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Abstract: The new diphenylamine-linked bis(imida-
zoline) ligands were prepared through Kelly-You�s
imidazoline formation procedure mediated by Hen-
drickson�s reagent in good yields. The novel ligands
were tested in the asymmetric Friedel–Crafts alky-
lation of indole derivatives with nitroalkenes. In
most cases, good yields (up to 97%) and excellent
enantioselectivities (up to 98%) can be achieved.
The optimized bis(imidazoline) ligand with trans-di-
phenyl substitution on the imidazoline ring gave
better enantioselectivity than the corresponding
bis(oxazoline) ligand.
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As an important member of five-membered heterocy-
cle systems, 2-imidazoline has attracted the attention
from chemists in the fields of organic synthesis, me-
dicinal chemistry, and homogeneous catalysis.[1] Natu-
ral and artificial compounds containing the 2-imidazo-
line moiety have been investigated for their biological
activity.[2] Since the first report on the use of a chiral
imidazoline ligand in rhodium-catalyzed asymmetric
hydrogenation,[3] many chiral mono- and bis(imidazo-
line) ligands have been synthesized and tested in dif-
ferent types of asymmetric transformations.[1c,4] The
substituents on the nitrogen atom provide more
chance to tune the electronic effect of the ligands or-
thogonally to the steric effect, and thus provide more
space for catalyst optimization. However, compared
with its structural analogues 2-oxazoline[5] and 2-thia-

zoline[6] which have been widely used in asymmetric
catalysis, the application of 2-imidazoline as chiral li-
gands is still less developed.

In 2002 and 2004, Guiry et al.[7] and our group[8] de-
veloped the diphenylamine-linked bis(oxazoline) li-
gands, and investigated their applications in the asym-
metric Henry reaction,[8a,b] the asymmetric Nozaki–
Hiyama–Kishi reaction,[7b,d] the asymmetric Micheal
addition of nitroalkanes to nitroalkenes,[8c] and the
asymmetric Friedel–Crafts alkylation of electron-rich
heteroaromatics with nitroalkenes.[7c,8d–g] Later, Nish-
iyama�s group applied these ligands in the asymmetric
hydrosilylation of prochiral ketones.[9] As a rational
extension of our project, we designed the diphenyla-
mine-linked bis(imidazoline) ligands 1a–f, as illustrat-
ed in Figure 1. Herein, we would like to document

Figure 1. Design of diphenylamine-linked bis(imidazoline)
ligands.
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our recent results on their synthesis and application
as chiral catalysts.

The strategy for the synthesis of chiral imidazoline
ligands can be classified into two main types on the
basis of the source of the nitrogen atom: from a chiral
diamine,[10] or from a chiral b-hydroxyamide and an-
other molecule of amine.[11] Unfortunately, the diphe-
nylamine-linked bis(b-hydroxyamide)s failed to afford
the imidazoline ring, and we had to use the other type
of methods. The chiral diamines 6a–d can be synthe-
sized from Boc protected b-amino alcohols 2a–d via
Mitsunobu reaction, hydrazinolysis, sulfonamide for-
mation, and deprotection of Boc group, in reasonable
yields (Scheme 1). The other two diamines 6e and 6f
can be prepared conveniently from corresponding C2-
symmetrical diamines following the literature proce-
dure.[12]

With the chiral diamines in hand, the bis(b-sulfon-ACHTUNGTRENNUNGamidoamide) intermediates 8a–f were prepared in
moderate yields (Scheme 2). We chose Kelly-You�s
imidazoline formation procedure[13] for the critial
ring-closing step. The reaction was mediated by Hen-
drickson�s reagent[14] (Ph3P

+O+PPh3) ACHTUNGTRENNUNG(�OTf)2 which
was generated in situ from 2 equivalents of Ph3PO
and 1 equivalent of Tf2O at 0 8C. The desired products
1a–f can be obtained smoothly within 2 h in moderate
to good yields.

