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Abstract: An asymmetric formal synthesis of azadirachtin,
a potent insect antifeedant, was accomplished in 30 steps to
LeyÏs synthetic intermediate (longest linear sequence). The
synthesis features: 1) rapid access to the optically active right-
hand segment starting from the known 5-hydroxymethyl-2-
cyclopentenone scaffold; 2) construction of the B and E rings
by a key intramolecular tandem radical cyclization; 3) for-
mation of the hemiacetal moiety in the C ring through the a-
oxidation of the six-membered lactone followed by methanol-
ysis.

Azadirachtin (1), which was isolated from the neem tree
Azadirachta indica A. Juss (Meliaceae)[1] in 1968, exhibits
potent antifeedant and growth inhibitory activities against
insects (Figure 1).[2] Since the precise structure of 1 was

elucidated[3] in 1987, this complex molecule, possessing
sixteen contiguous stereogenic centers, as well as various
oxygen-containing functional groups, has reigned as a chal-
lenging target for synthetic chemists. The most difficult issue
for the synthesis of 1 is considered to be the construction of
the extremely hindered C8¢C14 bond. Although some novel
strategies to form the C8¢C14 bond have been developed by
the research groups of Ley,[4a,b] Murai,[4c] Nicolaou,[4d–g] and
Tanino,[4h,i] to date, only the Ley group arrived at the
completion of its synthesis.[5]

Our group embarked on studies toward the synthesis of
1 in 1989, during which a radical cyclization approach[6a] was

found to be effective to construct the B ring with the C8¢C14
bond in place. Subsequently, our continuous efforts led us to
achieve a stereoselective synthesis of the fully functionalized
left-hand segment, and an advanced tandem mode enabled
the cyclization of the B and E rings at once.[6b] Herein, we
describe an asymmetric formal synthesis of 1 along with
a concise preparation of the optically active right-hand
segment.

As depicted in Scheme 1, azadirachtin (1) could be
accessed from LeyÏs intermediate 2 in nine steps,[5] and was

chosen as our synthetic goal. It was envisioned that a benzyl-
protected hemiacetal moiety in 2 would be formed through
the a-oxidation of the six-membered lactone in 3 and
subsequent methanolysis. The complete carbon framework
of 1 would be constructed by the key tandem radical
cyclization of the allene 4, which in turn arises through
a coupling of both segments 5[6b,7] and 6, followed by SN2’
substitution with a methyl group.

Our synthesis of the optically active right-hand segment 6
commenced with the known (R)-7[8] (98 % ee), which was
reported by Nanda and co-workers (Scheme 2). Firstly, an
aldol reaction of 7 with ethyl acetate gave 8 in 85% yield as
a single diastereomer. Having faced the difficulties in
introducing a benzyl group to the resulting tertiary alcohol,
the TBDPS group was removed with TBAF/AcOH, and the
diol 9 was treated with benzaldehyde dimethyl acetal, and
PPTS to give the cyclic acetal 10 (1:2 inseparable mixture of a/

Figure 1. Azadirachtin (1).

Scheme 1. Retrosynthetic analysis.
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b-isomers). The compound 10 was then converted into the
tricyclic hemiacetal 11, which comprises four inseparable
diastereomers, through hydrolysis of ethyl ester followed by
ozonolysis of the double bond and successive treatment with
acid. TBS protection of 11 by using TBSOTf and 2,6-di-tert-
butylpyridine gave the three products, 12, 13, and 14,[9] which
could be separated by silica gel column chromatography. The
use of 2,6-di-tert-butylpyridine, a bulkier base, instead of Et3N
or 2,6-lutidine was crucial to providing the products in higher
yield.[10]

With the tricyclic lactones 12–14 in hand, we next
investigated the transformation of the lactone moiety into
the methyl acetal (Scheme 3). According to LeyÏs report,[5c]

MMPP epoxidation of a-2 as well as b-2 afforded b-18 with
epimerization at C23, but the yield from the former was much
lower (22 %) than that from the latter (65 %). This result
suggested that the use of a b-acetal at C23 would be
advantageous for the synthesis of the target molecule.
Pleasingly, a reduction/methylation sequence of 12 afforded
the desired 15 as a single b-isomer, which was selected as
a substrate for the next reaction. In contrast, the compounds
13 and 14 afforded 16 and 17, respectively, as diastereomeric
mixtures.

