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C-nor-D-homosteroids: Nakiterpiosin and Nakiterpiosinone

steroid

30 kg

Nakiterpiosin Nakiterpiosinone

0.4 mg 0.1 mg

“Both compounds inhibited the growth of P388 mouse leukemia cells with a mean
Inhibitory concentration (IC;;) of 10 ng/mL.”

http://www.filmnh.ufl.edu/reefs/guamimg/porifera/Pages/Image81.html
Teruya,T. et al. Tetrahedron, 2004, 60, 6989.
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C-nor-D-homosteroids: Nakiterpiosin and Nakiterpiosinone

Nakiterpiosin (1) Nakiterpiosinone (2)

Originally Proposed Nakiterpiosin (3) Originally Proposed Nakiteriosinpne (4)

- unusual stereochemistry at C-20 and C-25
- stereochemistry at C-6 and C-20 is arguable

Me Mg |_||_| O
'2’5’Me
HO
Teruya,T. et al. Tetrahedron, 2004, 60, 6989.
Cyclopamine (5) Veratramine (6) Gao, S. et al. |.Amer. Chem. Soc. ASAP
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Probing the C-6 Configuration of Nakiterpiosin(one)
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‘ DCM, 23 °C ‘ acetone
Br r
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29

CHJCl,, 0 °C
58% (3 steps)

(0] BF3'Et20, Et3S|H

CHJCl,, 0 °C
52% (3 steps)

___________________

N =

originally proposed
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29 29a 29b revised structure
MeOH MeOH
. . . . . . Meﬂ\ R . 8
Nakiterpiosin  Nakiterpiosinone wl O &
Br
(65)-7 (65)-9 (6R)-10
JH6-H7a 2.7 Hz 2.3Hz 12.2 Hz 11.6 Hz 3.2Hz
JHe-H7b 1.4 Hz 1.4 Hz 5.6 Hz 5.5Hz 2.8 Hz
Gao, S. et al. . Amer. Chem. Soc. ASAP
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Investigating the Stereochemistry at C-20

0]
Cl Cl Cl Cl
Me Y O Me @ O

11 (syn-syn) 12 (syn-anti) 13 (anti-syn) 14 (anti-anti)
Jho-21 = 3.3 Hz Jho-21=3.6 Hz Jhoo-21 = 8.4 Hz Jipo.01 = 10.2 Hz
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originally proposed revised stereoshemistry at
Nakiterpiosin(one) C20-C22-C23 of
(dizoor = 10.3 (10.1) Hz) Nakiterpiosin(one) Gao, S. et al. . Amer. Chem. Soc. ASAP
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Studies of the C-25 Configuration of Nakiterpiosin(one)

Nakiterpiosin  Nakiterpiosinone

15 (anti-anti-cis) 16 (anti-anti-trans)
JH20-H21 10.3 Hz 10.1 Hz 10.2 Hz 10.1 Hz
15 (anti-anti-cis) 16 (anti-anti-cis) JH23-H24a 8.2 Hz 8.2 Hz 10.0 Hz 8.0 Hz
JH23-H24b 3.7Hz 3.7Hz 5.8 Hz 3.9Hz
JH24a-H25 8.4 Hz 8.2 Hz 12.1Hz 8.3Hz
JH24b-H25 N/A 9.2Hz 8.8 Hz 9.4 Hz
anti-anti-cis 15 anti-anti-trans 16
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Gao, S. et al. . Amer. Chem. Soc. ASAP
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Proposed Biosynthesis and Synthetic Plan

radical chlorination
[O] non-heme iron halogenase

QI'X 2
0]

bromoetherification < )
vanadium-dependent bromoperoxidase /! Br* 6

Cl_ _Cl
Me e

HO I Nakiterpiosin (1)

Carbonylative Cross-Coupling Reaction

Nazarov Cyclization

! O

PgO.., cl_Cl
Me Me : :
" OTf s M
>  PgO a v M N Me
OPg —~ Vinylogous Mukaiyama

Br Intramolecular Diels-Alder Aldol Reaction
18 Reaction 19

Gao, S. et al. . Amer. Chem. Soc. ASAP
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Synthesis of the