With the desired bis(imidazoline) ligands 1a–f in
hand, we tested their catalytic reactivity in the asym-
metric Friedel–Crafts alkylation of indole 9a with b-
nitrostyrene 10a at room temperature.[15] The results
are summarized in Table 1. Compared with our
former report, both the reactivtity and the enantiose-
lectivity of bis(imidazoline) ligands are more sensitive

to the substituents on the imidazoline ring. Good
yields can be obtained for ligands 1a and 1b with rela-
tively smaller substituents (entries 1 and 2), while the
yields decreased dramatically with the bulkier isopro-
pyl and tert-butyl substituents (entries 3 and 4). In ac-
crodance with our former observation, ligands 1e andScheme 1. Synthesis of mono-Ts protected chiral diamines.

Scheme 2. Synthesis of diphenylamine-linked bis(imidazo-
line) ligands.

Table 1. Screening of ligands and reaction temperature.[a]

Entry Ligand Temperature [oC] Yield [%][b] ee [%][c]

1 1a 20 96 11
2 1b 20 88 59
3 1c 20 40 �4
4 1d 20 trace nd
5 1e 20 94 88
6 1f 20 97 92
7 1f �20 89 98

[a] All data were obtained using 0.5 mmol substrates under
the catalysis of 5 mol% ligand-ZnACHTUNGTRENNUNG(OTf)2 complex in
3 mL toluene for 24 h.

[b] Isolated yields.
[c] Determined by HPLC using a Chiracel OD-H column

with hexane/2-propanol 70:30 as eluent.
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1f with trans subustituents on the 4,5-positions of the
imidazoline ring gave good yields and enantioselectiv-
ities (entries 5 and 6), which indicates the critical role
of the substitutions on the 5-position. For ligand 1f,
better enantioselectivity was achieved than with the
corresponding bis(oxazoline) ligand (92% ee vs. 89%
ee).[8f] The enantioselectivity can be further improved
to 98% ee [96% ee was obtained using the corre-
sponding bis(oxazoline) ligand] when the reaction was
performed at �20 8C. The slightly lower yield may be
attributed to the weaker coordination ability of the
imidazoline moiety caused by the electron-withdraw-
ing nature of the tosyl group.

Having obtained the optimized reaction conditions,
more indole derivatives and nitroalkenes were exam-
ined in this reaction. As illustrated in Table 2, excel-

lent enantioselectivities can be achieved for the aro-
matic nitroalkenes with both electron-donating and
electron-withdrawing groups on the para or meta posi-
tions of the phenyl ring (entries 1–6). When the ortho
substitution exists, the enantioselectivity decreased
due to the disfavored steric repulsion (entries 7 and
8). Aromatic nitroalkenes with heterocycles (entries 9
and 10) and an aliphatic nitroalkene (entry 11) are
also suitable substrates in this reaction. Indole deriva-
tives with substituents on the 5 and 1 positions were
successfully involved (entries 12–15), while lower
yields were obtained for electron-deficient 5-chloroin-
dole (entry 14) and less active 1-methylindole
(entry 15). Compared with the ee values in parenthe-
ses which were obtained when the bis(oxazoline)
ligand was used,[8f] the diphenylamine-linked bis(imi-
dazoline) ligand 1f gave higher enantioselectivities
than the corresponding bis(oxazoline) ligand in most
cases.

To indicate the applicability of the asymmetric Frie-
del–Crafts methodology, the chiral adduct 11e derived
from 3-Br-substituted nitrostyrene was transformed to
chiral 1,2,3,4-tetrahydro-b-carboline following Akiya-
ma�s procedure.[15h] The bromine in the compound
provides the active site for further derivation. The to-
sylated Pictet–Spengler product was formed in good
yield without erosion of enantiomeric excess as an
anti/syn 3:1 mixture. Suzuki–Miyaura coupling with 4-
acetylphenylboronic acid gave the desired product
smoothly (Scheme 3). The major isomer can be isolat-
ed as the pure diastereomer in 70% yield. The asym-
metric Friedel–Crafts methodology thus provides a
method for the construction of a chiral 1,2,3,4-tetrahy-
dro-b-carboline library.

