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ZrCl4 mediated cross-cyclization between epoxides and homoallylic
alcohols: synthesis of 4-chlorotetrahydropyran derivativesq
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Abstract—Epoxides undergo cross-cyclization with homoallylic alcohols in the presence of zirconium tetrachloride under mild con-
ditions to afford the corresponding tetrahydropyran derivatives in excellent yields.
� 2005 Elsevier Ltd. All rights reserved.
The benzyl tetrahydropyran fragment is a common core
structure in a number of natural products such as the
apicularens1 1. The apicularens possess highly cytotoxic
activity and are potent inhibitors of human tumour cell
lines such as those originating from kidney, lung and
cervia. They are particularly interesting therapeutic
leads since they are extremely specific for a novel target,
selectively toxic towards cancer cells and are highly amen-
able to chemical modification. Despite their wide range
of pharmacological activities, the synthesis of benzyl
substituted tetrahydropyrans has received little atten-
tion. The synthesis of tetrahydropyran derivatives by
various methods has been reported in the literature.2

However, the development of an efficient and versatile
catalytic method for the construction of the benzyl tetra-
hydropyran core structure would still be useful. ZrCl4
has been used for various epoxide ring-opening reac-
tions giving the products in good yield.3 Herein, we de-
scribe zirconium tetrachloride mediated cross-
cyclization between aryl-substituted epoxides and
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homoallylic alcohols for the formation of tetrahydropy-
ran derivatives.

The required epoxides were prepared by epoxidation of
the corresponding olefins.4 When a mixture of styrene
epoxide and 3-buten-1-ol was stirred with zirconium tet-
rachloride in dry methylene chloride at room tempera-
ture, the disappearance of the starting materials was
observed by TLC over 2 h. After work-up, the crude
product was separated by column chromatography
over silica gel. The 1H NMR spectrum showed clean
formation of the two isomers of benzyl tetrahydropyran
derivative 6a. By comparing the spectroscopic data with
the literature values, the major product was shown to
have the cis stereochemistry2 (Scheme 1).

The formation of trans-2,3,4-trisubstituted tetrahydro-
pyrans 7 and cis-2,3,4-trisubstituted tetrahydropyrans
8 was achieved by the reaction of epoxides with the cor-
responding E/Z-homoallylic alcohols in the presence of
ZrCl4 (Scheme 2).

Similarly, various epoxides reacted smoothly with
homoallylic alcohols to give the tetrahydropyran deriva-
tives in high yields ranging from 80% to 95% (Table 1).
Treatment of epoxides with cis-3-nonen-1-ol afforded
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the corresponding 2,3,4-trisubstituted tetrahydropyran
with the cis–cis configuration, as the major product,
Table 1. Zirconium tetrachloride mediated cross-cyclization of epoxides and

Entry Epoxide Alcohol
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a All the products were characterized by 1H NMR, IR and mass spectroscop
b Isolated and optimized yields.
c The minor isomers of trisubstituted THP products were not isolated.
whereas trans-3-hexen-1-ol gave the 2,3,4-trisubstituted
tetrahydropyran with the trans–trans configuration as
homoallylic alcohols
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Scheme 3. Proposed mechanism for the ZrCl4 mediated tetrahydropyran formation.
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the dominant product.5 We also carried out the reaction
with cyclic epoxides such as 1,2-dihydronaphthalene
oxide 2c to give spiro-tetrahydropyran derivatives6 6c–
9c. The stereochemistry of 7c was not established due
to the complexity of the 1H NMR spectrum.

The assignment of the stereochemistry of 9a was based
on the coupling constants of the protons at the C2, C4

and C6 positions. The coupling constants of the proton
on the carbon bearing the benzyl group (2-H)
(J = 11.15 Hz) the proton on the carbon bearing the
methyl group (6-H) (J = 11.89 Hz) and the proton on
the carbon bearing the halide group (4-H) (J = 4.46
and 11.15 Hz) in the 1H NMR spectrum were consistent
with the benzyl, methyl and the halide groups being cis
and equatorial.

As reported, the formation of 6b–9b was achieved by
migration of the aromatic group whereas 6a–9a and
6c–9c were formed by the migration of hydrogen
(Scheme 3). We also carried out the formation of tetra-
hydropyrans by the reaction between aldehydes and
homoallylic alcohols7 and the same products were ob-
tained as those from the cross-cyclization between epox-
ides and homoallylic alcohols in the presence of ZrCl4.

In summary, we have described a simple and highly effi-
cient protocol for the preparation of benzyl tetrahydro-
pyran derivatives through the cross-cyclization between
epoxides and homoallylic alcohols using zirconium
tetrachloride.

General procedure: to a stirred solution of 3-buten-1-ol
(144 mg, 2 mmol) and styrene oxide (360 mg, 3 mmol)
in dry methylene chloride (20 mL) was added zirco-
nium tetrachloride (932 mg, 4 mmol) at room tempera-
ture. The mixture was stirred under a nitrogen
atmosphere for 2 h. After work-up, the solution was
concentrated and the crude mixture was separated by
column chromatography over silica gel (ethyl acetate–
hexane, 3:7). The diastereomers of 6a were obtained
in a 3:1 ratio.

