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neuroprotection agents†

Fangyu Du,a Qifan Zhou,a Xiaoxiao Fu,b Yajie Shi,a Yuanguang Chen,a Wuhong Fang,a

Jingyu Yang*b and Guoliang Chen *a

The development of novel neuroprotection agents is of great significance for the treatment of ischemic

stroke. In this study, a series of compounds comprising 2,2-dimethylbenzopyran groups and cinnamic

acid groups have been synthesized. Preferential combination principles and bioisostere that improved

the neuroprotective effect of the compounds were identified for this series via biological activity assay in

vitro. Meanwhile, a functional reversal group of the acrylamide amide resulted in the most active

compounds. Among them, BN-07 significantly improved the morphology of neurons and obviously

increased cell survival rate of primary neurons induced by oxygen glucose deprivation (OGD), superior to

clinically used anti-ischemic stroke drug edaravone (Eda). Overall, our findings may provide an alternative

strategy for the design of novel anti-ischemic stroke agents with more potency than Eda.
1 Introduction

Ischemic stroke is one of most common cerebrovascular
diseases that seriously endangers human health and features
high incidence, high recurrence, high disability and high
fatality.1,2 Ischemic stroke causes extensive cellular loss that
impairs brain functions, resulting in severe disabilities. Despite
being a major public health concern, effective disease
management strategies for the treatment of ischemic stroke are
limited. The need to develop effective therapeutic approaches
for treating stroke is compelling. Currently, anti-ischemic
stroke drugs that are in clinical trials or launched mainly
include thrombolytic drugs, antiplatelet aggregation drugs,
neuroprotective drugs, and drugs promoting angiogenetic
effects.3,4

Among multiple treatment strategies implicated in the
pathogenesis of ischemia, neuroprotection is the most attrac-
tive protocol. Clinical drugs mainly play a role in different
pathophysiological stress processes that mediate brain tissue
damage aer ischemic stroke, including vascular dilation and
increasing cerebral blood ow,5,6 antioxidative stress,7 anti-
apoptosis,8 inhibiting excitotoxicity9 and inhibiting
inammation.10
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tion (ESI) available. See DOI:
Ischemia causes a shortage of glucose and oxygen and thus
a consumption of ATP, which results in the failure of the
sodium potassium pump and leads to membrane depolariza-
tion. Then, the membrane depolarization conversely induces
multiple mechanisms, involving increasing intracellular
calcium, triggering cell death signalling pathways such as
apoptosis, autophagy, and necroptosis.11 The increase of intra-
cellular calcium triggers the production of reactive oxygen
species (ROS), which initiates cell death cascades and activates
inammatory responses, consequently resulting in ischemic
neuronal death.12 Therefore, increased oxidative stress has been
considered as the primary cause. Although ROS can be cleaned
by a defense system in normal tissues, superabundant ROS can
result in neuronal damage or death under an ischemic condi-
tion because the antioxidant defense system is interrupted.13–16

Therefore, ROS scavengers may represent potential candidates
for the treatment of brain ischemia injury. Many approaches
have been indicated to reduce the generation of ROS and to
block the ROS-mediated neuronal cell death, involving utiliza-
tion of antioxidants or inhibitors of cell death signalling
molecules.17–19

Zang et al. discovered that pyrano[3,2-a]carbazole alkaloid 1
was an effective agent against ischemic stroke (Fig. 1) exhibited
potent activity to scavenge free radical.20 Meanwhile, a previous
study reported that a kind of benzopyran derivatives 2 (Fig. 1)
could protect against ischemia on the stroke model of mice, the
symptoms and physiological functions were obviously
improved aer administration.21 Edaravone (5-methyl-2-phenyl-
1,2-dihydropyrazol-3-one, Fig. 1), a free radical scavenger, has
been approved by the PMDA of Japan as a new drug mainly for
the treatment of ischemic stroke since 2001.22 In a multicenter,
This journal is © The Royal Society of Chemistry 2019
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View Article Online
randomized, placebo-controlled, double-blind study on acute
ischemic stroke patients, edaravone represents a neuro-
protective agent which is potentially useful for the treatment of
acute ischemic stroke, because it can exert signicant effects on
outcome as compared with placebo.23

Previous studies have demonstrated that 2,2-dime-
thylbenzopyran derivatives and cinnamic acid analogues are
important natural active compounds with broad pharmacolog-
ical activities, such as antibacterial, anti-tumor and neuro-
protection.24–28 Luo and Agon et al. disclosed that cinnamic acid
analogues such as caffeic acid, ferulic acid, cinnamic acid could
enhance the activity of lactate dehydrogenase (LDH), super-
oxide dismutase (SOD) and lower the malondialdehyde (MDA)
contents, which were used to protect cardiovascular system.29,30

Inspired by the neuroprotective activity and the outstanding
structure of 2,2-dimethylbenzopyran derivatives and cinnamic
acid analogues, we therefore designed and synthesized a novel
of benzopyran compounds using molecular hybridization
approach, affording compounds BA-01–BA-07. Meanwhile, we
replaced benzene ring with following aromatic cycles, including
pyridine, thiophene, furan and naphthalene according to bio-
isostere, giving compounds BA-08–BA-11. Meanwhile, func-
tional group reversal was induced in many cases to obtain
compounds BN-01–BN-05 and further modications were
carried out to obtain compounds BN-06–BN-10. Excitingly,
experimental results of oxygen glucose deprivation (OGD)
model displayed that some novel compounds exhibited better
activity of neuroprotection than edaravone.
2 Results and discussion
2.1 Chemistry

The synthetic routes for the designed compounds are shown in
Schemes 1 and 2. In general, 3-chloro-3-methylbut-1-yne (3) was
easily prepared from commercially available 2-methylbut-3-yn-
2-ol (2). (E)-3-Argioacrylic acid derivatives (Scheme 1) were
either purchased or synthesized in one step from commercially
available aromatic aldehyde (4a–4k) condensed with malonic
acid via Knoevenagel condensation to give 5a–5k. Commercially
available 4-acetamidophenol (6) reacted with 3-chloro-3-
methylbut-1-yne (3) by Williamson ether synthesis in the pres-
ence of CuCl to give 7. The subsequent high temperature
facilitated [3,3]-s rearrangement of 7 afforded N-(2,2-dimethyl-
2H-chromen-6-yl)acetamide (8) using diphenyl ether as
a solvent. Treatment of 8 with 50% NaOH aqueous deprotected
the acetyl group from the amine moiety, and heating in the
Fig. 1 Structures of 2,2-dimethylbenzopyran derivatives and
edaravone.

This journal is © The Royal Society of Chemistry 2019
presence of ethanol, and then generated the key intermediate
2,2-dimethyl-2H-chromen-6-amine (9). The synthesis of various
substituted 2,2-dimethylbenzopyran derivatives BA-01–BA-11
(Scheme 1) was accomplished using a common intermediate 9
which coupled to the cinnamic acid analogues 5a–5k under
standard amide coupling conditions (EDCI, HOBt, THF) as
shown in Scheme 1.

The synthesis of BN-01–BN-10 (Scheme 2) began with the use
of Williamson ether synthesis to transform the phenolic hydroxyl
group present in 4-hydroxybenzaldehyde 10 to ether to provide
11. The alkyne group in 11was then rearranged by treatment with
high temperature in N,N-dimethylaniline to afford the corre-
sponding aldehyde 12. This entity was condensed with malonic
acid to afford the key intermediate carboxylic acid 13 via Knoe-
venagel condensation. Target compounds BN-01–BN-10 were
made in a similar fashion of amide coupling starting from
commercially available substituted aniline and substituted
phenol. Interestingly, addition reaction was occurred simulta-
neously at the position of a,b-unsaturated double bond in the
process of synthesis for compounds BN-01–BN-03, resulting in
three novel compounds BN-08–BN-10.
2.2 In vitro biological activity assay

To explore the therapeutic potential of BA-01–BA-10 and BN-01–
BN-11, in this study, we applied an in vitro oxygen glucose
deprivation (OGD) model of primary cortical neurons cultures
to investigate whether the series of compounds protected
neurons against ischemic stroke.

2.2.1 Identication of primary neuron. Primary neuron
cultures from the cortices of new born rats within 24 h were
prepared as previously described. Microscopically, it was
observed that the primary cortical neurons of the rats, cultured
on the 7th day, were basically mature, evenly distributed in
various elds of view. Meanwhile, the cell bodies and synapses
were clearly dened, and the synapses were connected into
a network (seeing ESI, Fig. S1†).

b-Tubulin is the skeletal protein of neuron which can
represent location and shape of neuron. As shown in Fig. 2,
neurons were evenly distributed in the eld of view and only
a small amount of nucleus didn't show the maker of green
uorescence (Fig. 2). b-tubulin III and DAPI double uorescent
staining showed that the isolated neurons were successfully
cultured in vitro with high purity (>90%), which can be used for
the subsequent experiments.31

2.2.2 Cell viability and morphological assay. With the
better purity and morphology of cultured primary cortical
neurons in hand, we rstly examined the viability of normal
neurons aer administration at a dose of 100 mM. Our investi-
gations have shown that BA-(01, 02, 03, 04, 07, 08, 09) and BN-
(09, 10) signicantly reduced cell survival rate of normal
neurons (Table 1) which suggested that these compounds were
cytotoxic at this dose.

