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Introduction

Solanidine type Verazine type

steroidal alkaloids skeleton . H " :
: e :
: Me - :
U : Me H N H :
5 HO H . HO
[] H []
. I H .
: H :

isosteroidal alkaloids skeleton : Solanidine : Verazine

Cyclopamine type Veratramine type Cevanine type

X =H, H, Cyclopamine R = OH, Veratramine :
X =0, Jervine : R = H, Verarine : Heilonine

Dirks, M. L.; Seale, J. T.; Collins, J. M.; McDougal, O. M. Molecules 2021, 26, 5934.
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Cyclopamine and Veratramine

Bioactivity
v" Inhibitor of hedgehog (Hh) pathway
v’ Teratogenic Activity

v" Anticancer Properties

Cyclopamine _ ] - L.
v" Inhibitor of Viral Transcription

Bioactivity
v Anti-hypertension
v' Serotonin (5-HT) Agonist Activity

v" Anticancer Properties

Veratrum Californicum

Veratramine v Antiplatelet

Keeler, R. F. J. Agric. Food. Chem. 1969, 17, 473.
Heretsch, P.; Tzagkaroulaki, L.; Giannis, A. Angew. Chem. Int. Ed. 2010, 49, 3418.
Cong, Y.; Zhang, J.-L.; Li, S.-S.; Shen, S.; Wang, J.-Y.; Cai, Z. Biomed. Chromatogr. 2016, 30, 1515.



Cyclopamine and Veratramine

Simplified Biosynthetic Pathway

.Me
[O] [N] [H] [O]
—_— —_—
—_— —_—
Cholesterol Verazine Epirubijervine
l [ATP]
Me [H]
[H'][0] -
- e
-
Veratramine Cyclopamine Hosukinidine

Kaneko, K.; Mitsuhashi, H.; Hirayama, K.; Ohmori, S. Phytochemistry 1970, 9, 2497.
Heretsch, P.; Tzagkaroulaki, L.; Giannis, A. Angew. Chem. Int. Ed. 2010, 49, 3418.



Total Synthesis of Cyclopamine — Giannis (2009)

Retrosynthetic Analysis

Cyclopamine (1-1) 1-2 1-3

biomimetic
rearrangement

HO

Androstenolone (1-6) 1-5

Giannis, A.; Heretsch, P.; Sarli, V.; Std2l, A. Angew. Chem. Int. Ed. 2009, 48, 7911.



Total Synthesis of Cyclopamine — Giannis (2009)

1.1-7, MgO
2.1-8, TsOH
e

90% (2 steps)

1-9
AN
| z
+/ |
N OBn S NH,
T OoTf ,\',|e N
1-7 1-8

6. 9-BBN; then NaBO;
7. PIDA, TEMPO

-
46% (2 steps)

Giannis, A.; Heretsch, P.; Sarli, V.; Std%l, A. Angew. Chem. Int. Ed. 2009, 48, 7911.

3. [Cu(MeCN),]PFg, O,;
then NH3’H20

48%
1-5
/\r Me
MgCl 4. TESIO-Tf, 93%
2,6-lutidine
1-11
5. CeClj, 1-11
-
95%




Total Synthesis of Cyclopamine — Giannis (2009)

biomimetic
rearrangement
8. HF, H,0
9. Tf,0, pyridine
:
56% (2 steps)

10. LDA, trisyl azide
>
52% 1-3a + 41% 1-3p

BnO Pr BnO
SO,N;
Pr Pr ﬁ I
11. DIBAL-H, 43% ’P\)]\ OPME
trisyl azide 12.1415,Ba(OH), | (2 steps) Meo -
115
Staudinger Peterson o)
reduction /QPMB olefination OPMB
14. PPhs, H,0; 13. TMS” MgCl :
then BsCl, Et;N Ns then HF N3
-« -€
84% 95%
BnO BnO
117 1-16

Giannis, A.; Heretsch, P.; Sarli, V.; Std2l, A. Angew. Chem. Int. Ed. 2009, 48, 7911. 6



Total Synthesis of Cyclopamine — Giannis (2009)

15. DDQ,
PH 7 buffer

81%

19. Raney Ni, EtOH
20. sodium naphthalene

-«
79% (2 steps)

Cyclopamine (1-1) 1-21

Giannis, A.; Heretsch, P.; Sarli, V.; Std2l, A. Angew. Chem. Int. Ed. 2009, 48, 7911.

