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Ciguatoxin : R' = HO "X RZ2=0H,n=0

CTX3C:R',R?=H,n=1

26 steps

H

Ot
I

42 steps

48 steps

* 116 stepsin total
* ~40 publications on ciguatoxin/CTX3C (~20 synthetic studies)

Science 2001, 294 (5548), 1904-1907
Tetrahedron 2002, 58 (10), 1835-1851
Tetrahedron 2002, 58 (32), 6493-6512
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* Synthesis of complex natural products with unresolved bioactivity
Study of the biological function of prepared natural products

* Development of radical methodologies for use in total synthesis
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Retrosynthesis of Merrilactone A Forward Synthesis of Merrilactone A

o b) Zn, TMSCI, Ac,0, Me

o)
cl Me Ci
a. [2+2] toluene 85°C OH
| + | o — o ———— >
3 c) LiAIH,, THF, rt ~oH
Cl me cl = m
o) Me
4 5 6

e

%

0 47% (three steps)

d. BnBr, NaH,
merrilactone A (1) 2 3 THF/DMF (10:1), rt

J. Am. Chem. Soc. 2003, 125 (36), 10772-10773 e. Upjohn
93% (two steps)
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OH Me OH Me then Ho Me
then z \/\ < ” z
OBn  Pb(OAC),, rt - OBn g. Gl oBn allyl grignard OBn f. Swern [O] OBn
OB 95% I OBn OBn 78% OBn OBn
n (] R W 5 o
OH Me OH Me
11 + isomers 10 + isomers 9 8
LiHMDS, -100 °C
3.1:1 (2:12)
0 o}
i. Prilezhaev k. BrCH,CHBr(OEt), . BusSn, BEt3/O,
OBn PhNMez, CH2C|2 toluene, rt OBn
X bl - OBn -78 OC tort 570/0 (17b) o N E OBn
OH Me 62% 16% (17a) R1+0 Me
. 14: X =OH, H dr=4:1 R?
i [0]| 17a: R' = H, R? = OEt
15:X=0 m. CSA, EtOH, rt | . )
86% 17b: R' = OEt,R2=H
o) q. TEAJH20 (9:1), rt o) e n. TMSOT, Etl\(l)(i—Pr)z,
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20: R3 = OTf OB <€ MS4A, -78 °C THF, 50 °C oBn 0. Me,NCH,* I, DCM, rt
. R3 = n e e
21:R3=H s { then 72% (2 steps) o { p) mCPBA, DCM, rt
t. Pd(OAc),, PhsP I = OBn  2-Tf,N-5-chloropyridine o OBn 70% (three steps)
BusN, HCO,H, DMF © Me 99% EtO Me
" 40°C ;93/ u) DIBAL, DCM, |1"9 18
P S -78°C to rt, 19
0, . .
. 88%, (dr: 6:1) OH
Me Me w) DOWEX, 50WX, Me, Me o y)pmDO, bcMm

THF/H,0 (2:1)

N

~ t, 96%
—_—
4
OR x) Ag,CO3 on Celite @ o

OR* toluene, 130 °C /—(5 Me
64% (two steps) O 24

I:zz: R%=Bn
23:R*=H
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Retrosynthesis of (+)-Pinnatoxin A

dithiane coupling (C25-26)

RCM (C8-9)

Quick Facts:

* one of the major toxic principles responsible for outbreaks of Pinna

shellfish poisonings in China and Japan

* Precise biological activity is unclarified — suspected to be Ca?*ion channel

activator

* 70 step synthesis

Group Meeting

Forward Synthesis of (+)-Pinnatoxin A

OH

a. SAE, (+)-DIPT
83%

b. Parikh-Doering

OMOM

d. Red-Al, Et,0
4 -20°Cto 0°C
then NalOy
intramolecular THF/H,0 (1:1)
alkylation rt, 90%
(C5-31)

h. CSA (0.1 eq)
MeOH, rt, 3 hr

then CSA
toluene, rt
2 days, 84%

g. Parikh-Doering
82% (2 steps)
ACIE 2004, 43 (47), 6505-6510

i. PivCl, DCM/Pyr
(2:1),0°Ctort |:11: R=H, OH
j. TESOTHf, 2.6- 12: R=TES
lutidine, DCM, 0 °C

k. DIBAL, THF
-78°C, 75%

. 1,3-dithiane, nBuLi
THF/HMPA (4:1)
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c. vinyl grignard
THF, -40 °C