To further investigate the neuroprotective effects exerted by
the interesting compounds, we next attempted to assess cell
viability against OGD model aer administration by MTT
method using edaravone as a positive drug. Cultured cortical
RSC Adv., 2019, 9, 2498–2508 | 2499

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10424g


Scheme 1 Synthesis of BA compounds. Reaction and conditions: (a) CuCl, CaCl2, conc. HCl, r.t., 1 h; (b) CH2(COOH)2, pyridine, piperidine,
toluene, reflux, 12 h; (c) K2CO3, KI, PEG 600, acetone, reflux, 72 h; (d) diphenyl ether, reflux, 2 h; (e) 50% NaOH, ethanol, reflux, 12 h; (f) EDCI,
HOBt, THF, r.t., 14 h.
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View Article Online
neuron of SD rats were randomly divided into control group,
model group, positive control group, and test group (1 mM, 30
mM, 100 mM). As shown in Table 2, cell viability was signicantly
decreased (p < 0.001) aer OGD treatment for 12 h compared
with the control, which indicated that OGD model was succeed.
For BA compounds, the results showed that compounds BA-(03,
Scheme 2 Synthesis of BN compounds. Reaction and conditions: (a) DB
pyridine, piperidine, toluene, reflux, 12 h; (d) HX-Ar, EDCI, HOBt, THF, r.

2500 | RSC Adv., 2019, 9, 2498–2508
05, 07, 08, 09, 11) could signicantly improve the survival rate of
neuron (OGD 12 h) at a dose of 1 mM (P < 0.05).

Another dose of compounds could decrease the survival rate
of neurons or reveal no signicant improvement (Table 2, and
ESI, Fig. S2†). According to the results, the ring of cinnamic acid
analogues had a better activity when substituted with dialkoxy
U, CuCl, acetonitrile, r.t., 4 h; (b) PhNMe2, reflux, 2 h; (c) CH2(COOH)2,
t., 14 h.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Purity identification of rat primary cortical neurons.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 7
/2

3/
20

25
 2

:4
1:

46
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
groups on the benzene ring. When the substituents were
replaced with hydroxyl groups, the activity was decreased or
disappeared, such as BA-01, BA-04. Interestingly, various
aromatic cycles, including pyridine, thiophene, furan and
naphthalene, showed different efficacy, and BA-09, replaced
with naphthalene, exhibited a better activity which increased
survival rate of neuron (ODG model) from 49% to 57%. BA-09,
BA-11, respectively substituted with pyridine, thiophene,
maintained the same biological activity. On the contrary, 3-
(furan-2-yl)acrylamide (BA-10) lost neuroprotective effect.
Considering that series compounds of BA didn't signicantly
improve the survival rate of neurons, and we, therefore,
designed and synthesized a novel series of 2,2-dimethylbenzo-
pyran derivatives using functional reversal group of a,b-unsat-
urated amide group to afford BN compounds.
Table 1 Cell survival rate of primary neurons after administration (%)a,b

Sample Control 100 mM

BA-01 1.00 � 0.015 0.75 � 0.021***
BA-02 1.00 � 0.015 0.76 � 0.025***
BA-03 1.00 � 0.015 0.77 � 0.012***
BA-04 1.00 � 0.015 0.56 � 0.014***
BA-05 1.00 � 0.011 0.85 � 0.037**
BA-06 1.00 � 0.011 0.86 � 0.018*
BA-07 1.00 � 0.011 0.78 � 0.046***
BA-08 1.00 � 0.011 0.73 � 0.025***
BA-09 1.00 � 0.011 0.49 � 0.047***
BA-10 1.00 � 0.011 0.84 � 0.026**
BA-11 1.00 � 0.011 0.89 � 0.054

a Signicance: *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group. b The
standard error (SE).

This journal is © The Royal Society of Chemistry 2019
To our excitement, the cell viability results suggested that
series compounds of BN can obviously increase the survival
rate of neurons (OGD 12 h) at dose of 1 mM, 30 mM and 100 mM
which were much superior to positive drug of edaravone
(56%), compared with model group. (P < 0.001) (Table 3, and
ESI, Fig. S3†). Experimental data demonstrated that activity
was greatly increased when aniline substituted with methoxy
such as BN-02, 03, 04, and the survival rate of neurons were
87%, 87%, 83% respectively, compared with BN-01 (73%).
Moreover, the meta and para substituted compounds were
more potent than the ortho. Attempt to replace aniline with
phenol proved successful which displayed 81% survival rate of
neuron (BN-05). Inspired by neuroprotective effects of cinna-
mamide derivatives,32,33 we synthesized amide with N-
substituted piperazine showing superior biological activity.
Sample Control 100 mM

BN-01 1.00 � 0.011 0.85 � 0.038**
BN-02 1.00 � 0.011 0.93 � 0.0080
BN-03 1.00 � 0.011 0.89 � 0.02
BN-04 1.00 � 0.011 0.88 � 0.038
BN-05 1.00 � 0.011 0.86 � 0.023*
BN-06 1.00 � 0.011 0.91 � 0.028
BN-07 1.00 � 0.011 0.96 � 0.0063
BN-08 1.00 � 0.011 0.99 � 0.019
BN-09 1.00 � 0.011 0.80 � 0.047***
BN-10 1.00 � 0.011 0.81 � 0.058***

dose of administration was 100 mM and data were expressed as mean �

RSC Adv., 2019, 9, 2498–2508 | 2501
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Table 2 Cell survival rate of primary neurons (OGD 12 h) after administration in BA compounds (%)a,b

Sample Control Model Sample in 1 mM Sample in 30 mM Sample in 100 mM Edaravoned

BA-01 1.00 � 0.012 0.49 � 0.094### 0.52 � 0.023 0.28 � 0.040*** —c 0.54 � 0.0069*
BA-02 1.00 � 0.012 0.49 � 0.094### 0.42 � 0.024** 0.30 � 0.046*** —c 0.54 � 0.0069*
BA-03 1.00 � 0.012 0.49 � 0.094### 0.59 � 0.038* 0.31 � 0.035*** —c 0.54 � 0.0069*
BA-04 1.00 � 0.012 0.49 � 0.094### 0.42 � 0.054* 0.23 � 0.019*** —c 0.54 � 0.0069*
BA-05 1.00 � 0.012 0.49 � 0.094### 0.56 � 0.027* 0.40 � 0.012*** 0.29 � 0.013*** 0.54 � 0.0069*
BA-06 1.00 � 0.012 0.49 � 0.094### 0.50 � 0.040 0.33 � 0.032*** 0.37 � 0.068** 0.54 � 0.0069*
BA-07 1.00 � 0.012 0.49 � 0.094### 0.53 � 0.028* 0.40 � 0.074*** —c 0.54 � 0.0069*
BA-08 1.00 � 0.012 0.49 � 0.094### 0.57 � 0.044* 0.51 � 0.064 —c 0.54 � 0.0069*
BA-09 1.00 � 0.012 0.49 � 0.094### 0.54 � 0.028* 0.29 � 0.011*** —c 0.54 � 0.0069*
BA-10 1.00 � 0.012 0.49 � 0.094### 0.46 � 0.025 0.25 � 0.0017*** 0.19 � 0.0017*** 0.54 � 0.0069*
BA-11 1.00 � 0.012 0.49 � 0.094### 0.56 � 0.022* 0.25 � 0.021*** 0.21 � 0.0023*** 0.54 � 0.0069*

a Signicance: ###P < 0.001 vs. control group. Signicance: *P < 0.05, **P < 0.01, ***P < 0.001 vs. model group. b Data were expressed as mean �
standard error (SE). c At this concentration, the compound was cytotoxic. d The concentration was 100 mM.

Fig. 3 Morphology of OGD neurons after administration of BN-07.
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Among them, BN-07, substituted with 4-(piperazin-1-yl)
phenol, increased the survival rate of neuron from 41% to
98%. Correspondingly, BN-06, substituted with 1-(4-methox-
yphenyl)piperazine, maintained the similar activity (75%),
which indicated that hydrophile group of 1-phenylpiperazine
was contributed to neuroprotective effect. Interestingly, three
compounds without double bonds (BN-08, 09, 10) maintained
good biological activity which increased the survival rates of
neuron to more than 80%. The results demonstrated that the
a,b-unsaturated double bond isn't essential for the activity.
Based on the neuroprotective activities in vitro shown in
Tables 2 and 3, it was observed that series of compounds BN
revealed better pharmaceutical effects of neuroprotection
which were suitable for further research of anti-ischemic
stroke.

