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Azadirachtin (1)[1] is a complex natural product that has been
at the center of structural,[2–5] biological,[6] and synthetic
studies[7, 8] ever since its isolation from the Indian neem tree
Azadirachta indica in 1968.[9]

Despite enormous efforts within the synthetic community
its synthesis has, until now, resisted all attempts. This is
undoubtedly due to its complex molecular architecture, which
comprises sixteen contiguous stereogenic centers, seven of
which are tetrasubstituted carbon atoms. Azadirachtin pos-
sesses a diverse array of oxygenated functionalities in
addition to a rigid conformation imposed by intramolecular
hydrogen-bonding.[5] Furthermore its sensitivity to acid and
base together with its photoinstability make it particularly
prone to rearrangement[10] thereby frustrating many synthesis
plans. Nevertheless we are pleased to report a successful
outcome to our ambitions making use of both relay studies
and prior work from our group.[11,12]

A degradative approach towards azadirachtin has been
adopted in order to facilitate the investigation of end-game
strategies, thereby rendering intermediate 2 the current target
for total synthesis (Scheme 1).[11, 12] The critical consideration
in any approach towards azadirachtin is the construction of
the sterically congested C8�C14 bond.[13] We originally
envisioned a highly convergent strategy in which this central
bond could be forged by the coupling of two fragments, which
together contain all the requisite functionality for conversion

to the natural product. However, all attempts to directly
install the C8�C14 linkage met with failure,[8,14] and an
alternative was therefore sought. Our current approach was
devised to maintain a high level of convergency whilst
minimizing steric crowding in the fragment coupling process
by selective O-alkylation of 6 with 7.

Our new synthetic route relies on a late-stage, facially
selective epoxidation to provide intermediate 2 from tetra-
substituted alkene 3, which in turn is accessible from 5-exo
cyclization of the C17 radical species 4. In order to circumvent
problems associated with intermolecular C8�C14 bond for-
mation, it was envisaged that this central linkage be con-

Scheme 1. Retrosynthetic analysis. Bn=benzyl, Ms=methanesulfonyl,
TBS= tert-butyldimethylsilyl, TES= triethylsilyl.
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structed by Claisen rearrangement of propargylic enol ether
5. Intermediate 5 could then derive from O-alkylation of
decalin 6 with propargylic mesylate 7. Decalin fragment 6 was
available both by total synthesis, published previously within
our group,[15] and also by degradation of the natural prod-
uct.[16]

The synthesis of pyran coupling partner 7 commenced
from known diol 8, available in three steps from b-d-galactose
pentaacetate (Scheme 2).[17] Standard protecting-group
manipulation and an oxidation/Grignard-addition sequence
led to differentially protected carbohydrate 9 as the only
observed diastereoisomer.[18] The requisite tetrahydrofuran

ring was constructed by deglycosidation[19] and ozonolysis of
allyl tetrahydropyran 9 followed by oxidation of the resulting
lactol to lactone 10.[20] Transformation of 10 to xanthate 11
was followed by Barton–McCombie deoxygenation[21] and an
oxidation/Wittig protocol to yield dibromoolefin 12. At this
stage it was necessary to use an alternative protecting group at
C17 as preliminary studies had shown that the MOM ether
could not be removed selectively at a more advanced stage of
the synthesis.[8, 22]

The MOM ether of 12 was therefore cleaved and replaced
with a PMB ether, and a reduction/acetalization sequence was
then performed to yield a 1:1 mixture of the two diastereo-
mers a-13 and b-13, which could be separated by column
chromatography. The two epimers of 13 were then independ-
ently subjected to Corey–Fuchs alkynylation conditions and
further homologated with para-formaldehyde, and the result-
ing propargylic alcohols were treated with methanesulfonic
anhydride to furnish the desired propargylic mesylates a-7
and b-7 ready for coupling with decalin fragment 6. At this
stage we had made no firm decisions as to whether one or
both of these diastereomers would be brought forward to the
natural product. In the end both served as viable precur-
sors.[23]

