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ABSTRACT 

A mild and concise approach for the construction of 3,4-dihydro-2H-pyran ring integrated into 

the A-ring of the natural product oridonin using an optimized inverse electron demand hetero-

Diels-Alder (IED HDA) reaction is reported herein. A self-dimerization of the exocyclic enone 

installed in the A-ring through a homo-HDA reaction was identified to exclusively give a 

dimeric ent-kaurane diterpenoid with the spirochroman core. Moreover, the efficient cross-HDA 

cycloadditions of this enone with various vinyl ethers or vinyl sulfides, instead of its own homo-

HDA dimerization, were achieved in regio- and stereoselective manners, thus providing the 

access to novel dihydropyran-fused diterpenoids as potential anticancer agents to overcome 

chemoresistance.
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Introduction 

ent-Kaurane diterpenoids, stemming from geranylgeranyl pyrophosphate (GGPP) catalyzed by 

cyclases, present an important class of tetracyclic diterpene natural products.
1-3 

As shown in 

Figure 1, their structures are characterized by a perhydrophenantrene scaffold (A-, B- and C-

rings) fused with a cyclopentane unit (D-ring) formed by a bridge of two carbons between C-8 

and C-13.
3
 Many of them, especially the ent-kaurane with an exo-methylene cyclopentanone 

moiety in the D-ring, possess a broad spectrum of biological activities such as anticancer, 

antibacterial, antifungal, anti-HIV, anti-inflammatory and anti-tuberculosis.
2,4
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Figure 1. Chemical structures of oridonin (1), representative natural products and derivatives 

containing the pyran moiety 

    Oridonin (1), a naturally occurring 7,20-epoxy-ent-kaurane, was isolated from Chinese 

medicinal herb Isodon rubescens in the genus isodon, which are traditionally used in China and 

Japan for the treatment of various human diseases.
5
 In recent years, it has been drawing a rising 
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attention for cancer biologists due to its remarkable growth inhibition and apoptosis-inducing 

activity in cancer therapy.
6
 Accumulating evidence has revealed that 1 exhibits anti-proliferative 

activity against various cancer cells through unique but versatile mechanisms including cell cycle 

arrest, apoptosis, and autophagy, in which a series of transcription factors, protein kinases as well 

as pro- and/or anti-apoptotic proteins are involved.
7
 While oridonin is a promising anticancer 

drug candidate with great potential for clinical development, it still suffers from moderate 

potency, limited aqueous solubility and poor bioavailability.
7c,8

 Consequently, the template of 1 

becomes an attractive scaffold for chemists to pursue better oridonin-like compounds through 

structural modifications. Compared to extensive biological studies on 1, the pursuit of chemical 

transformations based on its scaffold remains sparse, probably due to synthetic challenges arising 

from its densely functionalized, stereochemistry-rich ent-kaurane frameworks including a 

chemically reactive α,β-unsaturated ketone functionality in the D-ring and a 6-hydroxyl-7-

hemiacetal moiety in the B-ring. Previously, most of oridonin derivatives have been synthesized 

attending to coupling ester appendages to its hydroxyl groups, periodate oxidative cleavage of 

6,7-diol into 6,7-seco-ent-kaurane-type derivatives, or splitting the D-ring to form 15,16-seco-

kauranoids.
9,10

 

    As part of our ongoing anticancer drug discovery program inspired by structurally intriguing 

natural products, we have directed our effort in developing efficient synthetic methodologies 

based on the unique ent-kaurane scaffold of 1 to generate novel A-ring modified diterpenoids, 

while keeping key reactive pharmacophores intact with the aim to improve potency and drug-like 

properties.
11 

Recently, a protecting group-free synthetic method was successfully established by 

our group to concisely obtain a series of A-ring thiazole-fused derivatives with enhanced activity 

and improved solubility,
11a

 indicating that A-ring modifications appear to be tolerable for 
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yielding biologically interesting molecules and allow further construction of other heterocycles 

thereby increasing the structural diversity. With the representative molecules as examples shown 

in Figure 1, the pyran ring system is a common and important structural motif that is widespread 

in various anticancer natural products and their synthetic analogues such as bryostatin 1 (in 

Phase II clinical trial) and eribulin mesylate (in the clinic) derived from halichondrin B.
12-14

 All 

of these observations combine to clearly justify our chemical effort to explore efficient synthetic 

approaches that incorporate pyran ring systems into the oridonin template. To date, a number of 

useful methods are available to form dihydropyran units, including hetero-Diels-Alder 

cycloadditions, Prins cyclizations, olefin metathesis, Petasis-Ferrier rearrangement, 

intramolecular oxy-Michael addition and Maitland-Japp reaction.
15-20 

Among them, hetero-Diels-

Alder reaction has emerged as one of the most powerful tools to build this cyclic system due to 

its highly regio- and stereoselective nature.
15a

 Particularly, the inverse-electron-demand hetero-

Diels-Alder (IED HDA) reactions of electron-poor enones with electron-rich alkene dienophiles 

have been well established as an efficient method for the stereospecific construction of 3,4-

dihydro-2H-pyran analogues.
15a,21

 Nevertheless, to the best of our knowledge, applications of 

this type of HDA reaction based on the complex ent-kaurane scaffold of 1 have never been 

explored. In this article, we describe our development of lanthanide Lewis acid (LA)-catalyzed 

IED HDA reactions based on the exocyclic enone installed in the A-ring under mild conditions 

for successfully furnishing a series of novel 3,4-dihydro-2H-pyran-fused derivatives in a regio- 

and stereoselective manner, providing access to an expanded natural scaffold-based compound 

library as potential anti-cancer agents to overcome chemoresistance. 

