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ABSTRACT: Cleaving inert aryl-C(sp*) bonds present a funda- HOHC} {
mental catalytic challenge due to their intrinsic robustness, yet it is
essential for valorizing lignin into value-added chemicals. Current

m Metrics & More ’ Q Supporting Information

OH Lignin valorization via Zn-based catalyst
§ /
no—"~

strategies predominantly convert aromatic rings to phenols at the o0 o Yo oo
expense of side-chain carbon utilization, compromising the atom ol one - oH
economy. We report zinc coordination microenvironment engineer- Ve A
) . : 2 : : o ZnNC-900
ing to achieve efficient aryl-C(sp®) cleavage in phenolic substrates -

¢ . i ’\_OH Lignin structure OH ?H
with transformable side chains (e.g., ketones and alkenes), DMF, H,0 L_oH AOH

. . . . . "% COOH

concurrently yielding phenols and tertiary amines. A nitrogen- Hos o ~oH
coordinated zinc catalyst (ZnNC-900) delivered 90.0% phenol and Ho .y  Dusl ufization of aromatic rings and side chalns
82.7% N,N-dimethylethylamine from 4-methoxyacetophenone. o i # Broad substrate applicabilty
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Significantly, this catalytic system demonstrates broad activity on ¢ Bamboo lann yiewding 20wk phenoles and
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toward multiple native lignin sources, with bamboo lignin

processing on a 5.0 g scale affording 1.04 g of alkyl-free phenolics (20.8 wt %) and 0.67 g of N,N-dimethylethylamine (13.4 wt
%). Mechanistic studies via spectroscopy and DFT calculations demonstrate that the zinc microenvironment dictates the reaction
pathway. Specifically, the ZnNC-900 catalyst, featuring zinc coordinated by three pyrrolic-N atoms and one pyridinic-N atom,
reduces the energy barrier by 0.71 eV relative to ZnNC-600 (which exclusively has pyridinic-N coordination). This work provides a
catalytic strategy to overcome the limitations of low atom economy, harsh conditions, and narrow substrate scope in lignin
valorization.

Bl INTRODUCTION

The selective cleavage of robust carbon—carbon (C—C) bonds
is pivotal to advancing synthetic chemistry, enabling access to
high-value compounds for applications ranging from pharma-
ceuticals to sustainable materials.'"”” While homogeneous
catalysts have achieved notable success in activating strained

energy efficiency, and (ii) neglect of side-chain valorization,
resulting in carbon loss as CO, or low-value alkanes.'”™** For
instance, zeolites demonstrate exceptional performance in
dealkylating lignin oil to yield both phenol and propylene,*
showcasing the potential to convert both aromatic nuclei and
side chains into valuable products.”' However, these deal-

C—C bonds (e.g, alkyl, alkenyl, and alkynyl) via redox-active
metals or nonmetals,”~"" the inert nature of unstrained aryl-
C(sp®) o-bonds remains a critical unsolved challenge due to
their thermodynamic stability and lack of intrinsic activation
pathways. This limitation is acutely exemplified in lignin
valorization, where the selective scission of aryl-C(sp”) bonds
could unlock lignin—Earth’s largest renewable aromatic
reservoir—as a sustainable alternative to alkyl-free phenolic
compounds like phenol.'*~"” The global market for phenol is
projected to reach 14.5 million tons by 2030.'° Currently,
phenol production relies overwhelmingly on coal tar and
petroleum-based processes, underscoring the urgency of
developing catalytic strategies to convert lignin’s inert bonds
into renewable aromatic building blocks.

Existing strategies for lignin depolymerization involving the
cleavage of aryl-C(sp’) o-bonds always suffer from two
intrinsic trade-offs: (i) harsh conditions that compromise
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kylation reactions typically require elevated temperatures,
reaching up to 410 °C.>" Alternative approaches, such as the
oxidation-hydrogenation route developed by Wang et al,
achieve aryl-C(sp®) o-bonds cleavage but often result in the
conversion of alkyl chains into low-value CO,.”* Acid-catalyzed
processes using HCl, H,SO, and HY have also been

reported,'>*"** yet they fall short of harnessing lignin’s full
potential as a versatile platform for aromatic nuclei and side

chains—a necessary condition for atom-efficient biorefineries.
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Scheme 1. Cleavage of Aryl-C(sp’) Bonds to Phenols and Tertiary Amines

