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Multicomponent Betti reaction affords
covalent organic framework nanoreactor
for palladium-catalyzed nitroarene
reduction

Check for updates

Neda Salarinejad1, Mohammad Dinari 1 , Jonas Lins2, Torsten Gutmann2,3 & Keun Hwa Chae 4

Multicomponent reactions (MCRs) offer a sustainable and efficient pathway to complex molecular
architectures. Here, we show the design and synthesis of a α-amino(2-hydroxybenzyl)-linked covalent
organic framework (Betti-COF) via a one-pot, three-component solvothermal Betti reaction. This
approach expands the scope of the MCR-based COF synthesis strategies by introducing a
multicomponent pathway to highly ordered crystalline frameworks without the need for step-by-step
linkage construction. The resulting s-Betti-COF exhibits a distinct hollow spherical morphology, high
thermal stability, and robust porosity. This framework provides ideal support for the immobilization of
small palladium nanoparticles (1-2 nm) within its pores to form the s-Betti-COF nanocomposite. The
prepared samples were characterized by FT-IR, DNP-enhanced 13C CP-MAS NMR, DNP-enhanced
15N CP-MAS NMR, XRD, HR-TEM, FE-SEM, EDS, XPS, and nitrogen physisorption analysis. Kinetic
investigations, including Hammett analysis, support a reaction mechanism involving an anionic
intermediate. This study introduces the Betti reaction as a synthetic tool for constructing functional
COFs and establishes these materials as highly effective nanoreactors for heterogeneous catalysis.

Multicomponent reactions (MCRs) are one-pot processes involving more
than two reactants, typically three to seven readily available starting mate-
rials, in which most of the atoms from the starting materials are incorpo-
rated into the final products without the need for isolation or purification of
intermediates1,2. MCRs inherently embody several green chemistry princi-
ples, offering unique synthetic advantages such as a high degree of atom
economy, step and bond efficiency, simplified work-up procedures, envir-
onmentally benign reaction conditions, minimized potential contaminants,
reduced reaction time, and often high product yields. The inherent
advantage of MCRs lies in their ability to reduce synthetic steps through a
one-pot approach. These reactions, performed in a single reaction vessel,
often provide superior yields while generating fewer by-products. Another
sustainable feature ofMCRs is the in situ synthesis of reaction intermediates
that rapidly convert to products, thus eliminating the need to isolate
potentially unstable and toxic intermediates3–5.

Covalent organic frameworks (COFs) have received considerable
attention as versatilematerials in various scientific fields. These frameworks
consist of organic building blocks connected through strong covalent bonds

between light elements from the periodic table, such as carbon, oxygen,
nitrogen, and boron, which allow the construction of both two- and three-
dimensional architectures6–9. COF materials have been successfully devel-
oped in various morphologies, including foams10, sheets11, spheres12,13,
fibers14,15, cubes16, shuttle17, and belts18. COFs have remarkable properties,
especially their excellent crystallinity, which can be precisely tailored by
optimizing reaction conditions such as monomer addition rate, moderator
usage, and the selection of acidic or basic catalysts. Furthermore, these
materials feature low density, large surface areas, tunable pore size and
structure, easily tailored functionality, and versatile covalent combinations
of building blocks. These properties enable outstanding performance in
applications including gas storage and separation19,20, sensors21, membrane
technology22, optoelectronics23,24, catalysis25,26, and functional device
development27.

Several synthetic approaches are employed in COF design and
synthesis, including Aldol reactions28, Knoevenagel condensation29, het-
erocyclic ring formation (e.g., benzimidazole30, benzothiazole31, and
benzoxazole32), Schiff base condensation33, and imide34 and aminal35 bond
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formations. Common preparation methods include solvothermal,
mechanochemical36,37, sonochemical38, plasma induced39, photochemical40,
microwave41, electric-field mediated and electron beam irradiation
methods42,43. The development of novel synthetic routes for the preparation
of specific and increasingly complex COFs remains a central focus of
materials science research.

