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KINETIC RESOLUTION OF EPOXIDES BY CHIRAL ORGANOALUMANUM CATALYST
SHORT SYNTHESIS OF (-)-C;g JUVENILE HORMONE

Yuji Naruse, Toru Eseki, and Hisashi Yamamoto*
Department of Applted Chemistry, Nagoya University
Chikusa, Nagoya 464-01, japan

(Received in Japan 12 April 1988)

Abstruct: The use of chirsl organoeluminum reagent as a
catalyst to resolve simple ketoepoxides is explored. The op-
tically pure Xketoepoxide 10 was recovered after 80%
conversion. The recovered pure epoxide is a useful chiral
building block in the synthesis of chirel terpenes, The
method applies for the short asymmetric synthesis of the
juvenile hormone by the synthetic route which depends on
the palladium-catalyzed coupling process.

The sterol biesynthetic pathway from 2,3-oxidosquelene is truly unique in the number of
asymmetric centers it produces in a single operation. It was shown that racemic 2,3-oxidosqualene
1 was converted to lanosterol and the recovered oxidosqualene both In optically pure form when
treated with the cyclase (eq. 1).I This process is an impressive example of a complete kinetic
resolution. In connection with studies on the asymmetric induction in oxrane ring openlng,2 we
have occasion to study the possible approach which models such an enzymatic transformation. Thus
we have been studylng s variety of chiral Lewis acids which promote kinetic resolution of epoxides,
and exploring the synthetic efficiency of such approaches, Here we report the first realization of
this enterprise.

Cyclization of oxidosquaiene by cyclase

cyclase (0q. 1)

50%

Transformation of cyclohexene oxides

Initial study was focused on the ring opening of oxiranes into a-chlorohydrlm.s We have ex-
amined a variety of chiral Lewls acid catalyst, i.e. R"3Al, R",AICI, R"BX,, and s0 on, without any
significant success. However, we have observed substantial increase of induction of these reaction
when these catalysts were pretreated with base. For example, the reagent produced by addition of
|-menthoxyaluminum dichloride 24 and s-butyllithium in dichloromethane transforms cyclohexene oxide
3 iInto chlorohydrin 4 in 44% yield, and the resulting chlorohydrin 4 was found to be 34% e.e.’ by
hplc analysis of its MTPA ester.® Some of the results are shown below (Table 1).
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Table 1. Formation of chiorohydrin 3 by menthoxyaluminum reagent

o3 OH
I-menthylOAICT, Base O O/ 4

t,Q, o

Base Temp(°C) Time(h) Yield(%) ee(%) config.

aone -7 01 37 0 (1R, 28)
Butl 0 o5 40 <] (1R, 25)
*-Bull -20 20 40 34 (1R, 25)
t-Buli 40 20 40 17 (1R, 28)
HmenthyiOLI -20 10 59 26 (1R, 28)
t-BuMgCt -0 20 40 17 (1R, 25)

1-Menthoxyethylaluminum chloride 5, prepared in situ from diethylaluminum chloride and I-
mentho!, was treated first with lithium chloride, and then with epoxides. None of the desired
chlorohydrin was produced even at room temperature for two days. On the other hand, trestment
of l-menthoxyaluminum dichloride 2 with alkyllithium gave an active reagent for the above trans-
formation (Scheme 2). These experimental evidences clearly showed that the true catalyst should
be an 'ate' complex, rather than trivalent aluminum reagent,

Scheme 1.
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The chiral induction observed in this reaction using the 'ate'

complex as the catalyst
prompted us to explore further modification of the reagent, and we turned our attention to test
binaphthol as a chiral ligand. Table 2 summerized the results. The reagent 6, prepared from (R)-
binaphthol, diethylaluminum chloride, and lithium butoxide, was treated with the epoxide 3 at -78°C.

Table 2. Formation of chiorohydrin 3 by aluminum binaphthate

oH 1) EnAIC! . ©°3 O,ou

OH 2)Base o

R Temp. (°C) Time(h) Yieid(%) ee(%) config.

Et,NU -20 2 a3 24 (1S, 2R)
LDA 0 48 52 26 {18, 2R)
LTMP 20 12 56 26 {18, 2R)
ELOLI 40 24 22 26 (1S, 2R)
I-ProLi rt. 48 26 18 (18, 2R)
BuoL! 40 3 26 40 (18, 2R)
BuoLl’ 0 2 18 ] -
t-BuOLl rt. 2 24 16 (18, 2R)

Soivent: CHyCly 1. Reactien wes perfermed In THF.
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After graduslly warming to ambient temperature, the reaction mixture was refluxed for 1.5 days.
The chlorohydrin 4 was thus obtained in 40% e.e.

We employed the same catalyst to the reaction with racemic epoxides. Treatment of -
phenylcyclohexene oxide 8 with 0.2 equivalent of the aluminum reagent 6 gave the rearranged al-
dehyde 8. The optical purity of the recovered epoxide 8 was determined by proton NMR in the
presence of the chirsl shift resgent, which was shown to be 52% e.e.

