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Azaspiracid-1

(-)-Azaspiracid-1(2004)
[correct] JACS 2008, 130, 16295.

Structural feature: eno less than 9 rings and 20 stereogenic centers;

Isolation:

¢+ a trioxadispiroketal system fused to a tetrahydrofuran moiety (ABCD ring system);

¢an azaspiro ring fused to a 2,9-dioxabicyclo[3.3.1]Jnonane system (FGHI ring system);

¢ six-membered hemiketal bridge (E ring system);
¢a y,6-unsaturated terminal carboxylic acid moiety.

Azaspiracid poisoning is a recent toxic syndrome first reported in 1995.
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Isolated by the Satake group in 1998. Only minute amounts of the active toxin (2 mg) were obtained as an

amorphous solid from 20 kg of mussel Mytilus edulis in Killary Harbor, Ireland.

Bioactivity: ¢Molecular structure and pathological effects sufficiently different from previously known agents of

diarrhetic shellfish poisoning(DSP).
+So that a new toxic syndrome was declared and named azaspiracid poisoning (AZP).
+Known symptoms in humans include nausea, vomiting and severe diarrhea.

¢ Furthermore, azaspiracid-1 was shown to cause lung, liver, spleen, and lymphocyte damage as well

as lung tumor formation in mice.(exhibits mouse lethality at 0.2 mg/kg)
¢ The biological basis of the toxicity, however, also remains a mystery.
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1. Originally Proposed Structures of Azaspiracid-1(1a - d) - [incorrect]
Satake, M.: Yasumoto, T. et al. JACS 1998, 120, 9967.

1b: epi-FGHI-1a

1c: ent-1a 1d: ent-(epi-FGHI-1a)

¢ Yasumoto-Satake team yielded only small amounts ofazaspiracid-1.

¢ nonetheless, they permitted extensive mass spectrometric and NMR spectroscopic studies, leading to the proposal of
structure 1a or one of its sterecisomeric forms.

[epi-FGHI-1a (1b, the FGHI diastereomer of 1a), ent-1a (1¢, the enantiomer of 1a), and ent-(epi-FGHI-1a) (1d, the enantiomer of 1b)].

2. Total Synthesis of Proposed Azaspiracid-1
2-1. Synthesisi of the FGHI and ABCD ring system of 1a

Bzo—/fy  Me” ¢ OTBDPS
K. C. Nicolaou. et al. ACIE 2001, 40, 1262. K. C. Nicolaou. et al. ACIE 2001, 40, 4068.

2-2. Total synthesis of proposed Azaspiracid-1(1a and 1b)

K. C. Nicolaou. et al. ACIE 2003, 42, 3643.
ACIE 2003, 42, 3649.
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Total Synthesis

a) nBulLi-nBuoMg

Table 1

d) Acp0, py

c) TBAF

f) [Pdpdbas],

LiCl,

Table 2

AsPhs, EtNiPr,

12:R=TES

13:R=H

g) 1.HF+py(excess)

Table 2. Optimization of the Stille Coupling of 11 with 6

10 n-BuLi-n-Bu,Mg, THF, -90°C, 1 h J“\PQ;
(15d)
.

3

entry (a) reagents and conditions R yield (%)? X
1 t-BulLi, HMPA, THF, -78°C, 1 h H(15a) 10 H, OH
2 t-BuLi, HMPA, THF, 0°C, 5 min H(15a) 0 H, OH
3 t-BuLi, THF, 25°C, 1 h H(15a) 0 H, OH
4 t-BuLi, Et,0, 25°C, 1 h; MgBr, H(15a) 0 H, OH
5 n-BuLi, NaO-t-Bu, THF, -78°C, 1 h H(15a) 0 H, OH
6 n-BuLi, THF, 0°C, 30 min H(15a) 0 H, OH
-7 n-BuLi-n-Bu,Mg, THF, -90°C, 1 h H(15a) 10-42° g, OH
; 8 n-BuLi-n-Bu,Mg, THF, -90°C, 1 h = Uaie
9 ; =l Doasty Y
o ey Ar mivture
N
9 n-BuLi-n-Bu,Mg, THF, -80°C, 1 h W, ]© (15¢) O 0
N
¥ F
63 0

a addition of 15a, 15b, 15¢, and 15d at -90°C. b Combined yield of a 1:1 mixture of diastereoisomers.

17 . X =1 i
18 X=H i) nBusSnH, Et;B

11 + 6 —F—> 12

f)

entry  reagents and conditions (f)?

1 10 mol % Pd(PPhs),,
LiCl, i-Pr,NEt

2 10 mol % Pd(dba)s,
LiCl, i-ProNEt

3 10 mol % Pda(dba)s,

80 mol % AsPhs, LiCI, i-ProNEt
4 10 mal % Pd,(dba)s,

40 mol % AsPhs, LiCI, i-ProNEt
5 10 mal % Pd,(dba)s,

20 mol % AsPhs, LiCI, i-Pr,NEt
6 10 mal % Pdy(dba)s,

10 mol % AsPhg, LICl, i-Pr,NEt

temp (°C) time (h) 12:’&‘3&2@_&
45 15 0:0
45 12 40:20
45 16 10:0
45 8 50:0
45 5 60:0
45 4 66:0

j) TESOT(,
2,6-lutidine
—_—

3 Compound 11 was dissolved in NMP and LiCl and i-Pr,NEt were added. To this mixture was added palladium
catalyst and in entries 2, 3, 4, and 5, ligand additive AsPhy Compound 6 was added as a solution in THF at

the indicated temperature and over the time period listed.

19 : X = CH,0AC T ) K,CO5(cat.), MeOH

20 : X = CH,0H
21X = CHO =) Swem(O]



0) LiOH, MeOH
—_—

Me H IME
22 :R' = TES, R? = Teoc TEAR
23 R =RE-H ~— N
( Teoc A Reagents and conditions: a) 8 (9.0 equiv), nBuLi-nBu,Mg (1.1m in hexanes, 6.0 equiv), THF,
/ OTES 0-25°C, 1.5 h; then 7, -90°C 15 min, 63%; b) DIBAL-H (1.0m in CH,Cl5, 10.0 equiv), CH,Cls,
-80°C, 1.5 h, 55%; c) TBAF (1.0min THF, 5.0 equiv), THF, 25°C, 16 h, 78%; d) Ac,O (50 equiv),
pyridine/CH,Cl; (1:1), 0-525°C, 16 h, 84%,; e) PhI(OCOCF3), (2.2 equiv), MeCN/pH; buffer (4:1),
0°C, 78%; f) [Pd,dbas] (0.3 equiv), AsPh; (0.3 equiv), LiCl (6.0 equiv), EtNiPr; (12 equiv); then 6
SPRS . or ent-6 (0.03m in THF, syringe pump addition), NMP, 45°C, 4 h, 52%; g) HFpy(excess), THF
e PR 1 b /pyridine (1:1), 0-25°C, 2.5 h; h) NIS (10.0 equiv), NaHCO4 (30 equiv), THF, 0°C, 16 h, 67% over
11 R two steps; i) Et;B (1.0min hexanes, catalytic), nBu;SnH/toluene (1:2), 0°C, 5 min, 92%; j) TESOTf

ent-6

(10.0 equiv), 2,6-lutidine (20 equiv), CH,Cl,, -78-0°C, 10 min; k) K,CO4 (catalytic), MeOH, 25°C,

