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General experimental procedure

Galanthamine

2-1 Total synthesis of (+)- and (—)- galanthamine

2-2 1H and 13C NMR Spectra
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p -Methoxybenzyl

p -Methoxyphenyl

Propyl
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Tetrahydropyranyl
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Burgess reagent

CAN

Comins reagent
CSA

dba

mCPBA

DDQ

DEPC

DHP
DIBAL-H
DMAP

DME

DMF

DMSO
HMPA

IBX

imid.
L-Selectride®
LHMDS

(Methoxycarbonylsulfamoyl)triethylammonium hydroxide,
inner salt

Cerium ammonium nitrate

2-[N,N -Bis(trifluoromethylsulfonyl)aminol-5-chloropyridine
(£)-10-Camphorsulfonic acid

trans,trans -Dibenzylidene acetone

m -Chloroperbenzoic acid
2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
Diethylphosphorocyanidate

3,4-Dihydro-2H -pyran

Diisobutylaluminium hydride

N,N -Dimethylaminopyridine

Dimethoxyethane (or ethylenglycol dimethyl ether, glyme)
N,N -Dimethylformamide

Dimethylsulfoxide

N,N,N’,N,’,N”, N”-Hexamethylphosphoramide

o -Iodoxybenzoic acid

Imidazole

Lithium tri-sec-butylborohydride

Lithium hexamethyldisilazide

Montmorillonite K-10 (AlssMg1/3)Si4010(0H)2 W13 -mH20 , W = K, Na, Ca ; H20

MS
NBA
NBS
NHMDS
NPSP
PCC
PPTS
pyT.
TBAF
TBAI
TFA
THF
TMEDA
tol.
TPAP

Molecular Sieves

4-nitrobenzyl alcohol
N-Bromosuccinimide

Sodium hexamethyldisilazide
N-Phenylselenophthalimide
Pyridinium chlrochromate
Pyridinium p -toluenesulfonate
Pyridine
Tetra-n-butylammonium fluoride
Tetra-n-butylammonium iodide
Trifluoroacetic acid
Tetrahydrofuran
N,N,N’,N’-Tetramethylethylenesiamine
Toluene

Tetra-n-propylammonium perruthenate
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anal.
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decomp.
DEPT
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eq.
FAB
HR
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LR
m.p.
MS
NMR
NOE

quant.

PLC
r.t.
temp.
TLC
wt.

XS

circa

Calculated

Catalytic

Concentrated

Correlation spectroscopy
Decomposition
Distortionless enhancement by polarization transfer
Enantiomeric excess
Electron impact

Equivalent

Fast atom bombardment
High resolution

Infrared spectroscopy

Low resolution

Melting point

Mass spectrometry

Nuclear magnetic resonance
Nuclear Overhauser effect
Quantitative yield

Rate of flow
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W, 7 haxza /) I —DB RS KA EROFMEREZMOVETFOEED N D,
one-pot THEMEFTOEM A A[GEIZT D XD e A — REIGOBRESLEN S 2 FH Lz
ZhER), H IR TORBKMAEENRI KO OEND L 9> T D,

—J7. RUBRIREIGOOEDTH D [3,3] 7'~ b v —ix(iX Woodward-Hoffmann
Rz, BB9IZIE suprassupra A CHITT D5 Z 0D, AEREFTZRRB LA~ &
MRICEETTXHFEL LTHALN TS, ZOH T Claisen (71X RFE—EFEAE S DAL
BT o KRF—RBRHE~EAFIEGT L, REFHZMET 2RO LFEL LTHEEZLO
JSABINEHE SR TS, 512, BFOuARNMUORGL W DRnZ E T haxa

I—OBEPOLEELVKINE SNTWD, L LVEEEORSWVWEREL AT D
ARFFVUHL R 38 DRGSR, BRI BRI DR UL AR K WK R 2T D030 720,
Fio, #EKNE LTOIHATH S A — K Claisen HafiI3 &R EE TOFITHEL
WESNTHDHLEOD, EBEFBHE R THORRMERZEN LT-BIIHAE TH 5,

T-H 513, Ferrier BRILSUS 2 WIEBEFBEZHIZ LV | BEHRCROARF RO A LIS
PEL 7 aA~F UFEEAN B Z LI RV ERA R R AR AT - C&E T2, ET2EH,
Overman #2(7, Claisen #5772 & [3,3] v/~ b v B —iB{IZ L A AFHREZIEH L1z
R E R ZRETWNAT ) 72 &, RIRER 2 AEH LI GRa B L T\ 2,

AHFFETIE, FEEHCROAFIRZFIM L, @WK E 2453 2 A 77 DUl ik 35 M OVl
T HARFRFEF L% Claisen (7 H L < IXZDISHATH D4 A7 — 1 Claisen #xi7 % H
WRIERENICHESE T 2 FiE 2 EAEE R DB~ EIGHT 5 2 & T, ARIFIEL LT
DA M, “concise” H.-> “no protecting group” Zfg\ LA FEE L TORREMZ 7R
FTILEAME LI, ZLTEDOEMS =7 v FMeT VYA = —iEiREE T b S
T viaA K galanthamine, FEERIEH 28353577 /L7 21 R morphine [Z3%/E L
72o LAFIZZE OB EMIEONFIZ DN TR T 5,
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1. Galanthamine

1-1 Galanthamine B jFEET VoA RKIZHOWT

MeN

(-)-galanthamine

Figure 1. Structure of galanthamine

(—)-Galanthamine [# 7 > % X ', CAS4 {(4aS,6R,8aS)-4a,5,9,10,11,12-hexahydro-
3-methoxy-11-methyl-6 H -benzofuro[3a,3,2-ef1[2]-benzazepin-6-ol} | (F4/FAE., Klli7e &
B L ORI OHEET S 2 EDOHREZT VI A RTHY . WEIET AV a A i K
TOHEDOITN—TD—D HI7E2I VB REIET VA ROREKRTELHDH (Figure
1) 0.2, 7UNLT)a—LuEETr tetrahydrodibenzofuran BRI azepine ER7\NHgER L7-4%
WETHY, NUDNMINIAFMRIRBZZ AT D2 E0NREE LTHEIT b5, Noxidefhz
BN O DOREIERRIR S KRR D HEES N TR Y FRZ6NKIERED epi K13 < A5
N2 (Figure 2),

R' =H, R? = Me : sanguinine (-)-lycoramine 9a.-hydroxy- R = Me :epi-galanthamine epi-norlycoramine
R' = Ac, R? = Me : 6-O-acetylchlidanthine galanthamine R=H : epi-norgalanthamine

R' = OCOCH,CH(OH)Me (habrantin)

R? =Me : leucotamine

Figure 2. Galanthamine-type alkaloids

1-2 AEFRIEME N OMVE SRR DT

Galanthamine @ 5Ab/KFZEREIEIZEIMN & LT Razadyne (54 Reminyl, Nivalin) @
LB CIRFE SN TWD, T v /3R A & (Narcissus Pseudonarcissus L.) 7> @ HLEERH]
WBAED LHEMPHE HIETH 203, BAENIEFFICTR S (FERERED0.1-0.2%) JHEHFIZ &M
($50000/kg) TiHrDH Z L AR KL72>THY  GRTFIEC X 2 RMAGEDOMENL A B &
SHTW5,

Galanthamine |75/ 2V X7 7 —+€ (AChE) MAEIEHEEZHET 5 Z 0L
MDIZENTEY, 2V AGUZIEES W2 Alzheimer JHIZET 2 E0ERE « SRABERERE O



ETHHIA & LCHERH S TWD (5, KEBENEE{L 4172 narwedine 13§12t
LCHWT LA —KGERZTZERNMbENTWD), 2%, galanthamine % 5
AChEHEZRICHBRIREEN OFEZ R T 2WMEN I TNDH2 2 Lvh | Alzheimer
HEDHDOFBERE S E O, TEREDIERET OMIANEZE THDL LN Z D,
Galanthamine ?® methoxy 5723 /KE& 5 & 72 - 72 sanguinine /X galanthamine 1 ¥ U
PaRT, 7TEEVRBHE LEHEARST 7 VB O (phenol MEFEFER 1-73—2 L
720 ALA W TIHIEENME T+ 5, v B LA (Torpedo californica) © AChE (TeAChE)
& galanthamine & OREFE-FLEE A RO X MG RMATIC LAUT 20, 7 m~F v UBOA
VIADEER Yy FDO NI T T 7oA R VB L D - a HEAERICEZE TH D
(Figure 8), HfEL ., LV IEMHEORWGFEMROBARE I ED STV 5D,

Figure 3. Electron density map and stereoviews of galanthamine in the active site gorge TcAChE.

NH, CO,H
H
—_— + - NH2
—_— -
HO CHO
H, CO,H
2,3-hydroxy-
phenylalanine benzaldehyde OH OH
tyramine tyrosine
MeO. d H
HO
ﬁ” HOIc;L Mej@d_\\
MeO d - b N I — NH
a - -
HO a
OH OH
O-methylnorbelladine

ll a-d coupling ll c-b coupling ll b-d coupling

O N
H
10
HO

OH
lycorine-type
alkaloid

NMe

OH

OH
galanthamine-type alkaloid

crinine-type

alkaloid

Scheme 1. Biosynthesis of lycolis alkaloids



WAt T VA ROF @ crinine, galanthamine, lycorine ! 7 /L v A R¥HIZ
phenylalanine & tyrosine & ¥ #53# Z 1172 O-methylnorbelladine % il O H A L LT
GBS LD, D% phenol coupling (2L DARBRBEAE DI SNDN, ZOLZXDH v
U U TALEDFEWIZ L > TEILETL lycorine, galanthamine, crinine B~ LI 5
(Scheme 1), Scheme 1 @ X 9722 T coupling L T 57z dienone (2% LIEREZEAI 7R
oxy-Michael fHINEE2E Z % Z & T N-demethylnarwedine 23 &% S 41, £ D% DRI,
f2{klZC galanthamine. epi-galanthamine., narwedine ~& Z#i X115 (Scheme 2),

MeO.
0; : N

(0]
MeO. l
Q
’C ‘
OH OH
N-norgalanthamine galanthamine narwedine epi-galanthamine

Scheme 2. Biosynthetic hypothesis of galanthamine alkaloid

1-3 BEDERHFIZ VT

Strategy for construction of 1970s 1990s
quaternary carbon center U. Jordis (1998)
HEES and ERE (1978) b F4T (1998)

M phenol coupling 1960s [1980s 2000s »
All groups except shown below. D.H.R.Bartonand  |R. Viahov (1984: 1st gen, | B-M. Trost (2000: st gen.
M g'g’;‘ﬁg:“aigkc'e?rf;'l"(go o) G. W. Kirby (1960) 1989: 2nd. gen.) 2002: 2nd. gen.)

: : AL F. 1. Caroll (1988 .
U I T e

. C. D. Brown 7 - : .

Other method C. Guillou and C. Thal (2001)
Y. Q. Tu (2006, semi-pinacol rearrangement) Y. Q. Tu (2006)
EikEN and BIEE R. C. D. Brown (2007)
(2008, double Michael addition - J. M. Reddy (2008)
Claisen condensation cascade) FHEEE and TIRE (2008)

(IM : Intramolecular)

Table 1. Chronological table of galanthamine synthesis and synthetic strategy

H DA RIE 1960 412 Barton & Kirby O 7 /b— 712 X » CEREIN TS (Table 1) |
VIR, FEBVEMERIBIR L . < OEREZ AT 2RFRLMEDRS HEamTH D Z LI
K 2 ABEE AL SR 22 BUR O W > D MG IS B RRER 5 23 72 STV 5 20,209, K#(Z 2000
FRIZA S THBIE 2008 FRERTREZ 7T 2b D7 A—TIZ KD GHRMENREN D7 L
TAELE 2 B RRFZEDNIE RIS 72 5 TN D, DB IR 134 B BRARGII Bl > 72 B R 23 K
Bk 58| FRICAR Y DAL T IR ER 32 OAEEE X2 (LY phenol coupling % F VN 7= Bk BE 2354
EThsb, TOMDTEE LTI Guillou & Thal 5D 7 /L—"7 39 Trost & 30, Brown 3¢9
5O/ T N—T7 L b NIEEAR-Heck St % W TV 5, F 72384 Tu 513, semi-pinacol
HRNL 2 R U 72 O AN TS U R 52 DAESEIZ KL > T galanthamine DO&& R Z K L



TV 3, DI, BHOICKDEBAFFEECLDVT AT VBRI T = ) — 7
v TV T RS E Lz 2A 5] (Scheme 8) 3¢, ARFFECOEERPRIA L 72D
Guillou, Thal & @i = AR-Heck Mt ZFIH L= 4285 (Scheme 4) . Tu & ? semi-pinacol
i & W22 A (Scheme 5) | k. A)II 512K % double Michael f1/l-Claisen & &
73 A — RIZ X 5 2E R (Scheme 6) 32 %777,

OBn
MeO

TFA

HN_H Bno £OCF, P S TEA
BocHN H 1) tyramine, EDC-HCI H™ YuBn from methyl gallate 1) trifluoroethanol

0NN\, _ HOBt THF, 95% 1) dioxane, 80% B 40°C,61%
HO 2) MsOH, MeOH /©/\/ o 2) (CF3CO)20 pyr. 2)BCI3 CH,Cl,

N 40°C, 97% HO 0°C. 9 -78°C, 90%

N-Boc-D- HO

phenylalanine

1) NaBH,, MeOH
0°C

2) HCO,H, 60 °C
(100%
for 2 steps) >
3) LiAIH,
THF, 94%

m\O

"u,,/

3) L-Selectride EtOH

THF, -78 °C 80 °C

78% 96%
Ho“

1) T£,0, pyr., g3%
COCFs 5) Pd(OAC),, HCO,H COCFs  koH
\’} __DMF, 100%_ \'} _BuNBr
BN T > IBn
0

(-)-galanthamine

HO"

Scheme 3. Total synthesis of (-)-galanthamine by Node

MeO. MeO.
HO ; o ;
|

HO, HO, o |
BF,-OEt, from guaiacol Pd,(dba),, dppe
L| t-BuOH ethylene glycol EDCI, DMAP TIOAC >
I|q NH3 -78 °C ethg;,og °C <5 . oCCtHz?lzgoo/ CH3CN, 67%
or.t, o o 0
OMe OMe -/ /
p-methoxyphenyl

acetic acid

MeO. E
o
1) PhsCBF,4, CH,Cl,

quant.
o
‘ 2) (PhSe0),0, MS4A
CH,Cl,, reflux

Me MeO.
H
HO O o G
MeHN N NHMe | o

o]

0 (o

MeO. l
_(CHO), TFA _ L-Selectide _ NMe  LiAH,
'z
(CH2C|)2 60°C " THF 78 °C “ DME, 50 °C
93% o 80%

H

40% MeNH2
THF quant.

Q0 5%

0
O

O

OH
(x)-galanthamine

Scheme 4. Total sytnesis of (*)-galanthamine by Guillou and Thal



MeO.
MeO CHO O oH
o NNHTris OTBS MeO'

TBSO
Trishydrazine from o-vanillin TBSO Bre CHO
1N HCI 2.2 eq. n-BuLi ‘ NBS DBU
> > —_— [
MeOH, 90% TMEDA / hexane (1 : 9) CH,Cl, DMSO
Q0 Q” o -78 0 0 °C, 85% o o 95% o o 95 °C, 90%

1) MeO ~PPh; Me MeO

1) LDA, TMSCI 1) 1IN HCI, THF
tBuOK, THF, 98% _ THF, -78 °C o 40°C, 99%
2)TsOH S " 2)Pd(OAc), Na,CO, N 2)Ac,0, pyridine
thyl lvcol I} H;CN o DMAP, CH,Cl,
gce);::: %’;0 (64% for 2 steps, 80%
’ ° 17% recovery of ketone) H
o 3) L-Selectride, THF OH
-78°C, 93% Y
MeO MeO. MeO MeO O
Guillou's
NBS AIBN (CHO), n, TFA procedure g NMe
', CHO CCI4, 95 °C ,, NHMe CHZCI)Z, 82% O, =,
,, then NH,Me @ " ‘
75%
5 5 5 OH
OAc OH OH (x)-galanthamine

Scheme 5. Total synthesis of (*)-galanthamine by Tu.

MeO. MeO.
PdCl MeQ. o -
cucr 3 t-butyl acrylate (2.5 eq.) BnO BnO 30% methanolic
e o BuOK - - HCl
Bno ° (62% f
DMF H,0 THF, +BuOH ¢ 6o for
60% O, e CO,Bu COBU 5 steps)
BuO,C
O-benzyl- S
o-eugenol
MeO.
MeO MsO. 1) SOg-pyr, Et;N
O ) DIBAL-H 1)5% Pd/C, H, gé\g/SO, CH.Cl,
Bno M» 0 __MeOH, 100% _ g ~ » O,
, 2) NaClO,, NaH,PO,
o 2) TsOH-H,0 2) MgCl,, THF " 2, NaH;PO,
‘ CoMe | THF 85% oH +BUOH, H,0, 91% COZH
(68% for
2 steps) o 0
(? MeO. MeO.
Pho/('.’)"\‘a 1) TBSOTF, Et;N O
Ph NHCO,Me _TFA, (CHO), | CHaClp o NMe
EtsN, tol., reflux (CH,Cl), 2) Pd(OAc), N
then 100% p-benzoquinone
MeOH, r.t. MeCN Y
(66% for 2 steps) OH
3) L-Selectride, THF ). f
1) L-Selectride, THF 78°Ctort, 99% “eandalanthamine
-78°Ctort. 4) LiAIH,, THF, 48%
2) LiAIH,, THF

(81% for 2 steps)

(£)-lycolamine

Scheme 6. Total synthesis of (*)-galanthamine by Saito and Ishikawa.



2. Morphine

2-1 Morphine BIIF 7 /v v A RE R OCES R EEIZ OV T

g

(R) (R

H

N
H

morphinan
skeleton

R=H :(-) - morphine
R = Me : (-) - codeine

Figure 4. Structures of morphine and codeine

(—)-Morphine [E/rE 3, H LLIFENALT 4, CAS4 {(5a, 6a)-7,8-didehydro-4,5-
epoxy-17-methylmorphinan-3,6-diol}] %, R FHADRAMAIIE L V155 LT KD FAL
ELTHBEENDT VA RTHY | MBHERERN LI 2L RN 6ZOFHEMETH
JRS —RICHIISNTND 9.9, R RER ORI KL 10%72° morphine TH S5 Z &b
LD LI, R T AiaA RELTUIEFICEEILHEOLNLILAMTHY |
morphine % HFEFELE L7 Y-B A B4 A RMEEWDE ML S IET AN T T
W5,

% O 1% &% 13X hexahydrophenanthrene £g | piperidine E N AEER L7z, Wb D
morphinan ‘H# {(4aR,10R,10aR)-1,3,4,9,10,10a-hexahydro-2 H-10,4a-(iminoethano)-
phenanthrene} & dihydrofuran B2 X VD > TV, T TN EEEZHL TN
(Figure 4)., Morphine & [7] UHaxf S2AR(E 20D morphinan ‘B % A9 5{b&¥1% N-oxide
B2 BIE72 E B EDIEFITEL S FIEL TS 40.4d ) F 7= morphine & [T LR LD
@ morphinan B#E=HTHT7 /A LRI E L TFEL TS (Figure 5, 6, 7).

R;=H, R,=H :(-)-codeine R=H :codeinone R;=Me, R, =H :(-)-thebaine normorphine
R;=0H, R, =H :14-hydroxycodeine R =OH : 14-hydroxycodeinone R;=H, R, = H : oripavine
R;=H, R,;=Me :6-methylcodeine R =Br : 14-bromocodeinone R; = Me, R, = OH : 16-hydroxythebaine

MeO. O
HO
NMe ‘ NMe
MeO

O
(-)-neopine neopinone salutaridine

bismorphine A bismorphine B

Figure 5. Natural opium alkaloids
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OMe
MeO. O
G, 'N7
‘ H Me
OMe (0] OH

(-)-O-methylpallidinine sinomenine sinoacutine sinococuline
(enantiomer of
salutaridine)

MeO

Figure 6. Natural alkaloids possessing ent-morphinan skeleton

oxymorphone naloxone naltrexone nalmefene

(1 - agonist) (1 - competitive (1 - antagonist) (8, , p - antagonist)
antagonist)

H MeO

NMe NMe NMe
MeO
(-)-heroin Me levorphanol dextromethorphan
(u - agonist) (8, %, u - antagonist) (only antitussive
etorphine buprenorphine potency)

(analgesic potency (partial p - antagonist)
approx. 10000 times
that of morphine)

Figure 7. Selected hemisynthetic opiates

2-2 ARG L OVAEREMEIZ SV T

Morphine DAA AR EE X, & OAEBEMEICX T 2B LOMRI & &> TN D6
mE& 725 T% (Scheme 7) 9, L-Tyrosine & ¥ #%%& S 1172 dopamine & 4-hydroxyphenyl-
acetaldehyde & ™ Pictet-Spengler S intZ CTA V& /7 U U BH#%E A9 % (S)-norcoclaurine
b, EOBHOEHOE, BRERN D SITLEERIC L > T EARFANHEEL, 7%
7 V72 iminium ion Z#&H U CHRERRIEICIC TR HEMYE (R)-reticuline L 725, %
D#1E galanthamine DA R EE [RIEEIZ phenol coupling (2 & - CTE Zdifs, JEREEA 72
SN2 ISIZ T 7 T U EROEFEN /2 S, thebaine ~ L #FE X5, £ D%, neopinone,
codeine % #%C morphine & 72 5,

Morphine Zfih & L7e A A A REEIZ 6. k. u D3 ODF A A FZEERIHEAT D
T & TIRAENE, SURIMER 2 BB 5, FRARTORBUERNIIMALIZHIE S TW D25,
F VA FZFKRELIFEHECHEAEEH L TV Z ERMR I TWD, #EREHRIZ3 -
DZFREETHREE L TEBY | KT BB S57 5, Morphine X 3 DWW 1D
SRR L THT T=X N ThH DA, FFIC u SAEMBITRIISHE S L @Rt DK

=1/700 : 1/120 : 1, naloxone % 1/24 : 1/4 : 1) | kkx ZefEAIZFEIC 1 x@ﬁi% fbf
FHT D 9,

ZDOFEHA RZEEIINTENEA EA A F (enkephalin FiZe &) DA TE 24X ThH
D, TVE=ULA T EfEGT DT =494 b (Figure 8, Asite) . p-hydroxybenzyl



L-tyrosine henol
decarboxylase /©/\| p enolase
/@/\‘/COZH/ vamine OD/\I
HO NH; stereospecific
dopamine Pictet-Spengler-type
L-tyrosine reaction by
phenolase deca rboxylase (S)-norcoclaurine synthase
L-3,4-dihydroxyphenyl-
alanine(DOPA)
Ltyrosine 4-hydroxyphenyl-
transaminase pyruvic acid
OH decarboxylase
4-hydroxyphenyl- 4-hydroxyphenyl-
pyruvic acid acetaldehyde
MeO. MeO HO.
O NMe O NH
HO 1H tetrahydrobenzylisoquinoline HO "'H norcoclaurine-6- H "

-N-methyltransferase O-methyltransferase

J - ®

HO HO

(S)-N-methylcoclaurine

(S)-coclaurine

(S)-norcoclaurine

phenolase
MeO. MeO
? S Cmemyanstorase o J NMe (s rotcuine 1o g 2Ny
- HO H oxidase » HO
MeO O O

(S)-3-hydroxy-N-
methylcoclaurine

(S)-reticuline

1,2-dehydroret|cu||n|n|um ion

1,2-dehydroreticulinium

reductase
[~ Me
MeO. regioselective oxidative Me
O phenolic coupling
by cytochrome P450
HO cn
' , salutaridine synthase
O NMe NMe NMe
MeO Me Me
. © R)-reticuli
salutaridine L (R)-reticuline
salutaridine
reductase
salutaridinol- ) MeO not-yet-
7-O-acetyl- non enzymatic charactarized
HO transferas syn Sy2' enzyme
< — —_— Q
O NMe ¢, NMe
MeO™ MeO
OH
o thebaine
salutaridinol
MeQO
not-yet- )
charactarized codeinone
L enzyme reductase

HO™

morphine

codeine

codeinone

neopinone

Scheme 7. Biosynthetic route to morphine

DEIBRFEFEREn-n AZ v XU ZITTEAET YA b (C site). £ L TEOMIZH37
7efE] (B site) NFE(ET D, WIEMEA E A A K TIiE72V morphine $ Z DZERIZ 721 &
TFED 2L ENTE, HEEZRILT 5, Lo fEGET AT E KAl (FEAA R
SR R I Him T A SRR (N, N-dialkyl-3,3-dialkyl-3-phenylpropanamine % 9 %)



ERTHDOTHY, O /NERTNAFNEE LD =MERNFET D, @ IWhRFEND 72
KEb—2HY, TO—DIZT7 == VEBRRET D, @ =HREFRLMUHRKFDOMIZ 2 4
DAR—H—RFENHDH, O 3HAMNLEKD} %% 12 LT pethidine X° methadone &\
> T bex IeiB B DBIFE DM T TN D ),

o sit C site
. site —_—
,—|C site C site —
1
OH 7-8A 8A
7-8A OH Bsi B site
B site site
B site Me Ph
(o) N
H, Ve, /- on Me\N CO,Et @"\‘—HO
e
H Gly-Gly-Phe-Leu(or Met)-OH N — Me Et
A site (0] A site H A site A site
terminal tyrosine in enkephalins morphine pethidine methadone (salt)

Figure 8. opioid receptor-fixed molecules

2-3 WEDERBNTDOVT

1990s
M. A. Tius (1992)
L. E. Overman (1993)

HO 1950s K. A. Parker (1993)
M. Gates 1970s P. J. Parsons (1996)
S (1952, First synthesis) M. A. Schwartz (1975) | J. Mulzer and D. Trauner (1997, 1st. and 2nd gen.)
., D. Ginsburg (1954) H. C. Baeyerman (1979) [ J. D. White (1997, 2nd. gen.)
i H NMe . .
HO™ 1960s 1980s 2000s
D. H. R. Barton (1963) K. C. Rice (1980) INEEREIER (2001)

G. C. Morrison, R. O. Waite

and J. Shavel Jr. (1967)

R. Grewe (1967)

BAE:A and BAE—HE (1969)

D. A. Evans (1982)
J. D. White (1983, 1st. gen.)
H. Rapoport (1983)
P. L. Fuchs (1987)

D. F. Taber (2002)

B. M. Trost (2002)

K. A. Parker (2006, 2nd gen.)
1EILE, EhhsE and HBER (2006)
T. Hudlicky (2007)

C. Guillou and B. lorga (2008)

Wieland-Kotake
model structure
of morphine

Table 2. Chronological table of morphine synthesis and Wieland-Kotake’s morphine

Synthetic strategy for construction of quaternary cabon center

Diels-Alder reaction 1,4-conjugate addition IM Mizoroki-Heck reaction
HoO. M. Gates (1952) P. L. Fuchs (1987) L. E. Overman (1993)
M. A. Tius (1992) J. Mulzer and D. Trauner (1997) B. M. Trost (2002)
INETREIER (2001) BILE, TR
and 1% &K (2006)

Claisen rearrangement
1) Eschenmoser type
P. J. Parsons (1996)

T. Hudlicky (2007)
C. Guillou and B. lorga (2008)

HO™ IM phenol coupling
D. H. R. Barton (1963)
M. A. Schwartz (1975)

J. D. White (1983, 1st. gen.)

(-)-morphine

IM Friedel-Crafts type reaction
G. C. Morrison,R. O. Waite
and J. Shavel Jr. (1967)

R. Grewe (1967)

H. C. Baeyerman (1979)
K. C. Rice (1980)

H. J. Schéfer (1986)

Table 3. Synthetic strategy on morphine-synthesis

J. Mulzer and D. Trauner
(1997, another route)

2) Johnson type
H. Rapoport (1983)

Others
an

IM a-alkylation of enolate

D. Ginsburg (1954)
D. F. Taber (2002)

& and 84 E—HR (1969) : IM Pschorr reaction

D. A. Evans (1982) : enamine-anion alkylation
K. A. Parker (1993) : tandem radical coupling

J. D. White (1997, 2nd. gen.)

: IM Rhodium carbenoid insertion reaction

(IM : Intramolecular)

Frf i O SEIEMEICB L T EN B IA< b TV, H—0ABEEmE L LTo
morphine O#E1E 1806 H-, KA Y D IAAN T & - 7= Sertiirner I LD b DONKATH D,
PIRE, 2% < DILZFEE BT L » THEEIRE, AKOE N7 S, 100 FLL EARaE L=
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1920 FRIC 1T 2 O Wieland-/M7T7%! & Gulland-Robinson ! (BAEDIE LW M#ERE) @
2 FFHITHE BT, IR FIITIE 1952 4RIT Gates B2 K 2 HIDEERUT K 0 #seh STy %
GO0y TGN IE S, Gulland-Robinson B3 E LW 2 & 2VRE 7= (Table 2), =
FUUZ £V morphine D& ITIRE ST, Z LUK b M TR ECHIEO 72 577, =
== I R FEETICEICZ OFREL AT D ZORSFLEW &2 W INIEERICE
T2, L0 ARAEALZER 22 IS b % < OILFEENGRHITEZHE L T\ 5, 1952
HFD Gates DEALN D 2008 FEHIIE F TIZ morphine DA E 721 TH 20 HILL E,
EHIZAT 4 VT IADSBETIELIEPEZUINARVIEE DR IR SN, BETHEL
DIFFEHRE D2 S TS 0.7,

Morphine DG RIZIBWTHEE 72 5 DR PAN. D ARF IR R TE DR TH 5, SRR
HEPBZ L ENTWVDLZ Lo T, FEFICZIEITHR 2K ®E S Tu5 (Table 3),
ZORIZHEFICE L ORERBIBRE SN TEY BETEMAT D Z LIFHRRWO T,
I TIEAMIEICEBWTEERAKRIETH D Rice HIZ XD morphine -~ D 75 %

(Scheme 8,9) . ™ Parker © (Scheme 10) 7.7 Mulzer % (Scheme 11) 7, 7K, 70, 7m), Tn)
/INEJR S (Scheme 12) 70, 35 L OERHT O A RHI T % Guillou & (Scheme 13) D] 7 ¢
HaERY B, ZoMofixn BN ClEERT 2 &2 5, 723 Rapoport o, Parsons
5 DOARAIE L O Mulzer . Hudlicky & DAY & 13825 ETOT 7o —F
Claisen #&\7 & F\ 7= KR A R DTE TAv T,

Parker's work(1992)

PhSeCl

ox. EtOCOCI (xs) 35% HCI
—_—
83% , benzene AcOEt
Me NMe  refiux 85%
100% CO,Et
(+)-dihydro- (+)-dihydrocodeinone
isocodeine 1) PhSeCl
2)[0]

LiAIH,
THF

reflux
71%

Me MeO. MeO.
HC(OMe), 1) HBr-H,0
H,SO,4 TsOH o CHClI,, -5 °C
MeOH, reflux NMe CHCI, NMe 2) NBA NMe
100% MeO 120°C MeOH, 0 °C o
0,
Med MeO’ (83% for 2 steps) MeG Y
r
dihydrocodeinone AS-dihydrothebaine 7-bromodihydrocodeinone
dimethyl ketal dimethyl ketal
MeO. pyr-HCI
MeO. MeO. 390 °C
(Gates : 34%
t-BuOK » g AcOH o NaBH, Rapoport : 22%)
DMSO, 60 °C 83% MeOH
0, or
7h, 98% NMe (Gates : 83% NMe  eer, CHel
(Rice's M Tius : 95%) W o i)
modification:  MeO 0] HO' 88% (Rice)
DMSO, r.t., 48 h) codeinone codeinone codeine morphine

dimethyl ketal

Scheme 9. Rice’s route to codeine and morphine (2““I generation)
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Me.
NH, 1) Li /NHy, -BuOH MesnTs MesnTs| N
-68°C, 97%
2) TsCl, NEts, THF NaBH,4 ) Ti(O' Pr),, benzene
; INHCI, 81% CeCly mCPBA 70 °C, 85%
3) Mel, K,CO;, MeOH CHzc'z TBSOTf -Pr,NEt
MeO acetone, 96% o 0°C,97% |no 0°C, 92% .78 oC, 82/%rz
) A ()-8
phenethylamine
MeO. e MeO.
from o-vanilin
Mesnrs 1) Ve,
HO SPh 1 Bu3SnH AIBN S
HO, Br Br/ W
0, 0, 'I,'
PBus, DEAD, THF, 0 °C, 83% “, SPh 130 C.35% “,
TBSO 2) 10% HF, CH4CN, 98%
HO
Li/ NH Swern o
tBuOH, THF 83%
NMe -78 °C, 10 min
ts 85%
(z)-dihydrocodeinone
M
e\NTS MS‘NTS
1) Bry / NEty, 91% Na(Hg)
A ) Bra s 2 Br 2 ﬁ (-)-dihydrocodeinone
2) catechol borane r THF, MeOH
y Ph 90%
z Ph HO HO
O N
Nﬂ%’ (82%ee) (R)-B
Me
-78°Ctor.t., 84%
Scheme 10. 1% Gen. and 2" gen. Formal synthesis of morphine by Parker
M 1) Cl,, AcOH, 99% MeO ¢l 1) methyl vinyl ketone MeO. cl
© 2) (COCl), Et;N, MeOH - O 1) (CH,=CH),CuMgCl
benzene, 50 °C " 9 THF, -78°Cto 0 °C
: y MeO 2) KOH, dioxane, H,0, 81% MeO .
MeO ,SnOCI4, b(inene 3) resolved by chromatography ; TMSCI, BtsN
HO,C 0°C. 71% ] or flash chromatography 2) NBS, THF, 60%
4-(3,4-dimethoxy- 3) HCOzMe, NaOMe | (eluent: MeOH) on cellulose
hen‘ )butyric aélid benzene, 95% HO' triacetatete(CTA) or on MPLC O
phenyl)buty! (eluent : EtOH / H,0 =96/ 4)
A (>99.5%ee)
Me Cl MeO. Cl Me Cl MeO.
1) TMSCI, (CH,0H), 1) Raney Ni, KOH
MeO DMF CH,Cl,, 92% OH " MeOH, 98%
o
Br 140 °C %, 2) BH3-SMe,, THF 2) PhSO,NHMe 2 N—Me
99% ; H20,, -OH, 70% 0. ADDP, BuzP, 81% 0.
. : ¢
[e]
Me!
NBS
(PhCO,), Li, NH; 3N HCI
—»
CCly, reflux THF, t-BuOH NMe 90 °C, 95%
then Et;N -78°C, 79% o)
reflux, 67% <—O

(-)-dihydrocodeinone

MeO. eO Cl
1) DIBAL-H, THF
)-78 °C, 80% L|BHEt3,THF 96% DMDO
2 MeQ OMe T ieq ove > Meo 2) PhSO,NHMe, Bu,P ) PhSONMe. Bup . MeO (Egztg'rzt
Hs NMe, ADDP, benzene, 90% T—Me 50% —Me
toluene, reflux, 64% SO,Ph SO Ph
(Eschenmoser-Claisen 2 z
rearrangement)
OMe MeO cl 1) Hy, Pd/ C MeO
Et;N, MeOH
Q—Me 2) Swern ox., 90%
TFA d 4
THF PhO,S_ /° > Me 3) TMSCI, (CH,OH), N—Me
83% N, \ N CH,Clp, 92% o H
M
© ("O\H HO SO,Ph <,o SO,Ph

Scheme 11. Formal synthesis of morphine with 2 type-strategies by Mulzer
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MeO.
o)
A mgal < ome
oMe NBS
CHCT,, 507
1

1) MeO om
. e
Li ‘Q
\ THF, -78 °C OMe CuBr-SMe,, TMSCI
—»
(?MOM 2) PCC, CH,CI A HMPA, THF, 75% A
4 212 , f o =5 -
(81% for 2 steps) ~ MOM MOM (dr=5:1)
(99%ee)
== 0
Br 1) (CH,OTMS),, cat. TMSOTf (CH20H),
pMe DME CH,Cly, 71% cat. p-TSOH-H,0
O OMe reflux, 30 min OMe 2) BH;-SMe, benzene, reflux
MOM 82% ; 30% H,0,, NaOH, 72%
3) PivCl, pyridine, 87%
MeO.
A,
—

OH A
OPiv

Me!

Li, NH,
+BuOH, THF

-78°C, 70% 0
d

Mulzer's intermediate

NMe

W

1) LiAIH4, THF, 100%

OPiv _ 2) PhSO,NHMe
ADDP, PBu,
THF, 78%

Mulzer's intermediate

Scheme 12. Formal synthesis of morphine by Ogasawara

MeO MeO.

HO
|
o |
Pd;(dba),, dppe

HO,C
from guaiacol
- TIOAC 5

HO,C HO,
BF,-OEt,
Li, £BuOH ethylene glycol EDCI, DMAP
lig. NH3, -78 °C ether, 0°C CH,Cl, CH4CN, 67%
81% C{_/O 0°Ctor.t., 80% o Yo
\/

97%
OMe

OMe
p-methoxyphenyl
acetic acid
MeO
@ e D
H n
0 1) Ph3CBF,4, CH,Cl, 0 O Bn\ HO O \O ll\lMe
4 quant. - HNMeBn MeN — .
2) (PhS€0),0, NaHCO; & ‘ THF ) ‘ d 0
oo PhClI, 120 °C, 60%
\/ X I {o
MeO. 1) Ti(OiPr),, PhSiH3
MeQ OMe 2) TsOH, tol.
(40% for 2 steps)
O Me

H,C” ~NMe,

3 oo el
(CH,Cl),

4) TsCl, EtzN, CH,Cl,
(83% for 2 steps)

NMeBn
decalin, 215 °C

LiAIH,
_——— ,,
THF, reflux “
49%
OH

(77% for 2 steps)

. MeO.
MeO. 1) Dess-Martin
Se0, periodinane Li, lig.NH3
t-BuOOH CH,Cl, t-BuOH
dioxane 0 2) NaBH,,, MeOH 2 NMe THE,-78°C
50°C r?lMe (28% for 3 steps) H I 8 min, 51%
Ts HO" Ts HO™
(*)-codeine

Scheme 13. Total synthesis of codeine by Guillou
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3. Claisen #zfif

3-1 Claisen #&{\ZIZ DU T

2 [3,3]sigmatropic 2 ARG OFER ST H 5 Claisen LI allyl
3 X/\} 4 rearrangement 3 AN X ) -
4@3;6——————>»4\\6 vinyl ether #§i&23 [3,3]2 7'~ b m &'—iix
s X=O,N, 8 5 PR Uy, 6 ~AEFIA VR =LAk &
Scheme 14. Claisen rearrangement 72 AT, 1912 412 Claisen |12 X - TH)
OTHEINT Y,

C-4 NI ARFRFETHHEEIITEDOREN C-6 fi~LEIND, ZDL & X=8S D4
(21 thio-Claisen #iz(i7, X=N D413 aza-Claisen #5(. TH V., X=C THHHEHD [3,3]
HENZ 1% Cope H&fZ & FEIEILD (Scheme 14),

[3,3]2 7~ b v B —Bafld RN SA R IE ZRET D & D IThiFRICH#EfT S 2 & ST
W53, Claisen A2 BV TIHR 8L & AR — R OBEBIRRED = 3 L ¥ —Z 307
(Cope HEALDN-453) EH 5 OBEBIRE T HIBITE Z 5, & HICREEMNERR TH D551
X, R, A— MO EL L THRFEER E ONARKFENE L 57O OEBRED
THNF—ZNI LIS BEICK > TUIA— MNMITORRNMESE L CHEITT 5
ZtbdHDH, Houk HDFFHEAERICEIAUT Y, BOBKGED, anti-chair B, & L (X
syn -boat B COERL N =RV X —BNZHRIRGE D32 <. KR syn -boat B FF|TH 5
L&D (Table4, ZZCTE 9 syn, anti (377> 72X —L & KNS Lo o
RFEE L OMEOBREZIET), T7bb, TRALIZAFL K 5 1Tk FAUERIREZ TS
AN, RBRFERIIAR AN — MY %2 URFRFEE L LZERRFRIZE 5 & 308
BRBIIAFN 2R — M) 2D GBRAFNIRD L N) 2L THY ., ZOMEDNRNT A
NI OBEBIRBICRE SHELTVD VR D,

R! R’ Mem==0O
R? -
Y T TR2 \:__ LR2
MeO\%\R1 ---O{ [ (O] / 2
- ]
wEY 2T
1
wd wd R
substrate syn-chair TS anti-chair TS syn-boat TS anti-boat TS
AH (AH,¢) (kcal/mol)
R'=H,R*=H 22.9 (+0.9) 22.9 (+0.9) 22.0 23.7 (+1.7)
12 2 _
R"=Me, R =H 242 (+13) 229 251 (+2.2) 243 (+1.4)
((Z)-ketene acetal)
1= 2 —
R7=H,R"=Me 21.8 (+1.0) 22.0(+1.2) 20.8 22.2 (+1.4)

((E)-ketene acetal)

Table 4. Transition states on Claisen rearrangement calculated by Houk

Claisen BANL 1T AR~ 72 KGR NGFE L, N EZET D TIEL 2V, EOORWITIG T
THRE RPN DT D2 EMTE D, TOFTHRICES HW SIS Ireland %Y,
Eschenmoser %, Johnson-orthoester %™ 3 D2 DWW TLL FIZEHHT 5,
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Ireland-Claisen 8sf7i%, HEIZI VAL AT NV ) 5 — 2 VLVRIRHEL TN T
7L, VI ) —)vm—T )L e LTI S/ 5 LT,/ —~ V72 Claisen B&( & BR IS
FHAER L Z LB TS TETH S (Scheme 15), #ikd “JE L EOE T RLX—%
VLT TN a— VOB LREZRRN L bdbo T, RIRFEEORMZREME T Tolis
LA FIRE & 72D Z E MR CTH D, MIZT VAT v a— Ikt L THEA L L9 & L
LT Vb B OB O TR AT 5 2 LN E L i U TR & 72 5,

A Base / [3 3] desilylation A
—_— —_—
(o) . OTMS OH
RN ; TMSCI R-*'\r R
0 OTMS o

Scheme 15 . Ireland-Claisen rearrangement

Eschenmoser-Claisen #5(7|X7 U L7 /L a—)L L7 I K7 X — /L DT & X —/LAZH
=T IV 3 — V=R U & SR T 28T O )i C. FAE OEA121E N,N -dimethyl-
acetamide dimethylacetal 23\ 5 v, AEE#) 1% N,N -dimethylamide & 72 % (Scheme 16),

Johnson-orthoester-Claisen ¥&\f DA ITBABEAZTE T, AV h= X7V GhE DL
triethyl orthoacetate) % F\\ CIRARICZSE S 2 FIET, AT = ATV Th D, HEfil
L LR EOHE T A R, BN VR FRRIREOT UV RBHVWBR, 2D
f1Z1% 2-nitrophenol 10, montmollironite #i. pentachlorophenol, 2,4,6-trimethylbenzoic
acid &V I FFEBHE SN TN D, B L TS EEEEOENT K5 R/HEMRR L Vo7
WAV, MTEE LT VLT a3 —)Lin D OZE#) onepot TITA25—F, T/ba—)b
D NifE TR 2 Z e T2 OB F COSIRNZIFESHE 12D,

MeO)(OMe r MesN OM NMe T NMe,
e, e 2
Me™ “NMe, D, Meon A 33] o
O 5 o — P
A A
OH
A _ _
/\) EtO OEt _EtOH ;ft . OEt
. (@)
CH;C(OEt), 0O —F> (0] —
with / without H* N N =

Scheme 16. Eschenmoser- and Johnson-orthoester Claisen rearrangements

FIHEAIZ D LA AFBAREEIZ BT A28 b 5 < E STl v . AIAID, PddD,
CulD #HAW=b Dk ERHms S Tunas, iz s Hg(D) 12X % oxymercuration % F|
L. EO = =—TFT Lt o —T VRS E 5 Z & THRNICT allyl vinyl ether % ik
L, B S5 FELMON TS (Scheme 17) 11,

oot [ 2y e
[ A . —_—
\/V\Ph n-butyl vinyl ether NPh pn

reflux (72-79%)

Scheme 17. Mercury(ll)-catalyzed one-pot Claisen rearrangement
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3-2 KW ERIZI T 5 Claisen BENAAIZ J 5~ 2 VA7 DUk bR SR A S 45

Claisen HEZIZZ DA MMM S L OREMEMICEA SN TE 7, FIcy /'~ hrb—
WAL OPEE 20 L, RFIREIC Lo TR FEEZEET SR A BT 5, £7-,
Claisen BAAZIEZJFEF & AR ORGED HR D | WIS RIFFITE Z DI W2 ENBINER L
S HERMESD Z LN TE 5D, FHE, Malachowski H? (—)-lycoramine D4E K 122 |Z
BT Cope FAALIT & Do DL IUARER R DT O T V228, B AR bR C
CoVEEZGTOEETHY . BIFNRERHEVETRNZ LD 13 A 7 VDR
PEL 785 TLESTWD (Scheme 18), = DA T# Claisen AL ITEIL TV D,

MeO. l
MeO

P 1,2-dichlorobenzene - - NMe
reflux, 63% |
Xc (after 3 cycles) Xc
O O  grewmemmmmmmoooooee N 0 o
1 -

! Xe: OMe jess thermodynamically (-)-lycoramine
! N i favorable
1
: 1

Scheme 18. Total synthesis of (-)-lycoramine by Malachowski

LITFIZ, DR FEOF THIAREENKE WV E SN DR DN E R R~ L2
#9252 Claisen #afir % iV 724i% 7~3 Rapoport ©Iid pivalic acid ZFEefifit L L 7=
Johnson-Claisen #£(i7(Z T codeine DPUFEAFK HLEZHEZE L T 5 (Scheme 19) ™). 79, ™),
™, LI L—KBENS DN THLT-OTEIARTORBIZE EEoTNS,

MeO. MeO. MGOD

MeO MeO MeO' <
11 mol% pyvalic acid z
CH;C(OMe); o —_—
| . . MeO,C [N ~_NMe
HO. NMe diglyme, reflux, 70% NMe
Evans' intermediate
(0] O of codeine

Scheme 19. Formal synthesis of codeine by Rapoport

Parsons 51% (—)-morphine &K D EE. Eschenmoser-Claisen fizfiz & iV T
NALARF VAR P L ERELE L TV D T, L LEREHE OFRICE LT TIE7Ze < BBt i
LLTEPN TN DDA T, iR & & O FERSA: < RILOFEMAFEIR S TWRN T,
A7 23% 0 (Scheme 20),

<O <O O MeQ_OM <O O
e e
o] NaBH,, CeCl; O Hsc)<r\uv|e2 © 4

X ?

—_—
oW Sh
o OH

OBn OBn OBn
(49% for 2steps)

(-)-morphine

Scheme 20. Total synthesis of (-)-morphine by Parsons
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Mulzer 51Z[FE U < (—)-morphine D&k DER, Eschenmoser-Claisen &)\ 2 V5 Z &
THAEMZEK L T D (Scheme 11, 21) .M. m). ™), Z OFE EFOBZEE LRV
BT = = VO BB TR SRR IEFIARICE THBME D B R0 E W ) ERICK D>
TW%, Mulzer HIZZOHAZIMAFRIEUC LD VCKEENRER THL LEX, EEHE
FHEIZEVITWEZRMEERICT 2 2 IC k> CZOMBEZ R L T\ 5,

—J . Hudlicky & % [A#£IZ L T Claisen #47(Z C morphine OVUFLRFEEZEZ L L 5 &
AT, EINMETORNEITL, BHOLLEWEIHFONT ZORKEREL T 5D
(Scheme 22) ), #xA773 9 F < HEFT LZRWBLHIZ DWW T 51X, Mulzer & & [RIERIZHR 7
WZEDBHDTHAD EEZTND,

C3(0Me
NMe,
MeO' H
E\q NMe,

MeO

xylenes, A NMe,
maximum 25%

MeC}(OMe MeO O
Me” “NMe, 0
—>

OMe Me
OH
NMe2 MeO
xylenes A NMez NMe,
maximum 24% \
6]

1) 0sO,, NMO, acetone, H,O X CH,
2) NalO4, EtOH (87% for 2 steps) X=0

MeQ OMe MeO Cl

HsC” “NMe,

toluene, reflux

H
U (64%) (-)-dihydrocodeinone

Johnson or Ireland
Claisen rearrangement

Scheme 21. Formal synthesis of (-)-morphine by Mulzer

MeO.

CH;C(OEt);
COMe propionic acid MeO H CO,Me

160°C  \\

NHBoc - NHBoc
‘ H \ |

HO CO,Et

Scheme 22. Synthetic approach toward morphine by Hudlicky

MeO'

Danishefsky % Id gelsemine D& FIZEBW T, 2 2 DA UHRFED 5 % Claisen
FRAZICCHESE LT D (Scheme 28) 120, H1C¢ Cbhz £ CHRESNI-ANV T I /K% H
T2 RN NARPE R DK E N DAL R R OGN 2 D 7z, T4 ORRE DR
& Eschenmoser-Claisen 5. D AN BTN RIAE 52 5 Z LR pmole, 2D L&,
TINITFA 2T DL RONDEIERD AT DPBRICL D B~ EHRT 52 L
MA[RETH D,

Srikrishna I3 aplysin 3O ARMIZEIZBN T, FHORFEREES ZHH LTI
AL PU R R 38 O SEARRIRIIEFE 21T 5 FlIE A A L T2 (Scheme 24), S HIZ, 2D
Claisen $E(\ORIZELD 7 = /) —NWMAKEEIEE A L7 4 2 & T bexo-Trig OBRILIIELZ
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T lIlcky, —ZRICHETS 2 OORFURZ T LAREE L TV A 120,

silica gel

CH,C(OMe),NMe,

m-xylene, reflux

> +

H
= N
Trifluoroethanol / H,O (1 : 1)
TsOH-H,0, 70 °C, 81%
N )
Me (+)-gelsemine

Scheme 23. Total synthesis of gelsemine by Danishefsky

_ PiNve, Me, Me,
~sc H -
sealed tube Me o) Me 0 Me

72h

Me, Me,
'/
Me
O Me Me O Me O
HO' Me

Me

aplysin

o HOX
(40%) : (-)-debromoaplysin byproducts

Scheme 24. Total synthesis of (-)-aplysin and (-)-debromoaplysin by Srikrishna

TH ST FET v eA RTHD (—)-mesembranol, (+)-vittatine, (+)-haemanth-
amine ORHFITIBN TR DIV F il R FE OREEEIC Claisen AL ZFIH L TV 5
(Scheme 25) 12d), 120),120,129) = OFE 71 4 Ul % FRARBEIZ VN 7258 CIIBFE B A & &
Bl U3, BBl % 2-nitrophenol ~& 22§25 Z & THAEMADOEIELZE < T & A HI%K,
FLHBMEL SO ETT 52 &2 A LT,

OMe
MeO.
OMe OMe
OMe OMe

O propionic acid O :

MS3A = ()\/>
—_— >
- CH3C(OEt); - HO™ =N

MOMO" 130°C, 58%  MOMO' CO,Et A Me
OH (-)-mesembranol

O—\ a) propionic acid, MS4A
freeze-degassed CH;C(OEt);
130 °C, sealed tube, 3days
35-60% (recovery 10%) =

b) 2-nitrophenol

TBSO™ no freeze-degassed - R,0%
CH,C(OEt), TBSO' Ho
130 °C, sealed tube Ri= Ry=H:
24 h, 71% (+)-vittatine
R;=Me, R, =0OH:

(+)- haemanthamine

Scheme 25. Total synthesis of Amaryllidaceae alkaloids by Chida
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3-4 HAF— KRG &L TCoiHH]

R!
J@V §l o w KT
N,N-diethylaniline AFYK [3,3]
co,Me —— R2? CO,Me —>» R?

reflux

PR (@)
° L
[3:3] KEL " e
RZ

R1 R?

R'=R?=H 60%
R'=H, R2= Me 50%
R'=H, R?= CI 40%
R'=CI,R?= Cl 0%
R'=H, R®= Et 55%
R'=H, R2= Ph  20%

isomerization
lactonization

Scheme 26. Example of double aromatic Claisen rearrangement by Rajagopalan

CORIHBEL DOFENFIEL, ZNETICEEZ S ORKERICHVO R TE 2
Claisen #x(\. T 5 M, BEMEIZEET 541 & L Tix Rajagopalan @] (Scheme 26) 142 ™
LN OPDOWENH D b DD, —ANIENIFRILEM ZEE & Lich 27— FEOG
DOENFRRD T 72y,  Kotha © 1% homopropargyl alcohol (Zxf L~ 7 v T
Johnson-Claisen #&0\. D FAFITAF T2 & THCMNIZ A A — RIELD double Claisen H&{Z7A3
HITL, B ZE EIEE TS Z EIZEI LTV 5 (Scheme 27) 140,

&%\@ﬁﬁm®%ﬁkb([ﬁX7WFLr5V?ALFFi/J&E%ﬁ&%ﬁﬁ
b, TNETNOERDBEKRLEFIHEHAIN T DEENEAZIT O, KX
X TR — RS % T& DRI X > TR S E - RiEZ 5 H LTKK@KFBZ’P
e Z & (ARE—BIG—C KISONRIZHETe), [ 7 AR 13 T&IEHMAL LT
B EHNCETT2) 28 (A, B C FRIEBZNENH S L TRIST D) EERTD

T D (TR 3AEER LR, £leZnd RS — R [Z0F A 13K
I DA ST H 7T HDTH Y double, triple 72 E DRI ZIHET S5 D TIEARW,

o CH,C(OEt) Eto\ﬂ/o Et0\§;)3 qOEt
AcOH
—_— BN <
Il — d{ﬂ\ (\ﬂj - .

