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Selective reduction is one of the most essential and frequently used transformations in organic synthesis.
In this work, we developed a novel copper-based biomass-carbon aerogel catalyst (Cu(OTf),@CAC) as a
highly efficient and selective catalyst for maleimide reduction with hydrosilane as a hydrogen source for
the first time. A strategy integrating chitin dissolution, nanofibrous regeneration, aerogel construction, and
customizable carbonization was designed for the reduction of copper trifluoromethane sulfonate
(Cu(OTf),) to Cu(0) and Cul) on the CAC. The Cu(OTf),@CAC exhibited excellent catalytic activity,
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conditions. Moreover, the Cu(OTf),@CAC can be reused six times without noticeably losing activity. This
work provides a representative and referential approach to achieve efficient catalytic conversion based on
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Introduction

Developing efficient synthetic strategies for highly selective
reduction reactions is essential due to their widespread occur-
rence in molecular synthesis." Succinimides® are important
structural units existing in natural products, pharmaceuticals,
and advanced materials, such as methsuximide,® moiramide B
and andrimide,* XCF-37B,” etc. (Fig. 1). Compared to the classi-
cal synthetic methodologies, selective reduction of maleimide
is a straightforward method to synthesize functional succin-
imides owing to atom- and step-economy. With mild conditions
and good chemoselectivities, hydrosilane has emerged as a
suitable hydrogen donor for selective reduction® compared to
the classical hydrogen” and metal hydride reagents (such as
LiAlH, or NaBH,).® However, most selective hydrosilylations to
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the reprocessing and customizable treatment of waste biomass resources.

access target compounds using homogeneous transition metal
catalysts require high catalyst loadings and ligands and cannot
be reused. Maleimide comprising two -NCO- bonds and one
C=C bond has attracted attention as a useful intermediate in
organic transformations.’ At least three reduction products
would be produced via homogeneous transition metal-cata-
lyzed reduction, including pyrrolidine, pyrrole, and succini-
mide."® The highly selective reduction to access succinimides
is still a challenging issue that has to be solved.

Considering the above challenges, the development of
recyclable catalysts would be the key to achieving the synthetic
purpose. In recent years, owing to their high stability, easy
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Fig. 1 Representative bioactive compounds bearing a succinimide
fragment.
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recyclability, and different pathways, heterogeneous metal
nanocatalysts have obtained more and more attention in
organic transformations," such as CO, transformations,"
Alder-ene reaction of allenynamides," alcohol oxidation,*
reductive amination,"® nitrile reduction,'® N-heterocycle syn-
thesis,” etc.

Following our previous contributions on heterogeneous cat-
alysis,'® we wish to report herein the preparation of copper-
based biomass-carbon aerogel catalysts (Cu(OTf),@CAC) and
demonstrate their first application in the highly selective cata-
lytic reduction of maleimides to achieve succinimides with
hydrosilane as a hydrogen source under mild conditions.
For the conversion of copper trifluoromethane sulfonate
(Cu(OTf),) to Cu(0) and Cu(i) on the CAC, a method incorporating
waste chitin (shrimp and crab shells) dissolution, nanofibrous
regeneration, aerogel fabrication, and adaptable carbonization
was developed. Under benign conditions, the Cu(OTf),@CAC
showed outstanding chemo-selectivity, catalytic activity, and
recyclability for selective maleimide reduction to succinimides.
The Cu(OTf),@CAC can also be used up to 6 times without sig-
nificantly losing effectiveness. Based on the reprocessing and
adaptable treatment of waste biomass resources, this study
offers a representative and reference strategy for effective cata-
lytic conversion.

Results and discussion

Formation of a copper-based biomass-carbon aerogel catalyst
(Cu(OTf),@CAC)

