
Organic &
Biomolecular Chemistry

PAPER

Cite this: Org. Biomol. Chem., 2024,
22, 5314

Received 29th April 2024,
Accepted 6th June 2024

DOI: 10.1039/d4ob00693c

rsc.li/obc

Visible-light promoted oxidative annulation of
2-naphthols with phenylglyoxal monohydrates
toward hydroxy-naphthofuranone and its
derivatives†
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A highly efficient and innovative method involving base-mediated oxidative annulation between

2-naphthols and phenylglyoxal monohydrate under visible light irradiation has been successfully devel-

oped. This method leads to the formation of oxygen-containing heterocyclic compounds, particularly

hydroxy-naphthofuranone derivatives, encompassing a unique quaternary carbon center. An X-ray diffr-

action study has unambiguously confirmed the structure of one such derivative. In particular, water mole-

cules in this reaction serve various functions as a solvent, reagent, and additive, with the conversion of the

process found to be influenced by the volume of water present. This atom-economical approach demon-

strates tolerance for different substituents in both phenylglyoxal monohydrate and 2-naphthol, enabling

the synthesis of a variety of naphthofuranones in satisfactory to good yields. The formation of a naphtho-

furanium cationic intermediate under acidic circumstances enables the formation of C–C or C–O bonds

with a wide range of aromatic or alcoholic nucleophilic partners. Furthermore, the identification and

generation of pinacol-type starting precursors from these naphthofuranone derivatives enable the syn-

thesis of highly regioselective naphthofuran derivatives.

Introduction

A range of biologically active compounds containing a fura-
none structure have been identified, displaying a diverse array
of biological activities.1 These oxygen-containing heterocyclic
compounds are classified based on the position of the oxygen
atom and the carbonyl group, falling into three categories: 3
(2H)-furanone, 2(5H)-furanone, and 2(3H)-furanone.2 Found in
numerous natural products and biologically active substances,
3(2H)-furanone derivatives demonstrate various activities,
including anti-tuberculosis, antioxidant, analgesic, antiulcer,
anticonvulsant, anticancer, antibacterial, antifungal, and anti-

inflammatory properties (Fig. 1, 1–5).3 Naphthofuranone,
furanone and naphthalene-fused structures, found not only
in secondary metabolites but also in their derivatives, exhibit
significant biological activities. Moreover, several fused furan
derivatives, naphthofurans and benzofurans in particular,
are widely known for their remarkable biological properties
and presence in natural products.4 Almost thirty medications
containing benzofuran have been approved by the US Food
and Drug Administration (USFDA).5 Furthermore, naphtho-
furans have recently received a lot of attention due to their
potential efficacy in the design and synthesis of therapeutics
for cancer treatment,6 Alzheimer’s disease inhibitors,7

modulators of human protein kinase,8 and nuclear recep-
tors,9 and a variety of other biological activities10 (Fig. 1,
6–9).

It was hypothesised that 10a, an alpha hydroxy naphthofur-
anone molecule, would be an appropriate precursor for
functionalization as it can easily eliminate a water molecule in
the presence of an acid and would generate naphtho[2,1-b]
furan-3-ium 11a intermediate. Furthermore, electrophilic sub-
stitution reactions using various aromatic and aliphatic
nucleophiles can be performed on the in situ generated
naphtho[2,1-b]furan-3-ium carbocation 11a for the preparation
of functionalized naphthofuranone 12a. When reduced, the
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alpha-functionalized naphthofuranone 12a yields naphthofur-
anol 13a, which is classified as a pinacol-type precursor.
Subsequently, the pinacol-type precursor 13a would be sub-
jected to an acidic rearrangement reaction, which would
produce a regioselective naphthofuran derivative denoted as
14a. The presence of a furan oxygen atom was expected to be
the main driving force for this rearrangement (Scheme 1).

