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15 examples with indoles CH,CI, rt 87% yield
5 examples with pyrrole ’ 97% ee

Complexes of BINOL-based ligands with Zr(O  ‘Bu), catalyze the Friedel —Crafts alkylation reaction of indoles and pyrrole with nonchelating
p-substituted  a,f-enones at room temperature affording the expected products with good yields and ee above 95% in most of the studied
examples.

The Lewis acid-catalyzed FriedeCrafts alkylation reaction o-hydroxy enoneg, 2-acyl imidazoles$, and other acyl-
is a powerful carbon—carbon bond forming process in heterocyclecompountland nitroalkene¥’ However, the use
organic chemistry.The asymmetric version of this reaction

can provide a very useful approach to enantiomerically  (3) For examples of relevant natural products and potential medicinal
. - . - agents, see: (a) Mancini, |.; Guella, G.; Zibrowius, H.; Pietrddtrahedron
enriched alkylated arenésOf particular interest is the 550389 g757-8762. (b) Kam, T. Choo, YJ. Nat. Prod.2004,67, 547—

enantioselective Friedel—Crafts reaction of indoles due to 552. (c) Kinsman, A. C.; Kerr, M. Al. Am. Chem. So2003 125, 14120~

; ; i 14125. (d) Huber, U.; Moore, R. E.; Patterson, G. MJLINat. Prod.1998
the hlgh relevanc_e of the indole nucleus, as a pr|V|Ieged 61, 1304—1306. (e) Rawson, D. J.; Dack, K. N.; Dickinson, R. P.; James,
platform present in a wide range of natural products and k. Biorg. Med. Chem. Let2002,12, 125—128. () Dillard, R. D.; Bach,

pharmaceutical drugs.To date most of the successful N.J.; Draheim, S. E.; Berry, D. R.; Carlson, D. G.; Chirgadze, N. Y;
Clawson, D. K.; Hartley, L. W.; Johnson, L. M.; Jones, N. D.; McKinney,

examples of such processes are limited to the use of bidentat@ g - Mihelich. E. D. Olkowski, J. L.: Schevitz, R. W.. Smith, A. C.:
chelating carbonyl substrates, includifgy-unsaturated-  Snyder, D. W.; Sommers, C. D.; Wery, J.°Med. Chem1996,39, 5119—

_ ; 5136. (g) Chang-Fong, J.; Rangisetty, J. B.; Dukat, M.; Setola, V.; Raffay,
o-ketoesters, acyl phosphonatesalkylidene malonates, 320w e s 0 RBiorg. Med. Chem. LetR004,14, 1961—1964.
(4) Jensen, K. B.; Thorhauge, J.; Hazell, R.-G.; Jgrgensen, Kngew.

T Dedicated to Prof. Ramén Mestres on the occasion of his retirement. Chem.,Int. Ed. 2001,40, 160—163.

(1) For a review on the FriedeCrafts reactions see: Olah, G. A; (5) Evans, D. A,; Scheidt, K. A.; Frandrick, K. R.; Lam, H. W.; Wu, J.
Krishnamurti, R.; Prakash, G. K. S. Friedel-Crafts Alkylations.Qam- J. Am. Chem. So@003,125, 10780—10781.
prehensive Organic Synthesis; Trost, B. M., Fleming, |., Eds.; Pergamon  (6) (a) Zhuang, W.; Hausen, T.; Jgrgensen, KCAem. Commur2001,
Press: Oxford, UK, 1991; Vol. 3, pp 29339. 347-348. (b) Zhou, J.; Tang, Yd. Am. Chem. SoQ002, 124, 9030—
(2) For reviews on enantioselective Friedel—Crafts reactions see: (a) 9031. (c) Zhou, J.; Tang, YChem. Commur2004, 432—433. (d) Zhou,
Bandini, M.; Melloni, A.; Umani-Ronchi, AAngew. ChemInt. Ed.2004, J.; Ye, M.-C.; Huang, Z.-Z.; Tang, YJ. Org. Chem.2004, 69, 1309—
43, 550-556. (b) Jgrgensen, K. Aynthesi®?003, 1117-1125. (c) Bandini, 1320.
M.; Melloni, A.; Tommasi, S.; Umani-Ronchi, ASynlett2005 1199~ (7) Palomo, C.; Oiarbide, M.; Kardak, B. G.; Garcia, J. M.; Linden, A.
1222. J. Am. Chem. So@005,127, 4154—4155.
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of simple nonchelating.8-unsaturated carbonyl compounds || AR

