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Abstract: Optically active 5-{ert-butyldimethylsiloxy)-2-cyclohexenond) and its 6-substituted derivatives
2ab were synthesized from the readily available optically active ethy#8-butyldimethylsiloxy)-5-hexenoate

(4), where the Ti(ll)-mediated intramolecular nucleophilic acyl substitution reaction and the-feGlated

ring expansion reaction of a 1-hydroxybicyclo[3.1.0]hexane are the key reactions. Theleremuwed with
higher-order cyanocuprates with excellent diastereoselectivity to affordahsaddition productstrans-13,

in excellent yields. The reaction dfwith lower-order cyanocuprates proceeded with moderate to excellent
synselectivity to affordcis-13. Treatment oftrans- and cis-13 with DBU (1,8-diazabicyclo[5.4.0Jundec-7-
ene) or catalygb-TSA (p-toluenesulfonic acid) resulted infaelimination reaction to furnish the corresponding
optically active 5-substituted-2-cyclohexenories The 1,4-addition reaction dfa and 2b with organocy-
anocuprates followed by treatment of the resul@0gvith DBU provided the 2,5-disubstituted-2-cyclohexenones
19 with excellent ee. The conversion bd into the 3,5-disubstituted-2-cyclohexendzhas also been carried
out via 1,2-addition of alkyllithium onto the carbonyl group and the following oxidation with PCC (pyridinium
chlorochromate). Similarly, the conversionkdinto 2,3,5-trisubstituted-2-cyclohexenor&bhas been carried
out. A highly efficient, first total synthesis of penienod®and penihydron@6 has been accomplished. Thus,
the 1,4-addition reaction df with the (,E)-1,3-heptadienyl cyanocuprate and consecutive trap of the resulting
copper enolate with formaldehyde ga®28, which upon treatment with DBU or PyHF yielded25 and 26,
respectively. An efficient synthesis of both enantiomers of carvone starting f8#20ab has been also
accomplished.

Introduction Optically active 2-cyclohexenone having an alkoxyl group
at the 5-position seems to be an attractive chiral building block

Many biologically important compounds have a chiral cy- . -
y gically imp b y for the preparation of a variety of cyclohexanone as well as

clohexane ring in their structure as the main or a subunit. One
attractive method to synthesize these skeletons involves the use (3) Another approach is the kinetic resolution of a racemic mixture of

. ] P . .1 Starting materials where enzymes have been the mostly used see: (a) Polla,
of a chiral 2-cyclohexenone derivative as the starting material, " Frejd, T.Tetrahedrorl 991 47, 5883-5894. (b) Miyaoka, H.; Sagawa,

taking advantage of its versatile reactivity. Chiral 2-cyclohex- s.:inoue, T.; Nagaoka, H.: Yamada, ®hem. Pharm. BultL994 42, 405—
enones also have been widely used as building blocks for the407. (c) Weissfloch, A. N. E.; Kazlauskas, R.JJ.Org. Chem1995 60,
preparation of a variety of acyclic chiral compounds. The easily 6959-6969 and references therein. Resolution can be also achieved by using

. . °_organometallics species: (d) Trost, B. M.; Organ, MJGAmM. Chem. Soc.
accessible naturally occurring 2-cyclohexenones used for this 1994 116 10320-10321. (e) Hashiguchi, S. Fujii, A.; Haack, K. J.;

purpose are, however, restricted to only a few such as carvoneMatsumura, K.; Ikariya, T.; Noyori, RAngew. Chem., Int. Ed. Endl997,
and pulegoné_'rherefore’ considerable efforts have been made 36, 288-290. For other examples of resolution see: (f) Gorthey, L. A;

. . Vairamani, M.; Djerassi, CJ. Org. Chem.1985 50, 4173-4182 and
to develop an efficient method to prepare chiral 2-cyclohexe-  .torences therein.

noned 4 as well as to introduce new 2-cyclohexenone chiral  (4) Enantioselective syntheses of 2-cyclohexenones have been reported:
building blocks? (a) Based on an asymmetric Dielélder reaction: Wada, E.; Yasuoka,
H.; Kanemasa, SChem. Lett1994 1637-1640; Kozmin, S. A.; Rawal,

(1) For some recent synthetic implications of carvone in organic synthesis, V. H. J. Am. Chem. Sod.997, 119 7165-7166 and references therein.
see: Srikrishna, A.; Reddy, T. J.; Kumar, PJPChem. Soc., Perkin Trans. (b) Based on amino acid-catalysed aldolization: FujiCkem. Re. 1993
11998 3143-3144 and references therein. For pulegone, see: Chen, C. 93, 2037-2066 and references therein. (c) Enantioselective deprotonation:
Y.; Nagumo, S.; Akita, HChem. Pharm. Bull1996 44, 2153-2156. QO'Brien, P.; Poumellec, PTetrahedron Lett1996 37, 8057-8058. (d)

(2) Chiral cyclohexenones can be obtained by derivatization of optically The most efficient and general up-to-date method for synthesizing optically
active natural products according to multistep sequences. (a) From sugarsactive 2-cyclohexenones has been developed by Meyers using optically
see: Ferrier, R. J.; Middleton, €hem. Re. 1993 93, 2779-2831 and active bicyclic lactams, see: Romo, D.; Meyers, ATétrahedron1991,
references therein. (b) From pinene, see: Chapuis, C.; Brauchli, R.; 47, 9503-9569. Schwarz, J. B.; Devine, P. N.; Meyers, ATétrahedron
Thommen, WHelv. Chim. Actal993 76, 535-544 and references therein. 1997, 53, 8795-8806 and references therein.

(c) From quinic acid, see: Barros, M. T.; Maycock, C. D.; Ventura, M. R. (5) (@) Asaoka, M.; Shima, K.; Takei, H.etrahedron Lett1987, 28,

J. Org. Chem.1997, 62, 3984-3988 and references therein. (d) From 5669-5672. Asaoka, M.; Takei, H]. Synth. Org. Chem. Jpi99Q 48,
quebrachitol, see: Barton, D. H. R.; Bath, S.; Billington, D. C.; Gero, S. 216—228 (review in Japanese). (b) Takano, S.; Higashi, Y.; Kamikubo, T;
D.; Quiclet-Sire, B.; Samadi, Ml. Chem. Soc., Perkin Trans1995 1551~ Moriya, M.; Ogasawara, KSynthesid993 948-950. Ogasawara, Kure
1558 and references therein. Appl. Chem1994 66, 2119-2122.
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nucleophilic acyl substitution and intramolecular carbonyl
addition to afford7 in 76% yield? The reaction o7 with FeCk
in the presence of pyridine yielded the ring expansion product
8, which was treated in turn, without purification, with NaOAc
in CH3OH to furnish §-1 in 90% overall yield from7.10
5-(tert-Butyldimethylsiloxy)-2-cyclohexenone® having a
substituent at the 6-position can also be readily synthesized from
3. Thus, the introduction of a methyl or benzyl group at the
2-position of §-9, prepared by desilylation o§}-4, according
to the reported protocéf, gave, after silylationllaand11b,
respectively (Scheme 2). Following the reaction sequende of
— 1, the compoundd4.1a,b yielded 2a,b, which consisted of
two diastereomers in a ratio of 9:1 f@a and >95:<5 for 2b
(Scheme 3, where only the major diasterecisomer is shown).
Since both R)- and ©-3 are commercially available in
excellent optical purity or can be readily prepared by enantio-

CyC|Ohexen0ne derivatives, Since the tl’ansforma’[ions ShOWI‘l |nse|ect|ve hydrogena“on of ethy' 4_Ch|or0_3_oxobutyrate W|th a

Scheme 1 are easily conceivable.

Two research groupg have independently synthesized the
optically active 5-(benzyloxy)-2-cyclohexenone according to the
porcine f-liver esterase-catalyzed asymmetric hydrolysis of
mesel,3-diacetoxy-5-(benzyloxy)cyclohexane and oxidation of

BINAP—Ru catalyst? the present method allows the prepara-
tion of both enantiomers of and2, and we indeed prepared
(R)-1 starting from §-3. In addition, as the reagents used for
the transformation a8 into 1 or 2 are nontoxic and inexpensive,
the overall yield is high, and all the reaction procedures being

the resu|tiﬂg hydroxy monoacetate. HOWeVer, the enantiomeric Operat|0nal|y Slmp|E, the Synthesis band2 is practicall The

excess (ee) of the enone thus prepared wasg83%6 and the
method only opens an access to the enantiomer wh (
configuration. To the best of our knowledge, the compound has
not been utilized for the synthesis of cyclohexane derivatives.
Herein, we report an efficient and practical synthesis of the
optically active 54ert-butyldimethylsiloxy)-2-cyclohexenoné)(
and its 6-substituted derivativg, which readily undergo the
transformations shown in Scheme 1 highly selectively.

Results and Discussion

Synthesis of Optically Active 5(tert-Butyldimethylsiloxy)-
2-cyclohexenone (1) and Its 6-Substituted Derivative Zhe
synthesis of nonracemithas been readily carried out starting
from the optically active ethyl 3-hydroxy-4-chlorobutyra8.(
First, (R)-3 (98.3% ee) was converted into tHg-ethyl 3-tert-
butyldimethylsiloxy)-5-hexenoate4) in 75% overall yield

compoundsl and 2 thus obtained are found to be stable: no

racemization or degradation has been detected on storage.
Synthetic Utility of 1 as Masked Chiral Synthetic Equiva-

lent of 2,5-CyclohexadienoneThe Gilman butylcuprate reagent

(BuxCulLi) and the higher-order butylcyanocuprate {8u(CN)-

Lio) reacted withl via ananti-addition pathway, as expected,

with selectivities of 89:11 and 98.5:1.5, respectively, to afford

trans413 (R = Bu) in excellent yield® Meanwhile, to our

surprise, the reaction with the lower-order butylcyanocuprate

(9) Kasatkin, A.; Sato, FTetrahedron Lett.1995 36, 6079-6082.
Kasatkin, A.; Kobayashi, K.; Okamoto, S.; SatoTletrahedron Lett1996
37, 1849-1852. Lee, J.; Kang, C. H.; Kim, H.; Cha, J. K. Am. Chem.
So0c.1996 118 291-292. Sun U, J.; Lee, J.; Cha, J. Retrahedron Lett.
1997 38, 5233-5236.

(10) lto, Y.; Fuijii, S.; Saegusa, D. Org. Chem1976 41, 2073-2074.
Ito, Y.; Fujii, S.; Nakatsuka, M.; Kawamoto, F.; SaegusaOFfg. Synth.
1988 (Collect. Vol. 6), 327333.

according to the procedure shown in Scheme 2. The conversion_ (11) Seebach, D.; Wasmuth, Blelv. Chim. Actal98Q 63, 197—200.

of (9-4 into (§-1 was smoothly carried out as illustrated in
Scheme 3. Thus, the reaction &) with a Ti(Oi-Pr)/2i-
PrMgCl reagent resulted in a tandem reaction of intramolecular

(6) Suemune, M.; Takahashi, M.; Maeda, S.; Xie, Z.-F.; Sakai, K.
Tetrahedron: Asymmetr{99Q 1, 425-428.

(7) Dumortier, L.; Carda, J.; Van der Eycken, J.; Snatzke, G.; Vandewalle,
M. Tetrahedron: Asymmetry991, 2, 789-792.

(8) Portions of this work have been communicated: Hikichi, S.; Hareau,
G. P-J.; Sato, FTetrahedron Lett1997 38, 8299-8302. Hareau, G. P-J,;
Hikichi, S.; Sato, FAngew. Chem., Int. Ed. Endl998 37, 2099-2101.

Frater, G.; Miier, U.; Ginther, W.Tetrahedron1984 40, 1269-1277.

(12) Kitamura, M.; Ohkuma, T.; Takaya, H.; Noyori, Retrahedron
Lett. 1988 29, 1555-1556.

(13) The conjugate addition of organocuprates onto 5-substituted-2-
cyclohexenones yields generally a very high proportion otties-adduct;
see the following reviews and references therein: Yamamottjethoden
Org. Chem. (Houben-Weyl), Engl. EiR95 E21h 2041-2067 (Helmchen,
G., Hoffman, R. W., Mulzer, J., Shauman, E., Eds.). Lipshutz, B. H. In
Comprehensee Organic Synthesigrost, B. M., Fleming, |., Eds.; Pergamon
Press: Tokyo, 1991; Vol. 1, pp 162138. Kozlowski, J. Albid. Vol. 4,
pp 169-198. Lipshutz, B. H.; Sengupta, ®rg. React.1992 41, 135-
631.
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Scheme 4. Conjugate Addition of Higher- and Lower-Order Cyanocuprates drftollowed by Desiloxylation Yielding the
Chiral 5-Substituted-2-cyclohexenotd (R = Bu)
0
TBso““ij
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S)-1

H

R 0 O
R — w7l mo —
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]
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(S)-14 (R)-14
[o] 3 =+49.6 (¢ 1.0 CHCly) [0]% = ~49.6 (¢ 1.0 CHCly)
98.3% e.e. 98.3% e.c.