Mitsunobu
reaction =

16. PBujs, ADDP
17. Rh(PPh3);3Cl,
H, (1 atm)

>
66% (2 steps)

20 Alder-ene
Bs N 2 S . .
ADDP 18. NZ ; reaction
Me

then Raney Ni,
H, (5 atm)

-
57%




Total Synthesis of Cyclopamine — Baran (2023)

Retrosynthetic Analysis

RCM
~
’ H Tsuji-Trost
reaction 1,2-addition
Me |
— — +
H
BnO
HO
Cyclopamine (2-1) 2-2 Fragment A (2-3) Fragment B (2-4)
Me
o K
annulation M 'z,.
TBSO
Me%
—— ‘ @ Jk((j —_—> ° & o) :} \E) 2-8
BnO—NHBs
BnO
2-5 Fragment A (2-3) Fragment B (2-4) 2-6 2-7 2-9

Sofiadis, M.; Xu, D.; Rodriguez, A. J.; Nissl, B.; Clementson, S.; Petersen, N. N.; Baran, P. S. J. Am. Chem. Soc. 2023, 145, 21760. 8



Total Synthesis of Cyclopamine — Baran (2023)

Synthesis of Fragment A
o 1. ethylene glyol, /_\ 3. KHMDS, BnBr; o 4. LDA, 2-12; O
Me TsOH O_ _O then TsOH+H,0 Me then HCI e P OMe 5 Cszco3 Me
_—— —_— —
2. KO'Bu, AcOH; 46% (3 steps) 42% (2 steps) H
o then NaBH, HO BnO BnO Bno
2-5 2-10 2-11
OEt PPh, CH, 0
5 )\ P | = 8i-0 M J\ M 6. LIHMDS, DMI
OMe PPh, H n \ / o
'Bu0,c” “Br
2-12 dppbz PMHS DMI
Y
9. DIBAL-H 8. MePPhsBr, 0 7. Cu(OAc),, dppbz, o
Ve ‘ | 10. 1,, PPh; Ve ‘ CO,Bu KO'Bu Ve . COo,Bu  PMHS, ‘BuOH Me Co,Bu
- B ————— B ————
BnO BnO BnO BnO
Fragment A (2-3) 2-17 2-16 2-15

Sofiadis, M.; Xu, D.; Rodriguez, A. J.; Nissl, B.; Clementson, S.; Petersen, N. N.; Baran, P. S. J. Am. Chem. Soc. 2023, 145, 21760. 9



Total Synthesis of Cyclopamine — Baran (2023)

Synthesis of Fragment B

1'. Pd,(dba)s, L1, 2’ BsNHOBn -
K,CO,, NH,OAc, DBU, THF; 6-endo-trig | via
TBSO o methallyl acetate o then Zn, NH,Cl O o >—Me 3" 'BuOK, I,
D - o Me - o —_—
75%, 97% ee = 50% o
NHBs
2-7 /_\ 2-18 2-19 B
N/ .
it ) Me
NH HN e ‘\ O/\n/
PPh, Ph,P
methallyl acetate
L1
6" J\
Me Li 5'. LIHMDS,
Me Me
o then TESCI o HMPA, Mel
- -
65% 95%

Fragment B (2-4)

Sofiadis, M.; Xu, D.; Rodriguez, A. J.; Nissl, B.; Clementson, S.; Petersen, N. N.; Baran, P. S. J. Am. Chem. Soc. 2023, 145, 21760.

