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Abstract—Chemo- and stereoselectivity in the ring-opening reaction of epoxides with a reagent prepared from allylmagnesium halide and
chlorotitanium triphenoxide is described. It has been proven that the allylating reagent can also be used for the reaction of epoxides bearing a
tert-butyl ester, amide, or acetal moiety, and that the epoxide cleavage regioselectively takes place at the more substituted carbon in all cases.
Interestingly, while the reaction of acyclic 2,2,3-trialkyl epoxides or 3,3-disubstituted 2,3-epoxy alcohol derivatives with the allyltitanium
reagent yielded the allylated products as an almost 1:1 diastereomixture, the ring-opening reaction of 2-substituted 2,3-epoxy alcohol
derivatives stereospecifically proceeded through the anti pathway. The latter reaction is extremely useful for asymmetric construction of
quaternary carbon centers.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Ring-opening reaction of epoxides is a powerful method for
the stereoselective carbon–carbon bond formation,1 due to
the availability of various chiral epoxides in an enantio-
merically pure form.2 Although the ring-opening reaction of
epoxides at the less hindered position or at the activated
carbon having a vinyl or aryl group is extensively studied,3,4

considerably less success has been realized in the regio-
selective ring-opening at the more substituted unactivated
carbon, except for intramolecular reactions5 including
rearrangement.6 If the ring opening at the more substituted
carbon of a wide variety of epoxides proceeds in a
regioselective manner, it can serve as a synthetically useful
method for construction of tertiary and quaternary carbon
centers. However, as far as we are aware, only a few
examples of such reaction were reported to date, most of
which are based on organoaluminium chemistry.7,8

In 1990, we reported that an allyltitanium reagent prepared
from chlorotitanium triphenoxide and allylmagnesium
chloride selectively cleaves the carbon–oxygen bond of
epoxides 1 at the more substituted carbon atom to give an
allylated product 2 (Scheme 1).9 When the ring-opening
reaction of simple epoxides (not activated by a vinyl or an
aryl group) was conducted with an allyltitanium reagent
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.05.006

Keywords: Epoxides; Titanium; Allylation; Quaternary carbon.
* Corresponding author. Tel.: C81 6 6879 8210; fax: C81 6 6879 8214;

e-mail: t-tanaka@phs.osaka-u.ac.jp
derived from chlorotitanium triisopropoxide,10 a consider-
able amount of the undesired reduction product as well as
the allylated product at the less hindered carbon were
obtained. Formation of the reduction product was attributed
to the Meerwein–Ponndorf–Verley reaction with isopro-
poxide derived from chlorotitanium triisopropoxide. In
contrast, our titanium reagent prepared from chlorotitanium
triphenoxide prevents the formation of the reduction
product. Since our previous study was limited to the
reaction of unfunctionalized alkyl epoxides, the chemo-
selectivity of the ring-opening reaction remains to be seen.
Furthermore, although we have already shown that the
reaction of cyclic epoxides stereoselectively proceeds
through the anti pathway (O10:1), the stereochemical
course of the reaction with acyclic epoxides has not been
investigated. In this paper, we present the chemo- and
stereoselectivity in the regioselective ring-opening reaction
of epoxides with the allyltitanium reagent. Construction of
chiral quaternary carbons from 2-substituted 2,3-epoxy
alcohols is also presented.11
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Scheme 1. Regioselective ring cleavage of epoxides at the more hindered
carbon



Table 1. Chemoselective epoxide cleavage with the allyltitanium reagenta

Entry Epoxides Reagent (equiv) Conditions Product (yield)b

1

3

7 K78 8C to rt, 96 h

8 (41%)

2 4 5 K78 8C to rt, 24 h

9 (65%)

3

5

2 K78 to 0 8C, 1 h

10 (48%)

4

6

3 K78 to 0 8C, 3 h

11 (49%)

5
7

3 K78 to 0 8C, 4 h

12 (84%)

a Reagents: allylmagnesium bromide, ClTi(OPh)3, THF.
b Isolated yields.

Scheme 2. Reagents and conditions: allylmagnesium bromide, ClTi(OPh)3,
THF, K78 to 0 8C.
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2. Results and discussion

2.1. Reaction of epoxides bearing an electrophilic
functionality

First, we prepared epoxides 3–7 bearing an electrophilic
functionality through the standard protocol (see the Section
4) and investigated the chemoselectivity of the ring-opening
reaction with the allyltitanium reagents (Table 1). Treat-
ment of epoxy amide 3 with allylmagnesium bromide12 in
the presence of chlorotitanium triphenoxide (1 equiv to the
Grignard reagent) afforded allylated product 8 in 41% yields
(entry 1), as well as the recovered starting material (15%).
This is presumably due to the lower reactivity of the mono-
substituted epoxides with the titanium reagent. More
reactive trisubstituted epoxy amide 4 gave the desired
product 9 in a better yield (65%, entry 2). In contrast, the
allyltitanium reagent reacted with the carbonyl group of
ethyl ester 13 (Eq. 1 in Scheme 2) to give diallylated
epoxide 17 in 25% yield. Furthermore, the reaction of
b,b-disubstituted-a,b-epoxy esters 14 and 15 afforded low
yields of the desired alcohols 18 and 19 (14 and 27% yield,
Eqs. 2 and 3). These results clearly show the limitation
of the chemoselectivity of the ring-opening reaction of
epoxides having an ester moiety. In contrast, the ring-
opening reaction of epoxides 5 and 6 (entries 3 and 4)
bearing a tert-butyl ester apart from the reaction site
selectively proceeded in moderate yields (48 and 49%).
Allylation of the carbonyl group of epoxy ketone 16 (Eq. 4)
with the allyltitanium reagent predominated over the
epoxide cleavage, yielding the epoxy alcohol 20.13

However, the undesired allylation of the ketone can be
readily suppressed by acetalization of the ketone: reaction
of epoxide 7 (entry 5) having an ethylene acetal moiety gave
the desired alcohol 12 in 84% yield. From these obser-
vations, epoxides having an amide, tert-butyl ester, and
appropriately-protected ketone can be used in the allylative
epoxide cleavage at the more hindered carbon with the
titanium reagent.
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2.2. Stereoselectivity of the ring-opening of epoxides

In the previous study,9 we have demonstrated that the
allyltitanium-mediated ring-opening reaction of cyclic
epoxides 21 stereoselectively proceeds through the anti
pathway to give the cyclic alcohols 22 (Eq. 5 in Scheme
3).14 However, the stereochemical course of the reaction of
acyclic epoxides was not understood.15 Thus, we next
investigated the reaction of acyclic chiral trisubstituted
epoxides 23 (Eq. 6). Unfortunately, the reaction of
trialkylepoxide 23 gave the allylated product 24 as a
mixture of diastereomers (55:45).
  

Scheme 3. Stereoselectivity of the epoxide cleavage.

Scheme 4. Stereoselectivity of the reaction of epoxides with the titanium
reagent.

Table 2. Stereoselectivity of the reaction of acyclic epoxides

Entry Epoxy alcohol Product (yield)a Ratiob

(syn/anti)

1 29 (RZMOM) 34 (70%) 50:50
2 30 (RZBn) 35 (79%) 54:46

3 31 (RZMOM) 36 (83%) 48:52
4 32 (RZBn) 37 (72%) 43:57
5 33 (RZTBS) 38 (53%) 48:52

Reagents: allylmagnesium halide, ClTi(OPh)3, THF.
a Isolated yields.
b Determined by 1H NMR.
From these results, it is apparent that the titanium-mediated
epoxide cleavage proceeds through the SN1-like pathway
including the cationic intermediate A (Scheme 4), affording
the allylated products 26 as a mixture of diastereomers
without stereoselectivity. The good stereoselectivities
observed in the reaction of the cyclic epoxides will be
attributed to the nucleophilic attack of the allylating reagent
from the less hindered side of the cyclic cationic
intermediate B.

We next investigated the reaction of 2,3-epoxy alcohol
derivatives 29–33 (Table 2). Treatment of protected
3,3-disubstituted 2,3-epoxy alcohols 29 and 30 with
allylmagnesium bromide and chlorotitanium triphenoxide
proceeded in good yields (70 and 79%, respectively) but
without stereoselectivity. Similarly, 3-substituted 2,3-epoxy
alcohol derivatives 31–33 also gave almost 1:1 diastereo-
mixtures 36–38 (entries 3–5).

It is well known that ring-opening reaction of 2,3-epoxy
alcohol derivatives 39 with a nucleophilic metal reagent
such as titanium,16 aluminum,17 and other nucleophiles18

regioselectively proceeds at the 3-position to form 1,2-diols
such as 40 (Eq. 7 in Scheme 5).19 Also in the reaction of
2,3-epoxy alcohol derivatives 29–33 (Table 2), the ring-
opening reaction regioselectively took place at the
3-position. In these cases, two alkyl substituents (entries 1
and 2) or a phenyl group (entries 3–5) at the 3-position
further facilitates the SN1-type ring-opening reaction of 41
at this position to form the cationic intermediate 42 through
the intermediate D (Eq. 8). Accordingly, the low stereo-
selectivity of the ring-opening reaction is understandable.
In order to realize the stereoselective ring-opening reaction
of acyclic epoxides, it is essential to suppress the SN1-type
reaction. This difficulty has been overcome by accelerating
the ring-opening reaction at the 2-position of the epoxy
alcohols as described later (Section 2.3).
Scheme 5. Ring-opening reaction at the 3-position of protected 2,3-epoxy
alcohol.
Stereochemical assignments for the synthesized alcohols
were readily made by their transformation into the lactone
derivatives as shown in Scheme 6. The allylated diol
derivative syn-38, formed by the reaction of the protected



 

Scheme 6. Determination of stereochemistries of syn-38 and anti-38.

Table 3. Construction of chiral quaternary carbon centers from 2-substi-
tuted 2,3-epoxy alcoholsa

Entry Epoxy alcohol Product (yield)b

1

46 54 (46%)
2

47 55 (41%)
3

48 56 (54%)
4

49 57 (34%)

5

50 58 (42%)

6
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epoxy alcohol 33 with titanium reagent, was treated with
KMnO4 and CuSO4 in CH2Cl2 to give the corresponding
lactone trans-44 in a one-pot manner. Irradiation of the
signal of 4-H led to no NOE enhancement of the signals of
5-H.20 In contrast, 10% of NOE was observed between 4-H
and 5-H of the lactone cis-44 derived from anti-38 as shown
in Scheme 6. Stereochemistries of other allylated products
including those described later were also confirmed in a
similar manner.
51
59 (37%)

7

52

60 (49%)
8

53

61 (33%)

a Reagents: allylmagnesium chloride, ClTi(OPh)3, THF, K78 to 0 8C.
b Isolated yields.
2.3. Asymmetric construction of quaternary carbon
centers by stereospecific ring-opening reaction

As described in Section 2.2, it was extremely difficult to
realize the stereospecific ring-opening reaction of the
protected 2,3-epoxy alcohols at the 3-position, due to the
high reactivity at this position to form the carbocation
intermediate. In contrast, if the relatively unreactive
2-position of the protected 2,3-epoxy alcohols 45 can be
appropriately activated (Scheme 7), the intermediate E may
be more stable than the intermediate D (Scheme 5) and
unreactive toward the unfavorable SN1-like ring-opening
reaction. Furthermore, if the allylating reagent approaches
from the back side of the C2–O bond of the intermediate E,
the ring-opening reaction would proceed through the
stereospecific anti pathway. Therefore, we next turned our
attention to the ring-opening reaction of 2-substituted
2,3-epoxy alcohols.
Scheme 7. Ring-opening reaction at the 2-position of protected 2,3-epoxy
alcohol.
The results with the protected 2-substituted 2,3-epoxy
alcohols 46–53 are summarized in Table 3. As we expected,
the reaction of 46 with the allylmagnesium chloride12 and
chlorotitanium triphenoxide yielded 1,3-diol derivative 54
bearing a quaternary carbon center as a single isomer
(entry 1). The corresponding benzyl ether 47 also afforded
55 under the identical reaction conditions (entry 2).
Reaction of 2,3-disubstituted 2,3-epoxy alcohols 48–53
yielded the allylated product 56–61 bearing two contiguous
stereocenters including a chiral quaternary carbon (entries
3–8).21 Although the yields are moderate, all the reactions
proceeded in a stereospecific manner. The ring-opening
reaction of epoxide 50 derived from (E)-allylic alcohol
afforded the desired product 58 with (S)-configuration,
which is opposite to that obtained with the corresponding
(Z)-allylic alcohol derivative 51, both via the anti pathway.
Stereochemistries of the products were readily confirmed by
the NOE analysis of the corresponding lactone deriva-
tives.22 These results clearly demonstrate that the allylation
proceeds through the SN2-type stereospecific reaction, not
through the stereoselective SN1 reaction, the latter of which
would produce the same diastereomer from both of the (E)-
and (Z)-allylic alcohol derivatives 50 and 51.
3. Conclusion

In conclusion, we have demostrated the chemo- and
stereoselectivity in the ring-opening reaction of epoxides
with allylmagnesium halide23 and chlorotitanium
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triphenoxide. The ring cleavage of the functionalized
epoxides chemoselectively proceeded in the presence of a
tert-butyl ester, amide, or acetal moiety, and the more
substituted carbon of the epoxides regioselectively reacted
to give the allylated product. Although the ring-opening
reaction proceeds through the SN1 pathway in most cases, it
has been proven that anti-selective ring-opening reaction of
epoxides is possible when using 2-substituted 2,3-epoxy
alcohol derivatives, presumably due to the relatively low
reactivity of the epoxy alcohol at the 2-position. This is the
first example of the asymmetric construction of quaternary
carbon centers by a stereospecific ring-opening reaction of
readily available chiral acyclic epoxides using a titanium
reagent. Since the products obtained have three distinguish-
able functional groups around the chiral quaternary stereo-
center, this reaction would serve as an extremely useful
method for the synthesis of complex molecules having a
chiral quaternary carbon.
4. Experimental

4.1. General methods

All reactions were carried out under a positive pressure of
argon, and glassware and syringes were dried in an electric
oven at 100 8C prior to use. THF was distilled from sodium
benzophenone ketyl under N2. Other solvents and reagents
were used without further purification. Melting points are
uncorrected. 1H NMR spectra (270, 300 or 500 MHz) were
recorded in CDCl3. Chemical shifts are reported in parts per
million downfield from internal Me4Si (sZsinglet, dZ
doublet, ddZdouble doublet, dddZdoublet of double
doublet, tZtriplet, mZmultiplet). For flash chromatog-
raphy, silica gel 60 (230–400 mesh, Merck) was employed.
Known epoxides 13,24 14,24 and 4725 were prepared
according to the literature. Compound 16 was purchased
from Aldrich and used without purification.