This work

N
R +
R R,
MeO
O(H) R1
R4 O. H
+ /N\
(OMe)

MeO R5

ZnNC, Amide/H,O

C-C cleavage
and C-N coupling

ZnNC, DMF/H,0

C-C cleavage
and C-N coupling

=

OH
O +
OH OH
OH ﬁ
+ OH Lt +
/N\
OH

R;=OMe

R,=R,=H i R,=R,=~OMe
Table 1. Optimization of the Reaction Conditions”
0 OH 0 \N/
r B
/©)\ - © Nl T /©)\ ¥ /©/\ * /©/\ ¥ )
H)MeO H)MeO
MeO PN HO (H)Me (H)Me
(H)MeO
1a 1b 1c 1d 1e 1f 19
Yield (mol %)

Entry Catalyst Conv. (mol %) 1b 1c 1d le 1f 1g
1 Blank 82.0 41.6 29.7 8.5 4.5 0.8 3.7
2 ZnNC-900 100.0 90.0 82.7 2.5 0.0 0.5 0.0
3 NC-900 79.0 419 36.9 20.7 6.2 0.6 6.9
4 ZnCl, 82.6 352 34.3 20.5 0.7 0.8 0.0
st ZaNC-900 (No DMA) 66.2 353 35.5 132 11.0 0.0 47
6 ZnNC-900 (No H,0) <0.8 0.0 0.0 0.0 0.0 0.0 0.0
7 ZnNC-900 (H,) No reaction

“Reaction conditions: 4-methoxyacetophenone (0.4 mmol), catalyst (10 mg), N, (1 MPa), 200 °C, 6 h. The qualitative analysis of the product was
determined by mass spectrometry, and the conversion of substrate and the yield of products were determined by GC with dodecane as internal
standard. DMF (2 mL), 40 wt % DMA in H,0 (2 mL). *DMF (2 mL), H,0 (2 mL). 20 wt % DMA in THF (4 mL). “H,O (4 mL), H, (1 MPa).

To address these challenges, it is essential to devise a
strategy that allows for the cleavage of aryl-C(sp®) o-bonds
while simultaneously functionalizing the side chains. This
method would facilitate the simultaneous transformation of
both aromatic rings and side chains into high-value chemicals.
Given the importance of amine and phenolic compounds,
developing a technique for converting lignin into phenols
(derived from the aromatic rings) and alkyl amines (derived
from the side chains) is crucial. Here, we propose a strategy
that employs small-molecule aliphatic amines as mediators to
enhance the cleavage of aryl-C(sp®) o-bonds in various
substrates, thereby facilitating the production of phenols and
alkyl amines under the catalysis of nitrogen-coordinated zinc
catalyst (Scheme 1). Under optimized conditions, ZnNC-900
achieved 92.6% phenol and 71.3% N,N-dimethylethylamine
(DME) vyields from the lignin model compound 1-(4-
methoxyphenyl)-2-phenoxyethanone. When applied to the
transformation of native lignin, the yields of phenol and
dimethylethylamine (DME) can reach 20.8 and 13.4 wt %,
respectively. By combination of X-ray absorption fine structure
(XAFS), X-ray photoelectron spectroscopy (XPS), and DFT
calculations, we reveal that Zn sites coordinated by three
pyrrolic-N atoms and one pyridinic-N atom in ZnNC-900
stabilize key intermediates (e.g, C=N"* Schiff base) through
electron engineering, significantly reducing the C—C cleavage
barrier to 1.38 eV compared to ZnNC-600 catalysts. This work
establishes a new paradigm for efficient and total valorization
of lignin to value-added chemicals.
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B RESULTS AND DISCUSSION

