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Abstract—Conjugate additions of many organometallic reagents to 2-{p-anisylsulfinyl}-2-cycloalkenones,

2, proceed with much greater diastercosclectivity than additions to

the corresponding

2-(p-tolylsulfinyl)-2-cycloalkenones, 7. Complexation of 2 with zinc dibromide followed by addition of
various Grignard reagents lead, after reductive removal of the sulfoxide, to 3-substituted cycloalkanones
of higher optical purity than those obtained from 7. Addition of methyltitanium triisopropoxide to
2-(p-anisylsulfinyl)-2-cyclohexenone, 2b, in the absence of zinc dibromide, proceeds with virtually

complete asymmetric induction.

Recently we have shown that organometallic conju-
gate additions to some enantiomerically pure
2-(p-tolylsulfinyl)-2-cycloalkenones proceed with
high asymmetric induction leading to a wide variety
of 3-substituted cycloalkanones of high enantiomeric
purity.! ~* Since such chiral carbocycles are valuable
synthons and in some cases important -natural
products, we now have improved our method-
ology by designing an even more effective
series of 2-(arylsulfinyl}-2-cycloalkenones. We there-
fore describe here our synthesis of 3-sub-
stituted cyclopentanones and cyclohexanones
from the corresponding ecnantiomerically pure
2-(p-anisylsulfinyl)}-2-cycloalkenones with a much
higher degree of stereocontrol than previously re-
ported with 2-(p-tolylsulfinyl}-2-cycloalkenones.
Furthermore, we report an improved method for the
preparation of (Sg)-(—)}-menthyl p-methoxybenzene-
sulfinate, the necessary precursor to our desired
sulfoxides.

RESULTS AND DISCUSSION

On the basis of our previously proposed chelate
model,) 1 (Z=CH;), in which a chiral
B-ketosulfoxide acts as a bidentate ligand that coor-
dinates with a metal ion, M, we expected that a
stronger electron donating group Z on the aromatic
moiety of the sulfoxide would increase the Lewis
basicity of the sulfinyl oxygen. We reasoned that this
enhancement in Lewis basicity would result in a more
rigid and conformationally stable coordination com-
plex or chelate that consequently would result in an
increase in the diastereoselectivity observed during

organometallic conjugate addition to the enone sulf-
oxide. A good indicator of the ability of an aromatic
substituent to donate electrons is its Hammett o
constant. As the o, value for Me is —0.17 but the
Opero Value for OMe is —0.37, we chose to synthesize
2<(p-anisylsulfinyl)-2-cycloalkenones 2a and 2b to
test our hypothesis.

The first step in the preparation of 2 is to obtain
optically pure (Sg)-(—)-menthyl p-methoxybenzene
sulfinate, 3. The synthesis of 3 has been reported
previously in the literature, however six successive
recrystallizations were required to obtain diastereo-
merically pure 3 and no final chemical yield was
reported.>® We have found that by modifying the
reported reaction procedure, beautifully crystalline
diastereomerically pure 3 can be crystallized directly
from the crude reaction product with ease.

With 3 in hand, 2-(p-anisylsulfinyl)-2-
cycloalkenones, 2, were prepared in a manner anal-
ogous to the corresponding p-tolylsulfoxides 7, eqn
(1). Reaction of the appropriate 2-bromo-2-
cycloalkenone ethylene ketal, 4, with n-butyllithium
at —78° as described by Branca and Smith’ gives the
vinyllithium species 5. Transfer of § to a solution of
3in THF at —78° via a precooled cannula, followed
by protic work up gives the corresponding ketal
sulfoxide 6 with inversion of configuration at S.}
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n-BuLi + Br\{g THE U\{S 13 \‘\‘S\{S
e e e
718 + ICH,}
ICH,l,_ 4 ICH,, _ 2)H 2'n-4
n n-4 ~o
4a n=5 5 e 63 n=5, 77%
4b n=6 6b n=6, 67%
. no.,,5
1-menthol
CuSO4 o‘ o‘ (eq. 1)
—_——— 2 %
0 b X
/U\ 23, 98%
?,E: 75%

Deketalization is accomplished by copper(Il) sulfate-
mediated transketalization using acetone as the sol-
vent,! ~* giving the desired 2-(p-anisylsulfinyl)-2-
cycloalkenones 2a and 2b in 76 and 50% vyields,
respectively. Both of these sulfinylcycloalkenones are
crystalline compounds which are stable at refrig-
erator temperatures for at least several months. The
original source of chirality for the entire synthetic
sequence, I-menthol, is easily recoverable during
chromatographic isolation of the ketal sulfoxides 6.

