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ABSTRACT

The epidemic coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) has now spread worldwide and efficacious therapeutics are urgently needed. 3-
Chymotrypsin-like cysteine protease (3CLP™) is an indispensable protein in viral replication and repre-
sents an attractive drug target for fighting COVID-19. Herein, we report the discovery of 9,10-
dihydrophenanthrene derivatives as non-peptidomimetic and non-covalent inhibitors of the SARS-
CoV-2 3CLP™. The structure-activity relationships of 9,10-dihydrophenanthrenes as SARS-CoV-2 3CLP™
inhibitors have carefully been investigated and discussed in this study. Among all tested 9,10-
dihydrophenanthrene derivatives, C1 and C2 display the most potent SARS-CoV-2 3CLP™ inhibition ac-
tivity, with ICsp values of 1.55 + 0.21 pM and 1.81 + 0.17 uM, respectively. Further enzyme kinetics assays
show that these two compounds dose-dependently inhibit SARS-CoV-2 3CLP™ via a mixed-inhibition
manner. Molecular docking simulations reveal the binding modes of C1 in the dimer interface and
substrate-binding pocket of the target. In addition, C1 shows outstanding metabolic stability in the
gastrointestinal tract, human plasma, and human liver microsome, suggesting that this agent has the

potential to be developed as an orally administrated SARS-CoV-2 3CLP™ inhibitor.

© 2021 Elsevier Masson SAS. All rights reserved.

1. Introduction

Since the emergence of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), the public around the world is plagued with
Coronavirus Disease 2019 (COVID-19) [1,2]. Accordingly, many
worldwide endeavors were made to effectively prevent or treat
COVID-19, boosting several vaccines that were successfully adminis-
tered applied to the public [3—5]. However, SARS-CoV-2 is constantly
mutating for better survival in hosts [6]. For example, the B.1.617.2
(Delta) variant appears with a faster transmission capacity and
stronger toxicity, and has become dominant in the current pandemic
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[7,8]. Nevertheless, the latest reports manifest that the effectiveness
of COVID-19 vaccines is reduced against the Delta variant, and people
who have been vaccinated are still facing the risk of being infected
[9,10]. Until now, there are few effective antiviral medications to cure
CoV-related diseases, such as COVID-19. We urgently need novel
antiviral agents to fight against the ongoing SARS-CoV-2 and other
unknown coronaviruses in the long term. At the same time, scientists
are working against time to discover potential anti-SARS-CoV-2 drugs
by targeting the key proteases to obstruct the viral life cycle [11,12]. 3~
Chymotrypsin-like cysteine protease (3CLP™), an indispensable tool
for an intact coronaviral replication cycle, can convert the viral poly-
proteins into functional proteins [ 13]. Besides this important function,
3CLP™s share a highly conserved gene sequence among several
pathogenic human coronaviruses (such as SARS-CoV-2, MERS-CoV,
and SARS-CoV) [14]; accordingly, 3CLP™ is deemed to be an attractive
target for developing broad-spectrum antiviral drugs. In addition,
potent 3CLP™ inhibition can reduce the risk of mutation-mediated
drug resistance [15].
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Up to now, a variety of SARS-CoV-2 3CLP™ inhibitors have been
developed using multiple drug discovery strategies, which can be
divided into covalent inhibitors and non-covalent inhibitors ac-
cording to their inhibitory mechanisms [16—18]. Covalent SARS-
CoV-2 3CLP™ inhibitors, including peptidomimetics and small
molecules, generally bear different covalent warheads and act
through a two-step mechanism [19]. First, these agents bind to the
active site and form a non-covalent complex with the target pro-
tease. Then, the warhead forms a covalent bond with the nucleo-
philic residues, especially catalytic Cys145 or other key cysteines
(such as Cys300 [20] and Cys44 [20,21]), whose covalent modifi-
cations can further elicit the inactivation of SARS-CoV-2 3CLP™,
Several chemical warheads, such as Michael acceptor (compound
1) [22], a-ketoamide (compound 2) [23], aldehyde (compounds 3)
[24], a-hydroxy bisulfite (compound 4, GC-376) [25], hydrox-
ymethyl ketone (compound 5, PF-00835231) [26], cyano (com-
pound 6, PF-07321332) [27], pyrogallol (compound 7, myricetin)
[20,28], quinone (compound 8, Vitamin K3) [29], and ester carbonyl
group (compound 9) have been explored by pharmaceutical com-
panies or research groups (Fig. 1) [30]. Among these inhibitors, only
compounds 5 and 6 from Pfizer Inc. entered the clinical trial stage.
Additionally, some natural products or small molecules, such as
sciadopitysin (compound 10) [31], 23R (compound 11) [32], CCF981
(compound 12) [33], and pyridine 13 [34], were found to have
strong inhibitory activities against SARS-CoV-2 3CLP™ via non-
covalent modes. Candidates for use as anti-COVID-19 agents are
expected to possess several positive traits, such as excellent phar-
macokinetic property and good cell permeability, besides the su-
perior biological activities. However, most of these
peptidomimetics or natural products exhibit poor membrane
permeability and poor oral bioavailability. Further, the potential off-
target issue of covalent inhibitors may lead to unpredictable toxic
side effects clinically [19,35]. Thus, there is a strong desire for novel
potent non-covalent SARS-CoV-2 3CLP™ inhibitors with drug-like
properties.

Herein, we report the discovery of non-covalent SARS-CoV-2
3CLP™ inhibitors with 9,10-dihydrophenanthrene scaffold using an
established fluorescence resonance energy transfer (FRET)
biochemical assay. We also carefully carried out the structure-
activity relationship (SAR) and inhibitory mechanism studies.

Covalent inhibitors
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Furthermore, the in vitro metabolic stability in the gastrointestinal
tract, human plasma, and liver microsome validated that the newly
identified SARS-CoV-2 3CLP™ inhibitor C1 has the potential to be
developed into an orally administered agent.

2. Results and discussion
2.1. Screening and SARs analysis

To obtain potent SARS-CoV-2 3CLP™ inhibitors, we first screened
our in-house compound library (compounds containing 9,10-
dihydrophenanthrene scaffold) using established fluorescence
resonance energy transfer (FRET) assay at final concentrations of
1 uM, 10 uM, and 100 pM (Fig. 2) [31,36]. Briefly, the fluorescent
substrate can be recognized and cleaved by 3CLP™, and the prod-
ucts emit a strong fluorescence at 490 nm after being excited at
340 nm. Disulfiram (a reported SARS-CoV-2 3CLP™ inhibitor) was
used as the positive control compound [22]. Of them, some com-
pounds showed good inhibitory activities and were selected for
further ICs5¢ values investigation. It was worth noting that the
functional groups of our screened compounds varied at the posi-
tions R', R%, and R3, which was because of the limitations of our
invented synthetic methodology [37]. As shown in Table 1, we
summarized the SARs of the tested 9,10-dihydrophenanthrene
derivatives. For R! substituent, the activities against SARS-CoV-2
3CLP™ were improved along with an increasing volume of the
substituted groups, such as methyl (A1, ICso = 61.15 uM) to ethyl
(A2, IC5p = 33.06 uM), isopropyl (A3, IC59 = 29.46 pM), cyclohexyl
(A4, IC59 = 9.06 uM), and 4-bromine phenyl (A5, IC59 = 6.44 pM).
When we kept increasing the size of the R! group, such as 4- cya-
nophenyl (A6, ICso = 19.32 uM) and benzyl (A7, IC5¢ = 11.39 pM),
the inhibitory activities were decreased. For the R? substituent,
introducing methyl at C-2 or C-3 position generated compounds
A13 and A14, which displayed inhibitory activities similar to A1l
(A13, IC50 = 57.67 uM, A14, IC59 = 53.81 uM). The presence of
substituent groups such as methyl (A8), methoxyl (A9), fluorine
(A10), or bromine (A12) at the C-4 position led to a significant loss
of potency. For the R? substituent, the incorporation of 6-methyl
(A15), 5-methyl (A16), or 4-fluorine (A18) at pyridyl group exhibi-
ted comparable inhibitory activities with Al. The incorporation of

9,10-dihydrophenanthrene scaffold

Fig. 1. Representative SARS-CoV-2 3CLP™ inhibitors. For covalent inhibitors, different covalent warheads are emphasized by dashed rectangles.
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Fig. 2. Inhibitory effects of A1-A28 against SARS-CoV-2 3CLP™.

4-chlorine (A19) or 4-bromine (A20) at pyridyl group or replacing
pyridine with quinoline (A21, A22, A23) showed increased inhibi-
tory activities. Compound A17 with 5-phenyl at the pyridyl group
displayed the best inhibitory activity with an ICsq value of 5.65 uM.
In contrast, the substituents of pyrimidine (A24, A25), pyrazole
(A26), and purine derivative (A27, A28) demonstrated no inhibitory
activity against SARS-CoV-2 3CLP™.

The abovementioned analyses suggested the preliminary SARs
for the 9,10-dihydrophenanthrene derivatives that can be sum-
marized as follows: (1) the installation of suitable bulkier groups at
the R! position was preferred and, cyclohexyl and 4-Br phenyl
displayed better inhibitory activities than others. (2) The conver-
sion of the pyridine group into quinoline at the R> position was
favorable, whereas pyrimidine, pyrazole, and purine derivatives at
this position were unfavorable. (3) The incorporation of 5-phenyl at
the pyridyl group was of great importance for the inhibition
activity.

2.2. Rational design of SARS-CoV-2 3CLP™ inhibitors

The abovementioned structure—activity relationships showed
that cyclohexyl and 4-Br phenyl groups at R! position (A4 and A5)
and 5-phenyl at the pyridyl group (A17) were optimal options for
maintaining the SARS-CoV-2 3CLP'™ inhibition activity. To improve
the biological activity of the identified hit compounds, we main-
tained those privileged fragments and designed compounds B1 and
B2 (as shown in Fig. 3). On the basis of the optimized 4-Br phenyl
group, SARs of various substitutions at the pyridine ring were
explored again (B3—B20). Furthermore, the ethyl ester group was
hydrolyzed to investigate its effect on inhibitory activity (C1—C7).

2.3. Chemistry

The designed compounds were prepared according to our pre-
viously reported synthetic method, which is shown in Scheme 1
[37]. First, the substrates cyclohexadienone-containing 1,6-enynes
16 and 17 were prepared from commercially available 4-bromo-
4'-hydroxybiphenyl and 4-cyclohexylphenol, respectively, using
propargyl alcohol and phenyliodine (III) diacetate (PIDA). In addi-
tion, 2-arylazaarenes 18a-18v were purchased directly from com-
mercial companies or generated via a Suzuki cross-coupling
reaction with the use of phenylboronic acid and substituted 2-
bromopyridine. Subsequently, an efficient and one-pot synthesis
of 9,10-dihydrophenanthrenes from 16, 17, and 18a-18v was con-
ducted using rhodium (III)-catalyzed C—H activation and relay
Diels—Alder reaction to obtain target compounds B1—-B20. Subse-
quently, compounds B2, B6, B10, B11, B12, B14, and B18 were hy-
drolyzed under 1 M NaOH and CH3OH solution to afford C1-C7.

