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We report herein an efficient polyphosphoric acid (PPA) promoted one-pot protocol for the synthesis of
flavanone derivatives from 2-hydroxyacetophenones and benzaldehydes. A variety of flavanones were
produced in moderate to excellent yields and evaluated for their neuroprotective effects against N-
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methyl-p-aspartate (NMDA)-induced excitotoxicity in PC12 cells. Derivatives bearing electron-donating

groups exhibited better neuroprotective activity. Compound 3m demonstrated the best protective
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Introduction

Flavanone derivatives are found in numerous natural and
synthetic products." They also are building blocks in the
synthesis of biologically active compounds.> Most flavanones
display varied bioactivities such as anti-cancer,® anti-inflam-
matory,* anti-oxidant,” and anti-microbial, to name a few.
Therefore, the synthesis of flavanones has gained widespread
attention. Several methods for construction of flavanones to
make use of acid catalysts,” bases,® oxidants,® transition-metal
catalysts,' and thermal, photochemical, and electrochemical
transformations have been established. However, special
starting materials such as phenyl alkenyl aryl ethers,*** 2-(benzo
[d]thiazol-2-ylsulfonyl)-1-phenylethanones,® and arynes'> are
required for this approach. Recently, several one-pot procedures
for the preparation of flavanones via aniline-mediated cycliza-
tion of 2-hydroxyacetophenones and benzaldehydes have been
reported (Scheme 1a).”* Despite significant advances, the addi-
tion of aniline and longer reaction time are required. Therefore,
it is still desirable to develop new efficient catalytic systems.
The N-methyl-p-aspartate (NMDA) receptor belongs to iono-
tropic glutamate receptor that plays a role in brain develop-
ment, brain function, learning and memory via Ca®>" influx.*

“Department of Food and Medicine, Guizhou Vocational College of Agriculture,
Qingzhen 551400, P. R. China. E-mail: 515538011@qq.com

State Key Laboratory of Functions and Applications of Medicinal Plants, Guizhou
Medical University, Guiyang 550014, P. R. China. E-mail: gzcnp@sina.cn

‘The Key Laboratory of Chemistry for Natural Products of Guizhou Province and
Chinese Academy of Sciences, Guiyang 550014, P. R. China

T Electronic supplementary information (EST) available. See
https://doi.org/10.1039/d2ra03562f

1 These authors contributed equally to this work.

28098 | RSC Adv, 2022, 12, 28098-28103

potency and reversed the intracellular calcium (Ca®*) influx caused by NMDA, suggesting that flavanones
protected the PC12 cells against NMDA-induced neurotoxicity via inhibition of Ca®*

overload.

The excessive stimulation of the NMDA receptor leading to Ca**
overload of neurons resulting neuronal death, which is
responsible for a number of neurodegenerative diseases such as
Alzheimer's disease, Parkinson's disease and depression.*
High concentration of NMDA can overactivation of NMDA
receptor resulting the neuronal damage. PC12 cell line is one of
the widely used neuronal cell lines in the evaluation of neuro-
protective effects of NMDA receptor inhibitors against NMDA-
induced injury.

Our group has developed an efficient and practical PPA/
H,SO, promoted one-pot synthesis of (E)-3-benzylidene-
flavanones (Scheme 1b),'® which inspired us to explore the one-
pot synthesis of flavanones. Although the synthesis of flavanone
via the cyclization of chalcone using PPA have been reported,’
we wish to describe another efficient one-pot procedure
promoted by PPA for the synthesis of flavanone derivatives
directly from readily available 2-hydroxyacetophenones and
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benzaldehydes (Scheme 1c). The neuroprotective activity of
synthesized flavanones was evaluated using NMDA-induced
PC12 cells injury model.

