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Abstract: Reaction of a,f-unsaturated methoxycarbene complexes 1 and 11 with methyl ketone lithium
enolates 2 leads to the corresponding five-membered carbocyclic compounds 4 or diast-4 and 12. The
influence of the solvent and/or cosolvent (PMDTA), which turned out to be crucial to direct the reaction to
4 or diast-4, is studied, and a tentative mechanism according to these facts is proposed. In addition, the
reaction of carbene complex la with alkynyl methyl ketone lithium enolates can be directed to the formal
[3 + 2] or [4 + 1] cyclization products by a slight variation of the reaction conditions. Finally, consecutive
three-component coupling reactions with carbene complex 1a, lithium enolates 2, and aldehydes 18 to
give, in a diastereoselective way, hydroxy carbonyl compounds 19 and tricyclic polyethers 20 are presented.

Introduction

The design of new strategies for the selective synthesis of

five-membered carbocycles continues to be of great interest for

organic chemistsdue to the importance of this skeleton as a
part of biologically relevant compoundsihe PausorKhand

carbene complexes in a Michael fashidand at the beginning
of our investigations in this field only one example had been
reported in which the lithium enolate of acetone reacted with

vinylcarbene complexes through 1,2-nucleophilic attack to
furnish o,8-unsaturated ketoné& In this context, we have

reaction constitutes, among the organometallic methods, one

of the most important processes for the easy construction of
substituted cyclopentenongsloreover, Fischer carbene com-
plexes, which have turned out to be extremely useful tools for
synthesizing a wide variety of complex molecutdsave been
revealed as a solid alternative for the preparation of five-
membered ring&.In particular, stabilized group &,5-unsatur-

ated carbene complexes are recognized as valuable C3 building

blocks for formal [3+ 2] carbo- and heterocyclization reactions.
Thus, reactions with alkynéselectron-poor alkenessiloxy-
substituted 1,3-dienés]-amino-1-aza-1,3-dienégnamineg?
and isonitriled! give rise to functionalized five-membered
carbocycles, while the reaction with imines leads to pyrrol
derivativest? Moreover, lithium enolates add toS-unsaturated
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Scheme 1. Diastereoselective Formation of Five-Membered Rings
4 and diast-4 from o,-Unsaturated Methoxycarbene Complexes 1
and Methyl Ketone Lithium Enolates 2
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recently* developed a novel [3F 2] cyclization reaction of

alkenyl Fischer carbene complexes with lithium enolate of
methyl ketones, leading to five-membered carbocyclic rings,
and, in this paper, we would like to present the scope of this

transformation and the influence of the solvent and or cosolvent
on the diastereoselectivity of the reaction. As a complementary
reaction pattern, we also report a three-component sequential

reaction between the,S-unsaturated carbene complex, the
methyl ketone lithium enolate, and an aromatic aldehyde to
afford hydroxyketone derivatives in a diastereoselective way.

Results and Discussion

The treatment of alkenylcarbene pentacarbonyl compléxes
with methyl ketone lithium enolate® generated by deproto-
nation of ketone$8 with lithium diisopropyl amide (LDA) at O
°C, in THF at temperatures from°@ to room temperature led,
after hydrolysis and purification by column chromatography on
deactivated silica gel, to cyclopentenol derivativieand5 in

ylenetriamine (PMDTA) as cosolvent, 8195% de if a mixture

of EtO/PMDTA was used (Table 1, entries 3 and 4). A different
result was found starting from lithium enola2e in which the

R group is a secondary alkyl group €R'Pr); in this case, an
equimolecular mixture ofic and diast4c was formed (Table

1, entry 5). However, the use of PMDTA was crucial, resulting
in a considerable increase in the diastereoselectivity of the
reaction. Thus4c was generated in 63 or 78% de when the
reaction was carried out either in THF or in,8tand using
PMDTA as cosolvent (Table 1, entries 6 and 7). Furthermore,
when lithium enolate2d (R = 'Bu) was reacteddiast4d was
exclusively generated, both in the absence and in the presence
of PMDTA (Table 1, entry 8). Reaction of lithium enola&s-g
derived from aryl or heteroaryl methyl ketones led to a mixture
of compound€le—g anddiast4e—g in an equimolecular ratio

or with a slight predominance df(Table 1, entries 9, 11, 14).
However, addition of 3 equiv of PMDTA to the THF or &t
solution gave rise to the formation efe—g as the major
diastereoisomer (Table 1, entries 10, 12, 13, 15). When lithium
enolate2h—m, in which R is an alkenyl moiety, were used,
roroducts 4h—m were obtained with good yields, but the
diastereoselectivity found depended on the substitution pattern
in the carbon-carbon double bond. Thus, while the reaction of
la with g-substituted lithium alkenolate8h—j afforded the
corresponding cyclopentenol derivativés—j in good yields
and with diastereoselectivities higher than 90% (Table 1, entries
16—18), thep,[-disubstituted lithium alkenolatek afforded

