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Abstract: The development of new drugs calls for large
collections of diverse molecules with considerable complexi-
ty. Ring distortion of natural products provides an efficient
and facile approach to access new architectures with intrigu-
ing biological activities, by harnessing their inherent com-
plexity. In this study, such a strategy has been explored on
an abundant C19-diterpenoid alkaloid, deltaline, enabling the

synthesis of 32 new derivatives bearing a broad spectrum of
unique scaffolds. Extensive spectroscopic studies including
X-ray crystallographic analyses strongly supported the
structures of the obtained novel skeletons, which present
comparable opportunities with the great contributions
made by nature for discovery of new lead compounds.

Introduction

Historically, natural products have long been an inspiration for
the development of organic chemical methodologies and
theories, promotion of modern spectroscopic technologies,
and more importantly, discovery of new drugs for treating dis-
eases.[1] Undoubtedly, natural products keep offering consider-
able opportunities for finding novel lead structures with thera-
peutic efficacy in modern drug research.[2] The main reason is
that natural products and their derivatives tend to possess
architecturally complex three-dimensional skeletons with rich
stereogenic centers and sp3 carbon atoms, allowing specific
modulation of the functions of biomacromolecules in living
systems. Nevertheless, as the most basic and essential element
of drug discovery, how to access such collections of natural-
product-like compounds with significant complexity and
diversity remains a notable and long-term challenge.

Since the traditional efforts of identification of new natural
products from the natural sources are uncertain, several crea-
tive strategies have been developed to realize collections of
complex molecules. Among them, diversity-oriented synthe-
sis,[3] biology-oriented synthesis,[4] function-oriented synthesis,[5]

and synthesis of natural-product-inspired scaffolds/libraries,[6]

are established methods that focus on efficient generation of
complex and diversified structures from simple starting materi-
als. In contrast, natural products, with inherent structural com-

plexity, have been naturally employed as launch points to pro-
vide distinct derivatives.[7] Recently, an elegant ring-distortion
approach was initiated by Hergenrother and co-workers, to
construct highly diverse collections of complex molecules from
readily available natural products (Figure 1).[8] The new concept

has been concentrated on rapid scaffold diversification
through ring-distortion reactions (for example, ring cleavage,
expansion, fusion, and rearrangement), aiming at achieving
complexity-to-diversity, which serves as a superb complement
to the existing methods.[9]

Due to the structural intricacy and variety, the polycyclic
diterpenes and their corresponding alkaloids have exhibited
all-pervasive biological functions and applications, and thus
attracted enormous research interests over centuries.[10] As our
ongoing pursuit of such fantastic molecules,[10c, 11] we disclose
herein the synthesis of complex and diverse scaffolds from the
C19-diterpenoid alkaloid deltaline (1, Figure 2), by utilizing the
ring-distortion strategy.

Deltaline (also known as eldeline) was first isolated from
Delphinium occidentale in 1936,[12] and later found to be widely

Figure 1. Natural products investigated on the basis of ring-distortion
reactions by the Hergenrother group.
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distributed and as one of the most abundant alkaloids in the
plants from the genus Delphinium.[13] This compound is distinc-
tive as a nicotinic acetylcholine receptor antagonist,[14] and
structurally characterized by its hexacyclic, cage-like framework
and densely oxygenated functionalities (one acetate, one
hydroxyl, one methylenedioxy, and three methoxy groups).
Previous explorations of the chemical reactivity of 1 and its
derivatives have been well documented in the literature,[15]

whereas only simple transformations were concerned in most
cases. Therefore deltaline becomes an attractive platform for
complexity-to-diversity studies.

Results and Discussion

To begin with, the highly oxygenated B-ring provides vital syn-
thetic handles for creating diverse molecules. As illustrated in
Scheme 1, saponification followed by oxidation of the resulting
secondary alcohol delivered the C6 ketone. The corresponding
7,8-diol 11 was then obtained by treatment with 50 % H2SO4

solution at room temperature.[15o] According to the modified
Edwards protocol,[16] exposure of 11 to Pb(OAc)4 resulted in
the efficient formation of aminal 2, representing a ring expan-
sion product of the deltaline core. With its further conversion
into the ruptured intermediate 12 by catalytic hydrogenation,
a unique pentacyclic spiro-g-lactone 3 was thus generated in
the presence of Jones reagent. The reaction was postulated to
occur through acid 13 by a double oxidative cleavage with
loss of C7, followed by lactonization from 10-OH to the
carboxylic acid at C6. Full interpretation of the 1D and 2D
NMR spectroscopic data of 3 confirmed its structure (see the
Supporting Information).