Microwave // CO,Et
OH 15 min @ OEt CO,Et
(94%)

Scheme 27. Example of double Johnson-Claisen rearrangement by Kotha

LDA O o HF, H,0 o
__thenTBSCI | (/\CCOZTBS HMPA (I:COZMe
— K COTBS  henkHCO. X CO,Me
tol., reflux 2 then I\K/IZIC03 2
o

TBSO (45% from starting material)

OTBS

Scheme 28. Example of double Ireland-Claisen rearrangement by Curran

Curran (% vinylogous anomeric effect % F|H L 7= Claisen ¥&(ZIZ B9 252D H T,
RIMEAEYMTH LU Fa v 7 U FERICx L A — RO Ireland-Claisen 57 21T\,
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THIEARESED Z LTI LTS (Scheme 28) 1490, 72k, 1 A — RO Claisen #ix
LB T 7 mAF b VR TOFNTHRE S TR0, T (3,37~ hr E—ix
L CTo 5 Overman BEAZIZHBWTH A — REUG & L TOHIAH Knochel 512 &k » THE S
T % (Scheme 29) 149,

CCly CCly
\OH trichloroacetonitrile \ﬂ/ xylene, reflux }\
Q 0.2 eq. NaH 56% PN
—_— —_— =
HN.__CClI
THF,0°C 3
OH )\ch \rol/

Scheme 29. Example of cascade [3,3] sigmatropic rearrangement (Overman rearrangement) by Knochel

ERE 2 BITETVERTH DN, RRWAEZIRR L7 GRHENE L LTomE bR 60
%, Theodrakis HIZE A7 =/ —/LaFEKIZ% L CD ene-yne Milinf\r & &de ¥ L7 L7
double Claisen #5{if Z & L T\ 5 1o, Z OFREEIZHB W TIIET, tert- 7' L =V —F /L
M TEAZAEITT 5, ZOBICIT 7 10 F Lo —F U Tl 38 T8 (BRI
I2X % TH NMR 12 CHEE L T\ 5), %@%ﬂ£¢1m)0kéa_Mﬁ\MFfé e
TS F N T =T T OBMAET L, BROEYZ BIFRIRICTH TN D, L
L, ZORGTH LTS %ﬁﬁb\f_ﬂi%%f\@ WX OB ORI RN A U7
DWrE STV S (Scheme 80),

OMe OMe
I 7'{ -
AcOH
H | —_
jv 80°C, 1h o o (@) OH
OMe OMe
OMe

_ then120°C _ /I>\/\)\ 6-endo-trig m\)\
sealed tube f
O OH
OMe
(85%)

Scheme 30. Example of double aromatic Claisen rearrangement by Theodorakis

OAc O intramolecular

Diels-Alder
O O reaction
o 1o) e} 120 °C Claisen
rearrangement

79%
7‘\/ (o} \)v (Claisen
rearrangement)

forbesione desoxymorellin

Scheme 31. Biomimetic total synthesis of xanthonoid by Theodorakis

F 72[A U< Theodorakis %% xanthone &A% L CAEARRLZHI - 728K & LT
Claisen f={\7/5y M Diels-Alder Z)i~/Claisen 57 & VW9 3 EFK N A i L ick v K
R DB R TER L TV 5 (Scheme 31) 140,
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Moody » % Theodrakis & &FARIOIEE, FlEEZHWD Z LI2L 0, 2007 F I HEERS
NS NIWPERR DR LI TOREM A HE L T2 (Scheme 32) 149, £72, —2>D7
Y7 =< ) —)b=—7 )L% one-pot |Z T} Claisen #5(\. X+ 2 Z & T lanciaquinone ®
RHMEO R G AER L T D 1b),

PhNEt,, 160 °C, 18 h Z OAc 2 OH
0 then M Me
| add Ac,0, 200 °C e K,CO;4 Mé
Me” “Me 6 days, 38% Me

MeOH, 63%
—_—

| |
O.
a
Me Me Me Me
Natural products from
New Zealand brown alga

PhNEt,, 160 °C, 3h

0 then = LiAIH,, THF 709
| o OAc
add Ac,0, 200 °C then Me
Me™ "Me 10days, 58% Me 0,, 54% Me
> Me —_—  »
or

o | microwave (300 W) o) x _Me
PhNEt,, 160 °C, 1h OAc X _Me

Mé Me then Me
add Ac,0, 200 °C, 17 h, 60% Me

m-xylene, 200 °C

O o 2 h, microwave
SEMO. Me 56%
OSEM SEMO
3 steps
—_—
—_—

lanciaquinone
(proposed structure)

Scheme 32. Total syntheses of quinone-type natural products by Moody

\iﬁ

H OH
| 0 B 5 %wiw PhsPO (SN Br
r o-xylene, 180°C o)
B microwave, 20 min. OH
ocO. O ’
X (0}
double Claisen

BocO v<

rearrangement

OH
Br
decarboxy- formal
lation HO. OH [2+2]
N R=H artochamin H
HO OH R =Me artochamin |
2CO,

OMe

(55%)

Scheme 33. Total syntheses of artochamins by Nicolaou

-21 -



Nicolaou I FHEFRIZKT 5 & 7 L% double Claisen #&fif & & e B A 47— R i % Fll
HAL, oT0 1 TRICTKRIERBEEERAZIT72 O 03 /72 artochamin FAD G A 2R L
TU 5 (Scheme 33) 14, 7233 Z OBV 541 T % triphenylphosphine oxide (% Claisen
LI RAR L2 b o Tidze < . R 428 LIS D72 IR & TV 5,

ZDOEINCH T HETO Claisen FEIIZ X 2 RIAE RT3 O AN 72 ST
WD b DDEDIEENARFIEDIRWGEBE RO THY | £IAFBT 2 o 2G5
AL EMINZIT D 1 A7 — R Claien BN OWILHIIE, FHC KA ERHIZIB W THRENT L
A E ST,

Me— | & i D D73 Heathcock 512 X % spongistatin 1 (altohyrtin A) D& EkAF7E
Td D (Scheme 34) 14), Heathcock HILT 7 v L7 VU J1— /LaFER|Z%f L, vinylogous
anomeric effect ZF|H L7- Ireland-Claisen &7 % i §" = & C—[RIERA A Z ., S HITA
FNTZ AT WAL Z NS Z & THROLEWZ 1572, 1% 513 Ireland-Claisen A7 DBE, =&
T 15 L BSOS & 5 & EIRALERAER (I A7 — K Claisen $RAZEGEEIA) 235G DALz &
WELTVWDIRARLICZDRBRALNDOHRTHY, INFE, T AT LA~—l,
analytical data Z & O7ZFEMIC OV TOMWMEITRV, S BT Z O ZHEHERAAFEIA B R1X
spongistatin 1 O FAFFEIZ BNV TIERARKIZHEH TEX 2 WEIAERDTH Y | S o7z —[H
AR U7 AT LABIRMEOIR I 2 B AA~OFIHARE & I TV D, E7oM 6 I3
DOFERIFEE CORFHIToTWDEN, AL X2 72 ZEHEMAE Z 57200 E 9 U2 T o
SR & Cuniavy, BLED Z & D Heathcock S OBIIX, RIRMERIZI T D0 A /r—

K Claisen B OFHAMEZ R LI DO THD L IXF 2720,

B OPMB |
O OPMB grve
X OTMS

PMBO\)L (0} CO,H

(0] 1) LHMDS M o) Me = 2

Me Ko TMSCI, pyr. NN rt 7
W —_— —_—
| -78°Ctort | TMSO,C >15min.  HO2 o
o <15 min. o
OTBDPS opmg  OTBDPS opmg  OTEDPS
= - Structure and
2) CH,N, experimental detail

OPMB (85% for 2 steps) were not noted
0 (only described

in the text)

, Me _ .0 (2:1)
spongistatin )} +
(altohyrtin A) HO, ~0 MeO, S
C29 - C44 segment I H H
= OTBDPS
OPMB OPMB

Scheme 34. Example of cascade Claisen rearrangement in aliphatic system by Heathcock

W T, IEHFFHRARTDH A — R Claisen Hafi & KW G A& FRIH U728 FIAH L.
FOHMAMEETT Z EITAERAERLT ERERERERSLE2 5, FRIEFORNTH
% . “concise” H.-> ”no protecting group” 72 KM EMA~DICH LHFFCTEX 2 FETH Y
ZOWERT Z L3O TifED H 5 2 L ThH D,

PIF, R CENZAERICmm W FRCERL L L THET 2 AFMRKEOMBE, kO

ZDH A — RTO Claisen AL ~DJSH A #IS & Lo, EET AV A R
galanthamine, J+ 71 Y%/ U 7/ 2 A K morphine D& M FEIZ OV TRET,
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1. (+)- K W(—)-galanthamine D& FRAFZE

1-1 WA SIREHT N 0, m-2 BHLFTFHERA D VAL U R SR D
HBEIZBT D ET NVER

THOLIIHEEE X 7LV — L& Lo RR OB AT > TE T, AFRETH
ZOERME 23 L, FEM 7 galanthamine D&/ KETTH> Z & & L=, F£7- Claisen
FENIZ K D, MEEEDORKREWE FHEIND om2 EHRITFTHER L VIO RF Wik
DOIERE RGO TR LA ES T2, UlEX D, (H)-BI O (—)-galanthamine DAk
Rt 2 LA T D K 51247~ 72 (Scheme 35),

MeO.
Pictet-Spengler Cation-activated Claisen
reaction ring closure rearrangement
Q, \n/NHMe
o
OH OH
(+)-galanthamine
(unnatural form) Tu's intermediate (1) 2
(0] (0] HO.
1,2-additi
addition @,OBn BnO,,,é ; HO’;'(\';O\
MeO. OTBS OTBS Catalytic Ferrier's HO™ Y O
carbocyclization OH
eO 5 reaction
3 D-glucose
M
4 o
. «OBn
(-)-galanthamine *
(natural form)
S
ent-5

Scheme 35. Retrosynthetic analysis

FERRCTH D (+)-galanthamine D azepine ER# L Tu & O AR 155 Pictet-Speng-
ler JUGZHAWTHEBRIETHLIZEE L, 77 VEHBIZ2 DA LT 4 &6 1OIEHL
Bz, BF AR L TR ESES Z LI L > TN TOMBRNTZ D LB 2T,
FrL 72D 2 DR TN RFE OFEEEILT U LT Va2 —)L 8 1% L Claisen Brfi & fii 3
LK oTERTEDEL, 31X/ 5 L AN E > TEIFTD E LT, 728,
T/ 5 IFMBHEIA L b D-glucose LV i) Ferrier BRILKISE WD Z & CTHE T
DIREENRBECHEL STV D 19, SEFIIA MR ARLT 27O LV ETERTHETES
=B EFIHAL, MIGT HIERRTCTHD (+)-galanthamine D45 AR 2 MeNr L 7=
\CRRFICo % (—)-galanthamine DA EZITH Z & & L=,

LrL, om2 B EFRZAT DEEOR P ALZ, Claisen $5(7 2 HIV TR MUk
[RIE BT DMK F 0 HINZe <, Bl X9 REE T H S TIC5V Y MOM %
EATOLEETHLRE, HEVSBIIRLPIVA LR 16, ZZ TETILI OIKED
HUMEZ R DT DIZET NVEREITH 2 & L LTz,
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1,3-Cyclohexadione % HiZ&FEL & L, SCRRO R ™). 17 (Z9¢ 5 T ethyl enol ether 6 &
L. 1,2 fmicfi< pBific <=/ > 7 & L7z, Luche &7t 19 |2 TET /VERALATEEA 8
~&LE 7= (Scheme 36), Z DOHEIZxf L, Johnson-orthoester %! &% (N Eschenmoser !
Claisen $&(\7 O 5 % fiti L7= & = A, Johnson B! CD#iz(i7 7% Eschenmoser 2~ 2% &35
FHELbOD, EH 5 S HPRREDIURIC TR Z15 5 Z &I L7z, Mulzer 513
Z OFEEIZxF T 5 Eschenmoser ! T O II I A TH 26%REICH E-- L LT D
B, AlElFE A OFEBRTIXEN L AR LR Z/7, 24U Mulzer 5728 GELWS
RIS TRV DOD) F 2 b UEEZ W BRnE St (b L <I3Eiise) 72
Sl ™ DT L, Fa T LV HROEN bz v, & SICEERISICTED 20T
rZllickrtbolEZLND 19,

MeO. MeO. l MeO l
(0] (0] MeOI j MeO NaBH, MeO
b conc. HCI b n-BuLi, TMEDA ‘ CeCl;-7H,0 ‘
—_— _— —_—_—
0,
o EtOH E1O ether, 66% o MeOH, 0 °C HO
quant.
1,3-cyclohexadione 6 8

CH,C(OEt),, 130°C
in a sealed tube

MeO
O 42%
MeO

‘ MeO.
HO MeQ OMe O
MeO

7
MeO.
2-nitrophenol O
» MeO
l CO,Et
9

8 Me NMe,
» CONMe,
tol., 130 °C ‘
in a sealed tube
57%
(Mulzer's result (reflux?) 10
: max.25%)

Scheme 36. Model study for construction of quaternary carbon center utilizing Claisen rearrangements

VL EDOFERNG, IREENRKENE SND om2 BTG EFREZET HEEIIXHLTH
Claisen (I XA ToH 5 L HWr L, FEFED galanthamine A~ 5 Z & & L7z,

1-2 Claisen B/ HIBR{A allylic alcohol D&k

HO. Ph.__O. I
\r 1) DIBAL-H 1) TBSCI, imid.
HO, 3 steps o, tol.. 73% BnO,,, DMF, quant. BnO,,
! o] —_— ‘ (0] OO o) T e 0
. = . . 2) I, imid., PPhs ., 2) tBuOK, THF »
HO” Y~ “OMe v “OMe  tol., 99% Y “OMe 'g1% Y~ “OMe
OH OH OH oTBS
Methyl a-D- 11 12 13
glucopyranoside
(0] (0] o

30 mol% Hg(OCOCF,), ~ BnO,, MsCl, Et;N BnO,, OBn
> —_—
acetone / CH,Cl,

pH 4.8 acetate buffer : OH 0°C H
oTBS (86% for 2 steps) OTBS OTBS
14 (+)5

Scheme 37. Synthesis of cycloxenone (+)-5
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Galanthamine A ZAT O ICHTV | BTN THL= ) 5 OERK B Z1T-o 7
(Scheme 37). Zffi CATES 72 methyl a-D-glucopyranoside & 0 SCHROFIEIZ LY 3 L
B TE 55 3-deoxyglucose #5351/ 11 @ benzylidene acetal ZBHZY, A= U 7= —ifkokiig
DHEIAVRILLT 12 &L, EHEO —#Hokitis TBS kL. I UvFRE BBBESE T
5-enopyranoside 13 & L7z, Z ®OIEIZx L 30 mol%? mercury(ID) trifluoroacetate % [
FeiR i (pH 4.8) / acetone DRI TMA 5 Z & THRELH) Ferrier BRAL G 120, 200 73 4T
L. 3-hydroxycyclohexanone 14 ~& ZEHi L7-, 725, ZOBEAE L HKERK T o - B=>10:
1 THDHA, ZO/PTOANFITRO T THAT S D T mixture D F FEISHED T2, DK%
KEEFED A 2 AbIZHE< B BLBEA 1TV JE22IEME cyclohexenone (+)- 5 ~ & &z, Z D(+H)-5
IZIERRTICH D (+)-galanthamine (Zxt T Dk IRLF 2/ LT 5D,

|
\r ) BnBr, Nal 1) +BuOK
8\) DMF 95% HO",&) THF, 70% TBSO@&BJ
—_—
‘OMe ao% aq. AcOH ome  2) TBSCI, imid. < oMe

H DMF, 85% H
|2 |m|d PPh, OBn OBn
tol., quant. 15 16
4) MsCl, pyr.
OH then ag. HCI 0
1) 10 mol% Hg(OCOCF
) acetone / gc(etate buf3f292r, 83% TBSO,, (66% for 3steps) TBSO"'@ ~0Bn
2) DHP, CAN, CH,CN, 0°C 5) (COCI),, DMSO o ——
3) NaBH;, CeCly-7H,0 Y OTHP " 7gec : o
MeOH, 0 °C OBn then Et;N, 0 °C, 93% OBn oTBS
17 ()5

Scheme 38. Synthesis of (-)-5

FARICBE A OBYEIZHE S Z & T/ v (05 OHBIA LA L2 (Scheme 38), 11 MK
el U U NEICTR#E LTtk 72— b L, —#kigEoA%z 3 v#EILLT 15
L7z, 15 ik, I MBEEZIT - T HKEEHE%Z TBS KICTHR#ET L LT
5-enopyranoside 16 & L 72, 16 (Zxf L 10mol%® Mercury(II) trifluoroacetate % {Ef X+
T Ferrier BBALSURZAT o 7ot%, £ U7oKEEHE % THP EIZTR#E, WA=/ &&EILL T
17 & L7z,

B UTAKIEEEE A AL LTct, BB T35 Z & C THP &4 lifri#, %2\ T Swern
ibic X D KkBEORLEEERLBICLD BHEEEZITY 2 ik, RAED
(—)-galanthamine (2% 5 (-5 ~&E\ -, 7ok, 17 OEPETTHP 07 ) ~—%

BT 8 DOBRMMKIBEW L 725705, Db ORI A THiLRE, Bk, B IiAE
DITRZEDZ ETHRT DI D, FHETICUT AT LAY—REWE LTRSS
TTW5D,

ZH LTI TH L ERTREAKTH L = v amgEBAR s bRflT s 2 nTE
DT, LIBEITRIE O (+)-5 & VT, ARRIEOMESIO% RN A ERTHZ L &
L 7= (Scheme 39), (+)-5(Z%f LHEFERINLO 1,2-( %17 O R, 7T U — & @il 3% i
# 1 . aryllithium 18 (condition a). Grignard 3K 19 (condition b) ® — > %\, Zi
AN G ZFT > 72 20, Wik & b K WIER TR 20 21525 2 LN TE 7288,
aryllithium 3K 18 Z H WAL ST ERBNE S LTI TH 5 veratrol
(1,2-dimethoxybenzene) &AM H oy BEREECTH 72, F 72 TMEDA OFEDOEE L T
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DD, AIED o -OH @ B-OH O WilE L7, o OSR{L2E NOE 12 L D2 T
PRE LT2, BRI NOE HIEIZIE L7238 TIER Do T2 72 OfER L TR, 0 AR
F4E 20 B-OH DA TIiE 20 -OH OFRIZ R G- KEEEDO H L XUz —7 Ui
® H £ @ NOE #HE I H 0 15720, iﬁ:\ 208-OH & 200-OH Oh v 7Y v T EHMND
HEE SN D00 T OBEE, KONZ ORI~ 2 PCCIZ X 2B LAENL LS 2RV B SO E FE
DFEWVIZDONTOELE L HDE T, 20 DENEILDNIK(LF% Scheme 89 D L 5 ITHEE L
7o oIz alk, BIKIZT VBT NE T ATHEET D Z ENRHEDHN, RO TFIZ T
AL T DO TIRAYOE DD Z L L Lz, 728, aryllithium #3¥E 18 KO
Grignard 3% 19 D% % Scheme 40 D L H (2 L TIT- 7=,

OMe OMe OMe
a) 18, TMEDA, ether, -78 °C O O O
(0] 60% (a—OH : p-OH =1 : 3) OMe PCC. NaOAc OMe OMe
o, HO. | .
OBn (82% brsm) - 0Bn MS4A 0OBn NaBH,, CeCl3-7H,0 OBn
b) 19, 1,2-dibromoethane ‘ (CH,Cl),, 60 °C ‘ MeOH / CH,Cl, (2/3) ‘
THF, -78 °C 73% G -78°C, 89%, epimer 9% |,
% (4_OH - B_OH = 4 -
OTBS 85% (a-OH: p-OH =4:1) oTBS oTBS oTBS
(+)-5 21 3
H
. N AN 4 oTBS
i MeO ' BnO
; M =Li 18 | _ SH
| MeO M =MgBr 19 | HJ Hb
] M 1
L ! Ha ) cia=126,32Hz
NOE Jocnz = 9.1, 6.3 Hz
unsuitable Joying = 1.8, 1.7 Hz
for NOE study
OTBS
B“‘>§(
JacHz = 12.0, 3.9 Hz
Jocz = 10.1, 5.3 Hz
Jpinyt = 2:2, 2.0 Hz
Scheme 39. Synthesis of allylic alcohol for Claisen rearrangement
MeO.
n-BuLi, TMEDA
ether MeO
Li
MeO: : 18
MeO
veratrole MeO Mg tuning MeO.
n-Buli, TMEDA _ 1,2-dibromoethane
ether, r.t. MeO' THF, 50 °C MeQO’
then
Br,, -78°C to r.t. Br MgBr
72% 22 19
Scheme 40. Preparation of arylmetal reagents
a) Aryllithium with TMEDA b) aryl Grignard reagent
from from
Q \ the top{ 20 ¢-OH the top ?r
Me, Me, (9 ( Q @ \ Mg
[N\ LA N - A A \ H
N NI |
L L j 0 “BS
NN .. Mg=z:--0 H
N Ar N H H \ e s oTBS
Me, Me, from 20 B-OH 4 from H
) the bottom the bottom /Q-l/
(ArLi)y(tmeda), Ny~ G *c.ae donation

Scheme 41. Facial selectivity in 1,2-addition
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HFoiz 1L,2-( AT U VT v 2 —1 20 (200-OH 35 & OV 208-OH DiEA ) (2% L PCC
b ZAT o7& 2 A, WF OFMETIE TBS MIARGE S EIZEEDET LI /b E MG o
Nz Lot I E LT sodium acetate Z /12, MEVL CHEFF CRbLES Z 22X
DINELLS ) 21 2852 LN TET, 20L& EZIROKERIEDH XD ad> B T
JRHE N2 | a-OH (KOG RRL BUSHHEAE L, IEED BRSO H DI TRAT
Thol, ZOEHIX, B-OH K TOMCHERLOLGAEIZIT Y v AT ATV & [6—1H
[Zd% O-TBS 2, O-Bn & RREED K E W\ " HOEWIE L OSRRENEE S NS DIC
* L. a-OH KTIEENARALNRNEDEB2 b, 2O ENBILER, Em T
DOENMEE HHHTa-OH %% <5515 Grignard i3I L 5 1,2-fHMEAL— K& LT
BHTZ &Lz, ok, 21 OBEMBET, 7 hrafi, yMOEHREOZEIZLSTE
MBIFE Z > TN Z £, TV HPLC iz X VBN E o> TN D,

1,2 SNBSS BT 5 EHERPEDE NS SN TE, SREEAISCROGARE, % L — Ml A 4
IR ENRTe DT Rk a RERPBER LT D03, fliHe3 & LT Scheme 41 OERA %
FHh5, Aryllithium 33K 18 DAL Z OREDOFRZ TMEDA %AWV CTW 5 H54 E.
AU % arylithium #R3EiX 2 EEANL - ThH 2D TMEDA NENL L7 Z &> Th D,
phenyllithium - TMEDA $5{AD# 41013 2 Bk b L THEEL TN S Z ENSHMBR TN,
BEOLL ZOREY 2 B L L EFICEWVESAIRIEL 72> T D E PSR, 1,2 £F
INEOGR & Z AU YE CFRBERIE COEITAE SN D, ZOME, XU UL —T L DNIR
BEEIZ L DB VR =)L Re H Ok (Scheme 41), X2 V)Vt —F VEEFEF 1 LD n B2
K OHERIEREIT ST, 208-OH N FEARM L L THROLNT-EEZDND, flZH 1,2
FIMZB U TSR E 2R OB SRR IS, RIEEKRA 72 (PIIIMEKT %) 71
2 [T R DM R STV D0, Bl 2 1ITRFA 72 Cleplak E7 /L 220 TE 2 7255121,
R VN =T VBB OIEEFEE AT LED no — o *car DEMREESL, vV 1z —
TV DZE NI L 5 vinylogous 7Rl G-70 & DOFENE 2 Hivd, —J5, Grignard D
FIEOYEIZIE TMEDA O X 9 72% L— MAIBFE(E LRz, Mg B ANVR= KL%
D afillHHBRIRFOWM G LI TOBREEEREZOND, ZDLE, o
-chelation (2 & 5 C Scheme 41 OHA E1XER/2D, TH YV HMIIN ~»T7 v ko il
FHEICT =AY —AREEET H 2 & T 200-OH N EAERM E leofe b B X BiLD,

Boiice 21 ZRIR T TO Luche Ei 19 217o7c L 2A, T a— W EE L
T carbonyl FEIZENL L7z 18 SR E B Ce(IID) 23, SARKIZ UV TU 2 JE O
HA{A| (carbonyl J Re ) %5 Z L2 XV, carbonyl FiZxt LT SifidbDET
WHEST L7z trans 7 U VT LV a—)b 8 ZNCRERIRICAF D Z SR LTz,

TRV EERAAETANFIEET AT A — L BT D 2 LR R=D T,
Claisen $5(\. 2 FIH L7c 0 O ANLIURRIRSE OMEFE AT H Z & & LT,

1-3 Claisen #5712 X 5 R VUL R 35 DOAESE

B LT VAT va—L 3 ZHWTHH Claisen (12 X 50 U UNL UL R SR DR
et L7- (Scheme 42, Table 5), 5t9°1% Johnson-orthoester % %17 ->7=, —f%xA9IZH
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WHNDBMBECH L T r A U RE AWV TG E{To72 & 2 A (entry 1), HIYDERALIA
FFREDONETHOLNTELDDFE L Ko T LEoT, £ I TMEEE TR S
EimEA W TT o 723MERIL MR E L7222 o 72 (entry 2), 72 B RKIBRENZHWZHAITIRINEE
PEIFNTAR T LTz, ZRHORRIIT I ART 8w b TH D7 v B iR AR RTE
LTLEID (BZLLRNTIHAT D ethanol & OFEE) &, BBV v Feidig L it
TTEDLMEIZHDLT VAT NIT—LThHd3INITEMMEICTHLS 2o B2 b,

% ZC, haemanthamine &AL 120 (TEBWTHNTH I ET IV RH O3B TH D
2-=ha 7=z /=10 ZHNZE TS (entry 3) JFEHIZEAICHA L, BWIIKEEDE
ERFRENDITHH ST 80% b OEILRIC TN HEER = F LA T 1 28 2155 2 LM
T&ET,

— . Eschemoser #® Claisen #if\t %17 >7-& 25 (entry4) ZH 5 b BAFHZ UG IEE
7L, entry 2 KV & I HITEV 89%IZ THANML AR T X N 24 2457=,

VL b, BRI Z mICRIZ TR D Z ST LD T, = A7V 28 KUNT I R 24 D
WG E2ANWThEOTREED D Z L L L,

Table 5
Entry Conditions (in a sealed tube) Results
1 propionic acid (0.1 eq.), CH,C(OEt), 23: fﬂ{;’/ )
o recove
Table 5 140°C ° i
Bn 2 propionic acid (1.3 eq.), CH;C(OEt); 23 :50%
140 °C (30% recovery)
OTBS 3 2-nitrophenol (1.3 eq), CH;C(OEt), 23:80%
140 °C
3 23 R=OEt
24 R=NMey  ==-=m-mmmmmsmmmssmsoms oo sessessosssmssmssossemsose-
4 MeQPMe ol 130°C 24:89%
Me NMe,

Scheme 42. Johnson- and Eschenmoser-Claisen rearrangements

OMe

MeO

OMe

MeQ’

OBn
H

H

oTBS
TBSOTf ) OTBS

3 R=H
2,6-lutidine
CH,Cl,, 83% I: 25 R =TBS

Scheme 43. NOE study for aryl group-rotation

EZATARIRETIE, FERTICEIEWVAFEENFRINZICHHLT, EH50
FIEILBONTH EWERICTEMERN G b, 22T, ETIEHBROEEN & ORE
HIBR STV D DD EFHARD T2 KA (R L 7= FE 25 I C NOE JlE %1772 GHI
EZM1% CDCls A, ambient temperature), 723, HFFOEEIZTL b > 7T
AL LT IS L 7228 NOE JlE ISl S e o lofz®d, RV IZ TBS # Wiz, T2
L HBRBOT 0 Frb Yruakb  BEOMMO T m kLo NOE 2MEIEFFRE D
FREECEIIN E 4172 (Scheme 43), BLALE & SONEIEN FEBEO G & Bie Db DD Bk
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FRICBIT HIRE L NI IRIETHARE FICTZOBRINRE N2 b, HER
IZIEE HEHRICITVIREEICH D EEX AT N TE 5,

OEt

ent-26 syn-chair TS anti-chair TS syn-boat TS anti-boat TS

Figure 9. Transition states model of Claisen rearrangement of ent-26

WIZ Houk & DOFEALERIC L 2BEBIREBICTELRT S, HimThilk/mmy . #HElk5s
EERIRIRFEHICI T B Claisen B&\7 1T anti-chair ! % L < 1% syn-boat B T OHLNL A3 = %
NF—ICAFTHD L SN TWD, ZORREARKTERTOEEIZE TID ThZ, B,
KR DEEOHEE EREBEOEEOFHEBRIRTH D ent -26 (2 Tt 325 (Figure 9),  DOfER,
syn-boat B TIZHEHFREB L 7T T v H — AL OSARR I, “RELEFHE/ER ST TR
7 a~Ft UBREOSEWERLEF L O diaxial KK3ED R 55 DIk L. anti -chair
BCX, v b 7o 78—V EDNERREITZH L OO0, SIFEARFLRRITAS
g\, KXo T Houk £7 /L L [FAIFRIC anti-chair B COBM.OEI TR FHREND, Fo L
DETFT BN TH o,m-2 BHO TR equatrial FA &0 < 720 UPIER L E 2 T
T BB ONRREEIC L DB, XU DN ORI N TO 0 2 & AR
Ihd,

LI EOEH 56 Eschenmoser &, Johnson B &% 512368 T $ JWOUER THAAZERFE A
nEenzborEZ N5,

1-4 Cation T [H#A& % FH L 7~ hexahydrodibenzofuran ‘B #& DREEE & Ak F by iR
DFRES

4517 Claisen Sa(EkAE A 28,24 Z# VTP K 7 7 VEBROEEIZ OV TR LTz,
e 91% mCPBA (2 X 5= ARF M, FHNOMMETTARF L FEfEE L, HRIES
Flkz L oo RHREOIRICK Do T2, I BICEDHOKEBIED BN Lo
ZEMBLEARF Y NRE TOMBRIIWEE L7,

NBS

—_—
DMF, 0 °C
84%

Scheme 44. Bromonium ion-mediated dihydrofuran ring-closure
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T, Ve 7T URIEHIZIC, BEHICBREN TR EREERNEK D L O RFlEL
mnrzbll, 2OFELLTABTAZLDLFT VT 0 OEELERAS, EORIEE L
TNBSA#fEH L7, A& FHEVICTOE=ULAF Y XYV =2ULA AU Z2REL
PBR L7 & O D 29 2R L <5 Z L0k L7- (Scheme 44), Z DFEDOAF Y =
LA F 2D Me FEITxET % RKEZHIZ NBS 2054 U7z succinimide THh b LB 2 D, =
DL EZAT VORI FNODREKBIZLDT7 7 FoAbbBEZONLN, TD X7k
bEWIFHFE N1,

—7 . Eschenmoser-Claisen #5(/(Z X > CTH LT I RN 24 (2% LIFRBED G E{T- 7
L A, PRI LLAOD dihydrofuran 32 Cid7e< v-7 7 b 83 MG bivlz, £t
FD TLC ETIHEHORBRLN, TOROEERN THD v-7 27 o 83 DILEE T2
ETholz, RBNKITFOWREL 34 ~LEH] LT ETiTo72,

OMe

fast 3

OTBS 33 R'=Bn,R2=TBS H,, Pd/C
31 34R'=R?=H :| EtOH
(26% for

2 steps)

Scheme 45. Bromolactonization

TATNET I REDOEWTET TEBDPEIICZE D 5P H % Scheme 45 2 W T& 2
Bo ThRDL, HWH24 LT 0E=T LA AL 30 K81 LI TEHEOBEBRICH D, TRbH
Briic Lo4 LV 7 40 VO LBRIZELLDENAL BRIV H 5, ZLTTBE=T LA
A RIS 2 AR A RN AT 5 2 LT, EEMAE LS, T RO
FEIZBE L TE XX DL & oREAN ﬁ%%%®I~7wM%E%k7:b®%$ﬁ%
Thd, oML LIz E, BIHEHEOTATFAT IV EICIL2BTFOMLEL
%ﬁ<§ﬁé?iF%@ﬁﬁﬁ&ﬁ@%<\LL7I/~w@@M$ﬁ%®ﬁ&ﬁm@<
W, o TT77 NALTEDHRCTCTI RE= YA AU ZAELTCE &, HONCT 7 b
{EREZ D, 88 WAERLTLS A —FH, 77 VBRIEKICE LM TOTRE=T AL A 0%
T—TERR 0D ORBEREEZHE 02T, FREChHIWoE THOTrE=y
A FNEDLoTLEY, 77 UVBEBEBRINZ N, BT ATV THo EHAITIEE
DEFOMUHLBTHN DT T VBRPIEREND, 2B 252 ERHKD,

PLEO#ERN S Claisen S\ OULRN LW T 2 FA 24 LS ~OFHEZK &L, —
FINVTZATNVERTHN Y 772 ThzEDDLZ L LT,
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1-5 NIKFESRIZ LA DB L O Br EOKRE

KIZ, galanthamine (2B F 54 L7 4 VEEAT L7280, 20BN L7225 KBED
REKICHNON TV IR DN EDOPR#E L AT, T O & X2 Br ZEOKFLFEIC X
HERED RIRHIAT 2 AU RO AR L 72D Z b, XU Ui, Br ERORKFRE
Z k772 (Scheme 46, [R5 T I LEFZ AW AZERALT) o

Table 6

Products

Entry Conditions S
35 (%) 36 (%) 37(%) 1 38(%)

1 10wt% Pd/C, Hy, MeOH 9% 0 o i o0
2 10wt% Pd/ C, Hp, K,COs, MeOH 0 28 0(3946%): O
3 10Wt% Pd/C, Hy, K,CO3, THF 0 34 4 10
10 Wt% Pd / C, H,, EtOH :
[ * " then K,CO5, 10Wi% Pd / C, H, (one-pot) 0 0 trace : 8 ]

Scheme 46. Hydrogenolysis

F PRI SMT TOKRFIED IR 29 ZiTo72 & Z AR U b STz 85 D3 EiR
W THELNZHLDOD Br ERRESNZLOIIESNe) -7~ (Table 6, entry 1), £ Z T
KoCOs Z M2 T2 EAMRM T CRIGEIT -7 & 25 Br ZOBETIFEZ 572 b DO~
DIALNEL 720 230, Br FOBRMEILEINZ 86 BL VT 7 UENHAE LEERILLIZ L
RoNbD77 hr 389 (R Vb EnTng) BMEbhndel, entry 1 138 Bind
fER L IR ol 708, entry 2 OFRMPFIZ TRINREEAZIET 1 b RSO THF (ICZ£ % 72 &
AL T 4 URBETLENTW WS 7 F 3T 05672 (entry 3), FmtodfsH, K2COs
EWRIMLEEMETHLHEE. KBFHKAT TR E D 10 REOERE T3 8 BilEs
EZL, 83THLLIE88EAEL DI ¥ booTz, entry 2. 3 DEMIZHBWT, Pd / C,
KoCO3 Z WM L 72 RITKERFR T E LTRSS T TV, KFERAKIZT HAH1I BB
BERFERSHEITL CLE ST ZENRREEBZ DD, 6o T, BBBELZE T DITKFE
FHR T atko T E FHWEMICT ILERH T,

ZIZ T, FTIHEFORMFICTRUDAEEZREL, TOBRKEFAR T2Ro7m%
KoCOs M D 5:FI2E 2 5 ik (entry 4) ZHio7o & Z ARV Db, BRFELE D
BAFIZHEIT L, LA 38 2135 Z LTI Lz, ZOLRMFIZEB T HRIROEET 5 RN
INEW (RIS NE WD, SRR TR BAIET 7 bAb LA nELnTL
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F9, BB SEEIIT VXY REBE T T AT ALENE - 50k 5 (@EHRo= 2
TR D Z L2 <T2D) 1T entry 1, 2 & 13572 % EtOH 1282 7=,

H,

no reaction or very slow

OTBS

29o0r 35

Pd/C
H,

37

Scheme 47. Predictable mechanism of 37 and 38 formation

b OGS IE Scheme 47 DERIZE 2 Hivd 29, 29 1 L < 1% 85 (2%t L, Pd(0)
DIRF—RFFEA~OBAEHEALIE N Z 5 H DD KeCOs ERMTIE Br £ HO Y A
RASHEDSEL & 5 72N 2 O ITT UL L = 5720 (Table 6 @ entryl (/43 5), Ll
KeCOs &Mz 52 L TET Br & KOCOx A A2 ETY By RZHNEZ Y 41 ~LEBH S
No, ZOEMETRBEEEZREZ U, PIBRKIERE ZIUTRIERM THH T 7 b 87(H LL
XEITETCINT 89) NAEU LN, WEKFZLDY T RH (41-43—44) B 585
BT 4 2R THRF S NT- 86, 38 3G oD, KEFMHK T THLHEITIE 41—
42 O BHAEL Y 41-43—44 PESEZ Y, BRI ONTZEEZBND, LAL B
Bt B RO FOGIEREE & 5010 T2 SUR D HEEMRIET AN D 72 vy (R F43 T2 58121F
BIBELE Z 0, 77 AL LTALEMRE SN TL b, FEEE. entry 4 OFREZ WY
ATHEEBPARHDRGEARIIET 7 AL LTALBYR EAER E LT TE 7, L
EDZ Lt 41 ITHERONTKB G TR AT D 85+ aiT) 2R ZOTRICE
WTCTEHETHDLZ ENbhoTo, BT 7 hobleocGE, O-Bnikd: 77 b RBHN
BRI EEEORZIBELRDZEDNOREGIIRUUNVERRBE L B2 6D,

Z 9 LT B 47 dihydrofuran 838 DKL F 2R ET 572 OICNOE B 217572 & =
A, IKEEFEE% benzoyl b L7z 45 12T NOE ZHIE+ 5 Z & 23 HiK, Scheme 48 @ & 5 724H
BANRR OGN Z &b, MR RIEFER R L TH LY ThDHZ EDMER I,
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MeO. MeO.

g BzCl, DMAP —

N A Jex
CO4Bt pyr., quant. COEt
OH 0Bz

OTBS OTBS

38 45

Scheme 48. Determination of stereochemistry by NOE detection

1-6 Pictet-Spengler )& BIBRIA DA R

MeO.

O |w—Co,Et _Table7 ¢ [w—CO,Et _ LiOH-H,0
H,0, MeOH
OH
OTBS OTBS
38 46 47
Table 7 MeNH,ClI, DEPC
Entry  Conditions Results E%’\i'CDMF
(93% for 2 steps)

1 MsCl, EtsN, DMAP, tol. only mesylated

then DBU, tol., reflux
2 Burgess reagent, benzene, 50 °C  no reaction
3 SOCl,, Pyr., 80 °C decomp.
4 1) CS,, Mel, NaH, THF 50%

2) K,COs, 1,2-dichlorobenzene °

(2 steps)
reflux

5 (imid ..)2CS, DMAP 79% 48 R=TBS

1,2-dichlorobenzene, reflux TBAF, THF

40 °C, quant.
1R=H

Scheme 49. Synthesis of substrate for intramolecular Pictet-Spengler reaction via dehydration process

BN HE DG Pictet-Spengler KL EIT I 7O A L7 4 L DOEA T I NMeaz AT,
F PSS L DAL 7 4 DB AEZFT -7~ (Scheme 49, Table 7)., La~L. iR D
A Burgess i3, b F A=k o4 L7 4 OB AT A TRBICHK D - 72 (Entries
1-3), =2 T ChugaeviElZ X OMEEEITo72E 2 A 2 THETH50% & FREEIZTEAD A
L7 4 N BEANINT 46 21352 N TE, IOICHBERE ADREE
thiocarbonyldiimidazole 24 (279 % Z &2 &L U TREE A MME T, IR 72%12F T LS
52 LIk L,

WIZE ) AFNNT 2 R~OEMEIT-7-, LIOH » HoO NaOH & He W MED D72 < B
DARNLT VD) 1IZX Db, BELSHEALDOHEEHRITH D DEPC 202K 57 2 NRIZT
BHDE) AFNT IR A8 O T HZ LTI L, S5HIC TBS £&kRET 52 & T
PRAER 1 24572, 2D 11X Tu 51285 % (£)-galanthamine DA/ FRIZIS 1T D AR RIA
THY., ZOFRET (H)-galanthamine OEREARITIERL SN2 L1T/2D 30, 7pks,
TAT ) 46 D DOEHET I FMEbRBRTZ0s KRS L D 4T DERDIINZE EED |
TIMMEEN/z48 b LI L ITHFLRRD 2T,

VL L. Pictet-Spengler &G DOHIBRIAZ 48 & 1 D " FiFEE L T X 72D T, Pictet-Spengler
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BOGDRRR 21T 72,

1-7_Galanthamine &R D 25 Ak

Pictet-Spengler S L& 1T I IZH TV EFIIWEMETH D OS2 FH L TBS % 2N
IZTRRET DI L THMARHED TRZE Z RS &5 % TBS R Sl 48 12 TG
%17~ 7= (Scheme 50), KJEDFAM:1E Tu & &[F L, lycoramine X° galanthamine M5
THWOLNDEEDO— BRI 2 M Lz 20, ZOf5%, TBS b RN THREINTZER
DEAUIK B0 & 67% CTI55 Z LITHE L7zAd, FIREFIZ y -7 7 2 62 b7,

o}
o, O
ﬁ’ MeO RS

o
TBSOH ‘

52 (19%)

(CHO),, TFA \
(CH,CI),

49 50
(CHO),, TFA T
(CHCl)p, 71%

Scheme 50. Pictet-Spengler reaction

—Ji. TBS ZBrEL7Z Tu LOAEMFEE 1 ZHW T, SCEIZHE - 72 RFIZ T
Pictet-Spengler Kt 21T o7& 2 A, 7T1% & L0 LWV TERILIA 50 2155 Z LN TX
Too BURIRNZ LICZOBRIZIEy -7 7 b B2 I3 o N TIhehote, 2TOZENBLT V7 b
VB2 IIMRIC L DM TBS N Z o 72 ICAE UK E 2 BLBERE & U7z SN2 KGR0, KA
DOIEEZ L > TELDT I NI TF AU REOARKISTIERL, 7 7 —VEllike L
7z anti — SN2’ SR H L<IZ SN BURIC TR T 5B CH L LB H 2 LRk D, 48
® O -TBS k% axial A2 > TE Y, dihydrofuran Bl & ONAKREE N IEH 12 K& <
2o TWD, ZDd, SKEELZEMT DXL IV T 7 — VA BB L U RS HET
LTV EEZLND,
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MeO
o C
OBn
_— = of NMe
(+)-5 OH
(-)-galanthamine
[a]®p -111 (c = 0.19, EtOH)

MeO. MeO.
LiAH, O
THF solution
O, \\\\\n,NMe THF, reflux G, W~ NMe
‘ g 88%
OH OH
50 (+)-galanthamine
[a]?*p +112 (c = 0.5, EtOH)
lit. [0]?°p -119 (c = 1.378 , EtOH)
Scheme 51.

Completion of total syntheses of (+)- and (-)-galanthamine

ZHLTHELNERILIET 7 % A 50 I Guillou, Thal HIZXK > THESNLTWND
galanthamine D& FKHFREUETH 5 39 DT, kD FIEIZHE > T galanthamine DAL
2179 <, LIAIH4IZ X 57 X FOiEe AR 472 (Scheme 51), L7 L PSR Z LT
IS D FSEITES, REFROMSICTOMEEZ LTLE-7Z, £IZ T, LiAlHs OJEIR

AR (FiiE/L5) 225 THF %K (Aldrich) ~E 288 L2 & 2 A RIS OGIEHETT L,

&

SNTALEMDOBKIEANT bAT — 4 B OMHEIT SR O T & IFHFIZ RV —E
ERLIZZEND, ZCKVIERRAEICTH S (H)-galanthamine DRGNP EM S 7
(78X ® methyl « -D-glucopyranoside 7> % 20 T.f£6.2%., CEAEE D 7 m~F%& /7 L (+)-5
N6 11 TEE 13.7%), FIohEETH L v 7 mFtr ) v (-5 OFHEEDOGHRRE G
AR L2 X 9B THH 1S, [ U LRI THEL, KA D (—)-galanthamine D4
AL ER L7z 27, Scheme 52 (2 b a2 L iz,

E OMe

OMe

NaBH,, CeCl 7H,0

MeO.
MeO O OMe O OMe
0 1 2 Mgtir o OMe  PCC, NaOAc OMe
,2-dibromoethane
OBn ‘ OB MS4A O8N
THF, -78 °C ‘ (CH,Cl)y, 60 °C ‘
85% (0-OH : B-OH =4:1) 73% G
OTBS OTBS OTBS
known
chiral enone (5)
MeO. MeO. MeO.
MeO E 10 wt% Pd / C, H,
2-nitrophenol SNco,et  NBS OQ_N™>co,et EtoH R
CH3C(OEt); ‘ OBn DMF OBn  then
140 °C, sealed tube 0°Ctort. pga K,COs, 10Wt% Pd / C
o
80% OTBS 84% oTBS H, (one-pot), 85%

MeO. l

MeO. l

MeO.
MeNH;CI O

0, |w—CO,Et _ LiOH-H,0 Q &\YOH DEPC, Et;N q A\\\n,NHMe
H,0, MeOH o) DMF, -10 °C o
(93% for 2 steps)
OTBS OTBS OTBS
(CHO),, TFA
(CH,ClI),, 67%
MeO. MeO.
0 >
LiAIH,
O Jw~TNMe THF solution O, [wW~SNMe
THF, reflux \"/
88% 0
(-)-galanthamine
OH OH
Guillou's

(+)-galanthamine

intermediate

-78 °C, 89%, epimer 9%

MeOH /CH,Cl, 2/3)
HO"

i OBn

OTBS

‘“\\COQEt (imid.),CS, DMAP _
OH 1,2-dichlorobenzene
reflux, 72%
OTBS
MeO. l
TBAF, THF [e] ‘\\\\[]/NHME
40 °C, quant. ‘ 5

OH
Tu's intermediate

(CHO),,, TFA
(CH,Cl),, 71%

Scheme 52. Summery of galanthamine synthesis
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2. H A4 — K Claisen /7 % B\ 72 (—)-Morphine ®& FRAFZ

2-1 WA R Oy 7 g ~FH BRIk 5
H A4 — K Claisen 5\ DE T )L EER

HIZ T galanthamine D& FAFZEIZIIT HFER LD A EEFEORE W DAALE AR
FIUR R FE~ & 25T 5 Fik L LT Claisen IR IEFHICEM TH D Z L RSz, Ko
TARBEDH —47 > h T morphine (% L THAFELZH WD Z & TREBEORE ENTE S
noEMfEEnD, 22 CARIEARTEEZZOETEMANDLOTIEARL, LV ENLAEK
ZHIE LR & U CRE T 2 =k Uik R FE & 7 A — R Claisen B5(ZIZ & > THEEE S
5HZ e hEZ, ZOFETHIUT one-pot |12 THET D OO RFHLE —FITHEECE
HZ M, BRI KRR OERUCIG R ATRE 72 Bii- 70k & 70 5 Z L3 iR S D, ULk
Z ¥ 2 T (—)-morphine D& RAENT 2 LLF D XL 91247 - 7= (Scheme 53),

MeO Intramolecular ~ MeO.
Friedel-Crafts

reaction

piperidine-ring
closure

Epoxide-mediated
ring closure

catalytic Ferrier's HO.
Pd-catalyzed oTf carbocyclization
cross coupling RO, reaction HO,, o
"t > >
MeO. RO' HO' Z
55 56 D-glucal
54 MeO

Scheme 53. Retrosynthetic analysis of (-)-morphine

Cascade double
Claisen rearrangement

(—)-Morphine ® BV U UV BRIIRFZIHERE T 52 L L LTHL Ifiond &Ex7,
ZAUX morphinan ‘B A2 ISR LT L E 5 EMEREEHICET B ERRIE, ENIEIC R
Lt LWEHEO THRbLRAIER G RD 2 b, FEN, (EXNRFMI 2Rl 57
DI ORI E & DHZ L & L, Perhydrophenanthrofuran 51 X4 W T®D
Friedel-Crafts K2 T 52 L Vb b &#& 27, 52 D7 7 BRI galanthamine @ & X
ERBRICLTA LV 7 4 U ZEIEHILSE D 2 ECHERSE D 2 L & LT, B LA ENIBEEAL
WCKBEZETDHTEOF VT 4 BRI RAEEWRL, =A% Y FEBCiEM (b
% Z & TR EFRIFFZFTEDKIEEZEATE D LB X T, 53 O 247 =k, MUk
[RFE DREFLIT diol 54 1Z5G1F ik _7= X 9124 24— R Claisen $i5(7 % Jii§~ = & CT—2812H%
HTTDH LWV HRIEAERIR L 7=, Diol 54 OFFERHHIT D-glucal L ¥ Ferrier BRLIEHIZT
P AEE & PRI U5 vinyl triflate 56 (2% L, palladium fifi#Z K 5 cross coupling % Jifi
TZLETEHEATDHI L E L, REARKIT D-glucal #H3FEIE T5 Z LIT X 0 HFEN
Frootx O LFEE O FEEMMA LTI YD Z &b, HBEEEZEIER L
AR THDLEE XD,

L L, ffwm Chik <7 X 912 Claisen &L % B A7 — RIZT, Lb RAWAERRA~ &G
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R L7l Aach o BIRIEMIRICE O TIE Curran 5, Heathcock 5D T /) — 2 Al
TR 140, 14D (T DB DD, v 7 mAFH o FEETOFITHARTZR Y 1BV TR 67
Molz, TZ T, bol bHMARRIIBWTOET/LEREZITV, vinirogous anomeric
effect D727 B AT H L FRIZBWT S, A7 — R Claisen S5 3T T2 D0 E 9
MERHTH Z L2 L7z (Scheme 54),

SCHROD o1 140, 28) (ZhEVY, 1,3-cyclohexadiene % HIZEJFUEFE L CRFEAL, MK fRZ R
C trans-3-cyclohexen-1,2-diol 58 ~ & &\ /=, Z OREIZxf L. Johnson-orthoester !}
" Eschenmoser %! Claisen #&\ZJii L7= & Z A, Johnson & TOHIZISVNT 2 IREfH &
FEFIZHEE T, TLC EIZEB W TIEIE single spot TORISDHEITFRD BTz, FH&en
OZDOERMITES P ERBEELETHZ L0, AV MEERE ) = F L O IEREIEE T
H N7 B REE AT D7 EOBEMIC LY | IR K HPET S 2 Lk
STeM, BHO ZHIEIREGD Z S IIERE L7z, —J. Eschenmoser B Cl3ES 2 2
LIRSS HEIT L o7z, ZHUTREHEE Y Eschenmoser M OISR TH S b
Ny, FUL UK LTI L CTHIREBET R olcl b 2B x5 L, BREICL D
BNEEDIRNEEZHND, —#%IC Eschenmoser & L 0 SHENMEWE I TV D
Johnson BUZEWTH BAFICRIGHAEIT L2 Z £, X D BMEORWFERE O L TIRE
BECAAE L B2 DD Z EDDRROEITHNRIAEND,

2-nitrophenol
CH;C(OEt);

140°C N
inasealedtube Q/COzEt
>80% (on TLC) CO,Et
Br, WBr KOH HO. 21% (isolated yield) 59
e SO —
CHCls, 0°C B H,0 MeQ_OMe
r (47% for HO -
1,3-cyclohexadiene 57 2 steps) 58 Me” “NMe; ;4 ~ “CONMe,
tol, 140°Cc /1 CONMe,
in a sealed
tube 60

Scheme 54. Model Study for cascade double - Claisen rearrangement

UEDRREY, oo~V U FEEAT2EE B80T A7 —F double
Claisen BN AT 2 Z E TR SNIZZ L 0vh | FEBRD (—)-morphine DA RHFSEICHE
F LT,

2-2  Claisen 07 HIER{A allylic alcohol & U8 allylic vicinal diol D&%

AcO AcO PMP\rO
AcO,,, o PPh3-HBr AcO,, o 1) MeOH, NaOMe // o, o
—» . - ‘s
_ MeCOH, DME 2) anisylidene /7
AcO AcO' OMe acetalization HO OMe
tri-O-acetyl- 61 62
D-glucal

PMP\rO PMP\rO
i ) NaOMe, MeOH OZC\L)O TBSCI, imid. O:(\';O
> —_— »
i) anisaldehyde dimethylacetal
ii) anisaldehyde dimethylace HO' Pz DMF, quant. TBSO =

PPTS, DMF, 45 - 55 °C
reduced pressure, 56% 63 64

Scheme 55. Synthesis of protected glucal 64
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112 Claisen RN HTFRICFI S T2, 7 a~FH U BE2HA 7T 5 allylic diol DERLE
179 728, HElZ tri-O-acetyl-D-glucal % 2-deoxyglucose & L7-14125% 2 Kt Dff# A 1T
BIEEZXT, LMPUIT BT /EZIZA T D triol IFFEIZx LIEFICTHWEE Th o772
DIZ 4,6 L% T X — NV TRi#ET D Z ERHKER D -7 (Scheme 55), —#k/KEEKE% Tr J&
TIR#ET D2 L 290 { B2 T2 0ME# - REO TR/ D2 L6 ZOREER &L, 7
U=y MEDRNZ 4,6 ik o2 L & LT,

Tri- O-acetyl-D-glucal D& TOHOT EF NVEZFRE L T D-glucal & L., FFI#& AL 2 )+
frEL, v—&% Y == NKRL—Z =X DBIESMET, £U% MeOH ZERELRN DL O
T =2 U T AT H &S onepot TOBT BF /AL —T X — b ziTo72L 25 56%
& IR DU TICHREEA O glucal fRi#IK 63 2155 2 LITHI LTz 30, Z DRSS
PEDSTRWG A IT AR O 53 R 70 3B Stz s, efilit & U CTH5E2 0 PPTS 80 % 841
L. 0.5 mol%IZE THATHMY 22 & THREEOIFRIZTHES Z LIl Lz (%0
methanol (Z L > T Ferrier Saf\iZ#L = L7z ECT = U T ALINTZHENFEE TH D),
723 Z ORBEITRREMETIEDH 203, A IO LB L TIT< G 2 M) 7=
RFIZETHROTEEZED D Z LI LT, 63 DlEfEOKERFE A TBS I CTHR#ET H Z LI K
D 64 1372,

ZOREE 64 bIHEEEEN TH 5 300 23 i EDOWRE IS D AR 30 TIXFEE O
1-bromo-2,3,4,6-tetraacetyl-D-glucose & ¥ Birchi® tx&ie5 L (D 547U 2 Nk,
@ 1 &ET M) U LANLBRRR LRI KD T 2Tk, 2) RERT 4,6-:0-7 =
VT TRE—E, © 2,304 T7ae Ty TS — bk, @ VF AT L—=F
(2 & % Birch =56, ® TBS b, #RULER 43%) 7220225 DIk L, AKLFETIX one-pot DHL T
FETITR A D T2 OO glucal QI FNTHE T 2 M4E0 00T & IR S BER
DFELVEWT & tri-O-acetyl-D-glucal 725 3 HLAN & EWHIRK CRERLL 72 TBS £#i#
A N/ITONDLZ &, LMORKDO XS 72@E T N v LALT A — A7 EZ2 AL
LR ENG, AT — ATy TR ETHERFIENTRE THDL LR D,

PMP\rO HO. HO.
PPh;-HBr .
O:C\L)O DIBAL-H PMBO:E} NaBr, MeOH PMBO:E\L/CL I, PPhg, imid.
—_— _— —_—
= tol. Z DME, 0°C THF
TBSO A5°Ctort. TBSO TBSO OMe| (789 for 2 steps)
64 86% 65 66
[
0
PMBO:&? £BUOK PMBO:&CL 20 mol% Hg(OCOCF3), PMBO, i
—_— -
o acetone / acetate buffer (pH 4.8
TBSO ome THR87%  qggo OMe o er (b 48) TBSO OH
67 68 69
a) MelLi, Cul
DIBAL-H in hex.
o) HMPA, THF, -70 °C oTf
MsClI, EtzN PMBO,, then MeLi(xs) PMBO,,
DMAP ! then Comins reagent, 41% !
CH,Cl, 95% TBSO

then
PhNTf,, r.t., 96%

b) L-Selectride® , THF, -78 °C TBSO
70 7

Scheme 56. Synthesis of vinyl triflate 71

Bon-6407 =5 7% —/L% DIBAL-H |& CSARRIZ ZEWN T {15 6 BAZL S
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65 & L. triphenylphosphine hydrobromide 29 (Z LB AF /T Y a3 NMeafTH 2 LT
2T A XTIV a—AFHER 66 L L= (Scheme 56), Z D & % sodium bromide % il % 7=
LA BT DRI DD LTcleOZ O EEEM L T 5, 66 (XY
ATNTT Ba@ T ENEEMME T T D7D 5RO HI & 8w IRIZHERED —flok ek
ZIAUHFMTHZIE T2 LRET8%IZTET (o @ B=>20 1) ~LBW, W7 /) ~—idv
UBTFNAT 0~ T TT7 4 —CTRBICDHETE D0, ZOHO TRERIC T LR
HIRT 27200 MT 2 Z ERBEVMOEFHROTLREED DL Z L L Lz, 67 XL
potassium t-butoxide (2T B MiEEZIT\V 5~/ BT /¥ RiFiEIK 68 ~& B /=1,
mercury(Il) trifluoroacetate % F\ 7= filifti) Ferrier BRILECM 120, 20 ~AF L2 E 2 A, T
T by ] FEBAEEIR ORGSR TITY 2 LITX Y 96% &\ 9 FEF T @ WL T
3-hydroxycyclohexanone #FHER 69 ~LE Z LTI LT @R EZHWTICE KT &
N RTIT o I2h . BOSDIEIEHEAET HEIZ /> T TBS b3 2GRIZEIT L, IEEDMK
TLR), EUIKBEEEAMEL, ZOFEFEBHBESE D Z & TRAEER Y 7 X
T URBEEARTO ~EEL T LITHEII LT,

