Total Synthesis of Azadirachtin:
22 Years to Harvest

o
COzMe
Me :_OH

Me

AcO™ ) H Y~ “OH
MeO2C “—0

Nathan Werner
Denmark Group Meeting
December 11t", 2007



Total Synthesis

Natural-product synthesis:
eoriginated in the 1820’s
when Friedrick Wohler
synthesized urea
*has generated
serendipitous discoveries
such as the first synthetic
dye, mauveine, by
William Perkin in 1856
while attempting to
synthesize quinine
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Has modern natural-products
synthesis outgrown it’s
usefulness?

Sanderson, K. Nature 2007, 630-631.



Isolation of Azadirachtin
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&w. An'.n.comLTrees.asg_ g| goree.rice.edué?g=taxonom¥4 terméz
*Azadirachta indica (Neem Tree) is native to tropical and
subtropical areas of India

*First isolated from the ethanolic exctract of Neem seeds in 1968

- =

by Morgan and coworkers
Morgan, E. D; et al. Chem. Commun. 1968, 23-24.


http://www.turfarm.com/Trees.aspx
http://goree.rice.edu/?q=taxonomy/term/7
http://www.turfarm.com/Trees.aspx

Biological Activity

*Initial biological studies by
Morgan and coworkers found
Azadiractin to completely inhibit
feeding by the desert locust
Schistocerca gregaria at 1 ng /
cm?

*Further studies have revealed
that azadirachtin exhibits potent
anitfeedant and growth-
disruptant properties against a
broad spectrum of insects yet
low mammalian toxicity

(LDcy(rat) > 5 g / kg).

Morgan, E. D; et al. Chem. Commun. 1968, 23-24.
Schmutterer, H. The Neem Tree, VCH, Weinheim, 1995.


http://www.le.ac.uk/neurosciences/matheson.html

Structural Assighment

First complete
structure of
Azadirachtin by
Nakanishiin 1975 using
extensive NMR

Revised structure by
Kraus in 1985 which
proposed a C13-C14

epoxide
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Nakanishi, K.; et al. J. Am. Chem. Soc. 1975, 1975-1977.
Kraus, W. et al. Tetrahedron Lett. 1985, 6435-6438.



Structural Features

16 stereogenic centers _
Hemi-acetal

Enol ether

7 tetrasubstituted carbon atoms



Retrosynthetic Question

Please take a few minutes to
come up with a general
d } retrosynthetic analysis.




Synthetic Endeavors

OMe

Ley 2007 Murai 2002
C8-C14 C8-C14
Intramolecular Claisen Intramolecular Claisen

Nicolaou 2005 Watanabe 2007
C8-C14 C8-C9
Radical Cyclization Radical Cyclization
Ley, S. V.; et al. Angew. Chem. Int. Ed. 2007, 7629-7632. Murai, A.; et al. Org. Lett. 2002, 2877-2880.

Nicolaou, K. C.; et al. Angew. Chem. Int. Ed. 2005, 3443-3447.  Watanabe, H.; et al. Angew. Chem. Int. Ed. 2007, 1512-
1516.



Ley’s Original Retrosynthetic Analysis
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Beginning — The Decalin Fragment

1. (PhMe2zSi)2CuLi LiCN
Et

OEt THF, -78 °C
— COsMe
» o

OFt 2. CO2, P(OEt)3, -70 °C - rt |
Aldrich: $379.00/259 3 (Me0)2S02, rt, 80% SiMe2Ph

1. DIBAL-H 0 H 1. NaClOgz, 2-methylbut-2-ene o Br

THF, -25 °C tBuOH, H20, 0 °C to rt

A ( > weo” Y
2 PTSA - 2. CHzNz, CH2Clz, 94%
SiMezPh SiMezPh
2% water-acetone 3. NBS, PPh3, CH2Clz2, 69%
T7% e
OMe
OMe
OTBS y MBuLi, TMEDA OMe KH, THF, rt
+ € . o
| S THF, -30 GC. 549/, S S then {A} 0 °C tort PhMe2Si
O S OH 3 60% —

CO:zMe
Ley, S. V.; et al. J. Chem. Soc. Perkin Trans. 1 1992, 2735-2762.



Synthesis of IMDA Precursor

OMe
IBS OMe 1. HF, pyridine .
MeCN, rt - 35 °C, 85%
S v
PhMesSi 0 SQ 2. (COCIl)2, DMSO PhMe2Si
— THF, -78 - -35 °C
CO2Me then TEA, -78 °C - rt, 93%

]
P(OEt)2

'

. S S
LiCl, DMF, DIPEA
’ ' S S
44 h PhMezSi\_<—D \ PhMEzSi\_<—D \ PhMEzSi\_<—D

COzMe COzMe COzMe

49% 13%-(2) 34%-(E)

Ley, S. V.; et al. J. Chem. Soc. Perkin Trans. 1 1992, 2735-2762.



