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Abstract: An efficient total synthesis of enantiomerically pure){dendrobine 1) is accomplished based on an
a-carbonyl radical cyclization reaction.Scarvotanacetones] was converted to bicyclic acetal-enoden five
steps. Cul-mediated conjugate addition of 4-(trimethylsilyl)-3-butynylmagnesium chloritieliowed by treatment
with TMSCI afforded trimethylsilyl enol ethet0. lodination of 10 with Nal and m-CPBA gave iodoketon&.
Intramolecular radical cyclization &, effected with BySnH and AIBN, furnished tricyclic keton2 Removal of
the TMS group of2 and oxidation of the resulting cyclic acetb? with m-CPBA and BR; etherate gave peroxy
compoundl3. Compoundl3 was treated with DBU to yield lacton®4. Hydroboration of14 with basic BO;
oxidation gave dioll7. Conversion ofL7to the corresponding azido alcotd followed by Jones oxidation furnished
azido ketone20. Treatment of20 with PPh followed by reduction with NaBBCN afforded amine2l. Crude
amine21 was methylated to give enantiomerically pure){dendrobine I).

(—)-Dendrobine 1) is the major alkaloid isolated from an
ornamental orchid “Jinchai Shihu” (Dendrodiumbile Lind])
that is used in traditional Chinese herbal medicine as a fonic.
Due to its interesting physiological activity and intricate
molecular structure, dendrobine is a challenging target for total
synthesis. Several successful total synthesmsd formal
synthesesof dendrobine have been reported. Among these,
only two formal synthesé% were asymmetric syntheses. In
our previous report, we described ancarbonyl radical cy-
clization reaction for synthesis of fused-bicyclic ketones with
a cis-ring juncture? Herein, we report an application of this
method to asymmetric total synthesis of enantiomerically pure
(—)-dendrobine ). The retro-synthetic analysis is outlined in
Scheme 1. Theis-ring juncture of ()-dendrobine ) might
be established by aa-carbonyl radical cyclization3 — 2).
lodoketone3 would be generated frord according to our
method? Conjugate addition of Grignard reagénto the less
hindereds-face of bicyclic acetal-enoremight give the desired
stereochemistry i3. Chiral bicyclic acetal-enoné would be
prepared from $-carvotanacetonesy.>
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Thus our synthesis started from the chiral starting material
6. According to the method of Takazawa&ompound6 was
treated sequentially with methylmagnesium chloride, ferric
chloride, and chlorotrimethylsilane and then a mixture of
trimethyl orthoformate and boron trifluoride etherate to give
acetal 7 (55%), Scheme 2. Reaction of with lithium
diisopropylamide (LDA) and chlorotrimethylsilane generated
the corresponding trimethylsilyl enol ether, which without
purification was reacted witm-chloroperoxybenzoic acidr¢
CPBA) to give siloxyenon® (71%)” Compound8 was then
treated withp-toluenesulfonic acid (PTSA) to effect cyclization
to afford bicyclic acetal-enones(79%) andd (14%). The latter
was isolated and converted ton treatment with PTSA in
refluxing dichloromethane (55% yield with 25%recovered).
Cuprous iodide-mediated conjugate addition of Grignard reagent
5 to 4 followed by trapping the resulting enolate with chloro-
trimethylsilane yielded.O with desired stereochemistry which
was confirmed in the next step of the synthesis, Scheme 3. At
this point, the addition of Grignard reagéitio the enone moiety
of 4 was expected to proceed from the less hind¢rdace of
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4, as the bulky isopropyl group was locked at the axial position
in the bicyclic structure of and shielded the face. Reaction

of crude 10 with an iodination reagent, generated by mixing
sodium iodide andn-CPBA in THFE gave iodoketon& (82%
from 4). Compound3 was then treated with tributyltin hydride
and AIBN by slow addition to effect radical cyclization. The
tricyclic ketone2 (E:Z, 1:9) was obtained as a viscous liquid in
69% yield with a minor amount (25%) of the uncyclized
reduction product.

In order to determine the stereochemistry2piodoketone3
was also cyclized with atom transfer cyclization methtal
produce a crystalline produdtl. The stereochemistry dfl
was determined by single-crystal X-ray analysis, Figure 1.
Compounds2 and 11 presumably were formed via similar
radical cyclization mechanisnis.Hence, the stereochemistry

(8) Sha, C.-K.; Young, J.-J.; Jean, T.5.0rg. Chem1987 52, 3919.
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Figure 1. Molecular drawing of compountll generated by SHELXTL
PLUS.

of 2is believed to be the same as thatldf The trimethylsilyl
group was then removed froby treatment with trifluoroacetic
acid to givel2 (84%).