In this work, we designed a bottom-up approach by integrating
chitin dissolution, regeneration, aerogel structuring, and pyrol-
ysis to prepare a nanostructured copper-based biomass carbon
aerogel catalyst (Cu(OTf),@CAC) (Fig. 2a). First, crab shells
(Fig. S1, ESIT), which were purified as in our previous work,'®
were dissolved using potassium hydroxide/urea solution to
obtain a yellow, transparent and viscous chitin solution
(Fig. S27). Then, the chitin solution was subsequently poured
into a customized mold, immersed in anhydrous ethanol to
trigger the sol-gel phase transition and washed to obtain
nanofibrous chitin hydrogels (Fig. S31). Subsequently, ethanol
and acetone were used alternately to remove the solvent in the
gel, and the as-prepared organogel was immersed in Cu(OTf),-
containing acetone solution to promote the stable complexa-
tion of Cu®** with hydroxyl groups and amides on the mole-
cular chain of chitin (Fig. S4t). Next, chitin-Cu®" aerogels with
three-dimensional porous structures were prepared by freeze-
drying the above organogels. Finally, the CAC aerogel com-
prised Cu(0) and Cu(), and the biomass carbon was prepared
by pyrolyzing the composite aerogel under a nitrogen atmo-
sphere (Fig. 2b). The SEM image shows a rich three-dimen-
sional nano-network structure inside the copper-based
biomass catalyst (Fig. 2c). Furthermore, the TEM images show
that the chitin nanofibers present an amorphous nano-mor-
phology after carbonization and realize the reduction of Cu®*
during the thermal decomposition process (Fig. 2d). The
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Fig. 2 (a) Schematic diagram of the preparation of the copper-based
biomass carbon aerogel catalyst (Cu(OTf),@CAC). (b) Photographs of
chitin aerogels, chitin/Cu®* composite aerogels, and aerogel catalysts.
(c) SEM image of Cu(OTf),@CAC. (d) High magnification TEM image of
Cu(OTf),@CAC.

HRTEM images of Fig. S5 exhibited lattice fringes displaying
interplanar spacings of 0.24 nm and 0.18 nm, being in agree-
ment with Cu;N(100) and Cu(100), respectively (Fig. S51).*° In
addition, elements such as C, N, and Cu are shown using
the EDS test. After carbonization, they are still retained and
uniformly dispersed inside the Cu(OTf),@CAC specimen
(Fig. S67). The porous nanostructure and uniform element dis-
tribution of the Cu(OTf),@CAC specimen prove the feasibility
of the strategy of using a chitin nanofibrous aerogel to support
Cu, and at the same time provide abundant active sites for the
improvement of catalytic activity.

We further explored the structural regulation process of the
Cu(OTf),@CAC aerogel to reveal the effect of carbonization
time on the microscopic morphology and determine the prepa-
ration conditions (Fig. 3). Raman imaging technology is a non-
destructive and efficient method for characterizing material
structures. We first tested the standard Raman spectra of the
aerogel in different states (Fig. 3a). Obviously, the chitin/Cu(u)
aerogel sample not only retains the C=O stretching vibration
peak (1655.8 cm™') and the C-N out-of-plane bending
vibration peak (953.0 cm™') of chitin, but also reserves the
characteristics of metal salt peaks (750 and 1150 cm™").”°
Subsequently, the characteristic peaks of 1362.5 cm™"
1575.5 cm™ ' in the Raman spectrum of the carbonized compo-
site carbon aerogel represent the D and G peaks of amorphous
carbon,” respectively. In contrast, the characteristic peaks of
chitin completely disappear (Fig. 3b and Fig. S77). Fig. 3c
shows a representative line diagram of the Raman character-
istic spectrum of the Cu(OTf),@CAC aerogel section treated
with different carbonization times. The results show a strong
time dependence of the D and G peak intensities from the
surface to the interior of the carbon aerogel. When the pyrol-
ysis time is less than 4 h, although the carbonization reaction
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Fig. 3 Preparation parameters and structure of the CAC aerogel. (a)
Schematic illustration of structural characterization by the Raman
imaging technique. (b) Raman spectra of the CAC aerogel, chitin/Cu®*
aerogel, and pristine chitin aerogel. (c) Representative 2D Raman
imaging from the outside to the inside of the composite aerogel treated
with different pyrolysis times (0—4 h). (d) XPS spectra of composite
carbon aerogels, chitin/Cu aerogels, and Cu 2p spectra after O h, 1 h,
3 h, and 4 h of carbonization. (e) SEM images of aerogels with different
carbonization treatment times.