When 2a is in THF solution with no metallic
cations present, the most likely orientation of the
molecule is such that the dipoles of the ketone and
sulfoxide are in opposite directions,® 1’ (Z=O0CH,).
Upon the addition of zinc dibromide to 2a in THF,
significant changes are observed in both the *C and
'H NMR spectra suggesting pronounced con-
formational and/or electronic changes. For instance,
vinylic carbon 3 shifts 2.14 ppm downfield with the
addition of zinc dibromide. This is consistent with the
expected reduction of electron density at carbon 3
upon coordination of the f-ketosulfoxide with a
metal cation.

S
N8 aas

As expected, based on chelate model 1 (Z=0CH,),
organometallic conjugate additions occurred from
that diastereotopic face of the enone opposite to the
bulky p-anisyl group, the Pro-R face, resulting in
(R)-3-substituted cycloalkanones after reductive
cleavage of the sulfinyl group. In all cases we studied,
the diastereoselectivity of the conjugate addition to 2
is greater than that seen with the p-tolylsulfoxides
7. For example, enantiomerically pure 2a undergoes
complex formation with zinc dibromide and then
asymmetric conjugate addition with various Grig-
nard reagents followed by reductive removal of the
chiral sulfinyl group, producing (R)-(+ )-3-substitut-
ed cyclopentanones 8 (eqn (2); Table 1). Conjugate
addition of dineopentylcoppermagnesium chloride to
2a ultimately leads to 8d with a 3-fold increase in the
ratio of R to S over that from 7a, without the use of
an additional complexing ion (Table 1). The enantio-
meric purity of the resultant 3-substituted cyclopenta-
nones, 8, was determined by specific rotation and/or
by preparation of the corresponding diastereomeric
ketals 9, eqn (3). The ratio of R:S at the 3-position
of the ketal 9 then can be determined by "C NMR.*

Likewise, enantiomerically pure 2b undergoes zinc-
mediated asymmetric Grignard conjugate additions,
affording (R)-(+)-3-substituted cyclohexanones, 10,
with greater diastereoselectivity than those from 7b
(eqn (4); Table 2). Virtually complete asymmetric
induction was observed during methyltitanium tri-
isopropoxide'®'" conjugate addition to 2b in the
absence of zinc dibromide (Table 2). Thus, by using
2-(p-anisylsulfinyl)-2-cycloalkenones in conjunction
with “bulky” organometallic reagents, even the
smallest alkyl group, a methyl group, may be
added in conjugate manner with extremely high and
reliable asymmetric induction and in excellent iso-
lated chemical yield.

Thus we have developed further a general method
of reproducibly preparing many 3-substituted cyclo-
alkanones of high enantiomeric purity via conjugate
additions to our 2-(p-anisylsulfinyl-2-cycloalkenones,
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Table 1.
Z=0CH, Z=CH,
Product R-Met Chelating Chemical Ratio Chemical Ratio
Number Agent Yield (%) (R:S) Yield (V) (R:S)
ga CH ,CH, MaC1 zZnBr, 83® 8.3:1° % 4.4:°
8b (CH,) ,CHMaCL ZnBr, 74% 8.8:1°° &7 6.7:1°
8c (CH,) ,CCH,MgC1 2ZnBr, 69 14.4:1° 32 1.4:1%¢
b .
8d ((CH,) JOCH ) ,CurgCl —_ 99 7.0:1 99 2.2:1%¢
8e CH,=CHCH ,NgC1 znBr, 60 5.1:1° 80 3.5:17
< [
.5:1 8 3.8:1
8f R-CH.C H MgBr ZnBr, 86 S 9
a: Chemical yield determined by GLPC.
b: Optical purity determined by specific rotation.
¢: Optical purity determined by 13(: NMR of diastereomeric ketals.
Table 2.
Z=OCH 5 2CH,
Product R-Met Chelating Chemical Ratio Chemical Ratio
Number Agent Yield (%) (R:S) Yield (%) (R:S)
10a CH T2 (OCH(CH ) ) — 85 >49.0:P¢  gs? 14.4:1°°¢
100 CH MoBE 2nBr, a1 2.4:1° s 2.1
10¢ (CH,) ,CHiMgCL ZnBr, 52 3.9:1° 62 3.3a°

a: Chemical yield determined by GLPC.
b: Optical purity determined by specific rotation.