In this context, our goal was to synthesize hydroxy-naphtho-
furanone 10 and then convert it into naphthofuran 14.
However, the synthesis of hydroxy-naphthofuranone remains
highly limited, with no literature reports for its conversion
into naphthofuran 14. Ahmed et al.11 described a microwave-
assisted approach for synthesising hydroxy-naphthofuranone
10a using copper salts under microwave conditions (eqn (a),
Scheme 2). Anxin Wu et al.12 recently described the selective
oxidative coupling of 2-naphthol (15a) and methyl ketone 17a
under iodine/DMSO oxidative conditions (eqn (b), Scheme 2),
a method also explored by Chun Cai et al.13 utilizing a copper
catalyst (eqn (b), Scheme 2). In addition, Meng-Yang Chang
et al.14 developed a unique method for synthesizing naphtho-
furanone derivative 20 by light and iodine-mediated dearylace-
tylative dimerization (eqn (c), Scheme 2). However, these
methods have several disadvantages, such as high tempera-
tures, dependence on metal catalysts, and limited possibilities
for further synthetic modifications of the furanone molecules.
We intended to use a metal-free organophotocatalyst triggered
by visible light15 to synthesize hydroxy-naphthofuranones,
which would then be used to synthesize different naphthofura-

none and naphthofuran derivatives. To the best of our knowl-
edge, there are no reports on the synthesis of naphthofuran
from naphthofuranone. The reported methodologies for

Fig. 1 Examples of bioactive molecules containing furanone and naphthofurans.

Scheme 1 Retrosynthetic analysis of the synthesis of naphthofuran 14a
from hydroxy-naphthofuranone 10a.
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naphthofuran synthesis rely primarily on metal-mediated C–H
activation. The most often used technique involves cyclizing
prefunctionalized naphthols, such as 2-alkenyl naphthol,
which is typically aided by the addition of a transition metal

catalyst.16 Many methods have been described for preparing
these scaffolds via base-promoted cyclizations, Lewis or
Brønsted acid catalysis, or transition metal catalysis.17 Here,
we demonstrate our unique collective strategies for coupling

Scheme 2 Various synthetic approaches for the synthesis of hydroxy-naphthofuranone and our synthetic plan for various naphthofuranone and
furan derivatives.
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2-naphthol 15a and phenylglyoxal monohydrate 16a under
visible light irradiation to yield a wide range of hydroxy-
naphthofuranones 10a–10s and subsequent modification for
the synthesis of naphthofuranone 12a–12s, alkoxy-naphthofur-
anone 12t–12v and naphthofuran derivatives 14a–14h (eqn (d),
Scheme 2).

Initially, 3 W blue LED light was used to optimize the reac-
tion between 2-naphthol 15a and phenylglyoxal monohydrate
16a in acetonitrile solvent with a mild base and Na2–eosin Y
under a nitrogen atmosphere (entry 1, Table 1). This resulted
in 20% yield of naphtho-3(2H)-furanone 10a, which has a
unique quaternary center. Single crystal X-ray analysis and 1H
& 13C NMR spectroscopic studies provided unambiguous con-
firmation of product 10a’s structure.20 The ORTEP structure of
10a is provided in Table 1. In order to facilitate the solubility
of the inorganic base, we next added water (14 equiv.) to the
reaction mass and found that the yield of 10a improved to
35% (entry 2, Table 1). The requirement of base for this reac-
tion was found out from entry 3 as no product 10a formed in

the absence of base (entry 3, Table 1). Consequently, further
reactions proceeded in the presence of a base and an additive.
As expected, when the reaction was performed under an
oxygen atmosphere, the yield of 10a was improved (entry 4,
Table 1). To emphasize the crucial role of water as an additive,
further optimization reactions were focused on water equiva-
lents (entries 5–7, Table 1). These experiments led to the con-
clusion that the presence of 50 equivalents of water in aceto-
nitrile solvent favored the desired product with a 81% yield
(entry 6, Table 1). Later optimization studies concentrated on
trying out several solvents, including DMSO, DMF, ethanol,
and methanol; acetonitrile gave the maximum yield of the
product (entries 6 and 8–11, Table 1). Next, we concentrated
on examining the effect of other bases on our reaction, such as
NaOH, Na2CO3, and K2CO3. Among these, NaHCO3 appeared
to be the superior base compared to others (entries 6 and
12–14, Table 1). Subsequently, we screened various photocata-
lysts, but observed no enhancement in the product yield
(entries 6 and 15–17, Table 1). Different light sources were also

