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Abstract

Developing sustainable and atom-economical hydrogen transfer routes for constructing
pharmacologically valuable quinoline scaffolds from abundant alcohol feedstocks remains a
significant challenge. Herein, a tailored pyridinic-nitrogen-coordinated cobalt (Co)
single-atom catalyst (Co-N/C-U) is showcased, enabling the efficient synthesis of
quinoline derivatives from inexpensive and readily available 2-nitrobenzyl alcohol and
various secondary or primary alcohols via a cascade hydrogen transfer process followed by
annulation. Characterization confirmed that Co-N/C-U contains atomically dispersed Co
centers and exhibits exceptional catalytic activity, accessing quinolines with up to 98%
yield across a broad substrate scope (47 examples) with a turnover number of up to
30,808, outperforming state-of-the-art catalytic systems. This strategy demonstrates
scalability to gram-scale reactions and enables the synthesis of the Cavosonstat derivative,
while the pronounced stability and reusability of the catalyst further underscores its
promising potential for practical implementation. Mechanistic studies revealed that the
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pyridinic-N-Co moiety plays a dual role, where the isolated Co sites facilitate efficient hydrogen transfer, and the
neighboring pyridinic-N atoms act as basic sites to promote the key Friedlander cyclization step. Density functional
theory calculations revealed that the enhanced catalytic performance of Co-N/C-U originates from its optimized
pyridinic-N-Co coordination environment. This work establishes a sustainable route to a wide range of quinolines,
providing a foundation for the precise design of next-generation SACs for complex organic transformations.

INTRODUCTION

Concerns about environmental pollution and resource scarcity have led to a strong demand for the
development of efficient catalytic conversion strategies that enable the production of functional products
from readily available feedstocks with an environmentally friendly and atom-economical approach'’.
Alcohols represent inexpensive precursors that are readily available through biomass conversion or
fermentation processes. In recent years, the hydrogen transfer functionalization of abundant and sustainable
alcohols as feedstocks has received considerable interest”” ). This strategy avoids the direct utilization of
high-pressure molecular hydrogen, eliminates the demand for special equipment, such as autoclaves, and
offers the advantages of safer operation, improved environmental compatibility, atom economy, and simpler
handling [Figure 1A]'“*.. As a result, the development of effective and sustainable pathways to upgrade

9-11]

inexpensive, abundant alcohols into value-added fine chemicals represents an urgent priority

Quinolines and their structural analogs constitute a prominent family of nitrogen-containing heterocycles,
exhibiting diverse and potent biological profiles that include antitumor, antiviral, antimalarial, and
anticancer properties [Figure 1B]"*"7\. Furthermore, the latent diene and alkene subunits of the quinoline
scaffold can be functionalized to assemble diverse bridged polycyclic compounds, establishing it as a valuable
platform for constructing three-dimensional complex organic structures—an area of growing interest in
medicinal chemistry"***.. Notwithstanding the development of a variety of synthetic methods for quinoline
construction®*—including the classical synthetic methods named after Skraup, Doebner, Doebner-von
Miller, Combes, Camps, Pfitzinger, and Nimentowski—the Friedldnder cyclization, developed over 135 years
ago, remains one of the simplest and most direct approaches to obtaining quinolines”””. However, the
conventional protocol suffers from high temperatures and harsh conditions, as well as self-condensation of
substrates such as 2-aminobenzaldehyde. To bypass substrate instability through modification or indirect
Friedlinder methods, the use of 2-aminobenzyl alcohol (US$127.63 per 500 g) instead of
2-aminobenzaldehyde derivatives as starting molecules provides a direct approach to synthesize quinoline
via acceptorless dehydrogenative coupling (ADC) [Figure 1C]"***°). This method has been extensively
explored, and various catalytic systems have been developed, including homogeneous (Fe, Co, Ru, Mn
complexes) and heterogeneous catalysts such as Pt, Ir, Co, and Mn nanoparticles®****|. However, these
approaches often rely on precious metal catalysts and typically necessitate the addition of acid/base or redox
reagents, while also suffering from challenges related to recyclability, complex precursor preparation, and
low utilization of catalytic sites. In addition, these strategies mainly target the oxidation of alcohols, resulting
in the waste of hydrogen from the dehydrogenation products with a reduced atom economy.

In recent years, another option has been to introduce a cheaper hydrogen-acceptor group, the nitro group,
into the substrate 2-nitrobenzyl alcohol (US$69.34 per 500 g), which enables in situ transformation of the
hydroxyl and nitro moieties into carbonyl and amino groups via hydrogen transfer, with the resulting species
directly channeled into quinoline assembly [Figure 1C]. Environmentally and economically, 2-nitrobenzyl
alcohol and secondary alcohols such as isopropanol represent low-cost and readily accessible raw materials,
with water constituting the sole coproduct generated throughout the coupled cyclization and reduction steps.
The in situ generation and consumption of reactive intermediates circumvent the need to isolate unstable
species such as 2-aminobenzyl alcohol, aligning well with principles of sustainable synthesis**. Nevertheless,
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Figure 1. (A) Transfer hydrogenation reaction pathway; (B) quinoline products of biological activity; (C) transfer hydrogenation reaction
designed for quinoline synthesis; and (D) synthesis of quinolines by transfer hydrogenation reaction over Co-N/C-U catalyst (this work).

