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Introduction

16 Contiguous stereogenic centers

7 Tetrasubstituted carbons

4 Different ester groups

2 Hydroxy groups

2 Intramolecular hydrogen bonds (strong: C;;OH-0,; weak: C,OH-C,,0H)
1 Acid and base-sensitive hemiacetal

1 Strained and sterically-hindered epoxide

1 Highly congested Cg4-C,, bond joining the decalin and hydroxyfuran acetal domains
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Story Line

Beginning
Isolation and Structure
Determination o
Azadirachtin


http://www.neemtech.com/yljs02.htm

Hop Skip and Jump

d @ 1985-1986 @

The correct
structure was

determined and
was confirmed by
X-ray analysis

The first complete
structure was
reported but not
correct

First report of the

Isolation of
Azadirachtin by
Morgan group




First Isolation

Isolated from the seeds of
Azadirachta indica (A. Juss) in India

Named Azadirachtin
(Azadirachta indica)

CHCIa

Butterworth, J. H.; Morgan, E. D. J. Chem. Soc., Chem. Commun. 1968, 23.




Right Molecular Formula & Partial Structure

Molecular Formula : C3:H,,044 (Triterpenoid)
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The presence of two acetate groups and the
absence of either epoxide or hemiacetal functions?

Butterworth, J. H.; Morgan, E. D. J. Chem. Soc., Perkin Trans. |. 1972, 2445. 6



The First Complete Structure

Nakanishi’s Azadirachtin Correct Structure

Based on: PRFT/CWD 3C NMR
Hypothetical Relationship with Known Terpenoids

Zanno, P. R.; Muira, |.; Nakanishi, K. J. Am. Chem. Soc. 1975, 97, 1975.



Ley’s Modification

Ley’s Modification Correct Structure

Based on: ID NOE & 2D NOESY

Bilton, J. N.; Broughton, H. B.; Ley, S. V. J. Chem. Soc., Chem. Commun. 1985, 986.



Finally, the Correct Structure

meo,c’ 6 RcO ~ H
22,23-dihydrod Vi@ @pGrirach

Azadirachtin

KraBguiyht@okdl, BA; Lekerk, XK. ;P &irerhl. Setraldunon Cethrh88512866485.




First isolated by Morgan(1968)
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Partial Structure(1972)

Azadirachtin

Ley’s Modification
(1985)
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Story Line

Ley’s Monodrama
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Ley’s Idea

coupling

N

Left half: Decalin Right half: Hydroxyfuran acetal

We recoganize this coupling involves the formation of a
difficult bond, but therein lies the challenge.

----S. V. Ley

Ley, S. V. Pure Appl. Chem. 1994, 66, 2099. 12



First Report on the Synthesis of Azadirachtin

e
1. Develop a flexible approach
for the total synthesis
% \ 2. Study the functional groups

responsible for bioactivity

(0)
(potential active center)
OH OH
' N\
O

Ley, S. V.; Santafianosa, D. Tetrahedron Lett. 1987, 28, 221.
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Simple but Important

1. LDA, THF, -78 °C
2. MoOPH,
-78°Cto 0 °C
>

OH  1Bscl, imidazole
r ol
0" ~o o Y0 DMF, r.t.

67% 94%
OTBS
MeOH, HZSO4 —
60% O™ “OMe
OTBS
OTBS Amberlyst 15
DIBAL S — e
> MeCN o
toluene, -78 °C 0" OH 64% |:|
67% A
O5;, DCM, -78°C oTBS
then PPh;, r.t. :
—»
93% 07=~o
H

OTBS OTBS
M Toluene M
O0=~0

¥ 92%

II

LEIOTBS
00

1. KDA, -78°C
2. allyl bromide, -78 °C
>

oTBS
s —
o" o

87%

1. 03, MeOH, -78 °C

OTBS
2. NaBHy, r.t.
88% OMe
TBAF
THF, r.t. L
100% H
OTBS
PhSH, MeCN : m-CPBA
OH ——— > SPh »
Amberlyst 15 0"~¢ DCM, r.t.
4A MS H 82%
82%
TBAF
THF r.t.