4k with a poor 25% de. This diastereoselectivity could be
increased to 90% when the reaction was carried out in the
presence of PMDTA (Table 1, entries 19 and 20). However,
when cycloalkenyl-substituted lithium alkenolat2sm were
reacteddiast4l,m were exclusively generated, and no changes

good yields (Scheme 1 and Table 1). Better results were obtainedVere observed when PMDTA was added (Table 1, entries 21
when the transformation was carried out under the same reactior2Nd 22). It is interesting to note that in the reactions attempted

conditions but using lithium enolat&generated by treatment
of silyl enol etherss with butyllithium at temperatures from O
°C to room temperature. The diastereoselectivity found in the
reaction of carbene compleéba with lithium enolate<? to give
cyclopentenol derivative4 was very good in almost all of the

using lithium enolates derived from alkenyl methyl ketones, the
formation of the expected seven-membered carbocyclic com-
pound was not observédFinally, productstn—p were exclu-
sively obtained when lithium enolategn—p derived from
alkynyl methyl ketones were used as starting materials, and only

cases. However, this diastereoselectivity was observed tolithium enolate2o required the presence of PMDTA to form

strongly depend on the substituent R on the lithium encate
Thus, when the substituent R on lithium enola2ds an alkyl

group, the diastereoselectivity @ varies according to the
bulkiness of the R group. For R Me, cyclopentenol derivative

40 as a sole diastereoisomer (Table 1, entries23. In addi-
tion, a single diastereoisomer bfwas obtained starting from
carbene complekb and lithium enolate®a,e,h,n derived from
methyl, phenyl, alkenyl, and alkynyl methyl ketones (entries

4awas obtained in good yield and as a single diastereoisomer27—30).

(Table 1, entry 1). Similar results were obtained when R is a
primary alkyl group; thus, starting from lithium enol&2é (R
iBu), cyclopentenol derivativéb is obtained in 77% yield
and with 82% de (Table 1, entry 2). This result could be
improved to 90% de by usiny,N,N',N',N"'-pentamethyldieth-

(13) (a) Casey, C. P.; Brunswold, Wiorg. Chem1977, 16, 391. (b) Aoki, S.;
Fujimura, T.; Nakamura, El. Am. Chem. S04992 114, 2985-2990. (c)
Nakamura, E.; Tanoka, K.; Fujimura, T.; Aoki, S.; Williard, P. &.Am.
Chem. Soc1993 115 9015-9020. (d) Barluenga, J.; Montserrat, J. M.;
Florez, JAngew. Chem., Int. Ed. Endl994 33, 1392-1394. (e) Barluenga,
J.; Montserrat, J. M.; Flez, J.; Gara-Granda, S.; Mani, E. Chem-Eur.

J. 1995 1, 236-242. (f) Wulff, W. D. Organometallics1998 17, 3116-
3134. (g) Ezquerra, J.; Pedregal, C.; Merino, |;rEig J.; Barluenga, J.;
Garca-Granda, S.; Llorca, M. Al. Org. Chem1999 64, 6554-6565. (h)
Merino, I.; Laxmi Y. R., S.; Fleez, J.; Barluenga, J.; Ezquerra, J.; Pedregal,
C.J. Org. Chem2002 67, 648-655. (i) Barluenga, J.; Ftez, J.; Faanss,

F. J.J. Organomet. Chen2001, 624, 5-17.

(14) Barluenga, J.; Alonso, J.; Réduez, F.; Faans, F. JAngew. Chem., Int.
Ed. 200Q 39, 2460-2462.

On the contrary, when the reaction of carbene complax
and lithium enolate®, formed from silyl enol ether$§, was
carried out under the same reaction conditions but using diethyl
ether as solventliast4 was obtained in good yields and as a
single diastereoisomer in each case independent of the nature
of the R substituent of the lithium enolate (Table 1, entries 31
45). Only in the case of the reaction of lithium enol2a
derived from acetone, was an equimolecular mixture of the
easily separated compounda anddiast4a generated (Table
1, entry 31). The other exceptional cases are those starting from
B-lithium arylalkenolategh,i. Here, the corresponding cyclo-
pentenol derivativesliast4h,i were obtained with lower de
values (79 and 82%, respectively) (Table 1, entries 38 and 39).
The structures and relative configurations of the new stereogenic
centers o# anddiast4 were unequivocally determined by two-
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Table 1. Solvent Effect in the Synthesis of Cyclopentenol Derivatives 4 and diast-4 from Carbene Complexes 1 and Methyl Ketone Lithium