Intramolecular Diels-Alder Reaction

Ti
SQ %"‘m Me SQ
PhMe2Si 0 S
r : \:<_
pyridine (cat.), toluene-THF

o CO:zMe
-50to-35 C — -
4 possible diastereomers; Me
please make a general N\ Me
DIPEA, hydroquinone prediction of the product ratio | oRiarge

> by transition state structure

PhMe2Si O
analysis of this simplified \:<; Ve
model

toluene, 85 °C

Ley, S. V.; et al. J. Chem. Soc. Perkin Trans. 1 1992, 2735-2762.



IMDA Answer

COz2Me

DIPEA, hydroquinone
toluene, 85 °C

PhMe2Si y
MeO2C

8%-exo

MeO

i

Me 0} Riarge

H

Ley, S. V.; et al. J. Chem. Soc. Perkin Trans. 11992, 2763-2777.



Synthesis of Decalin Fragment

pTSA cat.

63%

pivaloyl chloride NaBH4

-

py, DMAP, 89% MeOH, THF, 96%

1. Mel, CaCOs3 Hg(O2CCF3)2
MeCN-H20 TFA-HOACc
-
2. DBU, 98% then peracetic acid

Ley, S. V.; et al. J. Chem. Soc. Perkin Trans. 1 1992, 2735-2762.



Formation of the Hemi-Acetal

OPiv

OPiv

1. PhCHO, PPTS
benzene, reflux

2. L-Selectride
3. TBSOTf, EtsN

1. LiOH, EtOH/H20
. CH2N2,
3. TPAP, NMO

1. Zn(BHa)2, THF, -10 °C

2. NCCH2COzH, TsClI, py
-

3. TBAF, 4 A sieves, 94%

. TBSOTf, EtsN
. 03/02, Ph3P, 70%

.PDC, 4 A sieves 1. DMDO

. LHMDS, 88% 2. MeOH, PPTS, 70%

MeO2C 0O
Ley, S. V.; et al. J. Chem. Soc. Perkin Trans. 1 1992, 2735-2762.



Synthesis of Decalin Fragment

1. PhCHO, PPTS, 75%

2. BnBr, Agz20, DMF, 61%

H2C=NMe:

TBSOTT, EtaN CH2Clz, 35 °C

MeCN, 77% then TBSI, CH2Cl2

Hz, Pd/C

—h.,.
MeOH, 65%

Ley, S. V.; et al. Pure Appl. Chem.2005, 1115-1130.



Coupling of Fragments

Me .
Me PdCl2, dppf o
OMe
DMF, 80 °C
OMe OMe H
PdClz, dppf
OMe P  No Reaction
DMF, 80 °C

X = SePh, 27%
X= BI’, Tﬂnfu

Ley, S. V.; et al. Pure Appl. Chem. 2005, 1115-1130.



Ley’s Revised Retrosynthetic Analysis

deprotection
M
)

I

OMe

epoxidation

radical cyclization
2

w

OMe

OMe

Ley, S. V.; et al. Angew. Chem. Int. Ed. 2007, 7629-7632.



Ley’s Revised Retrosynthetic Analysis

Claisen
rearrangement
““'R \>
+OBn 7 X
R = radical precursor OMe
O-alkylation
\v/
Ms0” R
N, R
+ 14 ~0Bn
D A
8]
OMe

decalin fragment
Ley, S. V.; et al. Angew. Chem. Int. Ed. 2007, 7629-7632.

pyran fragment



Beginning - Pyran Fragment

T

OAc
OBn

QH
= 1 MDH =
AcO., A\ _,OAc Z HO.,,, OH
= BF30Etz, CH2CI2
DME ACD\ “ﬂ 'ﬁ-, h"‘ HD-\.\‘ ‘ﬂ i'.r‘.
P v 0 OAc 2. NaOMe, MeOH
/ o

f-D-galactose pentaacetate
OMs

w
56%
Aldrich: $172.50/100 g

PhCH(OMe)z, CSA Ph,

on Bu2Sn0, MeOH, Ph.,, o,,_ : "
(:r reflux, then MOMCI
] ‘1,1-‘ frey !
CHCl3, 60 °C, 99% o

0
1,4-dioxane, rt, 82%
N

. 803 py, DMSO, iPr2NEt,

1. NBS, MeCN / H20 (9:1),
CH2Cl2, 0 °C

pH 7, rt, 60%

-
2. AllyIMgCl, THF, -78 °C, 85%
3. BnBr, NaH, DMF, rt, 87%

2. Zn, EtOH, NH4Cl, 80 °C, 99%

Madsen, R.; et al. J. Chem. Soc. Perkin Trans. 1 2001, 543-551
Ley, S. V.; et al. Angew. Chem. Int. Ed. 2007, 7629-7632



