
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
0:

23
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Library construct
aState Key Laboratory of Bioactive Substan

Institute of Materia Medica, Chinese Academ

Medical College, No.1 Xian Nong Tan Stre

China. E-mail: mashuanggang@imm.ac.cn;

cn
bDepartment of Chemistry and Biochemistr

California 90095, USA. E-mail: houk@chem
cInstitute of Medicinal Biotechnology, Chines

Union Medical College, No. 1 Tian Tan Xi

China

† Electronic supplementary information (
2009868, 2009871 and 2009873. For ESI an
electronic format see DOI: 10.1039/d1sc01

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2021, 12, 7003

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 4th March 2021
Accepted 9th April 2021

DOI: 10.1039/d1sc01277k

rsc.li/chemical-science

© 2021 The Author(s). Published by
ion of stereochemically diverse
isomers of spirooliganin: their total synthesis and
antiviral activity†

Ru-Bing Wang,‡a Shuang-Gang Ma, ‡*a Cooper S. Jamieson,‡b Rong-Mei Gao,c

Yun-Bao Liu,a Yong Li, a Xiao-Jing Wang,a Yu-Huan Li,c Kendall N. Houk, *b

Jing Qu*a and Shi-Shan Yu *a

The construction of libraries of stereoisomers of natural products serves as an important approach to

investigating the correlation between the stereostructure and biological activity. However, the total

synthesis and isomerzation of polycyclic scaffolds with multiple chrial centers are rare. Spirooliganin (1),

a new skeleton natural product isolated from the plant Illicium oligandrum, was structurally

characterized by comprehensive analysis of NMR spectroscopic data and ECD which revealed an

unprecedented 5–6–6–6–7 polycyclic framework with six chiral centers. Here we report a 17-step total

synthesis to prepare a library of stereochemically diverse isomers of spirooliganin, including 16

diastereoisomers and 16 regioisomers. In addition to a regioselective hetero-Diels–Alder cycloaddition,

the synthetic strategy involves a photo-induced stereoselective Diels–Alder reaction, which gives only

the abnormal trans-fused product as rationalized by density functional theory calculations. Preliminary

biological evaluation showed that spirooliganin and regioisomers 39 exhibited potent inhibition of

Coxsackievirus B3. It also revealed the pharmacophore effect of the D-ring (16R,18R,24R, and 26R) for

their antiviral activities.
Introduction

Natural products continue to be a major source of novel lead
compounds or pharmacophores for medicinal chemistry due to
their diverse structure and biological activities. Bioactive
natural products oen possess one or multiple chiral centers
and spatially dened arrangements of functional groups. Given
the important relationship between stereochemistry and
bioactivity, the creation of stereoisomer libraries of natural
products is envisaged to maximally screen the potential of novel
frameworks in drug discovery.
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Examples of the construction of stereoisomer libraries of
natural products containing multiple chiral centers has been
reported in the past few decades, such as annonaceous aceto-
genins, a class of fatty acid-derived natural products from
members of the Annonaceae family,1–4 cladosporin, an iso-
coumarin-based metabolite from fungus,5 spirotryptostatin,
a prenyl-containing alkaloid from Aspergillus fumigatus,6–8 and
cocaine, a member of the tropane alkaloids isolated from the
leaves of Erythroxylon coca.9 However, stereoisomeric variation
in these studies was limited to scaffolds with long carbon-chain
skeletons or polyketide macrolides10,11 that contain multiple
oxygenated chiral centers, or molecules with two vicinal ster-
eogenic centers.9,12–15 Due to the synthetic challenge, there exists
no stereoisomer library constructed for natural products with
a rigid, polycyclic fused ring scaffold and multiple resulting
stereocenters. Thus, the stereostructure–activity relationship
(SSAR) for many of these natural products is unknown.