Ill

84%

Ley, S. V.; Santafianosa, D.Tetrahedron Lett. 1987, 28, 221. 14




The Left Part

[\
o. 0 5 steps
I
CHO MeOOC exo: 23% endo: 62%
(undesired) (desired)
AcOH/THF/H,0
65°C

73%
MeOOC_ COOMe

NaOMe/MeOH
s -

\J r.t.
S 60%

1. DMSO/NaCl/H,0, 160 °C

T

=
=

|

MeOOC

81%

2. CH,N,
COOMe cooMe

1. LDA! NPSP . Mel NaBH4, CeC|3° HZO

’ _—— ’
2. B
o CH5CN/H,0 95%
Pho,s-N NO, 0 2 :
70%
NaHCO,;, DCM Me0oC Me00e

62%

Ley, S. V.; Somovilla, A. A. Tetrahedron Lett. 1988, 29, 1853. 15



Absolute Configuration

O(12)

Method:

Modified Mosher methodology using high field FT NMR techniques

Ley, S. V.; Lovell, H. J. Chem. Soc., Chem. Commun. 1992, 1304. 16




Ley’s Other Work

Relay Route
1995

Degradation
1993

1990
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Story Line

=~ B

Ley
Cambridge

Nicolaou
Scripps

Watanabe

Hokkaido Tokyo
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Ways to Go

connect the two parts through other
functional groups and then close the
desired bond intramolecularly!

introduce this bond in an
earlier step of the synthesis!

Prof. Watanabe Prof. Ley & Prof. Nicolaou & Prof. Murai
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First Participant — Watanabe

1) Watanabe, H.; Watanabe, T.; Mori, K.Tetrahedron 1996, 52, 13939;
2) Watanabe, H.; Watanabe, T.; Mori, K.; Kitahara, T. Tetrahedron Lett. 1997, 38, 4429;
3) Watanabe, H.; Mori, N.; Itoh, D.; Kitahara, T.; Mori, K. Angew. Chem., Int. Ed. 2007, 46, 1512.
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Watanabe’s Model

OAc

(o)
Ph -
770 Intramolecular DA "'r ’,
0" X0 N/ 0TBS I + y
o nl__A__CHO 4
“HS OTBS
X Me0,C =Ho

Watanabe, H.; Mori, N.; Itoh, D.; Kitahara, T.; Mori, K. Angew. Chem., Int. Ed. 2007, 46, 1512. 21




Tandem Radical Cyclization

M
TBSO CO,Me
nBu,SnH, AIBN .
> o
toluene, A
28% . A OH

>
s
o

Ph,,,
r W nBu;SnH, AIBN

OH toluene, A
90%

-
-
-

MeO,C 0

Watanabe, H.; Mori, N.; Itoh, D.; Kitahara, T.; Mori, K. Angew. Chem., Int. Ed. 2007, 46, 1512. 29



Murai’s Strategy

ODEIPS

Ireland—Claisen Rearrangement

1) Ishihara, J.; Fukuzaki, T.; Murai, A. Tetrahedron Lett. 1999, 40, 1907;
2) Yamamoto, Y.; Ishihara, J.; Kanoh, N.; Murai, A. Synthesis 2000, 1894;

3) Fukuzaki, T.; Kobayashi, S.; Ishihara, J.; Kanoh, N.; Murai, A. Org. Lett. 2002, 4, 2877. -



Ireland-Claisen Rearrangement

Ireland-Claisen LDA, TMSCIl, HVIPA
Rearrangement
, THF
_ o)
0 OMe 0 LDA, y(sm .
H
M Et// THF
: OTBS
KHMDS, TMSC
Et;N, PhMe

-110°Cto 70 °C, 6.5 h
77%

oM
COOR HOWH‘E
A B0 Solvent!!!