2 h; 1) (COCI); (10.0 equiv), DMSO (20 equiv), CH,Cl,, -78°C, 1 h; then EtsN (50 equiv), -78-20°C,
30 min; m) NaClO, (10.0 equiv), NaH,PO, (10.0 equiv), 2-methyl-but-2-ene (excess), tBuOH/H,0
(4:1), 25°C, 30 min, 48%over four steps;n) TBAF (5.0 equiv), THF, 25°C, 2 h, 87%; o) LiOH (excess),
MeQH/H,0 (5:1), 25°C, 16 h, 45%.PFP =pentafluorophenyl, Piv=trimethylacetyl, Teoc=

2-(trimethylsilyl)ethoxycarbonyl, dba=dibenzylideneacetone.

Problem: 1. Azaspiracid-1 was reported as a single compound;

synthetic 1a and 1b were found to exist as

mixtures of inseparable isomers.

2 Neither of these compounds matched the naturally derived sample of Azaspiracid-1 by TLC or "TH NMR.

They concluded that the proposed structure 1a for Azaspiracid-1 (or its epimer 1b) is in error.
Unless the error lies somewhere in the final stages after the octacyclic iodide 17 whose X-ray

analysis unambiguously proved the structure of interm

Me

ediates.

2-3. Chemical degradation and derivatization of originally proposed azaspiracid-1
K. C. Nicolaou, M. Satake. et al. ACIE 2004, 43, 4312.

Purposes: |i. spectroscopic comparisons with synthetic materials.
ii. clarify the relative stereochemistry between the ABCDE and FGHIdomains of azaspiracid-1.

iii. optical rotation comparisons may reveal the absolute configuration of each fragment.

a) TMSCHN,
b) NalO,

1c: ent-1a
[one of originally proposed structures(incorrect))

Reagents and conditions: a)TMSCHN,, MeOH, 25°C, 1 h;

b)NalO,, MeOH/H,0 (4:1), 25°C, 1 h, = 100% over two steps;

c)NaBH 4, MeOH, 25°C, = 90%; d)Pd/C (5%), H,, MeOH, 25°C, ~ 90%:
)03, Me,S, MeOH, -78°C; f)NaOH (0.1N), MeOH/H,0 (4:1), 25°C, 2 h;
g)TMSCHN 2, MeOH, 25°C, 15 min, ~ 90% over three steps; h)NalQy,,
MeOH/H,0 (4:1), 25°C, 30 min, =~ 90%.

OH




Problem: degradation lost stereochemical information regarding the C20 and C21 hydroxy-bearing centers.

Tlr‘:e C.%[Q—epi-azaspiracid-1 (2) structure and its FGHI epimer (3) as logical targets moved to the front as possible
alternatives.

2: C-20-epi-1a 3: C-20-epi-1b

2-4. Total synthesis of possible alternatives(2 and 3)
K. C. Nicolaou. et al. JACS 2006, 728, 2258.

key step : Inversion of C-20 Stereocenter

17,0
2.KNO,, 18-crown-6

Y

Reagents and conditions: (1) TF,O (10 equiv), py (20 equiv), 4-DMAP (0.2 equiv), CH,Cl,, 0 °C, 1.5 h, 68%;
(2) KNO;, (5.0 equiv), 18-crown-6 (5.0 equiv), DMF, 25 °C, 24 h, 45%.

( Sofia, M. J. et al. 1 ( M. A. Nashed. et al. )
Bioorg. Med. Chem. Lett. 2003, 13, 2185. Carbohydr. Res. 1990, 203, 319.
OVP(MeO)F’ThTf : HO _O-—_-P(MeO)Ph OBz 1.Tf,0 HO _OBz
1T 2.NaNO
HO -0 2.NaNO 0 HO Dighplagle o 0
N, OMe = — 3 Na OMe BzO O~ BzO O
O——-COzMe 0-——-CO,;Me NPhth .. NPhth
31 32 (1) TF,0 (18.2 equiv), py (36.5 equiv),
(1) Tf,0, pyridine, CH,Cly, 0°C, 2 h; CH,Cly, -15 °C, 0.5 h;
(2) NaNO,, DMF, 4 h; (2) NaNO, (7.9 equiv), DMF, 25 °C, 24 h,
86% over two steps.

H
X CO,H
Me H Me
Me
4 page 3 4
Me Pasdbas, LiCl, e Me
AsPhg, EINIPT, Me, | Y S
e
—.‘_ W
Je0 OTES  * 58% /% R Nie
N Ve J 3 36 ¢ .
H
Me! et O.__SnMe; H "IVI i
e '
. I 35 LiOH ' 45%
Me :
6 Y

Problem: ¢ Unfortunately, as with 1a,b, the last step (LiOH-induced cleavage
of the C-25 acetate) provedproblematic in terms of yielding a single product.
¢ Separation could not be obtained either by preparative TLC or
by HPLC according to the conditions of Satake et al.
¢No component of the resulting mixtures corresponded to natural
Azaspiracid-1 by TLC or 'H NMR spectroscopic analysis.

modify the final stages — to avoid exposure of the precursors to LIOH in the final stép. Me H 7%
2: C-20-epi-1a 5



2-5. Second-generation late-stage sequence
K. C. Nicolaou. et al. JACS 2006, 128, 2258.

¢ advanced intermediates proved robust to TBAF conditions

d) Pdodbag, LiCl,
AsPhs, ENIPr,

ot

10:R'=R2=H Me :
- H
TR o) Accl 24 5ol Tooe ores k

38:R'=Ac, R2=TBS : b) TBSOTT, 2,6-lut Me
Me: %SHM83
page 3
Reagents and conditions: (a) AcCl (20 equiv), 2,4,6-callidine (40 equiv), CH,Cly, -78°C, 6 h, 89%; l

(b) TBSOTT (10 equiv), 2,6-lutidine (20 equiv), CH,Cl,, -78—0°C, 30 min, 82%;

(c) PhI(OCOCF3), (2.0 equiv), MeCN:pH 7 buffer (4:1), 0°C, 61%,

(d) 68, Pdadbag (0.3 equiv), AsPhg (0.3 equiv), LiCI (6.0 equiv), i-PraNEt (12 equiv),

then 6 (3.0 equiv, 0.03 M in THF, syringe pump addition), NMP, 40°C, 1 h, 63%,

(e) TBAF (5.0 equiv), THF, 25°C, 15 h, 45%(for the total inseparable mixture of at least two
compounds represented by 1a).

Problem:

¢an inseparable mixture of at least two compounds was obtained once again.