FEWT, FHREHEDOIZ Ry TV TETHI OO =L N 7 L— b ~DFFE%E
ATz, T o, B-AREIFNT R D 14550, THICE VWAL= F—b2 b 7L
—MITR Iy T TH2LICR-oTHONDL L L HEERLABLOFIEL L THLNDHE
M-8k 82 2 VT To 72, TOREE, 1,438 0iXEIEEEMICHET L2 H DO Comins
R 39 Z W TEALITE 72 < EIT Lo tz, EEEMNIC 1,487 D I12iE, Ak
il CTdh Db Eam L L Lic, BETORR. 1,48 0% I KR O Meld 2 /01%
TUHEH-=BIEICNETH D HMPA OB LR IEHLZ L THLIRE NY 7 L— MER
T35 Z o7z (condition a), ZZ THFL—Ta v NEDOEFFEEZDH LI
L-Selectride® Z AT 1,48 T4 1T7-72& 25 (condition b) 39, = H 5 HIKIETEEMIC
1,4 BNz, £L7==x /7 — % N-phenylbis(trifluoromethanesulfonimide) (or
N-phenyltrifluoromethanesulfonimide) (2L > ThVU 7L — METDHZ LT, 96%& @I
RIZTHLEDOE =NV M) 7 L— T 2155 Z &N TE 2, [AEROAERT Comins i3 %
WTHELNTZD, XD ZMARHIETH D PhNTR 2 Wb Z L& LTz,

MeO.
MeO 72
oTf B(OH) Meo
PMBO,,, Pd source and temp. (Table 8) DDQ MeO
ag. Na,CO3, 1,4-dioxane - CH,Cl, / H,O
TBSO 2832% ?
71 TBSO
Table 8.
________________________ entry conditions yield (%)
! TBAF
MeO E 1 Pd,(dba), r.t. (no rgztc):tion)
' 74 i THF, quant.
i MOMO' ! 2 Pd(PPh3),, 100 °C 13 %
1

1
b ( 3 Pd(OAc), / PPh (1/2),rt.  quant. )

Scheme 57. Syntheses of substrates for Claisen rearrangement
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Bonle= V)7L —FT71 LHIROF VEE T2 GHELG FIEE) 39 & 8RBl v
7780 X525 L& L7z (Scheme 57, Table 8), 723, guaiacol (2-methoxyphenol)
FORLLIZT V=N AXT4 LD Stille Wy 7Y 7 TIIRBON v 7Y o Z7RITH/LN
2o lz, P S LT tris(dibenzylideneacetone) dipalladium(0) % FV 7= 23R
TSI fREE Y palladium black ~EZfL L CLFEFWERLIKIG LN T-, £
tetrakis(triphenylphosphine) palladium(0) % V72454 Tix 100°CE THELL TH 13%
CIRINRICE £ -72, & Z A palladium(II) acetate & triphenylphosphine & % mol Lt
(LT 1:2 CIREA LTI L7 palladium fitiiEz W= & 2 A (entry 3) =IRIC TGN
EATL, ERANCH v TV 7R 18 21525 Z L ICHII LTc, ZORISERFLTZE 2 A,
palladium(II) acetate (Z %} L C triphenylphosphine # /4 L3 2>/ x T\ o 7=54&
(triphenylphosphine G CTlI G L7gny>72), PAAD) : PPhs= 1: 2 2TEA & L TG
DIMEEANCHETT L. 12 4 (PA(PPhs)s D&M TIHIEHMEILT D Z L3 5yinoTz, B
5 < Pd(0) IZEEAL L 7= triphenylphosphine D& & S MFRKNTHH E R BN D,

COLTAMLIETB DY 7 n~Ft U ROGELZIBRNREST 22 TT U AT va
—L T4 KOV, AL b4 ~EENTE, THIZED A — R KOBRER e R K IZ T
Claisen #A{\. 2 IV TARF L2 LT 5 W 3 - 72D T, Ikt 7 23 12T Claisen #5
MORFIFEREZ T Z L2 5,

2-3 WA — R Claisen #5(71T X 2 2h=RAY 20 N7 =k, VUK
HEEE D HE

D

B

9-3-1 Johnson ! CDOH A 4~ — K Claisen &7 K Y
BBy 72 B A - — RB Claisen 512 L A ¥igt

HRNLRATBRA Y A4 — L B4 Z FIWT O A — R Claisen Br\L 21T 9 ([ZH 720 | ISR %
galanthamine ®Z L L [A U, HE K&, 140°C, triethyl orthoacetate ¢ neat 5 J&HZeH(2
EE L, B ORKET 21772 > 7 (Scheme 58), MatdOfEH, —MRAVREMEL CTH D 7 1
EA BN UEOM, CSA, montmorillonite K-10 (23T LA AGEKRIT E - 7=
<o T-, % Z T galanthamine @ & & & [AAEIZ 2-nitrophenol!® % /=& =
% (Table 9). Hisb CIRINR TIIH 20N LEHD " HENR 77T #5502 LIk Lz, &5
[ZFRDY EA 5 mol%k TR, RNTAELS EtOH ZIY FRr< 72212 TV 7 fEE
MS4A ZWMLARWERIFICEZ 728 2AZOIERIL I HIZEFE L, 36% & FREDIEIC
TT7T #1535 2 LIZEkF LTz (entry 3), BLBREWZ &2, ZORISEEE TIXRI T LT
VRS COMBGET SN CIT R o 1ot JRER RS 2 D73 Th-72 (entry 4), Z
DZEMD ZDOWBMIZENDORFRRESFEEL TND I ENZELOLND 19, ARG
IR D triethyl orthoacetate LIS DS TITHEAIAGRIAZ G2 Z LN TE ool
RBRA AR L T 72581 80CIE < THOMBIEIEE Z » 7272, BN L oA A X
AR # A —2IC, HOWRKRIT 2 2L TINL OREREZER L T2,

—. WA= FRIGTET TR <, PMB ROALEWAR#E L7 VAT L a—L 75
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HWTERERINCHIA . S D ET b ITR o 7c, T2 & EAIOKHER % £72 < Claisen 5713
— AR T D T u A VB E 50mol% F9HVD Z & TRAHCEIT L, oLk &,
B A — RO &R T X 912 2-nitrophenol ZHW T ORI 1 B4 VRO & & S T
BETBAT S T2 E TULENRL D | BRI S Aoz, 7 A7 — REOGOSE & ik
FED RN A REICHNTWAIZ BT ZORR o722 L2 D | 2 D Claisen §is
BN TRY RN =2 NE LT 5, DOF VA &2 DAL T DAL Pk R 55 %
T2 2 EHOENMN T/, FERZETLVT MRELZBET S 1 EHOEBMTH
HZENTREIND,

2-nitrophenol MeO MeO,
CH,C(OEt), O
_ MeO CO,Et

3 days | MeO
—_—

see Table 9 J\ ‘ o , CO,Et
'y
(O NG |

Et CO,Et
54 76 77
Table 9. cascade Johnson-Claisen rearrangement A
Entry acid (mol%) heating condition MS4A yield of 77 (%)
1 40 140 °C, sealed tube + 5
5 mol% acid
2 5 140 °C, sealed tube + 12 (see Table 10)
CH3C(OEt)3, 140 °C
( 3 5 140 °C, sealed tube 36 ) in a sealed tube
7 days
4 5 reflux - 0
a) 45 mol% propionic acid
MS4A, CH;C(OEt);
140°C in a sealed tube MeO. MeO.
87%
MeO'
> _—

b) 53 mol% 2-nitrophenol THF, 97% ,\\‘

MS4A, CH3C(OEt),

co2 Et TBAF MeO ‘ clo2 Et

’/

140 °C in a sealed tube TBSO HO
53%
75 78 79
MeQ OMe
Table 10. 2nd Johnson-Claisen rearrangement
- Me NMe,
) o - o
Entry acid catalyst pK, (water, 25 °C) yield (%) o-xylene, 140 °C
in a sealed tube
. 90%
1 2-nitrophenol 7.04 57% (66% brsm)
2 acetic acid 4.76 44% MeO.
3 propionic acid 4.62 <55% O
MeO

(with inseparable byproducts)

CONMe,
* see ref. 36. "'/l

CO,Et

80

Scheme 58. Cascade and sequential double Johnson-Claisen rearrangements

BHNTH 1 ALK 78 © TBS &% FrE L. 2 £ H O Claisen 5 DT &2 1T/ o7 & =
% (Table 10), galanthamine <° 54 ([ZXf T 20 A7 — RIS D & & L REEEIC,
2-nitrophenol Z W28 b5 &b LWERE G 2, 7TV ROFHESS Y v B4 VAT
I TUENEL -T2, ZOREFR, 7V ATV a—v 75 Z RV BERER R L— Tk, 3T
2 48% (79 DEUNA 14%) & KV JWVINFKIZTEARD 77T 2455 Z LTI LTz, #lZE]
R E UTKBBEDR T £ F UL SN ALE RS E O GY (EEITRETE TV
720 MF DAL,

-42 -



Fro. BRBERRBREIZ TN DALk R OGS %4 Johnson-Claisen (2% T
Eschenmoser-Claisen (ZTiT72272& 2 A, 90% & W) @INRIZ TR DR AT 2 7 )L
TIR80EGDZ LIS LT, ek I A — ROLGAITIIFUSKR S 3 H 72 D%t L,
BEPERIRR I T 2 BEH @ Claisen #5701 7 H & & < 7225 TV D DVISREUE O JFEFA R
Nzl Th b, —J7. B Ar— ROHETIIEFET 2 EE (—RERAAK 79 HET) 2VE
W ThH o778 3 H TRIGE DT,

THUC KD T DA SRk, WRRRSBE DR S s EERMRE AT L 7T b
AT NT I K80 D 2 FEMHAMMS HZ LN TET,

2-3-2 Eschenmoser B To B 24— R Claisen $&{7. &
BBy 72 - A - — R Claisen B5AZIC K DT

Me
H Me,N

OMe ®NMe;, NMe,

R 82 rR 83 84 (85%)
MeQ OMe MeO. O
Me NMe, \\ MeO'
o-xylene or tol. \\ o CONMe,
reflux or 140 °C ‘ "'/l
led tub
sealed tube CONMe,
81
MeQ OMe o-xylene, 140 °C
sealed tube, 65%
Me” “NMe,
MeO. MeO.
MeQ OMe O O
MQXNMQZ o MeO CONMe, TBAF MeO CONMe,
gl —_—
o-xylene, 140 °C o THF, quant. o
sealed tube, 96%
TBSO HO
85 86

1 mol% 2-nitrophenol
CH;C(OEt)3, 140 °C
sealed tube, 45%

MeO. E

MeO

CO,Et
""|
CONMe,

87

Scheme 59. Cascade and sequential double Eschenmoser-Claisen rearrangements

Eschenmoser 1 Claisen (71 L 25t E AT L TiT72 > 72 (Scheme 59), F 7%
diol 54 % F\ T Johnson B! & [GIREIC ) A - — R CTOWRNT 27k A T-, Loy LEE RS « INEL
BHDOELBIZBWTHLEAOEEMKIZIEL G LT, —DARYE L TRRICH L TR
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ZiE7: (silica gel column chromatgraphy (it 2 5412 28 PLC 12 £ 2 3 ClI o3 i
54172) vinyl epoxde 84 235 H AL, WA ZE X TTo THRERIZFR CTh o7,

—J7, BePEMICERNL SE L RKE L 572 2 A, &AHID Eschenmoser-Claisen #5713
RIRICTEITLT I K 85 2155 Z LTI LIz, £Dt% TBS EAfRELTT U AT L
a—)L 86 L Lo, WkRFDOMEZAT 5 ~< Claisen B OMFEITR o7, T5&
Johnson 5 L U8 Eschenmoser LD &6 5 T HEEAL 23T L, Eschenmoser D% 5 3
MR L HRNZRFER Z G DGR & e o 7o, BIAERMM & LT, Eschenmoser DA 1T
X7 2 K7 X — AR LT2AEEY. Johnson BLOGEIZILT EF /b S iz{b&¥n
(E1oy (it

3 A — T D Eschenmoser-Claisen #5712 T4 U7z vinyl epoxide 84 D% A 1 =
AL TH DN, FLOWEE %G9 5 N,N-dimethylformamide diethyl acetal (DMF diethyl
acetal) 7% 1,2-diol ORBIAHF], =HRFIALAIE LTHOEN TS 38 Z b A REIOEED
[Al£RIZ iminium cation Z BiBERE & U 7= PABRSUSIZ T epoxide AR L2 EE X HILD, 75
DKEEIEE A MM LT ZALAEWHN TLC LICCEEb LR R oni=2 &nb, &
FEERIFHERIZED o -donation (2K D ZELSNIZT VAT TF AL OETLT ORI
ThHDHARMENRIE SN, —F., b4 =TT EF L L7 88 ® NOE, JEAHIE L L
Z 5 (Scheme 60), [E5E B HREFEDIFIE T F ¥ v /L A~AWZBLE Th - 72 2 L5 Snl,
SN2 BUG DM T T Z > TWD AIREMED & D, SN2 FUG D6 WS 2 KA K - T
AL DHE=NVTRFY RONFMEDME T T M08 H 505, LIZERSTZT VAT FA
YOAELRLT IR, o 84 DlEREOHIKEARKE N & {lalp -74.1 (¢ 0.41,
CHCl3)} 725, HEMEDK TIX, Holob LTHbIT N ThrEZXLND,

MeO
MeO
AcO
NOE H =
L
C

Alfyzro R=H 54
quant. R=Ac 88 J,,= 6.0 Hz

Scheme 60. NOE study on substrate 88

OAc (o)
2
AcX R1/'\/R2 R1/<I/R
PPTS Me, OMe or Me X z
HQ OH MeC(OMe), oXo TMSX o )‘\o \ +>< KoCO;y m
S . C 0 ‘\\ —_—
R R2 C"r|2tC|2 1)_\ , ; H N MeOH o
: a R R MeO- R’ R? : 2 -,
acyclic compound R1/\rR “ ,
R’ R
OAc trans epoxide

Scheme 61. Transformation of 1,2-diol into epoxide via cyclic orthoester by Sharpless

%72 1,2-diol 725 @ epoxide ~DZEHaiEIE Sharpless HIZ L ABINA /L F = AT )L & H
T 5FEBFET D (Scheme 61) 39 23, 54 T trans OEIR AL b= 2T WA %
T Z EIINEETH L Z ENBFSBIZTREINS T L, E SN TS Sharpless  OfI
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ETCIHEREE TH D Z &7 )5 Sharpless H OB T AR TITIRNWEEZTND,

2-3-3 ZOfhd Claisen BE(LIEIC L D ST

Johnson %!, Eschenmoser BILIAN COMET H1T770 572, £ Ireland-Claisen #5(7 %,
VA=V 54 OiKEFEE T BT L LTz 88 ICTHRATZN, T F IO D B
= 0 RN OSITEIT L7222y > 72 (Scheme 62), EXfEIZ Treland-Claisen #2179 Z &
HTE DN, LEBIFFIZH D0 BRI & 5 2 72\ 2 &0 Ireland 150 H 2 B
&L,

F o KEBAD AW =L — T RS Z T Claisen 8. 2175 7 7> > 7 e
ETOMMNbITo 72, TORE. ethyl vinyl ether (s 36°C) AR, mercury(I)
acetate % 0.5 Y& L, HEHIZT 140CIZE TMET D &5 IR R G AT
FTZEICk Y, AR A D Z LN TE R GREATI LI - fL D oM 1 T
ISR EFTEIELTLEST), LLZoL EELNT-0IE—E H ORA OIS T
L7291 CThHH FEML 91 ZHWCTHER USEMIC LT ZHEBER 92 #1552 LT
TE o lz, FTWBANINEEIND Grieco HDOHE 40 |[ZHt - 7= &K% (pyridine /
water) DFBEMEAESLSAME T T HIT o 12N E == —T VO NIKR RO R Z > 7=, LLED
ZEMMBEWRERNL A WS L. VA ARIZ X D Claisen $5{7DORiH 217> 7= (Scheme 62,
Table 11),

MeO.
LHMDS O
THF, -78 °C MeO
then 79 CO,H

TMSCI / Et;N ‘ I
CO,H

MeO. MeO
MeO E cHo Table1l o E
| « Tohcon e “CHO
§ ‘ l‘ |
0 CHO
92

Hg(OAc),

ethyl vinyl ether
140°C

sealed tube
max. 50% 91
Table 11
Entry Conditions yield (%)
1 Et,AICI, PPh, 0
2 PPh;, then ELAICI 18
3 PPh,, then EtAICI, trace
4 Yb(OTf),, MS4A 0

(no reaction)

Scheme 62. Ireland-, mercury(ll)-, and Lewis acide-catalyzed Claisen rearrangements

KE - @O0 E L7=5&M (entry 1, triphenylphosphine & diethylaluminium
chloride ZIRA L. TAUTHEIZ M2 %) 40 TIXHBOERDITFS ST, (1,307 4 2
L7 RN IbEWEEIZH/LITET Thotz, LM LREEZMZDIEEFEEZE XL 25
(entry 2, triphenylphosphine & JFEI%{EA L, % 212 diethylaluminum chloride % /il x.
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%), BHOENIK 92 21525 2 LN TET-, L 18% L IEFEITIRIERTH Y . T Dfhod
SETHIREB N o2 L, diol 54 DD 2 THRENEN 10%LL FTHHZ L H 2
DR TOFHE LW LT,

LI ko Claisen #5071235 1) &4 %4 Scheme 63, &% 1" Scheme 64 (ZF L 7z, B A7 —
RISIZ 3B\ TlE Johnson-orthoester M D 3 B A4 D " HEA (I AR E 52, € OMOF
ETIFE GOz, —F, BRI T Claisen $A(ZIT K 2 RF B BT
Johnson . Eschenmoser B & #7282 THET L7, £ OMAGHOETH FRRE DL
FNZTC HEBMREEREZSE S 2 LN TE, 1t Johnson — 2nd Eschenmoser Claisen
sequence DFLAGDLEN L > L L EWNE Lo 7-, FlKBEEZH V=1L —T LD
BN, i< VA ABETORRNLZAT72 D BRI CIE T HERMLAE 55 2 L I1ETE 2 H DO
TRNFETH T,

U EOfERERE 2, oo TRIZIZ, Zhd ZEHBMAEZELTREOIERIZITE LR
7277, 80, 81, 8T ZHW\WAHZ L& LT,

Cascade Claisen rearrangement

MeO.
A) mercury-catalyzed type 0% O
B) Ireland type 0% MeO
C) Eschenmoser type 0%
D) Johnson-orthoester type  36% ,, R
> "
! R=CHO, CO,H i

R

i CONMe,, CO,Et !

_____________________

Scheme 63. Summery of cascade double Claisen rearrangement

Sequential double Claisen rearrangment

Johnson -Johnson Eschenmoser - Johnson
56% brsm 43%

CO,Et Johnson CO,Et
, Johnson 45% 21,

| 66%brsm |

CO,Et CONMe,

MeO.
Johnson O Eschenmoser
87% 96%

MeO

HO.,
TBSO i

Eschenmoser Eschenmoser
. CONMe, 0% 65% ) CONMe,
1 1
E § I |
CO,Et CONMe,

Johnson - Eschenmoser Eschenmoser - Eschenmoser
76% 62%
Hg(ll) catalyzed type -
Lewis acid catalyzed type

MeO. 9% MeO.
O (1st. c.a. 50%, 2nd 18%) O
MeO [ — MeO
HO,, — CHO
Cl SF
HO CHO

Scheme 64. Summery of sequential double Claisen rearrangement
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2-3-4 HENLOERIREE - NOE JIE - STARRUEIC K HELE

Galanthamine &% DFEIZAT - 72D & [FAARIZ, morphine A AIZISUNT & 5 FER R D Z5H)
73 Claisen B L DHEIT DRI K E R B2 RO Z LB TIN5, 4 FIO morphine A%
2BV TS galanthamine & 13E S 2 EHRILORE TH Y . £72 2 D Claisen (712
T =ARIRF G DU & WK IR R 5L DAL & THRUN R > T 720N
IZHLBRERV, £ 2 CTE T, Claisen B OFTEA S L <IXZ LA MIZH LT NOE &
HETHZ L L Lz QUESMIE4 T CDCls I, ambient temperature),

fam Cuk 72 & 912 Mulzer H13F 4 & [FEED Claisen #5(LIC L 57 7’0 —F 21T\, £
B D ELWINRNWZ Eawmd L ™, E5I13ZFDOBHIZONT, [TURREOHEIC
Claisen {773 9 £ < WD, FHEERIBICK D8R (C 7 m~F U BRICEA) DT
TEIZ E 0 FOSRMBEFRICE » TUERBICER SN TV DS 2] Thd & Lz, EBRES
(X [EE 93 @ 1TH NMR (238 C 2 O [EEREMER (rotamer) 23RS Sv7z) & amscd
IZFE# L T\ 5 (Scheme 65),

Scheme 65. Mulzer’s hypothetic reason of discouraging results

& Z ANF & W galanthamine % & 8 7242 C O HTERIZ- ST TH NMR OHIE %17
SRV IZEWTIE, EEEREEEROFEITRD bRinoTo, £72 NOE HIE D5 R
(Scheme 66), = TCOEEIZBWTHHFERO T b by 7 and  BOEHOT 7 kv
& TNOE MR A B, AL NOE 23 S e & oo, HHRER O E DAEE S
NTWD L REEFITR O oz, £722 b0 NOE FHBITS T35 &
FEREHN Y 7 0~ B UREIZERFHIZWD (TROLFEFERN T 7 a~FB VBRI
X LEAR” L TWeUY) GE TRITIUTBII SN2 THA D T ENRB Iz, ZOFRKR
Z 2 FEEOREREMEEDORGYM TH L (ToFE72F 1 H < 13C NMR TEMI S L2721 T
HD)) LIEIRNTDHZEHHHKDH, Scheme 66 (24 5 5 FFDILEIZHB T, R#ELOM
BT THFER n b= r7n b ZRFEOT 1 s OZNENO NOE JREEIC
ZNAELD (FFICT8 & 79) &9 Z & IE KIZ 2 SO EEREMKRDIREW T EEL TH,
MBS THS T T T8 & =)V OEP VRIS TEZ % Claisen #3070 UGRNICE
WT, ZORMRRMEEHZITERT L IENEL THL I LERLTWVD, ZRbDH~
DFERIN OB 2 5 & FHFBBIL Mulzer H OREIZK L, ¥ 7 g4 UBRICH LIS (E)
TIFRNCAFIZDRAEL LC) EAR L TWAH DT TiH2<, BIRTH +oIC B HEHEE A RERE
RRETHLEEZEZOLND,

ZOft NOE IZBH L T4 OEEIZR O 288 e LTk, EERAATERAER O BE Tl
TT. 54 O X D IKBEIENEMi SN TV RWERIZE Y 7 nad P UEIe =17 m ok
» NOE, =fkfRFED7' 1 k> &d NOE OBEIZENRL S, WKBRENER S TND
(FEBRIZ Claisen $5( & L Z TEROMRDUTITVY) 8812725 L HREIZEN L b7 ipo Tz,
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WA DR bR AR EERTER AR O FE ClIKER N EEECd 5 79 DIE121E NOE I
T2 BRI SN TWD (EEEROEALICITVIE) T8 DEAICIIRE RENR NG, BE
5IET VIANLOKBED ERm S BB L CWD BN D, £7- NOE MEICEN A LN
L%, FERBEMOEBRLEORWURLT 7 madt VBRHOA L7 ¢ AN Z DTN
LDIEMERTEHD Z LN nnolc, ZHEEEFEREIO methoxy K25, ¥ 7 maFt U BO
AL 7407 R ERELSEONDHTEHDTHD (BRI T RWESETT S NOE 28
10% b HD1F ErEE L T D),

o OMe
NOE
MeO. o
® - =
e
MeO . (
HO,2 P H H

‘ ?\_ TBSO ~—  TBSO— ﬁ

T8SO07, unsuitablé™.._ "o
75 for NOE study "~

J,,= 4.8 Hz (D,0O addition)
MeOQ.

MeO
HO,2

I
Q
o

)
yz =
T (@]
23
2
T °em
OI/\
P\ )
to
<
(0]
T

N
unsuitable ™~

54 for NOE study
J,= 7.2 Hz (D,0 addition)
NOE OMe
MeO MeO 5%
MeO E MeO Q H OMe
AcO,,a H AcO
‘ NOE E— S
AcO b
88 1| H
OAc AcO
J,s= 6.0 Hz
OMe
MeO. NOE
6%
OMe
MeO CO,Et H
H a \\\I 0 H
C aK
79 H CO,Et
Jyp= 24 Hz NOE
OMe
MeO NOE TBS NOE
9-10% MeO. 3-5%
OMe H
MeO (l:OZEt H —_— TBSQ <>
HA A o H MeO” H
C NS X
H
T8SO”, 5
H

~
©

Jyp= 24 Hz

COEt H »’*ooza

Scheme 66. NOE on substrates for morphine synthesis

NOE

KIZ., Houk & 237k L7z Claisen B\ OERBIREEICHI L TEE L TH 5, Houk HIZ L

X7 ant U BREATLHEE CORMOYA. anti - chair $ L <X syn - boat 23F
REBIRETH D, ZNHLDET NV TEBIZIEMIELEETHD 94, 95125V TEXT
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5, itiam=° galanthamine MIH T iRk~ 7223 —EAIIZ IS anti -chair B2 4 L < X syn - boat
BINHR) B SIRAE L 725 Géim Table 4),

Hj Me=0 Memm(y
\Da
Tod Hy H
MeO\( Me J A 3 A
5 YA - /é-
J__ 4
/ ¢ 7o
Me

substrate syn-chair TS anti-chair TS syn-boat TS anti-boat TS

AH (AH,q)) (kcal/mol) 234 23.5(+0.1) 23.5 (+0.1) 25.0 (+1.6)

Table 12. Computed activation barriers of methyl-possessing substrate by Houk

. Meo@ .. oo A - O >%Et
N TN SR W
/o D EtIo TBS (= f}“,

TBSO

axial Et

TBSO
axial

syn-chair TS anti-chair TS syn-boat TS anti-boat TS

syn-chair TS anti-chair TS syn-boat TS anti-boat TS

Scheme 67. Transition states on Claisen rearrangement

LZANRLEDIEIROEMD LA LT v Rk dE#HEL F7- < L5 Ra.
Z DEBIRRED = 3L F — I ORRE & LE_XTKRIEIZHEZR Y | anti - boat BILISOIRAEIC
L T=RAF =R ERLLNRNE WO FERIZR > TS, ZUIA LT 4 v EDE
BEENSIRRREE L 72 572 TH 5 (Table 12),

INOOEERY, IOICKEREREEZA L 1 EHOIMOT-OOEE 94 (KRd 2
Bo#E b, EBEOEEOSHRATHIT 2) 1Y TUIHD L, TOREII HIZHHFIC
THN S (Scheme 67), WINDEHEIZYH o,m ML EHRE S - 22BN IEF IR E 72 5 FK
RNEE LR TWNWHZ Ebnd, Lt ZOREIZE W TIL Table 12 (28 % Houk &
DIE CTHATE & #HR &7z syn-chair BT H K& 7@ IL % axial (20 HECEIZ 72> T
LEIZEND, EBEDIMIZZING DT TiE7Ze < half-chair A & O 7= L0 BEHEC
FATEBIREZRTHEITL TV D D EEZHND, EEED 94 O Johnson-Claisen fiifi7
(— £ H OB 12BNV T, SLRBEEO B D 7 WA ZMRIRFEOBETH HICHEb L
T BMEEOSWT o B A 50mol% < HATH LA VUSSR EREE T, BRESL
IZ R DIEMAL D 72N Ef B = L= — T L DGE TIEEE FIZEB W T S R0 e Mshr 3 1T
LW E W) FRRFERIZ, ZOX I RBERNBEEL WD LEEX LMD,
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2-4 Epoxide Z#¢H L 7= hexahydrodibenzofuran ‘F#& OFEE & (X, =R F A1k
D ELEIRME 6T % B2

BFoNTz ZHI AR EZ VT, XY 7 7 UEEOREEIZED # o 7-, 4Bl galanth-
amine DA LRV | 7T VRO o fLIKEBEENGFET D Z &5, Mulzer H D 5L T,
W, IR BV, TARF Y REfH L CORRKIGZ R LT,

MeO.
MeO E mCPBA
—_—
‘ , COEt CH,Cly, 74%
|

CO,Et

77

MeO.
a) MOMCI, i-PrNEt  MeO.
Nal, (CH,Cl),
50 °C, 90% o CO,Et
- — o I H an
CO,Et  b)TBSCI, imid. ", COEt ———
"’I DMF, 99% "'/l MOMO \ CO,Et

CO,Et RO CO,Et H/V S H

98 99 R =MOM NOE
100 R =TBS

Scheme 68. Furan ring-formation and assignment of stereochemistry

e, A — K Claisen izl THEHZ LD TE AV F IV AT )L 7T AW TG
%1772 -7 (Scheme 68), 77 |{Z%f L mCPBA % AW CZRIx I 1bx11/2o7- & 2 A, TLC
FIZTmRFY FOERMP RO, 0% ULIEL S KN ZEFHT 5 & TLC RIS 62k
DRE2ENBLIL, 98 & T4% & BAf7e#, H-> Mulzer D4 L I1X5E72 Y one-pot T
D2 LI Lz Mulzer 513 O =ARF b, @ B L HHBRO2 TRAZE L TV D),
ZHUXTT N ARFy RETER LT-1%, RO TEME(L S 172 =7 % 2 K% methoxy
EOBEIR1 PO ORERBEZTHR LD THD, Z0OLE2OFFY = AR
@ methyl # % B BT 2% RKZFEIT m-chlorobenzoic acid & L <% mCPBA &2 55,
ZHIZED, =XV RORBEZIT/ 9 Z & 72<, 77T £V onepot IZTEAD 98 #1556 =
T Uz, E DN b T KRR 2 MOM (2 TIRi#E L, NOE #HIE$ 5 Z & CIEL
7o ETZOROEHDT-DIZ TBS TH# L7 /bA% 100 il L7, 7ol =Hx b
DOROGORE, Wik WK EM) TR AP HEIT L7 fbE & o4 d spot 28 1 5L TLC
ETB Sy, mCPBA HRDKREDFKRME L OBERNEETH Y | ZOMELIHRT S
ZEETE RN, B, 8T VALY Fu T T URETEK LIZRROLEY
DG BT MBI R o 72,

DI ATV T T OBEEERN BIFICET L2 & 205, Claisen A O ER
[CEWTZ AT -7 IR 80 & MW TORBRL BRI T2 UL S BITER O [A)_E75
FFCEDEB X, [ARROFEMIfT LIz Z 5 (Scheme 69), =R ¥ T 1{kix TLC kizk T
single spot THAT L7 DD 15 7L EY OREIXE A O dihydrofuran 101 Tid7e< |
galanthamine OFF LRI U< T 7 h 102 TH 72 (102 130 BEREE 2R G CTH - T272%
benzoyl 1L Z1TV> 108, X OZFD T K104 & L7= ETHEEL. NOE HIEIZL Y ZnEh
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DL - A E LT2), UL, galanthamine D355 (ZDEGIE Br £) TiX7
7 RAZKIL anti THHT7=0, SEEGONTEEIIKBEORMENT 7 h st L syn T
EROTE L ONRFEERM TH -T2, ZHUTE LT B-TRF ¥ RIZkd 5 methoxy HH DOz
RIFF ORBHBEIZ L > T2RF Y FORRMOGHEIT L, —EAF Y =7 ARk 107
DELTHET 7 AL Lz TH S (Scheme 70) ®, Z D Z &E, FRIA 107 (2B
T AT NOEEEFRARY, 7 FOHAETIEZ Path A XV ¢ Path B TOKIGHE <
ColfRTHY ., ZOHEMIITT I FOERFF EOIFLABEF I NOOMUH LA X
TUBZIR T DOZINE_IEFITIRN 2D THLEEZOND, ZTOZEEXFTH LD
W2, U7 2 R 8L ZHWTIRBRD RGN Z TR o Te A THO 7 7 VBREA T HHEE TlEel 7
I R ALLTEbDDOHR DG LNDHER L /e o72, 723 Scheme 70 1265 K 5 72, Wilfi TO
TRFY REER L E#ET 7 P AL LTESGEICAE L S 1020 13 Z OIS TIE~ A T —Hy
TholeZ émb, VAT TI, TATN-TIKE80 £b, ZARFIAUIZEEL TOHsEE
RYEIZFEREICE W E S 2D,

MeO. l
MeO

mCPBA Vi
CONMe, 7 >
,,,,l CH,Cl,
CO,Et
80
OMe OMe
MeO.
0
BzCl +
o, --‘\\ K RN
\\\\ WNco,Et pyr CO,Et
H
HO OBz
o102 103 104
(inseparable) (71% for 2 steps) (8% for 2 steps)
No NOE CO,Et
0Bz (‘ HGH
Ha
H
NOE
Jua-p = 3.2 Hz Juaip = 2.4 Hz
Jup - chz = 6.6, 11.0 Hz 0] Jub-cHz =0, 2.4 Hz o)

Scheme 69. Oxionium ion-mediated lactonization

WTNOEAICE L, 77 VRPN T S X 5 72w, 372405 Scheme 71 #1108 O#Kif
FAMUIN EICZRF AN TEY . ZOmEERRES K, ZOBHBIZEALTX 2 252
HID, 1 DITHHMIZ o,m -dimethoxypheyl 2D SARFEEIZ X 28K A OERD I H D, b
9 1 D, MEEMCHFET LB TEER—T VBRI FIC L 2EBRE X LN,
Trbb, mARXFIALIC K WM DORE—IRFERS (incipient C — O bond) (Z%f L T=R
AL L IFHWOHE N DT —FT VBERIR DO n BEFIZELHE (o — 0 *co. HE5,
Cieplak model) 222 {2 X % w @ FEXIFR L 220,220 (2T, BADHE D D TR F ALOERIK
BN ZEIND Z ETHHIND, TOENLZRFIMNEZLEATIIZOL O 2
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TENRNZ LTz, =— 7 VERBRRIR LA OmMNEFEE &7V FFERREME 2
D120, FOSOETRHT b s, RERmIERHDE 2SN D LI1FTE TS WAEEIZEB W
THRWABRERBNTZZ 2B x5 L, 2O XD RN ERBETHZRERBEO & b
BHINED—J, diester 80 % diol F TiEyL L= HE % L CRIBROLBEZAT > 12354 T
HRERPEDR I L 720> 72 (109B AL A BHBR L= _> Y 77 & 109a B LA D
IWERNFFRE TH - 72), £ D diol DKL % benzoyl £ T L CIRIBED SR Z1T - 72
LA, BU80 LR LHIEBRIETHRISHEITT 2 L 012 o7c 2 b, mATVHE 7
I FEZEOGESICL D BHFRPO axial llE M BlEE & 52 LT KB FIRIC K
DHEERMENHBL L B DY L b,

— Path A : slow
MeO. O CO,Et
Nu: l
| ) e
major Me—0O
e .o
NMe,
HO
107 Path B : fast
OMe
MeO.
Q,
minor g B
“Y>co,Et
HO™
102a

Scheme 70. Epoxide-mediated lactonization mechanism

less

HgR

I’ 3,
ﬁ/wﬂ

repulsive /Me atractive ~ Me
/
attack from
o face "m
—
1
H—R

‘ electrophile
(mCPBA)

—
attack from
B face

c-n
interaction

less
repulsive O
ﬁ/l!u it

sy

AN

O

H

¢'-n
interaction

N\

Scheme 71. Distortion of olefinic = orbital by lone pair electron

2-5 431 Fridel-Clafts J&IZ K % B BRIEALE DT

109a

109p

i arvofiREly, B TRET dester 77 L 0VFHEINS 100 2 FH N THED 5
Z Lt & L. 45N Friedel-Crafts 2 k5 B BRSO ARG OMHT 21T -7~ (Scheme
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72),

DIBAL-H (2eq.) table 12
CO,Et
" tol., -78°C
CO,Et
100
DIBAL-H (xs)
tol., r.t.
quant. -H,0
(COCl),, DMSO 10 montmorillonite K-10
CH,Cl,, -78°C (CHyCI),
then )
EtN, r.t. (112: 42%, 113: 31%)
15 for 2 steps
Table 12. Intramolecular Friedel-Crafts reaction
yield (%)
Entr conditions '
y 112 113 | Total TBSOTHf, 2,6-lutidine
. CH,Cl,, quant.
1 TsOH-H,0, ethylene glycol 0 0 ' 0
benzene, reflux '
2 CSA benzene 0 27 io21
reflux :
CSA, (CH,CI), 0 38 i 38
3 8o°C :
montmorillonite K-10 30 45 1 75
4 (CH,Cl)y, rt. :

Scheme 72. Friedel-Crafts reactions with O-TBS substrates

T A7 /L 100 1IZxt L DIBAL-H # v, 3 ELY 2 YEICMZ TEILEIToT2E 2 A
FOSHEI AN 2 RIS EER S, EHDOY T T R 110 2 TLC _EIZHB W TIEIE single spot
THLIZENTE, 2O 10XV VB FNI T A a~ NI T77 4 —ClT ET AT
RB3KFILIALEY BRFHZ LY Z ORI LIALED D BITEARDBRILIR~DZEHINT %
RNZ ERDIoT) LR | 110 & O EEREER VERNR G & 70D 2 L DB iR ED 7
(Imol/L ¥§f#IZ X % quench, Z OFERTOIEOEITCHLRE, KFISISITER S ieh o
72) T D45y Friedel-Crafts SO fipt#17 > 7= (Table 12),

FOGIZAER L7227 v 7 v REORE &3k T, NER S ORME 79 TORISEAT > T2
EENDFET HOHRTHHOILEWIE LN ho>T (entry 1), £ZTCF LT a—
VIR, AKFiL7aW & 9 12Kk & & e toluenesulfonic acid monohydrate Tit72 < CSA
B0 X TR ZEIT o7 & ZARIGETIEH 20 HIIOL G DS B AL (entry 2), R
% 1,2-dichloroethane |2 x 7= & Z AR ELTZ, Lo, #ERHZREIERY (T
MU EOSBEREE /R G L o D) BNEmiRSEF T AR L, Las TLC I X DB
BRORER, T DB TBS (iR 118 DRICL > TEL D2 b D TH D Z L 33Tz,
ZO7H, 110 ZHWRISIZTE D IEIFRIR TIT R O MER S DL Z LN LI, 2
TR OB 21T o2 & T A, BEREAMECH 5 YA T A F® montmorillonite K-10
clay 9 Z % & IR & O FEFITIRM R RS TRICHEITT 2 Z LB BMNE R |
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Z DR - BKAGRER 118 % 45%., T O TBS 1K 112 % 30%., #t 5% TH5 Z &1
K L7z (CSA Z WA TH KBRIAWS Z & TREICTHIO 113 1315 51 5 3L
TN 20%LL FICBE-72 b, HHMEICHLZ LoTn), 728, it TBS 1K 112 1% 110 23tk
SN 114 O OB TIIZR <, 118 OFRF#EIZ L > TAEL TS Z & A TLC O#IZEN
ootz (114 225 OPARSIGIE Z O TIXHET L o 72), £l TBS & 112 13&
BIIZ 118 ~E AT HZ ERAEETH Y, ZHICEID AT 110 KV 2 TR 75% &
B 4720312 C Friedel-Crafts B{LGEIR 21525 Z ST P LTz, Z OGS CTIE =fkiRFE
DHDOMEHOT VT b REMRFENSGDMEOT VT & RO ZOBHARKIGIZE S T&
DN, BERIIT 7 VROMGEICEVEE S, WkRFE EOT LT R EFFRIBOK
JEEANEL RV B(ETE A< /o> T 5 (Scheme 68 £ R) %, =k RIS L DEABRIK
JEDIHPEST L, HAD perhydrophenanthrene B2 A9 % 112, 113 MG 507, 2B,
AR L LTEZ LNDBUKATOEAY 111 1%, TLC LB X ORERZ LR TE 2o
D, BILBRICRNOBUESEBWOE BB R HERND OB A OWMAIVAIIZ LY
RN SIE DN ET LT b D EEZ BILD,

—J. TATANLOEHEOERTIE/R L diol ZfFH L, BB T AT B R~
BB BHH Lz, UL, @ Ofg{l (Dess-Martin periodinane, TPAP) TiZ4+HNT
DEALBETLIZT 7 b=, T7 brDOBB3ELIL, 7T E R 110 13556172705
7co & Z T Swern it T o7 & ZAEEMICKISVNEITL, U778 F110 2155 2
ENTEZ M, Swern L3RS L7 BEHIE, SUCHEE & U COKEEEOIEME(L GER#)
O TR &SRR X 2 TR IE O E (8L O TRENZERII I TWS T, KIS
—HOT T BRI TE, A FITIEEFREE LTFEEL TR Y, KEED
BEIAHBNEBI BN EEZLND, L, HEIERINEECOITSGR % HIE E D>
LI H L CHRIRIZE S 2 WEEITIE, BEXE T3 2RNSIEEFMEI LT 7 h—
WINERR LT LE ST (RFTOFFR —55C Rk CEALANE Z 0 4asD 203, [RIRFIZIE 1 H ]
RORPEHEIZEZ > TLEWN, o< FIRSE 2 HETIHRERBOBIRLE OV EDZ
7 M=V LR S o T0), RBRIFG L LTE 2 5 Pummerer B AR RIE
ZOFRETIIHF NIRRT,

2D 110 & EFE D — MEERPIREEED AT (RO UGPSR 72D T 1 mol/L Mk
LD RKBENIIZ 72 triethylamine %52 2ICBRET HMENRH -7« Z OFRIZIL TBS
FEOBLRGESIEE D3R, SIS DOHELTIZ A B A7 H> > 72) montmorillonite K-10 (& X %451
P Friedel-Crafts fOG 21TV, BRAGIK 112 % 31%. il TBS K 113 & 42%. it 73% T
LTI LT, SRR EDEED T VT b R LT DR & S 112 & 118 OAR
MBI D3, Z AT Swern BRI TA U 23RO R EORIAERM D FRETE 720 (110
DEBETDL Y AT NA T BIERNBTERN) ZEICR B EEbh5,

XY, BURSETRECHMOBRIL—MAKEEZSEL Z LN TELZ L bELE
BAZ AT T B R EREEOE A Z{T /25T,
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2-6 (—) - Morphine DR 2E K

ATERLZ TN Friedel-Crafts SOGIZ LV HRYDBRILR 118 356 72D T, EFEEHE
HEOBEANZATH Z &L LIz (Scheme 73), £7°, 118 D7 /LT & Ra iy LIZEHITH L,
ADDP. N -phenylsulfonamide % i\ 7= B AEDE 49 12 X D EREREEDOE A 2 A T2 )
Gt E - 72 < #17 L 7)o 7= (tributylphosphine & ADDP & CRIEIZH B2 23
WIDHTIHo72), THESKEEIZ L D8 L B 2, TBS B4 Bifki# L THOT - 223 FH
FEDFE R o T-, F72. sodium cyanoborohydride % A\ \/=i# 7t 7 2 bz ik iz
PREERAZREIAERY (77 REIIHEALEAERERETEAINLTHARY) 245
HOHRTHoT, TITEA IV ERRIELRITELT D FEE LT E A, B
WROSEHEIT L. HEY® methylamine 116 #1525 Z L3 CT& /2, 2B, 118X°112 7 /b
a—/L~ EiEI L72BS, sodium borohydride TIXREIER 232 < AR L 7= D12k} L lithium
borohydride TIXENNRN-oT2Z Enn, BEILHT I {LIZBWTHEILANIC lithium
borohydride Z % Z &I L7z,

MeO.
MeNH,, MeNH,Cl
MS4A, THF, 0 °C o TsCl, DMAP
then LiBH r.,80°C
¢ 1y NHMe w
TBSO
116
MeO.
TBAF [a]®, +13.5 (c 1.43, CHCIy)
(0}
THF it [o?4p +10.3

NM
H 1 © (c = 0.007, CHCI, as 75 - 78%ee product)
S

(86% for 3 steps)

118

MeO.
Li, lig. NH, 9 steps
£BUOH g [o]2% 132 (¢ = 0.32, CHCly) | ————
,  ——
THF, -78°C -

don NMe it [o]°5 136 (c = 2.55, CHCI;)
0

HO'
(-)dihydroisocodeine

(-)-morphine

Scheme 73. Total synthesis of (-)-dihydroisocodeine, representing formal synthesis of (-)-morphine

COEE 16 XV I ATV AT Lrav N T T 4 —ICTRBLIEE 2 A, HBEIER
KTFLCLEST, &I CHHRBEDIZTIRD N -tosyl {b&1T -7, — M7 NE-IRA B
VIO ZMTH % dichloromethane AEMED SS CIISITET Le o7z, 2 bl
E L [RRRIC TBS I K o ifREEORELE 2 | i TBSLZ1T > e % IZHE N- F vk
TR T IRNL D AT L2 o 7o, BETORER, Wi 4 pyridine & L, DMAP {#(E Fn#k
T HZET N -tosyl (b3 #EITT 2 Z ENAH SN, ZOTRTORBRIIAEETN., #E
fEiNE D72 DI MR DI TR i~ L D 7= (R L, pyridine i F2 2 RIS THUY BRUN T
BN EROBLTBS ALAEIT L72wy), &I TBAF (2T TBS & RET 52 Lick-
T4 BEFMIILT IR 118 ~LEWW, Zd 118 | Parker HIZK > THEINTWS
morphine OAKRFRIATHZ ™ Z e, Z O T (—)-morphine DX &G kA E
Ehi=Z &b,
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AcO. PMP\rO PMP\rO
AcO,, N | i) NaOMe, MeOH O, Ao TBSCI, imid. O Ao DIBAL-H
_ ii) anisaldehyde dimethylacetal P> DMF, quant. _ tol.
AcO PPTS, DMF, 45 - 55°C HO' TBSO -15°Ctorit.
0
tri-O-acetyl- reduced pressure, 56% known known 86%
D-glucal compound compound

HO HO. I

PMBO,,, PPh;-HBr PMBO,,, o PMBO,,, PMBO,,
0 NaBr, MeOH I, PPhg, imid. o +-BUOK
—_—
TBSO Z DME, 0 °C TBSO OMe THF TBSO OMe THF, 87% TBSO OMe
(78% for 2 steps)
0 O -Selectride® oTf
MsCI, Et;N
20 mol% Hg(OCOCFy), PMBO,,, DMAP PMBO,, THF, -78°C PMBO,,,
- —_—
acetone / acetate buffer (pH 4.8) CH,Cl,, 95% then
96% TBSO OH TBSO PhNTf, TBSO
rt., 96%

Me
MeO

B(OH),

MeO. l MeO. l

Pd(OAc), /PPhy (1/2) _ MeO DDQ MeO TBAF
aq. Na,CO;, 14-dioxane  PMBO,,, CH,Cl, /H,O THF, quant.
quant. ‘ 83%

HO., ‘
TBSO

45 mol% propionic acid
MS4A, CH,C(OEt),
140°C in a sealed tube

TBSO

5 mol% 2-nitrophenol

5 mol% 2-nitrophenol
CH,C(OEt),, 140 °C
in a sealed tube

36%

MeO

MeO

in

87%
MeO
Me (IDOZEt
o
TBSO ‘

CH,C(OEt);, 140°C ™

57% (66% brsm)

a sealed tube

|
co

CO,Et
,Et

TBAF, THF[ R=TBS
0,
o R=H mCPBA
CH,Cly, 74%
MeO. MeO.
Montmorillonite K-10
(CHLCI), g DIBAL-H (2eq.) g
75%(30% + 45%) ., ~CHO tol., -78 °C “, “COE
for 2 steps "/l ,,,l
TBSO' CHO RO CO,Et
TBSOTf, ,: R=H (30%) .
2,6-lutidine . =
) R =TBS (45%) TBSCI, imid.
CH,Cl,, t.
2 quan DMF, 99% R=TBS
1) MeNH,, MeNH;CI
MS4A, THF, 0 °C
then LiBH,
2) TsCl, DMAP
pyr., 80 °C
MeO. MeO.
N Li, lig. NH3
o, ] TBAF +BuOH of
| H \IMe (6% fTHg teps) THF, -78°C | HNMe
or 3 steps o
TBSO Ts ° 92% HO
Parker's . . .
intermediate (-)-dihydroisocodeine

Scheme 74. Summery of formal synthesis of morphine

EIANZD N8 DT —FEZLHERL LEDETLE Z A, CHRIZIE 13C NMR A
7 MVOFEHEN RN E MESNTWDLT —ZIIMER DD Z L nmghol-, El-wis
IZHDHIENE L . ZORERED ¢ =0.007 EIEFITEN T & B O 2 DS A e
ThsHZ e, I HNMR OF v — MIBWTURBICARHARENRSZ N L b, I0{EE
TEHT—H LBAESE DL LHRICHE > T Birch 3BT & 5 7 VW LVHI7 BEBRE 21T
VY (—)-dihydroisocodeine (FERRWY) Z157-, RIEEIIHEED 7 NV—TFI1Z 80 9T —H
PSS TEY H L O1C NMR A% kL% Parker & 7 EIIZ & % LRMS % Makleit
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5 & Rill 49 FeFEE R OVES %, [ U < morphine DifF4EA 1TV, Gates HIZIRWNT
— & HIZ morphine D& K & % L 72 Ginsburg 54007 — & LG L7 L 2 A LWV —F
%7~ L7z, (—)-Dihydroisocodeine (% Parker & . 2 U'Rice & ™,70) |Z & > T (—)-codeine,
(—)-morphine ~DFFERREE NN SN TNDZ D, ZHUIZE Y (—)-morphine DI
EAERAER SN ATEE (I 27— K Claisen B5(Z#¢#) : tri-O-acetyl-D-glucal 7>
21 THE, SCHREEAN O glucal 1K 513 19 TR, #INEK : 7 A4 — K Claisen fizfit D%
2T 8.7%., BxMERY7: Claisen A0 DA Tl 5.8%) 260,47, LI k. (—)-morphine M
BAERIZONTOE L % Scheme 74 (2777,

2-7 2N =BT 2B PR IS BH S8 D RE

AiE £ CTT, (—)-morphine DX 2EEITER X7, (—)-Dihydroisocodeine J ¥
(—)-dihydrocodeinone ~i% Parker 512X Y. Swern B{LIZTEIT S Z LRGN TE
D, EHIZZEIND (—)-codeine ~i% Rice HIZE > T4 TRICTETLZ ERMEINT
W% (&7 Scheme 8 ZfR) ™),

& ZADBE, 1 51% [ N-methyl ZEOZRIT X 2 Lad e bliahorz] Z L 28K
2. Rapoport ©& 7 OFFERKE A AT L= Scheme 91265 L 5 g2 MG L 2%
EX2bDE LTS ™, ZOfRKIT Scheme 8 THEIF7-H DLV LT 0ITHEMETRE N
REEIS>TWD, 22T, ZHUHBECHE SN TV AR T < KA, BiizZefk
ORI L D2EMEERL X5 L& %72 (Scheme 75),

MeO. 9 steps

(see scheme 9)

%h
reduction

Scheme 75. Modified plan for total synthesis of morphine

Birch
reduction

Parker's
intermediate

Installation of
olefin moiety

FBLA BRI DO B IE Parker © O H{A S L <X (—)-dihydroisocodeine ® £ 5 & 53>
SIT78 9 & 2725, (—)-dihydroisocodeine ® X 9 7L AW ~DA L7 ¢ > O ANITH
FEETIMIZHFERRE SN TE LT, ITEOHEMREGHICEBVTH Rice H DR L
IITNDG 49 7ol R OB OREES NP S, F72 dihydroisocodeine %
morphinan ‘B4 & AT 57 OENIEC L DIV B REE L HIRS WL EE TH D, Lo
TIHIREE OB DIEEOJEME X & 3881F 5729, dihydroisocodeine 72> & O T AL Tl
2, BERY UUBREERLFIOEM, Parker HOHEIRE W 2B TELORE 21772 9
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NP Y

¥ 1% Parker 5 O FETH 5 118 % IBX (L 49 (T TH L7 b2 120 2 HW TR
BIC L4V 7 4 o OEANDKF 21772 > 7= (Scheme 76), L»>L. IBX fi#{t.CTix DMSO
FEIERVAR TS T CHRIGE T, kE R Y 49 |Z fluorobenzene/DMSO DIEA
BERIZLTZE Z2A TLC RIZBWTIER L7z, B% 6 <IE 1,2-hydroxybenzene ! T 5 J5
TEREBIN AN R F ) oL IR LTc T2 & Bbinnd 50, FIFEloREIZ
BT, DDQ Z W e ) U ~DOEHPHRE SATNDR 5D, ZOFRMETH BIWITSE S
WA IR Y

ZITC—E B L= oK EREL, YA ) — =TV ERBT D
SERBGIZ XD ET R T o720 120 1E= ) T — FDFEFITECITK WEE TH Y | RN
P19 D AcOEt & DT /v F— Vi (AcOEt 2> 5 OREZEEE) 2 0IihbrIcEH L
7= CHCIls 7> 4 U 7= trichloromethyl anion 73 1,2 S L72{b &M E /2D, TMS =/ —/b
T—T DB IEF IZEN T, o, DTN/ LNTZTMS =/ — L= —F L%
T PA(OAQ): |2 & % =Ake{b 21T - 7273, Pd black 234 U7z & O D fafin s b v OEIULD
KT, =) 3B oT2, PA(OAc): DFEMEIC X D05 %2 Hivl-72® Na:COs
R KoCOs R L CRUSEAT o T2 SR R b e o T2,

MeO. Me a)lBXorDDQ  MeO
b) Saegusa ox.
IBX
d S
DMSO, 50 °C )
H I}lMe 83% H [}]Me c) a—sglenylat_lgn H l}lMe
HO Ts G Ts basic condition Ts

d) a-selenylation
118 120 (acidic condition)

conversion to SeO, A
halohydrin :

NMe
122 X = Br, SePh 123 124

Scheme 76. Attemped operation for installation of olefin from Parker’s intermediate

FEEESFN T oL =L E TR b DD, ERROBEHENS BOLEWITHED
ot FEOEEIZH L TO et L= L2 LY (#H)-codeine DA K LT~
White & D5t (+BuOK, +BuOH, PhSeCl, THF, r.t.) ™ &1772 - 7225 BHIDALAWII45
LR ote, £ I CHMESRET TO a-PhSe (LIZE X2 DD AT L AT K BN
UV 23 TLC ETHIll SN 257 E, RIXY BOMLEMIT G LR o7,

ZOET= T— IR (I R af H OFBPEE RO TIERYY) Bl e LCidm
BRVEER & e o722 & T FOFRMER Kb, LV BHEEDKW endo olefin 24 L2 <
KT TNWBZ LR, BHEMMET DL DI HNVR=VIEED sp3ENRE F 72720 Tldan
meEEzT,

—J5 IBX 72 EO—BA L DOBATIE, AF L UELOA LT ¢ SRESMEIN 2
EBRRDO—DThHHEEZ, AT VLA VT 4V OEMERNNY & LTH A LT
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4 rEEALL Y EBE X2, LA L selenohydrin 1k, bromohydrin fbiF 416 L |
BELITA VT 4 VBRI L2 b0 & Boh b B2 50 EBOILEWE /D DR T
bolz, F7o SeO2 BALIZ K D57 UV NALITHY T2 A F ATk 2 KEBEDOEAN G R AT
(SeOq, silica gel, dioxane) 7%, =i « MEF TIZELILETH Y . 120°C TOEE G Tl
B3 L. TLC EJREAHED@SMIEDRIAERM 2152 DFH LT oTz,

INHORKETL Y., ketone 120 705 enone 119 #4525 Z LR TH D L EZ HT-,

Dess-Martin
periodinane NaBH,
CH,Cl, MeOH
(28%
for 3 steps)

Scheme 77. Synthetic route to codeine by Guillou via enone 119

EHIINEDOBRFEITR> TV A EFIZ Guillou 52X 5 (£)-codeine D25 kH S
NIEF ENT- (Scheme 77) @, ZDOHIZBWT, Fxr NEKEZRLETNEH D L F—DH
Bx v 119 M58 — @G LTnd, L2ARTIATLa—/L 126 O
Dess-Martin FE{LZ IS DD 7 > 119 X, HEEERIT 5 2 & 70 < B ED H D ALER
T1L2ETITA LTV D EHESN TV, ZOHEBIZE L TEAL< TRl e ST
HDOD 125 705 127 D 3 TRRLEN 28% LKW Z & 7 VAT /b= —/1 126 ORUNE (2
DR R COERITHHICHY , 7TV ABIORFR TONFER TR REIND L5 2EDT
%7207 >72) X° analytical data MEFHINTWAHIZHEED LT /2 119 @ analytical
data A =2 bR EEBEX L L, HABEMRLE D & LTV =/ > 119 IR LE R
B THoTDOTIERONEEZZBND, - T Guillou 5 XV &k LW T COmILEME
(DDQ, IBX) 72 ¥ Tl fRICT / w R TE 7= & LT b RIBEIC M LT LE - TU 2 AlEMED
D,

MeO. Intramolecular MeO. MeO.
Friedel-Crafts Installation
reaction of olefin
(6] (6]
>, S 1) SN — 1

H r}lMe

-,
. (@K
HO" R PGO"

(-)-morphine R =H : Trost's intermediate 128
R =Ts: Guillou's intermediate

Scheme 78. New retrosynthetic strategy

LEDZ &6 Parker O F AR ZFIH L 72 FAE 2 G BB OB 2 Bra L.
Friedel-Crafts JilZ & % phenanthrene B ##5E S RIICA L 7 4 U BB AT HEH~ &
EHE+5HZ L L L= (Scheme 78),

BRRETOIICHI-V AL T 4 VBEASMITIEEZ R - E57-D12, 2 DO T LR L AIBE DR

LEZZEZT 2 SOEH TR Z1TO 2L & LTz
M 5y 2 7 /L 1 —)LE Tl L7z diol 115 OWiKEEE %4 Bz TR, TBS KA rE
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L7t IBX IS CTlfb 32 Z Lok vfafnsr h 180 & L7z (Scheme 79), fafns k>
130 (2%t L IBX Lol S51F F T o -phenylselenyl {b-fR{LAOEE 21T~ 7= & Z A HAY
? enone 131 13F 5N 72 b DOFHIIEIZIEFITZ LW Z ENDRIOTHTEZHRR L& 25,
2 Y ELL o palladium(ID) acetate % W72 MEGAH:CTO ZAEREIZ L 0 FREE DN
T enone 131 %, JF B ketone 130 & (ARG 2L & LTRD Z LTI LT, 2%
Y FEME S5 T D o -phenylselenyl {LIX 4T L 722 » 72,

MeO. MeO. 1) LHMDS MeO
THF, -78 °C
1) BzCl, pyr. then
d OH 2) TBAF, THF of 0Bz __TMSCI/EtN.rt. o OBz
“ 3) IBX, DMSO 2) Pd(OAc), -
L (quant. for 3 steps) L CH4CN, 60 °C L
TBSO OH o] OBz (?g;’/ﬂ) of 131 for %f;%ps o OBz
115 130 b recovery o ) 131

Scheme 79. Installation of C=C double bond from diol compound

—F, PIEN AT VLT o T D diester 98 B OEMRBIT 72, 98 b L7z
ketone 182 # W TA L7 ¢ VI OEAZHRFI L7 L 2 5 (Scheme 80, Table 13), TMS
TNV TNEGD T EIETE OO = bITET Loz, IBX ER{L bR
RHBFBNEICRITAMERE o722 L0, oL selenyl ZEZE A L, FRLHY syn BLBEC
TAHVT 4 VEMET DI LICLE,

MeO. Me MeO.
NaBH,
S IBX Table 13 p CeCly 7H,0
EEEE——
., . CO,Et DMSO, 60 °C . CO,Et ., . CO,Et MeOH, 0°C
"l 91% K " 97%
HO”, CO,Et o CO,Et o CO,Et
98 132 133
Jap = 6.1 Hz
Table 13.
Entry Conditions Result
16%
1 IBX, DMSO, 60 °C (recovery 22%)
2 1) PhSeCl, conc. HCI, AcOEt 36%
2) NalO,, THF / H,O (135 40%) _
(0]
3 PhSeBr, conc. HCI, AcOEt (136 95%) N
0. (0]
4 1) NPSP, conc. HCI, AcOEt 35%
2) NalO,, THF / H,0 (137 22%) o
""""""""""""""""""""""""""""""""""""" Cl Br
1) NHMDS, PhSeCl, THF, -78°C to r.t. : 135 136 137
5 2)Nalo,, THF / H,0 no reaction
6 1)NHMDS, (PhSe),, THF, -78 °C tort. 52%
2) NalO,, THF / H,O

Scheme 80. Installation of C=C double bond from diester compound
Scheme 76 TORERAZEEE X TS T TOEALZITo72 L Z 5, phenylselenyl
chloride # W= 455 a fLIZHERNEA SN 185 W TETLE D Z b olz, &5
\Z phenylselenyl bromide % /=54 121% pheynylselenyl ZlX &< EAINT, oL
T B L ENTIETDORE 186 DAL EGFLHRER L /o772, Phenylselenyl O mR{bAI i
FOSDOHNZ HED o -phenylselenyl L7210 SN RE & BT 5 Z ENHETH Y 72
SN X417z vinyl chloride 185 DR 2R ILHIZ R E TE RN o722 L0 6 a ML HEE

- 60 -



FENEA NN E 912 NPSP 2 ERICH W22, 21 TH o fiZlZ phthalimide 73 A X
NIHEENE LT, &2 THEEESM CORINMIYI Y %2 7= £ Z A, diphenyldiselenide
WD ZEICE D PREOINEIZTHRO enone 183 2155 Z EICPI LTz, bz
enone 183 L INZEIZ TE A O convex face 7> H DIEITLNEIT L7- 184 ~E AT 52 &0
T&72 (HNMR A7 b w7 » 7 EBE VR L), 4% 25 1818 L 10134
% F\ T morphine O H R CORLEMMNEMRTEZ DL EEZLOND,
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AWFFETIT, PEE 2 MRS LIRS RRT AV v A FEROEEMEIT>T2, £
L TEDERICB WL T O DNAANLAF ik % Claisen #a(ZIC TS S &
WO Tiikim A #ER LT,

Galanthamine DA I W T VARKMICE BV E SND om2 BT FREAG T HIHk
BIZBW TS Claisen AN H N7 ANEMRRFHERIETHL Z L 2P LT L,
Johnson-Claisen #A(\7(Z3V T, 2-nitrophenol ZE&fifit - L CHW D Z &1 L EerSt:
WCARZEREFIZBN TS BAFICKICHEITT 2 2 L 2B 6N L, o, FEHROR
FHEFH L2 Dk OERIZ LY | HFITHFE? galanthamine D WSEG KD 25 L% 2
ik L7z,

—7 morphine O FIZI T, Claisen 5 Z#GE S hts, T B I A — KRG E L
THIAT % Z L2 X 0 REWMRRFE D70 6T EHET D AR = RIRHE S IS D5
W& Clz, ZO/EEXINT 5 diol (Zxf L, 2-nitrophenol ZMEfilfii s L= A7 — R
Johnson-Claisen #2417 9 Z &L IZ XV | FETH HOBEEOFHOAFIZ LD EFIET L,
KT D L7 =k, WWRARFIKFE L —FIHEET L LIk Lz, 20%SFH
Friedel-Crafts [ itn% % #¢C (—)-dihydroisocodeine Ak L. ZHIZ LY (—)-morphine
DAL A R LT,

ABFFRIZE Y, LTFOZENRINTZENRD,

1) BEE 2 MR & 3 D S E M E R R A R O A F

2) NSRBI EEVWVERREE AR A T D AR WMk R OREFUIKTT 2 Claisen #5A7 O H HHE

3) MEEET D 2 DORKIRFEDOFENIEILEL LTOH A — R Claisen $5(OAH HMF
L ORI E LA~ DI

B, AEEEE o7 A — K Claisen #afr &Rl U772 REWERITFHR 2 DB RY

WCBWTAS RO L 725,
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1. General Experimental Procedure.