¢: Optical purity determined by l3(: NMR of diastereomeric ketals.
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2. The resultant chiral carbocycles are valuable syn-
thons in the synthesis of natural products, examples
of which are being pursued in our laboratories.
Further work on the modification of the aryl group
of the sulfoxide to enhance the diastereoselection of
the conjugate additions also is in progress.

EXPERIMENTAL

M. and b.ps are uncorrected. IR spectra were recorded
with a Perkin-Elmer 599B spectrometer in the solvent
indicated. Proton NMR spectra were recorded with a
Varian CFT-20 or Bruker WM.300 spectrometer operating
at 80 or 300 MHz, respectively. Carbon NMR spectra were
recorded with a Varian CFT-20 spectrometer operating at
20 MHz. All NMR spectra were obtained in the solvent
indicated and reported in units of ppm downfield from
TMS. Mass spectra were performed by the Middle Atlantic
Mass Spectrometry Laboratory, Baltimore, MD. Optical
rotations were recorded with a Perkin-Elmer 141 variable-
wavelength polarimeter using 1-dm quartz window cells in
the indicated solvent. Microanalyses were performed by
Galbraith Laboratories, Inc. Gas-liquid phase chro-
matography (GLPC) data were obtained with a Varian
Acrograph Series 1200 gas chromatograph with a carrier gas
(He) flow rate of 22mL/min and equipped with a
10 ft. x 1/8in. column packed with 55, FFAP on Chromo-
sorb W and a flame ionization detector.

Tetrahydrofuran (THF) and diethyl ether were distilled
from sodium benzophenone ketyl prior to use. The follow-
ing reagents were purchased from Aldrich Chemical
Company: 2-chloropropane, allyl chloride, 4-bromo-
toluene, thionyl chloride, l-menthol, 2-cyclopentenone,
2-cyclohexenone, ethylene glycol, titanium(IV) chloride,
titanium(IV) isopropoxide, and (R, R)-(—)-2,3-butanediol.
Sodium p-methoxybenzenesulfinate was purchased from
Parrish Chemical Co. Anhyd CuSO,. Cu,l,, neopentyichlor-
ide and anhyd ZnBr, were purchased from Alfa-Ventron.
Alkyllithium reagents were purchased from Aldrich Chem-
ical Co. as solns in the solvent indicated: MeLi (diethyl
ether) and n-BuLi (hexane); they were titrated with anhyd
diphenylacetic acid prior to use.”? MeMgCl (THF) and
allylmagnesium chloride (THF) were purchased from Al-
drich Chemical Co. All other Grignard reagents were pre-
pared by the usual methods in THF except neopentylmag-
nesium chloride which was prepared in diethyl ether. Prep-
arative TLC plates, Silica Gel H Uniplates and Uniplate-T
Taper Plate were purchased from Analtech. The
2-bromo-2-cycloalkenone ethylene ketals, 4, were prepared
as described in the literature."” The preparations and
reactions of the 2-(p-tolylsulfinyl)-2-cycloalkenones, 7, were
strictly analogous to those of the 2-(p-anisylsulfinyl)-2-
cycloalkenones, 2.'—*

Preparation  of (S )(—)-menthylp-methoxybenzenesul-
finate, 3.

