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Abstract: The biogenetic-type asymmetric synthesis of limonene
and bisabolenes is described. As model studies for the present
asymnmetric synthesis, the cyclization of catechol, biphenocl and
binaphthol mononeryl ethers 1, 4, and 5, with organcaluminum
redgents are executed to furnish limonene as a major product.
Since the reaction of 3}, 4, and 5 has proved to proceed much
faster than that of neryl phenyl ether under the similar condi-
tions, the rate accelération is attributed to the novel metal-
anchimeric assistance of the aluminym reagents bound with the
neighboring hydroxyl group for effecting the generation of the
allyl cation. This anchimeric effect is utilized for the
enantioselective cyclization of (R)-(+)-1,1'-bi-2-naphthol
mononeryl ether (8) upon treatment with modified aluminum
reagent 9 to produce limonene with high optical purity (77%
ee). In a similar fashion, (R)-(+)-binaphthol (2,2)~mono-
farnesyl ether 16a undergoes the enantioselective cyclization
to give f-bisabolene in 76% ee.

The structural diversity found in terpene metabolism is mostly elabolated by
olefinic cyclizations of five basic acyclic precursors, isoprene units.! The
biological strategy for construction of new C-C bonds involves intramolecular
electrophilic alkylation of remote double bonds to a cationic center generated by
the ionization of allylic pyrophosphato,2 in vhich the enzyme may require a di-
valent cation, Mg2* or Mn2*, for catalytic activity.? Formation of limonene fraom
geranyl and/or neryl pxecursors‘b'4 sesas to provide a simple, yet enticing model
for related terpene biosynthesis, although the biogenetic route leading to
limonene has not been elucidated so far. Actually, a number of regiochemical
features of this simple cyclization have beaen delineatod,s but the crucial
enantioface differentiation taking place .at the enzyme active site as well as the
important role of a divalent metal to assist with C-0 hoterolysis of the allylic
substrate have received scant attention.® Assuming that cyclisation of neryl
pyrophosphate to limonene is initiated by bidentats coordination of ths pyrophos-
phate noiety to a metal (eq. 1), we have been intrigued for a number of years in
the simulation of such a cyclization with asymmetric induction in organic
cheaistxy. HNere we wish to disclose the first asymmetric synthesis of. monocyclic
terpenss limpoene and bisabolenes according to this line as illustrated in eq. 2.

The choice of leaving group would be crucial to realize our project. Among
various neryloxy alcohols as substrates, neryloxy-substituted phenols seem to be
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appropriate in view of thwe ready accessibility as well as the facile generation of
the neryl cation through C-O bond sciseBion by Lewis acids. Accordingly, mononeryl
ether of catechol, biphenol, and binaphthol, 1, 4, and 5§, were prepared from
catechol, biphenol, and binaphthol, respectively, by simple momoalkylation with
neryl bromide in the presence of base.

First, we have examined various metals for effecting the cyclization of
catechol mononeryl ether (1). Treatment of 1 with ordinary Lewis acids such as
BF3°0Et,, SnCl,, and TiCl, at -78 OC resulted in formation of complex reaction
products. The use of EtAlCl, and Et2A1C1 gave similar results. However, when the
neryl ether } was reacted with diisobutylaluminum hydride (DIBAH) in CH,Cl, at -78
©C to room temperature, a mixture of limonene (2) and terpinolene (3) was cleanly
produced in 538 yield in a ratio of 18:1. None of the acyclic components were
detected in the crude reaction mixture by GLC analysib. Other organoaluminum
reagents such as MejAl, Me,AlOTE, and dialkylﬁluninum aryloxide were found to be
effecient in the cyclization of 1, 4, and §, as shown in Table I. Noﬁkbly, the
cyclization of neryl phenyl ether has proved to proceed much more slowly than

o &

those of 1, 4, and 5, under similar conditions, Attempted reaction of neryl
phenyl ether with diisobutylaluminum phenoxide in CH,Cl, at room temperature for 1
day resulted in 50% recovery of the starting material. Thus, the remarkable rate
acceleration observed herein should be ascribed to the novel metal-anchimeric
assistance of the aluminum reagents bound with the neighbbring hyldroxvl gqroup for
effecting the ionization of the allylic substrates.

