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Abstract: A versatile and high-yielding indium trichloride
mediated cyclization reaction of silylated homoallylic alco-
hols, thiols, or amines with aldehydes or epoxides is de-
scribed as a rapid route to a range of unsaturated hetero-
cycles. The excellent diastereoselectivity observed offers a
method of wide scope and generality.

The pyran and piperidine skeletons are found abun-
dantly in many natural products. Over the years, there
has been a plethora of elegant methodologies developed
independently for the synthesis of each of these hetero-
cycles'? but very few general methods that are equally
applicable to the synthesis of both functionalized ring
systems, starting from a common precursor. Much of our
research effort therefore has been devoted to developing
a synthetic approach to a range of heterocycles of the type
shown in Figure 1, where the heteroatom may be oxygen,
sulfur, or nitrogen, there is a stereocontrolled incorpora-
tion of substituents during a cyclization process, and an
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FIGURE 1. Target range of heterocycles.
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olefin may serve as a handle for further synthetic
manipulation.

We have recently reported the indium trichloride
mediated silyl-Prins reaction as a rapid route to the
dihydropyran skeleton.® Herein, we report that a similar
methodology may be employed for the synthesis of a
range of heterocycles, using this mild Lewis acid.

The silyl-Prins reaction is the cyclo-condensation reac-
tion of a silylated homoallylic alcohol with a suitable
partner in the presence of a Lewis acid. Typically, the
cyclization partner has been either a carbonyl compound
or epoxide, and of various Lewis acids screened for
promoting this reaction, indium trichloride has been
shown to be the most efficient (Scheme 1).*

Results are presented herein to complement our previ-
ous report® and prove the previously postulated stereo-
selectivity of the silyl-Prins cyclization. Further, we shall
describe the extension of this method to the preparation
of heterocycles containing sulfur and nitrogen, as well
as oxygen.

The silyl-Prins reaction proceeds at room temperature
and occurs with complete diastereocontrol, obtaining
exclusively the cis-2,6-dihydropyran product, as demon-
strated both by NOE data and X-ray crystallography. A
6.5% enhancement was observed of the C6 proton on
irradiation of the C2 proton in 2-benzhydryl-6-methyl-
5,6-dihydro-2H-pyran, 2. Dihydroxylation with osmium
tetraoxide/NMO proceeded exclusively from the least
hindered lower face, and diacetylation of the diol gave a
colorless crystalline solid, the crystal structure of which
is shown in Scheme 2. No epimerization of the dihydro-
pyran was observed by NMR during the hydroxylation/
protection steps.

The silyl-Prins methodology could easily be adapted
for the preparation of enantiomerically pure products,
starting from either R- or S-propylene oxide. After

(3) Dobbs, A. P.; Martinovi¢, S. Tetrahedron Lett. 2002, 43, 7055—
7057.

(4) Babu, G.; Perumal, P. T. Aldrichim. Acta 2000, 33, 16—22. Babu,
S. A. Synlett 2002, 531—-532.
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epoxide ring-opening using lithium trimethylsilylacetyl-
ide/boron trifluoride etherate and subsequent reduction
with DIBAL-H, giving enantiomerically pure 1 (R = Me),
the reaction sequence could be repeated in full without
racemization.5

Due to the easy preparation of the cyclization precur-
sors, it occurred to us that it might be possible to extend
this method to the synthesis of heterocycles other than
those containing oxygen. Therefore, the sulfur- and
nitrogen-containing analogues of 1 were prepared in good
yields. Mitsunobu reaction of 1 with thioacetic acid and
subsequent treatment with lithium aluminum hydride
gave 4-trimethylsilyl-3-butene-1-thiol in good yield over
the two steps. Alternatively, starting from the same
precursor 1, quantitative tosylation followed by displace-
ment with an amine gave a range of 4-trimethylsilyl-3-
butenyl-1-amines. The same two reaction sequences were
repeated starting from 4-pentyn-2-ol, to give the 2-meth-
yl-substituted homoallylic thiol and amines (Scheme 3).

