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(+)-Euphorikanin A

Isolation: the roots of Euphorbia kansui in 2016 by Zhang'

Biological activity: cytotoxicity against human tumor cell (NCI-446 and HelL a)

Structual features: unprecedented 5/6/7/3-fused tetracyclic skelton and lactone bridge,contiguous eight
stereocenters, most likely a rearranged ingenane diterpenoids

Total synthesis: Carreira (2021)? (2023)3 and Jia (2022)*
For detail, please see also 220430_PS_Hiromu_Kakizawa

ingenane skeleton

-Q. Fei; L.-L. Dong; F.-M. Qi; G.-X. Fan; H.-H. Li; Z.-Y. Li; Z.-X. Zhang. Org. Lett. 2016, 18, 2844,
. J. Classen; M. N. A. Bocker; R. Roth; W. M. Amberg; E. M. Carreira. J. Am. Chem. Soc. 2021, 143, 8261.
Chen; K. Zhao; Y. Jia. Angew. Chem. Int. Ed. 2022, 51, €202200576

1)D.
2) M
3)Z.



Proposed Biosynthetic Pathway by Zhang
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ingenane intermediate Me

(+)-Euphorikanin A

1) D.-Q. Fei; L.-L. Dong; F.-M. Qi; G.-X. Fan; H.-H. Li; Z.-Y. Li; Z.-X. Zhang. Org. Lett. 2016, 18, 2844.
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Introduction of Prof. Erick M. Carreira

Education & Academic Career:

1984 B.S., @ University of lllinois at Urbana-Champaign (Prof. Denmark)
1990 Ph.D., @ Harvard University (Prof. Evans)

1990- Postdoctoral fellow @ California Institute of Technology (Prof. Dervan)
1992- Assistant Professor @ California Institute of Technology

1996- Associate Professor @ California Institute of Technology

1997- Professor @ California Institute of Technology

1998- Professor @ ETH Zurich

Research topic: Asymmetric synthesis of biologically active, stereo-
chemically complex, natural product

Recent PS and LS: 231115 _PS_Manaka_Matsumoto
230623 PS_Junhao Fu
220430 _PS_Hiromu_Kakizawa
221029 _LS_Manaka_Matsumoto

https://carreira.ethz.ch/the-group/people/prof-dr-erick-m-carreira



C-ring Functinalization
Carreira (2021): 19 steps, 0.12 %

Me 1, O3, MeOH/CH,CI,, 10/1 O
-78 °C; Me,S; 3, SnCl4, MeCN, -20 °C
HC(OMe);, CeCl3*7H,0 32%, 3 steps
' '

2, LiNi-Pry, TMSCI g 4, AcOH, 120 °C
‘ 59% o
NMe THF oMe  |“Me ’ \~Ne
Me Me

(+)-3-carene 19%, 4 steps from

(+)-3-carene

5, Me,CulLi, Et,0 o
-78 °C; A, 79% (
: i
Me %
"'\ ~Me
— - Me

A

1) M. J. Classen; M. N. A. Bocker; R. Roth; W. M. Amberg; E. M. Carreira. J. Am. Chem. Soc. 2021, 143, 8261.
2) T. Satoh; Kaneko. Y; Okura. T; Uwaya. S; Yamakawa. K. Chem. Pharm. Bull. 1984, 32, 3452 3460.
3) 220430 _PS_Hiromu_Kakizawa



A-ring Construction

OPMB OPMB
Me, 6, TBSOTf Me,, 8, DDQ
2,6-lutidine CH,Cl,/pH 7 buffer
‘ CH,Cl,, 78% ‘ (10/1)
HO"" » TBSO" s >
7, LIN(TMS),, B 9, SO4epyridine, Et;N
Me % THF, 90% Me CH,CI,/DMSO 2/1
T QTIPS 45%, 2 steps
Me Me ’
\- (\| v Parikh-Doering oxidation
Me Me
S S
\r o
Cl o) NC Cl
B
Me MeO
‘. 10. C, KN(TMS), NC cl
18-crown-6, THF Me,,
B 76% N
TBSO* - § DDQ
Still-Gennari condition = TBSO* S
Me o 0
F,c” 07| OMe "\~ Me
o Me
' Z-olefin
FsC C

