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Abstract: Geminal disubstitution at the alkyl chain of g-aryl ke-
tones significantly influences the efficacy of samarium diiodide
induced cyclizations providing significantly higher yields. b,b-Di-
substituted aryl ketones 11a–e and g,g-disubstituted aryl ketone 14
could be converted into the corresponding hexahydronaphthalene
derivatives in good yields. On the other hand, a,a-disubstituted ke-
tone 9 only gave the secondary alcohol 10 along with recovered
starting material. Aryl ketones containing substituents with hetero-
atoms could also be cyclized in high yields and substrates such as
11d with sterically demanding cyclic substituents efficiently afford-
ed spiro compounds.
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Samarium diiodide has become one of the most efficient
reagents in organic syntheses for the formation of new
carbon–carbon bonds.1 In our group it was used to pro-
mote intramolecular reductive ketyl–aryl couplings fur-
nishing functionalized dearomatized products with often
very high diastereoselectivity.1h In this manner, ketones
with (substituted) phenyl,2,3 naphthyl,4 aniline,5 indole,
pyrrole,6 and quinoline7 moieties in g-position were suc-
cessfully employed as precursors in this reductive cycliza-
tion reaction. Recently, we reported the shortest formal
total synthesis of strychnine applying a samarium diiodide
cascade reaction as crucial step.6f

Simple g-aryl ketones as substrates react with samarium
diiodide to afford hexahydronaphthalene derivatives in a
6-trig-cyclization with excellent diastereoselectivity.
Thus, treatment of g-phenyl ketone 1 with two equivalents
of samarium diiodide in the presence of HMPA and tert-
butanol in THF furnished 1,3-diene 2 and its isomer 1,4-
diene 3 in 45% yield (Scheme 1).2g Ketone 4, bearing a
methoxycarbonyl group as b-substituent of the spacer
unit, gave the corresponding hexahydronaphthalene de-
rivative 5 along with g-lactone 6 in a slightly higher cy-
clization yield of 60%.2a Since it is well established that
geminal dialkyl substituents have a favorable influence on
numerous cyclization reactions,8 we investigated the ef-
fect of such substitution patterns on the samarium diiodide
induced reductive cyclization. Unfortunately, the easily
accessible ketone 7 with two methoxycarbonyl substitu-
ents was not a suitable model substrate. It did not provide

the desired cyclization product under standard conditions,
but fragmentation product 8 which is probably the result
of a reductive elimination of the acetone subunit.9 Our re-
sults with precursors that cannot undergo this undesired
fragmentation process are disclosed here.

Scheme 1 Samarium diiodide induced conversion of g-aryl ketones
with different substitution patterns. Reagents and conditions: (a) SmI2

(2.2–2.4 equiv), HMPA (18 equiv), t-BuOH (2 equiv), THF, r.t.

We started our investigation with dimethyl substituted
aryl ketones 9,10 11a,11 and 14,12 bearing the groups in
a-, b-, or g-position, respectively (Scheme 2). Attempts to
cyclize ketone 9 failed. Instead of the expected bicyclic
product most of the substrate was recovered along with a
small amount of secondary alcohol 10 as simple reduction
product. The conversion of this ketone was probably un-
successful due to the high steric hindrance at the reacting
carbonyl group.1h,9 Apparently, the generated samarium
ketyl is strongly hampered to approach the phenyl ring
and hence cyclization does not occur.13

Gratifyingly, ketones 11a and 14 led to the desired cy-
clization products in good yields under standard condi-
tions,14 although mixtures of the conjugated 1,3-dienes
12a/15 and their 1,4-diene isomers 13a/16 were isolated
(Scheme 2).15 In the case of 14, tetralin derivative 17 was
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also obtained in small amount. It is assumed that this com-
pound is generated by oxidative rearomatization of 15 or
16 during workup or purification. Compared to the cy-
clization of parent system 1, conversion of the dimethyl
substituted ketones 11a and 14 proceeded with a signifi-
cantly increased cyclization yield.16

