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Editorial

Editorial on the Advances in Organic Synthesis in
Pharmaceuticals, Agrochemicals and Materials

Jiuzhong Huang 1 and Zhao-Yang Wang 2,*
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Gannan Medical University, Ganzhou 341000, China; huangjz@gmu.edu.cn

2 School of Chemistry, South China Normal University, Guangzhou 510006, China
* Correspondence: wangzy@scnu.edu.cn

This Special Issue, entitled “Advances in Organic Synthesis in Pharmaceuticals, Agro-
chemicals and Materials”, offers a comprehensive overview of the latest progress and
multifaceted applications in organic synthesis. It showcases the intricate science and
artistry involved in molecular construction and highlights the field’s profound impact
across multiple disciplines.

A central theme of this collection is the development of novel synthetic methodologies
that enable precise and controlled assembly of complex molecular architectures. These
advances not only improve reactivity and selectivity but also open new pathways for
producing pharmaceuticals, agrochemicals, and functional materials [1–6]. The eight se-
lected contributions exemplify this evolution, presenting innovative approaches—including
synthetic methodology, element organic chemistry, natural product total synthesis, and
biological activity of small molecules—that enrich the synthetic toolkit while offering mech-
anistic insights and potential applications in catalysis, medicinal chemistry, and materials
science [7–10].

Firstly, Ye et al. (2024) report a molybdenum-catalyzed anti-Markovnikov hy-
drosilylation of alkynes with high (E)-selectivity [11]. Using a commercially available
Mo(CO)6/dppb catalyst system under mild conditions, the method exhibits excellent func-
tional group tolerance and regioselectivity. This work offers a cost-effective and sustainable
alternative to noble-metal catalysts, with a proposed mechanism involving oxidative ad-
dition, migratory insertion, and reductive elimination supported by control experiments.
The next contribution, by Ashirov et al. (2025), describes the synthesis and characteriza-
tion of hydrogen-bonded di(hydroperoxy)alkane adducts with tricyclohexylphosphine
oxide (Cy3PO) [12]. These shelf-stable, crystalline compounds display high solubility in
organic solvents and act as efficient oxidants, as shown in the rapid oxidation of triph-
enylphosphine. Structural and spectroscopic analyses have confirmed that hydrogen
bonding weakens the P=O bond. This weakening enhances the compound’s oxidative
reactivity. Consequently, the solid peroxides now have new and promising possibilities
for use in synthesis. In the third paper, Xu et al. (2025) investigate the dual role of N,
N-dimethylformamide (DMF) in copper-catalyzed domino reactions toward Se-phenyl
dimethylcarbamoselenoates [13]. Starting from aryl halides and selenium powder, the
reaction proceeds under mild conditions with a broad substrate scope. Deuterium labeling
and mass spectrometry studies indicate oxidative addition as the rate-determining step,
offering an economical route to valuable organoselenium compounds. Liu et al. (2025),
in the fourth paper, present a one-pot Heck/dehydration strategy for the total synthesis
of trans-dehydroosthol and citrubuntin—key meroterpenoid intermediates [14]. By em-
ploying less reactive bromocoumarins and optimized base/solvent systems, the authors
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achieved high yields and stereoselectivity without protecting groups. This redox-neutral
and atom-economical approach streamlines access to complex natural product frameworks.

The fifth contribution revisits the bioactivity of shikonin, previously identified as
a strong SARS-CoV-2 Mpro inhibitor [15]. Cross-validation studies, however, revealed
that inhibition occurred only in the absence of reducing agents such as DTT, suggesting
shikonin acts as a non-specific cysteine protease inhibitor with associated cytotoxicity.
Reactive oxygen species generation and bioreductive alkylation were implicated in its
off-target toxicity. These findings highlight the need to modify the naphthazarin scaffold to
develop specific Mpro inhibitors with improved safety profiles. In the sixth study, twenty
novel 5-(1-amino-4-phenoxybutylidene)barbituric acid derivatives bearing an enamino
diketone motif were synthesized and evaluated for herbicidal activity [16]. One compound,
BA-1, demonstrated promising efficacy, a broad herbicidal spectrum, and good crop safety.
Structure-activity relationship (SAR) studies indicated that steric, electronic, and lipophilic
properties significantly influence activity. Molecular docking suggested that BA-1 binds
effectively to NtPPO, indicating potential as a novel PPO inhibitor and a candidate for
further optimization.

The seventh paper highlights disubstituted Meldrum’s acid as a new carbon-
based scaffold with sulfur(VI) fluoride exchange (SuFEx)-like reactivity [17]. Phenols
proved optimal nucleophiles, while thiols and thiophenols—often problematic in classical
SuFEx—exhibited comparable reactivity. Alcohols and amines required elevated tempera-
tures, and sterically hindered nucleophiles remain challenging, motivating ongoing catalyst
development. Lastly, Guest Editor Prof. Wang and Dr. Huang developed a nickel-catalyzed
[2 + 2 + 2] cycloaddition of alkynes, nitriles, and allyl boronates [18]. This concise catalytic
system allows efficient, regioselective synthesis of fused pyridine derivatives from readily
available materials. Mechanistic studies underscored the essential role of the terminal
double bond and the Bpin group.

As of 13 October 2025, these eight articles have collectively attracted 8303 views,
averaging 1038 views per publication. Together, these studies underscore the critical roles
of catalyst design, solvent participation, and reaction engineering in modern synthetic
chemistry. They also reflect a shift toward sustainability—employing earth-abundant met-
als, stable oxidants, and domino processes to reduce waste and synthetic steps [19–21]. By
bridging organic, inorganic, and materials chemistry, this Issue embodies the collaborative
and interdisciplinary spirit driving innovation in the field.

We commend the authors for their contributions and encourage continued exploration
into the mechanisms and applications of these promising methodologies.

Funding: The authors thanks to the National Natural Science Foundation of China (22361003), the
Jiangxi Provincial Natural Science Foundation (20242BAB25591).

Conflicts of Interest: The authors declare no conflicts of interest.
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Molybdenum-Catalyzed (E)-Selective Anti-Markovnikov
Hydrosilylation of Alkynes
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School of Environmental and Chemical Engineering, Zhaoqing University, Zhaoqing 526061, China;
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18129625361@163.com (Q.W.)
* Correspondence: zqwlh@126.com (L.W.); lix@zqu.edu.cn (X.L.)

Abstract: Herein, we report the first example of molybdenum-catalyzed (E)-Selective anti-Markovnikov
hydrosilylation of alkynes. The reaction operates effectively with the utilization of minute amounts
of the inexpensive, bench-stable pre-catalyst and ligand under mild conditions. Moreover, this
molybdenum-catalyzed hydrosilylation process features the advantages of simple operation, excel-
lent selectivity, and broad functional groups tolerance.

Keywords: (E)-vinysilanes; hydrosilylation; alkynes; molybdenum catalyst; synthetic method

1. Introduction

Silicon-containing molecules have been widely served as versatile building blocks
towards modern organic synthesis and pharmaceutical chemistry [1–3]. Among these
synthons, vinylsilanes possess the advantages of incomparable reactivity, low toxicity,
high stability, and simple operations, and offer ample opportunities for post-synthesis
manipulations in synthetic chemistry [4,5]. Therefore, the preparation of these molecules
has been thoroughly investigated in recent years [6]. The most straightforward and atom-
economic approach for accessing multifunctional vinylsilanes was the transition metal
catalyzed hydrosilylation of alkynes [7]. However, the addition products of alkynes with
silanes could be Markovnikov type α-vinylsilane isomers, anti-Markovnikov addition type
β-(E), or β-(Z) vinylsilane isomers. Hence, the most challenging issue of these methods
was the precise controlling of both regioselectivity and stereoselectivity of the desired
addition products. Over the past few decades, noble metal catalysts (such as platinum [8,9],
rhodium [10–12], palladium [13], iridium [14,15], ruthenium [16,17], and gold [18,19]) have
been well established to tackle these selectivity challenges. For example, Jiménez’s group
reported the complete β-(Z) selectivity synthesis of vinylsilane via the cyclometalated
rhodium(III)-triazolylidene homogeneous and heterogeneous terminal alkyne hydrosi-
lylation catalysts [11]. Despite the ubiquitous utilization of these noble metal catalysts,
restrictions like elevated and fluctuating catalyst expenses, prevalent side reactions, expen-
sive and complex ligands have limited their applications. On the other hand, concerning the
sustainable development of green chemistry, the combination of chemical, economic, and
environmental concerns has stimulated the expedition of inexpensive, low-toxic base-metal
catalysts, such as cobalt [20–28], iron [29–32], manganese [33], copper [34,35], and nickel
catalysts [36].

In the past decades, cobalt catalysts have exhibited exceptional catalytic performance
in the precise preparation of the desired isomers. As shown in Scheme 1, Deng and cowork-
ers realized the Markovnikov hydrosilylation of alkynes by dicobalt carbonyl N-heterocyclic
carbene catalyst with excellent α/β selectivity and functional group compatibility [26]. In
addition, highly Z-selective Co-catalyzed hydrosilylation of alkynes has also been achieved
by Ge’ group, and both primary and secondary hydrosilanes were well-tolerated in this

Molecules 2024, 29, 5952. https://doi.org/10.3390/molecules29245952 https://www.mdpi.com/journal/molecules4
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transformation [21]. Compared with β-(Z) products, the β-(E) isomers were thermodynam-
ically more stable. As a consequence, effective catalytic systems for the highly regio- and
stereoselective construction of β-(E) isomers have been investigated thoroughly in the past
decades. Thomas reported a complex of the MesBIPCoCl2 for stereoselective hydrosilyla-
tion of for electronically unbiased alkyl alkynes and primary hydrosilanes to synthesize the
(E)-β-vinylsilanes with moderate (E)-selectivity [37]. In 2018, Ge and coworkers employed
a combination of bench-stable Co(acac)2 and bisphoshpine ligands for the regioselective
and stereoselective hydrosilylation of terminal alkynes [38]. This catalytic system was
activated by the reaction with hydrosilanes rather than air-sensitive activators, such as
Grignard reagents or NaBHEt3. The reaction conditions were extremely mild and practical,
providing an effective method for the construction of (E)-β-vinylsilanes. Except for the
cobalt catalyst, Zhan reported that iron catalyst also served as an alternative choice for the
regio- and stereoselective (E)-β-vinylsilanes synthesis [29]. In 2024, Zhao and coworkers
demonstrated significant progress in Cu-catalyzed asymmetric hydrosilylation to construct
Si-seterogenic alkenyl silanes [35]. The simple Cu/(S)-Tol-BINAP catalytic system enabled
the excellent regio-, stereo-, and enantioselectivities in the reaction. Despite the signifi-
cant achievements that have been made in this field, considering the environmental and
economic aspects, the exploration of new types of non-noble metal catalysts for highly
selective hydrosilylation of alkynes remains appealing and desirable.

Scheme 1. Transition-Metal-Catalyzed Hydrosilylation of Terminal Alkynes.

Our group is committed to developing effective and practical organic reactions with
excellent regio- and stereoselectivity [39–41]. Consequently, we disclose the first example
of molybdenum-catalyzed regiodivergent and stereoselective synthesis of (E)-vinylsilanes
with both aromatic and aliphatic alkynes after tremendous efforts.
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2. Results and Discussion

Initially, our studies commenced with the hydrosilylation of phenylacetylene (1a)
and PhSiH3 (2a) as representative substrates to evaluate the optimal reaction conditions.
Based on our previous work, we chose non-noble tungsten catalysis, such as W(CO)6,
W(CH3CN)3(CO)3, and Mo(CO)6 as catalyst, t-BuOK as additive, PPh3 as ligand, and
MeCN as solvent. To our delight, the addition of product 3a was indeed generated as
expected with the combination of Mo(CO)6 and PPh3 (entries 1). However, the regiose-
lectivity and stereoselectivity were not satisfied. The Markovnikov addition side product
was generated in comparable yields (entries 1). For the purpose of increasing the effi-
ciency and selectivity of this reaction, several commercial phosphine ligands (such as
tri-tert-butylphosphine, dppb, dppe, dppbz, xantphos) were screened under identical con-
ditions. These experiments revealed that the bidentate phosphine ligands demonstrated
better selectivity than the monodentate phosphine ligands. Among these ligands, dppb
displayed optimal regioselectivity and stereoselectivity (entries 3–9). Further investigation
was concentrated on different types of solvents, such as THF, Et2O, Toluene, EtOH, and
H2O. Fortunately, the implementation of THF was the better solvent both with respect to
the reaction yield and the selectivity (entries 10–14). Subsequently, when adjusting the
temperature from room temperature to 80 ◦C, neither the yield nor the selectivity of the
reaction was enhanced (entries 15–16). Finally, controlled experiments indicated that the
molybdenum catalysis and ligand were essential for this reaction (entries 17–18). Up to
this point, the optimal reaction conditions were determined as follows: 1 mol% Mo(CO)6,
1.2 mol% dppb, 5 mol% t-BuOK in 2 mL anhydrous THF at room temperature for 4 h.

Under the identified optimal conditions (entry 10 in Table 1), we turned to study
the scope of aromatic terminal alkynes that underwent this molybdenum-catalyzed E-
selective hydrosilylation reaction, and the results were presented in Scheme 2. Generally,
a diverse array of terminal alkynes with various electronic substituents on the phenyl
ring could participate very well to construct the (E)-vinylsilane products in high yield
and selectivity. The electronic characteristics of aryl substituents in aromatic alkynes had
no significant influence on the regioselectivity of this hydrosilylation process. Diverse
substitution patterns (including methyl-, phenyl, trifluoromethyl- and halogen-) were all
compatible in this reaction (3a–3o). These halogen substituents (F, Br and Cl) allowed
further structural modification of these (E)-vinylsilanes. Moreover, the position of the
substituents did not affect the generation of the expected products (3k–3p). Considering
the synthetic interests, the fused-ring substrate was examined, the corresponding product
obtained only in a slight decrease in the reaction yield (3o).

Table 1. Optimization of the reaction conditions a.

Entry Catalyst Ligand Solvent Yield (%) b E/Z/α b

1 W(CO)6 PPh3 MeCN n.d. -
2 W(CO)3(CH3CN)3 PPh3 MeCN n.d. -
3 Mo(CO)6 PPh3 MeCN 80 75/0/25
4 Mo(CO)6 P(p-Tol)3 MeCN 78 70/0/30
5 Mo(CO)6 P(tBu)3 MeCN n.d. trace

6
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Table 1. Cont.

Entry Catalyst Ligand Solvent Yield (%) b E/Z/α b

6 Mo(CO)6 dppb MeCN 85 98/0/2
7 Mo(CO)6 dppe MeCN 82 97/0/3
8 Mo(CO)6 dppbz MeCN 65 80/7/13
9 Mo(CO)6 xantphos MeCN 79 85/5/10
10 Mo(CO)6 dppb THF 90 98/0/2
11 Mo(CO)6 dppb Et2O 78 95/0/5
12 Mo(CO)6 dppb Toluene 54 91/0/9
13 Mo(CO)6 dppb EtOH trace -
14 Mo(CO)6 dppb H2O n.d. -

15 c Mo(CO)6 dppb THF 86 95/0/5
16 d Mo(CO)6 dppb THF 80 90/0/10
17 - dppb THF n.d. -
18 Mo(CO)6 - THF 43 54/12/34

a phenylacetylene 1a (0.5 mmol), PhSiH3 2a (0.75 mmol), t-BuOK (5 mol%), catalyst (1 mol%), lig-
and (1.2 mol%), solvent (2 mL), room temperature, 4 h; dppb = 1,4-bis(diphenylphosphino)butane;
dppe = 1,2-bis(diphenylphosphino)ethane; dppbz = 1,2-bis(diphenylphosphanyl)benzene; xantphos = 4,5-
bis(diphenylphosphino)-9,9-dimethylxanthene; n.d. = not detected. b calculated by GC with decane as internal
standard; c the reaction temperature was 40 ◦C; d the reaction temperature was 80 ◦C.

Scheme 2. Scope of terminal alkynes for the Mo/dppb catalyzed anti-Markovnikov hydrosilylation
with PhSiH3. Alkynes 1 (0.5 mmol), PhSiH3 2a (0.75 mmol), Mo(CO)6 (1 mol%), dppb (1.2 mol%),
t-BuOK (5 mol %), anhydrous THF (2 mL), r. t., 4 h. Yields of isolated products. The selectivity for
product (β-E-vinylsilane product: α-isomers) was ≥20:1, unless otherwise noted, determined by 1H
NMR spectroscopy.

The catalytic efficiency of the Mo(CO)6/dppb system was further explored by using
a variety of electronically unbiased alkyl alkynes. Pleasingly, all substrates transformed
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into the corresponding (E)-vinylsilane in good yields and excellent selectivity (both high
stereoselectivity and regioselectivity) (Scheme 3). The halogen-substituted alkyl alkyne
substrates were well-tolerated in this reaction with no dehalogenation observing. These
halogen substituents undoubtedly allowed further structural modification of the vinylsi-
lane. Except for the terminal alkynes, the internal substrates hex-3-yne (2s) could proceed
this anti-Markovnikov hydrosilylation with lower yields and comparable selectivity. Un-
fortunately, secondary hydrosilane (Ph2SiH2) and tertiary hydrosilanes ((EtO)3SiH) turned
out to be inactive in this reaction.

Scheme 3. Scope of alkynes for the Mo/dppb catalyzed anti-Markovnikov hydrosilylation with
silanes. Alkynes 1 (0.5 mmol), PhSiH3 2a (0.75 mmol), Mo(CO)6 (1 mol%), dppb (1.2 mol%), t-BuOK
(5 mol %), anhydrous THF (2 mL), r. t., 4 h, n.d. = not detected. Yields of isolated products. The
selectivity for product (β-E-vinylsilane product: α-isomers) was ≥20:1, unless otherwise noted,
determined by 1H NMR spectroscopy.

To emphasize the usefulness of this practical procedure for the construction of (E)-
vinylsilane, phenylacetylene (1a) and PhSiH3 (3a), in the presence of Mo(CO)6 and dppb,
could be reacted to yield 87% at room temperature in 4 h on a 10 mmol scale. In addition,
we also conducted further conversion of vinylsilanes via the Hiyama–Denmark coupling
reaction to synthesize internal (E)-vinylarenes in 80% yield (Scheme 4).

Scheme 4. Gram-Scale Synthesis and further transformations.

Based on mechanical experiments and prior studies [29,31,38], the plausible mecha-
nism accounting for the syhthesis of (E)-vinylsilane was discussed in Scheme 5. Firstly,
in the presence of dppb ligand and the base additive tBuOK, the molybdenum catalysis
could react with PhSiH3 to form the monohydrido species LnMo(H)(SiH2Ph) (B) through
the oxidative addition process. Subsequently, the key intermediate (C) was generated after
the coordination of the alkyne and migratory insertion into the Mo-H bond. Finally, the
expected product, (E)-vinylsilane, was afforded via the reductive elimination procedure.

8
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Scheme 5. Plausible Mechanistic Pathway.

3. Materials and Methods

3.1. Materials

All the reagents were obtained from commercial sources and used directly without
further purification, unless otherwise noted. 1H NMR and 13C NMR spectra were recorded
on a Bruker AVANCE III 400 MHz. 1H NMR and 13C NMR chemical shifts were determined
relative to the internal standard TMS at δ 0.0. Chemical shifts (δ) are reported in ppm, and
coupling constants (J) are reported in Hertz (Hz).

3.2. General Methods for the Preparation of (E)-Vinylsilanes

A 25 mL Schlenk tube was charged with Mo(CO)6 (1 mol%) and was mixed with
anhydrous THF (2 mL) in a glass vial equipped with a magnetic stirring bar. Then, dppb
(1.2 mol%), tBuOK (5 mol%), phenylacetylene (1a; 0.5 mmol), and PhSiH3 (2a, 0.75 mmol)
were added. The mixture was stirred vigorously at room temperature for 4–6 h. After
completing the reaction, then cooling to room temperature, the reaction mixture was
washed with 10 mL H2O, then diluted with EtOAc (10 mL). The organic phase was dried
over MgSO4 and concentrated in vacuo. The residue was purified by flash chromatography
on silica gel using petroleum ether/ethyl acetate as the eluent to give the desired product
(E)-phenyl(styryl)silane (3a).

4. Conclusions

In summary, a convenient and efficient molybdenum-catalyzed (E)-selective anti-
Markovnikov hydrosilylation of alkynes and PhSiH3 is disclosed. Compared with the
reported works, we cannot claim that we possess the discernible superior advantages over
the selectivity, scope, and efficiency. But considering the importance of the (E)-vinylsilanes,
our reaction could provide alternatives for the construction of these compounds. This
catalytic system relies on the natural abundance of molybdenum and the commercial,
inexpensive dppb ligand. Furthermore, the advantages of readily available reagents, mild
reaction conditions (room temperature, short reaction time and low catalyst and ligand
loading), and good functional-group tolerance make this protocol practical for (E)-selective
vinylsilane synthesis.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules29245952/s1, the NMR data and spectra of the
catalytic products.
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Abstract: Five representatives of a novel type of di(hydroperoxy)alkane adducts of
phosphine oxides have been synthesized and fully characterized, including their solu-
bility in organic solvents. The phosphine oxide Cy3PO (1) has been used in combina-
tion with the corresponding aldehydes to create the adducts Cy3PO·(HOO)2CHCH3 (2),
Cy3PO·(HOO)2CHCH2CH3 (3), Cy3PO·(HOO)2CH(CH2)2CH3 (4), Cy3PO·(HOO)2CH
(CH2)3CH3 (5), and Cy3PO·(HOO)2CH(CH2)7CH3 (6). All adducts crystallize easily and
contain the peroxide and phosphine oxide hydrogen-bonded in 1:1 ratios. The single crystal
X-ray structures of 2–6 and their unique features are discussed. The 31P NMR spectra of the
adducts 2–6 show downfield-shifted signals as compared to Cy3PO. In the IR spectra, the
ν(P=O) wavenumbers of the adducts have smaller values than the neat phosphine oxide.
All spectroscopic results of 2–6 show that the P=O bond is weakened by hydrogen-bonding
to the di(hydroperoxy)alkane moieties. Adduct 6 selectively oxidizes PPh3 to OPPh3 within
minutes, and nonanal is reformed in the process. The easy synthesis, handling, and admin-
istration of these stable, solid, and soluble peroxides with well-defined composition will
have a positive impact on synthetic chemistry.

Keywords: phosphine oxides; di(hydroperoxy)alkanes; X-ray structures; multinuclear
NMR; IR data

1. Introduction

General Introduction

Hydrogen peroxide (H2O2) is an important and versatile oxidant used for diverse
applications in industrial and academic settings [1–3]. However, H2O2 is commercially
available only as dilute aqueous solution. Therefore, biphasic reactions are needed when
reactants and products are only soluble in organic solvents that are not miscible with
water. The latter may lead to secondary reactions and side-products. Aqueous H2O2 also
decays at unpredictable rates and needs to be titrated prior to use [4]. Other types of
peroxides have been applied, for example, urea hydrogen peroxide adducts [5–7], organic
peroxocarbonates [8–10], peroxoborates [10], and organic peroxides [11]. However, these
peroxides are not soluble in organic solvents, their composition is not stoichiometric, and,
in the case of organic peroxides, there is a safety issue. Adducts of H2O2 with organic
solvents are known, but they also pose safety risks, and are not shelf-stable, and have to be
prepared immediately before being applied as oxidizers [12–15].

Superior, alternative solid adducts of peroxides have been sought. Phosphine ox-
ides can act as electron pair donors for diverse HO groups and form strong hydrogen
bonds [16–20]. Indeed, phosphine oxides could successfully be used to stabilize H2O2
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and di(hydroperoxy)alkanes, and they facilitate crystallization [21–29]. While phosphines
are ubiquitous as ligands and play crucial roles in catalysis [30–34], phosphine oxides are
less prominent. However, they are important for characterizing surfaces [35–39] and as
synthetic targets [40–44]. Phosphine oxides have been used previously for Mitsunobu
reactions [45,46] and recently in redox-free Mitsunobu organocatalysis [47].

All of the phosphine oxide adducts of the type R3PO·(HOO)2CR′R′′ (R = alkyl, aryl) are
shelf-stable over months, their composition is well-defined, they have high melting points,
and they are soluble in organic solvents. These adducts have been successfully employed
in diverse reactions, e.g., selective phosphine oxidation, sulfide to sulfoxide oxidation, the
direct oxidative esterification of aldehydes, and Baeyer–Villiger oxidations [21–29].

In this contribution, we describe a hitherto unrealized type of peroxide adduct of
phosphine oxides in order to probe and expand the range of possible adducts. From a
practical point of view, we sought to reduce the “dead weight” of the adducts to render
them more competitive with commercial aqueous H2O2 while retaining their oxidative
power. Therefore, the new adducts Cy3PO·(HOO)2CHR (R = alkyl) are derived from
aldehydes, and, instead of two, there is only one hydrogen atom and one alkyl sub-
stituent bound to the (HOO)2C moiety. It is noteworthy that aldehyde-based unsupported
di(hydroperoxy)alkanes are unstable oils that are hard to purify and handle because they
decompose swiftly and form mixtures with the ensuing hydroxy(hydroperoxy)alkanes [12].
Therefore, another goal was to probe whether phosphine oxides could also stabilize the
aldehyde-derived di(hydroperoxy)alkanes and render the adducts Cy3PO·(HOO)2CHR
crystalline and easy to handle.

In the following sections, it is demonstrated that in spite of reducing the size and
weight of the peroxides substantially, the new di(hydroperoxy)alkane adducts of tricyclo-
hexylphosphine oxide can easily be synthesized, crystallized, and characterized. Their
interesting structural features are discussed along with their NMR and IR characteristics,
and their superb solubility in common organic solvents is quantified.

2. Results and Discussion

2.1. Synthesis and Characterization

The syntheses of the di(hydroperoxy)alkane adducts of tricyclohexylphosphine oxide
2–6 (Figure 1) were straightforward and followed one standard procedure. Combining
DCM solutions of the clean phosphine oxide 1 [22] with the di(hydroperoxy)alkanes [12]
in a 1:1 ratio, the adducts 2–6 formed instantly and could be obtained in crystalline form
by the slow evaporation of the solvent at ambient temperature under the atmosphere.
All adducts 2–6 have been obtained with a stoichiometrically precise 1:1 composition of
peroxide and phosphine oxide.

Figure 1. Di(hydroperoxy)alkane adducts 2–6 of Cy3PO (1).
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The colorless adducts 2–6 (Figure 1) are stable at ambient temperature and only start
to decompose during melting at temperatures higher than 84 ◦C. Besides the melting
characteristics, the single crystal X-ray structures [48], the IR spectra [49], and the 1H,
13C, and 31P NMR spectroscopic data are reported for the adducts. Furthermore, selected
solubilities in representative organic solvents have been quantified.

2.2. X-Ray Crystallography of the Adducts Cy3PO·(HOO)2CHR

The adducts Cy3PO·(HOO)2CHR 2–6 (Figure 1) crystallize readily in large colorless
specimens of single crystal X-ray quality. The ease of crystallization is most probably due to
the Cy3PO carrier that is favorable for packing the adducts in crystal lattices. More recently,
we reported that various R3POs also enable the crystallization of hydrogen-bonded H2O2

and ketone-derived di(hydroperoxy)alkanes [21–29]. The single crystal X-ray structures
of the adduct assemblies Cy3PO·(HOO)2CHR (2–6) are displayed in Figures 2 and 3 (2),
Figure 4 and Figure S1 (3), Figure 5 and Figure S2 (4), Figures 6 and 7 (5), and Figure 8
(6) [48]. Relevant structural data are summarized in Tables 1 and 2 and Tables S1 and S2
in the Supplementary Materials. The single crystal X-ray structures of all adducts 2–6

confirm the stoichiometrically precise 1:1 composition of the phosphine oxide and the
di(hydroperoxy)alkane.

Figure 2. Two adduct assemblies of Cy3PO·(HOO)2CHCH3 (2). Hydrogen atoms except those in the
CH(OOH)2 moieties are omitted for clarity.

Figure 3. Stacking pattern of four adduct assemblies of Cy3PO·(HOO)2CHCH3 (2). Hydrogen atoms
except those in the CH(OOH)2 moieties are omitted for clarity.

Interestingly, crystalline 2 (Figure 2) does not follow the arrangement of adduct
assemblies observed with all adducts of the type R3PO·(HOO)2CR′R′′ (R, R′, R′′ = alkyl,
aryl) [21–29]. The latter adducts, without exception, feature two adducts with the P=O
groups being aligned and pointing in opposite directions. This conventional arrangement is
observed also for 3 (Figure 4 and Figure S1). In 2, the P=O groups are nearly perpendicular,
and the overall stacking pattern is unprecedented and resembles a molecular roundabout
(Figure 3). We assume that the unusual stacking of 2 is due to the small steric demand of
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the di(hydroperoxy)ethane moiety that is unable to fill the void created by the large Cy3PO
of the adjacent assembly.

Figure 4. Stacking pattern of two adduct assemblies of Cy3PO·(HOO)2CHCH2CH3 (3). Hydrogen
atoms except those in CH(OOH)2 moieties are omitted for clarity.

Figure 5. Stacking pattern of two adduct assemblies of Cy3PO·(HOO)2CH(CH2)2CH3 (4). Hydrogen
atoms except those in CH(OOH)2 moieties are omitted for clarity.

Figure 6. Stacking pattern of two adduct assemblies of Cy3PO·(HOO)2CH(CH2)3CH3 (5). Hydrogen
atoms except those in CH(OOH)2 moieties are omitted for clarity.

Figure 7. Stacking pattern of four adduct assemblies of Cy3PO·(HOO)2CH(CH2)3CH3 (5). Hydrogen
atoms except those in CH(OOH)2 moieties are omitted for clarity.
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Figure 8. Stacking pattern of two adduct assemblies of Cy3PO·(HOO)2CH(CH2)7CH3 (6). Hydrogen
atoms except those in CH(OOH)2 moieties are omitted for clarity.

The larger propyl groups in the assemblies of adduct 3, on the other hand, allow for
the conventional, antiparallel stacking with the P=O groups pointing in opposite directions
(Figures 4 and S1). The minor space requirement of the hydrogen atom in the (HOO)2CH
group as compared to adducts with all alkyl substituents described previously [21–29] does
not impact the structure of 3, and the usual stacking motif is realized.

Differing from the scenario of 2, 3, and structures reported previously [21–29], the
adduct assemblies of 4 show another different packing motif (Figures 5 and S2). In this
case, the P=O groups of two adjacent adducts are nearly parallel and oriented in the same
direction. This unprecedented packing motif produces a crowded scenario in the stacking
pattern (Figure S2) and a noticeable kink at the terminal end of the butyl group.

The adduct assemblies of 5 follow the usual stacking motif with the P=O groups being
aligned and pointing in opposite directions (Figures 6 and 7). The pentyl chains perfectly
align parallel to each other and create a well-organized pattern with optimal space filling.
The adduct assemblies of 6 also align in the classic manner of two assemblies each oriented
antiparallel to each other (Figure 8). Regarding 6, it is remarkable that the methylene chains
are fully extended. A similar scenario has been described for diphosphine dioxides with
long alkyl chains previously [38]. Interestingly, the long methylene chains are not aligned
over their full length like in 5 but only over the three terminal carbon atoms. Overall, the
structure of 6 resembles a tenside with hydrophobic and hydrophilic sections.

The P=O bond lengths in 2–6 (Table 1) are in the same range as those observed for
the doubly hydrogen-bonded peroxide adducts of diverse trialkyl- and triarylphosphine
oxides of the types (R3PO·H2O2)2 (bond length range 1.4882 to 1.5046 Å) [18–20] and
R3PO·(HOO)2CR′R′′ (1.4992 to 1.5047 Å) [24–29]. Due to the strong hydrogen bonding of
the di(hydroperoxy)alkanes to the oxygen atom in the P=O bonds, the latter are elongated
in the adducts 2–6 as compared to the neat phosphine oxide 1 (Table 1). The bond length
differences Δ(P=O) range between 0.0169 Å and 0.0253 Å.

Therewith, the P=O bonds in 2–6 are lengthened to about the same extent as observed
for ketone-derived adducts [24–29]. The weakening of the P=O bonds due to adduct
formation is confirmed by 31P NMR and IR spectroscopy (see below). The differences in the
Δ(P=O) values of the diverse adducts 2–6 do not follow a trend (Table 1). Therefore, it can
be assumed that the methylene chain length does not play a role, and the slight differences
in the Δ(P=O) values between the adducts 2–6 are due to crystal packing effects.

Another criterion for the strength of the hydrogen bonds in the adducts 2–6 is the
distance between the oxygen atoms in the O–H···O bridges. Distances between 2.75 and
2.85 Å are regarded as typical for these oxygen–oxygen distances [50,51]. Nearly all of the
distances found for the adducts 2–6 are even shorter, with values ranging from 2.689 Å to
2.751 Å (Table 1). Therefore, it can be concluded that the phosphine oxide forms two strong
hydrogen bonds with the di(hydroperoxy)alkanes. Again, there is no obvious trend that

16



Molecules 2025, 30, 329

would link the oxygen–oxygen distance in the O–H···O assembly with the length of the
alkyl chains.

Table 1. Distances O–H···O and P=O bond lengths in 2–6 (Å) and differences Δ(P=O) between the
P=O bond lengths of the adducts Cy3PO·(HOO)2CHR (2–6) and the corresponding phosphine oxide
Cy3PO (1) (1.490(2) Å).

Adduct O–H···O (Å) P=O (Å) Δ(P=O) (Å)

2 2.689/2.751 1.5071 (17) 0.0169 (17)

3 2.719/2.741 1.5110 (9) 0.0208 (9)

4 2.711/2.719 1.5082 (14) 0.0180 (14)

5 2.701/2.702 1.5074 (11) 0.0172 (11)

6 2.712/2.737 1.5155 (10) 0.0253 (10)

Finally, we considered the bond angles at the CH carbon atoms of the di(hydroperoxy)
alkane moieties in 2–6 (Table 2). These angles should indicate whether the formation
of the two nearly linear hydrogen bonds to the phosphine oxide leads to a distortion of
the tetrahedral geometry in order to accommodate the packing in the single crystals. All
O–C–O angles of 2–6 fall within the narrow range of 112.5◦ and 114.5◦ and, therewith, are
substantially larger than the tetrahedral angle 109.5◦. The values are even larger than those
of comparable adducts incorporating cyclic alkanes [28]. For example, the O–C–O angle in
the adduct Cy3PO·(HOO)2C(CH2)4 where the quaternary carbon is part of a cyclopentyl
ring amounts to only 111.8◦ [28]. Regarding the O–C–C angles of 2–6 (Table 2), the values
scatter between 103.8◦ and 121.2◦. Both extreme values are found in adduct 2, which
also shows a very different packing of the adduct assemblies in the unit cell (Figure 3).
Overall, the bond angles around the di(hydroperoxy)alkane CH carbon in 2–6 reflect the
accommodation of the individual structures to the packing motif of the adducts.

Table 2. Bond angles at the CH carbon atom of the di(hydroperoxy)alkane moieties in the adducts 2–6.

Cy3PO·(HOO)2CHR O–C–O (◦) O1–C–C/O2–C–C (◦)

2 114.5 (2) 103.8 (3)/121.2 (3)

3 112.5 (3) 113.7 (3)/106.5 (3)

4 113.6 (3) 114.3 (5)/119.0 (5)

5 113.66 (17) 114.0 (2)/114.44 (19)

6 113.05 (12) 105.40 (12)/115.43 (12)

2.3. NMR Spectroscopy of the Adducts of Cy3PO·(HOO)2CHR

All NMR spectra of 2–6 are displayed in the Supplementary Materials (Figures S3–S13).
1H and 13C NMR spectroscopies prove the successful transformation of the starting alde-
hydes into the di(hydroperoxy)alkanes. The most diagnostic resonance stems from the
aldehyde proton CHO that is located between 9.4 to 9.8 ppm for all alkyl aldehydes used
in this study. This signal vanishes during the formation of the adducts 2–6, and a new
signal in the range from 5.01 ppm to 5.24 ppm appears, corresponding to the protons in the
(HOO)2CH moieties (Figures S4–S8). The 3J(H-H) coupling to the adjacent CH3 protons
for 2 and CH2 protons for 3–6 splits these signals into a characteristic quartet and triplets,
respectively. In 13C NMR, the transitions from the aldehydes to the di(hydroperoxy)alkanes
manifest in the CHO resonance of the alkyl aldehydes in the range from 200 ppm to
203 ppm [52] disappearing and new signals between 110.94 ppm and 106.26 ppm emerging
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for the (HOO)2CH moieties (Figures S9–S13). All 13C NMR signals could be assigned by
comparison with different adducts described previously [22–29] and by using chemical
shift tables (Figures S9–S13) [52]. Furthermore, the nJ(31P-13C) couplings that were only
visible for the cyclohexyl carbon signals and were not propagated beyond the hydrogen
bonds were utilized. Where needed, HMBC and HSQC spectra were recorded.

While 1H and 13C NMR spectroscopies clearly indicate the transformation of the
aldehydes to the corresponding di(hydroperoxy)alkanes, the proof of adduct formation is
based on 31P NMR. Compared to the chemical shift of Cy3PO (49.91 ppm), the 31P NMR
signals of the adducts 2–6 are substantially downfield-shifted by more than 7 ppm (Table 3,
Figure S3). The hydrogen bonding of the P=O group to the two hydroperoxy groups
in the adducts reduces the electron density at the phosphorus nucleus. As a result, the
signal of the deshielded 31P nucleus is shifted downfield. Similar changes in the 31P NMR
chemical shifts have been described for other di(hydroperoxy)alkane adducts of phosphine
oxides previously, with the largest chemical shift changes being observed for adducts of
Cy3PO [28].

Table 3. 31P NMR chemical shifts. The chemical shift differences Δδ (ppm) refer to the chemical shift
of the phosphine oxide Cy3PO (49.91 ppm). The solvent was CDCl3 for all samples.

Cy3PO·(HOO)2CHR δ(31P) (ppm) Δδ(31P) (ppm)

2 57.35 7.44

3 57.05 7.14

4 56.96 7.05

5 57.20 7.29

6 57.43 7.52

2.4. IR Spectroscopy of the Adducts of Cy3PO·(HOO)2CHR

The IR stretching frequencies [49,53] for the O–H and P=O groups of the adducts 2–6

are summarized in Table 4. The IR data complement the results from the single crystal
X-ray diffraction and 31P NMR measurements. The strong hydrogen bonds in the adducts
manifest in a weakening of the P=O bond and correspondingly lower wavenumbers in
2–6 as compared to the neat phosphine oxide 1. This effect is rather pronounced, and the
differences amount to 25 to 30 cm−1. These differences Δν(P=O) are in the same order of
magnitude as those obtained for di(hydroperoxy)alkanes of the type R3PO·(HOO)2CR′R′′

hydrogen-bonded to the electron-rich Cy3PO reported previously [24–29].

Table 4. IR wavenumbers for the stretching vibrations of the O–H and P=O groups (cm−1) of the
adducts 2–6. The wavenumber differences Δν(P=O) (cm−1) refer to the ν(P=O) of the phosphine
oxide Cy3PO (1157 cm−1) [22].

Cy3PO·(HOO)2CHR
ν(O–H)
(cm−1)

ν(P=O)
(cm−1)

Δν(P=O)
(cm−1)

2 3195 1129 28

3 3193 1127 30

4 3198 1131 26

5 3200 1131 26

6 3196 1132 25

Another consequence of the adduct formation is that the O–H bond is weakened in
2–6 by the strong hydrogen bonds with the P=O group of the phosphine oxide carrier.
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In nonpolar solvents, dilute substances containing OH groups exhibit sharp absorption
peaks between 3650 cm−1 and 3590 cm−1 [49]. However, the O–H stretching bands for 2–6

are found at much lower wavenumbers and within the narrow range from 3193 cm−1 to
3200 cm−1 (Table 4). This result confirms that in the solid adducts, the P=O groups are
firmly hydrogen-bonded to the di(hydroperoxy)alkane moieties.

2.5. Solubilities of the Adducts in Organic Solvents

Aqueous H2O2 is a very potent oxidizer and used extensively in academia and in-
dustry [1–3]. However, besides its lack of shelf stability, high cost, and safety issues, the
crucial drawback is that most oxidations have to be performed in biphasic mixtures. Since
the actual reaction only occurs at the interface between the aqueous and organic solvent
layers, longer reaction times are required. Furthermore, the work-up necessitates additional
phase separation and product-drying steps. Water-sensitive educts or products are not
amenable to treatment with aqueous H2O2. Recently, we succeeded in immobilizing a phos-
phine oxide carrier on a silica surface that stabilized H2O2 and di(hydroperoxy)alkanes by
strong hydrogen bonds [21]. This material allowed the use of diverse protic and nonprotic
solvents in oxidation reactions because the peroxide was exposed to the substrate in a
monolayer on the mesoporous high-surface area silica [21]. However, this method requires
an immobilization step and support material.

Earlier, favorable phosphine oxides have been utilized to render H2O2 and
di(hydroperoxy)alkanes soluble in organic solvents [22–29]. The phosphine oxide Cy3PO
should be uniquely suited for increasing the solubilities of the peroxide moieties in the
adducts 2–6. In fact, the quantified solubilities of the adducts that incorporate the shortest
and longest alkyl chains, Cy3PO·(HOO)2CHCH3 (2) and Cy3PO·(HOO)2CH(CH2)7CH3 (6),
in representative organic solvents are very high (Figure 9). In most solvents, the adducts 2

and 6 are even more soluble than the carrier Cy3PO (1). The only exception is the protic
solvent methanol, which might lead to the dissociation of the adduct hydrogen bonds in
solution. The higher solubilities of the smaller fragments of 2, as compared to those of 6

with the hydrophobic octyl substituent at the (HOO)2CH group, support the assumption
of dissociation in methanol. The solubilities of 2 and 6 are remarkably high in the aromatic
solvent benzene and the chlorinated solvents DCM and chloroform. In DCM, for example,
more than 1.2 g of 6 are soluble per mL of DCM, and nearly 1.1 g per mL of 2 can be
dissolved (Figure 9). The polar, non-protic solvent acetonitrile is the least favorable solvent
for all species, 1, 2, and 6.

Figure 9. Solubilities of the adducts Cy3PO·(HOO)2CHCH3 (2) and Cy3PO·(HOO)2CH(CH2)7CH3

(6) in representative organic solvents, compared to Cy3PO (1).