1) M. J. Classen; M. N. A. Bocker; R. Roth; W. M. Amberg; E. M. Carreira. J. Am. Chem. Soc. 2021, 143, 8261.
2) 220430_PS_Hiromu_Kakizawa



A-ring Construction

O

(@)
MeO
Me,
‘ 11. Sml,
MeOH
TBSO*"' S >
THF, 89%
Me &
"'\ —Me
Me
Z-olefin — Me _|
in detail: 220430 PS Hiromu_Kakizawa
Me
12. Phl(OzCCF:;)z, -
MeCN/H,0 (6/1)
- MeOH TBSO''! 95% TBSO'*
y H
13. , PPhgs,

CH,Cl,,0 °C 72% Me

Me Ramirez olefination

"'?'VMe
Me

1) M. J. Classen; M. N. A. Bocker; R. Roth; W. M. Amberg; E. M. Carreira. J. Am.
2) 220430 _PS_Hiromu_Kakizawa
3) Desai. N. B; McKelvie. N; Ramirez. F. J. Am. Chem. Soc. 1973, 95, 793.

Chem. Soc. 2021, 143, 8261.



B-ring Construction

Br 14. n-BuyNF
THF, 95%

y H
15. Martin’s sulfurane M
CH,CI,, 0 °C 42%

FsC Ph Ph CF;
PO S, ACHs
pn” O 0" “pp
Martin’s sulfurane

Me @)

17. KN(TMS),,
Davis’s oxaziridine
THF, =78 °C

18. Dess-Martin Periodinane
CH,CI,, 49%, 2 steps Me

o) ""Y—~Me
/ \
Ph\ ,N* Me
>s Ph
Za\
O o

Davis’s oxaziridine

Me

N <

un'vMe 16. ZCULi, Etzo
Me

(74%)

-78 °C;

19. t-Bul.i,
Et,O,
=78 °C, 40%
-

u"‘vMe
Me

(+)-Euphorikanin A

19 steps, 0.12 %

1) M. J. Classen; M. N. A. Bocker; R. Roth; W. M. Amberg; E. M. Carreira. J. Am. Chem. Soc. 2021, 143, 8261.

2) 220430 _PS_Hiromu_Kakizawa

3) Tanino. K; Arakawa. K; Satoh. M; Iwata. Y; Miyashita. M. Tetrahedron Lett. 2006, 47, 861



C-ring Functionalization
Jia (2022): 29 steps, 4 %

Me
HO 3. |,, PPh3, imidazole
1. m-CPBA, CH,ClI, CH,CI,, 0 °C
’ ’
- 2. n-BuLi, HTMP - 4. P(OEt),, toluene
e,z Et,AlCI, toluene, e,z 110 °C, 80%, 2 steps
Me 0 °C 82%, 2 steps Me
Me Me  Michaelis-Arbuzov
reaction
N
H
HTMP TBDPSO
7. MelLi, Cul,
0 Et,0, -78 °C, 96% _
8. NaN(TMS),, A 9. TiCly Et3N, B

THF, -78 °C (98%)

'l,'-

CH,Cl,, =78 °C (95%) HO

(o)
I —OEt
N

OEt 5.0,

CH,Cl,/MeOH (5/1)
278 °C; Me,S

-

6. DBU, CH,Cl,

58% (2 steps)

Me
Me

OTBDPS

v o y
—_‘ Me ‘—_
ll..‘ M TBDP I l...‘ M TBSO\M Me 3
\ Me sO \ Me " No ""N=Me
Me Me -
A B Me Me

