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The odoriferous principle of black tea has been produced from 2,2-dimethylcyclopentanone. The
reaction sequence begins with 1,2-addition of 5-lithio-2-methyl-2,3-dihydrofuran to this ketone and
immediate acid-catalyzed ring expansion of the resulting carbinols to a separable pair of spiro ethers.
Individual conversion of these diastereomers to R,â-unsaturated ketones is followed by tandem
condensation with the methyllithium-lithium bromide complex and oxidation with pyridinium
chlorochromate.

A thrust to identify the centrally important aroma
constituent of black tea was rewarded in 1968 with the
isolation of theaspirone by Ina and co-workers.3 A year
later, Nakatani and Hamanishi confirmed the general
structural characteristics by synthesis and showed fur-
ther that only the cis isomer 2 and not the trans epimer
1 possesses a sweet, tealike odor.4 The absolute config-
uration of (-)-2 was subsequently elucidated.5

Following these developments, a number of syntheses
of 1 and/or 2 have been reported. Although there are a
few exceptions,6-8 the great majority of these approaches
have utilized R- or â-ionone as starting material.4,9-14 The
present report describes a very different approach to 1
and 2 in racemic form. Featured is an efficient assembly
of the spirotetrahydrofuran ring without the disadvan-
tages associated with the previous efforts which have
been earlier delineated.13

The central reaction involves the actuation of an
oxonium ion-induced pinacol rearrangement as exempli-
fied by the conversion of 3 to 4.15 This acid-catalyzed
isomerization with ring expansion has previously been
utilized in the elaboration of unusual ionophoric sub-

stances,16,17 novel spirocyclic glycosides,18 and sesquiter-
penoids such as dactyloxenes-B and -C19 as well as
grindelic acid.20

Results and Discussion

The convergent step in the synthesis depended on the
availability of dihydrofuran 7. Although this heterocyclic
building block has been previously reported,21 we began
by improving the efficiency with which it can be prepared.
To this end, γ-valerolactone (5) was reduced to the lactol
with DIBAL-H and esterified with benzoyl chloride to
give 6 in 94% yield (Scheme 1). Simply heating 6 in a
Kugelrohr apparatus at 180 °C under reduced pressure
gave 7 in a high state of purity.
The metalation of 7 with tert-butyllithium and subse-

quent condensation with 2,2-dimethylcyclopentanone22
gave the highly reactive alcohols 8 in equivalent amounts.
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Their exposure to a catalytic quantity of camphorsulfonic
acid in CH2Cl2 at rt furnished a chromatographically
separable 1:1 mixture of 9 and 10. A likely explanation
for the coproduction of both diastereomeric cyclohex-
anones is that the rates of 1,2-migration of the geminally
substituted carbon in A and B are not influenced by the
orientation of the methyl substituent resident on the
oxonium ring and are therefore closely comparable.
No effort was expended in distinguishing 9 from 10

since their individual structures would be made clear
upon accessing the theaspirones. The more polar
diastereomer, subsequently identified as 10, was trans-
formed efficiently into enone 12 by oxidation of its silyl
enol ether with palladium acetate in acetonitrile.23 The
yields for the conversion of 9 to 11 and of 10 to 12 are
based on recovered starting materials. The final requi-
site carbon was introduced by reaction of 12 with meth-
yllithium in the presence of anhydrous cerium trichlo-
ride.24 Oxidation of the resulting carbinol with pyridinium
chlorochromate proceeded with allylic rearrangement as
expected25 to give the targeted cis-theaspirone (2). Analo-
gous treatment of 9 afforded 1 with closely comparable
efficiency.
In agreement with reported data, 1 is a white solid,

mp 58-59 °C, while 2 is a colorless liquid.4 The spectral
properties proved identical to those earlier reported,
including corroborative NOE determinations which showed
the vinylic methyl to be proximal to the ether proton in
2 but not in 1.26

Thus, a concise synthesis of the two isomers of
theaspirone has been achieved via a rearrangement
scheme employing a small number of laboratory opera-
tions.
The approach establishes the feasibility of elaborating

the spirotetrahydrofuran subunit without introducing
impurities that might affect the olfactory properties of
the end product.

Experimental Section

See reference 15b for a listing of general experimental
details.

