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In the quest for sustainable lignin valorization, the development of efficient catalytic systems for
hydrogenolysis of lignin-derived compounds remains a pivotal focus. Utilizing sub-nanometer cobalt
catalysts, we achieved the successful hydrogenolysis of model lignin molecules, including 1-(3,4-di-
2-(2,6-dimethylphenoxy)-1-(3,4-dimethoxyphenyl),

methoxyphenyl)-2-(2-methoxyphenoxy)ethanone  and

resulting in the formation of highly efficient catalytic species characterized by high-angle annular dark-field
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DOI: 10.1039/d4nj02124; scanning transmission electron microscopy (HAADF-STEM). Our catalyst exhibited remarkable recyclability

over five cycles. Additionally, we conducted hydrogenolysis tests on authentic lignin samples, shedding light
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1. Introduction

Each year, the quantity of lignocellulosic waste continues to rise
steadily, yet a substantial portion of this resource remains
underutilized for energy production. Fossil fuels persist as a
dominant component in global primary energy usage, contri-
buting to over two-thirds of greenhouse gas emissions. In
response, the urgent need for an alternative, dependable, and
environmentally sustainable energy source has become increas-
ingly apparent. Lignocellulosic waste emerges as a viable raw
material, offering the potential to generate renewable bio-
energy.! Consisting of cellulose, lignin, and hemicellulose,
lignocellulosic biomass encompasses agricultural and forestry
residues such as crop stalks, straw, wood, and branches derived
from both agricultural and commercial wood production sectors.>

However, the utilization of lignocellulosic waste for bioenergy
encounters a significant hurdle due to the non-biodegradable
nature of lignin.> Although techniques are employed to separate
lignin from hemicellulose and cellulose, the challenge persists,
leaving lignin as residual material. Among various methods, lignin
hydrogenolysis stands out for its ability to occur under milder
conditions — lower temperatures, neutral solutions, and shorter
durations - yielding higher bio-oil yields and aromatic products.
These conditions prove more economically viable, facilitating
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on the promising potential of this approach for sustainable lignin valorization.

potential industrial-scale utilization. Catalytic solvolysis and
hydrogenolysis of lignin® and model lignin molecules are undoubt-
edly promising methods within lignin valorization.® The hydro-
genolysis of bonds present in lignin, such as C-C and C-O, has
recently been described through the oxidative photocatalytic clea-
vage of C-C and C-O bonds in lignin model molecules, either
without the use of a metal catalyst” or with Earth abundant and
low-cost metals such as cobalt, nickel,® iron, and manganese,’
showing good yields.

Regarding the hydrogenolysis of model lignin molecules, in
Table S2 of the ESI,} there is a comparison of the use of various
catalysts for the hydrogenolysis of model lignin molecules,
where catalysts such as Co-phen/C,'° Pd/CeO,,"" and NiMo
sulfide'? stand out under somewhat similar conditions, but
with different selectivity and temperatures around 200 °C.

To address the complexities of lignin depolymerization, the
use of heterogeneous catalysts, particularly single-atom cata-
lysts (SACs), emerges as a promising solution. SACs demon-
strate efficacy in lignin valorization,'® specifically targeting the
cleavage of the B-O-4 bond,* a crucial step in the process.'®
Recent studies have highlighted cobalt SACs of the M-N-C type
as particularly effective in the oxidative cleavage of the B-O-4
bond in lignin compounds, especially when using MeOH and
NaOH as the solvent and additive, respectively.'® Additionally,
our group has previously elucidated the efficacy of sub-
nanometric cobalt(u) species as catalysts for the hydrogenolysis
of guaiacylglycerol-p-guaiacyl derivatives, demonstrating good
conversion rates."”

In this context, this work focuses on synthesizing and
evaluating single-atom cobalt catalysts, named Co-1, derived
from cobalt acetate and 5-amino-1,10-phenantroline. These
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catalysts, featuring isolated and dispersed metallic atoms on
supports, hold promise for enhanced activity and selectivity.
This thesis aims to present the outcomes of catalytic hydro-
genolysis reactions conducted on model lignin molecules, pine,
and kraft lignin using cobalt catalysts. The reactions are con-
ducted in conjunction with hydrogen-donating molecules such
as formic acid and alcohol/water mixtures, under varying
molecular hydrogen pressures, achieving excellent yields and
recyclability of the catalyst. This study holds the potential to
drive advancements in catalytic systems, paving the way for the
synthesis of renewable biofuels and chemicals through the
utilization of precious-metal-free metal as efficient catalysts.