With the demonstration of the anchimeric effect of metal in terpene synthesis
acéomplishéd, our attention has been focused on the enantioselective cyclization
of neryl precursors, a reaction that would provide access to a variety of terpenes
in enantiomeric form, Prior to the execution of the cyclization expetiments, we
needed enantiomerically pure limonene as standard to determine the enantiomeric
excess of the chiral limonene product by the optical rotation value. Unfortunate-
ly, so far no evidence is presented in the literatures showing that the limonene
standard is enantiomerically pure. Since many commercially available terpenes are
not always enantiomerically pure, we checked the optical purity of cémmercial D-
limonene (ux]%o +115° (c 0.82, pentane); supplied from 'wako Pure -Chemical Indus-
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Table I. Cyclysation of the Mononeryl Ether 1, 4, and 5%

entry ether aluminum reagent conditions® chemical yield 8¢
(ratio, 2 : 3)

1 1 DIBAH A 53 (18 : 1)
2 NejAl 80 (12 : 1)
3 m"suo 35 (17 : 1)
4 Me,AlOTE SO ( 5:1)
5 4 DIBAH B 81 ( 8:1)
6 MejAl 6 ( 7 :1)
7 6 63 ( 5:1)
8 Me,ALlOTE 69 ( 4 : 1)
9 s DIBAH c 77( 9:1)
10 MejAl 72 (7.5 : 1)
n 6 60 ¢ 7 :1)
12 i-BuyAlo _ 69 (.8 :1)

‘A]_.l__x'pa_t;t:ic:pns° were run on a 1 mmol scale using 1.2 equiv of aluminum reagent.
Conditions ( °C ( b )), A: -78 (0.5), room temparature (24); B: -78 (0.5), room
temperature (10); C: -78 (0.5), room temperatiire (5). CDetermined by cdﬁ,fllu‘y
GLC (20-m OV-101, 100 °C) using 1-dodegene as an internal standard. )

tries, Ltd.), which was found to be »98% enantiomerically pure. Its optical
purity was substantiated by TH NMR analysis with Sievers' reagent7 after con-
verting to &-terpineol and then to the (-)-MTPA ester 7.

1) HgOAc), (8)~(-<)-MTPACL
—_—

2) NaOH

3) NaBH,

OH

1
With the limonene standard at hand, we set out the enantioselective cycliza-

tion experiments. Thus, (R)-{(+)-binaphthol mononeryl ether 8 ([ot]lz)0 +39.4° (c
0.77, THF)) was prepared in 45-50% yield by the monosilylation and alkylation of
(R)-(#)—bin'aphthol as the chiral auxil:l.ar:y.8 Reaction of 8 with'DIBAH urider the
standard “conditions gave naturally occurring D-limonene (2) and 3 (ratio, 5:1) in

o
C Z t-BuAl] .i
® g om
OH a,b,c I
OO oK 45~50 % OH celF
& ' “u% 17 Goo

(R)=t+)-1, 1'~bi-2-naphtbol
8) Me ICI, NEt , b} NaH, veryl bromide, c) uso’

58% yield with only moderate asymmetric induction (~12% ee). Since the optical
yield generally tends to increase by lowering the reaction temperature, we have
then sought to design more oxygenophilic aluminum reagents than DIBAN in order to
conduct the reaction at low temperature. A trifluoromethanesulfdayl group was
quickly fourdd to be promising as a ligand of modified organvcaluminum reagents to
withdraw the electron on aluminum. The bulky 2,6-di-tert-butyl-4-alkylphenoxy
group wAs also incorporated to make a monomeric aluminum species in solution,
vhich should additionally enhance its oxygenophilicity. The highest snantioface
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differentiation was finally. achieved by the use of (2,4,6-tri- tort-butylphonoxy)-
isobutylaluminum trifluoromethanesulfonate (9)9 (3 eq\u.v)m in fluorotrichloro-
methane (CCl4F) at -130 ¢ for 3 h, producing D-limonene (548 vield) in 77% ee
(Table II).

Table Il. Asymmetric Synthesis of D-Limonene®

D-Limonene

chemical yiold L

entry aluminum reagent condit:l.on-b (ratio, 2 : 3 )d (a]D optical yield

deg (c)® S eeo

1 1-BuyAloTe A 36 ( 3:1) +45 (0.96) 39

2 ;-BuAl(O‘l'f)z B 27 ( 4': 1) +46 (0.46) 40

3 -BuAl c 29 (5.2 : 1) +74 (0.36) 64
Sote

4 ;-aun’o D sef( 14 : 1) +88 (1.44) 77
Sore

S

3,11 reactions were carried out og a t smol scale using 3 equiv of aluminum
reagent in CCl.F. Conditions ( h )), A: -130 (1), -100 (3), -94 (3), -78
ét), B: ~130 (4:; -100 (5), -9%4 (1), -78 (3); C: ~-130 (1), -78 (9); D: -130 (3).
Isolatcd by colunn chromatography on silica gel, unless othorviuo specified.
Dotornined by capillary GLC analysis (20-m OV-101, 100 ©¢c). ®In pentane.
Determined by capillary GLC (100 ©C) using veratrol as an internal standard,