2.4. Biological assays

2.4.1. SARS-CoV-2 3CLP™ inhibition assays

To measure the inhibitory activity of our designed compounds
against SARS-CoV-2 3CLP™, a fluorescence resonance energy
transfer (FRET) protease assay was performed as described previ-
ously [31,36]. As seen in Table 2, compound B2 with the privileged
fragment 4-Br phenyl group at the R! position and 5-phenyl at the
R? position could improve the activity as expected with an ICsg
value of 2.46 pM. However, compound B1 with a cyclohexyl at the
R! position and 5-phenyl at the R? position failed to enhance the
activity with an ICsg value of 8.54 puM. Therefore, we fixed 4-Br
phenyl group at the R! position and changed the group at pyri-
dine region to examine the influence on the inhibitory activity.
When the substituent groups, such as methyl (B3), chlorine (B4),
cyano (B5), aldehyde (B6), N, N-dimethyl (B7), pyrrole (B8), and
morpholine (B9), were located at the C-5 position of the pyridine
ring, compounds B4, B6, and B9 displayed better inhibitory activ-
ities with ICsg values of 4.79 uM, 3.32 uM, and 7.39 pM, respectively.
Other compounds exhibited moderate activities with ICsg values
more than 10 uM. Incorporation of the substituent groups, such as
methyl (B10), fluorine (B11) chlorine (B12), bromine (B13), cyano
(B14), aldehyde (B15), methylsulfonyl (B16), acetyl (B17), N, N-
dimethyl (B18), phenyl (B19), and N-benzyl (B20) at the C-4 posi-
tion, all the compounds demonstrated potent activities with ICsq
values ranging from 2.72 pM to 8.89 pM. To further explore the
antiviral activity of the ethyl ester group, compounds B2, B6, B10,
B11, B12, B14, and B18 with better activity described above were
hydrolyzed to the provided compounds C1—C7, containing a typical
hydroxyl pharmacophore. Interestingly, only compounds C1 and C2
showed a slight increase in the inhibitory activity with ICsg values
of 1.55 pM and 1.81 pM, respectively (Table 3). However, com-
pounds C4, C5, and C7 led to slight decreases in the inhibitory ac-
tivity, whereas C6 with a 4-cyano group resulted in a substantial
decrease of the activity (ICso = 10.68 uM). Taken together, com-
pounds C1 and C2 showed better in vitro inhibitory activities
against SARS-CoV-2 3CLP™ and were selected for further
evaluation.

2.4.2. Inhibition kinetics assays of C1 and C2 against SARS-CoV-2
3Crrre

To uncover the inhibitory mechanisms of two newly identified
SARS-CoV-2 3CLP™ inhibitors (C1 and C2), the inhibition kinetics
assays of these two agents were carefully evaluated in vitro. As
shown in Fig. 4, the Lineweaver—Burk plots showed that both C1
and C2 could dose-dependently inhibit SARS-CoV-2 3CLP™ via a
mixed-inhibition manner, with K; values of 6.09 uM and 7.64 uM,
respectively. In addition, the corresponding second plot of the
Lineweaver—Burk plots were presented in Fig. S4, showing good
linearity (R? > 0.95).
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Table 1
Inhibitory activities of 9,10-dihydrophenanthrene derivatives against SARS-CoV-2 3CLP™.

Compds R! R3 ICs0 + SD (uM)?

Al CH3 H 5\ 61.15 + 3.60
Ny 7

A2 CoHs H N 33.06 + 8.58
Ny

A3 isopropyl H \ 2946 + 1.64
Ny 7

A4 cyclohexyl H \ 9.06 + 0.34
Ny

A5 4-Br Phenyl H \ 6.44 + 0.64
N/

A6 4-CN Phenyl H \ 1932 + 1.92
Ny

A7 benzyl H \ 11.39 + 0.64
Ny 7

A8 CH; 4-CH; \ >100
Ny 7

A9 CH3 4-0OCH3 \ >100
N/

A10 CH3 4-F \ >100
N7

A11 CH3 4-Cl \ 85.58 + 2.36
N/

A12 CH3 4-Br \ >100
N/

A13 CH3 3-CHs \ 57.67 + 2.78
N/

Al14 CH3 2-CH3 \ 53.81 + 8.49
N/

Al15 CH3 H \ 58.91 + 4.58

3 4

A16 CH3 H \ 68.16 + 2.64
Ny 7

A17 CH3 H \ 5.65 + 1.40
Ny 7

A18 CH3 H N\ 66.80 + 2.74
Ny 7/
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Table 1 (continued )

Compds R' R? R3 ICsg + SD (uM)?
A19 CH3 H \ 35.77 + 2.96
Ny 7
cl
A20 CH3 H \ 18.50 + 0.76
Ny 7
Br
A21 CH3 H \ 14.17 + 1.30
Ny 7
A22 CH3 H N\ 11.97 + 0.68
Ny 7
A23 CH3 H N 13.82 + 0.90
Ny 7
A24 CH3 H N >100
=N
Ny />
A25 CH3 H N >100
N»—\_
N
A26 CH3 H \ >100
N
N )
A27 CH3 H \ N >100
ot
Ny
A28 CH3 H \ N >100
N _/ N
N
disulfiram - - - 1.04 + 0.03

2 The inhibitory effects of these compounds against SARS-CoV-2 3CLpro were determined by the FRET assay. The data are the mean + SD from at least three independent
experiments.

@ Son
Privileged Scaffold Fusion

A4, R'" = Cyclohexyl
A5, R' = 4-Br Phenyl :

OH
B1, R! = Cyclohexyl
A 1, B
| B2, R'=4-Br Phenyl r c1c7
N~
Me  Noac
A17

Fig. 3. Rational design of SARS-CoV-2 3CLP™ inhibitors by privileged scaffold fusion and structure-activity relationships study.
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///\O/g +

R! NZ R?
N
16, R' = Cyclohexyl
18a-18v

17, R' = 4-Br Phenyl
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C1-C7

Br

B10, R = 4-Br Phenyl, R? = 4-CHj

B1, R = Cyclohexy, R? = 5-Ph

B2, R'= 4-Br Phenyl, R? = 5-Ph

B3, R'=4-Br Phenyl, R? = 5-CH;

B4, R' = 4-Br Phenyl, R? = 5-Cl

B5, R = 4-Br Phenyl, R? = 5-CN

B6, R = 4-Br Phenyl, R? = 5-CHO

B7, R' = 4-Br Phenyl, R? = 5-NCH;CHjy
B8, R = 4-Br Phenyl, R? = 5-pyrrole

B9, R'=4-Br Phenyl, R2= 5-morpholine

B11, R' = 4-Br Phenyl, R? = 4-F

B12, R'=4-Br Phenyl, R? = 4-Cl

B13, R' = 4-Br Phenyl, R? = 4-Br

B14, R' = 4-Br Phenyl, R? = 4-CN

B15, R' = 4-Br Phenyl, R? = 4-CHO

B16, R' = 4-Br Phenyl, R? = 4-methylsulfonyl
B17, R' = 4-Br Phenyl, R? = 4-acetyl

B18, R' = 4-Br Phenyl, R? = 4-NCH;CHj3
B19, R' = 4-Br Phenyl, R? = 4-Ph

C1,R?=5-Ph
C2,R%2 = 5-CHO

C3, R2=4-CH,4
C4,R2=4-F
C5,R2=4-Cl

C6, R>=4-CN

C7, R? = 4-NCH4CH,

B20, R' = 4-Br Phenyl, R? = 4-N-Benzyl

Scheme 1. Reagents and conditions: (a) [Cp*RhCl,],, NaBArF4, CH3COOH, 100 °C, 8 h, 20.0%—87.0%; (b) 1 M NaOH (aq.), CH30H, 50 °C, 2 h, 37.0%—99.0%.

Table 2
Inhibitory activities of B1—B20 against SARS-CoV-2 3CLP™.

Compds R! R? ICs0 + SD (uM)?
B1 Cyclohexyl 5-Ph 8.54 +0.94
B2 4-Br Phenyl 5-Ph 246 +0.14
B3 4-Br Phenyl 5-CH3 9.82 + 1.16
B4 4-Br Phenyl 5-Cl 4.79 + 0.22
B5 4-Br Phenyl 5-CN 10.26 + 0.66
B6 4-Br Phenyl 5-CHO 332+0.25
B7 4-Br Phenyl 5-NCH3CH3 10.00 + 0.47
B8 4-Br Phenyl “h, 11.23 £ 0.70
s N

B9 4-Br Phenyl o 7.39 + 0.11

N

5

(o}
B10 4-Br Phenyl 4-CHz 525+ 0.24
B11 4-Br Phenyl 4-F 4.29 + 0.62
B12 4-Br Phenyl 4-Cl 272 +023
B13 4-Br Phenyl 4-Br 6.73 + 1.29
B14 4-Br Phenyl 4-CN 2.78 +0.18
B15 4-Br Phenyl 4-CHO 8.89 +3.34
B16 4-Br Phenyl 4-methylsulfonyl 6.65 + 0.26
B17 4-Br Phenyl 4-acetyl 5.83 + 0.34
B18 4-Br Phenyl 4-NCH5CH3 3.66 + 0.17
B19 4-Br Phenyl 4-Ph 8.28 + 1.88
B20 4-Br Phenyl 4-N-Benzyl 3.31+0.36
disulfiram - — 1.04 + 0.03

2 The inhibitory effects of these compounds against SARS-CoV-2 3CLP™ were determined by the FRET assay. The data are the mean + SD from at least three independent

experiments.

2.4.3. SARS-CoV 3CIP™ inhibition assays

To verify whether these series compounds have a broad-
spectrum inhibitory effect on 3CLP™, we obtained highly puri-
fied SARS-CoV 3CLP™ according to the previously reported
expression and purification procedures of SARS-CoV-2 3CLP™ [31].
Subsequently, 11 compounds that exhibited potent inhibitory ef-
fects (ICsg < 5 uM) against SARS-CoV-2 3CLP™ were chosen for

SARS-CoV 3CLP™ inhibition assay. It is clearly shown in Table 4 and
Fig. S8 that most of the tested compounds show relatively strong
inhibitory activities against SARS-CoV 3CLP™, with ICsq values less
than 10 pM. These results suggest that the 9,10-
dihydrophenanthrene derivatives can easily be developed as
broad-spectrum 3CLP™ inhibitors for the treatment of
coronavirus-related diseases.
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Table 3
Inhibitory activities of C1—C7 against SARS-CoV-2 3CLP™,

European Journal of Medicinal Chemistry 228 (2022) 114030

Compds R? ICs0 + SD (uM)? Ki (uM) Inhibition mode
1 5-Ph 1.55 +0.21 6.09 Mixed

Cc2 5-CHO 1.81 £ 0.17 7.64 Mixed

c3 4-CHs 10.23 + 3.50 — —

c4 4-F 5.39 + 0.65 — —

C5 4-Cl 471 £ 0.20 — —

c6 4-CN 10.68 + 0.46 — —

Cc7 4-NCH3CH3 5.50 + 0.35 — —

disulfiram - 1.04 + 0.03 - —

2 The inhibitory effects of these compounds against SARS-CoV-2 3CLP™ were determined by the FRET assay. The data are the mean + SD from at least three independent

experiments.
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Fig. 4. The dose-dependent inhibition curves (left) and the second plot of Lineweaver—Burk plots (right) for C1 (A, B) and €2 (C, D) against SARS-CoV-2 3CLP™,

2.5. Molecular docking simulations

As C1 inhibits SARS-CoV-2 3CLP™ via mixed inhibition, which
means this small molecule could bind at least two sites in the target
protein. Recent studies indicated that the dimerization of SARS-
CoV-2 3CLP™ was crucial to enzymatic activity, the monomers
were catalytically inactive [38]. Therefore, there are at least two
potential sites that can be employed to develop inhibitors against
this enzyme: the substrate-binding pocket and the dimer interface
of SARS-CoV-2 3CLP™, both of whose key interactions with the in-
hibitors may affect the catalytic activity. After failing to obtain the
crystal structure of C1-SARS-CoV-2-3CLP™ complex, the molecular
docking study was conducted to predict the binding modes at the
substrate binding pocket and the dimer interface (Fig. 5A).