In order to convert the cyclic acetal groupliito a lactone,
compoundl2 was oxidized withm-CPBA in the presence of
boron trifluoride etherate according to Grieco’s methbd,
Scheme 4. However a labile peroxy compou3dvas obtained
instead of the desired lactordd. The expected spontaneous
elimination of carboxylic acid fromi3 occurred very slowly at
room temperature. Apparently intramolecular abstraction of the
peroxy-acetal proton by the carbonyl oxygenli through a
six-membered transition statgjs difficult due to the steric
hinderance. Thus, peroxy compout@iwas treated with a base,
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), to effect elimination
and produced lactond4 (62% from 12). Stereoselective
hydroboration of14 with borane dimethyl sulfide complex
followed by basic hydrogen peroxide oxidation afforded diol
17. Itis noteworthy that hydroboration occurred from the less
hinderedo-face to givel5that was followed by internal delivery
of hydride! from the 3-facevia intermediatel 6 to afford diol
17 after oxidation by basic hydrogen peroxide. Diol was
then treated with methanesulfonyl chloride and triethylamine
to give mesylatd8. Crude producl8was further reacted with
sodium azide and 18-crown-6 in DMF to afford azido alcohol
19 (80% from 17). Compoundl19 was oxidized by Jones
reagent? to afford azido keton&0 (94%). Treatment o0
with triphenylphosphine followed by reduction of the imine
moiety with sodium cyanoborohydride from the less hindered
o-face afforded amin2l The crude amin21was immediately
methylated with paraformaldehyde and formic acid to give
enantiomerically pure-{)-dendrobine 1) (42% from20). H
NMR, 13C NMR, and MS spectra of were identical to the
spectra provided by Professor Livinghod8e.The optical
rotatior® of 1 is in satisfactory agreement with those repofted.

In summary, we have demonstrated that the combination of
conjugate addition andx-carbonyl radical cyclization is a
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straightforward and highly efficient method for synthesis of a mmol) in THF (40 mL) at—20 °C was added methylmagnesium
complex natural product. Total synthesis of enantiomerically chloride (20% in THF, 7 mL, 19.3 mmol) dropwise. After stirring for
pure ()-dendrobine 1) from (S)-carvotanacetones) has been 15 min, a solutiqn 06 (109, 66.3 mmol_) in THF (_130 ml__) was added
accomplished. In this synthesis six stereogenic centers werePVer 2 h and stirred at20 °C for 30 min. To this reaction mixture,
induced, each in a stereoselective manner, from a single chira)2nother portion of methylmagnesium chloride (20% in THF, 25 mL,

¢ f the starti terial. St lective hvdroborati 68.8 mmol) was added over 1 h. After stirring for 30 min, chlorotri-
center ot the starting material. erecselective hydroboration methylsilane (11.5 mL, 91.1 mmol) and triethylamine (12.6 mL, 91.1

(14_ to 17) is hlghly efficient, in which an 'ntemal hydride mmol) were added. The mixture was poured into a saturated NgHCO
delivery mechanism was proposed. The formation of peroxy sejution (150 mL) at 3C. The resulting mixture was filtered through
compoundL3 from the oxidation of the cyclic acetal moiety of  a short pad of Celite. The aqueous layer was extracted with hexane (3
12 was unexpected. However this provides proof for the x 100 mL). The combined organic layer was washed with brine and
oxidation mechanism proposed by Grié€oApplications of dried (K;CO;). Concentration gave a residue (14.7 g). To the residue
this sequence of conjugate addition aaetarbonyl radical (14.7 g) was added a solution of trimethyl orthoformate (11 mL, 100.7
cyclization to total syntheses of other natural products are Mmol) in CHCl (130 mL). After cooling to—78 °C, BFs-OEt (11

currently under investigation in our laboratories. mL, 87.5 mmol) was added dropwise. After stirring tbh at—78
°C, the reaction mixture was quenched with saturated NaiHQ@Qa0

mL) and allowed to warm to room temperature. The organic layer
was separated. The aqueous layer was extracted witlCIgKR x
General Methods. *H and'3C NMR were recorded on a Varian 100 mL). The combined organic layer was dried (MgSQConcentra-
Gemini-300, Varian Unity-400, or a Bruker AM-400 spectrometer. Mass tion and silica-gel chromatography (ethyl acetdtexane, 1:20) gave
spectra were recorded on a JEOL SX-102A or HX-110 mass spec- 7 (8.2 g, 55%): *H NMR (400 MHz, CDC}) 6 6.74-6.69 (m, 1 H),
trometer. IR spectra were recorded on a Bomem MB-100 FT 4.39 (d,J=4.9 Hz, 1 H), 3.38 (s, 6 H), 2.63.57 (m, 1 H), 2.47 (dd,
spectrometer. Melting points were determined with aciBu530 J=16.4, 4.7 Hz, 1 H), 2.22 (ddl = 16.4, 8.9 Hz, 1 H), 2.021.95
melting-point apparatus and were uncorrected. Optical rotations were (m, 1 H), 1.86-1.76 (m, 1 H), 1.73 (s, 3 H), 0.87 (d= 6.9 Hz, 3 H),
measured on a JASCO DIP-360 polarimeter. Single crystal X-ray 0.83 (d,J = 6.6 Hz, 3 H);3C NMR (100.6 MHz, CD{J) 6 200.0,
analysis was performed on a Siemens SMART CCD diffractometer. 144.0, 136.1, 105.5, 56.0, 54.6, 42.4, 41.4, 37.3, 28.3, 20.9, 17.8, 15.8;
Elemental analyses were performed by the Southern Regional Instru-IR (neat) 1674 cm'; HRMS calcd for GsH».0s; 226.1569, found
ment Center of National Science Council at National Cheng Kung 226.1561. Anal. Calcd for gH2,03: C, 68.99; H, 9.8. Found: C,
University, Tainan, Taiwan. 68.76; H, 9.76. )% —109 ( 0.95, CHCY).
(4R,55)-4-(Dimethoxymethyl)-5-isopropyl-2-methyl-2-cyclohexen- (4R,5S,6R)-4-(Dimethoxymethyl)-5-isopropyl-2-methyl-6-(tri-
1-one (7). To a suspension of anhydrous ferric chloride (1.68 g, 10.4 methylsiloxy)-2-cyclohexen-1-one (8).To a solution of diisopropyl-

