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MOF-derived cobalt catalysts for sustainable
tandem hydroformylation—acetalization in green
solvents: experimental and DFT calculations

Wejdan Hadi Anbari, (2 12 Leandro Duarte Almeida,® Alejandra Rendén Patifio,?
Rafia Ahmad,® Luis Garzon-Tovar,? Luigi Cavallo @) ® and Jorge Gascon () *?

The development of efficient and sustainable catalysts for multi-step transformations is central to advan-
cing green chemistry. Herein, we report a non-noble metal tandem catalytic system for the hydroformyla-
tion—acetalization of alkenes, combining atom economy with operational simplicity. The catalyst was
obtained by pyrolysis of crystalline ZIF-67, yielding cobalt nanoparticles embedded in a nitrogen-doped
carbon matrix (Co@Cgpo). This non-noble metal catalyst enables the one-pot transformation of alkenes to
acetals using syngas and alcohols under relatively mild conditions (140 °C and 50 bar). The use of an
environmentally benign solvent mixture of anisole with methanol proved essential for maximizing acetal
yields and selectivity. Density functional theory (DFT) calculations revealed that nitrogen incorporation
into the carbon support enhances aldehyde adsorption within the ideal energy range for catalytic turn-
over, explaining the superior activity observed. The system exhibited excellent recyclability and maintained
high selectivity across terminal, internal, and cyclic alkenes. This work highlights the potential of earth-
abundant metals and tandem catalytic strategies in developing greener synthesis of oxygenated fine
chemicals.

1. This work demonstrates the first heterogeneous, cobalt-based catalyst capable of performing tandem hydroformylation-acetalization of alkenes under mild
conditions (140 °C, 50 bar) in environmentally benign solvent mixtures such as anisole and methanol, eliminating the need for noble metals or acid co-

catalysts.

2. The catalyst, Co@C600, is obtained by scalable pyrolysis of ZIF-67 to yield cobalt nanoparticles embedded in nitrogen-doped porous carbon. This system
delivers high conversion, acetal selectivity (up to 89%), and recyclability across a broad substrate scope, including terminal, internal, and cyclic olefins. DFT

studies show that nitrogen doping tunes aldehyde adsorption into the optimal energy window for turnover, providing a mechanistic design principle for

green tandem catalysis.

3. Further greening could be achieved by employing renewable feedstocks, reducing syngas pressure and temperature, and implementing continuous-flow

processes to minimize energy input and maximize catalyst efficiency.

Introduction

for laborious and wasteful purification steps that consume
chemicals and time.*” Despite these advantages, tandem pro-

Tandem or cascade transformations have emerged as a power-
ful strategy in modern catalysis, offering key advantages such
as improved efficiency, reduced waste generation, and
enhanced atom economy.'” These sequential reactions,
carried out in a single reaction vessel, also eliminate the need
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cesses can be challenging to implement due to the need for
compatible catalysts, reagents, and reaction conditions, as well
as the risk of undesired side reactions.® Nevertheless, this
approach holds significant promise for the fine chemical
industry,® where value-added compounds are typically pre-
pared in multiple sequential steps.

Acetal production represents a key area in fine chemical
synthesis, as these compounds serve as versatile intermediates
for pharmaceuticals,” " fragrances,'> ' and diesel additives.'>™"”
Typically, acetals are prepared via the acid-catalysed reaction of
aldehydes with alcohols. In recent years, sustainable
approaches to acetal synthesis have been explored through
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tandem hydroformylation-acetalization processes. Most
reported systems rely on noble-metal homogeneous catalysts
such as Rh,'®2° 1r,>*?> and Ru,*® often in combination with
acid co-catalysts (Scheme 1, top). A limited number of hetero-
geneous systems has also been described, generally involving
the immobilization of rhodium complexes onto solid
supports.>*° To the best of our knowledge, no reports to date
have demonstrated the use of heterogeneous, non-noble
metal-based catalysts for this transformation.

The design of tailored heterogeneous catalysts offers a
promising approach for enabling tandem reactions by promot-
ing individual transformations at specific active sites.’™*
Bifunctional - or multifunctional - materials, presenting dis-
tinct catalytic sites, can facilitate each step of a reaction
sequence, enabling the efficient formation of the desired
product. Metal-organic frameworks (MOFs) and their derived
materials have emerged as particularly attractive platforms for
designing such catalysts due to their highly tunable structures.
Among them, ZIF-67, a cobalt-based MOF, has received con-
siderable attention as a precursor for non-noble-metal hetero-
geneous catalysts. Upon pyrolysis, ZIF-67 yields nitrogen-
doped carbon-supported cobalt materials that exhibit
enhanced catalytic properties. In recent years, cobalt-based
heterogeneous catalysts have shown growing promise in hydro-
formylation reactions.*>** Indeed, both our group and Jiang’s
group have recently demonstrated the hydroformylation of
olefins using these cobalt-derived materials.**** However, the
application of such earth-abundant heterogeneous catalysts in
tandem transformations remains unexplored.

