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The Friedet-Crafts reaction and its enantioselective variants are Table 1. Scandium-Catalyzed Alkylations of a.3-Unsaturated
. - - a
powerful carbor-carbon bond forming processesnd the ap- ~ 2-Acyl Imidazoles 2 with N-Methylindole 37 (eq 2)

plication of these reactions to the alkylation of electron-rich 2
. . . . . . A % 1
heteroaromayc rings, such as .|ndo4ésLs a toplc of ongomg R/\)KF\N) + e WJ
interest! Previous examples of FriedeCrafts reactions of this type 2 e / MeCN MeCN, 4 ANS

generally require cryogenic temperatures for high enantioselectivity

and/or tolerate only a limited range of substituents at the enone imidazole R mol%ofl  T(°C) time(h) ee(%) vield (%)
p-position. Althougha,3-unsaturated 1-acyl pyrazoles have been 2a Me 1 —40 16 08 9743)
utilized as conjugate acceptdrs,5-unsaturated 2-acyl imidazoles 2a Me 5 —40 24 97 99 4a)c
have not been reported as being used in this capacity. The purpose 2a Me 10 —-40 24 90 994a)°
of this communication is to describe the enantioselective Friedel 2a Me 1 20 5 96 994a)°

. . 2a Me 1 65 3 90 994a)°
Crafts reactions ofy,5-unsaturated 2-acyl-methylimidazoles? 2a Me o5 0 3 93 9342)
with electron-rich heterocycles catalyzed by the chiral bis(oxazoli- 5y Et 25 0 12 92 974b)
nyl)pyridine (pybox)-scandium(lll) triflate complex1.8 This 2c i-Pr 25 0 8 94 7840)
reaction exhibits good enantioselectivitiesd0% ee) over a broad 2d n-Bu 2.5 0 12 93 954d)
range of substrates. In addition, the products may be easily 2e COEt 25 0 12 96 954¢)

: ' Ph 2.5 0 8 91 944f)

transformed into synthetically useful amides, esters, carboxylic
acids, ketones, and aldehydes.

a All reactions were carried out at 0.26 M in substr®&nantiomeric
excess determined by chiral HPLEReported as conversion based!th
o NMR spectroscopy.

/\)H/N + Ar—H catalysH
R - ' vj\( Table 2. Scandium-Catalyzed Alkylations of a,3-Unsaturated
2 / J

N 2-Acyl Imidazoles 2a with Substituted Indoles 32 (eq 3)

Me”
Mel then Nuc(-) v Me O

or Y :
| N Nuc(-) then Mel X mol% 1 ) N
o p o and Base 2a+ 2 \ ———— \ )
z //
I \ X MeCN, 4 A MS X N

N
B2 ,
N—/TQ—N R O 3a3j 0°C s ) me”
TfO" | ‘oTf H R R
oTf Ar/\)J\Nuc - : -
1 indole R X Y z mol%of1l time(h) ee (%)’ vield (%)

3a H H H H 25 20 65 80%a)

The pybox ligand, solvent, and reaction conditions were opti- gb aB”y| : : : 225;3 Zg 3;83 gggb))

. . . . C n . C,
mized with N-methylindole 8) as the nucleophile. A survey of 3d Me Me H H o5 2 91  88%d)
Sc(OTf—pybox complexes revealed that complewas the most 3e Me Ph H H 5 90 66 4399
promising catalyst, and that acetonitrile was the solvent of choice. 3f Bn H OMe H 2.5 20 97  99%f)
The use of 4 A molecular sieves was also found to be advantageous. 39 Bn H Br H 5 20 92 55%g)
The desired alkylation products were formed in good yields and 3h 52 : I\C/lle L' g gg gg gggg)
enantioselectivities. During this series of experiments, itwasnoted 3 g, H H OMe 5 20 95  99%))

that the product enantiomeric excess is inversely proportional to
the mole percent of catalyst employed (Table 1, first three enfries). 2 All reactions were carried out at 0.26 M in substr&&nantiomeric

The range of8-enone substituents (R) that may be tolerated is broad €xcess determined by chiral HPLC.

for reactions of this type.