Reaction under argon or nitrogen gas atmosphere was performed in dried glassware
fitted with rubber septa. All reactions were stirred with Teflon® coated magnetic stir
bar except Birch reduction condition reaction and reaction using rotary evaporator.
Birch reduction was carried out with glass-coated magnetic stir bar. Reaction using
rotary evaporator was performed without stir bar. Organic extracts were dried over
anhydrous sodium sulfate preceded by treatment with brine unless otherwise noted.
Removal of the solvent was performed in vacuo.

Commercial reagents purchased from Aldrich, Across, Kanto chemical, Tokyo chemical
industry (TCI), Wako pure chemical industries, Junsei chemical or Kawaken fine
chemical Inc. were used without further purification except tosyl chloride, triethyl
orthoacetate, NBS and ADDP. Tosyl chloride was recrystallized from hexane. NBS was
from water and stored below -20 °C. ADDP was from benzene / hexane. DMF, DMSO
and triethyl orthoacetate were distilled under reduced pressure. HMPA was distilled
from calcium oxide under reduced pressure and shading condition. THF and 1,4-dioxane
were dried and deoxygenated by distillation from sodium benzophenone ketyl. Methanol
was distilled from DRIERITE® (calcium sulfate). Pyridine was distilled from sodium
hydroxide. Toluene, benzene and acetonitrile were distilled from calcium hydride.
Diisopropylethylamine was distilled from potassium hydroxide followed by distillation
from ninhydrin. All distilled solvent or liquid-type reagent were stored with activated
MS3A. All other solvent were reagent grade. IBX was prepared from o-iodobenzoic acid
according to the literature: 2. PPTS was prepared by the procedure in ref. 3.

Melting points were determined on a Mitamura—Riken microhot stage. Optical
rotations were recorded using a sodium lamp (589 nm) with a JASCO DIP-370
instrument with 1 dm tube and [a]p were recorded in units of 10! deg * cm?2- g'1. Infrared
spectra (IR) were recorded with a JASCO FT/IR-200 spectrometer. 'H NMR spectra
were recorded at 300 MHz with JEOL Lambda 300 and Varian MVX-300 or at 270 MHz
with JEOL-GSX270 spectrometer. Chemical shifts are reported as 8 values in parts per
million (ppm) relative to tetramethylsilane (5 = 0) or chloroform (5= 7.26). Coupling
constants (J) are given in Hertz (Hz) and reported to the nearest 0.1 Hz. Used
abbreviations for spin multiplicity are br (broad peak), s (singlet), d (doublet), t (triplet),
q (quartet) and m (complex multiplet). 13C NMR spectra were recorded at 75 MHz with
JEOL Lambda 300 spectrometer and at 67.5 MHz with JEOL-GSX270 spectrometer.
Chemical shifts are reported as & values in parts per million (ppm) relative to
chloroform-d (center line of triplet, 8 = 77.00) as internal references. Mass spectra are
obtained with a JEOL GC Mate spectrometer with Electron Impact (EI, 70 eV, 30 — 300
°C) or Fast Atom Bombardment (FAB) mode.

Column chromatography was carried out with silica gel (Merck Kieselgel 60 F254;
230-400 mesh) or alumina powder (WAKO alumina, activated; 300 mesh) for
purification. Thin-layer chromatography (TLC) was performed on Merck TLC plate
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(silica gel 60 F254) and TLC detection was carried out with UV absorption and
12-molybdo(VI) phosphoric acid n-hydrate ethanol solution (Gf necessary, aqueous
sulfuric acid, iodine powder or ninhydrin ethanol solution was also used). Preparative
TLC (PLC) was performed with Merck PLC plate (Kieselgel 60 F254, 0.5 mm thickness).
References

1) Dess, D. B.; Martin, J. C. J. Am. Chem. Soc. 1991, 113, 72717.

2) Frigerio, M.; Santagostino, M.; Sputore, S. J. Org. Chem. 1999, 64, 4537.

3) Miyashita, M.; Yoshikoshi, A.; Grieco, P. A. J. Org. Chem. 1977, 42, 1977

2. Galanthamine

2-1 Total synthesis of (+) and (-)-galanthamine

3-(2,3-Dimethoxyphenyl)-2-cyclohexen-1-one (7) (C14H1603)
Me
: .0
conc. HCI n-BuLi, TMEDA
Ob EtOH =Et0/© ether, -78 °C >

1,3-cyclo- 6
hexadione

To a solution of 1,3-cyclohexadione (1.0 g, 8.9 mmol) in ethanol (10.0 mL) was added
12 mol/L aqueous HCI solution (0.1 mL, 0.12 mmol) at ambient temperature and the
mixture was stirred at the same temperature for 46 h. The reaction mixture was
quenched with saturated aqueous sodium bicarbonate solution at ambient temperature
and the mixture was diluted with CH2Cls. The extract was washed with brine and then
was dried. Removal of the solvent gave a crude oil of 6 (969.2 mg, 78%).

In another flask, TMEDA (1.3 mL, 9.0 mmol) and n-butyllithium (1.57 M hexane
solution, 5.7 mL, 9.0 mmol) were added to a solution of veratrole (1.43 g, 10.4 mmol) in
ether (10 mL) at ambient temperature under argon and the mixture was stirred for 2 h.
This solution was added to crude 6 (969.2 mg, 6.914 mmol) in ether (40 mL) under argon
at -78 °C. After 5 h, the reaction mixture was quenched with saturated aqueous
ammonium chloride solution at -78 °C and the mixture was diluted with ethyl acetate.
The extract was washed with saturated ammonium chloride aqueous solution and then
was dried. The organic solvent was concentrated, and the resultant residue was purified
by silica gel column chromatography (ethyl acetate / toluene = 1/ 50) to afford 7 (1.06 g,
66%) as a colorless oil.

Rrvalue 0.18 (ethyl acetate / toluene = 1 / 20); IR (KBr, neat) vmax = 2940, 1670, 1480,
1260, 1100 cm'; *H NMR (CDCls, 300 MHz) § 7.05 (dd, 1H, H-5’, Jortho = 8.0, ortho = 7.8
Hz), 6.92 (dd, 1H, H-4", Jortho = 8.0, eJmeta = 1.7 Hz), 6.77 (dd, 1H, H-6, Jortho = 7.8, Jmeta =
1.7 Hz), 6.15 (t, 1H, H-2, J26 = 1.5 (long range coupling) Hz), 3.87 (s, 3H, PhO-CH3), 3.77
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(s, 3H, PhO-CHs), 2.73 (td, 2H, H-6ax and H-6cq, Js,5 = 6.3, Js2 = 1.5 (long range coupling)
Hz), 2.48 (t, 2H, H-4ax and 4eq, J15 = 6.3 Hz), 2.11 (tt., 2H, H-5ax and 5eq, J5.6 = J5.4 = 6.3
Hz); 13C NMR (CDCls, 75 MHz) & 199.8, 161.5, 152.9, 146.3, 135.1, 128.2, 124.2, 120.3,
113.0, 61.0, 55.9, 37.5, 30.3, 23.4; LRMS (EI) m/z 232 (M*, 100%), 189 (43), 161 (44);
HRMS (EI) m/z Calcd for C14H1603 (M*) 232.1099. Found 232.1099.

3-(2,3-Dimethoxyphenyl)-2-cyclohexen-1-ol (8) (C14H1s03)

S
NaBH,, CeCly:7H,0  MeO™?2
MeOH,0°C 2

HO

To a solution of 7 (1.06 g, 4.55 mmol) in methanol (42.3 mL) were added cerium
chloride heptahydrate (2.54 g, 6.83 mmol) and sodium borohydride (258.3 mg, 6.828
mmol) at 0 °C. After 15 min, the reaction mixture was quenched with water at 0 °C and
the mixture was diluted with ethyl acetate. The extract was washed with brine and
then was dried. The organic solvent was concentrated, and the resultant residue was
purified by silica gel column chromatography (ethyl acetate / toluene = 1/ 5) to afford 8
(1.26 g, quant.) as a colorless oil.

Rrvalue 0.12 (ethyl acetate / toluene = 1 / 20); IR (KBr, neat) vmax = 3400, 2940, 2860,
2840, 1575, 1470, 1425, 1305, 1260, 1225, 1100 and 1010 cm'’; 'H NMR (CDCls, 300
MHz) § 7.00 (dd, 1H, H-5’, Jortho' = 8.0, Jortho = 7.8 Hz), 6.84 (dd, 1H, H-4’ or H-6’, Jortho =
8.0, Jmeta = 1.7 Hz), 6.74 (dd, 1H, H-4’ or H-6’, Jortho = 7.8, JJmeta = 1.7 Hz), 5.83 (ddd, 1H,
H-2, o1 = 3.4, Joseq = 1.7 (allylic long range coupling), Jo4ax = 1.7 (allylic long range
coupling) Hz), 4.35 (br s, 1H, H-1), 3.85 (s, 3H, PhO-CHs), 3.76 (s, 3H, PhO-CHs), 2.47 —
2.27 (m, 2H, H-4eq, H-4ax), 2.01 — 1.65 (m, 5H, H-5, H-6, OH); 13C NMR (CDCls, 75 MHz)
8 152.7, 146.4, 140.5, 137.6, 128.5, 123.8, 121.3, 111.4, 66.0, 60.7, 55.8, 31.63, 29.3, 19.6;
LRMS (ED m/z 234 (M*, 74%), 219 (60), 216 (100), 203 (44), 201 (45), 185 (37), 175 (68),
169 (42), 83 (52); HRMS (EI) m/z Caled for C1aH1s03 (M*) 234.1256. Found 234.1256.
Reference

Petersson, M. J.; Marchal, C.; Loughlin, W. A.; Jenkins, 1.D.; Peter C. Healy, P. C.;
Almesaker, A. Tetrahedron 2007, 63, 1395 — 1401.

1-(2,3-Dimethoxyphenyl)-2-cyclohexene-1-acetic acid ethyl ester (9) (Ci1sH2404)
.

2-nitrophenol  MeO

CH3C(OEt); 2
140 °C, sealed tube

To a solution of 8 (31.7 mg, 0.135 mmol) in triethyl orthoacetate (4.4 mL) was added

2-nitrophenol (1.9 mg, 0.014 mmol) at ambient temperature. This solution in a sealed
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tube filled with argon gas placed in a 140 °C oil bath. After 43 h, the reaction mixture
was washed with saturated aqueous sodium bicarbonate solution and then was dried.
The organic solvent was concentrated, and the resultant residue was purified by silica
gel column chromatography (toluene elution to remove 2-nitrophenol — ethyl acetate /
hexane = 1/ 30) to afford 9 (17.3 mg, 42%) as a colorless oil.

Rr 0.49 (ethyl acetate / hexane = 1/ 5); IR (KBr, neat) vmax = 2980, 2930, 1730, 1470,
1435, 1300, 1265, 1220, 1150, 1095 and 1005 cm'; 'H NMR (CDCls, 300 MHz) § 6.80 —
6.96(m, 3H, H-4’, H-5’, H-6), 6.10 (d, 1H, H-2, J2,3 = 10.2 Hz), 5.87 (ddd, 1H, H-3, J32 =
10.2, J5.4eq = 3.6, J54ax = 3.6 Hz), 3.94 (q, 2H, ethyl ester, Jeus = 7.2 Hz), 3.90 (s, 3H,
PhO-CHa), 3.85 (s, 3H, PhO-CHa), 3.14 (d, 1H, H-1”, Jeem = 14.3 Hz), 2.77 (d, 1H, H-1”,
Jeem = 14.3 Hz), 2.34 (m, 1H, H-6eq), 1.88 — 2.09 (m, 2H, H-4ax, H-4e), 1.78 (ddd, 1H,
H-6ax, Jgem = 12.9, Joax 5ax = 12.9, Joaxseq = 2.4 Hz), 1.57 (m, 1H, H-5eq), 1.40 - 1.20 (m, 1H,
H-5.x); 13C NMR (CDCls, 75 MHz) 5 171.8, 153.0, 147.8, 138.7, 133.3, 127.6, 122.6, 122.4,
111.2, 60.3, 59.6, 55.7, 44.9, 42.1, 34.3, 25.2, 19.1, 14.0; LRMS (ED) m/z 304 (M*, 49%),
217 (100), 216 (33), 151 (42), 137 (25), 79 (20); HRMS (EI) m/z Calcd for Ci1sH2404 (M*)
304.1675. Found 304.1676.

1-(2,3-Dimethoxyphenyl)-2-cyclohexene-1- N, N-dimethylacetamide (10) (C1sH25NOs)
MeO e oM MeO 3 A
|O e e
MeO MeXNMeZ _ MeO

tol., 130 °C
‘ sealed tube

HO
8 10

To a solution of 8 (15.6 mg, 66.6 pumol) in toluene (1.6 mL) was added N,
N-dimethylacetamide dimethyl acetal (98 uL, 0.67 mmol) at ambient temperature. This

mixture in a sealed tube filled with argon gas was placed in a 130 °C oil bath. After 14 h,
organic solvent was concentrated, and the resultant residue was purified by silica gel
column chromatography (ethyl acetate / toluene = 1/ 5) to afford 10 (11.6 mg, 57%) as a
colorless oil.

Rrvalue 0.15 (Ethyl acetate / toluene = 1/ 5); IR (KBr, neat) vmax = 2930, 1650, 1470 and
1260 cm'’; TH NMR (CDCls, 300 MHz) § 6.90 — 7.00 (m, 2H, H-4, H-5), 6.80 (dd, 1H, H-6’,
Jortho = 6.8, Jmeta = 2.9 Hz), 6.20 (dd, 1H, H-2, s = 10.3, J24 = 1.4 Hz), 5.84 (ddd, 1H,
H-3, 52 = 10.3 , J34eq = 3.4, J34ax = 3.4 Hz), 3.85 (s, 3H, PhO-CHs), 3.84 (s, 3H,
PhO-CHb), 3.14 (d, 1H, H-1”, Jgem = 15.4 Hz), 2.88 (d, 1H, H-1”, Jeem = 15.4 Hz), 2.96 (s,
3H, -NCH3), 2.82 (s, 3H, -NCH3), 2.31 (ddd, 1H, H-6cq, Jgem = 12.2, Joeq,5eq = 5.6, Joeq5ax =
1.2 Hz), 1.88 — 2.11 (m, 2H, H-4ax, H-4eq), 1.80 (ddd, 1H, H-6ax, Jgem = 12.2, doax,sax = 12.2,
Joax,5eq = 2.7 Hz), 1.49 — 1.63 (m, 1H, H-5¢), 1.27 — 1.44 (m, 1H, H-540); 13C NMR (CDCls,
75 MHz) § 171.2, 153.0, 147.2, 139.9, 134.6, 127.0, 122.7 (2C, two CH carbon), 110.6,
60.1, 55.6, 43.0, 42.6, 37.6, 35.2, 34.4, 25.2 and 19.1; LRMS (EI) m/z 303 (M*, 44.7%),
272 (100), 217 (25.5), 151 (34.4), 137 (23.1), 87 (84.1), 72 (37.9); HRMS (EI) m/z Calcd for
C18H2sNOs (M+) 303.1834. Found 303.1833.
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Preparation of 1-bromo-2,3-dimethoxybenzene (3-bromoveratrole) (22) and

Grignard reagent (19)
MeO n-BuLi MeO Mg tuning MeO
j@ TMEDA _ 1,2-dibromoethane __
MeO ether,0°C  MeO THE, 50°c |V
then Br MgBr
veratrole Bry, -78 °C to r.t.
(1,2-dimethoxybenzene) 22 19

To a solution of veratrole (2.04 g, 14.8 mmol) and TMEDA (3.3 mL, 22 mmol) in ether
(15 mL) was added n-butyllithium (1.57 M hexane solution, 14.1 mL, 22.1 mmol)
dropwise under argon at 0 °C. The mixture was warmed up to ambient temperature.
After 1 h, the reaction mixture was cooled to -78 °C. To this solution was added
bromine (1.1 mL, 22 mmol) dropwise at -78 °C. The mixture was warmed up to ambient
temperature again. After 1.5 h, the system was quenched with water at 0 °C and the
mixture was diluted with ethyl acetate. The extract was washed with water and then
was dried. Removal of solvent, followed by silica gel column chromatography (toluene
elution) to afford 22 (2.75 g, 85%) as colorless oil. Compound 22 was used for
preparation of Grignard reagent without further purification.

To a suspension of activated magnesium tuning (1.0 g, 41.1 mmol) in THF (60 mL)
were added 22 (6.9 g, 28.6 mmol) and 1,2-dibromoethane (0.3 mL) under argon at
ambient temperature and the suspension was warmed up to 50 °C. After 4 h, the
prepared Grignard reagent 19 (c.a. 0.5 M THF solution) was used for 1,2-addition
reaction.

Reference
Stevens, R. V.; Bisacchi, G. S. J. Org. Chem. 1982, 47, 2393 — 2396.

(18,4R,6.9)-6-benzyloxy-4-(tert-butyldimethylsilyloxy)-1-(2,3-dimethoxyphenyl)-2-
cyclohexen-1-ol (208-OH) and

(1R ,4R,65)-6-benzyloxy-4-(tert-butyldimethylsilyloxy)-1-(2,3-dimethoxyphenyl)-2-
cyclohexen-1-ol (20a-OH) (C27H3s05S1)

Condition a

OBn TMEDA, ether
.78 °C

Condition b
OTBS Me

(+)-5

Me 19

MgBr

THF, -78 °C

By condition a (aryllithium reagent)
To a solution of veratrole (1.23 g, 8.90 mmol) in ether (8.6 mL) at 0 °C were added
TMEDA (1.34 mL, 8.90 mmol) and n-butyllithium (1.52 M hexane solution, 5.86 mlL,

8.90 mmol) under argon successively. After 45 min, the resultant yellow suspension was
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cooled to -78 °C. After 15 min, to this mixture was added a solution of (+)-5 (296.1 mg,
0.8905 mmol) in ether (0.5 mL) dropwise through a cannula at -78 °C. The flask was
rinsed with ether (0.5 mL) twice and the rinsed solution was added to the reaction
mixture through a cannula. After 30 min, the mixture was quenched with saturated
ammonium chloride aqueous solution at -78 °C and was diluted with ethyl acetate. The
extract was washed successively with saturated ammonium chloride aqueous solution
and saturated aqueous sodium bicarbonate solution and then was dried. The organic
solvent was concentrated, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / toluene =1/ 100 — 1/50 — 1/ 2) to afford 208-OH
(188.5 mg, 45%) as acolorless oil, 20a-OH (61.1 mg, 15%) as acolorless oil and recovered
starting material (+)-5 (80.1 mg, 27%).

By condition b (Grignard reagent)

To a solution of (+)-5 (42.0 mg, 0.126 mmol) in THF (2.1 mL) was added freshly
prepared 2,3-dimethoxyphenylmagnesium bromide (c.a. 0.5 M THF solution, 0.8 mlL,
0.4 mmol) under argon at -78 °C. After for 4 h, the reaction mixture was quenched with
saturated aqueous NH4Cl solution at -78 °C and the mixture was diluted with ethyl
acetate. The extract was washed with saturated aqueous sodium bicarbonate solution
and then was dried. The organic solvent was concentrated, and the resultant residue
was purifed by column chromatography (toluene elution to remove residual Grignard
reagent — ethyl acetate / toluene = 1 / 100) to afford 20p-OH (10.1 mg, 17%) as a
colorless oil and 20a-OH (40.3 mg, 68%) as a colorless oil.

Characteristic data for 20p-OH

Rrvalue 0.33 (ethyl acetate / toluene = 1/ 20); [alp20 +111.4 (¢ 1.04, CHCls); IR (KBr,
neat) vmax = 3520, 2950, 2930, 2860, 1470, 1270, 1090, 1060, 1010 cm™’; 1H NMR (CDCls,
300 MHz) § 7.16 — 7.24 (m, 4H, Ph), 7.07 (dd, 1H, H-5", Jortho = 8.0, eJortho = 8.0 Hz), 6.98 —
7.04 (m, 2H, Ph, H-4), 6.90 (dd, 1H, H-6’, Jortho = 8.0, Jmeta = 1.5 Hz), 5.86 (ddd, 1H, H-2,
J2,3 = 10.0, Jo.a = 2.0 (allylic long range coupling), Jo5eq = 1.2 (long range coupling) Hz),
5.66 (dd, 1H, H-3, J32=10.0, J3.4 = 2.2 Hz), 4.40 (dddd, 1H, H-4, Jisax = 10.1, Jaseq = 5.3,
Jus = 2.2, Jiz = 2.0 (allylic long range coupling) Hz), 4.32 (d, 1H, Bn, Jegem = 11.7 Hz),
4.13 (d, 1H, Bn, Jgem = 11.7 Hz), 4.06 (dd, 1H, H-6, Jo5ax = 12.0, Jo 5eq = 3.9 Hz), 3.92 (br s,
1H, -OH), 3.87 (s, 3H, PhO-CHs), 3.73 (s, 3H, PhO-CHs), 2.11 (dddd, 1H, H-5eq, Jgem =
12.0, Jseqa = 5.3, efseq,6 = 3.9, fseq.2 = 1.2 Hz), 1.98 (ddd, 1H, H-5ax, Jgem = 12.0, Jsax,6 = 12.0,
Jax,a = 10.1 Hz), 0.92 (s, 9H, Si-‘Bu), 0.11 (s, 3H, Si-CHs), 0.10 (s, 3H, Si-CHs); 13C NMR
(CDCls, 75 MHz) & 152.9, 146.4, 139.0, 138.0, 133.6, 130.9, 128.1, 127.6, 127.5, 123.4,
119.5, 111.8, 78.5, 72.5, 72.2, 68.2, 60.5, 55.8, 35.0, 25.8, 18.2, -4.68, -4.67; HRMS (FAB,
glycerol matrix) m/z Calcd for CerHz905Si (M+H)*+ 471.2561. Found 471.2567; Anal.
Caled for C27H3505S1: C, 68.90; H, 8.14%. Found: C, 68.62; H, 8.23%.

For ent-20p-OH

[a]p2t -116 (¢ 1.16, CHCls)
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Characteristic data for 200-OH :

Rrvalue 0.43 (ethyl acetate / toluene = 1/ 20); [a]p28 +3.4 (¢ 1.54, CHCl3); IR (KBr, neat)
vmax = 3440, 2950, 2930, 2880, 2860, 1470, 1260 and 1070 cm'’; 'H NMR (CDCls, 300
MHz) § 7.34 — 7.22 (m, 5H, Ph), 7.02 (dd, 1H, H-5", Jortho = 8.1, dJortho = 7.8 Hz), 6.94 (dd,
1H, H-4’ or H-6", dJortho = 7.8, Jmeta = 1.8 Hz), 6.89 (dd, 1H, H-4" or H-6’, efortho = 8.1, Jmeta =
1.8 Hz), 6.62 (s, 1H, OH), 5.81 (ddd, 1H, H-2, k3 = 10.1, Jo4 = 1.7 (allylic long range
coupling), Ja5eq = 0.9 (allylic long range coupling) Hz), 5.61 (dd, 1H, H-3, Js2 = 10.1, J3.4
= 1.8 Hz), 4.67 (d, 1H, Bn, Jgem = 12.3 Hz ), 4.62 (d, 1H, Bn, Jgem = 12.3 Hz), 4.37 (dddd,
1H, H-4, dusax = 9.1, Juseq = 6.3, Ju3 = 1.8, Ju2 = 1.7 Hz), 3.85 (s, 3H, PhO-CHs), 3.84 (s,
3H, PhO-CHs), 3.74 (dd, 1H, H-6, Js5ax = 12.6, Jo.5e¢ = 3.2 Hz), 2.09 (dddd, 1H, H-5¢q, Jeem
=12.6, Jseqa = 6.3, Jseq,6 = 3.2, Jseq,2 = 0.9 (long range coupling) Hz), 1.59 (ddd, 1H, H-5ax,
Jgem = 12.6, Jsax6 = 12.6, saxa = 9.1 Hz), 0.90 (s, 9H, Si-‘Bu), 0.09 (s, 3H, Si-CHs), 0.06 (s,
3H, Si-CHs); 13C NMR (CDCls, 75 MHz) § 152.6, 148.9, 138.5, 132.4, 132.3, 131.9, 128.2,
128.0, 127.5, 123.1, 122.7, 112.4, 82.4, 79.1, 71.7, 617.8, 61.5, 55.9, 34.6, 25.9, 18.2, -4.57,
-4.64; HRMS (FAB, glycerol matrix) m/z Caled for C27H3905S1 (M+H)+471.2571. Found
471.2567; Anal. Calcd for C27H3s0s5Si: C, 68.90; H, 8.14%. Found: C, 68.60; H, 8.04%.
For ent-200-OH

[alp2! -4.6 (¢ 1.395, CHCls)

(45,6 R)-4-Benzyloxy-3-(2,3-dimethoxyphenyl)-6-(tert-butyldimethylsilyloxy)-2-
cyclohexen-1-one (21) (C27H3605S1)

MeO O
MeO PCC, NaOAc

HOmol o1 MS4A
‘ (CH,Cl),, 60 °C
OTBS

200 and 20B

To a solution of a diastereomeric mixture of 20 and 208 (20a : 208 =4 : 1, 679.0 mg,
1.443 mmol) in 1,2-dichloroethane (34.0 mL) were added activated MS4A (679.0 mg)
and PCC (1.24 g, 5.77 mmol) at ambient temperature and the mixture was stirred at 60
°C. After 1 h, silica gel was added and the mixture was stirred vigorously at the ambient
temperateure for a few minutes and then diluted with ether. The insoluble residue was
removed by filtration through a pad of silica gel (washed with ether). The filtrate was
concentrated and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / toluene = 1 / 50) to afford 21 (504.9 mg, 75%) as a
colorless oil.

From the pure diastereomer 200, (155.0 mg) or 20B (61.1 mg) was obtained 21 (from
200 : 101.8 mg, 66%; from 20pB : 46.6 mg, 77%) by way of the same procedure.
Rrvalue 0.57 (ethyl acetate / toluene = 1/ 20 x 2); [a]p29 -124.9 (¢ 1.34, CHCls); IR (KBr,
neat) vmax = 2950, 2930, 2860, 1690, 1470, 1270, 1160, 1110 cm';; 'H NMR (CDCls, 300
MHz) § 7.23 — 7.16 (m, 3H, Ph), 7.08 (dd, 1H, H-5’, dJortho = 8.1, eJortho = 7.7 Hz), 7.01 — 6.92
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(m, 3H, Ph, H-4), 6.80 (dd, 1H, H-6", Jortho = 7.7, Jmeta = 1.5 Hz), 6.09 (d, 1H, H-2, o4 =
2.2 (allylic long range coupling) Hz), 5.03 (ddd, 1H, H-4, Jisax = 10.7, Jaseq = 5.0, Ju2 =
2.2 Hz), 4.47 (s, 2H, Bn), 4.32 (dd, 1H, H-6, Jssax = 13.2, Joseq = 5.0 Hz), 3.90 (s, 3H,
PhO-CHa), 3.81 (s, 3H, PhO-CHb), 2.65 (ddd, 1H, H-5¢q, Jeem = 11.8, efseqs = 5.0, fseq6 =
5.0 Hz), 2.24 (ddd, 1H, H-5ax, Jsax6 = 13.2 dgem = 11.8, Jsaxs = 10.7 Hz), 0.95 (s, 9H,
Si-tBu), 0.22 (s, 38H, Si-CHs), 0.12 (s, 3H, Si-CHa); 13C NMR (CDCls, 75 MHz) & 198.0,
162.2, 152.4, 146.1, 137.9, 132.1, 128.1, 127.6, 127.5, 127.4, 124.2, 121.5, 113.2, 74.8,
72.9, 71.1, 60.9, 56.0, 39.7, 25.8, 18.5, -4.3, -5.4; HRMS (FAB, glycerol matrix) m/z Calcd
for C27H3705S1 (M+H)+ 469.2411. Found 469.2410; Anal. Caled for C27H3605Si: C, 69.20;
H, 7.74%. Found: C, 68.97; H, 7.87%.

For ent-21

[alp24 +120 (¢ 1.12, CHCls)

(1R 48,6 R)-4-Benzyloxy-6-(tert-butyldimethylsilyloxy)-3-(2,3-dimethoxyphenyl)-
2-cyclohexen-1-ol (3) and

(15,4S,6 R)-4-Benzyloxy-6-(tert-butyldimethylsilyloxy)-3-(2,3-dimethoxyphenyl)-
2-cyclohexen-1-ol (3-epimer) (C27H3305Si)

NaBH,, CeCly-7H,0

MeOH / CHyClp (2/3)
-78°C

21 3 3-epimer

To a solution of 21 (13.4 mg, 28.4 umol) in methanol (0.2 mL) and CH2Clz (0.3 mL) was
added cerium chloride heptahydrate (15.9 mg, 42.6 pmol) at ambient temperature. After
1 h, the reaction mixture was cooled down to -78 °C. To the cooled mixture was added
sodium borohydride (1.1 mg, 28 umol) at -78 °C. After 30 min, the reaction mixture was
quenched with water at -78 °C and the mixture was diluted with ethyl acetate. The
extract was washed with brine and then was dried. The organic solvent was
concentrated, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / toluene = 1 / 100) to afford 8 (11.9 mg, 89%) as a
colorless oil and the 3-epimer (1.2 mg, 9%) as a colorless oil.
Characteristic data for 3
Rrvalue 0.39 (ethyl acetate / hexane = 1/ 3); [alp 28 -82.3 (¢ 0.84, CHCls); IR (KBr, neat)
vmax = 3450, 2960, 2930, 2890, 2860, 1580, 1470, 1260, 1100, 1070 cm™’; TH NMR (CDCls,
300 MHz) 5 7.22 — 7.14 (m, 3H, Ph), 7.02 (dd, 1H, H-5’, Jortho = 8.0, Jortho = 7.7 Hz), 7.00 —
6.93 (m, 2H, Ph), 6.89 (dd, 1H, H-4’, Jortno = 8.0, Jmeta = 1.4 Hz), 6.81 (dd, 1H, H-6’, Jortho =
7.7, Jmeta = 1.4 Hz), 5.73 (dd, 1H, H-2, Jo.4 = 2.1 (allylic long range coupling), Jo,1 = 2.0
Hz), 4.83 (dddd, 1H, H-4, Jisax = 10.0, Ja5eq = 5.9, Ja,2 = 2.1 (allylic long range coupling),
Ji,1 = 2.0 (homoallylic long range coupling) Hz), 4.39 (d, 1H, Bn, Jgem =11.3 Hz ), 4.33 (d,
1H, Bn, Jgem = 11.3 Hz), 4.28 (ddd, 1H, H-1, Ji6= 7.8, J12 = 2.0, J1.4 = 2.0 (homoallylic
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long range coupling) Hz), 3.88 (s, 3H, PhO-CHs), 3.78 (s, 3H, PhO-CH3), 3.71 (ddd, 1H,
H-6, Josax = 12.2, Jo,1 = 7.8, Jo5eq = 3.4 Hz), 2.28 (ddd, 1H, H-5eq, Jgem = 12.2, Joeqs = 5.9,
Jseq,6 = 3.4 Hz), 2.22 (br, 1H, -OH), 1.82 (ddd, 1H, H-5ax, Jeem = 12.2, Jsax6 = 12.2, Jsaxs =
10.0 Hz), 0.93 (s, 9H, Si-‘Bu), 0.14 (s, 3H, Si-CHs), 0.13 (s, 3H, Si-CHs); 13C NMR (CDCls,
75 MHz) § 152.5, 146.6, 140.6, 138.6, 134.4, 129.7, 128.0, 127.6, 127.2, 123.9, 122.6,
111.8, 75.6, 74.3, 73.6, 70.9, 60.6, 55.9, 37.5, 25.8, 18.1, -4.3, -4.5; HRMS (FAB, glycerol
matrix) m/z Caled for C27H3905S1 M+H)+ 471.2572. Found 471.2567; Anal. Caled for
C27H3s058i: C, 68.90; H, 8.14%. Found: C, 68.62; H, 8.08%.

For ent-3

[a]p22 +83.6 (¢ 1.275, CHCls)

Charactaristic data for 3-epimer

Rrvalue 0.36 (ethyl acetate / hexane = 1/ 3); [alp 2! -37.0 (¢ 0.64, CHCls); IR (KBr, neat)
vmax = 3540, 2960, 2930, 2880, 2860, 1580,1470, 1260, 1230, 1090, 1010 cm'%; tH NMR
(CDCls, 300 MHz) § 7.21 - 7.11 (m, 3H, Ph), 7.02 (dd, 1H, H-5’, dortho = 8.3, ortho = 7.1
Hz), 6.96 — 6.85 (m, 4H, Ph, H-4’, H-6), 5.94 (dd, 1H, H-2, J.1 = 5.1, Jou = 1.9 (allylic
long range coupling) Hz), 4.71 (dddd, 1H, H-4, Jisax = 10.2, Jaseq = 6.0, Ju2 = 1.9 (allylic
lon range coupling), Ju1 = 0.6 (homoallylic long range coupling)Hz), 4.36 (s, 2H, Bn),
4.13 (dddd, 1H, H-1, J1,2=5.0, Ji,6 = 4.1, Ji,5¢ = 1.0 (long range W coupling) Hz, J1.4 = 0.6
(homoallylic long range coupling) Hz), 3.88 (ddd, 1H, H-6, Js5ax = 11.6, Je5eq = 4.1, Jo,1 =
4.1 Hz), 3.87 (s, 3H, PhO-CHa), 3.79 (s, 3H, PhO-CHz), 2.77 (br, 1H, -OH), 2.13 (ddd, 1H,
H-5ax, Jeem = 11.6, Jsax6 = 11.6, Jsax,a = 10.2 Hz), 2.00 (dddd, 1H, H-5¢q, Jeem = 11.6, Joeqs =
6.0, Jseq.6 = 4.1, Jseq1 = 1.0 (long range W coupling) Hz), 0.93 (s, 9H, Si-tBu), 0.14(s, 6H,
Si-CHa); 13C NMR (CDCls, 75 MHz) § 152.3, 146.6, 144.4, 138.7, 134.3, 127.9, 127.5,
127.09, 127.06, 123.9, 122.7, 112.0, 74.8, 69.9, 68.8, 66.2, 60.6, 56.0, 31.9, 25.8, 18.1, -4.4,
-4.8; HRMS (FAB, glycerol matrix) m/z Caled for Co7Hs905Si (M+H)+ 471.2567. Found
471.2569.

(18,4R,69)- 6-Benzyloxy-4-(tert-butyldimethylsilyloxy)- 1-(2,3-dimethoxyphenyl)-2-
cyclohexene-1-acetic acid ethyl ester (23) (C31H4406S1)

MeO. l MeO.
MeO .
2-nitrophenol

OBn >
‘ CH3C(OEt)3
HO™ 140 °C, sealed tube

To a solution of 8 (71.7 mg, 0.152 mmol) in triethyl orthoacetate (10.0 mL) was added
2-nitrophenol (27.6 mg, 0.198 mmol) at ambient temperature. This mixture in a sealed
tube filled with argon gas was placed in 140 °C oil bath. After 52 h, the reaction mixture
diluted with ethyl acetate was washed with saturated aqueous sodium bicarbonate

solution and then was dried. The organic solvent was concentrated, and the resultant
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residue was purified by silica gel column chromatography (ethyl acetate / hexane = 1 /
30) to afford 23 (65.9 mg, 80%) as a colorless oil.

Rrvalue 0.40 (ethyl acetate / toluene = 1/ 20); [a] p26 -7.2 (¢ 0.38, CHCl3); IR (KBr, neat)
vmax = 2960, 2940, 2860, 1730, 1580, 1470, 1260, 1230, 1100, 1070, 1010 cm'}; 1H NMR
(CDCls, 300 MHz) § 7.35 — 7.21 (m, 6H, Ph, H-4), 6.95 (dd, 1H, H-5, Jortho = 8.0, efortho =
8.0 Hz), 6.83 (dd, 1H, H-6", Jortho = 8.0, eJmeta = 1.4 Hz), 6.03 (dd, 1H, H-3, /32 = 10.2, J34
= 1.7 Hz), 5.66 (ddd, 1H, H-2, J5,3 = 10.2, J2,4 = 1.5 (allylic long range coupling), J25eq =
1.0 (long range coupling) Hz), 4.66 (d, Bn, Jeem = 11.7 Hz), 4.53 (d, 1H, Bn, Jeem = 11.7
Hz), 4.30 (dddd, 1H, H-4, Jisax = 9.3, Jaseq = 6.8, Juz = 1.7, Ju2 = 1.5 (allylic long range
coupling) Hz), 4.00 (q, 2H, ethyl ester, Jcus = 7.1 Hz), 3.83 (dd, 1H, H-6, Jssax = 12.2,
Joseq = 2.7 Hz), 3.82 (s, 3H, PhO-CHs), 3.75 (s, 3H, PhO-CHs), 3.26 (d, 1H, H-1”, Jgem =
14.9 Hz), 3.03 (d, 1H, H-1", Jeem = 14.9 Hz), 2.06 (dddd, 1H, H-5eq, Jeem = 12.2, ef5eq,a = 6.8
Hz, Jseq6 = 2.7, Joeq,2 = 1.0 (long range coupling) Hz), 1.83 (ddd, 1H, H-5ax, Jeem = 12.2,
Jraxe = 12.2, Jyaxa = 9.3 Hz), 1.13 (t, 3H, ethyl ester, Jcuz = 7.1 Hz), 0.87 (s, 9H, Si-tBu),
0.05 (s, 3H, Si-CHs), 0.03 (s, H, Si-CH3); 13C NMR (CDCls, 75 MHz) § 171.8, 153.2, 149.5,
138.7, 134.2, 133.0, 130.4, 128.1, 127.9, 127.4, 124.1, 122.1, 111.6, 78.6, 71.7, 68.2, 60.3,
59.8, 55.8, 48.2, 42.4, 33.2, 25.9, 18.2, 14.1, -4.5, -4.6; LRMS (EI) m/z 540 (M*, 5%), 483
(4), 406 (41), 402 (15), 175 (31), 115 (19), 91 (77), 75 (100); HRMS (EI) m/z Calcd for
C31H4406Si (M*) 540.2907. Found 540.2908; Anal. Calcd for C31H4406Si: C, 68.85; H,
8.20%. Found: C, 68.74; H, 8.19%.

For ent-23

[a]p24 +8.0 (¢ 0.760, CHCl»)

(18,4R,69)-6-Benzyloxy-4-(tert-butyldimethylsilyloxy)-1-(2,3-dimethoxyphenyl)-2-
cyclohexene-1-N, N-dimethylacetamide (24) (C31H45NO5Si)

MeQ OMe

Me’ NMe,

o-xylene, 150 °C
sealed tube

To a solution of 3 (112.2 mg, 0.2384 mmol) in oxylene (11.2 mL) was added
N,N-dimethylacetamide dimethyl acetal (350 pL, 2.66 mmol) at ambient temperature.
This mixture in a sealed tube filled with argon gas was placed in 150 °C oil bath. After
23 h, the organic solvent was removed by azeotropy with toluene and the resultant
residue was purified by silica gel column chromatography (ethyl acetate / toluene = 1/ 3)
to afford 24 (118.3 mg, 92%) as a colorless oil.

Rrvalue 0.17 (ethyl acetate / toluene = 1/ 5); [a]p26 +5.8 (¢ 0.60, CHCls); IR (KBr, neat)
vmax = 2930, 2960, 2860, 1650, 1470, 1260, 1100, 1080, 1065 cm'’; TH NMR (CDCls, 300
MHz) § 7.46 (dd, 1H, H-4’, Jortho = 8.0, Jmeta = 1.5 Hz), 7.38 — 7.21 (m, 5H, Ph), 6.97 (dd,
1H, H-5", Jortho = 8.0, Jortho = 8.0 Hz), 6.81 (dd, 1H, H-6", Jortho = 8.0, eJmeta = 1.5 Hz), 6.21
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(dd, 1H, H-3, J32 = 10.2, J54 = 1.7 Hz), 5.61 (ddd, 1H, H-2, J23 = 10.2, s = 2.0 (allylic
long range coupling), J25.q = 1.2 (long range coupling) Hz), 4.71 (d, 1H, Bn, Jeem = 12.1
Hz), 4.50 (d, 1H, Bn, dJeem = 12.1 Hz), 4.40 (dddd, 1H, H-4, Jisax = 9.5, Jaseq = 6.3, Ja,2 =
2.0 (allylic long range coupling), Ja,3 = 1.7 Hz), 4.08 (dd, 1H, H-6, Js5ax = 12.2, Jo,50q = 2.4
Hz), 3.83 (s, 3H, PhO-CHb), 3.78 (s, 3H, PhO-CH3), 3.40 (d, H-1”, Jeem = 15.6 Hz), 2.74 (d,
1H, H-17, Jgem = 15.6 Hz), 2.92 (s, 3H, N-CH3), 2.86 (s, 3H, -NCH3), 2.15 (dddd, 1H, H-5eq,
Jgem = 12.2, Jseqa = 6.3, Joeq,6 = 2.4, Jseq2 = 1.2 (long range coupling) Hz), 1.96 (ddd, 1H,
H-5ax, Jeem = 12.2, Joax6 = 12.2, Jsaxa = 9.5 Hz), 0.86 (s, 9H, Si-‘Bu), 0.044 (s, 3H, Si-CHs),
0.035 (s, 3H, Si-CHzs); 13C NMR (CDCls, 75 MHz) § 171.4, 153.2, 148.9, 139.0, 136.0,
133.9, 129.8, 128.2, 127.9, 127.3, 123.7, 122.5, 111.0, 78.4, 71.4, 68.7, 60.3, 55.7, 48.7,
39.2, 37.6, 35.3, 33.4, 25.9, 18.2, -4.5, -4.6; LRMS (EI) m/z 539 (M*, 15.4%), 508 (59.2),
448 (66.0), 405 (100), 333 (69.2), 316 (43.0), 199 (59.9); HRMS (EI) m/z Calcd for
C31H45NO5Si (M+) 539.3067. Found 539.3065.

(3R,4R,65)-6-Benzyloxy-3,4-di(tert-butyldimethylsilyl)oxy-1-(2,3-dimethoxyphenyl)-
cyclohex-1-ene (25) (C33sHs205Si2)

MeO. l

MeO
2,6-lutidine, TBSOTf

OBn
Ho“‘ CH,Cly, 83%

OTBS
3

To a solution of 8 (15.7 mg, 0.334 mmol) in dichloromethane (1.0 mL) was added
2,6-lutidine (9 pL, 0.08 mmol) and tert-butyldimethylsilyl trifluoromethanesulfonate
(16 uL, 0.070 mmol) at 0 °C and the mixture was warmed up to ambient temperature.
After 1 h, the reaction mixture diluted with ethyl acetate was washed with saturated
sodium bicarbonate aqueous solution and then was dried. The organic solvent was
concentrated, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / hexane = 1 / 20) to afford 25 (12.0 mg, 62%) as a
colorless oil.

Rrvalue = 0.69 (ethyl acetate / hexane = 1/ 3); [alp22 -79.8 (¢ 0.575, CHCls); IR (KBr,
neat) vmax = 2960, 2940, 2860, 1480, 1260, 1080 cm™’; 1TH NMR (300 MHz, CDCls) § 7.22 —
7.14 (m, 3H, Ph), 7.01 (dd, 2H, H-5, dortho = 8.3, Jortho = 7.6 Hz), 6.97 (dd, 2H, Ph, Jortho =
9.8, Jmeta = 3.4 Hz), 6.88 (dd, 1H, H-4’, Jortho = 8.3, Jmeta = 1.7 Hz), 6.79 (dd, 1H, H-6,
Jortho = 7.6, Jmeta = 1.7 Hz), 5.61 (dd, 1H, H-2, J23 = 2.0, Jo = 1.7 (allylic long range
coupling) Hz), 4.73 (dddd, 1H, H-6, Js5ax = 10.0, Js5eq = 5.7, Jo,3 = 2.7 (homo allylic long
range coupling), Js2 = 1.7 (allylic long range coupling) Hz), 4.37 (d, 1H, Bn, Jgem = 11.5
Hz), 4.32 (d, 1H, Bn, dJeem = 11.5 Hz), 4.27 (ddd, 1H, H-3, J3.4 = 7.3, J3.6 = 2.7 (homo allylic
long range coupling), J52 = 2.0 Hz), 3.88 (s, 3H, PhO-CHs), 3.78 (s, 3H, PhO-CHs), 3.72
(ddd, 1H, H-4, Jusex = 12.2, Ju3 = 7.3, Jaseq = 3.4 Hz), 2.25 (ddd, 1H, H-5eq, Jeem = 12.2,
J5eq,6 = 5.6, Jseq.s = 3.4 Hz), 1.80 (ddd, 1H, H-5ax, Jgem = 12.2, Jrax,4 = 12.2, Jrax6 = 10.0 Hz),
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0.91 (s, 9H, Si-tBu), 0.88 (s, 9H, Si-Bu), 0.11 (s, 6H, Si-CHs), 0.10 (s, 6H, Si-CHz3); 13C
NMR (67.5 MHz, CDCls) 8 152.6, 146.7, 139.3, 138.7, 134.5, 132.2, 128.0, 127.6, 127.2,
123.7, 122.4, 111.5, 75.2, 74.6, 72.9, 70.6, 60.6, 55.9, 38.0, 26.0, 18.1, -4.0, -4.2, -4.7;
LRMS (EI) m/z 584 (M*, 0.3%), 426 (38), 335 (100), 147 (22), 91 (83), 73 (52); HRMS (EI)
m/z Caled for C3sHs205S12 584.3353. Found 584.3349.

(5a8,6R,7R,95,929)-9-Benzyloxy-6-bromo-7-(tert-butyldimethylsilyloxy)-6,7,8,9-tetrah-
ydro-4-methoxy-9a(5a H)-dibenzofuranacetic acid ethyl ester (29) (Cs0H1BrOsSi)

MeO. E

MeO™ T NBS, DMF
N COzEt '
‘ OBn 0°C
0TBS OTBS
23 29

To a solution of 23 (66.3 mg, 0.123 mmol) in DMF (4.3 mL) was added NBS (43.6 mg,
0.245 mmol) at 0 °C. After 12 h, the reaction mixture was quenched with saturated
aqueous sodium bicarbonate solution at 0 °C and the mixture was diluted with ethyl
acetate. The extract was washed with saturated aqueous sodium bicarbonate solution
and then was dried. The organic solvent was concentrated, and the resultant residue
was purified by silica gel column chromatography (ethyl acetate / toluene = 1 / 100) to
afford 29 (62.3 mg, 84%) as a colorless oil.

Rrvalue 0.49 (ethyl acetate / toluene = 1/ 20); [alp26 +26.1 (¢ 1.78, CHCls); IR (KBr, neat)
vmax = 2960, 2930, 2860, 1730, 1640, 1590, 1490, 1460, 1260, 1200, 1140, 1090, 1070
cm; tH NMR (CDCls, 300 MHz) § 7.44 — 7.28 (m, 5H, Ph), 7.22 (dd, 1H, H-3, Jortho = 6.8,
Jmeta = 1.4 Hz), 6.82 — 6.76 (m, 2H, H-1, H-2), 5.18 (br-d, 1H, H-5a, Jsa,6 = 7.6 Hz), 4.71 (d,
1H, Bn, Jeem = 11.6 Hz), 4.52 (d, 1H, Bn, Jgem = 11.6 Hz), 4.19 — 4.00 (m, 3H, H-9,
CO2CH:Me), 3.87 (s, 3H, PhO-CHb3), 3.76 — 3.62 (m, 2H, H-6 , H-7), 2.89 (d, 1H, H-1’,
Jeem = 16.1 Hz), 2.48 (d, 1H, H-1", Jgem = 16.1 Hz), 2.27 (ddd, 1H, H-8eq, Jgem = 12.7, Jseq,7
= 3.4, Jseq9 = 3.4 Hz), 1.53 (m, 1H, H-8ax), 1.22 (t, 3H, ethyl ester, Jouz = 7.2 Hz), 0.86 (s,
9H, Si-tBuw), 0.13 (s, 3H, Si-CHs), 0.07 (s, 3H, Si-CHs); 13C NMR (CDCls, 75 MHz) § 171.0,
146.6, 145.9, 138.1, 132.0, 128.5, 127.81, 127.78, 122.3, 118.8, 113.2, 90.2, 75.4, 72.1,
69.8, 60.5, 60.1, 56.3, 54.5, 39.7, 36.3, 25.7, 18.0, 14.1, -4.4, -4.5; LRMS (EI) m/z 606 (M*
(81Br), 4%), 604 (M* (9Br), 4), 549 (4), 547 (4), 531 (4), 529 (3), 337 (42), 247 (93), 91 (100),
73 (39); HRMS (EI) m/z Calcd for C30Ha17BrOeSi (M*) 604.1856. Found 604.1857.