2. Experimental

2.1. Catalyst synthesis and characterization

The synthesis of the Co-1 catalytic material was conducted as
previously described,'”'® in this work we utilized the ligand
5-amino-1,10-phenanthroline, as illustrated in Fig. 1A. Thus,
to synthesize Co-1, a solution of Co(OAc),-4H,O (0.073 g,
0.29 mmol) and 5-amino-1,10-phenanthroline (0.146 g,
0.75 mmol) in 25 mL of anhydrous ethanol was prepared in a
100 mL Schlenk flask. The mixture was sonicated for 10 minutes,
followed by the addition of 1.6 g of MgO (nanopowder, particle
size <50 nm), SEM image illustrated in Fig. 1b, and the flask was
purged with argon. It was sonicated again for 10 minutes. The
reaction mixture was placed in an oil bath at 60 °C for 12 h. The
ethanol was removed by vacuum evaporation and allowed to dry
for several hours under reduced pressure. After the solid reached
the maximum possible dryness, 80 mg of the solid was transferred
into borosilicate ampoules with a capacity of 1 mL, as illustrated
in Fig. 1c. These ampoules were then sealed under vacuum
to facilitate the subsequent heat treatment. The ampoules were
heated at 600 °C for 2 h; during this process, the excess 5-amino-
1,10-phenanthroline was carbonized. Following the heat treat-
ment, an acid treatment was carried out with 45 mL of deionized
water and 0.5 mol L™ H,SO, (1.187 mL). The purpose of the acid
treatment is to eliminate the MgO template as well as any
magnesium hydroxide that may have formed. The reaction

HN, 1. MgO (137 equiv.)
EtOH 12 h
2.600°C,2h
7 Y + Co(OAc)'4H,0 ——— 3 Co-1

=N N= 3.H,S0,4aq. 80 °C, 12 h

0.75 mmol

0.29 mmol

Fig. 1 (A) Synthetic procedure to obtain Co-1 catalyst. (B) SEM image of
magnesium oxide (<50 nm). (C) Co-1 into borosilicate ampule after
thermal treatment and (D) Co-1 solid after acid treatment.
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mixture was left stirring and heating at 80 °C for 12 h. Once the
mixture cooled, the solid was washed with distilled water until a
neutral pH was reached. Finally, the material is dried under
reduced pressure. The preparation of Co-1 is illustrated in the
scheme of Fig. 1a, and final Co-1 solid is Fig. 1d.

Then, diverse identification and characterization techniques
were utilized for analyzing cobalt materials, alongside the
organic compounds. Sample preparation adhered to detailed
protocols outlined below for each set of materials.

For electron paramagnetic resonance spectra, solid samples
were placed in quartz tubes of 1.34 cm diameter and 0.15 cm
thickness. Loaded tubes were then introduced in a Jeol JES-
TE300 spectrometer operating at X band frequency (9.4 GHz) at
100 kHz field modulation, with a cylindrical cavity (TE011
mode). Samples were run at 77 K. The ATR-IR spectra were
determinate on a FTIR/FIR spectrum FT-IR NICOLET IS-50,
Thermo Fisher Scientific, measuring 32 scans per sample, from
4000 to 400 cm™ ' with a resolution of 2 cm ™", the sample did
not require previous preparation. Powder X-ray diffraction
measurements were performed on a Rigaku Ultima IV diffracto-
meter with Cu K,, radiation (I = 1.54056 A) at 40 kv and 44 mA.
The instrument was operating in a Bragg Brentano geometry
with a step increment of 0.02° and an acquisition time of one
second per step. Transmission electron microscopy studies
were performed in a Jeol ARM-200F Cs-corrected microscope,
operated at 200 keV using copper grids (mesh size of 300
covered with a lacey carbon film) equipped with a holey carbon.
The samples were dispersed in anhydrous hexane. The SEM
images were obtained in Jeol-SEM. XPS spectra were recorded at
room temperature using a K-alpha + spectrometer Thermo
Fisher Scientific Co. Equipped with an Al Ka (1486.6 V)
monochromatic X-ray source, a dual-beam flood gun for charge
neutralization, and 180 double focusing hemispherical analy-
zer operating in a constant analyzer energy (CAE) mode. The
measurement spot size was 400 um and a base pressure of
1 x 10~ ° mbar was held in the analytical chamber. Survey scans
were recorded using 400 pm spot size and fixed pass energy of
200 eV, whereas high resolution spectra were recorded at 20 eV
of pass energy with a step size of 0.1 eV. Charge corrections for
all the spectra were referenced to the position of the C 1s
adventitious peak at 284.8 eV. All spectra were processed with
the Avantage software (v5.9925) provided by Thermo-Fisher
Scientific Co. The curve fitting was performed with a Voight
function and a Shirley-type background. Finally, elemental
analysis of Co-1 ware carried out in Thermo Scientific/Flash
2000. ICP-MS analysis for Co materials was measured using
Thermo Scientific Element XR High-Resolution ICP-MS after
digesting materials in aqua regia.

2.2. Catalytic performance

The conversion and selectivity of catalytic reactions were deter-
mined via GC-MS analysis performed on an Agilent 5975C
system equipped with a 30 m DB-5MS capillary ((0.32 mm ID)
column), He 99.999%.