4.2. Allyltitanium-mediated ring-opening reaction of
epoxides

4.2.1. General procedure: synthesis of (6)-10-(hydro-
xymethyl)-1-pyrrolidinyltridec-12-en-1-one (8) (Table 1,
entry 1). A solution of chlorotitanium triphenoxide (0.5 M
in THF; 7.0 mL, 3.5 mmol) was added dropwise to a
solution of allylmagnesium bromide (1.0 M in Et2O;
3.5 mL, 3.5 mmol) at K78 8C, and the mixture was stirred
for 30 min at K50 8C. To the stirred mixture was slowly
added a solution of epoxide 3 (127 mg, 0.50 mmol) in THF
(1 mL) at K78 8C, and the mixture was stirred for 96 h with
warming to room temperature. After the mixture was diluted
with Et2O (30 mL), saturated aqueous KF (5 mL) was added
under stirring, and precipitate was filtered off. The filtrate
was washed with 2 N NaOH, water, and brine, and dried
over MgSO4. The filtrate was concentrated under reduced
pressure to leave an oily residue, which was purified by
column chromatography over silica gel with CHCl3–MeOH
(200:1; hexane–EtOAc was used in other cases) to give 8
(61 mg, 41% yield) as a colorless oil; IR (KBr) cmK1 3415
(OH), 1626 (C]O); 1H NMR (300 MHz, CDCl3) d 1.21–
1.66 (m, 23H), 3.39–3.59 (m, 6H, 2 0-CH2, 5 0-CH2 and
OCH2), 4.99–5.09 (m, 2H, 13-CH2), 5.75–5.89 (m, 1H,
12-H); 13C NMR (75 MHz, CDCl3) d 24.4, 24.9, 26.1, 26.8,
29.3 (2C), 29.4, 29.8, 30.5, 34.8, 35.8, 40.3, 45.6, 46.6, 65.5,
116.0, 137.2, 171.9; MS (FAB) m/z (%): 296 (MHC, 100);
HRMS (FAB) calcd for C18H34NO2 (MHC): 296.2590;
found: 296.2573.

4.2.2. (6)-4-Hydroxy-4-[1-(prop-2-enyl)cyclohexyl]-1-
pyrrolidinylbutan-1-one (9) (Table 1, entry 2). By the
general procedure for the allyltitanium-mediated ring-
opening reaction, epoxide 4 (119 mg, 0.50 mmol) was
converted into 9 (91 mg, 65% yield) by the reaction with
allylmagnesium bromide (1.0 M in Et2O; 2.5 mL,
2.5 mmol) and chlorotitanium triphenoxide (0.5 M in
THF; 5.0 mL, 2.5 mmol) at K78 to 0 8C for 24 h. In this
reaction, allylmagnesium bromide was added dropwise to a
solution of chlorotitanium triphenoxide: colorless oil; IR
(KBr) cmK1 3470 (OH), 1643 (C]O); 1H NMR (300 MHz,
CDCl3) d 1.46–1.66 (m, 6H), 1.77–2.46 (m, 14H), 3.41–3.53
(m, 5H, 2 0-CH2, 5 0-CH2 and 4-H), 5.01–5.13 (m, 2H,
CH]CH2), 5.78–5.92 (m, 1H, CH]CH2); 13C NMR
(75 MHz, CDCl3) d 23.4 (2C), 26.1 (2C), 27.9, 28.5 (2C),
30.7, 35.3, 37.0, 40.2, 46.2, 46.5, 70.2, 116.8, 136.9, 176.3;
MS (FAB) m/z (%): 280 (MHC, 100); HRMS (FAB) calcd
for C17H30NO2 (MHC): 280.2277; found: 280.2280.

4.2.3. tert-Butyl (6)-4-[1-(hydroxymethyl)but-3-enyl]-
benzoate (10) (Table 1, entry 3). By the general procedure
for the allyltitanium-mediated ring-opening reaction, epox-
ide 5 (55 mg, 0.25 mmol) was converted into 10 (32 mg,
48% yield) by the reaction with allylmagnesium bromide
(1.0 M in Et2O; 0.5 mL, 0.50 mmol) and chlorotitanium
triphenoxide (0.5 M in THF; 1.0 mL, 0.50 mmol) at K78 to
0 8C for 1 h: colorless oil; IR (KBr) cmK1 3452 (OH), 1714
(C]O); 1H NMR (500 MHz, CDCl3) d 1.33 (br s, 1H, OH),
1.59 (s, 9H, CMe3), 2.37–2.43 (m, 1H, 2 0-CHH), 2.48–2.54
(m, 1H, 2 0-CHH), 2.93–2.99 (m, 1H, 1 0-H), 3.75–3.84 (m,
2H, OCH2), 4.96–5.04 (m, 2H, 4 0-CH2), 5.65–5.73 (m, 1H,
3 0-H), 7.27 (d, JZ7.9 Hz, 2H, Ph), 7.95 (d, JZ7.9 Hz, 2H,
Ph); 13C NMR (75 MHz, CDCl3) d 28.2 (3C), 36.4, 48.2,
66.6, 80.9, 116.7, 127.9 (2C), 129.7 (2C), 130.6, 135.8,
146.9, 165.6; MS (FAB) m/z (%): 285 (MNaC, 40.5), 207
(100); HRMS (FAB) calcd for C16H22NaO3 (MNaC):
285.1467; found: 285.1446.

4.2.4. tert-Butyl (6)-(1R*,4R*)-4-allyl-4-(hydroxy-
methyl)cyclohexanecarboxylate (11) (Table 1, entry 4).
By the general procedure for the allyltitanium-mediated
ring-opening reaction, epoxide 6 (106 mg, 0.50 mmol) was
converted into 11 (62 mg, 49% yield) by the reaction with
allylmagnesium bromide (1.0 M in Et2O; 1.5 mL,
1.5 mmol) and chlorotitanium triphenoxide (0.5 M in
THF; 3.0 mL, 1.5 mmol) at K78 to 0 8C for 3 h: colorless
oil; IR (KBr) cmK1 3446 (OH), 1728 (C]O); 1H NMR
(300 MHz, CDCl3) d 1.13–1.23 (m, 2H, 2-CHH and
6-CHH), 1.44 (s, 9H, CMe3), 1.52–1.66 (m, 4H, 3-CH2

and 5-CH2), 1.72–1.81 (m, 2H, 2-CHH and 6-CHH), 2.09–
2.16 (m, 1H, 1-H), 2.19 (d, JZ8.5 Hz, 2H, CH2CH]CH2),
3.34 (s, 2H, CH2OH), 5.05 (m, 2H, CH]CH2), 5.75–5.89
(m, 1H, CH]CH2); 13C NMR (75 MHz, CDCl3) d 23.7
(2C), 28.1 (3C), 30.9 (2C), 36.2, 37.3, 43.9, 70.9, 79.9,
117.4, 134.8, 175.4; MS (FAB) m/z (%): 255 (MHC, 50),
181 (100); HRMS (FAB) calcd for C15H27O3 (MHC):
255.1960; found: 255.1965.
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4.2.5. (6)-4-(1-Hydroxy-2-methoxymethoxy)ethyl-4-
(prop-2-enyl)cyclohexan-1-one 1,1-ethylene acetal (12)
(Table 1, entry 5). By the general procedure for the
allyltitanium-mediated ring-opening reaction, epoxide 7
(122 mg, 0.50 mmol) was converted into 12 (120 mg, 84%
yield) by the reaction with allylmagnesium bromide (1.0 M
in Et2O; 1.5 mL, 1.5 mmol) and chlorotitanium triphen-
oxide (0.5 M in THF; 3.0 mL, 1.5 mmol) at K78 to 0 8C for
4 h: colorless oil; IR (KBr) cmK1 3504 (OH); 1H NMR
(300 MHz, CDCl3) d 1.46–1.76 (m, 8H), 2.14 (dd, JZ13.9,
7.5 Hz, 1H, CHHCH]CH2), 2.34 (dd, JZ13.9, 7.0 Hz, 1H,
CHHCH]CH2), 2.52 (br s, 1H, OH), 3.37 (s, 3H, OMe),
3.46–3.52 (m, 1H, 1 0-H), 3.71–3.79 (m, 2H, 2 0-CH2), 3.93
(s, 4H, OC2H4O), 4.66 (s, 2H, OCH2O), 5.05–5.10 (m, 2H,
CH]CH2), 5.81–5.94 (m, 1H, CH]CH2); 13C NMR
(75 MHz, CDCl3) d 28.2, 28.6, 30.1, 30.3, 36.3, 38.1,
55.3, 64.1 (2C), 69.2, 74.0, 96.9, 108.7, 117.4, 134.9; MS
(EI) m/z: 286 (MC). Anal. Calcd for C15H26O5: C, 62.91; H,
9.15. Found: C, 63.06; H, 9.02.

4.2.6. (6)-4-[(2R*,3S*)-3-Methyloxiran-2-yl]-1,6-hepta-
dien-4-ol (17). By the general procedure for the allyltita-
nium-mediated ring-opening reaction, epoxide 13 (130 mg,
1.0 mmol) was converted into 17 (43 mg, 25% yield) by the
reaction with allylmagnesium bromide (1.0 M in Et2O;
1.2 mL, 1.2 mmol) and chlorotitanium triphenoxide (0.5 M
in THF; 2.6 mL, 1.3 mmol) at K78 to 0 8C for 3 h: colorless
oil; IR (KBr) cmK1 3477 (OH); 1H NMR (500 MHz,
CDCl3) d 1.30 (d, JZ5.5 Hz, 3H, CMe), 1.91 (s, 1H, OH),
2.25–2.42 (m, 4H, 3-CH2 and 5-CH2), 2.68 (d, JZ2.4 Hz,
1H, 2 0-H), 3.05 (qd, JZ5.5, 2.4 Hz, 1H, 3 0-H), 5.09–5.18
(m, 4H, 1-CH2 and 7-CH2), 5.82–5.95 (m, 2H, 2-H and
6-H); 13C NMR (75 MHz, CDCl3) d 16.9, 41.5, 44.4, 51.0,
63.7, 70.6, 118.3, 119.2, 132.7, 133.0; MS (FAB) m/z (%):
175 (MLiC, 25), 160 (100); HRMS (FAB) calcd
C10H16LiO2 (MLiC): 175.1310; found: 175.1311.

4.2.7. Ethyl (6)-2-hydroxy-3,3-dimethyl-5-hexenoate
(18). By the general procedure for the allyltitanium-
mediated ring-opening reaction, epoxide 14 (144 mg,
1.0 mmol) was converted into 18 (26 mg, 14% yield) by
the reaction with allylmagnesium bromide (1.0 M in Et2O;
1.5 mL, 1.5 mmol) and chlorotitanium triphenoxide (0.5 M
in THF; 3.0 mL, 1.5 mmol) at K78 to 0 8C for 3 h: colorless
oil; IR (KBr) cmK1 3469 (OH); 1H NMR (300 MHz,
CDCl3) d 1.34 (t, JZ6.9 Hz, 3H, CMe), 1.38 (s, 3H, CMe),
1.43 (s, 3H, CMe), 2.24 (d, JZ2.4 Hz, 2H, 4-CH2), 3.33
(s, 1H, 2-H), 4.20–4.34 (m, 2H, OCH2), 5.09–5.17 (m, 2H,
6-CH2), 5.80–5.94 (m, 1H, 5-H); 13C NMR (75 MHz,
CDCl3) d 14.1, 18.2, 24.2, 43.6, 59.4, 60.1, 61.3, 118.7,
133.5, 168.5; MS (FAB) m/z (%): 193 (MLiC, 100); HRMS
(FAB) calcd for C10H18LiO3 (MLiC): 193.1416; found:
193.1425.

4.2.8. tert-Butyl (6)-2-hydroxy-3,3-dimethyl-5-hexeno-
ate (19). By the general procedure for the allyltitanium-
mediated ring-opening reaction, epoxide 15 (86 mg,
0.50 mmol) was converted into 19 (29 mg, 27% yield) by
the reaction with allylmagnesium bromide (1.0 M in Et2O;
1.5 mL, 1.5 mmol) and chlorotitanium triphenoxide (0.5 M
in THF; 3.0 mL, 1.5 mmol) at K78 to 0 8C for 2 h: colorless
oil; IR (KBr) cmK1 3516 (OH), 1716 (C]O); 1H NMR
(500 MHz, CDCl3) d 0.92 (s, 3H, CMe), 0.95 (s, 3H, CMe),
1.51 (s, 9H, CMe3), 2.03 (dd, JZ13.4, 7.3 Hz, 1H, 4-CHH),
2.20 (dd, JZ13.4, 7.9 Hz, 1H, 4-CHH), 2.86 (d, JZ6.7 Hz,
1H, OH), 3.76 (d, JZ6.7 Hz, 1H, 2-H), 5.06–5.90 (m, 2H,
6-CH2), 5.81–5.89 (m, 1H, 5-H); 13C NMR (75 MHz,
CDCl3) d 22.8, 23.3, 28.1 (3C), 38.1, 43.4, 76.8, 82.7, 117.8,
134.7, 173.8; MS (FAB), m/z (%): 215 (MHC, 100). Anal.
Calcd for C12H22O3: C, 67.26; H, 10.35. Found: C, 66.86; H,
10.30.

