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o Cardiotonic steroids famliy feature

\
« the unsaturated heterocycle in C-17: 5/ 6 member rings
N o] dividended into cardenolides (furan ring)
o} and bufadienolides(pyrone rings)
\ / « intact steroid structure
the steroid configuation of AB, CD rings is almost cis
wf, « cardenolides were majorly found in plants

basic cardiotonic steroids skeleton bufadienolides were found in amphibians (mainly in toads)

Proposed biosynthetic pathway
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Biologicial activity

1. heart failure, cardiogenic shock and certain arrhythmias
(Na*/K*-ATPase inhibitor, increase concentration of Ca?*
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)

The SAR studies of cardenolides

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 p oriented position is also vital

4. the cis configuation of CD rings and AB rings
R-Z=0 could enchance the activity
cardenolides

Representative cardiotonic steroids

OH

digoxigenin (aglycone)
digoxin

OH ©uabagenin (aglycone)

ouabain bufalin

Wicha, Nat. Prod. Rep, 2017, 34, 361
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l. digitoxigenin (Stork's synthesis) o o o
Me 1. TMSCI, TEA el o Mel
Structure feature 2. 0;, DMS OQ» “ " NaBH(OAc);3 \C )/
o] _— i — 0 i
 flagship congener in the {/ 3. NaBH, {/0 H.,,, </0 H..,,
cardiac glycoside family o H 4. NalO4
* 7 conseutive chiral centers 1. nBuLi
« relatively low oxidation state ~ )
Me” X" Po(Ph),
Background 2.Swern
* the active components in the Me Me
intact steriod structure Digitalis( the most ingested drugs) | EtO—P._ _S |
s e 1 Me|
1.200°C Me| S o
o - 2
- 778
‘0 \J 0 ° )/
2. HCI Q/ nBuLi </0 H "
Retrosynthetic analysis O H
1. Luche reduction
2. DEAD, TFA, PPh3, BzONa
3. (MeO)3BF4
4. TBSCI, EtONa
lactone formation Me .
— T Me ﬁ TIMS—=—"\ Bu3SnH
SOL O
TBSO ) TBSO ) 2 TBAF Then SiO,
Me CHO
(Ph),0P7 e Me
NH,OH-HCI, AcONa 1. mCPBA
o
. SOl ‘0
then CDI TBSO ) 2. BF3 OEt, TBSO
HWE
TBSO Me
Me —
0 4+2 ‘0 o 1. LiNEt,, quenched by BHT Me
2. BnOCH,Li
EtO-P__ _S 2 ’
Me
EtO/ \r\) TBSO H 3. Pd/C, H, 0
3
4. PhyP=C=C=0 ‘e OH
5. TsOH HO H

Stork, JACS, 1996, 118, 10660
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Il. digitoxigenin (Nakada's synthesis)
Me o] 1. ehtylene glycol Me o/\l 1. O3 then NaBH, Me
Ret theti Ivsi _ CH(OEt);, TSOH O 2. TBDPSCI
etrosynthetic analysis — - > __/
y y . =/ ] TBDPSO—/ |
o HO' 2. TBSCI TBSO" 3. TsOH TBSO"
\
Me
1. NoH,, TEA
’ Me ’ o) 2.1, DBU
|:> I 0 o] \ |
° g S
TBDPSO H o 3:TBAF Me 1. Suzuki coupling Me I
digitoxigenin Br—o 4. CBry, PPhy HO—" | 2. TBAF TBDPSO— b
k/o 5. ethylene glycol HO" 3.Ircat. H, TBSO"
CH(OEt);, TsOH
Me
tBuLi
Me 2 {—— Me (2-Th)Cu(CN)L
. BDPSO (o}
- IS “
Ho" TBDPSO ) o
o
synthetic route (24 steps LLS)
Me Me
CuOTf PhSLi H 1. DIBAL-H
, 2.KH, CS,
N2 () Me Me 0 Mel
then Li Nap. 3.AIBN
SO,Ph 0 | | 0 BusSnH
N N\) 4. TBAF
iPr iPr 1. L-slectride
2. TBDPSCI
POtBu 1. O,, Rose bengal
N hv, DIPEA
0
Me Me
/(:I:\:\L [¢] 2. NaBH,
TBDPSO H (o] K,CO3 TBDPSO