as electrophiles represents a considerable synthetic challengg e 1. Ligand Evaluation and Optimization of the
and has been less studied. MacMillan et al. have reportedgnantioselective Friedel—Crafts Reactionlaf with 222
an organocatalytic alkylation of indole with3-unsaturated

aldehyded! Umani-Ronchi et al. have described the addition fime  yleld - ee
of indoles toa,3-unsaturated ketones using salen-Al com- enfry _ solvent catalyst ®) %) @)
plexes obtaining enantiomeric excesses in the 80% range for 1 CH:CN  L1-Sc(0Tf)s 6 71 2
most of the reported substrat@fRecently an enantioselective 2 CH,Cl, Ll'Ti(OLtPr)‘* 21 60 25
Friedel—Crafts reaction of indole with electron-rich alkenes i ggzg}z E:é;ig;ﬁ;“ i Zi Zi
activated by a chiral Brgnsted acid catalyst has been CH,Cl, L3-Zr(OtBu)i 3 87 97
described? Finally, two organocatalytic examples of asym- 6 CH,Cl,  L4-Zr(O'Bu) 29 41 75
metric Friedet-Crafts alkylation of indoles with enones via 7 CH.Cl;  L5-Zr(O'Bu)s 96 trace
ketiminine salts have been reported very recetitlyhe 8d CHsCl,  L3-Zr(O'Bu)s 46 21 78
purpose of this Lettgr is to describe the enantlosglectlve 220 mol % of R)-ligand and 20 mol % of metal sattsolated yield of
Friedel—Crafts reactions af,s-unsaturated ketoneswith 3aa. ¢ Determined by chiral HPLC analysisR) configuration assigned by
indoles1 catalyzed by a chiral BINOL-typezirconium(IV) comparison of the optical rotation sign with literature data (ref 420

tert-butoxide Comple)%5 mol % catalyst was used in this run.

The reaction of indole (1a) with enor&a was chosen to

optimize the reaction conditions. Several chiral Lewis acid presence of Zr(Bu), indole 1a reacted fast (within 1 h)
catalysts generated in situ from metal salts and the ligandwith enone2a, giving 3-(1-methyl-3-phenyl-3-propanone)-
(R)-BINOL (L1) were evaluated as shown in the illustrated 1H-indole (3aa) in good yield (85%) and enantioselectivity
reaction (Scheme 1), and the results are summarized in Tablg€74%) (entry 3). We further screened different solvents,
temperature, and catalyst loading. With 1,2-dichloroethane
the results were practically the same, but other solvents
Scheme 1. Friedel—Crafts Reaction of Indolka with Enone (CHCL, acetonitrile, ether, THF, toluene) had a negative

2aand Structure of BINOL-Type Ligands Used in This Study influence on the catalytic activity. Increasing or diminishing
Ve the reaction temperature as well as the catalyst loading also

o} 7 - had a negative effect on the enantioselectivity. Our efforts
N /\/lk catalyst to optimize the reaction conditions were also aimed at
y + Me” X" pn 250 N o
H N

exploring the effectiveness of Zr{Bu), with other BINOL-

1a 22 3a: type ligands (L2—L5) which contain electron-withdrawing
« « « groups at the 3;3and 6,6 positions as well as a tetrahydro-
2 OO ! ‘O ! genated ring. Ligand.3 led to the best result (87% yield,
OH OH 97% ee) (entry 5). A reduction of the catalyst load to 10
OH OH mol % had a deleterious effect on the reaction, compound
OO ‘O 3aabeing obtained in 21% yield and 78% ee (entry 8)
X X X To demonstrate the scope and potential of this reaction,
o X et s X 2 br we next examined a series of indole derivatitesd enones

