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The enantiomerically pure hydroxy sulfones (+)- and (-)-2 have been prepared from 1,2-epoxycyclohexane by a simple and practical procedure.
The acrylate esters of these alcohols undergo BCl;-catalyzed Diels—Alder reactions with a variety of dienes at =78 to =55 °C in CH,Cl, or C;Hg
with high dienophile face selectivity (Table 1). The chiral esters so formed are readily cleaved with recovery of the controllers (+)- or (-)-2.
Esters of (+)- and (-)-2 can be converted to Z-potassium enolates and alkylated with high face selectivity.

The introduction of the chiral 8-phenylmenthol controller Although the 8-phenylmenthol reagent can usually be

group 1 demonstrated the effectiveness of a neighboring recovered efficiently for reuse, the multistep preparation

m-aromatic group on a chiral rigid cyclic structure for the which is required is time-consuming and thus presents an
realization of highly asymmetric Lewis acid-catalyzed Diels  obstacle to its use. This fact and the great utility of the

Alder reactions. This work also paved the way for the 8-phenylmenthol system in stereoselective synthesis provided
application of neighboringr-aromatic rings to many other  the motivation to develop a more readily available replace-

enantioselective processds addition, the 8-phenylmenthol  ment. In this Letter we present the results of this search which
controller group has been used as a chiral auxiliary for led to an outstanding new controller)-(1R,2R)-2-(naph-

numerous other reactions including ene reactfooigjano- thalene-2-sulfonyl)cyclohexand)(and its enantiomer which
copper-mediated conjugate additibnarbonyl vinylatior? are readily accessible on a large scale and exceedingly
Michael additiorf imine addition] photoadditior?, radical- promising for enantiocontrolled synthesis.

induced cyclizatiol, and Pictet-Spengler cyclizatiof?!
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readily separated into enantiomerically pure forms by taking tively, by reaction with acrylic acid, triethylamine, and
advantage of lipase-catalyzed enantioselective acetylation in2-chloro-1-methylpyridinium iodide (Avocado-US) in GH
organic solvents using 2-propenyl acetate as the stoichio-Cl,. The acrylate estefswere obtained ir-90% yields as
metric reagent? Stirring of a solution of (4-4'%and 2 equiv crystalline solids, mp 86C. X-ray crystallographic analysis
of 2-propenyl acetate in diisopropyl ether (ca. 10 mL per g of (+)-5 clearly revealsr-stacking between thé-naphthyl

of (£)-4) with finely divided Lipase PS (ca. 0.5 g per g of ring and the acrylate subunit which is in thetrans
(£)-4, Amano Pharmaceutical Co., Inc.) at 23 for 54 h (antiperiplanar &0 anda.,3-C=C subunits) arrangemett.
resulted in clean acetylation of one enantiomer as shown in  Dijels—Alder Reactions of 5. The acrylate dienophiles
Scheme 1. Separation by chromatography on silica gel(+)- and (—)-5underwent highly diastereoselective Diels
Alder reactions with a wide variety of dienes under catalysis
by boron trichloride (BGJ)!€ in toluene or CHCI, solution
Scheme 1 at temperatures in the range 665 to —78 °C. The results
for (+)- or (=)-5 and five dienes are summarized in Table
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()- 50% 50% Table 1. BCl;-Catalyzed Diels—Alder Reactions of-§- or

S, 0. . .
(15,2514 (1R 2R-4-0hc (—)-5 with Dienes

/\'CHD BCly
Diene —_— Cycloadducts
O’ (+) or( )-5

“10H Substrate Diene Diene Solvent Temp. Time Yield Major de°

equiv (°C) (h) (%) product (%)
98% 99%

(15,2512 (1R 2A-)2 (+)5 4 PhCH; 78 05 99 ()6 97
afforded the unreacted alcohol3R2S)-4and the acetate of ()5 4 CHC, 78 - polymer
the enantiomer (1R,2R)-4-OAc, which was methanolyzed
(NaOCH, CHsOH) to the corresponding alcohol RI2R)- (+)5 5  PhCH; .67 22 93 (+7a° 02
4. Analysis of (+)- and ()-4 by HPLC revealed the
enantiomeric purity (>99% ee) for each enantiomedof (+)5 7 CHCL 78 55 04 (17a8® o7

Oxidation of each enantiomer of with 2.2 equiv of
peroxyacetic acid at 0 to Z& produced the dextro and levo
chiral sulfoneg as colorless crystals in excellent yields. The
absolute configuration of the dextro sulfone was determined
by conversion to the crystalline 4-bromobenzoate and s
analysis by X-ray crystallograpHy.