(BUCU(CN)LIj“ proceeded via theynaddition pathway pro- Table 1. 1,4-Addition of Higher-Order Cyanocuprates onf)-1?
viding cis-13 almost exclusively® The treatment with DBU , 1,4-adduct (13) _Elimination Product (S)-14 &:¢
(1,8-diazabicyclo[5.4.0]undec-7-ene) éns- and cis-13 thus Bnty RO O s @ Yield (@ | Yield @ (ot
prepared gave, respectively, th®-(and R)-5-butyl-2-cyclo-
hexenonel4) in good yield (Scheme 4). The ee values of both 1 Me 3:97 83 92 +88.1(c0.5)
enantiomers ofi4 were almost identical to that of the starting

3(98.3% ee) suggesting that no racemization occurred during Bu 15:985 92 93 +496(c03)
the whole process including the conversion ®finto 1. s ; ;
. j
Noteworthy here is the fact that the desiloxylatiorci-13 (R 3 AL anm’ w
= Bu) requires harsher conditions than those needetidas- s 5. 08 i
13 (R = Bu);7 this can be explained by assuming that the secBu ' 2
reaction occurs through an antiperiplanar pathway, andi$sr 5 tert-Bu 2:98 92
13, a large 1,3-diaxial interaction between the OTBS and the R
group appears to make the antiperiplanar transition state higher 6 Ph 7:93 80 94 +435(c05)
in energy (Scheme 4). ; H,C=CH 5.95 75

Since BuCu(CN)Li, gave better selectivity than BQulLi,
the 1,4-addition reactions df using a variety of higher- and aThe reactions were run in THE Elimination performed in CkCl,
lower-order cyanocuprates were carried out. The yield and with DBU (3 equiv) at r.t. for 5 h®Reported ¢]p for the R)-14
diastereomeric ratio of the resulting 1,4-addition prodd@s  _90-2 (R=Me); =51.2 (R=Bu); —46.4 (R= Ph); see ref 1& GC

. . o . measurement Isolated yield unless otherwise notédsolated yield
as well as their desiloxylation into 5-substituted-cyclohexenones fom 13 s1n CHCL, at 23 °C. h R(2-thienyl)Cu(CN)Li was Used.
14in several representative cases are summarized in Tables 1 NMR measuremeni.NMR vyield.
and 2, respectively.

As can be seen from Table 1, a variety oR(CN)Li, where  for the vinyl derivative, proceeds mainly via tisgn-addition
R is methyl, primary, secondary, and tertiaryalkyl, phenyl, pathway, although the yield with the phenylcyanocuprate is
and vinyl gave the corresponditigns-13 highly predominantly  moderate. Especially noteworthy is the excelleistselectivity
and in excellent yields. The mixed higher-order cyanocuptate opserved with methyl and primargnd secondarglkyl deriva-
[RCu(2-thienyl)(CN)LE] can also be used for the production tives. The tertiarsalkyl and phenyl derivatives (Table 2, entries
of trans-13 (entry 3). In contrast, as revealed from Table 2, the 9 and 10), however, proceeded with lovees-selectivity of 75-
reaction ofl with a variety of lower-order cyanocuprates, except 80% dr (diastereomeric ratio). It can also be found that, even if

(14) RCU(CN)Li (lower-order) and ®u(CN)Liz (higher-order) indicate (€ Selectivity was somewhat diminished, the lower-order
that the reagents have been prepared stoichiometrically by mixing CuCN cyanocuprates RCu(CN)MgX derived from Grignard reagents
and RLiin the 1:1 and 1:2 ratios, respectively, see: Kronenburg, C. M. P.; also yielded thecis-addition product mainly (entries 4 and 7).

Jastrzebski, J. T. B. H.; Spek, A. L.; van Koten, &.Am. Chem. Soc. ; ; _
1998 120, 9688-9689 and references therein. See al§irganocopper Noteworthy also is the fact that, although the reaction of RCu

Reagents: A Practical Approacfaylor, R. J. K., Ed.; Oxford University (CN)Li proceedgd with excellertﬁsselectiV!ty either.in EO
Press: Oxford, U.K., 1994. The terms “1:1 cyanocuprates” and “1:2 or in THF, the yield appeared to be better in@&f(entries 1 vs

cyanocuprates” are now preferred to “lower-" and “higher-order cyanocu- 2 gnd 3 vs 552_0 The only exception to theis-selective addition

prates” nevertheless, for convenience, we have conserved the old terminol- . . - L
p reaction of lower-order cyanocupratesltis the vinyl derivative

gy.

(15) A selectivity of 92:8 in favor of the cis isomer has been reported
on a 4-oxy-substituted spirocyclohexenone: Corey, E. J.; Boaz, N. W.  (18) (R)-(—)-5-Butyl-2-cyclohexenone:of]p = —51.2 ¢ 1.40; CHC}):
Tetrahedron Lett1985 26, 6015-6018.cis-Michael-type addition has been ~ Asaoka, M.; Takenouchi, K.; Takei, Lhem. Lett1988 921-922. R)-
observed on 4-oxy-substituted-2-cyclohexenone: Jeroncic, L. O.; Cabal, (—)-5-Methyl-2-cyclohexenone:ofp = — 90.2 € 0.8; CHC}): Allinger,
M. P.; Danishefsky, S. J. Org. Chem1991, 56, 387—395. N. L.; Riew, C. K.J. Org. Chem1975 40, 1316-1321 and ref 3f. R)-

(16) ee calculated from chiral GC or HPLC: chiral GC (Chirasil-DEX/  (—)-5-Phenyl-2-cyclohexenonea]p = — 46.4 € 5.0; CHCE): Asaoka,
Chrompack, 0.25 mnx 25 m, DF= 0.25); chiral HPLC (Daicel Chiralcel M.; Shima, K.; Fujii, N.; Takei, HTetrahedron1988 44,4757-4766.

OB—H). (19) Lipshutz, B. H.; Koerner, M.; Parker, D. Aetrahedron Lett1987,
(17) The reductive elimination of thes-adduct of13 does not proceed 28, 945-948.
easily at r.t. so that the treatment at r.t. with DBU dfis/transmixture of (20) For the solvent effect in the conjugate addition of lower-order

13 can result in a kinetic resolution of the starting material, thus affording cyanocuprates onto 2-cyclohexenones, see: Bertz, S. H.; Dabbagh, G.
the eliminated product4 with high ee. Tetrahedronl1989 45, 425-434.
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Table 2. 1,4-Addition of Lower-Order Cyanocuprates omam-12 Scheme 5.Proposed Intermediates for the ReactiorLof
RCu(CN)M 1,4-adduct (13) Elimination Product 142 with Higher- or Lower-Order Cyanocuprates
1 [ 1
Entry R M cis : trans ¢ Yield (%) Yield (%) TBSO - TBSO -
m 2Li* 2Li+
1 Me Li >99:<1¢  77f 80 SEE N =0 Reductive
X Cu — Cu —— Trans-13
28 Me Li >95:<5 € 35f R/ TR R/ R Elimination
C C
3h Bu Li >995:<05¢ 91/ 7S N W
N N
4 Bu Mg 90:10 7 15
58 Bu Li 599 : <1 80 R ]]{
\ =N =N
6 )\/\/(\2 Li 98:2 87/ TBSQu» Cu/c TBSQ e CU/C// Reductive
3 | i — s

7 /l\/\/(\ Mg 70:30 H gl ¥ OLi Hw/_ OLi Elimination Cis-13

3 sec-Bu Li 598 : <2 8af 75t 16

9 tert-Bu Li 80:20 78 . .

Scheme 6. Chiral 2,5-Cyclohexadienone Synthons Reported

10 Ph Li 75:25 25 So Far

11 H,C=CH Li 25:75 45 o o

aThe reactions were run in £, unless otherwise noted, at78 /ij "RCu” /@ CuClp
°C (entries 3-7) or from —78 to 0°C (entries 1, 2, 811).°With MesSi MesSi “r
DBU (3 equiv) at 100C, DMF, 1 h. The elimination with DBU at r.t. 17

o}
in CH.CI, (or DMF) for 5 h gavel4 < 10% yield.© NMR measurement — @
unless otherwise notedNMR yield unless otherwise notetiGC g | 5 1 “R
measurement.Isolated yield$ THF was used” (9-1 was used (see a‘ “RCu "

Scheme 4) The elimination was carried out with cakTSA in CH:Cl, . Pwg  Retro Dicls-Alder
atr.t. for 3 h, under treatment with DBU (3 equiv), 190, DMF, 1 h, H H

14 has been produced in 30% yieldNMR yield. 18

that the selectivity is also highly dependent on the positioning
of the alkoxy group on the cyclohexane ring. Thus, in conclu-
sion, thesynselective conjugate addition is a characteristic of
the 5-alkoxy-2-cyclohexenone.

The stereochemical outcome of the reaction shown in Tables
1 and 2 seems to be explained by assuming that the reaction
of 1 with organocopper compounds proceeds via the interme-

Saiacy of a dg* complex as suggested by Cor&yThus, the

(entry 11) which gave th&rans-adduct as the major product,
and the explanation underlying this exception must await further
study.

The results shown in Tables 1 and 2 are significant from the
synthetic viewpoint since, by simply choosing the lower- or
higher-order alkyl cyanocuprafépoth diastereomers df3 can
be readily prepared, thus opening up an easy and practical acce

to both enantiomers of 5-alkyl-2-cyclohexenories starting reaction with RCU(CN)Li, proceeds via the d* complex 15

i i 22
from a single enantiomer d. . » . having an alkoxy group at pseudoequatorial position, while
The unprecedentedynselective 1,4-addition reaction of 14 raaction with RCU(CN)Li proceedda 16, where the cop-
lower-order cyanocuprates onto 5-substituted-2-cyc|ohexenonesper atom is coordinated by the oxygen of the alkoxy group
was also significant from the viewpoint of the organocopper (Scheme 5¥5

chemistry!3thus, we devoted our efforts to reveal whether this The result thatl can be readily converted into a variety of

phenomenon was characteristic bfor not. The reaction of  ,htica|ly active14, which also has a chiral 2-cyclohexenone
BUCU(CN)LI with the 5-methyl- and 5-(trimethylsilyl)-2-cy-  5iety " indicates thafl acts as a masked chiral synthetic

clohexenong yielded aimost exclusively the corresponding gqiyalent of the 2,5-cyclohexadienone. Two chiral 2,5-cyclo-
trans-addition products. This result strongly indicated that the o ~dienone synthons have already been developed: Asaoka
alkoxy functionality in the subs_trataa plays a cr_uual role N~ and Takei have introduced the optically active 5-(trimethylsilyl)-
the control of the stereochemistry of the conjugate addition 2-cyclohexenone 17),5 and Takano and Ogasawara have
reaction to thecisproduct. We confirmed this assumption by yeyeloped the optically active tricyclic dienot@ (Scheme 6§
carrying out the reaction of BUCU(CN)Li with the 5-(benzyloxy)- g compound<.7 and 18 allow highly stereoselective 1,4-

2-cyclohexenon&/ which provided the correspondingis- — 4qgition reactions of organocopper compounds, and the resulting
adduct exclusively with 98% dr. We then carried out the reaction | 4_aqducts are converted into the 5-substituted-2-cyclohex-

of BUCu(CN)Li .with 4-([ert-butyldimeth.y.lsiony)-2—cyc|ohex— enones by removal of the group masking the double bond.
enoné?to examine the effect of the position of the alkoxy group However, the step for the removal of the masking group
on the diastereoselectivity of the addition. The reaction furnished sometimés results in rather low yields foF or requires severe
thetrans-addition product as a single diastereomer, suggesting ra5ction conditions fot8. The compound developed here has

(21) Taking advantage of one of the reviewer's comments, we include the _advantage that_ the redu_ctlve e“,n_]matlon (.:an be rgad|ly
the following note: the reaction of Ru(CN)Li, onto an enone produces,  carried out under milder reaction conditions and in good yields;

after transfer of the R group, RCU(CN)Li, which, however, seems to be moreover,l alone allows the highly selective synthesis of both
kinetically less reactive than;Ru(CN)Li.. We have indeed observed that,

in the case where the reaction with@u(CN)Li; (R = Bu) in THF actually (24) Corey, E. J.; Hannon, F. J.; Boaz, N. Wetrahedron1989 45,

was complete after few minutes a8 °C, the reaction of RCu(CN)Li (R 545-555. Corey, E. J.; Hannon, F. Tetrahedron Lett199Q 31, 1393~

= Bu) in E£O requir@l 1 h at—78°C and in some cases, such assRVle, 1396.

s-Bu, t-Bu and Ph, a gradual elevation of the temperature*®© (see Table (25) For some recent progress on the mechanism of the 1,4-addition of
2) to go to completion. cuprates on enones, see: KrauzeJNOrg. Chem1992 57, 3509-3512.

(22) For chiral-5-substituted-2-cyclohexenones, see: Kuwahara, S.; Mori, Vellekoop, A. S.; Smith, R. A. JJ. Am. Chem. Sod 994 116 2902~
K. Tetrahedron199Q 46, 8075-8082. Semmelhack, M. F.; Schmalz, H.-  2913. Snyder, J. R. Am. Chem. S0d.995 117, 11025-11026. Nilsson,
G. Tetrahedron Lett1996 37, 3089-3092. See also refs 3f and-3. K.; Ullenius, C.; Krause, NJ. Am. Chem. Sod996 118 4194-4195.

(23) Danishefsky, S. J.; Simoneau, B. Am. Chem. Sod989 111, Nakamura, E.; Mori, S.; Morokuma K. Am. Chem. S0@997, 119, 4900~
2599-2604. 4910 and references therein.
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Scheme 7. Synthesis of 2,5-Disubstituted-2-cyclohexenones
(19) from 2 via 20

O 0]
R

TBSO™ R!

2 20
2a R = Me (mixture at C-6, 9:1) 20aaR'=i-Pr (95%)
20ab R' = HyC=C(Me) (94%)
20ac R' = Bu (95%)
2b R = PhCH, (mixture at C-6,>95:<5)  20b R'=Bu (98%)

o]

Rl

19
19aa (80%, 97.9% c.e.)