H Me
H !
7_Me o S
o - > O
\ iON
H Bs 51% H |
Bs
2-20 = 2-21
71% 2-6
4'. AIBN, BuzSnH °+
ja 2-20
via 21% 2-19

10



Total Synthesis of Cyclopamine — Baran (2023)
Synthesis of Cyclopamine

/TES
11. tBuLi,
“\Me

12. KHMDS, Me
Boc,0
LaClz-2LiCl 13. HF+Py
‘@ H 71% 4% (2 steps)
BnO
BnO BnO
Fragment A (2-3) Fragment B (2-4)
Tsuji-Trost
reaction
Me 14. Pd(OAc),, 73%
Li PPhs
Me
LiDBB 5
Ring Closing
Metathesis //Me H
16. LiDBB 15. [Ru] cat., %
B ———— B ——
78% 5%
BnO
Cyclopamine (2-1)

2-24
Sofiadis, M.; Xu, D.; Rodriguez, A. J.; Nissl, B.; Clementson, S.; Petersen, N. N.; Baran, P. S. J. Am. Chem. Soc. 2023, 145, 21760

11



Total Synthesis of Cyclopamine and Veratramine — & (2023)

Retrosynthetic Analysis

Me Me,
s (K2
$

epoxidation
Birch reduction

photo-induced
~y Nazarov cyclization HO

Me — oo

Me
HO HO
Cycl i 31 3-2 Verat i 3-3 3-4
yclopamine (3-1) eratramine (3-3) fragments
coupling
Mannlch
3-8 3-7 Fragment A (3-5) Fragment B (3-6) 3-9

Shao, H.; Liu, W.; Liu, M.; He, H.; Zhou, Q.-L.; Zhu, S.-F.; Gao, S. J. Am. Chem. Soc. 2023, 145, 25086. 12



Total Synthesis of Cyclopamine and Veratramine — & (2023)

Synthesis of Fragment A Mannich

2 TMSCHN reaction

2!
1. [Ir] cat., then DIBAL-H 4. AgOAc, L2,
Hz (6 atm), Cs,CO; 3. DMP 3-11, 3-12, 'PrOH
H
99% 95% (2 steps) 74%
3-8 3-10 3-7

B(CeFs)s Bu H Mesj@/OMe
I N
R
N’/l\TT/ | H,N 3-11 PPh,
o £
PPh, OMe

PPh,

L2 © —
Ar = 3,5-('Bu),CgHs | 3-12 ppbz

6. CAN; then HCI 5. LiHMDS,

MeS OMe
HO,, Me :@/
- < 7. NaOH DMI, Mel
: - S -
Br 2N o o
H I 50% (2 steps) anMe 66%

Me Me H

3-16
Shao, H.; Liu, W.; Liu, M.; He, H.; Zhou, Q.-L.; Zhu, S.-F.; Gao, S. J. Am. Chem. Soc. 2023, 145, 25086.

5. Cu(OAc),, dppbz,
PhSiH;, ‘BuOH

95%

13



Total Synthesis of Cyclopamine and Veratramine — & (2023)

Synthesis of Fragment A and Fragment B

7. BH3‘SM92, EtOH;

BnO
HO,,, wMe then Na,CO,, Boc,0 HO,,, wMe 8. NaH, TBAI, BnBr wMe
. > ; > !
Br Iél fil o Br Iél lil Br = N
o 0, H
Me Me H 73% Me Me Boc 84% !

Me Me Boc

3-16 3-17 Fragment A (3-5)
O‘ o) 1'. AcCl, Ac,0 O‘ o) 2'. NaBH, 0‘ o 3 NaH, TBAI, BnBr o bo)
> > >
P 50% (2 steps)
(o) AcO HO BnO
3-9 3-18 3-19 3-20
o,
4'. HCI, MeOH 88%
(2 steps)
CHO 7. DIBAL-H; CN N CN 0
Me then HCI Me 6'. SOClI,, pyridine Me | _OH 5" TMSCN Me
-€ -€ -
83% 62% (2 steps)
BnO BnO BnO BnO

Fragment B (3-6) 3-23 3-22 3-21

Shao, H.; Liu, W.; Liu, M.; He, H.; Zhou, Q.-L.; Zhu, S.-F.; Gao, S. J. Am. Chem. Soc. 2023, 145, 25086.

