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ABSTRACT 
 

AZOMETHINE YLIDE MEDIATED INVERSION OF CONFIGURATION OF 
QUATERNARY CARBON: CONVERTING TRANS TO CIS IMIDAZOLINES 

 
By 

 
Ke Qu 

 

Biological functions of small molecules are often closely related to their 

stereochemistry. Stereoisomers of the same scaffolds can sometimes show 

complementary biological responses, as exemplified by the cis- and 

trans-4,5-diaryl-2-imidazolines. Chapter I summarizes the recent progress of 

researches on application and synthesis of 2-imidazolines. Chapter II describes an 

efficient synthetic methodology of converting trans-4,5-diaryl-2-imidazolines to the 

corresponding cis-4,5-diaryl-2-imidazolines. This methodology features mild reaction 

conditions and a simple one-pot two-step procedure. 
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CHAPTER I 

INTRODUCTION TO 2-IMIDAZOLINES 

 

A. Overview of imidazolines 

Nitrogen-containing heterocycles constitute the core structures of many biologically 

active natural products and pharmaceuticals.1 Among these heterocycles, 

imidazolines hold important positions. The term imidazoline refers to any of the 

dihydroimidazoles, which are the reduced forms of the corresponding imidazoles 

(Figure I-1).2,3,4  

H
N

N
R

 2-imidazoline  3-imidazoline

H
N

N
H

R

4-imidazoline

H
N

N
R

1
2
3 4

5

Imidazole

H
N

N
R

 

Figure I-1. Imidazole and imidazoline structures. 

 

B. Biological significance of 2-imidazolines 

2-imidazolines are the most important class among the above three classifications 

and this thesis will focus on them. 2-imidazoline structures can be found in many 

natural products. For instance, three novel bis(indole)-based alkaloids, Spongotines 

A, B and C, have recently been isolated from the marine sponge Spongosorites sp. 

(Figure I-2) and their structures were determined through close analysis of a 

combination of 1H, 13C, COSY, HMBC and ROESY NMR spectra together with 

fragmentation modes in mass data.5 One unique feature of these structures is that 

the two indole rings are connected through an 2-imidazoline ring and a ketone 
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functionality, which is different from the same class of natural products isolated 

previously.6 Among them, Spongotines A and C display marginal cytotoxicity towards 

five human solid tumor cell lines. 

N
H

N

H
N

N
HR1 R2

O

Spongotine A  R1=Br, R2=H

Spongotine B  R1=H, R2=Br

Spongotine C  R1=Br, R2=Br  

Figure I-2. Structures of Spongotines A, B and C. 

 

Many other pharmaceutically-relevant compounds also contain 2-imidazolines 

as core structures, as shown in Figure I-3. Examples include Neuropeptide Y (NPY) 

Y5 receptor antagonists that have potential as antiobesity drugs,7 cholesterol 

acyltransferase (ACAT) inhibitors,8 estrogen receptor (ER) ligand,9 and 

α2-adrenoreceptor modulators with high antinociceptive activity.10 

N

H
NN

CN

CH3

N F

F

NPY Y5 receptor antagonist

N
N N

CF3F3C

CH3

NC

CH3

O

CN

ACAT inhibitor  

Figure I-3. Representative pharmaceutically important 2-imidazolines. 
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Figure I-3 (cont’d) 

N

H
N

Cl

OH

Cl
OH

Estrogen receptor modulator
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H
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CH3

α2-adrenoreceptor

Cl

 

Imidazoline receptors (containing three receptors I1, I2 and I3) are binding sites 

which have high affinity for imidazoline-containing compounds.11 Imidazoline receptor 

I1 is related to controlling blood pressure and imidazoline receptor I2 is believed to be 

involved in modulating pain. So detailed investigation of compounds targeting 

imidazoline receptor I2 provides potential opportunities for the discovery of novel 

effective analgestics. Several imidazoline receptor I2 ligands are shown in Figure I-4. 

Imidazoline receptor I3 might be responsible for regulating insulin secretion and its 

specific action mechanism is still under investigation. 

N
N
H

N
Cl

4-chloro-2-(4,5-dihydro-1H
-imidazol-2-yl)isoindoline

N N
H

N
O

N
H

N

2-(4,5-dihydro-1H
-imidazol-2-yl)quinoline

2-(benzofuran-2-yl)
-4,5-dihydro-1H-imidazole

HN
N

(E)-2-styryl
-4,5-dihydro-1H-imidazole

HN
N

2-phenethyl
-4,5-dihydro-1H-imidazole

HN
N

Diphenylzoline  

Figure I-4. Representative imidazoline receptor I2 ligands. 
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C. Utilization of 2-imidazolines in asymmetric catalysis 

The progress of transition-metal-based asymmetric reactions depends on the 

development of efficient chiral catalysts and ligands. The results of using 

2-imidazoline-based chiral ligands in asymmetric synthesis turn out to be promising 

and some elegant work has been summarized below. 

In the field of asymmetric synthesis, a number of C2-symmetric chiral 

bis(oxazoline) ligand-metal complexes have been utilized to catalyze enantiospecific 

carbon-carbon bond formation.12 In light of these successes, chemists have 

synthesized and studied analogous ligands based on imidazolines. One advantage of 

imidazoline-based ligands is that different substituents can be attached at their N-1 

sites, which can not only fine-tune electronic effects, but also influence the steric 

interactions of their complexes with substrates.4,13 In 2004, Casey and coworkers 

synthesized two types of tricyclic bis(imidazoline) ligands with 5,6,5 and 5,7,5 

skeletons respectively (Figure I-5).  

N

N

N

N

R R N

N

N

N

R R N

N

N

N

R R

N

N

N

N

R R N

N

N

N

R R

Ph PhPh Ph

 

Figure I-5. Synthesized chiral bis(imidazoline) ligands. 

Asymmetric palladium-catalyzed allylation reactions of malonate were used to 

test the effects of these bis(imidazoline) ligands on inducing enantioselectivity.14 The 
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results showed that for this reaction bis(imidazoline) ligand complexes are more 

effective than bis(oxazoline) ligands. 

Arai and coworkers synthesized a 2-imidazoline-containing chiral ligand I-1 and 

by combining it with copper catalysts, they developed a unique chiral 

imidazoline-aminophenol-copper catalyst system.15 With this catalyst system a 

tandem catalytic asymmetric sequence that connects Friedel-Craft reaction with the 

Henry reaction has been realized to afford optically pure structural motifs 

incorporating indoles and pyrroles (Scheme I-1). 

N

Ph

NN
OH

Br

Br

S

Ph Ph
O

O

I-1  

N
H

R1
NO2+

N
H

N
O

O
Cu

R1

N
H

R2R1O

R2

HO

NO2Cu cat.

I-1

Scheme I-1. A tandem catalytic asymmetric sequence utilizing imidazoline ligand. 

In 2011, Gong, Song and coworkers synthesized several chiral PCN pincer Pd(II) 

and Ni(II) complexes with chiral imidazolines as N donors (Figure I-6) to evaluate their 

catalytic behaviors in asymmetric hydrophosphination of α,β-unsaturated enones by 

diphenylphosphines (Scheme I-2).16 Among the four pincer complexes tested, Pd 

pincer I-2 successfully afforded the expected chiral 1,4 phosphine addition products 

in moderate to high yields and ee values. 
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Pd N
NHN

PPh
Ph

CH3

PhCl
Ni N

NHN
PPh

Ph

CH3

Cl
I-2 I-3  

Figure I-6. Two representative chiral PCN pincer Pd(II) and Ni(II) complexes. 

 

O

R1 R2
+ Ph2PH

1. 5% I-2, 10% KOAc
toluene, 0oC, 12 hrs

2. H2O2, r.t.

O

R1 R2

POPh2

49%-99% yield
51%-94% ee

R1= Ph, 4-MeOPh, Me, i-Bu
R2= Aryl  

Scheme I-2. Chiral Pd pincer-catalyzed 1,4 addition reaction. 

 

D. Racemization of chiral imidazolines 

Due to the extensive research on the synthesis and application of imidazolines, 

especially their explosive development in the field of chiral ligands, some in-depth 

insights about the properties of these molecules are required. The racemization of 

chiral imidazolines is one of them and will be discussed below. 

    In 2008, researchers of Boehringer-Ingelheim Pharmaceuticals unexpectedly 

found that chiral imidazolines in DMSO solution can undergo racemization under 

strong basic conditions, during their preparation of relevant chiral 

phosphinoimidazoline ligands (Scheme 1-3).17 
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PhR

R
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KOH
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Scheme I-3. Racemization of chiral imidazoline. 

Subsequent experiments show that nitrogen substituents prevent this 

racemization process. No racemization is observed if nitrogen bears a substituent, 

such as tosyl or methyl. Moreover, a number of amine bases, such as triethylamine, 

DABCO, DBU, DMAP do not promote this racemization. Based on these findings, the 

following possible mechanism has been put forward to account for this phenomenon. 

The overall process is proposed to be a disrotatory pericyclic ring-opening and 

ring-closure sequence.  

N
N
H

Ph
Ph

PhS

S
N

NPh
Ph

PhS

S
base

N
N
H

Ph
Ph

PhS

S
N

N
H

Ph
Ph

PhR

R
+

50% 50%

99% ee

N
NPh

Ph

Thermally allowed

disrotatory ring opening

disrotatory closure

Ph

 

Scheme I-4. Possible mechanism of racemization of chiral imidazoline. 

The same group of researchers recently applied online vibrational circular 

dichroism (VCD), chemometrics and DFT calculations into the investigation of this 

racemization transformation, calculating activation energies of the transition states 

and finding that aromatic substituents on the two chiral carbons are necessary for the 
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overall racimization.18 

 

E. Application of 2-imidazolines in organic synthesis 

One common synthetic application of 2-imidazolines is to convert them via oxidation 

into the corresponding 2-imidazoles, which are core structural motifs in many 

biologically-relevant compounds. In addition to that, 2-imidazolines serve as 

important synthetic intermediates, which readily convert into a number of useful 

organic moieties. Hegedus and coworkers synthesized a series of optically active 

4-disubstituted 2-imidazolines from optically active amino acids, then utilized them to 

prepare azapenams through a photolysis reaction mediated by alkoxycarbene 

chromium complexes (Scheme 1-5).19 

N

N

Boc

R1
R2

Cr(CO)5
OR4

R3

MeCN, hν, 12 hrs
N

N

R1
R2

Boc

O

R3
R4O

H2, Pd/C

MeOH, NEt3 N
N

R1
R2

H

O

R3
R4O

Scheme I-5. Chromium-mediated synthesis of azapenams. 