38%, 6 steps from
(+)-3-carene

1) Z. Chen; K. Zhao; Y. Jia. Angew. Chem. Int. Ed. 2022, 51, €202200576
2) 220430 _PS_Hiromu_Kakizawa



A-ring Construction
HO

OTBDPS 10. MOMBr, i-ProNEt
n-BuyNI Me,
toluene/CH,CI, (2/1) ‘
45 °C

OTBDPS

12. Dess-Martin Periodinane
CH,CI,

~

o
13. NaClO,, NaH,PO,°H,0

2-methyl-2-butene, 0 °C

> MOMO
11.2 M HCI, THF

(85%, 2 steps)

Me (% Me * 92%, 2 step
"\~Me "\~Me
Me Me Pinnick oxidation
HOOC OTBDPS B o) OTBDPS |
15. LiAlH4, THF, 30 °C
14. 4-PPY, TsCl 16. n-BuyNF, THF, 35 °C
Et;N, 40 °C 85%, 3 steps
y
"'v—Me N
Me
| N
Z
N
4-PPY

| 1) Z. Chen; K. Zhao; Y. Jia. Angew. Chem. Int. Ed. 2022, 51, 202200576
2) 220430 _PS_Hiromu_Kakizawa
3) H. Henry-Riyad; C. Lee; V. C. Purohit; D. Romo. Org. Lett. 2006, 8, 4363



B-ring Construction
AcO OAc

17. TMSOTf, Ac,0
-30 °C, 74%
—OCH,0Ac
=
18. PTSA, MeOH
. 90%
""\~Me OCH,OAc—

19. i-BU2A|H, CH2C|2
—-78 °C, 89%
20. IBX, DMSO, 96%

o 0O 21. TiCly, Zn

pyridine, THF

22. i-Bu,AlH

CHxCI2, 0°C  momo
’

23. Bobbitt’s salt

2 CH3CN/H,0 (9/1) Me
----‘VMe 40 °C, 65%, 3 steps O

24. NCS, Me,S, Et;N
-60 °C, 89%
Corey-Kim oxidation

Me ® Me

MehIMe
(0]

Bobbitt’s salt

I 1) Z. Chen; K. Zhao; Y. Jia. Angew. Chem. Int. Ed. 2022, 51, e202200576
2) 220430 _PS_Hiromu_Kakizawa



B-ring Construction

o
Me 27. Tf,0, pyridine
25. Ac,0, DMAP CH,Cl,, 0 °C;
pyridine, 99% NaHCO3, 30 °C, 80%
> >

H “H 26. Se0,, t-BUOOH 28. Ac,0, DMAP
Me z CHCl5;, 50 °C, 88% pyridine, 98%
"\ —Me
Me
O OAc
Me
29. Pd(Pt-BU3)2
NMO, Et;SiH

THF, 70 °C, 86%

—,

H H OAc 30. KOH, MeOH

Me 3 91%
""'TMe
Me Me
biomimetic benzilic acid (+)-Euphorikanin A
type rearrangement 30 steps 4%

'1) Z. Chen; K. Zhao; Y. Jia. Angew. Chem. Int. Ed. 2022, 51, €202200576
2) 220430 _PS_Hiromu_Kakizawa
3) N. K. Garg; D. D. Caspi; B. M. Stoltz. J. Am. Chem. Soc. 2005, 127, 5970
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Previous Approach’s Problem

The previous approaches:

o) L
A-ring. B-ring
construction R10 R4 construction
3 —_—— H —_——
"= Me e
Me T'V'e
Me
(+)-Euphorikanin A
Carreira (2021) 17%, 7 steps 4%, 8 steps
Jia (2022) 60%, 10 steps 18%, 14 steps

the assembly of the A ring and B ring in a sequential manner in common.

problems: low yield, step count

' 1) M. J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira.'
J. Am. Chem. Soc. 2023, in press.



