Nucleophilic Addition

g

International Edition

DOI: 10.1002/anie.201102442

Trifluoromethylation of Aromatic Isoxazoles: Regio- and Diastereo-
selective Route to S-Trifluoromethyl-2-isoxazolines™*

Hiroyuki Kawai, Kentaro Tachi, Etsuko Tokunaga, Motoo Shiro, and Norio Shibata*

S5-Trifluoromethyl-2-isoxazolines with a quaternary carbon
center bearing a CF; group are part of an important class of
heterocyclic compounds with remarkable biological activities,
which make them promising synthetic targets in the fields of
medicinal chemistry and agrochemistry.!! Particularly since
the discovery of the structurally unique 3,5-diaryl-5-(trifluor-
omethyl)-2-isoxazoline derivatives A (Scheme 1; R'=R*=
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Scheme 1. Synthetic strategies for 5-trifluoromethyl 2-isoxazolines.

Ar) as pest-control agents in 2004, the search for new
agrochemicals and veterinary medicines has focused largely
on this skeleton.”! Thus far, more than 20000 compounds
have been synthesized and patented over the past 6 years (the
result of a substructure search for A using the SciFinder
database), and many potential drug candidates have been
disclosed, including an antiparasitic. There are two principal
strategies for the construction of the 5-trifluoromethyl-2-
isoxazoline framework: 1) a building-block approach, which
includes the 1,3-dipolar cycloaddition of trifluoromethylated
styrenes and nitrile oxides,” and a hydroxylamine/enone
cascade reaction consisting of the conjugated addition/
cyclization/dehydration reactions,* ™3 and 2) the direct
nucleophilic addition of a CF; group to an isoxazole
(Scheme 2).

However, only building-block methods have been
reported and no examples of the trifluoromethylation of
isoxazoles by direct nucleophilic addition have appeared,
despite the clear advantage of a direct method over the
building-block approach. This issue is apparently a conse-
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Scheme 2. Synthesis of 5-trifluoromethyl 2-isoxazolines 2, 4, and 7 by
regio- and diastereoselective trifluoromethylation of 4-nitroisoxazoles 1
and 3 by nucleophilic addition. Reaction conditions: a) Me;SiCF,

(2.0 equiv), NaOAc (1.5 equiv), [CH;(CH,);sN(CH;);]Br (30 mol %),
DMF, RT; b) nBu;SnH (1.5 equiv), AIBN (0.5 equiv).

quence of the fundamental aromatic character of isoxazoles,™
that is, the preference to retain the aromaticity rather than
become a nonconjugated system, particularly in the case of
the conjugated 3,5-diarylisoxazoles. Indeed, the addition of
nucleophiles at the 5-position of an isoxazole is a challenge.!
To realize the previously unknown trifluoromethylation of
aromatic 3,5-diarylisoxazoles by nucleophilic addition, we
came up with the idea of introducing a strong electron-
withdrawing nitro group at the 4-position of the isoxazole
ring; this group should alter the aromaticity of the isoxazoles
to activate the 5-position.”! As part of our ongoing research
programs, which are directed towards the development of
novel methods of trifluoromethylation,” we disclose herein
an expeditious synthesis of biologically important 5-
(trifluoromethyl)-2-isoxazoline derivatives A in high yields
and with complete diastereoselectivity by a novel trifluoro-
methylation of 4-nitroisoxazoles using the Ruppert—Prakash
reagent (trifluoromethyltrimethylsilane) in the presence of
NaOAc and a phase-transfer catalyst. Regio- and diastereo-
selective trifluoromethylation by nucleophilic addition was
even also achieved in high to excellent yields without giving
any 1,6-adducts in the reaction of 1,6-conjugated styryl-4-
nitroisoxazoles 3 with Me;SiCF; under the same reaction
conditions (Scheme 2). Despite the ever-increasing repertoire
of trifluoromethylation reactions of carbonyls® imines,"
alkenes,'” aromatic rings,' and other groups® with
Me;SiCF;, this is the first example of the trifluoromethylation
of an aromatic isoxazole by nucleophilic addition. Since the
nitro group in the products can be easily removed under
radical reaction conditions, the process not only constitutes a
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rare example of the trifluoromethylation of aromatic com-
pounds by nucleophilic addition, but also provides a new

