CO to Cs_¢ carbohydrates in aqueous solu-
tions was demonstrated with a fully integrated, one-pot two-step
process. Our results establish that CO can be transformed into
complex polyoxygenated products via formaldehyde as a key
intermediate. The process integrates CO electroreduction to
formaldehyde with subsequent organo-catalysed oligomeriza-
tion of the resulting mixture into carbohydrates. Achieving
compatibility between these steps was a significant challenge.
By employing extended CPE duration, an enlarged electrode
surface and pH control, we achieved formaldehyde concentra-
tions approaching 30 mM, a thirtyfold increase compared to
previous reports.**** However, such concentration was still low
for the formose reaction, underscoring the difficulty of coupling
electrocatalysis with organocatalysis. Despite the aqueous
nature of the medium, the formose reaction was successfully
conducted with a triazolium-based organocatalysts for the first
time. Optimization at low formaldehyde concentration (30 mM)
yielded an unprecedented Cs_s carbohydrates selectivity.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Results
Yields (%)
Test no. [HCHO] (mM) C,, Css
1 29.4 0 21
2 274 0 22

Conceptually, directly converting CO into carbohydrate
backbones bypasses the need for traditional biomass oxidation
routes or multistep, often enzyme-dependent, CO,-based path-
ways. Our strategy therefore introduces a new research direction
focused on the direct electrochemical transformation of C;
compounds into sugars - a field that is still in its infancy with
respect to selectivity, scalability, and energy efficiency.
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