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Dilithiated synthons: synthesis of cyclic ethers*
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Recent advances in the generation of dilithiated synthons by arene�catalyzed lithiation of
the corresponding dichloro compounds in the presence of carbonyl compounds (Barbier�type
reaction conditions) as the key step are described. Further cyclization of the generated diols
under different reaction conditions affords a variety of mono�, bi�, and spirocyclic ethers.
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Apart from other considerations, such as biological
screening, organic synthesis is based mainly on two im�
portant pillars: (a) synthetic strategy, also called retrosyn�
thetic analysis, is the way that an organic chemist imagine
on paper how to go from the starting material to the target
molecule1 and (b) synthetic methodology, which is the
way to realize practically in the laboratory what in princi�
ple the synthetic strategy designed.2 Concerning the de�
velopment of new methodologies, in the last few years we
have been interested in the study of functionalized orga�
nometallic compounds,3 mainly organolithium deriva�
tives,4,5 which are interesting intermediates in synthetic
organic chemistry because their reactions with electro�
philes afford directly polyfunctionalized molecules, widely
occurring in nature. One intrinsic practical problem asso�
ciated with the preparation of very unstable functional�
ized organolithium compounds has to do with the lithia�
tion reaction, which in many cases must be performed at
low temperatures. For this purpose, about ten years ago
we found out that the use of an excess of lithium and a
catalytic amount of an arene as the electron carrier is a
versatile and potent methodology to perform the lithia�
tion of several substrates under very mild reaction condi�
tions.6—9 Thus, using the mentioned methodology (arene�
catalyzed lithiation) it is possible to carry out new lithia�
tion processes, such as the preparation of organolithium
compounds starting from non�halogenated materials,10

the generation of functionalized organolithium com�
pounds5 and polylithiated synthons.11 It was necessary in
many cases to work under Barbier�type reaction condi�
tions (BTRC) (performing the lithiation in the presence
of an electrophile)12 in order to avoid decomposition of

the corresponding very unstable intermediates. In this
paper, we present our last results in the field of the gener�
ation of polylithiated synthons and their application to
the synthesis of cyclic and spirocyclic ethers.13

3�Lithio�2�(lithiomethyl)propene synthon

The trimethylenemethane dianion (I) presents a theo�
retical interest in relation to the so�called "Y�aromaticity"
but also a practical one, because it is possible to transfer
an unsaturated four�carbon fragment to two molecules of
an electrophile. However, its generation by halogen�lith�
ium exchange fails due to the decomposition of the mono�
lithiated intermediate (II) initially formed.14a

However, the naphthalene�catalyzed lithiation of
3�chloro�2�(chloromethyl)propene (1) in the presence of
different carbonyl compounds (BTRC) in THF at tem�
peratures ranging between –78 °C and room temperature
yielded, after hydrolysis, the corresponding unsaturated
diols 2 (Scheme 1). The step�wise process (tandem lithia�
tion�SE reaction) afforded dimer 3 as the only reaction
product resulting from the dimerization of the initially
formed intermediate (II).14b

Concerning the possible reaction pathway, intermedi�
ate II is probably formed after the first lithiation. This
reacts with the electrophile present in the reaction medi�
um to give the alkoxide III, which undergoes second lithi�
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ation affording the new intermediate IV. The final reac�
tion of compound IV with the electrophile produces the
corresponding dialkoxide precursor of the diols 2.

Treatment of diols 2 with hydrochloric acid gave dif�
ferent products depending on the concentration of the
acid. Using a 6 M solution in ether, methylenetetrahydro�
pyrans 4 are obtained as the main products; with 12 M
hydrochloric acid in the same solvent and for a longer
reaction time, the corresponding dihydropyrans 5 are ob�
tained (Scheme 2). The corresponding carbenium�ion in�
termediates are probably involved in the cyclization and
isomerization processes.15 Tetra� and dihydropyrans are
common structural elements in many biologically active
natural products.16

Scheme 2

Reagents and conditions: i. 6 M HCl, Et2O, 1—5 h; ii. 12 M HCl,
Et2O, 24 h.