Carreira’s New Approach

Carreira’s new approache:

Me

10-menbered ring A

aldol
wiMe h'e_mike'tal
benzilic acid type
rearrangement
OR —_—
(one pot)

-
-

"":TMe
Me

10-menbered ring B

Me

atropispecific cascade (+)-Euphorikanin A .

1) M. J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira.
J. Am. Chem. Soc. 2023, in press.



o Atropisomeric 10-membered Ring
TBS
\

10-menbered ring B syn

key question

RCM—bicyclo[7.4.1]?
atropisomerism: syn vs anti?
what effect atropselectivity? side chains?

O anti

(+)-Euphorikanin A

|1) M. J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira.
J. Am. Chem. Soc. 2023, in press.



Initial Synthesis of Key Intermediate

_ . _
Q 5. Me,CulLi H
Et,0, =78 °C; M ei\&
(R)-A, THF H ~-L-0 "
""'vMe o)
Me WL _Nle Me —
H

19% over 4 steps =
from (+)-3-carene Me

(R)-A
7. LiN(i-Pr),, THF, =78 °C; Se(o-NO,Ph)
(R)-B, 93%
6. TBSOTf Me,, 8. TBSOTf, 2,6-lutidine Me, Me
2,6-lutidine CH,Cl,, =78 °C ’
CH.ClI, . H 82%, 2 steps
» TBSO" OTBS

TBSO'"
o)

e Me

44%, 2 steps
Me

"'::TMe
Me

=i

(R)-B

1) M. J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira. 18

J. Am. Chem. Soc. 2023, in press.



Initial Synthesis of Key Intermediate

Se(0-NO,Ph)

9. aq. H,0,
Me, Me THF/pH 7 buffer 10. 2"d gen. Grubbs cat.
(10/1) toluene, 100 °C, 95%
' y
TBSO*' OTBS 98%
Me Grieco-Nishizawa
'---‘vMe olefination
Me

Me  11. RuClseH,0
NaBrO3;, NaHCOj3, o
OTBS » 1850
EtOAc/MeCN/H,0
6/6/1, 51% Me

TBSO'"'

Me 2
""'TMe
Me

single isomer syn syn

1) M. J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira.
J. Am. Chem. Soc. 2023, in press.



Cascade Reactions
O@ (0]

12. LiN(TMS), .
- TBSO

81% aidol reaction

Me

benzilic acid type
rearrangement

Syn

1) M. J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira.
J. Am. Chem. Soc. 2023, in press.



Undesired Atropisomerism

Me

TBSO'*' TBSO™'

OTBS

The repulsion between ketone and
10 menbered ring, and whole structural
change might prevent atropisomerization

Me Me

syn syn

20 °C to 100 °C in d®-toluene
X atropisomerization did not occur

TBSO'*'

Me

-
-

"”§~Me

anti Me

anti Me
(+)-Euphorikanin A

1) M. J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira.
J. Am. Chem. Soc. 2023, in press.



Undesired Atropisomerism

2"d gen.

syn anti

Carreira next attempted to change
side chain, the enantiomeric Metyl

1) M. J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira.
J. Am. Chem. Soc. 2023, in press.



Second Synthesis of Key Intermediate
5. M62CULi, Et20, -78 OC;
(S)-A, THF, 45%
6. TESOTT, 2,6-lutidine

0 CH,Cl,, -78 °C, 94%
7. LiN(i-Pr),, THF, =78 °C;
(S)-B, 94%
- »
_ 8. TESOTf, 2,6-lutidine
\—Me CH,CI,, -78 °C, 78%
Me 9. aq. H,0,, THF/pH 7 buffer
19% over 4 steps (10/1), 90% Me
from (+)-3-carene 0 0
N 0-NO-,Ph)Se
\/\l)J\H ( 2Ph) \/\l)l\H
Me Me
(S)-A (S)-B

Me 11. RuCl;°H,0

wiMe NaBrO;, NaHCO;

10. 2" gen. Grubbs cat.

