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The catalytic enantioselective Friedel—Crafts reaction of indoles with 2-enoylpyridine 1-oxides has been studied in the presence of chiral
pyridine 2,6-bis(5',5"-diphenyloxazoline) —Cu(ll) complexes. The reaction furnished alkylated indoles in excellent yields (up to 97%) and

enantioselectivities (up to 99% ee).

The Friedel —Crafts (F—C) alkylation is one of the most
efficient methods in synthetic organic chemistry for the
formation of new C—C bonds. The asymmetric version of
this reaction can afford important enantiomerically enriched
akylated arene products.® In recent years, enantioselective
F—C reaction has attracted significant attention.>® Several
bidentate chelating substrates such as nitrostyrenes,* f3,y-
unsaturated o-ketoesters,® alkylidene malonates,® glyoxylates
and pyruvates,” acyl phosphonates,® 2-acyl imidazoles,® o/
hydroxy enones,® and thioesters'® have been used in the
metal-catalyzed enantioselective F—C reaction. In order to
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develop a new template for the enantioselective F—C
reaction, we chose 2-enoylpyridines as a bidentate chelating
electrophile. We have previously shown the potential utility
of chiral pyridine 2,6-bis(5',5'diphenyloxazoling) —Cu(ll)

(3) For recent organocatalytic examples, see: (a) Itoh, J.; Fuchibe, K.;
Akiyama, T. Angew. Chem,, Int. Ed. 2008, 47, 4016-4018. (b) Kang, Q.;
Zheng, X.-J;; You, S.-L. Chem. Eur. J. 2008, 14, 3539-3542. (c) Jia, Y .-
X.; Zhong, J; Zhu, S-F.; Zhang, C.-M.; Zhou, Q.-L. Angew. Chem., Int.
Ed. 2007, 46, 5565-5567. (d) Terada, M.; Yokoyama, S.; Sorimachi, K.;
Uraguchi, D. Adv. Synth. Catal. 2007, 349, 1863-1867. (€) Liu, T.-Y.; Cui,
H.-L.; Chal, Q.; Long, J; Li, B.-J.; Wu, Y .; Ding, L.-S.; Chen, Y .-C. Chem.
Commun. 2007, 2228-2230. (f) Bartoli, G.; Bosco, M.; Carlone, A.;
Pesciaioli, F.; Sambri, L.; Melchiorre, P. Org. Lett. 2007, 9, 1403-1405.
(g) Terada, M.; Sorimachi, K. J. Am. Chem. Soc. 2007, 129, 292-293. (h)
Kang, Q.; Zhao, Z.-A.; You, S-L. J. Am. Chem. Soc. 2007, 129, 1484—
1485. (i) Li, C.-F.; Liu, H.; Liao, J.; Cao, Y.-J; Liu, X.-P.; Xiao, W.-J.
Org. Lett. 2007, 9, 1847-1850. (j) Wang, Y .-Q.; Song, J.; Hong, R.; Li,
H.; Deng, L. J. Am. Chem. Soc. 2006, 128, 8156-8157. (k) Austin, J. F.;
MacMillan, D. W. C. J. Am. Chem. Soc. 2002, 124, 1172-1173.

(4) () Liu, H.; Lu, S-F.; Xu, J; Du, D.-M. Chem. Asian J. 2008, 3,
1111-1121. (b) Trost, B. M.; Muller, C. J. Am. Chem. Soc. 2008, 130,
2438-2439. (c) Arai, T.; Yokoyama, N. Angew. Chem., Int. Ed. 2008, 47,
4989-4992. (d) Singh, P. K.; Bisai, A.; Singh, V. K. Tetrahedron Lett.
2007, 48, 1127-1129. (e) Liu, H.; Xu, J; Du, D.-M. Org. Lett. 2007, 9,
4725-4728. (f) Lu, S--F.; Du, D.-M.; Xu, J. Org. Lett. 2006, 8, 2115-2118.
(9) Jia, Y.-X.; Zhu, S.-F.; Yang, Y.; Zhou, Q.-L. J. Org. Chem. 2006, 71,
75-80.



complexes in the enantioselective allylic oxidation of ole-
fins,™ cyclopropanation reactions,® and propargylation of
imines.®®> We observed that the diphenyl groups at the C-5
of the oxazoline rings played a crucia role in enhancing the
enantioselectivity. To further explore the efficiency of the
catalyst, we thought to extend the use of chiral pyridine 2,6-
bis(5',5'diphenyloxazoline) — Cu(ll) complexes in enanti-
oselective F—C reaction of indole with 2-enoylpyridines. The
Cu(ll) complex of ligand la catalyzed the Friedel—Crafts
reaction of indole and benzylidene-2-acetylpyridine to give
the product in 89% yield and 16% ee (Scheme 1) after 24 h.