Results and Discussions 

Page 5 of 29 Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Figure 2 presents our retrosynthetic analysis for constructions of various 3,4-dihydro-2H-pyran-

fused derivatives of 1. As a key step, IED HDA reaction of electron-rich vinyl dienophiles with 

the exocyclic α,β-unsaturated ketone functionality created in the A-ring would provide a direct 

route to the desired pyran ring. However, two crucial synthetic challenges arising from this 

strategy remain to be addressed: (1) How to selectively perform HDA reaction at the A-ring, 

rather than the enone system in the D-ring that is a key bioactivity center; and (2) How to 

achieve the desired cross-Diels-Alder cycloaddition instead of homo-Diels-Alder dimerization 

from the diversity perspective. Therefore, controlled regio- and stereoselective cross-HDA 

reactions at the A-ring of 1 are highly desired. 
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Figure 2. Retrosynthetic analysis for the construction of various substituted 2H-pyran-fused 

oridonin derivatives 

    Our synthetic effort commenced with 1, a naturally abundant and commercially available ent-

kaurane diterpenoid (Scheme 1). Selective oxidation of 1 with Jones reagent readily provided the 

1-ketone derivative 2 in 82% yield.
22

 The direct α-methylenation of 2 utilizing paraformaldehyde 

(PFA) and dimethylamine hydrochloride in refluxing 1,4-dioxane for 4 h, without any protection, 

smoothly afforded intermediate 3, in which the exocyclic enone system was successfully 

installed in the A-ring. However, 3 turned out to be unstable and was prone to undergo self-

dimerization automatically. It was found that the purified 3 was allowed to stand at -20 °C or rt 

for 21 days to solely generate the spirochroman product 4 in 68% and 72% yield, respectively 

(Table 1). When the temperature was increased to 80 
o
C for 2 days, 4 was obtained in 80% yield. 
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In a solution of 1,4-dioxane (0.5 mol/L) at rt, the reaction proceeded more slowly than that 

without solvent; on the contrary, the reaction was accelerated to give 4 in 70% yield by refluxing 

the reaction solution at 110 
o
C for 4 days. Inspired by these findings, we attempted to access 4 

directly from 2 through one-pot tandem α-methylenation/homo-HDA reactions. Thus, refluxing 

2 with PFA and dimethylamine hydrochloride in 1,4-dioxane for 4 days readily furnished 4 in 

65% yield. The structure of 4 was well characterized by spectroscopic data including 
1
H and 

13
C 

NMR, HRMS, HMQC and HMBC. According to previous reported self-HDA cycloaddition of 

α-alkylidene ketones,
23

 the formation of 4 from 3 is considered to be derived through A-ring-

selective HDA reaction between the exocyclic enone of one molecule and the exomethylene of 

the other, in which the enone approached the exo-methylene from the less hindered α-face, but 

not the blocked β-face due to the bulky ent-kaurane ring system leading to a high facial 

selectivity. The stereochemistry of the spiro carbon C-2’ of 4 was thus tentatively assigned as R 

configuration, which was further confirmed through X-ray crystallographic analysis at a later 

stage by converting 4 into 5. Interestingly, the naturally occurring enone of oridonin was 

reported to presumably undergo dimerization into bisrubescensin C in vivo (Figure 1).
12

 

Nevertheless, in our cycloaddition reactions, only the enone system in the A-ring was selectively 

involved, while the one in the D-ring was found intact. The high regioselectivity of this homo-

HDA reaction on the enone system is likely ascribed to the less crowded steric environment of 

the heterodiene in the A-ring in comparison with that in the D-ring.  

Scheme 1. Synthesis of Dimer 4 through HDA Type Self-Dimerization 
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Table 1. Hetero-Diels-Alder Type Dimerization of 3 under Different Reaction Conditions 

Entry Solvent Temperature (˚C) Time (days) Yield (%)
a
 

1 None -20 21 68 

2 None rt 21 72 

3 None 80 2 80 

4 1,4-dioxane
b
 rt 30 35 

5 1,4-dioxane
b
 110 4 70 

                                        a Isolated yields.  b The concentration is 0.5 mol/L 

    Since we failed to obtain the single crystal of compound 4 suitable for X-ray crystallographic 

analysis to determine the configurations of the chiral centers, 4 was further subjected to an 

epoxidation reaction by treatment with m-CPBA in CH2Cl2 at rt, exclusively leading to β-

epoxide 5 in a good yield of 80%. In this case, the structure of 5 was unambiguously determined 

by X-ray crystallographic analysis (Scheme 2), which secured the stereochemistry of both 4 and 

5. In this step, the reaction occurred preferentially at the 1-ene rather than two exo-methylenes in 

the D and D’ rings, respectively, and selectively formed 1,2-epoxide ring from the less sterically 

hindered β-face. Although some natural ent-kaurane dimers isolated from the genus isodon have 

been previously reported,
24

 homo-dimers 4 and 5 are the first examples of dimeric ent-kaurane 

diterpenoids with the intact enone functionality in the D-ring.  
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Scheme 2. Regio- and Stereoselective Epoxidation of 4 Mediated by m-CPBA 
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While selectively achieving 4 generated excitement within our group, preventing the homo-

dimerization of 3 during the development of A-ring-selective cross-HDA reactions with the aim 

to diversely construct pyran-fused derivatives was essential. Initially, 3 without any protection 

was chosen as the heterodiene to undergo Eu(fod)3-catalyzed cross-HDA reaction with n-butyl 

vinyl ether at rt for the purpose of atom-economy. To our disappointment, the reaction was very 

complex with a mixture of several side products including homo-dimer 4 as well as partially 

recovered 3. Accordingly, the acetonide protection of 7,14-dihydroxyl of 3 into 7 was deemed 

necessary to avoid potential side reactions.
22

 Moreover, introduction of the acetonide protecting 

group might also enhance the steric effect of the heterodiene in the D-ring leading to an 

improved regioselectivity for the A-ring. To reduce the chance of self-dimerization as much as 

possible, the protecting group was first installed to form 6 followed by α-methylenation to give 

the acetonide 7, instead of the direct protecting reaction of 3 (Scheme 3). With 7 in hand, we 

attempted to investigate its cross-HDA reaction with n-butyl vinyl ether. As shown in Table 2 