(R)-L3 X, =Br, X,=H 2. Enones with a sterically demanding aromatic group bound
to the carbonyl group and an aliphatic chain linked to the
C—C double bond produced alkylated indoles in excellent

1. With use of 20 mol % of Sc(OT§)or Ti(O'Pr); and 20 yields and very high enantioselectivities, above 95% ee in
mol % of ligandL1 (entries 1 and 2) in CKl, at room most of the cases (Table 2). The size of the alkyl group at
temperature the reaction took place slowly, and the enan-the s-position (Me, Et, Pr) did not seem to influence the
tiomeric excess of the product was zero or low, while in the reaction (entries 43) although in the case of chalcone
(phenyl group at thg-position) a diminished reactivity was
(8) Evans, D. A.; Fandrick, K. R.; Song, H.I.Am. Chem. So@005, observed (entry 4). The reaction with enones containing an
127, 8942—-8943. _ _ _ _ electron-donating group on the phenyl group had a slightly
Ch%).%-\ir;glzrgbg/,lgel,\ﬂgygglie%; ommasi, S.; Umani-Ronchi,. Adelv. lower reaction rate than that with enones containing an
(10) (a) Zhuang, W.; Hazell, R. G.; Jgrgensen, KOkg. Biomol. Chem.

2005,3, 2566—2571. (b) Herrera, R. P.; Sgarzani, V.; Bernardi, L.; Ricci, (14) (a) Bartoli, G.; Bosco, M.; Carlone, A.; Pesciaioli, F.; Sambri, L.;
A. Angew. ChemInt. Ed.2005,44, 6576—6579. (c) Jia, Y. X.; Zhu, S. F; Melchiorre, P.Org. Lett.2007, 9, 1403-1405. (b) Chen, W.; Du, W.; Yue,

Yang, Y.; Zhou, Q. LJ. Org. Chem2006,71, 75-80. L.; Li, R.; Wu, Y.; Ding, L.-S.; Chen, Y.-COrg. Biomol. Chem2007,5,
(11) (a) Paras, N. A.; MacMillan, D. W. C. J. Am. Chem. S2@01, 816—821.

123, 4370—4371. (b) Austin, J. F.; MacMillan, D. W. @. Am. Chem. (15) For reviews on asymmetric catalysis with BINOL: (a) Shibasaki,

S0c.2002,124, 1172—-1173. (c) Paras, N. A.; MacMillan, D. W.Z . Am. M.; Matsunaga, SChem. Soc. Re2006,35, 269—279. (b) Brunel, J. M.

Chem. Soc2002,124, 7894—7895. Chem. Re12005,105, 857—898. (c) Shibasaki, M.; Yoshikawa, Ghem.
(12) (a) Bandini, M.; Fagioli, M.; Garavelli, M.; Melloni, A.; Trigari, Re».2002,102, 2187—-2210. For examples of BINGEr complexes: (d)

V.; Umani-Ronchi, A.J. Org. Chem2004,69, 7511—7518. (b) Bandini, Saruhashi, K.; Shibashaki, S. J. Am. Chem. 3006,128, 11232—-11235.

M.; Fagioli, M.; Melchiorre, P.; Melloni, A.; Umani-Ronchi, Atetrahedron (e) lhori, Y.; Yamashita, I.; Ishitani, H.; Kobayashi, Bl. Am. Chem. Soc.