The high sense of asymmetric induction observed herein may be envisioned as

occurring through an intermediate 10, in which the cyclization of neryl cation

would arise from an preferential anti-endo corxfox:mati.on.11

The present study has been successfully extended to the synthesis of
bisabolenes12 from the following ethers: catechol (Z,%)-monofarnesyl ether (1_3_!).
its Z,E isomer 11b, biphenol (2,Z)-monofarnesyl ether 1Sa, its 2,E isomer 15b, and
(R)-(+)-1,1'-bi-2-naphthol (2,2)-monofarnesyl ether (16a), and its 2,E isomer 16b,
These ethers were obtained by procedures similar to those in the preparation of 1,
4, and 8, respectively.13 Reaction of these ethers with several organcaluminum
reagents yielded a mixture of a-, -, and 7-bisabolenes as listed in Table III.
Noteworthy is the preferential formation of 12 from the 2,Z isomer 11a vs. 11b,
since it implies that during deprotonation the aluminum reagents may be respon-
sible for the discrimination of the stereochemistry of the farnesyl moiety. A
similar tendency was also observed in the ratio of bisabolene prodycts (Table
I1I).

Futhermore, by switching the catechol or biphenol moiety to a chiral auxi-
liary and manipulating the modified organoaluminum reagents, asymmetric synthesis
of bisabolenes appears feasible. Thus, exposure of (R)-(+)-binaphthol (Z,Z)-
mononeryl ether 16a ([o:]2° +28,6° (c 1.02, THF)) to the aluminum reagent 9 (3
equiv) in CC1l,F at -130 °c for 3 h led to the formation of bisaholenes (ratio of
2-a/B/3-Y/E-7/E-ax = 3:74:1:1:21) in 52% yield, from which ‘{+)-B-bisabolene was
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Table III. Cyclization of the Monofarnesyl Ether 1ig, 1ih; 15», and 15p*
entry ekhay alu-.tnum condiuonod yiold‘ ratio of biubolonnf

rolgm L {&~ar B 12~V B=V:.E-0}
1 11a DIBAH A 42 3 :64:1:2:10
2 - %u! 27 3:84:1:2:10
3 11b () ¢ 22 11 :52:2:5z: 30
4 - [ 23 11 255 :1:5;: 28
5 153 DIBAH B 85 5:77:1:3:14
6 [ 3 64 4 :80 31 :3:12
7 15h DIBAH 7 11 : 50 : 2:6: 31
8 [ 79 9 : 48 : 3 : 9 : 31
9 15a 9 c 62 4 : 69 :2:2: 23
10 g D 61 6 :58:2:4: 30
1 150 3 E 67 8 :45:2:9: 36
12 i D 63 8 : 46 : 4 :9 : 34

4711 reactions were performed on a 1 IIQI scale. ,bUsing 1.2 equiv of aluminun
aoaqcnt, unless otharwise indicated. uung 3 equiv of the aluminum reagent.
Conditions (solvent, °%c (h)), Az CB -78 (0.5), room temperature (24); B:
C82c1 -78 (0.5), room tamperature (i CCl3F, -130 (0.5), -40 (1), -20 (2);

r, -130 (0.5), -100 {(2), -78 (2); s. cCl r, =130 (0.5), -40 (6), -20 (2).
Ioolléod by colunn chromatography on silica ge Determined by capillary GLC
(20-m OV~-101, 150 ocj).

144

bisabolene
12: 8- 18:0- 1o:y-

%

Ha : (Z, Z)-isomer : (Z,2)-isomer
111 : (z,E)-isomex Ilb (Z,E)-isomer

separated by preparative TLC on AgNOj-impregnated silica gel. This product was
76% enantiomerically pure, as determined by the comparison of authentic sample."’
Unfortunately, attempted isolation of (+)-(E)-0-bisabolene was unsuccessful. The
2,E isomer 16b ([o{]go +34,3° (c 0.91, THP)) was also subjected to the analogous
cyclization conditions providing (+)-B-bisabolene in 62% ea, as summarized in
Table IV,