In this work, we report the first tandem hydroformylation—
acetalization of olefins catalysed by a heterogeneous, non-
noble-metal-based system (Scheme 1, bottom). This earth-
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Scheme 1 Tandem hydroformylation—acetalization.
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abundant bifunctional catalyst enables both C-C bond for-
mation and subsequent acetalization in a single reaction
vessel, under mild conditions and without the use of homo-
geneous metal complexes or additional acid co-catalysts. Our
findings not only demonstrate the feasibility of this sustain-
able transformation but also offer a promising alternative for
streamlined fine chemical synthesis. Furthermore, mechanis-
tic insights supported by density functional theory (DFT) cal-
culations are provided to elucidate the nature of the active
sites and the reaction pathway, offering a deeper understand-
ing of the catalytic behaviour and selectivity. These results
underscore the potential of earth-abundant catalysts for sus-
tainable tandem catalysis, combining practical efficiency with
fundamental mechanistic understanding.

Experimental
General information

All the chemicals were obtained from commercial sources and
used as received unless otherwise stated. The CO:H, gas
mixture presented a 1:1 ratio. Gas chromatography (GC) ana-
lysis was performed in an Agilent 7890A equipped with an
HP-5MS (10 m x 0.10 mm internal diameter) column using an
FID detector. The GC coupled with mass spectrometry
(GC-MS) analysis were conducted in an Agilent 5977B MSD
equipment using an electron ionization (EI) detector equipped
with a DB-5MS column (60 m x 0.25 mm internal diameter).
Information about the characterizations of the fresh and used
materials can be found in the SI.

Synthesis of ZIF-67

ZIF-67 was synthesized following a literature procedure with
slight modifications.*” In a 500 mL beaker flask, Co(NO;),-6H,O
(3.240 g) was dissolved in methanol (160 mL). Separately,
2-methylimidazole (7.4 g) was dissolved in methanol (160 mL)
in another flask and then added to the cobalt solution. The
resulting solution was stirred at room temperature for
24 hours. Subsequently, the synthesized product was subjected
to centrifugation and washed with methanol until the centri-
fuged liquid turned colourless, then filtered and dried under
vacuum at 150 °C overnight.

Pyrolysis of ZIF-67

The pyrolysis process was conducted using a quartz tubular
reactor positioned vertically within a tube furnace. ZIF-67 was
placed inside the reactor, and with a continuous flow of N,
(30 mL min™"), it was subjected to heating at 600 °C for
6 hours at a heating rate of 2 °C min™". After cooling down
below 50 °C, the materials were passivated under a flow of air
(20 mL min™") for 2 hours.

Tandem hydroformylation-acetalization experiments

The tandem reactions were conducted using a H.E.L. High
Pressure Chem-SCAN II reactor fitted with 16 mL 316 stainless
steel vessels. In a typical procedure, substrate (2 mmol), cata-
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lyst (25 mg), solvent (total volume 5 mL), and mesitylene
(0.1 mL) as the internal standard were combined in a glass vial
before being introduced into the reactor. The reactor was
initially purged with N, (2 x 10 bar), followed by pressurization
with CO:H,, and then heated to the desired temperature.
Carbon monoxide is a highly toxic gas, and hydrogen is flam-
mable. All reactions were performed in high-pressure auto-
claves equipped with safety relief valves, inside a ventilated
fume hood, and with continuous gas-leak monitoring. Upon
cooling and depressurization, the resulting mixture was fil-
tered through a syringe filter (0.45 pm), and the liquid phase
was subjected to analysis via GC. For recycling experiments,
the used catalyst was thoroughly washed with acetone and
dried at room temperature before being reintroduced into a
fresh reaction mixture. Liquid products were further character-
ized by GC-MS, and spectroscopic data were compared with
the reference databank. Conversion and yield were determined
as follows:

. mmol substrate,;, — mmol substrate
Conversion (%) = ( oh Xh> x 100

mmol substrategy,

mmol acetals,y,

vield (%) = (mmol substrateoh) x 100

DFT methodology

All calculations were performed using spin-polarized density
functional theory (DFT) as implemented in the Vienna Ab
initio Simulation Package (VASP version (5.4.4)). The Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional was
employed in combination with Grimme’s D3 dispersion cor-
rection (PBE-D3) to account for long-range van der Waals
interactions.*®*” Projector augmented-wave (PAW) pseudopo-
tentials were used with a plane-wave kinetic energy cutoff of
500 eV. Due to the large supercell dimensions, I'-point or 3 x 3
x 1 Monkhorst-Pack k-point sampling was deemed sufficient.
Structural optimizations were considered converged when the
total energy change was below 107> eV and the maximum
atomic force was below 0.02 eV A™*. Adsorption energies (E,qs)
of nonanal and 2-methyloctanal were computed according to
the expression:

