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ABSTRACT

The Prins cyclization of hydroxy or amino group-containing allenylsilanes with carbonyl compounds occurred at the allenic terminus in a regio-
and stereoselective manner to give the di- or trisubstituted tetrahydrofurans, tetrahydropyrans, and pyrrolidines. During the reaction, the allenic
axial chirality of the starting material was efficiently transferred to the newly formed carbon chiral centers of the product.

Substituted furans, pyrans, and pyrrolidines are com-
mon structural motifs found in many natural products.
The development of efficient methods for the synthesis of
these heterocyclic compounds has received considerable

attention in organic synthesis. The Prins cyclization, which
is performed by the acidic treatment of a homoallylic
alcohol with a carbonyl compound, is one of the repre-
sentative methods for the synthesis of tetrahydropyrans,
although it often leads to a complex mixture of pro-
ducts due to the use of a strong acid or high reaction
temperature.1 On the other hand, the vinylsilane-2 and
allylsilane3-induced cyclizations (silyl-Prins reactions)
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proceeded under mild conditions with complete diaster-
eocontrol due to the intermediary formation of a stabilized
β-silyl cation species to afford various heterocyclic pro-
ducts (eqs 1 and 2). During the course of our studies
regarding the Au-catalyzed reactions of R-alkynylsilanes
and allenylsilanes,4 we hypothesized that the Prins cycliza-
tion of allenylsilanes possessing an internal hydroxy or
amino group would occur at its allenic terminus to afford
heterocyclic compounds via the β-silylvinyl cation inter-
mediate (eq 3).5 The product would possess a synthetically
useful alkynyl side chain. It is of interestwhether the allenic
axial chirality is transferred to the product.6 Herein, we
describe the stereoselective synthesis of substituted tetra-
hydrofurans, tetrahydropyrans, and pyrrolidines using the
Prins cyclization of allenylsilanes.

According to the report by Denmark et al.,3a TMSOTf
was proven to be an excellent Lewis acid for the Prins
cyclization of an allylsilane. Thus, our attempt toward the
Prins cyclization of an allenylsilane was investigated using
TMSOTf as the Lewis acid. To our delight, the treatment
of the β-hydroxy allenylsilane 1 containing the tert-butyl-
dimethylsilyl (TBS) group7 with benzaldehyde in the

presence of TMSOTf at �78 �C in CH2Cl2 underwent
the smooth uncommon 5-endo-trig cyclization to give the
cis-2,3-disubstituted tetrahydrofuran 2a containing a sily-
lacetylene moiety as a single diastereomer (97%, dr =
>20:1, Table 1, entry 1).8,9 The quantity of TMSOTf
could be reduced to 0.1 equiv at 0 �C for 30 min to give
the tetrahydrofuran 2a in 97% yield (entry 2). A Brønsted
acid, such as p-TsOH, was also effective for this cycliza-
tion. However, the reaction required a higher temperature
and a prolonged reaction period, and the yield was mod-
erate (entry 3).

Next, we investigated the substrate scope employing
various aldehydes andketones in the presence of a catalytic
amount of TMSOTf (Figure 1). The reactions of 1 with
phenylpropionaldehyde, isobutylaldehyde, methacrolein
or m-anisaldehyde furnished the corresponding tetrahy-
drofurans 2b�d,f in good yields with excellent diastereos-
electivities, respectively. On the other hand, a decrease in
the drs of 2e,g was observed when the sterically bulky
pivalaldehyde or electron-donating 3,4-dimethoxybenzal-
dehyde was employed.10 This method was applicable to
ketones in the presence of TMSOTf (1 equiv) at �78 �C to
give the2,2,3-trisubstituted tetrahydrofuran2h,i in goodyield.
To examine whether the axis chirality of the allene was

transferred to the product, the enantioenriched (aS)-1
(92% ee)7 was employed for the present cyclization
(eq 4). Treatment of (aS)-1 with TMSOTf (0.1 equiv) at
0 �C gave 2a with 78% ee.11 The ee was increased to 85%
when 1 equiv of TMSOTf was employed at �78 �C (vide
infra). The absolute configuration of 2a was assigned to
2R,3R by converting it to the MTPA ester 3.12 These

Table 1. Synthesis of 2,3-Disubstituted Tetrahydrofuran

entry acid (equiv) temp (�C) time (h) yield (%)

1 TMSOTf (1.1) �78 0.5 97

2 TMSOTf (0.1) 0 0.5 97

3 p-TsOH-H2O (1.0) rt 20 77
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results indicated that the original axial chirality was effi-
ciently transferred to the products. The presence of the silyl
group would be essential for this regioselective transfor-
mation, since the tert-butyl substituted analogue 413 under
the same reaction conditions gave the 6-endo-cyclized
dihydropyran 5 (79%, dr= 7:1) via a putative allyl cation
intermediate (eq 5).14