3441

(2, 2)-lsomer )
B Gatem: (+)-p-bisabolens
The terpene syntheses described above provide a new body of results that,
coupled with certain other considerations, (1) indicate that six-membered ring is
formed with a high degree of neighboring x-bond participation during C-0O hetero-

lysis of 7, ‘thus allowing the remote chiral transfer efficiently and (2} suggest
that overall process may involve conformationally rigid cationic structures.
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Table IV. Asymmetric Synthesis of’' Bisabolenes®

aluminum b ratio of bisabolenesd ~f~-bisabolene — .
entry ether xeagent conditions® yield® (Z-a, §,Z-7,E-7,E-a) (@), optical yleld
{equiv) 8 leg (¢)® s oo

1 16a 9 (1.2) A 56 6: 63 : 3: 4: 23 +47 (0.92) 62
2 (3) B 52 3: 74 3 1 1z 21 +56 (2.94) 76
3 16d (3) B 60  10: 39 : 23 2: 47  +47 (1.50) 62

2)11 reactions were carried out on a 1 mmol scale in CCl,F, bCondittdhl { °c (
h }), Az =130 (0.5), -100 (1); B: -130 (3). SIsolated by column’chromatography on
:uica gel, Determined by capillary GLC (20-m OV-101, 150 ©C). ®In EtOH, see ref
2a.

Experimental Section

1 General. Inf:afed;(lk)'spectra were racorded on a Hitachi 260-10 spectrometer.
H NMR spectra were méasured on a JNM-PMX 60 spectrometer. Carbon tetrachloride
was used as the NMR solvent. Chemital shifts are expressed in parts per million
downfield from internal tetramethylsilane (§=0). Splitting patterns are indicated
as s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; br, broad peak.
Analytical gas-liquid phase chromatography (GLC) was performed om a Hitachi 164
instrument equipped with a flame ionization detector with nitrogen as carrier gas
and using a capillary column {20-m OV-101)., Optical rotations were determined on
JASCO DIP-140 digital polarimeter. For thin layer chromatographic (TLC) analysis,
Merck precoated TLC plates (silica gel 60 GF,54) Wwere used. The products were
purified by preparative column chromatography on silica gel E. Merck Art 9385,

In experiments requiring dry solvents, ether amd tetrahydrofuran (THF) were
distilled from sodium-benzophenone. Benzene and hexane were dried over sodium
metal. Dichloromethane was distilled from phosphorus pentoxide and stored over 4-

molecular sieves. Pyridine and triethylamine were stored over potassium
hydroxide pellets. Diisobutylaluminum hydride (DIBAH) in hexane (1.0 M) was a
commercial product.

Preparation of Neryl Bromide. To a stirred solution of 7.71 g of nerol (50
mmol) in 150 mL of ether at -78 ©C under N, was added 1.69 mL of phosphorus
tribromide (18 mmol). The resulting solution was stirred at -78 Oc for 30 min and
stood at 0 °C for 10 h. The mixture was poured onto ice-water and extracted with
hexane. The organic extracts were washed with saturated NaHCO, solution, dried
over Na2§04, and concentrated to give a crude neryl bromide (10.85 g, quantitative
yield):” 'H NMR § 1.61, 1.67, 1.77 (9H, CH3-C=C), 3.90 (2H, 4, J = 9 Hz, CH,-Br),
5.07-5.62 (2H, m, CH=C), This was used witﬁout any purification.

Preparation of Catechol Mononeryl Ether (1). To a stirred suspension of 2.11 g
of sodium hydride (50% in oil, 44 mmol) in 200 mL of THF at room temperature under
N, was added 4.40 g of catechol (40 mmol) portionwise followed by a catalytic
amount of hydroquinone. The mixture was stirred for 30 min. Twenty mL of hexa-
methylphosphoramide (HMPA) and 8,68 g of neryl bromide (40 mmol) were successively
added. The whole mixture was stirred for 1 day. After decomposition of excess
sodium hydride with 5 mL of methanol, the mixture was poured onto ice-water and
extracted with ether. The combined organic layers were dried; concentrated, and
purified by column chromatography on silica gel (20:1, hexane-ether as eluant) to
?1ve mononeryl ether 1 as an oil (4.40 g, 45%): TLC, R¢ 0.33 (5:1, hexane-ether);

H NMR § 1.58, 1.66, 1.77 (9H, CH3-C=C), 4.35 (2H, 4, 5 = 7 Bz, CH,-0}, 5.20-5.44
(2H, m, CHsC), 6.63 (4H, m, Ar-H). .

