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A metal-free cooperative carbocatalyst—organocatalyst system
promotes the dehydrogenative aromatization of 3-cyclohexene
aldehydes to aromatic aldehydes. Quinone-rich, oxidized activated
carbon and secondary amines act synergistically, providing a
structurally diverse substrate scope. Mechanistic studies indicate a
predominantly ionic hydride-transfer pathway and identify pore-
blocking as the main cause of catalyst deactivation.

Carbon materials are widely employed as supports for metal
catalysts owing to their thermal robustness, chemical stability,
and high surface areas. Beyond this role, appropriately
engineered carbons can display intrinsic catalytic activity,
particularly when modified through heteroatom doping.23
These materials, termed carbocatalysts, have emerged as
sustainable and cost-effective alternatives to metal-based
systems. Their activity is commonly associated with structural
defects and heteroatom-containing functional groups at
graphitic edges. Quinone-type moieties have been reported to
play a central role in several oxidative dehydrogenation (ODH)
processes ranging from industrial production of commodity
chemicals* (e.g. styrene from ethylbenzene) to liquid-phase
coupling and aromatization reactions.1>67

Our group has previously developed oxygen-rich carbon
materials for the ODH aromatization of unsaturated carbocycles
and carboheterocycles to access (heteroaryls)®’ and
heterobiaryls.8

Aromatic aldehydes constitute a high-value class of
compounds used extensively in pharmaceuticals,
agrochemicals, fragrances, and fine chemicals.® Conventional
synthetic routes often rely on stoichiometric oxidants or
precious metals, motivating the development of greener
alternatives.10

Catalytic dehydrogenative represents a
distinct desaturative approach in which redox-active enamines,
generated from non-aromatic precursors, undergo sequential
oxidation and dehydrogenation to afford functionalized
arenes.! |n this context, Leonori and co-workers introduced a
dual photoredox-cobalt catalytic method approach for the
synthesis of anilines from cyclohexanone and amine building
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blocks.’2 This work enabled the development of related
enamine-aromatization approaches to aryl amines under
electro-13, photo# and Pd-15 catalysis conditions.

Building on this concept Lenarda at al.'® recently reported a
carbocatalyzed condensation—oxidative aromatization cascade
affording diarylamines from partially unsaturated cyclic
ketones, demonstrating cooperative metal-free redox activity
of quinones and other oxygenated surface functionalities on
porous carbon.

Leonori et al. subsequently extended enamine-mediated
desaturation to aldehydes trough a triple catalytic system
combining Ir-based photoredox catalysis, organocatalytic
enamine activation, and cobalt co-catalysis.!” In this system,
enamine formation with a secondary amine (e.g., morpholine)
enables single electron transfer (SET) oxidation followed by
hydrogen atom transfer (HAT) dehydrogenation, mediated,
respectively, by the photoredox and cobalt catalysts (Fig. 1).

Leonori and coworkers (ref 17):
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Fig. 1 Dehydrogenative aromatization cascades of aldehydes utilizing enamine, Ir-
photoredox, and cobalt vs. quinone-based redox carbocatalysis with proposed
mechanism for the amine-mediated step.

Guided by this insight, we envisioned that quinone-rich
oxidized carbon materials could, in combination with a
secondary amine co-catalyst, promote the ODH step of this
reaction. We therefore initiated our study using HNOs-oxidized
activated carbon (0ACuno3), prepared from commercial
activated carbon (AC) following a protocol established in our
laboratory,® as the carbocatalyst. X-ray photoelectron
spectroscopy (XPS) and temperature-programmed desorption
(TPD) analyses confirmed the presence of abundant oxygenated

This journal is © The Royal Society of Chemistry 20xx
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functionalities, including quinone moieties, in agreement with
previous reports (Figs. S1 and S2, and Tables S1 and S2), on a
635 m?/g surface area characterized by an extended porous
network (Table S9).6

At first, we evaluated different secondary amines as organo-
co-catalysts using the dehydrogenative aromatization of
Cyclohex-3-ene-1-carbaldehyde (1a) as a probe reaction, in
conditions previously optimized for oAC catalyzed ODH
aromatization reactions.®