We then explored the influence of other b-positioned sub-
stituents in precursors 11. All substrates 11b–e furnished
the expected products 12 and 13 in satisfying to very good
yields under standard conditions of the samarium diiodide
induced cyclization reaction. Oxygen-containing substitu-
ents in 11b,c were fully compatible with the method em-
ployed. In fact, bis(methoxymethyl)-substituted ketone
11b provided the highest cyclization yield of all exam-
ples. Sterically demanding cyclic systems such as 11d
also underwent smooth conversion into the spiro com-
pounds 12d and 13d. Furthermore, 1,3-dithiane derivative
11e could be converted into the corresponding cyclization
products 12e and 13e in moderate yield.

Scheme 2 Conversion of geminal disubstituted g-aryl ketones with
samarium diiodide. a Yield based on recovered starting material.
Reagents and conditions: (a) SmI2 (3 equiv), HMPA (18 equiv),
t-BuOH (2 equiv), THF, r.t.

In summary, we could demonstrate that geminal disubsti-
tution at the alkyl chain of g-aryl ketones significantly in-
creases the yields of samarium diiodide induced
cyclizations, given that substitution is not positioned to
close to the carbonyl function as in the case of a,a-disub-
stituted derivative 9. These successful cyclizations allow
a fast entry to highly substituted hexahydronaphthalene
derivatives including new spiro compounds. Our model
studies should allow an improved design of samarium di-
iodide induced cyclizations and hence increase the syn-
thetic value of this approach to polycyclic compounds.
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HMPA (18 equiv) was added to a previously prepared stock 
solution of SmI2 in THF (0.1 M, 3 equiv) under argon, and 
the solution was stirred for 20 min. During this time the 
solution turned from dark blue to dark violet. In a separate 
flask, the substrate (1 equiv) and t-BuOH (2 equiv) were 
dissolved in THF (10 mL) under argon. Argon was bubbled 
through the solution for 20 min. The substrate solution was 
then transferred with a syringe to the samarium diiodide 
solution. The mixture was stirred at r.t. until the color 
changed from violet to grey. Saturated aq NaHCO3 solution 
was added, the organic layer was separated, and the aqueous 
layer was extracted with Et2O (3×). The combined organic 
layers were washed with H2O and brine, dried with MgSO4, 
and the solvent was removed under reduced pressure to give 
the crude product, which still contained small amounts of 
HMPA. Flash chromatography on Al2O3 (activity grade 3) 
yielded the cyclization products.

(15) Cyclization of 11a
According to the general procedure, the SmI2 solution in 
THF (15.8 mL, 1.58 mmol), HMPA (1.66 mL, 9.47 mmol), 
11a (0.100 g, 0.53 mmol), and t-BuOH (0.078 g, 1.05 mmol) 
afforded after purification by flash chromatography 
(hexane–EtOAc, 9:1) compounds 12a and 13a as a 83:17 
mixture in 75% yield (76 mg).
Spectroscopic Data for (1S*,8aS*)-1,3,3-Trimethyl-
1,2,3,4,8,8a-hexahydronaphthalen-1-ol  (12a)
1H NMR (700 MHz, CDCl3): d = 0.93, 0.96. 1.26* (3 s, 3 H 
each, CH3), 1.28* (br s, 1 H, OH), 1.50 (d, J = 13.4 Hz, 1 H, 
2-H), 1.62 (dd, J = 2.2, 13.4 Hz, 1 H, 2-H), 1.88 (dd, J = 2.2, 

