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[a]p specific optical rotation

) chemical shift in parts per million downfield from tetramethylsilane
1) micro

Ac acetyl

AcOH acetic acid

AIBN 2,2'-Azobis(isobutyronitrile)

ag. aqueous solution

Ar argon or aryl

9-BBN 9-borabicyclo[3.3.1]nonane

Bn benzyl

Boc tert-butoxycarbonyl

Bu butyl

Bz benzoyl

°C degrees Celsius

COSY correlated spectroscopy

ca. circa

(£)-CSA DL-camphor-10-sulfonic acid
DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene
DFT density functional theory

DIBAL diisobutylaluminium hydride
DMF N,N-dimethylformamide

DMPU N,N'-dimethylpropyleneurea
DMSO dimethyl sulfoxide

dr diastereomeric ratio

eq. equivalent

Et ethyl

ESI electrospray ionization

epi epimer

eq equivalent

FMO flavin-containing monooxygenase
g gram

HMBC heterohuclear multiple bond correlation

HMPA hexamethylphosphoric triamide

111



HRMS high-resolution mass spectrum

HSQC heteronuclear single-quantum coherence
Hz hertz

h hour (s)

hv light

IR infrared

J coupling constant

L liter

LHMDS lithium bis(trimethylsilyl)amide

M molar

Me methyl

MOM methoxymethyl

Mp melting point

MRSA methicillin - resistant Staphylococcus aureus
MS mass spectrometry or molecular sieve
m mili

mCPBA m-chloroperbenzoic acid

min minute

mol mole

m/z mass to charge ratio

NBS N-bromosuccinimide

NMO N-methylmorpholine N-oxide

NMR nuclear magnetic resonance

NOESY nuclear overhauser and exchange spectroscopy
i-Pr isopropyl

PCC pyridinium chlorochromate

PP pyrophosphate

ppm parts per million

PT prenyltransferase

PTLC preparative thin layer chromatography
p-TsOH p-toluenesulfonic acid

quant quantitatively

R substituent

rt room temperature

sat. saturated

solv. solvent

v



TES
TBAF
TBAI
TBS
TBDPS
TC
temp
Tf
TFA
THF
TLC
TMS
TPAP
TPP
TTX
TS

triethylsilyl
tetra-n-butylammonium fluoride
tetra-n-butylammonium iodide
tert-butyldimethylsilyl
tert-butyldiphenylsilyl

terpene cyclase

temperature
trifluoromethanesulfonyl
trifluoroacetic acid
tetrahydrofuran

thin later chromatography
trimethylsilyl
tetrapropylammonium perruthenate
tetraphenylporphyrin
tetrodotoxin

transition state
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1-1. Jrim

A2 R=NTTN_UE BEO ZKIGHED TH Y | 100 L EOREHH
IR MRS WETEHERN N DN TND (AT MMEFMET ) U LF ¥ LD
PRETEME, J852 20EM, 707 AT v 2RO T T =2 b, HT MRSA 1%
L), INETEOWESILOMIEZRRD7-DIZ, ZLOFREFIZL ST
BB ETONTE L, TORR, A F—= VT T AR OaTiEL, &
W%V L DOAELSRBEFE TH D PaxPQ R0F DRE R /2L - TEERbT 5 2
LER AAROBEICEZ B4 Y RO T L= e, &6 5B
EEZRICHFE LT D Z ERHA LN ST,

paxilline sespendole penitrem A

Figure 1-1. Examples of indole diterpene

FEWIN A Epichloe festucae var. lolii\Z X > THEESNDHA » R—=1L VT 18
YOI Y FULLER DY 30 FEU EOBZERRESN TN D, RFE
72t D& LT, ZEEHEOEARICEL LODER T4 7T ARL v I —|
DRFWETHZ20 ) ML ABRH D %, MERRRFEE LT, o1 F—
VTN ZFRVERIRE =TV E G AB REATLHILDHTOND

(Figure 1-2) ,



lolitrem B lolilline

lolitol

Figure 1-2. Structure of lolitrems

72U N AOESBEIS 7 7 A —IL Scott HAAIE L, 10 {HOBEE T T
REI, ZODOBETEICGE SN TWAZERHALNE o TWNE S, 77 b
KV ) RN B IO DEEFE LimG (PT). LtmC (PT). LtmM (FMO), LtmB (TC)
IZED . A R= AP T NN DEREE Tl 53 AN) UIREGHRIND 4
& 5|2, LtmP (P450), LtmQ (P450), LtmF (PT), LtmK (P450)iC & ¥ T /L~ K
—/VE, I, J, CRREDZEBEZEDALEER SIS (Scheme 1-1 [2F D— %
). L, BU b LA BICEDRMEETH D AB BROMEIC OV T,
B FIESEBR LD LtmE (PT)& Ltm] (P450)23B85- L T\ 5 Z ST ST
STWebDD, ZDFEMREREIZ DWW TIIARATH - 7,



rophosphate
pyrophosp LtmM (FMO)

LtmB (TC)

LtmG (
famesyl LtmC (PT) O uma
ﬁ
(P450)
OH
0

a

paspaline

terpendole C

lolitrem B

Scheme 1-1. Biosynthesis of lolitrem B

<z HFEIEE TH L AMERFORINFEK ST, =hravdhe
NSPID1 #f5E & L. 7/ AmEHIFO—>TdH % CRISPR/Cas9 % VT LtmE,
DEEFE2EBANTDHZ LT, LtmE (PT) & LtmJ (P450) D RERE % i@ L 7=
(Scheme 1-2), 15§57 BEIHR AO-ItmEJ (2, TV R—L 1 #5345
&L AB BREFRORY F— U A~EHEIND Z L AR LTc, LmE [ZX->TA v~
R—LDORPUBIZ OO L =/LEEREA S, Lim] 12X Y AB BN
SN ENTRINT, £/, ZOEE vl b= b bliZoRmF T a—
VDL AR LTz, BB L7 R % 7L a— L 2 B EEREAR AO-ItmJ (2%
HF2L, 0l b= APERLIEZZ END, TARF U T3 —/L% AB BRAEEEIC
BIOHMETHLZ EnH Lol ok, ZARF T L a— L4y DO
XESARFLE L S PR TR S IVIALSEA R T J- 1 772 £ O NMR 7 — % DL
ZXVRELTWD, Lol Ltm] D X 9 72 P450 B bBEFE DN R BB A& 2 iS5+
HENIFHTH Y . ZORICEMEICHE N R -z, B oA X NeT Ao s%
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BTG OBFZNRILTIE, =FRXFY FR7m b Avbic k> TiEHbsn b
LT, TARFYFOMBRICHEVIRBERMELE SN D, L L, BeIbEESE P450
INTARF T ROTEMHELAE AT 5 Z 2 13EZ 210, 22T, HMr =R o7
Jb a3 — )LHEN GERLOGIZ K > T AB BBOHEEE S D BOSHE &2 IRIEITR
TROITRE LT,

lolitol epoxyalcohol

(FPREE)

Scheme 1-2. Functional analysis of LtmE and LtmJ by heterologous expression



1-2. EFAVERICE D AB B/ A B O iR
1-2-1. = U b L AHHO AB BRAES RBERE OHEE &£ 7 LV EBROBE
P, DRI T AT K 11 235 Liml 1250 R DAL DKE RS

RPN T F T P HHFRIE1-2 B4 C % (Scheme 1-3), RIZ, THRF VK
DORARICK D AF T VN 13 AL, 1,5 kFEBH)  (1,5-HAT) IZL->T=
=T DN 1A DERT D, fe< R DT IV KT D 6-exo-BRAG UG
IZEV BEDEER I, ECTE=ROKFET IV E Lim) B—&E TRt T 252
& TE=RDHF A HREE1-6 £ 720 RBITH =HKREDOINZ L > To—
TUE (ABR) BRSNS EHEE LT,

I I q
1,5-HAT
3 ", ) , Ho™ 3/ o
0) - (' HOY
HO N\ ; A : ) N\ §
N N
/= H N H H
Fe=0  1-1 (epoxyalcohol) 1-2 1-3 1-4
H. h@ H
LtmJ
T, < U, S T
>4 Ny 4
N N
H N H
lolitrems 16 H 1-5

Scheme 1-3. A mechanism of enzymatic construction of AB rings proposed by us

TFNT AN 12 IRTRF Y REBHBRT D B IR b IS LERED m U &
TA SN 52, Rawal 513 Scheme 1-4 | R $HABLO G 2 8 LTV 5 6, 972
PH, ZRXIT N NTDPBARXT DA ST FIVT PV 1-8 &34
SHDHE, TRV RERERL, AR LTV ax T A 19 By OK
R ERDNTERICERZIERT 5 2 & T1-11 BME6H7,



.SnB BuzSn{ Bsﬁ\
o nbus uson u3no

(@) O 0
. Ph
Ph *SnBus ~ ~Ph /™~ _Ph i
(0] - (0] -
0O C\ OH
H” > Ph
1-8 1-9\’

OH

1-7 1-10 1-11

Scheme 1-4. Example of epoxide opening by ketyl radical

7B, HEE LT SOCHREIX LR C b 2 R KR ZONILEM HIZ X 5 E
FIVHYE & 72 DFT #H8 (UM06-2X/6-31G (d) 12 L » TH XFF &SN/~ (Figure
1-3), IO D TR F T ROBHEEISHHREBMETZN . R TOAT v 7 CiEMALRE
BEIX 20 kcal/mol % T[> Tk v | iR THONITHEITT 51 SRV RiT, Kt
IHREABNTH D L PHRINT, £72. BRIBEFEIZ N7 VAEBOER VKLY b
HERPICARITH L LB BN,

AG (kcal/mol)
30.0 —
20.0 —
10.0 —
0.0 —
-10.0 —
-20.0 —
-30.0 | e A
PD-c
(-31.9)

Figure 1-3. Computational calculation of the proposed reaction mechanism.
Potential energies relative to RT are shown in parentheses (kcal/mol; Gibbs free
energies calculated at the UM06-2X/6-31G(d) level)’



B BHEE LTz AB BRAEFUHEAE D 2 M & FEBROVICIRGES 272912, LLTFO
EFINVEBRAZRE LT (Scheme 1-5), EF/VHE L LT AB BRARET LERIC
BAKPRMLE 2 7 L = VB LR F o7 hrd 12 M2 OB 1-12 %
LT, (EFIC RIS TN a— Db rF LTIV ERESEL L
IR 72, SHET DRI 7 b 1-12 725 Rawal HOHFIEICHES TR Y
TTFNARTZANEERHSEDLZETrFAT VN 113 2RESEDH, 2
D FNT I NHFRIE 1-13 13, #EEROCHERIZ R 2 12 IS8T 5, 2D
FUNNNERFY RERBEL 15-AXBEH LY = ) — LT D h ik 1-
15 L7, 6-exo-BRILEURIC R Y 2 U R L AJED B BRICH Y3 2855 2L
SNDHIETTTHD, ZD n-BusSnH % 5 RUSKRITIRIRE T VIV O—&E 1

LITHEIT LW e, KEMSNTALEW 11T KGN d & TR LT

1-12 1-13 1-14

1,5-Sn shift T

Scheme 1-5. A design of model experiment
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1-2-2. EFVER

T VHE 112 13 AHEE O LI X 5 T o-3 — KL EEME 1-18 7> 5 Scheme
1-6 \Z R T HIETEREINT, Thbb, 1-18 DU VAR V% KoCOs & Mel 12
X AF L 2TV 1-19 ITEH% . = 2T /LD DIBAL i#7t & PCC 2fkiz L v
TILTE R121 &Lz, TATE R 12126 L 2-AF -1-7aX=)b~ 7 %
YULTu I RIS, mCPBA # HIWT =EMRT V7 2 RF 4L LT
1-23 #4572, kI, & fokiEi% IBX TRk L, 4 VX T = ) 7T
WNABF v T AE-Stlle 7y 7Y 7 KD 1-12 AR LT,

52%

A | mCPBA | IBX Busn— N
S0 .70 )

HO CH,Cl, HO DMSO O Pd(PPhg)s, DMF (5
75% 89% 90 °C

60%
1-22 1-23 1-24 (+)-1-12

o I
K,COs DIBAL MgBr
SO OE OR O g
THF THF CH,Cl, THF
94% 93% 93%

Scheme 1-6. Synthesis of model compound 1-12

BT NVEE 112 123 LT, R H AIBN f#7E T, n-BusSnH % 80 °C TfE
MR L ZA, OiT—UETE 358 1-12 & 87%I[5IX L 72 (Table 1-1, entry
1) ZOFERICEBNT, HEO ML UIRIKIC n-BusSnH #2728, ML <K
WRELD Z EEBIE LT, Ziuk, EEEGRTHWAH—Stlle 7> 7Y >
ZEOG (1-24—1-12) TEM L7 Z<MED /T 20 A DFIEDS n-BusSnH
ERG U TREBDBE LB Tl meExT 0 22T, 7 /VEE 1-
124537 00 AOBRERITH S S-H VU B & THER L AIBN /77 T,



n-BusSnH % 80°C TIEH &5 & HifFi@ v Rk 1-12 13k L7z, LasL. H
FFLTEB-E Fexi 7 o 117 IR EMHER S D DA T, FEAERDITERR 7
K> 125 THoTz (entry 2), TAEY 6-exo BALDEITT 2L DD, MBS
TTB-E Raxisr bl ha7 /b R—=VRIGHEITL 125 NAER L2 &%
XToe £ZT, KVEETCI VN ERESELZENTELEB 70
BASRAIE LTRSS/ E 2 A, BET D 1-17 D cis K% 5%, trans (K%
N%DULE T (entry 3)!, L2xL, Z OFMFETHFED HWIC A S e
NHDL LT oL ka7 R— VRIS HEIT LTo7ow, R 7% L CRUG & 15 1k
SHZ, B, WTHORINIZEB W THEVEMRY & L TEROB-E Faf i b
126 BEELNTED, I S — T IV D 6-exo BRALT HENIKFELS
NIiALEMTH %,

By 7y "y Ay

1-17 (cis) 1-17 (trans)
ratio? (yield®))
entry reagents (eq.) solvent  temp
1-17 (cis) A1-17 (trans): 1-25 1-26 : 1-12
1 AIBN (0.1), BuzSnH (1) toluene 80 °C 0 0 0 0 1(87%)
2" AIBN (1), Bu3SnH (10) toluene 80 °C  trace (3%) 0 1(30%) 0.57 (16%) O
3" Et3B (1), BusSnH (2) THF 40 °C 0.69 (5%) 1.3(11%) 1(10%) 1.3 (17%) 8.2 (49%)

1) A precursor 1-12 was purified by S-H silica to scavenge residual Pd catalyst.
2) The ratios were determined by "H NMR analysis of crude.
3) The yields were calculated from the ratios of "H NMR of these mixtures.

Table 1-1. Model experiments
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7B SUSIRE ) O EALAERY 117 % BEHERERT 5 2 L IXREEZ 572720
LU FOFFEACSOGIZ Ko THlE L. SRS 2 R E Lz,
Cis K 1-17 1T RF 27 b 1-12 & GBEDIREEZ > 72728, NaBH4 (2 KV i
HFOr b EBTLIZEZA, VA= 12T 2 I DT T AT LA~ —IRAY
(5:1) & L CHEETE7 (Scheme 1-7), Cis 1K 1-17 O/ k> OEILOARITER
PEIE, 23O RE IREHEL 2 e T 2 K 9 & CH TS5 < 2 & T 1,2-cis (52VE
FLlcbEBEXTND, £, 127 OFEEROSAKELE X, "H-NMR A7 b
DIy 7V 7 ERF LU NOESY FHEADMEATIC LV IRE L, 127 1L TITRT
CTOOREDEREM TH D LB X BT,

HO | HO |
NaBH,
+ O —_— + o)
o 0 MeOH Ho
0°C
(£)-1-17 (cis) (#)-1-12 (#)-1-27 (+)-1-28
(1:10, inseparable mixture) (14%, dr 5:1)
separable

J(HyHy) =4.5Hz
J (H3-Hgy) = 7.0 Hz
J (HS-H4B) =3.5Hz

~<«—> NOESY

Scheme 1-7. Determination of the structure of cis-1-17
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2,3-trans 1K 1-17 13 1-26 &£ OEENEEREEM E LTI ONTZTZ®, cis K&
[FIERIC NaBHs TiEJC L7228, ool b ol Th o7z, £ 2 T. trans 15 1-
17 & 126 DREWICKI LT, KBREOENZFIHT L7 hrOETAITH D
NaBH(OAc); Z1EH &E2L 24, 126 DIHRETHEITL, VA4 —1 129 2 5
252 & RH L7 (Scheme 1-8), ZAUIZ KV trans /K 1-17 OHEBEEIZ R L=,
2,3-trans 1K 1-17 1%, /KEEEEDSARRIIZIRAE > T Y . NaBH(OAC): 2321 72
MNoT=l2, BILINRN-ToEBE LT, HEELT- 1-17 O 2 L & 3 MO FH*T
SARELE L, THANMR A7 ML Jp v 7Y o 7 g & NOESY FHBI D AT Iz &
Y trans R EIRE LT, ZODORE REWHIELIT T — 2 2 HAEMER Z®ET 2 X 512,
VT RITIVIHE SNTBEE Lo TWDH Z ENE X BT,

HO} HO | HO |
i’ NaBH(OAc)3
+ —> 117 (trans) +
o) o) THF HO
rt
(£)-1-17 (trans) (+)-1-26 (+)-1-29
(1:0.4, inseparable mixture) 62% 38%
separable

J (H2-H3) =0Hz
J (H3-Hay) = 6.0 Hz
J (Hg-Hag) = 0 Hz

1-17 (trans)

Scheme 1-8. Determination of the structure of trans-1-17
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1-3. #f5

27U FUAHHODO AB BRAERHKN T RIS TV a—ANLRAET LTIV
ANDGFFNT NI ~OMINC LD Z 2 EL, T AVERICEIY ZNE
FRFEL 7= (Scheme 1-8), 9 7¢bH, THRF U7 F U 111K LT, AXTVH
NEER S LTINS TV NERESEL L, HEEHY Y ML A
D B RICHY T SNSRI NTZ, REMOESHIZBWT, =R 7L
I OBALKG T, @ =AY ROBIC K 2R ZESE LTEITT 5, 20
WFZE T 6T L2l bBESR PASO IZ L D =X T 7 OBk, &2<HL
WELRIGIERTH 5,

AUV LEEOD ABIRDHETE £ & S

| | N
o s LmJ | 07, A HO” )
HO S [Ho Sy — |
P450 C_)_)
N N
H H
epoxyalcohol L _ lolitrems
EFILEER _ -
| Et,B | q( HO
Bu3SnH
20 =0 =, ) = e
o THF 0 T Bugsn -
(0] (o}
SnBU3 O
1-12 — - 117

(32% brsm, cis/trans = 1:2)

Scheme 1-8. Summary

13



References and notes

(1) (a) Tagami, K.; Liu, C.; Minami, A.; Noike, M.; Isaka, T.; Fueki, S.; Shichijo, Y;
Toshima, H.; Gomi, K.; Dairi, T. J. Am. Chem. Soc. 2013, 135, 1260-1263. (b) Tagami,
K.; Minami, A.; Fujii, R.; Liu, C.; Tanaka, M.; Gomi, K.; Dairi, T.; Oikawa, H.
ChemBioChem 2014, 15, 2076-2080.

(2) (a) Gallagher, R. T.; Hawkes, A. D.; Steyn, P. S.; Vleggaar, R. J. Chem. Soc. Chem.
Commun. 1984, 614-616. (b) Gallagher, R. T.; White, E. P.; Mortimer, P. H. N. Z. Vet.
J. 1981, 29, 189-190.

(3) (a) Young, C. A.; Bryant, M. K.; Christensen, M. J.; Tapper, B. A.; Bryan, G. T.; Scott,
B. Mol. Genet. Genomics 2005, 274, 13-29. (b) Young, C. A.; Felitti, S.; Shields, K.;
Spangenberg, G.; Johnson, R. D.; Bryan, G. T.; Saikia, S.; Scott, B. Fungal Genet.
Biol. 2006, 43, 679-693. (c) Saikia, S.; Takemoto, D.; Tapper, B. A.; Lane, G. A.;
Fraser, K.; Scott, B. FEBS Lett. 2012, 586, 2563-2569.

(4) PT: L=V REEBEE, FMO: 79V EAE / AF v 7 —¥, TC: 7
IS BRAEIRESR

(5) Adachi, M.; Higuchi, K.; Thasana, N.; Yamada, H.; Nishikawa, T. Org. Lett. 2012, 14,
114-117.

(6) Rawal, V. H.; Krishnamurthy, V.; Fabre, A. Tetrahedron Lett. 1993, 34, 2899-2902.

(7) XX Em X L v 51 A : Jiang, Y.; Ozaki, T.; Harada, M.; Miyasaka, T.; Sato, H.;
Miyamoto, K.; Kanazawa, J.; Liu, C.; Maruyama, J.; Adachi, M.; Nakazaki, A.;
Nishikawa, T.; Uchiyama, M.; Minami, A.; Oikawa, H. Angew. Chem. Int. Ed. 2020,
59, 17996-18002.

(8) 1,5- A X EY D : (a) Hasegawa, E.; Ishiyama, K_; Kato, T.; Horaguchi, T.; Shimizu,

T. J. Org. Chem. 1992, 57, 5352-5359. (b) Kim, S.; Koh, J. S. J. Chem. Soc., Chem.

14



Commun. 1992, 1377-1378.
9) IERFR] (B B KRB R P 2e RS AR B S AR A B b
WFEE) ELFRSC 2020 4 3 H
(10) filfiE & > Pd(0)%% BusSnH % (BusSn) (S ERANCAEHT 5 Z L NG SN T
W5, Al-Allaf, T. A. K.; Kobs, U.; Neuman, W. P. J. Organomet. Chem. 1989, 373,

29-35.

Pd(PPhs)4 (0.01 mol%)
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(A1) SARBEPRPEICOW T TO L S IZELE LT, T7hbb, 1-12 ITXLTFH
VITTFNAXTVHINVEERSES Z & TELLFRIKROEBIREE TIL,
CODREZIRBEIILD cis ITBET D XY trans DI DBNAKFEE NS W
D, trans-1-17 DELE L TRHRONTCEBR LT, B, ZoOMRITET VE
BaRWTRERBRIZBWT, s KA 52 5BBIRELY b trans K% 5
ZDBBIRED ST NEZETHDHZ EMbb SN, LirL, 17T b L
M TV R VOGS EIT T 5720 FEERIZ T O X 0 7@ RN S LTz

PNIED TR,

15



AG (kcal/mol)

30.0 —

(14.7) IM1"

10.0 — (10.4)

0.0 —

— ~~
-10.0 0 | 148A |

-20.0 —

-30.0 —

(Gibbs free energies calculated at the UM06-2X/6-31G(d) level)
IX Jiang, Y.; Ozaki, T.; Harada, M.; Miyasaka, T.; Sato, H.; Miyamoto, K.; Kanazawa,
J.; Liu, C.; Maruyama, J.; Adachi, M.; Nakazaki, A.; Nishikawa, T.; Uchiyama, M.;

Minami, A.; Oikawa, H. Angew. Chem. Int. Ed. 2020, 59, 17996-18002. XL Y 5|H,
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2-1. FFam
2-1-1. F hE R ¥
(@ 7 Fr R b %2 OEERE & JERIE

HARADHFATET 7 7I120E, NEFRIZESL LODIZEDBNRENE N
TNDZEEHLSBMBLILT, 1909 FICHBIZZ OEE~ 7 7 LV B
L. 77 D4 (tetraodon) \ZH72/ATT ha R hd v (TTX)EL4FMT72 L,
L L, O OREITIZ S HI2 50 FLL EORH 280 LT, 1950 41
BMEOGIZT br R 20 Tiidh e LTHBEL7Z 2, £ LT 1964 FITH
HCHRAME SN EHE R SFHE IRV T, AHRKFEOFH - %EES, KT
DEEM 5 /N—3— K KD Woodward D =D DAL/ V—7"7 b K hF v
VOLFAEE E RIS E LT 3 F72 1970 FICHBIE, 7 hr Ko
DFEARD X MRS SEE RIS T L, RS AR EZRE LY 7 b R b
XL BFEPDT D 319 B pFHAN P AT E o TER S
HYAXYTH B BRI T = =0 LEBEPHEER L. 9 DO T D AFE
L EAT D IEEICHEME R EZ A/ LD (Figure2-1), 7 b K b3
KSR CTIEANL b 2T AL 7,10 DT 7 S U HEEO AR A & LT
fEAAEL. AV b ATV OKEEFED pKa 1% 8.9 & BEITEWERMEE 2R L, Wk
AT BB L TND

tetrodotoxin (TTX) tetrodotoxin
orthoester form lactone form

Figure 2-1. The structure of tetrodotoxin
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F 72 1964 D [RIE BRI T, Mosher H1E8 Y 74 /L =T AF Y
IZE £4U5 tarichatoxin 237 ha R h¥ v v EfR—DIbEWMTH D Z L 2HE L
725, FNLIRE, 7 7 UANDSZER AR T Fr R XU U A RAELTWD Z &
MIAGINE ol WFRE TII—5oZ aoh =, BH, e 7L REND,
PEABREE CIEA TV OMIZ—FO A ZANLT ha R hF U BEDH - TH
5. Elo. TNODEMNOLZEOT Fha B v HERENHBES TR Y,
Figure 2-2 [ZHFFEEREE ) O HABE S U7 S8R K % . Figure 2-3 (Z[A BRI ) & HARfE
SNTHEREE TN TR T, WERETIL, 49-7 8 Ru TTX & 4-piTTX
DIEDNT S AL 6 AL AL IB W T EN TR D R0 D 5-7 4 % TTX,
6-7 A XL TTX 11-T A4 F ¥ TTX, 5,11-V T A% TTX,6,11-VT 4 F + TTX,
56,11- 8 U T4 TIX BNE SN TWD, AR TIZ, 407, 607, 81D
FNEND epi (KL N1 fLDOTFHFURDIEIMNIZ, 7 b B hF 2 VHEERO S
THROEMEAEELZFHSF U X hX LU BRHRESN TS, £72, 49-7 > K
7 TTX. 49-7 > & K2-6-epiTTX, 49-7 > & F-11-74F ¥ TTX blE S
TWo, ZOXH T, WRENDHEBESNTZT ba R %o 0 OBEREROFIAIT,
49-7>t Ru TTX | 4-epiTTX, 11-7 4% TTX #rE, REJ BT
Lo B, T hR REXRT b 4-epiTTX, 49-7 > & Ku TTX (X ZE it

KB T AEZE# LS9 5 (Scheme 2-1),
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tetrodotoxin H OH CH,OH OH
4-epiTTX OH H CH,OH OH
6-deoxyTTX H OH CH,OH H
6,11-dideoxyTTX H OH CHj; H

R® R*
5-deoxyTTX CH,OH OH
5,11-dideoxyTTX CHj, OH
5,6,11-trideoxyTTX CHj H

4,9-anhydroTTX

Figure 2-2. TTX analogues found in marine animals®

R’ R? R® R* R® R®
tetrodotoxin H OH CH,OH OH OH H
4-epiTTX OH H CH,OH OH OH H
6-epiTTX H OH OH CH,OH OH H
8-epiTTX H OH CH,OH OH H OH
11-deoxyTTX H OH CHjy OH OH H
hiriquitoxi H OH oH © OH OH H
chiriquitoxin ‘\‘/COO
NH3
RS R*
4,9-anhydroTTX CH,OH OH
4,9-anhydro-6-epiTTX OH CH,OH
4,9-anhydro-11-deoxyTTX CHj; OH

tetrodotoxin 4-epitetrodotoxin 4,9-anhydroTTX

Scheme 2-1. Equilibrium mixture of tetrodotoxin in acidic solution
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(b) 7 hr KR iR

ZERIAEMNRT br R R v BLONEOHEREKERAT LI, 77
EDFFOT b KRV IIRKTH D Z LR TREINT, FHbEEs
Y7 7 a KBV, BEBERWERTRE T2 & 7 7N EEa RmS RN
L&, BEOERBO Y777 ha RN U ERETE 5 2 5 & mitEn
MDD T EME, TR EDOWIEEMIIBITSHT br B hF o oRFEITS
KMETHD Z ENR RSN S, I BT, 1986 FITLIL b ITESEN S °, B
OB =0nb 0ZnENT ha R XU UAFER (2585 @ Pseudomonas sp..
B A O : Vibriosp.) ZHBEL 7o, TNLUBRIHFEERENOZHDOT ha R X v
AEENRE SN TWD 1 ZEnh, 777 EOWNEEYIIBEN O LEFET D
ThR RNV UOEZEMESHICLVEE L TWD EEILNTWD, —F, B4
BREICBNTT b R R U OEEEMIR P> TELT, 7 hr K ¥
T OEPFITEW I X DAKMED RO e EORNRERENEF
BRIV TE T, UL, 2015 AT » TEES X, P77 T4
FVZKHLTT e R U 2B ERWEEEIMETHE, AEVIET b
BRMFVUERAELRNI EEHLNCLEE 2 ZICE D BEARKICEWY
Th, AEIRHTNAVDOFDT bu R XU 3R Th 2 alaEMED IR < 3¢
Fxhi,
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(c) 7 ha R hFxT DAL

1964 #1Z Woodward X7 b N h % o > OEEREDOGHRLIZBWNT, 7 k=
REF IR T T F RIpBAEGR I TV D alRetE & 154 L7 3©, 20 50
FELLEORANESD, T ha RSy OALRITHAES RIEHTH 5, 1983
FITIFAK BIX UC THEBAL L 7= arginine X° acetate 24 U 7 4/ =7 A E U L
ANZAEVICEEG LD, EdbSnzT e R R gt s e o
72 B, F e, BERO XS IR LD 7 b e K bR U AEREPEEES TV
HH00, 7 ha R rOAGRIZED D BB ORI EHLEE ST
WV, ZOFKIZ, 7 ha R hF U AEERPERES T I bThRED
T ha R UDAEEET, NLEESH T CTITX EEREEZL) Z Lilh
Do TDI=H, T b R XU DOAEGHREKIZ, 7 hae REF U2 RAT 5
A D ZOBB(LAMEZBEET S 2 L THESNTE 7, Bx - T BIE, &
VoA G EEE LT 6-epiTTX & 11-deoxyTTX, ZE2 7 77 5bHEELT-
5,6,11-trideoxyTTX % % & 1Z Scheme 2-2 (273 —ODAESKBRK B Lo
607@  F72pb, —k A TlX, 77 =Y & 2-deoxy-3-oxo-D-pentose 7> 5 E
%9 % 2-aminoperhydropyrimidine &1 ¥ 7L/ A4 R3HE&T 25 2 & TR
K 2-1 MR L. B LEOSZ LD 56,11- 8 Y T4 %2 TTX & 11-74F 2 TTX
ZRRTT b R AR UBEGRIND EHEESNT, +— K B TlET7Ar¥=
YA YTV A ROAEARRREIE 2-2 252, BBLROGIZ XD 56,11-VF
FXUTTIX & I-THF T TIX AR TT ba R XU B EGREND LHEE
STz,

22



Route A

H OH ® ~,_~CH,OH
® H
=<NH2 HOHzcﬁOH _ H2N=<% < . _ HZN\\N- OH
NS ) ) e o~ e
.............. N
NH, * g > H PPO > oy
HO” “CH,OH
- 2-deoxy- 2-aminoperhydro . i 241
guanidine 3-oxo-D-pentose pyrimidine isoprenyl-PP
Route B
® H2|:‘ COOH ® HO, CH,OH
HoNs H HoN M
\N' « S - \N— _______ -
ANH™S 7 - N\ T -
H™ PPO H
arginine isoprenyl-PP

11-deoxytetrodotoxin

tetrodotoxin

Scheme 2-2. Proposed biosynthetic pathways by Yasumoto et al.