In summary, the adducts of Cy3PO·(HOO)2CHR are highly soluble in many organic
solvents without the decomposition of the peroxide moiety. Therefore, in contrast to
aqueous hydrogen peroxide or insoluble inorganic peroxides, they can be applied for
oxidation reactions in one homogeneous organic phase. The solubilities of the new adducts
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in non-protic and chlorinated solvents allow a broader range of applications for oxidation
reactions. Biphasic liquid/liquid and liquid/solid reaction mixtures that prolong the
reaction times, complicate the work-up, and diminish the product yields and selectivities
can be avoided by choosing any of the adducts 2–6.

2.6. Application for the Selective Oxidation of PPh3

Finally, we sought to demonstrate that the new adducts of the type Cy3PO·(HOO)2CHR
(R = alkyl) are able to selectively oxidize phosphines in analogy to the ketone-derived
adducts described previously [21–29]. We chose adduct 6 in combination with PPh3 as
the substrate because triarylphosphines are not oxidized in air, even in solution and at
high temperatures [22]. The outcome of the oxidation reaction can be determined by 31P
NMR spectroscopy. The original resonance at about –6 ppm vanishes, while the signal
for OPPh3 appears at 29.10 ppm [22]. Another question about the new adducts can be
answered unequivocally with this experiment. After the active oxygen atoms of the adduct
are spent, the aldehyde is obtained again. This is clearly visible in the 1H and 13C NMR
spectra (Figures S14 and S15). The aldehyde proton signal at about 9.5 ppm reappears in
the 1H NMR spectrum after the reaction, matching the corresponding peak in the spectrum
of nonanal. Analogously, the 13C NMR spectrum of the reaction mixture displays the
aldehyde carbon signal at about 203 ppm, while the resonance of the adduct 6 that stems
from the carbon atom attached to the two hydroperoxy groups at ca. 110 ppm has vanished.
In summary, this reaction shows that the new adduct is a powerful oxidant that led to
the full and selective oxidation of a triarylphosphine within minutes and that the reaction
product besides the oxidized species and the supporting phosphine oxide Cy3PO is the
corresponding aldehyde.

3. Experimental Section

General Considerations. All reactions were carried out under the atmosphere unless
mentioned otherwise. Cy3PO was synthesized water-free from the phosphine using air
oxygen after adsorption on activated carbon (AC) as described earlier [54]. The absence of
water was checked by IR spectroscopy. The solvents, hydrogen peroxide (30% aqueous solu-
tion), and aldehydes were used as obtained from the supplier. All di(hydroperoxy)alkanes
and their Cy3PO adducts 2–6 were synthesized in analogy to the representative proce-
dure outlined for 2 below. The 31P (Figure S3), 1H (Figures S4–S8), and 13C NMR spectra
(Figures S9–S13) were recorded at ambient temperature on a Bruker 400 MHz NMR instru-
ment at 161.82, 399.76, and 100.53 MHz, respectively. The 31P and 13C NMR spectra were
proton-decoupled. For referencing the 31P NMR spectra, neat Ph2PCl (δ(31P) = +81.92 ppm),
placed in a capillary that was centered in the 5 mm NMR tube, was used. The 1H and 13C
NMR spectra were referenced using the signals of the solvent CDCl3 (residual protons:
δ(1H) = 7.26 ppm; δ(13C) = 77.16 ppm). The IR spectra of the neat powders of the adducts
2–6 were obtained with a Shimadzu IRAffinity-1 FTIR spectrometer equipped with a Pike
Technologies MIRacle ATR plate.

Representative Synthesis of Cy3PO·(HOO)2CHCH3 (2). Syntheses of (HOO)2CHCH3:
acetaldehyde (120.0 mg, 2.727 mmol, 1.000 eq.), phosphomolybdic acid (83.3 mg,
0.0456 mmol, 0.0167 eq.), and MgSO4 (448.7 mg, 3.728 mmol, 1.367 eq.) were added
to 14 mL of 3-fold concentrated ethereal H2O2 solution [12] in a reaction vial and stirred for
24 h at ambient temperature. The solids were filtered off through Celite and washed with
10 mL of EtOAc. EtOAc (10 mL) and H2O (10 mL) were added to the combined filtrate and
washing solutions. Then, the organic and aqueous phases were separated with a separatory
funnel. The aqueous layer was extracted two times with 20 mL portions of EtOAc, and all
organic phases were combined. They were washed with 15 mL of H2O and 15 mL of a brine
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solution. Finally, the organic phase was dried over anhydrous Na2SO4. The Na2SO4 was
filtered off, and the organic phase was stripped of the solvent by rotary evaporation. The
resulting oily residue was subjected to oil pump vacuum, and the di(hydroperoxy)ethane
was obtained as slightly yellow oil (196.8 mg, 2.094 mmol, and 76.77% yield with respect
to acetaldehyde). All other di(hydroperoxy)alkanes were synthesized according to this
representative procedure and were obtained as colorless oils with 52–64% yields with
respect to their corresponding aldehydes.

Adduct synthesis: tricyclohexylphosphine oxide (1, 96.8 mg, 0.327 mmol, 1.00 eq.)
and di(hydroperoxy)ethane (39.4 mg, 0.419 mmol, 1.28 eq.) were dissolved in 1 mL of
DCM, and the reaction mixture was homogenized by treatment with a Pasteur pipette
for 1 min. The solution was placed on a watch glass, and the solvent was allowed to
evaporate overnight under ambient conditions. The resulting solid was scraped off and
dried further under vacuum. The adduct Cy3PO·(HOO)2CHCH3 (2) was obtained as a
white powder (109.8 mg, 0.2812 mmol, 86.1% isolated yield with respect to 1). All of
the other adducts (3–6) were synthesized following the same procedure, except for one
additional step. After drying 3–6 overnight on a watch glass, the adducts were washed
five times with 1 mL portions of hexanes to obtain the pure products. After further drying
under ambient conditions overnight, the adducts 3–6 were obtained as white powders with
29–54% isolated, not-optimized yields with respect to 1. For obtaining single crystals of
X-ray quality, see Supplementary Materials.

NMR data of 2 (δ, CDCl3). 31P{1H} 57.35 (s); 1H 11.98 (OH), 5.24 (q, 3J(1H–1H) = 5.6 Hz, 1H,
OCH), 1.87 (br d, 6H, 2J(1H–1H) = 11.3 Hz, PCHCHeq), 1.84–1.75 (m, 9H, PCHaxCH2CHeq),
1.75–1.61 (m, 3H, PCH(CH2)2CHeq), 1.50–1.30 (m, 6H, PCHCHax), 1.33 (d, 3J(1H–
1H) = 5.6 Hz, 3H, CH3), 1.30–1.12 (m, 9H, PCHCH2CHaxCHax). 13C{1H} 106.26 (s, OC),
34.89 (d, 1J(31P–13C) = 60.6 Hz, PC), 26.81 (d, 3J(31P–13C) = 11.9 Hz, PC2C), 26.08 (d, 2J(31P–
13C) = 2.8 Hz, PCC), 26.01 (s, PC3C), 15.10 (s, CH3).

NMR data of 3. (δ, CDCl3). 31P{1H} 57.05 (s); 1H 11.99 (OH), 5.01 (t, 3J(1H-1H) = 5.8 Hz, 1H,
OCH), 1.90 (br d, 6H, 2J(1H–1H) = 11.0 Hz, PCHCHeq), 1.86–1.78 (m, 9H, PCHaxCH2CHeq),
1.78–1.63 (m, 3H, PCH(CH2)2CHeq), 1.72 (quint, 3J(1H–1H) = 5.8 Hz, 2H, OCHCH2), 1.53–
1.33 (m, 6H, PCHCHax), 1.33–1.13 (m, 9H, PCHCH2CHaxCHax), 0.99 (t, 3J(1H–1H) = 7.4 Hz,
3H, CH3). 13C{1H} 110.94 (s, OC), 34.91 (d, 1J(31P–13C) = 60.8 Hz, PC), 26.86 (d, 3J(31P–
13C) = 11.7 Hz, PC2C), 26.14 (s, PCC), 26.05 (s, PC3C), 22.29 (s, OCC), 9.40 (s, CH3).

NMR data of 4. (δ, CDCl3). 31P{1H} 56.96 (s); 1H 11.96 (OH), 5.09 (t, 3J(1H–1H) = 6.0 Hz,
1H, OCH), 1.90 (dd, 6H, 2J(1H–1H) = 2.4 Hz, 2J(1H–1H) = 10.9 Hz, PCHCHeq), 1.87–1.77
(m, 9H, PCHaxCH2CHeq), 1.77–1.61 (m, 3H, PCH(CH2)2CHeq), 1.67 (dt, 3J(1H–1H) = 6.4 Hz,
3J(1H–1H) = 9.0 Hz, 2H, OCHCH2), 1.55–1.32 (m, 6H, PCHCHax), 1.46 (sextet, 3J(1H–
1H) = 7.7 Hz, 2H, OCHCH2CH2), 1.33–1.12 (m, 9H, PCHCH2CHaxCHax), 0.92 (t, 3J(1H–
1H) = 7.4 Hz, 3H, CH3); 13C{1H} 109.69 (s, OC), 34.88 (d, 1J(31P–13C) = 60.5 Hz, PC), 30.92 (s,
OCC), 26.85 (d, 3J(31P–13C) =11.9 Hz, PC2C), 26.12 (d, 2J(31P–13C) = 2.9 Hz, PCC), 26.04 (s,
PC3C), 18.35 (s, OC2C), 13.99 (s, CH3).

NMR data of 5. (δ, CDCl3). 31P{1H} 57.20 (s); 1H 12.01 (OH), 5.08 (t, 3J(1H–1H) = 6.0 Hz,
1H, OCH), 1.90 (dd, 6H, 2J(1H–1H) = 2.5 Hz, 2J(1H–1H) = 11.1 Hz, PCHCHeq), 1.86–1.78
(m, 9H, PCHaxCH2CHeq), 1.78–1.63 (m, 3H, PCH(CH2)2CHeq), 1.70 (dt, 3J(1H–1H) = 6.5 Hz,
3J(1H–1H) = 9.0 Hz, 2H, OCHCH2), 1.56–1.32 (m, 6H, PCHCHax), 1.56–1.39 (quintet, 2H,
OCHCH2CH2), 1.33 (sextet, 3J(1H–1H) = 7.5 Hz, 2H, OCHCH2CH2CH2), 1.32–1.14 (m, 9H,
PCHCH2CHaxCHax), 0.89 (t, 3J(1H–1H) = 7.2 Hz, 3H, CH3); 13C{1H} 109.89 (s, OC), 34.99 (d,
1J(31P–13C) = 60.6 Hz, PC), 28.67 (s, OCC), 27.17 (s, OC2C), 26.90 (d, 3J(31P–13C) = 11.9 Hz,
PC2C), 26.20 (d, 2J(31P–13C) = 2.9 Hz, PCC), 26.10 (s, PC3C), 22.60 (s, OC3C), 14.05 (s, CH3).

NMR data of 6. (δ, CDCl3). 31P{1H} 57.43 (s); 1H 11.96 (OH), 5.07 (t, 3J(1H–1H) = 6.0 Hz,
1H, OCH), 1.89 (dd, 6H, 2J(1H–1H) = 2.6 Hz, 2J(1H–1H) = 10.9 Hz, PCHCHeq), 1.86–1.77
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(m, 9H, PCHaxCH2CHeq), 1.77–1.61 (m, 3H, PCH(CH2)2CHeq), 1.68 (dt, 3J(1H–1H) = 6.2 Hz,
3J(1H–1H) = 9.3 Hz, 2H, OCHCH2), 1.56–1.33 (m, 6H, PCHCHax), 1.56–1.15 (m, 12H,
OCHCH2(CH2)6CH3), 1.33–1.15 (m, 9H, PCHCH2CHaxCHax), 0.85 (t, 3J(1H–1H) = 7.0 Hz,
3H, CH3); 13C{1H} 109.91 (s, OC), 34.87 (d, 1J(31P–13C) = 60.6 Hz, PC), 31.96 (s, OC6C), 29.52
(s, OC3C)*, 29.49 (s, OC5C)*, 29.30 (s, OC4C)*, 28.95 (s, OCC), 26.85 (d, 3J(31P–13C) = 11.9 Hz,
PC2C), 26.11 (d, 2J(31P–13C) = 2.8 Hz, PCC), 26.03 (s, PC3C), 25.01 (s, OC2C), 22.76 (s, OC7C),
14.20 (s, CH3). * Assignments interchangeable.

Melting ranges. The melting ranges of the adducts 2–6 (Table 5) were obtained using
sealed capillaries and a conventional melting point apparatus (Optimelt). All melting
ranges were lower than the melting point of neat Cy3PO (155–157 ◦C). The adducts 2–6

started melting at the given lower values and reached the clear points at the high values. The
reason why the adducts have no single melting points is because they start to decompose
at the temperatures required for melting.

Table 5. Melting ranges of the adducts 2-6.

Cy3PO·(HOO)2CHR mp (◦C)

2 87–99

3 84–90

4 100–105

5 84–90

6 89–92

Solubilities of 1, 2, and 6. The corresponding phosphine oxide or adduct (10–16 mg)
was weighed in a 20 mL vial. The selected solvent was added in dropsized portions to
the vial while manually shaking it. The temperature was maintained at 20 ◦C. Once all
solid was dissolved, the weight of the added solvent was recorded, and the solvent volume
was calculated.

Oxidation of PPh3. Adduct 6 (22.0 mg, 0.0451 mmol, 1 equiv.) was added to
PPh3 (20.0 mg, 0.0762 mmol, 1.69 equiv.), dissolved in 0.5 mL CDCl3. The reaction
mixture was stirred for 5 min at RT and subsequently analyzed with 1H, 13C, and 31P
NMR spectroscopies.

IR Spectroscopy. The IR spectra of the polycrystalline materials were recorded using
a Shimadzu IRAffinity-1 FTIR spectrometer equipped with a Pike Technologies MIRacle
ATR plate.

X-Ray Diffraction. See Supplementary Materials and references [55–59].

4. Conclusions

Five representative hydrogen-bonded peroxide adducts of the novel type
Cy3PO·(HOO)2CHR (R = alkyl) (2–6) have been synthesized and fully characterized. Single
crystal X-ray diffraction studies confirmed that all adducts feature a precise 1:1 composi-
tion of di(hydroperoxy)alkane moiety and the hydrogen-bonded phosphine oxide. The
arrangements of the adduct assemblies in the solid state follow the classic pattern for 3,
5, and 6, but different new packing motifs are found for 2 and 4. In accordance with the
elongation of the P=O bonds detected by X-ray diffraction, the 31P NMR spectra display
downfield-shifted signals, and the IR wavenumbers ν(P=O) of all adducts are smaller as
compared to the values of neat Cy3PO. The solubilities of the adducts are high in common
organic solvents and have been quantified for 1, for comparison, and 2 and 6.

In summary, the described new adducts, derived from aldehydes, represent a hith-
erto missing link of di(hydroperoxy)alkane adducts of phosphine oxides. It has been
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demonstrated that this new type of adduct is stable, crystallizes easily, and is amenable
to full spectroscopic characterization. The strong hydrogen bonds between the perox-
ide and phosphine oxide result in shelf-stable, crystalline material with high solubility
in organic solvents, allowing for oxidation reactions in one phase. As one preliminary
application, a phosphine has been oxidized selectively to the phosphine oxide. The easy
synthesis, handling, and dosing of these solid peroxides will make a positive impact on
synthetic chemistry.

Supplementary Materials: The following supporting information for X-ray diffraction [55–59] and
NMR spectroscopy can be downloaded at https://www.mdpi.com/article/10.3390/molecules3
0020329/s1. Table S1: Crystallographic data for 2, 3, and 4; Table S2: Crystallographic data for
5 and 6; Figure S1: Stacking pattern of two adduct assemblies of Cy3PO·(HOO)2CHCH2CH3 (3).
Hydrogen atoms except those in CH(OOH)2 moieties are omitted for clarity; Figure S2: Stack-
ing pattern of four adduct assemblies of Cy3PO·(HOO)2CH(CH2)2CH3 (4). Hydrogen atoms
except those in CH(OOH)2 moieties are omitted for clarity; Figure S3: 31P NMR spectra of
the adducts 2–6 in CDCl3. All signals are downfield-shifted as compared to the resonance of
Cy3PO (δ(31P) = 49.91 ppm); Figure S4: 1H NMR spectrum of the adduct Cy3PO·(HOO)2CHCH3

(2); Figure S5: 1H NMR spectrum of the adduct Cy3PO·(HOO)2CHCH2CH3 (3); Figure S6: 1H
NMR spectrum of the adduct Cy3PO·(HOO)2CH(CH2)2CH3 (4); Figure S7: 1H NMR spectrum
of the adduct Cy3PO·(HOO)2CH(CH2)3CH3 (5); Figure S8: 1H NMR spectrum of the adduct
Cy3PO·(HOO)2CH(CH2)7CH3 (6); Figure S9: 13C NMR spectrum of the adduct Cy3PO·(HOO)2CHCH3

(2); Figure S10: 13C NMR spectrum of the adduct Cy3PO·(HOO)2CHCH2CH3 (3); Figure S11:
13C NMR spectrum of the adduct Cy3PO·(HOO)2CH(CH2)2CH3 (4); Figure S12: 13C NMR spec-
trum of the adduct Cy3PO·(HOO)2CH(CH2)3CH3 (5); Figure S13: 13C NMR spectrum of the
adduct Cy3PO·(HOO)2CH(CH2)7CH3 (6). Assignments for C4, C5, and C6 are interchangeable;
Figure S14: 1H NMR spectra of nonanal (top) and the reaction mixture after combining adduct 6

with 2 equivalents of PPh3 (bottom); Figure S15: 13C NMR spectra of nonanal (top), the adduct
Cy3PO·(HOO)2CH(CH2)7CH3 (6) (middle), and the reaction mixture after combining adduct 6 with
2 equivalents of PPh3 (bottom). The supporting information is available free of charge. Detailed
description of materials and methods used for X-ray crystallography. Crystallographic information
for 2–5 with selected data in tables. 31P, 13C, and 1H NMR spectra.
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Abstract: N,N-dimethylformamide’s (DMF) participation in domino reactions has been
developed. Starting from substituted halogenobenzenes and selenium powder, versatile
biologically active Se-phenyl dimethylcarbamoselenoate derivatives were efficiently synthe-
sized under mild reaction conditions. The reaction mechanism was studied using control
experiments. These protocols involve a wider substrate scope and provide an economical
approach toward C–selenium bond formation.

Keywords: dual role; DMF; domino reaction; C–selenium bond formation; copper catalyst

1. Introduction

Selenium compounds are widely used in various fields, such as synthetic chemistry,
pharmaceutical pesticides, and functional materials [1,2]. Furthermore, selenium is one of
the most important markers in the human body and has a variety of important functions
for human health. First, selenium can enhance the ability of the immune system to identify
pathogens in the body. Selenium also helps to maintain the sensitivity of the nervous
system [3,4]. Secondly, selenium is an effective antioxidant that can eliminate free radicals
in the body, reducing oxidative damage to cells and thereby preventing and reducing the
severity of certain chronic diseases. Selenium can reduce cholesterol levels in the blood,
prevent the occurrence of arteriosclerosis, inhibit platelet agglomeration, and preserve
cardiovascular health [5–7]. Selenium also has a positive impact on male reproductive
health, improving sperm quality and enhancing fertility. In terms of the digestive system,
selenium can improve and enhance the absorption function of the digestive system, acceler-
ate gastrointestinal motility, promote the decomposition and absorption of gastrointestinal
content, and help to reduce the symptoms of indigestion [8–11]. Taninia reported a click
reaction of selenols with isocyanates (Scheme 1) [12]. In this method, selenols react with
isocyanates under mild catalyst-free conditions to generate selenocarbamates in good yield
and with high selectivity over potentially competing nucleophilic additions. The method-
ology enables the incorporation of a wide variety of functional groups, providing access
to a broad array of densely functionalized selenocarbamates. Therefore, the synthesis of
organic selenium compounds with a variety of functions is of great significance.

 
Scheme 1. Click reaction of selenols with isocyanates.
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Being a favorable solvent, N,N-dimethylformamide (DMF) is also an important syn-
thetic structure [13–15]. It can be used as a parental reagent, a nuclear test agent, and in
free radical reactions. It can participate in multiple chemical reactions in organic synthe-
sis. For example, DMF plays an important role in methyl-based reactions. Through the
Vilsmeier reagent, the metacimal part of DMF is transferred to the double bond to realize
alfalized compounds, heterogenic circular compounds, and pitro-enriched reactions of
the e-electronic olefin. DMF can also react with metal reagents to produce aldehydes [16].
When bromine aromatics or iodine-aged aromatics respond to metal halogen with organic
lithium reagents or grid reagents, the generated aromatherapy reagent reacts with DMF to
efficiently prepare a series of aromatic Aldo [17]. DMF also plays an important role in a
vital method for reducing the amino reactor aldosone to amine. For example, a Lewis acid
catalyzes the DMF triangle to participate in restorative amino reactions [18]. The reaction
substrate is very broad, and the functional group is also very inclusive. In cyanide reactions,
DMF can also be used as a C-H functionalized reagent [19–21].

In addition to the above reactions, DMF can be used as a ligand that participates in
metal catalytic reactions to achieve amino-based reactions of halogen aromatics. Further-
more, DMF can be used as an important source of dihylaminel, and it can be utilized to
realize bigramine-based reactions of various marinated hydrocarbons. Moreover, DMF can
participate in the reaction of a cord additional [2+2] bonus to a cyclolar bonus. In summary,
DMF plays multiple roles in organic synthesis and can participate in multiple chemical
reactions. Its unique structure and properties make DMF a very useful tool in synthesis,
providing new means and methods for organic synthesis.

Our interest focuses on traditional metal-catalyzed C-H bond functionalization. Over
the past decade, many reactions involving S-C and Se-C bond formation have been devel-
oped by our group [22–24]. Herein, a dual role of DMF’s participation in domino reactions
has been developed. Starting from substituted halogenobenzenes and selenium powder,
versatile biologically active Se-phenyl dimethylcarbamoselenoate derivatives were effi-
ciently synthesized under mild reaction conditions. The reaction mechanism was studied
by means of deuterium isotope experiments. These protocols involve a wider substrate
scope and provide an economical approach toward C–selenium bond formation.

2. Results and Discussion

At the beginning of our experiments, we investigated the model reaction of iodoben-
zene 1a and selenium powder 2 to study the reaction conditions, including the optimization
of catalysts, bases, and solvents. As shown in Table 1, at the outset, copper salts were
used as the catalyst (entries 1–6), and no desired product was gained when the reaction
was conducted in the presence of CuO as the catalyst in DMSO (entry 1). These results
show that using the proper solvent is critical for this reaction as, when the reactions were
conducted in an apolar solvent, the DMF product was detected in a moderate yield. CuBr2

was proven to be the most efficient catalyst species in this reaction (entry 5). Gratifyingly,
the yield of product 4a was obtained at 75% when the catalyst was changed to Cu(OAc)2

(entry 6). By screening different bases for the reaction, Cs2CO3 was demonstrated to be
a more suitable base than others such as NaOH, Na2CO3, Na2SO4, NaOEt, K2CO3, and
K2PO3 (entries 6–12). A reduced yield was obtained in the reactions operated at 100 ◦C
(72% yield, entry 13) and 120 ◦C (77% yield, entry 13). We also found that the yields of
the product decreased when the amount of copper catalyst used was higher or lower than
10 mol% equivalent (entries 17 and 18). Finally, we determined that the optimal reaction
conditions were as follows: Cu(OAc)2 used as the catalyst, Cs2CO3 used as the base, a ratio
of 1a:2 of 1:1.5:1, a N2 atmosphere, 110 ◦C, and preparation for 24 h.
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Table 1. Optimization of the reaction conditions a.

Entry Copper Salt Base Solvent 1a:2 Yield (%) b

1 CuO Na2CO3 DMSO 1:1 0
2 CuSO4 Na2CO3 DMF 1:1 18
3 CuI Na2CO3 DMF 1:1 29
4 CuCl2 Na2CO3 DMF 1:1 34
5 CuBr2 Na2CO3 DMF 1:1 60
6 Cu(OAc)2 Na2CO3 DMF 1:1 75
7 Cu(OAc)2 Cs2CO3 DMF 1:1 86
8 Cu(OAc)2 NaOH DMF 1:1 56
9 Cu(OAc)2 Na2SO4 DMF 1:1 49

10 Cu(OAc)2 NaOEt DMF 1:1 65
11 Cu(OAc)2 K2CO3 DMF 1:1 55
12 Cu(OAc)2 K2PO3 DMF 1:1 57
13 Cu(OAc)2 Cs2CO3 DMF 1:1 5
14 Cu(OAc)2 Cs2CO3 DMF 1:1 48
15 Cu(OAc)2 Cs2CO3 DMF 1:1.5 72 c

16 Cu(OAc)2 Cs2CO3 DMF 1:1.5 77 d

17 Cu(OAc)2 Cs2CO3 DMF 1:1.5 64 e

18 Cu(OAc)2 Cs2CO3 DMF 1:1.5 69 f

a Unless otherwise noted, reactions conditions were 1a (10 mmol), 2 (10 mmol), copper catalyst (10 mol%), base
(2 equivalent, under N2 atmosphere), solvent (10 mL), and 110 ◦C for 24 h. b Isolated yield. c 100 ◦C. d 120 ◦C.
e Cu(OAc)2 (15 mol%). f Cu(OAc)2 (5 mol%).

Next, the substrate scope was examined under the optimal conditions, and the results
are shown in Table 2. Aryl iodides 1, selenium powder 2, and DMF 3 were subjected to this
reaction and the products were produced in good to excellent yields (79–92%). A variety
of functional groups, including methyl, methoxy, halogen, and naphthyl groups, were
compatible with aryl iodides 1. It was found that both the electron-donating and electron-
withdrawing aryl iodides 1 reacted smoothly with selenium powder 2 and DMF 3. Aryl
iodides 1 bearing electron-withdrawing groups showed better activity than those bearing
electron-donating groups. This suggests that the conjugated structure could strongly
coordinate with the copper catalyst, providing good yields (4g, 92% yield; 4h, 88% yield).
Despite the strong electron-donating effect of the trimethyl group, the corresponding
product 4f was still obtained at a 79% yield.

Table 2. N,N-dimethylformamide’s participation in domino reactions a.

Entry 1 Product Yield (%) b

1

 
86

29
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Table 2. Cont.

Entry 1 Product Yield (%) b

2

 
84

3

 
81

4

 
83

5

 

80

6

 

79

7

 
 

92

8
 

90

9

 

88

10

  

89

a Unless otherwise noted, the reaction conditions were as follows: 1 (10 mmol), 2 (15 mmol), Cu(OAc)2 (10 mol%),
Cs2CO3 (2 equivalent), a N2 atmosphere, DMF (10 mL), and 110 ◦C for 24 h. b Isolated yield.

After the group tolerance of aryl iodides 1 was demonstrated, the diversity of bromine-
substituted benzene derivative 5 partners was further investigated under the optimized
reaction conditions. A wide array of bromine-substituted benzene derivatives 5 were
subjected to this reaction and the products were produced in moderate to good yields
(70–86%). A variety of functional groups, including methyl, methoxy, halogen, and biphenyl
groups, were compatible. The results are shown in Table 3. We also attempted to use strong

30



Molecules 2025, 30, 747

electron-withdrawing groups such as trifluoromethyl and nitro under the current reaction
conditions; however, this only led to the decomposition of the starting material without the
expected product.

To gain a better understanding of this side reaction, tandem mass spectrometry
(MS/MS) confirmed the position of the kinetic deuterium isotope effects, as shown in
Scheme 2. In the mass spectrometry analysis, the fragment peak of m/z 219.88 (C6H5SeCu+)
was absent. This demonstrates that oxidative addition is the rate-determining step for C-Se
coupling in this reaction. Furthermore, the absence of the fragment peak of m/z 72.04 in
the mass spectrometry analysis demonstrates that C3H6NO+ may be a key intermediate.

Scheme 2. MS–MS analysis of the isolated product reaction mixture.

To gain more insights into the reaction mechanism, some selective and control exper-
iments were performed (Scheme 3). We examined the chemical competence of PhSeCu
under optimal conditions in the presence of benzothiazole under a N2 atmosphere, and
the desired product 4a was obtained in an 82% isolated yield (Scheme 3, eq1). These data
for stoichiometric reactions of PhSeCu suggest that elemental selenium plays a key role
in the process of C-Se formation, as shown in Scheme 3, eq2. This is consistent with our
hypothesis that PhSeH may be a chemically competent intermediate, primarily through
Ullman-type selenation between aryl iodides and selenium in situ during the catalytic cycle.
Finally, through the addition of dimethylamine under the optimized reaction conditions
(Scheme 3, eq3), the desired transformation was achieved.

Scheme 3. Preliminary mechanism investigation.

Based on the above results, a possible reaction mechanism is proposed (Scheme 4) [25–28].
At the beginning, the coordination process of CuII and substituted halogenobenzenes 1 generated
a CuIV intermediate 10. Then, the substituted halogenobenzenes 1 were converted to intermediate
11c by reacting with the selenium powder. Finally, the desired products 4 and 6 were obtained via
C–Se bond cross coupling from intermediate 11 with DMF. Then, the CuII species was generated,
which re-entered the catalytic cycle.

31



Molecules 2025, 30, 747

Table 3. N,N-dimethylformamide’ participation in domino reactions a.

Entry 5 Product Yield (%) b

1

 
81

2

 
78

3

 

76

4

 

85

6

 

86

5

 

83

7

 
 

72

8

 

70

a Unless otherwise noted, the reaction conditions were as follows: 5 (10 mmol), 2 (15 mmol), Cu(OAc)2 (10 mol%),
Cs2CO3 (2 equivalent), a N2 atmosphere, DMF (10 mL), and 110 ◦C for 12 h. b Isolated yield.
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Scheme 4. Proposed mechanism for N, N-dimethylformamide’s participation in domino reactions.

3. Materials and Methods

All reagents used in experiment were obtained from commercial sources and used
without further purification. Solvents for chromatography were technical grade and
distilled prior for using. Solvent mixtures were understood as volume/volume. Chem-
ical yields refer to pure isolated substances. Catalysts were purchased for analytical
reagent. Thin layer chromatography employed glass 0.25 mm silica gel plates with F254

indicator, visualized by irradiation with UV light. Reactions were carried out under ar-
gon in flame-dried or oven-dried glassware unless otherwise specified. Dichloroethane,
dichloromethane, acetonitrile, toluene (after distilling from sodium), dimethyl sulfoxide,
and tetrahydrofuran (after distilling from sodium) were dried from 4Å molecular sieves.
Synthesis-grade solvents were used after as purchased. Chromatographic purification of
products was accomplished using silica gel (300–400 mesh). For thin layer chromatography
(TLC) analysis, Merck pre-coated TLC plates (silica gel 60 GF254, 0.25 mm) were employed,
using UV light as the visualizing agent. The compounds were isolated using Biotage flash
column chromatography.

A mixture of iodobenzene 1a (2.04 g, 10 mmol) and selenium powder 2 (0.79 g,
15 mmol), Cu(OAc)2 (182 mg, 10 mol%), Cs2CO3 (6.52 g, 2 equiv), DMF (10 mL). The
tube was evacuated and refilled with N2 three times. The reaction is carried out under
nitrogen protection. The reaction mixture was stirred at 110 ◦C for 12 h. After it was cooled,
the reaction mixture was diluted with 20 mL of ethyl ether for 3 times. The filtrate was
washed with water (3 × 15 mL). The organic phase was dried over Na2SO4, filtered, and
concentrated under reduced pressure. and filtered through a pad of silica gel, followed by
washing the pad of silica gel with the same solvent (20 mL). The residue was then purified
by flash chromatography on silica gel to provide the corresponding product. The pure
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product Se-phenyl dimethylcarbamoselenoate 4a was obtained 1.96 g, 86% yield. More
experimental details can be found in the Supplementary Materials.

4. Conclusions

In summary, a dual role of N,N-dimethylformamide participation in domino reactions
has been developed. Starting from substituted halogenobenzenes and selenium powder,
versatile biologically active Se-phenyl dimethylcarbamoselenoate derivatives were effi-
ciently synthesized under mild reaction conditions. The reaction mechanism was studied
by means of deuterium isotope experiments. These protocols involve a wider substrate
scope and provide an economical approach toward C–selenium bond formation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules30030747/s1.
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Abstract: Efficient and simple syntheses of trans-dehydroosthol and citrubuntin were
achieved in a single step by implementing a protecting-group-free, redox-neutral strategy
that utilized readily available starting materials. In this approach, a practical one-pot
(domino) Heck/dehydration reaction was carried out utilizing less reactive bromocoumarin,
resulting in excellent stereoselectivity and atomic economy. Through the implementation
of this new, efficient, and scalable synthesis method, the formal synthesis of a series of
novel meroterpenoid natural products was successfully achieved.

Keywords: protecting-group-free; redox-neutral; one-pot (domino) Heck/dehydration
reaction; isoprene; meroterpenoid

1. Introduction

Meroterpenoids are hybrid natural products and a fascinating class of compounds
that possess diverse chemical structures and intriguing biological activities [1], includ-
ing antimicrobial [2], antiviral [3], anticancer [4], anti-inflammatory [5], and antioxidant
properties [6]. They are derived from the fusion of terpenoid and non-terpenoid moieties,
which provide them with distinct properties and potential applications in various fields,
including pharmaceutical, medicinal, and agricultural industries [7]. Meroterpenoids have
a wide range of sources [8], including plants, marine organisms, and microorganisms.
Their unique structures enable them to interact with specific targets in living systems,
making them valuable candidates for drug discovery and development. The significant
biological activities and unique chemical structures of meroterpenoids have attracted great
interest from synthetic and biosynthetic chemists. However, current synthesis strategies are
not straightforward owing to the complexes processes involved and strongly depend on
the not easily available key intermediate and expensive starting materials to produce the
target molecule.

Trans-dehydroosthol (1) and its structurally related compound citrubuntin (2) are a
class of coumarin derivatives with the same unique isoprene side chain. These active
natural products can be found in many commonly used medicinal plants and act as crucial
intermediates in the synthesis of diverse meroterpenoids (Figure 1). Trans-dehydroosthol
was originally isolated from the leaves of Murraya exotica L. in 1987 [9] and later isolated
from Citrus plants in 1993 [10] and Murraya paniculata in 2019 [11]. The impact of trans-
dehydroosthol on NO production in BV-2 microglial cells was investigated. The findings in-
dicated that trans-dehydroosthol possesses noteworthy inhibitory properties, suggesting its

Molecules 2025, 30, 1067 https://doi.org/10.3390/molecules30051067
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potential anti-inflammatory and analgesic effects [11]. First reported in 1980, “citrubuntin”
was formed by the dehydration of suberenol and named as “(E)-suberodiene” [12]. Even
though “citrubuntin” had not yet been isolated from natural resources at that time, the
existence of glenadiene and gleinene in nature indicated that this compound may occur
naturally. Citrubuntin was isolated from Citrus grandis for the first time by Wu [13] in
1988 and then from Micromelum falcatum by Wang [14] in 2019. Micromelum falcatum is a
traditional herbal remedy in China, Thailand, and Vietnam. Its leaves and roots are utilized
in these regions for various medicinal purposes, such as treating infected wounds, reliev-
ing pain, addressing rheumatism and muscular atrophy, reducing fever, and alleviating
discomfort caused by insect bites [15]. Notably, coumarin components, which have been
extensively studied, are the main bioactive compounds responsible for these therapeutic
properties [16]. This finding suggests that citrubuntin may also exhibit good efficacy.

Figure 1. Structures of trans-dehydroosthol, citrubuntin, and several related meroterpenoids.

The chemical versatility of trans-dehydroosthol and citrubuntin enables the synthesis
of various complex molecules with diverse biological activities and therapeutic potential.
For example, synthetic chemists can modify and incorporate various dienophile (or conju-
gated diolefine), functional groups, and stereochemistry by strategically utilizing these two
compounds as building blocks, streamlining synthesis paths toward numerous complex
natural products. The total synthesis of these two isoprene-containing molecules has at-
tracted the attention of numerous research groups [17–21], highlighting their significance in
the field of meroterpenoid synthesis. Moreover, their synthesis aids in the quest for novel
natural products with wide-ranging applications and contributes to the development of
new drugs, flavors, and agricultural agents.

Given their significant pharmacological potential and unique structural features,
trans-dehydroosthol and citrubuntin have emerged as compelling targets for synthetic
exploration. These compounds belong to a broader class of biologically active meroter-
penoids, which have attracted considerable attention in natural product synthesis. Recent
studies have highlighted the structural diversity within this family, exemplified by no-
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table examples such as exotines A (1a, indole-coumarin hybrid) [22], the cnidimonin
series (1b–d, featuring flavonol-, benzofuran-, and chromone-coumarin frameworks) [23],
6/8-naphthoherniarin (2a/1e, quinone-coumarin conjugate) [24], cyclobisuberodiene (2b,
coumarin dimer) [25], and the acrimarine group (2c–e, acridinone-coumarin hybrids) [26].
The development of efficient synthetic routes to these architecturally complex molecules
remains crucial for advancing their biological evaluation and medicinal applications.

In 1988, Reisch and Murray [17,18] separately reported the initial total synthesis of
trans-dehydroosthol, though the overall yields were not satisfactory. Their approach em-
ployed 8-iodo-7-methoxycoumarin as a crucial starting material. The highly reactive iodide
was used as a coupling partner to introduce the 3-hydroxy-3-methyl-1-butenyl side chain,
which served as a precursor for the isoprene unit. However, this method necessitated
relatively high temperatures and extended reaction times (120 ◦C for 3 days; 90 ◦C for
24 hours under Jeffery conditions), even when using highly reactive iodides. Tedious dehy-
dration reactions were performed using hazardous POCl3 or p-TsCl as the acylation agent
and hot pyridine (reflux) or DIPEA as the reaction medium to obtain trans-dehydroosthol,
with overall yields of 23.8% and 29%, respectively (calculated from the corresponding
iodo-coumarin). In 2018, Martin [19,20] achieved the synthesis of trans-dehydroosthol
in a relatively high overall yield by integrating the advantages of Reisch and Murray’s
synthesis routes. Although this is a venerable transformation to the isoprene group in
terms of yield (78%, two steps from iodo-coumarin; or 20%, four steps from 7-hydroxy
coumarin), the use of highly active iodide cannot be avoided. According to the literature,
the synthesis of 8-iodo-7-methoxycoumarin presents significant challenges. In the reported
studies, inefficient processes such as iodination and subsequent methylation of the crude
product were employed [27]. These methods resulted in very low conversions, necessi-
tating the use of 7-hydroxycoumarin, which has a high structural similarity to the target
compound. However, even with this approach, the desired iodide was obtained in yields
of only 20%–30%, accompanied by a substantial amount of residual 7-methoxycoumarin.
Furthermore, the instability of the iodide complicates its application, making the overall
synthesis process highly complex.

Before being isolated and identified from the natural source, citrubuntin has been
produced as an artificial molecule via POCl3 and the pyridine-promoted dehydration of
suberenol and named as (E)-suberodiene. In 1990, Reisch [21] published a report on the
first total synthesis of citrubuntin, using challenging brominated substrate as the coupling
substrate. The key Heck coupling reaction was conducted under Jeffery conditions [28],
resulting in the formation of the coupling product in 62% yield. Following the above
protocol, citrubuntin was successfully synthesized under strong heating conditions us-
ing hazardous p-TsCl as the acylating reagent and troublesome pyridine as the solvent.
Although moderate yields of coupling product can be obtained under Jeffery conditions
(Pd(OAc)2, NaHCO3, nBu4NBr), which is considered “a major achievement” for the Heck
reaction [29], the need for a phase-transfer catalyst for stoichiometry is essential and trou-
blesome because nBu4NBr is associated with inconvenience work-up and purification
processes. Wastewater containing a non-negligible amount of a phase-transfer catalyst pro-
duced in the reactions also restricts the application of these reactions on an industrial scale.
Efforts to develop efficient, scalable, and environmentally friendly synthesis strategies for
these two compounds are imperative to advance research in meroterpenoid synthesis and
broaden the applications of related molecules.

2. Results

Driven by the need for an efficient synthetic approach to produce trans-dehydroosthol
and citrubuntin, which are crucial for the synthesis of numerous meroterpenoids, we
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sought an alternative strategy. Given the simplicity and efficiency of the one-pot (domino)
Heck/dehydration reaction, we designed a novel retrosynthetic route as depicted in
Scheme 1. We hypothesized that developing an effective catalyst system for the tran-
sition metal-catalyzed coupling of less reactive but cost-effective bromocoumarin would
represent a significant improvement. This manuscript details our progress in achieving
this goal.

Scheme 1. Retrosynthetic analyses of trans-dehydroosthol, citrubuntin, and a series of natural products.

Although the isoprene side chain is a relatively uncommon biogenetic modification
of prenyl residues, it frequently appears in the trans-configuration in many valuable nat-
ural and chemical compounds. Our interest in natural products with an isoprene group
dates to our synthesis of several useful natural products [30–33]. A crucial step in this
synthesis involves a streamlined one-pot (domino) Heck/dehydration reaction, where the
corresponding bromine reacts with 1,1-dimethyl allyl alcohol in the presence of a slightly
low loading of base (1.0 equiv. trialkylamine).

In our retrosynthesis analyses of trans-dehydroosthol (1) and citrubuntin (2), we
identified the need for a coupling reaction with 8/6-bromo coumarin (3a/3b) and 1,1-
dimethyl allyl alcohol (5), as shown in Scheme 2. This strategy appeared highly feasible
owing to the easy availability of starting materials to synthesize these two natural products
in a single step. Our synthesis commenced with brominated coumarin as the key material,
which is commercially available and can also be prepared readily on a dekagram scale
using inexpensive 4-methoxysalicylaldehyde 4 via the regioselective bromination and
CsOAc-promoted Perkin reaction optimized by our group [33].

Scheme 2. One-step syntheses of trans-dehydroosthol and citrubuntin.
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2.1. Effect of the Bases

After obtaining multigram quantities of the known compound 3a, we focused on the
crucial reaction for the introduction of isoprene moiety. Initially, we used the conditions
roughly based on the previously reported synthesis of murraol—8-bromocoumarin, 1,1-
dimethylallyl alcohol, Pd(OAc)2, P(o-tol)3, Et3N (1.0 equiv.), toluene, and BHT (0.1 equiv.)—
expecting that this low base and polymerization-inhibitor-containing version would facili-
tate the key C−C formation and the following cascade dehydration reaction. However, to
our disappointment, this “standard” condition is completely ineffective, with only a trace
of the desired product 1 observed after 3 h (Table 1, entry 1).

Table 1. Study on the effect of the bases.