2.2.3 The morphological changes of neurons aer admin-
istration. Then, we evaluated the morphological changes of
cortical neuron which were observed with an inverted micro-
scope. The results were as follows, and other pictures of
different doses were placed in ESI (Fig. S4).† Control group
indicated that neurons were evenly distributed and cell body
took on plumpness, oval or multipole. The axons and dendrites
were long and interacting into networks. Apparently, compared
with control group, the cell bodies of model group (OGD 12 h)
Table 3 Cell survival rate of primary neurons (OGD 12 h) after administr

Sample Control Model Sample in 1 mM

BN-01 1.00 � 0.0051 0.41 � 0.014### 0.73 � 0.067***
BN-02 1.00 � 0.0051 0.41 � 0.014### 0.87 � 0.013***
BN-03 1.00 � 0.0051 0.41 � 0.014### 0.87 � 0.0084***
BN-04 1.00 � 0.0051 0.41 � 0.014### 0.83 � 0.012***
BN-05 1.00 � 0.0051 0.41 � 0.014### 0.81 � 0.010***
BN-06 1.00 � 0.0051 0.41 � 0.014### 0.75 � 0.014***
BN-07 1.00 � 0.0051 0.41 � 0.014### 0.98 � 0.029***
BN-08 1.00 � 0.0051 0.41 � 0.014### 0.89 � 0.014***
BN-09 1.00 � 0.0051 0.41 � 0.014### 0.85 � 0.015***
BN-10 1.00 � 0.0051 0.41 � 0.014### 0.81 � 0.0090***

a Signicance: ###P < 0.001 vs. control group. Signicance: *P < 0.05, **P
standard error (SE). c At this concentration, the compound was cytotoxic.

2502 | RSC Adv., 2019, 9, 2498–2508
were obviously shrunk, axons and dendrites were shortened or
even disappeared. Surprisingly, excellent results emerged from
testing group which restored the morphology of the OGD
neurons presenting the plumpness cell and continuous
protrusions (Fig. 3). That also reected a signicant role in anti-
ischemic stroke of compounds which was consistent with the
results of cell viability.
ation in BN compounds (%)a,b

Sample in 30 mM Sample in 100 mM Edaravoned

0.67 � 0.044*** 0.60 � 0.012*** 0.56 � 0.015***
0.74 � 0.012*** 0.50 � 0.025*** 0.56 � 0.015***
0.77 � 0.0016*** 0.58 � 0.0090*** 0.56 � 0.015***
0.73 � 0.0066*** 0.41 � 0.064 0.56 � 0.015***
0.73 � 0.0091*** 0.69 � 0.017*** 0.56 � 0.015***
0.77 � 0.018*** 0.70 � 0.035*** 0.56 � 0.015***
0.83 � 0.013*** 0.66 � 0.032*** 0.56 � 0.015***
0.79 � 0.017*** 0.69 � 0.015*** 0.56 � 0.015***
0.77 � 0.010*** —c 0.56 � 0.015***
0.77 � 0.0035*** —c 0.56 � 0.015***

< 0.01, ***P < 0.001 vs. model group. b Data were expressed as mean �
d The concentration was 100 mM.

This journal is © The Royal Society of Chemistry 2019
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Table 4 Prediction of BBB and clog P properties

Sample BBBa clog P Sample BBBa clog P

BA-01 0.020 3.627 BN-01 0.424 3.869
BA-02 �0.126 3.611 BN-02 0.278 3.853
BA-03 �0.126 3.611 BN-03 0.278 3.853
BA-04 �0.384 3.385 BN-04 0.278 3.853
BA-05 0.070 3.638 BN-05 0.686 4.517
BA-06 0.278 3.853 BN-06 0.454 4.112
BA-07 0.424 3.869 BN-07 0.197 3.886
BA-08 0.705 4.778 BN-08 0.547 4.992
BA-09 �0.110 2.719 BN-09 0.677 5.600
BA-10 0.039 3.265 BN-10 0.254 4.89
BA-11 0.340 3.595

a BBB $ 0.7, very high permeability; 0 # BBB < 0.7, high permeability;
�0.52 < BBB < 0, medium permeability; BBB# �0.52, low permeability.
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2.3 Prediction of ADMET properties

BBB penetrations of all compounds were predicted by Discovery
Studio 3.0 (see ESI, Fig. S5† and Table 4). The ADMET plot gure
displayed that most target compounds had potent permeability
of blood brain barrier (BBB) and appropriate values of clog P
which were conducive to the development of neuroprotective
effect. Among them, BN compounds revealed higher perme-
ability of blood brain barrier than BA compounds. Therefore,
predicted data manifested that BN compounds have the
potential to exhibit better activity of neuroprotective in vivo.

3 Conclusion

A novel series of 2,2-dimethylbenzopyran derivatives was
created from an initial 2,2-dimethyl-2H-chromen-6-amine lead
using the molecular hybridization approach, bioisostere and
functional group reversal strategies. Subsequently, their activity
of neuroprotection was evaluated in oxygen glucose deprivation
(OGD) model. Experimental results revealed that some novel
compounds exhibit better activity of neuroprotection than
edaravone. The efficacy improvement was achieved via lead
transformation of cinnamamide to phenylacrylamide and by
the incorporation of substituent at the amide position. These
efforts culminated with the identication of an optimized
molecule, compound BN-07, which displayed good efficacy in
neurons of OGD model and will be further optimized as a lead
compound. Efforts to determine the neuroprotection mecha-
nism of these compounds are currently under way in our
laboratory.

4 Experimental section
4.1 Chemistry

All reagents used were commercially available. All the 1H-NMR
and 13C-NMR spectra were recorded on a Bruker 400 MHz and
600 MHz spectrometer in DMSO-d6. Chemical shis (d) were
expressed in parts per million using tetramethylsilane as an
internal reference. ESI-MS data were obtained using an Agilent
1100 instrument. LC-MS-ESI was recorded by Agilent 1100
Series MSD Trap (SL). GC-MS-ESI was recorded by Agilent 6890-
This journal is © The Royal Society of Chemistry 2019
5975 GC-MS. Melting points were measured on X-4 digital
melting point instrument. The purity was determined by Shi-
madzu LC-2010AHT high performance liquid chromatography.
Reactions were monitored by thin-layer chromatography (TLC)
and visualized by UV-light. Column chromatography was per-
formed on silica gel (160–200 mesh).

4.1.1 3-Chloro-3-methylbut-1-yne (3). To a solution of CuCl
(2.0 g, 0.02 mol), copper powder (1.12 g, 17.6 mmol) in
concentrated hydrochloric acid (240 mL, 2.91 mol) were added
CaCl2 powder (50 g, 0.45 mol) in portions at �15 �C. The 2-
methylbut-3-yn-2-ol 2 (50 mL, 0.51 mol) was added dropwise at
�15 �C. The reaction mixture was stirred at 0 �C for 2 h. The
upper organic layer was separated, washed with brine (10 mL),
and dried over CaCl2. Filtration afforded the colorless liquid
(49.9 g, 94.8%). EI-MS m/z: 103.0 [M + H]+, 67.1 [M � Cl]�.

4.1.2 N-(4-((2-Methylbut-3-yn-2-yl)oxy)phenyl)acetamide (7).
To a solution of CuCl (0.08 g, 0.80 mmol), N-(4-hydroxyphenyl)
acetamide 6 (22.6 g, 0.15 mol) in acetonitrile (240 mL) were added
dropwise DBU (54.2 mL, 0.36 mol) at 0 �C. Then the 3-chloro-3-
methylbut-1-yne 3 (22.9 g, 0.23 mol) was added dropwise. The
reaction mixture was stirred at room temperature for 3 h. The
acetonitrile was removed in vacuo, and the resulting residue was
dissolved with dichloromethane (300 mL), respectively washed
with water (3� 100 mL), brine (100 mL) and dried over Na2SO4.
Concentration afforded the yellow solid (28.8 g, 88.4%), mp 83–
86 �C. ESI-MS m/z: 218.1 [M + H]+.

4.1.3 N-(2,2-Dimethyl-2H-chromen-6-yl)acetamide (8). N-
(4-((2-Methylbut-3-yn-2-yl)oxy)phenyl)acetamide 7 (21.8 g, 0.10
mol) was dissolved in diphenyl ether (80 mL), and the mixture
was placed in a sand bath at 260 �C for 2 h. Aer cooling to room
temperature, the crude product was obtained by ash chro-
matography (petroleum ether/ethyl acetate ¼ 2 : 1), which was
recrystallized from absolute ethanol to give the light yellow
solid (10.3 g, 47.3%), mp 116–119 �C. ESI-MS m/z: 218.1 [M +
H]+, 240.1 [M + Na]+, 435.2 [2M + H]+, 457.2 [2M + Na]+.