Recent research has increasingly focused on usingMCRs to synthesize
COFs due to their green and sustainable properties. Several research groups
have developed innovative MCR-based approaches. For example, ref. 44
successfully synthesized benzothiazole-linked COFs using an efficient one-
pot, multicomponent, transition metal-free approach that demonstrated
light-harvesting capacity as photosensitizers and enabled visible light-
assisted carbon-boron bond cleavage. Wang et al.45 used the
Debus–Radziszewski reaction to construct ultra-stable imidazole-linked
COFs. Thomas’s group used both Povarov and Doebner multicomponent
reactions to synthesize COFs with exceptional photocatalytic activity for
hydrogen peroxide production and the selective photooxidation of benzy-
lamine and aryl methyl sulfide derivatives46. Dong’s group developed pro-
tocols using three-component, one-pot, in situ Strecker and Povarov
reactions to synthesize α-aminonitrile- and quinoline-linked COFs47.
Additionally, this research group introduced a simple and versatile strategy
for constructing COFs using photocatalytic MCRs48. Under visible light
irradiation, they successfully synthesized a series of robust COFs with
excellent crystallinity and high porosity via the photoredox-catalyzed
multicomponent Petasis reaction.

Based on these successful advancement in multicomponent COF
construction, and our ongoing work in COF synthesis49–52, we report the
design and preparation of a COF via the Betti multicomponent reaction
to form α-amino(2-hydroxybenzyl) linkages. This porous framework was
subsequently used as a support for the immobilization of small palladium
nanoparticles. The resulting nanocomposite material was investigated as
an efficient catalyst for the reduction of nitroarenes. The structure,
morphology, and chemical properties of the synthesized materials were
extensively characterized using a combination of different analytical
techniques.

Results and discussion
The synthesis of the targetCOFwas basedonBetti reaction a one-pot, three-
component condensation of an aldehyde and an amine-functionalized
building block and β-naphthol. To determine the optimal synthetic con-
ditions, we investigated and compared two distinct synthetic approaches: a
one-pot, three-component reaction and a sequential two-step reaction
(Scheme 1). The one-pot, three-component reaction approach was con-
ducted under both conventional heating in an oil bath (yielding t-Betti-
COF) and solvothermal conditions (producing s-Betti-COF). To evaluate
the efficiencyof the three-componentmethod,wealsoperformeda two-step
synthesis involving the initial formation and isolation of an imine inter-
mediate, followed by its reaction with β-naphthol under solvothermal
conditions.

Characterization of synthesized COFs
FT-IR spectroscopy was used to study the functional groups present in the
synthesized structures (Fig. 1a). The spectrum of 2,4,6-tris(4-for-
mylphenoxy)-1,3,5-triazine (TFPOT) showed strong absorption bands at
1701, 1569, and 1213 cm−1, which correspond to the stretching vibrations of
the formyl group (-CHO), the imine group (C=N) in the triazine structure,
and the C-O bond, respectively. Additionally, weak bands at 2791 and
2834 cm−1 corresponding to the stretching vibrations of theC-Hbondof the
formyl group and other C-H bonds, respectively, were obtained. In the FT-
IR spectrum of the Im-COF structure, the formyl group stretching
absorption appeared as aweak band at 1730 cm−1. This decrease in intensity
indicates the significance of formyl groups in the TFPOT that were con-
sumed during the formation of the imine. The appearance of a strong
absorption band at 1638 cm–1 suggests imine formation and substantiates
the successful reaction between p-phenylenediamine andTFPOT in the Im-
COF structure. In the FT-IR spectra of the α-amino(2-hydroxybenzyl)-
linked COFs (t-Betti-COF, s-Betti-COF, and s-Betti-COF2+1), a peak at
3370 cm−1 appeared, which is attributed to O-H phenolic stretching
vibrations. Furthermore, a medium peak at 3030 cm−1 became visible,
which is associated with C-H aromatic stretching vibrations. Notably, the
disappearance of the absorption band at 1638 cm−1 previously attributed to

Scheme 1 | Schematic illustration of the synthesis of Betti-COFs. Synthesis of α-amino(2-hydroxybenzyl)-linked covalent organic frameworks (Betti-COFs).
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the imine provides evidence for the formation of the α-amino(2-hydro-
xybenzyl) structure.

