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Forskolin (), a highly oxygenated labdane diterpenoid and an activator of adenylate cyclase, has been
synthesized in 12 steps and 12% overall yield from ptychantim)A which has been isolated from
liverwort Ptychanthus striatugn good yield. The &-hydroxy group was furnished by stereoselective
reduction of the corresponding carbonyl group by sodiunt-BuOH. The @-hydroxy group was
introduced stereoselectively by epoxidationA§f'*-enolether. 1,9-Dideoxyforskolir2), an inhibitor of
glucose transporter, has been synthesized in 8 steps and 37% overall yield. The hydroxy group at C-1
was removed by solid-state thicarbonylimidazolation and subsequent radical cleavage.

Introduction (1) binds to the glucose transporter to activate adenylate cyclase,
an enzyme regulating the level of cAMP, and subsequently
activates protein kinaseDue to its activity, forskolin {) has
been an important tool for studying the physiological role of
adenylate cyclase and related phenonfena.

Forskolin () is a highly oxygenated labdane diterpenoid with
forskolin (1) and some congeners display blood pressure four_ alkoxy substit_uents and a tetrahydrc_)pyran ring. _Seven_out
lowering and cardio protective propertiethe physiological ~ ©f €ight asymmetric centers are located in the Decalin portion.
activities of forskolins have been extensively investigated and ~ The interesting physiological activities along with an attractive
shown to have therapeutic potential in glaucoma, congestive chemical structure stimulated organic chemists toward synthetic
heart failure, bronchial asthmas, &tc. studies of forskolin1).6 In 1987 Ziegler et al.reported a formal

The right ring of the Decalin portion of forskoliri has a  total synthesis, and in 1988, the Hashinfatad Core§ groups
structural similarity witha-p-galactoseJ). As a result, forskolin

The Indian herbColeus forskoliihas been utilized as a
traditional folk medicine to treat disorders of the digestive
organst In 1977, a research group from Hoechst, India isolated
the labdane diterpenoids forskolit){ 1,9-dideoxyforkolin 2),
and their congeners from the roots Gf forskolii?2 Since

(4) Abbadi, M.; Morin, C.Bioorg. Med. Chem. Lett1999 9, 1779.

* Address correspondence to this author. Phone/fag1-25-262-7368. Laurenza, A.; Sutkowski, M. E.; Seamon, K. Brends Pharmacol. Sci
* Graduate School of Science and Technology, Niigata University. 1989 10, 442.
* Faculty of Engineering, Niigata University. (5) There are 130 publications on biological aspects in 2004 cited in
§ Tokushima Bunri University. SciFinder Scholar.
(1) Dubesy, M. P.; Srimal, R. C.; Patnaik, G. K.; Dhawan, BImdian (6) Colombo, M. I.; Zinczuk, J.; Rveda, E. Aletrahedron 1992 48,
J. Pharmacal1974 6, 15. 963.
(2) Bhat, S. V.; Bajwa, B. S.; Dornauer, H.; de Souza, N. J.; Fehlhaber,  (7) Ziegler, F. E.; Jaynes, B. H.; Salndane, M.JI.Am. Chem. Soc.
H. W. Tetrahedron Letf.1977 18, 1669. 1987,109, 8115.
(3) Bhat, S. V.; Dohadwalla, A. N.; Bajwa, B. S.; Dadkar, N. K; (8) Hashimoto, S.; Sakata, S.; Sonegawa, M.; Ikegami, 8m. Chem.
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10.1021/jo060477e CCC: $33.50 © 2006 American Chemical Society
Published on Web 05/13/2006 J. Org. Chem200§ 71, 4619-4624 4619



]OC Article Hagiwara et al.

independently completed total syntheses using an intramolecularSCHEME 12
Diels—Alder strategy. Subsequently, in 1996 Lett etll. AcO
described an alternative total synthesis starting from Corey’s AQ
intermediaté®2 However, all synthetic routes toward forskolin
(1) provided racemic material, even though CSPeand Lettoc !
demonstrated the possibility of a nonracemic synthesis by :H
employing an optically active intermediate. 4
1,9-Dideoxyforskolin 2), a second major constituent 6f.
forskolii, does not have antihypertensive activity but exhibits
strong inhibitory activity toward glucose transport in rat's
adipocytes in the micromolar range without stimulating ade-
nylate cyclasé! which is expected to treat diseases caused by
abnormal glucose uptake such as Alzheimers, diabetes, or
cancer? Due to this interesting activity, a synthetic approach
by Morin et al. from the natural diterpenoid larixol appeared in  aReagents and conditions: (i) KOH, MeOH, rt, 13 h, 100%; (ii) 2,2-
200112 dimethoxypropane, PTSA, rt, 93%; (iii) LAH, BD, rt, 2.5 h, 96%; (iv)
PCC, AcONa, CHCly, 1t, 3 h, 89%.

Hcl) 9 _OH not stable and is opened easily under acidic reaction conditions.
T In addition, the C-9 of the 11-keto derivative 4fis prone to
((;LOH epimerize under weakly basic reaction conditions. Thus, mild

OH and selective reaction conditions are required for satisfactory
3 transformations to the desired compourdand 2.