(entries 1 and 2), when the reaction was performed in a solution of 1,4-dioxane or THF at rt 

using 10 mol% of Eu(fod)3 as the catalyst, only trace amount of the desired cycloadducts 8 and 9 

were detected after 72 h; instead, dimer 10 was obtained in 24% and 21% yields, respectively, 

together with partially recovered 7. Increasing the reaction temperature to 80 °C predominantly 
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led to dimer 10 in 62% yield along with cycloadducts 8 and 9 in total 15% isolated yield (Table 2, 

entry 3). Both 8 and 9 were fully characterized by spectroscopic data including 
1
H and 

13
C NMR, 

HRMS, HMBC, HMQC and NOESY, respectively, owing to their good separation by 

preparative TLC. The stereochemistry of these two isomers was also secured later by the X-ray 

crystallographic analysis of analogue 20. 

Scheme 3. Cross-HDA Reaction of 7 with n-Butyl Vinyl Ether 

 

Since the undesired homo-dimerization of 7 was still predominant, we attempted to employ n-

butyl vinyl ether as solvent to favor the desired cross-HDA reaction. To our delight, treatment of 

7 with 10 mol % of Eu(fod)3 in a solution of n-butyl vinyl ether for 7 days provided 8 and 9 in 

total 63% yield with the diastereomeric ratio of 53:47 as major products over dimer 10 (18% 

yield). Moreover, no cycloadducts of the enone in the D-ring were found presumably due to the 

aforementioned hindered steric effects  (Table 2, entry 4). In the absence of Eu(fod)3 (Table 2, 

entry 5), no desired cycloadducts 8 and 9 were observed, suggesting that lanthanide Lewis acid 

(LA) catalyst is a prerequisite for this HDA reaction due to its unique properties for coordination 

to the ketone functionality of the enone system in the A-ring, leading to its activation. Recently, 

important advances have been made in auxiliary-controlled IED HDA reactions to 
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stereoselectively construct chiral pyran moieties.
15a,25

 7 with a stereochemistry-rich framework 

could be considered as a chiral auxiliary heterodiene, but the stereoselectivity in our case was 

very poor. Therefore, we continued our effort to optimize the reaction conditions by screening 

other Lewis acids and hydrogen bond donor catalysts. To our delight, it was found that 10 mol% 

of Yb(fod)3 at 32 °C offered an optimal result leading to 8 and 9 in total 68% yield with an 

enhanced diastereomeric ratio of 10:90 (Table 2, entry 7). Although their endo/exo selectivity 

can not be exactly determined due to the structural nature of these substrates, such IED HDA 

reactions catalyzed by Eu(fod)3 or Yb(fod)3 are likely endo-selective according to the relevant 

literature.
25a-b,27

 It is also reported that different coordination modes of Eu(fod)3 and Yb(fod)3 

may account for their different facial selectivity in HDA reaction.
26

 As depicted in Figure 3, the 

high facial selectivity induced by Yb(fod)3 is probably ascribed to the different facial steric 

surrounding. The 7,20-epoxy blocks the α-face, and consequently, the dienophile approaches to 

the heterodiene mainly from the less hindered β-face in an endo-selective manner. In the case of 

more oxophilic Eu(fod)3, it is likely not only to activate the enone of the A-ring, but also 

coordinate to the 6-hydroxyl to form the bidentate complex from β-face, leading to the blockage 

of both α- and β-faces, which eventually results in the poor facial selectivity and longer reaction 

time. Other catalysts such as Ti(O-iPr)4 and (±)-BINOL also promote this reaction, but the yields 

are much lower (entries 9 and 10). In addition, no reaction or decomposition was observed when 

ZnCl2 or Cu(OTf)2 was employed as catalysts (entries 6 and 8). 

Table 2. Optimization of Cross-HDA Reaction Conditions for 8 and 9
a
 

Entry Catalyst Solvent 
Temperature 

(°C) 

Time 

(h) 

dr 

(8/9)
b
 

Yield (%)
c
 

8 and 9 10 

1 Eu(fod)3 1,4-dioxane
d
 rt 72 —

e
 trace 24 

2 Eu(fod)3 THF
d
 rt 72 — trace 21 

3 Eu(fod)3 1,4-dioxane
d
 80 72 45:55 15 62 

4 Eu(fod)3 n-butyl vinyl ether rt 168 53:47 63 18 
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5 None n-butyl vinyl ether rt 72 — NR
f
 14 

6 ZnCl2 n-butyl vinyl ether 32 72 — NR
g
 — 

7 Yb(fod)3 n-butyl vinyl ether 32 72 10:90 68 14 

8 Cu(OTf)2 n-butyl vinyl ether 32 2 — decomposed — 

9 Ti(O-iPr)4 n-butyl vinyl ether 32 72 — 13 30 

10 (±)-BINOL n-butyl vinyl ether 32 72 — 8 28 
a7 (0.1 mmol), n-butyl vinyl ether (1 mL), and 10% mol of catalysts. bDetermined by isolated yield. cIsolated yield. d7 (1 equiv), 

n-butyl vinyl ether (4 equiv) and solvents (1 mL). eNot determined. fNo reaction. gPolymerization of vinyl ether was observed.  