74% (2 steps)

e. 2-methoxypropene
p-TsOH, DMF, rt, 91%

f. SAD

I. Appel Reaction

Me™ =

TESO

13

-78 °C, 83%

> o) 13 steps
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Forward Synthesis of (+)-Pinnatoxin A

a.16 (2 eq)
o ., THF, reflux
‘0

15 o~ “Ph
X

16
Ph3P COzMe

30: R®=CN
ws [
31: R® = CH,OTBS
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d. DIBAL,THF

PMBMO,,
. -78°C, 89%

CO,Me
30 34

TESO

“, e. MOMCI, iPrNEt
o nBuyNBr, DCM, rt
) , 95%
0~ “Ph
17:R'"=R2=H 20: X = H, OH
b,c Me g.[0] |
18: R' = TES, R? = PMBM OTIPS 21: X=0
Bng/\H\/ h. 22, (2.5 eq)
Me THF, rt, 85%
22 i. R®=Ms
Me
: Me Me
- TIPSO TIPSO B Me
TIPSO
0. KHMDS (2.5 eq) i) Et4NCN, MeCN
THF, 0 °C n) HFpy 70 °C R%0
A _<€—— R,
then KHMDS k) TESCI, imid. pMBMO,,
0, .
(5 eQ)'? Ctort omMom TESO OMOM 670)‘?'(\2':5‘&'05
2% rEso OMOM

“'ph

24: R* = PMBM
I, m | 23
25: R* = Ms

x) Parikh-Doering

y) MeMgBr

OMOM z) DMP

‘6 aa) Tebbe
OR 87%

32:R6=H
u-w
I—:ss: R =TES

ACIE 2004, 43 (47), 6505-6510
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Forward Synthesis of (+)-Pinnatoxin A

Me Me
H Me z Me
TIPSO\/\< TIPSO\/\<
TMSO
af. PDC 35 ah. allyl grignard =
DCM, rt, 84% Me ai. PivCl, DMAP, pyr
—> Me P Me
aj. TMSCI, imid., DMF
OMOM OMOM ak. DIBAL OMOM
67% (4 steps)
PivO Y.
Me Me
36 26
35:R”=H, R®=TES, R*=TBS 38:R8 = H 40:Y = OH
7 ; 8 9 al. Appel
ac - ae 36: R’ = Piv, R®* = TES, R = TBS 39: R® = TMS 3:Y=

37:R"=Piv, R®E=R%=H

38 steps

19 Step Endgame

a. tBuLi (1.9 eq)
2 (1.7 eq), THF/HMPA
-78 °C, 95%

OMOM

. 41:R? = TES, RP = TMS 43: X = S(CH,),S
. b.
|—_>42: R2=RP=H |——>44: X = (OMe),

ACIE 2004, 43 (47), 6505-6510
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Endgame

f. DDQ DCM/
OMOM 1,4-dioxane (1:1)

g. Stryker [H]
43% (2 steps)

44 h) Wittig
i) p-TsCl, Et3N, DMAP,
J)TESCI, imid., 51% (2 steps)
k) DMP

50 OtBu Me

Me /g N
HzN\/\< (iPr)HN NiPr 3\/o\<
o]

qg. 50, tol., 70 °C 68% (2 steps)
34% (3 steps) R¢ —-w-——«-——

m) 2N HCI
r. PMe3, THF/H20 .WOH )960/0
(10:1), 60%

) NaN3

Me

48: R° = CH,OH

47

s. 200 °C, vacuum n,o

t. PMes p) PMes, THF

~——¢—— 49:R°=CO,H

pinnatoxin A (1)

ACIE 2004, 43 (47), 6505-6510
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Retrosynthesis of Resiniferatoxin

7-endo radical
cyclization

TBDPSO

16b

3-component
radical coupling

4 PhSe

5
TBDPSO/_<

SnPh; 18b

Quick Facts:

belongs to daphnane diterpenoid family

potently activating transient receptor potential vanilloid 1
(TRPV1)
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Forward Synthesis of Resiniferatoxin

HO /\MgBr | WOH /
\\O/OH . OH HO 0
a. n-BuLi b. NalO,
—> Ho ., —_——
o 80% ‘0
(0] (0]

20 Me Me><Me
19 21
c. n-BuLi
)LMgBr
Me OH Me OH /
‘ o e. H, PdIC o d. Hoveyda Me N\, \\OH
‘ 71% W ‘ 1,4-benzoquinone .
(o) Y ¢ HO Y “ ’ N
- o > O 62% (3steps) HO' Y
Osf Oﬁf 0
Me Me °
24 Me