4.1.4 2,2-Dimethyl-2H-chromen-6-amine (9). To a solution
of N-(2,2-dimethyl-2H-chromen-6-yl)acetamide 8 (10.3 g, 47.4
mmol) in 95% ethanol (42 mL) were added 50%NaOH (11.4 mL,
0.14 mol). The reaction mixture was heated to reux for 12 h.
The ethanol was removed in vacuo, and the resulting residue
was partitioned between dichloromethane (100 mL) and water
(50 mL) and the aqueous was extracted with dichloromethane
(2� 50 mL). The combined organic phase was washed with
brine (100 mL), dried over sodium sulfate, and concentrated
under vacuum to give 2,2-dimethyl-2H-chromen-6-amine as
a brown oil (7.6 g, 92.1%). ESI-MS m/z: 176.1 [M + H]+.

4.1.5 4-((2-Methylbut-3-yn-2-yl)oxy)benzaldehyde (11). To
a solution of CuCl (0.05 g, 0.5 mmol), 4-hydroxybenzaldehyde 10
(12 g, 98.3 mmol) in acetonitrile (120 mL) were added dropwise
DBU (35.5 mL, 0.24 mol) at 0 �C. Then the 3-chloro-3-methylbut-
1-yne 3 (15.1 g, 0.15 mol) was added dropwise. The reaction
mixture was stirred at room temperature for 4 h. The acetoni-
trile was removed in vacuo, and the resulting residue was dis-
solved with dichloromethane (100 mL), respectively washed
with water (3� 50 mL), brine (30 mL) and dried over Na2SO4.
Concentration afforded the yellow oil (15.8 g, 85.8%). ESI-MSm/
z: 189.1 [M + H]+, 211.0 [M + Na]+, 399.1 [2M + Na]+.
RSC Adv., 2019, 9, 2498–2508 | 2503
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4.1.6 2,2-Dimethyl-2H-chromene-6-carbaldehyde (12). 4-
((2-Methylbut-3-yn-2-yl)oxy)benzaldehyde 11 (15.0 g, 0.08 mol)
was dissolved in N,N-dimethylaniline (40 mL), and the mixture
was placed in a sand bath at 200 �C for 2 h. Aer cooling to room
temperature, the mixture was poured into 6 N HCl (100 mL),
stirred for 15 min and extracted with EtOAc (4� 100 mL). The
combined organic phrase was washed with 10% HCl (3� 100
mL) and brine (50 mL). The organic phase was dried over
sodium sulfate and concentrated under vacuum to give the
yellow oil (12.1 g, 80.6%). ESI-MSm/z: 189.1 [M + H]+, 211.1 [M +
Na]+, 399.1 [2M + Na]+.

4.1.7 (E)-3-(2,2-Dimethyl-2H-chromen-6-yl)acrylic acid (13).
To a solution of 2,2-dimethyl-2H-chromene-6-carbaldehyde
aromatic aldehyde 12 (12.1 g, 64.3 mmol), malonic acid
(10.0 g, 96.1 mmol), toluene (50 mL) in pyridine (28 mL) were
added piperidine (1.8 mL, 20.0 mmol). The reaction mixture
was heated at 110 �C with a Dean–Stark trap for 14 h. Aer
cooling to room temperature, 25% K2CO3 aqueous (50 mL, 90.6
mmol) was poured into the mixture, which was heated at 85 �C
for 30 min. The aqueous layer was separated while it's hot and
stirred at 0 �C for 10 min. The pH was adjusted to 1 with
concentrated hydrochloric acid. The resulting precipitate was
ltered, and the lter cake was washed with water. Aer drying,
the crude product was obtained which was puried by recrys-
tallized (absolute ethanol) and decolorized (activated carbon).

(E)-3-(2,2-Dimethyl-2H-chromen-6-yl)acrylic acid 13 was ob-
tained as a light yellow solid (7.41 g, 50.1%), mp 181–184 �C. 1H-
NMR (400 MHz, DMSO-d6): d (ppm) 12.24 (s, 1H), 7.48 (d, J ¼
15.6 Hz, 1H), 7.44–7.41 (m, 2H), 6.76 (d, J ¼ 8.0 Hz, 1H), 6.42 (d,
J¼ 9.9 Hz, 1H), 6.34 (d, J¼ 15.6 Hz, 1H), 5.81 (d, J¼ 9.9 Hz, 1H),
1.39 (s, 6H).

4.1.8 General procedure for the synthesis of 5a, 5c, 5e, 5f,
5h, 5i, 5k. To a solution of aromatic aldehyde (1 equiv.), malonic
acid (1.5 equiv.), toluene (3 v/m) in pyridine (5 v/m) were added
piperidine (0.25 equiv.). The reaction mixture was heated at
110 �C with a Dean–Stark trap for 12 h. Aer cooling to room
temperature, 25% K2CO3 aqueous (25 mL, 1.1 equiv.) was
poured into the mixture, which was heated at 85 �C for 15 min.
The aqueous layer was separated while it's hot and stirred at
0 �C for 10 min. The pH was adjusted to 1 with concentrated
hydrochloric acid. The resulting precipitate was ltered, and the
lter cake was washed with water. Aer drying, the crude
product was obtained which was puried by recrystallized
(absolute ethanol) and decolorized (activated carbon).

(E)-3-(4-Hydroxyphenyl)acrylic acid (5a). 5a was obtained as
a light yellow solid in 30.4% yield, mp 212–214 �C.

(E)-3-(3-Hydroxy-4-methoxyphenyl)acrylic acid (5c). 5c was ob-
tained as a light yellow solid in 78.4% yield, mp 123–125 �C.

(E)-3-(Benzo[d][1,3]dioxol-5-yl)acrylic acid (5e). 5e was ob-
tained as a light yellow solid in 80.7% yield, mp 242–244 �C.

(E)-3-(4-Methoxyphenyl)acrylic acid (5f). 5f was obtained as
a light yellow solid in 73.1% yield, mp 171–173 �C.

(E)-3-(Naphthalen-1-yl)acrylic acid (5h). 5h was obtained as
a light yellow solid in 50.3% yield, mp 210–212 �C.

(E)-3-(Pyridin-3-yl)acrylic acid (5i). 5i was obtained as a white
solid in 56.6% yield, mp 235–237 �C.
2504 | RSC Adv., 2019, 9, 2498–2508
(E)-3-(Thiophen-2-yl)acrylic acid (5k). 5k was obtained as
a light yellow solid in 76.4% yield, mp 144–146 �C.

4.1.9 General procedure for the synthesis of BA-01–05, 08–
11, 9a–9e, 9h–9k. 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDCI) (0.61 g, 3.18 mmol) and 1-
hydroxybenzotriazole (HOBt) (0.43 g, 3.18 mmol) were added to
a solution of (E)-3-argioacrylic acid (3.46 mmol) in anhydrous
tetrahydrofuran (20 mL). The solution was stirred at room
temperature for 1 h, and then 2,2-dimethyl-2H-chromen-6-
amine 8 (0.5 g, 2.88 mmol) was added. The reaction mixture
was stirred at room temperature for 14 h. The tetrahydrofuran
was removed in vacuo, and the resulting residue was dissolved
with dichloromethane (100 mL), respectively washed with 10%
HCl (3� 30 mL), saturated NaHCO3 (3� 30 mL) and brine (50
mL). The organic phase was dried over sodium sulfate and
concentrated under vacuum to give crude product which was
puried by silica gel column chromatography using petroleum
ether : EtOAc ¼ 4 : 1 as eluent.

(E)-N-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-3-(4-hydroxyphenyl)-
acrylamide (BA-01). BA-01 was isolated as a light yellow solid
(0.21 g, 23.0%), mp 230–233 �C. 1H-NMR (400 MHz, DMSO-d6):
d (ppm) 9.93–9.92 (m, 2H), 7.46–7.42 (m, 4H), 7.35 (dd, J ¼
8.8 Hz, 2.4 Hz, 1H), 6.81 (d, J ¼ 8.5 Hz, 2H), 6.70 (d, J ¼ 8.8 Hz,
1H), 6.57 (d, J¼ 15.6 Hz, 1H), 6.40 (d, J¼ 9.8 Hz, 1H), 5.77 (d, J¼
9.8 Hz, 1H), 1.36 (s, 6H). 13C NMR (150 MHz, DMSO-d6) d 164.1,
159.6, 148.7, 140.3, 132.2, 132.1, 129.9, 126.3, 122.4, 121.3,
120.7, 119.2, 117.9, 116.3, 76.3, 27.7. ESI-MSm/z: 322.1 [M + H]+,
643.1 [2M + H]+, 665.2 [2M + Na]+.