Catalytic Performance. The cleavage of aryl-C(sp?)
bonds was initially investigated using 4-methoxyacetophenone
as a model substrate. As shown in Table 1, the catalytic
performance was evaluated in a solvent system composing N,
N-dimethylformamide (DMF), dimethylamine (DMA), and
deionized water (denoted as DMF-DMA-H,0) at 200 °C for 6
h under a nitrogen atmosphere. In the absence of any catalyst
(entry 1, Table 1), the substrate achieved 82% conversion,
yielding phenol (41.6%, Product 1b) and N,N-dimethylethyl-
amine (DME, 29.7%, Product lc) as primary products,
alongside minor byproducts including 1-(4-hydroxyphenyl)-
ethanone (8.5%, Product 1d), styrene derivatives (4.5%,
Product le), ethylbenzene-type compounds (0.8%, Product
1f), and addition products (3.7%, Product 1g). Introducing
ZnNC-900°* as the catalyst (entry 2) dramatically enhanced
performance, achieving 100% substrate conversion with phenol
and DME yields of 90.0% and 82.7%, respectively, while
suppressing byproducts (0.5% Product 1f). Control experi-
ments revealed the critical role of ZnNC-900’s unique
composition: replacing it with NC-900 (entry 3) or ZnCl,
(entry 4) resulted in significantly lower phenol and DME
yields (<50%) and increased undesired byproducts (>20%
Product 1d and 5—10% Product le or 1g), highlighting the
synergistic interplay between zinc species and the carbon
matrix in ZnNC-900. The solvent system was further
optimized through a systematic component exclusion.

https://doi.org/10.1021/jacs.5c10429
J. Am. Chem. Soc. 2025, 147, 37255-37264
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Table 2. Influence of the Calcination Temperature on ZnNC-X“

0 OH 0 N
S
J@*—’fj(@* o ., T Jonlk
PN (HMeO (H)MeO
MeO HO (HMeO

1a 1b 1c 1d 1e 1f 19

Yield (mol %)

Entry Catalyst Conv.(mol %) 1b 1c 1d le 1f 1g
1 ZnNC-500 98.5 42.0 46.7 38.5 5.0 3.8 4.0
2 ZnNC-600 100 45.1 49.4 352 5.8 2.4 4.3
3 ZnNC-700 100 58.7 59.1 24.4 6.1 3.4 3.6
4 ZnNC-800 100 54.0 58.4 20.4 6.4 7.3 0.0
S ZnNC-900 100 90.0 82.7 2.5 0.0 0.5 0.0
6 ZnNC-1000 100 42.6 46.2 26.8 6.4 10.7 0.0

“Reaction conditions: 4-methoxyacetophenone (0.4 mmol), ZnNC-X (10 mg), DMF (2 mL), 40 wt % DMA in water (2 mL), N, (1 MPa), 200
°C, 6 h.

A B C s Oxidized-N Graphitic-N Pyrrolic-N
D G X
~ Zn-N, Pyridinic-N
> NC-900 ZnNC-10 810
B ZnNC-1000| ZnNC S
8 2ZnNC-900 — ~ZnNC-900 __ 2 4]
£ ZnNC-800 > M c
£ ZnNC-700 @ ZnNC-§ S|
S 2ZnNC-600 8 g
= 10 20 30 40 50 60 £ ZnNC-700 ‘e
"5 40
N W YT T T ) .
(=4
- 2 204
JLl Lo ZnNC-500 ZnNC-600 g
1 I 1 I 1 L L 1 L o 0
10 20 30 40 50 60 1000 1500 2000 2500 ZnNC-600 ZnNC-700 ZnNC-800 ZnNC-900 ZnNC-1000
20 (°) Raman Shift (cm™)
D ‘ E —ZnTPP F ZnTPP
Zn 2p 161 ZnNC-800
ZnNC-1000 "\ ZANG.900 Z0NC-900
. ZnNC-1000 84 ntoi
ZnNC-900 o,,| 2 foil _
z 2 £,
b ZnNC-800 ) O/\/—;‘ <
< N *
7] No. x
- E o
- £ =4
ZnNC-700 ] [
Zo. A
2] \ /\
ZnNC-600 2\ /\
. . : . 00 . . ‘ . NNV M0
1050 1040 1030 1020 9640 9660 9680 9700 9720 0 2 4 6
Binding Energy (eV) Energy (eV) Radial distance (A)

@
I

o
T

I
T

FT(uk)*i)

)
T

1k . o~ ~ Npd4 Npd3po1 Npd2po2 Npd1po3 Npo4
0 v \ / h Y, ZnNC-600 ZnNC-700 ZnNC-800 ZnNC-900 ZnNC-1000
0 1 2 3 4
Radial distance (A) O Zn o N o C

