Total Syntheses of Strychnine




Facts about strychnine

U Alegendary poison

v/ Isolated from Strychnos nux-vomica in 1818
v/ A famous poison: 50 mg/adult

v/ Related to many dramatic deaths in novels or poetry

J Determination of its structure

v/ 400+ papers about its structure by degradative methods
v/ Woodward proved its structure by UV in 1948
v/ Structure confirmed by X-ray

"For its molecular size it is the most complex substance known." - Robert Robinson (1952)



Molecular complexity and synthetic challenges

U0 Numbering system throughout today’s talk

O Structural analysis O Synthetic challenges

v/ 7 fused ring v C7 spirocenter

v/ 6 stereocenter v Ering



Reliable endgames for strychnine synthesis

The real targets!

O Degradation studies

25% (73% brsm)
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(o) 1 0

isostrychnine strychnine

68-80%

18-hyroxy-akuammicine Wieland-Gumlich aldehyde



Woodward’s synthesis (1954)
About Robert B. Woodward

O About Woodward

1937 Ph.D. Massachusetts Institute of Technology
1965 Nobel prize for his synthesis of complex organic molecules
1973 Vitamin B12 (Woodward-Hoffman rule)

“If we cannot make Strychnine, we will take Strychnine.” - R. B. Woodward



Woodward’s synthesis (1993)

Synthesis planning

O Pictet-Spengler reaction to build spirocenter

alkylation
allylic oxidative
rearrangement cyclization

isostrychnine
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OMe

oxidative veratryl
cleavage

Dieckmann
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O Step by step synthesis
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Woodward’s synthesis (1993)

Synthetic route

1. CH,0, Me,NH
2. Mel

3. NaCN NH,
PPA O I 4. LiAlH, O I
54% N OMe 76% - N OMe
" A
OMe OMe
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3.0,
24%
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Woodward’s synthesis (1993)

Synthetic route

O Step by step synthesis

1. TsClI NA
NA c
2. NaSBn . c Ac,0
3. Raney Ni KOH >
4. H,, Pd/C pyr, reflux
—_— —_— > "
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Overman’s synthesis (1993)
About Larry Overman

O About Overman

1969 Ph.D. University of Wisconsin- Madison
(Prof. Howard W. Whitlock, Jr.)
1971 Postdoc. Columbia University

(Prof. Ronald Breslow)

1971-now Professor of Chemistry University of California, Irvine

U About his group: a small workshop

v/ 5 graduate students
v/ 3 post-docs
v/ 366 publications




Overman’s synthesis (1993)

Aza-Cope-Mannich reaction

U A general reaction scheme

R
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NQ [3,3] /: Mannich
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For a review on stories about developing rearrangement reactions, see: Tetrahedron, 2009, 65, 6432.
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Overman’s synthesis (1993)

Aza-Cope-Mannich reaction

U A general reaction scheme

R
+ N
N [3,3] ;N Mannich
HO
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O
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0 Some examples

Aza-Cope-Mannich cascade proved to be very powerful in total synthesis. Please complete the
following reactions

>

Ph K
Ho S0, §
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Overman’s synthesis (1993)

Synthesis planning

U Aza-Cope-Mannich cascade to build the spirocenter

indole
synthesis

Wieland-Gumlich aldehyde

aza-Cope-Mannich

epoxide
opening

U Stille coupling

TIPSO
Tsuji-Trost

< : Acogom

O'Bu

[Sn]

NR,

O'Bu

NR,



Overman’s synthesis (1993)

Synthetic route

Tsuji-Trost reaction
NaH, Pd,(dba);, PPh; H

CO,Et
/@—OAC 1. enzyme /@—OCOZMe THF, RT 2
—_— >
AcO 2.CICOOMe  AcO o) AcO o)

NaBH,CN, 1.1 eq TiCly,
THF, -78°C

98% anti:syn = 20:1
w/o Ti, from 1:1 to 1:3

DCC, CuCl
PhH, 80 °C

Yy

AcO

97% tBuO\)j\/COZEt O'Bu

90% ' soft Nu: retention (double Sn2):
regioselectivity: sterics :
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H 1. DIBAL
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O—« AcO 63% (o)
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Overman’s synthesis (1993)

Synthetic route

N__ NMe
conjugate reduction b/c of sterics H @[I

OTIPS OTIPS
N 1. LiBH(sec-Bu);, PhNTf, \ Pd,dba,, Ph;As, CO, LiCl R
2. MegSn,, Pd(PPh),, LiCl Me;Sn 80% -
0'Bu 70% O'Bu Stille carbonylative coupling
1. Ph;P=CH, NHCOCF, :