(CH20), ;
H20, HCOzH

Experimental Section



Synthesis of-{)-Dendrobine

amine (2.7 mL, 19.3 mmol) in THF (20 mL) was addeduLi (1.6

M in hexane, 12 mL, 19.2 mmol) at20 °C. After warming to 0°C,

the solution was stirred for 30 min and then cooled-t88 °C. To

this mixture a solution o¥ (3.34 g, 14.8 mmol) in THF (20 mL) was
added dropwise at 78 °C. After stirring for 30 min chlorotrimeth-
ylsilane (2.1 mL, 16.6 mmol) and triethylamine (2.2 mL, 15.9 mmol)
were added. The reaction mixture was allowed to warm to room
temperature and poured into a saturated Naki§#ution (100 mL) at
0°C. The aqueous layer was extracted with hexane @ mL). The
combined organic layer was washed with brine and driegC(®).
Concentration gave a crude silyl enol ether (4.41 g). The crude silyl
enol ether (4.41 g) was then dissolved in 1 (50 mL). To the
resulting solution was added NaHEg@.22 g, 17.4 mmol) at room
temperature and a solution sfFCPBA (3.06 g, 17.8 mmol) in C¥Cl,

(20 mL) at—20 °C. After stirring for 20 min, a saturated b&Os
solution (20 mL) was added. The mixture was extracted with@H
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(2.0 mL, 7.6 mmol), and triethylamine (1.1 mL, 8.0 mmol) were added
dropwise in sequence. The reaction mixture was allowed to warm to
room temperature and stirred for 12 h and was then poured into a
saturated NaHC®solution (30 mL). The mixture was stirred and
filtered with Celite to remove black solid. The Celite with filtered
solid was washed with hexane (100 mL). After separating the organic
layer, the aqueous layer was extracted with hexane 6@ mL). The
combined organic layer was washed with brine and driegC(®).
Concentration gave crude produgi (4.8 g) that was used for the next
step without purification. A small sample of cru@® was purified by
silica-gel chromatography (ethyl acetateexane, 1:50) gav&0 as a
pale yellow liquid: *H NMR (400 MHz, CDC}) 6 4.74 (s, 1H), 4.02

(d, 1H,J = 4.4 Hz), 3.35 (s, 3 H), 2.512.21 (m, 5H), 2.041.91 (m,

2H), 1.55-1.39 (m, 1 H), 1.51 (s, 3 H), 1.00 (d,= 6.7 Hz, 3 H),
0.92 (d,J = 6.5 Hz, 3H), 0.20 (s, 9 H), 0.14 (s, 9 H¥C NMR (75
MHz, CDCk) 6 146.4, 113.9. 106.0, 105.0, 85.5, 79.4, 55.0, 49.2,

(3 x 50 mL). The combined organic layer was washed with a saturated 43.6, 35.3, 27.4, 24.7, 22.0, 21.5, 17.2, 12.2, 6:0,2; IR (neat) 2170

NaHCGQ; solution and dried (MgS§). Concentration and silica-gel
chromatography (ethyl acetatbexane, 1:30) gav8 (3.29 g, 71%):
1H NMR (400 MHz, CDC}) 6 6.59 (d,J = 4.0 Hz, 1 H), 4.61 (dJ =
6.3 Hz, 1 H), 3.98 (dJ = 6.2 Hz, 1 H), 3.38 (s, 3 H), 3.35 (s, 3 H),
2.56-2.50 (m, 1 H), 2.052.00 (m, 1 H), 1.751.68 (m, 1 H), 1.73
(s, 3 H), 0.91 (tJ = 6.6 Hz, 6 H), 0.09 (s, 9 H)}*C NMR (100.6
MHz, CDCk) 6 198.1, 143.4, 133.8, 106.6, 74.7, 55.01, 54.95, 47.5,
42.1, 28.5,21.2, 20.0, 16.0, 0.2; IR (CHX1678 cn1t; HRMS calcd
for C16H3004Si 314.1913, found 314.1904. Anal. Calcd forgds004-
Si: C, 61.11; H, 9.61. Found: C, 61.09; H, 9.58x]% —87.0 €
1.22, CHC}).

