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• the unsaturated heterocycle in C-17: 5 / 6 member rings
  dividended into cardenolides (furan ring)
  and bufadienolides(pyrone rings)
• intact steroid structure
  the steroid configuation of AB, CD rings is almost cis
• cardenolides were majorly found in plants
  bufadienolides were found in amphibians (mainly in toads)

Proposed biosynthetic pathway

Cardiotonic Steroids

The SAR studies of cardenolides

basic cardiotonic steroids skeleton

Cardiotonic steroids famliy feature
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1. C1, C5, C11 and C19 hydroxyls may
    enhance the activity, but not essential

2. Sugar residue at C3 is important, 
    Rhamnose is better than others

3. the unsaturated heterocycle in C17 is essential
     and its β oriented position is also vital

4. the cis configuation of CD rings and AB rings
    could enchance the activity
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1. heart failure, cardiogenic shock and certain arrhythmias
    (Na+/K+-ATPase inhibitor, increase concentration of Ca2+

    narrow theraputic index, often over treated with 60% toxic dose)
2. anti cancer activity
    (Na+/K+-ATPase inhibitor for tumor or modulate signal pathway and DNA repair)

Biologicial activity

cardenolides

bufadienolides
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2Stork, JACS, 1996, 118, 10660

intact steriod structure

Structure feature 
 • flagship congener in the 
   cardiac glycoside family
 • 7 conseutive chiral centers
 • relatively low oxidation state

Background
 • the active components in the
   Digitalis( the most ingested drugs)

Retrosynthetic analysis

Cardiotonic Steroids
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3Nakada, TL, 2007, 48, 1541

Retrosynthetic analysis

Cardiotonic Steroids
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4Jung, OL, 2011, 13, 2698

Structure feature 
 • L-Rhamnoside of sarmentogenin
 • 7 conseutive chiral centers
 • relatively low oxidation state

Background
 • against human leukemia K562 cells
   (IC50 19 nm)
 • potent antiproliferative activity
   (inhibit HIF-1α)

Retrosynthetic analysis

Cardiotonic Steroids
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5Inoue, JOC, 2018, 83, 13888

Structure feature 
 • unusual trans decalin for AB ring
 • 7 conseutive chiral centers
 • relatively high oxidation state

Background
 • against MCF-7 human breast carcinoma cells
   GI50 of 5-epi-trewianin= 108 nM, 
   but GI50 of the aglycon > 10µM

Retrosynthetic analysis

Cardiotonic Steroids
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6Inoue, JOC, 2018, 83, 13888

Cardiotonic Steroids
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7Baran, SCIENCE, 2013, 339, 59

Structure feature 
 • aglycon part of ouabain
 • 7 conseutive chiral centers
 • high oxidation state

Background
 • supposed to be arisen from progesterone
 • partial synthesis, 21 steps LLS from cortisone
 • apply quasibiomimetic oxidation strategy

Cardiotonic Steroids
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Cardiotonic Steroids
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9Deslongchamps, Angew. Chem. Int. Ed. 2008, 47, 1272

Cardiotonic Steroids
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10Nagorny, JACS, 2019, 141, 4849

Cardiotonic Steroids
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VIII. ouabagenin and 7 other cardenolides (Nagorny's synthesis)
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common 
intermediate