+none of which matched natural azaspiracid-1 by TLC or '"H NMR spectroscopy.

¢ changing the fluoride source for the final step (e.g., TASF, HF-py, HF<Et3N)
did not improve the outcome.

3. Structural Elucidation of Azaspiracid-1.

K. C. Nicolaou, M. Satake. et al. ACIE 2004, 43, 4312.

K. C. Nicolaou. et al. ACIE 2004, 43, 4318.
JACS 2006, 128, 2859.

+the Satake group supplied "H NMR spectra of compounds 24-29(page 4).

3-1. Total synthesis and determination of the relative and absolute stereochemistry of the EFGHI domain
3-1-1. Determination of the relative and absolute stereochemistry of the EFGHI domain

X  Me

= S P ———

a5 R Ja) Ac,0, 246-c0l

d) Pd,dbas, LiCl, AsPhs, EtN/Pr,

R/le H Hh Me
:g S: LEZ e) HF+py (excess) 49 g EES ) HF*py (excess)

l l ;



f) NIS, NaHCO ®) Me

Me H 31 Me

50:R=Te0c,x=l—‘ 5 51:R=Teoc, X =1 .

52 : R = Teoo, X = H=—1 9 EtaB, n-BusSnH 53 : R = Teoo. X = H=— 9 EtsB, n-BusSnH

54:R=X=H h) TAS-F 27:R=X=H = h) TAS-F
[incorrect structure] [correct structure]

Reagents and conditions: (&) Ac,0, 2,4,6-collidine, CH,Cl, 25°C, 16 h, 85%; (b) Phi(OCOCF3), (1.5 equiv), MeCN:pH 7 buffer (4:1), 0°C, 10 min, 81%; (c) NIS (10 equiv), p
BugNI (2.0 equiv), CH,Cl,, 25°C, 40 min, 74%; (d) 45 (3.0 equiv), Pd,dbas (0.9 equiv), AsPh; (0.9 equiv), LiCI (18 equiv), i-ProNEt (12 equiv), NMP, then 6 or ent-6 (0.03 M in
THF, syringe pump addition), 45°C, 4 h; (e) HF+py (excess), THF:py (1:1), 0—525°C, 2 h; (f) NIS (10 equiv), NaHCOj3 (30 equiv), THF, 0°C, 16 h, 26% for 50, 38% for 51 over
three steps; (g) EtsB (0.1 equiv, 1.0 M in hexanes), n-BuzSnH:toluene (1:2), 0°C, 5 min; (h) TAS-F (5.0 equiv), DMF, 0°C, 20 h, 70% for 54, 74% for 27 over two steps.

NIS = N-iodosuccinimide; TAS-F, tris(dimethylamino)sulfur (trimethylsilyl)difluoride.

sonly diastereoisomer 27 matched perfectly by 'H NMR spectroscopy the degradatively derived material(27 page 4).
the relative stereochemistry of the EFGHI domain of azaspiracid-1 is that depicted by structure 27.
¢ They could not deduce its absolute stereochemistry.(had no rotation for the naturally derived lactone 27(page 4))
OH

Me’n

vy C)NaClO, &) (R)-PGME-HCI
: X oTASF_ % ol e QLLS-PGME-HCL
- . e E
fra O Me o DC, HOBt, NaHCO;
S5% A = CH;——a) NNGAD=0, cat. synthetic: [a)2° = +49.6 57a: X = (R)-PGME
B 2 gihaiey natural: [a]% = -59.0 57b : X = (S)-PGME

Reagents and conditions: (a) 0sO, (0.1 equiv), NMO (3.0 equiv), acetone:H,O (3:1), 25°C, 3 h, 92%; (b) NalOy (3.0 equiv), MeOH:pH 7 buffer (2.5:1), 25°C, 1 h, 87%; (c)
NaClO, (10 equiv), NaH,PO, (10 equiv), 2-methyl-2-butene (excess), t-BUOH:H,0 (4:1), 25°C, 30 min, 93%; (d)TAS-F (5.0 equiv), DMF, 0°C, 16 h, 38%);

(€) (R)-PGME or (S)-PGME (5.0 equiv), EDC (5.0 equiv), HOBt (5.0 equiv), NaHCO; (10 equiv), DMF, 25°C, 16 h, 75% for 57a and 63% for 57b. PGME: phenyl glycine
methyl ester.

¢ They established the absolute stereochemistry of the FGHI domain of azaspiracid-1 as the antipode of compound 29.
¢ The absolute stereochemistry of the entire EFGHI domain of azaspiracid-1 could now be shown as 27.

3-1-2. Construction of the C21-C27 fragment(8)

K. C. Nicolaou. et al. ACIE 2003, 42, 3643. d) TMSCI, Nal
e) TBSCI, imid |
HO Ny —— TBSO
o) 61 62
Me :
0" " a) DIBALH w ¢) Swern[0] ] s/j f) CrCly, NiCl, -~ OH Sj
=T T —_— -
B BESELD: oy i 1 8 5NN g TBSO 2" g
pa Me HS _~_-SH Me Me 59 Me Me gg Me Me g3
tBu\S.,tBu
|
o0 S
ﬁ) :R?)ii AI® 4 S/j i TBAFOH 4 S/j i) BB, /j
LTBSO/\ﬂ/l\:/\:/j\S L_,_Hrl\/\)\s 2,6-lut 27 : <N
Me Me g4 Me Me g5 NleSNIe

Reagents and conditions: a) DIBAL-H (1.0m in CH,Cl5, 1.1 equiv), CH,Cly, -78°C, 1.5 h; b) 1,3-propanedithiol (1.1 equiv), BF3EQEt; (1.5 equiv), CHCly, 0°C, 1 h, 99%
over two steps; ¢) (COCI), (1.2 equiv), DMSO (2.4 equiv), CHyCly, -78°C 30 min; then Et3N (5.0 equiv), -78—-20C, 94%; d) TMSCI (1.2 equiv), Nal (1.2 equiv), H,O (0.6
equiv), CH3CN, 0-25°C, 1.5 h, 51%; e) TBSCI (1.2 equiv), imidazole (2.5 equiv), DMF, 25°C, 36 h, 96%; f) NiCl, (0.02 equiv), CrCl, (4.0 equiv), DMF, 0°C; then 60 (1.0
equiv), 62 (2.5 equiv), 0-25°C, 15 h, 95%; g) IBX (2.0 equiv), DMSO/THF (4:1), 25°C, 2 h, 90%,; h) Red-Al (2.5 equiv), toluene, -78°C, 1 h, 80%; i) TBAF (2.2 equiv), THF,
25°C, 1 h, 99%; j) tBU,SI(OTH), (1.6 equiv), 2,6-lutidine (4.0 equiv), CH,Cl,, -30°C, 30 min, 75%. Red-Al = sodium bis(2-methoxyethoxy)aluminum hydride.