2.2.1. Lignin model compounds hydrogenolysis with Et;N/
HCOOH. The hydrogenolysis reactions were carried out in
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10 mL borosilicate tubes equipped with a stir bar and a Teflon
cap, which were loaded with 1-(3,4-dimethoxyphenyl)-2-(2-
methoxyphenoxy)ethanone, S2 (40 mg, 0.13 mmol), 2 mL of
EtOH, 2 mL of deionized water, and 15 mg of cobalt catalyst,
triethylamine (92 pL, 0.66 mmol), and formic acid (14.99 pL,
0.39 mmol). The flask was purged with argon. Once the tube
was sealed, it was placed in the Monowave at 180 °C for 2 h.
After the reaction time, a thin-layer chromatography was per-
formed for qualitative observation of the products. Solvents
were evaporated, and the sample was dissolved in CH,Cl, for
GC-MS. Similarly, hydrogenolysis was performed for the S2E
and S3n.

2.2.2. Catalyst recycling experiments. Catalyst recycling
procedures involved the following steps: a prepared sample
was subjected to hydrogenolysis reactions in 10 mL borosilicate
tubes containing a stir bar and a Teflon cap. The tubes were
loaded with S2 (40 mg, 0.13 mmol), 2 mL of ethanol, 2 mL of
deionized water, 15 mg of cobalt catalyst, triethylamine (92 pL,
0.66 mmol), and formic acid (14.99 pL, 0.39 mmol). The flask
was purged with argon before sealing the tube, which was
then placed in the Monowave at 180 °C for 2 hours. After the
reaction, thin-layer chromatography was conducted to qualita-
tively observe the products. The solution was centrifuged for
20 minutes at 5000 rpm and washed three times with methanol.

2.2.3. Lignin model compounds hydrogenolysis with mole-
cules hydrogen (H,). Hydrogenolysis reactions were carried out
in a 22 mL stainless steel Parr® reactor equipped with a
magnetic stirrer. The reactor was loaded with S2 (80 mg,
0.26 mmol), 20 mg of cobalt catalyst, 3 mL of EtOH, and 3 mL
of deionized water. The reactor was sealed using its structure
for purging with argon. Once the system was purged, a pressure
gauge was installed to pressurize with H, gas to 10 bar. The
reactor was placed at 180 °C for 24 h. After the designated
reaction time, the products were qualitatively observed using a
thin-layer chromatography plate. The reaction mixture was
filtered to separate the catalyst from the product and remove
the solvents. Finally, the dried sample was dissolved in CH,Cl,
for analysis by GC-MS. The same methodology was followed for
the hydrogenolysis of S2E and S3n.

2.2.4. Lignin hydrogenolysis with Et;N/HCOOH. Lignin
depolymerization/hydrogenolysis reactions were carried out
using the same methodology described previously. Initially,
AF/Et;N was used as a hydrogen source. This reaction was
conducted in the Monowave, where a borosilicate tube was
loaded with 50 mg of pine dioxasolv lignin or kraft lignin,
15 mg of Co-1 catalyst, 2 mL of EtOH, 2 mL of deionized water,
14.99 pL of AF, and 92 pL of Et;N. The reaction mixture was
placed in an argon atmosphere at 180 °C for 2 h. Once the
reaction was complete, it was filtered to separate the catalyst
from the reaction mixture. Solvents were evaporated, and the
composition was analyzed using NMR and IR-ATR.

2.2.5. Lignin hydrogenolysis with hydrogen pressure.
A Parr™ reactor equipped with a magnetic stirrer was loaded
with 50 mg of pine dioxasolv lignin or kraft lignin, 15 mg of
Co-1 catalyst, 3 mL of EtOH, and 3 mL of deionized water. The
reactor was purged with argon, and a pressure gauge was used
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to pressurize it to 10 bar with H,. The reaction was set at 180 °C
for 24 h. After completion of the reaction, the mixture was
filtered, and solvents were evaporated for subsequent composi-
tion analysis by NMR and FTIR-ATR

2.2.6. Lignin extraction. Lignin extraction was carried out
according to a methodology reported previously,"® briefly
described below. In a solution of 30 g of softwood sawdust in
a 1,4-dioxane/water mixture (9:1 vol./vol.) in the presence of
0.2 M hydrochloric acid, the mixture was refluxed at 90-95 °C
under inert atmosphere for 4 h. The reaction mixture was
allowed to cool, then filtered, and vacuum-concentrated using
a rotary evaporator. Once concentrated, the dioxane-soluble
lignin was isolated by precipitation in water, purified by pre-
cipitation in diethyl ether, and vacuum-dried to obtain dioxane-
soluble lignin from softwood.

