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Introduction

Cooperative asymmetric catalysis through the combination
of metal complexes and organocatalysts has experienced sig-
nificant growth over the last several years,[1] as this strategy
has the ability to realize some new asymmetric transforma-
tions by mutual activation and organization of reactants that
are different to those promoted by the metal catalysts or or-
ganocatalysts alone. Both transition-metal catalysis and or-
ganocatalysis have been applied to a broad range of organic
transformations in synthetic organic chemistry,[2] but asym-
metric catalysis by using this strategy is still in its develop-
mental stages by comparison.[3]

Proton transfer is among the most elementary of reaction
steps in many chemical reactions that have played an impor-
tant role in both chemistry and biology.[4] In Lewis acid cata-
lyzed Michael-type Friedel–Crafts alkylation of indoles with
a,b-unsaturated compounds, which is among the most im-
portant C�C bond-forming reactions in organic synthesis,[5,6]

fast proton transfer from the indole moiety to newly gener-
ated enolate components is required, but this step is often
slow and catalyst turnover is limited significantly. To over-
come this problem, some proton sources such as alcohols
and protic acids have usually been applied as additives to
accelerate the proton-transfer step and thus facilitate the
catalytic turnover.[7] Given that Lewis acid metal complexes
can catalyze Friedel–Crafts reactions and that an appropri-
ate proton source might facilitate the catalytic turnover, we
envisioned that this kind of asymmetric reaction could be
realized by using a cooperative catalytic system with a
Lewis acid site for activating the electrophile, a base site for
activating the nucleophile through a hydrogen-bonding in-
teraction, and a free proton source for accelerating the
proton transfer. All these can be incorporated into one
chiral platform to achieve high asymmetric induction. As
shown in Scheme 1, once the chiral phosphoric acid used as
Brønsted acid,[8] the Lewis acid activation site, and the free
proton source could be constructed through anion metathe-
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sis of the Brønsted acid and Lewis acid metal salt, the inher-
ent Brønsted base site can activate the nucleophile through
a hydrogen-bonding interaction. The interaction would
allow the reaction to proceed under a chiral environment
regulated by the chiral conjugated base. To ascertain the
feasibility of this hypothesis, we aimed to develop a chiral
Brønsted acid controlled, iron-catalyzed[9] enantioselective
Friedel–Crafts alkylation of indoles with a’-hydroxy
enones,[10] which was first developed by Palomo and co-
workers, who used chiral bis(oxazoline)/Cu ACHTUNGTRENNUNG(OTf)2 (2–30
mol %; OTf= trifluoromethanesulfonate) as a catalyst.[6h]

Based on the cooperative working hypothesis proposed
above, we assumed the reaction would be performed accord-
ing to the catalytic cycle depicted in Scheme 2.

Results and Discussion

To validate our hypothesis, we attempted the reaction of 4-
chlorophenyl-substituted a’-hydroxy enone (2 a) with indole
(3 a) in the binary catalytic system to provide the Friedel–
Crafts product (4 aa). Our initial experiment was carried out
using CuACHTUNGTRENNUNG(OTf)2 (5 mol %) as Lewis acid and 1 a as Brønsted
acid (5 mol %) to establish a binary catalyst. The reaction
was carried out at room temperature in dichloromethane for
24 h, and only moderate yield (52%) and poor enantioselec-
tivity (3 % ee) were observed. Further screening of a
number of other metal salts under the same reaction condi-
tions showed that no transformation occurred at all when
ZnACHTUNGTRENNUNG(OTf)2, Mg ACHTUNGTRENNUNG(ClO4)2, Ni ACHTUNGTRENNUNG(ClO4)2·6 H2O, AgOAc, and Pd-ACHTUNGTRENNUNG(OAc)2 were used as Lewis acids (Figure 1; OAc=

O2CCH3). The partners InCl3/
1 a and Ti ACHTUNGTRENNUNG(O-iPr)4/1 a could give
the desired product in 40 %
yield, but an almost racemic
product was observed. To our
delight, the inexpensive FeCl3

was found to be the best part-
ner of 1 a and provided 96 %
yield with 53 % ee for 4 aa
(Figure 1).

To optimize the reaction con-
ditions, we first investigated the
effects of solvents with 1 a/
FeCl3 as the binary catalyst at
room temperature (typically
15–20 8C). The results in
Table 1 demonstrated that
CH2Cl2 was the best choice. We
then concentrated on the modi-
fication of the chiral phosphoric
acid for the binary catalyst. A
series of chiral phosphoric acids
(1) with different substituents
at the 3,3’-positions of the bi-
naphthyl scaffold were pre-
pared and tested in the reaction

of indole (3 a) and 4-chlorophenyl-substituted a’-hydroxy
enone (2 a). As shown in Table 1, the reaction could be cata-
lyzed by all the binary catalysts combined with FeCl3 and
the phosphoric acids that were tested here. Among the
phosphoric acids examined, 1 a (bearing 2-naphthyl groups)
and 1 b (bearing 9-phenanthryl groups) exhibited high enan-
tioselectivities of 53 and 55 % ee with high reactivities (up to
94 % yield; Table 1, entries 1 and 7). The existence of the

Scheme 2. Proposed proton-accelerated asymmetric Friedel–Crafts reac-
tion process.