—J7. 2017 ST T BIFANF 2 7 7 (Tetraodon biocellatus) 7)o B L 72 A
EuBik 7T =V ALE M E b LD, WEEREICEB AT hr R b v
DAEBRZHTT2IZ Scheme 2-3 O LD IZRIF L Y, 372 H, Tb-210B 705 9
B, 8L, 7ALBNERKEEFAL S4LC, Tb-226, Tb-242A & Tb-242C, Tb-258 IZ
B S D, PR 2-3 X0 2-4 [THBPES LTV R0 4ok & 7 7 kAl
ANLEDERIRT T =V U ERIZ LY 5,6,11- N U T A XY TTX WAEKRT 5, =6
2. I AALOKBEIAIZED 5,6-F T 4% TTX 25, 6 (i DOILIZ LY 5-7 4%
CITTX WNAEU, HRBRICSOBEIZE VT ba R UonEamkasind &
EINT,
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(@] (0] o} (0]
9,0H OH OH
HN [O] HN [O] HN OH HN
@)\ — » ® — ® + @)\
H,N H H HoN H H HoN H . HoN Ho
\ .8
H H H Hooy

Tb-210B Tbh-226 Tbh-242A Th-242C

[Q] l

5,6-dideoxyTTX 5-deoxyTTX tetrodotoxin (TTX)

Scheme 2-3. A proposed biosynthetic pathway of TTX in marine animals

by Yotsu-Yamashita ez al.

S HIT, 2014 4E & 2016 LT « TEEDIE, 7 b R X245
XFUL U A4FY (Cynops ensicauda popei) 76, BEAIO TTX %KD 7
TITRA I BILY TTX OHEEAEGRFREIFFO L TRIND T
CiHxN:OmZfEIE L LCT hu R S v OB LAY E R LT, T OFER,
IIF 51 Cep-212, Cep-210, 4,9-7 > & RKa-10-~I 7 X —)L-5-T4F 7 bn
RhFy (NIF 27— TTX) ZHEEL, RARKICKT L7 e FhEy
v DEARARK % Scheme 2-4 D X ITHRE LS, T7bb, £/ 74T
LT TN UBINS T T =V MKV T T VT T =V NV ERT D,
e T DERF AL EBRILISIZE D Cep-212 84U, BiASIGE T Y
IALDFEAGIZ KV Cep-210 D3ERKT D, Cep-210 7> 5 fRFE-RF A A DRI K

DA 6 BERTPEIAK 2-7 WA LT=%. KEBBELIZL D NI 7 Z—)L TTX T4
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b, mEIC, ~I T H =V TTX O bR (KO NMR A7 kb
TIEHHIZ SN TV 236 Baeyer-Villiger B OV S8 EIT L, 7 ki K
N LA 4,9-7 8 R TTX MVEARSh L EHEES -, =
DA AR T MEREOHEE LA R & T2 B> TR Y | MEREICK
WAL ) HRTECAGHRFREZRTT e K b oV EGmlEnT
VWD RTREMEDS R ST,

PR / idati o,
epoxidation
----- HN HN A
\ ._..: @)\ \ ------- > ®)\ ﬂ\
H,N NH, H,N NH,
2-5

geranyl pyrophosphate geranyl guanidine

'
cyclization .

® O OH

HoN H. v H Hﬁ H 97—
XN Rt R N ik \\N—
Ht N H O OH
H

OH
OH

2-7 (not detected) 4,9-anhydro-10-hemiketal-5-deoxyTTX
(hemiketalTTX)

Baeyer-Villiger & g,o O
oxidation ~ HoNg H
<T iy
H™ G
OH
OH H

OH
tetrodotoxin (TTX) 4,9-anhydroTTX keto form

Scheme 2-4. A proposed biosynthetic pathway of TTX in terrestrial animals
by Yotsu-Yamashita et al.
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2-1-2. KWf9e0 HRY
s, TNETRAEIZBITST ba B 22 OfEAS TP FR Cep-212

& Cep-210 DARFEA K & Mo SERELE DR IE 2 3255 L, Cep B8 O % 37 AR
MT R RRXTERUTHD ZEEZHLMNT LT, 2L, Scheme 2-4 (2
TTIWT O DEGHIRGZ R DMK TH D, WIZ, KV T br FhFic
WS Z RO~ 7 ¥ — /L TTXIZHEH LTz,

NI A=V TTX IR, 7 ha R hF v L EAfk BECBRETEE LI
VIUAnFYUBRERKI T =V AL, 49-7 8 Fu TTX LRBRDT >
b RetdEsRio, £/, 7 hr R lidBhnwe v 7 eB31147 % g
f L Cl0 fEDEATENI T B X — MG Z RO, xlL, T OREMEE L
Baeyer-Villiger i2{b(Z & 5 TTX GO AIREMEICHBRZFf D, ~I 7 Z—)L TTX

BLORZFDR-TFAXI T I ulOEERE LT,

0O OH O OH
N H o N H 9o
HZN\N’ HaNS
W NG N N \
\H OH 8 OH
OH OH bicyclo[3.2.1]octane
8-deoxy-hemiketalTTX skeleton

hemiketal TTX

Figure 2-4. Structures of hemiketal TTX and 8-deoxy-hemiketal TTX
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2-2. A~ X —)L TTX OB
2:2-1. NI XNV TIX BIOS-TAF V7 a7 O ket

NITH =N TIXBLNED 8-TAX R EEMT S LT b EERREL
RHDIE, BV aB1]4 7 X UBROEETH D, TTX S IXEHRNRR DT
D PERD TTX A RlE & 1T 2 <E D HIETEKREMET 20E N H D5, £ 2T,
IRFEEIEEMEET D = DOERITIEE L LTz (Scheme 2-5) .~ /7 % — /L TTX
EXED T AF UKL ALEW 2-8 20T h= R TR#ESI N 1,2-VF— %
BirL, BRIRZ T =V EERTHIETHRLOND EB LT, (LAY 2-8 1%, 1k
AW 2-9, 2-10, 2-11 ICxITDAKIEE L 7T =V OBANC LV ERT D, BV
7 v B ROMEW 29, 2-10, 2-11 1%, TN LGS D RIEEA 2-12, 2-13,
2-14 PHWVTNG T UBVBRLEISIZ LY C5-C10 fEG AT 5 2 & THEK
T5, Thbb, AbEW2-91%, VY~ T AIDICL>TIOMOT VT E
RINGAECTZTrFNT UaNE 5 IS, h—Ahx— FElBiss25 2
ETHKT DL AbE®m2-10 6, F Uk~ U AIDIZE>TI0MLOT LT
RNSECTEFFAT N ET ) AL LAMNINERED Z L TEKRT 5. bEW
2-11 I, ARXTUANMZE S THRY T — M BELTET IV ESTNOT
VR THIRT D Z L TEMT D, BIBA 2-12, 2-13, 2-14 (3, HHFJEET TTX

RT7 T a7 OEKTHEEE LTEDLATE722-15 XV 55ETH 5,
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OH
5

® N
H2N \
\NN,
'R
H : OH
OH
hemiketalTTX (R = OH)
8-deoxyhemiketalTTX (R = H)

Scheme 2-5. Synthetic strategies of construction of bicylo[3.2.1]octane skeleton

2222, BV u[321]4 7 X L EISIEELIE DO RENT
@ TATE RETINI—RR— e\ T PV INVRILES (2-12—2-9)

TV HNVEBRALOGRIBEE L 72 5T v T e RET U LI —REX— F gttt
Y 2-21 1%, HEPEA 2-16 RV AR TELA I /) =—T /L 21T HELFD X
IIZHHE L7 (Scheme 2-6)%, T, {LEW 2-17 1275 9-BBN Ik b5k Fe
R FEE NaBO IZEDMGIC I = had e R oo F U RIca# LT,

WIZ 2-18 DA X ) = —T )VE S BRI L 0 kSR L, £ LC7-7 2 % Boc
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fELT 219 5  L7=, DMF 1 TBSCl & A X ¥ Y —LVEEHEE5Z & TF

—KEEFE 2 T RIRADIC TBS TR#E L, v U YUy oo X F /L0 TOEd %

Z L TE KB A 1 — R — ME LTz, &S, TBAF & W e fis U Ak
—#kKERFED Dess-Martin FE{1Z K 0 BRALATERAR 2-21 Z5R8L L7,

9-BBN
THF, rt
B —
then
NaBO3'4H20
ccly,  H20
0

COCCI known

1) TBSCI
OH imidazole OTBS ) tBAF
r DMF, rt r THF, rt
NHBoc  2) CICO,Et NHBoc 2 pess-Martin
pyridine, rt periodinane
73% (2steps) po O _OEt CHxClp, it~ RO O OEt
hif 83% (2 steps)
219 2-20 o 2-21 0

Scheme 2-6. Synthesis of a precursor 2-21 of radical cyclization

wiz, bt~V v AA)E AW E Y7 v[32114 7 ¥ Bk OBEZ KR
FFL72 (Scheme 2-7), BRALATBE(K 2-21 12%t L, HMPA f#(E F 2 7k~ U 7 A
(D Z{EH Sz & 2 A, BRBbK 2-22 % 17%DIERTHZ08, BlIARMm E L
T 223225 21873, BE 222 D 57 v bk 9B LN 10 AL iR
[l C HMBC fHBED B S 722 & B, C-5 & C-10 DR AR 2R Lo, £
72 10 VLD NCRBLE (TR ETE DS, H—DEpmE LTHE LN, BIFFLTE LD
2. TAT e RINBAEUTETZF VT O ANDT NI o ~ORINTEITT 5 60
D, Lo —ARx— N ORBBELISNT 6 fLDKFELS MOM EDBiEE: &35 &
Lo ZHUE. A== b BT P ANINZE T D ROBREE TIX o722
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EMFRKE L TEZBND, £, HMPA Z M 72WEETIE, JFEIO T LT B
ROVKEE AR T SNV ERD NG ONTZ e, AT TFALT VN %
HUEBIZAEMESE572DIZT AT RERIERTHD 5 MRFBAPL S D MNE
NoHEEBEZT, ZZ T KISREBEISELTDIZERKR IV AA—FEEANL,

FOINT 7T HE =L LTSI LWVWE ) V213 ZHWD T U VERE
ERET L2 &L LT,

Sml,
HMPA F X
—_— + o-
THF BocHN ‘.‘
78 °C
2-23
19%
OH
E . o7_ + RSM
BocHNT\=—\ BocHN ‘
EtOOCO CHO
RO  OCOOEt 2-24 2-25 )
2:21 (R = MOM) (proposed) (proposed)

inseparable mixture

Scheme 2-7. Sml2-mediated radical cyclization of 2-21

(b) 7T REx /) v EAWET PHVRIKIE (2-13—2-10)

TOINT IS E - LTEN ) EETER LRI 2-13 12, T T
Z—b 2-26 O IEBR I VAN A — MU & =AoKBREEDOHK, kI LU
5K EEORIC X W 4% (Scheme2-8), T kT A4 —/L 2-26 (X
IR 227 Ik 2 V8 Rr X Alc L Gpkd 5 5HE &2 Tz,

32



/ OH Sml,-mediated
_Ount radical cyclization _Ow;
o g_' — o=<

I
A A

O (@]
CIIOCCI3 COCCI3
NH

2-27 (R = TBDPS) 2-26

RO

Scheme 2-8. A synthetic plan

F, B PRIA 2-27 126 L, M EOUE LA A I 7 AL N-XAFLEILR
VoA HFT RiZEDcis- 8 RRXIALEZIToT0 &2 A, DT VT VB RIL
LT b T4 =226 5DV T AT LA~—L LTHEZY HWT NaH %28
WTHEBRANWAZ— MBS 2-28 215714, BV YU f, SOKEERETC
TEFMET DL FH kB XOHE RKBREN T B TF ks 78T —
N 2-29 73 BERE 97% DU T b 7o, itz (S5 —#koK g 2 Martin’s sulfurane
IZE o THlAKE, BT 2-30 2 A% ) — VHRED ) 7 A TUET 52 LT
TOoDT v FEERE L, AR LT YA — /L% Dess-Martin B2{b L CTERALATHX
K 2-31 ZHR L7 2,
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o
c;oc:c:|3 giﬂ%‘ coccly

NaH

— NH
ﬁ
THF/H,0 sOH THE
rt OH rt
81% OH

2-27 (R = TBDPS) 2-26 2-28

Ac,0, Py
97% (2 steps)

1) K,CO3
MeOH, 0 °C
89%

-~

2) Dess-Martin
periodinane CHCl,
CH,Cly, rt rt

Martin's
Sulfurane

e}

OAc

OAc
2-31 2-30 2-29

Scheme 2-9. Synthesis of 2-31, a precursor of radical cyclization

Wiz, F b~ U v AID)Z vz 2-31 OB LA G L7- (Table2-1), £3°,
TNATE K231k LT-78°C £721%-20°C T VbW~V v A(ID)EIEH S &
% & IE DL RDN / S du7z (entries 1 and 2), 2 OKIE T CIXBRAL S HET 79 2 Bl
DI WD RIS BEH L LT B 2 BRTRIKSEZITo70 & 2 AR
R 2-33 % 24% DR THET= (entry 3), L& 2-33 1%, BRI AT L C
AR Lic~U oAx ) Z— O 1 AKBBESBEEL, U7 URELS
IWTAERR LT EE XS B (bAEW 2-33 1 CIOALIZBET 2 L1 DY T AT L
FREME LTEONT, (LAY 2-31 OF TV HVBLRISOTMA L LT -
BuOH, LiCl, HMPA, DMPU Z#af L7223, %RISOG & 0] T ey, K
DML LTo (entries 4~7), USHEMEAL LIZHRO—>& LT, 74T B R
SAECTETFNT DA BITEOEIR A VAN A — N ZBBR L T\ D afREMENE
AbNlc, £Z T, ZON—FTOERBEIEL, (LEW 2-14 DBERACEUS % 1
MTaZ Ll LT,
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oy — on! 1
sm: [ o SR\ o= JFa\’
— = o- ) o- ]

additive AN\ O\ " HNTNT L\ o
THF 0 OR 0
2-32 (desired) 2-33
2-31 (R = TBDPS)
entry Sml, (eq) additive temp. results
1 6.3 - -78 °C decomposed
2 2.5 - -20 °C decomposed
3 3.1 - rt 2-33 (24%)
4 3.1 t-BuOH (15 eq) 0°C 2-33 (33%)
5 3.1 LiCl (13 eq) 0°Ctort 2-33 (39%)
6 3.1 HMPA (8 eq) rt complex mixture
7 3.0 DMPU (11 eq) rt complex mixture

Table 2-1. SmI2(II)-mediated cyclization of compound 2-31

@ 7ThAxrxHrTr—rEHWET U BRI (2-14—2-11)

AT DS, ADXF VT — DO AELT CSADT PN ESFRNDOT
XTI T A Z & T, BV 7 321147 ¥ BB OESEICKI LTV 5
(Scheme 2-10), L2>L. AIEKATHEUC ZBPED SIS A L, BRALKUG DU D
HREIZE EE o T,

~
*SnBu
_Ou./ = (M n-BusSnH ol =
o=<g: -0 s BN =< ‘Oﬁ o
BnN SHOﬂLSMe BnN B
O; toluene

8BS o  OTBS 80 °C TBS o OTBS
52%

Scheme 2-10. Construction of bicyclo[3.2.1]octane skeleton by radical reaction’

2T, FORSGICHBERER T UL T — k& T ILF A ORTERR
2-14 )2 ET 7 v 321147 X EKE RO 2-11 DA EEHE L7 (Scheme 2-
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1), T72bb, 2-14 OFH T — b T VANERAESIEIUL, 5 FAT IV
XD S-exo BALSISDHEIT L, Ble B> 7 v[32.114 7 ¥ VB EBETE
HEBZY, B, 2214 DORET LT VLT A IIIEEN D (C-5
EC-T)BHY CSALE CIOMAZHL S EDTOITERIRI NV ANA— NEZEAT D,

BRALATBRA 2-14 1%, 2-34 2 HERR LS A — MR & X0 27— MUIZ LV
S5, LAY 2-34 12, HEF K 2-16 L0 BEMO A TR CX % 2-35 &
V., E=VEOREMUINE T F L OE ALY AT HEETH S,

5-exo-radical onl 1
cyclization 77770 ~
— O9R\o-
5
N
/

7
(0]
S

RaSn-" 5.14 2-1

o
= coccl O coccl; coccly
NH ¢ NH  — NH on
7
RO OH | |

OH MOMO  OH
2-16 2-35 2-34

Scheme 2-11. A synthetic plan

9, HEPRIA 2-16 2> D AR L7z 2-35 O © = VORI YN 2 F L7
(Scheme 2-12), L/ L., pUSMEDE W Z @A L7 ¢ U FFE(E R CE = /LI 23R
FINCER LT 2 Z EIXREECH 72, £ 2T, 2-16 05 2-35 AT 2 HHRIA T
b BT aliE e R0 2-17 I8 Lic, 20O =&AL 7 4 13,
BHEIMERIRA X/ =—F /b, alind 7 & = FIZ L VR STV D 72 RUSE
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MMETFTLTEY, =77 hU TV HRICAWTZ B = VBRI G T 5 &
EBxlz, A 2—T 0 2-17T OMUBALAAITAICL DV Re¥ ik, #
FRl ) B = VOB TRIGIET L VA — V% 91% (dr 2.5:)DINETH 2. 7=,
eV CIUEERRSh 2 VT 1,2-U A — L 2 {brgbikr 5 2 & TP LT e K 2-37
Z 93% DR TR,

A e

1) AcOH
1) MOMCI )THF, H,0 O
coccly iProNEt . 2) CCl;COCl §OCCly
NH CH,Cly, 91% pyridine NH
== 2)PyHBr3 3) K,CO3 -
KoCO3 . cal MeOH 7
o CHoCly, 87% \\ v 7 % 60% (4 steps) MOMO  OH
216 3) K,CO4 2417 2-35
MeOH
1) 0804, NMO 50 1y 0504 Ar
o)( THF, H,0 +, GO %
0 m, 91% \ Q =N O cocal,
(dr 2.5:1) o AH
H
) Pb(OAC), z\ CHO
THF T Momo 0s0,
CCl;  93%
OsO4 MOMO  OH
2-37 2-36

Scheme 2-12. Introduction of hydroxy group at C-7 and
selective oxidative cleavage of the vinyl group

/4
BLOL 7&F U RTIE, BRI L AIMEE 5 2 7203,

L TNAT R R237TIZKT AT BF U ROMIIAMEF L7 (Table 2-2), Mg
T AT LA RIRPEN
K7 > 7- (entries 1~4) °, = Z T, Ti. Al, Zn 7&®F U ROALHINZ MG L7203,
—4.

PR LIZET 2 F Y R Y25 2 LT, RAF

FOGHEIRZ LW B2, 27 AT LAEIRME & 1A L7275 72 (entries 5~7) .
Li 7&F VU F&avfbsilnn s
IRWNERINOTVT AT VA RIPETHR & TR 238 2 52 5 Z L A R L
7= L2 UL, AR LTEZ DT T AT LA~ —(30BEREE 72 > 7=72 6,
Scheme 2-13 (TR AW AAT 9 2 & TRERYT AT LA~ —Z BRI VS A —
MELTHRELT
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MOMO 2-37 2-38 2-39
entry Metal, additive solvent temp. (°C) yield dr (2-38:2-39)

1 MgBr Et,O -78 to -30 82% 2.6:1

2 MgBr THF -78t0 0 80% 1.5:1

3 Li Et,O -78t0 0 69% 0.67:1

4 Li THF -78 to -40 76%* unknown

5 Li, TiCI(OiPr)3 THF -78tort crude 1:1

6 Li, Et,AICI THF -78 t0 40 crude 0.68:1

7 Li, ZnCl, THF -78 to 60 crude 1.3:1

8 Li, Cul THF -78 87% 3.2:1

*Dichloromethyl compound of 6 was also obtained.

Table 2-2. Diastereoselectivity of the addition of metal acetylide

Thbb, TATE R237TICKT 287 8F U RO 2-38 2 k5HE57,
HERRIC LD A X ) =TV ENKRGL, BV R ZanTrkeFLrrsnm
U REHWT R Z7ea7 54352 & T 240 #157- (Scheme 2-13), Hil >
TAZ = NVHREED Y U LTS 52 LT, O-TEFAVEORENRGEL
VAL 2-41 % 4 BefE 62% D HEEIUR TRz, 7T U ROMINTAERK L S
BEZRHSVT AT VA~ —X, TOFRGETERRI AL ANA—=FZARL T 2-42
L7720 B 2-41 L SSBERR S L ro7c M, Hi< NaH IZ K BRI LS A —
MERERV LT a2 ReE AW NN DRI KD 2-43 2 Z B 82% DY
RCHT, BBIS, EIEICHEV NaH, CSy. Mel & VT kgL % 51

T— MbT 5 Z & TERALRIERAK 2-34 ZFREL L 72 15,
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e

1) AcOH o}
H,O/THF, rt NHCOGCI,
—_—
H 2) CICOCCI; ~OCOCCl;
pyridine RO
CH,Cl,, 0 °C
oct Zre Cle O I
237 (R = MOM) O 240™MS
K,CO3
MeOH
0°Ctort
NaH, CS, 1) NaH 5 < o
then Mel THF, 0 °C J{
\ O — NHCOCCl NN
THF, rt \ 2) BnBr, TBAI WOH +
83% Cs,CO5
DMF, 0 °C | | \\
82% (2 steps) RO OH RO OH
2-43 2-41 2-42

62% (4 steps,
single diastereomer)

Scheme 2-13. Synthesis of 2-34, a precursor of radical cyclization

Wz, TV INVEALROL &t L7z (Table 2-3), AiBE(K 2-34 (2% LT, ~L
T HfifiEE D AIBN fFfE N, RN T7FLAXE R K% 85°C CTIEA&E®5
LB ey aEE RO 2-11 LT A DA R — b 2-44 BEINEI 36%,
32%DINER TG 1, R 2-44 1X, FRIOT VLT —ho [33]37
~ bR IV AERL TWD EEX T, EZTCURIR T T VNG E
ITHZ2 L T2-44 DREIVEZMGITHZ L 2B R T, TO/ME, NI ZFART
7 D AVEIEAI T & LTIV, THF 1 0°C ThUSZ T2 & 2 A, Eiv2-11
DOUILEN KM B L, 83%THD Z &I Lz, ZO5METIE, BiffED 2-
44 OERRESERICIH Lz, 723, SAL7 v b & 9 RFEMIC HMBC FHBIA
BHISHZZ LD 2-11 BDFLEOE Y 7 ufiE 2 >Z L 2B Lz, LlEX
V. B3 a32.114 7 7 B OREEE L LT,
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2-11 (desired) 2-44

entry radical initiator ~ solvent  temp. 2-11 2-44

1 AIBN (0.2 eq.) toluene 85°C 36% 33%
2 Et3B (1.5 eq.) THF 0°C 83% 0%

2-34 (R = MOM)

Table 2-3. Radical cyclization of 2-34

2-2-3. ~IFT AV TTIX BLONS-T A F 7 F 1 7 O
(a) A AT

TUHNVEALIR 2-11 DB H—L TTX & 8-TAF 7 Fr 7 OARIC
AT, ZDoD/— F&EFE L7 (Scheme2-14), /L — h A TliE, Llcv 7 m~
FHUBEAKBELZEANL 245 & L7z, BRIRI A — NOIKGRE 7T
=AM R Y 2-47 AL, BBRICTE = ROR#EI N 12-F— 1k
exo-4 L7 4 OBALBGIKNIZ L > T~ X — L TTX /KT 5, /L—h B
TIE, BRI NN A= S DONKGZIRE 7T =V 02 LY 2-49 & LT2%%,
KEERFEE AIZ LY 2-50 Z8RL, BT b= FCHRESINT 12-U4—1
& oexo-A L7 4 ORBLHIGIB 2R T~ 7 X — NV TTX 25T 5B TH 5,
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Route A

Introduction Hvdrolysis / Introduction
_C# of OH groups ~ _ 07'..'/ of g/arba}//ﬂate HOw: of guanidine
----- » O H - R o
O=<O_ _____ - o-[p¢'" --------- > o-IYVoy T TTLLLE -
N N N
/
Bn Bn OR Bn OR
R OH
OMOM R OH
2-45 2-46
Route B 1 FHydrolysis oxidative cleavage v
Y of carbamate of 1,2-diol and exo-olefine y
Introduction HOW! Introduction
of guanidine — of OH groups

..... O- -
----- » RHN._ _N R
NN RHN
NR
248 OR 249  OR NR .50 OH hemiketalTTX (X = OH)

8-deoxy-hemiketal TTX (X =H)
Scheme 2-14. Synthetic plans toward hemiketal TTX and

its 8-deoxy analog from compound 2-11

(b) /L— b A DS

FT. T EAF Y UBRAOKBEIEE AL L7 (Scheme 2-15), BR{LAK 2-
11 D N-AFVENRY oA F Y Rt & LIUgRbA AI v AL DY
EReX ik o4 — 281 ZH—DOYT AT LA~ —& LT, 6 L
& TNEDONEELE X, TALE 87 v b trans T X T NDI v T v
7 (12 Hz) DElENT=Z L&, 7Tk 97 1 k[T NOESY FHBE 2 @]
HWENZZ LMD 2-51 DXL D IZa-UA— /L ERE LTz, KRIZ, IBX BREIZ LD
b Ra /7 hrr2-52 & L7=#%, LIN(TMS), & TESCI Z W\ = Y =T /) —)L
T—7 b L HE< mCPBA ICL D =ARFIAICLY 2-53 ZH DT T AT LA
~—L LTaEMK LI, =AY NOMRRLEIL 8ALE 97 1 | il NOESY
FHEDNBH SN 2 e bk ERE LT, Hf2lC, TBAFIZL AV ik e
NaBHs Z W27 b DIETTIZE Y b U A —)L 2-54 ZH— DA & L THT,
BILCTA U 8 MLONARELE X, 7 L& 87w R Mod v 7Y v 7 EHN

10Hz THHZ L&, 5re 7TAF 1 kBT COSY HHB (W-shape DIz
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TV ) BBIMSNTZZ ENBIRE LT, 2B, —IEDORUSIZRB W TEHIL 7=
WA IRMEIL, XTI 7 v Y U BEROSNRREE O 72\ W orm il 2>

HITSWTHRE LI EEE LT,

_O:.,/ cat. OsOy
o=<g: NMO
_—
,N ‘ acetone/H,0
Bn 0°C
OMOM 83%
2-11 2-51 2-52

1) LHMDS, THF

then TESCI TBAF, THF

-78°Cto0°C 0°C

—_—

2) mCPBA (3.5 eq.) then MeOH

CH20|2, rt NaBH4

89% (2 steps) 85%

(single diastereomer) (single diastereomer)

Scheme 2-15. Introduction of hydroxy groups

WRIZ, 2-54 DB T VS A — S DMK FEZFT L2 (Scheme 2-16), ~ U A
—/L 2-54 |25} L CEEH, 70°C T TMSOK Z AR SH7= & 2 A, Lok fiE
K256 1T HONT, SERT—T L2552 FAERME LTHE, TV
b#BIZ T e b & O RFEMIBIRIML T 1 k& 7 fRFEMIZ HMBC 8
BNBl SN2 e, bEW 255135 BlR=—T LV EHTHZ L 2R L
7oo L&MW 2-55 13, 7 iAKERIED 9 (LT3 2 50 7P Sn2 SUBIZ K 0 AER L7z
EFx BT AKEEED MOM FEIZ KD REL MG LTS, 8 (KEEFED 3
MOM b & #v, 7 AKEEESIISEARIIZIR A2 8 > TV D T DIREDNNEETZ o 72, £
ZT— b AERREL Y BICERRINAAR—=NENKGREL, 7T =V 0%
WA LTcth, KEBEEAZHEATHLV— B ERST L L & LT,
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) o)
_Oul TMSOK >( ’z
O=<g: 0 THF 0
—_—
Bn’N OMOM g o o
8 7
OH OH sealed tube Bn OH  OH OoMOM
2-54 2-55 (45%) 2-56, desired
MOMCI, i-Pr,NEt Ac,0, Py
(CH,Cl),, 70 °C t

2-58 (26%) 2-57 (70%)

Scheme 2-16. Attempted hydrolysis of the cyclic carbamate of 2-54

(c) /\— b B Ot

7 Y AVERAGIR 2-11 1ZxF L CEE H1 90 °C T TMSOK A S H72 & 25,
BRAR A1 VX A — R PSRRI R S du, NPT X 2-89 Z 85% DI
TH37-(Scheme 2-17), ¥KIZ, KlsH% 7 v F /L £ 7213 TBS FE CTR# L T Bn J&
DR & i LTz,

condition A:
HO.! Ac0 ROW/

Oll./ .
- ﬁ‘ pyridine, rt ﬁ‘
o=<g: TMSOK o- 87% o-
N > ——————>  BnHN
B

‘ THF BnHN ‘ condition B: ‘

90 °C TBSOTf
OMOM 85% OMOM 2 6-lutidine OMOM
2-11 2-59 .
CHzclz, 0°C 2-60 (R =AC)
97% 2-61 (R = TBS)

Scheme 2-17. Hydrolysis of cyclic carbamate of 2-11

O NLKFRFE N IEARGE D 2-59 % Pd-C & IV D IIKF DR & K&
NHEME{L L7 (Table 2-4, entry 1), ZAUE, 0 FHICHIET D7 V7 v DIETLN
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A LIl Thd B XTI, £ 2T, 9MiKEELZ T EF VI THRE LT 2-60
& TBS FE TR L7z 2-61 Z VT, 7L U AEAE T T Bn D il T HEZ
LT OFBEHIZAE (TPAP BL 0 B8 L ONIBX gk 2Y) #MatL7z, L, N-A
FENRY AT REMBEEDO TPAP ZHWTRU VAT I vk LTz
%, BiA CHET D L, BHETHT IV 2-62 13 EoNnT, T FT IR
2-63 L XU RT 2R 2-65 BNENEIN 37%., 36%DINETH LN (entry2), T
TRTIR2-631F, RXUVUAT IVOBEIZED A I B L, RHICHE
FFAET DRI K DMK FRDEST U CHTEDO T 2 > 2-62 WA LA, 9 (T
BFVENT I ) HEAO-NERTHZ L TERLIZEZEZDND 2, £z, X
VAT I R2-651F, XUVNNT IR INToRU T LA I TR LT N-A
FIENARY AT RBIILTcR, N-ATFIVEARY URHEEST 52 & T
AR L7z B Z Tz, —JF7, MeCN W IBX Z/Ef &85 L7 b 2-64 28 47%DIY
FTHLNE (entry2), Ziut, RPTELLZTE N7 I F2-63 1S bR L
INDHZETHLNILEBZ N, INT EFAEDT I/ H~D O—>N R
ZINHIS 2721, 9 (L TBS £ TRl S 417z 2-61 % IBX BRL O SMEICAT LT

