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Catalytic Asymmetric Friedel — Crafts
Alkylation of f,y-Unsaturated a-Ketoesters:
Enantioselective Addition of Aromatic C—H
Bonds to Alkenes**

Kim B. Jensen, Jacob Thorhauge, Rita G. Hazell, and
Karl Anker Jgrgensen*

Aromatic compounds are very important molecules in
chemistry and the addition of these compounds to alkenes in
the Friedel-Crafts alkylation constitutes one of the funda-
mental reactions in synthetic chemistry.[!]

The catalytic enantioselective addition of aromatic C—H
bonds to alkenes leading to formation of a new C—C bond is of
considerable interest and remains a long-term challenge for
chemists. Such a reaction would provide a simple and
attractive method for the formation of optically active aryl-
substituted compounds from easily available starting materi-
als. Recently, the first examples of catalytic enantioselective
addition reactions of aromatic and heteroaromatic com-
pounds to activated carbonyl compounds,?) a-dicarbonyl
compounds,?! and imines were reported.!l However, the
development of a catalytic enantioselective version of the
corresponding Friedel — Crafts alkylation reaction has, to the
best of our knowledge, not been reported, although numerous
examples can be given for the non-enantioselective version of
this reaction.[' > This paper presents the first catalytic highly
enantioselective Friedel —Crafts alkylation, that is, the addi-
tion of aromatic C—H bonds to f,y-unsaturated a-ketoesters
catalyzed by chiral Lewis acids [Eq. (1)].

Ar O

O
_ (1
R X K goort

Ar-H + ;
Cat. R

R

The reaction of indole (1a) with methyl 4-phenyl-2-oxo-3-
butenoate (2a) can be catalyzed by various metal complexes,
and the application of the chiral bisoxazoline (BOX) com-
plexesl®7  [{(S)-Bu-BOXJM] ((S)-4a—c; M= Cu(OTf),,
Cu(SbFy),, and Zn(OTY),, respectively) and [{(S)-Ph-BOX]M]
((S)-4d; M = Cu(OTf),) gives the optically active Friedel -
Crafts alkylation product 3a. Some representative screening
results are presented in Table 1. The Friedel - Crafts alkyla-
tion reactions with (S)-4a—c and (S)-4d proceed with high
conversion. For the reaction catalyzed by (§)-4a, product 3a is
formed with up to 88 % ee in CH,Cl, (entry 3), while 74 % ee is
found in THF (entry 6). In Et,O, with 2 mol % of the catalyst,
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Table 1. Catalytic enantioselective Friedel—Crafts alkylation reaction of
indole (1a) with methyl 4-phenyl-2-oxo-3-butenoate (2a) under various
reaction conditions.!?!

ph H ]
o COOEt
\ L, . \, H
@ Ph/\/ILCOOMe cat. N
H H
la 2a 3a
| | 1 |
Cat.=
N, N/ N, N/
By M Tdu ph M pn
(9-4 (54
a: M = Cu(OTf), d: M = Cu(OTf),
b: M = Cu(SbF),
¢: M =Zn(0Tf)
Entry Catalyst Solvent T[°C] t[h] Conv. ee
[%][h] [%][C]

1 - CH,Cl, 20 24 27 0

2 (S)-4a CH,Cl, 0 0.5 100 36

3 (S)-4a CH,Cl, —78 3 100 88

4 (5)-4a Et,O 0 0.5 100 88

5 (S)-4a Et,0 -78 16 100 97

6 (S)-4a THF -78 1 100 74

7 (5)-4a CH,Cl,/pentane —78 16 99 89

1:2

8ldl (S)-4a Et,0 —-78——-30 64 100 99.5

9 (5)-4¢ Et,O 0—20 18 100 87
10 (5)-4d Et,O -78 16 100 42l¢]

[a] The reactions were performed on a 0.4 mmol scale with 10 mol%
catalyst. Indole (1a) and the enone 2a were used in a 1:1 ratio. For further
details, see the Supporting Information. [b] Determined by 'H NMR
spectroscopy of the crude product. [c] Determined by HPLC. [d] The
reaction was performed on a 2 mmol scale with 2 mol % catalyst. [e] The
opposite enantiomer of 3a to that shown in the scheme was obtained.