Figure 1. Screening of metal salts for the asymmetric Friedel–Crafts alkylation of indole with 1 a as Brønsted
acid.
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phosphate salt of FeIII in the catalytic system of 1 b/FeCl3

might be responsible for the high activity and good enantio-
selectivity, a postulation that was confirmed by ESIMS stud-
ies (Figure 2). To further clarify the mechanism of the reac-
tion, control experiments were carried out. Chiral silver
phosphate salt 1 h without an acidic proton was prepared
and combined with FeCl3 to act as the binary catalyst. This

led to lower activity and ee values under the same reaction
conditions and showed the importance of the proton for this
trifunctional catalyst system. The transformation became
slow (24 h, 85 % yield) when only using FeCl3 as the catalyst
(Table 1, entry 14). Virtually no reaction occurred when
phosphoric acid 1 a alone was used as the catalyst (Table 1,
entry 15). These results demonstrate that both the phospho-
ric acid and FeCl3 are essential for this cooperative catalytic
process and also suggest that the Brønsted acid here not
only acts as chiral counteranion but also provides a free
proton source for facilitating catalytic turnover through ac-
celerating the proton-transfer step of the Friedel–Crafts re-
action, which led the FeCl3-catalyzed nonenantioselective
background reaction to be suppressed.

To further optimize the enantioselectivity of the reaction,
a number of different iron salts were subsequently investi-
gated with phosphoric acid 1 a as Brønsted acid under the
above reaction conditions, and some selected results are
summarized in Table 2. It appears that the binary catalyst
with FeIII induces higher enantioselectivity and activity than
the catalyst with FeII. The anions of the iron salts are crucial
for the performance of this binary catalytic system. For ex-
ample, with covalent-type iron salts such as [FeACHTUNGTRENNUNG(acac)3]
(acac=acetylacetonate) as precatalyst, no reaction occurred.
Among the simple iron salts tested, FeCl3 was found to be
optimal. To further improve the enantioselectivity, silver
salts with different anions as additives were screened, and
AgOTf showed positive effects (65 % ee ; Table 2 entry 12).
Other silver additives such as AgSbF6, AgBF4, and
Ag3PW12O40 could give good yields, but negative effects on
the enantioselectivity were observed. An increase in the
loading of silver additive could be favorable for obtaining
higher enantioselectivity (70 % ee ; Table 2, entry 16). Fur-
ther screening of the reaction conditions revealed that a
lower temperature could improve the enantioselectivity

(Table 2, entries 17 and 18).
Under the optimized conditions
(at �40 8C and with CH2Cl2 as
solvent), 4 aa was obtained in
83 % yield with 90 % ee when
the combination of 1 b
(5 mol%)/FeCl3 (5 mol %)/
AgOTf (30 mol %) was used as
catalyst (Table 2, entry 19).

Having succeeded in devel-
oping an efficient enantioselec-
tive catalyst, we then turned
our attention to the substrate
scope (Table 3). For the enone
2 j, which had no substituent on
the phenyl ring, and enones
such as 2 a and 2 c–h, which
bore an electron-withdrawing
group at the meta or para posi-
tion of the phenyl ring, the re-
actions went smoothly and af-
forded the products with high

Table 1. Enantioselective Friedel–Crafts alkylation of indole with 2 a cat-
alyzed by different phosphoric acid/FeCl3 combinations.[a]

Entry Catalyst Solvent t [h] Yield [%][b] ee [%][c]

1 1 a/FeCl3 CH2Cl2 3 94 53
2 1 a/FeCl3 CH2ClCH2Cl 4 90 46
3 1 a/FeCl3 toluene 6 91 30
4 1 a/FeCl3 THF 24 20 10
5 1 a/FeCl3 dioxane 24 54 �3
6 1 a/FeCl3 CH3CN 24 35 27
7 1 b/FeCl3 CH2Cl2 6 91 55
8 1 c/FeCl3 CH2Cl2 8 75 40
9 1 d/FeCl3 CH2Cl2 24 66 �3
10 1 e/FeCl3 CH2Cl2 24 76 16
11 1 f/FeCl3 CH2Cl2 48 80 31
12 1 g/FeCl3 CH2Cl2 48 45 35
13 1 h/FeCl3 CH2Cl2 24 61 19
14 FeCl3 CH2Cl2 24 85 –
15 1 a CH2Cl2 24 trace –

[a] General conditions: 1 (5 mol %), FeCl3 (5 mol %), enone (0.2 mmol),
indole (0.3 mmol), CH2Cl2 (1 mL), RT (15–20 8C). [b] Isolated yield.
[c] Determined by chiral HPLC.