Table 3. Kinetic resolusion of epoxides by 6

oBu
o~ Jue __EPOM9®  _  eposde + Product
0 " CH,CY

a 6

Recoversd Epoxide Akdehyde
eq.ofcat. Epoxide Temp(<C) Time(h) Recov.(%) %ee % yioid)

1.0 (\/‘0 rL 3 15 27 -_—

7
Ph
o
0.78 OO -20 2 1" 3s 9 4
’ 0 0.8 O(CNO
020 s ° 18 21 52 9 (50)
e 10

Kinetic resolution

Modelling of the enzymatic reactions remains an important contemporary problem for the
highly selective resctions. Undoubtedly polyene cyclization is believed to be one of these goals
worthy to challenge, Since the existence of w»-epoxide interaction is established in this olefin
cyclization process,2 we tested the ring opening of epoxide which has en appropriate functional
group at s suitable position. We, thus, elected the ketoepoxide 10 as a test substrate. It has the
carbonyl group at the y-position which may play the role of an appropriste cation stabilizer,
Treatment with a variety of chiral Lewis acids led only to give the cyclized acetal 11 in a
racemic form. However, due to the significant difference in the reactivity of the reagent, the
mild ‘ate’ reagent was found to be an ideal catalyst in the acetal formation and have an ability to
recognize the chirality of the epoxide. Addition of the menthoxyaluminum reagent 12 to one
equivaient of ketoepoxide 10 proceeded the cyclization rather siowly at -20°C. When the conver-
sion was completed in 94%, the recovered ketoepoxide 10 was shown to be 71% e.e. The optical
purity of the recovered material was determined using the chiral shift reagent (+)-Euthfc)y which
showed two different triplet peaks of oxirane proton whereas the racemate showed two of equal in-
tensity st 85.20 {for R-isomer) and 4.90 (for S-isomer} with 16 mole% of the shift reagent, The
absolute configuration was determined by the comparison with the authentic product prepared from
geranyl acetate,” Having established the utility of the 'ate' complex in this kinetic resolution, we
examined many of the reagent of this type to glve higher selectivity.

The ketoepoxide 10 in dichloromethane wss treated with the sluminum reagemt 6 at -78°C.
After stirring at that temperature for 30 minutes, the resulting mixture was allowed to warm
gradually to -30°C to proceed the slow cyclization. On most of the material was consumed judging
from tlc analysis {ca. 5 h), the reaction was stopped by addition of triethylamine. The recovered
ketoepoxide 10 was perfectly resolved by the proton NMR analysis (»95% e.e.). Use of this 6 to
cyclize the polyene terminal epoxide 1 did not proceed smoothly at low temperature, snd st the
higher temperature the effective kinetic resolution could not be m:hleved.e Although we failed the
attempt to realize the real model of cyclase and yet the nature of the resgent might be open un-
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Table 4. Kinetic resolution of ketoepoxide 10 by aluminum reagent

/l>/\/<u’\ s M ﬁ
CH,CYy + o

[o) (o]
10 10 1
catalyst Temp (°C) Time (h) Recov. (%) oe(%)
OAICIy{9-Bu) -20 02 [] 1 (8)
12
peu
o=l %0 s 20 »95 (R)
o
[}
Ph
OBu
O~ -40 43 «10 43 (R)
O’
Ph

til now, we believe that we have demonstrated the first successful artificlal system realized by the
chira!l aluminum reagent.

Application for the juvenile hormone synthesis

This process is convenient and amenable to scale-up, and can provide a powerful route to the
useful building block of chiral terpenes, The method was now applied on the synthesis of juvenile
hormone,

Optically active juvenile hormone Il (Cls-JH) 20 has been synthesized pl‘evlously,9 the ap-
proaches which have been used are, however, of relatively lengthy.

The starting point for the synthetic plan was the observation that the vinyl phosphate or
vinyl triflate 14, which were derived from the ketoepoxide 10, can undergo smooth coupling with
organometallic reagents, For example, treatment of epoxyvinyl phosphate with vinyl Grignard reagent
in the presence of the nickel catalyst gave the coupled diene smoothly at ambient temper-ture.lo
Employing the method developed by Stille, however, the reaction proceeded under even milder
conditions. The coupling of 14 and E-17 proceeded smoothly and the ester group of E-17 was in-
tact under the coupling condition. 1,12

The synthesis was summerized in Scheme 2. The optically pure ketoepoxide R-10 was con-
verted to the enol triflate 14 with the triflic imide 13 and lithium dlisopropylamide in
tetrahydrofuran and hexamethylphosphoric triamide (HMPA) at -780C.13 tert-Butyl 13 was used as
the triflating reagent due to difficulties in chromatographic separation of the product from amide
residues of non-substituted derivatives,

The other component 17 required for the assembly of juvenile hormone was prepared in a
straight forward manner. Radical bromination of methyl 3-methyl-2-butenoate with N-
bromosucciimide in carbon tetrachloride gave the bromoester 184, Since isomerization of the
double bond occurred under the coupling conditions, this cis-trans mixture of 16 (E/Z = ca. 1:1) was
used without any further separation. Tinester 17 was produced in 72% yield from ditin 1515 and
the bromoester 18 with palladium catalyzed coupling.“ After careful chromatographic separation of
the stereoisomer, the pure E-17 was used for the subsequent coupling reaction. The juvenile hor-
mone skeleton was now connected with the Cs—unn of the enol triflate 14 and Cq-unit of the
tinester E-17 as follows,!2 A mixture of tetrakis(triphenylphosphine)palladium (2 mol%), cesium
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fluoride (3.0 equlv.).lG 14, and E-17 in dry degassed tetrahydrofuran was heated at reflux for 5 h,
after column chromaetography on silica gel, to yield the desired triene ester 18 in 58%.

Partial and selective hydrogenation of the resulting ester 18 was accomplished in the presence
of tricarbony}(1,2,3,4,42,8a,-n)naphthalenechromjum catalyst 19 under 80 atm of hydragen in dry
tetrshydrofuran at 45°C for 5 h to afford the juvenile hormone 20 in 62% yleld without contamina-
tion of any of the corresponding Z-isomer.!7 The above mentioned synthesis of juvenile hormone
contains a number of noteworthy methods, which may be used for the other synthesis.