Table 2: Stereoselective trifluoromethylation of 4-nitro-3,5-diarylisoxa-
zole 1a-f by nucleophilic addition.”!

synthetic route to the agrochemically important 5-trifluoro- O”\{ Ar ab F30£N>\ Ar
methyl-2-isoxazolines. R//#\ : R™ Y
We first examined the reaction of 4-nitro-3,5-diphenyl- NO, NO,
isoxazole (1a), as a model substrate, with Me;SiCF; in the 1aj 2a-
presence of a stoichiometric amount of tetrabutylammonium R =Ar, Me
fluoride (nBu4NF) in DMF at al.nbient temperature. Substrate Entry 1 R Ar 2 Yield [96]""
1a completely disappeared during the reaction, as monitored ] ] o on 5 %
by TLC analysis, but the trifluoromethylated adduct 2a was ) 1: Ph AMeC.H 2; 85
not obtained (Table 1, entry1). The reaction was next 5 1c Ph 4-CIC6|:44 2¢ 90
4 1d 3-MeCgH, Ph 2d 90
Lo ) - 5 Te 4-CICH Ph 2e 99
. [al 6' 14
Table 1: Ooptlmlzatlon of the reaction conditions. o 6 1f 4-BrCH, Ph 2f 92
< D—Ph ab FsC}:\)LPh 7 1g 2-naphthyl Ph 2g 90
Ph Ph” Y 8 1h 3-CIC,H, 4-BrCH, 2h 97
NO, NO, 9 1i Me Ph 2i 72
1a 2a 10 1j Me 4-MeCeH, 2j 67
Entry Additive Solvent Yield [%]®  [a] Reaction conditions: a) Me;SiCF; (2.0 equiv), NaOAc (1.5 equiv),
[CH5(CH,) 15N (CH,)5]Br (30 mol %), DMF, RT; b) 1M HCl aq, RT. [b] The
; ZBCU(SNF'HZO gm:i ;8 yield of the isolated product.
2 3
3 KOH DMF 44
: LBFUOK BME ;; arylisoxazoles 1i and 1j, which have enolizable protons, the
6 CsF DMF 57 nucleophilic addition proceeded nicely to provide the corre-
7 LiOAC DMF 67 sponding trifluoromethylated adducts 2i and 2j in good yields
8 NaOAc DME 80 (entries 9 and 10).
9 KOAc DMF 78 We were next interested in the trifluoromethylation of 4-
10 NaOAc CH,Cl, - nitro-5-styrylisoxazoles 3; these compounds are flexible
1 NaOAc THF - building blocks that bear a number of different functional-
OA | &
15” EZ o Az T:(;l\;lj Ene o ities.'” Principally, 4-nitro-5-styrylisoxazoles 3 have two

[a] Reaction conditions: a )Me;SiCF; (2.0 equiv), base (1.5 equiv),
solvent, RT, 6-10 h; b) 1 m HCl aq, RT. [b] The yield of the isolated
product. [c] The reaction was performed in the presence of [CH;-
(CH,)1sN (CH;);5]Br. DMF = N,N’-dimethylformamide.