Figure 2. Confirmation of the existence of iron phosphate salt 1 b/FeCl3.
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yields and good to excellent enantioselectivities (84–
91 % ee). However, by contrast, ortho substitutents in the b-
aryl a’-hydroxy enones strongly diminished the enantioselec-
tivity of the reaction, which may be due to steric interaction
of the o-substituent to the indole during the reaction. For
example, the reaction of 2-chloro-substituted b-aryl a’-hy-
droxy enone 2 i under the optimized conditions generated
the Friedel–Crafts product in only 69 % ee (Table 3, entry 9).
By introducing an electron-donating group into the b-aryl
a’-hydroxy enone, we observed a drop in the enantioselec-
tivity. In the case of 2 b, which has a 4-OCH3 group, 73 % ee
was obtained (Table 3, entry 2). Besides the substituted
phenyl enones, the naphthyl enone 2 k also gave the asym-
metric Friedel–Crafts product in good yield and enantiose-
lectivity (Table 3, entry 11). Unfortunately, when b-enones
derived from heteroaromatic or alkyl aldehyde compounds
such as 2 l and 2 m were tested, only moderate enantioselec-
tivity was obtained (Table 3, entries 12 and 13).[11] Finally,
various substituted indoles were also investigated in the
Friedel–Crafts reaction with 4-chlorophenyl-substituted a’-
hydroxy enone 2 a. Similarly, the indole bearing an electron-
withdrawing group gave the corresponding adduct in high
yield and enantioselectivity, but upon introducing an elec-
tron-donating group into the indole, we also observed a dra-
matic drop in the enantioselectivity (Table 3, entry 14 vs.
15). When N-methylindole (3 d) was prepared and treated
with b-aryl a’-hydroxy enone (2 a), a very low ee value was
observed (Table 3, entry 16), thereby demonstrating that the
hydrogen atom on the N atom of the indole moiety is crucial
for obtaining high enantioselectivity. This observation fur-
ther suggests that the hydrogen-bonding interaction site is
important for our cooperative catalytic system. The absolute
configuration of 4 ea was assigned as R by X-ray diffraction
analysis (Figure 3).

Table 2. Enantioselective Friedel–Crafts alkylation of indole with 2 a cat-
alyzed by different iron salt/phosphoric acid combinations.[a]

Entry Catalyst t
[h]

Yield
[%][b]

ee
[%][c]

1 1 a/FeCl3 3 94 53
2 1 a/FeCl3·6 H2O 3 90 51
3 1 a/FeCl2·4 H2O 96 30 47
4 1 a/Fe2ACHTUNGTRENNUNG(SO4)3·x H2O 24 45 43
5 1 a/Fe ACHTUNGTRENNUNG(NO3)3·9H2O 18 95 52
6 1 a/Fe ACHTUNGTRENNUNG(ClO4)3·xH2O 24 80 47
7 1 a/Fe ACHTUNGTRENNUNG(ClO4)3 24 82 43
8 1 a/Fe ACHTUNGTRENNUNG(OTf)2·2CH3CN 24 90 19
9 1 a/FeBr3 24 80 43
10 1 a/Fe ACHTUNGTRENNUNG(OTs)3 (Ts= tosyl) 18 88 37
11 1 a/[Fe ACHTUNGTRENNUNG(acac)3] 24 – –
12 1 a/FeCl3 (5 mol %)/AgOTf (15 mol %) 22 88 65
13 1 a/FeCl3 (5 mol %)/AgBF4 (15 mol %) 5 92 20
14 1 a/FeCl3 (5 mol %)/AgSbF6

(15 mol %)
22 83 10

15 1 a/FeCl3 (5 mol %)/Ag3PW12O40

(15 mol %)
24 64 42

16 1 a/FeCl3 (5 mol %)/AgOTf (30 mol %) 24 90 70
17 1 a/FeCl3 (5 mol %)/AgOTf (30 mol %) 24 87 75[d]

18[f] 1 a/FeCl3 (5 mol %)/AgOTf (30 mol %) 24 85 88[d]

19[f] 1 a/FeCl3 (5 mol %)/AgOTf (30 mol %) 24 83 90[e]

[a] General conditions: 1 a (5 mol %), iron salt (5 mol %), enone
(0.2 mmol), indole (0.3 mmol), CH2Cl2 (1 mL), RT. [b] Isolated yield.
[c] Determined by chiral HPLC. [d] The reaction was run at �20 8C.
[e] The reaction was run at �40 8C. [f] Compound 1b was used as Brønst-
ed acid.

Table 3. Enantioselective Friedel–Crafts alkylation of indoles 3 with vari-
ous b-aryl a’-hydroxy enones 2.[a]

Entry R1 R2 T
[8C]

Product (Yield
[%])[b]

ee
[%][c]

1 4-ClC6H4 (2a) H (3 a) �40 4aa (83) 90
2 4-MeOC6H4

(2 b)
H (3 a) �20 4ba (76) 73

3 4-CF3C6H4 (2 c) H (3 a) �40 4ca (90) 91
4 4-FC6H4 (2d) H (3 a) �40 4da (84) 85
5 4-BrC6H4 (2e) H (3 a) �40 4ea (80) 90
6 4-NO2C6H4 (2 f) H (3 a) �40 4 fa (68) 84
7 3-ClC6H4 (2g) H (3 a) �20 4ga (82) 85
8 3-FC6H4 (2h) H (3 a) �40 4ha (82) 84
9 2-ClC6H4 (2 i) H (3 a) �40 4 ia (75) 69
10 C6H5 (2j) H (3 a) �40 4ja (70) 86
11 2-naphthyl (2k) H (3 a) �40 4ka (66) 80
12[d] 2-furan (2 l) H (3 a) �20 4 la (70) 43
13 C6H5CH2CH2

(2 m)
H (3 a) �40 4ma (95) 47

14[e] 4-ClC6H4 (2a) 5-Br (3b) �20 4ab (82) 72
15[e] 4-ClC6H4 (2a) 2-Me

(3c)
�20 4ac (86) 24

16 4-ClC6H4 (2a) N-Me
(3d)