14



Total Synthesis of Cyclopamine and Veratramine — & (2023)

Synthesis of Veratramine Me
: photo-induced
BnO 9. 'BuLi N Nazarov reaction
CHO nv.. Me Boc
Me . . 10. DMP H 11. hv (366 nm)
+ ] >
Br r 'il 52% (2 steps) 67%
BnO Me Me Boc - ia —.
Me R
Fragment A (3-5) Fragment B (3-6) 3-4 o
Me
BnO H
H

13. Na, NH3, ‘BuOH;

then HCI 12. AICl3, LiAlH,

67%

BnO ‘ i BnO

Veratramine (3-3)

Shao, H.; Liu, W.; Liu, M.; He, H.; Zhou, Q.-L.; Zhu, S.-F.; Gao, S. J. Am. Chem. Soc. 2023, 145, 25086.




Total Synthesis of Cyclopamine and Veratramine — & (2023)

Synthesis of Cyclopamine

Me
N

16. Fmoc-OSu, Na,CO;
17. m-CPBA

14. Li, NH3, 'BuOH
15. PtO,, H, (1 atm)

-

-

45% (2 steps) 53% (2 steps)

HO HO
O 0 3-2
. OJJ\O
O o N o 18 HCl | 90%
Me Me v Me
: : Fmoc-OSu :

19. TMSOTf

72% 53%

Cyclopamine (3-1)

Shao, H.; Liu, W.; Liu, M.; He, H.; Zhou, Q.-L.; Zhu, S.-F.; Gao, S. J. Am. Chem. Soc. 2023, 145, 25086. 16



Total Synthesis of Cyclopamine and Veratramine — Z 5 (2024)

Retrosynthetic Analysis

Me

“>[/\“-“'
Me 0 ’r"o N\H

Cyclopamine (4-1)

Veratramine (4-2)

Hou, W.; Lin, H.; Wu, Y.; Li, C.; Chen, J.; Liu, X.-Y.; Qin, Y. Nat. Commun. 2024, 15, 5332. 17

reductive
coupling

oxidative
aromatization
HO
Androstenolone (4-7)
reductive
coupling

4-4



Total Synthesis of Cyclopamine and Veratramine — Z 5 (2024)

Synthesis of Key Intermediate

Me 2  1.Ac,0, Et;N, DMAP N 3. Cu(NOs),, Hy0y;
2.4-8, TsOH-H,0 / N then Na,EDTA
. — >
90% (2 steps) 80%
AcO AcO
4-9 4-10
] ¢ Q \ .
~ NH, . - 5. Ni(acac),,
N N N neocuproine, 91%
Me Me Zn(CN),, Mn, H,0
4-8 neocuproine 6" Tf20, 2-C|-Py, then MsOH

\~OH  1,2-H shift MsOH
-

—-€
68% + 13% 4-13

o _ 71% v
via
4 NC NC
K ~~ . W OH %

AcO

Hou, W.; Lin, H.; Wu, Y.; Li, C.; Chen, J.; Liu, X.-Y.; Qin, Y. Nat. Commun. 2024, 15, 5332. 18



Total Synthesis of Cyclopamine and Veratramine — Z 5 (2024)

Synthesis of Cyclopamine

JBu
cn 8 O=%
7. Rh(PPh3)sCl, CI/||)\NMe Me 9. DIBAL-H; then HCI / N
H, (30 atm) Me 2 10. 4-16, KHSO,
Me M
e
> >
82% 67% (2 steps)
AcO
4-14 ﬁ HO
S. CO,Me
7’ 1t
N B 11. 4-18, 4\)\
4-16 Sml,, ‘BuOH | © Me
4-18
Me
Me Me % __.CO,Me
' 0 N
12. HCI, HOW . reductive
13. LiAlH, H then KOH coupling
Me
- H - -
72% 70%
M