Preparation of Biphenol Mononeryl Ether (4). To a solution of 3.72 g of bi-
phenol (20 mmol) in 100 mL of 2-propanol in the presence of 2,47 g of potassium
tert-butoxide (22 mmol) at room temperature was added 4.34 g of neryl bromide (20
mmol). The resulting mixture was stirred at room temperature for 1 day, poured
onto saturated NaCl solution, and extracted with ether. The combined organic
extracts were dried, congentrated, and purified by column chromatography on silica
gel (10:1, hexane-ethyl acetate as eluant) to give mononeryl ether 4 (6.44 g, 508%)
as an oil: TLC, Re 0.40 (5:1, hexane-ethyl acetate); 'H NMR §1.59, 1.63, 1.73
(9H, CH3-C=C), 4.49 (2H, 4, J = 7 Hz, CH,-0), 4.98-5.46 (2H, m, CH=C), 6.75-7.37
(8H, m, Ar-H).

Preparation of Racemic 1,1'-Bi-2-naphthol Mononeryl Rther (5). An analogous
procedure described for the preparation of catechol mononeryl ether (1) was
utilized, To a stirred suspension of 1.06 g of sodium hydride (508 in oil, 22
mmol) in 100 mL of THF at room temperature under N, was added 5.73 g of racemic
binaphthol (20 mmol) portionwise. After 30 min, 20 mL of. HHPA followed by 4.34 g
of neryl bromide (20 mmol) were added. The whole mixture was kept on stirring
for 1 day. After excess sodium hydride was destroyed by-addition of 5 mL of
methanol at 0 °C, the mixture was poured onto iced-1 N HCl1l solution and extracted
with benzene. The combined organic layers were dried, concentrated, and purified
by column chromatography on silica gel (5:1, hexane-ethar as eluant} to afford the
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desired binaphthol monaneryl ether 5 in 25% yield (2.10 g) in addition to bi-
naphthol dineryl esther (4.37 g, 39%), and unreacted binaphthol was recovered (1.71
g, 308); bindphthol dlmrgl -ather: TLC, Ry 0.57 (5:1, hexane-ether}); 5: TLC, R
0.27 (5:%, hexane-ether), 'H NMR §1.49 (3K, 8, CH4+CaC), 1.56 {6H, s, CH,-C=C),
4.39 (2H, 4, J =. 7 Rz, CH,~0), 4.71-5.19 (28, m, wH), 6.77~-7.83 (124, m, -H).

‘of M&.l-t— ais-m-%ﬂ-mlmxm {6). To a
solution of 264 mg of 2,6-di-tert-butyl-4-methylphencl (1.2 mmol) in 10 mL of
dichloromethana at 0 °C under N; was added 1.2 mL of MesAl (1 M in hexane, 1.2
mmol). This mixture was stirred at 0 °C for 30 min to yieid dimethylaluminum 2,6-
di-tert-butyl-4-methylphenoxide (6), which was directly used for the cyclization
experiments.

Preparation of Dimethylaluminum Trifluoromethanesulfomate. To a solution of 1.2
mL of MejAl (1 M in hexane, 1.2 mmol) in 10 mL of dichloromethane at -78 °C was
added 102 aL of trifluoromethanesulfonic acid (1.2 mmol). The resulting mixture
was stirred at -78 ©C for 30 min and at 0 ©C for 30 min under Ny, producing
dimethylaluminum trifluoromethanesulfonate.

Reaction of Catechol Neomoneryl Ether (1) with Organocalusinum Reagents. To a
solution of 246 mg of 1 (1 mmol) in 10 mL of dichloromethane at -78 “C under N
was added 1.2 mL of DIBAH (1.2 mmol). The solution was stirred at -78 °C for 36
min and at room temperature for 1 day. After 200 uL of 1-dodecene was added as an
internal standard by GLC analysis, the reaction mixture was poured onto 1 N HC1
solution and extracted with dichloromethane. The combined organic layers were
dried, concentrated and purified by short-path column chromatography on silica gel
(pentane as eluant) to give a mixture of 2 and 3 (53% yield, TLC, R¢e 0.58
(hexane)) in a ratio of 18:1 (limonene (2) (t. = 2.77 min), terpinolene (3] (t_. =
3.25 min), and 1-dodecene (tr = 5.73 min), by GLC analysis (100 ©cC)). ’Fhe
reaction of 1, 4, and 5, with other organoaluminum reagents were carried out in
like manners as described above, and the results were listed in Table I.

