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Schindilactone A (+)-Rubriflordilactone A



Schisandraceae Triterpenoids

Schindilactone A

\

Isolation:
from Schisandra chinensis
Sun, H. D. et. al. Org. Lett. 2007, 9, 2079

Biological activity:
weak anti-HIV-1 activity

Structual feature:

nortriterpenoid backbone

octacyclic framework

includes 5, 6, 7 and 8 membered rings
oxa-bridged ketal

12 stereocenters

Total Synthesis (racemic):

Yang, Z. et.al. Angew. Chem. Int. Ed. 2011, 50, 7373

(+)-Rubriflordilactone A

Isolation:
from Schisandra rubriflora
Sun, H. D. et. al. Org. Lett. 2006, 8, 991

Biological activity:
weak anti-HIV-1 activity

Structual feature:

nortriterpenoid backbone
heptacyclic framework

includes 5, 6 and 7 membered rings
aromatic D-ring

7 stereocenters

Total Synthesis (enantiomor of natural product):
Li, A. et. al. J. Am. Chem. Soc. 2014, 136, 16477

Anderson, E. A. et.al. Angew. Chem. Int. Ed. 2015, 54, 12618
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Retrosynthetic Analysis

(0] Dieckmann

condensation
Schindilactone A Pd-catalyzed
Carbonylative Pauson-Khand
annulation reaction
CcoO
+

RCM

Xiao, Q.; Ren, W.; Chen, Z.; Sun, W,; Li, Y.; Ye, Q.; Gong, J.; Meng, F,; You, L.; Liu, Y.; Zhao, M.; Xu, L.; Shan, Z.; Shi, Y.; Tang, Y.; Chen, J.; Yang, Z.
Angew. Chem. Int. Ed. 2011, 50, 7373.



Costruction of BC-rings

(0)
CO,Me OTBS Et,AICI )|' OTBS MeMgBr, THF
AN toluene, 0 °C MeO” -78°Cto 0 °C
+ . ’
/s 65% 78%
(o)
(0]

1. KN(TMS),, THF
-78 °C to 0 °C;
P(OMe);, O,, 0°C, 75%
.

2. TESOTHT, 2,6-lutidine
DCM, 0 °C, 95%

t-BuOK, CHBr;

OTBS petroleum ether, -20 °C
-

AgC|O4 H20
acetone, 30 °C

>
82% (2 steps)

Xiao, Q.; Ren, W.; Chen, Z.; Sun, W,; Li, Y.; Ye, Q.; Gong, J.; Meng, F,; You, L.; Liu, Y.; Zhao, M.; Xu, L.; Shan, Z.; Shi, Y.; Tang, Y.; Chen, J.; Yang, Z.
Angew. Chem. Int. Ed. 2011, 50, 7373.



Construction of D-ring

OTBS

)\ R-MgBr
Ot-Bu

O OoTES ,O Pd(o-tolsP),Cl, (10 mol%) @ OTES 0
CuF,, THF, 75 °C -

Br
85%

W\MgBr
THF, 0 °C

-

66% 22%

Xiao, Q.; Ren, W.; Chen, Z.; Sun, W,; Li, Y.; Ye, Q.; Gong, J.; Meng, F,; You, L.; Liu, Y.; Zhao, M.; Xu, L.; Shan, Z.; Shi, Y.; Tang, Y.; Chen, J.; Yang, Z.
Angew. Chem. Int. Ed. 2011, 50, 7373.



Construction of E-ring by RCM

1. KN(TMS),, THF, -78 °C;
MoOPH, -78 °C, 62%
-

2. BnOC(=NH)CCl;
TfOH (cat.), Et,0, 65%

ZMgBr Grubbs Il (10 mol%)
THF, 0 °C MgBr,, DCM, 30 °C
>
77% 65%

i_o
Mo |
/\~0
L L

L = py, HMPA
MoOPH

O
O/

Xiao, Q.; Ren, W.; Chen, Z.; Sun, W,; Li, Y.; Ye, Q.; Gong, J.; Meng, F,; You, L.; Liu, Y.; Zhao, M.; Xu, L.; Shan, Z.; Shi, Y.; Tang, Y.; Chen, J.; Yang, Z.
Angew. Chem. Int. Ed. 2011, 50, 7373.