Enolates 2

carbene solvent
entry complex X enolate R (cosolvent)? product yield (%)° de (%)°
la O 2a Me THF 4a 92 >95
2 la (0] 2b Bu THF 4b 81 82
3 la (0] 2b Bu THF (PMDTA) 4b 77 90
4 la O 2b Bu ELO (PMDTA) 4b 83 >95
5 la (e} 2c iPr THF 4c 91 0
6 la (0] 2c iPr THF (PMDTA) 4c 95 63
7 la (@) 2c iPr EtO (PMDTA) 4c 89 78
8 la (¢} 2d Bu THF diast4d 68 95
9 la (0] 2e Ph THF de 78 10
10 la (0] 2e Ph THF (PMDTA) 4e 82 93
11 la O 2f 4-MeOGH4 THF 4f 79 0
12 la (0] 2f 4-MeOGH4 THF (PMDTA) af 84 53
13 la (0] 2f 4-MeOGH4 Et,O (PMDTA) af 86 73
14 la (@) 29 2-Fu THF 49 72 0
15 la (0] 29 2-Fu THF (PMDTA) 49 76 83
16 la (0] 2h (E)-PhCH=CH THF 4h 90 >95
17 la (0] 2i (E)-4-MeOGH4CH=CH THF 4i 89 91
18 la (@) 2j (E)-PrCH=CH THF 4 73 >95
19 la (0] 2k Me,CH=CH THF a4k 70 25
20 la (0] 2k Me,CH=CH THF (PMDTA) 4k 73 90
21 la (@) 2 DHP4 THF diast4l 82 >95
22 la (@) 2m 1-cyclohexenyl THF diast4m 85 >95
23 la (0] 2n PhG=C THF 4n 86 >95
24 la (0] 20 BuC=C THF 40 89 63
25 la O 20 BuC=C THF (PMDTA) 40 95 >95
26 la (0] 2p TMSC=C THF 4p 78 >95
27 1b CH; 2a Me THF 5a 91 >95
28 1b CH; 2e Ph THF 5b 89 >95
29 1b CH; 2h (E)-PhCH=CH THF 5c 93 >95
30 1b CH; 2n PhG=C THF 5d 84 >95
31 la O 2a Me ELO diast4a 94 0
32 la (@) 2b Bu ELO diast4b 84 >95
33 la (e} 2c iPr EtO diast4c 88 >95
34 la (0] 2d Bu EtO diast4d 74 >95
35 la (@) 2e Ph EtO diast4e 92 >95
36 la (0] 2f 4-MeOGH4 Et,O diast4f 89 >95
37 la O 29 2-Fu EtO diast4g 81 >95
38 la (0] 2h (E)-PhCH=CH EtO diast4h 84 79
39 la (@) 2i (E)-4-MeOGH,CH=CH ELO diast4i 84 82
40 la (0] 2j (E)-PrCH=CH EtO diast4j 80 >95
41 la (0] 2k Me,CH=CH EtO diast4k 90 >95
42 la O 2 DHP4 ELO diast4l 93 >95
43 la (@) 2m 1-cyclohexenyl EO diast4m 78 >95
44 la (@) 20 BuC=C ELO diast4o 90 >95
45 la (0] 2p TMSC=C EtO diast4p 84 >95

a All of the reactions in BEO, THF, or using PMDTA were carried out with lithium enolagenerated from silyl enol etheésand BuLi. Reactions in
THF were also carried out with lithium enolat2generated from methyl keton8sand LDA. P Isolated yield based on starting carbeiné de values were
determined by*H NMR on the crude product. DHP = 4,5-dihydro-4H-pyran-2-yl.

dimensional (COSY, HMQC, HMBC, and NOESY) NMR cyclopentenol derivative$or diast4, respectively. The opposite
spectroscopic analysis. Finally, attempts to accomplish the diastereoselectivity observed in the formationdobr diast4
reaction of carbene compléb with lithium enolate< in diethyl when using THF or diethyl ether as solvent can be explained
ether as solvent were unsuccessful, and the starting carbenéyy invoking transition structures with the same geometric
complex was recovered after hydrolysis and workup, probably disposition as7 or 7'. Thus, the formation ot when THF or
due to a competitive aciebase reaction leading to the abstrac- PMDTA was used can be rationalized in terms of coordination
tion of they-proton of the carbene compléb by the lithium of the lithium atom to the THF or the triamine, which lowers
enolate2. the rigidity of the transition structure derived fromfavoring

In Scheme 2, a tentative mechanism to account for the the approach of the allylic carbon atom of theallyltungsten
formation of cyclopentenol derivative4, 5, and diast4 is moiety to the carbonyl atom. According to this proposal, the
outlined. It is assumed that first a 1,2-addition of the lithium
enolate2 to the carbene compleba occurs to form intermedi-
ates7 or 7'. A cyclization induced by a 1,2-migratiéhof the
pentacarbonyltungsten fragment leads to the bicyclic intermedi-
ates 8 or diast8. Further elimination of the metal moiety
followed by coordination of the metal atom to the carbon
carbon double bond gives intermedia@&®r diast9, which,
after hydrolysis and metal decoordination, furnishes bicyclic

(15) (a) Barluenga, J.; ToreaM.; Ballesteros, A.; SantamariJ.; Carbajo, R.
J.; Lopez-Ortiz, F.; Gar@-Granda, S.; Pertierra, Ehem-Eur. J.1996 2,
88—97. (b) Barluenga, J.; TorsaM.; Rubio, E.; Lpez-Peledn, J. A.;
Garém-Granda, S.; Pertierra, B. Am. Chem. S0d.996 118 695-696.
(c) lwasawa, N.; Ochiai, T.; Maeyama, Rrganometallics1997, 16, 5137~
5139. (d) Iwasawa, N.; Ochiai, T.; Maeyama, X.Org. Chem1998 63,
3164-3165. (e) Barluenga, J.; TomaM.; Rubio, E.; Lpez-Peledn, J.
A.; Garéa-Granda, S.; Rez-Priede, M.J. Am. Chem. Socd999 121,
3065-3071. (f) Barluenga, J.; TorsaM.; Rubio, E.; Lpez-Peledn, J.
A. Angew. Chem., Int. EA.999 38, 1091-1093.
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Scheme 2. Proposed Mechanism for the Formation of 4 and Scheme 3. Influence of the a-Substitution in the Formation of
diast-4 Five-Membered Rings Formation of Cyclopentenol Derivative 12
1a + 2
‘ OMe
i ! CO)SW 1. Oto 20°C
0 Th T (@]
MeO " (CO)W ’ 2 s;oz
(CO) ;Vk, AR M ((; R R HO ™=
5 = e 2N\ % Ph
. O |ﬂ’ o O~z OMe N .
U A 12 ( 82%)
7 T ) MeQ o
Y 10 L _
- -+ 7 (CO = M ph
(00)5w oMe (CO)W  OMe H
0. 4, Li+
% 13
HR R OLi | |  HR OLi |
diast-8 0o
' Ao
- . MeO Ph
(CO)sW OMe | (COW  ome
-
R oLi | | T HR oL | with the lithium enplate of benzylide_neacetqze generated
diast-9 by treatment of silyl enol ethebe with BuLi at 0 °C, at
{ v temperatures from 0 to Z& in THF, affording, after hydrolysis
4 diast-4 and chromatographic purification, exclusively the five-mem-

