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ABSTRACT

A general method for the preparation of dissymmet-
ric olefins has been developed. The anion derived
from an enantiomerically enriched P-(phenylthio-
methyl)phosphonamidate(1,3,2-oxazaphosphorinane
2-oxide) was added to 4-tert-butylcyclohexanone with
excellent diastereoselectivity. The B-hydroxyphos-
phonamidate was converted into a (phenylthio)-
methylidene with excellent stereospecificity using a
novel electrophile-promoted olefination that em-
ploved trityl triflate and 2,6-lutidine in warm aceto-
nitrile. The vinyl sulfide underwent nickel-catalyzed
coupling with Grignard and dialkylzinc reagents to
produce (S)-4-(tert-butyl)alkylidenecyclohexanes with
moderate to high stereospecificity.

INTRODUCTION

Enantiomerically enriched, dissymmetric olefins
are of synthetic value due to their unique chirop-
tical properties. In addition, their utility has re-
cently been extended to serve as potential triggers
for physical amplification of a photo response in
liquid crystalline materials [1]. The conventional
method for providing enantiomerically enriched
cycloalkylidenes is by resolution of racemic ma-
terials [2]. However, this method is highly re-
stricted to the preparation of alkylidenecarboxylic
acids. Despite efforts toward further functional
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group manipulations [3] and coupling reactions of
the related bromoalkylidenes [4], difficulties as-
sociated with the preparation of highly enantiom-
erically enriched parent compounds and serious
problems of stereomutation in the coupling of bro-
moalkenes significantly hinder the application of
this approach.

Over the last decade, reports describing en-
antiocontrolled synthesis of dissymmetric olefins
have appeared. Synthesis of optically active bro-
moalkylidenes and a,B-unsaturated carboxylic acids
can be accomplished by dehydrohalogenation of 8-
halo carboxylic acids with chiral bases [5] and
elimination of chiral sulfoxides [6] and selenoxides
[7]. Approaches by means of palladium-catalyzed
asymmetric substitutions of allyl alkanoates [8] and
chiral titanium (IV)-catalyzed isomerization of a
terminal alkene [9] allow access to various alky-
lidenecyclohexane derivatives. Further, Sharpless
and co-workers have reported highly enantioselec-
tive syntheses of dissymmetric olefins by the uti-
lization of asymmetric dihydroxylation of racemic
substrates with concomitant kinetic resolution [10].

The Wittig olefination reaction has risen to
prominence as the preeminent method for alkene
construction in organic synthesis [11]. Its versatil-
ity, together with its potential for high stereocon-
trol, attests to the venerable popularity of this
transformation. In addition, the carbonyl! olefina-
tion reaction utilizing phosphoryl-stabilized carb-
anions (Horner-Wadsworth-Emmons (HWE)) has
served as a useful and complementary alternative
to the Wittig olefination [12]. On the basis of this
type of approach, the employment of phosphorus-
based reagents has been developed to provide dis-
symmetric olefins [13]. As part of our general pro-
gram on establishing the structure [14] and utility
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[15] of auxiliary-based, chiral P=0 stabilized an-
ions, we have recently reported the use of phos-
phonamidate (2R,6S)-1a (R = Ph) for the synthesis
of dissymmetric alkylidenes [16]. The success of this
method hinges on the sequential, highly dia-
stereoselective addition of oxazaphosphorinane 2-
oxide Li*(2R,6S)-1a"to prochiral 4-substituted cy-
clohexanones and stereospecific trityl triflate-ac-
tivated elimination. Highly selective syntheses of
benzylidene 4-substituted cyclohexanes 3a (86—99%
ee) can be accomplished in good yields (68-77%)
and with essentially complete stereospecificity
(Scheme 1).

To generalize this two-step olefination process
and to access a variety of alkylidene 4-substituted
cyclohexanes, incorporation of an appropriate group
into the P-alkyl chain was considered. A syntheti-
cally efficient approach requires the selection of a
functional group that can allow for further manip-
ulations and transformations to a diverse array of

organic groups. Herein, we describe a general en- -

try toward the synthesis of dissymmetric olefins by
incorporation of a phenylthio unit into the alkyli-
dene (R = SPh) and subsequent, nickel-catalyzed,
cross-coupling reactions.

RESULTS AND DISCUSSION

Synthesis of P-(Phenylthio)methyl-
oxazaphosphorinane 2-Oxide (2R,6S)-1b

Among the various approaches for the synthesis of
(phenylthio)methyl phosphonates [17], the Arbu-
zov protocol was viewed as most promising. Treat-
ment of ethyl phosphite 4 [16] with chloromethyl
phenyl sulfide in hot acetonitrile (80°C) for 16 hours
furnished a 6/1 mixture of diastereomeric P-(phen-
ylthio)methyloxazaphosphorinane 2-oxides 1b in
29% overall yield (Table 1). Addition of tetrabu-
tylammonium bromide (1 equiv) enhanced only the
reaction rate. The Arbuzov reaction of 4 with the
in-situ-generated iodomethyl phenyl sulfide led to
a cleaner and more efficient conversion by the ad-
dition of tetrabutylammonium iodide. The dia-
stereomer (2R,6S)-1b was isolated in 48% yield. Fi-
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nal improvements in both diastereoselectivity (2R/
2S = 8/1) and the chemical yield (66% of pure
(2R,6S)-1b) were attained by the employment of
freshly prepared electrophile [18] and milder re-
action conditions (room temperature).

Sequential Addition and Olefination Reactions
with (2R,6S)-1b

Initial studies on the addition of (2R,6S)-1b to 4-
tert-butylcyclohexanone under the standard reac-
tion conditions were disappointing. A mixture of
two diastereomeric B-hydroxyphosphonamidates
2b/2b’ was obtained in 82% yield and in a ratio of
77/23, (entry 1, Table 2). The use of LDA as the
base led to similar results. The upfield shift (Aé =
—1.7 ppm) of the 3'P resonance and a smaller *Jyp
(A%Jyp = —3.4 Hz) in the major diastereomer
(2R,6S8,1'S)-2b led us to assign their diastereomeric
relationship as differing at the C(1’) stereocenter.
This marked erosion of facial selectivity in the ad-
dition is reminiscent of the poor alkylation selec-
tivity observed in the P-methoxymethyl analog,
presumably due to the competing pathway arising
from a chelated anion [19]. If this mechanistic as-
sumption is correct, the erosion of diastereoselec-
tion in the addition may be avoided by judicious
choice of solvent and additive. Extensive surveys
of solvents (THF, DME, ether, and toluene) and ad-
ditives (MgBr,, HMPA, TMEDA, and PMDTA [20])
with varying coordinating ability strongly sup-
ported this contention. Significant enhancement in
the diastereoselectivity of addition was observed
when the reaction was carried out in toluene or
ether solution in the presence of PMDTA (2 equiv).
The diastereomeric B-hydroxyphosphonamidates
2b/2b’ were produced in greater than 90/10 selec-
tivity (entries 2 and 3). However, due to the more
nucleophilic nature of the resultant alkoxide Li*2b~
in the presence of PMDTA, direct olefination took
place to some extent at ~70°C.

To hinder the direct olefination, the addition
reaction was conducted at lower temperature
(—90°C) leading to B-hydroxyphosphonamidates 2b/
2b’ with higher 95/5 diastereoselectivity in 74%

R
OH
Ph{COTt
: R CHCN'
R 26-uidine
60 °C R
67—77%
2a (R = Ph) (S)-3a
88 - 98% de (R = Ph)
86 - 99% e
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TABLE 1 Arbuzov Reaction of Oxazaphosphorinane 4 with

Halomethyl Phenyl Sulfides

|9 Phscrx
Meigfi’ ———2%= (2R6S)-1b + (2569-1b
N, CHZCN
Pr
4
Yield
X T,°C Ratio (2R:2S),
(equiv) (time, hour) (2R:25)° %
Cl (2) 80 (16) 6:1 24:5
Cl (2)° 80 (8) 6.4:1 24:5
Cl (1.3)° 80 (8) 6:1 48: —°
1 (2) 20 (14) 8:1 66:—°

“Determined by *'P NMR.