In addition to cyclization producing compounds 4 or 5,
unsaturated diols 2 can be used as starting materials to
prepare perhydrofurofurans, which are structural units
present in many natural products. Thus this fragment is
found in many clerodan�type diterpenes (i.e., lupulin A,
scuterepepin A1 or scupolin B),17 which show insect anti�
feedant activity as well as antibacterial properties. Astel�
toxin18 and aflatoxin B2

19 are probably the most famous
members of a family of molecules containing the perhy�
drofurofuran core because these mycotoxins possess very
potent toxicity and carcinogenicity.

Asteltoxin

Aflatoxin B2

In our approach to the perhydrofurofuran unit, we
used diols 2 as the starting materials, using a tandem
hydroboration—oxidation followed by oxidation of the
primary alcohol formed to the corresponding aldehyde.
Thus treatment of compounds 2 with borane in THF at
0 °C followed by oxidation with hydrogen peroxide gave
crude triol (V), whose primary OH group was then oxi�
dized to the corresponding aldehyde group (compound VI)
with the (Ph3P)3RuCl2 complex in benzene (for R2 = H)
or with PCC in dichloromethane (for R2 ≠ H). Af�
ter spontaneous acetalization of dihydroxyaldehyde
formed, the expected perhydrofurofurans 6 were isolated
(Scheme 3).20,21

Scheme 3

R1, R2 = H, Me, Et, Pri, But, cyclo�C6H11, Ph;
R1—R2 = (CH2)5, O(CH2CH2)2

Reagents and conditions: i. BH3•THF, 0 °C; ii. 33% H2O2,
3 M NaOH; iii. (Ph3P)3RuCl2, PhH, 0 °C (R2 = H) or PCC,
CH2Cl2, 0 °C (R2 ≠ H).

Scheme 1

Reagents and conditions: i. Li, C10H8 (6%), R1R2CO = PriCHO,
PhCHO, Me2CO, Et2CO, cyclo�(C3H5)2CO, Pri

2CO,
(CH2)4CO, (CH2)5CO, (CH2)7CO, THF, –78 °C → 20 °C;
ii. H2O.
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Following the strategy shown in Scheme 3, it is possi�
ble to prepare only perhydrofurofurans 6 having identical
substitution at both sides of the molecule. In order to
make possible the preparation of these molecules with
different groups on both parts of the structure, compound 7
was used as the starting material, in which two different
carbon�heteroatom bonds are ready to be lithiated. Thus
the reaction of chloro ether 7 with lithium and a catalytic
amount of naphthalene in the presence of different car�
bonyl compounds in THF at temperatures ranging be�
tween –78 and –30 °C allowed the introduction of the
corresponding electrophilic fragment through the exclu�
sive lithiation of the carbon�chlorine bond. Then a sec�
ond carbonyl compound was added to the reaction mix�
ture allowing warming up to room temperature, so the
second lithiation of the allylic carbon�oxygen bond took
place with an excess of lithium present in the reaction
medium. After the reaction with the second electrophile
and final hydrolysis, the unsymmetrically substituted un�
saturated alcohols 2 were obtained. The application of the
same methodology for the cyclization mentioned above
allowed the preparation of perhydrofurofurans 6, bearing
different substituents at both parts of the molecule
(Scheme 4).21,22

Scheme 4

Reagents and conditions: i. Li, C10H8 (2.5%), R1R2CO =
ButCHO, Et2CO, (CH2)5CO, O(CH2CH2)2CO, PhCOMe,
THF, –78°C → –30 °C; ii. R3R4CO = Me2CO, Et2CO,
ButCOMe, But

2CO, (CH2)4CO, (CH2)5CO, –30 °C → 20 °C;
iii. H2O; iv. BH3•THF, 0 °C; v. 33% H2O2, 3 M NaOH;
vi. (Ph3P)3RuCl2, PhH, 0 °C (R2 = H) or PCC, CH2Cl2,
0 °C (R2 ≠ H).