Cross-polarization (CP)magic angle spinning (MAS)NMR, combined
with dynamic nuclear polarization (DNP) were used to monitor the
structure formation of the COFs (Fig. 1b, c) according to refs. 53,54. The
DNP-enhanced 13CCP-MASNMR spectrumof the precursor TFPOT (Fig.
1b) displays the characteristic peaks at 192 and 175 ppm with their corre-
sponding spinning sidebands, attributed to the formyl carbon (A) and
triazine ring carbons (B), respectively53–55. The disappearance of the signal at
192 ppm and the appearance of a signal at 165 ppm in the DNP-enhanced
13CCP-MASNMRspectrumof Im-COF indicate that the formylmoietyhas
reacted successfully to form an imine group. Next, the DNP-enhanced 13C
CP-MAS NMR spectrum of Im-COF (Fig. 1b) shows an overlay of two
signal patterns, one with a narrow line width, where signals at similar
chemical shifts compared to TFPOT are visible and a broad one with
dominating signals between 110 and 170 ppm. The narrow lines suggest the
formation of ordered structures preserving moieties of TFPOT after the
formation of Im-COF. The presence of broad signals next to the narrow
ones clearly indicates the formationof disorderednext to ordered structures.
For the samples prepared with the Betti reaction, the broad component
dominates the spectra, and no significant differences between t-Betty-COF,
s-Betti-COF, and s-Betti-COF2+1 are obtained. The broad peaks in the
110–140 ppm region are attributed to the overlapping contributions of both
the aromatic carbons of the introduced naphthol moiety and the existing
frameworkaromatic carbons.This let us assume that thesematerials contain
similar structures, which is in good agreement with the IR data, where also
no significant differences are obtained in the spectra.

The signals obtained in theDNP-enhanced 15NCP-MASNMRspectra
(Fig. 1c) confirm the presence of nitrogen-containing functional groups in
all samples. The DNP-enhanced 15N CP-MAS NMR spectrum of the
TFPOT precursor displays a single peak at 157 ppm, which corresponds to
the nitrogen atoms in the triazine rings56. TheDNP-enhanced 15NCP-MAS
NMR spectrum of Im-COF shows signals at 284, 159, 151, and 77 with a

small peak at 98 ppm as a shoulder, and at 27 ppm. The signal at 284 ppm is
attributed to imine groups showing a large anisotropy as underlined by the
spinning sideband at −8 ppm marked with an asterisk. The signals at 159
(narrow peak) and 151 ppm (broad peak)most probably stem from triazine
nitrogens in ordered and disordered structures, respectively, of the formed
Im-COF57 which is in agreement with the results obtained in the 13C CP-
MAS spectrum. In the Betti-COF series, the triazine nitrogen signals shift
further upfield due to an altered electronic density distribution caused by
two concurrent structural changes introduced by the Betti multicomponent
reaction. First, the iminemoieties transform into secondary aminemoieties,
which converts the sp2-hybridized imine into an sp3-hybridized secondary
amine. This reduces conjugation through the framework and alters the
electron density transmitted to the triazine ring. Second, the introduction of
β-naphthol groups, which further modulate the electron density at the
triazine ring through the extended conjugated framework. The signals at 77,
and 27 ppm are assigned to unreacted amine groups from incompletely
condensed precursor molecules present on the surface of the COF particles
and to ammonium species from the protonation of the unreacted amine
groups in an acidic reaction medium, respectively58,59. The DNP-enhanced
15NCP-MASNMRsignals from imine andaminegroups appeared similarly
intense. However, this does not reflect their actual concentrations in the
synthesized COF. This is because imine nitrogen atoms aremore difficult to
detect via 1H→ 15NCP-MASNMR since they do not have directly attached
protons. The DNP enhancement technique preferentially amplifies signals
from the surface of COF particles. Although the pores of the COF are large
enough for theTEKPolmoleculesused for the sample preparation, diffusion
of thesemolecules within the pores is likely slow. This slow diffusion results
in a DNP enhancement gradient, which favors the detection of amine
groups which are present on the surface of the COF particles. These amine
groups are expected to be associated with incompletely condensed linkers58.
The intensity of the signal at 284 ppm has decreased in the DNP-enhanced
15N CP-MAS NMR spectra of Betti-COFs, which indicates the successful
reaction between iminemoieties and β-naphthol. Additionally, the peak for

