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Hetisine Alkaloids: Background

«Classification: Family of >103 distinct natural products within the
larger class of C,,-diterpene alkaloids

s|solation: Predominantly from Aconitum (monkshood) and Delphinium
genera, but also Rumex, Consolida, and Spiraea

Pharmacology: Active constituents of traditional Chinese medicines

*Biological activity: Vasodilating, immunomodulating, analgesic, and
antiarrnythmic activities
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Hetisine Alkaloids: Biosynthesis
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Hetisine Alkaloids: Biosynthesis
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Hetisine Alkaloids:
Previous Synthetic Approaches
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Synthetic Strategy

Early stage Late stage
[3+2] Dipolar cycloaddition [4+2] Diels-Alder cycloaddition

Dual Cycloaddition Strategy:
1) Early stage dipolar cycloaddition
2) Late stage Diels-Alder cycloaddition



Synthetic Strategy:
Biosynthetic Considerations
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Biosynthesis:
1) Complexity built slowly over an extended sequence
2) No single “key” step



Dipolar Cycloaddition:
Vinylogous Azomethine Ylide Approach
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Vinylogous azomethine cycloadditions:
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Dipolar Cycloaddition:
Azomethine Ylide Model System
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Dipolar Cycloaddition:
Azomethine Ylide Model System Scope
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Dipolar Cycloaddition:
Application of Azomethine Ylide Model
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Dipolar Cycloaddition:
Application of Azomethine Ylide Model
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Dipolar Cycloaddition:
Evolution of Dipole

Me Me

@/ @/
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0O
= Ylide is only transiently = Oxidopyridinium betaines
CO,Me stable CO,Me are stable and isolable

Decomposition competitive with cycloaddition

Decomposition makes investigation difficult
«Oxidopyridinium betaine dipoles are stable and isolable

«Stable dipole should allow more forcing conditions

@/O@ 0.11 -0.11 0.08
| -0.29
Z -0.47 -0.54
|}l@ 0.37 o -0.47 : v
Me HOMO LUMO
-8.892 eV 1.396 eV

Dennis, N.; Katritzky, A. R.; Takeuchi Y. J. Am. Chem. Soc. 1970, 92, 4134-4136.
Katritzky, A. R.; Dennis, N. Chem. Rev. 1989, 89, 827-861.



Dipolar Cycloaddition:
Diene Dipolarophile Preparation
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Dipolar Cycloaddition:
Diene Dipolarophile Cycloaddition
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Dipolar Cycloaddition:
Ene-Nitrile Dipolarophile Preparation
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Peese, K. M.; Gin, D. Y. Org. Lett. 2005, 7, 3323-3325.



Dipolar Cycloaddition:

Ene-Nitrile Dipolarophile Cycloaddition
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Peese, K. M.; Gin, D. Y. Org. Lett. 2005, 7, 3323-3325.



Dipolar Cycloaddition:
Unactivated Dipolarophiles
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Dipolar Cycloaddition:

Unactivated Dipolarophiles
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Dipolar Cycloaddition:
Reversed Dipolarophile
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Peese, K. M.; Gin, D. Y. Org. Lett. 2005, 7, 3323-3325.

Me
Q\A%(j/O@
5 |
=
10 VA

C-5 activated

dipolarophile
Me ©
Conjugate NI S
___Addition___ %
pathway H
O]S)

Conjugate
Addition
T pathway ST
© 10 CI:l) 7



Dipolar Cycloaddition:
Ene-Sulfone Dipolarophile Cycloaddition

1) NaH, THF, A
2) H,S0,
oy 3 Mel, LiOH, Me N
MeOH/H,0, 50 °C
>
(55%)

J. Org. Chem. 2002,
67,1716-1718
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Peese, K. M.; Gin, D. Y. Org. Lett. 2005, 7, 3323-3325.
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Dipolar Cycloaddition:
Ene-Sulfone Dipolarophile Cycloaddition

P reflux

SO,Ph H
Me ©
® 0 Me ~S0,Ph
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> '
| toluene 2 9
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Tetra-substituted alkene dipolarophiles:

SO,Ph

Peese, K. M.; Gin, D. Y. Org. Lett. 2005, 7, 3323-3325.