From a mechanistic point of view, after lithiation of
the most reactive carbon�chlorine bond, the functional�
ized organolithium compound VII is generated, which
before any decomposition reacts with the first electro�
phile (R1R2CO) to give the alkoxide VIII. After the sec�
ond lithiation involving the allylic carbon�oxygen bond at
higher temperature, the new organolithium intermedi�
ate IV (see above) is formed, which reacts with the second
electrophile (R3R4CO), also added to the reaction me�

dium, to give the corresponding dialkoxide precursor of
the final diols 2.

Another application of the homologous unsaturated
diols of type 2 is the preparation of perhydrofuropyrans,
which are also present as structural units in many natural
products. Examples of such naturally occurring com�
pounds are among others, azadirachtin23 and duroin,24

both showing potent growth�inhibitory activity in plants,
or alboatrin, a phytotoxic metabolite that causes vascu�
lar�wilt disease on alfalfa.25

Azadirachtin

Duroin

Alboatrin

In the case of the synthesis of the perhydrofuropyran
core, one more carbon atom is needed in one of the two
sides of diols 2. This synthesis can be achieved starting
from chloro ether 7 and using an epoxide as the second
electrophile. Thus, after the first lithiation and reaction
with a carbonyl compound (R1R2CO), as it was described
in Scheme 4, second lithiation occurred in the presence
of different epoxides giving, after final hydrolysis, the
corresponding diols 8. These isolated compounds were
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then subjected to cyclization under the same reaction
conditions as shown in Schemes 3 and 4, so the expected
perhydrofuropyrans 9 were directly isolated (Scheme 5).26

Scheme 5

Reagents and conditions: i. Li, C10H8 (2.5%), R1R2CO =
Et2CO, (CH2)4CO, (CH2)5CO, O(CH2CH2)2CO,
2�adamantanone, THF, –78 °C → 0 °C;
ii. R3R4C(O)CHR5 = MeCH(O)CH2, EtCH(O)CH2,
n�C6H13CH(O)CH2, (CH2)4CH(O)CH, PhCH(O)CH2,
PhCMe(O)CH2, Et2C(O)CH2, 2�methyleneadamantane
oxide, (n�C5H11)2C(O)CH2, (CH2)5C(O)CH2,
O(CH2CH2)2C(O)CH2, 0°C → 20 °C; iii. H2O;
iv. BH3•THF, 0 °C; v. 33% H2O2, 3 M NaOH, 0 °C;
vi. PCC or (Ph3P)3RuCl2, CH2Cl2.

The last application of the 2�lithio�3�lithiomethyl syn�
thon was the preparation of 1,6�dioxaspiro[3.4]octanes.
This structural unit appears in a series of naturally occur�
ring sesquiterpene lactones such as clementein27 or sub�
expinnatin C,28 which show biological activity.

Clementein

Subexpinnatin C

Once diols 2 (R1 = R2) were isolated, they were treat�
ed with iodine and silver(I) oxide in a mixture of water

and dioxane at room temperature, so the expected
1,6�dioxaspiro[3.4]octanes 10 were isolated (Scheme 6).29

Scheme 6

Reagents and conditions: i. I2, Ag2O, dioxane—H2O, 20 °C.

The spirocyclization shown in Scheme 6 can be ratio�
nalized considering that the initially formed iodonium
ion suffers first attack of one of the oxygen atoms, through
the most stable tertiary carbenium ion IX, to give the
iodohydrin X, which finally undergoes an intramolecular
nucleophilic substitution (with displacement of iodide) to
yield the final spirocyclic product 10.