Electrophilic Coupling Component 30

CHs
2 mol % o
Eo) J ) _Ac w NH(OMe)Me-HCI w RU{SS-TSOPEN] /=G 9 mgsr /9
Y/ — .Me =
CH,Cl, OH CDI, CH,Cl,, 23 °C CHZCIZ 23°C HCOONa H,0, 40 °C : N THE :
Me 87% (91% ee) OH OMe 0to 23 ° OH Me
24 023°C 25
84%
DMAP HO-.,
20% 0s0,
Me,AICI Me ) (2-MeO,CCqHq)SO-Cl 0o NMO . LiBr >< Me,, }E’Q“N/Igé M Mes
CHxCl CH,Clp, 0 °C . ‘
7810-30°C  HO% 1002%2 S acetonec> \ S// aggtgge THF, -78 °C
o, HQO, 23 °C \o o,
71% 62% 96 Yo
26 coMe 27 89% 28
2VIe CO,Me

-Ts or Ns less reactive
- electron-deficient sulfonate
is crucial for the Sy 2 reaction

:J\’\f-{/’*‘ :

Noyori reduction

Diels-Alder Reaction (exo vs. endo addition)

2 mol % M ReSICL, DMF /=0 0 Me,AICI Me,,
R Ry RU(S,S-TSDPEN] ", : imidazole, 23 °C - CH,Cl,
27 T Ry OH Me OSiR; Me -781t0-30°C
HCOOH, Et3N = 25 8 ReSIO

SiRs = TBS, 56% (dr = 4:1)
SiRg = TES, 64% (dr = 100:0)
SiRg = TIPS, 60% (dr = 100:0)

entry Lewis acid equiv 25/26 note
1 Me,AlICL 2.5 0:100
2 Me,AlIC1L 1.0 30:70
3 Me,AICl 0.1 100:0
4 MeAICl, 1.0 15:85 with decomposition
5 MeAICl, 0.1 100:0

Ru-[(S,S)-TsDPEN](n%-mesytilene)

Filip Peteronijevic @ Wipf Group

Gao, S. et al. |].Amer. Chem. Soc. ASAP
Fujii,A. et al. J. Amer. Chem. Soc. 1996, | 18,2521.
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Me
Br. COOH BH3 THF Br
THF, 23 °C
31

15 mol %
Ti(OiPr)4/(-)-DET Me

Synthesis of the Eastern Hemisphere of Nakiterpiosin:
Yamamoto’s pinacol-type rearrangement

Me

PCC
\@A siicagel Br CHO (EtO),P(0)CH,CO,Et
CH20|2, 23°C NaH, THF, 0 °C

33

TBSCI Me

fBUOOH, 4AMS gy 0 imidazole gy o
hitataliibisied OH oTBS
CH,Cly, -20 °C DMF, 23 °C
97%

98% (92% ee)

°C

89% (4 steps

_OTBS

CH,Cly, -78 °C

Sn(OTf),

Me
Br X CO,Et DIBAL X
34

Me -
(4-Br-26-+BUCGH,0)pAMe : 3-Me-2-(TIPSO)furan
2% CHO Br
- CH,Cl,, -78 °C
80% (90% ee)

35 36 38
Yamamoto’s rearrangement
g 7 _OTBS
@ :
Path a . - 2
H /\J‘H Q — \©/\
Me 4 TBsO Me g
Br\©/<l/\OTBS Conditions e
37 LA -
Path b H...@ ..... ~OTBS Br T
— N\ e \©/\H/\OTBS
Br . 38a
Entry Lewis Acid Equivalent Temp. 38:38a Conversion Workup (Purification) Note
1 (4-Br-2,6-BuPhO).AIMe 0.2 -78°C  100:0 40% NaF, H20 (chromatography) 92% ee 37 —71% ee 38
2 (4-Br-2,6-BuPhO)2AIMe 2.0 -78°C  100:0 100% NaF, H20 (chromatography) 92% ee 37 —71% ee 38
3 (4-Br-2,6-BuPhO)2AIMe 2.0 -78°C  100:0 100% 1 N HCI (without purification) 92% ee 37 —90% ee 38
4 Cr(TPP)(OT) 0.05 83°C 3:1 100% 92% ee 37 —78% ee 38