 

 

Figure 3. Plausible cross-HDA cycloaddition mode catalyzed by Yb(fod)3 (A) or Eu(fod)3 (B) 

The optimized cross-HDA reaction condition was then applied for the synthesis of various 

substituted pyran-fused derivatives of 1 to explore the generality and scope. Several different 

vinyl ethers as well as vinyl sulfide were employed as the dienophiles to react with 7. To avoid 

self-dimerization during the reaction workup, intermediate 7 was directly used in the following 

HDA reaction without further purification. From the results summarized in Scheme 4, 10 mol% 

Yb(fod)3 was also found to be the effective catalyst and all reactions proceeded smoothly, 

affording the desired cycloadducts. In cases of ethyl vinyl ether, isobutyl vinyl ether, tert-butyl 

vinyl ether, 2-chloroethyl vinyl ether and allyl vinyl ether, the corresponding cycloadducts 

(compounds 11-20) were obtained in total 52-59% yields (2 steps) with roughly 10:90 ratios, 

generally similar to that of n-butyl vinyl ether. The steric effects of the substituents on vinyl 

ether did not show significant difference in terms of yields and diastereomeric ratios (Scheme 4, 

compounds 11-16). The high selectivity for the vinyl ether double bond versus the allyl double 
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bond was also observed in the case of allyl vinyl ether (scheme 4, compounds 17-18). 

Furthermore, ethyl vinyl sulfide gave a slightly increased yield with completely controlled β-face 

selectivity to solely achieve compound 24 after shorter reaction time in comparison with ethyl 

vinyl ether. Different from others, the poor facial selectivity (dr = 55:45, α/β) was unexpectedly 

observed when 1,4-butanediol vinyl ether was used as the dienophile. Interestingly, exchange of 

lanthanide catalyst from Yb(fod)3 to Eu(fod)3 exclusively led to compound 21 in 70% yield with 

totally controlled α-face selectivity, and no diastereoisomer 22 was found. Although the exact 

explanation on the switchable facial selectivity in this HDA reaction is still unclear, the hydroxyl  

of the dienophile, at least in part, contributes to the high facial selectivity induced by Eu(fod)3 

owning to its superior chelating ability. 

Scheme 4. Substrate Scope of One-Pot Cross-HDA Reactions with Various Vinyl Ether and 

Vinyl Sulfide 
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Scheme 5. Further Functional Group Transformations of 21 
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The terminal hydroxyl group of 21 could be considered as a starting point for further 

functional group transformations to generate structural diversity. As shown in Scheme 5, 

mesylation of 21 with MsCl in the presence of Et3N selectively produced intermediate 25 in 86% 

yield, which was followed by treatment with NaN3 to furnish a valuable azide 26 (63%) useful 

for building a potential compound library. 

Scheme 6. One-Pot Cross-HDA Reaction of 6 with 3,4-Dihydro-2H-Pyran 

OH

O
O O

H

H

O

O

27 (35%)

OH

O
O O

H

H

O

O

28 (trace)

 Yb(fod)3, 32 °C

O O

O

NH .

PFA, dioxane 
4 h, reflux

+6

HCl

 

To further explore the generality and scope of this reaction for the diversity of the ent-kaurane 

scaffold, 3,4-dihydro-2H-pyran was selected as the dienophile to undergo Yb(fod)3-catalyzed 

cross-HDA reaction with 7. (2R,3S)-27 was obtained in 35% yield as the main cycloadduct, 

along with trace amount of (2S,3R)-28, after a long reaction time (7 days) likely through an exo-

selective HDA reaction (Scheme 6). In this case, 3,4-dihydro-2H-pyran approaches to the 

heterodiene from the β-face in an exo-selective manner to give 27 due to the enhanced steric 

effect of the cyclic vinyl ether with the ent-kaurane ring system.  

Scheme 7. Hydrolysis Reactions of Compounds 11 and 12 by 5% HCl (aq) 

Page 15 of 29 Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 

Considering that 3,4-dihydro-2H-pyran moieties are versatile synthetic building blocks for 

generation of various functionalized heterocycles, carbohydrates and natural products,
28

 we 

inevitably became interested in further chemical transformation based on this attractive scaffold. 

As shown in Scheme 7, treatment of compound 11 with 5% HCl (aq) for 45 min readily provided 

the deprotected derivative 29 in 78% yield, which was further hydrolyzed with 5% HCl (aq) for 

another 4 h to solely yield aldehyde 31 in 82% yield with high β-face selectivity. Acetonide 

deprotection of diastereoisomer 12 under the same condition gave the corresponding deprotected 

product 30, which was also prone to cleavage of the dihydropyran ring affording 31 in 60% yield 

(two steps). The structure of 31 was also well determined by 
1
H and 

13
C NMR, HRMS, HMBC, 

HMQC and NOSEY. 31 could be used as another common building block to extend the 

structural diversity. 

The growth inhibitory effects of the newly generated pyran-fused diterpenoids were evaluated 

in four breast cancer cell lines MCF-7 (ER-positive), MDAMB-231 (ER-negative and triple-

negative), MDA-MB-468 (ER-negative and triple-negative) as well as MCF-7/ADR 

(adriamycin-resistant) using MTT assays as described in the Experimental Section. The 

capability of these new molecules to inhibit the growth of cancer cells was summarized in Table 

3 and compared with that of adriamycin and 1 spontaneously. Most of these new compounds not 
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only exhibited significantly enhanced antiproliferative effects on aggressive breast cancer MDA-

MB-468, and MDA-MB-231 cells relative to 1, but also displayed marked growth inhibitory 

activity against drug-resistant breast cancer MCF-7/ADR cells. Intriguingly, compound 12 

demonstrated potencies in the submicromolar range with significantly improved capability to 

overcome chemoresistance. 