4.2.9. (6)-(1R*,2S*,6S*)-4,4,6-Trimethyl-2-(prop-2-
enyl)-7-oxabicyclo[4.1.0]heptan-2-ol (20). By the general
procedure for the allyltitanium-mediated ring-opening
reaction, isophorone oxide 16 (154 mg, 1.0 mmol) was
converted into 20 (167 mg, 85% yield) by the reaction with
allylmagnesium bromide (1.0 M in Et2O; 2.0 mL,
2.0 mmol) and chlorotitanium triphenoxide (0.5 M in
THF; 4.0 mL, 2.0 mmol) at K78 to 0 8C for 2 h: colorless
oil; IR (KBr) cmK1 3498 (OH); 1H NMR (500 MHz,
CDCl3) d 0.88 (s, 3H, CMe), 1.03 (s, 3H, CMe), 1.22 (d, JZ
14.6 Hz, 1H), 1.30 (d, JZ14.6 Hz, 1H), 1.36 (s, 3H, CMe),
1.57 (dd, JZ14.6, 1.8 Hz, 1H), 1.62 (d, JZ14.6 Hz, 1H),
1.82 (s, 1H, OH), 2.27 (dd, JZ13.4, 7.9 Hz, 1H, 1 0-CHH),
2.42 (dd, JZ13.4, 7.3 Hz, 1H, 1 0-CHH), 2.77 (s, 1H, 1-H),
5.20–5.26 (m, 2H, CH]CH2), 5.92–6.00 (m, 1H,
CH]CH2); 13C NMR (75 MHz, CDCl3) d 24.9, 28.4,
29.5, 31.7, 43.3, 44.7, 45.8, 59.5, 63.8, 70.7, 120.2, 132.5;
MS (FAB) m/z (%): 219 (MNaC, 13.3), 176 (100); HRMS
(FAB) calcd for C12H20NaO2 (MNaC): 219.1361; found:
219.1381.

4.2.10. (3R,4R)- and (3R,4S)-4-Benzyl-4-methylhept-6-
en-3-ol (24). By the general procedure for the allyltitanium-
mediated ring-opening reaction, epoxide 23 (176 mg,
1.0 mmol) was converted into an inseparable mixture of
syn-24 and anti-24 (55:45 by 1H NMR; 153 mg, 70% yield)
by the reaction with allylmagnesium chloride (2.0 M in
THF; 1.5 mL, 3.0 mmol) and chlorotitanium triphenoxide
(0.5 M in THF; 6.0 mL, 3.0 mmol) at K78 to 0 8C for 4 h:
colorless oil; IR (KBr) cmK1 3500 (OH); 1H NMR
(300 MHz, CDCl3) d 0.83 (s, 1.5H, 4-Me), 0.88 (s, 1.5H,
4-Me), 1.01 (dd, JZ14.8, 7.3 Hz, 3H, CMe), 1.25–1.76 (m,
2H, 2-CH2), 1.81–2.26 (m, 2H, 5-CH2), 2.52 (d, JZ13.0 Hz,
0.5H, PhCHH), 2.61 (d, JZ13.2 Hz, 0.5H, PhCHH), 2.73
(d, JZ13.2 Hz, 0.5H, PhCHH), 2.82 (d, JZ13.0 Hz, 0.5H,
PhCHH), 3.26 (t, JZ11.8 Hz, 1H, 3-H), 5.06–5.13 (m, 2H,
7-CH2), 5.84–6.05 (m, 1H, 6-H), 7.16–7.29 (m, 5H, Ph); 13C
NMR (67.5 MHz, CDCl3) d 12.32 (0.5C), 12.35 (0.5C), 21.4
(0.5C), 22.0 (0.5C), 24.7 (0.5C), 24.8 (0.5C), 41.4 (0.5C),
41.5 (0.5C), 42.3 (0.5C), 42.4 (0.5C), 42.5 (0.5C), 42.7
(0.5C), 79.1 (0.5C), 79.2 (0.5C), 118.0 (1C), 126.5 (1C),
128.4 (2C), 131.3 (2C), 136.1 (0.5C), 136.3 (0.5C), 139.26
(0.5C), 139.29 (0.5C); MS (FAB) m/z (%): 241 (MNaC, 18),
142 (100); HRMS (FAB) calcd for C15H22NaO (MNaC):
241.1568; found: 241.1572.

4.2.11. (2S,3R)- and (2S,3S)-3-Benzyl-1-(methoxy-
methoxy)-3-methylhex-5-en-2-ol (34) (Table 2, entry 1).
By the general procedure for the allyltitanium-mediated
ring-opening reaction, epoxide 29 (111 mg, 0.50 mmol) was
converted into an inseparable mixture of syn-34 and anti-34
(50:50 by 1H NMR; 92 mg, 70% yield) by the reaction with
allylmagnesium chloride (2.0 M in THF; 0.75 mL,
1.5 mmol) and chlorotitanium triphenoxide (0.5 M in



T. Tanaka et al. / Tetrahedron 61 (2005) 6726–67426732
THF; 3.0 mL, 1.5 mmol) at K78 to 0 8C for 2 h: colorless
oil; IR (KBr) cmK1 3560 (OH); 1H NMR (300 MHz,
CDCl3) d 0.85 (s, 1.5H, CMe), 0.91 (s, 1.5H, CMe), 1.79–
1.86 (m, 0.5H, 4-CHH), 2.03–2.10 (m, 0.5H, 4-CHH), 2.18–
2.31 (m, 1H, 4-CHH), 2.46–2.62 (m, 2H, PhCHH and OH),
2.82–2.93 (m, 1H, PhCHH), 3.37 (d, JZ0.4 Hz, 1.5H,
OMe), 3.39 (d, JZ0.4 Hz, 1.5H, OMe), 3.46–3.66 (m, 2H,
1-CHH and 2-H), 3.72–3.83 (m, 1H, 1-CHH), 4.65 (s, 1H,
OCH2O), 4.68 (s, 1H, OCH2O), 5.05–5.13 (m, 2H, 6-CH2),
5.82–6.02 (m, 1H, 5-H), 7.18–7.33 (m, 5H, Ph); 13C NMR
(75 MHz, CDCl3) d 20.6 (0.5C), 21.1 (0.5C), 40.62 (0.5C),
40.64 (0.5C), 41.1 (0.5C), 41.3 (0.5C), 42.3 (0.5C), 42.5
(0.5C), 50.58 (0.5C), 50.63 (0.5C), 71.36 (0.5C), 71.39
(0.5C), 72.7 (1C), 98.9 (0.5C), 99.0 (0.5C), 117.3 (0.5C),
117.5 (0.5C), 126.3 (1C), 128.0 (1C), 128.3 (1C), 128.6
(1C), 128.8 (1C), 136.6, (1C), 140.2 (0.5C), 140.4 (0.5C);
MS (FAB) m/z (%): 265 (MHC, 18), 151 (100); HRMS
(FAB) calcd for C16H25O3 (MHC): 265.1804; found:
265.1810.

4.2.12. (2S,3R)- and (2S,3S)-3-Benzyl-1-benzyloxy-3-
methylhex-5-en-2-ol (35) (Table 2, entry 2). By the general
procedure for the allyltitanium-mediated ring-opening
reaction, epoxide 30 (134 mg, 0.5 mmol) was converted
into an inseparable mixture of syn-35 and anti-35 (54:46 by
1H NMR; 123 mg, 79% yield) by the reaction with
allylmagnesium chloride (2.0 M in THF; 0.75 mL,
1.5 mmol) and chlorotitanium triphenoxide (0.5 M in
THF; 3.0 mL, 1.5 mmol) at K78 to 0 8C for 2 h: colorless
oil; IR (KBr) cmK1 3528 (OH); 1H NMR (300 MHz,
CDCl3) d 0.82 (s, 1.5H, CMe), 0.88 (s, 1.5H, CMe), 1.75–
1.83 (m, 0.5H, 4-CHH), 1.99–2.07 (m, 0.5H, 4-CHH), 2.15–
2.31 (m, 1H, 4-CHH), 2.44–2.60 (m, 1.5H, PhCH2), 2.81–
2.91 (m, 0.5H, PhCH2), 3.45–3.69 (m, 3H, 1-CH2 and 2-H),
4.53 (d, JZ1.5 Hz, 1H, OCH2Ph), 4.56 (d, JZ2.4 Hz, 0.5H,
OCH2Ph), 5.00–5.10 (m, 2H, 6-CH2), 5.80–6.00 (m, 1H,
5-H), 7.15–7.39 (m, 10H, Ph); 13C NMR (67.5 MHz,
CDCl3) d 20.6 (0.5C), 21.1 (0.5C), 39.9 (0.5C), 40.1
(0.5C), 40.4 (0.5C), 40.6 (0.5C), 41.6 (0.5C), 42.1 (0.5C),
71.0 (1C), 73.39 (0.5C), 73.41 (0.5C), 73.8 (0.5C), 73.9
(0.5C), 117.5 (0.5C), 117.7 (0.5C), 125.8 (1C), 127.6 (3C),
127.7 (1C), 128.4 (2C), 130.78 (1C), 130.83 (1C), 134.6
(1C), 135.0 (1C), 137.75 (0.5C), 137.80 (0.5C), 138.2 (1C);
MS (FAB) m/z (%): 333 (MNaC, 33), 174 (100); HRMS
(FAB) calcd for C21H26NaO2 (MNaC): 333.1830; found:
333.1836.

4.2.13. (2R,3S)- and (2R,3R)-1-(Methoxymethoxy)-3-
phenylhex-5-en-2-ol (36) (Table 2, entry 3). By the general
procedure for the allyltitanium-mediated ring-opening
reaction, epoxide 31 (146 mg, 0.75 mmol) was converted
into an inseparable mixture of syn-36 and anti-36 (48:52 by
1H NMR; 147 mg, 83% yield) by the reaction with
allylmagnesium bromide (1.0 M in Et2O; 2.25 mL,
2.25 mmol) and chlorotitanium triphenoxide (0.5 M in
THF; 4.5 mL, 2.25 mmol) at K78 to K20 8C for 120 h:
colorless oil; IR (KBr) cmK1 3474 (OH); 1H NMR
(300 MHz, CDCl3) d 2.27–2.89 (m, 4H, 3-H, 4-CH2 and
OH), 3.23–3.64 (m, 5H, OMe and 1-CH2), 3.86–3.92 (m,
0.5H, 2-H), 4.00–4.05 (m, 0.5H, 2-H), 4.54–4.63 (m, 2H,
OCH2O), 4.85–5.06 (m, 2H, 6-CH2), 5.54–5.73 (m, 1H,
5-H), 7.13–7.39 (m, 5H, Ph); 13C NMR (75 MHz, CDCl3) d
36.4 (0.5C), 36.5 (0.5C), 48.2 (0.5C), 49.2 (0.5C), 55.41
(0.5C), 55.43 (0.5C), 71.4 (1C), 72.5 (0.5C), 74.0 (0.5C),
96.95 (0.5C), 97.04 (0.5C), 116.1 (0.5C), 116.4 (0.5C),
126.67 (0.5C), 126.74 (0.5C), 128.27 (1C), 128.30 (1C),
128.5 (1C), 128.9 (1C), 136.4 (0.5C), 136.6 (0.5C), 140.4
(0.5C), 141.2 (0.5C); MS (FAB) m/z (%): 237 (MHC, 13.3),
126 (100); HRMS (FAB) calcd for C14H21O3 (MHC):
237.1491; found: 237.1490.

4.2.14. (2R,3S)- and (2R,3R)-1-Benzyloxy-3-phenylhex-5-
en-2-ol (37) (Table 2, entry 4). By the general procedure for
the allyltitanium-mediated ring-opening reaction, epoxide
32 (120 mg, 0.50 mmol) was converted into an inseparable
mixture of syn-37 and anti-37 (43:57 by 1H NMR; 102 mg,
72% yield) by the reaction with allylmagnesium bromide
(1.0 M in Et2O; 1.5 mL, 1.5 mmol) and chlorotitanium
triphenoxide (0.5 M in THF; 3.0 mL, 1.5 mmol) at K78 to
K20 8C for 3 h: colorless oil; IR (KBr) cmK1 3477 (OH);
1H NMR (300 MHz, CDCl3) d 2.16 (br s, 0.4H, OH), 2.36–
2.88 (m, 3.6H, 3-H, 4-H and OH), 3.15–3.48 (m, 2H,
1-CH2), 3.88–3.93 (m, 0.4H, 2-H), 4.05–4.06 (m, 0.6H,
2-H), 4.35–4.51 (m, 2H, OCH2Ph), 4.84–5.03 (m, 2H,
6-CH2), 5.52–5.72 (m, 1H, 5-H), 7.11–7.36 (m, 10H, Ph);
13C NMR (75 MHz, CDCl3) d 36.3 (0.5C), 36.4 (0.5C), 48.0
(0.5C), 49.2 (0.5C), 72.2 (0.5C), 72.7 (0.5C), 72.8 (0.5C),
73.2 (0.5C), 73.3 (0.5C), 73.8 (0.5C), 116.0 (0.5C), 116.4
(0.5C), 126.6 (0.5C), 126.7 (0.5C), 127.67 (1.5C), 127.72
(1.5C), 128.2 (1.5C), 128.3 (1.5C), 128.4 (1.5C), 128.9
(1.5C), 136.5 (0.5C), 136.6 (0.5C), 137.8 (0.5C), 137.9
(0.5C), 140.4 (0.5C), 141.2 (0.5C); MS (FAB) m/z (%): 283
(MHC, 21), 150 (100); HRMS (FAB) calcd for C19H23O2

(MHC): 283.1698; found: 283.1690.

4.2.15. (2R,3S)-1-(tert-Butyldimethylsiloxy)-3-phenyl-
hex-5-en-2-ol (syn-38) and Its (2R,3R)-isomer (antiK
38) (Table 2, entry 5). By the general procedure for the
allyltitanium-mediated ring-opening reaction, epoxide 33
(264 mg, 1.0 mmol) was converted into a diastereomixture
of syn-38 and anti-38 by the reaction with allylmagnesium
bromide (1.0 M in Et2O; 2.0 mL, 2.0 mmol) and chloro-
titanium triphenoxide (0.5 M in THF; 4.0 mL, 2.0 mmol) at
K78 to 0 8C for 1 h. The diastereomixture was purified by
column chromatography over silica gel with hexane–Et2O
(20:1) to give, in the order of elution, syn-38 (78 g, 25%
yield) and anti-38 (86 mg, 28% yield).

Compound syn-38. Colorless oil; [a]D
27 K18.8 (c 0.43,

CHCl3); IR (KBr) cmK1 3469 (OH); 1H NMR (300 MHz,
CDCl3) d K0.03 (s, 6H, SiMe2), 0.87 (s, 9H, CMe3), 2.36–
2.47 (m, 1H, OH), 2.63–2.74 (m, 2H, 4-CH2), 2.81–2.90 (m,
1H, 3-H), 3.24 (dd, JZ9.9, 6.6 Hz, 1H, 1-CHH), 3.37 (dd,
JZ9.9, 3.1 Hz, 1H, 1-CHH), 3.71–3.79 (m, 1H, 2-H), 4.84–
4.97 (m, 2H, 6-CH2), 5.54–5.67 (m, 1H, 5-H), 7.12–7.31 (m,
5H, Ph); 13C NMR (75 MHz, CDCl3) d K5.5 (2C), 18.2,
25.8 (3C), 36.6, 49.1, 65.2, 75.0, 115.9, 126.6, 128.3 (2C),
128.4 (2C), 136.8, 141.4; MS (FAB) m/z (%): 329 (MNaC,
100); HRMS (FAB) calcd for C18H30NaO2Si (MNaC):
329.1913; found: 329.1911.

