Total Synthesis of Atropurpuran and Arcutines
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| Introduction of Atropurpuran and Arcutines



Aconitum arcuatum Maxim

Aconitum: important medicinal plant;

Diterpenoid alkaloids:

the characteristic active components;

strong toxicity and broad biological activities;
with complex and diverse skeletons;
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Arcutine; R = (S)-sBuCO
Arcutinine; R = /PrO
Arcutinidine; R=H

Bassonova
(2000, 2001)

Atropurpuran

Aconitum hemsleyanum

Wang k (JTaf5L) /

(2009)

Tashkhodzhaev, B.; Saidkhodzhaeva, S. A.; Bessonova, I. A.; Antipin, M. Y. Chem. Nat. Compd. 2000, 36, 79.
Saidkhodzhaeva, S. A.; Bessonova, I. A.; Abdullaev, N. D. Chem. Nat. Compd. 2001, 37, 466. .
Tang, P.; Chen, Q.-H.; Wang, F.-P. Tetrahedron Lett. 2009, 50, 460.



Typical C,,-diterpenoids and diterpenoid alkaloids:

1
18 Me 10 15
Me
MeQO™ 190 2o » 0“0

Methyl atisenoate Canpylopin(R=0Ac) Atropurpuran
(atisane type) (hetidane type) (arcutane type)
OH OH OH OH OR
Me Me Me
N~ 20
Isoazitine Tongolinene Arcutinine(R=iPrO)
(atisine type) (hetidine type) (arcutine type)

Challenges: doubly fused bicycle[2.2.2]octane moieties (cage-like skeleton);
multiple stereogenic centres (three all-carbon quaternary centres);

a congested pyrroline motif (for arcutines).
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Proposed biosynthesis of atropurpuran by Wang:

0O o] H @)
% — Me?% -CoH, Me&
| |
0 O O/ O O/

HO
Hetidine core

o T -

aIdoI reaction

Me deoxygenation Me [O] Me :‘OH
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But Sarpong thinks it’s unlikely.

Tang, P.; Chen, Q.-H.; Wang, F.-P. Tetrahedron Lett. 2009, 50, 460.



General biosynthesis of C,,-diterpenoid alkaloids:
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Biosynthesis proposed by Sarpong — 1,2-Acyl Rearrangement

= RO RO

formatlon

ent-Atisir-16-ene % l 1®hen [0]

Arcutines
Atropurpuran

Weber, M.; Owens, K.; Sarpong, R. Tetrahedron Lett. 2015, 56, 3600.



Biosynthesis proposed by Sarpong — 1,2-Alkyl Rearrangement
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Weber, M.; Owens, K.; Sarpong, R. Tetrahedron Lett. 2015, 56, 3600.



Which one is more possible?

Relative Energies
(kcal/mol)

4
8,0 +

6,0 1

4,0 -
gas phase

in water

Reaction Coordinate
b

-2.1 kcal/mol energy release with —OH migration.

Weber, M.; Owens, K.; Sarpong, R. Tetrahedron Lett. 2015, 56, 3600. 11
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Il Total Synthesis of Atropurpuran (the First Total Synthesis)
Qin’s design:

Me I9H

ond 'gﬂ' — LT ) ot s EJ gﬁ3

RO’ 20 ketyl-olefin cycl|zat|on

0]

Atropurpuran
arcutane type
(arcu ype) Reductive Knoevenagel %
condensation
Oxidative dearomatization oj 0 Oj

IMDA cascade —
Hk l/\)\@/ . /_Wo = 0
O. -1-=1°

Gong, J.; Chen, H.; Liu, X.-Y.; Wang, Z.-X.; Nie, W.; Qin, Y. Nat. Commum. 2016, 7, 12183.