For ent-29

[a]p245 -26.5 (¢ 0.920, CHCl3)

(3a5,45,6R,7R,7aR)-7-Bromo-3a-(2,3-dimethoxyphenyl)-hexahydro-2(3 H)-
benzofuranone-4,6-diol (34) (C16H19BrOs)
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MeO

MeO NBS 10% Pd/C, H
\\\\\CONMez > . (] , 2 -
‘ OB DMF EtOH
OTBS OTBS
24 33

To a solution of 24 (12.8 mg, 23.7 pmol) in DMF (0.6 mL) was added NBS (8.4 mg, 47
umol) at 0 °C and the mixture was warmed up to ambient temperature. After 3 h, the
extra NBS (9.0 mg, 51 pmol) was added at 0 °C and mixture was warmed up to ambient
temperature. After 2 h, the reaction mixture was quenched with saturated aqueous
sodium bicarbonate solution at 0 °C and the mixture was diluted with ethyl acetate. The
extract was washed with saturated aqueous sodium bicarbonate solution and then was
dried. The organic solvent was removed by azeotropy with toluene, and the resultant
residue was purified by silica gel column chromatography (ethyl acetate / toluene = 1 /
100) and preparative TLC afforded 33 (4.7 mg, 37%) as a colorless oil.

Resultant 33 (11.8 mg, 19.9 pmol) was dissolved in ethanol (2 mL). To the mixture was

added 10 wt% Pd / C (Kawaken fine chemical Inc., 8.4 mg) and stirred vigorously under
hydrogen atmosphere at ambient temperature for 2 h. The mixture was filtrated
through pad of celite and the pad was washed with methanol. The filtrate was
concentrated, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / toluene = 1/ 2 — 1/1) to afford 34 (5.3 mg, 69%) as a
white crystal.
Rrvalue 0.13 (ethyl acetate / toluene = 1/ 2); [alp24 -14.1 (¢ 0.27, CHCls); IR (KBr, neat)
vmax = 3450, 2780, 1470, 1270, 1005 cm'; TH NMR (CDCls, 300 MHz) § 7.07 (dd, 1H, H-5’,
Jortho = 8.5, 8.3 Hz), 6.95 (dd, 1H, H-4’ or 6’, Jortho = 8.3, Jmeta = 1.5 Hz), 6.90 (dd, 1H, H-4’
or 6, Jortho = 8.5, Jmeta = 1.5 Hz), 5.54 (d, 1H, H-7a, J7a7 = 9.5 Hz), 4.89 (dd, 1H, H-4, Ju5
= 3.7, 3.4 Hz), 4.34 (ddd, 1H, H-6, Js5 = 3.2, 2.7, Je7 = 2.7 Hz), 4.15 (dd, 1H, H-7, J7,7a =
9.5, Ju,6 = 2.7 Hz), 3.95 (s, 3H, PhO-CHs), 3.87 (s, 3H, PhO-CHs), 2.95 (d, 1H, H-3, Jgem =
17.3 Hz), 2.76 (d, 1H, H-3, Jgem = 17.3 Hz), 2.57 (ddd, 1H, H-5, Jeem = 15.6, J5.4 = 3.7, 5.6
= 3.2 Hz), 2.15 (ddd, 1H, H-5, Jeem = 15.6, J5.4 = 3.4, J5.6 = 2.7 Hz); 13C NMR (CDCls, 75
MHz) § 173.7, 153.4, 147.5, 131.6, 123.8, 119.5, 113.3, 81.9, 71.1, 68.9, 60.4, 57.9, 55.8,
55.1, 38.4, 32.3; LRMS (ED m/z 388 (M* (81Br), 9%), 386 (M*("Br), 9), 356 (92), 354
(100), 289 (10), 243 (31), 189 (53), 77 (47); HRMS (EI) m/z Caled for Ci6H197BrOg (M*)
386.0365. Found 386.0369.

(5aR,7R,98,9a.9)-6-bromo-7-(tert- Butyldimethylsilyloxy)-6,7,8,9-tetrahydro-9-hydroxy-4
-methoxy-9a(5a H)-dibenzofuranacetic acid ethyl ester (35) (C2sH3sBrO¢Si) and
(5aR,7R,98,9a.9)-7-(tert-Butyldimethylsilyloxy)-6,7,8,9-tetrahydro-9-hydroxy-4-
methoxy-9a(5a H)-dibenzofuranacetic acid ethyl ester (38) (C23H3606Si) and

(48,2’S,4’ R)-8-Methoxyspiro[4 H-1-benzopyran-4,1’-(2-benzyloxy-3’-tert-butyldimethyl-
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silyloxy-cyclohex-5-ene)]-2(3 H)-one (37) (C21Hs005S1)

MeO.

Ha
10% Pd/C
EtOH

To a solution of 29 (9.0 mg, 15 umol) in ethanol (0.5 mL) was added 10 wt% Pd / C
(Kawaken fine chemical Inc., 9.0 mg) at ambient temperature and the mixture was
stirred vigorously under hydrogen atmosphere at ambient temperature. After 1 h,
potassium carbonate (2.1 mg, 15 pmol) was added to the suspension at ambient
temperature and continued the hydrogenation condition. After 1 h, the reaction mixture
was filtrated through a pad of celite. The filtrate was concentrated, and the resultant
residue was purified by silica gel column chromatography (ethyl acetate / toluene = 1 /
30) to afford 38 (5.5 mg, 85%) as a colorless oil and byproduct 87 (trace amount) as a
colorless oil.

If debenzylated product 35 (colorless oil) was needed, filtration and was implemented
without addition of potassium carbonate. Purification was carried out with the same
procedure.

Characteristic data for 35

Rrvalue 0.22 (ethyl acetate / toluene = 1 / 20); [alp26 +69.0 (¢ 0.930, CHCls); IR (KBr,
neat) vmax = 3540, 2960, 2930, 2860, 1730, 1490, 1450, 1260, 1200 cm'1; 1H NMR (CDCls,
300 MHz) § 7.16 (dd, 1H, H-3, dJortho = 6.5, dJmeta = 2.0 Hz), 6.85 (dd, 1H, H-2, Jortno = 8.0,
Jortho = 8.0 Hz), 6.81 (dd, 1H, H-1, Jortho = 8.0, Jmeta = 2.0 Hz), 4.85 (d, 1H, H-5a, J5a6 = 7.8
Hz), 4.29 (ddd, 1H, H-9, Josax = 11.7, Joseq = 3.9, Jo,on = 3.4 Hz), 4.08 (q, 1H, ethyl ester,
Jeus = 7.1 Hz), 4.07 (q, 1H, ethyl ester, Jcus = 7.1 Hz), 3.88 (s, 3H, PhO-CH3), 3.74 — 3.80
(m, 2H, H-6, H-7), 3.73 (d, 1H, -OH, Jons = 3.4 Hz), 2.91 (d, 1H, H-10, Jeem = 14.9 Hz),
2.62 (d, 1H, H-10, dJgem = 14.9 Hz), 2.19 (ddd, 1H, H-8eq, dJeem = 12.9, Jseq,9= 3.9, Jseq7 =
3.9Hz), 1.62 — 1.76 (m, 1H, H-8ax), 1.15 (t, 3H, ethyl ester, Jcuz = 7.1 Hz), 0.86 (s, 9H,
Si-tBu), 0.14 (s, 3H, Si-CHs), 0.09 (s, 3H, Si-CHa); 13C NMR (CDCls, 75 MHz) § 172.1,
146.8, 145.9, 130.5, 122.4, 118.4, 113.4, 91.5, 70.4, 70.1, 61.2, 59.2, 56.3, 54.4, 42.7, 39.6,
25.7, 18.0, 14.0, -4.5, -4.6; LRMS (ED) m/z 516 (M* (31Br), 8%), 514 (M* ("Br), 8), 459 (14),
457 (14), 441 (9), 439 (9), 377 (11), 367 (12), 365 (11), 303 (28), 247 (100), 161 (79); HRMS
(EI) Caled for C23Hss™BrOgSi (M*) 514.1386. Found 514.1381.

Characteristic data for 38

Rrvalue 0.34 (ethyl acetate / hexane = 1/ 3); [a]p23 +43.7 (¢ 0.56, CHCls); IR (KBr, neat)
vmax = 3530, 2950, 2940, 2860, 1730, 1620, 1590, 1490, 1450, 1260, 1190, 1180, 1120,
1100, 1060 cm''; tH NMR (CDCls, 300 MHz) & 7.15 (dd, 1H, H-3, Jortho = 7.0, Jmeta = 2.0
Hz), 6.83 (dd, 1H, H-2, Jortho = 8.1, dortho = 7.0 Hz), 6.78 (dd, 1H, H-1, ortho = 8.1, Jmeta =
2.0 Hz), 4.75 (dd, 1H, H-5a, Jsa6ax = 8.6, Jsa6eq = 6.4 Hz), 4.06 (m, 3H, H-9, CO:CH2Me),
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3.86 (s, 3H, PhO-CHb), 3.75 (dddd, 1H, H-7, J7,6ax = 9.8, J7.8ax = 9.8, J1,6eq = 4.7, J7,8¢q =
4.4 Hz), 3.47 (d, 1H, -OH, Jomne = 4.4 Hz), 2.90 (d, 1H, H-1’, Jeem = 14.8 Hz), 2.59 (d, 1H,
H-1’, Jgem = 14.8 Hz), 2.23 (dddd, 1H, H-6eq, deem = 12.7, Joeq,5a = 6.4, Joeq,1 = 4.7, Joeq,8eq =
1.7 (long range W coupling) Hz), 2.04 (dddd, 1H, H-8cq, Jeem = 10.7, Jseq,7 = 4.4, Jaeq9 =
4.4, Jgeq6eq = 1.7 (long range W coupling) Hz), 1.73 - 1.52 (m, 2H, H-6ax, H-8ax), 1.16 (t,
3H, ethyl ester, Jouz = 7.1 Hz), 0.83 (s, 9H, Si-Bu), 0.033 (s, Si-CHs), 0.025 (s, 3H,
Si-CHs); 13C NMR (CDCls, 75 MHz) § 172.2, 147.2, 145.6, 131.2, 121.6, 118.5, 112.3, 85.5,
71.2, 65.1, 60.9, 56.0, 52.7, 42.3, 39.6, 37.5, 25.7, 18.0, 14.0, -4.8; LRMS (EI) m/z 436 (M,
26%), 379 (32), 287 (61), 241 (85), 235 (78), 234 (89), 213 (100), 199 (66), 161 (76), 75 (63),
73 (56); HRMS (EI) m/z Caled for CasHss06Si (M*) 436.2281. Found 436.2280; Anal.
Calcd for CesHssO6Si: C, 63.27; H, 8.31%. Found: C, 62.98; H, 8.25%.

For ent-38

[a]p26 -47.9 (¢ 0.76, CHCls)

Characteristic data for byproduct 37

Rrvalue 0.06 (ethyl acetate / toluene = 1/ 20); [alp22 +12.1 (¢ 0.80, CHCls); IR (KBr, neat)
vmax = 3500, 2950, 2930, 2895, 2855, 1770, 1470, 1280, 1260, 1205, 1185, 1120, 1095,
1070, 1045 cm'; TH NMR (CDCl3, 300 MHz) & 7.12 (dd, 1H, H-6, dortho = 8.0, efortho = 8.0
Hz), 6.94 (dd, 1H, H-7, J7,6 = 8.0, Jmeta = 1.2 Hz), 6.90 (dd, 1H, H-5, Jortho = 8.0, Jmeta = 1.2
Hz), 5.97 (dd, 1H, H-5", Js¢ =10.0, Jz. = 2.9 Hz), 5.40 (dd, 1H, H-6’, Je¢.5 = 10.0, Jo.u =
1.5 (long range coupling) Hz), 4.42 (dddd, 1H, H-4", Jr3ax = 7.9, Jr,3eq = 6.0, Jo5 = 2.9,
Jre = 1.5 (allylic long range coupling) Hz), 3.89 (s, 3H, PhO-CHs), 3.83 (ddd, 1H, H-2’,
J2 3ax = 10.8, Joon = 8.8, Jozeq = 2.9 Hz), 2.74 (d, 1H, H-3, Jeem = 15.6 Hz), 2.67 (d, 1H,
H-3, Jeem = 15.6 Hz), 2.11 (d, 1H, -OH, Jon2 = 8.8 Hz), 2.00 (ddd, 1H, H-8cq, fgem = 12.9,
Jreqr = 6.0, Jyeqz = 2,9 Hz), 1.77 (ddd, 1H, H-3ax, Jgem = 12.9, Jyax2 = 10.8, Jyaxe = 7.9
Hz), 0.91 (s, 9H, Si-‘Bw), 0.12 (s, 3H, Si-CHs), 0.10 (s, 3H, Si-CHzs); 13C NMR (CDCls, 75
MHz) & 166.8, 147.6, 141.9, 134.3, 129.5, 123.9, 123.7, 121.5, 112.1, 72.92, 66.7, 56.1,
45.3, 40.2, 36.4, 25.8, 18.1, -4.7; LRMS (EI) m/z 390 (M*, 7%), 333 (30), 258 (54), 241 (29),
229 (40), 214 (100), 181 (41), 75 (79); HRMS (EI) m/z Calcd for C21H3005Si (M*) 390.1863.
Found 390.1866.

(5aR,7R,9S,9a.9)-9-Benzoyloxy-7-(tert-Butyldimethylsilyloxy)-6,7,8,9-tetrahydro-4-
methoxy-9a(5a H)-dibenzofuranacetic acid ethyl ester (45) (C30H4007S1)

Me
0 “‘\\COZEt BzCl, DMAP -
OH pyridine
OTBS

38

To a solution of 38 (7.5 mg, 17 umol) in pyridine (0.5 mL) were added benzoyl chloride
(3.0 uL, 26 umol) and DMAP (0.2 mg, 2 umol) at ambient temperature. After 27 h, the
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reaction mixture was quenched with saturated ammonium chloride aqueous solution
and the mixture was diluted with ether. The extract was washed with brine and then
was dried. The organic solvent was concentrated, and the resultant residue was purified
by silica gel column chromatography (silica gel 0.5 g, Ethyl acetate / hexane = 1/ 50) to
afford 45 (11.3 mg, quant.) as a colorless oil.

Rrvalue 0.44 (ethyl acetate / toluene = 1/ 20); [alp23 -37.8 (¢ 0.42, CHCls); IR (KBr, neat)
vmax = 2950, 2930, 2860, 1730, 1490, 1455, 1270, 1095 cm'; 'H NMR (CDCls, 300 MHz) §
8.11 (m, 2H, Bz), 7.63 (m, 1H, Bz), 7.52 (m, 2H, Bz), 7.27 (dd, 1H, H-3, Jortho = 7.5, Jmeta =
1.0 Hz), 6.92 (dd, 1H, H-2, dJortho = 7.5 Hz, Jortho = 8.0 Hz), 6.83 (dd, 1H, H-1, Jortno = 8.0,
Jmeta = 1.0 Hz), 5.55 (dd, 1H, H-9, Josax = 11.9, Joseq = 3.9 Hz), 5.23 (dd, 1H, H-5a, J5a6ax
= 9.0, Jsa6eq = 6.4 Hz), 4.07 (q, 1H, ethyl ester, Jcus = 7.3 Hz), 4.06 (q, 1H, ethyl ester,
Jens = 7.3 Hz), 3.88 (s, 3H, PhO-CHb), 3.94 - 3.82 (m, 1H, H-7), 2.67 (d, 1H, H-10, Jeem =
15.3 Hz), 2.57 (d, 1H, H-10, Jgem = 15.3 Hz), 2.37 (dddd, 1H, H-6eq, Jzem = 13.4, Joeq,50 =
6.4, Joeq,7 = 4.9, Joeqseq = 1.7 Hz), 2.24 (dddd, 1H, H-8cq, Jgem = 11.9, Jseq,7 = 4.6, Jgeq,9 = 3.9,
Jseq.6eq = 1.7 Hz), 1.69 (ddd, 1H, H-8ax, dgem = 11.9, Jeax,9 = 11.9, Jsax7 = 10.5 Hz), 1.54 —
1.75 (m, 2H, H-6ax, H-84v), 0.82 (s, 9H, Si-‘Bu), 0.05 (s, 3H, Si-CHs), 0.03 (s, each 3H,
Si-CHs); 13C NMR (CDCls, 75 MHz) § 170.7, 165.9, 147.2, 145.9, 133.2, 131.4, 130.7,
129.6, 128.6, 121.8, 117.7, 112.2, 84.1, 72.0, 64.6, 60.6, 55.9, 52.3, 40.1, 38.1, 37.1, 25.7,
17.9, 13.9, -4.78 and -4.81; LRMS (EI) m/z 500 (M*, 5%), 483 (18), 343 (35), 241 (35), 179
(32), 105 (100), 77 (38); HRMS (ED) m/z Caled for CaoHa0O7Si (M*) 540.2543. Found
540.2539.

(5aR,7R,98,9a.9)-7-(tert-Butyldimethylsilyloxy)-6,7,8,9-tetrahydro-4-methoxy-9-methyl
sulfanylthiocarbonyloxy-9a(5a H)-dibenzofuranacetic acid ethyl ester (46)
(C25H3306S2S1)

MeO.
Q, SNco,Et NaH, CS,, Mel .
OH THF
OTBS
38 46'

To a solution of 38 (89.1 mg, 0.204 mmol) in THF (4.5 mL) were added activated
sodium hydride (14.7 mg, 0.612 mmol), carbon disulfide (85.6 pL, 1.43 mmol) and
methyl iodide (25.3 pL, 0.408 mmol) at 0 °C and the mixture was warmed up to ambient
temperature. After 3 h, the reaction mixture was quenched with saturated ammonium
chloride aqueous solution and the mixture was diluted with ethyl acetate. The extract
was washed with brine and then was dried. The organic solvent was concentrated, and
the resultant residue was purified by silica gel column chromatography (ethyl acetate /
hexane = 1/ 20) to afford 46’ (63.3 mg, 59%) as a colorless oil.

Rrvalue 0.60 (ethyl acetate / hexane = 1/ 3); [a]p28 -57.3 (¢ 1.15, CHCls); IR (KBr, neat)
vmax = 2960, 2930, 2840, 1730, 1620, 1590, 1490, 1460, 1260, 1220, 1100, 1060 cm'1; 1H
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NMR (CDCls, 300 MHz) § 7.17 (dd, 1H, H-3, Jortho = 7.3, Jmeta = 1.2 Hz), 6.89 (dd, 1H, H-2,
Jortho = 8.1, Jortho = 7.3 Hz), 6.82 (dd, 1H, H-1, dortho = 8.1, Jmeta = 1.2 Hz), 6.12 (dd, 1H,
H-9, Jogax = 12.0, Joseq = 4.0 Hz), 5.21 (dd, 1H, H-5a, Jsa6ax = 9.0, Jsa6eq = 6.6 Hz), 4.07
(m, 2H, ethyl acetate), 3.87 (s, 3H, PhO-CHz), 3.80 (dddd, 1H, H-7, J7,6ax = 10.5, J7,8ax =
10.5, Jr6eq = 4.7, Jrseq = 4.7 Hz), 2.63 (s, 3H, -OCS2-CHa), 2.64 (d, 1H, H-1", Jeem = 15.8
Hz), 2.53 (d, 1H, H-1’, Jgem = 15.8 Hz), 2.42 — 2.28 (m, 2H, H-6cq, H-8cq), 1.67 — 1.50 (m,
2H, H-6ax, H-8ax), 1.19 (t, 3H, ethyl ester, Jcuz = 7.1 Hz), 0.82 (s, 9H, Si-‘Bu), 0.03 (s, 3H,
Si-CHs), 0.01 (s, 3H, Si-CHs); 13C NMR (CDCls, 75 MHz) & 215.7, 170.7, 147.0, 145.8,
131.2, 121.9, 118.0, 112.3, 84.0, 80.6, 64.2, 60.7, 55.9, 52.3, 39.8, 38.2, 36.1, 25.7, 19.4,
18.0, 14.0, -4.8, -4.9; LRMS (EI) m/z 526 (M*, 7%), 469 (18), 343 (33), 222 (39), 315 (37),
287 (44), 241 (50), 213 (58), 161 (53), 75 (100); HRMS (EI) m/z Calcd for C25Hss06S2Si
(M+) 526.1879. Found 526.1881.

(5aR,78S,9aR)-7-(tert-Butyldimethylsilyloxy)-6, 7-dihydro-4-methoxy-9a(5a H)-
dibenzofuranacetic acid ethyl ester (46) (C23H3405S1)

3
Me MeO 5
1
O, W K>CO '
Ico,Et S G sale™Nco.Et
SMe . 2
O—< 1,2-dichlorobenzene %2 9
% reflux 6 8
OTBS OTBS
46' 46

To a solution of 46” (44.8 mg, 85.0 umol) in 1,2-dichlorobenzene (2.9 mL), degassed by
argon gas-bubbling, was added potassium carbonate (17.6 mg, 0.13 mmol) at ambient
temperature and the mixture was allowed to be heated at reflux. After 2 days, the
reaction mixture was diluted with ethyl acetate. The extract was washed with saturated
sodium bicarbonate aqueous solution and then was dried. The organic solvent was
removed by azeotropy with toluene, and the resultant residue was purified by silica gel
column chromatography (ethyl acetate / toluene = 1/ 100) to afford 46 (30.3 mg, 85%) as
colorless oil (50% for 2 steps from 38 via 46’).

Rrvalue 0.48 (ethyl acetate / toluene = 1/ 50 x 2); [a]p28 -21.7 (¢ 0.80, CHCl3); IR (KBr,
neat) vmax = 2960, 2930, 2860, 1730, 1620, 1590, 1500, 1460, 1260, 1200, 1100 cm'}; 'H
NMR (CDCls, 300 MHz) 5 6.88 — 6.71 (m, 3H, H-1, H-2, H-3), 5.93 (dd, 1H, H-8, Js9 =
10.0, J3,7 = 2.0 Hz), 5.82 (ddd, 1H, H-9, Jos = 10.0, Jo,7 = 1.8 (allylic long range coupling),
Jo,6eq = 1.2 (long range coupling) Hz), 5.24 (dd, 1H, H-5a, Jsa,6ax = 11.6, Jsa,6eq = 5.6 Hz),
4.35 (dddd, 1H, H-7, J76ax = 10.2, Jr6eq = 4.4, J7,8 = 2.0, J79 = 1.8 Hz), 4.08 (q, 2H, ethyl
ester, Jous = 7.1 Hz), 3.87 (s, 3H, PhO-CHs), 2.62 (d, 1H, H-10, Jeem = 14.6 Hz), 2.54 (d,
1H, H-10, Jeem = 14.6 Hz), 2.33 (dddd, 1H, H-6eq, Jeem = 11.6, oeqsa = 5.6, Joeq,7 = 4.4,
Joeq.9 = 1.2 Hz), 1.70 (ddd, 1H, H-6ax, Jgem = 11.6, Joaxsa = 11.6, Joax,7 = 10.2 Hz), 1.21 (¢,
3H, ethyl ester, Jcus = 7.1 Hz), 0.85 (s, 9H, Si-‘Bu), 0.060 (s, 3H, Si-CHs), 0.055 (s, 3H,
Si-CHas); 13C NMR (CDCls, 75 MHz) § 170.4, 145.8, 145.3, 134.6, 133.1, 126.8, 121.5,
115.4, 111.6, 84.4, 65.2, 60.4, 55.9, 48.3, 44.7, 37.0, 25.7, 18.0, 14.2, -4.6, -4.8; LRMS (EI)
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m/z 418 (M+, 8%), 361 (23), 343 (66), 297 (42), 269 (66), 254 (72), 181 (50), 75 (100);
HRMS (EI) m/z Found Calced for C2sH3405S1 (M+) 418.2176. Found 418.2173; Anal. Calcd
for C2sHs606Si: C, 65.99; H, 8.19%. Found: C, 65.81; H, 8.22%.

For ent-46

[a]p235 +21.4 (¢ 1.11, CHCls)

(5aR,7S5,9aR)-7-(tert-Butyldimethylsilyloxy)-6,7-dihydro-4-methoxy-9a(5a H)-dibenzofur
anacetic acid ethyl ester (46) (C23Hs405S1)
From 38 by method entry 5 in Table 6

S

MeO 4\NJLN/\\ MeOt_X_ 3
N
= <) o« 1
g g .
N

NGO, DMAP %l co,Et

OH 1,2-dichlorobenzene sa 0 o

reflux 6 8

OTBS OTBS

38 46

To a solution of 38 (3.1 mg, 7.1 pmol) in 1,2-dichlorobenzene (1.0 mL) were added
thiocarbonyldiimidazole (5.1 mg, 28.4 umol) and DMAP (0.1 mg, 0.7 pmol) at ambient
temperature and the mixture was allowed to be heated at reflux. After 6 h, the reaction
mixture was quenched with saturated aqueous ammonium chloride solution at 0 °C and
the mixture was diluted with ethyl acetate. The extract was washed with saturated
sodium bicarbonate aqueous solution and then was dried. The organic solvent was
concentrated, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / hexane = 1/ 10) to afford 46 (2.1 mg, 72%) as a colorless

oil.

(5aR,78,9aR)-7-(tert-Butyldimethylsilyloxy)-6, 7-dihydro-4-methoxy- N-methyl-9a(5a H)-
dibenzofuranacetamide (48) (C22H33sNO4Si)

MeO. MeO. MeOw X »
® ®
MeNH;ClI

: iOH- O Oy galu~L_NHM
NS co,et LIOHH0 &Nco,n _ EteN.DEPC 9a.\\"/ e
‘ EtOH / HyO (4 / 1) ‘ DMF, -10 °C 53 o]
6 8
OTBS OTBS OTBS
46 a7 48

To a solution of 46 (7.6 mg, 0.018 mmol) in ethanol (0.4 mL) and water (0.1 mL) was
added lithium hydroxide monohydrate (0.9 mg, 0.02 mmol) at ambient temperature.
After 20 h, the reaction mixture was quenched with saturated NH4Cl aqueous solution
at 0 °C and the mixture was diluted with ether. The extract was washed with brine and
then was dried. Removal of the solvent gave crude oil of 47, which was used for next
reaction without further purification.

To a solution of crude 47 in DMF (0.4 mL) were added methylammonium chloride (6.1
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mg, 90.9 pmol), DEPC (27.2 pL, 0.182 mmol) and triethylamine (25 ulL, 0.18 mmol) at
-10 °C. After 2 h, the reaction mixture was quenched with saturated aqueous
ammonium chloride solution at -10 °C and the mixture was diluted with ethyl acetate.
The extract was washed with brine and then was dried. The organic solvent was
concentrated, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / hexane = 1/ 1) to afford 48 (6.8 mg, 93% for 2 steps) as
white crystal.

Rrvalue 0.64 (ethyl acetate); m.p. 58 — 60 °C; [alp24 -3.5 (¢ 0.975, CHCls); IR (KBr, disc)
vmax = 3310, 2950, 2930, 2860, 1650, 1490, 1260, 1090 cm'; 'H NMR (CDCls, 300 MHz) §
6.83 (dd, 1H, H-2, Jortho = 8.0 Hz, Jortho = 7.3 Hz), 6.74 (dd, 1H, H-1, Jortho = 8.0, eJmeta = 1.5
Hz), 6.71 (dd, 1H, H-3, dJortho = 7.3 Hz, eJmeta = 1.5 Hz), 5.99 (dd, 1H, H-8, Js9 = 10.1, Js,7 =
2.0 Hz), 5.82 (ddd, 1H, H-9, Jos = 10.1, Jo,7 = 1.9 (allylic long range coupling), o,6eq = 1.2
(long range coupling) Hz), 5.19 (dd, 1H, H-5a, J5a,6ax = 11.6, Jsa6eq = 2.0 Hz), 5.18 (br, 1H,
-NH), 4.37 (dddd, 1H, H-7, J7,6ax = 10.4, J7.6eq = 4.9, J7.8 = 2.0, J7.9 = 1.9 (allylic long range
coupling) Hz), 3.86 (s, 3H, PhO-CHs), 2.69 (d, 3H, -NCHs, Jxu = 4.9 Hz), 2.48 (d, 1H,
H-10, Jeem = 13.8 Hz), 2.34 (d, 1H, H-10, Jeem = 13.8 Hz), 2.31 (dddd, 1H, H-6eq, Jeem =
11.7, Joeq,7 = 4.9, Joeqa = 2.0, Jéeq,9 = 1.2 (long range coupling) Hz), 1.69 (ddd, 1H, H-6ax,
Jeem = 11.7, Joaxsa = 11.6, Jeax,7 = 10.4 Hz), 0.84 (s, 9H, Si-Bu), 0.054 (s, 3H, Si-CHs),
0.047 (s, 3H, Si-CHs); 13C NMR (CDCls, 75 MHz) § 170.0, 145.9, 145.4, 134.2, 133.3,
127.1, 121.4, 115.4, 111.7, 84.9, 65.2, 56.0, 48.4, 47.0, 36.9, 26.2, 25.7, 18.0, -4.6, -4.8;
LRMS (ED m/z 403 (M*, 9%), 346 (42), 328 (100), 75 (45), 73 (40); HRMS (EI) m/z Caled
for C22H33NO4Si (M*) 403.2179. Found 403.2165.

For ent-48

[a]p24 +3.2 (¢ 1.69, CHCl3)

(5aR,78,9aR)-6,7-dihydro-7-hydroxy-4-methoxy- N-methyl-9a(5a H)-
dibenzofuranacetamide (1) (C16H19NO4)

s

O, B NHMe TBAF
‘ o THF, 40 °C
OTBS
48 1

To a solution of 48 (7.6 mg, 19 umol) in THF (0.4 mL) was added TBAF (1.0 M THF
solution, 87.7 pL, 37.7 umol) at ambient temperature and the mixture was warmed up
to 40 °C. After 10 h, the reaction mixture was quenched with saturated ammonium
chloride aqueous solution and the mixture was diluted with ethyl acetate. The extract
was washed with brine and then was dried. The organic solvent was concentrated, and
the resultant residue was purified by silica gel column chromatography (ethyl acetate
elution) to afford 1 (5.8 mg, quant.) as a colorless oil.

Rrvalue 0.14 (ethyl acetate); [alp2¢ -12.8 (¢ 0.58, CHCls); IR (KBr, neat) vmax = 3310,
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3100, 3000, 2940, 2840, 1650, 1490, 1460, 1280, 1070 cm™; 'H NMR (CDCls, 300 MHz) &
6.90 (dd, 1H, H-2, Jortho = 7.8, Jortho = 7.8 Hz), 6.80 (dd, 1H, H-3, Jortho = 7.8 , Jmeta = 1.2
Hz), 6.78 (dd, 1H, H-1, Jortho = 7.8, Jmeta = 1.2 Hz), 5.98 (ddd, 1H, H-8, Jso = 10.1, Js7 =
4.6, Js6eq = 0.5 (long range coupling) Hz), 5.73 (ddd, 1H, H-9, Jo,s = 10.1, Jo,7 = 1.0 (allylic
long range coupling), Jo6eq = 1.0 (long range coupling) Hz), 5.47 (br, 1H, -NH), 5.08 (dd,
1H, H-5a, Jsa,6eq = 4.1 Hz, Jsa6ax = 3.2 Hz), 4.20 (ddddd, 1H, H-7, J7,0u = 9.7, J7,6ax = 4.9,
J1.8 = 4.6, Jr6eq = 4.1, J79 = 1.0 (long range coupling) Hz), 3.86 (s, 3H, PhO-CH3), 2.74 (d,
3H, -NCHs, Jxu = 4.9 Hz), 2.61 (d, 1H, H-10, Jgem = 14.9 Hz), 2.57 (d, 1H, H-10, Jgem =
14.9 Hz), 2.43 (ddddd, 1H, H-6eq, Jgem = 14.7, Joeqsa = 4.1, Joeq,7 = 4.1, Joeq9 = 1.0 (long
range coupling), Jeeq,s = 0.5 (long range coupling) Hz), 2.22 (ddd, 1H, H-6ax, Jeem = 14.7,
Joax,7 = 4.9, Jeax5a = 3.2 Hz), 2.18 (d, 1H, -OH, Jon,7 = 9.7 Hz); 13C NMR (CDCls, 75 MHz)
§169.6, 145.9, 145.2, 133.9, 129.6, 129.2, 122.2, 114.9, 111.9, 86.2, 62.4, 55.9, 47.3, 44.5,
31.9, 26.3; LRMS (EI) m/z 289 (M+, 34%), 216 (100), 201 (33), 199 (42), 103 (39); HRMS
(ED m/z Caled for C16H19NO4 (M*) 289.1314. Found 289.1311.

For ent-1

[alp26 +11.2 (¢ 1.11, CHCls)

(4aR,6S, 8aR)-4a,5,11,12-tetrahydro-6-hydroxy-3-methoxy-11-methyl-6 H-benzofuro-
[3a.3,2-efl[2]benzazepin-10(9 H)-one (50) (C17H19NO4) and

(3aR, 6aR, 11bR)-1,2,6,6a-tetrahydro-8-methoxy-2-oxo-3a H-benzofuro-
[3,2-dlbenzofuran (52) (C15H1404)

MeO. l

O, \\\\\n/ NHMe

(0]

TFA, (CHO),
(CH,CI),

MeO.

OH
1

O, \n/NHMe
O

OTBS
48

To a solution of 1 (3.9 mg, 14 pmol) in 1,2-dichloroethane (1.2 ml) were added
paraformaldehyde (1.6 mg, 54 pumol) and TFA (19.7 pL, 256 umol) at ambient
temperature. After 2.5 h, the reaction mixture was quenched with saturated sodium
bicarbonate aqueous solution at 0 °C and the mixture was diluted with CHCls. The
extract was washed with brine and then was dried. The organic solvent was
concentrated, and the resultant residue was purified by silica gel column
chromatography (methanol / chloroform = 1/ 200) to afford 50 (2.9 mg, 71%) as a white

crystal.
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From TBS protected compound 48 (3.5 mg, 8.7 pmol) was obtained 50 (1.8 mg, 67%)
and byproduct 52 (0.4 mg, 19%) as a colorless oil by way of the same procedure.
Characteristic data for 50
Rrvalue 0.49 (MeOH / CHCls = 1/ 20 x 2); m.p. 213 — 214 °C; [alp? +115.2 (¢ 0.625,
CHCls); IR (KBr, disc) vmax = 3450, 2930, 1650, 1640, 1510, 1440, 1280, 1060, cm'!; 'H
NMR (CDCls, 300 MHz) & 6.70 (s, 2H, H-1, H-2), 6.03 (ddd, 1H, H-7, J78 = 10.1, J76 = 5.1,
J7,5eq = 1.4 (long range coupling) Hz), 5.49 (d, 1H, H-8, J37=10.1 Hz), 4.74 (dd, 1H, H-4a,
Jaasax = 2.0, Jaaseq = 1.7 Hz), 4.47 (d, 1H, H-12, Jeem = 16.1 Hz )and 4.35 (d, 1H, H-12,
Jgem = 16.1 Hz), 4.22 — 4.09 (m, 1H, H-6), 3.85 (s, 3H, PhO-CHa), 3.02 (s, 3H, -NCHb),
2.82(d, 1H, H-9, Jeem = 13.7 Hz), 2.75 (d, 1H, H-9, Jgem = 13.7 Hz), 2.68 (dddd, 1H, H-5.q,
Jeem = 15.8, Joeq,6 = 3.9, Jseqaa = 1.7 Hz, Jseq,7 = 1.4 (long range coupling) Hz), 2.48 (d, 1H,
-OH, Jone = 11.5 Hz,), 2.12 (ddd, 1H, H-5ax, deem = 15.8 Hz, Jsax6 = 5.4 Hz, Joaxa = 2.0
Hz); 13C NMR (CDCls, 75 MHz) § 170.9, 146.6, 144.8, 132.1, 128.3 (2C, two CH carbon),
125.1, 120.0, 111.9, 88.3, 61.5, 56.1, 52.0, 43.3, 41.6, 35.9, 29.2; LRMS (EI) m/z 302
(M+H)+, 9%), 301 (M+, 100), 283 (24), 230 (21), 224 (23), 211 (21), 181 (19), 165 (25), 115
(36), 91 (22), 77 (24), 65 (27); HRMS (EI) m/z Calcd for C17H19NO4 (M*) 301.1314. Found
301.1317; Anal. Calcd for C17H19NO4-0.5H20: C, 65.79; H, 6.33; N, 4.51%. Found: C,
65.46; H, 6.37; N, 4.50%.

For ent-50
[a]p235 -110 (¢ 0.45, CHCls)

Characteristic data for byproduct 52

Rt value 0.60 (MeOH / CHCls =1/20 x 2); [a]p25-12.0 (¢ 0.58, CHCls); IR (KBr, neat) vmax
= 2920, 1680, 1495, 1460, 1270, 1200 cm'}; 'TH NMR (CDCls, 300 MHz) & 6.94 (dd, 1H,
H-10, Jortho = 7.8, Jortho = 7.8 Hz), 6.85 — 6.81 (m, 2H, H-9, H-11), 6.10 (ddd, 1H, H-5, J54
=10.0, Js6x = 4.1, 5,60 = 4.1 Hz), 6.02 (m, 1H, H-4), 4.89 (d, 1H, H-3a, J3a4 = 3.7 Hz),
4.79 (dd, 1H, H-6a, Jea,6eq = 4.9, Joa6ax = 4.9 Hz), 3.88 (s, 3H, PhO-CH3), 3.02 (d, 1H, H-1,
Jgem = 18.0 Hz), 2.80 (d, 1H, H-1, Jgem = 18.0 Hz), 2.77 — 2.57 (m, 2H, H-6¢q, H-64y); 13C
NMR (CDCls, 75 MHz) § 174.3, 147.1, 144.8, 131.8, 129.3, 125.2, 122.7, 114.1, 112.4,
85.3, 79.7, 55.9, 51.2, 41.1, 26.8; LRMS (ED) m/z 258 (M*, 44%), 161 (100); HRMS (EI)
m/z Caled for C15H1404 (M*) 258.0892. Found 258.0894.

(+)-galanthamine (C17H21NO3)

MeO. E

o) ‘\\\\n/NMe LiAlH4, THF

‘ 0O reflux

OH
50 (+)-galanthamine

To a solution of 50 (9.4 mg, 31 pmol) in THF (1.5 mL) was added lithium aluminum
hydride (2.0 M THF solution, 62.4 ul, 123 umol) under argon at 0 °C and the mixture
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was allowed to be heated at reflux. After 3 h, the reaction mixture was quenched with 3
mol/L aqueous NaOH solution at 0 °C and the mixture was diluted with CH2Cl2. The
extract was washed with brine and then was dried over sodium carbonate. The organic
solvent was concentrated, and the resultant residue was purified by silica gel column
chromatography (methanol / chloroform = 1 / 20) to afford (+)-galanthamine (7.9 mg,
88%) as white crystal.

Rrvalue 0.26 (MeOH/ CHCIs = 1/ 20 x 2); m.p. 124 — 125 °C; [a]p23 +112 (¢ 0.50, EtOH);
IR (KBr, neat) vmax = 3360, 2920, 1620, 1590, 1510, 1440, 1280, 1050 cm'}; *H NMR
(CDCls, 300 MHz) § 6.66 (d, 1H, H-1 or H-2, Jortho = 8.3 Hz), 6.62 (d, 1H, H-1 or H-2, Jortho
= 8.3 Hz), 6.06 (dd, 1H, H-8, Js,7 = 10.3, Jz6 = 1.2 (allylic long range coupling) Hz), 6.00
(ddd, 1H, H-7, J78 = 10.3, J76 = 4.9, J75eq = 1.3 (long range coupling) Hz), 4.61 (br, 1H,
H-4a), 4.14 (br dd, 1H, H-6, Jo5ax = 4.9, Jo,7 = 4.9 Hz), 4.08 (d, 1H, H-12, Jeem = 15.1 Hz),
3.83 (s, 3H, PhO-CHa), 3.68 (d, 1H, H-12, Jeem = 15.1 Hz), 3.26 (ddd, 1H, H-10, eem =
14.6, J109 = 13.0, Jioe = 1.7 Hz), 3.05 (ddd, 1H, H-10, Jgem = 14.6, Jio,9 = 3.9, J09 = 3.2
Hz), 2.68 (dddd, 1H, H-5cq, Jgem = 15.6, Joeq4a = 8.2, Jseq6 = 1.5, Jseq7 = 1.3 (long range
coupling) Hz), 2.40 (s, 3H, -NCHs), 2.08 (ddd, 1H, H-9, Jgem = 13.7, Jo,10 = 13.0 Hz, Jo.10 =
3.2 Hz), 2.00 (ddd, 1H, H-5ax, Jgem = 15.6, Jsax,6 = 4.9, Jsaxaa = 2.4 Hz), 1.57 (ddd, 1H, H-9,
Jgem = 13.7, Jo,10 = 3.9, Jo10 = 1.7 Hz); 13C NMR (CDCls, 75 MHz) § 145.8, 144.2, 133.0,
128.5,127.7,126.7, 122.2, 111.2, 88.7, 62.0, 60.4, 55.9, 53.7, 48.1, 41.8, 33.6, 29.9; LRMS
(ED m/z 288 (M+H)+, 18%), 287 (M*, 100), 286 (84), 269 (14), 230 (20), 174 (19); HRMS
(ED) m/z Caled for C17H19NO4 (M*) 287.1521. Found 287.1521.

For synthetic (—)-galanthamine

[a]p23 -111 (¢ 0.19, EtOH)

Fornatural (—)-galanthamine

[a]p20 -119 (¢ 1.378, EtOH)

Reference

The Merck Index; Budavari, S., Ed., 12th ed.; Merck & CO.: Newyork, 1996; p 736,

monograph number 4357.
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2-2 H and 3C NMR Spectra
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Pictet-Spengler reaction 20070202
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3. Morphine

3-1 Total synthesis of (-)-dihydroisocodeine,

representing formal synthesis of (-)-morphine

3-cyclohexene-trans-1,2-diol (58) (C¢H1002)

2 3
Br, ~Br koH HOL N4
CHom.0°C Tho 4
CHCl3,0°C g 2 HO' 5

1,3-cyclo- 57 58
hexadiene

To a solution of 1,3-cyclohexadiene (508.0 mg, 6.340 mmol) in chloroform (5 mL) was
added bromine (0.97 g, 6.1 mmol) in chloroform (10 mL) dropwise at 0 °C. After 30 min,
the discolored mixture was concentrated in vacuo. To the resultant residue was added
water (10 mL) and stirred. To the biphasic system was added potassium hydroxide (1.2 g,
21 mmol) potionwise at ambient temperature. After 4 days, the reaction mixture was
quenched with 1 mol/L aqueous HCI solution and then was neutralized with saturated
sodium bicarbonate aqueous solution. The mixture was concentrated in vacuo to remove
water. The resultant residue (with large amount of salt crystal) was washed with CHCl3
for extraction of the desired product. The extract was dried over anhydrous sodium
sulfate. The CHCIlsz layer was concentrated, and the resultant residue was purified by
silica gel column chromatography (ethyl acetate / toluene = 1/2 — 1/1 — 2/1) to afford
336.5 mg of 58 (47%) as white crystal. For recrystallization was used ethyl acetate.
Rrvalue =0.14 (ethyl acetate / toluene = 2/ 1); m.p. 74 — 75 °C; IR (KBr, disc) vmax = 3400,
1060 cm'}; TH NMR (300 MHz, CDCls) § 5.71(m, 1H, H-3 or H-4), 5.56 (dddd, 1H, H-3 or
H-4, J34 = 10.0, Joax= 2.2, Joeq = 2.2, J2 = 2.2 Hz), 4.08 (br, 1H, H-2), 3.62 (br, 1H, H-3),
3.00 (br, 1H, -OH), 2.85 (d, 1H, -OH, J = 3.9 Hz), 2.13 — 2.20 (m, 2H, H-5ax, H-5¢q), 1.94
(dddd, 1H, H-6eq, Jgem = 13.4, oJoeq,1 =3.7, Joeqpax = 3.7, oeqseq = 3.7 Hz), 1.63 (m, 1H,
H-6.x); 13C NMR (75 MHz, CDCl3) & 129.0, 128.2, 73.6, 73.5, 28.6, 24.8; HRMS (FAB,
glycerol matrix, Nal) m/z Caled for CeH1002Na [M+Nal+ 137.0579. Found 137.0578.
Reference
For trans-diol, see:

1) Posternak, T.; Friedli, H. Helv. Chim. Acta 1958, 36, 251 — 259.

2) Demay, S.; Kotschy, A.; Knochel, P. Synthesis 2001, 863 — 866.

For cis-diol, see:

Banwell, M. G.; Lambert, J. N.; Richards. S. L. Aust. J. Chem. 1991, 44, 939-950.

3-cyclohexene-trans-1,2-diacetic acid diethyl ester (59) (C14H2204)

1" _CO,Et
;

HOI,, 3 2 W\
O “Sco,Et
HO 4 6

58 59

\

-112 -



To a solution of 58 (30.5 mg, 0.267 mmol) in triethyl orthoacetate (3 mL) was added

2-nitrophenol (3.5 mg, 0.25 mmol) at ambient temperature. This mixture in a sealed
tube filled with nitrogen was placed in a 140 °C oil bath. After 1 h, the reaction mixture
was diluted with ethyl acetate. The extract was washed with saturated sodium
bicarbonate aqueous solution and was dried. The organic solvent was removed by
azeotropy, and the resultant residue was purified by silica gel column chromatography
(ethyl acetate / hexane = 1/ 20) to afford 59 (14.1 mg, 21%)
Rrvalue = 0.68 (ethyl acetate / hexane = 1/ 2); IR (KBr, neat) vmax = 2980, 1730, 1160
cm’; TH NMR (300 MHz, CDCls) § 5.66 — 5.73 (m, 1H, H-4), 5.49 — 5.55 (m, 1H, H-3),
4.12 (q, 2H, ethyl ester, Jcus = 7.1 Hz), 4.11 (q, 2H, ethyl ester, Jcus = 7.1Hz), 2.44 (dd,
1H, H-1"or H-1", Jgem = 13.9, J1or2 = 5.1 Hz), 2.42 (dd, 1H, H-1"or H-1”, Jgem = 15.1, Jior2
= 5.4 Hz), 2.29 — 2.37(m, 1H, H-2), 2.22 (dd, 1H, H-1" or H-1”", Jgem = 15.1, Jior2 = 15.1
Hz), 2.22 (dd, 1H, H-1"or H-1", Jgem = 13.9, Jior2 =1.2 Hz), 1.91 — 2.01 (m, 3H, H-1, H-5ax,
H-5eq), 1.72 (dddd, 1H, H-6eq, Jgem = 13.7, Joeq,5ax = 6.3, Joeq,5eq = 6.3, oeq,1 = 3.4 Hz), 1.41
(dddd, 1H, H-6ax, Jeem = 13.7, Joax,5ax = 6.8, Joax5eq = 6.8, Joax,1 = 6.8 Hz), 1.23 (t, 3H, ethyl
ester, Jcuz = 7.1 Hz), 1.23 (t, 3H, ethyl ester, Jcuz = 7.1 Hz); 13C NMR (75 MHz, CDCls) &
172.9, 172.5, 128.5, 127.5, 60.4, 60.3, 39.6, 38.4, 36.7, 34.4, 25.0, 22.9, 14.2; LRMS (EID)
mlz 254 (M*, 7%), 209 (57), 180 (22), 166 (64), 121 (19), 88 (100); HRMS (ED) m/z Caled
for C14H2204 (M*) 254.1518. Found 254.1520.

4,6- O-(4-Methoxybenzylidene)-D-glucal (63) (C14H1605)

MeO
AcO HO PPTS 1.0 6
p-methoxybenzaldehyde
AcO,,, NaOMe  HO, dimethylacetal o,
o) ' 0 > "G
AcO” NF HO” \F

—_— > 570
MeOH DMF, 50 °C 3
’ 1
under reduced pressure HO 2
tri-O-acetyl- D-glucal 63
D-glucal

To a solution of tri-O-acetyl-D-glucal (25.3 g, 92.9 mmol) in methanol (253 mL) was added
sodium methoxide (9.8 mg, 0.18 mmol) at ambient temperature. After 1.5 h, extra sodium
methoxide (15.4 mg, 0.285 mmol) was added. After 1 h further extra sodium methoxide (14.4
mg, 0.267 mmol) was added (sodium methoxide: total amount 39.6 mg, 0.733 mmol). After 1
h, ammonium chloride (40.7 mg, 0.761 mmol) was added to the reaction mixture at ambient
temperature for neutralization. The mixture was concentrated in vacuo to remove methanol.

The resultant crude mixture of D-glucal was dissolved in DMF (136 mL). To the mixture
was added pranisaldehyde dimethylacetal (23.5 mL, 138 mmol) and the mixture was
concentrated in vacuo to remove extra methanol in reagent. To the concentrated mixture
was added PPTS (118.4 mg, 0.4711 mmol) at 0 °C. The mixture was heated under reduced
pressure with rotary evaporator (51 °C, 36 hPa). After 1 h, the reaction mixture was
quenched with saturated sodium bicarbonate aqueous solution at 0 °C and the mixture was
diluted with ether. The extract was washed with water and saturated sodium bicarbonate

aqueous solution and then was dried. The organic solvent was concentrated, and the
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resultant residue was purified by recrystallization from ethyl acetate / hexane (1 / 3) to
afford 63 (11.9 g, 44%) as a white crystal. From the mother liquid was obtained 63 (3.1 g,
11%) by purification with silica gel column chromatography (ethyl acetate / hexane = 1/ 3).
Totally, 15.3g (56%) of 63 was obtained. This crystalline coumpound was not suitable for
long-term storage because of the gradual decomposition to the black oil.

Rrvalue = 0.60 (acetone / toluene = 1/ 2); [alp23 -19.0 (¢ 1.5, CHCls) {/it. [alp -19 (¢ 1,
CHC1l3)}; m.p. 133.5 — 135.0 °C (recrystallized from AcOEt / hexane) {/it. 133 — 134 °C}

IR (KBr, disc) vmax = 3400, 3300, 1640, 1640, 1620, 1590, 1520 cm'}; *H NMR (300 MHz,
CDCl3) 5 7.43 (d, 2H, Ph, Jortho = 8.8 Hz), 6.90 (d, 2H, Ph, Juthe= 8.8 Hz), 6.34 (dd, 1H,
H-2, 21 = 6.1, J2,3 =1.5 Hz), 5.56 (s, 1H, H-1), 4.77 (dd, 1H, H-1, J12 = 6.1, 13 = 2.0 H2),
4.50 (m, 1H, H-3), 4.35 (dd, 1H, H-6eq, Jgem = 9.9, Joeq5 = 4.6 Hz), 3.81 (s, 3H, PhO-CHb),
3.75—3.92 (m, 3H, H-4, H-5, H-6av), 2.32 (d, 1H, -OH, Jon,s = 3.7 Hz); 13C NMR (67.5
MHz, CDCls) § 160.2, 144.0, 129.5, 127.5, 113.7, 103.6, 101.7, 80.6, 68.3, 68.3, 66.5, 55.3;
LRMS (EI) m/z 264 (M*, 55%), 136 (100), 135 (85), 121(32); HRMS (EI) m/z Calcd for
C14H1605 (M+) 264.0998. Found 264.0997; Anal. Caled for C14H1605: C, 63.63; H, 6.10%.
Found: C, 63.48; H, 6.098%.

Reference

Boulineau, F. P.; Wei, A. Carbohydr. Res. 2001, 334, 271-279.

3-O-tert-Butyldimethylsilyl-4,6- O-(4-methoxybenzylidene)-D-glucal (64) (C20Hs005Si)

Me MeO.
0 \©\1"/O 6

imidazole, TBSCI o)
Y DMF > ,; 9
HO” NF TBSO” N !
63 64

To a solution of 63 (6.0 g, 23 mmol) in DMF (24 mL) were added imidazole (2.3 g, 34
mmol) and tert-butyldimethylsilyl chloride (4.1 g, 27 mmol) at 0 °C. The mixture was
warm up to ambient temperature. After 12 h, the reaction mixture was diluted with
ether. The extract was washed with water and then was dried. The organic solvent was
concentrated, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / hexane = 1/ 20) to afford 64 (8.6g, quant.) as a colorless
oil.

Rrvalue = 0.74 (ethyl acetate / hexane = 1/ 3); [a]p235 -57.0 (¢ 0.81, CHCls) {Iit. -59.5 (c 2,
CHCI3); IR (KBr, neat) vmax = 2920, 2860, 1520, 1250, 1100, 1080 ¢cm'l; 1H NMR (300
MHz, CDCl3) § 7.42 (d, 2H, Ph, Jothe= 8.7 Hz), 6.89 (d, 2H, Ph, Jortho = 8.7 Hz), 6.29 (dd,
1H, H-1, Ji2 = 6.3, J1,3 = 1.5 (allylic long range coupling) Hz), 5.56 (s, 1H, H-1°), 4.66 (dd,
1H, H-2, 1 = 6.3, J23 = 1.8 Hz), 4.50 (ddd, 1H, H-3, J54 = 7.2, J31 = 1.8 (allylic long
range coupling), Js2 = 1.5 Hz), 4.33 (dd, 1H, H-5, J5.6 = 10.2, J54 = 4.5, J5.6 = 0 Hz), 3.75 —
3.88 (m, 3H, H-4, H-6cq, H-6ax), 3.81 (s, 3H, PhO-CHs), 0.89 (s, 9H, Si-tBu), 0.09 (s, 3H,
Si-CHa), 0.07 (s, 3H, Si-CHs); 13C NMR (67.5 MHz, CDCls) & 159.9, 143.3, 129.9, 127.3,
113.5, 105.4, 101.3, 80.5, 68.8, 68.3, 67.3, 55.2, 25.8, 18.2, -4.4, -4.8; HRMS (FAB, NBA
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matrix) m/z Caled for C20H3105Si (M+H)* 379.1941. Found 379.1945; Anal. Calcd for
C20H3005Si: C, 63.46; H, 7.99%. Found: C, 63.26; H, 7.91%.

Reference

Boulineau, F. P.; Wei, A. Carbohydr. Res. 2001, 334, 271-279.

3-O-tert-Butyldimethylsilyl-4- O-(4-methoxybenzyl)-D-glucal (65) (C20H3205Si)

MeO.
\©\‘/0 HO 6

DIBAL-H
O, g PMBO., 2~
toluene
TBSO Z -15°Ctor.t. TBSO A1
64 65

To a solution of 64 (8.6 g, 23 mmol) in toluene (131 mL) was added DIBAL-H (1.01M

toluene solution, 45 mL, 45 mmol) dropwise through cannula under nitrogen at -20 °C.
The reaction mixture was warmed up to ambient temperature. After 20 min, the
reaction mixture was cooled to -20 °C and excess amount of sodium sulfate decahydrate
was added to the solution for quenching and absorption of aluminum residue. The
mixture was warmed up to ambient temperature and was vigorously stirred for 4 h
followed by filtration with pad of celite. The residue and pad were washed with ethyl
acetate. The filtrate was concentrated, and the resultant residue was purified by silica
gel column chromatography (ethyl acetate / hexane = 1/ 5) to afford 65 (7.4 g, 86%) as a
colorless oil.
Rrvalue = 0.33 (ethyl acetate / hexane = 1/ 3); [a]p24 -20.4 (¢ 1.31, CHCls); IR (KBr, neat)
vmax = 3450, 2960, 2930, 1650, 1610, 1520, 1250, 1100 cm1; 'H NMR (300 MHz, CDCls) §
7.28 (d, 2H, Ph, Jortho = 8.4 Hz), 6.88 (d, 2H, Ph, Jortho = 8.4 Hz), 6.33 (d, 1H, H-1, 12 =
6.0 Hz), 4.77 (d, 1H, Bn, Jeem = 11.4 Hz), 4.67 (dd, 1H, H-2, 2,1 = 6.0, J23 = 2.7 Hz), 4.63
(d, 1H, Bn, Jgem = 11.4 Hz), 4.33 (dd, 1H, H-3, J54 = 6.0, J52 = 2.1 Hz), 3.94 (td, 1H, H-5,
J5.4= 1.8, Js6 = 4.0 Hz), 3.80 (s, 3H, PhO-CHb), 3.80 (m, 2H, H-6), 3.62 (dd, 1H, H-4, Ju5
=17.8, Ju6 = 6.0 Hz), 2.06 (t, 1H, -OH, Jons = 6.6 Hz), 0.92 (s, 9H, Si-Bu), 0.12 (s, 6H,
Si-CHs); 18C NMR (67.5 MHz, CDCls) & 159.4, 143.5, 130.1, 129.6, 113.9, 103.5, 77.0,
76.4, 73.5, 68.6, 61.9, 55.3, 25.8, 18.0, -4.4, -4.7; HRMS (FAB, glycerol matrix) m/z Calcd
for C20H5205SiNa (M+Na)*+ 403.1917. Found 403.1914; Anal. Caled for C20H3205Si: C,
63.12; H, 8.48%. Found: C, 63.18; H, 8.432%.