Compound anti-38. Colorless oil; [a]D
27 K39.1 (c 0.55,

CHCl3); IR (KBr) cmK1 3466 (OH); 1H NMR (500 MHz,
CDCl3) d 0.03 (s, 3H, SiMe), 0.04 (s, 3H, SiMe), 0.88 (s,
9H, CMe3), 2.20 (br s, 1H, OH), 2.43–2.63 (m, 2H, 4-CH2),
2.78–2.85 (m, 1H, 3-H), 3.39 (dd, JZ10.1, 7.3 Hz, 1H,
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1-CHH), 3.57 (dd, JZ10.1, 4.2 Hz, 1H, 1-CHH), 3.86–3.88
(m, 1H, 2-H), 4.91–5.05 (m, 2H, 6-CH2), 5.59–5.72 (m, 1H,
5-H), 7.18–7.33 (m, 5H, Ph); 13C NMR (75 MHz, CDCl3) d
K5.43, K5.38, 18.2, 25.8 (3C), 36.4, 47.9, 65.3, 73.8,
116.2, 126.6, 128.2 (2C), 128.9 (2C), 136.6, 140.8; MS
(FAB) m/z (%): 329 (MNaC, 100); HRMS (FAB) calcd for
C18H30NaO2Si (MNaC): 329.1913; found: 329.1913.

4.2.16. (4S,5R)-5-(tert-Butyldimethylsiloxy)methyl-4-
phenyloxolan-2-one (trans-44). To a mixture of powdered
KMnO4 (800 mg) and CuSO4 (400 mg) were added H2O (40
mL) and CH2Cl2 (2.0 mL) under stirring. A solution of syn-
38 (61 mg, 0.2 mmol) in CH2Cl2 (0.5 mL) was added to the
mixture and the mixture was stirred under reflux for 5 days.
The mixture was filtered through Celite with CH2Cl2, and
the filtrate was concentrated under reduced pressure to leave
an oily residue, which was purified by column chromato-
graphy over silica gel with hexane–EtOAc (10:1) to give
trans-44 (17 mg, 28% yield) as a colorless oil; [a]D

28 K16.7
(c 0.59, CHCl3); IR (KBr) cmK1 1770 (C]O); 1H NMR
(500 MHz, CDCl3) d 0.08 (s, 3H, SiMe), 0.09 (s, 3H, SiMe),
0.85 (s, 9H, CMe3), 2.67 (dd, JZ17.7, 7.3 Hz, 1H, 3-CHH),
3.04 (dd, JZ17.7, 9.2 Hz, 1H, 3-CHH), 3.66–3.71 (m, 1H,
4-H), 3.73 (dd, JZ11.6, 2.4 Hz, 1H, 1 0-CHH), 3.92 (dd, JZ
11.6, 2.4 Hz, 1H, 1 0-CHH), 4.49–4.51 (m, 1H, 5-H), 7.23–
7.38 (m, 5H, Ph); 13C NMR (75 MHz, CDCl3) d K5.5,
K5.4, 18.3, 25.8 (3C), 37.3, 42.1, 63.1, 86.8, 126.9 (2C),
127.5, 129.1 (2C), 140.9, 176.2; MS (FAB) m/z (%): 307
(MHC, 36), 181 (100); HRMS (FAB) calcd for C17H27O3Si
(MHC): 307.1729; found: 307.1725.

4.2.17. (4R,5R)-5-(tert-Butyldimethylsiloxy)methyl-4-
phenyloxolan-2-one (cis-44). Ozone was bubbled through
a solution of anti-38 (45 mg, 0.15 mmol) in CH2Cl2 (3 mL)
at K78 8C until a blue color persisted (30 min). To this
mixture was added PPh3 (115 mg, 0.44 mmol) at K78 8C
and the mixture was stirred for 2 h at 0 8C. Concentration
under reduced pressure gave an oily residue, which was
purified by short column chromatography over silica gel
with hexane–EtOAc (3:1) to give the corresponding lactol.
Pyridinium chlorochromate (39 mg, 0.18 mmol) in CH2Cl2
(3 mL) was added to a solution of the lactol in CH2Cl2
(1 mL) at 0 8C, and the mixture was stirred for 5 days at
room temperature. The mixture was filtered through Celite
with CH2Cl2, and the filtrate was concentrated under
reduced pressure to leave an oily residue, which was
purified by column chromatography over silica gel with
hexane–EtOAc (5:1) to give cis-44 (31 mg, 67% yield) as a
colorless oil; [a]D

28 K95.9 (c 0.78, CHCl3); IR (KBr) cmK1

1774 (C]O); 1H NMR (500 MHz, CDCl3) dK0.09 (s, 3H,
SiMe), K0.05 (s, 3H, SiMe), 0.85 (s, 9H, CMe3), 2.73 (dd,
JZ17.1, 9.2 Hz, 1H, 3-CHH), 3.13 (dd, JZ17.1, 10.4 Hz,
1H, 3-CHH), 3.41 (dd, JZ11.6, 2.4 Hz, 1H, 1 0-CHH), 3.64
(dd, JZ11.6, 3.7 Hz, 1H, 1 0-CHH), 3.90–3.96 (m, 1H, 4-H),
4.70–4.73 (m, 1H, 5-H), 7.27–7.36 (m, 5H, Ph); 13C NMR
(75 MHz, CDCl3) d K5.91, K5.89, 18.1, 25.7 (3C), 34.1,
43.8, 62.0, 82.7, 127.5, 127.9 (2C), 128.6 (2C), 136.4,
176.7; MS (FAB) m/z (%): 307 (MHC, 25), 181 (100);
HRMS (FAB) calcd for C17H27O3Si (MHC): 307.1729;
found: 307.1734.

4.2.18. (2S)-2-(Methoxymethoxymethyl)-2-methylpent-
4-en-1-ol (54) (Table 3, entry 1). By the general procedure
for the allyltitanium-mediated ring-opening reaction, epox-
ide 46 (106 mg, 0.80 mmol) was converted into 54 (64 mg,
46% yield) by the reaction with allylmagnesium chloride
(2.0 M in THF; 2.8 mL, 5.6 mmol) and chlorotitanium
triphenoxide (0.5 M in THF; 11.2 mL, 5.6 mmol) at K78 to
0 8C for 2 h: colorless oil; [a]D

28C8.6 (c 0.96, CHCl3); IR
(KBr) cmK1 3524 (OH); 1H NMR (500 MHz, CDCl3) d 1.09
(s, 3H, CMe), 2.18 (dd, JZ14.0, 7.9 Hz, 1H, 3-CHH), 2.20–
2.28 (m, 1H, 3-CHH), 2.54 (br s, 1H, OH), 3.38 (s, 3H,
OMe), 3.46 (s, 2H, 1-CH2), 3.52 (s, 2H, 1 0-CH2), 4.80 (s,
2H, OCH2O), 5.11–5.16 (m, 2H, 5-CH2), 5.83–5.92 (m, 1H,
4-H); 13C NMR (75 MHz, CDCl3) d 17.8, 38.0, 39.2, 50.5,
70.4, 72.2, 99.4, 117.6, 128.4; MS (FAB) m/z (%): 175
(MHC, 35), 90 (100); HRMS (FAB) calcd for C9H19O3

(MHC): 175.1334; found: 175.1329.

4.2.19. (2S)-2-(Benzyloxymethyl)-2-methylpent-4-en-1-
ol (55) (Table 3, entry 2). By the general procedure for
the allyltitanium-mediated ring-opening reaction, epoxide
47 (89 mg, 0.50 mmol) was converted into 55 (45 mg, 41%
yield) by the reaction with allylmagnesium chloride (2.0 M
in THF; 1.75 mL, 3.5 mmol) and chlorotitanium triphen-
oxide (0.5 M in THF; 7.0 mL, 3.5 mmol) at K78 to 0 8C for
4 h: colorless oil; [a]D

24C18.0 (c 0.80, CHCl3); IR (KBr)
cmK1 3507 (OH); 1H NMR (500 MHz, CDCl3) d 0.96 (s,
3H, CMe), 2.24 (dd, JZ14.0, 7.9 Hz, 1H, 3-CHH), 2.29–
2.33 (m, 1H, 3-CHH), 2.45 (d, JZ4.9 Hz, 1H, OH), 3.27–
3.63 (m, 4H, 1-CH2 and 1 0-CH2), 4.42 (s, 2H, PhCH2), 5.02–
5.08 (m, 2H, 6-CH2), 5.83–5.90 (m, 1H, 5-H), 7.30–7.38 (m,
5H, Ph); 13C NMR (75 MHz, CDCl3) d 17.2, 38.2, 38.8,
70.0, 73.4, 77.4, 117.7, 127.3, 128.8 (2C), 132.2 (2C),
135.5, 137.0; MS (FAB) m/z (%): 221 (MHC, 45), 90 (100);
HRMS (FAB) calcd for C14H21O2 (MHC): 221.1542;
found: 221.1550.

4.2.20. (2R,3S)-3-(Methoxymethoxymethyl)-3-methyl-1-
phenylhex-5-en-2-ol (56) (Table 3, entry 3). By the general
procedure for the allyltitanium-mediated ring-opening
reaction, epoxide 48 (111 mg, 0.50 mmol) was converted
into 56 (71 mg, 54% yield) by the reaction with allylmag-
nesium chloride (2.0 M in THF; 1.75 mL, 3.5 mmol) and
chlorotitanium triphenoxide (0.5 M in THF; 7.0 mL,
3.5 mmol) at K78 to 0 8C for 2 h: colorless oil; [a]D

24C
10.6 (c 1.02, CHCl3); IR (KBr) cmK1 3492 (OH); 1H NMR
(500 MHz, CDCl3) d 0.96 (s, 3H, CMe), 2.24 (dd, JZ14.0,
7.9 Hz, 1H, 4-CHH), 2.29–2.33 (m, 1H, 4-CHH), 2.45
(d, JZ4.9 Hz, 1H, OH), 2.57 (dd, JZ13.4, 10.4 Hz, 1H,
1-CHH), 2.93 (dd, JZ13.4, 1.2 Hz, 1H, 1-CHH), 3.38
(s, 3H, OMe), 3.46–3.58 (m, 2H, 1 0-CH2), 3.71–3.73 (m,
1H, 2-H), 4.61 (s, 2H, OCH2O), 5.10–5.13 (m, 2H, 6-CH2),
5.85–5.93 (m, 1H, 5-H), 7.20–7.32 (m, 5H, Ph); 13C NMR
(75 MHz, CDCl3) d 17.8, 38.1, 39.9, 41.1, 55.5, 73.4, 77.4,
96.8, 117.9, 126.2, 128.4 (2C), 129.3 (2C), 134.3, 140.0; MS
(FAB) m/z (%): 265 (MHC, 15), 172 (100); HRMS (FAB)
calcd for C16H25O3 (MHC): 265.1804; found: 265.1812.

4.2.21. (2R,3S)-3-(Benzyloxymethyl)-3-ethyl-1-phenyl-
hex-5-en-2-ol (57) (Table 3, entry 4). By the general
procedure for the allyltitanium-mediated ring-opening
reaction, epoxide 49 (141 mg, 0.50 mmol) was converted
into 57 (55 mg, 34% yield) by the reaction with allylmag-
nesium chloride (2.0 M in THF; 1.75 mL, 3.5 mmol) and
chlorotitanium triphenoxide (0.5 M in THF; 7.0 mL,
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3.5 mmol) at K78 to 0 8C for 6 h: colorless oil; [a]D
26C45.5

(c 1.00, CHCl3); IR (KBr) cmK1 3483 (OH); 1H NMR
(500 MHz, CDCl3) d 0.92 (t, JZ6.4 Hz, 3H, CMe), 1.13
(q, JZ6.4 Hz, 2H, CH2Me), 2.18 (dd, JZ14.0, 7.9 Hz, 1H,
4-CHH), 2.20–2.32 (m, 1H, 4-CHH), 2.52 (d, JZ4.9 Hz,
1H, OH), 2.64 (dd, JZ13.4, 10.4 Hz, 1H, 1-CHH), 2.82 (dd,
JZ13.4, 1.2 Hz, 1H, 1-CHH), 3.40–3.56 (m, 2H, 1 0-CH2),
3.64–3.68 (m, 1H, 2-H), 4.47 (s, 2H, PhCH2), 5.12–5.16
(m, 2H, 6-CH2), 5.84–5.93 (m, 1H, 5-H), 7.12–7.40 (m,
10H, Ph); 13C NMR (75 MHz, CDCl3) d 12.3, 22.5, 37.1,
39.0, 41.9, 70.7, 75.9, 78.4, 117.1, 125.9, 127.7 (2C), 127.9
(2C), 130.7 (2C), 131.0 (2C), 138.3, 138.4, 138.6 (2C); MS
(FAB) m/z (%): 347 (MNaC, 48), 126 (100); HRMS (FAB)
calcd for C22H28NaO2 (MNaC): 347.1987; found:
347.1990.