Il Total Synthesis of Atropurpuran (the First Total Synthesis)

c) Acryloyl
OMe a) Ph3P=CHOMe OMe chloride Me e) PhI(OAc),
oHe ores P NaBH, _ OTBS d) TBAF H‘\ _ MeOH
55% over two steps QH 77% over
two steps
’ Et02C """"" COzEt Xylene, 150 °C
! I I E 72%
. N ! single diastereomer
. ° H 5
) S : Hantzsh ester :
OTBDPS Hantzsch ester 0 h) EtSH, AlMe, f) Smi, Ve
-~y j Lproline O\ Xe{_ ) _)DMP v ] 9) (CH;OH); =0
0 r © 0 Senover O oMe
0 then TBDPSCI, Et;N O ?5% over Zv??s?gg
. wo steps ™ O H
EtS H 82% EtS H (72% brsm)
k) Pd/C, E:SH ) Fukuyama reduction
88%
OTBDPS m) TBSOTT, 2,6-lutidine
] ) TBAF ] n) Smi,/HMPA ]
7L ﬁl’
91%,>20:1dr 86% over two steps
H H Single diastereomer TBSO Core structure

Gong, J.; Chen, H.; Liu, X.-Y.; Wang, Z.-X.; Nie, W.; Qin, Y. Nat. Commum. 2016, 7, 12183.



Il Total Synthesis of Atropurpuran (the First Total Synthesis)

OH H a) SOCly, Py. ¢) PhyP=CH,, 75%

o)
15 16
o] b) TSOH, 40 °C O d) tBuOK, Me;SlI, 68%
% 'l'
67% over &) BF ;+OEt,, 92% ~OHC
TBSO two steps TBSO

H TBSO H H
d) Corey-Chaykovsky reaction
5 /\1\ 2 ; f) TBAF
! © RR 1 R2 : DMP
 Via CH \n/ R R 1 5 1 R2 ' g)
: 2 o} RIL_R : 76% over two steps
: S —> @(y — > H — IH : ~1:1 dr
: 25 0~ H Ry
Me - 15 i) SeO,, tBuO,H Me h) tBuOK, Mel
OH == 4y < then 3N HCI r
OHC 72%, 5:1 dr OHC 44°/ 5:4dr OHC -
o H o H (75% brsm)

15-epi-atropurpuran

j) DMP
76%
H
0] OH
Me ___ k) NaBH(OMe)s Me
> Atropurpuran
) 25 steps
OHC 85%,20:1 dr OHC 0.41% overall yield
O H @) H

Gong, J.; Chen, H.; Liu, X.-Y.; Wang, Z.-X.; Nie, W.; Qin, Y. Nat. Commum. 2016, 7, 12183.



Il Total Synthesis of Atropurpuran (by Xu)

Kobayashi’s synthetic study:

[ O OMe | O OMe
1) PhI(OAc),, MeOH OMe OMe
N | .\
2) mesitylene, 180 °C
70% 7 M
sg0, | Grubbs'Il 99% [ Grubbs'll
catalyst catalyst
_ O OMe
1) PhI(OAc),, MeOH OMe
- > 7A
2) mesitylene, 180 °C .
OH
59% i
1) Ho, Pd(OH),/C
66%

2) Tf,0, pyridine

O OMe
OMe

atropurpuran

Suzuki, T.; Sasaki, A.; Egashira, N; Kobayashi, S. Angew. Chem. Int. Ed. 2011, 50, 9177.



Il Total Synthesis of Atropurpuran (by Xu)
Xu’s design:

OMe
@)
OMe IMDA
/N,
H [
z = H
OH OH
Oxidative
dearomatization
OMe OMe ; \

Via:

Xie, S.-L.; Chen, G.; Yan, H.; Hou, J.-P.; He, Y.-P.; Zhao, T.-Y.; Xu, J. J. Am. Chem. Soc. 2019, 141, 3435.



Il Total Synthesis of Atropurpuran (by Xu)

OMe a)LiHMDS OMe
4-pentenoyl chloride c) Grubbs-II Catalyst
. X, > =
b) TBAF, TMS-EBX _~ g .78 °C, BBr;
(@) @) 0] AICI3/LiAIH,4, 50%

74% over two steps

TMS-EBX

0 d) PhiI(OAc),, MeOH;
v (Waser's)

BHT, mesitylene
E 160 °C, 55%
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Il Total Synthesis of Atropurpuran (by Xu)

OMe
e) Crabtree's catalyst, Hy;