Cyclopamine (4-1) 4-21 4-20

Hou, W.; Lin, H.; Wu, Y.; Li, C.; Chen, J.; Liu, X.-Y.; Qin, Y. Nat. Commun. 2024, 15, 5332. 19



Total Synthesis of Cyclopamine and Veratramine — Z 5 (2024)

Synthesis of Veratramine

7'. Rh(PPhs),Cl, NC NC =8
H, (30 atm); Me Me 9'. DIBAL-H; then HCI /)

then SOCI,, Et;N 8. CAN 10'. 4-16, Ti(OEt), Me
81% 80% 74% (2 steps)
H H
AcO AcO

AcO
4-13 4-22 4-23 ﬁ HO
S. CO,Me
H,N” “Bu ?
11'. 4-18, PN
4-16 Sml,, ‘BuOH | © We
4-18
Me
Me % __.CO,Me
o
o H\ s//
12, HCI, HOW™ , reductive
13". LiAlH, then K,CO3 M coupling
e
D Me —-— -
84% 75%
M

Veratramine (4-2) 4-27 4-26

Hou, W.; Lin, H.; Wu, Y.; Li, C.; Chen, J.; Liu, X.-Y.; Qin, Y. Nat. Commun. 2024, 15, 5332. 20



Total Synthesis of Veratramine — Trauner (2025)

Retrosynthetic Analysis

Me
oxidative [4+2]
aromatization cycloaddition
AN AN
) )
7 7
Veratramine (5-1) 5-2 HWE
reaction

Me
H
+* E N /
O“\Me epoxidation “;"e HOY O “R =z
A vwWw
N N
|
H

5-7

Fragment A (5-4) Fragment B (5-5)

Zott, M. D.; Zuschlag, D. W.; Trauner, D. H. J. Am. Chem. Soc. 2025, 147, 3010. 21



Total Synthesis of Veratramine — Trauner (2025)

Synthesis of Fragment A
Me
' 1'. 5-9, NEt;
O -
'il 97% 2
S
5-7
Br
\\S//
| Xy ol
Z
5-9

‘\Me B via
/j‘ 2. Pd(OAc),, )
KOPi \
Y v L~ pd”
|
/ﬁ\_o 60% ~
0 I
NS
5-10 -
@/ & N
CI,,
CI' \
(o)
M~
MeO\N
\ Me
Me
[Ru] cat
6". [Ru] cat.,
5-16
-
81%

Fragment A (5-4)

/j.“M(e /j.‘
\N \N
$=0 > $=0
o\ Z W
o) I| o
NS
5-11 - 5-12
T
EtO—P N
EtO
5-16
5'. NaH, BnBr
18-C-6

5-15

Zott, M. D.; Zuschlag, D. W.; Trauner, D. H. J. Am. Chem. Soc. 2025, 147, 3010.

89%

Br Me
3" NBS, H,0 \(j
>
HO' ril
Bs
5-13
4’ KH;l
Me
o,
N
Bs 56
then 620/0
2 steps)
A (
XA wgel | dr=1:1

22



Total Synthesis of Veratramine — Trauner (2025)

Synthesis of Fragment B

via

(o)
1. CPTS, 3. PACH,NH,,
o ethylene glycol; TsOH, MVK
Me 2. CPTS, reflux 4. NaH Me 5. Li, NH3, EtOH
> 0 o H
57% 71%, 2 steps 82%
o o
5-8 e 5-17 \)]\ 5-18
Me
|
+ 2 G ‘Bu
Me N Me _O3S Ph/ \\N
| Ph
H H
; 5-20
CPTS Ph
E N\
A Ph NH,
Eschenmoser /AN\ 5-23
S fragmentation Ph N o
7 7. H,0,, NaOH
Me | H 9.150 °C 8.5-23 Me
- S

CHO _
64%

Fragment B (5-5)

C

5-24

82%

Zott, M. D.; Zuschlag, D. W.; Trauner, D. H. J. Am. Chem. Soc. 2025, 147, 3010.