occurs inside the Cu(OTf),@CAC, the intensity of the D and G
peaks is much lower than that on the surface; in contrast,
when the pyrolysis time reaches 4 h, there is a uniform intensity
distribution inside and outside the Cu(OTf),@CAC (Fig. 3c).
Furthermore, we used X-ray photoelectron spectroscopy
(XPS) to detect the valence state changes of copper in the CAC
prepared at different pyrolysis times to clarify the relationship
between the chemical properties of the CAC and the carboniz-
ation time (Fig. 3d). As shown, there are representative peaks
of Cu 2ps, (934.99 eV) and Cu 2p,,, (954.85 eV), and a satellite
peak of 941.01 eV in the chitin/Cu(u) aerogel, confirming the
presence of solid chelation between chitin and Cu(u) for the
retention of Cu(m).”*> After pyrolysis treatment, the character-
istic peaks of Cu 2p;/, and Cu 2p,, shifted to the direction of
lower binding energies to 932.48 eV and 952.48 eV, respect-
ively, indicating that Cu(u) was transformed into Cu(0) at a
high-temperature pyrolysis process. In addition, the represen-
tative peaks of Cu-N at 934.38 eV and 954.08 eV also demon-
strate the presence of Cu(1),”>>* which is consistent with the
interplanar spacing results. In addition, by prolonging the
pyrolysis time from 1 h to 4 h, the Cu 2p;/, and Cu 2p,), peak
intensities continued to increase, proving the necessity of
prolonging the pyrolysis time to increase the content of Cu(0)
in the CAC. Besides, the peak intensity of N 1s also becomes
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lower than the pristine state, which testifies to the combi-
nation of Cu-N (Fig. S2t). Therefore, we set the pyrolysis time
as 4 h. Subsequently, we characterized the microstructure of
the composite aerogel with different pyrolysis times. The
results showed that after pyrolysis treatment for 1 h, the micro-
structure of the aerogel still showed a uniform three-
dimensional nanofiber network structure similar to the pris-
tine aerogel, with a specific surface area and an average pore
diameter of 135.2 m* g~' and 32 nm, respectively; when the
pyrolysis time was prolonged, the decomposition of chitin in
the Cu(OTf),@CAC is more thorough, forming a denser nano-
network structure (average pore size 12-22 nm) (Fig. 3e), and a
maximum specific surface area of 152.5 m> g~ (Fig. S97). The
above results illustrate that the timely pyrolysis process can
achieve complete carbonization of the chitin nanofiber
network and realize the reduction preparation of Cu(0) and
Cu;N. This carbon aerogel with a rich nanoporous structure is
expected to achieve highly efficient catalytic effects.

Catalytic reduction of maleimides with hydrosilane

To test our hypothesis, we initially investigated the reaction of
N-phenylmaleimide 1a by using H;SiPh as the hydrogen donor
and 5 mol% of different ruthenium complexes, including
RuHCI(CO)(PPh3);, Rujz(CO);;, RuH,(CO)(PPh;)s, [RuCly(p-
cymene)],, [RuCl,(COD)],, and RuCl; in toluene at 120 °C for

Table 1 Optimization of the reaction conditions for the selective
reduction of N-phenyl maleimide?

OA __ Catalyst

N° 0 + Silane
© Solvent 12h © @ @

1a 2
Yield
Temp. (%)

Entry Catalyst Silane Solvent (°C)  3a/4a/5a
1*  RuHCI(CO)(PPh;); H,SiPh Toluene 120  4/55/40
2P Ru,(CO)y, H,SiPh Toluene 120  0/40/60
3P RuH,(CO)(PPh;);  H;SiPh Toluene 120 9/21/64
4° [RuCly(p-cymene)], H;SiPh Toluene 120 20/16/57
5 RuCl,(PPh;); H,SiPh Toluene 120  6/33/60
6°  [RuCl,(COD)], H,SiPh Toluene 120 31/15/47
77 RuCl, H,SiPh Toluene 120  44/15/40
8 — H;SiPh Toluene 120 0/0/0
9 RuCl;@CAC H;SiPh Toluene 120 14/0/0
10 Cu(OTf),@CAC H;SiPh Toluene 120 97/0/0

11 Cu(OTf),@CAC — Toluene 120 0/0/0
12 Cu(OTf),@CAC HSi(Me),Ph Toluene 120 10/0/0
13 Cu(OTf),@CAC H,SiPh, Toluene 120 24/0/0
14 Cu(OTf),@CAC HSiEt; Toluene 120 4/0/0
15  Cu(OTf),@CAC H,SiPh 1,4-Dioxane 100  98/0/0
16  Cu(OTf),@CAC H,SiPh CH,;CN 80  16/0/0
17 Cu(OTf),@CAC H,SiPh DMC 90  62/0/0
18  Cu(OTf),@CAC H;SiPh THF 60  99/0/0
19°  Cu(OTf), H;SiPh THF 60 22/0/0

%Reaction conditions: 1-phenyl-1H-pyrrole-2,5-dione 1a (0.25 mmol),
silane 2 (0.5 mmol), catalyst (20 mg, 1 2 mol%), solvent (1.0 mL) at
120 °C, 12 h, detected by GC. ? 5 mol%. 1.2 mol%.