Inspired by the potential antiviral activity of prenylated C6–
C3 compounds,16–19 which are characteristic constituents of
plants from the genus Illicium, we isolated and characterized
spirooliganin (1) from the stem bark of I. oligandrum.20 The
compound 1 features an unprecedented linear tetracycle (6–6–
6–7, rings B, C, D, and E, Fig. 1). Remarkably, this molecule
exhibits potent activity against Coxsackievirus B3 (CVB3), with
an IC50 of 2.1 mMand a selectivity index (SI) value of 5.2. Here we
report the construction of a library of stereoisomers of
Chem. Sci., 2021, 12, 7003–7011 | 7003
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Fig. 1 Structure of spirooliganin, a novel prenylated C6–C3
compound, isolated from I. oligandrum.
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spirooliganin, including 16 diastereoisomers and 16
regioisomers, via a 17-step total synthesis. The synthetic
strategy involves a regioselective hetero-Diels–Alder cycloaddi-
tion and an abnormal photochemical trans-selective Diels–
Alder reaction, which has been rationalized by density func-
tional theory calculations. The antiviral activity of the stereo-
isomer library was evaluated against CVB3, thus revealing the
Fig. 2 General strategy and retrosynthetic analysis to produce stereoch
retrosynthetic strategy for the construction of spirooliganin. (B) Linear retr
(C) General synthetic strategy of stereochemically diverse isomers of sp

7004 | Chem. Sci., 2021, 12, 7003–7011
relationship between the stereostructure and antiviral activities
of this analogue of natural products.
Results and discussion
Structural elucidation of spirooliganin

Spirooliganin (1), a colorless oil, was determined to have the
molecular formula C30H42O4 on the basis of 13C NMR data and
the (+)-HRESIMS ion peak at m/z 467.3160 [M + H]+ (calcd
467.3156), suggesting ten degrees of unsaturation. The IR
spectrum displayed absorptions characteristic of hydroxy (3437
cm�1) and carbonyl (1671 cm�1) groups. Analysis of the 13C
NMR spectrum (Table S1†) with the aid of DEPT and HSQC
spectra revealed the presence of four double bonds and one
cross-conjugated carbonyl (dC 185.2) group in the downeld
region (dC 186.0–109.0 ppm) and ve methyls, eight methylenes,
four methines (one oxygenated), and four quaternary carbons
(three oxygenated) in the upeld region (dC 86.0–19.0 ppm).
Analysis of the degree of unsaturation indicates the presence of
emically diverse isomers of spirooliganin (1). (A) Unrealized convergent
osynthetic strategy to achieve the synthesis of isomers of spirooliganin.
irooliganin.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ve rings (rings A–E) in 1. The planar structure of 1 (Fig. 1) was
determined by examination of the 2D NMR spectra, which was
described as follows. Four proton-bearing structural fragments
a–d, as depicted by bold bonds (Fig. S1A†), were readily estab-
lished by interpretation of the HSQC and 1H–1H COSY spectra.
Subsequently, a series of key HMBC correlations (Fig. S1B†) led
to the determination of the planar structure of the unprece-
dented linearly fused tetracyclic (6–6–6–7) skeleton bearing a 1-
oxaspiro[4.5]deca-6,9-dien-8-one moiety. The stereochemistry
(4R,11R,16R,18R,24R, and 26S) of the chiral centers in rings A
and D was unambiguously determined from the NOESY spec-
trum and a series of NOE experiments (Fig. S1B, S18 and S19†),
as well as circular dichroism (CD) spectroscopy showing
a negative Cotton effect at 255 nm and a positive Cotton effect at
309 nm. The full details of the structural elucidation can be
found in the ESI.†
Strategy for the isomer library construction of spirooliganin

Structurally, spirooliganin contains a spiro-type prenylated C6–
C3 unit (C1–C14, black in Fig. 1) and a himachalane-type ses-
quiterpenoid with a bicyclo[5.4.0]undecane skeleton (C16–C30,
red in Fig. 1), which are fused through amethylene (C15) and an
oxygen bridge involved in a pyran ring (C-ring). Four of the six
Fig. 3 Construction of the linear tetracyclic core for spirooliganin. The cr
8c and rac-8d were shown. rac-8c and rac-8d would be used in the sa