Table 3. Antiproliferative effects of pyran-fused diterpenoids against human breast cancer cells.
 a
 

Compounds 
IC50 (µM) 

MCF-7 MDA-MB-231 MDA-MB-468 MCF-7/ADR 

1 4.4 ± 1.4 28.0 ± 1.4 5.3 ± 1.4 34.8 ± 2.5 

Adriamycin 0.67 ± 0.45 2.3 ± 0.22 0.65 ± 0.26 >10
b
 

2 2.1 ± 0.35 2.5 ± 0.25 3.9 ± 2.2 9.0 ± 0.42 

4 3.9 ± 0.17 7.8 ± 1.9 4.6 ± 0.18 12.7 ± 0.61 

8  2.4 ± 1.5 2.2 ± 0.39 3.0 ± 0.67 3.8 ± 1.2 

9  2.4 ± 1.9 3.7 ± 0.28 5.8 ± 1.9 6.8 ± 3.5 

 11  3.5 ± 2.2 6.1 ± 2.4 5.4 ± 0.98 4.7 ± 3.2 

12  0.44 ± 0.27 0.54 ± 0.14 0.52 ± 0.18 1.6 ± 0.72 

13  2.2 ± 1.3 1.8 ± 0.22 2.6 ± 0.08 4.4 ± 0.90 

14  5.8 ± 3.8 8.2 ± 0.57 7.0 ± 1.0 10.3 ± 1.7 

17  4.3 ± 1.8 7.1 ± 0.22 4.9 ± 0.85 4.3 ± 2.4 

18  2.1 ± 0.98 3.3 ± 0.23 4.4 ± 1.5 3.2 ± 0.54 

19  2.3 ± 1.0 3.3 ± 1.8 3.0 ± 1.0 3.1 ± 1.1 

20  6.8 ± 3.4 7.2 ± 1.3 7.3 ± 0.23 8.7 ± 0.27 

21  2.1 ± 1.1 3.2 ± 0.24 2.7 ± 0.14 4.5 ± 1.5 

22  5.2 ± 2.9 5.9 ± 2.0 6.0 ± 0.29 5.3 ± 1.3 

24  2.3 ± 1.4 2.9 ± 0.54 2.8 ± 0.42 3.8 ± 0.47 

26  7.8 ± 3.2 7.6 ± 0.4 6.6 ± 0.77 8.6 ± 0.70 

28  2.4 ± 0.78 2.5 ± 0.77 3.3 ± 0.58 2.9 ± 0.32 

29  1.9 ± 0.97 3.3 ± 1.01 2.2 ± 0.68 3.2 ± 0.89 

a
Breast cancer cell lines: MCF-7 (ER-positive), MDA-MB-231 and MDA-MB-468 (ER-negative 

and triple-negative, highly aggressive), MCF-7/ADR (adriamycin-resistant, adriamycin a.k.a. 

doxorubicin). Software: MasterPlex ReaderFit 2010, MiraiBio, Inc. Values are the mean ± SE of 

three independent experiments. 
b
If a specific compound is given a value >10, it indicates that a 

specific IC50 cannot be calculated from the data points collected, meaning “no effect”.  

 

Conclusions 
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In summary, we have developed a mild and concise method for the efficient construction of 3,4-

dihydro-2H-pyran ring fused into the A-ring of oridonin using optimized cross-IED HDA 

reactions. It was found that 3 was prone to undergo self-dimerization through a homo-HDA 

reaction of the exocyclic enone in the A-ring leading to an unprecedented dimeric ent-kaurane 

diterpenoid 4 with the spirochroman core, the structure of which was later secured by X-ray 

crystallographic analysis of epoxide 5. Meanwhile, the desired lanthanide Lewis acid-catalyzed 

cross-HDA cycloadditions of 7 with various vinyl ethers or vinyl sulfides were achieved in 

regio- and stereoselective manners, instead of its homo-HDA dimerization, thus providing a 

series of diversely substituted dihydropyran-fused diterpenoids. Interestingly, lanthanide 

catalysts Yb(fod)3 and Eu(fod)3 displayed different facial selectivity during the cycloaddition 

probably owning to the facial discrimination by their different coordination modes to the unique 

scaffold of 1. Further functional group transformations based on our synthesized derivatives gave 

rise to additional versatile synthetic building blocks 26 and 31 for more advanced diversity. 

Intriguingly, these new molecules have demonstrated superior antiproliferative effects against 

various breast cancer cells including aggressive triple-negative breast cancer cells with great 

potential to overcome chemoresistance. Our success in the efficient synthesis of 3,4-dihydro-2H-

pyran-fused diterpenoids allows for this important natural product scaffold to be evolved into 

new platforms for drug discovery and identification of novel targets and signaling pathways 

associated with cancer resistance.  

 

EXPERIMENTAL SECTION 

Synthesis of 
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(2R,4aR,5S,6S,6aR,6a'R,7'S,8'S,8a'R,9S,11aS,11bS,11'S,13a'S,13b'S,14R,16'R)-

5,6,7',8',14,16'-hexahydroxy-4,4,6',6'-tetramethyl-8,10'-dimethylene-

4,4a,5,6,6',6a',7',8',9,10,11,11a,11',12',13',13a'-hexadecahydro-3'H-spiro[6,11b-

(epoxymethano)-6a,9-methanocyclohepta[a]naphthalene-2,2'-8,13b-(epoxymethano)-8a,11-

methanocyclohepta[3,4]benzo[1,2-h]chromene]-1,7,9'(3H,4'H,5'H,8H,10'H)-trione (4). 