2-Methyl-2,3-dihydrofuran (7).21j,k Freshly distilled γ-vale-
rolactone (9.37 g, 93.5 mmol) was dissolved in CH2Cl2 (200
mL), cooled to -78 °C under N2, and treated dropwise during
1 h with a solution of diisobutylaluminum hydride in hexanes
(125 mL of 1 M, 125 mmol). The reaction mixture was stirred
at -78 °C for 1.5 h, quenched cautiously with a saturated
solution of Rochelle's salt (100 mL), and stirred for 20 h while
slowly being warmed to rt. The separated aqueous layer was
extracted with ether and the combined organic phases were
washed with a small amount of brine, dried, and concentrated
to give the lactol as a colorless oil (8.95 g, 94%) that was used
directly.
The lactol (8.95 g, 87.6 mmol) was dissolved in dry CH2Cl2

(100 mL), cooled to 0 °C under N2, and treated with freshly
distilled triethylamine (42.0 mL, 301 mmol). After 15 min of
stirring, benzoyl chloride (11.60 mL, 117.2 mmol) was slowly
introduced via syringe, and the reaction mixture was allowed
to warm to rt during 15 h. Approximately half of the solvent
was removed in vacuo, and the remaining solution was washed
with 5% HCl and brine prior to drying and concentration in
vacuo. The benzoate was obtained as a yellowish oil (18.01 g)
which was pyrolyzed without further purification.
Into a Kugelrohr apparatus fitted with two traps was placed

4.74 g (23.0 mmol) of 6. The first trap was cooled to -78 °C,
the pressure was reduced to ca. 30 Torr, and the oven
temperature was raised to 180 °C. After 1 h, the apparatus
was allowed to cool and N2 was bled in. The material in the
-78 °C trap was redistilled at 30 Torr to give 1.410 g (73%) of
7 as a colorless oil: 1H NMR (300 MHz, CDCl3) δ 6.24 (q, J )
2.5 Hz, 1 H), 4.83 (q, J ) 2.5 Hz, 1 H), 4.66 (m, 1 H), 2.73 (m,
1 H), 2.19 (m, 1 H), 1.32 (d, J ) 6 Hz, 3 H); 13C NMR (75 MHz,
CDCl3) ppm 144.8, 98.8, 77.6, 36.3, 21.8.
(2R*,5S*)-2,10,10-Trimethyl-1-oxaspiro[4.5]decan-6-

one (9) and (2R*,5R*)-2,10,10-Trimethyl-1-oxaspiro[4.5]-
decan-6-one (10). A solution of 7 (801 mg, 9.53 mmol) in dry
THF (45 mL) was cooled to -78 °C under argon and treated
with tert-butyllithium (5.00 mL of 1.7 M in hexanes, 8.50
mmol). After 2 h of stirring, 2,2-dimethylcyclopentanone (1.00
mL, 7.65 mmol) was introduced via syringe, and the reaction
mixture was stirred overnight, warmed to rt, and recooled to
-78 °C prior to quenching with saturated NaHCO3 solution

(23) Ito, Y.; Hirao, T.; Saegusa, T. J. Org. Chem. 1978, 43, 1011.
(24) Imamoto, T.; Takiyama, N.; Nakamura, K.; Hatajima, T.;

Kamiya, Y. J. Am. Chem. Soc. 1989, 111, 4392.
(25) Dauben, W. G.; Michno, D. M. J. Org. Chem. 1977, 42, 682.
(26) Nakatani, Y.; Yamanishi, T.; Esumi, N.; Suzuki, T. Agr. Biol.

Chem. 1970, 34, 152.

Scheme 1 Scheme 2
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(5 mL). The aqueous phase was extracted with ether, and the
combined organic phases were washed with brine, dried, and
concentrated in vacuo. NMR analysis indicated that 8 con-
sisted of a 1:1 mixture of diastereomers.
The above alcohols were dissolved in CH2Cl2 (40 mL),

treated with camphorsulfonic acid (20 mg), stirred for 12 h,
and concentrated to leave a semisolid. Chromatography of this
material on silica gel (elution with 4:1 petroleum ether-ether)
afforded a 1:1 mixture of 9 and 10 (993 mg, 66% overall). The
isomerically pure ketones were obtained by flash chromatog-
raphy (silica gel, elution with 5:1 petroleum ether-ether) with
9 being less polar than 10.
For 9: IR (CHCl3, cm-1) 1711, 1458, 1384, 1212, 1110, 1076;

1H NMR (300 MHz, C6C6) δ 3.75-3.65 (m, 1 H), 2.86-2.76
(m, 1 H), 2.45-2.36 (m, 1 H), 2.15-2.08 (m, 1 H), 1.95-1.84
(m, 1 H), 1.74-1.64 (m, 1 H), 1.53-1.31 (m, 3 H), 1.13-0.92
(m, 2 H), 1.05 (d, J ) 6 Hz, 3 H), 0.90 (s, 3 H), 0.66 (s, 3 H);
13C NMR 210.3, 92.9, 74.9, 40.3, 37.1, 35.8, 33.9, 25.0, 23.6,
22.2 (2 C), 20.7; MS m/z (M+) calcd 196.1463, obsd 196.1462.
Anal. Calcd for C12H20O2: C, 73.43; H, 10.27. Found: C,
73.63; H, 10.41.
For 10: IR (CHCl3, cm-1) 1713, 1459, 1383, 1224, 1110,

