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Thrombosis is a pathological coagulation process and can lead to many serious thrombotic diseases. Here,
we report a novel potent antithrombotic compound (6k) based on isosteviol with anticoagulant and
antiplatelet activities. 6k selectively inhibited FXa (Ki¼ 0.015 mM) against a panel of serine proteases and
showed excellent anticoagulant activity (significant prolongation of ex vivo PT and aPTT over the vehicle,
p< 0.01). 6k also significantly inhibited ADP-induced platelet aggregation in rats relative to the vehicle
(p< 0.01). Furthermore, 6k exhibited potent ex vivo and in vivo antithrombotic activity in rats relative to
the vehicle (p< 0.01 and p< 0.0001, respectively). Novel structure 6k, with potent antithrombotic ac-
tivity, is expected to lead a promising approach for the development of antithrombotic agents.

© 2019 Elsevier Masson SAS. All rights reserved.
1. Introduction

In contemporary society, thromboembolic disorders such as
stroke (arising from atrial fibrillation), unstable angina, myocardial
infarction, and venous thromboembolism (VTE) are linked to sig-
nificant increases in mortality and morbidity [1e3]. Thrombus
formation involves the coagulation cascade and platelet activation.
Therefore, clinical antithrombotic therapy mainly use anticoagu-
lant and antiplatelet agents [4].

The platelet activating receptors, such as thromboxane A2
(TXA2) receptor, protease-activated receptor-1 (PAR-1), and aden-
osine diphosphate (ADP) receptors, on the platelet surface play an
important role in platelet activation, aggregation, and adherence to
the vessel wall [5]. Currently, antiplatelet agents target these spe-
cific receptors to prevent clot formation. Although antiplatelet
agents serve as important treatments for thrombosis, they often
factor XIa; FVIIa, factor VIIa;
rein; PT, prothrombin time;
-layer chromatography.

served.
cause side effects, such as increased risk of recurrent thrombosis
caused by insufficient therapy intensity [6], gastrointestinal ulcers
and bleeding [7] and thrombotic thrombocytopenic purpura [8].
Thus, further development of novel antiplatelet agent is still urgent
for thrombotic therapies.

Anticoagulation therapy is central to the management of
thromboembolic diseases. Although several anticoagulants, such as
fondaparinux, warfarin, low-molecular-weight heparins and
unfractionated heparin, are effective in the prevention and treat-
ment of these thrombotic diseases, they have several undesirable
effects [9e11]. Recent research has shown that factor IIa (FIIa) and
factor Xa (FXa) are promising targets for the development of potent,
selective, and orally bioavailable anticoagulants [12]. FXa is located
at the junction of the intrinsic and extrinsic pathways of coagula-
tion, and it catalyzes the conversion of prothrombin to thrombin.
Unlike thrombin inhibitors, selective FXa inhibitors reduce further
generation of thrombin while having a smaller effect on existing
thrombin levels, which may in turn decrease the risk of bleeding,
providing a more favorable safety profile [13]. Currently available
novel FXa inhibitors, rivaroxaban [14], apixaban [15], betrixaban
[16] and edoxaban [17], show advantages over traditional antico-
agulants [18]. However, they still have many drawbacks such as
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narrow clinical indications [19,20], long half-lives [21,22], bleeding
risks [23], and unwanted drug to drug interactions [24]. Therefore,
further development of FXa inhibitors with novel structures is still
required for thrombotic diseases.

In recent years, compounds containing anticoagulant and anti-
platelet activity have been considered novel promising antith-
rombotic agents [25e30] due to their potent antithrombotic
activity, low risk of drug-drug interactions and less demanding
clinical studies [31,32].

Natural products have historically been a rich source for suc-
cessful drugs, and represent an important pool for the identifica-
tion of new pharmacological leads today [33]. Given their core
scaffolds with specific stereochemistry, related modified structures
may possess potent bioactivities. Therefore, the modification of
molecules derived from natural products to obtain novel bioactive
compounds has attracted significant attention [34e39].

Isosteviol (Fig. 1), a tetracyclic diterpenoid with a beyerane
scaffold, is obtained by the acid hydrolysis of naturally abundant
stevioside [40]. Due to its relatively low toxicity, low cost, rigidity,
and chiral framework, it has been noted for its extensive bioactivity
[41]. Although isosteviol has not been reported to possess antith-
rombotic activity, its tetracyclic diterpenoid skeleton was found to
possess anticoagulant and antiplatelet activities [42,43], and this
inspired our investigation of this structure to develop novel and
potent antithrombotic agent [44].

We describe a novel potent antithrombotic compound (6k)
based on isosteviol through empirical medicinal chemistry strat-
egy. The strategy facilitated to discover novel, potent antith-
rombotic compounds efficiently and economically. The in vitro
biological investigations and pharmacology studies on rats pro-
vided evidence that the novel structure possessed potent antith-
rombotic activity.

2. Results and discussion

Lead compound discovery. Preliminary large-scale synthesis of
reported isosteviol derivatives was conducted to find possible lead
compounds by evaluating their in vitro anticoagulant activity and
in vivo antithrombotic activity. To obtain compounds easily and
economically, we chose one-pot reactions with moderate condi-
tions that provided high yields and synthesized 2e6 [45e47]. Initial
synthetic efforts were focused on the C-16 carbonyl and C-19
carboxyl positions of isosteviol. The in vitro activities of 1e6 against
human FXa showed that 6 (Ki¼ 2.7 mM) exhibited a relatively better
Fig. 1. Preliminary evaluation of the reported compounds. (a) In vitro anticoagulant activitie
antithrombotic efficacies were evaluated in a rat electric-stimulated arterial thrombosis mo
Statistical significance of the difference relative to the vehicle group was analyzed by one-
inhibitory activity (Fig. 1a). The results also indicated that the 19-
ethyl ester group may enhance the anticoagulant activity based
on the results of 2 (Ki¼ 4.6 mM) and 1 (Ki¼ 13.4 mM) and the results
of 6 and 5 (Ki¼ 8.0 mM); the 16-oxime group may also improve
anticoagulant efficacy based on comparisons of 5 and 1 or 6 and 2.
The effects of 1e6 on in vivo thrombus formation time in rats were
also investigated to confirm their antithrombotic activity. Although
the efficacy of 6 was not as good as clinical drugs, it caused sig-
nificant prolongation of thrombus formation time with a better
efficacy than 1e5 (Fig. 1b). Therefore, 6 was considered to be the
lead compound, and it was subjected to further modifications to
improve its anticoagulant activity.

Modification of the lead compound and in vitro FXa inhibi-
tion evaluation. Preliminary lead compound screening helped us
identify that the 19-ethyl ester group and the 16-oxime group of
lead compound 6 were key to the anticoagulant activity. To find
potent anticoagulant candidates, we synthesized a series of oxime
ether derivatives (Scheme 1) through functional group [48,49]
conversions of the 16-oxime group as oxime ethers have been
noted for their potent anticoagulant bioactivity [50], and the
in vitro activity against human FXa of these derivatives were
evaluated.

The in vitro bioactivities of the collection indicated that oxime
ether derivatives containing a thiophene group (6k, Ki¼ 0.015 mM)
or a 3-methyloxetane group (6p, Ki¼ 0.028 mM) showed excellent
in vitro efficacies against human FXa (Table 1) with activities more
than 95-fold better than that of lead compound 6 (Ki¼ 2.7 mM). The
inhibition efficacies of 6a-g indicated that of the tested substituted
benzene groups, a pentafluorobenzene group (6g, Ki¼ 0.321 mM)
can enhance activity. The in vitro inhibitory activities of 6ra-rt
(Table 2) indicated that derivatives containing p-p conjugated
aromatic-alkenyl groups did not offer significantly enhanced effi-
cacy. 6rm (Ki¼ 0.211 mM) showed slight inhibition efficacy, indi-
cating that the inserted p-p conjugate phenyl-alkenyl group may
reduce the inhibitory efficacy against human FXa relative to that of
6k. In general, 6g and 6rm showed relatively low potencies against
human FXa.

Selectivity against a panel of serine proteases. In addition, we
found that 6k and 6p selectively inhibited FXa against a panel of
serine proteases in the coagulation pathway (Table 3). 6k showed
excellent selectivity against a panel of human serine proteases with
Ki values less than 5 mM for FXIa, PK, the digestive enzyme trypsin,
and the fibrinolytic enzymes tPA and uPA (80-300-fold selectivity)
and Ki values greater than 5 mM for FVIIa, FXIIa, FIXa and
s of the reported structures. Values are presented as the mean ± SD (n ¼ 5). (b) In vivo
del after an oral dose of 22 mmol/kg. Values are presented as the mean ± SD (n ¼ 8).
way ANOVA with Dunnett's multiple comparison test: *p < 0.05, ****p< 0.0001.



Scheme 1. Synthesis of Isosteviol Derivatives.a
a Reagents and conditions: (a) EtBr, KOH, DMSO, 25 �C, 4 h; (b) NH2OH$HCl, NaHCO3, EtOH, 60 �C, 2 h; (c) NaH, R1X, DMF, 0 �C. X¼Cl, Br; (d) 10% mmol Pd(OAc)2, 20% mmol P(O-
Tolyl)3, R2X, Et3N, ACN, 40 �C. R2X represents (hetero)aryl halides, X¼ Br, I.
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chymotrypsin (>500-fold selectivity). 6p slightly less specific on
human serine protease, as it showed less than 20-fold selectivity for
PK and trypsin. In general, 6k exhibited better selectivity than 6p
against a panel of serine proteases. The high selectivity of 6k will
help ensure efficient anticoagulant activity and a suitable safety
profile.

Docking study. Furthermore, to elucidate the binding mode of
6k and 6p to FXa, we conducted docking studies using AutoDock
Vina [51]. The criteria for choosing the model were a good fit and
good interactions, such as hydrogen bonds and interaction en-
ergies. The protein human factor Xa has been solved with different
ligands. Although the ligands have different chemical structures
and have different solved binding poses, the protein conformation
remains stable. Thus, we docked 6k and 6p in protein human factor
Xa and found models for 6k and 6p that looked promising for
ligand binding (Fig. 2). The binding model of 6k indicated that the
thiophene moiety and the oxime moiety occupied the S1 pocket,
while the fused polycyclic hydrocarbon moiety of the core scaffold
and the ethyl ester moiety fit in the S4 pocket formed by the resi-
dues Phe174, Trp215, and Tyr99. The thiophene moiety of 6k in-
teracts with the aromatic ring of Tyr228 located at the bottom of
the S1 pocket. Hydrogen bonding was observed between the ni-
trogen of C-16 (6k) and the carbonyl group of Gln192 (FXa), and
between the oxygen at C-23 (6k) and the NH of Gln192 (FXa). The
binding model of 6p showed similar interactions in S1 and S4
pockets. The 3-methyloxetane moiety of 6p interacts with the ar-
omatic ring of Tyr228 located at the bottom of the S1 pocket.
Hydrogen bonding was observed between the nitrogen at C-16 (6p)
and the carbonyl group of Gln192 (FXa) and between the oxygen at
C-19 (6p) and the NH of Trp215 (FXa). Themodels of both 6k and 6p
exhibit excellent interactions and fit based on the binding affinities.

Pharmacokinetic study. The pharmacokinetic parameters
(Table 4) of 6k and 6p in rats showed no apparent disadvantage; 6k
exhibited better oral maximal plasma concentration
(Cmax¼ 1245.6 mg/l) and a higher plasma exposure
(AUC0~∞¼ 5528.9 mg h/L) than 6p (Cmax¼ 728.5 mg/L,
AUC0~∞¼ 4811.7 mg h/L). The oral bioavailability of 6k (48.6%) was
also better than 6p (42.7%).

Ex vivo anticoagulant activity. In addition, we assessed the
anticoagulant activities of 6k and 6p through ex vivo PT and aPTT
assays (Fig. 3). The ex vivo PTand aPTTassays were conducted using
rat plasma after a dose of 22 mmol/kg by oral gavage. 6k (**p< 0.01)
significantly prolonged PTand showed better prolongation than 6p.
6k (**p< 0.01) also significantly prolonged aPTT and showed better
prolongation than 6p (*p< 0.05). In general, 6k (**p< 0.01)
exhibited significant prolongation in ex vivo PT and aPTT assays.

Ex vivo antiplatelet aggregation. Furthermore, 6k and 6pwere
evaluated for their inhibitory effects on ADP-induced platelet ag-
gregation in rats at a dose of 22 mmol/kg (Fig. 4). 6k (**p< 0.01) was
found to have a similar inhibition efficacy as that of the positive
control (clopidogrel) on platelet aggregation [52]. Although 6p
(*p< 0.05) significantly reduced the platelet aggregation rate
compared with the vehicle, it was less potent than 6k.

Ex vivo and in vivo antithrombotic activity. To evaluate the



Table 1
FXa inhibitory effect of compound 6a-6r.

Compd. r1 Ki (mM) a Compd. r1 Ki (mM)

6a 9.253± 0.728 6j 1.941± 0.149

6b 4.333± 0.457 6k 0.015± 0.002

6c 18.087± 1.463 6l 4.025± 0.312

6d 9.786± 0.769 6m 2.875± 0.213

6e 2.693± 0.356 6n 1.809± 0.207

6f 1.023± 0.114 6o 1.612± 0.104

6g 0.321± 0.039 6p 0.028± 0.002

6h 9.877± 0.922 6q 0.785± 0.058

6i 0.515± 0.049 6r 8.607± 0.837

a Values are presented as the mean ± SD (n¼ 5).
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antithrombotic activities of 6k and 6p, we compared the efficacies
of 6k, 6p and antithrombotic drugs in ex vivo and in vivo antith-
rombotic assays on rats at the same oral gavage dose (22 mmol/kg).
The ex vivo antithrombotic efficacies of 6k and 6pwere determined
based on their effects on the thrombogenesis model using the
Chandler method [53]. The results of the ex vivo antithrombotic
assay were evaluated through wet weight and dry weight of
thrombus (Fig. 5). 6k and 6p significantly reduced the wet weight
and dry weight of thrombus. 6k (**p< 0.01) showed higher ex vivo
antithrombotic activity than 6p (*p < 0.05), rivaroxaban (*p < 0.05)
and clopidogrel (*p< 0.05).

