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First total synthesis of biologically active germacrane-type sesquiterpene (�)-diversifolin has been
achieved. The features of the synthesis involve (i) ring-closing metathesis to give a 10-membered carbo-
cycle, (ii) regioselective Mukaiyama aldol reaction of silyl dienol ether with formaldehyde at the a-posi-
tion, and (iii) lactone transposition of the fully functionalized 11-oxabicyclo[6.2.1]undecane system.

� 2009 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of (�)-diversifolin (1) and its potential precursor 3.
Diversifolin (1), isolated from Tithonia diversifolia1a–c and Vigui-
era dentata,1d is a germacrane-type sesquiterpene that inhibits the
activation of the transcription factor NF-jB (Fig. 1).1c,2 Its ability to
control NF-jB-dependent gene expression and to regulate cellular
functions would hold a potential therapeutic application for
inflammatory diseases. The structural features of this compound
include (i) a strained 10-membered carbocyclic germacrane skele-
ton, including a 5-membered cyclic hemiketal, (ii) a-methylidene-
c-butyrolactone moiety implicated in the proposed reaction with
Cys-38 in the p65 subunit of NF-jB, and (iii) three contiguous chi-
ral centers (C6-C8) and a quaternary chiral center at C10. Although
there have been a number of methodologies for the construction of
10-membered carbocycles,3 synthesis of the common 11-oxabicy-
clo[6.2.1]undec-3-ene core has not been reported so far. In this
context, we have recently developed the stereoselective synthesis
of the functionalized 11-oxabicyclo[6.2.1]undec-3-ene 3 starting
from enantioenriched epoxyaldehyde 2.4 The tricycle 3 is a poten-
tial precursor of the germacrane-type sesquiterpenes including
(�)-1.

In this Letter, we report the first total synthesis of the proposed
structure of diversifolin (1). The synthesis involves a ring-closing
metathesis5 to give a 10-membered carbocycle.6 The synthesis also
entails a regioselective Mukaiyama aldol reaction of silyl dienol
ether with formaldehyde at the a-position. Finally, lactone trans-
position in the fully functionalized 11-oxabicyclo[6.2.1]undecane
system is achieved.
ll rights reserved.

ayashi).
Our synthetic plan for (�)-1 is shown in Scheme 1. We reasoned
that the functionalized oxabicycloundecane 3, bearing all requisite
stereogenic centers, would be a potential intermediate for the syn-
thesis of (�)-1 (Scheme 1, route A). Unfortunately, despite consid-
erable effort, we were unable to introduce a methyl group
equivalent at the C4 position of ketone 5 derived from 3. It is obvi-
ous that the rigid conformation of 5 may prevent the generation of
an enolate. Therefore we decided to manipulate the C4 position
with a rather flexible compound before constructing the oxabicy-
cloundecane framework (Scheme 1, route B). In this approach, be-
cause of the presence of several acidic protons, regioselective
manipulation of the b,c-unsaturated ketone 8 is required.

10-Membered b,c-unsaturated ketone 7 was synthesized from
diene 4 prepared from the enantioenriched epoxyaldehyde 2 via
boron-enolate-mediated aldol reaction as a key stereocontrol
(Scheme 2).4 The ring-closing metathesis was performed on a gram
scale using the Grubbs second generation catalyst7 to give a sepa-
rable mixture of epimers 10a and 10b in 39% and 34% yields,
respectively. Slow addition of the Grubbs catalyst as well as the



TBSO

HO O

O

O

MeO

OCOi-Pr

O

O
O

5

O

MeO

OCOi-Pr

O

O
O

R

various
conditions

6

O
O

TMSO

O 7

O
O

TMSO

O
R

O

MeO

OCO i-Pr

OH

O
O

R

4

8

9

O

MeO

OCOi-Pr

OTES

O
O

3

(–)-1

4

4

1) TBAF, quant.
2) TPAP , 90%

route A route B

Scheme 1. Two synthetic approaches for (�)-1. R = Me or CH2OH.
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Scheme 2. Synthesis of 10-membered b,c-unsaturated ketone 7.
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presence of p-benzoquinone8 was necessary for this transforma-
tion. The obtained cyclodecenes 10a and 10b were independently
converted into the common intermediate 7. Thus, removal of the
TBS group in homoallyl silyl ether 10 and silylation of both hydro-
xy groups by using TMSOTf provided the corresponding silyl ether
12. Regioselective deprotection of the TMS group on the secondary
alcohol of 12 using a weak acid followed by Ley oxidation9 pro-
vided enone 7 in good overall yield.