Fig. 1 | Spectroscopic characterization of the synthesized TFPOT and COFs.
a FT-IR spectra, bDNP-enhanced 13CCP-MASNMR spectra, and cDNP-enhanced
15N CP-MAS NMR spectra. Note: Spectra displayed in (b) were measured at 10 kHz
spinning for TFPOT and at 12 kHz for Im-COF, t-Betti-COF, s-Betti-COF, and s-
Betti-COF2+1. Tiny signals in the range between −10 and 55 ppm obtained for the
COF samples in (b) refer to spinning sidebands of the signal groups between 110 and

175 ppm. Tiny signals in the range between 20 and 100 ppm obtained for the TFPOT
sample in (b) refer to spinning sidebands. The signal at 75 ppm in spectra b is
assigned to TCE from the solvent matrix used for DNP sample preparation. Spectra
displayed in c were measured at 10 kHz spinning for TFPOT, t-Betti-COF and s-
Betti-COF2+1, and at 12 kHz for Im-COF and s-Betti-COF. The signal marked with
an asterisk (*) in c is attributed to a spinning sideband.
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the secondary amine expected at around 55–60 ppm in the α-amino(2-
hydroxybenzyl) linkage is not visible, which is probably because it overlaps
with the peak from unreacted amine groups at 77 ppm60,61.

X-ray diffraction (XRD) was used to investigate the phase purity and
crystallinity of the synthesized structures (Fig. 2a, b). The crystallinity of the
Im-COF was studied at a low angle (0.5–10°), which revealed well-defined
diffraction features indicative of an ordered framework. The XRD pattern
exhibited two distinct peaks at 2θ = 2.70° and 4.84°, corresponding to the
(100) and (110) crystal planes, respectively. An additional small peak at
2θ = 7.43°was attributed to the (120) crystal plane.These results confirm the
formation of a crystalline COF structure with long-range periodic ordering.
The diffraction pattern of the t-Betti-COF showed a dramatic deterioration
in crystallinity. The characteristic peaks observed in Im-COF disappeared
completely, and the intensity of the peak at 2θ = 2° decreased. This loss of
crystalline order indicates an absence of a well-defined periodic framework,
suggesting that the material should be classified as a covalent organic
polymer (COP) rather than a crystalline COF. The poor crystallinity
probably results from uncontrolled and rapid reaction kinetics inherent to
thermal synthesis conditions. In contrast, the corresponding peaks were
preserved in the XRD pattern of the s-Betti-COF structure, confirming that
the COF synthesized under the three-component Betti reaction conditions,
with the introduction of β-naphthol, maintained a crystalline framework.
The diffraction pattern of the s-Betti-COF2+1 exhibited reduced peak
intensities, suggesting lower crystallinity and this material is similarly
classified as a COP. This reduced crystallinity can be attributed to the
disruption of the crystalline framework caused by the incorporation of β-
naphthol into the Im-COF structure. The superior crystallinity observed in
the three-component, one-pot synthesis of s-Betti-COF structure can be
explained by slower crystallization kinetics in the solvothermal environ-
ment, allowing development of a more ordered structure with enhanced
specific surface area and improved porosity, ultimately yielding a true
COF62,63. This comparison demonstrates that the synthesis pathway criti-
cally determines the structural outcome of Betti-COF materials. Com-
parative analysis of the low-angle diffractionpatterns of the s-Betti-COFand
Im-COF structures revealed a slight shift in the diffraction angle of the (100)