Entry Variable t[h] 3a (%) a 6 (%) a 1 (%) a

1 b None 3 b/31 - 97/32 2/67
2 b 120 ◦C 10 - 63 35
3 Et3N (0.9) c 18 - 31 68
4 (n-C3H7)3N (1.0/0.9) c 21/29 -/- 31/22 69/77
5 (n-C8H17)3N (1.0/0.9) c 29/22 -/- 22/4 75/84
6 DIPEA 9 - 25 67
7 (Cy)2NMe d 27 - 89 10
8 DABCO 13 - 67 32
9 DMAN e (0.85) c 31 4 39 56

10 N,N-Diethylaniline 5 64 - 28
11 2,6-Lutidine 10 71 - 27

“-” = Not detected. a Isolated yield. b Sealed tube. c The equiv. of the base. d N,N-Dicyclohexylmethylamine.
e 1,8-Bis(dimethylamino)naphthalene.

Even when the reaction temperature was raised to 120◦C, the coupling reaction still
only achieved a 35% yield of the desired product 1 after 10 hours (entry 2). This indicates
that the one-pot (domino) Heck/dehydration process involving this brominated substrate
is highly challenging. The high temperature required for the dehydration of the 1,1-
dimethylallyl alcohol intermediate is likely due to the relatively unreactive nature of the
hydroxyl group at the allylic position. This issue is further complicated by the strong
electron-donating effects of the oxygen atoms in the two phenoxy groups (located in the
ortho-position) on the conjugated system. Consequently, the rate-limiting step for one-pot
(domino) Heck/dehydration, which is the dehydration of the 1,1-dimethylallyl alcohol
moiety to the diene group, is slowed down, leading to the deceleration of the entire
cascade reaction. When the reaction time was inadvertently prolonged to 31 h and the
amount of base was deliberately reduced to 0.9 equiv., the coupling reaction produced the
desired diene 1 in 67% and 68% yields (entry 1–2 and entry 3), respectively. Considering
that the synthesis process starts from a less reactive substrate and involves a sequence
of successive reactions, these yields from one-pot (domino) Heck/dehydration may be
considerably good.

Basing on the preceding analysis and considering that the nature and amount of the
base tremendously influence the Heck coupling reaction and subsequent tandem dehy-
dration reaction, we assumed that the Heck alkenylation of our brominated substrate
required the addition of a suitable base that not only mediates the electronic properties
and the steric hindrance of the Pd center, but also alters the dehydration conditions (cat-
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alyzed by corresponding R3N·HBr). Therefore, we tested several readily available bases
and discovered that upon replacing the trialkylamine from Et3N with (n-C3H7)3N and
(n-C8H17)3N, the cascade reaction produced the desired product in 77% and 84% yields
(entry 4–1 and entry 5–1), respectively. This phenomenon could be attributed to the more
suitable electrical properties and steric hindrance nature of long alkyl-chain tertiary amines
compared with triethylamine, possibly enhancing the reactivity of the oxidative insertion of
the metal center into the deactivated Ar–Br bond. In addition, the increased steric demand
of the catalyst complex also facilitates HBr dissociation in the reductive elimination step.
The cascade dehydration reaction might also be enhanced. Conversely, other bases in-
cluding DIPEA, (Cy)2NMe, DABCO, and DMAN exhibited lower efficiencies (entries 6–9).
Bases such as N,N-diethylaniline and 2,6-lutidine did not facilitate the one-pot (domino)
Heck/dehydration reaction (entries 10–11).

2.2. Effect of the Solvents

Inspired by our recent comprehensive investigation on the one-pot (domino) Heck/
dehydration reaction and its streamlined procedure, we screened different solvents in
combination with Pd(t-Bu3P)2 and Et3N to enhance the yield of this transformation. Among
the solvents tested, a useful chloroalkane, DCE, yielded the best result (Table 2, entry 4).
When the homolog of DCE, 1,3-DCP, was used as the reaction medium, a good yield
was obtained after a short reaction time (90%, 10 h, entry 6–1). This optimization of
solvent selection proved beneficial in improving the overall efficiency of the transformation.
The use of other solvents, including xylene or chlorinated aromatics, chlorobenzene, and
2,4-DCT (entries 1–3), as well as CH3CN, DMF, DMAC, NMP, DMSO, THF, 2-MeTHF,
1,4-dioxane, DME, DEE, and n-BuOAc (entries 7–17), resulted in a moderate to significant
decrease in yield. When DMSO was used as the reaction medium, yields of diene and allyl
alcohol were unsatisfactory, presumably attributed to the significant polymerization or
decomposition of the isopentenyl moiety during the coupling reaction. These observations
highlight the importance of solvent selection in achieving optimal reaction efficiency and
the good performance of DCE and its homolog 1,3-DCP as a solvent in this process.

Following the preliminary optimization of the one-pot (domino) Heck/dehydration
reaction conditions (Tables 1 and 2), we decided to combine the optimal bases with the
best solvents to realize effective synthesis. According to the above experimental results
(Table 2), the yield of diene 1 is relatively high when DCE and 1,3-DCP are used as the
reaction media. Therefore, DCE and 1,3-DCP were selected as solvents and combined with
(n-C3H7)3N or (n-C8H17)3N to improve the yield. Under the combination of DCE and
(n-C3H7)3N, the yield of diene 1 reached up to 91% (or 93% yield on a Gram scale, Table 3,
entry 2). However, the use of DCE (b.p. = 83.5 ◦C) as a solvent requires pressure-resistant
equipment at a selected reaction temperature. In addition, the high boiling point of 1,3-DCP
(b.p. = 120 ◦C–122 ◦C) facilitates various conventional heating reactions under normal
atmospheric pressure. To further test the scalability of this methodology, we performed the
reaction on a 1.2 g scale (4.7 mmol, Table 2, entries 6–2) with the suitable solvent–1,3-DCP.
Trans-dehydroosthol was isolated in an excellent yield (94%) under atmospheric pressure,
and the efficiency was greater than that obtained in the small-scale reaction (90%, Table 2,
entries 6–1).
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Table 2. Study on the effect of the solvents.

Entry Variable t[h] 3a (%) a 6 (%) a 1 (%) a

1 Xylene 27 - 78 20
2 Chlorobenzene 6 9 5 70
3 2,4-DCT b 22 36 21 27

4 c DCE (1.0/0.9) d 21/8 -/- 4/- 82/86
5 c 1,2-DCP e 30 - 31 61
6 1,3-DCP f (1.0/0.9) d 10(10 g)/14 -(-)/11 3(2)/16 90(94)/69

7 c CH3CN 21 - 61 36
8 DMF 17 - 47 48
9 DMAC 18 - 47 47
10 NMP 18 - 47 39
11 DMSO 19 - 12 26

12 c THF 21 - 33 66
13 c 2-MeTHF h 22 - 38.1 51.8
14 c 1,4-Dioxane 15 - 15 77
15 c DME 22 - 60.7 35.3
16 DEE i 20 - 58 30
17 n-BuOAc j 21 - 74 25

a Isolated yield. b 2,4-Dichlorotoluene. c Sealed tube. d The equiv. of the base. e 1,2-Dichloropropane. f 1,3-
Dichloropropane. g Gram scale (1.2 g, 4.7 mmol). h 2-Methyltetrahydrofuran. i Ethylene glycol diethyl ether.
j n-Butyl acetate.

Table 3. Study on the effect of the combination of solvents and bases.

Entry Variable t[h] 3a (%) a 6 (%) a 1 (%) a

1 b DCE, (n-C8H17)3N (1.0/0.9) c 18/7 -/- 10/2 84/89
2 b DCE, (n-C3H7)3N (1.0/0.9) c 14(14 d)/11 -(-)/- 4(-)/7 91(93)/83
3 1,3-DCP, (n-C8H17)3N (1.0/0.9) c 21.5/21 -/- 35/28 64/70
4 1,3-DCP, (n-C3H7)3N (1.0/0.9) c 26/16 -/- 15/23 78/67

a Isolated yield. b Sealed tube. c The equiv. of the base. d Gram scale (1.2 g, 4.7 mmol).

2.3. Further Application

Based on the aforementioned optimization of the one-pot (domino) Heck/dehydration
reaction conditions, we synthesized analogs of trans-dehydroosthol and citrubuntin to
evaluate their pharmacological activities and demonstrate the practicality of this synthetic
approach. As illustrated in Table 4, the reaction proceeded very smoothly at 90 ◦C, yielding
the desired diene 2 in excellent yield. The relatively low reaction temperature and time may
be attributed to the reduced steric hindrance from the ortho-methoxy group (OMe) at the
C-6 position of 3b. While citrubuntin can be synthesized from (E)-suberenol via POCl3 and
pyridine-promoted dehydration, a method previously reported through Jeffery-modified
Heck coupling from 3b [12], this route is less efficient than the strategy employed by our
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group. Additionally, the reaction was highly efficient on a gram scale under atmospheric
pressure, achieving a yield of 97% (Table 4, entries 1–2). The application of this methodology
to a broad scope of useful natural products is currently underway in our laboratory and
will be reported in the future.

Table 4. Study on the synthesis of citrubuntin (based on Table 2, entry 6-1 and Table 3, entry 2–1).

 

Entry Variable t[h] 3b (%) a 7 (%) a 2 (%) a

1 1,3-DCP, Et3N 8/8 c -/- 4/- 94/97
2 b DCE, (n-C3H7)3N 8/8 c -/- -/- 97/98

a Isolated yield. b Sealed tube, 110 ◦C. c Gram scale (1.2 g, 4.7 mmol).

With the efficient synthesis of trans-dehydroosthol and citrubuntin in hand and to
further demonstrate the usefulness of the proposed synthesis method, we attempted to
synthesize several valuable meroterpenoid natural products 1a, 1b, 1c, 1d, 1e, 2a, 2b, 2c,
2d, and 2e (Figure 1). These desired products could be prepared in a single step from com-
mercially available or readily available substrates and trans-dehydroosthol (or citrubuntin),
according to the literature [22–26]. Our laboratory is currently undertaking endeavors to
enhance the synthesis efficiency of the abovementioned hybrid natural products, and we
anticipate that the results of these endeavors will be reported in the future.

3. Materials and Methods

3.1. General Information

NMR spectra were acquired using a Bruker AVANCE III instrument (400 MHz for
¹H and 100 MHz for ¹³C) in the specified solvent. Chemical shifts (δ) are reported in parts
per million (ppm) relative to tetramethylsilane, with the solvent resonance serving as an
internal reference. Deuterochloroform was used as the solvent in all cases. Coupling
constants (J) are provided in Hertz (Hz). Multiplicity is described using the following
abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), dt
(doublet of triplets), AB q (AB-quartet), and m (multiplet). For ¹³C-NMR, the number of
contributing carbon nuclei is indicated in parentheses following the chemical shift value.
Reaction progress was monitored by thin-layer chromatography on 0.2-0.25 mm silica gel
plates (GF-254) using UV light (254 nm) for visualization. Phosphomolybdic acid (10 wt.%
in EtOH) was used as the visualizing agent. Flash chromatography was conducted using
silica gel (200-300 mesh).

Unless otherwise specified, all chemicals and solvents were used as received without
further purification. All of the following solvents and chemicals were obtained from Innochem
(Beijing, China): 2-Methyl-3-buten-2-ol (98%), Bis(tri-tert-butylphosphine)palladium(0)
(98%), Phosphomolybdic acid hydrate (98%), Ethanol (99.7%), Triethylamine (99%),
N,N-Dipropyl-1-propanamine (99%), Tri-n-octylamine (97%), N,N-Diisopropylethylamine
(99%), N,N-Dicyclohexylmethylamine (98%), 1,8-Bis(dimethylamino)naphthalene (98%),
1,4-Diazabicyclo [2.2.2]octane (98%), 2,6-Lutidine(98%), N,N-Diethylaniline (99%), Buty-
lated hydroxytoluene (99%). Acetonitrile (99.9%), N,N-Dimethylformamide (99.9%), and
Dimethyl sulfoxide (99.8%) are extra dry solvents (with molecular sieves) and were used
as received. In addition, Chlorobenzene (99%), Xylene (99%), Dichloroethane (98.9%),
1,2-Dichloropropane (99%), 1,3-Dichloropropane (99%), N,N-Dimethylacetamid (≥99%),
N-Methylpyrrolidone (99.5%), Ethylene glycol diethyl ether (98%), Dichloromethane
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(≥99.5%), 1,2-Dimethoxyethane (99.5%), Tetrahydrofuran (99%), 1,4-Dioxane (99%), and
2-Methyltetrahydrofuran (99%) are all analytical reagents. An appropriate amount of
calcium hydride was added and refluxed for 3 hours prior to use. Then, the fraction was
taken out and degassed twice with a nitrogen-filled balloon. The resulting anhydrous and
oxygen-free reagent was stored over molecular sieves under nitrogen. Petroleum ether and
ethyl acetate were both industrial grade products that had been reevaporated using a rotary
evaporator before use. The silica gel for the chromatography (0.2–0.25 mm, 50 × 100 mm,
GF254) was obtained from Qingdao Haiyang Chemical Co., Ltd. (Qingdao, China).

3.2. Synthesis of 3-Bromo-2-hydroxy-4-methoxybenzaldehyde and
5-Bromo-2-hydroxy-4-methoxybenzaldehyde
3.2.1. Synthesis of 3-Bromo-2-hydroxy-4-methoxybenzaldehyde

Under a nitrogen atmosphere, a round-bottom flask equipped with a magnetic stir
bar was charged with a solution of aldehyde 4 (20 g, 131 mmol) in dichloromethane
(410 mL). The solution was cooled to −78 ◦C, followed by the dropwise addition of TiCl4
(18 mL, 157 mmol, pure; or 157 mL of a 1 M solution in dichloromethane) over 20 min.
Next, a solution of bromine (6.7 mL, 131 mmol) in dichloromethane (100 mL) was added
dropwise over 30 min. The reaction mixture was stirred at −78 ◦C for 1 hour and then
allowed to warm to room temperature over 2 hours. When TLC monitoring indicated a
complete reaction (as monitored by TLC, about 5 h), a saturated aqueous solution of Na2SO3

(100 mL) was added to the resulting mixture and stirred for another 10 min. The mixture
was separated, and the aqueous phase was extracted with CH2Cl2 (2 × 750 mL). The
combined organic phases were washed with brine (100 mL), dried over Na2SO4, filtered,
and concentrated in vacuo at 30 ◦C. After purification by flash column chromatography
using petroleum ether/ethyl acetate (100:1 to 15:1) as the eluent, the title compound was
obtained as a colorless solid (26.9 g, 89%), m.p. 115–117 ◦C. 1H NMR (400 MHz, CDCl3) δH:
11.93 (s, 1H), 9.71 (s, 1H), 7.51 (d, J = 8.7 Hz, 1H), 6.62 (d, J = 8.7 Hz, 1H), 3.99 (s, 3H); 13C
NMR (101 MHz, CDCl3) δC: 194.43, 162.83, 160.20, 134.69, 116.19, 103.87, 99.69, 56.96; IR
(KBr): 3731.00, 2991.06, 2873.84, 2348.90, 1637.36, 1479.51, 1361.26, 1200.23, 829.10, 763.08,
551.18 cm−1; HRMS (EI) calcd for C8H7BrO3 [M − H]− 228.9506, found 228.9506.

3.2.2. Synthesis of 5-Bromo-2-hydroxy-4-methoxybenzaldehyde

Under a nitrogen atmosphere, a round-bottom flask equipped with a magnetic stir bar
was charged with a solution of aldehyde 4 (20 g, 131 mmol) in dichloromethane (410 mL).
To this solution, bromine (6.7 mL, 131 mmol) dissolved in dichloromethane (100 mL)
was added dropwise at room temperature over 30 minutes. The reaction mixture was
stirred continuously, and progress was monitored by TLC until completion (approximately
3 hours). Upon completion, a saturated aqueous solution of Na2SO3 (100 mL) was added,
and the mixture was stirred for an additional 10 minutes. The mixture was separated, and
the aqueous phase was extracted with CH2Cl2 (2 × 750 mL). The organic phases were
washed with brine (100 mL), dried over Na2SO4, filtered and concentrated in vacuo at
30 ◦C. After purification by flash column chromatography (petroleum ether (PE): ethyl
acetate (EA) = 100:1 to 25:1), the title compound was obtained as a colorless solid (26.4
g, 87%), m.p. 126–128 ◦C. 1H NMR (400 MHz, CDCl3) δH: 11.43 (s, 1H), 9.68 (s, 1H), 7.67
(s, 1H), 6.47 (s, 1H), 3.94 (s, 3H); 13C NMR (101 MHz, CDCl3) δC: 193.80, 163.79, 162.66,
137.36, 115.85, 102.25, 100.50, 56.90; IR (KBr): 3423.16, 2949.95, 2849.27, 2347.53, 1635.93,
1499.15, 1361.11, 1289.78, 1240.24, 1062.87, 759.71, 645.90, 539.88 cm−1; HRMS (EI) calcd for
C8H7BrO3 [M − H]− 228.9504, found 228.9506.
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3.2.3. Synthesis of 8-Bromo-7-methoxy-2H-chromen-2-one-3a

Under a nitrogen atmosphere, a Heavy-Wall Pressure Vessel equipped with a magnetic
stir bar was charged with 3-bromo-4-methoxysalicylaldehyde (20 g, 87 mmol), CsOAc
(16.7 g, 87 mmol), and acetic anhydride (70 mL). The vessel was sealed and heated in
an oil bath at 160 ◦C. The reaction progress was monitored by TLC and completed after
approximately 12 h. The mixture was then cooled to room temperature, diluted with
ethyl acetate (1000 mL), and washed sequentially with hot water (5 × 100 mL) and brine
(120 mL). The organic layer was dried over sodium sulfate, filtered, and concentrated
under reduced pressure at 40 ◦C to yield the crude product. After purification by flash
column chromatography (PE:EA = 10:1 to 5:1), the title compound 3a was obtained as a
yellow powder solid (15.5 g, 70%), m.p. 165–167 ◦C. 1H NMR (400 MHz, CDCl3) δH: 7.62
(d, J = 9.5 Hz, 1H), 7.41 (d, J = 8.7 Hz, 1H), 6.87 (d, J = 8.7 Hz, 1H), 6.28 (d, J = 9.5 Hz, 1H),
3.99 (s, 3H); 13C NMR (101 MHz, CDCl3) δC: 160.31, 159.30, 152.43, 143.30, 127.68, 113.96,
113.91, 108.09, 99.87, 56.99; IR (KBr): 3426.02, 3061. 00, 2346.67, 1728.29, 1600.08, 1278.14,
1076.71, 925.20, 839.62, 632.05, 577.89 cm−1; HRMS (EI) calcd for C10H7O3Br [M + Na]+

276.9497, found 276.9477.

3.2.4. Synthesis of 6-Bromo-7-methoxy-2H-chromen-2-one-3b

Under a nitrogen atmosphere, a Heavy-Wall Pressure Vessel equipped with a magnetic
stir bar was charged with 5-bromo-4-methoxysalicylaldehyde (20 g, 87 mmol), CsOAc
(16.7 g, 87 mmol), and acetic anhydride (70 mL). The vessel was sealed and heated in
an oil bath at 160 ◦C. The reaction progress was monitored by TLC and completed after
approximately 12 hours. The mixture was then cooled to room temperature, diluted with
ethyl acetate (1000 mL), and washed sequentially with hot water (5 × 100 mL) and brine
(120 mL). The organic layer was dried over sodium sulfate, filtered, and concentrated
under reduced pressure at 40 ◦C to yield the crude product. After purification by flash
column chromatography (PE:EA = 35:1 to 10:1), the title compound 3b was obtained as a
yellow powder solid (16.2 g, 73%), m.p. 196–198 ◦C. 1H NMR (400 MHz, CDCl3) δH: 7.66
(s, 1H), 7.59 (d, J = 9.5 Hz, 1H), 6.84 (s, 1H), 6.30 (d, J = 9.5 Hz, 1H), 3.97 (s, 3H); 13C NMR
(101 MHz, CDCl3) δC: 160.60, 158.68, 155.03, 142.41, 131.51, 114.30, 113.40, 107.70, 100.31,
56.90; IR (KBr): 3420.10, 3285.39, 3066.57, 2344.55, 1731.58, 1601.17, 1371.41, 1261.69, 1211.35,
1036.02, 890.98, 693.81, 513.00 cm−1; HRMS (EI) calcd for C10H7O3Br [M + H]+ 254.9687,
found 254.9651.

3.3. General Procedure for Tables 1–4

Under a nitrogen atmosphere, a double-neck round-bottom flask or a Heavy-Wall
Pressure Vessel was equipped with a magnetic stir bar, a condenser, and charged with 3a

or 3b (50 mg, 0.2 mmol, 1.0 eq.), Pd(t-Bu3P)2 (10 mg, 0.02 mmol, 0.1 eq.), BHT (4.3 mg,
0.02 mmol, 0.1 eq.), solvent (1.5 mL, degassed with nitrogen for 10 min prior to use), base
(37 μL, 0.2 mmol, 1.0 eq.), and 1,1-dimethylallyl alcohol 5 (92 μL, 0.9 mmol, 4.5 eq.). The
flask or vessel was then placed in an oil bath. Once the reaction was complete (monitored
by TLC or at a predetermined time), the mixture was cooled to room temperature, and a
saturated aqueous NaHCO3 solution (1 mL) was added and stirred for an additional 5 min.
The mixture was filtered through a pad of celite and washed with ethyl acetate (EA, 30 mL).
The filtrate was diluted with EA (50 mL), washed with water and brine, dried over Na2SO4,
filtered, and concentrated in vacuo at 30 ◦C to yield the crude product. Purification by flash
column chromatography (PE: EA gradient from 8:1 to 2:1) afforded the desired compound.
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3.3.1. Synthesis of trans-Dehydroosthol (1): Table 2, Entry 6–1 (Gram Scale)

Under a nitrogen atmosphere, a double-neck round-bottom flask or a Heavy-Wall
Pressure Vessel was equipped with a magnetic stir bar, a condenser, and charged with
3a (1.2 g, 4.7 mmol), Pd(t-Bu3P)2 (240 mg, 0.47 mmol), BHT (103.2 mg, 0.47 mmol), 1,3-
Dichloropropane (36 mL, bubbled with nitrogen for 10 min prior to addition), Et3N (653 μL,
4.7 mmol), and 1,1-dimethylallyl alcohol 5 (2.2 mL, 21 mmol). The flask was then immersed
in an oil bath preheated to 110 ◦C. The reaction progress was monitored by TLC, and after
approximately 10 hours, the mixture was cooled to room temperature. A saturated aqueous
NaHCO3 solution (10 mL) was added, and the mixture was stirred for 5 minutes. The
resulting mixture was filtered through a celite pad and washed with ethyl acetate (100 mL).
The filtrate was diluted with additional ethyl acetate (300 mL) and washed sequentially
with water (240 mL) and brine (40 mL). The organic layer was dried over sodium sulfate,
filtered, and concentrated under reduced pressure at 30 ◦C to yield the crude product.
Purification by flash column chromatography (petroleum ether/ethyl acetate gradient, 8:1
to 2:1), the title compound trans-dehydroosthol was obtained as a yellow powder solid
(1.07 g, 94% yield), m.p. 77–79 ◦C, and the compound 6 was obtained as a yellow powder
solid (24.5 mg, 2%), m.p. 120–122 ◦C. Data for compound trans-dehydroosthol (1): 1H NMR
(400 MHz, CDCl3) δH: 7.62 (d, J = 9.5 Hz, 1H), 7.49 (d, J = 16.5 Hz, 1H), 7.30 (d, J = 8.6 Hz,
1H), 6.90 (d, J = 16.5 Hz, 1H), 6.86 (d, J = 8.6 Hz, 1H), 6.27 (d, J = 9.5 Hz, 1H), 5.19 (d,
J = 2.2 Hz, 1H), 5.14 (t, J = 1.8 Hz, 1H), 3.97 (s, 3H), 2.03 (d, J = 1.3 Hz, 3H); 13C NMR
(101 MHz, CDCl3) δC: 161.12, 160.36, 152.67, 144.06, 143.20, 138.25, 127.08, 118.56, 117.28,
114.35, 113.22, 113.10, 107.68, 56.28, 18.47; IR (KBr): 3423.32, 3065.99, 2941.21, 2346.60,
1720.73, 1596.93, 1478.99, 1256.29, 1109.88, 1031.74, 840.74, 587.96, 474.00 cm−1; HRMS (EI)
calcd for C15H14O3 [M + Na]+ 265.0837, found 265.0835.

Data for compound 6: 1H NMR (400 MHz, CDCl3) δH: 7.62 (d, 1H, J = 9.4 Hz), 7.30 (d,
1H, J = 8.6 Hz), 7.02 (d, 1H, J = 16.5 Hz), 6.93 (d, 1H, J = 16.5 Hz), 6.86(d, 1H, J = 8.6 Hz),
6.25(d, 1H, J = 9.4 Hz), 3.94 (s, 3H), 1.46(s, 6H); 13C NMR (101 MHz, CDCl3) δC: 161.14,
160.32, 152.69, 144.59, 144.07, 127.16, 114.40, 113.72, 113.12, 113.05, 107.66, 71.77, 56.24,
30.00; IR (KBr): 3735.67, 3466.37, 2960.23, 2347.90, 1707.97, 1598.36, 1471.26, 1252.81, 1182.87,
1087.44, 823.12, 703.70, 562.82 cm−1; HRMS (EI) calcd for C15H16O4 [M + Na]+ 283.1038,
found 283.1053.

3.3.2. Synthesis of Citrubuntin (2): Table 4, Entry 1–2 (Gram Scale)

Under a nitrogen atmosphere, a double-neck round-bottom flask or a Heavy-Wall
Pressure Vessel was equipped with a magnetic stir bar, a condenser, and charged with
3b (1.2 g, 4.7 mmol), Pd(t-Bu3P)2 (240 mg, 0.47 mmol), BHT (103.2 mg, 0.47 mmol), 1,3-
Dichloropropane (36 mL, bubbled with nitrogen for 10 min prior to addition), Et3N (653 μL,
4.7 mmol), and 1,1-dimethylallyl alcohol 5 (2.2 mL, 21 mmol). The flask was then immersed
in an oil bath preheated to 90 ◦C. The reaction progress was monitored by TLC, and after
approximately 8 hours, the mixture was cooled to room temperature. A saturated aqueous
NaHCO3 solution (10 mL) was added, and the mixture was stirred for 5 minutes. The
resulting mixture was filtered through a celite pad and washed with ethyl acetate (100 mL).
The filtrate was diluted with additional ethyl acetate (300 mL) and washed sequentially
with water (240 mL) and brine (40 mL). The organic layer was dried over sodium sulfate,
filtered, and concentrated under reduced pressure at 30 ◦C to yield the crude product.
Purification by flash column chromatography (petroleum ether/ethyl acetate gradient, 15:1
to 5:1), the title compound citrubuntin was obtained as a yellow powder solid (1.07 g, 97%
yield), m.p. 176–178 ◦C. 1H NMR (400 MHz, CDCl3) δH: 7.65 (d, J = 9.5 Hz, 1H), 7.55 (s,
1H), 6.87 (d, J = 16.3 Hz, 1H), 6.79 (d, J = 16.3 Hz, 1H), 6.78 (s, 1H), 6.27 (d, J = 9.5 Hz, 1H),
5.13 (d, J = 2.1 Hz, 1H), 5.10 (t, J = 1.7 Hz, 1H), 3.92 (s, 3H), 1.99 (d, J = 1.2 Hz, 3H); 13C
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NMR (101 MHz, CDCl3) δC: 161.26, 160.05, 155.21, 143.63, 142.40, 133.21, 124.93, 124.37,
121.74, 117.94, 113.54, 112.43, 99.10, 56.17, 18.73; IR (KBr): 3427.83, 3063.80, 2930.04, 2345.77,
1725.98, 1610.08, 1368.16, 1270.11, 1123.71, 1001.52, 865.87, 819.85, 458.49 cm−1; HRMS (EI)
calcd for C15H14O3 [M + Na] + 265.0837, found 265.0835.

Data for compound 7, m.p. 172–174 ◦C: 1H NMR (400 MHz, CDCl3) δH: 7.63 (d,
J = 9.5 Hz, 1H), 7.48 (s, 1H), 6.85 (d, J = 16.2 Hz, 1H), 6.77 (s, 1H), 6.36 (d, J = 16.2 Hz,
1H), 6.26 (d, J = 9.5 Hz, 1H), 3.90 (s, 3H), 1.44 (s, 6H); 13C NMR (101 MHz, CDCl3) δC:
161.30, 160.03, 155.22, 143.60, 139.30, 125.44, 123.88, 119.84, 113.49, 112.31, 99.05, 71.36,
56.11, 30.02; IR (KBr): 3838.15, 3732.92, 3433.47, 2932.10, 2345.14, 1728.08, 1611.93, 1356.06,
1210.07, 1020.71, 830.13, 675.92 cm−1; HRMS (EI) calcd for C15H16O4 [M + Na]+ 283.0940,
found 283.0941.

4. Conclusions

In summary, we developed a simple, practical method for preparing trans-dehydroosthol
and citrubuntin in just one single step using the readily available starting materials. The
naturally occurring compounds obtained in almost quantitative yield exhibited excellent
stereoselectivity and atomic economy. This strategy offers several notable advantages:
(1) the concise and efficient syntheses are characterized by a successful PGF (protecting
group-free) approach and a redox-neutral strategy and (2) a highly active catalyst system
has been developed for the one-pot (domino) Heck/dehydration reaction of deactivated
coumarin substrates. This system is based on the electron-rich and bulky catalyst Pd[P(t-
Bu)3]2, in combination with either Et3N or the less commonly used trialkylamine (n-
C3H7)3N, and mediated by chlorinated solvents such as 1,3-DCP or DCE. Importantly, this
synthetic approach not only enables the formal synthesis of novel dimeric natural products,
including exotines A, cnidimonins A–C, 6/8-naphthoherniarin, cyclobi-suberodiene, and
acrimarines A, F, and G, but also facilitates their overall synthesis. Ongoing efforts are
focused on refining the practical, cost-effective conditions and methodologies for these
dimeric compounds. The synthetic strategies reported in this study are being explored for
potential application in related natural products. Further information on this development
will be provided in the future.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/molecules30051067/s1, Figures S1–S16: 1H and 13C NMR spectra of
the products; Figures S17–S24: 1H NMR Spectra for crude 6 and trans-dehydroosthol (1); Tables S1–S4:
1H and 13C NMR spectral comparisons for compounds. References [9,17,21,27] are cited in the
Supplementary Materials.
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Abstract: We have designed, synthesized, and characterized a small library of shikonin
derivatives and demonstrated their inhibitory activity against the main protease, Mpro, of
SARS-CoV-2. One analog, 5,8-dimethyl shikonin oxime (15), exhibited the highest activity
against SARS-CoV-2 Mpro with an IC50 value of 12.53 ± 3.59 μM. It exhibited much less
toxicity as compared with the parent compound, shikonin, in both in vitro and in vivo
models. Structure–activity relationship analysis indicated that the oxime moieties on the
naphthalene ring and the functional groups attached to the oxygen atom on the side chain
play a pivotal role in enzymatic inhibitory activity. Molecular docking results implied that
the inhibitor 15 is perfectly settled in the core of the substrate-binding pocket of Mpro by
possibly interacting with three catalytic residues, His41, Cys145, and Met165. Overall, the
shikonin oxime derivative 15 deserves further investigation as an antiviral agent against
SARS-CoV-2.

Keywords: SARS-CoV-2 Mpro; shikonin; dimethyl shikonin oximes; inhibitors; COVID-19

1. Introduction

The severe acute respiratory infectious disease caused by a new coronavirus (SARS-
CoV-2) led to the outbreak of pneumonia (COVID-19), which has seriously endangered
the world’s public health [1,2]. According to the data from WHO, by 1 December 2024,
there were more than 776.97 million diagnosed COVID-19 cases and 7.07 million confirmed
deaths, making it one of the deadliest pandemics in human history [3]. From December
2021, the number of cases appears to be rapidly increasing due to the rapid epidemic
expansion of the SARS-CoV-2 Omicron variant. Therefore, it is an urgent need to develop
highly effective drugs against the ongoing pandemic coronavirus disease [4].

The new coronavirus is a single-strand positive-sense RNA virus with high homology
to SARS-CoV and MERS-CoV [5]. After entry of the coronavirus into host cells, nuclear
acids were released within the host cytoplasm and the ORF1a/b region of the viral genome
translated into two polyprotein precursors (pp1a and pp1ab), which were cleaved to virus
structural and non-structural proteins under the action of main protease (Mpro) [6,7]. Mpro

was also called the 3C-like protease because its cleavage site specificity was similar to that
of picornavirus 3C protease. The non-structural proteins produced by Mpro were involved
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in the synthesis of viral subgene RNA and also four structural proteins vital for the viral
reproduction. Since the main protease plays a pivotal role in the life cycle of coronavirus,
and there are no homologous proteins within the host cells, Mpro is an ideal target for
antiviral drug research and development [8,9]. Although dozens of distinct vaccines have
been authorized for use against COVID-19, certain variants with mutations on their spike
proteins might escape from the immune responses of vaccination [10,11].

Natural active compounds are a wellspring of lead compounds for antiviral drug
screening [12]. Shikonin (Figure 1), a natural naphthoquinone isolated from Lithospermum
erythrorhizon Sieb. et Zucc., exhibited striking antiviral, antibacterial, anti-inflammatory,
and anticancer activity. Within concentrations from 0.0156 μM to 1 μM, the naphtho-
quinone showed inhibitory effects against adenovirus through down-regulation of viral
hexon protein and prohibition of cellular apoptosis induced by the virus [13]. Its acetyl
derivative potently inhibited both infection and replication of Coxsackievirus A16 in vitro
and in vivo [14]. In recent studies, it was identified as a potent inhibitor of SARS-CoV-2
Mpro with its IC50 value of 15.75 ± 8.22 μM [8].

Figure 1. Generation of ROS from naphthazarin nucleus and bioreductive alkylation of shikonin
with nucleophiles.

In spite of the potent antiviral activity, it has not been used in clinical trials mainly
ascribed to the non-specific cytotoxicity both in vivo and in vitro. From the chemical
point of view, the naphthazarin nucleus contributed to ROS generation and bioreductive
alkylation of the hallmark molecule, leading to high toxicity (Figure 1) [15]. Therefore,
rational structural modifications of the naphthoquinone scaffold of 1 could prevent the
cytotoxicity and also provide antiviral candidates with few side effects.

The study that focused on the crystal structure of SARS-CoV-2 Mpro in complex with
shikonin implied that the inhibitor formed multiple interactions with the target enzyme [16]
(Figure 2). The phenolic hydroxyl group on the naphthazarin nucleus hydrogen bonded
with protease polar triad Cys145 and His164 amino acid residues. A π–π interaction
between the shikonin naphthazarin moieties with His41 on the S1 subsite also contributed
to the tight binding affinity of the inhibitor with Mpro. These findings suggested that
exchange of phenolic hydroxyl groups on the A-ring of shikonin with certain hydroxyl
group-contained functional groups possibly maintained the enzymatic inhibition activity.

51



Molecules 2025, 30, 1321

In addition, carbonyl/hydroxyl groups on the naphthazarin nucleus should be masked to
avoid the generation of ROS, since ROS accumulation was correlated to the cytotoxicity
of resulting compounds. The electron-withdrawing groups were not preferred since the
decrease in electron density of the naphthalene ring might lead to weakened π–π interaction
of prepared compounds with the side chain of His41. All of these studies motivated us to
prepare 5,8-dimethyl shikonin oximes (Figure 3) and also test their enzymatic inhibition
activity against SARS-CoV-2 Mpro.

π π

Figure 2. X-ray cocrystal structure of shikonin−Mpro complex (PDB ID: 7CA8). Shikonin in magenta
color was shown in sticks. His41 (blue), His164 (yellow), and Cys145 (orange) were shown in lines.

π -π stacking

Figure 3. Overlooked strategy for Mpro inhibitor design.

2. Results and Discussion

2.1. Synthetic Studies

Racemic 4-methyl-1-(1,4,5,8-tetramethoxynaphthalen-2-yl)pent-3-en-1-ol (2), which
was prepared according to the reported procedures [17], was employed as the starting
material in the study. The secondary alcoholic hydroxyl group of starting material was first
etherified using sodium hydride and brominated isoamyl to afford compound 3 in high
yield with potassium iodine as the catalyst (Scheme 1). Then, the methyl groups of 3 were
cleaved by cerium ammonium nitrate (CAN)-mediated oxidation under mild conditions to
afford a pair of isomers, among which naphthoquinone 4 was separated through column
chromotography. Oximation of the quinone moiety of the substrate (4) using hydroxyl
amine hydrochloride and pyridine in alcoholic solutions gave the target compound (5) with
a high yield. Further esterification of the oxime hydroxyl group of 5 produced the ester (6).
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Scheme 1. Reagents and conditions: (a) isoamyl bromide, NaH, KI, DMF, 0 ◦C, 20 min, then 60 ◦C,
overnight; yield: 88.3%. (b) CAN, DCM/ACN, 0 ◦C, 10 min; yield: 38.7%. (c) NH2OH·HCl, Py, EtOH,
50 ◦C, 24 h; yield: 90.4%. (d) PhCOOH, EDCI, DMAP, DCM, overnight; yield: 83.2%.

Methylated shikonin analogues (7 and 8) were prepared by the same synthetic strategy
using tetrahydropyranyl (THP) group-protected bromohydrin as a reactant instead of the
brominated isopentane (Scheme 2). Acidic hydrolysis of the THP-protecting group and
further oxidation–oximation reactions afforded 5,8-dimethyl shikonin oxime derivatives
(9 and 10). Compound 12 was prepared by esterification of the secondary alcoholic hydroxyl
group of 2 with cinnamoyl acid and subsequent oxidation–oximation reactions (Scheme 2).

 
Scheme 2. Reagents and conditions: (e) THP-protected bromohydrin, NaH, KI, DMF, 60 ◦C, overnight;
then HCl, CH3OH, r.t., 2 h; yield for compound 7: 81.4%; yield for compound 8: 85.8%. (b)–(d) were
the same with counterparts illustrated in Scheme 1.

In the preparation of enantiomeric secondary alcohols (2-R and 2-S), the racemate
2 was first subject to moderate Dess–Martin oxidation to afford ketone 13 in high yield
(Scheme 3). Further asymmetric hydrogenation of ketone 13 produced the enantiomeric
alcohols 2-R and 2-S in excellent enantiomeric excess values using diisopinocampheyl
chloroborane (+)-DIP-Cl and (−)-DIP-Cl as the reducing agent, respectively. Due to the
steric hindrance of the α-pinenyl substituent, the substituted borane only hydroborates
unhindered substrates, and the hydroboration reactions proceeded through the formation
of six-member cyclic rings [18,19]. As shown in Scheme 4, the smaller six-carbon side chain
faced the axial 2′-methyl group, while the bulky substituted naphthalene ring occupied
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the equatorial-like orientation in the preferred transition-state intermediate (16). The
cis-elimination of boron moiety and hydrogen probably resulted in the formation of the
secondary alcohol (2-S) with S-configuration. In the disfavored intermediate (17), the steric
repulsion between the axial 2′-methyl group and 1,4,5,8-tetramethoxy naphthalene ring
prohibited the formation of R-enantiomer (2-R).

 

Scheme 3. Reagents and conditions: (f) Dess–Martin periodinane, DCM, −15 ◦C, 2 h; yield:
84.5%. (g) (+)-DIP-Cl or (−)-DIP-Cl, −30 ◦C, overnight; (+)-DIP-Cl for 2-R and (−)-DIP-Cl for 2-S.
(a)–(c) were the same with counterparts illustrated in Scheme 1.

 
Scheme 4. Transition-state model for (−)-DIP-Cl-mediated hydroboration of compound 13.

Similarly, the reduction of ketone 13 using (+)-DIP-Cl preferentially afforded the
alcohol 2-R with the chiral center in R-configuration, and the reaction proceeded via the
formation of a boat-like bicyclic transition-state intermediate (18, Figure 4).

Figure 4. Structure of favored transition-state intermediate for (+)-DIP-Cl-mediated hydroboration.
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The configuration of products in campheylborane DIP-Cl-mediated hydroboration of
13 as a substrate was different from the reported hydrogenation of the methylene acetal-
protected analogue (19) using DIP-Cl [20,21] (Scheme 5). The results from previous studies
indicated that the reduction of ketone intermediate 19 using (+)-DIP-Cl afforded corre-
sponding alcohol (20) with the chiral center in S-configuration, and the (−)-DIP-Cl provided
R-alcohol (21). The methoxyl group-substituted naphthalene ring of ketone 13 should be
bigger in size as compared with the methylene acetal-protected naphthalene moiety of
19. The steric repulsion between the pinocampheyl methyl group and naphthalene ring
should be much weaker in intermediate 22 than that in the transition state of interme-
diate 17. According to the classical theories [19,20] on DIP-Cl-mediated hydroboration
reactions, there might be additional interactions between the oxygen atoms in methylene
acetal-protecting groups with the boron atom, which contributed to the stabilization of
transition-state intermediate 22.

Scheme 5. Asymmetric reduction of ketone intermediate 19 with organoborane DIP-Cl and plausible
mechanisms.

The optical purities for chiral alcohols (2-R and 2-S) were determined by established
chiral chromatography using the Chiralpak OD-H column with n-hexane-isopropanol (6:4,
V/V) as the eluent [22]. The optical purity was 96% and 95% for compound 2-R and 2-S,
respectively (see Supplementary Materials). The absolute configuration of chiral centers
for two optical isomers was confirmed by comparing the chromatographic retention times
of two compounds with the optical intermediate obtained by Ru(II)-catalyzed asymmetric
hydrogenation [23]. In the synthesis of chiral compounds 14 and 15, no racemization
reactions were involved with 2-R and 2-S as the starting material. The purity of target
compounds (14 and 15) was confirmed by the chiral liquid chromatography with amylose
tris[(S)-α-methylbenzylcarbamate] (CHIRALPAK® IH, 250 × 4.6 mm, 5 μm) as the station-
ary phase and n-hexane/i-PrOH (9:1, V/V) as the mobile phase (compound 14, 96% e.e.;
compound 15, 95% e.e.).