. BUSIE ITUZDyo 72 (entry 4), Z v, TBS ZEONAKEEIZL D b
DIELEZTND,

_ 1, OMOM OMOM
2-59 (R = H) 2-62 (desired)
2-60 (R = Ac)
2-61 (R = TBS)
entry substrate conditions results [ON}
1 2-59 H,, Pd-C, MeOH, rt complex mixture o—
2 2-60 TPAP, NMO, MS 4A, MeCN  2-63 (37%), 2-65 (36%) + AcHN ‘
then AcOH, THF, H,O
3 2-60 IBX, MeCN, 70 °C 2-64 (47%) OMOM
4 2-61 IBX, MeCN, 70 °C no reaction 2-64

Table 2-4. Examination of deprotection of benzyl group of 2-59 ~ 2-61

44



—J7. NUUAT I 2-60 D Boc {k (Boc:O/THF, 50 °C) Z ik A To i, N
NVIEDIORFE S 4L, Boc (b ST ALAW) 2-66 % AKIN# TH:7- (Scheme 2-18), =
DO TR VAL L, WEETHWZ THF OZERBbIZ L > TEL 5
TN LD EDIELEZXT P, T0L, ZOFRMETRELZT VAL H
FIEX Y DR DONT I e —EB b2 2L ThHF AT VUl Rk
2-67 MU, KFBOBIEHREIZL - TA I =0 LA F UK 2-68 ~ & Z5HL X
o, ZFHICBEFETZ2KICED A I UPIARSES, £TTET IV 2-69
S Boc b END T LT 266 MK LTz &5 272 %4,

ACOI:./
—7
o—
HiY
Boc

OMOM
2-66 (30%)

(Boc),0 T

oxidation of THF
.O—O.
x./-\H 0) 0. Ii\—Hw 0 (0) o O
O ——= O J—=n
THF X Y ¥4

Scheme 2-18. Unexpected debenzylation observed in Boc protection of 2-60

Z 2T XIS Z DR DO A TS D 72D LT 20
IWHEHEIZ X DA D b LTIRESN TV D Che HDOERMFEZSHEIZ L THE
BRaiTo72 2, T70bb, BEFMAKT, iMEE&EDT 7 7 2= VAL T 4 U v

(TPP) fAE FCHAEMPNT HZ & T HEMRBLREIEDL L, XUV T R
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Y ORARBAEDERCNITHEIT L, A2V 2-T2 ZNREL 5252 L&A LE
(Scheme 2-19), RF CTH U7c—HIHABEE N 2-61 DX UL T I V& —B 1Rt
L. U F AL TP HAHREIR 2270 DKENRFIE RPN TA S =T LA A
CHRR 2-T1 AR L, BT e BRI E D A I 2 LN b D EF X
oo DA 2 2272 ZERRZ AWV THIKRGE L, 7 X > 2-73 24572, 7283,

TET—F2-60 T HINVTRUONVEERBRET DL T I~ 9T BTV
WIS T D72, TBS TR LT 2-61 2> TT7 I 273 A L7z, Fl
TRU =TT 2 v LHALKERADIFIE T di-Boc-S-Me-A Y F4 7 L7 Z{EMH &

A LTI T =0 274 % 2-61 005 =R 96% D IR THE -,

/
TPP, MS 4A TBSO NBoc TBSOu!
THF, o2 hv 07_'

NHBoc BocHN N
—» oc
then H2N HgCly, EtsN \n/H ‘
AcOH, Hz0 DMF, 0 °C NBoc 1 on
2.73  OMOM 2.74

96% (3 steps)
H*, H,0

/\IBSO T8SO.!
R\

(yO' —_— o-
b 7o N2 7 N2
ph—/ Ph—X
W,\J S OMoM 2.71 OMOM H  ,7, OMOM
'O/
- 2-70 -

Scheme 2-19. Debenzylation of 2-61 with singlet oxygen and guanylation
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WA KERFED SRR /B A L 7 b= RCR#EI N 1,2-0 4 — L O
{EREIEr Z fi5 L 72 (Scheme 2-20), L&) 2-74 Z it O MUI(LA A I T L L
N-AFNVELRY U AF Y REHWTYE Raexiqb L, cis-V A4 —/L 2-75 2 H
—DVT AT VA~ —& LTHEL, VA=V 2-75 D 7THALOSARELEIL, 74L&
SPLOT e NROHT v TV T EEN 125Hz TholoZ e ba-vA— Lk
WE LN TIBX B EIC k> T R4 h 1 2-76 & L7-%% NaBH(OAc);
TEILL, 2-77T ZHH—DVT AT LA~—& LTHE X, 7TAONAREEI, 7
AL 87 N MOy 7 o TEBD, OHz BLT'5.0Hz ThHho72Z &
EL.VE RaX AL THELND cis-V A4 —/V 2-75 & NMR A7 hL3—E L7
MoT-Z EMBIRIE LT, RIZ.2-TT DT b= RCHREINTZ 12-VF4— L%
HIOy THLEE L, —Z8ICT VT b NIZEML L5 & Lieny, Efbai 2-79 134
H/BLNT, 60LE 1LALD 1,2-VA— AR Sy b 2-78 ZRIE TS
7o = U REOBRMESIE T MOM £ MK RS, £ U7 6, 11 MDY A —
WO EN D Z & T2I8 BAEMR LT EER T, £ZTRIT, 277 T BF L
fELTHBNTE 2-80 DT & F= REMAGMEL, 1,2-2F4— /L& BRI G
THIELTT AT v NICEMT 5B Tk a et Lic, LarL, TBS 2&4F
EFT7E b= FEBR#ETE 5L END SnCly 2H0 & V554 27 TIENIS
TIFIFHEITE S (Table,entry 1), U 7/A o &/ —)Lth TfOH % A5 54k
BTITLe VAL 2-81 DRIGETH LD DHRIZST2 (entry 2)%°, LA EOFER
MD, BBICREE Boc, TBS, MOM HEAFE F T, 7k b= NABRRAJHLIR
D2 LITNEETH D LT L 0,
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TBSO./ cat. 0sO, TBSO/ T8SO:/
07_ NMO 07 IBX 07_
—_— —_—
BocHN ﬁ ‘ acetone BocHN_ __N DMSO BOCHN\H/H N\
H20, rt Hol = OR 70°C OR
NBoc OR 87% NBoc OH 86% NBoc OOH
2-74 (R = MOM) 2-75 2-76
NaBH(OAc);
THF, rt
85%
HI04:2H,0
BocHN B
EtOAc
NBoc OH OR rt
2-79, desired
TBSOwn,
HO- see table o
BocHN N < BocHN N
H OR H
NBoc OH
2-81
entry reagent solvent temp. results
1 SnCl,2H,0 CH,Cl, rt major RSM
2 TfOH CF3CH,OH O0°Ctort 2-81(12%), RSM (47%)

Scheme 2-20. Attempted synthesis of 2-79 from 2-74 by hydroxylation and

cleavage of 1,2-diol

(d) B2 EAETEIC LD 8-T A F I~ 7 #—/L TTX DEHK

FIZT, FVRVEETTE F=FET AT b REMIKICERT 5 G5k —
&SI Z L7 (Scheme2-21), 78 bH, 7V UWARMAK2-11 D 12-A— /L%
ANZEALAICEIBT L T A F AT ' X — IS EHith, BRI LS A — M &N
KRS 5 Z & T2-82 B85, MR IbE 7T =V kic kb 2-83 &L,
IKERFED SIARBIRAY A & exo-A L7 4 L DAY VORI K - T 2-84 2157
%, B CORELEVIAETHZ L T8TAFIAITH— L TIX ZHHKT D

FHEITCTH D,
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1) cleavage of MeO. OMe MeO\(O'VIe

) (# 1,2-dlol roX guanylation RO,
0] l=a\ e AV R »

o- >\ ... - [\ \ o> -

NN\ 2 hydrolysis of HN AcHN_ N
Bn cyclic carbamate Bn NAC
211 OMOM 282 OR 2.83 OR
MeO_ OMe OH
' rRo X P , ° , 9
1) hydroxylation ', deprotection HZN\\
----- > H ogH Rt NN’
----- » AcHN_ _N e H” OH

2) ozonolysis of \[l\]l/Ac o OR ° OH

exo-olefine 2.84 H 8-deoxyhemiketal TTX

Scheme 2-21. A new synthetic plan toward 8-deoxyhemiketal TTX

FT. 12-TUA =NV OEBILEIK & 77 =2 0 OE A A KEL72 (Scheme 2-
22), 7 U HIVERALIR 2-11 G K A X — A A A B fstiE Amberlyst-15 THL
HyHZLT. 7 =L MOM EEZlifrci# L7z, ECT 12-UA— /L& 3
DEBT RN ULATHR LTI LT FE L, ()-CSA F1E FA /L F XA F
VTS 2 Z L TOAF AT v X — L 2-85 |Z = THREIUER 70% CEB L=, &K
12, 2-85 DERR B L3 A — b & TMSOK IZ K D MIKG iR L, —>DKEeH% TBS
TR#ET D Z L T2-86 & L=, ROMAL U ALIL, Scheme 2-19 Tilk~<7-—
HFEFE A D FIEIC Lo TITWD, A X2 2-87T 21837, YUV AT A7 a~
NTTT74—ZL VA I EMARGIELTT I 2-88 & L, HefkIZHALAKERD)
FAET.di-Ac-S-AFNA VF AT LT H#HNTT T =V b$52 & T2-89 %
B2 TER LT,
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1) Amberlyst-15 1) TMSOK

MeOH, H,0 THF, 90 °C
reflux oM 0 OM
MeO e 83% MeO e
_%J 2) NalO, o oY 2) TBSOTf 850,
O=<o— MeOH, H,0, rt §( 2,6-lutidine
N —_— - > HN
o g\ 3) (+)-CSA Bn’ CH,Cl, i
CH(OMe); -20°C
2-11 OMOM MeOH, rt 2-85 OH 89% 2-86 OTBS

70% (3 steps)

MS 4A, THF, Oy, hy, rt

tetraphenylporphyrin
87%

B OMe
MeO OMe NAc MeO_ OMe Tgﬂgg\(
T85O0/ Tssoi( 3
silica gel N
HoN -~ y
ACHN ch:|2 Et,N 2 ph—7
DMF, 0 °C
oTBS
NA° OTBS  91% 288 OTBS 2.87

Scheme 2-22. Synthesis of 2-89 by oxidative cleavage of 1,2-diol and guanylation

WA, KBEEDSISBIRAIZREA L exo-A L 7 4 OIREIIBIR 2 BT L7
(Scheme 2-23), Scheme 2-20 & [FlER, {5 2-89 (12T 5T Fr ke IBX
fRfbick v e R b 290 #4572, NaBH(OAc) IZX 0 7 ko & TRk
PRI T L TR T 291 ([ZX LT, exo-A V7 4 > DAY 3R ERRGTL
7o, B AR 294 IR EMR SN DDA T, EAERMITTRF T R 2-
92 Thot=3, &V 3R T exo-A L7 4 U BRTARF AL S NTERIAD, 7
PKBEIEDSIRKEFEICL DD EZE L, TR T b ThHEE 2-90 (2%}
LAY U hofRakat Uiz, ZORER, HIFFBY exo-A4 L7 1 OFLAIBRZAN
HLNHEIT LT 2 B 5N 7=Y 7 b NaBH(OAc): 12 L DiETTid 6 BEBRO 7
R TORETL, NI 7 X —/1 293 L b R b 2-94 %y BfEIR 72 IR
B E L TR (ca.5:1), 7238, 2-93 & 2-941%, 8-TAF T~ 7 ¥ —/L TTX

DIEEFRERTH D,
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1) cat. OsOy

NMO
MeO. ,OMe acetone MeO._ OMe MeO._OMe
850, H0, rt 850, 8BS0, Y
| 94% NaBH(OAc),
H E— H e H oiH
AcHN N 2) IBX, DMSO ACHN\H/N THF, it AcHN__N
50 °C 7 OR  94% \ﬂ/ 7 OR
NAc OR  89% NAc OOH NAc OH
2-89 2-90 2-91
= 03, CH,CI
(R=TBS) 1) O3, CH,Clp, | 2) NaBH(OAc); T80’
78 °C THF, rt
then Me,S, rt 77% (2 steps) then Me,S
en Mepo, 1 68%
§110.1 (8c) 5213.6 ('3C)
MeO. ,OMe MeO. ,OMe MeO. ,OMe
850, 3& 850, fj R
H + H ofH H oH
AcHN._ _N AcHN_ _N AcHN._ _N
T oR T oR T T or
NAc OH NAc OH NAc OH
2-93 2-94 2-92
(2-93:2-94 = 5:1)

Scheme 2-23. Synthesis of 2-93 and 2-94 from 2-89

by hydroxylation and ozonolysis of the exo-olefine

BB, BCORERZNRET DL T, 8-TAXF I A~AIFH—)L TTX O
A% R L7= (Scheme 2-24), ~I 7% —/L 293 b Ka¥x 7 k2 2-94 D
IRAMIZXE LC TBAF Z{EH S TBS &2 Bl L=k, fafElr v e=v
DOKIEIE CROSEAE IR, B L7 & 25, AT 4 (L& 9 fKERIEDR T
DTFRNT ' X =V LT 295 ThH D Z &3 anro 7 3P AbE4) 2-95 X TBAF
HSRDHE & BRI CTH T Z b 78 F AL LT 2-96 & L CHEEL 7=,
RIBRIZ, AL ) =T =T KR TETOT B F VA2 Bifki# L, TFA /K
W CHEET 2 L BRI T =V USRS, 8-T A F T~ 7 & —)L TTX
TR DL,
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MeO OMe MeO_ OMe TBAF, THF
t8so, Y °H mBso, Y P 0°C
H + H
AcHN.__ N AcHN\n/N then AcHN
OTBS sat. NH,Cl aq.
NAc OH NAc OH OTBS then evap.
2-93 294 2-95
+ ammonium salt
O oH 1)NHaq. (28%) @ | o
Ac,0, Py MeO- MeOH, rt MNSN-
—_— > >
rt AcHN N ore 2 TFA HO pN
70% (2 steps) NAG OH quant. (2 steps) OH
2-96 8-deoxyhemiketal TTX

Scheme 2-24. Synthesis of 8-deoxyhemiketal TTX

B LT 8-FT A X A~I T Z— )L TTX & RIRDOD~I X2 — L TTX O 'HEB L

NBCNMR A7 kLD LL#E % Figure 2-5 (27777, [fi# D NMR A7 kL%,

8NN ZREFEFITENT I AN T MBI O I v 7Y o TERZ R LT,
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8-deoxyhemiketalTTX" hemiketalTTX?

(synthetic) (natural)
position oy [Jin HZ] o Oy [Jin Hz] ¢

2 157.1 156.4
4 517, s 83.7 5.23,s 82.7
4a 2.81,s 43.9 282, s 42.0
5 217, brs 49.2 221, s 48.0
6 80.6 80.2
7 4.30, brd (4.0) 77.2 419, s 81.2
8 2.21,dd (13.0, 4.0) 32.1 442, s 70.8

2.36, d (13.0)
8a 64.3 67.1
9 419, s 91.9 4.40,s 90.0
10 108.4 106.9
11 3.79,d (12.0) 67.1 3.81,d (12.0) 66.4

3.58,d (12.0) 3.58,d (12.3)

solvent : 4%CD3;COOD/D,0

(1) "H NMR 400 MHz and 3C NMR 100 MHz
(2) "H NMR 600 MHz and 3C NMR 150 MHz

Figure 2-5. Comparison of 'H and '3C NMR spectral data of
8-deoxyhemiketal TTX with hemiketal TTX
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2-2-4. References and notes

Q) TATe RETIAT—ARRr— DIV~ U LAIDEHN =T L
BRALBUS DB 7208 | Nicolaou 512K 0 LT ORI EE STV 5D,
Nicolaou, K. C.; Zhang, H.; Ortiz, A.; Dagneau, P. Angew. Chem. Int. Ed. 2008, 47,
8605-8610.

Sml, (5 eq.)
HMPA (15 eq.)
_——
THF
-10to 25 °C
30min

80% (dr 1.9:1)

-[CO,, OMe]

L -Sml,

(2) Satake, Y.; Adachi, M.; Tokoro, S.; Yotsu-Yamashita, M.; Isobe, M.; Nishikawa, T.
Chem. Asian J. 2014, 9, 1922-1932.

(3) 2-24 I LN 2-25 13, & BENEE IR & L TR BT,

(4) Vb Fa X S ALDNAREIRPEIZOWTITR DO L HICBE LT, £, FRE
ELTOA =297 ZHBECE D 2 &b, ZBIBRT VT RN RICIST 5
CEZT ALEW 2-27T O =BT VA U, s B =V LY ik S
TWD T2 | NERNCZE N BE D D FUSEITT 5 & Z X 1o, RIT, BE=L
EDOTe Faxifuld, ©=/VERROIMANZMWIREE 2-97(B) TIZ KRy
(2B E FRMN DTS 5 2 & T, 226 Wb B R T,
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)( 0s0,4
0 ) Oj(
o)
GOCCls A/O coccl,
NH 0s0, NH
My — = 0 — EE— /
RO FNHCOCCI3 =
RO 4 OH
050, RO~ OH
2-27 (R = TBDPS) 4 .97
OH H

R OH H
NHCOCCl, > RS R
N NHCOCCl
Z

OSO4
2-97(B) 2-97(A) (R' = acetonide)

B, Vb Rad AU L DA UEARFFLOSARBLE L, BRI LA — K
IR LT-%. 2-28 @ 'H-NMR O 5 v 7'V > 7 E$ L NOESY DFENTIZ LV
PE LT,

OH
TBDPSO ~ oH
2-28

(5) 1AW 2-31 ITFEIZIER ICARLETH Y . CDCL T 2-101 I[ZEH STz, T
bbb, 23107 a hALENTET VT e R, Tk b= REBREAMHINLA
XY= LAFHEUL2-99 2 525, IRIZ, TER=FDOH 5 —DDfEHE
MOEDEFOLUIARIZL Y A XY =0 5 A A UK 2-100 & 725, fik
2, BEGFETDRNAF Y =g A AL, 7' R &L e
5 2-101 ER LT B X T,

~—> NOESY J7a8,=12Hz
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3 5.6 ppm
OH '/
cDCl, 0 OH

3h

0]
HN* + acetone

(¢}
RO le}
2-101

e

- ® V-
i —_— (o) — 0
HN HN HN
L RO 0 RO RO 0 _
2-98 2-99 2-100

(6) {t&#n 2-33 DHEEAFEZ R~ 74T F 231 oI vk~ v A
ADICE VAT FNT PN 2-102 3, 3 FROxT )/ 2 1,4-(HI LT 2-
103 # 525, Wiz, ¥~V L=/ 77—k 2-103 7>5 TBDPSOH 73k L
2-104 L 2o 2% O E Uik~ U U A0 b2 —fE 1R LT 2-105
E7RY | BBICKFLSND ZET233BAEL DL EE T,

OSm OSm
Sml _Oll./ A _Oll./
T Y Ry
additive HN HNTN X
or THF ) OR 55 Qor
/ / "
Sm Sm
2-31 2-102 2-103
OH OSm OSm
o - o
IR = IR — R
ANTN QA INN\NQ—= AL e
o 0 Yoo
2-33 2105 gt 2104 gpf

(7) ARt (4 B R R A R A B L A 5E =)
&7 T 2014 4

(8) (a) Suzuki, M.; Koyano, H.; Noyori, R. J. Org. Chem. 1987, 52, 5583-5588. (b)
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Srikrishna, A.; Sunderbabu, G. Tetrahedron Lett. 1989, 30, 3561-3562.
(99 THF F T Li 7&8F U RZHWDL &, KD N 7 vm X F VIO FRN
—DKFBITE oo AL EWHEIAE LT,
(10) (a) Herold, P. Helv. Chim. Acta 1988, 71,354-362. (b) Fujisawa, T.; Nagai, M.; Koike,
Y.; Shimizu, M. J. Org. Chem. 1994, 59, 5865-5867.

(11) 7&FV ROMIMOSARRIRMEIL, FL—yva VHBNC LD BB L &5
L7, Thbb, TH h= FOMELTATE FREBEFL— L, ¥
RENZZENT T EF Y RBFINT5Z2 6T, BV T AT LA~—
DEEL TN EE X,

I\

J\ TMS

0~ >ccly

2-38 (major) 2-39 (minor)

(12) FAIRIZKRE T DRk & IRITIC R0 | 9 ML R STARELE £ :7O 2-38 DAL
Zat L7z, L2 L, Dess-Martin i2{b1C L 0 15 5405 2-106 (2% L T LiAl(Ot-
BupH ZHW T &R d 5L, BEROARMEFZFFD 2-39 234
& L CE L,

Dess-Martin (o) )
periodinane 0 LiAl(OtBu);
—_—
CH,Cly, rt X THF
97% )'N\ TMs -78t0-10°C
0~ cel,
MOMO

2-106
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(13) 7EF U FOMMOERZAC S 9 MLOSLRBLEX, B3 A — b 243 & 2-
42 W T 'H-NMR O v 7Y o 7 E$E L OV NOESY FHESOEATIZ L v

RE LT,

2-42
undesired stereochemistry
at C-9 position

(14) A% 7 —)VHREED U 7 LEAER S 55:04:T, BEROIREE % o
VT AT VAT 24UV DBEBR I NN A — N BB LB Z LT O L 9
2B LTz, KRENS N Z7aa7t b7 I RODIVE=VITAINT BB,
I KB EZ ROV T AT LA~ =241 7T L 2T = FDAr
REEICLVBEPNES RD EEX, — ., BEAROVAREREZ ROV T
AT VA =2411%, DX D RNAREFENE LWz iFn7e T
HHRCNITERIR I NN A= N E B L, 2-42 2 527 &2 T 5,
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A

0
NHCOCCl, H
~OH = f HO NN Q D
9 7 ) \Z
=
H ,
RO OH Occly
H
2-41 (R = MOM) J(Hy) =5 Hz
R' = acetonide
o)(
0
H
NHCOCCl; RO R _—
OH = HO NH
9 7 " WH
I =Nl
RO OH HI 3
H
2-41'

(15) RUBRIR 2-34 OSLAKELEIL 7 AL e 8 AL v b DT v 7 ) o T ERMN
10.5Hz ThHo7=Z &b, T UMNEBRLNCE L= A ABERETH 5 &

On./ — O>(
o< R |~
B -
N A ; OMOM

$
MeS NBnQO SMe
= oy

(favored) (disfavored)

2-34
J (H-Hg) = 10.5 Hz

(16) PF A H—ARF—h 244 T TFTHD L HICT IV NLFH T — FDBI| I~

P B =B KV AER L TS EZE X TV D,

OMOM

2-34 2-44
TUNALFY T — D33V~ bvu B —#EALDF : (a) Ferrier, R. J;
Vethaviyasar, N. J. Chem. Soc. D 1970, 1385-1387. (b) Ichikawa, Y. Tetrahedron Lett.
1988, 29, 4957-4958. (c) Fujii, 1.; Koreyuki, M.; Kanematsu, K. Chem. Pharm. Bull.
1988, 36, 1750-1757.
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(17) Nozaki, K.; Oshima, K.; Utimoto, K. Tetrahedron Lett. 1988, 29, 6125-6126.

(18) ZDRERIST, 7 NAKEREED 9 MKFRITTHE L TWH7dITEIT LIz &
Exbohb,

(19) ZDOLEITHEARIEEZHANTEXR YA LT 0 0 DOF Y VbR LT,
F9. 2-107 1Tk L T-78 FECTH Y VR EAT S T2y, OEB R EIT LA
Mol led B0 EICHIE LT 2A BT b &2 17%DIER T2 (entry
1), ZORIERT, THKBEEOEEIZL DD EE L, 77— bk 2-108
ERWEREONZ P ATKIR E LT 21% IR TH 7= (entry 2),
Flo, TERF=ROMNEEEFEICIDV XY A LT 4 U ORISHEDMET LT
WHHREMEE B X, 7TE F=RET7EFALETHREL-E Fax AFL
BT U7z 2-109 Z IV THRERS L72s, 78 EETIERUS < AT Lo 72

(entry 3),
" 03 Oln
o=< solvent o
—_—
/ then Me,S /N
Bn Bn OMOM
entry compound R? R2 solvent temp. resluts
1 2-107 acetonide H MeOH -30 °C ™ (17%)
2 2-108 acetonide Ac MeOH 0°C ™ (21%)
3 2-109 CH,OAc Ac MeOH -78 °C no reaction

IEMEML O FTRENME & L CTA Y U RIS T B RS 2 WV IT AR
Mo L a7 )V R—=VRISHEIT L TREER DML TNWDLZ ExBXT, £
T 6L E N ALOKEERA T & b= FCHRH#E L7 HE 2-110 & 6 (KERA
% TES J: O L7 E 2-113 2 iV TA Y VoAt Lz, WPho sk
BIZBWTHAENME TH o772y, Lies b 2-111 BL U 2-114 &1
ZI49%, 3T% DI THRIZ, 7285, T OBEREIARY & L TR F T K 2-112
BEO2-115 #ZHEI 25%. 22% DI Tz, =ARF T R 2-115 DK
b3 NOESY FHEIDMEAT X 0 Bz R34~ & 9 ICiE Lz,
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O3
MeOH

-78°Cto0°C

O
OH O7< then Na,SO3 aq. OH O7< OH O7<

2-110 2-111 (49%) 2-112 (25%)

-20 °C
OMOM e Na,SO; aq.

ORHOR
2-113 (R = TES) 2-114 (37%) 2-115 (22%)

(20) Goti, A.; Romani, M. Tetrahedron Lett. 1994, 35, 6567-6570.
(21) Nicolaou, K. C.; Mathison, C. J. N.; Montagnon, T. Angew. Chem. Int. Ed. 2003, 42,

4077-4082.
(22) LA FICHEERSHRE 2 /R 3, £9°, R0 U7 2 2 2-60 28 TPAP & 7213 IBX
IZE VL SN TRy DA 22 2-116 BERT 5, WIZ, RHPICHMETFE
THKIZEY (TPAP BR(LOD & 1% AcOH, H0 IZ X V) A I 2 3k fiR
ITEOT I 2-62 AL D, Ll EEOTEFAEERT I I
952 & TT N7 I KN 2-63 34U, #i< 8 K EOBRIC X
Dx ) 2-64 DAET D, Fo, A IR 2-116 12%F LT N-A FLE L
RY UFFT RPN 2-117 Lo 7etle  N-ATFIVEARY U BEET 5

L TRURT I R 265 WERKT D EE XTI,
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Q)

/
H,0 tﬁo"'
— \.0-
HNT )
MOM 262 (desired) oM

l acetyl migration

HOIn/
BX o 1
— M
N
MOM MOM
2-63

(23) (Boc)0 Z#[R&E . 2R FMA T THF 1T 2-60 Z NEN L 7=, FRIN/K gD
SAETATT & Bn DR #E ST B TFLERBE) LT 2-62 % 80% DN
THET,

ACOI:,/ 1) THF. air HOI-,/
i ) A T
HN > AcHN
7 NN 2) AcOH NN
Ph THF, H,0
OMOM 80% (2 steps) OMOM
2-60 2-63

(24) AHTH U % THF O KSR 2 ET S S REEEZ S 2. (LEW) 2-
59 %t LTIl b AKREZEAEH S8 2 A, U Dbkl e < Akt
T T I UAFY R 2118 0= h v 2-119 2 FLE 4 24%., 20%DINER T

B,
HO.! HOw! HOw!

; 0, ; ;
O_ 30 A)HzOz aq. HO\ O_ . @O\ O_

BnHN N ®N

‘ CH,Cl, Bn ‘ Y ‘
40 °C Ph
OMOM OMOM OMOM

2-59 2-118 2-119

(24%) (20%)
(25) Jiang, G.; Chen, J.; Huang, J.-S.; Che, C.-M. Org. Lett. 2009, 11, 4568-4571.
(26) 7 82 2-76 & A K ) —/LHi NaBHs TiEond 5 &, VA —/L 277 & 2-75 %
31 DYT AT VHRGWM L L TR,
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T8SO.! TBSO.!

NaBH, —
O - o- +
BocHN\n/'ltli MeOH BocHN ﬁ BocHN
OMOM 0°C
NBoc OOH NBoc HoH OMOM
2-76 2-77 .
inseparable
74% (ca. 3:1)

(27) (a) Yang, W.-B.; Patil, S. S.; Tsai, C.-H.; Lin, C.-H.; Fang, J.-M. Tetrahedron 2002,
58,253-259. (b) Satake, Y.; Adachi, M.; Tokoro, S.; Yotsu-Yamashita, M.; Isobe, M.;
Nishikawa, T. Chem. Asian J. 2014, 9, 1922-1932.

(28) Sasaki, T.; Inoue, M.; Hirama, M. Tetrahedron Lett. 2001, 42, 5299-5303.

(29) TLC (2B W T, LV @i RO R ST 2 & B LR#H (Boc,
TBS) OifrESHA LB HND,

(30) Z DK T 8 i ~DKBILEANBRFT L7c, T72bb5, 2276 1Tx L T
LHMDS & TESCl #/EF S # T, v U=/ —)Lx—F )1 2-120 & L7=1%,
mCPBA TRLEET 5 Z & TR BELE TH 5 2-121 % 9%, ofiliE ThH 5 2-
122 % 43%DULE THTZ, 2-122 {Z%F L C MeOH H PPTS THLEE L T 8 i1
TES FE& iR L, 2-123 #157-1%. NaBHs CTiELT 5 2 & T 7N LEP
FliE T 5 2-124 % 50%, L E 2V aliliE T 5 2-125 1 50% DU THT-,
LorL. 8 ME~DKEEHSE A D EIRDILRIME L | 2-124 DEARDBINEETH
ST EMD, 8T AXF RO EELTH L L LT,
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TBSO.! LHMDS T8S0//

H 07_ TESCI H 07_ mCPBA
I —_— | —_—
N__N

Boc” \n/H ‘ THF Boc/N\n/ﬁ ‘ Na;HPO,4

OR o .
NBoc % OH -78°Ct0 0 °C NBoc OTeSR CH.Cl,

90% TESO rt
2-76 (R = MOM) 2-120

TBSO.!
Ho 4 PPTS
N _N ' >
Boc O ‘ MeOH, rt

\
OR
NBoc 155 % OTES

2121 (9%)

~<«—>» NOESY

/N H X
TH
NBoc Oo so
OoH OTE
J (H7-Hg) =4 Hz

2-123 (69%) 2-124 (50%) 2-125 (50%)

J (H7-Hg) = 0 Hz

(Bl) &Y USREAET TOT A v DERF AV D A T = X LFTIRD K 5
B ENTWD, TATZ Y AICEHY VURENML B E7eo72%, EHDHWN
X F 2 CoRF RWERT D, SEERNIRATET V7 AT L TA Y
VRGN T =R AR HEAT LT W ERE IR TW A,

>=<°3>4=<=§°%~>o
[

€] €]

Q (@] Q—O

O -02 ,O\ [o)C)
G E F

Bailey, P. S.; Hwang, H. H.; Chiang, C.-Y. J. Org. Chem. 19885, 50, 231-234.