(E)-N-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-3-(4-hydroxy-3-methoxy-
phenyl)acrylamide (BA-02). BA-02 was isolated as a light yellow solid
(0.30 g, 29.4%), mp 88–91 �C. 1H-NMR (400 MHz, CDCl3): d (ppm)
7.65 (d, J ¼ 15.6 Hz, 1H), 7.42 (s, 1H), 7.16–7.09 (m, 3H), 7.02 (s,
1H), 6.92 (d, J ¼ 8.4 Hz, 1H), 6.77 (d, J ¼ 8.4 Hz, 1H), 6.37 (d, J ¼
15.6 Hz, 1H), 6.31 (d, J ¼ 10.0 Hz, 1H), 5.84 (s, 1H), 5.64 (d, J ¼
10.0 Hz, 1H), 3.93 (s, 3H), 1.43 (s, 6H). 13C NMR (150 MHz, CDCl3)
d 164.1, 149.7, 148.3, 146.7, 142.0, 131.5, 131.2, 127.3, 123.5, 122.3,
121.6, 120.9, 118.6, 118.5, 116.5, 114.8, 109.8, 76.3, 56.0, 27.9. ESI-
MS m/z: 352.2 [M + H]+, 374.2 [M + Na]+, 350.4 [M � H]�.

(E)-N-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-3-(3-hydroxy-4-methoxy-
phenyl)acrylamide (BA-03). BA-03 was isolated as a light yellow solid
(0.20 g, 19.7%), mp 185–188 �C. 1H-NMR (400 MHz, CDCl3):
d (ppm) 7.62 (d, J¼ 15.4 Hz, 1H), 7.45 (s, 1H), 7.42 (s, 1H), 7.19 (d, J
¼ 8.0 Hz, 1H), 7.13 (s, 1H), 6.98 (d, J ¼ 8.0 Hz, 1H), 6.80 (d, J ¼
8.4 Hz, 1H), 6.73 (d, J ¼ 8.4 Hz, 1H), 6.37 (d, J ¼ 15.4 Hz, 1H), 6.28
(d, J¼ 9.8 Hz, 1H), 5.62 (d, J¼ 9.8 Hz, 1H), 3.90 (s, 3H), 1.41 (s, 6H).
13C NMR (150 MHz, CDCl3) d 164.1, 149.7, 148.2, 145.8, 141.7,
131.5, 131.3, 128.3, 2, 122.3, 121.9, 121.5, 120.9, 119.0, 118.6,
116.5, 120.6, 110.5, 76.3, 56.0, 27.9. ESI-MS m/z: 352.3 [M + H]+,
350.4 [M � H]�.

(E)-N-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-3-(3,4-dihydroxy-
phenyl)acrylamide (BA-04). BA-04 was isolated as a gray solid
(0.33 g, 33.9%), mp 220–222 �C. 1H-NMR (400 MHz, DMSO-d6):
d (ppm) 9.91 (s, 1H), 9.45 (s, 1H), 9.19 (s, 1H), 7.43 (d, J¼ 2.3 Hz,
1H), 7.37–7.33 (m, 2H), 6.99 (d, J ¼ 1.8 Hz, 1H), 6.89 (dd, J ¼
8.2 Hz, 1.8 Hz, 1H), 6.77 (d, J ¼ 8.2 Hz, 1H), 6.70 (d, J ¼ 8.5 Hz,
1H), 6.49 (d, J¼ 15.6 Hz, 1H), 6.39 (d, J¼ 9.8 Hz, 1H), 5.76 (d, J¼
This journal is © The Royal Society of Chemistry 2019
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9.8 Hz, 1H), 1.36 (s, 6H). 13C NMR (150 MHz, DMSO-d6) d 164.1,
148.7, 148.1, 146.1, 140.7, 133.2, 132.2, 126.7, 122.4, 121.3,
121.2, 120.6, 119.0, 117.9, 116.3, 116.2, 114.3, 76.3, 60.2, 28.0.
ESI-MS m/z: 338.1 [M + H]+, 360.1 [M + Na]+, 675.3 [2M + H]+,
697.2 [2M + Na]+.

(E)-N-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-3-(1,3-benzodioxole-5-
yl)acrylamide (BA-05). BA-05 was isolated as a light yellow solid
(0.23 g, 22.9%), mp 151–153 �C. 1H-NMR (400 MHz, CDCl3):
d (ppm) 7.64 (d, J ¼ 15.3 Hz, 1H), 7.42 (s, 1H), 7.16–7.15 (m, 2H),
7.03–7.02 (m, 2H), 6.81 (d, J ¼ 7.88 Hz, 1H), 6.74 (d, J ¼ 8.52 Hz,
1H), 6.34 (d, J ¼ 15.3 Hz, 1H), 6.31 (d, J ¼ 9.72 Hz, 1H), 6.01 (s,
2H), 5.64 (d, J ¼ 9.72 Hz, 1H), 1.43 (s, 6H). 13C NMR (150 MHz,
CDCl3) d 164.1, 149.7, 149.2, 148.2, 141.6, 131.5, 131.3, 129.1,
124.1, 122.2, 121.5, 121.0, 119.0, 118.6, 116.5, 108.5, 106.4, 101.5,
76.3, 27.9. ESI-MS m/z: 350.1 [M + H]+, 372.1 [M + Na]+, 699.2
[2M + H]+, 721.2 [2M + Na]+.

(E)-N-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-3-(naphthalen-1-yl)-
acrylamide (BA-08). BA-08 was isolated as a white solid (0.08 g,
7.8%), mp 186–189 �C. 1H-NMR (400 MHz, CDCl3): d (ppm) 8.60
(d, J ¼ 15.1 Hz, 1H), 8.27 (d, J ¼ 8.4 Hz, 1H), 7.91–7.89 (m, 2H),
7.77–7.75 (m, 1H), 7.60–7.55 (m, 2H), 7.53–7.50 (m, 2H), 7.24–
7.22 (m, 2H), 6.79 (d, J ¼ 8.4 Hz, 1H), 6.61 (d, J ¼ 15.1 Hz, 1H),
6.36 (d, J¼ 10 Hz, 1H), 5.68 (d, J¼ 10.0 Hz, 1H), 1.46 (s, 6H). 13C
NMR (150MHz, CDCl3) d 163.7, 149.8, 143.8, 139.2, 133.7, 131.5,
130.9, 130.1, 128.8, 128.6, 127.0, 126.8, 126.2, 125.4, 123.6,
122.2, 121.6, 121.0, 119.9, 118.6, 116.5, 76.3, 27.9. ESI-MS m/z:
356.1 [M + H]+, 378.1 [M + Na]+, 711.3 [2M + H]+, 733.3
[2M + Na]+.

(E)-N-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-3-(pyridin-3-yl)acry-
lamide (BA-09). BA-09 was isolated as a light yellow solid (0.25 g,
29.4%), mp 105–107 �C. 1H-NMR (400 MHz, CDCl3): d (ppm)
7.50 (d, J ¼ 15.0 Hz, 1H),7.46 (s, 1H), 7.42 (s, 1H), 7.16–7.10 (m,
2H), 6.75–6.73 (m, 1H), 6.59–6.58 (m, 1H), 6.47 (s, 1H), 6.40 (d, J
¼ 15.0 Hz, 1H), 6.31 (d, J ¼ 9.8 Hz, 1H), 5.64 (d, J ¼ 9.8 Hz, 1H),
1.43 (s, 6H). 13C NMR (150 MHz, CDCl3) d 163.0, 150.2, 150.1,
148.8, 138.0, 134.9, 131.6, 131.0, 130.8, 123.7, 123.4, 122.1,
121.6, 121.0, 118.6, 116.5, 76.4, 27.9. ESI-MS m/z: 296.1 [M +
H]+, 591.2 [2M + H]+, 613.2 [2M + Na]+.

(E)-N-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-3-(furan-2-yl)acry-
lamide (BA-10). BA-10 was isolated as a light yellow solid
(0.25 g, 29.4%), mp 105–107 �C. 1H-NMR (400 MHz, CDCl3):
d (ppm) 7.50 (d, J ¼ 15.0 Hz, 1H), 7.46 (s, 1H), 7.42 (s, 1H),
7.16–7.10 (m, 2H), 6.75–6.73 (m, 1H), 6.59–6.58 (m, 1H), 6.47
(s, 1H), 6.40 (d, J ¼ 15.0 Hz, 1H), 6.31 (d, J ¼ 9.8 Hz, 1H), 5.64
(d, J ¼ 9.8 Hz, 1H), 1.43 (s, 6H). 13C NMR (150 MHz, CDCl3)
d 163.7, 151.3, 149.7, 144.2, 131.5, 131.2, 128.7, 122.2, 121.6,
120.9, 118.6, 118.5, 116.5, 114.2, 112.3, 76.3, 27.9. ESI-MS m/z:
296.1 [M + H]+, 591.2 [2M + H]+, 613.2 [2M + Na]+.