The transformation of 15 into the primary alcohol 21 was
then examined (Scheme 4). Since the direct conversion of 15
into 21 with DIBALH[11] was unsuccessful, 15 was trans-
formed into 21 through a three-step sequence. Standard
manipulations of 21 led to the methyl ketone 22 over three
steps. The compound 22 was then treated with lithium
trimethylsilylacetylide, and the major tertiary alcohol 23 was
obtained in 45 % yield, together with 30 % of a diastereo-
mer,[12] after separation by silica gel column chromatography.
Acetylation of 23 followed by complete desilylation gener-
ated the hemiacetal 25, whose hydroxy group was then
replaced with a phenylseleno group via the mesylate to
furnish the right-hand segment 6 in 18 steps from 7.

Having achieved the asymmetric synthesis of 6, we set out
to undertake the coupling of both segments (Scheme 5). A
lithium acetylide derived from 6 with LiHMDS reacted with
the aldehyde 5 (98 % ee) to give 26 in 46% yield without
generation of the a-isomer. An SN2’ reaction of the propargyl
acetate with a methylcopper reagent proceeded smoothly
under MacdonaldÏs conditions[13] to afford the allene 4,
a precursor for the radical cyclization, as a single diastereo-
mer in 77 % yield. Although the configuration of the allene
was not determined, it was supposed to be S from the reported

Scheme 2. Reagents and conditions: a) EtOAc, LiHMDS, THF, ¢78 88C,
85%; b) TBAF, AcOH, THF, RT, 98%; c) PhCH(OMe)2, PPTS, CH2Cl2,
RT, 95%; d) LiOH, MeOH/H2O (3:1), RT; e) O3, CH2Cl2 ; then Me2S,
¢78 88C to RT; then PPTS, 54 % (2 steps); f) TBSOTf, 2,6-di-tert-
butylpyridine, CH2Cl2, RT, 30% (12), 27% (13) and 19% (14).
LiHMDS= lithium hexamethyldisilazide, PPTS= pyridinium toluene-p-
sulfonate, TBAF = tetra-n-butylammonium fluoride, TBDPS= tert-butyl-
diphenylsilyl, TBS = tert-butyldimethylsilyl, Tf = trifluoromethanesul-
fonyl, THF = tetrahydrofuran. Scheme 3. Reagents and conditions: a) DIBALH, CH2Cl2, ¢78 88C;

b) MeI, Ag2O, CH3CN, RT. DIBALH= diisobutylaluminum hydride,
MMPP=magnesium monoperoxyphthalate hexahydrate.

Scheme 4. Reagents and conditions: a) H2, Pd(OH)2/C, MeOH, RT,
91%; b) BnBr, NaH, DMF, 0 88C to RT, 86%; c) H2, Pd/C, MeOH, RT,
67% (76% brsm); d) (COCl)2, DMSO, Et3N, CH2Cl2, ¢78 to 0 88C,
93%; e) MeLi, THF, ¢78 88C; f) (COCl)2, DMSO, Et3N, CH2Cl2, ¢78 to
0 88C, 85% (2 steps); g) TMSC�CH, nBuLi, THF, ¢78 88C, 45% of 23
and 30% of the diastereomer; h) Ac2O, DMAP, toluene, reflux, 89%;
i) TBAF, AcOH, THF, 30 88C, 96%; j) MsCl, Et3N, CH2Cl2, 0 88C; then
(PhSe)2, NaBH4, EtOH, 0 88C, 89%. DMF=N,N-dimethylformamide,
DMSO= dimethyl sulfoxide, DMAP=4-dimethylaminopyridine,
Ms = methanesulfonyl, TMS= trimethylsilyl.
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results of the similar anti-SN2’ reaction.[14] A preliminary
investigation showed that DMF was superior to other solvents
we tested (benzene, toluene, dimethoxyethane, 1,4-dioxane,
diglyme). Therefore, the key tandem radical cyclization was
performed by heating 4 with reagents (nBu3SnH, AIBN) in
DMF at 130 88C,[15] and the product 3, having the full carbon
framework of azadirachtin, was obtained in a moderate yield.