Eags = Esystem - Esupport+cluster — Eadsorbate

where Eggem is the total energy of the optimized adsorbate-
cluster-support complex, Eg,pportrciuster 1S the energy of the
clean supported cluster, and E,gsorbate 1S the energy of the iso-
lated aldehyde molecule in vacuum. Negative values of E,q
correspond to exothermic adsorption.

To investigate the influence of nitrogen doping on catalytic
performance, we modelled the adsorption of aldehydes on Co
and CoO nanoparticles supported on three distinct carbon-
based materials: (i) pristine graphene, (ii) nitrogen-doped gra-
phene with isolated graphitic nitrogen (CN), and (iii) porous
graphitic carbon nitride (pCN), a defect-rich, nitrogen-rich
extended 2D material with periodic porosity.

This journal is © The Royal Society of Chemistry 2026
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The graphene substrate was represented by a 9 x 9 supercell
(162 carbon atoms) with periodic boundary conditions and a
vacuum spacing of 10 A along the z-direction. For the CN
model, a single carbon atom in the graphene lattice was
replaced with nitrogen, simulating an isolated graphitic N
dopant. The pCN support was constructed as a 3 x 3 supercell
of a porous C;N, monolayer based on experimentally reported
frameworks.*®*° This material reflects the highly nitrogen-
doped and defect-rich nature of pyrolyzed MOF-derived carbon
supports.

Cobalt and cobalt oxide nanoparticles were modelled as
approximately spherical clusters (~1 nm diameter, ~80 atoms).
The Co clusters were built in a compact, close-packed metallic
configuration, while CoO clusters were constructed with rock-
salt-like oxygen coordination. These clusters were placed on
the supports in low-energy orientations, ensuring multiple
points of contact with the surface. Adsorbates (nonanal and
2-methyloctanal) were introduced such that their carbonyl
oxygen coordinated directly to the exposed Co or CoO atoms at
the metal-support interface.

The systematic comparison across the three support types—
graphene, CN, and pCN—enabled a detailed analysis of how
nitrogen content and local defect structures influence alde-
hyde adsorption. These models are consistent with experi-
mentally relevant catalyst structures derived from ZIF-67 pyrol-
ysis and align with recent reports on bifunctional, nitrogen-
doped carbon-supported metal catalysts.’®>* All geometries
were optimized prior to energy evaluation to ensure accurate
thermodynamic characterization. The completely optimized
geometries of all the models are included in Fig. S8 and S9.

Results and discussion

ZIF-67 was synthesized following a previously established pro-
cedure (Fig. 1a).*’ Characterization of the activated material by
powder X-ray diffraction (PXRD) (Fig. S1a), scanning electron
microscopy (SEM) (Fig. 1b), thermogravimetric analysis
(Fig. S1b), and nitrogen adsorption analysis (Sgpr = 1498 m>
g~', Fig. Slc and d) confirmed the successful formation of
phase-pure, dodecahedral ZIF-67 crystals with an average par-
ticle size of 321 + 70 nm (Fig. S1e and f).

Subsequently, ZIF-67 was pyrolyzed at 600 °C for 6 hours
under a nitrogen atmosphere to obtain the material Co@Cgoo,
as illustrated in Fig. 1a. As known, the thermal treatment of
ZIF-67 under an inert atmosphere produces cobalt nano-
particles embedded in a carbon matrix, which is attributed to
the partial decomposition of the organic linker.**> This pyrol-
ysis temperature was selected based on the optimized con-
ditions established in our previous study on hydroformyla-
tion.** As expected, the powder X-ray diffraction (PXRD,
Fig. 1c) pattern and transmission electron microscopy (TEM)
images (Fig. 1b and S2) of the obtained material confirmed
the formation of metallic cobalt (Co°) nanoparticles, with an
average particle size of 5.6 + 2.7 nm (Fig. 1b inlet).
Furthermore, high-angle annular dark-field scanning trans-
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Fig. 1 (a) Catalyst preparation, (b) SEM image of pristine ZIF-67, (c) XRD, (d) Raman, and (e) high-angle annular dark-field scanning transmission

electron microscopy of Co@Cgoo.