(32) AV BRI ONWTITRD L HITELR LTz, £, exo- A L7 4 X LT
FY AFSARENZ ZEN T MRE R B35 < & B R T2, ALEY 2-91 DG,
7RISR & ONRREEIC LD . B4 = R 2-126 RS E T, =R



XA HEIT LI E 2T, —JF, 290 OBET & FD X ) I SiAREEN
RWNTe, BEAAY =R 2-127T R L, 7 b 2-128 BAELT-EHE 2T,

epoxide 2-92
MeO. ,OMe OMe 0o MeO. OMe
MeO. 7N €
850, Y 0 msol € P 880,Y_ °
—7> H otH\ > H oxH
AcHN N ACHN\n/N ACHN\H/N
OTBS 7 7
NAc OH NAG ., otes Nac ., orss
2-91 molozonide 2-126 294
Meo THEO MeO_ ,OMe
78BSO % TBSO,Y
—
H H
N AcHN_ _N
OTBS
NAC \ OH OTBS NAc \ OH
2-90 molozonide 2-127 2-128

(33) LT =T AKIFIROFIRIZ LD . D FNT B X — bR EIT LT L
EZE2 b5,
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2-3. L &SRO RE

T hr R I 7 7R HEORRMEL LTHAER, 7 7S5 O—HD
ZaRH AT, WA ELT Fe RERUERAELTWD, 772 ED
WEEADIL, BAEMOERE LT Fa RSy v 28I I HERL T
HEZEZOLNTWHA, BAERKICBITST ha K % OEERITRFE
Thbd, —FH. 7 ha FEFT U OEEGRITBUE LR TH L, ITHF, FALK
DINTFHIC k> THEfSNT 49-7 8 Ra-10-~ 7 X —)L-5-FT 4% 2T b
2 RRER (NI H =L TTX) (. Baeyer-Villiger ROV LD T |k
HRNRFUCEBREND DT b R XU DOESHKATEAE TH D LHEE S
A7 (Scheme 2-25), F 4 13, T D~ 7 & —)L TTX OFpEIpLFAEE & Baeyer-
Villiger B8{LIZ K 5 TTX ~OZEHO A[REMICHIR 2R L, ~I 7 ¥ — LV TTX B

FOFED T AT u S OARKERIE LT,

©
(0]
Hﬁ Ny 9:\9 SH Hﬁ y 9:‘/0 SH Baeyc_adr-\t/_illiger o HO,, o
2 \ 2 \ oxidation
Sl O - D
H” H O N
8 OH e OH H O
OH OH H OH
8-deoxyhemiketal TTX 4,9-anhydro-10-hemiketal-5-deoxyTTX OH
(hemiketalTTX) tetrodotoxin (TTX)

Scheme 2-25. A proposed biosynthetic pathway of tetrodotoxin

TP, NI T H =)L TTX 28T 2 837 a[3.2.114 7 X L Ek ORESEk
ZHENT L7= (Scheme 2-26), 4F5CEC TTX FHo@ETHEAE LTHO LT
72227 HFEIEEE LT, Z20BR(EAIBMAZFAR L, Z P WAONT LD

BV aBOMEERF Lz, 3 vk~ Y v AA)E AT 221 D7 LTk R
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MWOAELDTFTF NG HNET VAR R — MIAINESE5 K5, BHIYE
T2 22 1R T LGN T, RO I Lz, 3 vk~ U v A%
HAWT 231 D7 VT & RNBALT L7 FIT DA NE ARG AT LA
SELMUEH, BV aERIIEESNLS OO0, BIY 2-32 13560 T, E
R TIERISOSEAT L7 233 Tholc, £ZT, TV AKRH T — b
HUDTIINEZFHNOT VX TR T 2 HIEEZ G LR, BRALAiET
K2-14 1IZKLTO°C CEGBAF/ETF M) 7F LA RY RE{EHSELZ &
T, B%UDNETHIHET D 2-11 BN AZ X R L, B 7 a3.21147
Sk ORESIE S LTz,

tHe  BOCHNTTT X\

bicyclo[3.2.1]octane EtOOCO -78°C

O OH
10 45 Sml, 4
. d-Q H HMPA o—
BocHN

179 OMOM
skeleton // 2-21 OMOM %o 2-22
0)( OH , o
o onl o]
¢OCCl Smiy, LiCl o7~/ ot 7
NH — © - = o- 0
_ THF, rt HNN\ o NN X
= 39% o) o OR
RO 2-27 2-33 2-32 (desired)
(R =TBDPS) \\\
o/ —
O=_<7 -0 n-BusSnH on!
Oo- Et3B _7‘
/N —— » O o-
Bn 9 THg,SO%°C Bn’N gl
Me8—< OMOM
S OMOM
2-14 2-11

Scheme 2-26. Construction of bicyclo[3.2.1]octane skeleton
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WIZ, ~IFTHF—=VTTX EZFD T AR T FuZOEICHT T, —2D
BRV— b EFE L7Z (Scheme 2-27), /L— bk A Tik, 7 YUK 2-11
T uAnF Y URICEOOKBEIE TN LT, 2-54 OERAIRT VNI A— DN
KR Z R L7228, BRE T 5 2-56 13 &<E6NT, 5 BRT—T/12-55 %
TR E LT, 2T, b— b B TIE, BICT U VERIK 2-11 OERIR
TININ A — N Z KR L TIRT2 2-58 Z i O NAL L T 7 =20 2-74 124
W L7oth, KEEEZEAL 2277 28R L7z, LA L, BICARLERERRAFE
T, 7 b= RCHR#ESNZ 12-UA— L EZFRIICUIRT L, 2-79 25875 2
EIXNEETZ S 7,

Route A
ol mwsok /1o >(°l
5 = THF, 70 °C -0
o=<g/: — o=<_f Q — [n.O °
N ‘ ) HN
I, OR Bn L. oy CR Br OR
OR OH OH OH OH
2-11 (R = MOM) 2-54 2-56 2-55 (45%)
TMSOK
Route B | THF, 90 °C
83%
OHC
HO.! TBSOu!. TBSo./ TBSO:, 1
0‘ — 0‘ —> AN of"
HN"NC )\~ > BocHN NN > BocHN.__N BocHN.__N
Bn A TH oR T oR
OR NBoc OR NBoc OH NBoc OH
2-58 2-74 2-77 2-79

Scheme 2-27. Attempted synthesis of hemiketal TTX and its 8-deoxy analog

ZI T, ZUBNBRE 2-11 T & = RCRES T 1,2-U A — L A2 Ul
THEONT 2-85 DELR I VAN A — N OIKGfRE 7T =2 A2 LD 2-89 %
AR L. KEEFEDE N % st L7-(Scheme 2-28), 7/ 7 =3 2-80 DV bt R
MEEBLIC L VELNTZ7 B 290 D exo-A LT 4 EAFUNMRL, BE R
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X NoEIBELTHIET, AIT X =293 L Rk b 2-94 %
RO E LT, BkIZ, TBS EOBMRE L TN N7 2T 84—kl
£0 296 L Lictk, 7TETFNUEEBREL, IR T =V 2BRSEL L
T8TAXIAIF X —)L TTX ODHEER LT,

MeO. ,OMe MeO. ,OMe
oul 1) Amberlist-15 oY 18sO.Y
o= 71 2) Nalo, 0 g g
O_
N — > N — H —
NN 3) (+)-CSA Br ACHN\H/N
Bn
1oy CHOMe)s NAG
2-11 2.85  OH 2-89 OR
(R =TBS)
MeO\(OMe 70 MeO MeO OMe
TBSO, 3 850, Y
" then MeZS TBSO i
H
AcHN\n/N 2) NaBH(OAc), AcHN AcHN
OR
NAc % OH NAc
2-90
(2-93:2-94 = 5:1)
OH OH
:P 1 H ﬁ H .§)
NH . 2
> AcHN MSO" e > \\NN’
(o} -
N oae D TFA H0 N o
NAc OH OH
2-96 8-deoxyhemiketal TTX

Scheme 2-28. Synthesis of 8-deoxyhemiketal TTX

ASBORRT. ETA~IFZ X — L TTX OREME ERT D Z & TH 5(Scheme
2-29), ARFmSLTHENL LT 8-T A F v ~I & —)L TTX OFR/L— k& Hdfk b
L. R 2-129 © 7427 S o & @ & LT 8 i~ KEBEAZEALELI
72 2-130 > T 7 X — )V TTX OB Z KT 5 5FE TH 5, RIZ, Baeyer-
Villiger lRfLICE D7 ba R EX T VEA~OEBRERTT 5, ~I 7 ¥ —
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1. Total synthesis of hemiketalTTX

MeO. ,OMe
t8so, X P 880, °
----- »
H H
AcHN_ _N-\3*—\ = > AcHN 5
\n/ 8 7 OR \[r 7
2-129

2. Examination of Baeyer-Villiger oxidation
RO, 10 O Baeyer-Villiger
| CH oxidation
H /[Roy ...
AcHN N
NAc OH OR
2131 2132 tetrodotoxin (TTX)

Scheme 2-29. Future prospection
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General Experimental

Melting points (Mp) were recorded on a Yanaco MP-S3 melting point apparatus and are not
corrected. Optical rotations were measured on a JASCO DIP-370 digital polarimeter. Infrared
spectra (IR) were recorded on a JASCO FT/IR-4100 spectrophotometer and are reported in wave
number (¢cm™). Proton nuclear magnetic resonance ('"H NMR) spectra were recorded on a Bruker
AVANCE-400 (400 MHz) spectrometer. NMR samples were dissolved in CDCl; or C¢Ds or
CDs;COOD-D>0O (4:96, v/v) and chemical shifts are reported in ppm relative to the residual
undeuterated solvent (CDCl3 as 5= 7.26 ppm, CsDs as 7.16 ppm, CHD,COOD as 6= 2.06 ppm).
"H NMR data are reported as follows; chemical shift, integration, multiplicity (s = singlet, d =
doublet, t = triplet, br = broadened, m = multiplet), coupling constant, and assignment. Carbon
nuclear magnetic resonance (*C NMR) spectra were recorded on a Bruker AVANCE-400 (100
MHz) spectrometer. The samples were dissolved in CDCl; or C¢Ds or CD;COOD-D,0 (4:96, v/v)
and chemical shifts are reported in ppm relative to the residual undeuterated solvent (CDCl; as &
= 77.0 ppm, C¢Ds as 128.0 ppm, CD;COOD as 6= 22.4 ppm). 'H NMR and '*C NMR spectra
were measured at 300 K unless otherwise noted. Structural assignments were made with
additional information from COSY, HMQC, and HMBC experiments. High resolution mass
spectra (HRMS) were recorded on a Agilent 6220 Accurate-Mass TOF are reported in m/z. Low
resolution mass spectra (LRMS) were recorded on a Bruker Esquire3000Plus nanoESI-lonTrap-
MS spectrometer for ESI-MS and reported in m/z. Reactions that required heating were set up in
an oil bath. Reactions were monitored by thin-layer chromatography (TLC) on 0.25 mm silica gel
coated glass plate 60 Fs4 (Merck, #1.05715). Silica gel 60 (particle size 63-200 um, 70-230 mesh
ASTM, Merck Ltd.) and silica gel 60 N (spherical, neutral, particle size 63-210 um, Kanto
Chemical Co., Inc.) were used for open-column chromatography. Silica gel 60 (spherical, neutral,
particle size 40-50 um, Kanto Chemimcal Co., Inc.) was used for flash-column chromatography.
Preparative TLC separations were carried out on 0.5 mm silica gel plates 60F2s4 (Merck). Unless
otherwise noted, non-aqueous reactions were carried out in flame-dried glassware under Ar. Dry
CH,Cl,, THF and Et,O were purchased from Kanto Chemical Co., Inc. All other commercially

available reagents were used as received.
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[7176]

To a solution of epoxyketone 1-12 (35.8 mg, 0.146 mmol) in THF (4.8 mL) were added
n-BuzSnH (75 pl, 0.29 mmol) and Et;B (75 pl, 0.073 mmol) at room temperature. After
being stirred at the same temperature for 2.5 h, the reaction mixture was allowed to warm
to 40 °C and stirred for additional 45 min. #n-Bu3SnH (75 ul, 0.29 mmol) and Et;B (75 pl,
0.073 mmol) were added, stirring at 40 °C was continued for additional 20 min. The
reaction mixture was concentrated to dryness in vacuo. Flash column chromatography
(neutral silica gel 10 g, AcOEt/hexane 1:50 to 1:20 to 1:15 to 1:3) gave a mixture of cis-
1-17 and 1-12 (18.5 mg, 1:10 by '"H NMR), a mixture of trans-1-17 and 1-26 (10.1 mg,
1:1.7 by '"H NMR) and 1-25 (2.7 mg, 10%) as a colorless oil, respectively.

1-25: IR (film) vmax 2959, 2873, 1685, 1603, 1456, 1296, 1286 cm™'; 'H NMR (400 MHz,
CDCl3) 60.99 (3H, d, J = 7.0 Hz, CH3), 1.00 (3H, d, J = 7.0 Hz, CH3), 1.69 (1H, m,
CHCH3), 2.00 (1H, m, O=C-CH»-CH), 2.36 (1H, dd, J = 16.5, 13.0 Hz, O=C-CH4Hp),
2.72-2.81 (2H, m, O=C-CHaH3, Ar-CH4Hsg), 2.96 (1H, ddd, J = 16.0, 3.5, 2.0 Hz, Ar-
CHaHp), 7.27 (1H, br d, J = 7.5 Hz, aromatic), 7.30 (1H, br t, /= 7.5 Hz, aromatic), 7.47
(1H, td, J = 7.5, 1.0 Hz, aromatic), 8.01 (1H, dd, J = 7.5, 0.5 Hz, aromatic); '>*C NMR
(100 MHz, CDCl3) 619.6, 19.8, 32.1, 33.7,41.9,43.1, 126.7, 127.1, 129.2, 132.5, 133.6,
144.3, 199.3; HRMS(ESI) for C13H;60ONa [M + Na]", calcd 211.1093, found 211.1085.
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[7171]

To a solution of a mixture of cis-1-17 and 1-12 (18.5 mg, 0.0757 mmol, 1:10) in MeOH
(2 mL) was added NaBH4 (12.7 mg, 0.335 mmol) at 0 °C. After being stirred at the same
temperature for 1.5 h, the reaction was quenched with an saturated aqueous NH4Cl (2
mL). The mixture was diluted with H>O (5 mL). The aqueous layer was separated and
extracted with EtOAc (5 mL %X2). The combined organic layer was washed with brine (5
mL x1), and then dried over anhydrous Na>SQOj4. The solution was concentrated to dryness
in vacuo. Flash column chromatography (neutral silica gel 3 g, AcOEt/hexane 1:10 to 1:5
to 1:3) gave alcohol 1-27 (2.7 mg, 14%) as a colorless oil.

1-27: IR (film) vmax 3314, 2957, 2924, 2871, 1469, 1389, 1368, 1308, 1154 cm™'; 'TH NMR
(400 MHz, CDCI3) 6 0.71 (3H, d, J = 7.0 Hz, CHCH;CH3), 1.06 (3H, d, J = 7.0 Hz,
CHCH;CH;), 1.35 (3H, s, CH3CH3C), 1.52 (3H, s, CH3CH;C), 1.94 (1H, m, HO-CH-
CH), 2.18 (1H, m, HO-CH-CH-CH), 2.59 (1H, m, CHCH3CHs), 2.76 (1H, d, J = 17.0,
6.5Hz, Ar-CH4Hg), 2.93 (1H, dd, J=17.0, 3.5 Hz, Ar-CHaH3), 5.27 (1H, d, J = 4.5 Hz,
HO-CH), 7.10-7.14 (1H, m, aromatic), 7.18-7.24 (2H, m, aromatic), 7.38-7.43(1H, m
aromatic); 3C NMR (100 MHz, CDCl3) & 20.5, 24.9, 27.3, 29.5, 30.2, 31.3, 32.0, 49.3,
69.7,74.6, 126.3, 127.3, 136.7, 139.4 (two peaks missing); HRMS(ESI) for CisH2402Na
[M + Na]", caled 271.1669, found 271.1666.
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NaBH( OAc)3
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trans-1-17 1-26 trans-1-17

[7156]

To a solution of a mixture of trans-1-17 and 1-26 (2.6 mg, 0.010 mmol, 1:0.4) in THF
(1.5 mL) was added NaBH(OACc)3 (11 mg, 0.33 mmol) at room temperature. After being
stirred at the same temperature for 24 hours, the reaction was quenched with an saturated
aqueous NaHCO3 (2 mL). The mixture was diluted with H>O (5 mL). The aqueous layer
was separated and extracted with EtOAc (5 mL x2). The combined organic layer was
washed with brine (5 mL x1), and then dried over anhydrous Na;SOa. The solution was
concentrated to dryness in vacuo. Flash column chromatography (neutral silica gel 1 g,
AcOEt/hexane 1:19 to 1:9 to 1:3) gave alcohol trans-1-17 (1.6 mg, 62%) as a colorless
oil and 1-29 (1.0 mg 38%) as a colorless oil.

trans-1-17: IR (film) vmax 3449, 2962, 2926, 1673, 1599, 1456 cm™'; 'H NMR (400 MHz,
CeDs) 60.62 (3H, d, J= 6.5 Hz, CHCH;CH3), 0.69 (3H, d, J= 6.5 Hz, CHCH3CH3), 1.12
(3H, s, CH3CH;COH), 1.26 (3H, s, CH3CH3;COH), 1.32 (1H, m, CHCH3CH3), 1.84 (1H,
m, O=C-CH-CH), 2.52 (1H, d, J=17.0 Hz, Ar-CH4Hg), 2.68 (1H, s, O=C-CH), 2.80 (1H,
brs, OH), 3.20 (1H, dd, /= 17.0, 5.5Hz, Ar-CHaH3), 6.85 (1H, d, J = 7.5 Hz, aromatic),
6.96 (1H, t, J= 7.5 Hz, aromatic), 7.09 (1H, t, J= 7.5 Hz, aromatic), 8.24 (1H, d, J=7.5
Hz, aromatic); *C NMR (150 MHz, CsD¢) 620.6,21.0, 28.7,29.2,30.1,31.2,41.2, 59.0,
73.3,126.6, 127.0, 128.9, 133.6, 134.3, 142.8, 200.8; HRMS(ESI) for C16H2202Na [M +
Na]’, calcd 269.1512, found 269.1514.

1-29: IR (film) vmax 3324, 2971, 2914, 1451, 1377, 1146 cm’'; 'H NMR (400 MHz,
CDCl;) 61.28 (3H, s, CH3CH3C), 1.43 (3H, s, CH3CH;C), 1.66 (1H, dd, J=15.0, 2.0 Hz,
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CHHg-CH-OH), 1.73 (6H, br s, CH,-CH=CH3CH3), 1.95 (1H, dd, J = 15.0, 11.0 Hz,
CHaH3-CH-OH), 3.08 (1H, br s, OH), 3.26 (1H, br s, OH), 3.36 (2H, br d, J/ = 7.0 Hz,
CH>-CH=C), 5.21 (1H, m, CH>-CH=C), 5.37 (1H, br d, /= 11.0 Hz, CH>-CH-OH), 7.14
(1H, dd, J=17.5, 1.5 Hz, aromatic), 7.20 (1H, td, J= 7.5, 1.5 Hz, aromatic), 7.26 (1H, td,
J=17.5,1.5 Hz, aromatic), 7.58 (1H, dd, J = 7.5, 1.5 Hz, aromatic); '*C NMR (100 MHz,
CDCl3) 018.2,25.8,27.8,31.5,32.1,49.6, 68.4, 71.8, 123.3, 126.0, 126.8, 127.6, 129.5,
132.7, 137.7, 142.6; HRMS(ESI) for CisH240,Na [M + Na]", caled 271.1669, found
271.1674.
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[6024]

Alcohol 2-18: To a solution of 2-17 (110 mg, 248 umol) in THF (5 mL) was added 9-
BBN (0.5 M solution in THF; 1.5 mL, 750 umol) at room temperature. After being stirred
at the same temperature for 3 h, H>O (3 mL) and NaBO3-H>0 (379 mg, 2.46 mmol) was
added to the reaction mixture at room temperature. The mixture was stirred at the same
temperature for 3 h. The mixture was extracted with EtOAc (5 mL x2). The combined
organic layer was washed with brine (5 mL), dried over anhydrous Na>SO4, and
concentrated to dryness in vacuo. The residue was purified by flash column
chromatography (neutral silica gel 10 g, AcOEt/hexane 1/3 to 1/2 to 1/1) to give alcohol
2-18 (82.8 mg, 73%) as a colorless oil.

05.79 (1H, brd, J=5.0 Hz), 4.99 (1H, t, J= 2.5 Hz), 4.63 (2H, br s), 4.25 (1H, brt, J =
11.0 Hz), 4.15 (1H, br d, J = 12.5 Hz), 4.05 (1H, br d, J = 12.5 Hz), 4.01-3.93 (2H, m),
3.73 (1H, m), 3.67 (1H, t, J = 7.5 Hz), 3.36 (3H, s), 2.95 (1H, m), 2.31 (1H, br dd, J =
15.0, 5.0 Hz), 1.99 (1H, dd, J = 14.0, 2.5 Hz), 1.90 (1H, dd, J = 14.0, 3.0 Hz), 1.74 (1H,
ddd, J=15.0, 10.0, 3.0 Hz), 1.38 (3H, s), 1.35 (3H, s); LRMS(ESI) for C13H26C13NOsNa
[M-+Na]", calcd 480.1, found 480.5.

OH

-\‘\ o

)'N\ NaH,PO, NHBoc

MOMO 50 °C MOMO  OH

218 219
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[6025][6026]

Boc amine 2-19: Alcohol 2-18 was dissolved in THF (3 mL) and H,O (1.5 mL), and then
AcOH (1.5 mL) was added at room temperature. The solution was stirred at the same
temperature for 12 h, then concentrated to dryness in vacuo. The residue was used for the
next reaction without further purification.

To a solution of the residue in THF (5 mL) were added NaH>PO4 (453 mg, 3.77 mmol)
and BocO (200 pL, 871 umol). After being stirred at 50 °C for 22 h, the reaction was
quenched with H>O (5 mL). The mixture was extracted with EtOAc (5 mL x2). The
combined organic layer was washed with brine (5 mL), dried over anhydrous Na>SOs,
and concentrated to dryness in vacuo. The residue was purified by flash column
chromatography (neutral silica gel 10 g, AcOEt/hexane 2/1 to 1/0) to give Boc amine 2-
19 (59.8 mg, 79%) as a colorless oil.

'"H NMR (400 MHz, CDCl3) 65.48 (1H, br d, J=4.0 Hz), 4.66 (1H, d, J= 11.0 Hz), 4.64
(1H, d, J=11.0 Hz), 4.30 (1H, br t, J = 5.0 Hz), 4.22 (1H, br d, J = 12.0 Hz), 4.16 (1H,
brd,J=12.0 Hz), 4.06 (1H, td, /= 8.0, 5.5 Hz), 3.99 (1H, dd, /=7.5, 5.5 Hz), 3.89-3.79
(2H, m), 3.57 (1H, t, /= 8.0 Hz), 3.39 (3H, s), 3.16 (1H, m), 2.31 (1H, m), 2.25 (1H, dd,
J=14.0, 5.0 Hz), 2.14 (1H, dd, J = 14.0, 5.0 Hz), 1.73 (1H, dt, J = 14.5, 6.0 Hz), 1.40
(3H, s), 1.35 (3H, s).

o—xgr o—x(’

o4 1) TBSCI O _oTBS
imidazole |/
R DMF, rt K
. ) .
NHBoc NHBoc
2) CICO,Et
pyridine, rt
MOMO  OH MOMO O\n/OEt
2-19 220

[6046][6047]
Carbonate 2-20: To a solution of 2-19 (183 mg, 424 umol) in DMF (10 mL) were added
imidazole (87 mg, 1.27 mmol) and TBSCI (96.0 mg, 636 umol) at 0 °C. After being stirred

at the same temperature for 30 min, the reaction was quenched with saturated NH4Cl
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solution (15 mL). The mixture was extracted with EtcO (15 mL x2). The combined
organic layer was washed with brine (5 mL), dried over anhydrous Na;SOs4, and
concentrated to dryness in vacuo. The residue was used for the next reaction without
further purification.

To a solution of the residue in pyridine (4.0 mL) was added CICOCCIls (200 pL, 2.08
mmol) at room temperature. The reaction mixture was stirred at the same temperature for
1 h, and then CICOCCI3 (300 pL, 3.12 mmol) was added. After being stirred at the same
temperature for 2 h, CICOCCIz (200 pL, 2.08 mmol) was added. After further being
stirred at the same temperature for 10 min, the reaction was quenched with saturated
NH4Cl solution (3 mL). The mixture was extracted with EtOAc (5 mL x2). The combined
organic layer was washed with brine (5 mL), dried over anhydrous Na>SO4, and
concentrated to dryness in vacuo. The residue was purified by flash column
chromatography (neutral silica gel 10 g, AcOEt/hexane 1/3) to give carbamate 2-20 (191
mg, 73%) as a colorless oil.

"H NMR (400 MHz, CDCl3) 66.02 (1H, brs), 5.33 (1H, m, CH=C), 5.58 (1H, brs), 5.20
(1H, m), 4.58 (1H, d,J=9.0 Hz), 4.56 (1H, d, /J=9.0 Hz), 4.28 (1H, dt, /= 7.0, 6.5 Hz),
4.18 (2H, q, J=7.0 Hz), 4.05-3.97 (2H, m), 3.93 (1H, d, /= 12.0 Hz), 3.85-3.77 (2H, m),
3.60 (1H, t, J=8.0 Hz), 3.32 (3H, s), 2.75 (1H, brt, J=12.0 Hz), 2.33 (1H, d, J = 12.5,
6.0 Hz), 1.60 (1H, m), 1.42 (3H, s), 1.40 (9H, s), 1.35 (3H, s), 1.30 (3H, t, /= 7.0 Hz),
0.92 (9H, s), 0.10 (3H, s), 0.09 (3H, s).

O
° l/OTBS 1) TBAF l//o
THF, rt .
\} - o
NHBoc ) Dess-Martin NHBoc
periodinane
MOMO O\"/OEt CH,Cly, rt MOMO O\n/OEt
220 2-21 0
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[6049][6050]

aldehyde 2-21: To a solution of 2-20 (38.1 mg, 61.6 umol) in THF (1 mL) was added
TBAF (1.0 M solution in THF; 100 uL, 100 umol) at 0 °C. After being stirred at the same
temperature for 20 min, the reaction was quenched with saturated NH4Cl solution (1 mL).
The mixture was extracted with EtOAc (1 mL x2). The combined organic layer was
washed with brine (1 mL), dried over anhydrous Na>SO4, and concentrated to dryness in
vacuo. The residue was used for the next reaction without further purification.

To a solution of the residue in CH2Cl; (1 mL) was added Dess-Martin periodinane (72.0
mg, 169 pumol) at room temperature. After being stirred at the same temperature for 20
min, the reaction was quenched with saturated NaHCOs3 solution (1 mL) and saturated
NaySOs3 solution (1 mL). The mixture was extracted with CH>Cl, (5 mL x2). The
combined organic layer was washed with brine (5 mL), dried over anhydrous Na>SOs,
and concentrated to dryness in vacuo. The residue was purified by flash column
chromatography (neutral silica gel 2 g, AcOEt/hexane 1/2 to 1/1) to give aldehyde 2-20
(25.5 mg, 83%) as a colorless oil.

'"H NMR (400 MHz, CDCls) 69.77 (1H, t, J = 1.5 Hz), 5.42 (1H, br t, J = 5.0 Hz), 5.23
(1H, br s), 5.15 (1H, br d, J = 4.0 Hz), 4.40 (2H, s), 4.11 (1H, d, J = 12.0 Hz), 4.01-3.87
(2H, m), 3.82 (1H, d, J=12.0 Hz), 3.63 (1H, dd, J = 8.0, 5.5 Hz), 3.47 (1H, td, J = 8.5,
5.5Hz),3.29 (1H, t,J=8.0 Hz), 3.13 (3H, s), 2.99 (1H, br d, J=16.0 Hz), 2.74 (1H, dd,
J=16.0,2.0 Hz), 2.72 (1H, br d, J = 16.0 Hz), 2.59 (1H, m), 2.16 (1H, br dd, J = 15.0,
5.0 Hz), 1.42 (9H, s), 1.28 (3H, s), 1.19 (3H, s), 0.94 (3H, t, J = 7.0 Hz); LRMS(ESI) for
C24H39NO19Na [M+Na]", caled 524.2, found 524.7.

Sm|2
~0 HMPA
o- —_— +
BocHN THF
EtOOCO -78°C H Y cocd)
OMOM
2-21 2-23
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[6125]

2-22 and 2-23: To a solution of aldehyde 2-21 (51.2 mg, 102 umol) in THF (5 mL) was
added HMPA (210 uL, 1.22 mmol). The mixture was degassed by freeze-thaw cycles (x5),
and the flask was filled with Ar. To the mixture was added Sml> (0.07 M solution in THF;
5.8 mL, 408 umol) at -78 °C. After being stirred at the same temperature for 20 min, the
reaction was quenched with saturated NaHCO3 solution (3 mL) and saturated Na>SOs
solution (3 mL). The mixture was extracted with EtOAc (5 mL x2). The combined organic
layer was washed with brine (5 mL), dried over anhydrous Na>SOs, and concentrated to
dryness in vacuo. The residue was purified by flash column chromatography (neutral
silica gel 15 g, AcOEt/hexane 1/2 to 2/1 to 1/0) to give aldehyde 2-22 (7.1 mg, 17%) as a
colorless oil and 2-23 (9.5 mg, 19%) as a colorless oil.

2-22: 'H NMR (400 MHz, CDCl3) §6.49 (1H, br s), 5.47 (1H, m), 4.62 (1H, d, J=10.0
Hz), 4.60 (1H, d, /= 10.0 Hz), 4.59 (1H, m), 4.20 (1H, dd, J = 8.0, 6.0 Hz), 4.13 (1H, d,
J=7.0Hz),3.95(1H, d,/J=13.0 Hz), 3.91 (1H, d, J=13.0 Hz), 3.63 (1H, t, /= 8.0 Hz),
3.37 3H, s), 2.97 (1H, br d, /= 18.0 Hz), 2.85 (1H, br dd, J=9.0, 7.0 Hz), 2.64 (1H, d,
J=9.5Hz),2.35(1H, brd, J=18.0 Hz), 2.13 (1H, br s), 2.02 (1H, br d, /=9.0 Hz), 1.97
(1H, brd, J=15.0 Hz), 1.44 (9H, s), 1.40 (6H, s), 1.31 (3H, t, J=7.0 Hz); '3C NMR (100
MHz, CDCl3) 6 155.5, 137.1, 123.6, 109.7, 95.7, 75.7, 69.6, 68.8, 61.4, 55.4, 52.5, 48.5,
47.8,41.7,29.7, 28.5, 26.9, 26.2.