(E)-N-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-3-(thiophen-2-yl)acry-
lamide (BA-11). BA-11 was isolated as a yellow solid (0.40 g,
46.6%), mp 125–127 �C. 1H-NMR (400MHz, CDCl3): d (ppm) 7.84
(d, J ¼ 15.1 Hz, 1H), 7.41 (s, 1H), 7.34 (d, J ¼ 5.0 Hz, 1H), 7.24–
7.22 (m, 2H), 7.15 (d, J¼ 7.4 Hz, 1H), 7.05–7.03 (m, 1H), 6.74 (d, J
¼ 8.6 Hz, 1H), 6.34–6.29 (m, 1H), 6.30 (d, J¼ 9.8 Hz, 1H), 1.42 (s,
6H). 13C NMR (150 MHz, CDCl3) d 163.6, 149.8, 139.9, 134.5,
131.5, 131.1, 130.6, 128.1, 127.6, 122.2, 121.5, 121.0, 119.8, 118.6,
This journal is © The Royal Society of Chemistry 2019
116.5, 76.3, 27.9. ESI-MS m/z: 312.1 [M + H]+, 334.2 [M + Na]+,
622.9 [2M + H]+, 645.1 [2M + Na]+, 310.0 [M � H]�.

4.1.10 General procedure for the synthesis of BA-06 and
BA-07. To a solution of (E)-3-argioacrylic acid (4.2 mmol), N,N-
dimethylformamide (2 drops) in anhydrous dichloromethane
(10 mL) were added thionyl chloride (1.0 mL, 16.8 mmol). The
reaction mixture was heated to reux for 3 h. Aer cooling to
room temperature, the solvent was removed in vacuo, and the
residue was dissolved in anhydrous dichloromethane (5 mL).
This intermediate was taken to the next step without further
purication. To a solution of 2,2-dimethyl-2H-chromen-6-amine
9 (0.6 g, 3.5 mmol), triethylamine (1 mL, 7.2 mmol) in anhy-
drous dichloromethane (10 mL) were added dropwise solution
of (E)-3-argioacryloyl chloride (4.2 mmol) in dichloromethane
which was prepared in the previous step at 0 �C. The reaction
mixture was stirred at room temperature for 2 h. The reaction
mixture was poured into ice water (20 mL), and extracted with
dichloromethane (2� 10 mL). The combined organic phase was
respectively washed with 10% NaOH (3� 30 mL), 10% HCl (3�
30 mL) and brine (30 mL). The organic phase was dried over
sodium sulfate and concentrated under vacuum to give crude
product which was puried by silica gel column chromatog-
raphy using petroleum ether/EtOAc as eluent.

(E)-N-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-3-(4-methoxyphenyl)-
acrylamide (BA-06). BA-06 was isolated as a white solid (0.51 g,
43.5%), mp 173–175 �C. 1H-NMR (400 MHz, CDCl3): d (ppm)
7.68 (d, J ¼ 15.4 Hz, 1H), 7.47–7.43 (m, 3H), 7.33–7.30 (m, 1H),
7.17 (d, J ¼ 8.0 Hz, 1H), 6.88 (d, J ¼ 8.4 Hz, 2H), 6.74 (d, J ¼
8.6 Hz, 1H), 6.39 (d, J ¼ 15.4 Hz, 1H), 6.20 (d, J ¼ 9.6 Hz, 1H),
5.63 (d, J ¼ 9.6 Hz, 1H), 3.83 (s, 3H), 1.42 (s, 6H). 13C NMR (150
MHz, CDCl3) d 164.2, 161.0, 149.7, 141.6, 131.5, 131.3, 129.5,
127.4, 122.3, 121.6, 120.9, 118.6, 118.5, 116.5, 114.3, 76.3,
55.4, 27.7. ESI-MS m/z: 336.1 [M + H]+, 671.3 [2M + H]+, 693.2
[2M + Na]+.

(E)-N-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-3-phenylacrylamide
(BA-07). BA-07was isolated as a light yellow solid (0.40 g, 32.6%),
mp 154–157 �C. 1H-NMR (400 MHz, CDCl3): d (ppm) 7.71–7.76
(d, J ¼ 15.5 Hz, 1H), 7.54–7.52 (m, 2H), 7.43 (s, 1H), 7.39–7.31
(m, 3H), 7.20–7.16 (m, 2H), 6.75 (d, J ¼ 8.6 Hz, 1H), 6.41 (d, J ¼
15.5 Hz, 1H), 5.96 (d, J ¼ 9.8 Hz, 1H), 5.64 (d, J ¼ 9.8 Hz, 1H),
1.43 (s, 6H). 13C NMR (150 MHz, CDCl3) d 163.8, 149.8, 142.0,
134.7, 131.5, 131.1, 129.9, 128.9, 127.9, 122.2, 121.6, 121.0,
120.9, 118.6, 116.5, 76.3, 27.9. ESI-MS m/z: 306.1 [M + H]+, 328.1
[M + Na]+, 611.3 [2M + H]+, 633.2 [2M + Na]+.

4.1.11 (E)-3-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-N-phenyl-
acrylamide (BN-01). 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDCI) (0.45 g, 2.35 mmol) and 1-
hydroxybenzotriazole (HOBt) (0.32 g, 2.35 mmol) were added to
a solution of (E)-3-(2,2-dimethyl-2H-chromen-6-yl)acrylic acid
(0.50 g, 2.17 mmol) in anhydrous dichloromethane (20 mL). The
solution was stirred at room temperature for 1 h, and then
aniline (0.27 g, 2.82 mmol) was added. The reactionmixture was
stirred at room temperature for 20 h and then diluted with
water (20 mL), extracted with dichloromethane (2� 10 mL). The
combined organic phase was respectively washed with 10% HCl
(3� 30 mL), 10% NaOH (3� 30 mL), and brine (30 mL). The
organic phase was dried over sodium sulfate and concentrated
RSC Adv., 2019, 9, 2498–2508 | 2505
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under vacuum to give crude product which was puried by silica
gel column chromatography using petroleum ether/EtOAc as
eluent. BN-01 was isolated as a yellow solid (0.12 g, 18.1%), mp
148–151 �C. 1H-NMR (400 MHz, CDCl3): d (ppm) 7.67 (d, J ¼
15.4 Hz, 1H), 7.61 (d, J ¼ 6.8 Hz, 2H), 7.36–7.19 (m, 4H), 7.15–
7.10 (m, 2H), 6.76 (d, J ¼ 8.3 Hz, 1H), 6.39 (d, J ¼ 15.4 Hz, 1H),
6.31 (d, J ¼ 9.8 Hz, 1H), 5.65 (d, J ¼ 9.8 Hz, 1H), 1.44 (s, 6H). 13C
NMR (150MHz, CDCl3) d 164.4, 154.9, 142.2, 138.2, 131.3, 129.1,
129.0, 127.3, 126.2, 124.2, 121.8, 121.3, 119.9, 118.1, 116.8, 77.7,
28.2. ESI-MS m/z: 306.1 [M + H]+, 328.1 [M + Na]+, 611.2 [2M +
H]+, 633.2 [2M + Na]+.

4.1.12 General procedure for the synthesis of BN-02, 04, 05,
07–10. To a solution of (E)-3-(2,2-dimethyl-2H-chromen-6-yl)
acrylic acid (0.5 g, 2.17 mmol), N,N-dimethylformamide (1
drop) in anhydrous dichloromethane (20 mL) were added thi-
onyl chloride (0.56 mL, 8.68 mmol). The reaction mixture was
heated to reux for 30 min. Aer cooling to room temperature,
the solvent was removed in vacuo, and the residue was dissolved
in anhydrous dichloromethane (5 mL). This intermediate was
taken to the next step without further purication. To a solution
of substituted aniline (3.5 mmol), triethylamine (1.5 mL, 10.8
mmol) in anhydrous dichloromethane (20 mL) were added
dropwise solution of (E)-3-(2,2-dimethyl-2H-chromen-6-yl)
acrylic chloride (2.2 mmol) in dichloromethane which was
prepared in the previous step at 0 �C. The reaction mixture was
stirred at room temperature for 2 h. The reaction mixture was
poured into ice water (20 mL), and extracted with dichloro-
methane (2� 10 mL). The combined organic phase was
respectively washed with 10% HCl (3� 30 mL), 10% NaHCO3

(3� 30 mL), and brine (30 mL). The organic phase was dried
over sodium sulfate and concentrated under vacuum to give
crude product which was puried by silica gel column chro-
matography using petroleum ether/EtOAc as eluent.

(E)-3-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-N-(4-methoxyphenyl)-
acrylamide (BN-02). BN-02 was isolated as a yellow solid (0.22 g,
30.2%), mp 140-143 �C. 1H-NMR (400 MHz, DMSO-d6): d (ppm)
10.00 (s, 1H), 7.61 (d, J ¼ 9.0 Hz, 2H), 7.45 (d, J ¼ 15.6 Hz, 1H),
7.36 (dd, J¼ 8.3 Hz, 1.8 Hz, 1H), 7.33 (d, J¼ 1.8 Hz, 1H), 6.90 (d, J
¼ 9.0 Hz, 2H), 6.80 (d, J ¼ 8.3 Hz, 1H), 6.63 (d, J ¼ 15.6 Hz, 1H),
6.45 (d, J¼ 9.8 Hz, 1H), 5.82 (d, J¼ 9.8 Hz, 1H), 3.73 (s, 3H), 1.39
(s, 6H). 13C NMR (150 MHz, CDCl3) d 164.3, 156.4, 154.8, 141.7,
131.4, 131.3, 129.1, 127.4, 126.1, 121.8, 121.7, 121.3, 118.3,
116.7, 114.2, 77.2, 55.5, 28.2. ESI-MS m/z: 671.3 [2M + H]+, 693.2
[2M + Na]+.