a key challenge in converting such 2-nitrophenyl alcohols and secondary alcohols into quinolines resides in
the demand for a catalyst possessing sufficient activity to successively reduce the nitro group, thereby
forming the essential amino functionality. At the same time, alcohol dehydrogenation must be deliberately
and carefully controlled to stop at the aldehyde intermediate, since excessive dehydrogenation may lead to
unwanted byproducts. Additionally, aldehydes are susceptible to aldol condensation, complicating the
reaction. To our knowledge, only a handful of examples of quinoline synthesis via alcohol hydrogen transfer
to reduce o-nitrobenzyl alcohol have been reported (listed in the Supplementary Figure 1)"**'.. However,
most of these catalysts are sensitive to air and/or moisture, and their synthesis process often complex,
especially due to the complex ligands and precious metals, limiting industrial applications. Accordingly,
designing innovative approaches to enable the direct and diversified sustainable production of quinolines
using simple-to-prepare, reusable base-metal catalysts is highly desirable.

As an emerging paradigm in catalysis, single-atom catalysts (SACs) maximize atom utilization, enhance
reaction efficiency, and offer superior stability and reusability, thereby merging the distinctive merits of

[42,43]

homogeneous and heterogeneous systems!*>**. In particular, single base metal (Co, Fe) atoms anchored
within N-doped graphene matrices (M-N-C catalysts) have been intensively studied in thermal and
electrochemical reactions***°. Recently, such catalysts have been effectively used in organic coupling and

47,48]

hydrogenation reaction transformations!”**), showing their great potential to substitute for costly

noble-metal-based systems. Nevertheless, the M-N-C systems have not yet been applied to quinoline
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synthesis via hydrogen transfer coupling reactions. Moreover, while fine-tuning the carbon support can
substantially boost activity via electron-metal-support interaction (EMSI) effects, the precise nature of their
active sites remains ambiguous**°. Limited research has been dedicated to elucidating the specific functions
of M-N moieties possessing varied nitrogen configurations (e.g., pyridinic, pyrrolic, or graphitic N) in
organic transformations””'. The incomplete understanding of the precise structural identity of the active
centers significantly impedes the widespread use of these earth-abundant catalytic systems. Herein, we
present homogeneous pyridinic-N coordinated Co SACs (Co-N/C-U) prepared by pyrolysis of a ZIF-8
(zeolitic imidazolate framework-8) precursor using an in situ ammoniation engineering strategy with urea.
The catalyst efficiently catalyzes the synthesis of quinolines from 2-nitrobenzyl alcohol and secondary
alcohols via a cascade hydrogen transfer and annulation [Figure 1D]. Importantly, the Co-N/C-U SAC was
air-stable and recyclable, with a broad substrate range (47 examples), and the scheme could be scaled up,
which further demonstrated the practical applicability of this catalytic platform.

MATERIALS AND METHODS

Materials

Zinc nitrate hexahydrate (Zn(NO,),-6H,0, 99.0%), cobalt nitrate hexahydrate (Co(NO,),-6H,0, 99.0%),
2-methylimidazole(C,HN,, 98%), urea (H,NCONH,, 99.5%), methanol (CH,OH, 99.5%), anhydrous ethanol
(C,H,OH, 99.7%), tetrahydrofuran (THF, C, H,O, 99.0%), dimethyl sulfoxide (DMSO, C,H SO, 99.0%), N,
N-dimethylformamide (DMF, C.H NO, 99.5%), Acetonitrile (CH,CN, 99.0%), 1,4-Dioxane (C,H,O,, 99.0%)
were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). All reagents used for
substrate scope expansion were also sourced from Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). Additionally, 2-Nitrobenzyl alcohol (C_H.NO,, 98.0%), Isopropanol (C,H,O, 99.7%), Cobalt(II)
oxide(Co0O, 99.0%), Ruthenium on carbon (Ru/C, Ru 5%), Palladium on carbon (Pd/C, Pd 10%), and
Platinum on activated carbon (Pt/C, Pt 5%) were purchased from Sinopharm Group Co., Ltd. (Shanghai,

China). All chemicals were used as received, without undergoing additional purifying processes.

Synthesis of Co-N/C-U catalyst

Typically, a methanol solution (120 mL) containing Co(NO,),-6H,0O (1.0 mmol, 0.29 g) and Zn(NO,),-6H,O
(11.0 mmol, 3.24 g) was prepared as solution A. Meanwhile, solution B was obtained by dissolving
2-methylimidazole (49.0 mmol, 4.02 g) and urea (245.0 mmol, 14.7 g) in methanol (80 mL). At room
temperature, solution A was introduced dropwise to solution B over 30 min. The solid product was isolated
by centrifugation, rinsed twice with ethanol, and dried overnight under vacuum at 60 °C to afford the
ZnCo-bimetallic metal-organic framework (BMOF) precursor. Subsequently, this precursor powder was
transferred into a tube furnace and pyrolyzed at 900 °C (heating rate: 5 °C-min™) under a continuous argon
stream. After holding at 900 °C for 3 h, the sample was cooled passively to ambient temperature, yielding the
final Co-N/C-U material without further post-treatment.