3. Results and discussion

3.1. Catalyst characterization

To gain valuable insights into the composition and morphology
of the catalyst, we conducted a thorough structural analysis.
The atomic composition of Co-1, determined through energy
dispersive X-ray spectroscopy (EDS), revealed cobalt content of
0.3% atomic percent, while X-ray photoelectron spectroscopy
(XPS) yielded a cobalt content of 1.3%. Elemental analysis
further confirmed the presence of nitrogen (12.45%), carbon
(60.43%), and hydrogen (3.14%). Additionally, inductively
coupled plasma (ICP) analysis indicated a cobalt content of
0.54 wt%. The X-ray powder diffraction (XRD) analysis of the
cobalt material revealed a broad diffraction peak at a 20 value
centered around 25° as depicted in Fig. 2A. This peak is
attributed to the carbon support resulting from the thermal
treatment of the material; no peaks corresponding to magne-
sium oxide, or cobalt oxides are observed. According to Gul and
colleagues,?® similar peaks to those obtained when analyzing
cobalt oxide are not present, and the absence of peaks is also
attributed to the reduced metal loading. Additionally, the EPR
spectrum only presents a signal with a g-value of 2.0023,
attributed to carbon radicals originating from the support at
77 K, as illustrated in Fig. 2B. It is worth noting that signals for
ferromagnetic cobalt species or for cobalt bound to cobalt
nanoparticles, the presence of cobalt NPs can be ruled out, as
according to the work described by the Beller group.*!

A B
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z z
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=200
e
10 20 30 40 50 60 70 80 100 200 300 400 500
20 diffraction angle (°) Magnetic Field (mT)
Fig. 2 (A) Powder X-ray diffraction (PDRX) patterns of Co-1, and (B) X-

band electron paramagnetic resonance (EPR) spectra of Co-1 solid.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 3 HAADF-STEM images from freshly prepared Co-1, scale bars
represent (A) 10 nm (B) 5 nm and (C) 2 nm. Yellow circles show brilliant
points associate with cobalt atoms.

A 5 o
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Binding Energy (eV) Binding Energy (eV) Binding energy (eV)
Fig. 4 (A) The survey XPS spectrum and high-resolution curve fitting for

Co-1 sample: (B) Co 2ps3/2 and (C) N 1s XPS spectra.

To confirm that the Co-1 catalyst corresponds to single-atom
catalysts (SACs), STEM analysis was performed. Micrographs
did not reveal the presence of nanoparticles, as shown in Fig. 3.
These micrographs correspond to the Co-1 material from the
same batch, captured at varying magnifications, with dark-field
imaging revealing small white dots representing cobalt atoms
(enclosed in the circles). On the other hand, XPS spectra
confirmed the cobalt oxidation state as 2%, consistent with
prior findings, and served as the foundation for spectrum
fitting. Adjustments to the spectrum in Fig. 4B involved posi-
tioning the primary signal at 780.54 eV, alongside a satellite
peak at 788.75 eV, confirming the presence of Co(u1).>*** On the
other hand, as depicted in Fig. 4C, the nitrogen atom exists in
different chemical environments, with only a small fraction of
the total nitrogen coordinated to cobalt at an energy of 398 eV.

3.2. Catalyst screening and optimization to S2 hydrogenolysis

To explore the efficacy of the Co-1 catalyst in catalytic hydro-
genolysis, we conducted a thorough screening and optimiza-
tion process. The catalytic hydrogenolysis of S2 was carried out
using the Co-1 catalyst, which proved effective for the C-O bond
cleavage, yielding the products 1-(3,4-dimethoxyphenyl)ethan-
1-one (A) and 2-methoxyphenol (B) with a conversion of 96% at
180 °C in 1 hour of reaction time (entry 1) and 99% in 2 hours.
At 0.5 hours reaction time, a 16% conversion was obtained
(entry 2), while at 1 hour, the conversion reached 96%. The
reaction conditions at which maximum conversion was
achieved were 2 hours with 2.8 mol% of cobalt (entry 4).
Interestingly, as the temperature decreased, the conversion
rate also decreased. For instance, at 170 °C, a conversion rate
of 45% was observed, which was similar to that obtained at
150 °C. It’s worth noting that hydrogen, necessary for the
hydrogenolysis reaction, is obtained from the dehydrogenation
of formic acid. Additionally, when triethylamine is not added to

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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the reaction, the C-O bond cleavage in the S2 molecule did not
proceed, with the conversion being <1% (entry 10), as triethyl-
amine plays a crucial role in deprotonating formic acid and
leading to the formation of hydrogen. Studies conducted by
the Beller group, utilizing highly dispersed cobalt catalysts
(Co-N-C, Co(1)/phen(2)/C), concluded that such nanostructured
cobalt catalysts exhibit good activity in formic acid dehydrogena-
tion due to the formation of CoN, species as active sites. However,
the addition of an excess of phenanthroline (Co(1)/phen(7)/C)
resulted in higher selectivity towards H, and CO,, as well as the
formation of individual cobalt atoms. Conversely, a lower loading
of phenanthroline resulted in the formation of compact metallic
Co particles.**

Triethylamine aids in the dehydrogenation of formic acid to
act as a hydrogen donor molecule in the reaction, hence a
significant decrease in conversion is observed in its absence.
Additionally, with a homogeneous compound like Co(PPhj;),Cl,,
C-0 bond cleavage was not achieved (entry 13), similarly in the
absence of Co-1 (entry 14).