Filip Peteronijevic @ Wipf G

roup
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Gao, S. et al. |.Amer. Chem. Soc. ASAP
Maruoka, K. et al. |. Amer. Chem. Soc. 1989, |1 1,6431.
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Synthesis of the Eastern Hemisphere of Nakiterpiosin: Mukaiyama Aldol

§itBuMe2

o..
O *Sn(0Tf),

Qonps HoS

Me :/OTBS b Y\ (o)

Br : ° H
2 CHO

\©/\ Sn(OT),

38 CHClp, -78 °C

Me E/OTBS oTIPS Lewis acid Me OT8S 2
Br\©/2'O\CHO @\ CHyClp, 78 °C  Br Me Brwm
T Me OH
38 39 23-epi-39
Entry LewisAcid  Equivalent  39:23-epi-39  Conversion Note

1 Yb(OTf)3 0.2 2.81 40% —
2 Sc(OTf)3 0.2 4:1 1% —
3 LiClO4 0.2 - - No reaction
4 CrCls 0.2 - - No reaction
5 TiCla 0.2 - - No reaction
6 In(OTf)3 0.2 - - Messy
7 Ag(OTH) 0.2 - - Messy
8 Cu(OTf)2 0.2 - - Messy
9 TMSOTf 0.2 100:0 24% —
10 Zn(OTf)2 0.2 100:0 37% —
11 ZrCl 0.2 31 57% —
12 Bi(OTf)3 0.1 11:1 56% Ref. 3
13 Sn(OTf)2 0.2 100:0 61% —
14 Sn(OTf)2 2.0 100:0 83% 90% ee 38 — 90% ee 39
15 BF3+Et0 1.5 4:1 100% 90% ee 38 — 90% ee 39

Filip Peteronijevic @ Wipf Group
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Gao, S. et al. |.Amer. Chem. Soc. ASAP
Ollevier;T. et al. J. Org. Chem. 2008, 73, 331.
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Synthesis of the Nucleophilic Component 47: Final Steps

, oteBs QO otBs ©
Dess-Martin Me 7 O NaBH, Me 7 O
L-Selectride g, o periodinane, H,O Br : Me EtOH Br s Me
THF, -78 °C CH,Cl,, 23 °C THF, -78 °C
92% 98% 93%
41 42
otBs P
TBSOTf Me 7 Dess-Martin Cl,, Et3N
2,6-lutidine Br 3 R AcOH, H,O periodinane, H,O g, P(OPh)s Br
CH,Cl,, 40 °C THF, 60 °C CH,Cl,, 23 °C CH,Cly, -78 °C
93% 76% 91% 83%
43
45 mol %
Pd(PPhg),
Me3SnSnMeg
- - Me
dioxane, 110 °C
50%
C-21 gem-dichloride formation a\ . ® o
o or PhQ_ oph R I T v
PhO—P—Cl PrO—p» . © N2 j b °
. . () LYE 7
Pho” N 0 @( Cl N j?{'\
R'I A -
R)K/Fh R jc %
PhQ  oph
PhO—}%
0
cl_Cl G
" a < M Gao, S. et al. ].Amer. Chem. Soc. ASAP
1 1 o .
R R Spaggiari,A. et al. . Org. Chem. 2007, 72,2216.
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Carbonylative Cross-Coupling Reaction: Optimization on the Model System 32b