Despite considerable current interest in sulfur-contain-
ing heterocycles and sugar analogues, methods for the
synthesis of dihydrothiapyrans and thiapyrans are rela-
tively rare.® The method employed for dihydropyran
synthesis was slow with the thiols at room temperature,

(5) The absence of racemization was judged by NMR experiments
using Eu(hfc)s; doping and comparison with the racemic series, where
separation occurred.
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TABLE 1. Synthesis of Dihydrothiapyrans via the

Silyl-Prins Reaction?
R1)J\H

R” “SH CH,Cly R” s R!
reflux, 5-12 hrs
entry R R? % yield®
1 H PhCH> 51
2 H n-CsHi1 53
3 Me PhCH,CH; 68
4 Me n-CsH11 54

2 Reaction conditions: aldehyde (typically 3 mmol), thiol (1
equiv), indium trichloride (1 equiv), CH,Cl, (20 mL), reflux, 5—12
h. ®Yield of pure product after chromatographic separation; all
compounds gave satisfactory spectroscopic and analytical data.

but simple elevation of the reaction to reflux temperature
gave a smooth transformation to the dihydrothiapyran
product.

When the methyl-substituted thiol precursor is used,
the same cis-diastereoselectivity was observed as previ-
ously reported with the dihydropyran series.® The selec-
tivity is believed to arise from a chair-like transition
state, with equatorially orientated substituents in the
developing six-membered ring. During NOE experiments,
significant enhancement of the C6 proton was observed
for both compounds (Table 1, entries 3 (4.4%) and 4
(3.1%)) on irradiation of the C2 proton.

Finally, attention was focused on the formation of
tetrahydropyridines. The indium trichloride mediated
cyclization of any of the amines 5 also failed to proceed
at room temperature or indeed at reflux temperature in
dichloromethane. The solvent was switched to the higher
boiling polar aprotic solvent, acetonitrile and the reaction
then proceeded smoothly in 3—24 h. Employing indium
trichloride as the Lewis acid gave significantly higher
yields than any alternative Lewis acid (boron trifluoride
etherate, trimethylsilyl triflate, or aluminum trichloride).

As reported with the oxygen series, an epoxide could
be substituted in place of the aldehyde. As with the
previous heterocycles, only a single diastereomer was
produced in each case, but surprisingly, NOE data
suggested that the tetrahydropyridines produced were
the trans diastereomers, i.e., there was complete reversal
of diastereocontrol compared to the alcohol and thiol
reactions. A 2.2% enhancement of the C6 methyl group
was observed on irradiation of the C2 proton, which
suggested that the methyl group was orientated axial in
these compounds, a finding confirmed by the X-ray
structure of 1-benzyl-2-methyl-6-phenyl-1,2,3,6-tetrahy-
dropyridine, 6 (Figure 2). The origin of the trans selectiv-
ity is believed to be unfavorable A2 interactions between
the N-alkyl group, the methyl group, and the R group
from the aldehyde. Similar NOE enhancements were
observed for each entry in Table 2.

In summary, we have developed a general and efficient
indium trichloride mediated route to a range of unsatur-

(6) (a) Lewis acid mediated synthesis of thiacyclohexanes: Yang,
X.-F.; Li, C.-J. Tetrahedron Lett. 2000, 41, 1321—-1325. Yang, X.-F.;
Mague, J. T.; Li, C.-J J. Org. Chem. 2001, 66, 739—747. (b) Synthesis
of thiasugars: Fuzier, M.; Le Merrer, Y.; Depezay, J.-C. Tetrahedron
Lett. 1995, 36, 6443—6446. Le Merrer, Y.; Fuzier, M.; Dosbaa, I.;
Foglietti, M.-J.; Depezay, J.-C. Tetrahedron 1997, 53, 16731—16746.
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FIGURE 2. Typical NOE and X-ray crystallographic data for
trans-tetrahydropyridines obtained from InCls-mediated cy-
clizations.