bered carbocyclic ringl2 in 82% vyield and as a single

bulkier the R groups are, the more disfavored the transition diastereoisomer (Scheme 3). This fact provesdhstibstitution
structure derived fron7 is, and so PMDTA, a more strongly is responsible for the observed regioselectivity. Intermediate
coordinating solvent than THF, is required to direct the reaction formed by a nucleophilic attack of the lithium enolate to the
to 4. Only bulkier groups such @Bu, DHP, or 1-cyclohexenyl  carbene carbon atom of carbene compldy is invoked to
are positioned on the side of the vinylic hydrogen to avoid explain the exclusive formation df2. It is interesting to point
interaction with the more sterically demanding methylene group out that when lithium enolatge, formed by deprotonation of
of the dihydropyranyl moiety. In a similar way, the formation benzylideneacetorgewith LDA at 0 °C, is used, keton&4 is
of products5, derived from the reaction of carbene complex the only product obtained, indicating that the presence of
1b with lithium enolates2 in THF, can be explained. Con-  diisopropylamine in the reaction medium promotes protiode-
versely, when the reaction @ with 2 is carried out in diethyl metalation of intermediat&3. The structures of compoundg
ether, a less coordinating solvent than THF, coordination of the and 14 were determined by two-dimensional (COSY, HMQC,
lithium atom to three oxygen atoms favors a transition structure HMBC, and NOESY) NMR spectroscopic analysis.
with a geometric disposition of that ifi. In this approach, the A complementary product #could be formed in the reaction
R group is on the side of the vinylic hydrogen, and the allylic of carbene complexa with alkynyl methyl ketone derived
carbon atom of ther-allyltungsten moiety is also close to the lithium enolates2n,o if the reaction conditions are slightly
carbonyl group, therefore leading to the formationd@dst4, changed. Thus, when the reaction mixture was heated under
independent of the nature of the substituent R. Support for the reflux in THF prior to the treatment with silica gel, the formal
above reaction pathways, especially the 1,2-addition, was gained4 + 1] cyclization products5 were isolated in yields higher
by studying the low-temperature hydrolysis of the reaction than 709 Formation of these product$ could be rationalized
mixture, in which probably intermediatésor 7' react at the assuming that intermediat@s,0, generated in the first step of
y-position with a proton, giving ketone as single diastere-  the reaction, could undergo a retro-aldol type reaction affording
oisomers. The structures of compouridlsvere determined by  intermediated 6. Intramolecular Michael addition of the allyl-
IH and 3C NMR experiments, and the configuration of the lithium to the ynone moiety inl6, presumably favored by
double bond was determined by NOESY experiments carried coordination of a triple bond to the tungsten moiety, would give
out on compoundlOd (R = 'Bu). This is the reason lithium  rise to the cyclopentane derivatilg, which, after hydrolysis
enolates generated from silyl enol ethers are preferable to thoseand metal decoordination, would lead to the conjugated cyclo-
prepared by deprotonation of methyl ketones with LDA, because pentenoned5 (Scheme 4). The same transformation was not
the presence of diisopropylamine in the reaction medium in the observed starting from lithium enola®p, probably due to the
latter case presumably was responsible for the appearance osteric hindrance by the TMS group avoiding the Michael
ketonesl0 when the carbonyl group was less electrophilic. addition of the allyllithium to the ynone. On the other hand,

In our previous papet a-substitution at the carbene complex the role of the pentacarbonyltungsten fragment appears to be
was invoked to explain the regioselectivity in the reaction of crucial for the outcome of the reaction, because refluxing of
carbene complexes with lithium enolates derived from alkenyl
methyl ketones to give five-membered rings instead of seven- (16) For formal [4+ 1] cyclization reactions with Fischer carbene complexes,

i see: (a) Fischer, E. O.; Weiss, K.; Burger,Ghem. Ber1973 106 1581~
membered ones. In the cases described here, both carbene 1588. (b) Sierra, M. A.; Sterberg, B.. Lander, P. A.; Hegedus, L. S.

H H Organometalllc31993 12, 3769—3771. (c) Barluenga, J.; Aznar, F.;
complexeslab are cyclic, and so the reason is not clear. To Ferrimdez, M.Chem.Eur. J.1997, 3, 1629-1637. (d) Peiffer, J.; Nieger,
clarify these facts, carbene complekwas prepared and reacted M.; Détz, K. H. Eur. J. Org. Chem1998 1011-1022.

J. AM. CHEM. SOC. = VOL. 125, NO. 9, 2003 2613



ARTICLES

Barluenga et al.

Scheme 4. Formal [4 + 1] Cyclization Reaction from Carbene

Complex la and Lithium Enolates 2n,0
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Scheme 5. Three-Component Coupling Products 19 and 20 from
Carbene Complex 1a, Lithium Enolates 2, and Aldehydes 18

MeO O 0
(CO)WL )= R Ar# H
’ L o 18 i .
7
OMe R
(CO)W OLi 1.THF,-50°C P .

e R 2. ArCHO (18) OMe
-50 to 20 °C _-OH

1a 2 3sio, H A

19

the lithium salt of cyclopentenol derivativéds,o in THF does
not afford, after hydrolysis, the expected cyclopentendries
but only starting material was recovered.