Lett. 2003,44, 5843—-5846. 2005 127, 15528-15532. (f) Kobayashi, S,; Kobayashi, J.; Ishani, H.; Ueno,
(13) Terada, M.; Sorimachi, K. J. Am. Chem. S2@07,129, 292—293. M. Chem. Eur. J.2002,8, 4185—4190.

2602 Org. Lett, Vol. 9, No. 13, 2007



s conditions as for the FriedelCrafts reaction of indoles but
Table 2. Enantioselective Friedel—Crafts Reaction of Indole with 10 equiv of pyrrole to avoid the formation of dialkylated

Derivatives1 with Enones2 Catalyzed byL3-Zr(O'Bu),? products. A screening of ligands indicated th&twas the
best choice in terms of enantioselection and yield (Table 3).

Rs
\©f> "R R NCTNG T CHrEZI = > 0
22 H Table 3. Enantioselective Friedel—Crafts Reaction of Pyrrole
1 2 3 (4) with Enones2 Catalyzed byL5-Zr(O'Bu)s
o f
time yield ee I\ . " /\)J\R L5, Zr(OBu)y [\ R,
entry 1 R; 2 Ry Rs () 38 (% (%F N ° 2 CHCl, 1t N
Ry ©

1 1la H 2a Ph Me 3 3aa 87 97 . 5 :

2 1la H 2b Ph Et 20 3ab 87 94 5

3 1la H 2¢ Ph Pr 24 3ac 82 97 - -

4 1la H 2d Ph Ph 96 3ad 25 96 time yield  ee

5 1la H 2¢ p-Me-CcHy, Me 20 3ae 91 95 entry 2 R Rs (h) 5 (B (%r

6 1la H 2f m-MeCgHy Me 4 3af 84 92 1 2a Ph Me 4 5a 84 83

7 la H 2g oMeCeHy, Me 22 3ag 73 72 2 % pMeCeHs Me 1 5e 97 96

8 la H 2%1 p-MeO-CeH4 Me 18 3a¥1 54 95 3 2h p—MeO—C6H4 Me 1 5h 89 99

9 1a H = 2 pFCH,  Me 2 3ai 92 9 4 2 pBrCH, Me 075 5 95 65
12 ia g ka Z-Br-iiihl xe ; zaJk zg gg 5 21 2-thienyl Me 075 50 96 98

a -naphthy. e a

12 1a H 21 2-thienyl Me 20 3al 87 96 220 mol % of R)-L5 and 20 mol % of Zr(CBu)a. bisolated yield. _
13 1b Me 2a Ph Me 4 3ba 97 95 Icnl?grtr?]rggﬁ)d by chiral HPLC or GLC analysis (see the Supporting
14 1¢c MeO 2a Ph Me 4 3ca 95 97 '

15 1d Cl 2a Ph Me 30 3da 74 95

220 mol % of R)-L3 and 20 mol % of Zr(@Bu)a. ° Isolated yield. The establishment of the absolute configuration of the

¢ Determined by chiral HPLC analysis (see the Supporting Information). . . .
(R) configuration assigned by comparison of the optical rotation signs of alkylated pyrrolesS was achieved by chemical correlation

3aaand3cawith literature data (ref 12), and on the assumption of a uniform  following Bandini’s methodology (Scheme Z\:Following
mechanistic pathway for the rest of produéts the asymmetric organo-catalyzed Friedel—Crafts alkylation
described by MacMillafi? we prepared the (R)-pyrrolyl

electron-withdrawing group (entries—8 vs entries 9 and _
10). The ortho substitution on the phenyl of the enone

Scheme 2. Absolute Configuration Assignment f&ia

lowered the reaction rate and the enantiomeric excess of the
alkylation product dropped to 72% (entry 7), implying the 0N
existence of a steric effect of th@tho substituents on the j: ><
reactivity and enantioselectivity of the reaction (entrie¥h