Methyl o-2,6-dideoxy-3-O- tert-butyldimethylsilyl-6-iodo-4- O-(4-methoxybenzyl) -D-
arabino-hexopyranoside (67a) and its B-anomeric isomer (67 B) (Cz1H15IOsSi)

HO. HO.
PPhs-HBr imidazole
PMBO,,, 0 MeOH, NaBr PMBO,,, 0 |2 PPhs PMBO,,, PMBO,,
—_—
0
TBSO Z DME, 0°C TBSO TBSO "OMe TBSO

OMe
65 66
70,

To a solution of 65 (7.0 g, 18 mmol) in 1,2-d1methoxyethane (100 mL) were added
sodium bromide (194 mg, 1.89 mmol), methanol (3.7 mL, 91 mmol) and
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triphenylphosphine hydrobromide (631mg, 1.84 mmol) at 0 °C. After 30 min, the
mixture was quenched with saturated sodium bicarbonate aqueous solution at 0 °C and
was diluted with ethyl acetate. The extract was washed with saturated sodium
bicarbonate aqueous solution and then was dried over sodium carbonate. Removal of
the conbined organic solvent gave crude oil of 66, which was used in the next step
without further purification because 66 was instable on silica gel.

To the solution of crude 66 in THF (140 mL) were added successively imidazole (2.6 g,
15 mmol), triphenylphosphine (7.2 g, 27 mmol) and iodine(6.9 g, 27 mmol) at 0 °C. The
reaction mixture was warm up to ambient temperature, and then extra
tripheylphosphine (5.1 g, 19 mmol) was added at same temperature. After 2h, the
mixture was quenched with 20% sodium thiosulfate aqueous solution at 0 °C and was
diluted with ethyl acetate. The extract was washed successively with 20% sodium
thiosulfate aqueous solution and saturated sodium bicarbonate aqueous solution, and
then was dried. The organic solvent was concentrated, and the resultant residue was
purified by silica gel column chromatography (petroleum ether / toluene =1/1 — ethyl
acetate / hexane = 1/ 20) to afford mixture of 67a and 67B (7.7 g, 80%). To separate this
two isomer completely, the mixture was purified with silica gel column chromatography
(ethyl acetate / hexane = 1/ 20) again to afford 67a as colorless oil and 67p as a white
crystal.

Characteristic data for 67a

Rrvalue = 0.49 (ethyl acetate / hexane = 1/ 5); [alp2s +75.2 (¢ 0.7, CHCl3); IR (KBr, neat)
vmax = 2930, 1520, 1250, 1110, 1050 cm'l; tH NMR (300 MHz, CDCI3) § 7.26 (d, 2H, Ph,
Jortho = 8.7 Hz), 6.88 (d, 2H, Ph, Jortno = 8.7 Hz), 4.91 (d, 1H, Bn, Jeem = 10.5 Hz), 4.75 (d,
1H, H-1, oJ12ax = 3.6, Ji,2e¢ = 0 Hz), 4.60 (d, 1H, Bn, Jeem = 10.5 Hz), 4.12 (ddd, 1H, H-3,
54 = 11.1, Js2ax = 8.7, J3.2e¢ = 5.1 Hz), 3.81 (s, 3H, PhO-CHb), 3.47 (dd, 1H, H-6, Jeem =
9.9, Jo5 = 1.5 Hz), 3.33 (s, 3H, -OCHb), 3.27 — 3.39 (m, 2H, H-6, H-5), 3.15 (dd, 1H, H-4,
Jus =8.7, Jus = 8.7 Hz), 2.03 (dd, 1H, H-2eq, Jgem = 12.9, eq,3 = 5.1, doeq1 = 0 Hz), 1.70
(ddd, 1H, H-2ax, Jgem = 12.9, elax;s = 11.1, Jrax1 = 3.6 Hz), 0.92 (s, 9H, Si-Bu), 0.12 (s, 3H,
Si-CHa), 0.01 (s, 3H, Si-CHs); 13C NMR (67.5 MHz, CDCls) § 159.2, 130.5, 129.5, 113.9,
98.5, 83.2, 75.0, 70.2, 69.9, 55.3, 54.9, 39.2, 25.9, 17.9, 8.7, -4.4, -4.5; HRMS (FAB, NBA
matrix) m/z Caled for C2:H16I05S1 (M+H)*+ 523.1377. Found 523.1379.

Characteristic data for 67

Rrvalue = 0.44 (ethyl acetate / hexane = 1/ 5); [a]p235 +2.26 (¢ 0.545, CHCl3); m.p. 120 —
121 °C; IR (KBr, disc) vmax = 2920, 2860, 1610, 1520, 1250, 1110, 1100, 1080 cm'; 'H
NMR (300 MHz, CDCls) § 7.25 (d, 2H, Ph, Jortho = 8.4 Hz), 6.88 (d, 2H, Ph, Jortho = 8.4 Hz),
4.88 (d, 1H, Bn, Jgem = 10.5 Hz), 4.58 (d, 1H, Bn, Jsem = 10.5 Hz), 4.40 (dd, 1H, H-1, i 2ax
= 9.9, Ji2q = 1.8 Hz), 3.81 — 3.87 (m, 1H, H-3), 3.81 (s, 3H, PhO-CHs), 3.52 (s, 3H,
-OCHs), 3.47 — 3.52 (m, 1H, H-6), 3.09 — 3.23 (m, 3H, H-4, H-5, H-6), 2.11 (ddd, 1H, H-2eq,
Jgem = 12.9, Jreqs = 5.1, Jeeq1 = 1.8 Hz), 1.65 (ddd, 1H, H-2ax, Jeem = 12.9, Jzax3 = 11.8,
Jrax,1 = 9.9 Hz), 0.92 (s, 9H, Si-‘Bu), 0.12 (s, 3H, Si-CHz), 0.10 (s, 3H, Si-CHs); 13C NMR
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(67.5 MHz, CHCls) & 159.3, 130.2, 129.7, 113.9, 100.3, 82.8, 75.0, 74.1, 72.7, 56.7, 55.3,
40.5, 25.8, 17.9, 7.2, -4.4, -4.6; HRMS (FAB, NBA matrix) m/z Calcd for C21H16I05Si,
(M+H)* 523.1377. Found 523.1375.

(28, 3R, 5R or 58 )-3-tert-butyldimethylsilyloxy-5-hydroxy-2-(4-methoxybenzyl)oxy-

1-cyclohexanone (69) (C20H3004Si)
|

0
PMBO.,, N\ -BUOK PMBO., o Hg(OCOCF3), PMBO,,2 6
—_— >
THE acetone / 3 5
TBSO OMe TBSO OMe pH 4.8 acetate buffer  TBSO” ™
(211)

67a and 67 68 69
To a solution of anomeric mixture of 670, and 67p (7.7 g, 15 mmol) in THF (150 mL) was

OH

added potassium tert-butoxide (3.3 g, 27 mmol) at 0 °C and reaction mixture was
warmed up to ambient temperature. After 2 h, the reaction mixture was diluted with
ethyl acetate. The extract was washed with water and then was dried over sodium
carbonate. The organic solvent was concentrated, and the resultant residue was
purified by passage through short silica gel column chromatography (ethyl acetate /
hexane = 1/ 15, 1% triethylamine contained) to afford 5.6 g of 68 as colorless oil. The
obtained 68 was used in the next step without purther purification.

The solution of the crude 68 in acetone (390 mL) and pH 4.8 acetate buffer (193 mL)
was added mercury(II) trifluoroacetate (1.3 g, 3.0 mmol) at ambient temperature after
12 h, extra mercury (II) trifluoroacetate (0.2 g, 0.5 mmol) was added again. After 4 h,
acetone in reaction mixture was removed in vacuo and the remaining mixture was
diluted with ethyl acetate. The extract was washed successively with 10% potassium
iodide aqueous solution and 20% sodium thiosulfate aqueous solution and then was
dried. The organic solvent was concentrated, and the resultant residue was purified by
silica gel column chromatography (ethyl acetate / hexane = 1/ 5) to afford 69 (4.8 g, 83%
for 2 steps, o : B = 85 : 15, determined by 'H NMR) as inseparable diastereomeric
mixture of a colorless oil.

For each step isolation:

From 1.28 g of 67 (2.45 mmol), 841.7 mg of a colorless oil 69 (87%) to afford as
inseparable diastereomeric isomers. From 174.3 mg of 68 (0.4417 mmol), 160.9 mg of 69
(96%) was afforded.

Analytical data of 69 as diastereomeric mixture

Rrvalue = 0.26 (ethyl acetate / hexane = 1/2); TH NMR (300 MHz, CDCls) 7.28 (d, 2H of
a-isomer, Ph, Jortho = 8.8 Hz), 7.23 (d, 2H of B-isomer, Ph, Jutho = 8.8 Hz), 6.87 (d, 2H of
a-isomer, Ph, Jortho = 8.8 Hz), 6.87 (d, 2H of B-isomer, Ph, Jotho = 8.8 Hz), 4.60 (d, 1H of
a-isomer, Bn, Jgem = 11.2 Hz), 4.50 (d, 1H of B-isomer, Bn, Jgem = 11.2 Hz), 4.42 (d, 1H of
a-isomer, Pn, Jeem = 11.2 Hz), 4.36 (d, 1H of B-anomer, Bn, Jeem = 11.2 Hz), 4.23 — 4.32 (m,
3H of a- and B-isomers, H-3(B), H-5ax(a), H-5¢q(at)), 4.17 (ddd, 1H of a-isomer, H-3, J5 4ax
= 10.2, J32 = 6.3, Js4eq = 3.7 Hz), 3.80 (s, 3H of o~ and B-isomers, PhO-CHs(a),
PhO-CHs(B)), 3.64 (d, 1H of a-isomer, H-2, Jo3 = 7.6 Hz), 3.50 (d, 1H of p-anomer, H-2,
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J2,3=9.3 Hz), 2.98 (dd, 1H of B-isomer, H-6ecq, Jzem = 13.7, Joeq,5 =4.4 Hz), 2.54 — 2.70 (m,
5H of o -and B-isomers, H-6ax(o), H-6eq(0), H-6ax(B)), 2.31 (ddd, 1H of B-isomer, H-4eq,
Jegem = 14.1, Jaeq3 = 3.0, Jaeq,5 = 3.0 Hz), 2.18 (ddd, 1H of a-isomer, C4eq, Jeem = 13.4, Jieq,3
=17.6, Jicq5 = 3.4 Hz), 1.94 — 2.04 (m, 2H of a- and B-isomers, H-4(o and B)), 0.85 (s, 9H of
a- and B-isomers, Si-tBu), 0.02 — 0.05 (m, 6H of o -and B-isomers, Si-CHs); HRMS (FAB,
2,2-dithioethanol matrix) m/z Caled for C20H3305Si (M+H)+ 381. 2097, Found 381.2098.

(5R, 69)-5-tert-butyldimethylsilyloxy-6-(4-methoxybenzyl)oxy-2-cyclohexen-1-one (70)
(C20H2:8038Si)

0 0
EtsN, MsCl
PMBO.,, ﬁ SMAP PMBOﬁz
—>
5
CH,CI
TBSO OH 2v2 TBSO” ™ 3
69 70

To a solution of diastereomeric mixture of 69 (9.2 g, 24 mmol) in dichloromethane (250
mL) were added successively triethylamine (10.1 mL, 72.9 mmol), methanesulfonyl
chloride (2.8 mL, 36 mmol) and DMAP (297.4 mg, 2.434 mmol) at 0 °C and The mixture
was warmed up to ambient temperature. After 3 h, the reaction mixture was quenched
with 1 mol/L aqueous HCI solution at 0 °C. The mixture was diluted with ethyl acetate.
The extract was washed successively with 1 mol/L aqueous HCI solution and saturated
sodium bicarbonate aqueous solution and then was dried. The organic solvent was
concentrated, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / hexane = 1/20 — 1/ 10) to afford 70 (8.5 g, 96%) as a
colorless oil.

Rrvalue = 0.63 (Ethyl acetate / hexane = 1 / 2); [alp27 -51.1 (¢ 0.75, CHCls); IR (KBr,
neat) vmax = 2960, 2930, 2860, 1700, 1520, 1250, 1120 cm'%; 'H NMR (270 MHz, CDCls) §
7.35 (d, 2H, Ph, Jortho = 8.8 Hz), 6.87 (d, 2H, Ph, Jortho = 8.8 Hz), 6.81 (ddd, 1H, H-3, J52 =
10.3, Js.4eq = 2.9, J34ax = 1.1 Hz), 6.02 (ddd, 1H, H-2, J23 = 10.3, Jo4ax = 2.6 (allylic long
range coupling), J2,4¢q = 1.1 (allylic long range coupling) Hz), 4.83 (d, 1H, Bn, Jeem = 11.0
Hz), 4.62 (d, 1H, Bn, Jeem = 11.0 Hz), 4.10 (ddd, 1H, H-5, J56 = 9.2, J5,4ax = 7.7, eJi,4e¢ = 5.1
Hz), 3.80 (d, 1H, H-6, J&5 = 9.2 Hz), 3.80 (s, 3H, PhO-CHs), 2.71 (dddd, 1H, H-4eq, Jgem =
18.7, Jieq,3 = 5.1, Jaeqs = 5.1, Jaeq,2 = 1.1 (allylic long range coupling) Hz), 2.42 (dddd, 1H,
H-4ax, Jgem = 18.7, daaxs = 7.7, Jaaxs = 2.9, Jaax2 = 2.6 (allylic long range coupling) Hz),
0.88 (s, 9H, Si-Bu), 0.05 (s, 6H, Si-CHs); 13C NMR (67.5 MHz, CDCl3) & 198.1, 159.2,
146.1, 130.0, 129.7, 128.8, 113.6, 83.9, 73.4, 71.4, 55.2, 34.9, 25.7, 18.0, -4.6, -5.1; LRMS
(ED m/z 362 (M*, 2%), 225 (32), 211 (17), 169 (34), 151 (38), 135 (29), 121 (100), 75 (95);
HRMS (EI) m/z Caled for C20Hz004Si (M*) 362.1913. Found 362.1926

Anal. Caled for C20H3004Si: C, 66.26; H, 8.34%. Found: C, 65.99, H, 8.444%.

Trifluoromethanesulfonic acid (5R,6S) -5-tert-butyldimethylsilyloxy-6-
(4-methoxybenzyl)oxy-1-cyclohexen-1-yl ester (71) (C21H31F306S1)
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Conditions a
MelLi, Cul, HMPA
o) DIBAL-H THF, -78 °C OTf

then MelLi 1
PMBO:@ then Comins reagent PMBO 2
> 5
TBSO' Conditions b TBSO 3
LiBH(i-Bu),, THF, -78 °C 4

70 then 71
PhNTH,, r.t.

By condition a (Tsuda-Saegusa’s protocol)

To a suspension of copper(I) iodide (5.6 mg, 29 umol) in THF (0.2 mL) was added
methyllithium (0.98 M ether solution, 30 pL, 29 pmol) under argon at 0 °C and the
mixture was cooled to -70 °C. To the cooled mixture were added HMPA (10 pL, 58 umol)
and DIBAL-H hexane solution (0.94 M, 105 pL, 101 pmol) at -70 °C successively. After
50 min, a solution of 70 (10.4 mg, 28.7 pmol) in THF (0.1 mL) was added to the brown
reaction mixture via cannula at -70 °C. The flask was washed with THF (0.1 mL) twice
and the extract was added to the mixture. After 40 min, methyllithium (0.98 M ether
solution, 50 uL, 49 pmol) was added to the reaction mixture at -70 °C. After 30 min, a
solution of Comins reagent (33.7 mg, 85.8 umol) in THF (0.1 mL) was added to the
system via cannula at -70 °C. The flask was washed with THF (0.1 mL) 3 times and the
extract was added to the mixture. After 1 h, extra methyllithium (0.98 M ether solution,
120 uL, 118 umol) was added to the mixture and the reaction system was allowed to be
warmed up to ambient temperature. After 14 h, the reaction mixture was quenched
with saturated ammonium chloride aqueous solution and was diluted with ethyl acetate.
The extract was washed successively with saturated ammonium chloride aqueous
solution and saturated sodium bicarbonate aqueous solution and then was dried. The
organic solvent was concentrated, and the resultant residue was purified by silica gel
column chromatography (ethyl acetate / hexane = 1 / 20) to afford 71 (5.8 mg, 41%) as

colorless oil and 1,4-reduced cyclohexanone product (5.3 mg, 51%) as colorless oil.

By condition b (L-Selectride)

To a solution of 70 (7.1 g, 20 mmol) in THF (150 mL) was added L-Selectride (1.06 M
THF solution, 30 mL, 32 mmol) dropwise over 10 min under nitrogen at -78 °C. After 30
min, N-phenylbis(trifluoromethanesulfonamide) (7.7 g, 22 mmol) in THF (50 mL) was
added to a reaction mixture through cannula dropwise and the flask was washed with
THF twice and added to the reaction system. The mixture was allowed to warm up to
ambient temperature. After 20 min, the reaction mixture was quenched with H202
aqueous solution at -78 °C. The mixture was warmed up to ambient temperature and
stirred for overnight to kill the residue of alkylborane. The mixture was diluted with
ethyl acetate and the extract was washed with saturated sodium bicarbonate aqueous
solution, and then was dried over sodium carbonate. The organic solvent was
concentrated, and the resultant residue was purified by activated alumina column
chromatography (ethyl acetate / hexane = 1/ 25) to afford 71 (9.3 g, 96%) as a colorless

oil.
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Rrvalue = 0.47 (Ethyl acetate / hexane = 1/ 8); [alp 255 -74.2 (¢ 0.945, CHCls); IR (KBr,
neat) vmax = 2960, 2940, 2860, 1620, 1520, 1420, 1250, 1210, 1140 cm'; *H NMR (300
MHz, CDCls) & 7.29 (d, 2H, Ph, dortho = 8.5 Hz), 6.89 (d, 2H, Ph, Jortho = 8.5 Hz), 5.95 (dd,
1H, H-2, o3ax = 5.4, fo,3e¢ = 2.7 Hz), 4.65 (d, 1H, Bn, Jeem = 11.2 Hz), 4.59 (d, 1H, Bn, Jeem
= 11.2 Hz), 4.05 (ddd, 1H, H-5, Js54ax = 5.1, 56 =3.2, J54eq = 2.0 Hz), 3.81 (s, 3H,
PhO-CHa), 3.76 (d, 1H, H-6, Js5 = 3.2 Hz), 2.37 (m, 1H, H-3cg), 2.12 (dddd, 1H, H-3ax,
Jgem = 18.0, f3ax,4q = 5.6, Sax dax = 5.4, J3ax2 = 2.7 Hz), 1.79 (dddd, 1H, H-4eq, Jgem = 13.7,
Jieq3eq = 10.5, Jieq3ax = 5.6, Jieqs = 2.0 Hz), 1.65 (dddd, 1H, H-4ax, Jgem = 13.7, Jiax3ax =
5.4, Jiaxs = 5.1, Jaax3eq = 2.5 Hz), 0.82 (s, 9H, Si-Bu), 0.02 (s, 3H, Si-CHs), 0.00 (s, 3H,
Si-CHs); 13C NMR (75 MHz, CDCls) § 159.5, 146.8, 129.7, 129.6, 122.0, 118.5 (q, CFs3, Jc-r
= 318 Hz), 114.0, 76.9, 73.0, 68.9, 55.3, 25.6, 24.6, 20.0, 17.9, -5.0, -5.1; HRMS (FAB,
NBA matrix) m/z Calcd for C21Hs1F306SSi (M+H)* 497.1641. Found 497.1648.

1-[(5R, 6 R)-5- tert-butyldimethylsilyloxy--6-(4-methoxybenzyl)oxy-1-cyclohexen-1-yl]-
2,3-dimethoxybenzene (73) (C2sH4005Si)

Me!
Me! 72
B(OH),
OTf  pg(0Ac),/ PPhy
PMBO/,, (1 /2), N82CO3 aqg.
TBSO' 1,4-dioxane
71

To a solution of Palladium (II) acetate (121 mg, 0.539 mmol), triphenylphosphine (229
mg, 1.10 mmol) in 1,4-dioxane (28 mL) under argon atmosphere was added sodium
carbonate aqueous solution (1 M, 10.8 mL, 10.8 mmol) by syringe, 1,4-dioxane (10
mL)-dissolved solution of 71 (2.67 g, 5.38 mmol) (rinsed 3 times with total 10mL of
dioxane) through cannula, and 1,4-dioxane-dissolved solution (10 mL) of 2,3-dimethoxy-
phenylboronic acid 72 (1.3g, 7.1 mmol) (rinsed twice with total 10 mL of dioxane)
through cannula at ambient temperature, successively. After 1.5 h, the reaction mixture
was quenched with H202 aqueous solution at ambient temperature and the reaction
mixture was diluted with ethyl acetate. The extract was washed with water and was
dried. The organic solvent was concentrated, and the resultant residue was purified by
silica gel column chromatography (ethyl acetate / hexane = 1 / 30, 1% triethylamine
contained) to afford 78 (2.9g, quant.) as a light yellow oil.

Rrvalue = 0.46 (ethyl acetate / hexane = 1/ 4); [a]p24 -96.1 (¢ 1.09, CHCls); IR (KBr, neat)
vmax = 2930, 1520, 1470, 1250, 1080, 840 cm™’; *H NMR (300 MHz, CDCl3) § 7.00 (dd, 1H,
H-5, Jortho = 7.8, Jortho = 7.8 Hz), 6.88 (ddd, 2H, Ph, Jortho = 8.4, Jmeta = 2.4, Jpara = 2.4 Hz),
6.85 (dd, 1H, H-4", Jortho = 7.8, Jmeta = 1.5 Hz), 6.81 (dd, 1H, H-6", Jortho= 7.8, eJmeta = 1.5
Hz), 6.69 (ddd, 2H, Ph, dortho = 8.4, Jmeta = 2.4, Jpara = 2.4 Hz), 5.86 (dd, 1H, H-2, oo 30x =
4.2, Jo3eq = 3.6 Hz), 4.40 (d, 1H, Bn, Jeem = 11.1 Hz), 4.29 (d, 1H, Bn, Jeem = 11.1 Hz),
4.27(m, 1H, H-6), 4.04 (ddd, 1H, H-5, Js5.4¢q = 6.0, J5.4ax = 3.6, J5.,6 = 2.4 Hz), 3.86 (s, 3H,
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PhO-CHby), 3.74 (s, 3H, PhO-CHs), 3.71 (s, 3H, PhO-CHs), 2.34 (m, 1H, H-3y), 2.09 (dddd,
1H, H-3ax, dgem = 18.0, Jaxdax = 5.4, J3axteq = 4.8, ef3ax2 = 4.2 Hz), 1.89 (dddd, 1H, H-4q,
Jgem = 13.2, Jieqseq = 7.5, Jieqs = 6.0, Jueq3ax = 4.8 Hz), 1.71 (dddd, 1H, H-4ax, Jgem = 13.2,
Juax3ax = 5.4, Jiax3eq = 5.4, diaxs = 2.4 Hz), 0.91 (s, 9H, Si-‘Bu), 0.07 (s, 6H, Si-CHzs); 13C
NMR (67.5 MHz, CDCls) 8 158.8, 152.4, 146.7, 136.8, 135.4, 131.1, 129.9, 129.2, 123.7,
123.3, 113.4, 111.0, 78.3, 72.9, 69.6, 60.9, 55.8, 55.2, 26.3, 25.9, 21.9, 18.2, -4.7, -4.8;
HRMS (FAB, 2,2’-dithioethanol matrix) m/z Calcd for C2sH4105S1 (M+H)+ 485.2723.
Found 485.2720; Anal. Caled for C2sH4005Si: C, 69.38; H, 8.32%. Found: C, 69.29; H,
8.29%.

(1R, 6R)-6-tert-butyldimethylsilyloxy-2-(2,3-dimethoxyphenyl)-2-cyclohexene-1-ol (75)
(C20H32048S1)

DDQ

CH,Cly / H,0
(107 1)

To a biphasic solution of 73 (2.6 g, 5.4 mmol) in dichloromethane (52 mL) and water

(5.2 mL) was added DDQ (1.3 g, 5.6 mmol) potionwise at 0 °C and the mixture was
warmed up to ambient temperature. After 1 h, the reaction mixture was quenched with
20% sodium thiosulfate aqueous solution at 0 °C and was diluted with ethyl acetate. The
extract was washed successively with 20% sodium thiosulfate aqueous solution and
saturated sodium bicarbonate aqueous solution and then was dried. The organic solvent
was concentrated, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / toluene = 1/ 50) to afford 75 (1.65 g, 83%) as a light
yellow oil.
Rrvalue = 0.41(ethyl acetate / hexane = 1/ 4); [alp24 -37.4 (¢ 0.495, CHCls); IR (KBr,
neat) vmax = 3480, 2920, 1580, 1480, 1260 cm'; 'H NMR (300 MHz, CDCls) § 7.03 (dd,
1H, H-5', Jortho = 8.1, Jortho = 7.5 Hz), 6.85 (dd, 1H, H-4’, Jortho = 8.1, Jmeta = 1.5 Hz), 6.76
(dd, 1H, H-6’, dortho= 7.5, Jmeta = 1.5 Hz), 5.82 (dd, 1H, H-3, J3.4ax = 3.6, J3.4e9 = 3.6 Hz),
4.28 (br-dd, 1H, CH-1, Ji6 = 4.8, Jou = 3.3 Hz), 3.91 (ddd, 1H, H-6, Jssax= 7.8, Jo.2 = 4.8,
Joseq = 2.7 Hz), 3.87 (s, 3H, PhO-CHs), 3.79 (s, 3H, PhO-CHs), 2.97 (d, 1H, -OH, Jou,1 =
3.3 Hz), 2.34 (m, 1H, H-4e,), 2.18 (dddd, 1H, H-4ax, Jgem = 18.3, Jaax5ax = 6.0, Jaaxseq = 6.0,
Jiax,3 = 1.8 Hz), 1.93 (dddd, 1H, H-5¢q, Jgem = 13.2, efseqaax = 6.0, Jseqteq = 6.0, Joeq,6 = 2.7
Hz), 1.74 (dddd, 1H, H-5ax, Jgem = 13.2, Jsax,6 = 7.8, Jsax4ax = 6.0, Jsax,4eq = 6.0 Hz), 0.89 (s,
9H, Si-tBu), 0.09 (s, 3H, Si-CHs), 0.07 (s, 3H, Si-CH3); 13C NMR (67.5 MHz, CDCls) §
152.4, 146.0, 136.6, 136.2, 129.4, 124.4, 122.6, 111.4, 72.7, 71.9, 60.9, 55.8, 26.7, 25.8,
23.2, 18.1, -4.7; LRMS (ED 364(M*, 9%), 308 (52), 307 (100), 206 (41), 200 (11), 75 (96);
HRMS (EI) Caled for C20H3204Si (M%) 364.2070. Found 364.2070; Anal. Calcd for
C20H32048i1: C, 65.89; H, 8.85%. Found: C, 65.63; H, 8.75%.
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(1R,2R)-3-(2,3-dimethoxyphenyl)-3-cyclohexene-1,2-diol (54) (C14H1s04)

4

To a stirred solution of 75 (330.4 mg, 0.9063 mmol) in THF (7 mL) was added TBAF

(1.0 M THF solution, 2.7 mL, 2.7 mmol) at ambient temperature. After 24 h., solvent
was removed in vacuo and resultant residue was diluted with ethyl acetate. The extract
was washed with water and then was dried. The organic solvent was concentrated, and
the resultant residue was purified by silica gel column chromatography (ethyl acetate /
toluene = 1 /1) to afford 54 (230.4 mg, quant.) as a white crystal.
Rrvalue = 0.12 (ethyl acetate / toluene = 1/ 1); [a]p245 -41.0(c 0.87, CHCls); m.p. 110.5 —
111.5 °C; IR (KBr, disc) vmax = 3350, 2930, 1580, 1480, 1420, 1260, 1100, 1000 cm™!; 1H
NMR (300 MHz, CDCl3) § 7.04 (dd, 1H, H-5, Jortho= 12.0, Jortho = 12.0 Hz), 6.88 (d, 1H,
H-4, Jortho = 12.0 Hz), 6.80 (d, 1H, H-6’, Jortno = 12.0 Hz), 5.82 (ddd, 1H, H-4, Jus5ax = 3.6,
Jaseq = 3.6, Ju2 = 1.8(allylic long range coupling) Hz), 4.45 (ddddd, 1H, H-2, Jo1 = 7.2,
Jo.08 = 5.1, J25ax = 2.4 (homo-allylic long range coupling), Jo5eq = 2.4 (homo-allylic long
range coupling), 1.8 (allylic long range coupling) Hz), 3.88 (s, 3H, PhO-CH3), 3.81 (s, 3H,
PhO-CHa), 3.84 (m, 1H, H-1), 2.89 (d, 1H, -OH, Jon2 = 5.1 Hz), 2.59 (br, 1H, -OH), 2.30 —
2.36 (m, 2H, H-5ax, H-5cq), 2.08 (dddd, 1H, H-6eq, Jeem = 12.9, oeq.5ax = 4.5, Joeq.seq = 4.5,
Joeq1 = 4.2 Hz), 1.81 (m, 1H, H-6.y); 13C NMR (67.5 MHz, CDCly) & 152.5, 145.6, 137.7,
134.3, 128.5, 124.7, 122.4, 111.5, 74.5, 72.2, 60.9, 55.8, 27.4, 24.5; LRMS (EI) 250 (M*,
29), 232 (83), 214 (100), 199 (64), 184 (43), 159 (39); HRMS (EI) Calcd for C1aH1s04 (M*)
250.1205. Found 250.1205; Anal. Caled for C14H1804: C, 67.18; H, 7.25%. Found: C,
67.28; H, 7.14%.

(1S, 2R)-2-(2,3-dimethoxyphenyl)-3-cyclohexene-1,2-diacetic acid 1,2-diethyl ester (77)
(C22H3006) from diol (54)

MeO. l

MeO 2-nitrophenol
HO,, CH3C(OEt)s, 140°C
‘ sealed tube
HO
54
To a solution of 54 (6.8 mg, 27 pmol) in triethyl orthoacetate (0.7 mL) was added

2-nitrophenol (0.2 mg, 1.4 pmol) at ambient temperature. This mixture in a sealed tube
filled with argon gas was placed in a 140 °C oil bath. After 3 days, the reaction mixture
was diluted with ethyl acetate. The extract was washed with saturated sodium
bicarbonate aqueous solution and then was dried. The organic solvent was removed by
azeotropy with toluene, and the resultant residue was purified by silica gel column

chromatography (ethyl acetate / hexane = 1 / 15) and preparative TLC (ethyl acetate /
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hexane = 1/ 15) to afford 3.8 mg of 77 (36%) as a light yellow oil.

Rrvalue = 0.19 (ethyl acetate / hexane = 1/ 6); [alp2? -53.5 (¢ 0.605, CHCls); IR (KBr,
neat) vmax = 2940, 1730, 1470, 1260 cm; 'H NMR (300 MHz, CDCls) & 6.94 (dd, 1H,
H-5", Jortho = 8.1, dJortho = 8.1 Hz), 6.85 (dd, 1H, H-4”, dJortho = 8.1, Jmeta = 2.1 Hz), 6.83 (dd,
1H, H-6", Jortho = 8.1, Jmeta = 2.1 Hz), 6.13 (d, 1H, H-3, J3.4 = 10.5 Hz), 5.85 (ddd, 1H, H-4,
Ju3=10.5, Jusax = 3.3, Jaseq = 3.3 Hz), 4.03 (q, 2H, ethyl ester, Jous = 7.2 Hz), 3.92 (q, 2H,
ethyl ester, Jous = 7.2 Hz), 3.89 (s, 3H, PhO-CHs), 3.84 (s, 3H, PhO-CHb), 3.64 (d, 1H,
H-17, Jgem = 15.0 Hz), 2.89 (d, 1H, H-1", Jgem = 15.0 Hz), 2.73 (dddd, 1H, H-1, Jir=12.0,
Ji6ax = 5.4, J1v = 8.3, Jr6eq = 3.3 Hz), 2.09 (dd, 1H, H-1’, Jgem = 15.3, Jr,1 = 3.3 Hz), 1.91
(dd, 1H, H-1’, Jgem = 15.3, Jr,1 = 12.0 Hz), 1.77 — 2.18 (m, 3H, H-5ax, H-5¢q, H-6eq), 1.53
(dddd, 1H, H-6ax, Jeem = 14.1, Joax,1 = 5.4, Jeaxseq = 5.4, déaxsax = 5.4 Hz), 1.18 (t, 3H, ethyl
ester, Jcuz = 7.2 Hz), 1.02 (t, 3H, ethyl ester, Jcuz = 7.2 Hz); 13C NMR (75 MHz, CDCls) &
173.6, 171.8, 152.8, 148.1, 135.8, 132.5, 126.1, 122.6, 122.3, 111.4, 60.3, 60.0, 59.7, 55.7,
45.3, 44.6, 37.8, 35.3, 21.9, 21.2, 14.2, 14.0; HRMS (FAB, NBA matrix with Nal) m/z
Calcd. for C22H30NaOs (M+Na)* 413.1940. Found 413.1932.

(1S, 4R)- 4-tert-butyldimethylsilyloxy-2-(2,3-dimethoxyphenyl)-2-cyclohexene-
1-acetic acid ethyl ester (78) (C24H3305Si)

MeO. MeO3" 5"
O propionic acid o 6"
MS4A o

MeO

HO.,, CH3C(OEt)s, 140°C
‘ sealed tube
TBSO

TBSO
75 78
To a solution of 75 (55.9 mg, 0.153 mmol) in triethyl orthoacetate (5 mL) were added 1

microspatula-scoop of activated MS4A and propionic acid (5 pL, 0.07 mmol) at ambient
temperature. This suspension in a sealed tube filled with nitrogen gas was placed in a
140 °C oil bath. After 12 h, the reaction mixture was filtered through a pad of celite. The
pad was washed with ethyl acetate and triethyl amine was added to the filtrate. After
removal of excess ethyl acetate, the mixture was diluted with ethyl acetate and washed
with saturated sodium bicarbonate aqueous solution and then was dried. The organic
solvent was removed by azeotropy with toluene, and the resultant residue was purified
by silica gel column chromatography (ethyl acetate / hexane = 1/ 15) to afford 78 (57.7
mg, 87%) as a colorless oil.

In large-scale synthesis (2 — 3 g scale), to simplify the procedure, the crude reaction
mixture was used in the next step without further purification.
Rrvalue = 0.64 (ethyl acetate / hexane = 1/ 2); [alp26 +92.1 (¢ 1.2, CHCl3); IR (KBr, neat)
vmax = 2960, 2940, 2850, 1740, 1470 cm'l; 1H NMR (300 MHz, CDCls) § 6.98 (dd, 1H,
H-57, Jortho = 8.1, Jortho = 7.8 Hz), 6.83 (dd, 1H, H-4”, Jortho = 8.1, Jmeta = 1.5 Hz), 6.67 (dd,
1H, H-6”, dortho = 7.8, Jmeta = 1.5 Hz), 5.66 (dd, 1H, H-3, J34 = 2.4, J31 =2.1 (allylic long
range coupling) Hz), 4.35 (m, 1H, H-4), 4.01 (q, 2H, ethyl ester, Jcus = 7.2 Hz), 3.85 (s,
3H, PhO-CHb), 3.77 (s, 3H, PhO-CHs), 3.21 (br, 1H, H-1), 2.29 (dd, 1H, H-1’, Jeem = 15.6,
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Jr1=3.9Hz), 2.10 (m, 1H, H-5¢q), 1.99 (dd, 1H, H-1’, Jgem = 15.6, Jv,1 = 10.5 Hz), 1.95 (m,
1H, H-6eq), 1.65 (m, 1H, H-5a0), 1.42 (m, 1H, H-64y), 1.17 (t, 3H, ethyl ester, Jcuz = 7.2
Hz), 0.87 (s, 9H, Si-‘Bu), 0.07 (s, 3H, Si-CHz), 0.06 (s, 3H, Si-CHz3); 13C NMR (67.5 MHz,
CDCls) & 172.7, 152.7, 146.4, 140.2, 136.2, 132.5, 123.8, 122.7, 111.3, 67.5, 60.6, 60.0,
55.8, 38.7, 34.5, 30.8, 26.0, 25.9, 18.2, 14.2, -4.5, -4.6; HRMS (FAB, NBA matrix with
Nal) m/z Caled. for C24H3sNaOsSi (M+Na)+ 457.2387. Found 457.2382. ; Anal. Caled for
C24H3505Si: C, 66.32; H, 8.81%. Found: C, 66.21; H, 8.821%.

(18, 4R)-2-(2,3-dimethoxyphenyl)-4-hydroxy-2-cyclohexene-1-acetic acid ethyl ester (79)

(C1sH2405)
MeO. O
MeO CO.Et  TBAF
| —_—

TBSO

78
To solution of 78 (57.7 mg, 0.133 mmol) in of THF (1 mL) was added TBAF (1 M THF

solution, 0.2 mL, 0.2 mmol) at ambient temperature. After 12 h, the reaction mixture

was diluted with ethyl acetate. The extract was washed with water and then was dried.
The organic solvent was concentrated, and the resultant residue was purified by silica
gel column chromatography (ethyl acetate / hexane = 1/ 2) to afford 79 (41.3 mg, 97%)
as a colorless oil.

Rrvalue = 0.39 (ethyl acetate / hexane = 1/ 1); [alp23 +94.4 (¢ 1.37, CHCls); IR (KBr,
neat) vmax = 3500, 2940, 2730, 1470, 1260 cm'; 'H NMR (300 MHz, CDCls) § 6.99 (dd,
1H, H-5", dJortho = 8.1, Jortho = 7.6 Hz), 6.85 (dd, 1H, H-4”, Jortho = 8.1, oJmeta = 1.2 Hz), 6.68
(dd, 1H, H-6”, dortho = 7.6, Jmeta = 1.2 Hz), 5.77 (dd, 1H, H-3, J34 = 2.4, J51 = 2.2 (allylic
long range coupling) Hz), 4.34 (br, 1H, H-4), 4.01 (q, 2H, ethyl ester, Jcus= 7.1 Hz), 3.86
(s, 3H, PhO-CHs), 3.79 (s, 3H, PhO-CHs), 3.21 (br, 1H, H-1), 2.31 (dd, 1H, H-1’, Jeem =
15.4, Jr1 = 3.9 Hz), 1.99 — 2.11 (m, 3H, H-5¢q, H-6eq, H-1'), 1.69 (m, 1H, H-5ax), 1.42 (m,
1H, H-6a0), 1.18 (t, 3H, ethyl ester, Jcuz = 7.1 Hz); 13C NMR (67.5 MHz, CDCls) & 172.6,
152.6, 146.2, 142.1, 135.8, 130.9, 123.9, 122.1, 111.6, 66.4, 60.2, 55.8, 55.7, 38.2, 34.5,
30.0, 25.3, 14.2; LRMS (EI) 320 (M+, 6%), 270 (18), 252 (96), 250 (55), 235 (51), 214 (100);
HRMS (EI) m/z Calcd. for C1sH2405 (M*) 320.1624. Found 320.1618.

(15,2R)-3-(2,3-dimethoxyphenyl)-3-cyclohexene-1,2-diacetic acid 1,2-diethyl ester (77)
(C22H3006)  from (79)
MeO. O

2-nitrophenol ~  MeO

CH3C(OEt)3, 140 oC ‘ . CO,Et

sealed tube gz

CO,Et
79 77
To solution of 79 (1.8 g, 5.6 mmol) triethyl orthoacetate (187 mL) was added
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2-nitrophenol (39.1 mg, 0.281 mmol) at ambient temperature. This mixture in a sealed
tube filled with nitrogen gas was placed in a 140 °C oil bath. After 7 days, the reaction
mixture was diluted with ethyl acetate. The extract was washed with saturated sodium
bicarbonate aqueous solution and then was dried. The organic solvent was removed by
azeotropy with toluene, and the resultant residue was purified by silica gel column
chromatography (hexane — ethyl acetate / hexane =1/30 — 1/20 — 1/15 — 1/2) to
afford 77 (1.12 g, 50%) as a light yellow oil and 79 (254.6 mg, 14%) as recovered starting

material.

Ethyl (18, 2R)-2-(2,3-dimethoxyphenyl)-2-(N, N-dimethylcarbamoylmethyl)-3-
cyclohexene-1-acetate (80) (C22H31NOs)

MeQ OMe

Me’ NMe»

o-xylene, 140 °C
sealed tube

79

To a solution of 79 (5.5 mg, 17 pmol) in oxylene (2 mlL) as added

N,N-dimethylacetamide dimethylacetal (8 pL, 0.05 mmol) at ambient temperature. This
mixture in a sealed tube filled with argon gas was placed in a 140 °C oil bath. After 18 h,
the organic solvent was removed by azeotropy with toluene, and the resultant residue
was purified by silica gel column chromatography (ethyl acetate / hexane = 1/ 3) to
afford 80 (6.0 mg, 90%) as a colorless oil.
Rrvalue = 0.30 (ethyl acetate / hexane = 1/ 1); [a]p2! -114.3 (¢ 0.92, CHCls); IR (KBr,
neat) vmax = 2940, 1730, 1660, 1470, 1260 cm'; 'TH NMR (300 MHz, CDCls) & 6.89 — 6.97
(m, 2H, H-47, H-57), 6.79 (dd, 1H, H-6", Jortho = 7.2, JJmeta = 2.1 Hz), 6.35 (d, 1H, H-3, J34
=10.5 Hz), 5.79 (ddd, 1H, H-4, Js3 = 10.5, Jasax = 3.6, Juseq = 3.6 Hz), 4.03 (q, 2H, ethyl
ester, Jons = 7.2 Hz), 3.85 (d, 1H, H-1", Jeem = 16.2 Hz), 3.84 (s, 3H, PhO-CHb), 3.83 (s,
3H, PhO-CHs), 2.97 (s, 3H, -NCHb), 2.78 (s, 3H, -NCH3s), 2.78 (d, 1H, H-1", Jgem = 16.2
Hz), 2.60 (m, 1H, H-5¢¢), 1.77 — 2.16 (m, 3H, H-1, H-5ax, H-6cq), 2.11 (dd, 1H, H-1", Jgem =
15.3, Jv1 = 3.6 Hz), 1.89 (dd, 1H, H-1", Jeem = 15.3, J11 = 12.0 Hz), 1.53 (m, 1H, H-6av),
1.18 (t, 3H, ethyl ester, Jcuz = 7.2 Hz); 13C NMR (75 MHz, CDCls) 8 173.9, 171.0, 152.5,
147.4, 136.7, 134.0, 125.2, 122.7, 122.6, 110.8, 60.0 (2C, CHs and CHz carbon), 55.5, 44.9,
44.2, 38.9, 37.4, 35.3, 35.2, 22.2, 21.4, 14.2; LRMS (EI) m/z 389 (M*, 34%), 358 (100), 344
(15), 302 (17), 229 (32), 214 (31), 88 (58), 87 (62), 72 (47); HRMS (ED) m/z calcd. for
C22H31NOs (M*) 389.2202. Found 389.2211.

(15,6 R)-2-(2,3-dimethoxyphenyl)-7-oxabicyclo[4.1.0]hept-2-ene (84) (C14H1603)
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MeO O MeQ OMe
MeO MeXNMeZ
HO,, toluene, 140 °C
‘ sealed tube
HO

54
To a stirred solution of 54 (28.2 mg, 0.113 mmol) in toluene (3 mL) was added

N,N-dimethylacetamide dimethylacetal (0.16 mL, 1.1 mmol) at ambient temperature.
This mixture in a sealed tube filled with nitrogen gas was placed in a 140 °C oil bath.
After 4 h, the organic solvent was removed by azeotropy with toluene, and the resultant
residue was purified by silica gel column chromatography (ethyl acetate / hexane = 1 /
10) to afford 84 (22.2 mg, 85%) as a colorless oil.

Rrvalue = 0.22 (ethyl acetate / hexane = 1/6); [a]p25 -74.1 (¢ 0.41, CHCls); IR (KBr, neat)
vmax = 2930, 2840, 1580, 1470, 1420, 1260, 1230, 1100 cm'1; 'H NMR (300 MHz, CDCls) §
7.02 (dd, 1H, H-5’, Jortho = 8.0, Jortho = 8.0 Hz), 6.87 (dd, 1H, H-4’ or H-6", Jortho = 8.0, Jmeta
= 1.5 Hz), 6.83 (dd, 1H, H-4" or H-6’, Jortho = 8.0, oJmeta = 1.5 Hz), 6.00 (ddd, 1H, H-3, J3,4eq
=6.3, J34ax = 2.2, J31 = 2.2 (allylic long range coupling) Hz), 3.88 (s, 3H, PhO-CHs), 3.81
(s, 3H, PhO-CH3), 3.65 (dd, 1H, H-1, Ji,6 = 4.4, J1,3 = 2.2 (allylic long range coupling)Hz),
3.58 (m, 1H, H-6), 2.14 — 2.35 (m, 3H, H-4ax, H-4eq, H-5eq),1.69 (m, 1H, H-5.x); 13C NMR
(75 MHz, CDCls) § 152.8, 146.6, 135.4, 134.2, 130.0, 124.0, 121.7, 111.8, 60.5, 55.9, 55.2,
51.0, 20.8, 20.7; LRMS (ED m/z 232 (M*, 100%), 199 (28), 175 (31), 171 (32), 161 (28),
159 (34), 145 (25), 128 (33); HRMS (EI) m/z Calcd for C14H1603 (M*) 232.1099. Found
232.1097.

(18, 4R)- 2-(2,3-dimethoxyphenyl)- 4-tert-butyldimethylsilyloxy-2-cyclohexene-
1-N,N-dimethylacetamide (85) (C24H39NO4Si)

MeO. MeO3" 5
O MeQ OMe 2" 6

MeO MeO
Me NMe»

HO.,, -
‘ o-xylene, 140 °C
TBSO sealed tube TBSO
75 85
To a solution of 75 (88.2 mg, 0.242 mmol) oxylene (9 mL) was added

N,N-dimethylacetamide dimethylacetal (150 pL, 1.03 mmol) at ambient temperature.
This mixture in a sealed tube filled with nitrogen gas was placed in a 140 °C oil bath.
After 36 h, the organic solvent was removed by azeotropy with toluene, and the
resultant residue was purified by silica gel column chromatography (ethyl acetate /
hexane=1/2 — 1/ 1) to afford 85 (101.0 mg, 96%) as a colorless oil.

Rrvalue = 0.25 (ethyl acetate / hexane = 1/ 1); [alp2! +99.8 (¢ 0.84, CHCIs); IR (KBr,
neat ) vmax = 2940, 2860, 1650, 1470, 1260, 1080 cm'; *H NMR (300 MHz, CDCls) § 6.98
(dd, 1H, H-5", dJortho = 8.3, Jortho = 7.8 Hz), 6.82 (dd, 1H, H-4" or H-6”, dJortho = 8.3, Jmeta =
1.5 Hz), 6.70 (dd, 1H, H-4” or H-6”, dJortho = 7.8, JJmeta = 1.5 Hz), 5.65 (dd, 1H, H-3, J5,4 =
2.7, J31 = 2.2 (allylic long range coupling) Hz), 4.35 (m, 1H, H-4), 3.84 (s, 3H, PhO-CH3),
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3.77 (s, 3H, PhO-CHs), 3.20 (m, 1H, H-1), 2.83 (s, 3H, N-CH3), 2.81 (s, 3H, N-CH3), 2.28
(dd, 1H, H-1’, Jgem = 14.6, Jr,1 = 3.4 Hz), 2.11 (m, 1H, H-5cq), 1.99 (dd, 1H, H-1’, Jgem =
14.6, Jr1 =11.0 Hz), 1.93 (m, 1H, H-6eq), 1.63 (m, 1H, H-5av), 1.46 (m, 1H, H-64ax), 0.87 (s,
9H, Si-tBu), 0.06 (s, 3H, Si-CHs), 0.05 (s, 3H, Si-CHs); 13C NMR (75 MHz, CDCls) § 171.9,
152.6, 146.3, 140.6, 136.5, 132.4, 123.8, 122.2, 111.2, 67.6, 60.7, 55.8, 37.2, 37.2, 35.2,
34.6, 30.9, 26.1, 25.9, 18.2, -4.5, -4.6; LRMS (EI) m/z 433 (M*, 5%), 402 (2), 376 (1), 346
(18), 300 (7), 214 (6), 75 (100); HRMS (EI) m/z calcd. for C24H39aNO4Si (M+) 433.2648.
Found 433.2640.

(18, 4R)- 2-(2,3-dimethoxyphenyl)-4-hydroxy-2-cyclohexene-1-
N, N-dimethylacetamide (86) (C1sH25NO4)

To a solution of 85 (40 mg, 0.099 mmol) in THF (2 mL) was added TBAF (1.0M THF

solution, 140 pL, 0.14 mmol) at ambient temperature. After 4 h, the mixture was diluted
with ethyl acetate. The extract was washed with water and was dried. The organic
solvent was concentrated, and the resultant residue was purified by silica gel column
chromatography (acetone / hexane = 1 / 1) to afford 86 (33.0 mg, quant.) as a white
crystal.
Rrvalue = 0.25 (acetone / hexane = 1/ 1 ); [a]p?! +84.0 (¢ 1.080, CHCl3); m.p. 119 — 120
°C; IR (KBr, neat) vmax = 3400, 2930, 1630, 1470, 1260 cm'}; tH NMR (300 MHz, CDCls) §
6.98 (dd, 1H, H-5", Jortho = 8.3, Jortho = 7.6 Hz), 6.83 (dd, 1H, H-4” or H-6", Jortno = 8.3,
Jmeta = 1.7 Hz), 6.69 (dd, 1H, H-4” or H-6”, Jortho = 7.6, Jmeta = 1.7 Hz), 5.76 (dd, 1H, H-3,
Jsa = 2.9, J31 = 2.2 (allylic long range coupling) Hz), 4.33 (br, 1H, H-4), 3.85 (s, 3H,
PhO-CHa), 3.78 (s, 3H, PhO-CHs), 3.22 (m, 1H, H-1), 2.83 (s, 3H, N-CHb), 2.82 (s, 3H,
N-CHb), 2.26 (dd, 1H, H-1’, Jeem = 15.1, Jv1 = 3.2 Hz), 2.01 — 2.16 (m, 2H, H-5cq, H-6c0),
2.04 (dd, 1H, H-1’, Jgem = 15.1, J11 = 11.2 Hz), 1.78 (d, 1H, -OH, J1 = 5.8 Hz), 1.47 — 1.72
(m, 2H, H-545, H-6a0); 13C NMR (75 MHz, CDCl3) § 171.8, 152.6, 146.3, 142.5, 136.1,
130.7, 123.9, 122.1, 111.5, 66.5, 60.8, 55.8, 37.2, 36.6, 35.3, 34.6, 30.0, 25.2; LRMS (EI)
m/z 319 (M*, 8%), 300 (18), 87 (100), 72 (79); HRMS (EI) m/z caled. for C1sH25NO4 (M)
319.1784. Found 319.1782.

(152R)-2-(2,3-dimethoxyphenyl)-3-cyclohexene-1,2-bis- N, N-dimethylacetamide (81)
(C22H32N204)

-127 -



MeQ OMe

Me NMe,

o-xylene, 140 °C
sealed tube

86

To a solution of 86 (6.3 mg, 20 umol) in oxylene (3 mL) was added

N,N-dimethylacetamide dimethylacetal (15 pL, 103 pmol) at ambient temperature. This
mixture in a sealed tube filled with nitrogen gas was placed in a 140 °C oil bath. After 24
h, the organic solvent was removed by azeotropy with toluene, and the resultant residue
was purified by silica gel column chromatography (ethyl acetate / hexane = 1/ 10 —
acetone / hexane = 1/ 1) to afford 81 (5.0 mg, 65%) as a colorless oil.
Rrvalue = 0.69 (acetone / hexane = 1/1); [alp!95 -95.1 (¢ 0.55, CDCls); IR (KBr, neat) vmax
= 2930, 1650, 1470, 1260 cm'’; 1H NMR (300 MHz, CDCl3) & 6.94 (d, 1H, H-4” or H-6”,
Jortho = 4.1 Hz), 6.94 (d, 1H, H-4" or H-6", dJortho = 5.6 Hz), 6.79 (dd, 1H, H-5", Jortno = 5.6,
Jortho = 4.1 Hz), 6.35 (ddd, 1H, H-3, J34 = 10.5, J55ax = 1.7 (allylic long range coupling),
J3,5eq = 1.7 (allylic long range coupling) Hz), 5.80 (ddd, 1H, H-4, Jis = 10.5, Jasax = 3.7,
Jiseq = 3.7 Hz), 3.80 — 3.88 (m, 1H, H-17), 3.85 (s, 3H, PhO-CHs), 3.80 (s, 3H, PhO-CHb),
2.99 (s, 3H, -NCHa), 2.76 — 2.85 (m, 10H, H-1”, -NCH3, -NCHs, -NCH3), 2.61 — 2.69 (m,
1H, H-5eq), 2.03 — 2.13 (m, 3H, H-1, H-5ax, H-1), 1.90 (dd, 1H, H-1’, Jeem = 15.6, JJv1 =
11.5 Hz), 1.78 (dddd, 1H, H-6eq, Jgem = 13.7, Joeq5ax = 6.8, foeq,seq = 6.8, Joeq1 = 3.2 Hz),
1.55 (dddd, 1H, H-6ax, Jgem = 13.7, Joax,1 = 5.6, Joaxsax = 5.6, eaxseq = 5.6 Hz); 13C NMR
(75 MHz, CDCls ) & 173.0, 171.2, 152.7, 147.7, 136.9, 134.5, 125.4, 123.1, 122.5, 111.1,
60.0, 55.7, 45.4, 44.2, 39.1, 37.4, 37.3, 35.3, 35.2, 33.2, 22.3, 22.2; LRMS (EI) m/z 388 (M*,
24%), 357 (47), 302 (100), 164 (43), 87 (73), 72 (82); HRMS (EI) m/z caled. for C22H32N204
(M*) 482.1941. Found 482.1948.