�40 4ad (92) 12

[a] General conditions: 1b (5 mol %), FeCl3 (5 mol %), AgOTf
(30 mol %), enone (0.2 mmol), indole (0.3 mmol), CH2Cl2 (1 mL), 24 h.
[b] Isolated yield. [c] Determined by chiral HPLC. [d] For 36 h. [e] Com-
pound 1a was used as Brønsted acid. Figure 3. X-ray structure of 4ea.
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Conclusion

In summary, a cooperative catalytic system has been suc-
cessfully established by the combination of an iron salt and
a chiral phosphoric acid through taking advantage of the
fact that the free proton source could promote the catalytic
turnover for the Friedel–Crafts reaction. This newly pre-
pared catalytic system has proven to be effective in the
enantioselective Friedel–Crafts alkylation of indoles with b-
aryl a’-hydroxy enones. Further studies of the reaction
mechanism and the applicability of this concept involving
other asymmetric transformations are currently being inves-
tigated in our laboratory and will be reported in due course.

Experimental Section

General : All reactions were performed in sealed oven-dried glass tubes
under an atmosphere of argon unless otherwise noted. All common re-
agents were obtained from commercial suppliers and used without fur-
ther purification. All solvents before use were dried and degassed by
standard methods and stored under nitrogen. a’-Hydroxy enones were
prepared following literature procedures.[12] Chiral 1,1’-bi-2-naphthol
(BINOL)-derived phosphoric acids and the silver phosphate salt were
prepared according to or analogously to the reported procedures.[13]

Thin-layer chromatography (TLC) was performed on silica gel GF254
with a mixture of petroleum and ethyl acetate as the eluent unless other-
wise noted. Column chromatography was carried out using silica gel
(200–300 mesh) and petroleum/ethyl acetate as the eluent. NMR spectra
were obtained using a Bruker DRX spectrometer operating at 400 MHz
for 1H and 100 MHz for 13C in CDCl3 unless otherwise noted. Coupling
constants (J) are reported in Hz and refer to apparent peak multiplica-
tions. High-resolution mass spectra (HRMS) were obtained using a
Bruker Apex II instrument (ESI). The ESIMS was performed using
Micro-QOF-II instrument. Enantiomeric excess (ee) values were deter-
mined by HPLC analysis using an Agilent HP-1200. Optical rotations
were measured on a Perkin–Elmer polarimeter (model 341LC).

General procedure for the enantioselective Friedel–Crafts alkylation of
indoles with b-aryl a’-hydroxy enones : An oven-dried Schlenk tube was
charged with AgOTf (30 mol %) and FeCl3 (5 mol %). The tube was
evacuated and refilled with Ar, and this process was repeated three
times. Then CH2Cl2 (1 mL) was injected. The reaction mixture was
heated at 50 8C and stirred vigorously for 2 h. After cooling to RT, 2 a
(0.2 mmol) was added and the mixture was stirred for 20 min at RT, and
then chiral phosphoric acid 1 b (5 mol %) was added into the reaction
mixture. After 10 min of being stirred at the same temperature, the reac-
tor was cooled to �40 8C. Compound 3a (0.3 mmol) was added directly
into the reaction mixture at �40 8C. After 24 h, the mixture was then di-
luted with NH4Cl (10 mL) and extracted with CH2Cl2 (3 � 10 mL). The or-
ganic layers were combined, dried over anhydrous NaSO4, and concen-
trated. Subsequent purification by flash chromatography using silica gel
(ethyl acetate/petroleum, ca. 1:10 to 1:3) to afford the chiral product 4 aa.

Compound 4aa : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was a known compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak AD-H column; hexane/2-propanol 85:15;
1.0 mL min�1, 254 nm): tRACHTUNGTRENNUNG(major)=13.48 min, tRACHTUNGTRENNUNG(minor)=18.55 min,
90% ee ; [a]20

D =�18.7 (c=0.32 in CH2Cl2). The absolute configuration
was assigned as R by comparison of the optical rotation with the reported
value (ref. [6h]: [a]25

D =�12.3 (c=1.0 in CH2Cl2), 83% ee for R isomer).
1H NMR (400 MHz, CDCl3): d=7.95 (br, 1H), 7.35 (d, J =8.0 Hz, 1H),
7.23–7.26 (m, 2H), 7.17–7.20 (m, 2H), 7.06–7.12 (m, 2 H), 6.93–6.98 (m,
1H), 6.89 (s, 1H), 4.88 (t, J =7.2 Hz, 1H), 3.59 (s, 1H), 3.27 (d, J=

7.6 Hz, 2H), 1.18 (s, 3H), 1.06 ppm (s, 3 H); 13C NMR (100 MHz,

CDCl3): d =212.6, 143.6, 136.6, 128.5, 127.8, 126.6, 126.4, 122.3, 121.2,
119.6, 119.5, 118.9, 111.2, 76.4, 42.4, 37.9, 26.1, 26.0 ppm.