Scheme 2. Totat synthesis of juvenile hormone Iil 20

0
/{>/\/k N E—— Wdﬂ /)
%k %k

R-10 14 n

Bu,Sn/\/Bu'sn
15 "

Bu,9n COMe ——

BY/Y“OO'* E-17
16

W%" —r— WW

f 07
° H 18 H 20

| 42-BUCgH NTY,, LDA / THE - HRPA, -78 - -20°C, 80%

o PACH{CH,CN), PPh, / CHCYy 80°C, 76%
N Pd{PPhy),, CoF / THE reflux, 5%
v Cr(CO)Np, H, (80 atm.y THF, 45°C, 66%

Experimental section

General: Infrared (IR) spectra were recorded on a Hitachi 260-10 spectrometgr. Relative intensities
were expressed as s, strong; m, medium; w, weak; br, broad signals, H NMR spectra were
measured on 8 JNM-PMX 60 spectrometer or a GMX-500 spectrometer, The chemical shifts are
expressed in parts par million downfield from internal tetramethylsilane (TMS, 8 = 0), Spiitting pat-
terns are indicated as s, singlet; d, doublet; t, triplet; q, quartet; dt, doubletting triplet; m,
multiplet; br, broad pesk. Gas liquid-phase chromatographic (gic) ansiyses were performed on
Hitachi Model 163, 164, or Gasukuro Kogyo Model 370, or Shimadzu GC-8A instruments equipped
with PEG 25 meter columa detected by a flame ionization detector, using nitrogen as the cesrrier
gas. High performance liquid chromstography (hpic) analyses were mede by Shimadzu LC-6A
equipped with Wako Wakopak (Finesil) detected by UV detector Shimadzu SPD-6A. All esperimems
were carried out under inert atmosphere. For thin layer chromatographic (tic) analysis throughout
this work, Merck precaated tlc plates (silica gel 60 GFgsys 0,25 mm thickness) were used. Elemen-
tal analysis were made at the Institute of Applied 8‘r;nn(c Chemistry, Faculty of Engineering,
Nagoys University. In experimems requiring dry solvents, ether and tetrshydrofuran (THF) were dis-
tilled from sodium-benzophenone kety!l, Dichloromethane was distilled over phosphorous pentoxide
under, ardon. Chloroform was freshly passed through a column of neutral alumina descridbed by
Stille!!.  Hexane and benzene were dried over sodium metal., The chemicals other than described
in the literatures were purchased and used as such. For flash column chromatography used was
silica gel Merck Kieselgel 60 (Art, 9385).

(1IRS, 2SR)-2-chlorocyciohexsnol: A two-phase mixture of cyclohexene oxide {7.0 mL, 69 mmol) in
dichloromethane (60 mL) and conc. hydrochloric acid (ca. 12 N, 6 mL, 72 mmol}) was stirred at
ambient temperature for 20 min, The organic layer was separated, and the water layer was ex-
tracted with ether, The combined organic layers were dried over magnesium suifate. Concentra-
tion In vacuo and distillation under reduced pressure afforded a colorless oll (6.34 g, 48 mmol,
69%): b.p. 38-39°C (6 Torr); tic Rf = 0.30 (hexane-ether = 1:1); IR (neat film) 3800-3000 br. s,
3000-2800 s, 1445 s, 1075 s, 960 s, 740 m; 'H NMR {CDCly) 8 3.75 (m, 1H), 2,58 (m, IH), 2.28-
2.07 (m, 2H), 1,78-1.23 (m, 6H)

This chlorohydrin was exposed to optical resolution according the procedure by Zeelen et al. s
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optical purity was determined by hpic anslysis of its MTPA esters. Two peaks were identified; the

former pesk (tr = 10.6 min.) was corresponded to its (1S, 2R)-isomer and the latter (tr = 12.3
min.) to (IR, 2S)-isomer {eluant: hexane-ether = 30:1 detected by UV absorption (254 nm)).

Reaction of neinhoxy.lunlmn dichloride 2: To a solution of l-menthoxyaluminum dichloride (202
mg, 0.80 mmol)* in dichioromethane (4 mL) was introduced cyclohexene oxide 3 (79 mg, 0.80 mmol)
in dichloromethane (1.5 mL) dropwise at -78°C. The resulting salution was stirred at that tempers-
ture for 90 min., at -40°C for 2 h, and at -20°C for 2 h. It was poured into 1| N hydrochloric
acid and extracted with ether. The combined ether extracts were washed with brine, and dried
over sodium sulfste. Concentration in vacuo and purification by column chromatography on silica
gel (eluant: hexane-ethyl acetate = 6:1) gave a colorless oil 4 {40 mg, 0.30 mmol, 37%).

Resction of 2 treated with butyllithium: To a solution of 2 (380 mg, 1.5 mmol) in dichloromethane
(6 mL) was introduced butgllithlum (1.59 M in hexane, 1 mL, 1.6 mmol) at -78°C. The resulting
mixture was stirred at 0°C for 30 min. After cooling to -78°C, to this was introduced
cyclohexene oxide 3 (118 mg, 1.2 mmol) in dichloromethane (1.2 mlL) dropwise. The reaction solu-
tion was stirred at that temperature for 50 min., at -40°C for 90 min., and at 0°C for 1 h. 1t
was poured into 1 N hydrochloric acld and extracted with ether. The combined ether extracts
were washed with brine, and dried over sodium sulfate. Concentration in vacuo and purification by
column chromatography on silica gel (eluant: hexane-ethyl acetate = 6:1) gave a colorless oll 4 (74
mg, 0.55mmol, 46%).

Reaction of 2 treated with s-butyllithium: To a solution of 2 (378 mg, 1.1 mmol) in dich-
loromethane (5 mL) was introduced s-butyllithium (1.11 M in cyclohexane, 1.04 mL, 1.2 mmol} at
-78°C. The resulting mixture was stirred at 0°C for 40 min. After being chilled to -78°C,
cyclohexene oxide 3 (98 mg, 1.0 mmol) in dichloromethane (1.5 mL) was introduced dropwise. The
reaction solution was stirred at that temperature for 1 h, at -40°C for 2 h, at -20°C for 2 h, and
at 0°C for 1 h. it was poured Into 1 N hydrochloric acid and extracted with ether. The com-
bined ether extracts were washed with brine and dried over sodium sulfate. Concentration in vacuo
and purificaetion by column chromatography on silica gel (eluant: hexane-ethyl acetate = 6:1) gave a
colorless oil 4 (59 mg, 0.44 mmol, 44%).