Synthesis of Co-N/C catalyst
The synthesis of Co-N/C followed the same procedure as that for Co-N/C-U, except that urea was omitted
from solution B.

Procedure for the quinoline synthesis

A mixture of 2-nitrobenzyl alcohol (0.5 mmol, 1.0 equivalent (equiv.)), isopropanol (1.1 mmol, 2.2 equiv.),
and Co-N/C-U catalyst (5.0 mg) in THF (3.0 mL) was stirred under a nitrogen atmosphere in a 10 mL tube
containing a magnetic stir bar. After heating at 80 °C for 3 h, the reaction mixture was cooled to room
temperature. The catalyst was removed by centrifugation. The crude product was obtained by filtration
through a Celite pad and subsequent concentration under reduced pressure, followed by final purification
using flash column chromatography.
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Characterization

X-ray diffraction (XRD) measurements were carried out using a SmartLab-SE diffractometer (Rigaku, Japan)
with Cu Ka radiation (A = 1.5418 A). Scanning electron microscopy (SEM, ZEISS Sigma300, Germany)
coupled with energy-dispersive X-ray spectroscopy (EDS, smart EDX) was employed to examine the surface
morphology and elemental distribution of the samples. Microstructural and crystallographic analyses were
conducted using transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) on a
JEM-2100 instrument (JEOL Ltd., Tokyo, Japan). High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images were acquired on a JEM-2800 scanning transmission electron
microscope (JEOL Ltd., Tokyo, Japan). Co K-edge extended X-ray absorption fine structure (EXAFS) spectra
were collected in transmission mode using a Table XAFS-500A spectrometer (Specreation Instruments Co.,
Ltd., China). The elemental composition and chemical states of surface species were analyzed by X-ray
photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB XI+, USA). Textural properties, including
specific surface area and pore size distribution, were evaluated by nitrogen physisorption at 77 K based on
the Brunauer-Emmett-Teller (BET) model (Micromeritics ASAP2020HD88, Micromeritics, USA). Raman
spectra were obtained with a DXR confocal Raman spectrometer (Thermo Fisher Scientific, DXR3
SmartRaman, USA). Metal content in M-N-C was measured by an inductively coupled plasma optical
emission spectrometer (ICP-OES, SpectroBlue, Germany).

Computational details

Spin-polarized density functional theory (DFT) calculations were performed in Gaussian 16 using the B3LYP
(Becke 3-parameter Lee-Yang-Parr) hybrid GGA (generalized gradient approximation) exchange-correlation
functional®. The DFT-D3 method was applied to account for van der Waals interactions. All geometries
were fully optimized, with energy calculations employing the def2-SVP basis set for all elements. The spin
density analysis was carried out using the Multiwfn"**and Visual Molecular Dynamics (VMD)"* software
tools, providing crucial insights into the molecular interactions and electronic properties of the studied
systems.

RESULTS AND DISCUSSION

The Co-N/C-U SAC was synthesized according to an adjusted bimetallic organic framework self-adjustment
strategy [Figure 2A]. A methanolic solution of cobalt nitrate and zinc nitrate was added to a second
methanol solution containing 2-methylimidazole and urea (1:5), and the mixture was stirred for 3 h at room
temperature. The resulting solid was isolated by centrifugation, washed, and dried to afford a pink precursor
material.

This precursor was finally calcined at 900 °C for 3 h in flowing argon to yield the Co-N/C-U catalyst. For
comparison, the Co-N/C catalyst was synthesized following an identical protocol to that of Co-N/C-U, but
omitting urea from the precursor mixture, [Supplementary Figure 2A]. As shown in the corresponding SEM
images [Figure 2B and C], Co-N/C and Co-N/C-U both display a polyhedral structure, demonstrating that
the urea treatment leaves the morphological framework intact. TEM and high-resolution TEM (HR-TEM)
images of Co-N/C and Co-N/C-U [Figure 2D and E; Supplementary Figure 2B and C] show no evidence of
cobalt clusters or nanoparticles, suggesting that Co species are predominantly atomically dispersed. This
atomic-scale distribution was directly confirmed by aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (AC HAADF-STEM) [Figure 2F; Supplementary Figure 2D], in
which individually bright dots correspond to isolated cobalt atoms. Furthermore, energy-dispersive X-ray
spectroscopy (EDX) elemental maps of Co-N/C and Co-N/C-U confirm the homogeneous dispersion of Co,
N, and C throughout the carbon matrix [Figure 2G; Supplementary Figure 3]. The cobalt loading in
Co-N/C-U and Co-N/C was determined to be 2.33 and 2.31 wt%, respectively, by inductively coupled plasma
optical emission spectrometry (ICP-OES).
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Figure 2. (A) Schematic illustration of the synthesis procedure of the Co-N/C-U catalyst. SEM images of (B) Co-N/C, and (C) Co-N/C-U.
(D) TEM and (E) HRTEM images of Co-N/C-U. (F) AC HAADF-STEM image and (G) EDS elemental mappings of Co-N/C-U.