Nakada, TL, 2007, 48, 1541




Qiyang Wang

Cardiotonic Steroids

Hu Lab @WestlakeU

lll. Rhodexin A

Structure feature

* L-Rhamnoside of sarmentogenin
* 7 conseutive chiral centers

« relatively low oxidation state

Background

* against human leukemia Ksg, cells
(IC50 19 nm)

* potent antiproliferative activity
(inhibit HIF-10.)

Retrosynthetic analysis

R = L-Rhamnose

Ac
5 iEDDA
TESO

/<j:|

Me

TESO

TESO

——
Robinson
annulaton
Me
A4 Meﬂ\
(o]
(o]
Me [~ Me
Ac (o)
Me
OTES OTES
o

Synthetic route Me\
Ac
_ Ac Ac
Grubbs | Tf,NH
// B —— -
\ OTES
TESO TESO " TESO
e
TESO 1. 0sO,4, NMO
2. Me,C(OMe),
CSA
Me Me 3. PPTS Me
ofe Of-e O~f-we
o (o] o
Me o Me A Me
o 1.CH,N, (3 + 2) 1. DMP ¢
< -—
Me
OTES 2.1,2-CH,Cl; OTES 2. Pb(OAc), TS
(0] o HO
1. Li/NH;
2. AllyIBr
Me
| Me Me Me>L
o~ °
0 Bpin 0,
1. Grubbs Il 1. Hy, Pd/IC
Then NaBO; 2. L-Selectride
—_—
2. NaOH 3. Li/NH;
HO
H
1. Ac,0
2. PTSA
o HO
1. TBSCI
2. TPAP, NMO AcO,
-
3.PTSA
4. Ph;P=C=C=0
5. HCI AcO 1
R = L-Rhamnose

Jung, OL, 2011, 13, 2698
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CHO 1. LiAIH
CHO - LIATR,
heat, HCI 2. MnO,
_— —_—
Me
Structure feature J—NMe; Me 0 3.Ac,0 Me
« unusual trans decalin for AB ring H 4. 0s0y, NalO, H
N i i TBSO
7 co?seutl\{e chlr_al ct_enters 1. mCPBA
« relatively high oxidation state 2.K,CO3
OH
Background OH
* against MCF-7 human breast carcinoma cells PPTS 0\ TBSOTf
-
trewianin (a-H5) Glsq of 5-epi-trewianin= 108 nM
5-epi-trewianin (3-H5 ’ TBSO o TBSO OTBS
epi-trewianin (§-HS) but Gls, of the aglycon > 10uM H HO H °
(o) OEt (o] OEt
1. lipase AK
EtO,C 3 steps as ref :
Retrosynthetic analysis - > _ Vinylacetate
Me o HO OH 2 PMBOCNHCCI, ACO i OPMB
1. vtride
o 2. TBSOTf
Me 3.DDQ
glycosidation oy ’ OH oTBS oTBS
— 1. Pd(OAC)z 1.pcC
. . D ——
Stille coupling OH
TBSO H o TBSO F| (o) 2. TBAF TBSO _ OTMS 2. TMSOTf
R = L-Rhamnose
aldol
0Ac reaction fo) e OTBS OTBS
Me 1. DIBAL-H O, PPh;, Me ;
=~ e §/\|:> . oy\b
o o 2. TBSOTf TBSO' TBSO‘“‘
R = Me or Cy radical cyclization Me
X OR
HO e — © ’ PO
| R=Meor C
Br Yy
‘a (o] Me 9Ac OAc e OTBS
TBSO o TBSO o RO ' 1 TBAF {
H H 4—
T Ao RO
c
Aco” 2 TBSO'
R= Me or Cy R= Me or Cy R= Me or Cy