Furthermore, poisoning experiments were conducted using
thiocyanate ions (SCN™) commonly employed as poisoning
reagents to block the activity of metal-centered complexes
under acidic conditions. When 5 mg of KSCN was used (entry
11), it was observed that the catalytic activity was not signifi-
cantly affected, decreasing by only 4%, indicating that the Co-1
catalyst may belong to the category of single-atom catalysts
(SACs).

Additionally, poisoning tests were conducted with Hg.
A study by the Ananikov group mentioned that the mercury
test is one of the fastest methods to distinguish between truly
homogeneous catalysts or metallic nanoparticles.> If the cata-
Iytic reaction is inhibited in the presence of Hg, it is considered
evidence of nanoparticle formation; however, if there is no
significant effect, it is considered a homogeneous catalyst, as
metallic mercury will poison metal(0) nanoparticles acting as
catalytically active centers while remaining inert to molecular
metal complexes. As observed in entry 12 of Table 1, the
addition of a drop of Hg (60.8 mg) did not result in a decrease
in conversion, indicating that the Co-1 catalyst may not consist
of nanoparticles and is also categorized as a SAC, which aligns
with microscopy findings.

Blank reactions were conducted in the absence of Co-1, and
only nanostructured magnesium oxide was used, allowing for
the observation of hydrogenolysis products in entries 14 and
15, respectively.

The optimal conditions for catalytic hydrogenolysis of S2
were determined to be 180 °C for 2 hours, using 15 mg of
catalyst. Subsequently, tests were conducted to evaluate the
recyclability of the Co-1 catalyst, which showed consistent good
conversion and selectivity up to the fourth run but experienced
a slight decrease in conversion during the fifth run, which is
associated with the decrease in the amount of catalyst, as some
gets stuck in the tube where the material is centrifuged. The
results of the recycling runs are presented in Fig. 5A compar-
ison with freshly prepared Co-1 is shown in Fig. 6A, while the
material observed after the fifth run is shown in Fig. 6B, where

New J. Chem., 2024, 48,12266-12274 | 12269
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Table 1 Catalytic hydrogenolysis of 1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)ethanone (S2)
Q o
(o] ) OMe Cat .
O e ol e
MeO HCOOH (3 equiv.) OMe OH
OMe EtN (5 equiv.)
2h,T(°C)
0.13 mmol S2 A B

Entry Conditions Conv.” (%) A (%) B (%)
1 Co-1 (3.7 mol%), 180 °C, 1 h, HCOOH (3 equiv.), Et;N (5 equiv.) 96 48 48
2 Co-1 (3.7 mol%), 180 °C, 0.5 h, HCOOH (3 equiv.), Et;N (5 equiv.) 16 8 8
3 Co-1 (3.7 mol%) 180 °C, 2 h, HCOOH (3 equiv.), Et;N (5 equiv.) 99 50 49
4 Co-1 (2.8 mol%), 180 °C, 2 h, HCOOH (3 equiv.), Et;N (5 equiv.) 99 50 49
5 Co-1 (1.9 mol%), 180 °C, 2 h, HCOOH (3 equiv.), Et;N (5 equiv.) 96 48 48
6 Co-1 (0.9 mol%) 180 °C, 2 h, HCOOH (3 equiv.), Et;N (5 equiv.) 87 44 43
7 Co-1 (2.8 mol%), 170 °C, 2 h, HCOOH (3 equiv.), Et;N (5 equiv.) 46 23 23
8 Co-1 (2.8 mol%), 150 °C, 2 h, HCOOH (3 equiv.), Et;N (5 equiv.) 57 28 27
9 Co-1 (3.7 mol%), 150 °C, 3 h, HCOOH (3 equiv.), E;N (5 equiv.) 40 20 20
10 Co-1 (2.8 mol%), 180 °C, 2 h, HCOOH (3 equiv.) <1 <1 <1
11 Co-1 (2.8 mol%), 180 °C, 2 h, HCOOH (3 equiv.), Et;N (5 equiv.) KSCN (5 mg) 95 48 47
12 Co-1 (2.8 mol%), 180 °C, 2 h, HCOOH (3 equiv.), Et;N (5 equiv.) Hg (60.8 mg) 99 50 49
13 Co(PPh;)2Cl, (4.1 mol%), 150 °C, 2 h, HCOOH (3 equiv.), Et;N (5 equiv.) 0 0 0
14 180 °C, 2 h, HCOOH (3 equiv.), Et;N (5 equiv.) 0 0 0
15 180 °C, 2 h, HCOOH (3 equiv.), Et;N (5 equiv.), MgO (20 mg) 0 0 0
16 Co-1 (2.8 mol%), 180 °C, 2 h, HCOOH (3 equiv.), Et;N (5 equiv.) TEMPO (0.025 mmol, 20 mol%) 32 15 16

“ All yields were determined by GC-MS with dibenzothiophene as standard.