2-23: '"H NMR (400 MHz, C¢D¢) 6 6.72 (1H, br s), 4.67-4.57 (2H, m), 4.40 (2H, br s),
4.16 (1H, dd, J = 8.0, 6.0 Hz), 3.95-3.84 (2H, m), 3.78 (1H, m), 3.61 (1H, dd, J = 10.0,
4.0 Hz), 3.57 (1H, m), 3.49 (1H, t, J = 8.0 Hz), 3.43 (1H, t, J = 10.0 Hz), 3.13 (3H, s),
3.03 (1H, dd, J = 15.0, 7.0 Hz), 1.96 (1H, br s), 1.88 (1H, m), 1.83 (1H, br d, J = 15.0
Hz), 1.70 (1H, dr, J= 9.5 Hz), 1.61 (1H, t, J = 11.5 Hz), 1.44 (9H, s), 1.29 (6H, s); 1*C
NMR (100 MHz, C¢Ds) 6 155.30, 155.27, 109.9, 96.7, 78.6, 76.0, 73.1, 70.6, 69.1, 66.7,
63.9, 62.0, 57.8, 55.0,47.4, 46.6, 46.2, 42.0, 28.6, 56.9, 26.4, 14.2.
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[5127]

Tetraol 2-26: To a solution of 2-27 (3.15 g, 4.94 mmol) in THF (90 mL) and H>O (90
mL) were added NMO (1.70 g, 14.5 mmol) and OsOs (4% aqueous solution, 16.0 mL,
2.51 mmol) at room temperature. After being stirred at the same temperature for 2.5 h,
the reaction was quenched with saturated Na;SO3 solution (40 mL) and saturated
NaHCO;j solution (40 mL). The mixture was extracted with EtOAc (200 mL x2). The
combined organic layer was washed with brine (200 mL), dried over anhydrous Na;SO4,
and concentrated to dryness in vacuo. The residue was purified by flash column
chromatography (neutral silica gel 50 g, AcOEt/hexane 1/1) to give tetraol 2-26 (2.80 g,
81%) as a white amorphous solid.

"H NMR (400 MHz, CDCI3) 8 8.60 (1H, br s), 7.67-7.61 (4H, m), 7.50-7.39 (6H, m),
4.16-4.04 (3H, m), 3.95 (1H, ddd, J = 10.0, 9.0, 5.5 Hz), 3.81-3.68 (2H, m), 3.61 (1H, d,
J=10.0Hz), 3.58 (1H, d, J=10.0 Hz), 3.51 (1H, br t, /= 8.0 Hz), 3.04 (1H, dd, /= 12.5,
4.0 Hz), 2.76 (1H, br s), 2.46-2.40 (2H, m), 2.20 (1H, m), 1.60 (1H, t, /= 12.5 Hz), 1.50
(1H, t, J = 14.0 Hz), 1.39 (3H, s), 1.37 (3H, s), 1.08 (9H, s); LRMS(ESI) for
C3Ha4Ci3NOsSiNa [M+Na]", caled 726.2, found 726.5.

.

@) 1) NaH
GOCCls )THF, rt
NH —_—
9.OH 2) Ac,0
OH Py, rt OAG
TBDPSO OHOH TBDPSO OHOAC
2-26 2-29
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[5128][5136]

Diacetate 2-29: NaH (60% dispersion in mineral oil, 1.43 g, 35.8 mmol) was washed
with hexane (10 mL x3), and dry THF (150 mL) was added. To this suspension was added
a solution of 2-26 (2.80 g, 3.97 mmol) in dry THF (10 mL) dropwise through a cannula
at room temperature. After being stirred at the same temperature for 47h, the reaction was
quenched with saturated NH4ClI solution (150 mL). The mixture was extracted with
EtOAc (150 mL x2). The combined organic layer was washed with brine (150 mL), dried
over anhydrous Na>SOys, and concentrated to dryness in vacuo. The residue was used for
the next reaction without further purification.

A solution of the residue in pyridine (30 mL) and Ac>O (15 mL) was stirred at the room
temperature for 2.5 h, and then concentrated to dryness in vacuo. The residue was purified
by flash column chromatography (neutral silica gel 90 g, AcOEt) to give diacetate 2-29
(2.49 g, 94%) as a colorless oil.

'H NMR (400 MHz, CDCl3) & 7.60-7.55 (4H, m), 7.48-7.36 (6H, m), 5.07 (1H, dd, J =
10.5, 6.0 Hz), 4.97 (1H, br s), 4.68 (1H, dd, J=9.0, 3.5 Hz), 4.52 (1H, dd, J=11.5, 9.0
Hz), 4.37 (1H, dd, J = 11.5, 3.5 Hz), 4.11 (1H, m), 4.04 (1H, dd, /= 7.5, 5.5 Hz), 3.42
(1H, t,J=28.0 Hz), 2.21 (1H, m), 2.14-2.05 (2H, m), 2.07 (3H, s), 1.97 (3H, s), 1.39 (3H,
s), 1.37 (1H, d, /= 14.0 Hz), 1.35 (3H, s) , 1.05 (9H, s).

.

OJE Martin's
Sulfurane
HN 0 >
\ CH,Cl,
OAc rt OAc
OH
TBDPSO ~ QAc TBDPSO  0OAc
2-29 2-30

[5152]
Allylic acetate 2-30: To a solution of 2-29 (2.49 g, 3.71 mmol) in CH>CL (60 mL) was
added Martin’s sulfurane (4.71 g, 7.00 mmol) at room temperature. The mixture was

stirred at the same temperature for 1.5 h, then concentrated to dryness in vacuo. The

83



residue was purified by flash column chromatography (neutral silica gel 150 g,
AcOEt/hexane 1/2 to 1/1 to 1/0) to give diacetate 2-30 (1.22 g, 49%) as a colorless oil.
"H NMR (400 MHz, CDCl3) 67.65-7.59 (4H, m), 7.50-7.37 (6H, m), 5.89 (1H, d, J= 6.0
Hz), 5.44 (1H, d, J = 5.0 Hz), 5.00 (1H, br s), 4.80 (1H, dt, J = 9.5, 6.0 Hz), 4.45-4.38
(2H, m), 4.17 (1H, br d, J = 15.0 Hz), 4.11 (1H, br d, J = 15.0 Hz), 3.67-3.59 (2H, m),
2.59 (1H, t,J="7.0 Hz), 2.25 (1H, dd, J=15.0, 6.0 Hz), 2.18 (1H, brd, /= 15.0 Hz), 2.10
(3H, s), 1.96 (3H, s), 1.41 (3H, s), 1.33 (3H, s), 1.06 (9H, s).

TBDPSO  QAc TBDPSO  QH

2-30 2-81
[5153]
Diol 2-S1: To a solution of 2-30 (603 mg, 925 umol) in MeOH (40 mL) was added K»CO3
(602 mg, 4.35 mmol) at 0 °C. After being stirred at the same temperature for 30 min, the
reaction was quenched with saturated NH4Cl solution (40 mL). The mixture was extracted
with EtOAc (40 mL x2). The combined organic layer was washed with brine (40 mL),
dried over anhydrous Na>SOs, and concentrated to dryness in vacuo. The residue was
purified by flash column chromatography (neutral silica gel 20 g, AcOEt) to give diol 2-
S1 (465 mg, 89%) as a colorless oil.
"HNMR (400 MHz, CDCls) 67.67-7.62 (4H, m), 7.50-7.39 (6H, m), 5.55 (1H, brs), 5.53
(1H,d,J=6.0 Hz), 4.48 (1H, d,J=5.0 Hz), 4.35 (1H, d, /= 13.0 Hz), 4.32 (1H, m), 4.25
(1H, m), 4.24 (1H, d, J= 13.0 Hz), 3.97-3.90 (2H, m), 3.62 (1H, td, /=9.0, 5.5 Hz), 3.55
(1H, t, J=8.0 Hz), 3.17 (1H, br s), 2.52 (1H, dd, J = 8.5, 6.0 Hz), 2.25 (1H, d, J = 14.5
Hz),2.14 (1H, dd, J=14.5, 6.0 Hz), 1.42 (3H, s), 1.31 (3H, s) , 1.07 (9H, s); LRMS(ESI)
for C31H41NO7SiNa [M+Na]", caled 590.3, found 590.5.

84



Dess-Martin
periodinane

CH,Cl,
rt

TBDPSO  QOH

2-§1
[5139]
2-31: To a solution of 2-S1 (96.3 mg, 169 umo) in CH>Cl, (4 mL) was added Dess-Martin
periodinane (199 mg, 470 pumol) at room temperature. After being stirred at the same
temperature for 1 h, the reaction was quenched with saturated NaHCO3 solution (2 mL)
and saturated Na>SOs3 solution (2 mL). The mixture was extracted with CH2Cl (5 mL x2).
The combined organic layer was washed with brine (5 mL), dried over anhydrous Na>SO4,
and concentrated to dryness in vacuo. The residue was purified by flash column
chromatography (neutral silica gel 2 g, AcOEt) to give diol 2-31 (97.7 mg, quant.) as a
white amorphas solid.
"H NMR (400 MHz, CsD¢) 59.41 (1H, d, J= 1.5 Hz), 7.81-7.69 (4H, m), 7.34-7.20 (6H,
m), 6.45 (1H, m), 4.84 (1H, br d, J=16.0 Hz), 4.71 (1H, d, J = 16.0 Hz), 3.81 (1H, d, J
=1.5Hz),3.66 (1H,dd,J=17.5, 5.5 Hz), 3.25 (1H, m), 3.12 (1H, t, J= 8.0 Hz), 2.60 (1H,
br d, J=17.0 Hz), 2.34 (1H, m), 2.20 (1H, d, J = 17.0 Hz), 1.19 (9H, s), 1.15 (3H, s),
1.10 (3H, s); LRMS(ESI) for C3;H37NO7SiNa [M+Na]", calcd 586.2, found 586.4.

OH
OI//
Sm|2 - 7: 10
= o]
t‘BUOH HN 5 1
THF [N
0°C S
2-33
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[5158]

2-33: To a solution of aldehyde 2-31 (7.7 mg, 14 umol) in THF (0.5 mL) was added #-
BuOH (20 uL, 210 pumol). The mixture was degassed by freeze-thaw cycles (x5), and the
flask was filled with Ar. To the mixture was added Sml> (0.07 M solution in THF; 0.6 mL,
42.0 umol) at 0 °C. After being stirred at the same temperature for 20 min, the reaction
was quenched with saturated NaHCOs3 solution (1 mL) and saturated Na>SOs solution (1
mL). The mixture was extracted with EtOAc (5 mL x2). The combined organic layer was
washed with brine (5§ mL), dried over anhydrous Na>SOs, and concentrated to dryness in
vacuo. The residue was purified by flash column chromatography (neutral silica gel 1 g,
AcOEt/hexane 2/1 to 1/0) to give aldehyde 2-33 (1.4 mg, 33%, ca. 1:1 diastereomeric
mixture) as a colorless oil.

"H NMR (400 MHz, CDCls) 65.50 (1H x1/2, br's), 5.33 (1H x1/2, br s), 4.59 (1H x1/2,
m), 4.43 (1H, m), 4.30 (1H, m), 4.21-4.11 (1H x3/2, m), 3.64 (1H x1/2, t, J = 8.0 Hz),
3.50 (1H x1/2,t,J=8.0 Hz), 3.07 (1H x1/2, m), 2.98 (1H x1/2, d, /= 14.5 Hz), 2.94 (1H
x1/2,d,J=17.0 Hz), 2.70 (1H x1/2, d, J= 14.5 Hz), 2.69 (1H x1/2, d, /= 17.0 Hz), 2.48
(1H x1/2, m), 2.36-2.27 (1H, m), 2.21 (1H x1/2, br s), 2.00 (1H x1/2, d, J=7.0 Hz), 1.43
(3H x1/2,s), 1.42 (3H x1/2,s), 1.37 (3H, s), 1.22 (3H x1/2,d,J= 7.5 Hz), 1.16 (3H x1/2,
d, J= 7.5 Hz); LRMS(ESI) for CisH2iNOsNa [M+Na]", caled 334.1, found 334.3.

[7075]
Diol 2-S2: To a solution of 2-17 (12.7 g, 28.8 mmol) in THF (240 mL) and H>O (240 mL)
were added NMO (6.70 g, 57.6 mmol) and OsO4 (4% aqueous solution, 18.0 mL, 2.88

mmol) at room temperature. After being stirred at the same temperature for 13 h, the
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reaction was quenched with saturated Na>SOs3 solution (200 mL) and saturated NaHCO3
solution (200 mL). The mixture was extracted with EtOAc (500 mL x2). The combined
organic layer was washed with brine (400 mL), dried over anhydrous Na>SO4, and
concentrated to dryness in vacuo. The residue was purified by flash column
chromatography (neutral silica gel 200 g, AcOEt/hexane 1/1 to 1/0) to give diol 2-S2
(12.3 g, 91%, ca 2.5:1 diastereomeric mixture) as a colorless oil. Pure major and minor
isomers for characterization were obtained from fractions containing either single isomer.
Major isomer : [o]p*® +67.4 (¢ 1.04, CHCl3); IR (film) vmax 3438, 2984, 2939, 2886,
1668, 1371, 1240, 1150, 1097, 1049, 937 cm™'; 'H NMR (400 MHz, CDCls) §5.65 (1H,
br d, J=5.0 Hz, CH=C), 5.00 (1H, t, J = 2.5 Hz, CH=C-CH), 4.61 (1H, d, J = 7.0 Hz,
CHaH3p of MOM), 4.60 (1H, d, J = 7.0 Hz, CH4Hg of MOM), 4.23 (1H, br d, /= 10.0
Hz, HO-CH-CHaHj3), 4.11 (1H, dt, J=13.0, 1.5 Hz, MOMO-CHaH3), 4.08-3.93 (4H, m,
C-O-CHaH3-CH-O, HO-CH-CH2, MOMO-CH4HBg), 3.78-3.66 (3H, m, C-O-CH4Hs-
CH-O, HO-CH-CHHB, OH), 3.33 (3H, s, CH3 of MOM), 3.32 (1H, d, J = 9.0 Hz, OH),
2.74 (1H, br dd, J = 8.0, 5.0 Hz, C=CH-CH), 2.53 (1H, dd, J = 14.0, 3.0 Hz, CHAH3-C-
N), 1.88 (1H, dd, J = 14.0, 2.0 Hz, CHHg-C-N), 1.37 (3H, s, CH; of acetonide), 1.33
(3H, s, CH; of acetonide); '°C NMR (100 MHz, CDCl3) 6154.8, 134.9, 126.5, 109.6,
95.9, 92.0, 73.7, 71.1, 69.9, 68.5, 67.6, 62.2, 61.0, 55.4, 47.9, 26.32, 26.25, 24.1;
HRMS(ESI) for C1sH26CIsNO7Na [M+Na]", calcd 496.0667, found 496.0678.

Minor isomer : [a]p?’ +63.6 (¢ 1.00, CHCl3); IR (film) vmax 3436, 2985, 2938, 2886,
1669, 1373, 1231, 1150, 1102, 1051 cm™'; 'H NMR (400 MHz, CDCl3) §5.68 (1H, br d,
J=5.0Hz, CH=C), 4.99 (1H, t,J=2.5 Hz, CH=C-CH), 4.61 (1H, d, J= 7.0 Hz, CHAH3
of MOM), 4.60 (1H, d, J=7.0 Hz, CH4Hg of MOM), 4.14 (1H, d, /= 8.0 Hz), 4.14-4.04
(3H, m), 4.01 (1H, d, /= 13.0 Hz), 3.93 (1H, m, HO-CH-CHaH3), 3.77-3.64 (3H, m, C-
0-CH4Hg-CH-0O, HO-CH-CH HB), 3.34 (3H, s, CH; of MOM), 3.24 (1H, br s, OH), 2.89
(1H, br t, J= 6.0 Hz, C=CH-CH), 2.11 (1H, br d, J = 14.0 Hz, CHaH3-C-N), 1.96 (1H,
dd, J=14.0, 3.0 Hz, CH4Hg-C-N), 1.42 (3H, s, CHj3 of acetonide), 1.39 (3H, s, CH; of
acetonide); '*C NMR (100 MHz, CDCls) §153.2, 134.6, 126.4, 110.0, 95.9, 92.1, 75.4,
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73.8, 69.6, 68.5, 67.6, 63.1, 59.0, 55.4, 46.0, 27.1, 26.30, 26.25; HRMS(ESI) for
C13H26CI13NO7Na [M+Na]", calcd 496.0667, found 496.0675.

A

O OH

0~ >ccl,
MOMO

2-S2

[7078]

Aldehyde 2-37: To a solution of 2-S2 (12.3 g, 25.9 mmol) in THF (300 mL) was added
Pb(OAc)4 (17.2 g, 38.8 mmol) at room temperature. After being stirred at the same
temperature for 30 min, the reaction was quenched with saturated NaHCO3 solution (300
mL). The mixture was extracted with EtOAc (300 mL x2). The combined organic layer
was washed with brine (300 mL), dried over anhydrous Na>SQO4, and concentrated to
dryness in vacuo. The residue was purified by flash column chromatography (neutral
silica gel 200 g, AcOEt/hexane 1/2 to 1/0) to give aldehyde 2-37 (10.7 g, 93%) as a
colorless oil.

[a]p?” +136 (c 1.28, CHCl3); IR (film) vmax 2986, 2938, 2886, 1736, 1662, 1151, 1054
cm'; "TH NMR (400 MHz, CDCls) §9.75 (1H, d, J = 1.0 Hz, CHO), 5.70 (1H, br dt, J =
5.0, 1.0 Hz, CH=C), 5.06 (1H, br t, J = 2.5 Hz, CH=C-CH), 4.64 (1H, d, J = 7.0 Hz,
CHaH3p of MOM), 4.62 (1H, d, J = 7.0 Hz, CH HB of MOM), 4.14 (1H, dt, J=13.0, 1.5
Hz, MOMO-CHaH3), 4.07 (1H, br d, J = 13.0 Hz, MOMO-CHHg), 4.05 (1H, dd, J =
8.0, 6.0 Hz, O-CHaH3-CH-0), 3.90 (1H, ddd, J = 9.5, 7.5, 6.0 Hz, O-CH>-CH-0O), 3.74
(1H, brt,J=7.5 Hz, O-CHHB-CH-0), 3.36 (3H, s, CH; of MOM), 3.03 (1H, dd, J=9.5,
5.0 Hz, C=CH-CH), 2.16 (1H, dd, J = 14.5, 3.0 Hz, CHAaH3-C-N), 2.11 (1H, dd, J= 14.5,
2.5 Hz, CH4Hp-C-N), 1.41 (3H, s, CH; of acetonide), 1.29 (3H, s, CH; of acetonide); '*C
NMR (100 MHz, CDCl3) 6197.5, 154.4, 135.8, 124.7, 110.1, 96.1, 92.0, 73.6, 69.6, 67.9,
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67.6,63.0,55.5,48.5,26.6,25.7,22.6; HRMS(ESI) for C17H22CI3NOgsNa [M+Na]", calcd
464.0405, found 464.0418.

Li————TMS
Cul
THF, -78 °C

MOMO

[7069]

Propargylalcohol 2-38 and 2-39: To a solution of trimethylsilylacetylene (4.00 mL, 28.1
mmol) in THF (20 mL) was added n-BuLi (2.8 M solution in hexane; 9.10 mL, 25.6
mmol) dropwise over 5 min through a dropping funnel at -78 °C. The mixture was
allowed to warm to 0 °C, and stirred at the same temperature for 10 min. The resulting
acetylide solution was added to a solution of Cul (5.35 g, 28.1 mmol) in THF (20 mL)
dropwise over 5 min through a cannula at -78 °C. After being stirred at the same
temperature for 30 min, a solution of aldehyde 2-37 (1.13 g, 2.56 mmol) in THF (20 mL)
was added dropwise over 15 min through a cannula at -78 °C. Stirring was continued at
the same temperature for 10 min. The reaction was quenched with saturated NH4Cl
solution (60 mL). The mixture was diluted with Et,O (90 mL), and filtered through a pad
of Super-Cel. The filtrate was extracted with Et2O (100 mL x3). The combined organic
layer was washed with brine (100 mL), dried over anhydrous Na,;SO4, and concentrated
to dryness in vacuo. The residue was purified by flash column chromatography (neutral
silica gel 40 g, AcOEt/hexane 1/5 to 1/3) to give an inseparable mixture of 2-38 and 2-39
(1.27 g, 92%, ca. 3.4:1 diastereomeric mixture) as a colorless oil.

[a]p?’ +45.7 (¢ 0.92, CHCl3); IR (film) vinax 3447, 2985, 2956, 1617, 1251, 1052, 845 cm”
! TH NMR (400 MHz, CDCl3) 65.78 (1H x1/4.4, d, J=5.0 Hz), 5.65 (1H x3.4/4.4, d, J
=4.5 Hz), 5. 02 (1H, m), 4.84 (1H x3.4/4.4, br s), 4.64 (1H, d, J= 6.5 Hz), 4.62 (1H, d,
J=6.5Hz),4.53 (1H x3.4/4.4, brs), 4.25-4.01 (4H, m), 3.72 (1H x3.4/4.4, t,J= 8.0 Hz),
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3.70 (1H x1/4.4,t,J=8.0 Hz), 3.36 (3H, s), 2.91 (1H x1/4.4, br t, J = 6.5 Hz), 2.69 (1H
x3.4/4.4, m), 2.30 (1H x1/4.4, m), 2.27 (1H x3.4/4.4, m), 2.10 (1H x3.4/4.4, dd, J = 14.0,
2.5 Hz), 1.85 (1H x1/4.4, m), 1.41 (3H + 3H x3.4/4.4, s), 1.38 (3H x1/4.4, s), 0.15 (9H,
br s); *C NMR (100 MHz, CDCl3) §152.7, 135.2, 134.8, 127.1, 126.4, 109.8, 109.6,
102.8, 96.0, 92.32, 92.25, 91.0, 90.4, 73.8, 73.7, 69.7, 69.2, 68.5, 68.4, 68.0, 67.8, 59.3,
59.2,55.4,48.7,45.5,26.30, 26.26, 26.2, 24.5, -0.15, -0.19 (one peak missing).

A A A

0 o O
i) ACOH, H,O/THF, rt H A
- NHCOCCIl; N" N
ii) CICOCCls, pyridine WOH
™S CH,CI,, 0 °C
o el iii) K,CO3, MeOH, rt I N\
MOMO 3 MOMO  OH MOMO  gn
2-38 and 2-39 2-41 2-42
(3.3:1)
[7066][7067][7077]

2-41 and 2-42: 2-38 and 3-39 (437 mg, 0.807 mmol) was dissolved in THF (8 mL) and
H20 (4 mL), and then AcOH (4 mL) was added at room temperature. The solution was
stirred at the same temperature for 60 h, then concentrated to dryness in vacuo. The
residue was used for the next reaction without further purification.

To a solution of the residue in CH2Cl, (15 mL) were added pyridine (0.65 mL, 8.07 mmol)
and CICOCCIs (0.45 mL, 4.03 mmol) at 0 °C. After being stirred at the same temperature
for 15 min, the reaction was quenched with saturated NaHCO3 solution (15 mL). The
mixture was extracted with CH>Cl> (20 mL x3). The combined organic layer was dried
over anhydrous Na>SQOs, and concentrated to dryness in vacuo. The residue was used for
the next reaction without further purification.

To a solution of the residue in MeOH (15 mL) was added K>CO3 (638 mg, 4.61 mmol) at
0 °C. The reaction mixture was stirred at the same temperature for 2 h, and then allowed
to warm to room temperature. After being stirred at the same temperature for 30 min, the
reaction was quenched with saturated NH4Cl solution (15 mL) and H>O (15 mL). The

mixture was extracted with EtOAc (20 mL x3). The combined organic layer was washed
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with brine (20 mL), dried over anhydrous Na>SOs4, and concentrated to dryness in vacuo.
The residue was purified by flash column chromatography (neutral silica gel 15 g,
AcOEt/hexane 1/2 to 1/1 to 1/0) to give trichloroacetamide 2-41 (254 mg, 62%, single
diastereomer) as a yellow amorphous solid and 2-42 (44.2 mg, 15%) as a colorless oil.
2-41: [a]p?” +103 (¢ 0.91, CHCls); IR (film) vmax 3446, 3302, 1708, 1534, 1048, 824 cm’
! 'TH NMR (400 MHz, CDCl3) 69.12 (1H, br s, NH), 5.66 (1H, br d, J = 5.0 Hz, CH-C
=), 5.48 (1H, d, J= 5.0 Hz, CH=C), 4.73 (1H, d, /= 6.0 Hz, OH), 4.65 (1H, d, J= 6.5
Hz, CHaHp of MOM), 4.63 (1H, d, J= 6.5 Hz, CH4Hg of MOM), 4.54 (1H, brd, J=5.0
Hz, CH=C-CH), 4.21 (1H, d, J = 11.5 Hz, MOMO-CHaH3), 4.16 (1H, d, J = 11.5 Hz,
MOMO-CH4Hg), 4.06 (1H, dd, J = 8.0, 5.5 Hz, O-CHAH3-CH-0), 3.99 (1H, br td, J =
9.0, 5.5 Hz, O-CH2-CH-0O), 3.75 (1H, t, J = 8.0 Hz, O-CH4Hg-CH-O), 3.55 (1H, br s,
OH), 3.37 (3H, s, CH; of MOM), 3.36 (1H, dd, J = 8.5, 5.0 Hz, C=CH-CH), 2.49 (1H,
dd, J=15.0, 5.0 Hz, CHAHB-C-N), 2.44 (1H, d, J=2.0 Hz, C=CH), 2.30 (1H, br d, J =
15.0 Hz CH4Hg-C-N), 1.46 (3H, s, CH; of acetonide), 1.38 (3H, s, CH; of acetonide); 1*C
NMR (100 MHz, CDCls3) 6161.2, 136.8, 125.0, 110.2, 95.8, 93.0, 81.0, 75.0, 74.2, 71.2,
68.6, 65.6, 64.5, 60.9, 55.6, 43.6, 29.4, 26.4, 26.3; HRMS(ESI) for Ci9H26C13NO7Na
[M+Na]", calcd 508.0667, found 508.0659.

2-42: [a]p?® +86.3 (c 1.19, CHCI3); IR (film) vimax 3406, 3289, 1754, 1058 cm™'; 'TH NMR
(400 MHz, CDCI3) 66.47 (1H, br s, NH), 5.65 (1H, d, /= 2.0 Hz, CH-C=), 5.56 (1H, d,
J=5.5Hz, CH=C), 4.63 2H, s, CH2 0f MOM), 4.44 (1H, d, J=4.5 Hz, CH=C-CH), 4.17
(1H, d, J=12.5 Hz, MOMO-CH,Hg), 4.12 (1H, d, J = 12.5 Hz, MOMO-CHaH3), 3.95
(1H, dd, /= 8.0, 5.5 Hz, O-CH4HB-CH-0), 3.81 (1H, td, J= 8.5, 5.5 Hz, O-CH»-CH-0),
3.62 (1H,t,J=8.0 Hz, O-CHaH3-CH-0), 3.62 (1H, br s, OH), 3.37 (3H, s, CH3 of MOM),
2.66 (1H, d,J=2.0 Hz, C=CH), 2.58 (1H, dd, /= 8.5, 5.5 Hz, C=CH-CH), 2.33 (1H, br
d, J=15.0 Hz, CH4Hg-C-N), 2.16 (1H, dd, J = 15.0, 5.0 Hz, CHAH3-C-N), 1.39 (3H, s,
CH; of acetonide), 1.31 (3H, s, CH; of acetonide); '*C NMR (100 MHz, CDCl3) §157.4,
138.7, 123.0, 109.9, 96.1, 77.8, 75.2, 72.3, 69.8, 68.1, 64.2, 60.6, 55.5, 47.9, 33.7, 26.6,
25.7; HRMS(ESI) for Ci13H2sNO7Na [M+Na]", calcd 390.1523, found 390.1509.
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) Li—==—TMS o)(

Cul, THF O
_78°C(ar3.51) NHCOGCl,
i) AcOH, H,O/THF, rt OH
iii) CICOCCI3, pyridine | |
CH,Cl,, 0 °C
iv) K,CO3, MeOH, rt MOMO  OH
2-37
2-41

[7093][7094][7096][7097]

Trichloroacetamide 2-41: To a solution of trimethylsilylacetylene (30.0 mL, 209 mmol)
in THF (100 mL) was added n-BuLi (2.8 M solution in hexane; 68.0 mL, 190 mmol)
dropwise over 15 min through a dropping funnel at -78 °C. The mixture was allowed to
warm to 0 °C, and stirred at the same temperature for 10 min. The resulting acetylide
solution was added to a solution of Cul (40.0 g, 209 mmol) in THF (100 mL) dropwise
over 15 min through a cannula at -78 °C. After being stirred at the same temperature for
30 min, a solution of aldehyde 2-37 (8.45 g, 19.0 mmol) in THF (100 mL) was added
dropwise over 30 min through a cannula at -78 °C. Stirring was continued at the same
temperature for 20 min. The reaction was quenched with saturated NH4Cl solution (500
mL). The mixture was diluted with Et,O (500 mL), and filtered through a pad of Super-
Cel. The filtrate was extracted with Et2O (300 mL x3). The combined organic layer was
washed with brine (500 mL), dried over anhydrous Na>SOs, and concentrated to dryness
in vacuo. The residue was used for the next reaction without further purification.

The residue was dissolved in THF (120 mL) and H>O (60 mL), and then AcOH (60 mL)
was added at room temperature. The solution was stirred at the same temperature for 38
h, then concentrated to dryness in vacuo. The residue was used for the next reaction
without further purification.

To a solution of the residue in CH2Cl> (220 mL) were added pyridine (14.8 mL, 184
mmol) and CICOCCI3 (10.0 mL, 89.1 mmol) at 0 °C. The reaction mixture was stirred at
0 °C for 1 h, and then pyridine (1.50 mL, 18.5 mmol) and CICOCCI; (1.00 mL, 8.91
mmol) were added. After being stirred at the same temperature for 15 min, the reaction

was quenched with saturated NaHCO3 solution (200 mL). The mixture was extracted with
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CH2Cl> (200 mL x3). The combined organic layer was dried over anhydrous Na>SOs, and
concentrated to dryness in vacuo. The residue was used for the next reaction without
further purification.

To a solution of the residue in MeOH (220 mL) was added K>COs (15.0 g, 109 mmol) at
0 °C. The reaction mixture was stirred at the same temperature for 2 h, and then allowed
to warm to room temperature. After being stirred at the same temperature for 30 min, the
reaction was quenched with saturated NH4Cl solution (200 mL) and H>O (200 mL). The
mixture was extracted with EtOAc (200 mL x3). The combined organic layer was washed
with brine (300 mL), dried over anhydrous Na>SO4, and concentrated to dryness in vacuo.
The residue was purified by flash column chromatography (neutral silica gel 200 g,
AcOEt/hexane 1/2 to 1/1) to give trichloroacetamide 2-41 (5.73 g, 62%, single

diastereomer) as a yellow amorphous solid.