attempted using K,CO; instead of nBu,NF, which gave the
desired 2a in 28 % yield as a single diastereoisomer (entry 2).
This preliminary result encouraged us to further investigate
the reaction conditions (entries 3—13). After screening several
bases (entries 3-9), the yield of 2a was increased to 80%
when the reaction was carried out using NaOAc (entry 8).
The choice of solvent is important to the conversion, as the
reaction did not proceed at all in CH,Cl,, THF, and toluene
(entries 10-12). The best result was obtained by treating 1a
with Me;SiCF; (2.0 equiv) at room temperature in DMF in
the presence of cetyltrimethylammonium bromide ([CHs-
(CH,),;sN(CH;);]Br; 30 mol%) and NaOAc (1.5equiv),
which led to the isolation of 2a in 95 % yield (entry 13).
With the optimized conditions to hand, the scope of the
trifluoromethylation of 4-nitro-3,5-diarylisoxazole 1 by
nucleophilic addition was explored with a variety of sub-
strates, which were selected to establish the generality of the
process by using this strategy. A range of 4-nitro-3,5-diaryl-
isoxazoles (1a-h) were converted into the corresponding
trifluoromethylated adducts (2a-h), which were isolated as
single isomers in excellent yields of 85-99 % the yields were
not affected by the functional groups on the aromatic ring
(Table 2, entries 1-8). Interestingly, for 4-nitro-5-methyl-3-
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electrophilic centers, both of which could be attacked by
nucleophiles. In a previous report, 3 selectively reacted with
nucleophiles by a 1,6-addition to yield conjugated Michael
adducts in good yields,*"1%*mPl although the addition of
carbon nucleophiles at the 4-position of 3 is rare.”*! To our
delight, the reaction of 3-methyl-4-nitro-5-styrylisoxazole
(3a) with Me;SiCF; under the optimized reaction conditions
exclusively afforded the trifluoromethylation product 4a in
87 % yield as a single isomer. Interestingly, when the reaction
of 3a was carried out under the same reaction conditions but
using Me;SiCN instead of Me;SiCF;, the 1,6-adduct § was
selectively furnished in 20% yield (Scheme 3). These results
indicated that addition at the 5-position of an aromatic
isoxazole ring is specific to the trifluoromethylation reaction.
Nucleophilic trifluoromethylation to conjugated alkenes
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X = CFg NO,
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CcN O-N
3a \\ Me
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NO,
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Scheme 3. Addition of trimethylsilyl carbon nucleophiles to 3-methyl-4-
nitro-5-styrylisoxazole 3a. Reaction conditions: Me;SiX (2.0 equiv),
NaOAc (1.5 equiv), [CH;(CH,);sN(CH;);]Br (30 mol %), DMF, RT; Tm
HCl aq.
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fundamentally occurs exclusively by a 1,2-addition, not a 1,4-
addition,® except for several specific examples in which the
1,4-addition of a CF; anion has been reported."” Indeed, no
example of a 1,4-addition to nitroalkanes is known. In this
context, the phenomena could be explained by the nucleo-
philic 1,2-type addition of a CF; anion to a reactive species B,
which is a tautomer of 3a and should be included in the
reaction mechanism, to provide 4a (Scheme 4). The same
mechanistic pathway is also suggested for the trifluorome-
thylation of 1 by nucleophilic addition to give 2 (Table 2).
The regio- and diastereoselective trifluoromethylation of
5-styrylisoxazoles 3 was found to be quite general in terms of
the substrates (Table 3). The 3-methyl-5-trifluoromethyl-5-
styrylisoxazoles 4a-1 were obtained in high to excellent yields
and as single isomers, irrespective of the electronic nature of
the aryl groups, which included naphthyl and furanyl groups,
on substrates 3 (entries 1-12). 3-Aryl-4-nitro-5-styrylisox-
azoles 3m-p were also suitable substrates for the trifluoro-
methylation and gave the products in excellent yields of 90—
96% (entries 13—16). The relative stereochemistry of
(45*,58%)-4i was clearly determined by X-ray crystallo-
graphic analysis (Figure S1 in Supporting Information),™!
and the stereochemistry of all the other products (2 and 4)
were tentatively assigned by the comparison of their 'H and
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Scheme 4. A possible reaction pathway for the regioselective trifluoro-
methylation of 3a to 4a by nucleophilic addition.

Table 3: Regio- and diastereoselective trifluoromethylation of 4-nitro-5-
styrylisoxazoles 3 a-p by nucleophilic addition.”!

/\/CL’}\ : 2b /EC)IO\N)L :

Arm Y ArT -

NOg NO2
3a—p 4a—p

Entry 3 Ar R 4 Yield [%]®!