Construction of F-ring by Pauson-Khand Reaction

o) o
/OJ\t-Bu [C0,(CO)g]
o tetramethylthiourea

KN(TMS),, toluene, 0 °C | | CO, benzene, 70 °C

78% o 65%

1. NaOMe, MeOH
2. TMS-imidazole,DCM
91% (2 steps)

-
3. KN(TMS),, THF, -78 °C;
Mel, -78 °C, 88%

Xiao, Q.; Ren, W.; Chen, Z.; Sun, W,; Li, Y.; Ye, Q.; Gong, J.; Meng, F,; You, L.; Liu, Y.; Zhao, M.; Xu, L.; Shan, Z.; Shi, Y.; Tang, Y.; Chen, J.; Yang, Z.
Angew. Chem. Int. Ed. 2011, 50, 7373.



Construction of GH-rings

via Pd-catalyzed Carbonylative annulation
(o)

1. DIBAL, DCM, -78 °C
2. DMP, NaHCO3;, DCM
70% (2 steps)

/\MgBr
THF, -78 °C, 88%
1. TBAF, AcOH
THF, 93%
- 2. LiAIH,(OMe),

N\n,N\© (0.5 eq.) THF, -78 °C, 60%
S

o
Pd(OAc), (0.5 eq.)
CuCl,, CO
THF, 70 °C
-
78%
H
\ °
reductive
elimination \dLn insertion

c

1) Xiao, Q.; Ren, W.; Chen, Z.; Sun, W.; Li, Y.; Ye, Q.; Gong, J.; Meng, F.; You, L,; Liu, Y.; Zhao, M.; Xu, L.; Shan, Z.; Shi, Y.; Tang, Y.; Chen, J.; Yang, Z.
Angew. Chem. Int. Ed. 2011, 50, 7373.
2) Tang, Y.; Zhang, Y.; Dai, M.; Luo, T.; Deng, L.; Chen, J.; Yang, Z. Org. Lett. 2005, 7, 885.



Completion of Total Synthesis

1. LiN(TMS),, THF, -78 °C;
Mel, -78 °C, 80%

-
2. LiTMP, THF, -78 °C;
sat. aq. NH,CI, 76%

1. Ac,0, Sc(OTf);
MeCN, 92%

2. Pd(OH), (10 mol%)
H,, EtOAc, 90%

\

1. LIN(TMS),, THF
.78 °C to 0 °C

2. DMP, NaHCO; DCM

-«

60% (2 steps)

Dieckmann
condensation

(¥)-Schindilactone A

29 steps, <0.17%
Xiao, Q.; Ren, W.; Chen, Z.; Sun, W,; Li, Y.; Ye, Q.; Gong, J.; Meng, F,; You, L.; Liu, Y.; Zhao, M.; Xu, L.; Shan, Z.; Shi, Y.; Tang, Y.; Chen, J.; Yang, Z.
Angew. Chem. Int. Ed. 2011, 50, 7373.
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Retrosynthetic Analysis

N

vinylogous
Mukaiyama aldol

OSiR;

Rubriflordilactone A

Yang's intermediate

Pd-catalyzed
cross coupling

Li, J.; Yang, P.; Yao, M.; Deng, J.; Li, A. J. Am. Chem. Soc. 2014, 136, 16477.



Asymmetric Synthesis of BC-rings

e

-
-
-
-

\N (5.5 mol%) \N
o H H
Cu(OTf), (5 mol%)
OTBS i °
OMe A 4 AMS, DCM, 0 C>
[\ | +
O\H/N y 80%, 76%ee
(o) (o)
1. EtSH, BulLi 5 steps
THF, 0 °C, 96% P -
T -
2. Pd,(dba); (1 mmol%) same as

S-Phos (5 mmol%)
MeZnl, NMP/THF
-40 °C to -20 °C, 80% 73% for recrystalization
>99%ee
(Yang's intermediate)

Yang's procedure

Li, J.; Yang, P.; Yao, M.; Deng, J.; Li, A. J. Am. Chem. Soc. 2014, 136, 16477.



Construction of A-ring by Dieckmann Condensation

o) OTf
1. Pd/C (4 mol%), H, OTES

MeOH/EtOAc, 97%
2. LIN(TMS),, PhNTf,
THF, -25 °C, 89%

Sc(OTf); (10 mol%), Ac,0

MeCN
>

96%

O oac OTf LiN(TMS), 1. Et3SiH, BFOEt,

THF, 0 °C 35 °C, 65%
-
93% 2. Pd(PPhs), (10 mol%)
Dieckmann (Me3Sn),, LiCl
condensation THF, 60 °C, 75%

Li, J.; Yang, P.; Yao, M.; Deng, J.; Li, A. J. Am. Chem. Soc. 2014, 136, 16477.