The possibility of trapping intermediates with a proton
source to give ketoned0 prompted us to investigate a
consecutive one-pot three-component coupling reattiming
an aldehyde instead of a proton source. Thus, treatment of
carbene complega with lithium enolate? in THF at—50°C
followed by addition of aldehydek8 at the same temperature,
and then warming to 20C, led, after hydrolysis with moist
silica gel, to the three-component coupling produt8sin
moderate to good yields and as single diastereoisomers (Schem
5 and Table 2). The formation of addud@could be accounted
for in a way similar to that proposed for cyclopentenol
derivatives4 with the only difference being that intermediate
7, generated in the first step, can react intermolecularly with
the aldehydd8. The relative configuration of the stereocenters

(17) For sequential coupling reactions, see: (a) Tietze, L. F.; Beifugsngkew.
Chem., Int. Ed. Engl1993 32, 131-163. (b) Tietze, L. F.; Haunert, F.
Chem. Re. 1996 96, 115-136. (c) Tietze, L. F. IrStimulating Concepts
in Chemistry Vogtle, F., Stoddart, J. F., Shibasaki, M., Eds.; Wiley-VCH:
Weinheim, 2000; p 39. (d) Nicolaou, K. C.; Yue, E. W.; Oshima, T. In
The New ChemistrHall, N., Ed.; Cambridge University Press: Cambridge,
2001; p 168.
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Table 2. Three-Component Coupling Reaction of Carbene
Complex 1a, Lithium Enolates 2, and Aldehydes 18 to Give
Hydroxycarbonyl Compounds 19 and or Tricyclic Polyethers 20

enolate R aldehyde Ar product yield (%)?
2a Me 18a Ph 19a 52
2e Ph 18a Ph 19b 58
2h (E)-PhCH=CH 18a Ph 19c 50
2q OEt 18a Ph 19d 59
2q OEt 18b 2-Fu 19e 57
2r (—)-8-Ph-menthyl 18a Ph 19f 67
2a Me 18a Ph 20a 46
2d Bu 18a Ph 20b 45
2d Bu 18b 2-Fu 20c 32
2e Ph 18a Ph 20d 51
2f 4-MeOGH4 18a Ph 20e 48
2f 4-MeOGH4 18b 2-Fu 20f 38
2h (E)-PhCH=CH 18a Ph 20g 45
2m 1-cyclohexenyl 18a Ph 20h 42

a|solated yield based on starting carbeha ®A 32:1 mixture of
diastereoisomers was obtainéd 2:1 mixture of diastereoisomers was
obtained.

of 19formed in the reaction was determined by transformation
of these compounds into cyclic derivatives. In fact, these adducts
19 underwent diastereoselective cyclization reactions under
mildly acidic conditions at room temperature (just dissolving
them in chloroform containing traces of HCI) affording tricyclic
compound®0 (Scheme 5 and Table 2). Protonation of the enol
moiety of 19 to give intermediat®1 could promote a domino
reaction, which could be initiated by the attack of the alcoholic
oxygen to the carbonyl carbon atom followed by the addition
of the carbonylic oxygen to the carbon atom to the oxonium
ion. The structure and relative configurations of the stereocenters
in 20, and therefore ofl9, were unequivocally determined on
the basis of the coupling constants and 2D-NMR experiments
carried out orR0ab. The configuration of the double bond of
compoundsl9 was assigned by analogy to related compounds
10. While the bulkiness of the R group of the lithium enolates
2 played an important role in the stereochemical outcome of
the intramolecular reaction affording cyclopentenol derivatives
4, in the intermolecular reaction of intermediatand aldehydes

18, the formation of the same diastereoisomerl8fand 20
independent of the nature of the R substituent was observed.

Conclusions

We have developed an interesting generalization of the 1,2-
addition reaction of lithium enolates, derived from simple methyl
ketones, to alkenyl carbene complexes, which represents a new
strategy for the diastereoselective synthesis of five-membered
carbocyclic rings in good yields. The use of more or less
coordinating solvents (THF or ED) or the presence of PMDTA
allows one to synthesize both diastereoisomers with complete
gr very high diastereoselectivity. Moreover, a mechanism
consistent with the experimental data is proposed, in which once
again the ability of the recently described 1,2-(@@)migration
to promote unusual umpolung cyclizations is demonstrated. In
this context, thex-substitution in the alkenyl carbene complex
appears to be the key to direct the reaction to the five-membered
rings, especially when lithium enolates derived from alkenyl
methyl ketones are used. In addition, the reaction of alkenyl
carbene complexes with alkynyllithium enolates can be con-
ducted to the formal [3+ 2] or [4 + 1] cyclization products
with a minor variation in the reaction conditions. One-pot,
consecutive, three-component coupling reactions in which an
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alkenylcarbene complex, a lithium enolate, and an aldehyde are(10 mL) and carbene compleka (180 mg, 0.4 mmol) to afford

involved have proved to be an interesting method to diastereo-

selectively prepare hydroxycarbonyl compounds and tricyclic

polyethers. Investigations along these lines as well as on the

mechanisms of the reactions and the applications to the organi
synthesis are underway in our laboratories.