4.2.22. (2R,3S)-3-Ethyl-3-(methoxymethoxymethyl)-1-
phenylhex-5-en-2-ol (58) (Table 3, entry 5). By the general
procedure for the allyltitanium-mediated ring-opening
reaction, epoxide 50 (118 mg, 0.50 mmol) was converted
into 58 (58 mg, 42% yield) by the reaction with allylmag-
nesium chloride (2.0 M in THF; 1.75 mL, 3.5 mmol) and
chlorotitanium triphenoxide (0.5 M in THF; 7.0 mL,
3.5 mmol) at K78 to 0 8C for 3 h: colorless oil; [a]D

24C
12.6 (c 0.96, CHCl3); IR (KBr) cmK1 3546 (OH); 1H NMR
(500 MHz, CDCl3) d 0.91 (t, JZ6.4 Hz, 3H, CMe), 1.05
(q, JZ6.4 Hz, 2H, 3-CH2Me), 2.14 (dd, JZ14.0, 7.9 Hz,
1H, 4-CHH), 2.20–2.29 (m, 1H, 4-CHH), 2.43 (d, JZ
4.9 Hz, 1H, OH), 2.50 (dd, JZ13.4, 10.4 Hz, 1H, 1-CHH),
2.90 (dd, JZ13.4, 1.2 Hz, 1H, 1-CHH), 3.28 (s, 3H, OMe),
3.43–3.51 (m, 2H, 1 0-CH2), 3.69–3.76 (m, 1H, 2-H), 4.61
(s, 2H, OCH2O), 5.10–5.14 (m, 2H, 6-CH2), 5.80–5.93 (m,
1H, 5-H), 7.25–7.34 (m, 5H, Ph); 13C NMR (75 MHz,
CDCl3) d 14.2, 22.5, 37.6, 38.9, 41.6, 56.3, 72.0, 78.4, 96.0,
117.4, 126.6, 129.3 (2C), 128.9 (2C), 136.1, 138.6;
MS (FAB) m/z (%): 279 (MHC, 30), 184 (100); HRMS
(FAB) calcd for C17H27O3 (MHC): 279.1960; found:
279.1952.

4.2.23. (2R,3R)-3-Ethyl-3-(methoxymethoxymethyl)-1-
phenylhex-5-en-2-ol (59) (Table 3, entry 6). By the general
procedure for the allyltitanium-mediated ring-opening
reaction, epoxide 51 (118 mg, 0.50 mmol) was converted
into 59 (52 mg, 37% yield) by the reaction with allylmag-
nesium chloride (2.0 M in THF; 1.75 mL, 3.5 mmol) and
chlorotitanium triphenoxide (0.5 M in THF; 7.0 mL,
3.5 mmol) at K78 to 0 8C for 3 h: colorless oil; [a]D

28C
34.4 (c 0.90, CHCl3); IR (KBr) cmK1 3560 (OH); 1H NMR
(500 MHz, CDCl3) d 0.93 (t, JZ6.4 Hz, 3H, CMe), 1.08
(q, JZ6.4 Hz, 2H, 3-CH2Me), 2.20 (dd, JZ14.0, 7.9 Hz,
1H, 4-CHH), 2.29–2.33 (m, 1H, 4-CHH), 2.45 (d, JZ
4.9 Hz, 1H, OH), 2.57 (dd, JZ13.4, 10.4 Hz, 1H, 1-CHH),
2.93 (dd, JZ13.4, 1.2 Hz, 1H, 1-CHH), 3.38 (s, 3H, OMe),
3.46–3.58 (m, 2H, 1 0-CH2), 3.71–3.77 (m, 1H, 2-H), 4.61 (s,
2H, OCH2O), 5.10–5.13 (m, 2H, 6-CH2), 5.86–5.92 (m, 1H,
5-H), 7.23–7.30 (m, 5H, Ph); 13C NMR (75 MHz, CDCl3) d
14.3, 22.7, 37.8, 38.9, 41.0, 56.1, 72.3, 77.9, 95.9, 117.3,
126.6, 129.0 (2C), 129.1 (2C), 136.1, 138.7; MS (FAB) m/z
(%): 279 (MHC, 26), 184 (100); HRMS (FAB) calcd for
C17H27O3 (MHC): 279.1960; found: 279.1971.

4.2.24. (4S,5R)-4-(Methoxymethoxymethyl)-4-methyl-
undec-1-en-5-ol (60) (Table 3, entry 7). By the general
procedure for the allyltitanium-mediated ring-opening
reaction, epoxide 52 (108 mg, 0.50 mmol) was converted
into 60 (63 mg, 49% yield) by the reaction with allylmag-
nesium chloride (2.0 M in THF; 1.75 mL, 3.5 mmol) and
chlorotitanium triphenoxide (0.5 M in THF; 7.0 mL,
3.5 mmol) at K78 to 0 8C for 6 h: colorless oil; [a]D

26C
18.4 (c 1.02, CHCl3); IR (KBr) cmK1 3486 (OH); 1H NMR
(500 MHz, CDCl3) d 0.85 (t, JZ6.9 Hz, 3H, CMe), 0.97 (s,
3H, CMe), 1.16–1.46 (m, 10H), 2.22–2.36 (m, 2H, 3-CH2),
3.38 (s, 3H, OMe), 3.46–3.58 (m, 3H, 5-H and 1 0-CH2), 4.63
(s, 2H, OCH2O), 5.10–5.13 (m, 2H, 1-CH2), 5.85–5.93 (m,
1H, 2-H); 13C NMR (75 MHz, CDCl3) d 14.8, 15.8, 22.9,
24.2, 30.4, 31.0, 34.1, 35.9, 41.1, 55.5, 72.7, 76.7, 98.8,
120.2, 130.6; MS (FAB) m/z (%): 259 (MHC, 34), 183
(100); HRMS (FAB) calcd for C15H31O3 (MHC): 259.2273;
found: 259.2286.

4.2.25. (4S,5R)-4-(Benzyloxymethyl)-4-methylundec-1-
en-5-ol (61) (Table 3, entry 8). By the general procedure
for the allyltitanium-mediated ring-opening reaction, epox-
ide 53 (131 mg, 0.50 mmol) was converted into 61 (50 mg,
33% yield) by the reaction with allylmagnesium chloride
(2.0 M in THF; 1.75 mL, 3.5 mmol) and chlorotitanium
triphenoxide (0.5 M in THF; 7.0 mL, 3.5 mmol) at K78 to
0 8C for 8 h: colorless oil; [a]D

24C29.0 (c 0.90, CHCl3); IR
(KBr) cmK1 3523 (OH); 1H NMR (500 MHz, CDCl3) d 0.88
(t, JZ6.9 Hz, 3H, CMe), 0.95 (s, 3H, CMe), 1.12–1.34 (m,
10H), 2.18–2.26 (m, 2H, 3-CH2), 2.40 (d, JZ5.4 Hz, 1H,
OH), 3.20 (dd, JZ13.4, 5.4 Hz, 1H, 5-H), 3.46 (s, 2H,
1 0-CH2), 4.50 (s, 2H, PhCH2), 5.06–5.12 (m, 2H, 1-CH2),
5.78–5.83 (m, 1H, 2-H), 7.22–7.36 (m, 5H, Ph); 13C NMR
(75 MHz, CDCl3) d 14.6, 15.3, 22.2, 24.8, 30.2, 30.4, 34.7,
36.0, 40.6, 68.6, 74.2, 77.4, 117.9, 127.04, 127.07, 130.1
(2C), 132.6 (2C), 136.4; MS (FAB) m/z (%): 305 (MHC,
40), 91 (100); HRMS (FAB) calcd for C20H33O2 (MHC):
305.2481; found: 305.2476.

4.3. Preparation of epoxides

4.3.1. (6)-9-(Oxiran-2-yl)-1-pyrrolidinylnonan-1-one
(3). To a stirred solution of 1-pyrrolidinylundec-10-en-1-
one 6226 (2.50 g, 10.5 mmol) in CH2Cl2 (20 mL) was added
dropwise a solution of 75% m-CPBA (3.08 g, 13.4 mmol) in
CH2Cl2 (30 mL) at 0 8C, and the mixture was stirred for 4 h
at room temperature. Saturated Na2S2O3 was added to the
mixture and stirring was continued for 30 min. Organic
layer was separated and washed with saturated NaHCO3

(!2), water, and brine, and dried over MgSO4. Concen-
tration of the filtrate under reduced pressure gave an oily
residue, which was purified by column chromatography
over silica gel with hexane–EtOAc (3:2) to give 3 (1.43 g,
54% yield) as a colorless oil; IR (KBr) cmK1 1643 (C]O);
1H NMR (300 MHz, CDCl3) d 1.25–1.66 (m, 14H, 7!
CH2), 1.80–2.00 (m, 4H, 3 0-CH2 and 4 0-CH2), 2.22–2.28 (m,
2H, 2-CH2), 2.45–2.48 (m, 1H, OCHH), 2.73–2.76 (m, 1H,
OCHH), 2.88–2.93 (m, 1H, OCH), 3.39–3.48 (m, 4H,
2 0-CH2 and 5 0-CH2); 13C NMR (75 MHz, CDCl3) d 24.4,
24.9, 25.9, 26.1, 29.31 (2C), 29.35, 29.4, 32.4, 34.8, 45.5,
46.6, 47.1, 52.4, 171.8; MS (FAB) m/z (%): 254 (MHC,
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100); HRMS (FAB) calcd for C15H28NO2 (MHC):
254.2120; found: 254.2101.

 

4.3.2. 4-Cyclohexylidene-1-pyrrolidinylbutan-1-one (64).
To a stirred solution of ethyl 4-cyclohexylidenebutyrate
6327 (5.00 g, 25.5 mmol) in MeOH (60 mL) was added 5 N
NaOH (20 mL), and the mixture was stirred under reflux for
3 h. The mixture was concentrated under reduced pressure
and diluted with Et2O. The mixture was made acidic with
10% HCl and extracted with Et2O (!3). The extract was
washed with brine and dried over MgSO4. Concentration of
the filtrate under reduced pressure gave a crude carboxylic
acid, which was used in the next reaction without further
purification. To a mixture of this crude carboxylic acid and
DMF (1 mL) in CH2Cl2 (60 mL) was added dropwise
thionyl chloride (2.23 mL, 30.6 mmol) at K78 8C. The
mixture was stirred under reflux for 30 min and, after
cooling, pyrrolidine (5.11 mL, 61.2 mmol) was added
dropwise to the mixture at 0 8C. The mixture was stirred
overnight at room temperature and concentrated under
reduced pressure. The residue was diluted with Et2O and
made acidic with 5% HCl. The whole was extracted with
Et2O (!2) and the extract was washed with saturated
NaHCO3 and brine, dried and evaporated. The residue was
purified by column chromatography over silica gel with
CHCl3–Et2O (10:1) to give 64 (4.74 g, 84% yield) as a
colorless oil; IR (KBr) cmK1 1642 (C]O); 1H NMR
(300 MHz, CDCl3) d 1.51 (m, 6H), 1.74–2.00 (m, 4H,
3 0-CH2 and 4 0-CH2), 2.05–2.16 (m, 4H, 2!CH2), 2.24–2.39
(m, 4H, 2!CH2), 3.39–3.48 (m, 4H, 2 0-CH2 and 5 0-CH2),
5.10 (t, JZ7.2 Hz, 1H, 4-H); 13C NMR (75 MHz, CDCl3) d
22.8, 24.4, 26.1, 26.9, 27.8, 28.6 (2C), 35.3, 37.1, 45.6, 46.6,
119.8, 140.7, 171.4; MS (FAB) m/z (%): 222 (MHC, 36),
182 (100); HRMS (FAB) calcd for C14H24NO (MHC):
222.1858; found: 222.1852.
4.3.3. (G)-3-(1-Oxaspiro[2.5]oct-2-yl)-1-pyrrolidinyl-
propan-1-one (4). By a procedure identical with that
described for the synthesis of the epoxide 3, the alkene 64
(2.50 g, 11.3 mmol) was converted into 4 (1.45 g, 54%
yield) by the reaction with 75% m-CPBA (3.13 g,
13.6 mmol) at room temperature for 1 h: colorless oil; IR
(KBr) cmK1 1640 (C]O); 1H NMR (300 MHz, CDCl3) d
1.48–1.64 (m, 6H), 1.73–2.01 (m, 4H, 3 0-CH2 and 4 0-CH2),
2.07–2.38 (m, 8H, 4!CH2), 2.90–2.93 (m, 1H, OCH),
3.40–3.48 (m, 4H, 2 0-CH2 and 5 0-CH2); 13C NMR (75 MHz,
CDCl3) d 22.8, 24.4, 26.2, 27.0, 27.9, 28.6 (2C), 35.2, 37.0,
45.5, 46.5, 47.7, 52.9, 172.0; MS (FAB) m/z (%): 238
(MHC, 46), 90 (100); HRMS (FAB) calcd for C14H24NO2

(MHC): 238.1807; found: 238.1810.
4.3.4. tert-Butyl 4-vinylbenzoate (66). To a stirred solution
of methyltriphenylphosphonium bromide (Ph3PCCH3BrK;
1.90 g, 5.32 mmol) in THF (8 mL) was added dropwise
n-BuLi (1.55 M solution in hexane; 3.43 mL, 5.32 mmol) at
K78 8C. The mixture was gradually warmed until a red
color persisted. After the mixture was cooled to K78 8C, a
solution of aldehyde 6528 (1.02 g, 4.94 mmol) in THF
(8 mL) was added dropwise to the mixture under stirring.
After the mixture was stirred for 2 h at 0 8C, saturated
NH4Cl was added to the mixture. Organic layer was
separated and washed with saturated NH4Cl and brine,
dried, and evaporated. The residue was purified by column
chromatography over silica gel with hexane–EtOAc (20:1)
to give 66 (914 mg, 91% yield) as a colorless oil; IR (KBr)
cmK1 1709 (C]O); 1H NMR (500 MHz, CDCl3) d 1.60 (s,
9H, CMe3), 5.36 (d, JZ11.0 Hz, 1H, CH]CHH), 5.84 (d,
JZ17.7 Hz, 1H, CH]CHH), 6.75 (dd, JZ17.7, 11.0 Hz,
1H, CH]CH2), 7.44 (d, JZ8.5 Hz, 2H, Ph), 7.94 (d, JZ
8.5 Hz, 2H, Ph); 13C NMR (75 MHz, CDCl3) d 28.2 (3C),
80.9, 116.1, 125.9 (2C), 129.7 (2C), 131.2, 136.1, 141.4,
165.5; MS (FAB) m/z (%): 205 (MHC, 68), 154 (100);
HRMS (FAB) calcd for C13H17O2 (MHC): 205.1229;
found: 205.1227.