2,3�Dilithiopropene synthon

An important problem in the generation of 2,3�di�
lithiopropene is that the corresponding primary interme�
diate XI is a β�functionalized organolithium compound
(also considered a d2�reagent following Seebach´s no�
menclature30), which has a great tendency to suffer
β�elimination31 giving, in this case, allene.32 One way to
overcome this problem is to work under BTRC, expecting
that the reaction of intermediate XI with the electrophile
present in the reaction medium would be faster than the
corresponding β�elimination. That was the case, so the
reaction of 2,3�dichloropropene (11) with lithium and a
catalytic amount of 4,4´�di�tert�butylbiphenyl (DTBB)
in the presence of different carbonyl compounds in THF
at temperatures ranging between –78 °C and room tem�
perature gave, after hydrolysis, the expected unsaturated
diols 12 (Scheme 7).33

The mechanism of the reaction shown in Scheme 7
probably involves first a chlorine�lithium exchange at the
most reactive allylic bond to give intermediate XI, which
reacts with the electrophile present in the reaction me�
dium (instead of β�elimination) giving the alkoxide XII.
Second lithiation of this chloro alkoxide generates the
second functionalized organolithium compound XIII,
which finally reacts with a second molecule of the elec�
trophile giving the corresponding dialkoxide precursor of
diols 12.
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Direct cyclization of diols 12 under acidic conditions
(3 M hydrochloric acid in ether at room temperature)
afforded the corresponding methylenic tetrahydrofurans
13 (Scheme 8), which are important structural units in
many biologically active natural products.34 Concerning
the mechanism of the cyclization, the most stable allylic
carbenium ion is probably involved in the process. It is
worth noting that in this case no isomerization of the
double bond (to give the endocyclic olefin) was observed.

Scheme 8

Reagents and conditions: i. 3 M HCl, Et2O.

Finally, diols 12 were also transformed into the corre�
sponding 1,5�dioxaspiro[2.4]heptanes using a modifica�
tion of the methodology mentioned above for the prepa�
ration of spiro compounds 10 (see Scheme 6). This
1,5�dioxaspiro[2.4]heptane unit is the fragment of many
natural products such as the antineoplastic glycoside phyl�
lanthostatin 1,34 the microbial diterpenoid clerocidin35

and picrotoxinin,36 one of the most toxic substances of
plant origin known.

Once diols 12 were obtained, they were treated with
sodium hydride and iodine in THF at temperatures rang�
ing from 0 °C to room temperature, so the corresponding
spiro compounds 14 were isolated. In addition, since in
nature many compounds have the lactone functionality
associated to the spiro core, we transformed compounds
14 into the related lactones 15 by oxidation with sodium
periodate and a catalytic amount of ruthenium dioxide in

a mixture of carbon tetrachloride and water at room tem�
perature (Scheme 9).37

Scheme 9

Reagents and conditions: i. NaH, I2, THF, 0 °C → 20 °C;
ii. NaIO4, RuO2 (15%), CCl4—H2O.

The spirocyclization shown in the first step of Scheme 9
probably involves intermediates of the same type like
those (IX and X) postulated for the preparation of com�
pounds 10.

1,2�Dilithiobenzene synthon

The direct generation of the 1,2�dilithiobenzene di�
anion from the corresponding 1,2�dichlorobenzene using

Scheme 7

Reagents and conditions: i. Li, DTBB (5%), R1R2CO =
PriCHO, ButCHO, PhCHO, PrnCOMe, Et2CO, (CH2)4CO,
(CH2)5CO, PhCOEt, THF, 0 °C; ii. H2O.

