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Members of the Jerveratrum family

R =H Cyclopamine R =H Jervine
R = sug Cycloposine R = sug Pseudojervine

Veratramine Veratrobasine

Budweiser, A.C. J. Nat. Prod. 1979, 1, 13-15.



Veratrum Alkaloids

Veratrum alkaloids: Cevanine type

Kutney, et. al.; Can. J. Chem. 1975, 53, 1775.



Structural Highlights

e C-nor-D-homo steroidal
framework

e Spiro-connected, highly
substituted THF ring E

’

cyclopamine containing a secondary
basic nitrogen

Heretsch, P.; Tzagkaroulaki, L.; Giannis, A. Angew. Chem. Int. Ed. 2010, 49, 3418-3427.



Homer’s Odyssey

Via: www.dinojim.com



Discovery of Teratogenic Compounds

e 1950’s — Cyclops
Sheep found

* Holoprosencephaly

* Department of
Agriculture sent
scientists to observe

* Pregnant sheep who grazed upon Veratrum
californicum had a high occurrence of cyclopia in
their offspring

Heretsch, P.; Tzagkaroulaki, L.; Giannis, A. Angew. Chem. Int. Ed. 2010, 49, 3418-3427.
Photo via: www.forbes.com



Biosynthesis

HO

epirubijervine .
cyclopamine

Heretsch, P.; Tzagkaroulaki, L.; Giannis, A. Angew. Chem. Int. Ed. 2010, 49, 3418-3427.



Mechanism of Action

A) without bh ligand

?g_"mmm. Lysosomal
HHIP  degradatior

ht tavpet genes ON

Heretsch, P.; Tzagkaroulaki, L.; Giannis, A. Angew. Chem. Int. Ed. 2010, 49, 3418-3427.



Renewed Interest- Antitumor Activity

e Activation of Hedghog
pathway leads to
malignancies
— Type 1- Gorlin syn-

drome (BCC) Inactiv-
ation of Patched

— Type 2- Colon

— Type 3- Pancreas (< 2%
survival)

Heretsch, P.; Tzagkaroulaki, L.; Giannis, A. Angew. Chem. Int. Ed. 2010, 49, 3418-3427.



First Syntheses

L1

e W.S.Johnson * Tadashi Masamune
— Stanford University — Hokkaido University
— Steroid Guru e Jervine

e \Veratramine

Via: www.nap.edu



First Syntheses

e W.S. Johnson e Tadashi Masamune
— Stanford University (Visual Approximation)
— Steroid Guru — Hokkaido University

* Veratramine e Jervine

Via: www.nap.edu



Common Intermediate

e W.S. Johnson
— Stanford University

— Steroid Guru
e Veratramine

HO =

e 17-Acetyl-5a-
etiojerva-12,14,16-
trien-3B-ol

* Available from Hecogenin
degradation

Via: www.nap.edu



WS Johnson Intermediate

EtO

EtO C CO,Et
_ CO,Et 2 2 10% Pd/C, - CO,Et
5 1. KO'Bu; HCI/EtOH = p-cymene, A O

2. Piperidine, AcOH EtO,C

1. pyrrolidine [  AcOH,

2. EVK, NaOAc;
dioxane; 3. HyPO,
COzMe CO,Et CO,Et

s e Y.
oI O Pe

Johnson, W.S.; Cox, J.M.; Graham, D.W.; Whitlock, H.W. J. Am. Chem. Soc. 1967, 89, 4524-4526.
Johnson, W.S.; deJongh, A.P; Coverdale, C.E.; Scott, J.W.; Burckhardt, U. . J. Am. Chem. Soc. 1967, 89, 4523-4524.




WS Johnson Intermediate

HO

Q O 1. NaBH,, ‘PrOH
o @ 2. Saponify
Q/ 3. Excess MelLi
O @)

Johnson, W.S.; Cox, J.M.; Graham, D.W.; Whitlock, H.W. J. Am. Chem. Soc. 1967, 89, 4524-4526.
Johnson, W.S.; deJongh, A.P; Coverdale, C.E.; Scott, J.W.; Burckhardt, U. . J. Am. Chem. Soc. 1967, 89, 4523-4524.



Veratramine

HO

e W.S. Johnson
— Stanford University
— Steroid Guru

e Veratramine

Johnson, W.S.; Cox, J.M.; Graham, D.W.; Whitlock, H.W. J. Am. Chem. Soc. 1967, 89, 4524-4526.
Johnson, W.S.; deJongh, A.P; Coverdale, C.E.; Scott, J.W.; Burckhardt, U. . J. Am. Chem. Soc. 1967, 89, 4523-4524.