3-1-3. Construction of the C28-C40 fragment(6)

( B
HO OR 70
TBDPSO  OH
V BDPS : TBDPSO O TBDPSO  OH
& 5 OH el d) 70, Et,0,
/ b) BH, *THF : c) NalO, -100°C, 2h ; SN
AL L opmB > : 4/ H v o ]
PMP ép OPMB 100%(dr=24/1) OPMB
66:R=H = 69 71
6 | R - TBDPS <] @ MBuLi, TBDPSCI BCys :
5 f | <€l ' [ Brown, H. C. et al. JOC. 1991, 56, 401.
Ru=\ ’ OH
. = 7| Ph l -100°C, Et,0
e) acrylic acid, TBDPSO OJ\/ Cl t | RCHO + 70 Ll
_bcc PCYs 73 : instantaneous R)W
S —_—> 74
g i | R=Me; n-Pr; i-Pr; t-Bu; vinyl; Ph. 96-99% ee
OPMB 72 i
Q 0
OTBDPS
TBDPSO O o jowvp QO
F | %v: OPMB ".Me PR A e {
o 74 : HE 103 ‘Me
: OPMB H
74 OPMB . > 75:R=TBDPS S
@) Me,Cu(CN)Lis 76 -R=H >"° 1h) TBAF 77
Nj o) g
WJ\Me iy Nu N3 O OR'O
Me Me 7g R_-ZH Rl MR W “Me  m)PPTS,
j) CY,BCl, i-ProNEt, 78 | O H > HO H —  Me Me OR? MeOH,
93% yield Ve OPMB 79:R'=H, RZ= PMB
dr(anti/syn)=38/1 77 OPMB ok 80 :R'=By R?= B :‘)DBSS'
polar Felkin-Anh-model  anti-aldol product 81:R'=Bz R2=H~—"
OBz OBz
Teoc.
eoc NH

@]
n) Hp, Pd/C 0) Teoc-O-(p-NO,Ph) * T

> Me MeOMe
(0]

OZN—Q—OJLO/\/SMBS 85 Me
84

s e : R =
Table 3. Optimization of Ring | Cyclization
NH entry conditions? yield (%)°
1 p-TsOH (0.1 equiv), MeOH, 25°C, 24 h 0
0__0 Me: 2 CSA (0.1 equiv), MeOH, 25°C, 1 h 0
< (@] Ton e 3 TfOH (0.1 equiv), CH2CI2, 0°C, 10 min 0
p) Conditions 4 BF3aEt20 (0.1 equiv), CH2CI2, 0°C, 10 min 60
_ 5 Yb(OTA3 (0.1 equiv), MeCN, 25°C, 3 min 72
Table 3 6  Sn(OTf)2 (0.1 equiv), MeCN, 25°C, 5 min 0
85 7 Ag(OTf)2 (0.1 equiv), MeCN, 25°C, 30 min 0
8  Y(OTf)3 (0.1 equiv), MeCN, 25°C, 10 min 22
9 Nd(OTH)3 (0.1 equiv), MeCN, 25°C, 15 min 81
10 Eu(OTM)3 (0.1 equiv), MeCN, 25°C, 15 min 65
2 Reactions were carried out at 0.1-0.2 mmol scale. ® Yields refer to isolated products,
the desired isomer (86) being obtained as a single isomer.

/Teoc 0

Me:

q) DIBAL-H

Reagents and conditions: (a) n-BuLi (1.6 M in THF, 1.1 equiv), TBDPSCI (1.1 equiv), THF, -78—¢°C, 18 h, 87%; (b) BH3*THF, THF 65°C, 4 h, 76%; (c) NalO; (4.0 equiv), THF:H,0 (3:2), 25°C, 4 h,
88%; (d) (+)-(Ipc).Ballyl (2.0 equiv), Et;0, -100°C, 2 h, 100% (ca. 96:4); (e) acrylic acid (3.0 equiv), DCC (3.0 equiv), 4-DMAP (0.1 equiv), CH,Cly, 40°C, 18 h, 78%; (f) 73 (0.1 equiv), CH,Cl,, 40°C,

18 h, 91%; () Me;Cu(CN)LI, (2.0 equiv), Et;0, -78°C, 1 h, 95%; (h) TBAF (1.0 M in THF, 1.5 equiv), THF, 25°C, 30 min, 87%; (i) DMP (1.4 equiv), py (10 equiv), CH,Cl;, 25°C, 92%; ) 78 (1.1 equiv),
Cy-BClI (1.3 equiv), i-ProNEt (1.5 equiv), CHzCly, 0°C, 1.5 h; then 77 (1.0 equiv), -78°C, 3.5 h, 93% (ca. 38:1); (k) BzCl (3.0 equiv), py, 0°C, 4 h, 88%; () DDQ (1.5 equiv), CH,Clx:H,0 (10:1), 0°C, 3 h,
96%;(m) PPTS (0.3 equiv), MeOH, 25°C, 2 h, 93% (ca. 1:1); (n) Hz, 10% Pd/C (25% wiw), EtOAc, 25°C, 7 h; (0) Teoc-O-(p-NO3Ph) (3.0 equiv), Et;N (4.0 equiv), EtOAc, 25°C, 15 h, 80% over two steps;
(p) Nd(OTf), (0.1 equiv), MeCN, 25°C, 15 min, 81%; or Yb(OTf); (0.1 equiv), MeCN, 25°C, 3 min, 72%;(q) DIBAL-H (1.0 M in toluene, 4.0 equiv), toluene, -78°C, 30 min; (r) NIS (10 equiv), n-Bu,NI (2.0
equiv), CHoCly, 25°C, 1 h, 70% over two steps; (s) DMP (1.4 equiv), py (10 equiv), CH,Cly, 25°C, 3 h, 87%; (f) L-selectride (1.0 M in THF, 2.0 equiv), THF, -78°C, 20 min, 79%; (u) TESOTF (1.5 equiv),

2 6-lutidine (3.0 equiv), CHCl,,-78°C, 10 min, 93%; (v) KHMDS (1.0 M in toluene, 4.0 equiv), 92 (5.0 equiv), THF, -78°C, 45 min, 89%; (w) (Me3Sn), (10 equiv), TFP (0.5 equiv), LiCl (3.0 equiv), Pd,dbay
(0.1 equiv), THF, 25°C, 1 h, 98%.PPTS:pyridinium p-toluenesulfonate,

8



Comin's reagent

T Teoc cl

N N NT,

0 92 Me:
v) 92, KHMDS
/D e uh

0 Me:

t) L-selectridg

Me:

g u) TESOTH, a7 w) (Me3zSn),,
91:R = TES <~ TENOL: ¢ 6:R=Sn(Me) " (B5sin2

3-2. Total synthesis and elucidation of the structure of the ABCD domain.

3-2-1. Synthesis of proposed structure of the ABCD domain(7a).

