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Cross-DehydrogenativeCouplingReactionof
4-Aminophenolswith2-NaphtholsCatalyzedbyaMesoporous
Silica-SupportedOxovanadiumCatalyst
Yutaro Ito,[a] Kengo Kasama,[b] Jihoon Moon,[a] Yui Kanzaki,[a] Tomoya Nishio,[a, c]

Koichiro Masuda,[c] Kwihwan Kobayashi,[c] Atsushi Kimishima,[a] Hiroshi Aoyama,[a, d]

Kyohei Kanomata,*[a] and Shuji Akai*[a, e]

Cross-dehydrogenative coupling (CDC) reactions offer an atom-
economical approach for synthesizing biaryl compounds by
directly forming C─C bonds from the C─H bonds of two
aromatic molecules. In this study, the CDC reaction between 4-
aminophenols and 2-naphthols was successfully catalyzed using

a mesoporous silica-supported oxovanadium catalyst. This reac-
tion involved the catalytic, chemo- and regio-selective oxidation
of 4-aminophenols, with molecular oxygen as the terminal oxi-
dant, eliminating the need for stoichiometric chemical oxidants,
thereby making the reaction more environmentally friendly.

1. Introduction

Aminophenols are valuable starting materials for synthesizing
highly functionalized aromatic compounds. They can be easily
oxidized to quinone monoimines (QMIs), which subsequently
undergo various transformations such as nucleophilic addition
and annulation reactions, yielding products such as polycyclic
compounds and biaryls.[1,2] Traditionally, QMIs are prepared
from aminophenols using a stoichiometric amount of oxidants,
followed by isolation before being used in subsequent reactions
(Scheme 1a). Recently, methods involving the in situ generation
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of QMIs via electrochemical oxidation have been developed,
enabling one-pot processes for subsequent transformations.[3–5]

Moreover, transition-metal-catalyzed direct transformations of
aminophenols using peroxides as terminal oxidants have also
been reported.[6,7]

On the other hand, cross-dehydrogenative coupling (CDC)
reactions, in which C─C bonds are formed directly from the C─H
bonds of two different aromatic molecules, have recently gained
significant attention from a green chemistry perspective because
of their atom-economical nature and efficiency in accessing
diverse biaryl compounds.[8–10] However, CDC reactions often
involve side reactions, such as homocoupling and the formation
of regioisomers. CDC reactions involving hydroxycarbazoles have
been extensively studied[11–15] because of their high reactivity
and potential for the development of bioactive molecules
and functional materials.[16] Oxovanadium catalysts have been
intensively studied in CDC reactions of 3-hydroxycarbazoles,
including asymmetric catalysis.[17–19] We previously developed a
heterogeneous oxovanadium catalyst supported on the inner
surface of mesoporous silica with a pore diameter of 4 nm
(V-MPS4).[20–24] This catalyst was successfully utilized in the
CDC reaction between 3-hydroxycarbazoles and 2-naphthols
(Scheme 1b).[14] Notably, the V-MPS4-catalyzed CDC reaction
proceeded efficiently using molecular oxygen as the terminal
oxidant.

Considering the importance of aminophenol derivatives in
synthesizing functionalized molecules and the structural similar-
ity between 3-hydroxycarbazoles and N-phenyl-4-aminophenols
1, we envisioned a CDC reaction of 1 catalyzed by V-MPS4, which
enables the direct transformation of 1 without isolating the
QMI intermediate (Scheme 1c). Very recently, an electrochemical
CDC reaction of N-tosyl-4-aminophenols with 2-naphthols was
reported.[4] In contrast, our approach employs a heterogeneous
catalytic system that simplifies both operation and product
purification and uses molecular oxygen as the terminal oxidant.
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Scheme 1. Oxidative transformation of 4-aminophenols and 3-hydroxycarbazoles: a) traditional two-step sequence involving oxidation and nucleophilic
addition of 4-aminophenols; b) direct cross-dehydrogenative coupling of 3-hydroxycarbaozles; c) direct transformation of N-phenyl-4-aminophenols 1 using
V-MPS4.

Herein, we report a V-MPS4-catalyzed CDC reaction between
N-phenyl-4-aminophenols and 2-naphthols to provide biaryl
compounds.

2. Results and Discussion

The CDC reaction of 4-(phenylamino)phenol (1a) with 2-naphthol
(2a) was investigated under the optimized conditions previously
developed for the reaction of 3-hydroxycarbazole with 2a.[14]

Specifically, the reaction was performed using one equivalent of
2a and a catalytic amount (10 mol%) of V-MPS4 relative to 1a in
CH2Cl2 under ambient oxygen at 25 °C for 24 h (Table 1, entry

1). Consequently, the cross-coupling product 3aa was obtained
in 59% NMR yield, with remaining 1a and 2a in 19% and 18%
yields, respectively. Notably, no regioisomers or homo-coupling
products were detected. The structure of 3aa was confirmed
by NMR and single-crystal X-ray analysis (CCDC 2443982; see
Figure S1 and Table S1 for details). The choice of solvent had
a notable impact on the reaction outcome. MeCN and toluene
exhibited minimal effects on the reaction rate (entries 2 and 3);
however, halogenated aromatic solvents, namely chlorobenzene
and trifluorotoluene, significantly improved the yield, affording
3aa in 67% and 71% NMR yields, respectively (entries 4 and 5).
Further improvement was achieved by increasing the amount
of 2a to two equivalents, resulting in an 88% NMR yield
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Table 1. Optimization of reaction conditions.a)