19ab (S<arvone, 83%, 93%c.c.)
19ac (90%)

19b (85%)

DBU

—_—
CH,Cl,
o, 24h

TBSO'

enantiomers of the 5-substituted-2-cyclohexenones which might

be difficult to attain usingl7 or 18.

Synthesis of Optically Active 2,5- and 3,5-Disubstituted-
and 2,3,5-Trisubstituted-2-Cyclohexenones from 1 and/or 2.
With a highly efficient method enabling the synthesis of chiral
5-substituted-2-cyclohexenones) from 1 in hand, we antici-
pated that the optically active 2,5-disubstituted-2-cyclohex-
enones 19) might be obtained from the enor2e Although 2
consists of a mixture of two diastereomers in a ratio 9:12fr
and >95:<5 for 2b with respect to the stereogenic center at

C-6, we expected that the stereochemistry of the conjugate

addition of cuprate reagents ont® might be controlled
essentially by the siloxy group at C-5, thus providing, after
reductive elimination, the enon&8 with excellent enantiomeric
excess.

The reaction oRa with i-PrL,Cu(CN)Li, gave the correspond-
ing 1,4-addition productg0aain 95% yield (the diastereomeric
ratio being not determined) which upon treatment with DBU
gavel9aawith 97.9% eé®in 80% yield?® Similarly, with (2-
propenyl}Cu(CN)Liz,%?” 19ah, i.e. (§-carvone, was obtained in
93.0% eé’ and in excellent yield. The reaction with BZu-
(CN)Li;, yielded 20ag which upon treatment with DBU gave
19ac Similarly, the reaction o2b with Bu,Cu(CN)Li, followed
by desiloxylation of the resulting@0b yielded 19b. Although
our attempts to determine the ee valued®cand19b were
unsuccessful, the results obtained 1®aaand19ab, together
with the proton and carbon NMR data ®0acand20b which
showed the presence of two diastereoisomers for the former an
essentially a single one for the latter, strongly suggestlibat
and19b, with excellent ee, had been produced with the absolute
configuration shown in Scheme 7. These results strongly
indicated that the conjugate addition of higher-order cyanocu-
prates on2 was mainly controlled, as expected, by the
substituent at the C-5 position to furnish tlati-addition
product highly selectively.

The NMR data of the reaction product of the lower-order
BuCu(CN)Li with 2a strongly indicated that, as is the case for
1, the reaction proceeded via tlsgnpathway with thecis-
selectivity diminished tais:trans = 85:15 (determined by the
characteristic signals of the proton NMR:is = 3.95 ppm dirans
= 4.19 ppm).The loweredcis-selectivity can be explained by

the steric interaction between the OTBS group and the methyl

at C-6 in the transition state of the conjugate addition intermedi-
ate; thus, the coordination of the copper atom by the oxygen
does not occur smoothly (Figure 1).

The ketoned 4 obtained froml and organocopper reagents
(Table 1) can be also readily converted into 3,5-disubstituted-
2-cyclohexenone2@) as exemplified in Scheme 8. Thus, the
reaction of 14 (R = Bu) with MeLi and the following
manipulation of the resulting 1,2-addition produ2t by a
conventional reaction sequence providi(97.9% ee}s The

(26) Asaoka, M.; Aida, T.; Sonoda, S.; Takei, Fetrahedron Lett1989
30, 7075-7078.

(27) Caine, D.; Venkataramu, S. D.; Kois, A. Org. Chem1992 57,
2960-2963.
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H

Hb -
N AT 0
RO ,(Qc?

\gk Si\Me

tert-Bu” "\
Me

Figure 1.

Scheme 8. Synthesis of 3,5- and 2,3,5-Substituted-
2-cyclohexenones

[0}
_ RLi,THE PCC CHL,Cly
—78°C-—>0°C t, Taim
14: R=n-Bu 22 (77% overall yield)
R=n-Bu,R'=Me: 97.9%c.c.
[0]3 = -51.43 (c 0.49 CHCly)
O R
\b\ R'Li, THF PCC c1{2c1Z fl
—78°C 0°C ,12h
R —!
verall P
R R yleld [a?
19aa: R = i-Pr 23aa 24aa: i-Pr Me 82 -114.50
19ac: R =n-Bu 23ac 24ac: n-BuMe 81 -83.33

2,3,5-trisubstituted-2-cyclohexenon2daa and 24ac can be
similarly synthesized vi@3 starting from the ketone®9 (R =
i-Pr, Bu) (Scheme 8).

Chiral 2,5-, 3,5-, and 2,3,5-substituted-2-cyclohexenones are
generally derived from naturally available carvones or pule-
gones! To the best of our knowledge, only a very few methods
for their asymmetric syntheses appear in the literature which
include the use of the enantiomerically pure 5-trimethylsilyl-
2-cyclohexenonel7 as the starting material for the 2,5-
disubstituted-2-cyclohexenort@and for the 3,5-substituted-2-
cyclohexenones, through an asymmetric aldolisation of 1,5-
diketones induced by th&)-proline28 a Diels-Alder conden-
sation of enantiomerically pure vinylketenes with the appropriate

dL;ienophilesz,9 or an enantioselective deprotonatfdriThe ap-

roach we have developed here for the synthesis of 2,5-, 3,5-
and 2,3,5-substituted-2-cyclohexenones has the advantage of
being very efficient and general.

Asymmetric Synthesis of Penienone, Penihydrone, and
Carvone. In this section, we describe an efficient synthesis of
three natural products starting from the enohes 2 by taking
advantage of their highly selective conjugate addition reactions
with cyanocuprates.

Penienone 45) and penihydrone26) have been isolated
recently from the metabolite of the fungBenicilliumsp. No13
as new plant growth regulators, and their structures have been
elucidated on the basis of NMR and CD spectra stutliés.
short synthesis of botf25 and 26 starting from R)-1 was
accomplished according to the reaction sequence shown in
Scheme 9. It was clearly apparent that, wi)-{ in hand, the
preparation of the higher-ordeE (E)-dienylcyanocuprate was
the main problem to tackle. For this purpose, we applied the
higher-order cyanocuprates derived from the dienylzirconium
species? Thus, hydrozirconation of the enyr&®? followed

(28) Agami, C.; Platzer, N.; Sevestre, Bull. Soc. Chim. Fr1987 124

8—360.

(29) Boehler, M. A.; Konopelski, J. Pletrahedron1991, 47, 4519~
4538.

(30) Kim, H.-d.; Shirai, R.; Kawasaki, H.; Nakajima, M.; Koga, K.
Heterocyclesl99Q 30, 307-310.

(31) Kimura, Y.; Mizuno, T.; Shimada, ATetrahedron Lett1997, 38,
469-472.

(32) Lipshutz, B. H.; Ellsworth, E. LJ. Am. Chem. Sod99Q 112
7440-7441.
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Scheme 9. Synthesis of {)-Penienone andH)-Penihydrone
n-C3H7/v§

@n _j

p-Caty Ny CUCNMeLip

(R)-1
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1) Cp,Zr(H)Cl/ THF
2) MeLi (3eq) / Et,0
3) CuCN<2LiCl / THF

OM

25: Penienone
[)2 = -47.3

(c 0.3 EtOH)
Lit. [a}, =—45
(c 1.0 EtOH)

26: Penihydrone 0
[0]2 = +4.5
¢ 0.3 MeOH
(Lit. [e]l,=+5 ) ’u,,/\/\
c1oMeomy HO
(I)\K

(R)-19ab (carvone)

96.2% ee.)
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Scheme 10.Synthesis of R)-Carvone

OBn

1) NaBH,, MeCH
2) BuBr - cat.Nal
_—
3) HCYMeOH
4) SO4Pyr 0
64% Overall

o,

TsOH/CH,
— 3%
78%

20ab

by transmetalation with M€u(CN)Li, generated in situ gave
the mixed higher-ordelH,E)-dienylcyanocuprate which reacted
highly selectively with R)-1 to give, after trap of the resulting
copper enolafé with formaldehyde, the key intermediaf8

O OH
w DBU
74%
1y, LN
'/\/\ n-C3H
OH

PyreHF
62%

o,
TBSO FNES  cH,

68% Overall

O OH
TBSO PN o,
28

[e]? = +8.41 (c 0.74, CHCly)

CH,=0 / Et,0
B

demonstrated by the syntheses of several naturally occurring
compounds such as penienone, penihydrone, and carvone.

Experimental Section

General Procedure.All reactions were carried out under an argon
atmosphere, using flame-dried glassware and were monitored by TLC
(Merck, Kieselgel 60 F254); visualization was done with UV light (254
nm)/KMnQ;, or CAN. *H and*3C NMR were recorded at 300 and 75
MHz, respectively; chemical shift®) are reported in parts per million
with reference at 0.0 ppm (M8i) or 7.26 ppm (CHG) for the proton
and at 77.0 ppm (centered on the signal of C§@br the carbon.
Enantiomeric excess (ee) values have been determined by chiral GC

as a single diastereoisomer in a good 68% overall yield. The (Chirasil-DEX/Chrompack, 0.25 mmx 25 m, DF= 0.25) or chiral

treatment oR8with DBU in dichloromethane yielded penienone
(25) in 74% vyield. The protodesilylation d28 proved to be
troublesome: treatment with BNF gave a complex mixture

HPLC (Daicel Chiralcel OB-H).
Materials. CuCN was purchased from Koso Chemical Co., Ltd.
(Tokyo, Japan) and used without further purification. Cul was purified

of unidentified products and the reaction with an acidic reagent in @ soxlet apparatus with refluxing THF. MeLi, Buls:BuLi, t-BuLi,

resulted in theg-elimination produc®5. However, the reaction

of 28 with Pyr-HF in acetonitrile gave, to our satisfaction,
penihydrone 26) in a moderate 62% yield. Both of the
compounds25 and 26 thus synthesized showed identical

PhLi, and CH=CHMgBr were purchased from Aldrich; the citronel-
lyllithium was prepared from citronellyl bromide and lithium metal in
hexane at 60C; the vinyllithium was prepared from tetravinylstannane
and BuLi. The concentrations of Grignard and organolithium reagents
were determined according to an acid/base titratiBjr. dnd §)-Ethyl

spectroscopic data as those reported for the products isolateds_pydroxy-4-chlorobutyrate3j are available from DAISO Co., Ltd
from nature, therefore certifying the validity of the characteriza- (Japan).

tion.

We have already described the synthesisSpicarvone [§)-
19al by the reaction of2a with (2-propenyl}Cu(CN)Li»?”
(Scheme 7). We also readily succeeded in synthesiZR)g (
carvone [R)-19ab] from the same enantiomer @k according
to the procedures shown in Scheme 10. TRedarvone [R)-
19ahb] thus obtained in 50% overall yield fro@0abhas an ee
of 96.2%'6

Conclusion

A highly efficient and practical method for synthesizing the
optically active 5-ert-butyldimethylsiloxy)-2-cyclohexenoné)
and its 6-substituted derivative® from the commercially
available, optically active ethyl 3-hydroxy-4-chlorobutyrate has

been developed. The cyclohexenones thus prepared are found

to act as useful chiral building blocks for preparing both

Preparation of Enones 1 and 2. R)-Ethyl 3-Hydroxy-4-iodobu-
tyrate (5). To a solution of ethyl 3-hydroxy-4-chlorobutyrate (16.65
g, 100 mmol) in dry acetone (200 mL) was added dry Nal (60 g, 400
mmol). The mixture was stirred energetically under gentle reflux for 3
days. The acetone was mainly evaporated in vacuo, the residue diluted
with water (100 mL). A usual extraction with £ followed by washing
with saturated Ng5,03; gave, after drying (MgSg) and evaporation
of the solvent, a pale yellow oil which was passed through a pad of
silica (elution hexane:ED = 1:1) to give after concentration in vacuo
5% (25.5 g, 98%)}H NMR: 6 4.14 (g, = 7.2 Hz, 2H), 3.98 (m, 1H),
3.34 (dd,J = 10.2 and 5.1 Hz, 1H), 3.28 (dd,= 10.2 and 5.7 Hz,
1H), 3.22 (br s, 1H), 2.66 (ddl = 16.5 and 4.2 Hz, 1H), 2.58 (dd,
=16.5and 7.8 Hz, 1H), 1.27 {,= 7.2 Hz, 3H).:3C NMR: ¢ 171.7,
67.3, 60.8, 40.7, 13.8, 12.0.

(R)-Ethyl 3-(tert-Butyldimethylsiloxy)-4-iodobutyrate (6). To a
olution of 5 (25.5 g, 98 mmol) in dry DMF (200 mL) were added
imidazole (13.3 g, 196 mmol) and Nal (29.4 g, 196 mmol). Portionwise
addition of TBSCI (22.3 g, 148 mmol) at®® followed by stirring for

enantiomers of the 5-monosubstituted-2-cyclohexenones, and; p, from 0°C to room temperature (1t) gave, after dilution with®
the 2,5- and 3,5-disubstituted- and 2,3,5-trisubstituted-2-cyclo- and usual workup with B0, drying (MgSQ), and evaporation, an oil
hexenones. The synthetic utility of the reaction has been which was purified by flash chromatography (SidexanesEt,O

(33) Carpita, A.; Neri, D.; Rossi, RGazz. Chim. 1tal1987, 117, 481—
489.