© 2021 The Author(s). Published by the Royal Society of Chemistry
chiral centers in spirooliganin are located on the linearly fused
tetracycle (B, C, D and E rings) and two on the oxaspiro ring (A
and B rings). To construct a library of spirooliganin stereoiso-
mers for a better understanding of its SSAR, the total synthesis
was envisioned to diversify the introduction of stereocenters in
each step. We conceived a route to spirooliganin that succinctly
delivers a wide diversity of isomers of 1 (Fig. 2).

The general synthetic strategy includes three main trans-
formations: (1) use of a nonselective oxidation–cyclizaton to
diversify the two chiral centers on the oxaspiro ring while the
characteristic prenylated C6–C3 unit was retained, (2) use of
a non-regioselective Diels–Alder reaction between 4,4-dime-
thylcyclohept-2-en-1-one and isoprene to give two kinds of
cycloadditon product including regioisomers resulting from the
opposite location of the exocyclic double bond and a gem-
dimethyl group to maximize the isomers of 1, and (3) use of
a regioselective hetero-Diels–Alder reaction of an o-quinone
methide with himachalane cyclohexene to obtain the linearly
fused 6–6–6–7-tetracycle, which matches the basic skeleton of 1
and produces diverse stereoisomers of tetracyclic intermedi-
ates. We rstly intended to install the basic skeleton of 1 using
a convergent strategy21–23 of i and ii. However, this was not
achieved, even aer simplication of the starting material (iii to
ii) (Fig. 2A). Therefore, we transferred to another linear
ystal structures of the key tetracyclic intermediates rac-8a, rac-8b, rac-
me synthetic route to give spirooliganin regioisomers.

Chem. Sci., 2021, 12, 7003–7011 | 7005
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synthetic strategy to achieve the synthesis of isomers of spi-
rooliganin (Fig. 2B). Finally, library construction of stereo
isomers of spirooliganin was realized as shown in Fig. 2C.
Total syntheses of 16 diastereoisomers and 16 regioisomers of
spirooliganin

The total synthesis of the polycyclic fused skeleton of spi-
rooliganin 1 started from the commercially available methyl 3,3-
dimethylpent-4-enoate 2, which was reduced to the corre-
sponding alcohol 3 by LiAlH4 in an almost quantitative yield. A
substitution reaction of 3 with iodine, imidazole and triphe-
nylphosphine afforded 4 in 90% yield. Compound 4 was treated
with n-BuLi and acetylmethylene triphenylphosphorane to
generate an ylide intermediate,24 which was directly used for the
subsequent Wittig reaction with formaldehyde to afford a,b-
unsaturated ketone 5 in the two steps with 80% yield.
Compound 5 was reuxed in dichloromethane over a Grubbs II
catalyst to give intramolecular ring-closure product 6 in 85%
yield. Diels–Alder cycloaddition of compound 6 with isoprene
(also as the solvent) under ultraviolet (UV) 365 nm irradiation
generated a pair of trans-fused regioisomers 7a and 7b (Fig. 3) in
a ratio of 46.8 : 53.2, which were separated by using reverse
phase C18 preparative HPLC to give two pairs of racemates 7a
and 7b.25,26 Their structures were determined based on extensive
spectroscopic evidence (Fig. S29–S40†) and also supported by
Fig. 4 Syntheses of spirooliganin diastereoisomers from rac-8a. The fou