Transformation of Ptychantin A (4) and B (5) to a
Common Intermediate, Hydroxy Ketone 9.At an initial stage,
the selective transformation of four hydroxy groups was
investigated, leading to a common intermedi@fer forskolin
(1) and 1,9-dideoxyforskolin2) syntheses (Scheme 1). Treat-
ment of ptychantin A4) with potassium hydroxide in methanol
led to the selective hydrolysis of the 6-acetoxy group to give

Recently, the new labdane diterpenoids ptychantid)aad 6,7-diol 6 qu.ant.itatively. .This selectivity is probably due to
B (5) and related compounds have been isolated from the S€vere 1,3-diaxial repulsion by the three methyl groups at C-4,
common liverwortPtychanthus striatusn western Japat® -8, and -10 to transfer acetyl group to the neighboring 7-OH
These compounds, although not antihypertensive, have the sam@Foup in intramolecular fashion and subsequent hydrolysis,
ring framework with the same absolute stereostructure andthough any other intermediate was not observed by TLC
similar oxygenated functionalities, and are expected to be Monitoring. Hydrolysis of ptychantin BSj proceeded in a
starting materials for the forskolin synthesis since they were Similar manner to provide the di@ in 89% yield.
found in higher contents in the liverwort (6.7 g from 1 kg of ~ Before manipulation of the acetoxy groups at C-1 and C-11
dry P. striatug. of diol 6, it was requ!red to install appropriate protecting groups

In the present study, syntheses of forskoll) and 1,9-  at C-6 and C-7. Since the hydroxy group at C-6 is highly

dideoxyforskolin @) were investigated starting from ptychantins hindered and thus less reactive, it was anticipated initially that
A (4) and B 6). protection at this position was not required. Selective protection

of the C-7 hydroxy group as a TES or an MOM ether was
successful. However, for subsequent transformations, the C-1
and C-11 acetoxy groups were not satisfactory due to their

Several issues must be taken into consideration prior to instability. Thus, both C-6 and C-7 hydroxy groups were
embarking on a synthetic study of ptychantin/ and B §). protected to give acetal in 93% yield. Among other acetal
Four hydroxy groups are found in similar structural environ- protecting groups, the methylene, anisylidene, or cyclopentyl-
ments, which makes the selective manipulation of each hydroxy idene acetals were not satisfactory either due to their lability or
group difficult. Thes-face of the molecule is highly congested too stable nature during protection or deprotection.
due to the presence of four axial methyl groups and a hydroXy  The acetoxy groups at C-1 and C-11 of acetoriideere
function. The tetrahydropyran ring of the 11-keto derivative is reduced with lithium aluminumhydride to provide diin 96%
yield. After several attempts, the less hindered hydroxy group
SOEQ)léas)aclolrce)yésEle;(b[))% gl‘;/; JEarS“-”%aP;ejns;’Té’fﬁi rféﬁé{:‘éhigfé?{ at C-11 was selectively oxidized by pyridinium chlorochromate
Lett 1989 30, 7297 e ' to give a 89% yield of hydroxy-keton@in 89% yield, which

(10) (a) Delpech, B.; Calvo, D.; Lett, Rletrahedron Lett1996 37, is a common precursor for the synthesis of forskolih &nd
1015. (b) Delpech, B.; Calvo, D.; Lett, Retrahedron Lett1996 37, 1019. 1,9-dideoxyforskolin2). The steric congestion at the neopentyl
() Calvo, D.; Port, M.; Delpech, B.; Lett, Retrahedron Lett1996 37, C-1 of 8 might allow the selective oxidation of theequatorial

Results and Discussions

1023.
(11) Joost, H. G.: Habberfield, A. D.; Simpson, I. A.; Laurenza, A.; hydroxy group at C-11.
Seamon, KMol. Pharmacol 1988 33, 449. Synthesis of 1,9-Dideoxyforskolin (2) With the common
42(%)2'539”8'v B. M. F.; de Groot, A.; Morin, Cletrahedron Lett2001, intermediate9 in hand, the synthesis of 1,9-dideoxyforskolin
(13) Hashimoto, T.: Horie, M.; Toyota, M.; Taira, Z.; Takeda, R.; Tori, (2) was investigated first (Scheme 2)-_ Rem(_)val of the hY_d"OXY
M.; Asakawa, Y.Tetrahedron Lett1994 35, 5457. group at C-1 of hydroxy-keton@ was investigated by radical
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Synthesis of Forskolin and 1,9-Dideoxyforskolin

SCHEME 22

10 R = MeSC(S)
11 R = PhOC(S)
12 R = Imid-G(S)
BN

iv

14

aReagents and conditions: @)BuLi, CS;, Mel, THF, 0°C, 4 h, 33%
for 10; phenyl chlorothionoformate, DMAP, CHg Ireflux, 23 h, 54% for
11; thiocarbonyldiimidazole, DMAP, 2 h, 82% fa2; (ii) AIBN, n-BusSnH,
toluene,106-120°C, 30—-45 min, 72% from10, 41% from11, 86% from
12; (iii) 10% HCIO4, THF (1:2), rt, 7 days, 100%; (iv) A©, Pyr, DMAP,
0°C, 1 h, 86%.

hindered neopentyl position. An initial attempt to prepare
xanthate estetO provided the desired product in 33% vyield.
The low yield is due to the formation of a byproduct, an epimer
at C-9. To prevent the epimerization, the procedure was
investigated under nonbasic condition. Phenylthionocarbonyl-
formate (1)1* was obtained in 54% yield. The yield of radical
precursor was further improved by employing a solid state
reaction with thiocarbonyldiimidazole in the presence of DMAP
at 50 °C, originally developed by u%, to afford thiocarbon-
ylimidazolide (2) in 82% vyield. The reaction in THF did not
go to completion even in 23 h.

The radical cleavage of the xanthdi@and the imidazolide
12 with tri-n-butyltin hydride and azobisisobutyronitrile in
toluene at 120C provided ketond 3 in 72% and 86% yield,
respectively. On the other hand, the reaction of phenylthiono-
carbonylformate 11) resulted in a 41% yield of the desired
product in addition to several unidentified products.