Reaction of 2 treated with lithium l-menthoxide: To a solution of l-menthol (172 mg, 1.1 mmol} in
hexane (1.3 mL) was added bgtylllthlum (1,52 M In hexane, 0.72 mL, 1.1 mmo!}) st 0°C. The
resulting gel was cooled to -78°C, and introduced was 2 (278 mg, 1.1 mmol) in dichioromethane (3
mL). The resuiting mixture was stirred at 0°C for 1 h. After being cooled to -78°C, cyclohexene
oxide 3 (98 mg, 1.0 mmol) in dichloromethane (1.5 mL) dropwise. Stirring was continued at that
temperature for 30 min.,, at -40°C for 30 min., at -20°C for t h, and at 0°C for 2 h, The
resulting white suspension was poured into 1 N hydrochloric acid and extracted with ether. The
combined ether extracts were washed with brine, dried over sodium suifate, Concentration in vacuo
and purification by column chromatography on silica gel {(eluant: hexane-ethyl acetate = 6:1) gave a
colorless oil 4 (79 mg, 0.59 mmol, 59%).

Reaction of 2 trested with t-butylmagnesium chioride: To a solution of 2 (278 mg, 1.1 mmol) in
dichloromethane (5 mL) was introduced t-butylmagnesium chloride (TCl reagent, 9.82 M in ether,
1.46 mL, 1.2 mmol) at -78°C. The mixure was strirred at 0°C for | h. After being cooled to
-78°C, cyclohexene oxide 3 (98 mg, 1.0 mmol) in dichloromethane (1.5 mL) was added dropwlise.
Stirring was continued at that temperature for ! h, at -40°C for 45 min,, at -20°C for 70 min.,
and at 0°C for 2 h. The reactlon mixure was poured into } N hydrochloric acid and extracted
with ether, The combined ether extracts were washed with brine, and dried over sodium sulfate.
Concentration in vacuo snd purification by column chromatogarphy on silica gel gave a colorless oll
4 (86 mg, 0.63 mmol, 63%).

Reaction of ethylmenthoxyaluminum chioride troeted with lithium chioride: To a solution of I-
menthol (172 mg, 1.1 mmol) in dichloromethane (5 mL) was introduced diethylaluminum chloride (1
M in hexane, 1 mL, 1.0 mmol} at ambient temperature. After 1.5 h, dry lithium chloride was
added, and the resuiting suspension was refluxed for 2.5 h, After being cooled to -78°C,
cyclohexene oxide 3 (98 mg, 1.0 mmol) in dichloromethane (1.5 mL) was introduced dropwise, Strir-
ring was continued at that temperature for 20 min,, at -40°C for 70 min,, and gradually warmed
to room temperature. No chlorohydrin, however, was produced after 2 days.

Resction of aluminum binaphthate treated with lithium ethoxide: To a solution of (R)-1,1'-bi-2-
naphthol (172 mg, 0,60 mmol) in dichloromethahe (2 mL)} was introduced diethylaluminum chloride (1
M in hexane, 0.60 mL, 0.60 mmol) at -78°C. The resulting white suspension was transferred to
lithium ethoxide, prepared from ethanol (38 ul, 0.65 mmol) and butyllithium (1.52 M in hexsne, 0.43
mL, 0.65 mmol), in hexane (0.5 mL). After stirring at 0°C for 45 min., cyclohexene oxide 3 (39
mg, 0.40 mmol) in dichloromethane (1.5 mL) was added. The reaction solution was refiuxed for 1
day, and poured into | N hydrochloric acid, and extracted with ether., The combined ether extracts
were washed with brine, and dried over sodium sulfate. Concentration in vacuo and purification by
column chromstography on silica gel (eluant: hexane-ethyl acetate = 6:1) gave a colorless off 4 (12
mg, 0.088 mmol, 22%).

Reaction of aluminum binaphthate trested with lithium isopropoxide: To a solution of (R)-1,1'-bi-2-
naphthol (172 mg, 0,60 mmol) in dichloromethane (5 mL) was introduced diethylaluminum chloride (1
M in hexane, 0.60 mL, 0.60 mmol) at -78°C. After stirring at 0°C for 20 min., the resulting
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white suspension was transferred to lithium {sopropoxide, prepared from isopropene! {33 mg, 0.6
mmol) and butyllithium (1,52 M in hexsne, 043 miL, 0.65 mmol), in hexsne {0.5 mL} at -78°C.
After stirting at 0°C for 20 min.,, cyclohexene oxide 3 (33 mg, 0.40 mmol) in dttharomethane (1.5
mL) was imroduced. Stirring was continued at room temperature for 2 days. The reaction mixture
was poursd imo I N hydrochloric acid, and extracted with ether. The combined ether extracts
were washed with brine, and dried over sodium sulfate, Concestration in vacuo end purificetion by
column chromatography on silica gel (eluant: heane-ethyl acetate = 6:1} gave a colorless oil of 4
(14 mg, 0.10 mmol, 26%).

Reaction of slumbwm bissphthete trested with lithium butoxide: To & solution of (R}-1,1"-bi-2-
naphthol {172 mg, 0.80 mmol) in dichloromethane {4 mL) was introduced diethylaluminum chioride (1
M in hexane, 0.80 mL, 0.80 mmol) at -78°C, After stirring at 0°C for 20 min.,, cyclohexene oxide
3 in dichloromethane was sdded dropwise. Stirring was continued st room temperature for 1.5
days. The mixture was poured into | N hydrochloric acid, and extracted with ether. The com-
bined ether extracts were washed with brine, and dried over sodium sulfste. Concentration In
vacuo and purificstion by column chromstography on silica gel {eluant: hexane-ethyl acetate = 6:1)
gave a colorless oil of 4 ({4 mg, 0.10 mmol, 26%).