*Tetrabutylammonium bromide (1 equiv) was added.
*Tetrabutylammonium iodide (1 equiv) was added.
“Not isolated.

yield, but still with formation of olefin 3b in 17%
yield. The enantiomeric purity of (phenyl-
thio)methylidene 3b was determined to be 87% af-
ter conversion to the corresponding benzylidene 4-
tert-butylcyclohexane 3a. Attempts to enhance the

TABLE 2 Survey of Solvents and Additives in the Addition
Reactions of (2R, 6S)-1b

1) +Buli
-70°C . o
(2R65)-1b 2 2b (major) + 2b'(minor)
(R' =t-Bu)
5=26.95ppm &=28.6ppm
2jp=172Hz Zhp=20.6 Hz
+-Bu

Additive Temperature  Ratio  Yield,

Entry Solvent (equiv) (°C) (2b/2b"?  %°
1 THF — -70 77:23 82
2 toluene PMDTA =70 90:10 86°
3 ether PM(S%'A =70 92:8 61
4 ether PM(S')I'A. -90 95:5 ‘ 74
5 ether PM(S)I'A -0 —-rt 94:6 13
6 ether PM(S%'A -90 94:6 84-96

(1.1)

2Determined by *'P NMR.
®Isolated yield.
°Percent conversion based on *'P NMR.

SPh
TIOTY
2b
2,6-utidine
CHLN, 60 °C

22 h t+Bu
(S)-3b
75 %

SCHEME 2

olefin production by gradual warming of the ini-
tially generated lithium alkoxide to ambient tem-
perature for 36 hours afforded olefin 3b in 54% yield
with 11% erosion of enantioselectivity (76% ee) and
recovered 2b (13%) with unchanged diastereose-
lectivity. Further optimization to maximize the
chemical yield of 2b was achieved by reducing the
amount of PMDTA (1.1 equiv). The adducts were
obtained in up to 94% yield and without signifi-
cant erosion of the high diastereoselection.

The trityl triflate-activated olefination of 2b was
conducted with 100% excess of reagents relative to
the previously optimized reaction stoichiometry.
Longer reaction time (22 vs. 5 hours) was also found
to be necessary to effect complete conversion, pre-
sumably due to the competitive, reversible coor-
dination of TrOTf at the sulfur center. Neverthe-
less, transformation of 2b cleanly afforded the
(phenylthio)methylidene 3b in 75% yield without
formation of epoxide by-products [21] (Scheme 2).

Coupling Reactions with
(Phenylthioymethylidene 3b

The Stereochemical Course of Olefination with
(2R,6S)-1b. To establish the overall stereochem-
ical course of olefination, the phenylthio group in
3b was displaced in a nickel-catalyzed, cross-
coupling reaction, with phenylmagnesium bro-
mide [22]. This reaction proceeded readily at am-
bient temperature to afford benzylidene 3a in
moderate (51%) to good yield (80%) (Table 3). The
absolute configuration of olefin 3a was shown to
be S. Therefore, we can infer the stereostructure of
2b by assuming a syn-cycloelimination of 2b to the
(phenylthio)methylidene 3b [23]. Since the dis-
symmetric olefins synthesized thus far are all of
the S configuration, this reduces to a stereostruc-
ture for the major adduct (2R,6S,1'S)-2b that like-
wise arises from equatorial attack on the pro-R face
of the anion Li"(2R,6S)-1b™. Thus, the ability of
PMDTA to interrupt the chelation of the lithium in
Li"(2R,6S)-1b~ was substantiated by these results.
Furthermore, the sense of asymmetric induction in
the addition was, as expected, found to be inde-
pendent of the substituent at the C(1’) position.

It is important to note that the coupling re-
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TABLE 3 Nickel-Catalyzed Coupling of (Phenylthio)methylidene 3b

SPh Ph
H
OH
ﬂ PhaCOTf PhMX
H 3C O’P
/Y t-Bu idi Ni(d Ci
N 2,6-utidine i(dppp)Cl,
\
ipr SPh CHaCN
60 oC t-Bu t-Bu
2b (S)-3b (S)-3a

de, %° Solvent Catalyst® Reagenft® T, °C (time, hour) Yield,® % ee, % Specificity,” %
89 THF A I 20 (44) 51 71 80
80 Et,O A I 20 (44) 76 67 84
90 Et,O A ll 40 (11) 84 68 76
82 Et,O B | 20 (48) 70 77 94
87 Et,O B | 20 (48) 80 82 94

“Diastereomeric excess of 2b by *'P NMR.
°A: commercial; B: analytically pure.

°l: PhMgBr; Il: Ph,Zn - MgX..

?Yield of isolated, purified product.

°ee of 3 by chiral GC.

'(ee of 3a)/(de of 2b) x 100.

action is extremely sensitive to the nature of the
solvent and the purity of (phenylthio)methylidene
3b and Ni(dppp)Cl, catalyst. Stereochemical ero-
sion occurred to a greater extent when the cou-
pling reaction was performed in THF solution. The
reaction proceeded with retention of configuration
and 84% stereospecificity by the use of the com-
mercially available nickel catalyst when per-
formed in ether solution (Table 3).

It has been well documented that the stereo-
specificity associated with the nickel-catalyzed
coupling reactions is highly substrate dependent
[24]. Particularly in the cases of trisubstituted ole-
fins, considerable loss (up to 26%) of stereospecif-
icity has been observed. Nevertheless, the stereo-
chemical integrity in the coupling was preserved
when the reaction was conducted under similar re-
action conditions, but with the employment of an-
alytically pure catalyst. The dissymmetric olefin
(S)-3a was obtained in 70% yield and with 94% ste-
reospecificity. Moreover, cleaner and more effec-
tive olefin conversion was accomplished by the use
of analytically pure (S)-3b, leading to benzylidene
(S)-3a in 80% yield. The exploitation of Ph,Zn [25]
in the presence of magnesium (II) salts increased
the yield but afforded (S)-3a in lower ee (76% ste-
reospecificity).

Asymmetric Synthesis of Alkylidene 4-tert-Butyl-
cyclohexanes. Given the preliminary success in the
highly stereospecific, nickel-catalyzed, cross-cou-

pling of olefin (S)-3b with PhMgBr, further exten-
sions toward the introduction of alkyl, aryl, and «-
branched alkyl groups with suitable Grignard and
dialkylzinc reagents were carried out. As summa-
rized in Table 4, a variety of dissymmetric alky-
lidenes, 3a and 3c—f, can be synthesized in mod-
erate to good yields (55-87%), and the coupling
reactions proceeded with retention of configura-
tion and with stereospecificity in the range of 74
to 94%.

The coupling protocol was also amenable to
other arylmagnesium bromides, e.g., 1-naphthyl and
2-naphthyl] Grignard reagents. Due to their intrin-
sically larger steric demands in these two cases, a
higher reaction temperature was necessary to ef-
fect complete coupling transformations. The re-
sulting (1-naphthyl)- and (2-naphthyl)meth-
ylidenes, 3¢ and 3d, were produced in 65 and 87%
yield, respectively. Their stereospecificities are of
similar magnitude but 10% lower than that for the
corresponding coupling with PhMgBr.

Attempts to couple (phenylthio)methylidene 3b
with methyl or vinylmagnesium bromide led to the
complete recovery of the starting material. How-
ever, incorporation of an ethyl group into the
olefinic moiety was readily achieved by the em-
ployment of Et,Zn. The propylidene 4-tert-
butylcyclohexane 3e was synthesized in 55% yield,
albeit with considerable erosion of stereospecific-
ity (64-77%). The direct reduction of 3b to gen-
erate achiral methylidene 4-rert-butylcyclohexane
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TABLE 4 Nickel-Catalyzed Coupling with (Phenyl-
thio)methylidene 3b
R
2b RMX
de=87% 75%  (R'=t-Bu) N'Ct']?dppp
o ether
75% tBu
Yield, Specificity,
R MX T, °C Product %° ee, %° %
PhMgBr 20 3a 80 82 94
1-(Naph)MgBr*® 40 3¢ 65 72 83
2-(Naph)MgBr 40 3d 87 70 80
Et,Zn - MgBr, 40 3e 55 56-67 64-77
c-Hex,Zn - MgX, 40 3f 73 78 90

“Isolated yield.

*Determined by chiral GC analyses of the corresponding epoxides
8.

“Prepared as a solution of ether/benzene (8/3).