In addition, in vivo antithrombotic activity was carried out to
observe their effects on thrombogenesis in rats at the same dose
(22 mmol/kg) by oral gavage. Electrical stimulation of the common
carotid artery [54] was adopted to form in vivo thrombosis (Fig. 6).
The analysis of the in vivo antithrombotic efficacies showed that
both 6k and 6p significantly prolonged the thrombus formation
time in rats. 6k (****p< 0.0001) showed better in vivo antith-
rombotic activity than 6p (**p < 0.01), rivaroxaban (***p < 0.001)
and clopidogrel (**p< 0.01). In general, 6k exhibited potent
antithrombotic activity.
3. Conclusion

To summarize, using a medicinal chemistry strategy, we found a
novel oxime ether containing a thiophene group (6k) with a core
scaffold based on isosteviol (a natural product), and this compound
possesses potent antithrombotic activity. We selected compound 6
as the lead compound based on the evaluations of both in vitro
anticoagulant and in vivo antithrombotic efficacies of reported
modification derivatives. A collection of isosteviol derivatives based
on lead compound 6were synthesized, and their in vitro inhibitory
activities against FXa were evaluated, from which, we found two
potent anticoagulant compounds 6k and 6p. We also discovered
that 6k and 6p selectively inhibited FXa against a panel of serine
proteases, and 6k showed better selectivity than 6p. Ex vivo anti-
coagulant evaluations using PT and aPTT assays demonstrated that
6k exhibited anticoagulant activity and was more effective than 6p.
6k also showed better inhibitory efficacy on ADP-induced platelet
aggregation than 6p. The potent activity of 6k in ex vivo and in vivo
antithrombotic assays demonstrated that 6k, a novel scaffold pos-
sessing anticoagulant and antiplatelet activities, is a promising
antithrombotic agent. This unique scaffold based on isosteviol will
facilitate the exploration of novel antithrombotic agents.



Table 2
FXa inhibitory effect of compound 6ra-6rt.

Compd. r2 Ki (mM) a Compd. r2 Ki (mM)

6ra 10.697± 1.003 6rk 4.674± 0.431

6rb 6.169± 0.579 6rl 10.276± 0.973

6rc 4.861± 0.427 6rm 0.211± 0.020

6rd 1.974± 0.127 6rn 20.671± 2.312

6re 13.342± 1.210 6ro 20.984± 2.026

6rf 2.636± 0.256 6rp 26.433± 3.169

6rg 1.980± 0.143 6rq 1.913± 0.164

6rh 1.643± 0.153 6rr 12.136± 1.353

6ri 1.931± 0.162 6rs 4.177± 0.381

6rj 2.492± 0.210 6rt 3.603± 0.342

rivaroxaban 3.4± 0.4 (nM)

a Values are presented as the mean± SD (n¼ 5).

Table 3
In vitro selectivity profile against a panel of serine proteases.

Compd. Ki (mM) a

FXIa FVIIa FXIIa FIXa PK trypsin chymotrypsin tPA uPA

6k 1.7± 0.2 11.6± 1.2 9.3± 1.0 19.7± 2.3 2.2± 0.3 2.1± 0.2 16.3± 1.7 3.5± 0.2 4.4± 0.1
6p 1.9± 0.1 8.0± 0.9 7.6± 0.7 4.8± 0.5 0.3± 0.1 0.3± 0.1 12.4± 1.6 2.8± 0.4 2.0± 0.2

a Data are presented as the mean ± SD (n¼ 5).
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4. Experimental section

General Procedures. 1H NMR, 19F NMR and 13C NMR data were
recorded on a Bruker Avance III 400 spectrometer (Bruker,
Karlsruhe, Baden�Wuerttemberg, Germany). Chemical shifts are
reported in parts per million (ppm) using the following internal
references: 1H, d 7.26 for CDCl3, 3.31 for CD3OD; 13C, d 77.0 for CDCl3,
49.0 for CD3OD. Signal multiplicities are recorded as singlet (s),



Fig. 2. Docking models of 6k (a, b) and 6p (c, d) with the binding sites of human FXa (PDBID: 2W26); the protein is shown in salmon, and the molecules are shown in green. (a), (c),
Spheres form of the docking model. (b), (d), Cartoon form of the docking model and 2D structures of 6k and 6p; the essential amino acids are drawn as sticks, and the hydrogen
bonds are shown as yellow dotted lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 4
Pharmacokinetic data for 6k and 6p in rats.

Compd. Route Cmax (mg/L) t1/2 (h) AUC0~∞ MRT (h) CL (L/h) V (L) F (%)

6k p.o.a 1245.6± 94.9 3.9± 0.1 5528.9± 246.4 4.1± 0.1 1.8± 0.1 10.2± 0.5 48.6
i.v.b 3.2± 0.1 3409.4± 230.1 4.6± 0.1 0.9± 0.1 4.0± 0.4

6p p.o. 728.5± 52.7 4.2± 0.1 4811.7± 136.7 5.6± 0.2 2.1± 0.1 12.5± 0.5 42.7
i.v. 3.4± 0.1 3381.7± 255.6 4.9± 0.2 0.9± 0.1 4.3± 0.5

rivaroxaban p.o. 1577.0± 267.8 3.7± 0.2 6984.9± 1611.9 5.4± 0.3 1.5± 0.3 8.1± 2.0 59.7
i.v. 4.4± 0.2 3508.7± 592.0 6.3± 0.3 0.9± 0.1 5.5± 0.8

a Given p.o. at 22 mmol/kg.
b Given i.v. at 6.6 mmol/kg.

Fig. 3. The results of the ex vivo PT and aPTT assays are given as a prolongation percentage after an oral dose of 22 mmol/kg. Values are presented as the mean (n ¼ 8). Each data
represents the measured value from an individual rat in the test group. Statistical significance of the difference in comparison with the vehicle group was analyzed by one-way
ANOVA with Dunnett's multiple comparison test: *p < 0.05, **p < 0.01, NS¼ nonsignificant.
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Fig. 4. Ex vivo inhibition of platelet aggregation in rats after an oral dose of 22 mmol/
kg. Values are presented as the mean ± SD (n ¼ 8). Each data point represents the
measured value from an individual rat in the test group. Statistical significance of the
differences relative to the vehicle group were analyzed by one-way ANOVA with
Dunnett's multiple comparison test: *p < 0.05, **p < 0.01, NS¼ nonsignificant.
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doublet (d), triplet (t), quartet (q), multiplet (m), doublet of dou-
blets (dd), triplet of doublets (td). Coupling constants (J) are re-
ported to the nearest 0.1 Hz. Spectra were analyzed using Bruker
TopSpin 2.1 software. Unless otherwise stated, all reactions were
carried out in oven-dried glassware under an inert atmosphere of
argon with dry solvents, all solvents were obtained from com-
mercial sources and were purified according to standard proced-
ures, and all commercially obtained reagentswere used as received.
Products were purified by column chromatography using silica gel
(200e300 mesh, Qingdao Marine Chemical Factory, Qingdao,
China). Thin-layer chromatography (TLC) separation were per-
formed on Merck silica gel GF254 plates and visualized with UV
light (254 nm). Melting points were measured on a melting point
apparatus (M� 560, Buchi). Infrared (IR) spectra were recorded as
KBr disks on a Nicolet 470 FT-IR spectrophotometer (Nicolet,
Madison, WI, USA). High-resolution mass spectrometry (HRMS)
data were recorded on aWaters Xevo G2 Q-TOF mass spectrometer.
The purity of each compound was determined on aWaters Alliance
e2695 HPLC. All compounds were >95% purity by HPLC analysis,
and the purities of 6k and 6p were >99% (for pharmacological
Fig. 5. Ex vivo antithrombotic efficacies on rats after an oral dose of 22 mmol/kg. Values are
from an individual rat in the test group. Statistical significance of the difference in compari
comparison test: *p < 0.05, **p < 0.01.
studies). Ultrahigh resolution mass spectrometry fragmentation
characterizations of 6k and 6p using Fourier transform ion cyclo-
tron resonance mass spectrometer (FT-ICR MS) were conducted on
a 12 T SolariX (Bruker Dlatonik GmbH, Bremen, Germany).

(4R,4aS,6aR,9S,11aR,11bS)-4,9,11b-trimethyl-8-
oxotetradecahydro-6a,9-methanocyclohepta[a]naphthalene-4-
carboxylic acid (1). To a solution of stevioside (402.4 g, 0.5mol) in
MeOHeH2O (4:1, 1000mL) was added H2SO4 (250mL, 3M). The
mixture was heated to reflux and stirred for 8 h and then concen-
trated under vacuum to remove most of the MeOH. The mixture
was filtered through a Büchner funnel, and the obtained solid was
washed with water and recrystallized. Isosteviol (1, 149.5 g, 94%)
was obtained by recrystallization from CHCl3eMeOH (2:1) at room
temperature, m.p. 232.0e232.6 �C; X-ray crystal data can be ob-
tained from the Cambridge Crystallographic Data Centre: CCDC
1577011; IR (KBr): 3474, 2989, 2946, 2894, 1702, 1649, 1452, 1252,
1187, 1056 cm�1; 1H NMR (400MHz, CDCl3): d 2.65 (dd, J¼ 3.7,
18.6 Hz,1H), 2.18 (d, J¼ 13.5 Hz,1H), 1.31e1.95 (m,13H),1.26 (s, 3H),
1.13e1.25 (m, 3H), 1.0e1.09 (m, 1H), 0.99 (s, 3H), 0.87e0.97 (m, 1H),
0.79 (s, 3H); 13C NMR (100MHz, CDCl3): d 222.8, 183.9, 57.0, 54.7,
54.3, 48.7, 48.4, 43.7, 41.4, 39.7, 39.5, 38.2, 37.6, 37.3, 29.0, 21.6, 20.3,
19.8, 18.9, 13.3; HRMS (ESI, m/z) calculated for C20H31O3 [MþH]þ:
319.2273; found: 319.2274.

Ethyl (4R,4aS,6aR,9S,11aR,11bS)-4,9,11b-trimethyl-8-
oxotetradecahydro-6a,9-methanocyclohepta[a]naphthalene-4-
carboxylate (2). To a solution of isosteviol (1, 31.8 g, 0.1mol) in
DMSO (100mL) was added EtBr (16.3 g, 11.2mL, 0.15mol) and KOH
(8.4 g, 0.15mol) at 25 �C. After stirring for 4h, the mixture was
added into 1000mL of ice water to precipitate a white powder.
Then, the mixture was filtered through a Büchner funnel, and the
obtained white powder was washed with water and recrystallized
from EtOH to afford 2 as colorless crystals (33.3 g, 96%), m.p.
122.2e122.8 �C; X-ray crystal data can be obtained from the Cam-
bridge Crystallographic Data Centre: CCDC 1577012; IR (KBr): 2956,
2928, 2845, 1728, 1465, 1380, 1227, 1151, 1095, 1026 cm�1; 1H NMR
(400MHz, CDCl3): d 4.11 (q, J¼ 7.0 Hz, 2H),2.65 (dd, J¼ 18.5, 3.2 Hz,
1H), 2.19 (d, J¼ 13.3 Hz, 1H), 2.04e1.33 (m, 14H), 1.27 (t, J¼ 7.1 Hz,
3H), 1.23e1.21 (m, 1H), 1.2 (s, 3H), 1.16e1.0 (m, 2H), 0.99 (s, 3H),
0.97e0.86 (m, 1H), 0.73 (s, 3H); 13C NMR (100MHz, CDCl3): d 222.5,
177.3, 60.0, 57.0, 54.7, 54.3, 48.7, 48.5, 43.7, 41.6, 39.9, 39.5, 38.0,
37.9, 37.3, 28.9, 21.7, 20.3, 19.9, 19.0, 14.1, 13.4; HRMS (ESI, m/z)
calculated for C22H35O3 [MþH]þ: 347.2586; found: 347.2575.
presented as the mean ± SD (n ¼ 10). Each data point represents the measured value
son with the vehicle group was analyzed by one-way ANOVA with Dunnett's multiple



Fig. 6. In vivo antithrombotic efficacies on rats after an oral dose of 22 mmol/kg. Data
are presented as the mean ± SD (n ¼ 10). Statistical significance of the difference in
comparison with the vehicle group was analyzed by one-way ANOVA with Dunnett's
multiple comparison test: **p < 0.01, ***p < 0.001, ****p< 0.0001.
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(4R,4aS,6aR,8R,9S,11aR,11bS)-8-hydroxy-4,9,11b-trimethylte-
tradecahydro-6a,9-methanocyclohepta[a]naphthalene-4-
carboxylic acid (3). To a solution of isosteviol 1 (31.8 g, 0.1mol) in
EtOH (200mL) was added NaBH4 (5.7 g, 0.15mol) slowly at 0 �C.
The mixture was stirred for 2 h. Then mixture was quenched with a
saturated NH4Cl aqueous solution. After that, the reaction mixture
was concentrated under vacuum, and extracted with CH2Cl2 and
H2O. The organic layer was washed with saturated NaCl aqueous
solution, dried with MgSO4 and concentrated under vacuum to give
white powder, then recrystallized from EtOHeH2O (1:1) to afford
compound 3 as a colourless crystal (30.1 g, 94%), m.p.
188.6e190.5 �C; X-ray crystal file is available from the Cambridge
Crystallographic Data Centre: CCDC 1577013; IR (KBr): 3474, 2989,
2946, 2894, 1702, 1649, 1452, 1252, 1187, 1056 cm�1; 1H NMR
(400MHz, CD3OD): d 3.78 (dd, J¼ 4.4 Hz, 1H), 2.10 (d, J¼ 13.1 Hz,
1H), 1.20e1.95 (m, 14H), 1.16 (s, 3H), 0.92e1.14 (m, 5H), 0.88 (s, 3H),
0.85 (s, 3H); 13C NMR (100MHz, CD3OD): d 181.7, 81.0, 58.4, 57.4,
56.6, 44.6, 43.6, 43.2, 43.1, 43.0, 41.3, 39.3, 39.2, 35.0, 29.6, 25.4,
23.0, 21.4, 20.1, 14.0; HRMS (ESI, m/z) calculated for C20H31O3
[M�H]-: 319.2273; found: 319.2274.