Results and discussion
Chemical synthesis

Our initial studies were carried out with the commercially
available 2-hydroxyacetophenone 1a and benzaldehyde 2a as
test substrates. A mixture of 1a (1 equiv.), 2a (4 equiv.) and PPA
(4 equiv.) in N,N-dimethylformamide (DMF) and MeOH refluxed
for 5 h under a nitrogen atmosphere to give the condensation
product 3a in 50% yield (see the ESI, Table S1, entry 11). Control
experiment was performed to further improve the yield, the
catalysts and additive such as P,0s, H;PO, and H,SO, were
evaluated, PPA gave the best results (Table S1t). Then, we
explored the effects of PPA amount, temperature and time.
Increasing the amount of PPA to 6 equiv. had no obvious effect
on the reaction (Table 1, entry 1). Delightly, we found that
decreasing the amount of PPA further increased the yield (Table
1, entry 2). However, further decreasing the amount of PPA
resulted in lower yield (Table 1, entry 3). Subsequently, we
investigated the effect of reaction temperature and a decreased
yield was observed upon decreasing or increasing the temper-
ature to 100 or 200 °C (Table 1, entries 4 and 5). We then
investigated the impact of the reaction time. Fortunately, the
desirable compound 3a was obtained in 84% yield when the
reaction time increased to 7 h (Table 1, entry 6). However,
prolonging the time (9 h) had a slight reduction in yield (Table
1, entry 7). We then evaluated the reaction using microwave
irradiation conditions, 25% of 3a was isolated (Table 1, entry 8).
We further evaluated the effects of protonic, aprotic, dipolar
aprotic and non-polar aprotic solvents. The results showed that
DMF and MeOH were the best choice (Table 1, entry 6 vs. Table

S21). Finally, the optimized reaction conditions were
Table 1 PPA amount, temperature and time optimization®
o o
L - O e O
+
V;“\OH T DMF/MeOH NF \f(
1a 2a © 3a

Entry PPA (equiv.) T (°C) Time (h) 3a’ (%)
1 6 Reflux 5 48
2 2 Reflux 5 57
3 1 Reflux 5 21
4 2 100 5 33
5¢ 2 200 5 18
6 2 Reflux 7 84
7 2 Reflux 9 82
8? 2 Reflux 7 25
9¢ 2 Reflux 7 73

“ Reaction conditions: 1a (0.2 mmol), 2a (0.8 mmol), DMF (6.4 mL),
MeOH (1.6 mL). ? Isolated dyield. ¢ Reaction carried out in a pressure-
resistant reaction bottle. “ Under microwave irradiation. © Reaction
conditions: 1a (8 mmol), 2a (32 mmol), DMF (16 mL), MeOH (4 mL).
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determined as 1a (1 equiv.), 2a (4 equiv.) and PPA (2 equiv.) in
DMF and MeOH refluxed for 7 h under a nitrogen atmosphere
(Table 1, entry 6). With the optimized reaction conditions in
hand, a gram scale reaction was carried out and provided the
product 3a in 73% yield (Table 1, entry 9).

Under the optimized conditions, the substrate scope of this
cyclization was examined by varying 2-hydroxyacetophenones 1
and benzaldehydes 2 (Table 2). As shown in Table 2, the reac-
tion proceeded well with a variety of substrates to yield desired
flavanone derivatives in moderate to excellent yields. The elec-
tronic properties of the substituents have an effect on the
reaction yield. We found that electron-donating groups (Me,
ethyl and OMe) on 2-hydroxyacetophenones 1 and/or benzal-
dehydes 2 provided higher yields (3g, 3h and 3k-30). Hydroxyl-
substituted benzaldehydes had limited influence on the reac-
tivity (3i). However, electron-withdrawing groups, such as F, Cl,
Br and CFj3, gave lower yields (3b-3f and 3j). It is worthy to note
that aliphatic aldehydes, such as cyclohexanecarboxaldehyde
and propanal also underwent smooth transformation to afford
the corresponding flavanones in moderate yields (3p and 3q).