In addition, the 2-naphthalergk and the heteroaromatii n o O M
enone derivatives can also serve as substrates in this reaction, N T Me” N CHO
o . . . . i THF-H,O, 1t i

giving the corresponding alkylated indoles in excellent yields Me 29 Me Me

and high enantioselectivities (entries 11 and 12). With regard 6 7 ° e 9

to the substituent effect on the indole ring neither the ;eb'f?gﬁ (¢ 1.0, CHCly)

electron-donating groups (GHCH:zO) nor the electron- for the alcohol after reduction
Lit .ee =91%

withdrawing groups (Cl) at the 5-position of indole affected
the enantioselectivity of the reaction, but the reaction rate
was indeed influenced unfavorablely in the case of 5-chloro- PhMgBr /N Ph Mno 7\ Ph
indole (entries 1315). Unfortunately, the reaction is limited N —= N\

[op =-29.2 (¢ 1.0, CHCl3)

: _ _ E;0,0°C Me Me OH CHCltt e Me O
to enones with Raromatic or heteroaromatic groups. Enones 81% 10 3240/2‘ Me Me

: . . — - o 1
2 bearing an Raliphatic group (R= Me, Rz = Ph, or R (dr = 56:44)

= Me, R; = i-Pr) reacted very slowly witiLa under the ee = 36%
optimized conditions. [o]p = +16.2 (¢ 1.1, CHCl3 )

Considering the value of pyrroles as useful synthonsand

as pyrrolidine surrogaté$,we have expanded the reaction /N\ pn NaH, Mel /N\ Ph
scope to |r_1(:Iude pyrrole{lﬁ as a nucleophl!lc_heteroa_\re_ne. H e O DMF, rt Me Me O
The reaction was carried out under similar optimized 5a 21% i
ee=87%
(16) (a) Gilchrist, T. L.; Lemos, A.; Ottaway, C.J.Chem. SocPerkin ce =87%
Trans. 11997, 3005—3012. (b) Evans, D. A.; Fandrick, K. ®rg. Lett. [o]p = +36.2 (¢ 0.4, CHCI5)

2006,8, 2249—2252.
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aldehyde9 in 39% vyield and 37% ee by reactinly-
methylpyrrole 6 with acrolein 7 in the presence of the
hydrochloride of imidazolidinine8 at room temperature.
Then, compound® was reacted with PhMgBr at 0C
affording a 56:44 mixture of two diastereomeric alcohols
10 in 81% yield. The diasteromeric mixture was oxidized
with MnO, to give (R)-11in 34% yield and 36% ee.

On the other hand\-methylation of compoun8a could

a number of nonchelating-substituted o, 3-unsaturated
ketones. The reaction proceeds with good yields and excellent
enantioselectivities, superior to those obtained with salen-
Al complexes, and does not require the use of additives.
Additional advantages are the use of ligands that are
commercially available in both enantiomeric forms, and a
simple experimental procedure at room temperature.

be achieved, after some experimentation, by treatment with  Acknowledgment. Financial support from the Ministerio

NaH/Mel in DMF in the presence of tetrabutylammonium

de Educacion y Ciencia (Grant CTQ 2006-14199) and the

iodide. By this method, a compound with identical spectral Universitat de Valencia (Grant UV-AE-20060244) is ac-

features ad1in 21% yield and 87% ee was obtained from
an 87% ee sample of compould. Comparison of both

the optical rotation values and chiral HPLC retention times

knowledged. C.V. thanks the Generalitat Valenciana for a
grant.

allowed us to establish the absolute sterochemistry of the ~Supporting Information Available: Representative ex-

product prepared fronda to be R as well. The absolute
stereochemistry of all pyrrolyl ketonéswas assigned by
analogy.

In summary we have shown that BINOL-type-ZHBD),

complexes are very effective catalysts for the enantioselective

Friedel-Crafts reaction of indole and pyrrole derivatives with

2604

perimental procedures, characterization dakh,and 3C
NMR spectra, and chiral analysis for all compourg]s,
and 11. This material is available free of charge via the
Internet at http://pubs.acs.org.
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