Experimental Section

General. 'H NMR spectra were recorded on a Bruker AMX-400
(400 MHz) or a Bruker DPX-300 (300 MHz). Chemical shifts are
reported in ppm from tetramethylsilane with the residual solvent
resonance as the internal standard (GHE&I7.26; GDs, 0 7.16). Data
are reported as follows: chemical shift, multiplicity (s, singlet; d,
doublet; dd, double doublet; ddd, double doublet of doublets; td, triplet
of doublets; t, triplet; dt, doublet of triplets; g, quartet; qd, quartet of
doublets; qt, quartet of triplets; br, broad; m, multiplet), coupling
constantsJin Hz), integration, and assignmekC NMR spectra were
recorded on a Bruker AMX-400 (100 MHz) or Bruker DPX-300 (75

C

compound4a (67 mg, 92%) as a colorless oi% 0.33 (hexanes:ethyl
acetate, 2:1)'H NMR (400 MHz, GDg): 6 = 3.82 (ddt,J = 10.6,
4.1, 1.8 Hz, 1H; CHIO), 3.78 (s, 3H; OMe), 3.21 (ddd, = 12.5,
10.6, 2.3 Hz, 1H; G&HO), 2.72 (bs, 1H; OH), 2.66 (dd,= 14.8, 1.7
Hz, 1H; CHHC=), 2.56 (ddt,J = 12.5, 5.0, 1.7 Hz, 1H; CH), 2.33
(dd,J = 14.8, 1.7 Hz, 1H; CHC=), 1.71 (ddtd,J = 12.5, 5.0, 3.6,
1.8 Hz, 1H; GHHCH), 1.46 (apparent qt) = 12.5, 4.1 Hz, 1H;
CHHCH,0), 1.28-1.21 (m, 1H; CHHCH,0), 1.21 (s, 3H; Me), 1.08
(qd,J = 12.5, 3.6 Hz, 1H; CHICH). *3C NMR (100 MHz, GD¢): ¢
= 131.8, 128.1, 74.6, 69.3, 58.5, 50.9, 46.8, 26.2, 25.8, 25.3. HRMS
(El) calcd. for GoH1603, 184.1099; found, 184.1094. Anal. Calcd for
CioH1603: C, 65.19; H, 8.75. Found: C, 65.29; H, 8.58.
(1R*,7aR*)-2,4,5,6,7,7a-Hexahydro-3-methoxy-1-methylH-in-
den-1-ol (5a).Silyl enol ether6a (92 mg, 0.6 mmol) was treated with
BuLi (0.38 mL of 1.6 N solution in hexanes, 0.6 mmol) in THF (10
mL) and carbene compledb (126 mg, 0.4 mmol) to afford compound
5a (66 mg, 91%) as a colorless dit; 0.40 (hexanes:ethyl acetate, 2:1).
H NMR (400 MHz, GDg): 6 = 3.28 (s, 3H; OMe), 2.852.81 (m,

MHz) with complete proton decoupling. Chemical shifts are reported . CHHC=COMe), 2.47 (dd) = 15.9, 2.0 Hz, 1H; GIHCOH), 2.28
in ppm from tetramethylsilane with the solvent resonance as the internal (dd’ J=159 1.7 H’Z 1H; CHICOH) ’2 16 (a;)par,ent ddi. = ’12 5

standard (CDG| 6 76.95; GDs, 0 127.80). Bidimensional NMR
experiments (COSY, HMQC, HMBC, and NOESY) were recorded on
a Bruker AMX-400 (400 MHz). High-resolution mass spectrometry
was carried out on a Finnigan-Mat 95 spectrometer. Melting points
were measured on a’'Bhi-Tottoli apparatus with open capillary tubes

4.2, 1.7 Hz, 1H; CH), 1.781.57 and 1.171.04 (2xm, 6H;
CHHCH,CH,CHHCH), 1.29 (br s, 1H; OH), 1.12 (s, 3H; Me), 0.84
(qd, J = 12.5, 3.8 Hz, 1H; CHCH,CHHCHy). 3C NMR (100 MHz,
CeDe): 6 = 145.4, 114.8, 76.5, 56.4, 55.9, 46.2, 29.5, 26.7, 26.4, 24.6,
25.1 (Me). HRMS (EI) calcd. for GHs40,, 182.1307; found, 182.1299.

and are uncorrected. Elemental analyses were performed with a Perkin-AnaI Caled for GiHO: C, 72.49: H, 9.95. Found: C, 72.61: H

Elmer elemental analyzer. All reactions that involved enolates were

conducted in flame-dried glassware under an inert atmosphere of

nitrogen. Tetrahydrofuran and diethyl ether were distilled from sodium
metal/benzophenone ketyl. Butyllithium (1.6 M in hexanes) was
purchased from Across Organics; methyl ketodash,j,k,m,n,p, silyl

enol ether$a,d,e, diisopropilamine, andl,N,N',N',N"'-pentamethyldi-
ethylenetriamine (PMDTA) were purchased from Aldrich and used
without previous purification, except PMDTA, which was distilled prior
to use. Ketone3i was prepared by condensation of acetone and
anisaldehydé? Ketones3l,0 were prepared by addition of the corre-
sponding 5,6-dihydroH4-pyran-2-yl or 1-hexynilcuprate derivatives to
acetyl bromide or chlorid& Silyl enol ethers6b,c,f—m,o,p were
prepared in a way similar to the literature procedures. Alkenyl-
(methoxy)carbene complexés,b and11 were prepared according to
literature procedure®.