7006 | Chem. Sci., 2021, 12, 7003–7011
the X-ray crystal structures of the products from subsequent
steps (Fig. 3). The trans-fused product rac-7a and rac-7b served
as key intermediates in the synthesis of stereoisomers and
regioisomers of spirooliganin, respectively. A three-component
hetero-Diels–Alder cycloaddition of rac-7a, formaldehyde and
1,3-cyclohexanedione was used to construct the 6–6–6–7 tetra-
cyclic core according to a reported strategy.27 Two pairs of
enantiomers (rac-8a and rac-8b) were obtained (Fig. 3). To
ensure the complete conversion of rac-7a, 1,3-cyclohexanedione
was strictly controlled to be added in portions aer the reaction
was heated to 100 �C. The reaction from rac-7b was same as that
from rac-7a. The hetero-Diels–Alder reaction afforded a cis-
fused 6–6 ring system, resulting in the assembly of the key tet-
racyclic core, the stereochemistry of which was conrmed by X-
ray crystal structures of rac-8a, rac-8b, rac-8c and rac-8d (Fig. 3,
Fig. S5–S8 and Tables S21–S28†).

With the tetracyclic core in place, our attention was focused on
the formation of the B ring by aromatization (Fig. 4). We expected
to accomplish selective aromatization of the B ring in one step
based on the slight activity difference between the a,b-unsaturated
carbonyl and saturated carbonyl group. Many reported methods
(Pd/C, I2/CH3OH, I2/DMSO/CH3NO2, DDQ, and NaH/PhSO2CH3)
were attempted,27–29 such as (NaH/PhSO2CH3) reported by Xie et al.
as a practical method for the synthesis of spirooliganones.27

However, these attempts gave at best a trace amount of the desired
r diastereoisomers 19, 20, 21, and 22 formed via rac-17a1 were shown.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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product. We speculated that this might be due to the presence of
carbonyl on the seven-membered ring, which was accompanied by
b-keto sulfoxide substitution when the reaction was heated to 100
�C using methyl benzenesulnate for aromatization. We thus
attempted an alternative strategy by protecting the carbonyl before
aromatization. The reaction of rac-8a with glycol and trimethy-
loxymethane catalyzed by p-TsOH in benzene under violent reux
gave the corresponding protected racemates. The following
aromatization of rac-9a not only converted the a,b-unsaturated
ketone ring (B ring) into the corresponding phenol but also
Fig. 5 Stereochemically diverse structures of isomers of spirooliganin. (A
17a2 and rac-8b. (B) Structures of 16 regioisomers from rac-8c and rac-

© 2021 The Author(s). Published by the Royal Society of Chemistry
completely removed the protection of the carbonyl in two steps
with 60% yield for rac-10a.

With racemic phenols rac-10a in hand, the allylic and prenyl
side chains of the B ring were introduced by a general alkyl-
ation/Claisen rearrangement reaction sequence. Treatment of
rac-10a with allyl bromide and K2CO3 in reuxing acetone effi-
ciently delivered allylic ether rac-11a in 95% yield, followed by
a Wittig reaction using the ylide of methyl-
triphenylphosphonium bromide to give rac-12a in 90% yield.
This intermediate was converted to o-allylic phenols rac-13a
) Structures of the other 12 diastereoisomers of spirooliganin from rac-
8d.

Chem. Sci., 2021, 12, 7003–7011 | 7007
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with high regioselectivity in 95% yield when heated in N,N-
diethylaniline. Similarly, treatment of rac-13a with prenyl
bromide and K2CO3 in reuxing acetone efficiently produced
rac-14a, which was then heated in N,N-diethylaniline to give the
p-prenyl phenols rac-15a with high regioselectivity in 75% yield
over two steps. rac-15a was protected by tert-butyldiphenylsilyl
chloride (TBDPSCl) to produce rac-16a in 96% yield, which was
subjected to Sharpless dihydroxylation with AD-mix-b at 10–15
�C for 36 h, and two pairs of racemic diols, rac-17a1 (24% yield)
and rac-17a2 (21% yield), were generated with poor stereo-
selectivity and 30% conversion. We attempted to prolong the
reaction time and increase the reaction temperature, but tetrol
derivatives were observed as the main product fromHRMS data,
which may be due to the oxidation of both the isopentenyl and
allyl groups. The structures of the intermediates (rac-10a, rac-
11a, rac-12a, rac-13a, rac-14, and rac-15a) were conrmed by
a series of 1D and 2D-NMR spectroscopic analyses (Fig. S63–
S66, S79–S82, S95–S98, S111–S114, S127–S130, and S143–
S146†), and their stereochemistry was the same as that of rac-8a.
The stereochemistry of two pairs of racemic diols (rac-17a1 and
rac-17a2) was veried based on the absolute conguration of the
nal products 19–26 (Fig. S191–S230†).