Me><°"' e Vo Me OTBS Me, O e o QO Me OTBS Me O 0 Me OTBS
Me® O ‘ oTf . Me3Sn Conditions Me O ‘ O . |v|e><o| X e Me
Br Br ‘ O
30 32b TBS-49 TBS-49a
Entry Pd Ligand Additive Solvernt Temp.  Time  TBS-49:49a Note
1 0.3 eq, Pd(OAc)2 0.6 eq, P(Furyl)3 - THF 2°C 12h - No reaction
2 0.3 eq, Pd(OAc)2 0.6 eq, PPhs - THE ~ 23°C  12h - No reaction
R RRSRGREEEEEEESS : 3 03eq Pd(OAc) 0.6 eq, P(Furyl)s 1.5eq, CuCl DMSO  55°C  2h - No reaction
iMe><O:., e Me : 4 0.3 eq, Pd(OAc)2 0.6 eq, Ph3As 1.5eq, CuCl DMSO  55°C 2h - No reaction
Me O ‘ ot 5  03eq Pd(OAc) 0.6 q, P(OMe)s 1.5 eq, CuCl DMSO  55°C  2h - No reaction
L Bre e : 6 0.3eq,Pd(OAc)2 0.6 eq, P(Cyhexane)s 1.5 eq, CuCl DMSO  55°C 2h - No reaction
7 0.3 eq, Pd(OAc) 0.6 eq, P(t-Bu)s 1.5eq, CuCl DMSO  55°C  2h - No reaction
8 1.2 eq, Pd(OAc) 3 eq, PhaAs - THE  23°C  12h — No reaction
9 12eq, Pd(OAc) 3 eq, P(OMe)3 - THE ~ 23°C 12h - No reaction
10 1.2eq, Pd(OAc) 3eq, P(OPh)3 - THE ~ 23°C 12h - No reaction
11 1.1 eq, Pd(PPhs):Cl - THE  90°C  12h - No reaction
12 1.0 eq, Pdz(dba)s 2.0 eq, P(cy)3 15 eq, CuCl DMSO ~ 55°C  2h - No reaction
13 1.0 eq, Pdz(dba)s 2.0 eq, P(t-Bu)s 1.5 eq, CuCl DMSO  85°C  2h - No reaction
14 1.1 eq, Pd(PPh3)s — - THF 90°C 12h - No reaction
15 1.1 eq, Pd(PPh3)s - beq, CuCl; 6eq, LiICI  THF  50°C Sh - 15% conversion
16 11eq Pd(PPhy)s 6eq, CuCl; 6eq,LiCl DMSO  50°C  70min  0:100 100% conversion
17 20, eq, Pd(PPhs)s . 6eq, CuCl; 6eq, LICI  DMSO 60°C 30 min 11 100% conversion
18 02eq, Pd(PPha)s 15eq, CuCl ~ DMSO %5 2h 1000 7% conversion
19 15eq, Pd(PPhs)s 1.5 q, CuCl DMSO ~ 55°C  45min 1000 400% conversion

Filip Peteronijevic @ Wipf Group
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Completion of the Synthesis of Nakiterpiosin

o)
o o 0 cl_ Cl
) Me_ O, \Y%
Me><O . o Me Y 0 CO, CuCl Me
Me” O OTf  Me;Sn AN Me Pd(PPhs)s  Me” O Me _hv (350 nm)
—_—
e — O
‘M OTBS DMSO, 55 °C °
Br 62% Br o e
20 47 51 Me

ProNH TFA, H,0 NalO;,  Ho..,
MeOH, 50 °C CHJCl,, 23 °C acetone O

pH 7.4 buffer

60% (2 steps)

BF4+Et,0, Et;SiH TBAF

THF, 23 °C
79%

CH,Cl,, 0 °C
44% (3 steps)

Photo-Nazarov Cyclization: Model Studies

4
e e
DMSO, 55 °C Br ‘ O

48 66% R

Me_ O, Me OH Me  O-. O Me OH
X e Me e CO, CuCl (1.5equiv.) X e Me
Me~ o ' oTf . Me3Sn Pd(PPhg), (1.5 equiv.) Me” O
Br
30

1. hv (350 nm)
CH3CN, 23 °C
o
2. iProNH, MeOH M +
50 °C, 60% (2 steps) eMe 0

Gao, S. et al. |.Amer. Chem. Soc. ASAP
Leitich, . et al. Eur. J. Org. Chem. 2001, 2719.
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An Improved Synthesis

1.
Me_ O..,
X @ Me 2
Me” O 0
Br '

3

29

1. hv (350 nm)
CH4CN, 23 °C

2. iProNH, MeOH, 50 °C

of Nakiterpiosin: Second Generation Approach

TFA, H,0O

CH,Cl,, 23 °C

NalO,, acetone 1. TESCI, imid.
pH 7.4 buffer, 23 °C CH,Cl,, 23 °C

BF3'Et20, Et3S|H
CH,Cl,, 0 °C
52% (3 steps)