2.2. Enzymatic Inhibition Assay

The Mpro inhibition activity of prepared compounds was measured employing the
reported Fluorescence Resonance Energy Transfer (FRET) method [24], in which the flu-
orescent MCA and Dnp were used as the donor and the acceptor, respectively. In the
primary screening, compounds (4–6, 9, 10, and 12) and shikonin as the positive control
were tested at the concentration of 10 μM and the fluorescence intensity of each well in the
enzymatic assay was monitored upon incubation for 5 min. Since racemic compound 5

was a relatively more potent inhibitor within tested 5,8-dimethyl shikonin analogues in the
primary screening, compounds 14 and 15 as enantiomers and the lead shikonin were then
determined for their IC50 values, which were in the range from 11.26 to 22.75 μM.
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2.3. Structure–Activity Relationship Studies

The results from the preliminary enzymatic inhibition assay indicated that the sub-
stitutions on the naphthazarin moiety of shikonin and the functional groups attached to
the oxygen atom on the side chain played pivotal roles in the activity (Table 1). Oximation
of the quinone ring led to an increase in inhibitory activity since compound 5 was nearly
a three-fold more potent inhibitor to the parent compound 4 with a quinoidal scaffold.
However, benzoylation of the oxime hydroxyl group (6) resulted in complete loss of activity
in screening. During modification of the ether linkage on the side chain, elongation of the
isopentane branched chain (5) to an n-octane backbone (10) caused a drop in enzyme inhibi-
tion efficacy. Exchange of the isopentane group of 5 to a hexan-2-ol moiety (9) was also not
preferred. Additionally, 5,8-dimethyl shikonin oxime (12) with the enzymatic inhibition rate
of 28% at the concentration of 10 μM was less potent as compared with the ether derivative
5. In the preliminary screening, the racemic compound 5 was identified as the most potent
one among the tested shikonin derivatives with an enzymatic inhibition rate of about 36%.

Table 1. Enzymatic inhibition rates of tested compounds in the primary screening.

No. of Compd. Enzymatic Inhibition Rate (%)

4 10.6
5 35.8
6 −6.9
9 10.7
10 11.3
12 28.0
1 51.4

Since most enantiomers of racemic drugs displayed marked differences in pharmaco-
logical activities [25,26], the enantiomers of compound 5 prepared through enantioselective
hydrogenation were tested for their enzymatic inhibition efficacy. As shown in Table 2,
S-enantiomer 15 was characterized as the eutomer with respect to inhibition of SARS-CoV-2
Mpro with the IC50 value of 12.53 ± 3.59 μM. It was equally potent, as compared with
shikonin, as the lead (IC50 = 11.26 ± 2.35 μM). The eutomer 15 was a 1.8-fold more potent
inhibitor as compared with the distomer (14). The results implied that there might be
some positive or negative interactions between the isoamylene moiety on the chiral center
and the isopentane substituent attached to the oxygen atom, and the combined effects
influenced the Mpro inhibitory activity.

2.4. Molecular Docking Studies

To further understand the putative binding modes of compound 15 against SARS-
CoV-2 Mpro, we performed a molecular docking study using the MOE 2008 software
(Chemical Computing Group Inc., Montreal, QC, Canada). The X-ray crystal structure of
SARS-CoV-2 Mpro (PDB: 7CA8) complexed with shikonin in the substrate-binding site was
obtained from the RSC Protein Data Bank (Figure 5). The active site cavity was defined as
amino acid residues within an 8 Å spherical radius to shikonin. In the system adaptability
test of docking studies, shikonin as the native ligand was docked back to the original
model (7CA8) from PDB. The result from validation studies indicated that shikonin in
the predicted binding model with the lowest binding energy (−16.0859 Kcal/mol) posed
a similar conformation and orientation in the active site cavity as compared with the
original model. Employing the established molecular docking algorithm, compound 15

was successfully docked in the shikonin-binding pocket in SARS-CoV-2 Mpro with a binding
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energy of −16.8006 Kcal/mol. Molecular formulas, Lipinski’s rule of five, binding affinities
(Kcal/mol), and binding active amino acid residues are shown in Table 3.

Table 2. IC50 values of selected enantiomers against SARS-CoV-2 Mpro.

No. of Compd. Chemical Structure IC50 (μM)

14

 

22.75 ± 4.61

15

 

12.53 ± 3.59

1

 

11.26 ± 2.35

 
(a) 

  
(b) 

Figure 5. (a) The predicted binding model of the top-hit compound (shown as magenta sticks) in the
substrate-binding pocket of SARS-CoV-2 Mpro. White dotted lines represent hydrogen bonds with
amino acid residues. (b) Representation of the interactions between compound 15 and surrounding
amino acid residues in the SARS-CoV-2 Mpro-binding pocket.
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Table 3. Properties, Lipinski’s rule of five, binding affinities, and active amino acid residues in
docking studies.

Compd.
Molecular
Formula

Lipinski’s Rule of Five
Calculated

Binding Energy
(Kcal/mol)

Binding Amino
Acid Residues

15 C23H32N2O5

Molecular weight (<500 DA) 416.51

−16.8006

His41, Cys145,
His164, Met165,
Thr190, Arg188,

Gln189

LogP (<5) 4.29 *

H-bond donor (5) 2

H-Bond acceptor (10) 7

Shikonin C16H16O5

Molecular weight (<500 DA) 288.30

−16.0859

His41, Cys145,
His164, Met165,
Tyr54, Arg188,

Asp187, Gln189,
Met49

LogP (<5) 0.92 *; 1.08 Δ

H-bond donor (5) 3

H-Bond acceptor (10) 5

Note: * the data were predicted by ChemDraw Ultra 12.0 software; Δ stands for the experimental value [27].

In the proposed binding modes (Figure 5), the inhibitor 15 was well placed in the
SARS-CoV-2 Mpro catalytic triad region, forming hydrogen bonding with the polar Cys145
located on the S1 subsite with a distance of only 1.9 Å. In addition, the aromatic naphthalene
ring in the structure of shikonin formed a π–π interaction with His41 amino acid residue
on the S2 subsite. The oxygen atom on the oxime moiety also formed one hydrogen bond
with the His41 imidazole functional group (bond length of 1.8 Å), contributing to the
tight binding affinity. The hydrophobic interactions between the isopentene side chain
and Met165 together with the hydrogen bonding between one oxime hydroxyl group and
Met165 sulfur atom also confirmed the tight binding affinity of compound 15 with the
substrate-binding site.

2.5. Surface Plasmon Resonance Assay

The real-time binding profile between SARS-CoV-2 Mpro protein and the inhibitor
15 was identified by the standard surface plasmon resonance (SPR) assay. SARS-CoV-2
Mpro proteins were immobilized to a CM5 sensorchip. For affinity analysis, compound
15 was dissolved in a PBS solution supplemented with 0.05% Tween-20 and 5% DMSO
at concentrations of 1.0 μM, 2.0 μM, 4.0 μM, 8.0 μM, and 16.0 μM, respectively. We used
the BiacoreTM insight evaluation software to calculate multi-cycle kinetics for samples.
As shown in Figure 6, the binding rate constant (ka) of 0.220 M−1·s−1 confirmed binding
affinity of inhibitor 15 with the target enzyme.

2.6. Cytotoxicity Evaluations

Shikonin as the lead compound and 5,8-dimethyl shikonin oxime 15 were tested for
their cytotoxicity using the standard MTT assay described in the Experimental Section.
The results implied that shikonin was highly toxic towards the tested human normal
HFF-1 and African green monkey Vero E6 cells with CC50 values of 1.31 ± 0.09 μM and
1.48 ± 0.06 μM (Table 4), respectively.
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Figure 6. The real-time binding profile between SARS-CoV-2 Mpro and shikonin oxime 15.

Table 4. Cytotoxic activity of shikonin and compound 15 against selected mammalian cell lines.

No. of Compd. Chemical
Structures

CC50 Values

HFF-1 Vero E6

15

 

85.6 ± 5.9 μM 96.7 ± 8.3 μM

1

 

1.31 ± 0.09 μM 1.48 ± 0.06 μM

On the contrary, 5,8-dimethyl shikonin oxime 15 exhibited rather low cytotoxicity
towards these two cell lines with CC50 values much higher than 50 μM. The observations
were in accordance with previously published research results that the cytotoxicity of natural
shikonin greatly decreased upon modifications of the naphthazarin core scaffold [28,29].

2.7. In Vitro Antiviral Activity

In order to determine the antiviral potential of synthesized 5,8-dimethyl shikonin
oximes, we further examined the effects of compound 15 against wildtype SARS-CoV-2
replicating in Vero E6 cells. Culture supernatant was collected after treatment of the infected
cells by shikonin oxime 15 at concentrations of 12.5, 25, 50, and 75 μM, respectively. Then
supernatant from cell cultures was collected and SARS-CoV-2 copies were measured by
qRT-PCR assay [8]. The results indicated that compound 15 at the concentration of 75 μM
suppressed viral replications by about 50% in host Vero E6 cells through the quantitative
RT-PCR assay (Figure 7).
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Figure 7. Compound 15 inhibited live SARS-CoV-2 replication in Vero E6 cells (** p < 0.01).

Further immunofluorescence assays for viral N proteins were conducted to confirm the
anti-viral efficacy of targeted compounds. As shown in Figure 8, cells treated with shikonin
and compound 15 exhibited significantly decreased expression of viral N proteins than the
untreated cells. However, due to the high toxicity of shikonin, the blue fluorescence from
the live cell nucleus in the shikonin-treated group was almost invisible. All of the results
implied that the shikonin oxime derivative 15 deserved further development as a potential
antiviral drug candidate for the treatment of SARS-CoV-2 infections.

 
Shikonin (10 M) Compound 15 (50 M) Control 

Figure 8. Immunofluorescent assay was used to detect the expression of SARS-CoV-2 N proteins. The
yellow lights indicated viral N proteins, while the blue fluorescence from DAPI stands for nucleus of
live cells.

The therapeutic index was defined as the ratio between the antiviral EC50 values
and the cytotoxicity. Although the shikonin analog 15 had slightly decreased enzymatic
inhibitory activity than shikonin, its therapeutic index (about 0.78) was much less than
that of shikonin (>1.0/0.8 ± 0.0) [30]. It deserves further investigation as an antiviral drug
candidate against SARS-CoV-2.

2.8. In Vivo Toxicity Evaluation of 5,8-Dimethyl Shikonin Oxime 15 and Shikonin in Balb/c Mice

We performed the in vivo toxicity study of 5,8-dimethyl shikonin oxime (15) and lead
compound shikonin in Balb/c mice by repeatedly intravenous administration of compound
15 (30 mg/kg, i.v.) (Figure 9) or shikonin (10 mg/kg, i.v.) for sive times on every other day.
We monitored toxicity symptoms like loss of weight by 15% for three consecutive days, loss
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of appetite, slowness in activity, and treatment-related mortality, if any, from day 1 to day
13, plus two more days after the last administration. Repeated administration of compound
15 (30 mg/kg) alone did not induce any mortality or toxicity symptoms. However, the
intravenous administration of shikonin (10 mg/kg) was not tolerable since all the animals
died within six days after the first treatment (Figure 10). All of these observations suggested
that 5,8-dimethyl shikonin oxime 15 was much less toxic in murine as compared with the
parent compound shikonin, and oxime derivative 15 had certain advantages in efficacy
evaluations in animals.

Figure 9. Body weight changes of animals upon treatment by compound 15. (Arrows stands for the
date of compound administration).

Figure 10. Survival curve of animals for compound 15 and shikonin group.

61



Molecules 2025, 30, 1321

3. Experimental

3.1. Chemistry

Reagents and solvents in reagent grade were obtained from Shanghai Titan Scientific
Co. Ltd. (Shanghai, China) and used without further purification unless otherwise stated.
Melting points were determined on a WRR digital melting point apparatus (40–280 ◦C,
Shanghai INESA Physical-Optical Instrument Co., Ltd., Shanghai, China). All NMR spectra
were recorded on a Bruker Advance 400 MHz spectrometer (ideaoptics, Shanghai, China) at
400 MHz for 1H and 101 MHz for 13C or an Agilent 300 MHz spectrometer at 300 MHz for
1H and 75 MHz for 13C. All NMR measurements were carried out at room temperature and
the chemical shifts are reported as parts per million (ppm) in units relative to the resonance
of CDCl3 (7.26 ppm in the 1H and 77.16 ppm for the central line of the triplet in the 13C
modes, respectively) and DMSO-d6 (2.50 ppm in the 1H and 39.52 ppm for the central line
of the septet in the 13C modes, respectively). The plates used for thin-layer chromatography
(TLC) were E. Merck Silica Gel 60F254 (0.25 mm thickness), and they were visualized under
short (254 nm) and long (365 nm) UV light. Chromatographic purifications were carried out
using MN silica gel 60 (230–400 mesh). The purity of tested compounds was determined
by HPLC, which was performed by using the Agilent 1100 series (Agilent Technologies
Deutschland GmbH Hewlett-Packard-Strasse 8, Waldbronn, Germany) installed with
an analytic column, the Agilent Zorbax C18 column (4.6 mm × 250 mm, 5 μm), at UV
detection of 318 nm (reference at 450 nm) with acetonitrile (60%)/Milli-Q water (40%) at a
flow rate of 1.0 mL/min. All tested compounds were shown to >98% purity according to
HPLC analysis.

3.1.1. Synthesis of 2-(1-(Isopentyloxy)-4-methylpent-3-en-1-yl)-1,4,5,8-tetramethoxy
Naphthalene (3)

The 4-methyl-1-(1,4,5,8-tetramethoxynaphthalen-2-yl)pent-3-en-1-ol (2, 3.0 g, 8.7 mmol)
was dissolved in dry DMF (30 mL) under water–ice cooling, and NaH in mineral oil (60%,
1.0 g, 25 mmol) was added in portions. After the addition, the mixture was stirred for
20 min. Then, bromoisopentane (2.6 g, 17.2 mmol) and a catalytic amount of potassium
iodine were added. The reaction mixture was further headed at 60 ◦C overnight. After
completion of the reaction, the reaction mixture was poured on ice and the mixture was
extracted with dichloromethane (20 mL × 4). The combined organic layer was washed with
brine, dried over anhydrous sodium sulphate, and evaporated under reduced pressure
to give a brown oil, which was subjected to flash column chromatography on silica gel
with 10% ethyl acetate in petroleum ether as the eluent to furnish the desired product as
a light-yellow oil (3.2 g), obtaining a yield of 88.3% as well as the following: 1H NMR
(400 MHz, CDCl3) δ 6.98 (s, 1H), 6.83 (s, 2H), 5.26 (t, J = 7.2 Hz, 1H), 4.87 (t, J = 6.6 Hz,
1H), 3.97–3.88 (m, 9H), 3.74 (s, 3H), 3.40–3.25 (m, 2H), 2.54–2.40 (m, 2H), 1.77–1.68 (m, 1H),
1.66 (s, 3H), 1.54 (s, 3H), 1.52–1.37 (m, 2H), 0.86 (d, J = 6.6 Hz, 3H), 0.81 (d, J = 6.6 Hz, 3H).

3.1.2. Synthesis of 6-(1-(Isopentyloxy)-4-methylpent-3-en-1-yl)-5,8-dimethoxy
Naphthalene-1,4-dione (4)

To a solution of 2-(1-(isopentyloxy)-4-methylpent-3-en-1-yl)-1,4,5,8-tetramethoxynaph-
thalene 3 (2.0 g, 4.8 mmol) in a mixture of dichloromethane–acetonitrile (3:1, 10 mL) under
water–ice cooling, a solution of ammonium cerium nitrate (CAN, 5.8 g, 10.6 mmol) in water
(8 mL) was added. After the addition, the mixture was stirred for 10 min until consumption
of compound 3 as the starting material. Then, the reaction mixture was extracted with
ethyl acetate (10 mL × 4), and the combined organic phase was washed with brine, dried
over anhydrous sodium sulfate, and concentrated under vacuum. Finally, the residue was
purified by flash chromatography on silica gel with gradient elution (20% ethyl acetate in
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petroleum ether to 35% ethyl acetate in petroleum ether) to furnish the desired product
as a yellow-orange oil (0.72 g), with a yield of 38.7% as well as the following: 1H NMR
(400 MHz, CDCl3) δ 7.72 (s, 2H), 7.22 (s, 1H), 5.26 (s, 1H), 4.77 (s, 1H), 4.04 (s, 3H), 3.71
(s, 3H), 3.39 (t, J = 6.6 Hz, 2H), 2.45 (s, 2H), 1.81–1.72 (m, 1H), 1.70 (s, 3H), 1.56 (s, 3H),
1.50 (q, J = 6.9 Hz, 2H), 0.91 (d, J = 6.7 Hz, 3H), 0.88 (d, J = 6.7 Hz, 3H).

3.1.3. (1E,4E)-6-(1-(Isopentyloxy)-4-methylpent-3-en-1-yl)-5,8-dimethoxynaphthal-ene-
1,4-dione Dioxime (5)

Hydroxylamine hydrochloride (716 mg, 10.3 mmol) and pyridine (815 mg, 10.3 mmol)
were added to a solution of naphthoquinone 4 (500 mg, 1.29 mmol) in anhydrous ethanol
(20 mL). The mixture was stirred at 50 ◦C for 24 h under nitrogen atmosphere. After
completion of the reaction, solvent was evaporated under reduced pressure. Then, the
residue was poured into cold water and the yellow precipitate was collected by simple
filtration. The obtained filter cake was recrystallized in ethanol to afford the title compound
as a light-yellow solid (487 mg), obtaining the following: yield: 90.4%; M.P. > 205 ◦C
(decomposed); Rf value of 0.73 (50% ethyl acetate in petroleum ether); 1H NMR (400 MHz,
DMSO-d6) δ 12.02 (s, 2H), 7.42–7.28 (m, 2H), 7.05 (s, 1H), 5.23–5.13 (m, 1H), 4.68–4.55
(m, 1H), 3.74 (s, 3H), 3.55 (s, 3H), 3.30–3.19 (m, 2H), 2.32–2.26 (m, 2H), 1.74–1.65 (m, 1H),
1.60 (s, 3H), 1.47 (s, 3H), 1.40–1.28 (m, 2H), 0.88–0.65 (m, 6H); 13C NMR (101 MHz, DMSO-
d6) δ 153.8, 149.0, 148.0, 147.7, 138.1, 133.0, 124.4, 121.1, 120.1, 119.5, 119.4, 110.9, 75.9, 67.1,
61.2, 56.5, 38.7, 36.1, 26.0, 24.9, 23.0, 22.7, 18.1; ESI-HRMS: calcd. for C23H32N2NaO5

+:
439.22034, found: 439.2199 [M+Na]+.

3.1.4. (1E,4E)-6-((R)-1-(Isopentyloxy)-4-methylpent-3-en-1-yl)-5,8-dimethoxy
Naphthalene-1,4-dione Dioxime (14)

Compound 14 as a light-yellow solid was prepared by using the above-mentioned
synthetic procedures for compound 5 (Scheme 1, from a to c), in which (R)-4-methyl-1-
(1,4,5,8-tetramethoxynaphthalen-2-yl)pent-3-en-1-ol (2-R) was used instead of the racemic
4-methyl-1-(1,4,5,8-tetramethoxynaphthalen-2-yl)pent-3-en-1-ol (2) in the etherification
reaction (a), obtaining the following: total yield: 31.9%; M.P. > 205 ◦C (decomposed); Rf
value of 0.73 (50% ethyl acetate in petroleum ether); 1H NMR (400 MHz, DMSO-d6) δ 12.03
(s, 2H), 7.38 (s, 2H), 7.08 (s, 1H), 5.20 (t, J = 7.2 Hz, 1H), 4.65 (t, J = 6.3 Hz, 1H), 3.78 (s, 3H),
3.59 (s, 3H), 3.31–3.29 (m, 2H), 2.39–2.29 (m, 2H), 1.79–1.66 (m, 1H), 1.64 (s, 3H), 1.51 (s, 3H),
1.46–1.32 (m, 2H), 0.86 (d, J = 6.6 Hz, 3H), 0.81 (d, J = 6.6 Hz, 3H); 13C NMR (101 MHz,
DMSO-d6) δ 153.4, 148.6, 147.3, 137.7, 132.5, 124.0, 120.7, 119.7, 119.1, 110.7, 75.4, 66.7, 60.7,
56.2, 38.3, 35.6, 25.5, 24.5, 22.5, 22.3, 17.6; ESI-HRMS: calcd. for C23H32N2NaO5

+: 439.22034,
found: 439.2206 [M+Na]+.

3.1.5. (1E,4E)-6-((S)-1-(Isopentyloxy)-4-methylpent-3-en-1-yl)-5,8-dimethoxy
Naphthalene-1,4-dione Dioxime (15)

Compound 15 as a light-yellow solid was synthesized by using (S)-4-methyl-1-(1,4,5,8-
tetramethoxynaphthalen-2-yl)pent-3-en-1-ol (2-S) as the starting material, instead of the
racemic 4-methyl-1-(1,4,5,8-tetramethoxynaphthalen-2-yl)pent-3-en-1-ol (2) in the synthesis,
obtaining the following: total yield: 32.6%; M.P. > 205 ◦C (decomposed); Rf value of
0.73 (50% ethyl acetate in petroleum ether); 1H NMR (400 MHz, CDCl3) δ 11.86 (s, 2H),
7.77–7.63 (m, 2H), 7.20 (s, 1H), 5.30–5.22 (m, 1H), 4.77 (dd, J = 7.1, 5.7 Hz, 1H), 4.01 (s, 3H),
3.71 (s, 3H), 3.39 (t, J = 6.7 Hz, 2H), 2.45 (s, 2H), 1.81–1.71 (m, 1H), 1.70 (s, 3H), 1.56 (s, 3H),
1.50 (q, J = 6.7 Hz, 2H), 0.91 (d, J = 6.6 Hz, 3H), 0.88 (d, J = 6.6 Hz, 3H); 13C NMR (101 MHz,
DMSO-d6) δ 153.4, 148.6, 147.6, 147.3, 137.7, 132.6, 124.0, 120.7, 119.7, 119.1, 110.6, 75.4,
66.7, 60.8, 56.2, 38.3, 35.6, 25.6, 24.5, 22.6, 22.3, 17.7; ESI-HRMS: calcd. for C23H32N2NaO5

+:
439.22034, found: 439.2210 [M+Na]+.
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3.1.6. (1E,4E)-6-(1-((5-Hydroxyhexyl)oxy)-4-methylpent-3-en-1-yl)-5,8-dimethoxy
Naphthalene-1,4-dione Dioxime (9)

The title compound as a yellow solid was prepared by CAN-mediated oxidation
(Scheme 2, b) and further oximation (c) with compound 7 as the starting material, obtaining
the following: yield: 32.5%; M.P. > 205 ◦C (decomposed); Rf value of 0.38 (50% ethyl acetate
in petroleum ether); 1H NMR (400 MHz, DMSO-d6) δ 11.98 (s, 2H), 7.43–7.38 (m, 2H), 7.05
(s, 1H), 5.18 (t, J = 6.4 Hz, 1H), 4.61 (t, J = 6.4 Hz, 1H), 4.23 (d, J = 4.6 Hz, 1H), 3.74 (s, 3H),
3.58 (s, 3H), 3.53–3.48 (m, 1H), 3.26–3.20 (m, 2H), 2.34–2.28 (m, 2H), 1.60 (s, 3H), 1.46 (s, 3H),
1.46–1.40 (m, 2H), 1.40–1.32 (m, 4H), 1.08–1.02 (m, 3H); 13C NMR (101 MHz, DMSO-d6) δ

153.9, 149.0, 148.0, 147.8, 138.2, 132.9, 124.4, 121.1, 120.1, 119.5, 111.2, 75.8, 68.9, 66.2, 61.2,
56.7, 39.2, 36.1, 30.0, 26.0, 24.0, 22.6, 18.1; ESI-HRMS: calcd. for C24H34N2NaO6

+: 469.23091,
found: 469.2315 [M+Na]+.

3.1.7. (1E,4E)-6-(1-((8-Hydroxyoctyl)oxy)-4-methylpent-3-en-1-yl)-5,8-dimethoxy
Naphthalene-1,4-dione Dioxime (10)

The title compound as a yellow solid was prepared by CAN-mediated oxidation (b)
and further oximation (c) with compound 8 as the starting material, obtaining the following:
yield: 31.6%; M.P. > 205 ◦C (decomposed); Rf value of 0.38 (50% ethyl acetate in petroleum
ether); 1H NMR (400 MHz, DMSO-d6) δ 11.98 (s, 2H), 7.38–7.32 (m, 2H), 7.04 (s, 1H), 5.18
(t, J = 6.3 Hz, 1H), 4.60 (t, J = 6.3 Hz, 1H), 4.24–4.16 (m, 1H), 3.74 (s, 3H), 3.55 (s, 3H),
3.34–3.28 (m, 2H), 3.25–3.18 (m, 2H), 2.32–2.24 (m, 2H), 1.59 (s, 3H), 1.46 (s, 3H), 1.48–1.38
(m, 12H); 13C NMR (101 MHz, DMSO-d6) δ 153.8, 149.0, 148.0, 147.8, 138.2, 132.9, 124.4,
121.2, 120.1, 119.5, 111.1, 75.8, 68.8, 61.2, 61.2, 56.6, 36.1, 33.0, 29.8, 29.4, 29.3, 26.2, 26.0, 25.9,
18.0; ESI-HRMS: calcd. for C26H38N2NaO6

+: 497.26221, found: 497.2621 [M+Na]+.

3.1.8. 1-((5E,8E)-5,8-bis(Hydroxyimino)-1,4-dimethoxy-5,8-dihydronaphthalen-2-yl)-4-
methylpent-3-en-1-yl Cinnamate (12)

4-Methyl-1-(1,4,5,8-tetramethoxynaphthalen-2-yl)pent-3-en-1-ol (2, 3.46 g, 10 mmol)
was first esterified by cinnamic acid (2.22 g, 15 mmol), EDCI (2.88 g, 15 mmol), and DMAP
(20 mg) using the same synthetic procedure for the preparation of compound 6. Further
CAN-mediated oxidation and oximation reactions furnished the title compound as a yellow
solid (1.8 g), obtaining the following: total yield: 38.2%; M.P. > 188 ◦C (decomposed); Rf
value of 0.62 (50% ethyl acetate in petroleum ether); 1H NMR (400 MHz, DMSO-d6) δ 12.08
(m, 2H), 7.89–7.61 (m, 3H), 7.54–7.26 (m, 5H), 7.14 (s, 1H), 6.73 (d, J = 16.0 Hz, 1H), 6.29–6.06
(m, 1H), 5.17 (s, 1H), 3.79 (s, 3H), 3.68 (s, 3H), 2.66–2.55 (m, 2H), 1.65 (s, 3H), 1.58 (s, 3H); 13C
NMR (101 MHz, DMSO-d6) δ 165.61, 153.36, 147.92, 147.43, 147.20, 144.96, 135.56, 134.32,
133.96, 130.54, 128.90, 128.41, 124.15, 119.70, 119.10, 119.01, 118.01, 110.97, 70.36, 60.54, 56.47,
33.86, 25.51, 17.70; ESI-HRMS: calcd. for C27H28N2NaO6

+: 499.18396, found: 499.1843
[M+Na]+.

3.1.9. Synthesis of (1E,4E)-6-(1-(Isopentyloxy)-4-methylpent-3-en-1-yl)-5,8
-dimethoxynaphthalene-1,4-dione O,O-Dibenzoyl Dioxime (6)

A mixture of 5,8-dimethyl shikonin oxime 5 (208 mg, 0.5 mmol), benzoic acid (195 mg,
1.6 mmol), EDCI (307, 1.6 mmol), and catalytic amount of DMAP (20 mg) were dissolved in
dry dichloromethane, and the mixture was stirred at room temperature overnight. After
completion of the reaction, the mixture was diluted with cold water and extracted by DCM
(10 mL × 4). The usual work-up including washing and solvent evaporation afforded a
residue, which was subject to flash chromatography with 10% ethyl acetate in petroleum
ether as the eluent to furnish the ester 6 as a yellow solid (260 mg), obtaining the following:
yield: 83.2%; M.P. > 230 ◦C (decomposed); Rf value of 0.82 (50% ethyl acetate in petroleum
ether); 1H NMR (400 MHz, CDCl3) δ 8.16–8.12 (m, 2H), 8.11 (dd, J = 2.9, 1.4 Hz, 2H),
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7.71–7.63 (m, 2H), 7.65–7.59 (m, 2H), 7.54–7.48 (m, 4H), 7.25 (s, 1H), 6.11 (dd, J = 17.6,
10.8 Hz, 1H), 4.96 (dd, J = 10.8, 1.4 Hz, 1H), 4.79 (dd, J = 17.6, 1.5 Hz, 1H), 4.52 (s, 1H), 4.01
(s, 3H), 3.99 (s, 3H), 3.34–3.28 (m, 2H), 1.77–1.71 (m, 1H), 1.46–1.40 (m, 2H), 1.14 (s, 3H), 0.94
(s, 3H), 0.90 (s, 3H), 0.85 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 163.3, 163.2, 154.2, 153.9,
153.4, 151.6, 144.5, 139.3, 133.6, 133.5, 129.7, 129.7, 128.8, 128.7, 128.7, 128.7, 123.3, 122.8,
122.8, 117.6, 115.9, 112.4, 82.1, 68.1, 62.1, 56.9, 42.6, 38.8, 25.2, 25.0, 22.7, 22.6; ESI-HRMS:
calcd. for C37H40N2NaO7

+: 647.27277, found: 647.2732 [M+Na]+.

3.1.10. Synthesis of 6-((4-Methyl-1-(1,4,5,8-tetramethoxynaphthalen-2-yl)pent-3-en-1-
yl)oxy)hexan-2-ol (7) and 8-((4-Methyl-1-(1,4,5,8-tetramethoxynaphthalen-2-yl)pent-3-
en-1-yl)oxy)octan-1-ol (8)

4-Methyl-1-(1,4,5,8-tetramethoxynaphthalen-2-yl)pent-3-en-1-ol (2, 0.5 g, 1.4 mmol)
in dry DMF (15 mL) was treated with NaH (0.45 g, 60% in mineral oil, 18.8 mmol) at 5 ◦C.
Then, the mixture was stirred for 20 min and 2-((6-bromohexan-2-yl)oxy)tetrahydro-2H-
pyran (0.74 g, 2.8 mmol) and potassium iodine (46 mg) were added. The reaction mixture
was heated at 60 ◦C for 12 h and poured on ice after consumption of compound 2 as
the starting material. The usual extraction work-up using dichloromethane and further
concentration afforded a yellow oil, which was purified by flash column chromatography
on silica gel with 10% ethyl acetate in petroleum ether as the eluent to furnish the THP
protected intermediate (0.68 g). The intermediate was digested in a mixture of concentrated
hydrochloric acid–methanol (1:10, V/V, 11 mL) and the resulting solution was stirred for
2 h at room temperature. Then, the solution was diluted with dichloromethane (10 mL) and
carefully neutralized by a saturated sodium bicarbonate solution. The separated organic
layer was separated, washed with brine, dried over sodium sulphate anhydrous, and
concentrated. The residue was purified by flash chromatography on silica gel with gradient
elution (20% ethyl acetate in petroleum ether to 35% ethyl acetate in petroleum ether) to
furnish the desired product as a light-yellow oil (0.51 g), obtaining the following: yield:
81.4%; 1H NMR (400 MHz, CDCl3) δ 6.92 (s, 1H), 6.78–6.74 (m, 2H), 5.22–5.18 (m, 1H),
4.85–4.81 (m, 1H), 4.03–4.00 (m, 1H), 3.94–3.61 (m, 12H), 3.32–3.18 (m, 2H), 2.46–2.40 (m,
2H), 2.03–1.96 (m, 1H), 1.62 (s, 3H), 1.48 (s, 3H), 1.45–1.11 (m, 6H), 1.10–1.02 (m, 3H); 13C
NMR (101 MHz, CDCl3) δ 153.4, 151.4, 150.2, 147.4, 133.1, 132.7, 122.4, 120.7, 108.2, 107.6,
105.8, 75.2, 68.7, 67.7, 62.7, 57.7, 57.0, 56.9, 56.8, 39.0, 36.1, 29.7, 25.7, 23.3, 22.5, 17.9.

Compound 8 was prepared using 2-((8-bromooctyl)oxy)tetrahydro-2H-pyran instead
of 2-((6-bromohexan-2-yl)oxy)tetrahydro-2H-pyran as the starting material in the synthetic
procedure for compound 7 (Scheme 2), obtaining the following: yield: 85.8%; 1H NMR
(400 MHz, CDCl3) δ 6.89 (s, 1H), 6.72–6.66 (m, 2H), 5.21–5.15 (m, 1H), 4.82–4.74 (m, 1H),
3.82 (s, 3H), 3.79 (s, 3H), 3.75 (s, 3H), 3.63 (s, 3H), 3.46–3.40 (m, 2H), 3.25–3.16 (m, 2H),
2.80–2.71 (m, 1H), 2.44–2.35 (m, 2H), 1.55 (s, 3H), 1.43 (s, 3H), 1.40–1.34 (m, 2H), 1.31–1.08
(m, 10H); 13C NMR (101 MHz, CDCl3) δ 153.3, 151.3, 150.1, 147.3, 132.9, 132.7, 122.4, 120.8,
120.1, 108.2, 107.6, 105.8, 75.2, 68.8, 62.5, 62.4, 57.6, 56.8, 56.8, 36.1, 32.6, 29.8, 29.3, 29.2, 26.1,
25.6, 20.8, 17.8.

3.1.11. Synthesis of 4-Methyl-1-(1,4,5,8-tetramethoxynaphthalen-2-yl)pent-3-en-1-one (13)

2-(1-Hydroxy-4-methyl-3-pentenyl)-1,4,5,8-tetramethoxynaphthalene (2, 5.0 g, 14.4 mmol)
was dissolved in dry CH2Cl2 (50 mL) cooled in a salt-ice bath at −15 ◦C. Dess–Martin
periodinane (DMP, 7.3 g, 17.3 mmol) was added in portions, and the mixture was stirred for
2 h. After the consumption of the substrate, the excessive oxidant was removed by filtration,
and the filtrate was concentrated under reduced pressure. The residue was purified by
column chromatography with 20% ethyl acetate in petroleum ether as the eluent to obtain
4.2 g of the ketone 13 as a pale-yellow oil, obtaining the following: yield: 84.5%; 1H NMR
(400 MHz, CDCl3) δ 6.83 (d, J = 2.3 Hz, 1H), 6.72–6.64 (m, 2H), 5.38–5.30 (m, 1H), 3.77–3.72
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(m, 6H), 3.70 (d, J = 6.9 Hz, 2H), 3.67 (s, 3H), 3.60 (s, 3H), 1.57 (s, 3H), 1.48 (s, 3H); 13C NMR
(101 MHz, CDCl3) δ 202.7, 153.1, 151.0, 150.9, 150.0, 134.8, 130.3, 122.3, 122.1, 116.8, 110.5,
108.0, 105.6, 63.7, 57.5, 56.6, 56.5, 42.8, 25.6, 18.0.

3.1.12. Synthesis of (S)-4-Methyl-1-(1,4,5,8-tetramethoxynaphthalen-2-yl)pent-3-en-1-ol
(2-S) and (R)-4-Methyl-1-(1,4,5,8-tetramethoxynaphthalen-2-yl)pent-3-en-1-ol (2-R)

The 4-methyl-1-(1,4,5,8-tetramethoxynaphthalen-2-yl)pent-3-en-1-one (13, 5.0 g,
14.4 mmol) was dissolved in anhydrous THF (60 mL) and the solution was stirred for
5 min at −30 ◦C temperature under nitrogen atmosphere. Then, (−)-DIP-Cl (1.7 M in
n-hexane, 12.8 mL, 21.8 mmol) was dropwise added to the solution and the mixture was
maintained at −30 ◦C overnight. After the completion of reaction, a few drops of cold
acetone were added. The quenched reaction mixture was poured into a saturated NH4Cl
solution and extracted with ethyl acetate (30 mL × 5). The organic layer was washed with
brine, dried over anhydrous sodium sulphate, and concentrated under reduced pressure.
The residue was purified by column chromatography with 35% ethyl acetate in petroleum
ether as the eluent to obtain compound (2-S) as a yellow oil (4.5g), obtaining the following:
yield: 89.5%; 1H NMR (300 MHz, CDCl3) δ 7.02 (s, 1H), 6.82 (s, 2H), 5.32–5.19 (m, 2H), 3.95
(s, 3H), 3.93 (s, 3H), 3.89 (s, 3H), 3.77 (s, 3H), 2.53 (t, J = 7.0 Hz, 2H), 2.32 (s, br, 1H), 1.73
(s, 3H), 1.65 (s, 3H).

Compound (2-R) as a yellow oil was prepared by asymmetric hydrogenation of
4-methyl-1-(1,4,5,8-tetramethoxynaphthalen-2-yl)pent-3-en-1-one (13) using (+)-DIP-Cl,
obtaining the following: yield: 87.3%; 1H NMR (400 MHz, CDCl3) δ 7.02 (s, 1H),
6.82 (s, 2H), 5.25 (q, J = 7.7, 7.0 Hz, 2H), 3.95 (s, 3H), 3.94 (s, 3H), 3.90 (s, 3H), 3.77 (s, 3H),
2.53 (t, J = 7.1 Hz, 2H), 2.33 (s, br, 1H), 1.73 (s, 3H), 1.65 (s, 3H).

3.2. Biological Activity Evaluations

Methyl thiazolyl tetrazolium (MTT) was purchased from Sigma-Aldrich. DMEM, fetal
bovine serum (FBS), and penicillin/straptomycin were obtained from Hyclone. The recom-
binant SARS-CoV-2 Mpro was expressed and purified from an Escherichia coli expression
system [8]. Shikonin (purity in HPLC > 98%, e.e. value of 96%) as the positive control in the
enzymatic assay was synthesized by the reported procedures [23].

3.2.1. Enzymatic Inhibition Assay

The inhibitory potency of the tested naphthoquinones against SARS-CoV-2 Mpro was
evaluated according to the reported FRET detection method [8,12], using fluorescently
labeled peptide MCA-AVLQSGFR-Lys(Dnp)-Lys-NH2 as the substrate. Upon incubation,
the fluorescence intensity of each well was determined by a FlexStation3 microplate reader
(Molecular Device, Silicon Valley, CA, USA) with the excitation and emission filter set at
320 and 405 nm, respectively.

3.2.2. Molecular Docking

Molecular docking studies were carried out using MOE 2008 software and taking
SARS-CoV-2 Mpro as the target enzyme. The protein was downloaded from the RSC
Protein Data Bank (PDB ID: 7CA8). Before docking studies, ligands and water molecules
are removed from the downloaded protein, and then gasteiger charges are calculated after
addition of polar hydrogens. The chemical structures of shikonin and compound 15 was
generated by ChemDraw Ultra 12.0 software and structural energy minimization was
conducted using Chem3D Pro 12.0. For docking, we used default values of parameters in
MOE 2008, except for the first scoring function, where ASE scoring was used instead of the
defaulting London dG. The type of post-placement refinement and the rescoring algorithm
were set as forcefield and ASE, respectively. Then, the obtained optimal binding modes of
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shikonin and compound 15 in active site cavities of SARS-CoV-2 Mpro were employed to
evaluate the reasonability of the predicted interactions.

3.2.3. Surface Plasmon Resonance Analysis

The surface plasmon resonance (SPR)-based measurements were performed by the
Biacore 8K apparatus. Briefly, the SARS-CoV-2 Mpro proteins were immobilized to an
activated CM5 sensorchip (Cytiva) using an amino group coupling kit. For affinity analysis,
the inhibitor was dissolved in a PBS buffered solution (PBS-T) containing 0.05% Tween-20
(V/V) and 5% DMSO (V/V) at final concentrations of 1.0 μM, 2.0 μM, 4.0 μM, 8.0 μM,
and 16.0 μM. Each sample that was bound to the target enzyme was dissociated by the
PBS-T buffer solution for 120 s at a flow rate of 20 μL/min. Regeneration of sensor chips
was performed for 30 s using a regeneration buffer solution (pH 2.0). The binding profile
for each concentration and the binding rate constant (ka) were determined by the Biacore
(Cytiva) apparatus.

3.2.4. Cell Lines

The human HFF-1 and monkey Vero E6 cells were provided by Cell Bank in Shanghai,
Chinese Academy of Sciences. HFF-1 cells were cultured in DMEM complete medium
containing 15% FBS, 100 U/mL penicillin, and 100 μg/mL of streptomycin, while Vero
E6 cells were maintained in DMEM complete medium containing 10% FBS. They were
maintained at 37 ◦C in a humidified atmosphere with 5% CO2 (V/V).

3.2.5. Cytotoxicity Evaluation

The in vitro cytotoxicity of compounds was determined by the standard MTT assay
according to our reported procedure. Briefly, well-cultured cells were seeded in 96-well
plates at a density of 5 × 103 cells per well. After being cultured overnight in a 37 ◦C
humidified incubator (5% CO2, V/V), cells were incubated with tested compounds for
48 h. Then, cells in each well were treated with MTT in PBS (5 mg/mL) for 4 h at 37 ◦C,
and formazan crystals in viable cells were dissolved by dimethyl sulfoxide (150 μL) at
ambient temperature. The absorbance of solubilized formazan was measured by the
Synergy multimode reader (BioTek, Winooski, VT, American) at the wavelength of 490 nm.

3.2.6. In Vitro Antiviral Activity Evaluation

The in vitro antiviral activity of compound 15 at concentrations of 12.5 μM, 25 μM,
50 μM, and 75 μM against SARS-CoV-2 was evaluated according to the reported qRT-PCR
assay [8]. To further confirm the anti-SARS-CoV-2 activity of the target compound, we
perform more anti-viral assays through viral N-protein detection. Human Vero E6 cells
were infected by live SARS-CoV-2 at an MOI value of 0.01. Cells were then washed 3 times
with PBS to remove the free virus after 2 h-infection and then maintained in DMEM culture
medium containing compound 15 (50 μM) or shikonin (10 μM) and 2% FBS for 48 h. Then,
cells in each group were collected and the immunofluorescence assay was used to detect
the expression of viral N protein, and the result was analyzed by high-content screening.

3.2.7. In Vivo Toxicity Evaluation of Compound 15 in Balb/c Mice

Five- to six-week-old female Balb/c mice, weighing between 14 and 16 g, were ob-
tained from Charles River Laboratories in China. After arrival, these Balb/c mice were
quarantined for 3 days before housing in a germ-free environment with a 12 h-of-light and
12 h-of-dark cycle. All investigation procedures were performed according to the regulation
of the Animals Ethics Subcommittee of Shanghai Jiao Tong University (A2019113).