“PhCHO was added to quench the remaining Grignard reagent.

appeared to be the major competing side reaction
in the coupling reaction with Et,Zn. These two
drawbacks were significantly alleviated by the em-
ployment of the sterically bulkier dicyclohexylzinc
(c-Hex,Zn) reagent [26]. The corresponding (cyclo-
hexyl)methylidene 3f was obtained in 73% yield and
90% specificity.

It should be noted that the addition of mag-
nesium salts can facilitate the weakening of the C—
S bond by their Lewis acidic coordination at sul-
fur [25]. Similar reaction conditions without MgX,
led to dramatic attenuation of both yield and en-
antioselectivity. Unfortunately, these types of cou-
pling reactions are amenable only to Ph,Zn. Sim-
ilar couplings with divinyl, diallyl, and di-ters-
butylzinc reagents failed.

Although the stereospecific couplings of (phen-
ylthio)methylidenes were somewhat problematic,
especially in the asymmetric synthesis of propyli-
dene 4-tert-butylcyclohexane (S)-3e, combining the
unique two-step olefination methodology with the
nickel-catalyzed cross-coupling reaction truly pro-
vides an efficacious and general entry for the prep-
aration of a diverse array of optically active al-
kylidene 4-substituted cyclohexanes.

On the basis of the commonly accepted mech-
anism for the similar transformations with organic
halides [27], the nickel-catalyzed coupling of
(phenylthio)methylidene 3b with aryl Grignard re-
agents is believed to proceed via initial formation
of diarylnickel complex 5 by the displacement re-
action of NiCl,dppp with the arylmagnesium bro-
mide [22] (Scheme 3). Subsequent coupling of 5

Ph)(\ Ph
Ph—Ph . P
Ph” NP

Ph L. e
\ _,K’ph + 3b SPh
Ph Ni._Ph
P’ Ph
6
5 t-Bu
sl S
PhMgBr PhSMgBr o ~P. .. o
Ph
6 = =
3a 3b tBu 7

SCHEME 3

with 3b would lead to the (phenylthio)al-
kenylnickel complex 6 with release of a biaryl.
Further reaction of 6 with the Grignard reagent
provides an (aryl)(alkenyl)nickel complex 7, from
which the cross-coupling product, 3a is extruded
by its concurrent coupling with (phenyl-
thio)methylidene 3b. Thereby, the original com-
plex 6 is regenerated to complete the catalytic cycle.
Since varying degrees of stereochemical erosion
were observed in these types of coupling reactions

-as well as in the related coupling of bromoalkyli-

denes to form dissymmetric olefins [28], possible
intervention of an electron-transfer-type mecha-
nism cannot be overlooked [29]. Another potential
factor for the loss of stereospecificity stems from
the deprotonation of (phenylthio)methylidene 3b
by a Grignard reagent to form the corresponding
alkenyl anion [25,30]. Due to the carbenoid nature
of this type of anion [30,31], the loss of geometric
integrity may be expected. Similar mechanistic
scenarios can also be applied to the coupling re-
actions with diorganozinc reagents.

CONCLUSION

A general method for the preparation of dissym-
metric olefins has been developed. The phenylthio
substituent was selected on the basis of mechanis-
tic and chemical reactivity considerations and was
found to be compatible with the olefination pro-
cess. A thorough survey of solvents and additives
of the first stage led to the use of PMDTA in Et,0
at —90°C to maximize the diastereoselectivity of
addition. The asymmetric phenylthiomethyliden-
ation can thus proceed with high overall selectiv-
ity. The dissymmetric alkylidene sulfide under-
went nickel-catalyzed coupling with various
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arylmagnesium bromides and diorganozinc re-
agents, providing an easy entry to a diverse array
of dissymmetric alkylidenes with moderate to high
stereospecificity.

EXPERIMENTAL
General Procedures

Nuclear magnetic resonance spectra were re-
corded on General Electric QE-300, General Elec-
tric GN-300NB, or Varian Unity-400 spectrometers
in deuterochloroform with tetramethylsilane (TMS)
or deuterochloroform as an internal reference.
Phosphorus-31 spectra were referenced to external
85% H,PO, (6 = 0.00 ppm). In carbon spectra, all
peaks for which coupling constants are reported are
doublets due to phosphorus coupling unless oth-
erwise stated. Infrared spectra were recorded on
an IBM FTIR-32 or a Mattson FTIR spectrometer.
Mass spectra were recorded on a Varian MAT CH-5
spectrometer with ionization voltages of 70 or 10
eV. Combustion analyses were performed by the
University of Illinois Microanalytical Laboratory.
Bulb-to-bulb distillations were performed on a
Buchi GKR-50 Kugelrohr apparatus; boiling points
refer to air bath temperatures and are uncor-
rected. Melting points were determined on a
Thomas—Hoover capillary melting point appara-
tus and are uncorrected. Radial chromatography
was performed on a Harrison Research Chroma-
totron using either 1, 2, or 4 mm rotors. All sol-
vents utilized in reactions were distilled from ap-
propriate drying agents before use. Analytical high
pressure liquid chromatography (HPLC) was per-
formed on a Hewlett-Packard 1090 Liquid Chro-
matograph with a Perkin-Elmer LC-75 spectropho-
tometric detector. Analytical gas chromatography
was performed on a Hewlett-Packard 5890 Series
Il Gas Chromatograph fitted with a flame ioniza-
tion detector (H, carrier gas, 1 mL/min). Reten-
tion times (zz) and integrated ratios were obtained
from a Hewlett-Packard 3390 integrator. Optical
rotations were obtained on a Jasco DIP-360 Digital
Polarimeter at room temperature. ¢-Butyllithium
was titrated according to the method of Gilman and
Schulze [32]. All reactions were run under a nitro-
gen atmosphere.

(2R,6S)-6-Methyl-3-(1-methylethyl)-2-
(phenylthio)ymethyl-1,3,2-oxazaphosphorinane
2-oxide ((2R,6S)-1b)

Freshly distilled ethyl dichlorophosphite (915 uL,
8.0 mmol, 1.05 equiv) was introduced to an oven-
dried 250 mL, 3-necked flask equipped with a re-
flux condenser, stirring bar, septum, and N»-inlet.
Anhydrous CH,Cl, (52 mL) was added followed by
addition of anhydrous triethylamine (2.23 mL, 16.0

mmol, 2.1 equiv). The solution was heated at re-
flux and treated dropwise with (S)-N-(1-methyl-
ethyl)-4-amino-2-butanol (1000.9 mg, 7.63 mmol)
in anhydrous CH,Cl, (10 mL) over 20 minutes. The
reaction mixture was refluxed for 9 hours. The re-
action mixture was cooled to room temperature,
and anhydrous hexane (120 mL) was added. The
solution was filtered through a Schlenk tube and
the solvent removed under reduced pressure. The
intermediate phosphite 4 was purified by Kugel-
rohr distillation (95°C, 10 torr) to afford 1.382 g
(88.4%) of a colorless oil with a diastereoselectivity
of 22.2:1 (EtO,,:EtO,,) as determined by *'P NMR
spectroscopy.