CH

57%

(o]

5-22

LI
C
5-19
6. LiTMP,
5-20
(o] Ph




Total Synthesis of Veratramine — Trauner (2025)

Synthesis of Veratramine

Me via l\ne
. [4+2]
BnO loadditi
Bno,, Me 10. "BuLi, HMPA; N cyeloadarion
Eto ) then LDA, Mel Bs  11. [Rh(cod)Cl],;
! \ yZ A + > >
EtO—rl : ril 99% Me
(o) Me Bs
o)
Fragment A (5-4) Fragment B (5-5) </
o)
5-3
CO,Et
Etozc/\/ 2 then 5-26, 599
0
5.26 AgSbFg, H,0

Veratramine (5-1)

Zott, M. D.; Zuschlag, D. W.; Trauner, D. H. J. Am. Chem.

13. Na, NH;,, 12. Ac,0, TfOH;
‘BuOH then Ca(BH,),
€ €
74% 66%
HO o/‘/i/

Soc. 2025, 147, 3010. 24
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Hellonine

Structure features

v Hexacyclic Ring System
v C-nor D-homo Steroidal

v" Nine Stereocenters

v Trans-hydrindane Moiety

Heilonine

Bioactivity
v" Sedative
v" Antitussive

v’ Expectorant

v Antihypertensive

Fritillaria Ussuriensis

Kitamura, Y.; Nishizawa, M.: Kaneko, K.: Shiro, M.; Chen, Y.-P.; Hsu, H.-Y. Tetrahedron 1989, 45, 7281.
Wu, X.; Chan, S.; Ma, J.; Li, P.; Shaw, P.; Lin, G. J. Ethnopharmacol. 2018, 210, 39. 25



Total Synthesis of Heilonine — Rawal (2021)

Retrosynthetic Analysis

redox [2+2+2]
adjustment cycloaddition
AN AN
) )
/7 7
Heilonine (6-1)
MeO,C =~ X OHC CO,Me
N cho Diels-Alder Robinson o  Evansaldol — NN

6-7 reaction CO,Me annulation = He ) reaction 6-9
(/ Me '7{'\ WwCHO (/ + R \3‘15 \)
Me ) L/‘w ) ;‘5 v “\‘// \\/ : ’ )cj\ I
TBSO ’ E J\/Me
jl\/ /I/i: e L/
TBSO Z 6-6 o & \—(

Fragment A (6-4) Fragment B (6-5) Bn
6-10

Cassaidy, K. J.; Rawal, V. H. J. Am. Chem. Soc. 2021, 143, 16394. 26



Total Synthesis of Heilonine — Rawal (2021)

Synthesis of Fragment A
Me 1. Hayashi ligand, CO,Me
M CF;CO,H Me +CHO
0L A eno  * L 3CO; .
TBSO -
67%, 90% ee TBSO
6-7 6-8 6-6
ok O A
iy [ Ar PCoMe
N % Me)l\' \
oM
H OTES ///\O © N]: )
Ar = 3,5'(CF3)2C6H3 6-17 6-11

Hayashi ligand
Br 11.6-17, "BulLi

12. Bi(OTH);, OTs

// neophtyl glycol
M
13. CBry, PPh, °l Z
Me .
¢\\‘\// - o
0 58% (3 steps
o (3 steps) MeJ/\/o
(o)

Me Me
Me 6-16

Fragment A (6-4)

Cassaidy, K. J.; Rawal, V. H. J. Am. Chem. Soc. 2021, 143, 16394.