Deprotection of the acetonide moiety of ketdi&proceeded
with 10% perchloric acid in THF at room temperature sluggishly
in 7 days but in quantitative yield to the naturally occurring
7-desacetyl-1,9-dideoxyforskolii4).2 A selective acetylation
of the hydroxy group at C-7 with acetic anhydride and DMAP
furnished 1,9-dideoxyfroskolin2j in 86% yield. The spectral
data including the optical rotation were identical with those
reported. Thus, the total synthesis of 1,9-dideoxyforskdn (
was accomplished for the first time in 8 steps and 37% overall
yield from ptychantin A 4) or B (5).16

Synthesis of Forskolin (1).The initial task for the forskolin
(1) synthesis is the epimerization of tifiehydroxy group at
C-1 of the 11-keto derivativ®, since the hydroxy group at C-1
should be in ther-axial configuration for a selective introduction
of the Q-hydroxy group (Scheme 3). However, Mitsunobu
inversiort’ led to complete recovery of starting mater@atlue

(14) Barton, D. H. R.; Doo, O. K.; Jaszberebyi, J. Teétrahedronl993
49, 7193.

(15) Hagiwara, H.; Ohtsubo, S.; Kato, Mletrahedron1997, 53, 2415.

(16) Preliminary communication: Hagiwara, H.; Takeuchi, F.; Hoshi,
T.; Suzuki, T.; Hashimoto, T.; Asakawa, YWetrahedron Lett2004 44,
2305.

(17) Mitsunobu, OSynthesis981 1.
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SCHEME 32

viii

55'07&

25

a8 Reagents and conditions: (i) KH, M&0s, THF, 0°C, 30 min, 54%;
(i) CrOs, pyridine, CHCly, rt, 24 h, 80%; (iii) Na,t-BuOH, 30°C, 29 h,
100%; (iv) 1% HCI, THF, rt, 15 min, 100%; (v) KH, M8Q,, THF, rt, 8
min, 96%; (vi) MCPBA, CHClI,, K,CO;s, 0 °C, 30 min, 61%; (vii) 10%
HCIO4, THF, 1t, 11 days, 59%; (viii) AgO, pyridine, 0°C, 18 h, 100%.

to neopentyl steric congestion. The mesylate could not be
formed. The inversion at C-1 was investigated by an oxidation
reduction protocol, which required the protection of the 11-
keto group. However, attempts to protect the 11-keto group as
an acetal also led to recoverédeven with TMSOTf and
TMSOMe. Then, treatment @ with potassium hydride and
dimethyl sulfate in THF provided selectively thé112enolether
15 in 54% vyield. In contrast, trapping the enolate withrt-
butyldimethylsilyl chloride gave the correspondiny!t12
enolether in much lower yield. Since tiaé%-enoletherl6 is
3.5 kcal/mol more stable than tié*1%enoletherl5 according
to a PM3 calculation, the reaction might proceed via kinetic
control. With an aim to prepare the tetrasubstitut&-
enoletherl6, which is a precursor for the introduction of a
hydroxy group at C-9 (vide infra), the 11-keto derivateas
treated under thermodynamically controlled reaction conditions
with potassiuntert-butoxide and dimethyl sulfate iRBuOH.
However, a reaction either at room temperature or afG0
resulted in the exclusive formation of tiae'l-12enoletherl?,
an epimer of15 at C-9. Facile epimerization at C-9 is
rationalized by the relief of severe 1,3-diaxial interactions of
the methyl group at C-8 by the C-10 and C-13 methyl groups
that drive the C-8 methyl group into an equatorial orientation.
Actually, in the absence of dimethyl sulfate, the C-9 of the 11-
keto derivative9 was epimerized quantitatively by potassium
tert-butoxide in t-BuOH at room temperature. Mitsunobu
inversion of the enolethet5 also resulted in recovery of the
starting material.

Attempts to oxidize enolethelr5 by TPAP, Swern, or Ag
CO;s led to recovery of starting material. PCC or PDC oxidation
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provided the 1,11-diketo compoud@ due to the very sensitive
nature of the enolethd5to hydrolysis even under weakly acidic
reaction conditions. Fortunately, a Sarret oxidation was suc-
cessful probably due to the basic reaction conditions to give
the desired 1-keto derivativ@0 in 80% yield. Among various
reduction conditions tested, reduction 280 by sodium in
t-BuOH!8 at 30°C provided the desiredothydroxy derivative
21in 100% yield. Steric repulsion by tlee-equatorial methoxy
group at C-11 (peri-repulsion) might position the intermediary
ketyl radical at C-1 in the thermodynamically more stable
a-axial configuration. However, attempts to reduce the 1,11-
diketo compoundl8 by various reducing agents resulted in
epimerization at C-9 and provided mainlg-hydroxy deriva-
tive. Hydrolysis of 11,12-enolethé1 was carried out by 1%
HCI to give the 11-keto derivative2 quantitatively. More acidic
reaction conditions resulted in the exclusive opening of the
tetrahydropyran ring to givé&o.

The requisite 8-hydroxy group was introduced according
to the modified procedure by Hibas follows. Treatment of
potassium hydride and dimethyl sulfate afforded th&!-
enolethe23 selectively in 96% yield. A higher regioselectivity
might originate from the abstraction of ther$roton by the
la-alkoxide to give theA%-enolate. Epoxidation of the
enolether 23 with MCPBA in the presence of potassium
carbonate furnished thexhydroxy-11,12-enolethe5in 61%
yield. The epoxidation proceeded from the less hinderéace
of the molecule to give the-epoxide24 probably via interaction
of MCPBA with the Jn-hydoxy group of23, followed by
hydrolysis. Hydrolysis of the methyl enoleth2b proceeded
smoothly without tetrahydropyran ring opening. However, the
acetonide at C-6,7 resisted hydroly¥8.After prolonged
exposure to weakly acidic conditions for 11 days, deprotection

Hagiwara et al.

liverwort, the present protocol is expected to offer an improved
practical supply of the physiologically potent compourids
and2.