A 25 mL 3-necked flask was charged with phos-
phite 4 (691.4 mg, 3.37 mmol) and 10 mL of an-
hydrous CH;CN in the presence of 4 A molecular
sieves. To this solution was added freshly prepared
iodomethyl phenyl sulfide (1705 mg, 6.82 mmol,
2.0 equiv). The reaction mixture was stirred at am-

- bient temperature for 14 hours. The crude reaction

mixture was filtered through a short plug of Celite
and concentrated. Aqueous NaHCO; (10%, 10 mL)
was added. The aqueous layer was separated and
extracted with CH,CI, (3 X 30 mL). The combined
organic extracts were dried (K,CO,), filtered, and
evaporated. The mixture was analyzed by HPLC,
which showed a diastereomeric ratio of 7.9:1 (u:1).
Column chromatographic purification (EtOAc/
hexane, 4/1, neutral alumina) [33] of the crude oil
afforded 662.4 mg (66%) of (2R,6S)-1b as a white
solid: bp 160°C (0.3 torr/air bath); 'H NMR (300
MHz) 7.37-7.15 (m, 5H, Ph), 4.55-4.48 (m, 1H,
HC(6)), 3.90-3.78 (m, 1H, (CH;),CHN), 3.33 (dd, Jup
=194, Jyy = 149, 1H, HH,C(1"), 3.28 (dd, Jyp =
179, Juyg = 149, 1H, H,H,C(1")), 3.16-3.09 (m, 2H,
H,C(4)), 2.02-1.82 (m, 2H, H,C(5)), 1.25(d,J = 6.5,
3H, (CH3)3(CH3)bCHN)), 1.23 (dd, ]HH = 5.7, ‘]HP =
1.3, 3H, CH;C(6)), 1.13 (d, J = 6.8, 3H,
(CH,),(CH;),CHN)); '*C NMR (75.5 MHz) 136.25 (J
= 6.7, Cipso), 128.78 (Corrno)s 128.16 (Cprera), 125.91
(Cpara), 73.40 (J = 7.9, C(6)), 4637 (J = 4.8,
(CH,),CHN), 37.49 (C(4)), 32.45 (J = 3.4, C(5)), 29.96
J = 1379, C(1")), 21.85 (J = 8.0, CH;C(6)),
20.61 ((CH;).,(CH,),CHN)), 2009 (J = 4.3,
(CH,),(CH;),CHN)); *'P NMR (121.65 MHz) 21.50;
IR (CCl;) 3080 (w), 2975 (s), 2934 (m), 1482 (m),
1439 (m), 1408 (m), 1385 (m), 1246 (s, P=0), 1192
(s), 1175 (s), 1103 (s), 1032 (s), 994 (s), 893 (m), 866
(m), 857 (m); MS (70 eV) 299 (M™, 51), 285 (13), 284
(85), 252 (12), 242 (19), 230 (12), 176 (100), 161 (12),
134 (79), 123 (79), 121 (11), 112 (22), 98 (20), 92 (12),
84 (13), 77 (21), 75 (14), 72 (14), 70 (29), 58 (16), 56
(50), 55 (37), 51 (14), 45 (65), 44 (21), 43 (36), 42
(32), 40 (15); TLC R;0.28 (EtOAc/hexane, 4/1); [alp
504 (¢ = 0.71, CH,Cl,). Anal. calcd for C,,H,,NO,PS
(299.37): C, 56.17; H, 7.41; N, 4.68; P, 10.35; S: 10.71.
Found: C, 56.18; H, 7.43; N, 4.66; P, 10.32; S, 10.61.
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(2R,6S,1'S)-2-[1'-(4"-(1,1-Dimethylethyl)-1"-
hydroxy)cyclohexyl-1'-phenylthiomethyl]-6-
methyl-3-(1-methylethyl)-1,3,2-
oxazaphosphorinane 2-oxide (2b)

In an oven-dried, 50 mL, 3-necked, round-bot-
tomed, flask equipped with a thermometer, N,-in-
let, and septum was placed a solution of (2R,6S)-
1b (222.0 mg, 0.74 mmol) and PMDTA (173 uL, 0.83
mmol, 1.1 equiv) in anhydrous ether (25 mL). The
solution was cooled to an internal temperature of
—-68°C and t-butyllithium (1.81 M in pentane, 458
pL, 0.83 mmol, 1.1 equiv) was added with the ap-
pearance of a yellow color. The resulting reaction
mixture was stirred at this temperature for 30
minutes. 4-t-Butylcyclohexanone (174.3 mg, 1.13
mmol, 1.5 equiv) in anhydrous ether {2 mL) was
added via a cannula at —90°C over a period of 1
minute, and the reaction mixture was stirred for
an additional 3.5 hours. A solution of HOAc/CH;OH
(226 mg/53 pL, 3.77 mmol, 5.1 equiv) in ether (0.5

mL) was added, followed by pH 7 buffer, and the

slurried mixture was allowed to warm to room
temperature. The aqueous layer was separated and
extracted with t-butyl methyl ether (4 x 30 mL).
The combined organic layers were dried (Na,SQO,),
filtered, and evaporated. *'P NMR spectroscopic
analysis of the crude product showed a diastereo-
meric ratio of 95:5. Flash chromatography of the
crude product (neutral alumina) yielded 281.1 mg
(84%) of 2b as a white solid along with 33.1 mg
(10%) of starting material: mp 113-115°C (CH,Cl,/
pentane); 'H NMR (300 MHz) 7.45-7.15 (m, 5H,
Ph), 5.33 (s, 1H, OH), 4.59—4.54 (m, 1H, HC(6)), 3.85—
3.78 (m, 1H, (CH;),CHN), 3.53 (d, J = 20.6,
HC(1)minor), 3-28 (d, J = 17.2, 1H, HC(1 )ajor), 3.11—
3.03 (m, 2H, H,C(4)), 2.43-2.29 (m, 1H, H.C(5)),
2.10-1.84 (m, 3H, H,,C(5), 2 x H,,C("), 1.71-1.39
(m, 7H, 2 x H,C(3"), 2 x H.,C(2"), HC(4")), 1.40 (dd,

= 59, 1.2, 3H, H,;CC(6)), 1.20 (d, J = 6.7, 3H,
(CH,),(CH;),CHN), 0.85 (s, 9H, (H;C),CC(4")), 0.77
(d, J = 6.8, 3H, (CH,),(CH;),CHN); *C NMR (75.5
MHz) 137.50 (J = 5.4, Cips0), 129.01 (Coruno), 128.93
(Crnea), 126.40 (C,,,0), 74.32 (C(17), 73.92 (J = 8.8,
C(6)), 55.46 (J = 128.3, C(1')), 47.33 (C(4")), 46.31 (J
= 5.0 (CH;),CHN), 37.39 (C(4)), 36.82 (J = 12.8, C(5)),
33.71 (J = 1.9, C(2a"), 32.32 ((H5C),CC(4")), 31.69
( = 3.4, C(2b"), 27.56 ((H0);CC(4"), 22.50 (J = 1.5,
C(3a"), 22.36 (C(3b"M), 21.95 (/ = 8.1, CH;C(6)), 20.87
((CH;),(CH;),CHN), 1959 (J = 4.6, (CHj),
(CH,),CHN); *'P NMR (121.65 MHz) 27.09 (major),
28.73 (minor); IR (CCl,) 3351 (m), 2955 (s), 1584
(m), 1480 (s), 1439 (s), 1412 (s), 1366 (s), 1210 (P=0),
1100 (s), 1030 (s), 997 (s), 932 (s); MS (70 eV) 435
(M* — 18, 2), 299 (48), 284 (21), 177 (11), 176 (100),
162 (10), 134 (28), 123 (27), 112 (14), 98 (30), 72 (26),
70 (19), 69 (11), 58 (13), 57 (72), 56 (23), 55 (31), 45
(18), 44 (10), 43 (24), 42 (45), 40 (13); TLC R, 0.58
(EtOAc/hexane, 1/2, basic alumina); [a]p, — 14.6 (¢

= 0.33; CHzclz). Anal. caled for C24H40N03PS
(453.61): C, 63.55; H, 8.89; N, 3.09; P, 6.83; S, 7.07.
Found: C, 63.65; H, 9.08; N, 3.01; P, 6.75; S, 6.98.