This journal is © The Royal Society of Chemistry 2024
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12 h. A mixture of different ratios of products succinimide 3a,
pyrrolidine 4a, and pyrrole 5a was always obtained (Table 1,
entries 1-7). Notably, no reaction of N-phenyl maleimide 1a
was detected without the additional catalyst (Table 1, entry 8).
When a nanostructured RuCl;-based biomass carbon aerogel
catalyst (RuCl;@CAC) was used instead of ruthenium com-
plexes, only 14% yield but with highly selective product succin-
imide 3a was obtained (Table 1, entry 9). However, a 97%
yield of succinimide 3a was produced by using Cu(OTf),@CAC
as the catalyst (Table 1, entry 10). Different hydrosilanes (HSi
(Me),Ph, H,SiPh,, and HSiPh3) and solvents (1,4-dioxane,
CH;CN, DMC, and THF) were then evaluated, (Table 1, entries
11-18) and H;SiPh as the hydrogen donor and THF as the
solvent in the presence of the Cu(OTf),@CAC at 60 °C for 12 h
were the optimized reaction conditions (Table 1, entry 18). The
same catalyst loading using Cu(OTf), just led to a 22% yield of
succinimide 3a under the above conditions (Table 1, entry 19).

With the results in Table 1, we explored the substrate
scopes of this first Cu(OTf),@CAC-catalyzed selective
reductions (Scheme 1). Firstly, a 1-aryl ring of maleimide-
bearing substituents including -OMe, -Me, —‘Bu, -'Pr, ~OPh,
-OH, -F, -Cl, -Br, -1, -CFj3, etc. The ortho, meta, or para posi-
tions (3b-3q) smoothly transferred to the corresponding succin-
imide compounds in 40-92% yields. The electronic effect
and steric effects did not hinder this selective catalytic
reduction. Interestingly, 1-arylmaleimides 1r-3t with ketone
and ester groups were tolerated and isolated in good yields
without reducing the C=O bond in this catalytic reduction
system. Moreover, succinimide with N-functional rings, such
as benzyl, naphthalene, fluorene, pyrene, and aminoglutethi-
mide (3u-3aa), produced good yields. Moreover, phenyl and
methyl-substituted maleimide 1ab and 1ac would also be
applied in this transformation, which could give a quaternary
carbon center of the corresponding product.

To gain insight into the mechanism of this reaction, some
controlled experiments were conducted (Scheme 2). No C=0
bond was reduced from amide under standard conditions,
whereas 4-methoxystyrene could be easily converted to 4-ethyl-
anisole. Moreover, when 0.2 mL of D,O was added to the reac-
tion, deuterated compound 3ab-D was obtained from the
transformation of substrate 1ab. These results indicated that
the C=C bond is easier to reduce than the -CONR- bond.
When the reaction was conducted under N,, only 20% yield of
compound 3a was detected, but when the reaction mixture was
kept under air for 5 h the yield of compound 3a increased to
99%. Moreover, an important observation is the formation of
1,3-diphenyldisiloxane during the reaction. These results rule
out the possibility that the O atom of 1,3-diphenyldisiloxane
comes from the air. As Cu(0) and Cu(i) species were detected
on the CAC, Cu®@CAC and Cu(OTf)@CAC were prepared
and tested in the model reaction and full yield of succinimide
3a was found with Cu’)(OTf)@CAC, which means Cu(i) on the
CAC plays an important role in this catalytic reaction.

In addition, the catalytic performance with different temp-
eratures has been evaluated. As shown in Fig. 4, only 21%
yield of succinimide 3a was obtained and 79% yield of

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Cu(OTf),@CAC catalyzed selective reduction of maleimides.
Maleimide 1a (0.5 mmol), Cu(OTf),@CAC (1.2 mol%, 20 mg), PhSiHz
(1.0 mmol), THF (1 mL), at 60 °C, for 12 h.

N-phenyl maleimide 1a was still observed. The yield of succin-
imide 3a is slowly increasing below 40 °C, whereas N-phenyl
maleimide 1a reacts smoothly above 40 °C and leads to full
conversion at 60 °C.

Furthermore, the stability and reusability of our newly
developed Cu(OTf),@CAC were examined by the model reac-
tion of N-phenyl maleimide 1a with PhSiH; (Fig. 5). The
Cu(OTf),@CAC could be easily reused for the next catalytic
cycle through a simple filtration. As illustrated in Fig. 5, the
Cu(OTf),@CAC could be reused at least 6 times, and the yield
of product 3a did not show a significant decline, which
demonstrates excellent catalytic activity and reusability of the
developed Cu(OTf),@CAC.