Dipolar Cycloaddition:
Ene-Sulfone Dipolarophile Cycloaddition

SO,Ph SOZPh SO,Ph SOzPh

0o  toluene

(55%) (13%) (5%) not observed




Dipolar Cycloaddition:
Ene-Sulfone Dipolarophile Preparation

i-PrMgCl; Me
Me N Me N BOMCI, N
Bro o CuCN (cat) o DIBAL-H o O
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Dipolar Cycloaddition:
Ene-Sulfone Dipolarophile Cycloaddition
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[0|05 M] )_ O HMBC, IR, HRMS
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Dipolar Cycloaddition:
Survey of Dipolarophiles

2
Me o g R »
N Conditions Me
~
R? N

R! 0
R? R? Conditions Observed Result
Me SO,Ph toluene, 120 °C deconjugation/cycloaddition
Br SO,Ph toluene, 120 °C decomposition
CH=CH, SO,Ph toluene, 150 °C decomposition
Me SOPh toluene, 180 °C epimerization of SOPh
CN SPh toluene, 180 °C slow decomposition

Can the deconjugation pathway be disfavored?



Dipolar Cycloaddition:
Enoate Dipolarophile Preparation
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Dipolar Cycloaddition:
Enoate Dipolarophile Cycloaddition

Me © CO,Me
® O Silica gel Me
N7 [0.01 M] Me o H, C, HMQC, COsY,
| Z toluene > /— nOe, IR, HRMS
CO,Me 180°C N G Poor
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Main byproduct in varying amounts not observed O
Bright orange!



Dipolar Cycloaddition:
Nitroalkene Dipolarophile Preparation

1) i-Pr,NMgBr; TMSCI,
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Dipolar Cycloaddition:
Nitroalkene Dipolarophile Cycloaddition

Me @ H H
N XY 20% conversion Me O/NOZ Me NO,
I > H + H =~
F .
N | N™ &
H
NO, 0O (1:4) O

Reaction stalls at ~20% conversion!



Dipolar Cycloaddition:
Nitroalkene Dipolarophile Cycloaddition

Me H H
® . . o)
NT equilibration Me —NO, Me NO,
I = H + H ==
A WY :
N~ £ N IEI
H @)

NO, 0O
(1:4)

Reaction reaches thermodynamic equilibrium!

Are all the previous oxidopyridinium betaines in equilibrium?



Summary of Oxidopyridinium Betaines

Dipolar Cycloaddition:

Substrate Conditions Observed Result Product(s) Structure
Me
NS _
L toluene, 160 °C C:;éﬁ’l?;r:e
7 0o
CO,Me
Me
N | N
N‘ toluene, 170 °C Conjugate
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CN
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Me ®
N7 .
| toluene, 190 °C No Reaction
N
Me (e]S)
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Me M
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® 00 - OMe
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igrati X
X OMe [©]
Me Me
SO,Ph
Me O
@D fo)e) .
N Dipolar
@t\ | toluene, 110 °C Cycloaddition N/» P
P
SO,Ph
major minor
cycloadduct product
Me SO,Ph
ﬁ\ 0o Sulfone deconjugation; ’ Ogn
0 ;
‘ _ toluene, 120 °C dipolar cycloaddition Me /,
SO,Ph NN
BnO
SO,Ph SO,Ph
= ﬁ Xy 0@ Sulfone deconjugation; ’ Me : Me
0 ;
L toluene, 120 °C dipolar cycloaddition Me * O Me f N
SO,Ph N z N
Me N

Substrate Conditions Observed Result Product(s) Structure
Me ® oo
NTS o Complex
| toluene, 120 °C mp
% mixture
SO,Ph
Br
Me
® 00
NT o Complex
| toluene, 150 °C mixture
=
SO,Ph
=
H,C
Me
@
N 0o o No reaction except
L toluene, 180 °C sulfoxide epimerization
SOPh
BnO
Me © 00 o
Q/ toluene, 180 °C reaction
SPh
CN
o CO,Me Me
Me @ 0 Me 8
N‘ . o Ester deconjugation; (0] I
— toluene, SiO,, 180 °C  gipolar cycloaddition N =
CO,Me Y
Me Me OH O©

Me o 0P
Q/\U toluene, 110 °C
=
NO,

Dipolar cycloaddition
equilibrium




Dipolar Cycloaddition:
Summary of Oxidopyridinium Betaines

O@ Critical steric
interaction
SO
2 R H

R Ph R=Me

toluene R=Me
major pathway reflux major pathway

SO,Ph
0]C) . :
Me R - isomeric
H =S cycloadducts
N2 SO2
H O R Ph
R=H

R=Me R Me



Dipolar Cycloaddition:
Shifting the Equilibrium

Can the dipolar cycloaddition be made more
thermodynamically favorable?

Lower the energetic cost of breaking aromaticity!