Followed by the preparation of diols, a tandem oxidative
dearomatization/cyclization reaction was adopted to construct
the oxaspiro ring moiety. Treatment of rac-17a1 with TBAF in
THF afforded the deprotected compounds, which was reacted
with iodobenzene diacetate (PIDA) in hexauoroisopropanol
(HFIP) in the presence of K2CO3 to generate two pairs of scale-
mic enantiomers 19/20 in 20% yield and 21/22 in 22% yield aer
purication by silica column chromatography and preparative
HPLC. The enantiomers were further separated by chiral HPLC
to afford single diastereoisomers, including 19, the 26-epimer
of spirooliganin.

We also prepared the other 12 diastereoisomers (23–34) of
spirooliganin from rac-17a2 and rac-8b, as well as 16
regioisomers (35–50) from rac-8c and rac-8d (Fig. 5). The
synthetic route was same as that used for diastereoisomer
synthesis from rac-8a. The structures of the nal products,
including the absolute congurations, were unambiguously
characterized by comprehensive NMR spectroscopic analysis,
a series of NOE experiments, ECD analysis, and Mosher's
method (Fig. S2, S3, and S191–S369, Tables S12–S20†). More-
over, the X-ray crystal structure of a pair of enantiomers, 31 and
32, obtained from methanol containing trace H2O also
conrmed the fascinating highly linearly fused tetracyclic (6–6–
Fig. 6 The X-ray crystal structure of a pair of enantiomers 31/32.

7008 | Chem. Sci., 2021, 12, 7003–7011
6–7) skeleton bearing a 1-oxaspiro [4.5]deca-6,9-dien-8-one
moiety and six dense chiral centers (Fig. 6).
Abnormal photo-induced trans-selective Diels–Alder reaction

The observation that the Diels–Alder cycloaddition of
compound 6 with isoprene under UV yielded 100% trans-fused
products intrigued us to investigate the mechanism of this
uncommon trans-photochemical cycloaddition reaction by
density functional theory calculations at the uB97X-D/def2-
QZVPP//uB97X-D/def2-TZVP level of theory. Since medium ring
trans-cycloalkenes are known to be highly reactive in cycload-
ditions,30 we hypothesized that the well-known photochemical
cis, trans isomerization31 of cycloheptenones would lead to
a reactive trans-cycloheptenone. The reactivity of trans-cyclo-
heptenones is derived from distorting the structure towards the
cycloaddition transition state geometry. To verify this, we
calculated the molecular orbitals (MOs) of isoprene, cis-, and
trans-cycloheptenones (Fig. 7A). As has been known and
explained32 the highest occupied MO of isoprene has very
similar coefficients at the two termini and is expected to react
with low regioselectivity. The lowest unoccupied MOs (LUMOs)
of cis- and trans-cyclohepetenones have similar orbital energies
and support the idea that trans-cycloheptenone reactivity is
distortion accelerated and not accelerated by improved orbital
interactions. Alkene isomerization rotates the reacting p-
orbitals out of conjugation from the ketone and results in
a slight increase in the LUMO energy (+0.04 eV), despite the fact
that this distortion of the alkene should intrinsically lower the
alkene LUMO energy.33

We located the transition states for the cycloadditions of
both the cis- and trans-cycloheptenones (Fig. 7B). The cis-
cycloheptenone can react via endo or exo transition states to
form two regiosomeric cis-fused cycloheptenone adducts. The
lowest energy transition states for the regioisomeric cycloaddi-
tions are TS-1 and TS-2. These transition states are endo and
have free energies of activation of 37.1 and 37.2 kcal mol�1,
respectively. There is a minute (0.1 kcal mol�1) preference for C-
1 of isoprene to react at the b carbon of the a,b-unsaturated
ketone, in agreement with the frontier molecular orbital
prediction. The barriers for these cycloadditions are very high,
and under mild reaction conditions would not be observed.

