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Hetisine-Type Diterpenoid Alkaloids

Total syntheses:

hetisine skeleton

.. R4, R, = O: spirasine IV
nominine R4 = OH, R, = H: spirasine Xl

Muratake and Natsume group (2004)

Gin and Peese group (2006) Zhang group (2018)
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Features

.................. . - cage-like heptacyclic skeleton

- tertiary amine embedded within both the E and F rings
* N-C6 bond

1)
2)
3)

Muratake, H.; Natsume, M. Angew. Chem., Int. Ed. 2004, 43, 4646-4649
Peese, K. M.; Gin, D. Y. J. Am. Chem. Soc. 2006, 128, 8734-8735.
Zhang, Q.; Zhang, Z.; Huang, Z.; Zhang, C.; Xi, S.; Zhang, M.; Angew. Chem., Int. Ed. 2018, 57, 937-941. S



cossonidine and (+)-Davisinol

cossonidine (+)-Davisinol
Isolation: Delphinium cossonianum (1996) ) Delphinium davisii (1996) 2
Structual features: hetisine skeleton hetisine skeleton
C-1 and C-11 hydroxy group C-15 and C-18 hydroxy group

Total synthesis:  Sarpong (2018 (23 steps, racemic)) 3 Ding (2021 (17 steps, enantioselective)) 4

1)
2)

3)

4)

Reina, M.; Gavin, J. A.; Madinaveitia, A.; Acosta, R. D.; de la Fuente, G. J. Nat. Prod. 1996, 59, 145-147.

Ulubelen, A.; Desai, H. K.; Srivastava, S. K.; Hart, B. P.; Park, J.-C.; Joshi, B. S.; Pelletier, S. W.; Mericli, A. H.; Mericli, F.; llarslan, R. J. Nat. Prod.
1996, 59, 360-366.

Kou, K. G. M.; Pflueger, J. J.; Kiho, T.; Morrill, L. C.; Fisher, E. L.; Clagg, K.; Lebold, T. P.; Kisunzu, J. K.; Sarpong, R. J. Am. Chem. Soc. 2018,
140, 8105-8109.

Yu, K,; Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581.
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Retrosynthetic Analysis
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1) Kou, K. G. M.; Pflueger, J. J.; Kiho, T.; Morrill, L. C.; Fisher, E. L.; Clagg, K.; Lebold, T. P.; Kisunzu, J. K.; Sarpong, R. J. Am. Chem. S%c. 2018,
140, 8105-8109.



Construction of A-ring

CO,Me
OMe MeO O  1.Pd/C, H,
= O toluene EtOAc
MeO,C 110 °C 70% (2 steps)
S ] — > >
_ 2. LiAlH,4, Et,0
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TBSO 4 AMS, CH,CI
> electrophilic » _ TBSO 2%~12
endo
(o)
[Rh(PPh;)3]CI, PPhs NCJLOM
TMSCHNj, i-PrOH, THF THE. 0 °C
o . o
71% (3 steps) 88%
dr.at*=1.1:1

1)  Kou, K. G. M.; Pflueger, J. J.; Kiho, T.; Morrill, L. C.; Fisher, E. L.; Clagg, K.; Lebold, T. P.; Kisunzu, J. K.; Sarpong, R. J. Am. Chem. S%c. 2018,

140, 8105-8109.
2)  Lebel, H.; Paquet, V. J. Am. Chem. Soc. 2004, 126, 320-328.



Regioselective Benzyne acyl-alkylation

TMS OMe

TfO

Br

9 steps from
commercially available

compound
CsF, CH;CN
70°C
(41%)
- =
- \ -
Bs0” 0 Allyl BS0” (¢

1) Kou, K. G. M.; Pflueger, J. J.; Kiho, T.; Morrill, L. C.; Fisher, E. L.; Clagg, K.; Lebold, T. P.; Kisunzu, J. K.; Sarpong, R. J. Am. Chem. Soc. 2018,
140, 8105-8109.
2)  Medina, J. M.; Mackey, J. L.; Garg, N. K.; Houk, K. N. J. Am. Chem. Soc. 2014, 136, 15798-15805.



Installation of N atom

O

a0e

(1) n-BuyNF, THF

OMe I(Duﬂ OMe (95%)
hv, (CH,CI), (2) TEMPO, PhI(OAc),
: (74%) NH,OAc
; CH;CN/H,0
TBSO (0 (96%)
R =Allyl™] pd(PPh;),, PhSiH;
_ CH,ClI,
R=H - (98%)
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|
LiN(TMS) o
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Mel
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convex face

1)  Kou, K. G. M.; Pflueger, J. J.; Kiho, T.; Morrill, L. C.; Fisher, E. L.; Clagg, K.; Lebold, T. P.; Kisunzu, J. K.; Sarpong, R. J. Am. Chem. Soc. 2018,
140, 8105-81009.
2) Kulbitski, K.; Nisnevich, G.; Gandelman, M. Adv. Synth. Catal. 2011, 353, 1438-1442.