Compound 4ba : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was an unknown compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak AD-H column; hexane/2-propanol 90:10;
1.0 mL min�1, 254 nm): tR ACHTUNGTRENNUNG(major): 44.61 min, tR ACHTUNGTRENNUNG(minor)=50.13 min,
73% ee ; [a]20

D =�16.7 (c=0.12 in CH2Cl2). The absolute configuration
was assigned as R by analogy. 1H NMR (400 MHz, CDCl3): d =7.92 (br,
1H), 7.35 (d, J=7.6 Hz, 1H), 7.26 (d, J=8.0 Hz, 1H), 7.13–7.19 (m, 2H),
7.07–7.11 (m, 1H), 6.94–6.98 (m, 1H), 6.90 (s, 1 H), 6.71–6.75 (m, 1H),
4.83 (t, J =7.2 Hz, 1H), 3.69 (s, 3H), 3.58 (s, 1H), 3.25 (dd, 1J =8.0 Hz,
2J=5.2 Hz, 2 H), 1.19 (s, 3 H), 1.06 ppm (s, 3H); 13C NMR (100 MHz,
CDCl3): d =212.7, 158.1, 136.6, 135.7, 128.8, 126.4, 122.3, 121.0, 119.5,
119.3, 113.8, 111.2, 76.4, 55.2, 42.5, 37.1, 26.1, 25.9 ppm; HRMS (ESI):
m/z : calcd for C21H23NO3 [M+H]+ : 338.1751; found: 338.1757.

Compound 4 ca : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was an unknown compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak AD-H column; hexane/2-propanol 85:15;
1.0 mL min�1, 254 nm): tR ACHTUNGTRENNUNG(major)=9.49 min, tRACHTUNGTRENNUNG(minor)=12.08 min,
91% ee ; [a]20

D =�23.3 (c=0.24 in CH2Cl2). The absolute configuration
was assigned as R by analogy. 1H NMR (400 MHz, CDCl3): d =7.97 (br,
1H), 7.30 (d, J=8.0 Hz, 1H), 7.26 (d, J=8.0 Hz, 1H), 7.17–7.22 (m, 2H),
7.07–7.12 (m, 1H), 6.94–6.98 (m, 1H), 6.84–6.90 (m, 3 H), 4.86 (t, J=

7.2 Hz, 1H), 3.55 (s, 1H), 3.25 (d, J =7.6 Hz, 2H), 1.19 (s, 3 H), 1.06 ppm
(s, 3 H); 13C NMR (100 MHz, CDCl3): d=212.4, 162.7, 160.3, 139.4 (d, J =

31 Hz), 136.6, 129.3 (d, J =80 Hz), 126.3, 122.4, 121.1, 119.6, 119.4, 118.8,
115.3 (d, J=212 Hz), 111.3, 76.4, 42.5, 37.1, 26.1, 25.9 ppm; HRMS (ESI):
m/z : calcd for C21H20NO2F3 [M+H] + : 376.1519; found: 376.1513.

Compound 4da : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was an unknown compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak IA column; hexane/2-propanol 85:15;
1.0 mL min�1, 254 nm): tRACHTUNGTRENNUNG(major)=10.76 min, tRACHTUNGTRENNUNG(minor)=15.17 min,
85% ee ; [a]20

D =�35.7 (c=0.14 in CH2Cl2). The absolute configuration
was assigned as R by analogy. 1H NMR (400 MHz, CDCl3): d =7.99 (br,
1H), 7.45 (d, J=8.4 Hz, 1H), 7.37 (d, J=8.0 Hz, 1H), 7.27–7.33 (m, 4H),
7.09–7.13 (m, 1H), 6.94–7.00 (m, 1H), 6.93 (s, 1 H), 4.94 (t, 1H, J=

7.2 Hz), 3.46 (s, 1H), 3.25–3.37 (m, 2H), 1.21 (s, 3H), 1.11 ppm (s, 3 H);
13C NMR (100 MHz, CDCl3): d =212.1, 147.8, 136.6, 128.2, 126.2, 125.5,
125.4, 122.6, 121.2, 119.8, 119.2, 118.1, 111.3, 76.4, 42.1, 37.5, 26.2,
26.1 ppm; HRMS (ESI): m/z : calcd for C20H20NO2F [M+H]+ : 326.1551;
found: 326.1544.

Compound 4ea : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was an unknown compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak AD-H column; hexane/2-propanol 85:15;
1.0 mL min�1, 254 nm): tRACHTUNGTRENNUNG(major)=13.91 min, tRACHTUNGTRENNUNG(minor)=19.33 min,
90% ee ; [a]20

D =�14.2 (c=0.12 in CH2Cl2). The absolute configuration
was assigned as R by using X-ray crystallography. 1H NMR (400 MHz,
CDCl3): d=7.98 (br, 1 H), 7.25–7.31 (m, 4H), 7.08–7.18 (m, 3 H), 6.90–
6.99 (m, 1 H), 6.89 (s, 1H), 4.84 (t, J =7.2 Hz, 1H), 3.51 (s, 1H), 3.20–3.29
(m, 2H), 1.19 (s, 3H), 1.09 ppm (s, 3 H); 13C NMR (100 MHz, CDCl3):
d=212.3, 142.7, 136.6, 131.6, 129.6, 126.2, 122.5, 121.2, 120.3, 119.7, 119.3,
118.4, 111.3, 76.4, 42.2, 37.2, 26.1, 26.0 ppm; HRMS (ESI): m/z : calcd for
C20H20NO2Br [M+H]+ : 386.0750; found: 386.0747.