(1R,5R,7R,8S)-8-Isopropyl-7-methoxy-3-methyl-6-oxabicyclo-
[3.2.1]oct-2-en-4-one (4) and ®,5R,7S,8S)-8-Isopropyl-7-methoxy-
3-methyl-6-oxabicyclo[3.2.1]oct-2-en-4-one (9)To a solution of8
(3.29 g, 10.5 mmol) in CHGI(60 mL) was added PTSA monohydrate
(5 mg, 0.03 mmol). The reaction mixture was stirred éch atroom
temperature and diluted with GEI, (100 mL). The organic solution
was washed with a NaHCGGsolution (20 mL) and dried (MgSQ
Concentration and silica-gel chromatography (ethyl aceta¢xane,
1:20) gave4 (1.73 g, 79%) and® (0.31 g, 14%) as white solids.
Recrystallization (hexanreCH,Cl,) of 4 and 9 both gave colorless
crystals. Data ofi: mp 56.0-56.5°C; *H NMR (400 MHz, CDC}) 6
6.71-6.68 (m, 1 H), 4.75 (s, 1 H), 4.30 (d,= 6.0 Hz, 1 H), 3.41 (s,
3 H), 2.81 (ddJ = 6.4, 3.6 Hz, 1 H), 2.572.49 (m, 1 H), 1.73 (dJ
= 1.2 Hz, 3 H), 1.59-1.49 (m, 1 H), 0.91 (dJ = 6.4 Hz, 3 H), 0.89
(d, J = 6.8 Hz, 3 H);13C NMR (100.6 MHz, CDGJ) ¢ 196.1, 139.9,
136.9, 106.9, 84.0, 56.7, 55.2, 46.1, 23.8, 21.7, 21.2, 14.5; IR (§HCI
1691 cntt; HRMS calcd for GoH1503 210.1256, found 210.1269. Anal.
Calcd for GoH180s: C, 68.55; H, 8.63. Found: C, 68.60; H, 8.60.
[0]%%5 —220.2 €0.95, CHCY). Data of9: mp 73.5-74.0°C; *H NMR
(300 MHz, CDC}) 6 6.66-6.60 (m, 1 H), 5.26 (dJ = 4.3 Hz, 1 H),
4.20 (d,J = 6.6 Hz, 1 H), 3.38 (s, 3 H), 3.02 (di,= 9.1, 4.5 Hz, 1
H), 2.23-2.14 (m, 1 H), 1.83 (s, 3 H), 1.661.47 (m, 1 H), 0.85 (dJ
= 8.8 Hz, 6 H);:3C NMR (100.6 MHz, CDGJ) 6 197.1, 140.8, 137.5,
108.6, 84.6, 58.9, 57.0, 43.6, 24.2, 21.7, 20.7, 14.9; IR (GHIE84
cm 1, HRMS calcd for GoH1g03 210.1256, found 210.1265. Anal.
Calcd for GoH1g0s: C, 68.55; H, 8.63. Found: C, 68.56; H, 8.70.
[0]%% —216.4 € 1.21, CHC}).

Conversion of 9 to 4. To a solution of9 (75 mg, 0.36 mmol) in

cm 1, HRMS calcd for G,H400sSi»: 408.2516, found 408.2513.
(1S,2S,5R,7R,8S)-3-lodo-8-isopropyl- 7-methoxy-3-methyl-2-(4-
(trimethylsilyl)-3-butynyl)-6-oxabicyclo[3.2.1]octan-4-one (3). To a
solution of crude productO (4.6 g) and Nal (4.62 g, 30 mmol) in
THF (100 mL) was added a solution a+CPBA (87%, 5.63 g, 28
mmol) in THF (50 mL) dropwise at OC. After warming to room
temperature and stirring for 20 min, the reaction mixture was diluted
with Et;O (150 mL) and quenched with a saturated:$@; solution
(150 mL). The organic layer was separated, washed with a saturated
NaHCGQ; solution and brine, and dried (MgQ© Concentration and
silica-gel chromatography (ethyl acetateexane, 1:50) gava (3.54
g, 82% from4) as a brown liquid:*H NMR (400 MHz, CDC}) ¢
5.28 (s, 1 H), 4.47 (d) = 5.6 Hz, 1 H), 3.38 (s, 3H), 2.52.41 (m,
2 H), 2.36-2.24 (m, 2 H), 2.05 (s, 3 H), 1.951.85 (m, 1 H), 1.8¢-
1.70 (m, 1 H), 1.341.21 (m, 1 H), 1.121.01 (m, 1 H), 0.97 (d) =
6.4 Hz, 3 H), 0.91 (dJ = 6.0 Hz, 3 H), 0.09 (s, 9 H}:*C NMR (100.6
MHz, CDCk) 6 204.8, 105.3, 103.0, 87.3, 83.2, 55.0, 50.6, 46.0, 43.9,
40.5, 34.8, 30.8, 25.0, 21.0, 18.2, 0.1; IR (neat) 2173, 1718%cm
HRMS calcd for GgHz1103Si 462.1089, found 462.1082.
(1R,2S,6R,8R,10R,11S)-11-Isopropyl-10-methoxy-6-methyl-5-
[(Z and E)-1-(trimethylsilyl)methylidene]-9-oxatricyclo[6.2.1.G*9-
undecan-7-one (2).To a solution of3 (3.07 g, 6.65 mmol) in refluxing
benzene (333 mL) was added a solution of tributyltin hydride (2.16 g,
7.44 mmol) and AIBN (87 mg, 0.53 mmol) in benzene (93 mL) with
a syringe pump over 6 h. After the addition, the reaction mixture was
heated at reflux for 1 h, then cooled to room temperature, and
concentrated. The residue was dissolved into ethyl acetate (70 mL).
A KF solution (2.88 g, 49.7 mmol) in water (5 mL) was added. The
resulting solution was stirred for 10 h and filtered to remove white
solid. The filtrate was washed with saturated NaHGOlution (2 x
50 mL). The organic layer was dried (Mg®O Concentration and
silica-gel chromatography (ethyl acetateexane, 1:40) gave the
uncyclized reduction product (555 mg, 25%) and cyclized pro@uct
(1.55 g, 69%) as a mixture & andZ isomers E:Z = 1:9): *H NMR
(300 MHz, CDC}) 6 5.30 (t,J = 2.0 Hz, 0.9 H), 5.15 (tJ = 2.4 Hz,
0.1 H), 4.89 (s, 0.9 H), 4.77 (s, 0.1 H), 4.22 (0= 6.2 Hz, 0.9 H),
4.12 (d,J=6.0 Hz, 0.1 H), 3.33 (s, 2.7 H), 3.29 (s, 0.3 H), 2:8852
(m, 2 H), 2.46-2.36 (m, 1 H), 2.28-2.10 (m, 3 H), 1.851.62 (m, 1
H), 1.35-1.10 (m, 1 H), 1.19 (s, 2.7 H), 1.13 (s, 0.3 H), 0.921¢+

dichloromethane (7 mL) was added PTSA monohydrate (7 mg, 0.04 6.5 Hz, 3 H), 0.88 (dJ = 6.4 Hz, 3 H), 0.05 (s, 8.1 H), 0.04 (s, 0.9

mmol). The reaction mixture was heated to reflux for 1 h. After
cooling to room temperature, a saturated NaH&@ution was added.