1 3a Ph Me 4a 87

2 3b 4-MeCgH, Me 4b 84

3 3c 4-MeOCgH, Me 4c 82

4 3d 2-CICgH, Me 4d 87

5 3e 3-CIGH, Me 4e 89

6 3f 4-CICH, Me 4f 96

7 3g 4-BrCgH, Me 4g 80

8 3h 4-NO,CH, Me 4h 90

9 3i 2-Cl-4-NO,C¢H; Me 4i 67

10 3j 1-naphthyl Me 4j 86

1 3k 2-naphthyl Me 4k 85

120 31 2-furyl Me 41 93

13 3m Ph Ph 4m 90

14 3n Ph 4-MeCH,  4n 95

15 30 4-MeC¢H, Ph 40 90

16 3p  4-CICH, Ph 4p 9

[a] Reaction conditions: a) Me;SiCF; (2.0 equiv), NaOAc (1.5 equiv),
[CH;(CH,),sN(CH;)5]Br (30 mol %), DMF, RT, 3-8 h; b) 1m HCl aq, RT.
[b] The yield of the isolated product. [c] Me;SiCF; (4.0 equiv), NaOAc
(3.0 equiv) and [CH;(CH,),sN(CHs);]Br (50 mol %) were used.
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F NMR spectra with those of 4i. The 45* 55* stereoselec-
tivity of 4 could result from a thermodynamically controlled
protonation of an intermediate, as shown in the last step in
Scheme 4. The (45%,55*)-4 might be more thermodynamically
favored than another isomer, (4R*,55%)-4, although further
investigation is required to elucidate the mechanism.

In conclusion, the activation of aromatic isoxazoles with a
nitro group at the 4-position has resulted in the realization of
the first diastereoselective trifluoromethylation at the 5-
position of isoxazoles by nucleophilic addition using
Me;SiCF;. This method allows easy access to agrochemically
important 3,5-disubstituted-5-(trifluoromethyl)-2-isoxazoline
derivatives. Regio- and diastereoselective trifluoromethyla-
tion by nucleophilic addition was also achieved in the reaction
of the 1,6-conjugated styryl-4-nitroisoxazoles 3 with
Me;SiCF; under the same reaction conditions. The process
can be applied to a broad range of 3,5-aromatic, heteroaro-
matic, and aliphatic substrates which contain diverse func-
tionality. Notably the nitro group at the 4-position is essential
for a successful transformation. No reaction was observed
between 3,5-diphenylisoxazole 6a, which is the non-nitro
analogue of 1a, and Me;SiCF; under the same reaction
conditions. The nitro group of 2a was easily removed under
the radical reduction conditions to provide 7a in 62 % yield
(Scheme 5). Hence, the process not only constitutes a rare

o-N o-N
\ a F3C N
Ph Ph
Ph/ge\ Phy\-__)\
NO, . NO,
1a 95% 2a
62% | b

o-N a o-N
A\ // F3C A\
Ph Ph
on P /] o N -
6a 7a

Scheme 5. The nitro group has an important role in these chemical
transformations. Reaction conditions: a) Me;SiCF; (2.0 equiv), NaOAc
(1.5 equiv), [CH;(CH,);sN(CH;);]Br (30 mol %), DMF, RT; b) nBu,SnH
(1.5 equiv), AIBN (0.5 equiv), benzene, reflux, 2 h.

example of the trifluoromethylation of aromatic compounds
by nucleophilic addition but also provides a new synthetic
route to the agrochemically important 5-trifluoromethyl-2-
isoxazolines. The biological activities of selected 5-(trifluoro-
methyl)-2-isoxazoline derivatives are being investigated and
asymmetric variants of this method are now under consider-
ation.

Received: April 8, 2011
Published online: July 1, 2011

Keywords: agrochemicals - heterocycles - nucleophilic addition -
synthetic methods - trifluoromethylation

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] For examples, see; a) M. L. Quan, C. D. Ellis, A. Y. Liauw, R. S.
Alexander, R. M. Knabb, G. Lam, M. R. Wright, P. C. Wong,
R. R. Wexler, J. Med. Chem. 1999, 42, 2760-2773; b) V. Kumar,

www.angewandte.org

ewandte

Chemie

7805


http://dx.doi.org/10.1021/jm980406a
http://www.angewandte.org

Communications

2

[3

(4

[5

[6

[7

7806

—_—

]

|

—_

[}

[

www.angewandte.org

R. Aggarwal, S. P. Singh, J. Fluorine Chem. 2006, 127, 880— 888;
c) P. Bravo, L. Bruché, M. Crucianelli, A. Farina, S. V. Meille, A.
Merli, P. Seresini, J. Chem. Res. Synop. 1996, 348 —349.