Construction of D-ring by 6 ~—Electrocyclization

Pd(PPhs), (10 mol%)
CuTC, NMP

u 5 steps (see, Appendix)
0]
F

96%
Stille coupling

DMSO, 145 °C O,
-
73%
6 electrocyclization L _ aromatization

Li, J.; Yang, P.; Yao, M.; Deng, J.; Li, A. J. Am. Chem. Soc. 2014, 136, 16477.



Completion of Total Synthesis

1. LiIAIH(Ot-Bu),
THF, 5 °C

2. Et,NSF; (DAST)
DCM

-
62% in 2 steps

(0

\ /

BusSn OTIPS

BF3’OEt2, DCM

>
66%

(+)-Rubriflordilactone A

longest linear 19 steps, <2.1%

Li, J.; Yang, P.; Yao, M.; Deng, J.; Li, A. J. Am. Chem. Soc. 2014, 136, 16477.
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Short Summary

Yang's Study (*¥)-Schindilactone A

6 m-electro-
cyclization

(+)-Rubriflordilactone A

Li's Study
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Retrosynthetic Analysis

Oxocarbenium
ion addition

Alkyne/aldehyde
union

Goh, S. S; Chaubet, G.; Gockel, B.; Cordonnier, M. C. A.; Baars, H.; Phillips, A. W.; Anderson, E. A. Angew. Chem. Int. Ed. 2015, 54, 12618.



Retrosynthetic Analysis

Pd- catalyzed cyclization

Goh, S. S; Chaubet, G.; Gockel, B.; Cordonnier, M. C. A.; Baars, H.; Phillips, A. W.; Anderson, E. A. Angew. Chem. Int. Ed. 2015, 54, 12618.



Pd-catalyzed Bromoendiyne Cyclization

Pd(OAc), (3 mol%)

PPh; (12 mol%)
(@) 3
/) Ag,CO;
MeCN, 60 °C 0
g

| 67% >

Meyer, F. E.; de Meijere, A. Synlett. 1991, 777.
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Pd-catalyzed Bromoendiyne Cyclization

Base Base-HBr R
oxidative
H-Pd'- Br addition
Br
hydride R1 //
eI|m|nat|on R2 A
BrPd" R
67 electro- | |
cycloaddition
1
+ -
R cycloaddition T R' =
BrPd! Rd"Br R2 B
A/nsertion
R1 R2 insertion R1TR2 C

Tokan, W. M.; Meyer, F. E.; Schweizer, S.; Parsons, P. J.; de Meijere, A. Eur. J. Org. Chem. 2008, 6152.



Pd-catalyzed Bromoendiyne Cyclization

R
Vi i
conditions
E -
Br X MeCN E X
E v — A
—) E n-4 m-4

n-4 m-4

m n E X R conditions Product Yield (%)
Pd(PPh3)4 (3 m0|%)
Pd(OAc), (3 mol%)

5 6 H o Me  pph, (12 mol%), Ag,COs, 60 °C B 67
Pd(OAc), (10 mol%)

6 6  COMe CH; TBS ppp,(25mol%), K,COs, 60 °C c 7

Me
MeO,C
EtOzC MGOzc
EtO,C
C

1) Meyer, F. E.; de Meijere, A. Synlett 1991, 777.
2) Tokan, W. M.; Meyer, F. E.; Schweizer, S.; Parsons, P. J.; de Meijere, A. Eur. J. Org. Chem. 2008, 6152.



Retrosynthetic Analysis

Co-catalyzed cyclization

Goh, S. S; Chaubet, G.; Gockel, B.; Cordonnier, M. C. A.; Baars, H.; Phillips, A. W.; Anderson, E. A. Angew. Chem. Int. Ed. 2015, 54, 12618.



[2+2+2] Cycloaddition

Thermal [2+2+2]

500-600 °C
(gas phase)

y
/ 102 torr

<33%

usually needs high temperature

Co-catalyzed [2+2+2]

Co cat.

// | | Co cat.
X

Todoroki, H. 110423LS

e e



Proposed Mechanism for Co-catalyzed [2+2+2]

reductive L,
elimination CoCp
+ COCpLz
Cp
Co _
CpCo:' -
[4+ 2] —
cycloaddition '
c é‘ oxidative
pto _ insertion

Agenet, N.; Gandon, V.; Vollhardt, K. P. C.; Malacria, M.; Aubert, C. J. Am. Chem. Soc. 2007, 129, 8860.



Co-catalyzed [2+2+2] Cycloaddition

{ -Pr { -Pr
o- SII SI|—0 CpCo(CO), (5 mol%)
3 xylene, A, hv
i-Pr i-Pr >
77%
TBS
as—/ H— \\ _
CpCo(CO), (5 mol%)
xylene, A, hv
. HO —_— + 0
% _/\ 4

\_// 50%

Gandon, V.; Aubert, C.; Malacria, M. Chem. Commun. 2006, 2209.