plane from 2.70° to 2.63° (Fig. S1). This minor shift can be attributed to the
structural changes in interplanar spacing and unit cell parameters, as well as
to rigidification, which occurred following the formation of the α-amino(2-
hydroxybenzyl) linkages64. To elucidate the crystalline structure of the
synthesized s-Betti-COF, 2D-layered structures with staggered AB and
eclipsed AA stacking arrangements were modeled using Materials Studio
software V. 24.1 (Fig. S2). The experimental XRD pattern showed better
agreement with the simulated pattern obtained from the AA eclipsed
structure compared to the AB staggered structure. The optimal lattice
parameters obtained through refinement for the unit cell in the space group
of P1 are as follows: a = 7.42 Å, b = 39.29 Å, c = 37.95 Å, α = 120°, and
β = γ = 90°. For comparison, the interlayer spacing of the parent Im-COF is
3.44Å, consistentwith the typicalπ-π stacking distances reported for imine-
linked 2D COFs (Table S3). The interlayer spacing in s-Betti-COF is nearly
double that of the parent Im-COF (7.42 vs 3.44Å), which is attributable to
the introduction of the bulky β-naphthol moieties via the Betti reaction.
These large aromatic substituents lead to an increased interlayer space
between adjacent 2D COF sheets. This phenomenon is well documented in
the literature for COFs functionalized with sterically demanding sub-
stituents, where interlayer spacing substantially exceeding the typical π-π
stacking distances of ∼3.5Å has been reported65,66. Furthermore, the broad
peak observed at approximately 2θ = 20° in the wide-angle XRD pattern
(10–80°) indicates the formation of isoreticular 2D-layered structures
stacking in the c-direction (Fig. 2b)46. Consequently, s-Betti-COF -the only
Betti-COF retaining true COF crystallinity- was selected as the support for
palladium immobilization due to its crystalline architecture. After immo-
bilization of palladium nanoparticles on s-Betti-COF, the XRD patterns in
both low- and wide-angle remained unchanged. This preservation of the
diffraction patterns can be attributed to the low loading of palladium, which
was insufficient to cause a detectable change in the crystalline structure of
COF. The absence of the characteristic diffraction peaks of palladium
nanoparticles in the XRD pattern could be attributed to the low metal
loading, the high dispersion, and the small size of the nanoparticles.

Nitrogen physisorption analysis was conducted to evaluate the surface
area, pore characteristics, and average pore diameter of the synthesized

Fig. 2 | Crystallographic characterization of the synthesized COFs. a Low-angle and b wide-angle XRD patterns of synthesized COFs.
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structures (Fig. 3). The N2 adsorption and desorption isotherms of all
synthesized COFs exhibited type IV behavior with a hysteresis loop, con-
firming the presence ofmesopores and the associated capillary phenomena.
The Im-COF exhibits a combination Type I and Type IV isotherms with a
sharp uptake of nitrogen at low relative pressure (p/p0 < 0.05), indicating
microporosity67. An open hysteresis loop was also observed, suggesting a
broad pore size distribution or a complex network of interconnected pores
that prevented uniform adsorption and desorption processes across all
pores. This resulted in delayed desorption and the characteristic open
loop68–70. The specific surface area measured by the BET method was
2911m2g−1 (Table S1). For the Betti-COFs, the characteristic steep nitrogen
uptake at low pressures (p/p0 < 0.05) disappeared, indicating an absence of
micropores in these derivatives. Additionally, the hysteresis loops closed
completely, demonstrating improved uniformity and a narrower pore size
distribution. All three samples exhibited a substantial decrease in surface
area following the Betti reaction. This reduction in surface area anddecrease
in pore volume provide strong evidence that the imine bonds successfully
reacted through the reaction with β-naphthol, resulting in the naphthol
moieties occupying the pore volume (Table S1). However, the solvothermal
method (s-Betti-COF) produced a COF with a larger surface area than the
thermal method (t-Betti-COF), suggesting that superior structural ordering
was achievedunder solvothermal conditions.When comparing the one-pot
three-component solvothermal method (s-Betti-COF, 500.6 m2/g) with the
two-step sequential method (s-Betti-COF2+1, 110.7 m2/g), the results
showed significant differences. The stepwise approach likely disrupts opti-
mal framework formation due to the partial collapse of the initial imine
framework and the less-ordered integration of the β-naphthol component
when it is added sequentially. This results in the formation of larger, less
uniform pores at the expense of smaller, more numerous pores. Following
palladium immobilization on s-Betti-COF, the surface area did not change,
while the pore volume decreased by ~30%, and this introduced an open
hysteresis loop in the nitrogen isotherm. These observations strongly sug-
gest that the palladium was successfully incorporated into the pores of the
COF and occupied them rather than being deposited on the surface. The
openhysteresis loop indicates that the palladiummayhave partially blocked
the pores or altered their connectivity, resulting in delayed nitrogen release

during desorption. The high mean pore diameter in s-Betti-COF2+1 and
t-Betti-COF indicated that these COFs had different crystallinity, mor-
phology and porosity compared to Im-COF and s-Betti-COF, which was
confirmed by XRD and microscopic analysis (Fig. 2a and Fig. S7).