The chiral phenyl sulfone analogues of tBenaphthyl (-)5
sulfones (+)- and (—)-2vere also readily prepared by the
same general approach. However, these chiral controllers (-5
were not crystalline and their derivatives were also less
conveniently purified than those of tffenaphthyl controllers
(+)- and (—)-2.

The chiral controllers (+)- and (—)-&ere converted to
the corresponding acrylate esters, (+)- and (—)-5, respec-

)5

PhCH; -78 6.5 98 (-)-8a 935

8 CHCL 78 35 98 ()8 935

10 PhCH; -55 23 92 (-)%9a 94

12 CHCL 60 38 97 ()9a 94

)5 12 PhCH; -55 65 96 (-)-10a 93

N0 00

o

)5
cl

10 CHChL 65 45 60 (-)-10a 92

A

(10) Comins, D. L.; Badawi, M. MTetrahedron Lett1991,26, 2995. :o.15 Equiv of BCl; was used; endo-exoratio 98.5:1.5 (HPLC). Endo-exo ratio >99:1.
(11) For a review of applications of the 8-phenylmenthol controller to Determined by HPLC analysis.
enantioselective syntheses, see: Whitesell, Chéem. Re. 1992 92, 953.
(12) (a) Fujisawa, T.; Yamanaka, K.; Mobele, B. I.; Shimizu, M.
Tetrahedron Lett.1991 32, 399. (b) Fukazawa, T.; Hashimoto, T.
Tetrahedron: Asymmetr§993, 4, 2323. (c) Hiratake, J.; Inagaki, M.; i i i - i
Nishioka, T.; Oda, JJ. Org. Chem1988,53, 6130. (d) Weissfloch, A. N. Reactions with CyCIO.pent%dlene "?‘”d 13 CyCthe,X&dlene
E.; Kazlauskas, R. J. Org. Chem1995 60, 6959. (e) Lemke, K.; Lemke, ~ 9@ve theendoproducts in 97% de with excelleendo:exo
M.; Theil, F.J. Org. Chem1997,62, 6268. selectivity. Isoprene, 1,3-butadiene, and 2-chloro-1,3-buta-
(13) Prepared in 94% yield by NaOGidatalyzed reaction of 2-naph-
thalenethiol with cyclohexene oxide in GBIH at reflux for 30 min.

(14) X-ray data for 4-bromobenzoate ester 08 @S)-(+)-2: GsHa1- (15) X-ray data for acrylate ester of (1S,2S)-(+)-5i9H3004S; mono-
BrO4S; monoclinic; P2;; a = 11.372(2) A,b = 7.5370(10) A,c = clinic; P2;; a=10.719(2) Ab = 7.557(2) A,c = 11.016(2) A;a. = 90°,
13.227(2) A;a. = 90°, B = 108.210(10)°y = 90° Z = 2; Ry(l > Za(l)] p =100.75(3)°,y = 90% Z = 2; Ry(l > Za(l)] = 0.0425.
= 0.1039. (16) 1.0 M solution in heptane (Aldrich Chemical Co.).
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diene reacted with high selectivity as well, giving the
cycloadducts with de values in the range of®81%. Under
optimum conditions, the DietsAlder cycloadditions pro-
ceeded in>94% vyield to give solid products that were
purified by recrystallization or chromatography to 100% de.
The structures of the major cycloaddubts 7a, 8a, and9a

The acid-stable cycloadduda (93.5% de) was trans-
esterified byn-PrOH at 85°C in 20 h, in the presence of
excess methanesulfonic acid (Mess{). Workup and silica
gel chromatography affordedpropyl ester (4-10bin 90%
yield and 93% ee.

Alternatively, 6a and 7a were cleaved reductively with

are shown in Scheme 2 and were determined unequivocallydiisobutylaluminum hydride (DIBAL-H). For example, re-

Scheme 2

6a:
6b:
6c:
6d:
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8a:ROH=(-)-2 9a ROH (-2 10a:ROH=(-)-2
8b:R=H R=H 10b:R=nPr

Structures of major Diels-Alder products and derivatives.
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after removal of the controller group. Assignment of the
stereochemistry of major produt®awas done by correla-
tion to the structurally related produdds and9a.

BF; and BR-OEt, were also effective catalysts for the
reaction of (+)-5 and cyclopentadiene. Acrylate esters of the
(+)- and (—)-p-hydroxy sulfides4 were inferior to the
corresponding sulfones with regard to stereoselectivity in
Lewis acid-catalyzed Diels—Alder reactions. It is possible
that Lewis acid complexation with the basic sulfurdois a
complicating factor.