Interestingly enough, when the deprotection step of the Boc group was carried 

out under acidic conditions, a unique class of hexahydrodiazepinone compounds was 

obtained as shown in Scheme 1-6 in moderate yields. Few synthetic methods are 

available to approach these molecular architectures, so this azapenam-based 

isomerization provides a convenient way to synthesize these seven-membered rings, 

whose biological properties might be worthy of further investigations. 
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N
N

R1
R2

Boc

O

R3
R4O H2, Pd/C, THF

1.1 eq. camphor
sufonic acid N

H

NH

R1
R2O

R3

R4O

54%-71% yield  

Scheme I-6. Conversion from azapenams to hexahydrodiazepinones. 

     Encouraged by these elegant results, the same group successfully prepared a 

family of fourteen-membered tetraazamacrocyclic bisdioxocyclam-type compounds 

via the bis-chromium alkoxycarbene complex-mediated photocycloaddition reaction 

using 4-disubstituted 2-imidazolines as starting materials (Scheme 1-7). These 

macrocycles have potential applications in metal coordination chemistry research, 

biology and magnetic resonance imaging.20 

N

N

Cbz

COOMe
Me

Cr(CO)5
O

Me

1. CO, DCM, hν, 80oC

N

H
N

O

O
Cr

Me
(CO)5 +

N

H
N

Me
CO2Me

O

Me O O

Me

Me

2. H2, Pd/C

71% for two steps

2. NaCNBH3

1. CSA, 70oC
14-membered bis-
dioxocyclam

57% for two steps
CO2Me

Scheme I-7. Synthesis of 14-membered bisdioxocyclam. 

 

F. Application of 2-imidazolines in other related fields 

2-imidazolines not only hold important positions in the traditional organic chemistry 

fields as illustrated above, but their applications also extend into other relevant 

chemistry disciplines, which will be briefly discussed. 
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Synthetic peptides have been explored as lead compounds for drug 

development and 2-imidazolines are unique as amide-bond replacements: they have 

two heteroatoms in the core scaffolds, possible hydrogen bonding interactions and 

similar steric sizes, which are all quite similar to the amide bonds in peptides. Jones 

and Gilbert elegantly prepared one peptide mimetic of CCK-4 (residues 30-33 of 

cholecystokinin), the C-terminus tetrapeptide that replaces the crucial amide bond 

between tryptophan and norleucine with synthetic 2-imidazolines (Figure I-7).21 Then 

the same researchers tested the in vitro binding affinities of these pseudopeptides to 

the CCK-A and CCK-B receptors, revealing that the synthesized analogues have 

higher binding to the CCK-B receptor. 

N

H
N

GlyHN

N
H

Bu
Asp-Phe-NH2O  

Figure I-7. Pentapeptide mimic with synthetic 2-imidazoline incorporated. 

Not limited to peptidomimetics, 2-imidazolines can also find applications in 

analytical chemistry. Recently Zhang and coworkers synthesized 2-imidazoline 

molecules with the aid of microwave heating under solvent-free conditions and 

immobilize them into silica surface by polymerization to make a novel 

2-imidazoline-based stationary phase for use in chromatography.22 

 

G. Synthesis of 2-imidazolines 

Given the significance of 2-imidazoline-based structures in pharmaceutical and 

chemistry fields, efficient synthetic methodologies are urgently needed to produce 
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these scaffolds for further application investigations. In recent years, many novel 

approaches towards the 2-imidazoline scaffolds have been accomplished by different 

research groups, which will be discussed in detail below. 

 

G.1 Multicomponent synthesis of 2-imidazolines 

A basic method to synthesizing imidazolines in the past was to assemble the 

necessary straight chain intermediates first, which can be induced to cyclize into the 

desired five-membered imidazoline rings under the reaction conditions.3 Taking 

advantage of the rapid development of multicomponent synthetic methodologies,23 

imidazolines can be assembled much more efficiently. Compared with the relatively 

old synthetic routes, the differences lie in that the required intermediates are quickly 

prepared by combining several simple readily available building blocks instead of 

time-consuming stepwise synthesis. As for the choice of appropriate substrates, 

isocyanides and nitriles, both bearing a carbon-nitrogen triple bond that can be 

incorporated into the skeletal structure of the final imidazoline ring, are among the 

most favorite starting materials. 

In 2003, Orru and coworkers developed a mild three-component synthesis of 

highly substituted 2-imidazolines from amines, aldehydes and isocyanides with an 

acidic α-hydrogen (Scheme 1-8).24  
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O

R2

NH2
R1

+
CN CO2Me

Ph
+

N
N
R1

Ph
CO2Me

R2
Na2SO4

CH2Cl2, r.t.

O

R2

NH2
R1

+ + CN Na2SO4

CH2Cl2, r.t.
N

N
R1

R2

 

Scheme I-8. Three component of synthesis of 2-imidazolines. 

They proposed an aldol-type condensation between the isocyanide and the in 

situ formed imine as the key carbon-carbon bond-forming step, which is followed by 

ring closure to afford the 2-imidazoline (Scheme I-9).  

O

R2

NH2
R1

+
CN CO2Me

Ph

N
N

Ph
CO2Me

R2

Na2SO4

- H2O
N

R2

R1

HN
R1

R2

N CO2Me
Ph

C

HN
R1

R2

N CO2Me
Ph

C
N

N

Ph
CO2Me

R2

H R1

proton

transfer

R1

 

Scheme I-9. Mechanism of the multicomponent reaction. 

Two years later, the same group published a more detailed paper on their 

work.25 They determined two influencing factors for this methodology: the reactivity of 

isocyanides and the steric hindrance in the in situ formed imines. They found that the 

less reactive isocyanides can participate in the reaction with the help of silver acetate. 
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Very recently, Yeung and coworkers successfully made a range of 

2-imidazoline derivatives by one-pot N-bromosuccinimide (NBS)-induced cascade 

reactions between olefins, amines and nitriles under ambient temperature (Scheme 

I-10).26 This methodology utilizes readily available reagents and features the 

convenient reaction operation of just mixing reaction substrates in acetonitrile. The 

reaction can stop at the amidine intermediates, which potentially allows other useful 

synthetic transformations.  

R1

R2 R3

R4NH2
NBS, CH3CN

25oC, 4 hrs

R1 Br

N
HR3

R2

Me

NR4 N

N
Me

R1

R2 R3

R4

 

Scheme I-10. NBS-mediated cascade synthesis of 2-imidazolines. 

Transition metals are also helpful in promoting assembly of a variety of 

heterocycles by combining several reaction substrates. Arndtsen and coworkers 

approached the synthesis of a range of diversified 2-imidazoline carboxylates via 

palladium-catalyzed multicomponent condensation between imines, acid chlorides 

and carbon monoxide (Scheme I-11).27  

N R1

R2 H

O

R3 Cl
+ Pd cat.

CO, CH3CN N

N
R1

R3

R1

R2

R2
COO

 

Scheme I-11. Palladium-catalyzed synthesis of 2-imidazoline carboxylates. 

They proposed the following mechanism to account for the formation of the 

2-imidazoline carboxylates (Scheme I-12). 
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N R1

R2 H

O

R3 Cl
+ N R1

R2 H

R3

O

N Pd
OR3

R1 R2 H

Cl

L

CO- L

N Pd
OR3

R1 R2 H

Cl

CON
PdO

O
R2 H

R1

R3

N
O

O
R3

R1 R2 - HCl

Pd (0), L

N R1

R2 H
N

N
R1

R3

R1

R2

R2
COOH

Cl

H

Cl

Cl

 

Scheme I-12. Proposed mechanism for the generation of imidazoline carboxylates. 

 

One limitation of the above reaction is that the same imine has been incorporated 

twice into the 2-imidazoline carboxylate products, resulting in the same R1 substituent 

on both nitrogen and the same R2 substituent on the carbons 4 and 5. Arndtsen and 

coworkers successfully modified their methodology to incorporate two different imines 

into the final products, thus giving more diversified 2-imidazolines and making this 

reaction more powerful as shown in Scheme I-13.28 
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N R1

R2 H

O

R3 Cl
+

Pd cat., Ligand
1.4 eq. NEtiPr2

N

N
R4

R3

R1

R5

R2
COO

1:1 CH3CN/THF
CO (3.5 atm)

N
OR3

R1 R2

O

N R4

R5 H

45oC, 16 hrs

0.8 eq. PhSO3H

0.5 - 3 hrs  

Scheme I-13. 2-imidazoline carboxylates formation via usage of two different imines. 

 

G.2 Synthesis of 2-imidazolines via ring expansion of aziridine 

Aziridines have served as versatile synthetic intermediates in many synthetic 

transformations and they can be readily converted into imidazolines through ring 

expansion. As early as 1960, Heine and coworker successfully employed iodide 

anion to isomerize 1-(N-p-nitrophenylbenzimidoyl)aziridine into 

1-p-nitrophenyl-2-phenyl-2-imidazoline (Scheme I-14).29  

N

Ph Cl

NO2

+
H
N N

Ph N

NO2

NEt3
acetone

I

N

N
Ph

O2N

> 90%
 

Scheme I-14. Rearrangement of 1-arylbenzimidoylazirdine into 2-imidazoline. 

The authors put forward the following two possible reaction pathways for the 

above isomerization (Scheme I-15). In one case, the iodide anion opens the 

three-membered aziridine ring, followed by ring closure by the other nitrogen atom 

with iodide serving as a leaving group (Pathway a, Scheme I-15). In the other case, 
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iodide might attack the carbon atom of benzimidoyl moiety to generate an 

intermediate with tetrahedral configuration, which then cyclizes into the 2-imidazoline 

ring, kicking off the iodide anion simultaneously (Pathway b, Scheme I-15). This 

pathway involves a disfavored 5-endo-tet cyclization, which renders it a weak 

mechanism candidate.  

N

Ph N

NO2

I

N

N
Ph

O2N

N

Ph N

NO2

I

N

Ph N

NO2

I

N

Ph N

O2N

I

a.

 

N

Ph N

NO2

I

N

N
Ph

O2Nb.

N

Ph N
I

O2N

 

Scheme I-15. Two possible mechanisms of rearrangement of 

1-arylbenzimidoylaziridine into 2-imidazoline. 

In Heine and coworker’s reaction, the benzimidoylaziridine intermediate was 

isolated and the overall reaction constituted a two-step synthetic sequence. Recently 

our group developed a convenient one-pot ring expansion synthesis of highly 

substituted 2-imidazolines from aziridines and imidoyl chlorides in a stereospecific 
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and regioselective manner (Scheme I-16).30
 Only one regioisomer was produced and 

the stereochemistry in the starting aziridines was retained in the products. A variety of 

different functional groups are tolerated on the starting aziridines, ranging from aryl, 

vinyl, alkyl groups to ester and ketone functionalities. 