Ethyl (4R,4aS,6aR,8R,9S,11aR,11bS)-8-hydroxy-4,9,11b-trime-
thyltetradecahydro-6a,9-methanocyclohepta[a]naphthalene-4-
carboxylate (4). To a solution of compound 2 (34.6 g, 0.1mol) in
EtOH (200mL) was added NaBH4 (5.7 g, 0.15mol) slowly at 0 �C.
The mixture was stirred for 2 h. Then mixture was quenched with a
saturated NH4Cl aqueous solution. After that the reaction mixture
was concentrated under vacuum, and extracted with CH2Cl2 and
H2O. The organic layer was washed with saturated NaCl aqueous
solution, dried with MgSO4 and concentrated under vacuum to give
white powder, then recrystallized from EtOH to afford compound 4
as a colourless crystal (33.0 g, 95%), m.p. 152.9e153.6 �C; X-ray
crystal file is available from the Cambridge Crystallographic Data
Centre: CCDC 1554564; IR (KBr): 3533, 2981, 2940, 2837, 1700,
1454, 1230, 1178, 1151, 1047 cm�1; 1H NMR (400MHz, CDCl3): d 4.10
(t, J¼ 7.2 Hz, 2H), 3.87 (dd, J¼ 4.8, 10.6 Hz, 1H), 2.18 (d, J¼ 13.6 Hz,
1H), 1.29e1.89 (m, 14H), 1.27 (t, J¼ 7.1 Hz, 3H), 1.18 (s, 3H),
0.95e1.09 (m, 4H), 0.93 (s, 3H), 0.83e0.91 (m, 1H), 0.77 (s, 3H); 13C
NMR (100MHz, CDCl3): d 177.6, 80.6, 59.9, 57.2, 55.8, 55.2, 43.7,
42.8, 42.1, 42.0, 41.8, 40.0, 38.1, 38.0, 33.7, 29.0, 24.9, 21.8, 20.5, 19.0,
14.1, 13.4; HRMS (ESI, m/z) calculated for C22H37O3 [MþH]þ:
349.2743; found: 349.2743.

(4R,4aS,6aR,9S,11aR,11bS,E)-8-(hydroxyimino)-4,9,11b-trime-
thyltetradecahydro-6a,9-methanocyclohepta[a]naphthalene-4-
carboxylic acid (5). To a solution of isosteviol 1 (31.8 g, 0.1mol) in
EtOH (200mL) was added NH2OH$HCl (10.4 g, 0.15mol) and
NaHCO3 (12.6 g, 0.15mol). The mixture was stirred at 60 �C for 2 h.
The mixture was then concentrated under vacuum, and extracted
with CH2Cl2 and H2O. The organic layer was washed with saturated
NaCl aqueous solution, dried with MgSO4 and concentrated under
vacuum to give white powder 5 (30.6 g, 92%); IR (KBr): 3287, 2941,
2848, 1693, 1671, 1454, 1263, 1190, 1031 cm�1; 1H NMR (400MHz,
CDCl3): d 2.4 (dd, J¼ 2.4, 18.8 Hz, 1H), 2.19 (d, J¼ 13.2 Hz, 1H), 2.02
(d, J¼ 18.8 Hz, 1H), 1.27e1.97 (m, 13H), 1.25 (s, 3H), 1.18e1.24 (m,
1H), 1.12 (s, 3H), 0.88e1.10 (m, 3H), 0.87 (s, 3H); 13C NMR (100MHz,
CDCl3): d 183.4, 170.6, 57.2, 56.3, 54.9, 43.9, 43.6, 40.9, 40.7, 39.9,
39.5, 38.2, 37.9, 37.1, 29.1, 22.1, 21.6, 20.4, 19.0, 13.4; HRMS (ESI,m/z)
calculated for C20H30NO3 [M�H]-: 332.2226; found: 332.2222.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-(hydroxyimino)-4,9,11b-
trimethyltetradecahydro-6a,9-methanocyclohepta[a]naphtha-
lene-4-carboxylate (6). To a solution of compound 2 (34.6 g,
0.1mol) in EtOH (200mL) was added NH2OH$HCl (10.4 g, 0.15mol)
and NaHCO3 (12.6 g, 0.15mol). The mixture was stirred at 60 �C for
2 h. Then, the mixture was concentrated under vacuum, and the
residue was extracted with CH2Cl2 and H2O. The organic layer was
washed with saturated aqueous NaCl, dried with MgSO4 and
concentrated under vacuum to give a white powder. Recrystalli-
zation of the powder from CH2Cl2eMeOH(1:1) afforded 6 as
colorless crystals (33.2 g, 96%), m.p. 119.2e120.8 �C; X-ray crystal
data can be obtained from the Cambridge Crystallographic Data
Centre: CCDC 1577014; IR (KBr): 3305, 2943, 2847,1722, 1450, 1233,
1179, 1152, 1028 cm�1; 1H NMR (400MHz, CDCl3): d 4.11 (m, 2H),
2.99 (dd, J¼ 3.1, 18.6 Hz, 1H), 2.19 (d, J¼ 13.4 Hz, 1H), 2.00 (d,
J¼ 18.7 Hz, 1H), 1.58e1.93 (m, 7H), 1.39e1.52 (m, 4H), 1.28 (t,
J¼ 7.2 Hz, 3H), 1.21e1.26 (m, 2H), 1.20 (s, 3H), 1.13 (s, 3H), 0.84e1.12
(m, 4H), 0.79 (s, 3H); 13C NMR (100MHz, CDCl3): d 177.4,170.9, 60.0,
57.1, 56.3, 54.9, 43.8, 43.7, 40.9, 40.6, 40.0, 39.5, 38.1, 38.0, 36.8, 28.9,
22.1, 21.7, 20.4, 18.9, 14.1, 13.4; HRMS (ESI, m/z) calculated for
C22H36NO3 [MþH]þ: 362.2695; found: 362.2685.

General Procedure for the Synthesis of Compounds 6a-r. To a
cooled solution of compound 6 (361.0mg, 1mmol) in DMF (10mL)
was carefully added NaH (60% in oil, 48.0mg, 1.2mmol). The
mixture was stirred at 0 �C for 1 h. A solution of R1X (X¼Cl, Br;
1.2mmol) in DMF (5mL) was then added dropwise to the mixture.
The mixture was heated to 40 �C and stirred for 8e16 h. The reac-
tion mixture was cooled and quenched at 0 �C with a saturated
aqueous NH4Cl. Then, the mixture was concentrated under vacuum
to remove most of the DMF, and the residue was dissolved in
CH2Cl2. After filtering, the filtrate was washed with saturated
aqueous NaCl, dried with MgSO4 and concentrated under vacuum.
The crude material was purified by column chromatography (PE/
EA) on silica gel to afford compounds 6a-r. Detailed structural in-
formation is presented in the Supporting Information.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-(((2,5-dichlorobenzyl)
oxy)imino)-4,9,11b-trimethyltetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6a). Color-
less crystal (yield 76%), m.p. 116.5e117.7 �C; X-ray crystal data can
be obtained from the Cambridge Crystallographic Data Centre:
CCDC 1554565; IR (KBr): 3077, 2926, 2847, 1716, 1645, 1463, 1377,
1236, 1039, 879 cm�1; 1H NMR (400MHz, CDCl3): d 7.37 (d,
J¼ 2.4 Hz, 1H), 7.25e7.29 (m, 1H), 7.16e7.21 (m, 1H), 5.16 (q,
J¼ 14.5 Hz, 2H), 4.12 (m, 2H), 3.03 (dd, J¼ 3.2, 18.6 Hz, 1H), 2.19 (d,
J¼ 13.3 Hz, 1H), 2.01 (d, J¼ 18.6 Hz, 1H), 1.56e1.93 (m, 7H),
1.37e1.51 (m, 4H), 1.29 (t, J¼ 7.1 Hz, 3H), 1.20e1.26 (m, 2H), 1.19 (s,
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3H), 1.11e1.12 (m, 1H), 1.10 (s, 3H), 0.85e1.09 (m, 3H), 0.80 (s, 3H);
13C NMR (100MHz, CDCl3): d 177.4, 171.1, 138.5, 132.5, 130.7, 130.2,
128.7, 128.2, 71.9, 60.0, 57.2, 56.4, 54.9, 43.9, 43.7, 40.9, 40.8, 40.0,
39.7, 38.1, 38.0, 37.9, 28.9, 22.2, 21.7, 20.4,19.0,14.2,13.4; HRMS (ESI,
m/z) calculated for C29H40Cl2NO3 [MþH]þ: 520.2385; found:
520.2385.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-(((4-fluorobenzyl)oxy)
imino)-4,9,11b-trimethyltetradecahydro-6a,9-methanocyclohe
pta[a]naphthalene-4-carboxylate (6b). Colorless oil (yield 74%); IR
(KBr): 3041, 2921, 2870, 2848, 1720, 1603, 1467, 1376, 1223, 1041,
834 cm�1; 1H NMR (400MHz, CDCl3): d 7.36e7.29 (m, 2H), 7.01 (t,
J¼ 8.6 Hz, 2H), 5.03 (s, 2H), 4.19e4.0 (m, 2H), 2.91 (dd, J¼ 18.6,
2.9 Hz 1H), 2.18 (d, J¼ 13.2 Hz 1H), 1.92 (d, J¼ 18.6 Hz 1H),
1.88e1.51 (m, 7H), 1.3e1.47 (m, 4H), 1.26 (t, J¼ 7.1 Hz 3H), 1.23e1.18
(m, 1H), 1.18 (s, 3H), 1.16e1.10 (m, 1H), 1.09 (s, 3H), 1.08e0.82 (m,
4H), 0.74 (s, 3H); 13C NMR (100MHz, CDCl3): d 177.3, 170.1, 162.3 (d,
J¼ 243.9 Hz), 134.4 (d, J¼ 3.1 Hz), 129.7 (d, J¼ 7.9 Hz, 2C), 115.0 (d,
J¼ 21.2 Hz, 2C), 74.6, 59.9, 57.2, 56.4, 54.9, 43.8, 43.7, 40.9, 40.7, 40.0,
39.6, 38.0, 37.9, 37.7, 28.9, 22.3, 21.7, 20.4, 19.0, 14.1, 13.4; 19F NMR
(376.3MHz, CDCl3): d �114.9; HRMS (ESI, m/z) calculated for
C29H41FNO3 [MþH]þ: 470.3070; found: 470.3072.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-(((3-chlorobenzyl)oxy)
imino)-4,9,11b-trimethyltetradecahydro-6a,9-methanocyclohe
pta[a]naphthalene-4-carboxylate (6c). Colorless oil (yield 71%); IR
(KBr): 3020, 2931, 2847, 1711, 1600, 1467, 1354, 1237, 1152, 777,
682 cm�1; 1H NMR (400MHz, CDCl3): d 7.35 (s, 1H), 7.20e7.30 (m,
3H), 5.06 (s, 2H), 4.11 (m, 2H), 2.94 (dd, J¼ 3.0, 18.6 Hz, 1H), 2.18 (d,
J¼ 13.2 Hz, 1H), 1.95 (d, J¼ 18.6 Hz, 1H), 1.55e1.91 (m, 8H),
1.36e1.48 (m,4H), 1.28 (t, J¼ 7.2 Hz, 3H), 1.20e1.24 (m, 1H), 1.19 (s,
3H), 1.10 (s, 3H), 0.83e1.09 (m, 4H), 0.76 (s, 3H); 13C NMR (100MHz,
CDCl3): d 177.4, 170.6, 140.9, 134.1, 129.5, 127.9, 127.5, 125.8, 74.5,
60.0, 57.2, 56.4, 54.9, 43.9, 43.7, 40.9, 40.7, 40.0, 39.6, 38.1, 38.0, 37.8,
28.9, 22.3, 21.7, 20.4, 19.0, 14.2, 13.4; HRMS (ESI, m/z) calculated for
C29H41ClNO3 [MþH]þ: 486.2775; found: 486.2776.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-(((4-chloro-3-fluoroben
zyl)oxy)imino)-4,9,11b-trimethyltetradecahydro-6a,9-methano
cyclohepta[a]naphthalene-4-carboxylate (6d). White powder
(yield 68%); IR (KBr): 3020, 2935, 2848,1720,1582,1451,1363,1232,
1041, 872 cm�1; 1H NMR (400MHz, CDCl3): d 7.36 (t, J¼ 8.2 Hz, 1H),
7.15 (d, J¼ 8.2 Hz, 1H), 7.06 (d, J¼ 8.2 Hz, 1H), 5.03 (s, 2H), 4.11 (m,
2H), 2.94 (d, J¼ 18.5 Hz, 1H), 2.19 (d, J¼ 13.2 Hz, 1H), 1.94 (d,
J¼ 18.7 Hz, 1H), 1.54e1.90 (m, 8H), 1.36e1.49 (m, 4H), 1.28 (t,
J¼ 7.0 Hz, 3H), 1.21e1.25 (m,1H), 1.19 (s, 3H), 1.10e1.12 (m, 1H), 1.09
(s, 3H), 0.83e1.06 (m, 3H), 0.76 (s, 3H); 13C NMR (100MHz, CDCl3):
d 177.3, 170.7, 158.0 (d, J¼ 247.1 Hz), 139.9 (d, J¼ 6.3 Hz), 130.3,
123.9 (d, J¼ 3.4 Hz), 119.7 (d, J¼ 17.5 Hz), 115.8 (d, J¼ 21.1 Hz), 73.9,
60.0, 57.2, 56.4, 54.9, 43.9, 43.7, 40.9, 40.7, 40.0, 39.6, 38.1, 38.0, 37.8,
29.0, 22.2, 21.7, 20.4, 19.0, 14.1, 13.4; 19F NMR (376.3MHz, CDCl3):
d �115.8; HRMS (ESI, m/z) calculated for C29H40ClFNO3 [MþH]þ:
504.2681; found: 504.2680.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-(((4-
(trifluoromethyl)benzyl)oxy)imino)tetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6e). White
powder (yield 73%); IR (KBr): 3020, 2937, 2848, 1720, 1620, 1453,
1326, 1232, 1066, 843 cm�1; 1H NMR (400MHz, CDCl3): d 7.61 (d,
J¼ 7.1 Hz, 2H), 7.46 (d, J¼ 7.1 Hz, 2H), 5.14 (s, 2H), 4.11 (m, 2H), 2.96
(d, J¼ 18.7 Hz, 1H), 2.19 (d, J¼ 13.4 Hz, 1H), 1.96 (d, J¼ 18.5 Hz, 1H),
1.48e1.92 (m, 8H), 1.37e1.48 (m, 4H), 1.28 (t, J¼ 6.4 Hz, 3H),
1.21e1.24 (m, 1H), 1.19 (s, 3H), 1.11e1.17 (m, 1H), 1.10 (s, 3H),
0.81e1.08 (m, 3H), 0.76 (s, 3H); 13C NMR (100MHz, CDCl3): d 177.3,
170.6,142.9,129.6 (q, J¼ 32.0 Hz),127.8 (2C),125.1 (q, J¼ 3.6Hz, 2C),
124.2 (q, J¼ 270.4 Hz), 74.5, 60.0, 57.2, 56.4, 54.9, 43.9, 43.7, 40.9,
40.7, 40.0, 39.6, 38.1, 38.0, 37.8, 28.9, 22.2, 21.7, 20.4, 19.0, 14.1, 13.4;
19F NMR (376.3MHz, CDCl3) d�62.5; HRMS (ESI,m/z) calculated for
C30H41F3NO3 [MþH]þ: 520.3039; found: 520.3037.
Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-(((4-
(trifluoromethoxy)benzyl)oxy)imino)tetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6f). White
powder (yield 72%); IR (KBr): 3020, 2937, 2848, 1720, 1608, 1453,
1260, 1018, 844 cm�1; 1H NMR (400MHz, CDCl3): d 7.39 (d,
J¼ 7.8 Hz, 2H), 7.19 (d, J¼ 7.8 Hz, 2H), 5.08 (s, 2H), 4.11 (m, 2H), 2.93
(d, J¼ 18.6 Hz, 1H), 2.19 (d, J¼ 13.4 Hz, 1H), 1.94 (d, J¼ 18.6 Hz, 1H),
1.54e1.90 (m, 8H), 1.36e1.48 (m, 4H), 1.28 (t, J¼ 7.2 Hz, 3H),
1.20e1.23 (m, 1H), 1.19 (s, 3H), 1.11e1.17 (m, 1H), 1.10 (s, 3H),
0.83e1.07 (m, 3H), 0.74 (s, 3H); 13C NMR (100MHz, CDCl3): d 177.3,
170.5, 148.6, 137.5, 129.3 (2C), 120.7 (2C), 120.5 (d, J¼ 255.2 Hz),
74.4, 60.0, 57.2, 56.4, 54.9, 43.8, 43.7, 40.9, 40.7, 40.0, 39.6, 38.0,
38.0, 37.8, 28.9, 22.2, 21.7, 20.4, 19.0, 14.1, 13.4; 19F NMR (376.3MHz,
CDCl3): d �57.8; HRMS (ESI, m/z) calculated for C30H41F3NO4
[MþH]þ: 536.2988; found: 536.2980.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-(((per-
fluorophenyl)methoxy) imino)tetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6g). White
powder (yield 68%); IR (KBr): 3020, 2957, 2928, 2850, 1721, 1655,
1507, 1455, 1365, 1218, 1027, 868 cm�1; 1H NMR (400MHz, CDCl3):
d 5.10 (s, 2H), 4.08 (m, 2H), 2.83 (dd, J¼ 3.0, 18.6 Hz, 1H), 2.15 (d,
J¼ 13.2 Hz, 1H), 1.49e1.87 (m, 8H), 1.32e1.43 (m, 4H), 1.25 (t,
J¼ 7.1 Hz, 3H), 1.16e1.20 (m,1H), 1.15 (s, 3H), 1.03e1.14 (m, 2H), 1.02
(s, 3H), 0.78e1.00 (m, 3H), 0.71 (s, 3H); 13C NMR (100MHz, CDCl3):
d 177.2, 171.0, 159.7, 145.7 (m, 2C), 137.3 (m, 2C), 111.8, 61.9, 59.9,
57.1, 56.2, 54.9, 43.8, 43.6, 40.8, 40.7, 39.9, 39.6, 38.0 (2C), 37.3, 28.8,
21.9, 21.6, 20.3, 18.9, 14.0, 13.2; 19F NMR (376.3MHz, CDCl3):
d �142.1, �154.4, �162.7; HRMS (ESI, m/z) calculated for
C29H37F5NO3 [MþH]þ: 542.2694; found: 542.2686.