Phyllanthostatin 1

Clerocidin Picrotoxinin
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an arene�catalyzed lithiation (even under BTRC) fails,
only one electrophilic fragment being possible to be in�
troduced in the molecule, giving monosubstituted ben�
zenes, since the second chlorine atom is always substitut�
ed by hydrogen.38 For this reason, any alternative to over�
come this problem would be welcome. Recently, we found
that thianthrene (16) can be successively lithiated allow�
ing the introduction of two different electrophiles. Thus
when this starting material 16 was lithiated with lithium
and a catalytic amount of DTBB in THF at –90 °C and
then reacted with a carbonyl compound (R1R2CO) at the
same temperature, the corresponding intermediate is
formed which could suffer a second lithiation. It is then
possible to add a second carbonyl compound (R3R4CO)
at temperatures ranging between –90 and –78 °C, so after
final hydrolysis at low temperature the corresponding diols
17 were isolated (Scheme 10).39

Scheme 10

Reagents and conditions: i. Li, DTBB (7%), THF, –90 °C;
ii. R1R2CO = ButCHO, Me2CO, Et2CO, (CH2)5CO, –90 °C;
iii. R3R4CO = ButCHO, PhCHO, Ph(CH2)2CHO, Me2CO,
Et2CO, (CH2)5CO, –90 °C → –78 °C; iv. H2O, –78 °C → 20 °C.

To rationalize the whole transformation shown in
Scheme 10, we think that after the first lithiation a ring
opening takes place yielding a functionalized organolithi�
um intermediate XIV, which reacts in a second step with
the first carbonyl compound to give the alkoxide XV. Then,
the second lithiation takes place generating the organo�
lithium intermediate XVI, which finally is trapped by the

second electrophile affording the corresponding dialkox�
ide precursor of the diol 17.

Diols 17 were easily cyclized with 85% phosphoric
acid upon reflux in toluene to yield substituted phthalans
18 (Scheme 11), which are interesting molecules related
to the corresponding phthalides of biological signifi�
cance.40 A benzylic carbenium ion is probably involved in
the cyclization to give compounds 18.

Scheme 11

Reagents and conditions: i. 85% H3PO4, refluxing toluene.

1,2�Bis(lithiomethyl)benzene synthon

The ring opening of phthalan 19 can be used to gener�
ate a 1,2�bis(lithiomethyl)benzene synthon using an ap�
proach similar to that shown in Scheme 11. The reaction
of phthalan 19 with lithium and a catalytic amount of
DTBB in THF at room temperature followed by addition
of a first carbonyl compound in THF at –78 °C to room
temperature allowed the introduction of the first electro�
philic fragment, the second lithiation takes place, so a

Scheme 12

Reagents and conditions: i. Li, DTBB (2.5%), THF, 20 °C;
ii. R1R2CO = ButCHO, Me2CO, Et2CO, (CH2)4CO,
(CH2)5CO, –78 °C; iii. –78 °C → 20 °C; iv. R3R4CO =
EtCHO, ButCHO, PhCHO, Et2CO, (CH2)5CO, –78 °C;
v. H2O, –78 °C → 20 °C.
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second carbonyl compound can be added to give, after
hydrolysis, the corresponding diols 20 (Scheme 12).41

The species XVII—XIX have been postulated as inter�
mediates in the process depicted in Scheme 12. Thus,
after the first lithiation, the benzylic organolithium com�
pound XVII is formed, which reacts with the first carbon�
yl compound to give the dialkoxide XVIII. After allowing
the temperature to rise to room temperature, the second
lithiation takes place cleaving the second carbon—oxygen
bond, so intermediate XIX was obtained, which reacts
finally with the second electrophile yielding the corre�
sponding dialkoxide precursor of products 20.

Finally, diols 20 were cyclized under acidic conditions
(85% phosphoric acid, refluxing toluene) to yield ben�
zoxepines 21 (Scheme 13). The overall process (19 → 21)
is the double homologation of the starting material. For
the cyclization shown in Scheme 13, the corresponding
homobenzylic carbenium ion could be a possible inter�
mediate.

Scheme 13

Reagents and conditions: i. 85% H3PO4, refluxing toluene.