Figure 1. Structural characterization of ZnNC-X catalysts. (A) The XRD pattern. (B) The Raman spectra. (C) The contents of the various
nitrogen species in ZnNC-X samples. (D) Zn 2p XPS spectra for ZnNC-X catalysts. (E) Zn K-edge XANES spectra of ZnTPP, ZnNC-800, ZnNC-
900, ZnNC-1000 and Zn foil. (F) Fourier transformed (FT) k* weighted Zn K-edge EXAFS spectra of ZnTPP, ZnNC-900 and Zn foil. (G) Zn K-
edge EXAFS (points) and the fitting curve (line) of ZnNC-900, are shown in R-space. The data are k*-weighted and not phase-corrected. (H)
Structural changes from ZnNC-600 to ZnNC-1000.

Removing DMA (Entry S) reduced substrate conversion to 35.5%, respectively, while incomplete cleavage byproducts
66.2%, with phenol and DME yields dropping to 35.3% and (Products 1d—1g) surged. Omitting H,O (entry 6) nearly
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Figure 2. Mechanism exploration. (A) Selective hydrogenation of different possible intermediates. Reaction conditions: substrate (0.4 mmol),
ZnNC-900 (10 mg), DMF (2 mL), 40 wt % DMA (2 mL), N, (1 MPa), 200 °C, 2h. (B) FTIR spectra of 4-(1-aminoethyl)phenol adsorption on
ZnNC-600 and ZnNC-900. (C) Reaction mechanism and potential energy diagram for aryl-C(sp®) cleavage in 4-vinylphenol over ZnNpdlpo3 and
ZnNpd4. Calculations were carried out at the level of PBE-D3(BJ)/ DZVP-MOLOPT-GTH-SR. (D) ESP mapped on electronic density isosurface
with isovalue 0.0075 e a.u.™® (C: brown, N: blue, Zn: sliver, H: white, O: red. Negative ESP value is indicated by blue, and positive by red).

abolished reactivity (<1% conversion), underscoring its
essential role in hydrogen transfer. Replacing DMF/DMA
with molecular hydrogen (entry 7) resulted in no substrate
conversion, confirming the solvent system’s irreplaceable
function in hydrogen donation. Besides, we evaluated the
stability of ZnNC-900 through cycling tests. The results show
that the yields of phenol and DME remained above 75% after
used four times (Figure S3). These results collectively
demonstrate that the DMF-DMA-H,0O system, coupled with
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ZnNC-900, provides an optimal microenvironment for
efficient aryl-C(sp®>) bond activation and selective C—N
coupling.

To systematically probe the impact of catalyst structure on
performance, we synthesized a series of ZnNC-X materials (X
= calcination temperature, S00—1000 °C) via pyrolysis of ZIF-
8 and evaluated their activity under optimized conditions
(Table 2, entries 1—6). While all catalysts calcined above 500
°C achieved complete substrate conversion, ZnNC-900

https://doi.org/10.1021/jacs.5c10429
J. Am. Chem. Soc. 2025, 147, 37255-37264


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c10429/suppl_file/ja5c10429_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10429?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10429?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10429?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10429?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c10429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

uniquely stood out, delivering phenol and DME yields of
90.0% and 82.7% with minimal side-chain retention (0.5%
Product 1f). In contrast, catalysts pyrolysis at other temper-
atures (500—800 or 1000 °C) exhibited significantly lower
efficiencies (40—50% phenol/DME vyields) and substantial
accumulation of byproducts with side chains (e.g., 1d, about
30%).

Catalyst Characterization. To unravel the structural and
electronic evolution of ZnNC-X catalysts with the pyrolysis
temperature, we integrated XRD, elemental analysis, Raman
spectroscopy, XPS, and XAS. XRD patterns (Figure 1A) reveal
that ZIF-8 retains its crystalline structure at 500 °C, evidenced
by persistent sharp peaks. At higher temperatures (600—1000
°C), these peaks diminish, replaced by broad reflections at 26°
and 44°-assigned to the (002) and (101) planes of graphitic
carbon-signaling progressive carbonization.”> Elemental anal-
ysis (Table S1) further tracks compositional shifts: carbon
content rises steadily from 41.2% (500 °C) to 84.4% (1000
°C), while nitrogen and zinc decline. Notably, ZnNC-500
retains 21.3% Zn, mirroring pristine ZIF-8, confirming limited
decomposition at 500 °C. Zinc volatilization intensifies near its
boiling point (907 °C), reducing Zn content to <5% in ZnNC-
1000. In contrast, Zn-free NC-900 exhibits distinct composi-
tion (42.3% C, 21.5% N). Raman spectra (Figure 1B) detail
the carbon defect dynamics. ZnNC-600 shows three peaks: a D
band (1330 cm™’, disordered carbon), amorphous carbon
(1500 cm™), and a G band (1590 cm™, graphitic carbon).
Above 700 °C, the amorphous carbon signal weakens, while D
and G band intensities rise. The increasing I,/I; ratio (0.98 to
1.12) with temperature confirms enhanced defect density,
aligning with XRD’s graphitization trends.