Entry Catalyst Solvent %Yield (3aa)b)

1 V-MPS4 CH2Cl2 59

2 V-MPS4 MeCN 57

3 V-MPS4 toluene 60

4 V-MPS4 PhCl 67

5 V-MPS4 PhCF3 71 (67)

6c) V-MPS4 PhCF3 88 (76)

7d) V-MPS4 PhCF3 decomp.

8e) V-MPS4 PhCF3 43

9 V-SilicaGel PhCF3 39

10 VO(OSiPh3)3 PhCF3 11

11 MPS4 PhCF3 10

12 – PhCF3 N.D.

a) Unless otherwise noted, the reaction was conducted using 1a
(0.10 mmol), 2a (0.10 mmol), and V-MPS4 (10 mol% based on vanadium)
in the indicated solvent (1.0 mL) at 25 °C under an oxygen atmosphere;
b) Determined by 1H NMR analysis of the crude reaction mixture using
CH2Br2 as an internal standard. Isolated yields are shown in parentheses;
c) Two equiv. of 2a was used; d) Reaction at 60 °C; e) Under air. N.D.:
Not Detected.

(76% isolated yield) of 3aa (entry 6). In contrast, increasing
the reaction temperature led to the decomposition of 3aa
and formation of a complex mixture (entry 7). Considering
that the oxidation potentials of 3aa were comparable to those
of 1a (Figure 1), overoxidation of 3aa was likely to proceed
under elevated temperature. The reaction also proceeded under
aerobic conditions, albeit more slowly, yielding 3aa in 43% NMR
yield (entry 8). Among the evaluated oxovanadium catalysts,

V-MPS4 demonstrated superior catalytic activity compared to
the oxovanadium catalyst immobilized on a commercial silica
gel (V-SilicaGel, particle size: 40–50 μm)[24] and a homogenous
catalyst VO(OSiPh3)3 (precursor for V-MPS4) under the same
reaction conditions (entries 9 and 10). Although the precise
effects of the catalyst support remain unclear, the mesoporous
environment of V-MPS4 could play a critical role in accelerating
the reaction.[21] The reaction using MPS4, the catalyst support
without immobilized oxovanadium species, instead of V-MPS4
also afforded 3aa whereas the yield was far lower compared to
that using V-MPS4 catalyst (entry 11 versus 6). In contrast, no
product formation was observed when 1a and 2a were mixed
under an oxygen atmosphere in the absence of any catalyst
(entry 12).

With the optimized reaction conditions in hand (Table 1,
entry 6), the scope and limitations of the CDC reactions were
explored (Scheme 2). The introduction of a methoxy group at
either the 6- or 7-position of 2-naphthol 2 was well tolerated,
yielding products 3ab and 3ac in 64% and 77% isolated yields,
respectively. Similarly, bromine-substituted 2-naphthols at the 6-
and 7-positions provided the cross-coupling products 3ad and
3ae in 57% and 46% yields, respectively. Notably, the reaction
of 3-bromo-2-naphthol (2f) afforded 3af in 50% yield, which
is in sharp contrast to the previously reported CDC reaction
of 2f with 3-hydroxycarbazole that afforded the corresponding
coupling product in only 12% yield.[14] The electron-withdrawing
ethoxycarbonyl group on 2 was also tolerated, though the
yield of 3ag decreased to 39%. However, the reaction with
resorcinol (2h) resulted in a modest 11% yield of 3ah due to poor
substrate conversion (<50%) and the formation of unidentified
side products.

Next, the effects of substituents on aminophenol 1 were
examined. The reaction of the fluorinated aminophenol 1b with
2a yielded 3ba in 58% yield. The nature of the substituent on
the amino groups significantly influenced the reaction outcome.
Specifically, N,N-diphenyl-4-aminophenol provided 3ca in 35%
yield, whereas the N,N-dialkyl derivative 1d showed low con-
version, although product 3da was detected in the reaction
mixture. In contrast, the electron-withdrawing Cbz-protected
aminophenol did not afford the desired product 3ea, and the
starting materials were recovered quantitatively. The reaction of
N-Bn substituted aminophenol also did not afford any products,
and the starting materials were recovered. On the other hand,

Figure 1. Cyclic voltammograms of a) 1a and 2a, b) 3aa, and c) 1c.
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Scheme 2. Substrate scope. The reaction was conducted using 1 (0.10 mmol), 2 (0.20 mmol), and V-MPS4 (10 mol% based on vanadium) in PhCF3 (1.0 mL)
at 25 °C for 24 h under an oxygen atmosphere. The isolated yield of product 3 is shown.

introducing substituents on the N-Ph group did not affect the
reactivity, and the reactions of 4-(p-tolylamino)phenol (1g) and 4-
((4-fluorophenyl)amino)phenol (1h) afforded the corresponding
products 3ga and 3ha in 42% and 62% yields, respectively.
In contrast, ortho- and meta-substituted aminophenols led to
complex mixtures.

