
DEVELOPMENT OF NOVEL CATALYTIC SYNTHESES OF AZIRIDINES AND 

[2]ROTAXANES 

 

by 

 

ARINDAM MAZUMDAR, M.Sc. 

 

A Dissertation 

 

In 

 

CHEMISTRY 

 

Submitted to the Graduate Faculty 

of Texas Tech University in 

Partial Fulfillment of 

the Requirements for 

the Degree of 

 

DOCTOR OF PHILOSOPHY 

 

Approved 

 

 

Dr. Michael F. Mayer 

Chairperson of the committee 

 

 

Dr. Richard A. Bartsch 

 

 

Dr. Dominick J. Casadonte, Jr. 

 

 

 

Accepted 

 

Dr. Fred Hartmeister 

Dean of the Graduate School 

 

 

August, 2010 

 



Texas Tech University, Arindam Mazumdar, August 2010 

ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 2010, Arindam Mazumdar 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Arindam Mazumdar, August 2010 

ii 
 

ACKNOWLEDGEMENTS 

 I would like to express my gratitude and thanks to my research advisor Dr. 

Michael F. Mayer for allowing me to pursue my doctoral degree under his supervision. I 

appreciate all his help and guidance during this period of six years. The lessons on 

chemistry, discipline, dedication, and hard work that I learnt from him will always guide 

me during my future endeavors.  

 I would also like to express my thanks to Dr. Richard A. Bartsch and Dr. Guigen 

Li for serving in my committee and guiding me through the various phases of my 

doctoral degree. My special thanks to Dr. Dominick J. Casadonte. Jr. for agreeing to 

serve in my committee at the last minute request.  

 I am thankful to all the faculty and staff  members of the Department of 

Chemistry and Biochemistry, Texas Tech University for their support and help during the 

period of six years. Their ever-helping nature made my student experience a memorable 

one. My sincere thanks to Mr. David W. Purkiss for his help and assistance with NMR 

spectroscopy related issues.  

 My heartfelt thanks to the past and current colleagues at the Mayer Group: Manav 

Gupta, Songsu Kang, Zheng Xue, Brandon M. Berkshire, Eric S. Clevenger, Sunil 

Paladugu, Sekhar Kunapareddy, Cole Seifert, Christianah Oyenuga and Jennelle M. 

Salles. They have always been there with an unconditional support and love during good 

and difficult times. I could not possibly have asked for a better group of people to work 

with.  I appreciate their thoughtful input towards solving research problems and the 

valuable time we spent in scholastic discussions. Outside of my research group I am 



Texas Tech University, Arindam Mazumdar, August 2010 

iii 
 

extremely thankful to my very close friends Deepali Butani, Lee Mazurek, Chandrani 

Banerjee, Bipasha Deb and my best friend Vikash Dey for their support and 

encouragement.  

 I thank Texas Tech University, Dr. Henry J. Shine and the American Chemical 

Society Petroleum Research Fund for financial support of my research project.  

 Last but not the least, I want to express my sincere gratitude, appreciation and 

thanks to my family members.  I am extremely thankful to my dad Mr. Amal K. 

Mazumdar and mom Mrs. Dolly Mazumdar for everything they have done for me. My 

grandparents Late Mr. Promode K. Aditya and Late Mrs. Amala Aditya  have had a very 

influential position in my life and I thank them for their love and guidance through the 

walk of my life. I thank my brother Arijit Mazumdar and sister-in-law Madhabi 

Mazumdar, and sister Aditi Nandi and brother-in-law Monodeep Nandi for their support. 

My friends and family are the epicenter of my life and I am grateful to them for 

everything they have done for me.  

   

 

 

 

 

 

 

 



Texas Tech University, Arindam Mazumdar, August 2010 

iv 
 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS………………...………………………………...…...….... ii 