0 o\

O

i) NaH

NHCOCCI3 THF, 0 °C

wOH —_—

ii) BnBr, TBAI

| | 082003 \\

MOMO  OH DMF. 0°C MoMO gy
2-41 2-43

[9082][9087]

Benzyl carbamate 2-43: NaH (60% dispersion in mineral oil, 339 mg, 8.47 mmol) was
washed with hexane (10 mL x3), and dry THF (30 mL) was added. To this suspension
was added a solution of 2-41 (1.45 g, 2.99 mmol) in dry THF (22 mL) dropwise through
a cannula at 0 °C. After being stirred at the same temperature for 26 h, the reaction was
quenched with saturated NH4Cl solution (30 mL). The mixture was extracted with EtOAc
(50 mL x3). The combined organic layer was washed with brine (50 mL), dried over
anhydrous Na;SOs, and concentrated to dryness in vacuo. The residue was used for the

next reaction without further purification.
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To a solution of the residue in DMF (50 mL) were added Cs>CO3 (2.92 g, 8.97 mmol),
TBAI (1.65 g, 4.48 mmol) and BnBr (540 pL, 4.48 mmol) at 0 °C. After being stirred at
the same temperature for 6 h, the reaction mixture was allowed to warm to room
temperature, stirring was continued at the same temperature for 1 h. The reaction was
quenched with saturated NH4Cl solution (50 mL). The mixture was extracted with EtOAc
(50 mL x3). The combined organic layer was washed with H>O (50 mL) and brine (50
mL), dried over anhydrous Na>SQO4, and concentrated to dryness in vacuo. The residue
was purified by flash column chromatography (neutral silica gel 60 g, AcOEt/hexane 1/1
to 2/1) to give benzylcarbamate 2-43 (1.05 g, 77%) as a white solid.

Mp 140-142 °C; [a]p*® +102 (¢ 1.07, CHCI3); IR (film) vmax 3443, 1749, 1065, 1045 cm®
I; TH NMR (400 MHz, CDCls) 6 7.35-7.23 (5H, m, aromatic), 5.28 (1H, br s, CH=C),
492 (1H, d, J=2.5 Hz, CH-C=), 4.74 (1H, d, J = 16.0 Hz, CHaH3-Ph), 4.70 (1H, ddd,
J=9.0, 6.0, 5.5 Hz, O-CH»-CH-0), 4.64 (1H, d, /= 6.5 Hz, CHAHz of MOM), 4.61 (1H,
d,J=6.5 Hz, CH4Hg of MOM), 4.47 (1H, m, CH=C-CH), 4.25 (1H, dd, J= 8.0, 5.5 Hz,
O-CHAH3-CH-0),4.19 (1H, br d, J=12.0 Hz, MOMO-CHaH3), 4.13 (1H, brd, J=12.0
Hz, MOMO-CHHs), 3.93 (1H, d, J = 16.0 Hz, CH4Hg-Ph), 3.65 (1H, t, J = 8.0 Hz, O-
CH4Hg-CH-0), 3.37 (3H, s, CH3; of MOM), 3.03 (1H, d, J = 4.0 Hz, OH), 2.89 (1H, m,
C=CH-CH), 2.69 (1H, d, J= 2.5 Hz, C=CH), 1.94 (1H, d, J = 8.5 Hz, CH>-C-N), 1.43
(3H, s, CH; of acetonide), 1.37 (3H, s, CH; of acetonide); *C NMR (100 MHz, CDCls)
0156.8,138.3,137.7,128.6, 127.8, 127.5, 123.2,109.9, 96.1, 80.4, 76.5, 74.1, 70.9, 69.4,
68.9,66.8,66.2,55.5,45.0,43.44,43.35,26.7,25.3; HRMS(ESI) for C25sH3:NO7 [M+H]",
calcd 458.2173, found 458.2174.

NaH, CSQ
then Mel
—>

THF, rt
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[7006]

2-34: To a solution of 2-43 (110 mg, 0.240 mmol) in THF (8 mL) was added NaH (60%
dispersion in mineral oil, 67.0 mg, 1.68 mmol) at room temperature. After being stirred
at the same temperature for 15 min, CS> (100 pL, 1.66 mmol) was added. After being
stirred at the same temperature for 15 min, Mel (100 uL, 1.60 mmol) was added. After
being stirred at the same temperature for 3 h, the reaction was quenched with saturated
NH4Cl solution (5 mL). The mixture was extracted with Et2O (5 mL x3). The combined
organic layer was dried over anhydrous Na>SOj4. The solution was concentrated to dryness
in vacuo. The residue was purified by flash column chromatography (neutral silica gel 8
g) to give 2-34 (110 mg, 83%) as a white amorphas solid.

'HNMR (400 MHz, CDCl3) 67.35-7.23 (5H, m), 6.41 (1H, m), 5.51 (1H, brs), 5.05 (1H,
d,J=2.5Hz),4.73 (1H, m), 4.70 (1H, d, J=16.0 Hz), 4.60 (1H, d, /= 6.5 Hz), 4.55 (1H,
d,J=6.5Hz),4.28 (1H, dd, J=7.5, 5.5 Hz), 4.04-3.94 (3H, m), 3.66 (1H, t, /= 8.0 Hz),
3.32 (3H, s), 2.94 (1H, m), 2.76 (1H, d, J= 2.5 Hz), 2.53 (3H, s), 2.27 (1H, dd, J = 12.5,
6.0), 1.99 (1H, dd, J=12.5, 10.5 Hz), 1.44 (3H, s), 1.37 (3H, s).

I) NaH, CSQ

then Mel -/
w07l
é

N
ii) n-BusSnH Br ‘

Et;B
THF, 0 °C OMOM

2-43 2-11
[7106][7107]
2-11: To a solution of 2-43 (645 mg, 1.40 mmol) in THF (15 mL) was added NaH (60%
dispersion in mineral oil, 112 mg, 2.80 mmol) at room temperature. After being stirred at
the same temperature for 15 min, CSz (130 pL, 2.10 mmol) was added. After being stirred
at the same temperature for 15 min, Mel (130 pL, 2.10 mmol) was added. After being
stirred at the same temperature for 30 min, the reaction was quenched with saturated

NH4Cl solution (15 mL). The mixture was extracted with Et2O (15 mL x3). The combined
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organic layer was dried over anhydrous Na>SOs. The solution was concentrated to dryness
in vacuo. The residue was used for the next reaction without further purification.

To a solution of the residue in THF (30 mL) were added Et;B (1.0 M solution in hexane;
2.10 mL, 2.10 mmol) and #n-BuzSnH (540 uL, 2.10 mmol) at 0 °C. The reaction mixture
was stirred at 0 °C for 20 min, and then Et;B (1.0 M solution in hexane; 2.80 mL, 2.80
mmol) and n-BuzSnH (720 uL, 2.78 mmol) were added. After being stirred at 0 °C for 20
min, the reaction mixture was concentrated to dryness in vacuo. The residue was purified
by flash column chromatography (neutral silica gel 20 g + K2COs 2 g, Et:O/hexane 1/5
to 1/0) to give 2-11 (462 mg, 75%) as a white solid.

Mp 66-68 °C; [a]p?® +149 (c 1.06, CHCIs); IR (film) vmax 2985, 2934, 1756, 1388, 1149,
1069, 1038 cm™'; 'H NMR (400 MHz, CDCl3) §7.37-7.23 (5H, m, aromatic), 5.33 (1H,
m, CH=C), 5.26 (1H, br s, C=CHaH3), 5.21 (1H, d, /= 2.0 Hz, C=CH4Hg), 4.92 (1H, d,
J=16.5 Hz, CHaH3-Ph), 4.63 (1H, br s, O-CH-C=CH>), 4.57 (1H, d, J= 6.5 Hz, CHAH3
of MOM), 4.54 (1H, d, J = 6.5 Hz, CH4Hg of MOM), 4.06 (1H, d, J = 16.5 Hz, CH4Hg-
Ph), 4.06-3.98 (2H, m, O-CHAH3-CH-0), 3.91 (1H, br d, J = 12.5 Hz, MOMO-CHaH3),
3.86 (1H, brd, J=12.5 Hz, MOMO-CH4Hs), 3.51 (1H, m, O-CH4Hg-CH-0), 3.34 (3H,
s, CH3; of MOM), 2.75 (1H, s, CH=C-CH), 2.67 (1H, br d, J = 17.5 Hz, CHAH3-CH=),
2.28 (1H, brd, J=10.0 Hz, CH-CH-C=), 1.89 (1H, dd, /= 17.5, 4.5 Hz, CH4Hg-CH=),
1.43 (3H, s, CH; of acetonide), 1.33 (3H, s, CH; of acetonide); *C NMR (100 MHz,
CDCl3) 6157.9, 149.2,139.9, 138.7, 128.5, 127.5, 127.3, 120.2, 110.9, 109.7, 95.5, 82.3,
73.6, 69.5, 68.3, 67.9, 55.4, 51.7, 47.9, 46.8, 38.3, 26.8, 25.6; HRMS(ESI) for
C25H31NOgNa [M+Na]", calcd 464.2044, found 464.2032.

toluene
80 °C

2-11 2-44
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[7007]

2-11 and 2-44: To a solution of aldehyde 2-34 (15.5 mg, 28.3 umol) in toluene (1 mL)
was added n-Bu3SnH (15.0 pL, 57.9 umol). The mixture was degassed by freeze-thaw
cycles (x5), and the flask was filled with Ar. To the mixture was added AIBN (1.0 mg,
6.1 umol) at room temperature. After being stirred at 80°C for 20 min, the reaction
mixture was concentrated to dryness in vacuo. The residue was purified by flash column
chromatography (neutral silica gel 3 g + K2COs, AcOEt/hexane 1/10 to 1/5) to give
aldehyde 2-11 (4.5 mg, 36%) as a white solid and 2-44 (5.1 mg, 33%) as a colorless oil.
2-44: IR (film) vmax 1765, 1643, 867 cm™; 'H NMR (400 MHz, CDCl3) §7.36-7.23 (5H,
m), 5.82 (1H, d, J= 7.0 Hz), 4.83-4.75 (2H, m), 4.75 (1H, d, J=16.5 Hz), 4.58 (1H, d, J
=6.5 Hz), 4.55 (1H, d, J= 6.5 Hz), 4.27 (1H, dd, J = 8.0, 1.5 Hz), 4.07 (1H, dd, J = 8.0,
5.0 Hz), 3.96 (2H, br s), 3.89 (1H, d, J = 16.5 Hz), 3.87 (1H, dd, J = 9.0, 8.0 Hz), 3.32
(3H, s), 2.78 (1H, s), 2.75 (1H, t, J = 9.0 Hz), 2.55 (1H, m), 2.46 (3H, s), 2.04 (1H, s),
1.88 (1H, dd, J = 16.5, 7.5 Hz), 1.41 (3H, s), 1.39 (3H, s); *C NMR (100 MHz, CDCl;)
0188.7, 156.8, 138.0, 136.0, 128.6, 127.8, 127.5, 121.5, 108.8, 95.9, 78.7, 77.4, 75.8,
72.0, 68.8, 67.5, 66.9, 55.4, 46.0, 45.1, 44.9, 37.4, 26.6, 25.6, 13.3.

on/ 0s0, o/
O=<:;E§‘\ NMO g EZE%‘\
N >
Bn/

‘ acetone/H,0 /N )
0°C Bn HO OMOM
OMOM OH
2-11 2-51

[8027]

2-51: To a solution of 2-51 (500 mg, 1.13 mmol) in acetone (16 mL) and H>O (4 mL)
were added NMO (200 mg, 1.69 mmol) and OsOs (4% aqueous solution, 700 uL, 110
umol) at 0 °C. After being stirred at the same temperature for 4.5 h, the reaction was
quenched with saturated Na>SOj3 solution (10 mL) and saturated NaHCO3 solution (10
mL). The mixture was extracted with EtOAc (20 mL x3). The combined organic layer

was washed with brine (20 mL), dried over anhydrous Na>;SOs, and concentrated to
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dryness in vacuo. The residue was purified by flash column chromatography (neutral
silica gel 15 g, AcOEt/hexane 2/1 to 3/1) to give diol 2-51 (446 mg, 83%) as a white
amorphas solid.

"H NMR (400 MHz, C¢Ds) 6 7.42-7.38 (2H, m), 7.19-7.06 (3H, m), 5.23 (1H, brs), 5.14
(1H,d, J=16.0 Hz), 4.99 (1H, br s), 4.23 (1H, m), 4.17 (1H, d, J= 6.5 Hz), 4.14 (1H, d,
J=6.5Hz),3.99 (1H, d,J=16.0 Hz), 3.92 (1H, br s), 3.85 (1H, dd, J=7.5, 6.0 Hz), 3.46
(1H, t, J=17.5 Hz), 3.36 (2H, s), 3.26 (1H, br s), 2.94 (3H, s), 2.94 (1H, m), 2.81 (1H, d,
J=10.0 Hz), 2.40 (1H, s), 2.32 (1H, br s), 1.82 (1H, t, J = 12.0 Hz), 1.70 (1H, dd, J =
12.0, 7.0 Hz), 1.40 (3H, s), 1.33 (3H, s).

Oll _O/l,
o= 71 BX o=({ I
O- e O-
NN DMSO NN
Bn Hol! OMOM 50°C Bn OMOM
OH o OH
2-51 2-52

[8017]

Hydroxyketone 2-52: To a solution of 2-51 (21.7 mg, 456 pmol) in DMSO (1 mL) was
added IBX (21.4 mg, 76.4 umol) at room temperature. After being stirred at the same
temperature for 2 h, the reaction mixture was allowed to warm to 50 °C and stirred for
additional 30 min, and then IBX (72.0 mg, 0.257 mmol) was added. After being stirred at
the same temperature for 10 min, the reaction was quenched with saturated NaHCO3
solution (1 mL) and saturated Na>SOs3 solution (1 mL). The mixture was extracted with
EtOAc (5 mL x2). The combined organic layer was washed with brine (5 mL), dried over
anhydrous Na;SO4, and concentrated to dryness in vacuo. The residue was purified by
flash column chromatography (neutral silica gel 2 g, AcOEt/hexane 1/1 to 1/0) to give
hydroxyketone 2-52 (17.0 mg, 79%) as a colorless oil.

"H NMR (400 MHz, CDCl3) & 7.33-7.24 (5H, m), 5.63 (1H, br s), 5.54 (1H,d, J= 1.5
Hz), 4.95 (1H, d, J = 16.0 Hz), 4.66 (1H, d, J = 6.5 Hz), 4.59 (1H, d, J = 6.5 Hz), 4.50
(1H, br s), 4.17-4.06 (3H, m), 3.73 (1H, br s), 3.70 (2H, s), 3.57 (1H, t, /= 7.0 Hz), 3.38
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(3H, s), 3.06 (1H, d, J = 15.5 Hz), 2.99 (1H, d, J = 10.0 Hz), 2.70 (1H, s), 2.18 (1H, d, J
=15.5 Hz), 2.04 3H, s), 1.49 (3H, s), 1.35 3H, s).

1) LHMDS, THF
then TESCI on!

78°Ct0 0 °C o 'g:
2) mCPBA (3.5 eq.) AR

CH,Cl,, rt Bn OMOM

[8025][8030]

Epoxide 2-53: To a solution of 2-52 (51.6 mg, 0.108 mmol) in THF (2 mL) was added
LHMDS (1.0 M solution in THF; 320 pL, 0.320 mmol) at -78 °C. After being stirred at
the same temperature for 10 min, TESCI (75 pL, 0.446 mmol) was added. After being
stirred at the same temperature for 10 min, the reaction mixture was allowed to warm to
0 °C and stirred for additional 10 min. The reaction was quenched with saturated NH4Cl
solution (2 mL). The mixture was extracted with EtOAc (5 mL x2). The combined organic
layer was dried over anhydrous Na>SOs. The combined organic layer was washed with
brine (5 mL), dried over anhydrous Na>SOs, and concentrated to dryness in vacuo. The
residue was used for the next reaction without further purification.

To a solution of the residue in CH2Clz (2 mL) was added mCPBA (65.8 mg, 0.381 mmol)
at room temperature. After being stirred at the same temperature for 25 h, the reaction
was quenched with saturated Na;SOj3 solution (2 mL) and saturated NaHCOj3 solution (2
mL). The mixture was extracted with CH>Cl> (5 mL x2). The combined organic layer was
dried over anhydrous Na>SOs, and concentrated to dryness in vacuo. The residue was
purified by flash column chromatography (neutral silica gel 4 g, AcOEt/hexane 1/5 to
1/2) to give epoxide 2-53 (68.9 mg, 89%) as a colorless oil.

"H NMR (400 MHz, CDCl3) 67.48-7.43 (2H, m), 7.37-7.27 (3H, m), 5.61 (1H, d, J=2.0
Hz), 5.59 (1H, br s), 4.90 (1H, d, J = 15.0 Hz), 4.60 (1H, d, /= 6.0 Hz), 4.58 (1H, d, J =
6.0 Hz), 4.52 (1H, br s), 4.07 (1H, d, J = 15.0 Hz), 4.02-3.92 (2H, m), 3.58 (1H, d, J =
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10.5 Hz), 3.48 (1H, m), 3.43 (1H, d, J= 10.5 Hz), 3.38 (3H, s), 2.80 (1H, d, J = 10.0 Hz),
2.80 (1H, s), 2.49 (1H, brs), 1.42 (3H, s), 1.32 (3H, s), 1.00 (9H, t, J= 7.5 Hz), 0.80 (9H,
t,J="7.5Hz), 0.76-0.58 (6H, m), 0.40-0.30 (6H, m); '>*C NMR (100 MHz, CDCls) 5 157.7,
143.5, 138.2, 128.9, 128.6, 127.7, 119.3, 109.9, 97.9, 82.3, 78.9, 78.6, 73.6, 71.5, 69.6,
69.0, 62.7, 56.6, 55.4, 47.6, 42.4,26.7,25.8, 7.2, 6.6, 6.4, 5.4.

on! TBAF, THF
- 7 °
0= J- 0°C
. NG then MeOH
n MOM
L emo NaBH,
OTES
2.53 254

[8055]

Triol 2-54: To a solution of 2-53 (93.9 mg, 130 umol) in THF (2.5 mL) was added TBAF
(1.0 M solution in THF; 400 puL, 400 pmol) at 0 °C. The reaction mixture was stirred at
the same temperature for 15 min, MeOH (2.5 mL) and NaBH4 (21.0 mg, 555 umol) were
added. After being stirred at the same temperature for 10 min, the reaction was quenched
with saturated NH4Cl solution (5 mL). The mixture was extracted with EtOAc (5 mL x3).
The combined organic layer was washed with brine (5 mL), dried over anhydrous Na;SOs,
and concentrated to dryness in vacuo. The residue was purified by flash column
chromatography (neutral silica gel 3 g, AcOEt/hexane 1/2 to 1/0) to give triol 2-54 (54.2
mg, 85%) as a colorless oil.

'"H NMR (400 MHz, CDCls) 6 7.45-7.23 (5H, m), 5.50 (1H, br s), 5.34 (1H, br s), 5.23
(1H, br s), 4.85 (1H, d, J = 16.5 Hz), 4.67 (1H, d, J= 6.5 Hz), 4.64 (1H, d, J = 6.5 Hz),
4.31 (1H, d, J=16.5 Hz), 4.15 (1H, m), 4.02 (1H, dd, /= 7.0, 6.0 Hz), 3.91 (1H, d, J =
11.0 Hz), 3.81 (1H, br s), 3.69 (1H, br s), 3.52 (1H, t, J=7.5 Hz), 3.49 (1H, d, J=11.0
Hz), 3.39 (3H, s), 3.15 (1H, d, J=10.0 Hz), 2.78 (1H, br s), 2.50 (1H, br s), 2.34 (1H, br
s), 1.45 (3H, s), 1.33 (3H, s).
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0
TMSOK :>(
0

THF
—»
70 °C HN
sealed tube Bn 8 7 OMOM
OH OH
2-55

[8080]

Ether 2-55: To a solution of 2-54 (8.4 mg, 17 umol) in THF (1 mL) in a sealed tube was
added TMSOK (30 mg, 0.23 mmol) at room temperature. After being stirred at 70 °C for
27 h, the reaction was quenched with H>O (5 mL). The mixture was extracted with EtOAc
(10 mL x2). The combined organic layer was dried over anhydrous Na»SOs, and
concentrated to dryness in vacuo. The residue was purified by flash column
chromatography (neutral silica gel 1 g, EtOAc/hexane 2/1 to 3/1) to give ether 2-55 (3.4
mg, 45%) as a colorless oil.

H NMR (400 MHz, CDCl3) 6 7.42-7.19 (5H, m), 4.89 (1H, br s), 4.83 (1H, br s), 4.68
(1H, d, J= 6.5 Hz), 4.66 (1H, d, J= 6.5 Hz), 4.59 (1H, d, J= 4.5 Hz), 4.26 (1H, d, J =
2.0 Hz), 4.15-4.08 (2H, m), 4.02 (1H, dd, /= 7.0, 5.5 Hz), 3.98 (1H, d, /= 4.5 Hz), 3.88
(1H, d, J=13.5 Hz), 3.75 (1H, d, J=10.5 Hz), 3.58 (1H, d, /= 10.5 Hz), 3.54 (1H, dd,
J=28.5,8.0 Hz), 3.40 (3H, s), 2.94 (1H, d, J=9.0 Hz), 2.41 (1H, brs), 1.41 (3H, s), 1.33
(3H, s); LRMS(ESI) for C24H33NO7Na [M+Na]", calcd 470.2, found 470.4.

X, o

ACzO
—>
HN Py HN
/ 8 7 / 8 7
Bn oMoM It Bn OMOM
OH OH OAc OH
2-55 2-57

[8085]
Acetate 2-57: A solution of 2-55 (3.4 mg, 7.6 umol) in pyridine (0.5 mL) and Ac>O (0.25

mL) was stirred at the room temperature for 3.5 h, and then concentrated to dryness in
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vacuo. The residue was purified by preparative TLC (AcOEt) to give diacetate 2-57 (2.6
mg, 70%) as a colorless oil.

"H NMR (400 MHz, CDCl3) & 7.40-7.20 (5H, m), 5.31 (1H, d, J = 4.0 Hz), 4.92 (1H, br
s), 4.85 (1H, br s), 4.66 (1H, d,J=7.0 Hz), 4.64 (1H, d, J= 7.0 Hz), 4.34 (1H, d, J=4.0
Hz), 4.24 (1H, d, J=2.0 Hz), 4.16 (1H, m), 4.06 (1H, d, J = 14.0 Hz), 3.99 (1H, dd, J =
7.5,5.5Hz),3.83 (1H, d, J=14.0 Hz), 3.75 (1H, d, /= 10.0 Hz), 3.55 (1H, t, /= 8.0 Hz),
3.51(1H,d,J=10.0 Hz), 3.37 (3H, s), 3.08 (1H, d, J=9.5 Hz), 2.35 (1H, br s), 2.13 (3H,
s), 1.41 (3H, s), 1.34 (3H, s); >*C NMR (100 MHz, CDCl3) §170.7, 147.6, 140.9, 128.2,
127.3,126.7, 109.3, 106.5, 97.2, 81.6, 75.0, 74.8, 74.7, 74.1, 71.4, 70.4, 67.9, 55.6, 53.2,
47.1,44.5,26.9,26.2,21.1.

MOMCI
i-Pr,NEt

(CH,CI),
70 °C

[8141]

2-58: To a solution of 2-54 (9.4 mg, 19 pmol) in (CH2Cl), (1 mL) were added i-ProNEt
(110 pL, 638 umol) and MOMCI (25 pL, 0.33 mmol) at room temperature. After being
stirred at the same temperature for 1 h, the reaction mixture was allowed to warm to 70 °C
and stirred for additional 18 h. The reaction was quenched with saturated NH4Cl solution
(2 mL). The mixture was extracted with EtOAc (5 mL x2). The combined organic layer
was washed with brine (5 mL), dried over anhydrous Na,SOs, and concentrated to dryness
in vacuo. The residue was purified by preparative TLC (AcOEt/hexane 2/1) to give 2-58
(2.7 mg, 26%) as a colorless oil.

"H NMR (400 MHz, CDCls) 67.49-7.44 (2H, m), 7.35-7.20 (3H, m), 5.51 (1H, brs), 5.33
(1H, brs), 5.23 (1H, brs), 4.91 (1H, d, J= 7.0 Hz), 4.86 (1H, d, /= 7.0 Hz), 4.79 (1H, d,
J=16.0Hz),4.62 (1H,d, J=6.5Hz),4.61 (1H,d,J= 6.5 Hz),4.36 (1H, d, /= 16.0 Hz),
4.14 (1H, m), 3.99 (1H, dd, J=17.5, 6.0 Hz), 3.93-3.88 (3H, m), 3.79 (1H, d, J=11.5 Hz),
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3.56 (1H, t, J="7.5 Hz), 3.44 (3H, 5), 3.37 3H, s), 3.14 (1H, m), 2.81 (1H, d, J= 8.0 Hz),
2.44 (1H, brs), 1.44 3H, s), 1.33 (3H, s).

_O/l./ '
o=<g: TMSOK o;-
—>

Bn 90 °C
2.4 OMOM OMOM

[9046]
Benzylamine 2-59: To a solution of 2-11 (98.3 mg, 222 umol) in THF (2.2 mL) was
added TMSOK (135 mg, 1.05 mmol) at room temperature. After being stirred at 90 °C
for 24 h in a sealed tube, the reaction was quenched with H>O (3 mL). The mixture was
extracted with Et2O (5 mL x2). The combined organic layer was washed with brine (5
mL), dried over anhydrous Na>SQO4, and concentrated to dryness in vacuo. The residue
was purified by flash column chromatography (neutral silica gel 4 g, EtOAc/hexane 1/2
to CH2Clo/MeOH 4/1) to give benzylamine 2-59 (78.8 mg, 85%) as a colorless oil.
[a]p?” +160 (c 1.01, CHCl3); IR (film) vimax 2984, 2933, 2884, 1149, 1065, 1039 cm™'; 'H
NMR (400 MHz, CDCI3) 6 7.39-7.19 (5H, m), 5.47 (1H, m), 5.10 (1H, br s), 5.00 (1H,
brs), 4.62 (1H, d, J = 6.5 Hz), 4.59 (1H, d, J = 6.5 Hz), 4.26 (1H, td, J = 9.0, 6.0 Hz),
4.07-3.89 (4H, m), 3.75 (1H, d, J=12.0 Hz), 3.52 (1H, t, J= 8.0 Hz), 3.38 (3H, s), 2.82
(1H, brd, J=17.5 Hz), 2.59 (1H, br s), 2.30 (1H, br dd, /= 18.0, 4.0 Hz), 2.10 (1H, d, J
=9.5Hz), 1.34 (3H, s), 1.26 (3H, s); >*C NMR (100 MHz, CDCl3) §156.2, 140.2, 139.9,
128.3, 127.7, 126.8, 120.7, 109.3, 107.3, 95.4, 75.2, 75.1, 68.8, 68.1, 64.4, 55.3, 51.1,
46.7, 46.6, 38.7, 26.8, 25.9; HRMS(ESI) for C24H33NOsNa [M+Na]*, caled 438.2251,
found 438.2241.
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HO.! AcOn!

TR\ e IR
BnHN ‘ pyridine o BnHN ‘

rt
OMOM OMOM

2-59 2.60

[8088]

Acetate 2-60: A solution of 2-59 (84.0 mg, 202 pmol) in pyridine (2 mL) and Ac2O (1
mL) was stirred at the room temperature for 25 h, and then concentrated to dryness in
vacuo. The residue was purified by flash column chromatography (neutral silica gel 4 g,
EtOAc/hexane 1/1 to 1/0) to give acetate 2-60 (80.0 mg, 87%) as a colorless oil.
'HNMR (400 MHz, CDCl3) 67.36-7.19 (5H, m), 5.54 (1H, br s), 5.48 (1H, m), 5.00 (1H,
d, J= 1.5 Hz), 497 (1H, br s), 4.59 (1H, d, J= 6.5 Hz), 4.57 (1H, d, J = 6.5 Hz), 4.25
(1H, m), 4.06 (1H, dd, J=7.0, 5.5 Hz), 3.96-3.93 (2H, m), 3.90 (1H, d, /= 12.5 Hz), 3.62
(1H, d,J=12.5 Hz), 3.53 (1H, t, /= 8.0 Hz), 3.37 (3H, s), 2.58 (1H, br s), 2.41 (1H, m),
2.15(1H, d,J=10.0 Hz), 2.02 (3H, s), 1.39 (3H, s), 1.30 (3H, s).

HOu! TBSOTF TBSO./
07_ 2 ,6-lutidine A
BnHN —————>  BnHN
NN CH,Cl, NN
0°C
OMOM OMOM
2-59 2-61

[9014]

2-61: To a solution of 2-59 (82.1 mg, 0.197 mmol) in CH>Cl, (5 mL) were added 2,6-
lutidine (100 pL, 858 umol) and TBSOTY (100 pL, 435 umol) at -20 °C. After being
stirred at the same temperature for 20 min, the reaction was quenched with saturated
NaHCOs solution (5 mL). The mixture was extracted with CH>Cl, (5 mL x2). The
combined organic layer was dried over anhydrous Na>SOs, and concentrated to dryness
in vacuo. The residue was purified by flash column chromatography (neutral silica gel 4

g, EtOAc/hexane 1/10 to 1/5) to give 2-61 (102 mg, 97%) as a colorless oil.
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[a]p? +83.2 (¢ 1.00, CHCl:); IR (film) vmax 2951, 2930, 2857, 1251, 1150, 1096, 1065,
1041, 863 cm’'; '"H NMR (400 MHz, CDCL3) & 7.43-.7.38 (2H, m), 7.31-7.25 (2H, m),
7.20 (1H, m), 5.44 (1H, m), 4.96 (1H, d, J= 1.5 Hz), 4.93 (1H, br s), 4.62 (1H, d, J= 6.5
Hz), 4.59 (1H, d, J = 6.5 Hz), 4.36 (1H, td, /= 9.0, 6.0 Hz), 4.09-4.04 (2H, m), 4.00-3.89
(3H, m), 3.77 (1H, m), 3.51 (1H, dd, J= 8.5, 8.0 Hz), 3.39 (3H, s), 2.88 (1H, d, J = 18.0
Hz), 2.58 (1H, br s), 2.21 (1H, d, J= 9.5 Hz), 1.95 (1H, m), 1.41 (3H, s), 1.27 (3H, s),
0.81 (9H, s), 0.11 (3H, s), 0.09 (3H, s); '3C NMR (100 MHz, CDCls) §157.3, 142.2,
139.3, 128.2, 127.8, 126.2, 121.7, 109.0, 107.3, 95.3, 79.2, 75.3, 69.1, 68.4, 65.2, 55.3,
49.3,47.4,46.3,38.1,26.9, 26.0, 25.8, 17.9, -4.1, -4.2.

/ /
ACOI:./ 1)TPAP NMO HO",' AcOu/!
O;- MS 4A, MeCN, rt o— O:-
BnHN > AcHN +  BzHN
NIRRT 2) AcOH, THF D "\
H20, rt
OMOM OMOM OMOM
2-60 2-63 2-65

[8094][8097]

2-63 and 2-65: To a suspension of 2-60 (10.7 mg, 23.3 umol) and MS 4A (powder, 15
mg) in MeCN (1 mL) were added NMO (4.9 mg, 42 umol) and TPAP (2.6 mg, 7.4 pmol)
at room temperature. After being stirred at the same temperature for 17 h, and the mixture
was concentrated to dryness in vacuo. The residue was dissolved in EtOAc and filtered
through a pad of Super-Cel. The filtrate was concentrated to dryness in vacuo. The residue
was used for the next reaction without further purification.