1077; 1H NMR (300 MHz, C6D6) δ 3.84-3.77 (m, 1 H), 3.00-
2.89 (m, 1 H), 2.58-2.51 (m, 1 H), 2.17-2.10 (m, 1 H), 2.04-
1.94 (m, 1 H), 1.62-1.21 (m, 4 H), 1.14-0.94 (m, 1 H), 1.03 (d,
J ) 6 Hz, 3 H), 0.90-0.81 (m, 1 H), 0.88 (s, 3 H), 0.62 (s, 3 H);
13C NMR (75 MHz, C6D6) ppm 210.0, 93.0, 77.7, 41.1, 37.2,
36.0, 34.6, 26.0, 23.9, 22.4, 21.6, 21.5; MS m/z (M+) calcd
196.1433, obsd 196.1433. Anal. Calcd for C12H20O2: C, 73.43;
H, 10.27. Found: C, 73.39; H, 10.29.
(2R*,5S*)-2,10,10-Trimethyl-1-oxaspiro[4.5]dec-7-en-6-

one (11). To a solution of diisopropylamine (0.40 mL, 2.85
mmol) in dry THF (2.5 mL) cooled to -78 °C under argon was
added 1.6 M n-butyllithium in hexanes (1.60 mL, 2.56 mmol).
The reaction mixture was stirred at -78 °C for 1 h, treated
with chlorotrimethylsilane (1.10 mL, 8.67 mmol) and 30 min
later with 9 (165 mg, 0.84 mmol) dissolved in THF (0.80 mL),
allowed to warm to rt over a period of 15 h, quenched with
triethylamine (1.20 mL), and concentrated. Repeated tritu-
ration of the resulting semisolid with petroleum ether, filtra-
tion of the combined decanted solutions, and solvent evapo-
ration afforded the silyl enol ether that was used without
further purification.
The above material was dissolved in acetonitrile (15 mL)

under argon, palladium acetate (215 mg, 0.96 mmol) was
introduced, and the reaction mixture was stirred at rt until
no starting material remained (72 h, TLC analysis). After
solvent evaporation, the residue was subjected to flash chro-
matography on silica gel (elution with 5:1 petroleum ether-
ether) to return 45 mg (27%) of 9 and furnish 103 mg (63% or
90% corrected) of 11 as a faintly yellow oil: IR (CHCl3 , cm-1)
1684, 1470, 1386, 1103; 1H NMR (300 MHz, CDCl3) δ 6.73 (dt,
J ) 10, 4 Hz, 1 H), 5.98 (dt, J ) 10, 1.5 Hz, 1 H), 4.18-4.08
(m, 1 H), 2.41 (br d, J ) 8 Hz, 1 H), 2.15 (br d, J ) 8 Hz, 1 H),
2.06-1.91 (m, 3 H), 1.60-1.52 (m, 1 H), 1.26 (d, J ) 6 Hz, 3
H), 1.05 (s, 3 H), 0.96 (s, 3 H); 13C NMR (75 MHz, CDCl3) ppm
199.7, 146.9, 127.4, 78.1, 77.2, 39.9, 39.7, 33.9, 33.8, 23.3, 22.9,
21.1; MS m/z (M+) calcd 194.1307, obsd 194.1307. Anal.
Calcd for C12H18O2: C, 74.19; H, 9.34. Found: C, 73.89; H,
9.39.
trans-Theaspirone (1). Cerium trichloride heptahydrate

(1.64 g, 4.40 mmol) was dried under high vacuum (<1 Torr)
while being heated at 100 °C for 1 h and at 140 °C for 12 h.
After argon was bled in, dry THF (15 mL) was added, and the
slurry was stirred for 5 h prior to being cooled to 0 °C. A

solution of the methyllithium-lithium bromide complex in
ether (2.80 mL of 1.5 M, 4.20 mmol) was introduced via syringe
during 30 s, and the resulting yellow solution was stirred at 0
°C for 30 min before 11 (89 mg, 0.46 mmol) dissolved in THF
(2 mL) was added. The reaction mixture was allowed to warm
to rt during 12 h, quenched cautiously with brine (3 mL), and
diluted with ether (20 mL). The separated organic phase was
dried and concentrated to leave a residue which was purified
by flash chromatography on silica gel (elution with 4:1
petroleum ether-ether). The diastereomeric alcohol mixture
(70 mg, 73%) was oxidized without further processing.
Pyridinium chlorochromate (160 mg, 0.743 mmol) and