For the dimer interface position (Fig. 5B), the phenolic hydroxyl
group of C1 formed a hydrogen bond with the crucial residue
Glu290, which may disrupt the salt bridge interaction with Arg4 in
another monomer. Furthermore, a benzene ring generated a cation-
m interaction with Lys5. Meanwhile, the binding affinity of C1 was
enhanced through some hydrophobic interactions with Phe3 and
Tyr126 residues. For the substrate-binding pocket (Fig. 5C and D),
the 4-bromine phenyl moiety deeply inserted into the big S2 site,
which was usually large enough to accommodate the larger hy-
drophobic fragment. The phenol group occupied the S1’ site and
was stacked with the imidazole ring of His41. Notably, this hydroxyl
group formed two hydrogen bonds with Gly143 and Cys145. The 5-
phenyl group at the pyridine ring fitted well into the S4 pocket and
formed multiple hydrophobic interactions with the target. In
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Table 4
Inhibitory activities of 11 compounds against SARS-CoV 3CLP™,

Compds R! R? ICs0 + SD (uM)?
B2 4-Br Phenyl 5-Ph 17.66 + 1.42
B4 4-Br Phenyl 5-Cl 5.44 + 0.36
B6 4-Br Phenyl 5-CHO 3.20 £ 0.25
B11 4-Br Phenyl 4-F 7.81 £ 0.51
B12 4-Br Phenyl 4-Cl 4.06 + 0.17
B14 4-Br Phenyl 4-CN 7.12 +£0.32
B18 4-Br Phenyl 4-NCH5CH3 5.92 +0.22
B20 4-Br Phenyl 4-Benzyl 5.79 + 0.35
c1 4-Br Phenyl 5-Ph 5.35+0.30
c2 4-Br Phenyl 5-CHO 5.32 +0.22
c5 4-Br Phenyl 4-Cl 1049 + 0.23
Disulfiram - - 6.72 + 1.02

2 The inhibitory effects of these compounds against SARS-CoV 3CLP™ were
determined by the FRET assay. The data are the mean + SD from at least three in-
dependent experiments.

Dimer interface
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addition, the hydroxymethyl group could form a 2.3 A hydrogen
bond interaction with GIn189, which was consistent with the
observation that the hydroxyl group worked better than ethyl ester
group (B2 vs C1). In short, these interactions between C1 and the
target are responsible for its potent SARS-CoV-2 3CLP™ inhibitory
activity.

2.6. In vitro gastrointestinal, plasma, and microsome stability
assays

Next, the potential of compounds C1 and C2 as orally adminis-
tered agents was investigated by performing gastrointestinal sta-
bility and metabolic stability assays. Firstly, the gastrointestinal
stabilities of C1 and €2 in simulated gastric fluid (SGF) and simu-
lated intestinal fluid (SIF) systems were assayed. As presented in
Fig. 6, both C1 and C2 showed good gastrointestinal stabilities in
90 min. Moreover, the plasma stability of C1 was also prominent,

Phe3

Gly143

Leul67

Fig. 5. Predicted SARS-CoV-2 3CLP™ inhibitor binding modes for C1. (A) Cartoon representation of the docking results. Compound C1 at the dimer interface position is shown as a
yellow stick; Compound C1 at substrate-binding pocket is shown as a magenta stick; (B) Predicted interactions of C1 at the dimer interface position; (C) Surface representation of C1
in the substrate-binding pocket. Four subsites, S1°, S1, S2, and S4, are labeled; (D) Predicted interactions of C1 at the substrate-binding pocket. Hydrogen bonds are indicated as

dashed lines.
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Fig. 6. (A—B) The gastrointestinal stabilities of C1 and C2 in SGF (A) and SIF (B); (C) The plasma stabilities of C1 and C2 in human blood plasma.

8



J-W. Zhang, Y. Xiong, F. Wang et al.

A

-8~ C2 -o- Testosterone
120

-
o
o

©
o
1

o
o
1

Compound remaining (%)
N @
¢ o9

o

20 40 60 80 100
Time (min)

o

European Journal of Medicinal Chemistry 228 (2022) 114030

=

120 -~ C1 -e- C2 -e 7-Hydroxycoumarin

-

o

o
&

=]
o
L

I
(=)
1

Compound remaining (%)
N =)
o 1=}
1 1

o

20 40 60 80 100
Time (min)

o

Fig. 7. Metabolic stabilities of C1 and C2 in phase I (A) and phase II (B) metabolic system in human liver microsomes.

Table 5
The half-life of C1 and C2 in phase I or phase Il metabolic system in human liver
microsomes.

No. Compound Ty/2 (min)
phase | phase II
1 c1 >90 >90
2 c2 32.09 81.88
3 Testosterone 27.62 ND
4 7-Hydroxycoumarin ND 15.53

2 ND = Not detected.

whereas the half-life of C2 in human plasma was 8.97 h.
Meanwhile, the in vitro metabolic stability assays for com-
pounds C1 and €2 in human liver microsome were also investigated
and the results are shown in Fig. 7 and Table 5. Notably, C1 was
hardly metabolized by the human cytochrome P450 enzymes
(hCYPs) or the human hepatic UDP-Glucuronosyltransferases
(hUGTs) in the presence of sugar donor UDPGA (Uridine-Diphos-
phate-Glucuronic Acid trisodium salt). In contrast, C2 could be
readily metabolized by hCYPs and moderately metabolized by
hUGTs, with the in vitro half-life of 32.09 min (in the phase I
metabolism system) and 81.88 min (in the phase II metabolism
system). Moreover, as shown in Fig. S11, C1 showed moderate
inhibitory effects against most CYPs except for CYP2C8 at 100 uM.
These results indicate that C1 possessed excellent plasma stability
and good gastrointestinal and metabolic stability, suggesting that
this agent has a great potential as a novel orally administered agent
to fight against COVID-19 via targeting the key SARS-CoV-2-3CLP™.

3. Conclusions

In summary, this study reported the discovery of 9,10-
dihydrophenanthrene derivatives as potent noncovalent SARS-
CoV-2 3CLP™ inhibitors for the treatment of COVID-19. Systematic
SAR explorations resulted in the discovery of two efficacious lead
compounds (C1 and C2) for further development. Enzyme kinetic
analyses revealed that both C1 and C2 dose-dependently inhibited
SARS-CoV-2 3CLP™ through a mixed-inhibition manner. Molecular
docking simulations elucidated the possible binding mode of C1 in
the substrate-binding pocket and the dimer interface of the target.
Furthermore, compound C1 showed good metabolic stability in the
human gastrointestinal tract, plasma, and liver microsomes, which
was a great advantage compared with covalent peptides or pepti-
domimetics. We hope that this work can provide more structural
reference for the development of SARS-CoV-2 3CLP™ inhibitors for
combating this rapidly evolving virus and further in-depth research
will be reported in due course.

4. Experimental section
4.1. Chemistry

The reagents and solvents were purchased from commercial
companies, such as Adamas-beta®, Bide pharmatech etc., and used
without further purification. The nonaqueous reactions were per-
formed under nitrogen atmosphere. The reactions were monitored by
Shimadzu 8040 quadrupole LC/MS system or TLC and terminated as
judged by the consumption of the starting material. Flash chroma-
tography was performed on silica gel (200—300 mesh) using Sepa-
Bean® machine and visualized under UV light monitor. 'HNMR
(600 MHz) and *CNMR (150 MHz) spectra were measured on Bruker
600 MHz spectrometer using TMS as internal standard at ambient
temperature. The chemical shifts (6) were described as parts per
million (ppm) downfield and coupling constants (J) values were
expressed as hertz (Hz). High-resolution mass spectra (HRMS) data
were reported by Agilent 6545 Accurate-Mass QTOF LC/MS system.

4.1.1. General procedures for the synthesis of compounds 18a-18e,
18j, 18k, 18m-18p, 18r, 18s [39]

Reactions were carried out with Phenylboronic acid (146 mg,
1.2 mmol), 2-bromo-pyridine derivatives (234 mg, 1.0 mmol, 2-
bromo-4-phenylpyridine for 18a; 172 mg, 1.0 mmol, 2-bromo-4-
methylpyridine for 18b; 192 mg, 1.0 mmol, 2-bromo-4-
chloropyridine for 18c; 183 mg, 1.0 mmol, 2-bromoisonicotinonitrile
for 18d; 186 mg, 1.0 mmol, 2-bromoisonicotinaldehyde for 18e;
176 mg, 1.0 mmol, 2-bromo-5-fluoropyridine for 18j; 192 mg,
1.0 mmol, 2-bromo-5-chloropyridine for 18k; 183 mg, 1.0 mmol, 6-
bromonicotinonitrile for 18m; 186 mg, 10 mmol, 6-
bromonicotinaldehyde for 18n; 236 mg, 1.0 mmol, 2-bromo-5-
(methylsulfonyl)pyridine for 180, 200 mg, 1.0 mmol, 1-(6-
bromopyridin-3-yl)ethan-1-one for 18p, 234 mg, 1.0 mmol, 2-
bromo-5-phenylpyridine for 18r; 263 mg, 1.0 mmol, N-benzyl-6-
bromopyridin-3-amine for 18s), Pd(PPh3),Cl, (3.5 mg, 0.5 mol %),
K>COs3 (387 mg, 2.8 mmol) in DME/H;0 (8 mL, 3:1) under nitrogen
atmosphere. The mixture was stirred at 80 °C for about 14 h and the
completion of the reaction was monitored by TLC. After cooling to
room temperature, the mixture was extracted with ethyl acetate. The
combined organic layers were washed with brine and the organic
phase was dried with anhydrous sodium sulfate and concentrated in
vacuo. The crude compound was purified by silica gel column chro-
matography to give corresponding intermediates.

4.1.1.1. 24-diphenylpyridine (18a). Colorless oil, 57.0% yield. 'H
NMR (600 MHz, CDCl3) 6 8.71 (d, J = 5.1 Hz, 1H), 8.04 (d, ] = 7.5 Hz,
2H), 7.90 (s, 1H), 7.65 (d, ] = 7.5 Hz, 2H), 7.49—7.45 (m, 4H), 7.43 (d,
J=7.4Hz, 1H), 7.40 (d, ] = 6.8 Hz, 2H). ESI-HRMS [M -+ H]* calcd for
Ci7H14N: 232.1121, found: 232.1131.
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4.1.1.2. 4-methyl-2-phenylpyridine (18b). White solid, 42.0% yield.
'H NMR (600 MHz, CDCl3) 6 855 (d, J = 5.0 Hz, 1H), 7.97 (d,
J=7.4Hz, 2H), 7.55 (s, 1H), 7.47 (t, ] = 7.6 Hz, 2H), 7.40 (t, ] = 7.3 Hz,
1H), 7.06 (d, ] = 4.9 Hz, 1H), 2.42 (s, 3H). ESI-HRMS [M + H]* calcd
for C12H12N: 170.0964, found: 170.0965.

4.1.1.3. 4-chloro-2-phenylpyridine (18c). Colorless oil, 54.0% yield.
TH NMR (600 MHz, CDCl3) 6 8.57 (d, J = 5.1 Hz, 1H), 7.96 (d,
J = 7.3 Hz, 2H), 7.72 (s, 1H), 7.49—7.42 (m, 3H), 7.23 (d, ] = 3.6 Hz,
1H). ESI-HRMS [M + HJ' caled for Cy1HgCIN: 190.0418, found:
190.0421.

4.1.1.4. 2-Phenylisonicotinonitrile (18d). White solid, 77.8% yield. 'H
NMR (600 MHz, CDCl3) 6 8.78 (d, J = 4.3 Hz, 1H), 7.92 (dd, J = 8.1,
1.4 Hz, 2H), 7.86 (s, 1H), 7.45—7.39 (m, 3H), 7.37 (dd, ] = 4.9, 1.3 Hz,
1H). ESI-HRMS [M + H]* caled for CioHoN,: 181.0760, found:
181.0772.

4.1.1.5. 2-Phenylisonicotinaldehyde (18e). Colorless oil, 95.0% yield.
TH NMR (600 MHz, CDCl3) 6 10.02 (s, 1H), 8.83 (d, J = 4.8 Hz, 1H),
8.02 (s, 1H), 7.96 (d, ] = 7.3 Hz, 2H), 7.52 (dd, ] = 4.8, 1.1 Hz, 1H), 7.41
(t,J = 7.4 Hz, 2H), 7.37 (d, ] = 7.2 Hz, 1H). ESI-HRMS [M + H]" calcd
for C12H10NO: 184.0757, found: 184.0758.