Reaction of sluminum binsphthate trested with lithium butoxide in tetrshydrofuran: To s solution of
(R}~1,1'-bi-2-naphthol (172 mg, 0.60 mmol} in tetrshydrofuran {2 mL} was Iintroduced
dtethylaluminum chioride {1' M in hexane, 0.60 mL, 0.60 mmol}) at -78°C. After stirring at 0°C for
i0 min., introduced was lithium butoxide, prepared from I-butanol (48 mg, 0.85 mmol) and butyl-
lithium (1,52 M in hexane, 0.43 mlL, 0.63 mmol}, in tetrshydrofuran (1.5 mL), followed by
cyclohexene oxide 3 (39 mmol, 0.40 mmol) in tetrshydrofursn {1 mL). The reaction solution was
gradually warmed to 0°C, but only trace of chlorohydrin wes produced.

Reaction of aluminum bimaphthate trested with lithium t-butoxide: To a solution of (R)-1,1'-b1-2-
naphthol {172 mg, 0.60 mmol} in dichloromethane (4 mL) was introduced diethylaluminum chloride (1
M in hexsne, 0,60 mL, 0.60 mmol} -789C. After stirring at 0°C for 30 min.,, the resulting white
suspension was transferred to lithium t-butoxide, prepared from t-butanol {48 mg, 0.65 mmol) and
butyllithium (1.52 M in hexane, 0.43 mL, 0.65 mmol), in hexane (0.5 mL). After stirring at 0°C
for 30 min,, cyclohexene oxide 3 (39 mg, 0.40 mmol) In dichloromethane (1.5 mL)} was introduced.
The reaction mixture was stirred st that temperature for 30 min.,, and allowed to warm to ambient
temperature,  After 2.5 h, it was poured into | N hydrochloric acid and extracted with ether.
The combined ether extracts were washed with brine, and dried over sodium sulfate. Concentration
in vacuo and purification by column chromatography on silica gel (eluant: hexane-ethyl acetate =
6:1) gave an slight yellow oil of 4 (13 mg, 0.096 mmol, 24%).

Reaction of aluminum binaphthete trested with lithium amide: To a solution of {(R}-1,1'-bi-2-naphthol
{172 mg, 0.60 mmol) in dichloromethane (3 mL) was added diethylaluminum chioride (1 M in hexane,
0.60 mlL, 0.60 mmol) at -78°C. After stirring at 0°C for 30 min., the resulting white suspension
was transferred to 8 suspension to lithium amide, prepared from amine (0.60 mmo!) and butyilithium
{1.52 M in hexaneb 0.40 mL, 0.60 mmol), in hexene (0.5 mL). After IS5 min, the resulting mixture
was cooled to -78°C, and to this was introduced cyclohexene oxide 3 {39 mg, 0.40 mmol} in dich-
loromethane (1.5 mL) dropwise. After most of epoxide 3 was consumed, the reaction solution was
poured into 1 N hydrochloric acid and extracted with ether. The combined ether extracts were
washed with brine, and dried over sodium sulfate. Concentration in vacuo and purification by
column chromatography on silica gel {eluant hexane-ethy! acetate = 6:1} gave a colorless oil of 4:
lithium diethylamide (23 mg, 0.17 mmol, 43%); lithium diisopropylemide {LDA, 28 mg, 0.19 mmol,
52%); lithium 2,2,8,6-tetrsmethylpiperidide {LTMP, 30 mg, 0.22 mmol, 56%).

Kinetic resolution of I-methylcyclobexene oxide 7 by alumipum binaphthate 6: To a solution of (R}-
1,1°-bi-2-naphthol (172 mg, 0.60 mmollin dichloromethane (7 mL} was added dimethylaluminum
chloride (1 M in hexane, 0.60 mkL, 0,60 mmol) at -78°C. After stirring st 0°C for 10 min., the
resulting white suspension was transferred to a suspension of lithlum butoxide, prepared from 1-
butanol {60 uL, 0.65 mmol) and butyllithium (1.59 M in hexane, 0.41 mL, 0.65 mmol) in hexane (0.5
mL).  After 20 min, at 0°C, l-methylcyclohexene oxide (prepared by the similar manner as 3, 87
mg, 0.80 mmol} in dichioromethane (1.5 mLi) was added. Stirring was continued at ambient tem-
perature for 3 h, The resulting mixture was diluted with ether and washed with 1 N agueous solu-
tion of sodium hydroxide and brine, Dryness over magnesium sulfate, concentration in vacuo, and
purification by column chromatography on silica gel {elugnt: pentane-ether = 20:1) gave a colorless
oil {10 mg, 15%). Its opticsl purity was determined by ‘H NMR in the presence of (+)-Eulhfcl, (&
= 12,52 snd 12.35) to be 27% e.e.; tlc Rf = 0,35 fhexane—ether = 9:1); ‘H NMR {CCiyk 8 2,75 1t,
J = 2,0 Hz, 1H), 1.21 (s, 3H), 2.04-1,10 {m, 8H).