(34) For copper enolates, see: Posner, G. H.; Lehtdm. Chem. Soc.
1979 101, 934-946. Pagenkopf, B. L.; Kiger, J.; Stojanovic, A.; Carreira,
E. M. Angew. Chem., Int. Ed. Endl998 37, 3124-3126 and references
therein.

gradient) to yield (36.56 g, 99%) as a colorless diH NMR: 6 4.14
(qd,J=7.2 and 2.4 Hz, 2H), 4.03 (m, 1H), 3.30 (dts= 10.1 and 4.4
Hz, 1H), 3.25 (ddJ = 10.1 and 5.9 Hz, 1H), 2.68 (dd,= 15.3 and
4.8 Hz, 1H), 2.53 (ddJ = 15.3 and 7.4 Hz, 1H), 1.27 (§,= 7.2 Hz,

(35) Larchevque, M.; Henrot, STetrahedron199Q 46, 4277-4282.
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3H), 0.88 (s, 9H), 0.12 (s, 3H), 0.07 (s, 3HC NMR: 6 170.8, 68.2,
60.3, 42.3, 25.4, 17.6, 13.9, 12:+4.8,—5.2. IR (neat): 2956, 2929,
2856, 1736, 1375, 1307, 1255, 1194, 1099, 837, 779 cAnal. Calcd
for C12H2s103Si: C, 38.71; H, 6.77. Found: C, 38.77; H, 6.80.
(S)-Ethyl 3-(tert-Butyldimethylsiloxy)-5-hexenoate (4).To a sus-
pension of Cul (5.7 g, 30 mmol) in freshly distilled THF (60 mL) was
slowly added, at—35 °C and under efficient magnetic stirring,
vinylmagnesium bromide (1.0 M in THF, 60 mL, 60 mmol). The
resulting brown slurry was stirred for 15 min, and DMPU (7.3 mL, 60
mmol)*® was added at-35 °C followed by (EtO)P (10.3 mL, 60
mmol)3” The resulting mixture was stirred for 5 min and a THF (20
mL) solution of6 (11.17 g, 30 mmol) was slowly added aB85 °C.
The stirring was continued fol h at —35 °C before allowing the
mixture to warm to r,.t. over a period of-B h. The reaction was
guenched at OC (saturated NECI) and stirred at r.t. for 30 min. The
product was extracted with 2 and dried (MgS@), and evaporation
of the solvent gave a yellow residue which was purified by flash
chromatography (Si© hexanesEt,0) to give4 (6.36 g, 78%) as a
pale yellow oil.*H NMR: 6 5.81 (ddt,J = 17.9, 9.5 and 7.1 Hz, 1H),
5.11-5.03 (m, 2H), 4.21 (quintJ = 6.5 Hz, 1H), 4.12 (qt) = 7.2
and 1.5 Hz, 2H), 2.43 (d] = 6.9 Hz, 1H), 2.43 (dJ = 5.7 Hz, 1H),
2.31-2.25 (m, 2H), 1.26 (tJ = 7.2 Hz, 3H), 0.87 (s, 9H), 0.07 (s,
3H), 0.04 (s, 3H)*C NMR: ¢ 171.9, 134.2, 117.7, 68.9, 60.2, 42.1,
42.0, 25.6, 17.8, 14.6;4.7,—5.1. IR (neat), 2929, 2858, 1737, 1471,
1375, 1309, 1255, 1176, 1093, 1034, 1004, 916, 837, 809, 777. Anal.
Calcd for G4H280sSi: C, 61.72; H, 10.36. Found: C, 61.66; H, 10.38.
(1RS39)-1-Hydroxy-3-(tert-butyldimethylsiloxy)bicyclo[3.1.0]-
hexane [S)-7]. To a solution of §-4 (6.36 g, 23.4 mmol) in freshly
distilled E£O (120 mL) was added at r.t. Ti{@Pr), (13.80 mL; 46.8
mmol); the resulting colorless mixture was cooled-td5 °C and
i-PrMgCl (1.48 M in EtO, 63.2 mL, 93.6 mmol) was added dropwise.
The clear yellow solution, which turned slowly to dark orange, was
stirred fa 1 h between—45 and—40 °C; then, the temperature was
allowed to rise to r.t. over a period of 90 min and stirring was continued
for another 2 h. The reaction was hydrolyzed a&@with saturated
NH.CI (25 mL); the resulting heterogeneous gray mixture was
vigorously stirred for 30 min at r.t., whereupon a white suspension
appeared. Extraction with ) and drying (MgSG) gave, after
evaporation of the solvent, a pale yellow oil which was purified by
flash chromatography (SO hexanesEt,O gradient) to yield a
colorless oil §-7 (4.05 g, 76%) as a mixture of two diastereoisomers
in a 1:1 ratio.'H NMR: 6 4.28-4.21 (m, 1H), 3.83-3.71 (m, 1H),
2.50-2.30 (br s, 2H), 2.35 (dd] = 12.0 and 7.0 Hz, 1H), 2.262.13
(m, 2H), 2.04 (dJ = 13.5 Hz, 1H), 2.08-1.76 (m, 3H), 1.48 (dJ =
13.5 Hz, 1H), 1.38-1.27 (m, 2H), 1.06 (dd) = 4.5 and 4.5 Hz, 1H),
0.94-0.74 (m, 2H), 0.85 (s, 9H), 0.84 (s, 9H), 0.38 (dds= 5.5 and
4.5 Hz, 1H), 0.01 (s, 3H), 0.00 (s, 3H)0.01 (s, 3H),—0.02 (s, 3H).
BC NMR: 6 71.9,70.7,63.7, 60.8, 44.2, 42.7, 37.8, 36.5, 25.70, 25.66,
23.7,22.5,18.9,17.9,17.7, 16:75.00,—5.06. IR (neat) 3307, 2929,
2858, 1255, 1115, 1093, 1053, 1003, 837, 775. Anal. Calcd for
C12H240.Si: C, 63.10; H, 10.59. Found: C, 63.01; H, 10.69.
(9)-5-(tert-Butyldimethylsiloxy)-2-cyclohexenone [§)-1]. Into a
flame-dried round-bottom flask flushed with argon was introduced ~eCl
(6.34 g, 39.12 mmol); the flask was cooledt® °C and dry DMF
(20 mL) was slowly added under vigorous magnetic stirring. The ice
bath was removed, and pyridine (1.4 mL, 17.8 mmol) and tI87 (
(4.05 g, 17.78 mmol) in solution in DMF (2 mL) were added. The
resulting mixture was stirred for 30 min at r.t. and diluted with water
(20 mL). Extraction with EXO, drying (MgSQ), and evaporation of
the solvent gave a pale brown oil which was diluted with MeOH (20
mL) and treated at r.t. with NaOAc (7.38 g, 90 mmol) added in one
portion under efficient stirring. The resulting mixture was stirred for 1
h before dilution with water (100 mL). Extraction with GEl,, drying
(MgSQy), and concentration in vacuo gave a colorless oil which was
rapidly purified by flash chromatography (Sithexanes Et,O gradi-
ent) to yield §-1 as a colorless oil (3.61 g, 90%) stored over GaH

(36) N,N-(Dimethylpropylene)urea (DMPU) was employed as a substi-
tute for the highly toxic HMPA commonly used for this reaction, sgéée
Encyclopedia of Reagents in Organic SyntheRaquette, L., Ed., J. Wiley
and Sons: New York, 1995; pp 2122127 and references therein.

(37) Alexakis, A.; Cahiez, G.; Normant, J. Eynthesid979 826-830.
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r.t. [a]® = + 9.82 € 1.0, CHC}). *H NMR: 6 6.88 (ddd,J = 10.2,

5.1 and 3.3 Hz, 1H), 6.06 (br d,= 10.2 Hz, 1H), 4.23 (dddd] =

9.7, 7.6, 4.5 and 4.5 Hz, 1H), 2.66 (dii= 15.9, and 4.5 Hz, 1H),
2.65-2.54 (m, 1H), 2.48 (ddJ = 15.9 and 9.7 Hz, 1H), 2.38 (dddd,
J=18.3, 7.6, 3.1 and 3.1 Hz, 1H), 0.88 (s, 9H), 0.07 (s, 6¥{.
NMR: 6 198.6, 146.9, 130.0, 67.4, 47.8, 35.3, 25.5, 1#5.,0,—5.1.

IR (neat) 2954, 2929, 2856, 1684, 1253, 1103, 837, 777. Anal. Calcd
for C12H2:05Si: C, 63.67; H, 9.79. Found: C, 63.69; H, 9.78. Similarly,
the commercially available§[-3 yielded R)-1. [0]*> = — 9.88 €
0.664, CHCY).

(S)-Ethyl 3-Hydroxy-5-hexenoate [S)-9]. To an ice-cooled solution
of (-4 (2.72 g, 10 mmol) in acetonitrile (40 mL) was slowly added
HF (55% solution, 0.4 mL, 26 mmol). The resulting mixture was
allowed to stand at r.t. for 90 min before quenching with saturated
NaHCG;. Extraction with AcOEt, drying (MgS), and concentration
in vacuo gave a residue purified by flash chromatography £SiO
hexanes Et,O gradient) to yield $-9 (1.42 g, 90%) as a pale yellow
oil. *H NMR: ¢ 5.81 (ddt,J = 17.7, 9.6 and 7.2 Hz, 1H), 5.1%.07
(m, 2H), 4.16 (9, = 7.2 Hz, 2H), 4.134.02 (m, 1H), 2.97 (br s,
1H), 2.51 (ddJ = 16.5 and 3.9 Hz, 1H), 2.41 (dd,= 16.5 and 8.7
Hz, 1H), 2.36-2.23 (m, 2H), 1.26 (tJ = 7.2 Hz, 3H).13C NMR: &
172.9,134.0, 118.2, 67.3, 60.6, 40.8, 40.5. 14.0. IR (neat): 3448, 3078,
2981, 2933, 1734, 1641, 1373, 1302, 1265, 1176, 1117, 1030, 918,
850 cntl. Anal. Calcd for GH140s: C, 60.74; H, 8.92. Found: C,
60.46; H, 9.07.

(2S,3S)-Ethyl 2-Methyl-3-hydroxy-5-hexenoate (10a)To a THF
(27 mL) solution ofi-PLNH (3.75 mL, 27 mmol) cooled te-78 °C
was added BuLi (1.58 M in-hexane, 17.1 mL, 27 mmol). The cooling
bath was removed and the mixture was allowed to stir at r.t. for 30
min. The resulting clear solution was cooled-t60 °C, and a THF
solution (5 mL) of §-9 (1.42 g, 9 mmol) was added dropwise via
syringe. The mixture was stirred for 30 min fror60 to —25 °C and
a mixture of Mel (1.40 mL, 22.5 mmol) and DMPU (4.23 mL; 35.1
mmol) was slowly added. The mixture was allowed to stir for 30 min
from —25 to 0°C before quenching with water. Extraction with AcOEt,
drying (MgSQ), and evaporation of the solvent gave an oil which was
purified by flash chromatography (SiChexanes-Et,O) to yield 10a
(1.32 g, 85%) as a pale yellow oil in a diastereomeric rati®:1.
Major diastereocisomer:*H NMR: ¢ 5.86 (dddd,J = 17.4, 9.6, 7.8
and 6.6 Hz, 1H), 5.185.09 (m, 2H), 4.17 (qdJ = 7.2 and 0.6 Hz,
2H), 3.74 (dddJ = 7.8, 6.6 and 4.5 Hz, 1H), 2.55 (dd,= 7.2 and
7.2 Hz, 1H), 2.46-2.30 (m, 1H), 2.272.15 (m, 1H), 1.28 (t) = 7.2
Hz, 3H), 1.20 (dJ = 7.2 Hz, 3H).23C NMR: ¢ 176.0, 134.3, 118.1,
72.5,60.6, 44.4, 39.0, 14.05, 14.0. IR (neat): 3462, 3076, 2979, 2939,
1734, 1641, 1462, 1375, 1257, 1184, 1095, 1043, 916, 864.¢mnal.
Calcd for GH1¢0s: C, 62.77; H, 9.36. Found: C, 62.81; H, 9.60inor
diastereoisomer:!H NMR: ¢ 3.96 (ddd, 7.5, 5.4 and 3.9 Hz, 1H).

(2S,39)-Ethyl 2-Benzyl-3-hydroxy-5-hexenoate (10b)The proton
and carbon NMR analysis of the crude mixture showed only one
diastereoisomefH NMR: 6 7.32-7.15 (m, 5H), 5.885.73 (m, 1H),
5.15-5.06 (m, 2H), 4.07 (9J) = 7.2 Hz, 2H), 3.72 (dtJ = 6.3 and
4.5 Hz, 1H), 3.00 (dJ = 8.7 Hz, 1H), 2.99 (dJ = 6.9 Hz, 1H), 2.76
(ddd,J = 8.7, 6.9 and 4.5 Hz, 1H), 2.30 (brd,= 6.7 Hz, 2H), 1.16
(t, J = 7.3 Hz, 3H).1*C NMR: 6 175.0, 138.7, 134.2, 129.1, 128.5,
126.6, 118.2, 70.9, 60.5, 51.7, 40.3, 35.5, 13.9. IR (neat) 3448, 2933,
1729, 1184, 1030, 916, 700. Anal. Calcd forsld,00s: C, 72.55; H,
8.12. Found: C, 72.24; H, 8.17.