4.3.5. tert-Butyl (6)-4-(oxiran-2-yl)benzoate (5). By a
procedure identical with that described for the synthesis of
the epoxide 3, the alkene 66 (905 mg, 4.43 mmol) was
converted into 5 (443 mg, 45% yield) by the reaction with
75% m-CPBA (1.22 g, 5.32 mmol) in the presence of 0.5 M
NaHCO3 (20 mL) at room temperature overnight: colorless
oil; IR (KBr) cmK1 1710 (C]O); 1H NMR (300 MHz,
CDCl3) d 1.59 (s, 9H, CMe3), 2.76–2.79 (m, 1H, CHH),
3.16–3.20 (m, 1H, CHH), 3.89–3.91 (m, 1H, CH), 7.32 (d,
JZ8.4 Hz, 2H, Ph), 7.96 (d, JZ8.4 Hz, 2H, Ph); 13C NMR
(75 MHz, CDCl3) d 28.2 (3C), 51.4, 52.0, 81.1, 125.2 (2C),
129.6 (2C), 131.8, 142.3, 165.4; MS (FAB) m/z (%): 221
(MHC, 100); HRMS (FAB) calcd for C13H17O3 (MHC):
221.1178; found: 221.1182.

4.3.6. tert-Butyl (G)-4-methylenecyclohexanecarboxy-
late (68). By a procedure identical with that described for
the synthesis of the alkene 66, the ketone 6729 (2.00 g,
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10.1 mmol) was converted into 68 (1.83 g, 92% yield) by
the reaction with Ph3PCCH3BrK (4.32 g, 12.1 mmol) and
n-BuLi (1.55 M solution in hexane; 7.81 mL, 12.1 mmol) at
0 8C for 1 h: colorless oil; IR (KBr) cmK1 1725 (C]O); 1H
NMR (500 MHz, CDCl3) d 1.44 (s, 9H, CMe3), 1.50–1.58
(m, 2H), 1.93–1.98 (m, 2H), 2.01–2.07 (m, 2H), 2.03–2.37
(m, 3H, 1-H and 2!CH), 4.63 (s, 2H, C]CH2); 13C NMR
(75 MHz, CDCl3) d 28.1 (3C), 30.2 (2C), 33.7 (2C), 43.5,
79.9, 107.7, 148.0, 174.9; MS (FAB) m/z (%): 219 (MNaC,
10.5), 55 (100).
4.3.7. tert-Butyl (G)-(3R*,6R*)-1-oxaspiro[2.5]octane-6-
carboxylate (6) and its (3R*,6S*)-Isomer (69). By a
procedure identical with that described for the synthesis of
the epoxide 3, the alkene 68 (1.75 g, 8.92 mmol) was
converted into, in the order of elution, 69 (707 mg, 37%
yield) and 6 (1.03 g, 54% yield) by the reaction with 75%
m-CPBA (2.67 g, 11.6 mmol) in the presence of 0.5 M
NaHCO3 (40 mL) at room temperature for 2 h.

Compound 6. Colorless needles; mp 32–35 8C; IR (KBr)
cmK1 1724 (C]O); 1H NMR (500 MHz, CDCl3) d 1.39–
1.41 (m, 2H), 1.45 (s, 9H, CMe3), 1.78–1.87 (m, 4H), 1.89–
1.97 (m, 2H), 2.26–2.32 (m, 1H, 6-H), 2.64 (s, 2H, 2-CH2);
13C NMR (75 MHz, CDCl3) d 26.5 (2C), 28.0 (3C), 31.9
(2C), 42.7, 53.8, 57.6, 80.1, 174.4; MS (FAB) m/z (%): 235
(MNaC, 7.3), 176 (100); HRMS (FAB) calcd for C12H21O3

(MHC): 213.1491; found: 213.1467.

Compound 69. Colorless needles; mp 35–38 8C; IR (KBr)
cmK1 1726 (C]O); 1H NMR (500 MHz, CDCl3) d 1.45 (s,
9H, CMe3), 1.49–1.52 (m, 2H), 1.67–1.76 (m, 4H), 2.02–
2.05 (m, 2H), 2.30–2.36 (m, 1H, 6-H), 2.60 (s, 2H, 2-CH2);
13C NMR (75 MHz, CDCl3) d 27.7 (2C), 28.0 (3C), 32.1
(2C), 42.3, 54.6, 58.6, 80.2, 174.5; MS (FAB) m/z (%): 235
(MNaC, 9.3), 176 (100); HRMS (FAB) calcd for C12H21O3

(MHC): 213.1491; found: 213.1493.
4.3.8. (G)-2-(Hydroxymethyl)-1-oxaspiro[2.5]octan-6-
one 6,6-ethylene acetal (71). By a procedure identical
with that described for the synthesis of the epoxide 3, the
allyl alcohol 7030 (3.20 g 17.4 mmol) was converted into 71
(2.83 g, 81% yield) by the reaction with 75% m-CPBA
(4.80 g, 20.8 mmol) at room temperature overnight: color-
less oil; IR (CHCl3) cmK1 3421 (OH); 1H NMR (300 MHz,
CDCl3) d 1.54–1.95 (m, 8H), 3.05 (dd, JZ6.7, 4.3 Hz, 1H,
2-H), 3.72 (dd, JZ12.0, 7.0 Hz, 1H, OCHH), 3.86 (dd,
JZ12.0, 4.0 Hz, 1H, OCHH), 3.98 (t, JZ2.7 Hz, 4H,
OCH2CH2O); 13C NMR (75 MHz, CDCl3) d 26.2, 32.0,
32.8 (2C), 61.0, 62.0, 63.6, 64.38, 64.40, 108.1; MS (EI)
m/z: 200 (MC). Anal. Calcd for C10H16O4: C, 59.98; H,
8.05. Found: C, 60.04; H, 7.94.
4.3.9. (G)-2-(Methoxymethoxymethyl)-1-oxaspiro-
[2.5]octan-6-one 6,6-ethylene acetal (7). To a stirred
mixture of the alcohol 71 (1.50 g, 7.49 mmol) and
(i-Pr)2NEt (2.61 mL, 15.0 mmol) in CH2Cl2 (40 mL) was
added MOMCl (0.85 mL, 11.2 mmol) at room temperature
and the stirring was continued overnight. 5% HCl was added
to the mixture and the whole was extracted with CH2Cl2.
The extract was washed with saturated NaHCO3 (!2) and
brine, dried and evaporated. The residue was purified by
column chromatography over silica gel with hexane–EtOAc
(3:1) to give 7 (1.58 g, 86% yield) as a colorless oil; [a]D

25C
0.36 (c 1.27, CHCl3); IR (CHCl3) cmK1 1265, 1099; 1H
NMR (300 MHz, CDCl3) d 1.55–1.95 (m, 8H), 3.06 (dd, JZ
6.0, 5.1 Hz, 1H, 2-H), 3.38 (s, 3H, OMe), 3.65 (dd, JZ11.4,
6.0 Hz, 1H, OCHH), 3.73 (dd, JZ11.4, 5.1 Hz, 1H,
OCHH), 3.97 (t, JZ2.5 Hz, 4H, OCH2CH2O), 4.65 (d,
JZ6.6 Hz, 1H, OCHHO), 4.68 (d, JZ6.6 Hz, 1H,
OCHHO); 13C NMR (75 MHz, CDCl3) d 26.2, 32.0, 32.7,
32.8, 55.3, 61.1, 61.8, 64.37, 64.40, 66.0, 96.6, 108.2; MS
(EI) m/z: 244 (MC). Anal. Calcd for C12H20O5: C, 59.00; H,
8.25. Found: C, 58.91; H, 8.08.

4.3.10. tert-Butyl (G)-2,3-epoxy-3-methylbutyrate (15).
By a procedure identical with that described for the
synthesis of the epoxide 3, the enoate 7231 (1.27 g,
8.13 mmol) was converted into 15 (1.01 g, 72% yield) by
the reaction with 75% m-CPBA (2.39 g, 10.4 mmol) under
reflux overnight: colorless oil; IR (KBr) cmK1 1710
(C]O); 1H NMR (500 MHz, CDCl3) d 1.37 (s, 3H,
CMe), 1.41 (s, 3H, CMe), 1.50 (s, 9H, CMe3), 3.22 (s,
1H, 2-H); 13C NMR (75 MHz, CDCl3) d 18.1, 24.3, 28.1
(3C), 59.7, 59.9, 82.2, 167.6; MS (FAB) m/z (%): 173
(MHC, 5), 154 (100); HRMS (FAB) calcd for C9H17O3

(MHC): 173.1178; found: 173.1188.

 

4.3.11. (2R,3R)-2,3-Epoxy-3-methyl-4-phenylbutan-1-ol
(74). To a stirred mixture of molecular sieves 4A (2.50 g)
in CH2Cl2 (150 mL) were added dropwise D-(K)-diiso-
propyl tartrate [D-(K)-DIPT; 1.50 mL, 7.05 mmol] and
Ti(Oi-Pr)4 (1.39 mL, 4.70 mmol) at K20 8C. After stirring
for 30 min, tert-butylhydroperoxide (TBHP; 2.6 M solution
in toluene, 36.2 mL, 94.1 mmol) was added dropwise to the
mixture. After the mixture was stirred for 1 h, a solution of
7332 (7.63 g, 47.0 mmol) in CH2Cl2 (50 mL) was slowly
added to the mixture over 1 h at K30 8C. After 5 h, 10%
NaOH saturated with sodium chloride were added to the
mixture, and the mixture was vigorously stirred at 10 8C for
30 min. Anhydrous MgSO4 (6.5 g) and Celite (1.0 g) were
added to the mixture, and vigorous stirring was continued
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for additional 30 min. The mixture was filtered through
Celite, and the filtrate was dried and evaporated. The residue
was purified by column chromatography over silica gel with
hexane–EtOAc (2:1) to give 74 (7.21 g, 86% yield) as a
colorless oil; [a]D

24C21.4 (c 0.96, CHCl3); IR (KBr) cmK1

3462 (OH); 1H NMR (300 MHz, CDCl3) d 1.36 (s, 3H,
CMe), 2.60 (br s, 1H, OH), 2.74 (d, JZ14.6 Hz, 1H,
4-CHH), 2.80 (d, JZ14.6 Hz, 1H, 4-CHH), 3.23 (d, JZ
4.2 Hz, 1H, 2-H), 4.10–4.18 (m, 2H, 1-CH2), 7.21–7.33 (m,
5H, Ph); 13C NMR (75 MHz, CDCl3) d 14.0, 34.1, 58.0,
63.3, 66.6, 126.3, 128.3 (2C), 128.6 (2C), 136.8; MS (FAB)
m/z (%): 201 (MNaC, 100); HRMS (FAB) calcd for
C11H14NaO2 (MNaC): 201.0891; found: 201.0889.
4.3.12. (2R,3R)-2,3-Epoxy-2-methyl-1-phenylpent-4-ene
(75). To a stirred solution of oxalyl chloride (2.9 mL,
33.7 mmol) in CH2Cl2 (30 mL) at K78 8C was added
dropwise a solution of DMSO (4.78 mL, 67.3 mmol) in
CH2Cl2 (15 mL). After stirring for 30 min, a solution of the
alcohol 74 (3.00 g, 16.8 mmol) in CH2Cl2 (25 mL) was
added to the above reagent at K78 8C, and the mixture was
stirred for 1 h at this temperature. Triethylamine (18.8 mL,
134.7 mmol) was added to the above solution at K78 8C,
and the mixture was stirred for 2 h at K30 8C. Saturated
NH4Cl was added to the mixture, and the whole was
extracted with CH2Cl2. The extract was washed succes-
sively with NH4Cl, NaHCO3, and brine and dried over
MgSO4. Concentration under reduced pressure followed by
short column chromatography over silica gel with hexane–
EtOAc (7:1) gave a crude aldehyde as an oil, which was
used in the next reaction without further purification. By a
procedure identical with that described for the synthesis of
the alkene 66, this aldehyde was converted into 75 (1.70 g,
62% yield) by the reaction with Ph3PCCH3BrK (8.27 g,
23.1 mmol) and KHMDS (0.50 M solution in toluene,
46.3 mL, 23.1 mmol) at 0 8C for 15 min: colorless oil;
[a]D

26C35.2 (c 1.01, CHCl3); 1H NMR (300 MHz, CDCl3) d
1.30 (s, 3H, CMe), 2.72 (d, JZ14.2 Hz, 1H, 1-CHH), 2.84
(d, JZ14.2 Hz, 1H, 1-CHH), 3.56 (s, 1H, 3-H), 5.21–5.32
(m, 2H, 5-CH2), 5.90–5.98 (m, 1H, 4-H), 7.22–7.30 (m, 5H,
Ph); 13C NMR (75 MHz, CDCl3) d 13.8, 33.8, 61.9,
68.7, 113.8, 126.3, 128.3 (2C), 128.6 (2C), 136.8, 140.0;
MS (FAB) m/z (%): 175 (MHC, 42), 96 (100); HRMS
(FAB) calcd for C12H15O (MHC): 175.1123; found:
175.1140.
4.3.13. (2R,3R)-2,3-Epoxy-2-methyl-1-phenylpentane
(23). To a mixture of 75 (1.00 g, 5.76 mmol) and 5% Pd/
C (100 mg) in EtOAc (35 mL) was stirred for 9 h under
hydrogen atmosphere. The mixture was filtered through
Celite, and the filtrate was concentrated and purified by
column chromatography over silica gel with hexane–EtOAc
(20:1) to give 23 (355 mg, 35% yield) as a colorless oil;
[a]D

24C8.6 (c 0.82, CHCl3); 1H NMR (300 MHz, CDCl3)
d 1.02 (t, JZ7.5 Hz, 3H, CH2CH3), 1.20 (s, 3H, CMe),
1.51–1.64 (m, 2H, CH2Me), 2.74–2.92 (m, 2H, PhCH2),
7.20–7.33 (m, 5H, Ph); 13C NMR (75 MHz, CDCl3) d 11.2,
16.2, 21.5, 42.5, 60.7, 61.1, 125.8, 127.6 (2C), 128.3
(2C), 134.1; MS (FAB) m/z (%): 183 (MLiC, 100); HRMS
(FAB) calcd for C12H16LiO (MLiC): 183.1361; found:
183.1358.
4.3.14. (2R,3R)-2,3-Epoxy-O-methoxymethyl-3-methyl-
4-phenylbutan-1-ol (29). By a procedure identical with
that described for the synthesis of 7, the alcohol 74 (650 mg,
3.65 mmol) was converted into 29 (776 mg, 96% yield)
by the reaction with MOMCl (1.12 mL, 13.1 mmol) and
(i-Pr)2NEt (2.86 mL, 16.4 mmol) at room temperature for
24 h: colorless oil; [a]D

24C23.6 (c 0.96, CHCl3); 1H NMR
(300 MHz, CDCl3) d 1.25 (s, 3H, CMe), 2.83 (d, JZ
14.1 Hz, 1H, 4-CHH), 2.91 (d, JZ14.1 Hz, 1H, 4-CHH),
3.04 (t, JZ5.5 Hz, 1H, 2-H), 3.37 (s, 3H, OMe), 3.60–3.75
(m, 2H, 1-CH2), 4.62–4.68 (m, 2H, OCH2O), 7.21–7.32 (m,
5H, Ph); 13C NMR (75 MHz, CDCl3) d 16.8, 44.4, 55.3,
60.4, 60.5, 66.3, 96.5, 126.6, 128.4 (2C), 129.6 (2C), 136.8;
MS (FAB) m/z (%): 223 (MHC, 12), 132 (100); HRMS
(FAB) calcd for C13H19O3 (MHC): 223.1334; found:
223.1340.