Ethyl (1S, 2R)-2-(2,3-dimethoxyphenyl)-1-(N, N-dimethylcarbamoylmethyl)-3-cyclohexe-
ne-2-acetate (87) (C22H31NOs)

MeO l
MeO CONMe, 2-nitrophenol
o CH3C(OEt)3, 140 °C
‘ sealed tube
HO

86
To a solution of 86 (31 mg, 97 pmol) in triethyl orthoacetate (8 mL) was added

2-nitrophenol (0.2 mg, 1.4 pmol) at ambient temperature. This mixture in a sealed tube
filled with nitrogen gas was placed in a 140 °C oil bath. After 3 days, the reaction
mixture was diluted with ethyl acetate. The extract was washed with saturated sodium
bicarbonate aqueous solution and was dried. The organic solvent was removed by
azeotropy with toluene, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / hexane = 1/2 — 1/ 1) to afford 87 (17 mg, 45%) as
light yellow oil.
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Rrvalue = 0.7 (acetone / hexane =1/ 1); [a]p9 -47.0 (¢ 0.695, CHCl3 ); IR (KBr, neat) vVmax
= 2940, 1730, 1640, 1470, 1260, 1160 cm'’; 'H NMR (300 MHz, CDCls) & 6.94 (dd, 1H,
H-5", Jortho = 8.0, Jortho = 7.3 Hz), 6.89 (dd, 1H, H-4" or H-6", dJortho = 8.0, dJortho = 2.4 Hz),
6.82 (dd, 1H, H-4"” or H-6", Jortho = 7.3, Jmeta = 2.4 Hz), 6.13 (d, 1H, H-3, J54 = 10.5 Hz),
5.85 (ddd, 1H, H-4, Ji-3 = 10.5, Jasax = 3.7, Juseq = 3.7 Hz), 3.94 (q, 2H, ethyl ester, Jcus =
7.1 Hz), 3.86 (s, 3H, PhO-CHs), 3.83 (s, 3H, PhO-CHs), 3.59 (d, 1H, H-1”, Jeem = 15.1 Hz),
2.93 (d, 1H, H-1”, Jgem = 15.1 Hz), 2.84 (s, 6H, -NCHs, -NCH3), 2.75 (m, 1H, H-1), 1.75 —
2.18 (m, 4H, H-5ax, H-5cq, H-6eq, H-1), 1.90 (dd, 1H, H-1’, dgem = 15.1, Jv;1 = 11.5 Hz),
1.55 (dddd, 1H, H-6ax, Jgem = 13.7, éax,1 = 5.9, Joax,5ax = 5.9, Jeaxseq = 5.9 Hz), 1.05 (t, 3H ,
ethyl ester, Jcuz = 7.1 Hz); 13C NMR (67.5 MHz, CDCls ) § 172.79, 172.0, 152.9, 148.2,
135.9, 132.9, 126.3, 122.7, 122.4, 111.6, 60.4, 59.7, 55.8, 45.3, 45.0, 37.9 (2C, CHz and
CH carbon), 37.3, 35.3, 33.3, 21.9, 14.0; LRMS (ED) m/z 389 (M+, 32%), 302 (55), 164 (31),
87 (100), 72 (25); HRMS (EI) m/z caled. for C22H31NOs (M*) 389.2202. Found 389.2205.

(1R, 2R)-1,2-diacetoxy-3-(2,3-dimethoxyphenyl)-3-cyclohexene (88) (Ci1sH2206)
.

MeO3! 5'

ACzo MeO
pyridine AcO,,

AcO1I

54 88
To a solution of 54 (17.4 mg, 69.5 pumol) in pyridine (0.5 mL) was added acetic

anhydride (0.5 mL) at ambient temperature. After 12 h, the organic solvent was
removed by azeotropy with toluene, and the resultant residue was purified by column
chromatography (ethyl acetate / hexane = 1/ 3) to afford 88 (24.0 mg, quant.) as a white
crystal.

Rrvalue = 0.15 (ethyl acetate / hexane = 1/ 4); [a]?2p -96.8 (¢ 0.70, CHCl3); m.p. 90 — 92
°C; IR (KBr, neat) vmax = 2940, 1740, 1470, 1370, 1250, 1220 cm'’; 'H NMR (300 MHz,
CDCls) § 6.97 (dd, 1H, H-5', Jortho = 7.5, Jortho = 7.5 Hz), 6.83 (dd, 1H, H-4’ or H-6’, Jortho =
7.5, Jmeta = 1.5 Hz), 6.71 (dd, 1H, H-4’ or H-6’, Jortho = 7.5, Jmeta = 1.5 Hz), 6.00 (ddd, 1H,
H-4, Jisax = 3.9, Juseq = 3.9, Ja2 = 1.2 (allylic long range coupling) Hz), 5.84 (dd, 1H, H-2,
J21= 6.0, J2.a = 1.2 Hz), 5.14 (ddd, 1H, H-1, Ji2 = 6.0, J1,6ax = 6.0, J1.6eq = 6.0 Hz), 3.85 (s,
3H, PhO-CHa), 3.78 (s, 3H, PhO-CH3), 2.32 — 2.37 (m, 2H, H-5ax, H-5¢4), 2.08 (s, 3H, Ac),
1.96 — 2.08 (m, 2H, H-6ax, H-6cq), 1.82 (s, 3H, Ac); 13C NMR (75 MHz, CDCls) § 170.4,
169.9, 152.6, 146.9, 133.9, 132.9, 131.4, 123.5, 122.1, 111.8, 71.4, 70.6, 60.6, 55.9, 24.1,
22.8, 21.2, 20.8; LRMS (EI) m/z 334(M*, 18%), 232 (63), 215 (18), 214 (100), 200 (15), 199
(38), 184 (20); HRMS (EI) m/z Caled for C1sH2206 (M*) 334.1416 Found 334.1415; Anal.
Calced for C1sH2206: C, 64.66; H, 6.63. Found: C, 64.89; H, 6.74;

(15,4R)-2-(2,3-dimethoxyphenyl)-4-vinyloxy-2-cyclohexene-1-acetaldehyde (91)
(C18H2204)
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MeO l MeO3"
MeO Hg(OAc), _ MeO

HO.,, ethyl vinyl ether  2»
‘ 140 °C, sealed tube ||\
HO !
54
To a solution of 54 (48.3 mg, 0.193 mmol) in ethyl vinyl ether (4 mL) was added

mercury(Il) acetate (30.7 mg, 0.0963 mmol) at ambient temperature. This mixture in a
sealed tube filled with argon gas was placed in a 140 °C oil bath and stirred vigorously.
After 12 h, the reaction mixture was diluted with ethyl acetate. The extract was washed
successively with 10% potassium iodide aqueous solution, 20% sodium thiosulfate
aqueous solution and then was dried. The organic solvent was concentrated, and the
resultant residue was purified by silica gel column chromatography (ethyl acetate /
toluene = 1/ 45) to afford 91 (24.1 mg, 41%) as a yellow oil.

Rrvalue = 0.59 (ethyl acetate / hexane = 1/ 2); [alp22 +158.8 (¢ 0.79, CHCls); IR (KBr,
neat) vmax = 2940, 1720, 1640, 1580, 1480, 1260, 1180, 1090 cm; 'H NMR (300 MHz,
CDCls) § 9.55 (dd, 1H, H-2", J2,1 = 2.7, 2,1 = 1.2 Hz), 7.01 (dd, 1H, H-57, dJortho = 8.1, dJortho
= 7.5 Hz), 6.86 (dd, 1H, H-4” or H-6", Jortho = 8.1, Jmeta = 1.5 Hz), 6.67 (dd, 1H, H-4” or
H-6”, Jortho = 7.5, Jmeta = 1.5 Hz), 6.39 (dd, 1H, H-17, Ji”27trans = 14.4, 17 27is = 6.6 Hz),
5.84 (dd, 1H, H-3, J54 = 2.4, J51 = 2.1 (allylic long range coupling) Hz), 4.51 (ddd, 1H,
H-4, Jusax = 12.3, Jaseq = 5.1, Ju3 = 2.4 Hz), 4.32 (dd, 1H, H-2"trans, Jo trans,1”= 14.4, Jeem
= 1.8 Hz), 4.04 (dd, 1H, H-2"cis, J27cis,1”= 6.6, Jgem = 1.8 Hz), 3.86 (s, 3H, PhO-CHb), 3.77
(s, 3H, PhO-CHb), 3.40 (br, 1H, H-1), 2.35 (ddd, 1H, H-1’, Jeem = 16.5, J11 = 3.9, J1-2= 1.2
Hz), 2.21 (ddd, 1H, H-1", Jgem = 16.5, J1,1 = 9.3, Jr2= 2.7 Hz), 2.02 — 2.21 (m, 2H, H-4eq,
H-5eq), 1.79 (m, 1H, H-5ax), 1.44 (m, 1H, H-640); 13C NMR (75 MHz, CDCls) § 201.9, 152.7,
150.2, 146.1, 143.0, 135.5, 127.7, 124.2, 122.0, 111.8, 88.6, 73.4, 60.8, 55.8, 47.5, 32.7,
26.8, 26.1; LRMS (ED) m/z 302(M*, 3%), 259 (43), 215 (99), 214 (100), 200 (59), 199 (44),
184 (21), 128 (36); HRMS (EI) m/z Caled for Ci1sH2204 (M*) 302.1518. Found 302.1521.

(1S,2R)-2-(2,3-dimethoxyphenyl)-3-cyclohexene-1,2-diacetaldehyde (92) (C1sH2204)

w 4

CHO PPhs, CH,Cl,  MeO
o then ELAICI

92
To a solution of 91 (6.8 mg, 0.022 mmol) and triphenylphosphine (14.2 mg, 0.0541

mmol) in of dichloromethane (0.3 mL) was added diethylaluminium chloride (approx.
0.87 M hexane solution, 52 pL, 0.045 mmol) dropwise at ambient temperature. After 1 h,
diethylaluminium chloride (approx. 0.87 M hexane solution 30 uL, 0.026 mmol) was
added again. After 20 min, the reaction mixture was quenched with 1 mol/Li aqueous
HCI1 solution at 0 °C and was diluted with ethyl acetate. The extract was washed

successively with 1 mol/LL aqueous HCI solution and saturated sodium bicarbonate
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aqueous solution and then was dried. The organic solvent was concentrated, and the
resultant residue was purified by silica gel column chromatography (petroleum ether /
toluene =1/1 — ethyl acetate / hexane =1/5 — 1/ 3) to afford 92 (1.2 mg, 18%) as a
colorless oil.

Rervalue = 0.36 (ethyl acetate / hexane = 1/ 2); [alp24 -49.6 (¢ 0.39, CHCls); IR (KBr, neat)
vmax = 2940, 1840, 1720, 1710, 1470, 1260 cm™; *H NMR (300 MHz, CDCls) & 9.57 (dd,
1H, H-2”, Jo17= 2.7, Jo»,1»= 2.1 Hz), 9.50 (dd, 1H, H-2", J 1> = 2.4, J2,r = 0.9 Hz), 6.99 (dd,
1H, H-5", Jortho = 8.4, Jortho = 7.2 Hz), 6.88 (dd, 1H, H-4" or H-6", Jortho = 7.2, Jmeta= 0.9
Hz), 6.88 (dd, 1H, H-4" or H-6", dortho = 8.4, JJmeta = 0.9 Hz), 5.99 (br-d, 1H, H-3, J34 =
10.5 Hz), 5.91 (ddd, 1H, H-4, Jis = 10.5, Jusax = 3.3, Juseq = 3.3 Hz), 3.87 (s, 3H,
PhO-CHby), 3.86 (s, 3H, PhO-CHs), 3.53 (dd, H-1”, dJgem = 15.9, Jr»2» = 2.1 Hz), 2.97 (dd,
1H, H-1", Jgem = 15.9, J1»2> = 2.7 Hz), 2.85 (m, 1H, H-1), 2.24 (ddd, 1H, H-1’, Jgem = 17.0,
Jri = 4.5, Jrz=0.9 Hz), 2.10 — 2.00 (m, 3H, H-54x, H-5¢q, H-1’), 1.85 (dddd, 1H, H-6cq,
Jgem = 13.9, Jéeq5ax = 7.2, déeqaeq = 7.2, deeq1 = 3.3 Hz), 1.61 — 1.49 (m, 1H, H-64y); 13C
NMR (75 MHz, CDCls) & 202.9, 202.3, 153.2, 148.0, 134.7, 132.4, 127.0, 123.1, 122.1,
112.2, 60.3, 55.8, 54.0, 44.5, 44.3, 36.0, 22.7, 21.3; LRMS (EI) m/z 302 (M*, 46%), 215
(73), 200 (45), 129 (33), 115 (33), 103 (65), 73 (100); HRMS (EI) m/z Calcd for C1sH2204
(M+) 302.1518. Found 302.1518.

(15,4R,4aR,9b.9)-4-hydroxy-6-methoxy-2,3,4,4a-tetrahydro-1, b(1 H)-
dibenzofurandiacetic acid 1,9b-diethyl ester (98) (C21H2s07)

MeO. E

MeO

77 98

To a solution of 77 (20.1 mg, 0.0515 mmol) in dichloromethane (2 mL) was added
mCPBA (18.1 mg, 0.105 mmol) at 0 °C and the reaction mixture was warmed up to
ambient temperature. After 24 h, extra mCPBA (8.2 mg, 0.048 mmol) was added. After
24 h, the reaction mixture was quenched with 20% sodium thiosulfate aqueous solution
at 0 °C and was diluted with ethyl acetate. The extract was washed successively with
20% sodium thiosulfate aqueous solution and saturated sodium bicarbonate aqueous
solution and then was dried. The organic solvent was concentrated, and the resultant
residue was purified by silica gel column chromatography (ethyl acetate / hexane =1/ 3)
to afford 98 (14.9 mg, 74%) as a yellow oil.

Rrvalue = 0.33 (ethyl acetate / hexane = 1/ 1); [a]p27 -25.5 (¢ 0.56, CHCls); IR (KBr, neat)
vmax = 3500, 2980, 2940, 1730, 1620, 1590, 1490, 1460, 1280, 1180 cm'; 'H NMR (300
MHz, CDCl3) § 6.76 — 6.86 (m, 3H, H-7, H-8, H-9), 4.92 (d, 1H, H-4a, Jia4= 6.1 Hz), 4.14
(q, 2H, ethyl ester, Jcus = 7.3 Hz), 4.06 — 4.13 (m, 2H, ethyl ester), 3.87 (s, 3H, PhO-CHs),
3.82 —3.89 (m, 1H, H-4), 2.82 (dd, 1H, H-1’, Jeem = 14.4, Jv1 = 1.5 Hz), 2.67 (d, 1H, H-1”,

-131-



Jeem = 14.4 Hz), 2.65 (d, 1H, H-1”, Jgem = 14.4 Hz), 2.50 (dddd, 1H, H-1, Ji,v = 11.0, i 2ax
=11.0, J1,2¢q = 3.7, Ji,v = 1.5 Hz), 2.41 (dd, 1H, H-1’, Jeem = 14.4, Jv1 = 1.5 Hz), 1.93 (dddd,
1H, H-3eq, dgem = 13.7, fseq2eq = 4.9, J3eqs = 4.4, J3eq2ax = 4.4 Hz), 1.77 (dddd, 1H, H-2eq,
Jeem = 13.7, foeq3eq = 4.9, oeq1 = 3.7, Jzeq3ax = 3.7 Hz), 1.53 (m, 1H, H-3ax), 1.26 (t, 3H,
ethyl ester, Jomz = 7.3 Hz), 1.20 (t, 3H, ethyl ester, Jcue = 7.3 Hz), 1.10 — 1.26 (m, 1H,
H-2.0); 13C NMR (75 MHz, CDCls) § 172.5, 170.7, 147.5, 145.5, 132.3, 121.6, 116.6, 112.0,
90.9, 70.1, 60.8, 60.6, 55.9, 51.5, 42.3, 36.6, 36.1, 28.0, 25.0, 14.2, 14.1; HRMS (FAB,
glycerol matrix with Nal) m/z Calcd. for C21H2sNaO7 (M+Na)* 415.1733. Found
415.1731.

(1S5,4R,4aR,9b.5)-2,3,4,4a-tetrahydro-6-methoxy-4-methoxymethyloxy-1,9b(1H)-
dibenzofurandiacetic acid 1,9b-diethyl ester (99) (C23sH320s)

i-Pr,NEt
MOMCI, Nal

CH,Cl,

To a solution of 77 (7.3 mg, 0.019 mmol) in dichloromethane (0.5 mL) were added

diisopropylethylamine (32 pL, 0.19 mmol), chloromethyl methyl ether (14 uL, 0.19
mmol) and sodium iodide (7.2 mg, 0.048 mmol) at 0 °C successively and the mixture was
allowed to warm up to ambient temperature. After 12 h, the reaction mixture was
quenched with saturated sodium bicarbonate aqueous solution at 0 °C and was diluted
with ethyl acetate. The extract was washed with saturated sodium bicarbonate aqueous
solution and then was dried. The organic solvent was concentrated, and the resultant
residue was purified by silica gel column chromatography (ethyl acetate / hexane =1/6
— 1/ 3) to afford 99 (7.3 mg, 90%) as a colorless oil.
Rrvalue = 0.59 (ethyl acetate / hexane =1/ 1); [a]p23 -14.8 (¢ 0.30, CHCls); IR (KBr, neat)
vmax = 2940, 1740, 1730, 1490, 1460, 1280, 1180, 1040 cm™1; 'H NMR (300 MHz, CDCls) §
6.75 — 6.85 (m, 3H, H-7, H-8, H-9), 5.02 (d, 1H, H-4a, Ju4 = 5.4 Hz), 4.74 (d, 1H,
0-CH2-0, Jgem = 6.6 Hz), 4.71 (d, , 1H, O-CH2-0, Jeem = 6.6 Hz), 4.12 (q, 2H, ethyl ester,
Jeus = 7.2 Hz), 4.06 (q, 2H, ethyl ester, Jcus = 7.2 Hz), 3.94 (ddd, 1H, H-4, Ji3.x = 6.6,
J1,3eq = 6.6, Ji4a = 6.6 Hz), 3.86 (s, 3H, PhO-CHb), 3.40 (s, 3H, -OCHb), 2.77 (d, 1H, H-1”,
Jeem = 14.7 Hz), 2.71 (dd, 1H, H-1’, Jeem = 15.3, Ji;1 = 2.7 Hz), 2.69 (d, 1H, H-1", Jgem =
14.7 Hz), 2.48 (dddd, 1H, H-1, J12ax= 10.8, J1,=10.8, 1,1 = 4.8, eJ1,2e¢ = 4.8 Hz), 2.30 (dd,
1H, H-1, J gem= 15.3, Jr1 = 10.8 Hz), 1.96 (dddd, 1H, H-3eq, Jgem = 13.8, fseq.2ax = 4.8,
J3eq,20q = 4.8, Jaeqa = 4.8 Hz), 1.67 — 1.76 (m, 1H, H-2¢q), 1.55 — 1.65 (m, 1H, H-3ax), 1.23 —
1.27 (m, 1H, H-2a0), 1.25 (t, 3H, ethyl ester, Jcuz = 7.2 Hz), 1.15 (t, 3H, ethyl ester, Jcuz =
7.2 Hz); 13C-NMR (75 MHz, CDCls) § 172.7, 170.5, 147.8, 145.4, 131.7, 121.3, 116.9,
112.0, 95.4, 88.3, 73.7, 60.5 (2C, two CHz carbon), 55.9, 55.3, 51.1, 41.9, 36.7, 36.1, 25.8,
24.1, 14.2, 14.0; LRMS (ED m/z 436(M*, 72%), 374 (65), 286 (67), 286 (67), 199 (91), 149
(100); HRMS (EI) m/z caled. for C25Hs20s (M*) 436.2097. Found 436.2098.
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(1S,4R,4aR,9b.S) -4-tert-butyldimethylsiloxy-2,3,4,4a-tetrahydro-6-methoxy-
-1,9b(1 H)- dibenzofurandiacetic acid 1,9b-diethyl ester (100) (C27H4207Si)

MeO.
imidazole
g TBSCI
2, CO,Et
- vy, 2 DMF
|
HO CO,Et

98

To a solution of 98 (12.8 mg, 0.0326 mmol) in DMF (0.5 mL) was added imidazole (6.5

mg, 0.095 mmol) and tert-butyldimethylsilyl chloride (13.2 mg, 0.0876 mmol) at
ambient temperature successively. After 3 h, the reaction mixture was diluted with
ether. The extract was washed with water and then was dried. The organic solvent was
concentrated, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / hexane = 1/ 7) to afford 100 (16.3 mg, 99%) as a light
yellow oil.
Rrvalue = 0.75 (ethyl acetate / hexane = 1/ 2); [a]p235 -10.5 (¢ 0.85, CHCls); IR (KBr,
neat) vmax = 2940, 2860, 1730, 1180, 840 cm'; 'H NMR (300 MHz, CDCls) § 6.73 — 6.83
(m, 3H, H-6, H-7,H-8), 4.93 (d, 1H, H-4a, Jia4 = 4.1 Hz), 4.22 (ddd, 1H, H-4, Jizax = 4.1,
J13eq = 4.1, Ja4a = 4.1 Hz), 4.08 (q, 2H, ethyl ester, Jcns = 7.1 Hz), 4.00 (q, 2H, Jons = 7.1
Hz), 3.85 (s, 3H, PhO-CHb), 2.85 (d, 1H, H-1", Jgem = 14.6 Hz), 2.80 (d, 1H, H-1”, Jgem =
14.6 Hz), 2.50 — 2.60 (m, 2H, H-1, H-1"), 2.11 (dd, 1H, H-1’, eem = 15.8, Ji1 = 11.5 Hz),
1.93 (dddd, 1H, H-3eq, Jgem = 13.4, J3eq2ax = 5.8, J3eq.2eq = 5.8, J3eqs = 5.8 Hz), 1.57 — 1.74
(m, 2H, H-2¢q, H-3av), 1.16 — 1.30 (m, 1H, H-2.y), 1.22 (t, 3H, ethyl ester, Jouz =7.1 Hz),
1.09 (t, 3H, ethyl ester, Jcuz =7.1 Hz), 0.91 (s, 9H, Si-‘Bu), 0.10 (s, 3H, Si-CHs), 0.07 (s,
3H, Si-CHy); 13C NMR (75 MHz, CDCls) § 172.9, 170.6, 148.0, 144.9, 131.3, 120.9, 117.2,
111.6, 88.7, 68.5, 60.4, 60.3, 55.8, 50.0, 41.8, 36.6, 36.3, 27.3, 25.8, 22.8, 18.0, 14.2, 14.0,
-4.9, -5.1; HRMS (FAB, NBA matrix with Nal) m/z Calcd. for C27H42NaO7Si (M+Na)*
529.2598. Found 529.2597.

(8a5,48,7R,7a.5)- 7-benzoyloxy-3a-(2,3-dimethoxyphenyl)-hexahydro-2(3 H)-
benzofuranone-4-acetic acid ethyl ester (103) (C27Hs00s) and
(8a5,4.5,78,7a.5)- 7-benzoyloxy-3a-(2,3-dimethoxyphenyl)-hexahydro-2(3 H)-
benzofuranone-4-acetic acid ethyl ester (104) (C27H300s)

MeO.
(o) MeO.
MeO mCPBA BzCI
CONMe2 (;|_|2c;|2 yrldlne
COzEt COzEt

To a solution of 80 (79.4 mg, 0.204 mmol) in dichloromethane (4 mL) was added

103 104

mCPBA (121.4 mg, 0.7035 mmol) at 0 °C and the reaction mixture was warmed up to
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ambient temperature. After 12 h, extra mCPBA (89.4 mg, 0.518 mmol) was added. After
24 h, the reaction mixture was quenched with 20% sodium thiosulfate aqueous solution
at 0 °C and was diluted with ethyl acetate. The extract was washed successively with
20% sodium thiosulfate aqueous solution and saturated sodium bicarbonate aqueous
solution and then was dried. The organic solvent was concentrated, and the resultant
residue was purified by silica gel column chromatography (ethyl acetate / hexane=1/ 4
— 1/ 2) to afford inseparable mixture of 102 (75.1 mg, 97%) of as a yellow oil.

The mixture (75.1 mg, theoretically 0.198 mmol) was dissolved in pyridine (3 mL). To
this stirred solution was added benzoyl chloride (48 pL, 0.41 mmol) at ambient
temperature. After 2 days. The reaction mixture was diluted with ethyl acetate. The
extract was washed with water and then was dried. The organic solvent was removed by
azeotropy with toluene, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / hexane=1/5 — 1/3 — 1/ 1) to afford 103 (69.6 mg,
71% for 2 steps) as a colorless oil and 104 (7.5 mg, 8% for 2 steps) as a colorless oil.
Characteristic data of 103
Rrvalue = 0.64 (ethyl acetate / hexane = 1/ 1); [alp? +28.6 (¢ 0.825, CHCls); IR (KBr,
neat) vmax = 2940, 1780, 1720, 1470, 1280, 1110 cm'’; 'H NMR (300 MHz, CDCls) & 8.11
(m, 2H, Bz), 7.55 — 7.64 (m, 1H, Bz), 7.45 (m, 2H, Bz), 7.10 (dd, 1H, H-5, Jortho = 8.0,
Jortho = 8.0 Hz), 7.00 (dd, 1H, H-4’ or H-6’, Jortno = 8.0, Jmeta = 1.5 Hz), 6.94 (dd, 1H, H-4’ or
H-6, Jortho = 8.0, Jmeta = 1.5 Hz), 5.87 (ddd, 1H, H-7, Jr-6ax = 11.0, J76eq = 6.6, J7,72 = 3.2
Hz), 4.96 (d, 1H, H-7a, J7a7 = 3.2 Hz), 4.09 (q, 2H, ethyl ester, Jcus = 7.1 Hz), 3.88 (s, 3H,
PhO-CHb3), 3.86 (s, 3H, PhO-CHs), 3.43 (d, 1H, H-3 (B-proton), Jeem = 17.0 Hz), 2.87 (d,
1H, H-3(a-proton), Jeem = 17.0 Hz), 2.86 (dd, 1H, H-1”, Jgem = 15.8, J1»4 = 3.2 Hz), 2.29
(dddd, 1H, H-4, Ju1"= 11.5, Jusax = 11.4, Juseq = 3.7, Jar = 3.2 Hz), 1.97 — 2.10 (m, 2H,
H-6ax, H-6eq), 1.66 — 1.75 (m, 1H, H-5¢q), 1.63 (dd, 1H, H-1", Jgem = 15.8, Ji"4 = 11.5 Hz),
1.23 — 1.34 (m, 1H, H-5av), 1.21 (t, 3H, ethyl ester, Jcuz = 7.1 Hz); 13C NMR (67.5 MHz,
CDCls) § 175.7, 172.7, 166.3, 153.5, 147.9, 133.7, 133.3, 131.1, 130.2, 129.9, 128.4, 123.7,
120.3, 112.5, 82.5, 71.2, 60.9, 60.5, 55.8, 51.5, 44.1, 39.3, 35.7, 25.1 (2C, two CHz carbon),
14.2; LRMS (ED m/z 482 (M*, 27%), 360 (16), 105 (100), 77 (30); HRMS (EI) m/z calcd.
for C27Ha00s (M*) 482.1941. Found 482.1941.

Characteristic data of 104

Rrvalue = 0.57 (ethyl acetate / hexane = 1/ 1); [alp2! +2.2 (¢ 0.73, CHCl3); IR (KBr, neat)
vmax = 2940, 2730, 1470, 1260, 1100 cm'’; 'TH NMR (300 MHz, CDCls) & 7.83 — 7.87 (m,
2H, Bz), 7.53 (tt, 1H, Bz, Jortho = 7.3, Jmeta = 1.4 Hz), 7.35 (dd, 2H, Bz, Jortno = 7.3 Hz),
6.78 — 6.87 (m, 2H, H-5’, H-6), 6.48 (dd, 1H, H-4’, Jortho = 7.6, Jmeta = 2.0 Hz), 5.68 (d, 1H,
H-7a, J7a7 = 2.4 Hz), 4.94 (ddd, 1H, H-7, J7,6eq = 2.4, J7.7a = 2.4, J7.6ax = 0 Hz), 3.97 (s, 3H,
PhO-CHbs), 3.84 (s, 3H, PhO-CHs), 3.84 — 4.08 (m, 3H, PhO-CH>), 3.21 (d, 1H, H-3, Jgem =
19.2 Hz), 3.08 (m, 1H, H-4), 2.31 (dd, 1H, H-1”, Jeem = 15.6, J14 = 11.7 Hz), 1.60 — 2.17
(m, 5H, H-5ax, H-5eq, H-6ax, H-6¢q, H-17), 1.17 (t, 3H, ethyl ester, Jcuz = 7.1 Hz); 13C NMR
(75 MHz, CDCls) & 172.0, 170.8, 166.0, 153.8, 148.0, 134.3, 133.6, 129.8, 129.2, 128.5,

134 -



123.1, 118.7, 112.1, 76.3, 68.2, 60.5 (2C, CH3s and CHz carbon), 55.7, 45.4, 39.9, 39.8, 34.2,
25.3,19.4, 14.1; LRMS (EI) m/z 482 (M*, 31%), 420 (6), 360 (4), 105 (100), 77 (24); HRMS
(EI) m/z caled. for C27H300s (M*)482.1941. Found 482.1948.

(3R,3aR,9a.5,9b9)-3- tert-butyldimethylsilyloxy-1,3,3a,9a,-tetrahydro-5-methoxy-phena
nthlo[4,5-bed]furan-9b(2 H)-acetaldehyde (113) (C23H3204Si) and
(3R,3aR,9a.5,9b9)-3-hydroxy-1,3,3a,9a,-tetrahydro-5-methoxy-phenanthlo-
[4,5-bedlfuran-9b(2 H)-acetaldehyde (112) (C17H1s04)

(from diethyl ester via dialdehyde)

MeO MeO
DIBAL-H o montmorillonite K-10 d CHO
“, CHO >
toluene " (CH,CI)
78 °C 1, 2%1)2
TBSO CHO RO
110 112R=H

113 R=TBS

To a solution of 100 (47.1 mg, 0.0930 mmol) in toluene (1.2 mL) was added DIBAL-H
(0.99 M toluene solution, 200 ulL, 0.198 mmol) dropwise over the course of 10 minutes
under nitrogen at -78 °C. After 1 h, the reaction mixture was quenched with 1 mol/L
aqueous HCI solution and was diluted with ethyl acetate. The extract was washed
successively with 1 mol/LL aqueous HCI solution and saturated sodium bicarbonate
aqueous solution, and then was dried. Removal of the solvent gave a crude oil of 110
which was used in the next step without purification because the aldehyde groups in
this compound could be easily hydrated by silica gel column chromatography.

The crude 110 was dissolved in 1,2-dichloroethane (5 mL). To this stirred solution was
added montmorillonite K-10 clay (Aldrich, 117.7 mg) at ambient temperature. After 12
h, filtration through the pad of celite was performed and the pad was washed with ethyl
acetate. The filtrate was slightly removed and the resultant residue was diluted with
ethyl acetate. The extract was washed with saturated sodium bicarbonate aqueous
solution and then was dried. The organic solvent was concentrated, and the resultant
residue was purified by silica gel column chromatography (ethyl acetate / hexane = 1 /
10) to afford aldehyde 118 (12.9 mg, 35%) as a white oil and desilylated product 112 (7.9
mg, 30%) as a colorless oil.

Characteristic data of desilylated product 112

Rrvalue = 0.29 (ethyl acetate / toluene = 1/ 1); [a]p23 +35.2 (¢ 0.590, CHCls); IR (KBr,
neat) vmax = 3520, 2940, 1720, 1640, 1500, 1460, 1280 cm'; 'H NMR (300 MHz, CDCls)
§ 9.57 (dd, 1H, H-2, Jo,r= 2.2, Jo,r= 2.0 Hz), 6.73 (d, 1H, H-7 or H-8, Jortho = 8.1 Hz),
6.68 (d, 1H, H-7 or H-8, Jortho = 8.1 Hz), 6.43 (dd, 1H, H-8, Js9 = 9.5, Js9a = 0.8 (allylic
long range coupling) Hz), 5.82 (dd, 1H, H-9, Jos = 9.5, Jova = 5.9 Hz), 4.70 (d, 1H, H-3a,
a3 = 7.1 Hz), 3.89 (s, 3H, PhO-CHs), 3.52 (ddd, 1H, H-3, J3.2ax = 12.7, J33a = 7.1, J3,2eq =
4.4 Hz), 2.69 (dd, 1H, H-1, Jgem = 16.1, J1,2= 2.0 Hz), 2.57 (dddd, 1H, H-9a, Joa,1ax = 13.4,
J9a,10 = 5.9, Joa1eq = 5.9, Joas = 0.8 (allylic long range coupling) Hz), 2.54 (dd, 1H, H-1’,
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Jgem = 16.1, Jr2 = 2.2 Hz), 2.46 (br, 1H, -OH), 1.87 (m, 1H, H-1cg), 1.76 (m, 1H, H-2¢y),
1.42 (dddd, 1H, H-2ax, dgem = 12.7, oax1ax = 12.7, Jrax3 = 12.7, Jrax1eq = 2.2 Hz), 0.97
(dddd, 1H, H-1ax, Jeem = 13.4, drax9a = 13.4, Jiax2ax = 12.7, Jiax,2¢q = 2.4 Hz); 13C NMR
(67.5 MHz, CDCls) 5 201.0, 145.3, 144.1, 129.9, 127.5, 123.6, 123.2, 118.2, 113.0, 97.5,
72.9, 56.2, 50.0, 44.5, 39.2, 27.7, 26.9; HRMS (FAB, glycerol matrix) m/z Calcd for
C17H1904 (M+H)* 287.1283. Found 287.1277.

Characteristic data of 113

Rrvalue = 0.70 (ethyl acetate / hexane = 1/ 2); [alp2¢ +20.5 (¢ 0.535, CHCls); IR (KBr,
neat) vmax = 2920, 2860, 1720, 1500, 1050, 840 cm':; 1H NMR (300 MHz, CDCls) § 9.55
(dd, 1H, H-2', Jo,v = 2.5, Jo,r = 2.2 Hz), 6.74 (d, 1H, H-7 or H-8, Jortho = 8.0 Hz), 6.66 (d,
1H, H-7 or H-8, Jortho = 8.0 Hz), 6.42 (dd, 1H, H-8, Js9 = 9.5, Js.9a = 0.8 (allylic long range
coupling) Hz), 5.81 (dd, 1H, H-9, Jos = 9.5, Jo.9a = 5.9 Hz), 4.61 (d, 1H, H-3a, 343 = 7.1
Hz), 3.90 (s, 3H, PhO-CHb), 3.43 (ddd, 1H, H-3, J52ax = 11.9, J3.30 = 7.1, J5,2¢q = 4.6 Hz),
2.64 (dd, 1H, H-1’, Jeem = 15.6, Jr2 = 2.2 Hz), 2.52 (dd, 1H, H-1’, Jgem = 15.6, Jr 2 = 2.5
Hz), 2.51 (dddd, 1H, H-9a, Joa,1ax = 11.5, Joa,9 = 5.9, Joa,1eq = 4.4, Joa,o = 0.8 (allylic long
range coupling) Hz), 1.80 (dddd, 1H, H-1eq, Jeem = 13.7, Jieq2eq = 4.7, Jieq,9a = 4.4, Jieq 2ax =
2.5 Hz), 1.52 — 1.64 (m, 1H, H-2¢q), 1.38 (dddd, 1H, H-2ax, eax,1ax = 13.7, deem = 13.4, o2ax,3
=11.9, oax1eq = 2.5 Hz), 0.85 — 1.01 (m, 1H, H-1ax), 0.96 (s, 9H, Si-tBu), 0.12 (s, 3H,
Si-CHs), 0.03 (s, 3H, Si-CHzs); 13C NMR (75 MHz, CDCls) § 201.2, 145.5, 144.7, 130.0,
127.9, 123.7, 123.3, 117.9, 114.3, 97.6, 73.6, 56.8, 50.3, 44.8, 39.4, 29.6, 26.9, 25.8, 18.1,
-4.6, -5.0; LRMS (EI) m/z 400 (M*, 30%), 356 (27), 343 (56), 299 (100); HRMS (EI) m/z
Caled. For C23Hs204Si (M+) 400.2070. Found 400.2074.

Reprotection of desilylated aldehyde

2,6-lutidine
TBSOTf

CH,Cl,

113

To a solution of 112 (4.2 mg, 0.015 mmol) in dichloromethane (1 mL) was added
2,6-lutidine (4 pL, 0.03 mmol) and ¢Butyldimethylsilyl trifluoromethanesulfonate (5 pL,
0.02 mmol) under nitrogen atmosphere at ambient temperature successively. After 10
min, the reaction mixture was diluted with ethyl acetate and washed with saturated
sodium bicarbonate aqueous solution and then was dried. The organic solvent was
concentrated, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / hexane = 1 / 10) to afford 118 (6.1 mg, quant.) as a

yellow oil.

(1S4R,4aR,9b.9)-4- tert-butyldimethylsilyloxy-2,3,4,4a-tetrahydro-6-methoxy-1,9b(1 H)-
dibenzofuran-1,9b-diethanol (115) (C23Hs505S1)
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DIBAL-H

100 115
To a solution of 100 (12.8 mg, 0.0253 mmol) in toluene (1 mL) was added DIBAL-H

(0.99 M hexane solution, 153 pL, 0.151 mmol) under nitrogen at 0 °C and the reaction
mixture was allowed to warm up to ambient temperature. After 1.5 h, the mixture was
quenched with 1 mol/L. aqueous HCI solution at 0 °C. The mixture was diluted with
chloroform followed by treatment with 1 mol/L aqueous HCI solution, saturated sodium
bicarbonate aqueous solution and then was dried. The organic solvent was
concentrated, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / hexane = 1/ 1) to afford 115 (12.1 mg, quant.) as a
colorless oil (gradually crystallizing to white crystal).

Rrvalue = 0.16 (ethyl acetate / hexane = 1/ 1); [a]p235 -35.6 (¢ 1.16, CHCls); m.p. 123 —
124.5 °C; IR (KBr, neat) vmax = 3360, 2950, 2940, 2860, 1490, 1050 cm'%; 1H NMR (300
MHz, CDCl3) § 6.73 — 6.81 (m, 3H, H-6, H-7, H-8), 4.50 (d, 1H, H-4a, Jia4= 4.4 Hz), 4.04
(ddd, 1H, H-4, Ji4a = 4.8, Jusax = 4.8, Ju3eq = 4.4 Hz), 3.85 (s, 3H, PhO-CHs), 3.57 — 3.83
(m, 4H, H-2’, H-2”), 1.97 — 2.22 (m, 6H including 2 OH, H-1, H-1’, H-1”, H-1”, -OH, -OH),
1.86 (dddd, 1H, H-3eq, Jgem = 13.9, Jaeq2ax = 6.6, Jaeq,2eq = 4.9, fzeq,s = 4.9 Hz). 1.72 (m, 1H,
H-2eq), 1.38 — 1.57 (m, 2H, H-3ax, H-1"), 1.02 (dddd, 1H, H-2ax, Jzem = 13.7, J2ax,3ax = 6.8,
Joax3eq = 4.6, Joax1 = 2.0 Hz), 0.91 (s, 9H, Si-‘Bu), 0.11 (s, 3H, Si-CHs), 0.07 (s, 3H,
Si-CHa); 13C NMR (67.5 MHz, CDCls) 5 147.6, 144.9, 133.2, 120.9, 117.1, 111.2, 90.7,
70.0, 61.1, 59.4, 55.8, 51.4, 41.2, 34.7, 33.4, 27.8, 25.9, 23.2, 18.2, -4.7, -5.0; LRMS (EI)
m/z 422 (M*, 5%), 365 (11), 309 (6), 70 (100); HRMS (EI) m/z calcd. for 422.2489 (M).
Found 422.2490; Anal. Caled for C23H3s05Si: C, 65.36; H, 9.06%. Found: C, 65.34; H,
9.07%.

(3R,3aR,9a.5,9b5)-3-tert-butyldimethylsilyloxy-1,3,3a,9a,-tetrahydro-5-methoxy-
phenanthlo[4,5-bed]furan-9b(2 H)-acetaldehyde (113) (C23H320481) and
(3R,3aR,9a.5,9b9)-3-hydroxy-1,3,3a,9a,-tetrahydro-5-methoxy-phenanthlo-
[4,5-bed]lfuran-9b(2 H)-acetaldehyde (112) (C17H1s04)

(from diol 115)

Me

(COCl),, DMSO
CHyClp, -78°C

then Et3N, r.t.

1M2R=H
M3 R=TBS

To a solution of oxaryl chloride (62 plL, 0.70 mmol) in dichloromethane (1.5 mL) was
added dimethylsulfoxide (66 uL, 0.85 mmol) dropwise under nitrogen at -78 °C. After 10
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min, a solution of 115 (35.2 mg, 0.0833 mmol) dichloromethane (1.5 mL) was added to
the mixture dropwise through cannula at -78 °C. The flask was rinsed with
dichlroromethane (0.25 mL) twice and the rinsed solution was added to the reaction
mixture at -78 °C. After 1.5 h, triethylamine (190 pL, 1.12 mmol) was added to the
mixture at -78 °C and then immediately was removed the cooling bath to allow the
reaction mixture to be warmed up to ambient temperature. The mixture was diluted
with diethyl ether followed by treatment with water, 1 mol/L. aqueous HCI solution and
saturated sodium bicarbonate aqueous solution and then was dried. Removal of the
solvent gave a crude oil of 110, which was used in the next step.

The crude 110 was dissolved in 1,2-dichloroethane (3 mL). To the solution was added
montmorillonite K-10 (Aldrich, 146.1 mg) at ambient temperature. After 12 h, extra
K-10 clay (39.8 mg) was added. After 6 h, the reaction mixture was filtrated through a
pad of celite and the pad was washed with ethyl acetate. The filtrate was concectrated,
and the resultant residue was purified by silica gel column chromatography (ethyl
acetate / hexane=1/30 — 1/18 — 1/10 — 1/2) to afford 113 (10.4 mg, 31%) as a
yellow oil and desilylated 112 (9.9 mg, 42%) as a colorless oil.

N,4-dimethyl-N-[2-(3R,3aR,9a.5,9b9)-1,3,3a,9a-tetrahydro-3-
tert-butyldimethylsilyloxy-5-methoxyphenanthlo[4,5-bed]furan-9b(2 H)-yllethyl-
benzenesulfonamide (117) (C31H43NO5SSi)
N,4-dimethyl-N-[2-(8R,3aR,9a.5,9b.9)-1,3,3a,9a-tetrahydro-3-hydroxy-5-
methoxyphenanthlo[4,5-bcd]furan-9b(2 H)-yllethylbenzenesulfonamide

(Parker’s synthetic intermediate, 118) (C2sH29NO5S)
Me

MeNH,, MeNH;Cl
MS3A, THF, 0°C _

then LiBHy4

TsCl, DMAP
pyridine, 80 °C

118
To a solution of 113 (10.6 mg, 0.0265 mmol) in THF (1 mL) were added activated MS4A

(32.4 mg), methylamine (2.0 M methanol solution, 26 upL, 0.052 mmol) and

methylammonium chloride (4.7 mg, 0.070 mmol) at 0 °C successively. After 6 h, lithium
borohydride (4.7 mg, 0.22 mmol) was added to the solution at 0 °C. After 10 min, the
mixture was quenched with 1 mol/L. aqueous HCI solution and was diluted with ethyl
acetate. The extract was washed successively with 1 mol/l. aqueous HCI solution,
saturated sodium bicarbonate aqueous solution and was dried. Removal of the solvent

gave a crude oil of 116, which was used in the next step without purification because of
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instability against silica gel.

The crude 116 was dissolved in pyridine (0.8 mL). To this stirred solution were added
4-toluenesulfonyl chloride (20.2 mg, 0.106 mmol) and DMAP (5.1 mg, 0.026 mmol) at
ambient temperature and the reaction mixture was heated to 80 °C. After 4 h, the
mixture was quenched with 1 mol/LL aqueous HCI solution at 0 °C and was diluted with
ethyl acetate. The extract was washed successively with 1 mol/LL aqueous HCI solution
and saturated Sodium bicarbonate aqueous solution and then was dried. Removal of the
solvent by azeotropy with toluene gave a crude oil of 117, which was used in the next
step without purification for convinence and the better yield. To collect the analytical
data of 117, the residue was purified by silica gel chromatography (ethyl acetate /
hexane = 1/ 5), to obtain 117 as light yellow oil.

The resultant crude 117 was dissolved in THF (2 mL). To this stirred solution was
added TBAF (1.0 M THF solution, 40 pL, 0.040 mmol) at ambient temperature. After 12
h, the mixture was diluted with ethyl acetate. The extract was washed with water and
was dried. The organic solvent was concentrated, and the resultant residue was purified
by silica gel column chromatography (ethyl acetate / hexane =1/2 — 1/ 1) to afford
Parker’s intermediate 118 (10.4 mg, 86% for 3 steps) as a light yellow oil.
Characteristic data of 117
Rrvalue = 0.42 (ethyl acetate / hexane = 1/ 4); [a]p205 +8.8 (¢ 0.82, CHCls); IR (KBr,
neat) vmax = 2930, 2860, 1620, 1510, 1340, 1280, 1160, 1110, 1100 cm'; 'H NMR (300
MHz, CDCls) § 7.56 (d, 2H, Ph of Ts, Jortho = 8.1 Hz), 7.27 (d, 2H, Ph of Ts, ortho = 8.1 Hz),
6.70 (d, 1H, H-6 or H-7, Jortho = 8.1 Hz), 6.62 (d, 1H, H-6 or H-7, Jortno= 8.1 Hz), 6.35 (d,
1H, H-8, Js9 = 9.6 Hz), 5.81 (dd, 1H, H-9, JJos = 9.6, Jo9a = 5.7 Hz), 4.45 (d, 1H, H-3a, a3
= 6.9 Hz), 3.87 (s, 3H, PhO-CHa), 3.37 (ddd, 1H, H-3, J5.2ax = 12.0, f3,3a = 6.9, f3,2e¢¢ = 4.5
Hz), 3.15 (ddd, 1H, H-2’, Jgem = 13.5, J2,1=10.8, Jo,1r= 5.4 Hz), 2.82 (ddd, 1H, H-2’, Jgem =
13.5, Jx,1r = 10.8, J2,r= 5.4 Hz), 2.59 (s, 3H, -NCH3), 2.41 (s, 3H, Ph-CH3), 2.36 — 2.44 (m,
1H, H-9a), 1.66 — 1.88 (m, 3H, H-1eq, H-1’, H-1), 1.56 — 1.60 (m, 1H, H-2¢,), 1.24 (ddd, 1H,
H-2ax, Jgem = 11.4, Joax1ax = 11.4, ooaxs = 11.4, Jzax,1e¢ = 2.1 Hz), 0.89 (s, 9H, Si-‘Bu), 0.80 —
0.95 (m, 1H, H-1av), 0.12 (s, 3H, Si-CHa), 0.02 (s, 3H, Si-CHb);
13C NMR (75 MHz) & 145.1, 144.5, 143.1, 134.8, 130.3, 129.6, 128.4, 127.4, 123.5, 122.9,
117.7, 113.8, 97.4, 74.0, 56.7, 46.3, 45.1, 39.5, 35.8, 34.8, 29.7, 26.9, 25.8, 21.5, 18.1, -4.6,
-5.0; LRMS (EI) m/z 569 (M*, 20%), 512 (30), 414 (21), 327 (32), 256 (20), 198 (100), 155
(41); HRMS (ED) m/z caled. for C31H43NO5SiS (M*) 569.2631. Found 569.2624.

Characteristic data of Parker’s synthetic intermediate (118)

Rrvalue = 0.35 (ethyl acetate / hexane = 1/ 1); [a]p2® +13.5 (¢ 1.43, CHCls) tlit. [a]24p
+10.3 (¢ 0.007, CHCls, 75 — 78%ee)}; IR (KBr, neat) vmax = 3500, 2920, 1640, 1500, 1340,
1280, 1160 cm't; 'H NMR (300 MHz, CDCl3) & 7.58 (d, 2H, Ph of Ts, efortho = 8.3 Hz), 7.28
(d, 2H, Ph of Ts, Jortho = 8.3 Hz), 6.69 (d, 1H, H-6 or H-7, Jortho = 8.0 Hz), 6.65 (d, 1H, H-6
or H-7, dJortho = 8.0 Hz), 6.36 (dd, 1H, H-8, Jso = 9.5, Js9a = 0.4 (allylic long range
coupling) Hz), 5.83 (dd, 1H, H-9, Jos = 9.5, Jo.9a = 5.6 Hz), 4.54 (d, 1H, H-3a, 343 = 7.1
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Hz), 3.88 (s, 3H, PhO-CHb), 3.46 (ddd, 1H, H-3, J5.2ax = 12.2, 5,30 = 7.1, J3,2¢q = 4.4 Hz),
3.13 (ddd, 1H, H-2', Jgem = 13.4, J2.v = 10.5, J2,v = 5.6 Hz), 2.84 (ddd, 1H, H-2’, Jgem =
13.4, Jz 1 =10.2, J2,v = 5.6 Hz), 2.60 (s, 3H, -NCH3), 2.48 (dddd, 1H, H-9a, Joa,1ax = 12.2,
Joa,1eq = 5.6, Joa,9 = 5.6, Joas = 0.4 (allylic long range coupling) Hz), 2.42 (s, 3H, Ph-CHs),
1.66 — 1.87 (m, 4H, H-1eq, H-2eq, H-1’, H-1), 1.26 (dddd, 1H, H-2ax, Jgem = 13.2, Jzax,1ax =
13.2, Joax,s = 12.2, ohax,1eq = 2.2 Hz), 0.93 (dddd, 1H, H-1ax, deem = 13.4, Jrax,2ax = 13.2,
Jiax9a = 12.2, Jrax,2zeq = 2.2 Hz); 13C NMR (75 MHz, CDCls) § 145.0, 144.1, 143.2, 134.6,
130.1, 129.6, 128.1, 127.4, 123.4, 123.0, 118.0, 112.8, 97.3, 73.3, 56.3, 46.3, 45.1, 39.3,
35.5, 34.8, 27.9, 27.0, 21.5; LRMS (EI) m/z 455 (M*, 12%), 300 (67), 252 (38), 244 (62),
199 (38), 185 (39), 91 (51), 71 (54), 58 (100); HRMS (EI) m/z Calcd. for C2sH290NO5S (M+)
455.1766. Found 455.1763.

Reference

Parker, K. A.; Fokas, D. J. Org. Chem. 2006, 71, 449 — 455.

(—) - Dihydroisocodeine
(5R, 6R )-4,5-epoxy-3-methoxy-17-methylmorphinan-6-ol (C1sH2sNOs)

Li, +-BuOH
liq. NH3

THF, -78 °C

118 (-)-dihydroisocodeine

To a stirred -78 °C solution of tert-butanol (27 uL, 0.28 mmol) in THF (1 mL) was added
liquid anhydrous ammonia (c.a. 8 mL) via cannula, and then was added litium wire
(16.9 mg, 2.44 mmol). The solution was stirred at -78 °C until the solution turned blue.
To the resultant blue-colored solution was added Parker’s intermediate 118 (13.1 mg,
0.0288 mmol) in THF (0.5 mL) dropwise through cannula. The flask was rinsed with
THF (0.5 mL) 3 times and the mixture was added to the reaction mixture. After stirring
10 min, the reaction mixture was quenched successively with ammonium chloride,
distilled dry methanol, and saturated ammonium chloride aqueous solution. The
resultant discolored mixture was washed with water, and was diluted with
dichloromethane. The aqueous layer was washed with dichloromethane and the organic
extract was dried. Removal of solvent in vacuo gave a crude oil which was washed by
acid — base extraction (1 mol/L aqueous HCI solution, then 3 mol/L. aqueous NaOH
solution, dichloromethane). The organic solvent was concentrated, and the resultant
residue was purified by silica gel column chromatography (methanol / chloroform =1/
50 — 1/ 10, 1% triethylamine contained) to afford (—)—dihydroisocodeine (8.0 mg, 92%)
as a white crystal.
Rrvalue = 0.25 (MeOH / CHCls = 1/ 4); [alp28 -132 (¢ 0.32, CHCl3) {/it. [alp 28 -136 (¢ 2.55,
CHCls)}; m.p. 201 — 202 °C {it.* 199 — 200 °C}; IR (KBr, neat) vmax = 3400, 2920, 2860,
1640, 1620, 1500, 1440, 1090, 1060, 1040 cm''; 'TH NMR (300 MHz, CDCls) § 6.73 (d, 1H,
H-1 or H-2, Jortho = 8.3 Hz), 6.65 (d, 1H, H-1 or H-2, Jortho = 8.3 Hz), 4.38 (d, 1H, H-5, J56
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= 6.6 Hz), 3.87 (s, 3H, PhO-CHs), 3.44 (ddd, 1H, H-6, Js7ax = 12.4, Jo5 = 6.6, Js,7eq = 4.9
Hz), 3.28 (br, 1H, H-9), 3.02 (dd, 1H, H-10cq, Jgem = 18.5, Jioeq,9 = 0 Hz), 2.70 (ddd, 1H,
H-16eq, Jgem = 12.2, Ji6eq,15ax = 4.1, Ji6eq,15¢¢ = 0 Hz), 2.52 (s, 1H, -NCH3), 2.49 (dd, 1H,
H-10ax, J gem= 18.5, J10ax,90 = 5.1 Hz), 2.40 (br-d, 1H, H-14, Ji48ax = 12.9 Hz), 2.28 (ddd, 1H,
H-16ax, Jgem = 12.4, Ji6ax,15ax = 12.4, Ji6ax.15eq = 3.9 Hz), 2.01 (ddd, 1H, H-15ax, eem = 12.4,
Jisax,16ax = 12.4, J15ax,16eq = 4.1 Hz), 1.82 (dddd, 1H, H-7eq, Jeem = 12.9, Jreq,6 = 4.9, Jreq8ax =
2.7, Jreq8eq = 2.7 Hz), 1.74 (ddd, 1H, H-15eq, Jgem = 12.4, Jiseq 16ax = 3.9, Jiseq,16eq = 0 Hz),
1.61 (dddd, 1H, H-8eq, Jgem = 12.9, efgeq,7ax = 2.7, Jseq,7eq = 2.7, Jseq,14 = 2.7 Hz), 1.39 (dddd,
1H, H-7ax, dgem = 12.9, dJraxsax = 12.9, Jraxe = 12.4, Jrax,geq = 2.7 Hz), 0.97 (dddd, 1H, H-8ax,
Jeem = 12.9, Jsax7ax = 12.9, Jsax14 = 12.9, Jsax7eq = 2.7 Hz); 13C NMR (75 MHz, CDCls) &
144.2,143.9, 129.9, 125.2, 119.1, 113.8, 96.9, 73.1, 59.9, 56.5, 47.2, 42.8, 42.4, 41.8, 34.7,
29.8, 23.5, 20.5; LRMS (EI) m/z 301(M*, 100%), 286 (1); HRMS (EI) m/z Calcd. For
C18H2sNOs (M+) 301.1678. Found 301.1677.

Reference

Elad, D.; Ginsburg, D. J. Am. Chem Soc. 1956, 78, 3691 — 3693.

3-2 Study toward the total synthesis of (—)-morphine

N-4-dimethyl-N-[2-(3aR,9a.5,9b9)-1,2,3a,9b-tetrahydro-5-methoxyphenanthlo-
[4,5-bed]lfuran-3-one-9b(9a H)-yllethylbenzenesulfonamide (120) (C25H27NO5S)
MeO s

118 120
To a solution of Parker’s intermediate 118 (25.3 mg, 55.5 umol) in DMSO (3 mL) was

added o-iodoxybenzoic acid (40.4 mg, 0.144 mmol) at ambient temperature and the
reaction mixture was heated to 50 °C. After 7 h, the mixture was diluted with ether. The
extract was washed successively with 20% sodium thiosulfate aqueous solution and
saturated sodium bicarbonate aqueous solution and then was dried. The organic solvent
was concentrated, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / hexane = 1/ 1) to afford 120 (20.9 mg, 83%) as a white
oil.

