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Heterogeneous acid-catalyzed (2,5) oxonium-ene reaction for
eight-membered ring formation
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Abstract—The (2,5) ene cyclization of cyclic allylic lactol ether 1 as a substrate gave aldehyde 3 presumably via the intermediate
2. Furthermore, ring cleavage at the C�O bond of the oxolane moiety in the aldehyde 3 under reductive conditions afforded the
eight-membered ring regioselectively. © 2001 Published by Elsevier Science Ltd.

Among the six different types of intramolecular ene
reaction,1,2 only the (2,5) ene cyclization remains unex-
plored. Recently, we have reported the first example of
a (2,5) ene cyclization,3 involving an oxonium ion4,5 as
the enophile component, employing mesoporous solid
acids6–8 as shown in Scheme 1. However, the isomeriza-
tion of the (2,5) ene product to other regioisomers is
problematic. We now disclose a new type of (2,5) ene
cyclization to overcome the isomerization problem and
illustrate the synthetic usefulness of this reaction for the
construction of functionalized eight-membered ring
compounds.9,10

It was planned to design the reaction in order to trap
the ene product as an enol, so that the ene product
would be transformed to the corresponding aldehyde,
and, consequently, regioisomerization would be sup-
pressed. Therefore, a cyclic allylic lactol ether 1 was
selected as a substrate (Scheme 2).4 The results obtained
in the reactions of the cyclic allylic lactol ether 1 with
several acids are summarized in Table 1.

Analogously to the method employed in our earlier
report on the intermolecular oxonium-ene reaction of
cyclic allylic lactol ethers,4 a homogeneous Lewis acid,
TMSOTf, was first used. However, substrate 1 was
decomposed in the presence of this Lewis acid (Table 1,
run 1). Therefore, mesoporous solid acids were investi-
gated. The reaction using montmorillonite K1011 gave
the desired aldehyde 3,12,13 though in low yield even
after long reaction times (run 2), whereas the reaction
with Amberlyst® 15E gave the aldehyde in better yield
in a shorter reaction time (run 3). The yield was better

when the reaction was performed using CH2Cl2 rather
than THF or toluene as solvent (runs 3, 4 and 5).
Increased dilution also improved the yield of the reac-
tion (runs 3, 6 and 7). The time required for the
reaction to proceed to completion was critically depen-

Scheme 1.

Scheme 2.* Corresponding author.
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Table 1. Solid acid catalyzed cyclization

Solvent (M) Time (h)Run Yielda (%)Acid (g/mol) syn :antib

TMSOTf (0.1 equiv.)1c CH2Cl2 (0.1) 3 Trace –
96K10 (0.8) 212 58:42

Amberlyst® 15E (0.5)3 8 46 54:46
4 THF 78 43 55:45

Toluene 11 395 56:44
6 CH2Cl2 (0.3) 4 32 54:46

(0.01) 167 65 55:45
(0.1) 84Amberlyst® 15E (0.1) 418 55:45

Amberlyst® 15E (0.1)9 1.5 44 54:46
(0.01) 5 72 54:4610

a Combined yield of syn- and anti-3.
b Determined by capillary GC.
c −78°C�rt.

dent on the amount of Amberlyst® 15E employed (runs
8 and 9). Finally, under optimized conditions, in a
dilute (0.01 M) solution with 1 g of Amberlyst® 15E
(run 10), a combined yield of 72% was achieved.

The ratio of syn- and anti-isomers of the aldehyde 3 did
not vary throughout the reaction (5 min–6 h) (Table 2),
although under these conditions the aldehyde could
slowly isomerize to the epimer after several hours
(Table 3).

Two possible mechanisms can be envisaged for these
reactions. One involves a (2,5) ene cyclization and the
other a Prins type reaction (Scheme 3). In the (2,5) ene

Table 2. Isomer ratio during the reactiona

syn :antibTime

5 min 54:46
54:4630 min
55:451 h
54:466 h

a Amberlyst® 15E (0.5 g/mmol), CH2Cl2, 0.1 M.
b Determined by capillary GC.

Scheme 3.