For examples, see; a) T. Mita, Y. Kudo, T. Mizukoshi, H. Hotta,
K. Maeda, S. Takii, WO2004018410, 2004; b) T. Mita, T. Kikuchi,
T. Mizukoshi, M. Yaosaka, M. Komoda, WO2005085216, 2005;
¢) J. Mihara, T. Murata, D. Yamazaki, Y. Yoneta, K. Shibuya, E.
Shimojo, WO2008091760, 2008; d) J. K. Long, T. P. Selby, M. Xu,
WO02009045999, 2009; e) M. Yaosaka, T. Utsunomiya, Y.
Moriyama, T. Matsumoto, K. Matoba, W02009001942, 2009;
f) G. D. Annis, B. T. Smith, W0O2009025983, 2009; g) T. Murata,
Y. Yoneta, J. Mihara, K. Domon, M. Hatazawa, K. Araki, E.
Shimojo, K. Shibuya, T. Ichihara, U. Goergens, A. Voerste, A.
Becker, E. Franken, K. Mueller, WO2009112275, 2009; h) K.
Matoba, WO 2009063910, 2009.

K. Matoba, H. Kawai, T. Furukawa, A. Kusuda, E. Tokunaga, S.
Nakamura, M. Shiro, N. Shibata, Angew. Chem. 2010, 122, 5898 —
5902; Angew. Chem. Int. Ed. 2010, 49, 5762 -5766.

a) R. K. Bansal, Heterocyclic Chemistry, 4th ed., New Age
International Publisher, New Delhi, 2009; b) B. J. Wakefield, In
Science of Synthesis: Houben-Weyl Methods of Molecular trans-
formations, Vol. 11 (Ed.: E. Schaumann), Thieme, Stuttgart,
2001, pp.229-288; c) T.M. V.D. Pinho e Melo, Curr. Org.
Chem. 2005, 9, 925-958; d) L. Carlsen, D. Dopp, H. Dopp, F.
Duus, H. Hartmann, S. Lang-Fugmann, B. Schulze, R.K.
Smalley, B. J. Wakefield in Houben-Weyl Methods in Organic
Chemistry, Vol. ES8a (Ed.: E. Schaumann), Georg Thieme,
Stuttgart, 1992, pp.45-204; e)J. Sperry, D. Wright, Curr
Opin. Drug Discovery Dev. 2005, 8, 723 —740.

a) G.S. d’Alcontres, C. Caristi, A. Ferlazzo, M. Gattuso, J.
Chem. Soc. Perkin Trans. 1 1976, 1694—-1696; b) R. Pepino, A.
Ricci, M. Taddei, P. Tedeschi, J. Organomet. Chem. 1982, 231,
91-94; c) R. Nesi, S. Chimichi, P. Sarti-Fantoni, P. Tedeschi, D.
Giomi, J. Chem. Soc. Perkin Trans. 1 1985, 1871-1874; d) A.
Albertola, L.F. Antolin, A. Gonzilez, M. A. Laguna, F.J.
Pulido, J. Chem. Soc. Perkin Trans. 1 1988, 791-794;
e) M. F. A. Adamo, S. Chimichi, F. De Sio, D. Donatic, P. Sarti-
Fantoni, Tetrahedron Lett. 2002, 43, 4157-4160; f) M. F. A.
Adamo, D. Donati, E. F. Duffy, P. Sarti-Fantoni, J. Org. Chem.
2005, 70, 8395-8399; g) C. K. Y. Lee, A. J. Herlt, G. W. Simpson,
A. C. Willis, C.J. Easton, J. Org. Chem. 2006, 71, 3221 -3231;
h) E. McClendon, A. O. Omollo, E. J. Valente, A. T. Hamme II,
Tetrahedron Lett. 2009, 50, 533 -535.