[S]-(+)-(4-tert-
Butylcyclohexylidene)phenylthiomethane (3b)

In an oven-dried 25 mlL, 3-necked, round-bot-
tomed, flask fitted with a glass stopper, reflux con-
denser topped with a N,-inlet, and septum was
placed a suspension of 2b (141.2 mg, 0.31 mmol)
in CH;CN (2.4 mL). The heterogeneous mixture was
heated at 60°C to become partially homogeneous
and anhydrous 2,6-lutidine (72.5 uL, 0.62 mmol,
2.0 equiv) was added. With this solution was added
trityl triflate (195.4 mg, 0.50 mmol, 1.6 equiv) in
anhydrous CH;CN (1.2 mL) over a period of 2 min-
utes. The resulting brown solution, which became
homogeneous, was allowed to stir at this temper-
ature for 14.5 hours. Additional 2,6-lutidine (72.5
L, 0.62 mmol, 2 equiv) and trityl triflate (195.4
mg, 0.50 mmol, 1.6 equiv) in CH;CN (1.2 mL) were
added. The reaction mixture was stirred for an ad-
ditional 22 hours. The concentrated reaction mix-
ture was purified by column chromatography
(pentane/petroleum ether, 1/1) to yield 53.8 mg
(72%) of olefin (S)-3b. An analytical sample was
obtained by Kugelrohr distillation: bp 90°C (0.45
torr/air bath); '"H NMR (400 MHz) 7.31-7.25 (m,
4H, Ar (2 X Hy,, + 2 X Huew)), 7.17-7.13 (m, 2H,
Ar (2 X Hyo)), 5.87 (t,J = 1.6, 1H, CHSPh), 3.02—
297 (m, 1H, H.C(6)), 2.47-2.42 (m, 1H, H.,C(2)),
2.18-2.10 (m, 1H, H,CQ2)), 193-1.79 (m, 3H,
H,,C(6), H.,C(3), H.,C(5)), 1.21 (tt,J = 12.0,2.7, 1H,
HC(4)), 1.11 (dq, J = 12.2, 3.9, 1H, H,.C(5)), 1.05
(dq, J = 115, 39, 1H, H,,C(3)), 0.87 (s, 9H, 3 X
H,C(8)); *C NMR (100 MHz) 148.03 (C(1)), 137.62
(C(17), 128.79 (C(2")), 127.67 (C(3")), 125.41 (C(4")),
11145 (CHSPh), 48.01 (C(4)), 36.51 (C(6)), 3245
(C(7)), 30.25 (C(2)), 28.99 (C(5)), 28.04 (C(3)), 27.59
(C(8)); IR (CCl,) 3078 (w), 2948 (s), 2867 (m), 2838
(m), 1584 (w), 1480 (s), 1441 (m), 1395 (w), 1366
(m), 1296 (w), 1240 (w), 1173 (w), 1090 (w), 1026
(w), 988 (w), 930 (w), 851 (w); MS (70 eV) 261 (M~
+ 1, 14}, 260 (M™, 76), 135 (24), 123 (13), 110 (11),
107 (16), 95 (39), 94 (28), 93 (36), 91 (27), 81 (21),
79 (17), 77 (21), 69 (10), 67 (11), 65 (10), 57 (100),
55(13),45(11),43(12),42(38), 40 (10); TLC R;0.43
(petroleum ether/pentane, 1/1); [a], — 103.2 (c =
0.5, CH;0H). Anal. caled for C;-H,,S (260.42): C,
;8.40; H, 9.29; S: 12.31. Found: C, 78.47; H, 9.31;
, 12.24.

[S1-(+)-(4-tert-
Butylcyclohexylidene)phenylmethane (3a)
In a 100 mL, 3-necked, round-bottomed, flask

equipped with a glass stopper, reflux condenser
topped with a N,-inlet, and septum was placed a
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suspension of alkenyl sulfide (S)-3b (141.9 mg, 0.54
mmol) and NiCl,dppp (59 mg, 0.11 mmol, 20 mol
%) in anhydrous ether (27 mL). The heterogeneous
mixture was cooled on ice, and phenylmagnesium
bromide (3.0 M in ether, 345 uL, 1.63 mmol, 3 equiv)
was added via a 1 mL, gas-tight syringe over 2
minutes. The solution turned homogeneous and
brown gradually, upon warming to ambient tem-
perature. The resulting reaction mixture was stirred
for 28 hours. To the mixture was added dropwise
saturated aqueous NH,CI (20 mL) at 0°C, followed
by addition of H,O (17 mL). The heterogeneous
mixture was passed through a short plug of Celite,
and the plug was washed with pentane (3 X 10 mL).
The aqueous layer was separated and extracted with
ether (3 X 45 mL). The combined organic layers
were washed with brine (1 X 10 mL) and dried
(MgS04), filtered, and evaporated. Column and ra-
dial chromatographic purification (petroleum ether)
of the crude oil afforded 99.8 mg (80.2 %) of (S)-3a
as a colorless oil. GC analysis (J&W cyclodex-B,
145°C isothermal) of the corresponding epoxides 8a
showed an enantiomeric excess of 82.4%: bp 150°C
(10 torr/air bath); '"H NMR (300 MHz) 7.33-7.15
(m, 5H, Ph), 6.22 (s, 1H, CHPh), 2.99-2.94 (m, 1H,
H..C(6)), 2.43-2.37 (m, 1H, H,,C(2)), 2.24-2.16 (m,
1H, H,,C(2)), 1.95-1.80 (m, 3H, H,,C(6), H.,C(5),
H.,C(3)), 1.28-0.93 (m, 3H, H,C(3), H..C(5), HC(4)),
0.86 (s, 9H, (CH;);CC(4)); *C NMR (75.5 MHz) 143.35
(C(1)), 138.38 (C(1")), 128.90 (C(3")), 127.97 (C(4")),
125.74 (C(2)), 121.59 (CHPh), 48.21 (C(4)), 37.57
(C(6)), 32.47 ((CH,);C), 29.26 (C(2)), 29.21 (C(5)), 28.52
(C(3)), 27.62 ((CH,);C); IR (CCl,) 3079 (w), 3023 (w),
2955 (s), 2865 (s), 2838 (m), 1653 (w), 1597 (w), 1480
(m), 1445 (m), 1393 (w), 1364 (m), 1240 (w), 988
(w), 932 (w), 912 (w), 853 (w); MS (70 eV) 228 (M™,
55), 171 (12), 143 (11), 137 (11), 130 (16), 129 (45),
128 (16), 123 (11), 117 (17), 115 (21), 104 (31), 92
(13), 91 (56), 81 (25), 80 (17), 79 (11), 67 (21), 57
(100), 41 (32); TLC R, 0.68 (pentane).

(S)-(+)-(4-tert-Butylcyclohexylidene-1'-
naphthyl)methane (3c)

In a 50 mL, 3-necked, round-bottomed, flask
equipped with a glass stopper, reflux condenser
topped with a N,-inlet, and septum was placed a
suspension of alkenyl sulfide (S)-3b (152.5 mg, 0.59
mmol) and NiCl,dppp (63.49 mg, 0.117 mmol, 20
mol %) in anhydrous ether (20 mL). The hetero-
geneous mixture was cooled on ice, and 1-naph-
thylmagnesium bromide (0.73 M in ether/ben-
zene: 8/3, 4.0 mL, 2.93 mmol, 5 equiv) was added
via a 5 mL, gas-tight syringe over 2 minutes. The
solution turned brown gradually, upon warming
to ambient temperature. The resulting reaction
mixture was stirred at reflux for 48 hours. The re-
action mixture was cooled to 0°C and the excess of
1-naphthylmagnesium bromide was treated with
anhydrous benzaldehyde (298 uL, 2.93 mmol, 5

equiv). To the mixture was added dropwise satu-
rated aqueous NH,Cl (30 mL), followed by addi-
tion of H,O (10 mL). The heterogeneous mixture
was passed through a short plug of Celite, and the
plug was washed with ether (3 X 10 mL). The
aqueous layer was separated and extracted with
ether (3 X 40 mL). The combined organic layers
were washed with brine (I X 10 mL) and dried
(MgSO04), filtered, and evaporated. Column and ra-
dial chromatographic purification (hexane) of the
crude oil afforded 106.4 mg (65%) of (S)-3c as a col-
orless oil. An analytical sample was obtained by
Kugelrohr distillation. GC analysis (G-TA y-cy-
clodextrin, 180°C isothermal) of the corresponding
epoxides 8¢ showed an enantiomeric ratio of 72%:
bp 110°C (0.05 torr/air bath); '"H NMR (400 MHz)
8.05-7.28 (m, 7H, ArH), 6.60 (s, 1H, ArHC=C(1)),
2.69-2.55 (m, 2H, H,.,C(2), H.,C(6)), 2.35-2.25 (m,
1H, H,,C(2)), 2.04-1.98 (m, 1H, H.,C(3)), 1.87-1.77
(m, 2H, H,,C(6), H.,C(3)), 1.33—1.18 (m, 2H, H.,C(5),