Ethyl 5-(((((4R,4aS,6aR,9S,11aR,11bS,E)-4-(ethoxycarbonyl)-
4,9,11b-trimethyldodecahydro-6a,9-methanocyclohepta[a]
naphthalen-8(7H)-ylidene)amino)oxy)methyl)furan-2-
carboxylate (6h). Colourless crystal (318.7mg, 62%), m.p.
66.1e66.8 �C; X-ray crystal file is available from the Cambridge
Crystallographic Data Centre: CCDC 1577015; IR (KBr): 3020, 2937,
2848, 1720, 1595, 1453, 1365, 1210, 1022 cm�1; 1H NMR (400MHz,
CDCl3): d 7.05 (d, J¼ 3.4 Hz, 1H), 6.35 (d, J¼ 3.4 Hz, 1H), 4.96 (s, 2H),
4.28 (q, J¼ 7.1 Hz, 2H), 4.02 (m, 2H), 2.81 (dd, J¼ 3.0, 18.6 Hz, 1H),
2.09 (d, J¼ 13.2 Hz, 1H), 1.83 (d, J¼ 18.7 Hz, 1H), 1.45e1.79 (m, 7H),
1.32e1.38 (m, 4H), 1.30 (t, J¼ 7.1 Hz, 3H), 1.20 (t, J¼ 7.2 Hz, 3H),
1.11e1.14 (m, 1H), 1.10 (s, 3H), 1.03e1.09 (m, 1H), 1.01 (s, 3H),
0.74e0.99 (m, 4H), 0.65 (s, 3H); 13C NMR (100MHz, CDCl3): d 177.2,
170.6, 158.6,156.5,144.2,118.5,110.7, 67.2, 60.7, 59.9, 57.1, 56.3, 54.8,
43.8, 43.6, 40.8, 40.6, 39.9, 39.5, 38.0 (2C), 37.5, 28.8, 22.2, 21.6, 20.3,
18.9, 14.3, 14.1, 13.3; HRMS (ESI, m/z) calculated for C30H44NO6
[MþH]þ: 514.3169; found: 514.3171.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-(((5-chlorobenzo[b]thio-
phen-3-yl)methoxy)imino)-4,9,11b-trimethyltetradecahydro-
6a,9-methanocyclohepta[a]naphthalene-4-carboxylate (6i). Yel-
low powder (396.2mg, 73%); IR (KBr): 3093, 2927, 2848, 1717, 1587,
1452, 1361, 1219, 1028, 834 cm�1; 1H NMR (400MHz, CDCl3): d 7.95
(d, J¼ 1.9 Hz, 1H), 7.75 (d, J¼ 8.6 Hz, 1H), 7.4 (s, 1H), 7.31 (dd, J¼ 1.9,
8.6 Hz, 1H), 5.26 (s, 2H), 4.09 (m, 2H), 2.88 (dd, J¼ 3.1, 18.6 Hz, 1H),
2.17 (d, J¼ 13.2 Hz, 1H), 1.89 (d, J¼ 18.6 Hz, 1H), 1.52e1.85 (m, 7H),
1.34e1.45 (m, 4H), 1.26 (t, J¼ 7.1 Hz, 3H), 1.17 (s, 3H), 1.13 (s, 3H),
0.78e1.12 (m, 6H), 0.64 (s, 3H); 13C NMR (100MHz, CDCl3): d 177.3,
170.5, 139.7, 138.6, 133.4, 130.5, 127.1, 124.8, 123.6, 122.5, 69.4, 60.0,
57.1, 56.4, 54.9, 43.9, 43.7, 40.9, 40.7, 39.9, 39.7, 38.0, 38.0, 37.6, 28.9,
22.3, 21.7, 20.3, 19.0, 14.2, 13.2; HRMS (ESI, m/z) calculated for
C31H41ClNO3S [MþH]þ: 542.2496; found: 542.2495.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-(((2-chlorothiazol-5-yl)
methoxy)imino)-4,9,11b-trimethyltetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6j). Yellow
oil (320.9mg, 65%); IR (KBr): 3020, 2927, 2848, 1720, 1530, 1454,
1377, 1232, 1047, 869 cm�1; 1H NMR (400MHz, CDCl3): d 7.4 (s, 1H),



P. Chen et al. / European Journal of Medicinal Chemistry 183 (2019) 11172210
5.1 (s, 2H), 4.1 (m, 2H), 2.87 (dd, J¼ 2.7, 18.6 Hz, 1H), 2.18 (d,
J¼ 13.1 Hz, 1H), 1.58e1.91 (m, 8H), 1.38e1.48 (m, 4H), 1.27 (t,
J¼ 7.1 Hz, 3H), 1.20e1.24 (m, 2H), 1.18 (s, 3H), 1.13 (s, 3H), 0.82e1.08
(m, 4H), 0.74 (s, 3H); 13C NMR (100MHz, CDCl3): d 177.3, 171.3,
152.6, 139.5, 137.9, 67.2, 60.0, 57.1, 56.3, 54.9, 44.1, 43.7, 40.8, 40.8,
39.9, 39.6, 38.0, 38.0, 37.6, 28.9, 22.2, 21.6, 20.4, 19.0, 14.1, 13.4;
HRMS (ESI, m/z) calculated for C26H38ClN2O3S [MþH]þ: 493.2292;
found: 493.2289.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-((thio-
phen-3-ylmethoxy)imino)tetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6k). Pale
yellow powder (yield 78%); IR (KBr): 3103, 2936, 2847, 1720, 1656,
1452, 1376, 1232, 1028 cm�1; 1H NMR (400MHz, CDCl3):
d 7.25e7.28 (m, 1H), 7.21e7.24 (m, 1H), 7.09e7.13 (m, 1H), 5.08 (s,
2H), 4.10 (m, 2H), 2.91 (dd, J¼ 3.1, 18.6 Hz, 1H), 2.18 (d, J¼ 13.3 Hz,
1H), 1.92 (d, J¼ 18.6 Hz, 1H), 1.54e1.88 (m, 7H), 1.36e1.47 (m, 4H),
1.27 (t, J¼ 7.1 Hz, 3H), 1.19e1.24 (m, 1H), 1.18 (s, 3H), 1.13e1.17 (m,
1H), 1.12 (s, 3H), 0.83e1.08 (m, 4H), 0.74 (s, 3H); 13C NMR (100MHz,
CDCl3): d 177.3, 169.9, 139.7, 127.7, 125.5, 123.0, 70.6, 59.9, 57.2, 56.4,
55.0, 43.8, 43.7, 40.9, 40.7, 40.0, 39.6, 38.0 (2C), 37.7, 29.0, 22.3, 21.7,
20.4, 19.0, 14.2, 13.4; HRMS (ESI, m/z) calculated for C27H40NO3S
[MþH]þ: 458.2729; found: 458.2715.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-(((1,3-dimethyl-1H-pyr-
azol-5-yl)methoxy)imino)-4,9,11b-trimethyltetradecahydro-
6a,9-methanocyclohepta[a]naphthalene-4-carboxylate (6l).
Colourless oil (347.2mg, 74%); IR (KBr): 3020, 2937, 2848, 1720,
1655, 1455, 1376, 1232, 1051 cm�1; 1H NMR (400MHz, CDCl3):
d 6.02 (s, 1H), 4.96 (s, 2H), 4.08 (m, 2H), 3.82 (s, 3H), 2.84 (dd, J¼ 3.1,
18.6 Hz, 1H), 2.23 (s, 3H), 2.15 (d, J¼ 13.3 Hz, 1H), 1.51e1.88 (m, 8H),
1.34e1.44 (m, 4H), 1.25 (t, J¼ 7.2 Hz, 3H), 1.17e1.21 (m, 1H), 1.16 (s,
3H), 1.08e1.14 (m, 1H), 1.07 (s, 3H), 0.79e1.04 (m, 4H), 0.70 (s, 3H);
13C NMR (100MHz, CDCl3): d 177.3, 170.5, 147.0, 139.7, 106.5, 65.3,
60.0, 57.1, 56.3, 54.9, 43.8, 43.7, 40.8, 40.7, 39.9, 39.6, 38.0, 38.0, 37.5,
36.4, 28.9, 22.2, 21.6, 20.3, 18.9, 14.2, 13.4, 13.3; HRMS (ESI, m/z)
calculated for C28H44N3O3 [MþH]þ: 470.3383; found: 470.3373.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-(((3,5-dimethylisoxazol-
4-yl)methoxy)imino)-4,9,11b-trimethyltetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6m). White
powder (334.9mg, 71%); IR (KBr): 3020, 2933, 2847, 1719, 1637,
1452, 1376, 1231, 1015 cm�1; 1H NMR (400MHz, CDCl3): d 4.66 (s,
2H), 3.97 (m, 2H), 2.71 (dd, J¼ 2.6, 18.5 Hz, 1H), 2.27 (s, 3H), 2.15 (s,
3H), 2.04 (d, J¼ 13.1 Hz, 1H), 1.39e1.77 (m, 8H), 1.23e1.34 (m, 4H),
1.14 (t, J¼ 7.1 Hz, 3H), 1.06e1.12 (m, 1H), 1.05 (s, 3H), 0.96e1.03 (m,
2H), 0.94 (s, 3H), 0.69e0.92 (m, 3H), 0.60 (s, 3H); 13C NMR
(100MHz, CDCl3): d 177.0, 169.9, 167.5, 159.8, 111.5, 63.7, 59.8, 57.0,
56.1, 54.7, 43.6, 43.5, 40.7, 40.5, 39.8, 39.6, 37.9, 37.9, 37.3, 28.8, 22.1,
21.5, 20.2, 18.9, 14.1, 13.2, 11.0, 10.0; HRMS (ESI, m/z) calculated for
C28H43N2O4 [MþH]þ: 471.3223; found: 471.3224.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-(((tet-
rahydro-2H-pyran-4-yl)oxy)imino)tetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6n). Colour-
less oil (308.6mg, 69%); IR (KBr): 2953, 2928, 2848, 1722, 1452,
1381, 1260, 1067 cm�1; 1H NMR (400MHz, CDCl3): d 4.25 (m, 1H),
4.11 (m, 2H), 3.91 (m, 2H), 3.52 (m, 2H), 2.93 (dd, J¼ 3.2, 18.6 Hz,
1H), 2.18 (d, J¼ 13.2 Hz, 1H), 1.56e1.96 (m, 12H), 1.37e1.46 (m, 4H),
1.28 (t, J¼ 7.1 Hz, 3H), 1.19e1.25 (m, 2H), 1.18 (s, 3H), 1.09 (s, 3H),
0.84e1.07 (m, 4H), 0.76 (s, 3H); 13C NMR (100MHz, CDCl3): d 177.3,
169.9, 76.0, 65.6 (2C), 60.0, 57.2, 56.5, 55.0, 43.7 (2C), 41.0, 40.7, 40.0,
39.7, 38.1, 38.0, 37.6, 32.1, 29.7, 29.0, 22.3, 21.7, 20.5, 19.0, 14.1, 13.4;
HRMS (ESI, m/z) calculated for C27H44NO4 [MþH]þ: 446.3270;
found: 446.3282.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-(((1,3-dioxolan-2-yl)
methoxy)imino)-4,9,11b-trimethyltetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6o). Colour-
less oil (327.4mg, 73%); IR (KBr): 2958, 2847, 1720, 1454, 1377, 1233,
1050 cm�1; 1H NMR (400MHz, CDCl3): d 5.16 (t, J¼ 4.2 Hz, 1H),
4.00e4.18 (m, 4H), 3.86e4.00 (m, 4H), 2.91 (dd, J¼ 2.9, 18.6 Hz, 1H),
2.15 (d, J¼ 13.2 Hz, 1H), 1.95 (d, J¼ 18.7 Hz, 1H), 1.53e1.86 (m, 7H),
1.34e1.46 (m, 4H), 1.26 (t, J¼ 7.2 Hz, 3H), 1.17e1.23 (m, 2H), 1.16 (s,
3H),1.07 (s, 3H), 0.80e1.05 (m, 4H), 0.74 (s, 3H); 13C NMR (100MHz,
CDCl3): d 177.4, 170.1, 102.1, 74.1, 65.1, 65.0, 60.0, 57.1, 56.4, 55.0,
43.8, 43.7, 40.9, 40.6, 40.0, 39.5, 38.0 (2C), 37.4, 28.9, 22.2, 21.7, 20.4,
18.9, 14.2, 13.3; HRMS (ESI, m/z) calculated for C26H42NO5 [MþH]þ:
448.3063; found: 448.3055.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-(((3-
methyloxetan-3-yl)methoxy)imino)tetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6p). White
powder (yield 76%); IR (KBr): 2930.9, 2849.1, 1721.9, 1452.7, 1379.1,
1231.7, 1152.3, 1042.7 cm�1; 1H NMR (400MHz, CDCl3): d 4.65e4.61
(m, 2H), 4.33e4.30 (m, 2H), 4.18e4.01 (m, 4H), 2.9 (dd, J¼ 18.6,
3.1 Hz, 1H), 2.17 (d, J¼ 13.2 Hz, 1H), 1.89 (d, J¼ 18.5 Hz, 1H),
1.86e1.53 (m, 7H),1.47e1.35 (m, 4H), 1.33 (s, 3H),1.26 (t, J¼ 7.1, 3H),
1.24e1.18 (m, 2H), 1.17 (s, 3H), 1.07 (s, 3H), 1.06e0.81 (m, 4H), 0.75
(s, 3H); 13C NMR (100MHz, CDCl3): d 177.3, 169.6, 80.3, 80.2, 77.7,
59.9, 57.2, 56.3, 54.9, 43.7, 43.6, 40.9, 40.7, 40.3, 39.9, 39.6, 38.1, 38.0,
37.3, 29.0, 22.2, 21.6, 21.5, 20.4, 19.0, 14.1, 13.3; HRMS (ESI, m/z)
calculated for C27H44NO4 [MþH]þ: 446.3270; found: 446.3274.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-((2-
morpholinoethoxy)imino)tetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6q). Colour-
less oil (314.5mg, 66%); IR (KBr): 2954, 2847, 1720, 1450, 1363, 1231,
1034 cm�1; 1H NMR (400MHz, CDCl3): d 4.12 (t, J¼ 5.7 Hz, 2H), 4.04
(m, 2H), 3.64 (t, J¼ 4.6 Hz, 4H), 2.82 (dd, J¼ 2.9, 18.5 Hz, 1H), 2.59
(m, 2H), 2.41e2.52 (m, 4H), 2.11 (d, J¼ 13.2 Hz, 1H), 1.82 (d,
J¼ 18.5 Hz, 1H), 1.47e1.80 (m, 7H), 1.30e1.41 (m, 4H), 1.21 (t,
J¼ 7.2 Hz, 3H), 1.13e1.18 (m, 2H), 1.11 (s, 3H), 1.03 (s, 3H), 0.77e1.01
(m, 4H), 0.68 (s, 3H); 13C NMR (100MHz, CDCl3): d 177.2, 169.3, 71.3,
66.9 (2C), 59.9, 57.6, 57.1, 56.4, 54.9, 54.1 (2C), 43.6, 43.6, 40.9, 40.6,
39.9, 39.6, 38.0, 37.9, 37.6, 28.9, 22.3, 21.6, 20.4, 18.9, 14.1, 13.3;
HRMS (ESI, m/z) calculated for C28H47N2O4 [MþH]þ: 475.3536;
found: 475.3528.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-((allyloxy)imino)-
4,9,11b-trimethyltetradecahydro-6a,9-methanocyclohepta[a]
naphthalene-4-carboxylate (6r). Colourless oil (310.2mg, 77%); IR
(KBr): 3078.9, 2937.4, 2847.7, 1720.7, 1655.4, 1453.5, 1418.6, 1376.5,
1231.9, 1178.7, 1030.7, 921.7 cm�1; 1H NMR (400MHz, CDCl3): d 6.07
(m, 1H), 5.27 (d, J¼ 17.3 Hz, 1H), 5.18 (d, J¼ 10.4 Hz, 1H), 4.54 (d,
J¼ 5.1 Hz, 2H), 4.2e4.0 (m, 2H), 2.97e2.88 (m, 1H), 2.18 (d, J¼ 13.2,
1H), 1.94 (d, J¼ 18.6, 1H), 1.90e1.53 (m, 8H), 1.48e1.36 (m, 4H), 1.27
(t, J¼ 7.1 Hz, 3H), 1.24e1.19 (m, 1H), 1.18, (s, 3H), 1.10 (s, 3H),
1.09e0.83 (m, 4H), 0.77 (s, 3H); 13C NMR (100MHz, CDCl3): d 177.4,
169.6, 134.8, 116.7, 74.3, 59.9, 57.2, 56.5, 55.0, 43.7, 43.7, 40.9, 40.6,
40.0, 39.6, 38.1, 38.0, 37.5, 29.0, 22.2, 21.7, 20.5, 19.0, 14.1, 13.4;
HRMS (ESI, m/z) calculated for C25H40NO3 [MþH]þ: 402.3008;
found: 402.2998.