Inoue, JOC, 2018, 83, 13888
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Completion synthesis of 5-epi trewianin

OH
TBSO” :Hl i No PhNMe,
+

Me _OAC

1. TMSOTf,then SiO,

2. Pd/C, H,

3. HCI

4. p-BrBzClI

5. Ac20

6. HCI TBSO

1. TMSOTf
2. LiOH

MeO TBSO
AcO’
KHMDS
dr= 8.6
after 1 TBSO
recycle
Me o
o 1. NaBH,
’ 2. NaH, CS,, Mel
—»

3. AIBN, Ph3SnH

1. m-NO,PhSO3H-Py

OH

Et;B, O,
TMS,SiH

CyO

TBSO

(o}

2. TBSOTf

3. K2C03

4. DMP TBSO
Me o

0.
SOL
H

1. NaHy, 1
2. Pd(PPh;),

KHMDS

Completion synthesis of trewianin

TBSO

Et;B, O,
o TMS;SiH

AcO
OCy Me :

o 1. NaBH,
2. NaH, PhNCS
—_—
1. O3, NH,OH
2. TSSOTAf /C 3. AIBN,TMS;SnH
3. Li/NH; TBSO 4.C1,CCO,H  TBSO
4. TBAF
compound Glsg [uM]
ouabain 0.0199
5-epi-trewianin 0.108
trewianin 0.183
5-epi-trewianin 3.27
aglycon
trewianin aglycon >10

5-epi-trewianin

trewianin

Inoue, JOC, 2018, 83, 13888
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V. ouabagenin (Baran's synthesis)

Structure feature

* aglycon part of ouabain

* 7 conseutive chiral centers
* high oxidation state

1. PPTS, acetone
—_—

2. LiBEt;H

Background

* supposed to be arisen from progesterone

« partial synthesis, 21 steps LLS from cortisone
* apply quasibiomimetic oxidation strategy

ouabagenin

Co(acac),, O,

Meo

=

1. ethylene glycol HO,,

PTSA O NIS, Li,CO;

2. hv

1. CoCly+gH,0

ouabagenin

Baran, SCIENCE, 2013, 339, 59
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VI. ouabagenin and 19-hydroxysarmentogenin (Tang's synthesis) _ cl _
Retrosynthetic analysis Meo/>
o) TBSO o
1. DIBAL-H 1,3-migration
—_—
then
XY v -
redox Me dearomative Me /> o NaHCO, epoxidation
munlpulatlon cycllzatlon (o) O’ (o]
O ot the same intermediate Cl
HO on HO
R=H 19-hydroxysarmentogenin
R= OH ouabagenin Meo/>
0. © 1. TBSOTf
MsCI ™ " O 2.K,CO4
o “
Me /> Me0/> ‘@ 3. TBAP
NMO
&o o Me© TBSO )
1. LIHMDS
_NaH PhNTY, TBSO " o
+
oTBS °/>
T oms 2.KF ot ) Me Me
TBSO o 0,
HO o TCB)SO
o Co(acac)y, Oz, PPh; 1. Li/NH,
TBSO OTBS O > oM
P e
[Pd(cinnamyl)CI], ‘tBu TBSO TBSO 2.PPTS %
K,CO3, dr=10:1 OOO Me
(R)-AntPhos
1. NyHy, I
Me© 1. NaBH, me? 2. Pd(PPhs), LAH then HCI
2. Rh(nbd),BF, cucl ¢
1. TBSOTf BSO [o} H, (40 bar) TBSO (o) u acetone
2. LiAlH, MeO-BIBOP
3. TPAP, NMO 3. mCPBA “
4.LiNH;*2  Ho NaHCO; o TBSO
5. HCI
o)
1. NyHy, |
Me © 5 PaPPhs) Me 1. TMSCI 1. TMSCI
CuCl 2. Pd/C, Hz 2. Pd/C, H2
—_—— —_—
[ 0 _o 3. HCI 3. HCl
| " "
TBSO H i
BuzSn H 19-hydroxysarmentogenin ouabagenin