Left Right
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Diastereoselectivity

o o o
0 ? OMe OMe OMe
““J\o H  KHMDS, TMSCI H H
7 (o) > +
| o Et;N, PhMe | !
i ODEIPS -110 °C to 70 °C i ODEIPS : ODEIPS
559, A: desired 1:3 B: undesired
_ Q o _
A
AY
ENLTY reagent base solvent AB  wield (%)
I Me,SiCl KHMDS PhMe 130 55 \_osi ——> productA
2 MesSiCl KHMDS THF 1:1.6 6l 5’ o
3 Me,SICl KHMDS THF-HMPA  1:1.4 56
4 Me:SiCl;  KHMDS PhMe 1.6 41 _
5 Me:SiCl:  LHMDS THF 1.7:1 a1 Z-chair
e MeaSiCla LHMDS. THE L6 ] 6R
7 Me:SiClz  LHMDS PhMe 4.0:1 a7 QS
B MesSiCl LHMDS Phbie 71 04 = 0
0  MeSIOTf  KHMDS THF dec 78 — 5 productB
10 MezSi{OMe); KHMDS THF N.R. §
_ o
Sio i
E-chair

Fukuzaki, T.; Kobayashi, S.; Ishihara, J.; Kanoh, N.; Murai, A. Org. Lett. 2002, 4, 2877. 25




Nicolaou’s Model Study

= "/o
OMe
2002
Organometallic

BnO

OBz

> 2005

AcO
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From Radical Chemistry

MOMO Radical
= cyclization

5-exo-trig

BnO

COOEt
2 MOMO
HO H 0 work-up
l 15 steps
BnO
OMOM
1. Bry, N,N'-dimethylaniline
., CH,Cly, 71%; + (1115
HO IEI OH -
+ 2. nBu3SnH, AIBN
toluene, 110 °C, 70%
PPTS
2 acetone/H,0
MeO 65 °C
(stable) 85%

Nicolaou, K. C.; Follmann, M.; Roecker, A. J. Angew. Chem., Int. Ed. 2002, 41, 2103. 27



From Organometallic Chemistry

BnO =0
OSEM
(desired)
BnO Ni(cod),, Nal +  (12:1)
° H
DMF, 80 °C OV
55%

4 "Io
OSEM
(undesired)

BnO

Nicolaou, K. C.; Roecker, A. J.; Follmann, M. Angew. Chem., Int. Ed. 2002, 41, 2107.
28



Challenge
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Story Line

w0 BusSnH, AIBN
wOBn >
toluene, high dilution L
100°C TBﬁso“
OMe 80% °0:C

Watanabe, 2015:

BuzSnH, AIBN
—_—

DMF, 130 °C
35%

30




Relay Study

Azadirachtin

1. TBAF, THF, 0 °C, quant.;
2. Pd/C, H, (10 bar), MeOH
r.t.,, 90%

\

OMe Amberlyst 15, 3A Mg

MeOH/MeCN
r.t.

49%

1. Ac,0, EtzN, DMAP, CH,Cl,, 74%;
2. CH3;CH(CH3)C(C0O)O(CO)CxH,Cl;
Cs,CO;, toluene, reflux, 6 d, 50%

y

3. NaBH,, CeCl;-7H,0, MeOH
0°C, 49%

1. Pd/C, Hy, MeOH, r.t., 81%;
2. PhSH, PPTS, CH,CICH,CI

SPh
80 °C, 70%

DMDO

CH,Cl, )
-78 °C to r.t. to reflux |f|0¢
67% Me02C -
Azadirachtin

-
y

L
>

Veitch, G. E.; Beckmann, E.; Burke, B. J.; Ley, S. V. Angew. Chem., Int. Ed. 2007, 46, 7633.
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Retrosynthetic Analysis

(o) Epoxidation
OMe

o” |O
OBn
Azadirachtin
Radical cyclization
OBn /7
I~
~OBn
(0]
OMe
Claisen rearrangement

O-alkylation

Decalin fragment

Pyran fragment

32




Right ‘Arm’

(:)H MOMO OBn 1. AIBN, nBu;SnH, toluene, 110 °C, 70%;

MOMO

Ph, o, OH 9steps MeS,CO, A3 2. CH,CI,/TFA/H,0 (20:1:1), r.t., 80%
; T s (L= A
O No” 0 TBSO_ o 3. a) SO;py, DMSO, iPr,NEt, CH,Cl,, o°c Br