Conv. (%)
100 4 100 99 99 [0 @:::’::;132’.
85
80
60 -
3
® 50 50 50 50 49 49 48,50
43 42
40
20
0 T T T T T
1 2 3 4 5
Run

Fig. 5 Co-1 catalyst recycling study in the hydrogenolysis of S2. Reaction
condition: Co-1, EtOH:H,O (2 mL:2 mL), EtzN (5 equiv.), HCOOH
(3 equiv.) at 180 °C for 2 h of reaction.

no formation of nanoparticles is observed, but larger clusters
are evident. The EDS of this material shows a lower cobalt
content compared to the material initially used, Fig. S1B (ESIY).

Regarding the influence of solvents, as described in Table 2,
it was observed that the mixtures H,O/EtOH, H,0/MeOH, and
H,O0/'PrOH proved to be the most effective in achieving good
conversions. On the other hand, when using only isopropanol,
a conversion of less than 50% was obtained, accompanied by
the formation of dehydration products. When propylene carbo-
nate was used as the reaction medium, the conversion was
practically null. This suggests that H,O/alcohol systems are
more effective in the hydrogenolysis of S2, yielding good
conversions, unlike when using only alcohol, such as isopro-
panol or propylene carbonate.

12270 | New J. Chem., 2024, 48, 12266-12274

Fig. 6 HAADF-STEM images from (A) freshly Co-1 and (B) Co-1 after 5
runs, scale bars represent 5 nm.

By analyzing the different hydrogen sources, good conver-
sions were obtained when formic acid, isopropanol, and pres-
surized molecular hydrogen (10 bar, 24 h) were used. When
employing 10 bar of pressurized H, at 150 °C with 0.26 mmol of
S2, the amount of cobalt in entry 8 of Table 1 corresponds to
1.4 mol% of Co, obtaining a conversion similar to the AF/Et;N
system (entry 1).

It is worth noting that isopropanol showed an increase in
conversion from 49% to 96% when KOH is added; however, the
presence of products C and D remained. This means that
adding a base promotes the C-O bond cleavage for S2. Accord-
ing to previous studies, adding NaOH also increases conversion
and improves the cleavage of the f-O-4 bond.'® This is due to
transfer hydrogenation, in which the system consists of iso-
propanol acting as a hydrogen source and a base, in this
case, potassium hydroxide, facilitating the C-O bond cleavage.
However, the use of this system as a hydrogen source is not
as efficient due to the formation of undesired products.
This phenomenon arises from the transfer hydrogenation

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Table 2 Catalytic hydrogenolysis of 1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)ethanone (S2) with different hydrogen sources
9 @om Co-1 (15 mgj 0 OME "eq MeQ
oo J@k ° Hydmgen source /Q)K @O"‘e MBOQ/V Q_/
OMe Zh 180 C
s2

Entry Hydrogen source Conditions Conv.” (%) A (%) B (%) C:D (%)
1 HCOOH (3 equiv.) 2 h, E;N (5 equiv.) S2 (0.13 mmol), EtOH: H,0 (1:1 v/v) 96 48 48 —
2 HCOOH (3 equiv.) 2 h, Et;N (5 equiv.) S2 (0.13 mmol), PrOH: H,0 (1:1 v/v) 99 50 49 —
3 HCOOH (3 equiv.) 2 h, Et;N (5 equiv.) S2 (0.13 mmol), MeOH: H,O (1:1 v/v) 99 50 49
4 HCOOH (3 equiv.) 2 h, Et;N (5 equiv.) S2 (0.13 mmol), 'PrOH 49 24 23 2:1
5 HCOOH (3 equiv.) 2 h, Et;N (5 equiv.) $2 (0.13 mmol) 0 0 0 —
6 'PrOH (3 mL) 2 h, KOH (5 equiv.) $2 (0.13 mmol) 96 41 41 11:3
7 Et;SiH (3 equiv.) 24 h, MeCN, S2 (0.13 mmol) 0 0 0 —
8 H, (10 bar) 24 h, EtOH: H,0 (3 mL: 3 mL) S2 (0.26 mmol) 95 47 48 —
9 H, (10 bar) 24 h, 150 °C EtOH : H,0 (3 mL:3 mL) S2 (0.26 mmol) 94 47 47 —

“ All yields were determined by GC-MS with dibenzothiophene as standard.

mechanism, wherein the system involves isopropanol serving
as both a hydrogen source and a base, with potassium hydroxide
facilitating the C-O bond cleavage. Nonetheless, the efficiency of
this system as a hydrogen source is compromised by the for-
mation of undesired products. Conversely, in the conditions
outlined in entry 7, Et;SiH did not demonstrate efficacy as a
suitable hydrogen source.