12.6 Hz, 1 H, 4-H), 2.03 (d, J = 12.6 Hz, 1 H, 4-H), 2.23 (dd, 
J = 3.5, 13.0 Hz, 1 H, 8a-H), 2.49 (tdd, J = 3.1, 13.0, 19.5 
Hz, 1 H, 8-H), 2.57 (m, 1 H, 8-H), 5.54 (tddd, J = 0.9, 3.1, 
8.6, 9.5 Hz, 1 H, 7-H), 5.58–5.60 (m, 1 H, 5-H), 5.67 (dddd, 
J = 1.3, 3.1, 5.4, 9.5 Hz, 1 H, 6-H) ppm; * overlapping 
signals. 13C NMR (176 MHz, CDCl3): d = 22.4 (t, C-8), 23.2, 
26.6 (2 q, CH3), 32.8 (s, C-3) 33.9 (q, CH3), 46.9 (d, C-8a), 
48.7 (t, C-4), 55.9 (t, C-2), 74.9 (s, C-1), 118.9, 122.2, 123.5 
(3 d, C-5, C-6, C-7), 136.5 (s, C-4a) ppm. 
Spectroscopic Data for (1S*,8aS*)-1,3,3-Trimethyl-
1,2,3,4,6,8a-hexahydronaphthalen-1-ol  (13a)
1H NMR (700 MHz, CDCl3): d = 0.90, 0.98, 1.12 (3 s, 3 H 
each, CH3), 1.52 (br s, 1 H, OH), 1.59 (d, J = 13.2 Hz, 1 H, 
2-H), 1.68 (dd, J = 2.2, 13.2 Hz, 1 H, 2-H), 1.87, 1.92 (AB 
part of an ABX system, JAB = 13.0 Hz, JBX = 2.2 Hz, 1 H 
each, 4-H), 2.62 (mc, 1 H, 8a-H), 2.67–2.71 (m, 2 H, 6-H), 
5.47 (X part, mc, 1 H, 5-H), 5.85 (mc, 2 H, 7-H, 8-H) ppm. 
13C NMR (176 MHz, CDCl3): d = 24.9, 26.2 (2 q, CH3), 27.0 
(t, C-6), 32.2 (s, C-3), 33.9 (q, CH3), 48.7 (t, C-4), 49.0 (d, 
C-8a), 55.3 (t, C-2), 74.5 (s, C-1), 120.1 (d, C-5), 124.3, 
125.6 (2 d, C-7, C-8), 141.6 (s, C-4a) ppm. Data from 
mixture: IR (film): n = 3365 (OH), 2950–2830 (CH), 1630 
(C=C) cm–1. HRMS (EI, 80 eV, 60 °C): m/z calcd for 
C13H20O [M]+: 192.1514; found: 192.1513. Anal. Calcd for 
C13H20O (192.1): C, 81.20; H, 10.48; found: C, 80.93; H, 
10.31.
Cyclization of 14
According to the general procedure, the SmI2 solution in 
THF (15.8 mL, 1.58 mmol), HMPA (1.66 mL, 9.47 mmol), 
14 (0.100 g, 0.53 mmol), and t-BuOH (0.078 g, 1.05 mmol) 
afforded after purification by flash chromatography 
(hexane–EtOAc, 9:1) compounds 15, 16, and 17 as a 74:19:7 
mixture in 70% yield (71 mg). Separation by HPLC yielded 
pure samples.
Analytical Data for (1S*,8aS*)-1,4,4-Trimethyl-
1,2,3,4,8,8a-hexahydronaphthalen-1-ol (15)
Colorless solid; mp 50–52 °C. 1H NMR (700 MHz, CDCl3): 
d = 1.09, 1.14, 1.17 (3 s, 3 H each, CH3), 1.35 (dt, J = 4.5, 
13.6 Hz, 1 H, 3-H), 1.46* (br s, 1 H, OH), 1.47* (ddd, 
J = 2.9, 4.4, 13.6 Hz, 1 H, 3-H), 1.60 (ddd, J = 2.9, 4.4, 13.6 
Hz, 1 H, 2-H), 1.77 (dt, J = 4.5, 13.6 Hz, 1 H, 2-H), 2.47 (tdd, 
J = 3.1, 13.8, 20.0 Hz, 1 H, 8-H), 2.61–2.67 (m, 2 H, 8-H, 8a-
H), 5.52 (dddd, J = 0.8, 3.3, 5.0, 9.0 Hz, 1 H, 7-H), 5.64 (br 