Isomerization of cis-cycloheptenone to trans-cycloheptenone
is uphill thermodynamically by 31.9 kcal mol�1. The trans-
cycloheptenone can, similarly, undergo cycloadditions to form
two regiosomeric trans-fused cycloheptenone adducts. In this
case, the lowest energy transition states TS-3 and TS-4 are exo
with respect to the cycloheptenone ketone and have low barriers
of 18.1 and 18.3 kcal mol�1 from the trans-cycloheptenone,
respectively. The transition states are slightly more asynchro-
nous than those from the cis-cycloheptenone, but still clearly
concerted. Now, there is a small preference for the opposite
regioselectivity compared to the cis-enone reaction. The barriers
for these cycloadditions of trans-cycloheptenone are nearly 20
kcal mol�1 lower than that of cis-cycloheptenone.

These calculations rationalize why the cis-fused adduct was
not observed and showed the origins of stereochemistry and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 DFT calculations for the intermolecular [4 + 2] cycloaddition reaction. (A) Energies and shapes of the highest occupied and lowest
unoccupiedmolecular orbitals (HOMO and LUMO) of isoprene, cis-cycloheptenone and trans-cycloheptenone. (B) Gibbs free energy surface of
cycloadditions from cis- and trans-cycloheptenones. Relative to reactants, TS-3 and TS-4 have low barriers of 18.1 and 18.3 kcal mol�1 and
readily take place, whereas TS-1 and TS-2 are too high in energy to proceed under the experimental conditions.
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regioselectivity. In short, the cis-cycloheptenone is unreactive in
cycloadditions, but the trans-cycloheptenone is highly reactive
and leads by a concerted cycloaddition to the trans-fused
product.
Antiviral screening and stereostructure–activity relationship

With spirooliganin (1) and the 32 isomer library in hand, we
were able to investigate the inuence of the stereostructure on
their biological activity. Compound 1 and its 16 diastereoiso-
mers (Table 1, Groups A and B) and 16 regioisomers (Table 1,
Groups C and D) were evaluated for their antiviral inhibitory
activities against CVB3 in African green monkey kidney cells
(Vero cells), which were infected with CVB3 and measured with
CPE assay.34 The preliminary biological study showed that
compound 1 and its regioisomer 39 displayed the most potent
activities against CVB3 among all the isomers, with IC50 values
of 2.1 mM and 3.7 mM and SI values of 5.2 and 4.3, respectively,
which are better than those of the positive control ribavirin (IC50

1577.5 mM and SI ¼ 5.2) but less effective than those of pleco-
naril. Diastereoisomer 23 and regioisomers 35, 37, 41, 42, and
47 also exhibited good inhibition against CVB3, with IC50 values
ranging from 8.6–11.1 mM. Among the 16 diastereoisomers,
compounds 21, 23, and 25, with the same D-ring conguration
(16R,18R,24R, and 26R), showed a better selectivity index than
their corresponding enantiomers 22, 24, and 26, which have the
opposite D-ring conguration (16S,18S,24S, and 26S). Interest-
ingly, a similar trend was observed for the regioisomers. With
a D-ring conguration of 16R,18R,24R, and 26R, compounds 35,
37, 39 and 41 exhibited signicant inhibitory activities against
CVB3, with IC50 values ranging from 3.7 to 11.1 mM, although 42
© 2021 The Author(s). Published by the Royal Society of Chemistry
also showed a similar level of activity compared to 41. This
indicated the crucial role of the D-ring conguration for their
anti-CVB3 activity, while the conguration of the A-ring may be
less important. Notably, natural spirooliganin (1) exhibited
excellent inhibitory effects against CVB3 (IC50 2.1 mM), while its
synthetic 26-epimer (19) was much less active (IC50 > 33.3 mM),
suggesting that the 26S conguration of the methyl group on
the D-ring plays an important role in inhibiting CVB3.
Discussion