Having the indispensable b,c-unsaturated ketone 7, we next
surveyed the regioselective manipulation at the C4 position
(Scheme 3). Direct introduction of a methyl group into enone 7
using MeI and KHMDS afforded only 10% of the desired methylated
ketone along with undesired methylated products and a significant
quantity of recovered 7. The undesired products included unre-
acted cyclodecene bearing the monomethylated lactone moiety
and 4,4-dimethyl derivative. We also examined a number of other
bases (LDA, LHMDS, NHMDS, KOt-Bu, and KDA) but none were
found to be effective. When a combination of KHMDS and MeOTf
was used, the reaction slightly enhanced the yield of desired com-
pound (16%) along with the O-methyl enol ether (49%). In order to
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improve chemoselectivity and chemical yield of the one-carbon
homologation, we next focused on the Mukaiyama aldol reaction
of the silyl enol ether 14. Although 14 possesses two potential
reaction sites in the dienol ether unit, the most reactive site would
be at the a-position because, according to computational calcula-
tions, each C–C double bond is twisted. Based on this consider-
ation, we expected the C4-selective aldol reaction to be
successful. To obtain the silyl dienol ether 14, treatment of enone
7 with 3 equiv of KHMDS at �78 �C in THF and then with 3 equiv
of TBSOTf afforded 14 in quantitative yield as a single diastereo-
mer. The geometry of the generated alkene was determined by
NOESY analysis as an E configuration.

Next, we examined the key Mukaiyama aldol reaction of 14.
Exposure of 14 with 10 equiv of paraformaldehyde in the presence
of ZnCl2 in CH2Cl2 at rt led to the tetracycle 15 in 76% yield as a sin-
gle diastereomer. The structure of 15 was determined by X-ray
crystallographic analysis (Fig. 2).10 Our results indicate that the
Mukaiyama aldol reaction proceeded with perfect facial and regi-
oselectivity. A 1,3-dioxane moiety was then cleaved by means of
an acidic methanolysis to obtain methyl ketal 16. Finally, the
resulting primary hydroxy group in 16 was protected as the TBS
ether to give 17 including the C1 unit at the C4-position in good
overall yield from 15.

We next explored the stereocontrolled synthesis of the 11-
oxabicyclo[6.2.1]undec-3-ene core with trans-fused lactone
(Scheme 4). Diastereoselective dihydroxylation of alkene 17
Figure 2. X-ray crystal structure of 15.
was achieved by using OsO4/TMANO in the presence of pyridine
to give the corresponding diol 18 in moderate yield as a single
diastereomer. The relative stereochemistry of the newly gener-
ated stereogenic centers was tentatively assigned on the basis
of the conformation of tetracycle 15.11 The lactone transposition
of 18 with concomitant acylation of the C5 and C8 hydroxy
groups was carried out under the previously developed condi-
tions (3 equiv of NaH, pyridine; 3 equiv of isobutyryl chloride)3

affording the desired trans-lactone 19 in excellent yield. After
removal of the TBS group of 19, treatment of the resulting alco-
hol 20 with IBX in DMSO at rt gave enal 21 in 84% yield as a
single geometry. Sequential oxidation and elimination was thus
achieved in a single operation. Luche reduction12 of enal 21,
mesylation of the resulting allyl alcohol, followed by reduction
of allyl mesylate provided the requisite intermediate 23 in good
overall yield. The geometry of the trisubstituted alkene in 23
was determined by NOE experiments.

Completion of the total synthesis of (�)-1 is depicted in Scheme
5. Oxabicycloundecene 23 was treated with 4 equiv of LDA at
�78 �C, and then with 5 equiv of Eschenmoser’s salt13 at the same
temperature affording the desired enoate 24 along with hemiketal
25, which was derived via an intramolecular Claisen condensation
of lactone enolate to isobutyryl ester. In this case, enoate 24 was
formed without adding a promoter of the elimination reaction such
as MeI. Although the chemical yield of 24 was low, the desired 24
was best obtained using the conditions described above. For exam-
ple, when the reaction was carried out at temperatures greater
than �78 �C, only a trace amount of the desired 24 was formed.
In addition, exposure of a mixture of 23 and Eschenmoser’s salt
to LDA resulted in undesired side reactions. Methyl ketal 24 was
then hydrolyzed under conventional conditions to obtain the pro-
posed structure of (�)-diversifolin (1). The 1H and 13C NMR spectra
of synthetic (�)-1 were consistent with those of the corresponding
naturally occurring compound.1d

In conclusion, we have accomplished the first total synthesis
of (�)-1 from the 10-membered carbocycle 10, which is readily
obtainable through ring-closing metathesis. Our synthetic strat-
egy involves some interesting chemistry. The regio- and stereo-
selective Mukaiyama aldol reaction of silyl dienol ether with
formaldehyde and lactone transposition of the fully functional-
ized 11-oxabicyclo[6.2.1]undecane system were key steps in
the synthetic route to (�)-1. Our synthetic methodology would
provide a new entry for the construction of related germacrane-
type sesquiterpenes.
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