K. C. Nicolaou. et al. ACIE 2001, 40, 4068. OTES
ACIE 2003, 42, 3643.

Retrosynthetic analysis Mopiv 0.:
P
ik 0
: 94 ' Me : OTBDPS
F 95
7a[incorrect] F F O>< ﬁrmg—closmg
cross metathesis esterification 5 /j o
S TESO
TBSO OW S R Me

R b Aio o E—— e A2
b E ] H™H
oo H_H | I QR OTBDPS
Oy TBDPSO NMgBr nucleophilic 96
98 |0 ¢ 98 addition Grignard addition
Total Synthesis Me

Me

>SN, a) (MeO),P(O)Me MEIS?‘ BnO 102 Bno\)\/\n/\/\
MeO,C™ 0 nBuLi P Y o CHO -0

T

07L > O 0 O7L : o 67L
100 101 b) 102, LiCl, 103

o iPr,NEt
Ho e
® Lj--0 . O8] e e) NIS
L Q(H\/\/ B”O\)\/\/\/\OR NaHCOs4
_i;- 0 + steric hindrance — 5 = z T
Me—" Mg /8 OH OR
H - = i
(@] 103 18451 : EEH acetonide d) ACOH

i) Hy, Pd(OH),

h) Ha, j) DMP
oTBDPS )

RanexNi

. pl o p2 —
106: R =R*=H 1 f)TBDPSCI  OBn

107 : R' =H, R? = TBDPS
108: R' = TBS, R? = TBOPS <) 9) TBSOTY 109

) DMP m) NMO, OO,

NalOy4

0 H :

H>-H 6f ‘0 H . H
TBDPSO %4 TBDPSO
113 99

Reagents and conditions: a) (MeO),P(O)Me 2.2 equiv), nBuLi (1.6m in hexanes, 2.2 equiv), THF, -78°C, 1 h, 84%; b) 6 (0.67 equiv), LiCl (1.3 equiv), JPer_Et (1.0 equiv),
CH3CN, 25°C, 12 h, 86% based on 99; c) LiAlH, (10.0 equiv), Lil (8.0 equiv), Et;0, -100°C, 30 min, 98%; d) ACOH/H,0 (2:1), 25°C, 5 h, 97%; &) NIS (5.0 equiv), NaHCO;
(10.0 equiv), THF, 0°C, 2.5 h, 70%; f) TBDPSCI (1.4 equiv), EtsN (3.0 equiv), 4-DMAP (0.1 equiv), CH,Cl, , -10—5¢°C, 3 h, 90%; g) TBSOTf (1.6 eqéJw), 2.6-Iu§|d|ne (4.0
equiv), CH,Cl, , ~10°C, 30 min, 100%; h) H, , Raney Ni (100 equiv), EtOH, 25°C, 1 h, 99%; i) H, , Pd(OH),/C (10% by weight, 0.1 equiv), EtOH, 25 C, 3 h, 88%; j) DMP

(2.0 equiv), CH,Cl; , 25°C, 2 h, 99%; k) 3-butenylmagnesium bromide (6.0 equiv), THF, -78—-10°C, 3 h, 87%.1) DMP (2.0 equiv), CH,Cly , 25°C, 3 h, 95%; m) HO(CH,),OH
(7.0 equiv). triethyl orthoformate (3.0 equiv), pTSOH(cat.), 55°C, 98%; n) OsOy (0.03 equiv), NMO (2.0 equiv), tBUOH/THF/ H,0 (10:2:1), 25°C, 14 h, then NalO, (5.0 equiv),
pH 7 buffer, 25°C, 5 h, 100%:; ) nBuLi (1.6 m in hexanes, 2.6 equiv), 114 (2.6 equiv), THF, -20°C, 40 min, 87%; p) DMP (2.0 equiv), CHClz , 25°C, 1 h, B8%;q) TMSOTf
(3.0 equiv), CH,Cl; , -78—-30°C, 1 h, 85%,




q) TMSOTT
—_—

S

: 115: X = H, OH
g M4 ol XL __IpyDmP h .

. J> K. C. Nicolaou. et al.

oI

ACIE 2001, 40, 4068.
a) PivCl, py, DMAP

5 b) NBS, 2,6-ut
| i
; PivO
5 92%
: ano(r:]eric OH
ANOMENIC i, —— (_\:_n%-?ffe ' il ey H

equatorial orientation that would be expected from steric
considerations.

Tne anomeric effect is a siereceiecironic effect hat fect HE ¢ N\ g i 0. =
describes the tendency of heteroatomic substituents e ol W2l H)YI\OTBDPS o h " T H
adjacent to a heteroatom within a cyclohexane ring to s 0" Ope ] ) o)
prefer the axjal orientation instead of the less hindered PivO H PivO O " L
OH 119 i 0 OTB.
H S

120/119:2/1} d) TFA 119

— (stabilized by one anomeric effect and a
hydrogen-bonding arrangement)

QO
:Egg-;eric ——— \._) 120

120(84%)

e) Swern[O]

Cl
AN
: Tl

% ~ H
\ N™ NTf, z h) DIBAL-H
y f) KHMDS, 92 _ ; i) Swem[O]
> PivO e LN
g) [Pd(PPhg)q], Me' O  OTBDPS

nBuszSnH 122

@) OTBDPS

) & “MgBr
k) Ac,0, py, DMAP

[) LDA, TBSCI
m) MeOH, DCC, DvAP

OTBDPS

OAc 124
p) TBAF
n) Superhydride H q) Swern[O]
1 -
S U e f:,o STBOPS o) PivCl. py : = ) NaCO,
st w0 LOTBDPS
126
3 8 H
il VG HOF F
s) PFPOH, DCC O:‘
o H Me' 4™~ = 0 F
0] H
bl 7a[incorrect] F F