With the fully functionalized fragments a-7/b-7 and 6 in
hand, it was finally possible to effect the crucial coupling
reaction (Scheme 3). Preliminary studies indicated that a
tenfold excess of decalin 6 was required for complete
conversion to propargylic enol ether 14,[24, 25] which subse-
quently underwent TBAF-mediated desilylation to afford
diol 15. Claisen rearrangement[26] of propargylic enol ether 15
under thermal or gold(I)-catalyzed conditions was then
employed both to construct the key C8�C14 bond whilst
simultaneously installing the requisite allene for the ensuing
radical cyclization leading to 16. Following protecting-group
manipulations, the desired C17 radical precursor 17 was
formed in anticipation of the pivotal cyclization event. As
expected from model studies,[25] treatment of 17 with tribu-
tyltin hydride and AIBN in refluxing toluene initiated 5-exo
cyclization to smoothly furnish alkene 18.

Selective epoxidation of tetrasubstituted alkene 18, the
only remaining step in the synthesis, presented the greatest
synthetic challenge. Following extensive optimization, we
were finally rewarded when prolonged heating of 18 with
magnesium monoperoxyphthalate[27] in the presence of a
radical inhibitor resulted in the formation of relay intermedi-
ate 2 for the first time (Scheme 3). Interestingly, epoxidation
of both a- and b-18 yielded the b diastereomer of our relay
target (b-2), implying an epimerization of alkene a-18 to its b
form prior to epoxidation. This assumption is also supported
by the lower yield from the transformation of a-18. Epoxide
b-2 was identical in all respects to material derived from our
relay studies[11] and therefore constitutes the final step in the
synthesis of azadirachtin (1).

The work reported herein represents the conclusion of a
22-year synthesis journey leading to the first successful
preparation of the insect antifeedant azadirachtin. While
only a fragment of the total synthesis effort is reported here,
the challenge has, over the years, generated new chemistry
and elucidated a wealth of information concerning the

Scheme 2. Synthesis of propargylic mesylates 7. Reagents and condi-
tions: a) Bu2SnO, MeOH, reflux, then MOMCl, 1,4-dioxane, RT, 82%;
b) 1. SO3·py, DMSO, iPr2NEt,CH2Cl2, 0 8C; 2. AllylMgCl, THF, �78 8C,
85%; c) BnBr, NaH, DMF, RT, 87%; d) NBS, MeCN/H2O (9:1), pH 7,
RT, 60%; e) Zn, EtOH, NH4Cl, 80 8C, 99%; f) 1. O3, CH2Cl2, �78 8C,
then PS-PPh3, RT; 2. TPAP, NMO, CH3CN, RT, 95%; g) CH2Cl2/TFA/
H2O (20:1:1), RT, 99%; h) TBSCl, DMAP, DMF, NEt3, RT, 90%; i) CS2,
NaHMDS, �78 8C, then MeI, �78 8C, 99%; j) AIBN, nBu3SnH, toluene,
110 8C, 70%; k) CH2Cl2/TFA/H2O (20:1:1), RT, 80%; l) 1. SO3·py,
DMSO, iPr2NEt, CH2Cl2, 0 8C; 2. tBuOK, Ph3PCHBr2·Br, THF, RT, 80%;
m) TMSBr, CH2Cl2, 0 8C, 82%; n) PMBTCA, La(OTf)3, THF, RT, 90%;
o) 1. DIBAL-H, CH2Cl2, hexane, �78 8C; 2. Amberlyst15, MeOH, RT,
70%; p) MeLi·LiBr, THF, �78 8C–0 8C, 80%; q) iPrMgCl, (CH2O)n, THF,
45 8C, 80%; r) Ms2O, iPr2NEt, CH2Cl2, 0 8C, 90%. AIBN=azobisisobu-
tyronitrile, DIBAL-H=diisobutylaluminium hydride, DMAP=4-dime-
thylaminopyridine, DMF=N,N-dimethyl formamide, DMSO=dimethyl
sulfoxide, HMDS=hexamethyldisilazanide, MOMCl= chloromethyl
methyl ether, NBS=N-bromosuccinimide, NMO=N-methyl morpho-
line-N-oxide, PMBTCA=p-methoxybenzyl trichloroacetimidate,
PS=polymer support, py=pyridine, TBS= tert-butyldimethylsilyl,
Tf= trifluoromethane sulfonyl, TFA= trifluoroacetic acid, TPAP= tetra-
propylammonium perruthenate.
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biological properties of this fascinating molecule. We can only
anticipate that this will be the start of other research
programs, which one day may lead to alternative compounds
for insect pest control.

