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Abstract: As an important class of heterocyclic scaf-
folds, 2-imidazolines have attracted the attention
from the chemists interested in natural products,
pharmaceutical chemistry, synthetic organic chemis-
try, coordination chemistry, and homogeneous cataly-
sis. To fulfill the demand of structural diversity, many
efficient methods towards 2-imidazolines, as well as
modifications of traditional methods, have been re-
ported in the past two decades. 2-Imidazolines have
been developed as ligands in homogeneous catalysis,
for the substitution on the nitrogen atom that pro-
vides an opportunity for fine-tuning of the electronic
effect. This review summarizes recent advances in
the synthesis of 2-imidazolines and their applications
in homogeneous catalysis.
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1 Introduction

Imidazolines (dihydroimidazoles) are important five-
membered heterocycles."! According to the position
of the double bond, imidazolines can be classified as
2-imidazoline, 3-imidazoline, and 4-imidazoline
(Figure 1). In some publications, benzimidazole and
saturated imidazolidine were also named as imidazo-
line incorrectly. Among the 2-, 3-, and 4-imidazolines,
the importance of 2-imidazolines is the highest, for
their wide applications in different fields of chemistry
(vide infra). The substitutions on the ring can be aryl,
alkyl, and even heteroatom groups. The present
review will be focused on the recent advances in syn-
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thetic methods towards 2-imidazolines, and their ap-
plications in homogeneous catalysis. Those 2-imidazo-
lines with substitutions in which heteroatoms connect
directly to the five-membered ring, such as 2-amino-,
2-alkoxy-, and 2-mercapto-2-imidazolines, will not be
included.

2-Imidazolines can be found in natural product
chemistry, pharmaceutical chemistry, organic synthe-
sis, coordination chemistry, and homogeneous cataly-
sis. The marine alkaloid 4,5-dihydro-6'-deoxybromo-
topsentin was isolated from a sponge which was iden-
tified as Spongosorites sp. with high cytotoxicity.”)
Since the discovery of the imidazoline receptor (imi-
dazoline binding site, IBS) in 1984, many bioactive
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2-imidazoline-containing molecules have been synthe-
sized and used as ligands, as illustrated in Figure 2.
The research in this field has been reviewed recent-
ly.*! In addition, 2-imidazolines have also been inves-
tigated as antihyperglycemic, anti-inflammatory, anti-
hypertensive, antihypercholesterolemic, and antide-
pressant reagents. Due to the easy introduction of
chirality on the imidazoline ring, some of them have
been used as chiral auxiliaries in stereoselective syn-
thesis of optical active compounds. As a structural an-
alogue of 2-oxazolines,*™ 2-imidazolines have been
developed as ligands in coordination chemistry. The
substitutions on the nitrogen atom in the imidazoline
ring provide opportunities for fine-tuning the elec-
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Figure 1. Classification of imidazolines.
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Figure 2. Natural and artificial bioactive 2-imidazoline com-
pounds.
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tronic effect. Some of the complexes show good cata-
lytic activities in important chemical transformations,
such as Suzuki-Miyaura coupling, Mizoroki-Heck re-
action, Diels—Alder reaction, asymmetric allylic sub-
stitution, [3,3]sigmatropic rearrangement, Henry reac-
tion, etc. In some cases, better yields and enantiose-
lectivities than those obtained with corresponding
oxazoline ligands can be achieved. Many transition
metals such as Pd, Ru, Cu, Zn, Ir, Rh, and Ni, have
been involved. 2-Imidazolines have also been used as
organocatalysts in Staudinger lactam synthesis and
Morita—Baylis—Hillman reaction, due to their higher
basicity and nucleophilicity than oxazoline com-
pounds. Their salts with strong acids have been used
as chiral Brgnsted acid catalysts.

The present review will be divided into two parts:
synthetic methods towards 2-imidazolines developed
in the past two decades, and applications of 2-imida-
zolines in homogeneous catalysis as ligands or orga-
nocatalysts. In the first part, both the methods for
enantiopure imidazolines and racemic ones will be in-
cluded. Some of them have been applied in the syn-
thesis of chiral imidazoline ligands, which will be
mentioned in the second part. The applications of imi-
dazolines will be classified by the type of metals in
the catalytic system, while the organocatalysis will be
summarized alone.

2 Recent Advances in the Synthesis of
2-Imidazolines

2.1 Classification of Synthetic Methods

Since the first publication on 2-imidazoline com-
pounds in 1888, a plethora of synthetic methods
from different starting materials have been devel-
oped. Some of them have been used for more than a
half century and were reviewed in 1954.') During the
past two decades, some novel methods towards 2-imi-
dazolines, especially the diastereoselective and enan-
tioselective formation of stereogenic centers, have
been developed. The traditional methods have also
been modified to improve their efficiency. On the
basis of starting materials, the literature methods
were classified into classes A to H, as illustrated in
Figure 3. Method A can be further divided into five
subclasses, considering the different source of C-1 in
the imidazoline ring. Method H contains some unusu-
al methods that have only been reported for specific
substrates. Among these methods, Methods A, B, C,
D, and E have been used in the asymmetric formation
of 2-imidazolines. The chirality comes from both
chiral starting materials (Methods A, B, D, and E)
and chiral catalysts (Method C). In the synthesis of
the chiral imidazoline ligands memtioned in the third
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Figure 3. Classification of different synthetic methods to-
wards 2-imidazolines.

part of the review, Methods A and B have been used
more widely than the other six methods because of
the easier availability of chiral amino alcohols and di-
amines.

2.2 Synthesis of 2-Imidazolines from 1,2-Diamines
(Method A)

Synthesis of imidazolines from 1,2-diamines is the
first class of methods developed by chemists. The big-
gest advantage of this method is the easy introduction
of chirality by using enantiopure 1,2-diamines. Con-
sidering the similarity between 2-imidazolines and
amides in structure, carboxylic acids or esters are nat-
urally used as the source of C-1 (Method Al). A 1:1
mixture of diamine and carboxylic acid or ester is
heated directly at high temperature (150°C or higher)
with removal of the water or alcohol formed in the
condensation process. This method is not widely used
in the synthesis of chiral 2-imidazolines from chiral
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1,2-diamines, due to its harsh condition and moderate
efficiency in small-scale synthesis. The reaction of
esters can be accelerated by using Me;Al as promot-
er.”” Excellent yields (up to 96%) were achieved
after reflux in toluene for 3 h. Both aromatic and ali-
phatic acids, even with complex structures, were trans-
formed to 2-imidazolines smoothly, although Me;Al
and diamines have to be used in amounts of 1.6
equivalents.

Nitriles can be good source of C-1 (Method A2). In
recent years, some novel conditions have been devel-
oped for this transformation, using Lewis acids,
Brgnsted acids, or other small molecules as catalysts.
In 1993, Capdevielle etal. published the CuCl-in-
duced addition of amines to unactivated nitriles for
the construction of amidines, including 2-imidazo-
lines.™® In 2004, thioacetamide was used as catalyst
for imidazoline formation by Dash et al.'¥ From 2006
to 2008, Mirkhani et al. reported four modified proce-
dures for this condensation under solvent-free condi-
tion.">¥ The combination of sulfur powder and ultra-
sonic irradiation promoted the reaction at room tem-
perature.l'” The reaction can be conducted on a 100-
mmol scale with comparable results to small-scale ex-
periments. However, excess sulfur and 1,2-diamines
have to be used for achieving good yields. A reusable
Lewis acid ZrOCl,-8H,O was used in a catalytic
amount under reflux.''"! The yield can be improved by
changing the condition from reflux to ultrasonic or
microwave irradiation. The catalyst can be reused for
at least four times without loss of activity. Another
two heterogeneous catalysts, silica sulfuric acid
(SSA)!"! and 12-tungstophosphoric acid (TPA)™ sup-
ported on silica, were developed for the synthesis of
2-imidazolines, as well as oxazolines and thiazolines.
Both of the supported catalysts were used under
reflux and can be recovered by filtration and dried at
elevated temperature (60°C for SSA and 100°C for
silica supported TPA).

As activated equivalents of carboxylic acids, imidic
esters (imidates) 1, orthoesters 2, and DMF-DMA 3
(Figure 4) have been used in the synthesis of 2-imida-
zoline compounds (Method A3). Imidic esters can be
generated from the corresponding amides by treat-
ment with Et;OBF, (Meerwein’s salt), or from nitriles
by treatment with HCI (gas) in alcohol or MeONa. In
the former two cases, the salts of imidic esters can be
isolated as crystals through filtration before use. This
method has been widely used in the synthesis of
chiral imidazolines from chiral 1,2-diamines. One

NH OR’ OMe
)J\ )<OR' Me2N4<
R” TOR' R” TOR' OMe
1 2 3

Figure 4. Some activated equivalents of carboxylic acids.
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good example was reported by Buddrus etal. in
1995.°! Novel chiral 2-imidazolines 8 and 9 were de-
rived from (1R,2R)-1,2-diphenylethylenediamine 4
and (1R,2R)-1,2-diaminocyclohexane 5 in excellent
yields under mild conditions (Scheme 1). As cyclic an-
alogues of imidic esters 7, oxazolinium iodides 6 were
used in some cases with comparable efficiency.

R H
o 6
\[ / Ar
MeCN, rt. 2 h K
R NH then relux 2 h R
2 94 - 97%
RY “NH, Lo
R = Ph or (CH) NH, CI y
R
4ors A" TOEt 7 N
/>*Ar
EtOH,rt. 1h K
then relux 4 h R
83 - 97%
Ton (s
P N S
8 9

Scheme 1. Synthesis of chiral 2-imidazolines from diamines
and imidates or oxazolinium iodides (Method A3).

NHBn  HC(OEt), Bn

i TsOH ):N>
reflux 7
Ph” “NH, 65 or? N

Scheme 2. Synthesis of chiral 2-imidazoline from orthofor-
mate and diamine (Method A3).

Orthoesters have also been used in the synthesis of
chiral 2-imidazolines. In 1996, Jones et al. reported
the synthesis of chiral 2-imidazoline 11 from
HC(OEt); and unsymmetrical chiral diamine 10
(Scheme 2).”! The substitution on the amino group
was important for the location of the double bond.
The reaction was catalyzed by TsOH in refluxed HC-
(OEt);. In some cases, DMF-DMA 3 was used as an
equivalent of HC(OEt); with higher activity for the
easy extrusion of Me,NH and MeOH.*!)

Compared with the former mentioned methods, the
synthesis of 2-imidazolines 14 from ethylenediamine
12 and aldehydes 13 (Method A4) has only been in-
vestigated in the past three years (Scheme 3). Consid-
ering the different oxidation states of C-1 in imidazo-
lines compared with aldehydes, oxidants are needed
after the in situ generation of imidazolidine inter-
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Scheme 3. Synthesis of 2-imidazolines from aldehydes and
diamines (Method A4).

1. I, K,CO,, 8 h
_—

<

R—CH,OH
2. H,NCH,CH,NH,
15 t—BUOH, 70 °C 14
R = aryl, alkyl up to 99% yield

Scheme 4. One-pot synthesis of 2-imidazolines from primary
alcohols and diamines (Method A4).

mediates. Different oxidation systems have been de-
veloped for this transformation. In 2005, Fujioka and
Kita etal. reported NBS as oxidant in CH,CL,.*>*!
Both aromatic and aliphatic aldehydes were trans-
formed into the corresponding 2-imidazolines in good
yields. In their screening, NIS and NCS also gave
comparable results. In 2006, Konwar et al. and Togo
et al. reported I, as oxidant in water and -BuOH, re-
spectively.”**! The mechanism of the oxidation in-
volves N-iodination followed by elimination of HI.
Further oxidation by diacetoxyiodobenzene gave imi-
dazoles in high yields.™!