X-ray photoelectron spectroscopy was used to evaluate the surface
composition and determine the electronic states of the elements (Fig. S5).
The survey spectra of s-Betti-COF revealed the presence ofC 1s,N 1s, andO
1s core levels (Fig. S5a). Additionally, Pd-s-Betti-COFshowedPd3d signals,
confirming successful palladium incorporation. High-resolution analysis of
theN1s region of s-Betti-COF revealed four distinct components at binding
energies of 398.62, 398.81, 399.70, and 400.55 eV (Fig. S5b). These were
assigned to triazine C=N, imine C=N, Betti linkage C-NH-C, and dangling
NH2, respectively

49,71. The Pd 3d5/2 core level was deconvoluted into two
components at 335.83 eV (73.2%) and 337.72 eV (26.8%), which corre-
sponded to Pd0 and Pd2+ (as PdO) species, respectively (Fig. S5c). These
results indicate that a large proportion of the palladium is reduced by the
reductive annealing process. The presence of palladium oxide also indicates
the surface oxidation of the palladium nanoparticles in the presence of air.

The thermal gravimetric analysis of Im-COF, s-Betti-COF and Pd-s-
Betti-COF was performed. The TGA profiles showed no obvious weight
losses of Im-COF, s-Betti-COF, and Pd-s-Betti-COF up to ~400 °C, indi-
cating their good thermal stability (Fig. S6). The slight increase in weight
during the initial stage of thermolysis is due to the buoyancy effect of the
TGA equipment, which affects the apparent mass during TGA analysis72,73.
The enhanced thermal stability of Pd-s-Betti-COF could be related to the
hydrogen reduction annealing process, which drives the elimination of
residual solvent molecules and labile surface species at 200 °C.

The morphology characteristics of the synthesized structures were
evaluated by field emission-scanning electronmicroscopy (FE-SEM) (Fig. 4
and Fig. S7). The FE-SEM image of the Im-COF revealed a uniform sphe-
rical morphology with a diameter of about 1.4 μm. In contrast, the FE-SEM
image of the t-Betti-COF exhibited a distinct morphological change from
spherical to tubular structures. This transformation is probably attributed to
the change in the reaction environment under thermal conditions. In the
solvothermal method, homogeneous nucleation typically results in zero-
dimensional spherical growth, leading to the resulting spherical structures

Fig. 3 | Textural properties of the synthesized COFs. Nitrogen adsorption-desorption isotherms of the synthesized COFs were measured at 77 K.
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(Fig. S7a). This significant structural change was corroborated by N2 phy-
sisorption analysis, which confirmed accompanying changes in shape and
porosity. The FE-SEM image of the s-Betti-COF2+1 shows that the original
morphology was preserved relative to the Im-COF (Fig. S7b). This suggests
that the sequential addition of β-naphthol did not disrupt the fundamental
structural architecture.Themorphology did not change after palladiumwas
immobilized on s-Betti-COF (Fig. 4c). Transmission electron microscopy
(TEM) images of s-Betti-COF revealed hollow spherical structures (Fig. S8).
Bright-field and dark-field TEM images of Pd-s-Betti-COF show that small
palladium nanoparticles (∼1–2 nm) were immobilized inside the s-Betti-
COF pores. The high-resolution TEM (HR-TEM) image displayed a lattice
spacing of 2.25Å for the Pdmetallic nanoparticles, indicating the crystalline
nature of the palladium nanoparticles with (111) d-spacing (Fig. 4e).
Energy-dispersive X-ray spectroscopy analysis of the Pd-s-Betti-COF
reveals that the palladiumnanoparticles are closely associatedwith nitrogen
and carbon atoms, indicating that the organic moieties surround the pal-
ladium nanoparticles (Fig. 4i–m).