Received: July 7, 2007
Published online: July 30, 2007

.Keywords: azadirachtin · Claisen rearrangement · epoxidation ·
radical cyclization · total synthesis

[1] a) P. S. Jones, S. V. Ley, E. D. Morgan, D. Santafianos, The
Chemistry of the Neem Tree in Focus on Phytochemical
Pesticides, Vol. 1 (Ed.: M. Jacobson), CRC Press, Boca Raton,
1989, pp. 19 – 45; b) S. V. Ley, A. A. Denholm, A. Wood, Nat.
Prod. Rep. 1993, 10, 109 – 157.

[2] a) P. R. Zanno, I. Miura, K. Nakanishi, D. L. Elder, J. Am. Chem.
Soc. 1975, 97, 1975 – 1977; b) C. J. Turner, M. S. Tempesta, R. B.
Taylor, M. G. Zagorski, J. S. Termini, D. R. Schroeder, K.
Nakanishi, Tetrahedron 1987, 43, 2789 – 2803.

[3] a) W. Kraus, M. Bokel, A. Klenk, H. Poehnl, Tetrahedron Lett.
1985, 26, 6435 – 6438; b) W. Kraus, M. Bokel, A. Bruhn, R.
Cramer, I. Klaiber, A. Klenk, G. Nagl, H. Poehnl, H. Sadlo, B.
Volger, Tetrahedron 1987, 43, 2817 – 2830.

[4] a) J. N. Bilton, H. B. Broughton, S. V. Ley, Z. Lidert, E. D.
Morgan, H. S. Rzepa, R. N. Sheppard, J. Chem. Soc. Chem.
Commun. 1985, 968 – 971; b) H. B. Broughton, P. S. Jones, S. V.
Ley, E. D. Morgan, A. M. Z. Slawin, D. J. Williams, Proc. 3rd Int.
Neem Conf. Nairobi 1986, pp. 103–110; c) H. B. Broughton, S. V.
Ley, A. M. Z. Slawin, D. J. Williams, J. Chem. Soc. Chem.
Commun. 1986, 46 – 47; d) J. N. Bilton, H. B. Broughton, P. S.
Jones, S. V. Ley, Z. Lidert, E. D. Morgan, H. S. Rzepa, R. N.
Sheppard, A. M. Z. Slawin, D. J. Williams, Tetrahedron 1987, 43,
2805 – 2815; e) S. V. Ley, H. Lovell, D. J. Williams, J. Chem. Soc.
Chem. Commun. 1992, 1304 – 1306; f) S. V. Ley, K. Doherty, G.
Massiot, J.-M. Nuzillard, Tetrahedron 1994, 50, 12267 – 12280.

[5] H. B. Broughton, S. V. Ley, A. M. Z. Slawin, D. J. Williams, E. D.
Morgan, J. Chem. Soc. Chem. Commun. 1986, 46 – 47.