Table 3. Slow isomerization under the reaction conditiona

Time syn :antibsyn :antib

92:8Start 18:82
85:155 min 23:77
73:2715 min 35:65

30 min 44:5664:36
56:441 h 52:48

8 h 56:44 54:46

a Amberlyst® 15E (0.5 g/mmol), CH2Cl2, 0.1 M.
b Determined by capillary GC.
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Scheme 4.

allylic silyl ether moiety was investigated (Scheme 4).
When lactol 4 is subjected to acid treatment, the alde-
hyde 3 will be obtained in either ene or Prins type
route. However, in the case of a (2,5) ene cyclization,
there is the possibility14 of obtaining silyl enol ether 6
through chair or boat transition states.

Thus, the reaction of lactol 4 with K10 and Amberlyst®

15E was investigated (Table 4). First, the reaction of
lactol 4a possessing thexyldimethylsilyl ether group was
studied. The reaction with Amberlyst® 15E gave alde-
hyde 3 exclusively (run 1). On the other hand, the
reaction with K10 gave silyl enol ether 6a (run 2). The
yield of silyl enol ether 6a remained unchanged when
the amount of the acid was decreased (run 3). Then,
lactol 4b possessing a tert-butyldiphenylsilyl ether
group, which is more acid-stable, was investigated. The
silyl enol ether 6b was obtained in 8 and 16% yields
using Amberlyst® 15E (run 4) and K10 (run 5), respec-
tively. Therefore, it can be concluded that at least a
part of aldehyde 3 was formed via a (2,5) ene cycliza-
tion in the solid acid-catalyzed reaction of these lactols
4 and, hence, of the cyclic allylic lactol ether 1.

To demonstrate the synthetic utility of this new type of
ene cyclization, we have studied its application to the
synthesis of eight-membered rings. Accordingly, the
ring opening of the oxolane moiety in the aldehyde 3
was examined under reductive conditions to provide a
new approach to the highly functionalized eight-mem-
bered ring formation (Scheme 5).15 The two stereo-
isomers of aldehyde 3 were separated by column chro-
matography and were each converted to the corre-
sponding silyl ethers 8 after reduction to the

cyclization route, the aldehyde 3 would be obtained via
the intermediate 2 in the mesopore of the solid acid. In
the Prins type route, by contrast, a cationic cyclization
followed by 1,2-hydride shift would give the aldehyde 3.
To elucidate whether a (2,5) ene reaction was involved
in this cyclization, the reaction of lactol 4 bearing an

Table 4. The reaction of 4a and 4b using solid acids

Yield (%) syn :antibRun Sub. Acid (g/mmol) Time Yield (%)

3a 6c

064 52:481 1.5 h4a Amberlyst® 15E (1)
958:422 K10 (0.8) 10 min 65
958:42373 1.5 hK10 (0.2)
853:474 4b Amberlyst® 15E (1) 3 h 73

1667:335 K10 (0.8) 10 min 60

a Combined yield of syn- and anti-isomers of 3.
b Determined by capillary GC.
c Combined yield of Z/E mixture of 6.
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Scheme 5.
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T.; Izumi, Y.; Nolen, E. Chem. Lett. 1993, 117; (b)
Shinoda, T.; Onaka, M.; Izumi, Y. Chem. Lett. 1995, 493;
495.

7. Ballantine, J. A. In Solid Supports and Catalysts in
Organic Synthesis ; Smith, K., Ed.; Ellis Horwood: Lon-
don, 1992; Part 2, Chapter 4, pp. 101–102; Kellendonk,
F. J. A.; Heinerman, J. J. L.; van Santen, R. A. In
Preparative Chemistry Using Supported Reagents ; Laszlo,
P., Ed.; Academic Press: New York, 1987; Part 8, Chap-
ter 23, pp. 456–457; Adams, J. M. In Preparative Chem-
istry Using Supported Reagents ; Laszlo, P., Ed.;
Academic Press: New York, 1987; Part 8, Chapter 27, pp.
509–511.

8. (a) Tateiwa, J.; Hashimoto, K.; Yamauchi, T.; Uemura,
S. Bull. Chem. Soc. Jpn. 1996, 69, 2361; (b) Tateiwa, J.;
Kimura, A.; Takasuka, M.; Uemura, S. J. Chem. Soc.,
Perkin Trans. 1 1997, 2169.