A 3-neck 250 mL round bottom flask equipped with a
reflux condenser, a drying tube, a pressure equalizing addi-
tion funnel and an overhead mechanical stirrer was charged
with p-methoxybenzenesulfinic acid, sodium salt (10.2g,
52-3 mmol) and 40 mL anhyd diethyl ether. To this vigoro-
usly stirred suspension, SOCl, (17.5mL, 240 mmol) was
added at such a rate as to maintain a gentle reflux. After all
the SOCI, was added, stirring was maintained overnight at
room temp. The resultant sturry was filtered through a
coarse sintered glass filter funnel and the filter cake was
washed well with a total of 100 mL anhyd diethyl ether. The
combined filtrates, in a l-neck 250 mL round bottom flask,
were concentrated by rotary evaporation. The excess SOCl,
was removed by azeotropic rotary evaporation with two
40 mL aliquots of anhyd diethyl ether. The resultant oil was
diluted with 40 mL anhyd diethyl ether, l-menthol (8.2 g,
52.3 mmol) was added, and the flask equipped with a
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magnetic stirring bar, a pressure equalizing addition funnel,
and a drying tube. The slurry was stirred until all the
I-menthol was dissolved; the flask then was cooled to 0°.
Pyridine (4.2 mL, 52.3 mmol) in 40 mL anhyd diethyl ether
was added slowly to this vigorously stirred soln of -menthol
and p-methoxybenzenesulfinylchloride. Stirring was main-
tained and the mixture was allowed to warm to room temp
overnight. 109, HClaq (150 mL) and 100 mL diethy! ether
was added; the mixture was stirred until all the solid was
dissolved and the flask contents were transferred to a
500 mL separatory funnel. The diethyl ether layer was
removed and the aqueous layer was extracted with a total
of 500 mL diethyl ether. The combined organic layers were
dried over MgSO,. Filtration, rotary evaporation, and
vacuum drying gave 16.5 g of an off white, oily solid. Hot
crystallization with diethyl ether gave with no further
purification 7.9 g (47%) of 3 as rectangular, clear colorless
crystals: m.p.110.0-110.5°, [a}p* = —188.9°(c 1.19, ace-
tone); lit.> m.p. 106-108°, acetone/H,0; [2], = —189°
(acetone). Spectral data are identical with those reported.>¢

Preparation of (S) - (+)-2-(p-anisylsulfinyl) - 2 - cyclopen-
tenone, 2a

A flame dried 2-neck 25 mL round bottom flask equipped
with a serum cap, a pressure equalizing addition funnel with
a gas inlet, and a magnetic stirring bar was flushed with
argon and after cooling to room temp was charged with
9.0mL anhyd THF and cooled to —78° n-BuLi (5.2 mlL,
1.6 M, 8.5mmol) was added dropwise via the addition
funnel. The addition funnel was rinsed with 2ml anhyd
THF. Freshly distilled” 4a, (b.p. 38°/0.1mmHg, l.6g,
7.7mmol) in 8.0 mL anhyd THF was added dropwise via the
addition funnel. Stirring was continued at — 78° for 90 min.
This solution then was transferred under positive argon
pressure via a coiied, dry icefisopropanol bath-cooled can-
nula to a vigorously stirred soln of 3 (2.6 g, 8.5mmol) in
65 mL anhyd THF at —78° in an oven dried, I-neck, 250 mL
round bottom flask. Stirring was continued under argon at
— 78° for 15 min, after which the cold bath was removed and
20 mL of sat NaH,PO, aq was poured into the reaction
vessel. After the soln was warmed to room temp, the THF
was removed by rotary evaporation. The crude mixture was
diluted with 40 mL distilled water and extracted with 25 mL
CHCI, and then 3 x 13 mL CHCI,. The combined organic
layers were dried over K,CO;; filtration and rotary evapo-
ration gave a yellow oil with many clear, colorless crystals.
The desired ketal sulfoxide 6a (1.7 g, 77%) was isolated by
medium pressure liquid chromatography (MPLC)
(25 x 600 mm column, 240-400 mesh SiO,, EtOAc,
6 mL/min, R0.32) as an oil: 'H NMR (CDCl,, 80 MHz) &
763 (d, J =8.9Hz, 2H), 6.98 (d, J = 8.9Hz, 2H), 6.74 (t,
J=2.4Hz, 1 H), 4.0-3.5 (m, 7H), 2.6-2.3 (m, 2H), 2.2-2.0
(m 2 H); IR (CHCL;, cm™') 3000 (w), 2890 (w), 1594 (s),
1495 (s), 1255 (s), 1173 (s), 1090 (s), 1040 (s); mass spectrum
(70eV, mje) 280 (M*).