A mixture of 2
22

 (0.10 g, 0.27 mmol), dimethylammonium chloride (48 mg, 0.59 mmol), 

paraformaldehyde (17 mg) in 1,4-dioxane (3 mL) was refluxed for 4 h. The reaction mixture was 

then diluted with 5 mL of water and extracted with 15 mL of dichloromethane three times. The 

extract was washed with saturated NaHCO3 (aq) solution (5 mL) and brine (5 mL), dried over 

anhydrous Na2SO4, filtered, and evaporated to give an oily residue. The residue was purified 

using silica gel column; elution with 60% EtOAc in hexanes afforded the desired product 3 as a 

colorless gel (77 mg, 75%). 
1
H NMR (300 MHz, CDCl3/CD3OD = 10:1): δ 6.22 (s, 1H), 6.00 (d, 

1H, J = 1.5 Hz), 5.62 (s, 1H), 5.29 (d, 1H, J = 1.5 Hz), 4.91 (s, 1H), 4.28 (d, 1H, J = 10.2 Hz), 

4.01 (d, 1H, J = 9.9 Hz), 3.78 (d, 1H, J = 9.0 Hz), 3.02 (d, 1H, J = 9.3 Hz), 2.50 (m, 3H), 2.00 (m, 

2H), 1.84 (d, 1H, J = 9.0 Hz), 1.60 (m, 1H), 1.28 (m, 1H), 1.22 (s, 3H), 0.99 (s, 3H). 
13

C NMR 

(75 MHz, CDCl3/CD3OD = 10:1): δ 206.4, 199.9, 150.9, 142.0, 125.4, 121.7, 98.1, 72.4, 72.0, 

66.1, 61.4, 59.6, 49.5, 47.3, 46.2, 42.6, 32.6, 29.7, 29.4, 21.2, 18.9. HRMS Calcd for C21H26O6: 

[M + H]
+
 375.1802; found 375.1811. 

Heating 3 (77 mg, 0.20 mmol) neat at 80 °C for 2 days provided dimer 4 as a colorless solid (61 

mg, 80%); [α]
 25

D
 
+100 (c 0.10, CH2Cl2/MeOH = 10:1). 

1
H NMR (600 MHz, CDCl3/CD3OD = 

14:1) δ 6.48 (s, 1H), 6.17 (s, 1H), 5.81 (s, 1H), 5.58 (s, 1H), 4.89 (s, 1H), 4.71 (s, 1H), 4.37 (d, 

1H, J = 10.8 Hz), 4.03 (d, 1H, J = 10.8 Hz), 4.01 (d, 1H, J = 9.6 Hz), 3.97 (d, 1H, J = 9.6 Hz), 

3.79 (d, 1H, J = 8.4 Hz), 3.75 (d, 1H, J = 8.4 Hz), 3.10 (d, 1H, J = 9.0 Hz), 2.95 (d, 1H, J = 9.6 
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Hz), 2.61 (dd, 1H, J = 13.8 Hz, 4.8 Hz), 2.55 (dt, 1H, J = 14.4 Hz, 8.4 Hz), 2.30 (m, 2H), 2.08 

(m, 2H), 1.94 (m, 3H), 1.86 (m, 2H), 1.66 (m, 3H), 1.55 (m, 5H), 1.47 (m, 1H), 1.15 (s, 3H), 

1.14 (s, 3H), 1.04 (s, 3H), 0.95 (s, 3H). 
 13

C NMR (150 MHz, CDCl3/CD3OD = 14:1) δ 207.3, 

206.8, 206.6, 151.6, 151.4, 142.0, 122.5, 121.6, 112.4, 98.4, 98.1, 80.4, 73.2, 72.7 (2C), 72.5, 

65.7, 64.7, 62.3, 61.4, 60.6, 57.5, 53.8, 45.9, 43.4, 43.0, 42.0, 33.2, 32.3, 31.5, 30.8, 30.4, 30.0, 

29.0, 25.2, 23.3, 20.9 (3C), 18.6. HRMS Calcd for C42H52O12: [M + H]
+
 749.3532; found 

749.3540.  

Synthesis of (2R,6aR,7S,7aR,7a
1
R,10aR,11S,13aS,13bS)-2-butoxy-7-hydroxy-6,6,9,9-

tetramethyl-16-methylene-2,3,4,5,6,6a,7,10a,11,12,13,13a-dodecahydro-7a,13b-

(epoxymethano)-7a
1
,11-ethano[1,3]dioxino[4',5',6':4,5]naphtho[2,1-h]chromen-17-one (8) 

and (2S,6aR,7S,7aR,7a
1
R,10aR,11S,13aS,13bS)-2-butoxy-7-hydroxy-6,6,9,9-tetramethyl-16-

methylene-2,3,4,5,6,6a,7,10a,11,12,13,13a-dodecahydro-7a,13b-(epoxymethano)-7a
1
,11-

ethano[1,3]dioxino[4',5',6':4,5]naphtho[2,1-h]chromen-17-one (9). 

A mixture of 6 (50 mg, 0.12 mmol), dimethylammonium chloride (21 mg, 0.26 mmol), and 

paraformaldehyde (8.0 mg) in 1,4-dioxane (2 mL) was refluxed for 4 h. The reaction mixture 

was then diluted with 3 mL of water and extracted with 10 mL of dichloromethane three times. 