[6] a) For a review see: A. J. Mordue, A. Blackwell, J. Insect Physiol.
1993, 39, 903 – 924; b) W. M. Blaney, M. S. J. Simmonds, S. V.
Ley, J. C. Anderson, P. L. Toogood, Entomol. Exp. Appl. 1990,
55, 149 – 160; c) M. S. J. Simmonds, W. M. Blaney, S. V. Ley, J. C.
Anderson, P. L. Toogood, Entomol. Exp. Appl. 1990, 55, 169 –
181; d) M. S. J. Simmonds, W. M. Blaney, R. B. Grossman, S. V.
Ley, J. Insect Physiol. 1995, 41, 555 – 564; e) H. Schmutterer, The
Neem Tree, VCH, Weinheim, 1995 ; f) M. S. J. Simmonds, W. M.
Blaney, S. V. Ley, J. C. Anderson, R. Banteli, A. A. Denholm,
P. C. W. Green, R. B. Grossman, C. Gutteridge, L. Jennens, S. C.
Smith, P. L. Toogood, A. Wood, Entomol. Exp. Appl. 1995, 77,
69 – 80; g) A. J. Nisbet, A. J. Mordue, L. M.Williams, L. Hannah,
L. Jennens, S. V. Ley, W. Mordue, Tissue Cell 1996, 28, 725 – 729;
h) A. J. Mordue Luntz, A. J. Nisbet, L. Jennens, S. V. Ley, W.
Mordue, A. Juss. Int. Neem Conference Gatton Australia 1996,
chap. 22, pp. 247–258; i) A. J. Nisbet, A. J. Mordue, R. B. Gross-
man, L. Jennens, S. V. Ley, W. Mordue, Arch. Insect Biochem.
Physiol. 1997, 34, 461 – 473; j) A. J. Mordue, M. S. J. Simmonds,
S. V. Ley, W. M. Blaney, W. Mordue, M. Nasiruddin, A. J. Nisbet,
Pestic. Sci. 1998, 54, 277 – 284; k) A. Salehzadeh, A. Jabbar, L.
Jennens, S. V. Ley, R. S. Annadurai, R. Adams, R. H. C. Strang,
Pest Manage. Sci. 2002, 58, 268 – 276; l) S. C. Robertson, W. Ni,
T. S. Dhadialla, S. Tarlochan, A. J. Nisbet, C. McCusker, S. V.
Ley, W. Mordue, A. J. Mordue Luntz, Arch. Insect Biochem.
Physiol. 2007, 64, 200 – 208.

[7] a) M. G. Brasca, H. B. Broughton, D. Craig, S. V. Ley, A.
Abad Somovilla, P. L. Toogood, Tetrahedron Lett. 1988, 29,
1853 – 1856; b) S. V. Ley, A. Abad Somovilla, H. B. Broughton,
D. Craig, A. M. Z. Slawin, P. L. Toogood, D. J. Williams,
Tetrahedron 1989, 45, 2143 – 2164; c) Y. Nishikimi, T. Iimori,
M. Sodeoka, M. Shibasaki, J. Org. Chem. 1989, 54, 3354 – 3359;
d) X. Chen, Y. Luo, Q. Zhu, Z. Wang, Chin. Chem. Lett. 1992, 3,
971; e) K. J. Henry, B. Fraser-Reid, J. Org. Chem. 1994, 59, 5128 –
5129; f) H. Watanabe, T. Watanabe, K. Mori, Tetrahedron 1996,
52, 13939 – 13950; g) H. Watanabe, T. Watanabe, K. Mori, T.
Kitihara, Tetrahedron Lett. 1997, 38, 4429 – 4432; h) H. Schle-