Conclusion

From the results presented herein, we can conclude
that the arene�catalyzed lithiation of dichlorinated mate�
rials, such as compounds 1 and 11, in the presence of
different carbonyl compounds (Barbier�type reaction con�
ditions) allows the preparation of unsaturated 1,5� and
1,4�diols (2 and 12), respectively, which are versatile start�
ing materials for different type of mono� (4, 13) and bicy�
clic (6) ethers, as well as spiro compounds (10, 14), these
heterocyclic units being widely present in naturally oc�
curring biologically active products. Using 1,2�disubsti�
tuted aromatic precursors 16 and 19 and applying a simi�
lar strategy, it is possible to introduce two equal or differ�
ent electrophilic fragments at the 1,2�positions, so the
corresponding diols prepared (17 and 20) are easily cy�
clized to the corresponding benzofused cyclic ethers (18
and 21). Note, concerning the use of naphthalene or
DTBB as catalysts and the corresponding amount used
(<10% in any case) were found empirically.

We thank the current Spanish Ministry of Science and
Technology, the Ministry of Culture and Sports, and the
General Staff of Valencia (G. V.) for continuous financial
support. We also thank our co�workers F. Foubelo,
C. Gómez, D. J. Ramón, A. Guijarro, J. Almena, F. F.
Huerta, E. Lorenzo, and J. V. Ferrández for their collab�
oration in some parts of the work presented here.

References

1. (a) E. J. Corey and X.�M. Cheng, The Logic of Chemical
Synthesis, Wiley, New York, 1989; (b) K. C. Nicolaou and
E. J. Sorensen, Classics in Total Synthesis, VCH, Wein�
heim, 1996.

2. Aims and Scope, in Adv. Synth. Catal., Ed. R. Noyori, 2001,
343, A3.

3. A. Boudier, L. O. Bromm, L. Lotz, and P. Knochel, Angew.
Chem., Int. Ed., 2000, 39, 4414.

4. (a) B. J. Wakefield, Organolithium Methods, Academic Press,
London, 1988; (b) Lithium Chemistry. A Theoretical and Ex�
perimental Overview, Eds. A.�M. Sapse and P. von Rague
Schleyer, Wiley, Chichester, 1995; (c) J. Clayden, Organo�
lithiums: Selectivity for Synthesis, Pergamon, Oxford, 2002.

5. (a) C. Najera and M. Yus, Trends Org. Chem., 1991, 2, 155;
(b) C. Najera and M. Yus, Recent Res. Devel. Org. Chem.,
1997, 1, 67; (c) M. Yus and F. Foubelo, Rev. Heteroatom
Chem., 1997, 17, 73; (d) C. Najera and M. Yus, Curr. Org.
Chem., 2003, 7, 867.

6. M. Yus and D. J. Ramon, J. Chem. Soc., Chem. Commun.,
1991, 398.

7. (a) M. Yus, Chem. Soc. Rev., 1996, 25, 155; (b) D. J. Ramon
and M. Yus, Eur. J. Org. Chem., 2000, 225; (c) M. Yus,
Synlett, 2001, 1197; (d) M. Yus and D. J. Ramon, Latv.
J. Chem., 2002, 79; (e) D. J. Ramon and M. Yus, Rev. Cuba�
na Quim., 2002, 14, 75; (f) M. Yus, in The Chemistry of
Organolithium Compounds, Eds. Z. Rappoport and I. Marek,
Wiley, Chichester, 2003.

8. (a) M. Yus, R. P. Herrera, and A. Guijarro, Tetrahedron
Lett., 2001, 42, 3455; (b) M. Yus, R. P. Herrera, and
A. Guijarro, Chem. Eur. J., 2002, 8, 2574; (c) R. P. Herrera,
A. Guijarro, and M. Yus, Tetrahedron Lett., 2003, 44, 1309;
(d) R. P. Herrera, A. Guijarro, and M. Yus, Tetrahedron
Lett., 2003, 44, 1313.