2. TBAF =\_-0'Bu
OTIPS 3. MsCl, iPr,NEt o" 1. NaH HO
4. LiCl ‘2 N\ 2 KOH 7
tTB_Lt-OOII;I 5. CF3CONH,, NaH —
riton > 75%
[ —
91% OtBu 670/0 R2N OtBu R2N

1. LDA, NCCO,Me 1.2Zn, H,S0,
(CH,0), 2. HCI, MeOH 2. NaOMe DIBAL-H
—_— —_— —_—
98% 70% 68% 64%




Rawal’s synthesis (1994)
About Viresh Rawal

O About Rawal

1986

1988

1988
1995

Ph.D. University of Pennsylvania, Philadelphia
(Prof. Michael P. Cava)

Postdoc. Columbia University

(Prof. Gilbert Stork)

The Ohio State University

University of Chicago




Rawal’s synthesis (1993)

Synthesis planning

O IMDAto build the spirocenter

isostrychnine

CO,Me

N
ring expansion
: \Y/NBn i g exp &%l
N
NO T
COZMe

2
Me02C



Rawal’s synthesis (1993)

Synthetic route

O IMDA to build the spirocenter

1. BcmH4Br
2. DIBAL-H
CN 3. BnNH2 .NBn TMSCI ~ B? ~NBn
6"/ TMS| —— >
N02 ° Nal
96% NO, NO,
CO,M
C02Me N2 e
1. CICO,Me
2, HCOZNH4, Pd/C — 185 oc O ‘ 1. TMSI N
| | T ee% 2.
N
/\dco M MeO (|: H CO,Me Br/\</\\OTBS
e
CO,Me MeOZC 2ve 2
75%

then CICO,Me
73%

N/\I(/\\OTBS

1. Pd(oAc)z, K2C03
2. HCI
1%




Kuehne’s synthesis (1998)
About Martin Kuehne

O About Kuehne

1955 Ph.D. Columbia University
(Prof. Gilbert Stork)
1961 University of Vermont




Kuehne’s synthesis (1993)

Synthesis planning

O Cationic rearrangement to build the spirocenter

Wieland-Gumlich aldehyde

oxidation
decarboxylation

CO,Me Mannich-Cope-Mannich

(/

I NH, N
N
H




(Et0),POCH,CO,Me

KHMDS
60%

Kuehne’s synthesis (1993)

Synthetic route

CO,Me

7 steps

25% OH

Wieland-Gumlich
aldehyde

MeO,C
NBn

[3,3]

C02Me

1.Ts,0
2. H,/Pd

91%




Fukuyama’s synthesis (2004)
About Tohru Fukuyama

O About Fukuyama

1977 Ph.D. Harvard University
(Prof. Y. Kishi)
1978 Rice University

1995 University of Tokyo




Fukuyama’s synthesis (2004)

O Transannular Pictet-Spengler

Wieland-Gumlich aldehyde

Pictet-Spengler

Synthesis planning

TBSO

Tsuji-Trost

Mitsunobu



CO,H

Fukuyama’s synthesis (2004)

3 steps
—_—
62%

CSC|2, N32c03

m THF, H,0
NG 56%

1. TBSCI

h

2. (Me0,C),CH,, NaH
70%

TBSO

Synthesis of coupling partners

COzMe COzMe i OTBS E
wOH lipase WwOAC 3 steps "o -

—_— —_— st

46% 45% : S

Br Br . :
racemic - '

HO
A
m . m NaBH,
N’) VOH S
/g Ncs ©
CL/ S
: TBSO
| Bu;SnH : I
S >

N CO,Me Fukuyama indole synthesis : CO,Me
N 52% : CO,Me

COZMe



Fukuyama’s synthesis (2004)

Synthetic route

TBSO HO
TBSO OTBS OTBS OH
[Pd;(dba);], P(furyl); | 4 steps |
+ mQ _
| $ 86% N7 N "OH 72% "OMOM
N !
N CO,Me N N

" oc
CO,Me Tsuji-Trost MeO, cO,Me CO,Me

Soft Nu: double
inversion

NNs NNs
NNs 1. TMSOTf
NsNH, 2. mCPBA I Pb(OAc), I
o . —
PPhs ? EAD I "OMOM 66% NN ° NN CoMe
95% N N°. N X
co,Me

Boc ¢o,Me CO;Me oy

4 steps
49%

TFA, PhSH
—_—
84%




Reissig’s synthesis (2010)
About Hans-Ulrich Reil3ig

O About Reissig

1986

1988

1999

Ph.D. Ludwig-Maximilians-Universitat Mlnchen
(Prof. R. Huisgen)

Postdoc. University of British Columbia

(Prof. E. Piers)