3-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-N-(4-methoxyphenyl)-3-
((4-methoxyphenyl)amino)propanamide (BN-09). BN-09 was iso-
lated as a white solid (0.08 g, 8.4%), mp 130–133 �C.1H-NMR
(400 MHz, DMSO-d6): d (ppm) 9.70 (s, 1H), 7.43 (d, J ¼ 9.0 Hz,
2H), 7.12 (dd, J ¼ 8.2, 1.7 Hz, 1H), 7.06 (d, J ¼ 1.5 Hz, 1H), 6.84
(d, J ¼ 9.0 Hz, 2H), 6.64–6.62 (m, 3H), 6.49 (d, J ¼ 8.9 Hz, 2H),
6.33 (d, J ¼ 9.8 Hz, 1H), 5.74 (d, J ¼ 7.9 Hz, 1H), 5.59 (d, J ¼
9.8 Hz, 1H), 4.67 (q, J ¼ 14.4, 7.3 Hz, 1H), 3.70 (s, 3H), 3.58 (s,
3H), 2.72 (dd, J ¼ 14.2, 7.8 Hz, 1H), 2.58 (dd, J ¼ 14.2, 6.4 Hz,
1H), 1.32 (s, 6H). 13C NMR (150 MHz, CDCl3) d 169.0, 156.5,
153.0, 152.3, 140.3, 134.3, 131.0, 130.6, 126.8, 124.2, 122.2,
122.1, 121.4, 116.6, 116.2, 114.8, 114.1, 76.3, 56.6, 55.6, 55.5,
45.2, 28.1, 28.0. ESI-MS m/z: 459.2 [M + H]+.
2506 | RSC Adv., 2019, 9, 2498–2508
(E)-3-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-N-(2-methoxyphenyl)
acrylamide (BN-04). BN-04 was isolated as a light yellow solid
(0.27 g, 37.1%), mp 115–116 �C. 1H-NMR (400 MHz, DMSO-d6):
d (ppm) 10.00 (s, 1H), 7.61 (d, J ¼ 9.0 Hz, 2H), 7.45 (d, J ¼
15.6 Hz, 1H), 7.37 (dd, J¼ 8.4 Hz, 1.6 Hz, 1H), 7.33 (d, J¼ 1.6 Hz,
1H), 6.90 (d, J ¼ 9.0 Hz, 2H), 6.80 (d, J ¼ 8.4 Hz, 1H), 6.63 (d, J ¼
15.6 Hz, 1H), 6.45 (d, J ¼ 9.8 Hz, 1H), 5.82 (d, J ¼ 9.8 Hz, 1H),
3.73 (s, 3H), 1.40 (s, 6H). 13C NMR (150 MHz, CDCl3) d 164.1,
154.8, 147.8, 141.7, 131.3, 129.2, 128.0, 127.5, 126.0, 123.6,
121.8, 121.3, 121.2, 119.9, 118.7, 116.7, 109.8, 77.0, 55.7, 28.2.
ESI-MS m/z: 336.1 [M + H]+, 358.1 [M + Na]+, 671.3 [2M + H]+,
693.3 [2M + Na]+.

(E)-3-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-acrylate-phenyl ester
(BN-05). BN-05 was isolated as a white solid (0.25 g, 37.6%), mp
93–94 �C. 1H-NMR (400 MHz, CDCl3): d (ppm) 7.77 (d, J ¼
15.9 Hz, 1H), 7.42–7.38 (m, 2H), 7.36 (dd, J¼ 8.4 Hz, 2.1 Hz, 1H),
7.24–7.21 (m, 2H), 7.17–7.15 (m, 2H), 6.80 (d, J ¼ 8.4 Hz, 1H),
6.47 (d, J ¼ 15.9 Hz, 1H), 6.34 (d, J ¼ 9.9 Hz, 1H), 5.67 (d, J ¼
9.9 Hz, 1H), 1.46 (s, 6H). 13C NMR (150 MHz, CDCl3) d 165.7,
155.5, 150.9, 146.3, 131.4, 129.7, 129.4, 126.9, 126.4, 125.6,
121.7, 121.6, 121.4, 116.9, 114.4, 77.2, 28.3. ESI-MSm/z: 307.0 [M
+ H]+, 345.0 [M + Na]+, 635.7 [M + Na]+.

(E)-3-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-1-(4-(4-hydroxyphenyl)-
piperazin-1-yl)prop-2-en-1-one (BN-07). BN-07 was isolated as a red
brown solid (0.04 g, 4.7%), mp 193–196 �C. 1H-NMR (400 MHz,
DMSO-d6): d (ppm) 8.90 (s, 1H), 7.49–7.46 (m, 2H), 7.42 (d, J ¼
15.3 Hz, 1H), 7.13 (d, J¼ 15.3 Hz, 1H), 6.84–6.81 (m, 2H), 6.76 (d, J
¼ 8.0 Hz, 1H), 6.67–6.65 (m, 2H), 6.42 (d, J¼ 10.0 Hz, 1H), 5.81 (d,
J¼ 10.0 Hz, 1H), 3.81 (s, 2H), 3.68 (s, 2H), 2.95 (s, 4H), 1.38 (s, 6H).
13C NMR (150 MHz, CDCl3) d 165.9, 155.5, 154.7, 146.3, 143.2,
131.3, 129.7, 129.0, 127.9, 125.9, 122.3, 121.8, 121.3, 118.2, 116.7,
114.4, 113.9, 77.0, 51.0, 49.9, 45.6, 40.0, 28.2. ESI-MSm/z: 391.2 [M
+ H]+, 781.3 [2M + H]+.

3-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-N-phenyl-3-(phenylamino)-
propanamide (BN-08). BN-08 was isolated as a white solid (0.14 g,
16.2%), mp 143–146 �C. 1H-NMR (400 MHz, CDCl3): d (ppm) 7.57
(m, 1H), 7.33 (d, J¼ 7.6 Hz, 2H), 7.28 (d, J¼ 7.6 Hz, 2H), 7.14–7.06
(m, 4H), 6.97 (d, J ¼ 1.9 Hz, 1H), 6.73–6.69 (m, 2H), 6.62 (d, J ¼
7.8 Hz, 2H), 6.23 (d, J ¼ 9.8 Hz, 1H), 5.58 (d, J ¼ 9.8 Hz, 1H), 4.85
(s, 1H), 4.76 (t, J¼ 6.1 Hz, 1H), 2.8 (d, J¼ 6.2 Hz, 2H), 1.40 (s, 6H).
13C NMR (150 MHz, CDCl3) d 169.0, 152.4, 146.4, 137.4, 134.1,
131.1, 129.2, 129.0, 126.8, 124.6, 124.2, 122.2, 121.5, 120.3, 118.5,
116.7, 114.4, 76.4, 55.4, 45.5, 28.1, 28.0. ESI-MS m/z: 399.2 [M +
H]+, 437.1 [M + K]+, 797.3 [2M + H]+.

3-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-N-(3-methoxyphenyl)-3-
((3-methoxyphenyl)amino)propenamide (BN-10). BN-10 was iso-
lated as a white solid (0.22 g, 22.1%), mp 145–146 �C. 1H-NMR
(400 MHz, CDCl3): d (ppm) 7.50 (1H, s), 7.18 (t, J ¼ 8.2 Hz, 1H),
7.09–7.07 (m, 2H), 7.04 (t, J ¼ 8.2 Hz, 1H), 6.97 (d, J ¼ 2.0 Hz,
1H), 6.80 (d, J ¼ 7.9 Hz, 1H), 6.71 (d, J ¼ 8.2 Hz, 1H), 6.63 (dd, J
¼ 8.2 Hz, 2.0 Hz, 1H), 6.29–6.22 (m, 3H), 6.18 (s, 1H), 5.58 (d, J
¼ 9.8 Hz, 1H), 4.74 (t, J ¼ 6.1 Hz, 1H), 3.72 (s, 3H), 3.69 (s, 3H),
2.81 (d, J¼ 6.1 Hz, 2H), 1.40 (s, 6H). 13C NMR (150 MHz, CDCl3)
d 168.8, 160.6, 160.0, 152.5, 146.7, 138.5, 133.2, 131.1, 130.0,
129.6, 127.0, 124.4, 122.1, 121.5, 116.7, 112.4, 110.5, 108.0,
105.9, 104.7, 101.1, 76.6, 56.2, 55.3, 55.1, 45.0, 28.1, 28.0. ESI-
This journal is © The Royal Society of Chemistry 2019
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MS m/z: 459.1 [M + H]+, 481.2 [M + Na]+, 497.1 [M + K]+, 457.0
[M � H]�.