9. (a) C. Gomez, S. Ruiz, and M. Yus, Tetrahedron Lett., 1998,
39, 1397; (b) C. Gomez, S. Ruiz, and M. Yus, Tetrahedron,
1999, 55, 7017; (c) M. Yus, C. Gomez, and P. Candela,
Tetrahedron, 2002, 58, 6207; (d) T. Arnauld, A. G. M.
Barrett, and B. T. Hopkins, Tetrahedron Lett., 2002,
43, 1081.a

10. D. Guijarro and M. Yus, Recent Res. Devel. Org. Chem.,
1998, 2, 713.

11. F. Foubelo and M. Yus, Trends Org. Chem., 1998, 7, 1.
12. F. Alonso and M. Yus, Recent Res. Devel. Org. Chem.,

1997, 1, 397.
13. F. Alonso, J. Meléndez, and M. Yus Tez. dokl. Memorial´nogo

mezhdunar. simp. M. Vol´pina (1923—1996) "Sovremennye
napravleniya v metalloorganicheskoi i kataliticheskoi khimii"
[Abstrs. M. Vol´pin´s Memorial Intern. Symp. "Modern Trends



Dilithiated synthons for cyclic ethers Russ.Chem.Bull., Int.Ed., Vol. 52, No. 12, December, 2003 2635

in Organometallic and Catalytic Chemistry] (Moscow,
May 18—23, 2003), Moscow, 2003, О33 (in Russian).

14. (a) R. B. Bates, B. Gordon, III, P. C. Keller, J. V. Rund, and
N. S. Mills, J. Org. Chem., 1980, 45, 168 (and references
cited therein); (b) D. Gujarro, B. Mancheno, and M. Yus,
Tetrahedron, 1993, 49, 1327.

15. (a) D. J. Ramon and M. Yus, Tetrahedron Lett., 1992, 33,
2217; (b) C. Gomez, D. J. Ramon, and M. Yus, Tetra�
hedron, 1993, 49, 4117.

16. J. G. Buchanan, Prog. Chem. Nat. Org. Prod., 1983, 44, 234.
17. (a) H. Kizu, N. Sugita, and T. Tomimori, Chem. Pharm.

Bull., 1998, 46, 988; (b) M. C. de la Torre, B. Rodriguez,
M. Bruno, N. Vassallo, M. L. Bondi, F. Piozzi, and
O. Servattaz, J. Nat. Prod., 1997, 60, 1229.

18. (a) J. Mulzer and J.�T. Mohr, J. Org. Chem., 1994, 59, 1160;
(b) J. V. Raman, H. K. Lee, R. Vleggaar, and J. K. Chaa,
Tetrahedron Lett., 1995, 36, 3095.

19. (a) S. Horne, G. Weeratunga, and R. Rodrigo, J. Chem.
Soc., Chem. Commun., 1990, 39; (b) G. A. Kraus, B. E.
Johnston, and J. M. Applegate, J. Org. Chem., 1991, 56,
5688; (c) M. Koreeda, L. A. Dixon, and J. D. Hsi, Synlett,
1993, 555; (d) E. R. Civitello and H. Rapoport, J. Org.
Chem., 1994, 59, 3775; (e) M. C. Pirrung and Y. R. Lee,
Tetrahedron Lett., 1996, 37, 2391; (f) T. Bando and
K. Shishido, Synlett, 1997, 665.

20. F. Alonso, E. Lorenzo, and M. Yus, Tetrahedron Lett., 1997,
38, 2187.

21. E. Lorenzo, F. Alonso, and M. Yus, Tetrahedron, 2000,
56, 1745.

22. F. Alonso, E. Lorenzo, and M. Yus, Tetrahedron Lett., 1998,
39, 3303.

23. (a) H. Watanabe, T. Watanabe, and K. Mori, Tetrahedron,
1996, 52, 13939; (b) J. Ishihara, T. Fukuzaki, and A. Murai,
Tetrahedron Lett., 1999, 40, 1907; (c) J. Ishihara,
Y. Yamamoto, N. Kanoh, and A. Murai, Tetrahedron Lett.,
1999, 40, 4387.