4.11.6. 4-fluoro-2-phenylpyridine (18j). White solid, 82.9% yield. 'H
NMR (600 MHz, CDCl3) 6 8.46 (d, | = 2.9 Hz, 1H), 7.85 (d, | = 7.4 Hz,
2H), 7.63 (dd, | = 8.7, 4.3 Hz, 1H), 7.42—7.36 (m, 3H), 7.33 (t,
J = 7.3 Hz, 1H). ESI-HRMS [M + H]" calcd for Cq1HgFN: 174.0714,
found: 174.0716.

4.1.1.7. 5-chloro-2-phenylpyridine (18k). Colorless oil, 82.0% yield.
TH NMR (600 MHz, CDCl3) 6 8.56 (d, J = 2.4 Hz, 1H), 7.89—7.86 (m,
2H), 7.64 (dd, ] = 8.5, 2.5 Hz, 1H), 7.59 (d, ] = 8.5 Hz, 1H), 7.40 (t,
J = 7.5 Hz, 2H), 7.36—7.33 (m, 1H). ESI-HRMS [M + H]" calcd for
C11HoNClI: 190.0418, found: 190.0420.

4.11.8. 5-Phenylnicotinonitrile (18m). White solid, 93.4% yield. 'H
NMR (600 MHz, CDCl3) é 8.94 (dd, | = 2.1, 0.7 Hz, 1H), 8.04 (dd,
J =179, 1.7 Hz, 2H), 8.01 (dd, J = 8.3, 2.2 Hz, 1H), 7.85 (dd, | = 8.3,
0.8 Hz, 1H), 7.53-7.50 (m, 3H). ESI-HRMS [M + H]" calcd for
C12H9N,: 181.0760, found: 181.0763.

4.1.1.9. 5-Phenylnicotinaldehyde (18n). White solid, 79.1% yield. 'H
NMR (600 MHz, CDCl3) 6 10.16 (s, 1H), 9.15 (d, ] = 1.9 Hz, 1H), 8.26
(dd, J = 8.2, 2.2 Hz, 1H), 8.11 (dd, J = 8.0, 1.5 Hz, 2H), 7.93 (d,
J = 8.2 Hz, 1H), 7.56—7.51 (m, 3H). ESI-HRMS [M + H]" calcd for
C12H10NO: 184.0757, found: 184.0765.

4.1.1.10. 4-(methylsulfonyl)-2-phenylpyridine (180). White solid,
99.0% yield. 'TH NMR (600 MHz, CDCl3) 6 9.20 (d, ] = 2.3 Hz, 1H), 8.27
(dd, J = 8.4, 2.4 Hz, 1H), 8.07 (dd, J = 7.7, 1.9 Hz, 2H), 7.92 (d,
J = 8.4 Hz, 1H), 7.55—7.50 (m, 3H), 3.15 (s, 3H). ESI-HRMS [M + H]"
calcd for C13H12NO,S: 234.0583, found: 234.0591.

4.1.1.11. 1-(6-phenylpyridin-3-yl)ethan-1-one (18p). White solid,
75.0% yield. "TH NMR (600 MHz, CDCl3) 6 9.26 (d, J = 1.9 Hz, 1H), 8.32
(dd,J = 8.3, 2.3 Hz, 1H), 8.09 (d, ] = 7.0 Hz, 2H), 7.87 (d, ] = 8.3 Hz,
1H), 7.55—7.49 (m, 3H), 2.69 (s, 3H). ESI-HRMS [M + H]" calcd for
Cy3H12NO: 198.0913, found: 198.0915.

4.11.12. 2,5-diphenylpyridine (18r). Colorless oil, 44.2% yield. H
NMR (600 MHz, CDCl3) 6 8.86 (d, | = 2.3 Hz, 1H), 7.97 (d, ] = 7.1 Hz,
2H), 7.88 (dd, ] = 8.2, 2.4 Hz, 1H), 7.73 (dd, ] = 8.2, 0.6 Hz, 1H), 7.56
(d,J = 71 Hz, 2H), 7.42 (t, ] = 7.6 Hz, 4H), 7.37—7.32 (m, 2H). ESI-
HRMS [M + H]" calcd for Ci7H14N: 232.1121, found: 232.1172.
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4.1.1.13. N-benzyl-6-phenylpyridin-3-amine (18s). Brown oil, 48.0%
yield. "H NMR (600 MHz, CDCl3) 6 8.16 (d, J = 2.8 Hz, 1H), 7.89 (d,
J = 7.2 Hz, 2H), 754 (d, ] = 8.6 Hz, 1H), 742 (t, ] = 7.7 Hz, 2H),
7.40—7.35 (m, 4H), 7.33—7.29 (m, 2H), 6.95 (dd, J = 8.6, 2.9 Hz, 1H),
439 (s, 2H). ESI-HRMS [M + Na]* calcd for C1gHigN2Na: 283.1206,
found: 283.1209.

4.1.2. General procedures for the synthesis of compounds 18f-18h,
18q [40]

Reactions were carried out with Phenylboronic acid (146 mg,
1.2 mmol), 2-Bromo-pyridine derivatives (201 mg, 1.0 mmol, 2-
bromo-N,N-dimethylpyridin-4-amine for 18f; 227 mg, 1.0 mmol,
2-bromo-4-(pyrrolidin-1-yl)pyridine for 18g, 243 mg, 1.0 mmol, 4-
(2-bromopyridin-4-yl)morpholine for 18h, 201 mg, 1.0 mmol,
201 mg, 1.0 mmol, 6-bromo-N,N-dimethylpyridin-3-amine for
18q), Pd(PPh3)4 (12 mg, 1.0 mol %), K,CO3 (276 mg, 2.0 mmol) in
CH50H (5 mL) under nitrogen atmosphere. The mixture was stir-
red at 75 °C for about 15 h and the completion of the reaction was
monitored by TLC. After cooling to room temperature, the mixture
was extracted with ethyl acetate. The combined organic layers were
washed with brine and the organic phase was dried with anhy-
drous sodium sulfate and concentrated in vacuo. The crude com-
pound was purified by silica gel column chromatography to give
corresponding intermediates.

4.1.2.1. N, N-dimethyl-2-phenylpyridin-4-amine (18f). White solid,
83.0% yield. TH NMR (600 MHz, CDCl3) 6 8.25 (d,] = 6.0 Hz, 1H), 7.89
(d,J = 8.1 Hz, 2H), 7.40 (t, ] = 7.5 Hz, 2H), 7.35 (d, ] = 7.2 Hz, 1H), 6.81
(s, 1H), 6.38 (d, J = 5.9 Hz, 1H), 2.93 (s, 6H). ESI-HRMS [M + H]*
calcd for Ci3H15N5: 199.1230, found: 199.1231.

4.1.2.2. 2-phenyl-4-(pyrrolidin-1-yl)pyridine (18g). White solid, 75%
yield. TH NMR (600 MHz, CDCls) 6 8.31 (d, J = 5.9 Hz, 1H), 7.93 (d,
J=7.6Hz, 2H), 745 (t,] = 7.5 Hz, 2H), 7.40 (t,] = 7.3 Hz, 1H), 6.76 (d,
J=2.0Hz,1H), 6.38 (dd, ] = 5.9, 2.1 Hz, 1H), 3.39 (t, ] = 6.5 Hz, 4H),
2.06 (t, ] = 6.6 Hz, 4H). ESI-HRMS [M + H]" calcd for Ci5HigNa:
225.1386, found: 225.1388.

4.1.2.3. 4-(2-phenylpyridin-4-yl)morpholine (18h). Colorless oil,
61.0% yield."H NMR (600 MHz, CDCl3) 6 8.40 (d, ] = 5.9 Hz, 1H), 7.91
(d,J=7.6 Hz, 2H), 745 (t,] = 7.5 Hz, 2H), 739 (t,] = 7.3 Hz, 1H), 7.08
(d,] = 2.4 Hz,1H), 6.65 (dd, ] = 5.9, 2.5 Hz, 1H), 3.90—3.85 (m, 4H),
3.39-3.33 (m, 4H). ESI-HRMS [M + H]" caled for CysH{7N;0:
241.1335, found: 241.1338.

4.1.2.4. N, N-dimethyl-6-phenylpyridin-3-amine (18q). White solid,
83.0% yield. 'TH NMR (600 MHz, Acetone-dg) 6 8.08 (s, 1H), 7.91—7.84
(m, 2H), 7.60 (d, ] = 8.8 Hz, 1H), 7.28—7.25 (m, 2H), 7.15 (t,] = 6.6 Hz,
1H), 7.04 (dd, J = 9.6, 2.3 Hz, 1H), 2.90 (s, 6H). ESI-HRMS [M + H]*
calcd for Cy3H15N5: 199.1230, found: 199.1231.

4.1.3. General procedures for the synthesis of B1—B20

The synthesis of the compounds B1-B20 was previously re-
ported in ref. 37.

Reactions were carried out with Phenylpyridine analogs
(0.4 mmol), 1,6-enynes (60 mg, 0.2 mmol), [Cp*RhCl;], (8 mg, 5 mol
%), NaBArF4 (55 mg, 24 mol %) in CH3COOH (1.0 mL) under nitrogen
atmosphere, The mixture was stirred at 100 °C for about 8 h and the
completion of the reaction was monitored by TLC. After cooling to
room temperature, the NaHCO3 aqueous solution was added to
adjust the pH to weak alkaline. The mixture was extracted with
ethyl acetate. The combined organic layers were washed with brine
and the organic phase was dried with anhydrous sodium sulfate
and concentrated in vacuo. The crude compound was purified by
silica gel. column chromatography to give corresponding products.
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4.1.3.1. (8-cyclohexyl-5-hydroxy-1-(4-phenylpyridin-2-yl)-9,10-
dihydrophenanthren-9-yl)methyl acetate (B1). White solid, yield:
45.0%. "H NMR (600 MHz, CDCl3) 6 8.79 (d, J = 5.2 Hz, 1H), 8.16 (d,
J =77 Hz,1H), 7.71 (d, ] = 7.2 Hz, 2H), 7.67 (d, ] = 1.0 Hz, 1H), 7.56
(dd, J = 5.2, 1.8 Hz, 1H), 7.56 (dd, J = 5.2, 1.8 Hz, 1H), 7.51 (t,
J =74 Hz, 2H),747 (d, ] = 7.2 Hz, 1H), 7.32 (dd, ] = 7.5, 0.8 Hz, 1H),
7.24(d,J = 7.7 Hz,1H), 7.00 (d,] = 8.6 Hz, 1H), 6.74 (d, ] = 8.5 Hz, 1H),
3.87(dd,J=10.8,5.7 Hz, 1H), 3.48 (t,] = 10.5 Hz, 1H), 3.43—3.37 (m,
1H), 2.92 (dd, J = 15.5, 2.0 Hz, 1H), 2.78—2.69 (m, 2H), 1.86—1.67 (m,
8H), 1.57—1.51 (m, 1H), 1.44—1.33 (m, 2H), 1.29—1.22 (m, 2H). °C
NMR (150 MHz, CDCl3) 6 170.78, 160.42, 151.69, 149.05, 148.99,
139.79,137.99, 137.05, 135.64, 133.24, 132.79, 129.31, 129.23, 128.08,
128.01, 127.10, 126.07, 125.92, 122.61, 121.71, 119.87, 116.46, 63.65,
38.97, 35.90, 33.62, 33.08, 28.15, 27.10, 26.25, 20.51. ESI-HRMS [M +
H]" calcd for C34H34NO3: 504.2533, found: 504.2540.