Table 1 Optimization of the reaction conditions

Entry Base Solvent Additive Catalyst Conditions Atm Yielda (%)

1 NaHCO3 ACN — Na2–eosin Y Blue light N2 20
2 NaHCO3 ACN H2O (14 equiv.) Na2–eosin Y Blue light N2 35
3 — ACN H2O (14 equiv.) Na2–eosin Y Blue light N2 ND
4 NaHCO3 ACN H2O (14 equiv.) Na2–eosin Y Blue light O2 61
5 NaHCO3 ACN H2O (30 equiv.) Na2–eosin Y Blue light O2 71
6 NaHCO3 ACN H2O (50 equiv.) Na2–eosin Y Blue light O2 81
7 NaHCO3 — H2O (70 equiv.) Na2–eosin Y Blue light O2 39
8 NaHCO3 Ethanol H2O (50 equiv.) Na2–eosin Y Blue light O2 63
9 NaHCO3 Methanol H2O (50 equiv.) Na2–eosin Y Blue light O2 66
10 NaHCO3 DMF H2O (50 equiv.) Na2–eosin Y Blue light O2 54
11 NaHCO3 DMSO H2O (50 equiv.) Na2–eosin Y Blue light O2 51
12 NaOH ACN H2O (50 equiv.) Na2–eosin Y Blue light O2 53
13 Na2CO3 ACN H2O (50 equiv.) Na2–eosin Y Blue light O2 61
14 K2CO3 ACN H2O (50 equiv.) Na2–eosin Y Blue light O2 59
15 NaHCO3 ACN H2O (50 equiv.) Eosin-Y Blue light O2 81
16 NaHCO3 ACN H2O (50 equiv.) Rose bengal Blue light O2 73
17 NaHCO3 ACN H2O (50 equiv.) Rhodamine B Blue light O2 73.5
18 NaHCO3 ACN H2O (50 equiv.) Na2–eosin Y Pink light O2 60
19 NaHCO3 ACN H2O (50 equiv.) Na2–eosin Y Green light O2 51

a Isolated yield; reaction conditions: 0.5 mmol of 15a, 0.6 mmol of 16a, 0.5 mmol of NaHCO3, 10 mol% of Na2–eosin Y, 25 mmol of H2O and
acetonitrile as a solvent (0.5 mL) in O2 atm under a 3 W blue LED.
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assessed, emphasizing the importance of blue LED illumina-
tion (entries 6, 18 and 19, Table 1).

These results indicated that the reaction between 15a and
16a in the presence of NaHCO3 base, with water as an additive,
in an oxygen environment under 3 W blue LED light, and with
Na2–eosin Y photocatalyst were the optimum conditions for
the formation of the hydroxy-naphthofuranone product 10a
(entry 6, Table 1).

Having established the standard reaction conditions as out-
lined in entry 6 of Table 1, our next objective was to examine
the substrate scope of the reactions employing derivatives of
phenylglyoxal monohydrate 16a–16o and 2-naphthol 15a–15e,
as depicted in Scheme 3. All derivatives of 2-naphthol and
phenyl glyoxal monohydrates converted into the corresponding
products 10b–10s, as anticipated, with good results. The intro-
duction of halogen substituents on the phenyl ring of phenyl
glyoxal monohydrates, such as 4-F, 4-Cl, and 4-Br, caused
decreased yields of products 10b–10d in comparison with that
of 10a. On the other hand, a 52% lowering of yield was deter-
mined when phenyl glyoxal monohydrate’s phenyl ring had
electron-withdrawing groups such as –NO2 (10e). Similarly, the
yield of product 10f decreased by 69% when a 4-CF3 group was