The extract was washed with saturated NaHCO3 (aq) solution (5 mL) and brine (5 mL), dried 

over anhydrous Na2SO4, filtered, and evaporated to give an oily residue. The residue was 

purified using silica gel column; elution with 60% EtOAc in hexanes afforded the desired 

product 7 as a colorless gel (41 mg, 80%). 
1
H NMR (300 MHz, CDCl3): δ 6.17 (s, 1H), 6.03 (s, 

1H), 5.59 (s, 1H), 5.27 (s, 1H), 5.20 (d, 1H, J = 12.0 Hz), 4.87 (s, 1H), 4.24 (d, 1H, J = 9.9 Hz), 

4.01 (d, 1H, J = 9.9 Hz), 3.91 (dd, 1H, J = 12.0 Hz, 9.0 Hz), 3.07 (d, 1H, J = 9.0 Hz), 2.48 (m, 

3H), 1.96 (m, 2H), 1.83 (d, 1H, J = 8.7 Hz), 1.68 (m, 1H), 1.65 (s, 3H), 1.45 (m, 1H), 1.43 (m, 
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1H), 1.35 (s, 3H), 1.25 (s, 3H), 1.00 (s, 3H).
13

C NMR (75 MHz, CDCl3) δ 204.6, 199.0, 150.4, 

141.7, 125.5, 120.8, 101.3, 95.8, 71.6, 70.0, 65.9, 59.5, 55.8, 47.0 (2C), 46.6, 40.1, 32.8, 30.2, 

30.1, 30.0, 25.3, 21.5, 19.0. HRMS Calcd for C24H30O6: [M + H]
+
 415.2115; found 415.2109. 

To a solution of 7 (41 mg, 0.10 mmol) in n-butyl vinyl ether (1 mL) was added Yb(OTf)3 (11 mg, 

0.01 mmol) at rt. The resulting mixture was stirred at 32 °C for 72 h. The reaction mixture was 

then diluted with 3 mL of water and extracted with 10 mL of dichloromethane three times. The 

extract was washed with brine (5 mL), dried over anhydrous Na2SO4, filtered, and evaporated to 

give an oily residue. The residue was further purified using preparative TLC developed by 15% 

EtOAc in hexanes to afford the desired product 8 (3.4 mg) and 9 (31.1 mg) as colorless 

amorphous gel in total 68% yield.  

8: [α]
 25

D
 
–10 (c 0.10, CH2Cl2). 

1
H NMR (300 MHz, CDCl3): δ 6.14 (s, 1H), 5.54 (s, 1H), 5.31 (d, 

1H, J = 12.0 Hz), 4.89 (m, 1H), 4.85 (d, 1H, J = 1.2 Hz), 4.23 (dd, 1H, J = 9.6 Hz, 0.9 Hz), 4.00 

(d, 1H, J = 9.6 Hz), 3.89 (dd, 1H, J = 12.0 Hz, 8.7 Hz), 3.53 (dt, 1H, J = 9.0 Hz, 6.6 Hz), 3.37 (dt, 

1H, J = 9.6 Hz, 6.3 Hz), 3.03 (d, 1H, J = 9.3 Hz), 2.49 (m, 1H), 1.86 (m, 7H), 1.65 (s, 3H), 1.62 

(m, 2H), 1.49 (m, 4H), 1.34 (s, 3H), 1.29 (m, 2H), 1.16 (s, 3H), 1.01 (s, 3H), 0.89 (t, 3H, J = 7.2 

Hz).
 13

C NMR (75 MHz, CDCl3) δ 204.7, 150.9, 140.7, 119.9, 108.8, 100.9, 95.4 (2C), 72.0, 70.1, 

67.4, 64.1, 59.0, 56.5, 50.1, 45.2, 40.6, 40.3, 32.9, 31.8, 30.8, 30.6, 30.1, 26.8, 25.3, 21.9, 20.9, 

20.6, 19.5, 13.9. HRMS Calcd for C30H42O7: [M + H]
+
 515.3003; found 515.2999.  

9: [α]
 25

D
 
+118 (c 0.10, CH2Cl2). 

1
H NMR (300 MHz, CDCl3): δ 6.14 (s, 1H), 5.54 (s, 1H), 5.34 

(d, 1H, J = 11.7 Hz), 4.86 (d, 1H, J = 0.9 Hz), 4.58 (dd, 1H, J = 9.0 Hz, 1.5 Hz), 4.18 (d, 1H, J = 

8.7 Hz), 3.99 (d, 1H, J = 9.6 Hz), 3.89 (dd, 1H, J = 12.0 Hz, 8.7 Hz), 3.77 (dt, 1H, J = 9.3 Hz, 

6.3 Hz), 3.45 (dt, 1H, J = 9.3 Hz, 6.3 Hz), 3.03 (d, 1H, J = 9.0 Hz), 2.48 (m, 1H), 1.95 (m, 7H), 

1.66 (s, 3H), 1.64 (m, 2H), 1.55 (m, 4H), 1.39 (m, 2H), 1.34 (s, 3H), 1.17 (s, 3H), 1.03 (s, 3H), 
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0.93 (t, 3H, J = 7.2 Hz). 
13

C NMR (75 MHz, CDCl3) δ 204.7, 150.9, 142.7, 120.0, 107.4, 100.9, 

99.9, 95.4, 72.0, 70.1, 68.7, 63.9, 58.6, 56.5, 49.8, 44.8, 40.6, 40.3, 32.9, 31.7, 30.8 (2C), 30.1, 

28.4, 25.9, 25.4, 21.3, 20.4, 19.3, 13.8. HRMS Calcd for C30H42O7: [M + H]
+
 515.3003; found 

515.2994. 