Formation of Cyclic Amine

Me
\
o)
- OMe LiAlIH,
OMe — — X - OMe
|N| (0) complex mixture
Br
COzB
BH; t-BuNH,,
MeOH, 70 °C
Me
\
O LiAlH,, THF,
- OMe 70 °C OMe
NH,
Br

1) Kou, K. G. M.; Pflueger, J. J.; Kiho, T.; Morrill, L. C.; Fisher, E. L.; Clagg, K.; Lebold, T. P.; Kisunzu, J. K.; Sarpong, R. J. Am. Chem. Soc. 2018,

140, 8105-8109.
2) Heinzman, S. W.; Genem, B. J. Am. Chem. Soc. 1982, 104, 6801-6802.

3) Osby, J. O.; Heinzman, S. W.; Genem, B. J. Am. Chem. Soc. 1986, 108, 67-72.




Construction of E, F-rings

Me
n-BulLi, i-ProNH, \
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OMe THF, - 78 C,> OMe
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OMe<
71% (3 steps)
Me Me
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1) Kou, K. G. M.; Pflueger, J. J.; Kiho, T.; Morrill, L. C.; Fisher, E. L.; Clagg, K.; Lebold, T. P.; Kisunzu, J. K.; Sarpong, R. J. Am. Chem. Soc. 2018,

140, 8105-8109.
2)  Newcomb, M.; Burchill, M. T.; Deeb, T. M. J. Am. Chem. Soc. 1988, 110, 6528-6535.



Intramolecular Diels-Alder reaction

o
MeOH, 110 °C
MW
tautomerization

54% (2 steps)
o

1) Kou, K. G. M.; Pflueger, J. J.; Kiho, T.; Morrill, L. C.; Fisher, E. L.; Clagg, K.; Lebold, T. P.; Kisunzu, J. K.; Sarpong, R. J. Am. Chem. Soc. 2018,
140, 8105-8109.



Installation of C1-hydroxy group

HBr/AcOH, 120 °C

0 MW
AcOH
@
0 K2C03, MeOH
- 60% (2 steps)
N™:
G'>H H
H
OAc
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N™:
G'>H H
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1) Kou, K. G. M.; Pflueger, J. J.; Kiho, T.; Morrill, L. C.; Fisher, E. L.; Clagg, K.; Lebold, T. P.; Kisunzu, J. K.; Sarpong, R. J. Am. Chem. Sqc. 2018,
140, 8105-8109.



Total Synthesis of cossonidine

Ph3P=CH2

THF, 70 °C
(85%)

LiAIH,

THF, 0 °C
(81%)
H d.r. at * = 6.6:1

H

cossonidine (39%) (19%)

CH;

[Cu(CH3CN),JOTf

MeOppy, ABNO, NMI

y
CH3CN, air, 50 °C
(81%)

Se02

1,4-dioxane, 45 °C

ABNO
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\
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1)
140, 8105-8109.

2) Steves, J. E,; Stahl, S. S. J. Am. Chem. Soc. 2013, 135, 15742-15745.

Kou, K. G. M.; Pflueger, J. J.; Kiho, T.; Morrill, L. C.; Fisher, E. L.; Clagg, K.; Lebold, T. P.; Kisunzu, J. K.; Sarpong, R. J. Am. Chem. Soc. 2018,
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Previous Observation

1% (+)-Davisinol

1)  Yu, K, Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581. 18



Retrosynthesis Analysis

BnO H OH

transannular
reductive
radical cyclization

E/F ring formation ol
H H

(+)-davisinol

oxidative
0>/O dearomatization-induced
", Diels-Alder reaction
(0]
OMe
—> oTBS
te,, +

o=

Aldol reaction o) o)

1)  Yu, K, Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581. 19



Aldol reaction

(1) LDA, THF;
o) i-Bu,AlH
0 °C, 70%

y ":,
(2) Me,C(OMe),,PPTS, |

acetone o
76% %’I

Et0,c” 'CO,Et

6-membered ring transition state

LDA, LiBr
THF, - 78 °C;

OMe
OTBS

o=

)1 :
TBSO

OMe

1)

Yu, K;; Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581.



Enantioselective Acylation

OTBS

(1) Ac,0, i-Pr,NEt,
, toluene, -60 °C
o

43% + 48% SM
91:9 er

1)  Yu, K, Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581.



Proposed Mechanism of Chiral Recognition

*11Ph

>
cation-mr o) cation-1r
interaction interactio

MeO MeO
L.
F3C S.. Me F3C I yMe
N
ﬂ% >"'Ph \gN}N >i1niPh

from 6R from 6S
desired undesired
1)  Yu, K, Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581. 22

2) Birman, V. B.; Li, X. Org. Lett. 2008, 70, 1115-1118.



