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The tin-mediated tandem 5-exo-dig-5-exo-trig radical cyclization of dibromoacetal 4a stereoselectively gives the
angular 6,5,5-ring fused tricycle 6 via spirocyclic acetal 5 in 93% yield.

Tin-mediated tandem radical cyclization has become a
powerful method for the construction of complex polycyclic
compounds.1 We now report the tandem 5-exo-dig-5-exo-trig
cyclization of dibromoacetal 4a yielding the angular
6,5,5-ring fused tricycle 6, a unique carbon skeleton found
in natural products (Scheme 1).2 The radical precursors 4a-d
were prepared from cyclohexanone 1. The lithium enolate
of 1 was allylated with 2,3-dibromopropene to give
2-(2-bromo-2-propenyl)cyclohexanone 2 in 64% yield. The
Wittig reaction of 2 with Ph3P � CHOMe in diethyl ether
gave a mixture of enol ethers 3E and 3Z in 83% yield.
The E geometry of 3E was assigned by NOE between
�CBrCH (d 2.59) and �CHOMe (d 5.78).
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Scheme 1 Reagents: i, LiNPri2, BrCH2CBr � CH2;
ii, Ph3P � CHOMe; iii, NBS, prop-2-yn-1-ol; iv, Bun

3SnH, AIBN, hn:

The bromoacetalization of the enol ethers 3E and 3Z (14:1)
with N-bromosuccinimide (NBS) and prop-2-yn-1-ol in dic-
hloromethane gave four diasteromers 4a^d in a ratio of
12.8:2.9:5.7:1. The major product 4a was isolated from the
mixture in 55% yield.3 The stereochemistry of 4a was deter-
mined by an X-ray crystallographic analysis (Fig. 1).4 The
tandem radical cyclization of 4a was conducted with 4 equiv.
of Bun

3SnH in diethyl ether under irradiation with a 100W
tungsten-¢lament lamp to give the tricyclic 5-exo-

dig-5-exo-trig cyclization product 6 in 94% yield, with
neither its stereoisomer nor 5-exo-dig-6-(formal)-endo
trig-cyclization product5 being detected. The radical reaction
performed in the presence of 1 equiv. of Bun

3SnH gave
spirocyclic compound 5,6 which was cyclized with an
additional equiv. of Bun

3SnH to give 6.7 The stereochemistry
of compounds 5 and 6 was determined by NOE
experiments.8 Srikrishna et al. have reported that the
spiroannulation proceeded via the less crowded axial
radicals.9 The spiroannulation yielding 5 proceeds via either
the axial or equatorial radical. However, the axial radical
intermediate yielding the diastereomer of 5 is probably less
favorable because of the steric repulsion between the OMe
and equatorial CH2CBr�CH2 groups.
Cyclization of the minor dibromoacetal 4c gave two

5-exo-dig-5-exo-trig and two 5-exo-dig-6-(formal)-endo-trig
cyclization products 7^10 (ratio 1:1.5:3.4:3.4) and spirocyclic
intermediates (�stereoisomers of 5) in 63% yield.10 Treatment
of the inseparable mixture of 4b and 4d with Bun

3SnH gave
6,^9.11

Fig. 1 X-Ray crystal structure of 4a
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Experimental
Allylation of Cyclohexanone 1 with 2,3-Dibromopropene.öTo a sol-

ution of the enolate of cyclohexanone, prepared from lithium
diisopropylamide and cyclohexanone (1.0 g, 10mmol) in THF (4 cm3)
cooled to ÿ75 8C, was added a solution of 2,3-dibromopropene
(2.0 g, 10mmol) in THF (4 cm3). The solution was warmed gradually
to room temperature. Column chromatography on silica gel
(hexane^ethyl acetate, 50:1) gave ketone 2 (1.4 g, 64% yield), an oil,
1H NMR (CDCl3) d 5. 61 (1H, d, J � 1:5Hz, �CH), 5.44 (1H,
t, J � 0:7Hz, ��CH), 2.99 (1H, dd, J � 14:5, 4.7Hz, CHC��), 2.68
(1H, m, CHC��) and 2.46^1.22 (9H, m). HRMS: Found m/z 137.0929
(M� ÿBr). Calc. for C9H13O: (Mÿ Br), 137.0966.