mission electron microscopy (HAADF-STEM) coupled with
energy-dispersive X-ray spectroscopy (EDX) demonstrated that
the cobalt nanoparticles are uniformly dispersed within the
nitrogen-doped carbon matrix (Fig. 1e and Fig. S3). A cobalt
content of 36% was determined by thermogravimetric analysis
(TGA) in air (Fig. S4), while CHN elemental analysis revealed
the carbon, nitrogen, and hydrogen contents, as summarized
in Table S1. The porosity and degree of graphitization of the
carbon matrix were evaluated by nitrogen adsorption analysis
and Raman spectroscopy, respectively. Co@Ceoo exhibited a
BET-specific surface area of 298 m”> g~* (Fig. S5) and an Ip/Ig
ratio of 0.98 (Fig. 1d), characteristic of partially graphitized
carbon materials, both consistent with previously reported
values.**%?

The analysis using XPS spectroscopy provides detailed
information about the surface composition of the material
(Fig. S6 and Tables S2-4). The C 1s spectrum reveals character-
istic peaks of C—=C (284.4 eV, 51.8%) and C-C bonds (285.3 eV,
25.4%), indicating a graphitic structure on the surface, consist-
ent with the results obtained by Raman spectroscopy. The
surface also has functional groups like C=N/C-N (286.1 eV,

1238 | Green Chem., 2026, 28,1235-1244

8.7%), C-O (286.8 eV, 5.4%), and C=0 (287.7 eV, 3.4%),
suggesting a high density of defects, typical for materials
made by pyrolysing ZIF-67. The nitrogen spectrum shows that
nitrogen is mainly in pyridinic (398.1 eV, 21.8%), pyrrolic
(398.8 eV, 38.5%), and graphitic (400.0 eV, 39.6%) forms.
Regarding cobalt, the Co 2p spectrum reveals the presence of
different oxidation states, as indicated by the presence of satel-
lites. The deconvolution of the Co 2p;, peak shows a peak
corresponding to Co(0) (778.0 eV, 18.0%), while oxidized
species of Co(m) (780.1 eV, 14.1%) and Co(u) (780.8 eV, 11.8%)
are also observed. These oxidized forms result from a con-
trolled passivation treatment.”*>® The acidity of the oxidized
cobalt sites was investigated by NH;-TPD, as shown in Fig. S7.
Peak deconvolution suggests the presence of weak (159 and
202 °C) and medium-strength acid sites (284 °C). A similar de-
sorption profile has been reported for iron-based MOF-derived
catalysts,”” demonstrating that the pyrolysis approach is
effective for generating bifunctional catalysts that combine
metallic and weak acidic sites.

Scheme 2 illustrates the complexity of tandem hydroformy-
lation-acetalization pathways. In addition to the desired reac-

This journal is © The Royal Society of Chemistry 2026
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CH,OH

Scheme 2 Reaction tandem

acetalization.

pathways for hydroformylation—

tion sequence, olefin isomerization typically occurs, while still
contributing to branched acetal formation. Conversely, alde-
hyde hydrogenation to the corresponding alcohol is an unde-
sired side reaction, lowering atom efficiency and reducing the
overall selectivity for acetal products. We started our tandem
catalysis investigation using 1-octene (1) and methanol as
model reaction, aiming to synthesize the corresponding
branched and linear acetals (1a/1a’). However, under reaction
conditions of 140 °C and 50 bar of CO/H, in pure methanol,
the use of Co@Cgoo did not result in the formation of any oxy-
genated products. As previously shown, the use of polar sol-
vents can dramatically hinder the hydroformylation activity
using pyrolyzed ZIF-67 as catalyst.** To overcome this limit-
ation, we prepared various mixtures of anisole and methanol
while maintaining a constant total solvent volume, as shown
in Fig. 2. Under similar reaction conditions of pressure and
temperature, GC-MS analysis revealed the formation of four
distinct acetal isomers, along with the corresponding inter-
mediate aldehydes (1b)—attributed to double-bond isomeriza-
tion of the starting olefin—as well as other by-products.

We observed that increasing the amount of methanol in the
mixture led to a higher overall yield of acetals. Specifically,
acetal yields of 80% and 82% were obtained with anisole:
methanol ratios of 2.5:2.5 and 1.0:4.0 mL, respectively.
Likewise, aldehyde selectivity decreased from 13% to 3%, indi-
cating that higher methanol availability promotes more
efficient in situ acetalization. In contrast, at the highest anisole
content (4.5:0.5 mL), the acetal yield was moderate (41%),
accompanied by significant amounts of aldehydes (28%) and
other by-products (28%). Notably, the linear-to-branched (I/b)
ratio of the acetal products decreased with increasing metha-
nol content, suggesting that the cobalt catalyst system pro-
motes the isomerization to branched olefins under more
protic and polar conditions. At the highest anisole content
(4.5:0.5 mL), the 1/b ratio reached a maximum of 3.1, whereas
at 1.0: 4.0 mL, it decreased to 0.8.