In 2007, Togo et al. reported a direct synthesis of 2-
imidazolines 14 from ethylenediamine 12 and primary
alcohols 15.”! The oxidation of alcohols to aldehydes
and formation of imidazolines can be conducted in
one-pot (Scheme 4). Other cheap and convenient oxi-
dants such as ~-BuOCLP" +BuOCIKL?"! and PHPB
(pyridinium hydrobromide perbromide),” were also
developed. Comparable good results can be achieved
in most cases. In addition to ethylenediamine, other
chiral 1,2-diamines have also been used successfully
in this reaction.

Other equivalents of carboxylic acid such as thio-
imidic esters (thioimidates) 16, dithioesters 17, and
chlorodicyanovinylbenzene 18 (Figure 5), can also be
used as C-1 sources (Method AS5). In 1999, Mioskow-
ski et al. reported the modified 2-imidazoline synthe-
sis from thioimidic esters.”” The salt of thioimidates
were generated from the corresponding nitriles and
thiophenol in the presence of HBr (gas) in Et,0. The
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Figure 5. Some equivalents of carboxylic acids.

condensation of 1,2-diamines with thioimidic esters
took place smoothly at room temperature with good
yields, indicating the higher reactivity of thioimidic
esters than imidic esters. In 1981, Levesque et al. re-
ported the condensation of dithioesters with diamines
under mild conditions.® Chlorodicyanovinylbenzene
18 can be considered as an equivalent of benzoyl
chloride.”!’ One molar equivalent of malonitrile and
HCI was extruded during the condensation through a
retro-Knoevenagel reaction and addition-elimination.

2.3 Synthesis of 2-Imidazolines from f3-
Hydroxyamides (Method B)

Although Method A provides an access to chiral 2-
imidazolines, the major drawback is that the method
is more efficient for C,-symmetrical 1,2-diamines than
C-symmetrical ones. In the latter case, the chiral di-
amines have to be synthesized in several steps from
amino alcohols. To overcome the limitation of
Method A, Casey et al. reported a general one-pot
route for the preparation of enantiopure 2-imidazo-
lines 24 from more accessible p-hydroxy amides 20
which have been widely used as materials of oxazo-
lines and thiazolines.”” As illustrated in Scheme 5,
the chloroethyl amides 21 are generated by treating
p-hydroxy amides 20 with thionyl chloride under
reflux. The highly active imidoyl chlorides 22 are
formed by treating chloroethyl amides 21 with thionyl
chloride or PCls, depending on the different R*
groups. The desired 2-imidazolines 24 can be obtained
after substitution and NaOH-mediated annulation
through the proposed amidinium intermediates 23. A
wide range of acyl chlorides and amines, including
formyl chloride and ammonia (dissolved in CHCI,),
can be good substrates in this process. This method
has been widely used in the synthesis of chiral 2-imi-
dazoline ligands (vide infra).

2.4 Synthesis of 2-Imidazolines from Isocyanides and
Imines (Method C)

In 1977, Schollkopt et al. reported the synthesis of 2-
imidazolines 27 from a-metalated isocyanides and
imines 26 (Scheme 6).**) The isocyanides 25 were
metalated by n-BuLi at low temperature and reacted
with unactivated imines smoothly to form 2-lithiated
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Scheme 5. Synthesis of 2-imidazolines from B-hydroxyamides (Method B).

R* N, -R*
N” n-BuLi N 2
N i
oNT Rl T >—% R
2 3 THF 1 2
R R -850 -20 °C R R
25 26 then MeOH 27
R'=H, Ph, CO,CH, 18 — 98% yield
R? R3 R*=aryl, alkyl

Scheme 6. Synthesis of 2-imidazolines from lithiated isocya-
nides and imines (Method C).

imidazolines, which were quenched by methanol or
other electrophiles. Both activated and unactivated
isocyanides were successfully used because of the
high basicity of n-BuLi. A similar procedure has been
developed by van Leusen et al. using o-substituted
TosMIC as activated isocyanide.!

In 1996, Hayashi et al. developed an Au(I)-cata-
lyzed Mannich-type reaction of isocyanoacetate 28
with N-sulfonylimines 29.*! The desired 2-imidazo-
lines 30 can be obtained in quantitative yields with
>90:10 cis selectivity by the catalysis of 1 mol%
Au(I) compound. Another catalyst RuH,(PPh;), for

this reaction was reported by Lin et al. in 1997.5¢ The
trans-30 were formed preferably with 95:5 selectivity
in this work. The cis-30 can also be efficiently trans-
formed to trans-30 by treatment with EtN in
CH,CL,.P"! Compared with the former examples, the
transition metal-catalyzed processes provide us with
access to both cis and trans isomers under mild condi-
tions from the same materials (Scheme 7). Other cata-
lysts such as NHC-CuCl 31" and pincer-Pd(IT) 328
were also developed recently with frans selectivity

(Figure 6).
i-Pr i-Pr
N_ N
T 0 ?
Pr <|3u Pr Ph,P——Pd——PPh,
Cl OCOCF,
31 32

Figure 6. Pincer complexes as catalysts for 2-imidazoline
synthesis.

R! COOMe
1 mol % H
AuCl(c-HexNC)
MeCN Ts NN
20-35°C > 95% yield
R>=Ts >90:10 dr
5 cis-30
COOMe N R
+ J| EtN reflux
NG R CH,C,
28 29 | ol R, COOMe
R' = aryl, alkenyl mol 7 >_\
R2=Ts. Bs RuH,(PPh,), Y
MeOH:CH,Cl, N
31 up to 95% vyield
25°C 95:5 dr
trans-30

Scheme 7. Synthesis of 2-imidazolines from activated isocyanides and imines (Method C).
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p-Me—CsH‘,/ LOOMe
i)
PPh, Ts™ NN
Fe 92% de
= PPh 88% ee
33 34

Figure 7. Ferrocene-derived diphosphine ligand for asym-
metric synthesis of 2-imidazolines.

35

Figure 8. Chiral pincer complex containing the VAPOL unit.

The first asymmetric form of this reaction was re-
ported by Lin et al. in 1999,*%! using Me,SAuCl and
ferrocene-derived diphosphine ligand 33" which has
been successfully used in the reaction of isocyanide
with aldehydes. The catalyst also showed good reac-
tivity and enantioselectivity in this reaction. The de-
sired products 34 were obtained with up to 88% ee by
the action of 0.5 mol% catalyst at room temperature
(Figure 7). Compared with the reaction of aldehydes,
(c-HexNC),AuBF, gave inferior results than
Me,SAuCl.

In 2008, Szabé et al. reported a recent example of
this asymmetric reaction.””’ On the basis of their
former work on pincer-Pd(II) catalysts 32,%¥ a novel
chiral pincer complex 35 containing a VAPOL unit
(Figure 8) was synthesized. Up to 98% combined
yield for diastereomers and 86% ee for cis isomers
were achieved, while no diastereoselectivity was ob-
served. Other pincer complexes containing modified
BINOL units gave lower ee but moderate selectivities
for trans isomers.

This reaction can also be conducted in a three-com-
ponent form, using primary amines and aldehydes or
ketones for the in situ generation of imines.**! The
desired products with up to four substitutions on the
4 and 5 positions can be obtained without a metal cat-
alyst at room temperature. The reaction can be fur-
ther improved by adding AgOAc as catalyst. Primary
amines with hydroxy or double bond units can be in-
volved, and more complex products can be obtained
using isophthaldehyde or hexane-1,6-diamine. No
asymmetric form of the three-component reaction has
been developed till now.
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Scheme 8. Synthesis of 2-imidazoline-containing amino acids
and peptides (Method D).

2.5 Synthesis of 2-Imidazolines from N-Acyl
Diamines (Method D)

In 2004, You and Kelly developed an efficient route
for 2-imidazoline formation from N-acyl diamines 36
mediated by Tf,0 and Ph;PO.*! This method has
good functional group compatibility and can be used
for the synthesis of imidazoline-containing amino
acids 37, as illustrated in Scheme 8. The oxygen atom
in the amide group is transformed to a leaving group
and substituted by TsNH in the side chain, which is
different from the oxazoline formation. No racemiza-
tion of the two chiral centers was observed in this re-
action. Compared with method A, the only difference
is that the N-acyl diamine is isolated as intermediate
in this case. Such a variation provides us with an op-
portunity to use chiral carboxylates without loss of
optical purity.

2.6 Synthesis of 2-Imidazolines from Aziridines
(Method E)

In 1973, Nozaki et al. reported the BF;-mediated syn-
thesis of imidazolines from aziridines and nitriles.[*’!
In this pioneering work, the cis-1,2-dialkyl-substituted
aziridine 38 gave specifically trans product 39. Both
acetonitrile and benzonitrile were used in this reac-
tion at 81 and 100°C, respectively. On the basis of
this result, an S\2 mechanism was proposed by the
authors, as illustrated in Scheme 9.

In 1992, this method was expanded to more sub-
strates by Zwanenburg et al., such as N-protected
aziridines 40 derived from ethyl 2-nonenoate
(Scheme 10).1*! In this work, the reaction took place
smoothly at room temperature and the cis products
41 were obtained in up to 91% yield as single diaste-
reomers.

In 2004, Concellén et al. investigated the chiral in-
duction in this reaction.””) The enantiopure aziridines
42 with a dibenzylamino group on the a-carbon react-
ed with different nitriles 43 by the catalysis of the
BF;-Et,O complex (Scheme 11). The N-benzyl-4,5-di-
substituted imidazolines 44 were obtained in enantio-
pure form instead of the predicted S-substituted prod-
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(Ol—BF3
N—CO,Et —MeCN_ N ot
BF, kJ

38 N=——Me

|

COEt ~BFs

.
N/>~Me - BF, N%\OEt

o r

v 2
39 N Me

Scheme 9. Mechanism for the BF;-mediated 2-imidazoline
synthesis (Method E).

R n-CgHy5 LCO,Et
| 3
N MeCN N\
BF, -Et,0 Y R
nCeHy3;  CO,EL rt.1.5-20h
Me
40 a1

R= AC, TS, MS, CbZ, TEOC 65 - 93% yleld

Scheme 10. Synthesis of 2-imidazolines from aziridines and
acetonitrile (Method E).

R? R! NHR?
/ .
o N BF, -E4,0 /_(

+ RSCN —_— -
\KQ 80 °C N \Y N Bn
Nan R3
42 43 44

R" = i-Bu, Bn, BnOCH, 42 - 61% yield
R? = Bn, allyl, Cy

R® = Ph, Me, Et, i-Pr, MeOCH,

Scheme 11. Chiral
(Method E).

induction in 2-imidazoline synthesis

uct. In the proposed mechanism, the aziridine ring is
opened by the vicinal dibenzylamino group by the
catalysis of BF;, and a new aziridinium species is
formed. The newly formed ring is transformed to imi-
dazoline through nucleophilic attack of nitrile fol-
lowed by ring closure, in which a benzyl group is re-
moved by nitrile as N-benzylamide.

In the same year, Singh et al. reported the reaction
of 1-tosyl-2-phenylaziridine 45 with a series of nitriles
43 under the catalysis of BF;-Et,O or Meerwein’s salt
(Scheme 12).5%"! 'When enantiopure aziridine was
used, only racemic product 46 was obtained, indicat-
ing the Syl nature of the ring-opening step, which is
due to the ability of the phenyl group to stabilize the
vicinal carbocation. In the case of 2,3-disubstituted
aziridines containing one phenyl group, the nitriles
attack selectively the phenyl-substituted carbon.

496 asc.wiley-vch.de

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

T R
P> BF,-Et,0 )\
N or Et;OBF, NT N/Ts
+ RCN —_—
CH,Cl, rt. )—/
Ph Ph
45 43 46

up to 76% vyield

Scheme 12. Synthesis of 5-phenyl-2-imidazolines from aziri-
dine and nitriles (Method E).