incorporated into the phenylglyoxal moiety. When 2,4-dichloro
substituents were present on phenyl glyoxal monohydrate, a
moderate yield of 10i (77%) was produced. However, oxoalde-
hyde substituted with electron-donating groups such as 4-CH3

and 4-OCH3 gave the desired product in better yields of 68%
(10g) and 69% (10h), respectively. The presence of electron-
donating or electron-withdrawing groups did not appear to
have a significant impact on the yield. A study into steric
effects through ortho-chloro and ortho-methyl substitution of
phenylglyoxal revealed minimal hindrance, providing 73%
(10k) and 81% (10l) yields, respectively. The introduction of a
methoxy group at the meta-position of the phenyl ring resulted
in a yield of 69% for 10j. Additionally, the reaction utilizing
heterocyclic glyoxal derivatives 16m and 16n provided products
10m and 10r with a moderate yield of 69% and 73%, respect-
ively. Then, 2-naphthyl oxoaldehyde subsequently provided the
desired product 10s with a yield of 70%. The scope of the reac-
tion was then investigated using other 2-naphthol derivatives.
When 2-naphthol was substituted with 7-OCH3, the yield of
10o enhanced to 81%. 2-Naphthol derivatives substituted with
bromo, including 3-bromo and 6-bromo-2-naphthol com-
pounds, provided yields of 77% and 56% for 10q and 10n,

Scheme 3 Substrate scope for the synthesis of hydroxy-naphthofuranone derivatives 10b–10s using phenylglyoxal monohydrates 16a–16o and
2-naphthols 15a–15e. Reaction conditions: 0.5 mmol of 15a, 0.6 mmol of 16a, 0.5 mmol of NaHCO3, 10 mol% of Na2–eosin Y, 25 mmol of H2O and
acetonitrile as a solvent (0.5 mL) in O2 atm under a 3 W blue LED.

Paper Organic & Biomolecular Chemistry

5318 | Org. Biomol. Chem., 2024, 22, 5314–5324 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 0
6 

ju
ni

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
02

5-
07

-2
1 

16
:0

5:
01

. 
View Article Online

https://doi.org/10.1039/d4ob00693c


respectively. For 2-naphthol, the inclusion of a 6-CN substitu-
ent delivered 10p with a 55% yield. It is noteworthy that the
presence of a cyano group was not tolerated under the con-
ditions reported in the literature.12 This finding is most likely
explained by the stability of –CN in such circumstances or by
an insufficient activation of the naphthol derivative with an
electron-withdrawing –CN group.

Investigating the synthesis of naphthofuranones 12a–12v
from hydroxy-naphthofuranone derivatives 10 was our next
objective. Because the hydroxyl group in 10a is a poor leaving
group due to the formation of a strong conjugate base, we
hypothesized that protonation of this hydroxyl group with acid

would generate a hydronium ion, a much better leaving group.
The hydroxyl group was protonated and a water molecule was
eliminated, as expected when triflic acid was used as the acid
source. Consequently, the electrophilic substituted product
12b was obtained in 73% yield by utilizing the in situ formed
furanium cation 11a with a xylene molecule. Afterward, we
adopted the same strategy to synthesize several naphthofura-
none derivatives, 12a, 12c–12v. We attained yields ranging
from 55% to 98% by employing triflic acid along with appro-
priate aromatic/alcoholic nucleophilic partners (Scheme 4).
p-Xylene facilitated the synthesis of several naphthofuranone
derivatives 12c–12h when employing different hydroxy-
naphthofuranone derivatives. Notably, the presence of a
methoxy group in compound 12f decreased the yield to 67%
compared to those of compounds 12c–12e and 12g–12h, prob-
ably due to the methoxy group stabilizing the in situ formed
furanium cation.