Once the anisole/methanol ratio was optimized, we investi-
gated the effects of co-solvent, reaction temperature, and
syngas pressure on the tandem hydroformylation/acetalization
of 1-octene (Table S5). Initially, a set of renewable solvents—
anisole, p-cymene, and dimethyl carbonate—along with
toluene, the benchmark solvent, were selected based on rele-
vant solvents guides and literature reviews (entries 1-4).%%7%!

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Solvent mixture optimization in the tandem acetals reaction.
Conditions: 1-octene (2 mmol), Co@Cgoo (25 mg), anisole : methanol
(5 mL total volume), CO/H; (50 bar), 140 °C, 18 h. Conversion and yield
were determined by GC using mesitylene as the internal standard.
Acetals l/b refers to the ratio of linear to branched acetals.

Among these, anisole significantly outperformed the other sol-
vents, achieving 96% conversion and 81% yield of the target
acetals (1a/1a’, entry 3). In contrast, toluene, p-cymene, and
dimethyl carbonate afforded slightly lower conversions and
yields (90-83% conversion, 69-74% yield). These results
suggest a beneficial effect of anisole’s moderate polarity com-
pared to the lower polarity of toluene and p-cymene, and the
higher polarity of dimethyl carbonate. The similar 1/b ratios
observed across these entries (0.82-0.89) indicate that regio-
selectivity is primarily governed by the intrinsic properties of
the catalyst rather than solvent effects under these conditions.

Subsequent experiments varying temperature and pressure
(entries 5-7) confirmed 140 °C and 50 bar as optimal con-
ditions. Reducing the pressure from 50 to 30 bar led to a
notable decrease in both conversion (96%-84%) and acetal
yield (81%-60%), indicating that syngas pressure is crucial for
maintaining hydroformylation activity (entries 3, 5 and 6).
Additionally, lowering the temperature to 130 °C significantly
diminished substrate conversion and acetals formation
(entry 7). Experiments varying 1-octene concentration (Fig. S8)
showed a linear correlation with the reaction rate, consistent
with first-order kinetics. This aligns with
previous reports on heterogeneous rhodium-catalysed
hydroformylation.®>®® Furthermore, monitoring the isomeriza-
tion of 1-octene into internal octenes at different substrate

behaviour
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concentrations revealed an almost constant ratio between
1-octene and internal octenes after 2 and 4 hours (Fig. S8b),
suggesting a first-order dependence with respect to the olefin
isomerization.

Kinetic isotope effect (KIE) experiments were performed to
compare the reaction kinetics in CH;OH and CD;OD (Fig. S9).
The isomerization of 1-octene into internal octenes proceeded
more slowly in deuterated methanol than in regular methanol.
Similarly, the formation of acetals was reduced when CD;0D
was used. Moreover, a higher 1/b ratio of acetals was observed
in the deuterated solvent, which can be attributed to the
slower formation of internal octenes. Regarding the rate-limit-
ing step, the aldehyde intermediates remained at low concen-
trations throughout the reaction—even in deuterated metha-
nol—consistent with their rapid conversion into acetals. The
absence of aldehyde accumulation indicates that the overall
reaction rate is governed by the hydroformylation of olefins,
whereas the subsequent acetalization step proceeds relatively
quickly.

To verify the heterogeneous nature of the cobalt catalyst, a
hot filtration experiment was conducted (Fig. S10a). After the
catalyst removal, no further catalytic activity was observed in
the filtrate, confirming the structural stability of the syn-
thesized Co@Cgqo. To probe the role of acidic sites, control
reactions were carried out using commercial CoO and Coz0,
with either 1-octene or nonanal as substrates (Table S5, entries
8-11). The experiments were performed using equal content of
cobalt compared to Co@Cggo. While CoO showed activity in
both transformations, it was unstable under the reaction con-
ditions, as evidenced by a marked colour change indicative of
cobalt leaching. In contrast, Co;0,, containing both Co(u) and
Co(ur), was active only in the acetalization of nonanal, with no
hydroformylation observed for 1-octene.