The stock solution of compound 15 (9 mg/mL) for in vivo experiments was prepared
by dissolving the powder of compound 15 (90 mg) in N-methyl-2-pyrrolidone (NMP,
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5.0 mL), followed by addition of Cremophor EL in an equal volume (5.0 mL). The stock
solution was diluted by sterilized saline to afford compound 15 formulation (1.8 mg/mL). In
the formulation, the ratio of NMP, Cremophor EL, and saline was 1:1:8. The stock solution
of shikonin (6 mg/mL) for in vivo experiments was prepared by dissolving shikonin
(98%, 60 mg) in a mixture of ethanol–Cremophor EL (1:1, V/V, 10 mL). The formulation
(1 mg/mL) was obtained by dilution of the stock solution with a 5-fold volume of saline.

In the in vivo toxicity evaluations, six-week-old female Balb/c mice were randomized
into 3 groups, with 7 mice per group. Groups 1–3 were as follows: (1) compound 15 solvent;
(2) compound 15 (30 mg/kg); (3) shikonin (10 mg/kg). In addition, 5,8-dimethyl shikonin
oxime 15 was intravenously administrated (i.v.) on every other day for a consecutive
14 days. Administration of shikonin (i.v.) was also conducted on every other day for
7 times from day 1 to day 14. During the treatment, the body weight and activity of mice
were monitored. Low activity, body weight loss of more than 15% for 3 consecutive days,
or treatment-related mortality were regarded as toxicity symptoms. Mice were observed
for 2 more days after the end of treatment for any delayed toxicity.

4. Conclusions and Future Perspectives

The research results from previous studies indicated that the natural bioactive com-
pound shikonin was a strong inhibitor of SARS-CoV-2 Mpro [8,16]. Cross-validation studies
have shown that shikonin only inhibited Mpro in the absence of a reducing reagent such
as DTT, suggesting that shikonin is a non-specific cysteine protease inhibitor, leading to
cytotoxicity towards host cells. In addition, the generation of reactive oxygen species (ROS)
and bioreductive alkylation reactions with biomolecules were considered as the roots for its
pervasive toxicity. Apparently, modification of the shikonin naphthazarin scaffold might
provide a good template for the discovery of viral Mpro inhibitors.

We have designed, synthesized, and characterized a small library of shikonin deriva-
tives and demonstrated that they are inhibitory in vitro against the main protease of
SARS-CoV-2 (Mpro), which causes COVID-19, a serious disease epidemic in 280 countries
worldwide. Compound 15 as the most active one showed an IC50 value of 12.53 ± 3.59 μM
against SARS-CoV-2 Mpro as a key antiviral drug target. The results of molecular docking
studies indicated that inhibitor 15 is perfectly settled in the core of the substrate-binding
pocket of Mpro by possibly interacting with three catalytic residues, His41, Cys145, and
Met165. The target compound 15 exhibited much less toxicity as compared with the lead
shikonin both in vivo and in vitro. The antiviral activity of the compound was assessed
against SARS-CoV-2 where it exhibited strong inhibition at the concentration of 75 μM. The
unique chemical structure and its strong enzymatic inhibition potency, coupled with the
favorable safety data both in vivo and in vitro, emphasized that the shikonin oxime deriva-
tive 15 deserves further development as an antiviral drug candidate against SARS-CoV-2 in
the future. Additionally, taking compound 15 as a new lead compound, we would possibly
obtain more safe and effective antiviral agents to combat infection caused by SARS-CoV-2.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules30061321/s1: Figures S1–S11. Representative 1H &
13C-NMR Spectra; HPLC trace for chiral separation of 2-R and 2-S as the key intermediates; HPLC
trace for compound 15.
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Abstract

In continuation of our efforts to identify novel herbicide lead compounds, twenty new
5-(1-amino-4-phenoxybutylidene)barbituric acid derivatives containing an enamino dike-
tone motif were synthesized and evaluated for their herbicidal activities. The greenhouse
bioassay results indicated that several of the target compounds, including BA-1, BA-2,
BA-5, BA-18, and BA-20, exhibited notable post-emergence herbicidal activity, with sum
inhibition rates exceeding 70% at a dosage of 150 g ha−1, which was superior to that of the
commercial herbicide flumiclorac-pentyl (FP). The structure–activity relationship analysis
demonstrated that the steric and electronic effects of the R group, as well as the lipophilicity
of the target compounds, significantly influenced herbicidal activity. Among these, BA-1

was identified as a promising herbicide lead compound due to its high total herbicidal
efficacy, broad-spectrum activity, and favorable crop safety profile. Molecular simulation
studies indicated that BA-1 binds effectively to Nicotiana tabacum protoporphyrinogen IX ox-
idase (NtPPO), suggesting its potential as a novel PPO inhibitor. This study highlights BA-1

as a promising lead compound for the development of novel PPO-inhibiting herbicides.

Keywords: barbituric acid; enamino diketone; herbicides; protoporphyrinogen IX oxidase

1. Introduction

As essential tools in the prevention and control of weeds in agricultural production,
herbicides play a crucial role in maintaining stable agricultural yields and enhancing eco-
nomic efficiency [1–3]. It is estimated that the absence of herbicides would result in a 34%
reduction in global crop yields due to weed infestation [4]. However, the extensive and
indiscriminate use of herbicides has led to various adverse effects, including significant
environmental issues and the development of herbicide-resistant weed species [5–9]. The
development of new herbicides encounters considerable challenges, such as an extended
development cycle, substantial financial investment, and low success rates [10]. Iden-
tifying novel lead scaffolds for herbicides is still a key step in the development of new
pesticide agents [11–14].

The enamino diketone represents a fundamental structural motif present in some natu-
ral products (Figure 1A) [15,16]. Meanwhile, compounds containing the enamino diketone

Molecules 2025, 30, 3445 https://doi.org/10.3390/molecules30163445
71



Molecules 2025, 30, 3445

motif (Figure 1B) have demonstrated significant utility in the pharmaceutical and agro-
chemical fields due to their antimicrobial [17,18], antibacterial [19–21], anticancer [22–26],
herbicidal [27–29], antifungal [30–32], and anti-toxoplasma gondii activities [33]. The dis-
tinctive structural and biological properties of the enamino diketone motif underscore its
potential utility in the development of novel pesticidal agents.

Figure 1. Design of target compound BA based on the molecular hybridization strategy. (A) Natural
products with enamino diketone moiety; (B) Bioactive compounds with enamino diketone moiety;
(C) Reported lead compound I.

Recently, during our investigation into novel compounds with potential herbici-
dal applications, we identified a promising lead structure, designated as compound I

(Figure 1C) [34,35]. Notably, compound I contains a diketone moiety that is structurally
similar to those found in enamino diketone derivatives. Based on this observation, we
hypothesized that converting the carbonyl group of the acyl moiety in compound I into
an imine, followed by isomerization to the enamine form, could facilitate the construction
of compounds featuring the naturally occurring enamino diketone motif. Such struc-
tural modifications are expected to possess herbicidal activity. Accordingly, twenty new
5-(1-amino-4-phenoxybutylidene)barbituric acid derivatives (BA) containing an enamino
diketone motif were designed, synthesized, and their herbicidal activities were evalu-
ated. This report presents the synthesis, structure-activity relationship (SAR) analysis, and
molecular simulation studies of BA derivatives.

2. Results and Discussion

2.1. Chemistry

The target compounds BA-1~BA-20 were prepared through an eight-step synthetic
pathway, as illustrated in Scheme 1, and their chemical structures are presented in Figure 2.
The calculated oil/water partition coefficients (Clog P) are predicted using ChemBioDraw
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14.0. The synthetic route commenced with a base-promoted nucleophilic substitution
reaction between 2-chloro-4-fluoro-5-nitrophenol and ethyl 4-bromobutanoate. Briefly, the
2-chloro-4-fluoro-5-nitrophenol reacted with ethyl 4-bromobutanoate in DMF by using
K2CO3 as a base to generate intermediate 1. The nitro group in intermediate 1 was then
chemically reduced by using iron powder in glacial acetic acid at room temperature to
yield intermediate 2, which subsequently underwent a cyclization reaction with ethyl (Z)-3-
(3,3-dimethylureido)-4,4,4-trifluorobut-2-enoate to produce intermediate 3. Methylation
of compound 3 with iodomethane produced intermediate 4, which was hydrolyzed by
heating under acidic conditions to form carboxylic acid 5. Carboxylic acid 5 was readily
converted to the corresponding acid chloride 6 on treatment with thionyl chloride. The
key intermediate 7 could then be smoothly synthesized by reaction of acid chloride 6

with barbituric acid. Finally, the target compounds BA-1~BA-20 were obtained in yields
ranging from 16% to 93% through condensation reactions between intermediate 7 and
corresponding amines in ethanol. The structures of all the target compounds were identified
using 1H and 13C NMR spectroscopy and HRMS.

Scheme 1. General synthetic pathway for the target compounds BA-1~BA-20.

Figure 2. The structures of target compounds BA-1~BA-20.

73



Molecules 2025, 30, 3445

2.2. Herbicidal Activity and SAR

To evaluate the herbicidal activity of the newly synthesized target compounds
BA-1~BA-20, greenhouse trials were conducted at a post-emergence application rate of 150
g ha−1. Commercial herbicide flumiclorac-pentyl (FP) was employed as the positive control.
As observed in Figure 3, most of the target compounds exhibited moderate to good herbici-
dal activity against the four tested weeds. Among them, target compounds BA-1, BA-2,
BA-5, and BA-20 demonstrated complete inhibition against Brassica campestris (Figure 3A).
Apart from BA-3, BA-6, BA-8, and BA-12~BA-16, all other target compounds demonstrated
complete inhibitory activity against Amaranthus tricolor, showing efficacy comparable to
that of the commercial herbicide FP (Figure 3B). Furthermore, it was found that some of the
newly synthesized target compounds, such as BA-1 and BA-2, exhibited stronger herbicidal
activity against Echinochloa crus-galli (Figure 3C) and Digitaria sanguinalis (Figure 3D) than
the commercial herbicide FP. To better understand the herbicidal activity, the total effects of
the target compounds BA-1~BA-20 on the loss of plant weight at the dosage of 150 g ha−1

were calculated, and the results shown in Figure 4. It was easy to observe that some of
the target compounds, such as BA-1, BA-2, BA-5, BA-18, and BA-20, demonstrated higher
sum inhibition rate (SIR) than that of the commercial herbicide FP. These promising results
indicated that the series target compound BA was effectively designed.
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Figure 3. Effects (% inhibition) of the target compounds BA-1~BA-20 on the loss of plant weight
at a dosage of 150 g ha−1 under the post-emergence condition; (A) B. campestris; (B) A. retroflexus;
(C) E. crus-galli; (D) D. sanguinalis.

Based on the total herbicidal inhibition rate at the dosage of 150 g ha−1, the structure-
activity relationship (SAR) of the target compounds was investigated. It was found that,
among the target compounds containing straight-chain alkyl groups (i.e., compounds
BA-1~BA-6), BA-1 (R = Me) and BA-2 (R = Et) exhibited higher SIR than those with longer
alkyl chains (i.e., compounds BA-3~BA-6). When cycloalkyl groups (i.e., compounds
BA-7~BA-10) or branched-chain alkyl groups (i.e., compounds BA-11 and BA-13) were
introduced on the nitrogen atom of target compounds, the target compounds (excluding
BA-7) exhibited lower SIR than the corresponding straight-chain compounds. For instance,
the target compound BA-4 (R = n-butyl) exhibited a total inhibitory effect against the four

74



Molecules 2025, 30, 3445

tested weeds with an SIR of 66%, which is higher than that of BA-8 (SIR = 36%), BA-12

(SIR = 42%) and BA-13 (SIR = 26%). Based on the above analysis, it was speculated that the
introduction of smaller substituents on the nitrogen atoms of the target compounds may
enhance herbicidal activity. However, through a comparative analysis of the herbicidal
activities of compounds BA-3~BA-6 and BA-8~BA-10, it was found that the SIR increased
with the extension of carbon chain and expansion of carbon ring, and the trend terminated
at compound BA-5 (R = pentyl) and BA-8 (R = cyclopentyl), respectively. This finding
contradicts the aforementioned speculation, suggesting that the steric effect of the R group
is not the sole factor influencing herbicidal activity.
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Figure 4. Total effects (% inhibition) of the target compounds BA-1~BA-20 on the loss of plant weight
at a dosage of 150 g ha−1 under the post-emergence condition.

Previous studies have revealed that lipophilicity is an important parameter affecting
the absorption of pesticides by plants, and appropriate lipophilicity is essential for bio-
logical activity [36]. Thus, lipophilicity as Clog P was predicted by ChemBioDraw 14.0 as
shown in Figure 2. It was found that there are some extent correlations between herbicidal
activity and lipophilicity of the target compounds. For instance, for the target compounds
BA-3~BA-6, as the Clog P value increases, the herbicidal activities of the target compounds
BA-3 (Clog P = 6.0, SIR = 49%), BA-4 (Clog P = 6.5, SIR = 66%), and BA-5 (Clog P = 7.0,
SIR = 83%) progressively enhance; With the continuous increase in the Clog P value, target
compound BA-6 (Clog P = 7.6, SIR = 51%) exhibited lower total herbicidal inhibition effi-
ciency than compound BA-5, which may be caused by the poor uptake and translocation
of BA-6 in plants due to relatively high lipophilicity. A similar trend is also evident in
target compounds BA-8~BA-10. Furthermore, the introduction of hydroxyl groups onto
the alkyl chains attached to the nitrogen atoms of the target compounds BA-2 and BA-3

resulted in reduced herbicidal activity among compounds BA-14 (Clog P = 4.1, SIR = 60%),
BA-15 (Clog P = 4.5, SIR = 39%), and BA-16 (Clog P = 4.4, SIR = 24%). Therefore, it can
be concluded that the introduction of hydrophilic substituents on the nitrogen atom of
the target compounds does not enhance herbicidal activity. The herbicidal activity of
compounds BA-17 and BA-18 supported this hypothesis. When the hydroxyl group in
BA-14 and BA-15 was replaced by a methoxy group, the herbicidal activity of BA-17 (Clog
P = 4.9, SIR = 64%) and BA-18 (Clog P = 5.2, SIR = 74%) was enhanced. These findings
indicate that increasing the lipophilicity of target compounds to a certain extent is beneficial
to improving the herbicidal activity; However, if the Clog P value is excessively low or
high, the herbicidal efficiency decreases.
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When a benzene ring was introduced on the nitrogen atom of target compounds,
BA-19 (SIR = 37%) exhibited lower herbicidal activity compared to BA-6 (SIR = 51%).
However, inserting a straight-chain alkyl group between the benzene ring and the nitrogen
atom significantly enhanced herbicidal activity, as demonstrated by compound BA-20

(SIR = 76%) relative to BA-19. These results suggest that, in addition to steric effects and
lipophilicity, electronic effects also have a crucial influence on the herbicidal activities of
these compounds.

To further investigate the herbicidal activity of the target compounds, five compounds,
i.e., BA-1, BA-2, BA-5, BA-18, and BA-20, that demonstrated a higher SIR compared to the
commercial herbicide FP, were selected for dose–response analysis through serial two-fold
dilutions. As shown in Table 1, reducing the dosage from 75 to 18.8 g ha−1 resulted in a
progressive decline in the herbicidal activity of all tested compounds. Moreover, the tested
compounds demonstrated greater efficacy against dicotyledonous weed species compared
to monocotyledonous plant species. For instance, compound BA-1 achieved herbicidal
activities of 84% and 100% against B. campestris and A. tricolor, respectively, at a dosage of
18.8 g ha−1, whereas the inhibition rates against E. crus-galli and D. sanguinalis were only
18% and 11%, respectively. Notably, among the evaluated compounds, BA-1, BA-2, and
BA-18 exhibited strong herbicidal activity even at a dosage of 18.8 g ha−1, achieving SIRs
of 64%, 51%, and 50%, respectively, which exceeded the commercial herbicide FP. These
findings suggest that these newly synthesized compounds hold promise as potential lead
candidates for the development of novel herbicides.

Table 1. Effects (% inhibition) of the target compounds BA-1, BA-2, BA-5, BA-18, and BA-20 on the
loss of plant weight at different dosages in greenhouse testing a.

Comp.
Dosage
(g ha−1)

Inhibition Rate (%)
SIR

B. campestris A. tricolor E. crus-galli D. sanguinalis

BA-1

75 100 100 57 ± 5 62 ± 2 87 ± 1
37.5 94 ± 3 100 23 ± 4 16 ± 2 72 ± 3
18.8 84 ± 2 100 18 ± 4 11 ± 4 64 ± 2

BA-2

75 92 ± 2 100 62 ± 8 44 ± 4 78 ± 2
37.5 80 ± 5 100 51 ± 7 0 ± 0 66 ± 5
18.8 58 ± 3 100 42 ± 5 0 ± 2 51 ± 4

BA-5

75 100 100 15 ± 1 35 ± 2 77 ± 1
37.5 79 ± 3 100 11 ± 5 8 ± 6 59 ± 1
18.8 40 ± 7 100 2 ± 6 0 ± 0 32 ± 6

BA-18

75 71 ± 8 100 42 ± 6 29 ± 10 63 ± 4
37.5 70 ± 1 100 28 ± 9 6 ± 1 57 ± 3
18.8 63 ± 1 100 21 ± 5 0 ± 4 50 ± 1

BA-20

75 74 ± 2 100 18 ± 13 2 ± 2 56 ± 3
37.5 61 ± 3 72 ± 3 7 ± 6 0 ± 5 45 ± 3
18.8 54 ± 4 56 ± 4 0 ± 3 0 ± 0 39 ± 1

FP
75 88 ± 4 100 52 ± 2 48 ± 3 77 ± 3

37.5 53 ± 4 100 50 ± 3 42 ± 3 54 ± 4
18.8 37 ± 6 90 ± 3 51 ± 6 13 ± 4 40 ± 2

a Each value represents the mean ± SD of three experiments.

2.3. Herbicidal Spectrum and Crop Safety of Target Compound BA-1

Based on the results of the above two rounds of screening, compound BA-1 was
selected for further evaluation of its herbicidal spectrum due to its pronounced herbi-
cidal activity. As shown in Figure 5, compound BA-1 exhibited substantial herbicidal
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efficacy against the majority of tested dicotyledonous weed species, including B. campestris,
A. tricolor, Lactuca indica, Portulaca oleracea, Taraxacum mongolicum, Chenopodium album, and
Ipomoea nil, with inhibition rates exceeding 85%. In contrast, compound BA-1 displayed
relatively limited inhibitory effects against the monocotyledonous plant species tested,
indicating a degree of selectivity toward dicotyledonous weeds. Furthermore, a crop safety
assessment was conducted to evaluate the potential application of BA-1 as an herbicide.
The results presented in Table 2 indicated that among the four tested crops treated with
BA-1, Triticum aestivum and Zea mays exhibited relatively high tolerance, whereas Gossypium
hirsutum and Glycine max were more susceptible under the same experimental conditions,
with injury rates of 44% and 47%, respectively. Collectively, these findings suggest that
compound BA-1 holds promise for development as a post-emergence herbicide for the
control of dicotyledonous weeds in fields of T. aestivum and Z. mays.
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Figure 5. Herbicidal spectrum testing of compound BA-1 under the post-emergence conditions at
the dosage of 37.5 g ha−1; Abbreviation: BC: B. campestris, AT: A. tricolor, LI: L. indica, PO: P. oleracea,
TM: T. mongolicum, CA: C. album, BT: Bidens tripartita, IN: I. nil, EC: E. crus-galli, DS: D. sanguinalis,
SV: Setaria viridis, EI: Eleusine indica, SA: Spartina alterniflora, PA: Pennisetum alopecuroides, CV: Chloris
virgata, and ED: Elymus dahuricus.

Table 2. Post-emergence crop selectivity of BA-1 and FP at the dosage of 37.5 g ha−1 (Injury %) a.

Comp.
Injury (%)

T. aestivum Z. mays G. hirsutum G. max

BA-1 4 ± 2 2 ± 2 44 ± 2 47 ± 3
FP 5 ± 2 3 ± 1 33 ± 4 14 ± 1

a Each value represents the mean ± SD of three experiments.

2.4. Molecular Simulation Analysis of BA-1

Given that BA-1 possesses pyrimidinedione moiety like the commercial herbicide
saflufenacil, it is reasonable to hypothesize that BA-1 may function as a protoporphyrinogen
IX oxidase (PPO) inhibitor. To verify the above speculation, a molecular docking study
was performed to confirm the interactions between BA-1 or FP and Nicotiana tabacum
PPO (NtPPO). As shown in Figure 6, BA-1 and FP had some identical interacting amino
acid residues, such as Arg98, Leu356, Leu372, and Phe392. The pyrimidinedione ring of
BA-1 (Figure 6A,C) and the maleimide ring of FP (Figure 6B,D) engage in π–π stacking
interactions with Phe392, respectively. Additionally, the benzene rings of BA-1 and FP
participate in π–σ interactions with Leu356 and Leu372, respectively, which are conserved
residues among NtPPO enzymes. Furthermore, Arg98 forms a hydrogen bond with BA-1,
like the interaction observed with FP. Notably, the barbiturate structure in BA-1 shapes
π-cation stacking interactions with Arg98 to enhance the binding with NtPPO active
cavity. To assess the binding stability of the complex formed between BA-1 and NtPPO,
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50 ns molecular dynamics (MD) simulations were conducted using the GROMACS 2023.3
software package. FP was employed as the positive control. As illustrated in Figure 7, both
the ligand (Figure 7A) and the protein structure (Figure 7B) exhibited stable conformational
behavior throughout the 50 ns simulation period, with root-mean-square deviation (RMSD)
fluctuations consistently below 0.5 Å. These findings indicate that compound BA-1 forms a
stable interaction with NtPPO.
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Figure 6. Docking analysis between BA-1 or FP and NtPPO. (A) 3D of molecular docking between
BA-1 and NtPPO; (B) 3D of molecular docking between FP and NtPPO; (C) 2D of molecular docking
between BA-1 and NtPPO; (D) 2D of molecular docking between FP and NtPPO.

 
Figure 7. RMSD of protein (A) and ligand (B) plots of protein–ligand complexes during 50 ns
MD simulations.
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3. Materials and Methods

3.1. Chemical Synthesis Procedures

Detailed synthetic procedures for the intermediates and target compounds are de-
scribed below; however, the reaction yields have not been optimized.

3.1.1. Synthesis of Intermediates 1–7

The intermediates 1–7 was synthesized according to a previously reported method [11].

3.1.2. General Procedure for the Synthesis of Target Compounds BA-1 to BA-20

The target compounds BA-1~BA-20 were synthesized according to a previously re-
ported method [34,35]. A representative example for the synthesis of BA-1 is described as
follows: The intermediate 7 (281 mg, 0.5 mmol) was dissolved in 10 mL of ethanol followed
by the addition of methylamine hydrochloride (40.8 mg, 0.6 mmol), and the mixture was
refluxed at 90 ◦C for 12 h. After cooling to room temperature, the resulting solid was
collected by filtration, recrystallized with ethanol to give target compound BA-1 as a white
solid (84.5 mg, yield: 29.4%). The target compounds BA-2~BA-20 were prepared by a
procedure like that for BA-1. The spectrum of 1H NMR, 13C NMR, and HRMS of all target
compounds BA-1~BA-20 can be found in Supplementary Materials (Figures S1–S60), and
the data as follows:

5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimidin-
1(2H)-yl)phenoxy)-1-(methylamino)butylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-

trione (BA-1): white solid, yield 29.4%, m.p. 191–194 ◦C; 1H NMR (500 MHz, CDCl3)
δ 12.57 (s, 1H), 7.32 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H), 4.13 (t, J = 5.4 Hz,
2H), 3.57 (s, 3H), 3.41–3.35 (m, 2H), 3.32 (s, 3H), 3.30 (s, 3H), 3.26 (d, J = 5.2 Hz, 3H), 2.16
(m, 2H); 13C NMR (125 MHz, CDCl3) δ 177.25 (s), 166.69 (s), 162.54 (s), 159.94 (s), 152.43 (s),
151.45 (d, J = 248.0 Hz), 151.34 (s), 151.01 (d, J = 2.4 Hz), 150.69 (s), 141.79 (q, J = 34.6 Hz),
124.53 (d, J = 9.4 Hz), 120.67 (d, J = 14.9 Hz), 119.37 (q, J = 275.4 Hz), 118.49 (d, J = 24.1 Hz),
113.53 (s), 103.11 (q, J = 5.4 Hz), 89.93 (s), 68.88 (s), 32.74 (q, J = 3.4 Hz), 30.06 (s), 27.93 (s),
27.65 (s), 26.65 (s), 26.61 (s); HRMS, m/z calcd. for C23H23ClF4N5O6+ [M + H]+ 576.12675,
found 576.12628.

5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimid
in-1(2H)-yl)phenoxy)-1-(ethylamino)butylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-
trione (BA-2): white solid, yield 31%, m.p. 212–215 ◦C; 1H NMR (500 MHz, CDCl3) δ 12.56
(s, 1H), 7.33 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H), 4.12 (t, J = 5.4 Hz,
2H), 3.70–3.61 (m, 2H), 3.57 (s, 3H), 3.39–3.29 (m, 8H), 2.16 (m, 2H), 1.38 (t, J = 7.3 Hz,
3H); 13C NMR (125 MHz, CDCl3) δ 176.03 (s), 166.73 (s), 162.60 (s), 159.94 (s), 151.44 (d,
J = 248.0 Hz), 151.37 (s), 151.03 (d, J = 2.2 Hz), 150.70 (s), 141.80 (q, J = 34.6 Hz), 124.49 (d,
J = 9.5 Hz), 120.69 (d, J = 14.9 Hz), 119.37 (q, J = 275.2 Hz), 118.49 (d, J = 24.1 Hz), 113.51 (s),
103.11 (q, J = 5.6 Hz), 89.60 (s), 68.91 (s), 38.38 (s), 32.74 (q, J = 3.2 Hz), 27.93 (s), 27.65 (s),
27.11 (s), 26.79 (s), 14.90 (s); HRMS, m/z calcd. for C24H25ClF4N5O6

+ [M + Na]+ 590.14240,
found 590.14178.

5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimid
in-1(2H)-yl)phenoxy)-1-(propylamino)butylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-
trione (BA-3): white solid, yield 93%, m.p. 225–227 ◦C; 1H NMR (500 MHz, CDCl3) δ 12.63
(s, 1H), 7.33 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H), 4.12 (t, J = 5.4 Hz, 2H),
3.62–3.53 (m, 5H), 3.40–3.28 (m, 8H), 2.16 (m, 2H), 1.81–1.71 (m, 2H), 1.06 (t, J = 7.4 Hz,
3H); 13C NMR (125 MHz, CDCl3) δ 176.15 (s), 166.74 (s), 162.58 (s), 159.92 (s), 151.42 (d,
J = 248.0 Hz), 151.36 (s), 151.01 (d, J = 2.4 Hz), 150.68 (s), 141.77 (q, J = 34.4 Hz), 124.46 (d,
J = 9.4 Hz), 120.69 (d, J = 14.9 Hz), 119.37 (q, J = 275.3 Hz), 118.46 (d, J = 24.1 Hz), 113.48 (s),
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103.10 (q, J = 5.4 Hz), 89.63 (s), 68.86 (s), 45.15 (s), 32.73 (q, J = 3.5 Hz), 27.92 (s), 27.65 (s),
27.07 (s), 26.81 (s), 22.88 (s), 11.40 (s); HRMS, m/z calcd. for C25H27ClF4N5O6

+ [M + H]+

604.15805, found 604.15729.
5-(1-(Butylamino)-4-(2-chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-

dihydropyrimidin-1(2H)-yl)phenoxy)butylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-
trione (BA-4): white solid, yield 75%, m.p. 217–219 ◦C; 1H NMR (500 MHz, CDCl3) δ 12.61
(s, 1H), 7.32 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H), 4.12 (t, J = 5.4 Hz,
2H), 3.60 (dd, J = 14.6, 8.9 Hz, 5H), 3.40–3.28 (m, 8H), 2.15 (m, 2H), 1.78–1.67 (m, 2H),
1.47 (m, 2H), 0.98 (t, J = 7.3 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 176.09 (s), 166.74 (s),
162.58 (s), 159.92 (s), 151.43 (d, J = 248.1 Hz), 151.36 (s), 151.02 (d, J = 2.5 Hz), 150.69 (s),
141.78 (q, J = 34.6 Hz), 124.47 (d, J = 9.4 Hz), 120.69 (d, J = 14.8 Hz), 119.37 (q, J = 275.3 Hz),
118.46 (d, J = 24.2 Hz), 113.49 (s), 103.10 (q, J = 5.3 Hz), 89.63 (s), 68.89 (s), 43.28 (s), 32.73 (q,
J = 3.4 Hz), 31.54 (s), 27.92 (s), 27.66 (s), 27.08 (s), 26.84 (s), 20.05 (s), 13.69 (s); HRMS, m/z
calcd. for C26H29ClF4N5O6

+ [M + H]+ 618.17370, found 618.17316.
5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimidin-

1(2H)-yl)phenoxy)-1-(pentylamino)butylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione
(BA-5): white solid, yield 36%, m.p. 205–207 ◦C; 1H NMR (500 MHz, CDCl3) δ 12.61 (s, 1H),
7.33 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H), 4.12 (t, J = 5.4 Hz, 2H), 3.59 (dd,
J = 11.4, 5.7 Hz, 5H), 3.41–3.28 (m, 8H), 2.15 (m, 2H), 1.79–1.68 (m, 2H), 1.46–1.34 (m, 4H),
0.93 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 176.06 (s), 166.73 (s), 162.60 (s), 159.93
(s), 151.43 (d, J = 248.0 Hz), 151.37 (s), 151.02 (d, J = 2.6 Hz), 150.69 (s), 124.47 (d, J = 9.3 Hz),
120.69 (d, J = 14.8 Hz), 119.38 (q, J = 275.4 Hz), 118.46 (d, J = 24.4 Hz), 113.49 (s), 103.10 (q,
J = 5.4 Hz), 89.62 (s), 68.88 (s), 43.56 (s), 32.73 (q, J = 3.2 Hz), 29.24 (s), 28.91 (s), 27.92 (s),
27.66 (s), 27.07 (s), 26.85 (s), 22.28 (s), 13.88 (s); HRMS, m/z calcd. for C27H31ClF4N5O6

+

[M + H]+ 632.18935, found 632.18842.
5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimidin-

1(2H)-yl)phenoxy)-1-(hexylamino)butylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione
(BA-6): white solid, yield 90%, m.p. 201–203 ◦C; 1H NMR (500 MHz, CDCl3) δ 12.61 (s,
1H), 7.33 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H), 4.12 (t, J = 5.4 Hz, 2H),
3.59 (dd, J = 11.8, 6.1 Hz, 5H), 3.39–3.27 (m, 8H), 2.15 (m, 2H), 1.72 (m, 2H), 1.47–1.39 (m,
2H), 1.37–1.30 (m, 4H), 0.91 (dd, J = 9.2, 4.8 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 176.04
(s), 166.72 (s), 162.58 (s), 159.91 (s), 151.42 (d, J = 248.0 Hz), 151.36 (s), 151.01 (d, J = 2.5 Hz),
150.68 (s), 141.76 (q, J = 34.5 Hz), 124.45 (d, J = 9.3 Hz), 120.69 (d, J = 14.8 Hz), 119.37 (q,
J = 275.5 Hz), 118.44 (d, J = 24.1 Hz), 113.49 (s), 103.09 (q, J = 5.4 Hz), 89.60 (s), 68.88 (s),
43.58 (s), 32.71 (q, J = 3.1 Hz), 31.32 (s), 29.52 (s), 27.90 (s), 27.64 (s), 27.07 (s), 26.83 (s),
26.48 (s), 22.44 (s), 13.96 (s); HRMS, m/z calcd. for C28H33ClF4N5O6

+ [M + H]+ 646.20500,
found 646.20422.

5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimidin-
1(2H)-yl)phenoxy)-1-(cyclopropylamino)butylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-
trione (BA-7): white solid, yield 87%, m.p. 211–214 ◦C; 1H NMR (500 MHz, CDCl3) δ 12.49
(s, 1H), 7.31 (d, J = 8.8 Hz, 1H), 6.81 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H), 4.16 (t, J = 5.5 Hz,
2H), 3.62–3.51 (m, 5H), 3.31 (s, 3H), 3.30 (s, 3H), 3.11–3.04 (m, 1H), 2.22 (m, 2H), 1.10–1.01
(m, 2H), 0.85–0.78 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 178.48 (s), 166.60 (s), 162.31 (s),
159.92 (s), 151.38 (d, J = 248.1 Hz), 151.27 (s), 151.06 (d, J = 2.4 Hz), 150.68 (s), 141.77 (q,
J = 34.3 Hz), 124.38 (d, J = 9.3 Hz), 120.69 (d, J = 14.9 Hz), 119.37 (q, J = 275.4 Hz), 118.47 (d,
J = 24.3 Hz), 113.50 (s), 103.09 (q, J = 5.4 Hz), 89.94 (s), 69.07 (s), 32.73 (d, J = 3.5 Hz), 27.92
(s), 27.63 (s), 26.83 (s), 25.62 (s), 8.09 (s); HRMS, m/z calcd. for C25H25ClF4N5O6

+ [M + H]+

602.14240, found 602.14185.
5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimidin-

1(2H)-yl)phenoxy)-1-(cyclobutylamino)butylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-
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trione (BA-8): white solid, yield 73%, m.p. 249–251 ◦C; 1H NMR (500 MHz, CDCl3) δ 12.73
(d, J = 5.9 Hz, 1H), 7.35 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H), 4.47 (dd,
J = 15.7, 7.7 Hz, 1H), 4.12 (t, J = 5.4 Hz, 2H), 3.57 (s, 3H), 3.38–3.24 (m, 8H), 2.58–2.45 (m,
2H), 2.25–2.06 (m, 4H), 1.94–1.76 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 174.83 (s), 166.68
(s), 162.56 (s), 159.92 (s), 151.42 (d, J = 247.8 Hz), 151.33 (s), 151.04 (d, J = 2.6 Hz), 150.69 (s),
141.79 (q, J = 34.5 Hz), 124.38 (d, J = 9.3 Hz), 120.72 (d, J = 14.9 Hz), 119.38 (q, J = 275.4 Hz),
118.50 (d, J = 24.2 Hz), 113.42 (s), 103.10 (q, J = 5.6 Hz), 89.55 (s), 68.89 (s), 47.92 (s), 32.73 (q,
J = 3.5 Hz), 31.37 (s), 31.35 (s), 27.92 (s), 27.66 (s), 27.30 (s), 27.26 (s), 15.36 (s); HRMS, m/z
calcd. for C26H27ClF4N5O6

+ [M + H]+ 616.15805, found 616.15747.
5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimidin-

1(2H)-yl)phenoxy)-1-(cyclopentylamino)butylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-
trione (BA-9): white solid, yield 29%, m.p. 264–266 ◦C; 1H NMR (500 MHz, CDCl3) δ 12.76
(d, J = 7.4 Hz, 1H), 7.33 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H), 4.37 (dd,
J = 13.6, 6.7 Hz, 1H), 4.13 (t, J = 5.4 Hz, 2H), 3.57 (s, 3H), 3.38 (dd, J = 9.4, 6.1 Hz, 2H),
3.32 (s, 3H), 3.30 (s, 3H), 2.23–2.08 (m, 4H), 1.92–1.79 (m, 2H), 1.76–1.62 (m, 4H); 13C NMR
(125 MHz, CDCl3) δ 174.95 (s), 166.74 (s), 162.55 (s), 159.92 (s), 151.41 (d, J = 248.1 Hz),
151.37 (s), 151.00 (d, J = 2.5 Hz), 150.68 (s), 141.78 (q, J = 34.3 Hz), 124.35 (d, J = 9.5 Hz),
120.73 (d, J = 14.8 Hz), 119.37 (q, J = 275.5 Hz), 118.45 (d, J = 24.2 Hz), 113.43 (s), 103.10 (q,
J = 5.5 Hz), 89.39 (s), 68.86 (s), 54.89 (s), 34.19 (s), 32.73 (q, J = 3.1 Hz), 27.92 (s), 27.65 (s),
27.44 (s), 27.10 (s), 23.98 (s); HRMS, m/z calcd. for C27H29ClF4N5O6

+ [M + H]+ 630.17370,
found 630.17291.

5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimidin-
1(2H)-yl)phenoxy)-1-(cyclohexylamino)butylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-
trione (BA-10): white solid, yield 23%, m.p. 264–267 ◦C; 1H NMR (500 MHz, CDCl3) δ

12.75 (d, J = 8.0 Hz, 1H), 7.33 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 6.3 Hz, 1H), 6.37 (d, J = 4.3 Hz,
1H), 4.12 (t, J = 5.4 Hz, 2H), 3.93–3.83 (m, 1H), 3.57 (s, 3H), 3.38–3.28 (m, 8H), 2.16 (dt,
J = 12.2, 6.3 Hz, 2H), 1.94 (d, J = 9.6 Hz, 2H), 1.79 (dd, J = 9.1, 4.0 Hz, 2H), 1.45 (m, 6H); 13C
NMR (125 MHz, CDCl3) δ 174.54 (s), 166.80 (s), 162.57 (s), 159.92 (s), 151.43 (d, J = 248.1 Hz),
151.39 (s), 150.99 (d, J = 2.5 Hz), 150.68 (s), 141.79 (q, J = 34.4 Hz), 124.44 (d, J = 9.3 Hz),
120.73 (d, J = 14.8 Hz), 119.37 (q, J = 275.5 Hz), 118.45 (d, J = 24.1 Hz), 113.44 (s), 103.10 (q,
J = 5.3 Hz), 89.31 (s), 68.82 (s), 52.14 (s), 33.58 (s), 32.74 (q, J = 3.4 Hz), 27.93 (s), 27.90 (s),
27.66 (s), 26.69 (s), 25.04 (s), 24.10 (s); HRMS, m/z calcd. for C28H31ClF4N5O6

+ [M + H]+

644.18935, found 644.18866.
5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimidin-

1(2H)-yl)phenoxy)-1-(isopropylamino)butylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-
trione (BA-11): white solid, yield 48%, m.p. 264–267 ◦C; 1H NMR (500 MHz, CDCl3) δ 12.63
(d, J = 8.0 Hz, 1H), 7.33 (d, J = 8.8 Hz, 1H), 6.81 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H), 4.34–4.23 (m,
1H), 4.12 (t, J = 5.4 Hz, 2H), 3.57 (s, 3H), 3.43–3.28 (m, 8H), 2.22–2.11 (m, 2H), 1.37 (s, 3H),
1.35 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 174.59 (s), 166.76 (s), 162.58 (s), 159.92 (s), 151.44
(d, J = 248.1 Hz), 151.36 (s), 150.99 (d, J = 2.6 Hz), 150.68 (s), 141.78 (q, J = 34.6 Hz), 124.39
(d, J = 9.5 Hz), 120.73 (d, J = 14.8 Hz), 119.37 (q, J = 275.5 Hz), 118.46 (d, J = 24.1 Hz), 113.48
(s), 103.09 (q, J = 5.5 Hz), 89.26 (s), 68.84 (s), 45.57 (s), 32.73 (q, J = 3.5 Hz), 27.93 (s), 27.76 (s),
27.63 (s), 26.62 (s), 23.57 (s); HRMS, m/z calcd. for C25H27ClF4N5O6

+ [M + H]+ 604.15805,
found 604.15765.