0
Al O Arl,
b)l\ Ll 10 mol % Cul Ar?
—_— >
Az ||| T TSN Et,N N
HN CHC,, rt. TsN}\/ R
47 48 49 38-91% 50

Nal
acetone | 37 - 88%
rt.

Scheme 13. Synthesis of 2-imidazolines through three-com-
ponent condensation (Method E).

When Zn(OTY), was used as catalyst, the reaction was
conducted under solvent-free conditions to achieve
high yields.""

In 2008, Liang et al. reported a different reaction
behaviour of aziridines towards 2-imidazolines
(Scheme 13).5% From trans-N-unsubstituted aziridines
47 derived from chalcones, terminal alkynes 48, and
tosyl azide 49, the N-tosylamidines 50 with the trans
configuration were obtained by the catalysis of Cul in
moderate to good yields. These intermediates were
transformed to trans-4,5-disubstituted-2-imidazolines
51 through Nal-mediated ring expansion with full re-
tention of the configuration.

2.7 Synthesis of 2-Imidazolines from Azlactones and
Imines (Method F)

From 2002 to 2005, Tepe et al. developed a TMSCI-
mediated cycloaddition of azlactones 52 (miinch-
nones) with in situ generated imines.’"* The mecha-
nism of the reaction was proposed as a TMSCl-medi-
ated 1,3-dipole formation followed by [3+2] cycload-
dition and elimination. The possibility of a stepwise
mechanism was excluded by experiments. Heating the
mixture of azlactones, aldehdyes and amines without
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o
4 4 4
R &3 1.3 equiv. TMSCI 3J R'NHz 4 3 equiv. TMSCI R o3
N CH,Cly 40 °C R o  CHaClp 40°C N
Me—<\ ~Ph p 0 Ph4<\ Me
N R'=Me R1<\ R'=Ph e
COH R?=Ph N g2 R?= Me 54 oo
53 52
> 95:5 syn > 95:5 anti
20 - 71% yield 5_ 78% yield

Scheme 14. Synthesis of 2-imidazolines from azlactones and imines (Method F).

TMSCI led to undesired products formed via ketene
formation. The diastereoselectivity of this reaction
can be inverted by using different substrates, as illus-
trated in Scheme 14. If R' and R? were changed to
other groups, the diastereoselectivity decreased signif-
icantly. The chiral induction using (R)-1-phenylethyl-
amine as amine component was also tested. However,
no product was formed in this case.

2.8 Synthesis of 2-Imidazolines from Alkenes
(Method G)

From 2001 to 2005, Li et al. developed a diastereose-
lective synthesis of 2-imidazolines from alkenes
(Scheme 15).55%% In their first report,* the electron-
deficient alkenes 55 (enones and unsaturated esters)
were transformed to 2-dichloromethyl-2-imidazolines
56 by the catalysis of 4 mol% Rh(II)-PPh; complex
generated from (C;F,CO,),Rh, in situ, using excess
acetonitrile as solvent. The addition of molecular
sieve was crucial for achieving good results. The anti

products were obtained in moderate yields with excel-
lent diastereoselectivities at room temperature. In the
proposed mechanism,’”! the imidazoline ring was
formed through aziridinium formation, ring-opening
by acetonitrile, and nucleophilic ring-closing. The two
chlorine atoms were introduced through chlorination
with TsNCL,. This mechanism suggests that it is possi-
ble to form 2-trichloromethyl-2-imidazolines 57. How-
ever, only dichloromethyl-substituted products 56
were obtained using this catalyst at room tempera-
ture, as well as when using FeCl,/PPh;*® or even with-
out catalyst.’” The reaction can also be extended to
NsNCl, instead of TsNCI, with higher reactivity under
catalyst-free conditions at room temperature.””) The
trichloromethyl-substituted products 57/59 were suc-
cessfully formed at elevated temperature, for exam-
ple, using Rh(II)-PPh; catalyst at 55°CP"! or using
MnO, catalyst at 50°C[% or using more active
NsNCl, at 50°C without catalyst.’”) The authors also
investigated the use of TsNH,/NCS as reagent instead
of TsNCl, in this reaction.l” The 2-dichloromethyl-2-
imidazolines 56 were obtained at 50 °C.

CHCI,
)\ CHCI,
N7 N-Ns MeCN MeCN, 4 A MS NPON-TS
/—/ ~ diti G\ r.t. for condition A - C
R Ewg ~ condtons \ 50 °C for conditions D
58 o EWG R EWG
> 95% de R 56
45 _ 84% yield 55 > 95% de
R = aryl, alkyl 45 - 84% yield
CCl, EWG = COR', COOR'
CCly
N7 NNs mecN / MeCN, 4A MS ATs
/ - o L N N
”'EWG conditions H 50 °C for conditions E /
R 59 55 °C for conditions F Z"EWG
>95% de 57
61 - 86% yield > 95% de
52 - 78% yield
Conditions A: 2 mol% (C;F;C0O,),Rh,, 4 mol% PPhs, TsNCI,
Conditions B: 20 mol% FeCl,, 40 mol% PPh;, TsNCl,
Conditions C: no cat. TsNCl,
Conditions D: no cat. TsNH,, NCS
Conditions E: 20 mol% MnO,, TsNCl,
Conditions F: 2 mol% (C3F;C0O,),Rh,, 4 mol% PPh;, TsNCl,
Conditions G: no cat. NsNCl,, r.t.
Conditions H: no cat. NsNCl,, 50 °C

Scheme 15. Synthesis of 2-trichloromethyl- and dichloromethyl-2-imidazolines (Method G).
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2.9 Miscellaneous (Method H)

In 1983, Tsuji et al. reported the formation of 2.,4,5-
triphenyl-substituted imidazoline derivatives through
Fe- or Cu-catalyzed reaction of benzylamine with
CCl1,.1%) The imidazoline products were obtained as a
mixture of N-H and N-Bn isomers, together with
many by-products such as imidazoles and benzalde-
hyde.

In 1991, Sharpless et al. reported the synthesis of
chiral 2-imidazolines 62 from chiral 1,2-cyclic sulfates
60 and non-cyclic amidines 61 through double S\2 re-
action (Scheme 16).*! The chiral material can be
easily prepared from alkenes via asymmetric dihy-
droxylation and condensation with SO,Cl,. Both of
the two regioisomers were obtained for C;-symmetri-
cal sulfates, while only racemic imidazolines were ob-
tained for C,-symmetrical sulfates.

In 1998, Walsh et al. reported the synthesis of 2,4,5-
tri-2-pyridyl-2-imidazoline 66 from ammonium hy-
droxide and pyridine-2-carboxaldehyde 63
(Scheme 17).1! The cis-66 was formed via 6m-electro-
cyclization of the anion 65 in 84% overall yield. The
cis-66 can be epimerized to the thermodynamically
favoured trans-66 by treatment with -BuOK in THF
in 92% yield.

In 2007, Kappe et al. developed a Pd(0)-catalyzed
Cu(I)-mediated coupling of cyclic thioamides or ana-
logues with arylboronic acids (Scheme 18).I! As ana-
logues of thioamides, five- and six-membered thiour-

R3 3 3
0 0 R R
N\ A
s PN A
AN H,N" SNH
o o #» N °NH + HN N
R hz 7 > F \ A
R R R R

60 62a 62b

Scheme 16. Synthesis of 2-imidazolines through double Sy2
reaction (Method H).

Py Py
. -CHO PR PR
| NH,OH N N 50°C N mN
_N sec I -
Py Py Py Py
63 64 65
84% for
3 steps
Py Py
5 mol % t-BuOK 7
N "NH THF rt. 2 h N” NH
)—/ 92%
Py Py Py Py
trans-66 cis-66

Scheme 17. Synthesis  of
(Method H).

2,4,5-tripyridinyl-2-imidazoline
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1. 4 mol% Pd(PPhy),

3.0 equiv. CuTC, THF
NH MW, 100 °C, 1 h @“\
+ PhB(CH
S OR: 4 mol% Pd(PPh;), Ph
MW, 100 °C, 1 h
N N
[ H—ph < \>*Ph
N
N NH
67 68
93% vield 96% vield

Scheme 18. Synthesis of 2-phenyl-2-imidazoline
cross coupling (Method H).

through

eas were coupled with phenylboronic acid in excellent
yields, providing 2-imidazoline 67 and tetrahydropyri-
midine 68, respectively. CuTC was used to facilitate
the thioimidate formation and the oxidative addition
of the C—S bond to Pd(0) for the high affinity of
Cu(I) to sulfur.

3 Applications of 2-Imidazolines in
Homogeneous Catalysis

3.1 Applications in Palladium-Catalyzed Reactions
3.1.1 Asymmetric Allylic Alkylation

In 1997, Morimoto et al. reported the Pd-catalyzed
asymmetric allylic alkylation reaction (Scheme 19).1%”
The authors hoped that the enantioselectivity and re-
activity would be improved considering the higher
electron-donating ability of imidazoline compared
with oxazoline. Ligands 69 and 70 were synthesized
from 2-bromobenzonitrile and corresponding 1,2-dia-
mines via imidate formation and condensation
(Method A3). After the N-methylation, the imidazo-

Me Me
N _Ph N
N ]/ \ j\j
N™ “pp N
SPh SPh
69 70
OPiv CH,(CO,Me), CH(COOMe),
/\/5\ BSA, LIOAc
Ph 2.5 mol% Ph X Ph
o [Pd(-ally)CI], 72

10 mol% ligand
69 96% ee (S)

70 48% ee (R)

Scheme 19. Application of mono-2-imidazoline ligands in al-
lylic alkylation.
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lines were treated with ~-BuLi and then PhSSPh to in-
troduce the sulfide structure. Under the optimized
conditions, 1,3-diphenyl-2-propenyl pivalate 71 was
transformed to product 72 in 78% yield with 96% ee
by using 5 mol% Pd and 10 mol% 69. Reducing the
catalyst loading led to a significant decrease of yield
and reaction rate, while the enantioselectivity was not
affected. Ligand 70 gave lower ee than 69 for its
smaller steric repulsion of the six-membered ring.

In 2004, Casey et al. reported ligands 73-77 with
5,6,5 or 5,7,5 tricyclic skeletons (Figure 9).1! The li-
gands were synthesized from the bis(p-hydroxy-
amide)s of oxalic acid by sequential treatment with
SOCl,, PCls, and tethered amines (Method B). When
racemic 1,2-diphenylamine was used, 76 and 77 were
obtained as 1:1 mixtures of diastercomers, which can
be separated by chromatography and characterized by
NOE experiments.

The authors prepared the PdCl, complexes of 73
and 75 (R=i-Pr). In the X-ray diffraction (XRD)
structures, the two complexes show different torsion
angles and W, whose definition is illustrated in
Figure 10. In complex 73-PdCl,, the stronger strain of
the 5,6,5 ring system leads to smaller torsion and
larger W, while the weaker strain of the 5,7,5 ring

N/_\N NAN
L= S

NT R
R
R = i-Bu, i-Pr, Bn R = i-Pr, Bn
73 74
N N
<
N e
R N R
R = i-Bu, i-Pr
75
Ph  Ph Phy PN
N N
N N : / j
)i /; \,\ j - /[N/ \N g
i-Bu N N “i-Bu -Bu -Bu
76 77
Figure 9. C,-Symmetrical bis(imidazoline) ligands.
R R
/ \
N N
Jase 0
-/
ipr N\ |X/N ‘("’i o ): / N\ j
b " B N N7 gy
c’ ¢
78 79

Figure 10. Bis(imidazoline)-Pd complex and bis(oxazoline)
analogue.
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system in complex 75-PdCl, leads to larger torsion
and smaller W.