The pyrolysis of 2-methylimidazole and urea generated abundant micropores and mesopores within the
Co-N/C-U catalysts, as evidenced by BET measurements [Supplementary Figure 4]. N

adsorption-desorption isotherms of Co-N/C-U displayed a characteristic type IV profile, indicative of a
mesoporous framework, along with a type I regime at low relative pressure (P/P, = 0-0.1) associated with

microporosity. The total surface area was as high as 789.3 m*/g, significantly higher than that of Co-N/C.

Powder XRD patterns recorded for the as-synthesized Co-N/C and Co-N/C-U catalysts show a characteristic
graphite (002) reflection at 26.38° and an absence of cobalt-related crystalline peaks, confirming high Co
dispersion [Figure 3A]. A slight negative shift of this peak in Co-N/C-U relative to Co-N/C suggests that
nitrogen incorporation expands the carbon lattice’”!. Raman spectroscopy was performed to analyze the
carbon structures in Co-N/C and Co-N/C-U. As displayed in Figure 3B, two distinct bands are observed at
around 1,336 and 1,593 cm™, corresponding to the defective carbon (D band) and graphitic carbon (G band),
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respectively!®.The intensity ratio of D and G bands (I,/I.) increased from 0.91 (Co-N/C) to 1.14
(Co-N/C-U) for Co-N/C-U (1.14), indicating that the in situ urea pyrolysis introduces additional structural
defects, which likely enhance the content of pyridinic- or pyrrolic-type nitrogen configurations. The
chemical states of Co, N, and C in both Co-N/C and Co-N/C-U were analyzed by X-ray photoelectron
spectroscopy (XPS). As shown in Figure 3C, the high-resolution Co 2p spectrum exhibits characteristic
doublets with binding energies at approximately 781.0 and 796 eV, corresponding to the Co 2p3/2 and Co
2p1/2 peaks of Co’", respectively, accompanied by satellite features between 785.1 and 803.7 eV. No
discernible peak is observed at 778.3 eV, which excludes the presence of metallic Co particles or clusters® .
Furthermore, the positive shift of the Co 2p3/2 peak from 780.8 to 781.0 eV confirms the coordination of
Co(II) centers with nitrogen, forming Co-N_moeities"**. Notably, Co-N/C-U exhibits an ~0.90 eV higher
Co 2p3/2 binding energy than Co-N/C (779.9 eV), consistent with a slightly more oxidized Co environment
and stronger Co-N coordination. Deconvolution of the N 1s XPS spectra resolved five species at 397.9 eV
(pyridinic nitrogen), 398.6 eV (Co-N,), 399.2 eV (pyrrolic nitrogen), 400.7 eV (graphitic nitrogen), and
402.2 eV (oxidized nitrogen) [Figure 3D]"***. Quantitative analysis revealed differing relative content of the
four nitrogen species in the two samples, highlighting their distinct coordination environments [Figure 3E].
The Co-N/C catalyst contained more pyrrolic-N (41.1%), while Co-N/C-U was rich in pyridinic-N (33.8%).
Both catalysts displayed comparable Co-N_ contributions (31.2% vs. 34.6%), implying a similar degree of
nitrogen coordination to cobalt sites. Because cobalt preferentially coordinates to pyridinic- and pyrrolic-N
sites!®, these differences allow direct correlation of the Co-N coordination structure with catalytic function.
Thus, Co-N/C-U predominantly features pyridinic-N-linked Co-N_ motifs, whereas Co-N/C is dominated
by pyrrolic-N coordination. The capacity of pyridinic nitrogen to introduce basic character into N-doped
carbon matrices is widely acknowledged and drives high activity in numerous catalytic processes'**. In
parallel, the C 1s XPS spectrum of Co-N/C-U could be deconvoluted into three peaks at 284.7, 285.5, and
287.7 eV [Supplementary Figure 5], corresponding to graphitic C, C=N, and C-N bonding, respectively,

63,64]

confirming the successful synthesis of an N-doped carbon material using the Co-N/C-U catalyst!