23 Me

i H*
Me i BzCl
k. MeC(OMe);

27
I. TMSOTf

EtsN 60% (4 steps)

(PhSe),, hv
31% (3 steps)

29: Y = CH20H
30: Y =0H

0. Pb(OAc),

p. MsCl 31:Y = OMs

J. Am. Chem. Soc. 2017, 139 (45), 16420-16429
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Forward Synthesis of Resiniferatoxin

u. NaBHy4
Me CeCl37H,0

v. Ac0,
or TMSOTf

)
'O b. NaHMDS

a. V-40 2
—
9 (5 eq) QA We 7%
18b (5 eq) ™S
TBDPSO 41, TBDPSO 37 TBDPSO 34

d. m-CPBA

TBDPSO 44 TBDPSO 3q

J. Am. Chem. Soc. 2017, 139 (45), 16420-16429
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Tricyclic Framework from Two Radical Reactions

Me
16
i. n-BuzSnH,
V-40, heat

1%

cl
47:R°=R%=H
c.C . R6 = 2_ )I\
d. TMSOTF 48:R”=H, R" = CCHzPh f. LIBH(s-Bu)s CF, N TS
49: R® = TMS, R? = CCH,Ph
2 g. Mel, LIMHDS * the
16 15 D
Me Me
NB h.D, DMAP 16
i. NBS TBSO
o]
Ph
MeO OCs
TMS
‘R8 = 7 = 51 E
54:R°=OH,R"=H (54:55)
55: R® = H, R” = OH
k. Li,CO3
16
Me
Me . SOCI,
—_—
25% (3 steps)

Ph Resiniferatoxin (1)

J. Am. Chem. Soc. 2017, 139 (45), 16420-16429
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Crotophorbolone

(TMS),SiH
V-40

Me :

14 steps

:Me
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19 steps

N e— Me
(o)

ACIE 2015, 54 (48), 14457-14461

Quick Facts:
P oTBS * Diterpenoid alkaloid
zZ Let L ——
MeO,C + N/ * exhibits K*channel inhibitory and
+ ] antiarrhythmic activities
OMOM o
é é OMe ﬁHz
owme Sowme
1. HCI, MeOH, methyl red (0.2 mol%) Br
_ OTBS 0°C, then PhI(OAC),, 0 °C OMe
=z Et OMe 5 BHT (0.5 mol%) PhMe, 130 °C MeO
MeO,C! ¢ N’ EtMgBr, THF Et 89%, dr = 2.2:1 J\
* -78t0 0 °C N dearomatization and IMDA o Et
OMOM > N
OMe 602Me E -
H :
A B OMe <
o, o, \OMe
2 steps, 70% 7 steps, 19% OMe 3 Steps
45%
1. Hg(OAc),, AcOH H H
MeO < (o] <
60 °C MeO
2. 1,4-dioxane-H,0 MeO - DBU, DMSO
L (1:1) 90°C 7 Steps  MeO 120 °C
(+)-Talatisamine E! «———— 1107
29% 27% 83%
aza-Prins reaction z Wagner-Meerwein
G : shift

OMe

Kornblum-type [O]
\OMe

ACIE 2020, 59 (1), 479-486
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Zaragozic Acid C

ph/\/\/\/\)l\

i
(]
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Quick Facts:

Member of zaragozic acids and
squalestatins natural product
families

potent squalene synthase inhibitor

Potential as an antitumor agent

OBn OBn OBn OBn
OMe 1. B (5 mol %) KBr OH OMe
R NaOCl, ag NaHCO3/ hv (405 nm) PhH O LR

DCM (1:1) 1. TMSOT, py, DCM - flow reactor _BnO
. ,
K “, 2. C, n-BuLi, hexane-Et,0 2. RuO2'H,0 (0.3 equiv) Norrish-Yang Y ‘,
HO OBz = 1) 78t00°C  BzO NalOj, MeCN-CCl,- cyclization o’ 0Bz
OBz 3. BzCl, DMAP, pyr. H20 (1:1:1.5) e
0,
A D 47% (5 steps) E
1. Pb(OAc),
MeOH-PhH (3.7:1)
62% (2 steps)

M Me [0} v OBn
MeO,C  co,Me ve 1.B (0.2 eq), NaClO,, NaOCIHOH,C  CH,OH < 1. LAH, Lil, Et,0, -78 °C BnO ro OMe
< < MeCN-ph 7 buffer (4:3) - X Ph n Z.R