(2S5,39)-Ethyl 2-Methyl-3-(tert-butyldimethylsiloxy)-5-hexenoate
(11a).To an ice-cooled solution dfda(1.2 g, 7.0 mmol) and imidazole
(953 mg, 14 mmol) in dry DMF (14 mL) was added TBSCI (1.58 g,
10.5 mmol) in several portions; the mixture was stirred for 12 h atr.t.
and quenched with water. Extraction with,@t drying (MgSQ), and
concentration in vacuo gave a residue which was purified by flash
chromatography (Si§) hexanes-Et,O gradient) to yieldl1a (1.98 g,
99%) as a colorless oil (diastereomeric raticd:1). Major diastere-
oisomer:*H NMR: ¢ 5.92-5.77 (m, 1H), 5.145.02 (m, 2H), 4.11
(qd,J = 7.2 and 0.8 Hz, 2H), 3.97 (dj,= 6.9 and 4.8 Hz, 1H), 2.60
(dg,d=7.2and 7.2 Hz, 1H), 2.362.21 (m, 2H), 1.26 (tJ = 7.2 Hz,
3H), 1.08 (dJ = 7.2 Hz, 3H), 0.87 (s, 9H), 0.07 (s, 3H), 0.04 (s, 3H).
13C NMR: ¢ 175.0, 134.3, 117.4, 73.2, 60.1, 45.2, 38.0, 25.6, 17.9,
14.0, 12.3,—4.49,—5.16. IR (neat): 2929, 2858, 1738, 1464, 1375,
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1331, 1255, 1178, 1084, 1003, 937, 912, 837, 812, 775, 721, 665 cm
Anal. Calcd for GsH3003Si: C, 62.89; H, 10.55. Found: C, 62.58; H,
10.50.Minor diastereoisomer*H NMR: 6 1.12 (d, 7.5 Hz, 3H).
(2S,39)-Ethyl 2-Benzyl-3-(tert-butyldimethylsiloxy)-5-hexenoate
(11b). 'H NMR: 6 7.28-7.11 (m, 5H), 5.99-5.82 (m, 1H), 5.18
5.08 (m, 2H), 4.16-3.88 (m, 3H), 2.96-2.77 (m, 3H), 2.482.24 (m,
2H), 1.02 (t,J = 7.5 Hz, 3H), 0.87 (s, 9H), 0.07 (s, 3H), 0.04 (s, 3H).
13C NMR: ¢ 173.7, 139.6, 134.1, 129.0, 128.3, 126.2, 117.8, 72.6,
60.0, 53.6, 38.6, 33.7, 25.6, 17.9, 13:94.4, —5.1. IR (neat): 2929,
2856, 1733, 912. Anal. Calcd for(13405Si: C, 69.56; H, 9.45 crit.
Found: C, 69.64; H, 9.57.
(1RS,2S,39)-1-Hydroxy-2-methyl-3-(tert-butyldimethylsiloxy)-
bicyclo[3.1.0]hexane (12a)Obtained as a complex mixture of dias-
tereoisomers, the characterization of which was difficult. Following
are some characteristic signal$i NMR: ¢ 4.03 (ddd,J = 6.0, 6.0
and 1.5 Hz, 1H), 3.86 (m, 1H), 2.38 (dgdl= 6.9, 6.9 and 2.4 Hz,
1H), ..., 1.52 (dJ = 13.8 Hz, 1H), ..., 1.04 (dJ = 6.9 Hz, 3H), ...,
0.86 (s, 9H), ..., 0.720.64 (m, 1H), 0.58-0.53 (m, 1H).13C NMR: 6
73.2,67.8,45.4,37.2,31.5,25.7,23.3,22.6,17.9, 16.4, 14.0;8.8,
—5.3. IR (neat): 3309, 2956, 2929, 2858, 1471, 1361, 1255, 1049,
1020, 837, 775 cmt. Anal. Calcd for GaH»¢0,Si: C, 64.41; H, 10.81.
Found: C, 64.49; H, 10.92.
(1RS,2S,39)-1-Hydroxy-2-benzyl-3-tert-butyldimethylsiloxy)-
bicyclo[3.1.0]hexane (12b)Obtained as a 7:3 mixture of diastereoi-
somers!H NMR: ¢ 7.40-7.15 (m, 5H), 4.20 (dddJ = 6.0, 6.0 and
1.2 Hz, 1H), 4.02-3.88 (m, 1H), 3.23 (ddJ = 14.4 and 4.0 Hz, 1H),
2.97-2.81 (m, 2H), 2.8+2.68 (m, 2H), 2.22 (ddd] = 13.5, 5.0 and
5.0 Hz, 1H), 1.96-1.63 (m, 2H), 1.58 (dJ = 13.5 Hz, 1H), 1.46
1.38 (m, 1H), 1.36:1.25 (m, 2H), 1.19 (dd) = 4.8 and 4.8 Hz, 1H),
0.92 (s, 9H), 0.89 (s, 9H), 0.810.74 (m, 1H), 0.57 (dd) = 5.5 and
4.5 Hz, 1H), 0.06-0.15 (m, 12H). IR (neat): 3359, 2954, 2929, 2856,
1716, 1471, 1255, 1103, 1057, 837, 775, 734, 698'crnal. Calcd
for CigH300,Si: C, 71.64; H, 9.49. Found: C, 71.80; H, 9.61.
(5S,69)-5-(tert-Butyldimethylsiloxy)-6-methyl-2-cyclohexenone (2a).
Obtained as a 9:1 mixture of diastereoisomers}?*}) = — 28.98 ¢
0.25, CHC}). Major diastereoisomertH NMR: 6 6.75 (dddd,J =
10.2, 3.9, 3.9 and 0.6 Hz, 1H), 6.01 (ddb= 10.2, 2.1 and 2.1 Hz,
1H), 4.21 (ddd,) = 6.0, 4.2 and 0.9 Hz, 1H), 2.6€.37 (m, 3H), 1.13
(d, J = 6.9 Hz, 3H), 0.84 (s, 9H), 0.07 (s, 6H¥C NMR: ¢ 201.8,
145.1, 129.3, 71.0, 48.3, 33.5, 25.5, 17.8, 16:8,9, —5.0. IR (neat)

2929, 1682, 1462, 1390, 1255, 1207, 1109, 1063, 1020, 883, 837, 775,

665. Anal. Calcd for &H240,Si: C, 64.95; H, 10.06. Found: C, 64.93;
H, 9.99.Minor diastereoisomer!H NMR: 0 6.85-6.78 (m, 1H), 3.77
(ddd,J = 9.9, 8.4 and 4.8 Hz, 1H), 1.16 (d,= 6.9 Hz, 3H).'%C
NMR: 0 145.8, 129.6, 72.6, 51.1, 35.4, 11.2.
(5S,69)-5-(tert-Butyldimethylsiloxy)-6-benzyl-2-cyclohexenone (2b).
Obtained as a single diastereoisomei?}p = + 69.5 € 1.11 CHC}).
IH NMR: 0 7.35-7.15 (m, 5H), 6.71 (dddd] = 9.9, 3.9, 3.9 and 1.2
Hz, 1H), 6.07 (dddJ = 9.9, 1.8 and 1.8 Hz, 1H), 4.27%.21 (m, 1H),
3.25 (dd,J = 14.1 and 5.1 Hz, 1H), 2.842.75 (m, 1H), 2.70 (ddd)
= 8.1, 5.4 and 2.7 Hz, 1H), 2.50 (ddd= 3.9, 3.9 and 2.1 Hz 2H),
0.87 (s, 9H), 0.06 (s, 3H), 0.02 (s, 3HJC NMR: ¢ 199.7, 144.0,
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(m, 1H), 2.49-2.32 (m, 3H), 2.322.15 (m, 1H), 2.06-1.85 (m, 2H),
1.90 (br d,J = 13.5 Hz, 1H), 1.47 (ddd) = 13.5, 11.4 and 2.1 Hz,
1H), 1.37-1.24 (m, 6H), 0.90 (tJ = 7.2 Hz, 3H), 0.86 (s, 9H), 0.04
(s, 3H), 0.03 (s, 3H)*C NMR: 6 210.4, 68.9, 49.5, 47.9, 38.9, 36.0,
32.2,28.7, 25.5, 22.5, 17.8, 13:95.1. IR (neat): 2929, 1718, 1464,
1253, 1101, 1045, 891, 837, 777 tmAnal. Calcd for GeHz,0,Si:
C, 67.55; H, 11.34. Found: C, 67.81; H, 11.38.

(3S,59)-3-(tert-Butyldimethylsiloxy)-5-methylcyclohexanone (Table
1, Entry 1). *H NMR: 0 4.43-4.37 (m, 1H), 2.46-2.31 (m, 4H),
2.00-1.80 (m, 2H), 1.48 (ddd) = 13.5, 11.4 and 2.1 Hz, 1H), 1.02
(d,J= 6.6 Hz, 3H), 0.85 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3HC NMR:

0 210.4, 69.0, 49.7, 49.1, 40.9, 27.6, 25.6, 21.8, 178 1. IR (neat):
2954, 2929, 2856, 1718, 1251, 1116, 1088, 1043, 887, 837, 777 cm
Anal. Calcd for GsH260.Si: C, 64.41; H, 10.81. Found: C, 64.51; H,
10.35.

(3S,59)-3-(tert-Butyldimethylsiloxy)-5-{ 1-[(35)-3,7-dimethyl-6-
octenyl]} cyclohexanone (Table 1, Entry 3).To a freshly prepared
THF solution of (2-thienyl)cyanocuprédfevas added at-78 °C a THF
(1 mL) solution of §-1, and the resulting mixture was stirred for 1 h
at —78 °C. The reaction was quenched and the product extracted and
purified (60%, not optimized) in the usual w4 NMR: o 5.08 (br
t, J = 7.2 Hz, 1H), 4.4%4.35 (m, 1H), 2.472.30 (m, 3H), 2.2#
2.10 (m, 1H), 2.06:1.83 (m, 4H), 1.67 (s, 3H), 1.58 (s, 3H), 1.45 (br
t, J = 13.5 Hz, 1H), 1.441.20 (m, 5H), 1.26-1.03 (m, 2H), 0.96-
0.78 (m, 12H), 0.03 (s, 3H), 0.02 (s, 3HJC NMR: ¢ 210.4, 131.2,
124.9, 68.9, 49.5, 48.1, 38.8, 36.9, 33.7, 33.6, 32.6, 32.3, 25.6, 25.55,
25.4,19.3,17.8,17.5;5.1. IR (neat): 2927, 1718, 1459, 1373, 1253,
1091, 1035, 892, 837, 804, 777, 692 ©m Anal. Calcd for
C:H42O.Si: C, 72.07; H, 11.55. Found: C, 71.94; H, 11.55.

(3S,59)-3-(tert-Butyldimethylsiloxy)-5-(2-butyl)cyclohexanone (Table
1, Entry 4). Mixture of two diastereoisomers @H-CHs. 'H NMR: 6
4.48-4.39 (m, 2H), 2.442.20 (m, 8H), 2.161.94 (m, 2H), 1.84
1.72 (m, 2H), 1.621.08 (m, 8H), 0.930.81 (m, 30H), 0.02 (s, 6H),
0.01 (s, 6H).23C NMR: ¢ 211.0, 68.9, 49.4, 49.3, 46.0, 44.1, 38.5,
38.4, 36.5, 36.0, 34.2, 26.5, 26.2, 25.6, 17.8, 15.2, 15.1, 11.5, 11.4,
—5.1, =5.1. IR (neat): 2958, 2858, 1718, 1461, 1251, 1103, 1076,
1047, 893, 837, 775 cm. Anal. Calcd for GeH3,0,Si: C, 67.55; H,
11.34. Found: C, 67.56; H, 11.23.

(3S,59)-3-(tert-Butyldimethylsiloxy)-5-tert-butylcyclohexanone
(Table 1, Entry 5). Mp = 46—47 °C. *H NMR: 0 4.49-4.43 (m,
1H), 2.49-2.40 (br d,J = 10.5 Hz, 1H), 2.46-2.34 (m, 2H), 2.12
1.88 (m, 3H), 1.46 (ddd] = 13.5, 12.0 and 1.8 Hz 1H), 0.89 (s, 9H),
0.85 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3HJC NMR: 6 211.6, 68.8, 49.1,
43.4,41.8, 335, 32.0, 27.1, 25.5, 17-8.1, —5.2. IR (neat): 2954,
2856, 1701, 1471, 1365, 1253, 1095, 1034, 893, 837, 77%.chmal.
Calcd for GeH320.Si: C, 67.55; H, 11.34. Found: C, 67.45; H, 11.15.

(3S,59)-3-(tert-Butyldimethylsiloxy)-5-phenylcyclohexanone (Table
1, Entry 6). *H NMR: ¢ 7.39-7.30 (m, 2H), 7.29-7.14 (m, 3H),
4.55-4.48 (m, 1H), 3.55 (dddd] = 12.6, 12.6, 4.5 and 4.5 Hz, 1H),
2.67-2.43 (m, 4H), 2.141.93 (m, 2H), 0.89 (s, 9H), 0,07 (s, 3H),
0.06 (s, 3H).13C NMR: 6 209.5, 144.2, 128.8, 126.8, 126.7, 68.8,
49.0, 48.7, 40.1, 38.0, 25.6, 17:95.10,—5.13. IR (neat): 2954, 2856,

140.3, 129.7, 129.2, 128.4, 126.1, 69.2, 55.9, 34.5, 30.6, 25.6, 17.9,1718, 1251, 1095, 1037, 837, 777, 698 énfnal. Calcd for GgH260--

—4.6,—4.9. IR (neat) 2927, 1681, 1454, 1390, 1259, 1095, 835, 777,
698. Anal. Calcd for @H2s0.Si: C, 72.10; H, 8.92. Found: C, 72.28;
H, 8.79.