Tang, ANGEW, 2023, 62, 3639
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VII. ouabagenin and ouabain (Deslongchamps's synthesis)

Retrosynthetic analysis

aldol

R= OH ouabagenin
R= a-L-rhamnoside ouabain

PhMe,Si

1. 0sO,4, NMO
2. BUZSnO

Synthetic route (41 steps)

(o] (o]
OTBDPS |
o) Me
Me AcO,,
ref. PhMe,Si
EEEE——— —_—
° o 1. Cs,CO.
14 steps - L5500,
o 2. Pd(PPhy), PhMe,Si
COLAllyl
1. Li(EtO);AIH
2. PMBOCNHCCI3
3. KHMDS
TBDPSO

1. TBSOTf PMP

2.DDQ

3. NaBH,

4. mCPBA

PhMe,Si
TBDPSO

3.NBS
4. PhzPCCO
5. HCI

ouabagenin

1.Ac,0 1. TBDPSCI
2. TBAF 2. Ac,0
—_—
3. Hg(OAc),, AcOOH
TBDPSO
1. TBAF
2. DMP PMP
.
3. Rh(PPh;),CI
PPhy, iPrOH  AcO

TMSCH,N,

[o) 2. N32C03
3. TMSOTf ONHCCI3

0o

AcO

OH

nature ouabain

known intermediate

Deslongchamps, Angew. Chem. Int. Ed. 2008, 47, 1272
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VIIl. ouabagenin and 7 other cardenolides (Nagorny's synthesis)

Retrosynthetic analysis

redox

e OH Micheal

munipulation HoHO c;asl‘c:lao(;e
CO,Et
HO ’
5 o LI
ouabagenin . gommon
intermediate
_0
e
2. BPOP,hHQ Me ©
mPh BzO
NH OTMS N Cu(OTf),
o~ > | then PTSA
3. phyP? TAc 0 [ —
Me o
1. LIHMDS
CO(OEt)z /CECOZB Cl
EtO (o) 2. HC| NaHMDS
3. PCl; retro aldol
/aldol
1. PdIC, H, Me OH Ve ©
2. Me,C(OMe), S 1. DIBAL-H BzO
Bl 0P,
-
3. DMP HCOH OH
H 4. K-selectride
| . cl o
[o) 1. N2'|"|4; ip common
_ 2. Stllleo 0 intermediate o

1. TMSCI
2. Pd/C, H,
5-epi-panogenin

3. HCI

HO

[0} I

1. TIPSCI
2. Pd/C, H,
(5a-H)

HO.
HO

QOL
[0}

OH 0
Me = 1. Me,C(OMe), Me—‘\\o Me
CSA
_zowe
OH 3 PdIC, H,

4. LiAI(OtBu);H HO
1. Pd/C, H,
2. TIPSCI (583-H)
3. DMP
4. K-selectride for 53-H
LiAl(OtBu)3H for 50-H

2. TBAF

Me ?H

1. LiDBB, NaHCO; T|psoHo
2. HzOz

—_—

3. TIPSOTf

4. N-Ac-L-Cysteine,
(PhSe),, NaOH OH

same
condition

sarmentologenin

same
condition

same

trewianin aglycon 5a-H
19-hydroxysarmentogenin 53-H

1. DMP (o] e
2: K-selectride TIPSO “’
—_—

SOL

o.__0
L
Et | 1. AcONa

H,0,
2. TBSOTf

Nagorny, JACS, 2019, 141, 4849
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VIIl. ouabagenin and 7 other cardenolides (Nagorny's synthesis)