ABSTRACT…………………………………………………………………...…….... viii 

LIST OF TABLES…………………………………………………………………….... x 

LIST OF FIGURES………………………………………………………………......... xi 

LIST OF SCHEMES………………………………………………………………..... xiii 

LIST OF ABBREVIATIONS……………………………………………………...... xvii 

CHAPTER 

1. LEWIS-ACID CATALYZED AZIRIDINATION WITHOUT THE USUAL 

BYPRODUCTS… ……………………………………………………………..….... 1 

1.1 Introduction……………………………………………………………………..... 1 

1.2 Synthesis of aziridines………………………………………………………….... 4 

1.2.1 Aziridines from 1,2-amiono alcohols………….……….……………..….... 5 

1.2.2 Aziridines from epoxides…………………..….……….……………...….... 8 

1.2.3 Aziridines from 1,2-azido alcohols……………………………………....….9 

1.2.4 Aziridines from nitrene additions to alkenes……………………………... 10 

1.2.5 Aziridines from carbene addition to imines……………………………..... 20 

1.2.5.1 Metallocarbene addition to imines…………………………….....…. 21 

1.2.5.2 Sulfur ylide-mediated aziridination of imines…………………...…. 23 

1.2.5.3 Lewis acid-catalyzed aziridination of imines…………………...….. 27 

1.3 Our proposed alternate catalytic pathway to aziridine-2-carboxylate esters: Its 

hypothesis, results and discussions……………………………………..………. 34 



Texas Tech University, Arindam Mazumdar, August 2010 

v 
 

1.4 Chapter summary…………………………………………..………………...…. 47 

1.5 Experimental Section………………………………………………..………….. 49 

1.5.1 General information…………………………………………..…......….. 49 

1.5.2 General procedure for preparation of imines………………….....…...… 50 

1.5.3 Representative procedure for synthesis of aziridines……………........… 53 

1.5.4 Procedure for deprotection of (rac)-cis-2-carboxyethyl-1-(4-

methoxyphenyl)-3-phenylaziridine……………………………………..… 60 

1.6 References…………………………………………………………....….…...…. 62 

2. NOVEL SYNTHESIS OF [2]ROTAXANES VIA RING-OPENING CROSS-

METATHESIS OF A [2]CATENANE AND A DI-STOPPPERED 

AXLE………………………………………………………………………..…..…. 70 

2.1 Introduction……………………………………………..…………….……........ 70 

2.2 Syntheses of rotaxanes………………………………….……………….........… 73 

2.2.1 Statistical approach……………………………………………......…….... 73 

2.2.2  Template-directed approach……………………………...………………. 75 

2.2.2a   Transition metal-templated rotaxane synthesis………………..…… 75 

2.2.2b   Donor-acceptor interactions in rotaxane synthesis………….…..….. 77 

2.2.2c   Hydrophilic-hydrophobic interaction-based rotaxane sysnthesis…... 79 

2.2.2d   Hydrogen bond-based rotaxane synthesis…………………...…...… 80 

2.2.2e   Anion-templated rotaxane synthesis…………………………...…... 83 

2.2.2f   Rotaxane synthesis via ring-closing metathesis (RCM)…………..... 83 

2.2.3 Olefin metathesis……………………………………………….…..…...... 87 



Texas Tech University, Arindam Mazumdar, August 2010 

vi 
 

2.3 Our proposed novel strategy towards rotaxane synthesis………………….....… 91 

2.4 Results and discussion…………………………………………………..…....… 94 

2.4.1 Design and synthesis of the [2]catenane……………………..……….…... 94 

2.4.1a   Design and synthesis of the macrocycle……………………….….... 95 

2.4.1b   Design and synthesis of the α,ω-diene……………………………... 98 

2.4.1c   Synthesis of Grubbs’ catalyst……………………………...…..….. 101 

2.4.1c.1   Synthesis of Grubbs’ first generation catalyst………..….. 102 

2.4.1c.2   Synthesis of Grubbs’ second generation catalyst….……... 103 

2.4.1c.3   Synthesis of Hoveyda-Grubbs’ second generation  

catalyst…............................................................................................ 104 

2.4.1d Synthesis of the Sauvage type [2]catenane………………………. 105 

2.4.2  Design and synthesis of the di-stoppered axle…………..………...….… 106 

2.4.2a Design and synthesis of the stopper…………………………..….. 107 

2.4.2b Design and synthesis of the di-stoppered olefin…………...…..…. 108 

2.4.3 Rotaxane synthesis via ring-opening cross-metathesis (ROCM)…...….. 112 

2.4.3a Optimization of the reaction protocol……………………..…...… 113 

2.4.3a.1 Optimization of the Grubbs’second generation catalyst 

initiated ROCM reaction……………………………………...….… 114 

2.4.3a.2 Optimization of the Hoveyda-Grubbs’second generation 

catalyst initiated ROCM reaction…………………………..…….… 115 

2.4.3a.3 Effect of E:Z ratio of di-stoppered axle on optimization of 

product yield………………………………………………….…….. 117 



Texas Tech University, Arindam Mazumdar, August 2010 

vii 
 

2.4.3b Size exclusion chromatographic study……………………...….… 118 

2.4.3c Interpretation of the possible modes of the reaction pathway….… 121 

2.5 Chapter summary………………………………………………..………..….. 123 

2.6 Experimental section………………………………………..………….…….. 125 

2.6.1 General information……………………………...…………….… 125 

2.6.2 Synthetic procedures……………………………………..…...….. 126 

2.7 References……………………………………………………………….....… 157 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Arindam Mazumdar, August 2010 

viii 
 

ABSTRACT 

 The first part of this dissertation introduces the accomplishment of an important 

methodological development towards the synthesis of Lewis acid-catalyzed aziridines.  