Scheme 3. Fragment coupling and completion of the synthesis.
Reagents and conditions: a) NaH, [15]crown-5, THF, 0 8C, a : 81%, b :
76%; b) TBAF, THF, 0 8C, a : 90%, b : 95%; c) Microwave, 1,2-
dichlorobenzene, 185 8C, 80% or [(Ph3PAu)3O]BF4, CH2Cl2, RT, 80%;
d) TBS-imidazole, DMF, 100 8C, a : 70%, b : 90%; e) DDQ, CH2Cl2,
H2O, RT, 85%; f) CS2, NaHMDS, THF, �78 8C, then MeI, �78 8C 60%
over two steps; g) Bu3SnH, AIBN, toluene, 100 8C, high dilution, 80%;
h) MMPP·H2O, 5-tert-butyl-4-hydroxy-2-methyl-phenyl-sulfide, NaHCO3,
MeOH, 105 8C, sealed tube, 7 d, a :20% (85% based on recovered
starting material) b : 50% (85% based on recovered starting material).
DDQ=dichlorodicyanoquinone, MMPP=magnesium monoperoxyph-
thalic acid, TBAF= tetra-N-butylammonium fluoride.

Angewandte
Chemie

7775Angew. Chem. 2007, 119, 7773 –7776 � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


siger, E. Winterfeldt, Chirality 1997, 9, 454 – 458; i) N. Kanoh, J.
Ishihara, A. Murai, Synlett 1997, 737 – 739; j) J. Ishihara, T.
Fukuzaki, A. Murai, Tetrahedron Lett. 1999, 40, 1907 – 1910; k) J.
Ishihara, Y. Yamamoto, N. Kanoh, A. Murai, Tetrahedron Lett.
1999, 40, 4387 – 4390; l) Y. Yamamoto, J. Ishihara, N. Kanoh, A.
Murai, Synthesis 2000, 1894 – 1906; m) K. C. Nicolaou, M.
Follmann, A. J. Roecker, K. W. Hunt, Angew. Chem. 2002, 114,
2207 – 2210; Angew. Chem. Int. Ed. 2002, 41, 2103 – 2106;
n) K. C. Nicolaou, A. J. Roecker, M. Follmann, R. Baati,
Angew. Chem. 2002, 114, 2211 – 2214; Angew. Chem. Int. Ed.
2002, 41, 2107 – 2110; o) T. Fukuzaki, S. Kobayashi, T. Hibi, Y.
Ikuma, J. Ishihara, N. Kanoh, A. Murai, Org. Lett. 2002, 4, 2877 –
2880; p) K. C. Nicolaou, A. J. Roecker, H. Monenschein, P.
Guntupalli, M. Follmann, Angew. Chem. 2003, 115, 3765 – 3770;
Angew. Chem. Int. Ed. 2003, 42, 3637 – 3642; q) A. Murai, J.
Toxicol. Toxin Rev. 2003, 22, 617 – 632; r) K. C. Nicolaou, P. K.
Sasmal, A. J. Roecker, X. W. Sun, S. Mandal, A. Converso,
Angew. Chem. 2005, 117, 3509 – 3513; Angew. Chem. Int. Ed.
2005, 44, 3443 – 3447; s) K. C. Nicolaou, P. K. Sasmal, T. V.
Koftis, A. Converso, E. Loizidou, F. Kaiser, A. J. Roecker, C. C.
Dellios, X. W. Sun, G. Petrovic, Angew. Chem. 2005, 117, 3513 –
3518; Angew. Chem. Int. Ed. 2005, 44, 3447 – 3452; t) H.
Watanabe, N. Mori, D. Itoh, T. Kitahara, K. Mori, Angew.
Chem. 2007, 119, 1534 – 1538; Angew. Chem. Int. Ed. 2007, 46,
1512 – 1516.

[8] S. V. Ley, Pure Appl. Chem. 2005, 77, 1115 – 1130.
[9] J. H. Butterworth, E. D. Morgan, Chem. Commun. 1968, 23 – 24.
[10] J. N. Bilton, P. S. Jones, S. V. Ley, N. G. Robinson, R. N.

Sheppard, Tetrahedron Lett. 1988, 29, 1849 – 1852; S. V. Ley,
J. C. Anderson, W. M. Blaney, E. D. Morgan, R. N. Sheppard,
M. S. J. Simmonds, A. M. Z. Slawin, S. C. Smith, D. J. Williams,
A. Wood, Tetrahedron 1991, 47, 9231 – 9246.