In the Pd-catalyzed asymmetric allylic alkylation of
1,3-diphenyl-2-propenyl acetate with dimethyl malo-
nate, ligands 74 and 75 with a 5,7,5 ring system gave
better ee (R=i-Pr, 76% for 74 and 72% for 75) than
73 with a 5,6,5 ring system. For comparison, bis(oxa-
zoline) ligand 79 was also tested (Figure 10). Lower
yield (86% vs. 97%) and ee (77% vs. 80%) were ob-
tained than with 75 (R =i-Bu). Chirality in the tether
had no effect on enantioselectivity, while the yield
was higher with the matched ligand 77. According to
the author, the improved selectivity with the 5,7,5
ring system can be attributed to the decrease in the
Pd—N bond lengths and the W angles, which moves
the R groups at the chiral centers slightly closer to
the metal and provides a better chiral environment.
In the allylic alkylation of 1,3-dimethyl-2-propenyl
acetate, the differences in ee values were negligible.

3.1.2 Asymmetric Overman Rearrangement

In 2006, Peters et al. reported the ferrocene-derived
mono-imidazoline ligands 80/83, and corresponding
palladacycles 82/84 (Scheme20 and Scheme 21).[%)
The imidazoline moieties were prepared from imi-
dates formed in situ from amide by treatment with
Meerwein’s salt (Method A3). The palladacycle 82
was prepared through an imidazoline-directed diaste-
reoselective ortho-lithiation™ followed by quenching
with 1,2-diiodoethane, and oxidative addition to Pd(0)
species. The >19:1 dr was determined by NMR analy-
sis of the monomeric complex. On the contrary, 84
was prepared through direct diastereoselective C—H
palladation because that all attempts to ortho-lithiate

Ph Ph
- B |

N N
/()\Q 2 equiv. +-BuLi /(N)\é
N

N THF, -78°C e
then [CH,CHal

Fe
66% ;

>19:1 dr 81

szdba3
69%
benzene

Ph 11

S N—Pd—I
A

— P

N
&

Me
82

Scheme 20. Synthesis of pentamethylferrocene-derived 2-
imidazoline palladacycle.
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P Cl—Pd Ph
N—/\' TP —N—=
! T NadeCI4 ! Do
@ I’\\I/I benzene é Ir\\l/l
Ph_Fe _Ph °C MeOH,rt. Ph_Fe _Ph ©
72%
Ph’@Ph 16:1 dr Ph/@Ph
Ph Ph
83 84

Scheme 21. Synthesis of pentaphenylferrocene-derived 2-
imidazoline palladacycle.

5 mol % 84

il

_PMP _PMP
/le 0.3 equiv. AgNO;  F,C N
AN 10% proton sponge N
FCT 00 ™ R GH,cl, 40°C, 20 h R
E-85 86

yileld ee
R = n-Pr 96% 88%
R = (CH,),Ph 98% 84%
R =Me 93% 88%

Scheme 22. Asymmetric Overman rearrangement.

CsPhs derivative 83 failed. The product 84 was further
treated with Na(acac) to form the monomeric com-
plex in order to determine the dr value.

Complex 84 was tested in the Overman rearrange-
ment of trifluoroacetimidates 85 with £ double bonds
(Scheme 22). The cationic catalytic active species was
generated in situ by treatment with AgNO;. Up to
98% yield and 88% ee were obtained with three sub-
strates 86.

In the same year, Peters etal. reported a series
modified imidazoline-containing palladacycles 87
(named as FIP-Cl by the authors), which were also
prepared from amide through Method A3
(Scheme 23)."Y! Direct C—H palladation gave 9:1 to
83:1 dr values and 50-93% yields. All of the precur-

3 2
z‘N”’ PITCl  Ri=ph, tBU
R™ N)ﬁ R? = CF3, p-Tol, 1-Naph
R20,8 R3 Fe _R® R®=H,Me,Ph
R® R®
R3
87

oMP 0.05 - 5 mol% 2

N" 87, AgCO,CF3 FiC /U\N/ PMP
e

Zor £-:88 89

Zup to 99.7% ee (R)
E up to 96% ee (S)

Scheme 23. Asymmetric Overman rearrangement.
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sors showed good activities in the Overman rear-
rangement of model substrates 88. The optimized R'
and R* were phenyl and p-tolyl, respectively. In the
case of Z-88, palladacycles derived from CsHs and
CsMes gave comparable ee values, while the precursor
derived from CsPhs gave the best result in the case of
E-88. In the screening of AgX as activating reagent,
AgCO,CF; gave good results in most cases and some-
times AgOTf was better. The possible oxidation of
ferrocene by Ag(I) was excluded in the rearrange-
ment by NMR experiment. Under the optimized con-
dition, up to 99.7% ee were achieved with Z-88, and
up to 96% ee with E-88, with opposite absolute con-
figurations.

In 2007, Peters et al. reported the ferrocene-derived
bis(imidazoline) ligands 92 (Scheme 24).”) The bis-
(thioamide) intermediate was prepared through dili-
thiation followed by quenching with CIC(=S)NMe,.
The thioimidate generated by treatment with Meer-
wein’s salts was condensed with 1,2-diphenylethylene-
diamine followed by N-sulfonylation to give 92 in
moderate yields (Method AS). Direct C—H pallada-
tion formed complexes 93 as single diastereomers.

S
— n-BuLi, TMEDA @Z(
Et,O, rt. NMe,
Fe @— (@ ™ Fe
then NMe,
CIC(=S)NMe,
-78°Ctort.
90 54% 91 S
1. Et;0BF,
CH,C, r.t.
' RO,S, Ph
Ph Ph —
' S
H,N 4 NH, N
i Fe
2. RSO,CI N
Et,N, DMAP = "Ph
0°Ctort. N
41-60% RO,S Ph
92
Ph, Ph
N_ N
RO,S7 \’ )X
d
Na,PdCl, ot 2
NaOAc Fe
MeOH, CH,Cl, ol
34 - 56% ?P dgf 2
>100:1 dr J
RO,S.,
2 N AN N

P’ “Ph 98
R = p-Tol, C4F5, mesityl, p-PhCgH,

Scheme 24. Synthesis of ferrocene derived bis(imidazoline)
ligands and palladacycles.
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After fine optimization, 93 (R=p-Tol) and AgOTs
were chosen as the best precursor and activator, re-
spectively. In the asymmetric Overman rearrange-
ment of Z-88, 93-98% enantioselectivities were ach-
ieved by the catalysis of even 0.1 mol% 93. Other cat-
alysts gave comparable ee values but significantly
lower yields.

In 2008, the same group extended the application
of 93.%1 In the rearrangement of E-configured sub-
strates, the ee values decreased to 62-78%. The au-
thors synthesized several functionalized Z-configured
substrates containing protected hydroxy and amino
groups. In all tested cases, 94-100% yields and 96—
98% ee values were obtained, illustrating the high ap-
plicability of this catalytic system. The newly synthe-
sized (1S,25)-cyclohexane-1,2-diamine-derived imida-
zoline-containing palladacycle gave lower ee with the
opposite configuration. Considering the easily remov-
able trifluoroacetyl group, this rearrangement was de-
veloped to an efficient route for the synthesis of
chiral allylic amines.” The amines were deprotected

CFs 2 mol% 87 7Fe
7.6 mol% AgCO,CF,  cHex~
oexN 9 e roton sponge - Me.,
= Ph P CH,Cl,, rt.  Ph =
94 42% 95
NaBH,
EtOH
76%
N~ c-Hex
Ph =
96
98% ee

Scheme 25. Synthesis of chiral quaternary allylic amine via
Overman rearrangement.

H\/H“\/\
N
H, 5 TNH;

ICL:I triethylenetetramine
N 120°C
PAN Fiber

-

éNN\/“‘NlB

by treatment with NaBH, in ethanol. Good yields
(75-89%) and no loss in enantioselectivity were
achieved. The authors also tested the efficiency of this
methodology using the terminally disubstituted allylic
trifluoroacetimidate 94 (Scheme 25). The desired al-
lylic amine 96 was obtained in 32% overall yield with
98% ee.

3.1.3 Mizoroki-Heck and Suzuki-Miyaura Reactions

In 2003, Song and Wu et al. developed the polyacrylo-
nitrile (PAN) fiber-immobilized imidazoline ligands
(Scheme 26).I! The PAN fiber was treated with tri-
ethylenetetramine at 120°C to generate a mixture of
inter-chain and intra-chain cross-linking products.
After coordination with PdCl,, XPS analysis indicated
the co-existence of Pd(II) and Pd(0) species. This po-
lymer-immobilized Pd complex showed good activity
in Mizoroki-Heck reactions of aryl iodides 94 with
acrylates 95 (Scheme 27). Excellent yields could be
obtained at 100°C in dioxane using 0.01 mol% cata-
lyst and Et;N as base. In the case of ethyl acrylate,
the TON value can be raised to 31,500, although the
reaction time had to be prolonged to 130 h. Aryl bro-
mides were less reactive in this system, while aryl
chlorides were totally unreactive. The immobilized
catalyst can be recycled for at least 20 times without
any loss of activity.

In the same year, Busacca et al. reported an investi-
gation of ligand electronic effects in the asymmetric
intramolecular Mizoroki-Heck reaction
(Scheme 28)."") The tunable modular ligand 97 (also
named as BIPI) was synthesized from 1,2-diamine
and o-fluoro- or o-iodobenzonitrile through Method
A3. The diarylphosphinyl group was introduced by an
SyAr reaction or Pd-catalyzed C—P coupling. The sub-
stituents on the diarylphosphinyl group and imidazo-
line ring were screened comprehensively. According

Scheme 26. Synthesis of PAN immobilized imidazoline-Pd complexes.
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PAN cat.
R dioxane, Et;N
100 °C

Q' + Zco,

94 95
R = Me, Et, n-Bu

mer )\ o

up to 100% yield

Scheme 27. Mizoroki-Heck reaction of aryl iodides.

to the experimental results, a 2-naphthoyl group was
the best choice for R*. The ligands with electron-with-
drawing groups at R* and R’ positions gave better
enantioselectivities, although the yields decreased. Up
to 88% ee was achieved using 11 mol% of the opti-
mized ligand (R'=R?=3,5-F,C¢H;, R’=2-naphthoyl)
combined with 5 mol% Pd,dba; (Scheme 29), which
was higher than using the unmodified BINAP as
ligand. This work demonstrates the importance of
tuning the electronic effect of ligands in asymmetric
catalysis.

In 2004, Ozdemir et al. reported two Pd complexes
100 and 101 containing mono-imidazoline ligands 108/
109 and Me,PPh (Figure 11)."”! The imidazoline li-
gands were prepared from N-substituted ethylenedi-
amine and DMF-DMA (Method A3). For compari-
son, the authors also synthesized N-alkylated benzimi-
dazole-containing complexes. In both Mizoroki-Heck
reaction and Suzuki-Miyaura reaction, imidazoline

complexes and benzimidazole complexes showed sim-
ilar reactivities (Scheme 30). Not only aryl bromides
102 but also aryl chlorides 103 can be transformed to
products in >90% yields. Especially, this catalytic
system was active for deactivated aryl chlorides, such
as p-chlorotoluene and p-chloroanisole. Up to 90%
yield can be achieved at 80°C in 2-4 h using 1.5
mol% catalyst. The high reactivity was ascribed to the
strong electron-donating ability of imidazolines and
Me,PPh which accelerate the oxidative addition of
the C—ClI bond to the Pd(0) species.