Reactions of Higher-Order Cyanocuprates onto 1. (8,59)-3-(tert-
Butyldimethylsiloxy)-5-butylcyclohexanone.Typical procedure for the
reaction of higher-order cyanocuprates on enchesid 2 (Table 1,
entry 2): Into a flame-dried Schlenck tube flushed with argon were
introduced CuCN (107 mg, 1.2 mmol) and distilled THF (20 mL). The
mixture was cooled to-78 °C under magnetic agitation, and BuLi
(2.51 mL, 1.59 M inn-hexane, 2.4 mmol) was slowly added. The
resulting mixture was stirred for 30 min at78 °C, and the enoné
(226 mg, 1 mmol) in a solution in THF (1 mL) was added dropwise at
—78 °C (addition time: about 5 min). Stirring was continued for 30
min before quenching with saturated NbH. Extraction with E1O,
drying (MgSQ) and evaporation of the solvent gave a colorless oil,
cistrans = <2:>98 by GC measurement; purification by flash
chromatography (Si© hexane:BEO = 9:1) yielded the title product
as a colorless oil (261 mg, 0.92 mmol, 92%). NMR: 6 4.43-4.37

Si: C, 71.00; H, 9.27. Found: C, 70.95; H, 8.94.
(3S,59)-3-(tert-Butyldimethylsiloxy)-5-ethenylcyclohexanone (Table
1, Entry 7). 'H NMR: ¢ 5.81 (ddd,J = 16.8, 10.5 and 6.5 Hz, 1H),
5.07-4.98 (m, 2H), 4.454.39 (m. 1H), 3.03-2.88 (m, 1H), 2.5+
2.38 (m, 3H), 2.15 (ddd) = 14.0, 11.5 and 0.9 Hz, 1H), 1.94.88
(m, 1H), 1.65 (dddyJ = 13.5, 11.5 and 2.1 Hz, 1H), 0.86 (s, 9H), 0.05
(s, 3H), 0.04 (s, 3H)*C NMR: ¢ 209.4, 141.4, 113.7, 68.6, 49.3,
46.5, 38.5, 36.0, 25.6, 17.85.10,—5.13. IR (neat): 2929, 2856, 1718,
1641, 1471, 1417, 1361, 1253, 1086, 1041, 891, 837, 77F.chmal.
Calcd for G4H2¢0,Si: C, 66.09; H, 10.30. Found: C, 66.14; H, 10.80.
Reactions of Lower-Order Cyanocuprates onto 1. (3,5R)-3-
(tert-Butyldimethylsiloxy)-5-butylcyclohexanone.Typical procedure
for the reaction of lower-order cyanocuprates on endreesd2 (Table
2, entry 3): Into a flame-dried Schlenck tube flushed with argon were
introduced CuCN (107 mg, 1.2 mmol) and dry,&t(20 mL). The
suspension was cooled t678 °C under magnetic agitation, and BulLi
(0.75 mL, 1.59 M inn-hexane, 1.2 mmol) was slowly added. The
resulting mixture was stirred for 30 min at78 °C (until complete
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dissolution of the copper salt; the mixture can be warmed t€ 0f
needed), and (113 mg, 0.5 mmol), in dry EO (1 mL), was added
dropwise at—78 °C (addition time: about 5 min). Stirring was
continued for a further hour before quenching with saturated®HH
Extraction with E£O, drying (MgSQ), and evaporation of the solvent
gave a colorless oilgisitrans = >99.5:<0.5 by GC measurement;
purification by flash chromatography (Sihexane:EO = 9:1) yielded
the title product as a colorless oil (130 mg, 0.455 mmol, 9194).
NMR: ¢ 3.83 (dddd, 10.6, 10.6, 4.8 and 4.8 Hz, 1H), 2.59 (ddidd,
13.8, 5.1, 2.4 and 2.4 Hz, 1H), 2.32.26 (m, 2H), 2.1+2.00 (m,
1H), 1.91 (ddJ = 13.2 and 13.2 Hz, 1H), 1.65L.47 (m, 1H), 1.44
1.18 (m, 7H), 0.93-0.78 (m, 12H), 0.04 (s, 3H), 0.03 (s, 3HC
NMR: 6 209.6, 69.6, 51.5, 46.9, 41.5, 36.1, 32.7, 28.6, 25.6, 22.5,
17.8, 13.8,—4.96,—4.98. IR (neat): 2929, 2857, 1716, 1685, 1471,
1376, 1255, 1105, 835, 777 cf Anal. Calcd for GeH3,0;Si: C,
67.55; H, 11.34. Found: C, 67.56; H, 11.23.
(3S*,5R*)-3-(tert-Butyldimethylsiloxy)-5-methylcyclohexanone
(Table 2, Entry 1). *H NMR: ¢ 3.83 (ddddJ = 10.8, 10.8, 4.6 and
4.6 Hz, 1H), 2.56 (dddd) = 13.5, 4.8, 2.1 and 2.1 Hz, 1H), 2.35
2.22 (m, 2H), 2.06:1.97 (m, 1H), 1.91 (dddj = 13.0, 13.0 and 1.2
Hz, 1H), 1.771.60 (m, 1H), 1.38 (ddd) = 12.6, 12.6 and 10.8 Hz
1H), 1.03 (d,J = 6.3 Hz, 3H), 0.85 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3H).
3C NMR: 6 209.6, 69.6, 51.1, 48.8, 43.5, 28.0, 25.6, 21.8, 17493,
—4.96. IR (neat): 2958, 2856, 1683, 1471, 1390, 1367, 1255, 877,
835, 771 cm® Anal. Calcd for GgH2¢0,Si: C, 64.41; H, 10.81.
Found: C, 64.90; H, 10.45.
(3s*,5R*)-3-(tert-Butyldimethylsiloxy)-5-{ 1-[(39)-3,7-dimethyl-6-
octenyl]} cyclohexanone (Table 2, Entry 6)H NMR: 6 5.08 (br t,
J=7.0Hz, 1H), 3.83 (dddd] = 10.5, 10.5, 4.8 and 4.8 Hz, 1H), 2.59
(dddd,J = 13.5, 5.1, 2.1 and 2.1 Hz, 1H), 2.32.28 (m, 2H), 2.1%+
2.01 (m, 1H), 2.0%+1.86 (m, 3H), 1.67 (s, 3H), 1.59 (s, 3H), 1:60
1.45 (m, 1H), 1.451.22 (m, 7H), 1.26-1.02 (m, 1H), 0.950.85 (m,
12H), 0.04 (s, 3H), 0.03 (s, 3H}*C NMR: ¢ 209.8, 131.2, 124.8,
69.7,51.6, 47.12, 46.95, 41.73, 41.55, 36.9, 33.9, 33.7, 33.1, 32.3, 25.6
25.4,19.4, 17.9, 17.5-4.88, —4.91. IR (neat): 2954, 2927, 2856,
1716, 1461, 1376, 1255, 1105, 1072, 837, 777 trAnal. Calcd for
CoH420.Si: C, 72.07; H, 11.55. Found: C, 72.15; H, 11.44.
(3S*,5R*)-3-(tert-Butyldimethylsiloxy)-5-(2-butyl)cyclohex-
anone (Table 2, Entry 8).Mixture of two diastereocisomers &H-
CHs. 'H NMR: ¢ 3.88-3.75 (m, 2H), 2.58 (dddd] = 13.5, 4.8, 2.1
and 2.1 Hz, 2H), 2.30 (ddd} = 13.5, 10.8 and 0.9 Hz, 2H), 2.25
2.15 (m, 2H), 2.06 (ddd] = 13.5, 13.5 and 0.9 Hz, 2H), 2.64.88
(m, 2H), 1.64-1.27 (m, 8H), 1.25:1.05 (m, 2H), 0.94-0.78 (m, 30H),
0.05 (s, 6H), 0.03 (s, 6HJ*C NMR: ¢ 210.2, 210.1, 70.0, 69.9, 51.6,
44.7, 42.5, 39.3, 38.6, 38.4, 37.2, 36.9, 36.7, 26.5, 26.2, 25.6, 17.9,
15.2, 14.8, 11.63, 11.5%4.9. IR (neat): 2958, 1716, 1464, 1379,
1253, 1097, 1072, 856, 835, 777 cmAnal. Calcd for GeH3z.0,Si:
C, 67.55; H, 11.34. Found: C, 67.36; H, 11.28.
(3S*,5R*)-3-(tert-Butyldimethylsiloxy)-5-tert-butylcyclohex-
anone (Table 2, Entry 9).H NMR: ¢ 3.80 (dddd,J = 10.2, 10.2,
4.2 and 4.2 Hz, 1H), 2.60 (dddd,= 13.5, 4.8, 2.1 and 2.1 Hz, 1H),
2.41-2.26 (m, 2H), 2.13-2.05 (m, 1H), 2.00 (ddJ = 13.2 and 13.2
Hz, 1H), 1.471.23 (m, 2H), 0.950.85 (m, 18H), 0.05 (s, 3H), 0.03
(s, 3H).3C NMR: ¢ 210.6, 70.1, 51.4, 42.6, 42.4, 36.5, 32.3, 27.1,
25.7, 17.9,—4.88,—4.90. IR (neat): 2956, 2858, 1716, 1369, 1255,
1103, 835, 777 crt. Anal. Calcd for GeH30.Si: C, 67.55; H, 11.34.
Found: C, 67.29; H, 11.27.
(3S*,5R*)-3-(tert-Butyldimethylsiloxy)-5-phenylcyclohexanone
(Table 2, Entry 10): *H NMR: ¢ 7.39-7.30 (m, 2H), 7.29-7.20 (m,
3H), 4.00 (dddd,J = 10.6, 10.6, 4.8 and 4.8 Hz, 1H), 2.83 (dddds
12.9,12.9,4.2 and 3.6 Hz, 1H), 2,71 (dddds 13.5, 5.1, 2.1 and 2.1
Hz, 1H), 2.572.38 (m, 3H), 2.3%+2.21 (m, 1H), 1.95 (ddd] = 12.9,
12.9 and 10.5 Hz, 1H), 0.88 (s, 9H), 0,072 (s, 3H), 0.067 (s, 314).
NMR: 6 208.8, 143.5, 128.9, 127.0, 126.7, 69.7, 51.4, 48.3, 42.4, 38.6,
25.6, 17.9,—4.90,—4.93. IR (neat): 2959, 2858, 1716, 1251, 1099,
835, 698 cm®. Anal. Calcd for GgH20,Si: C, 71.00; H, 9.27.
Found: C, 70.98; H, 9.25.
Elimination Reactions. Typical Procedure for the Elimination
of trans-13 into 14 (Table 1, Entry 1) To a CHCI, solution (3 mL)
of trans-3-(tert-butyldimethylsiloxy)-5-methylcyclohexanone (201 mg,
0.83 mmol) was added at r.t. DBU (0.37 mL, 2.5 mmol). The reaction
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was allowed to stand f& h atr.t., the solvent was evaporated in vacuo
and the brown residue purified by flash chromatography £3i€xane:
Et,O = 9:1), yielding the 5-methyl-2-cyclohexenone (84 mg, 92%) as
a colorless oil which was Kugelrohr-distilled before measurement of
the optical rotation.

Typical Procedure for the Elimination of cis-13 into 14 in Basic
Conditions (Table 2, Entry 1). To a dry DMF (2 mL) solution of
cis-3-(tert-butyldimethylsiloxy)-5-methylcyclohexanone (93 mg, 0.39
mmol) was added DBU (0.17 mL, 1.16 mmol) at r.t., and the mixture
was heated between 90 and 1@for 1 h. The reaction was allowed
to cool to r.t., taken up in 20 mL of ED, and washed with 0 (3 x
5 mL). The combined organic layers were dried over MgSthe
solvent was evaporated, and the yield was measured by proton NMR.

Procedure for the Elimination of cis-13 into 14 in Acidic
Conditions (Table 2, Entry 8). To a solution ofcis-3-(tert-butyldi-
methylsiloxy)-5-(2-butyl)cyclohexanone (119 mg, 0.42 mmol) in dry
CH.CI; (2 mL) was addeg-TSA-H,O (56 mg, 5 mol %) -TSA =
p-toluenesulfonic acid) at r.t.; the mixture was stirred at r.t. for 3 h
and quenched with saturated NaHC®Ohe product was extracted with
CH.CI, and dried (MgS®@), the solvent was evaporated, and the yield
was measured by proton NMR (75%). Mixture of diastereoisomers at
CH-CHz: H NMR: 6 6.99 (dddJ = 10.0, 6.0 and 2.1 Hz, 1H), 5.98
(br d,J = 10.0 Hz, 1H), 2.42 (br dj = 15.5 Hz, 1H), 2.38-2.25 (m,
1H), 2.25-1.95 (m, 3H), 1.56-1.07 (m, 3H), 0.94-0.78 (m, 6H).XC
NMR: 6 200.9, 150.7, 150.6, 129.6, 42.4, 40.7, 39.53, 39.45, 38.33,
38.28, 30.0, 28.4, 26.1, 15.3, 11.4, 11.35.