A 100mL Erlenmeyer flask equipped with a magnetic
stirring bar charged with 12.5g anhyd CuSO,. The ketal
sulfoxide 6a in 36 mL reagent grade acetone was transferred
to the flask; the flask was flushed with N, and tightly
stoppered. The mixture was stirred at room temp for 24 hr,
then the suspension was filtered and the CuSO, filter cake
was washed thoroughly with acetone. Rotary evaporation
gave spectroscopically pure 2a (1.1 g, 92%) as a crystalline
solid that was recrystallized from EtOAc CH,Cl,~hexanes:
m.p. 120.5-121.5°; '"H HMR (dg-THF, 300 MHz) 38.0065
(t,J = 2.758 Hz, 1H), 7.6385 (dt,J = 8.926, 2.868 Hz, 2 H),
6.9851 (dt,J=28.868, 2.867Hz, 2H), 3.7917 (s,3H),
2.814-2.564 (m,2H), 2.528-2.305 (m,2H); 'HNMR
(dg THF +1.0 equiv. ZnBr,, 300MHz) 48.1373
(t, J = 2.607 Hz, 1 H), 7.6828 (dt, J =8.707, 2.908 Hz 2 H),
70171 (dt,J=8.864, 2.785Hz,2H), 3.8081 (s,3H),
2.859-2.633 (m,2H), 2551-2.333 (m,2H) "“CNMR
(dg-THF, 20 MHz) 6189.69, 162.25, 161.91, 152.24, 130.70,
126.09, 114.06, 54.59, 35.78, 26.89; *C NMR (dy-THF + 1.0
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eq. ZnBr,, 20 Hz) 190.09, 164.39, 162.65, 149.22, 130.07,
127.41, 114.45, 54.90, 35.75, 27.35. IR (CHCI,;, cm~") 3000
(w), 1710 (s), 1595 (s), 1495 (s), 1255 (s), 1040 (s); mass
spectrum (70eV,m/e) 236 (M™), 188  (base);
[@]p® = +141.0°(c 1.45, acetone); (Found: C,61.19;
H, 5.35; S, 13.66%. Calc for C,,H,,0;S: C,61.00; H, 5.12;
S, 13.57%).

Preparation of (S){+)-2-(p-anisylsulfinyl-2-cyclohexenone,
2

The desired ketal sulfoxide, 6b, was prepared in the same
manner as 6a except that 4b, (1.5 g, 6.8 mmol) was used. The
product 6b (1.4g,67%) was isolated by MPLC
(25 x 600 mm, 240400 mesh SiO, EtOAc, 6 mL/min,
R/0.36) as an oil: 'HNMR (CDCl,, 80 MHz) & 7.61
(d,J =88 Hz2H), 7.07-6.85 (m, 3 H), 4.05-3.29 (m, TH),
2.38-2.23 (m, 2 H), 1.90-1.70 (m, 4H); IR (CHCl; cm ")
2980 (s), 2883 (w), 1590 (s), 1490 (s), 1230 (s), 1030 (s), 952
(s), 862 (s). Mass spectrum (70eV,m/e) 294 (M*). Ketal
sulfoxide 6b was deketalized by the same procedure as 6a
except the CuSO, was filtered off, the cake washed well with
acetone, the filtrate rotary evaporated, acetone added and
the soln resubmitted to fresh anhyd CuSO,. This procedure
was repeated 3 times over the period of one week. After the
fourth filtration the cake was washed well with acetone,
rotary evaporation and vacuum drying gave a yellow oil.
The desired product 2b (0.88 g, 75%,) was isolated as a white
crystalline solid by the addition of diethyl ether and
filtration. The product was recrystallized from
EtOAc-hexanes: m.p. 106.5-107°, 'HNMR (CDCl,,
80 MHz) 6 7.77-7.56 (m,3H); 6.94 (d,J=89Hz,2H),
3.82 (s, 3H), 2.64-2.34 (m,4H), 2.17-1.95 (m,2H); IR
(CHCl;, cm ~') 3000 (w), 1675 (s), 1590 (s), 1492 (s), 1230 (s),
1045 (s); mass spectrum (70 eV, m/e) 250 (M *), 155 (base;
[2]o* = +187° (c 1.46, acetone); (Found : C, 62.28; H, 5.87;
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General method for the preparation (R)-3-substituted cy-
clopentanones, 8, via zinc dibromide-mediated Grignard
addition