General Procedure for the Synthesis of Compounds 6ra-rq. To
a solution of compound 6r (401.3mg, 1mmol), Pd(OAc)2 (22.5mg,
0.1mmol), P(O-Tolyl)3 (60.9mg, 0.2mmol), and Et3N (303.6mg,
417 mL, 3mmol) in ACN (10mL) under an argon atmosphere in a
sealed tube was added a solution of R2X (heteroaryl or aryl halides,
X¼ Br, I; 1.5mmol) in ACN (5mL) dropwise. The mixture was
stirred under an argon atmosphere at 40 �C for 16e48 h. The re-
action mixture was then cooled and concentrated under vacuum,
and the residue was dissolved in CH2Cl2. After filtration, the filtrate
was washed with saturated aqueous NaCl, dried with MgSO4 and
concentrated under vacuum. The crude material was purified by
column chromatography (PE/EA) on silica gel to afford compounds
6ra-rq. Detailed structural information is described in the Sup-
porting Information.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-((cinnamyloxy)imino)-



P. Chen et al. / European Journal of Medicinal Chemistry 183 (2019) 111722 11
4,9,11b-trimethyltetradecahydro-6a,9-methanocyclohepta[a]
naphthalene-4-carboxylate (6ra). Colourless crystal (391.8mg,
82%), m.p. 104.0e104.5 �C; X-ray crystal file is available from the
Cambridge Crystallographic Data Centre: CCDC 1577016; IR (KBr):
3025, 2926, 2847, 1721, 1599, 1451, 1365, 1232, 1029 cm�1; 1H NMR
(400MHz, CDCl3): d 7.40e7.44 (m, 2H), 7.31e7.36 (m, 2H),
7.23e7.28 (m,1H), 6.63 (d, J¼ 16.0,1H), 6.39 (dt, J¼ 6.1,16.0 Hz,1H),
4.72 (d, J¼ 6.1 Hz, 2H), 4.11 (m, 2H), 2.96 (dd, J¼ 3.1, 18.6 Hz, 1H),
2.19 (d, J¼ 13.2 Hz, 1H), 1.98 (d, J¼ 18.6 Hz, 1H), 1.62e1.87 (m, 7H),
1.40e1.49 (m, 4H), 1.28 (t, J¼ 7.2 Hz, 3H), 1.21e1.25 (m, 1H), 1.19 (s,
3H), 1.13 (s, 3H), 0.84e1.09 (m, 5H), 0.79 (s, 3H); 13C NMR (100MHz,
CDCl3): d 177.5, 169.8, 136.9, 132.4, 128.5 (2C), 127.6, 126.5 (2C),
126.1, 74.1, 60.0, 57.2, 56.5, 55.0, 43.8, 43.7, 41.0, 40.7, 40.0, 39.6, 38.1,
38.0, 37.6, 28.9, 22.3, 21.7, 20.5, 19.0, 14.2, 13.4; HRMS (ESI, m/z)
calculated for C31H44NO3 [MþH]þ: 478.3321; found: 478.3322.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-((((E)-3-(4-fluorophenyl)
allyl)oxy)imino)-4,9,11b-trimethyltetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6rb). White
powder (416.5mg, 84%); IR (KBr): 3020, 2928, 2848, 1721, 1601,
1509, 1453, 1372, 1231, 1027, 846 cm-1; 1H NMR (400MHz, CDCl3):
d 7.31e7.37 (m, 2H), 6.95e7.02 (m, 2H), 6.56 (d, J¼ 16.0 Hz,1H), 6.28
(dt, J¼ 6.1, 16.0 Hz, 1H), 4.68 (d, J¼ 6.1 Hz, 2H), 4.08 (m, 2H), 2.93
(dd, J¼ 3.0, 18.6 Hz, 1H), 2.17 (d, J¼ 13.2 Hz, 1H), 1.96 (d, J¼ 18.6 Hz,
1H), 1.55e1.87 (m,7H), 1.36e1.46 (m, 4H), 1.25 (t, J¼ 7.1 Hz, 3H),
1.18e1.23 (m,1H),1.17 (s, 3H),1.11 (s, 3H), 0.81e1.09 (m, 5H), 0.76 (s,
3H); 13C NMR (100MHz, CDCl3): d 177.3, 169.6, 162.3 (d,
J¼ 245.3 Hz), 133.1 (d, J¼ 3.2 Hz), 131.2, 128.0 (d, J¼ 7.9 Hz, 2C),
125.8 (d, J¼ 1.6 Hz), 115.4 (d, J¼ 21.4 Hz, 2C), 74.0, 59.9, 57.1, 56.5,
55.0, 43.8, 43.7, 40.9, 40.7, 40.0, 39.6, 38.0, 38.0, 37.6, 28.9, 22.3, 21.7,
20.5, 19.0, 14.2, 13.4; 19F NMR (376.3MHz, CDCl3): d �114.3; HRMS
(ESI, m/z) calculated for C31H43FNO3 [MþH]þ: 496.3227; found:
496.3224.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-((((E)-
3-(3-(trifluoromethyl)phenyl)allyl)oxy)imino)tetradecahydro-
6a,9-methanocyclohepta[a]naphthalene-4-carboxylate (6rc).
White powder (443.3mg, 81%); IR (KBr): 3020, 2934, 2848, 1721,
1450, 1364, 1332, 1129, 879,698 cm�1; 1H NMR (400MHz, CDCl3):
d7.61 (s, 1H), 7.53 (d, J¼ 7.6 Hz, 1H), 7.46 (d, J¼ 7.6 Hz, 1H),
7.36e7.42 (m, 1H), 6.61 (d, J¼ 16.0 Hz, 1H), 6.43 (dt, J¼ 5.8, 16.0 Hz,
1H), 4.71 (d, J¼ 5.8 Hz, 2H), 4.08 (m, 2H), 2.96 (dd, J¼ 2.8, 18.5 Hz,
1H), 2.17 (d, J¼ 13.2 Hz, 1H), 1.97 (d, J¼ 18.6 Hz, 1H), 1.56e1.89 (m,
7H), 1.37e1.47 (m, 4H), 1.24 (t, J¼ 7.1 Hz, 3H), 1.18e1.21 (m,1H), 1.17
(s, 3H), 1.11 (s, 3H), 0.81e1.09 (m, 5H), 0.77 (s, 3H); 13C NMR
(100MHz, CDCl3): d177.3, 169.8, 137.7, 130.9 (q, J¼ 31.8 Hz), 130.6,
129.6, 128.9, 128.4, 124.1 (q, J¼ 270.6 Hz), 124.0 (q, J¼ 3.7 Hz), 123.1
(q, J¼ 3.8 Hz), 73.6, 59.9, 57.1, 56.4, 54.9, 43.8, 43.7, 40.9, 40.7, 39.9,
39.6, 38.0, 38.0, 37.6, 28.9, 22.3, 21.7, 20.5, 19.0, 14.1, 13.4; 19F NMR
(376.3MHz, CDCl3) d �62.7; HRMS (ESI, m/z) calculated for
C32H43F3NO3 [MþH]þ: 546.3195; found: 546.3199.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-((((E)-
3-(4-(trifluoromethoxy)phenyl)allyl)oxy)imino)tetradecahy-
dro-6a,9-methanocyclohepta[a]naphthalene-4-carboxylate
(6th). White powder (461.4mg, 82%); IR (KBr): 3020, 2928, 2848,
1721, 1508, 1453, 1376, 1259, 1029 cm�1; 1H NMR (400MHz, CDCl3):
d 7.41 (d, J¼ 8.3 Hz, 2H), 7.17 (d, J¼ 8.3 Hz, 2H), 6.60 (d, J¼ 16.0 Hz,
1H), 6.36 (dt, J¼ 5.8, 16.0 Hz, 1H), 4.71 (d, J¼ 5.8 Hz, 2H), 4.11 (m,
2H), 2.96 (dd, J¼ 2.4, 18.5 Hz, 1H), 2.19 (d, J¼ 13.2 Hz, 1H), 1.97 (d,
J¼ 18.6 Hz, 1H), 1.56e1.92 (m, 8H), 1.38e1.50 (m, 4H), 1.28 (t,
J¼ 7.0 Hz, 3H), 1.21e1.25 (m, 1H), 1.19 (s, 3H), 1.12 (s, 3H), 0.85e1.10
(m, 4H), 0.78 (s, 3H); 13C NMR (100MHz, CDCl3): d177.3, 169.8,
148.5, 135.8, 130.7, 127.7 (2C), 127.4, 121.0 (2C), 120.5 (q,
J¼ 255.5 Hz), 73.8, 59.9, 57.2, 56.5, 55.0, 43.8, 43.7, 41.0, 40.7, 40.0,
39.6, 38.1, 38.0, 37.6, 28.9, 22.3, 21.7, 20.5, 19.0, 14.1, 13.4; 19F NMR
(376.3MHz, CDCl3): d �57.9; HRMS (ESI, m/z) calculated for
C32H43F3NO4 [MþH]þ: 562.3144; found: 562.3146.
Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-((((E)-3-(4-cyanophenyl)
allyl)oxy)imino)-4,9,11b-trimethyltetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6re). Colour-
less oil (392.8mg, 78%); IR (KBr): 3020, 2952, 2848, 1715, 1565,
1445, 1363, 1217, 1027 cm�1; 1H NMR (400MHz, CDCl3): d 7.61 (d,
J¼ 8.3 Hz, 2H), 7.48 (d, J¼ 8.3 Hz, 2H), 6.62 (d, J¼ 16.1 Hz, 1H), 6.50
(dt, J¼ 5.5, 16.1 Hz, 1H), 4.74 (d, J¼ 5.5 Hz, 2H), 4.10 (m, 2H), 2.95
(dd, J¼ 3.1, 18.6 Hz, 1H), 2.19 (d, J¼ 13.2 Hz, 1H), 1.97 (d, J¼ 18.6 Hz,
1H), 1.60e1.90 (m, 8H), 1.38e1.49 (m, 4H), 1.28 (t, J¼ 7.2 Hz, 3H),
1.21e1.25 (m, 1H), 1.19 (s, 3H), 1.12 (s, 3H), 0.83e1.09 (m, 4H), 0.78
(s, 3H); 13C NMR (100MHz, CDCl3): d 177.4, 170.1, 141.5, 132.4 (2C),
130.5, 130.2, 126.9 (2C), 119.0, 110.8, 73.5, 60.0, 57.2, 56.5, 54.9, 43.9,
43.7, 40.9, 40.7, 40.0, 39.6, 38.1, 38.0, 37.6, 29.0, 22.3, 21.7, 20.5, 19.0,
14.1, 13.5; HRMS (ESI, m/z) calculated for C32H43N2O3 [MþH]þ:
503.3274; found: 503.3288.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-((((E)-
3-(4-nitrophenyl)allyl)oxy)imino)tetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6rf). White
powder (403.7mg, 77%); IR (KBr): 3020, 2927, 2849, 1721, 1519,
1452, 1344, 1223, 1026 cm�1; 1H NMR (400MHz, CDCl3): d 8.19 (d,
J¼ 8.8 Hz, 2H), 7.53 (d, J¼ 8.8 Hz, 2H), 6.67 (d, J¼ 16.1 Hz, 1H), 6.56
(dt, J¼ 5.4, 16.1 Hz, 1H), 4.75 (d, J¼ 5.4 Hz, 2H), 4.10 (m, 2H), 2.96
(dd, J¼ 3.1, 18.6 Hz, 1H), 2.19 (d, J¼ 13.3 Hz, 1H), 1.98 (d, J¼ 18.6 Hz,
1H), 1.58e1.91 (m, 8H), 1.40e1.49 (m, 4H), 1.28 (t, J¼ 7.2 Hz, 3H),
1.21e1.25 (m,1H),1.19 (s, 3H),1.12 (s, 3H), 0.84e1.10 (m, 4H), 0.79 (s,
3H); 13C NMR (100MHz, CDCl3): d 177.4, 170.2, 146.9, 143.5, 131.5,
129.6, 127.0 (2C), 124.0 (2C), 73.4, 60.0, 57.2, 56.4, 54.9, 43.9, 43.7,
40.9, 40.7, 40.0, 39.6, 38.1, 38.0, 37.6, 29.0, 22.3, 21.7, 20.5, 19.0, 14.1,
13.5; HRMS (ESI, m/z) calculated for C31H43N2O5 [MþH]þ:
523.3172; found: 523.3173.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-((((E)-
3-(3,4,5-trifluorophenyl)allyl)oxy)imino)tetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6rg). Pale
yellow oil (441.5mg, 83%); IR (KBr): 3020, 2929, 2848, 1721, 1614,
1529, 1441, 1346, 1234, 1042, 789 cm�1; 1H NMR (400MHz, CDCl3):
d 6.98 (m, 2H), 6.45 (d, J¼ 16.0 Hz,1H), 6.30 (dt, J¼ 16.0, 5.6 Hz,1H),
4.68 (d, J¼ 5.6 Hz, 2H), 4.09 (m, 2H), 2.93 (dd, J¼ 18.6, 3.1 Hz, 1H),
2.17 (d, J¼ 13.3 Hz, 1H), 1.95 (d, J¼ 18.6 Hz, 1H), 1.89e1.56 (m, 7H),
1.48e1.37 (m, 4H), 1.27 (t, J¼ 7.1 Hz, 3H), 1.24e1.19 (m, 2H), 1.18 (s,
3H), 1.10 (s, 3H), 1.07e0.83 (m, 4H), 0.77 (s, 3H); 13C NMR (100MHz,
CDCl3): d 177.3, 170.0, 151.3 (ddd, J¼ 247.8, 10.1, 4.1 Hz), 138.9 (dt,
J¼ 250.4, 15.3 Hz, 2C), 133.3, 129.1, 129.0, 110.2 (dd, J¼ 15.7, 5.7 Hz,
2C), 73.3, 59.9, 57.2, 56.4, 54.9, 43.8, 43.7, 40.9, 40.7, 40.0, 39.6, 38.1,
38.0, 37.6, 28.9, 22.2, 21.7, 20.4, 19.0, 14.1, 13.4; 19F NMR (376.3MHz,
CDCl3): d �134.7, �161.8; HRMS (ESI, m/z) calculated for
C31H41F3NO3 [MþH]þ: 532.3039; found: 532.3033.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-((((E)-3-(4-acetylphenyl)
allyl)oxy)imino)-4,9,11b-trimethyltetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6rh). White
powder (390.5mg, 75%); IR (KBr): 3020, 2933, 2848, 1719, 1683,
1603, 1453, 1360, 1233, 1028 cm�1; 1H NMR (400MHz, CDCl3):
d 7.91 (d, J¼ 8.3 Hz, 2H), 7.47 (d, J¼ 8.3 Hz, 2H), 6.64 (d, J¼ 16.0 Hz,
1H), 6.50 (dt, J¼ 5.7, 16.0 Hz, 1H), 4.73 (d, J¼ 5.7 Hz, 2H), 4.09 (m,
2H), 2.94 (dd, J¼ 2.9, 18.6 Hz, 1H), 2.59 (s, 3H), 2.17 (d, J¼ 13.2 Hz,
1H), 1.97 (d, J¼ 18.6 Hz, 1H), 1.56e1.90 (m, 8H), 1.38e1.48 (m, 4H),