OMe  1pAP, NMO

r o
63% He,
Ley-Griffith oxidation

r
85% ,

OoTf O
g) Pd(PPh3),, CO
nBusSnH; DIBAL

h) TFAA, DMSO,
CH,Cly, EtzN

Numerous trials were
unsuccessful
including homologation

~¢—©

i) Crabtree's catalyst, Hy;

j) BuOK, Mel Dess-Martin periodinane
- -
42%, 3:1 dr 68%
o HO
k) Sml,, MeOH R R ; P
l) TMMN, Ac,0, P NN K I, Py, :
DMF, 95 °C : , ; D’__—l <~ X PFq :
. ©  TMMN ! N -
57% over two steps ~ ts-----eiaaaa- ; | P '
Crabtree's catalyst
m) NaBH(OMe); s '
Atropurpuran
13 steps
2%

0.52% overall yield
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lll Total Synthesis of Arcutines (the First Total Synthesis)

Can a reductive amination of atropurpuran lead to arcutines?

o OTBDPS O

O0x OHC
@) H TBSO

/

\
"involvement W

of N-atom"

arcutines

t
40% yield, )-atropurpuran

3:1~5:1 dr

Nie, W.; Gong, J.; Chen, Z.-H.; Liu, J.-Z.; Tian, D.; Song, H.; Liu, X.-Y.; Qin, Y. J. Am. Chem. Soc. 2019, 141, 9712.



lll Total Synthesis of Arcutines (the First Total Synthesis)
Qin’s new design:

H
OH O OMe
"' ——> oMe |
ketyl-olefin oxidative
cyclization dearomatization/
arcutlnlne IMDA cascade
R = iPrCO the last all- ca_rbon quaternary
stereogenic center
aza-Wacker
Me 0
! = oM
e
decarboxylative I}IH (I)
allylation Ts MOM
the first all-carbon quaternary twot arll—cart:ijn qunatterrnary
stereogenic center stereogenic centers
asymmetric
conjugate addition
_ - o~ OMe
Q O Q O OMOM o
‘ OMe ——— ‘ OMe| I D ii
Me OMOM OR OMOM reductive 0
B i Knoevenagel

Nie, W.; Gong, J.; Chen, Z.-H.; Liu, J.-Z.; Tian, D.; Song, H.; Liu, X.-Y.; Qin, Y. J. Am. Chem. Soc. 2019, 141, 9712.



lll Total Synthesis of Arcutines (the First Total Synthesis)

0] a) Hantzsch ester b) MeLi, THF
L-proline, CH,Cly; O c) BF3*OEt,
+ o7 OMe - ‘ OMe __TMSCN,80°C _
o) MOM MOM
OMO Me2S04, K2LOs OMe 66% over two steps

e, 84%

+ EtO,C COEt; d) MeLi; then
] | | 84% CICO,AIlyI
' N

i HMPA, -20 °C

......................

J D packMESN): Jiign
OMe € OMe ~€
ey OMOM then MOMCI. DIPEA then MOMCI, DIPEA
Me 75% 55%
g) LiAlH,, 50 °C AT ‘.
h) TsCl, Et;N, 0 °C E 5
m) DMAP, Et;N, TMSOTF 7\l \
81% over three steps ‘,___\_N_____N:_,"
Me
™so A n) Pd(OAc),, DAF Me 1005 0) TBAF, 0°C Me /P ? OMe
ome _PMe. 02,50°C ‘C:' p) DMP, NaHCO, _ OMe
“y ~\IH  OMOM 76%. 2.5:1 dr N2 ~= OMON™® ) TFA, CH,Cl, [xlj—lhzo ”
Me Ts ' Ts r) PhI(OAC),, MeOH, reflux Ts H

Aza-wacker reaction

(White, P. B.; Jaworski, J. N.; Zhu, G. H;
Stahl, S. S. ACS Catal. 2016, 6, 3340)

59% over four steps



lll Total Synthesis of Arcutines (the First Total Synthesis)

Me O O OMe Sl THEMeOH OH b) CHx(NMe,),, Ac,0O
= a) Smiz © DMF, 100 °C
OMe "
N 85% ' 70%
Ts H
) NaBH( OMe)3
oHM  or THF/MeOH, -30 °C
Me 15
77%

\ O

N ¥ f) Ph1O, PhMe d) iPrCO,H, EDCI OHH OH

(R = iPrO, 14%) 110 °C DMAP, CH,Cl, Me 15

H
Me OH O1R; L|/naphthalene N
THF, -78°C Ts
76% over two steps
—
N
H
g) NaOMe

()-arcutinine

— 3 (*)arcutinidine
(R=1iPrO, 71%)

70% (R=H)

Asymmetric synthesis is realized in a similar way.