Seyferth—-Gilbert

homologation OH
9 CO,Me _ 3. DIBAL-H; _
2. 6-11, KOEt Me FZ then TBAF  Me Z
> >
84% TBSO 97% fo)
6-12 6-13
Me Me 0
HO\)Q/OH \)]\Me 4. TBSCI, DMAP, 00°,
imidazole 2 steo )
neophtyl glycol MVK 5. TMSI, HMDS P
\
8. neophtyl glycol
9. TBAF OTBS 6. MVK, BF3°Et,0 OTBS
10. TsCl, Et;N Me — 7. NaOMe —
- “‘\\/ - Me “‘\\/
79% (3 steps) 36% (2 steps)
(0] TMSO
6-15 6-14

27



Total Synthesis of Heilonine — Rawal (2021)

Synthesis of Fragment B

Evans aldol
reaction

1'. Bu,BOTf, o o

o o)
)J\ JK/MG
o N +

OHC _~__CO;Me

PIPEA )]\ JI\;\/\/
COzMe
» O N Y

Mitsunobu
reaction

2'. PPh3, DIAD

o o N,

Me

DPPA _ O)LNJI\:/k/\/cone
\_(

\_( 95% \—( Me 85%
Bn 6-9 Bn 6-18 Bn 619
6-10 ﬁ
o o Ph ~o” IP\o’ Ph
)l\n/IF! e
\~OMe '
We OMe DPPA 3-BnOH, 1 /g9,
N, "BulLi
6-11
Y
Seyferth—Gilbert Staudinger
o homologation o 5", LiBH, reduction
7' 6-11, KOEt 6'. DMP 4'. PPhg, H,0 0O N;
i )l\/'\/\/
CO,Me
AN — = — Bn0” i
H 90% 84% (2 steps) BnO 89% =
2 H Me
Me
6-20

Fragment B (6-5)

Cassaidy, K. J.; Rawal, V. H. J. Am. Chem. Soc. 2021, 143, 16394.

28



Total Synthesis of Heilonine — Rawal (2021)

Synthesis of Heilonine

Br

Me // + HN

Fragment A (6-4) Fragment B (6-5)

20. HBr;
then LiAlH,

72%

Heilonine (6-1)

[2+2+2]
cycloaddition
14. NaH 15. Rh(PPh3);ClI
: .
93% 89%

16. LiTMP, Mel 62%
17. TsOH+H,0 (2 steps)

19. m-CPBA,

PH 8 buffer 18. TMSCI, Ac,0

-€

78% 99%

6-25

Cassaidy, K. J.; Rawal, V. H. J. Am. Chem. Soc. 2021, 143, 16394. 29



Total Synthesis of Heilonine — 1{BALE (2024)

Retrosynthetic Analysis

redox
adjustment

Heilonine (7-1) 7-2

d '
carbonylative I

@ Q couplmg "j}s‘

o

7-9 7-7 7-6

Jin, Y.: Hok, S.; Bacsa, J.; Dai, M. J. Am. Chem. Soc. 2024, 146, 1825.

Nazarov
cyclization
\ RO

)

T

4

carbonylative
coupling

Fragment A (7-4) Fragment B (7-5) 7-10
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Total Synthesis of Heilonine — 1{BALE (2024)

Synthesis of Fragment A

Negishi
cross coupling

1'. SBuLi, TMEDA, [ O'Bu | then 7-8, CPhos, Boc Ve
BOC\O“\MG ZnCly; 0=< H CPhos Pd G3 SN 2. TFA
' \ N '
’Zn Me
(o jﬁ\ 52% (2 steps)
L H _
7-9 713
Cy Cy 1 PFg
I\ P Pd REAN /ﬁ
3'. Crabtree's cat.,
| MezN J ;’Ia 1re¢: S ca 78%
O NMez 2 (1 atm)
- - - carbonylative Y
7-8 Cphos Pd G3 Crabtree's cat. coup};ing;v
5'. [RhCp*Cl,],, 4'. Pd(OAc),, CO,
Me 6'. BH3*THF .Me AgSbFg, NIS, PivOH Me  Cu(OAc),, air Me
ot ot 6 ot 2 HN ‘\\
-€ -€ -
95% 85% 82% 7 i
Me
7-14 7-7

7-6

Fragment A (7-4)

Jin, Y.: Hok, S.; Bacsa, J.; Dai, M. J. Am. Chem. Soc. 2024, 146, 1825.