Kinetic resolution of 1-phenyicyclohexene oxide 8 by sluminum binaphthate 6; To a solution of (R)-
1,1'-bi-2-naphthol (172 mg, 0.60 mmol) in dichioromethane (7 ml) was added dimethylaluminum
chioride {1 M in hexane, 0,60 mL, 0.60 mmol) at -78C°C. After 10 min. at 0°C, the resulting
white suspension was transferred to s suspension of lithium butoxide, prepered from 1-butanol (60
ul, 0.65 mmol} and butylithium (1.5 M in hexsne, 0.4} mbl, 0.65 mmol} in hexsne (0.3 mlL) at
-78%C.  After 30 min. st 0°C, a portion of the resulting mixture was transferred (6,75 miL, 0.45
mmol}. To this was added 1-phenylcyclohexene oxide 8 (prepsred by the similar menner as 3, 105
mg, 0.60 mmol). Stirring was continued at that temperature for 30 min,, at -40°C for 30 min., at
-20 °C for 2 h, and at 0°C for 30 min. After addition of triethylamine {1 mlL), the reaction
solution was diluted with ether., The mixture was washed with | N aqueous solution of sodium
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hydroxide sod brine, Dryness over magnesium sulfate, concentration in vacuo, and purification by
column chromatography on silica gel (eluant: hexane-ether = 25:1) afforded the recovered epoxide 8
(11 mg, l{%) .and the rearranged aldehyde (46 mg, 44%): physical data of 8: tlc Rf = 0.41
(benzene); ‘H NMR (CCl4): 8 7.63-6.92 (m, SH), 3.87 (t, ) « 2,1 Hz, 1H), 2.34-0.75 (m, 8H); Its op-
tical yield was determined by 'H NMR in the presence of (+)-Eufhfc)y (8 « 5.42 and 4.87) to be
36% e.e.; 9: tlc Rf = 0.47 (benzene); IR (neat flim): 3000-2850 s, 1715 s, 1440 s; 'H NMR (CCly):
6 9.37 (s, 1H), 7.26 (br. s, 5H), 2,75-1.43 (m, 8H).

Kinetic resolution of 8 by aluminum binaphthate 6. Catalytic system: To a suspension of thus
prepared 6 in dichloromethane (1.8 mL, 0.12 mmol) was added the epoxide 8 (105 mg, 0.60 mmol)
in dichloroemethane (4 mL) at -20°C. Stirring was continued at that temperature for 2 h, at 0°C
for 20 h, and at room temperature for 10 h. After addition of triethylamine (I mL), the resulting
solution was diluted with ether. It was washed with 1 N aqueous solution fo sodium hydroxide and
brine. Dryness over magnesium sulfate, concentration in vacuo, and purification by column
chromatography on slica gel (eluant: hexane-ether = 25:1) gave the recovered epoxide 8 (22 mg,
21%) and the aldehyde 9 (53 mg, 50%). The optical purity of recovered 8 was found to be 52%
e.e.

Ketoepoxide 10: To a suspension of the ketone (18,9 g, 150 mmol} end sodium hydrogencarbonate
(18.1 g, 220 mmol) in dichloromethane (250 mL) was added m-chloroperbenzoic acid (70% assay, 37.1
g 150 mmol) st 0°C in small portions. The resulting suspension was stirred at that temperature
for 1 h, and filtrated. The filtrate was washed with saturated aqueous solution of sodium sulfite
and saturated aqueous solution of sodium hydrogencarbonate. The organic layer was separated, and
dried over magnesium sulfate and concentrated in vacuo. The residual oll was distilled under
reduced pressure gave a colorless oil (17.2 g, 120 mmol, 81%): b.p. 48-56°C (1 Torr); tic R{ = 0,26
(hexane-ethyl acetate, 2:1); IR (neat film) 3050-2800 br. s, 1720 s, 1380 m, 1165 m; 'H NMR
(CCly) & 2,52 (t, ] = 7 Hz, 2H), 2.50 (d, J] = 7.6 Hz, 1H), 2.10 (s, 3H), 2.00-1.35 (m, 2H), 1,23 (s,
6H).

Resolution of ketoepoxide 10 by l-menthoxyaluminum reagent 12: A solution of aluminum I-
menthoxydichloride (prepared from l-menthol (78.6 mg, 0.50 mmo}) and ethylaluminum dichloride (0.50
mL of 1.0 M solution in hexane, 0.50 mmol) in hexane (1 mL)* was introduced s-butyllithium (1.03
M in hexanes, 0.50 mL, 0.50 mmol) at -78°C and the resulting mixture was stirred at that tem-
perature for 30 min. To this white suspension was introduced was the ketoepoxide 10 (714 mg, 5.0
mmol) in dichloromethane (3 mL) dropwise. Stirring was continued for 30 min. at that temperature,
at -40°C for 30 min,, and at -20°C for 10 min. Trlethylamine {1 mL) was added into the reaction
mixture to stop the reaction, and the resulting mixture was poured into | N aqueous solution of
sodium hydroxide, and extracted with ether., The combined ether extracts were dried over sodium
suifate, Concentration in vacuo and purification by column chromatography on silica gel (eluant:
pentane-ether = 2:1 - 1:2) afforded the cyclized afetal and recovered ketoepoxide 10 (46.7 mg,
6.5% recovery). Its optical purity determined by ‘H NMR in the presence of the chiral shift
reagent Eu(hfc); was shown to be 71% e.e. of the (S)-isomer.

Kinetic resolution of ketoepoxide 10 by aluminum binaphthate reagent 6: To a solution of (R}-1,1'-
bi-2-naphthol (174 mg, 0.60 mmol) in dichloromethane (7 mL) was introduced dimethylaluminum
chloride (1 M in hexane, 0.60 mL, 0.60 mmol) at -78°C. After being stirred at 0 °C for 10 min.,
the resulting white suspension was cooled to -78°C, and transferred to a suspension of lithium
butoxide, prepared from butyllithium (1.59 M in hexane, 0.41 mL, 0.65 mmol) and |-butanol (60 ulL,
0.65 mmol), In hexane (0,5 mL). The faint white suspension was stirred at 0°C for 10 min., and
chilled to -789C. To this was added ketoepoxide 10 (106 mg, 0.80 mmol) in dichloromethane (2
mL). The reaction mixture was stirred at -40°C for 3 h. After Introduction of triethylamine (0.5
mL), it was poured into 2 N aqueous solution of sodium hydroxide, and extracted with ether. The
combined ether extracts were washed with 2 N aqueous solution of sodium hydroxide and brine.
Dryness over magnesium sulfate, concentration in vacuo, and purification by column chromatography
on silica gel (eluant: pentane-ether = 3:1 - 1:1) afforded the recovered material (17 mg, 10%). Its
oRp;lcal purity, determined by TH NMR in the presence of Eu(hfc)s, was found to be »>95% e.e. of
(R)-isomer.