Experimental Section

(2S,75,135,6R,9R, 14R)-14-(Imidazolylthioxomethoxy)-4,4,7,9,-
13,17,17-heptamethyl-3,5,8-trioxa-9-vinyltetracyclo[11.4.G:07" 13-
heptadecan-11-one (12)A solution of hydroxy-keton® (21 mg,
0.054 mmol), thiocarbonyldiimidazolide (29 mg, 0.16 mmol), and
(dimethylamino)pyridine (2 mg, 0.16 mmol) in a minimum amount
of ether was evaporated to dryness. Resulting solid was heated at
50 °C for 2.5 h under nitrogen atmosphere. Purification of residue
by column chromatography and subsequent medium-pressure LC
(eluent: ethyl acetate:hexane 2:1) afforded thiocarbonylimiazolide
12 (21 mg, 82%) as an 0il:of]?>; +40.6 € 1.18);vmaf/cm 11721,
1460, 1392, 1289, and 11634 NMR (200 MHz)d 1.07 (s, 3H),
1.23 (s, 3H), 1.26 (s, 3H), 1.38 (s, 3H), 1.40 (s, 3H), 1.57 (s, 3H),
1.67 (s, 3H), 1.061.80 (m, 5H), 2.21 (d, 1H] = 12.8 Hz), 2.72
(d, 1H,J=12.8 Hz), 2.91 (s, 1H), 4.31 (d, 1H,= 6.6 Hz), 4.63
(dd, 1H,J = 6.6, 4.0 Hz), 4.98 (d, 1H] = 10.6 Hz), 5.15 (d, 1H,
J=17.2 Hz), 5.47 (dd, 1H) = 11.3, 4.8 Hz), 5.89 (dd, 1H =
17.2, 10.6 Hz), 7.06 (s, 1H), 7.69 (s, 1H), and 8.40 (s, Ifg;
NMR (50 MHz) 6 14.6 (q), 23.1 (q), 24.3 (g), 24.9 (g), 25.0 (q),
26.1 (t), 28.4 (q), 32.0 (q), 34.0 (s), 40.6 (t), 41.3 (s), 51.9 (d),
54.3 (t), 65.4 (d), 74.1 (d), 79.4 (s), 83.2 (s), 84.4 (d), 90.3 (d),
109.4 (d), 111.0 (t), 118.1 (d), 130.4 (d), 137.7 (d), 145.8 (d), 184.4
(s), and 207.1 (s)mvz (El) 502.2511 (7%, M, CyH3gN,0sS
requires 502.2501), 231 (71), 153 (100), 123 (93), 95 (86), 69 (86).

(2S5,75,135,6R,9R)-4,4,7,9,13,17,17-Heptamethyl-3,5,8-trioxa-
9-vinyltetracyclo[11.4.0.G-%07-13heptadecan-11-one (13)A solu-
tion of thiocarbonylimidazolidel2 (11 mg, 0.024 mmol), tribu-
tyltinhydride (8uL, 0.029 mmol), and azobisisobutyronitrile (0.4
mg, 0.0024 mmol) in toluene (1 mL) was heated at 100or 15
min under nitrogen atmosphere. After addition of extra tributylt-
inhydride (8uL, 0.029 mmol) and azobisisobutyronitrile (0.4 mg,
0.0024 mmol), the solution was heated at 1@ for 15 min.
Column chromatography (eluent: ethyl acetateexane= 1:1)
followed by medium-pressure LC purification (eluent: ethyl acetate:
n-hexane= 1:5) provided acetonid&3 (7.8 mg, 86%) as a solid:
mp 143°C; [a]?*% —17.3 € 0.78); vma/cm™1 1718, 1381, 1367,
1250, 1203, and 1182H NMR (200 MHz) 6 1.00 (s, 3H), 1.14
(s, 3H), 1.28 (s, 3H), 1.30 (s, 3H), 1.36 (s, 3H), 1.37 (s, 3H), 1.54
(s, 3H), 0.75-1.95 (m, 6H), 2.42 (m, 1H), 2.52 (d, 1R,= 17.2
Hz), 2.61 (s, 1H), 2.67 (d, 1Hl = 17.2 Hz), 4.30 (d, 1H) = 6.6
Hz), 4.59 (dd, 1HJ = 6.6, 3.7 Hz), 5.03 (dd, 1H] = 10.6, 0.9
Hz), 5.19 (dd, 1HJ = 17.5, 0.9 Hz), and 5.98 (dd, 1H,= 17.5,
10.6 Hz);'%C NMR (50 MHz) 6 17.5 (q), 18.3 (t), 23.3 (q), 25.0
(), 26.2 (q), 26.6 (), 31.0 (q), 32.7 (q), 34.3 (s), 36.0 (s), 39.9 (1),
43.3 (1), 50.6 (t), 53.9 (d), 65.0 (d), 74.3 (d), 75.8 (s), 80.1 (s),
84.9 (d), 109.0 (s), 111.7 (t), 146.8 (d), and 206.9 (&) (EI)

of the acetonide was successful and gave the naturally occurring376.2611 (9%, M, Cy3H3¢04 requires 376.2613), 361 (94), 291

7-desacetylforskolin26)? in 59% yield. Extensive investigations
of a variety of acidic reaction conditions in the presence or
absence of semicarbazf@elid not facilitate the hydrolysis.
Catalysis by stronger acid resulted in opening of the pyran ring.
Finally, conventional acetylation @6 completed quantitatively
the synthesis of forskolinlj in natural form and in 12 steps
from ptychantin A &) in 12% overall yield. The spectroscopic
data of our sample were identical with those reported, including
the optical rotation (Scheme 3).