H
N

N

N
R1 R2

R3
N

Ph Cl

Ph
+

2,6-lutidine

DMF, 55oC
N

R1 R2
R3

PhN

Ph
Ph

R1

R2
R3

Ph

 

Scheme I-16. One-pot synthesis of 2-imidazolines  

from aziridines and imidoyl chlorides. 

In 2004 Concellon and coworkers reported their synthesis of enantiopure 

2,4,5-trisubstituted 2-imidazolines via a Ritter reaction of chiral aziridines and nitriles 

activated by Lewis acid.31 The opening of the aziridine ring is regioselective and 

stereoselective, rendering a variety of alkyl and aryl-substituted 2-imidazolines 

(Scheme I-17).  

N
NR3

R1

N
R1

N

R2

Ph
Ph

BF3 OEt2 (1 eq.)

R3CN, 80oC

Ph

NHR2

 

Scheme I-17. Synthesis of 2,4,5-trisubstituted 2-imidazolines via a Ritter reaction. 

Recently Liang and coworkers documented their efforts to synthesize 4-ketone 

substituted 2-imidazolines by coupling terminal alkynes, sulfonyl azides and 

N-unsubstituted aziridines (Scheme I-18).32 They proposed pathway a for the 

formation of the 2-imidazoline products, which in my opinion is a weak mechanism 
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candidate as a disfavored 5-endo-tet cyclization is involved. Instead pathway b might 

be a more reasonable mechanism for this reaction (Scheme I-18). The intermediate 

aziridines can be isolated, opening the door for some other possible useful synthetic 

manipulations.  

N
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Ar1 Ar2
O

I

- I
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Scheme I-18. One-pot copper-catalyzed synthesis of 4-ketone substituted 

2-imidazolines via a three-component coupling.  

Preparation of a series of 4-ketone substituted 2-imidazolines with simultaneous 

conversion of the starting trans- to the final cis- configuration is the subject of this 

thesis, which will be covered in more details in Chapter II. To put a brief comparison, 

the methodology presented in Chapter II involves oxidation of intermediate alcohols 
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to install the ketone functionality. In contrast to Liang and coworkers’ work, the ketone 

functionality comes directly from the aziridine starting materials. In addtion, in terms 

of substituent scope, Liang’s reaction only allows Ar2 (Scheme I-18) to be aromatic 

groups, but the methodology in this thesis is able to introduce alkyl and 

heteroaromatic groups at this position.  

 

G.3 Synthesis of 2-imidazolines via cycloaddition 

In 2004, Singh and coworkers reported a simple and efficient synthesis of 

2,4-disubstituted 2-imidazolines via [3+2] cycloaddition reaction of aziridines and 

nitriles under Lewis acid (Scheme I-19).33 This reaction proceeds quickly under 

ambient temperature (less than 5 minutes) and has a broad scope on the choice of 

nitrile reactant. But one limitation is that a stoichiometric amount of Lewis acid 

catalyst is required for this reaction to be completed in short time and give good 

yields. 

Ts
N

Ph
RCN+

BF3  Et2O or Et3OBF4

CH2Cl2, r.t., 5 mins
46%-76% yield

N
NR
Ts

Ph

1 equiv.

 

Scheme I-19. [3+2] cycloaddition reaction of aziridines and nitriles. 

The authors proposed a [3+2] cycloaddition mechanism and tested it by using a 

chiral starting aziridine. They obtained racemic products, supporting the generation of 

a benzylic carbocation intermediate as shown in Scheme I-20. 
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N
NPh
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Ph
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Ph NTs

BF3  Et2O

N C Ph

(-)-N-tosyl-(2R)
-phenylaziridine  

Scheme I-20. Proposed mechanism for the [3+2] cycloaddition process. 

In the same year, Johnson and coworkers found that N-malonic imidates 

undergo a MgCl2-catalyzed [3+2] cycloaddition with imines to give 4-diester 

substituted 2-imidazolines in good to excellent yields (Scheme I-21).34 This 

methodology can be also applied to the synthesis of the corresponding oxazolines 

and pyrrolines when the imine dipolarophiles are replaced with aldehydes and olefins 

respectively. 
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Scheme I-21. MgCl2-catalyzed [3+2] cycloaddition between imidates and imines. 
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Our group pioneered in developing a Lewis acid-mediated [3+2] cycloaddition 

reaction between oxazolones35 and preformed imines to afford the 2-imidazoline 

scaffolds with four-point diversity.36,37 Chlorotrimethylsilane (TMSCl) was chosen as 

the capable Lewis acid catalyst after a series of screening tests (Scheme I-22).  

N
NR1
R4

R3

COOR2
H

N

O O

R2

R1 N R4

R3

+
TMSCl

CH2Cl2, reflux
 

Scheme I-22. One-pot synthesis of 2-imidazolines from oxazolones. 

The mechanism is believed to be a [3+2] cycloaddition process. The Lewis acid 

first coordinates to the nitrogen of oxazolones to increase the equilibrium 

concentration of the Münchnones intermediates, then the key [3+2] cycloaddition 

reaction follows to give a bicyclic adduct, which transforms into the final 

2-imidazolines retaining a carboxylate group at the 4 position (Scheme I-23).  
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Scheme I-23. Proposed mechanism of one-pot synthesis of 2-imidazolines. 

The diastereoselectivity of this reaction has been found to be 

substrate-controlled, by changing the electronic nature of substituents R1 and R2 in 
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the oxazolone moiety (Scheme I-23), both syn- and anti- 2-imidazolines can be 

prepared (with respect to substituents R2 and R3, Scheme I-23). When R1 is an aryl 

group, exclusively anti-2-imidazolines are obtained. It is believed that steric hindrance 

between the bulky silicon moiety and the R3 substituent plays a key role in 

determining this diastereoselectivity, disfavoring the exo approach and rendering the 

anti products (Scheme I-24).37  
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Scheme I-24. Mechanistic rationale for anti selectivity of 2-aryl-oxazolones. 

In contrast, in order to yield the cis-2-imidazolines as the major products, R1 

needs to be alkyl group and simultaneously R2 has to be aryl group. It is also found 

that if both R1 and R2 are alkyl groups, a mixture of diastereomers are produced. 

Electronic effect of R3 substituent seems to have some influence on the 

diastereoselectivity of this reaction as well. Electron-withdrawing groups favor the 

formation of syn products more than electron-donating groups. Based on these 

observations, possible π-stacking interaction between aryl R2 and R3 substituents is 

proposed as a reasonable explanation for favoring the exo approach of imines to 
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oxazolones, which results in the observed reversal of the diastereoselectivity in the 

products (Scheme I-25).    

N R3
R4

N
OR1 O

R2Si

π-stacking
interaction

R1=alkyl, R2=aryl  

Scheme I-25. Mechanistic rationale for syn selectivity of 

2-alkyl-4-aryl-oxazolones. 

 

G.4 Miscellaneous methods for synthesis of 2-imidazolines 

There exist many other successful syntheses of 2-imidazoline-containing molecules 

that fall beyond the above classification. In 2004, Kelly and coworkers reported a 

bis(triphenyl) oxodiphosphonium trifluoromethanesulfonate-mediated enantiospecific 

synthesis of imidazolines and imidazoline-based amino acids from dipeptide 

precursors (Scheme I-26 and 1-27).38 Good to excellent yields and enantiomeric 

excess were achieved in these methodologies. The imidazoline-based amino acids 

can be oxidized into the corresponding imidazole-containing amino acids, which have 

been further manipulated to be incorporated into macrolactam-related natural product 

analogues. 
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Scheme I-26. Bis(triphenyl) oxodiphosphonium trifluoromethanesulfonate-mediated 

synthesis of imidazolines. 
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Scheme I-27. Bis(triphenyl) oxodiphosphonium trifluoromethanesulfonate-mediated 

synthesis of imidazoline-derived amino acids. 
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CHAPTER II 

AZOMETHINE YLIDE MEDIATED INVERSION OF CONFIGURATION 

OF QUATERNARY CARBON:  

CONVERTING TRANS TO CIS IMIDAZOLINES 

 

A. Introduction 

The stereochemistry of small molecules is often key to their biological functions. The 

two enantiomers of one drug molecule can show different chemical and 

pharmacological properties in the chiral environments of living systems due to their 

differences in three dimensional space.  

Epinephrine (also known as adrenaline), a hormone secreted by the adrenal 

glands in times of stress, is used for the treatment of some heart diseases, asthma or 

allergic reactions.1 The two enantiomers of epinephrine are quite different in their 

biological activity. (-)-Epinephrine is much more active than the corresponding 

(+)-epinephrine, as the interaction of the benzylic hydroxyl group with the 

α–adrenoreceptor plays a key role in potency difference of the two stereoisomers 

(Figure II-1). 
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Figure II-1. Chemical structures of (+) and (-)-Epinephrine. 
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Another representative case is associated with the notorious compound 

thalidomide (Figure II-2). Thalidomide, which was developed in West Germany in the 

1950s, was prescribed for relieving nausea for pregnant women. Unfortunately it later 

became one of nightmares in the pharmaceutical history as severely teratogenic side 

effects or even death were observed in thousands of babies in more than forty 

countries, whose mothers took thalidomide in their stage of pregnancy.2 Thalidomide 

was given as a racemate to pregnant women but it turned out that only the S 

enantiomer has the sedative effect for the morning sickness. In sharp contrast, the R 

enantiomer caused severe birth defect. Again the delicate stereochemistry difference 

of this small molecule on just one carbon atom renders them quite opposite in their 

biological consequences.  
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Figure II-2. Enantiomers of thalidomide. 

Cis- and trans- stereoisomers of the same scaffolds can also behave significantly 

differently in some cases. Interestingly enough, sometimes they can show opposite 

but complementary biological responses towards the same disease. A case in point is 

the 4,5-diaryl-2-imidazolines, which are the focus of this dissertation. Nutlins, which 

are representatives of cis-4,5-diaryl-2-imidazolines (Figure II-3), disrupt the binding of 
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the E3-ligase MDM2 to the pro-apoptotic transcription factor p53, resulting in 

activating apoptotic pathways in cancer cells.3  
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Figure II-3. Three representative Nutlins. 

Amazingly enough, the corresponding trans-4,5-diaryl-2-imidazolines, which 

have been developed in our laboratory, have been found to inhibit the anti-apoptotic 

transcription factor NF-κB, thus inhibiting anti-apoptotic pathways (Scheme II-1).4,5 
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Scheme II-1. Biological responses to cis- and trans-4,5-diaryl-2-imidazolines. 