- H,,C(4)), 1.10-0.97 (m, 1H, H_,C(5)), 0.88 (s, 9H,

C(CH,);); *C NMR (100.6 MHz) 144.52 (C(1)), 135.54
(C(17), 133.53 (C(10")), 132.35 (C(9")), 128.24 (C(2")),
126.67 (C(4")), 126.60 (C(7")), 125.52 (C(6)), 125.50
(C(5")), 125.29 (C(8")), 125.25 (C(3")), 119.37 (ArCH),
48.23 (C(4)), 37.29 (C(2)), 32.41 (C(CHS;),), 29.85 (C(6)),
29.42 (C(3)), 28.66 (C(5)), 27.65 (C(CH,)3); IR (neat)
3058 (m), 2948 (s}, 2865 (s), 2836 (s), 1653 (m), 1590
(m), 1507 (m), 1478 (m), 1441 (m), 1393 (s), 1364
(s), 1240 (m), 1175 (w), 1015 (w), 984 (m), 930 (w),
880 (w), 864 (w); MS (70 eV) 279 (M™ + 1, 22), 178
(M™, 100), 221 (14), 193 (13), 180 (24), 179 (57), 178
(26), 167 (21), 166 (18), 165 (62), 154 (30), 153 (16),
152 (11), 142 (22), 141 (55), 57 (60), 55 (10), 41 (22);
TLC R, 0.48 (hexane); [a], —3.7° (CHCl;, ¢ = 0.57);
[alios —43.5° (CHCls, ¢ = 0.57). Anal. calcd for C,;Hy
(278.44): C,90.59; H, 9.41. Found: C, 90.62; H, 9.37.

(S)-(+)-(4-tert-Butylcyclohexylidene-2'-
naphthyl)methane (3d)

In a 50 mL, 3-necked, round-bottomed, flask
equipped with a glass stopper, reflux condenser
topped with a N,-inlet, and septum was placed a
suspension of alkenyl sulfide (S)-3b (170.6 mg, 0.66
mmol) and NiCl,dppp (71.02 mg, 0.13 mmol, 20 mol
%) in anhydrous ether (22 mL). The heterogeneous
mixture was cooled on ice, and 2-naphthylmag-
nesium bromide (1.18 M in ether, 1.7 mL, 1.97
mmol, 3 equiv) was added via a 5 mL, gas-tight
syringe over 2 minutes. The solution turned brown
gradually and became homogeneous upon warm-
ing to ambient temperature. The resulting reaction
mixture was stirred at reflux for 24 hours. The re-
action mixture was cooled to 0°C, and the excess
of 2-naphthylmagnesium bromide was treated with
anhydrous benzaldehyde (200 uL, 1.97 mmol, 3
equiv). To the mixture was added dropwise satu-
rated aqueous NH,C! (30 mL), followed by addi-
tion of H,O (10 mL). The heterogeneous mixture
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was passed through a short plug of Celite, and the
plug was washed with ether (3 X 10 mL). The
aqueous layer was separated and extracted with
ether (3 x 40 mL). The combined organic layers
were washed with brine (1 X 15 mL) and dried
(MgSO04), filtered, and evaporated. Column and ra-
dial chromatographic purification (hexane) of the
crude oil afforded 158.3 mg (87%) of (S)-162 as a
colorless oil. An analytical sample was obtained by
Kugelrohr distillation. GC analysis (G-TA y-cy-
clodextrin, 185°C isothermal) of the corresponding
epoxides 8d showed an enantiomeric ratio of 70%:
bp 150°C (0.05 torr/air bath); '"H NMR (300 MHz)
7.81-7.35 (m, 6H, Ar), 7.65 (s, 1H, HC(1")), 6.38 (s,
1H, ArHC=C(1)), 3.09-3.02 (m, 1H, H.,C(2)), 2.50-
244 (m, 1H, H,,C(6)), 2.31-2.22 (m, 1H, H,,C(2),
1.99-1.85 (m, 3H, H,,C(3), H,,C(6), H,,C(3)), 1.32—
1.02 (m, 3H, H.C(5), H,.C(4), HC(4)), 0.88 (s, 9H,
C(CHs;);); *C NMR (75.5 MHz) 143.94 (C(1)), 135.90
(C(9')), 133.38 (C(2")), 131.79 (C(10")), 127.75 (C(1")),

127.69 (C(8')), 127.53 (C(6")), 127.36 (C(4")), 127.15 -

(C(5")), 125.84 (C(7")), 125.84 (C(7")), 125.27 (C(3")),
121.64 (ArCH), 48.21 (C(4)), 37.64 (C(2)), 32.49
(C(CHs),), 29.41 (C(6)), 29.22 (C(3)), 28.52 (C(5)), 27.62
(C(CH,)5); IR (CCl,) 3019 (s), 2957 (s), 2867 (m), 1505
(w), 1478 (w), 1429 (w), 1393 (w), 1366 (m), 1215
(s), 1044 (w), 930 (w), 901 (w), 876 (w), 816 (s); MS
(70 eV) 279 (M* + 1, 23), 278 (M*, 100), 221 (15),
194 (10), 193 (13), 180 (21), 179 (49), 178 (24), 167
(19), 166 (12), 165 (35), 154 (38), 142 (50), 141 (78),
136 (11), 128 (11), 93 (12), 67 (11), 57 (66), 55 (10),
41 (25); TLC R, 0.45 (hexane); [a]p +32.3° (CHCl;,
¢ = 0.61). Anal. calcd for C;,H,, (278.44): C, 90.59;
H, 9.41. Found: C, 90.64; H, 9.38.

(S)-(+)(4-tert-
Butylcyclohexylidene)ethylmethane (3e)

In a 50 mL, 3-necked, round-bottomed, flask
equipped with a glass stopper, reflux condenser
topped with a N,-inlet, and septum was placed a
suspension of alkenyl sulfide (S)-3b (148.8 mg, 0.57
mmol) and NiCl,dppp (61.9 mg, 0.114 mmol, 20 mol
%) in anhydrous ether (14 mL). The heterogeneous
mixture was cooled on ice, and neat Et,Zn (234 uL,
2.29 mmol, 4 equiv) was added via a gas-tight sy-
ringe over 1 minute. The solution became homo-
geneous and greenish brown. A solution of MgBr,
in ether (2.0 M, 2.3 mL, 4.57 mmol, 8 equiv) was
added. The reaction mixture became bilayered with
a brownish color in the bottom layer. The solution
turned brown gradually upon warming to ambient
temperature. The resulting reaction mixture was
stirred at reflux for 20 hours. The reaction mixture
was cooled to 0°C, and saturated aqueous NH,Cl
(20 mL) was added dropwise, followed by addition
of H,O (7 mL). The heterogeneous mixture was
passed through a short plug of Celite, and the plug
was washed with pentane (3 x 10 mL). The aqueous
layer was separated and extracted with pentane 3

x 40 mL). The combined organic layers were dried
(MgS04), filtered, and evaporated. Column and ra-
dial chromatographic purification (hexane) of the
crude oil afforded 56.2 mg (55%) of (S)-3e as a col-
orless oil. An analytical sample was obtained by
Kugelrohr distillation. GC analysis (B-PH B-cy-
clodextrin, 100°C isothermal) of the corresponding
epoxides 8e showed an enantiomeric excess of 56%:
bp 45°C (0.1 torr/air bath); '"H NMR (300 MHz) 5.06
(t, 7 = 7.1, 1H, EtCH=C(1)), 2.63 (ddd, J = 134,
5.5, 3.0, 1H, H,,C(2)), 2.23-2.15 (m, 1H, H.(6)), 1.99
(quintet, J = 7.2, 2H, CH,CH,), 2.04-1.94 (m, 1H,
H,.C(2), 1.89-1.78 (m, 2H, H.,C(3), H,,C(6)), 1.71-
1.61 (m, 1H, H,(C(3)), 1.15 (tt, J = 11.9, 2.8, 1H,
HC(4)), 1.07-0.91 (m, 2H, H,C(5)), 0.93 (t,J = 7.5,
3H, CH,CHs3), 0.85 (s, 9H, C(CH,);); *C NMR (100.6
MHz) 138.81 (C(1)), 122.83 (EtCH=C(1)), 48.55 (C(4)),
36.95 (C(2)), 32.46 (C(CH5)s), 29.26 (C(6)), 28.51 (C(3)),
28.38 (C(5)), 27.65 (C(CH3;)s), 20.46 (CH,CH,), 14.89
(CH,CH,); IR (neat) 2959 (s), 2869 (s), 2838 (s), 1653
(w), 1559 (w), 1507 (w), 1478 (m), 1456 (m), 1443
(m), 1393 (m), 1369 (s), 1304 (w), 1240 (m), 1223
(w), 1169 (w), 1067 (w), 1032 (w), 982 (w), 928 (w),
901 (w), 845 (m); MS (70 V) 180 (M™, 12), 124 (11),
123 (12), 109 (14), 95 (18), 82 (31), 81 (61), 79 (15),
69 (11), 68 (12), 67 (33), 57 (100), 55 (21), 41 (45),
39 (12); TLC R, 0.68 (hexane); [a]p +5.9° (CHCl;, ¢
= 0.575); +7.4° (CH;0H, ¢ = 0.84). Anal. calcd for
CsH,, (180.34): C, 86.59; H, 13.41. Found: C, 86.51;
H, 1341.