Nie, W.; Gong, J.; Chen, Z.-H.; Liu, J.-Z.; Tian, D.; Song, H.; Liu, X.-Y.; Qin, Y. J. Am. Chem. Soc. 2019, 141, 9712.



lll Total Synthesis of Arcutines (by Sarpong)

Sarpong finished the total synthesis of arcutinidine almost at the same time.

Sarpong’s design:

OH H  OH
Me 75N Sml,-mediated IMDA
il
N/ C-C coupling
H
arcutinidine

% Friedel-Crafts
e

OR

Me OM OMe

— OMe H

o + Wittig M MeO DA Me OR
@) N <":| e <::| A
Bn | o 0 F OMe
N
PPh, MeO BnN 9 Bn o

OMe

Owens, K. R.; McCowen, S. V.; Blackford, K. A.; Ueno, S. Hirooka, Y.; Weber, M. Sarpong, R. J. Am. Chem. Soc. 2019, 141, 13713.



lll Total Synthesis of Arcutines (by Sarpong)

72 . H

: OMe OMe Me Me

' MeQO ' H OTBS

: OTBS MeO OAc ' OMe 4 OMe

1 1 O' N O O N

: : TBSO @]

! ' Bn B

: Me ; OMe n OMe

(0] \NBn 22% over two steps 40% over two steps

' BnN o Me ® e _

: O HOAICI, ! A oT1BS

1-5.6 eV 2.4 eV -6.5 eV -4.3 eV : c) 170 °C

: (HOMO) (LUMO) (HOMO) (LUMO) : d) Pd/C, H,

------------------------------------------------------------- OMe
Me ) PPh, AcOH, 125 °C MeO
— OM a , AcOH, 125
n MeO e : > c)TIoH M e
0Py o T OMe 1) bBU, THF " _ OMe
Bn ) ' 0 B 89% (o) N OH
59% over two steps BN Bn
O MOAC
d) AICI3;, MeCN, 40 °C
78%
Me g) LiAIH,, THF H
idi Me
Ac h) Ac,0, DMAP, pyridine Ac e) Rh/ALOS, H,
N oH = O OM =~
Bn H i) TMSI, DCM/MeCN, 40 °C N ©  f) BF3*OEty, Et;SiH
OMe Bn H o
65% over three steps € 78% over two steps

single isomer

Owens, K. R.; McCowen, S. V.; Blackford, K. A.; Ueno, S. Hirooka, Y.; Weber, M. Sarpong, R. J. Am. Chem. Soc. 2019, 141, 13713.



lll Total Synthesis of Arcutines (by Sarpong)

Me b
Ac ) HOJJ\/ Me

c) PhMe, 110 °C

OH Pb(OAc),
N —_— N -
Bn H Bn H
OMe ‘—6 60% over two steps
d) MeOH, then
Sml,/H,0, THF
e) Amberlyst® 15, MeOH
100 °C, pwave
g) Sml, f) DMP, NaHCO;,
KO,C. _N.
Me CO,Me i) InCls, Ph,SIHCI OHOH  come N B9 =scok o9  coMe
=N DCE, 80 °C Me AcOH, MeOH, 50°c  Me 7,
T T -
N , 13
B, H 95% Bln 2 19% over five steps gn Ho
i) LIAIH,, THF
k) M”(‘,’pm)& O k) Mukaiyama hydration
PhSiH3, EtOH
40% over two steps
[) Pd(OH),/C, H,
HO MsO
OH /PrOH/ACOH OH o) DBU, Nal OH OH
Me m) NCS, DBU Me DMF, 80 °C, 33% Me
- > H
n) MSC', Et3N p) 8602 Z
N N
Bn H cr H

67% over three steps

1,4-dioxane, 40 °C, 12% N
arcutinidine

24 steps, 0.23%

Yasuda, M.; Onishi, Y.; Ueba, M.; Miyai, T.; Baba, A. J. Org. Chem. 2001, 66, 7741

Isayama, S.; Mukaiyama, T. Chem. Lett. 1989, 1071.



lll Total Synthesis of Arcutines (by Li)

What can we learn from the biosynthesis?