XPS analysis of N 1s spectra (Figures S4) resolves five
nitrogen types:*® pyridinic-N (398.5 eV), Zn—N, (399.8 V),
pyrrolic-N (400.6 eV), graphitic-N (401.3 eV), and oxidized-N
(402.0 eV). With increasing pyrolysis temperature (600 to
1000 °C), pyridinic-N content dropped sharply from 83.8% to
36.9%, while pyrrolic-N and oxidized-N rose from 6.9% to
38.0% and 1.4% to 7.6%, respectively (Figure 1C, Table S2,
Figure $4). Zn—N, and graphitic-N displayed a volcano trend,
peaking at ZnNC-900. Parallel Zn 2p XPS analysis (Figure 1D)
revealed binding energy downshifts for Zn 2p,,, (1045 to 1043
eV) and 2p;;, (1022 to 1020 eV) with rising temperature,
indicating electron transfer from pyrrolic-N to Zn centers-
consistent with Zn’s electron-rich state (Figure S4). The
XANES spectra (Figure 1E) indicate that ZnNC-800/900/
1000 is situated between metallic Zn (0) and ZnTPP (+2),
with higher pyrolysis temperatures causing a shift in electronic
states toward Zn’. EXAFS analysis (Figure 1E and 1F; Figures
S5—S9) confirms the atomic dispersion of Zn, with no Zn—Zn
pathways observed at 2.3 A and Zn—N coordination detected
at approximately 1.6 A. This finding corroborates the results
obtained from HADDF-STEM (Figure S2d). The increase in
FT-EXAFS radius (from 1.48 A to 1.63 A) and the DFT-
optimized ZnN, models (Figure 1G, H, Figures S5—S9, Tables
S3—S7) reveal dynamic coordination environments, wherein
pyridinic-N ligands are gradually replaced by pyrrolic-N (from
Zn-Npd4 to Zn-Npo4). These configurations are denoted as
Npd,pos., (n = 0—4), with n representing the coordination
number; pd and po refer to pyridinic and pyrrolic nitrogen
atoms, respectively (Figure 1H). This trend is consistent with
the XPS nitrogen speciation.27’28 For example, ZnNC-600 is
denoted as ZnNpd4, as the Zn center is coordinated by four
pyridinic-N atoms, while ZnNC-900 is denoted as

ZnNpdlpo3, with coordination from one pyridinic-N atom
and three pyrrolic-N atoms. Collectively, these findings
demonstrate that the pyrolysis temperature plays a crucial
role in tailoring the coordination and electronic structure of
Zn, ultimately enhancing its catalytic performance.