Aziridines, a class of three-membered nitrogen-containing heterocycles, have attracted a 

great interest to chemists owing to their ability to serve as versatile precursors for the 

synthesis of biologically-active compounds, including amino acids, amino alcohols and 

β-lactam antibiotics. Of the modern catalytic routes to aziridines, the Lewis acid-

catalyzed reaction of diazoacetate with imines has been extensively studied, because the 

resulting aziridine-2-carboxylate ester is a convenient source of unnatural α- and β-amino 

acids. One problem that accompanies this route is the formation of β-amino-α,β-

unsaturated ester (AUE) byproducts which thereby decreases the yield of the aziridine. 

We report the development of an alternative route to the Lewis acid-catalyzed 

aziridination that precludes the formation of the AUE byproducts. This pathway proceeds 

with excellent conversion of starting materials, high cis-selectivit,  and the aziridine-2-

carboxylate esters were formed in good to excellent yields. Variety of substrates were 

tested and a significant increase in product yield was observed for N-(para-

methoxyphenyl)- protected aziridines, which are otherwise obtained in relatively low 

yield.  

 In the second part of this dissertation we disclose a novel route for the synthesis 

of [2]rotaxanes, an interesting and useful supramolecular architecture. Rotaxanes have 

emerged as a special class of mechanically interlocked supramolecular assemblies due to 

their usefulness towards the development of molecular machines or molecular devices. Even 
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though its chemistry has progressed over the years, until now there are only three general 

strategies for rotaxane synthesis, namely; threading-capping, clipping and slipping. In our 

efforts to develop routes to these supramolemolecular assemblies, we have uncovered a novel 

synthesis of a [2]rotaxane via the “insertion” of a [2]catenane into a di-stoppered axle. This 

complementary pathway proceeds with good to excellent yield of [2]rotaxanes. A report of 

the synthesis of the required starting materials along with studies on optimization of the 

reaction conditions are discussed in the second part of the dissertation. 
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CHAPTER 1 

LEWIS-ACID CATALYZED AZIRIDINATION WITHOUT THE 

USUAL BYPRODUCTS 

1.1  Introduction 

Aziridines, also known as ethylenimines, are the smallest saturated three-

membered nitrogen-containing heterocycles. Their discovery dates back to 1888 when 

Gabriel synthesized the parent member of the aziridine family.
1 

  

 

Aziridine is a clear colorless oily liquid with an intense odor of ammonia. It boils 

at 55-56 ºC and has a melting point of -78 ºC. It is readily soluble in water, diethyl ether, 

and ethanol.
2 

 A comparison
3
 of the physical properties of aziridine and an acyclic 

analogue is shown in Table 1.1. 

Table 1.1: Physical properties of aziridine and dimethylamine
 

 

entry compound b.p. (ºC) m.p. (ºC) d4
20

 

1 aziridine 55-56 -78 0.837 

2 dimethylamine 7.4 -96 0.680 

As can be seen, the closure of the three-membered C-C-N ring is accompanied by 

a considerable increase in boiling point, melting point, density and other physical 

constants connected with intermolecular interactions. This effect is due to the increased 

H-N…H –hydrogen bonding of aziridines compared with its acyclic analogues.
3
 This ring 
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closure of the three-membered C-C-N ring further leads to a considerable distortion of 

the valence angles, thereby leading to a substantial ring strain of 27 kcal mol
-1 

in 

aziridines.
3b

  The endocyclic bond angles are approximately 60º and the nitrogen atom 

adopts a pyramidal geometry. The aziridine molecule in its entirety, is not planar and a 

study of its microwave spectrum shows that the N-H (imine hydrogen) of aziridine does 

not lie in the plane of the ring.
4
 The ring strain in turn increases the polarity of the N-H 

bond and causes the low basicity constants of aziridines and its derivatives compared to 

analogous open-chain aliphatic amines. The 60º bond angle of aziridine cannot be 

explained by Pauling‟s theory of directed valencies which states that two hybrid sp3-

orbitals cannot form an angle of less than 90º with each other. Thus it is implied that the 

participating hybrid orbitals are not directly aligned towards each other but are bent to 

form “banana” bonds. Typically aziridines and its derivatives exhibit a C-N bond length 

of 1.488 Å, C-C bond length of 1.480 Å and C-H bond length of 1.083 Å, which are 

shorter than their acyclic analogues.  The high ring strain in aziridine and its derivatives 