To properly assess the effect of nitrogen sites, cobalt
MOF-74 was synthesized and subsequently pyrolyzed (for
experimental details, see the SI). It is important to note that
the organic linker 2,5-dihydroxyterephthalic acid used to syn-
thesize this MOF contains no nitrogen atoms. PXRD con-
firmed the formation of the desired pristine MOF (Fig. S11a).
After pyrolysis, PXRD and TEM analyses revealed the formation
of metallic cobalt nanoparticles (Fig. S11b-f), with an average
particle size of 6.2 + 0.9 nm—comparable to that observed for
the Co@Ceoo catalyst. Catalytic tests showed higher activity
than Co@Cgg, under identical conditions (Table S5, entries 12
and 13), but a visible colour change suggested cobalt leaching.
This was confirmed by a hot-filtration experiment (Fig. S10b),
demonstrating that pyrolyzed Co-MOF-74 lacks stability under
hydroformylation conditions and highlighting the critical role
of nitrogen sites in stabilizing cobalt in Co@Cggo.

Under the optimal reaction conditions, we monitored the
evolution of 1-octene conversion and product selectivity over
time (Fig. 3a). Rapid substrate consumption was observed
within the first 4 h, reaching 61% conversion, followed by a
gradual increase to a plateau of 94% conversion at 18 h. Acetal
selectivity remained remarkably stable throughout the reac-
tion, ranging from 85-89%. This consistency suggests that the

1240 | Green Chem., 2026, 28,1235-1244
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acetalization step proceeds in parallel and at a rate comparable
to hydroformylation, reflecting efficient tandem coupling
without significant aldehyde accumulation. Interestingly, the
I/b ratio remained nearly constant over time. However, the
ratio between 1-octenes and isomerized octenes indicates a
preference for the formation of branched olefins (Fig. 3b). This
observation implies that reversible isomerization toward
1-octene regeneration occurs during the reaction, likely contri-
buting to the maintenance of a stable 1/b product ratio.

To evaluate the effect of nitrogen doping on the catalytic
performance of Co/CoO nanoparticles supported on carbon
materials, we performed DFT calculations on the adsorption of
nonanal and 2-methyloctanal. We modeled 1 nm Co and CoO
clusters supported on three surfaces: (i) pristine graphene, (ii)
nitrogen-doped graphene containing isolated graphitic nitro-
gen (CN), and (iii) a porous carbon nitride sheet (pCN)
(Fig. S12 and S13). These models enable us to decouple geo-
metric confinement from electronic effects induced by nitro-
gen. The CN model represents dilute nitrogen doping analo-
gous to edge pyridinic/pyrrolic sites in carbon supports
obtained during ZIF-67 pyrolysis, while the pCN model mimics
a nitrogen-rich framework, reflecting the experimentally
observed transition from carbon to N-rich carbonaceous
domains upon extended pyrolysis.>*>!

The computed adsorption energies for nonanal and
2-methyloctanal are summarized in Fig. 3d. For nonanal,
CoO-graphene exhibits weak interaction with a slightly
endothermic adsorption energy of +0.10 eV. Nitrogen doping
enhances binding significantly: —0.23 eV on CoO-CN and
—0.34 eV on CoO-pCN. A similar trend was seen for Co clus-
ters: from —0.58 eV on graphene to —0.59 eV on CN and —0.68
eV on pCN. For 2-methyloctanal, adsorption is even stronger.
CoO-graphene shows nearly non-interacting behavior (—0.03
eV), while CoO-CN and CoO-pCN yield —0.45 eV and —0.77 €V,
respectively. Co-graphene gives —0.84 eV, improving to —1.04
eV on CN and —-1.14 eV on pCN, the strongest interaction
observed. These results indicate that nitrogen incorporation in
the support systematically strengthens aldehyde adsorption on
both Co and CoO nanoparticles, with porous pCN being most
effective.

To understand the electronic origin of this trend, we exam-
ined the projected density of states (PDOS) of the supported
Co and CoO clusters (Fig. S14 and S15). Nitrogen doping
induces a redistribution of electronic density at the metal-
support interface, shifting Co 3d states closer to the Fermi
level. This results in increased overlap with the O 2p lone-pair
orbitals of the aldehydes, as seen by enhanced DOS intensity
near Fermi level upon adsorption. The effect is most pro-
nounced for CN and pCN, where hybridization between adsor-
bate states and Co 3d orbitals is stronger; confirming that
nitrogen coordination increases the Lewis acidity of surface Co
sites and promotes binding of oxygenated intermediates.
Thus, PDOS analysis supports the conclusion that nitrogen
modifies Co electronically rather than purely structurally.