General Procedure for the Preparation of Compounds 4, 5, and
12.1n a flame-dried round-bottom flask under nitrogen, enolatesre
prepared by treatment of ketor@§0.44 mmol) with 1 equiv of lithium
diisopropilamide at-30 °C for 30 min in 10 mL of THF. Alternatively,
enolate were generated by treatment of silyl enol eth&(8.6 mmol)
with 1 equiv of BuLi at room temperature for 30 min for silyl enol
ethers6ab,d and at 0°C for 30 min for the rest of silyl enol ethefs
in 10 mL of THF or EtO. If PMDTA was used, enolate® were
generated exclusively from silyl enol ethérsither in THF or in diethyl
ether. This cosolvent (3 equiv with respect to BuLi, 1.8 mmol) was
added 30 min after BuLi, and the mixture was stirred &C0for 10
min. Carbene compleg or 11 (0.4 mmol) was then added at°C,

and the mixture was warmed to room temperature and stirred for 30

min. The reaction mixture was quenched with deactivated silica gel
and purified by flash column chromatography also in deactivated silica
gel (hexanes:ethyl acetate 20:1 to 10:1) to give the compodn8s
and12.
(4as+,5R*)-2,3,4,4a,5,6-Hexahydro-7-methoxy-5-methylcyclopenta-
[b]pyran-5-ol (4a). Silyl enol ether6a (92 mg, 0.6 mmol) was treated
with BuLi (0.38 mL of 1.6 N solution in hexanes, 0.6 mmol) in THF

(18) Drake, N. L.; Allen, P., JrOrg. Synth., Coll. Vol. 11948; pp 7778.

(19) Jung, M. E.; McCombs, C. A.; Takeda, Y.; Pan, Y.JGAm. Chem. Soc.
1981 103 6677-6685.

(20) Chan, K. S.; Peterson, G. A,; Brandvold, T. A.; Faron, K. L.; Challener,
C. A.; Hyldahl, C.; Wulff, W. D.J. Organomet. Chen1.987, 334, 9—56.

(1S*,2S%)-4-Methoxy-2,3-dimethyl-1-[(E)-2-phenylethenyl)]-3-cy-
clopentenol (12).Silyl enol ether6h (131 mg, 0.6 mmol) was treated
with BuLi (0.38 mL of 1.6 N solution in hexanes, 0.6 mmol) in THF
(10 mL) and carbene complexl (169 mg, 0.4 mmol) to afford
compoundl?2 (80 mg, 82%) as a colorless ok 0.26 (hexanes:ethyl
acetate, 5:1)'H NMR (400 MHz, GDe): ¢ = 7.42-7.02 (m, 5H;
ArH), 6.95 and 6.34 (2xdJ = 15.9 Hz, 2H; CH=CH), 3.32 (s, 3H;
OMe), 2.63-2.44 (m, 3H; CHand GHMe), 1.74 (s, 3H=CMe), 1.59
(s, 1H; OH), 1.05 (dJ = 7.1 Hz, 3H; CHVe). 23C NMR (100 MHz,
CsDe): 0 = 148.6, 137.5, 135.3, 128.6, 128.5, 126.9, 126.6, 111.8,
78.5,56.0, 49.3, 44.1, 10.9, 9.7. HRMS (FAB) calcd. fqgH10, (M
+ H)*, 245.1542; found, 245.1547. Anal. Calcd fagld,00,: C, 78.65;
H, 8.25. Found: C, 78.80; H, 8.09.

General Procedure for the Preparation of Compoundsdiast4.
In a flame-dried round-bottom flask under nitrogen, a solution of silyl
enol ethers$ (0.6 mmol) in diethyl ether (10 mL) was treated with 1
equiv of BuLi at room temperaturé&,b,d) or 0 °C (rest of silyl enol
ethers) for 30 min, carbene compléa (0.4 mmol) was added at,
and the solution mixture was warmed to room temperature and stirred
for 30 min. The same workup as fdrfollowed.

(4aS*,55%)-2,3,4,4a,5,6-Hexahydro-7-methoxy-5-(2-methylpropy-
l)cyclopentab]pyran-5-ol (diast4b). Silylenolether6b (103 mg, 0.6
mmol) was treated with BuLi (0.38 mL of 1.6 N solution in hexanes,
0.6 mmol) in diethyl ether (10 mL) and carbene complex180 mg,
0.4 mmol) to afford compoundiast4b (76 mg, 84%) as a colorless
oil. Rr 0.27 (hexanes:ethyl acetate, 5:3). NMR (300 MHz, GDe):
0 = 3.91-3.80 (m, 1H; CHHO), 3.78 (s, 3H; OMe), 3.26 (td] =
12.4, 2.6, 1H; GIHO), 2.52 (dd,J = 15.4, 1.8 Hz, 1H; CHC=),
2.28 (d,J = 15.4 Hz, 1H; GIHC=), 2.27-2.19 (m, 1H; GICOH),
1.95-1.82 (m, 1H; GiMey), 1.50-1.12 (m, 7H; OH, ®,CHMe; and
CH,CH,CH,0), 1.03 (d,J = 6.7 Hz, 3H; Me), 0.98 (dJ = 6.7 Hz,
3H; Me). °C NMR (75 MHz, GDg): 6 = 131.3, 127.7, 75.2, 68.3,
57.6, 48.7, 48.5, 44.6, 24.8, 24.7, 24.6, 24.2, 22.6. HRMS (El) calcd.
for CigH2203, 226.1569; found, 226.1574. Anal. Calcd fors@,20s:
C, 68.99; H, 9.80. Found: C, 69.14; H, 9.69.

