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ABSTRACT: (-)-Pavidolide B is a complex tetracyclic
diterpenoid with seven contiguous stereocenters, and classi-
cal total syntheses have recently been reported. In this work,
an annulation strategy of carbanion cascade reaction is for-
mulated for accomplishing an asymmetric total synthesis of
(-)-pavidolide B in just 4 linear steps. The key reaction is a
tandem intramolecular Michael addition, which constructs
two 5-membered rings and five stereocenters in a highly se-
lective fashion in one step. This work represents one of the
most efficient cases of total synthesis and demonstrates that
synthetic access to complex therapeutic natural product can
be greatly simplified.

second addition. The tandem intramolecular Michael reac-
tion can not only construct the B-ring and C-ring in just one
step, but might also extend the chirality of the (S)-carvone-
derived A-ring to achieve the desired configurations of the
other five stereocenters.

Diterpenoid (-)-pavidolide B (Figure 1) was isolated from
the marine soft coral Sinularia pavida by Lin and co-workers
in 2012.1 In initial biological studies, the natural product has
demonstrated selective inhibitory activity against human
promyelocytic leukemia cell line HL-60. The complex struc-
ture of (-)-pavidolide B is characterized by a 6/5/5/7 fused-
ring system containing seven contiguous stereocenters,
which poses significant challenges to organic synthesis. In
2017, Yang and co-workers reported the first total synthesis
that features some stunning and non-intuitive approaches.2
Starting from (S)-carvone, the other three rings of the tetra-
cyclic structure were constructed through a series of sophis-
ticated reactions, which include an enantioselective organo-
catalytic cyclopropanation, a radical-based regio- and dia-
stereo-selective cascade annulation, a sequential ring-closing
metathesis and a final RhCl;-catalyzed double bond migra-
tion and inversion of the Ci1 stereocenter. Subsequently,
Ding and co-workers reported their total synthesis work
based on classical ring constructions and elegant ring rear-
rangement.34

With an interest in bioinspired total synthesis, we exam-
ined the intriguing structure of (-)-pavidolide B to seek al-
ternative synthetic routes (Figure 1). Among the tetracyclic
system, both the 6-membered A-ring and the 7-membered D-
ring contain ketone functionalities, and these two rings are
fused to form the 5-membered C-ring with their o,B-carbon
bonds of the ketone functionality (i.e., C4-C13 and C11-Cg,
respectively) together with the ester a-carbon (C12) in the B-
ring. This suggests that the B-ring and C-ring can be formed
through a tandem sequence of two Michael additions.5-8 As
illustrated in Figure 1, in the structure of the ‘A-D ester’ in-
termediate, the deprotonated a-carbon (C12) of the ester
group can attack the o,B-unsaturated ketone in the A-ring;
after the first addition, the resulting carbanion on the A-ring
can attack the o,B-unsaturated ketone in the D-ring for the
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Figure 1. Retrosynthetic analysis of (-)-pavidolide B.

« Flexible for future structure-activity
relationship (SAR) studies

The desired A-D ester can be obtained from a Mitsunobu
reaction between an A-ring alcohol fragment and a D-ring
carboxylic acid fragment (Figure 1). The preparation of the A-
ring alcohol fragment from (S)-carvone has been well docu-
mented.29 The D-ring fragment is another ten-carbon moiety
with a carboxylic acid functionality. Although this structure
can be biosynthetically traced to two molecules of levulinic
acid, it will be challenging to prepare it through condensation
reaction of levulinates due to tedious stereochemical control.
With the consideration of synthetic flexibility for future
structure-activity relationship (SAR) studies, we decided to
build the D-ring fragment from conjugated cycloheptenone
(1).

The synthesis commenced with the preparation of the D-
ring carboxylic acid intermediate. As shown in Scheme 1, the
first step of 1 to 3 conversion is accomplished by consolidat-
ing the reported two-step procedures,'* and the prepara-
tion can be conveniently performed in gram-scale in 71%
yield, which is higher than the combined yields of the 2-step
methods (30-50%). In the second step, an acid-catalyzed di-
rect condensation reaction between 3 and glyoxylic acid was
conducted to afford the carboxylic acid intermediate 4-E in
30% yield. The low yield of this step is likely due to the de-



composition of the conjugated ketone 3 under heating con-
dition. Although multistep procedures, e.g. LDA-facilitated 3
condensation with ethyl glyoxylate followed by dehydration
and ester hydrolysis, were adopted for yield improvement,
this one-step direct condensation can be easily carried out in
gram-scale and proves to be robust and efficient for achieving
the goal of facile total synthesis. We have attempted to use
bases such as DBU to isomerize the exocyclic double bond in
4-E to the desired endocyclic position but did not succeed,
which might be due to the interference from the carboxylic
acid group. Subsequently, we decided to use 4-E to prepare
the A-D ester intermediate and isomerize the double bond in
the ester form. Following well-documented procedures,29
the A-ring alcohol intermediate 6 was prepared from (S)-car-
vone in two steps.