Kinetic resolution of ketoepoxide 10 by siuminum diphenylbinephthate reagent: To a solution of 3,3'-
diphenyl-(R)-1,1'-bi-2-naphtho! (90% pure, 351 mg, 0.80 mmol) in dichloromethane (10 mL) was intro-
duced dimethylaluminum chloride (1 M in hexane, 0.80 mL, 0.80 mmol) at -78°C, After being
stirred at amblent temperature for 30 min,, the resulting solution was cooled to -78°C, the result-
ing solution was transferred to a suspension of lithium butoxide, prepared from butyllithium (1.61 M
in hexane, 0.55 mL, 0.88 mmol) and 1-butanol {8! ulL, 0.88 mmol), in hexane (0.7 mL). The yellow
suspension was stirred at 0°C for 30 min, (ca. 0.67 M of aluminum reagent solution).

A portion of thus prepared aluminum ceagent (9.0 mL, 0.60 mmol) was transferred, and to this
was Introduced ketoepoxide 10 (85 mg, 0.60 mmol) in dichlocomethane (1.5 mL) at -78°C. The
reaction mixture was stirred at -40°C for 30 min. After introduction of triethylamine (0.5 mL), it
was poured into 2 N aqueous solution of sodium hydroxide, and extracted with ether. The com-
bined ether extracts. were dried washed with 2 N aqueous solution of sodium hydroxide and brine,
and dried over sodium sulfate. Concentration in vacuo and purification by column chromatography
on silica gel (eluant: pentane-ether = 2:1 - 2:?) gave the cecovered material (38 mg, ca. 50% pure,
ca. 10%), Its optical purity, determined by 'H NMR in the presence of Eu(hfc),, was found to be
43% e.e. of (R)-isomer.
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Juvenile hormone Ui synthesis. Kinetic reselution of ketoepoxide 10 by aluminem binaphthate
reagemt 6 in large scale: To a solution of (R)-1,1'-bi-2-naphthol (8.61 g, 30 mmol) in -dich-
loromethane (410 mi) was introduced dimethylaluminum chloride (2.8 mL6 30 mmol) at -78°C. The
white suspension was stirred at thet temperature for 15 min. and at 0°C for 15 min. In another
flask was placed i~butanol (3.1 mlL, 33 mmol} in hexsne {29 mL); end to this was introduced butyl-
Hthium §1,58 M in hexanes, 21 miL, 33 mmol} at -789C. The aluminum reagent thus prepared was
transferad to the aicoholate suspension at that temperature, The - resulting mixture was stirred for
3¢ min.. and at 0°C for 30 minutes. The resuiting mixture, turned to faintly clear, wss cooled to
~78°C. To this was introduced the ketoepoxide 10 (4.98 g, 35 mmol} dropwise, Stirring was con-
tinued for 30 min. at that temperature and at -40°C for 2.5 h {(gradually warmed to -27°C). The
reaction was stopped by introduction of triethylamine (30 mL). The resulting mixture was poured
into 2 N saquecus solution of sodium hydroxide and extracted with ether., The combined ether ex-
tracts were washed with 2 N aqueous solution of sodium hydroxide and brine, dried over magnesium
sulfate, and concentrated in vacuo and purification by column chromstography on sllica gel (eluant:
pentane-ether = 2:1 - 1:2) gave & clear oil, After removal of solvents, the residual oil was diluted
in henge, and to this was added anhydrous caisium chloride (1.5 g} to remove remaining 1-
butanol*”, The white suspension was filtrated and the filtrate was concentrated in vacuo to. afford
the pure ketoepoxide 10 (420 mg, 8.4% recovery). Its optical purity determined by the ‘H NMR
analysis in thg presence of the chiral shift reagent Eufhfc), was shown to be »95% e.e. Its optical
rotatﬁn {a} 2" . 28,29 (c = 0.94, chloroform) revealed this to be (R)-isomer (lit. for (S)-isomer
falp<? = —29.07 {c =1.07, chloroform)

N-{4-t-butylphenyl)-trifluvoromethanesulfonamide 13: To a solution of 4-tert-butylaniline (7.2 mL, 45
mmol} and triethylamine (12,6 -mL, 90 mmol) In dichloromethane (60 mL) was introduced trific an-
hydride {15 mL, 90 mmol) at -78°C dropwise. Stirring was continued for 4 h at that tempersture.
The resulting white suspension was poured into saturated aqueous solution of sodium hydrogencar-
bonate and extracted with ether, The combined ether extracts were dried over magnesium sulfate.
Concentration in vacuo and purification by column chromatography -on silica gel (eluant: benzene)
gave a white solid 13 (15,8 g, 38.2 mmol, 85%). This product can be recrystalized from hexane,
Y"p' 108-110°C; tlc Rf = 0.76 (benzene-ethyl acetate = 30:1}; IR- (nujol mull) 1210 s, 1110 s, 800 s;
H NMR (CCly) & 7.60-7.20 (m, 4H), 1.36 {5, 9H). :