Preparation of (R)-(+)-1,1'-Bi-2-naphthol Monomaryl Ether (8). To a solution of
5.73 g of (R)~-(+)-binaphthol (20 mmol) in 200 mL of THF in the presence of 4.18 mL
of triethylamine (30 mmol) at 0 °C under N, was added 2.80 mL of chlorotrimethyl-
silane (22 mmol). After stirring at 0 °(,2 for 3 h, the mixture was poured onto
cold-aq NaHCO, solution and extracted with benzene. The combined organic layers
were dried and concentrated to afford (R)-(+)-binaphthol monosilyl ether almost
exclusively. This crude ether was diluted with 300 mL of THF and then 1.06 g of
sodium hydride (50% in o0il, 22 mmol) was added portionwise at 0 °C under N,.
After stirring at 0 ©C for 30 min, a solution of 4.77 g of neryl bromide (22 mmojz.)
in 20 nL of THF followed by 30 mL of HMPA were added at 0 ©C. The whole mixture
was stirred at room temperature for 1 day. After remaining sodium hydride was
destroyed with addition of 5 mL of methanol, the mixture was poured onto cold-1 N
HCl solution and extracted with benzene. The combined organic layers were dried,
concentrated, and purified by column chromatography on silica gel (5:1 5 exane-
ether as eluant) to give mononeryl ether 8 (3.96 g, 47%) as an oil: (alg +39.4°
{c 0.77, THF).

Reaction of (R)-(+)-1,1'-Bi-2-naphthol Mononeryl Ether (8) with Diisobutyl-
aluminum Trifluoromethanesulfonate. To a solution of 3 mL of DIBAH (3 mmol) in 30
mL of CCl,F at -78 ©C under N, was added 265 ML of trifluoromethanesulfonic acid
(3 mmol).~ The mixture was stirred at -78 ©C for 30 min and at 0 ©°C for 30 min,
producing diisobutylaluminuh trifluoromethanesulfonate. After cooling to -130 ©C
(external temperature, pentane-liquid N, bath), a solution of 422 mg of mononergl
ether 8 in 3 mL of CCl,F was added dropwise. The solution was stirred at -130 °C
for 1 h, at -100 °c (ne%hanol-liquid N, bath) for 3 h, at -94 °C (hexane-ligquid N
bath) for 3 h and -78 ©C faor 4 h. 'l‘,h!s was poured onto 1 N HCl solution ang
extracted with dichloromethane. The combined organic layers were dried, con-
centrated and purified by column chromatography on silica gel (pentane as eluant)
to afford a mixture of limonene and terpinolene (48.8 mg, 36% yield, ratio, 3:1)
which was determined by GLC analysi The products were separated by pre-packed
column chromatography (LiChro S 60 by Merck, pentane as eluant) to give D-
(+)~1limonene (2) (9.6 mg): )5 +45° (c 0.96, pentane).

Reaction of (R)-(+)-Binsphthol Nononeryl Ether 8 with (2,4,6-tri-tert-butyl-
pbenoxy)iscbutylaluminum Prif luoromethanesul fonate (9). To a solution of 787 mg of
tri-tert-butylphenol (3 mmol) in 30 mL of CCl,FP at 0 ©C under N, was added 3 mL of
DIBAH (3 mmol). The mixture was stirred at 0 for 30 min. After cooling to -78
©C, 265 ML of trifluoromethanesulfonic acid (3 mmol) was added and the mixture was
stirred at -78 °C for 30 min and at 0 °C for 30 min. The aluminum reagent 9 was
cooled to -130 °C (external temperature, pentane-liquid N, bath) and a solution of
422 mg of mononeryl ether 8 (1 mmol) in 3 mL of CCl,F was added dropwise. The
resulting solution was stirred at -130 °C for 3 h. “After addition of 40 ML of
veratrole (o-dimethoxybenzene) as an internal standard by GLC analysis, the
mixture was poured.onto 1 N HCl solution and extracted with dichloromethane. The
combined organic layers were 4ried and concentrated to furnish a colorless oil
(58% yield, limonene:terpinolene-= 14:1, veratrole (t_ = 4.19 min)). Chromato-
graphy on silica gel (pentane as eluant) and subsequent separation of the products
by pre-packed ool%n chromatography (pentane as eluant) gave rise to D-limonene
(_2_)1(14.4 ng)t [a]f" +88° (c 1.44, pentane).