Synthesis of Optically Active 2,5- 3,5-, and 2,3,5-Cyclohexenones.
(2S,3S,55)-2-Methyl-3-(tert-butyldimethylsiloxy)-5-(2-propyl)cyclo-
hexanone (20aa)Major diastereoisomer*H NMR: 6 4.25-4.20 (m,
1H), 2.45-2.35 (m, 2H), 2.141.89 (m, 3H), 1.59-1.47 (m, 2H), 1.01
(d,J = 6.6 Hz, 3H), 0.89 (dJ = 6.6 Hz, 6H), 0.84 (s, 9H), 0.03 (s,
6H). °C NMR: ¢ 212.0, 74.4, 49.9, 45.3, 39.1, 36.5, 32.2, 25.6, 19.5,
19.3,17.9,11.3-4.7,—-5.2. IR (neat): 2958, 1718, 1464, 1289, 1254,

,1055, 1014, 837, 775 cmh. Anal. Calcd for GeH3:0,Si: C, 67.55; H,

11.34. Found: C, 67.77; H, 11.27.
(2S,3S,55)-2-Methyl-3-(tert-butyldimethylsiloxy)-5-(2-propenyl)-
cyclohexanone (20ab)Major diastereoisomer:H NMR: ¢ 4.77 (s,
1H), 4.71 (s, 1H), 4.294.21 (m, 1H), 2.85 (dddd] = 12.6, 12.6, 3.6
and 3.6 Hz, 1H), 2.482.38 (m, 2H), 2.22 (ddJ = 13.5 and 13.5 Hz,
1H), 2.03-1.94 (m, 1H), 1.86-1.68 (m, 1H), 1.72 (s, 3H), 1.01 (d,
= 6.6 Hz, 3H), 0.84 (s, 9H), 0.02 (s, 6HFC NMR: § 210.9, 147.6,
109.7,74.13, 49.8, 46.3, 39.8, 38.6, 25.6, 20.5, 17.9, 427, —5.2.
IR (neat): 2931, 1858, 1718 1462, 1377, 1255, 1119, 1070, 1033, 876,
837, 775 cm®. Anal. Calcd for GgH300,Si: C, 68.03; H, 10.70.
Found: C, 67.60; H, 10.84.
(2S,3S,559)-2-Methyl-3-(tert-butyldimethylsiloxy)-5-butylcyclohex-
anone (20ac)Major diastereocisomerrH NMR: 0 4.22-4.16 (m, 1H),
2.46-2.34 (m, 2H), 2.36-2.12 (m, 1H), 2.06-1.80 (m, 2H), 1.48 (ddd,
J=135, 11.7, 1.8 Hz, 1H), 1.381.17 (m, 6H), 1.00 (dJ = 6.6 Hz,
3H), 0.85 (t,J = 5.7 Hz, 3H), 0.83 (s, 9H), 0.01 (s, 6HFC NMR:
0 211.5,74.4,50.0, 48.1, 39.9, 36.3, 33.1, 28.7, 25.6, 22.5, 17.9, 13.9,
11.3,—4.7,—5.2. IR (neat): 2956, 2858, 1716, 1464, 1387, 1255, 1097,
1055, 1014, 837, 775 crh Anal. Calcd for G/H340,Si: C, 68.40; H,
11.48. Found: C, 68.48; H, 11.20.
(2S,3S,59)-2-Benzyl-3-tert-butyldimethylsiloxy)-5-butylcyclohex-
anone (20b).1H NMR: ¢ 7.32-7.17 (m, 5H), 4.3+4.25 (m, 1H),
3.24 (dd,J = 13.8 and 5.1 Hz, 1H), 2.762.61 (m, 1H), 2.57 (dd] =
13.8 and 7.5 Hz, 1H), 2.47 (ddd= 13.2, 4.2 and 2.1 Hz, 1H), 2.35
2.15 (m, 1H), 2.051.91 (m, 2H), 1.46 (ddd) = 12.0, 12.0 and 1.5
Hz, 1H), 1.46-1.22 (m, 6H), 1.06-0.82 (m, 12H), 0.05 (s, 3H), 0.03
(s, 3H).°C NMR: ¢ 209.9, 140.9, 129.1, 128.3, 125.9, 72.6, 57.7,
48.4, 39.8, 36.3, 33.4, 31.4, 28.7, 25.7, 22.6, 18.0, 1381, —5.2.

IR (neat): 2927, 1718, 1457, 1255, 1060, 837, 775, 698 c/nal.
Calcd for GsHsg0,Si: C, 73.74; H, 10.22. Found: C, 73.74; H, 9.89.
(59)-2-Methyl-5-(2-propyl)-2-cyclohexenone (19aa)o]?%p = +
64.52 €0.31, CHC}), 97.9% ee, retention time 5.2 min, determined
by chiral GC carrier= 2.0 kg/cnf at 110°C. *H NMR: ¢ 6.74 (br d,
J= 6.3 Hz, 1H), 2.52 (br dd) = 15.9 and 3.6 Hz, 1H), 2.35 (ddd,
=18.9,5.1,5.1 Hz, 1H), 2.10 (dd,= 15.9 and 13.5 Hz, 1H), 2.14
2.00 (m, 1H), 1.96-1.79 (m, 1H), 1.76 (br s, 3H), 1.56 (d hept.=
6.6 and 6.6 Hz, 1H), 0.90 (d = 6.6 Hz, 6H).13C NMR: ¢ 200.9,
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145.4,135.4,42.0,41.9, 31.9, 29.8, 19.43, 19.38, 15.6. IR (neat): 2960,

2875, 1676, 1466, 1367, 1250, 1146, 1109, 1076, 1049, 901 émal.
Calcd for GoH160: C, 78.90; H, 10.59. Found: C, 78.80; H, 10.79.
(S)-Carvone [(S)-19ab]. To a solution of20ab (106 mg, 0.375
mmol) in CHCl, (5 mL) was added DBU (0.17 mL, 1.13 mmol) at
r.t. The mixture was allowed to stand at r.t. for 24 h before usual
workup, yielding after purification by flash chromatography (8O
hexanesEt0) (9-19ab (40 mg, 71%), whose NMR data were

identical to those of the natural product]$s = + 51.43 ¢ 0.25,
CHCl3),%8 93.0% ee (determined by chiral HPLC: flow0.6 mL-min~t

(hexanei-PrOH = 20:1): retention time= 15.5 min).
(9)-2-Methyl-5-butyl-2-cyclohexenone (19ac)[a]®; = + 45.59
(c 0.68, CHCY). *H NMR: 6 6.70 (br d,J = 5.4 Hz, 1H), 2.53 (ddJ
=12.3 and 1.8 Hz, 1H), 2.482.31 (m, 1H), 2.141.92 (m, 3H), 1.75
(br's, 3H), 1.39-1.20 (m, 6H), 0.88 (tJ = 6.6 Hz, 3H).13C NMR: ¢
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(1RS59)-1-Hydroxy-1,2-dimethyl-5-butyl-2-cyclohexene (23ac).
Obtained as a 2:1 mixture of diastereoisoméks.NMR: 6 5.51—
5.41 (m, 1H), 5.46-5.34 (m, 1H), 2.16-2.01 (m, 1H), 1.96-1.78 (m,
1H), 1.74 (br s, 1H), 1.781.46 (m, 3H), 1.351.16 (m, 9H), 0.93
0.85 (m, 3H). IR (neat): 3406, 2926, 1734, 1458, 1377, 1259, 1018,
896 cmr!. Anal. Calcd for GoH»,0: C, 79.06; H, 12.16. Found: C,
78.89; H, 12.27.

(9)-2,3-Dimethyl-5-(2-propyl)-2-cyclohexenone [24aa]a]®, =
— 1145 €2.61, CHC}). *H NMR: ¢ 2.48 (dddJ=15.9, 3.6 and 1.5
Hz, 1H), 2.28 (br dd,J = 18.0 and 4.5 Hz, 1H), 2.16 (br d,= 10.8
Hz, 1H), 2.04 (ddJ = 15.6 and 13.5 Hz, 1H), 1.92 (br s, 3H), 183
1.68 (m, 1H), 1.74 (br s, 3H), 1.53 (d hept= 6.6 and 6.6 Hz, 1H),
0.91 (br d,J = 6.6 Hz, 3H), 0.88 (br dJ = 6.6 Hz, 3H).13C NMR:
6 200.1, 154.9, 130.7, 41.2, 40.5, 36.7, 31.9, 21.5, 19.4, 19.3, 10.6. IR
(neat): 2960, 1664, 1466, 1431, 1381, 1340, 1313, 1144, 1124, 1086,

200.6, 145.1, 135.5, 44.6, 35.6, 35.4, 32.5, 28.6, 22.6, 15.6, 13.9. IR 704, 663 cm™. Calcd for GiH160: C, 79.47; H, 10.91. Found: C,

(neat): 2956, 2924, 2858, 1716, 1452, 1363, 1252, 1119, 902.cm
Anal. Calcd for GiH1g0: C, 79.47; H, 10.91. Found: C, 79.56; H,
10.86.

(9)-2-Benzyl-5-butyl-2-cyclohexenone (19bfo]?% = + 33.0 €
0.48, CHC).2H NMR: ¢ 7.33-7.24 (m, 2H), 7.247.14 (m, 3H),
6.53 (br d,J = 5.0 Hz, 1H), 3.51 (br s, 2H), 2.56 (br d,= 13.2 Hz,
1H), 2.46-2.34 (m, 1H), 2.18'1.94 (m, 3H), 1.46-1.20 (m, 6H), 0.89
(t, J = 6.6 Hz, 3H).3C NMR: 6 199.6, 145.9, 139.7, 139.4, 129.2,

79.56; H, 10.86.

(9)-2,3-Dimethyl-5-butyl-2-cyclohexenone (24ac)[o]®p = —
83.33 € 0.55, CHC}). *H NMR: 6 2.49 (br dJ = 12.0 Hz, 1H), 2.33
(br d,J = 16.5 Hz, 1H), 2.14-1.93 (m, 3H), 1.91 (br s, 3H), 1.74 (br
s, 3H), 1.39-1.19 (m, 6H), 0.88 (tJ = 6.6 Hz, 3H).13C NMR: o
199.8, 154.6, 130.8, 43.9, 39.4, 35.5, 34.2, 28.6, 22.6, 21.4, 13.9, 10.6.
IR (neat): 2956, 2924, 2858, 1666, 1537, 1448, 1379, 1319, 1132,
1084, 733 cm!. Anal. Calcd for GoH»0: C, 79.94; H, 11.18. Found:

128.4, 126.1, 44.8, 35.4, 35.3, 35.1, 32.5, 28.5, 22.5, 13.9. IR (neat): C, 80.39; H, 11.36.

2925, 1673, 1454, 1378, 698 cnAnal. Calcd for G/H,.0: C, 84.25;
H, 9.15. Found: C, 84.30; H, 9.26.
(1RS5S)-1-Hydroxy-1-methyl-5-butyl-2-cyclohexene (21)To a
solution of14 (76 mg, 0.5 mmol) in THF (1 mL) was added &8
°C MelLi (1.40 M in E$O, 0.43 mL, 0.6 mmol). The agitation was

Synthesis of Penienone and Penihydrone. Hept-3-en-1-yne (27).
Bpreo= 91 °C.H NMR: ¢ 6.24 (dt,J = 16.5 and 7.5 Hz, 1H), 5.42
(dtd,J = 16.5, 1.8 and 1.8 Hz, 1H), 2.75 (d,= 1.8 Hz, 1H), 2.08
(dtd,J= 7.2, 7.2 and 1.8 Hz, 2H), 1.41 (t§,= 7.5 and 7.5 Hz, 2H),
0.90 (t,J = 7.5 Hz, 3H).13C NMR: 6 146.8, 108.6, 82.6, 75.5, 34.9,

continued for 1 h, and the reaction was quenched with water. Extraction 21.6, 13.4?

with EtO, drying (MgSQ), and concentration in vacuo gave a residue
purified by flash chromatography (SiOhexanes Et,O gradient) to
yield 21 (80 mg, 95%) as a colorless oil: diastereomeric ratid:1.
IH NMR: 6 5.77 (ddd,J = 9.9, 5.4 and 2.1 Hz, 1H), 5.6&.60 (m,
2H), 5.59-5.53 (m, 1H), 1.85 (br dd] = 15.0 and 15.0 Hz, 2H), 1.92
1.78 (m, 2H), 1.781.44 (m, 6H), 1.341.22 (m, 18H), 0.930.83
(m, 6H).°C NMR: ¢ 134.6, 133.2, 129.5, 127.0, 70.8, 68.3, 45.6,

(+)-(2R,3R,5R)-2-Hydroxymethyl-3-(1,3-heptadienyl)-5-tert-bu-
tyldimethylsiloxy)cyclohexanone (28).Into a flame-dried Schlenck
tube flushed with argon and shielded into aluminum foil were introduced
CpZr(H)CI (516 mg, 2 mmol) and freshly distilled THF (2 mL). To
the slurry was added a THF (1 mL) solution of hept-3-ene-13{82
mg, 1.4 mmol), and the mixture was stirred at r.t. until a deep-orange
coloration appeared (about 420 min). Then, the reaction flask was

44.3,36.3, 36.2, 33.1, 32.0, 30.0, 29.7, 28.9, 28.6, 22.8, 22.7, 14.0. IR cooled to—78°C, MeLi (3.0 mL, 1.40M in E£O, 4.2 mmol) was added
(neat): 3367, 2924, 1718, 1653, 1458, 1375, 1259, 1156, 1134, 1078,via syringe over a period of 5 min, and the resulting bright orange

995, 906, 800, 731 cm. Anal. Calcd for GiH,00: C, 78.51; H, 11.98.
Found: C, 78.30; H, 11.98.