0
©) )
P b) tBUOK, Ph;PCHBr,Br, THF, r.t., 80%
1. TMSBF, CH,Cl,, 0 °C, 82%; PMBO o 1. DIBAL, CH,Cl,, -78 °C; PMBO 4

2. PMBTCA, La(OTf), THF, rt. 90% m 2. Amberlyst 15, MeOH, r.t m
Br)\ Br)\

70%
PMBO PMBO
= OBn .
MeLi-LiBr lPngCl (CH;0O)n 5 Ms,0, iPr,NEt
s OMe >
THF \\\ THF _"No” 0 CH,CI,
78 °C to 0°C 2 45 °C HO\// 0°C  MsO
80% 80% 90%

Veitch, G. E.; Beckmann, E.; Burke, B. J.; Ley, S. V. Angew. Chem., Int. Ed. 2007, 46, 7633.
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Total Synthesis

NaH, [15]crown-5

oTﬂf: N, 0PV R=TES
o ~OBn
TBAF, THF, 0 °C
le) o: 90%; B: 95%
ome > R=H

1. DDQ, CH,Cl,/H,0, r.t., 85%;
2. CS,, NaHMDS, THF, -78 °C

Microwave L
TBSCI, imidazole -78° 9
— - OPMB imidaz OPMB then Mel, -78°C, 60% -
1,2-dichlorobenzene \OBn DME . OBn
185 °C 100 °C TBSO' .
80%

OMe

OMe
*/@C’
HO OH
MMPP-H,0

NaHCO3;, MeOH

nBu;SnH, AIBN

|

toluene, high dilution

100 °C 105 °C
80% 7 days
o 20%
B: 50%
- X
o”To E— 7o
OBn OH
(B only)

Veitch, G. E.; Beckmann, E.; Burke, B. J.; Ley, S. V. Angew. Chem., Int. Ed. 2007, 46, 7633. 34



2"d-Generation Synthesis

[Z"d-Generation Synthesis:)

OTBDPS
o
| | PMBO
oTms Rh catalyst = OBn
N DCM, -60 °C | . -
(|) ¥ S P w! (0] > OMe
then TFA, rt o o
™ T1BDPSO _Z AN
OMe .
90% ee, 77% yield 17 steps
(15t-Generation Synthesis:)
H PMBO
(E) z OBn

HO,,, OH -
— > OMe
Ho\\\“Q:OH - = \‘\‘(0\/(0>M
\//
p-D-galactose 26 steps

Boyer, A.; Veitch, G. E.; Beckmann, E.; Ley, S. V. Angew. Chem., Int. Ed. 2008, 48, 1317. a5




Watanabe’s Formal Synthesis

nBu3zSnH, AIBN

OH toluene, A

- H A
A =

MeO,C 0O 90% MeO,C =16

Watanabe, H.; Mori, N.; Itoh, D.; Kitahara, T.; Mori, K. Angew. Chem., Int. Ed. 2007, 46, 1512.

tBDPSO @
\é
LiHMDS
98% ee THF, -78 °C

46% .
MeMgBr, Cul, LiBr

THF, 0 °C to 20 °C
7%

o]
(o)
OMe (0] J§ ) OBn
nBu;SnH, AIBNPMP;,, z \\/ NG
DMF, 130 °C ) OMe
:;50/ O Phse” ~07: O
(] 0
meo,c Hg  ©OH

Ley's intermediate

Mori, N.; Kitahara, T.; Mori, K.; Watanabe, H. Angew. Chem., Int. Ed. 2015, 54, 14920. 36



Summary

Isolation and Structure Determination (18 years)

Total Synthesis:
Prof. Ley: 22 years
Prof. Watanabe: 26 years

Total Steps:

Prof. Ley: 71 Steps (longest linear sequence 48 steps)
Prof. Watanabe: 63 Steps (longest linear sequence 39 steps)

Total Yield:
Prof. Ley: 0.00015%
Prof. Watanabe: 0.00078%

Azadirachtin
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