Theproposed stereochemical outcomeof thepresentPrins
cyclization is shown in Scheme 1. The exclusive formation of
the 2,3-cis-tetrahydrofuran except for 2e,gwould be derived
from the synclinal oxonium intermediate A, in which the
thermodynamically more favored E-oxonium ion than
that of Z15 was located on the opposite side of the sterically
bulky TBS group. Subsequent formation of the silyl-group-
stabilized vinyl cation B would be significantly attributed
to the silyl-group-directed regioselective 5-endo cyclization.
The reactions with sterically bulky or electron-donating
aldehydes would involve the Z-oxonium ion C and/or
antiperiplanar intermediate D due to steric and/or stereo-
electronic reasons to give a mixture of the cis- and trans-
tetrahydrofurans. The slight decrease in the ee during the

conversion of the optically enriched 1 (92% ee) into 2a

(85%eeat�78 �C) suggested that the reactionwould involve
the stericallydisfavored synclinal intermediateE, inwhich the
oxonium ionwas located on the same side of the TBS group.
Only a slight racemization of 1 occurred under the reaction
conditions. The acidic treatment of the optically active 1
[[R]28D þ113.6 (c 0.75, CHCl3)] without benzaldehyde
[TMSOTf (0.1 equiv), CH2Cl2, 0 �C, 0.5 h] resulted in
the complete recovery of 1 [[R]27Dþ106.0 (c 0.75, CHCl3)].
According to the chiral HPLC analysis of the TMS ether 6
prepared from 1, the optical purity of 6 (95% ee) derived
from the recovered 1 was slightly lower than that of the
starting 1 (98% ee, eq 6).

Next, we examined the Prins cyclization using the
carbobenzoxyamino (CbzNH)-substituted allenylsilane 7

(dr=>20:1), preparedby the enolate�Claisen rearrange-
ment of an R-acyloxy-R-alkynylsilane.4b The treatment
of 7 with PhCHO in the presence of TMSOTf (1 equiv)
at�78 �C gave a mixture of 2,3,4-trisubstituted tetrahydro-
furans 8 (47%) and 9 (15%, eq 7).8 Since both diastereo-
mers possessed the same 2,3-cis relationships, they would be
produced via the synclinal conformation A (Scheme 1).

Scheme 1. Proposed Mechanism

Figure 1. Synthesis of substituted tetrahydrofurans.
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The treatment of the homologous analogue 11 with
PhCHO in the presence of TMSOTf (0.1 equiv) at 0 �C
facilitated the 6-endo tetrahydropyran formation to give 12
as a mixture of the diastereomers (cis/trans = 3.5:1) in
quantitative yield (eq 8).16,17 The dr of 12was improved to
6:1 when treated at �78 �C. An excellent diastereoselec-
tivity (20:1) was observed when the reaction was per-
formed using CH3CN as the solvent.

Finally, we examined the synthesis of nitrogen-contain-
ing heterocyclic compounds using the allenylsilanes 13 and
16 (Scheme 2).18 Although TMSOTf was not effective for
the reaction of 13 with paraformaldehyde,19 the use of
TFA (4 equiv)3c underwent a smooth 5-endo cyclization to
give the pyrrolidine 14 (83%). The reaction with acetalde-
hyde furnished the 2,3-disubstituted pyrrolidine 1520 as a
single diastereomer (93%).21 Contrary to the 1,2-cis-tetra-
hydrofuran formation from the alcohol 1, the product 15

possessed the 1,2-trans-substituents, presumably because
the reaction proceeded through the iminium ion inter-
mediate F in which the substituent R was located trans to
the Cbz group to avoid the severe steric repulsion. The
fused bicyclic pyrrolidine 17

20 was also synthesized from
the succinimide-containing allenylsilane 1622 in a similar
manner.
In summary, The Prins cyclization of the hydroxy or

amino group-containing allenylsilanes with aldehydes
gave various 2,3-disubstituted tetrahydrofurans, tetrahy-
dropyrans, and pyrrolidines having an alkynyl substituent.
The formation of a stable β-silylvinyl cation intermedi-
ate would play an essential role in promoting this
reaction. The axial chirality of the allenylsilane was
efficiently transferred to the newly formed two contig-
uous carbon stereocenters of the product. Application
of this silylallene�Prins cyclization for the synthesis of
biologically important compounds is in progress in our
laboratories.
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Scheme 2. Synthesis of Pyrrolidine Derivatives
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