enables relatively easy cleavage of the C-N bonds of the three-membered heterocycle 

with a range of nucleophiles. Often times, the ring-opening proceeds with a high or 

complete stereoselectivity and regioselectivity. This constitutes the most important 

feature of the chemistry of aziridines, thereby making them versatile precursors for the 

synthesis of a variety of important classes of nitrogen-containing compounds like amino 

acids, amino alcohols, β-lactam antibiotics, etc.
5
 A number of compounds isolated from 

natural sources, possessing an aziridine ring, have been shown to exhibit potent 

biological activity due to the reactivity of the strained heterocycle. A vital utility of this 
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ring-opening reaction is seen in the mode of action of mitosanes. The antitumor activity 

exhibited by mitosanes results from their ability to cross-link DNA via the ring-opening 

reaction of the incorporated aziridine ring.
6
 Mitomycin A, B, C, and porfiromycin B 

represent an important class of naturally occurring mitosanes, isolated from the soil 

extracts of Streptomyces verticillatus (Scheme 1.1).
7
 

 

Scheme 1.1 Naturally occurring biologically-active aziridines and mode of action of 

mitomycins 

 

The aziridine ring in mitosane acts as a DNA cross-linking agent via the 

nucleophilic ring-opening of the aziridine moiety.  A structure-activity relationship study 

revealed that the aziridine moiety is essential for such anti-tumor activity of mitomycins.
8
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Azinomycins are another important class of naturally occurring metabolites which show a 

wide range of anti-tumor activities.
9
  Complementary to the naturally occurring 

metabolites, a number of synthetic aziridines also exhibit useful biological properties. 

The 2-(4-amino-4-carboxybutyl)aziridine-2-carboxylic acid (1-1)
10

 is a potent irreversible 

inhibitor of the bacterial enzyme diaminopimelic acid epimerase and 2-(3-

carboxypropyl)aziridine-2-carboxylic acid (1-2)
11

 is an irreversible inhibitor of glutamate 

racemase (Figure 1.1).  

            

Figure 1.1 Biologically-active synthetic aziridines 

For these reasons, aziridines have attracted the attention of synthetic organic 

chemists and much research is being done in developing efficient synthetic routes to 

aziridines. Even though aziridines have been synthetic targets as well as useful building 

blocks in organic synthesis, compared to its oxygen analogue i.e., epoxides, they suffer 

from a dearth of methods available for their preparation. As Atkinson has noted, 

aziridination is „epoxidation‟s poor relation‟.
12

  

1.2  Synthesis of aziridines 

The various reported methods
13

 which have found general use in the synthesis of 

aziridines can be broadly classified within two categories: 1) cyclization and 2) addition 

processes.  Each of these categories can be further divided into different sub-categories. 

Cyclization processes involve the ring closure of 1,2-aminoalcohols or 1,2-aminohalides, 
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the ring opening of epoxides followed by ring closure, and the ring closure of 1,2- 

azidoalcohols. The addition process involves either the addition of a nitrene or nitrene 

equivalents to alkenes or the addition of a carbene or carbene equivalents to imines.  

The overall general scheme for the synthesis of aziridines is shown below (Figure 

1.2). 

        

Figure 1.2 General pathways for aziridine synthesis 

1.2.1  Aziridines from 1,2-amino halides and 1,2-amino alcohols: 

 In 1888
1
 Gabriel reported cyclization of a 1,2-amino halide as the first viable 

pathway for the synthesis of aziridines.  Gabriel demonstrated that aziridine could be 

synthesized in a two-step process by chlorination of ethanolamines with thionyl 

chloride, followed by alkali-induced cyclization. He also prepared aziridine by the action 
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of moist silver oxide on β-bromoethyleneamine hydrobromide (Scheme 1.2).  Gabriel 

assigned the structure of vinylamine to the newly synthesized compound. In 1899 this 

error was rectified by Marckwald, who showed that the product obtained by Gabriel was 

actually a cyclic secondary amine.
14

   

 

Scheme 1.2 Gabriel‟s method of aziridine synthesis 

 In subsequent years various types of amino halides were used for the synthesis of 

aziridines by various research groups. A series of free β-bromoethyleneamine,
15

 bis-(β-

chloroethyl)amine,
16

 and even tris-(β-chloroethyl)amine
17

 were successfully cyclized to 

the corresponding aziridinium halides. The rates of this type of cyclization of the 

haloalkylamines were found to be dependent on three factors: 1) the identity of the 

halogen atom, 2) the substituent on the nitrogen atom, and 3) the halogen-bearing carbon 

atom. The rate increased in the order Cl< Br < I.
18

 In 1935 an alternate process for 

aziridine synthesis was reported by Wenker (Scheme 1.3),
19

 wherein 600 g of 

ethanolamine was heated at high temperature with more than 1 kg of 96% sulfuric acid. 