X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS)
provided further insight to elucidate the electronic structure and the microenvironment around isolated Co
sites in the Co-N/C-U catalyst. The normalized Co K-edge XANES spectra of Co-N/C and Co-N/C-U
revealed that the absorption edge positions of both Co-N/C and Co-N/C-U are close to that of CoO but
distinct from those of Co foil and Co,O,, indicating a similar oxidation state of cobalt in these samples as in
CoO [Figure 3F]*”. Fitted XANES results estimated average Co oxidation states of +1.78 for Co-N/C and
+1.89 for Co-N/C-U [Figure 3G], which is consistent with the corresponding Co 2p XPS spectral analysis.
The Fourier transform (FT) k’>-weighted EXAFS spectra of the Co k-edge in Figure 3H featured a
predominant peak at ~1.4-1.5 A for both Co-N/C and Co-N/C-U, corresponding to Co-N coordination,
while no peak attributable to Co-Co bond is observed at ~2.18 Al*.. The results indicate that the Co atoms
are exclusively coordinated with the N atoms in the nitrogen-carbon support, with no formation of Co
nanoparticles or clusters, consistent with the observations from aberration-corrected (AC)-HAADF-STEM
imaging. The least-square EXAFS fitting results for Co in R-space and K-space and the extracted structural
parameters clearly showed that the coordination number of Co in both Co-N/C and Co-N/C-U is close to
four [Figure 3I and ], Supplementary Figures 6 and 7, Supplementary Table 1]. The local Co environment in
Co-N/C and Co-N/C-U was further analyzed by EXAFS wavelet transform (WT) [Figure 3K]. The peak
intensity centered at ~5 A corresponds closely to that of Co-Pc, a result that is consistent with Co-N
bonding'*”, and no intensity maximum corresponding to Co-Co was observed by comparing to the WT plots
of the other reference samples (Co foil, CoO) [Supplementary Figure 8]. Compared with Co-N/C, the
CO,-temperature-programmed desorption (CO,-TPD) profile further demonstrates that the urea-treated
catalyst (Co-N/C-U) possesses a significantly higher density of medium- to strong-strength basic sites
[Figure 3L]. This result corroborates that the high-density pyridinic N sites are the predominant contributor
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Figure 3. (A) XRD patterns, (B) Raman spectra, (C) XPS envelopes of (C) Co 2p and (D) N 1s, and (E) proportion of different N species
determined by XPS analysis of Co-N/C and Co-N/C-U. (F) Co K-edge XANES spectra, (G) Relationship between the valence states of Co
and energy position of XANES spectra, and (H) FT k3-weighted Co K-edge EXAFS spectra of Co-N/C, Co-N/C-U, and reference samples.
(l'and J) Co K-edge EXAFS curve fitting results R space, (K) Wavelet transform (WT) of Co-N/C and Co-N/C-U, and (L) CO,-TPD profiles
of Co-N/C and Co-N/C-U.

to the catalyst's basicity. Based on these characterization results, urea plays a dual role in both the synthesis
and catalytic performance of Co-N/C-U. During the pyrolysis process, urea acts as an additional nitrogen
source, effectively increasing the pyridinic nitrogen content within the carbon matrix. These pyridinic
nitrogen species preferentially coordinate with cobalt atoms to form the catalytically active pyridinic-N-Co
motifs. The resulting pyridinic-N-Co moieties not only stabilize the isolated cobalt centers and modulate
their electronic structure but also provide abundant basic sites. These combined features collectively
contribute to the efficient promotion of subsequent catalytic reactions.
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Hydrogen transfer reactions of alcohols represent an attractive route for the sustainable and economical
synthesis of quinoline heterocycles, as alcohols are readily available precursors and water is the sole
byproduct. Despite their promise, most reported systems rely on homogeneous catalysts, and only a limited
number of heterogeneous examples exist. Applying heterogeneous Co SACs to this reaction not only
provides novel and more efficient catalysts for this transformation but also provides mechanistic insight into
hydrogen transfer and ringclosing pathways. The catalytic activity of Co-N/C-U was first evaluated in the
model reaction for synthesizing 2-methylquinoline (4a) from 2-nitrobenzyl alcohol (1a) and isopropanol (2a)
[Figure 4A]. In this transformation, the Co-N/C-U catalyst showed outstanding catalytic performance under
mild conditions (80 °C) without oxidants or bases, achieving quantitative conversion of the target product
2-methylquinoline within 3 h with > 98% yield. By contrast, Co-N/C (without urea) yielded only 38% of the
target product. To assess the contribution of metal single atoms to the activity, a metal-free N-doped
counterpart carbon framework (N/C) was synthesized following the same procedure using
2-methylimidazole and urea. Although metal-free N-doped carbon materials are reported to catalyze certain

68-70

dehydrogenation reactions!*”,the N/C material exhibited no detectable catalytic activity under the present
model reaction conditions. Interestingly, the coordination behavior of the Co-N, containing phthalocyanine
macromolecule (Co-PC) with a structure analogous to that of the Co-N/C catalyst also showed negligible
activity. Moreover, treating Co-N/C-U with potassium thiocyanate (KSCN) significantly suppressed its
catalytic performance (20% yield), as thiocyanate (SCN") strongly binds to cobalt centers and blocks the
active sites'”"). These findings suggest that both the microenvironment of the Co-N, moiety and the basicity
of the N-doped carbon materials are critical for both efficient alcohol dehydrogenation and hydrogen
borrowing coupled cyclization. Unsurprisingly, conventional cobalt-based compounds (e.g., CoO and
Co(NO,),:6H,0) as well as supported noble-metal catalysts (e.g., Pt/C, Pd/C, and Ru/C) showed little to no

activity in the reaction of 2-nitrobenzyl alcohol with isopropanol to obtain target compound 4a.