Total Synthesis of Heilonine — 1{BALE (2024)

Attempted Conditions for Nazarov Cyclization

o 1", LIHMDS, HMPA,

Me Comins' reagent Me
>
0,
o 40% o =

7-9 cl | X
s

N NTf,

Comins' reagent

M M SnMe;
AN N e °
| +
Z
I H o
Me
Fragment A (7-4) 7-16

Jin, Y.: Hok, S.; Bacsa, J.; Dai, M. J. Am. Chem. Soc. 2024, 146, 1825.

7-15

OTf

2", Pd(PPhj),,
LiCl, (SnM93)2

carbonylative

coupling

3". Pd(PPh3),,
LiCl, CuCl, CO

91%

>

83%

7-17
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Total Synthesis of Heilonine — 1{BALE (2024)

Attempted Conditions for Nazarov Cyclization

p - Pr,NH -

“ 37% ~

(80% brsm)

7-18 7-19 7-20
43%, undesired 41%, undesired 11%, desired

via Me
2,

radical
4". hv (254 nm) coupling
—— —_—

7-22
25%, undesired

Jin, Y.; Hok, S.; Bacsa, J.; Dai, M. J. Am. Chem. Soc. 2024, 146, 1825. 33



Total Synthesis of Heilonine — 1{BALE (2024)

Synthesis of Fragment B

2. Naj-Eosin Y, /_\
o 1. ethylene glycol, /_\ hv (456 nm), O,; o o
Me TsOH<H,0 o o then thiourea 3. KOH
91% 45% o 56%
o o
OH
7-10 7-23 7-24
Cl Br
| N
Z 4. LIAI(O'Bu);H;
N™ NT © then HCI
Comins' reagent Na,-Eosin Y
7. Pd(PPh;3),, 6. NaHMDS, 5. TBSOT,
LiCl, (SnMej3), Comins' reagent 2,6-lutidine
- -« -
97% 75% 90% (2 steps) HO
OTBS OTBS OTBS
Fragment B (7-5) 7-28 7-27 7-26

Jin, Y.: Hok, S.; Bacsa, J.; Dai, M. J. Am. Chem. Soc. 2024, 146, 1825. 34



Total Synthesis of Heilonine — 1{BALE (2024)

Synthesis of Heilonine

carbonylative Nazarov
coupling cyclization

8. Pd(PPhs),, 9. hv (370 nm), AcOH;

LiCl, CuCl, CO then KOH
+ >
91% 43% 7-20. + 26% 7-2
Fragment A (7-4) Fragment B (7-5) Y
Barton—-McCombie 'ProNH
Me Me deoxygenation Me Me e “\\ Me
< - < < 59% <
11. NaHMDS, (88% brsm)
CSZ, Mel
iH 'H 12. Et;B, air, \
supMe 13. TsOH suple Bu;SnH
- - HO,
86% 75% (2 steps) ]
HO TBSO TBSO
OH OoTBS
Heilonine (7-1) 7-30

Jin, Y.: Hok, S.; Bacsa, J.; Dai, M. J. Am. Chem. Soc. 2024, 146, 1825. 35
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Summary

-
Gao (2023) & Dai (2024) Trauner (2025)
Me R
RO Nazarov [4+2]
e 0 R cyclization R cycloaddition "H
L W) TS
s S0
RO X
""""""""""""""""""""""""""""""""""""""""""""""" biomimetic
Rawal (2021) ! rearrangement Baran (2023)
; M
H 0]
< Me
o wMe i) (H
loadditi
P cycloaddition Me Ring Closing Me R!
7 —_— Metathesis R?
Me \// —_—
X X BnO
-
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