To quantify charge redistribution, Bader charge analysis
was performed for the CN-supported systems, because they

This journal is © The Royal Society of Chemistry 2026
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Fig. 3

(@ and b) Kinetic profile of the tandem 1-octene hydroformylation/acetalization, reuse of Co@Cegoo catalyst, and (d) Adsorption energies of

nonanal (left) and 2-methyloctanal (right) on 1 nm Co and CoO nanoparticles supported on graphene, N-doped graphene (CN), and porous carbon
nitride (pCN) surfaces computed from DFT. The top panel shows representative optimized adsorption geometries for Co—CN and CoO-CN, where
aldehydes adsorb via the carbonyl oxygen on surface-exposed metal sites. Adsorption energies (in eV) are given relative to gas-phase aldehydes and
clean supported clusters; negative values indicate exothermic adsorption. The atom colors in the adsorption geometries are as follows: cobalt
atoms are shown in blue, oxygen atoms from the CoO cluster and aldehyde carbonyl groups are shown in red, carbon atoms in the support and
adsorbates appear in grey/light brown, nitrogen atoms in the CN support are highlighted in dark blue, and hydrogen atoms are shown in white.
Conditions: 1-octene (2 mmol), Co@Cgpo (25 mg), anisole : methanol (1: 4 mL), CO/H, (50 bar), 140 °C, 4 h for (c). Conversion and selectivity were

determined by GC using mesitylene as the internal standard. Acetals l/b refers to the ratio of linear to branched acetals.

best reflect the experimentally relevant nitrogen environment
(Fig. S16). Only minor charge transfer from the aldehyde
oxygen to the Co surface (0.03-0.05 |e|) was observed, indicat-
ing that adsorption is not driven by strong ionic charge trans-
fer but rather by orbital hybridization, consistent with chemi-
sorption through the carbonyl oxygen. Although Bader charge
analysis alone does not fully explain the observed trends, it
confirms localized charge polarization at the adsorption site,
while the PDOS captures the dominant electronic structure
effects of nitrogen.

From a catalytic perspective, aldehyde adsorption is a key
step in tandem hydroformylation-acetalization, as surface-
bound intermediates must remain adsorbed long enough to
couple with methanol.'>?® Literature suggests optimal adsorp-
tion energies between —0.5 and -1.5 eV,°*® balancing
sufficient surface residence time with product desorption. The
Co/CoO-pCN systems fall within this regime, indicating that
nitrogen-doped supports achieve electronic tuning of aldehyde
affinity into a catalytically relevant window. Overall, these
results demonstrate that nitrogen doping enhances aldehyde

This journal is © The Royal Society of Chemistry 2026

adsorption on Co and CoO via electronic interaction rather
than purely geometrical effects, validating the experimentally
observed promotional role of nitrogen-doped supports.

The recyclability of the catalyst Co@Ceoo Was evaluated
using the model reaction of 1-octene with anisole : methanol
for 4 hours (Fig. 3c). After the first run, the catalytic system
exhibited a marked increase in both conversion and acetal
yield, reaching a plateau in subsequent cycles. Specifically, the
conversion increased from 58% in the first cycle to 83-86%
from the second cycle onward. A similar trend was observed in
the acetals yield, which increased from 45% in the first cycle
to approximately 71-76% in subsequent runs. The formation
of coke on the catalyst surface was discarded, as the TGA ana-
lysis of fresh and used catalyst displayed the same profile
(Fig. S17a). The Raman spectra and Ig/Ip bands ratio are in
agreement with this finding (Fig. S17b). After the fifth reaction
cycle, the catalyst was analysed using TEM, STEM high-resolu-
tion mapping, and XPS to better understand the factors
behind the enhancement in catalytic performance. TEM ana-
lysis revealed that the size of the cobalt nanoparticles

Green Chem., 2026, 28,1235-1244 | 1241
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Entry Substrate Alcohol Conv. (%)” Sel. acetals (%)” Sel. aldehydes (%)” Sel. others (%)° Acetals 1/b°
1 1-Octene MeOH 97 83 5 12 0.88
2 trans-2-Octene MeOH 97 84 5 11 0.80
3 trans-4-Octene MeOH 97 82 6 12 0.73
4 1-Hexene MeOH 99 83 1 16 1.20
5 Cyclohexene MeOH 98 89 2 9 n.a.
6 Cyclohexene EtOH >99 37 36 27 n.a.
7 Cyclohexene iPrOH >99 1 61 38 n.a.

“Substrate (2 mmol), Co@Cgo (25 mg), anisole : alcohol (1.0 : 4.0 mL), 140 °C, CO/H,, (50 bar), 24 h. ® Conversion and selectivity were determined
by GC using mesitylene as internal standard. ¢ Acetals 1/b refers to the ratio of linear to branched acetals.

remained unchanged (5.4 + 2.5 nm) (Fig. S18 and S19), while
STEM mapping showed an increase in localized oxygen
content on the cobalt particles (Fig. S20). This result was con-
firmed by XPS, which showed a decrease in Co0 (13.6%) and
an increase in Co(u) (19.9%) compared to the fresh sample
(Table S6 and Fig. S21). The increase in surface cobalt oxides
likely promotes acetalization activity by providing more Lewis
acidic sites, which can facilitate substrate activation and stabil-
ize reaction intermediates.