TABLE 2. Synthesis of Tetrahydropyridines via the

Silyl-Prins Reaction?
/(:TMS i InCls @
» 1

RTONHRZ  R'7TH  oon RUONTR
reflux, 5-24 hrs R
entry R R2 R! % yieldP
1 H Bn PhCH, 95
2 H Bn styrene oxide 79
3 H Ph n-C5H11 94
4 H n-Pr PhCH> 55
5 Me Bn PhCH, 68
6 Me Bn n-CsHi1 70
7 Me n-Pr n-CsHis 73
8 Me n-Pr PhCH, 85

a Reaction conditions: aldehyde (typically 1 mmol), amine (1
equiv), indium trichloride (1 equiv), acetonitrile (20 mL), reflux,
5—24 h. P Yield of pure product after chromatographic separation;
all compounds gave satisfactory spectroscopic and analytical data.

ated heterocycles, starting from a common precursor and
employing a mild Lewis acid. The heterocycles produced
may contain oxygen, sulfur, or nitrogen and are obtained
in excellent diastereoselectivities; as such, we believe this
will become a highly efficient and widely applicable
methodology. Extensions of this methodology to more
highly substituted ring systems and to an asymmetric
version and the application of these combined features
to the total synthesis of various natural products will be
the subject of future publications.

Experimental Section

(+)-cis-2-Benzhydryl-6-methyl-5,6-dihydro-2H-pyran (2).
Indium(l11) chloride (0.44 g, 2 mmol) was added to diphenylac-
etaldehyde (1 equiv, 0.39 g, 2 mmol) dissolved in dry DCM (20
mL) under an atmosphere of nitrogen, and the resulting solution
was stirred for 1 h. After this time, (2)-5-trimethylsilylpent-4-
en-2-ol (1 equiv, 0.32 g, 2 mmol) was added, and the reaction
mixture was stirred at room temperature for a further 16 h. The
reaction mixture was then quenched with distilled water (10
mL), and the water layer was extracted with dichloromethane.
The combined organic extracts were dried with magnesium
sulfate. The solvent was removed in vacuo and the reaction
mixture purified by flash column chromatography (hexane/
diethyl ether 10:1) to give the title compound isolated as a
colorless solid (0.41 g, 78%): Ry 0.43 (petroleum ether/diethyl
ether 10:1); mp 75—77 °C (from petroleum ether); found [M +
H]* 265.1590, C19H200 + H requires 265.1592; vmax/cm= (KBr)

7882 J. Org. Chem., Vol. 68, No. 20, 2003

3027 [Ar(CH)], 2970 (OCH), 1654 (C=C), 1598, 1495, 1449, 1388,
1183 (CO), 1086; on (400 MHz; CDCl3) 7.19—7.39 (10H, m, Ar—
H), 5.77 (1H, m, C(4)H), 5.58 (1H, dt, J 10.3, 1.9, C(3)H), 4.87
(1H, m, C(2)H), 4.02 (1H, d, J 8.1, Ph,CH), 3.75 (1H, m, C(6)H),
1.95 (2H, m, C(5)H,), 1.23 (3H, d, J 6.4, C(6)CH3); 6c (100 MHz;
CDCls) 142.5 (Cipso), 142.0 (Cipso), 127.9—128.9 [overlapping 8 x
(C—Ar), C(3)H], 126.3 (C(4)H), 126.1 (C—Ar), 125.9 (C—Ar), 77.3
(C(2)H), 70.3 (C(6)H), 56.3 (Ar,CH), 32.8 (C(5)H>), 21.7 (C(6)-
CHz3); m/z (CI) 265 [(MH)*, 90], 247 [(MH)* — H,0, 100]. Anal.
Calcd for C1gH200: C, 86.3; H, 7.6. Found: C, 86.3; H, 7.7.