H); 13C NMR (75 MHz, CDC}) of Z isomer: 6 210.3, 163.6, 121.2,
105.3, 84.3, 58.8, 54.7, 53.5, 49.3, 48.6, 37.7, 26.0, 25.4, 245, 21.1,

The organic layer was separated. The aqueous layer was extracted®0.8, 0.9; IR (neat) 1715 cri HRMS calcd for GoH3,03Si 336.2121,

with CH.Cl, (2 x 10 mL). The combined organic layer was dried
(MgSQy). Concentration and silica-gel chromatography (ethyl acetate
hexane, 1:5) gavéd (41 mg, 55%) an® (18 mg, 25%).

(1R,2S,5R, 7R, 8S)-8-Isopropyl-7-methoxy-3-methyl-4-(trimethyl-
siloxy)-2-(4-(trimethylsilyl)-3-butynyl)-6-oxabicyclo[3.2.1]oct-3-
ene (10). To a suspension of magnesium (820 mg, 34.2 mmol) in
refluxing THF (10 mL) was added a solution of 4-chloro-1-(trimeth-
ylsilyl)-1-butyne (3.84 g, 23.9 mmol) and 1,2-dibromoethane (0.2 mL,
2.32 mmol) in THF (34 mL) dropwise over a period of 4 h. The
reaction mixture was heated for 30 min and cooled-#8 °C. Cul
(1.93 g, 10.1 mmol) was added. After stirring-a78 °C for 30 min,
compound4 (1.95 g, 9.28 mmol) in THF (31 mL), chlorotrimethylsilane

found 336.2126. Anal. Calcd for :@H3,0sSi: C, 67.81; H, 9.58.
Found: C, 67.73; H, 9.53.
(1R,2S,6R,8R,10R,119)-5-[(E)-1-lodo-1-(trimethylsilyl)methylidene]-
11-isopropyl-10-methoxy-6-methyl-9-oxatricyclo[6.2.1&Fundecan-
7-one (11). To a solution of3 (302 mg, 0.65 mmol) and iodoethane
(0.2 mL) in benzene (5 mL) was added bis(tributyltin) (208 mg, 0.36
mmol) and AIBN (5 mg, 0.03 mmol). The reaction mixture was
irradiated with a sun lamp (300 W) to reflux for 1 h. ,6t(50 mL)
and a solution of KF (189 mg, 3.25 mmol) in water (10 mL) was added.
The mixture was stirred for 30 min, then filtered, and extracted with
Et,O (3 x 50 mL). The combined organic layer was dried (MggO
Concentration and silica-gel chromatography (ethyl aceta¢sxane,
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1:40) gavell (220 mg, 73%). Recrystallization (ethyl acetateexane) CisH2003 248.1412, found 248.1414. Anal. Calcd fois8,00s: C

gave colorless crystals, mp 128.029.0°C: H NMR (400 MHz, 72.55, H 8.12. Found: C, 72.57; H, 8.13a]}» +55.9 € 1.34,
CDCl) 0 4.87 (s, 1 H), 4.29 (d) = 6.3 Hz, 1 H), 3.37 (s, 3 H), 3.04 CHCL).

2.81 (m, 2 H), 2.56:2.40 (m, 2 H), 2.3+2.14 (m, 2 H), 1.771.69 (1R,25 5S,6R,7R,8R,11S)-7-Hydroxy-5-(hydroxymethyl)-11-iso-
(m,1H), 1.24 (s, 3 H), 1.241.12 (m, 1 H), 0.91 (d, 6 H] = 7.2 Hz), propyl-6-methyl-9-oxatricyclo[6.2.1.G-9undecan-10-one (17).To a

0.28 (s, 9 H)13C NMR (75 MHz, CDCH) 6 210.4, 164.8, 107.1, 105.2,  solution of14 (45 mg, 0.18 mmol) in THF (5 mL) was added BS-

84.4,60.3, 54.8, 53.9, 51.5, 50.7, 49.1, 25.7, 24.22, 24.18, 20.7, 20.5,(CHz), (1.38 M in THF, 1.30 mL, 1.79 mmol) dropwise at room

3.7; IR (CHCE) 1710 cm*; MS (El) m/z 462 (M*, 13), 335 (100), temperature. The reaction mixture was stirred at room temperature,

305 (24), 193 (30), 175 (34). Anal. Calcd fordH31105Si: C, 49.35; stirred for 4.5 h, and then cooled t6G. Methanol (2 mL) was added

H, 6.76. Found: C, 49.39; H, 6.78. Single-crystal X-ray analysis of dropwise. The mixture was concentrated to give a residue. THF (5

11 was performed. All crystallographic calculation were carried out mL) was added. To the resulting solution was added a mixture of

with Siemens SHELXTL PLUS-VMS system. Crystal data Idf NaOH (3 M, 2 mL, 6 mmol) and kD. (30%, 2 mL, 23 mmol) at room

Ci19H31103Si, MW = 462.4 g/mol, orthorombic crystal system, space temperature. The reaction mixture was stirred for 12 h and brine (10

groupP2,2;2, Z = 8, a = 16.377(2) Ab = 29.029(2) A,c 8.932(2) mL) was added. The mixture was extracted with@E(3 x 15 mL).