Albertola and co-workers examined the reaction of isoxazoles
with organometalic reagents (MeLi, MeMgl), and found the
introduction of a strong electron-withdrawing group at the 4-
position of the isoxazole ring to be effective for this trans-
formation. Metal-mediated (Zn, Cul) alkylation of 4-alkoxycar-
bonylisoxazoles by nucleophilic addition was also reported by
Easton et al. However, only a single example has appeared for
the addition of Et;Al to 3,5-diarylisoxazole. See referen-
ces [5d,g].

a) S. Mizuta, N. Shibata, T. Sato, H. Fujimoto, S. Nakamura, T.
Toru, Synlett 2006, 267 -270; b) S. Mizuta, N. Shibata, S. Ogawa,
H. Fujimoto, S. Nakamura, T. Toru, Chem. Commun. 2006,
2575-2577; ¢) S. Mizuta, N. Shibata, M. Hibino, S. Nagano, S.
Nakamura, T. Toru, Tetrahedron 2007, 63, 8521-8528; d)S.
Mizuta, N. Shibata, S. Akiti, H. Fujimoto, S. Nakamura, T. Toru,
Org. Lett. 2007, 9, 3707-3710; e) S. Noritake, N. Shibata, S.
Nakamura, T. Toru, M. Shiro, Eur. J. Org. Chem. 2008, 3465 —
3468; f) H. Kawai, A. Kusuda, S. Mizuta, S. Nakamura, Y.
Funahashi, H. Masuda, N. Shibata, J. Fluorine Chem. 2009, 130,
762-765; g) H. Kawai, A. Kusuda, S. Nakamura, M. Shiro, N.
Shibata, Angew. Chem. 2009, 121, 6442—6445; Angew. Chem.
Int. Ed. 2009, 48, 6324-6327; h) S. Noritake, N. Shibata, Y.

8

[

[9

[

[10]

(11]

[12]

(13]

Nomura, Y. Huang, A. Matsnev, S. Nakamura, T. Toru, D.
Cahard, Org. Biomol. Chem. 2009, 7,3599 -3604; 1) H. Kawai, K.
Tachi, E. Tokunaga, M. Shiro, N. Shibata, Org. Lett. 2010, 12,
5104-5107; j) A. Matsnev, S. Noritake, Y. Nomura, E. Toku-
naga, S. Nakamura, N. Shibata, Angew. Chem. 2010, 122, 582 —
586; Angew. Chem. Int. Ed. 2010, 49, 572 -576.

For reviews, see; a) G. K. S. Prakash, A. K. Yudin, Chem. Rev.
1997, 97, 757-786; b) R. P. Singh, J. M. Shreeve, Tetrahedron
2000, 56, 7613-7632; c) G. K. S. Prakash, M. Mandal, J. Fluorine
Chem. 2001, 112, 123-131; for an example, see; d) G.K.S.
Prakash, R. Krishnamurti, G. A. Olah, J. Am. Chem. Soc. 1989,
111,393-395.

For examples, see; a) G. K. S. Prakash, M. Mandal, G. A. Olah,
Synlett 2001, 77-78; b) Y. Kawano, H. Fujisawa, T. Mukaiyama,
Chem. Lett. 2005, 34, 422 -423; c) R. T. Gritsenko, V. V. Levin,
A.D. Dilman, P. A. Belyakov, M. L. Struchkova, V. A. Tartakov-
sky, Tetrahedron Lett. 2009, 50, 2994-2997; d) A. D. Dilman,
V. V. Levin, Eur. J. Org. Chem. 2011, 831 -841.

For examples, see; a) D. V. Sevenard, V. Y. Sosnovskikh, A. A.
Kolomeitsev, M. H. Kénigsmann, G. V. Roschenthaler, Tetrahe-
dron Lett. 2003, 44, 7623-7627; b) V.'Y. Sosnovskikh, B.I.
Usachev, D. V. Sevenard, G. V. Roschenthaler, J. Org. Chem.
2003, 68, 7747-7754; c) A.D. Dilman, V.V. Levin, P. A.
Belyakov, M.I. Struchkova, V. A. Tartakovsky, Tetrahedron
Lert. 2008, 49, 4352-4354; d) A. A. Zemtsov, V.V. Levin,
A.D. Dilman, M. I. Struchkova, P. A. Belyakov, Tetrahedron
Lett. 2009, 50, 2998 -3000; e) A. A. Zemtsov, V. V. Levin, A. D.
Dilman, M. I. Struchkova, P. A. Belyakov, V. A. Tartakovsky, J.
Hu, Eur. J. Org. Chem. 2010, 6779-6785.