Freie Universitat Berlin




Reissig’s synthesis (1993)

Synthesis planning

O Radical cyclization to build the spirocenter

NH
Rawal O ‘
; N
H
o
isostrychnine
amination U

CNO
CO,Et Sm12 cyclization

@jvg Swe

(o)



Reissig’s synthesis (1993)

Synthetic route

0 CN CN CN
1. lipase _ CO4Et Sml, COzEt Smlz_co,Et
2. S0Cl, | 75% U
EtO,C CO,Et CN N ) N osml, N osml,
©\_/I(\ 0 0 0
N

N L
60%

1

" TsO = /4
CNO NH /Y\ /\(\\
| oTBS N\ OTBS
SwCIE-C N Pw -
- _ >
N H, N 2. Ph,S[OC(CF3),Ph], O N ‘

H 97% H Martin's sulfurane
o o anti-elimination
32%

Rawal's intermediate




MacMillan’s synthesis (2011)
About David MacMillan

O About MacMillan

1996

1998

1998

2000
2006

Ph.D. University of California, Irvine
(Prof. Larry Overman)

Postdoc. Harvard University

(Prof. David Evans)

University of California, Berkeley
California Institute of Technology

Princeton University




MacMillan’s synthesis (2011)

Synthesis planning

O Diels-Alder-Michael cascade reaction to build the spirocenter

Heck N
cyclization i OH
"R
PMB Ngy

Wieland-Gumlich
aldehyde

acylation
deformylation
alkylation

NHBoc
| | | _ NBoc
N SeMe DA-Michael

[
\ CHO
PMB T——— O O
(o]
///LH

-2

H
MB



MacMillan’s synthesis (2011)
Synthetic route

| | I| |
Ns
94% N Boc

| NaH, PMBCI
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H
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Nap N

H
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Se0, NHBoc
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(EtO),P(O)CH,SeMe,
TMS,NK, 18-Crown-6

81%



MacMillan’s synthesis (2011)

NBoc NBoc
CHO  (ph,P),RhCI

hll 86% hll
PMB PMB
NBoc NH
% = | —
N
N Z | H CO,Me
BuB PMB 2

Pd(OAc),, NaHCO,, "Bu,NCI

58%

PMB is important!

Synthetic route

COCl,, Et;N, MeOH

88%

OAc

/—(/J
Br |
DBU, K,CO,

84%

NBoc
owg
PME  CO,Me

DIBAL-H, TFA

81%

OAc

DIBAL-H O ‘
B
O ‘ 91% N

PMB

PhSH, TFA
66%

_




Vanderwal’s synthesis (2011)
About Chris Vanderwal

U About Vanderwal

2003 Ph.D. The Scripps Research Institute
(Prof. Erik Sorensen)

2003 Met his wife Danielle Soenen
(Prof. Dale Boger)

2005 Postdoc. Harvard University

(Prof. Eric Jacobsen)

2005-now Professor of Chemistry University of California, Irvine



Vanderwal’s synthesis (2011)

Synthesis planning

O Diels-Alder reaction to build the spirocenter

, 7
conjugate N OoP
addition (M]
Swe
H " Cho

Wieland-Gumlich aldehyde

open form
H IMDA
/\(/\\
Zincke N X op
reaction
WNHZ @  — | i
N = =
N N
H H



Vanderwal’s synthesis (2011)
Background: Zinckle reaction

O Zinckle reaction

)

NH,
NO,
+

NO,

NO e
2 R,NH R NO,
R,NMH +

o NO,

: Q
4
(o}
N
o
4
i\ /
z
(o}
A
R\
I
N
Q
-2
+

O Mechanism: (question)

In 2006, a Japanese group claimed novel synthesis of diazaannulene (see below), which was thought
to have special diamagnetic properties because of anti-aromaticity. Unfortunately, they did not
possessed the knowledge of Zinckle reaction when they published the paper.

What is the correct structure? (They share similar NMR) And what is the mechanism of forming the

correct product?
e !
H,NAr
|+ N\ 2 Ar< ﬁ \ﬁ _Ar
= b~

Org. Lett. 2006, 8, 4279. (retracted)




Vanderwal’s synthesis (2011)
Development of IMDA

O Indole is a poor dienophile, Zincke aldehyde is a poor diene

Bn
N | NOT N’
> 150 °C | | | Nl
I \ —_— N Bn’ o
= H
N AN H
N CHO

J. Am. Chem. Soc. 2008, 130, 7560.

U Application U Mechanism: (question)

In 2011, Houk used DFT calculation to find
that the reaction goes through ketene

N Ar intermediate. Notice the regiochemistry as
- 5 indicated below. Please draw the mechanism.
—_—
N"§O
/
OR