2. KHMDS, PhNTf,
THF, -78 °C
88% (2 steps)

47, TBAF

THF, 23 °C
then CO, CuCl
B —
Pd(PPhg),
DMSO, 55 °C
62% (2 steps)

3. HF+py, CH4CN, 23 °C

55% (3 steps)

Filip Peteronijevic @ Wipf Group
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Synthesis of Nakiterpiosinone

Dess-Martin
periodinane, H,O 0 0

N2

S
CH,Cl,, 23 °C @[ 0o
coMe °

LiBr MeO HO
2- heptanone M
OTf PhI(OAc),, KOH TFA, HZO M OTf NaBH, o e eOTf
120 °C > -
64% (2 steps) Br MeOH, 0 to 23 °C CH20|2, 23°C ‘

9-BBN, THF

_—
then NaOH, H,0,
231050 °C, 97%

ot e THF-MeOH, -78 °C Br
77 80
TE o
TESOTF  1E90 e " 47,c0,cucl  TESO v\
2,6-lutidine Pd(PPh :
HO ‘ OTf ( 3)a HO Me hv (350 nm)
CH,Cl,, 23 °C DMSO, 55 °C HsCN, 23 ° TESO
85% (2 steps) Br 41% Br ¢ 3%95/03 ¢
82
Dess-Martin Me
periodinane, H,O TBAF
——> HO
CH,Cly, 23 °C THF, 23 °C

82% (2 steps)

80-acetonide

Nakiterpiosinone (2)

-Selective oxidation of C-4 hydroxyl group of 28 or 54 is not possible
- C-3 epimerization of 28 lead to considerable decomposition
- Oxidation of diol 28 to diketone leads to diol cleavage

Gao, S. et al. . Amer. Chem. Soc. ASAP
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Biological Studies of Nakiterpiosin

Hedgehog Patway

9P Tubulin Polymerization Assay

\
s
J

o
IS

o
w

DISP = Dispatched protein| .
PTCH = Patched protein 6 /ﬁg
SMO = Smoothened

4
)

Absorption (340 nm)

SHH = Sonic hedgehog a5y /(
1

—e— DMSO

GLI = transcription factors 7 o1 o Nocodro.
&0&:@ ~—= Intermolecular interaction 00 o D
/\/ Inhibition 0 50 100 150 200
~—A Translocation/modification Time (min)
A\ VAN

DNA-profile of Nakiterpiosin Treated HelLa Cells

DMSO Nakiterpiosin (375 nM)
1500 1200
%G1 =66.2 %G1 =57.6
%S =18 %S =04
%G2/M =32.0 900 %G2/M =40.8
1000 4
§ § 600 -
500
7 Gao, S. et al. ]. Amer. Chem. Soc. ASAP
o- ; ' . . 0 ; , S +  http://en.wikipedia.org/wiki/Hedgehog signaling pathway
0 200 400 FLoA 600 800 1000 0 200 400 Fi3A 600 800 1000

Chen, ]. et al. Gen. and Develop. 2002, | 6,2743.
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Conclusions

Extesive spectroscopic and synthetic analysis led to revision of
previoulsy missasaigned stereochemistry

Nakiterpiosin and Nakiterpiosinone were succesfully sinthesized
(the rout towards Nakiterpiosin was improved - 21 step - 5% overall yield)

Preliminary biological studies showed that Nakiterpiosin is antimitotic
agent; the mechanisam is different from other well-established antimitotic agents (Taxol)

Nakiterpiosin Nakiterpiosinone

Stereochemistry at C-6 was established through Noyori asymmetric hydrogenation

Lewis acid catalyzed exo-Diels-Alder furan cycloaddition used to establish A-ring

Sharpless Asymmetric Epoxydation followed by Yamamoto's pinacol type rearrangement
was used to establish stereochemistry at C-20

Vinylogous Mukaiyama Aldol reaction installed C-22 and C-23 stereocenters

Carbonylative cross-coupling - Nazarov cyclization connecteded two hemispheres of
Nakiterpiosin and Nakiterpiosinone
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