only one enantiomer of 3a can be detected by chiral HPLC
(entry 8). The reaction can also proceed with only 0.5 mol %
of (S)-4b as the catalyst, to give 3a in >95% isolated yield
and with 84 % ee. The reaction time required is dependent on
the reaction temperature; after only 30 min the reaction of 1a
with 2a catalyzed by (S)-4a in Et,0 at 0°C is completed and
3a is formed with 88% ee (entry4). Catalyst [{(S)-Bu-
BOX}Zn(OTY),] ((S)-4¢), which is a more air-stable catalyst
than the corresponding copper complex (S)-4a, is also an
effective catalyst for the reaction of 1a with 2a giving 3a with
up to 87% ee (entry9), while catalyst (S)-4d produces the
opposite enantiomer of 3a with an ee value of only 42%
(entry 10).[8

The scope of the catalytic enantioselective Friedel — Crafts
alkylation reaction is shown by the reaction of various
aromatic compounds 1a—g with different ,y-unsaturated a-
ketoesters 2a—d in the presence of (S)-4ab as the catalysts
[Eqg. (2); Bn=Dbenzyl]. The results are presented in Table 2;
the compounds 2a—d are chosen to show the span of alkene
substituents in the reaction as both alkyl, aromatic, and
protected alcohols can be present.

The catalytic enantioselective Friedel—Crafts alkylation
reaction proceeds well for both heteroaromatic and aromatic

Angew. Chem. Int. Ed. 2001, 40, No. 1

H1
1 2
a: R*R® = H a: R* = Ph, R® = Me
b: R' = Me, R® = R® = H b: R* = Me, R’ = Et
c: R = R® = H, R? = OMe ¢: R* =CH,0Bn, R® = Et
d: R'! = R =H, R =1L
e: R* = R? = H, R’ = COOMe
. COOR®
R 0
R? :
- . N\
(S)-4a R3 N\
R1
3
a: R'*-R® = H, R* = Ph, R® = Me
b: R! = Me, R®> = R® = H, R* = Ph, R® = Me
c¢: R' = R?® = H, R®. = OMe, R? = Ph, R® = Me
d: R = rR?* =H, RR. =¢Cl, R* = Ph, R’ = Me
e: R! = RZ = H, R?® = COOMe, R* = Ph, R® = Me
£: RI-R?® = H, R* = Me, R® = Et
g: R* = R} = H, R? = OMe, R? = Me, R® = Et
h: R! = R? = H, R® = C1, R* =CH,0Bn, R® = Et
i: R' = R® = H, R? = OMe, R? = CH,0Bn, R® = Et
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Table 2. Catalytic enantioselectivities in Friedel - Crafts alkylation reac-
tions between different aromatic compounds and f,y-unsaturated a-
ketoesters [Egs. (2) - (4)].14

Entry  Product  Cat. T t Yield ee
[mol%]  [°C] (bl [%]*  [%]¢
1 3a 2 -78—-30 64 77 99.5
2 3b 5 -78—-30 48 98 96
3 3c 5 -178 1 95 >99.5
4 3d 10 -20—0 16 69 971l
5 3e 10 -20—-0 16 82 94
6 3f 5 -78 16 96 95
7 3g 5 -178 1 95 >99.5
8 3h 10 -20—-0 16 70 80
9 3i 5 —-78 1 98 95
10 3j 10 0 48 99 88
11 3k 10 0 24 93 88
12 31 10 0 24 90 80
13 3m 10 0 18 90 79
14 3nl 10 0 2 65 89
15 3o 10 —60 28 68 60

[a] For the reactions in entries 1-13, catalyst (S)-4a was used and the
aromatic compound was added in 1-1.33 equivalents. For entries 14, 15,
(S)-4b was added and the aromatic compound was used in three equiva-
lents. For further details see the Supporting Information. [b] Yield of
isolated product. [c] Determined by HPLC or GC. [d] After recrystalliza-
tion an ee value of 99 % was measured. [e] Some double-addition product is
also formed.