5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimidin-
1(2H)-yl)phenoxy)-1-(isobutylamino)butylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-
trione (BA-12): white solid, yield 76%, m.p. 241–244 ◦C; 1H NMR (500 MHz, CDCl3) δ 12.71
(s, 1H), 7.33 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H), 4.12 (t, J = 5.3 Hz, 2H),
3.57 (s, 3H), 3.44–3.40 (m, 2H), 3.39–3.28 (m, 8H), 2.15 (m, 2H), 2.00 (m, 1H), 1.06 (s, 3H),
1.05 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 176.16 (s), 166.77 (s), 162.57 (s), 159.89 (s), 151.41
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(d, J = 248.0 Hz), 151.34 (s), 150.97 (d, J = 2.6 Hz), 150.66 (s), 141.75 (q, J = 34.5 Hz), 124.42
(d, J = 9.5 Hz), 120.70 (d, J = 14.9 Hz), 119.37 (q, J = 275.6 Hz), 118.42 (d, J = 24.4 Hz), 113.47
(s), 103.07 (q, J = 5.4 Hz), 89.64 (s), 68.80 (s), 50.85 (s), 32.71 (q, J = 3.5 Hz), 28.71 (s), 27.90 (s),
27.65 (s), 26.99 (s), 26.79 (s), 20.12 (s); HRMS, m/z calcd. for C26H29ClF4N5O6

+ [M + H]+

618.17370, found 618.17346.
5-(1-(sec-Butylamino)-4-(2-chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-

3,6-dihydropyrimidin-1(2H)-yl)phenoxy)butylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,
5H)-trione (BA-13): white solid, yield 36%, m.p. 269–271 ◦C; 1H NMR (500 MHz, CDCl3)
δ 12.63 (d, J = 8.4 Hz, 1H), 7.33 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H),
4.18–4.06 (m, 3H), 3.57 (s, 3H), 3.45–3.28 (m, 8H), 2.26–2.07 (m, 2H), 1.74–1.62 (m, 2H), 1.32
(d, J = 6.4 Hz, 3H), 0.99 (t, J = 7.4 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 175.02 (s), 166.80
(s), 162.59 (s), 159.92 (s), 151.43 (d, J = 248.1 Hz), 151.38 (s), 151.01 (d, J = 2.5 Hz), 150.68 (s),
141.78 (q, J = 34.6 Hz), 124.39 (d, J = 9.3 Hz), 120.73 (d, J = 14.8 Hz), 119.37 (q, J = 275.3 Hz),
118.46 (d, J = 24.1 Hz), 113.44 (s), 103.10 (q, J = 5.1 Hz), 89.29 (s), 68.84 (s), 51.02 (s), 32.73 (q,
J = 3.4 Hz), 30.27 (s), 27.92 (s), 27.70 (s), 27.64 (s), 26.64 (s), 21.49 (s), 10.35 (s); HRMS, m/z
calcd. for C26H29ClF4N5O6

+ [M + H]+ 618.17370, found 618.17316.
5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimid

in-1(2H)-yl)phenoxy)-1-((2-hydroxyethyl)amino)butylidene)-1,3-dimethylpyrimidine-2,4,6
(1H,3H,5H)-trione (BA-14): white solid, yield 82%, m.p. 214–216 ◦C; 1H NMR (500 MHz,
CDCl3) δ 12.81 (s, 1H), 7.33 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H), 4.15 (t,
J = 5.4 Hz, 2H), 3.88 (t, J = 5.1 Hz, 2H), 3.71 (dd, J = 10.4, 5.3 Hz, 2H), 3.57 (s, 3H), 3.41–3.34
(m, 2H), 3.31 (d, J = 5.5 Hz, 6H), 2.17 (m, 3H); 13C NMR (125 MHz, CDCl3) δ 176.53 (s),
166.65 (s), 162.52 (s), 160.02 (s), 151.43 (d, J = 248.1 Hz), 151.35 (s), 150.83 (d, J = 2.5 Hz),
150.72 (s), 141.87 (q, J = 34.7 Hz), 124.49 (d, J = 9.5 Hz), 120.67 (d, J = 14.8 Hz), 119.34 (q,
J = 275.4 Hz), 118.51 (d, J = 24.1 Hz), 113.65 (s), 103.10 (q, J = 5.3 Hz), 89.92 (s), 68.69 (s),
60.66 (s), 45.45 (s), 32.78 (q, J = 3.3 Hz), 27.95 (s), 27.72 (s), 26.83 (s), 26.79 (s); HRMS, m/z
calcd. for C24H25ClF4N5O7

+ [M + H]+ 606.13732, found 606.13708.
5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimid

in-1(2H)-yl)phenoxy)-1-((3-hydroxypropyl)amino)butylidene)-1,3-dimethylpyrimidine-2,4,
6(1H,3H,5H)-trione (BA-15): white solid, yield 80%, m.p. 221–224 ◦C; 1H NMR (500 MHz,
CDCl3) δ 12.66 (s, 1H), 7.33 (d, J = 8.8 Hz, 1H), 6.79 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H), 4.14 (t,
J = 5.4 Hz, 2H), 3.74 (t, J = 5.8 Hz, 2H), 3.70 (dd, J = 12.3, 6.4 Hz, 2H), 3.57 (s, 3H), 3.42–3.34
(m, 2H), 3.31 (s, 6H), 2.24–2.14 (m, 2H), 1.93 (p, J = 6.3 Hz, 2H), 1.74 (s, 1H); 13C NMR
(125 MHz, CDCl3) δ 176.40 (s), 166.74 (s), 162.54 (s), 159.92 (s), 151.46 (d, J = 248.0 Hz),
151.30 (s), 151.01 (d, J = 2.3 Hz), 150.69 (s), 141.77 (q, J = 34.5 Hz), 135.64 (s), 129.22 (s),
128.27 (s), 127.30 (s), 124.51 (d, J = 9.3 Hz), 120.70 (d, J = 14.8 Hz), 119.38 (q, J = 275.2 Hz),
118.47 (d, J = 24.1 Hz), 113.56 (s), 103.09 (q, J = 5.2 Hz), 90.16 (s), 68.95 (s), 47.29 (s), 32.73 (q,
J = 3.5 Hz), 27.97 (s), 27.71 (s), 27.16 (s), 26.97 (s); HRMS, m/z calcd. for C25H27ClF4N5O7

+

[M + H]+ 620.15297, found 620.15247.
5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimid

in-1(2H)-yl)phenoxy)-1-((2-hydroxypropyl)amino)butylidene)-1,3-dimethylpyrimidine-2,4,
6(1H,3H,5H)-trione (BA-16): white solid, yield 82%, m.p. 234–237 ◦C; 1H NMR (500 MHz,
CDCl3) δ 12.83 (s, 1H), 7.33 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 6.3 Hz, 1H), 6.37 (d, J = 1.7 Hz, 1H),
4.14 (t, J = 5.4 Hz, 2H), 4.12–4.02 (m, 1H), 3.69–3.61 (m, 1H), 3.57 (s, 3H), 3.49–3.25 (m, 9H),
2.15 (dd, J = 12.2, 5.0 Hz, 3H), 1.27 (d, J = 6.2 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 176.31
(s), 166.65 (s), 162.56 (s), 160.03 (s), 159.97 (s), 151.42 (d, J = 248.2 Hz), 151.36 (s), 150.82 (d,
J = 2.6 Hz), 150.74 (s), 150.69 (s), 141.86 (dd, J = 34.3, 3.7 Hz), 124.45 (d, J = 9.3 Hz), 120.68 (d,
J = 14.8 Hz), 119.34 (q, J = 275.6 Hz), 118.49 (d, J = 24.3 Hz), 113.59 (s), 103.10 (p, J = 5.4 Hz),
89.89 (s), 68.57 (s), 66.07 (s), 50.28 (s), 32.77 (q, J = 3.5 Hz), 27.95 (s), 27.73 (s), 26.81 (s), 21.10
(s); HRMS, m/z calcd. for C25H27ClF4N5O7

+ [M + H]+ 620.15297, found 620.15240.
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5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimid
in-1(2H)-yl)phenoxy)-1-((2-methoxyethyl)amino)butylidene)-1,3-dimethylpyrimidine-2,4,
6(1H,3H,5H)-trione (BA-17): white solid, yield 91%, m.p. 207–209 ◦C; 1H NMR (500 MHz,
CDCl3) δ 12.73 (s, 1H), 7.32 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H), 4.12
(t, J = 5.4 Hz, 2H), 3.80 (dd, J = 10.4, 5.2 Hz, 2H), 3.64 (t, J = 5.1 Hz, 2H), 3.57 (s, 3H), 3.44
(s, 3H), 3.37 (dd, J = 9.3, 6.3 Hz, 2H), 3.34 (s, 3H), 3.30 (s, 3H), 2.16 (m, 2H); 13C NMR (125
MHz, CDCl3) δ 176.28 (s), 166.62 (s), 162.61 (s), 159.92 (s), 151.44 (d, J = 248.0 Hz), 151.38
(s), 150.99 (d, J = 2.6 Hz), 150.68 (s), 141.78 (q, J = 34.5 Hz), 124.42 (d, J = 9.3 Hz), 120.71 (d,
J = 14.9 Hz), 119.37 (q, J = 275.4 Hz), 118.46 (d, J = 24.1 Hz), 113.53 (s), 103.09 (q, J = 5.3 Hz),
89.94 (s), 70.25 (s), 68.85 (s), 59.22 (s), 43.38 (s), 32.73 (d, J = 3.4 Hz), 27.93 (s), 27.70 (s),
26.97 (s), 26.86 (s); HRMS, m/z calcd. for C25H27ClF4N5O7

+ [M + H]+ 620.15297, found
620.15228.

5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimid
in-1(2H)-yl)phenoxy)-1-((3-methoxypropyl)amino)butylidene)-1,3-dimethylpyrimidine-2,4,
6(1H,3H,5H)-trione (BA-18): white solid, yield 79%, m.p. 197–200 ◦C; 1H NMR (500 MHz,
CDCl3) δ 12.65 (s, 1H), 7.32 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 6.3 Hz, 1H), 6.38 (s, 1H), 4.13 (t,
J = 5.5 Hz, 2H), 3.72 (dd, J = 12.4, 6.6 Hz, 2H), 3.57 (s, 3H), 3.50 (t, J = 5.8 Hz, 2H), 3.39–3.34
(m, 5H), 3.33 (s, 3H), 3.30 (s, 3H), 2.16 (m, 2H), 2.02–1.94 (m, 2H); 13C NMR (125 MHz,
CDCl3) δ 176.21 (s), 166.66 (s), 162.59 (s), 159.91 (s), 151.41 (d, J = 247.9 Hz), 151.37 (s),
151.05 (d, J = 2.3 Hz), 150.68 (s), 141.76 (q, J = 34.6 Hz), 124.53 (d, J = 9.3 Hz), 120.65 (d,
J = 14.8 Hz), 119.38 (q, J = 275.4 Hz), 118.43 (d, J = 24.1 Hz), 113.50 (s), 103.09 (q, J = 5.4 Hz),
89.73 (s), 69.24 (s), 68.91 (s), 58.80 (s), 40.80 (s), 32.72 (q, J = 3.5 Hz), 29.50 (s), 27.91 (s), 27.63
(s), 27.05 (s), 26.65 (s); HRMS, m/z calcd. for C26H29ClF4N5O7

+ [M + H]+ 634.16862, found
634.16809.

5-(4-(2-Chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimid
in-1(2H)-yl)phenoxy)-1-(phenylamino)butylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-
trione (BA-19): white solid, yield 16%, m.p. 198–200 ◦C; 1H NMR (500 MHz, CDCl3) δ

14.14 (s, 1H), 7.41 (t, J = 7.5 Hz, 2H), 7.35 (t, J = 7.4 Hz, 1H), 7.22 (d, J = 8.9 Hz, 1H), 7.17 (d,
J = 7.6 Hz, 2H), 6.68 (d, J = 6.3 Hz, 1H), 6.36 (s, 1H), 3.99 (t, J = 5.8 Hz, 2H), 3.56 (s, 3H), 3.37
(s, 3H), 3.33 (s, 3H), 3.27–3.20 (m, 2H), 2.08 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 176.45
(s), 167.01 (s), 162.31 (s), 159.90 (s), 151.25 (s), 151.23 (d, J = 247.3 Hz), 150.85 (d, J = 2.5 Hz),
150.67 (s), 141.73 (q, J = 34.1 Hz), 136.00 (s), 129.75 (s), 128.37 (s), 126.28 (s), 124.62 (d,
J = 9.3 Hz), 120.39 (d, J = 14.8 Hz), 119.38 (q, J = 275.1 Hz), 118.30 (d, J = 24.2 Hz), 113.24 (s),
103.07 (q, J = 5.2 Hz), 90.47 (s), 68.85 (s), 32.71 (q, J = 3.4 Hz), 28.04 (s), 27.96 (s), 27.81 (s),
27.73 (s); HRMS, m/z calcd. for C28H25ClF4N5O6

+ [M + H]+ 638.14240, found 638.14160.
5-(1-(Benzylamino)-4-(2-chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-

dihydropyrimidin-1(2H)-yl)phenoxy)butylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-
trione (BA-20): white solid, yield 36%, m.p. 234–236 ◦C; 1H NMR (500 MHz, CDCl3) δ

12.97 (s, 1H), 7.40 (t, J = 7.3 Hz, 2H), 7.36–7.29 (m, 4H), 6.80 (d, J = 6.3 Hz, 1H), 6.38 (s,
1H), 4.81 (d, J = 5.8 Hz, 2H), 4.13 (t, J = 5.4 Hz, 2H), 3.57 (s, 3H), 3.42 (dd, J = 9.3, 6.0 Hz,
2H), 3.32 (s, 3H), 3.31 (s, 3H), 2.18 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 176.40 (s), 166.75
(s), 162.54 (s), 159.88 (s), 151.50 (d, J = 248.0 Hz), 151.30 (s), 151.02 (d, J = 2.6 Hz), 150.68
(s), 141.77 (q, J = 34.5 Hz), 135.64 (s), 129.21 (s), 128.26 (s), 127.29 (s), 124.56 (d, J = 9.5 Hz),
120.72 (d, J = 14.8 Hz), 119.39 (q, J = 275.6 Hz), 118.45 (d, J = 24.1 Hz), 113.68 (s), 103.09 (q,
J = 5.2 Hz), 90.17 (s), 69.02 (s), 47.30 (s), 32.70 (q, J = 3.5 Hz), 27.95 (s), 27.68 (s), 27.18 (s),
26.95 (s); HRMS, m/z calcd. for C29H27ClF4N5O6

+ [M + H]+ 652.15805, found 652.15729.

3.2. Evaluation of Herbicidal Activity

According to the methods previously reported [11], the post-emergence herbicidal
activities of target compounds BA-1~BA-20 against four representative plants (i.e., B.
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campestris, A. tricolor, E. crus-galli, D. sanguinalis) were evaluated in the greenhouse. Sixteen
plants, including B. campestris, A. tricolor, L. indica, P. oleracea, T. mongolicum, C. album, B.
tripartita, I. nil, E. crus-galli, D. sanguinalis, S. viridis, E. indica, S. alterniflora, P. alopecuroides, C.
virgata, and E. dahuricus, were chosen to investigate the herbicidal spectrum of target com-
pound BA-1. Briefly, 15~20 weed seeds were uniformly sown in an 8 cm × 7 cm × 7 cm
plastic pot filled with a 2:1 (w/w) mixture of sandy soil and nutrient matrix. The seedlings
were cultivated in a greenhouse maintained at 28 ± 2 ◦C under a 16 h light–8 h dark pho-
toperiod. The tested compounds were initially dissolved in 100% DMF and subsequently
diluted with Tween-80 (concentration: 100 g/L). The resulting solutions were further di-
luted with distilled water (pH 7.0) to the desired concentrations prior to application. When
the second true leaves had fully expanded, the seedlings were thinned to 10 plants per pot
and sprayed with the evaluated compounds using a laboratory sprayer (model: 3WP-2000,
Nanjing Research Institute for Agricultural Mechanization, Nanjing, Ministry of Agricul-
ture, China), equipped with a flat-fan nozzle delivering a spray volume of 280 L ha−1 at
230 kPa. The initial herbicidal screening was conducted at a dosage of 150 g ha−1 for all
target compounds. In the subsequent screening, the dosages for the selected compounds
BA-1, BA-2, BA-5, BA-18, and BA-20 were set at 75, 37.5, and 18.8 g ha−1, respectively.
Flumiclorac-pentyl (FP) was employed as the positive control. A control group was treated
with a mixture of distilled water, DMF, and Tween-80 in equal proportions. Each treatment
was replicated three times, with a one-day interval between applications. After a 14-day
observation period, the herbicidal activity of each compound was evaluated. The inhibition
rate was calculated using the following formula: inhibition rate (%) = ((fresh weight of
control − fresh weight of treatment)/fresh weight of control) × 100%.

3.3. Crop Safety

The assay method for crop safety followed procedures previously reported in the
literature [11]. Four representative crop species, i.e., T. aestivum, Z. mays, G. hirsutum, and
G. max, were selected for greenhouse-based crop safety evaluation. In detail, seeds of
the selected crops were planted in plastic pots and grown under controlled greenhouse
conditions. When the seedlings reached the four-leaf growth stage, they were sprayed
with either of the test compounds, BA-1 or FP, at a dosage of 37.5 g ha−1. The application
process was conducted in accordance with the methodology described in Section 3.2. Each
treatment was replicated three times, with a one-day interval between applications. Crop
injury was evaluated 14 days post-treatment and expressed as the percentage of visible
damage observed.

3.4. Molecular Simulation Analysis

The crystal structure of protoporphyrinogen IX oxidase (PPO, EC 1.3.3.4) from Nico-
tiana tabacum (PDB ID: 1SEZ, NtPPO) was selected as the target protein for molecular dock-
ing studies. The active site was identified based on the coordinates of the co-crystallized
ligand OMN using AutoDock Tools. The chemical structures of the ligands BA-1 and FP
were constructed using ChemBioDraw Ultra 14.0 and subjected to energy minimization
via the MM2 force field method in ChemBio3D Ultra 14.0. The optimized structures were
saved in mol2 format and subsequently converted into pdbqt format using AutoDock
Tools for molecular docking analysis. Prior to docking, all water molecules and non-
native ligands were removed from the protein structure. Kollman atomic charges and
polar hydrogen atoms were added to ensure accurate electrostatic interactions. Molecular
docking simulations between BA-1 or FP and NtPPO were performed using AutoDock
Vina 4.2 [37–39]. The resulting protein-ligand complexes were visualized and analyzed
using PyMOL v1.3 [40].
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The molecular dynamics (MD) simulations were performed in accordance with es-
tablished protocols, encompassing system preparation, force field parameter assignment,
definition of initial conditions, integration of equations of motion, and data acquisition [41].
All simulations were executed using GROMACS 2023.3 on an Ubuntu 20.04.1 Linux op-
erating system [42]. To assess the stability of the interactions over time, the complexes
formed by BA-1 or FP with NtPPO were simulated separately. Each simulation system
underwent a 50 ns MD simulation. Upon completion, root-mean-square deviation (RMSD)
values were computed and analyzed. A lower RMSD suggests a smaller deviation from
the reference structure throughout the simulation, indicating enhanced conformational
stability of the complex.

3.5. Statistical Analysis

The values shown in each table are mean values ± SD of at least three repeated
experiments. DPS 7.05 data processing system (DPS, Hangzhou, China) was used as a
statistical software program.

4. Conclusions

In summary, twenty novel 5-(1-amino-4-phenoxybutylidene)barbituric acid deriva-
tives incorporating an enamino diketone motif were synthesized in moderate yields and
evaluated for their herbicidal activity. The bioassay results in the greenhouse demonstrated
that some of the target compounds, such as BA-1, BA-2, BA-5, BA-18, and BA-20, ex-
hibited promising herbicidal activity, and BA-1 was confirmed as a potential herbicide
lead compound due to its excellent herbicidal activity, broad herbicidal spectrum and
good crop safety. The SAR study revealed that the steric effect and electronic effects of R
group and the lipophilicity of target compound displayed an important effect on herbicidal
activity. The molecular simulation analysis revealed that BA-1 could bind well with NtPPO,
which indicated that it might be a novel ACCase inhibitor. The present work suggested
that BA-1 could represent a potential lead compound for further developing novel PPO-
inhibiting herbicides. Further study on the structural optimization of BA-1 is ongoing in
our laboratory.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/molecules30163445/s1, Figures S1–S60: 1HNMR, 13CNMR, HRMS
of the target compounds BA-1 to BA-20.
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Abstract

Sulfur Fluoride Exchange (SuFEx) chemistry represents an emerging class of click reactions
that has found broad applications in drug discovery and materials science. Traditionally,
SuFEx reactivity has been regarded as the exclusive privilege of sulfur and fluorine. Ac-
cordingly, the scaffolds exhibiting SuFEx-like reactivity without sulfur or fluorine have
remained underdeveloped. Indeed, SuFEx reactions may represent a more generalizable
mode of chemical reactivity. By enhancing the electrophilicity of the carbonyl group and
increasing the steric hindrance around the carbon center, we identified disubstituted Mel-
drum’s acid as a novel carbon-based scaffold with SuFEx-like reactivity. Various O-, S-,
and N-nucleophiles are viable exchange partners in the presence of Barton’s base or DBU.
In addition to the original method, a catalytic protocol was developed and successfully
applied to drug derivatization, including the gram-scale modification of acetaminophen.

Keywords: disubstituted Meldrum’s acid; esterification; amidation; decarboxylation; SuFEx

1. Introduction

The concept of Sulfur Fluoride Exchange (SuFEx) [1–6], first introduced by Sharpless
and coworkers, represents a unique class of nucleophilic exchange reactions in which stable
sulfur(VI) fluoride compounds can be selectively activated under specific environments [7–12],
in the presence of promoters [13,14], or under catalytic conditions [15–20] to form covalent
linkages. This "dormant awakening reactivity" has enabled broad applications across chem-
ical biology [21–27], drug discovery [28–38], and materials science [39–52]. Initially, SuFEx
reactivity was attributed to the distinctive characteristics of the S(VI)–F bond (Scheme 1a).
Following this paradigm, a variety of building blocks containing an S–F bond have been
developed, greatly expanding the SuFEx toolbox [53–65]. However, the reliance on either
sulfur or fluorine elements in SuFEx chemistry has been challenged by recent discoveries.
For instance, Zuilhof and coworkers introduced the concept of sulfur-phenolate exchange
(SuPhenEx) in their latest work, demonstrating that S(VI) centers can undergo efficient ex-
change reactions without the involvement of fluorine (Scheme 1b) [66–69]. In 2023, Moses
and coworkers discovered a set of phosphorus-based exchange reactions, termed Phosphorus
Fluoride Exchange (PFEx), wherein P(V) fluorides exhibit similar latent reactivity with nu-
cleophiles (Scheme 1c) [70–73]. These findings suggest that SuFEx-like reactivity may not be
limited to S- or F-based systems, but rather represent a more general reactivity mode for robust
covalent bond formation. Therefore, it is highly desirable to discover new scaffolds capable of
mimicking SuFEx-type reactivity. Herein, we report a carbon-based scaffold, disubstituted
Meldrum’s acid, that exhibits SuFEx-like reactivity under mild conditions (Scheme 1d).

Molecules 2025, 30, 3534 https://doi.org/10.3390/molecules30173534
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Scheme 1. Development of novel scaffolds with SuFEx reactivity.

Acyl fluorides were the original candidates for this project. However, due to the
relatively low steric hindrance around the acyl carbon, acyl fluorides, despite their
high exchange reactivity, exhibited significantly lower hydrolytic stability compared to
S(VI)–fluorides. This limitation led us to shift our focus to other carbonyl compounds
with high intrinsic reactivity. Ultimately, disubstituted Meldrum’s acid was identified
as a promising candidate. Although Meldrum’s acid may seem unrelated to SuFEx-like
reactivity at first glance, its cyclic ester structure [74–78] endows it with both high elec-
trophilicity and hydrolytic stability. This pairing of electrophilicity and stability strongly
resonates with the design principles of conventional SuFEx reagents. (Figure 1). In addition,
disubstituted Meldrum’s acids are highly tunable building blocks and can be readily pre-
pared from Meldrum’s acid via alkylations, Michael additions, and reductive Knoevenagel
condensations [79,80]. This ease of double substitution imparts remarkable structural
diversity to disubstituted Meldrum’s acids, which in turn facilitates multidimensional
connectivity via nucleophilic ring-opening reactions. Meanwhile, disubstituted Meldrum’s
acids possess markedly enhanced stability relative to their less substituted counterparts.
However, several challenges persist in the proposed decarboxylative nucleophilic ring-
opening reaction. Notably, while the nucleophilic ring-opening of disubstituted Meldrum’s
acids occurs readily [79,81–89], only a very limited number of them undergo decarboxyla-
tion under mild conditions [90–92]. In many cases, decarboxylation still requires elevated
temperatures or the use of excess reagents to achieve efficient conversion [93–101]. These ex-
isting conditions fail to meet the standards of SuFEx chemistry. Therefore, a facile protocol
compatible with more complex synthetic settings is highly desirable.

 

Figure 1. The design of carbon exchange reagents.

2. Results

Initially, we chose 2a as a nucleophile to investigate the nucleophilic exchange reactions
of 1a. A control experiment conducted in the absence of any base showed no formation of
the expected product, and 1a remained intact (Table 1, entry 1). In addition, either inorganic
bases or weaker organic bases resulted in negligible formation of 3a (Table 1, entries 2–8).
Further investigation revealed that 1a was completely consumed when a strong inorganic
base, such as cesium carbonate, potassium carbonate, or potassium phosphate, was used. In
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these cases, the nucleophilic ring-opening product, malonate half ester 3a’ was obtained in-
stead of 3a. In the other cases using sodium carbonate, 4-dimethylaminopyridine (DMAP),
triethylamine (TEA), and N,N-diisopropylethylamine (DIPEA), most of 1a remained un-
changed. Gratifyingly, both nucleophilic substitution and decarboxylation proceeded
smoothly at room temperature in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
or Barton’s base (2-tert-Butyl-1,1,3,3-tetramethylguanidine, BTMG) (Table 1, entry 9–10).
These results were somewhat unexpected, as the decarboxylation of malonate half-esters
typically requires elevated temperatures. Next, we extended the reaction time from 4 h to
12 h and evaluated the compatibility of this reaction with a variety of common solvents
(Table 1, entries 11–16). To our delight, nearly quantitative yields were obtained in ace-
tonitrile, toluene, tetrahydrofuran (THF), N-methyl-pyrrolidinone (NMP), and dimethyl
sulfoxide (DMSO), while a slightly lower yield (87%) was observed in dichloromethane. To
evaluate the potential applicability of this transformation in biological settings, aqueous
DMSO solutions were tested, and satisfactory yields were obtained (Table 1, entries 17–18).
The high efficiency of this transformation across various solvents aligned well with the
principles of click chemistry.

Table 1. Optimization of reaction conditionsa.

Entry Base Solvent Time(h) 3ab(%)

1 none MeCN 4 0
2 Cs2CO3 MeCN 4 2
3 K2CO3 MeCN 4 0
4 K3PO4 MeCN 4 0
5 Na2CO3 MeCN 4 0
6 DMAP MeCN 4 0
7 TEA MeCN 4 0
8 DIPEA MeCN 4 2
9 DBU MeCN 4 65

10 BTMG MeCN 4 82
11 BTMG MeCN 12 100
12 BTMG Dichloromethane 12 87
13 BTMG Toluene 12 100
14 BTMG Tetrahydrofuran 12 100
15 BTMG N-methyl-pyrrolidinone 12 100
16 BTMG Dimethyl sulfoxide 12 99
17c BTMG Dimethyl sulfoxide 1 87
18d BTMG Dimethyl sulfoxide 1 80

a Reactions were run with 1a (0.10 mmol), p-bromophenol (1.10 equiv), and base (1.10 equiv) in anhydrous
acetonitrile (250.0 μL) at rt for 4 h. b Yields were determined by 1H NMR with 1,3,5-trimethoxybenzene as
an internal standard. c Reactions were run in 5% H2O–DMSO at 60 ◦C for 1 h. d Reactions were run in 20%
H2O–DMSO at 60 ◦C for 1 h.

With the optimal protocol in hand, the substrate scope was acid and phenolic nu-
cleophiles were well tolerated and α,α-disubstituted phenyl acetates were obtained in
excellent isolated yields (3a–3y) (Figure 2). For the Meldrum’s acid component, we focus
on evaluating the substrates with a larger alkyl group. The results indicated that a variety
of benzyl-substituted substrates afforded excellent yields (3f–3j). Notably, more sterically
hindered alkyl substrates (1b–1e) also provided satisfactory results. For phenolic nucle-
ophiles, we examined the influence of functional group tolerance, electronic properties, and
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steric hindrance. The method demonstrated excellent tolerance toward diverse functional
groups. A wide array of α,α-disubstituted phenylacetates bearing diverse functional groups
such as halogens (3t, 3x, and 3y), trifluoromethyl (3l), amino (3n), alkoxy (3o and 3w),
nitro (3k), ester (3p), aldehyde (3q), alkenyl (3w), and various heterocycles (3m, 3x, and
3y), were obtained in excellent yields. Although the method was generally insensitive
to electronic effects, the most electron-deficient phenol, 4-nitrophenol (2k), and the most
electron-rich one, 4-dimethylaminophenol (2n), required a more polar solvent, NMP, and a
more concentrated condition (0.8 M) to complete the reaction at room temperature. In terms
of steric effects, ortho-substituted substrates (2s, 2t, and 2u) and 1-naphthol (2r) reacted
smoothly under standard conditions. The only exception was the highly sterically hindered
2,6-dimethylphenol (2v), which required heating at 60 ◦C to achieve full conversion.

 

Figure 2. The scope of disubstituted Meldrum’s acids and phenolic nucleophilesa. aReactions were
run with 1 (0.50 mmol, 1.00 equiv), 2 (0.55 mmol, 1.10 equiv), and BTMG (0.55 mmol, 1.10 equiv) in
anhydrous acetonitrile (1.25 mL) at rt for 12 h. All yields were isolated yields. bReactions were run in
NMP (625.0 μL). cReaction was run at 60 ◦C.

Next, we turned our attention to the use of alcohols, thiols, and amines as nucleophilic
partners. Several representative nucleophiles were selected for evaluation. Not surprisingly,
no desired α,α-disubstituted acetate products were obtained when alcohols were used
as nucleophiles under the standard conditions developed for phenols, even at 40 ◦C.
However, small amounts of the desired products could be detected upon raising the
reaction temperature to 60 ◦C in acetonitrile. Analysis of the reaction mixtures revealed
that the major products under these conditions were the non-decarboxylated malonate
half-esters. To improve the yield of the expected ester product, we employed NMP as
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the solvent to promote decarboxylation. Gratifyingly, this subtle adjustment successfully
led to the formation of the desired esters (4a, 4b, 4c, and 4d) in high yields from alcohol
nucleophiles (Figure 3). Indeed, primary alcohols such as (4-bromophenyl)methanol and
3-phenylpropan-1-ol, as well as secondary diphenylmethanol, reacted smoothly at 60 ◦C.
Furthermore, cyclohexanol, due to its increased steric hindrance, required the use of a
less hindered base (DBU) in place of BTMG, along with a slightly higher temperature
(80 ◦C) to afford the product 4d. Interestingly, the reactivity of thiol and thiophenol
more closely resembles that of phenols rather than alcohols. Thioesters (4e and 4f) were
delivered in excellent yields at room temperature. Encouraged by these results, we further
increased the reaction temperature to 100 ◦C for amidations and confirmed that primary
amines were viable nucleophiles under elevated temperature (Figure 3). The corresponding
amide products (4g, 4h, 4i, and 4j) were obtained at 100 ◦C in satisfactory yields. We
also investigated a secondary amine (morpholine) as the nucleophile. As a result, 4k was
obtained in 62% isolated yield using the conditions for primary amines. As anticipated, the
sterically hindered tert-butanol and tert-butylamine did not undergo nucleophilic exchange
reactions and failed to yield the desired products 4l and 4m even at 100 ◦C.

 

Figure 3. The scope of alcohol, thiols, and amine nucleophilesa. aReactions were run with 1a

(0.50 mmol, 1.00 equiv), 2 (0.55 mmol, 1.10 equiv), and BTMG (0.55 mmol, 1.10 equiv) in NMP
(625.0 μL) at 60 ◦C for 12 h. All yields were isolated yields. bReaction was run with using DBU
instead of BTMG at 80 ◦C for 12 h. cReaction was run in anhydrous acetonitrile (1.25 mL) at rt for
12 h. dReactions were run at 100 ◦C in NMP (1.25 mL). en.d. = not detected.

After evaluating the scope of nucleophilic exchange partners, we sought to improve
the practicality of the current methodology in scalable synthesis. To avoid the use of
stoichiometric amounts of BTMG, we aimed to develop a catalytic protocol for this transfor-
mation. Acetaminophen, a widely used over-the-counter (OTC) fever and pain reliever, was
selected as the model substrate. Gratifyingly, using a catalytic amount of BTMG in NMP at
60 ◦C for 12 h, the desired acylated product was obtained in 96% yield on a 2.12 g scale
(Scheme 2a). In addition, we are able to isolate the malonate half-ester 5 by using a modified
protocol (Scheme 2b). Subsequently, the Curtius rearrangement of 5 successfully delivered
the valuable α-amino acid derivatives 6 in 76% yield (Scheme 2c). Further investigation
revealed that the isolation of the malonate half-ester 5 was not required. Accordingly, a
one-pot synthesis of malonyl monoester amide 7 from 1a and 2 was successfully achieved
(Scheme 2d).
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Scheme 2. Preparation-scale derivatization of Acetaminophen.

Based on the experimental data we obtained, a plausible catalytic cycle is proposed.
The reaction proceeds via decarboxylation of the malonate half-ester followed by repro-
tonation (Scheme 3) [102,103]. The superior results obtained with BTMG, in contrast to
inorganic bases, are likely due to its excellent solubility in various organic solvents, which
is particularly important for facilitating the decarboxylation. This pathway is distinct
from the ketene mechanism observed under thermal conditions (>150 ◦C) [104–107]. To
further support this mechanistic proposal, the malonate half-ester 3a’ was treated with a
stoichiometric amount of BTMG at room temperature. The decarboxylation of 3a’ occurred
readily, affording the product 3a (see Supplementary Materials).

 

Scheme 3. Proposed Catalytic Cycle.

3. Materials and Methods

3.1. Reagents and General Methods

All reagents were purchased from commercial sources(Energy Chemical, Shanghai,
China) and used without further purification unless otherwise noted. Acetonitrile, N-
methyl-pyrrolidinone and dimethyl sulfoxide used in the reactions were anhydrous sol-
vents purchased from commercial suppliers (Energy Chemical, Shanghai, China) and used
without further drying (≥99.9%, LC-MS, Energy Chemical, China). The petroleum ether
(Energy Chemical, Shanghai, China) used was in a boiling range of 60–90 ◦C. Other sol-
vents were purified according to standard procedures [108]. All reactions were carried
out with oven-dried glassware and monitored by thin-layer chromatography (0.20 mm
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HP-TLC silica gel 60 GF-254 plates, Leyan, Shanghai, China). Visualization was accom-
plished with UV light, and/or potassium permanganate, or 2% ninhydrin in ethanol stain
followed by heating. Flash column chromatography was performed on 200–300 mesh silica
gel (Leyan, Shanghai, China). Meldrum’s acid (2,2-dimethyl-1,3-dioxane-4,6-dione) and
5-methyl Meldrum’s acid (2,2,5-trimethyl-1,3-dioxane-4,6-dione) were purchased from
Bide Pharm, Shanghai, China, and used without further purification. The deuterated
chloroform (CDCl3) (Energy Chemical, Shanghai, China) used contains 0.03% (v/v) of
tetramethylsilane (TMS).

1H, 19F, and 13C NMR spectra were recorded on a Bruker AVANCE III 400 MHz
spectrometer (Bruker, Billerica, MA, USA) at 298 K and referenced to residual protium in
the NMR solvent (CDCl3, δ 7.26, DMSO-d6, 2.50 in 1H NMR) and the carbon resonances of
the solvent (CDCl3, δ 77.16, DMSO-d6, 39.52 in 13C NMR). Chemical shifts were reported in
parts per million (ppm, δ) downfield from tetramethylsilane. NMR peaks are described as
singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), heptet (hept), complex (comp),
and approximate (app). High-resolution mass spectra (HRMS) were recorded on a Thermo
Fisher Scientific’s Q Exactive UHMR Hybrid Quadrupole-Orbitrap Mass Spectrometer
LC/MS (ESI/APCI) (Thermo Fisher, Waltham, MA, USA).

TEAF = triethylammonium formate, TEA = triethylamine, DIPEA = N,N-diisopropylet-
hylamine, DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, DMAP = 4-dimethylaminopyridine,
BTMG = 2-tert-butyl-1,1,3,3-tetramethylguanidine, NMI = N-methylimidazole, DPPA = diphenyl
azidophosphate, HOBt = 1-hydroxybenzotriazole, EDC = 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide, EA = ethyl acetate, DMF = N,N-dimethylformamide, DCM = dichloromethane,
DCE = dichloroethane, DMSO = dimethyl sulfoxide, THF = tetrahydrofuran, NMP = N-methyl-
pyrrolidinone, TLC = thin-layer chromatography, v/v = volume per volume, equiv = equivalent,
w/o = without, rt = room temperature.

3.2. Synthetic Procedures
3.2.1. A General Procedure for the 5-Substituted-5-methyl-1,3-dioxane-4,6-dione

General Procedure: Substituted-Meldrum’s acids were prepared according to the
literature procedure [109]. 5-methyl Meldrum’s acid (1.00 equiv) and K2CO3 (1.30 equiv)
were dissolved in anhydrous DMF, followed by the addition of alkyl bromide (1.20 equiv).
The mixture was then heated to 60 ◦C for 12 h. After reaction completion, the mixture
was diluted with 50 mL of EA and 50 mL of water. The organic phase was separated. The
aqueous phase was further extracted with 2 × 50 mL of EA. The combined organic layer
was separated, washed with saturated aqueous NaHCO3 solution and saturated aqueous
NaCl solution, dried over anhydrous sodium sulfate, and concentrated in vacuo to afford
the crude product. The crude product was purified by flash column chromatography to
afford the purified product.

3.2.2. A General Procedure for the Preparation of the Esters 3

In a 4.0-mL vial, 5,5-substituted-Meldrum’s acid 1 (0.50 mmol, 1.00 equiv), BTMG
(94.2 mg, 0.55 mmol, 1.10 equiv) were dissolved in anhydrous MeCN (1.25 mL). The
phenol (0.55 mmol, 1.10 equiv) was added and stirred at rt for 12 h. After the reaction
was completed, the mixture was diluted with EA (20 mL), washed with 2 M aqueous
HCl solution (15 mL). The organic layer was separated, washed with saturated brine
(20 mL), dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The
crude product was then purified by silica gel column chromatography.

4-Bromophenyl isobutyrate (3a): Compound 3a was prepared according to the gen-
eral procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and p-bromophenol (95.2 mg,
0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatography
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(petroleum ether/ethyl acetate = 20/1, v/v) afforded 4-bromophenyl isobutyrate (3a)
as a colorless oil (111.8 mg, 92%). Rf = 0.40 (petroleum ether/ethyl acetate = 40/1, v/v).
1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 7.5 Hz, 2H), 6.97 (d, J = 7.5 Hz, 2H), 2.79 (hept,
J = 6.9 Hz, 1H), 1.31 (d, J = 6.9 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 175.3, 149.9, 132.4
(2C), 123.4 (2C), 118.7, 34.2, 18.9 (2C). HRMS−ESI (m/z) for C10H11BrO2 [M + Na]+: calcd
264.9834 (79Br), 266.9814 (81Br), found 264.9835 (79Br), 266.9814 (81Br).

4-Bromophenyl 2,3-dimethylbutanoate (3b): Compound 3b was prepared according
to the general procedure using 1b (100.0 mg, 0.50 mmol, 1.00 equiv) and p-bromophenol
(95.2 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 20/1, v/v) afforded 4-bromophenyl 2,3-dimethylbutanoate
(3b) as a colorless oil (115.2 mg, 85%). Rf = 0.40 (petroleum ether/ethyl acetate = 40/1,
v/v). 1H NMR (400 MHz, CDCl3) δ 7.5 (d, J = 8.8 Hz, 2H), 7.0 (d, J = 8.9 Hz, 2H), 2.5 (m,
1H), 2.1 (m, 1H), 1.3 (d, J = 7.1 Hz, 3H), 1.04 (d, J = 6.8 Hz, 1H), 1.00 (d, J = 6.7 Hz, 1H). 13C

NMR (101 MHz, CDCl3) δ 174.5, 149.9, 132.4 (2C), 123.4 (2C), 118.7, 46.2, 31.2, 20.7, 19.2,
13.7. HRMS−ESI (m/z) for C12H15BrO2 [M + Na]+: calcd 293.0147 (79Br), 295.0127 (81Br),
found 293.0149 (79Br), 295.0127 (81Br).

4-Bromophenyl 2,4-dimethylpentanoate (3c): Compound 3c was prepared according to
the general procedure using 1c (107.0 mg, 0.50 mmol, 1.00 equiv) and p-bromophenol
(95.2 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chro-
matography (petroleum ether/ethyl acetate = 20/1, v/v) afforded 4-bromophenyl 2,4-
dimethylpentanoate (3c) as a colorless oil (126.4 mg, 90%). Rf = 0.40 (petroleum ether/ethyl
acetate = 40/1, v/v). 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 8.8 Hz, 2H), 6.96 (d,
J = 8.7 Hz, 2H), 2.84–2.64 (m, 1H), 1.83–1.64 (comp, 2H), 1.42–1.31 (m, 1H), 1.28 (d, J = 6.9 Hz,
3H), 0.97 (d, J = 6.2 Hz, 1H), 0.94 (d, J = 6.1 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 175.4,
150.0, 132.5 (2C), 123.5 (2C), 118.9, 43.0, 37.9, 26.2, 22.7, 22.6, 17.5. HRMS−ESI (m/z)
for C13H17BrO2 [M + Na]+: calcd 307.0304 (79Br), 309.0283 (81Br), found 307.0304 (79Br),
309.0288 (81Br).

4-Bromophenyl 2-methylpent-4-ynoate (3d): Compound 3d was prepared according
to the general procedure using 1d (98.0 mg, 0.50 mmol, 1.00 equiv) and p-bromophenol
(95.2 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 20/1, v/v) afforded 4-bromophenyl 2-methylpent-4-ynoate
(3d) as a colorless oil (121.9 mg, 90%). Rf = 0.40 (petroleum ether/ethyl acetate = 40/1,
v/v). 1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.9 Hz, 2H), 6.99 (d, J = 8.8 Hz, 2H), 2.91
(m, 1H), 2.59 (comp, 2H), 2.06 (s, 1H), 1.41 (d, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3)
δ 173.1, 149.9, 132.6 (2C), 123.5 (2C), 119.1, 81.0, 70.5, 39.0, 22.9, 16.4. HRMS−ESI (m/z)
for C12H11BrO2 [M + Na]+: calcd 288.9835 (79Br), 290.9815 (81Br), found 288.9831 (79Br),
290.9815 (81Br).

4-Bromophenyl 3-cyclohexyl-2-methylpropanoate (3e): Compound 3e was prepared accord-
ing to the general procedure using 1e (127.0 mg, 0.50 mmol, 1.00 equiv) and p-bromophenol
(95.2 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatogra-
phy (petroleum ether/ethyl acetate = 20/1, v/v) afforded 4-bromophenyl 3-cyclohexyl-2-
methylpropanoate (3e) as a colorless oil (137.7 mg, 85%). Rf = 0.40 (petroleum ether/ethyl
acetate = 40/1, v/v). 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 8.8 Hz, 2H), 6.96 (d,
J = 8.8 Hz, 2H), 2.84–2.71 (m, 1H), 1.84–1.62 (comp, 6H), 1.37 (comp, 2H), 1.27 (d, J = 6.9 Hz,
3H), 1.23–1.10 (comp, 3H), 0.93 (comp, 2H). 13C NMR (101 MHz, CDCl3) δ 175.5, 150.1,
132.6 (2C), 123.5 (2C), 118.8, 41.6, 37.2, 35.7, 33.5, 33.3, 26.7, 26.4, 26.4, 17.6. HRMS−ESI

(m/z) for C16H21BrO2 [M + Na]+: calcd 347.0617 (79Br), 349.0596 (81Br), found 347.0617
(79Br), 349.0598 (81Br).

4-Bromophenyl 2-methyl-3-phenylpropanoate (3f): Compound 3f was prepared according
to the general procedure using 1f (124.0 mg, 0.50 mmol, 1.00 equiv) and p-bromophenol
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(95.2 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatog-
raphy (petroleum ether/ethyl acetate = 20/1, v/v) afforded 4-bromophenyl 2-methyl-3-
phenylpropanoate (3f) as a colorless oil (145.2 mg, 91%). Rf = 0.40 (petroleum ether/ethyl
acetate = 40/1, v/v). 1H NMR (400 MHz, CDCl3) δ 7.44 (d, J = 8.4 Hz, 2H), 7.31 (m, 2H),
7.23 (comp, 3H), 6.79 (d, J = 8.3 Hz, 2H), 3.09 (dd, J = 13.3, 7.7 Hz, 1H), 2.99 (m, 1H), 2.83
(dd, J = 13.3, 6.6 Hz, 1H), 1.32 (d, J = 6.6 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 174.4, 149.8,
139.0, 132.5 (2C), 129.2 (2C), 128.6 (2C), 126.7, 123.4 (2C), 118.9, 41.8, 40.0, 17.1. HRMS−ESI

(m/z) for C16H15BrO2 [M + Na]+: calcd 341.0148 (79Br), 343.0128 (81Br), found 341.0149
(79Br), 343.0132 (81Br).