A,V =4234(1) B, D. = 1.451 Mg/ni. A total of 7468 independent The combined organic layer was dried (Mg$OConcentration and

reflections were collected of which 6746 were considered obsetved [ silica-gel chromatography (ethyl acetateexane, 1:1) gav&7 as a

> 3.00(1), (R=6.09%)]. The structure was solved by direct methods white solid (29 mg, 60%). Recrystallization (CHEMeOH) gave

and refined to aR value 0.0448. Absolute structure was determined colorless crystals, mp 155-856°C: H NMR (400 MHz, CDC}) 6

with 7 = 0.98(4). 4.68 (dd,J = 4.8, 2.8 Hz, 1 H), 4.47 (d] = 2.8 Hz, 1 H), 3.74 (A of
(1R,2S,6R,8R,10R,115)-11-Isopropyl-10-methoxy-6-methyl-5-  ABX, Jae = 11.1,Jax = 9.4 Hz, 1 H), 3.62 (B of ABXJag = 11.1,

methylene-9-oxatricyclo[6.2.1.8%undecan-7-one (12).To a solution Jex = 6.0 Hz, 1 H), 2.35 (tJ = 4.6 Hz, 1 H), 2.3+2.07 (m, 4 H),

of 2 (219 mg, 0.65 mmol) in benzene (5 mL) was added@B:H 2.07-1.88 (m, 3 H), 1.881.77 (m, 1 H), 1.7#1.66 (m, 1 H), 1.43

(0.25 mL, 3.3 mmol). The reaction mixture was stirred for 20 min 1-30 (M, 1 Hl)' 1.27 (s, 3 H), 1.06 (d,= 6.4 Hz, 3 H), 0.91 (d) =

and then concentrated to give a residue. Silica-gel chromatog:;raphyG'4 Hz, 3 H);**C NMR (100.6 MHz, CDGJ) ¢ 179.6, 81.4, 66.8, 64.2,

(ethyl acetate-hexane, 1:15) gavé2 (144 mg, 84%) as a white solid. 55.8, 51.1, 45.4, 44.8., 44.5, 30.5, 29.0, 28.7, 24.4, 21.24, 21.19; IR
Recrystallization (CkCl,) gave colorless crystals, mp984.5°C: H (neat) 3417, 1761 cnd; HRMS caled for GsH240, 268.1674, found

473 (3= 2.6 Hz, 1 H), 4.19 (d) = 6.0 Hz, 1 H), 3.35 (5, 3 H),  ©7-04 H,9.10. "o +10.9 € 1.32, CHOH). _
2.79-2.54 (m, 2 H), 2.45 (ddd) = 11.8, 6.0, 3.8 Hz, 1 H), 2.31 (1R,2S,55,6R,7R,8R,11S)-5-(Azidomethyl)-7-hydroxy-11-isopro-

2.14 (m, 3 H), 1.86-1.73 (m, 1 H), 1.421.24 (m, 1 H), 1.21 (s, 3 H), pyl-6-methyl-9-oxatricyclo[6.2.1.Gﬂundecan-10-one (19).To a solu-
0.98 (d,J = 6.5 Hz, 3 H), 0.91 (dJ = 6.3 Hz, 3 H);**C NMR (100.6 tion of 17 (35 mg, 0.13 mmol) in CkCl, (2 mL) was added BN
MHz, CDCL) ¢ 208.7, 154.6, 106.0, 105.3, 83.5, 57.2, 54.8, 52.6, 48.8, (0.018 mL, 1.3 mmol) and methanesulfonyl chloride (0.011 mL, 0.14
45.9, 31.7, 26.8, 26.4, 24.5, 21.3, 21.0; IR (neat) 1716'cHRMS mmol) at room temperature. The reaction mixture was stirred at room
calcd for GeH»Os 264.1725, found 264.1729. Anal. Calcd for temperature for 1.5 h and diluted with,Bt (20 mL). The mixture
CieHadOs: C, 72.69; H, 9.15. Found: C, 72.70; H, 9.15] % —50.9 was washed with a saturated NaHQ®lution and brine. The organic

(c 0.99, CHC}). layer was separated and dried ¢8@). Filtration with Celite and

. concentration gave crude prodd&@ The crude product8, unstable
6 r;lest’hzysl’gﬁf;#y?;g?’;gtﬁsgIc?[gogelr(%;]ngzc%ﬂ);li;:zo(gg%l' on exposure to silica-gel chromatography, was used for the next step
a solution of12 (97 mg, 0.37 mmol) in CkCl, (30 mL) was added without purification. Data of crudé8: 'H NMR (400 MHz, CDC})

0 4.69 (dd,J = 4.4, 3.1 Hz, 1 H), 4.37 (dd] = 10.3, 8.0 Hz, 1 H),
molecular sieve (3 A, 1 g) and a solution mCPBA (80%, 100 mg, 4.27 (dé J=5.7 3.1 Hz le) 4?10 (dd](szlo.S 70Hz 1 |z_|) 3.0)0