Catalytic performance of Pd-s-Betti-COF
Reduction of p-nitroaniline. The catalytic activity of the synthesized Pd-
s-Betti-COF catalyst was evaluated on sodium borohydride-mediated
reduction of nitroarenes. To determine the optimal conditions, initial
experiments were conducted with varying amounts of sodium borohy-
dride with 1 mg of Pd-s-Betti-COF. Initially, the reaction rates increased

proportionally with sodium borohydride concentration; after reaching a
maximum, the rate constant decreased (Fig. S9). The initial increase in
reaction rate with sodium borohydride concentration is attributed to the
greater availability of reducing agent to react with p-nitroaniline. The
subsequent decrease at higher sodium borohydride can be attributed to a
change in pHof the solution at high sodium borohydride concentrations,
resulting in a decreased rate of hydrolysis74.

Substituent effects on the reduction of nitroarenes reactivity and the
Hammett plot. The effect of substituent groups on the reactivity of
nitroarenes in the reduction reaction was investigated using various
nitroarene derivatives (Figs. S10 and S11). The first study investigated
nitroarene derivatives with electron-releasing groups such as o-nitroaniline,
m-nitroaniline, p-nitroaniline, N,N-dimethyl-4-nitroaniline, p-nitroanisole,
and p-nitrotoluene. These derivatives demonstrated good reactivity in the
reduction process. The reactivity patterns of nitroaniline derivatives clearly
demonstrate the influence of electronic resonance effects (Fig. 5a). Themeta-
substituted isomer showed higher reactivity than the ortho- and para-iso-
mers. This suggests that the reaction mechanism involves negatively charged
species, since an amino group in the meta position cannot destabilize these
species through resonance effects.

Additionally, nitroarenes containing electron-withdrawing sub-
stituents, including halogens (fluoro and bromo) and carboxyl groups
positioned on the aromatic ring, were examined under the same catalytic

Fig. 4 |Morphological and elemental characterization of the synthesizedCOFs. FE-SEM images of a Im-COF, b s-Betti-COF, cPd-s-Betti-COF, d bright-field TEM, eHR-
TEM, f–h dark-field of Pd-s-Betti-COF, and i–m corresponding quantitative EDS mapping.
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reaction conditions (Fig. 5b). UV-Vis spectroscopic analysis of the halo-
genated derivatives showed no characteristic aniline absorption peak at
230 nm, confirming that dehalogenation did not occur during the reduction
process (Fig. S11).

The reactivity of catalytic substrates is fundamentally determined by
the distribution of charge density at their reaction centers. To elucidate the
mechanistic pathway of the reduction of nitroarenes, the reaction rates were
calculated for a series of para-substituted nitroarene derivatives. Using the
Hammett equation, a linear free energy relationship was established for the
competitive reduction of para-substituted nitroarenes with sodium bor-
ohydride. The correlation parameters were calculated to be ρ �0.0738,
R2 = 0.0318 (using σ values) and ρ �0.1139, R2 = 0.7625 (using σ� values)
(Fig. 5c, d). Positive ρ values indicate that the catalytic reduction proceeds
through anionic intermediates and that electron-withdrawing groups
enhance the rate of nitroarene reduction. The superior correlation coeffi-
cient obtained using σ� values reflects direct resonance interactions
between the substituents and the anionic reaction center. This observation is
consistent with previous reports on positive ρ values75,76 and their correla-
tion with σ� values.

Thermodynamic study of the kinetics of the reduction of
p-nitroaniline. Temperature gradient studies were conducted across a range
of 10 to 50 °C (Fig. 6a). Following Arrhenius theory, ln k was plotted against
1/T (Fig. 6b). The Arrhenius activation energy (Ea) was determined using the
Arrhenius equation, and the thermodynamic parameters, including the
enthalpy of activation (ΔH‡) and the entropy of activation (ΔS‡), were cal-
culated using Eyring equation. The constants used were: A (pre-exponential
factor), R (universal gas constant, 8.314 J.mol−1.K−1), kB (Boltzmann con-
stant, 1.38 × 10−23 J.K−1) and h (Planck constant, 6.626 × 10−34 J.s).

ln k ¼ lnA� Ea

RT
Arrhenius Equation

ln
k
T
¼ ln

kB
h
þ ΔSz

R
� ΔHz

R
1
T

� �
Eyring Equation

The reaction rate constants showed a positive correlation with tem-
perature. Analysis of the Arrhenius plot (ln k vs 1/T) revealed an activation