Morpholine (A1), previously employed in photoredox-
mediated cyclohexene dehydrogenation,'’ afforded only a
marginal yield increase of 5% relative to the amine-free control
(Table 1, entry 3 and 4), and phenoxazine (A2) and
phenothiazine (A3) were similarly ineffective. In contrast,
diphenylamine-derived catalysts showed markedly higher
activity, with diphenylamine (A4), bis(4-methylphenyl)amine
(A5), and bis(4-methoxyphenyl)amine (A6) delivering
progressively higher yields, of 37%, 47% and 70% respectively.
This trend suggests an enamine-mediated activation pathway in
which more electron-rich diarylamines generate enamines
better matched to the redox properties of the quinone sites on
OACHN03 (Flg. 1)

Table 1. Catalyst and co catalyst screening.

Y 7 H
O) 0ACHno3 (22 mg) /©/ \©\
Toluene (0.1 M) MeO OMe
A6

1a 90 °C, 0, 24 h 2a
Entry Variation of reaction conditions Yzlzlzyf)f Cs:::r(s;)n

1 none 70 90

2 no 0ACunos, A6 0 4

3 0AChnos, no A6 2 56

4 A1l (morpholine) instead of A6 5 51

5 A2 (phenoxazine) instead of A6 3 34

6 A3 (phenothiazine) instead of A6 4 38

7 A4 (diphenylamine) instead of A6 37 60

8 A5 (bis(4-methylphenyl)amine) instead of A6 47 69

9 ACqym as catalyst 51 63

10 AC as catalyst 29 38

11 HT- 0AChnos as catalyst 14 43

12 HT-ACgm as catalyst 9 23

13 Anthraquinone (0.5 equiv) as catalyst 2 6

14 PQ (0.5 equiv) as catalyst 7 17

After optimization of the reaction conditions (Table S4), the
influence of AC surface oxidation on catalytic performance was
examined using A6 as the amine co-catalyst (Table 1). HNOs-
oxidized activated carbon (0ACunos) afforded high
aromatization efficiency (70% vyield), whereas ACgm and
untreated AC showed markedly lower activity (entry 9 and 10).
This enhancement is consistent with the increased
concentration of quinone-type functionalities introduced by
nitric acid oxidation. Notably, untreated ACs retained moderate
activity, likely due to native quinone groups inherently present
in commercial activated carbons.!8

Thermal removal of oxygen functionalities by high-
temperature treatment (HT-ACym and HT- 0ACunos, entries 11
and 12) led to a pronounced loss of activity, corroborating the
essential role of oxygenated active sites. In particular, XPS O1s

2| J. Name., 2012, 00, 1-3

deconvolution reveals a clear correlation between CzQ,content
and product yield (Fig. 2), suggesting tHeéCEriti¢aP?a1eC6PORRESR
functionalities in the catalytic process. In contrast, molecular
quinones displayed only modest catalytic activity (entries 13
and 14), with 0.5 equiv. of 9,10-phenanthrenequinone (PQ)
affording a remarkably low yield of 7%, only slightly higher than
the one obtain in absence of catalyst (entry 2). These results
suggest that efficient catalysis requires not only functional
redox centres but also the presence of an extended, porous
carbon framework, which appears to play a crucial electronic
and structural role.
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Fig. 2 Atomic percentages from XPS O1s spectra (bars) and yields % in 2a (line with
circles). AC, HT-ACym, 0AChnos and HT-o0ACunos represent pristine, HNO3 oxidized,
and thermally treated at 1000 °C ACs, respectively

While the correlation presented in Fig. 2 suggests that
quinone sites on the carbon play a crucial role in the catalytic
activity, it is acknowledged that XPS peak deconvolution
inherently involves overlapping components. Therefore, The
role of different functional groups as the catalytically active
sites was further probed through selective surface-group
blocking experiments, using previously reported procedures
(Fig. S3).2¢ Blocking —OH and —COOH groups had a negligible
effect on catalytic performance, affording product yields of 70%
and 68%, respectively, comparable to that obtained with
untreated oACunos (70%). In contrast, selective masking of
carbonyl groups led to a sharp decrease in activity, with the
yield dropping to 20%. XPS analysis confirmed the selective
modification of the targeted oxygen functionalities (Fig. 2,
Tables S5, S6 and Fig. S4). These results provide further
substance to our hypothesis of quinone groups being the active
sites responsible for dehydrogenative aromatization catalysis.