On the other hand, we found slower reactivity than for
xylene when benzene was used as the nucleophilic partner
for the synthesis of 12a, 12i–12n. Because benzene is less
nucleophilic than xylene, the reaction necessitated slightly
higher temperatures to produce compounds 12a, 12i–12n in
good to outstanding yields. We then investigated some other
aromatic nucleophiles, leading to predicted compounds 12o–
12s in a very selective manner. Likewise employing different
alcohol derivatives, we effectively produced alkoxy naphtho-
furanones 12t–12v under acidic conditions, as shown in
Scheme 4.

Our hypothesis aimed to reduce the keto functionality in
12i to yield the pinacol-type precursor 13b, followed by an
acid-catalyzed rearrangement to produce naphthofuran deriva-
tive 14b. To test this hypothesis, we first reduced compound
12i using LAH, resulting in a mixture of diastereomeric alco-
hols 13b with a dr ratio of 1 : 1 as measured by 1H NMR spec-
troscopy. Following a simple workup, the diastereomeric
mixture 13b underwent further acid-catalyzed rearrangement.
As predicted, the naphthofuran derivative 14b was produced
via a smooth rearrangement of the pinacol-type precursor 13b,
giving 95% yield with high regioselectivity (Scheme 5).
Electronic effects provide a rationale for the migration of the
4-methyl substituted phenyl ring over the phenyl ring to the
electron-deficient carbon.

More specifically, the carbocation would be stabilized more
successfully by the +I activity of the methyl-substituted phenyl
ring than by the phenyl ring alone. Furthermore, investigation
of this type of rearrangement was done on the bromo- and
methoxy-substituted groups on the naphthalene core in
naphthofuranones 12l–12n. Following the reduction step, the
alcoholic compounds yielded reasonable to outstanding yields
of the respective naphthofuran derivatives 14d–14f under
acidic conditions. These findings support two essential
insights: first, the generation of a carbocation because of only
one product, and second, the prioritization of migration of a
more nucleophilic aromatic partner. Compound 12b upon
reduction and then treatment with acid gives 14g, with the
migration of the benzene ring instead of the p-xylene group,

Scheme 4 (a) Proof of concept and (b) synthesis of naphthofuranones
12a–12v by using various hydroxy-naphthofuranone derivatives along
with various nucleophiles. Unless otherwise noted: reaction conditions:
0.5 mmol of 10a, 1 mmol of nucleophile and 0.5 mmol of triflic acid in a
closed reaction vial at room temperature. a Reaction temperature is
70 °C.
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and the regioselectivity of the compound 14g structure was
unambiguously confirmed by single crystal XRD.20 The ORTEP
structure of 14g is provided in Scheme 5. Similarly, compound
12j, as predicted, underwent a reduction reaction, and treat-
ment with acid generated only one naphthofuran 14h, with

migration taking place toward the benzene partner instead of
the nitroaryl group. The strongly electron-withdrawing –NO2

group is probably responsible for this behavior since it might
not be able to stabilize the carbocation enough. Compound
12k, which included benzene and ortho-substituted benzene,
was reduced/rearranged to provide compound 14c with excel-
lent regioselectivity. Here, the phenyl-migrated compound 14c
is produced in excellent yield due to the predominance of
steric factors.