Intramolecular Diels-Alder reaction

Pd(PPhs),, LiCl

LiBH(S-BU):; , Sn( )4
PhNTT; DMF, 55 °C;
OTBS THF,-78°C OTBS n-Bu,NF
>
75% 80%

Phl(OAc),
MeOH
55°C

1)  Yu, K, Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581.



Diastereoselectivity of Diels-Alder reaction(l)

R = OMe R = OMe

1)  Yu, K, Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581.



Diastereoselectivity of Diels-Alder reaction(ll)

(o) H OMe
(@)
Me
-
O>/ 0 OAc
desired undesired

1)  Yu, K, Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581.



Attempted Epoxidation

(1) NaBH,, CeCl; 7H,0, 0 °C
(2) Sml,, THF/MeOH, 0 to 25 °C
(3) TPAP, NMO, 0 °C

r
12% (3 steps)

>&—»

m-CPBA, DMDO,
a urea-hydrogen peroxide complex, o o
CF3;CO3H and alkali metal peroxides >'/'u

1)  Yu, K, Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581.



New synthetic plan of cyclization

M-H

M : transition metal

OMe
o o
o
. - I OMe
HAT-initiated ') Aco
redox radical
cyclization H

1)  Yu, K, Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581.



Optimization of the Radical Cyclization

conditions

ol

Nsi” s

|

TMDSO

yield
entry conditions A B (desired)
1 Fe(acac);, PhSiH; or Ph(i-PrO)SiH,, O, (2.2 eq.) 0 0
EtOH/(CH,0H), (5:1)

2 Mn(acac),, PhSiH;, Ph3P, O, (2.2 eq.), EtOH 89 0
3 Co(acac),, PhSiH3, O, (2.2 eq.), i-PrOH <5 75
4 Co(acac),, TMDSO, 4 A MS, O, (2.2 eq.), i-PrOH <5 83
5 Co(acac),, TMDSO, O, (1 atm), EtOH 63 6

1)  Yu, K, Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581.



Transformation toward E,F-rings construction

HHO
e Sml,, MeOH Ph;P=CH,
o) Y o THF, 0 °C toluene;
Ac—O —>
) OMe » .
o 86% PPTS;
o Et;N, 0 °C
H 82%

HHO
(1) BzCN, 4-DMAP
AcT0 €z CHClL AcTO \
J 5 (2) TEMPO, NCS L.
H NaHCO3 aq, CH2C|2, 0°C

73% (2 steps)

1)  Yu, K, Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581.
2)  Holy, A.; Soucek, M. Tetrahedron Lett. 1971, 12, 185-188.
3) Einhorn, J.; Einhorn, C.; Ratajczak, F.; Pierre, J.-L. J. Org. Chem. 1996, 61, 7452-7454.



Construction of E-ring

PMBNH,, AcOH NaBH,, MeOH
(CH,CI), 0 °C
T
BzO H OH BzO Ac,_ H OH BzO H OH
Ac—=0 —
§ - H > F
NH 11 N~ I
I O I O \ O
PMB H PMB H PMB H

1)  Yu, K, Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581.



Total Synthesis of (+)-davisinol

BzO H OH BzO H OTBS AIBN n-Bu3SnH
TBSOTf, Et;N benzene, 80 °C
CH,Cl,; DDQ TFA
>
l‘{ C; (55%) (81%)
PMB H
R=H ~—T1cDI, 4-DMAP
_ (CH,CI),, 85 °C
R C(S) Im =€ (98%) o
K2CO3, MeOH
0°C
(77%)
(+)-18-benzoyldavisinol (+)-davisinol

1)  Yu, K, Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581.



Summary

\
double (@)
amination

radical
cyclization

Br

double
amination

Diels-Alder
reaction

cossonidine (+)-davisinol
by Sarpong (23 steps) by Ding (17 steps)

1)  Yu, K, Yao, F.; Zeng, Q.; Xie, H.; Ding, H. J. Am. Chem. Soc. 2021, 143, 10576-10581.
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Mechanism of Sm reduction

" ome Sml,, MeOH  OMe sml'll,
o 5 0 THF, 0 °C 0
#\ | Me >#\
0~ Acy (o
H
H HO mII rnIII H HO

OMe
0 5 OSml2 \/ Sosml,
# i 7|
(o) AcO o) Ac Me

H HO H HO

(0] 0 (0] - (0] 0
#\ p! Me % AI
(0] co > o cO
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Mechanism of B-ring coantruction

Co(acac),, TMDSO, 4 A MS,
0,(2.2eq.), i-PrOH o

. #\2“)‘0