Reagents and conditions: a) PivCl (3.0 equiv), py (10 equiv), 4-DMAP (0.1 equiv), 25°C, 3 h, 95%; b) NBS (8.0 equiv), 2,6-lutidine(16 equiv), MeCN, 25°C, 2 h, 91%; c)
NaBH, (1.1 equiv), MeOH, -78--60°C, 3 h, 87%; d) TFA (2.0 equiv), CH;Clp, 0-,5°C, 2 h, 66%; &) (COGI); (2.0 equiv), DMSO (4.0 equiv), CHaCly, -60°C, 2 h; then Et;N
(S.O_equ;v), -60—-30°C, 1 h, 94%; f) 10 (2.5 equiv), KHMDS (0.5m in toluene, 2.5 equiv), THF, -78°C, 1 h, 92%; g) LiCl (3.0 equiv), [Pd(PPhs)s] (0.2 equiv), nBusSnH (3.0
equiv), THF, 25°C, 45 min, 95%; h) DIBAL-H (1.0m in toluene, 2.5 equiv), toluene, -78°C, 20 min, 92%; i) (COCI); (5.0 equiv), DMSO (11 equiv), CH,Cl,, -78°C, 1 h, -60°C,
1 h; then Et3N (22 equiv), -78—-30°C, 1 h, 92%; j) vinyimagnesium bromide (1.0m in THF, 1.6 equiv), Et,O, 0°C, 30 min, 78%; k) Ac,0 (5.0 equiv), pyridine (10.0 equiv),
DMAP(catalytic), CHyCly, 0°C, 1 h, 94%; 1) LDA (1.5 equiv), TBSCI (1.5 equiv), HMPA (1.5 equiv), THF, ~78—,5°C, 72 h, 82%; m) MeOH (10.0 equiv), DCC (1.2 equiv),
DMAP (0.1 equiv), CH,Cly, 0—95°C, 2 h, 86%; n) Superhydride (1.0m in THF, 5.0 equiv), THF, -78—,°C, 30 min, 96%; o) PivCI (3.0 equiv), pyridine (10.0 equiv), DMAP
(1.0 equiv), CH,Cl,, 0—25°C, 12 h, 95%; p) TBAF (1.0m in THF, 2.0 equiv), THF, 0—,5°C, 3 h, 93%; q) (COCI), (5.0 equiv), DMSO (11 equiv), CH,Cl,, -78°C, 1 h, -60°C,
1h; then Et;N (22 equiv), -78—19°C, 1 h, 89%; r) NaCIO; (4.0 equiv), NaHPO, (4.0 equiv), 2-methyl-but-2-ene (5.0 equiv), tBUOH/H,O (5:1), 25°C, 2 h, 95%; s) PFPOH,
(1.2 equiv), DCC (1.5 equiv), CH,Cly, 25°C, 2 h, 82%.
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3-2-2. Elucidation of structure of the ABCD domain.

TBAF
Me" E
o H H OTBDPS
125
[previously synthesized intermediate] first proposed structure of the ABCD domain

¢ The spectroscopic data for these two samples (25a and 25) differed significant.
¢ Furthermore, the main differences between the two sets of spectra were associated with protons located on ring A,

rﬂamew 6-H, 7-H, 8-H, and 9-H. Table 4. Key "H NMR chemical shifts.(5(*H) [ppm])
1 ' H 25l 25a 128 2501 25p
' 6H 479 450 [434 479 481
7-H 2.48 2.06 [5.80 562| 561
OH 2.03 2.04
8-H 5.74 6.07 |5.80 574| 577
9-H 5.62 579 [257  248| 251
1.91 2.03| 218
128 - lissoketal 16-H 3.78 3.94 - 3.78 3.84
* COM7-H 421 427 - 4.21 4.15
+a marinenatural product 128 bears a close resemblance 19-H 434 4.57 - 434 451
to the proposed structure of azaspiracid-1 (1¢) except for the 41-H 092 0.98 - 0.92 0.95
fact that ihe endocyciic doubie bond in ring A resides between [ Original Incorrect assignments.
C7 and 08, rather than between C8 and C9. [ii] Revised (correct) assignmen ts for the isomer at 25 .

¢ close examination of the 1H NMR chemical shift values (see Table 4) and the 2D NMR correlation pattern reported
for lissoketal (128) showed remarkable similarities to those observed for natural azaspiracid-1.

+With the NMR spectroscopic parameters associated with rings B, C, and D for the naturally derived (25) and
synthetic (25a) samples in good agreement, the alternative structure 25b was proposed.
OH

-0 OTBDPS

Problem: ¢the spectral data of synthetic 25b did not match those of the degradatively derived 25(Table 4).

+the location of the double bond in ring A was not the only problem with the originally proposed structure (1c)
of azaspiracid-1.

OH  Pd/C, H,
—— e
95%

26a

The fully hydrogenated synthetic product 26a obtained from synthetic 25a proved to be different from the corresponding
iiydrogenated fragment 26 obtained from 25(page 4).

additional information: the thermodynamic stability of the degradatively derived ABCD fragments (e.g. 25) and of the

natural product itself.

+their ABC double spiroketal bridgewas noted to be stable under acidic conditions;

+whereas corresponding synthetic materials so far revealed their fleeting nature under

similar condititons.
proposed next reasonable isomer : 25¢
# This isomer appeared to benefit from a double anomeric effect (based on manual molecular modeling) and to fulfil the
crucial requirement for the NOE effect between 6-H and the methyl group at C14 observed for the natural product and its
ABCD-domain degradation product.

.
| Vol Mag 2 Me 102 S/j
L AT .FTWO o mghen g 2
MeD:Co T L e “E v r]‘;»i-l °° .
ent-101 lu il
page 9

affost

MeD,C ™ L A1




Problem: ¢Although NOE studies revealed a strong effect between 6-H and the methyl group at C14 in 129, the chemical

shift of the latter signal differed significantly from the corresponding signal in the natural product.
ﬂ ¢ The observed thermodynamic stability of azaspiracid-1 under acidic conditions did not bode well for

isomer 25c¢ as the correct representation of the ABCD domain of the natural product.

next suspected structure : 25d

F i . 'i' L +In 25d the C6 stereocenter is inverted, also enjoys the thermodynamic
N ,‘;;G T "‘;;;_‘“‘ — stability derived from two anomeric effects, provided that the two

ST ~g spirocenters are inverted into the opposite configurations as shown in

P.’{'e@;c‘/\m o e ' /’IQ
| Mol | ok Figure.
25d [fourth proposed stiuclure]

d) OsOy; NalOy4

I"ﬂ-‘;zrl};.f_‘,-a..: ""C'E

v i, ¥ = =
. 0'; G
iy # ;‘E O O H H O O H
Sz, H e \ OR? L OTBDPS
" \ﬁ\~ el ¥ o 13
AR Ry ent112 : R' = TBS, R? = TBDPS i
aramerts —me S M manomeric 130 . R'=H,R*=H DAECR LA &
vt o 431:R'=H, R?=TBDPS == b TBDPSCI OWS
. e seoorE 2. ‘ c) TESCI s
A 132: R' = TES, R? = TBDPS 0 \_5 o7
S'S
i S
g) TMSOTI(5 equiv),
HO 3 e, CHQC'Z vs
Me OTBDPS ™ )
& 3 A 6 A e L
136 (ol OTBDPS
+
j> 134 : X=H,OH, R=TES
'S 135 X = O, R % TES=~—— 1) DMP
: Table 5. Optimization of the Polycyclization Cascade (135—136)
HO 3 entry R temp (°C) time (h) vyield (%) 136:epi-C14-1362
o 1 TBS (135') -78 2 78 82:18
H Me H SIEDRS 2 TBS (135') -78—-30 2 76 75:25
3 TES (135) -78 0.5 85 90:10
eip-C14-136 4 TES (135) -90 0.5 89 >98:2
/> 3 Ratios of products were determined by 'H NMR spectroscopy.
S'S i
. Mes-N__N-Mes
PIVOM Cl
139 Ru= 140
X cl F’Cy;.;Ph
| Me ) O  OTBDPS j) 139, 140 _

o = 0 =]
foae = Lo ) Swern [O] Lk 2
137 : X=0 , s -y (E/Z=10:1)