For examples, see; a) Y. Kobayashi, I. Kumadaki, Tetrahedron
Lett. 1969, 10, 4095-4096; b) M. Oishi, H. Kondo, H. Amii,
Chem. Commun. 2009, 1909-1911; c) E. J. Cho, T. D. Senecal, T.
Kinzel, Y. Zhang, D. A. Watson, S. L. Buchwald, Science 2010,
328, 1679-1681; d) N. D. Ball, J. W. Kampf, M. S. Sanford, J.
Am. Chem. Soc. 2010, 132, 2878-2879; e) X.S. Wang, L.
Truesdale, J. Q. Yu, J. Am. Chem. Soc. 2010, 132, 3648 —3649.
a) D. Donati, M. Fiorenza, E. Moschi, P. Sarti-Fantoni, J.
Heterocycl. Chem. 1971, 14, 951; b) D. Donati, M. Fiorenza, P.
Sarti-Fantoni, J. Heterocycl. Chem. 1979, 16, 253-256; c) F.
De Sio, D. Donati, G. Moneti, P. Sarti-Fantoni, J. Heterocycl.
Chem. 1980, 17,1643 -1644; d) S. Chimichi, F. De Sio, D. Donati,
G. Fina, R. Pepino, P. Sarti-Fantoni, Heterocycles 1983, 20, 263 —
267;¢) A. Baracchi, S. Chimichi, F. De Sio, D. Donati, R. Nesi, P.
Sarti-Fantoni, T. Torroba, J. Labelled Compd. Radiopharm.
1986, 23, 487-493; f) A. Baracchi, S. Chimichi, F. De Sio, D.
Donati, R. Nesi, P. Sarti-Fantoni, T. Torroba, Heterocycles 1986,
24,2863-2870; g) M. F. A. Adamo, E. F. Duffy, Org. Lett. 2006,
8,5157-5159; h) M. F. A. Adamo, V. R. Konda, Org. Lett. 2007,
9,303-305; 1) M. F. A. Adamo, E. F. Duffy, D. Donatib, P. Sarti-
Fantoni, Tetrahedron 2007, 63, 2047-2052; j) M. F. A. Adamo,
E. F. Duffy, D. Donatib, P. Sarti-Fantoni, 7Tetrahedron 2007, 63,
2684-2688; k) M. F. A. Adamo, V.R. Konda, D. Donati, P.
Sarti-Fantonic, T. Torroba, Tetrahedron 2007, 63, 9741 -9745;
1) M. F. A. Adamo, M. Nagabelli, Org. Lett. 2008, 10, 1807 -
1810; m) M. E. A. Adamo, D. Donati, P. Sarti-Fantoni, A.
Buccioni, Tetrahedron Lett. 2008, 49, 941-944; n) M. FE. A.
Adamo, V. R. Konda, Tetrahedron Lett. 2008, 49, 6224 —6226;
o) M. F. A. Adamo, S. Bruschi, S. Suresh, L. Piras, Tetrahedron
Lett. 2008, 49, 7406-7409; p) A. Baschieri, L. Bernardi, A. Ricci,
S. Suresh, M. F. A. Adamo, Angew. Chem. 2009, 121, 9506—
9509; Angew. Chem. Int. Ed. 2009, 48, 9342 —9345.

CCDC 820906 (4i) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif.

