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I2–PPh3 mediated spiroannulation of unsaturated
b-dicarbonyl compounds. The first synthesis
of (�)-negundoin A†

Rubén Tapia,a Ma José Cano,a Hanane Bouanou,a Esteban Alvarez,a

Ramón Alvarez-Manzaneda,b Rachid Chahboun*a and
Enrique Alvarez-Manzaneda*a

An efficient and stereoselective spiroannulation of unsaturated enols

is reported. Unsaturated b-dicarbonyl compounds undergo cyclization

by reaction with catalytic I2–PPh3, affording the corresponding spiro

enol ether derivatives, with complete regio- and stereoselectivity,

under mild conditions. Utilizing this new methodology, the first total

synthesis of the anti-inflammatory diterpene negundoin A and a

naturally occurring trypanocidal aldehyde is reported.

Spirocompounds, with two rings joined at a single atom, are
widely found in Nature. Among these, some spiroethers present
particular interest due to their important biological properties.
Spirodihydrobenzofuran derivatives, such as the complement
inhibitor K-76,1 the antagonist of endothelin and an inhibitor
of HIV-1 protease stachybotrylactam,2 or cytotoxic stypoldione (1),3

are some representative bioactive spiroethers. A series of nor-
diterpenes, bearing a characteristic tricyclic structure containing a
spiro enol ether group with an a,b-unsaturated aldehyde, acid or
ester, have recently been isolated from different species of the
genus Vitex, which are widely used in folk medicine in some Asian
countries. Representative examples are negundoin C (2), a potent
anti-inflammatory aldehyde isolated from V. negundo, acid 3
(negundoin B) and ester 4 (negundoin A),4 together with the
trypanocidal aldehydes 5 and 6, found in V. trifolia5 (Fig. 1).

Only a few syntheses have been reported for some of these
spirodihydrobenzofuran derivatives, i.e. K-76 and stachybotryl-
actam; in all cases, the key step is the spiroannulation of the
suitable drimane (bicyclic sesquiterpene) phenol, under acidic
conditions.1b,c,6 To date, no syntheses for spiro enol ether
derivatives, such as compounds 2–6, have been reported.

Spiro tetrahydrofurylidene systems similar to that presented
by negundoin A (4) have been previously elaborated by reaction of an
oxirane with the dianion of a b-ketoester and the subsequent
treatment with acid.7,8 The construction of the spiro enol ether
framework of compounds 2–6 could be achieved by spiro annulation
of the enol derived from the corresponding unsaturated b-dicarbonyl
compound 7 under suitable reaction conditions (Scheme 1). Alter-
natively, O-alkylation can take place affording the corresponding
pyran derivative. Cyclization of b-dicarbonyl compound type 7 can
also occur through the C-alkylation of the corresponding enol,
leading to type 8 compounds. In some cases other C-cyclization
processes can take place after the attack of an olefinic or an allyl
carbon on the carbonyl group, affording the corresponding
b-hydroxy carbonyl compound.9 In most of the reactions
described under acidic conditions processes involving C-cyclization
have been reported.10–12 Some examples of obtention of tetra-
hydrofurylidene derivatives by cyclization of unsaturated b-ketoesters
catalyzed using SnCl4

13 or Pd(II)14 have been described. Under
these conditions, alkyl 6-methyl-3-oxo-6-heptenoates afford

Fig. 1 Some bioactive natural spiro ethers.

Scheme 1 Alternative cyclization processes for unsaturated b-dicarbonyl
compounds.
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the corresponding spiro compound resulting from the favour-
able enol O-attack on the most substituted olefinic carbon. The
stereoselectivity of these processes remains uncertain.13a,14

However, the spiroannulation of unsaturated b-dicarbonyl
compounds bearing a tetrasubstituted olefinic bond, such as
compound 7, to achieve compounds 2–6 involves certain difficulty
due to the variety of possible alternative cyclizations discussed
above. In order to search cyclization conditions favouring the
required O-alkylation process, the behaviour of unsaturated
b-ketoesters 9, 10, 12 and 13 under different cyclization conditions,
including acidic ones, was studied. In most cases the cyclization
process is not stereoselective, leading to a mixture of compounds,
resulting from a C-alkylation reaction.15

In the course of our investigations into the use of the
I2–PPh3 system16 we found that unsaturated b-ketoesters are
efficiently transformed, in the presence of catalytic amounts of
this reagent, into the corresponding spiro enol ethers. Thus,
the b-ketoester 9 was converted with complete regio- and
stereoselectivity into the spiro compound 21 by treatment with
this system, in dichloromethane, at room temperature for 8 h
(see Table 1). Ketoester 10 gave the same results under the
above reaction conditions. Similarly, compound 11 was trans-
formed in good yield into the spiro compound 22. In order
to optimize the reaction conditions and establish the scope of
this reaction, some other b-ketoesters, b-ketoaldehydes and
b-diketones were then studied. In all cases the corresponding
spiro enol ethers were obtained with complete regio- and
stereoselectivity. b-Ketoaldehydes (entries 7 and 8) show a
similar behaviour. It should be noted that aldehyde 25 was
the only spirane derivative obtained as a mixture of E–Z
stereoisomers (4 : 1); the reason for this behaviour remains
unclear. Compound 16 was transformed under the same reac-
tion conditions into the spirane 5, a trypanocidal aldehyde
isolated from V. trifolia.5 The optical rotation of synthetic
aldehyde 5 ([a]D +1.2; c 8.6, CHCl3) and the spectroscopic
properties were similar to those reported for the natural
product. b-Diketones (entries 9 and 10) also produced the
corresponding spiro enol ether derivatives. The relative stereo-
chemistry of all the above spiro compounds was established on
the basis of nOe experiments. On the other hand, b-ketoester 19
and b-diketone 20, containing a prenyl substituent, afforded
under the above conditions the corresponding enol ether
bearing a dihydropyran ring. In order to rule out the participation
of hydriodic acid in this I2–PPh3 mediated process, the behaviour of
b-ketoester 9 against this acid reagent was investigated. Compound
9 remained unaltered after treating with 55% aq. HI in dichloro-
methane at room temperature for 48 h. Under reflux, decomposi-
tion was observed.