d, J = 5.7 Hz, 1 H, 5-H), 5.69 (dddd, J = 1.4, 3.0, 5.7, 9.0 Hz, 
1 H, 6-H) ppm; * overlapping signals. 13C NMR (176 MHz, 
CDCl3): d = 20.4 (q, CH3), 22.7 (t, C-8), 26.2, 28.5 (2 q, 
CH3), 35.9 (s, C-4), 38.5, 38.8 (2 t, C-3, C-2), 42.4 (d, C-8a), 
75.6 (s, C-1), 115.2 (d, C-5), 122.2 (d, C-6), 123.1 (d, C-7), 
145.0 (s, C-4a) ppm. IR (film): n = 3375 (OH), 2970-2865 
(=CH, CH), 1665 (C=C) cm–1.
Analytical Data for (1S*,8aS*)-1,4,4-Trimethyl-
1,2,3,4,6,8a-hexahydronaphthalen-1-ol  (16)
1H NMR (700 MHz, CDCl3): d = 1.03, 1.08. 1.09 (3 s, 3 H 
each, CH3), 1.32 (dt, J = 4.2, 13.8 Hz, 1 H, 3-H), 1.43 (ddd, 
J = 2.9, 4.4, 13.8 Hz, 1 H, 3-H), 1.55 (br s, 1 H, OH), 1.63 
(ddd, J = 2.9, 4.2, 12.9 Hz, 1 H, 2-H), 1.86 (ddd, J = 2.9, 4.2, 
12.9 Hz, 1 H, 2-H), 2.66–2.70 (m, 2 H, 6-H), 2.97–3.01 (m, 
1 H, 8a-H), 5.47–5.51 (m, 1 H, 5-H), 5.81–5.85 (m, 1 H, 7-
H), 5.87 (tdd, J = 1.8, 3.3, 10.2 Hz, 1 H, 8-H) ppm. 13C NMR 
(176 MHz, CDCl3): d = 21.5, 25.7 (2 q, CH3), 27.1 (t, C-6), 
28.7 (q, CH3), 34.4 (s, C-4), 37.8, 38.0 (2 t, C-2, C-3), 44.7 
(d, C-8a), 71.0 (s, C-1), 116.2 (d, C-5), 124.5, 125.4 (2 d, 
C-8, C-7), 142.2 (s, C-4a) ppm. IR (film):  n = 3410 (OH), 
2960–2810 (=CH, CH), 1650 (C=C) cm–1. HRMS (ESI-
TOF-MS): m/z calcd for C13H20ONa [M + Na]+: 215.1406; 
found: 215.1405.
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Analytical Data for 1,4,4-Trimethyl-1,2,3,4-
tetrahydronaphthalen-1-ol  (17)
Colorless solid; mp 68–70 °C. 1H NMR (700 MHz, CDCl3): 
d = 1.30, 1.31, 1.55 (3 s, 3 H each, CH3), 1.68 (br s, 1 H, 
OH), 1.71–1.83, 1.96–1.99 (2 m, 4 H, 2-H, 3-H), 7.18–7.24 
(m, 2 H, Ar), 7.29–7.31 (m, 1 H, Ar), 7.58–7.59 (m, 1 H, Ar) 
ppm. 13C NMR (176 MHz, CDCl3): d = 30.8, 31.5, 31.7 (3 q, 
CH3), 34.06 (s, C-4), 35.9, 36.1 (2 t, CH2), 71.0 (s, C-1), 
126.0, 126.1, 126.4, 127.4 (4 d, Ar), 142.0, 144.7 (2 s, Ar) 

ppm. IR (film): n = 3385 (OH), 2960–2860 (=CH, CH), 
1660 (C=C) cm–1. HRMS (ESI-TOF-MS): m/z calcd for 
C13H18ONa [M + Na]+: 213.1250; found: 213.1250.

(16) At the moment it is more likely that the isolation of isomeric 
mixtures is the result of an unselective kinetically controlled 
protonation. Since equilibration experiments with the 
products isolated are so far not fully conclusive, further 
investigation of this problem is required.
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