Removal and recovery of the chiral auxiliary from the
Diels—Alder products was achieved by titanium(IV) isopro-

duction of (—)-6aby 2.0 equiv of DIBAL-H in CHCI, at
—78°C for 1 h affordedendoalcohol (—)-6din 88% vyield
and controller (+)-2n 93% vyield after silica gel chroma-
tography.

a-Alkylation of Esters of (+)- and (—)-2. Aryl acetate
estersl1, 12, andl3derived from controllers€)- and ()-2
underwent highly stereoselective enolizatiaikylation
reactions with a variety of electrophiles. Ester){11 was

prepared in 89% vyield from (—)-and phenylacetic acid in
CH.CI; in the presence of 1,3-dicyclohexylcarbodiimide
(DCC), 4-(dimethylamino)pyridine (DMAP), and activated
4 A molecular sieves at 23C for 4.5 h. Similarly, esters
(+)-12 and (+)-13 were synthesized fromH)-2 and 6-meth-
oxynaphthylacetic acif or 4-isobutylphenylacetic acid by
DCC coupling in 85% and 90% yields, respectively.

The best alkylation results were obtained via the potassium
enolate which was formed with triphenylmethylpotassium
as the base. Tritylpotassium was readily prepared in quantity
in dimethoxyethane (DME) solution by the procedure of

poxide-catalyzed transesterification to isopropyl esters. For Housé® or more conveniently by reaction of potassium

example, cycloadductH)-6a was cleaved by being heated
at 85°C in 2-propanol containing 3.3 equiv of FPrO),
for 52 h, according to Seebach’s prototbhAfter silica gel
chromatography, isopropyl ester)-6b was obtained in 91%
yield and controller)-2 was recovered in 88% yield. The
isopropyl ester{)-6b was hydrolyzed in aqueous LIOH in
CH3;OH at 23°C in 36 h to give the purendocarboxylic
acid (—)-6cin 90% vyield.

Cycloadducts8a and 9a were conveniently cleaved by

methanolysis followed by hydrolysis in a one-pot sequence.

Substrate8a (93.5% de) was treated with an excess of
LIOCH3 in CH;OH—THF at—10 °C for 24 h, followed by
1.0 equiv of 0.5 M aqueous LiOH at ZZ for 2 h. After
standard workup, carboxylic acid+§-8b was obtained in
98% yield and 92.5% ee along with auxiliary)-2 (92%
yield).

(17) Seebach, D.; Hungerbuhler, E.; Naef, R.; Schnurrenberger, P.;

Weidmann, B.; Zlger, MSynthesis982, 138.

Org. Lett., Vol. 1, No. 11, 1999

hydride, triphenylmethane, and a catalytic amount of di-
methyl sulfoxide (DMSO¥°

The results of the alkylation reaction of ester){11 with
five different electrophiles are shown in Table 2. In a typical
experiment, 1.0 equiv of a solution of &K in DME (ca.
0.6 M) was diluted to ca. 0.1 M with DME andll,N’'-
dimethylpropyleneurea (DMPU) to a final solvent ratio of
4:1, cooled to—78 °C, and treated with a solution of-{-
11 in 4:1 DME—DMPU. The enolate ofl1, which was
rapidly formed as evidenced by the change in color from
blood-red to deep orange, was then treated with the alkylating
agent. The alkylation reactions were complete within a few
minutes, as judged by the decolorization of the reaction
mixture. Diastereomerically pure alkylation products were
obtained by recrystallization. The stereochemical assignment

(18) Gonzélez, ASynth. Commuril991,21, 1353.

(19) House, H. O.; Kramar, V1. Org. Chem1962,27, 4146.

(20) (a) Huffman, J. W.; Harris, P. Gynth. Commurl977,7, 137. (b)
Matthews, F. JJ. Chem. Educ1997,74, 996.
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Table 2. Alkylation Reactions of Phenylacetate Ester){11 Table 3. Methanesulfonic Acid-Catalyzed Methanolysis of
Alkylation Products

o] [o]

o] o}
0\” / 0\ Ph;CK R-X (excess) 0\“ / 0\ ) )J\(Ar MeSO3H )k(Ar + R'OH
=8 ~[[= —_— =g =[|- RO —_— MeO
e OmEDMPU ~ 78°C N Ph MeOH, A
o 4:1 0o W R R
-78 °C, 15 min R 14-20

