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ABSTRACT: Herein, we report the first example that P(O)—H species including H-phosphonates and H-phosphine oxides could
participate in a highly regioselective 1,4-addition to in situ generated 1-benzopyrylium ion from C3-substituted 2H-chromene
hemiketals, which provides a brand-new and effective approach for the synthesis of C4-phosphorylated 4H-chromenes with diverse
C3-functionality (ketone, ester, sulfonyl, aryl, and alkyl groups). In total, the reaction features the use of inexpensive Zn(ClO,),-
6H,0 as a catalyst, low catalyst loading (only S mol %), mild reaction conditions (60 °C, 10 min to 24 h), and broad substrate scope
(46 examples) as well as good to high yields (>90% yield on average). More importantly, mechanistic experiments demonstrated the
essential role of the C3-substituent on 2H-chromene hemiketals in stabilizing the in situ generated 1-benzopyrylium ion and the

regioselective 1,4-addition control.

H INTRODUCTION

Due to the aromaticity of the ten m-electron system, I-
benzopyrylium ion is an intrinsically stable and isolable
cationic species, and has been widely utilized as a reactive
intermediate in the preparation of 2H or 4H-chromene
derivatives."” The high electrophilicity at the C4 position
makes it prone to undergo 1,4-addition by carbon or
heteroatom-based nucleophiles to afford C4-functionalized
4H-chromenes.” However, attack at the C2-position, namely,
1,2-addition, is also possible, which undoubtedly would
produce C2-decorated 2H-chromenes.”*** Consequently, the
development of highly regioselective 1,2- or 1,4-addition to 1-
benzopyrylium ion for generation of the corresponding C2-
functionalized 2H-chromenes or C4-functionalized 4H-chro-
menes is of high significance.

As far as we know, the 1,2- or 1,4-regioselective control has
been realized by the substituents on the nucleophile® or 1-
benzopyrylium ion.>>7 As for the former, only one example
was reported by Zhu et al., who found the R group on indole
moiety played the key role in determining the products as 2-
indolyl-2H-chromene or 4-indolyl-4H-chromenes in BF;-Et,0-
mediated nucleophilic substitution reaction between indoles
and 2-CF;-3-CO,Et 2H-chromene hemiketals (Scheme 1, eqs
1 and 2).° On the other hand, 2-unsubstituted 1-
benzopyrylium ion tended to undergo 1,2-addition to form
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C2-functionalized 2H-chromenes (eq 3).2* Especially, these
products can be also obtained when 1-benzopyrylium ion
derived from 2-aryl- or 2-CO,R-4-aryl-2H-chromene hemi-
ketals were employed (eq 4)° As regards the preparation of
the preparation of 4H-chromenes, researchers have found that
3,4-unsubstituted 1-benzopyrylium ion normally prefers a 1,4
addition pattern to furnish C4-functionalized 4H-chromenes
(eq 5).* To enrich the structural diversity of 4H-chromenes,
people have tried to introduce substituents (R” group) into 1-
benzopyrylium ion at the C3—position,6’7 which also allows the
anticipated 1,4-addition to give C34-difunctionalized 4H-
chromenes (eq 6). However, it is strange that the R’
substituents seem to be limited to electron-withdrawing groups
(EWGs) like ester,a“ﬂa_“”e’f ketone’®® and sulfonyl units.”™ Tt is
currently unclear whether the EWGs were essential to the
regioselective 1,4-addition pathway, or other electron-donating
or neutral substituents can be used as well.
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ABSTRACT: In this paper, we present the first example of using a catalytic amount of a nucleophilic seleno-organic catalyst in a
tandem seleno-Michael/Michael reaction, leading to the formation of 2H/4H-chromenes. Chromenes represent a highly significant
group of oxygen-containing heterocycles commonly found as structural scaffolds in a diverse range of fields such as medicinal
chemistry, pharmaceutical agents, drug candidates, synthetic chemistry, and materials chemistry. Various preparation methods have
been developed, utilizing different substrates in conjunction with metal catalysts, organocatalysts, Bronsted acids, bases, or Lewis
acids. The synthetic utility of lithium selenolates has been demonstrated as efficient nucleophilic catalysts in the Rauhut—Currier
cyclization of chalcone derivatives. This methodology allows for the synthesis of 2H- and 4H-chromenes depending on the
substituents directly connected to the carbonyl group. The investigation focuses on the impact of various substituents in the
aromatic fragment as well as conditions and selenolates. The scope of different starting materials was also considered.

H INTRODUCTION

Chromenes represent a highly significant group of oxygen-
containing heterocycles that are commonly found as structural
scaffolds in a diverse range of natural compounds,l_g
pharmaceutical agents,m and drug candidates.'""* Compounds
with a chromene motif in their structures exhibit a multitude of
diverse properties such as antibacterial/antimicrobial,'® anti-
viral, antitumor, anticancer, anti-inflammatory, antitubercular,
diuretic, antifungicidal, antidiabetic, anticoagulant, antianaphy-
lactic, anti-HIV, and antioxidant activities. Comgou:nds from
this group also have photochromic propertiesl ~'7 used in
materials chemistry (Figure 1).

This ubiquity of chromene fragments stimulated the develop-
ment of various methods for synthesizing such compounds. The
2H-chromene ring is constructed mainly in three types of
transformations: Brensted and Lewis acid/base cal:al},rsis,w_j‘4
enantioselective organocata]ysis,zs_r and (transition)-
metal”®™ catalysis. The first approach is important because
transition-metal-free methods prevent contamination of bio-
active/pharmaceutical compounds with potentially toxic metals.
This is also the preferred choice for economic aspects (transition
metals, especially noble metals, are expensive). Therefore,
metal-free methods for the synthesis of 2H-chromenes are of
interest and have already received attention. Organocatalysis is
one of the emerging fields of catalysis and plays an important
role in the asymmetric synthesis of 2H-chromenes. Metal
catalysis plays an important role in chemical transformations

© 2025 The Authors. Published by
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that are difficult or impossible to perform using conventional
methods. This type of catalysts has been successfully used in the
synthesis of 2H-chromenes.™

The second group of chromenes, 4H-chromenes, can be
synthesized by three distinct types of transformations: formation
of a dihydropyrane ring ([2 + 4] cycloaddition reactions” '’
and tandem Michael/cyclizatinn/dehydratinn“iw), postsyn-
thetic nucleophilic modifications of 2H-chromenes (nucleo-
philic addition to 1-benzopyrylium ions*' ™" and 2-iminochro-
menes46_4g), and other types of reactions including ring closure
metathesis,”” Rauhut—Currier-type q;clization,su and reactions
that involve combinations of various tandem reactions.”*
Cycloadditions include several reactions catalyzed by Lewis and
Brensted acids, Brensted bases, transition-metal complexes,
organocatalysts, and NHC catalysts. This type of transformation
also includes an enantioselective approach. A second convenient
ring construction methodology is the Michael/cyclization/
dehydration method in which a nucleophile attaches to a 2-
hydroxychalcone or 2-hydroxystyrene derivative, under the
influence of a Lewis or Bronsted acid. In the final stage, the ring
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Graphical Abstract

This study presents the first example of a photocatalyzed intramolecular skeletal rearrangement strategy
for constructing the xanthene scaffold. This approach has been successfully applied to synthesize highly
functionalized xanthenes and to revise the structures of myrtucomvalones E and F. Furthermore,
biological studies reveal that a xanthene demonstrates significant antiosteosarcoma activity both in vitro
and in vivo.
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