9. For reviews on eight-membered ring formation, see: (a)
Petasis, N. A.; Patane, M. A. Tetrahedron 1992, 48, 5757;
(b) Mehta, G.; Singh, V. Chem. Rev. 1999, 99, 881; (c)
Yet, L. Chem. Rev. 2000, 100, 2963.

10. For eight-membered ring formation via intramolecular
carbonyl-ene reaction: see, Kato, N.; Okamoto, H.;
Arita, H.; Imaoka, T.; Miyagawa, H.; Takeshita, H.
Synlett 1994, 337.

11. Aldrich: Lot. No. 07812AN.
12. anti-3: 1H NMR (300 MHz, C6D6) � 0.51 (dddd, J=3.0,

10.5, 12.3, 14.1 Hz, 1H), 1.35–1.44 (m, 2H), 1.49–1.56 (m,
1H), 1.68 (dddd, J=3.3, 4.2, 11.7, 13.8 Hz, 1H), 2.27
(dddd, J=1.2, 5.7, 8.4, 13.8 Hz, 1H), 2.35–2.45 (m, 1H),
5.22 (d, J=8.4 Hz, 1H), 5.27 (d, J=4.2 Hz, 1H), 6.68–
6.78 (m, 2H), 6.96–7.02 (m, 2H), 9.10 (s, 1H); EI-MS
m/z=202 (M+�), HRMS (EI) calcd for C13H14O2

202.0994, found 202.0998 (M+�); capillary GC (OV-1701,
170°C, INJ/DET, 200°C). tR=21.1 min.

13. syn-3: 1H NMR (300 MHz, C6D6) � 1.20 (dddd, J=0.9,
5.1, 9.6, 14.1 Hz, 1H), 1.38–1.51 (m, 2H), 1.59 (dt,
J=5.1, 9.9 Hz, 1H), 1.62–1.69 (m, 1H), 1.97 (ddd, J=5.7,
9.6, 14.1 Hz, 1H), 2.10 (ddt, J=5.1, 7.5, 14.1 Hz, 1H),
5.19 (d, J=7.8 Hz, 1H), 5.29 (d, J=4.5 Hz, 1H), 6.68–
6.78 (m, 2H), 6.96–7.04 (m, 2H), 9.14 (s, 1H); EI-MS
m/z=202 (M+�), HRMS (EI) calcd for C13H14O2

202.0994, found 202.0989 (M+�); capillary GC (OV-1701,
170°C, INJ/DET, 200°C). tR=21.8 min.

14. (a) Fry, J. L.; Karabatsos, G. J. In Carbonium Ions ; Olah,
G. A.; Schleyer, P. von R., Eds.; John Wiley & Sons:
New York, 1970; Vol. 2, Chapter 14, pp. 521–571; (b)
Saunders, M.; Chandrasekhar, J.; Schleyer, P. von R. In
Rearrangements in Ground and Excited States ; de Mayo,
P., Ed.; Academic Press: New York, 1980; Vol. 1, Essay
1, pp. 1–53; Bowen, R. D.; Williams, D. H. In Rearrange-
ments in Ground and Excited States ; de Mayo, P., Ed.;
Academic Press: New York, 1980; Vol. 1, Essay. 2, pp.
55–93.

15. Reductive opening of oxolane rings: (a) Ohtsuka, T.;
Shirahama, H.; Matsumoto, T. Chem. Lett. 1984, 1923;
(b) Harmata, M.; Elahmad, S.; Barnes, C. L. J. Org.
Chem. 1994, 59, 1241.

corresponding alcohols. Then silyl ethers 8 were sub-
jected to reductive conditions using lithium naph-
thalenide (LN).16 The ring-opened products were
obtained regioselectively. That is, the syn- and anti-iso-
mers of the silyl ethers 8 gave 1,4-syn-regioisomer 917

and 1,3-anti-regioisomer 1018 as the major products,
respectively.19

We have thus reported a new type of (2,5) ene cycliza-
tion, and its application to the synthesis of eight-mem-
bered rings, by regioselective cleavage of the C�O bond
of the oxolane ring. Using allylic lactol ether 1 or lactol
4 as substrates, the aldehyde 3 was obtained pre-
sumably via the intermediate 2. Subsequent reductive
ring opening of the oxolane moiety in the aldehyde 3
gave eight-membered ring products regioselectively.
This provides a novel approach to oxygenated eight-
membered ring compounds.
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