In summary, we have completed the syntheses of forskolin
(1) and 1,9-dideoxyforskolin2) from ptychantin A 4) and B
(5). Since ptychantins are available in large quantity from the

(18) Bhat, S. V.; Bajwa, B. S.; Dornauer, H.; de Souza, Nl. Zhem
Soc, Perkin Trans. 11982 767.
(19) Hrib, N. J.Tetrahedron Lett 1987 28, 19.
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(29), 233 (100), 95 (29), 43 (68).
(1S,7S,9S,5R,8R)-8,9-Dihydroxy-1,5,7,11,11-pentamethyl-6-
oxa-vinyltricyclo[8.4.0.027tetradecan-3-one (14)A solution of
acetonidel3 (16 mg, 0.042 mmol) in THF (2 mL) and 10%
perchloric acid (1 mL) was stirred at ambient temperature for 109
h. Reaction was quenched by addition of ag sodium hydrogencar-
bonate. Product was extracted with ethyl acetate twice. The
combined organic layer was washed with water and brine, dried
over anhydrous sodium sulfate, and evaporated to dryness. Residue
was purified by column chromatography (eluent: ethyl acetate:
hexane 1:1) to give dihydroxy-ketoriel (16 mg, quantitative) as
a solid: mp 152C; [a]?® —96.0 € 1.80); vma/cm™1 1721, 1365,
1221, and 1182H NMR (200 MHz)6 0.97 (s, 3H), 1.21 (s, 3H),
1.28 (s, 3H), 1.38 (s, 3H), 1.50 (s, 3H), 0-7D.90 (m, 6H), 2.11
(br s, 1H), 2.46 (m, 1H), 2.58 (d, 1H,= 18.3 Hz), 2.60 (s, 1H),
2.68 (d, 1H,J = 18.3 Hz), 2.88 (br s, 1H), 3.71 (d, 14,= 3.8
Hz), 4.39 (br s, 1H), 5.05 (d, 1H, = 10.4 Hz), 5.16 (d, 1HJ) =
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17.5 Hz), and 5.95 (dd, 1H] = 17.5, 10.4 Hz)23C NMR (50
MHz) 6 17.0 (q), 18.4 (1), 23.5 (q), 23.8 (q), 31.4 (q), 33.3 (q),
34.2 (s), 37.8 (s), 41.2 (1), 43.6 (t), 49.8 (1), 55.1 (d), 65.2 (d), 70.2

JOC Article

1.35 (s, 3H), 1.36 (s, 3H), 1.41 (s, 3H), 1.56 (s, 3H), 1.60 (s, 3H),
1.10-1.90 (m, 3H), 2.14 (ddd, 1H = 11.8, 4.4, 2.8 Hz), 2.65 (s,
1H), 3.29 (ddd, 1H)J = 14.0, 11.8, 6.6 Hz), 3.47 (s, 3H), 4.08 (d,

(d), 75.1 (s), 79.7 (s), 80.8 (d), 112.2 (t), 146.4 (d), and 206.1 (s),; 1H,J = 6.5 Hz), 4.47-4.52 (m, 2H), 4.82 (dd, 1H] = 10.3, 1.7

m/z (El) 336.2299 (25%, M, CyoH3204 requires 336.2300), 321
(61), 251 (100), 207 (65), 69 (48), 43 (58).
1,9-Dideoxyforskolin (2).To a solution of dihydroxy-ketong4
(16 mg, 0.042 mmol) in pyridine (0.5 mL) was added DMAP (1.5
mg, 0.012 mmol) and acetic anhydride«6, 0.061 mmol) at 0C
under nitrogen atmosphere. After the solution was stirred @ 0

Hz), 5.15 (dd, 1H,) = 17.5, 1.7 Hz) and 5.83 (dd, 1H,= 17.5,
10.3 Hz);13C NMR (50 MHz) ¢ 19.6 (q), 23.8 (q), 23.9 (), 25.1
(q), 26.0 (), 29.6 (q), 31.1 (q), 34.9 (s), 35.1 (), 46.2 (1), 47.5 (d),
50.7 (s), 54.3 (q), 56.3 (d), 74.7 (d), 75.3 (s), 78.7 (s), 83.7 (d),
97.8 (d), 109.1 (t), 109.5 (s), 144.7 (d), 154.3 (s), and 214.2 (s);
m/z (El) 404.2561 (12%, M, Cy4H3s0s requires 404.2563), 389

for 1 h, the reaction was quenched by addition of water. Product (100), 361 (76), 203 (30), 123 (33), 43 (61).

was extracted with ethyl acetate twice. The combined organic layer

(1S,6S,115,12S,2R)-14-Methoxy-1,4,4,8,8,12,16-heptamethyl-

was washed with water and brine, dried over anhydrous sodium 3,5,17-trioxa-16-vinyltetracyclo[11.4.0.3:%0713heptadec-14-en-
sulfate, and evaporated to dryness. Residue was purified by columnl1-ol (21).A mixture of keto-enolethei20 (25 mg, 0.0618 mmol)

chromatography (eluent: ethyl acetatbexane 1:1) followed by
medium-pressure LC (eluent: ethyl acetateexane 1:2) affording
1,9-dideoxyforskolin2) (14 mg, 86%) as a solid: mp 158 (lit.2
mp 162-165°C); [a]p —89.2 € 0.81, CHC}) {lit.? [a]p —89.4 €
2.45, CHCY)}; vmadcm™t 3605, 1746, 1721, 1370, 1237, and 1213;
I1H NMR (500 MHz, DMSOsg) 6 0.75 (1H, td,J = 13, 3.3 Hz),
0.86 (1H, br s), 0.88 (s, 3H), 1.10 (1H, m), 1.13 (s, 3H), 1.14 (s,
3H), 1.24 (1H, dJ = 12.7 Hz), 1.30 (1H, m), 1.31 (s, 3H), 1.48
(s, 3H), 1.63 (1H, gtJ = 13.5, 3 Hz), 2.08 (s, 3H), 2.27 (1H, 4,