Scheme 1. Asymmetric Total Synthesis of (-)-Pav-
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B,2 which verifies that t~-BuOK can promote the carbanion
cascade annulation of 8-endo to yield the complex natural
product 9, albeit at a relatively low purification yield of 18%.

For the optimization of the last step, we conducted condi-
tion screenings and used 'H NMR of the crude reaction mix-
ture for evaluation (Table 1). First we tested different bases
and found only potassium bases, i.e., t-BuOK or KHMDS, can
promote the desired reaction. When KHMDS was used, the
reaction finished in one hour, and *H NMR of the crude prod-
uct shows a less favorable ratio of 9 to 6-iso (1 to 3.1). We
then tested different temperatures for the t~-BuOK reaction
and observed no turnover at low temperatures (-78 or -20 <C)
and quick decomposition at room temperature. Following
these results, we tested substoichiometric amount of +-BuOK,
a couple of Lewis acid additives and different solvents at 0 <C
but did not observe any improvement. For example, when 0.5
equivalents of t~-BuOK were used, the reaction was found to
be very slow. After six hours, only trace amount of 9 was ob-
served while 8-endo remains majorly unchanged (no ester
cleavage product was observed).

Table 1. Reaction condition studies of 8-endo annu-
lation to (-)-Pavidolide B (9)

As shown in Scheme 1, the carboxylic acid fragment 4-E
and the alcohol fragment 6 were initially condensed via a
Mitsunobu reaction to form ester 8-E in 84% yield, and 8-E
can be isomerized at room temperature by DBU in cyclohex-
ane to afford the desired 8-endo in 49% yield (91% brsm).
HPLC studies show that this mild condition does not epimer-
ize the y-position of the carvone moiety (C14). We then con-
solidated these two reactions into the ‘one-pot’ third step,
which readily affords the two isomers, 8-endo and 8-E, in
22% and 58% yield, respectively. Higher temperatures were
tested for the DBU-promoted isomerization but the interme-
diates were found to be unstable over 50 €. Although this
double bond migration is not highly efficient due to the na-
ture of the equilibrium, the two isomers can be conveniently
separated, and the recovered 8-E can be converted to 8-
endo again through the facile protocol. To channel the final
step of the intramolecular Michael reaction, we first tried Na-
OMe in anhydrous THF at 0 <C, and only ester cleavage was
observed. We then replaced NaOMe with t-BuOK. After two
hours at 0 T and a quick workup, *H NMR of the crude prod-
uct shows the presence of 9 together with the ester cleavage
product 6-iso (Scheme 1) and some other inconclusive side
products. The ratio of 9 to 6-iso was initially found to be 1 to
2.6 and was subsequently improved to 1 to 2.0 when the re-
action was conducted in glovebox. In the attempts to purify
the crude mixture on silica gel, 9 was found to closely elute
with 6-iso. We then used HPLC for further separation. Upon
final purification, the product shows completely matching *H
and 3C NMR spectra to those reported for (—)-pavidolide

entry? base, additive solvent temp (°C) results
1 NaOMe THF o ester cleavage only
2 NaH THF o complex mixture
30 KHMDS THF o 1:3.1¢
4 LDA THF -78 no reaction
54 t-BuOK THF -78 no reaction
6d t-BuOK THF -20 no reaction
7e t-BuOK THF () 1:2.0¢
8b t-BuOK THF 23 decomposed
9d t-BuOKY THF () slow reaction”
10 t-BuOK, Cu(OTf).! THF o no reaction
11 t-BuOK, FeCly! THF o no reaction
12 t-BuOK 1,4-dioxane () no reaction
13 t-BuOK DCM o no reaction
14 t-BuOK diethyl ether o no reaction
15 t-BuOK toluene o no reaction

aFour hours and 1.2 equiv. of base were employed for all the reactions. *Reac-
tion time is 1 h. cRatio of 9 to 6-iso. Reaction time is 6 h. ¢Reaction time is 2
h. /HPLC purification yield is 10%. 90.5 equiv. of t-BuOK were used. "HNMR

shows 8-endo:9 of 15:1. 1.0 equiv. of Lewis acid was used.

It should be noted that we used freshly distilled solvents as
well as anhydrous reagents and also performed the reactions
in glovebox but could not diminish the side reactions that ac-
company the intramolecular annulation (Scheme 1). The es-
ter cleavage side reaction yields 6-iso and 4-endo, and the
latter was confirmed in the reaction mixture prior to workup
by high resolution mass spectral (HRMS) results including
fragmentation analysis. On the basis of these observations,
we have proposed a mechanism for this side reaction. As
shown in Scheme 2, the ester a-carbon of 8-endo undergoes
deprotonation, and the resulting enolate might proceed a ‘ke-
tene-elimination’ pathway, leading to ester cleavage. The pla-
nar enolate substructure of the short ester link is conferred
with conformational strain between the two rings and steric
hindrance from the adjacent cis-isopropyl group on the A-
ring, and its nucleophilic attack to the a,B-unsaturated ke-
tone in the A-ring should require relatively high activation
energy, which might also promote the elimination side reac-
tion. To test this proposed ketene pathway, we quenched the
anhydrous THF reaction at two hours upon the completion
of the reaction with a mixture of MeOH and H2O (1/1, v/v),
and HRMS studies including fragmentation analysis de-