 

B. Inhibition of NF-κB-mediated gene transcription 
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Nuclear factor kappa B (NF-κB) proteins are mammalian transcription factors and are 

responsible for regulating many genes in the body that are controlling a variety of 

cellular processes, such as expression of many inflammatory cytokines, chemokines, 

immune receptors and cell surface adhesion molecules (E-selectin, ICAM-1 and 

VCAM-1 for instance).6 In mammalian cells, five proteins of NF-κB family have been 

identified: RelA (p65), c-Rel, RelB, NF-κB1 (p50 and its precursor p105) and NF-κB2 

(p52 and its precursor p100).7 These proteins can form a number of homodimers and 

heterodimers and the general term NF-κB traditionally refers to the heterodimer 

p50/p65. The specificity and selectivity of some DNA control elements are controlled 

by the NF-κB family. 

NF-κB exists in inactivated form in cytoplasm associated with its inhibitory 

protein I-κB. Numerous stimuli, including physical stress, oxidative stress, a large 

range of bacteria or viruses and even exposure to certain chemicals, can activate 

NF-κB and the general activation pathway has been summarized in Figure II-4. The 

cellular stimuli first lead to activation of IκB kinase (IKK), which phosphorylates two 

serines (S32 and S36) on IκB proteins. Then the phosphorylated IκB is followed by 

ubiquitinylation process and degraded by the 26S proteasome. Degradation of IκB 

releases the active NF-κB, which translocates into the nucleus and initiates the gene 

transcription process by its binding with specific DNA control elements.8 
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Figure II-4. NF-κB activation pathway by external stimuli. 

(For interpretation of the references to color in this and all other figures, the reader is 

referred to the electronic version of this thesis.)  

As NF-κB plays a crucial role in the regulation of many genes that are closely 

related to the physiological processes in the body, it has become an increasingly 

important target to develop the relevant therapeutics to tackle many disease states of 

human beings, such as cancer, asthma, arthritis and so on. From the general NF-κB 

activation pathway shown above, if IκB is not degraded, the whole pathway will be 

shut down. One common approach to inhibit the activation of NF-κB is to inhibit the 

function of the essential 26S proteasome. A number of small molecule 26S 

proteasome inhibitors have been developed.  

Bortezomib (PS-341 or Velcade), developed in this context by Millenium 
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Pharmaceuticals (Cambridge, MA) is one representative 26S proteasome inhibitor. 

Bortezomib (Figure I-9), as a dipeptidyl boronic acid, has high specificity for the 26S 

proteasome and has been approved by the United States Food and Drug 

Administration (FDA) to be clinically used for the treatment of multiple myeloma.9,10 

Recently MLN9708 (Figure II-5) is being evaluated by the same pharmaceutical 

company to be a second-generation 26S proteasome inhibitor. When exposed to 

aqueous solutions or plasma, MLN9708 hydrolyzes to MLN2238 immediately, which 

is the real active form and investigated to be potent, selective and reversible 

proteasome inhibitor.11 Several other known 26S proteasome inhibitors have been 

shown in Figure II-5 as well, including MG-132 and two natural products (+) 

Lactacystin and Salinosporamide A.12,13 
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Figure II-5. Examples of small molecule 26S proteasome inhibitors. 

 

C. Highly-functionalized 2-imidazolines as potent inhibitors of NF-κB-mediated 

gene transcription 

In 2004, our group reported the preparation of a new class of 2-imidazoline-based 

NF-κB inhibitors, which dramatically enhance the anticancer efficacy of the 

chemotherapeutic agent Camptothecin (CPT).14 Among these synthesized 

2-imidazolines, TCH01 is the most active in cell culture. But it is not very stable and 

transforms into the corresponding zwitterion, which can decarboxylate to give cis or 

trans dihydroimidazolines and imidazole via an azomethine ylide intermediate 

(Scheme II-2). The instability of TCH01 might account for the inconsistent activity 

when it is tested in cell culture and human whole blood. In order to address this 

instability and pursue the further clinical potential of these 2-imidazolines, appropriate 

chemical transformations are necessary.  
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Scheme II-2. Decarboxylation of the parent 2-imidazoline. 

The carboxylic acid group in the imidazoline molecule provides a good platform 

for more diverse synthetic manipulations. A series of 2-imidazoline derivatives have 

been synthesized and evaluated biologically in our laboratory (Scheme II-3).15 The 

parent 2-imidazoline hydrochloride salt, reacted with TMSCHN2 in benzene and 

methanol (9:1) as a mixture of solvents to give the corresponding methyl ester 

derivative (d, Scheme II-3). Reduction of the methyl ester with LiAlH4 afforded a 

primary alcohol (a, Scheme II-3). Two more ester derivatives, benzyl and ethyl 

ester-substituted 2-imidazolines were prepared with conditions shown in c and e of 

Scheme II-3. Finally an amide functional group was installed (b, Scheme II-3). After 

the biological testing, the ethyl-ester substituted 2-imidazoline was found to be stable 

against hydrolysis and potent in inhibiting NF-κB-mediated gene transcription. 

Furthermore, the two enantiomers of the ethyl-ester substituted 2-imidazoline were 

separated via chiral HPLC and were further evaluated for their individual activity. The 

results showed that the (R, R) enantiomer is slightly more potent than the (S, S) 

counterpart at inhibiting NF-κB-mediated gene transcription. 
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Scheme II-3. Derivatization of the parent 2-imidazoline. 

 

In order to obtain a more detailed understanding of structure-activity relationship 

of these highly substituted 2-imidazolines, a series of relevant 2-imidazoline 

derivatives have been prepared using the 1,3-dipolar cycloaddition protocol between 

oxazolones and imines pioneered in our laboratory as described previously. The three 

R substituents (R1 to R3) and the carboxyl acid moiety constitute a 2-imidazoline 

scaffold with four-point variability (Figure II-6). The optimization of this scaffold was 

the focus of other members of the Tepe research lab.16 
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Figure II-6. Diversity-oriented synthesis of trans-2-imidazolines. 

 

D. Overview of Chapter II 

As both cis- and trans-2-imidazolines enjoy significance biologically and synthetically, 

an efficient synthetic methodology to realize the transformation between the two 

stereoisomers would facilitate synthesis of these useful scaffolds, rendering them 

much more available for biological screening. This chapter describes the 

development of a mild and easy-to-operation synthetic methodology, which focuses 

on the formation of highly substituted cis-4,5-diaryl-2-imidazolines through converting 

the corresponding trans-4,5-diaryl-2-imidazolines (Scheme II-4). 
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Scheme II-4. Conversion of trans- to cis-4,5-diaryl-2-imidazolines. 

E. Proposed hypothesis 

The starting trans-4,5-diaryl-2-imidazoline contains a reactive carboxylic acid, which 
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can be lost under thermal heating. We hypothesized that the mild thermal 

decarboxylation of the trans-4,5-diaryl-2-imidazoline zwitterion generates a reactive 

azomethine ylide intermediate, which can be trapped with aldehydes to yield the 

cis-4,5-diaryl-2-imidazoline (Scheme II-3). 
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Scheme II-5. Synthesis of the cis-4,5-diaryl-2-imidazoline. 

 

F. Results and discussion 

F.1 Initial attempt of the proposed hypothesis 

To test this hypothesis, trans-4,5-diaryl-2-imidazoline II-1 was refluxed in THF in the 

presence of benzaldehyde for two hours. In order to avoid producing a mixture of 

diastereomers at carbon 6, the resulting intermediate alcohol II-2 was oxidized with 

IBX17,18 during work-up to afford the much more stable new 4-ketone-disubstituted 

2-imidazoline derivative II-3 in a 77% overall yield as a single diastereomer (Scheme 

II-4).  
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Scheme II-6. Conversion of cis-4,5-diaryl-2-imidazolines II-1 to its trans counterpart. 

The relative stereochemistry of the para-methoxy phenyl and the phenyl at the 4 

and 5 position of the product II-3 has been unambiguously determined to be cis on 

the basis of X-ray crystallography (Figure II-7).  

 

Figure II-7. X-ray crystal structure of II-3. 
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To rationalize the stereochemical outcome obtained, it is envisioned that 

benzaldehyde prefers to approach the azomethine ylide intermediate from the 

opposite direction of the 5-position phenyl group in order to minimize the steric 

interaction with it, which leads to the observed stereochemistry (Figure II-8). 

N
NPh

H

Ph

Ar

OPh

O
Ph

Blocked by phenyl

Avoid steric interaction 
with phenyl  

Figure II-8. Model that explains the stereochemical outcome. 

 

F.2 Isolation of the intermediate alcohol 

The following reaction has been conducted and the two resulting alcohol 

diastereomers (varies at carbon 1, Scheme II-7) have been isolated in a 1:1 ratio.  

THF, reflux, 2h

N
NPh

Ph

PhHO

Ph

N
NPh

Ph

CO2Ph
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Ph
OMe
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OMe

70%
II-4
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Scheme II-7. Preparation of intermediate alcohol II-5. 

 

A series of 2D NMR experiments (gHMQC and gHMBC) were carried out to 

assign the characteristic hydrogen and carbon signals of one of the two 
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diastereomers (Diastereomer II). The results have been summarized in Figure II-9, 

Table II-1 and Table II-2 respectively. Moreover, gNOESY experiments were also 

conducted to give insight into the spatial configuration of the two product molecules. 
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Figure II-9. Numbering systems for II-5 used in Table II-1 and Table II-2.  

 

Carbon # 
Chemical 

Shift 
δ (ppm) 

gHMQC 
Correlations  
(to hydrogen) 

gHMBC 
Correlations  

(to hydrogen) 
1 55.21 a None 

2 159.19 None (quaternary) a,b,c 

4 130.49 None (quaternary) d 

6 79.62 d c,g 

7 81.07 None (quaternary) d,g 

8 69.43 g d,f,f’ 

9 166.42 None (quaternary) f,f’,g,h 

10 48.50 f,f’ i 

11 134.54 None (quaternary) f,f’ 

12 127.43 i f,f’ 

13 139.29 None (quaternary) d,g 

14 136.13 None (quaternary) g 
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Table II-1. Summarized results of 13C, HMQC and HMBC spectra of Diastereomer II. 

 
 

Proton 
# 

Chemical Shift δ 
(ppm) 

Multiplicity & 
Coupling Constant 

J (Hz) 

Hydrogen 
Integration 

a 3.82 s 3 

b 6.76-6.80 m 4 

c 7.18-7.27 m 6 

d 5.06 s 1 

f 4.45 d, J = 15.5 1 

f’ 3.57 d, J = 16 1 

g 5.09 s 1 

h 7.71-7.73 m 2 

i 6.76-6.80 m 4 

 

Table II-2. Summarized results of 1H spectra of Diastereomer II.  

 

All the results of these 2D NMR experiments (gHMQC and gHMBC) are 

consistent with the expected structure of alcohol intermediate II-5. Based on the 

successful assignment of characteristic hydrogens and carbons of diastereomer II, it 

is easier to interpret the gNOESY data obtained on this molecule. As seen from 

Figure II-10, it is expected that hydrogen d and g could “see” each other in gNOESY. 