© 201 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 201, 50, 78037806


http://dx.doi.org/10.1016/j.jfluchem.2006.03.009
http://dx.doi.org/10.1002/ange.201002065
http://dx.doi.org/10.1002/ange.201002065
http://dx.doi.org/10.1002/anie.201002065
http://dx.doi.org/10.1016/S0022-328X(00)81946-4
http://dx.doi.org/10.1016/S0022-328X(00)81946-4
http://dx.doi.org/10.1039/p19850001871
http://dx.doi.org/10.1039/p19880000791
http://dx.doi.org/10.1016/S0040-4039(02)00765-7
http://dx.doi.org/10.1021/jo051181w
http://dx.doi.org/10.1021/jo051181w
http://dx.doi.org/10.1021/jo0602569
http://dx.doi.org/10.1016/j.tetlet.2008.11.053
http://dx.doi.org/10.1039/b603041f
http://dx.doi.org/10.1039/b603041f
http://dx.doi.org/10.1016/j.tet.2007.05.024
http://dx.doi.org/10.1021/ol701791r
http://dx.doi.org/10.1002/ejoc.200800419
http://dx.doi.org/10.1002/ejoc.200800419
http://dx.doi.org/10.1016/j.jfluchem.2009.06.004
http://dx.doi.org/10.1016/j.jfluchem.2009.06.004
http://dx.doi.org/10.1002/ange.200902457
http://dx.doi.org/10.1002/anie.200902457
http://dx.doi.org/10.1002/anie.200902457
http://dx.doi.org/10.1039/b909641h
http://dx.doi.org/10.1021/ol102189c
http://dx.doi.org/10.1021/ol102189c
http://dx.doi.org/10.1002/ange.200905225
http://dx.doi.org/10.1002/ange.200905225
http://dx.doi.org/10.1021/cr9408991
http://dx.doi.org/10.1021/cr9408991
http://dx.doi.org/10.1016/S0040-4020(00)00550-0
http://dx.doi.org/10.1016/S0040-4020(00)00550-0
http://dx.doi.org/10.1016/S0022-1139(01)00477-8
http://dx.doi.org/10.1016/S0022-1139(01)00477-8
http://dx.doi.org/10.1021/ja00183a073
http://dx.doi.org/10.1021/ja00183a073
http://dx.doi.org/10.1246/cl.2005.422
http://dx.doi.org/10.1016/j.tetlet.2009.03.187
http://dx.doi.org/10.1002/ejoc.201001558
http://dx.doi.org/10.1016/j.tetlet.2003.08.050
http://dx.doi.org/10.1016/j.tetlet.2003.08.050
http://dx.doi.org/10.1021/jo034591y
http://dx.doi.org/10.1021/jo034591y
http://dx.doi.org/10.1016/j.tetlet.2008.05.039
http://dx.doi.org/10.1016/j.tetlet.2008.05.039
http://dx.doi.org/10.1016/j.tetlet.2009.03.188
http://dx.doi.org/10.1016/j.tetlet.2009.03.188
http://dx.doi.org/10.1002/ejoc.201001051
http://dx.doi.org/10.1016/S0040-4039(01)88624-X
http://dx.doi.org/10.1016/S0040-4039(01)88624-X
http://dx.doi.org/10.1039/b823249k
http://dx.doi.org/10.1126/science.1190524
http://dx.doi.org/10.1126/science.1190524
http://dx.doi.org/10.1021/ja100955x
http://dx.doi.org/10.1021/ja100955x
http://dx.doi.org/10.1021/ja909522s
http://dx.doi.org/10.1002/jhet.5570140549
http://dx.doi.org/10.1002/jhet.5570140549
http://dx.doi.org/10.1002/jhet.5570160212
http://dx.doi.org/10.1002/jlcr.2580230505
http://dx.doi.org/10.1002/jlcr.2580230505
http://dx.doi.org/10.1021/ol062151y
http://dx.doi.org/10.1021/ol062151y
http://dx.doi.org/10.1021/ol0627698
http://dx.doi.org/10.1021/ol0627698
http://dx.doi.org/10.1016/j.tet.2006.12.044
http://dx.doi.org/10.1016/j.tet.2007.01.018
http://dx.doi.org/10.1016/j.tet.2007.01.018
http://dx.doi.org/10.1016/j.tet.2007.07.015
http://dx.doi.org/10.1021/ol800397z
http://dx.doi.org/10.1021/ol800397z
http://dx.doi.org/10.1016/j.tetlet.2007.12.019
http://dx.doi.org/10.1016/j.tetlet.2008.08.033
http://dx.doi.org/10.1016/j.tetlet.2008.10.061
http://dx.doi.org/10.1016/j.tetlet.2008.10.061
http://dx.doi.org/10.1002/ange.200905018
http://dx.doi.org/10.1002/ange.200905018
http://dx.doi.org/10.1002/anie.200905018
http://www.angewandte.org