Estimated energetic cost of breaking pyridinium aromaticity:

R.® R.® Energetic cost
N~ Y Energetic cost :> SNTYY of breaking pyridine
| ) of breaking | _ aromaticity
aromaticity ~35.2 kcal/mol
o ~—43.3kcal/mol 0O isoquinoline-benzene

(81.0-45.8 kcal/mol)

Resonance stabilization energies:

N X N7 Bird, C. W.
| | Tetrahedron 1992, 48, 335-340
G P

45.8 kcal/mol 43.3 kcal/mol 81.0 kcal/mol



Dipolar Cycloaddition:
Oxidoisoquinolinium Dipole Preparation

Oxidoisoquinoliniums betaines are rare literature
Need new method for oxidoisoquinolinium synthesis

R\@I\-)I/ P
R
06

OH

Foo = ¢ oo

NO, o]S) NO, OH



Dipolar Cycloaddition:
Oxidoisoquinolinium Aza-Achmatowicz?

Aza-Achmatowicz rearrangement for the preparation of oxidopyridinium betaines:

NHR NHR NHR 00
= oxidation X X
0 — e — > | O — =
X \ /%\R
@)

Proposed aza-Achmatowicz rearrangement for the preparation of oxidoisoquinolinium betaines:

NHR NHR NHR 0o
. . X AN
= oxidation
"o -oaon, @é S o @j
X \ Z& R

NHR N3 O N. 09

PR; | R

X MeO OMe = ° kR MeO OMe 4® MeO §

O ——— @) -————————é—-> o @ - N@
X OMe  thenH OMe ZR



Dipolar Cycloaddition:
Oxidoisoquinolinium Dipole Preparation

O

Cl\)j\N,Me 0O OMe
OMe t-BulLi: | Cl OMe 1) NaNg, acetone N OMe
OMe 2) AcCl, MeOH 8
y O
MeO Et,0, -23 °C MeO
52% OMe
ove Ome ( ) (95% for 2 steps, 3:2 dr)
Me
CHO
PBus;
NaBH(OAc)3, CH,Cl,
NO,

Me v OMe

Me
®
NZ - N OMe
10% TFA in CH,Cl, o)
X
OMe 0°C y

(74%, 3:3:2:2 dr)




Dipolar Cycloaddition:
Oxidoisoquinolinium Dipole Cycloaddition

Dipole not detected Kinetic thermodynamic
at equilibrium! isomer isomer
Me H
® .
NZ Cycloaddition o)
—— Me /NOZ
~ H OMe Me
[ +
OMe A
N™ 2

NO, R4S H 2:1

Conjugate (kinetic ratio)

addition ratio diminishes over time

® Via: ®
Me N/ Me, N/ Me, N N
Ha,, | -— H.,, ®
A
OMe a OMe OMe
H %g H o H 0o
N02 B N02 N02 |
Success:

sEquilibrium is shifted entirely towards cycloadducts!

New problems:
Conjugate addition is main pathway and is irreversible
*Nitro group is of limited synthetic utility



Dipolar Cycloaddition:
Analysis

*Other cycloadditions may have failed for thermodynamic reasons!

*Oxidoisoquinolinium betaines shift equilibrium towards cycloadducts

H

Me @ H
N7 M Q_NO
| —_— e 2 N Me NO,
F H I H ==
N H N7 :

H

Me

® H
7
N —_—— e O/NOZ
— H OMe + Me
X
OMe o
N~ =
H

NO, o))

Conjugate additions irreversible

Me

®/
New Target! \
N OMe
ofS)

CN



Dipolar Cycloaddition:
Ene-Nitrile Dipolarophile Revisited

180 °C
THF

Me OMe
N OMe
- : H DR
\ 10% TFA in CH,Cl, O
OMe 0°C ’
CN

CN (93%) O©

1) DIBAL-H, PhMe, 0 °C Me
AIEt,CN; CN 2) Zn(CN),, Pd(PPhy),, CHO
CsF, Tf,O DMF, 60 °C
MeCN > >
(69%) (77% for
OTf 2 steps) CN
Me
N OMe PBU3;
3 g NaBH(OAc);
CH,ClI,
H
OMe
NZ

OMe
(79%, 3:3:2:2 dr)

180 °C, THF
[recycle]‘

-—

(3.6:1)

(~20% per equilibration)

Peese, K. M.; Gin, D. Y. J. Am. Chem. Soc. 2006, 128, 8734-8735.



Total Synthesis of (x)-Nominine:
Advancement of the Synthesis

1) NaBH,, EtOH
2) SOCl,, CH,Cl,, reflux

3) BugSnH, AIBN, PhH, reflux OMe
-

(68% for 3 steps)

1) DIBAL-H, PhMe, 0 °C
2) Ph3P=CH,, THF

O Na®, i-PrOH; HCl(aq) OMe

~ S INHLTHF 78 °C

(97%) (82% for 2 steps)

Peese, K. M.; Gin, D. Y. J. Am. Chem. Soc. 2006, 128, 8734-8735.