4.1.3.2. (8-(4-bromophenyl)-5-hydroxy-1-(4-phenylpyridin-2-yl)-
9,10-dihydrophenanthren-9-yl)methyl acetate (B2). White solid,
yield: 68.5%. 'TH NMR (600 MHz, CDCl3) 6 8.78 (d, J = 5.3 Hz, 1H),
8.26 (d,J = 7.7 Hz,1H), 7.70 (d, ] = 7.2 Hz, 2H), 7.63 (s, 1H), 7.58 (dd,
J=5.3,1.6 Hz, 1H), 7.52—7.45 (m, 6H), 7.24 (d, ] = 7.7 Hz, 1H), 7.11 (d,
J=8.3Hz, 2H), 6.86 (d,] = 8.3 Hz, 1H), 6.71 (d, ] = 8.3 Hz, 1H), 3.65
(dd,J =10.8, 5.6 Hz, 1H), 3.49 (t,] = 10.5 Hz, 1H), 3.13—3.09 (m, 1H),
2.88 (dd, J = 15.6, 4.5 Hz, 1H), 2.77 (dd, ] = 15.6, 2.2 Hz, 1H), 1.50 (s,
3H)-13C NMR (150 MHz, CDCl3) ¢ 170.42, 153.43, 148.86, 140.48,
137.81, 136.27, 133.13, 132.78, 132.44, 131.23, 131.19, 129.71, 129.42,
129.26, 128.48,128.09, 127.07, 125.91, 122.56, 121.89, 120.97, 120.01,
118.12, 116.25, 63.46, 34.14, 28.30, 20.42. ESI-HRMS [M + H]" calcd
for C34H,7BrNOs3: 576.1169, found: 576.1186.

4.1.3.3. (8-(4-bromophenyl)-5-hydroxy-1-(4-methylpyridin-2-yl)-
9,10-dihydrophenanthren-9-yl)methyl acetate (B3). White solid,
yield: 40.9%, "H NMR (600 MHz, DMSO-ds) 6 10.12 (s, 1H), 8.56 (d,
J=5.0Hz,1H),8.49(d,] = 7.8 Hz,1H), 7.64 (d,] = 8.4 Hz, 2H), 7.42 (¢,
J = 7.7 Hz, 1H), 7.37 (dd, J = 7.6, 1.2 Hz, 1H), 7.35 (s, 1H), 7.33 (d,
J=8.4Hz, 2H), 7.26 (d, ] = 5.0 Hz, 1H), 7.04 (q, ] = 8.4 Hz, 2H), 3.54
(dd,J=10.8,6.2 Hz, 1H), 3.44 (t,] = 10.2 Hz, 1H), 3.24—3.19 (m, 1H),
2.92—-2.84 (m, 2H), 2.43 (s, 3H), 1.64 (s, 3H)-3C NMR (150 MHz,
DMSO0-dg) 6 170.00, 159.24, 155.01, 149.13, 147.43, 140.93, 140.65,
136.57, 133.26, 132.51, 132.13, 131.62, 131.49, 130.28, 128.80, 128.60,
125.96, 125.36, 123.26, 121.12, 120.61, 115.99, 63.25, 33.82, 28.25,
21.00, 20.60. ESI-HRMS [M + H]" calcd for C29H25BrNOs: 514.1012,
found; 514.1020.

4.1.3.4. (8-(4-bromophenyl)-1-(4-chloropyridin-2-yl)-5-hydroxy-
9,10-dihydrophenanthren-9-yl)methyl acetate (B4). White solid,
yield: 27.3%, '"H NMR (600 MHz, Acetone-dg) 6 9.03 (s, 1H), 8.66 (d,
J =5.4Hz,1H), 8.59 (dd, ] = 5.4, 3.8 Hz, 1H), 7.62 (d, ] = 8.3 Hz, 2H),
7.60 (d, ] = 1.8 Hz, 1H), 748 (dd, J = 5.3, 1.9 Hz, 1H), 742 (d,
J = 1.8 Hz,1H), 7.41 (s, 1H), 7.33 (d, ] = 8.3 Hz, 2H), 7.06 (q, ] = 8.3 Hz,
2H), 3.65 (dd, J] = 10.9, 5.8 Hz, 1H), 3.52 (t, ] = 10.5 Hz, 1H),
3.31-3.26 (m, 1H), 2.98 (dd, ] = 15.7, 2.3 Hz, 1H), 2.91—2.88 (m, 1H),
1.66 (s, 3H)-13C NMR (150 MHz, CDCl3) 6 170.42, 153.43, 140.48,
137.81,137.73, 136.27, 136.23, 133.13, 132.78, 132.44, 132.33, 131.19,
129.71,129.26, 128.48, 127.07, 125.91, 122.56, 121.89, 120.97, 120.01,
116.25, 63.46, 34.14, 28.30, 20.42. ESI-HRMS [M + H]*' calcd for
CasH2,BrCINOs: 534.0466, found: 534.0475.

4.1.3.5. (8-(4-bromophenyl)-1-(4-cyanopyridin-2-yl)-5-hydroxy-
9,10-dihydrophenanthren-9-yl)methyl acetate (B5). White solid,
yield: 69.9%, 'TH NMR (600 MHz, Acetone-dg) 6 9.05 (d, ] = 16.6 Hz,
1H), 8.61 (dd, | = 7.4, 1.4 Hz, 1H), 8.33 (dd, ] = 8.2, 2.1 Hz, 1H), 7.78
(d,J=8.2Hz,1H), 7.61 (d,J = 8.3 Hz, 2H), 7.46—7.42 (m, 2H), 7.32 (d,
J = 8.3 Hz, 2H), 7.08—7.02 (m, 2H), 3.64 (dd, ] = 10.9, 5.9 Hz, 1H),
3.49(t,J =10.4 Hz, 1H), 3.30—3.25 (m, 1H), 3.00 (dd, J = 15.7, 2.2 Hz,
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1H), 2.94 (dd, J = 13.5,4.5 Hz, 1H), 1.62 (s, 3H). 3C NMR (150 MHz,
Acetone-dg) 6 171.11, 164.81, 156.25, 153.61, 142.61, 141.50, 140.93,
138.50, 135.36, 134.69, 134.00, 133.43, 132.98, 131.92, 131.61, 130.30,
127.59, 126.25, 122.92, 122.32, 118.60, 117.44, 109.53, 64.54, 35.90,
29.80, 21.33. ESI-HRMS [M + Na]* caled for CagHziBrN,O3Na:
547.0628, found: 547.0635.

4.1.3.6. (8-(4-bromophenyl)-1-(4-formylpyridin-2-yl)-5-hydroxy-
9,10-dihydrophenanthren-9-yl)methyl acetate (B6). Yellow solid,
yield: 35.8%, 'H NMR (600 MHz, Acetone-dg) 6 10.23 (s, 1H), 9.03 (s,
1H), 8.97 (d, ] = 4.9 Hz, 1H), 8.60 (d, ] = 7.7 Hz, 1H), 7.96 (s, 1H), 7.80
(d,] = 4.8 Hz, 1H), 7.60 (d, ] = 8.1 Hz, 2H), 7.48—7.40 (m, 2H), 7.31 (d,
J=8.1Hz, 2H), 7.04(q,] = 8.3 Hz, 2H), 3.64 (dd, ] = 10.8, 5.9 Hz, 1H),
3.51 (t,J = 10.4 Hz, 1H), 3.31-3.23 (m, 1H), 3.00 (d, ] = 15.6 Hz, 1H),
2.94-2.90 (m, 1H), 1.57 (s, 3H). 13C NMR (150 MHz, Acetone-dg)
0 192.34, 169.32, 161.24, 154.49, 150.52, 142.34, 140.88, 139.77,
136.73,133.43, 132.75, 132.16, 131.65, 131.17, 130.01, 129.30, 128.48,
125.69, 122.84, 121.30, 120.48, 119.83, 115.63, 62.80, 48.89, 34.15,
19.49. ESI-HRMS [M + Na]* calcd for CagH22BrNO4Na: 550.0624,
found: 550.0631.

4.1.3.7. (8-(4-bromophenyl)-1-(4-(dimethylamino )pyridin-2-yl)-5-
hydroxy-9,10-dihydrophenanthren-9-yl)methyl acetate (B7).
White solid, yield: 36.0%, "H NMR (600 MHz, CDCl3) 6 8.30 (s, 1H),
8.26 (d, ] = 5.8 Hz, 1H), 7.46 (d, J = 7.7 Hz, 2H), 7.09 (d, ] = 7.7 Hz,
2H), 7.00(d,J = 3.7 Hz, 2H), 6.77 (s, 2H), 6.60 (d, ] = 4.4 Hz, 1H), 6.54
(s,1H), 3.60 (dd, J = 10.6, 5.7 Hz, 1H), 3.46 (t, ] = 9.8 Hz, 1H), 3.10 (s,
7H), 2.88 (d,] = 14.9 Hz, 1H), 2.56 (d, ] = 15.1 Hz, 1H), 1.63 (s, 3H). 3C
NMR (150 MHz, CDCl3) ¢ 170.37, 155.76, 155.00, 141.05, 135.58,
133.32,132.70, 131.39, 131.23, 131.04, 129.46, 127.48, 125.32, 121.54,
120.62, 116.97, 107.22, 105.24, 64.07, 39.55, 33.98, 29.71, 28.44,
20.64. ESI-HRMS [M + H]* caled for C3oHgBrN,03: 543.1278,
found: 543.1288.

4.1.3.8. (8-(4-bromophenyl)-5-hydroxy-1-(4-(pyrrolidin-1-yl)pyr-
idin-2-yl)-9,10-dihydrophenanthren-9-yl)methyl ~ acetate  (B8).
White solid, yield: 68.5%, 'H NMR (600 MHz, CDCl3) 6 8.41—8.36 (m,
1H), 811 (d, J = 6.0 Hz, 1H), 746 (d, ] = 8.3 Hz, 2H), 7.09 (d,
J=8.3Hz, 2H), 7.07 (d,] = 4.1 Hz, 2H), 7.03 (d, ] = 8.0 Hz, 1H), 6.82
(d,J = 8.3 Hz, 1H), 6.55 (dd, ] = 6.8, 2.2 Hz, 1H), 6.43 (d, ] = 2.2 Hz,
1H), 3.60 (dd, J = 10.9, 5.9 Hz, 1H), 3.46 (d, J = 10.5 Hz, 5H),
3.12—3.16 (m, 1H), 3.02 (d,J = 13.6 Hz, 1H), 2.55 (d, ] = 14.3 Hz, 1H),
2.09 (s, 4H),1.62 (s, 3H)- 3C NMR (150 MHz, CDCl3) 6 170.36, 154.85,
153.92, 140.77, 135.56, 133.76, 132.74, 131.47, 131.38, 131.12, 130.62,
130.04, 127.64, 126.05, 120.96, 120.74, 116.92, 107.77, 105.99, 64.05,
48.14, 33.98, 28.62, 25.24, 20.68. ESI-HRMS [M + Na]* calcd for
C33H29BrN,03Na: 591.1254, found: 591.1259.

4.1.3.9. (8-(4-bromophenyl)-5-hydroxy-1-(4-morpholinopyridin-2-
yl)-9,10-dihydrophenanthren-9-yl)methyl acetate (B9). White solid,
yield: 23.0%, 'TH NMR (600 MHz, CDCl3) 6 8.41 (d, ] = 6.0 Hz, 1H),
8.26 (d, ] = 7.8 Hz, 1H), 7.47 (d, ] = 8.3 Hz, 2H), 7.09 (d, ] = 8.3 Hz,
2H), 7.05—6.98 (m, 2H), 6.76—6.71 (m, 3H), 6.63 (d, ] = 8.2 Hz, 1H),
3.87—3.82 (m, 4H), 3.56 (dd, ] = 10.8, 6.0 Hz, 1H), 3.49 (t, ] = 10.1 Hz,
1H), 3.41-3.35 (m, 4H), 3.06 (s, 1H), 2.86 (dd, ] = 15.5, 4.0 Hz, 1H),
2.59 (d, J = 14.1 Hz, 1H), 1.65 (s, 3H)->C NMR (150 MHz, CDCl5)
6 170.35, 156.05, 154.52, 141.03, 135.76, 132.89, 131.52, 131.35,
131.06, 129.25, 127.62, 125.09, 121.87,120.67, 116.75, 108.66, 106.49,
66.33, 64.09, 46.10, 34.01, 28.39, 20.71. ESI-HRMS [M + H]" calcd for
C32H3oBFN204Z 585.1383, found: 585.1396.