3.3. Hydrogenolysis of lignin-related molecules

We next sought to determine the hydrogenolysis profile of
lignin-derived species. The Table 3 shows the conversion of
different model molecules previously synthesized, as well as the
products obtained from catalytic hydrogenolysis under the
established reaction conditions (180 °C, 2 hours, and 3 mol%
cobalt). Entry 1 corresponds to the model molecule S2, showing
good conversion, similar to entry 2, corresponding to the
molecule S2E, which achieves 100% conversion.

Regarding entry 3, it pertains to the reaction with the
molecule S3n, achieving a 5% conversion and failing to cleave
the C-O bond. However, the reaction yields an etherification
condensation product with ethanol.

Table 3 Catalytic hydrogenolysis lignin-related molecules

Entry Substrate Conv.” (%) Products
o Q\om
1 0 99 QQM.
Meo' sz OMe
MeO.
Il - J@ Q)k
2 ° 100 MeO’ * MeO/Q\OMs
OMe OH
SZE 50 % 50 %
OH@OMQ LO Q\OMQ
3 o 5 Q)w
Hee OMe S3n Hee OMe

% All yields were determined by GC-MS with dibenzothiophene as
standard. 3.0 mol% of Co-1. 2 h, HCOOH (3 equiv.), Et;N (5 equiv.),
substrate (0.13 mol), EtOH : H,O (1:1 v/v), 180 °C, 2 h.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

These outcomes are attributable to bond strength, as the
presence of a carbonyl group, as in the molecules S2 and S2E,
necessitates less energy for breaking the C-O bond. Conse-
quently, the molecule S3n, featuring a hydroxyl group, encoun-
ters greater difficulty in C-O bond cleavage due to its higher
energy requirement. This aligns with the study described by the
Beckham group,>® which describes that bonds containing
hydroxyl groups generally exhibit dissociation energies between
68.2 to 70.5 kcal mol™', whereas in the presence of carbonyl
groups, the bond dissociation energy ranges from 50.7 to
60.6 keal mol ™.

Drawing upon these discoveries and preceding investiga-
tions,>”*® we propose a reaction pathway for the breaking of
C-0 bonds in S2, outlined in Scheme 1. Initially, S2 molecule
coordinates with cobalt center through its oxygen atom (A) as
recently described by Pratihar® according with in situ FT-IR
spectra of carbonyl compounds.

Subsequently, as a product of the dehydrogenation of formic
acid, hydrogen and carbon dioxide are generated. Previously,
Beller’s group® proposed the formation of cobalt hydride (B),
a product of the homolytic cleavage of the dihydrogen mole-
cule. For Co-1 with formic acid, the formation of carbon
dioxide, hydrogen, and carbon monoxide in very low concen-
tration was detected, as observed in Fig. S36 (ESIt). Then, the
C-O Sigma bond interacts with cobalt hydride (C), and the
hydrogen atom is transferred to the C-O bond,*° thus facilitat-
ing its cleavage leading to the formation of guaiacol and the

HCOOH g,

Me0. N .. EuN
01K, L i

R

A e o@\( Q %' Q/\’ °""

Qe
OH

guaiacol

Scheme 1 Proposed reaction pathway to C-O bond cleavage catalyzed
by Co-1.
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corresponding ketone. The latter can coordinate to the metal
center (D) and, once it dissociates, leads to the regeneration of
the active catalytic cobalt species (Cat.) On the other hand, our
experiments revealed that the hydrogenation of S2 to form the
S$3n molecule does not occur in the presence of Co-1 and
hydrogen. Furthermore, under the same pressure and tempera-
ture conditions used for the hydrogenolysis of S2, the hydro-
genolysis of S3n does not occur (entry 3, Table 3).

3.4. Hydrogenolysis of organosolv lignin and kraft lignin

We next studied the organosolv and kraft lignins. Co-1 was
employed to carry out the hydrogenolysis of lignin and to
monitor its depolymerization using NMR and IR-ATR techni-
ques. Fig. 7 shows the spectra generated by IR-ATR, comparing
the dioxane-soluble lignin sample before hydrogenolysis. Upon
analyzing the bands in detail, it corresponds to what has been
described in publications by Liu and Zhang.*'** The presence
of ~OH groups are reported in the band around 3360 cm™*,
while carbon-hydrogen (CH; and CH,) bonds are observed in
the bands at 2929 and 2850 cm ™ *. Around 1720 cm ™%, the band
originates from the carbonyl group (C—O0), including unconju-
gated ketone and carbonyl group stretching. The small band
located at 1648 cm ' is attributed to conjugated carbonyl
stretching. In the region from 1560 to 1450 cm™ ', aromatic
skeletal vibrations are attributed. The C-O bonds corres-
ponding to the guaiacyl structure are located in the region
from 1260 to 848 cm ', while bands corresponding to C-O
bonds present in syringyl structures can also be found at 1316
and 1216 cm™ ', along with bands attributed to syringyl and
guaiacyl structures in that region.