1.26 (t, J¼ 7.1 Hz, 3H), 1.20e1.23 (m, 1H), 1.18 (s, 3H), 1.11 (s, 3H),
0.81e1.08 (m, 4H), 0.77 (s, 3H); 13C NMR (100MHz, CDCl3): d 197.6,
177.4, 170.0, 141.6, 136.0, 130.9, 129.4, 128.7 (2C), 126.5 (2C), 73.7,
60.0, 57.1, 56.5, 54.9, 43.8, 43.7, 40.9, 40.7, 40.0, 39.6, 38.1, 38.0, 37.6,
28.9, 26.6, 22.3, 21.7, 20.5, 19.0, 14.2, 13.5; HRMS (ESI, m/z) calcu-
lated for C33H46NO4 [MþH]þ: 520.3427; found: 520.3433.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-((((E)-
3-(4-(oxazol-5-yl)phenyl)allyl)oxy)imino)tetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6ri). White
powder (398.4mg, 73%); IR (KBr): 3127, 2930, 2848, 1719, 1606,
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1453, 1363, 1219, 1029 cm�1; 1H NMR (400MHz, CDCl3): d 7.85 (s,
1H), 7.52 (d, J¼ 8.3 Hz, 2H), 7.37 (d, J¼ 8.3 Hz, 2H), 6.54 (d,
J¼ 16.0 Hz,1H), 6.36 (dt, J¼ 5.9,16.0 Hz,1H), 4.67 (d, J¼ 5.9 Hz, 2H),
4.03 (m, 2H), 2.90 (dd, J¼ 2.8, 18.6 Hz, 1H), 2.11 (d, J¼ 13.2 Hz, 1H),
1.92 (d, J¼ 18.6 Hz, 1H), 1.50e1.82 (m, 7H), 1.31e1.41 (m, 4H),
1.21e1.27 (m, 1H), 1.19 (t, J¼ 7.2 Hz, 3H), 1.12e1.17 (m, 1H), 1.11 (s,
3H),1.07 (s, 3H), 0.75e1.03 (m, 5H), 0.71 (s, 3H); 13C NMR (100MHz,
CDCl3): d 177.2, 169.6, 151.3, 150.4, 137.2, 131.4, 127.1, 127.0 (2C),
126.7, 124.5 (2C), 121.5, 73.9, 59.9, 57.1, 56.4, 54.9, 43.8, 43.6, 40.9,
40.6, 39.9, 39.6, 38.0, 38.0, 37.6, 28.9, 22.3, 21.7, 20.4, 18.9, 14.1, 13.4;
HRMS (ESI, m/z) calculated for C34H45N2O4 [MþH]þ: 545.3379;
found: 545.3365.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-((((E)-
3-(4-(morpholinomethyl)phenyl)allyl)oxy)imino)tetradecahy-
dro-6a,9-methanocyclohepta[a]naphthalene-4-carboxylate
(6rj). Colourless oil (411.5mg, 71%); IR (KBr): 3020, 2926, 2848,
1719, 1608, 1454, 1362, 1218, 1030 cm�1; 1H NMR (400MHz, CDCl3):
d 7.36 (d, J¼ 8.0 Hz, 2H), 7.29 (d, J¼ 8.0 Hz, 2H), 6.60 (d, J¼ 15.9 Hz,
1H), 6.37 (dt, J¼ 6.0, 15.9 Hz, 1H), 4.70 (d, J¼ 6.0 Hz, 2H), 4.10 (m,
2H), 3.71 (t, J¼ 4.6 Hz, 4H), 3.49 (s, 2H), 2.94 (dd, J¼ 2.9, 18.6 Hz,
1H), 2.45 (t, J¼ 4.6 Hz, 4H), 2.18 (d, J¼ 13.2 Hz, 1H), 1.96 (d,
J¼ 18.6 Hz, 1H), 1.57e1.90 (m, 7H), 1.39e1.48 (m, 4H), 1.27 (t,
J¼ 7.1 Hz, 3H), 1.20e1.24 (m, 1H), 1.18 (s, 3H), 1.12 (s, 3H), 0.84e1.08
(m, 5H), 0.77 (s, 3H); 13C NMR (100MHz, CDCl3): d 177.4, 169.7,
137.1, 136.0, 132.1, 129.4 (2C), 126.4 (2C), 125.9, 74.1, 67.0 (2C), 63.1,
60.0, 57.2, 56.5, 55.0, 53.6 (2C), 43.8, 43.7, 41.0, 40.7, 40.0, 39.6, 38.1,
38.0, 37.6, 28.9, 22.3, 21.7, 20.5, 19.0, 14.2, 13.4; HRMS (ESI, m/z)
calculated for C36H53N2O4 [MþH]þ: 577.4005; found: 577.4014.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-((((E)-3-(1H-indol-5-yl)
allyl)oxy)imino)-4,9,11b-trimethyltetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6rk). Pale
yellow powder (352.1mg, 68%); IR (KBr): 3363, 3020, 2933, 2848,
1718, 1612, 1454, 1365, 1231, 1027 cm�1; 1H NMR (400MHz, CDCl3):
d 7.65 (s, 1H), 7.32e7.34 (m, 2H), 7.16e7.19 (m, 1H), 6.76 (d,
J¼ 15.8 Hz, 1H), 6.52e6.55 (m, 1H), 6.36 (dt, J¼ 6.4, 15.8 Hz, 1H),
4.76 (d, J¼ 6.4 Hz, 2H), 4.12 (m, 2H), 2.99 (dd, J¼ 3.0, 18.6 Hz, 1H),
2.20 (d, J¼ 13.2 Hz, 1H), 2.02 (d, J¼ 18.6 Hz, 1H), 1.59e1.91 (m, 7H),
1.40e1.50 (m, 4H), 1.28 (t, J¼ 7.1 Hz, 3H), 1.22e1.25 (m, 1H), 1.21 (s,
3H), 1.16 (s, 3H), 0.84e1.13 (m, 5H), 0.80 (s, 3H); 13C NMR (100MHz,
CDCl3): d 177.6, 169.7, 135.7, 134.2, 128.9, 128.1, 124.8, 122.9, 120.6,
119.4, 111.2, 102.8, 74.7, 60.1, 57.2, 56.5, 55.1, 43.8, 43.7, 41.0, 40.7,
40.0, 39.6, 38.1 (2C), 37.7, 29.0, 22.4, 21.7, 20.5,19.0,14.2,13.4; HRMS
(ESI, m/z) calculated for C33H45N2O3 [MþH]þ: 517.3430; found:
517.3441.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-((((E)-3-(benzofuran-5-
yl)allyl)oxy)imino)-4,9,11b-trimethyltetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6rl). White
powder (332.1mg, 64%); IR (KBr): 3020, 2927, 2848, 1719, 1609,
1467, 1364, 1234, 1030 cm�1; 1H NMR (400MHz, CDCl3):
d 7.59e7.63 (m, 2H), 7.37e7.47 (m, 2H), 6.75e6.76 (m, 1H), 6.72 (d,
J¼ 16.1 Hz, 1H), 6.37 (dt, J¼ 6.2, 16.1 Hz, 1H), 4.74 (d, J¼ 6.2 Hz, 2H),
4.10 (m, 2H), 2.96 (dd, J¼ 3.0, 18.6 Hz, 1H), 2.18 (d, J¼ 13.2 Hz, 1H),
1.99 (d, J¼ 18.6 Hz, 1H), 1.59e1.88 (m, 7H), 1.39e1.49 (m, 4H), 1.27
(t, J¼ 7.1 Hz, 3H), 1.20e1.24 (m, 1H), 1.19 (s, 3H), 1.14 (s, 3H),
0.83e1.11 (m, 5H), 0.79 (s, 3H); 13C NMR (100MHz, CDCl3): d 177.4,
169.7, 154.7, 145.4, 132.8, 132.0, 127.7, 124.9,123.0, 119.3, 111.4, 106.7,
74.3, 60.0, 57.2, 56.5, 55.0, 43.8, 43.7, 41.0, 40.7, 40.0, 39.6, 38.1, 38.0,
37.6, 28.9, 22.3, 21.7, 20.5, 19.0, 14.2, 13.4; HRMS (ESI, m/z) calcu-
lated for C33H44NO4 [MþH]þ: 518.3270; found: 518.3279.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-((((E)-3-(benzo[b]thio-
phen-5-yl)allyl)oxy)imino)-4,9,11b-trimethyltetradecahydro-
6a,9-methanocyclohepta[a]naphthalene-4-carboxylate (6rm).
Pale yellow powder (66%); IR (KBr): 3043, 2927, 2848, 1719, 1655,
1452, 1363, 1230, 1152, 1029, 900 cm�1; 1H NMR (400MHz, CDCl3):
d 7.63e7.60 (m, 2H), 7.48e7.37 (m, 2H), 6.77e6.75 (m, 1H), 7.3 (d,
J¼ 16.0 Hz,1H), 6.38 (dt, J¼ 16.0, 6.2 Hz,1H), 4.74 (d, J¼ 6.2 Hz, 2H),
4.10 (m, 2H), 2.96 (dd, J¼ 18.6, 3.0 Hz, 1H), 2.19 (d, J¼ 13.2 Hz, 1H),
1.99 (d, J¼ 18.6 Hz, 1H), 1.90e1.58 (m, 7H), 1.49e1.39 (m, 4H), 1.28
(t, J¼ 7.1 Hz, 3H), 1.25e1.21 (m, 1H), 1.19 (s, 3H), 1.14 (s, 3H),
1.12e0.84 (m, 5H), 0.79 (s, 3H); 13C NMR (100MHz, CDCl3): d 177.4,
169.7, 154.7, 145.4, 132.8, 132.0, 127.7, 124.9, 123.0, 119.3, 111.4, 106.7,
74.3, 60.0, 57.2, 56.5, 55.0, 43.8, 43.7, 40.9, 40.7, 40.0, 39.6, 38.1, 38.0,
37.6, 28.9, 22.3, 21.7, 20.5, 19.0, 14.2, 13.4; HRMS (ESI, m/z) calcu-
lated for C33H44NO3S [MþH]þ: 534.3042; found: 534.3036.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-((((E)-
3-(1-oxo-1,3-dihydroisobenzofuran-5-yl)allyl)oxy)imino)tetra-
decahydro-6a,9-methanocyclohepta[a]naphthalene-4-
carboxylate (6rn). Colourless oil (325.8mg, 61%); IR (KBr): 3020,
2934, 2848, 1768, 1716, 1616, 1453, 1352, 1232, 1042 cm�1; 1H NMR
(400MHz, CDCl3): d 7.75 (d, J¼ 8.0 Hz, 1H), 7.46 (d, J¼ 8.0 Hz, 1H),
7.42 (s, 1H), 6.62 (d, J¼ 16.1 Hz, 1H), 6.47 (dt, J¼ 5.5, 16.1 Hz, 1H),
5.23 (s, 2H), 4.66 (d, J¼ 5.5 Hz, 2H), 4.01 (m, 2H), 2.88 (dd, J¼ 2.4,
18.5 Hz, 1H), 2.09 (d, J¼ 13.2 Hz, 1H), 1.89 (d, J¼ 18.5 Hz, 1H),
1.49e1.83 (m, 7H), 1.30e1.42 (m, 4H), 1.19 (t, J¼ 7.1 Hz, 3H),
1.12e1.16 (m, 1H), 1.10 (s, 3H), 1.04 (s, 3H), 0.75e1.03 (m, 5H), 0.70
(s, 3H); 13C NMR (100MHz, CDCl3): d 177.2, 170.7, 169.9, 147.2, 143.0,
130.6, 130.4, 127.4, 125.7, 124.5, 119.6, 73.4, 69.4, 59.9, 57.1, 56.4,
54.8, 43.8, 43.6, 40.9, 40.6, 39.9, 39.5, 38.0, 37.9, 37.5, 28.9, 22.2,
21.6, 20.4, 18.9, 14.1, 13.4; HRMS (ESI,m/z) calculated for C33H44NO5
[MþH]þ: 534.3219; found: 534.3228.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-((((E)-3-(dibenzo[b,d]
furan-2-yl)allyl)oxy)imino)-4,9,11b-trimethyltetradecahydro-
6a,9-methanocyclohepta[a]naphthalene-4-carboxylate (6ro).
Colourless crystal (352.3mg, 62%), m.p. 150.6e152.1 �C; X-ray
crystal file is available from the Cambridge Crystallographic Data
Centre: CCDC 1554566; IR (KBr): 3020, 2924, 2848, 1720, 1452,
1373, 1233, 1023 cm�1; 1H NMR (400MHz, CDCl3): d 7.91e8.03 (m,
2H), 7.33e7.62 (m, 5H), 6.79 (d, J¼ 15.9 Hz, 1H), 6.45 (dt, J¼ 6.2,
15.9 Hz, 1H), 4.77 (d, J¼ 6.2 Hz, 2H), 4.11 (m, 2H), 2.98 (dd, J¼ 3.0,
18.6 Hz, 1H), 2.19 (d, J¼ 13.1 Hz, 1H), 2.01 (d, J¼ 18.7 Hz, 1H),
1.67e1.88 (m, 7H),1.43e1.49 (m, 4H),1.27e1.29 (m, 4H),1.19 (s, 3H),
1.15 (s, 3H), 0.95e1.10 (m, 5H), 0.80 (s, 3H); 13C NMR (100MHz,
CDCl3): d 177.4, 169.8, 156.6, 155.9, 132.5, 132.1, 127.3, 125.9, 125.3,
124.5, 124.1, 122.8, 120.7, 118.5, 111.7, 111.6, 74.3, 60.0, 57.2, 56.5,
55.0, 43.8, 43.7, 41.0, 40.7, 40.0, 39.6, 38.1, 38.0, 37.7, 28.9, 22.3, 21.7,
20.5, 19.0, 14.2, 13.5; HRMS (ESI, m/z) calculated for C37H46NO4
[MþH]þ: 568.3427; found: 568.3432.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-8-((((E)-3-(9H-carbazol-3-
yl)allyl)oxy)imino)-4,9,11b-trimethyltetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6rp). Pale
yellow powder (347.2mg, 61%); IR (KBr): 3394, 2927, 2847, 1716,
1602, 1465, 1326, 1233, 1147, 1027, 753 cm�1; 1H NMR (400MHz,
CDCl3): d 8.4 (s, 1H), 8.1e8.06 (m, 2H), 7.53e7.23 (m, 5H), 6.82 (d,
J¼ 15.8 Hz, 1H), 6.44 (dt, J¼ 15.8, 6.3 Hz), 4.82 (d, J¼ 6.3 Hz), 4.12
(m, 2H), 3.03 (dd, J¼ 18.6, 2.6 Hz, 1H), 2.21 (d, J¼ 13.2 Hz, 1H), 2.06
(d, J¼ 18.6, 1H), 1.94e1.60 (m, 7H), 1.54e1.40 (m, 4H), 1.28 (t,
J¼ 7.1 Hz, 3H), 1.26e1.23 (m, 1H), 1.22 (s, 3H), 1.19 (s, 3H), 1.15e0.84
(m, 5H), 0.82 (s, 3H); 13C NMR (100MHz, CDCl3): d 177.6, 170.0,
140.0, 139.3, 133.9, 128.5, 125.9, 124.6, 123.5, 123.3, 123.1, 120.4,
119.5, 118.7, 110.8, 110.7, 74.7, 60.1, 57.2, 56.5, 55.0, 43.9, 43.8, 41.0,
40.7, 40.0, 39.6, 38.1, 38.0, 37.8, 29.0, 22.4, 21.8, 20.5, 19.0, 14.2, 13.5;
HRMS (ESI, m/z) calculated for C37H47N2O3 [MþH]þ: 567.3587;
found: 567.3583.