β-Aminoethyl sulfuric acid was formed as an intermediate. 

 

Scheme 1.3 Wenker‟s method of aziridine synthesis 



Texas Tech University, Arindam Mazumdar, August 2010 

7 
 

 Upon distillation of 282 g of this intermediate from aqueous base, 23 g of 

aziridine was isolated. Wenker‟s conditions for aziridine synthesis were, however, not 

applicable to a wide range of amino alcohols. When substrates containing substituents at 

the α- position to the hydroxyl group were used, these harsh conditions produced a 

mixture of cyclization and elimination products. However, in recent years, the 

development of a variety of conditions for activation of hydroxyl groups has enabled the 

preparation of various achiral and enantiomerically pure chiral aziridines. Mitsunobu-

type oxyphosphonium activation has been widely used in this type of transformation. An 

example of efficient aziridination following the Mitsunobu-type activation of an alcohol 

is the stereospecific ring-closure of hydroxyl sulfonamide with triphenylphosphine and 

diethyl azodicarboxylate (DEAD) as shown in Scheme 1.4.
20

  

 

Scheme 1.4 Use of Mitsunobu-type reactions for aziridination 

 The synthesis of simple chiral aziridines has also been achieved from simple 1,2-

amino alcohols. Jabin reported the formation of an enantiopure aziridine in good yield 

from the ring closure of (S)-aminopropan-1-ol with NsCl in pyridine (Scheme 1.5).
 21

 

 

Scheme 1.5 A chiral non-racemic aziridine from a 1,2-amino alcohol 
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1.2.2  Aziridines from epoxides: 

 Enantiomerically pure epoxides have also been used in multi-step syntheses of 

aziridines in good yields. Direct conversion of chiral epoxides into chiral aziridines was 

demonstrated by Ishikawa with use of guanidines as nitrene sources.
22

  

 

Scheme 1.6  Aziridines from enantiomerically pure epoxide 
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 The aziridine was formed with a high level of enantioselectivity but was formed 

in a low yield of 41%.  A betaine species was produced which afforded the aziridine via a 

spiro intermediate (Scheme 1.6a).
22

  Jacobsen and co-workers reported the synthesis of an 

N-nosyl aziridine in 74% yield with a high level of enantioselectivity by a 

[(salen)Co]catalyzed kinetic resolution of a terminal epoxide (Scheme 1.6b).
23

 

1.2.3 Aziridines from 1,2-azido alcohols:
24

 

 The availability of epoxides led to the emergence of yet another pathway way for 

the synthesis of aziridines. This pathway involves the ring-opening of epoxides with a 

nucleophilic azide source to form 1,2-azido alcohols which are subsequently made to 

undergo a phosphine-mediated ring-closure to form the aziridine. This ring-closing 

reaction is also known as a Staudinger reaction. The vital step in this type of 

aziridination is the reaction of the hydroxyazide with the trialkyl or triarylphosphine, 

thereby producing the diastereomeric oxazaphospholidines. Upon heating in acetonitrile, 

these oxazaphospholidines are slowly converted into N-unsubstituted aziridines (Scheme 

1.7). Both chiral and achiral epoxides have been successfully used in this type of 

reaction, causing no issue with stereoselectivity. 
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Scheme 1.7  Aziridines from 1,2-azidoalcohols via a Staudinger reaction 

1.2.4   Aziridines from nitrene additions to alkenes: 

  Analogous to epoxide formation via addition of oxygen to an alkene, nitrogen-

group transfer to alkenes has emerged as an appealing pathway for the synthesis of 

aziridines. This is particularly due to the abundance of olefinic starting materials coupled 

with the direct nature of such a process. In this process, nitrenes are used as the nitrogen 

source. The addition of nitrenes to alkenes can occur via two general pathways, 

involving one or two steps. Whereas direct aziridination occurs with nitrenes and 

metallonitrenes, non-metallic nitrenoids usually react through an addition-elimination 

process (Scheme 1.8).
25
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Scheme 1.8 a) Direct aziridination of alkenes, b) Addition-elimination process of 

aziridination of alkenes 

 Nitrenes are reactive intermediates in which the nitrogen is monosubstituted and it 

carries one lone pair and two other electrons. Nitrenes are classified as singlet nitrenes if 

the non-bonded electrons are paired and retained in two orbitals, each containing an anti-

parallel electron pair. On the other hand, they are considered as triplet nitrenes if the 

non-bonded electrons are spread over three orbitals, one carrying an anti-parallel 

electron pair and two other orbitals carrying one electron, each of parallel spin.  The 

singlet nitrenes react stereospecifically with 1,2-disubstituted alkenes via a concerted 

bond formation of two C-N bonds, whereas the triplet nitrenes react in a two-step 

process with alkenes and proceeds via formation of an N-C bond in each step (Scheme 