 

4.3.15. (2R,3R)-O-Benzyl-2,3-epoxy-3-methyl-4-phenyl-
butan-1-ol (30). 60% NaH (297 mg, 7.43 mmol) was
washed with dry hexane and suspended in THF (10 mL).
To this suspension were successively added tetrabutyl-
ammonium iodide [(n-Bu)4NI; 250 mg, 0.68 mmol], BnBr
(0.88 mL, 7.43 mmol), and a solution of the alcohol 74
(1.20 g, 6.76 mmol) in THF (10 mL) at room temperature.
After stirring for 4 h, H2O was added to the mixture at 0 8C.
The whole was extracted with EtOAc and the extract was
washed with brine, dried and evaporated. The residue was
purified by column chromatography over silica gel with
hexane–EtOAc (30:1) to give 30 (1.62 g, 89% yield) as a
colorless oil; [a]D

24C10.6 (c 1.02, CHCl3); 1H NMR
(270 MHz, CDCl3) d 1.23 (s, 3H, CMe), 2.80 (d, JZ
14.0 Hz, 1H, 4-CHH), 2.87 (d, JZ14.0 Hz, 1H, 4-CHH),
3.03 (m, 1H, 2-H), 3.58–3.71 (m, 2H, 1-CH2), 4.56–4.64 (m,
2H, OCH2Ph), 7.25–7.34 (m, 10H, 2!Ph); 13C NMR
(75 MHz, CDCl3) d 17.0, 44.6, 59.4, 60.0, 67.1, 78.7, 125.3
(2C), 126.8 (2C), 127.4 (2C), 128.4, 128.7 (3C), 136.8,
137.8; MS (FAB) m/z (%): 223 (MHC, 26), 90 (100);
HRMS (FAB) calcd for C18H21O2 (MHC): 269.1542;
found: 269.1538.

4.3.16. (2S,3S)-2,3-Epoxy-O-methoxymethyl-3-phenyl-
propan-1-ol (31). By a procedure identical with that
described for the synthesis of 7, the alcohol 7626 (1.50 g,
10.0 mmol) was converted into 31 (1.61 g, 83% yield) by
the reaction with MOMCl (1.14 mL, 15.0 mmol) and
(i-Pr)2NEt (3.48 mL, 20.0 mmol) at room temperature for
12 h: colorless oil; [a]D

26 K39.9 (c 1.00, CHCl3); 1H NMR
(500 MHz, CDCl3) d 3.23–3.25 (m, 1H, 2-H), 3.39 (s, 3H,
OMe), 3.71 (dd, JZ11.6, 5.5 Hz, 1H, 1-CHH), 3.81 (d, JZ
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3.1 Hz, 1H, 3-H), 3.88 (dd, JZ11.6, 3.1 Hz, 1H, 1-CHH),
4.69 (d, JZ6.7 Hz, 1H, OCHHO), 4.71 (d, JZ6.7 Hz, 1H,
OCHHO), 7.27–7.36 (m, 5H, Ph); 13C NMR (75 MHz,
CDCl3) d 55.4, 56.1, 60.9, 67.3, 96.7, 125.7 (2C), 128.3,
128.5 (2C), 136.8; MS (FAB) m/z (%): 217 (MNaC, 10.2),
176 (100); HRMS (FAB) calcd for C11H14NaO3 (MNaC):
217.0841; found: 217.0861.

 

4.3.17. (2S,3S)-O-Benzyl-2,3-epoxy-3-phenylpropan-1-ol
(32). By a procedure identical with that described for the
synthesis of 30, the alcohol 7626 (1.20 g, 8.00 mmol) was
converted into 32 (1.86 g, 97% yield) by the reaction with
60% NaH (352 mg, 8.80 mmol), (n-Bu)4NI (29.6 mg,
0.08 mmol), and BnBr (1.05 mL, 8.83 mmol) at room
temperature for 3 h: colorless oil; [a]D

28 K38.9 (c 0.82,
CHCl3); 1H NMR (300 MHz, CDCl3) d 3.23–3.27 (m, 1H,
2-H), 3.59–3.65 (m, 1H, 3-H), 3.79–3.86 (m, 2H, 1-CH2),
4.58–4.67 (m, 2H, PhCH2), 7.24–7.37 (m, 10H, 2!Ph); 13C
NMR (75 MHz, CDCl3) d 55.9, 61.2, 69.8, 73.4, 125.7 (2C),
127.8 (2C), 128.2, 128.4 (2C), 128.5 (3C), 136.8, 137.8; MS
(FAB) m/z (%): 263 (MNaC, 41), 176 (100); HRMS (FAB)
calcd for C16H16NaO2 (MNaC): 263.1048; found:
263.1048.

4.3.18. (2S,3S)-O-(tert-Butyldimethylsilyl)-2,3-epoxy-3-
phenylpropan-1-ol (33). To a stirred solution of the alcohol
7626 (2.00 g, 13.3 mmol) in DMF (50 mL) were succes-
sively added imidazole (2.26 g, 33.2 mmol) and TBSCl
(2.41 g, 16.0 mmol) at 0 8C, and the mixture was stirred at
room temperature for 2 h. Saturated NH4Cl was added to the
mixture, and the whole was extracted with EtOAc. The
extract was washed with saturated NaHCO3 and brine, dried
and evaporated. The residue was purified by column
chromatography over silica gel with hexane–Et2O (40:1)
to give 33 (3.22 g, 91% yield) as a colorless oil; [a]D

28 K28.8
(c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) d 0.105 (s,
3H, SiMe), 0.113 (s, 3H, SiMe), 0.92 (s, 9H, CMe3), 3.14–
3.15 (m, 1H, 2-H), 3.80 (d, JZ1.8 Hz, 1H, 3-H), 3.83 (dd,
JZ12.2, 4.3 Hz, 1H, 1-CHH), 3.96 (dd, JZ12.2, 3.1 Hz,
1H, 1-CHH), 7.27–7.36 (m, 5H, Ph); 13C NMR (75 MHz,
CDCl3) dK5.3 (2C), 18.4, 25.9 (3C), 55.8, 62.7, 63.0, 125.7
(2C), 128.1, 128.4 (2C), 137.2; MS (FAB) m/z (%): 265
(MHC, 32), 207 (100); HRMS (FAB) calcd for C15H25O2Si
(MHC): 265.1624; found: 265.1629.

 

4.3.19. (R)-2,3-Epoxy-O-methoxymethyl-2-methylpro-
pan-1-ol (46). To a stirred solution of 7726 (3.52 g,
14.8 mmol) in THF/MeOH (4:1, 30 mL) was added 10%
NaOH (10 mL), and the mixture was stirred at 0 8C for 3 h.
The whole was extracted with EtOAc, and the extract was
washed with saturated NaHCO3 and brine, dried and
evaporated to give a crude alcohol, which was used in the
next reaction without further purification. By a procedure
identical with that described for the synthesis of 7, this
alcohol was converted into 46 (1.41 g, 72% yield) by the
reaction with MOMCl (3.37 mL, 44.4 mmol) and (i-Pr)2NEt
(12.9 mL, 74.0 mmol) at room temperature overnight:
colorless oil; [a]D

26 K5.6 (c 1.00, CHCl3); 1H NMR
(300 MHz, CDCl3) d 1.21 (s, 3H, CMe), 2.53 (s, 2H,
3-CH2), 3.34 (s, 3H, OMe), 3.40 (s, 2H, 1-CH2), 5.13 (s, 2H,
OCH2O); 13C NMR (75 MHz, CDCl3) d 19.9, 51.3, 51.5,
67.2, 77.0, 98.9; MS (FAB) m/z (%): 133 (MHC, 100);
HRMS (FAB) calcd for C6H13O3 (MHC): 133.0865; found:
133.0859.
4.3.20. (2R,3R)-2,3-Epoxy-O-methoxymethyl-2-methyl-
4-phenylbutan-1-ol (48). By a procedure identical with
that described for the synthesis of 7, the alcohol 7833

(1.50 g, 8.42 mmol) was converted into 48 (1.74 g, 93%
yield) by the reaction with MOMCl (0.96 mL, 12.6 mmol)
and (i-Pr)2NEt (2.92 mL, 16.8 mmol) at room temperature
overnight: colorless oil; [a]D

23C1.5 (c 1.00, CHCl3);
1H NMR (500 MHz, CDCl3) d 1.46 (s, 3H, CMe), 2.86
(dd, JZ14.6, 6.1 Hz, 1H, 4-CHH), 2.90–3.02 (m, 1H,
4-CHH), 3.10–3.20 (m, 1H, 3-H), 3.33 (s, 3H, OMe), 3.53
(d, JZ11.0 Hz, 1H, 1-CHH), 3.56 (d, JZ11.0 Hz, 1H,
1-CHH), 4.61 (s, 2H, OCH2O), 7.22–7.33 (m, 5H, Ph); 13C
NMR (75 MHz, CDCl3) d 14.8, 34.7, 55.3, 59.8, 61.2, 71.7,
96.5, 126.6, 128.6 (2C), 128.7 (2C), 137.7; MS (FAB) m/z
(%): 223 (MHC, 13.4), 45 (100); HRMS (FAB) calcd for
C13H19O3 (MHC): 223.1334; found: 223.1330.

 

4.3.21. Ethyl (E)-2-ethyl-4-phenylbut-2-enoate [(E)-80]
and its (Z)-isomer [(Z)-80]. To a stirred solution of triethyl
phosphonobutyrate (28.4 mL, 120 mmol) in THF (120 mL)
was added dropwise LHMDS (1.02 M solution in toluene;
118 mL, 120 mmol) at K78 8C. After the mixture was
stirred for 30 min at 0 8C, a solution of 60% phenyl-
acetaldehyde (19.5 mL, 100 mmol) in THF (30 mL) was
added dropwise to the mixture at K78 8C. The mixture was
stirred for 5 h at 0 8C, and saturated NH4Cl was added to
the mixture. The organic layer was separated and washed
with saturated NH4Cl and brine, dried and evaporated. The
residue was purified by column chromatography over silica
gel with hexane–EtOAc (30:1) to give, in the order of
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elution, (Z)-80 (7.95 g, 36% yield) and (E)-80 (10.8 g, 49%
yield).

Compound (E)-80. Colorless oil; IR (KBr) cmK1 1709
(C]O); 1H NMR (500 MHz, CDCl3) d 1.07 (t, JZ7.3 Hz,
3H, CMe), 1.28 (t, JZ7.3 Hz, 3H, CMe), 2.44 (q, JZ
7.3 Hz, 2H, CH2Me), 3.54 (d, JZ7.9 Hz, 2H, 4-CH2), 4.19
(q, JZ7.3 Hz, 2H, OCH2), 6.86 (t, JZ7.9 Hz, 1H, 3-H),
7.19–7.32 (m, 5H, Ph); 13C NMR (75 MHz, CDCl3) d 13.9,
14.2, 20.1, 34.5, 60.4, 126.4, 128.5 (2C), 128.6 (2C), 134.6,
139.1, 139.5, 167.7; MS (FAB) m/z (%): 219 (MHC, 100);
HRMS (FAB) calcd for C14H19O2 (MHC): 219.1385;
found: 219.1380.

Compound (Z)-80. Colorless oil; IR (KBr) cmK1 1712
(C]O); 1H NMR (500 MHz, CDCl3) d 1.05 (t, JZ7.3 Hz,
3H, CMe), 1.33 (t, JZ7.3 Hz, 3H, CMe), 2.32 (q, JZ
7.3 Hz, 2H, CH2Me), 3.77 (d, JZ7.3 Hz, 2H, 4-CH2), 4.26
(q, JZ7.3 Hz, 2H, OCH2), 5.97 (t, JZ7.3 Hz, 1H, 3-H),
7.19–7.31 (m, 5H, Ph); 13C NMR (75 MHz, CDCl3) d 13.5,
14.3, 27.5, 35.8, 60.2, 126.1, 128.5 (2C), 128.6 (2C), 134.3,
137.9, 140.4, 168.2; MS (FAB) m/z (%): 219 (MHC, 100);
HRMS (FAB) calcd for C14H19O2 (MHC): 219.1385;
found: 219.1393.

4.3.22. (E)-2-Ethyl-4-phenylbut-2-en-1-ol (81). To a
stirred solution of (E)-80 (9.00 g, 41.2 mmol) in THF
(150 mL) was added dropwise DIBAL-H (0.93 M solution
in hexane; 133 mL, 124 mmol) at K78 8C, and the mixture
was stirred for 1 h at this temperature. Saturated NH4Cl was
added to the mixture, and the precipitate was filtered off.
The filtrate was dried and concentrated to leave an oily
residue, which was purified by column chromatography
over silica gel with hexane–EtOAc (5:1) to give 81 (5.89 g,
81% yield) as a colorless oil; IR (KBr) cmK1 3323 (OH); 1H
NMR (500 MHz, CDCl3) d 1.06 (t, JZ7.6 Hz, 3H, CMe),
1.31 (br, 1H, OH), 2.24 (q, JZ7.6 Hz, 2H, CH2Me), 3.42 (d,
JZ7.3 Hz, 2H, 4-CH2), 4.10 (s, 2H, 1-CH2), 5.58 (t, JZ
7.3 Hz, 1H, 3-H), 7.18–7.30 (m, 5H, Ph); 13C NMR
(75 MHz, CDCl3) d 13.2, 21.0, 33.5, 66.5, 124.3, 125.9,
128.3 (2C), 128.4 (2C), 141.0, 141.4; MS (FAB) m/z (%):
183 (MLiC, 100); HRMS (FAB) calcd for C12H16LiO
(MLiC): 183.1361; found: 183.1367.