In 2005, the same group synthesized five mono-imi-
dazoline ligands 108-112 with different substitutions
on the N atom from DMF-DMA (Method A3)
(Figure 12)."® All of the ligands were tested in the
Suzuki-Miyaura coupling of aryl chlorides 103 with
phenylboronic acid 104. The active complexes were
generated in situ by mixing PdCl,(MeCN), with 2
equivalents of ligands. Compared with the former
work, no phosphine ligand was used in this case.
Ligand 108 gave excellent yields for both activated
and deactivated aryl chlorides. The short reaction
time (2-4 h) and mild conditions indicate the high re-
activity of the catalyst.

In 2007, Cui and Wu et al. synthesized ferrocene-
derived mono-imidazoline palladacycles 113 from cy-
anoferrocene through an imidate intermediate

R3
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N
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R? R R?
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t-Bu 4-CF,C¢H,CO \ /A R 4-MeOCgH,
-(CHy)4~  2-Naphthoyl RV 4-MeCgH,
1-Naphthoy! | CeHs

Me R 4-FC¢H,

Ac 97 4-CICeH,

Bn 4-CF,CqH5
3,5-Me,CgH,
3,5-F,CeHs

———
R F
/
N
! Nl o R R3
N 7\ F 4-Cl 2-Naphthoyl
R~ C . 35F,  4-MeOC4H,CO
||a‘ 4-CF,C4H,CO

Scheme 28. Tuning of the ligand electronic effect.
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11 mol% 97
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up to 88% ee

Scheme 29. Asymmetric intramolecular Mizoroki-Heck re-
action.
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Figure 11. Mono-imidazoline-Pd complexes.

(Method A3) (Figure 13).”! The direct C—H pallada-
tion by Li,PdCl, in methanol at room temperature
gave the corresponding palladacycles as single diaste-
reomers. Their catalytic activity in the Suzuki-
Miyaura coupling of aryl bromides 102 with phenyl-
boronic acid 104 was evaluated using 0.1 mol% cata-
lysts and K;PO,-7H,0O as base in toluene at 110°C.
The ethylenediamine-derived catalyst (R'=Bn, R*=
H) gave much better results (96% vs. 56%) in the
coupling of 2-bromothiophene than the other pallada-
cycles, while comparable good yields were obtained in
the coupling of 2-bromonaphthalene and 4-bromoto-
luene. This catalyst was also used successfully in the
coupling of diverse aryl bromides with arylboronic
acids (81-99% yields).

(HO)QB@
1.5 mol% cat. 105
/  Cs,CO; 80°C
522 _3’3 h up to 95% yield

102/103 \_@ R O \
X =Br, Cl 106 O
R =MeCO, CHO,

0,
Me, MeO 1.5 mol% cat. 107

Cs,CO; 80 °C
25-4h up to 93% yield

Scheme 30. Suzuki-Miyaura and Mizoroki-Heck reactions.
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Figure 12. Mono-imidazoline ligands for coupling reactions.
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RKN R R'=H, R?=Ph
_ R'=Ac, R*=H,
)“ R'=Ac, R? = Ph,
Pd—Cl R'=Bn,R?=H,

Fe T T2 R'=nCdHy, RP=H,
R"=n-CgH;,, RZ=H,
113 R"=n-Cy4H,e R?=H

Figure 13. Ferrocene-derived mono-imidazoline palladacy-
cles.

In the same year, Hayashi et al. reported the appli-
cation of mono-imidazoline ligands 116 in the Pd-cat-
alyzed Mizoroki-Heck reaction (Scheme 31).% The
ligands with no substitution on the N atom, which are
different from 108-112, were commercially available.
Generally, 2-imidazoline ligands gave better results
than 1- and 2-substituted imidazoles, due to their
stronger electron-donating ability. 2-Methylimidazo-
line was the most efficient ligand, giving up to 98%
yield for aryl bromides. In the reaction of p-chloro-
benzaldehyde, the addition of 2 equivalents of n-
Bu,NBr was critical for obtaining 85% yield, while
only 18% yield was obtained without the additive.
Both the preformed 1:2 complex and the in situ gener-
ated catalyst gave the same result. Although n-
Bu,NBr has been used to stabilize Pd nanoparticles in
coupling reactions, the authors did not make any com-
ment on the nature of active species.

In 2008, the same group reported the single crystal
structures of the Pd complexes with 2-phenylimida-
zole and 2-phenylimidazoline (Scheme 32).5! The au-
thors discovered that different complexes can be ob-
tained as single crystals when the mixture of 2-phenyl-
imidazoline and PdCl, was crystallized under different
conditions. When toluene was diffused slowly to a
DMF solution of the complex, 117 with the two
phenyl groups trans to each other crystallized as a
single crystal. When the DMF solution was evaporat-
ed slowly in vacuum, 118 crystallized as a single crys-
tal instead, while the powder XRD study indicated

asc.wiley-vch.de 503


http://asc.wiley-vch.de

Han Liu and Da-Ming Du

1 mol% PdCl, 2

R2 2 mol% ligand
2 equiv. K,CO4

X X~ _R
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R1 R1

DMF, 120 °C
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up to 98% yield
X =Br, Cl N
R'=Me, MeCO, MeO, CHO HN °N
R? = CO,Me, CO,-t-Bu, Ph
R = Me, i-Pr, Ph
116

Scheme 31. N—H imidazoline ligands in Mizoroki-Heck re-
action.

the co-existence of 117. In the case of the 2-phenyl-
imidazole complex, only the trans complex was ob-
tained under both conditions. Further NMR analysis
of 117 and 118 indicated that the two complexes tau-
tomerize rapidly and have no difference in solution.
In the Mizoroki-Heck reaction of p-bromotoluene
with tert-butyl acrylate, the imidazoline complexes
showed higher reactivity and shorter induction period
than imidazole complex. In the former system, depo-
sition of Pd black was observed during the reaction,
indicating the easier dissociation of imidazoline
ligand. The possible reactivity of Pd black was denied
by the authors. A similar result was also observed in
the Suzuki-Miyaura coupling of p-bromotoluene with
phenylboronic acid.

3.1.4 Asymmetric Hydroarylation and
Hydrovinylation

In 2001, Dupont et al. reported the synthesis of ligand
121 (Method A3) and the application of its complex
with PdCl, in the asymmetric hydroarylation and hy-
drovinylation of norbornene 119 (Scheme 33).?! The
complex was prepared from 121 and Na,PdCl, in
methanol. Through XRD analysis of the complex, the
intramolecular H--Cl hydrogen bond and its effect on
the packing mode were revealed. In the hydroaryla-
tion of norbornene 119, 100% yield was obtained at
90°C using 1 mol% catalyst, while 42% yield was ob-
tained in the hydrovinylation. However, the two reac-

F’dCI2

N Pd ﬁ ,
k/ Ny NH  Toluene ©_< ]

117 116 (R = Ph)

RX
Et3N . HCOzH % R
—_——
1 mol cat.

119 90 °C, DMF

120
RX ee
¢c-HexOTf 0
Phli 7%

H H
Ph, N N Ph
<7
N N™
Ph 121 Ph
Scheme 33. Pd-catalyzed asymmetric hydroarylation and hy-
drovinylation.

tions only gave 0-7% ee. No information on the abso-
lute configuration was reported.

3.1.5 Copolymerization of CO with Styrene

In 2001, Claver etal. reported the application of
ligand 122 in the Pd catalyzed copolymerization of
CO with styrene.™ Ligand 122 was synthesized from
2-cyanopyridine and cis-1,2-diphenylethylenediamine
by the catalysis of Yb(OTf); (Method A2). The neu-
tral complexes 123 were formed from 122 and
[PACIMe(COD)] 124 in anhydrous toluene. After
being treated with NaBAr, in the mixture of CH,Cl,
and MeCN, two kinds of cationic complexes 125 and
126 were formed (Scheme 34). When R is electron-
withdrawing group, the methyl group coordinates
trans to the less basic imidazoline ring, while it coor-
dinates cis to the imidazoline ring when R is H or an
electron-donating group. The isolatable mixture of
cationic complexes were tested in the copolymeriza-
tion of CO with 4-tert-butylstyrene 127 (Scheme 35).
Introducing electron-withdrawing groups into 122
leads to a greater proportion of u diads giving highly
syndiotactic copolymers. The stereoregularity is at-
tributed to a chain-end control due to the interaction
of the growing chain with the incoming styrene unit,
which inserts exclusively in a 2,1-fashion. A relation-

. N Pd N\ N
\N Pd N/
118 17

Scheme 32. Different configurations of Pd complexes from different solvents.
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Scheme 34. Synthesis of neutral and cationic Pd complexes.
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rt., 24 h

127 tBu 128

Scheme 35. Copolymerization of CO with 4-fert-butylstyr-
ene.

ship between the nature of the R substituent and the
activity of the catalytic system was not found.

In 2002, the same group reported their investigation
on the influence of pyridine-imidazoline ligands on
the reactivity of Pd-methyl complexes with CO.* All
the reaction steps and intermediates were extensively
revealed by NMR analysis. As illustrated in Figure 14,
when R=H or Bn, the complexes 129 in which CO
coordinates trans to the pyridine ring were formed
specifically. When R=Ts or Tf, mixtures of cis and
trans complexes 130 were observed because of the
equilibrium between cis and trans isomers. Less ob-
servable intermediate types in the latter case indicates
that the electron-deficient complexes reacted faster
with CO than the electron-rich ones. Considering the
reactivity and stereoregularity data in the former
work, the author concluded that the Pd-acyl fragment
cis to imidazoline may be more reactive than the
trans one.

In 2004, a further investigation was reported.®
Chiral ligands 131 with different R groups were syn-
thesized from (1R,2R)-1,2-diphenylethylenediamine
(Figure 15). Compared with the cationic complexes
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Figure 14. Complexes formed through CO insertion.
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Figure 15. Pyridine derived mono-imidazoline ligands.
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derived from 122, the methyl group coordinates cis to
the electron-rich imidazoline ring, while the mixture
of trans and cis isomers is formed with the electron-
deficient imidazoline ring. According to density func-
tional theory (DFT) calculations, both the isomers are
formed through dissociation of one Pd—N bond (pyri-
dine side or imidazoline side) followed by MeCN co-
ordination. The equilibrium between the isomers is
disfavoured in energy. In the copolymerization reac-
tion, complexes derived from 131 showed higher reac-
tivity than those derived from 122. The complex de-
rived from 132 has no reactivity for the disfavoured
steric repulsion between the CN group and the grow-
ing chain. The electronic effect of 131 is weaker than
that of 122. The content of / diads of the polyketones
ranged between 23% and 37%, while the content
varied from 15% to 65% in the latter case. A prevail-
ing syndiotactic microstructure was obtained just simi-
lar to the case of the corresponding oxazoline ligands,
which was attributed to the chain-end control that
overcomes the enantiosite control created by the
chiral ligands. No chiral induction was observed.

3.2 Applications in Ruthenium-Catalyzed Reactions
3.2.1 Asymmetric Diels—Alder Reaction

In 2001, Davies et al. reported the application of 131
in the Ru-catalyzed asymmetric Diels—Alder reaction
(Scheme 36).1%! In this work, compounds 131 with an
Me- and H-substituted imidazoline ring were synthe-
sized through Method A3. Complexes 133 (Figure 16)
were prepared by treating 131 with
[RuCl,(mesitylene)], in refluxing methanol in the
presence of NaSbF,. Two stereomers can be observed
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Scheme 36. Ru-catalzyed asymmetric Diels—Alder reaction.
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Figure 16. Ru complexes for asymmetric Diels—Alder reac-
tion.

in the crude product solution by NMR, while in the
single crystal the phenyl substituent adjacent to the
imine nitrogen on the imidazoline ring is on the same
side as the chloride rather than the mesitylene. The
complexes undergo isomerization in CH,Cl, at room
temperature, faster than complex 134. The reactive di-
cation catalysts for the Diels—Alder reaction were
generated by treating 133 or 134 with AgSbF. In the
reaction of methacrolein 135 with cyclopentadiene
137, the desired product 138 was formed smoothly.
The N-Me catalyst gave lower yields than the N-H
catalyst (35% vs. 90%), while the exo/endo ratio was
similar (93:7 vs. 94:6). Unfortunately, only 31% and
45% ee were obtained for N-Me and N-H catalysts,
respectively. Both imidazoline catalysts were inferior
to the oxazoline catalyst derived from complex 134
(58% ee). In the reaction of 2-bromoacrolein 136,
both imidazoline catalysts gave comparable yields and
exolendo ratios, together with up to 26% ee.