The residue was dissolved in THF (0.5 mL) and H2O (0.2 mL), and then AcOH (0.2 mL)
was added at room temperature. The solution was stirred at the same temperature for 30
min, then concentrated to dryness in vacuo. The residue was purified by flash column
chromatography (neutral silica gel 1 g, EtOAc/hexane 1/2 to 1/0) to give 2-63 (3.2 mg,
37%) as a colorless oil and 2-65 (1.3 mg, 12%)).

2-63: 'H NMR (400 MHz, CDCls) §7.57 (1H, br s), 5.44 (1H, m), 5.13 (1H, br s), 5.04
(1H, d, J=2.0 Hz), 4.68 (1H, m), 4.60 (1H, d, J= 6.5 Hz), 4.58 (1H, d, J = 6.5 Hz), 4.28
(1H, m), 4.08 (1H, dd, J = 8.0, 6.0 Hz), 3.97-3.88 (2H, m), 3.59 (1H, t, /= 8.0 Hz), 3.37
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(3H, s), 3.07 (1H, m), 2.97 (1H, d, J = 4.0 Hz), 2.60 (1H, s), 2.46 (1H, br d, /= 18.0 Hz),
2.06 (1H, d, J = 10.0 Hz), 2.03 (3H, s), 1.42 (3H, s), 1.36 (3H, s); LRMS(ESI) for
C19H20NOgNa [M+Na]", caled 390.2, found 390.4.

2-65: 'H NMR (400 MHz, CDCl3) 6 8.43 (1H, br s), 7.84-7.80 (2H, m), 7.54-7.40 (4H,
m), 6.00 (1H, br ), 5.52 (1H, m), 5.05 (1H, d, J = 1.5 Hz), 5.03 (1H, br s), 4.62 (1H, d, J
= 6.5 Hz),4.59 (1H, d,J= 6.5 Hz), 4.36 (1H, m), 4.18 (1H, dd, J= 8.0, 6.0 Hz), 3.95 (2H,
brs), 3.67 (1H, t, J = 8.0 Hz), 3.59 (1H, m), 3.39 (3H, s), 2.64 (1H, ), 2.60 (1H, br d, J
—18.5Hz),2.21 (1H, d,J= 10.5 Hz), 1.85 (3H, 5), 1.50 (3H, 5), 1.46 (3H, 5); LRMS(ESI)
for C26H33NO7Na [M+Na]", calcd 494.2, found 494.5.

ACO'I./ Oy

gl
) Oo-

BnHN ‘ MeCN AcHN ‘

70 °C
OMOM OMOM
2-60 2-64

[8092]

2-64: To a solution of 2-60 (10.4 mg, 22.7 umol) in MeCN (1 mL) was added IBX (19.0
mg, 68.1 umol) at room temperature. After being stirred at 70 °C for 1 h, the reaction
mixture was filtered through a pad of Super-Cel. The mixture was concentrated to dryness
in vacuo. The residue was purified by flash column chromatography (neutral silica gel 1
g, AcOEt/hexane 1/1 to 1/0) to give hydroxyketone 2-64 (3.9 mg, 47%) as a colorless oil.
"H NMR (400 MHz, CDCl3) 56.17 (1H, brs), 5.89 (1H, brs), 5.51 (1H, m), 5.28 (1H, br
s),4.61 (1H, d, J= 6.5 Hz), 4.58 (1H, d, /= 6.5 Hz), 4.01 (2H, br s), 3.96-3.83 (2H, m),
3.70 (1H, m), 3.56 (1H, br d, J= 18.5 Hz), 3.39 (3H, s), 3.12 (1H, br s), 3.08 (1H, d, J =
6.0 Hz), 2.11 (1H, brd, J=18.5 Hz), 1.99 (3H, s), 1.34 (3H, s), 1.26 (3H, s); LRMS(ESI)
for C19H27NOgNa [M+Na]", calcd 388.2, found 388.5.
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ACO“'/ ACO/Il/

7: (Boc);0 7):
HN —

o) N THF HNTNTT

50 °C Boc

OMOM
960 266 OMOM

[8098]

Boc amine 2-66: To a solution of 2-60 (5.6 mg, 12 pumol) in THF (1 mL) was added
(Boc)20 (10 uL, 43 umol) at room temperature. After being stirred at 50 °C for 28 h, the
reaction was quenched with H>O (2 mL). The mixture was extracted with EeOAc (5 mL
x3). The combined organic layer was dried over anhydrous Na;SOs, and concentrated to
dryness in vacuo. The residue was purified by flash column chromatography (neutral
silica gel 1 g, EtOAc/hexane 1/5 to 1/0) to give boc amine 2-66 (1.7 mg, 30%) as a
colorless oil.

"H NMR (400 MHz, CDCls) 6 6.60 (1H, br s), 5.78 (1H, m), 5.45 (1H, m), 4.99 (1H, br
s),4.97 (1H, br s), 4.59 (1H, d, J= 6.5 Hz), 4.57 (1H, d, J= 6.5 Hz), 4.30 (1H, m), 4.10
(1H, m), 3.92 (2H, br s), 3.58 (1H, t, J= 7.5 Hz), 3.37 (3H, s), 2.56 (1H, br s), 2.54 (1H,
m), 2.10 (3H, br s), 2.07-2.00 (2H, m), 1.44 (12H, br s), 1.40 (3H, s); LRMS(ESI) for
C24H37NOgNa [M+Na]", caled 490.2, found 490.4.

1) TPP, MS 4A
THF, O,, hv, rt
TBSO./ then TBSO./
07- AcOH, H,0 07-
HN > BocHN._ _N
) ‘ 2) NBoc \H/H ‘
Ph NBoc
061 OMOM  Mes” “NHBoc .74 OMOM
HgC|2, Et3N
DMF, 0 °C
[9020][9021]

Di-Boc guanidine 2-74: A two-necked round-bottom flask was charged with 2-61 (101
mg, 0.190 mmol), MS 4A (powder, 105 mg) and tetraphenylporphyrin (4.5 mg, 7.3 umol).
After the flask was filled with oxygen, THF (5 mL) was added. After being stirred under
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an oxygen atmosphere (1 atm) with irradiation by a 20-watt tungsten lamp at room
temperature for 1.5 h, H>O (2.5 mL) and AcOH (0.5 mL) were added. The mixture was
extracted with hexane (5 mL) to exclude benzaldehyde and tetraphenylporphyrin, and 1IN
NaOH solution was added to the aqueous layer including the desired amine until the pH
reached 11. The aqueous layer was extracted with Et;O (SmL x3), and the combined
organic layer was dried over anhydrous Na>SO4. The solution was concentrated to dryness
in vacuo. The residue was used for the next reaction without further purification.

To a solution of the residue in DMF (5 mL) were added Et;N (130 uL, 0.934 mmol), N,
N’-bis-Boc-S-methylisothiourea (81.7 mg, 0.281 mmol) and HgCl> (82.0 mg, 0.302
mmol) at 0 °C. After being stirred at the same temperature for 1 h, HgCl» (12.2 mg, 44.9
umol) was added. The mixture was further stirred at the same temperature for 10 min and
was diluted with Et2O (20 mL), and filtered through a pad of Super-Cel. The filtrate was
washed with H,O (10 mL) and brine (10 mL), dried over anhydrous Na;SO4, and
concentrated to dryness in vacuo. The residue was purified by flash column
chromatography (neutral silica gel 10 g, EtOAc/hexane 1/10 to 1/5) to give guanidine 2-
74 (125 mg, 96%) as a colorless oil.

"H NMR (400 MHz, CDCl3) 6 11.42 (1H, br s), 9.49 (1H, brs), 5.41 (1H, m), 5.02 (1H,
br s), 5.00 (1H, br s), 4.81 (1H, br s), 4.61 (1H, d, J= 6.5 Hz), 4.58 (1H, d, J = 6.5 Hz),
4.49 (1H, m), 4.09 (1H, dd, J=17.5, 6.0 Hz), 3.96 (1H, br d, /= 12.5 Hz), 3.91 (1H, d, J
=12.5 Hz), 3.52 (1H, m), 3.47 (1H, t, /= 8.0 Hz), 3.38 (3H, s), 2.82 (1H, br d, /= 19.0
Hz), 2.52 (1H, s), 2.24 (1H, d, /= 10.0 Hz) 1.47 (9H, s), 1.45 (9H, s), 1.44 (3H, s), 1.32
(3H, s), 0.85 (9H, s), 0.13 (3H, s), 0.05 (3H, s).

TBSOW! TBSO.!
07_‘ 0s0,, NMO 7)_
BOCHN\H/M ‘ acetone, H,0 BocHN\"/H \
rt HO OMOM
NBoc OMOM NBoc OH
2-74 2-75
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[8193]

Diol 2-75: To a solution of 2-74 (55.9 mg, 81.9 umol) in acetone (2.4 mL) and H>O (0.6
mL) were added NMO (23.6 mg, 0.201 mmol) and OsO4 (4% aqueous solution, 50 pL,
7.9 umol) at room temperature. After being stirred at the same temperature for 1 h, the
reaction was quenched with saturated NaHCO3 solution (2 mL) and saturated Na>SO3
solution (2 mL). The mixture was extracted with EtOAc (5 mL x2). The combined organic
layer was washed with brine (5 mL), dried over anhydrous Na>SOs, and concentrated to
dryness in vacuo. The residue was purified by flash column chromatography (neutral
silica gel 2 g, AcOEt/hexane 1/2 to 1/1) to give diol 2-75 (51.0 mg, 87%) as a colorless
oil.

[a]p®® -15.5 (¢ 1.08, CHCIl3); IR (film) vmax 2980, 2933, 1738, 1639, 1613, 1343, 1156,
1119, 1047 cm™; '"H NMR (400 MHz, CDCl3) 6 11.40 (1H, br s), 9.46 (1H, br s), 5.35
(1H, br s), 5.20 (1H, br s), 4.86 (1H, br s), 4.67 (1H, d, J= 6.5 Hz), 4.64 (1H, d, J=6.5
Hz), 4.52 (1H, ddd, J=10.0, 9.0, 6.0 Hz), 4.04 (1H, dd, /= 7.5, 6.0 Hz), 3.77 (1H, d, J =
10.5 Hz), 3.67 (1H, d, J=10.5 Hz), 3.55 (1H, dd, J=12.5, 6.5 Hz), 3.44 (1H, dd, /= 9.0,
8.0 Hz), 3.41 (1H, m), 3.40 (3H, s), 3.26 (1H, s), 2.65 (1H, d, /= 10.0 Hz), 2.44 (1H, d,
J=7.0Hz),2.35 (1H, brs) 1.55 (1H, t,J=12.5 Hz), 1.48 (3H, s), 1.46 (9H, s), 1.44 (9H,
s), 1.30 (3H, s), 0.80 (9H, s), 0.13 (3H, s), 0.01 (3H, s); '*C NMR (100 MHz, CDCls)
0163.2, 154.5, 152.1, 152.0, 116.0, 109.9, 97.5, 81.7, 78.1, 75.1, 74.1, 73.2, 71.7, 69.6,
67.3, 65.0, 55.7,49.4, 49.0, 38.8, 28.4, 28.0, 26.6, 26.0, 25.9, 18.2, -4.0, -5.1.

/
TBSOI:./ TBSOuw!
< - )

o- - . -

BocHN. NN\ DMSO BocHN O NTNT\
\"/ H OMOM 70°C \"/H OMOM
NBoc HOO NBoc OH
2-75 2-76

[8197]
Hydroxyketone 2-76: To a solution of 2-75 (49.5 mg, 69.1 umol) in DMSO (3 mL) was
added IBX (62.0 mg, 0.221 mmol) at 70 °C. The reaction mixture was stirred at the same
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temperature for 30 min, and then IBX (72.8 mg, 0.260 mmol) was added. After being
stirred at the same temperature for 5 min, the reaction was quenched with saturated
NaHCOs3 solution (3 mL) and saturated Na;SOs solution (3 mL). The mixture was
extracted with EtOAc (5 mL x2). The combined organic layer was washed with H>O (5
mL) and brine (5 mL), dried over anhydrous Na;SO4, and concentrated to dryness in
vacuo. The residue was purified by flash column chromatography (neutral silica gel 3 g,
AcOEt/hexane 1/5 to 1/2) to give hydroxyketone 2-76 (42.2 mg, 86%) as a colorless oil.
[a]p® -11.6 (¢ 0.92, CHCl3); IR (film) vmax 2981, 2933, 1738, 1640, 1614, 1158, 1120
cm™'; 'TH NMR (400 MHz, CDCl3) §11.40 (1H, brs), 9.57 (1H, brs), 5.49 (1H, brs), 5.38
(1H, brs), 4.83 (1H, br s), 4.71 (1H, d, J = 6.5 Hz), 4.66 (1H, m), 4.65 (1H, d, J = 6.5
Hz), 4.14 (1H, dd, J=17.5, 6.0 Hz), 3.83 (1H, d, /= 16.5 Hz), 3.82 (1H, d, /= 11.5 Hz),
3.75(1H,d,J=11.5 Hz), 3.55 (1H, t,J= 8.0 Hz), 3.42 (3H, s), 3.02 (1H, d, /= 10.0 Hz),
298 (1H, d, J = 16.5 Hz), 2.55 (1H, br s) 1.51 (3H, s), 1.47 (9H, s), 1.44 (9H, s), 1.33
(3H, s), 0.82 (9H, s), 0.11 (3H, s), 0.02 (3H, s); *C NMR (100 MHz, CDCl3) §206.7,
163.1, 154.6, 152.0, 148.8, 120.0, 110.2, 97.8, 81.9, 78.4, 76.5, 75.4, 75.0, 69.8, 69.7,
65.4,55.8,49.2,48.8, 28.4, 28.0, 26.5, 25.93, 25.86, 18.1, -4.0, -5.1.

TBSO.!
7) NaBH(OAc);
_——
BocHN N
\n/H ‘ THF
OMOM rt
NBoc O OH
2-76

[9055]

Diol 2-77: To a solution of the ketone 2-76 (12.3 mg, 17.2 umol) in THF (1.5 mL) was
added NaBH(OACc)3 (10.5 mg, 49.5 pumol) at room temperature. The reaction mixture was
stirred at the same temperature for 9 h, and then NaBH(OAc); (14.7 mg, 69.3 umol) was
added. After being stirred at the same temperature for 20 h, the reaction was quenched
with saturated NaHCOj3 solution (1.5 mL). The mixture was extracted with EtOAc (5 mL

x2). The combined organic layer was washed with brine (5 mL), dried over anhydrous
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NaxSOs, and concentrated to dryness in vacuo. The residue was purified by preparative
TLC (AcOEt/hexane 1/1) to give diol 2-77 (10.4 mg, 85%) as a colorless oil.

"H NMR (400 MHz, CDCl3) 611.47 (1H, br s), 9.56 (1H, br s), 5.31 (1H, brs), 5.17 (1H,
brs), 5.12 (1H, br s), 4.70 (1H, d, J = 7.0 Hz), 4.69 (1H, d, J = 7.0 Hz), 4.55 (1H, m),
4.07 (1H, dd, J=17.5, 6.0 Hz), 3.89 (1H, d, J=10.5 Hz), 3.75 (1H, br d, J= 5.0 Hz), 3.70
(1H, d, J=10.5 Hz), 3.45 (1H, dd, J = 9.0, 8.0 Hz), 3.40 (3H, s), 3.38 (1H, d, /= 14.0
Hz), 2.90 (1H, br s), 2.64 (1H, d, J=10.0 Hz), 2.19 (1H, br s), 2.16 (1H, dd, J=14.0, 5.0
Hz), 1.49 (3H, s), 1.47 (9H, s), 1.46 (9H, s), 1.32 (3H, s), 0.82 (9H, s), 0.14 (3H, s), 0.02
(3H, s).

[9053]

2-78: To a solution of the 2-77 (9.0 mg, 13 pmol) in EtOAc (1 mL) was added HIO4

2H>0 (8.6 mg, 38 umol) at room temperature. After being stirred at the same temperature
for 1 h, the reaction was quenched with saturated NaHCOj solution (1 mL). The mixture
was extracted with EtOAc (3 mL x3). The combined organic layer was washed with brine
(3 mL), dried over anhydrous Na>SOs, and concentrated to dryness in vacuo. The residue
was purified by preparative TLC (CH2Cl,/MeOH 9/1) to give ketone 2-77 (0.6 mg, 8%)
as a colorless oil.

"H NMR (400 MHz, CDCIl3) 611.44 (1H, br s), 9.39 (1H, brs), 5.39 (1H, brs), 5.34 (1H,
brs),4.71 (1H, m), 4.66 (1H, brs), 4.22 (1H, m), 4.16 (1H, dd, J= 7.5, 6.0 Hz), 3.70 (1H,
d, J=16.0 Hz), 3.59 (1H, t, J= 8.0 Hz), 3.17 (1H, br d, /= 16.0 Hz), 2.63 (1H, d, J =
10.0 Hz), 2.59 (1H, d, J= 3.5 Hz), 1.49 (9H, s), 1.47 (3H, s), 1.46 (9H, s), 1.32 (3H, s),
0.84 (9H, s), 0.12 (3H, s), 0.07 (3H, s).
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[9056]

Acetate 2-80: To a solution of 2-77 (10.4 mg, 14.5 umol) in pyridine (1 mL) and Ac,O
(0.5 mL) was added DMAP (3.3 mg, 27 umol) at room temperature. After being stirred
at the same temperature for 2 h, the reaction was quenched with saturated NaHCOj3
solution (2 mL). The mixture was extracted with EtOAc (3 mL x2). The combined organic
layer was washed with brine (3 mL), dried over anhydrous Na>SOs, and concentrated to
dryness in vacuo. The residue was purified by preparative TLC (EtOAc/hexane 2/1) to
give acetate 2-80 (9.0 mg, 82%) as a colorless oil.

"H NMR (400 MHz, CDCl3) 6§11.25 (1H, br s), 9.51 (1H, brs), 5.33 (1H, brs), 5.18 (1H,
br s), 5.08 (1H, br s), 4.80 (1H, m), 4.65 (1H, d, J = 6.5 Hz), 4.63 (1H, d, J = 6.5 Hz),
4.54 (1H, m), 4.06 (1H, d, J = 7.5, 6.0 Hz), 3.70 (1H, d, J = 10.0 Hz), 3.58 (1H, d, J =
10.0 Hz), 3.49 (1H, d, J=15.0 Hz), 3.44 (1H, dd, /=9.0, 7.5 Hz), 3.37 (3H, s), 2.63 (1H,
d, /=10.0 Hz), 2.25 (1H, br s), 2.05 (1H, dd, J = 15.0, 5.0 Hz), 2.00 (3H, s), 1.49 (3H,
s), 1.47 (9H, s), 1.43 (9H, s), 1.32 (3H, s), 0.82 (9H, s), 0.15 (3H, s), 0.01 (3H, s).

TBSOu,
TfOH
@) _— HO-
BocHN N CF3CH,0H BocHN l|:l|
H b OMOM
NBoc OH
2-81

[9059]

2-81: To a solution of 2-80 (3.6 mg, 4.7 umol) in CF3CH>0OH (1 mL) was added TfOH
(46 mM solution in CF3CH20OH; 10 uL, 0.46 pmol) at 0 °C. The reaction mixture was
stirred at the same temperature for 30 min, and then TfOH (46 mM solution in
CFsCH2OH; 50 puL, 2.3 pmol) was added. The reaction mixture was further stirred for 20

min, and then TfOH (46 mM solution in CF3CH>OH; 100 pL, 4.56 umol) was added. The
112



reaction mixture was further stirred for 20 min, and then TfOH (1.0 uL, 11 umol) was
added. After being stirred for 1 h, the mixture was allowed to warm at room temperature.
The mixture was stirred at the same temperature for 1 h, and the reaction was quenched
with saturated NaHCO3 solution (1 mL). The mixture was extracted with EtOAc (5 mL
x3). The combined organic layer was washed with brine (5 mL), dried over anhydrous
Na»S04, and concentrated to dryness in vacuo. The residue was purified by preparative
TLC (AcOEt/hexane 2/1) to give 2-81 (0.4 mg, 12%) as a colorless oil.

"H NMR (400 MHz, CDCl3) 611.28 (1H, br's), 9.24 (1H, br s), 5.36 (1H, brs), 5.23 (1H,
brs), 5.13 (1H, br s), 4.79 (1H, br d, /=4.5 Hz), 4.65 (1H, d, /= 6.5 Hz), 4.63 (1H, d, J
= 6.5 Hz), 4.04 (1H, m), 3.69 (1H, d, J = 10.0 Hz), 3.67 (1H, m), 3.60 (1H, d, J = 10.0
Hz), 3.56 (1H, m), 3.38 (3H, s), 3.18 (1H, d, /= 15.0 Hz), 3.08 (2H, brs), 2.68 (1H, d, J
=15.0 Hz), 2.53 (1H, br s), 2.19 (1H, dd, J = 15.0, 4.5 Hz), 2.00 (3H, s), 1.48 (9H, s),
1.44 (9H, s), 0.85 (9H, s), 0.21 (3H, s), 0.04 (3H, s).

i) Amberlyst-15

MeOH, H,0
reflux
MeO. ,OMe
onl ii) NalO, o o
o -g: MeOH, H,0, rt T
N g iii) (+)-CSA Br’
B CH(OMe)s
211 OMOM  MeOH, 285 N
[9173][9175][9176]

Dimethylacetal 2-85: To a solution of 2-11 (204 mg, 0.467 mmol) in MeOH (4.5 mL)
and H2O (0.5 mL) was Amberlyst®-15 (406 mg) at room temperature. The mixture was
stirred at 65 °C for 18 h, then filtered through a sintered glass funnel, and the precipitate
was washed with MeOH. The combined filtrate was concentrated to dryness in vacuo.
The residue was used for the next reaction without further purification.

To a solution of the residue in MeOH (4 mL) and H>O (1 mL) was added NalO4 (124 mg,
0.581 mmol) at room temperature. After being stirred at the same temperature for 40 min,

the reaction was quenched with saturated NaHCO3 solution (5 mL). The mixture was
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extracted with EtOAc (10 mL x3). The combined organic layer was washed with brine
(10 mL), dried over anhydrous Na,SOs4, and concentrated to dryness in vacuo. The residue
was used for the next reaction without further purification.

To a solution of the residue in MeOH (3 mL) and CH(OMe)3 (1.5 mL) was added (=*)-
CSA (58.0 mg, 0.249 mmol) at room temperature. After being stirred at the same
temperature for 1.5 h, the reaction was quenched with saturated NaHCOj solution (5 mL).
The mixture was extracted with EtOAc (10 mL x3). The combined organic layer was
washed with brine (10 mL), dried over anhydrous Na>SO4, and concentrated to dryness
in vacuo. The residue was purified by flash column chromatography (neutral silica gel 10
g, AcOEt/hexane 1/1 to 2/1) to give dimethylacetal 2-85 (125 mg, 70%) as a white
amorphous solid.

[a]p?® +176 (¢ 1.03, CHCl3); IR (film) vimax 3446, 1749, 1395, 1118, 1059 cm™'; 'TH NMR
(400 MHz, CDCl3) 6 7.34-7.23 (5H, m, aromatic), 5.29 (1H, m, CH=C), 5.26 (2H, br s,
C=CH>), 4.89 (1H, d, J=16.0 Hz, CHaH3-Ph), 4.64 (1H, br s, O-CH-C=CH>), 4.33 (1H,
d, J=9.0 Hz, O-CH-0), 4.05 (1H, d, J = 16.0 Hz, CH4Hg-Ph), 4.01 (2H, m, HO-CH>),
3.42 (3H, s, OCH53), 3.35 (3H, s, OCH3), 3.13 (1H, s, CH=C-CH), 2.62 (1H, dq, J=17.5,
2.0 Hz, CHaH3-CH=), 2.35 (1H, d, J=9.0 Hz, CH-CH-C=), 1.85 (1H, m, CH4Hg-CH=),
1.70 (1H, dd, J = 11.0, 5.5 Hz, OH); *C NMR (100 MHz, CDCls) §158.0, 149.6, 143.0,
138.6, 128.6, 127.4, 127.3, 117.5, 111.0, 102.7, 82.8, 69.0, 63.9, 56.0, 52.8, 50.5, 47.1,
46.1, 38.8; HRMS(ESI) for C21H25sNOsNa [M+Na]", calcd 394.1625, found 394.1622.

MeO_ OMe MeO_ ,OMe
X HOY
TMSOK
—_—
THF HN
90 °C Bn

OH

2-S3

[9170]
Benzylamine 2-S3: To a solution of 2-85 (140 mg, 0.376 mmol) in THF (3.8 mL) was
added TMSOK (529 mg, 4.12 mmol) at room temperature. After being stirred at 90 °C

for 24 h in a sealed tube, the reaction was quenched with H>O (5 mL). The mixture was
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extracted with Et;O (10 mL x5). The combined organic layer was dried over anhydrous
Na»S04, and concentrated to dryness in vacuo. The residue was purified by flash column
chromatography (neutral silica gel 4 g, MeOH/CH2Cl> 1/20 to 1/4) to give benzylamine
2-S3 (108 mg, 83%) as a yellow amorphas solid.

[a]p® +234 (c 0.89, CHCl3); IR (film) vmax 3410, 2938, 2898, 2835, 1455, 1118, 1051
cm’'; 'TH NMR (400 MHz, CDCls) §7.37-7.22 (5H, m, aromatic), 5.42 (1H, m, CH=C),
5.09 (1H, br s, C=CHaH3), 5.03 (1H, d, J= 1.0 Hz, C=CHH3), 4.49 (1H, d, J = 8.0 Hz,
0-CH-0), 4.06 (2H, br s, HO-CH>), 4.03 (1H, br s, HO-CH), 3.87 (1H, d, J = 12.0 Hz,
CHaHj3-Ph), 3.69 (1H, d, J = 12.0 Hz, CH4Hg-Ph), 3.32 (3H, s, OCHj3), 3.30 (3H, s,
OCHj;), 2.99 (1H, br s, CH=C-CH), 2.75 (1H, dq, J = 17.5, 2.0 Hz, CHAHp-CH=), 2.41
(1H, br d, J = 17.5 Hz, CH,Hp-CH=), 2.13 (1H, d, J = 8.0 Hz, CH-CH-C=); 3C NMR
(100 MHz, CDCl3) 6 157.3, 143.6, 140.1, 128.5, 127.8, 127.0, 117.7, 107.1, 104.3, 74.4,
64.0, 63.8, 55.5, 53.4, 50.9, 46.7, 45.1, 39.6; HRMS(ESI) for C20H2sNO4 [M+H]", caled
346.2013, found 346.2016.

MeO_ OMe OMe

HO/X TBSOTf TQ”;S,\(

2,6-Ilutidine '
HN — HN
Bl CH,Cl, ]
-20 °C Bn

OH
2.83 286 OTBS

[9179]

2-86: To a solution of 2-S3 (108 mg, 0.312 mmol) in CH2Cl (3.2 mL) were added 2,6-
lutidine (360 pL, 3.09 mmol) and TBSOTTf (360 uL, 1.56 mmol) at -20 °C. After being
stirred at the same temperature for 20 min, the reaction was quenched with saturated
NaHCO:s solution (4 mL). The mixture was extracted with CH>Cl, (5 mL x2). The
combined organic layer was dried over anhydrous Na>SOs, and concentrated to dryness
in vacuo. The residue was purified by flash column chromatography (neutral silica gel 10

g, EtOAc/hexane 1/20 to 1/10) to give 2-86 (168 mg, 89%) as a colorless oil.
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[a]p?® +91.5 (c 1.03, CHCl3); IR (film) vinax 3456, 2953, 2929, 2857, 1253, 1121, 1076
cm’'; 'TH NMR (400 MHz, CDCl3) §7.39 (2H, br d, J = 7.0 Hz, aromatic), 7.29 (2H, br t,
J = 7.0 Hz, aromatic), 7.20 (1H, br t, J = 7.0 Hz, aromatic), 5.34 (1H, m, CH=C), 4.98
(1H, d, J= 1.0 Hz, C=CHaH3), 4.93 (1H, br s, C=CH4Hg), 4.67 (1H, d, J = 9.0 Hz, O-
CH-0), 4.13-4.06 (2H, m, TBSO-CH, TBSO-CHACH?3), 4.02 (1H, br d, J = 13.5 Hz,
TBSO-CH4CHg), 3.86 (1H, brdd, J=12.5, 3.5 Hz, CHAH3-Ph), 3.78 (1H, br dd, J=12.5,
8.5 Hz, CH,Hg-Ph), 3.29 (3H, s, OCH3), 3.26 (3H, s, OCH3), 2.92 (1H, br s, CH=C-CH),
2.82 (1H, dq, J =18.0, 2.0 Hz, CHAH3-CH=), 2.30 (1H, d, /= 9.0 Hz, CH-CH-C=), 2.07
(1H, brdd, J=9.0,4.0 Hz, NH), 1.94 (1H, ddt, J= 18.0, 4.0, 2.0 CH4Hg-CH=), 0.92 (9H,
s, (CH3)3-C of TBS), 0.82 (9H, s, (CH3)3-C of TBS), 0.13 (3H, s, CH3 of TBS), 0.12 (3H,
s, CH; of TBS), 0.09 (3H, s, CH; of TBS), 0.07 (3H, s, CH; of TBS); *C NMR (100 MHz,
CDCl3) 6157.6, 142.5, 142.4, 128.0, 127.9, 126.2, 117.5, 107.3, 103.6, 79.3, 65.1, 64.1,
54.5, 50.8, 47.3, 44.9, 38.7, 26.0, 25.9, 18.4, 18.0, -4.01, -4.04, -5.3, -5.4; HRMS(ESI)
for C3:HssNO4Si> [M+H]", caled 574.3742, found 574.3741.

MeO. ,OMe MeO._ ,OMe
TBSO/X tetraphenylporphyrin TBSO/X

MS 4A
HN ~ HoN
B! THF

02, hv

OTBS
2-86 rt 288 O1BS

[9182]

Amine 2-88: A two-necked round-bottom flask was charged with 2-86 (159 mg, 0.277
mmol), MS 4A (powder, 156 mg) and tetraphenylporphyrin (1.7 mg, 2.77 umol). After
the flask was filled with oxygen, THF (2.8 mL) was added. The mixture was stirred under
an oxygen atmosphere (1 atm) with irradiation by a 20-watt tungsten lamp at room
temperature for 1.5 h. The mixture was treated with saturated Na>;SOs solution (3 mL),
and extracted with EtOAc (5 mL x2). The combined organic layer was dried over
anhydrous Na;SOs4. The solution was concentrated to dryness in vacuo. The residue was

dissolved with MeOH and filtered through a sintered glass funnel to exclude
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tetraphenylporphyrin, and the precipitate was washed with MeOH. The filtrate was
concentrated to dryness in vacuo. The residue was purified by flash column
chromatography (silica gel 4 g, EtOAc/hexane 1/5 to 1/0) to give amine 2-88 (116 mg,
87%) as a colorless oil.