Compound 6c: 1H NMR (200 MHz, CDCl3): d 6.85–
7.00 (m, 4H), 4.10–4.20 (m, 1H), 3.80 (dd, J = 2.05,
2.73 Hz, 1H), 3.65 (dd, J = 2.05, 2.73 Hz, 1H), 2.84–
2.97 (m, 1H), 2.68–2.76 (s, 2H), 2.55–2.64 (m, 1H),
1.96–2.16 (m, 2H), 1.56–1.92 (m, 4H). EIMS: m/z: 236
(25) M+, 201 (80), 129 (55), 104 (100), 91 (35), 55 (70).
Anal. Calcd for C14H17ClO (236.74): C, 71.03; H, 7.24.
Found: C, 71.46; H, 7.32.

Compound 7b: 1H NMR (200 MHz, CDCl3): d 7.18–
7.38 (m, 10H), 4.20 (m, 1H), 3.95–4.05 (m, 2H), 3.80
(dd, J = 7.33, 9.53 Hz, 1H), 3.20–3.30 (m, 1H), 2.00–
2.10 (m, 1H), 1.80–1.90 (m, 2H), 1.65–1.75 (m, 2H),
1.00 (t, J = 7.33 Hz, 3H). EIMS: m/z: 314 (10) M+, 278
(15), 249 (15), 179 (40), 167 (15), 147 (50), 105 (100),
77 (80), 41 (60). Anal. Calcd for C20H23ClO (314.85):
C, 76.30; H, 7.36. Found: C, 76.62; H, 7.72.

Compound 7c: 1H NMR (200 MHz, CDCl3): d 6.85–
7.10 (m, 4H), 3.84–4.00 (m, 2H), 3.72–3.84 (m, 1H),
2.80–2.92 (s, 2H), 2.64–2.80 (m, 2H), 2.08–2.32 (m,
2H), 1.50–1.92 (m, 5H), 1.00 (t, J = 7.34 Hz, 3H). EIMS:
m/z: 264 (10) M+, 229 (30), 141 (15), 129 (20), 104 (30),
82 (40), 41 (100). Anal. Calcd for C16H21ClO (264.79):
C, 72.57; H, 7.99. Found: C, 72.93; H, 8.22.

Compound 8c: 1H NMR (200 MHz, CDCl3): d 6.85–
7.20 (m, 4H), 3.70–4.09 (m, 2H), 3.60–3.70 (m, 1H),
2.50–3.00 (m, 3H), 2.18–2.32 (m, 2H), 1.87–2.15 (m,
2H), 1.10–1.60 (m, 10H), 0.85 (t, J = 6.79 Hz, 3H).
EIMS: m/z: 306 (15) M+, 271 (15), 230 (10), 202 (30),
169 (25), 129 (50), 69 (50), 57 (80), 43 (100). Anal. Calcd
for C19H27ClO (306.87): C, 74.36; H, 8.87. Found: C,
74.64; H, 9.15.

Compound 9a: 1H NMR (400 MHz, CDCl3): d 7.10–
7.30 (m, 5H), 3.80–4.00 (m, 1H), 3.30–3.50 (m, 2H),
2.95 (dd, J = 5.95, 13.38 Hz, 1H), 2.65 (dd, J = 6.69,
13.38 Hz, 1H), 2.05 (dt, J = 2.23, 12.63 Hz, 2H), 1.40–
1.60 (m, 2H), 1.20 (d, J = 5.95 Hz, 3H). EIMS: m/z:
224 (10) M+, 150 (15), 133 (100), 97 (30), 69 (85), 41
(35). Anal. Calcd for C13H17ClO (224.73): C, 69.48; H,
7.62. Found: C, 69.56; H, 7.87.

Compound 9b: 1H NMR (400 MHz, CDCl3): d 7.10–
7.30 (m, 10H), 3.85–4.00 (m, 3H), 3.40–3.50 (m, 1H),
2.10 (dt, J = 1.49, 2.23 Hz, 1H), 1.92 (dt, J = 1.49,
2.23 Hz, 1H), 1.40–1.56 (m, 2H), 1.18 (d, J = 6.69 Hz,
3H). EIMS: m/z: 300 (10) M+, 166 (45), 134 (100), 98
(25), 69 (70), 41 (30). Anal. Calcd for C19H21ClO
(300.82): C, 75.86; H, 7.04. Found: C, 76.15; H, 7.23.

Compound 9c: 1H NMR (400 MHz, CDCl3): d 6.90–
7.00 (m, 4H), 4.15–4.25 (m, 1H), 3.65–3.85 (m, 1H),
2.50–3.00 (m, 4H), 2.00–2.10 (m, 2H), 1.40–1.90 (m,
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4H), 1.17 (d, J = 5.95 Hz, 3H). EIMS: m/z: 250 (15) M+,
216 (100), 215 (20), 129 (25), 104 (50), 91 (10), 42 (10).
Anal. Calcd for C15H19ClO (250.76): C, 71.84; H, 7.64.
Found: C, 71.95; H, 7.85.
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