Subsequently, we investigated the effect of the reaction solvent [Figure 4B]. The properties of the solvent,
such as polarity, significantly affect this transformation. Lower yields (25%-42%) were observed in strongly
polar solvents such as DMSO and DMF. Yields increased sharply as solvent polarity decreased, reaching 58%
and 71% for 4a in acetonitrile and 1,4-dioxane, respectively. THF was identified as the optimal solvent,
yielding quantitative amounts of target product 4a. The effect of reaction temperature was systematically
evaluated. The reaction was found to be optimal at 80 °C, affording a 98% yield. Lowering the temperature
from 80 to 60 °C decreased the yield from 98% to 72%, whereas raising it to 100 °C provided no further
improvement and instead caused a slight decline [Figure 4C]. Optimization of the catalyst (Co-N/C-U)
loading revealed that 5 mg was the optimal dosage [Figure 4D].

With optimal conditions in hand, we probed the universality of this synthetic approach [Figure 5].
Mono-substituted nitrobenzyl alcohol with various electron-donating, electron-drawing, and neutral groups
(-Me, -OMe, -OCH,CH,, -NH,, -N(CH,),, -OH, -CF,, -F, -Cl, -Br, -COOCH,) all reacted smoothly to give
the corresponding quinoline compounds 4b-4r with up to 97% yield. The electronic nature of the
substituents exerted a subtle yet noticeable influence, with electron-donating groups generally leading to
higher yields than electron-withdrawing groups (4c-4e & 4k-4m). Substituent position also affected
reactivity.

This is illustrated by methoxy-substituted nitrobenzyl alcohols, where the reactivity decreases in the order
4-methoxy > 5-methoxy > 3-methoxy isomers, a trend notably governed by increasing steric hindrance near
the reaction center (4b & 4d & 4i). In addition, multi-halogen substituted nitrobenzyl alcohols
((3-bromo-5,6-difluoro-2-nitrophenyl)methanol) also gave the desired quinoline 4s smoothly in 82% yield by
suitably extending the reaction time to 10 h, attributed to the marked electron-withdrawing character of the
halogen substituents. Primary alcohols, with ethanol being a prominent example, exhibit higher inertness
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Figure 4. (A) Catalyst evaluation test, (B) the solvent effect, (C) the influence of temperature, and (D) the Co-N/C-U catalyst amount
effect. Reaction conditions: 2-nitrobenzyl alcohol 1a (0.5 mmol), isopropanol 2a (1.1 mmol), solvent or THF (3 mL), catalyst (0.4 mol%
metal or Co), N,, 80 °C, and 3 h. The yield and conversion are determined by GC using hexadecane as the internal standard.

compared to isopropanol. Thus, ethanol dehydrogenation remains difficult even with precious-metal
catalysts. Remarkably, the Co-N/C-U catalyst enabled efficient dehydrogenative coupling of nitrobenzyl
alcohol with short-chain aliphatic alcohols, including ethanol and 2-pentanol, affording unsubstituted
quinoline (4t) and 2-propylquinolines (4u) in yields of 91% and 89%, respectively. More importantly,
heterocyclic alcohols were also viable substrates, releasing quinoline compounds with furan, thiophene,
pyridine, oxazole, and morpholine moieties in yields ranging from 60% to 89% (4v-4z). Owing to the higher
dehydrogenation energy barrier of heterocyclic alcohols, higher reaction temperature (110 °C) and long
reaction time (10 h) are required to achieve the dehydrogenation coupling with nitrobenzyl alcohols. The
substrate scope was further extended to the dehydrocoupling of 1-phenylethanol with 2-nitrobenzyl alcohol.
Various 1-phenylethanol derivatives underwent successful dehydrocoupling with nitrobenzyl alcohol,
affording the corresponding quinolines in 81%-97% yields (4aa-4ao0). The electronic properties of the
substituent groups of the 1-phenylethanol derivatives had a slight effect on the yields, with the observation
that 1-phenylethanol with the electron-donating group was more active than that with an
electron-withdrawing group (4ab-4ag & 4ah-4an & 4a0). Steric hindrance of the substituent group had little
effect on the reaction efficiency (4aa & 4an). The procedure was successfully extended to the
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Figure 5. Co-N/C-U catalyzed tandem hydrogen transfer-cyclization for the synthesis of quinolines. Standard conditions: 2-nitrobenzyl

alcohol (1, 0.5 mmol), alcohol (2, 1.1 mmol), Co-N/C-U (5 mg), THF (3.0 mL), at 80 °C for 3 h.

dehydrogenative coupling of substituted nitrobenzyl alcohols with 1-phenylmethanol to access quinolines

(4ap, 4aq). Furthermore, this method proved to be applicable to the synthesis of both 3- and 4-substituted

quinolines. When propanol and butanol were employed as coupling partners, the corresponding