WS Johnson Veratramine

1. _S_

2. BF3
(56%, 2 steps)

HCI/AcOH,; NaBH,, 'PrOH
r
Saponification; 44% DP. 40% i
Jones Oxidation (44% DF, 40% epi)
(6.1%, 7 steps) 9) I_-l HO

Johnson, W.S.; Cox, J.M.; Graham, D.W.; Whitlock, H.W. J. Am. Chem. Soc. 1967, 89, 4524-4526.
Johnson, W.S.; deJongh, A.P; Coverdale, C.E.; Scott, J.W.; Burckhardt, U. . J. Am. Chem. Soc. 1967, 89, 4523-4524.



WS Johnson Veratramine

BzCl;

y
saponification

Jones ox.; NaBH4 (52%);

Brominati > »
romination;

Dehydrobromination KOH, ethylene

(51%, 2 steps) glycol, A o

Johnson, W.S.; Cox, J.M.; Graham, D.W.; Whitlock, H.W. J. Am. Chem. Soc. 1967, 89, 4524-4526.
Johnson, W.S.; deJongh, A.P; Coverdale, C.E.; Scott, J.W.; Burckhardt, U. . J. Am. Chem. Soc. 1967, 89, 4523-4524.



Jervine

L1

e Tadashi Masamune
— Hokkaido University

* Jervine

Johnson, W.S.; Cox, J.M.; Graham, D.W.; Whitlock, HW. J. Am. Chem. Soc. 1967, 89, 4524-4526.
Masamune, T.; Takasugi, M.; Murai, A.; Kobayashi, K. J. Am. Chem. Soc. 1967, 89, 4521-4523.



Masamune Jervine

0) Br

Dioxane,

o &

B

‘e PBr3 (1:1 dr) e fi

AcO = : |
H

AcO

KOH/DMSO,
%
A, (5.5%, 8 steps)

7 steps

3 steps, 0.3% 7 steps, 2%
AcO

Johnson, W.S.; Cox, J.M.; Graham, D.W.; Whitlock, H.W. J. Am. Chem. Soc. 1967, 89, 4524-4526.
Masamune, T.; Takasugi, M.; Murai, A.; Kobayashi, K. J. Am. Chem. Soc. 1967, 89, 4521-4523.



Formal Synthesis of Family

* James P. Kutnhey

— University of British
Columbia

e Advanced Jervine
Intermediate

Kutney, et. al. Can. J. Chem. 1975, 53, 1775-1795.
Kutney, et. al. Can. J. Chem. 1975, 53, 1796-1817.



Kutney Formal

Me NaBH,:

H
P205 |
(72%, 2 steps) AcO )

OMe

OsQy; NaOH, MeOH:; NaOAc, AcOH,
> > ——
Hs510g, MeOH then Ac,0 A, 8d, 80%

(77%, 4 steps)

BH3; H202, NaOH,
y

Birch red.

HO H
H

Kutney, et. al. Can. J. Chem. 1975, 53, 1775-1795.
Kutney, et. al. Can. J. Chem. 1975, 53, 1796-1817.



Kutney Formal

Li

Li, NH3; Mel; Bro;
y y o

then Ac,0 then MgO
AcO

Kutney, et. al. Can. J. Chem. 1975, 53, 1775-1795.
Kutney, et. al. Can. J. Chem. 1975, 53, 1796-1817.



HO

* Athanassios Giannis ¢ 20 linear steps, 1% vyield
— University of Leipzig
* Cyclopamine

Giannis, A.; Heretsch, P.; Sarli, V.; StoBel, A. Angew. Chem. Int. Ed. 2009, 48, 7911-7914.



Giannis Cyclopamine

AN N N
N 109 | —
| N/ NH2 [CU(MGCN)4]PF6,
@ Mo OBn oTsOH (2.5 mol %) N acetone, then O, (1 atm)
> y r

MgO, PhCFj3, 85 °C PhMe, A
(90%, 2 steps)

then NH4OH, AcOH,

MeOH (48%)
HO

TESOTY, 2,6-lutidine, Li—=— AcOH, THF,
> —>
CH,Cl,, 0 °C, (93%) THF, -15°C H,O
BnO
I(OAC), o)
Lindlar (3 mol %) ©/ O (MeS)sCLi,  Raney-Ni
> > > >
pyr., THF TEMPO (cat.) ' THF, -78 °C (69%, 2 steps)
(64%, 4 steps)
BnO BnO

Giannis, A.; Heretsch, P.; Sarli, V.; StoBel, A. Angew. Chem. Int. Ed. 2009, 48, 7911-7914.