In all cases where the desired products were obtained,
aminophenols 1 were either completely consumed or only trace
amounts were recovered after 24 h of reaction, and unidentified
side products were formed along with the cross-coupling prod-
uct 3. As the oxidation potentials of 3 were comparable to those
of 1 (Figure 1), overoxidation of 3 may occur under the reaction
conditions, leading to a decrease in product yield.

To gain insight into the reaction mechanism, the oxidation
potentials of 1a and 2a were examined by cyclic voltammetry
and compared with that of 3-hydroxycarbazole (Figures 1 and
S2). The analysis revealed that 1a had two oxidation peaks
(Epa1[1a] = 0.52 V and Epa2[1a] = 0.72 V versus Ag|Ag+), both
of which were lower than that of 2a (Epa[2a] = 1.23 V versus
Ag|Ag+), whereas 3-hydroxycarbazole showed a single oxidation
peak at 0.77 V versus Ag||Ag+ (Figure S2). These results suggest

that the CDC reaction was initiated by the oxidation of 1a
in the presence of V-MPS4, forming a QMI intermediate via
a two-electron oxidation process. On the other hand, N,N-
disubstituted aminophenol 1c exhibited a single pair of oxidation
and reduction peaks, indicating a reversible redox process and
the formation of a radical cation under oxidation conditions.
Accordingly, the reaction between 1c and 2a is likely to proceed
via nucleophilic addition of 2a to the radical cation intermediate
derived from 1c, similar to the mechanism previously proposed
for the reaction of 3-hydroxycarbazoles with 2a.[14] The formation
of 3da could also proceed via a similar radical cation pathway,
although only a trace amount of 3da was detected in the reac-
tion mixture. The redox nature of V-MPS4-catalyzed CDC reaction
was further supported by the previously reported reaction of
3-hydroxycarbazoles with 2a, in which an ESR measurement of
V-MPS4 exhibited an octet signal characteristic of vanadium(IV)
after the reaction, whereas no detectable signal was observed
before the reaction.[14]

Control experiments were conducted to gain further insight
into the reaction mechanism (Scheme 3). The QMI intermediate
1a′ was synthesized by oxidation of 1a with a stoichiometric
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Scheme 3. Mechanism investigations.

amount of Ag2O (see Supporting Information). This intermediate
was isolated and reacted with 2a under the optimized conditions
(Scheme 3a). The reaction proceeded efficiently without the V-
MPS4 catalyst, affording 3aa in 68% yield, which was comparable
to the 75% yield obtained with V-MPS4. These results suggest a
non-catalytic reaction between 1a′ with 2a. Additionally, the rad-
ical scavenger 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) did
not affect the outcome, with 3aa obtained in comparable yields
after 3 h both with and without TEMPO (Scheme 3b). The slightly
higher yield obtained in the presence of TEMPO (34%) compared
to the absence of TEMPO (26%) was attributed to a TEMPO-
mediated background reaction between 1a and 2a, which was
far less effective compared to V-MPS4-catalyzed process. Indeed,
3aa was formed in 6% yield when TEMPO (0.2 eq.) was used in
place of V-MPS4 under otherwise identical reaction conditions.
These results indicate that the present CDC reaction proceeds via
the V-MPS4-catalyzed two-electron oxidation of 1a to generate
1a′, which then undergoes a non-catalytic coupling with 2a
(Scheme 3c). Molecular oxygen serves as a terminal oxidant,
regenerating the catalytically active oxovanadium(V) species.[14]

The formation of 1a′ from 1a in the presence of V-MPS4 under an
oxygen atmosphere was further confirmed experimentally (see
Scheme S1). The reaction mechanism proposed herein for the
V-MPS4-catalyzed CDC reaction of 1a with 2a contrasts sharply
with that of 3-hydroxycarbazole with 2a, which was significantly
suppressed by TEMPO, suggesting the involvement of a radical
intermediate.[14]

3. Conclusions

CDC reactions of N-phenyl-4-aminophenols 1 with 2-naphthols 2
were efficiently catalyzed using a mesoporous silica-supported
oxovanadium catalyst (V-MPS4). The reaction proceeded
smoothly under ambient oxygen at room temperature, yielding
novel biaryl compounds. Mechanistic studies indicated that
a quinone monoimine (QMI) intermediate generated from 1
through a two-electron oxidation was key intermediate in
the reaction. Traditionally, aminophenols have been used as
building blocks for functionalized aromatic compounds via
stoichiometric oxidation to generate QMIs. In contrast, this
study demonstrates a catalytic CDC method that uses molecular
oxygen as the terminal oxidant. This environmentally friendly
approach significantly reduces chemical waste, offering a more
sustainable strategy for biaryl synthesis. Ongoing investigations
of our group involve exploring the catalytic transformations of
aminophenols and the application of V-MPS4 in CDC reactions,
including continuous-flow processes.
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