4.1.13 General procedure for the synthesis of BN-03 and
BN-06. To a solution of (E)-3-(2,2-dimethyl-2H-chromen-6-yl)
acrylic acid 13 (0.5 g, 2.17 mmol), N,N-dimethylformamide (1
drop) in anhydrous dichloromethane (20 mL) were added oxalyl
chloride (1.4 mL, 16.3 mmol). The solution was stirred at room
temperature for 30 min, and the remaining oxalyl chloride was
removed in vacuo, and the resulting residue was dissolved with
dichloromethane (10 mL). This intermediate was taken to the
next step without further purication. To a solution of
substituted aniline (2.60 mmol), triethylamine (1.5 mL, 10.8
mmol) in anhydrous dichloromethane (20 mL) were added
dropwise solution of (E)-3-(2,2-dimethyl-2H-chromen-6-yl)
acrylic chloride (2.17 mmol) in dichloromethane which was
prepared in the previous step at 0 �C. The reaction mixture was
stirred at room temperature for 2 h. The reaction mixture was
poured into ice water (20 mL), and extracted with dichloro-
methane (2� 10 mL). The combined organic phase was
respectively washed with 10% HCl (3� 30 mL), 10% NaHCO3

(3� 30 mL) and brine (30 mL). The organic phase was dried over
sodium sulfate and concentrated under vacuum to give crude
product which was puried by silica gel column chromatog-
raphy using petroleum ether/EtOAc as eluent.

(E)-3-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-N-(3-methoxyphenyl)-
acrylamide (BN-03). BN-03 was isolated as a yellow brown solid
(0.11 g, 15.1%), mp 145–148 �C. 1H-NMR (400 MHz, CDCl3):
d (ppm) 7.66 (d, J¼ 15.4 Hz, 1H), 7.45 (s, 2H), 7.28 (d, J¼ 8.4 Hz,
1H), 7.24 (t, J ¼ 8.1 Hz, 1H), 7.13 (s, 1H), 7.05–7.03 (m, 1H), 6.75
(d, J ¼ 8.4 Hz, 1H), 6.67 (d, J ¼ 8.1 Hz, 1H), 6.39 (d, J ¼ 15.4 Hz,
1H), 6.29 (d, J ¼ 10.0 Hz, 1H), 5.65 (d, J ¼ 10.0 Hz, 1H), 3.81 (s,
3H), 1.44 (s, 6H). 13C NMR (150 MHz, CDCl3) d 164.5, 160.2,
154.9, 142.3, 139.5, 131.3, 129.7, 129.1, 127.3, 126.2, 121.7,
121.3, 118.1, 116.8, 112.0, 110.3, 105.4, 77.0, 55.3, 28.2. ESI-MS
m/z: 336.1 [M + H]+, 358.1 [M + Na]+, 671.3 [2M + H]+, 693.3
[2M + Na]+.

(E)-3-(2,2-Dimethyl-2H-1-benzopyran-6-yl)-1-(4-(4-methoxy-
phenyl)piperazin-1-yl)prop-2-en-1-one (BN-06). BN-06 was isolated
as a light yellow solid (0.27 g, 30.8%), mp 165–166 �C. 1H-NMR
(400 MHz, DMSO-d6): d (ppm) 7.49–7.46 (m, 2H), 7.42 (d, J ¼
15.3 Hz, 1H), 7.13 (d, J ¼ 15.3 Hz, 1H), 6.84–6.81 (m, 2H), 6.85–
6.82 (m, 2H), 6.76 (d, J ¼ 8.0 Hz, 1H), 6.41 (d, J ¼ 10.0 Hz, 1H),
5.81 (d, J ¼ 10.0 Hz, 1H), 3.83 (s, 2H), 3.72–3.68 (m, 5H), 3.01 (s,
4H), 1.39 (s, 6H). 13C NMR (150 MHz, CDCl3) d 165.8, 154.6,
154.4, 145.2, 142.9, 131.3, 129.0, 128.7, 128.0, 125.9, 121.8,
121.3, 120.8, 119.0, 116.7, 114.5, 114.1, 77.0, 55.6, 51.5, 51.0,
45.9, 42.2, 28.2. ESI-MS m/z: 405.2 [M + H]+, 427.2 [M + Na]+.
4.2 In vitro neuroprotection activity

4.2.1 Materials. Female Sprague Dawley rats (SD Rats), male
Sprague Dawley rat were purchased from Liaoning changsheng
biotechnology Co., Ltd (Liaoning, China). All animal procedures
were performed in accordance with the Guidelines for Care and
Use of Laboratory Animals of Shenyang Pharmaceutical Univer-
sity and experiments were approved by the Animal Ethics
Committee of Shenyang Pharmaceutical University.
This journal is © The Royal Society of Chemistry 2019
Edaravone injection (30 mg/20 mL) were purchased from
simcere Co., Ltd (Jiangsu, China). DMEM/F12 medium, neuro-
basal medium, B27 supplement, DMEM glucose-free culture
medium, penicillin–streptomycin, FBS and Fetal bovine serum
were purchased from Gibco Company (USA). L-Lysine homo-
polymer hydrobromide, thiazolyl blue (MTT), and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). DAPI was purchased from Dojindo Laborato-
ries (Japan). b-Tubulin antibody was purchased from Abcam
Company (UK).

4.2.2 Preparation of samples. Stock solution of tested
compounds were prepared in DMSO at a concentration of
100 mM and diluted to the desired nal concentration with
neurobasal/B27 medium immediately before use. Final DMSO
concentration in all samples was lowered than 0.1%, which had
no neuroprotective effect in biological assays. Edaravone
injection was diluted to 100 mM with medium as a positive
drug.34

4.2.3 Culture of cortical primary neurons of rats. Rat
cortical neurons were prepared from newborn (24 h) SD rats.
Aer dissected brain cortical tissue were minced, trypsinized
(0.25%) and mechanically dissociated, cells were seeded into
48-well plates (adjusted to 1.0 � 106 cells per mL) pre-coated
with 0.01% poly-L-lysine, and cultured in neurobasal medium
supplemented with 2% B27, 100 U mL�1 penicillin and 100 mg
mL�1 streptomycin. Aer 7 days, the cultured cells could be
used according to the experiment design.

4.2.4 Identication of purity about primary neuron. The
primary cortical neurons from SD rats were cultured by neuro-
basal and B27 supplement medium for 7 days. Then the cells
were xed in 4% paraformaldehyde in 0.1 M PBS for 20 min,
permeabilized with 0.03% Triton X-100 in PBS for 20 min and
blocked with 10% BSA for 1 h at room temperature. Then, we
stained the cells with b-tubulin III diluted in 0.1 M PBS over-
night at 4 �C. Aer incubation in uorochrome-coupled
secondary antibody for 1 h at 37 �C, the stained cells were
mounted with mounting medium containing DAPI. The mole-
cule probe b-tubulin III antibody colocalized with the b-tubulin.
Negative control experiment was carried out same procedures
which replaced b-tubulin III antibody with PBS.

4.2.5 In vitro OGD model of neurons. Cultured cortical
neurons exposed to oxygen-glucose deprivation (OGD) were
used as a hypoxic-ischemic model in vitro. Briey, isolated
cortical neurons were randomly divided into control group,
model group, positive control group, and test group (1 mM, 30
mM, 100 mM). Among them, the positive control group was
added with medium containing 100 mM of edaravone.

Aer 24 h of pretreatment with compounds of interest, the
control group was cultured in neurobasal/B27 medium at 37 �C.
The model group, positive control group, and test group were
conducted with glucose-free DMEM medium before placing
them into an anaerobic chamber loaded with a gas mixture
containing 5% CO2 and 95% N2 (v/v) for 5 min at 20 L min�1.
The cell cultures within the anaerobic chamber were kept in
a humidied incubator at 37 �C for 12 h. The morphology of
primary cortical neurons and cell viability were measured
respectively.
RSC Adv., 2019, 9, 2498–2508 | 2507
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4.2.6 Detection of the morphology and cell viability. OGD
treatment can cause long-lasting damage to the central nervous
system (CNS) and signicant cell death. Aer OGD 12 h, the
differences of morphology about neurons were detected under
invert microscope. Meanwhile, cell viability was determined by
conventional MTT assay. The cells in 48-well plates were incu-
bated with MTT (0.5 mg mL�1 in nal concentration, 10%
volume of medium) for 4 h at 37 �C. Then, the formazan crystals
were dissolved in DMSO, and the optical density (OD) was
measured at 492 nm with a Microplate reader (Thermo Scien-
tic, Mx3000P). Cell viability was expressed as a percentage of
the optical density (OD) value of the control cultures.
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