Giannis Cyclopamine

o)
HF, MeCN, Tf,0, pyr. LDA, THF, -78 °C
> » >
H,0 0°C->50°C ) ArSO,Nj3, then AcOH,
A )
(85%) (94%, 7:3 regio) then RT
BnO (93%, 5:4 dr)

OPMB
Q @
OH PMBO P

DIBAL-H, \)l\/ \(OMe))z
THE. .78 °C Ba(OH),, 'EHF, H,0
(95%) (48%)

CeCl  pph;,, THF,
H50, 5 °C; then
> >
THF, -78 °C;  phs0,Cl, Et3N,
thenHF — cH,Cl,, 40 °C
(80%, 2 steps)

T™MS

BnO
Giannis, A.; Heretsch, P.; Sarli, V.; StoBel, A. Angew. Chem. Int. Ed. 2009, 48, 7911-7914.



Giannis Cyclopamine

OPMB

DDQ, pH 7 BusP, ADDP, [RhCI(PPh3)s]
> >

CH,Cl, PhMe H, (1 atm), PhH
(71%, 3 steps, dr 3:1)

PhSO,NSO, PhH, NaCoHg, DME,

Raney-Ni,
> > >
60 °C, then EtOH, A -78 °C
Raney-Ni, H, (5 atm) (79%, 2 steps)
(57%)  Bnho HO

Giannis, A.; Heretsch, P.; Sarli, V.; StoBel, A. Angew. Chem. Int. Ed. 2009, 48, 7911-7914.



A Failed Convergent Approach?

Synthesis of All Diastereomers of the oL 08
Piperidine—Alkaloid Substructure of 5410—5412

Cyclopamine
Philipp Heretsch, Sebastian Rabe, and Athanassios Giannis*

Institut fiir Organische Chemie, Universitit Leipzig, 04103 Leipzig, Germany

giannis @uni-leipzig.de

Received September 30, 2009

ABSTRACT

42% 10%
9 sbps\ / 11 steps
[gram-scale]
C

OOH
|
N

- (o)

e < lShiEaa™ § e
i 2N s
37% 14%
9 steps 13 steps|
S —

Heretsch, P.; Rabe, S.; Giannis, A. Org. Lett. 2009, 11, 5410-5412.



Medicinal Chemistry

e Solubility
* Acid Sensitivity
e Effective Inhibition

Tremblay, M.R., et. al. J. Med. Chem. 2008, 51, 6646-6649.



Semi-Synthesis of a New Framework

Etzzn, CH2|2, BF3 OEtz,
y _— >
CH,Cl,, 0 -> RT (50%, 2 steps)

Tremblay, M.R., et. al. J. Med. Chem. 2008, 51, 6646-6649.



Mechanism

Tremblay, M.R., et. al. J. Med. Chem. 2008, 51, 6646-6649.



1. TBSCI (93%)
2. LDA (97%)
—>

1. Pd(OAc),,
BINAP (56%)
%

2. TBAF (100%)

SHH-Induced Proliferation of Granule Neuron Precursors (GNPs)

. mmlem I . ' . [ , - .
Control SHH SHH «
T Cyel

$ 8 8 8§ 8 3 3 8

SHH + SHH + SHH + Estrome

tidine 3 Steroidal 6
1 Analog §
Figure 4. Compound 5 inhibits SHH-induced proliferation of Figure 3. Structures and three-dimensional models of cyclopamine
granule neuron precursors (GNPs). 1, tomatidine 3, androstrane analogue 4, and estrone analogue 5.

Winkler, J.D; Isaacs, A.; Holderbaum, L.; Tatard, V.; Dahmane, N. Org. Lett. 2009, 11, 2824-2827.




A Final Drug Candidate

H,, Pd/C, pyr.; K-Selectride,
S —_—
CbzCl THF

MsCI, Et3N, NaNs, PPhs, THF,
y y y
CH,ClI, DMPU, 60 °C H,0, 55 °C

MsCl, 'ProEtN,  H,, Pd/C, RT
> >

CH,Cly, 0 °C

Tremblay, M.R. et. al. J. Med. Chem. 2009, 52, 4400-4418.



Vismodegib (Erivedge® )

* Genentec

* Approved January 30,
2012, for BCC

— More trials underway

* Pancreatic
e Stomach Cl
e Colorectal

SOzMe

Heretsch, P.; Tzagkaroulaki, L.; Giannis, A. Angew. Chem. Int. Ed. 2010, 49, 3418-3427.
Wikipedia



Thanks for your attention!