Crystal data for 4ea : Mr =386.28; crystal size 0.38 � 0.35 � 0.31 mm; ortho-
rhombic; space group P212121; a=9.6040(6), b=11.5562(7), c=

15.9003(10) �; a =90, b=90, g=908 ; V= 1764.71(19) �3; Z =4; l=

0.71073 �; m=2.341 mm�1; 1calcd =1.454 mg m�3; T=296(2) K; F ACHTUNGTRENNUNG(000) =

792; 3463 independent reflections (Rint = 0.0282); 9923 collected reflec-
tions; refinement method: full-matrix least-squares on F2 ; goodness-of-fit
on F2 : 1.037; final R indices (I>2s(I)) R1=0.0327, wR2=0.0687; R indi-
ces (all data): R1=R1 =0.0495 and wR2=0.0741; absolute structure pa-
rameter was 0.000(9); largest difference peak and hole: 0.290 and
�0.419 e ��3, respectively. CCDC-749512 (4 ea) contains the supplemen-
tary crystallographic data for this paper. These data can be obtained free
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of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Compound 4 fa : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was an unknown compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak IA column; hexane/2-propanol 85:15;
1.0 mL min�1, 254 nm): tRACHTUNGTRENNUNG(major)=19.50 min, tRACHTUNGTRENNUNG(minor)=26.51 min,
84% ee ; [a]20

D =�2.6 (c=0.15 in CH2Cl2). The absolute configuration was
assigned as R by analogy. 1H NMR (400 MHz, CDCl3): d=8.08 (br, 1H),
8.03–8.05 (m, 2H), 7.41 (d, J=8.8 Hz, 2H), 7.28 (t, J= 7.2 Hz, 2H), 7.09–
7.13 (m, 1 H), 6.95–6.99 (m, 2 H), 4.97 (m, 1H), 3.27–3.41 (m, 3H), 1.19
(s, 3H), 1.14 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d =211.9, 151.6,
146.6, 136.6, 128.8, 126.0, 123.8, 122.7, 121.3, 119.9, 119.0, 117.4, 111.5,
76.4, 41.9, 37.6, 26.2 ppm; HRMS (ESI): m/z : calcd for C20H20N2O4

[M+H]+ : 353.1496; found: 353.1501.

Compound 4ga : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was an unknown compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak AD-H column; hexane/2-propanol 80:20;
1.0 mL min�1, 254 nm): tRACHTUNGTRENNUNG(major)=20.86 min, tRACHTUNGTRENNUNG(minor)=10.25 min,
85% ee ; [a]20

D =�23.1 (c=0.13 in CH2Cl2). The absolute configuration
was assigned as R by analogy. 1H NMR (400 MHz, CDCl3): d =7.99 (br,
1H), 7.34 (d, J=7.6 Hz, 1H), 7.26 (d, J=8.0 Hz, 1 H), 7.21 (s, 1H), 7.06–
7.16 (m, 4 H), 6.91–6.99 (m, 1 H), 6.90 (s, 1H), 4.85 (t, 1J=7.2 Hz, 2J=

7.2 Hz, 1H), 3.53 (s, 1 H), 3.20–3.31 (m, 2H), 1.19 (s, 3H), 1.09 ppm (s,
3H); 13C NMR (100 MHz, CDCl3): d=212.2, 145.8, 136.6, 134.3, 129.8,
127.9, 126.8, 126.2, 126.1, 122.5, 121.2, 119.7, 119.3, 118.2, 111.3, 76.4,
42.2, 37.5, 26.1, 26.0 ppm; HRMS (ESI): m/z : calcd for C20H20NO2Cl
[M+H]+ : 342.1255; found: 342.1251.

Compound 4ha : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was an unknown compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak AD-H column; hexane/2-propanol 85:15;
1.0 mL min�1, 254 nm): tRACHTUNGTRENNUNG(major)=12.07 min, tRACHTUNGTRENNUNG(minor)=15.19 min,
84% ee ; [a]20

D =�28.3 (c=0.18 in CH2Cl2). The absolute configuration
was assigned as R by analogy. 1H NMR (400 MHz, CDCl3): d =8.13 (br,
1H), 7.33 (d, J=7.6 Hz, 1H), 7.26 (d, J=8.0 Hz, 1H), 7.03–7.18 (m, 3H),
6.81–6.99 (m, 3H), 6.76–6.79 (m, 1 H), 4.87 (t, J =7.6 Hz, 1H), 3.30 (s,
1H), 3.25–3.27 (m, 2H), 1.19 (s, 3 H), 1.09 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d= 212.3, 164.1, 161.7, 146.4 (d, J =66 Hz), 136.6,
129.9 (d, J =82 Hz), 126.3, 123.6 (d, J= 27 Hz), 122.4, 121.2, 119.4 (d, J=

335 Hz), 118.2, 114.7 (d, J =221 Hz), 113.4 (d, J=210 Hz), 111.3, 76.4,
42.3, 37.5, 26.1, 26.0 ppm; HRMS (ESI): m/z : calcd for C20H20NO2F
[M+H]+ : 326.1551; found: 326.1545.