Scheme 1. Enantioselective Friedel —Crafts Reaction of Indole
Catalyzed by pybox-diph—Cu(ll) Complex
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The poor enantioselectivity and reactivity could be due to
an inappropriate coordination between substrate and catalyst.
Pedro has reported that 2-enoylpyridine 1-oxides provide
better coordination than the 2-enoylpyridines with Cu(ll)
metal.** In this paper, we wish to report the use of
2-enoylpyridine 1-oxides in enantiosel ective F—C reaction.

The initial study was carried out by using indole and
benzylidene-2-acetylpyridine N-oxide as the substratesin the
presence of chiral Cu(ll) complex of ligand 1a (10 mol %)
in chloroform at 0 °C. To our delight, the F—C reaction was
efficient with excellent enantiosel ectivity (96%) (Scheme 1).
Various pybox-diph ligands with different substituents at
chiral center (1la—g) were used in the above reaction, and
the results are summarized in Table 1. It was observed that
the ligand 1a having an isopropy! group at the chiral center
(C-4) of oxazoline rings was optimum (Table 1, entry 2).
However, bulkier substituents such ast-Bu and s-Bu groups
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Table 1. Friedel —Crafts Alkylation of Indole with
Benzylidene—2-Acetylpyridine N-Oxide Catalyzed by Various
Catalysts

N-O
N/
(0]
@ 1-cuoth, O
CHCI3
A\
N
6a H
catalyst yield ee
entry 1 (mol %) T (°C) time (%)* (%)°
1 la 10 rt 15 min 90 88
2 la 10 0 15 min 96 96
3 1b 10 0 15 min 95 94
4 1c 10 0 15 min 89 17
5 1d 10 0 15 min 86 94
6 le 10 0 15 min 98 5
7 1f 10 0 15 min 65 6
8 1g 10 0 15 min 87 1
9 1h 10 0 12 h 84 1
10 1i 10 0 15 min 97 65
11 1j 10 0 8h 93 59
12 1k 10 0 48 h 92 25
13 la 10 -20 15 min 97 99
14 la 5 —20 15 min 96 99
15 la 2 -20 5h 94 96
16 la 1 —20 12 h 89 82

2 |solated yield. ® Determined by chiral HPLC using a Chiralpak AD-H
column (see the Supporting Information).

(1b and 1d) gave dlightly lower enantioselectivity (94% e€)
(Table 1, entries 3 and 5). Lack of asymmetric induction
with the ligand 1h indicated that the pyridine nitrogen was
important for chelation with Cu(ll). In order to find out the
role of the gem-diphenyl groups of the ligands on enanti-
oselectivity, we studied the reaction with ligands 1i—k. The
poor enantioselectivity with these ligands indicated that the
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Table 2. Screening of Solvents for Enantioselective
Friedel —Crafts Alkylation of Indole

Table 4. Enantioselective Friedel —Crafts Reaction of Indoles
with Various 2-Enoylpyridine 1-Oxides

= N’O — N’o
/ /
o o \ o 0 o 1a6mol% N o
N 1aBmol % Ph R, N, Cu(OTf); 5 mol % R,
@ NS Cu(OT), 5 mol % @ LY CHCl3, -20 °C
20° = R
N ph ) -20°C N N g, 5 {
2 H 5 R4
N N
6a 6a-s Rt
entry solvent time yield* (%) ee’ (%) entry Ri Re Rs 6 time yield® (%) ee’ (%)
1 CHCI3 15 min 97 99 1 H H Ph 6a 15 min 97 99
2 CH2Cl2 15 min 92 95 2 H F Ph 6b 1h 97 97
3 (CH2CD)y 15 min 96 92 3 H Cl Ph 6c 1h 92 96
4 THF 15 min 95 98 4 H Br Ph 6d 6h 93 97
5 CH;CN 5h 94 64 5 H OMe Ph 6e 15 min 98 95
6 Toluene 24h 91 94 6 H CN Ph 6f 7d 86 83
7 CCly 7d nr nr 7 Me H Ph 6g 30 min 97 86
2 |solated yield. P Determined by chiral HPLC using a Chiralpak AD-H 8 Bn H Ph 6h 3h 94 87
column (see the Supporting Information). nr = no reaction. 9 H H 4-F-CsHy 6i 15 min 96 95
10 H H  4-MeO-CeHy 6j 3h 97 94
i , . . . . . 11 H H  4NO»C¢Hs; 6k 15min 95 99
di phgnyl groupis crucial for getting high eesin the reaction. 12 H H  3NOy,CeH; 61 15min 97 98
In view of this study, 1la was selected for further study. 13 H H  2-NOyCgH, 6m 15 min 96 97
Lowering the temperature to —20 °C improved the enanti- 14 H H 4ClCHy 6n 15min 97 94
oselectivity to 99% without any loss in reactivity (Table 1, 15 H H  3-Cl-CéHs 60 15min 98 93
entry 13). The catalyst was equally efficient at a loading of 16 H H = 2ClCety 6p 15min 96 91
5 mol % (Table 1, entry 14). Further, lowering the catalyst 115; g g ;'If‘aplllthy ! gq gi g? 22
. . . . .. ; -fury r

loading led to depletion in enantiosel ectivity with prolonged 19 H H  cyclohexyl 6s 3d - 5

reaction time (Table 1, entries 15 and 16).