3-substituted quinoline products, 3-methylquinoline (4ar) and 3-ethylquinoline (4as), were obtained in

moderate to good yields of 74% and 55%, respectively, indicating that longer-chain alcohols exhibit lower

reactivity in this transformation. Notably, when 1-(2-nitrophenyl)ethanol was subjected to the standard

reaction conditions, this strategy enabled the construction of a series of 4-substituted quinoline derivatives,

affording the target products in moderate to good yields (4au, 47%; 4av, 58%; 4aw, 63%).
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To further confirm the practical utility of this protocol, the durability and recyclability of Co-N/C-U were
examined in the model reaction. The catalyst retained its activity over six consecutive cycles without
discernible loss, as shown in Figure 6A. Furthermore, hot filtration experiments showed that the reaction
stopped after separating the Co-N/C-U catalyst, and the Co content in the solution phase was undetectable
(detection limit < 10™), indicating the absence of cobalt leaching [Supplementary Figure 9]. The spent
Co-N/C-U catalyst was subsequently characterized. XRD measurements confirmed the structural integrity of
the carbon matrix, with no characteristic diffraction peaks corresponding to Co clusters or nanoparticles
[Supplementary Figure 10]. TEM images further confirmed that the spent catalyst largely retained the
original dodecahedral morphology. The AC-HAADF-STEM images indicated that Co species were
maintained predominantly as isolated single atoms, with no apparent aggregation into nanoparticles or
clusters [Supplementary Figure 11]. The Co 2p XPS spectra of the spent Co-N/C-U catalyst were nearly
identical to those of the fresh sample. The two fitted peaks at 781.0 and 796 eV confirmed that the Co-N,
motif remained intact after the reaction [Supplementary Figure 12]. Combined evidence from recycling tests
and post-reaction characterization demonstrates the exceptional stability of the spent Co-N/C-U catalysts.

To demonstrate the practical utility of this system, the Co single-atom-catalyzed hydrogen transfer strategy
was successfully applied to gram-scale synthesis and the construction of specific target molecules. For the
coupling reaction of 1a and 2a using 5 mg of the Co-N/C-U catalyst under N,, a 10 mmol scale reaction

afforded 4a in 94% yield with a turnover number (TON) of 4,747. Under identical catalyst loading, the
100 mmol-scale reaction delivered 4a in 61% yield and a notably higher TON of 30,808 [Figure 6B,
Supplementary Figure 13]. These TON values significantly outperform previously reported homogeneous
catalysts [Supplementary Figure 14]. The superior activity of the Co-N/C-U catalyst is attributed to its fully
exposed single-atom Co active sites and the substantially lower catalyst loading required, features typically
unattainable in homogeneous systems. Furthermore, we explored the applicability of this method to the
synthesis of a Cavosonstat building block, a therapeutic agent used to target the F508del-CFTR (cystic
fibrosis transmembrane conductance regulator) mutation [Figure 6C]. Despite the multifunctional nature of
the substrate and the potential side reactions that could reduce yield, the desired compound (4ax) was
obtained in 72% yield via a one-step cobalt-catalyzed hydrogen transfer cyclization. This approach
circumvents the conventional palladium-catalyzed Suzuki coupling between specific quinolines and
phenylboronic esters. The resulting intermediate 4ax can be further hydrolyzed to afford the commercially
available Cavosonstat, thereby streamlining the conventional multistep synthesis.

A series of mechanistic experiments was performed to elucidate the reaction pathway. The identity of the
active sites was probed by acid leaching, where treating Co-N/C with 1 M H,SO, at 100 °C for 48 h removed
most isolated cobalt species [Figure 6D], and the resulting material produced only 14% of 4a. The result
implicates the isolated Co centers as critical active sites, which aligns with the findings from the KSCN test
[Figure 4A]. The addition of 2,2,6,6-tetramethylpiperidine N-oxyl (TEMPO) showed no inhibitory effect on
the reaction between 1a and 2a under the standard conditions, suggesting that the reaction process probably
does not involve radical participation [Figure 6E].

To gain further mechanistic insight into the reaction, the individual dehydrogenation reactions of 1a and 2a
were examined separately under standard conditions [Figure 6F]. Substrate 1a produced two carbonyl
compounds: 2-nitrobenzaldehyde (1a", 42% yield) and 2-aminobenzaldehyde (1a’, 23% yield), the latter
arising from intramolecular hydrogen transfer. Concurrently, 2a was converted to acetone (3a) in up to 88%
yield. Control experiments confirmed that both dehydrogenation pathways were strictly dependent on the
Co-N/C-U catalyst, as negligible product formation occurred in its absence. Subsequent condensation tests
identified the key reactive intermediates [Figure 6F]. When 1a" was used in place of 1a for condensation with
3a, quinoline formation was negligible. In contrast, 1a' reacted smoothly with 3a, delivering 4a in 99% yield,
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thus establishing 1a" and 3a as the essential intermediates in the transformation. In the absence of
Co-N/C-U, 1a' and 3a did not form 4a, and the yield dropped to 41% when Co-N/C-U was replaced by
Co-N/C. Notably, the reaction proceeded efficiently (96% yield) when only KO'Bu was added as a base,
demonstrating that the pyridinic-N sites in the catalyst provide the necessary basicity for the condensation,

whereas the Co single-atom centers are not directly involved in this specific transformation step.