= 12.8 Hz), 2.48 (1H, br s), 2.56 (1H, d~= 18 Hz), 2.66 (1H, td,

J =13, 3.3 Hz), 2.68 (1H, dJ = 18 Hz), 4.20 (1H, br s), 4.80
(1H, d,J=5.3 Hz), 5.01 (1H, dd) = 10.7, 1.2 Hz), 5.21 (1H, dd,
J=17.4,1.2 Hz), and 5.96 (1H, dd~= 17.4, 10.7 Hz)}3C NMR
(125 MHz, DMSOsg) 0 16.6, 18.2, 23.7, 24.0, 31.3, 33.0, 34.0,

and sodium (40 mg, 1.61 mmol) tert-butyl alcohol (3 mL) was
stirred at 30°C for 3 h under nitrogen atmosphere. Extra sodium
(142 mg, 6.18 mmol) antert-butyl alcohol (4 mL) were added.
After the solution was stirred for 26 h, the reaction was quenched
by addition of two drops of ag ammonium chloride from a Pasteur
pipet. The organic layer was passed through a short silica gel
column and evaporated to dryness. The residue was purified by
column chromatography (eluent: ethyl acetateexane 1:2) to
provide hydroxy-keton@1 (25 mg, 100%) as a solid: mp 9&;
[0]?% 95.2 € 0.876); vmalcm 3632, 1651, 1462, 1381, 1251,
1208, and 1157*H NMR (200 MHz) 6 1.04 (s, 3H), 1.15 (s, 3H),
1.21 (s, 3H), 1.31 (s, 3H), 1.36 (s, 3H), 1.39 (s, 3H), 1.54 (s, 3H),
0.81-2.20 (m, 6H), 2.54 (s, 1H), 3.55 (s, 3H), 4.09 (d, 1H+=

6.7 Hz), 0.4.36 (m, 1H), 4.53 (d, 1Hd,= 2.3 Hz), 4.65 (dd, 1HJ

37.4, 40.8, 43.3, 49.8, 54.1, 65.4, 67.3, 74.8, 78.0, 81.4, 112.5,=6.7, 3.0 Hz), 4.81 (dd, 1H} = 10.4, 1.7 Hz), 5.11 (dd, 1H, =

147.0, 170.3, and 206.8yz (El) 379.2491 (6%, M + 1, CoiHz:Os

17.1, 1.7 Hz) and 5.79 (dd, 18,= 17.1, 10.4 Hz)13C NMR (50

requires 379.2484), 311 (40), 309 (47), 303 (99), 251 (56), 249 MHz) 6 19.8 (q), 22.9 (g), 24.0 (q), 25.1 (q), 25.2 (t), 26.2 (q),

(100).
(1S,65,12S,16S,2R,11R)-14-Methoxy-1,4,4,8,8,12,16-heptam-
ethyl-3,5, 17-trioxa-16-vinyltetracyclo[11.4.0.G:50"14heptadec-
14-en-11-ol (15).To a stirred mixture of potassium hydride (31
mg, 0.27 mmol) and dimethyl sulfate (1&, 0.163 mmol) in THF
(0.5 mL) was added a solution of hydroxy-ketdh€1 mg, 0.0543
mmol) in THF (0.9 mL) at ®C under nitrogen atmosphere. After

29.1 (q), 32.5 (q), 34.5 (s), 36.5 (t), 41.3 (s), 46.4 (d), 47.8 (d),
54.1 (q), 72.4 (d), 74.0 (s), 74.8 (d), 79.7 (s), 83.8 (d), 98.9 (d),
108.6 (s), 109.3 (t), 145.2 (d), and 155.4 (s)z (El) 406.2719
(17%, M, Cy4H350s requires 406.2717) 391 (100), 375 (82), 374
(81), 333 (65), 123 (69).
(1S,6S,11S,12S,2R,16R)-14-Methoxy-1,4,4,8,8,12,16-heptam-
ethyl-3,5,17-trioxa-16-vinyltetracyclo[11.4.0.8%0713heptadec-13-

the solution was stirred for 30 min, the reaction was quenched by en-11-ol (23).To stirred slurry of potassium hydride (21 mg, 0.187

addition of ag ammonium chloride. Product was extracted with ethyl

mmol) and dimethyl sulfate (#L, 0.079 mmol) in THF (0.26 mL)

acetate twice. The combined organic layer was washed with waterwas added a solution of hydroxy-ketog2 (10 mg, 0.026 mmol)
and brine and evaporated to dryness. Residue was purified byin THF (1 mL) at ambient temperature under nitrogen atmosphere.