[11] See preceding communication: G. E. Veitch, E. Beckmann, B. J.
Burke, A. Boyer, S. V. Ley, Angew. Chem. 2007, 10.1002/
ange.200703028; Angew. Chem. Int. Ed. 2007, 10.1002/
anie.200703028.

[12] A. A. Denholm, L. Jennens, S. V. Ley, A. Wood, Tetrahedron
1995, 51, 6591 – 6604.

[13] Quarternary Stereocenters (Eds.: J. Christoffers, A. Baro),Wiley-
VCH, Weinheim, 2005.

[14] J. C. Anderson, S. V. Ley, Tetrahedron Lett. 1990, 31, 431 – 432;
C. E. Gutteridge, PhD Thesis, University of Cambridge, 1996 ;
A. R. Pape, PhD Thesis, University of Cambridge, 1999.

[15] H. C. Kolb, S. V. Ley, Tetrahedron Lett. 1991, 32, 6187 – 6190;
H. C. Kolb, S. V. Ley, A. M. Z. Slawin, D. J. Williams, J. Chem.
Soc. Perkin Trans. 1 1992, 2735 – 2762; W.-J. Koot, S. V. Ley,
Tetrahedron 1995, 51, 2077 – 2090.

[16] The only difference between the decalin fragment used in our
synthesis and that described in the degradation studies is the C1/
C3 protecting groups. We were able to convert the benzylidene
acetal described therein to its bis-silyl ether. S. V. Ley, P. J.
Lovell, S. C. Smith, A. Wood, Tetrahedron Lett. 1991, 32, 6183 –
6186; S. V. Ley, P. J. Lovell, A. M. Z. Slawin, S. C. Smith, D. J.
Williams, A. Wood, Tetrahedron 1993, 49, 1675 – 1700.

[17] M. H. Clausen, M. R. Jorgensen, J. Thorsen, R. Madsen, J.
Chem. Soc. Perkin Trans. 1 2001, 543 – 551.

[18] E. Cleator, C. F. McCusker, F. Stelzer, S. V. Ley, Tetrahedron
Lett. 2004, 45, 3077 – 3080.

[19] D. R. Mootoo, V. Date, B. Fraser-Reid, J. Am. Chem. Soc. 1988,
110, 2662 – 2663.

[20] S. V. Ley, J. Norman, W. P. Griffith, S. P. Marsden, Synthesis
1994, 639 – 666.

[21] D. H. R. Barton, S. W. McCombie, J. Chem. Soc. Perkin Trans. 1
1975, 1574 – 1585.

[22] We thank E. Cleator, N. Hahn, A.Mattes, and F. Stelzer for these
early but important contributions, details of which will follow in
a full paper.

[23] This route provided a total of 0.8 g of propargylic mesylates 7,
which was subsequently coupled with decalin fragment 6.

[24] While we do see mixtures of O- and C-alkylation products in
experiments with simplified models of both fragments, pleas-
ingly exclusive O-alkylation is observed in the real system, which
we believe to be due to fortuitous steric factors.

[25] T. Durand-Reville, L. B. Gobbi, B. L. Gray, S. V. Ley, J. S. Scott,
Org. Lett. 2002, 4, 3847 – 3850.

[26] S. V. Ley, C. E. Gutteridge, A. R. Pape, C. D. Spilling, C.
Zumbrunn, Synlett 1999, 1295 – 1297; B. D. Sherry, F. D. Toste,
J. Am. Chem. Soc. 2004, 126, 15978 – 15979; D. J. Gorin, F. D.
Toste, Nature 2007, 446, 395 – 403; we thank Prof. F. D. Toste for
an authentic sample of [(Ph3PAu)3O]BF4.

[27] P. Brougham, M. S. Cooper, D. A. Cummerson, H. Heaney, N.
Thompson, Synthesis 1987, 1015 – 1017.

Zuschriften

7776 www.angewandte.de � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2007, 119, 7773 –7776

http://www.angewandte.de