The time-dependent concentration profiles of 1a, 2a, and key intermediates were further analyzed
[Figure 6G]. In the initial phase, 1a and 2a were rapidly consumed, giving rise to intermediates 1a' and 3a via

fast transfer hydrogenation. After about 20 min, 1a" and 3a began to engage in the Friedldnder annulation,
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leading to the gradual appearance of product 4a. Most of 1a had been depleted, whereas 1a' remained
detectable after 30 min, confirming that alcohol oxidation precedes nitro-group reduction. Within 60 min,
1a' was completely consumed while the hydrogen-donor 2a continued to decline, indicating that 1a"is
immediately funneled into the cyclization step once formed. These kinetic profiles demonstrate that the
transfer hydrogenation steps are rapid, while the subsequent annulation is rate-limiting. Moreover, the
complete consumption of 2a and the partial persistence of 3a indicate that three alcohol molecules are
oxidized, supplying the six hydrogen atoms needed for full nitro reduction. Integrating these observations
with prior studies, a plausible mechanism involving sequential hydrogen transfer steps followed by
Friedlander cyclization is proposed [Supplementary Figure 15].
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To elucidate the mechanism underlying the enhanced catalytic activity imparted by the developed catalyst
(Co-N/C-U), we performed systematic DFT calculations to analyze the electronic structures, substrate
adsorption behaviors, and reaction energetics for the Co-N/C-U and Co-N/C catalysts. First, structural
optimization yielded two representative catalyst models featuring pyridinic-nitrogen (Co-N/C-U) and
pyrrolic-nitrogen (Co-N/C), respectively [Figure 7A]. Adsorption energy calculations reveal a distinct
difference in substrate affinity between the two catalysts (Co-N/C-U and Co-N/C). The adsorption of 1a on
Co-N/C-U (-9.89 kcal/mol) is significantly weaker than that on Co-N/C (-16.49 kcal/mol), whereas both
catalysts exhibit comparable adsorption strength toward 2a [Figure 7A]. This differential affinity suggests
that, after activation, 1a can desorb more readily from Co-N/C-U, thereby potentially promoting the overall
reaction turnover. Given the well-established mechanism for the isopropanol-mediated hydrogen-borrowing
reduction of nitro groups and subsequent Friedldnder cyclization to form quinolines, we focus our analysis
on the key intramolecular O-H hydrogen transfer step for nitro reduction within 1a [Figure 7B]. The
corresponding reaction energy profiles indicate that on the Co-N/C-U catalyst, the process proceeds via a
transition state (TS1) with a barrier of 24.63 kcal/mol, leading to a hydrogen transfer product (P1) and
exhibiting a more favorable thermodynamic profile. In contrast, on the Co-N/C catalyst, despite the
formation of an exceptionally stable initial adsorption complex (Co-N/C-1a, -16.49 kcal/mol), the
subsequent hydrogen-transfer step transition state (TS2) still presents a high barrier (TS2 = 36.61 kcal/mol).
This demonstrates that overly strong adsorption on Co-N/C does not translate into kinetic advantage and
may instead result in active-site saturation. Spin density analysis further elucidates the electronic effect of the
differing coordination environments of the catalyst [Figure 7C]. In the pristine catalysts, the spin density in
Co-N/C-U is substantially delocalized between the Co center and its surrounding N/C matrix, whereas it is
highly localized on the Co atom in Co-N/C. This distinction is crucial for substrate adsorption and activation
[Supplementary Table 2]. For instance, in Co-N/C-U-1a and Co-N/C-U-2a, a portion of the spin density
transfers to relevant atoms of the adsorbates, indicating charge redistribution that likely facilitates hydrogen
atom transfer. Overall, these results demonstrate that the Co-N/C-U catalyst achieves a more efficient
catalytic cycle by modulating the metal coordination environment to optimize the active-site electronic
structure, thereby promoting spin density delocalization, moderating substrate adsorption strength, and
stabilizing key transition states. This modification strategy successfully circumvents the kinetic limitations
arising from excessively strong adsorption on Co-N/C, thus balancing the activation and desorption events
and ultimately enhancing the overall catalytic efficiency.

CONCLUSIONS

This study aimed to develop a sustainable and efficient catalytic system for quinoline synthesis via hydrogen
transfer-coupled annulation. A tailored cobalt SAC with pyridinic-N coordination (Co-N/C-U) was
successfully fabricated, and it exhibited exceptional activity, broad substrate scope, and excellent recyclability
in this transformation. Mechanistic investigations revealed the dual role of the pyridinic-N-Co moiety,
wherein the isolated Co centers facilitate hydrogen transfer while adjacent pyridinic-N atoms promote
Friedldnder cyclization. This work provides a fundamental understanding of structure-activity relationships
in M-N-C SACs, paving the way for their rational design and application in complex organic
transformations. Overall, the insights gained from this work lay a strong foundation for advancing
sustainable catalytic strategies for quinoline synthesis using earth-abundant single-atom systems.
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