1.9).
12 
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Scheme 1.9 Reaction modes of addition of singlet and triplet nitrenes across alkenes 

 Early examples of the nitrene addition reactions often involved the use of 

alkoxycarbonylnitrenes as the nitrogen source. The generation of the acylnitrenes 

required harsh conditions and involved either thermal or photochemical decomposition 

of the corresponding azides. These harsh conditions generated the reactive singlet 

nitrene along with the more stable triplet nitrene. The mixture of singlet and triplet 

nitrenes afforded poor selectivity, and a mixture of cis and trans isomers of aziridine 

were formed.  Upon changing the nitrene precursor to non-acylated azides, the reaction 

proceeded with the formation of a 1,2,3-triazoline intermediate, which upon liberation of 

N2 afforded the aziridine product (Scheme 1.10). 
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Scheme 1.10 Aziridine synthesis via addition of non-acylated azides across alkenes 

 Stereoselectivity still remained an issue in this method.  As a methodological 

development of this pathway, Atkinson and Rees demonstrated the first practical 

modification of in situ generation of nitrenes by oxidation of hydrazine derivatives.
26

 

Various N-amino aziridine derivatives were successfully prepared by treating N-

aminophthalimides with alkenes in the presence of lead tetraacetate (Scheme 1.11).  

 

Scheme 1.11 Aziridine synthesis via the Atkinson-Rees method of in situ generation of 

nitrenes 

 

 As an improvement over the earlier methods, the in situ-generated nitrenes 

afforded aziridines in a stereoselective manner, consistent with the selective formation 

of singlet nitrene during the process. The cis/trans selectivity was dependent on the 
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temperature and the nature of the substituent on the carbon ring.  Exclusive cis 

selectivity is observed at -20 °C, and this was attributed to the high barrier to N-

inversion and the presence of the electron-withdrawing phthalimido group.
27

  Following 

this modified protocol, high diastereoselectivity was observed even for monosubstituted 

alkenes.  The Atkinson-Rees method of aziridination was a significant improvement 

over the earlier methods in terms of diastereoselectivity. However, it is restricted to the 

use of N-phthalimido or N-quinazolinonyl substituent and the use of a highly toxic 

oxidant.  In 2002 Yudin and co-workers
28

 developed a modification of the Atkinson-

Rees aziridination.  This method involved the use of electrochemistry and did not 

require the use of any metal oxidant (Scheme 1.12). Though it required the use of N-

phthalimido substituent, it showed broad substrate tolerance compared to other alkene 

aziridinations.  

 

Scheme 1.12 Aziridine synthesis via use of electrochemistry 

 As further methodological development of the Atkinson-Rees aziridination 

continued, Che and co-workers reported the use of iodobenzene diacetate as a substitute 

for lead tetraacetate. However, in this case, the substrate scope was narrow and was 

primarily limited to styrenes.
29

 Alongside the advances in aziridine syntheses, metal-

stabilized nitrene transfer emerged as an alternative to the existing types of aziridination 
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reactions. Much progress has been made since the pioneering studies by Khan and 

Kwart on the use of Cu(I) salt-mediated aziridination of alkenes in the presence of tosyl 

azide.
30

 In the 1980‟s, metalloporphyrins
31

 emerged as another class of effective catalyst 

for aziridination of alkenes in the presence of N-tosyliminophenyliodinane.  A 

breakthrough in enantioselective aziridination using metal-stabilized nitrenes was 

achieved by Evans, Jacobsen and Katsuki, with pioneering work being reported 

independently in 1993 by Evans et al. and Jacobsen et al.
32

 A wide variety of transition 

metal-based catalysts, such as copper, manganese, rhodium and ruthenium, were tried 

with N-tosyliminophenyliodinane (PhI=NTs) as the nitrene source. Several chiral 

ligands including chiral bisoxazolines (Scheme 1.13) proved to be efficient ligands for 

inducing enantioselectivity in these transition metal-catalyzed aziridinations.  