In 2006, the same group developed imidazoline
complexes 140 with one chiral center on the imidazo-
line ring (Figure 17), from unsymmetrical chiral 1,2-

R’ i-Pr
/N /N
R'=i-Pr, Bz
R? = Ph, n-Bu, t-Bu
140 141

Figure 17. Ru complexes for asymmetric Diels—Alder reac-
tion.
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diamines and pyridine-2-methoxyimidate (Method
A3).®7 The catalytic activity of the dication com-
plexes was evaluated in the same reaction as their
former report. Generally, the improvement was not
significant in the reaction of 2-methacrolein. The
highest 58% ee was obtained using the valinol derived
N-n-Bu catalyst, which is still lower than the result of
141 (75% ee). In the reaction of 2-bromoacrolein, the
ee was improved to 50% by the same catalyst, while
141 showed no reactivity in this reaction.

3.2.2 Asymmetric Epoxidation

In 2005, Beller et al. reported the combinatorial syn-
thesis of PyBox-type bis(imidazoline) ligands 142
from pyridine-2,6-dimethoxyimidate, (1R,2R)-1,2-di-
phenylethylenediamine or (1R,2R)-1,2-diaminocyclo-
hexane, and different electrophiles R?X (Method
A3).53%] On the basis of their work on the PyBox-Ru
complexes-catalyzed asymmetric epoxidation of ole-
fins,” the authors wanted to improve the results by
using bis(imidazoline) as a more flexible scaffold for
modification. As illustrated in Figure 18, 28 different
electrophiles were used in the modification. Because
mono-modification was observed in some cases, the
authors also synthesized some ligands with unsymmet-
rical N-substitutions.

All of the 36 novel ligands were tested in the Ru-
catalyzed asymmetric epoxidation of styrene and
trans-stilbene using H,0, (30% in water) as oxidant
in tert-amyl alcohol. The active catalysts were generat-
ed before use by treating the ligands with [RuClL(p-
cymene)], and sodium pyridine-2,6-dicarboxylate in
moderate to good yields. Through fine screening, cat-
alysts 143 modified with two (4)-menthyl chlorofor-
mates and 144 modified with one (+)-menthyl chloro-
formate and one 2.4,6-trimethylbenzoyl chloride gave
better ee values than the other complexes (Figure 19).
Up to 43% ee for styrene and 71% ee for trans-stil-
bene were comparable to the best enantioselectivity
reported before using H,0, as oxidant.’” For the
easier preparation of catalyst 143, it was further ap-
plied in the epoxidation of other olefins with moder-
ate ee values.

3.2.3 Asymmetric Transfer Hydrogenation

In 2007, Beller etal. reported the application of
N,N,N-pyridinebis(imidazoline) ligands in Ru-cata-
lyzed asymmetric transfer hydrogenation of prochiral
ketones.”"! Some of theses ligands were developed by
the same group for Ru-catalyzed asymmetric epoxida-
tion (vide supra). After fine screening of different Ru
sources and amount of base, two optimized catalytic
systems were selected for further application. In the
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Figure 18. Different electrophiles used in the modification of bis(imidazoline) ligand.

kinetic experiment, catalyst A generated in situ from
142 (R'=Ph, R’=H), [RuCl,(C¢H)],, and PPh,
showed lower reactivity and selectivity than catalyst
B, which was generated in situ from the same ligand
and RuCl,(PPh;);. Chiral (S)-2-phenylethanol was ob-
tained in excellent yield with 94% and 98% ee, re-
spectively. Generally, bis(imidazoline) ligands gave
better results than the corresponding bis(oxazoline) li-
gands. The superiority of N-H substituted 142 was
dramatic. In the asymmetric transfer hydrogenation
of other prochiral ketones, the ee values ranged from
72% to 98% for catalyst A, compared with from 12%
to 89% for catalyst B (Scheme 37). The two catalytic
systems can be good supplements to each other for
different substrates.
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3.2.4 Cycloisomerizations

In 1999, Ozdemir and Dixneuf et al. reported the syn-
thesis of Ru complexes 147/148 with mono-imidazo-
line ligands, as well as complexes with mono-tetrahy-
dropyrimidine ligands (Figure 20).’” The catalytic ac-
tivity of the complexes was tested in the Ru-catalyzed
cycloisomerzation of (Z)-3-methyl-2-en-4-yn-1-ol 149
to 2,3-dimethylfuran 150 (Scheme 38). According to
the experimental data, complexes 148 derived from
hexamethylbenzene gave better results than 147 de-
rived from p-cymene. Complexes with mono-tetrahy-
dropyrimidine ligands showed higher reactivity, and
the N-Bn substituted complex gave 99% conversion
within 22 h. The desired product can be purified by
simple distillation in 84% yield. The different reactivi-
ty was attributed to the electron-richness of the
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144

Figure 19. Optimized Ru complexes for asymmetric epoxi-
dation.

o 1 mol% OH
catalyst AorB
NaO-i-Pr/i-PrOH
100 °C
145 146

Scheme 37. Asymmetric hydrogenation of ketones.

Ru(Il) center as indicated by the redox potentials.
The authors postulated that the Ru(Il) provides a cat-
alytic electrophilic activation of the alkyne bond only
in a short range of redox potentials, for example, not
with very electrophilic or electron-rich Ru(Il) com-
plexes.

In 2004, Ru complexes 151 and 152 were applied to
the cycloisomerization of 1,6-dienes by the same
group (Figure 21).”*! Through screening, the complex
151 derived from p-cymene and N-2,4,6-trimethylben-
zylimidazoline gave the best yield. The mechanism of
the reaction was postulated by the authors. After
being treated with AgOTf, the complex RuCl,
(arene)L was transformed to a monocation, which
reacts rapidly with 1,1-diphenyl-2-propyn-1-ol 153 and
generates a purple complex 154, as illustrated in
Scheme 39. Complex 154 was hypothesized as the cat-
alytically active species. N-Tosyldiallylamine 155 can
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Figure 20. Ru complexes for cycloisomerization of (Z)-3-
methyl-2-en-4-yn-1-ol.
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Scheme 38. Ru-catalyzed cycloisomerization of (Z)-3-

methyl-2-en-4-yn-1-ol.
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Figure 21. Ru complexes for cycloisomerization of 1,6-diene.

be transformed to desired methylenepyrrolidine prod-
uct 156 in up to 95% yield.

3.3. Applications in Copper-Catalyzed Reactions
3.3.1 Asymmetric Benzoylation of Diol

In 2005, Arai et al. reported the modular synthesis of
N,N,N-tridentate bis(imidazoline) ligands from trieth-
yl 2-chloroorthoacetate (Method A3) (Scheme 40).%
The two mono-imidazoline units 157 were linked to
BnNH, by the catalysis of Nal in DMF. This single
ligand 159 was tested in the Cu-catalyzed asymmetric
desymmetrization of racemic trans-1,2-diphenylethyl-
enediol 160. The (S,S) isomer was selectively mono-
benzoylated by PhCOCI, 161, by the catalysis of 5
mol% of the chiral complex in CH,Cl,. Unfortunately,
a 28% yield (with 50% maximum yield) and 48% ee
were obtained together with 67% recovered diol
(Scheme 41).

In 2007, the same group reported the application of
high-throughput screening technology in the optimiza-
tion of the reaction conditions.”” The modular ligand
159 was selected as the initial structure for the feasi-
bility of synthesis on solid phase. The 2-chlorometh-
ylimidazoline was immobilized on functionalized
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Scheme 39. Mechanism of Ru-catalyzed cycloisomerization.

polystyrene through a sulfonamide bond. The immo-
bilized ligand 166 was prepared through nucleophilic
substitution similar to the former procedure
(Scheme 42). In this work, the asymmetric benzoyla-
tion of meso-2,3-butanediol 167 was chosen as the
model reaction (Scheme 43). The efficiency of asym-
metric induction can be monitored conveniently by
CD (circular dichroism) spectroscopy.”® The opti-
mized conditions were obtained after the rapid
screening of metal salts, solvents, amines, and temper-
ature. The immobilized ligand 166 was only used in
the high-throughput screening, while the free 159 was
used in normal asymmetric catalysis. Up to 97% yield
and 95% ee were achieved by the catalysis of 5 mol%
CuCl-159 complex in CH,Cl, at —40°C in the pres-
ence of DIPEA. Good results can also be achieved
with other linear and cyclic 1,2-diols.

Ph Ph
Ph Ph }—\
) (B1O)CCH,Cl [ Y TsCl, Et;N
—_——
AcOH Z DMAP, CH,Cl,
H,N NH, 800 iy
cl
(S,5)-4 157
Ph Ph Ph Ph
Ph\(\ wPh
N N
BnNH,, Nal
TN N _Enfii Ral TSN‘/Q; 4)\—'NTS
DMF N
49% |
cl b L
168 159

Scheme 40. Synthesis of tridentate bis(imidazoline) ligand.

PhCOCI (161)

PR PN 55 moi 159 Ph Phe Bh
— / + —
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28% vyield 67% recovered
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Scheme 41. Cu-catalyzed asymmetric benzoylation of diols.
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Scheme 43. Cu-catalyzed asymmetric benzoylation of cis-
diols.

3.3.2 Asymmetric Cyclopropanation

The modular bis(imidazoline) ligand 159 was also
tested in the Cu-catalyzed asymmetric cyclopropana-
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tion by Arai et al. in 2005 (Scheme 44).°Y Under the
catalysis of 5 mol% catalyst, the yield and diastereo-
selectivity varied drastically with different substrates.
In the case of styrene 106, the frans isomer was
formed preferentially in excellent yield with 75% ee.
On the contrary, nearly no diastereoselectivity was
observed in the case of 1-methylstyrene 173. The
combined yield decreased to 42%, although 80% and
70% ee were obtained for the two isomers, respective-
ly. When the R group was changed to phenyl, 174, the
desired cyclopropane was obtained in 39% yield with
75% ee.

Another bis(imidazoline) system for asymmetric cy-
clopropanation was developed by Pfaltz etal. in
2007.°71 As part of their study on boron-bridged C,-
symmetrical chiral ligands,®*'® they synthesized a
series of boron-bridged bis(imidazoline) ligands 177
from different mono-imidazoline units (Scheme 45).
Some of the compounds 175 were prepared from [3-
hydroxy amides 176 and primary amines in moderate
yields (Method B), while the other ones were pre-
pared from unsymmetrical substituted 1,2-diamines
173 and imidate 174 (Method A3).

The desired boron-bridged ligands 177 were synthe-
sized through 2-lithiation of mono-imidazoline units

R1
178
R' = i-Pr, t-Bu, Ph
R? = 4-MeCgH,, 4-MeOC¢H,, Bn

Figure 22. C-Tethered bis(imidazoline) ligands.

and reaction with (R’),BX (X=Cl or Br). The
carbon-bridged bis(imidazoline) ligands 178 were also
synthesized for comparison from diethyl malon-
imidate with chiral diamines 173 (Figure 22). All the
ligands were tested in the asymmetric cyclopropana-
tion of styrene 106 with diazoacetate 175. The best
result was obtained by using 178 (R'=¢-Bu, R,=4-
MeC¢H, or 4-MeOC4H,). The trans-180 was obtained
in up to 88% yield with >99:1 de, and 85% ee, for
which the steric effect of 179 was crucial (Figure 23).
The results obtained from boron-bridged ligands 177
were much inferior.