Total Synthesis of (x)-Nominine:
Preparation of Diene

H H y H
Me acid or base Me
H o e H >
N £ Nl
H H
H

Unconjugated enone may be the more stable isomer!

H H H H
Me strong base Me
H OMe N H OMe
N7 £ N
H H
H

No alkene isomerization!




Total Synthesis of (x)-Nominine:
A Fortuitous Discovery

9:1 MeOH: pyrrolidine )(’
80 °C

Isolated after

chromatography
[4+2]
Equilibrating mixture of Crude product is mixture of enamine and ketone
dieneamines Complete hydrolysis occurs on silica

Peese, K. M.; Gin, D. Y. J. Am. Chem. Soc. 2006, 128, 8734-8735.



Total Synthesis of (x)-Nominine:
Completion of Synthesis

9:1 MeOH: pyrrolidine
60 °C

1) Ph3P=CH,, THF, 70 °C
2) SeO,, t-BUOOH, DCM, dr 7:1

CH, =

(51% for 2 steps) (78%)
(¥)-nominine

Peese, K. M.; Gin, D. Y. J. Am. Chem. Soc. 2006, 128, 8734-8735.



Asymmetric Synthesis of (+)-Nominine:

Hoveyda Conjugate Addition

o @)

2.5-5% R
OR (S,S)-NHC n=1,2
( — OR  ee=73-95%
CuOTf, ZnR';, yields=53-98%

@) @)

Brown, M. K.; Hird, A. W.; Baxter, C. A.; Hoveyda, A. H. Angew. Chem. Int. Ed

. 2007, 46, 1097-1100.



Asymmetric Synthesis of (+)-Nominine:
Application of the Hoveyda Method

Q CrO; 0
OMe Ac,0, AcOH> OMe
CH,Cl,
O
(56%)
(S,S)-NHC
(CuOTf),-PhH
ZnMe
MTBE, -30 °C
O
Me Me
" o < DIBAL-H " “OMe
pentane, -110 °C
oTf oTf

(92%) (91%, 92:8 er)



Asymmetric Synthesis of (+)-Nominine:
Advancement to the Dipole

Me Me
6 Zn(CN), ¥ o
Pd(PPh3),
DMF, 60 °C
oTf CN
(92%) (82%)
Me
N3 OMe PBus,
O NaBH(OAc);
CH,Cl,
H
OMe
Y
l\g/le ®_ Me Me
N 9:1 CH,Cl,: TFA S N OMe
~ H
X OMe 0°C R
CN 09 H
(98%) CN OMe

(82%, 3:3:2:2 dr)



Asymmetric Synthesis of (+)-Nominine:
Cycladdition and Recrystalization

OMe
Me ® H H o
; z ~CN
N - - Me v @ 3 Me v OMe
NS 180 °C, THF 0
OMe N2 180 °C, THF NE
CN o)S, H O H

(38% over 4 cycles)
92:8 er->99:1 er
(isopropanol
recrystalization, 69%)



Asymmetric Synthesis of (+)-Nominine:
Completion of (+)-Nominine

OMe
—>

—_—
9 steps (17%)

(+)-nominine
[a]p = +50.7° (MeOH, ¢ = 1.09)

Literature rotation:

[a]p = +71.8° (MeOH, no concentration given)
Ochiai, E.; Okamoto, T.; Sakai, S.; Saito, A. Yakugaku Zasshi 1956, 76, 1414-1418
[a]p = +53.4° (no solvent or concentration given)
Sakai, S.; Yamamoto, |.; Yamaguchi, K.; Takayama, H.; Ito, M.; Okamoto, T. Chem. Pharm. Bull.
1982, 30, 4579-4582



Synthesis of Other Hetisine Alkaloids

A-ring oxygenation:

A

}

Me
CH, ———
N

B-ring oxygenation:

B
M i
e
%CHZ )
N

Me \
AN Me
r O - >
of S - e
N
OTf
% _Phococl %
OCzPh
}’/ v
Me OH Me
6 CHZ l_LO CH2



Synthesis of Other Hetisine Alkaloids

C-ring oxygenation:

C

Me ¢
CH, ————»
N

G-ring oxygenation:

Me
CH, —
N

Me



Summary

*Total synthesis of (+)-nominine
*1.3% total, 16 steps (longest linear sequence)

*Total synthesis of (X)-nominine
*6.1% total, 15 steps (longest linear sequence)
Dual cycloaddition strategy
*Oxidoisoquinolinium betaine cycloaddition
*Diels-Alder cycloaddition
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