0.56 mmol) and BE-OEt (0.047 mL, 0.37 mmol) in CkCl, (30 mL). (s, 3 H), 2.41 (d] = 5.7 Hz, 1 H), 2.36 (t] = 4.4 Hz, 1 H), 2.28
The reaction mixture was stirred for 3.5 h. After filtration with Celite, 5 19 (m, 1 H), 2.192.06 (m, 2 H), 2.06-1.93 (m, 2 H), 1.9+1.81
the solution was washed with a saturatec:$#@; solution (20 mL). (rﬁ > H)’ 157145 (rﬁ 1 H)’ 1.26 ’(S 3 H). 1.05 (’d — 6.4 Hz 3.H)
The aqueous Ia_yer was extracted Wi_th LH (2 x 15 mL). '_I'he 0.90 (d,J = 6.8 Hz, 3 H); MS (E)m/z347 (M*, 1), 207 (60), 151
combined organic layer was washed with a saturated Naj$Gltion, (21), 113 (32), 95 (100), 94 (30). To a solution of crudgin DMF

brine, and dried (l\/_lgSQ. Concentration gave crude peroxy compound (10 mL) was added NalN62 mg, 1.2 mmol) and 18-crown-6 (40 mg,
13 as a brown solid:*H NMR (300 MHz, CDC}) 6 7.92 (br s, 1 H), 0.15 mmol). The reaction mixture was heated to 2@0and stirred
7.83 (d,J=7.9 Hz, 1 H), 7.56 (dJ = 7.9 Hz, 1 H), 7.38 () = 7.9 for 1.5 h. After cooling to room temperature, water (10 mL) was added.
Hz, 1H),5.72 (s, 1 H), 4.85 (brs, 1 H), 4.74 (br s, 1 H), 4.36J&; The mixture was extracted with £ (3 x 20 mL). The combined
5.9 Hz, 1 H), 2.842.51 (m, 4 H), 2.462.37 (m, 1 H), 2.372.20 organic layer was washed with brine (20 mL) and dried (MgSO
(m, 1H), 1.83-1.79 (m, 1 H), 1.441.30 (m, 1 H), 1.25 (s, 3H), 1.02  concentration and silica-gel chromatography (ethyl acetaéane,
(d,J=6.0 Hz, 3 H), 0.94 (d) = 6.0 Hz, 3 H); IR (neat) 1765, 1718 1:5) gave19 (31 mg, 80%) as a colorless liquidH NMR (300 MHz,
cmt; MS (El) m/z404 (Mt, <1), 248 (18), 156 (30), 139 (36), 94 CDCl) 6 4.68 (dd,J = 3.8, 2.9 Hz, 1 H), 4.27 (d] = 2.9 Hz, 1 H),
(100), 79 (54); HRMS calcd for £Hos*ClOs and GoHas*"ClOs 3.38 (A of ABX, Jas = 12.6,Jax = 8.7 Hz, 1 H), 3.31 (B of ABX,
404.1390 and 406.1379, found 404.1388 and 406.1397. Jas = 12.6,Jsx = 7.0 Hz, 1 H), 2.35 (] = 4.5 Hz, 1 H), 2.19-2.05
(1R,2S,6R 8R,119)-11-Isopropyl-6-methyl-5-methylene-9-oxatri- (M, 2 H), 2.05-1.91 (m, 3 H), 1.9+1.76 (m, 2 H), 1.71 (br, 1 H),
cyclo[6.2.1.69 undecane-7,10-dione (14).To a solution of crude 1.54-1.39 (m, 1 H), 1.26 (s, 3 H), 1.06 (d,= 6.1 Hz, 3 H), 0.91 (d,
peroxy compound3 from the previous stage in GBI, (5 mL) was J = 6.3 Hz, 3 H);3C NMR (75 MHz, CDC}) 6 179.1, 80.8, 67.2,
added DBU (0.17 mL, 1.1 mmol). The reaction mixture was stirred at 53.4, 52.9, 50.9, 45.1, 45.0, 44.4 , 29.9, 29.8, 28.7, 24.4, 21.23, 21.17,
room temperature for 1 h. A saturated NaHC®lution (10 mL) was IR (neat) 3481, 2102, 1763 cth MS (FAB) m/z294 (M™ + H, 53),
added. The reaction mixture was extracted withOE(2 x 10 mL). 266 (100), 251 (51), 222 (42), 154 (71), 137 (83), 95 (53), 81 (52);
The combined organic layer was washed with brine and dried-(Na [0]?> —49.9 € 1.31, CHCY}).
SQOy). Concentration and silica-gel chromatography (ethyl acetate (1R,2S,55 6R,8R,115)-5-(Azidomethyl)-11-isopropyl-6-methyl-9-
hexane, 1:15) gavd4 (57 mg, 62% from12). Recrystallization oxatricyclo[6.2.1.G*9undecane-7,10-dione (20).To a solution ofl9
(CH:Cl,) gave colorless crystals, mp 161%562 °C: *H NMR (300 (42 mg, 0.14 mmol) in acetone was added Jones reagent (0.5 mL),

MHz, CDCk) 6 4.91 (t,J = 2.2 Hz, 1 H), 4.74 (tJ = 2.6 Hz, 1 H), prepared from CrgX13.36 g), concentrated,BO, (11.5 mL) and water
456 (d,J = 5.6 Hz, 1 H), 2.76-2.49 (m, 3 H), 2.47#2.37 (m, 2 H), (25 mL), dropwise at room temperature. The reaction mixture was
2.25-2.00 (m, 2 H), 1.551.38 (m, 1 H), 1.28 (s, 3 H), 0.97 (d,= stirred for 1.5 h. Isopropyl alcohol (1 mL) and water (20 mL) was
6.5 Hz, 3 H), 0.93 (dJ = 6.4 Hz, 3 H);*3C NMR (75 MHz, CDC}) added to quench the reaction. The mixture was extracted with Et