(R)-3-Methyl-5-butyl-2-cyclohexenone (22)To PCC (pyridinium
chlorochromate) (205 mg, 0.95 mmol) in @8, (2 mL) was added
dropwise21 (80 mg, 0.48 mmol) in solution in Cil, (0.2 mL). The
resulting dark brown mixture was stirred at r.t. for 2 h, quenched with
water, and extracted with g2. Drying (MgSQ), and concentration in
vacuo gave an oil which was purified by flash chromatography £SiO
hexanes Et,0) to yield 22 (66 mg, 83%) as a colorless oib% =
— 51.43 € 0.49, CHCY), 97.9% ee (determined by chiral GC:carrier
= 1.4 at 115°C: retention time= 14.7 min).*"H NMR: 6 5.85 (br s,
1H), 2.44 (br dJ = 12.0 Hz, 1H), 2.30 (br dJ = 15.3 Hz, 1H), 2.08
1.94 (m, 3H), 1.94 (br s, 3H), 1.441.22 (m, 6H), 0.88 (tJ = 6.6 Hz,
3H). 13C NMR: ¢ 200.3, 162.2, 126.5, 43.4, 37.6, 35.3, 34.8, 28.6,

mixture was stirred for 10 min at78 °C. Separately, anhydrous LiCl
(118 mg, 2.8 mmol) and CuCN (126 mg, 1.4 mmol) were introduced
into a dry round-bottom flask purged with argon and dry THF (2 mL)
was added; the resulting suspension was energetically stirred at room
temperature until complete dissolution of the salts (5 min); the mixture
was then cooled te-78 °C and slowly transferred via cannula into the
Schlenck tube containing the vinylic zirconocene species. The resulting
brown-orange mixture was stirred energetically for 5 mir-&8 °C,

and R)-1 (114 mg, 0.5 mmol) in solution in THF (1 mL) was added
via syringe over a period of 10 min. The mixture was stirred for 40
min at—78°C, and an ethereal solution of formaldehsfdkarge excess)
was slowly added. Aftel h at—78 °C, the cooling bath was removed,
saturated NEOH (5 mL) then water (10 mL) were added, and the
product was extracted with 3 (3 x 20 mL). The combined organic

24.3,22.6, 13.9. IR (neat): 2925, 2858, 1670, 1635, 1457, 1436, 1379, layers were dried (MgSgand filtered through a pad of Celite (35

1298, 1273, 1248, 1144, 1030, 887, 849, 814, 733'crnal. Calcd
for C11H160: C, 79.47; H, 10.91. Found: C, 79.41; H, 10.88.
(1IRS59)-1-Hydroxy-1,2-dimethyl-5-(2-propyl)-2-cyclohexene (23aa).
Obtained as a 6:1 mixture of diastereomévigjor diastereoisomer:
IH NMR: ¢ 5.30 (br d,J = 4.8 Hz, 1H), 1.98-1.85 (m, 2H), 1.81
(dd,J = 9.6 and 1.5 Hz, 1H), 1.66 (br s, 3H), 1:72.54 (m, 1H),
1.48-1.27 (m, 3H), 1.24 (br s, 3H), 0.9.70 (M, 6H).2*C NMR: o

138.7, 123.1, 72.6, 43.6, 39.2, 32.1, 29.2, 26.5, 19.7, 19.5, 16.6. IR

cm) and again through a pad of silica £35 cm) which was finally
washed with B (100 mL). Evaporation of the solvent gave a colorless
oil which upon analysis by proton NMR showed the presence of a
single diastereoisomer of the desired product. Purification by flash
chromatography (Si§hexanes Et,0) yielded the title compound (120
mg, 0.34 mmol, 68%) as white crystals: mp54—55°C. [0]%% = +

13.3 € 0.1125 CHCJ). *H NMR: ¢ 6.07 (dd,J = 14.5 and 10.5 Hz,
1H), 5.95 (ddtJ = 14.5, 10.5 and 1.2 Hz, 1H), 5.65 (dt= 14.5 and

(neat): 3369, 2958, 1639, 1450, 1367, 1269, 1119, 1070, 972, 924,59 Hz, 1H), 5.41 (dd) = 14.5 and 9.0 Hz, 1H), 4.4%4.39 (m, 1H),

806 cnrl. Anal. Calcd for GiH,0O: C, 78.51; H, 11.98. Found: C,
78.28; H, 11.86.

(38) [0]°% = —62.6 for R)-carvone and- 61.2 for §)-carvone: Merck
Index 12th ed.; Merck and Co., Inc.: Whitehouse Station, NJ, 199k [
= — 61 and+ 54, respectively: Aldrich Catalog Handbook of Fine
Chemicals Sigma-Aldrich Co.: Milwaukee, WI, 19981999.

3.78-3.64 (m, 2H), 2.80 (dddd] = 11.9, 11.9, 9.0 and 4.2 Hz, 1H),
2.75-2.65 (br s, 1H), 2.52 (dd] = 13.8 and 3 Hz, 1H), 2.42 (ddd,
=13.8, 3.3 and 2.4 Hz, 1H), 2.25 (ddi= 11.0, 6.2 and 3.9 Hz, 1H),
2.04 (dt,J = 7.2 and 7.2 Hz, 2H), 1.89 (dnd,= 13.5 Hz, 1H), 1.76
(ddd,J = 12.9, 12.0 and 1.8 Hz, 1H), 1.40 (t4,= 7.5 and 7.5 Hz,

(39) Stork, G.; d’Angelo, JJ. Am. Chem. S0d.974 96, 7114-7116.
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2H), 0.9 (t,J = 7.2 Hz, 3H), 0.85 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3H).
13C NMR: 6 212.4, 134.6, 132.5, 131.9, 129.7, 69.0, 60.5, 56.2, 49.7,
39.6, 38.6, 34.6, 25.5, 22.3, 17.8, 13:6.11,-5.14. IR (KBr) 3567,

3307, 2927, 1706, 1459, 1344, 1251, 1091, 1053, 987, 912, 838, 777.

Anal. Calcd for GoH3603Si: C, 68.13; H, 10.29. Found: C, 67.90; H,
10.21.

Penienone (25).To a solution of28 (60 mg, 0.17 mmol) in dry
CH.ClI; (2 mL) was added DBU (0.08 mL, 0.51 mmol) at r.t., and the
resulting mixture allowed to stand for 12 h at r.t. Evaporation of the
solvent and purification of the brown residue by flash chromatography
(Si0,, hexanesEt,O) gave25 (28 mg, 0.126 mmol, 74%) as white
crystalline plates.d]?s = —47.5 € 0.3, EtOH).'H NMR: ¢ 6.97
(ddd,J = 10.0, 5.7 and 2.4 Hz, 1H), 6.3%.93 (m, 3H), 5.65 (dt) =
14.1 and 7.2 Hz, 1H), 5.43 (dd,= 14.7 and 9.0 Hz, 1H), 3.943.83
(m, 1H), 3.76-3.65 (m, 1H), 2.95 (br dd) = 8.3 and 5.0 Hz, 1H),
2.74-2.59 (m, 1H), 2.44 (ddd) = 19.5, 5.4 and 5.4 Hz, 1H), 2.38
2.25 (m, 2H), 2.03 (dt) = 7.4 and 7.4 Hz, 2H), 1.39 (td,= 7.4 and
7.4 Hz, 2H), 0.89 () = 7.4 Hz, 3H)}*C NMR: ¢ 202.5, 150.1, 135.1,

Hareau et al.

149.6, 108.9, 74.2, 72.3, 39.1, 38.9, 38.2, 31.8, 25.6, 21.0, 17.8, 15.6,
—4.9,—5.3. Anal. Calcd for GH3,0.Si: C, 67.54; H, 11.34. Found:
C, 67.36; H, 11.28.
(2R,3RS,5R)-2-Methyl-3-(benzyloxy)-5-(2-propenyl)cyclohex-
anone (30).To an ice-cooled solution d19 (238 mg, 0.84 mmol) in
THF (2 mL) was added NaH (55% dispersion in oil, 55 mg, 1.26 mmol)
in one portion. The resulting mixture was stirred for 30 min &)
and benzyl bromide (0.15 mL, 1.26 mmol) was added followed by
Nal (14 mg, 0.09 mmol) and dry DMF (0.1 mL); the agitation was
carried on for 12 h at r.t. Hydrolysis at @, extraction with EO,
drying (MgSQ), and evaporation of the volatiles gave the crude benzyl
ether which was dissolved in MeOH (10 mL) and treated &€ Qvith
a methanolic hydrochloric acid solution (0.5 M, 1.68 mL, 0.84 mmol).
The mixture was allowed to stir for 4.5 h at r.t. before quenching at 0
°C with saturated NaHC® The mixture was taken up in GBIy,
extracted (CHCI,), and dried (MgS@). Evaporation in vacuo gave a
residue which was passed through a pad of silica (elution hexap@: Et
= 1:9) to give the (benzyloxy)cyclohexanol, pure enough to be used

132.7,131.4, 129.6, 129.5, 60.8, 52.7, 40.8, 34.6, 32.9, 22.2, 13.6. IRin the next step.

(KBr) 2929, 1670, 1392, 1097, 1045, 995, 725. Anal. Calcd for
Ci1aH2002: C, 76.33; H, 9.15. Found: C, 76.24; H, 9.31.
Penihydrone (26).Into a dry plastic vessel purged with argon were
introduced18 (60 mg, 0.17 mmol), dry acetonitrile (10 mL), and
pyridine (0.5 mL). The mixture was cooled to°C, and HFpyridine
(0.5 mL) was added. The resulting mixture was allowed to stand for
12 h at r.t. The reaction was quenched with saturated Nafi@@
product was extracted with GBI, and dried (MgS@), and concentra-
tion in vacuo gave a pale brown oil which was purified by flash
chromatography (Si§hexanesEt0) to yield26 (25 mg, 0.105 mmol,
62%) as white needles (recrystallization: £Hp-hexane). §]%% = +
4.5 (€ 0.3, MeOH).H NMR: ¢ 6.08 (ddJ = 14.1 and 10.5 Hz, 1H),
5.97 (ddt,J = 14.7, 10.5 and 1.2 Hz, 1H), 5.63 (dt= 14.4 and 7.2
Hz, 1H), 5.39 (dd,J = 14.7 and 9.0 Hz, 1H), 4.524.45 (m, 1H),
3.81-3.65 (m, 2H), 2.9%2.76 (m, 1H), 2.7#2.66 (br s, 1H), 2.60
(dd,J = 14.4 and 3.3 Hz, 1H), 2.52 (ddd,= 14.4, 2.4 and 2.4 Hz,
1H), 2.44-2.24 (br s, 1H), 2.352.25 (m, 1H), 2.09-1.80 (m, 3H),
1.82 (ddd,J = 13.4, 12.3 and 2.1 Hz, 1H), 1.39 (t= 7.2 and 7.2
Hz, 2H), 0.85 (tJ = 7.2 Hz, 3H).2*C NMR: ¢: 212.6, 134.8, 132.3,

To the crude cyclohexanol (197 mg, 0.76 mmol) in dry,CH (4
mL) and EtN (0.32 mL, 2.27 mmol) was slowly added atl0 °C a
DMSO (2 mL) solution of S@Pyr (361 mg, 2.27 mmol); the mixture
was allowed to stir at r.t. for 10 h. Dilution with water, extraction with
Et,0, drying (MgSQ), and concentration in vacuo gave an oil which
was purified by flash chromatography (Sihexane-Et;,0) to give
30 (154 mg, 71% overall) as a colorless diH NMR: ¢ 7.38-7.23
(m, 5H), 4.79 (s, 1H), 4.76 (s, 1H), 4.61 @= 12.0 Hz, 1H), 4.40 (d,
J=12.0 Hz, 1H), 3.99-3.94 (m, 1H), 2.80 (dddd] = 12.6, 12.6, 3.6
and 3.6 Hz, 1H), 2.562.45 (m, 2H), 2.34-2.19 (m, 2H), 1.74 (s, 3H),
1.65 (dd,J = 13.2 and 13.2 Hz, 1H), 1.13 (d,= 6.9 Hz, 3H).1°*C
NMR: 6 210.5, 147.4, 138.5, 128.4, 127.6, 127.5, 109.9, 79.8, 70.7,
49.2, 46.3, 39.6, 33.3, 20.5, 10.8.

(R)-Carvone [(R)-19ab]: p-TSA-H,O (133 mg, 0.70 mmol) was
added in one portion at r.t to a solution3® (154 mg, 0.60 mmol) in
benzene (5 mL). The mixture was allowed to standbfd atr.t. before
quenching with saturated NaHG( mL); the product was extracted
with Et,O, dried (MgSQ), and purified by flash chromatography (SiO
hexane-Et,0) to give §)-19ab (50 mg, 78%) as a colorless oil. 96.2%

131.9, 129.6, 68.5, 60.1, 56.3, 49.1, 38.60, 38.55, 34.6, 22.3, 13.6. IR ee (determined by chiral HPLC, flow 0.6 mL/min (hexané:PrOH

(KBr) 3394, 2956, 2927, 1701, 1373, 1072, 983, 962. Anal. Calcd for
C14H2205: C, 70.56; H, 9.30. Found: C, 70.27; H, 9.13.

Synthesis of R)-Carvone. (1S,2R,3RS5R)-1-(tert-Butyldimeth-
ylsiloxy)-2-methyl-3-hydroxy-5-(2-propenyl)cyclohexane (reduced-
20ab). To an ice-cooled solution c20ab (265 mg, 0.94 mmol) in
MeOH (5 mL) was added NaBH(18 mg, 0.47 mmol) in several

= 20:1) retention time= 13.7 min).
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portions. The ice bath was then removed and the mixture allowed to 9rant to G.P-J.H.

stir for 1 h atr.t. After dilution with water (5 mL), the product was

extracted with AcOEt and the combined organic layers were washed

with brine and dried (MgSg); evaporation of the solvent gave an oil
which was purified by flash chromatography ($i@exanes Et,0) to
yield the reduce@0ab (238 mg, 89%) as a colorless oiH NMR: &
4.73 (br s, 1H), 4.71 (br s, 1H), 4.01 (br s, 1H), 3.83 (br s, 2H), 2.67
(dddd,J = 12.6, 12.6, 2.7 and 2.7 Hz, 1H), 2:30.00 (m, 1H) 1.96-
1.86 (m, 1H), 1.73 (s, 3H), 1.571.45 (m, 1H), 1.451.30 (m, 2H),
1.13 (d,J = 7.2 Hz, 3H), 0.91 (s, 9H), 0.09 (s, 6HEC NMR: ¢
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