The hydroxy group of 3 was protected as a TMS ether to
give 27 in 87 % yield (Scheme 5). Treatment of 27 with
TBSOTf and Et3N

[16] formed the intermediate silyl ketene
acetal, which was then oxidized with the Davis reagent[17] to
afford the a-oxylactone 28. It is worth noting that 3, having
a free hydroxy group, decomposed during the above oxidation
step. The TBS and TMS groups of 28 were removed by TBAF/
AcOH to give 29 in 70% yield. Oxidation of the diol 29 with
Dess–Martin periodinane[18] followed by methanolysis of the
resulting a-ketolactone gave rise to the formation of the five-
membered cyclic hemiacetal present in the natural product.
Subsequent protection of the hydroxy group with benzyl
bromide and silver(I) oxide in DMF yielded the desired
product 30 (39 % in 3 steps) along with the unexpected benzyl
ester 31 (36% in 3 steps), which could be converted into 30 by
methanolysis. Finally, removal of the p-methoxybenzylidene
acetal in 30 by treatment with PPTS in aqueous acetonitrile[19]

followed by monosilylation of the diol provided 2, from which
azadirachtin (1) has been obtained in nine steps. Thus, we
completed the formal synthesis of 1. 1H NMR and 13C NMR
spectra of our synthetic 2 were in good accordance with those
of the sample of Ley.

In summary, we accomplished the asymmetric formal
synthesis of azadirachtin (1) in 30 steps (longest linear

sequence and 9 more steps are required to 1). The key
elements in the synthesis include: 1) rapid access to the
optically active right-hand segment 6 starting from the known
cyclopentenone derivative 7; 2) construction of the B and E
rings by the key intramolecular tandem radical cyclization
(4!3); 3) formation of the hemiacetal moiety in the C ring
through the a-oxidation of the six-membered lactone fol-
lowed by methanolysis (27!30). This concise and efficient
approach provides new aspects for the synthesis of complex
natural products.

Acknowledgements

This work was financially supported by a Grant-in-Aid for
Young Scientists (B) (No. 21780108) to N.M. from JSPS.

Keywords: acetals · cyclizations · natural products · radicals ·
stereoselectivity

How to cite: Angew. Chem. Int. Ed. 2015, 54, 14920–14923
Angew. Chem. 2015, 127, 15133–15136

[1] J. H. Butterworth, E. D. Morgan, Chem. Commun. 1968, 23 – 24.
[2] For reviews, see: a) S. V. Ley, A. A. Denholm, A. Wood, Nat.

Prod. Rep. 1993, 10, 109 – 157; b) A. J. Mordue, A. Blackwell, J.
Insect Physiol. 1993, 39, 903 – 924.

[3] a) 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; b) 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 –

Scheme 5. Reagents and conditions: a) LiHMDS, THF, ¢78 88C, 46%; b) MeMgBr, CuI, LiBr, THF, 0 to 20 88C, 77%; c) nBu3SnH, AIBN, DMF,
130 88C, 35 %, d) TMSCl, imidazole, DMF, 0 88C, 87 %, e) TBSOTf, Et3N, CH2Cl2, 0 88C; f) 2-benzenesulfonyl-3-phenyloxaziridine, CH2Cl2, 0 88C to RT,
50% (2 steps); g) TBAF, AcOH, THF, 0 88C, 70%; h) DMP, CH2Cl2, RT; i) K2CO3, MeOH, RT; j) BnBr, Ag2O, DMF, RT, 39% of 30 and 36 % of 31 (3
steps); k) NaOMe, MeOH, 60 88C, 94 %; l) PPTS, CH3CN/H2O, RT, 74%; m) TBSOTf, Et3N, CH2Cl2, RT, 91 %. AIBN =2,2’-azobisisobutyronitrile,
DMP= Dess–Martin periodinane, PMP =p-methoxyphenyl.

..Angewandte
Communications

14922 www.angewandte.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 14920 –14923

http://dx.doi.org/10.1039/np9931000109
http://dx.doi.org/10.1039/np9931000109
http://dx.doi.org/10.1016/S0040-4020(01)86885-X
http://dx.doi.org/10.1016/S0040-4020(01)86885-X
http://dx.doi.org/10.1016/S0040-4020(01)86886-1
http://www.angewandte.org


2815; c) W. Kraus, M. Bokel, A. Bruhn, R. Cramer, I. Klaiber, A.
Klenk, G. Nagl, H. Pçhnl, H. Sadlo, B. Volger, Tetrahedron 1987,
43, 2817 – 2830.