4.3.23. (2R,3R)-2,3-Epoxy-2-ethyl-4-phenylbutan-1-ol
(82). By a procedure identical with that described for the
synthesis of 74, the alcohol 81 (4.41 g, 25.0 mmol) was
converted into 82 (2.50 g, 52% yield) by the reaction with
TBHP (2.6 M solution in toluene; 19.2 mL, 50.0 mmol),
D-(K)-DIPT (0.80 mL, 3.75 mmol), Ti(Oi-Pr)4 (0.74 mL,
2.50 mmol), and molecular sieves 4A (1.5 g) at K30 8C for
5 h: colorless oil; [a]D

24C12.3 (c 0.96, CHCl3); IR (KBr)
cmK1 3434 (OH); 1H NMR (300 MHz, CDCl3) d 0.96
(t, JZ6.4 Hz, 3H, CMe), 1.42 (q, JZ6.4 Hz, 2H, CH2Me),
2.43 (br s, 1H, OH), 2.83 (dd, JZ14.2, 6.4 Hz, 1H, 4-CHH),
2.90 (dd, JZ14.2, 6.1 Hz, 1H, 4-CHH), 2.93–3.05 (m, 1H,
3-H), 3.74 (s, 2H, 1-CH2), 7.22–7.34 (m, 5H, Ph); 13C NMR
(75 MHz, CDCl3) d 9.2, 25.0, 36.1, 59.3, 69.0, 71.4, 124.9,
128.3 (2C), 128.8 (2C), 137.5; MS (FAB) m/z (%): 199
(MLiC, 100); HRMS (FAB) calcd for C12H16LiO2 (MLiC):
199.1310; found: 199.1321.

4.3.24. (2R,3R)-O-Benzyl-2,3-epoxy-2-ethyl-4-phenyl-
butan-1-ol (49). By a procedure identical with that
described for the synthesis of 30, the alcohol 82 (0.76 g,
3.95 mmol) was converted into 49 (0.89 g, 80% yield)
by the reaction with 60% NaH (174 mg, 4.35 mmol),
(n-Bu)4NI (148 mg, 0.40 mmol), and BnBr (0.52 mL,
4.37 mmol) at room temperature for 6 h: colorless oil;
[a]D

24C12.6 (c 0.98, CHCl3); 1H NMR (300 MHz, CDCl3) d
0.90 (t, JZ6.2 Hz, 3H, CMe), 1.32 (q, JZ6.2 Hz, 2H,
CH2Me), 2.81 (dd, JZ14.2, 6.4 Hz, 1H, 4-CHH), 2.92–3.04
(m, 1H, 4-CHH), 3.13–3.25 (m, 1H, 3-H), 3.48–3.59 (m, 2H,
1-CH2), 4.54–4.62 (m, 2H, PhCH2), 7.20–7.37 (m, 10H,
Ph); 13C NMR (75 MHz, CDCl3) d 8.4, 24.5, 34.7, 59.8,
61.4, 69.9, 73.2, 126.0 (2C), 127.4 (2C), 128.5 (4C), 128.8
(2C), 136.9, 137.9; MS (FAB) m/z (%): 283 (MHC, 13.3),
90 (100); HRMS (FAB) calcd for C19H23O2 (MHC):
283.1698; found: 283.1688.

4.3.25. (2R,3R)-2,3-Epoxy-2-ethyl-O-methoxymethyl-4-
phenylbutan-1-ol (50). By a procedure identical with that
described for the synthesis of 7, the alcohol 82 (0.82 g,
4.27 mmol) was converted into 50 (0.83 g, 82% yield)
by the reaction with MOMCl (0.97 mL, 12.8 mmol) and
(i-Pr)2NEt (3.73 mL, 21.4 mmol) at room temperature
overnight: colorless oil; [a]D

26C7.3 (c 1.02, CHCl3); 1H
NMR (300 MHz, CDCl3) d 0.92 (t, JZ5.9 Hz, 3H, CMe),
1.36 (q, JZ5.9 Hz, 2H, CH2Me), 2.82 (dd, JZ14.2, 6.4 Hz,
1H, 4-CHH), 2.93–3.05 (m, 1H, 4-CHH), 3.15–3.27 (m, 1H,
3-H), 3.36 (s, 3H, OMe), 3.50 (d, JZ11.0 Hz, 1H, 1-CHH),
3.53 (d, JZ11.0 Hz, 1H, 1-CHH), 4.59 (s, 2H, OCH2O),
7.20–7.34 (m, 5H, Ph); 13C NMR (75 MHz, CDCl3) d 8.7,
24.8, 34.9, 56.1, 59.6, 61.7, 71.3, 96.8, 126.8, 128.5 (2C),
128.8 (2C), 137.7; MS (FAB) m/z (%): 237 (MHC, 23), 151
(100); HRMS (FAB) calcd for C14H21O3 (MHC): 237.1491;
found: 237.1487.

4.3.26. (Z)-2-Ethyl-4-phenylbut-2-en-1-ol (83). By a
procedure identical with that described for the synthesis of
81, the ester (Z)-80 (7.10 g, 32.5 mmol) was converted into
83 (5.73 g, 100% yield) by the reaction with DIBAL-H
(0.93 M solution in hexane; 105 mL, 97.6 mmol) at K78 8C
for 1 h: colorless oil; IR (KBr) cmK1 3319 (OH); 1H NMR
(500 MHz, CDCl3) d 1.07 (t, JZ7.3 Hz, 3H, CMe), 1.28 (br
s, 1H, OH), 2.21 (q, JZ7.3 Hz, 2H, CH2Me), 3.46 (d, JZ
7.9 Hz, 2H, 4-CH2), 4.26 (s, 2H, 1-CH2), 5.52 (t, JZ7.9 Hz,
1H, 3-H), 7.17–7.30 (m, 5H, Ph); 13C NMR (75 MHz,
CDCl3) d 12.7, 27.8, 33.6, 60.3, 125.5, 125.9, 128.2 (2C),
128.4 (2C), 140.96, 141.02; MS (FAB) m/z (%): 183
(MLiC, 100); HRMS (FAB) calcd for C12H16LiO (MLiC):
183.1361; found: 183.1360.
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4.3.27. (2S,3R)-2,3-Epoxy-2-ethyl-4-phenylbutan-1-ol
(84). By a procedure identical with that described for the
synthesis of 74, the alcohol 83 (3.52 g, 20.0 mmol) was
converted into 84 (2.01 g, 52% yield) by the reaction with
TBHP (2.6 M solution in toluene; 23.1 mL, 60.0 mmol),
L-(C)-DIPT (0.64 mL, 3.00 mmol), Ti(Oi-Pr)4 (0.59 mL,
2.00 mmol), and molecular sieves 4A (1.3 g) at K20 8C for
12 h: colorless oil; [a]D

24 K21.6 (c 0.92, CHCl3); IR (KBr)
cmK1 3440 (OH); 1H NMR (300 MHz, CDCl3) d 0.96 (t,
JZ6.4 Hz, 3H, CMe), 1.44 (q, JZ6.4 Hz, 2H, CH2Me),
2.50 (br s, 1H, OH), 2.83 (dd, JZ14.2, 6.1 Hz, 1H, 4-CHH),
2.91 (dd, JZ14.2, 6.4 Hz, 1H, 4-CHH), 2.90–3.01 (m, 1H,
3-H), 3.80 (s, 2H, 1-CH2), 7.21–7.34 (m, 5H, Ph); 13C NMR
(75 MHz, CDCl3) d 9.2, 25.1, 36.1, 59.6, 69.4, 71.2, 124.9,
127.2 (2C), 128.0 (2C), 135.5; MS (FAB) m/z (%): 199
(MLiC, 100); HRMS (FAB) calcd for C12H16LiO2 (MLiC):
199.1310; found: 199.1301.

4.3.28. (2S,3R)-2,3-Epoxy-2-ethyl-O-methoxymethyl-4-
phenylbutan-1-ol (51). By a procedure identical with that
described for the synthesis of 7, the alcohol 84 (0.91 g,
4.73 mmol) was converted into 51 (0.87 g, 78% yield) by
the reaction with MOMCl (1.08 mL, 14.2 mmol) and
(i-Pr)2NEt (4.13 mL, 23.7 mmol) at room temperature
overnight: colorless oil; [a]D

24 K11.1 (c 1.06, CHCl3); 1H
NMR (300 MHz, CDCl3) d 0.92 (t, JZ5.9 Hz, 3H, CMe),
1.38 (q, JZ5.9 Hz, 2H, CH2Me), 2.83–2.96 (m, 1H,
4-CHH), 3.03 (dd, JZ14.2, 6.1 Hz, 1H, 4-CHH), 3.17–
3.29 (m, 1H, 3-H), 3.36 (s, 3H, OMe), 3.54 (d, JZ11.0 Hz,
1H, 1-CHH), 3.58 (d, JZ11.0 Hz, 1H, 1-CHH), 4.57 (s, 2H,
OCH2O), 7.21–7.33 (m, 5H, Ph); 13C NMR (75 MHz,
CDCl3) d 8.7, 24.9, 35.2, 56.1, 59.4, 61.6, 71.0, 96.6, 126.9,
128.5 (2C), 128.8 (2C), 137.7; MS (FAB) m/z (%): 237
(MHC, 15), 151 (100); HRMS (FAB) calcd for C14H21O3

(MHC): 237.1491; found: 237.1501.

4.3.29. (2R,3R)-2,3-Epoxy-O-methoxymethyl-2-methyl-
nonan-1-ol (52). By a procedure identical with that
described for the synthesis of 7, the alcohol 8534 (1.50 g,
8.71 mmol) was converted into 52 (1.68 g, 89% yield) by
the reaction with MOMCl (0.99 mL, 13.1 mmol) and
(i-Pr)2NEt (3.03 mL, 17.4 mmol) at room temperature
overnight: colorless oil; [a]D

26C14.4 (c 1.00, CHCl3); 1H
NMR (300 MHz, CDCl3) d 0.89 (t, JZ6.9 Hz, 3H, CMe),
1.30–1.60 (m, 10H), 1.32 (s, 3H, CMe), 2.89 (t, JZ6.0 Hz,
1H, 3-H), 3.37 (s, 3H, OMe), 3.52 (s, 2H, 1-CH2), 4.64 (s,
2H, OCH2O); 13C NMR (75 MHz, CDCl3) d 14.0, 14.5,
22.5, 26.4, 28.2, 29.1, 31.7, 55.3, 59.4, 61.2, 72.0, 96.5;
MS (FAB) m/z (%): 217 (MHC, 100); HRMS (FAB)
calcd for C12H25O3 (MHC): 217.1804; found: 217.1801.

 

4.3.30. (2R,3R)-O-Benzyl-2,3-epoxy-2-methylnonan-1-ol
(53). By a procedure identical with that described for the
synthesis of 30, the alcohol 8534 (1.30 g, 7.55 mmol) was
converted into 53 (1.88 g, 95% yield) by the reaction with
60% NaH (330 mg, 8.30 mmol), (n-Bu)4NI (27.9 mg,
0.076 mmol), and BnBr (0.99 mL, 8.30 mmol) at room
temperature for 4 h: colorless oil; [a]D

24C18.2 (c 0.96,
CHCl3); IR (KBr) cmK1 1603 (Ph); 1H NMR (270 MHz,
CDCl3) d 0.89 (t, JZ6.9 Hz, 3H, CMe), 1.30–1.60 (m,
10H), 1.33 (s, 3H, CMe), 2.85 (t, JZ6.0 Hz, 1H, 3-H), 3.43
(d, JZ10.9 Hz, 1H, 1-CHH), 3.50 (d, JZ10.9 Hz, 1H,
1-CHH), 4.52 (d, JZ12.0 Hz, 1H, PhCHH), 4.58 (d, JZ
12.0 Hz, 1H, PhCHH), 7.24–7.38 (m, 5H, Ph); 13C NMR
(75 MHz, CDCl3) d 14.1, 14.5, 22.5, 26.4, 28.2, 29.1, 31.7,
59.6, 61.0, 73.0, 74.7, 127.4 (3C), 128.1 (2C), 137.9; MS
(FAB) m/z (%): 263 (MHC, 100); HRMS (FAB) calcd for
C17H27O2 (MHC): 263.2011; found: 263.2020.

4.3.31. (G)-(1R*,2R*,6S*)-4,4,6-Trimethyl-2-(prop-2-
enyl)-7-oxabicyclo[4.1.0]heptan-2-ol (86). To a stirred
mixture of isophorone oxide 16 (154 mg, 1.0 mmol) in
THF (5 mL) was added dropwise allylmagnesium bromide
(1.0 M in Et2O; 1.5 mL, 1.5 mmol) at K78 8C, and the
mixture was stirred for 4 h at room temperature. 5% HCl
was added to the mixture, and diluted organic layer was
separated and washed with NaHCO3 and brine, and dried
over MgSO4. Concentration of the filtrate under reduced
pressure gave an oily residue, which was purified by flash
column chromatography over silica gel with hexane–EtOAc
(5:1) to give, in the order of elution, 20 (33 mg, 17% yield)
and 86 (109 mg, 56% yield). Compound 86: colorless oil; IR
(KBr) cmK1 3477 (OH); 1H NMR (500 MHz, CDCl3) d 0.87
(s, 3H, CMe), 1.02 (s, 3H, CMe), 1.24–1.27 (m, 1H, CHH),
1.33 (s, 3H, CMe), 1.36 (d, JZ14.0 Hz, 1H, CHH), 1.53 (d,
JZ14.6 Hz, 1H, CHH), 1.64 (dd, JZ14.6, 1.8 Hz, 1H,
CHH), 1.66 (s, 1H, OH), 2.28 (dd, JZ14.0, 6.7 Hz, 1H,
1 0-CHH), 2.33–2.37 (m, 1H, 1 0-CHH), 2.82 (s, 1H, 1-H),
5.12–5.17 (m, 2H, CH]CH2), 5.75–5.83 (m, 1H,
CH]CH2); 13C NMR (75 MHz, CDCl3) d 28.4, 28.9,
29.4, 31.8, 41.0, 42.8, 46.0, 61.5, 63.5, 69.9, 118.4, 132.8;
MS (FAB) m/z (%): 219 (MNaC, 18.7), 176 (100); HRMS
(FAB) calcd for C12H21O2 (MHC): 197.1542; found:
197.1559.
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