medium-pressure LC (eluent: ethyl acetateexane= 1:2) to give

After the solution was stirred for 8 min, the reaction was quenched

enoletherl5 (12 mg, 54%) as a colorless oil that decomposed soon by addition of ag ammonium sulfate. The product was extracted

after NMR measurementH NMR (200 MHz) 6 1.02 (s, 3H),
1.15 (s, 3H), 1.29 (s, 3H), 1.30 s 2, 6H), 1.37 (s, 3H), 1.54 (s,
3H), 0.81-2.20 (m, 5H), 2.25 (s, 1H), 3.29 (t like, 1H), 3.70 (s,
3H), 4.16 (d, 1H,J = 6.8 Hz), 0.4.62 (dd, 1H) = 6.8, 3.7 Hz),
4.77 (d, 1H,J = 1.8 Hz), 4.86 (dd, 1H) = 10.3, 1.7 Hz), 5.12
(dd, 1H,J =17.1, 1.7 Hz), 5.63 (s, 1H, OH), and 5.82 (dd, 1H,
= 17.1, 10.3 Hz)}3C NMR (50 MHz)  14.5 (q), 23.3 (q), 24.1
(9), 25.1 (q), 26.1 (), 28.0 (1), 30.3 (q), 32.6 (q), 34.4 (s), 40.3 (1),
43.9 (s), 51.2 (d), 54.8 (q), 55.8 (d), 74.2 (d), 74.4 (s), 78.5 (d),
80.7 (s), 83.6 (d), 101.2 (d), 108.9 (s), 110.2 (1), 144.3 (d), and
154.8 (s).
(1S,65,12S,16S,2R)-14-Hydroxy-4,4,7,9,13,17,17-heptamethyl-
3,5,8-trioxa-9-vinyltetracyclo[11.4.0.0%%0"13heptadecan-11-on
(20). To a stirred solution of pyridine (0.38 mL, 4.7 mmol) in

with ethyl acetate four times. The combined organic layer was
washed with water and brine, dried over anhydrous sodium sulfate,
and evaporated to dryness. Purification by column chromatography
(eluent: ethyl acetate:hexane 2:1) afforded methyl enolettzs

(10 mg, 96%) as an oilyma/cm—1 3590, 1632, 1462, 1379, 1340,
1250, 1208, 1159, and 10724 NMR (200 MHz)d 1.05 (s, 3H),
1.17 (s, 3H), 1.32 (s, 3H), 1.36 (s, 3H), 1.40 (s, 3H), 1.54 (s, 3H),
1.55 (s, 3H), 0.862.10 (m, 4H), 1.99 (d, 1H) = 3.7 Hz), 2.29

(d, 1H,J = 15.7 Hz), 0.2.48 (d, 1H) = 15.7 Hz), 3.06 (dd, 1H,
J=4.5,1.9 Hz, OH), 3.55 (s, 3H), 4.20 (d, 1Bi= 6.6 Hz), 4.32

(m, 1H), 4.64 (dd, 1HJ = 6.6, 3.7 Hz), 4.99 (d, 1H) = 10.8

Hz), 5.01 (d, 1HJ = 17.5 Hz) and 5.81 (dd, 1H} = 17.5, 10.8
Hz); 13C NMR (50 MHz) 6 23.9 (q), 24.9 (t), 25.3 (q), 25.5 (q),
26.2 (g), 32.1 (q), 33.0 (q), 35.0 (s), 36.2 (1), 37.1 (1), 42.2 (d),

dichloromethane (5 mL) was added chromium oxide (235 mg, 2.35 45.8 (s), 55.8 (q), 54.1 (q), 72.1 (d), 73.8 (s), 73.9 (d), 78.8 (s),

mmol) at 0°C. After the solution was stirred fdl h atambient
temperature, enoleth&b (95 mg, 0.235 mmol) in dichloromethane
(11 mL) was added. The resulting slurry was stirred for 24 h at

83.0 (d), 108.7 (s), 113.0 (1), 128.3 (s), 143.9 (d), and 144.7 (s).
This methyl enolethe23 was subjected to the next reaction without
measuring optical rotation and exact mass due to instability.

ambient temperature under nitrogen atmosphere and subsequently (6S,11S,16S,1R,2R,12R,13R)-14-Methoxy-1,4,4,8,8,12,16-hep-
diluted with ethyl acetate. The organic layer was passed through atamethyl-3,5,1-7-trioxa-16-vinyltetracyclo[11.4.0.3:20"13heptadec-
short silica gel column and evaporated to dryness. Residue wasl4-en-11,13-diol (25)To a solution of methyl enolethe&3 (6.7

purified by medium-pressure LC (eluent: ethyl acetateexane
2:1) to afford kete-enolether20 (76 mg, 80%) as a solid: mp 133
°C; [a]?% +87.7 € 1.31);vmaicm 1 3542, 1703, 1460, 1369, 1251,
1205, and 1159H NMR (200 MHz) ¢ 1.04 (s, 3H), 1.30 (s, 3H),

mg, 0.017 mmol) in dichloromethane (0.2 mL) was added potassium
carbonate (10 mg, 0.074 mmol) andchloroperbenzoic acid (53
mg, 0.025 mmol) at OC. After the solution was stirred for 0.5 h,
the reaction was quenched by addition of sodium hydrogensulfate
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(7.7 mg, 0.074 mmol) and aq sodium hydrogencarbonate. The
product was extracted with ethyl acetate four times. The combined
organic layer was washed with water and brine, dried over
anhydrous sodium sulfate, and evaporated to dryness. Purification
of residue by column chromatography (eluent: ethyl acetate:
hexane= 2:1) provided 9-hydroxy methyl enoleth2b (4.3 mg,
61%) as a solid: mp 202C; [a]?® —22.3 € 0.69); ma/cmt
3521, 1653, 1462, 1383, 1260, 1215, and 11%¥;NMR (200
MHz) 6 1.08 (s, 3H), 1.18 (s, 3H), 1.19 (s, 3H), 1.37 (s, 3H), 1.39
(s, 3H), 1.54 (s, 6H), 0.862.10 (m, 4H), 2.52 (d, 1HJ = 5.0
Hz), 3.24 (s, 1H, OH), 3.58 (s, 3H), 4.23 (d, 1+ 6.6 Hz), 4.59
(s, 1H), 4.61 (br s, 1H, OH), 4.69 (dd, 1B = 6.6, 5.0 Hz), 4.98
(dd, 1H,J = 10.4, 1.3 Hz), 5.08 (m, 1H), 5.29 (dd, 1BI= 17.0,
1.3 Hz), and 5.86 (dd, 1H] = 17.0, 10.4 Hz);®*C NMR (67.5
MHz) 6 21.4 (g) 23.8 (q), 25.1 (q), 26.0 (q), 26.1 (t), 26.2 (q),
28.8 (9), 32.7 (q), 35.2 (s), 36.3 (t), 40.6 (d), 43.7 (s), 54.3 (q),
74.1 (s), 74.5 (d), 74.6 (d), 81.0 (s), 81.2 (d), 81.8 (s), 100.3 (d),
108.1 (s), 110.4 (t), 145.7 (d), and 158.3 (s)z (El) 422.2660
(4%, M*, Co4H3406 requires 422.2668), 407 (100), 321 (95), 191
(60), 139 (44), 95 (41).