Y/

37%
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Retrosynthetic Analysis

Oxocarbenium
ion addition

Alkyne/aldehyde
union

Goh, S. S; Chaubet, G.; Gockel, B.; Cordonnier, M. C. A.; Baars, H.; Phillips, A. W.; Anderson, E. A. Angew. Chem. Int. Ed. 2015, 54, 12618.



Synthesis of Diyne-fragment

\/\_/
(:)H (98%ee)
EDC-HCI, Et;N N\ LiN(TMS),, Et;N/toluene
OH DMAP (cat.), THF & -78°Ctort
-
819 ]/ 96%, d.r.>20:1
OPMB o) % OPMB o
1. TMSCHN, 1. [Ph3PCH,I]*I,, NaN(TMS),
toluene/MeOH, 88% THF. -78 °C to rt:
HO_ _-© 2. DIBAL, DCM ) ort;
-78°C to -30°C. 97% NaN(TMS)z, -78 °C to rt, 84%
-
3. DMP, NaHCO, 2. LiN(TMS);, THF, -78 °C;
DCM, 0 °C to rt, 90% OPMB BnMe,SiCl, -78 °C to rt, 98%

.DDQ, DCM/H,0,
2. DMP, NaHCO3;, DCM
0 °C to rt, 83% (2 steps)

SiMe,Bn

. CBr4, PPh;, DCM

-30 °C to 0 °C, 85% =
. nBuLi, THF

-78 °C to rt, 98%

OPMB

Goh, S. S; Chaubet, G.; Gockel, B.; Cordonnier, M. C. A.; Baars, H.; Phillips, A. W.; Anderson, E. A. Angew. Chem. Int. Ed. 2015, 54, 12618.



Construction of AB-rings

1. /\MgBr

TMS 1. AllylMgBr
() o )
TBSO_ CuBrSMe,, THF, -78°C oo , ;I:)F, 0°C,97% _

2. DIBAL, DCM . SOpy, DMSO, i-Pr,EtN

-78 °C to rt, 90% (2 steps) S DCM, 0 °C to rt
| | . > o
3. Ti(OiPr),, D~(-)-DET ' TMS 3. NaOCl, NaH,PO,
Et0/§0 TBHP, 4 AMS 2-methylbut-2-ene

DCM, -40 °C OH tBUOH/H,0, 92% (2 steps)
92%, 92%ee 4. BOPCI, py, MeCN, 83%

T™S
TBSQ / MeMgBr
) 74 THF, -5°C to rt
00— iy, '

o)_\/\ 75% (2 cycles)

Goh, S. S; Chaubet, G.; Gockel, B.; Cordonnier, M. C. A.; Baars, H.; Phillips, A. W.; Anderson, E. A. Angew. Chem. Int. Ed. 2015, 54, 12618.



Construction of AB-rings
1. OsOy4, NalO,, 2,6-lutidine

dioxane/H,O ™S
TBSO 2. CSA, MeOH <;;
3. SOypy, DMSO, i-Pr,EtN ﬁ
DCM, 0-10 °C + R Pe)
-
OMe
72% (3 steps) HO
A/B =1.9/1
B
(0 o)
1. Il 1
(PhO),P__CO,Et (PhO),P__CO,Et
, KT T 0
. ’ ’ THF, 0 °C
47% (2 steps) v v
TMS
K,CO3;, MeOH
-
99% OMe

A TFA, DCM, 0 °C |

47% (2 steps)
Goh, S. S; Chaubet, G.; Gockel, B.; Cordonnier, M. C. A.; Baars, H.; Phillips, A. W.; Anderson, E. A. Angew. Chem. Int. Ed. 2015, 54, 12618.



Syntheses of Substrates for Cyclization

nBulLi, A
THF, -78 °C to -40 °C
>

67%

SiMe,Bn

nBulLi, A
THF, -78 °C to -40 °C
85%

Goh, S. S; Chaubet, G.; Gockel, B.; Cordonnier, M. C. A.; Baars, H.; Phillips, A. W.; Anderson, E. A. Angew. Chem. Int. Ed. 2015, 54, 12618.