Table 2 Evaluation of substrate scope®

o (e] 1 N o2
R2
N J\ I /E\‘ /O 3 J
R‘E \I = R i H PPA ( 2 equiv.) R j 2
CAon DMF/MeOH, reflux, 7 h > St
5
(e]
1 2 3
Cl
soadlvos e
2 A J Cl > y
NA NF NF
Y Y Y
3a, 84% 3b, 69% 3c, 82%
N F p Br CF
A0 WA_\ o M ﬂ,A\To >
> Z )
= 4 N N /
U\g Tj)( T
3d, 73% 3e, 81% 3, 77%
A0 : [ A0 ‘ H ~__0O . !
o9 ) Y on
A A Z Y
(o] [e] [e]
3g, 85% 3h, 87% 3i, 74%

O NN A0
o} (¢} 0o
3j, 76% 3k, 86% 31, 85%
cl o JF
O A0} ~__O | ) A0 ‘
O 0 jo®
T e Y
3m, 82% 3n, 85% 30,80%
A0 O
L L
hg T
o o]
3p, 51%” 3q, 63%°

“ Reaction conditions: 1 (0.2 mmol), 2 (0.8 mmol), PPA (0.4 mmol), DMF
(6.4 mL), MeOH (1.6 mL). ” Reaction time (8 h).
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Thus, PPA is an effective catalyst for the one-pot synthesis of
flavanones from 2-hydroxyacetophenones and benzaldehydes.
PPA not only served as an acid catalyst but also widely used in
dehydration condensation and cyclization reactions.'” As other
acids, PPA promotes the enolization of ketone, and, perhaps
more importantly, the dehydration and cyclization properties of
it are responsible for the efficiency of this one-pot procedure.

The preliminary kinetic experiment of the formation of 3a
was conducted under the standard condition. The yields were
determined by 'H NMR with TTCE as internal standard. As
depicted in Fig. 1, the conversion of 2-hydroxyacetophenone 1a
and benzaldehyde 2a to flavanone 3a was occurred slowly in the
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Fig. 1 Kinetic of the formation of flavanone 3a.
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toxicity was measured by MTT assay. Data are presented as mean &+ SD (n

***p < 0.001 as compared to NMDA group.

28100 | RSC Adv, 2022, 12, 28098-28103

View Article Online

Paper

course of 0.5 h heating and afterwards turned faster. In the late
stage, a decreased conversion rate was observed.

A plausible mechanism for the one-pot synthesis of flava-
none derivatives is depicted in Scheme 2. Firstly, intermediate 3
is formed from the enolization of 2-hydroxyacetophenone 1a.
Then, the intermediate 3 coupled with benzaldehyde 2a fol-
lowed by protonation to produce intermediate 4, which after
subsequent dehydrative cyclisation promoted by PPA gives
desired product 3a.

Biochemistry

General information. Fetal bovine serum (FBS), Dulbecco's
modified Eagle's medium (DMEM), penicillin and streptomycin
were obtained from Gibco (Gibco, Paisley, UK). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT),
NMDA and Fura-2 acetoxymethyl ester (Fluo-2/AM) were
purchased from Sigma-Aldrich (Saint Louis, MO, USA). MK-801
was from MCE (Shanghai, China).

Biological evaluation. Previous studies shown that flavonoid-
rich plant or food extracts have exhibited improvements in
cognition and learning,'” and that flavanone hesperetin has
been observed to inhibit oxidative stress-induced neuronal
apoptosis.” Structurally, flavanones and most glycine antago-
nists are of a planar structure and flavanone 3a docked well to
the glycine binding site of NMDA receptor (see ESI Fig. S17).
These inspired us to explore the neuroprotective effects of
flavanones against NMDA-induced injury in PC12 cells
(purchased from Institute of Cell Biology, Chinese Academy of
Sciences, Shanghai, China) (Fig. 2).