0 204.7, 177.5, 152.8, 108.3, 83.9, 58.1, 54.4, 46.4, 44.8, 30.6, 26.6,(3 x 20 mL). The combined organic layer was washed with saturated
25.7, 24.7, 20.6, 19.5; IR (neat) 1785, 1714 énHRMS calcd for NaHCG; solution brine and dried (MgS2 Concentration and silica



Synthesis of-{)-Dendrobine

gel chromatography (ethyl acetatkexane, 1:5) gave0 (30 mg, 94%)
as a white solid. Recrystallization (GEl;) gave colorless crystals,
mp 108-108.5°C: 'H NMR (300 MHz, CDC}) 6 4.46 (d,J = 5.6
Hz, 1 H), 3.32 (A of ABX,Jas = 12.0,Jax = 4.7 Hz, 1 H), 3.01 (B
of ABX, Jas = 12.0,Jex = 10.3 Hz, 1 H), 2.62 (tJ = 4.8 Hz, 1 H),
2.44-2.30 (m, 2 H), 2.121.98 (m, 4 H), 1.721.50 (m, 2 H), 1.37
(s, 3 H), 0.98 (dJ = 6.5 Hz, 3 H), 0.91 (dJ = 6.5 Hz, 3 H);1°C
NMR (100.6 MHz, CDC}) 6 207.7, 177.3, 83.3, 55.6, 53.9, 53.3, 53.1,
45.8, 44.8, 30.9, 29.6, 28.7, 24.5, 20.9, 19.5; IR (neat) 2097, 1790,
1714 cm}; MS (FAB) m/z292 (M' + H, 6), 264 (100), 249 (16), 171
(69), 137 (20), 91 (46);d]*>> +18.9 € 1.62, CHCY).

(1S,45,7S8R,11R 12R,135)-13-Isopropyl-12-methyl-10-oxa-2-
azatetracyclo[5.4.1.%11.0*1qtridecan-9-one (21). To a solution of
20 (64 mg, 0.22 mmol) in THF (5 mL) was added#h69 mg, 0.26
mmol). The reaction mixture was stirred at room temperature for 12
h. To this mixture was added GBH (4 mL), HOAc (0.14 mL, 2.45
mmol), and NaBHCN (70 mg, 1.1 mmol). The resulting mixture was
stirred for 12 h. Dilute HCI (1 M, 10 mL) was added. After stirring
for 1 h, the mixture was washed with EX (10 mL). The aqueous
layer was basified on adding NaOH solution (3 M, 10 mL) and extracted
with CH.Cl, (4 x 20 mL). The combined CLl, layer was dried
(MgSQy). Concentration gave crude produtdt (42 mg). The crude
product was used for the next step without purification. Data of crude
21: H NMR (300 MHz, CDC}) 6 4.61 (dd,J = 5.3, 3.5 Hz, 1 H),
3.18 (dd,J = 11.4, 8.5 Hz, 1 H), 2.86 (d] = 3.5 Hz, 1 H), 2.83 (dd,
J =114, 6.9 Hz, 1 H), 2.472.43 (m, 1 H), 2.352.20 (m, 1 H),
2.20-2.00 (m, 5 H), 1.89-1.71 (m, 2 H), 1.551.39 (m, 1 H), 1.34
(s, 3H),0.96 (dJ = 6.4 Hz, 3 H), 0.95 (dJ = 6.4 Hz, 3 H); MS (EI)
m/z249 (M*, 38), 206 (100), 193 (31), 163 (27), 150 (44), 95 (29), 82
(58).

(—)-Dendrobine (1). To crude produc?l (42 mg) was added water
(5 mL), HCOOH (3.3 g, 72 mmol), and paraformaldehyde (180 mg,
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6.0 mmol). The reaction mixture was stirred and heated at’C2or

12 h. After cooling to room temperature, the reaction mixture was
basified on adding a NaOH solution (3 M, 30 mL) and extracted with
CH:CI; (4 x 30 mL). The combined organic layer was dried (MgpO
Concentration and silica-gel chromatography (ethyl aceta¢éxane-
methanol, 25:25:1) gavi (24 mg, 42% from20) as a white solid.
Recrystallization (hexareEt,O, 2:1) gave colorless crystals, mp
133.0-133.5°C, lit.2*mp 134.6-136°C: *H NMR (400 MHz, CDC})

0 4.82 (dd,J=5.6, 3.2 Hz, 1 H), 3.13 (i) = 8.6 Hz, 1 H), 2.67 (dd,
J=8.4,7.6Hz, 1H), 264 (d] =2.8Hz, 1 H), 2.48 (s, 3 H), 2.43

(t, J=5.0 Hz, 1 H), 2.34 (m, 1 H), 2.151.96 (m, 4 H), 1.881.73

(m, 2 H), 1.59-1.47 (m, 1 H), 1.36 (s, 3 H), 0.95 (d= 6.4 Hz, 3 H),
0.94(d,J = 6.0 Hz, 3 H);13C NMR (75 MHz, CDC}) 6 179.0, 79.1,
66.9, 62.0, 53.7, 52.5, 51.5, 43.9, 43.1, 36.5, 32.8, 32.7, 30.8, 24.5,
21.1, 20.4; IR (neat) 1767 criy MS (El) m/z263 (M*, 38), 220 (100),
206 (14), 178 (10), 96 (17); HRMS calcd for¢8,sNO, 263.1885,
found 263.1880;d]?'> —46.7 € 1.38, CHOH), lit.® [a]%p —48.4 €
1.98, CHOH).
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