Construction of CDE-rings
via Pd- or Co-catalyzed Cyclization

o 1. TBSOTY, 2,6-lutidine o 1. TBAF, THF;
DCM, 0 °C to rt, 75% H,0,, KHCO3, MeOH
2. [Pd(PPhs),] (10 mol%) 2. Et;SiH, ZnCl,, DCM;
Et;N, MeCN, 80 °C, 91% SiMe,Bn  TBAF, THF, 51% (2 steps)
e

route A

Z
SiMe,Bn

1. TBSCI, Imidazole
Toute C DMAP, DCM, 98%
2. Same as route B, 54%

[CpCo(CO),] (20 mol%)
PPh; (40 mol%)
PhCI, 150 °C (MW)

route B 67%

1. TBAF, THF;
H,0,, KHCO3;, MeOH
2. Et;SiH, ZnCl,, DCM
65% (2 steps)

Goh, S. S; Chaubet, G.; Gockel, B.; Cordonnier, M. C. A.; Baars, H.; Phillips, A. W.; Anderson, E. A. Angew. Chem. Int. Ed. 2015, 54, 12618.



Completion of Total Synthesis

1. OsO4 (2 mol%), NMO
acetone/H,0
2. NalO,/SiO,, DCM

-
85% in 2 steps
ZnCl,, SOCI,
DCI
O _oTIPS CDCls
\C/
ZnC|2

DCM, -30 °C to rt

23-epi-rubriflordilactone A (33%, 2 steps)
Goh, S. S; Chaubet, G.; Gockel, B.; Cordonnier, M. C. A.; Baars, H.; Phillips, A. W.; Anderson, E. A. Angew. Chem. Int. Ed. 2015, 54, 12618.



Summary

Pd-catalyzed Cyclization
First application for

H
o the synthesis of natural pruduct

Co-catalyzed Cyclization
Few application for
the formation of 7 membered ring

(+)-Rubriflordilactone A

longest linear 22 steps, <1.9 %



Appendix: Proposed Transition-state of 3
Cu-catalyzed Diels-Alder Reaction

n=cation interaction Ve hydrogen bonding

o O Me &ﬂﬁs’f
o A C- TBSO
r/
MN}L\G J m/ﬂrﬁh‘ﬂ% “x: 0o 0
\J Nei PN 65 M
DTE'S & ﬂ_,.-[:u?q. A iS H ':']
e r— "-.. * _;PTI
\“"i\i{d 5 N — [
LLATEL : T .
)l\j = Ng=0 = 76% yield
T ;ﬁﬂ g >89:1 dr, 95% ee
Me

,,- - - OTBS  a key synthetic intermediate
ﬁﬁ“& for the decahydrofluorene
core of the hirsuteflones

Sakakura, A.; Kondo, R.; Matsumura, Y.; Akakura, M.; Ishihara, K. J. Am. Chem. Soc. 2009, 131, 17762.



Appendix: Synthesis of EF-rings in Li’s Study

TMS

1. cat. A (5 mol%
BH3-TI(-IF, THF) _ EtC(OMe),
| 0 °C, 820/0, >99%ee | | 2-n|trophenol (2 mol%)
y y
o 2. TMS-acetylene HO 90%
PdCI,(PPh;), (0.5 mol%) d.r. =7.5:1 at C20
Cul (1 mol%), toluene
50 °C, 99%

™S
H Ph
| | 1. aq. LIOH/THF : Ph
CO,Me 60 °C, 93%
20 y N\B/O
2. NIS, NaHCO, |
H MeCN, 52%
cat. A

Li, J.; Yang, P.; Yao, M.; Deng, J.; Li, A. J. Am. Chem. Soc. 2014, 136, 16477.



Appendix: Proposed Mechanism of
Pd-catalyzed Carboannulation

oTBS

TPSO

CuCl, 9

OTES 15

M LoTES
Tpm/g T80
E - PdCILn 8
Sy A
@ FdE‘.ILn
{'

Tang, Y.; Zhang, Y.; Dai, M.; Luo, T.; Deng, L.; Chen, J.; Yang, Z. Org. Lett. 2005, 7, 885.

o=

LnCIPdCOOH

38



Appendix: Proposed Mechanism of Aromatization

H-abstraction




Appendix: Pd-catalyzed Bromoendiyne Cyclization
- h

L,Pd R
5-exo-trig
———3 L,Pd

3-exo-trig R=H

B-hydride

PdL, elimination
R = EWG R
S
cyclopropyl to 3-exo-trig
homoallyl \
rearrangement

\ EWG
B-hydride _
elimination B_-h)_(drlfie
elimination

De Meijere, A.; von Zezschwitz, P.; Brase, S. Acc. Chem. Res. 2005, 38, 413.
Tokan, W. M. et al. Eur. J. Org. Chem. 2008, 6152.