[4] a) T. Durand-Reville, L. B. Gobbi, B. L. Gray, S. V. Ley, J. S.
Scott, Org. Lett. 2002, 4, 3847 – 3850; b) S. V. Ley, Pure Appl.
Chem. 2005, 77, 1115 – 1130; c) T. Fukuzaki, S. Kobayashi, T.
Hibi, T. Ikuma, J. Ishihara, N. Kanoh, A. Murai, Org. Lett. 2002,
4, 2877 – 2880; d) K. C. Nicolaou, M. Follmann, A. J. Roecker,
K. W. Hunt, Angew. Chem. Int. Ed. 2002, 41, 2103 – 2106; Angew.
Chem. 2002, 114, 2207 – 2210; e) K. C. Nicolaou, A. J. Roecker,
M. Follmann, R. Baati, Angew. Chem. Int. Ed. 2002, 41, 2107 –
2110; Angew. Chem. 2002, 114, 2211 – 2214; f) K. C. Nicolaou,
A. J. Roecker, H. Monenschein, P. Guntupalli, M. Follmann,
Angew. Chem. Int. Ed. 2003, 42, 3637 – 3642; Angew. Chem.
2003, 115, 3765 – 3770; g) 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. Int. Ed. 2005, 44,
3447 – 3452; Angew. Chem. 2005, 117, 3513 – 3518; h) D. Naka-
gawa, M. Miyashita, K. Tanino, Tetrahedron Lett. 2010, 51, 2771 –
2773; i) K. Sakurai, K. Tanino, Tetrahedron Lett. 2015, 56, 496 –
499.

[5] a) G. E. Veitch, E. Beckmann, B. J. Burke, A. Boyer, S. L.
Maslen, S. V. Ley, Angew. Chem. Int. Ed. 2007, 46, 7629 – 7632;
Angew. Chem. 2007, 119, 7773 – 7776; b) G. E. Veitch, E.
Beckmann, B. J. Burke, A. Boyer, C. Ayats, S. V. Ley, Angew.
Chem. Int. Ed. 2007, 46, 7633 – 7635; Angew. Chem. 2007, 119,
7777 – 7779; c) S. V. Ley, A. Abad-Somovilla, J. C. Anderson, C.
Ayats, R. B�nteli, E. Beckmann, A. Boyer, M. G. Brasca, A.
Brice, H. B. Broughton, B. J. Burke, E. Cleator, D. Craig, A. A.
Denholm, R. M. Denton, T. Durand-Reville, L. B. Gobbi, M.
Gçbel, B. L. Gray, R. B. Grossmann, C. E. Gutteridge, N. Hahn,
S. L. Harding, D. C. Jennens, L. Jennens, P. L. Lovell, H. J.
Lovell, M. L. de La Puente, H. C. Kolb, W.-J. Koot, S. L. Maslen,
C. F. McCusker, A. Mattes, A. R. Pape, A. Pinto, D. Santafianos,
J. S. Scott, S. C. Smith, A. Q. Somers, C. D. Spilling, F. Stelzer,
P. L. Toogood, R. M. Turner, G. E. Veitch, A. Wood, C.
Zumbrunn, Chem. Eur. J. 2008, 14, 10683 – 10704.

[6] a) H. Watanabe, T. Watanabe, K. Mori, T. Kitahara, Tetrahedron
Lett. 1997, 38, 4429 – 4432; b) H. Watanabe, N. Mori, D. Itoh, T.
Kitahara, K. Mori, Angew. Chem. Int. Ed. 2007, 46, 1512 – 1516;
Angew. Chem. 2007, 119, 1534 – 1538.

[7] A p-methoxybenzylidene acetal was used instead of a benzyli-
dene acetal to enhance the reactivity in the deprotection step
(30!32).

[8] R. Rej, N. Jana, S. Kar, S. Nanda, Tetrahedron: Asymmetry 2012,
23, 364 – 372.

[9] The stereochemistries of the compounds 12–14 were determined
on the basis of the NOE experiments of 13. See the Supporting
Information.