4-Bromophenyl 3-(4-fluorophenyl)-2-methylpropanoate (3g): Compound 3g was prepared
according to the general procedure using 1g (133.0 mg, 0.50 mmol, 1.00 equiv) and p-
bromophenol (95.2 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column
chromatography (petroleum ether/ethyl acetate = 20/1, v/v) afforded 4-bromophenyl 3-
(4-fluorophenyl)-2-methylpropanoate (3g) as a colorless oil (151.7 mg, 95%). Rf = 0.40
(petroleum ether/ethyl acetate = 40/1, v/v). 1H NMR (400 MHz, CDCl3) δ 7.46 (d,
J = 8.8 Hz, 2H), 7.19 (dd, J = 8.3, 5.4 Hz, 2H), 7.00 (t, J = 8.5 Hz, 2H), 6.81 (d, J = 8.8 Hz,
2H), 3.07 (dd, J = 13.4, 7.7 Hz, 1H), 2.94 (m, 1H), 2.81 (dd, J = 13.4, 6.8 Hz, 1H), 1.31 (d,
J = 6.9 Hz, 3H). 19F NMR (377 MHz, CDCl3) δ –116.4. 13C NMR (101 MHz, CDCl3) δ 174.2,
161.9 (d, JC−F = 244.7 Hz), 149.8, 134.7 (d, JC−F = 3.2 Hz), 132.6 (2C), 130.6 (d, JC−F = 7.8 Hz,
2C), 123.4 (2C), 119.0, 115.5 (d, JC−F = 21.2 Hz, 2C), 41.9, 39.1, 17.0. HRMS−ESI (m/z)
for C16H14BrFO2 [M + Na]+: calcd 359.0053 (79Br), 361.0033 (81Br), found 359.0052 (79Br),
361.0035 (81Br).

4-Bromophenyl 3-(3-fluorophenyl)-2-methylpropanoate (3h): Compound 3h was prepared
according to the general procedure using 1h (133.0 mg, 0.50 mmol, 1.00 equiv) and p-
bromophenol (95.2 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column
chromatography (petroleum ether/ethyl acetate = 20/1, v/v) afforded 4-bromophenyl 3-
(3-fluorophenyl)-2-methylpropanoate (3h) as a colorless oil (146.7 mg, 87%). Rf = 0.40
(petroleum ether/ethyl acetate = 40/1, v/v). 1H NMR (400 MHz, CDCl3) δ 7.46 (d,
J = 8.8 Hz, 2H), 7.26 (m, 1H), 7.00 (m, 1H), 6.95 (comp, 2H), 6.83 (d, J = 8.4 Hz, 2H),
3.10 (dd, J = 13.4, 7.7 Hz, 1H), 2.98 (m, 1H), 2.82 (dd, J = 13.4, 6.9 Hz, 1H), 1.32 (d, J = 6.9 Hz,
3H). 19F NMR (377 MHz, CDCl3) δ –113.3. 13C NMR (101 MHz, CDCl3) δ 174.0, 162.9 (d,
JC−F = 246.0 Hz), 149.6, 141.4 (d, JC−F = 7.2 Hz), 132.4 (2C), 130.0 (d, JC−F = 8.3 Hz), 124.7
(d, JC−F = 2.9 Hz), 123.2 (2C), 118.9, 115.9 (d, JC−F = 21.1 Hz), 113.6 (d, JC−F = 21.1 Hz), 41.4,
39.4, 17.0. HRMS−ESI (m/z) for C16H14BrFO2 [M + Na]+: calcd 359.0053 (79Br), 361.0033
(81Br), found 359.0052 (79Br), 361.0032 (81Br).

4-Bromophenyl 3-(2fluorophenyl)-2-methylpropanoate (3i): Compound 3i was prepared
according to the general procedure using 1i (133.0 mg, 0.50 mmol, 1.00 equiv) and p-
bromophenol (95.2 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column
chromatography (petroleum ether/ethyl acetate = 20/1, v/v) afforded 4-bromophenyl 3-
(2-fluorophenyl)-2-methylpropanoate (3i) as a colorless oil (143.3 mg, 93%). Rf = 0.40
(petroleum ether/ethyl acetate = 40/1, v/v). 1H NMR (400 MHz, CDCl3) δ 7.45 (d,
J = 8.8 Hz, 2H), 7.25–7.17 (comp, 2H), 7.11–7.00 (comp, 2H), 6.82 (d, J = 8.8 Hz, 2H),
3.14–2.99 (comp, 2H), 2.97–2.85 (m, 1H), 1.33 (d, J = 6.6 Hz, 3H). 19F NMR (377 MHz,
CDCl3) δ –117.6. 13C NMR (101 MHz, CDCl3) δ 174.1, 161.4 (d, JC−F = 245.3 Hz), 149.7,
132.4 (2C), 131.5 (d, JC−F = 4.7 Hz), 128.5 (d, JC−F = 8.2 Hz), 125.8 (d, JC−F = 15.7 Hz),
124.1 (d, JC−F = 3.6 Hz), 123.3 (2C), 118.8, 115.4 (d, JC−F = 22.1 Hz), 40.2, 33.2 (d, JC−F = 2.1
Hz), 17.0. HRMS−ESI (m/z) for C16H14BrFO2 [M + Na]+: 359.0053 (79Br), 361.0033 (81Br),
found 359.0054 (79Br), 361.0033 (81Br).

4-Bromophenyl 3-cyclohexyl-2-methylpropanoate (3j): Compound 3j was prepared accord-
ing to the general procedure using 1j (158.0 mg, 0.50 mmol, 1.00 equiv) and p-bromophenol
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(95.2 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatogra-
phy (petroleum ether/ethyl acetate = 20/1, v/v) afforded 4-bromophenyl 3-cyclohexyl-2-
methylpropanoate (3j) as a colorless oil (168.0 mg, 93%). Rf = 0.40 (petroleum ether/ethyl
acetate = 40/1, v/v). 1H NMR (400 MHz, CDCl3) δ 7.57 (d, J = 7.9 Hz, 2H), 7.46 (d,
J = 8.8 Hz, 2H), 7.35 (d, J = 7.9 Hz, 2H), 6.80 (d, J = 8.9 Hz, 2H), 3.16 (dd, J = 13.4, 7.7 Hz,
1H), 3.01 (m, 1H), 2.88 (dd, J = 13.4, 7.0 Hz, 1H), 1.34 (d, J = 6.8 Hz, 3H). 19F NMR

(377 MHz, CDCl3) δ –62.8. 13C NMR (101 MHz, CDCl3) δ 173.9, 149.7, 143.1, 132.6 (2C),
129.5 (2C), 129.1 (q, JC−F = 32.1 Hz), 125.6 (q, JC−F = 3.8 Hz, 2C), 124.3 (q, JC−F = 272.0 Hz),
123.3 (2C), 119.1, 41.5, 39.5, 17.1. HRMS−ESI (m/z) for C17H14BrF3O2 [M + Na]+: calcd
409.0021 (79Br), 411.0001 (81Br), found 409.0025 (79Br), 411.0014 (81Br).

4-Nitrophenyl isobutyrate (3k): Compound 3k was prepared according to the gen-
eral procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and p-nitrophenol (76.5 mg,
0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 10/1, v/v) afforded 4-nitrophenyl isobutyrate (3k) as a
white solid (88.8 mg, 85%). The NMR data of 3k were in agreement with the literature
data [109]. Rf = 0.50 (petroleum ether/ethyl acetate = 10/1, v/v). HRMS−ESI (m/z) for
C10H11NO4 [M + Na]+: calcd 232.0581, found 232.0580.

4-(Trifluoromethyl)phenyl isobutyrate (3l): Compound 3l was prepared according to the
general procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and 4-(trifluoromethyl)phenol
(89.2 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 40/1, v/v) afforded 4-(trifluoromethyl)phenyl isobutyrate
(3l) as a colorless oil (104.4 mg, 90%). Rf = 0.40 (petroleum ether/ethyl acetate = 40/1, v/v).
1H NMR (400 MHz, CDCl3) δ 7.64 (d, J = 8.6 Hz, 2H), 7.20 (d, J = 8.6 Hz, 2H), 2.82 (hept,
J = 7.0 Hz, 1H), 1.33 (d, J = 7.0 Hz, 6H). 19F NMR (377 MHz, CDCl3) δ –62.2. 13C NMR

(101 MHz, CDCl3) δ175.1, 153.4, 128.1 (q, JC−F = 31.2 Hz), 126.7 (q, JC−F = 3.8 Hz, 2C),
126.2 (q, JC−F = 271.3 Hz), 122.0 (2C), 34.2, 18.8 (2C). HRMS−ESI (m/z) for C11H11F3O2

[M + Na]+: calcd 255.0603, found 255.0607.
4-(1H-Tetrazol-1-yl)phenyl isobutyrate (3m): Compound 3m was prepared according

to the general procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and 4-(1H-tetrazol-
1-yl)phenol (89.2 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column
chromatography (petroleum ether/ethyl acetate = 10/1, v/v) afforded 4-(1H-tetrazol-1-
yl)phenyl isobutyrate (3m) as a colorless oil (98.7 mg, 85%). Rf = 0.35 (petroleum ether/ethyl
acetate = 10/1, v/v). 1H NMR (400 MHz, CDCl3) δ 8.97 (s, 1H), 7.72 (d, J = 8.6 Hz, 2H), 7.33
(d, J = 8.6 Hz, 2H), 2.85 (hept, J = 7.0 Hz, 1H), 1.35 (d, J = 7.0 Hz, 6H). 13C NMR (101 MHz,
CDCl3) δ 175.1, 151.9, 140.6, 131.1, 123.5 (2C), 122.5 (2C), 34.2, 18.8 (2C). HRMS−ESI (m/z)
for C11H12N4O2 [M + Na]+: calcd 255.0852, found 255.0854.

4-(Dimethylamino)phenyl isobutyrate (3n): Compound 3n was prepared according to the
general procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and 4-(dimethylamino)phenol
(75.4 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 20/1, v/v) afforded 4-(dimethylamino)phenyl isobutyrate
(3n) as a white solid (88.0 mg, 85%). Rf = 0.40 (petroleum ether/ethyl acetate = 40/1, v/v).
mp 59–60 ◦C (petroleum ether). 1H NMR (400 MHz, CDCl3) δ 6.93 (d, J = 9.1 Hz, 2H), 6.70
(d, J = 9.0 Hz, 2H), 2.92 (s, 6H), 2.76 (hept, J = 7.0 Hz, 1H), 1.30 (d, J = 7.0 Hz, 6H). 13C

NMR (101 MHz, CDCl3) δ 176.2, 148.7, 141.8, 121.7 (2C), 113.2 (2C), 41.0 (2C), 34.1, 19.0
(2C). HRMS−ESI (m/z) for C12H17NO2 [M + H]+: calcd 208.1332, found 208.1334.

4-Methoxyphenyl isobutyrate (3o): Compound 3o was prepared according to the general
procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and 4-methoxyphenol (68.3 mg,
0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 20/1, v/v) afforded 4-methoxyphenyl isobutyrate (3o) as
a colorless oil (91.2 mg, 94%). The NMR data of 3o were in agreement with the literature
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data [110]. Rf = 0.40 (petroleum ether/ethyl acetate = 20/1, v/v). HRMS−ESI (m/z) for
C11H14O3 [M + Na]+: calcd 217.0835, found 217.0837.

Methyl 4-(isobutyryloxy)benzoate (3p): Compound 3p was prepared according to the
general procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and methyl 4-hydroxybenzoate
(83.7 mg, 0.55 mmol, 1.10 equiv) at rt for 4 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 20/1, v/v) afforded methyl 4-(isobutyryloxy)benzoate
(3p) as a colorless oil (100.0 mg, 90%). Rf = 0.40 (petroleum ether/ethyl acetate = 40/1,
v/v). 1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 9.1 Hz, 2H), 7.15 (d, J = 9.1 Hz, 2H), 3.91
(s, 3H), 2.81 (hept, J = 7.0 Hz, 1H), 1.32 (d, J = 6.9 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ
175.1, 166.4, 154.6, 131.1 (2C), 127.6, 121.6 (2C), 52.2, 34.2, 18.9 (2C). HRMS−ESI (m/z) for
C12H14O4 [M + Na]+: calcd 245.0785, found 245.0787.

4-Formylphenyl isobutyrate (3q): Compound 3q was prepared according to the gen-
eral procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and 4-hydroxybenzaldehyde
(67.2 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatogra-
phy (petroleum ether/ethyl acetate = 20/1, v/v) afforded 4-formylphenyl isobutyrate (3q)
as a colorless oil (82.6 mg, 86%). Rf = 0.40 (petroleum ether/ethyl acetate = 40/1, v/v). 1H

NMR (400 MHz, CDCl3) δ 9.99 (s, 1H), 7.92 (d, J = 8.5 Hz, 2H), 7.27 (d, J = 8.4 Hz, 2H), 2.83
(hept, J = 6.9 Hz, 1H), 1.35 (d, J = 6.9 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 190.9, 174.9,
155.7, 133.9, 131.2 (2C), 122.3 (2C), 34.3, 18.8 (2C). HRMS−ESI (m/z) for C11H12O3 [M +
Na]+: calcd 215.0679, found 215.0681.

Naphthalen-1-yl isobutyrate (3r): Compound 3r was prepared according to the gen-
eral procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and naphthalen-1-ol (79.3 mg,
0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 20/1, v/v) afforded naphthalen-1-yl isobutyrate (3r)
as a colorless oil (98.6mg, 92%). Rf = 0.40 (petroleum ether/ethyl acetate = 40/1, v/v). 1H

NMR (400 MHz, CDCl3) δ 8.00–7.86 (comp, 2H), 7.77 (d, J = 8.3 Hz, 1H), 7.60–7.46 (comp,
3H), 7.28 (d, J = 7.4 Hz, 1H), 3.04 (hept, J = 7.0 Hz, 1H), 1.49 (d, J = 7.0 Hz, 6H). 13C NMR

(101 MHz, CDCl3) δ 175.6, 146.7, 134.7, 128.1, 127.0, 126.4, 126.4, 125.9, 125.4, 121.1, 118.0,
34.5, 19.2 (2C). HRMS−ESI (m/z) for C14H14O2 [M + Na]+: calcd 237.0886, found 237.0887.

[1,1’-Biphenyl]-2-yl isobutyrate (3s): Compound 3s was prepared according to the
general procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and [1,1’-biphenyl]-2-ol
(93.6 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 20/1, v/v) afforded [1,1’-biphenyl]-2-yl isobutyrate (3s)
as a colorless oil (111.7 mg, 93%). Rf = 0.40 (petroleum ether/ethyl acetate = 40/1, v/v).
1H NMR (400 MHz, CDCl3) δ 7.45–7.29 (comp, 8H), 7.13 (d, J = 7.9 Hz, 1H), 2.62 (hept,
J = 6.9 Hz, 1H), 1.10 (d, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 175.4, 147.9, 137.6,
135.2, 130.9, 129.1 (2C), 128.5, 128.1 (2C), 127.4, 126.1, 122.8, 34.1, 18.7 (2C). HRMS−ESI

(m/z) for C16H16O2 [M + Na]+: calcd 263.1042, found 263.1044.
2,4-Dibromophenyl isobutyrate (3t): Compound 3t was prepared according to the general

procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and 2,4-dibromophenol (138.5 mg,
0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 20/1, v/v) afforded methyl 2,4-dibromophenyl isobutyrate
(3t) as a colorless oil (137.2 mg, 86%). Rf = 0.40 (petroleum ether/ethyl acetate = 40/1, v/v).
1H NMR (400 MHz, CDCl3) δ 7.46 (d, J = 8.7 Hz, 1H), 7.33–7.22 (comp, 2H), 2.86 (hept,
J = 7.0 Hz, 1H), 1.36 (d, J = 7.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 174.2, 148.9, 134.2,
130.3, 127.1, 121.1, 115.3, 34.2, 18.9 (2C). HRMS−ESI (m/z) for C10H10

79Br2O2 [M + Na]+:
calcd 342.8940, found 342.8944; C10H10

79Br81Br O2 [M + Na]+: calcd 344.8920, found
344.8919.

Methyl 3-(isobutyryloxy)-2-naphthoate (3u): Compound 3u was prepared according to
the general procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and methyl 3-hydroxy-
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2-naphthoate (111.2 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash col-
umn chromatography (petroleum ether/ethyl acetate = 20/1, v/v) afforded methyl 3-
(isobutyryloxy)-2-naphthoate (3u) as a white solid (114.7 mg, 84%). Rf = 0.40 (petroleum
ether/ethyl acetate = 20/1, v/v). mp 58–59 ◦C (petroleum ether). 1H NMR (400 MHz,
CDCl3) δ 8.58 (s, 1H), 7.93 (d, J = 8.2 Hz, 1H), 7.80 (d, J = 8.2 Hz, 1H), 7.63–7.48 (comp, 3H),
3.92 (s, 3H), 2.93 (hept, J = 7.0 Hz, 1H), 1.39 (d, J = 7.1 Hz, 6H). 13C NMR (101 MHz, CDCl3)
δ176.1, 165.3, 147.0, 135.7, 133.7, 130.7, 129.1, 128.9, 127.3, 126.6, 122.5, 121.1, 52.3, 34.3, 19.0
(2C). HRMS−ESI (m/z) for C16H16O4 [M + Na]+: calcd 295.0941, found 295.0943.

2,6-Dimethylphenyl isobutyrate (3v): Compound 3v was prepared according to the
general procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and 2,6-dimethylphenol
(68.2 mg, 0.55 mmol, 1.10 equiv) at 60 ◦C for 12 h. Purification by flash column chromatog-
raphy (petroleum ether/ethyl acetate = 20/1, v/v) afforded 2,6-dimethylphenyl isobutyrate
(3v) as a colorless oil (89.4 mg, 93%). Rf = 0.40 (petroleum ether/ethyl acetate = 40/1,
v/v). 1H NMR (400 MHz, CDCl3) δ 7.15–6.93 (comp, 3H), 2.87 (hept, J = 7.0 Hz, 1H), 2.13 (s,
6H), 1.36 (d, J = 7.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 174.7, 148.1, 130.1, 128.6 (2C),
125.7 (2C), 34.3, 19.2 (2C), 16.3 (2C). HRMS−ESI (m/z) for C12H16O2 [M + Na]+: calcd
215.1042, found 215.1041.

2-Oxo-2H-chromen-7-yl isobutyrate (3w): Compound 3w was prepared according to the
general procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and 7-hydroxy-2H-chromen-2-
one (89.2 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatog-
raphy (petroleum ether/ethyl acetate = 20/1, v/v) afforded 2-oxo-2H-chromen-7-yl isobu-
tyrate (3w) as a white solid (98.7 mg, 85%). Rf = 0.45 (petroleum ether/ethyl acetate = 20/1,
v/v). mp 104–105 ◦C (petroleum ether). 1H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 9.5 Hz,
1H), 7.49 (d, J = 8.4 Hz, 1H), 7.10 (s, 1H), 7.04 (d, J = 8.4 Hz, 1H), 6.39 (d, J = 9.5 Hz, 1H),
2.84 (hept, J = 7.0 Hz, 1H), 1.34 (d, J = 6.9 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 174.9,
160.4, 154.7, 153.5, 142.9, 128.5, 118.4, 116.6, 116.0, 110.4, 34.2, 18.8 (2C). HRMS−ESI (m/z)
for C13H12O4 [M + Na]+: calcd 255.0628, found 255.0628.

5-Bromopyridin-3-yl isobutyrate (3x): Compound 3x was prepared according to the
general procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and 5-bromopyridin-3-ol
(95.7 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 20/1, v/v) afforded 5-bromopyridin-3-yl isobutyrate (3x)
as a colorless oil (100.1 mg, 82%). Rf = 0.45 (petroleum ether/ethyl acetate = 20/1, v/v).
1H NMR (400 MHz, CDCl3) δ 8.57 (s, 1H), 8.38 (s, 1H), 7.71 (s, 1H), 2.86 (hept, J = 7.0 Hz,
1H), 1.35 (d, J = 7.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 174.6, 147.9, 147.5, 141.6, 132.1,
119.9, 34.1, 18.8 (2C). HRMS−ESI (m/z) for C9H10BrNO2 [M + H]+: calcd 243.9968 (79Br),
245.9947 (81Br), found 243.9970 (79Br), 245.9948 (81Br).

2-Chloropyrimidin-5-yl isobutyrate (3y): Compound 3y was prepared according to the
general procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and 2-chloropyrimidin-5-ol
(71.8 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 20/1, v/v) afforded 2-chloropyrimidin-5-yl isobutyrate
(3y) as a colorless oil (85.3 mg, 85%). Rf = 0.45 (petroleum ether/ethyl acetate = 20/1, v/v).
1H NMR (400 MHz, CDCl3) δ 8.50 (s, 2H), 2.87 (hept, J = 7.0 Hz, 1H), 1.34 (d, J = 7.0 Hz, 6H).
13C NMR (101 MHz, CDCl3) δ 174.1, 157.1, 152.6 (2C), 145.1, 34.1, 18.7 (2C). HRMS−ESI

(m/z) for C8H9ClN2O2 [M + H]+: calcd 201.0426, found 201.0426.

3.2.3. A General Procedure for Alcohols, Thiol, Thiophenol, and Amines

In a 4.0-mL vial, 2,2,5,5-tetramethyl-1,3-dioxane-4,6-dione (1a) (86.0 mg, 0.50 mmol,
1.00 equiv), BTMG (94.2 mg, 0.55 mmol, 1.10 equiv) were dissolved in anhydrous NMP
(625.0 μL). Then, the nucleophile (0.55 mmol, 1.10 equiv) was added, and the mixture was
stirred at 60 ◦C for 12 h. After the reaction was completed, the mixture was diluted with
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EA (20 mL) and washed with 2 M aqueous HCl solution (15 mL). The organic layer was
separated, washed with saturated brine (20 mL), dried over anhydrous sodium sulfate,
filtered, and concentrated in vacuo. The crude product was then purified by silica gel
column chromatography.

4-Bromobenzyl isobutyrate (4a): Compound 4a was prepared according to the gen-
eral procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and (4-bromophenyl)methanol
(102.9 mg, 0.55 mmol, 1.10 equiv) at 60 ◦C for 12 h. Purification by flash column chromatog-
raphy (petroleum ether/ethyl acetate = 20/1, v/v) afforded 4-bromobenzyl isobutyrate (4a)
as a colorless oil (117.0 mg, 91%). Rf = 0.55 (petroleum ether/ethyl acetate = 20/1, v/v). 1H

NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.3 Hz, 2H), 7.22 (d, J = 8.3 Hz, 2H), 5.06 (s, 2H), 2.59
(hept, J = 7.0 Hz, 1H), 1.18 (d, J = 7.1 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 176.8, 135.3,
131.7 (2C), 129.7 (2C), 122.1, 65.2, 34.0, 19.0 (2C). HRMS−ESI (m/z) for C11H13BrO2 [M +
Na]+: calcd 278.9992 (79Br), 280.9971 (81Br), found 278.9991 (79Br), 280.9977 (81Br).

3-Phenylpropyl isobutyrate (4b): Compound 4b was prepared according to the general
procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and 3-phenylpropanol (74.9 mg,
0.55 mmol, 1.10 equiv) at 60 ◦C for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 20/1, v/v) afforded 3-phenylpropyl isobutyrate (4b) as
a colorless oil (96.0 mg, 93%). Rf = 0.55 (petroleum ether/ethyl acetate = 20/1, v/v). 1H

NMR (400 MHz, CDCl3) δ 7.33–7.24 (m, 2H), 7.23–7.15 (comp, 3H), 4.09 (t, J = 6.5 Hz, 2H),
2.69 (t, J = 7.7 Hz, 2H), 2.55 (hept, J = 7.0 Hz, 1H), 1.96 (tt, J = 14.0, 6.5 Hz, 2H), 1.18 (d,
J = 7.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 177.2, 141.3, 128.45 (2C), 128.41 (2C), 126.0,
63.5, 34.1, 32.2, 30.3, 19.0 (2C). HRMS−ESI (m/z) for C13H18O2 [M + Na]+: calcd 229.1199,
found 229.1201.

Benzhydryl isobutyrate (4c): Compound 4c was prepared according to the general
procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and diphenylmethanol (101.3 mg,
0.55 mmol, 1.10 equiv) at 60 ◦C for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 20/1, v/v) afforded benzhydryl isobutyrate (4c) as a
colorless oil (114.4 mg, 90%). Rf = 0.55 (petroleum ether/ethyl acetate = 20/1, v/v). 1H

NMR (400 MHz, CDCl3) δ 7.39–7.27 (comp, 10H), 6.86 (s, 1H), 2.67 (hept, J = 7.0 Hz, 1H),
1.21 (d, J = 6.9 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 176.0, 140.5 (2C), 128.5 (4C), 127.8
(2C), 127.0 (4C), 76.6, 34.2, 18.9 (2C). HRMS−ESI (m/z) for C17H18O2 [M + Na]+: calcd
277.1199, found 277.1198.

Cyclohexyl isobutyrate (4d): Compound 4d was prepared according to the general
procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and cyclohexanol (55.1 mg, 0.55 mmol,
1.10 equiv) at 80 ◦C for 12 h. Purification by flash column chromatography (petroleum
ether/ethyl acetate = 20/1, v/v) afforded cyclohexyl isobutyrate (4d) as a colorless oil
(69.8 mg, 82%). Rf = 0.55 (petroleum ether/ethyl acetate = 20/1, v/v). The NMR data
of 4d were in agreement with the literature data [111]. HRMS−ESI (m/z) for C10H18O2

[M + Na]+: calcd 193.1199, found 193.1205.
S-(4-Fluorophenyl) 2-methylpropanethioate (4e): Compound 4e was prepared according

to the general procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and 4-fluorothiophenol
(74.5 mg, 0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chro-
matography (petroleum ether/ethyl acetate = 10/1, v/v) afforded S-(4-fluorophenyl) 2-
methylpropanethioate (4e) as a colorless oil (81.2 mg, 82%). Rf = 0.65 (petroleum ether/ethyl
acetate = 10/1, v/v). 1H NMR (400 MHz, CDCl3) δ 7.41–7.33 (m, 2H), 7.14–7.05 (m, 2H),
2.86 (hept, J = 6.9 Hz, 1H), 1.26 (d, J = 6.8 Hz, 6H). 19F NMR (377 MHz, CDCl3) δ –111.6.
13C NMR (101 MHz, CDCl3) δ 202.0, 163.5 (d, J = 249.6 Hz), 136.8 (d, J = 8.6 Hz, 2C), 123.3,
116.5 (d, J = 22.2 Hz, 2C), 43.1, 19.5 (2C). HRMS−ESI (m/z) for C10H11FOS [M + H]+: calcd
199.0587, found 199.0584.
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S-Dodecyl 2-methylpropanethioate (4f): Compound 4f was prepared according to the gen-
eral procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and dodecane-1-thiol (111.3 mg,
0.55 mmol, 1.10 equiv) at rt for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 3/1, v/v) afforded S-dodecyl 2-methylpropanethioate (4f)
as a colorless oil (51.1 mg, 90%). Rf = 0.60 (petroleum ether/ethyl acetate = 10/1, v/v). 1H

NMR (400 MHz, CDCl3) δ 2.84 (t, J = 7.4 Hz, 2H), 2.72 (hept, J = 6.9 Hz, 1H), 1.65–1.49 (m,
2H), 1.42–1.21 (comp, 18H), 1.18 (d, J = 7.0 Hz, 6H), 0.88 (t, J = 6.7 Hz, 3H). 13C NMR (101
MHz, CDCl3) δ 204.5, 43.3, 32.1, 29.8 (3C), 29.7, 29.6, 29.5, 29.3, 29.0, 28.7, 22.8, 19.6 (2C),
14.2. HRMS−ESI (m/z) for C16H32OS [M + H]+: calcd 273.2247, found 273.2247.

N-(4-Bromobenzyl)isobutyramide (4g): Compound 4g was prepared according to the gen-
eral procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and (4-bromophenyl)methanamine
(102.3 mg, 0.55 mmol, 1.10 equiv) at 100 ◦C for 12 h. Purification by flash column chromatog-
raphy (petroleum ether/ethyl acetate = 10/1, v/v) afforded N-(4-bromobenzyl)isobutyramide
(4g) as a yellow solid (117.4 mg, 92%). Rf = 0.30 (petroleum ether/ethyl acetate = 10/1, v/v).
mp 114–115 ◦C (petroleum ether). 1H NMR (400 MHz, CDCl3) δ 7.44 (d, J = 8.4 Hz, 2H), 7.13
(d, J = 8.4 Hz, 2H), 5.83 (s, 1H), 4.37 (d, J = 5.9 Hz, 2H), 2.38 (hept, J = 6.9 Hz, 1H), 1.17 (d,
J = 6.9 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 177.0, 137.8, 131.9 (2C), 129.5 (2C), 121.4, 42.9,
35.8, 19.7 (2C). HRMS−ESI (m/z) for C11H14BrNO [M + H]+: calcd 256.0332 (79Br), 258.0312
(81Br), found 256.0032 (79Br), 258.0312 (81Br).

N-(3-Phenylpropyl)isobutyramide (4h): Compound 4h was prepared according to
the general procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and 3-phenylpropan-
1-amine (74.4 mg, 0.55 mmol, 1.10 equiv) at 100 ◦C for 12 h. Purification by flash
column chromatography (petroleum ether/ethyl acetate = 20/1, v/v) afforded N-(3-
phenylpropyl)isobutyramide (4h) as a yellow oil (93.4 mg, 91%). Rf = 0.20 (petroleum
ether/ethyl acetate = 20/1, v/v). 1H NMR (400 MHz, CDCl3) δ 7.39–7.24 (m, 2H),
7.23–7.12 (comp, 3H), 5.43 (br, 1H), 3.29 (q, J = 6.5 Hz, 2H), 2.65 (t, J = 7.6 Hz, 2H), 2.28 (hept,
J = 6.9 Hz, 1H), 1.91–1.77 (m, 2H), 1.12 (d, J = 6.9 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ
177.0, 141.7, 128.6 (2C), 128.5 (2C), 126.2, 39.2, 35.8, 33.5, 31.4, 19.7 (2C). HRMS−ESI (m/z)
for C13H19NO [M + H]+: calcd 206.1540, found 206.1540.

N-(Heptadecan-9-yl)isobutyramide (4i): Compound 4i was prepared according to the gen-
eral procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and heptadecan-9-amine (140.5 mg,
0.55 mmol, 1.10 equiv) at 100 ◦C for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 20/1, v/v) afforded N-(heptadecan-9-yl)isobutyramide (4i)
as a white solid (146.5 mg, 90%). Rf = 0.50 (petroleum ether/ethyl acetate = 10/1, v/v). mp

85–86 ◦C (petroleum ether). 1H NMR (400 MHz, CDCl3) δ 5.05 (d, J = 9.2 Hz, 1H), 3.88 (m,
1H), 2.31 (hept, J = 6.9 Hz, 1H), 1.47 (m, 2H), 1.27 (comp, 26H), 1.15 (d, J = 6.9 Hz, 6H), 0.87
(t, J = 6.7 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 176.5, 49.0, 36.1, 35.5 (2C), 32.0 (2C), 29.75
(2C), 29.67 (2C), 29.4 (2C), 26.0 (2C), 22.8 (2C), 19.9 (2C), 14.2 (2C). HRMS−ESI (m/z) for
C21H43NO [M + H]+: calcd 326.3418, found 326.3418.

N-Cyclohexylisobutyramide (4j): Compound 4j was prepared according to the general
procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and cyclohexanamine (54.5 mg,
0.55 mmol, 1.10 equiv) at 100 ◦C for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 10/1, v/v) afforded N-cyclohexylisobutyramide (4j) as
a white solid (71.9 mg, 85%). Rf = 0.50 (petroleum ether/ethyl acetate = 10/1, v/v). mp

116–117 ◦C (petroleum ether). 1H NMR (400 MHz, CDCl3) δ 5.36 (s, 1H), 3.79–3.64 (m, 1H),
2.28 (hept, J = 6.8 Hz, 1H), 1.88 (m, 2H), 1.75–1.64 (m, 2H), 1.64–1.50 (m, 1H), 1.36 (m, 2H),
1.12 (comp, 9H). 13C NMR (101 MHz, CDCl3) δ 176.1, 47.9, 35.9, 33.3 (2C), 25.7, 25.0 (2C),
19.8 (2C). HRMS−ESI (m/z) for C10H19NO [M + H]+: calcd 170.1540, found 170.1540.

2-Methyl-1-morpholinopropan-1-one (4k): Compound 4k was prepared according to the
general procedure using 1a (86.0 mg, 0.50 mmol, 1.00 equiv) and morpholine (47.9 mg,
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0.55 mmol, 1.10 equiv) at 100 ◦C for 12 h. Purification by flash column chromatography
(petroleum ether/ethyl acetate = 3/1, v/v) afforded 2-methyl-1-morpholinopropan-1-one
(4k) as a colorless oil (51.1 mg, 62%). Rf = 0.45 (petroleum ether/ethyl acetate = 3/1, v/v).
1H NMR (400 MHz, CDCl3) δ 3.74–3.63 (comp, 4H), 3.63–3.56 (m, 2H), 3.50 (m, 2H), 2.74
(hept, J = 6.8 Hz, 1H), 1.11 (d, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 175.7, 67.1,
66.9, 46.1, 42.2, 30.0, 19.4 (2C). HRMS−ESI (m/z) for C8H15NO2 [M + H]+: calcd 158.1176,
found 158.1176.

3.2.4. Gram-Scale Preparation of 4-Acetamidophenyl Isobutyrate (3z)

To a 50-mL round-bottom flask, 5,5-dimethyl-Meldrum’s acid 1a (1.72 g, 10.0 mmol,
1.00 equiv), BTMG (34.2 mg, 0.20 mmol, 0.02 equiv) were dissolved in anhydrous NMP
(25.0 mL). Then, acetaminophen (1.66 g, 11.0 mmol, 1.10 equiv) was added and stirred
at 60 ◦C for 12 h. After the reaction was completed, the mixture was diluted with EA
(100 mL) and washed with 2 × 2 M aqueous HCl solution (50 mL). The organic layer was
separated, washed with saturated brine (100 mL), dried over anhydrous sodium sulfate,
filtered, and concentrated in vacuo. The crude product was then purified by silica gel
column chromatography (petroleum ether/ethyl acetate = 3/1, v/v), which afforded 4-
acetamidophenyl isobutyrate (3z) as a white solid (2.12 g, 96%). Rf = 0.35 (petroleum
ether/ethyl acetate = 3/1, v/v). mp 111−112 ◦C (petroleum ether). 1H NMR (400 MHz,
CDCl3) δ 7.51 (d, J = 8.4 Hz, 2H), 7.23 (s, 1H), 7.04 (d, J = 8.4 Hz, 2H), 2.81 (hept, J = 7.0 Hz,
1H), 2.19 (s, 3H), 1.33 (d, J = 7.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 176.1, 168.5,
147.0, 135.6, 121.8 (2C), 120.9 (2C), 34.1, 24.4, 18.9 (2C). HRMS−ESI (m/z) for C12H15NO3

[M + H]+: calcd 222.1125, found 222.1126.

3.2.5. Synthesis of 4-Acetamidophenyl 2-(((benzyloxy)carbonyl)amino)-2-Methylpropanoate (6)

Step 1: To a 25-mL round-bottom flask, 2,2,5,5-tetramethyl-1,3-dioxane-4,6-dione (1a)
(688.3 mg, 4.0 mmol, 1.00 equiv) and BTMG (753.6 mg, 0.55 mmol, 1.10 equiv) were
dissolved in anhydrous DCM (10.0 mL). Then, acetaminophen (665.1 mg, 4.4 mmol,
1.10 equiv) was added, and the mixture was stirred at rt for 4 h. After the reaction was
completed, the mixture was diluted with DCM (20 mL) and washed with 2 M aqueous HCl
solution (15 mL). The organic layer was separated, washed with saturated brine (20 mL),
dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The crude prod-
uct was then purified by silica gel column chromatography (ethyl acetate), which afforded
3-(4-acetamidophenoxy)-2,2-dimethyl-3-oxopropanoic acid (5) as a white solid (912.5 mg,
86%). Rf = 0.20 (dichloromethane /methanol = 40/1, v/v). mp 166–168 ◦C (petroleum
ether). 1H NMR (400 MHz, DMSO-d6) δ 13.04 (br, s, 1H), 9.98 (s, 1H), 7.61 (d, J = 9.0 Hz,
2H), 7.00 (d, J = 8.9 Hz, 2H), 2.04 (s, 3H), 1.46 (s, 6H). 13C NMR (101 MHz, DMSO-d6) δ
173.4, 171.6, 168.2, 145.5, 137.1, 121.4 (2C), 119.9 (2C), 49.4, 23.9, 22.4 (2C). HRMS−ESI

(m/z) for C13H16NO5 [M + H]+: calcd 266.1023, found 266.1030.
Step 2: To a 4.0-mL vial, the malonate half-ester 5 (132.5 mg, 0.50 mmol, 1.00 equiv),

DPPA (165.1 mg, 0.60 mmol, 1.20 equiv), and TEA (75.9 mg, 0.75 mmol, 1.50 equiv) were
dissolved in anhydrous toluene (2.5 mL). The mixture was stirred at 100 ◦C for 12 h. After
it was cooled to rt, benzyl alcohol (108.1 mg, 1.00 mmol, 2.00 equiv) was added and stirred
at 100 ◦C for 12 h. After the reaction was completed, the mixture was diluted with EA
(20 mL) and washed with 2 M aqueous HCl solution (15 mL). The organic layer was
separated, washed with saturated brine (20 mL), dried over anhydrous sodium sulfate,
filtered, and concentrated in vacuo. The crude product was then purified by silica gel
column chromatography (petroleum ether/ethyl acetate = 1/1, v/v), which afforded 4-
acetamidophenyl 2-(((benzyloxy)carbonyl)amino)-2-methylpropanoate (6) as a white solid
(140.6 mg, 76%). Rf = 0.35 (petroleum ether/ethyl acetate = 1/1, v/v). mp 189–190 ◦C
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(petroleum ether). 1H NMR (400 MHz, DMSO-d6) δ 9.97 (s, 1H), 7.98 (s, 1H), 7.57 (d, J = 8.4
Hz, 2H), 7.41–7.26 (comp, 5H), 6.90 (d, J = 8.5 Hz, 2H), 5.08 (s, 2H), 2.05 (s, 3H), 1.49 (s, 6H).
13C NMR (101 MHz, DMSO-d6) δ 173.3, 168.2, 155.3, 145.9, 136.9, 136.8, 128.3 (2C), 127.8
(3C), 121.6 (2C), 119.8 (2C), 65.4, 55.6, 24.9 (2C), 23.9. HRMS−ESI (m/z) for C20H22N2O5

[M + H]+: calcd 371.1602, found 371.1610.

3.2.6. One-Pot Preparation of 4-Acetamidophenyl 3-((4-bromobenzyl)amino)-2,2-dimethyl-
3-oxopropanoate (7)

In a 4.0-mL vial, 2,2,5,5-tetramethyl-1,3-dioxane-4,6-dione (1a) (86.0 mg, 0.50 mmol,
1.00 equiv) and BTMG (94.2 mg, 0.55 mmol, 1.10 equiv) were dissolved in anhydrous DCM
(1.25 mL). Then, acetaminophen (83.1 mg, 0.55 mmol, 1.10 equiv) was added, and the mix-
ture was stirred at rt for 4 h. Then, p-BrBnNH2 (102.3 mg, 0.55 mmol, 1.10 equiv), EDC·HCl
(143.8 mg, 0.75 mmol, 1.50 equiv), and HOBt (101.3 mg, 0.75 mmol, 1.50 equiv) were added,
and the mixture was stirred at rt for 6 h. After the reaction was completed, the mixture
was diluted with EA (20 mL) and washed with 2 M aqueous HCl solution (15 mL). The
organic layer was separated, washed with saturated brine (20 mL), dried over anhydrous
sodium sulfate, filtered, and concentrated in vacuo. The crude product was then purified
by silica gel column chromatography (petroleum ether/ethyl acetate = 3/1, v/v), which
afforded 4-acetamidophenyl 3-((4-bromobenzyl)amino)-2,2-dimethyl-3-oxopropanoate (7)
as a white solid (140.4 mg, 65%). Rf = 0.35 (petroleum ether/ethyl acetate = 3/1,
v/v). mp 179–180 ◦C (petroleum ether). 1H NMR (400 MHz, DMSO-d6) δ 9.97 (s,
1H), 8.50 (t, J = 6.0 Hz, 1H), 7.59 (d, J = 8.9 Hz, 2H), 7.48 (d, J = 8.3 Hz, 2H), 7.23 (d,
J = 8.4 Hz, 2H), 6.95 (d, J = 8.9 Hz, 2H), 4.29 (d, J = 5.9 Hz, 1H), 2.04 (s, 3H), 1.49 (s, 6H). 13C

NMR (101 MHz, DMSO-d6) δ 172.2, 171.5, 168.2, 145.6, 139.0, 137.0, 131.0 (2C), 129.2 (2C),
121.5 (2C), 119.8 (2C), 119.7, 50.0, 41.9, 23.9, 22.7 (2C). HRMS−ESI (m/z) for C20H21BrN2O4

[M + H]+: calcd 433.0758 (79Br), 435.0737 (81Br), found 433.0766 (79Br), 435.0745 (81Br).

4. Conclusions

We have identified disubstituted Meldrum’s acid as a novel carbon-based scaffold
with SuFEx-like reactivity. As exemplified in other SuFEx reactions, phenols are the
optimal nucleophilic exchange partners. Notably, thiols and thiophenols, typically prone to
oxidation by S(VI) electrophiles in classical SuFEx reactions, exhibit comparable reactivity
to phenols in our method. In contrast, alcohols and amines require elevated temperatures to
achieve full conversion. Sterically hindered nucleophiles, such as tertiary alcohols or bulky
primary and secondary amines, remain challenging and will require the development of
new catalytic systems. Alternative activation strategies for disubstituted Meldrum’s acids
are currently under investigation in our laboratory and will be reported in due course.
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Abstract

An unprecedented nickel-catalyzed [2 + 2 + 2] cycloaddition that enables efficient construc-
tion of fused pyridine frameworks with allyl boronate was reported. This transformation
is proposed to occur through a mechanism involving aza-nickelacyclopentadiene inter-
mediates, wherein the boryl group of the allyl boronate plays a critical role in enabling
the following cyclization via the control experiments. This work not only expands the
structural diversity accessible via transition-metal-catalyzed [2 + 2 + 2] cycloadditions but
also showcases the untapped potential of unsaturated substrates in cycloaddition reactions.