Ph -~
- Y 2. TMSCHN,, MeOH-PhH (1:1) 2. Ha, PdIC, aq HCI, MeOH
o) ‘OMe H - MeO .
“oBz OTBDPS 49% (4 steps) 5 ‘0Bz
o OBz o] + Mng
J H G
1. HF.py, MeCN
32% | 2.BnOC(=NH)CCl;, TMSOTf, DCM, 0 °C

3. MeSO3H, MeOH, 100 °C

OTBDPS

N,
»"'\/\)\K\Ph
8 Steps HO\N

P Zaragozic Acid C
18% R B

NH

\\\/OTMS

C H

Bn0” CCl,

L J. Am. Chem. Soc. 2017, 139 (5), 1814-1817
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Polytheonamide
x%@%@%%%w%w%%%rﬁfﬁ

(o)

ibﬁrkrkﬁg EL‘N’H

NHMe NHMe

Me,,' o NHMe
/(:f NHMe

Nig0 (o) NH,
S
Me._ _OH
o o Q 0

H H H i
4 N N N OH

N N N N

H H H H

o o o ° 0
HO HO o HO” “Me

NHMe NHMe NHMe

Jk% Jd;( ji( j:( Ay J* o
st SARRLES f i
| Ho\g/\u i; ij/ N b "‘\\Meo v °T:k

MeHN N
\n/\NHH NHMe NHMe )J\/ J’l\/ . JJ\/n L
\n/\ ‘N \n/\N (o}
o o o Fmoc-[26-32]-OH H : H

NH ° /\\0 0

Me,, o oH o NHM
. e
)/:f ‘\ NHMe

H-[33-48(t-Bu);(Tr)3]-OH

: D\* )Q* tmjm(jﬁtrj gﬁ

Ncap-[1-11]-OH

t-BuO
NHTr NHTr
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Quick Facts:

Longest non-ribosomal peptide known (2010)
13 of 19 amino acid types are non-proteinogenic
Possesses properties of ion channel proteins at

1/20% the size — regarded as a minimalist
transmembrane channel

H-[33-48(t-Bu);(Tr)3]-OH

AgNO3, HOOBt

Fmoc-[26-32]-S(CH,),CO,Et ——
moc-[26-32]-S(CH,),CO, i-Pr,NEt, THF, rt

Y

N _ci Fmoc-[26-48(t-Bu)3(Tr)3]-OH
piperidine, THF, rt
Q 83% (2 steps)
Fmoc-Cl H-[33-48(t-Bu);(Tr);]-OH

AgNO3, HOOBt
i-ProNEt, DMF/THF
rt

Fmoc-[12-25]-S(CH,),CO,Et —

Y

Fmoc-[12-48(t-Bu)3(Tr);]-OH

piperidine, THF, rt
86% (2 steps)

Y

H-[12-48(t-Bu)3(Tr);]-OH

AgNO3, HOOBt
i-Pr,NEt, DMF/THF
50 °C, 91%

Ncap-[1-11]-S(CH,),CO,Et

Fmoc-[26-48(t-Bu);(Tr);]-OH
Nature Chemistry 2010, 2 (4), 280-285
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Decarbonylative Radical-Radical Coupling

o (o]
TePh *conditions
+ NG o,,, o
o d
| o

*conditions:
Et3B (5 equiv), benzene (0.2 M), rt, 20 min in air

Acyl Telluride Formation: OH
i-butyl chloroformate (1.2 equiv), N-methylmorpholine (1.2- Me
1.5 equiv), THF (0.2 M), 0 °C, 30 min

then

(PhTe); (1 equiv), NaBH, (3 equiv)

THF/MeOH (10:1, 0.2 M), 0 °C, 30 min rt, 30 min H

’l,,r
OH

Homocoupling of pentoses and hexoses

- Easy route to highly oxygenated heterocycles

MeO, MeO, BzO OBz
% o o B % o g N
% conditions
BZO—<:/'—< _— BzO—Q—O—OBZ
- " Te ~. 'o o '&
BzO 0Bz BzO 0Bz ‘OMe
(aa:aB:BB)
0:42:58
Me  Me
Me Me Me Me Me Me
(0] (o]
(o) 0O O 0O O
MeO BzO OBz < N
BzO,,, o ""10Bz
BzO OBz < :
\ / o b OXO 0. (o] OXO
Bz0 OBz OMe Mé Me M Me ME Me
Me Me
(oo:aB:BP) (ao:aB:BP) (oo:aB:BP)
0:42:58 33:55:10 6:43:51