General Procedure for the Preparation of Cyclopentenones 15.
In a flame-dried round-bottom flask under nitrogen was performed the
same reaction used to prepare compoutras, but, once the mixture
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was at room temperature, it was heated to reflux for2@ h. It was (FAB) calcd. for G/H2304 (M + H)*, 291.1596; found, 291.1601. Anal.
then quenched with silica gel, and the residue was purified by flash Calcd for G7H»204: C, 70.32; H, 7.64. Found: C, 70.47; H, 7.51.
column chromatography (hexanes:ethyl acetate 20:1). General Procedure for the Preparation of Tricyclic Compounds
4-(5,6-Dihydro-4H-pyran-2-yl)-4-methoxy-3-phenyl-2-cyclopen- 20. The same reaction described before for carbene confmg®.4
tenone (15a) Ketone3n (63 mg, 0.44 mmol) was treated with LDA  mmol), enolate®a,d,ef,h,m (0.44 mmol), and aldehydekdab (0.8
(0.44 mmol) and carbene compléa (180 mg, 0.4 mmol) in THF (10 mmol) was performed. After being quenched with silica gel, solvents
mL) to afford, after reflux for 12 h, compountba (80 mg, 74%) as were removed, and the residue was filtered in a small amount of silica

a colorless o0ilR; 0.32 (hexanes:ethyl acetate, 51).NMR (400 MHz, gel with hexanes:ethyl acetate (20:1) to remove aldehg8ap from
CeDg): 6 = 7.81-7.04 (m, 5H; ArH), 6.58 (s, 1H; PrECH), 6.38 (t, the mixture, checking by TLC. After that, ethyl acetate was eluted.
J = 3.7 Hz, 1H; CH=CO), 3.44-3.36 (m, 2H; CHO), 2.90 (d,J = Solvents were removed, and the obtained residue was solved in 10 mL
18.2 Hz, 1H; GIHCO), 2.81 (s, 3H; OMe), 2.65 (d,= 18.2 Hz, 1H; of CHCI; and stirred for 18 h at room temperature. Purification was
CHHCO), 1.72 (tdJ = 6.5, 3.9 Hz, 2H; &CHCH), 1.28-1.14 (m, made by flash column chromatography (hexanes:ethyl acetate, 40:1).
2H; CH,CH;0). *C NMR (75 MHz, GDe): 0 = 202.4, 168.6, 153.6, (1S*,65%,7S+,9R* 115%)-11-Methoxy-9-methyl-7-phenyl-2,8,12-

133.1, 132.1, 130.3, 128.4, 128.1, 95.8, 85.2, 66.2, 49.9, 45.0, 22-21'[rioxatricyclo[7.2.1.01v"]dodecane (20a)Acetone (28 mg, 0.48 mmol)
19.8. HRMS (ElI) calcd. for §H1603, 270.1256; found, 270.1259. Anal.  \y5s treated with LDA (0.48 mmol), carbene comple(180 mg, 0.40
Caled for G7H1605 C, 75.53; H, 6.71. Found: C, 75.68; H, 6.59.  mmol), and benzaldehyde (85 mg, 0.80 mmol) to afford compound
General Procedure for the Preparation of Compounds 19In a 20a (53 mg, 46%) as a white solid. Mp: 12820 °C (CHCE). R
flame-dried round-bottom flask under nitrogen, a solution of enolates g 5g (hexanes:ethyl acetate, 5:3. NMR (400 MHz, CDC}): 6 =
2a,eh,q—swas prepared by treatment of the corresponding ket8nes 7 48-7.26 (m, 5H; ArH), 5.41 (dJ = 4.3 Hz, 1H; GiPh), 3.88-3.74
(0.48 mmol) with a solution of lithium diisopropilamide (0.48 mmol) (m, 3H; CHO and GiOMe), 3.51 (s, 3H; OMe), 2.49 (dd,= 14.5,
in THF (10 mL) at—30 °C for 30 min. The mixture was cooled to 11 o Hz, 1H; GIHCHOMe), 2.15 (dd,J = 14.5, 4.3 Hz, 1H;
—60 °C, and carbene completa (0.4 mmol) was added. Once the  cHHCHOMe), 2.03 (dtJ = 11.0, 4.3 Hz, 1H; GICHPh), 1.67-1.48
intense color from the carbene turned much softer (abetitbmin), (m, 3H; CHHCH,CH,0), 1.61 (s, 3H; Me), 0.980.88 (m, 1H;
aldehydesl8ab (0.8 mmol) were added, and the mixture was slowly CHHCH,CH;0). 3C NMR (100 MHz, CDCY): 6 = 139.3, 128.0,
warmed to room temperature. It was then quenched with silica gel and 126.9, 125.8, 105.0, 104.1, 84.5, 73.5, 64.2, 58.4, 40.3, 37.8, 25.0, 24.5,
purified by flash column chromatography in hexanes:ethyl acetate 189, HRMS (FAB) calcd. for GHz:04 (M + H)*, 291.1596; found,

(10:1). 291.1607. Anal. Calcd for §H2,0,: C, 70.32; H, 7.64. Found: C,
(E)-4+{ (3S")-3-[( S*)-1-Hydroxy-1-phenylmethyl]-tetrahydropy- 70.39; H, 7.60.

ran-2-ylidene}-4-methoxy-2-butanone (19a)Acetone (28 mg, 0.48

mmol) was treated with LDA (0.48 mmol) in THF (10 mL), carbene Acknowledgment. This research was supported by DGICYT
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