Keywords: [2 + 2 + 2] cycloaddition; nickel catalysis; azanickelcyclopentadiene; allyl
boronate; fused pyridine derivatives

1. Introduction

Fused pyridine skeleton represents a privileged scaffold prevalent in numerous hete-
rocyclic compounds and natural products (Figure 1), serving as fundamental structural
units in pharmaceuticals, functional materials, and as versatile ligands or catalysts [1–7].
Although significant progress has been made in developing synthetic strategies for pyridine
derivatives [8–13], the catalytic construction of densely substituted pyridines remains a
formidable challenge in synthetic chemistry.

 
Figure 1. Pyridine-based functional molecules.
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De novo synthetic approaches offer distinct advantages for assembling pyridyl cores
with diverse substitution patterns from readily accessible building blocks. In this context,
transition-metal-catalyzed [2 + 2 + 2] cycloaddition of two alkyne units with a nitrile
component has emerged as an atom-economical and versatile strategy for synthesizing
six-membered cyclic and aromatic compounds [14–16].

A key intermediate in these transformations is the azametallacyclopentadiene, fea-
turing one M-C(sp2) and one M-N(sp2) bond, which forms via metal-mediated oxida-
tive cyclometalation of two triple-bond units [17–19]. Typically, azametallacyclopentadi-
enes subsequently undergo alkyne insertion to afford the final cyclic/aromatic products
(Scheme 1I) [20–23]. Considerable efforts have explored diverse catalytic systems based
on (aza)metallacyclopentadienes, with successful implementations reported using ruthe-
nium [24], rhodium [25], iridium [26], cobalt [27], iron [28], nickel [29,30], and niobium [31]
catalysts [14,15]. For instance, the Liu group reported a Ni/BPh3 co-catalyzed [2 + 2 + 2]
cycloaddition of alkyne-nitriles with internal alkynes, providing an efficient route to fused
pyridines (Scheme 1(IIa)) [32]. Recently, Liu and coauthors developed a palladium/copper
dual-catalyzed [2 + 2 + 2] cycloaddition of alkyne-tethered malononitriles and alkynes
(Scheme 1(IIb)) [33].

 

Scheme 1. Background and project synopsis.

Notably, despite the diverse transformations of azametallacyclopentadienes in pyri-
dine synthesis, alkene derivatives remained insurmountable substrates in this process due
to subtle electrical property differences with the triple bond. Motivated by our interest
in transition-metal-catalyzed transformations of unsaturated hydrocarbons for heterocy-
cle assembly [34–36], we herein report a nickel-catalyzed [2 + 2 + 2] cycloaddition for
constructing pyridine scaffolds using allyl boronate as cycloaddition partner (Scheme 1III).

2. Results and Discussion

The [2 + 2 + 2] cycloaddition of an alkyne-nitrile substrate with allyl boronate was
investigated using a nickel catalytic system, affording 3a in 80% isolated yield under
optimal conditions (Table 1, entry 1). Firstly, control experiments established that the
nickel catalyst, diphosphine ligand, and base were all essential for the conversion (entries
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2–4). Replacing Ni(Ph3P)2Cl2 with Ni(acac)2 as the catalyst significantly decreased reaction
efficiency (entry 5), while other ligands, such as DPEphos, dppp, dppf, and Cy3P, failed
to produce the desired cycloaddition product (entries 6–9). Additionally, performing the
transformation with Na3PO4 as a base, a very low yield is obtained (entry 10). Reactions in
other solvents, particularly polar solvents, resulted in a complex mixture (entries 11–12).
On the other hand, performing the reaction under air did not improve the outcome (entry
13), and lower reaction temperatures were detrimental to the [2 + 2 + 2] cycloaddition (entry
14). Therefore, the optimal reaction conditions were identified employing Ni(PPh3)2Cl2 as
the catalyst, XantPhos as the ligand, and K3PO4 as the base in trifluorotoluene.

Table 1. Optimization of the reaction conditions.

Entry a Variation from Standard Conditions Yield of 3a b

1 none 84% (80%)
2 w/o Ni(PPh3)2Cl2 N.R.
3 w/o XantPhos N.R.
4 w/o K3PO4 N.R.
5 Ni(acac)2 instead of Ni(PPh3)2Cl2 55%
6 DPEphos instead of XantPhos 30%
7 dppp instead of XantPhos 35%
8 dppf instead of XantPhos <5%
9 Cy3P instead of XantPhos 32%

10 Na3PO4 instead of K3PO4 15%
11 Toluene instead of PhCF3 70%
12 CH3CN instead of PhCF3 25%
13 under air atmosphere 72%
14 reaction temperature 120 ◦C 70%

a Conditions: 1a (0.2 mmol), 2 (1.5 equiv), catalyst (5 mol %), ligand (10 mol %), base (1.5 equiv), solvent (2.0 mL)
under N2 atmosphere at 130 ◦C for 24 h in seal tube; b Yields were determined by 1H NMR with CH2Br2 as
internal standard, isolated yield is in the parentheses; N.R. = no reaction.

After establishing optimal conditions, the scope of the nickel-catalyzed [2 + 2 + 2]
cycloaddition was explored (Scheme 2). Generally, para-substituted internal alkynes bearing
both electron-donating (Me, OMe, Ph, tBu) and electron-withdrawing groups (F, Cl, CF3,
CO2Me) proved compatible, affording tricyclic derivatives in moderate yields (3b–3i).
The constitution of product 3h was confirmed by X-ray crystallographic analysis (CCDC:
2474292). meta-Substituted substrates (tBu, OMe, F) also exhibited good reactivity under
standard conditions (3j–3l). Notably, ortho-substituted substrates afforded the desired
products in lower yields (3m–3o), indicating steric hindrance influenced reaction efficiency.
Significantly, fused pyridine tricyclic derivatives were synthesized from biaryl alkynes
bearing diverse substituents (silyl ether, 2-naphthyl, triphenylenyl, thienyl, benzothienyl,
etc.), yielding products 3p–3v in moderate yields. Finally, variations in substituents on
the acetonitrile-derived phenyl ring were well-tolerated with negligible impact on yields
(3w–3y).
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Scheme 2. Substrate scope of the Ni-catalyzed [2 + 2 + 2] cycloaddition. The synthetic utility of this
reaction was demonstrated through a gram-scale synthesis and product derivatizations. Compound
3a was successfully synthesized on a gram scale under the optimized conditions, affording the
product in good yield (Scheme 3I). Subsequently, compounds 3a and 3i were subjected to a copper-
mediated oxidation system, yielding the corresponding oxidative products 4a and 4i in moderate to
good yields (Scheme 3II).
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Scheme 3. The gram-scale experiment and synthetic utility.

To gain insight into the reaction mechanism, several control experiments were con-
ducted (Scheme 4). First, various allyl derivatives, such as trifluoroborate, trimethylsilyl,
halide, and acetate groups, were used in place of allyl boronate under the standard condi-
tions (Scheme 4I). However, these failed to afford the desired product due to the low conver-
sion of 1a. Furthermore, crotyl boronate also failed to produce the fused pyridine products
3z or 3aa under the optimal conditions (Scheme 4II). These results indicate that both the
boronate group and a terminal double bond are essential for the [2 + 2 + 2] cycloaddition.

Scheme 4. Control experiments.

Based on experimental results and the previous literature [32,33,37,38], a plausible
mechanism is proposed in Scheme 5. Initially, coordination of the substrate’s alkyne
group to the nickel(0) catalyst forms intermediate Int-1. Subsequent oxidative hetero-
cyclometallation then generates azanickelcyclopentadiene intermediate Int-2. This species
undergoes migration insertion of allyl boronate’s double bond, yielding seven-membered
aza-nickelacycle Int-3. Reductive elimination of Int-3 releases both the active nickel(0)
species and the six-membered framework complex Int-4. Finally, Int-4 undergoes base-
facilitated olefin isomerization to afford the target product 3a.
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Scheme 5. Plausible mechanistic pathways.

3. Materials and Methods

3.1. Materials

All the reagents were obtained from commercial sources and used directly without
further purification, unless otherwise noted. Synthetic methods and spectral data for the
start substrates were consistent with the methods and data reported in the studies. 1H
NMR, 19F NMR, and 13C NMR spectra were recorded on a Bruker AVANCE III 400 MHz.
1H NMR, 19F NMR, and 13C NMR chemical shifts were determined relative to the internal
standard TMS at δ 0.0. Chemical shifts (δ) are reported in ppm, and coupling constants (J)
are reported in Hertz (Hz).

3.2. General Methods for the Preparation of Fused Pyridine Derivatives

To a 25 mL oven-dried Schlenk-tube with magnetic stirrer bar, substrate (1, 0.2 mmol),
Ni(PPh3)Cl2 (5 mol%), Xantphos (10 mol%), K3PO4 (1.5 equiv), allyl boronate (2, 1.5 equiv,
0.3 mmol), and PhCF3 (2.0 mL) were successively added and vigorously stirred together in
130 ◦C oil bath under N2 atmosphere for 12 h. After the reaction was finished, the mixture
was cooled to room temperature. The reaction was quenched with saturated NH4Cl aq.
and extracted with EtOAc (3 × 25 mL). The combined ethyl acetate layer was washed with
brine (25 mL) and dried over anhydrous Na2SO4. The solvent was removed under vacuum.
The crude product was purified by flash column chromatography (eluting with petroleum
ether/ethyl acetate) on silica gel to afford the product 3.

2-methyl-4-phenyl-9H-indeno [2,1-b]pyridine (3a): Compound 3a was prepared accord-
ing to the general procedure using 1a with allyl borate 2. Purification by flash column
chromatography (petroleum ether/ethyl acetate = 8/1, v/v) afforded 3a as a brown solid,
m.p. = 127.4—129.6 ◦C, 41.1 mg, 80% yield. 1H NMR (400 MHz, CDCl3) δ 7.56—7.46
(m, 6H), 7.26—7.22 (m, 1H), 7.12—7.07 (m, 2H), 7.01 (s, 1H), 4.02 (s, 2H), 2.65 (s, 3H).
13C NMR (101 MHz, CDCl3) δ 164.77, 155.93, 144.92, 141.38, 139.44, 138.83, 129.56, 128.71,
128.43, 128.41, 126.92, 126.55, 125.04, 122.84, 122.69, 38.85, 24.24. HRMS-ESI (m/z): calcd for
C19H15N, [M+H]+: 258.1283, found, 258.1302.

2-methyl-4-(p-tolyl)-9H-indeno [2,1-b]pyridine (3b): Compound 3b was prepared accord-
ing to the general procedure using 1b with allyl borate 2. Purification by flash column
chromatography (petroleum ether/ethyl acetate = 8/1, v/v) afforded 3b as a brown solid,
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m.p. = 99.2—103.3 ◦C, 41.7 mg, 77% yield. 1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 7.5 Hz,
1H), 7.38 (d, J = 7.9 Hz, 2H), 7.32 (d, J = 7.8 Hz, 2H), 7.26—7.23 (m, 1H), 7.17 (d, J = 7.6 Hz,
1H), 7.11 (t, J = 7.5 Hz, 1H), 6.99 (s, 1H), 4.02 (s, 2H), 2.65 (s, 3H), 2.48 (s, 3H). 13C NMR
(101 MHz, CDCl3) δ 164.70, 155.83, 145.09, 141.35, 139.55, 138.27, 135.85, 129.64, 129.38,
128.32, 126.86, 126.51, 125.01, 122.90, 122.83, 38.82, 24.19, 21.40. HRMS-ESI (m/z): calcd for
C20H17N, [M+H]+: 272.1439, found, 272.1432.

4-([1,1’-biphenyl]-4-yl)-2-methyl-9H-indeno [2,1-b]pyridine (3c): Compound 3c was pre-
pared according to the general procedure using 1c with allyl borate 2. Purification by flash
column chromatography (petroleum ether/ethyl acetate = 6/1, v/v) afforded 3c as a brown
solid, m.p. = 180.1—185.4 ◦C, 50 mg, 75% yield. 1H NMR (400 MHz, CDCl3) δ 7.79—7.70
(m, 4H), 7.60—7.55 (m, 3H), 7.50 (dd, J = 8.4, 6.9 Hz, 2H), 7.43—7.38 (m, 1H), 7.28 (dd,
J = 7.5, 1.2 Hz, 1H), 7.25—7.22 (m, 1H), 7.15—7.10 (m, 1H), 7.06 (s, 1H), 4.04 (s, 2H), 2.67
(s, 3H). 13C NMR (101 MHz, CDCl3) δ 164.81, 155.92, 144.64, 141.40, 141.25, 140.44, 139.41,
137.70, 129.61, 128.97, 128.95, 127.70, 127.37, 127.16, 127.02, 126.61, 125.10, 122.93, 122.77,
38.84, 24.23. HRMS-ESI (m/z): calcd for C25H19N, [M+H]+: 334.1596, found, 334.1609.

4-(4-methoxyphenyl)-2-methyl-9H-indeno [2,1-b]pyridine (3d): Compound 3d was pre-
pared according to the general procedure using 1d with allyl borate 2. Purification by
flash column chromatography (petroleum ether/ethyl acetate = 3/1, v/v) afforded 3d as
brown solid, m.p. = 133.2—135.4 ◦C, 40.2 mg, 70% yield. 1H NMR (400 MHz, CDCl3) δ
7.57—7.52 (m, 1H), 7.45—7.39 (m, 2H), 7.27 (d, J = 1.2 Hz, 1H), 7.24—7.18 (m, 1H), 7.12
(t, J = 7.6 Hz, 1H), 7.07—7.03 (m, 2H), 6.99 (s, 1H), 4.02 (s, 2H), 3.92 (s, 3H), 2.65 (s, 3H).
3C NMR (101 MHz, CDCl3) δ 164.72, 159.81, 155.82, 144.81, 141.35, 139.57, 131.07, 129.73,
129.71, 126.86, 126.52, 125.03, 122.90, 122.84, 114.10, 55.40, 38.83, 24.17. HRMS-ESI (m/z):
calcd for C25H19N, [M+H]+: 288.1388, found, 288.1388.

4-(4-(tert-butyl)phenyl)-2-methyl-9H-indeno [2,1-b]pyridine (3e): Compound 3e was pre-
pared according to the general procedure using 1e with allyl borate 2. Purification by flash
column chromatography (petroleum ether/ethyl acetate = 9/1, v/v) afforded 3e as a brown
solid, m.p. = 120.2-125.4 ◦C, 37.6 mg, 60% yield. 1H NMR (400 MHz, CDCl3) δ 7.57—7.50
(m, 3H), 7.46—7.40 (m, 2H), 7.26—7.23 (m, 1H), 7.20 (dt, J = 7.8, 1.0 Hz, 1H), 7.14—7.10 (m,
1H), 7.01 (s, 1H), 4.02 (s, 2H), 2.64 (s, 3H), 1.42 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 164.72,
155.81, 151.58, 145.05, 141.35, 139.57, 135.77, 129.61, 128.12, 126.86, 126.52, 125.57, 125.00,
122.93, 122.91, 38.84, 34.80, 31.43, 24.17. HRMS-ESI (m/z): calcd for C23H23N, [M+H]+:
314.1909, found, 314.1928.

4-(4-fluorophenyl)-2-methyl-9H-indeno [2,1-b]pyridine (3f): Compound 3f was prepared
according to the general procedure using 1f with allyl borate 2. Purification by flash column
chromatography (petroleum ether/ethyl acetate = 7/1, v/v) afforded 3f as a brown solid,
m.p. = 159.4—162.2 ◦C, 36.8 mg, 67% yield. 1H NMR (400 MHz, CDCl3) δ 7.56 (d, J = 7.5 Hz,
1H), 7.49—7.44 (m, 2H), 7.29—7.19 (m, 4H), 7.15—7.06 (m, 2H), 6.98 (s, 1H), 4.02 (s, 2H),
2.66 (s, 3H).13C NMR (101 MHz, CDCl3) δ 164.85, 162.88 (d, J = 247.8 Hz), 156.01, 143.85,
141.41, 139.25, 134.78, 130.24 (d, J = 8.3 Hz), 129.64, 126.84 (d, J = 45.5 Hz), 125.16, 122.74,
122.67, 115.90, 115.69, 38.83, 24.22. 19F NMR (377 MHz, CDCl3) δ -113.29. HRMS-ESI (m/z):
calcd for C19H14FN, [M+H]+: 276.1189, found, 276.1188.

4-(4-chlorophenyl)-2-methyl-9H-indeno [2,1-b]pyridine (3g): Compound 3g was prepared
according to the general procedure using 1g with allyl borate 2. Purification by flash
column chromatography (petroleum ether/ethyl acetate = 7/1, v/v) afforded 3g as a brown
solid, m.p. = 133.2—135.4 ◦C, 37.8 mg, 65% yield. 1H NMR (400 MHz, CDCl3) δ 7.58—7.49
(m, 3H), 7.46—7.42 (m, 2H), 7.29 (dd, J = 7.3, 1.5 Hz, 1H), 7.16—7.09 (m, 2H), 6.98 (s, 1H),
4.03 (s, 2H), 2.66 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 164.87, 156.02, 141.41, 139.11, 137.21,
129.88, 129.52, 129.02, 127.16, 126.67, 125.19, 122.72, 122.57, 38.81, 24.21.HRMS-ESI (m/z):
calcd for C19H14ClN, [M+H]+: 292.0893, found, 292.0893.
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2-methyl-4-(4-(trifluoromethyl)phenyl)-9H-indeno [2,1-b]pyridine (3h): Compound 3h was
prepared according to the general procedure using 1h with allyl borate 2. Purification by
flash column chromatography (petroleum ether/ethyl acetate = 7/1, v/v) afforded 3h as a
brown solid, m.p. = 139—142 ◦C, 39 mg, 60% yield. 1H NMR (400 MHz, CDCl3) δ 7.80 (d,
J = 8.0 Hz, 2H), 7.60 (dd, J = 20.3, 7.8 Hz, 3H), 7.31—7.27 (m, 1H), 7.13 (t, J = 7.6 Hz, 1H),
7.05—6.97 (m, 2H), 4.05 (s, 2H), 2.68 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 164.99, 156.14,
143.24, 142.50, 141.46, 138.90, 130.81, 129.39, 128.95, 127.31, 126.74, 125.77 (q, J = 3.7 Hz),
125.26, 122.62, 122.41, 38.82, 24.22. 19F NMR (377 MHz, CDCl3) δ -62.45. HRMS-ESI (m/z):
calcd for C20H14F3N, [M+H]+: 326.1157, found, 326.1154.

methyl 4-(2-methyl-9H-indeno [2,1-b]pyridin-4-yl)benzoate (3i): Compound 3i was pre-
pared according to the general procedure using 1i with allyl borate 2. Purification by flash
column chromatography (petroleum ether/ethyl acetate = 2/1, v/v) afforded 3i as a brown
solid, m.p. = 164.8—168.8 ◦C, 43.5 mg, 69% yield. 1H NMR (400 MHz, CDCl3) δ 8.23—8.18
(m, 2H), 7.59—7.55 (m, 3H), 7.27 (td, J = 7.4, 1.2 Hz, 2H), 7.10 (td, J = 7.6, 1.1 Hz, 1H),
7.05—6.99 (m, 2H), 4.04 (s, 2H), 3.99 (s, 3H), 2.67 (s, 3H). 13C NMR (101 MHz, CDCl3) δ
166.84, 164.89, 156.03, 143.76, 143.45, 141.43, 138.99, 130.17, 130.05, 129.39, 128.63, 127.22,
126.69, 125.19, 122.74, 122.30, 52.39, 38.81, 24.21. HRMS-ESI (m/z): calcd for C21H17NO2,
[M+H]+: 316.1338, found, 316.1317.

4-(3-(tert-butyl)phenyl)-2-methyl-9H-indeno [2,1-b]pyridine (3j): Compound 3i was pre-
pared according to the general procedure using 1j with allyl borate 2. Purification by flash
column chromatography (petroleum ether/ethyl acetate = 8/1, v/v) afforded 3j as a brown
solid, m.p. = 115.3—118.4 ◦C, 40.7 mg, 65% yield. 1H NMR (400 MHz, CDCl3) δ 7.57—7.44
(m, 4H), 7.32—7.27 (m, 1H), 7.25 (dd, J = 7.3, 1.5 Hz, 1H), 7.15—7.07 (m, 2H), 7.04 (s, 1H),
4.03 (s, 2H), 2.67 (s, 3H), 1.37 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 164.71, 155.85, 151.46,
145.56, 141.37, 139.50, 138.31, 129.63, 128.56, 126.91, 126.45, 125.83, 125.44, 125.27, 125.03,
122.96, 122.78, 38.82, 34.92, 31.36, 24.21. HRMS-ESI (m/z): calcd for C23H23N, [M+H]+:
314.1909, found, 314.1891.

4-(3-methoxyphenyl)-2-methyl-9H-indeno [2,1-b]pyridine (3k): Compound 3k was pre-
pared according to the general procedure using 1k with allyl borate 2. Purification by
flash column chromatography (petroleum ether/ethyl acetate = 3/1, v/v) afforded 3k as a
brown solid, m.p. = 119.4—120.2 ◦C, 34.4 mg, 60% yield. 1H NMR (400 MHz, CDCl3) δ
7.56 (d, J = 7.6 Hz, 1H), 7.44 (td, J = 7.9, 2.2 Hz, 1H), 7.31—7.24 (m, 2H), 7.17—7.11 (m, 2H),
7.09—7.00 (m, 4H), 4.04 (s, 2H), 3.85 (d, J = 2.2 Hz, 3H), 2.67 (d, J = 2.2 Hz, 3H). 13C NMR
(101 MHz, CDCl3) δ 164.60, 159.76, 155.74, 144.93, 141.34, 140.06, 139.28, 129.86, 129.65,
127.02, 126.62, 125.05, 122.99, 122.65, 120.73, 114.28, 113.61, 55.40, 38.76, 24.12. HRMS-ESI
(m/z): calcd for C20H17NO, [M+H]+: 288.1388, found, 288.1388.

4-(3-fluorophenyl)-2-methyl-9H-indeno [2,1-b]pyridine (3l): Compound 3l was prepared
according to the general procedure using 1l with allyl borate 2. Purification by flash column
chromatography (petroleum ether/ethyl acetate = 7/1, v/v) afforded 3l as a brown solid,
m.p. = 130.2—135.2 ◦C, 36.9 mg, 67% yield. 1H NMR (400 MHz, CDCl3) δ 7.57 (dt, J = 7.5,
1.0 Hz, 1H), 7.53—7.47 (m, 1H), 7.31—7.27 (m, 2H), 7.24—7.18 (m, 2H), 7.16—7.07 (m, 2H),
7.00 (s, 1H), 4.04 (s, 2H), 2.67 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 164.80, 162.85 (d,
J = 248.0 Hz), 155.94, 143.55, 141.40, 140.84, 138.99, 130.42 (d, J = 8.2 Hz), 129.53, 126.95
(d, J = 50.2 Hz), 125.17, 124.26 (d, J = 2.9 Hz), 122.75, 122.50, 115.68, 115.49 (d, J = 5.2 Hz),
115.31, 38.77, 24.14. 19F NMR (377 MHz, CDCl3) δ -112.17. HRMS-ESI (m/z): calcd for
C19H14FN, [M+H]+: 276.1189, found, 276.1188.

4-(2-fluorophenyl)-2-methyl-9H-indeno [2,1-b]pyridine (3m): Compound 3m was prepared
according to the general procedure using 1m with allyl borate 2. Purification by flash
column chromatography (petroleum ether/ethyl acetate = 7/1, v/v) afforded 3m as a
brown solid, m.p. = 158.9—162.4 ◦C, 30.2 mg, 55% yield. 1H NMR (400 MHz, CDCl3) δ
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7.58—7.47 (m, 2H), 7.40 (td, J = 7.4, 1.9 Hz, 1H), 7.34—7.26 (m, 2H), 7.24 (dd, J = 6.0, 1.1 Hz,
1H), 7.13 (td, J = 7.6, 1.1 Hz, 1H), 7.04 (s, 1H), 6.95 (d, J = 7.8 Hz, 1H), 4.04 (d, J = 3.5 Hz,
2H), 2.67 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 164.62, 159.47 (d, J = 247.9 Hz), 155.89,
141.35, 139.27, 138.13, 130.82 (d, J = 3.3 Hz), 130.58, 130.50, 130.47, 126.99 (d, J = 33.3 Hz),
126.25 (d, J = 16.3 Hz), 125.06, 124.57 (d, J = 3.7 Hz), 123.01, 122.28, 116.10 (d, J = 21.5 Hz),
38.79, 24.23. 19F NMR (377 MHz, CDCl3) δ -114.66. HRMS-ESI (m/z): calcd for C19H14FN,
[M+H]+: 276.1189, found, 276.1188.

2-methyl-4-(o-tolyl)-9H-indeno [2,1-b]pyridine (3n): Compound 3n was prepared accord-
ing to the general procedure using 1n with allyl borate 2. Purification by flash column
chromatography (petroleum ether/ethyl acetate = 7/1, v/v) afforded 3n as a brown solid,
m.p. = 138.9—142.4 ◦C, 36.3 mg, 67% yield. 1H NMR (400 MHz, CDCl3) δ 7.55 (dt, J = 7.5,
1.0 Hz, 1H), 7.44—7.31 (m, 3H), 7.22 (ddd, J = 10.7, 7.5, 1.3 Hz, 3H), 7.08 (td, J = 7.6, 1.1 Hz,
1H), 6.97 (s, 1H), 6.63 (dt, J = 7.8, 0.9 Hz, 1H), 4.04 (d, J = 3.3 Hz, 2H), 2.67 (s, 3H), 2.09 (s, 3H).
13C NMR (101 MHz, CDCl3) δ 164.31, 155.98, 144.41, 141.20, 139.58, 138.23, 135.54, 130.28,
130.22, 128.45, 128.43, 126.94, 126.25, 124.94, 122.42, 122.23, 38.80, 24.27, 19.78. HRMS-ESI
(m/z): calcd for C20H17N, [M+H]+: 272.1439, found, 272.1432.

4-(2-methoxyphenyl)-2-methyl-9H-indeno [2,1-b]pyridine (3o): Compound 3o was pre-
pared according to the general procedure using 1o with allyl borate 2. Purification by flash
column chromatography (petroleum ether/ethyl acetate = 3/1, v/v) afforded 3o as a brown
solid, m.p. = 152.1—153.3 ◦C, 32.8 mg, 57% yield. 1H NMR (400 MHz, CDCl3) δ 7.55—7.46
(m, 2H), 7.29—7.26 (m, 1H), 7.23 (dd, J = 7.5, 1.2 Hz, 1H), 7.13—7.05 (m, 3H), 7.02 (s, 1H),
6.86 (d, J = 7.8 Hz, 1H), 4.03 (d, J = 6.9 Hz, 2H), 3.69 (s, 3H), 2.66 (s, 3H). 13C NMR (101
MHz, CDCl3) δ 164.02, 156.53, 141.20, 139.88, 130.26, 130.04, 127.49, 126.77, 126.62, 124.82,
123.23, 122.43, 120.97, 110.94, 55.56, 38.72, 24.17. HRMS-ESI (m/z): calcd for C20H17NO,
[M+H]+: 288.1388, found, 288.1388.

4-(4-(((tert-butyldimethylsilyl)oxy)methyl)phenyl)-2-methyl-9H-indeno.[2,1-b]pyridine (3p):
Compound 3p was prepared according to the general procedure using 1p with allyl borate
2. Purification by flash column chromatography (petroleum ether/ethyl acetate = 10/1,
v/v) afforded 3p as Brown oil, 48.1 mg, 60% yield. 1H NMR (400 MHz, CDCl3) δ 7.38
(dt, J = 7.5, 1.0 Hz, 1H), 7.33—7.27 (m, 4H), 7.11—7.06 (m, 2H), 6.99—6.89 (m, 2H), 6.84
(s, 1H), 4.71 (s, 2H), 3.86 (s, 2H), 2.49 (s, 3H), 0.82 (s, 9H). 13C NMR (101 MHz, CDCl3) δ
164.69, 155.82, 144.99, 141.82, 141.35, 139.45, 137.36, 129.67, 128.32, 126.91, 126.52, 126.32,
125.01, 122.93, 122.79, 64.82, 38.80, 26.00, 24.17, 18.49, -5.16. HRMS-ESI (m/z): calcd for
C26H31NOSi, [M+H]+: 402.2253, found, 402.2273.

4-(3,5-dimethoxyphenyl)-2-methyl-9H-indeno [2,1-b]pyridine (3q): Compound 3q was
prepared according to the general procedure using 1q with allyl borate 2. Purification by
flash column chromatography (petroleum ether/ethyl acetate = 2/1, v/v) afforded 3q as a
brown solid, m.p. = 133.4—135.5 ◦C, 41.9 mg, 66% yield. 1H NMR (400 MHz, CDCl3) δ 7.56
(d, J = 7.5 Hz, 1H), 7.30—7.27 (m, 1H), 7.26—7.21 (m, 1H), 7.15 (t, J = 7.5 Hz, 1H), 7.03 (s,
1H), 6.63—6.58 (m, 3H), 4.03 (s, 2H), 3.83 (s, 6H), 2.66 (s, 3H). 13C NMR (101 MHz, CDCl3)
δ 164.68, 160.98, 155.84, 144.86, 141.34, 140.71, 139.28, 129.49, 126.98, 126.66, 125.03, 123.12,
122.40, 106.24, 100.62, 55.54, 38.80, 24.20. HRMS-ESI (m/z): calcd for C21H19NO2, [M+H]+:
318.1494, found, 318.1496.

2-methyl-4-(4-(2-phenylpropan-2-yl)phenyl)-9H-indeno [2,1-b]pyridine (3r): Compound 3r

was prepared according to the general procedure using 1r with allyl borate 2. Purification
by flash column chromatography (petroleum ether/ethyl acetate = 5/1, v/v) afforded 3r

as a brown solid, m.p. = 130.8—131.8 ◦C, 54.7 mg, 73% yield. 1H NMR (400 MHz, CDCl3)
δ 7.55 (d, J = 7.5 Hz, 1H), 7.44—7.35 (m, 4H), 7.33 (d, J = 5.2 Hz, 4H), 7.24—7.20 (m, 1H),
7.19—7.09 (m, 2H), 7.02 (s, 1H), 4.02 (s, 2H), 2.65 (s, 3H), 1.78 (s, 6H). 13C NMR (101 MHz,
CDCl3) δ 164.68, 155.79, 151.16, 150.46, 144.98, 141.36, 139.50, 135.98, 129.65, 128.14, 128.11,
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127.15, 126.91, 126.86, 126.52, 125.84, 125.04, 122.88, 43.06, 38.82, 30.81, 24.18. HRMS-ESI
(m/z): calcd for C28H25N, [M+H]+: 376.2065, found, 376.2085.

2-methyl-4-(naphthalen-2-yl)-9H-indeno [2,1-b]pyridine (3s): Compound 3s was prepared
according to the general procedure using 1s with allyl borate 2. Purification by flash column
chromatography (petroleum ether/ethyl acetate = 10/1, v/v) afforded 3s as a brown solid,
m.p. = 138.0—142.8 ◦C, 36.8 mg, 60% yield. 1H NMR (400 MHz, CDCl3) δ 8.02—7.95 (m,
3H), 7.93—7.89 (m, 1H), 7.63—7.56 (m, 4H), 7.26 (dd, J = 14.7, 1.4 Hz, 2H), 7.14—7.02 (m,
3H), 4.09 (s, 2H), 2.70 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 164.74, 155.86, 141.39, 139.35,
136.24, 133.37, 133.10, 128.40, 128.28, 127.92, 127.43, 127.04, 126.66, 126.64, 126.51, 125.08,
123.02, 122.96, 38.84, 24.20. HRMS-ESI (m/z): calcd for C25H17N, [M+H]+: 308.1439, found,
308.1460.

2-methyl-4-(triphenylen-2-yl)-9H-indeno [2,1-b]pyridine (3t): Compound 3t was prepared
according to the general procedure using 1t with allyl borate 2. Purification by flash column
chromatography (petroleum ether/ethyl acetate = 5/1, v/v) afforded 3t as a brown solid,
m.p. = 143—147 ◦C, 52.9 mg, 65% yield. 1H NMR (400 MHz, CDCl3) δ 8.90—8.53 (m, 7H),
7.83—7.55 (m, 7H), 7.27—7.15 (m, 4H), 7.02 (t, J = 7.7 Hz, 1H), 4.11 (s, 2H), 2.76—2.70 (m,
3H). 13C NMR (101 MHz, CDCl3) δ 164.94, 156.06, 144.90, 141.45, 139.44, 137.48, 130.08,
130.05, 130.03, 129.81, 129.78, 129.55, 129.45, 127.68, 127.66, 127.50, 127.46, 127.43, 127.06,
126.74, 125.14, 123.88, 123.51, 123.48, 123.45, 123.36, 122.88, 122.85, 38.91, 24.30. HRMS-ESI
(m/z): calcd for C31H21N, [M+H]+: 408.1751, found, 408.1765.

2-methyl-4-(thiophen-3-yl)-9H-indeno [2,1-b]pyridine (3u): Compound 3u was prepared
according to the general procedure using 1u with allyl borate 2. Purification by flash
column chromatography (petroleum ether/ethyl acetate = 4/1, v/v) afforded 3u as a brown
solid, m.p. = 138.9—142.2 ◦C, 33.2 mg, 63% yield. 1H NMR (400 MHz, CDCl3) δ 7.58—7.54
(m, 1H), 7.51 (dd, J = 4.9, 3.0 Hz, 1H), 7.45 (dd, J = 3.0, 1.3 Hz, 1H), 7.30—7.27 (m, 2H),
7.20—7.15 (m, 1H), 7.05 (s, 1H), 4.02 (s, 2H), 2.65 (s, 3H). 13C NMR (101 MHz, CDCl3) δ
141.29, 139.32, 139.10, 128.17, 127.11, 126.73, 126.38, 125.09, 123.81, 122.91, 122.76, 38.74,
24.01. HRMS-ESI (m/z): calcd for C17H13NS, [M+H]+: 264.0847, found, 264.0823.

4-(benzo[b]thiophen-5-yl)-2-methyl-9H-indeno [2,1-b]pyridine (3v): Compound 3v was
prepared according to the general procedure using 1v with allyl borate 2. Purification by
flash column chromatography (petroleum ether/ethyl acetate = 5/1, v/v) afforded 3v as a

brown solid, m.p. = 147.9—150.2 ◦C, 36.3 mg, 58% yield. 1H NMR (400 MHz, CDCl3) δ
8.02 (d, J = 8.1 Hz, 1H), 7.94 (d, J = 1.7 Hz, 1H), 7.58—7.54 (m, 2H), 7.47 (dt, J = 8.4, 1.6 Hz,
1H), 7.41 (d, J = 5.4 Hz, 1H), 7.25 (dd, J = 7.4, 1.8 Hz, 1H), 7.08 (dt, J = 7.9, 5.4 Hz, 3H),
4.05 (s, 2H), 2.68 (d, J = 1.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 164.77, 155.89, 145.02,
141.39, 139.91, 139.77, 139.43, 134.96, 129.80, 127.53, 126.99, 126.59, 125.08, 124.79, 124.09,
123.36, 123.11, 122.90, 122.78, 38.85, 24.24. HRMS-ESI (m/z): calcd for C21H15NS, [M+H]+:
314.1003, found, 314.1021.

6-fluoro-2-methyl-4-phenyl-9H-indeno [2,1-b]pyridine (3w): Compound 3w was prepared
according to the general procedure using 1w with allyl borate 2. Purification by flash
column chromatography (petroleum ether/ethyl acetate = 7/1, v/v) afforded 3w as a
brown solid, m.p. = 120.3—124.5 ◦C, 38.5 mg, 70% yield. 1H NMR (400 MHz, CDCl3)
δ 7.53 (pd, J = 4.7, 1.7 Hz, 3H), 7.50—7.44 (m, 3H), 7.03 (s, 1H), 6.97—6.91 (m, 1H), 6.76
(dd, J = 9.9, 2.5 Hz, 1H), 3.98 (s, 2H), 2.66 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 165.45,
161.79 (d, J = 242.5 Hz), 156.58, 145.29, 141.09 (d, J = 9.4 Hz), 138.17, 136.65, 136.62, 129.03,
129.00, 128.88, 128.73, 128.29, 125.92 (d, J = 8.9 Hz), 122.80, 113.83 (d, J = 23.0 Hz), 109.90 (d,
J = 24.3 Hz), 38.24, 24.28. 19F NMR (377 MHz, CDCl3) δ -115.19. HRMS-ESI (m/z): calcd
for C19H14FN, [M+H]+: 276.1189, found, 276.1188.

7-fluoro-2-methyl-4-phenyl-9H-indeno [2,1-b]pyridine (3x): Compound 3x was prepared
according to the general procedure using 1x with allyl borate 2. Purification by flash column
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chromatography (petroleum ether/ethyl acetate = 6/1, v/v) afforded 3x as a brown solid,
m.p. = 123.4—125.5 ◦C, 24.7 mg, 45% yield. 1H NMR (400 MHz, CDCl3) δ 7.58—7.45 (m,
6H), 7.04 (s, 1H), 6.95 (td, J = 8.7, 2.5 Hz, 1H), 6.76 (dd, J = 9.9, 2.5 Hz, 1H), 3.99 (s, 2H), 2.67
(s, 3H). 13C NMR (101 MHz, CDCl3) δ 165.39, 161.79 (d, J = 242.4 Hz), 156.52, 145.36, 141.06
(d, J = 9.2 Hz), 138.14, 136.61, 128.89, 128.75, 128.28, 125.93 (d, J = 9.1 Hz), 122.86, 113.86
(d, J = 22.9 Hz), 109.91 (d, J = 24.4 Hz), 38.20, 24.23.19F NMR (377 MHz, CDCl3) δ -115.19.
HRMS-ESI (m/z): calcd for C19H14FN, [M+H]+: 276.1189, found, 276.1188.

7-methoxy-2-methyl-4-phenyl-9H-indeno [2,1-b]pyridine (3y): Compound 3y was prepared
according to the general procedure using 1y with allyl borate 2. Purification by flash column
chromatography (petroleum ether/ethyl acetate = 3/1, v/v) afforded 3y as a brown solid,
m.p. = 117.3—120.5 ◦C, 32.7 mg, 57% yield. 1H NMR (400 MHz, CDCl3) δ 7.57—7.48 (m,
2H), 7.40 (td, J = 7.4, 1.9 Hz, 1H), 7.33—7.27 (m, 2H), 7.26—7.23 (m, 1H), 7.13 (td, J = 7.6,
1.1 Hz, 1H), 7.04 (s, 1H), 6.95 (d, J = 7.8 Hz, 1H), 4.04 (d, J = 3.5 Hz, 2H), 2.67 (s, 3H).
13C NMR (101 MHz, CDCl3) δ 192.69, 164.06, 159.19, 143.31, 138.81, 132.15, 129.83, 128.73,
128.42, 128.40, 123.64, 122.68, 112.81, 110.44, 55.46, 38.88, 23.94. HRMS-ESI (m/z): calcd for
C20H17NO, [M+H]+: 288.1388, found, 288.1388.

3.3. General Procedure for the Derivatization of Pyridine Products

To a 25 mL Schlenk tube with a magnetic stirrer bar, substrates (3, 0.2 mmol), Cu(OAc)2

(1.5 equiv, 0.3 mmol), K3PO4 (2.5 equiv), and DMAc (2.0 mL) were successively added
and vigorously stirred together in a 120 ◦C oil bath under N2 atmosphere for 8 h. After
the reaction was finished, the mixture was cooled to room temperature. The reaction was
quenched with saturated NH4Cl aq. and extracted with EtOAc (3 × 20 mL). The combined
ethyl acetate layer was washed with brine (15 mL) and dried over anhydrous Na2SO4. The
solvent was removed under vacuum. The crude product was purified by flash column
chromatography (eluting with petroleum ether/ethyl acetate) on silica gel to afford the
product 4.

2-methyl-4-phenyl-9H-indeno [2,1-b]pyridin-9-one (4a): Compound 4a was prepared
according to the general procedure using 3a. Purification by flash column chromatog-
raphy (petroleum ether/ethyl acetate = 3/1, v/v) afforded 4a as a light yellow solid,
m.p. = 116.5—119.5 ◦C, 47.7 mg, 88% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.71 (dd,
J = 5.7, 3.0 Hz, 1H), 7.57—7.46 (m, 5H), 7.26—7.23 (m, 2H), 7.07 (s, 1H), 6.90 (dd, J = 6.4, 2.6
Hz, 1H), 2.66 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 193.02, 159.49, 153.24, 145.59,
142.21, 137.26, 135.11, 134.70, 132.45, 129.20, 129.11, 128.99, 128.17, 128.05, 124.69, 123.14,
24.12. HRMS-ESI (m/z): calcd for C19H13NO, [M+H]+: 272.1070, found, 272.1061.

methyl 4-(2-methyl-9-oxo-9H-indeno [2,1-b]pyridin-4-yl)benzoate (4i): Compound 4i was
prepared according to the general procedure using 3i. Purification by flash column chro-
matography (petroleum ether/ethyl acetate = 1/1, v/v) afforded 4i as a light yellow solid,
m.p. = 112.5—114.5 ◦C, 49.3 mg, 75% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.28—8.17
(m, 2H), 7.73 (d, J = 6.6 Hz, 1H), 7.61—7.54 (m, 2H), 7.28 (d, J = 9.0 Hz, 2H), 7.08 (s, 1H), 6.84
(d, J = 6.8 Hz, 1H), 4.00 (d, J = 1.5 Hz, 3H), 2.68 (s, 3H). 13C NMR (101 MHz, Chloroform-d)
δ 192.69, 166.54, 159.72, 153.34, 144.38, 141.82, 141.80, 135.21, 134.48, 132.44, 130.84, 130.26,
129.47, 128.40, 127.54, 124.87, 123.04, 52.48, 24.15. HRMS-ESI (m/z): calcd for C21H15NO3,
[M+H]+: 330.1125, found, 330 1112.

4. Conclusions

In summary, we have developed a nickel-catalyzed [2 + 2 + 2] cycloaddition of alkynes,
nitriles, and allyl boronates using a concise and stable catalytic system. This protocol em-
ploys readily available starting materials, enabling the efficient synthesis of fused pyridine
derivatives with good functional group compatibility and excellent regioselectivity. Mecha-
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nistic studies revealed the essential roles of the terminal double bond and the Bpin group.
Collectively, these findings provide fundamental insights into the [2 + 2 + 2] cycloaddi-
tion mechanism and the reactivity of azametallacyclopentadienes, thereby opening new
avenues for metal-catalyzed cycloadditions of unsaturated compounds.
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