H WNR Analysis of NTPA Ester of X-Terpineol with the Chiral Wﬁ% Reagnt. A
published procedure was used for the preparation of @-terpineol,'?’ Mercury
acetate (637 mg, 2 mmol) was added to a solution of 272 mg of D-(+)-1limonene (2
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mmdl) (supplied from Wako Pure Chemical- Industrxies, Ltd.) in 8 mL of THF and 2 miL
of water at 0.°C. The mixture was stirred at room tesmperature for 30 min.- The
reaction was then completed by adding 2 mL of a 3 N NaOH solution followed by 2 aL
of a 0.5 M sodium borohydride solution in 3 M NaOH at room temperature. :After
stirring at room tempdrature for 45 min, the solution was saturated with potassium
carbonate amnd-then .extracted -with ether. The combined orgamic layers were. dried,
concentrated, and purified by column chromatography on silica gel (2:1, hexane-
ethar as eluant) to give a colorlefs oil of a-terpineol (112 mg, 36%): TLC, R
0.45 (3:1, hexane-ethyl acetate); 'H NMR & 1.11 (6H, s, CH4-C-0), 5.19-5.45 (1H,
br, CH=C).

(S)-(-)-a-Methoxy-(a-trifluoromethyl)phenylacetyl chloride ((S)-(~)}-MTPA-C1,
100 4L) was added to a solution of 23 mg of d-terpineol (0.15 mmol) in.1.5 mL of
i1.2-dichloroethane in .the presence of 0.1 g of 4-dimethylaminopyridine (DMAP, 0.82
mmol) at room temperature. The solution was heated at 70 9C for 12 h, After
confirming the completion of the reaction by TLC, the solution was poured onto 1 N
HC1l solution and extracted with dichloromethane. The combined. organic layers were
dried, concentrated, and purified by column chromatography on silica:gel (10:1,
hexane-ether as eluant) to afford an oil of1 (S}=(-)-MTPA ester 7 (5% mg, 92%):
TLC,. R¢ 0.65 (3:1, hexane-ethyl acetate); 'H NMR§ 1.57 (6H, s, CH3-C-0), 3.54
{3H, s, CH,-0), 5.19-5.41 (1H, br, CHsC), 7.25-7.66 (5H, m, Ar-H).

The diastereomeric ester derived from the racemic limonene was also syn-
thesized in a similarx manner as described 9bove. Upon addition of -the»?hital
shift reagent Eu(hfc), (Sievers' reagent),’ the methoxyl absorption in 'H NMR
spectrum split into two peaks at §9.20 and 9.57 with equal intensities. The MTPA
ester 7, on the other hand, gave still a single methoxy signal even if the signal
shifted down toward lower field than§9. Thus, commercial D-(+)-limonene has
proved to be >98% enantiomerically pure.

Preparation of (2,2)- and (Z,E)-Farmesyl Bromide. (%,2)- and (Z,E)-farnesyl
bromides were prepared in a fashiom s*nilar to the preparation of neryl bromide;
(2,2)-farnasyl bromide: 91% yield; 'H NMR & 1.61 (3H, CH43-C=C), 1.68 (6H, CH,-
C=C), 1.77 (3H, CH3-C=C), ?.88 {24, d, J = 9 Hz, CH,-Br), 5.04-5.59 (3H, m, CH«();
(Z,E)-isomer: 97% yield; 'HE NMR§ 1.61-1.79 (12H, &13-C=C), 3.97 (2H, 4, J = 8 Hz,
CH,-Br), 5.06-5.61 (3H, m, CH=C),