Table 3. Screening of Lewis Acids for Enantioselective
Friedel —Crafts Alkylation of Indole

A
i 3 1a 6 mol % Ph 0
Sapel =

, Npn™ 5 7 > N\

N

6a H

entry Lewis acid time yield® (%)  ee® (%)

1 Cu(OTf)q 15 min 97 929
2 Cu(Cl04)2:6H20 15 min 95 929
3 Cu(BFy)oxH20 15 min 94 929
4 Cu(CH3CN)4PFg 7d nr nr
5¢ Cu(CH3CN)4PFg 36 h 90 33
6 (CuOTf)2PhH 3d 88 96
7 Zn(OTf), 36 h 91 96
8 Sc(OTo)3 15 min 91 8
9 In(OTf)3 30 min 96 3
10 Yb(OTD)3 1h 97 3
11 Sn(OTf), 2h 95 10
12 Mg(OTf)s 5d nr nr
13 CuCly 5d nr nr

2| solated yield. ® Determined by chiral HPLC using a Chiralpak AD-H
column (see the Supporting Information). © Reaction was carried out at 0
°C. nr = no reaction.
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a|solated yield. ® Determined by chiral HPLC (see the Supporting
Information). © ee was determined by cleavage of the N—O bond of the
product.

Solvent study with the catalyst 1a—Cu(OTf), for enanti-
oselective F—C reaction indicated that chloroform was the
optimum (Table 2, entry 1). THF and dichloromethane also
gave very good enantioselectivity in the reaction (Table 2,
entries 4 and 2). In order to investigate the reaction further,
various Lewis acids were screened. The results from
Cu(ClO4)»6H,0 and Cu(BF4)2>xH,O were on par with
Cu(OTf), (Table 3, entries 1— 3). (CuOTf)»PhH and
Zn(OTf), gave good enantiosel ectivity, but the reaction was
sluggish (Table 3, entries 6 and 7). With other selected Lewis
acids, the reaction was slow and the enantioselectivity was
poor. Cu(OTf), was selected for rest of the study. Barring
5-cyanoindole, other indoles gave excellent enantiosel ectiv-
ity. 5-Cyanoindole and N-substituted indoles gave moderate
enantioselectivity (Table 4, entries 6—8). The reaction was
extended to various enoylpyridine 1-oxides. Aromatic sub-
strates gave excellent yield and enantiosel ectivity regardless
of the nature of substituent on the phenyl ring (Table 4,
entries 9 —16). Heteroaromatic substrates gave dightly lower
enantioselectivity (Table 4, entry 18).

The optically active product (6a) can easily be deoxygen-
ated to the corresponding pyridine adduct (4) without any
loss in enantioselectivity by treatment with In/NH,CI*
(Scheme 2). The potential of this catalytic system was
demonstrated by cleavage of the pyridine N-oxide ring. The
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Scheme 2. Cleavage of the N—O Bond and Pyridine N-Oxide Ring
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pyridine N-oxide ring of the product (6a) was cleaved by
20% agq KOH leading to the synthetically useful acid (7)
without any loss in enantioselectivity (Scheme 2). The
absolute stereochemistry of the product was determined by
converting the acid to the corresponding ethyl ester (8).%°
In summary, the chiral Cu(ll)—21a complex prepared from
Cu(OTf), and the C,-symmetric ip-pybox-diph ligand 1a was
found to be an effective catalyst for the enantioselective
Friedel —Crafts reaction of indoles with 2-enoylpyridine
1-oxides. The reaction time was short, and a variety of
alkylated indoles were obtained in excellent yields (up to
97%) and enantioselectivities (up to 99% ee). It has been
shown that the 2-enoylpyridine 1-oxides are better substrates
than the corresponding 2-enoylpyridines. The product of
2-enoylpyridine 1-oxides can be deoxygenated to the cor-
responding pyridine adduct. The pyridine N-oxide ring of

4124

the product has been cleaved to give synthetically useful acid
without any loss in enantiomeric purity. Extention of the
reaction scope is currently underway in our laboratory.
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