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ABSTRACT: An enantioselective total synthesis of
(−)-oridonin is accomplished based on a key interrupted
Nazarov reaction. The stereochemistry of the Nazarov/
Hosomi−Sakurai cascade was first explored to forge a
tetracyclic skeleton with challenging quaternary carbons.
A delicate sequence of two ring-rearrangements and late-
stage redox manipulations was carried out to achieve the
de novo synthesis of this highly oxidized ent-kauranoid.

Among over 1000 ent-kaurene diterpenoids that are
biosynthetically related to ent-kaurene (Figure 1, 1),1

(−)-oridonin (2) is one of the most widely used and
investigated members in both the clinical and preclinical
settings.2 As a matter of fact, it is the major active ingredient of
Rabdosia rubescens, an over-the-counter anti-inflammatory
herbal medicine commonly available in China.2b The
promising activities of 2 against a wide variety of cancer cells
in vitro and in vivo prompted intensive medicinal chemistry
efforts via semisynthesis, leading to a series of oridonin
derivatives to fine-tune its properties for drug development.3

Among them, HAO472 has recently entered the phase I

clinical trial in China for the treatment of acute myelogenous
leukemia.4 Furthermore, recent researches have also piqued
interest in the potential of 2 in the area of neuroprotection and
neurodegenerative diseases.5 In terms of the mechanism-of-
action studies, a number of target proteins have been identified
to react with the α-methylene cyclopentanone unit of 2,
including oncoprotein AML1-ETO, and NLRP3, the central
component of the NLRP3 inflammasome.6

Although semisynthesis of oridonin has been achieved7 and
significant progress has been made in the chemical synthesis of
ent-kaurenoids with high oxidation level,8−10 oridonin (2) still
presents a daunting task for total synthesis, inviting the
development of new and effective synthetic strategies given its
unique structural features. To illustrate, attempts to access 2
via our previous approach that accomplished maoecrystal P
was hampered by the presence of a C14 hydroxyl group.9d

Considering that subtle structural differences have tremendous
impacts on the biological activities within this family of natural
products, we embraced the development of a de novo synthesis
of (−)-oridonin (2) that would open the opportunity for
flexible and deep-seated structural changes inaccessible by
semisynthesis. Herein, we report our efforts leading to the total
synthesis of (−)-oridonin (2).
Our retrosynthetic analysis commenced with the recognition

that the late-stage intermediate 3 could be prepared from
epoxide 4 via 1,2-migration and deprotection.11 Another 1,2-
migration (acyloin rearrangement) was devised to trace 4 back
to 5, inspired by the conversion of gibberellic acid to
kaurenoids reported by the Mander group.12 This strategic
ring contraction revealed a key synthetic intermediate (6) that
contained two quaternary carbons, C8 and C10 (oridonin
numbering, throughout), and one tertiary stereogenic center
without neighboring controlling functional groups, C9. We
envisaged an interrupted Nazarov cyclization that trapped
oxyallyl cation 7a using a pendant allylsilane for the efficient
synthesis of 6.13,14 Consequently, the substrate of this key
reaction, ketone 8a, could be prepared by two monocyclic
synthons, 9 and 10. The grand challenge of our plan was the
feasibility and efficiency of the Nazarov/Hosomi−Sakurai
cascade, even if the disconnection of the C8−C14 bond via a
positive charge and an allylsilane moiety was reminiscent of the
maoecrystal V synthesis reported by Baran’s group.10i

Furthermore, we anticipated significant experimentations
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Figure 1. (−)-Oridonin (2) and its retrosynthetic analysis.
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would be required to resolve the challenges presented by not
only the ring rearrangements but also late-stage functional
group manipulations on such a strained, highly oxidized, and
sterically hindered polycyclic skeleton.
The influence of the stereochemistry (C1 and C16) on the

proposed Nazarov/Hosomi−Sakurai cascade was first eval-
uated, which turned out to be of paramount importance (Table
1 and Table S1). The substrate, ketone 8, was prepared as a