A flame dried I-neck 10 mL round bottom flask equipped
with serum cap, argon needle inlet, and magnetic stirring
bar and containing sulfoxide 2a (0.083 g, 0.35 mmol) was
flushed with argon. The sulfoxide was treated with a soln of
ZnBr, in anhyd THF (0.21 mL, 1.7M, 0.35mmol). This
soln was stirred at room temp for 15min, then 1.75mL
anhyd THF was added and the flask cooled to—78°. The
appropriate Grignard reagent (0.53 mmol, 1.5 egn) was ad-
ded slowly dropwise via a gas-tight syringe at the temps
indicated in Table 3. After the given period of time, the
reaction was warmed to —5° to —10° and was quenched
with sat NaH,PO,aq. The THF was removed by rotary
evaporation at 0° and the mixture was extracted well with
diethyl ether. The combined diethyl ether layers were filtered
through anhyd MgSO, and the diethyl ether was removed
by rotary evaporation at — 10°. The flask then was equipped
with a magnetic stirring bar and placed in a —10° bath;
~15mL of 0° THF-H,0O (9:1) was added and the soln
treated with 10 equivs of freshly prepared aluminum
amalgam.” The resultant mixture under argon was stirred
with slow warming to room temp overnight; anhyd MgSO,
was added, the slurry filtered through a fine sintered glass
filter funnel, and the cake washed well with diethyl ether.
The combined fiiltrates were rotary evaporated at — 10° and
the residue was dissolved in CH,Cl, for chromatography.
Preparative TLC (SiO,, 20 x 20cm preabsorbent taper
plate, 10: 0.6 benzene: diethyl ether) gave the corresponding
3-substituted cyclopentanone, 8. Samples for specific rota-
tion were purified further by Kugelrohr distillation (50°,
10mm Hg, —78° receiving bulb). All rotations were ob-
tained in CHCI,. For the method of determination of
enantiomeric purity and physical properties see Deter-
mination of Enantiomeric Purity of 8 and 10. The purity of

S,12. 89%,. Calc for C;H,0;8: C,62.38 H,564; the products were determined by TLC (SiO,, 10:0.6 ben-
S, 12.81%). zene:diethyl ether) and GLPC.
Table 3.
i 2
.5 1) RMgX Al/Hg
* + 2nBr
1 \ 2 2) NaH PG,
~o b CHYn-a iCHl, 8
R
Product Reaction temperature!(s} [a)gs Rf GLPC retention
‘lumber n R X and taime(s) (c)e (Preparative TLC) Time (temp, °C)
8a 5 CH ,CH,, 1 -78°C, 1 b 90.0° 0.55 9.0 min
(0.67) (145°%)
8b 5  {(CHy,CH Cl -78°C, 2.3 h 147.8°° 0.59 13.5 min
& °C30 mun {0.87) (145°)
8¢ 5 (CH),CCH, €1 -78°C, 1 h 130.5° 0.64 22.8 min
0.92) (142%)
8e S CH,=CHCH, Cl -78°C, 3 h 83.9° 0.52 18.9 min
(0.67) {145%)
8t S  p-CH.C_H, Br -78°C, 2 h ~€ 0.54 -
= =3 e
1Ch 6 CH, Br -78°C, 1.5 h 71,509 0.56 22.2 min
(0.34) (120%)
10¢ 6 (cH)CH Cl -78°C, 2 h -¢ 0.60 -¢

a: Concentration units are g/l100 mL.
used for all specific rotations.

Chloroform was the solvent

b: A temperature of 20°C was used for the rotation of 3-isopropyl-

cyclopentanone.

¢: Optical purity deterruned by diastereomeric ketals only.

d: A wavelength of 365 nm (Hg) was used instead of the D~-line (Na)
for the rotation of 3-methycyclohexanone.
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Addition of dineopentylcoppermagnesium chloride to 2a

An oven dried l-neck 10 mL round bottom flask equipped
with a magnetic stirring bar, a serum cup and a gas needle
inlet was charged with Cu,l, (0.1106 g, 0.58 mmol). The
reaction vessel then was flushed with argon, charged with
1.5mL anhyd THF, cooled to —20° and neo-
pentylmagnesium chloride (0.49mL,2.2M, 1.1 mmol) ad-
ded dropwise via a gas tight syringe. Stirring was continued
at —20° for 30 min. The resultant grey-black slurry was
transferred dropwise to a l-neck 25 mL round bottom flask
containing 2a (0.0850 g, 0.36 mmol) and 2.0 mL anhyd THF
at —78° under argon via gas tight syringe and was stirred
at —78° for 1 hr. The reaction was quenched at —78° with
sat NH,Claq and then warmed to 0°. The THF was removed
by rotary evaporation at 0° and the mixture was extracted
well with 0° diethyl ether, The ether extracts were filtered
through anhyd MgSO, and the ether was removed by rotary
evaporation at 0°. Reductive cleavage and work up were
performed as above. The (R)}-(+), 84, was isolated by
preparative TLC (SiO,, 20 x 20cm preabsorbent taper
plate, 10: 0.6 benzene-diethyl ether, R,0.64) yielding S5mg
(99%) with [2],™ = +112.5° (¢ 0.96, CHCl,) and 75% ee
fratio of R to S = 7.0:1). The purity of 84 was determined
by TLC and GLPC (retention time 22.8 min at 142°).