A representative selection of indole derivatives was evaluated sterically demandind\N-isopropy! substituent affords a boost in
(Table 2). The reactions generally displayed the best selectivity enantioselection of 6% ee over it$\-methyl counterpart. While
with N-benzylindoles. 1,2-Dimethylindole is also a competent this study has focused on the commercially availdbl@ethylimi-
nucleophile for the reaction. Other substituted indoles are also well dazole derivatives on the basis of economic considerations,
tolerated in the illustrated reaction. improved enantioselectivities in marginal cases may be achieved

2-Methoxyfuran and pyrrole are also competent nucleophiles for by increasing the steric requirements of this moiety.
the illustrated reaction (egs 4 and 5). These furan and pyrrole cases One intramolecular indole alkylation has been investigated to
also highlight the point that the imidazole N-substituent may play date (eq 6). The reaction proceeds in good yield and enantioselec-
a beneficial role in the level of reaction enantioselectivity. This tivity. The absolute configuration ol has been assigned by
trend was also noted in the indole alkylations. In general, the more analogy to the other cases included in this study.
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0.26 M in substrate (eq 2): 1 mol % (98% ee); 10 mol % (90%
G/OMG 2.0 mol% 1 MeO\Q/\)J\( ) ee); 20 mol % (78% ee); 35 mol % (49% ee); 50 mol % (11% ee).
\_/ J This trend was most evident when a stoichiometric amount of

MeCN, 4 AMS

catalystl was used, resulting in a turnover in asymmetric induction
7a R = Me, 65%, 98% ee (40 °C)

7a R = Me, 99%, 88% ee (0 °C) (—31% ee)
\} 2aR=Me 7b R='Pr, 85%, 89% ee (0 °C) Reaction enantioselection in the presence of 5 mol % ©f40
Y

8aR=Crtle; °C) as a function of reaction molarity was also probed: 0.10 M
" (95% ee); 0.4 M (94% ee); 0.8 M (93% ee); 1.0 M (92% ee).
N _ 20mo%1 M On the basis of these data and the fact that Sc(@Ppiybox
@ MeCN 4AMS \7 © complexes can adopt seven-coordinate pentagonal-bipyramidal
9aR = Me, 82%, Ss%ee geometry?® we speculate that the reaction might proceed through
9b R =Pr, 90%, 93% ee a 1:1:1 substrate:product:catalyst complex that is favored at lower
catalyst loadings and is more enantioselective than the correspond-
zomaner ing 1:1 substr_ate:catalyst complex which would be favored at higher
| MeCN. A AMS (6) catalyst loadings.
N | -40°c In summary,a,B-unsaturated 2-acyl imidazoles are efficient
10 1199%, 97% oo o substrates for FriedelCrafts alkylations. These substrates are easily
\//E converted to a variety of useful functional groups and are easily
MeN” SN MeN” SN

synthesized. Further studies to explain the catalyst loading profile
and expand the scope of the reactions ofdalfeunsaturated 2-acyl
imidazoles are in progress.

The 2-acyl imidazole residue may be transformed into a range

of carboxylic acid derivative$ Removal of the imidazole group Acknowledgment. Support is provided by the NIH (GM-33328-

can be accomplished in one of two ways (egs9). First, the 20), the NSF (CHE-9907094), and Merck Research Laboratories.
imidazole group can be successively methylated then treated undety _3 s. acknowledges a Novartis fellowship.

a variety of nucleophilic conditions to acquire esters, amides, and

carboxylic acids in good vyields in one-pot operations (Table 3).  Supporting Information Available: Experimental procedures,
spectral data for all new compounds, stereochemical determinations,

Table 3. Conversion of Imidazole 4a to Carboxylic Acid synthesis ofo,3-unsaturated 2-acyl imidazoles, and complete ref 3b
Derivatives (eq 7) (PDF, CIF). This material is available free of charge via the Internet at
Me http://pubs.acs.org.
1) Mel, DMF, 60 °C ) Nuc )
2) Nuc (-) at rt N\ 12 References
Me

(1) For a review of the FriedelCrafts reactions see: Olah, G. A.; Krishna-
entry Nuc (-) conditions Nuc time yield (%) murti, R.; Prakash, G. K. S. FriedeCrafts Alkylations. INComprehensie
Organic SynthesjsTrost, B. M., Fleming, I., Eds.; Pergamon Press:

1 MeOH/DBU' in CH,Cl, -OMe 30 mfn 93 (12a) Oxford, 1991; Vol. 3, pp 293339,
2 EtOH/DBU in CHyClp -OEt 30min 86 (12b) (2) For examples of natural products which are relevant to the formed
3 i-PrOH/DBU in CH,Cl, -OCH(CH3);  30min 95 (12¢) sHtergpcent?:r,Tsee (r:]ycclioaﬁzl%soigo%aésiré:7 éa;) l\él;lggmiol 1 f%ella, Cr? Zibrowius,
: R : .; Pietra, FTetrahedro , —~ . 10,11-Dimethoxynare-
4 H0/DBU in DMF OH 30min 87 (12d) line: (b) Kam, T., Choo, ¥.J. Nat. Prod. 2004 67, 547-552.
5 i-PtNH, in DMF -NHCH(CH;), 20 min 77 (12¢) Hapalindoles: (c) Kinsman, A. C.; Kerr, M. A. Am. Chem. So2003
6 Morpholine in CH,Cl, Morpholine lh 88 (12f) 125, 14120-14125. (d) Huber, U.; Moore, R. E.; Patterson, G. MJL.
7 Aniline in DMF NHPh 12h  84(12g) Nat. Prod.199§ 61, 1304-1306.
(3) For examples of potential medicinal agents relevant to the formed
Me O stereocenter, see: (a) Rawson, D. J.; Dack, K. N.; Dickinson, R. P.; James,
: ®) K. Biorg. Med. Chem. LetR002 12, 125-128. (b) Dillard, R. D. et al.
4 4, Me OH bec Ph J. Med. Chem1996 39, 5119-5136. (c) Chang-Fong, J.; Rangisetty, J.
- N 15 87% B.; Dukat, M.; Setola, V.; Raffay, T.; Roth, B.; Glennon, Borg. Med.
/J N Chem. Lett2004 14, 1961-1964.
) Me e o (4) For Cu(ll)-catalyzed additions of aromatic systemsxif-unsaturated
,\B}Ie Mé B ) o-keto esters, see: (a) Jensen, K. B.; Thorbauge, J.; Hazell, R. G;
d 13X = Ph b e H Jorgensen, K. AAngew. Chem., Int. EQ001, 40, 160-163. For additions
4 —» aX=H - \ of electron-rich aromatics and indoles tofS-unsaturated aldehydes
N 16 78% catalyzed by chiral secondary amines, see: (b) Paras, N. A.; MacMillan,
Me D. W. C.J. Am. Chem. So@001, 123 4370-4371. (c) Austin, J. F.;
MacMillan, D. W. C.J. Am. Chem. So2002 124, 1172-1173. For Cu-
a _ o~ b o~ ¢ (I)-catalyzed additions of indoles to alkylidene malonates, see: (d) Zhou,
o ’\ThggBr,;’OHE&: Z?\IIOBO C.M M(;I_'i EttOeA(é, 50°C. BOerize'\BIle,NlOOV:it J.; Ye, M.-C.; Huang, Z.-Z.; Tang, YJ. Org. Chem2004 69, 1309-
6 NgCO;, o aBH;, MeOH, rt.°Benzene, 0. aon, 1320. For Cu(ll)-catalyzed additions of indoles and pyrroles' thydroxy
HoN(CH)sCO:Na, 80°C. enones, see: (€) Palomo, C.; Oiarbide, M.; Kardak, B. G.; Garcia, J. M.;
Linden, A.J. Am. Chem. So2005 127, 4154-4155.
o : : ; (5) ltoh, K.; Kanemasa, Sl. Am. Chem. So2002 124, 13394-13395.
Se_cond, the initial ke_tone m0|e_ty ida can be treated with a (6) Evans, D. A.: Scheidt, K. A.: Fandrick. K. R.. Lam, H. W.: WuJJAm.
Grignard reagent to give the tertiary alcold or reduced to the Chem. Soc2003 125 107806-10781.

secondary alcohdl4 with sodium borohydride (egs 8 and 9). The (7) For the transformation of 2-acyl benzimidazoles to esters, amides,
. e [-diketones, andp-ketoesters, see: (a) Miyashita, A.; Suzuki, Y.;
resulting imidazole groups can be methylated and subsequently Nagasaki, I.; Ishiguro, C.; lwamoto, K.-I.; Higashino, Them. Pharm.

eliminated under basic conditions to liberate the ketd®eor Bull. 1997, 45, 1254-1258. For the transformation of 2-acyl imidazoles
Idehvdel6 i d vield to ketonesS-diketones -ketoesters, and aldehydes, see: (b) Ohta, S.;
alaenydelo in gooa yields. Hayakawa, S.; Nishimura, K.; Okamoto, Mhem. Pharm. Bull1987,
Next, we turned our attention to the issue of the effect of catalyst 35, 1058-1069.

. : - ; . (8) All substrates explored showed increased product enantioselection with
loading on enantioselectivity. As shown in Table 1, the addition of decreased catalyst loading.

N-methylindole ta2a afforded better selectivities with lower catalyst (9) Evans, D. A.; Sweeney, Z. K.; Rovis, T.; Tedrow, J.JSAm. Chem.
loadings. To further explore this phenomenon, we conducted a series ~ S0¢-2001 123 12095-12096.
of experiments with different catalyst loadings bat —40 °C at JA052433D
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