[a]p?” +112 (c 0.92, CHCl3); IR (film) vmax 3445, 3398, 2954, 2929, 2857, 1254, 1123,
1080 cm™'; "TH NMR (400 MHz, CDCls) §5.32 (1H, m, CH=C), 4.97 (1H, d, J= 1.0 Hz,
C=CHaHp3),4.90 (1H, br s, C=CH,HB), 4.63 (1H, d, J=9.0 Hz, O-CH-0), 4.08 (1H, ddt,
J=13.5, 2.5, 1.5 Hz, TBSO-CHACHp), 4.00 (1H, ddt, J = 13.5, 1.5, 1.0 Hz, TBSO-
CH4CHg), 3.92 (1H, br s, TBSO-CH), 3.33 (3H, s, OCH53), 3.25 (3H, s, OCH3), 2.86 (1H,
br s, CH=C-CH), 2.49 (1H, dq, J = 18.0, 2.5 Hz, CHAH3-CH=), 2.08 (1H, ddt, J = 18.0,
4.0, 2.0 Hz, CH4Hs-CH=), 1.95 (1H, d, J = 9.0 Hz, CH-CH-C=), 0.93 (9H, s, (CH;);-C
of TBS), 0.90 (9H, s, (CH3)3-C of TBS), 0.13 (3H, s, CH3 of TBS), 0.12 (3H, s, CH; of
TBS), 0.07 (3H, s, CH3 of TBS), 0.06 (3H, s, CH; of TBS); *C NMR (100 MHz, CDCl;)
0157.8,143.0, 117.2, 107.4, 103.1, 78.5, 64.1, 60.7, 53.8, 51.0, 50.7, 44.9, 44.0, 25.9,
18.4,18.0, -4.0, -4.2, -5.3, -5.4; HRMS(ESI) for C25sHsoNO4Si» [M+H]", caled 484.3273,
found 484.3283.

MeO._ OMe NAc MeO_ OMe
TBSO/X

TBSO/X

MeS NHAc

HoN AcHN H
HgC|2, Et3N \n/
DMF, 0 °C NAc
.88 OTBS )60 OTBS

[9183]

Guanidine 2-89: To a solution of 2-88 (116 mg, 0.240 mmol) in DMF (4.8 mL) were
added EtzN (170 pL, 1.22 mmol), N, N’-bis-Ac-S-methylisothiourea (86.1 mg, 0.494
mmol) and HgCl> (130 mg, 0.494 mmol) at 0 °C. After being stirred at the same
temperature for 1 h, the reaction mixture was diluted with Et;O (10 mL) and filtered
through a pad of Super-Cel. The filtrate was washed with H,O (10 mL) and brine (10 mL),

dried over anhydrous Na>SO4, and concentrated to dryness in vacuo. The residue was
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purified by flash column chromatography (neutral silica gel 10 g, EtOAc/hexane 1/5) to
give guanidine 2-89 (134 mg, 91%) as a colorless oil.

[a]p?® +113 (c 0.93, CHCl3); IR (film) vmax 3222, 2953, 2930, 2856, 1621, 1595, 1547,
1373, 1325, 1085 cm™'; 'H NMR (400 MHz, CDCls) §13.23 (1H, br s, NH), 10.10 (1H,
br s, NH), 5.28 (1H, m, CH=C), 5.06 (1H, br s, C=CHaH3), 4.98 (1H, br s, C=CHHp),
491 (1H, d, J=9.0 Hz, O-CH-0), 4.86 (1H, br s, TBSO-CH), 4.09 (1H, dq, J=13.5, 2.0
Hz, TBSO-CHACHp3), 4.01 (1H, br d, J = 13.5 Hz, TBSO-CH,CHg), 3.67 (1H, ddt, J =
18.5, 4.0, 2.0 Hz, CHaH3-CH=), 3.42 (3H, s, OCHj3), 3.27 (3H, s, OCH3), 2.96 (1H, br s,
CH=C-CH), 2.51 (1H, dq, J = 18.5, 2.0 Hz, CH4HBs-CH=), 2.30 (1H, d, J=9.0 Hz, CH-
CH-C=),2.13 (3H, s, CH3 of Ac), 2.08 (3H, s, CH3 of Ac), 0.91 (9H, s, (CH3)3-C of TBS),
0.82 (9H, s, (CH3)3-C of TBS), 0.11 (3H, s, CH3 of TBS), 0.08 (3H, s, CH3 of TBS), 0.06
(3H, s, CH; of TBS), -0.01 (3H, s, CH; of TBS); '3C NMR (100 MHz, CDCl3) 6184.7,
170.9, 156.3, 154.0, 142.8, 117.8, 108.9, 102.1, 76.9, 64.9, 63.8, 54.7, 50.1, 49.8, 42.9,
39.2, 28.8, 26.0, 25.9, 24.8, 18.4, 18.1, -4.1, -4.7, -5.3, -5.4; HRMS(ESI) for
C30HssN306SixNa [M+Na]”, caled 632.3522, found 632.3535.

MeO. ,OMe MeO. ,OMe
0sO0 Y
880, o0 850,
H - > H
ACHN\n/N acetone AcHN\n/N
H,0 OTBS
NAc OTBS rt NAc HOOH
2-89 2-S4

[9186]

Diol 2-S4: To a solution of 2-89 (134 mg, 0.219 mmol) in acetone (3.2 mL) and H,O (0.8
mL) were added NMO (53.3 mg, 0.454 mmol) and OsOs (4% aqueous solution, 140 pL,
22.0 umol) at room temperature. After being stirred at the same temperature for 1.5 h, the
reaction was quenched with saturated NaHCO3 solution (2 mL) and saturated Na>SO3
solution (2 mL). The mixture was extracted with EtOAc (5 mL x2). The combined organic
layer was washed with brine (5 mL), dried over anhydrous Na>SO4, and concentrated to

dryness in vacuo. The residue was purified by flash column chromatography (neutral
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silica gel 4 g, AcOEt/hexane 1/2 to 1/1) to give diol 2-S4 (133 mg, 94%) as a colorless
oil.

[a]p?® +9.4 (c 0.89, CHCI3); IR (film) vmax 3498, 3221, 2954, 2930, 2857, 1620, 1374,
1326, 1077 cm’'; "H NMR (400 MHz, CDCl3) & 13.26 (1H, br s, NH), 10.03 (1H, br s,
NH), 5.34 (1H, br s, C=CHaHp), 5.20 (1H, br s, C=CH4Hg), 4.92 (1H, d, J= 9.5 Hz, O-
CH-0), 4.84 (1H, br s, TBSO-CH), 3.79 (1H, d, J=10.0 Hz, TBSO-CHACH3), 3.69 (1H,
d, /=10.0 Hz, TBSO-CH,CHg), 3.55 (1H, dd, J=12.5, 6.5 Hz, CHAH3-CH), 3.40 (1H,
br dt, J=11.5, 7.0 Hz, CH>-CH), 3.40 (3H, s, OCH3), 3.26 (3H, s, OCHj3), 2.98 (1H, s,
HO-C-CH-C=), 2.85 (1H, br d, J=9.5 Hz, CH-CH-C=), 2.82 (1H, br s, OH), 2.66 (1H,
d, J=7.0 Hz, OH), 2.13 (3H, s, CH3 of Ac), 2.10 (3H, s, CH; of Ac), 1.51 (1H, br t, J =
12.0 Hz, CH4Hg-CH), 0.91 (9H, s, (CH3)3-C of TBS), 0.80 (9H, s, (CH3);-C of TBS),
0.12 (3H, s, CH; of TBS), 0.11 (3H, s, CH;3 of TBS), 0.10 (3H, s, CH3 of TBS), -0.02 (3H,
s, CH3 of TBS); *C NMR (100 MHz, CDCl3) 5184.8, 171.0, 153.8, 151.8, 116.0, 101.6,
74.5,73.5,67.5,65.5, 64.3, 54.8, 48.7, 48.0, 46.8, 39.0, 29.0, 26.0, 25.8, 24.8, 18.2, 18.1,
-4.4,-4.7,-5.4, -5.5; HRMS(ESI) for C30Hs7N305Si>:Na [M+Na]", calcd 666.3576, found
666.3575.

MeO. ,OMe MeO._ OMe
850 Bx 1850,
H —_— H
AcHN__ _N DMSO AcHN\n/N
70 °C oTBS
NAc HOY,, OTBS NAc OOH
2-84 2-90

[10032]

Hydroxyketone 2-90: To a solution of 2-S4 (49.5 mg, 76.8 umol) in DMSO (1.5 mL)
was added IBX (83.0 mg, 0.296 mmol) at 70 °C. The reaction mixture was stirred at the
same temperature for 30 min, and then IBX (59.8 mg, 0.213 mmol) was added. After
being stirred at the same temperature for 10 min, the reaction was quenched with saturated
NaHCOs; solution (2 mL) and saturated Na;SOs solution (2 mL). The mixture was
extracted with EtOAc (5 mL x2). The combined organic layer was washed with H>O (5

mL) and brine (5 mL), dried over anhydrous Na>SOs, and concentrated to dryness in
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vacuo. The residue was purified by flash column chromatography (neutral silica gel 2 g,
AcOEt/hexane 1/3) to give hydroxyketone 2-90 (44.1 mg, 89%) as a white solid.

Mp 180-183 °C; [a]p?® +6.4 (¢ 1.03, CHCls); IR (film) vmax 2954, 2930, 1716, 1619, 1546,
1374, 1324, 1116, 1101, 1082 cm™'; 'H NMR (400 MHz, CDCl3) §13.21 (1H, br s, NH),
10.12 (1H, br s, NH), 5.43 (1H, br s, C=CHaH3), 5.34 (1H, br s, C=CH4Hsg), 5.06 (1H, d,
J =9.0 Hz, O-CH-0), 4.79 (1H, br s, TBSO-CH), 3.89 (1H, d, J = 10.0 Hz, TBSO-
CHACHp), 3.88 (1H, d, J = 16.0 Hz, CHAH3-C(0)), 3.66 (1H, d, J = 10.0 Hz, TBSO-
CH.CHs), 3.44 (3H, s, OCH53), 3.32 (3H, s, OCH3), 3.22 (1H, d, /J=9.0 Hz, CH-CH-C=),
3.17 (1H, br s, OH), 3.08 (1H, br s, HO-C-CH), 2.86 (1H, d, /= 16.0 Hz, CH4Hg-C(O)),
2.15 (3H, s, CH; of Ac), 2.10 (3H, s, CH; of Ac), 0.91 (9H, s, (CH3)3-C of TBS), 0.81
(9H, s, (CH3)3-C of TBS), 0.10 (6H, s, CH;3 of TBS), 0.09 (3H, s, CH3 of TBS), -0.03 (3H,
s, CH3 of TBS); *C NMR (100 MHz, CDCl3) §206.4, 185.1, 171.0, 153.7, 148.6, 119.5,
101.4,75.5, 64.7, 62.5, 54.8, 48.7, 48.6, 48.2,47.2, 28.9, 25.9, 25.8, 24.8, 18.13, 18.06, -
4.3, -4.8,-5.4, -5.5; HRMS(ESI) for C30HssN305Si-Na [M+Na]", calcd 664.3420, found
664.3421.

MeO_ ,OMe MeO. ,OMe
TBSO/X NaBH(OAG); TBSO/X
H EE— H
AcHN\n/N THF AcHN\n/N
OTBS rt
NAc 0OOH NAc OH OTBS
2-90 2-91

[10047]

Diol 2-91: To a solution of the ketone 2-90 (13.6 mg, 21.1 umol) in THF (1.5 mL) was
added NaBH(OAc)3 (43.7 mg, 0.206 mmol) at room temperature. After being stirred at
the same temperature for 15 h, the reaction was quenched with saturated NaHCOj3 solution
(2 mL). The mixture was extracted with EtOAc (5 mL x2). The combined organic layer
was washed with brine (5 mL), dried over anhydrous Na,SOs, and concentrated to dryness
in vacuo. The residue was purified by preparative TLC (AcOEt/hexane 1/1) to give diol
2-91 (12.7 mg, 94%) as a white solid.
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Mp 174-177 °C; [a]p?® -4.6 (¢ 0.61, CHCl3); IR (film) vmax 2954, 2930, 2857, 1620, 1549,
1376, 1329, 1087 cm™'; '"H NMR (400 MHz, CDCl;) & 13.22 (1H, br s, NH), 10.07 (1H,
brs, NH), 5.33 (1H, br s, C=CHaH3), 5.23 (1H, br s, C=CHHg), 5.16 (1H, br s, TBSO-
CH), 4.96 (1H, d, J=9.0 Hz, O-CH-0), 3.86 (1H, d, J = 10.0 Hz, TBSO-CHACH3), 3.72
(1H, d, J = 10.0 Hz, TBSO-CH,CHg), 3.72 (1H, m, CH>-CH), 3.46 (1H, br d, J = 14.0
Hz, CHAH3-CH), 3.42 (3H, s, OCH3), 3.27 (3H, s, OCH;), 2.80 (1H, br d, J = 9.0 Hz,
CH-CH-C=),2.76 (1H, br's, OH), 2.74 (1H, br s, HO-C-CH-C=), 2.14 (3H, s, CH; of Ac),
2.11 (3H, s, CH; of Ac), 2.04 (1H, dd, J = 14.5, 5.0 Hz, CH4Hp-CH), 0.91 (9H, s, (CH3)3-
C of TBS), 0.82 (9H, s, (CH3);-C of TBS), 0.14 (3H, s, CH; of TBS), 0.12 (3H, s, CH; of
TBS), 0.10 (3H, s, CH; of TBS), -0.02 (3H, s, CH; of TBS); '3C NMR (100 MHz, CDCl;)
5184.7,171.0, 153.8, 152.4, 115.1, 101.9, 74.9, 74.8, 72.3, 65.5, 64.9, 54.7, 48.9, 48.5,
475, 40.2, 28.9, 26.0, 25.8, 24.8, 18.2, 18.1, -4.2, -4.6, -5.4, -5.5; HRMS(ESI) for
C30Hs7N305Si>:Na [M+Na]", caled 666.3576, found 666.3584.

MeO. ,OMe MeO. ,OMe
850, o4 8BS0,y R
—_—— H
AcHN._ _N CH,Cl, AcHN_ _N
OrR -78°C T OR
NAc OH then Me,S NAc OH

2-92

[10048]

Epoxide 2-92: Ozone gas was passed into a solution of hydroxyketone 2-91 (12.2 mg,
18.9 umol) in CH2Cl> (1.5 mL) at -78 °C for 1 h. The remaining ozone gas was purged
with argon, and Me>S (24 uL, 0.34 mmol) was added at -78 °C. The mixture was allowed
to warm to room temperature, and concentrated to dryness in vacuo. The residue was
purified by preparative TLC (AcOEt/hexane 1/2) to give epoxide 2-92 (8.4 mg, 68%) as
a white amorphous solid.

"H NMR (400 MHz, CDCl3) §13.24 (1H, br s, NH), 10.13 (1H, br s, NH), 5.14 (1H, d, J
=9.5Hz, O-CH-0),4.84 (1H, d, J= 1.0 Hz, TBSO-CH), 3.98 (1H, d, /= 9.5 Hz, TBSO-
CHACHp), 3.80 (1H, m, CH2-CH), 3.60 (1H, br d, /= 14.5 Hz, CHaH3-CH), 3.52 (1H, d,
J=9.5Hz, TBSO-CH,CHg), 3.47 (3H, s, OCH3), 3.34 (3H, s, OCHj3), 2.92-2.84 (3H, m,
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CH-CH-C-OH, epoxidic), 2.13 (3H, s, CH; of Ac), 2.08 (3H, s, CH; of Ac), 2.03 (1H, dd,
J=14.5, 4.5 Hz, CHHp-CH), 1.95 (1H, br s, CH-CH-C-OH), 0.90 (9H, s, (CH3);-C of
TBS), 0.83 (9H, s, (CH3)3-C of TBS), 0.90 (6H, s, CH; of TBS), 0.02 (3H, s, CH; of TBS),
-0.11 (3H, s, CH; of TBS).

MeO._OMe i) O3, CH,Cl, MeO._OMe MeO._,OMe
850, -78°C 8BS0, °H 850, Y
then Me,S, rt H
AcHN_ _N P o ¥ N A
c ii) NaBH(OAC)3 AcHN\n/N AcHN\n/N
0TBS THF, rt OTBS OTBS
NAc OOH NAc OH NAc OH
2-93 294
2-90
(2-93:2-94 = 5:1)

[10034][10035]

Hemiketal 2-93 and ketone 2-94: Ozone gas was passed into a solution of
hydroxyketone 2-90 (44.1 mg, 68.6 umol) in CH2Cl> (3 mL) at -78 °C for 3 h. The
remaining ozone gas was purged with argon, and Me:S (24 pL, 0.34 mmol) was added at
-78 °C. The mixture was allowed to warm to room temperature, and concentrated to
dryness in vacuo. The residue was used for the next reaction without further purification.
To a solution of the residue in THF (2.5 mL) was added NaBH(OAc); (51.6 mg, 0.243
mmol) at room temperature. After being stirred at the same temperature for 2 h, the
reaction was quenched with saturated NaHCO3 solution (3 mL). The mixture was
extracted with EtOAc (5 mL x2). The combined organic layer was washed with brine (5
mL), dried over anhydrous Na;SO4, and concentrated to dryness in vacuo. The residue
was purified by flash column chromatography (neutral silica gel 2 g, AcOEt/hexane 1/3
to 1/1) to give a mixture of hemiketal 2-93 and ketone 2-94 (32.3 mg, 73%, ca. 5:1) as a
white amorphous solid.

[a]p?” -1.8 (¢ 0.74, CHCl3); IR (film) vmax 2954, 2930, 1619, 1376, 1326, 1084, 1060 cm’
1

Hemiketal 2-93: 'H NMR (400 MHz, CDCls) & 13.19 (1H, br s, NH), 9.96 (1H, br s,
NH), 5.32 (1H, d, J = 9.5 Hz, O-CH-0), 4.72 (1H, d, J= 1.0 Hz, TBSO-CH), 3.91 (1H,
d, J=9.5 Hz, TBSO-CHACHj), 3.86 (1H, m, CH>-CH), 3.65 (1H, d, J = 9.5 Hz, TBSO-
CH/CHs), 3.43 (3H, s, OCH3), 3.37 (1H, dd, J = 13.0, 4.5 Hz, CHAH3-CH), 3.23 (3H, s,
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OCHj),3.12 (1H, brs, OH), 3.11 (1H, br d, /= 9.5 Hz, CH-CH-C-OH), 2.14 (3H, s, CHj;
of Ac), 2.12 (3H, s, CH; of Ac), 2.08 (1H, d, J = 2.0 Hz, CH-CH-C-OH), 1.83 (1H, d, J
~ 13.0 Hz, CH4Hp-CH), 0.91 (9H, s, (CH;)3-C of TBS), 0.89 (9H, s, (CH3);-C of TBS),
0.14 (3H, s, CH; of TBS), 0.10 (3H, s, CH; of TBS), 0.09 (3H, s, CH; of TBS), -0.01 (3H,
s, CH; of TBS); '3C NMR (100 MHz, CDCl3) §185.2, 171.0, 153.9, 110.1, 102.0, 80.9,
78.2,76.5, 66.5, 64.8, 54.5, 48.7, 48.5, 47.5, 36.4, 28.9, 25.9, 25.8, 24.8, 18.23, 18.20, -
4.8,-5.0, -5.4, -5.5; Ketone 2-94: 'H NMR (400 MHz, CDCls) & 13.20 (1H, br s, NH),
10.06 (1H, br s, NH), 4.89 (1H, d, J = 9.5 Hz, O-CH-0), 4.84 (1H, br d, J = 1.5 Hz,
TBSO-CH), 3.83 (1H, m, CH>-CH), 3.82 (1H, d, J=10.0 Hz, TBSO-CH,CHp), 3.66 (1H,
d, J=10.0 Hz, TBSO-CH4CHg), 3.47 (1H, br d, J = 13.0 Hz, CHAH5-CH), 3.43 (3H, s,
OCH3), 3.23 (3H, s, OCH3), 3.04 (1H, dd, J = 9.5, 2.0 Hz, CH-CH-C-OH), 2.87 (1H, br
s, OH), 2.55 (1H, br s, CH-CH-C-OH), 2.15 (3H, s, CH; of Ac), 2.09 (3H, s, CH; of Ac),
0.90 (9H, s, (CH3);-C of TBS), 0.80 (9H, s, (CH3);-C of TBS), 0.13 (3H, s, CH; of TBS),
0.10 (3H, s, CH; of TBS), 0.09 (3H, s, CH; of TBS), 0.05 (3H, s, CH; of TBS), *CH,H-
CH is overlapped with Ac signal at 2.15 ppm.; *C NMR (100 MHz, CDCl;) §213.6,
184.9,171.1, 153.8, 101.7, 76.3, 74.4, 71.6, 65.2, 62.9, 54.9, 54.3, 49.5, 46.2, 40.1, 29.7,
25.8,25.7,24.8, 18.11, 18.10, -4.4, -5.7 (two peaks missing)

HRMS(ESI) for C29HssN309Si:Na [M+Na]*, calcd 668.3369, found 668.3378.

i) TBAF
THF, rt

MeO._s OMe MeO 4 OMe O OH
OH (0] then 3
TBSOI(;\,( TBSOI:Q\,( sat. NH4C| aq. Meo»
H N H [\ oM —
AcHN\n/N AcHN\n/N i) Ac;0 ACHN\H/H oAc
pyridine
T I, Jotes T J, otes P NAc OH
293 294 2-96
(2-93:2-94 = 5:1)

[10041][10042]

Acetate 2-96: To a solution of 2-93 and 2-94 (12.1 mg, 18.8 umol) in THF (1.5 mL) was
added TBAF (1.0 M solution in THF; 50 uL, 500 umol) at room temperature. The reaction
mixture was stirred at the same temperature for 10 min, the reaction was quenched with

saturated NH4Cl solution (1 mL). The mixture was concentrated to dryness in vacuo. The

123



residue was diluted with H>O (5 mL), and concentrated to dryness in vacuo (x5).* The
residue was triturated with AcOEt and filtered through a glass filter, and the precipitate
was washed with AcOEt. The filtrate was concentrated to dryness in vacuo. The residue
was used for the next reaction without further purification.

A solution of the residue in pyridine (0.5 mL) and Ac20 (0.25 mL) was stirred at the room
temperature for 20 min. The reaction was quenched with saturated NaHCOj3 solution (2
mL). The mixture was extracted with EtOAc (5 mL x3). The combined organic layer was
washed with brine (5§ mL), dried over anhydrous Na>SOs, and concentrated to dryness in
vacuo. The residue was purified by flash column chromatography (neutral silica gel 1 g,

AcOEt/hexane 2/1 to 1/0) to give acetate 2-96 (5.6 mg, 70%, dr ca. 5:1) as a colorless oil.

*Intramolecular transacetalization between dimethyl acetal at C-4 and hydroxy group at

C-9 position proceeded during this evaporation.

[a]p®® +46.5 (c 0.26, CHCl3); IR (film) vmax 3388, 3279, 1741, 1710, 1617, 1379, 1329,
1230, 1035 cm’!

Major isomer: '"H NMR (400 MHz, CDCl3) 613.03 (1H, br's, NH), 9.55 (1H, br s, NH),
4.67 (1H, s, O-CH-0), 4.51 (1H, br s, N-C-CH-0), 4.40 (1H, d, J = 12.0 Hz, AcO-
CHACHp), 4.29 (1H, d, J = 12.0 Hz, AcO-CH,CHg), 4.03 (1H, br d, J = 4.0 Hz, CH»-
CH), 3.34 (3H, s, OCH3), 3.09 (1H, s, CH-CH-C-OH), 2.90 (1H, dd, J = 13.5, 4.0 Hz,
CHaH3-CH), 2.54 (1H, d, J = 13.5 Hz, CH4Hp-CH), 2.15 (6H, s, CH; of Ac), 2.12 (3H,
s, CH; of Ac), 1.76 (1H, d, J = 1.0 Hz, CH-CH-C-OH); '*C NMR (100 MHz, CDCls)
o 185.6,172.3,171.9, 154.4, 107.3, 106.0, 82.0, 76.6, 75.8, 68.1, 63.5, 55.1, 49.3, 48.1,
30.2, 28.8, 25.0, 20.9; Minor isomer: '"H NMR (400 MHz, CDCls) §13.06 (1H, br s,
NH), 9.29 (1H, br s, NH), 5.22 (1H, d, J = 2.5 Hz, O-CH-0), 4.39 (1H, d, J = 12.0 Hz,
AcO-CH,CHg), 4.37 (1H, br s, N-C-CH-0), 4.30 (1H, d, J = 12.0 Hz, AcO-CHACHp3),
4.06 (1H, m, CH»-CH), 3.49 (3H, s, OCH3), 3.22 (1H, d, J=2.5 Hz, CH-CH-C-OH), 2.66
(1H, d, J = 13.5 Hz, CHAH3-CH), 2.48 (1H, br d, /= 1.0 Hz, CH-CH-C-OH), 2.40 (1H,
dd, J=13.5,4.0 Hz, CH.H-CH), 2.18 (3H, s, CH; of Ac), 2.15 (3H, s, CH; of Ac), 2.12
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(3H, s, CH; of Ac); '*C NMR (100 MHz, CDCls) & 186.0, 172.9, 172.3, 154.5, 107.1,
104.4,82.7,76.3,75.7, 68.2, 66.1, 57.0,47.1, 44.4, 30.9, 29.7, 28.8, 25.0
HRMS(ESI) for CisH2sN309Na [M+Na]", calcd 450.1483, found 450.1477.

iy NH,OH
P P MeOH, H,0
MeO- rt -
AcHN N
¢ Y H oac D TFA, H0
NAC OH rt
2-96 8-deoxyhemiketalTTX
[10043][10044]

8-Deoxyhemiketal TTX: To a solution of 2-96 (5.6 mg, 13 umol) in MeOH (0.25 mL)
and H>O (0.5 mL) was added NH4OH (28%, 0.25 mL) at room temperature. After being
stirred at the same temperature for 24 h, the reaction mixture was concentrated to dryness
in vacuo. The residue was dissolved in H>O (0.6 mL), and TFA (0.3 mL) was added. After
being stirred at the room temperature for 18 h, the mixture was concentrated to dryness
in vacuo. The residue was purified by column chromatography (Cosmosil 75C3-OPN,
500 mg, H>0) to give 8-deoxyhemiketal TTX (6.0 mg, quant) as a colorless oil.

[a]p?® +34 (¢ 0.29, H20); '"H NMR (400 MHz, 4%CD;COOD/D,0) §5.17 (1H, s, H-4),
4.30 (1H, br d, J=4.0 Hz, H-7), 4.19 (1H, s, H-9), 3.79 (1H, d, J=12.0 Hz, H-11), 3.58
(1H, d, J=12.0 Hz, H-11), 2.81 (1H, s, H-4a), 2.36 (1H, d, J = 13.0 Hz, H-8), 2.21 (1H,
dd,J=13.0,4.0 Hz, H-8),2.17 (1H, br s, H-5); 3*C NMR (100 MHz, 4%CD3;COOD/D0)
0157.1, 108.4, 91.9, 83.7, 80.6, 77.2, 67.1, 64.3, 49.2, 43.9, 32.1; HRMS(ESI) for
C1iHi6N3Os [M+H]", calcd 270.1084, found 270.1082.

125



A

AR KRB T2 LET, RITREZTOIICH 2V KDY EZ L T
Wiz72 & F Lz, RIS BT, %@l 2 L2 Tkl RANAHR %
BT 22 ERBLWERZEXIICh-s720l, BT ADOERIFZLBn
F9, DML FTFOLEZENTIC, 2o BEHEL TWE L EBnE S,

AL BT (BURAL R AR R R) ISR 72 L £ 57, RO AR 7
EERLEZ TR EIEFEICHIE £ TR A C Wi T TCSOHEDEH % &
BnEd, RIIZARBEATHELEWEI L2 SEIEHSEILTES X1
FHER D 7 BuE g,

HRERHERER (Bla FREH LA E0R) c#H e 2LEd, £ 1) —%®
weekly discussion D & FiC W72 WERHCHE L H LT, FHRICHT L XD
FOEENRTEE L7z, . aFRFCEONLTLL OB
ExEEC LT CICA =N ZBEFELTCWAEEREY 20 £ L7,

ACHERE R FBRERTTE T D S NFERK BRI & #H A 72 L E 37, RJNFeEicid, v Y
L LDHISERE T TR VIR PD 2 HGEE T BRI REBHEERICR Y £ L7,
TAS FERINICIT RN ED X5 IcHALE 2 Bl & L BRSO e %
JEFRL7znweEFEZTEY £,

BB o EMA T AICEH# A LET, NMROEHEZ L T2 21T

126



Th, LMD ER W27 E E Lz, Fric, BLRIHTREY 2 /-
LERICIEIREET IO LFoTCwizZnkl 35 ThEAITY
9,

MEBOHRIEH S ACEHZLET, BRBETOMA R VAT L TH A
L2207 TH, 7. AR EOEERFEOMHKICDHFES>TWLLEDL V2L S
TEXWE LT,

FHBHE LIS 2 L E 9, FHEARRIFED C & 72Tl KD
ZELEDTFEMEcho 2 RE L LB s TwET, REDRE X TS
ICHT BIA D ZITRIZICHIRELS . Mt 2 35 LT REFHZZ T £ L 7,

EERE P E#H G2 LE T, EHIARCRIREOREL LTH L E
RuePZ Tz niz o TwE T, AP ELIRIGEEL T2 o b [ R
ARLEITERP] L)L EMEDEZLE LT,

EARMGEIE L (AR REARIE) #7237, (ER T AITidFRIc
FIROHFHF L HF A RICRLEBMETEIC AV E Lz, CABRKCT IV EEZHFT
AR, LTHHEELZF LI LIS THORATVWET,

AR L, R EEE L NFREE LR LT, GBS ETT
4 AHyvavTbrlldbhid, Moo L ZICATRAIATL Z

LBV EL UEREE L, ACICRWEEZ G2 SR > 72 L v,

127



SRR E L, IR REBE L ICRH 2 LT, S ADIFRICH T 2 KR8 E
WAL LR D VO RVHEED Lo TwE Lz, Thd b DGk
FLTwE T,

GEHhtEE L ICE# 2 L3 KEAKOWER, ST ADFEEZSEIC
IHTVWAEREETE L, $ IREICRAERICD T A XAy va vz LTk
PEHYVRESITE T Lz,

7Y FLADIFRICENTET AVEEZHFHE L T zZ w2 LA RE I
% WA el D= G N

EVEBCAEMEEDONRTEST BELBICEH LT T, Eo)7 b EHEE
TN 5 N7z bTL 7%,

KB IETFHES X KR oBFRE O RICE# 72 L 3, iR
BT ECRIANAZEE LTl &, RYIchHo R )T nE L,

ORBEIEH 72 LEF, mEE CTELSATFoTINTH Y 3 E 5, K
DXz LTRREI TV ET I3 TEArozeB0nESd, 2hdrd
BAABERLZ LT E 0w EBnE T,

20214 12 A

YRR

128