 

Scheme 1.13 Transition metal-induced asymmetric aziridination 

 Jacobsen proposed that these types of reactions proceed via formation of copper-

nitrene complexes and not via any type of single-electron process (Scheme 1.14). Even 

though this class of asymmetric reactions represented a major advancement in the field 

of aziridination, it also had several disadvantages. It required the use of unstable and 

explosive iodinane nitrene precursors
33

 (PhI=NR) and in many cases it also needed five 

or more equivalents of alkene to effect the aziridination.   
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Scheme 1.14 Proposed reaction mechanism for copper-catalyzed asymmetric 

aziridination of alkenes with N-tosyliminophenyliodinane 

 To eliminate the direct use of an explosive nitrene precursor, Dauban and Dodd 

reported a modified procedure
34

 for in situ generation of PhI=NR by treating 

sulfonamides with iodosylbenzene (PhI=O)
34

 or PhI(OAc)2.
35

 Dauban et al. used chiral 

N-(p-toluenesulfonyl)-p-toluenesulfonimidamide and iodosylbenzene for the in situ 

generation of a chiral iminoiodinane. This intermediate, in the presence of a copper(I) 

catalyst, produced a nitrene which effectively reacted with a wide range of alkene 

substrates to produce aziridines with diastereoselectivities of up to 60% de.
36

 Scheme 

1.15 shows excellent aziridine yield with a diastereomeric excess of 41% when using an  

α-β-unsaturated ester as the alkene substrate.  
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Scheme 1.15 Cu-catalyzed asymmetric aziridination of alkenes using chiral 

sulfonimidamide and PhI=O 

 

 Many other methodological variations of aziridination via addition of nitrenes 

across alkenes continued to be reported by various research groups. An important 

variation was that asymmetric aziridination could be carried out without the use of a 

metal catalyst. In 1998 Sharpless et al. reported
37

 the use of chloramine-T, N-chloro 

tosylamide sodium salt, as an alternative nitrene source (Scheme 1.16). Treatment of 

alkenes with anhydrous chloramine-T and phenyltrimethylammonium tribromide 

(PTAB) in acetonitrile at ambient temperature produced moderate to excellent yields of 

aziridines. Both electron-rich and electron-neutral alkenes, particularly allylic alcohols, 

were found to be good substrates for this reaction. Various other oxidants like H2O2
38

 

and bromamine-T
39

 could also be used in place of chloramine-T.  
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Scheme 1.16  Non-metal catalyzed aziridination of alkenes using chloramine-T  

 The necessary presence of a sulfonyl substitutuent at the N-atom, and the difficult 

removal of the same, posed to be a limitation of this method. An improvement over this 
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limitation was reported by Guthikinda and Du Bois by using trichloroethylsulfamate in a 

Rh(I)-catalyzed aziridination of alkenes (Scheme 1.17).  The trichloroethylsulfamate is 

easily cleavable with metallic zinc under mild conditions. As opposed to typical metal-

nitrenoid aziridination reactions, an excess of alkene was not required with the Du Bois‟ 

method.
40

  

 

Scheme 1.17  Rh(I)-catalyzed aziridination using easily cleavable 

trichloroethylsulfamate 

 Even though the addition of nitrenes or nitrene equivalents across alkenes 

constituted a new and successful route to achiral and chiral aziridines, the efficiency of 

the reaction was affected by the low reactivity of alkenes, requiring use of excess 

amounts of substrate and further producing products with not so good stereoselectivity.  
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As an alternative synthetic strategy, the addition of carbenes or carbene equivalents such 

as ylide across an imine emerged as yet another powerful tool for aziridine synthesis. 

1.2.5   Aziridines from carbene additions to imines: 

 The addition of carbenes or carbene equivalents across imines developed into a 

very useful and well studied method for aziridination. Significant advances have been 

made in this area and a range of carbenes, metal carbenoids and ylides have been used to 

effect aziridinations via this pathway. In contrast to the nitrene addition to alkene 

pathway, which involved the simultaneous formation of two new C-N bonds, the 

carbene methodology proceeds through the formation of one C-N bond and one C-C 

bond, which often involves a stepwise addition-elimination process. A general reaction 

pathway is shown in Scheme 1.18. 

 

Scheme 1.18  Synthesis of aziridines via addition of carbenes (or carbene equivalents) 

across an imine 

 Within the carbene methodology, the use of metal carbenoids generated from 

reactions between α-diazoesters and imines in the presence of variety of catalysts has 
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generated interest within the scientific community. One reason for it is that simple 

carbenes suffer from many of the same disadvantages as nitrene reactions.  

 The various methods developed for generation of aziridines via the carbene 

pathway can be subdivided into three categories involving: i) metallocarbene addition to 

imines; ii) sulfur ylide addition to imines; and, iii) Lewis acid-catalyzed aziridination of 

imines with diazo compounds.  