Compound 4 ia : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was an unknown compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak AD-H column; hexane/2-propanol 90:10;
1.0 mL min�1, 254 nm): tRACHTUNGTRENNUNG(major)=22.17 min, tRACHTUNGTRENNUNG(minor)=34.15 min,
69% ee ; [a]20

D =�35.8 (c=0.12 in CH2Cl2). The absolute configuration
was assigned as R by analogy. 1H NMR (400 MHz, CDCl3): d =7.97 (br,
1H), 7.42 (d, J=8.0 Hz, 1H), 7.30–7.32 (m, 1 H), 7.24 (d, J =8.0 Hz, 1H),
7.16–7.18 (m, 1H), 7.03–7.11 (m, 3H), 6.87–7.00 (m, 1H), 6.88 (s, 1H),
5.35 (t, J =7.2 Hz, 1H), 3.57 (s, 1H), 3.37 (dd, 1J= 7.8 Hz, 2J =17.6 Hz,
1H), 3.22 (dd, 1J =6.8 Hz, 2J=17.6 Hz, 1 H), 1.24 (s, 3 H), 1.23 ppm (s,
3H); 13C NMR (100 MHz, CDCl3): d=211.9, 141.0, 136.5, 133.7, 129.9,
128.8, 127.8, 126.9, 126.5, 122.4, 121.7, 119.7, 119.4, 117.5, 111.2, 76.3,
41.3, 34.2, 26.5, 26.4 ppm; HRMS (ESI): m/z : calcd for C20H20NO2Cl
[M+H]+ : 342.1255; found: 342.1261.

Compound 4ja : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was an unknown compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak IA column; hexane/2-propanol 85:15;
1.0 mL min�1, 254 nm): tRACHTUNGTRENNUNG(major)=10.56 min, tRACHTUNGTRENNUNG(minor)=13.47 min,
86% ee ; [a]20

D =�28.3 (c=0.12 in CH2Cl2). The absolute configuration
was assigned as R by analogy. 1H NMR (400 MHz, CDCl3): d =8.04 (br,
1H), 7.46 (d, J=2.0 Hz, 1H), 7.10–7.22 (m, 8 H), 6.92 (d, J =2.4 Hz, 1H),
4.81 (t, J =7.2 Hz, 1H), 3.53 (s, 1 H), 3.21–3.29 (m, 2 H), 1.19 (s, 3H),

1.08 ppm (s, 3 H); 13C NMR (100 MHz, CDCl3): d=212.3, 141.1, 135.2,
128.6, 128.2, 127.7, 126.8, 125.2, 122.3, 121.9, 118.6, 112.8, 112.7, 76.4,
42.4, 37.6, 26.1, 25.9 ppm; HRMS (ESI): m/z : calcd for C20H21NO2

[M+H]+ : 308.1645; found: 308.1639.

Compound 4ka : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was an unknown compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak OD-H column; hexane/2-propanol 80:20;
1.0 mL min�1, 254 nm): tRACHTUNGTRENNUNG(minor)=13.45 min, tRACHTUNGTRENNUNG(major)=22.49 min,
80% ee ; [a]20

D =�12.8 (c=0.18 in CH2Cl2). The absolute configuration
was assigned as R by analogy. 1H NMR (400 MHz, CDCl3): d =7.95 (br,
1H), 7.66–7.71 (m, 4H), 7.33–7.39 (m, 4H), 7.27 (d, J =8.0 Hz, 1H),
7.06–7.10 (m, 1H), 6.92–6.96 (m, 2 H), 5.06 (t, J =7.2 Hz, 1H), 3.54 (s,
1H), 3.33–3.43 (m, 2H), 1.19 (s, 3 H), 1.07 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d=212.5, 142.0, 136.6, 133.4, 132.3, 128.2, 127.8,
127.6, 126.5, 126.4, 126.0, 125.9, 125.5, 122.3, 121.3, 119.6, 119.4, 118.8,
111.2, 76.4, 42.2, 37.9, 26.1, 26.0 ppm; HRMS (ESI): m/z : calcd for
C24H23NO2 [M+H]+ : 358.1802; found: 358.1800.

Compound 4 la : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was an unknown compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak OD-H column; hexane/2-propanol 90:10;
1.0 mL min�1, 254 nm): tRACHTUNGTRENNUNG(minor)=24.03 min, tRACHTUNGTRENNUNG(major)=34.05 min,
43% ee ; [a]20

D =++12.0 (c =0.10 in CH2Cl2). 1H NMR (400 MHz, CDCl3):
d=8.00 (br, 1H), 7.48 (d, J =8.0 Hz, 1H), 7.23–7.27 (m, 2 H), 7.08–7.13
(m, 1H), 6.96–6.99 (m, 2 H), 6.18–6.20 (m, 1H), 5.98 (d, J =3.2 Hz, 1H),
4.94 (t, J =7.2 Hz, 1H), 3.64 (s, 1H), 3.33 (dd, 1J= 8.0 Hz, 2J =17.2 Hz,
1H), 3.14 (dd, 1J =6.8 Hz, 2J=16.8 Hz, 1 H), 1.20 (s, 3 H), 1.08 ppm (s,
3H); 13C NMR (100 MHz, CDCl3): d=212.4, 156.2, 141.2, 136.4, 125.9,
122.3, 122.1, 119.6, 119.2, 116.1, 111.4, 110.3, 105.9, 76.5, 40.6, 32.1, 26.1,
25.8 ppm; HRMS (ESI): m/z : calcd for C18H19NO3 [M+H]+ : 298.1438;
found: 298.1435.