0 z
eisemine X NI
g MezNW\O - o MezN/u\)/
Me

Me




Vanderwal’s synthesis (2011)
Development of IMDA

O Lewis acid failed; metallation of indole gave promising result

Bn
N/Bn Nl
: % A KOtBu, THF, 80 °C O ‘
N P N
H H
CHO CHO
However:
N/\(/\ N\
N\ B KotBu, THF, 80°C
| AN
N = NI _
CHO H CHO
Q Solution 1 Q Solution 2

Boc, Ts, Ac: EWG, not suitable for Zinckle reaction

PG
NI
N/\(_\ Bn: reductive condition, unsuitable for aldehyde
S [Si] A PMB: oxidative condition, unsuitable for indole
| | acidic condition, leading to dimerization
N~ P N~ P
H  CHo H  CHo

Allyl: good



Vanderwal’s synthesis (2011)

Development of conjugate addition

O Direct Heck reaction? Seem unlikely...

unlikely
selectivie
reduction

NN\OH
I
L —
N

HH
CHO

e
LS —

HH
OH

up to 40% yield

Pd-H,

Reasons:
1) nitrogen lone pair donate to C-H anti-bonding
2) w/o both nitrogen and oxygen

a) with PPhj: still endocyclic

b) Jeffrey condition:exocyclic

not observed



Vanderwal’s synthesis (2011)

Development of conjugate addition

O Other failed trials...

Reductive Heck

G ‘ Ni(cod),
NN e >

cycloreversion



@??N\\Q

+'.‘

DN

EtOH, 80°C

81%, 100% brsm

Zinckle reaction

N
H

H

Vanderwal’s synthesis (2011)

oy

N/\(/\\OH

CHO

™S

NaHMDS
CuBr SMe,

10%

The final route

NH
—e L -
.
e WA . Pw®
H N
64% HH Ctho HH L
IMDA o__O

CHO

Brook rearrangement
Michael addition



Year
1954
1993
1994
1998
2004
2010
2011
2011

Chemist
Woodward
Overman
Rawal
Kuehne
Fukuyama
Reissig
MacMillan

Vanderwal

Summary
The yield and steps

Chiral source Step

N/A 29

enzyme 25
N/A 12
Amino acid 21

Enzyme 25
N/A 9

Organocatalyst 12
N/A 6

Yield
0.0002%
3%
10%
4%
1%
4%
7%
2-3%



Summary

Formation of spirocenter

Iminium DA
CO,Me
CO,Me N
- Swe
— B ——
| N
N
| CO,Me MeO,C coaMe
MeO,C 2
NHBoc
| | || _ NBoc
Iil SeMe CHO
—_—
N e
: }
o PMB
A,

MeO,C + y
NBn /\/
\H\/\ N/J "\

| Vi —_—
pos Y N _ .
N
CO,Me =
2 N HH tho
CHO
R
W a
N d CN CNO
: CO,Et
L Ow CL I
—_— L N —
N = N
H A a N (o] H

MeO,C  co,Me



Thanks for your kind attention!



Aza-Cope-Mannich cascade proved to be very powerful in total synthesis. Please complete the
following reactions.

S
AgNO, : o BF;OEt,
—_— >
T CLp :
=N -23°C to RT
H s\\Ph
R
SO,Ph SO,Ph 0
HO HO SO,Ph
A
WNTS ’N N
Me N Me H Me
A(
\ -—
o F;BO Ar O . Ar
Ty — | A -
=N + 2 —
H Mpn i\ :
R S~ph H




In 2006, a Japanese group claimed novel synthesis of diazaannulene (see below), which was thought
to have special diamagnetic properties because of anti-aromaticity. Unfortunately, they did not
possessed the knowledge of Zinckle reaction when they published the paper.

What is the correct structure? (They share similar NMR) And what is the mechanism of forming the

correct product?

DNP DNP DNP
N H,NAr N
Ny —— (LY A—F |

| <z [
Ar ' Ar I
| H . !
N_ _N_ rEN CIF
- I Ar _ > :I N |
Z Rz i

H
H,NAr N N
—_— 7 | Ar
NS
Similar NMR

Dimer in MS condition




In 2011, Houk used DFT calculation to find that the reaction goes through ketene intermediate.
Notice the regiochemistry as indicated below. Please draw the mechanism.

o #
N NS
MezN/\/Y\o > Me,NT

Me Me
=
N X Q
MeZNW\O _ P
Me MezN
Me
Z-E isomerization
6
NMe2 NMe2
+
1,] NMe2
Z H _ | 0 |
0 c (6]