Reaction Mechanism and Theoretical Calculation. To
elucidate the reaction pathway, we investigated the trans-
formations of three intermediates in Reaction (1)—1-(4-
hydroxyphenyl)ethanone, 4-vinylphenol, and the amine
addition product—under standard conditions. All three
intermediates can be converted to phenol and DME (Figure
2A). In addition, when 4-(1-hydroxyethyl)phenol was used as
the substrate, phenol was obtained in a yield of 47.6%
(Reaction 5). The results indicate the existence of a reaction
pathway where 1-(4-hydroxyphenyl)ethanone is converted to
4-(1-hydroxyethyl)phenol, subsequently to 4-vinylphenol,
followed by the formation of an amine addition product,
finally yielding the target products. The bond dissociation
energies (BDEs) of the aryl-C(sp®) o-bonds in compounds 3a
and 4a were calculated, showing that the BDE for 3a is 8.73
eV, whereas for 4a it is 4.93 eV (Table S8). This suggests that
the addition of an amine lowers the bond dissociation energies
of the C—C bond. Fourier transform infrared (FTIR)
spectroscopy was used to investigate the adsorption behavior
of 4-(1-aminoethyl)phenol on ZnNC-600 and ZnNC-900
catalysts (Figure 2B), revealing distinct interaction mecha-
nisms. On ZnNC-900, a well-resolved doublet was observed at
1383 and 1370 cm™'. Previous studies indicate that the
symmetric bending (“umbrella”) mode of a methyl group
typically occurs near 1375 cm™, while isopropyl and gem-
dimethyl groups give rise to a characteristic doublet in the
regions 1385—1380 cm™' and 1380—1370 cm™.,***° with
bands of similar intensity. Based on these references, the
doublet on ZnNC-900 is attributed to a weak interaction
between the amino group and the catalyst surface. This weak
adsorption likely maintains the vibrational coupling of the
—CHj; umbrella mode, resulting in a clear splitting pattern
similar to that observed in isopropyl-like systems. In contrast, a
broad band spanning 1382—1370 cm™’, rather than a resolved
doublet, was observed for ZnNC-600. This suggests a stronger
interaction between the adsorbate and the ZnNC-600 surface,
which may involve partial protonation of the amino group. The
resulting —NH;"/NH," species typically absorbs in the 1450—
1400 cm™ region,”’ and its low-wavenumber tail is likely to
overlap with the —CH; bending region, masking the splitting
and leading to the broadened spectral feature.

By combining XPS, XAFS, and IR analyses, we propose a
mechanism illustrated in Figure 2C, which is further validated
by Density Functional Theory (DFT) calculations. Computa-
tional details are provided in the Supporting Information. All
energy values are referenced to the initial state comprising
DMF, H,O0, 4-vinylphenol, and the catalyst, which is set to
0.00 eV in the potential energy surface. Initially, DMF
undergoes hydrolysis in liquid phase, generating dimethyl-
amine (DMA) and formic acid (HCOOH) (verified in Figure
S10). DMA then reacts with 4-vinylphenol via a Michael
addition-like process, forming an intermediate (Int-1) that
undergoes tautomerization to form Int-2. Subsequently, Int-2
interacts with Zn sites to form adsorbed intermediate Int-3,
which undergoes aryl-C(sp*) bond cleavage via the transition
state TS-1. The energy barrier for this step is calculated to be
1.38 eV on ZnNpdlpo3 (the structure corresponding to
ZnNC-900), significantly lower than 2.09 eV on ZnNpd4 (the
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Figure 3. Substrate expansion.” Reaction conditions: substrate (0.4 mmol), ZnNC-900 (10 mg), DMF (2 mL), 40 wt % DMA in H,0 (2 mL), N,
(1 MPa), 200 °C. “6 h. "2 h. “12 h. %14 h. “16 h./20 h. 1 mol of substrate 17a or 18a reacts to yield 2 mol of phenol. The yield of product C was
determined by HPLC, while the others are determined by GC with dodecane as an internal standard.

structure corresponding to ZnNC-600), correlating with the
stronger adsorption energy of Int-3 (—1.13 eV vs —0.44 eV).
These findings are consistent with the observed IR spectrum
and indicate that the Zn coordination environment critically
influences the reactivity of the aryl-C bond. Electrostatic
potential (ESP) mapping (Figure 2D) reveals that ZnNpdlpo3
provides a more electron-rich environment around the Zn site
compared to ZnNpd4. This electron enrichment enhances
stabilization of the positively charged C=N" species in TS-1
and promotes subsequent transformations. Subsequently,
second transition states (TS-2/TS-2’) are identified for the
reduction of Schiff base intermediate Int-4, leading to N,N-