Methyl 4-((E)-3-((((4R,4aS,6aR,9S,11aR,11bS,E)-4-(ethox-
ycarbonyl)-4,9,11b-trimethyldodecahydro-6a,9-
methanocyclohepta[a]naphthalen-8(7H)-ylidene)amino)oxy)
prop-1-en-1-yl)-1H-pyrrole-2-carboxylate (6rq). Colourless oil
(118.5mg, 23%); IR (KBr): 3411, 3119, 2961, 2927, 2855, 1719, 1666,
1457,1373,1261,1021 cm�1; 1H NMR (400MHz, CDCl3): d 6.89e7.05
(m, 2H), 6.49 (d, J¼ 15.8 Hz, 1H), 6.13 (dt, J¼ 6.2, 15.8 Hz, 1H), 4.64
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(d, J¼ 6.2 Hz, 2H), 4.10 (m, 2H), 3.87 (s, 3H), 2.87e2.98 (m, 1H), 2.18
(d, J¼ 13.2 Hz, 1H), 1.96 (d, J¼ 18.7 Hz, 1H), 1.60e1.87 (m, 7H),
1.38e1.48 (m, 4H), 1.27 (t, J¼ 7.0 Hz, 3H), 1.20e1.24 (m, 1H), 1.18 (s,
3H), 1.12 (s, 3H), 0.82e1.09 (m, 5H), 0.77 (s, 3H); 13C NMR (100MHz,
CDCl3): d 177.5, 169.6, 161.5,125.2, 124.1, 123.5, 123.2, 121.3, 112.4,
74.4, 60.0, 57.2, 56.5, 55.0, 51.6, 43.8, 43.7, 41.0, 40.7, 40.0, 39.6, 38.1,
38.0, 37.6, 28.9, 22.3, 21.7, 20.5, 19.0, 14.2, 13.4; HRMS (ESI, m/z)
calculated for C31H45N2O5 [M�H]-: 523.3172; found: 523.3177.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-((((E)-
3-(naphthalen-1-yl)allyl)oxy)imino)tetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6rr). Pale
yellow powder (407.9mg, 77%); IR (KBr): 3020, 2957, 2928, 2847,
1720,1591,1453,1364,1232,1028 cm�1; 1H NMR (400MHz, CDCl3):
d 8.13e8.2 (m, 1H), 7.62e7.90 (m, 3H), 7.44e7.57 (m, 3H), 7.39 (d,
J¼ 15.7 Hz,1H), 6.43 (dt, J¼ 5.8, 15.7 Hz,1H), 4.86 (d, J¼ 5.8 Hz, 2H),
4.11 (m, 2H), 3.03 (dd, J¼ 3.0, 18.6 Hz, 1H), 2.20 (d, J¼ 13.3 Hz, 1H),
2.04 (d, J¼ 18.6 Hz, 1H), 1.60e1.92 (m, 7H), 1.40e1.53 (m, 4H),
1.31e1.39 (m, 1H), 1.28 (t, J¼ 7.2 Hz, 3H), 1.21 (s, 3H), 1.19 (s, 3H),
0.84e1.13 (m, 5H), 0.81 (s, 3H); 13C NMR (100MHz, CDCl3): d 177.4,
169.8, 134.8, 133.6, 131.2, 129.6, 129.4, 128.5, 127.9, 126.0, 125.8,
125.6, 124.0, 123.9, 74.2, 60.0, 57.2, 56.5, 55.0, 43.9, 43.7, 41.0, 40.7,
40.0, 39.7, 38.1, 38.1, 37.7, 29.0, 22.4, 21.7, 20.5,19.0,14.2,13.5; HRMS
(ESI, m/z) calculated for C35H46NO3 [MþH]þ: 528.3478; found:
528.3475.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-((((E)-
3-(quinolin-6-yl)allyl)oxy)imino)tetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6rs). Pale
yellow powder (345.0mg, 65%); IR (KBr): 3020, 2949, 2931, 2847,
1718,1590,1453,1379,1230,1026 cm�1; 1H NMR (400MHz, CDCl3):
d 8.81e8.87 (m, 1H), 8.01e8.12 (m, 2H), 7.81e7.86 (m, 1H),
7.66e7.69 (m, 1H), 7.32e7.38 (m, 1H), 6.76 (d, J¼ 16.0 Hz, 1H), 6.52
(dt, J¼ 6.0, 16.0 Hz, 1H), 4.75 (d, J¼ 6.0 Hz, 2H), 4.07 (m, 2H), 2.95
(dd, J¼ 3.0, 18.6 Hz, 1H), 2.15 (d, J¼ 13.3 Hz, 1H), 1.97 (d, J¼ 18.6 Hz,
1H), 1.58e1.83 (m, 7H), 1.38e1.45 (m, 4H), 1.24 (t, J¼ 7.2 Hz, 3H),
1.18e1.21 (m,1H),1.16 (s, 3H),1.11 (s, 3H), 0.82e1.01 (m, 5H), 0.76 (s,
3H); 13C NMR (100MHz, CDCl3): d 177.3, 169.8, 150.0, 148.0, 136.0,
135.2, 131.4, 129.6, 128.4, 127.9, 127.4, 125.8, 121.4, 73.9, 59.9, 57.1,
56.5, 55.0, 43.8, 43.7, 40.9, 40.7, 39.9, 39.6, 38.0, 38.0, 37.6, 28.9,
22.3, 21.7, 20.5, 19.0, 14.1, 13.5; HRMS (ESI, m/z) calculated for
C34H45N2O3 [MþH]þ: 529.3430; found: 529.3423.

Ethyl (4R,4aS,6aR,9S,11aR,11bS,E)-4,9,11b-trimethyl-8-((((E)-
3-(quinoxalin-6-yl)allyl)oxy)imino)tetradecahydro-6a,9-
methanocyclohepta[a]naphthalene-4-carboxylate (6rt). Brown
powder (361.5mg, 68%); IR (KBr): 2953.8, 2925.1, 2849.6, 1768.0,
1718.5, 1615.9, 1454.7, 1364.4, 1230.9, 1151.6, 1040.5, 892.1 cm�1; 1H
NMR (400MHz, CDCl3): d 8.75e8.65 (m, 2H), 7.98e7.77 (m, 3H),
6.73 (d, J¼ 16.0 Hz 1H), 6.54 (dt, J¼ 16.0, 5.7 Hz, 1H), 4.72 (d,
J¼ 5.7 Hz, 2H), 4.01 (m, 2H), 2.90 (dd, J¼ 18.5, 2.9 Hz, 1H), 2.10 (d,
J¼ 13.2 Hz, 1H), 1.92 (d, J¼ 18.6 Hz, 1H), 1.83e1.48 (m, 7H),
1.41e1.28 (m, 4H), 1.27e1.20 (m, 1H), 1.17 (t, J¼ 7.1 Hz, 3H),
1.15e1.12 (m, 1H), 1.09 (s, 3H), 1.05 (s, 3H), 1.02e0.73 (m, 4H), 0.71
(s, 3H); 13C NMR (100MHz, CDCl3): d 177.2,169.7,145.2,144.4,143.3,
142.7, 138.7, 130.7, 129.7, 129.4, 128.1, 126.9, 73.7, 59.9, 57.1, 56.4,
54.9, 43.8, 43.6, 40.9, 40.6, 39.9, 39.5, 38.0, 37.9, 37.5, 28.9, 22.3,
21.6, 20.4, 18.9, 14.1, 13.4; HRMS (ESI, m/z) calculated for
C33H44N3O3 [MþH]þ: 530.3383; found: 530.3383.