compounds. For many of the reactions reported chromato-
graphic purification is not necessary as the optically active
products can be isolated directly by filteration of the chiral
catalyst followed by evaporation of the solvent. Entries 1-9
show the results for the reaction of the different indoles 1a—e
with 2a-c giving the Friedel-Crafts alkylation products
3a-i [Eq. (2)]® in high yields and with excellent enantiose-
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lectivities; for example, 5-methoxy-1H-indole (1¢) reacts with
2a-—cto give 3¢ and 3g as enantiopure compounds (>99.5%
ee), while 3i is formed with 95% ee. Indoles 1d and 1le,
substituted with electron-withdrawing substituents, also react
with 2a in a highly enantioselective manner and ee values of
97% and 94 % ee are obtained for 3d and 3e, respectively.
Indoles substituted with methyl and phenyl in the 2-position
give the corresponding Friedel — Crafts alkylation products in
good yield (60-70%) and moderate enantioselectivity
(~50% ee; results not shown). Other heteroaromatic com-
pounds, such as 2-methylfuran (1f), react with 2a—d cata-
lyzed by (S)-4a as shown in Equation (3) (entries 10—13 in
Table 2). The Friedel-Crafts products 3j-—m[® are all

o}
/ﬂ + RA/\)I\ COORS®

e}
1f 2
a: R* = Ph, R® = Me
b: R* = Me, R’ = Et
c: R =CH,0Bn, R® = Et
d: R* = p-Cl-Ph, R® = Me

7\ COOR®

(S)-4a R*

R* = Ph, R’ = Me
R* = Me, R® = Et
R* = CH,0Bn, R® = Et
R* = p-ci-ph, R® = Me

g B

formed in >90% yield and with high enantiopurity (up to
88% ee is obtained). The enantioselective Friedel- Crafts
alkylation reaction also proceeds for aromatic compounds,
such as 1,3-dimethoxybenzene (1g) [Eq.(4)], and en-
tries 14, 15 in Table 2 show the results for the reaction of 1g
with 2a and 2b. These reactions give the corresponding o,p-
dimethoxy-substituted aromatic products and 3n is formed in
89% ee at 0°C after 2 h reaction time, while 30 is formed in
60% ee.

For catalytic enantioselective Friedel-Crafts alkylation
reactions that take place at below —50°C with indoles, the

MeO 0]
\© * R“/\)\ COOR®

OMe
1lg 2
a: R* = Ph, R® = Me
b: R? = Me, R® = Et
re COOR®
MeO o (4)
e
(S)-4b OMe
3
n: R? = Me, R® = Et
o: R* = Ph, R® = Me
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enol product is formed. The enol form of the product can be
isolated and characterized for several of the compounds.
However, treatment of the enol product with MeOH at room
temperature leads to a smooth formation of the keto form of
the Friedel — Crafts products.

In order to obtain insight into the mechanism for this new
catalytic enantioselective Friedel — Crafts alkylation reaction,
the absolute configuration of the indole-derived product 3d,
obtained by reaction of 1d with 2a catalyzed by (S)-4a, has
been determined by X-ray analysis. The X-ray crystal
structure of 3d shown in Figure 1 leads to an assignment of
the chiral center formed in the reaction as R.

Figure 1. X-ray crystal structure of 3d for determination of the absolute
configuration of the chiral center formed during the reaction of 1d with 2a
in the presence of (S)-4a. Only the hydrogen atoms on the chiral carbon
atom and a part of the indole ring are shown, the rest are omitted for clarity.

Based on the absolute configuration of the chiral Friedel -
Crafts product formed, it is postulated that the f,y-unsatu-
rated a-ketoester coordinates in a bidentate fashion to the
(S)-4a catalyst; this leads to a square-planar intermediate.[°>-
Such an intermediate has the Re face of the reacting alkene
carbon atom available for approach of the aromatic com-
pound. In Figure 2 the approach of the indole to the fS,y-

Figure 2. A model for the approach of indole to the f,y-unsaturated a-
ketoester 2a coordinated to (S)-4a in a square-planar fashion. This model
can account for the absolute configuration of the formed Friedel — Crafts
product 3d. Color scheme: gray = carbon, red = oxygen, green = copper,
blue = nitrogen.
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unsaturated a-ketoester coordinated to the chiral [{(S)-rBu-
BOX]}Cu(OTY),] ((S)-4a) catalyst is shown. This approach can
account for the absolute configuration of the product
obtained, but at the present stage of investigations we do
not fully understand which orientation the incoming aromatic
compound has relative to the intermediate.

We have developed a highly catalytic enantioselective
reaction for the addition of aromatic C—H bonds to f,y-
unsaturated a-ketoesters catalyzed by chiral bisoxazoline —
copper(i1) complexes. This new reaction, which is shown to
be useful for the reaction of heteroaromatic and aromatic
compounds with fS,y-unsaturated a-ketoesters having alkyl,
aromatic, and protected alcohols as alkene substituents, is a
simple and attractive method for the formation of optically
active Friedel-Crafts alkylation compounds from easily
available starting materials.
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