4.1.3.10. (8-(4-bromophenyl)-5-hydroxy-1-(5-methylpyridin-2-yl)-
9,10-dihydrophenanthren-9-yl)methyl acetate (B10). White solid,
yield: 44.6%, 'TH NMR (600 MHz, CDCl3) ¢ 8.57 (s, 1H), 8.20 (t,
J=4.6Hz,1H), 7.62 (d,] = 7.8 Hz, 1H), 7.48 (d,] = 8.3 Hz, 2H), 7.31 (d,
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J =79 Hz, 1H), 7.16 (d, ] = 4.4 Hz, 2H), 7.09 (d, ] = 8.3 Hz, 2H), 6.82
(d,] = 8.3 Hz, 1H), 6.67 (d, ] = 8.3 Hz, 1H), 3.64 (dd, ] = 10.9, 5.9 Hz,
1H), 3.44 (t, ] = 10.4 Hz, 1H), 3.12—3.07 (m, 1H), 2.82 (dd, J = 15.5,
4.5 Hz, 1H), 2.70 (dd, J = 15.5, 2.0 Hz, 1H), 2.44 (s, 3H), 1.66 (s, 3H).
13C NMR (150 MHz, CDCl3) 6 170.39, 153.44, 148.78, 140.54, 137.28,
136.31, 133.06, 132.69, 132.33, 131.66, 131.26, 131.17, 129.63, 128.51,
127.78, 125.80, 123.98, 121.91, 120.92, 116.18, 63.66, 34.08, 28.35,
20.63, 18.25. ESI-HRMS [M + H] " calcd for C9H;5BrNOs3: 514.1012,
found: 514.1020.

4.1.3.11. (8-(4-bromophenyl)-1-(5-fluoropyridin-2-yl)-5-hydroxy-
9,10-dihydrophenanthren-9-yl)methyl acetate (B11). White solid,
yield: 36.0%, '"H NMR (600 MHz, CDCl3) 6 8.57 (d, J = 2.6 Hz, 1H),
8.21(dd, ] = 6.8,2.0 Hz, 1H), 7.50 (d, = 8.1 Hz, 3H), 7.42 (dd, ] = 8.6,
4.4 Hz, 1H), 7.33—7.29 (m, 2H), 7.13 (d, ] = 8.2 Hz, 2H), 6.94 (d,
J=83Hz,1H), 6.77 (d,] = 8.3 Hz, 1H), 3.69 (dd, ] = 10.9, 5.8 Hz, 1H),
348 (t, ] = 10.4 Hz, 1H), 3.17 (s, 1H), 2.88—2.78 (m, 2H), 1.68 (s,
3H)-3C NMR (150 MHz, CDCl3) ¢ 170.47, 155.90, 153.06, 140.27,
139.16, 137.11, 136.96, 136.42, 133.05, 132.81, 131.28, 131.22, 129.96,
128.71,128.02, 126.19, 125.32, 123.39, 123.26, 121.69, 121.11, 115.99,
63.50, 34.13, 28.34, 20.64. '°F NMR (565 MHz, CDCl3) 6 —129.13. ESI-
HRMS [M + Na]™ caled for CygHp1BrFNOsNa. 540.0581, found:
540.0590.

4.1.3.12. (8-(4-bromophenyl)-1-(5-chloropyridin-2-yl)-5-hydroxy-
9,10-dihydrophenanthren-9-yl)methyl acetate (B12). White solid,
yield: 25.5%, '"H NMR (600 MHz, CDCl3) 6 8.67 (d, J = 2.1 Hz, 1H),
8.22 (dd, J = 6.9, 1.7 Hz, 1H), 7.76 (dd, | = 8.3, 2.4 Hz, 1H), 7.51 (d,
J = 8.2 Hz, 2H), 7.38 (d, ] = 8.3 Hz, 1H), 7.34—7.29 (m, 2H), 7.13 (d,
J=8.2Hz, 2H),6.94 (d,] = 8.3 Hz, 1H), 6.77 (d, ] = 8.3 Hz, 1H), 6.71
(s,1H), 3.69 (dd, J = 11.0, 5.8 Hz, 1H), 3.47 (t,] = 10.4 Hz, 1H), 3.17 (s,
1H), 2.88—2.80 (m, 2H), 1.68 (s, 3H)-1>C NMR (150 MHz, CDCl3)
0170.44,157.72,152.96, 147.78,140.21,139.07,136.45, 136.17, 133.04,
132.84, 132.79, 131.27, 131.19, 130.64, 130.01, 128.67, 128.11, 126.28,
125.12, 121.61, 121.11, 115.96, 63.47, 34.11, 28.36, 20.64. ESI-HRMS
[M + H]* calcd for Co8H2,BrCINO3: 534.0466, found: 534.0475.

4.1.3.13. (8-(4-bromophenyl)-1-(5-bromopyridin-2-yl)-5-hydroxy-
9,10-dihydrophenanthren-9-yl)methyl acetate (B13). Yellow solid,
yield: 20.0%, 'TH NMR (600 MHz, CDCls) 6 8.77 (d, J = 2.0 Hz, 1H),
8.22 (dd, J = 7.2, 1.6 Hz, 1H), 7.90 (d, J = 8.3 Hz, 1H), 7.51 (d,
J =83 Hz, 2H), 7.33 (t, ] = 8.7 Hz, 3H), 7.14 (d, ] = 8.2 Hz, 2H), 6.96
(dd, J = 8.3, 1.8 Hz, 1H), 6.80 (dd, J = 8.3, 2.5 Hz, 1H), 6.40 (s, 1H),
3.69 (dd, J = 10.9, 5.7 Hz, 1H), 3.48 (t,] = 10.4 Hz, 1H), 3.19 (s, 1H),
2.86 (d, J = 3.3 Hz, 2H), 1.69 (s, 3H)-3C NMR (150 MHz, CDCl3)
0 170.41, 157.98, 152.86, 150.05, 140.16, 138.96, 136.53, 133.04,
132.90, 132.84, 131.29, 131.19, 130.09, 128.69, 128.00, 127.13, 126.40,
125.59,121.59, 121.14, 119.26, 115.93, 63.44, 34.13, 28.38, 20.65. ESI-
HRMS [M + Na|' caled for CygHy1BroNO3Na: 599.9780, found:
599.9788.

4.1.3.14. (8-(4-bromophenyl)-1-(5-cyanopyridin-2-yl)-5-hydroxy-
9,10-dihydrophenanthren-9-yl)methyl acetate (B14). White solid,
yield: 26.9%, 'H NMR (600 MHz, Acetone-dg) 6 9.05 (s, 1H), 8.94 (d,
J=5.0Hz,1H), 8.61 (d,J = 7.6 Hz, 1H), 7.92 (s, 1H), 7.75 (dd, ] = 5.0,
1.3 Hz, 1H), 7.61 (d, J = 8.3 Hz, 2H), 7.46—7.41 (m, 2H), 7.32 (d,
J = 8.3 Hz, 2H), 7.07—7.03 (m, 2H), 3.66 (dd, ] = 10.9, 5.8 Hz, 1H),
3.50 (t,J = 10.4 Hz, 1H), 3.30—3.25 (m, 1H), 2.99—-2.90 (m, 2H), 1.63
(s, 3H)-3C NMR (150 MHz, Acetone-dg) 6 169.34, 160.87, 154.52,
150.32, 140.84, 138.93, 136.66, 133.50, 132.80, 132.15, 131.65, 131.18,
130.09, 129.62, 128.50, 125.88, 125.76, 123.30, 121.16, 120.50, 120.35,
116.61, 115.65, 62.78, 34.13, 27.89, 19.55. ESI-HRMS [M + H]" calcd
for Co9H22BrN,03: 525.0808, found: 525.0822.
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4.1.3.15. (8-(4-bromophenyl)-1-(5-formylpyridin-2-yl)-5-hydroxy-
9,10-dihydrophenanthren-9-yl)methyl acetate (B15). White solid,
yield: 28.3%, 'TH NMR (600 MHz, CDCl3) 6 10.18 (s, 1H), 9.17 (s, 1H),
8.29—8.26 (m, 2H), 7.62 (d, ] = 8.0 Hz, 1H), 7.51 (d, ] = 8.0 Hz, 2H),
7.43—7.36 (m, 2H), 7.14 (d, ] = 7.9 Hz, 2H), 6.97 (d, ] = 8.2 Hz, 1H),
6.81 (d, J = 8.2 Hz, 1H), 6.40 (s, 1H), 3.71 (dd, ] = 10.8, 5.7 Hz, 1H),
3.49 (t, ] = 10.4 Hz, 1H), 3.19 (s, 1H), 2.94—2.86 (m, 2H), 1.66 (s,
3H)-13C NMR (150 MHz, CDCl3) 6 190.36, 170.36, 164.75, 152.84,
151.49, 140.07, 139.26, 136.54, 136.09, 133.25, 133.04, 132.98, 131.32,
131.17, 130.20, 129.67, 128.87, 128.75, 126.51, 124.86, 121.46, 121.20,
115.96, 63.40, 34.11, 28.51, 20.62. ESI-HRMS [M + Na]" calcd for
Ca9H22BrNO4Na: 550.0624, found: 500.0632.

4.1.3.16. (8-(4-bromophenyl)-5-hydroxy-1-(5-(methylsulfonyl)pyr-
idin-2-yl)-9,10-dihydrophenanthren-9-yl)methyl — acetate  (B16).
White solid, yield: 39.0%, 'TH NMR (600 MHz, Acetone-dg) 6 9.17 (s,
1H), 9.04 (s, 1H), 8.62 (d, ] = 7.6 Hz, 1H), 8.40 (dd, ] = 8.2, 2.2 Hz, 1H),
7.81(d,J = 8.2 Hz,1H), 7.60 (d,] = 8.2 Hz, 2H), 7.47—7.42 (m, 2H), 7.31
(d, ] = 8.3 Hz, 2H), 7.07—7.03 (m, 2H), 3.64 (dd, ] = 10.9, 5.9 Hz, 1H),
3.50(t,J=10.4 Hz, 1H), 3.29 (s, 4H), 3.00(d,J = 15.7 Hz, 1H), 2.93 (dd,
J = 15.7, 45 Hz, 1H), 1.61 (s, 3H). 13C NMR (150 MHz, Acetone-dg)
0 170.29, 165.03, 155.44, 148.65, 141.80, 140.11, 137.69, 136.53, 136.50,
134.52, 133.92, 133.17, 132.61, 132.15, 131.08, 130.72, 129.51, 126.75,
125.50, 122.11, 121.48, 116.63, 63.79, 44.73, 35.06, 29.01, 20.54. ESI-
HRMS [M + HJ " calcd for CogHo5BrNOsS: 578.0631, found: 578.0636.

4.1.3.17. (1-(5-acetylpyridin-2-yl)-8-(4-bromophenyl)-5-hydroxy-
9,10-dihydrophenanthren-9-yl)methyl acetate (B17). Yellow solid,
yield: 33.8%, '"H NMR (600 MHz, CDCl3) 6 9.27 (s, 1H), 8.33 (d,
J=5.9Hz, 1H), 8.28 (d, ] = 6.5 Hz, 1H), 7.56 (d, ] = 8.1 Hz, 1H), 7.50
(d,J = 8.3 Hz, 2H), 7.31 (q, ] = 4.7 Hz, 2H), 711 (d, ] = 8.3 Hz, 2H),
6.91 (d, ] = 8.3 Hz, 1H), 6.73 (d, ] = 8.3 Hz, 1H), 3.68 (dd, J = 11.0,
5.8 Hz, 1H), 3.47 (t, ] = 10.4 Hz, 1H), 3.19—3.14 (m, 1H), 2.91 (dd,
J=15.6, 4.5 Hz, 1H), 2.81 (d, ] = 15.6 Hz, 1H), 2.70 (s, 3H), 1.66 (s,
3H). 3C NMR (150 MHz, CDCl3) 6 196.40, 170.45, 163.70, 153.22,
149.11, 140.25, 138.99, 136.36, 136.08, 133.06, 133.04, 132.62, 131.27,
131.19, 130.55, 129.95, 128.88, 128.57, 126.18, 124.46, 121.53, 121.09,
116.04, 63.53, 34.05, 28.46, 26.82, 20.65. ESI-HRMS [M + H]" calcd
for C3gH,5BrNO4: 542.0961, found: 542.0979.