powdered 4 Å molecular sieves (986 mg) were stirred in CH2-
Cl2 (2 mL) while the above alcohol mixture dissolved in CH2-
Cl2 (1 mL) was added. After 4 h of stirring, the reaction
mixture was freed of solvent under reduced pressure, and the
residue was subjected to flash chromatograhy on silica gel
(elution with 22:3 petroleum ether-ether). There was ob-
tained 49 mg (70%) of 1 as well as 7.2 mg (10%) of the less
polar allylic alcohol diastereomer.
For 1: colorless crystals, mp 58-59 °C; IR (CHCl3 , cm-1)

1660, 1474, 1374, 1249, 1082; 1H NMR (300 MHz, CDCl3) δ
5.74 (d, J ) 1 Hz, 1 H), 4.25-4.19 (m, 1 H), 2.44-2.23 (m, 3
H), 2.18-2.08 (m, 1 H), 1.95 (d, J ) 1 Hz,3 H), 1.90-1.81 (m,
1 H), 1.68-1.55 (m, 1 H), 1.28 (d, J ) 6 Hz, 3 H), 1.05 (s, 3 H);
0.99 (s, 3 H); 13C NMR (75 MHz, CDCl3) ppm 198.7, 125.2,
88.5, 77.9, 49.9, 41.6, 35.0, 32.7, 32.6, 24.4, 23.7, 21.3, 20.4.
(2R*,5R*)-2,10,10-Trimethyl-1-oxaspiro[4.5]dec-7-en-6-

one (12). Analogous processing of 10 (99 mg, 0.50 mmol)
afforded 136 mg (100%) of the silyl enol ether, whose reaction
with palladium acetate (75 mg, 0.33 mmol) in dry acetonitrile
(1 mL) for 3 days gave 27 mg (41%) of recovered 10 and 32 mg
(49% or 83% corrected) of 12 as a white solid: mp 118 °C dec;
IR (neat, cm-1) 1682, 1386, 1094; 1H NMR (300 MHz, CDCl3)
δ 6.70 (dt, J ) 10.1, 4.0 Hz, 1 H), 5.94 (dt, J ) 10.1, 2.0 Hz, 1
H), 4.09 (m, 1 H), 2.40-1.8 4 (m, 5 H), 1.39-1.21 (m, 1 H),
1.20 (d, J ) 6.0 Hz, 3 H), 1.00 (s, 3 H), 0.93 (s, 3 H); 13C NMR
(75 MHz, CDCl3) ppm 147.0, 127.3, 90.1, 76.1, 45.1, 40.0, 38.8,
33.7, 23.1, 22.8, 20.5 (carbonyl carbon not seen); MSm/z (M+)
calcd 194.1307, obsd 194.1299.
cis-Theaspirone (2). From dry cerium trichloride (1.9

mmol), methyllithium (1.9 mmol), and 12 (37 mg, 0.19 mmol),
which were reacted as above, the tertiary carbinol was
obtained as a yellow oil. Oxidation of this material with
pyridium chlorochromate (83 mg, 0.38 mmol) in the presence
of 4 Å molecular sieves (40 mg) followed by chromatography
on silica gel (elution with 20:1 hexanes-ethyl acetate) gave 2
(21 mg, 53% overall) as a colorless oil: IR (neat, cm-1) 1668,
1624, 1473, 1443, 1385, 1274, 1155, 1084, 972; 1H NMR (300
MHz, CDCl3) δ 5.71 (quintet, J ) 1.3 Hz, 1 H), 4.12 (septet, J
) 5.6 Hz, 1 H), 2.39 (dd, J ) 17.1, 0.7 Hz, 1 H), 2.35-2.26 (m,
1 H), 2.20 (dd, J ) 17.1, 1.3 Hz, 1 H), 2.06-1.95 (m, 1 H), 1.97
(d, J ) 1.3 Hz, 3 H), 1.84-1.73 (m, 1 H), 1.56-1.42 (m, 1 H),
1.30 (d, J ) 5.9 Hz, 3 H), 1.01 (s, 3 H), 0.97 (s, 3 H); 13C NMR
(75 MHz, CDCl3) ppm 198.3, 168.3, 124.9, 88.5 77.7, 50.2, 40.8,
34.3, 32.7, 24.4, 23.0, 20.4, 18.9; MSm/z (M+) calcd 208.1463,
obsd 208.1474.
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