dimethylethylamine (DME) and CO, via an Eschweiler—
Clarke-type mechanism. Formic acid plays a dual role:
donating a proton to the phenoxide anion (to afford phenol)
and serving as a hydride donor for C=N" reduction. The
energy barriers for this step are 1.54 eV for ZnNpdlpo3 and
1.62 eV for ZnNpd4, respectively. The enhanced stabilization
of the Schiff base by the more electron-rich Zn site in
ZnNpdlpo3 explains the lower barrier and improved
selectivity. These computational results are in good agreement
with experimental data, showing that under identical
conditions, ZnNC-900 (ZnNpdlpo3) gives higher yields of
phenol and DME than ZnNC-600 (ZnNpd4) (Figure S11).
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Substrate Scope. The versatility of the ZnNC-900
catalytic system was assessed across a range of substrates
including the aryl-C(sp®) bond, encompassing variations in
carbon chain lengths, substituents, and structural units derived
from lignin (Figure 3). For phenethyl derivatives substituted
with a single phenolic hydroxyl or methoxyl group, we observe
relatively high yields of phenol and DME (compounds 6a—
9a). For example, for compounds 6a and 7a, the yield of
phenol reached 99.9%, while the yield of DME exceeded 94%.
However, the reactivity is slightly reduced for phenethyl
derivatives with two phenolic hydroxyl (methoxyl) groups. For
instance, in compound 11a, the yield of catechol is 60.2% and
the yield of DME decreases to 50.9%. Moreover, the length of
the carbon chain associated with the aryl-C(sp®) bond also
affects the reactivity of the substrate. When the carbon chain is
extended to three carbons, the yields of phenol and the
corresponding amine drop to 53.2% and 52.1%, respectively
(compound 10a). In the case of compound 12a, the yield of
catechol is only 30.5%, while the yield of the corresponding
amine is just 25.6%. For the conversion of phenyl ketone
derivatives, a similar pattern was observed: the amount of
substituted phenolic hydroxyl groups and the length of the
carbon chain associated with the aryl-C(sp®) bond both affect
the reactivity of the substrate (compounds 13a—16a).
Although a yield of 90% for phenol and 82.7% for DME was
achieved in phenyl ketone derivatives with a single phenolic
hydroxyl group substitution (Table 1, entry 2), only a yield of
25.1% for phenol and 27.3% for DME was detected for
compound 16a. For the phenyl alcohol compound 17a, the
yields of phenol and DME also reached 75.2% and 66.0%,
respectively.

Fortunately, this catalytic system also demonstrates efficient
catalytic performance for typical model compounds of lignin
(Compounds 18a—24a, synthesis method shown in Figure
S12). The lignin structure contains three common monomers:
Guaiacyl (G-type monomer), Syringyl (S-type monomer), and
p-hydroxyphenyl (H-type monomer). Regardless of whether it
is the H-type monomer, S-type monomer, or G-type monomer,
they can all be efficiently converted into the corresponding
nonsubstituted phenolic compounds and DME. In compar-
ison, the reactivity of the H-type monomer is higher. For
example, in the case of compound 18a, the yields of phenol
and DME can reach 92.6% and 71.3%, respectively.

However, for monomers containing S-type and G-type
structures, yields of phenol still exceed 70% (Compound 20a
and 21a). For compound 20a, the yield of catechol could reach
78.3%, and for compound 21a, the yield of pyrogallol could
reach 63.6%. The number of phenolic hydroxyl or methoxy
groups on the aromatic ring associated with the aryl-C(sp?)
bond has a more significant impact on the reaction
performance. For compounds 22a and 23a, the yields of
both phenols drop below 60%. Compound 24a, a representa-
tive of the p-coumaric acid unit in lignin, was selectively
converted to phenol and dimethylamine (DME) with
respective yields of 90.5% and 81.7%.

Furthermore, we explored the reactivity of various secondary
amines. Both N-ethylmethylamine and diethylamine facilitated
the formation of the corresponding phenolic and tertiary amine
products (Figure 4). When N-ethylmethylamine served as the
nitrogen source, yields of 36.2% phenol and 36.5% N N-
diethylmethylamine were achieved (Reaction 8). Conversely,
using diethylamine as the nitrogen source resulted in the
conversion of 1-(4-methoxy-phenyl)-2-phenoxy-ethanone to
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Figure 4. Nitrogen source influence. Reaction conditions: substrate
(0.4 mmol), ZnNC-900 (10 mg), amide (2 mL), secondary amine (1
mL) H,0 (1 mL), N, (1 MPa), 200 °C. 1 mol of substrate reacts to
yield 2 mol of phenol.