3.3.3 Asymmetric Henry Reaction

In 2007, You et al. reported the application of ligands

N,CHCO,Et (175) X .
R 6.5 mol% ligand R A\COZEt Ph A\Coza 181 and 182 in the Cu-catalyzed asymmetric Henry
/& 5 mol% Cu(OTh * reaction (Figure 24).""" Ligands 181/182 were synthe-
Ph 2 PH H R H ) e ; . S X
106173174 CHClo Tt ransA76 <76 sized from pyridine-2,6-dicarboxylic acid/isophthalic
rans- - . . . .
R~ H Mo Ph os acid and amino alcohols (Method B), which was dif-
- ferent from the synthesis of 142. In addition, there
Scheme 44. Cu-catalyzed asymmetric cyclopropanation. was only one substitution on the 4-position of the imi-
H
H.__NH,CI R? =0
NHR? \
N HN
[ OEt 174 @ PCl,, Et,N .
RS CH,Cl,, 12 h N CHCl, reflux
R NH, Et;N, reflux N then R®NH,
85 - 98% R’ 16 - 44% OH
173 175 176
R' = i-Pr, t-Bu, Bn, Ph 1o
R? = AMeC.H. 4.8 1. n-Buli-78 °C R' =i-Pr, t-Bu, Bn
aveooa, THF R? = 4-CF,Caf,
64 2. R%BX (X = Cl, Br)
pentane, -78 to 0 °C
40 - 65%
2 3 3 2
R’ R\B/R R
N\(_\r
<F| -
N\ 7
Ho
R1 + R1
177
R' = i-Pr, t-Bu

R? = 4-CF,CqH,, 4-MeCgH,, 4-MeOCgH,

R®=Et, Ph

Scheme 45. Synthesis of B-tethered bis(imidazoline) ligands.
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o .
}O tBu PR /0O tBu
t-Bu t-Bu
Me
179 trans-180 Me
85% ee

Figure 23. Product of cyclopropanation and the diazoacetate
used.

R1 R1 R1
\ \ /
N | N ' N

| \)

z 2 H 2

R? 181 R R 182 R
R'=Ph, R? = i-Pr R'=Ph, R = j-Pr
R'=Bn, R? = i-Pr R"=Ph, R?=Bn

R'=iPr,R*=iPr

R"=Ph, R*=Bn
Figure 24. Pyridine- and benzene-derived bis(imidazoline) li-
gands.

2 - 10 mol% ligand

2 — 10 mol% Cu(OT¥),
Et,N, EtOH, rt.

RCHO + CH3;NO,

OH
/'\/NO
R 2
185
up to 98% ee (10 mol% cat.)
up to 97% ee ( 2 mol% cat.)

183 184

Scheme 46. Cu-catalyzed asymmetric Henry reaction.

Ph o =?{N/L

dazoline ring. The small library of ligands was tested
in the Henry reaction. The combination of 10 mol%
Cu(OTf), and 10.5 mol% 181 (R'=Ph, R*=i-Pr)
showed the best result in ethanol, using 10 mol%
Et;N as base. Raising the amount of Et;N led to
lower enantioselectivity, while reducing its amount
led to lower yield. The incomparable results from
182-Cu(OTf), complexes indicate the importance of
the tridentate coordination mode. In the proposed
transition state, the Cu(Il) center has an octahedral
structure in which the ligand, aldehyde, deprotonated
nitromethane, and one OTf anion coordinate to the
cation. This optimized catalyst can be successively
used in the Henry reaction of both aromatic and ali-
phatic aldehydes 183 (Scheme 46). The chiral 2-nitro
alcohols 185 were obtained with 93-98% ee. The cata-
lyst loading can be further reduced from 10 mol% to
2 mol% without a significant effect on the enantiose-
lectivity. The high stability of the catalyst can be
proved by the good results of the reactions under air.

In 2008, another library of ligands was developed
by Arai et al. for the Cu-catalyzed asymmetric Henry
reaction.'’”” On the basis of their former work,” they
designed a series of immobilized mono-imidazoline li-
gands with a tertiary amine unit, or together with a
phenol unit (Scheme 47). The diverse structures were
synthesized in two or three steps in high efficiency
from commercially available materials. Through high-
throughput screening using the Cu-catalyzed Henry
reaction of 2-nitrobenzaldehyde as model reaction,
the ligands with both phenol and tertiary amine units
gave better results. In the further optimization of the
substitution on the phenol unit, the introduction of
electron-withdrawing bromine atoms was found to be

Ph Ph
o)
Y N ~N
CHO % \|: fokl
SR AN
‘ )
= ¥ -RE
188 OF 189 R
NaBHsCN

0
N N
b OH
N\
d°
N
ke (IR
190
Ph :‘J{H/\Ph
R2 = H, 5-t-Bu, 5-Br, 3,5-Br

Scheme 47. Synthesis of an immobilized mono-imidazoline ligand library.
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Ph.  Ph
TsN ~ N

\E OH

Br
N
Ph)\
Br
191

Figure 25. Optimized structure of mono-imidazoline ligand.

fruitful for the reaction. The source of Cu(II) was also
critical in that Cu(OAc),-H,0O was found to be the
best one. With the optimized ligand structure and
metal salt, the free ligand 191 (Figure 25) was synthe-
sized to test the efficiency of the catalyst in the reac-
tion of more substrates. Up to 94% and 91% ee were
achieved for aromatic and aliphatic aldehydes, respec-
tively.

3.3.4 Asymmetric Friedel-Crafts Alkylation

The effect of 191 in Cu(I)-catalyzed asymmetric Frie-
del-Crafts alkylation of indole 192 with nitroalkenes
193 were also tested by Arai etal. in 2008
(Scheme 48)."" The desired product 194 was ob-

NO,

A\ . /\/NOQ 11 mol% 191 AN
N R 5 mol% N
H H

(CuOTf),* CgHg
192 193 HFIP, toluene 194

up to 83% ee

Scheme 48. Cu-catalyzed asymmetric Friedel-Crafts alkyla-
tion.

tained in quantitative yield with up to 83% ee, in the
presence of 2 equivalents of hexafluoroisopropyl alco-
hol as additive.

In the same year, Toru et al. reported the asymmet-
ric Friedel-Crafts alkylation of indole 192 with ethyl
3,3,3-trifluoropyruvate 196 by the catalysis of 195-Cu-
(OTf), or 195-Cu(NTH%,), (Scheme 49).'” The ligands
(Figure 26) were synthesized from 1,3-diformylben-
zene and 1,2-diamine through Method A4. In their
experiments, they found that opposite absolute con-
figurations were obtained using the same ligands but
different Cu(II) sources. More interesting, good enan-
tioselectivities with opposite configurations can even
be achieved using TfOH and HNTY,, instead of Cu-
(OTf), and Cu(NTf,),, respectively. Considering the
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structural feature of 195 that the C—H bond between
the two imidazoline units occupies the position of the
metal cation, it is impossible for 195 to chelate a
metal cation. To interpret the origin of the unique
phenomena, the authors postulated a putative transi-
tion state. The 195-Cu(II) complex works in a bifunc-
tional form, in that one imidazoline unit coordinates
to Cu(Il) and the other one fixes the position of
indole through hydrogen bonding. The non-C, sym-
metrical structure and the coordination of the anion
provide us with a way to realize the dramatic effect of
the anion on the absolute configuration. The structure
of the transition state may be affected significantly by
the different coordination abilities and steric effects
of OTf and NTY,.

3.3.5 Miscellaneous

The carbon-bridged ligands 178 were also used in the
Cu(I)-catalyzed asymmetric allylic oxidation of cyclo-
pentene 198 and cyclohexene 199, using tert-butyl per-
benzoate 200 as oxidant (Scheme 50).””) Good yields
were obtained using 5 mol% catalyst, while only 59%
and 44% ee were achieved for cyclopentene and cy-
clohexene, respectively, at room temperature.

As a natural extension of their former work,'" the
mono-imidazoline ligand 191 optimized for asymmet-
ric Henry reaction and Friedel-Crafts alkylation was
applied to the tandem Friedel-Crafts/Henry reaction
by Arai et al. in 2008 (Scheme 51).'* The three ma-
terials were added together to the solution of catalyst
and additive in toluene. As proposed by the authors,
a Cu(I) coordinated deprotonated nitroalkane inter-
mediate would be generated through the alkylation of
indole, and react with aldehyde rapidly via a chair-
like transition state before the protonation of the in-
termediate. The isolated Friedel-Crafts product
cannot reacted with aldehyde using this catalytic
system.

3.4 Applications in Other Metal-Catalyzed Reactions
3.4.1 Rhodium-Catalyzed Reactions

In 1989, Botteghi et al. reported the synthesis and ap-
plication of bidentate mono-imidazoline ligands 131
(R=H) and 208/209 in the asymmetric hydrosilylation
of acetophenone (Figure 27).'! This is the first appli-
cation of chiral imidazoline ligands in asymmetric cat-
alysis in the literature. In this pioneering work, the li-
gands were prepared through Method A3. The 2-phe-
nylethanol was obtained with moderate yield but only
up to 5.2% ee.

In 1997, Ozdemir et al. reported the application of
Rh(I) complexes 210 in the cyclopropanation of sty-
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11 mol % Cu(OTf), _

. A
N * F3C)J\002Et

H
192 196

11 mol % Cu(OT¥),

or 11 mol % TfOH
10 mol %195

(R)-197
up to 95% ee

or 11 mol% HNTT,
10 mol % 195

(S)-197
up to 90% ee

] o
o]
EtO Siface

SO, Tol
N _,Ph
TfO ,\N\?/
co Ph

CF,

Scheme 49. Cu-catalyzed asymmetric Friedel-Crafts alkylation.

R R
N N
P |\)~‘Ph
N N—

Ph 195

R =Ts, Bs, Tf, Bz, Ms, Ac
4-NO,C4H,CO, 4-MeOCH,CO
4-NO,C¢zH,S0,, 4-CF,C¢H,SO,
4-CF,CszH,CO, 4-MeOC¢H,SO,
3,5-(CF3),CgH3S0,,
2,4,6-Me;CgH,SO,

Figure 26. Benzene-derived bis(imidazoline) ligands.

rene (Scheme 52).'"%! If an excess amount of styrene
was used as solvent, a 95% yield can be achieved by
the catalysis of 0.9 mol% catalyst. No comment on
the diastereoselectivity was given in the report.

3.4.2 Iridium-Catalyzed Reactions

In 2002, Pfaltz et al. reported the application of Ir(I)
complexes 211 in the asymmetric hydrogenation of
olefins (Figure 28, Scheme 53).'7! The optimized cat-
alyst (R'=¢-Bu, R*=0-Tol, R*=Ph) showed high re-
activity and 94% ee in the hydrogenation of trans-o-
methylstilbene 213. For comparison, 97% ee was ob-

Adv. Synth. Catal. 2009, 351, 489519
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Ph” TO,t-Bu o
200 :

_— '
5 mol%
[Cu(MeCN),]PFg (

7.5 mol % 178 "
MeCN, r.t. 201 n = 1: 74% yield, 59% ee
202 n = 2: 91% yield, 44% ee

&

198/199

Scheme 50. Cu-catalyzed asymmetric allylic oxidation.

tained using 212 as catalyst. The enantioselectivity
varied significantly with the structures of the sub-
strates. Complexes 211 gave better results in some
cases, while 212 gave high ee values in other cases.
The difference between 211 and 212 can also be ob-
served in their XRD structures. The dihedral angle in-
dicated by a black line in 211 was much larger than
that in 212.