However, this characteristic signal was not detected in gNOESY spectra of 

diastereomer II (Figure II-11, right). 
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Figure II-10. Expected characteristic gNOESY signal of Diastereomer II of II-5. 

 

 

Figure II-11. gNOESY of alcohol intermediate II-5. 

But fortunately enough, the same gNOESY experiment conducted on the other 

diastereomer (Diastereomer I) shows clear coupling between the two characteristic 

hydrogen (δ4.81 and 4.97 respectively, Figure II-11, left). Moreover, X-ray crystal 



 47

structure of Diastereomer II was obtained to further prove the relative stereochemistry 

(Figure II-12). 

 
Figure II-12. X-ray crystal structure of Diastereomer II of II-5. 

 

F.3 Control experiments to test the reversibility of the nucleophilic step 

In the initial design of this conversion, another factor to consider oxidizing the 

intermediate alcohol is to prevent a possible retroaldol-type reaction (Scheme II-8).  
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Scheme II-8. Proposed retroaldol-type reaction of intermediate alcohol. 

In order to verify whether the nucleophilic addition step of azomethine ylide 

towards aldehyde is reversible or not, the following control experiments have been 

put forward. The idea behind these experiments is summarized as follows: if the 

formation of the intermediate alcohol is irreversible (dashed arrows stand for 

irreversibility of the reaction step, Scheme II-9), after a period of reaction time, a 

second aldehyde (R2CHO) is added to the reaction system, the pathway a should 

dominate, which will afford only one ketone II-8 that incorporates the first aldehyde 

(R1CHO). 
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Scheme II-9. Proposed irreversible formation of intermediate alcohol. 

 

In contrast, if the formation of the intermediate alcohol is reversible (Scheme 

II-10), still after a period of reaction time, a second aldehyde (R2CHO) is added to the 

reaction system, both pathways c and d should dominate, which will in this situation 

afford two ketones II-12 and II-14 which incorporate both aldehydes (R3CHO and 

R4CHO). 
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Scheme II-10. Proposed reversible formation of intermediate alcohol. 

The above ideas have been tested and the results are presented in Scheme II-11. 
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Scheme II-11. Testing reversibility of nucleophilic addition step. 

From the results of the above two control experiments, it is clear that the 

formation of the intermediate alcohol is irreversible (Scheme II-12). 
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Scheme II-12. Irreversible formation of intermediate alcohol. 

F.4 Scope of the methodology 

The scope of this methodology has been evaluated afterwards. 

Trans-4,5-diaryl-2-imidazolines containing various substitutions α- to the carboxylate  

were tested (Table II-3). Of the  α -substituents tested, both electron rich and poor 

aryl groups rendered the products efficiently. However alkyl substituents did not 

provide the desired products, but resulted mainly in recovery of starting material and 

imidazole.  

N
NPh

Ph

COOR
H

THF, reflux

2. IBX, THF, reflux
N

NPh
Ph

R
Ph

O

Ph Ph1.
O

Ph

 

Entry Starting 
Imidazoline 

Product 
Imidazoline R Yield(%)a 

1 II-1 II-3 OMe 77 

2 II-4 II-16 H
 

86 

3 II-18 II-19 Cl
 

53 

4 II-20 II-21 CH3  0 

5 II-22 II-23 Ph  0 

a. isolated yield. 

Table II-3. Variation of starting imidazolines. 
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To further explore the scope of this methodology, imidazoline II-4 has been 

reacted with a variety of aldehydes. To our satisfaction, moderate to excellent yields 

of the cis-4,5-diaryl-2-imidazolines were obtained in all cases (Table II-4). Aromatic 

(Entry 1-6), heteroaromatic (entry 7) and aliphatic (entry 8-9) aldehydes all 

successfully undergo this conversion. The steric hindrance appears to play a role in 

this transformation as the relatively hindered aldehyde, isobutyraldehyde (entry 9), 

was incorporated in the product in only moderate yield. 

N
NPh

Ph

CO2Ph
H THF, reflux

N
NPh

Ph

Ph
R

HO

IBX

THF, reflux
R

O

N
NPh

Ph

Ph
R

O

II-4

Ph Ph Ph

II-24  

 
 

Entry Compound Aldehyde R Yield(%)a 

1 II-15 OMe
H

O
OMe 72 

2 II-16 
H

O
H

 
H

 
86 

3 II-17 NO2H

O
NO2 45 

4 II-25 Cl
H

O

 
Cl

 
58 

5 II-26 Br
H

O

 
Br

 
67 

 

Table II-4. Variation of aldehydes. 
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Table II-4. (cont’d) 

6 II-27 CF3H

O

 
CF3  

68 

7 II-28 
H

OO

 

O

 
90 

8 II-29 
H

O

  
69 

9 II-30 H
O

 
 32 

a. isolated yield. 

 

G. Conclusion 

In conclusion, we have taken advantage of the decarboxylation of the starting 

imidazolines to generate the reactive azomethine ylide in situ to facilitate the 

transformation from the initial trans-4,5-diaryl-2-imidazolines into their cis 

counterparts. A quaternary carbon is formed in this process. This conversion from 

trans- to cis- 2-imidazolines allows efficient access to both classes of biologically 

important scaffolds. 

 

H. Experimental procedures 

H.1 General methods 

Reactions were carried out in flame-dried glassware under nitrogen atmosphere. All 

reactions were magnetically stirred and monitored by TLC with 0.25 μm pre-coated 

silica gel plates using UV light to visualize the compounds. Column chromatography 

was carried out on Silica Gel 60 (230-400 mesh) supplied by EM Science. Yields refer 
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to chromatographically and spectroscopically pure compounds. Infrared spectra were 

recorded on a Galaxy Series FTIR3000 spectrometer and reported in cm-1. 1H and 

13C NMR spectra were recorded on a Varian Unity Plus-500 or 600 spectrometer. 

Chemical shifts are reported relative to the residue peaks of the solvent (CDCl3: 7.24 

ppm for 1H and 77.0 ppm for 13C). The following abbreviations are used to denote the 

multiplicities: s=singlet, d=doublet, t=triplet, q=quartet, m=multiplet. Melting points 

were measured using an electrothermal capillary melting point apparatus and are 

uncorrected.  

 

H.2 Materials 

Reagents and solvents were purchased from commercial suppliers and used without 

further purification. Anhydrous dichloromethane and benzene were dispensed from a 

delivery system which passes the solvents through a column packed with dry neutral 

alumina. Anhydrous tetrahydrofuran (THF) was distilled from sodium using 

benzophenone as an indicator for the presence of water. Anhydrous 

chlorotrimethylsilane was distilled from calcium hydride. The following aldehydes 

were purchased from Sigma Aldrich and used as received: benzaldehyde, 

4-methoxybenzaldehyde, 4-nitrobenzaldehyde, 4-chlorobenzaldehyde, 

4-bromobenzaldehyde, 4-(trifluoromethyl)benzaldehyde, 2-furylaldehyde, 90% 

acrolein solution, isobutyraldehyde. IBX was prepared according to a reported 

literature procedure.19 
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H.3 Characterization data  

Compound II-1: dl-(4S,5S)-1- benzyl-4-(4-methoxyphenyl)- 

2,5-diphenyl-4,5-dihydro-1H-imidazole-4-carboxylic acid 

N
NPh

Ph

CO2
H

MeO

Ph

 

II-1 

To 50 mL of anhydrous benzene was added benzyl amine (0.44 g, 4.1 mmol) and 

benzaldehyde (0.44 g, 4.1 mmol) sequentially. Then the solution was refluxed under 

nitrogen for overnight and then concentrated in vacuo. The resulting residue was 

redissolved in 50 mL of anhydrous dichloromethane. Then 

4-(4-methoxyphenyl)-2-phenyloxazol-5(4H)-one (1.1 g, 4.1 mmol) and 

chlorotrimethylsilane (0.58 g, 5.3 mmol) were added to the solution sequentially. The 

mixture was refluxed under nitrogen for 24 hours. The solution was concentrated in 

vacuo and the resulting residue was resuspended in 50 mL ethyl acetate producing a 

white solid precipitate, which was filtered through 25 mL fritted funnel. The solid was 

suspended in 50 mL of dichloromethane and washed with saturated sodium 

bicarbonate solution (1 x 50 mL) and brine solution (1 x 50 mL) and then dried over 

sodium sulfate. The solution was concentrated in vacuo and the resulting crude solid 

was purified via recrystallization (dichloromethane/hexane) to afford 1.1 g (60% yield) 

of the title compound as a white crystalline solid. (m.p.= 133-135 oC). 1H NMR 

(500MHz) (CDCl3): δ3.76 (d, J=15.5 Hz, 1H), 3.76 (s, 3H), 4.58 (d, J=15.5 Hz, 1H), 
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4.88 (s, 1H), 6.62 (d, J=7.0 Hz, 2H), 6.73 (d, J=8.0 Hz, 2H), 7.06-7.09 (m, 2H), 

7.14-7.17 (m, 1H), 7.29-7.37 (m, 7H), 7.46-7.49 (m, 1H), 7.58 (d, J=7.0 Hz, 2H), 7.70 

(d, J=8.0 Hz, 2H); 13C NMR (125 MHz) (CDCl3): δ: 48.58, 55.23, 75.40, 79.12, 113.65, 

126.98, 127.93, 128.09, 128.31, 128.77, 128.80, 128.82, 129.05, 129.13, 129.16, 

132.52, 134.17, 135.34, 136.32, 159.05, 164.82, 168.70. IR (KBr): 3396 cm-1, 3027 

cm-1, 2856 cm-1, 1642 cm-1, 1539 cm-1; HRMS calcd for C30H27N2O3(M++H): 

463.2022. Found: 463.2011. 

 

Compound II-3: dl-((4R,5S)-1-benzyl-4-(4-methoxyphenyl)- 

2,5-diphenyl-4,5-dihydro-1H-imidazol-4-yl)(phenyl)methanone 

N
NPh

Ph

Ph OMe
O

Ph

 

II-3 

dl-(4S,5S)-1-benzyl -4-(4-methoxyphenyl)-2,5-diphenyl-4,5-dihydro-1H- 

imidazole -4-carboxylic acid II-1 (0.38 g, 0.82 mmol) was dissolved in 10 mL 

anhydrous THF and benzaldehyde (0.44 g, 4.1 mmol) was added to the solution. 