(511 14-18

- . "/ngeIg R . °FICQH
Substrate® ROH R % de Time (h) (% ee)” [o]p° Config. % Yield

14 (92 Me 92 21 90(92) -81.6 R 100

Entry R-X Time(min® Product R % Yield % de®

1 Mel 0.5 14 Me 90 92
15 (-2 Et 95 24 90 (96) -78.3 R 96
2 Etl 5 15 Et 92 95
16 (-2 nPr 95 28 93 (95) -65.0 R 94
3 nPrl 10 16 nPr 95 95
17 (-2 Bn 90 33 97 (90) -101.5 R 91
4 BnBr 2 17 Bn 93 90
18 (-)-2 Allyl 95 24 86 (95) -89.0 R 97
5 AllylB 0.5 18 Allyl 95°
VIS v &7 19 (+)-2 Me 95 19 93 (94) +725 s 100
2 After addition of R-X.
® Determined by 'H NMR. 20 (+)-2 Me 92 15 93 (93) +59.4 ) 93
° Determined by chiral HPLC. 2 Ar = Ph for 14 to 18; Ar = 6-methoxynaphthalen-2-yl for 19;

Ar = 4-isobutylphenyl for 20.
® Determined by chiral HPLC.
° Measured in CHC,.

of major productsl4—17 was made after excision of the
auxiliary (vide infra), measurement of optical rotation, and
comparison with known values. THeconfiguration of the
new stereocenter is in accord with attack of the electrophile
on the front face of th&-enolate (Table 2). The configuration
of 18 was assigned by analogy with produd#—17.

This alkylation methodology was tested by application to
the synthesis of the nonsteroidal antiinflammatory ages)s (
naproxen and §)-ibuprofen which are the active enanti-

nolysis are summarized in Table 3. Transesterification of

substrated4—20with Ti(i-PrO), in i-PrOH at reflux afforded

the isopropy! esters in ca. 95% yield with no epimerization.
The stereochemical course which has been observed for

these Diels-Alder reactions is consistent with the expected

re n-face selectivity shown i21 for (+)-5—BCl; complex.

It seems likely that the neighboring 2-naphthyl group serves

omers2! as arr-electron-providing neighboring group which interacts

The naproxen precursof-§-12, derived from controller strongly with the electron deficient carbonyl carbon both in
(+)-2. was deprotonated by RBK in DME—DMPU as  the BCk complex21and in the transition state for Diels

described above and methylated with Mel (reaction complete Alder addition.
within 1 min) to form 19 in 88% yield and 95% de.

8 -0
: ; ST
: L5707
OI \ reface 0)\(\
“BCl, attack H
reface
19: ROH = (+)2 20:ROH = (+ )2 21 22 attack

(S)-Naproxen:R=H (S)dbuprofen: R=H

Highly diastereoselective alkylation reactions of various
Recrystallization from EtOAeMeOH provided pure <)- esters of {)- and (-)-2 have also been demonstrated in this
19. Similarly, the ibuprofen precursor J-3was converted  work. The stereochemistry of these alkylation reactions can
to 20 (95% yield, 92% de), which was purified by recrys- pe rationalized by a pathway involving for esters ef){2
tallization from MeOH. TheSconfiguration of the products  the alkylation of thez-enolate22 at the sterically accessible
19 and 20 was confirmed by transformation to the methyl re face, as shown.
esters of (pnaproxen and (Sbuprofen which were formed
by transesterification using Me$B in CH;OH at reflux. Acknowledgment. This research was assisted financially
The methyl esters were obtained in excellent yields without by grants from the National Science Foundation and the
racemization, as judged by chiral HPLC analysis. The chiral National Institutes of Health and a predoctoral fellowship
auxiliary was recovered in high yield. Acidic hydrolysis of to G.S. from Eli Lilly Co. We are grateful to Drs. Mark C.
the methyl esterd9 and 20 afforded pure naproxen and Noe and Axel Fischer for the X-ray crystallographic studies.
ibuprofen of 100% ee.

Results on the conversion of various alkylation products ~ Supporting Information Available: Detailed experi-

to the corresponding methyl esters by acid-catalyzed metha-mental procedures and compound characterization data. This
material is available free of charge via the Internet at
(21) For a recent review of Profen drugs, see: Stahly, G. P.; Starrett, R. http://pubs.acs.org.

M. In Chirality in Industry Il.; Collins, A. N., Sheldrake, G. N., Crosby, J.,
Eds.; Wiley: Chichester, 1997; pp +40. OL991007S
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