Rrvalue = 0.49 (ethyl acetate / hexane = 1/ 1); [alp23 -12.0 (¢ 0.895, CHCls); IR (KBr,
neat) vmax = 3030, 2930, 1730, 1500, 1460, 1440, 1340, 1280, 1160 cm'; 'H NMR (300
MHz, CDCls) & 7.64 (d, 2H, Ts, Jortho = 8.0 Hz), 7.32 (d, 2H, Ph of Ts, Jortho = 8.0 Hz), 6.68
(d, 1H, H-6 or H-7, Jortho = 8.0 Hz), 6.66 (d, 1H, H-6 or H-7, Jortno = 8.0 Hz), 6.41 (d, 1H,
H-8, Js9 = 9.5 Hz), 5.87 (dd, 1H, H-9, Jos = 9.5, Jo9a = 5.9 Hz), 5.22 (s, 1H, H-3a), 3.92 (s,
3H, PhO-CHb), 3.00 — 3.23 (m, 3H, H-9a, H-2’, H-2), 2.67 (s, 3H, -NCHb), 2.53 (ddd, 1H,
H-2eq, Jreq,1ax = 14.9, Jgem = 12.9, req,1eq = 3.9 Hz), 2.43 (s, 3H, Ph-CHs), 2.32 (ddd, 1H,
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H-2ax, Jgem = 12.9, doax,1eq = 3.7, Joax1ax = 2.4 Hz), 2.13 (dddd, 1H, H-1eq, Jgem = 13.9, ieq9a
= 6.3, Jieq.2eq = 3.9, Jieq2ax = 3.7 Hz), 1.81 — 1.97 (m, 2H, H-1’, H-1"), 1.25 (dddd, 1H, H-1ax,
Jiax2eq = 14.9, J1ax9a = 13.9, Jgem = 13.9, Jiax2ax = 2.4 Hz); 13C NMR (67.5 MHz) § 207.1,
145.3, 144.6, 143.6, 133.8, 129.8, 128.8, 127.4, 126.3, 123.9, 122.7, 118.6, 113.6, 91.0,
56.4, 50.2, 46.7, 37.9 (2C, CHz and CH carbon), 34.9, 32.8, 28.1, 21.5; HRMS (FAB, NBA
matrix) m/z Caled for C2sH2sNO5S (M+H)* 454.1688. Found 454.1683.

Trichloromethylated byproduct (121) (C26H2sCI1sNOsS)

121

Form : colorless oil; Rrvalue = 0.33 (ethyl acetate / hexane = 1/ 2); [alp not collected; IR
(KBr, neat) vmax = 3520, 2940, 1500, 1340, 1160 cm'; 'H NMR (300 MHz, CDCls) § 7.58
(d, 2H, Ph of Ts, Jortho = 8.4 Hz), 7.28 (d, 2H, Ph of Ts, Jortho = 8.4 Hz), 6.71 (d, 1H, H-6 or
7, Jortho = 8.4 Hz), 6.68 (d, 1H, H-6 or 7, Jortho = 8.4 Hz), 6.41 (d, 1H, H-8, Js9 = 9.6 Hz),
5.59 (dd, 1H, H-9, Jos = 9.6, Jo.9a = 6.0 Hz), 5.28 (s, 1H, H-4), 3.88 (s, 3H, Ph-CHs), 3.59
(d, 1H, OH, Jon 2ax = 3.6 (W-coupling) Hz), 3.11 (ddd, 1H, H-2’, Jgem = 13.5, Jo.1' = 9.6, J2.1
=5.4 Hz), 2.91 (ddd, 1H, H-2", Jeem = 13.5, Jz.v= 9.0, J2.v = 6.0 Hz), 2.63 (s, 3H, -NCHs),
2.52 (ddd, 1H, H-9a, Joa,1ax = 12.6, Joa,9 = 6.0, Joa,1eq = 4.8 Hz), 2.42 (s, 3H, Ph-CHb), 2.23
(ddd, 1H, H-2eq, dgem = 14.1, eocq,1eq = 4.2, J2eq1ax = 2.1 Hz), 1.77 — 1.97 (m, 3H, H-1, H-1,
H-2ax), 1.60 — 1.69 (m, 1H, H-1eq), 1.25 (dddd, 1H, H-lax, Jeem = 12.9, Jiax2ax = 12.9,
Jiax9a = 12.6, Jrax2eq = 2.1 Hz); 13C NMR (75 MHz, CDCls) & 144.5, 143.9, 143.4, 134.3,
129.7, 127.6, 127.4, 123.3, 123.1, 118.8, 113.1, 108.2, 87.4, 81.9, 56.3, 46.3, 46.2, 38.9,
35.7, 34.9, 28.5, 21.9, 21.5; LRMS (EI) m/z 575 (M*,37Cl, 14%), 573 (M+, 35Cl, 10), 571
(M+, 10), 454 (5), 420 (23), 418 (68), 416 (70), 242 (54), 185 (100); HRMS (EI) m/z caled.
for C26H2sC1sNOsS  (M*) 571.0754. Found 571.0755.

(15,4aR,9b.S)-4- tert-butyldimethylsiloxy-2,3,4a,9b-tetrahydro-6-methoxy-1,9b-di-
(2-hydroxyethyl)-4(1 H)- dibenzofuranone dibenzoate (130) (Cs1H3007)

MeQ.
BzCl
OH o,
pyridine

OH

130

To a solution of 115 (52.0 mg, 0.123 mmol) in pyridine (2 mL) was added benzoyl
chloride (50 pL, 0.43 mmol) and DMAP (4.0 mg, 0.033 mmol) at ambient temperature.
After 12 h, the mixture was diluted with ethyl acetate. The extract was washed
successively with 1 mol/LL aqueous HCIl solution and saturated aqueous sodium

bicarbonate solution and then was dried. Removal of the solvent gave a crude oil which
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was used in the next step without purification for convenience.

The resultant residue was dissolved in THF (3mL). To this solution was added TBAF
(1.0 M THF solution, 160 pL, 0.160 mmol) at ambient temperature. After 12 h, the
mixture was diluted with dichloromethane. The extract was washed with water and
was dried. Removal of the solvent gave a crude oil which was used in the next step
without further purification for convenience.

The resultant residue was dissolved in DMSO (4 mL). To this solution was added IBX

(52.5 mg, 0.187 mmol) at ambient temperature. After 12 h, the mixture was diluted with
ether. The extract was washed successively with 20% sodium thiosulfate aqueous
solution and saturated sodium bicarbonate aqueous solution and then was dried. The
organic solvent was concentrated, and the resultant residue was purified by silica gel
column chromatography (ethyl acetate / hexane = 1/ 2) to afford 130 (80.5 mg, quant.)
as a yellow oil.
Rrvalue 0.69 (ethyl acetate / hexane = 1/ 1); 'H NMR (300 MHz, CDCls) & 7.99 (m, 4H,
Bz, Bz), 7.54 (m, 2H, Bz, Bz), 7.36 (m, 4H, Bz, Bz), 6.92 (dd, 1H, H-8, Jortho = 9.0, Jortho =
6.0 Hz), 6.84 (d, 1H, H-7 or H-9, Jortho = 9.0 Hz), 6.77 (d, 1H, H-7 or H-9, Jortho = 6.0 Hz),
4.82 (s, 1H, H-4a), 4.25 — 4.40 (m , 4H, H-2’, H-2"), 3.90 (s, 3H, PhO-CH3), 2.94 (dd, 1H,
H-3eq, Jeem = 18.0, oaeq2eq = 6.0, efseq2ax = 0 Hz), 2.21 — 2.49 (m, 4H, H-1", H-1"), 1.73 —
1.96 (m, 3H, H-1, H-2¢q, H-3a0), 1.34 (m, 1H, H-2.x); LRMS (ED) m/z 514 (M*, 15), 365
(38), 174 (73), 105 (100); HRMS (EI) m/z caled. for Cs1Hz007 (M*) 514.1922. Found
514.1998.

(15,4aR,9b.S)-4- tert-butyldimethylsiloxy-4a,9b-dihydro-6-methoxy-1,9b-di-(2-
hydroxyethyl)-4(1 H)- dibenzofuranone dibenzoate (131) (C31H2s07)

MeO. 7
1) LHMDS, THF, -78 °C  MeO¢
then 5a @
TMSCI / Et3N, r.t. ;
Q, OBz > g 2.0Bz
2) Pd(OAc), (2.5eq.) W ,
o CH3CN, 60 °C
2
OBz " %" Noez
130 131

To a solution of LHMDS (1 M THF solution, 0.8 mL, 0.8 mmol) in THF (0.25 mL) was
added 130 (52.3 mg, 0.102 mmol) in THF (0.2 mL) dropwise through cannula at -78 °C
and the cannula and the flask was washed with THF (0.2 mL) 2 times and was added to
the reaction mixture. After 30 min, 1 / 1 (v/v) mixture of chlorotrimethylsilane /
triethylamine (0.4 mL) was added to the mixture at -78 °C. After 30 min, the reaction
mixture was quenched with saturated sodium bicarbonate aqueous solution and was
diluted with ethyl acetate. The extract was washed with saturated sodium bicarbonate
aqueous solution and was dried. Removal of the solvent gave a crude oil which was used
in the next steps without purification.

The crude oil was dissolved in acetonitrile (3 mL). To this solution was added

palladium(II) acetate (46.0 mg, 0.205 mmol) and the mixture was allowed to warm up to
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60 °C. After 12h, extra palladium(II) acetate (11.9 mg, 0.0530 mmol) was added and
stirred at 60 °C. After 3 h, the mixture was filtrated through a pad of celite and washed
with ethyl acetate. The filtrate was concentrated in vacuo and the resultant residue was
diluted with ethyl acetate. The extract was washed with water twice and was dried. The
organic solvent was concentrated, and the resultant residue was purified by silica gel
column chromatography (ethyl acetate / hexane = 1/ 4) to afford 131 (19.8 mg, 38%) as a
yellow oil and recovered 130 (6.7 mg, 13%).

Rrvalue 0.32 (ethyl acetate / hexane =1/ 4 x 3); TH NMR (300 MHz, CDCls) & 7.96 — 7.99
(m, 2H, Bz), 7.87 - 7.90 (m, 2H, Bz), 7.51 — 7.60 (m, 2H, Bz), 7.31 — 7.47 (m, 4H, Bz), 6.97
(dd, 1H, C7, Jortho = 8.3, Jortho = 7.6 Hz), 6.84 (dd, 1H, C6 or C8, Jortho = 8.3, Jmeta = 1.2 Hz),
6.80 (dd, 1H, C6 or C8, eortho = 7.6, JJmeta = 1.2 Hz), 6.27 (d, 1H, C3, J3-2 = 10.2 Hz), 4.96 (s,
1H, C4a), 4.38 (dd, 2H, C2”, J>,1'= 6.3, Jo"1» = 6.3 Hz), 4.13 — 4.27 (m, 2H, H-2), 3.89 (s,
3H, PhO-CHa), 2.70 (ddd, 1H, C1, Ji,r =10.7, J12= 6.1, Ji,rr = 4.4 Hz), 2.41 — 2.53 (m, 2H,
H-17, H-17), 1.45 — 1.75 (m, 2H, H-1", H-1); LRMS (ED m/z 512 (M*, 4%), 241 (37), 174
(39), 122 (43), 105 (100), 77 (59); HRMS (EI) m/z caled. for Cs1Hs07 (M*) 512.1835.
Found 512.1821.

(1S,4aR,9b.5)-6-methoxy-2,3,4,4a-tetrahydro-1,9b(1 H)-dibenzofuran-4-onediacetic acid
1,9b-diethyl ester (132) (C2:H2s07)

MeO.
d IBX
N O TDmso, 60°C
HO CO,Et

98

To a solution of 98 (14.0 mg, 35.7 pmol) in DMSO (1.5 mL) was added IBX (31.4 mg,
0.112 mmol) at ambient temperature and the reaction mixture was warmed up to 60 °C.
After 1 h, the mixture was diluted with ether. The extract was washed successively with
20% sodium thiosulfate aqueous solution and saturated aqueous sodium bicarbonate
solution and then was dried. The organic solvent was concentrated, and the resultant
residue was purified by silica gel column chromatography (ethyl acetate / hexane =1/ 3)
to afford 132 (12.7 mg, 91%) as a yellow oil.

Rrvalue = 0.54 (ethyl acetate / hexane = 1/ 2); [alp27 -0.4 (¢ 0.64, CHCls); IR (KBr, neat)
vmax = 2980, 2940, 1730, 1500, 1200 cm'1; '"H NMR (300 MHz, CDCls) § 6.91 (dd, 1H, H-8,
Jortho = 8.0, Jmeta = 7.3 Hz), 6.83 (dd, 1H, H-7 or H-9, efortho = 8.0, Jmeta = 1.0 Hz), 6.67 (dd,
1H, H-7 or H-9, dortho = 7.3, Jmeta = 1.0 Hz), 4.85 (s, 1H, H-4a), 4.08 — 4.16 (m, 4H, ethyl
ester, ethyl ester), 3.89 (s, 3H, PhO-CHs), 2.97 (d, 1H, H-1”, Jeem = 16.0 Hz), 2.79 (ddd,
1H, H-3eq, Jgem = 18.5, Jaeq2eq =6.6, fieq.2ax = 2.0 Hz), 2.73 (d, 1H, H-1", Jeem = 16.0 Hz),
2.63 (dd, H-1’, Jgem = 15.4, J11 = 3.2 Hz), 2.48 (ddd, 1H, H-3ax, Jgem = 18.5, Jaax2ax = 11.5,
Jax2e¢q = 7.6 Hz), 2.38 (dddd, 1H, H-1, 1,1 = 10.5, J1,2ax =10.5, Ji,1r = 3.2, ef1,2e¢ = 3.2 Hz),
2.02 (dd, 1H, H-1, Jgem = 15.4, Jv1 = 10.5 Hz), 1.57 — 1.78 (m, 2H, H-2¢q, H-2av), 1.24 (t,
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3H, ethyl ester, Jcuz = 7.1 Hz), 1.20 (t, 3H, ethyl ester, Jcue = 7.1 Hz); 13C NMR (75 MHz,
CDCls) & 205.1, 172.1, 170.0, 148.0, 145.2, 128.9, 122.1, 117.0, 112.6, 91.4, 61.0, 60.8,
56.1, 54.0, 41.6, 37.3, 36.9, 35.5, 24.5, 14.2, 14.0; LRMS (EI) m/z 390 (M*, 29%), 345 (17),
303 (100), 257 (38), 234 (63), 215 (59), 161 (44), 128 (28); HRMS (EI) m/z Calcd. for
C21H2607 (M*) 390.1678. Found 390.1682.

(15,4aR,9b.S)-6-methoxy-4,4a-dihydro-1,9b(1 H)-dibenzofuran-4-onediacetic acid
1,9b-diethyl ester (183) (C21H2607)

MeO
1) NHMDS, (PhSe),
o THF,-78°Ctort.
<, CO,Et >
‘t1, 2) NalOy4, THF / H,O
(0] COyEt

132

To a solution of 132 (3.3 mg, 8.5 umol) in THF (1.0 mL) was added NHMDS (1 M THF
solution, 28 ulL, 28 umol) at -78 °C. After 10 min, diphenyldiselenide (10.2 mg, 33 pmol)
in THF (0.7 mL) was added to the reaction mixture through cannula at -78 °C and the
mixture was warmed up to ambient temperature. Afterl.5 h, the mixture was diluted
with ethyl acetate. The extract was washed successively with saturated sodium
bicarbonate aqueous solution and was dried. Removal of the solvent gave a crude oil
which was used in the next step without purification.

The resultant residue was dissolved in THF (1.0 mL). To this solution was added a

solution of sodium periodate (8.7 mg, 41 pmol) in water (0.5 mL) at 0 °C and the mixture
was warmed up to ambient temperature. After 1h, extra sodium periodate (11.7 mg, 55
umol) was added to the mixture. After 12 h, the mixture was diluted with ethyl acetate.
The extract was washed successively with water and then was dried. The organic
solvent was concentrated, and the resultant residue was purified by silica gel column
chromatography (ethyl acetate / hexane = 1/ 8) to afford 133 (1.7 mg, 52%) as a light
yellow oil.
Rrvalue = 0.37 (ethyl acetate / hexane = 1/ 2); [alp2! -199 (¢ 0.86, CHCl3); IR (KBr, neat)
vmax = 2980, 1730, 1680, 1500, 1200 cm'1; '"H NMR (300 MHz, CDCls) & 7.14 (dd, 1H, H-2,
Jo,3=10.2, J2,1= 5.6 Hz), 6.90 (dd, 1H, H-8, Jortho = 8.0, Jortho = 7.3 Hz), 6.82 (dd, 1H, H-7,
Jortho = 8.0, Jmeta = 1.2 Hz), 6.73 (dd, 1H, H-9, Jortho = 7.3, Jmeta = 1.2 Hz), 6.20 (d, 1H, H-3,
Js2=10.2 Hz), 5.02 (s, 1H, H-4a), 3.91 — 4.11 (m, 4H, ethyl ester, ethyl ester), 3.87 (s, 3H,
PhO-CHs), 3.27 (td, 1H, H-1, i, = 7.3, 12 = 5.6 Hz), 2.97 (d, 1H, H-1” Jgem = 14.1 Hz),
2.85(d, 1H, H-1”, Jeem = 14.1 Hz), 2.16 (d, 2H, H-1’, Jv1 = 7.3 Hz), 1.13 (t, 3H, ethyl ester,
Jerz = 6.6 Hz), 1.11 (t, 3H, ethyl ester, Jcuz = 6.6 Hz); 13C NMR (75 MHz, CDCls) § 190.6,
171.2, 170.1, 152.7, 147.0, 145.4, 130.8, 128.4, 122.5, 115.9, 113.2, 86.2, 61.1, 60.9, 56.1,
51.1, 43.8, 38.9, 38.8, 14.0, 13.9; LRMS (EI) m/z 388 (M*, 11%), 303 (31), 301 (35), 234
(81), 227 (100), 161 (56); HRMS (ED) m/z caled. for C21H2407 (M*) 388.1522. Found
388.1524.
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(15,4S,4aR,9b.5)-6-methoxy-4,4a-dihydro-1,9b(1 H)-dibenzofuran-4-oldiacetic acid
1,9b-diethyl ester (184) (C21H2607)

NaBH4
CeCl3-7H,0
CO,Et

‘e, MeOH, 0 °C

133

To a solution of 133 (5.5 mg, 14 pumol) in methanol (2.0 mL) was added cerium(III)

chrolide heptahydrate (27.4 mg, 73.5 pmol) at 0 °C and the mixture was warmed up to
ambient temperature. After 30 min, sodium borohydride (11.0 mg, 0.291 mmol) was
added to the mixture at 0 °C. After 20 min, the mixture was quenched with water and
was diluted with ethyl acetate. The extract was washed with water and was dried. The
organic solvent was concentrated, and the resultant residue was purified by silica gel
column chromatography (ethyl acetate / hexane = 1/ 3) to afford 1384 (5.0 mg, 91%) as a
colorless oil.
Rrvalue 0.13 (ethyl acetate / hexane = 1/ 2); '"H NMR (300 MHz, CDCls) & 6.78 (dd, 1H,
H-8, Jortho = 8.0, 7.1 Hz), 6.73 (dd, 1H, H-7, dJortho = 8.0, Jmeta = 1.7 Hz), 6.59 (dd, 1H, H-9,
Jortho = 7.1, Jmeta = 1.7 Hz), 5.88 (dddd, 1H, H-3, J32 = 9.5, J34a = 3.4 (long range
coupling), Js4 = 2.4, J31 = 2.4 (allylic long range coupling) Hz), 5.43 (ddd, 1H, H-2, J23 =
9.5, Jo,1 = 2.9, Jo.a = 2.9 (allylic long range coupling) Hz), 5.33 (dd, 1H, H-4a, Ju.3 = 3.4
(long range coupling), Juaa= 1.4 Hz), 4.63 (br, 1H, H-4), 4.14 (q, 2H, ethyl ester, Jcus =
7.1 Hz), 4.12 (q, 2H, ethyl ester, Jcus = 7.3 Hz), 3.82 (s, 3H, PhO-CH3), 2.94 (d, 1H, H-1”,
Jeem = 15.8 Hz), 2.78 (d, 1H, H-1”, Jeem = 15.8 Hz), 2.74 — 2.81 (m, 1H, H-1), 2.48 (d, 1H,
H-1’, Jgem = 15.6 Hz), 2.44 (d, 1H, H-1’, Jeem = 15.6 Hz), 1.25 (t, 3H, ethyl ester, Jcuz = 7.3
Hz), 1.21 (t, 3H, ethyl ester, Jcuz = 7.1 Hz); LRMS (EI) m/z 390 M+, 7%), 234 (100), 161
(34); HRMS (EI) m/z caled. for C21H2607 (M*) 390.1678. Found 390.1679.
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7 3-3 'H and 3C NMR Spectra

23/May/2007 3-cyclohexane-trans-1, 2-diol

HO.,

H
58

B
i
3
o o : S s}
S a 2l - o o -
—~ s 8 2
// s o
T T T T T T T ' T T i T T T T
8 6 4 2 0 ppn
3-cyclohexene-trans-1, 2-diol
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Tanimoto
スタンプ

Tanimoto
テキストボックス
3-3  1H and 13C NMR Spectra



22/May/2007 cascade Claisen, not-substituted

CO,Et
oy COZEY

s
g K
= <
<
3 8
o o
T | T T T I T T T T T T | T T T
8 6 4 2 0 ppm|

22/May/2007 cascade Claisen, not substituted 1 hEPTITS
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Tanimoto
スタンプ


23/May/2007 Anisylidene glucal

MeO.

‘209
\107

th . A " l Ll . KL ]

T T T T I T T T T X I
8 6 ) 4 2 0

03-MAY-06 14: 36: 48

DFILE SAVING

COMNT ANISYLIDENE_GLUCAL_
EXMOD SGBCM

.OBNUC 13C

OBFIN 5600.0 Hz
POINT 16384
FREQU 16025.6 Hz
SCANS 480
ACQTM 0.511 sec
PD . 1.000 sec
PW1 4.1 us
IRFIN 5400.0 Hz
IRATN 29
IRRPW 50 us

TEMP. 27.0 c
SLVNT CDCL3

EXREF 77.00 ppm
- BF 1.00 Hz

RGAIN 32

XE 16025.6400 Hz

XS 0.0000 Hz

220 210 200 4190 180 470 460 450 140 430 420 440 100 SO 80 70 60 B0 40 30 =20 10 0 -10


Tanimoto
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’/,/’ 2005/01/24 TBS protection -
Pulse Sequence: s2pul

MeO

——— T T T T T
8 7 6 5 4 3 2 1 0 ppm
— ! L e e ey -
1.96 0.95 0.93 0.896 *10.02
2.00 1.01 0.93 6.05 6.09

03-MAY-06 02: 21: 47
DFILE SAVING

COMNT ANISYLIDENE_TBS
EXMOD SGBCM

0BNUC 13C
OBFIN 5600.0 Hz
POINT 16384
FREQU " 16025.6 Hz
SCANS " 480
ACQTM 0.511 sec
PD 1.000 sec
PW1 4.1 us
' IRFIN 5400.0 Hz
IRATN 29
IRRPW 50 us

EXREF 77.00 ppm
BF 1.00 Hz
RGAIN 32

XE 16025.6400 Hz
XS 0.0000 Hz

st ool

220 210 200 4180 480 470 460 450 440 430 420 410 100 SO 8 70 60 BO 40 30 =20 10 0 -10


Tanimoto
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DIBAL-H red.

Pulse Sequence: s2pul

'PMBO,,

TBS

8 7 6 5 4 3 2 1 0 ppm
— i —— — e
2.549 0.96 2.00 1.07 1.10 9.55
2.00 1.00 0.97 0.95 5.99

10-MAY-06 03: 52: 46

DFILE SAVING

EXMOD SGBCM

OBNUC 13C

OBFIN 5600.0
POINT 16384
FREQU 16025.6
SCANS 480
ACQTM 0.511
PD 1.000
PW1 4.1
IRFIN 5400.0
IRATN 29
-IRRPW 50

TEMP. 27.0 c
SLVNT CDCL3

EXREF 77.00
BF 1.00
RGAIN 32

XE 16025 .6400
XS 0.0000

220 210 200 190 4180 4170 460 450 440 130 420 410 400 SO 8 70 60 BO 40 30 20 10 0 -i0

COMNT ANSYLIDENE_CLEAVAGE

Hz
Hz
sec
sec
us
Hz
us
ppm
Hz

Hz
Hz


Tanimoto
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/ iodine alpha

Pulse Sequence: s2pul

2
s
S -
"
J as e S S J
| —— LT SRR I K L T T USRS TR I T L T T F L F L L SR T )
8 27 ’ -5 4 3 2 1 0 ppm
i i i e et e
2.50 1.03 1.00 .03 5.08 1.02 9.43
2.00 1.00 1.02 1.15 1.05 1.06 5.96
23-MAY-06 18: 36: 59
DFILE SAVING
: COMNT IODINE_MAIN
EXMOD SGBCM
-0BNUC 13C
OBFIN 5600.0 Hz
POINT 16384
JFREQU 16025.6 Hz
SCANS 1431
ACGTM 0.511 sec
PD 1.000 sec
PW1 4.1 us
IRFIN 5400.0 Hz
IRATN 29
IRRPW 50 us
TEMP. 27.0 c
SLVNT CDCL3
EXREF 77.00 ppm
BF 1.00 Hz
RGAIN 32
XE 16025.6400 Hz
Xs 0.0000 Hz
PPM
480 480 4170 160 4150 140 430 4120 410 100 SO 80 60 50 40 30 20 10

220 210 =200

70


Tanimoto
スタンプ


26/Ap1/2007 Iodide B ) "
Pulse Sequence: s2pul
I
PMBO.,
TBS OMe .
67p
:
, L~
L~
-
- -
4 - i - I - — f ] 3
L J L WL
R T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
7 6 .. 5 a 3 i 2 1 S0 ppm
e — L s e — e
2.68 1.05 1.04 3.48 3.18 2.19 5 6.00
2.01 1.05 4.14 0.64 1.07 9.51

26-MAY-06 13: 18: 38
DFILE SAVING

. COMNT OIDINE_MINOR
EXMOD SGBCM

OBNUC 13C

OBFIN 5600.0 Hz
POINT 16384
FREQU 16025.6 Hz
SCANS 404
ACQTM 0.511 sec
PD 1.000 sec
PW1 . 4.1 us
IRFIN 5400.0 Hz
IRATN 29
IRRPW 50 us

TEMP. 27.0 c
SLVNT CDCL3

EXREF 77.00 ppm
BF 1.00 Hz
RGAIN 32

XE 16025.6400 Hz
XS 0.0000 Hz

ywmamwmwmmwmwwmmwwa

220 210 200 480 4180 4170 460 450 440 430 420 140 100 90 -10


Tanimoto
スタンプ


Ferrier diastereomer mixture

Yo
T2.00

69

1.87

0.17
0.84
1.03

AT

Vo2

V5.71

0 ppn



Tanimoto
スタンプ


24/MAY/2008_DE-Ms, ENONE

]
|

2.029
1.083
1.000
1.030
1.035
1.022

4.205
1.030
1.059

PMBO,,,

TBS

_— ‘fd e A[J ; k ol

o ¥ T ¥ T L T 1

9.776
6.181

—
—

Mo

PPM

3
L o e B e e B e e B B L L L L AL B L L WL L

\ 8 7 6 5 4 3 2

L L N B B B B B B

1 0

D R s U e e B R L S B L L L U W L L U R U BU L R BL L L ph L
220 210 200 490 480 470 460 450 4140 430 420 440 4100 S B 70 6 B0 40 30 20 10 0o -10

03-MAY-06 03: 35: 52
DFILE SAVING

COMNT ENONE_13C_5/3
EXMOD SGBCM

.0OBNUC 13C

OBFIN 5600.0 Hz
POINT 16384
FREQU 16025.6 Hz
SCANS 480
ACQTM 0.511 sec
PD 1.000 sec
PW1 4.1 us
IAFIN 5400.0 Hz -
IRATN 29 :
IRRPW 50 us

TEMP. 27.0 c
SLVNT CDCL3

EXREF 77 .00 ppm
BF 1.00 Hz
RGAIN 32

XE 16025.6400 Hz
XS 0.0000 Hz


Tanimoto
スタンプ


vinyl triflate

OTf
PMBO.,,

TBS
7

T T T T I T T | T T i T T T I
8 8 4 2 0 ppm
\
Lvinyl triflate
& S NE 53E 82 sedsh 5 5 2 o8 B
g € 88 88 5 - p’:’ﬂs’& T 5 %xﬁqﬂ':’ 5“’
,‘i ‘vhl‘v‘;\ \,lf.ll‘l:i;t" ‘\‘“‘ || kil fid \ b H i ‘ H “ ! M il ‘ ,‘;‘ J 1\‘” ‘\] ‘ il
Al m‘.’ﬂmmJIJ;.‘m‘m\.h ‘uJerm.um mw rL m,.mﬂ“ ‘.um. i |nl,|.mllluw '| il un‘ ’ liu\m ik uln. Il ,men,.d M’ilm M mmm ‘lh m. ud'mh J i Mnm. nlmmul.m.r .
200 ) 150 100 50 0 ppn



Tanimoto
スタンプ


04712702 Suzuki coupling Pd(LAc)Z, PPh3 . v

Pulse Sequence: 52pu1v

2
B
i \» ¥
L tr
4 e S A s //_/) P 4
lm“ij Lu— J{ k_L____
| T T T T T T T T T | T 5 AI T l T T T £ ; | T T T T | T T T T T T T T T | T T T T | T T T T | T T
8 7 6 5 4 3 2 1 0 ppm
] — Lt Ly ] e .
1.05 2.09 0.98 1.00 3.18 111 1.12 3.49 6.41
4.23 1.00 2.02 3.23.04 1.20 1.24 10.41
- : ’ 08-JUN-06 12: 51: 32

DFILE SAVING
COMNT SUZUKI_COUPLING
EXMOD SGBCM

.0BNUC 13C .
OBFIN 5600.0 Hz
POINT 16384
FREQU 16025.6 Hz
SCANS 808
ACQTM 0.511 sec
PD 1.000 sec
PW1 4.1 us
IAFIN 5400.0 Hz
IRATN 29
IARPW 50 us

TEMP. 27.0 c
SLVNT CDCL3

EXREF 77.00 ppm
BF 1.00 Hz
RGAIN 32

XE 16025.6400 Hz
XS 0.0000 Hz

220 210 200 4S0 480 470 460 450 440 430 420 440 400 SO B 70 60 B0 40 30 =20 10 0 -10


Tanimoto
スタンプ


04712723 de MPM

Pulse Sequence: 's2pul % 2 ¢

-
r_.
= | , ,_ _f‘ _— _// // - | -
UM 8 - b U_JM
| T T T T T T T T T T T T T T | T T T T T T T T T ‘ T T T T 1 T T T T | T T T l. ' T T T T | T T
8 7 6 5 4 3 2 1 0 ppm
et e e et
1.06 -1.02 1.04 3.17 1.06 1.0 10.02
150 1.00 4.27 0.97 1.07 1.05 6.36

09-DEC-02 19: 36: 23

DFILE SAVING

COMNT ALLYL_ALCOHOL_TBS
EXMOD SGBCM

.0BNUC 13C

OBFIN- 5600.0 Hz
POINT 16384
FREQU 16025.6 Hz
SCANS 806
ACQTM 0.511 sec
PD 1.000 sec
PW1 4.1 us
IRFIN 5400.0 Hz
IRATN 29
IRRPW 50 us

EXREF 77.00 ppm
BF . 1.00 Hz
RGAIN 32 :

XE 16025.6400 Hz
XS 0.0000 Hz

(Ll L ) LAy Ly L L) Ly L L) LA e A L LS LIRS L LA LU ey RIS LU BRI ) AL LS Le R R Laataataty L)
220 210 200 1490 480 470 460 450 440 130 420 440 400 S0 80 70 60 50 40 30 20 10 0 -10


Tanimoto
スタンプ


21/JAN/2006 allylic vicinal diol for Claisen rearr.

Pulse Sequence: s2pul

24-MAY-06 11: 44: 41

DFILE SAVING

COMNT 43C-NMR...CONDITIOM
EXMOD SGBCM

.0BNUC 13C

OBFIN 5600.0 Hz
POINT 16384
FHEQU 16025.6 Hz
SCANS 307
ACQTM 0.511 sec
PD 1.000 sec
PW1 4.1 us
IRFIN 5400.0 Hz
IRATN 29
IRRPW 50 us

TEMP. 27.0 c
SLVNT CDCL3

EXREF 77.00 ppm
BF 1.00 Hz

RGAIN 32

XE 16025.6400 Hz

XS 0.0000 Hz

nm I mmmmmm ikl uMmLﬁmm Ji\ .ummumml‘hﬂtmud M lumlw Mg humutmluhmmdi m. NN

220 210 00| 490 480 470 460 150 440 430 420 110 ilO g0 €0 70 60 50 O l 10 -10 .


Tanimoto
スタンプ


double rearranged diethyl ester

Pulse Sequénce: s2pul

— T "—— T
8 7 6 5 4 3 2 1 0 ppm
— —— s —
2.94 1.00 4.73 1.05 0.97 0.399 3.00
0.98 1.88.04 0.%4 4.90

double re’arrénged’dievthyi ester

Pulse Sequénce: s2pul
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Tanimoto
スタンプ


/)// 7/Apr/2007 1st’Claisen rearrangement

. Pulse’Sequence: s2pul

MeO.

MeO CO,Et Sir 5 o Sk
KP4 o, i

TBSO

1.193
1.146

=]
o
4.018

1.637

7.260
6.696
.674
5.658

\ 3
1.994

8 7 6 5 0 ppm
[ rytii s e ! g —
0.33 0.98 0.99
0.97 1.00 5.90
1st Claisen rearrangement
5 8 8 882 8% & BT o s @ <o
/ = B3 5 = 8 aRds &4 33
i a © S wa oo = : > - §= 1
B 3 ¢ 288 1y = N 5 O vSds o <<
= 2 2 298 a= = [N S 8 fIssge == 7Y
s

= 60.63

200 150 X 100 50 0 ppn|



Tanimoto
スタンプ


1st claisen de TBS

MeO

MeO CO,Et

|"‘I
HO
79
S o AkJ;I/ﬁ S
T T T T ‘ T T , ,I T T T |
8 6 4 0 ppn)

//, 10-MAY-06 03: 15; 27

DFILE SAVING
" COMNT DE_TBS_AFTER_1ST_CL
EXMOD SGBCM
.0BNUC 13C
OBFIN 5600.0 Hz
POINT 16384
FREQU 16025.6 Hz
SCANS - 540
ACQTM 0.511 sec
PD . 1.000 sec
PW1 4.1 us
IRFIN 5400.0 Hz
IRATN 29
IARPW 50 us
TEMP. 27.0 c ’
SLVNT CDCL3
EXREF 77.00 ppm
BF 1.00 Hz
RGAIN 32
XE 16025.6400 Hz
XS 0.0000 Hz
! | ! . J [n
| L | i i
PPM
220 210 200 490 480 470 460 450 440 130 120 440 400 90O 8 70 6 B 40 30 .20 10 -10



Tanimoto
スタンプ


2007.8.30 Eschenmoser C1aisenrrearrangement

Pulse Sequence: s2pul

MeO

s/

———————————————————
[T 8| Tt 71 L S [Is T gl, l'l 3 2 1 0 ppm
- 0t 3.3 105 0.82 3.18.
2 007.35 0.98 1.00 2.047.12 4.08 - 5.58 1.11
2007.9.10 Claisen ester amjde
Pulse Sequence: s2pul
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& 288
B 28,
g S8 o S
s S EE -1 25
- i 2 =n 2 o
k = & 3 |{le 85 %
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e
5T 5 g
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5 o N
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o e
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Tanimoto
スタンプ


Eschenmoser Claisen vinyl epoxide

\_1_00

2.93
.91
.92

1.00
2.04

H1051

.

ak
\\3.29
S

Eschenmoser Claisen, vinyl epoxide

o o oo ® 0w ~
© 0 TH o oo ~ @b o =2} um

5 . . <P O s} ] @~
a @ OT @ o - ekt : ]
n S mo A ud = Nt o = = So
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T 134,15
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200 150



Tanimoto
スタンプ


22/JAN/2008 1st Eschenmoer OTBS

|
-I..‘
o
s
B} * 2 9
gq = = — s
3 o Ja g =83 =z 3 =
o - - - ey M -
- - —_ ~ T T — =
T T T T T T T I T Al T T T T I
8 6 4 0 opn|
22/JAN/2008 1st Eschenmoser 0TBS
g @ 8 BR&A &2 = °SE ¥ B8 e INWBEY8 = 39
= 8 % 888 g8 = REE & 8 8 z’m’m’:ﬁ%gﬂ = T

200 150 100 50 S0 ppn|



Tanimoto
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22/JAN/2008 1st Eschenmoser deTBS

MeO

MeO

CONMe;

!
o
& 2
© o
r— —
g 3 &
|- e
T T T T T T T I | T T T T T T
8 6 4 2 0 ppm|
22/JAN/2008 1st Eschenmoser deTBS
b=
g 2 BRY SR 83 & IEE 5”2 R 2BHBG §
= a8 o 58 o B PP o S it v
S & 5% @ § 498 = pEE 2 8 8 HEES8 g
o ol b ghl I b Al d
AT HEE s s o eRE b L A
T T T T T T T T T T T " T T T T T T T T T T
200 150 100 50 0 ppn



Tanimoto
スタンプ


29/Feb/2008 sequential double Eschen./morphine

MeQO

MeO

81

@
]
]
5 V-
-
V-
] N
B o -
<8 = e Bl - 843 8
- s - s s joo s
4 Fa ra 7] d M P e

29/Feb/2008 stepwise Eschenmoser/morphine

~t o o oo wo s
o O~ oS Sin S @b a w mNUSSTO~NO QS
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Qi o~ o mai - it S 5o e i i e ] Fal
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Tanimoto
スタンプ


05/Mar/2008 1st Eschen. 2cnd Johnson product

87

3.22

L
|
—_—
[ l\ 1.00
H 1.03

CONMe;

\ 8.59

0.95

ppm

220 210 200 480 180 4170 160 150 140 130

100 €0

-03 1C: C2: 47
SAVING
LST_ESCAEN_2NI _uCrd
SGBCH

132
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OO -

w
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QW O e

R3AIN 32
XE 16025.384G0 Az
XS G.GGGO 2z



Tanimoto
スタンプ


2005/01/13 green cap
di acetat

Pulse Sequence: s2pul

8 T ;8 5
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31/Aug/2006: viny1l ether aldehyde

/ Pulse Sequence: s2pul
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0.87 1.06:  0.92 0.96. 1.00. 1.27, 3.10 1.14
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02/Aua/2006/ rearranged dialdehyde
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dibenzaofuran

98

7.89

=z |s
= i
@ o
8
s 2
@ o e
- S . g~ 5 3 8
s s - s

T T T T T ' T T T |
8 6 4 . 2 0 . oo
dibenzofuran cyclization
95 i e S 5 Sp8 8 BBE T | BI 35 I8
28 =8 s g 2 3 s Rfe e sSs8 3 ¢ 88 &X ==
S s
o otk e L WL b i i o Al i sttt b il inL
Cta s it R R e A o e v ik g i
T T T | T T T T E T T - T T T i T T T T T T Iv _l
200 A 150 100 50 0 ppm)



Tanimoto
スタンプ


/ STANDARD 1H OBSERVE

Pulse Sequence: s2pul

MeO.

MOM

25/Auq/2006 NOE MOM furan, 13C
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TBS dibenzofuran
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= 28]
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100

GO'E

1

ppm
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11/Jan/2008 Eschen-lactone-0Bz-major

MeO
0 MeO

103

N 6.19
Va2

2.7
133
N 2.86
0.95
2.09
1.00
RFRT]
0
2.06

L
<
\ 1.06
S
L

1
\ 1.02
‘\‘\ 2.25
\ 2.1
N

48-APR-03 07: 02: 57
DFILE SAVING

o COMNT 42/JAN/2008ESCHEN-L
EXMOD SGBCM

+0BNUC 13C

OBFIN 5600.0 Hz
POINT 16384
FREQU 16025.6 Hz
SCANS 504
ACQTM 0.511 sec
PD 1.000 sec:
PW1 i 4.1 us
IRFIN 5400.0 Hz
IRATN 29

IRRPW 50 us -
TEMP. 27.0 ¢ '
SLVNT CDCL3

EXREF 77 .00 ppm
BF 1.00 Hz
RGAIN 33

XE 16025.6400 Hz
XS 0.0000 Hz

220 210 200 180 480 170 160 450 440 130 120 1410
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31/JAN/2008 ester lactone, anti 0Bz (minor)
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T3.49

1.08
1.91

.90
1.00

Yo
Vo
L

.

al

‘\\ 2.05
N
=

S

31/JAN/2008 ester lactone anti 0Bz (minor)
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01/Feb/2007F-C product, deTBS
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02-FEB-07 15: 10: 17

DFILE
COMNT
EXMOD
0BNUC
OBFIN
POINT
FREQU
SCANS
ACQTM
bp
PW1
IRFIN
IRATN
IRRPW
TEMP.
SLVNT
EXREF
BF
RGAIN
XE

XS

SAVING

02/FEB/2007_F-C_DE-

SGBCM
13C
5600.0
16384
16025.6
_ 4300
0.541
1.000
4.1
5400.0
29
50
27.0 ¢
CDCL3
77.00
1.00
32
16025.6400
0.0000

Hz
Hz
sec
sec
us
Hz
us
ppm

Hz

FHz
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TBS friedel-crafts

CHO
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30/Nov/2006 TBS-furan diol

MeO

TBS

115

\ 11.20

''5.99

‘319
H10[)
\\7,15

P .
. 30-NOV-06 17: 16: 53

DFILE SAVING

COMNT TBS_DIBENZOFURAN_D:

EXMOD SGBCM

.0BNUC 13C

O0BFIN 5600.0 Hz
POINT - 16384
FREQU 16025.6 Hz
SCANS 908
ACQTM 0.511 sec
PD 1.000 sec
PW1 4.1 us
IRFIN 5400.0 Hz
IRATN 29
IRRPW 50 us

TEMP. 27.0 c .
SLVNT CDCL3

EXREF 77 .00 ppm
BF 1.00 Hz
RGAIN 32

XE 16025.6400 Hz
XS 0.0000 Hz

il o s 0 i bt st Ul R B il L
i “ i W{I“”‘jﬂ}w L'W”‘""ﬂf“ﬂ\'“\u N‘ VJ i [h“ Uy \*‘h A
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/ Ts amide %
Pulse Sequence: s2pul
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Parker's intermediate
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1
By ¥NNSnE 5 9 o il e @ o ~
N @RESRaR > & 2 Qgay a ] B
IT S3JTR/IJ[Y 2 N ~ s o @ o -
3T Q388888 3 X 5 N~ 8 ] &

200

14499

150

50

— 46.2]
LT T 45.05
—_—  35.48
34.77

—_— 27.85
2101

HLLGRE S et 2l ek et BLLRE LA LG A4l ‘-\: g .w.“v (LI L ‘”..’J i l“"! it 14 ik “"1 T »w‘, b 1 ‘ i M“‘“Y“ A ‘;\“‘h ! “i IRl -‘“ AT TR T | m‘w‘-:“ Il I
-uummm.'m.mumﬁmuummmmunlm,u-.‘-‘.mwm..mmwmmu.uw.a.amewuémm’uMbum‘,mmummxmmuummﬂmm AN RS R T et _

ppm



Tanimoto
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dihydroisocodeine

T1.00

(-)-dihydroisocodeine

. T1.06

8 6 4 2 0 ppn|
dihydroisocodeine 13C
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23/Mar/2007 IBX 0x.
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o8
Va8

Va.00
I 1.00
1 3.05
0.91
94
197

T T T T T T | T T T | T T
B 6 4 2 0 ppn
/
22-MAR-07 15: 00: 04
DFILE SAVING
COMNT 22/MAR/2007IBX_0X.
EXMOD SGBCM
0OBNUC 13C
OBFIN 5600.0 Hz
POTNT 16384
FREQU 16025.6 Hz
SCANS 1106
ACQTM 0.511 sec
PD 1.000 sec
PW1 4.1 us
IRFIN 5400.0 Hz
IRATN 29
IRRPW 50 us
TEMP. 27.0 c
SLVNT CDCL3
EXREF 77.00 ppm
BF 1.00 Hz
RGAIN 32
XE 16025.6400 Hz
XS 0.0000 Hz
- i g i ﬂ#‘ i oLk At i
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16/May/2007enolation byproduct
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//15/May/2b08'Di*Bz ketone

B ¥FID di-Bz ketone¥diBz ketone. als

130

OBz .

OBz

< 0.97

\4.26

\3. 16

\,1.76

DFILE
COMNT
DATIM
OBNUC
EXMOD
OBFRQ
OBSET
OBFIN
POINT
FREQU
SCANS
ACQTM
PD
PW1
IRNUC
CTEMP
SLVNT
EXREF
BF
RGAIN

diBz_ketone. als
15/May/2008 Di-Bz ket
Thu May 15 12:31:15 £
1H
non
300. 40 MHz
130. 00 KHz
1150. 00 Hz
16384
4000. 00 Hz
33
4. 0960 sec
2.9040 sec
5.80 usec
1H
22.9 ¢
CDCL3
7.26 ppm
0.70 Hz
22
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08/Apr/2008 di-0Bz enone
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07/JUN/2008 diester ketone

CO,Et .
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diester enone
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v3.01
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diester alcohol



Tanimoto
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B2 30

i il

1. Galanthamine

1)

2)

3)

(a) Proskurnina, N. F.; Yakovleva, A. P. Zhur. Obschchei. Khim. 1952, 22, 1899 —
1902. (b) Kobayashi, S.; Shingu, T.; Uyeo, S. Chem. Ind. 1956, 177 — 178. (c) The
Merck Index; Budavari, S., Ed., 12th ed.; Merck & CO.: Newyork, 1996; p 736,
monograph number 4357. (d) Bastida, J.; Viladomat, F.; Llabre’s, J. M.; Quiroga,
S.; Codina, C.; Rubiralta, M. Planta Med. 1990, 56, 123 — 124.

(a) Martin, S. F. In The Alkaloids; Brossi, A., Ed.; Academic Press: New York, NY,
1987; Vol. 30, pp 251 — 376. (b) Hoshino, O. In The Alkaloids; Cordell, G. A., Ed.;
Academic Press: New York, NY, 1998; Vol. 51, pp 323 — 424. (c) Marco-Contelles, J.;
Carreiras, M. D. C.; Rodriguez, C.; Villarroya, M.; Garcia, A. G. Chem. Rev. 2006,
106, 116 — 133. (d) Jin, Z. Nat. Prod. Rep. 2003, 20, 606 — 614. (e) Rainer, M. Drugs
Today 1997, 33, 273 — 279; Mucke, H. A. M. Drugs Today 1997, 33, 259 — 264. (f)
Giacobini, E. Neurochem. Int. 1998, 32, 413 — 419. (g) Weinstock, M. CNS Drugs
1999, 12, 307 — 323. (h) Sramek, J. J.; Frackiewicz, E. J.; Culter, N. R. Expert Opin.
Invest. Drugs 2000, 9, 2393 — 2402. (i) Lilienfeld, S. CNS Drug Rev. 2002, 8, 159 —
176. §) @ /SI&GE FEAMEGE, 2006, 126, 607-616.

(a) Ishikawa, T.; Kudo, K.; Kuroyabu, K.; Uchida, S.; Kudoh, T.; Saito, S. J. Org.
Chem. 2008, 73, 7498 — 7508. (b) Reddy, J. M.; Kumar, K. V.; Raju, V.; Bhaskar, B.
V.; Himabindu, V.; Bhattacharya, A.; Sundaram, V.; Banerjee, R.; Reddy, G. M.;
Bandichhor, R. Synth. Commun. 2008, 38, 2138 — 2149. (c) Satcharoen, V.; McLean,
N. J.; Kemp, S. C.; Camp, N. P.; Brown, R. C. D. Org. Lett. 2007, 9, 1867 — 1869. (d)
Hu, X.-D.; Tu, Y. Q.; Zhang, E.; Gao, S.; Wang, S.; Wang, A.; Fan, C.-A.; Wang, M.
Org. Lett. 2006, 8, 1823 — 1825. (e) Node, M.; Kodama, S.; Hamashima, Y.; Katoh,
T.; Nishide, K.; Kajimoto, T. Chem. Pharm. Bull. 2006, 54, 1662 — 1679. (f) Trost, B.
M.; Tang, W.; Toste, F. D. J. Am. Chem. Soc. 2005, 127, 14785 — 14803. (g) Guillou,
C.; Beunard, J.-L.; Gras, E.; Thal, C. Angew. Chem., Int. Ed. 2001, 40, 4745 — 4746.
For preparation of (-)-galanthamine via spontaneous resolution of racemic
narwedine, see: (h) Kiienburg, B.; Czollner, L.; Frohlich, J.; Jordis, U. Org. Process
Res. Dev. 1999, 3, 425 — 431. (i) Shieh, W.-C.; Carlson, J. A. J. Org. Chem. 1994, 59,
5463 — 5465.

2. Morphine

4)

(a) Kapoor, L. D. Opium Poppy: Botany, Chemistry and Pharmacology; Food
Products Press: New York, 1995. (b) Butora, G.; Hudlicky, T. In Organic Synthesis-
Theory and Applications; Hudlicky, T., Ed.; JAI Press: Stamford, CT, 1998; Vol. 4,
pp 1-51. (c) Blakemore, P. R.; White, J. D. Chem. Commun. 2002, 1159 — 1168. (d)

Morimoto, S.; Suemori, K.; Moriwaki, J.; Taura, F.; Tanaka, H.; Aso, M.; Tanaka,

- 190 -



5)

6)

7)

8)

9)

M.; Suemune, H.; Shimohigashi, Y.; Shoyama, Y. J. Biol. Chem. 2001, 276, 38179 —
38184. (e) Morimoto, S.; Suemori, K.; Taura, F.; Shoyama, Y. J. Nat. Prod. 2003, 66,
987 — 989.

(a) TERE—HE, W EEMR, DROBE0R ) | B SEELE (1996). (b) Az
17, M I, TR - A E 607 7 a—F-) | BRYEZEFEA (2004). .
(a) Mascavage, L. M.; Wilson, M. L.; Dalton, D. R. Curr. Org. Synth. 2006, 3, 99 —
120. (b) Zezula, J.; Hudlicky, T. Synlett 2005, 388 — 405. (c) Novak, B. H.; Hudlicky,
T.; Reed, J. W.; Mulzer, J.; Trauner, D. Curr. Org. Chem. 2000, 4, 343 — 362. (d)
Hudlicky, T.; Butora, G.; Fearnley, A. P.; Gum, A. G.; Stabile, M. R.; In Studies in
Natural Products Chemistry; Atta-ur-Rahman, Ed.; Elsevier: Amsterdam, 1996; pp
43 — 154.

(a) Varin, M.; Barre, E; Iorga, B.; Guillou, C. Chem. Eur. J. 2008, 14, 6606-6608. (b)
Omori, A. T.; Finn, K. J.; Leisch, H.; Carroll, R. J.; Hudlicky, T. Synlett 2007, 2859
— 2862. (¢c) Uchida, K.; Yokoshima, S.; Kan, T.; Fukuyama, T. Org. Lett. 2006, 8,
5311 — 5313. (d) Uchida, K.; Yokoshima, S.; Kan, T.; Fukuyama, T. Heterocycles
Prepress. (e) Parker, K. A.; Fokas, D. J. Am. Chem. Soc. 1992, 114, 9688 — 9689. (f)
Parker, K. A.; Fokas, D. J. Org. Chem. 2006, 71, 449-455. (g) Nagata, H.; Miyazawa,
N.; Ogasawara, K. Chem. Commun. 2001, 1094 — 1095. (h) Blakemore, P. R.; White,
J. D. Chem. Commun. 2002, 1159 — 1168. (i) White, J. D.; Hrnciar, P.; Stappenbeck,
F. J. Org. Chem. 1999, 64, 7871 — 7884. (j) Mulzer, J.; Diirner, G.; Trauner, D. Angew.
Chem. Int. Ed. Engl. 1996, 35, 2830 — 2832. (k) Mulzer, J.; Bats, J. W.; List, B.;
Opatz, T.; Trauner, D. Synlett 1997, 441 — 444. (1) Trauner, D.; Porth, S.; Opatz, T.;
Bats, J.W.; Giester, G.; Mulzer, J. Synthesis 1998, 653 — 664. (m) Trauner, D.; Bats,
J. W.; Werner, A.; Mulzer, J. J. Org. Chem. 1998, 63, 5908 — 5918.(n) Mulzer, J.;
Trauner, D. Chirality 1999, 11, 475 — 482. (o) Parsons, P. J.; Penkett, C. S.; Shell, A.
J. Chem. Rev. 1996, 96, 195 — 206. (p) Moos, W. H.; Gless, R. D.; Rapoport, H. J. Org.
Chem. 1983, 48, 227 — 238. (q) Moos, W. H.; Gless, R. D.; Rapoport, H. J. Org. Chem.
1982, 47, 1831 — 1837. (r) Moos, W. H.; Gless, R. D.; Rapoport, H. J. Org. Chem.
1981, 46, 5064 — 5074. (s) Weller, D. D.; Rapoport, H. J. Med. Chem. 1976, 19, 1171
—1175. (t) Iijima, I.; Minamikawa, J-i.; Jacobson, A. E.; Brossi, A.; Rice, K. C. J. Org.
Chem. 1978, 43, 1462 — 1463. (u) Iijima, I; Rice, K. C. Heterocycles 1977, 6, 1157 —
1165.

3. Claisen #&\f

(a) Castro, A. M. M. Chem. Rev. 2004, 104, 2939 — 3002. (b) Majumdar, K. C.; Alam,
S.; Chattopadhyay, B. Tetrahedron 2008, 64, 597 — 643. (¢) Chai, Y.; Hong, S.-p.;
Lindsay, H. A.; McFarland, C.; McIntosh, M. C. Tetrahedron 2002, 58, 2905 — 2928.
Khaledy, M. M.; Kalani, M. Y. S.; Khuong, K. S.; Houk, K. N.; Aviyente, V.; Neier, R.;
Soldermann, N.; Velker, J. J. Org. Chem. 2008, 68, 572 — 57.

10) Fukazawa, T.; Shimoji, Y.; Hashimoto, T. Tetrahedron: Asymmetry 1996, 7, 1649 —

1658.
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11)

12)

13)

14)

Tokuyama, H.; Makido, T.; Ueda, T.; Fukuyama, T. Synth. Commun. 2002, 32, 869 —
873.

(a) Malachowski, W. P.; Paul, T.; Phounsavath, S. J. Org. Chem. 2007, 72, 6792 —
6796. (b) Ng, F. W.; Lin, H.; Danishefsky, S. J. J. Am. Chem. Soc. 2002, 124, 9812 —
9824. (c) Srikrishna, A.; Babu, N. C. Tetrahedron Lett. 2001, 42, 4913 — 4914. (d)
Chida, N.; Sugihara, K.; Amano, S.; Ogawa, S. J. Chem. Soc. Perkin Trans. 1, 1997,
275 — 280. (e) Bohno, M.; Sugie, K.; Imase, H.; Yusof, Y. B.; Oishi, T.; Chida, N.
Tetrahedron 2007, 63, 6977-6989. (f) #ZIL I, BEEMEFANFRF P LA oA
W T 2B 20054 (& 154 L. (2) Bohno, M.; Imase, H.; Chida, N. Chem.
Commun. 2004, 1086 — 1087. (h) THE%, /NI, A4E, 1995, 53, 858 — 868.
(a) Nicolaou, K. C.; Edmonds, D. J.; Bulger, P. G. Angew. Chem. Int. Ed. 2006, 45,
7134 — 7186. (b) HFHRK, = L3z—, [EFDHEM, 1982, 36, 661 — 672.

(a) Gopal, D.; Rajagopalan, K. Tetrahedron Lett. 1987, 28, 5327 — 5330. (b) Kotha,
S.; Sreenivasachary, N.; Brahmachary, E. Tetrahedron 2001, 57, 6261 — 6265. (c)
Curran, D. P.; Suh, Y.-G. Carbohydr. Res. 1987, 171, 161 — 191. (d) Demay, S.;
Kotschy, A.; Knochel, P. Synthesis 2001, 863 — 866. (e) Tisdale, E. J.; Vong, B. G.; Li,
H.; Kim, S. H.; Chowdhury, C.; Theodorakis, E. A. Tetrahedron 2008, 59, 6873 —
6887. (f) Tisdale, E. J.; Slobodav, I.; Theodrakis, E. A. Org. Biomol. Chem. 2008, 1,
4418 — 4422. (g) Coombes, C. L.; Moody, C. J. J. Org. Chem. 2008, 73, 6758 — 6762.
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