In addition, the XPS results showed a significant increase
in cobalt site exposure (4.3%) relative to the fresh catalyst. This
observation aligns with our previous findings,** where we pro-
posed that enhanced exposure of cobalt active sites during
reaction cycles contributes to the overall improvement in cata-
lytic performance. Interestingly, the linear-to-branched (I/b)
ratio of the acetals remained relatively stable across all cycles,
fluctuating only slightly between ~0.80-0.86. This observation
suggests that the electronic changes associated with mild oxi-
dation of the cobalt surface do not significantly impact the
regioselectivity of the tandem transformation. The O 1s spec-
trum reveals four distinct components (Table S7 and Fig. S22).
Upon catalyst use, the intensity of the lattice Co-O peak
decreases, while the contribution associated with Co—-OH and
defective oxygen species increases, consistent with the higher
proportion of Co®>" observed in the Co 2p region. These
changes indicate that the cobalt surface evolves from a thin
oxide layer to a more hydroxylated and defect-rich state domi-
nated by Co>" species.

Finally, the robustness of the tandem hydroformylation/
acetalization strategy was further demonstrated through a sub-
strate scope evaluation (Table 1). To investigate the influence
of double bond position on catalytic performance, 1-octene,
trans-2-octene, and trans-4-octene were evaluated under stan-
dard conditions. While all substrates achieved high conver-
sions (97%), the 1/b acetal ratio progressively decreased from
1-octene (0.88) to 2-octene (0.80) and 4-octene (0.73) (entries
1-3). These results suggest that olefins isomerization affects
the regioselectivity of the hydroformylation step, likely due to
differences in insertion geometry and steric hindrance.
Notably, acetal selectivity remained constantly high (>82%)
across the octenes series, demonstrating that the tandem
sequence  proceeds efficiently despite changes in
regioselectivity.

1242 | Green Chem., 2026, 28, 1235-1244

Further insight into the substrate scope was obtained using
1-hexene and cyclohexene (entries 4 and 5). 1-Hexene, a
shorter terminal alkene, exhibited excellent conversion (99%)
and high acetal selectivity (83%), along with a significantly
higher 1/b ratio (1.20), highlighting the system’s preference for
linear aldehyde formation from smaller terminal substrates.
Cyclohexene, a cyclic internal alkene lacking terminal isomeri-
zation possibilities, also showed high conversion (98%) and
excellent acetal selectivity (89%) when methanol was used.
Changing the alcohol from methanol to ethanol or isopro-
panol led to notable shifts in product distribution (entries
5-7). With ethanol, acetal selectivity dropped to 37%,
accompanied by increased aldehydes and by-products for-
mation. Using isopropanol, the reaction yielded only trace
amounts of acetal (1%), with aldehydes (61%) and by-products
(38%) dominating. The by-products refer to the hydrogenation
of the olefins to the respective alkanes or to the aldehyde
hydrogenation to the respective alcohol. These results suggest
that alcohol bulkiness and nucleophilicity strongly influence
the efficiency of the tandem process.

Conclusions

This work presents a sustainable tandem catalytic system
based on a non-noble cobalt catalyst supported on nitrogen-
doped carbon for the one-pot hydroformylation-acetalization
of industrially relevant alkenes. The tandem approach elimin-
ates the need for intermediate purification steps, improving
atom economy and overall process efficiency. The catalyst
Co@Cggo, derived from ZIF-67 via pyrolysis, combines the
advantages of using an earth-abundant metal with the struc-
tural benefits of N-doped porous carbon supports. Under opti-
mized conditions, 80% yield for acetals was obtained with an
/b 0.88 regioselectivity. Interestingly, internal olefins such as
trans-2-octene and 4-octene presented similar yields and regio-
selectivity. Solvent optimization using anisole enabled high
conversion and selectivity under relatively mild conditions for
heterogeneous hydroformylation. DFT studies revealed that
nitrogen doping significantly enhances aldehyde adsorption
within the optimal energy range, promoting efficient acetal for-
mation without compromising catalyst turnover. The system
displayed excellent recyclability and broad substrate applica-

This journal is © The Royal Society of Chemistry 2026
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bility, maintaining high activity and selectivity across five
cycles. These findings underscore the potential of designing
non-precious metal catalysts in green tandem processes, con-
tributing to more sustainable fine chemical synthesis.
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