Compound 4 ma : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was a known compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak OD-H column; hexane/2-propanol 80:20;
1.0 mL min�1, 254 nm): tRACHTUNGTRENNUNG(major)=13.32 min, tRACHTUNGTRENNUNG(minor)=10.15 min,
47% ee ; [a]20

D =++10.5 (c =0.19 in CH2Cl2). The absolute configuration
was assigned as S by comparison of the optical rotation with the reported
value (ref. [6h]: [a]25

D =++27.2 (c =1.0 in CH2Cl2), 98% ee for S isomer).
1H NMR (400 MHz, CDCl3): d =8.07 (s, 1H), 7.64 (d, J =8.0 Hz, 1H),
7.34 (d, J=8.0 Hz, 1 H), 7.08–7.25 (m, 7 H), 7.06 (d, J =2.4 Hz, 1H), 3.70
(s, 1H), 3.58–3.65 (m, 1 H), 3.07 (dd, J =6.8 Hz, 1 H), 2.88 (dd, J =6.8 Hz,
1H), 2.50–2.57 (m, 2H), 2.02–2.19 (m, 2H), 1.29 (s, 3H), 1.04 ppm (s,
3H); 13C NMR (100 MHz, CDCl3): d=213.5, 142.2, 136.6, 128.4, 128.3,
126.3, 125.7, 122.0, 121.6,119.4, 119.3, 118.2, 111.4, 76.3, 42.6, 36.9, 34.1,
32.5, 26.2, 25.8 ppm.

Compound 4ab : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was an unknown compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak AD-H column; hexane/2-propanol 90:10;
1.0 mL min�1, 254 nm): tRACHTUNGTRENNUNG(major)=20.62 min, tRACHTUNGTRENNUNG(minor)=23.26 min,
72% ee ; [a]20

D =++23.1 (c=0.13 in CH2Cl2). 1H NMR (400 MHz,
CD3COCD3): d=10.37 (br, 1 H), 7.61 (s, 1H), 7.42–7.46 (m, 3H), 7.37 (d,
J =8.8 Hz, 1H), 7.30–7.33 (m, 2 H), 7.19–7.22 (m, 1H), 4.86 (t, J =7.2 Hz,
1H), 4.38 (s, 1H), 3.51–3.63 (m, 2 H), 1.23 (s, 3 H), 1.22 ppm (s, 3H);
13C NMR (100 MHz, CD3COCD3): d=213.3, 144.9, 136.5, 132.1, 130.6,
129.5, 125.0, 124.3, 122.2, 118.9, 114.1, 112.5, 77.2, 43.2, 37.5, 26.7,
26.6 ppm; HRMS (ESI): m/z : calcd for C20H19NO2BrCl [M+H]+ :
420.0360; found: 420.0357.

Compound 4 ac : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was an unknown compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak AD-H column; hexane/2-propanol 90:10;
1.0 mL min�1, 254 nm): tRACHTUNGTRENNUNG(minor)=18.31 min, tRACHTUNGTRENNUNG(major)=24.42 min,
24% ee ; [a]20

D =++8.85 (c =0.26 in CH2Cl2). 1H NMR (400 MHz, CDCl3):
d=7.74 (br, 1H), 7.27 (d, J =7.6 Hz, 1H), 7.13–7.19 (m, 5 H), 6.94–7.02
(m, 1H), 6.89–6.94 (m, 1 H), 4.84 (m, 1H), 3.50–3.58 (m, 2 H), 3.21 (dd,
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1J=6.0 Hz, 2J=16.8 Hz, 1H), 2.36 (s, 3H), 1.19 (s, 3 H), 0.79 ppm (s, 3 H);
13C NMR (100 MHz, CDCl3): d =213.0, 142.1, 135.4, 132.0, 131.8, 128.8,
128.4, 126.9, 121.1, 119.4, 118.9, 112.4, 110.6, 76.5, 40.5, 36.2, 26.1, 25.6,
12.1 ppm; HRMS (ESI): m/z : calcd for C21H22NO2Cl [M+H]+ : 356.1412;
found: 356.1409.

Compound 4ad : The title compound was prepared according to the gen-
eral procedure and purified by chromatography to give a white solid,
which was an unknown compound. Chiral HPLC was performed using an
HP series 1200 (Chiralpak OD-H column; hexane/2-propanol 80:20;
1.0 mL min�1, 254 nm): tRACHTUNGTRENNUNG(minor)=11.40 min, tRACHTUNGTRENNUNG(major)=16.62 min,
12% ee ; [a]20

D =�4.1 (c=0.22 in CH2Cl2). 1H NMR (400 MHz, CDCl3):
d=7.30 (d, J =8.0 Hz, 1H), 7.11–7.21 (m, 6H), 7.94–7.98 (m, 1 H), 6.74 (s,
1H), 4.84 (t, J =7.2 Hz, 1H), 3.67 (s, 3H), 3.51 (s, 1H), 3.25 (d, J=

7.2 Hz, 2H), 1.20 (s, 3H), 1.09 ppm (s, 3 H); 13C NMR (100 MHz,
CDCl3): d =212.3, 142.3, 137.3, 132.1, 129.2, 128.6, 126.6, 125.9, 121.9,
119.4, 119.1, 116.9, 109.4, 76.3, 42.3, 37.2, 32.8, 26.1, 26.0 ppm; HRMS
(ESI): m/z : calcd for C21H22NO2Cl [M+H]+ : 356.1412; found: 356.1410.
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