(+)-2f-Benzhydryl-3a,4a-diacetoxy-64-methyltetrahy-
dropyran (3). (+)-cis-2-Benzhydryl-6-methyl-5,6-dihydro-2H-
pyran (0.09 g, 0.3 mmol) was dissolved in acetone/water 2:1 (9
mL) and 4-methylmorpholine N-oxide added (0.09 g, 0.7 mmol,
2 equiv), followed by two crystals of osmium tetraoxide. The flask
was sealed with a stopper and the reaction mixture stirred for
48 h at room temperature. After this time, the reaction mixture
was cooled to 0 °C, saturated aqueous sodium bisulfite (6 mL)
was added, and the reaction mixture was allowed to warm to
room temperature. The aqueous layer was extracted with ethyl
acetate. The combined organic layers were washed with brine,
dried over MgSOy, filtered, and concentrated in vacuo to give
(£)-2p-benzhydryl-3a,40-dihydroxy-64-methyltetrahydropyran
(0.06 g, 61%), which was used without further purification. (£)-
2$-Benzhydryl-3a,40-dihydroxy-65-methyltetrahydropyran (0.06
g) was dissolved in pyridine/DCM 1:1 (10 mL), acetic anhydride
was added (0.61 mL, 6.4 mmol, 16 equiv), and the reaction
mixture was stirred overnight (19 h). After this time, the reaction
mixture was quenched with saturated aqueous sodium hydrogen
carbonate solution (5 mL), the layers were separated, and the
aqueous layer was extracted with dichloromethane. The organic
layer was washed with 2 M hydrochloric acid and saturated
brine solution (10 mL) and dried over magnesium sulfate. The
solvent was removed in vacuo to give (+)-24-benzhydryl-3o,4a-
diacetoxy-63-methyltetrahydropyran as colorless crystals (0.04
g, 57%; overall yield 35%): mp 144—146 °C (from hexane/diethyl
ether); found [M + H]* 383.1851, Cy3H20s + H requires
383.1858; vmax/cm™! (KBr) 3088, 3052, 3027 [Ar(CH)], 2883
(OCH), 1736, (C=0), 1598, 1495, 1449, 1367, 1137 (CO), 1055;
On (400 MHz; CDCls) 7.19-7.44 (10H, m, Ar—H), 5.40 (1H, m,
Ph,CH), 4.48 (2H, m, C(2)H, C(3)H), 4.09 (1H, m, C(4)H), 3.96
(1H, m, C(6)H), 2.11 (3H, s, OCOCHgs), 1.96 (3H, s, OCOCH3),
1.79 (1H, m, C(5)HH), 1.58 (1H, m, C(5)HH), 1.20 (3H, d, J 6.2,
C(6)CHs3); dc (100 MHz; CDCls) 170.3 [Cquatl(OCOCHS3)], 169.6
[Cquat(OCOCHs3)], 143.1 (Cipso), 139.7 (Cipso), 130.2 [overlapping
2 x C(Ar)], 128.7 [overlapping 2 x C(Ar)], 128.2 [overlapping 2
x C(Ar)], 128.0 [overlapping 2 x C(Ar)], 126.6 C(Ar), 126.2 C(Ar),
74.9 and 69.8 [C(3 and 2)H], 68.4 (C(6)H), 67.7 (Ph.CH), 51.1
(C(4H), 37.4 (C(5)Hy), 21.1 [overlapping C(3 and 4)CHOCOCHj],
20.8 [C(6)CH3]; m/z (Cl) 383 [(MH)*, 5], 323 [(MH)* — C2H40-,
10], 263 [(MH)* — 2 x (CzH40,), 35], 245 [(MH)" — C4H10s,
25], 215 [(MH)* — CeH160s, 25], 143 [(MH)™ — C12H160s, 100].
Anal. Calcd for C3H260s5: C, 72.2; H, 6.8. Found: C, 72.3; H,
6.8.

Typical Experimental Procedure for the Synthesis of
cis-Dihydrothiapyrans. Indium chloride (1 mmol) was added
to a solution of aldehyde (1 mmol) in dry dichloromethane (20
mL), under an atmosphere of nitrogen, and the reaction mixture
was stirred for 1 h. After this time, the homoallylic thiol (1 mmol)
was added and the reaction mixture stirred at reflux tempera-
ture for a further 5—16 h. The reaction was monitored by TLC.
Upon completion, the reaction mixture was cooled and quenched
with distilled water (10 mL). The water layer was extracted with
dichloromethane and the combined organic layer dried with
magnesium sulfate. The solvent was removed in vacuo and the
reaction mixture purified by flash column chromatography
(hexane/diethyl ether 10:1) affording the cyclization product as
an oil.

Typical Experimental Procedure for the Synthesis of
trans-Tetrahydropyridines. The secondary amine (1.0 mmol)
was added dropwise to a solution of indium trichloride (221 mg,
1.0 mmol) and an aldehyde (1.0 mmol) in anhydrous acetonitrile
(20 mL) at reflux. Once the reaction was completed (monitored
by TLC), the solution was cooled and concentrated and the



residue obtained partitioned between dichloromethane and 1 M
NaOH. The aqueous layer was extracted with dichloromethane,
and the combined organic layers were washed with 1 M NaOH
and water, dried (MgSO,), and concentrated under reduced
pressure. The residue obtained was then purified by flash
chromatography to give the corresponding tetrahydropyridine.
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