138 : X = CH, < 1) PhgPCH5"Br,
nBuLi
Selective Cross Metathesis(CM)(a convenient route to functionalized and higher olefins from simple alkene precursors)
R. H. Grubbs et al. JACS 2003, 725, 11360
¢ Olefin categorization and rules for selectivity. ¢ Homodimerization in Cross Metathesis.
gf Type | - Rapid homodimerization, homodimers consumable 5 Rq‘/\‘ Cmss Meta!hesm* R$/§‘NR1 I T
§ ' Type 1 - Slow homodimerization. homaodimers sparingly consumable ‘ar; algl . RO, 2O oty
£ | Type il - No homodimesization + Statistical Distribution of CM Products T selectiviy
3 1 Type tV -« Ofefins inert lo CW, but do not deactivate catalyst {Speclator) R . i 50%
Reaction between twe olefins of Type [ = Statistical CM Rivgt * A, Leoan Melinosle fj GG“»
Reacticn between two olefins of same type (non-Type [) = Non-seleclive Ui ° - i
Reaction betwean olefins of two different types = Seleciive CM Rz, :ﬁ"":"g et 9%
T g a8,

¢To avoicj the_ statistical product,we can design selective CM reactions using olefins from two different types, whose
rates of dimerization are significantly different and/or slower than CM product formation.(Type I with Type 1111 )

-
8y v Ry L +
&
o 1 R rtf s & J_’.Féj. + .: )
Ha !
o bl . . .
TS PPN ‘;-'":'ja'v? X e e a4 athe Type | homodimer readily undergoes secondary metathesis

E ’ with the Type I/l olefin. 12



Table 6. Olefin Categories for Selective Cross Metathesis

*{;%NTN%Q— 2. SO S iPr i-Pr
o

Cl., ~Ph ~.
Rug Lo ALL
| e Cys CHC(CFy)z0" 10 %“3
PCyy CH3C(CF3)0 x
Olefin type 1 40
tarminal olefins,® 1° allylic alcchols,  terminal olefins,
esters, " allyl boronate esters. iy silangs, 4181
Type | aliyl haides, ™ styranas (no large 1" aliylic alcohals, ethers, terminal olefins, 128121
(fast ortho substit )84 esters 51921 atyl sitanes’
ization) allyl p . allyl silanes.**  allyl boronate esters, '™
allyl phosphine axides ™ ally! alyl halides'”
sulfides,™ protected allyl amines®
styrenes (latge ortho substit.), %!
acrylates,® acrylamides, 5 styrene,’®
Type il acrylic acid.* acralein .24 2* allylic afcohols, styrane, 11110

vinyl ketones, ™

vinyl dioxolanes,® altyl stannanas ™

unprotected 3° allylic alcohols, " vinyl boronates®
vinyl epaxides,® 2° allylic alcohols,

perfluarinated alkans olefins®™ 2

(slow
homedimerization)

1,1-disubstituted olefins, 59
non-bulky trisub. clefing, 50
vinyl phosghonates, 5
phenyl vinyl sulfone, 2

4° allylic carbons (all alkyi
substituents),

Type Il

doiaa
(no homadimerization) | e

3° allyl amines, ™
acrylanitrile'?

|::> Grubbs catalysts(commonly used olefin metathesis catalysts)

Proposed Mechanism
140
PC‘J:Jl 2 : $ :
R Rz I\R_1 S % _R'_’I
[Rulﬂ A_; :LH BRI —= R~ =L i,
R R R?
/ 1 R' R _
Ph _\ﬁ14l
[Ru] IR“ | {RUP—E' F
Ru—]|

S

lj_\'_’ g [Ru]*‘_j

‘F-CM product N ﬂR

e

3°allghe doohols (protected) 0 /! R?
1.1-disubstituted olefins,® 4 $J=?-,, :4l 1V -
disub. o f-unsaturated ' __ R
Type IV u-:rw\ rm_rn olefins, carbonyts,
(spectators to CM) :;:;';’;m'fd Al stecho :::r:ifwmﬂ-wnmlnlns 1, 1-disubstituted olefins''* [Ru)= C /j__ [R”]
perfiuorinated alkane olefins,”
3° abyl amines (protectad)'
X X
i) EtsN, TMSOTf
m) PhSeCl
OTBDPS n) NalOy B OTBDPS
H H OPiv
ORly Table 7
- 144 x=0 - on—o)
141 : X = S(CH2)58 ] 1) phi(OCOCFs), ! 0) NaBHj, CeCly
143:X=0 & T2 00", ) cico,Me
Table 7. Optimization for Enone Formation (143-144) 146 : X =H OCOzMe 2
entry reagents and conditions temp (°C) time (h) yield (%)
1 1BX (1.1 equiv), DMSO 50 1 decomposition
2 (i) LHMDS (1.5 equiv), PhSeCl (1.6 equiv) 780 0.5 q) szdbas‘_CHC|3,
(i) H205 (2.0 equiv), py (2.0 equiv), CH,Cl 0 1 decomposition n-BusP, LiBH,4
3 (i) LHMDS (1.5 equiv), PhSeCl (1.6 equiv), THF 7850 0.5
(i) mMCPBA (2.0 equiv), CH.Cl> 0 0.5 decomposition
4 (i) LHMDS (1.5 equiv), PhSeCl (1.6 equiv), THF -78-0 0.5 H
(i) NalQy4 (2.0 equiv), THF:MeOH:H,0 (4:1:1) 025 6 53
5 (i) KHMDS (1.5 equiv), TMSCI (1.6 equiv) -78 0.5
(iiy Pd(OAC), (2.0 equiv), DMSO 25 48 55
6 LDA (1.5 equiv), -BUNS(CI)Ph (1.6 equiv), THF -78 0.5 50-81
7 (i) EtsN (44 equw} TMSOTS (18 equiv), CH,Cl, -20-0 12 OTBDPS
(i} PhSeCI (1.5 equiv), CHoCla 7850 3 . H
{iif) NalO, (4.5 equiv), THE: pH 7 buffer (4:1) 25 12 69 OPiv
SR G T A T R P i 147
OR
_— s) Swern [O]
10 oTBDPS t) NaClO,
2H u) CH,N
OR™ 445 R'=H,R2= Piv v)) TBAE.
146 : R' = CO,Me, R?= Piv 8_9 H
149 : R' = CS;Me, R? = Piv 7
150 : R' = Ms, R?= Piv
151: R'=Ts, R?= Piv OTBDPS
152 : R' = Ac, R2 = Piv H
153: R'= H, R?= Piv 148
Table 8. Optimization of the Deoxygenation of Allylic Alcohol (145) Derivatives to Olefinic Compound 147
by B (@ conditions temp (°C) time (h) yield (%) _ 147:148 NOE 25d
1 CS,;Me (149)? n-BusSnH (10 equiv), AIBN (1.0 equiv), toluene 110 1 62 11
2 CS,Me (149)? Et;B (1.0 equiv), toluene:n-BuzSnH (2:1) 25 2 57 11
3 Ms (150)° LiAlH4 (1.0 M in Et,0, 2.0 equiv), THF 25 12 (95)¢ N/A
4 Ms (150)° LiBH, (2.0 equiv), THF 25 12 (95)¢ N/A
5  Ms (150) Superhydride (10 equiv), THF 45 12 (95)° N/A  ° Synthesized by treating ;4$ :Fim 1rr\laaH 2(;:3 eqﬂvLSCSE (2.0
6 Ts(151)° LiAIH4 (1.0 M in Et,0, 2.0 equiv), THF 25 12 (95)° RACT Eaquiv), end Mel.(3.00qui), THF . -78-325°C, 1 b, 85%,
7 H(145) LiCIO, (12 equiv), Et,SiH (3.0 equiv), E,0 25 36 noreacton N/A e:&ﬂ;"?ﬁﬂ:"aﬁ’gaﬁ%ﬁh";503":‘“ MsCl (2.0 equiv) and Et;N (4.0
8  Ac(152)° LICIO, (12 equiv), Et;SiH (3.0 equiv), Et,0 25 36 noreaction N/A ¢ nthosized by treating 145 with TsCl (5.0 equiv), Et:N (10
9 Ac (152)d 20% Pd{OH),/C (25% wiw), EtOH:cyclohexene (2:1) 65 26 50 3 equiv), and 4-DMAP (0.1 equiv), CH.Cly, 25°C, 48 h, 81%.
10 Ac (152)° Pd,dbasECHCL, (0.2 equiv, n-BugP (0.4 equiv), 25 12 40 211 9 Synthesized by treating 145 with AcCI (10 equiv), py (20 equiv),
NaBH, (10 equiv), dioxane:H,0 (9:1) N / ) and 4-DMAP (0.1 equiv), CHoCly, 25°C, 24 h, 89%.
i1 cioz‘Me-{ms.) ~ PdydbasECHCI, (0.125 equiv), 0-BusP (0. as_equ), 0 b 74 ©The only product isolated was alcohol 153.