Fig. 5 | Substituent effects and Hammet analysis for the catalytic reduction of nitroarenes. The influence of a electron-releasing, b electron-withdrawing groups, on the
reduction of nitroarenes, c, d Hammett plots for the reduction of p-substituted nitroarenes.
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energy (Ea) of 13.95 kJ.mol−1 for the reduction of p-nitroaniline. Thermo-
dynamic parameters were extracted from the slope and intercept of the
ln(k/T) vs 1/T plot (Fig. 6c). The (ΔH‡) and (ΔS‡) values were calculated to
be 11.43 kJ.mol−1 and −250.73 J.mol−1K−1, respectively. The positive value
of ΔH‡ confirms the endothermic nature of the reduction reaction, con-
sistent with the observed temperature-dependent increase in rate constants.
The negativeΔS‡ value suggests increased structural ordering at the catalyst-
solution interface during the transition state.

Catalyst reusability and durability are crucial factors for commercial
implementation. To evaluate these properties, the Pd-based catalyst was
examined through consecutive cycles of the reduction of p-nitroaniline. The
catalystmaintained its performance across seven consecutive cycles without
a significant decline in catalytic activity (Fig. S12a). ICP-OES analysis was
employed on the reaction solution to assess metal leaching and revealed
minimal palladium leaching of only 0.5% after four cycles. Post-reaction
characterization using FT-IR, N2 physiosorption, and XRD analysis con-
firmed that the catalyst’s structure remained largely intact after four suc-
cessive runs (Fig. S12). The increased surface area after reuse was probably
due to the ultrasonication during washing of the catalyst after each run. The
appearance of the characteristic peak of the imine bond at1600 cm−1 in the
post-cycling FT-IR spectrum probably indicated the formation of imine
linkages between the residual unreacted aldehyde groups present on the
COF surface and the aniline derivatives generated during the nitroarene
reduction reaction.

Conclusion
In summary, this research successfully demonstrates the application of the
Bettimulticomponent reaction as an efficient strategy for the synthesis of an
α-amino(2-hydroxylbenzyl)-linked COF. The optimal method was identi-
fied as the one-pot, three-component solvothermal process (s-Betti-COF),
yielding a thermally stable s-Betti-COF with a unique hollow spherical
morphology and accessible porosity. This COF is an excellent platform for
the immobilization of palladium nanoparticles and synthesizing a robust
Pd-s-Betti-COF nanocomposite. The catalyst exhibited excellent activity,
selectivity, and recyclability in the reduction of nitroarenes, with minimal
metal leaching over successive cycles. Kinetic and mechanistic studies
provided valuable insights into the reaction pathway and confirmed the role
of electron-withdrawing groups in accelerating the reaction via anionic
intermediates. Additionally, the prepared samples were characterized by
FT-IR, DNP-enhanced 13C CP-MAS NMR, DNP-enhanced 15N CP-MAS
NMR, XRD, HR-TEM, FE-SEM, EDS, XPS, and nitrogen physisorption
analysis. This work expands the scope of multicomponent reactions in the
rational design of functional materials and highlights the significant
potential of the resulting COFs as heterogeneous catalyst supports. This
opens avenues for developing sustainable chemical processes.

Data availability
The data that support the findings of this study are available within the
article or the Supplementary Informationfile. Additional data related to this

Fig. 6 | Thermodynamic and kinetic study of p-nitroaniline reduction. aThe effect of temperature on reduction of p-nitroaniline over Pd-s-Betti-COF, bArrhenius plot of
ln k vs. 1/T, and c Eyring–Polanyi plot of ln(k/T) vs 1/T.
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paper may be available from the corresponding authors upon reasonable
request.

The source data for Fig. 1 is in Supplementary Data Fig. 1
The source data for Fig. 2 is in Supplementary Data Fig. 2
The source data for Fig. 3 is in Supplementary Data Fig. 3
The source data for Fig. 4 is in Supplementary Data Fig. 4
The source data for Fig. 5 is in Supplementary Data Fig. 5
The source data for Fig. 6 is in Supplementary Data Fig. 6
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