Preparation of Monofarnesyl Ethers 11a, 11b, 15a, 15b, 16a, and 16b. Mono-
farnesyl ethers 1la, 11b, 15a, 15b, 16a, and 16b vere prepared by the procedures
similar to those in the preparation of mononeryl ethers, 1, 5, a 6, respec-
tively; 13a: 50% yield; TLC, Rg 0.35 (8:1, hexane-ethyl acetate); 'H NMR § 1.57
(3H, CH,-C=C), 1.65 (6H, CH3-C- , 1.77 (39, CB3-C-C), 4.48 (24, 4, J =7 Az, CH,-
0), 5.02-5.57 (34, m, CH=C), 6.50+6.91 (4H, m, Ar-H); 11b: 55% yiaeld; TLC, R¢ 0.35
{(8:1, heaxane-ethyl acetate); "H NMR§ 1.55 (6H, CH,-C=aC), 1,63 (3H, CH,-CxC), 1.76
(3H, CH,-C=C), 4.44 (2H,.d, J = 6 Hz, CH,-0), 4.,98-5.52 (3H, m, CH=C}, 6f56—6.78
(5H, m, Ar-H); 15a: 85% yield; TLC, R¢ O. (10:1, hexane-ethyl acetate); 'H NMR §
1.58 (3H, CH3-C=C), 1.64 (6H, CH3-C=C), 1.74 (3H, CH3-C=C), 4.56 (2H, 4, J = 7 Hz,
CH,~0), 4.99-5.49 (3H, m, CH=H), 6.85;7.37 (8H, m, Ar-H); 15b: 958 yield; TLC, R¢
0.57 {10:1, hexane-ethyl acetate); 'H NMR §1.55 (6H, CH,-C=C), 1.64- {3H, CH,-
c=C), 1.70 (3H, CH,-C=C), 4,44 (2H, 4, J » 7 Hz, CH,-0), 4.96-5.41 (3H, m, CH=C),
?.76—7.24_ (8H, m, Ar-H}; 16a: 528 yield; TLC, R 0.3?(4:1, hexane-ethyl acetate);
'H NMR § 1.59 (6H, CH3-C=C), 1.65 (6H, CH -C-S), 4.48'(3%, d, J = 7 Hz, CH,-0),
4.83-5,34 (3H, m, CH=C), 6.96-7.93 (12H, m, Ar-H); [&]) +28.6° (c 1.02, Tur);
16b: 598 yield; TLC, Rg 0.32 (4:1, hexane-ethyl acetate); 'H NMR §1.52 (3H, CHy-
C=C), 1.58 (6H, CH -C-J), 1.66 (3§, CH,-C=C), 4.45 (2H, 4, J = 7 Hz, CH,~0), 4.8?-
5.28 (3H, m, CH=C), 6.91-7.92 (12H, m, Ar-H); [“]DO +34.3% (c 0.91, THF). .

- Reaction of Catechol (2,3)-Nonofarnesyl Ethker (11a) with DIBAH. To a solution
of 246 mg of 1la () mmol) in 10 nL of dichloromethane at -78 °C under N, was added
1.2 mL of DIBAH (1.2 mmol)., The solutien was stirred at ~78 °C for 30 min and at
room temperature for 1 day, poured onto T N HCl solution and extracted with
dichlorosethane. The combined organic layers were dried, concentrated and purified
by column chromatography on silica gel (hexane as eluant) to give a mixture of
bisabolenes (85 mg, 428, TLC, Rg 0.41 (hexanej) as an oil, the ratio of which was
determined by GLC analysis (150°°C); 12:13:14 = 28:4.3:1. -

The structures of 12-14 were confirmed by GLC comparison with:those of the
authentic samples: t_((2)-13) = 18.37 min, t_(12) = 19.05 min, t_.((Z£)-14) =» 19,53
min, t_((E)-14) = 20.57 min, t.((E)-13) = 21.29 min; MS m/e; 12Z: 204 (M*), 119,
109, 95, 79,769 (100%); z-13: 204 (M¥), 121, 119, 109, 93 (100%); 5-1‘;_:.204 (M*),
121, 119, 109, 93 (1008);,2-14: 204 (M%), 119, 107, 93 (100%); E-1d: 204 (M*),
135, 119, 107, 93 (1008).

The Quthentic 12 and 14 were prepared according to the literature pro-
cedv.x.r:cm.1 8/C The synthesis of authentic 13 was made by the analogous method as
described in the referaence 12c.

Reaction of (R)-(+)-1,1'-Bi-2-naphthol (%,%)-Monofarnesyl Ether (16a) with 9.
To the aluminum reagent 9 (3 mmol), prepared as stated previously, in 30 mL of
CC13F at -130 °C under N, was added a solution of 490 mg of monofarnesyl ether 16
(1 nmol) in 3 mL of CCl,4F dropwise. The mixture was stirred at -130 °c for 3 ﬁ,
poured onto 1 N HC1 solution, and extracted with dichloromethane. The combined
organic layers were dried, concentrated, and purified by gelumn chromatography on
silica gel (hexane as eluant) to afford a mixture of bisaholenes (106 -g, 52%
yield, ratio of 2-13/12/2-14/E-14/E-13 = 3:74:1:1:21 by GLC analysis (150 ©C)) as

an oil. Separation of bisabolenes by preparative TLC on AgNO3-impregnated silica
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gel (10:1, hexane-ether as elu%t) gave § -bisabolene (12) (29.4 mg): AgN03-TLC, Re

0.35 (10:1, hexane-ether); [a]

+56° (c 2.94, EtOH).
Attempted isolation of (+? (g)-a—bisabolene ((E)-16) was unsuccessful.
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