NMDA injury was performed according to our previous re-
ported protocol*® and reported in ESL{ The protective effects of
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=3).##¥p5 < 0.001 as compared to control group, *p < 0.05, **p < 0.01,
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the synthesized flavanones were evaluated via the MTT assay.
Compounds with electron-donating group (ethyl or OMe)
shown a significant increase in the cell viability as compared to
NMDA treatment group, and which exhibited better protective
activity than that bearing electron-withdrawing group (F, Cl or
CF;) (Fig. 24, 3h and 3m vs. 3b-3f and 3n, 30).

Subsequently, concentration-dependent protective effects of
the most active compound 3m on NMDA-induced damage was
carried out (Fig. 2B). At 20 uM, there was a significant increase
in the cell viability for compound 3m compared to NMDA
treated group. It was found that pretreatment 40 uM compound
3m shown the similar neuroprotective potency to the NMDA
receptor non-competitive antagonist MK-801 (10 uM). Then we
evaluated the effect of compound 3m on NMDA-induced Ca**
influx in PC12 cells (Fig. 2C). In the present study, the influx of
Ca** was inhibited by MK-801 (10 uM) or compound 3m (40
uM), suggesting that the neuroprotective effects of compound
3m may via Ca*>* antagonism.
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Molecular docking study

Molecular docking study between compound 3m and glycine
binding site of NMDA receptor was conducted. Docking studies
of (2R)-3m and (25)-3m were conducted. The results indicated
that (2R)-3m (green) and (2S)-3m (gray) fitted well in the active
pocket of NMDA receptor and exhibited binding energy of —7.14
and —6.55 kcal mol " respectively (Fig. 3A). In the binding mode,
(2R)-3m formed three hydrogen bonds with the amino acid
residues ARG-131, THR-126 and SER-180 (Fig. 3B and D). It was
observed that (2R)-3m being stabilized by Pi-stacking interaction
with PHE-92 (Fig. 3B). The orientation and interactions network
of (25)-3m were little different from (2R)-3m, but the 2-phenyl
part was overlapped (Fig. 3A). (25)-3m was able to form the
hydrogen bonding interaction with the residues SER-180 and
ASP-224 (Fig. 3C and E). Additionally, the 2-phenyl moiety of (2R)-
3m or (25)-3m was embedded in the hydrophobic pocket formed
by residues TRP-223, PHE-16 and PHE-250 (Fig. 3B and C).

©© arene-arene
©H arene-H
©+ arene-cation

O solvent residue
) metal complex
solvent contact
metalfion contact
/~, receptor
- exposure

© polar * sidechain acceptor
O acidic - sidechain donor
) basic ~* backbone acceptor
(U greasy - backbone donor
proximity ligand
contour exposure

E o N
: '
@ @ &

Val\
Val}

\227 )

/Leu)
(Ley
(s )
\—/

(@) polar » sidechain acceptor () solvent residue arene-arene
acidic  + sidechain donor O metal complex H arene-H
O basic - backbone acceptor solventcontact ~ ©+ arene-cation
() greasy ¢ backbone donor metallion contact
proximity ligand C‘ receptor
contour exposure - exposure

Fig. 3 Docking of compound 3m with glycine binding site of NMDA receptor (PDB: 4NF4). (A) Alignment of (2R)-3m (green), (25)-3m (gray) and
co-crystallized ligand DCKA (yellow) in the active site. The interactions of (2R)-3m (B) and (25)-3m (C) with the active site residues. Hydrogen
bond interactions were shown in yellow dotted lines. 2D diagram of (2R)-3m (D) and (25)-3m (E) interactions with the active site residues.
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Conclusions

In conclusion, we have developed an efficient PPA-promoted
one-pot approach for the preparation of flavanone derivatives
from 2-hydroxyacetophenones and benzaldehydes. In addition,
the neuroprotective effect of the synthesized flavanone deriva-
tives against NMDA-induced injury in PC12 cells was evaluated.
Derivatives with electron-donating groups shown a significant
protective potency. Notably, 7-OMe substituted compound 3m
exhibited good protective effects and could inhibit the excessive
intracellular Ca®>" caused by NMDA.
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