Wittig Reaction of 2.öTo a suspension of Ph3PCH2OMeCl (4.6 g,
13.5mmol) in dry diethyl ether (27 cm3) cooled to ÿ858C was added
a solution of BunLi (1.6mol dmÿ3; 8.4 cm3, 13.5mmol). A solution
of ketone 2 (1.46 g, 6.7mmol) in dry diethyl ether (9 cm3) was then
added and the mixture was warmed gradually to room temperature.
Column chromatography gave 3E and 3Z in 83% yield and in a ratio
of 14:1. 3E: 1HNMR (CDCl3) d 5.78 (1H, s,��CHOMe), 5.52 (1H, d,
J � 1:2Hz, �CH), 5.42 (1H, d, J � 1.5Hz, �CH), 3.54 (3H, s,
OMe), 2.65^1.95 (5H, m, CH2 and CH) and 1.7^1.3 (6H, m, CH2).
3Z 1H NMR (CDCl3) d 5.79 (1H, s, ��CHOMe), 5.56 (1H, d,
J � 1.5Hz, ��CH), 5.41 (1H, d, J � 1.5Hz, ��CH), 3.51 (3H, s,
OMe), 3.22 (1H, m, CH), 2.57 (2H, m, CH2) and 2.0^1.2 (8H,
m, CH2). HRMS (3E� 3Z): Found m/z 212.0198 (M� ÿMeOH).
Calc. for C10H13Br: (MÿMeOH�, 212.0201.

Bromoacetalization of 3.öTo a solution of 3 (E : Z � 14:1) (100mg,
0.4mmol) in dry CH2Cl2 (1.5 cm3) cooled to ÿ788C was added a sol-
ution of propargyl alcohol (0.5 cm3) and NBS (73mg, 0.4mmol) in
CH2Cl2 (0.5 cm3). Column chromatography on silica gel [22 g;
hexane^ethyl acetate (50:1)] gave 4a (86mg, 55% yield). Compound
4a, mp 45^468C (from hexane); 1HNMR (CDCl3) d 5.59 (1H, t,
J � 1:5Hz, �CH), 5.45 (1H, s, �CH), 4.65 [1H, s, HC(OMe)O], 4.42
(2H, d, J � 2:5Hz, CH2O), 3.66 (3H, s, OMe), 2.93 (1H, d,
J � 12:0Hz, CHC� 2.6^2.4 (2H, m, CHC� and CH), 2.50 (1H, t,
J � 2:5Hz, C�CH and 2.2^1.4 (8H, m, CH2). HRMS: Found m/z
299.0627 (M� ÿ Br). Calc. for C14H20BrO2 : �Mÿ Br), 299.0647.

Radical Cyclization of 4a.öA solution of 4a (30mg, 0.08mmol),
Bun

3SnH (93mg, 0.32mol) and a catalytic amount of AIBN in
dry diethyl ether (4 cm3) was irradiated with 400W Xe lamp at room
temperature for 4.5 h under nitrogen. After treatment of the mixture
with potassium £uoride^water, the reaction mixture was
chromatographed on silica gel [11g; hexane^ethyl acetate (100:1)]
to give 6 (17mg, 94%), 1HNMR (CDCl3) d 4.93 (1H, d, J � 2:7Hz,
��CH), 4.84 (1H, d, J � 2:7Hz, �CH), 4.79 [1H, s, HC(OMe)O],
3.68 (2H, s, OCH2), 3.36 (3H, s, OMe), 2.18 (1H, dd, J � 14.0,
6.4Hz, ��CH), 2.10 (1H, tt, J � 14:0, 2.7Hz, ��CH), 2.0^1.0 (9H,
m, CH2 and CH), and 0.98 (3H, s, Me); 13CNMR (CDCl3) d 161.1,
107.7, 104.4, 78.8, 57.4, 55.2, 54.5, 46.7, 38.0, 29.4, 27.5, 26.2, 23.7
and 16.6. HRMS: Found m/z 222.1623 (M�). Calc. for C14H22O2 :
M, 222.1607.

Compound 5.ö1HNMR (CDCl3) d 5.52 (1H, t, J � 1:5Hz,
��CH), 5.40 (1H, t, J � 2:0Hz, ��CH), 5.00 (1H, t, J � 2.0Hz,
�CH), 4.94 (1H, t, J � 2:0Hz, ��CH), 4.84 [1H, s, HC(OMe)O],
4.43 [1H, dt, J � 13:5, 2.0Hz, CHO), 4.33 (1H, dt, J � 13:5, 2.0Hz,
CHO), 3.37 (3H, s, OMe), 2.36 (1H, d, J � 14:2Hz, CHC� ), 2.11
(1H, dd, J � 14:2, 11.2Hz, CHC� ) and 2.05^0.85 (9H, m, CH2
and CH). HRMS: Found m/z 300.0684 (M�). Calc. for
C14H21BrO2: M, 300.0725.
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