59.5% phenol and 50.2% triethylamine, which is an important
bulk chemical (Reaction 9). For the transformation of 27a and
28a, corresponding arylalkyl amines were obtained (Reaction
10 and 11). When hydroxyl was substituted by halogens or
nitro groups, aryl-C(sp®) bond cleavage products were not
detected (Figure S13).

Building on the reactivity observed with typical lignin-
derived monomers, various native lignins were extracted from
various biomass sources—including bamboo, corn straw,
peanut shells, poplar wood, and xylose residue—and subjected
to the reaction system (Figures S14 to S15). As summarized in
Table 3, all tested lignins were effectively transformed into
phenols and DME under the optimized reaction conditions.
Notably, bamboo lignin achieved a total phenolic yield of 12.9
wt % (Table 3, entry 1; Figure S14), consisting of 7.9 wt %
phenol, 1.6 wt % catechol, and 3.4 wt % pyrogallol, along with
a DME yield of 15.0 wt %. A comparative analysis of the
heteronuclear single quantum correlation (HSQC) spectra
before and after the reaction showed a nearly complete
disappearance of the f-O-4 region, confirming the con-
sumption of these side chains (see Figure S14). To further
evaluate the method’s industrial viability, a scaled-up experi-
ment was conducted with bamboo lignin over 24 h. From 5.0 g
of lignin, 1.04 g of alkyl-free phenolic compounds were
obtained, composed of 38% phenol (Figure S16, Figure S19),
22% catechol, and 40% pyrogallol, alongside 13.4% mass yield
of DME (0.67 g) (Table 3, entry 6; Figure S17, Figure S20).
Strikingly, these results surpass the initial pilot-scale perform-
ance. Collectively, this work demonstrates a robust and
scalable catalytic strategy for lignin valorization, bridging
fundamental innovation with industrial practicality.

B CONCLUSIONS

In summary, we have developed a catalytic strategy that
addresses the long-standing challenge of selectively cleaving
inert aryl-C(sp®) o-bonds under mild conditions, enabling the
concurrent valorization of aromatic nuclei and alkyl side chains
of lignin. The ZnNC-900 catalyst, with its electron-rich Zn
centers embedded in a nitrogen-doped carbon matrix, achieves
high efficiency by stabilizing critical intermediates and lowering
activation energy. This approach not only can convert model
lignin compounds into high-value phenols and alkyl amines
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Table 3. Conversion of Different Types of Lignin into
Phenols and DME“

Yield (wt %)

Phenols®
129

DME
15.0

Entry
1

Types
7.9 (Phenol)

1.6 (Catechol)
3.4 (Pyrogallol)
3.5 (Phenol)

2.8 (Catechol)
0.2 (Pyrogallol)
0.6 (Phenol)

1.0 (Catechol)
0.1 (Pyrogallol)
1.5 (Phenol)

0.7 (Catechol)
3.1 (Pyrogallol)
3.1 (Phenol)

1.8 (Catechol)
0.6 (Pyrogallol)
8.0 (Phenol)

4.4 (Catechol)
8.4 (Pyrogallol)
“Reaction condition: lignin (100 mg), ZnNC-900 (15 mg), DMF (3
mL), 40 wt % DMA in water (3 mL), N, (1 MPa), 200 °C, 20 h.
Mass yield (%) = % X 100%. Here, m, represents the mass of

Bamboo lignin

Straw lignin 6.5 7.7

Peanut shell lignin 1.7

Poplar lignin $.3 6.4

S.S 4.3

Xylose residue

6° Bamboo lignin 20.8

corresponding product, and m, represents the original mass of lignin.
®Lignin (5.0 g), ZnNC-900 (0.7 g), DMF (100 mL), 40 wt % DMA
in water (100 mL), N, (1 MPa), 200 °C, 24 h. “The yields of phenolic
products are presented as total phenol yield (left column) and
individual phenol yields (right column).

with >90% selectivity but also can convert native lignin from
diverse biomass sources into renewable aromatics and amines,
circumventing carbon loss as CO, or alkanes. A scaled-up
experiment using native lignin validated the scalability of the
process, showing its potential for industrial application. By
integration of mechanistic insights from advanced spectrosco-
py and theoretical calculation, the role of Zn—N coordination
in mediating bond cleavage and functionalization is elucidated.
This work provides a strategy to cleave inert aryl-C(sp®) o-
bonds and convert lignin with high atomic efficiency.
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