Formation of the Furan Ring

1. CH2CI2/TFA/H20 (20:1:1)
rt, 99%

2. TBSCI, DMAP, DMF, NEt;
rt, 90%

1. AIBN, nBu3SnH
toluene, 110 °C, 70%

2. CH2CI2/TFA/HZ0 (20:1:1)
rt, 80%

MOMQ
= OBn

Dt,; (\
\ﬂ“t 1,

Ph.,,,

iy

:,GH

=

1. O3, CH2Cl3, -78 °C
then PS-Phs, rt

2. TPAP NMO, CH3CN, rt, 95%

CS2, NaHMDS, -78 °C

Y-
then Mel, -78 °C, 99%

1. SO3 py, DMSO, iPrz2NEt
CHzCl2, 0 °C

v

2. tBuOK, PhsPCHBrzBr
THF, rt, 80%

Ley, S. V.; et al. Angew. Chem. Int.
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Ed. 2007, 7629-7632.



Synthesis of Pyran Fragment

MOMO
= 0OBn

IIIG

1. TMSBr
CHzCl2, 0 °C, 82%

Br
PN ?
\“\. o w G D

PMBOQ

Br

Bn

IIG

Br
""DME

“‘\‘h ot
Br “* "o O

o

PMB? oBn

Br ;
/k OMe
"“-\“‘.# D O

B

Br

2. PMBTCA, La(OTf)3 Br
THF, rt, 90%

-

1. MeLi LiBr, THF
-78 - 0 °C, 80%

1. DIBAL-H, CH2ClI>
hexane, -78 °C

' (D= -
)\\"“'m“ 0 ') 2. Amberlyst 15, MeOH

rt, 70%, 1 : 1 (o : B)

* mlulﬂme
l““ 0

2. iPrMgCl, (CH20),,
THF, 45 °C, 80%

3. Ms20, iPrzNEt
CHzClz, 0 °C, 90%

same as above

Ley, S. V.; et al. Angew. Chem. Int. Ed. 2007, 7629-7632.



Coupling of Fragments and Key Intramolecular
Claisen

1. NaH, [15]crown-5
THF, 0 °C, 76%

-
2. TBAF, THF, 0 QC, 95%

uW, 1,2-dichlorobenzene, 185 °C
or [(Ph3PAu)30]BF4, CH2Cly, rt, 80%

OMe ‘

Ley, S. V.; et al. Angew. Chem. Int. Ed. 2007, 7629-7632.



Radical Cyclization

1. TBS-imidazole
DMF, 100 °C 90%
2. DDQ
~OPMB  CH2Cl2, H20, rt, 85%

“505"
3. CS2, NaHMDS
THF, -78 °C
then Mel, -78 °C, 60%
OMe

BuzSnH, AIBN
toluene [0.02], 100 °C

80%
Y

OMe

Ley, S. V.; et al. Angew. Chem. Int. Ed. 2007, 7629-7632.



Epoxidation / End-Game

Mg monoperoxyphthalic acid
radical inhibitor

NaHCO3, MeOH, 105 °C
sealed tube, 7 d
50% (85% based on sm)

OMe

Me Me O O Ci 1. TBAF, THF, 0 °C, quant
Me S=T Me o 2. Pd/C, 10 bar Hz, MeOH, rt, 85%
| 3. Ac20, EtsN, DMAP, CH2Cly, rt, 74%
HO Me o Me Cl Cl 4. Mixed anhydride, CsCO3
- - toluene, reflux, 6 d 50% (80%)
radical inhibitor mixed anhydride '

1. NaBH4, CeClz TH20
MeOH, 0 °C, 49%
2. Pd/C, Hz2, MeOH, rt, 81%

3. PhSH, PPTS
CH2CICHCI, 80 °C 70%

4. DMDO, CH2zClz, -78 °C to rt
then toluene, reflux, 67%

AzadlraChtl N Ley, S. V.; et al. Angew. Chem. Int. Ed. 2007, 7629-7632.
Ley, S. V.; et al. Angew. Chem. Int. Ed. 2007, 7633-7635.

OMe




Summary of Synthesis

PhMezE‘;i\E_Z—D

MeO2C ™—0O
CO:zMe
U ;’ S SMe
Intramolecular &

Diels-Alder reaction @EAME/\ R 14'»..(>
\ D\)

Intramolecular

Intramolecular radical cyclization
Claisen rearrangement



Summary and Comments

*0.00015% Overall Yield

*71 Synthetic Steps

*48 Step longest linear sequence

*More than 35 co-workers

*Interesting Chemical Reactions:
*Intramolecular (IM) Diels-
Alder reaction
*IM Claisen rearrangement
*IM radical cyclization

Was new synthetic technology
reaped over the course of the 22
year synthesis?

Do elegant syntheses have
aesthetic and monetary value?

Natural

Total New Strategies
and Tactics

Synthesis

& Des’-gned 2 J

Discovered Methods

"“The Catalytic Cycle of Discovery in Total Synthesis"
www.scripps.edu/chem/baran/html/home.html

Jauch, J.; et al. Angew. Chem. Int. Ed. 2007, ASAP.