OR
OR
Me% 1,2-alkyl shift W
5
)\ > °
N j
N 20 H -

(hetidine type) (arcutine type)

Challenges: how to install a cabocation at the C5 position;

how to install a six-member heterocycle to promote 1,2-alkyl shift.

Weber, M.; Owens, K.; Sarpong, R. Tetrahedron Lett. 2015, 56, 3600.



lll Total Synthesis of Arcutines (by Li)
Li’s design:

reductive

amination Wittig

——>

allylic oxidation

anionic Prins/Wagner
OTBDPS Diels-Alder 10 o Meerwein
{—— ° {——
i o Meo” 0%
/ Ui
MOMO” =

OTBDPS Dlels Alder ; Br
H
0 ;
oJ

OTBDPS

Zhou, S.-P,; Xia, K.-F.; Leng, X.-B.; Li, A. J. Am. Chem. Soc. 2019, 141, 13718.



lll Total Synthesis of Arcutines (by Li)

C) O
gr @ TBDPSCI, imidazole CHO 7 OTBDPS
b) tBuLi; DMF BF3°OEt,
> > o
85% over two steps 68% : \)
OH OTBDPS CHO O
decagram scale gram scale
85% d) vinyllithium;

decagram scale MOMCI

0 9)S0Ck Py 4
D SE————
: 72% " °
/\o (] J
20 o |v|0|v|o)E o)

64% over MOMO

two steps gram scale
SnCl,, -15°C
63%
Wagner-
t 10 0 Prins 10 o Meerwein
5 —_— 4 5 >
k,o@ 20 (0)g

Zhou, S.-P,; Xia, K.-F.; Leng, X.-B.; Li, A. J. Am. Chem. Soc. 2019, 141, 13718.



lll Total Synthesis of Arcutines (by Li)

O O

a) Mn(acac),, O,, c) PhsP=CH,
PhSiH;, 82% TMSOTf, EtsN
> >
b) RUC|3'3H20, 87%
NalO4, 70%
gram scale gram scale
73% d) LDA, MeOTf;
gram scale TBAF
0]
1
D LA, HO Y~/ OH  h)SeO,, TBHP
g) CrO3+2pyr ) Se0y,
- -
Me” = H 58% (2 steps) \Me” 2 81%
CHOO /7—0
gram scale o) gram scale
i) NH,OHHCI

NaOAc; NaBH,
65%

j) TiCl, NaBH3CN
r

k) iPrCO,H, DCC, arcutinine; R = /PrCO

DMAP, 77%
[) (S)-sBuCO,H,
DCC, DMAP, 74%

arcutinidine; R = H
71%
arcutine; R = (S)-s-BuCO

Carlsen, P. H. J.; Katsuki, T.; Martin, V. S.; Sharpless, K. B. J. Org. Chem. 1981, 46, 3936.
Leeds, J. P.; Kirst, H. A. Synth. Commun. 1988, 18, 777.
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Qin, Y. [2016; 25 steps, 0.41%)]

First total synthesis; racemic

Key steps: oxidative dearomatization(RDOD)/IMDA cascade;
Sml,-mediated C-C coupling.

Me OH

OHC
O
Atropurpuran

Xu, J.[2019; 13 steps, 0.70%)]
Avoiding protective groups; racemic
Key steps: RCEM-RDOD/IMDA to build the core skeleton.

Qin, Y. [2019; for: (+)arcutinine: 17 steps, 1.23%)]

First total synthesis; racemic and asymmetric

Key steps: similar to the synthesis of atropurpuran;
aza-Wacker to build the pyrroline motif.

OH OR
Me

Sarpong, R. [2019; (£)arcutinine: 24 steps, 0.23%)]
Almost simultaneously with Qin, Y.; racemic
Key steps: Wittig reaction;

Friedel-Crafts cyclization;

Diels-Alder reaction;

-~

N

Arcutine; R=(S)-s-BuCO
Arcutinine; R=j-PrO
Arcutinidine; R=H

Li, A. [2019; for (=)arcutinine: 18 steps, 0.86%)]
Imitate biosynthesis; asymmetric.
Key steps: Prins/Wagner-Meerwein;

reductive amination. 33
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