EtOAc/MeCN/H,0
toluene, 100 °C TESO**' 6/6/1, 51%
> OTES >
55% Me 12. LIN(TMS),

A\

i 45% over 2 steps
\ Me
Me

| _ _______anti _ _ __anti_ Me
1) M. J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira.
J. Am. Chem. Soc. 2023, in press.




Desired atropisomerism

H OTES steric inpulsion

syn

2"d gen.
Grubbs cat.

anti anti syn

1) M. J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira.,, |
J. Am. Chem. Soc. 2023, in press.



Yield of Ring-Crosing-Metathesis

Ve, | we OTB
Me H
H 2"d gen. Grubbs cat. Me
TBSO" C OTBS ' OTBS
toluene, 100 °C, 95% e [ | Me
Me 0 RU"
""TMe Me
Me =y
Me
RUWOTE
2"d gen. Grubbs cat. 2\ Me
-
toluene, 100 °C, 55% Me \ﬁ
MeOTES
o)
anti

1) M. J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira.
J. Am. Chem. Soc. 2023, in press.



Cascade Reactions

OTES
RUC|3, NaBrO3
Me

MeOTES

ring-flip
Me Me
OTES
Me (0] Me
LiN(TMS),
enolization WI Me MI OTES
€ OTES e P:
(@) o O Me
My opinion paper’s opinion

.1)
J.

M.
A

J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira.
m. Chem. Soc. 2023, in press.



Cascade Reactions

Me
OTES
(K(O Me
i \ ’\\ |Me aldol reaction
© 5N 0 OTES -
> hemiketal
ores Me formation
©0 Me
=- < aldol reaction
e OTES (no contradiction) TESQO Me Me
o” O Me
paper’s opinion o) e
o) @) \TES

Ve / il

Me penzilic acid type
N rearrangement

anti

1) M. J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira.
J. Am. Chem. Soc. 2023, in press.



Fail to Complete of the Synthesis

13. n-BuyNF .
otes ——HO

THF, 99% H Dehydration H

Me * Burges’s regent .

* Martin’s sulfurane

\~Me Eme - SOCl,/py
Me € .Tf,0/K,CO;

(+)-Euphorikanin A

14. CS, DBU,DMF;
Mel, 91%

(o) Chugaev elimination
* mesitylene 160 °C
+Me - dichlorobenzene,
¥ 180 °C
emicrowave irradiation
OCS,Me

1) M. J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira.
J. Am. Chem. Soc. 2023, in press.



Complete of the Synthesis

0
Me 13. n-BuyNF Me Me
THF, 99% .
-
OTES 14. CS, DBU,DMF; "¢52¢0 7 Nocs;Me
Mel, 91% H H
Me '—,_
....TMe .lllvMe
Me Me

15. A (Bunsen buner)
0.36 mbar, 68% H
Chugaev elimination Me

Me
(+)-Euphorikanin A
15 steps, 0.8%

ETH:zurich

1) M. J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira.
J. Am. Chem. Soc. 2023, in press.
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Summary

The previous approaches

0 -
construction 1 :
3 R'O construction
—_— —_—

-
-
-

""'TMe
Me

Carreira’s new approach

O

atropispecific
cascade

10-menbered ring —
astroselective by

1) M. J. Classen; B. Kicin; V. A. P. Ruf; A. Hamminger; L. Ribadeau-Dumas; W. M. Amberg; E. M. Carreira.
J. Am. Chem. Soc. 2023, in press.




Appendix

(@) (@)
N iN: NS
\CI “NZ |
q
@ S
' i
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N

4-PPY
Q 0
Q

I I
HOOC OTBDPS O--C OTBDPS TsO—C OTBDPS

Et;N -4-PPY

1) 220430_PS_Hiromu_Kakizawa
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| 1) 220430 PS_Hiromu_Kakizawa



Appendix

o OTBDPS

Me

stereoselectivity
— 220430 _PS_Hiromu_Kakizawa

1) 220430 _PS_Hiromu_Kakizawa