diastereomeric mixture of 1:1 ratio (Scheme S1). Screening of
various Lewis acids only led to decomposition or desilylation
products, whereas only EtAlCl2 facilitated the desired trans-
formation and therefore was used for subsequent optimiza-
tions. The identifiable products (11−14) revealed two
important features of this reaction: (1) the torquoselectivity
could be rationalized by the presence of C1 and C20 OBn
groups, which led to different steric interactions between the
two possible conrotatory pathways (A); (2) the formation of
the interrupted versus normal Nazarov products was achieved
in a stereoselective fashion. The π-nucleophile, allylsilane,
smoothly approached C8 anti to the adjacent C9 hydrogen
(8b); in contrast, the rate of proton elimination outcompeted
the interception of the oxyallyl cation generated from enone
8a. In terms of the reaction condition optimization, dramatic
solvent effects were discovered: while both dichloromethane
(DCM) and acetonitrile provided products 11 and 12 in the
presence of a catalytic amount of EtAlCl2, tetrahydrofuran
(THF) completely inhibited the reaction (Table 1, entries 1−
3, and Table S1). However, scale-up of the reaction using
DCM as the solvent led to a deteriorated and unstable yield of
11 (entry 4), and scale-up of the reaction in acetonitrile
resulted in the formation of side product 13, which was hard to
separate from desired 11 (entry 5). The problem was solved by
employing solvent mixture (DCM/THF = 20:1) with

increased equivalents of EtAlCl2, which robustly afforded 11
and 14 in >30% and >20% yield, respectively (entries 6 and 7).
Based on the study of the Nazarov/Hosomi−Sakurai

cascade, we revised our synthetic plan to prepare (+)-9
(Scheme 1). β-Bromo aldehyde 16 provided by Vilsmeier

reaction15 of ketone 15 was first converted to ester 17 via
Pinnick oxidation and methylation. By screening a variety of
allylic oxidation conditions, we found CrO3 could provide
enone 18 with a yield of 45% on a 20 g scale,16 whereas
remaining 17 (33%) was readily separated and recycled. By
adding excess BMS (borane dimethyl sulfide complex), CBS
(2-methyl-CBS-oxazaborolidine) reduction of 18 directly
afforded chiral diol (+)-19 in excellent enantioselectivity
(>98% ee),17 which was protected by a benzyl group to
yield (+)-9. On the other hand, we commenced the synthesis
of the right-wing fragment (10) from (+)-20, the enantiomer
of which was prepared in high enantiopurity by Hoveyda’s
group.18 For practical reasons, we further optimized the
enantioselective 1,4-addition with reduced catalyst loadings
during the scale-up, resulting in a protocol that provided
(+)-20 in 86% ee on a multigram scale (see SI). Ketone 20 was
converted to vinyl iodide 21 upon treatment with ICl (iodine
monochloride),19 followed by the Pd-catalyzed cross-coupling
with trimethylsilylmethylzinc reagent to give allylsilane 22 in
55% yield over two steps.20 Regioselective deprotonation of
the less sterically hindered α-methylene of the carbonyl group
in 22 led to an enol triflate that underwent Pd-catalyzed

Table 1. Optimization of the Interrupted Nazarov Reaction

yield (%)a

entry X conditions 11 12 13 14

1 0.3 DCM, 40 °C, 2 hb 24 13 0 0
2 2 THF, 40 °C, 24 hb,c 0 0 0 0
3 0.35 MeCN, 40 °C, 8 hb 15 27 0 0
4 0.3 DCM, 40 °C, 1 hd 23 nd 0 0
5 0.35 MeCN, 40 °C, 8 hd 20 43 10 0
6 1.5 DCM/THF = 20:1, 40 °C, 24 hd 32 0 0 20
7 1.5 DCM/THF = 20:1, 40 °C, 24 he 35 0 0 21

aIsolated yield after flash chromatography. b[8] = 0.05 M (0.04
mmol). cSubstrate 8 was recovered. d[8] = 0.05 M (0.4 mmol). e[8] =
0.1 M (2 g scale).