(S)-(+)-(4-tert-
Butylcyclohexylidene)cyclohexylmethane (3f)

In a 50 mL, 3-necked, round-bottomed, flask
equipped with a glass stopper, reflux condenser
topped with a N,-inlet, and septum was placed a
suspension of alkenyl sulfide (S)-3b (148.3 mg, 0.57
mmol) and NiCl,dppp (61.7 mg, 0.114 mmol, 20 mol
%) in anhydrous ether (14 mL). The heterogeneous
mixture was cooled on ice, and a freshly prepared
dicyclohexylzinc-2 - MgCl, mixture (0.28 M in ether,
8.1 mL, 2.28 mmol, 4 equiv) was added via a 10-
mL, gas-tight syringe over 3 minutes. A solution of
MgBr, in ether (2.0 M, 2.3 mL, 4.56 mmol, 8 equiv)
was added. The reaction mixture became bilay-
ered with a brownish color in the bottom layer.
The solution turned dark brown gradually upon
warming to ambient temperature. The resulting
reaction mixture was stirred at reflux for 20 hours.
The reaction mixture was cooled to 0°C, and sat-
urated aqueous NH,Cl (20 mL) was added drop-
wise, followed by addition of H,O (7 mL). The het-
erogeneous mixture was passed through a short plug
of Celite, and the plug was washed with pentane
(3 X 10 mL). The aqueous layer was separated and
extracted with pentane (3 X 50 mL). The combined
organic layers were dried (MgSO4), filtered, and
evaporated. Column and radial chromatographic
purification (hexane) of the crude oil afforded 97.1
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mg (73%) of (S)-3f as a colorless oil. An analytical
sample was obtained by Kugelrohr distillation. GC
analysis (J&W B-cyclodextrin, 135°C isothermal) of
the corresponding epoxides 8f showed an enan-
tiomeric excess of 78%: bp 80°C (0.1 torr/air bath);
'H NMR (400 MHz) 4.89 (d,J = 8.8, 1H, CH=C(1)),
2.62(ddd,J = 134,56, 3.2, 1H, H.,C(2)), 2.21-2.11
(m, 2H, HC(1'), H.,C(6)), 1.98 (dt,J = 12.9, 4.2, 1H,
H,.C(2)), 1.88~1.79 (m, 2H, H,,C(6), H.,C(6")), 1.75-
1.55 (m, 6H, cyclohexane Hs), 1.33-0.88 (m, 8H,
cyclohexane Hs), 0.84 (s, 9H, C(CH;),); *C NMR
(100.6 MHz) 137.76 (C(1)), 127.55 (C=CH), 4851
(C(4)), 36.97 (C(2)), 36.14 (C(1")), 34.13 (C(6)), 33.62
(C(6")), 32.44 (C(CH,)3), 29.33 (C(2')), 28.88 (C(3)),
28.78 (C(5)), 27.64 (C(CH,);), 26.89 (C(4")), 26.14
(C(5), 26.11 (C(3"); IR (neat) 2921 (s), 2851 (s), 1653
(w), 1559 (w), 1539 (w), 1447 (m), 1478 (w), 1393
(w), 1364 (m), 1240 (m), 990 (w), 891 (w), 843 (w);
MS (70 eV) 234 (M*, 10), 135 (15), 109 (16), 97 (28),
96 (35), 95 (42), 94 (10), 93 (16), 91 (10), 83 (46), 82

(81), 81 (54), 80 (23), 79 (24), 69 (14), 67 (66), 57 -

(100), 55 (66), 54 (12), 53 (11), 43 (12), 41 (64), 39
(13); TLC R, 0.86 (hexane); [a]p +6.3° (CHCL;, ¢ =
0.59); +14.5° (CH;0H, ¢ = 0.455). Anal. calced for
C,7H3, (234 .43): C, 86.81; H, 12.90. Found: C, 87.06;
H, 12.93.

6-(1,1-Dimethylethyl)-2-(1'-naphthyl)-1-
oxaspiro[ 2.5 Joctane (8¢c)

In a 25 mL, 2-necked, round-bottomed, flask fitted
with a N-inlet and septum was placed a solution
of olefin 3¢ (404.1 mg, 1.45 mmol) in anhydrous
CH,Cl, (10 mL). The solution was cooled in an ice-
water bath, and mCPBA (275.5 mg, 16.0 mmol, 1.1
equiv) in anhydrous CH,Cl, (7 mL) was added via
a cannula over a 2 minute period. The reaction
mixture was stirred at this temperature for 30
minutes and then at room temperature for 9 hours.
Aqueous NaHCO; (10%, 10 mL) was added, fol-
lowed by H,O (5 mL). The aqueous layer was sep-
arated and extracted with CH,Cl, (3 X 30 mL). The
combined organic extracts were dried (K,CO,), fil-
tered, and evaporated. Column chromatographic
purification (pentane/ether, 20/1) of the crude solid
afforded epoxides 8c (351.4 mg, 82%) as a white
solid. An analytical sample was obtained by Ku-
gelrohr distillation: bp 150°C (0.1 torr/air bath);
H NMR (300 MHz) 8.12-8.09, 7.93-7.74, and 7.55-
7.43 (m, 7H, Ar), 4.33 (s, 1H, HC(2)), 2.19 (dt, J =
13.5, 44, 1H, H,C@), 2.17-204 (m, 1H,
HeoC(#)minor), 1.96-1.87 (m, 1H, He,CH) major), 1.77—
1.23 (m, 6H, H,C(8), H,C(5), H,C(7)), 1.10 (m, 1H,
HC(6)), 0.88 (s, 9H, (CH;);Cpajor), 0.81 (s, 9H,
(CH3);Crminor); °C NMR (75.5 MHz) major: 133.06
(C(1")), 132.55 (C(10")), 130.97 (C(9")), 128.59 (C(3"),
127.39 (C(4"); aromatic carbons: 126.04, 125.68,
125.24, 124.04, 123.03 (C(8')); 64.84 (C(3)), 63.00
(C(2)), 47.55 (C(6)), 34.73 (C(4)), 32.44 (C(CH,),), 28.64
(C(8)), 27.55 (C(CHs)5), 24.94 (C(5)), 24.73 (C(7)); mi-

nor: 133.10 (C(1"), 132.21 (C(10")), 130.97 (C(9)),
128.66 (C(3")), 127.52 (C(4')); aromatic carbons:
126.04, 125.73, 125.24, 123.94, 123.21 (C(8')); 66.28
(C(3)), 63.71 (C(2)), 46.96 (C(6)), 35.32 (C(4)), 32.15
(C(CH;)3), 28.64 (C(8)), 27.48 (C(CHs5)3), 26.70 (C(5)),
26.00 (C(7)); IR (CCl,) 3061 (m), 2948 (s), 2867 (s),
1597 (w), 1511 (m), 1480 (m), 1447 (m), 1395 (m),
1366 (s), 1343 (w), 1312 (w), 1260 (w), 1242 (w), 1211
(m), 1173 (w), 1040 (m), 1021 (w), 984 (m), 936 (m),
926 (m), 880 (w), 816 (m); MS (70 eV) 295 M* +
1,14),294 (M™, 63), 276 (10), 219 (22), 195 (13), 192
(13), 179 (11), 178 (10), 167 (13), 165 (14), 157 (21),
156 (46), 155 (41), 142 (14), 141 (100), 140 (85), 139
(43), 129 (19), 128 (31), 127 (20), 95 (12), 81 (15), 67
(12), 57 (52), 55 (16), 42 (35); TLC R;0.58, 0.50 (pen-
tane/ether, 20/1); GC t; 42.48 minutes, 43.15 min-
utes; 54.99 minutes (G-TA y-cyclodextrin, 30 m X
0.2 mm, 180°C isothermal). Anal. calcd for C,;H,,0
(294.42): C, 85.67; H, 8.90. Found: C, 85.69; H, 8.90.