In conclusion, the diphenylamine-linked bis(imida-
zoline) ligands were synthesized through Kelly-You�s
imidazoline formation mediated by Hendrickson�s re-
agent efficiently. In the asymmetric Friedel–Crafts al-
kylation of indole derivatives with nitroalkenes, the
complex of ligand 1f with Zn ACHTUNGTRENNUNG(OTf)2 gave good reac-
tivity and excellent enantioselectivity in most cases,
better than the corresponding bis(oxazoline) ligand
we developed before. The chiral adduct can be de-
rived to useful heterocyclic compounds efficiently
without loss of the enantiomeric excess. Further inves-
tigations on the application of the novel bis(imidazo-
line) ligands are currently underway in our laborato-
ry.

Experimental Section

General Procedure for Synthesis of Diphenylamine-
Linked Bis(imidazoline) Ligands 1a–f

2,2’-Bis[(S)-1-(4-methylbenzenesulfonyl)-4-phenylimidazo-
lin-2-yl]-1,1’-diphenylamine (1a): To a flame-dried Schlenk

Table 2. Asymmetric Friedel–Crafts alkylation of indole de-
rivatives with nitroalkenes.[a]

Entry R1 R2 R3 Yield [%][b] ee [%][c]

1 H H Ph (11a) 89 98 (96)[d]

2 H H 4-MeC6H4 (11b) 88 95 (93)
3 H H 4-MeOC6H4 (11c) 83 88 (90)
4 H H 4-ClC6H4 (11d) 89 96 (95)
5 H H 3-BrC6H4 (11e) 74 97 (95)
6 H H 3-NO2C6H4 (11f) 93 95 (94)
7 H H 2-MeOC6H4 (11g) 90 87 (87)
8 H H 2-ClC6H4 (11h) 71 45 (72)
9 H H 2-furyl (11i) 86 89 (80)
10 H H 2-thienyl (11j) 87 91 (87)
11 H H PhCH2CH2 (11k) 93 96 (91)
12 Me H Ph (11l) 92 97 (97)
13 MeO H Ph (11m) 97 96 (97)
14 Cl H Ph (11n) 67 95 (88)
15 H Me Ph (11o) 67[e] 91 (97)[d]

[a] All data were obtained using 0.5 mmol substrates under
the catalysis of 5 mol% ligand-ZnACHTUNGTRENNUNG(OTf)2 complex in
3 mL of toluene for 24 h.

[b] Isolated yields.
[c] Determined by HPLC using Chiracel OD-H and Chiral-

cel IA column with hexane/2-propanol as eluent. The ee
values in parentheses which were obtained when an oxa-
zoline ligand was used are cited from our former re-
port[8f] for comparison.

[d] The absolute configuration of the product was deter-
mined to be R through comparison of optical rotation
and retension time on HPLC.

[e] Performed for 48 h.
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tube were added triphenylphosphine oxide (1.596 g,
5.74 mmol) and CH2Cl2 (10 mL). The solution was cooled to
0 8C and trifluoromethanesulfonic anhydride (0.472 mL,
2.87 mmol) was added in one portion. The mixture was
stirred at 0 8C for 0.5 h, then the solution of bis(b-sulfonami-
doamide) 8a (766 mg, 0.956 mmol) in CH2Cl2 (10 mL) was
added slowly via syringe. After the completion of the addi-
tion, the mixture was stirred at 0 8C for 2 h. The reaction
was quenched with saturated aqueous NaHCO3 solution.
The organic phase was separated, and the water phase was
extracted with CH2Cl2 (2 �10 mL). The combined organic
phase was dried over anhydrous Na2SO4, and the solvent
was removed under vacuum. The residue was purified by
silica gel (buffered with Et3N) column chromatography
using CH2Cl2 as eluent. The desired ligand was obtained as
a white solid; yield: 570 mg (78%); mp 164–166 8C; [a]20