Me

HO

O

H

H

OH

O
O

Me
Me

H

1. Pd/C, H2
2. Me2C(OMe)2
    CSA

3. DMP
4. K-selectride

Me

HO
H

H

OH

O
O

Me
Me

H

O O
O O

Bu3Sn

1. N2H4, i2
2. Stiile

1. TMSCl
2. Pd/C, H2

3. HCl

Me

HO
H

H

OH

HO
HO

H

O O

5-epi-panogenin

Me

O

OH

H

HO
H

OH

HO
1. Me2C(OMe)2
    CSA
2. DMP

3. Pd/C, H2
4. LiAl(OtBu)3H

Me

HO

O

H

H

OH

O
O

Me
Me

H

Me

HO
H

H

OH

HO
HO

H

O O

panogenin

same 
condition

1. Pd/C, H2
2. TIPSCl (5β-H)
3. DMP
4. K-selectride for 5β-H
    LiAl(OtBu)3H for 5α-H

Me

HO

O

H

H

OH

TIPSO
O

H

Me

HO

O

H

H

OH

HO
HO

H
5

1. Li/NH3

2. TBAF

same 
condition

Me

HO
H

H

OH

HO
HO

H

O O

trewianin aglycon 5α-H
19-hydroxysarmentogenin 5β-H

Me

O

OH

H

HO
H

OH

HO 1. LiDBB, NaHCO3
2. H2O2

3. TIPSOTf
4. N-Ac-L-Cysteine
     (PhSe)2, NaOH

Me

O

OH

H

HO
H

OH

TIPSO

OH

Me O

H

O
H

OH

TIPSO

OO
B

EtMe

1. DMP
2. K-selectride

1. AcONa
    H2O2
2. TBSOTf

Me O

H

O
H

OH

TIPSO

OH
TBSO

1. Li/NH3

2. TBAF

Me O

H

HO
H

OH

HO

OH
HO

same 
condition

Me

HO
H

H

OH

HO
HO

OH

O O

sarmentologenin

1. TIPSCl
2. Pd/C, H2
    (5α-H)
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Cardiotonic Steroids

VIII. ouabagenin and 7 other cardenolides (Nagorny's synthesis)

Me

O

OH

H

HO
H

OH

HO 1. Ac2O
2. K-selectride

3. mCPBA
4. Pd(TFA)2
    NaOAc, O2

Me

O

OAc

H

AcO
H

OH

AcO

O

1. LiOH
    H2O2
2. TIPSOTf

Me

O

O

H

O
H

OH

TIPSO

O

O

3. DMP

Me

TBSO

O

H

HO
H

OH

TIPSO

OH

TBSO

1. N-Ac-L-Cysteine
     (PhSe)2, NaOH
2. K-selectride
    Then TBSOTf
3. Li/NH3, TBAF

MeHO

HO

HO
H OH

H
HO

OH

O

O

ouabagenin

same 
condition

O

Me O

Me O

OCl

CO2Et

N N

OO

Ph Ph
Cu

2+

2SbF6
-

OCl

E

CO2Me
O

OMe

H92% ee
20:1 dr

Me

O

OH

H

H

OH

HO3 steps

9 steps

Me

HO
H OH

H
HO

H

O

O

cannogenol

Me

O

HO

OH

OH

H
HO

H

HO

O

O

OMe

HO
HO

OH
cannogenol

 3-O-α-L-rhamnoside

1. (MeOCH2CO)2O

2. TfOH ONHCCl3

OMe

BzO
BzO

OBz
3. NH3

IX. ouabagenin  (Inoue's synthesis)

Me

CHO

heat, HCl

TBSO

NMe2
Me

CHO

H
O

1. LiAlH4
2. MnO2

3. TBSOTf
4. Pd(OAc)2

Me
O

OTBS
N

Al
O

N
Me

Ph
H
Li+1.

2. mCPBA
3. DMP
4. Al/Hg

Me
O

OTBSOH

OH
Me

OTBS

O

1. DIBAL-H
2. HC(OMe)3

O
Me

O

O 3. POCl3
O

OH

OO

O

1. O3
2. Pd(TFA)2

3. TBAF

Me OAc

AcO
Br

MeO

Br
1. PhNMe2
2. Et3B, O2
    TMS3SiH

O
O

O

OMe
AcO

AcO

Me

H

O

O

O O
O

O

H OH

Me O

H

O

1. NaOH
2. DMP

3. KHMDS

H
OMe

1. NaBH4
2. NaH, PhNCS

3. AIBN,TMS3SnH
4. m-NO2PhSO3H·Py

O O

O

H OH

Me O

H

O

1. O3, NH4OH
2. TBSOTf
3. Li/NH3
4. TBAF

O O

TBSO

H OH

Me O

H

O

HOMeHO

HO

HO
H OH

H
HO

OH

O

O

ouabagenin

1. N2H4, I2
2. Pd(PPh3)4
3. TMSOTf,then SiO2
4. Pd/C, H2
5. HCl

O

O

Bu3Sn
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bufalin

Structure feature 
 • intact steriod structure
 • 7 conseutive chiral centers
 • relatively low oxidation state

Background
 • derived from the dried venom 
   of Chinese toad (Ch'an Su)

Cardiotonic Steroids

Me

HMe

H
HO

OHH

X. bufalin and resibufogenin

O

O

resibufogenin

Me

HMe

H
HO

H

O

O

O

Me

HMe

O
OHH

O

OH

OH

14α-hydroxycortexolone

Me

HMe

O
OHH

O

NaBiO3

Me

HMe

HO
OHH

O

H

1. KOH, Pd/C
2. NaBH4

OEtLi

Me

HMe

HO
OHH

H

1.