6-(1,1-Dimethylethyl)-2-(2'-naphthyl)-1-
oxaspiro[2.5 Joctane (8d)

Data for 8d (yield 81%): bp 160°C (0.1 torr/air bath);
'"H NMR (400 MHz) 7.86-7.75 and 7.51-7.41 (m,
7H, Ar), 4.07 (s, 1H, HCQ2)major), 4.02 (s, 1H,
HC(2)minor), 2.04 (dt, J = 13.9, 4.2, 1H, H,.C(4)rminor),
201 (dt, J = 13.4, 4.2, 1H, H, .C(4)major), 1.90—1.83
(m: 1H: HeqC(4)major): 1.78-1.74 (m, lHr He C(8))major)r
1.66—1.27 (m, 5H, H,.C(8), H,C(5), H,C(7)), 1.12—
1.05 (m, 1H, HC(6)), 0.89 (s, 9H, (CH3);Cunajor), 0.83
(s, 9H, (CH3);Crinor); °C NMR (75.5 MHz) major:
133.89 (C(2")), 132.89 (C(9")), 132.64 (C(10)), 127.69
(C(5")), 127.61 (C(4")), 127.52 (C(8")), 126.07 (C(7")),
125.62 (C(6")), 12498 (C(1")), 124.31 (C(3')), 65.27
(C(3)), 64.22 (C(2)), 47.53 (C(6)), 35.01 (C(4)), 32.40
(C(CHs;);), 28.22 (C(8)), 27.52 (C(CH,)5), 24.92 (C(5)),
24.79 (C(7)); minor: 133.77 (C(2’)), 132.89 (C(9")),
132.64 (C(10")), 127.69 (C(5")), 127.61 (C(4")), 127.52
(C(8"), 126.07 (C(7")), 125.62 (C(6")), 124.98 (C(1")),
12431 (C(3")), 66.27 (C(3)), 64.73 (C(2)), 46.91 (C(6)),
3545 (C4)), 32.18 (C(CH,);), 28.09 (C(8)), 27.52
(C(CH.,),), 26.85 (C(5)), 25.66 (C(7)); IR (CCl,) 3056
(m), 2895 (s), 2867 (m), 1653 (w), 1509 (w), 1478
(w), 1447 (w), 1395 (w), 1366 (w), 926 (w); MS (70
eV) 294 (M™, 29), 157 (32), 156 (100), 155 (30), 142
(12), 141 (78), 140 (29), 139 (21), 129 (14), 127 (13),
81 (10), 57 (37), 55 (10), 41 (26); TLC R, 0.5, 0.43
(pentane/ether, 20/1); GC tz 47.80 minutes, 49.36
minutes; 61.73 minutes (G-TA y-cyclodextrin, 30 m
X 0.2 mm, 185°C isothermal). Anal. calcd for
C,H,,0 (294.42): C, 85.67; H, 8.90. Found: C, 85.64;
H, 8.93.

(1,1-Dimethylethyl)-2-Ethyl-6-1-

oxaspiro[2.5 Joctane (8e)

Data for 8e (yield 97%): bp 55°C (0.15 torr/air bath);
"H NMR (300 MHz) 2.72 (t,J = 6.5, 1H, HC(2) major)
267 (t,J = 6.6, 1H, HC2)mminor), 1.91-1.46 (m, 8H,
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H.C(4), H,C(8), C(2)CH,CH;, H,C(5)), 1.41-1.22 (m,
2H, H,C(7)), 1.13-1.06 (m, 1H, HC(6)), 1.07 (t,J =
7.6, 3H, CH,CH;C(2)minor), 1.02 (t, J = 7.5, 3H,
CH,CH;C(2)major), 0-88 (5, 9H, (CH3):Cgior), 0.87 (s,
9H, (CH3)sCrminor); °C NMR (75.5 MHz) major: 65.40
(C(2)), 62.01 (C(3)), 47.64 (C(6)), 35.09 (C(4)), 32.34
(C(CH;)3), 28.74 (C(8)), 27.41 (C(CH3)3), 24.56 (C(5)),
24.50 (C(7)), 21.15 (C(2)CH,CHs5), 10.45 (C(2)CH,CH,);
minor: 66.01 (C(2)), 63.31 (C(3)), 47.21 (C(6)), 35.82
(C(4)), 32.14 (C(CH3)3), 29.12 (C(8)), 27.48 (C(CH,),),
26.62 (C(5)), 26.45 (C(7)), 21.62 (C(2)CH,CH,), 10.63
(C(2)CH,CH,); IR (neat) 2969 (s), 2868 (m), 2842 (m),
1456 (m), 1395 (w), 1366 (m), 1222 (w), 986 (w), 924
(w), 903 (w); MS (70 eV) 196 (M™, 7), 181 (33), 167
(10), 139 (22), 112 (10), 111 (19), 98 (19), 97 (38), 95
(11), 85 (11), 83 (30), 81 (23), 79 (15), 71 (50), 70
(14), 69 (26), 67 (20), 62 (31), 57 (100), 55 (30); TLC
R, 048, 0.35 (pentane/ether, 20/1); GC t; 20.26
minutes; 25.03 minutes, 27.05 minutes (B-PH B-cy-
clodextrin, 30 m X 0.2 mm, 100°C isothermal). Anal.
caled for C,-H,40 (196.32): C, 79.58; H, 12.32. Found:
C, 79.83; H, 12.48.

2-Cyclohexyl-6-(1,1-dimethylethyl)-1-
oxaspiro[ 2.5 Joctane (8f)

Data for 8f (yield 93%): bp 70°C (0.1 torr/air bath);
'H NMR (300 MHz) 2.45 (d,J = 9.0, 1H, HC(2),naj0r),
241 (d,J = 84, 1H, HC(2)minor), 1.93-1.48 and 1.41—
093 (m, 20H, cyclohexane Hs), 0.86 (s, 9H,
(CH3)5C ajor), 0.86 (s, 9H, (CH3)3Cninor); BC NMR (75.5
MHz); major: 68.93 (C(2)), 62.09 (C(3)), 47.70 (C(6)),
36.83 (C(1")), 35.35 (C(4)), 32.43 (C(CH,);), 30.52
(C(2a")), 29.06 (C(2b")), 28.91 (C(8)), 27.48 (C(CHs5)s),
26.18 (C(4")), 25.53 (C(5)), 24.38 (C(7)), 24.57 (C3"));
minor: 69.93 (C(2)), 63.56 (C(3)), 47.26 (C(6)), 37.03
(C(1"), 36.04 (C(4)), 32.22 (C(CH,);), 30.39 (C(2a")),
29.52 (C(2b")), 29.38 (C(8)), 27.56 (C(CH,),), 26.77
(C(5)), 26.63 (C(7)), 26.23 (C(4')), 24.65 (C(3')); IR
(neat) 2928 (s), 2853 (s), 1449 (m), 1393 (w), 1366
(m), 1242 (w), 1219 (w), 1184 (w), 992 (w), 924 (w),
887 (m), 857 (w); 250 (M™, 6), 167 (13), 155 (52),
151 (20), 149 (10), 139 (34), 137 (11), 98 (30), 97 (32),
96 (44), 95 (29), 93 (17), 84 (13), 83 (36), 82 (10), 81
(63), 80 (16), 79 (17), 70 (24), 69 (22), 68 (11), 67
(41), 57 (100), 55 (62), 54 (11), 53 (12), 43 (14), 41
(55), 39 (10); TLC R, 0.48, 0.33 (pentane/ether, 8/
1); GC 1z 44.34 minutes, 45.33 minutes; 51.39 min-
utes, 52.57 minutes (J&W B-cyclodextrin, 30 m X
0.2 mm, 135°C isothermal). Anal. calcd for C;;H3,0
(250.43): C, 81.54; H, 12.07. Found: C, 81.55; H,
12.07.
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