Synthesis of (2R,6aR,7S,8S,8aR,11S,13aS,13bS,16R)-2-ethoxy-7,8,16-trihydroxy-6,6-

dimethyl-10-methylene-3,4,5,6,6a,7,8,10,11,12,13,13a-dodecahydro-8,13b-(epoxymethano)-

8a,11-methanocyclohepta[3,4]benzo[1,2-h]chromen-9(2H)-one (29) and 3-

((2R,4aR,5S,6S,6aR,9S,11aS,11bS,14R)-5,6,14-trihydroxy-4,4-dimethyl-8-methylene-1,7-

dioxododecahydro-1H-6,11b-(epoxymethano)-6a,9-methanocyclohepta[a]naphthalen-2-

yl)propanal (31). 

To a solution of 11 (10 mg, 0.02mmol) in THF (1.0 mL) was added 5% HCl aqueous solution 

(0.4 mL) at rt. The resulting mixture was stirred at rt for 45 min, and then diluted with water and 

extracted with dichloromethane. The extract was washed with saturated NaHCO3 (aq) solution 

and brine, dried over anhydrous Na2SO4, filtered, and evaporated to give an oily residue. The 

residue was purified using preparative TLC developed by 2.5% methanol in dichloromethane to 

afford the desired product 29 (7.2 mg, 78%) as a colorless amorphous gel. [α]
 25

D
 
+12 (c 0.10, 

CH2Cl2). 
1
H NMR (300 MHz, CDCl3): δ 6.18 (s, 1H), 5.87 (dd, 1H, J = 12.0 Hz, 4.2 Hz), 5.56 (s, 

1H), 5.11 (m, 1H), 4.92 (s, 2H), 4.69 (s, 1H), 4.27 (dd, 1H, J = 9.6 Hz, 0.9 Hz), 3.99 (d, 1H, J = 

9.9 Hz), 3.79 (dd, 1H, J = 12.0 Hz, 9.0 Hz), 3.59 (dq, 1H, J = 9.6 Hz, 6.9 Hz), 3.44 (dq, 1H, J = 

9.6 Hz, 6.9 Hz), 3.02 (d, 1H, J = 9.9 Hz), 2.44 (m, 1H), 1.97 (m, 4H), 1.78 (m, 2H), 1.67 (m, 3H), 

1.52 (m, 2H), 1.15 (t, 3H, J = 7.2 Hz), 1.13 (s, 3H), 1.00 (s, 3H). 
13

C NMR (75 MHz, CDCl3) δ 

206.6, 151.6, 140.5, 120.9, 109.7, 97.7, 95.2, 73.5, 72.0, 64.7, 63.0, 62.5, 58.5, 53.3, 45.1, 42.6, 
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41.4, 33.0, 30.4, 30.2, 26.9, 22.2, 20.7, 20.5, 15.1. HRMS Calcd for C25H34O7: [M + H]
+
 

447.2377; found 447.2380. 

To a solution of 29 (5.0 mg, 0.01mmol) in THF (1.0 mL) was added 5% HCl aqueous solution 

(0.2 mL) at rt. The resulting mixture was stirred at rt for 4 h, and then diluted with water and 

extracted with dichloromethane. The extract was washed with saturated NaHCO3 (aq) solution 

and brine, dried over anhydrous Na2SO4, filtered, and evaporated to give an oily residue. The 

residue was purified using preparative TLC developed by 3% methanol in dichloromethane to 

afford the desired product 31 (3.8 mg, 82%) as a colorless amorphous gel. [α]
 25

D
 
+172 (c 0.10, 

CH2Cl2). 
1
H NMR (300 MHz, CDCl3): δ 9.71 (t, 1H, J = 1.5 Hz), 6.26 (s, 1H), 5.89 (d, 1H, J = 

11.7 Hz), 5.65 (s, 1H), 5.41 (br s, 1H), 4.85 (s, 1H), 4.54 (br s, 1H), 4.34 (d, 1H, J = 10.2 Hz), 

4.01 (dd, 1H, J = 10.5 Hz, 1.2 Hz), 3.78 (dd, 1H, J = 12.0 Hz, 9.0 Hz), 3.06 (d, 1H, J = 9.3 Hz),  

2.59 (m, 1H), 2.43 (m, 3H), 2.13 (m, 3H), 1.88 (m, 2H), 1.65 (m, 1H), 1.55 (m, 1H), 1.28 (m, 

1H), 1.18 (s, 3H), 0.98 (m, 1H), 0.92 (s, 3H). 
13

C NMR (75 MHz, CDCl3) δ 212.9, 206.3, 201.7, 

150.7, 122.3, 98.2, 73.3, 71.9, 64.5, 61.5, 59.0, 50.2, 48.9, 46.6, 42.6 (2C), 41.2, 32.7, 30.7, 29.4, 

24.7, 21.9, 19.0. HRMS Calcd for C23H30O7: [M + H]
+
 419.2064; found 419.2071.  

To a solution of 12 (5.0 mg, 0.01mmol) in THF (1.0 mL) was added 5% HCl aqueous solution 

(0.3 mL) at rt. The resulting mixture was stirred at rt for 5 h, and then diluted with water and 

extracted with dichloromethane. The extract was washed with saturated NaHCO3 (aq) solution 

and brine, dried over anhydrous Na2SO4, filtered, and evaporated to give an oily residue. The 

residue was purified using preparative TLC developed by 3% methanol in dichloromethane to 

afford the desired product 31 (2.5 mg, 60%) as a colorless amorphous gel.  
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