As a rich source for bioactive natural products, a number of
prenylated C6–C3 compounds with diverse structures and/or
signicant biological activity have been isolated from different
parts of the pant I. oligandrum.17–20 Herein, spirooliganin (1),
a prenylated C6–C3 compound, has been isolated from the
plant stem bark and structurally characterized. It features an
unprecedented linear tetracycle with six dense chiral centers
and was characterized as the rst example of a hybrid of spiro-
type prenylated C6–C3 derivative and himachalane sesqui-
terpenoids (C16–C30) from I. oligandrum.

For the SSAR study, we applied an effective total synthesis
route that maximizes isomer formations to construct a library of
stereochemically diverse isomers of spirooliganin. The 17-step
total synthesis started from readily available materials and
included ve main transformations: (1) an intramolecular ring-
closure reaction to furnish 2-cycloheptenone and a photo-
induced Diels–Alder cycloaddition to assemble the trans-fused
6–7 ring system; (2) a three-component regioselective hetero-
Diels–Alder cycloaddition reaction to build the 6–6–6–7 tetra-
cyclic core; (3) aromatization of the a,b-unsaturated six-
Chem. Sci., 2021, 12, 7003–7011 | 7009
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Table 1 Anti-CVB3 activity and cytotoxicity in Vero cells for compound 1 and its 16 diastereoisomers and 16 regioisomersa

Groups Compounds CEsb

Conguration

TC50
c (mM) IC50 (mM) SIdA ring D ring

1 (�) 4R,11R 16R,18R,24R,26S 11.1 � 1.5 2.1 � 1.1 5.2
A 19 (�) 4R,11R 16R,18R,24R,26R 57.7 � 5.4 >33.3 —e

20 (+) 4S,11S 16S,18S,24S,26S 57.7 � 2.8 >33.3 —e

21 (+) 4S,11R 16R,18R,24R,26R 57.7 � 9.1 33.3 � 4.2 1.7
22 (�) 4R,11S 16S,18S,24S,26S 57.7 � 5.3 >33.3 —e

23 (+) 4S,11S 16R,18R,24R,26R 48.1 � 5.2 11.1 � 2.5 4.3
24 (�) 4R,11R 16S,18S,24S,26S 48.1 � 6.3 >11.1 —e

25 (�) 4R,11S 16R,18R,24R,26R 57.7 � 7.0 33.3 � 2.2 1.7
26 (+) 4S,11R 16S,18S,24S,26S 57.7 � 6.6 >33.3 —e

B 27 (+) 4S,11R 16S,18R,24R,26S >100.0 >33.3 —e

28 (�) 4R,11S 16R,18S,24S,26R >100.0 >33.3 —e

29 (�) 4R,11R 16S,18R,24R,26S 48.1 � 5.2 >11.1 —e

30 (+) 4S,11S 16R,18S,24S,26R 23.1 � 4.2 >11.1 —e

31 (�) 4R,11S 16S,18R,24R,26S 57.7 � 1.0 22.6 � 3.3 2.6
32 (+) 4S,11R 16R,18S,24S,26R 100.0 � 8.8 33.3 � 2.9 3.0
33 (+) 4S,11S 16S,18R,24R,26S 48.1 � 4.4 >11.1 —e