With the catalytic system established, we next examined the
substrate scope for the dehydrogenative aromatization of
cyclohexene aldehydes (Fig. 3). Yields are reported as isolated
unless otherwise stated, subject to purification constraints.
Under the standard conditions (toluene, 90 °C), 2,4-
dimethylcyclohex-3-ene-1-carbaldehyde (2b) afforded the
aromatic aldehyde in 36% vyield after 24 h, indicating modest
steric inhibition relative to 1a. In contrast, aryl-fused substrates
were efficiently converted: the biphenyl-derived aldehyde 2c
was obtained in 89% vyield after 48 h, while a naphthyl analogue
2d furnished 79% yield under identical conditions. Both

This journal is © The Royal Society of Chemistry 20xx
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electron-withdrawing and electron-donating substituents were
tolerated, with 4'-CF; (77%, 2e), 3',4’-dimethoxy (89%, 2f), and
3',5'-dimethyl (49% after 72 h, 2g) derivatives providing the
corresponding aldehydes. Strongly electron-donating
substituents led to diminished performance, as observed for the
4'-dimethylamino substrate (49% NMR vyield, 2h). A
heteroaromatic thiophene-containing substrate was also
proved compatible, affording 4-(thiophen-3-yl)benzaldehyde 2i
in 53% NMR yield. Overall, the reaction tolerates a broad range
of electronic environments, with highest efficiency observed for
biphenyl-derived systems, consistent with an enamine
oxidation pathway modulated by substrate electronics.

? 0AChno3 (22 mg) ?
A6 (30 %
‘ _ A6EO%) @
R—— Toluene (0.1 M), T
90°C, 0,

2a-i

70% 36% 89% 79% F3C 77%

O CHO CHO

\N
2f (89%)2

(49%)° (53%)°

MeO

MeO

Fig. 3 Scope study for the aromatization of cyclohexene-3-aldehydes

The durability of the carbocatalyst was evaluated through
recycling experiments using 1a as a model substrate. Activity
progressively decreased over successive cycles, indicating
catalyst deactivation (Fig. S5a). Amine recovery experiments
showed significant retention of the secondary amine on the
catalyst, suggesting surface adsorption as a primary
deactivation pathway (Fig. S5b). Consistently, N, physisorption
revealed loss of surface area and microporosity upon reuse (Fig.
S7 and Table S9), consistent with pore blocking by adsorbed
amines.

Post-reaction XPS analysis showed no significant changes
in overall surface composition were observed, although a slight

1a-X-CQCA-TS1

AG HOC “ 1L fé/'HA
(aH) LA

kcal/mol

droquinone a

Initial H*, H™ abstraction by CQCA

1a'-X-HCQCA-TS2

1a'-X-HCQCA-vdW
Ar
!
R~ Nl
HO,C—, =8

ChemComm

decrease in the C=0 content was detected (Tableg.$7.3n9-58)
Combined with the BET data, these resubsldieleaNsistemOWith
reversible deactivation via adsorption of amine species on
active sites and within the porous structure.

Importantly, catalyst deactivation was found to be
reversible; washing the spent material with acetic acid restores
catalytic activity and textural properties close of the fresh
catalyst (Fig. S6 and Table S7). These indicates that deactivation
primarily arises from reversible amine adsorption, which blocks
quinone active sites and the porous carbon framework.

Additional evidence for pore-blocking-induced deactivation
was obtained from catalytic tests in the presence of pyrene,
employed as an inert polycyclic aromatic probe to occupy pore
volume. Consistent with prior reports,® pyrene was selected for
its strong m—mt affinity for carbon surfaces and its ability to
physically reside within micropores without participating in the
reaction. The addition of two equivalents of pyrene reduced the
yield to 53 %, consistent with progressive pore occupation
limiting access of the substrate, intermediates, and
organocatalyst. Similar experiments performed under Ar in
presence of non-aromatic probes resulted in lowered yields
(see Sl).

The critical role of porosity was further supported by
experiment using reduced graphene oxide (rGO), a commonly
reported carbocatalyst for oxidative dehydrogenation.316
Despite its high oxygen content, rGO afforded only 1% vyield
under the optimized conditions, indicating that surface oxygen
functionalities alone are insufficient for efficient catalysis (see
Sl). Together with the pyrene-blocking and recycling studies,
these results suggest pore accessibility as critical for catalytic
activity.