IX. ouabagenin (Inoue's synthesis)

Me 9H

; Me PA%) | ion
HO {
HO 1. Ac,0 H,0,
2 K-selectride ’ 2 TIPSOTf
‘e OH 3 mCPBA ‘e OH 3 DMP
o 4. Pd(TFA), lo)
NaOAc, 02 (o]
1. N-Ac-L-Cysteine
(PhSe),, NaOH
2. K-selectride
Then TBSOTf
3. Li/NH;, TBAF
same
condition
-
ouabagenin
Me o
_ wxr
I \8 2SbFg Me ©
Me (o] 3 steps HO
—_—
E
CO,Et 92% ee H ‘
20:1 dr cl o o
cl o
9 steps
1. (MeOCH,CO0),0
2. TfOH ONHCCl3
HO
M
M BzO ° o
HO e (o] BzO
HO OBz
3. NH;

cannogenol

CHO
heat HCI
/ NMe2 o M3 TRsotr
Me TBSO
OH 1.03
2. Pd(TFA),
-
o 3. TBAF
0 A
1. PhNMe,
2. Et3B, 0, MeO
TMS;SiH
AcO
AcO
OMe Me G
o 1. NaOH
Me ?H 2.DMP
AcO ——
’ 3. KHMDS
(o]
OH o\ _o
(o}

ouabagenin

1. LiAlH,
2. MnO,
3. TBSOTf
4. Pd(OAc),
4. AllHg
1. DIBAL-H OH _OTBS
2. HC(OMe);
B
Me 3. POCl; Me
o
OH (o]
Me O
1. NaBH, o
2. NaH, PhNCS ’
—»

3. AIBN,TMS;SnH
4. m-NO,PhSO;H-Py A/
o

1. 05, NH,0H

2. TBSOTf
3. Li/NH,
o 4 TBAF

Bu;Sn

1. NgHg, 1

2. Pd(PPh;), )
3. TMSOTf,then SiO,
4.PdIC, H,

5. HCI

\

Inoue, CC, 2015, 6, 3383

11



Qiyang Wang

Cardiotonic Steroids

Hu Lab @WestlakeU

X. bufalin and resibufogenin

bufalin resibufogenin

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)

1. KOH, Pd/C
2. NaBH,

1. HCI
2. PTSA
alkaline

alumina
3.Ac,0

R'0OC MeO

1. Li(tBuO);AIH

» “Q 2. H,S04 e 0’
RZQ“" 3. MeOH, PTSA HO™'

H H

. 1. Ac,0
R'= \¢, 2. DMF
POCI;
2 NNN
R2=—CO- _ Vismeier-Haack
(o] OMe
(o]
\ CHO
\ / Me

1. NaOH, MeOH Me 0’
Me Q -—
2. Br_ CO;Me “
AcO”
AcO' H
H

Zn, 15%

Reformatsky

0’ 1.NBS

——————————————————-

2. saponification

bufalin

Sondheimer, JACS, 1969, 91, 1228
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XI. bufogargarizins A and B

bufogargarizins A

bufogargarizins B

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

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

sitolactone

TMSOTf

CPRU(CH5CN)sPF; &2
5+2

=y

. Mukaiyama
hydration

2. DIBAL-H a
TBAF

3. DMP

4. LIHMDS, TMSCI
Pd(OAc), o

Me OTBS
D—MgBr

TBSOTf

TESO

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

Me OTBS 1 Bestmann reagent me OTBS

then TBAF
2. DMP

OHC

1. SiO,, DIPEA, PhCF;
2. H,0,, NaOH

f

3. Mn(acac),, PhSiH3, O,
TMSIm, TBAF(cat.)

1. KHMDS me OTf = )
Comis' o / Bpin
reagent (o]

—_—
OTMS 3 smi
3. MoMCl Pd cat.
o DIBAL-H MOMO
o TMSCI

1. DMP
o 9 2 pBU
o LiHMDS
/) 3-cBs
1. NBS, TBAF reduction
2. DMP Ac,0
OAc 3.LiBF, TMSO OAc “OH
HO MOMO / MoMo .,
o oTms oTmMs
bufogargarizins A
ve OTBS Me OTBS
1. LIHMDS, TMSCI
Pd(OAC), 1. DIBAL-H
2. H,0, 2. DMP
—_—
3.DBU
3. Smlz
4.Momcl  MOMO
MOMO
several
steps
HO

bufogargarizins B

Li, JACS, 2023, 145, 2098 13
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