General method for the preparation of (R)-3-substituted
cyclohexanones, 10, via zinc dibromide-mediated Grignard
addition

The preparation of (R)-3-substituted cyclohexanones, 10,
via ZnBr,-mediated Grignard addition was identical to that
of 3-substituted cyclopentanones except that sulfoxide 2b
was used instead of 2a. See Table 3 for temps, times, and
chromatographic properties. Also, see Determination
Enantiomeric purity of 8 and 10.
Preparation of (R)-(+)-methylcyclohexanone, 10m, via
methyltitanium triisopropoxide conjugate addition

A flame dried l-neck 10 mL round bottom flask equipped
with serum cap, gas needle inlet, and a magnetic stirring bar
was flushed with argon and charged with tri-
isopropoxytitanium chloride'®!! (0.75mL, 1.4 Min THF,
1.1 mmol}, then cooled to —78°. This soln then was treated
with MeLi (0.75mL, 1.4 M, 1.1 mmol) dropwise via a gas-
tight syringe. the resultant soln was stirred at —78° for
15 min, and 1.0 mL anhyd THF was added slowly. To this
bright yellow soln, sulfoxide 2b (0.088 g, 0.35 mmol)in I mL
anhyd THF was added dropwise. the soln was stirred at
—78° for | hr, then was warmed to 0° and stirred for 2 hr;
subsequent quenching with 0° 10% HClaq and rotary
evaporation at 0° gave an aqueous concentrate, The remain-
der of the procedure was performed as described above to
give (R)-(+) 10a, (32.2 mg, 82%). The sample for specific
rotation was purified further by Kugelrohr distillation
(40°, l0mm Hg, —78° receiving bulb): [2}%; = +171.0°
(c 0.56, CHCl,) with 97%/ ee. The product was pure by TLC
(8i0,, 10:0.6 benzene:diethyl ether, R, 0.32) and GLPC
(retention time 22.2min, 120°). The diastereomeric ketal
prepared from this 3-methylcyclohexanone had an optical
purity of 96 + 4% by C NMR.

General procedure for the preparation of diastereomeric
ketals, 9

An oven dried 25mL l-neck round bottom flask with
stirring bar was charged with benzene, the appropriate
3-substituted cycloalkanone, 2 equivs of (R, R}(—)-
2,3-butanediol, and a catalytic amount of p-toluenesulfonic
acid hydrate and equipped with an oven dried Dean-Stark
trap with a condenser and N, inlet. The mixture was
refluxed for 24 hr, allowed to cool to room temp, and the
benzene removed by rotary evaporation. The residue was
dissolved in pentane and washed with sat NaHCO,aq and
5% NaHSO,aq. The combined aqueous layers were back-
extracted with pentane. The combined pentane layers were
dried over K,CO,, filtered, and rotary evaporated. Prepara-
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tive TLC (Si0,, 20cm x20cm x 100 175:1.5 ben-
zene : ether, R, ~ 0.3, the ketals have slightly higher Rys than
the ketones) gave the desired ketals, 9. The optical purity of
the diastereomeric ketals then was determined by
BCNMR.?

Determination of enantiomeric purity of 8 and 10

Compound 8x. Enantiomeric purity of 8a from 7a was
determined by ""CNMR of the corresponding dia-
stereomeric ketal: 'H NMR (80 MHz, CDCl,) 5 3.75-2.80
(m,2H), 2.50-1.20 (m, I5H), 0.87 (t,J=6Hz,3H); IR
(CHCI,, cm~1) 2980 (s), 1460 (m), 1380 (m), 1320 (m), 1105
(8); (Found: C,71.91; H, 10.65. Calc for C,H»0,: 71.70;
H, 10.94). Relative integrations of the diastereotopic C
resonances at 39.64 and 39.12 ppm in the C NMR spec-
trum were used to determine the ratio of R : § at position
3. The enantiomeric purity of 8a from 2a was determined by
specific rotation using [¢]p?* = +116° (CHCly) for
enantiomerically pure (R)-(+)-8a which was obtained by
extrapolation of the *C NMR data.

Compound 8b. [a]p™ = +186° (CHCL,)."