6-Deacetylforskolin (26). A solution of 9-hydroxy-methyl
enolether25 (3.9 mg, 0.0092 mmol) in 10% perchloric acid (0.3
mL) and THF (0.6 mL) was stirred at room temperature for 11
days. The reaction was quenched by addition of ag sodium

Hagiwara et al.

82.3 (s), 110.4 (1), 146.4 (d), and 205.4 (s)z (EI) 368.2190 (6%,
M, CyoH3.06 requires 368.2199), 350 (75), 123 (82), 95 (98), 81
(100), 67 (82).

Forskolin (1). A solution of 7-deacetylforskolin2) (5.6 mg,
0.015 mmol) and acetic anhydride (2B, 0.135 mmol) in pyridine
(0.3 mL) was stirred at OC for 18 h under nitrogen atmosphere.
The reaction was quenched by addition of water. The product was
extracted with ethyl acetate twice. The combined organic layer was
washed with water and brine and evaporated to dryness. The residue
was purified by column chromatography (eluent: ethyl acetate:
hexane 1:1) and subsequently by medium-pressure LC (eluent:
ethyl acetater-hexane 1:2) to furnish forskolirl) (6.5 mg, 100%)
as a solid: mp 232C (lit.2 mp 230-232 °C); [a]*» —26.4 €
0.37){lit.2 [0]?> —26.2 € 1.68, CHC})}; vmaicm t 3603, 3460,
1743, 1712, 1644, 1462, 1371, 1273, and 11F2;NMR (270
MHz) 6 1.04 (s, 3H), 1.26 (s, 3H), 1.35 (s, 3H), 1.44 (s, 3H), 1.71
(s, 3H), 2.17 (s, 3H), 1.162.26 (m, 5H), 2.49 (d, 1H) = 17.0
Hz), 2.94 (br s, 1H, OH), 3.20 (d, 1H,= 17.0 Hz), 4.46 (m, 1H),
4.58 (m, 1H), 4.99 (dd, 1HJ = 10.6, 1.0 Hz), 5.30 (d, 1H] =
17.2, 1.0 Hz), 5.48 (d, 1H] = 4.3 Hz), 5.93 (dd, 1HJ = 17.2,
10.6 Hz), and 6.01 (br s, 1H, OH}C NMR (125 MHz)6 19.8
(a), 21.2 (q), 23.6 (q), 24.3 (q), 26.6 (1), 31.5 (), 33.0 (q), 34.4
(s), 36.0 (t), 42.8 (d), 43.0 (s), 48.7 (t), 70.0 (d), 74.4 (d), 75.0 (s),
76.4 (d), 81.4 (s), 82.6 (s), 110.8 (t), 146.2 (d), 169.6 (s), and 205.3

hydrogencarbonate. The product was extracted with ethyl acetate(s); m/z (El) 410.2304 (6%, M, C,,H3407 requires 410.2305), 392

twice. The combined organic layer was washed with water and
brine, dried over anhydrous sodium sulfate, and evaporated to
dryness. Residue was purified by column chromatography (eluent:
ethyl acetater-hexane 1:2) followed by medium-pressure LC
(eluent: ethyl acetatechexane 1:2) to give 7-deacetylforskol26f

(2.0 mg, 59%) as a solid: mp 17T (lit.? mp 177180°C); [a]*
—17.9 € 0.34); vma/cm1 3344, 1711, 1643, 1460, 1377, 1264,
and 1175H NMR (270 MHz) 6 1.07 (s, 3H), 1.26 (s, 3H), 1.28

(s, 3H), 1.41 (s, 3H), 1.66 (s, 3H), 0.8@2.60 (m, 4H), 2.11 (d,
1H,J = 2.7 Hz), 2.45 (br s, 1H OH), 2.51 (d, 1d,= 17.3 Hz),
2.57 (br s, 1H, OH), 3.18 (d, 1H,= 17.3 Hz), 4.15 (m, 1H), 4.50

(t like, 1H), 4.64 (m, 1H), 4.99 (dd, 1H,= 10.7, 0.9 Hz), 0.5.20

(d, 1H,J = 17.3, 0.9 Hz), 6.13 (dd, 1H] = 17.3, 10.7 Hz), and
6.45 (br s, 1H OH)13C NMR (67.5 MHz)6 20.1 (q), 23.1 (q),
24.2 (q), 27.0 (t), 30.9 (q), 33.1 (), 34.4 (s), 36.1 (1), 42.8 (d),
43.1 (s), 48.8 (t), 70.5 (d), 74.7 (d), 74.8 (d), 75.1 (d), 82.2 (s),
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(100), 123 (85), 95 (85), 81 (85).
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