Scheme 1. Preparation of Fragments (+)-9 and (+)-10a

aReagents and conditions: (a) PBr3, DMF, CHCl3, 0 to 70 °C, 60%;
(b) NaH2PO4, H2O2, NaClO2, CH3CN/H2O, 0 to 30 °C; (c) K2CO3,
CH3I, DMF, rt, 67% (2 steps); (d) CrO3, AcOH, Ac2O, DCM, rt,
45%, 67% brsm; (e) (S)-oxazaborolidine (0.60 equiv), BH3·SMe2 (1.6
equiv), THF, 0 °C, then 18, −40 °C, 85%; (f) NaH, BnBr, THF, 30
°C, 67%; (g) ICl, diglyme, HFIP, 40 °C, 73%; (h) Pd(MeCN)2Cl2
(0.1 equiv), TMSCH2ZnBr, DMF, 45 °C, 76%; (i) NaHMDS,
diglyme, then Comins’ reagent, tBuOMe, −78 °C; (j) Pd(OAc)2
(0.12 equiv), PPh3 (0.24 equiv), CO, Et3N, DMF/MeOH, 45 °C,
63% (2 steps); (j) CH3NHOCH3·HCl,

nBuLi, THF, −78 °C; (e)
DIBAL-H, THF, −78 °C, 70% (2 steps).
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carbonylation to give ester 23 in 63% yield over two steps.
Converting 23 to Weinreb amide 24 followed by diisobuty-
laluminum hydride (DIBAL-H) reduction provided enantioen-
riched aldehyde (+)-10.
With two abundant fragments in hand, we moved on to the

total synthesis of (−)-oridonin (2) (Scheme 2). The addition
of (+)-10 to the lithium reagent prepared by Li−Br exchange
of (+)-9 with tBuLi afforded a pair of diastereomeric secondary
alcohols, which were oxidized by pyridinium dichromate
(PDC) to furnish (+)-8b in 61% yield over two steps. Under
the optimized conditions of the Nazarov/Hosomi−Sakurai
cascade, (+)-8b was converted to (−)-11, the crude product of
which was directly subjected to singlet oxygen ene reaction
followed by acetate anhydride treatment to afford aldehyde
(−)-25 in 43% yield over two steps.21 The cleavage of an extra
carbon on C13 was realized by the subsequent rhodium-
catalyzed deformylation,22 providing ketone 26 in 67% yield
on a gram scale. The blockage of the re face of the C6 carbonyl
group by the C20 substituent was evident in the X-ray
structure of 26, whereas we only accomplished the 1,2-addition
by vinyl lithium after screening various nucleophilic reagents,
and the resulting alcohol was selectively epoxidized by m-
chloroperbenzoic acid (mCPBA) on the C13−C14 olefin to
give 27 as a single diastereomer in 70% yield over two steps.
Attempts to oxidatively cleave the vinyl group in 27 to an
aldehyde all met with failure, presumably due to the
insurmountable steric hindrance and the high oxidation level
of the substrate. Eventually, a pinacol-like rearrangement
forged the B ring by introducing an electrophilic bromine to
the carbon−carbon double bond, leading to 28 as a single

diastereomer in 89% yield on a gram scale,23 the structure of
which was determined unambiguously by X-ray diffraction. To
avoid the opening of epoxide by C20−OBn under Lewis acid
conditions, as well as side reactions associated with the labile
bromide, we first carried out a series of oxidative trans-
formations on 28. Conversion of two benzyl protecting groups
to benzoyl ones was followed by treatment of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) to deliver enone 29,24

and subsequent dihydroxylation afforded 30 in 70% yield over
two steps. Among the Lewis acids evaluated, EtAlCl2 was again
found to effectively promote the key ring rearrangement to
complete the C/D ring system. The resulting ketone (31) was
subjected to excess LiAlH4 to reduce the C6 carbonyl and
remove two benzoyl protecting groups simultaneously. The
crude product of hexol 32 underwent selective cleavage of the
less sterically hindered 1,2-diol to furnish hemiketal 33 in 69%
yield over two steps.
The assignment of the stereochemistry of 33 by NOESY