Fragmentation characterization. Structural fragmentation
characterization of the potent inhibitors was performed using
ultrahigh-resolution tandem mass spectrometry [55e57]. Frag-
mentation characterization data of 6k and 6p with a suitable
dissociation method are shown in Fig. 7. The characterization data
of these compounds are presented in the Supporting Information.
All mass spectra were collected in the positive ion mode using
Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICRMS). A custom nanospray ion sourcewas used to perform nano-
electrospray ionization experiments. The samples were dissolved in
75:25 water/acetonitrile with 0.5% formic acid to a concentration of
5 mM. The capillary voltage was 900e1300 V, and the isolation
window was 3 Da/e. The FT-ICR instrument was tuned to scan the
m/z 147.4 to 3000 range. Ions were externally accumulated in the
hexapole collision cell for 2 s before being transferred to the infinity
cell for excitation and detection. Collision-induced dissociation
(CID) experiments were performed using argon as the collision gas,
the collision energy was optimized from 10 to 50 eV, and 18 eV and
30 eV were used for 6k and 6p, respectively. Electron-induced
dissociation (EID) experiments were performed by irradiating the
samples with electrons from a 1.5-A heated hollow cathode under
an optimized bias voltage of 25 eV and a pulse length of 0.2 s.
IRMPD experiments were carried out in the ICR cell by exposing the
ions to a CO2 laser beam (75W and ~10.6 mm). The laser power was
optimized to 50e60%, and the pulse duration was 0.5e0.6 s. All
spectra were processed using Data Analysis software (Bruker Dal-
tonik GmbH). The elemental compositions of most peaks were
assigned with sub-ppm mass uncertainties using the Smart For-
mula function in Data Analysis.

Factor Xa Inhibition Assay. The compounds were tested for
factor Xa inhibition using a chromogenic assay. The FXa assay was
conducted in BSA buffer (0.05M Tris, 0.1M NaCl, 0.1% BSA, pH 7.4).
Compounds were dissolved in dilute DMSO at concentrations from
100 mM to 1 nM and analyzed at a maximal final concentration of
0.1% unless otherwise stated. Assays were conducted in a 96-well
microtiter plate with the control or test compound with both the
buffer solution and the enzyme solution (human coagulation factor
Xa from Kordia Human FXa). The reagents weremixed, centrifuged,
and incubated for 15min at 37 �C. The enzyme reaction was initi-
ated by adding the substrate (for factor Xa, S-2765, Boatman
Biotech, at a final concentration of 0.26mM). The progress of the
reaction was monitored for 1 h at 405 nm using a microtiter plate
reader (Tecan M200). The inhibition rate was assessed using the
formula [(OD/min) control - (OD/min) sample]/(OD/min) control.
The IC50 was calculated using the inhibition rate from serial di-
lutions of the test compounds with SPSS19.0 software. To calculate
the inhibition constant Ki [58], the IC50 value was corrected for
competition with substrate using the formula calculated Ki¼ IC50/
[1 þ (substrate concentration/Km)], the Michaelis constant Km, for
substrate hydrolysis by each proteasewas determined by fitting the
data obtained from independent measurements at several sub-
strate concentrations to the Michaelis�Menten equation.

Enzyme Affinity Assays. The serine proteases inhibition activ-
ities of compounds 6k and 6p were tested using a chromogenic
assay. Human FXa was purchased from Kordia; human thrombin
and FXIIa were purchased from American Diagnostica; human FIXa,
FXIa and PK were purchased from Haematologic Technologies;
human trypsin and chymotrypsin were purchased from Sigma
Chemical; human FVIIawas purchased fromNovo Pharmaceuticals;
human tPAwas purchased from Cloud-Clone Corp; human uPAwas
purchased from Molecular Innovations; rat FXa, rat thrombin, rat
FIXa, rat tPA, and rat uPA were purchased from Molecular In-
novations; rat FXIIa and rat trypsin were purchased from Abcam;
rat FXIa, rat PK, and rat FVIIa were purchased from LifeSpan Bio-
sciences; rat chymotrypsin was purchased from Abbexa; the FXa
assay was conducted in BSA buffer (0.05M Tris, 0.1M NaCl, 0.1%
BSA, pH 7.4). The factor XIa, factor XIIa, and chymotrypsin assays
were conducted in 145mM sodium chloride, 5mM potassium
chloride, 50mMHEPES and 0.1% PEG 8000 at pH 7.4. The thrombin,
trypsin, and plasma kallikrein assays were administered in 200mM
sodium chloride, 100mM sodium phosphate, and 0.5% PEG 8000 at
pH 7.5. The factor VIIa assays were performed in 150mM sodium
chloride, 5mM calcium chloride, 50mM HEPES, and 0.1% PEG
8000 at pH 7.4. The factor IXa assays were conducted in 100mM



Fig. 7. Fragmentation characterization. (a) and (b) show the structural characterization of compounds 6k and 6p, respectively, using tandem mass spectrometry. The fragmentation
methods used to obtain the spectra in (a) and (b) were electron-induced dissociation and infrared multiphoton dissociation, respectively.
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sodium chloride, 5mM calcium chloride, 50mM Tris, 2% DMSO and
0.5% PEG 8000 at pH 7.4. The tPA and uPA assays were completed in
100mM sodium chloride, 5mM calcium chloride, 50mM Tris, 2%
DMSO and 0.5% PEG 8000 at pH 7.4.The peptide substrates were as
follows: S-2765 (Boatman Biotech, for FXa, 0.26mM), S-2222
(DiaPharma, for trypsin, 0.02mM), S-2238 (DiaPharma, for
thrombin, 0.007mM), S-2302 (DiaPharma, for PK, 0.02mM), S-
2366 (DiaPharma, for FXIa, 0.73mM), S-2288 (DiaPharma, for FVIIa,
5mM), S-2586 (DiaPharma, for Chymotrypsin, 0.08mM), Spec-
trozyme FIXa substrate (American Diagnostica Inc., for FIXa,
1.3mM), Spectrozyme FXIIa substrate (American Diagnostica Inc.,
for FXIIa, 0.8mM), Spectrozyme tPA substrate (Pentapharm, Aesch,
Switzerland, 0.286mM) and Spectrozyme uPA substrate (Penta-
pharm, Aesch, Switzerland, 82mM). 6k and 6p were dissolved in
dilute DMSO at concentrations from 100 mM to 1 nM and analyzed
at a maximal final concentration of 0.1% unless otherwise noted. All
assays were conducted in 96-well microtiter plates with control- or
compound-containing buffer solutions and enzyme solution. The
reagents were mixed, centrifuged, and then incubated for 15min at
37 �C. The enzyme reactionwas started by adding the substrate (All
substrate concentrations used are equal to Km values unless
otherwise stated). The time course of the reactionwas monitored at
405 nm in a microtiter plate reader (Tecan M200) for 1 h. The in-
hibition rate was measured from the formula, 1-[(OD/min) sample/
(OD/min) control]. The IC50 was calculated using the inhibition rate
of a dilution series of the compound with the SPSS19.0 software. To
calculate the inhibition constant Ki, the IC50 value was corrected for
competition with substrate using the formula calculated Ki¼ IC50/
[1 þ (substrate concentration/Km)], the Michaelis constant Km, for
substrate hydrolysis by each proteasewas determined by fitting the
data obtained from independent measurements at several sub-
strate concentrations to the Michaelis�Menten equation.

Inhibition of ADP-induced Platelet Aggregation. One hour
after receiving a 22 mmol/kg dose of the test compound or vehicle
control solvent by oral gavage, theWistar rats were anesthetized by
intraperitoneal injection of 3% chloral hydrate (0.3 g/kg). Blood
(4.5mL) was extracted from the abdominal aorta and mixed with
3.8% sodium citrate solution (0.5mL), and the mixture was centri-
fuged at 1200 rpm for 10min at room temperature. After collecting
the resulting platelet-rich plasma (PRP), the residue was centri-
fuged at 3000 rpm for another 10min at room temperature to
obtain the platelet-poor plasma (PPP). The PRP was adjusted with
PPP to obtain a platelet count of (30± 5)� 1010 Plts/L. The platelet
aggregation test began with the addition of ADP (final concentra-
tion 10 mM) according to Born's method [59]. The results are
expressed as the maximal aggregation rate within 5min.

Docking Study. AutoDock Vina was used to predict the binding
of the small molecules. We started from the coordinates 11.183,
4.941 and 22.323 and used a grid size of 12 Å. To analyze the docked
structures, we manually visualized each docked pose for each
molecule in PyMol (The PyMOL Molecular Graphics System,
Version 1.8 Schr€odinger, LLC). The criteria used to identify the
model were good fit and good interactions, such as hydrogen bonds
and interaction energies. The protein human factor Xa has been
solved with different ligands. Although different ligands are pre-
sent in the reported structures and they have different solved
binding poses, the protein conformation remained stable. Thus, we
used the protein as a rigid body and the known ligand binding site
for docking our newcompounds, 6k and 6p. 6k and 6pwere docked
in protein human factor Xa [PDBID: 2W26], and models for 6k and
6p that looked promising for ligand binding were found. The
models for 6k and 6p both showed both good interactions and
occupancy in the S1 and S4 pockets. The model for 6k has a pre-
dicted binding affinity of �5.6 kcal/mol. The model for 6p has a
predicted binding affinity of �4.1 kcal/mol.

Pharmacokinetic Study. Pharmacokinetic studies of 6k and 6p
were conducted onWistar rats (210e230 g) with six rats (half male
and half female) in each group. The test compounds were admin-
istered via oral gavage at 22 mmol/kg and via i.v. at 6.6 mmol/kg.
Serial specimens (200 mL) were collected via the retrobulbar vein
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(at 0.08, 0.17, 0.25, 0.5, 1, 2, 4, 6, 8,12 and 24 h) and quantified by LC-
MS/MS. LC-MS/MS analyses were performed on a UPLC system (LC-
30AD, Shimadzu) with an Agilent ZORBAX Eclipse Plus C18 column
(4.6mm� 150mm, 5 mm) and a triple quadrupole detector (API
4500, Turbospray source) using multiple-reaction monitoring
(MRM) mode.

General Method for Pharmacology Study on Rats. Pharma-
cological studies (rats) of 6k and 6p were conducted on Wistar rats
(210e230 g, half male and half female in each group) in accordance
with the guidelines set by the NIH. Rivaroxaban, Clopidogrel, 6k
and 6pwere dissolved in distilled water at a concentration of 1mg/
mL with 0.104% (v/v) Tween-80. The vehicle control group was
0.104% (v/v) Tween-80 in distilled water at the same volume as was
used in the experimental groups. The experiments were all con-
ducted using oral gavage at a dosage of 22 mmol/kg. The animals
were acclimatized for 3 days prior to the experiments.

Ex Vivo PT and aPTT Assays. The ex vivo PT and aPTT assays
were conducted using the plasma of rats 1 h after administration of
the test compound or vehicle control solvent at 22 mmol/kg by oral
gavage, and the Wistar rats were anesthetized by intraperitoneal
injection of 3% chloral hydrate (0.3 g/kg). Blood (4.5mL) was
extracted from the abdominal aorta, and then mixed with 3.2%
sodium citrate (0.5mL). PT and aPTT were detected using the cor-
responding blood coagulation assay kits according to the manu-
facturer's instructions and an automated coagulation analyzer.

Ex Vivo Thrombogenesis Model. The ex vivo antithrombotic
efficacies were evaluated by observing the ex vivo thrombogenesis
(wet weight and dry weight of thrombus) produced by the modi-
fied Chandler method. One hour after administration of the test
compound or vehicle control solvent at 22 mmol/kg by oral gavage,
theWistar rats were anesthetized by intraperitoneal injection of 3%
chloral hydrate (0.3 g/kg). Blood (3mL) was extracted from the
abdominal aorta, and then 1.8mL of the blood was injected into the
silicified thrombus tube. The two ends of the tube were joined to
form a loop. The loop was placed on a rotating cylinder and rotated
for 15min, and then the wet weight of thrombus was measured by
a precision torsion balance. After heating at 60 �C for 30min, the
dry weight of thrombus was measured in the same manner.

In Vivo Thrombogenesis Rats Model. The in vivo antith-
rombotic efficacies were evaluated by observing in vivo thrombo-
genesis (thrombus formation time) induced by stimulating the
common carotid artery of rats with electricity. One hour after
administration of the test compound or vehicle control solvent at
22 mmol/kg by oral gavage, the Wistar rats were anesthetized by
intraperitoneal injection of 3% chloral hydrate (0.3 g/kg).The com-
mon carotid artery was carefully isolated, and a piece of parafilm
was placed under the vessel to separate it from the surrounding
tissue. The thrombus formation time was determined using an
animal thrombus generator (YLS-14B, Yiyan-Tech, China). During
the test, the stimulating electrode and temperature-controlled
electrode were in full contact with the common carotid artery.
The stimulation was initiated after the current had stabilized. The
temperature of carotid blood abruptly decreases upon thrombus
formation. The occlusion time was measured using the tempera-
ture sensor and timer on the electric thrombosis stimulator. The
formation time was recorded as 30min if the thrombus was not
fully formed within 30min.

Statistical Analysis. Graphs were plotted using GraphPad Prism
6 (GraphPad), and statistical analyses were performed using the
same software unless otherwise stated. One-way ANOVA with
Dunnett's post hoc analysis was used for multiple comparisons.
Statistical significance is indicated as follows: *p < 0.05, **p < 0.01,
***p < 0.001, and ****p< 0.0001. Bar graphs depict the mean± SD of
independent experiments; each data point represents the
measured value from an individual rat in the test group.
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