Then the solution was heated to reflux for 2 hours. Heating was then paused and IBX 

(0.57 g, 2.0 mmol) was added. The solution was refluxed for 24 hours and then 

filtered through 25 mL fritted funnel. The filtrate was concentrated in vacuo and the 

resulting residue was purified via column chromatography (silica gel, 18% ethyl 

acetate, 80% hexane, 2% triethyl amine) to afford 330 mg (77% yield) of the title 
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compound as a white crystalline solid. (m.p.= 68 – 70 oC). 1H NMR (500MHz) 

(CDCl3): δ3.59 (s, 3H), 3.92 (d, J=16 Hz, 1H), 4.70 (d, J=16 Hz, 1H), 5.91 (s, 1H), 

6.48-6.50 (m, 2H), 6.93-6.95 (m, 4H), 7.01-7.09 (m, 5H), 7.24-7.27 (m, 5H), 7.34-7.37 

(m, 1H), 7.43-7.47 (m, 3H), 7.66-7.67 (m, 2H), 8.13-8.15 (m, 2H); 13C NMR (125 MHz) 

(CDCl3): δ: 49.36, 54.95, 69.11, 87.47, 113.24, 127.00, 127.43, 127.54, 127.70, 

127.73, 128.36, 128.44, 128.60, 128.80, 128.81, 130.13, 131.29, 131.40, 131.58, 

131.76, 135.71, 136.80, 137.41, 158.31, 165.66, 197.40; IR (KBr): 3062 cm-1, 3030 

cm-1, 2917 cm-1, 1673 cm-1; HRMS calcd for C36H31N2O2(M++H): 523.2386. Found: 

523.2370. 

 

Compound II-4: dl-(4S,5S)-1-benzyl-2,4,5-triphenyl- 

4,5-dihydro-1H-imidazole-4-carboxylic acid 

N
NPh

Ph

CO2
H

Ph

 

II-4 

To 50 mL of anhydrous benzene was added benzyl amine (0.71 g, 6.5 mmol) and 

benzaldehyde (0.68 g, 6.5 mmol) sequentially. Then the solution was refluxed under 

nitrogen for overnight and then concentrated in vacuo. The resulting residue was 

redissolved in 50 mL of anhydrous dichloromethane. Then 

2,4-diphenyloxazol-5(4H)-one (1.5 g, 6.5 mmol) and chlorotrimethylsilane (0.94 g, 8.7 

mmol) were added to the solution sequentially. The mixture was refluxed under 
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nitrogen for 12 hours. The solution was concentrated in vacuo and the resulting 

residue was resuspended in 50 mL ethyl acetate producing a white solid precipitate, 

which was filtered through 25 mL fritted funnel. The solid was suspended in 50 mL of 

dichloromethane and washed with saturated sodium bicarbonate solution (1 x 50 mL) 

and brine solution (1 x 50 mL) and then dried over sodium sulfate. The solution was 

concentrated in vacuo and the resulting crude solid was purified via recrystallization 

(dichloromethane/hexane) to afford 0.9 g (32% yield) of the title compound as a white 

crystalline solid. The 1H and 13C spectra match the literature report.20 

 

Compound II-5: dl-(4R,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H- 

imidazol-4-yl)(4-methoxyphenyl)methanol 

N
NPh

Ph

PhHO

Ph

OMe  

II-5 

dl-(4S,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-carboxylic acid II-4 

(0.10 g, 0.23 mmol) was dissolved in 10 mL anhydrous THF and 

4-methoxybenzaldehyde (0.15 g, 1.1 mmol) was added to the solution. Then the 

solution was heated to reflux for 2 hours. Then the solution was concentrated in 

vacuo and the resulting residue was purified via column chromatography (silica gel, 

50% ethyl acetate, 50% hexane-49% ethyl acetate, 49% hexane, 2% acetic acid) to 
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afford 0.084 g (70% yield) of the title compound as a white solid (a mixture of 

diastereomers). Diastereomer I: (m.p.= 162–164 oC). 1H NMR (500MHz) (CDCl3): 

δ3.72 (d, J=15.5 Hz, 1H), 3.71 (s, 3H), 4.58 (d, J=15.5 Hz, 1H), 4.81 (s, 1H), 4.97 (s, 

1H), 6.60-6.61 (m, 2H), 6.79-6.90 (m, 9H), 7.03-7.05 (m, 4H), 7.31-7.33 (m, 4H), 

7.50-7.52 (m, 3H), 7.71-7.73 (m, 2H); 13C NMR (125 MHz) (CDCl3): δ: 48.96, 55.09, 

70.08, 80.12, 82.45, 112.69, 125.66, 126.20, 126.78, 127.21, 127.35, 127.69, 128.01, 

128.19, 128.61, 128.66, 128.82, 128.89, 129.34, 129.79, 130.24, 131.98, 136.80, 

158.77, 165.21. IR (thin film): 3185 cm-1, 3061 cm-1, 3029 cm-1, 2961 cm-1, 2926 cm-1, 

1495 cm-1; HRMS calcd for C36H33N2O2(M++H): 525.2542. Found: 525.2526. 

Diastereomer II: (m.p.= 168–170 oC).1H NMR (500MHz) (CDCl3): δ3.57 (d, J=16 Hz, 

1H), 3.82 (s, 3H), 4.45 (d, J=15.5 Hz, 1H), 5.06 (s, 1H), 5.09 (s, 1H), 6.67 (broad, s, 

2H), 6.76-6.80 (m, 4H), 6.87-6.88 (m, 2H), 6.95-6.99 (m, 4H), 7.18-7.26 (m, 6H), 

7.50-7.56 (m, 3H), 7.71-7.73 (m, 2H); 13C NMR (125 MHz) (CDCl3): δ: 48.50, 55.21, 

69.43, 79.62, 81.07, 113.10, 126.45, 127.08, 127.43, 127.64, 127.93, 128.14, 128.42, 

128.53, 128.66, 128.96, 130.49, 131.13, 131.38, 134.54, 136.13, 139.29, 159.19, 

166.42. IR (thin film): 3399 cm-1, 2956 cm-1,2924 cm-1, 2853 cm-1, 1457 cm-1; HRMS 

calcd for C36H33N2O2(M++H): 525.2542. Found: 525.2559. 

 

Compound II-15: dl-((4R,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H- 

imidazol-4-yl)(4-methoxyphenyl)methanone 
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N
NPh

Ph

Ph

OMe

O

Ph

 

II-15 

dl-(4S,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-carboxylic acid II-4 

(0.30 g, 0.70 mmol) was dissolved in 10 mL anhydrous THF and 

4-methoxybenzaldehyde (0.48 g, 3.5 mmol) was added to the solution. Then the 

solution was heated to reflux for 2 hours. Heating was then paused and IBX (0.51 g, 

1.8 mmol) was added. The solution was refluxed for 24 hours and then filtered 

through 25 mL fritted funnel. The filtrate was concentrated in vacuo and the resulting 

residue was purified via column chromatography (silica gel, 5% ethyl acetate, 93% 

hexane, 2% triethyl amine) to afford 0.26 g (72% yield) of the title compound as a 

white solid. (m.p.= 144–146 oC). 1H NMR (500MHz) (CDCl3): δ3.68 (s, 3H), 3.86 (d, 

J=15.5 Hz, 1H), 4.62 (d, J=15.5 Hz, 1H), 5.90 (s, 1H), 6.65-6.67 (m, 2H), 6.82-6.88 (m, 

5H), 6.91-6.96 (m, 7H), 7.17-7.18 (m, 3H), 7.38-7.40 (m, 3H), 7.61-7.63 (m, 2H), 

8.09-8.11 (m, 2H); 13C NMR (125 MHz) (CDCl3): δ: 49.47, 55.21, 69.15, 87.96, 

112.95, 126.41, 126.92, 127.25, 127.44, 127.60, 127.64, 127.81, 128.37, 128.47, 

128.66, 128.90, 130.15, 131.50, 133.98, 136.88, 137.54, 137.53, 139.99, 162.63, 

165.68, 195.66. IR (KBr): 3089 cm-1, 3028 cm-1, 2907 cm-1, 1669 cm-1, 1598 cm-1; 

HRMS calcd for C36H31N2O2 (M++H): 523.2386. Found: 523.2368. 
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Compound II-16: dl-((4R,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H- 

imidazol-4-yl)(phenyl)methanone 

N
NPh

Ph

PhO

Ph

 

II-16 

dl-(4S,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-carboxylic acid II-4 

(0.12 g, 0.28 mmol) was dissolved in 10 mL anhydrous THF and benzaldehyde (0.15 

g, 1.4 mmol) was added to the solution. Then the solution was heated to reflux for 2 

hours. Heating was then paused and IBX (0.19 g, 0.70 mmol) was added. The 

solution was refluxed for 24 hours and then filtered through 25 mL fritted funnel. The 

filtrate was concentrated in vacuo and the resulting residue was purified via column 

chromatography (silica gel, 10% ethyl acetate, 88% hexane, 2% triethyl amine) to 

afford 118 mg (86 % yield) of the title compound as a colorless oil. 1H NMR (500MHz) 

(CDCl3): δ3.91 (d, J=15.5 Hz, 1H), 4.68 (d, J=15.5 Hz, 1H), 5.93 (s, 1H), 6.88-6.94 (m, 

5H), 6.97-7.03 (m, 6H), 7.21-7.25 (m, 6H), 7.32-7.35(m, 3H), 7.43-7.46 (m, 3H), 

7.65-7.66 (m, 2H), 8.11-8.12 (m, 2H); 13C NMR (125 MHz) (CDCl3): δ: 49.22, 68.82, 

87.79, 126.51, 126.99, 127.14, 127.50, 127.62, 127.66, 127.67, 127.70, 128.48, 

128.70, 128.75, 128.81, 130.25, 131.09, 131.43, 131.93, 135.36, 136.67, 137.18, 

139.40, 165.89, 196.99. IR (thin film): 3026 cm-1, 2932 cm-1, 1680 cm-1, 1589 cm-1; 

HRMS calcd for C35H29N2O (M++H): 493.2280. Found: 493.2300. 
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Compound II-17: dl-((4R,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H- 

imidazol-4-yl)(4-nitrophenyl)methanone 

N
NPh

Ph

Ph

NO2

O

Ph

 

II-17 

dl-(4S,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-carboxylic acid II-4 

(0.12 g, 0.28 mmol) was dissolved in 10 mL anhydrous THF and 4-nitrobenzaldehyde 

(0.21 g, 1.4 mmol) was added to the solution. Then the solution was heated to reflux 

for 2 hours. Heating was then paused and IBX (0.19 g, 0.70 mmol) was added. The 

solution was refluxed for 24 hours and then filtered through 25 mL fritted funnel. The 

filtrate was concentrated in vacuo and the resulting residue was purified via column 

chromatography (silica gel, 10% ethyl acetate, 88% hexane, 2% triethyl amine) to 

afford 68 mg (45% yield) of the title compound as a yellow solid. (m.p.= 80–82 oC). 1H 