Besides the oxidative cleavage, the 7,8-vicinal diol was envis-
aged to be an appropriate substrate to participate in a Pinacol
rearrangement event.[15o] In this context, after having the corre-
sponding lactam from KMnO4 oxidation, we were pleased to
find that the use of 10 % H2SO4 solution under reflux realized
not only the cleavage of methylenedioxy group (i.e. 14), but
also the desired Pinacol rearrangement product 15 in one pot
(Scheme 2). The so-obtained framework itself belongs to one

type of the naturally occurring C19-diterpenoid alkaloids,[11d]

which may help to explain the excellent regioselectivity
observed during the rearrangement.

Further skeletal diversity would be achieved by elaborating
the newly formed six-membered ring (i.e. the rearranged F
ring) in 15. As a consequence, the 6,7-diol from NaBH4

reduction was directly subjected to Pb(OAc)4, enabling the ring
cleavage of 15, with a concomitant hemiacetal formation be-

Figure 2. a) Structure of deltaline and b) overview of its skeletal
diversification through a ring-distortion strategy.

Scheme 1. Modifications on B- and F-rings from triol 11: a) 5 % NaOH/MeOH,
RT, 1 h; b) Jones reagent, acetone, 0 8C, 0.5 h; c) 50 % H2SO4, RT, 24 h, 76 %
(over 3 steps) ; d) Pb(OAc)4, HOAc, RT, 0.5 h, 70 %; e) H2, PtO2, HOAc, RT, 12 h,
40 % (64 % brsm); f) Jones reagent, acetone, 0 8C, 10 min, 65 %. brsm = based
on recovered starting material.

Scheme 2. Pinacol rearrangement of 7,8-diol and further diversification:
a) KMnO4, acetone, H2O, HOAc, RT, 1 h, 90 %; b) 10 % H2SO4, reflux, 5 h, 74 %;
c) NaBH4, THF, H2O, RT, 22 h; d) Pb(OAc)4, PhH, 0 8C, 4 h, 51 % (81 % brsm,
over 2 steps), 1:1 d.r. ; e) PCC, 4 � MS, CH2Cl2, RT, 14 h, 70 %; f) NaBH4, THF,
H2O, RT, 16 h, 89 %; g) triphosgene, Py, CH2Cl2, �15 8C, 1.5 h, 5 (49 %), 18
(19 %). MS = molecular sieves, PCC = pyridinium chlorochromate.
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tween C6 aldehyde and the free alcohol at C10. Oxidation of
the epimeric hemiacetal 16 employing PCC gave rise to the
stereochemically pure lactone 4,[17] the structure of which was
unequivocally identified by X-ray crystallographic analysis. In-
terestingly, epimerization of C5 stereochemistry was observed
for compound 4. Since the b-orientation of H5 in both 16 and
its derivative 5 was verified by detailed NOE studies (see the
Supporting Information), it was suggested that the epimeriza-
tion occurred during the PCC oxidation, leading to the thermo-
dynamically more stable product. Additionally, reduction of 16
by NaBH4 afforded triol 17, which upon treatment with
triphosgene produced two unprecedented cyclic carbonates 5
(49 %) and 18 (19 %).[18]

Our previous studies have shown that,[15o] by introducing
a leaving group at C6, an interesting sequence of transforma-
tions took place on compound 19 to furnish an unusual hepta-
cyclic core 20, through the forging of the pivotal N�C6 bond,
accompanied by lactone formation, and methyl ether and
lactam cleavage (Scheme 3). The key intermediate 19, prepared

from deltaline (1) over six steps, was an analogue of 15, with
the only difference at the C10-position. A similar transforma-
tion was envisioned to occur on compound 15, which was
rapidly synthesized in only two steps from 1. On the other
hand, the presence of 10-OH in this series offered more
choices for further diversification.