D :
+121.5 (c 0.54 g/100 mL, CH2Cl2). 1H NMR (300 MHz,
CDCl3): d=9.76 (s, 1 H), 7.69 (d, J= 7.5 Hz, 2 H), 7.37–7.55
(m, 8 H), 7.08–7.17 (m, 6 H), 7.02 (d, J=8.4 Hz, 6 H), 6.72
(d, J=7.2 Hz, 4 H), 4.46 (t, J=9.6 Hz, 2 H), 4.09 (t, J=
10.5 Hz, 2 H), 3.49 (t, J=10.5 Hz, 2 H), 2.28 (s, 6 H);
13C NMR (75 MHz, CDCl3): d=157.7, 144.5, 141.9, 141.3,
134.5, 132.1, 131.3, 129.8, 128.3, 127.4, 126.3, 119.4, 119.2,
117.0, 68.3, 55.9, 21.5; IR (neat): n=3028, 2923, 1630, 1596,
1579, 1513, 1450, 1364, 1306, 1270, 1169, 1089, 992 cm�1;
HR-ESI-MS: m/z=766.25005, calcd. for C44H40N5O4S2 (M+
H): 766.25217.

2,2’-Bis ACHTUNGTRENNUNG[(4S,5S)-4,5-diphenyl-1-(4-methylbenzenesulfonyl)-
imidazolin-2-yl]-1,1’-diphenylamine (1f): Prepared according
to general procedure from the corresponding bis(b-sulfona-
midoamide) 8f (1.348 g, 1.41 mmol). The desired product
was obtained as a white solid; yield: 1.097 g (85%); mp 250–
252 8C; [a]20

D : + 151.0 (c 0.63 g/100 mL, CH2Cl2). 1H NMR
(300 MHz, CDCl3): d=10.35 (s, 1 H), 8.04 (d, J= 7.5 Hz,
2 H), 7.68 (d, J=7.8 Hz, 2 H), 7.50 (t, J= 7.5 Hz, 2 H), 7.24–
7.39 (m, 14 H), 7.13 (t, J= 7.5 Hz, 2 H), 6.69–6.81 (m, 10 H),

6.31 (d, J=6.6 Hz, 4 H), 4.70 (d, J= 3.9 Hz, 2 H), 4.16 (s,
2 H), 2.23 (s, 6 H); 13C NMR (75 MHz, CDCl3): d= 156.2,
144.3, 142.6, 142.5, 140.6, 133.7, 133.1, 131.4, 129.5, 128.9,
127.8, 127.5, 126.4, 126.1, 125.9, 119.6, 118.6, 78.1, 70.9, 21.5;
IR (neat): n=3027, 1629, 1597, 1574, 1505, 1446, 1365, 1299,
1266, 1171, 1089, 1021 cm�1; HR-ESI-MS: m/z= 918.31320,
calcd. for C56H48N5O4S2 (M+ H): 918.31477.

Other ligands 1b–1e were prepared in a similar manner.

General Procedure for Asymmetric Friedel–Crafts
Reactions

To a flame-dried Schlenk tube were added Zn ACHTUNGTRENNUNG(OTf)2

(9.3 mg, 0.025 mmol) and ligand 1f (25.2 mg, 0.028 mmol)
under nitrogen, followed by addition of toluene (3 mL). The
mixture was stirred at room temperature for 2 h and
0.5 mmol of nitroalkene 10 were added. Then the mixture
was stirred for another 10 min. and cooled to �20 8C. Indole
derivative 9 (0.5 mmol) was added at �20 8C and the mix-
ture was stirred at this temperature for 24 h. The mixture
was separated directly by basic alumina (deactivated with
2% w/w water) column chromatography using petroleum
ether-ethyl acetate 5:1 to 1:1 as eluent, and the product was
obtained in pure form.

For products 11f and 11o, the purification was performed
by silica gel flash chromatography using petroleum ether-
ethyl acetate 5:1 and 20:1 v/v, as eluent, respectively.
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