~ LiBH, (10 equiv), DME

Reagems and conditions: (a) TBAF (1.0 M in THF, 3.0 equiv), THF, 25°C 48 h, 95%; (b) TBDPSCI (1 Zequw) EtsN (3 0 equw) 4-DMAP (0.1 equiv), CHzCly, 0°C, 12 h, 82%; (c) TESCI (1.5 equiv),
imidazole (3.0 equiv), 4-DMAP (0.1 equiv), CH,Cl,, 0°C, 30 min, 95%,; (d) OsO, (0.03 equiv), NMO (2.0 equiv), t-BuOH:THF:H,0 (10:2:1), 25°C, 12 h, then NalO, (5.0 equiv), pH 7 buffer, 25°C, 5 h, 95%;
{e) n-BulLi (1.6 M in hexanes, 3.5 equiv), ent-60 (3.5 equiv), THF, -30°C, 30 min, 87%; (f) DMP (2.0 equiv), py (10 equiv), CHzClz, 0°C, 1 h, 92%; (g) TMSOTf (4.0 equiv), CH.Cly, -90°C, 30 min, 89%; (h)
(COCI), (5.0 equiv), DMSO (11 equiv), CH,Cly, -785-60°C, 1.5 h, then Et;N (22 equiv), -25 °C; (i) PhsPCH;'Br- (5.0 equiv), n-Buli (4.0 equiv), THF, -78 f 0°C, 1 h, then -78°C, then 137, -78-50°C, 30 min|
81% from 136; (j) 139 (3.0 equiv), 140 (0.1 equiv), CH,Cl,, 40°C, 12 h, 60% E:Z (ca. 10:1); (k) PhI(OCOCF3); (3.0 equiv, slow addition), MeCN:pH 7 buffer (4:1), 0°C, 30 min, 90%; (1) EtsN (44 equiv),
TMSOTF (18 equiv), CHoClo, -20-0°C, 12 h; (m) PhSeCl (1.5 equiv), CH;Cly, -78-0°C, 3 h; (n) NalOy (4.5 equiv), THF:pH 7 buffer (4:1); (o) NaBH, (3.1 equiv), CeClaa;H,0 (1.0 equiv), MeOH, -65°C, 40|
min, 67% over the four steps; (p) CICO;Me (25 equiv), 4-DMAP (1.0 equiv) CH;Cl:py (2:1), -10°C, 3 h, 87%; (q) Pdydbaz*CHCI; (0.125 equiv), n-BuP (0.48 equiv), LiBH, (10 equiv), DME, 0°C, 1 h,
A7,8:4,9 (7:1), 82%; (r) DIBAL-H (1.0 M in CH,Cl,, 2.0 equiv), CH,Cly, -78°C, 15 min; (s) (COCI), (5.0 equiv), DMSO (11 equiv), CH2Cly, -78 f -60°C, 1.5 h, then EtsN (22 equiv), -25°C; (t) NaCIO, (10
equiv), NaH,PO, (10 equiv), 2-methyl-2-butene (excess), t-BuOH:H,0 (4:1), 25°C, 1 h; (u) CH;N, (excess), Et,0, 25°C; (v) TBAF (1.0 Min THF, 2.0 equiv), THF, 25°C, 1 h, 71% from 147 (five sheps)_,1




Synthetic 26d matched the degradatively derived material by 1H NMR spectroscopy.

¢ The absolute stereochemistry of 25 still remained elusive.
Because the minute supplies of the degradation product did not permit optical rotation comparisons.

They synthesized of the other enantiomer of 147 as well,and set out to reach the final target.

¢ The first enantiomer to reach the end was that derived from non-natural d-malic acid (i.e. ent-147), only to find that it
did not correspond to azaspiracid-1.

¢ The final drive toward azaspiracid-1 from enantiomer 147 (derived from |-malic acid) was then undertaken.

4. Completion of the Synthesis.

a) nBuLi-nBu,Mg

(50%)

b) DIBAL-H
c) TBAF

d) Pdydbas, LiCl,
AsPhs, EtN/Pr,

TBAF
60%

(-)-Azaspiracid-1

[correct]
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5. David A. Evans's Route

David A. Evans. et al. ACIE 2007, 43, 4693.
ACIE 2007, 43, 4698.
JACS 2008, 130, 16295.

Retrosynthetic analysis

(+)-Azaspiracid-1

ﬂSulfone coupling
Teoc
40 |

161 ﬂ Deketalizations

OH O Me OTBSOH O
'r,'/OTBDPS PhS ‘ = = s

20 N3
Me - PMBO Me Me
: Me 165
Sulfone anion
Adailan Brorn aldol Mukaiyama
addition aldol addition
OTIPS o &
R SO,Ph LE § = 3
m Me" “Me O Me OTBSO Me Me
O 166 E = i 168
SETO, E-ring fragment ~ Me H -ring fragment
N ve 15 Sop PMBO
H s o _OT S 167
FG-ring fragment
O 164
163 OTIPS CD-ring fragment

AB-ring fragment
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