34 (�) 4R,11R 16R,18S,24S,26R 57.7 � 2.4 >33.3 —e

C 35 (�) 4R,11R 16R,18R,24R,26R 23.1 � 4.1 11.11 � 1.35 2.1
36 (+) 4S,11S 16S,18S,24S,26S 33.3 � 3.2 >11.11 —e

37 (+) 4S,11R 16R,18R,24R,26R 19.3 � 3.7 11.1 � 2.3 1.7
38 (�) 4R,11S 16S,18S,24S,26S 19.3 � 2.4 >11.1 —e

39 (+) 4S,11S 16R,18R,24R,26R 16.0 � 2.2 3.7 � 1.2 4.3
40 (�) 4R,11R 16S,18S,24S,26S 16.0 � 1.8 >3.7 —e

41 (�) 4R,11S 16R,18R,24R,26R 19.3 � 4.1 8.6 � 1.3 2.2
42 (+) 4S,11R 16S,18S,24S,26S 48.1 � 6.2 8.6 � 1.5 5.6

D 43 (+) 4S,11R 16S,18R,24R,26S >100.0 >33.3 —e

44 (�) 4R,11S 16R,18S,24S,26R >100.0 >33.3 —e

45 (�) 4R,11R 16S,18R,24R,26S 57.7 � 6.9 >33.3 —e

46 (+) 4S,11S 16R,18S,24S,26R 57.7 � 5.2 >33.3 —e

47 (�) 4R,11S 16S,18R,24R,26S 48.1 � 4.1 11.11 4.3
48 (+) 4S,11R 16R,18S,24S,26R 57.7 � 4.4 >33.3 —e

49 (+) 4S,11S 16S,18R,24R,26S 69.3 � 8.0 >33.3 —e

50 (�) 4R,11R 16R,18S,24S,26R 69.3 � 3.3 33.3 2.1
Ribavirinf — 8196.7 � 45.6 1577.5 � 84.4 5.2
Pleconarilf — 40.5 � 2.6 2.9 � 0.5g 14045.1

a TC50 and IC50 data represent the mean values for three independent determinations. b Cotton effects at lmax 255 nm. c Cytotoxic concentration
required to inhibit Vero cell growth by 50%. d The SI value equaled TC50/IC50.

e The SI could not be determined under the test conditions. f Positive
control. g nM.
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membered ketone ring; (4) a series of substitution reactions and
aromatic Claisen rearrangements to introduce the side chain;
and (5) tandem oxidative dearomatization/cyclization to
produce the 5–6 oxaspiro moiety. X-ray crystallography studies
conrmed the structures of the intermediates and one nal
diastereoisomer product. The photochemical Diels–Alder reac-
tion was shown to be an unusual trans-selective cycloadditon,
which broke the common Diels–Alder reaction rule and a 100%
trans-fused product was obtained. This has been completely
evidenced, by density functional theory calculations, to be due
to the unreactivity of the cis-cycloheptenone in cycloadditon.
Conclusions

In summary, we obtained 16 diastereoisomers and 16
regioisomers of novel skeleton natural product spirooliganin in
total with 2.23% overall yield, in which the isomerization
derived from the non-selective UV-promoted Diels–Alder
7010 | Chem. Sci., 2021, 12, 7003–7011
cycloaddition and the regioselective thermal hetero-Diels–Alder
reaction. The structures of all the synthesized compounds were
unambiguously assigned by comprehensive analysis of spec-
troscopic data, especially 2D NMR, ECD analysis and modied
Mosher's method. By such a library construction of the diverse
isomers of 1, we were able to investigate the effect of regio and
stereo conguration on the bioactivity of the whole structure.
Preliminary biological evaluation revealed the essential role of
the D-ring 16R,18R,24R, and 26R conguration for their anti-
viral activity in both diastereoisomers and regioisomers. Spi-
rooliganin 1 and regioisomer 39 have been screened as potent
inhibitors against CVB3 for further mechanism study, which
will be published in due course. This work not only gives a good
example of how to construct a stereoisomers library for complex
natural product containing multiple chiral centers for investi-
gating their SSAR, but is also of great benet to the construction
of 6–6–6–7 skeleton compounds in organic synthesis. The
unusual and conrmed photo-induced trans-Diels–Alder
© 2021 The Author(s). Published by the Royal Society of Chemistry
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reaction in this study has certain implications for the synthesis
of other analogs with a similar trans-cycloaddition moiety.
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