Enol triflate 14!3: To a solution of lithium diisopropylamide {10 mmol, prepared by addition of
butyilithium (1.58 M in hexane, 6.3 mL, 10 mmol) and diisopropylamine (1,55 mL, 11 mmol)) in
tetrahydrofuran (9 mL) was introduced the optically pure ketoepoxide at -78°C, After 30 minutes
imide 13 (4.43 g, 11 mmol, This hydroscopic reagent should be ‘dried over benzene/tetrahydrofuran
azeotropically before use.} In tetrahydrofuran (6 mL) and HMPA (2.9 mL, 18 mmol) dropwise. Stir-
ring was continued for 1 h at that temperature and at -20°C for 2 h, The resulting solition was
poured into saturated aqueous solution of sodium hydrogencarbonate, and extracted with ether., The
combined ether extracts were dried over magnesium sulfate. Concentration in vacuo and purifica-
tion by column chromatography on silica gel (eluant: benzene) afforded a clear ofl 14 {1.98 g, 1.2
mmol, 80%). This ofl can be distilled under reduced pressure. b.p. {bulb-to-bulb} 100-120°C (2
Torr); tlc Rf = 0.27 (benzene: ethyl acetate = 30/1); IR (neat film} 3100-2800 s, 1680 s, 1420 s,
1255 5, 1220 s, 1150 s, 955 s, 905 s; '"H NMRI(CDClq} 8 5.20 (d, J = 3 Hz, IH), 3.05 (d, ] = 3
‘1“22’3 I(H), 31.)80 (t, ] = 7.0 Hz, IH), 2.60 (dd, ]} = 7.8 Hz, 2H), 2,06 (br. 4, 1H)}, 2.00-1.60 (m, 2H),
. s, 6H).

Coupling of bromoester 16!4 and ditin 15! To a suspension of bis{acetonitrile}paliadiumdichloride
(5¢ mg, 8'20 mmol), triphenylphosphine (26 mg, 0.10 mmol} in chloroform {10 mL) was introduced
ditin 15! {5.90 g, 9.7 mmol), followed bg bromoester 16 (1,80 g, 9.5 mmol}, The resulting yellow
solution was degassed, and heated at 80°C for 8 h, Concentration in vacuo left the residual oil
which was purified by column chromatography on silica gel (eluant: hexane then followed by ether)
to give a clear oil of 17 (3.10 g, 7.3 mmol, 76% yield). tlc Rf =« 0.77 {for Z-isomer) and 0.70
{for E-isomer} (eluant: benzene-ethyl acetate = 30:1); Two Isomers were separated by column
chromatography on silica gel (eluant: hexane-benzepe = 1:1} to give pure E-isomer. IR (neat film}
3050-280C br. s, 1720 s, 1650 s, 1215 s, 1135 5 'H NMR (CDClg} & 5.90 {m, 2H), 5.62 (m, 1H},
3.63 (s, 3H), 2.94 {m, 2H), 3.13 (m, 3H), 2.90-0.70 (m, 27H).

Coupling of enol triflate 14 and tinester 17'2, 1o a stirg)enslon of tetrakis(triphenyl-
phosphine)palladium (11.2 mg, 0.010 mmol) and cesium fluoride (370 mg, 2.4 mmoi) in
tetrahydrofuran {2 mL} was Introduced enol triflate 14 (220 mg, 0.80 mmol) in tetrahydrofuran {1
mL), followed by tinester 17 (340 mg, 0.80 mmol) in tetrahydrofuran {I mL). The resulting mixture
was degassed, and refluxed for 6 h. The reaction mixture was poured into brine, and extracted
with ether, The combined ether extracts were washed with ammoniac water, water, and brine.
Dryness over magnesium sulfate, concentration in vacuo, and purification by column chromatography
on silica gel {eluant: benzene-ethyl acetate = 40:1} gave a colorless oll of 18 (120 mg, 0.46 mmol,
58% vyield), tic Rf i 0.30 (benzene-ethyl acetate = 30:1); IR (neat film) 3200-2800 s, 1735 s, 1660
s, 1445 m, 1230 w; 'H NMR (CDC13) § 6,14 (d, J = 14 Hz, 1H), 5.70 (s, 1H), 5.66 (dd, | = 14
and 8.5 Hz, 1H), 5.00 (d, J = 2 Hz, 1H), 4.98 (d, ] = 2 Hz, 1H), 3.70 (s, 3H), 2.93 (d, ] = 8.5
Hz, 2H), 2.76 {t, ] = 6 Hz, 1H), 2.42 {m, 1H), 2.3 {m, 1H), 2.16 (s, 3H), 1.73 (m, 2H), 1L.31 (s,
3H), 25.28 {s, 3H); Elemental analysis calcd for CygH9404: C, 72.7; H, 9.2, Found C, 72.4; H, 8.1,
lalp®® = 7.6% (¢ = 0.94, diethylether).

Hydrogenation of 18 with mium ca:alyst”: The degassed solution of ester 18 (83 mg, 0.31
mmoll, chromium catalyst 19'7 (73 mg, 0.27 mmol) in tetrshydrofuran (8 mL) was heated at 45°C
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under hydrogen stmosphere (80 atm.) for 37 h.,. The orange solution was exposed to the air to be
a green suspension, which was concentrated in vacuo and purified by column chromatography on
silica gel (eluant: benzene-ethyl acetate = 40:1 - 30:1}) to afford a slight yellow oil of juvenile
hormone 20 (55.0 mg, 0.21 mmol, 88%). tic Rf = 0.24 { ene-ethyl acetate = 30:1); IR (neat fllm)
3000-2800 s, 1735 s, 1860 s, 1445 m, 1235 w, 1180 s; 'H NMR (CDCl,) & 5.68 (br. s, 1H), 5.15
(br. s, IH), 3.69 (s, 3H}, 271 (t, § = 6.8 Hz, IH), 2.19- (s, 3H]}, 2.18 (s, 3H), 2.11 (m, 2H}, 1.70-
1.50 {(m, 6H), 1.31 (s, 3H), 1.26 (s, 3H); Eiemental analysis Calcd for C, O4: C, 72.1, H, 9.8;
Found: Cy 719, H, 8.8 [aip? = 54% (c = 0.4, meghanol), iic. [u?‘% Y 570 (e o,
methanol);ga 6.71° (me 6" for (R)-isomer, and [a]p*’ = -5.44% (c « 0.7, methanol);?® -6:55
{methanol) for (S)-isomer,”»
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