2. H2SO4

CO2Et
1. K/NH3

Me

HMe

AcO
OHH

H

MeO2C

2. CH2N2
3. Ac2O

1. Py, POCl3
rr = 2:1

2. K2CO3
3. CDI

Me

HMe

R2O
H

H

R1OC

R1=
NN

1. Li(tBuO)3AlH

R2=
NNCO

Me

HMe

R2O
H

H

R1OC

R1=
NN

R2=
NNCO

2. H2SO4

Me

HMe

HO
H

H

MeO
OMe

3. MeOH, PTSA

1. Ac2O
2. DMF
    POCl3

Me

HMe

AcO
H

H

OMe

CHO

1. NaOH, MeOH

2. CO2MeBr

Vismeier-Haack

Zn, 15%

Reformatsky

Me

HMe

AcO
H

H

O
O

1. HCl
2. PTSA
    alkaline
    alumina
3. Ac2O

Me

HMe

AcO
H

H

O
O

1. NBS

2. saponification

Me

HMe

HO
H

H

O
O

O

resibufogenin

Me

HMe

HO
H

H

O
O

OH

bufalin

LiAlH4
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bufogargarizins A

Structure feature 
 • abeo steroids   
 • unique 7/5 or 5/7 rings at A/B rings
 • 7 conseutive chiral centers
 • relatively high oxidation state

Background
 • derived from the dried venom of
   Bufo bufo gargarizans
 • scarcity of biological evaluation
 • interconvertion of two compounds 
    could be via retro- aldol/aldol

Cardiotonic Steroids

Me

H

H

XI. bufogargarizins A and B

O

O

bufogargarizins B

O

OAcHO

H
O

HO

Me

H

H

O

O

O

OAc

OH

O
H

HO

O

Me

H

O

H

O
sitolactone

O

Me

H

OTBS

H

O

1. DIBAL-H, TBSCl
2. LAH
3. Swern

O

Me

H

OTBS

H

TESO

TBSOTf

MgBr

Me

H

OTBS

H

TESO

OHC

1. tBuOK, TosMIC
2. DIBAL-H
3. MeONa

Van Leusen

Me

H

OTBS

H

O

1. Bestmann reagent
    then TBAF
2. DMP

Me

H

OTBS

H

H

H
O

CpRu(CH3CN)3PF3
5+2

TMSOTf

Me

H

O

H

H

H
O

HO

1. Mukaiyama
    hydration

2. DIBAL-H
    TBAF
3. DMP
4. LiHMDS, TMSCl
    Pd(OAc)2

Me O

H

H

H
O

TMSO

OTMS

O

1. SiO2, DIPEA, PhCF3
2. H2O2, NaOH

3. Mn(acac)2, PhSiH3, O2
    TMSIm, TBAF(cat.)

Me OTf

H

H

H
OTMS

TMSO

OTMS

MOMO

1. KHMDS
    Comis'
    reagent

Me

H

H

H
OTMS

TMSO

OTMS

MOMO

O

O

O
O Bpin

Pd cat.
Me

H

H

H
OTMS

TMSO

OTMS

MOMO

O

O

OH

mCPBA
BH3·DMS

Me

H

H

H
OTMS

TMSO

MOMO

O

O

OAc

1. DMP
2. DBU
    LiHMDS
3. CBS 
    reduction
    Ac2OMe

H

H

H
O

HO

HO

O

O

OAc

1. NBS, TBAF
2. DMP

3. LiBF4

O

Me O

H

H

H
O

TMSO

OTMS

O

2. SmI2
3. MOMCl
    DIBAL-H
    TMSCl

bufogargarizins A

Me

H

OTBS

H

H

H
O

HO

Me

H

OTBS

H

H

H
O

HO

MOMO

1. LiHMDS, TMSCl
    Pd(OAc)2
2. H2O2

3. SmI2
4. MOMCl

Me

H

H

OH

HO
H

MOMO

O

1. DIBAL-H
2. DMP

several 
steps

bufogargarizins B

Me

H

H

O

O

O

OAc

OH

O
H

HO

3. DBU
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