Additionally, the band at 1030 ecm " corresponds to the
deformation of C-O and primary alcohols or aliphatic ethers.
The region from 900 to 500 cm ' exhibits the coupling of

100
80 +
60
S
8
§ 401
E
7]
g 20 f
=
""" Co-1 FA/Et;N u(Ph)
|=+=Co-1H, v(GS)
0 |—— Pinedioxasov lignin
L(COR)
T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Fig. 7 ATR-FTIR spectra of the hydrogenolysis of pine dioxasolv lignin
with 20 mg Co-1. 2 h, HCOOH (3 equiv.), EtsN (5 equiv.), EtOH : H,O (1: 1 v/v),
180 °C, 2 h or under 10 bar of hydrogen pressure at 180 °C for 24 h.
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Fig. 8 ATR-FTIR spectra of the hydrogenolysis of kraft lignin with 20 mg
Co-1. 2 h, HCOOH (3 equiv.), EtsN (5 equiv.), EtOH: H,O (1:1 v/v), 180 °C,
2 h or under 10 bar of molecular hydrogen (H,) at 180 °C for 24 h.

signals that can be mono- to triply-substituted on the aromatic
ring of lignin.

The depolymerization and hydrogenolysis of kraft lignin
were conducted utilizing the Co-1 catalyst, Fig. 8. The FTIR-
ATR spectra of kraft lignin before and after the reaction are
presented. Given the established regions of the bands, the
spectra can be elucidated by overlapping them, whether with
the AF/Et;N system or under hydrogen pressure (10 bar). In
both scenarios, a change in -OH signals, as well as in methoxy
groups, are discernible. For the reaction with hydrogen pres-
sure, clearer signals of -CH, bonds are observed, as well as a
greater quantity of signals associated with monolignols such as
2-methoxyphenol (guaiacol) and 2,6-dimethoxyfenol (syringol),
as well as aromatic compounds.

The single-atom catalyst, notably the structured Co-1
catalyst, has exhibited remarkable effectiveness in transform-
ing model lignin molecules like 1-(3,4-dimethoxyphenyl)-2-(2-
methoxyphenoxy)ethanone and 2-(2,6-dimethylphenoxy)-1-(3,4-
dimethoxyphenyl) into their respective phenol and ketone
counterparts. Furthermore, it shows promising potential as a
catalyst for the hydrogenolysis of real lignin. Coordinated at
nitrogen atoms, Co-1 achieves C-O bond cleavage at 180 °C for
a duration of 2 hours, concurrently catalyzing formic acid
dehydrogenation and surpassing the productivity of all pre-
viously documented cobalt catalysts. Significantly, Co-1 demon-
strates outstanding catalytic durability, retaining its activity for
over four cycles without notable deactivation. This exceptional
performance of the cobalt catalyst is attributable to its distinc-
tive Co-N, species which stabilize its size at the single-
atom level.

4. Conclusions

In summary, this study has focused on the synthesis of single-
atom cobalt catalysts derived from cobalt acetate and 5-amino,
1,10-phenantroline. These catalysts, featuring isolated and

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D4NJ02124J

Open Access Article. Published on 19 June 2024. Downloaded on 11/2/2025 7:14:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

dispersed metallic atoms, hold promise for enhanced activity
and selectivity in catalytic processes. Through extensive experi-
mentation, this thesis has demonstrated the effectiveness of
these cobalt catalysts in catalyzing hydrogenolysis reactions on
model lignin molecules, as well as authentic pine and kraft
lignin samples. By utilizing hydrogen-donating molecules like
formic acid and alcohol/water mixtures, alongside varying
molecular hydrogen (H,), we have achieved outstanding yields
of the desired products. Additionally, we propose a reaction
pathway based on the findings and previously described
reports. In our laboratory, further studies are being conducted
to understand and provide evidence for the proposed mecha-
nistic pathways of lignin hydrogenolysis and to comprehend
the effect of the Co-1 material structure. Furthermore, the
successful recycling of the catalysts over multiple cycles under-
scores their potential for sustainable and efficient lignin valor-
ization processes. In summary, this study has underscored the
potential of single-atom cobalt catalysts in the hydrogenolysis
of lignin-derived compounds. The successful recycling of the
catalysts over multiple cycles further highlights their promise
for sustainable and efficient lignin valorization processes, thus
paving the way for broader applications in renewable resource
utilization.
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