tected the methyl ester form of 4-endo (Scheme 2). Alt-
hough an ester-hydrolysis pathway cannot be fully ruled out,
the MeOH/H-0-quench study results together with the ob-
servation that 8-endo is stable in THF in the presence of 0.5
equivalents of t~-BuOK at 0 <C for six hours (Table 1) support
the proposed ‘ketene-elimination’ pathway.

Scheme 2. Proposed reaction pathways and stereo-
chemical rationalization of 8-endo annulation to 9
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Despite of the ester cleavage side reaction, 9 was detected
as the only diastereomeric product, which echoes the last
step of Yang’s pioneer synthesis, i.e., a RhCls;-promoted
isomerization of cmpd-13 at 100 T to yield (-)-pavidolide B
(9) as the most stable diastereomer (Scheme 2, inserted).2
With the rigid tetracyclic structures, the relative stabilities of
9 and its diastereomers can be reliably assesses by total en-
ergy calculation.’2 For example, the calculated total energy
of 9 (52.8 kcal/mol) is lower than that of cmpd-13 (54.8
kcal/mol), which is consistent with the reported thermody-
namic isomerization.2 The high stereochemical selectivity
observed in the intramolecular annulation of 8-endo can be
rationalized along the tandem formation sequence of the five
stereocenters, i.e., C12-C13-C4-C5-C11 of the C-ring (Scheme
2). Upon deprotonation, the intermediate of 8-enolate can
adapt either the (2)- or (E)-conformation. Upon nucleophilic
attack from Ci12, the next three stereocenters (C13-C4-Cs) are
naturally decided by the relative positions of the two fusing
rings. When A-ring and D-ring fuse to the rigid structure, the
last stereocenter C11 resorts to its more stable epimer config-
uration, from the enolate intermediate. As shown in Scheme
2, (Z)- or (E)-8-enolate can each adopt two transitional states
for annulation. Although (E)-8-enolate is of lower energy
than (Z)-8-enolate, the high ring strains of the annulation
products yielded from TS-E1 and TS-E2 (> 400 kcal/mol) ex-
clude these paths. (Z2)-8-enolate can adopt an exo-like tran-
sition state (TS-Z1) to yield the stable product 9; it can also
adopt an alternative endo-like transition state (TS-Z2) to
yield diastereomer 10 (55.1 kcal/mol). However the steric
clash of TS-Z2 precludes this path leading to the formation of
10. Despite of the fact that 9 is the only diastereomeric prod-
uct, the desired intramolecular annulation needs to proceed
with the less stable (Z)-8-enolate intermediate and requires
energy to overcome the conformational obstacles and steric
hindrances, which can also promote side reactions. Overall,
the tandem intramolecular Michael addition of 8-endo is an
intriguing transformation: on the one hand, it is enabled by

the linear assembly of ‘one ester between two «,B-unsatu-
rated ketones’; on the other hand, the tight chemical spaces
pose significant constrains to the intramolecular annulation
and confers major side reactions.

Natural product total synthesis is arguably the most chal-
lenging subject in chemistry. For example, the synthetic ac-
cess to the terpenoid family that represents the epitome of
molecular complexity often requires not only a daunting
number of steps but also superb craftsmanship to perform
these steps. In nature, tandem cascade of carbocation reac-
tion of nonpolar C-C double bonds are important biosyn-
thetic pathways of cyclic terpenes, whose carbon skeletons
undergo subsequent enzyme-mediated oxygenation to form
diversified terpenoids.’34 The strategy of tandem intramo-
lecular Michael addition, termed as TIMA, blends the two bi-
osynthetic processes, through cascade reactions of oxygen-
stabilized carbanions with oxygen-polarized C-C double
bonds. Through literature survey, we have identified prece-
dent that has demonstrated the similar concept,!51¢ and our
work reported here supports TIMA to be a highly efficient
synthetic methodology for building complex ring systems in
organic synthesis.

In conclusion, a facile and protecting-group-free asymmet-
ric total synthesis of (—)-pavidolide B is accomplished in a to-
tal of only 6 steps or 4 linear steps. The efficient synthetic ac-
cess to this complex marine diterpenoid is enabled by a tan-
dem intramolecular Michael addition, which constructs two
fused 5-membered rings and five contiguous stereocenters in
one step. This annulation strategy can be applied to guide the
design and synthesis of other challenging organic structures.
The divergent and flexible route can also aid the exploration
of the anticancer mechanism of the natural product as well as
channel future SAR studies for discovering potent and selec-
tive chemotherapeutics.
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