Based on the above controlled experiments and previous lit-
erature on copper catalyzed hydrosilylation,>® a possible
mechanism for the reaction is proposed in Scheme 3. Firstly,
the “Cu-H” species would be easily generated by the reaction
of phenylsilane to the Cu center of the CAC. Then, the “Cu-H”

Green Chem., 2024, 26, 2592-2598 | 2595
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Fig. 4 The catalytic performance at different temperatures.

species would react with maleimide 1 via the alkene insertion
process, leading to intermediate A. Next, intermediate A under-
went a c-bond metathesis process with hydrosilane to generate
intermediate B.>® Finally, the desired product succinimide 3a
would be produced by the reaction of hydrosilane and oxygen
from air with the release of the by-product silyl ether, and the
regenerated “Cu-H” species would be used for the next cycle.

Conclusions

In summary, a novel nanostructural biomass carbon aerogel
catalyst (Cu(OTf),@CAC) was designed and synthesized via a
facile method and characterized by SEM, TEM, BET, Raman
mapping, and XPS results. Cu(OTf),@CAC was applied as an
efficient and highly selective heterogeneous catalyst for the
selective reduction of maleimides to succinimides with hydro-
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Scheme 3 Proposed mechanism for the Cu(OTf),@CAC-catalyzed
selective reduction of maleimides.

silane as a hydrogen source, which is superior to other homo-
geneous metal catalysts. Cu(OTf),@CAC displayed excellent
recyclability such that it could be reused at least six times
without significant loss of activity. Further studies on this
reaction mechanism and the application of the heterogeneous
Cu(OTf),@CAC for other selective reduction processes are
underway.

Experimental section
Materials

Chitin, potassium hydroxide, urea, tert-butanol, and copper
trifluoromethane sulfonate (Cu(OTf),) were purchased from
Aladdin Biochemical Technology Co., Ltd (Shanghai, China).
Acetone and absolute ethanol were purchased from
Guangzhou Chemical Reagent Co., Ltd. (Guangzhou, China).

This journal is © The Royal Society of Chemistry 2024
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Chitin powder purification

First, 400 g of crab shells were crushed, dispersed in 4 L of
4 wt% NaOH solution, and stirred for 8 h to remove proteins.
Then, the substance was successively dispersed in 4 L of
0.3 wt% Na,ClO (8 h, stirring, 80 °C) and the pH level of the
mixture was constantly maintained by adding 7 wt% HCI to
remove pigments and minerals. After repeating the above steps
twice, chitin powders were obtained by drying at 50 °C.

Chitin hydrogel and chitin aerogel preparation

First, 5.26 g of chitin powders were added slowly to 100 g of
20 wt% KOH/4 wt% urea solution while stirring in the trap at
—40 °C for 2 h. The turbid mixture turned into a yellow viscous
chitin solution after centrifugation at 10 000 rpm and 0 °C.
Then, the chitin solution was poured and cast into the home-
made mold. The chitin gel was formed by immersing the mold
in 1 L of absolute alcohol at —25 °C for 24 h. Finally, the trans-
parent chitin hydrogel was cut into 2 x 2 cm chitin gel pieces.

Copper-based biomass-carbon aerogel catalyst (Cu
(OTf),@CAC) preparation

First, 16 pieces of the chitin gel were dispersed in 50 mL of
acetone to obtain chitin organogels, which are immersed in
50 mL of 5 wt% Cu(OTf), acetone solution and stirred for 5 h
(Fig. S4t). Subsequently, the chitin/Cu gels were washed and
replaced with 50 mL of acetone and 50 mL of tert-butanol for
24 h, respectively. Then the chitin/Cu gels were immersed in a
box filled with liquid nitrogen and the chitin/Cu aerogels were
obtained by freeze-drying (Christ Alpha 2-4 LDplus, —80 °C,
0.045 atm). Finally, 120 mg of the chitin/Cu aerogels were car-
bonized under a nitrogen atmosphere at 250 °C (heating rate
is 5 °C min~" and cooling rate is 10 °C min~") for 1 h to obtain
Cu(OTf),@CAC-1 h. What’'s more, 120 mg of the chitin/Cu
aerogels were carbonized under a nitrogen atmosphere at
250 °C (heating rate is 5 °C min~" and cooling rate is 10 °C
min~") for 3 h to obtain Cu(OTf),@CAC-3 h, and 120 mg of
the chitin/Cu aerogels were carbonized for 4 h wusing
the same procedure to obtain Cu(OTf),@CAC-4 h. All
Cu(OTf),@CAC-1 h, Cu(OTf),@CAC-3 h and Cu(OTf),@CAC-4 h
samples were washed with 10 mL of acetone for 12 h and dried
at 50 °C to remove impurities.

Data availability

All experimental data and detailed procedures are available in
the ESLt
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