NMR (500MHz) (CDCl3): δ3.92 (d, J=15.5 Hz, 1H), 4.71 (d, J=15.5 Hz, 1H), 5.90 (s, 

1H), 6.90-7.07 (m, 12H), 7.27-7.29 (m, 3H), 7.45-7.50 (m, 3H), 7.64-7.66 (m, 2H), 

8.03-8.06 (m, 2H), 8.27-8.30 (m, 2H); 13C NMR (125 MHz) (CDCl3): δ: 49.21, 68.73, 

87.49, 122.77, 127.04, 127.14, 127.34, 127.68, 127.72, 127.87, 128.00, 128.58, 

128.59, 128.70, 128.83, 130.56, 130.68, 132.30, 136.44, 136.53, 138.43, 140.56, 

149.35, 166.45, 195.21. IR (KBr): 3060 cm-1, 3029 cm-1, 2922 cm-1, 1684 cm-1, 1522 

cm-1; HRMS calcd for C35H28N3O3 (M++H): 538.2125. Found: 538.2147. 
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Compound II-18: dl-(4S,5S)-1-benzyl-4-(4-chlorophenyl)-2,5- 

diphenyl-4,5-dihydro-1H-imidazole-4-carboxylic acid 

N
NPh

Ph

CO2
H

Cl

Ph

 

II-18 

To 50 mL of anhydrous benzene was added benzyl amine (0.21 g, 1.9 mmol) and 

benzaldehyde (0.21 g, 1.9 mmol) sequentially. Then the solution was refluxed under 

nitrogen for overnight and then concentrated in vacuo. The resulting residue was 

redissolved in 50 mL of anhydrous dichloromethane. Then 

4-(4-chlorophenyl)-2-phenyloxazol-5(4H)-one (0.52 g, 1.9 mmol) and 

chlorotrimethylsilane (0.27 g, 2.5 mmol) were added to the solution sequentially. The 

mixture was refluxed under nitrogen for 20 hours. The solution was concentrated in 

vacuo and the resulting residue was resuspended in 50 mL ethyl acetate producing a 

white solid precipitate, which was filtered through 25 mL fritted funnel. The solid was 

suspended in 50 mL dichloromethane and washed with saturated sodium bicarbonate 

solution (1 x 50 mL) and brine solution (1 x 50 mL) and then dried over sodium sulfate. 

The solution was concentrated in vacuo and the resulting crude solid was purified via 

recrystallization (dichloromethane/hexane) to afford 0.38 g (43% yield) of the title 

compound as a white crystalline solid. (m.p.= 114-116 oC). 1H NMR (500MHz) 

(CDCl3): δ3.71 (d, J=15.5 Hz, 1H), 4.56 (d, J=15.5 Hz, 1H), 4.75 (s, 1H), 6.55 (d, J=8 
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Hz, 2H), 7.02-7.15 (m, 5H), 7.23-7.27 (m, 2H), 7.32-7.33 (m, 5H), 7.41-7.44 (m, 1H), 

7.56-7.58 (m, 2H), 7.66 (d, J=8.5 Hz, 2H); 13C NMR (150 MHz) (CDCl3): δ: 48.53, 

75.10, 78.43, 122.57, 126.88, 127.21, 128.10, 128.40, 128.90, 128.93, 128.95, 

129.08, 129.20, 129.28, 133.03, 133.17, 133.44, 135.81, 141.59, 164.54, 167.80. IR 

(KBr): 3409 cm-1, 3025 cm-1, 1641 cm-1, 1537 cm-1; HRMS calcd for C29H24N2O2Cl 

(M++H): 467.1526. Found: 467.1521. 

 

Compound II-19: dl-((4R,5S)-1-benzyl-4-(4-chlorophenyl)-2,5- 

diphenyl-4,5-dihydro-1H-imidazol-4-yl)(phenyl)methanone 

N
NPh

Ph

Ph Cl
O

Ph

 

II-19 

dl-(4S,5S)-1-benzyl -4-(4-chlorophenyl)-2,5-diphenyl-4,5-dihydro-1H- 

imidazole-4-carboxylic acid II-18 (0.17 g, 0.37 mmol) was dissolved in 10 mL 

anhydrous THF and benzaldehyde (0.20 g, 1.9 mmol) was added to the solution. 

Then the solution was heated to reflux for 2 hours. Heating was then paused and IBX 

(0.28 g, 1.0 mmol) was added. The solution was refluxed for 24 hours and then 

filtered through 25 mL fritted funnel. The filtrate was concentrated in vacuo and the 

resulting residue was purified via column chromatography (silica gel, 8% ethyl acetate, 

90% hexane, 2% triethyl amine) to afford 0.1 g (53% yield) of the title compound as a 

white crystalline solid. (m.p.= 60–62 oC). 1H NMR (500MHz) (CDCl3): δ3.91 (d, 
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J=15.5 Hz, 1H), 4.69 (d, J=16 Hz, 1H), 5.91 (s, 1H), 6.89-6.98 (m, 8H), 7.04-7.08 (m, 

3H), 7.23-7.27 (m, 5H), 7.34-7.38(m, 1H), 7.43-7.48 (m, 3H), 7.64-7.66 (m, 2H), 

8.10-8.12 (m, 2H); 13C NMR (125 MHz) (CDCl3): δ: 49.46, 69.12, 87.58, 127.36, 

127.58, 127.72, 127.80, 127.85, 127.95, 128.54, 128.71, 128.72, 128.73, 128.85, 

130.35, 131.16, 131.44, 132.09, 132.56, 135.42, 136.67, 137.08, 138.33, 166.03, 

196.91. IR (KBr): 3061 cm-1, 3029 cm-1, 2924 cm-1, 1675 cm-1, 1487 cm-1; HRMS 

calcd for C35H28N2OCl (M++H): 527.1890. Found: 527.1881. 

 

Compound II-20: dl-(4S,5S)-1-benzyl-4-methyl-2,5-diphenyl- 

4,5-dihydro-1H-imidazole-4-carboxylic acid 

N
NPh

Ph

CO2H3C

Ph

H
 

II-20 

To 50 mL of anhydrous benzene was added benzyl amine (0.43 g, 4.0 mmol) and 

benzaldehyde (0.42 g, 4.0 mmol) sequentially. Then the solution was refluxed under 

nitrogen for overnight and then concentrated in vacuo. The resulting residue was 

redissolved in 50 mL of anhydrous dichloromethane. Then 

4-methyl-2-phenyloxazol-5(4H)-one (0.70 g, 4.0 mmol) and chlorotrimethylsilane 

(0.56 g, 5.2 mmol) were added to the solution sequentially. The mixture was refluxed 

under nitrogen for 6 hours and then stirred overnight at room temperature. The 

solution was concentrated in vacuo and the title compound (0.35 g, 24% yield) was 

precipitated using 50 mL ethyl acetate. The 1H and 13C spectra match the literature 
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report.21 

 

Compound II-22: dl-(4S,5S)-1,4-dibenzyl-2,5-diphenyl- 

4,5-dihydro-1H-imidazole-4-carboxylic acid 

N
NPh

Ph

CO2

Ph

Ph

H

 

II-22 

To 50 mL of anhydrous benzene was added benzyl amine (0.73 g, 6.8 mmol) and 

benzaldehyde (0.71 g, 6.8 mmol) sequentially. Then the solution was refluxed under 

nitrogen for overnight and then concentrated in vacuo. The resulting residue was 

redissolved in 50 mL of anhydrous dichloromethane. Then 

4-benzyl-2-phenyloxazol-5(4H)-one (1.7 g, 6.8 mmol) and chlorotrimethylsilane (0.94 

g, 8.7 mmol) were added to the solution sequentially. The mixture was refluxed under 

nitrogen for 8 hours and then stirred overnight at room temperature. The mixture was 

washed with 50 mL distilled water and the organic layer was collected and dried over 

sodium sulfate. The solution was concentrated in vacuo and the title compound (0.76 

g, 25% yield) was precipitated using dichloromethane: ether (1:3). The 1H and 13C 

spectra match the literature report.21 

 

Compound II-25: dl-((4R,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H- 

imidazol-4-yl)(4-chlorophenyl)methanone 
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N
NPh

Ph

Ph

Cl

O

Ph

 

II-25 

dl-(4S,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-carboxylic acid II-4 

(0.10 g, 0.24 mmol) was dissolved in 10 mL anhydrous THF and 

4-chlorobenzaldehyde (0.17 g, 1.2 mmol) was added to the solution. Then the 

solution was heated to reflux for 2 hours. Heating was then paused and IBX (0.17 g, 

0.60 mmol) was added. The solution was refluxed for 24 hours and then filtered 

through 25 mL fritted funnel. The filtrate was concentrated in vacuo and the resulting 

residue was purified via column chromatography (silica gel, 1:2 diethyl ether: hexane) 

to afford 74 mg (58% yield) of the title compound as a white solid. (m.p.= 58 – 60 oC). 

1H NMR (500MHz) (CDCl3): δ3.92 (d, J=15.5 Hz, 1H), 4.69 (d, J=15.5 Hz, 1H), 5.96 

(s, 1H), 6.87-7.03 (m, 12H), 7.21-7.34 (m, 5H), 7.41-7.47 (m, 3H), 7.65-7.67 (m, 2H), 

8.13-8.14 (m, 2H); 13C NMR (125 MHz) (CDCl3): δ: 49.19, 68.79, 87.75, 126.50, 

126.98, 127.11, 127.48, 127.61, 127.65, 127.66, 127.67, 128.46, 128.68, 128.74, 

128.79, 130.24, 131.05, 131.41, 131.92, 135.32, 136.64, 137.14, 139.37, 165.88, 

196.96. IR (thin film): 3062 cm-1, 2963 cm-1, 1679 cm-1, 1579 cm-1; HRMS calcd for 

C35H28N2OCl (M++H): 527.1890. Found: 527.1881. 

 

Compound II-26: dl-((4R,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H- 

imidazol-4-yl)(4-bromophenyl)methanone 
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N
NPh

Ph

Ph

Br

O

Ph

 

II-26 

dl-(4S,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-carboxylic acid II-4 

(0.12 g, 0.28 mmol) was dissolved in 10 mL anhydrous THF and 

4-bromobenzaldehyde (0.26 g, 1.4 mmol) was added to the solution. Then the 

solution was heated to reflux for 2 hours. Heating was then paused and IBX (0.20 g, 

0.70 mmol) was added. The solution was refluxed for 24 hours and then filtered 

through 25 mL fritted funnel. The filtrate was concentrated in vacuo and the resulting 

residue was purified via column chromatography (silica gel, 50% dichloromethane, 

50% hexane) to afford 0.11 g (67% yield) of the title compound as a white solid. 