Org. Lett. 2019, 21 (18), 7619-7623
Nature Chem 2017, 9 (3), 207-212
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Radical Carbocycle Formation

CI,C(CN),
CO,Et cat. Cu(l)

COZMe
CO,Me
MeOZC
MeOZC

MeOZC CO2Me
MeO,C CO,Me
Me02C COZMe
MeO,C CO,Me

NC
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Cl
CN
CO,Et
o CO,Et
V4
NC CN
H CO,Me
CO,Me
MeOZC -
MeOZC F]

No Reaction

—_—
X=R R
cl o]
X=CN R

o
Tetrahedron 2017, 73 (26), 3596—-3605
Tetrahedron 2012, 68 (26), 5290-5296
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sp3 C-H fluorination o o
HO—N N—OH
H F
= o (o]
0,
G (NDHPL25mol %) o
N CI
N + BF,

Selectfluor (2 equiv)
50 °C

E]

fluorination sp3 C-H bonds with NHPI as catalytic N-oxyl radical source

H H-abstraction

J\ y .

R R2 R NR2
R,N- o R2N -OH
Selectfluor
/—\2BF¢ 2BF4
'y ,/‘NH s ,/‘N

F

R1J\R2
F F

R = OBz (60%, 3 hr)

R = NPhth (86%, 4 hr)
R = CO,Me (33%, 7 hr)
R = Co,Me (28%, 1-hr)

R = OH (60%, 5 hr)
R = NHAc (46%, 5 hr)
R R =CO,H (57%, 5 hr)

0Bz F F
O O,

(48%, 8 hr) (45%, 5 hr)

-

BzO

(52%, 4 hr) (58%, 5 hr)

Org. Lett. 2013, 15 (9), 2160-2163
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sp3 C-H cyanation

H CN
JQ -
A~ J\
RO XR? hy, Ph,C=0, rt [RT T XR? R'” N XR2
X =0, NH, CH,
[Oj\ TolSO,H
0~ NcN
o)
Ph)l\Ph

/>To|so§
)\ hv
Ph”"* >Ph

T,
ToI—ﬁ—CN
(o]
O
o L]

o
Ph)°\Ph

L,

CN
R=H (41%)
R = OMe (72% X=CN, Y =H (45%)
R = OAc (27%, 7 hr) Y X=H,Y=CN(10%)
R
COZMe
?oc
NC\@\.\COZMG (j: ><:> /‘w — > )l\/\/
CN (97%)
91% 84%

Org. Lett. 2011, 13 (21), 5928-5931
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Yaku’amide A from Enamide Formation
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OH
Me Me «Me
Me o (o) N (o] (o] Me (o) (0] Me
| n \)]\ | H H H T H \/(/ I
N N " N N N N N_
N N N N/\n/ N N Me
H H H | H H | H
(0] o o (0] o o
OH
Conditions: Cul (60 mol%)
z e 1 (2 eq), Cs,CO3 (12 eq)
R? R® R R
o) R el ) I JOI\ | Dioxane (1M) 70 °C, 24 hr
—
+ —_— N
H 0 ACIE 2015, 54 (5), 1537-1541
J. Am. Chem. Soc. 2013, 135 (14), 5467-5474
(Structure Revised) J. Am. Chem. Soc. 2015, 137 (29), 9443-9451
Part of what we missed: OH OAc o
0o NHAC BzO [ OAc
o} BzO,,, A__OAc /=0
NH S ' } ‘
7 HO H i 7 o)
OH 0 0 HO HO [O" OH 7—;8 OH }~‘.er} - l / N
" '\/\/U\ e | jert | 0 HO._ 2 O
( - OH HO (+)-lactacystin H o) (-)-4-hydroxyzinowol l/] Q\I
| A | HB| OH
SN HO HO” 1
HO F
OH ryanodol "
resolvin E2

= : traceless Staudinger ligation

nobilamide B

YA Ve d e i
I

19-hydroxysarmentogenin

lysocin E Hah H
, 2 —
HO 0 O
= Y -
NH HN
o] 0 3 N O
o HN&N " T\M 00 " »
L /N\ Ot /H(OH NN
"o g NH 0
Me H | _<_2=
)\( H o MR
(o)
nobilamide D

manzacidin A