As expected, exposure of 15 to triphosgene or MsCl in the
presence of pyridine furnished the heptacyclic system 6 (con-
firmed by X-ray crystallography) with remarkable efficiency
(Scheme 4). Cleavage of the lactone in 6 by reduction with
LiAlH4 gave rise to tetraol 21 as a pair of inseparable diastereo-
mers. The latter, after being converted to carboxylic acid 22,
underwent vacuum pyrolysis to generate a novel pentacyclic
lactam 7, the structure of which was unambiguously deter-
mined by the X-ray crystallographic data. The reaction was
proposed to be initiated by a Grob-fragmentation-like pathway
and terminated with a lactam formation.[19] On the other hand,
elaboration of tetraol 21 to the spiroepoxide[20] 24 was ach-
ieved in three steps: 1) selective silyl protection of the primary
alcohol, 2) oxidation of the secondary hydroxyl groups to ke-
tones, and 3) epoxide formation at C7 carbonyl group through
the Corey–Chaykovsky protocol.[21] Note that the desilylation
occurred slowly under the reaction conditions and reached
completion with prolonged time. In addition, the selective
manner in the production of spiroepoxide 24 was also
impressive, which was speculated to be dependent on the
steric effect of the substrate.

As a versatile intermediate, compound 6 offered further
entries to novel derivatives with conceivable complexity and

diversity, through distortions of the C/D rings. Specifically,
manipulations of N-ethyl and methoxy groups led to the antici-
pated acetates 25 (Scheme 5).[15k, 22] A three-step procedure
was then applied to secure the important precursor 26, with
an 80 % overall yield. At this stage, an impressive Grob frag-
mentation proceeded smoothly in the presence of sodium hy-
dride at room temperature, giving access to the ring cleavage
product 27. It is noteworthy that the olefinic ketone 27

Scheme 3. Our previous synthesis of the heptacyclic compound 20.

Scheme 4. Synthesis of 6 and diversification of its lactone cleavage deriva-
tives: a) triphosgene, Py, CH2Cl2, RT, 12 h, 65 %; b) MsCl, Py, 50 8C, 5 h, 80 %;
c) LiAlH4, THF, 50 8C, 24 h, 80 %, 3:2 d.r. ; d) Jones reagent, acetone, 40 8C,
24 h, 49 %; e) 15 mmHg, 180 8C, 15 min, 52 %; f) TBSCl, imidazole, DMF, RT,
2 h, 79 %; g) DMP, NaHCO3, CH2Cl2, RT, 2 h, 86 %; h) Me3OS+ I� , NaH, DMSO,
THF, 60 8C, 24 h, 62 %. DMP = Dess–Martin periodinane, Ms = methane-
sulfonyl, TBS = tert-butyldimethylsilyl.

Scheme 5. Synthesis of diverse skeletons 8, 9, 27, and 28 from 6 : a) NBS,
HOAc, RT, 1 h, 93 %; b) 6.5 % HBr/HOAc, 85 8C, 50 h, 79 %; c) 5 % NaOH/
MeOH, RT, 3 h; d) PivCl, DMAP, Py. RT, 3 h; e) MsCl, Py. , RT, 2 h, 80 % (over
3 steps) ; f) NaH, CH2Cl2, RT, 6 h, 66 %; g) O3, CH2Cl2, �78 8C, 10 min; then
Me2S, Et3N, RT, 3.5 h, 28 (61 %), 8 (26 %); h) 0.25 % NaOH/MeOH, RT, 5 h;
i) MsCl, Py, RT, 2 h, 89 % (over 2 steps) ; j) O3, CH2Cl2, �78 8C, 10 min; then
Me2S, Et3N, RT, 2 h, 8 (60 %); k) O3, CH2Cl2, �78 8C, 10 min; then Me2S, pTsOH,
RT, 3 h, 55 %. DMAP = 4-dimethylaminopyridine, NBS = N-bromosuccinimide,
Piv = pivaloyl, pTsOH = para-toluenesulfonic acid.