Control experiments were then carried out to provide
insight into the possible reaction path. Under standard con-
ditions, the reaction between 2-naphthol 15a and phenyl-
glyoxal monohydrate 16a was carried out without light or a
catalyst. This, as expected, resulted in a decrease in the
product yield, highlighting the need for light and a photo-
catalyst (eqn (1), Scheme 6). Furthermore, the reaction did not
proceed under standard conditions in the absence of a base,
emphasizing the necessity of a base (eqn (2), Scheme 6).
Intriguingly, under standard conditions and in the absence of
water, our desired product was generated in a low yield of 20%
(eqn (3), Scheme 6). To further understand the role that
oxygen plays in the process, more control tests were con-
ducted. As a result, the experiment was carried out under a
nitrogen atmosphere rather than an oxygen atmosphere using
standard conditions, which led to a lower product yield and
illustrated the need for oxygen (eqn (4), Scheme 6). The reac-
tive intermediate 21a was subsequently isolated, and its struc-
ture was confirmed using single XRD20 and HRMS techniques
to deduce the mechanism (eqn (6), Scheme 6). The expected
product 10a was obtained by subjecting the isolated intermedi-
ate 21a to standard reaction conditions (eqn (7), Scheme 6).
Scheme 7 elaborates on a plausible mechanism by putting
together information from the relevant literature18 and control
experiment results.

Based on the control experiments and various substrate
scope in each stage, a possible mechanism is proposed in
Scheme 7. The compounds 15a and 16a reacted together and
produced an intermediate I under basic conditions. The inter-
mediate I eliminates water and generates an intermediate II.
The existence of this intermediate emphasizes the vital
importance of water. Water can be added to promote the
generation of the hydrated intermediate 21a or II. High-
resolution mass spectrometry and single XRD analysis
confirm the structure of the intermediate 21a.20 The ORTEP
structure of 21a is provided in Scheme 6. The organic dye
Na2–eosin Y is excited when visible light is absorbed, and
this energy is then transferred to ground-state triplet oxygen
species (3O2). The excited state of the photocatalyst returns
to its ground state (Na2–eosin Y) because of this energy
transfer, and triplet oxygen changes into singlet oxygen
(1O2).

19 The reactive intermediate undergoes a hydrogen
atom transfer process facilitated by photoactivated oxygen
species, providing hydroxyl radical species III and hydroper-
oxyl radical species. These intermediates can be converted
into compound IV by an insertion reaction. In the end, the
desired product 10a is formed by an intramolecular cycliza-

Scheme 5 Synthesis of naphthofurans 14a–14h using various
naphthofuranone derivatives 12a, 12b, 12i–12n. Reaction conditions:
0.5 mmol of 12a, 1.25 mmol of LAH, and ether as a solvent (0.5 mL) at
0 °C in N2 atm, then 0.5 mmol of 13a, 0.5 mmol of triflic acid, and aceto-
nitrile (0.5 mL) as a solvent.
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tion that occurs when the oxygen atom attacks the
β-carbonyl group present in the intermediate V. Surprisingly,
protonation of –OH happens under acidic circumstances,
causing the lone pair of oxygen to induce electron movement
and eliminate a water molecule. The resultant furanium 11a
ion is unstable, but it is possible to regenerate the

single oxygen atom by inserting incoming nucleophiles.
Naphthofuranone 12a is further reduced to yield the
pinacol-type precursor 13a, which is then subjected to an
acid-catalyzed pinacol-type rearrangement reaction to
produce the furan derivative 14a via transition intermediates
13a′ and 13a″ (Scheme 7).

Scheme 6 Control experiments.
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Scheme 7 Plausible mechanism.
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Conclusion

In conclusion, this work highlights a unique approach for
synthesizing hydroxy-naphthofuranone using visible light
irradiation. Water functions as both a reagent and an additive,
playing an important role in the process. Furthermore, our
approach was effective in synthesising naphthofuranone and
naphthofuran from hydroxy-naphthofuranone derivatives,
which represents a unique addition to the field. Importantly,
all reactions were carried out under gentle settings, without
the use of harsh chemicals or high temperatures. The hypoth-
esised mechanism is consistent with the observed substrate
scope and control experiments. Notably, the process produces
high yields of different hydroxy-naphthofuranone derivatives
and has a wide tolerance for substituents. Our complete syn-
thesis methodology shows great promise for effectively generat-
ing target molecules.
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