Collectively, these results indicate that quinone active sites
and an accessible porous carbon framework must operate
cooperatively to enable efficient enamine oxidation and
aromatization.

PQ is frequently employed as a molecular model for
quinone-mediated dehydrogenative carbocatalysis on oxidized
carbon materials.®

1a"-X-CQCA-TS3

2a'-X-CQCA-vdW

o
e ]
E

~— completing H" abstraction by CQCA ——

Fig. 4 Gibbs free-energy profiles for CQCA-mediated aromatization of enamines 1a-A4 and 1a-A6. M06-2X/6-311++G(d,p)//M06-2X/6-31+G(d,p), CPCM(toluene), GD3.

To gain theoretical insight, DFT calculations were performed
on the dehydrogenative aromatization of enamines 1a—A4 and
1a—-A6 mediated by PQ (Table S11 and Fig. S8). The reaction

This journal is © The Royal Society of Chemistry 20xx

proceeds via an initial hydride abstraction from the doubly
allylic C2 position, followed by deprotonation and a second
hydride abstraction to afford the aromatic aldehyde. However,

J. Name., 2013, 00, 1-3 | 3
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the computed barriers for the first hydride abstraction are
relatively high (30.0 and 29.0 kcal mol™), indicating that PQ
alone does not fully capture the experimentally observed
reactivity of OACHNog.

To refine the model and better account for the extended n-
conjugation effects, coronenedione (CQ) was next examined
(Table S12 and Fig. S10). Although the reaction mechanism
remains unchanged, the larger m-system lowers the initial
activation barriers to 24.5 and 21.7 kcal mol™. Incorporation of
a carboxylic acid group onto CQ (CQ-CO,H), mimicking nitric
acid—oxidized carbon, further reduces these values to 23.6 and
19.9 kcal mol™ (Fig. 4), and accurately reproduces the
experimental enamine reactivity trend. Notably, the CO;H
substituent acts as an electron withdrawing group, rendering
the m-surface of CACQ more electron-deficient and thereby
strengthening its interaction with the enamine.

Noncovalent interaction (NCI) analysis reveals stabilizing n—
1t interactions between the enamine and the CQ—CO-H surface,
while HOMO analysis indicates greater delocalization for the
more reactive 1a—A6 system (see SI, NCI plots section).
Moreover, DFT calculations predict that the morpholine-
derived enamine (1a-Morp) is similarly reactive to 1a-A4 (Fig.
S9 and S11); its poor experimental performance likely arises
from inefficient enamine formation under the acidic 0ACunos
carbocatalyst conditions. This interpretation is supported by its
strong H-bonding interaction with the CO.,H site of model
compound CACQ (see Figure S12 and Tables S15).

Although TEMPO-like radical traps substantially suppress
reactivity (Table S10), computational analysis shows that SET
and HAT pathways between enamines and quinone models are
thermodynamically unfavourable (Tables S13 and S14),
suggesting a predominantly ionic hydride-transfer
mechanism,?° with radical species contributing only to catalyst
regeneration, as supported by the moderate yield obtained in
the tests performed under Ar atmosphere (see Table S4).2%
Nevertheless, based on computations with model compounds
alone, a radical component in the catalytic cycle cannot be fully
excluded.

In summary, we report a metal-free, cooperative
carbocatalyst—organocatalyst strategy for the dehydrogenative
aromatization of cyclohexene aldehydes to aromatic aldehydes
under mild conditions. Quinone-rich oxidized activated carbon
acts as the redox-active catalyst, while secondary amines
enable formation of reactive enamine intermediates. The
method displays a diverse substrate scope, efficiently
converting aryl-fused, biphenyl-derived, heteroaromatic
cyclohexene aldehydes bearing both electron-donating and
electron-withdrawing substituent. Experimental and
computational studies suggest quinone surface sites and carbon
porosity as key determinants of activity, with catalyst
deactivation likely arising from reversible pore blocking by
amines. Mechanistic investigations support a predominant ionic
hydride-transfer pathway. Overall, this work expands the scope
of carbocatalysis and underscores the potential cooperative
catalyst design in sustainable oxidation chemistry.

4| J. Name., 2012, 00, 1-3
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