In 2004, another type of Ir(I) complexes 215 was re-
ported by Claver et al. as catalyst in the asymmetric
hydrogenation of imines (Figure 29).'%! The ligand
was synthesized from dithioester and 1,2-diamine
through Method AS. Under the action of 1 mol% cat-
alysts, low to moderate enantioselectivities were ob-
tained with different substrates. In the cases of the
non-cyclic imines, the complex with an electron-with-
drawing CF; group gave better results.
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HO, 3
R2 - _~R
N 11 mol% 191 NO.
+ Rz/\/ NO, JJ\ ? A\ +
3 5 mol%
N R H
v (CuOTf),* CeHg N
R HFIP, toluene R! v,
203 204 205 206 207 R

Scheme 51. Cu-catalyzed asymmetric tandem Friedel-Crafts/
Henry reaction.

| N R N
!
/ N ez N
N | N |
N N
R=H, Me Ph
208 209

Figure 27. Pyridine-derived mono-imidazoline ligands.

N,CHCO,Et (175)
0.9 mol% 210
PHTN solventffree * P
it PR COEt PN COt
106 cis-176 trans-176

R
N
§
cl ,NJ
,/\?hij
L h\
w R = Et, Bn

210

Scheme 52. Rh-catalyzed cyclopropanation of styrene.

3.4.3 Nickel-Catalyzed Reactions

In 2004, Iwasawa et al. reported the Ni(0)-catalyzed
coupling of CO, with alkynes using bis(imidazoline)
ligands 216 (Figure 30, Scheme 54).'” In the screening
of ligands, the condition that R'=H and R*#H was
important for achieving good yield and regioselectivi-
ty. In the reaction of other alkynes 217, the regiose-
lectivity varied significantly with substrates, which
was determined by steric effects. When the reaction
was extended to allenes 220, the unsaturated acids
can be obtained in good yields with excellent regiose-
lectivity.
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maijor product
up to 90% yield
up to 99% ee

o-Tol

-~
o-Tol

211 212
R' = i-Pr, t-Bu
R? = Ph, o-Tol

R® = Ph, Bn, p-Tol,
4-MeOCgH,, Cy,
4-CF4C¢H,, i-Pr

Figure 28. Ir complexes for asymmetric hydrogenation of al-
kenes.

1 mol% 211/212

o ot N
Ph CH,Cl, 25°C  Ph
213 2h 214
) 1)
MeO MeO
211 upto 82% ee 211 upto91% ee
212 81% ee 212 72% ee
AN
MeO MeO
211 up to 54% ee 211 up to 88% ee
212 60% ee 212 63% ee

Scheme 53. Ir-catalyzed asymmetric hydrogenation of al-
kenes.

3.4.4 Zinc-Catalyzed Reactions

In 2002, Casey et al. reported the study on ligand
electronic effects in asymmetric diethylzinc addi-
tions.""” The hydroxy groups in the ligands 224/225
were synthesized through 2-lithiation of mono-imida-
zolines 223 and addition to pivaldehyde (Scheme 55).
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’\, Ph
A
R =H, CF;, Bn
215
MeO _Bn _Ph
N N
~N )l\ )|\
MeO Ph Ph
up to 34% ee up to 11% ee 51% ee

Figure 29. Ir complexes for asymmetric hydrogenation of
imines.

N N

R'=H, Me

R?=H, Me, Bu
216

Figure 30. Bis(imidazoline) ligands for Ni-catalyzed reac-
tion.

Ligands 224 were obtained in 24-38% yields, while
225 were not available in some cases. The independ-
ent tuning of R' and R? provides a chance for the or-
thogonal tuning of steric and electronic effects. When
R? was varied from electron-withdrawing CF; to elec-
tron-donating MeO, different tendencies of ee value
variation were observed in the addition of diethylzinc
to different aldehydes 226 (Scheme 56). In the case of
cyclohexanecarbaldehyde, the ee increased from 45%
to 89%, while the ee decreased from 94% to 84% in
the case of 1-naphthaldehyde. In the case of benzalde-
hyde, the ee and even the absolute configuration

oz _tmanats | con,
R 1 mol% Niicop), R R” ~CO,H
217 THF,0°C, 2h 218 219
major minor

up to 67% yield and >98:2 selectivity

R\\ 1 mol% 216 CoH 4+ o CO,H
"1 mol% Ni(COD), Ni(COD),
THF,0°C,2h
220 222
major minor
R=Ph 89% (97:3)
R = PhCH,CH, 83% (100:0)

Scheme 54. Ni-catalyzed coupling of CO, with alkynes.
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BuLi, THF
_-78°C
then
tBuCHO  tBu t—Bu,
<\ -78°Ctor.t. >—<\ \
HO N u,R1
major minor
223 224 225
R'=Bn, R?=CF,
R' = i-Pr, R? = CF3, Me, MeQ
R' = t-Bu, R? = MeO

Scheme S55. Synthesis of novel 2-imidazoline ligands.

i S J{/
R H 5 mol % 224/225 R
226 toluene, r.t. 227

Scheme 56. Asymmetric addition of ZnEt, to aldehydes.

varied irregularly. The origin of such a dramatic
ligand electronic effect is still not clear.

3.5 Imidazolines as Organocatalysts

In 2003 Tsogoeva and Gobel etal. synthesized a
novel diprotonated bis(imidazoline) compound 228
(Figure 31)."Y The bis(imidazoline) was prepared
from the corresponding bis(imidate) and diamine
(Method A3), while the two TFPB anions were intro-
duced by treating the hydrochloride salt with
NaTFPB. This diprotonated compound was used as
chiral Brgnsted acid catalyst in the asymmetric Diels—
Alder reaction (Scheme 57). A significant accelera-
tion of the reaction can be observed. The desired cy-
cloadducts were obtained with high regioselectivity in
up to 80% vyield by the catalysis of stoichiometric
amount of 228 at —70°C. However, the enantioselec-
tivities were only low to moderate for the two dieno-
philes.

In 2005, Lectka et al. developed an ammonium sul-
fate-containing mono-imidazoline catalyst 232 for dia-

TFPB TFPB

H H
N N
Ph—</| | >ph
N _N

: tH H +
Ph Ph
228

TFPB = tetrakis(3,5-bistrifluoromethylphenyl)borate

Figure 31. Novel diprotonated bis(imidazoline) compound.
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e

230
R = Me, Et

MeO I '
229

Scheme 57. Organocatalytic asymmetric Diels—Alder reaction.

— +
SO; RuN

BnN” N
\_/ R=heptyl
232

Figure 32. Ammonium sulfate-containing mono-imidazoline
catalyst.

stereoselective Staudinger lactam synthesis
(Figure 32, Scheme 58)." The imidazoline works as
an activator of ketene generated in situ through nu-
cleophilic addition. On the contrary to other catalysts,
the trans products 235 were obtained with excellent
diastereoselectivity. After excluding the possibility of
epimerization under the reaction conditions, the au-
thors postulated a mechanism to interpret the origin
of the trans selectivity. In this mechanism, the config-
uration of the enolate intermediate was different
from the cases of other catalysts for the ion pair for-
mation between the enolate and the bulky ammonium
unit. This hypothesis was proved by the cis selectivity
of mono-imidazoline catalyst without an ammonium
sulfate unit.

In 2006, Tan etal. reported the application of
mono-imidazoline compounds 236 as catalyst in asym-
metric Morita-Baylis-Hillman reaction (Figure 33,
Scheme 59)."1" Considering the higher basicity and
nucleophilicity of imidazoline than oxazoline, the au-
thors hoped that 236 can work as DABCO or Et;P
through nucleophilic addition to the unsaturated car-
bonyl compounds. As they expected, 236 accelerated
the asymmetric Morita—Baylis—Hillman reaction of ar-
omatic aldehydes 237 with acrylates or enones 238. In
the case of acrylates, neat condition and 100 mol%

o al _Ts Ts\ o]
NI 10 mol% cat. N
+ /k — 0
EO.C H proton sponge
R 2 toluene EtO,C R
233 234 0°C 235

up to 50:1 transicis

Scheme 58. Organocatalytic diastereoselective f-lactam syn-
thesis.
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CH2CI2

231
R =Me: 47% ee
R=Et: 7% ee

Rz*(\N/RS R®= jPr, Ph, CHPh,

N

}ZJ\Ph "LL‘«;\Ph

aee

Figure 33. Mono-imidazolines as organocatalysts.

R' = Ph, 2-naphthyl
R? = Ph, t-Bu

236

OH O©
cHo © 50 — 100 mol%
7N 236 A 2
R + 2 & R
I / | R neat, r.t. R
239

R'=EWG
R? = Me, Et, Cy, OMe

Scheme 59. Organocatalytic asymmetric Morita—Baylis—Hill-
man reaction.

236 have to be used to achieve good conversion
within 14 days, while 50 mol% 236 and toluene sol-
vent can be used in the case of more reactive enones.
The aldehydes were restricted to those with electron-
withdrawing substituents. Moderate to good enantio-
selectivities (up to 78%) can be achieved using the
optimized catalyst [R'=Ph, R*=¢-Bu, R*=1-(2-naph-
thyl)ethyl].

In 2007, Gobel et al. reported another two chiral
Brgnsted acid catalysts 240 and 241 derived from
carbon-bridged bis(imidazoline) compounds
(Figure 34)."" Compound 241 was prepared from 240
by treatment with dimethyl acetonedicarboxylate in

toluene and then protonated by [H(OEt,),]*
H “ (6) 7 o}
~
ph‘@lvﬁ\f Ph No X N
N N Ph—</] + ‘Ph
h N i
HH N, N
Ph Ph s HH
_ _ Ph h
TFPB  or TPPB TPPB
240 241

Figure 34. Novel diprotonated bis(imidazoline) compounds.
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[B(C¢Fs),]~. Both of the two catalysts showed good
reactivities in the Diels—Alder reaction of cyclopenta-
diene with methyl vinyl ketone, the hetero-Diels—
Alder reaction of 3-chlorobenzaldehyde with Dani-
shefsky’s diene, and the Friedel-Crafts alkylation of
1-methylindole with nitrostyrene. The reactivity was
affected significantly by the counterions. The bulky
borates with weak basicity and no coordination ability
gave better results than triflate and picrate anions.
Compared with their former publication,"™ no im-
provement of enantioselectivity was obtained.

4 Conclusion

As a structural analogue of oxazoline, the imidazoline
system is attracting attention from chemists working
in the field of natural product chemistry, pharmaceuti-
cal chemistry, coordination chemistry, synthetic organ-
ic chemistry, and homogeneous catalysis. During the
past two decades, many efficient methods have been
developed for the construction of chiral imidazoline
compounds, as well as modifications of traditional
methods. Higher yields and milder conditions provide
us with accesses to imidazoline compounds with
higher complexity. However, only Methods A and B
have been widely used in the synthesis of imidazoline
ligands and bioactive compounds. The other methods
still need further development, especially the intro-
duction of chiral factors towards enantiopure com-
pounds.

From the first application of imidazoline ligands in
homogeneous catalysis in 1989,'”) more than twenty
different types of reactions have been catalyzed by
metal-imidazoline complexes or imidazoline-derived
organocatalysts. In some cases, imidazoline catalysts
show better reactivity and selectivity than the corre-
sponding oxazoline catalysts. Considering the high po-
tential of imidazoline ligands for fine-tuning of elec-
tronic effects and immobilization, their application in
homogeneous catalysis needs more investigation, such
as developing novel catalysts, expanding the reaction
types, and application of high-throughput screening
technology. In addition, the immobilized imidazoline
catalysts will also provide opportunities for heteroge-
neous catalysis. More efficient imidazoline catalysts
will be developed in the following years.
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