[10] 2,6-Lutidine delivered the products in 67% combined yield,
while Et3N led to decomposition.

[11] S. Takano, M. Akiyama, S. Sato, K. Ogasawara, Chem. Lett.
1983, 12, 1593 – 1596.

[12] The diastereomer of 23 was treated with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) to provide the tricyclic com-
pound having a benzylidene acetal, whose stereochemistry was
determined by NOE experiments. See the Supporting Informa-
tion.

[13] T. L. Macdonald, D. R. Reagan, J. Org. Chem. 1980, 45, 4740 –
4747.

[14] M. D. Clay, A. G. Fallis, Angew. Chem. Int. Ed. 2005, 44, 4039 –
4042; Angew. Chem. 2005, 117, 4107 – 4110.

[15] The reaction performed at 120 or 140 88C gave almost the same
yield of the product.

[16] L. N. Mander, S. P. Sethi, Tetrahedron Lett. 1984, 25, 5953 – 5956.
[17] F. A. Davis, L. C. Vishwakarma, J. M. Billmers, J. Finn, J. Org.

Chem. 1984, 49, 3241 – 3243.
[18] D. B. Dess, J. C. Martin, J. Org. Chem. 1983, 48, 4155 – 4156.
[19] A. A. Denholm, L. Jennens, S. V. Ley, A. Wood, Tetrahedron

1995, 51, 6591 – 6604.

Received: August 25, 2015
Published online: October 16, 2015

Angewandte
Chemie

14923Angew. Chem. Int. Ed. 2015, 54, 14920 –14923 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1016/S0040-4020(01)86886-1
http://dx.doi.org/10.1016/S0040-4020(01)86887-3
http://dx.doi.org/10.1016/S0040-4020(01)86887-3
http://dx.doi.org/10.1021/ol0201557
http://dx.doi.org/10.1021/ol026260y
http://dx.doi.org/10.1021/ol026260y
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2103::AID-ANIE2103%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2207::AID-ANGE2207%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2207::AID-ANGE2207%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2107::AID-ANIE2107%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2107::AID-ANIE2107%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2211::AID-ANGE2211%3E3.0.CO;2-W
http://dx.doi.org/10.1002/anie.200351744
http://dx.doi.org/10.1002/ange.200351744
http://dx.doi.org/10.1002/ange.200351744
http://dx.doi.org/10.1002/anie.200500217
http://dx.doi.org/10.1002/anie.200500217
http://dx.doi.org/10.1002/ange.200500217
http://dx.doi.org/10.1016/j.tetlet.2010.03.077
http://dx.doi.org/10.1016/j.tetlet.2010.03.077
http://dx.doi.org/10.1016/j.tetlet.2014.12.062
http://dx.doi.org/10.1016/j.tetlet.2014.12.062
http://dx.doi.org/10.1002/anie.200703027
http://dx.doi.org/10.1002/ange.200703027
http://dx.doi.org/10.1002/anie.200703028
http://dx.doi.org/10.1002/anie.200703028
http://dx.doi.org/10.1002/ange.200703028
http://dx.doi.org/10.1002/ange.200703028
http://dx.doi.org/10.1002/chem.200801103
http://dx.doi.org/10.1016/S0040-4039(97)00923-4
http://dx.doi.org/10.1016/S0040-4039(97)00923-4
http://dx.doi.org/10.1002/anie.200604097
http://dx.doi.org/10.1002/ange.200604097
http://dx.doi.org/10.1016/j.tetasy.2012.03.001
http://dx.doi.org/10.1016/j.tetasy.2012.03.001
http://dx.doi.org/10.1021/jo01311a037
http://dx.doi.org/10.1021/jo01311a037
http://dx.doi.org/10.1002/anie.200500484
http://dx.doi.org/10.1002/anie.200500484
http://dx.doi.org/10.1002/ange.200500484
http://dx.doi.org/10.1016/S0040-4039(01)81731-7
http://dx.doi.org/10.1021/jo00191a048
http://dx.doi.org/10.1021/jo00191a048
http://dx.doi.org/10.1021/jo00170a070
http://dx.doi.org/10.1016/0040-4020(95)00297-L
http://dx.doi.org/10.1016/0040-4020(95)00297-L
http://www.angewandte.org