experiment (see SI) set the stage for the inversion of the C1
and C6 stereogenic centers. Protection of 33 using acetonide
followed by Dess−Martin periodinane (DMP) oxidation was
executed in a one-pot fashion to furnish acetonide 34 in 66%
yield. By carefully optimizing the reduction/deprotection
sequence and reaction conditions (Table S2), we first used
DIBAL-H to regio- and diastereoselectively reduce the C1
ketone under −100 °C in DCM/ether (3:1), followed by
addition of Red-Al to reduce the C6 carbonyl group, which
provided diastereomeric (−)-35 and (−)-3 in 21% and 56%
isolated yield, respectively, after in situ deprotection. The
undesired product (35) could be readily recycled to 34 via

Scheme 2. Total Synthesis of (−)-Oridonin (2)a

aReagents and conditions: (a) tBuLi, Et2O, −78 °C, then (+)-10; (b) PDC, DMF, 0 °C to rt, 61% (2 steps); (c) EtAlCl2, DCM/THF = 20:1, 40
°C; (d) TPP, O2, CDCl3, rt, then Ac2O, pyridine, DMAP, rt, 43% (2 steps); (e) RhCl(PPh3)3, toluene, reflux, 67%, 77% brsm; (f) vinyl bromide,
tBuLi, − 78 °C, then (−)-26, 0 °C; (g) mCPBA, NaHCO3, DCM, 0 °C, 70% (2 steps); (h) NBS, DCM, rt, 89%; (i) RuCl3·3H2O, NaIO4,
CH3CN/CCl4, 0.2 M buffer, rt, then DBU; (j) OsO4, NMO, acetone/H2O, 40 °C, 70% (2 steps); (k) EtAlCl2, toluene, 0 °C to rt, 57%; (l) LiAlH4,
Et2O, rt; (m) NaIO4, THF/buffer, 10 °C to rt, 69% (2 steps); (n) pTsOH, 2,2-dimethoxypropane, acetone, rt, then NaHCO3, DMP, DCM, 0 °C
to rt, 66%; (o) DIBAL-H, DCM/ether, −100 °C to rt, then Red-Al, rt, then HCl(aq) 35, 21%; 3, 56%; (p) pTsOH, 2,2-dimethoxypropane,
acetone, rt, then NaHCO3, DMP, DCM, 0 °C to rt, 64%; (q) TPP, O2, CDCl3, rt, then (Boc)2O, pyridine, DMAP, DCM, 0 °C, then HCl(aq),
dioxane, 47%. PDC, pyridinium dichromate; TPP, 5,10,15,20-tetraphenylporphin; mCPBA, m-chloroperoxybenzoic acid; NBS, N-
bromosuccinimide; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene; DMP, Dess−Martin periodinane; NMO, 4-methylmorpholine N-oxide.
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protection and oxidation. The singlet oxygen ene reaction of 3
followed by trichloroisocyanuric acid (TCCA) treatment
forged the enone motif,9c but (−)-oridonin (2) was obtained
in low and unstable yield (see SI). Eventually, we found
(Boc)2O could efficiently convert the allylic hydroperoxide
derived from (−)-3 into enone, but the C14 hydroxyl group
was also protected concomitantly. Therefore, the addition of
HCl ensued, and this one-pot operation resulted in the
isolation of 2 in 47% yield. All of the analytic data for the
synthesized sample of 2 were consistent with those reported in
the literature (Table S3).25

In summary, the first total synthesis of (−)-oridonin (2) was
achieved with a route flexibly adhering to our original plan
proposed in Figure 1. The stereochemical relationship of the
continuous stereogenic centers, although challenging, served as
a source of inspiration for an innovative strategy toward ent-
kaurene diterpenoids. This work further demonstrated the
power of the interrupted Nazarov cyclization in the context of
total synthesis. The other highlight of our strategy was the
critical skeletal rearrangement via two 1,2-migration trans-
formations. Furthermore, two synthons, (+)-9 and (+)-10,
accessed by robust and scalable synthetic routes, could be
extended for the synthesis of other terpenoids. This work is
under way and will be reported in due course.
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