24. R. Aquino, N. De Tomasi, M. Tapia, M. Lauro, and
L. Rastrelli, J. Nat. Prod., 1999, 62, 560.

25. (a) A. Ichihara, M. Nonaka, S. Sakamara, R. Sato, and
A. Tajimi, Chem. Lett., 1988, 27; (b) S. R. Graham, J. A.
Murphy, and A. R. Kennedy, J. Chem. Soc., Perkin Trans. 1,
1999, 3071.

26. E. Lorenzo, F. Alonso, and M. Yus, Tetrahedron Lett., 2000,
41, 1661.

27. G. M. Massanet, I. G. Collado, F. A. Macias, F. Bohlmann,
and J. Japukovic, Tetrahedron Lett., 1983, 24, 1644.

28. (a) I. G. Collado, F. A. Macias, G. M. Massanet, and F. Ro�
driguez Luis, Phytochemistry, 1985, 24, 2107; (b) I. G.
Collado, F. A. Macias, G. M. Massanet, and F. Rodriguez
Luis, Tetrahedron, 1986, 42, 3611.

29. F. Alonso, L. R. Falvello, P. E. Fanwick, E. Lorenzo, and
M. Yus, Synthesis, 2000, 949.

30. D. Seebach, Angew. Chem., Int. Ed. Engl., 1979, 18, 239.
31. (a) M. Schlosser and V. Ladenberger, Angew. Chem., Int. Ed.

Engl., 1966, 5, 519; (b) C. G. Screttas and M. Micha�
Screttas, J. Org. Chem., 1978, 43, 1064; (c) J. Barluenga,
P. Bernad, and M. Yus, J. Chem. Soc., Chem. Commun.,
1978, 847.

32. (a) J. Barluenga, J. R. Fernandez, and M. Yus, J. Chem.
Soc., Chem. Commun., 1985, 203; (b) J. Barluenga, J. L.
Fernandez�Simon, J. M. Concellon, and M. Yus, J. Chem.
Soc., Perkin Trans. 1, 1988, 3339.

33. (a) A. Guijarro and M. Yus, Tetrahedron Lett., 1993, 34,
2011; (b) F. F. Huerta, C. Gomez, A. Guijarro, and M. Yus,
Tetrahedron, 1995, 51, 3375.

34. G. R. Pettit, G. M. Cragg, M. I. Suffness, D. Gust, F. E.
Boettner, M. Williams, J. A. Saenz�Renauld, P. Brown, and
J. M. Schmidt, J. Org. Chem., 1984, 49, 4258.

35. (a) J. E. McCullough, M. T. Muller, A. J. Howells,
A. Maxwell, J. O´Sullivan, R. S. Summerill, W. L. Parker,
J. S. Wells, D. P. Bonner, and P. B. Fernandes, J. Antibiot.,
1993, 46, 526; (b) M. Binaschi, G. Zagotto, M. Palumbo,
F. Zunino, R. Farinosi, and G. Capranico, Cancer Res.,
1997, 57, 1710.

36. M. K. Ticku, T. P. Burch, and W. Davis, Adv. Biochem.
Psychopharmacol., 1981, 29, 411.

37. F. Alonso, J. Melendez, and M. Yus, Helv. Chim. Acta, 2002,
85, 3262.

38. A. Guijarro, D. J. Ramon, and M. Yus, Tetrahedron, 1993,
49, 469.

39. (a) M. Yus, F. Foubelo, and J. V. Ferrandez, Chem. Lett.,
2002, 726; (b) M. Yus, F. Foubelo, and J. V. Ferrandez,
Tetrahedron, 2003, 59, 2083.

40. N. G. Kundu, M. Pal, and B. Nandi, J. Chem. Soc., Perkin
Trans. 1, 1998, 561 (and literature cited therein).

41. J. Almena, F. Foubelo, and M. Yus, Tetrahedron, 1995,
51, 3351.

Received June 6, 2003;
in revised form July 22, 2003