Compounds 8¢ and 8d. Enantiomeric purity of 8¢ and 84
from 7a were determined by >C NMR of the corresponding
diastereomeric  ketals: 'H NMR (80 MHz, CDCly)
6 3.65-3.55 (m, 2 H), 2.20-1.05 (m, 15H), 0.91 (s, 9H); IR
(CHCly, cm™' 2950 (s), 1460 (w), 1366 (w), 1208 (w), 1110
(m), 975 (w), 918 (w); Found: C, 74.39; H, 11.49. Calcd for
C,H,0,: C, 74.29, H, 11.58%. Relative integrations of the
diastereotopic resonances at 34.7384 and 34.2123 ppm in the
BC NMR spectrum were used to obtain the ratio ofR:S at
position 3 of 8¢ and 8d from 7a. The enantiomeric purity of
8c and 8d from 2a was determined by specific rotation using
an [a]p® = +150.6° (CHCI,) for enantiomerically pure
(R)-(+)-8c which was obtained by extrapolation of the
C NMR data.

Compound 8e. Enantiomeric purity of 8e from 7a was
determined by CNMR of the diastereomeric ketals:
'HNMR (80 MHz,CDCl;) 6 6.2-5.5(m, 1 H), 5.3-4.8
(m,2H): 3.8-3.3(m,2H), 2.5-1.1(m, 15H); IR(CHC],,
cm™') 2975 (s), 1640 (w), 1440 (w), 1377 (w), 1318 (m), 1105
(s), 960 (w), 915 (m); Found: ¢, 73.56; H 10.23% Calc for
C;H,0,: C, 73.43: H, 10.27%. Relative integrations of the
diastereotopic carbon resonances at 44.2670 and 43.9418,
40.0919 and 39.9010, or 29.9909 and 29.5508 ppm in the
BC NMR spectrum were used to determine the ratio of R:S
at position 3, The enantiomeric purity of 8e from 2a was
determined by specific rotation using an [x]p* = +125.4°
(CHC,) for enantiomerically pure 8e which was obtained by
extrapolation of the “C NMR data.

Compound 8f. Enantiomeric purity was determined from
the diastereomeric ketals: '"H NMR (80 MHz, CDCl,;) § 7.10
(s,4 H), 3.80-3.45 (m, 2H), 3.45-2.92 (m, 1 H), 2.50-1.50
(m, 9 H), 1.40-0.91 (m, 6 H); IR (CHCl,, cm~' 2960 (s), 1515
(m), 1320 (m), 1100 (s), 980 (w), 915 (w), 820 (m); Found:
C, 77,88; H,9.01. Calc for C,(H,,0,: C, 78.01; H,9.00%.
Relative integrations of the diastereotopic carbon reso-
nances at 42.62 and 43.08 ppm in the *C NMR spectrum
were used to determine the ratio of R:S at position 3.

Compounds 10a and 10b. Enantiomeric purity was deter-
mined by specific rotation, [a]ks = +175.5°(CHCl,,
Aldrich Chemical Company).

Compound 10¢. Enantiomeric purity was determined from
the diastereomeric ketals: 'HNMR (80 MHz, CDCl,)
3.90-3.50 (m, 2 H), 2.0-1.09(m, 16H), 0.85(d,J=6Hz,
6 H); IR (CHCl,, cm~') 2930 (s), 1450 (m), 1375 (m), 1100
(s); (Found: C, 73.28; H,11.48. Calc for C;H,,0,: C, 73.54;
H, 11.39%). Relative integrations of the diastereotopic C
resonances at 23.26 and 22.86, 41.37 and 40.85, or 40.66 and
39.68 ppm in the PCNMR spectrum where used to deter-
mined the ratio of R:S at position 3.

Note added in proof: the very high enantiomeric purity of
our synthetic (R)-3-methylcyclohexanone shown in Table 2
has been confirmed by Prof. V. Schurig and Dr. R. Weber



Assymmetric synthesis using enantiomerically pure 2-(p-anisylsulfinyl)-2-cycloalkenones

(University of Tubingen, West Germany) using complex-
ation gas chromatography; using a 37-m Pyrex glass capil-
lary column with nickel(II) bis{(1 R)-3-(heptafluorobutyryl)-
camphorate] as the chiral stationery phase, they have deter-
mined an enantiomeric purity of 97.1 + 1% (68:1 ratio of
enantiomers). We gratefully acknowledge their help.
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