4.1.3.18. (8-(4-bromophenyl)-1-(5-(dimethylamino)pyridin-2-yl)-5-
hydroxy-9,10-dihydrophenanthren-9-yl)methyl acetate (B18).
White solid, yield: 48.1%, "H NMR (600 MHz, CDCl3) 6 8.24 (s, 1H),
8.18 (d,J = 6.5 Hz, 1H), 746 (d, ] = 6.5 Hz, 2H), 7.24 (s, 1H), 7.14—7.04
(m, 5H), 6.75 (d, J = 8.2 Hz, 1H), 6.59 (d, ] = 8.2 Hz, 1H), 3.61-3.59
(m, 1H), 3.44 (t, ] = 10.2 Hz, 1H), 3.06 (s, 7H), 2.85 (d, J = 13.0 Hz,
1H), 2.70 (d, J = 15.5 Hz, 1H), 1.66 (s, 3H). >*C NMR (150 MHz, CDCl5)
0170.48,154.12,147.61,145.06, 140.97,138.80, 136.05, 133.11,132.78,
132.51, 131.70, 131.34, 131.06, 129.20, 128.22, 127.88, 125.21, 124.50,
122.18, 120.69, 119.67, 116.45, 64.00, 40.19, 34.10, 28.38, 20.69. ESI-
HRMS [M + H]" caled for C3gHgBrN,O3: 543.1278, found:
543.1290.

4.1.3.19. (8-(4-bromophenyl)-5-hydroxy-1-(5-phenylpyridin-2-yl)-
9,10-dihydrophenanthren-9-yl)methyl acetate (B19). White solid,
yield:43.8%, 'TH NMR (600 MHz, CDCl3) 6 8.99 (s, 1H), 8.25 (d,
J=7.7Hz,1H),8.02 (d,] = 7.6 Hz, 1H), 7.79 (s, 1H), 7.67 (d,] = 7.3 Hz,
2H), 7.56—7.44 (m, 6H), 7.34—7.27 (m, 2H), 712 (d, ] = 7.5 Hz, 2H),
6.89 (d, ] = 8.2 Hz, 1H), 6.75 (d, ] = 8.2 Hz, 1H), 3.71-3.65 (m, 1H),
3.49 (t,J = 10.3 Hz, 1H), 3.16 (s, 1H), 2.88 (dd, ] = 44.9,15.4 Hz, 2H),
1.67 (s, 3H). 13C NMR (150 MHz, CDCl3) 6 170.42, 153.45, 140.45,
136.31, 135.19, 133.10, 132.90, 132.42, 131.25, 131.20, 129.77, 129.28,
128.56,128.45, 128.34, 127.10, 126.02, 124.62, 121.78, 120.97, 116.22,
63.63, 34.10, 28.45, 20.66. ESI-HRMS [M + H]™ caled for
C34H27BrNOs: 576.1169, found: 576.1186.
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4.1.3.20. (1-(5-(benzylamino)pyridin-2-yl)-8-(4-bromophenyl)-5-
hydroxy-9,10-dihydrophenanthren-9-yl)methyl acetate (B20).
Yellow solid, yield:87.0%, TH NMR (600 MHz, MeOD) ¢ 8.45 (d,
J =79 Hz, 1H), 7.96 (d, | = 2.7 Hz, 1H), 7.53 (d, ] = 8.2 Hz, 2H), 7.38
(d, J] = 75 Hz, 2H), 7.31 (t, J = 7.7 Hz, 3H), 7.25—7.21 (m, 2H),
7.20—7.16 (m, 3H), 7.07 (dd, ] = 8.5, 2.8 Hz, 1H), 6.96 (d, ] = 8.3 Hz,
1H), 6.90 (d, J = 8.3 Hz, 1H), 440 (d, J = 2.0 Hz, 2H), 3.63 (dd,
J=10.8, 5.4 Hz, 1H), 3.40 (t, ] = 10.6 Hz, 1H), 3.17—3.12 (m, 1H), 2.79
(s, 2H), 1.56 (s, 3H). >°C NMR (150 MHz, MeOD) § 170.80, 154.53,
146.72,143.93, 140.78, 139.63, 139.11, 136.15, 133.22, 132.28, 131.86,
131.19, 130.91, 129.54, 128.31, 128.23, 127.87, 126.87, 126.73, 125.28,
124.88, 121.46, 120.50, 119.49, 115.06, 62.88, 46.55, 34.31, 27.66,
19.16. ESI-HRMS [M + HJ' calcd for C3sH3gBrN,Os3: 605.1434,
found: 605.1443.

4.14. General procedures for the synthesis of C1—C7

NaOH (1 M) water solution (3 mL, 3.00 mmol) and CH30H (3 mL)
were added to the 0.2 mmol corresponding intermediate B2, B6,
B10, B11, B12, B14 or B18 and stirred for 2 h. Then the methanol
was removed under vacuum, and the residue was acidified to
pH = 2 or below with HCI (1 M). Then the solution was extracted
with ethyl acetate (20 mL x 3) and the combined organic solvents
were dried with sodium sulfate and concentrated in vacuo. The
crude compound was purified by silica gel column chromatography
to give the desired compounds C1—C7.

4.14.1. 1-(4-bromophenyl)-10-(hydroxymethyl)-8-(4-phenylpyridin-
2-yl)-9,10-dihydrophenanthren-4-ol (C1). White solid, yield:78.8%,
'H NMR (600 MHz, MeOD) 6 8.59 (d, ] = 5.3 Hz, 1H), 8.56 (d,
J=7.8Hz, 1H), 7.89 (s, 1H), 7.80 (d,J = 7.3 Hz, 2H), 7.68 (dd, ] = 5.3,
1.6 Hz, 1H), 7.54 (d, ] = 8.3 Hz, 2H), 7.51 (t, ] = 7.4 Hz, 2H), 7.46 (d,
J=71Hz,1H),7.38 (t,J = 7.7 Hz,1H), 7.35 (d, ] = 7.5 Hz, 1H), 7.21 (d,
J=8.3Hz, 2H), 6.95 (d,] = 8.3 Hz, 1H), 6.88 (d, ] = 8.3 Hz, 1H), 4.60
(s, 1H), 3.29—3.27 (m, 1H), 3.21 (d, J = 14.3 Hz, 1H), 3.11-3.03 (m,
2H), 2.72 (dd, J = 15.1, 3.4 Hz, 1H). 13C NMR (150 MHz, MeOD)
0160.19,154.61,149.82,148.39, 141.03, 139.66, 137.59, 137.47,133.96,
132.52,131.79, 131.25, 130.88, 129.60, 129.11, 128.91, 128.01, 126.85,
125.37, 122.50, 121.16, 120.44, 119.88, 114.69, 60.29, 37.69, 26.77.
ESI-HRMS [M + H]" caled for C3;Hy5BrNO,, 534.1063, found,
534.1078.

4.1.4.2. 2-(8-(4-bromophenyl)-5-hydroxy-9-(hydroxymethyl)-9,10-
dihydrophenanthren-1-yl)isonicotinaldehyde (C2). Colorless oil,
yield:37.0%, 'H NMR (600 MHz, CDCl3) 6 10.16 (s, 1H), 8.82 (d,
J=5.0Hz,1H),8.38(d,J = 7.9 Hz,1H), 7.96 (s, 1H), 7.72 (d,] = 5.0 Hz,
1H), 7.51 (d,] = 8.2 Hz, 2H), 7.44 (t,] = 7.8 Hz, 1H), 7.32 (d, ] = 7.6 Hz,
1H), 717 (d, ] = 8.2 Hz, 2H), 6.99 (d, J = 8.2 Hz, 1H), 6.83 (d,
J = 8.2 Hz, 1H), 6.17 (s, 1H), 3.47—3.40 (m, 2H), 3.27 (t, ] = 11.4 Hz,
1H), 3.13—3.11 (m, 1H), 2.55 (dd, J = 14.7, 3.4 Hz, 1H)-3*C NMR
(150 MHz, CDCl3) ¢ 191.09, 161.55, 152.96, 149.62, 143.08, 140.11,
138.63, 134.09, 133.22, 133.07, 131.33, 131.12, 130.25, 129.15, 128.31,
126.69, 123.09, 121.55, 121.30, 120.78, 115.30, 60.91, 37.91, 26.88.
ESI-HRMS [M + Na]" calcd for Cy7H»9BrNO3Na: 508.0519, found:
508.0534.

4.1.4.3. 1-(4-Bromophenyl)-10-(hydroxymethyl)-8-(5-
methylpyridin-2-yl)phenanthren-4-ol (C3). White solid,
yield:99.0%'H NMR (600 MHz, CDCl3) 6 8.37 (s, 1H), 8.28 (d,
J=79Hz,1H), 7.66 (dd, ] = 7.9, 1.5 Hz, 1H), 7.50 (d, | = 8.2 Hz, 2H),
7.44 (d, ] = 7.9 Hz, 1H), 7.39 (t, ] = 7.8 Hz, 1H), 7.25 (s, 1H), 7.17 (d,
J=8.2Hz, 2H),6.97 (d,] = 8.2 Hz, 1H), 6.82 (d, ] = 8.2 Hz, 1H), 6.26
(s,1H), 3.52 (dd, J = 14.6, 2.6 Hz, 1H), 3.41 (dd, J = 11.6, 5.1 Hz, 1H),
3.27 (t,] = 11.4 Hz, 1H), 3.12—3.07 (m, 1H), 2.50 (dd, ] = 14.6, 3.4 Hz,
1H), 2.37 (s, 3H). 3C NMR (150 MHz, CDCl3) 6 156.68, 152.91,148.35,
140.22,139.70, 138.89, 138.34, 133.82, 133.18, 133.15, 131.82, 131.26,
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131.14, 130.06, 129.11, 127.19, 126.43, 123.76, 121.78, 121.20, 115.17,
60.75, 38.11, 26.96, 18.19. ESI-HRMS [M + H]" caled for
C27H23BrNO3 472.0907, Found 472.0914.

4.1.4.4. 1-(4-bromophenyl)-8-(5-fluoropyridin-2-yl)-10-(hydrox-
ymethyl)-9,10-dihydrophenanthren-4-ol (C4). White solid,
yield:83.0%, 'TH NMR (600 MHz, CDCl3) 6 8.42 (d, ] = 2.3 Hz, 1H), 8.30
(d,J=7.9Hz,1H), 7.60—7.53 (m, 2H), 7.52 (d, ] = 8.2 Hz, 2H), 7.41 (¢,
J=17.8Hz,1H),7.24 (s, 1H), 716 (d, ] = 8.2 Hz, 2H), 7.00 (d, ] = 8.2 Hz,
1H), 6.84 (d, ] = 8.2 Hz, 1H), 5.73 (s, 1H), 3.46—3.37 (m, 2H), 3.23 (t,
J = 11.4 Hz, 1H), 3.10 (dd, J = 7.0, 3.8 Hz, 1H), 2.52 (dd, ] = 14.7,
3.4 Hz, 1H). 13C NMR (150 MHz, CDCl3) 6 152.65, 140.09, 138.81,
136.62, 136.46, 133.83, 133.39, 133.23, 131.33, 131.11, 130.20, 129.14,
127.53, 126.55, 125.38, 124.67, 121.65, 121.31, 115.26, 60.86, 37.99,
26.80. 1%F NMR (565 MHz, CDCl3) 6 —128.27. ESI-HRMS [M + H]*
calcd for Cy6HooBrFNO,: 476.0656, found: 476.0667.