Chem. Eur. J. 2015, 21, 1 – 6 www.chemeurj.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3 &&

These are not the final page numbers! ��

Full Paper

http://www.chemeurj.org


became particularly attractive due to its latent reactivity
towards ozonolysis and subsequent transformations.

Accordingly, subjecting 27 to ozone followed by quenching
the reaction with Me2S and Et3N (Scheme 5) gave two separa-
ble products, 8 (26 %) and 28 (61 %). Intramolecular aldol addi-
tion of the resultant dialdehyde from ozonolysis accounted for
the generation of both products,[23] the structures of which
were established by extensive spectroscopic analyses, includ-
ing X-ray crystallography of 28. As shown in Scheme 6, con-

struction of the C9�C12 bond along with the elimination of
a pivalic acid afforded 8 (Scheme 6, path a), whereas the as-
sembly of the C9�C13 bond with ensuing hemiacetal forma-
tion allowed for the production of 28 (Scheme 6, path b). With-
out adding bases (such as Et3N) into the reaction mixture was
insignificant to alter the ratio between compounds 8 and 28.
To improve the yield of 8, a mesylate was installed at C16 to
replace the pivalate, serving as a better leaving group. As
a result, the facile formation of enal moiety prevented the
addition from C13 to C9, thereby producing hexacyclic 8
exclusively.

Furthermore, the possible impact of acidic additive on the
profile of products was investigated (Scheme 5). As expected,
addition of pTsOH into the reaction mixture gave an entirely
different spot, which was identified as the heptacycle 9 and
confirmed by an X-ray crystallographic study. The key to the
formation of a characteristic 1,3-dioxepane-4,7-diol unit in 9
relied on a consecutive acetalization process from the
dialdehyde 29 after hydration (Scheme 6).

Without bothering the N-ethyl group, direct O-demethyla-
tion followed by saponification of compound 6 furnished triol
31 (Scheme 7). Treating the latter with triphosgene yielded
a ring-fusion product 32. In addition, we envisioned that a ring
expansion version might be generated by a Baeyer–Villiger
oxidation of the C7 ketone. Despite numerous efforts, the car-
bonyl group at C7 was revealed to be inert to the oxidation
conditions, probably due to its spatially crowded environment
in the rigidly heptacyclic nucleus. In contrast, the C14 ketone
displayed positive reactivity towards related oxidants. There-
fore, selective protection of the sterically less hindered hydrox-
yl group at C16 in the intermediate 31 was achieved, similar to
that described in Scheme 5. After Jones oxidation of C14 alco-
hol, the expected Baeyer–Villiger reaction took place smoothly

to deliver the lactone 10,[17] promoted by a mixture of H2O2

and HCO2H.[24] The location of the newly established lactone
was assigned on the basis of 1H,1H-COSY and HMBC
experiments.

Conclusions

In summary, we have described an expedient access to highly
complex and diverse scaffolds from the naturally occurring C19-
diterpenoid alkaloid deltaline, by means of a ring-distortion
strategy. The endeavors of distorting different rings have
generated not only the skeletal diversity, but also an array of
widespread structural moieties embedded in these carbon
frameworks, which further demonstrates the versatility of the
promising protocol. All the 32 products described in this study
are new compounds, prepared within ten synthetic steps and
on 12–9200 mg scales (see the Supporting Information), thus
providing entries to identify potentially new chemotypes.
Moreover, it is particularly remarkable that, utility of simple
chemical methods and reagents enables efficient and facile
transformations in complex molecular settings. Most
importantly, creation of novel skeletons and their derivatives in
this study sets the stage for an in-depth exploration of the
biological and medicinal applications.

Experimental Section

All the experimental details are presented in the Supporting
Information.
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Generating Skeletal Diversity from the
C19-Diterpenoid Alkaloid Deltaline: A
Ring-Distortion Approach

A ring-distortion strategy has been
applied to the synthesis of 32 distinct
molecules with significant complexity
and diversity, from the C19-diterpenoid
alkaloid deltaline (see scheme). Exten-
sive spectroscopic studies strongly sup-

ported the structures of the obtained
novel skeletons, which present compa-
rable opportunities with the great
contributions made by nature for the
discovery of new lead compounds.
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