A first fact to be considered in rationalizing these results is
the complete anti stereoselectivity of the addition process.
When the I2–PPh3 system is utilized, an anti concerted process,
precluding the formation of an intermediate carbocation,
must take place. A possible mechanism, consistent with the
experimental results, is postulated. The spirocyclization process is
depicted in Scheme 2. Under the reaction conditions, the trisub-
stituted or exocyclic carbon–carbon double bond (compounds 9
and 13; 14 and 16) undergoes isomerization to the most stable

tetrasubstituted derivatives. The enol hydroxyl group acts as a
nucleophile and a proton donor simultaneously. The OH group,
activated by the phosphonium ion +PPh3I, transfers the proton by

Table 1 I2–PPh3 mediated spiroannulation of some b-dicarbonyl compounds

Entry b-Dicarbonyl compound t (h) Product

1 8

2 8

3 5

4 5

5 5

6 5

7 5

8 5

9 3

10 5

11 5

12 5
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the b side of the olefinic bond of the adjacent molecule. The latter
undergoes the simultaneous intramolecular nucleophilic O-attack
on carbon 1, affording intermediate I, which is a precursor of
the spirane compound (Scheme 2). The complete regioselectivity of
the cyclization process could be attributed to the preference for the
transference of protons on the less hindered carbon 2. The
preference for the b side proton transference could be attributed
to the a side steric hindrance due to the keto ester moiety. As
expected, compounds 19 and 20 afforded the dihydropyran ethers
29 and 30, respectively, resulting from the OH attack on the most
substituted olefinic carbon.

Utilizing the above spirocyclization of b-ketoesters, negun-
doin A (4) was synthesized (Scheme 3), utilizing the key inter-
mediate hydroxyketone 32, a terpenoid found in Copaiba oil,20

which is easily prepared by the titanocene-catalyzed cyclization
of (2E,5E)-9,10-epoxy-farnesyl acetone ketal (31).21 The spectro-
scopic properties of synthetic negundoin A (4) were identical to
those reported for the natural product.4

The authors thank the Spanish Ministry of Science and
Innovation (Project CTQ2009-09932) and the Regional Government
of Andalucia (Project P11-CTS-7651 and assistance for the FQM-348
group) for financial support.
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Eur. J. Org. Chem., 2010, 2182.

12 The treatment of ketoester 10 with 98% aq. H2SO4 afforded a
complex mixture of compounds, including a C-alkylation hydroxy
ester and a mixture of spiro enol ether isomers in low proportion.
See: S. M. Linder, D. Reichlin, D. P. Simmons and R. L. Snowden,
Tetrahedron Lett., 1993, 34, 4789.

13 (a) M. T. Reetz, I. Chatziosifidis and C. K. Schwellnus, Angew. Chem.,
Int. Ed. Engl., 1981, 20, 687; (b) E. E. Van Tamelen, J. R. Hwu and
T. M. Leiden, J. Chem. Soc., Chem. Commun., 1983, 62.

14 (a) D. Yang, J.-H. Li, Q. Gao and Y.-L. Yan, Org. Lett., 2003, 5, 2869;
(b) X. Han, X. Wang, T. Pei and R. A. Widenhoefer, Chem.–Eur. J.,
2004, 10, 6333.

15 The results obtained by treating b-ketoesters 9, 10, 12 and 13 with
different cyclizing reagents are included in the ESI†.

16 E. Alvarez-Manzaneda, R. Chahboun, E. Cabrera Torres, E. Alvarez,
R. Alvarez-Manzaneda, A. Haidour and J. Ramos, Tetrahedron Lett.,
2004, 45, 4453; E. Alvarez-Manzaneda, R. Chahboun, E. Cabrera
Torres, E. Alvarez, R. Alvarez-Manzaneda, A. Haidour and J. Ramos,
Tetrahedron Lett., 2005, 46, 1075; E. Alvarez-Manzaneda,
R. Chahboun, E. Cabrera Torres, E. Alvarez, R. Alvarez-Manzaneda,
A. Haidour and J. Ramos, Tetrahedron Lett., 2005, 46, 3755.

17 Compounds 12, 13 and 16 were obtained after methoxycarbonyla-
tion or formylation of the corresponding methylketones. See:
(a) K. Mori and Y. Koga, Liebigs Ann. Chem., 1991, 769;
(b) E. Alvarez-Manzaneda, R. Chahboun, E. Alvarez, A. Fernández,
R. Alvarez-Manzaneda, A. Haidour, J. M. Ramos and A. Akhaouzan,
Chem. Commun., 2012, 48, 606.

18 Compound 14 was synthesized from abietic acid. R. Tapia, PhD
thesis, University of Granada, 2012.

19 T. Narender, S. Sarkar, K. Venkateswarlu and J. K. Kumar, Tetra-
hedron Lett., 2010, 51, 6576.

20 H. Monti, N. Tiliacos and R. Faure, Phytochemistry, 1996, 42,
1653.
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