(m.p.= 48 – 50 oC). 1H NMR (500MHz) (CDCl3): δ 3.92 (d, J=15.5 Hz, 1H), 4.68 (d, 

J=15.5 Hz, 1H), 5.91 (s, 1H), 6.88-7.05 (m, 12H), 7.23-7.26 (m, 3H), 7.35-7.37 (m, 

2H), 7.44-7.48 (m, 3H), 7.65-7.67 (m, 2H), 8.02-8.04 (m, 2H); 13C NMR (125 MHz) 

(CDCl3): δ: 49.23, 68.73, 87.63, 126.69, 127.09, 127.19, 127.56, 127.72, 127.73, 

127.78, 128.52, 128.77, 128.78, 130.37, 130.95, 130.99, 133.12, 134.03, 136.59, 

136.97, 139.14, 166.06, 195.81. IR (KBr): 3057 cm-1, 1652 cm-1, 1635 cm-1; HRMS 

calcd for C35H28N2OBr (M++H): 571.1385. Found: 571.1399. 

 

Compound II-27: dl- ((4R,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H- 

imidazol-4-yl)(4-(trifluoromethyl)phenyl)methanone 
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N
NPh

Ph

Ph

CF3

O

Ph

 

II-27 

dl-(4S,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-carboxylic acid II-4 

(0.12 g, 0.28 mmol) was dissolved in 10 mL anhydrous THF and 

4-(trifluoromethyl)benzaldehyde (0.25 g, 1.4 mmol) was added to the solution. Then 

the solution was heated to reflux for 2 hours. Heating was then paused and IBX (0.20 

g, 0.70 mmol) was added. The solution was refluxed for 24 hours and then filtered 

through 25 mL fritted funnel. The filtrate was concentrated in vacuo and the resulting 

residue was purified via column chromatography (silica gel, 30% ethyl acetate, 70% 

hexane) to afford 107 mg (68% yield) of the title compound as a white solid. (m.p.= 60 

– 62 oC). 1H NMR (500MHz) (CDCl3): δ 3.92 (d, J=15.5 Hz, 1H), 4.69 (d, J=16 Hz, 

1H), 5.91 (s, 1H), 6.91-7.05 (m, 12H), 7.24-7.27 (m, 3H), 7.43-7.49 (m, 5H), 7.64-7.66 

(m, 2H), 7.65-7.67 (m, 2H), 8.22 (d, J =8.5 Hz, 2H); 13C NMR (125 MHz) (CDCl3): δ: 

49.22, 68.76, 87.64, 123.73 (q, J=1084 Hz, 1C), 124.65 (q, J=14.5 Hz, 1C), 126.84, 

127.14, 127.20, 127.61, 127.71, 127.79, 127.88, 128.55, 128.75, 128.79, 130.43, 

130.89, 131.66, 132.05 (q, J=130 Hz, 1C), 136.56, 136.82, 138.33, 138.80, 166.23, 

195.85. IR (KBr): 3083 cm-1, 3031 cm-1, 1686 cm-1, 1615 cm-1; HRMS calcd for 

C36H28N2OF3 (M++H): 561.2154. Found: 561.2133. 
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Compound II-28: dl-((4R,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H- 

imidazol-4-yl)(furan-2-yl)methanone 

N
NPh

Ph

PhO

Ph

O
 

II-28 

dl-(4S,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-carboxylic acid II-4 

(0.10 g, 0.24 mmol) was dissolved in 10 mL anhydrous THF and 2-furylaldehyde 

(0.11 g, 1.2 mmol) was added to the solution. Then the solution was heated to reflux 

for 2 hours. Heating was then paused and IBX (0.17 g, 0.60 mmol) was added. The 

solution was refluxed for 24 hours and then filtered through 25 mL fritted funnel. The 

filtrate was concentrated in vacuo and the resulting residue was purified via column 

chromatography (silica gel, 49% ethyl acetate, 49% hexane, 2% triethyl amine) to 

afford 104 mg (90% yield) of the title compound as a white solid. (m.p.= 57 – 59 oC). 

1H NMR (500MHz) (CDCl3). δ3.82 (d, J=16 Hz, 1H), 4.57 (d, J=16 Hz, 1H), 5.85 (s, 

1H), 6.21 (dd, J1=3.5 Hz, J2=1.5 Hz, 1H), 6.82-7.01 (m, 12H), 7.13-7.19 (m, 4H), 

7.35-7.40 (m, 4H), 7.60-7.62 (m, 2H); 13C NMR (125 MHz) (CDCl3): δ: 49.13, 68.17, 

86.64, 111.80, 122.50, 126.58, 127.13, 127.28, 127.44, 127.53, 127.54, 127.72, 

128.53, 128.67, 128.69, 128.84, 130.20, 131.14, 136.56, 136.99, 139.51, 146.12, 

150.51, 165.88, 186.10. IR (KBr): 3021 cm-1, 2935 cm-1, 1672 cm-1, 1587 cm-1; 

HRMS calcd for C33H27N2O2 (M++H): 483.2073. Found: 483.2094. 
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Compound II-29: dl-1-((4R,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H- 

imidazol-4-yl)prop-2-en-1-one 

N
NPh

Ph

PhO

Ph

 

II-29 

dl-(4S,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-carboxylic acid II-4 

(0.10 g, 0.24 mmol) was dissolved in 10 mL anhydrous THF and acrolein (0.075 g, 

1.2 mmol) was added to the solution. Then the solution was heated to reflux for 2 

hours. Heating was then paused and IBX (0.16 g, 0.60 mmol) was added. The 

solution was refluxed for 24 hours and then filtered through 25 mL fritted funnel. The 

filtrate was concentrated in vacuo and the resulting residue was purified via column 

chromatography (silica gel, 20% ethyl acetate, 78% hexane, 2% triethyl amine) to 

afford 73 mg (69% yield) of the title compound as a colorless oil. 1H NMR (500MHz) 

(CDCl3): δ3.84 (d, J=16 Hz, 1H), 4.60 (d, J=16 Hz, 1H), 5.57 (d, J=10.5 Hz, 1H), 5.78 

(s, 1H), 6.38 (dd, J1=1.5 Hz, J2=17.5 Hz, 1H), 6.70 (dd, J1=10.5 Hz, J2=17.5 Hz, 1H), 

6.92-7.02 (m, 12H), 7.25-7.29 (m, 3H), 7.47-7.48 (m, 3H), 7.67-7.68 (m, 2H). 13C 

NMR (125 MHz) (CDCl3): δ: 48.93, 67.36, 86.59, 126.82, 127.21, 127.42, 127.45, 

127.67, 127.80, 127.81, 128.12, 128.53, 128.54, 128.74, 130.23, 130.93, 131.05, 

133.57, 136.60, 136.94, 137.66, 166.30, 194.67. IR (thin film): 3025 cm-1, 2961 cm-1, 

1689 cm-1, 1593 cm-1; HRMS calcd for C31H27N2O (M++H): 443.2118. Found: 

443.2127. 
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Compound II-30: dl-1-((4R,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H- 

imidazol-4-yl)-2-methylpropan-1-one 

N
NPh

Ph

PhO

Ph

 

II-30 

dl-(4S,5S)-1-benzyl-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-carboxylic acid II-4 

(90 mg, 0.21 mmol) was dissolved in 10 mL anhydrous THF and isobutyraldehyde (72 

mg, 1.0 mmol) was added to the solution. Then the solution was heated to reflux for 2 

hours. Heating was then paused and IBX (150 mg, 0.52 mmol) was added. The 

solution was refluxed for 24 hours and then filtered through 25 mL fritted funnel. The 

filtrate was concentrated in vacuo and the resulting residue was purified via column 

chromatography twice with different eluent systems (the first column: silica gel, 30% 

ethyl acetate, 68% hexane, 2% triethyl amine; the second column: silica gel, 33% 

diethyl ether, 65% hexane, 2% triethyl amine;) to afford 31 mg (32% yield) of the title 

compound as a colorless oil. 1H NMR (500MHz) (CDCl3): δ0.73 (d, J=7 Hz, 3H), 1.12 

(d, J=7 Hz, 3H), 3.76 (d, J=15.5 Hz, 1H), 4.52 (d, J=16 Hz, 1H), 3.12 (m, 1H), 5.60 (s, 

1H), 6.87-6.98 (m, 12H), 7.17-7.22 (m, 3H), 7.41-7.43 (m, 3H), 7.62-7.64 (m, 2H). 13C 

NMR (125 MHz) (CDCl3): δ: 20.39, 21.34, 36.66, 49.25, 67.93, 88.74, 126.73, 127.16, 

127.47, 127.50, 127.51, 127.79, 127.99, 128.54, 128.55, 128.81, 128.96, 130.17, 

131.46, 136.98, 137.58, 137.73, 165.83, 212.30. IR (thin film): 3062 cm-1, 3030 cm-1, 

2927 cm-1, 1708 cm-1, 1448 cm-1; HRMS calcd for C32H31N2O (M++H): 459.2436. 
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Found: 459.2433. 
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Figure II-13. NMR spectra of imidazoline II-1. 
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Figure II-14. NMR spectra of imidazoline II-3. 
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Figure II-15. NMR spectra of diastereomer I of imidazoline II-5. 
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Figure II-16. NMR spectra of diastereomer II of imidazoline II-5. 
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Figure II-17. NMR spectra of imidazoline II-15. 
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Figure II-18. NMR spectra of imidazoline II-16. 
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Figure II-19. NMR spectra of imidazoline II-17. 
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Figure II-20. NMR spectra of imidazoline II-18. 
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Figure II-21. NMR spectra of imidazoline II-19. 

 



 82

14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2
Chemical Shift (ppm)

N
NPh

Ph

Ph

Cl

O

Ph

 

 

220 200 180 160 140 120 100 80 60 40 20 0 -
20Chemical Shift (ppm)

N
NPh

Ph

Ph

Cl

O

Ph

 

Figure II-22. NMR spectra of imidazoline II-25. 
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Figure II-23. NMR spectra of imidazoline II-26. 
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Figure II-24. NMR spectra of imidazoline II-27. 
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Figure II-25. NMR spectra of imidazoline II-28. 
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Figure II-26. NMR spectra of imidazoline II-29. 
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Figure II-27. NMR spectra of imidazoline II-30. 
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H.4 gNOESY spectra of II-5 (Diastereomer I) 

 

 

Figure II-28. gNOESY spectra of diastereomer I of II-5. 

 

H.5 X-ray Crystallographic Data for II-1, II-3, II-19, II-28 
 
X-ray Crystallographic Data for compounds II-1, II-3, II-19 and II-28 has been 

deposited at the Cambridge Crystallographic Data Centre and allocated the 

corresponding deposition numbers. 
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