4.1.4.5. 1-(4-bromophenyl)-8-(5-chloropyridin-2-yl)-10-(hydrox-
ymethyl)-9,10-dihydrophenanthren-4-ol (€5). White solid,
yield:84.4%, 'TH NMR (600 MHz, CDCl3) 6 8.52 (d, J = 2.3 Hz, 1H), 8.32
(d,J =79 Hz, 1H), 7.83 (dd, ] = 8.3, 2.5 Hz, 1H), 7.50 (t, ] = 8.2 Hz,
3H), 7.41 (t,] = 7.8 Hz, 1H), 7.25 (d, ] = 8.1 Hz, 1H), 7.16 (d, ] = 8.3 Hz,
2H),6.99 (d,J = 8.2 Hz,1H), 6.82 (d,J = 8.3 Hz, 1H), 6.02 (s, 1H), 5.27
(s,1H), 3.45 (dd, J = 14.8,2.7 Hz, 1H), 3.39 (s, 1H), 3.24 (t,] = 11.4 Hz,
1H), 3.13—3.09 (m, 1H), 2.53 (dd, J = 14.8, 2.5 Hz, 1H). °C NMR
(150 MHz, CDCl3) ¢ 157.82, 152.83, 147.15, 140.10, 138.71, 138.58,
137.54, 133.93, 133.27, 133.11, 131.32, 131.11, 130.81, 130.23, 129.03,
127.89, 126.59, 125.20, 121.59, 121.29, 115.26, 60.88, 37.93, 26.84.
ESI-HRMS [M + HJ" caled for CygHy0BrCINO,: 492.0360, found:
492.0373.

4.1.4.6. 6-(8-(4-bromophenyl)-5-hydroxy-9-(hydroxymethyl)-9,10-
dihydrophenanthren-1-yl)nicotinonitrile (C6). White solid,
yield:80.0%, 'H NMR (600 MHz, MeOD) ¢ 8.93 (s, 1H), 8.58 (d,
J=7.7Hz,1H),8.23(d,J = 8.1 Hz,1H), 7.79 (d,] = 8.2 Hz, 1H), 7.54 (d,
J = 8.0 Hz, 2H), 7.42—7.34 (m, 2H), 7.21 (d, J = 8.0 Hz, 2H), 6.96 (d,
J=83Hz,1H),6.88 (d,]J = 8.3 Hz, 1H), 3.25 (dd, ] = 10.3, 4.1 Hz, 1H),
3.09 (d, J = 15.3 Hz, 1H), 3.02 (s, 1H), 2.97 (t, ] = 10.6 Hz, 1H), 2.76
(dd,J = 15.3, 3.7 Hz, 1H) ppm. >C NMR (150 MHz, MeOD) § 163.20,
154.58, 151.25, 140.95, 140.17, 138.47, 137.36, 134.16, 132.81, 131.76,
131.23,130.90, 129.75, 127.97, 125.48, 124.84, 120.84, 120.47, 116.28,
114.71, 107.97, 60.28, 37.61, 26.88.ESI-HRMS [M + H]" calcd for
C27H20BFN2022 483.0703, found: 483.0724.

4.1.4.7. 1-(4-bromophenyl)-8-(5-(dimethylamino )pyridin-2-yl)-10-
(hydroxymethyl)-9,10-dihydrophenanthren-4-ol (C7). White solid,
yield:81.3%, TH NMR (600 MHz, CDCl3) 6 8.21 (d, ] = 7.8 Hz, 1H), 8.04
(d,J = 2.9 Hz, 1H), 7.50 (d, ] = 8.2 Hz, 2H), 7.37 (dd, ] = 18.0, 8.3 Hz,
2H), 7.25 (d,J = 7.7 Hz, 1H), 7.17 (d, ] = 8.2 Hz, 2H), 713 (dd, ] = 8.7,
2.9 Hz, 1H), 6.97 (d, ] = 8.2 Hz, 1H), 6.84 (d, ] = 8.2 Hz, 1H), 3.57 (d,
J = 14.2 Hz, 1H), 3.40 (dd, J = 11.6, 5.1 Hz, 1H), 3.26 (t, ] = 11.4 Hz,
1H), 3.13—3.07 (m, 1H), 2.99 (s, 6H), 2.49 (dd, J = 14.5, 3.3 Hz, 1H).
13C NMR (150 MHz, CDCl3) 6 152.85, 144.97, 140.30, 139.02, 133.71,
133.30, 133.19, 131.24, 131.16, 129.94, 129.09, 126.37, 124.07, 121.95,
121.17, 115.18, 60.73, 40.06, 38.23, 27.07 ESI-HRMS [M + H]* calcd
for Co8H,6BrN,0,: 501.1172, found: 501.1180.

4.2. Biological evaluations

4.2.1. Chemicals and reagents

SARS-CoV-2 3CLP™ and SARS-CoV 3CLP™ were expressed and
purified by ourselves. All tested compounds were dissolved in
DMSO and stored at 4 °C. Dabcyl-KNSTLQSGLRKE-Edans is the
fluorescent probe for SARS-CoV-2 3CLP™ inhibitory assessments
[31,36], which was ordered from Shanghai Sangon Biological
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Engineering & Technology and Service Co. Ltd. (Shanghai, China).
Ethylene Diamine Tetraacetic Acid (EDTA), disulfiram (the positive
inhibitor), B-NADP™, p-glucose-6-phosphate (G-6-P), glucose-6-
phosphate dehydrogenase (G-6-PDH), testosterone, phenacetin,
coumarin, paclitaxel, omeprazole, dextromethorphan, chlorzox-
azone, pancreatin, as well as pepsin were provided by Dalian
Meilun Biotechnology Co. LTD. (Dalian, China). Diclofenac was ob-
tained from Ark Pharm (Wuhan, China). Lansoprazole was pur-
chased from Hairong (Sichuan, China). KH,PO4, MgCl,, NaOH and
HCl were bought from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Uridine-50-diphosphoglucuronic acid (UDPGA),
tris mefenamic acid and dodecyl polyglycol ether were purchased
from Sigma-Aldrich (St. Louis, MO, USA). 7-hydroxycoumarin was
gained from AlfaAesar (Shanghai, China). Warfarin sodium was
purchased from J&K Scientific (Beijing, China). The pooled human
liver microsomes (Lot No. HO610) from 50 individual donors were
supplied by XenoTech (USA). The pooled human plasma samples
were provided by Putuo Hospital, Shanghai University of Tradi-
tional Chinese Medicine (Shanghai, China), with the reference
number of RTEC-A-2020-59-1. The stock solution of the fluorescent
substrate, PBS buffer, Tris-HCl buffer were prepared by Millipore
water (Millipore, Bedford, USA) and stored at 4 °C for further use.
HPLC grade DMSO (Tedia, USA) was used throughout.

4.2.2. 3CLP™ inhibitory assays

The SARS-CoV-2 3CLP™ and SARS-CoV 3CLP™ inhibitory assays
were conducted according to the reported procedure [31,36], which
were established by the 3CLP™-mediated Dabcyl-KNSTLQSGLRKE-
Edans hydrolytic reaction. In brief, the tested compound, SARS-
CoV-2 3CLP™ (4 pg/mL, final concentration) or SARS-CoV 3CLP™
(30 pg/mlL, final concentration) were added into a black 96-well
plate that filled with PBS buffer (0.1 M, pH 7.4, 1 mM EDTA) to
co-incubate at 37 °C for 30 min. After the peptide-like substrate
(20 uM or 40 pM, final concentration) was added to initiate the
reaction, the produced fluorescent values were continuously
detected by a microplate reader (SpectraMax® iD3, Molecular De-
vices, Austria) for 20 min at the excitation wavelength of 340 nm
and emission wavelength of 490 nm.

4.2.3. Determination of inhibition constants of Cland C2

The inhibition constants (K;) and inhibition modes for C1 and C2
against SARS-CoV-2-3CLP™-mediated-Dabcyl-KNSTLQSGLRKE-
Edans cleavage were determined by inhibition kinetics. According
to the previously reported methodology [41,42], increasing con-
centrations of C1 and C2 were separately co-incubated with various
concentrations of Dabcyl-KNSTLQSGLRKE-Edans, and the gener-
ated fluorescence signals were analyzed to determine the inhibi-
tion modes and the K; values.

4.2.4. Gastrointestinal stability assays

The simulated intestinal fluid (SIF) was confected by pancreatin
(400 mg), KH2PO4 (272 mg), as well as NaOH (0.4%) in 40 mL water,
with the pH value of 6.8. The simulated gastric fluid (SGF) was
prepared by water (40 mL) that contained pepsin (400 mg) and HCI
(656 pL, 1 M). The gastrointestinal metabolic system (100 pL)
included SIF or SGF, and the analyte (20 uM). After the reaction was
proceed for O min, 5 min, 10 min, 15 min, 20 min, 30 min, 45 min,
60 min, 90 min at 37 °C, equal volume of pre-cooling acetonitrile
(100 pL) was added to quench the reaction. Then the samples were
centrifuged at 20,000xg, 4 °C for 30 min, 100 pL of which were
transferred for LC-UV analysis.

4.2.5. Plasma stability assays
The stabilities of C1 and C2 were proceed in PBS buffer (100 mM,
pH 7.4) at 37 °C. After the co-incubation was proceed for O min,

14

European Journal of Medicinal Chemistry 228 (2022) 114030

15 min, 30 min, 1 h,2 h, 4 h, 6 h, 8 h, 10 h, 12 h, the pre-cooling
acetonitrile (300 pL) was added to precipitate the proteins. Then
the samples were centrifuged at 20,000xg, 4 °C for 30 min, 100 puL
of which were transferred for LC-UV analysis [43].

4.2.6. Metabolic stability assays

The phase I metabolic assessments were proceed in PBS buffer
(100 mM, pH 7.4) that comprised with C1 or C2 or testosterone
(20 uM), HLMs (0.2 pg/mL), as well as specific cofactors (4 mM
MgCl, 10 mM G-6-P, 1 unit/mL G-6-PDH). After equilibrated at
37 °C for 3 min, the samples were initiated by B-NADP" (1 mM).
While the phase Il metabolic assessments were conducted in Tris-
HCl buffer (50 mM, pH 7.4), which contained C1 or C2 or 7-
Hydroxycoumarin (20 pM), HLMs (0.2 mg/mL), as well as MgCl,
(5 mM). The reaction mixture was incubated at 37 °C for 3 min, then
added with UDPGA (2 mM) to initiate the reaction. The reactions of
phase [ and phase Il metabolic reactions were quenched by pre-
cooling acetonitrile (100 pL) after the reactions proceed for
different times (0 min, 5 min, 15 min, 30 min, 45 min, 60 min,
90 min). All the quenched mixtures were centrifuged at 20,000xg,
4 °C for 30 min, the supernatant was transferred for LC-UV analysis
[42].

4.3. Molecular docking

Molecular docking study was conducted using Schrodinger
software package. Firstly, the SARS-CoV-2 3CLP™ was downloaded
from Protein Data Bank (PDB code: 7BE7) [44] and prepared with
the Protein Preparation Wizard model including the removal of
waters, the addition of missing hydrogen atoms, the generation of
heteroatom states using Epik: pH 7.0 + 2.0 and the assignment of
bond order. Then, a restrained minimization to relieve static clashes
was conducted using the OPLS-2005 force field (converge heavy
atoms to RMSD 0.30 A). For the docking study at the dimer interface
position, the chain B should be deleted except for residues 1-8.
Then, the receptor grid was generated at the centroid of residues
1-8 and the grid box size was set to 20 A x 20 A x 20 A. For the
docking study at the substrate-binding pocket, the receptor grid
was generated at the centroid of ligand and the grid box size was
set to 20 A x 20 A x 20 A. After preparing ligands using LigPrep
module, ligand docking was carried out using the standard preci-
sion (SP) with the default settings. Finally, the pictures were
generated using pymol software.
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