1.2.5.1 Metallocarbene addition to imines:  

 In one of the earliest reports of metallocarbene addition to imines, Baret et al. 

demonstrated that imines could be successfully aziridinated with ethyl diazoacetate 

(EDA) catalyzed by copper powder.
41

 After this initial report in 1972, many similar 

aziridinations, including several asymmetric ones, have been tried with variation in the 

carbene source and use of different metal catalysts.  In 1995 Jørgensen et al.
42

 reported a 

catalytic method for the synthesis of aziridines from imines and diazoacetates using 

copper complexes as catalysts. In their study, they examined the diastereo- and 

enantioselective scope of the methodology. It proceeded with moderate 

diastereoselectivity which was highly dependent on the nature of the substrate. A similar 

issue with diastereoselectivity was also observed by Müller et al.
43

 in their attempt to 

induce asymmetric aziridination of imines with ethyl diazoacetate using a chiral Rh
II
-

carboxylate catalyst. Successful attempts on establishing the asymmetric induction were 

reported by Jacobsen and Finney, in which enantioselective carbene-imine aziridination 

reactions
44

 were achieved by use of a metallocarbene derived from ethyl diazoacetate 

and copper(I)hexafluorophosphate in association with bis(dihydrooxazole). The reaction 
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proceeded with moderate to good yields and mediocre selectivity from N-arylaldimines 

(Scheme 1.19). The best diastereoselectivity was >10:1 in favor of the cis-isomer. Of all 

the ligands tested, Evans bis(dihydrooxazole) afforded the highest enantioselectivity.   

 

Scheme 1.19 Asymmetric aziridination via metallocarbene addition to an imine 

 

 Jacobsen proposed that the reaction mechanism involves a transient bis(di-

hydrooxazole)copper carbene complex which reacts with either ethyldiazoacetate to 

form a mixture of diethyl maleate and fumarate or it complexes with the lone pair on the 

imine to form the metal-complexed azomethine ylide (Scheme 1.20). The resulting metal 

complexed ylide may react in two possible ways: a) it may undergo intramolecular ring 

closure to form the aziridine enantioselectively; or, b) it may reversibly dissociate to 

form the uncomplexed azomethine ylide. The latter may either form racemic aziridines 

by intramolecular cyclization or it may undergo dipolar cycloaddition with diethyl 

fumarate to generate racemic pyrrolidine.  Thus it appears that the key to 

enantioselectivity is prevention of formation of the free azomethine ylide. This 

asymmetric version was very sensitive to the electronic properties of the imines. Also 

the substrate scope was limited to diarylimines and the enantioselectivity was not high. 
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Even with these disadvantages, these results in asymmetric aziridination made the 

metallocarbene addition pathway an attractive route. 

 

 

Scheme 1.20 Proposed reaction mechanism for Jacobsen‟s asymmetric aziridination
44

 

1.2.5.2  Sulfur ylide-mediated aziridination of imines: 

 In addition to carbenes and carbenoids, ylides have also been widely used for 

aziridination of imines. An ylide and an imine may react to form a betaine which 

subsequently affords aziridine by ring closure via elimination of a heteroatom-

containing leaving group originating from the ylide. In 1963 Driesen et al.
45

 developed a 

Darzens-like route to aziridination by addition of sulfur ylides to imines. A variation vof 
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this pathway, also known as the Corey-Chaykovsky
46

 reaction, was developed by 

Chaykovsky and Corey in 1965, involving sulfonium ylide-mediated aziridination of 

chiral sulfinyl imines. Recently, the versatility of the reaction was demonstrated by 

Stockman et al. by successful preparation of a range of aryl, aliphatic and vinyl 

aziridines in good yields and high levels of stereoselectivity (Scheme 1.21).
47

  

 

Scheme 1.21 Sulfur ylide-mediated aziridination of imines 

 In 1994 Aggarwal et al.
48 

demonstrated that in related epoxidation reactions, 

sulfur ylides can be generated by the reaction of a sulfide with a carbenoid in the 

presence of aldehyde, and hence only catalytic amounts of sulfides were required. In 

1996
49 

they
 
extended this methodology to development of a sulfur ylide-mediated 

catalytic asymmetric aziridination, by in situ generation of sulfur ylides in the presence 

of aryl diazo compounds. Terpene-derived sulfides, upon reaction with the 

metallocarbene, generated in situ by Rh
II
- or Cu

II
 decomposition of the corresponding 

diazo compounds, formed sulfur ylides, which further reacted with imines to afford the 

corresponding aziridines in good yields with excellent enantioselectivity (Scheme 

1.22).
50a
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Scheme 1.22 Mechanistic explanation of the asymmetric aziridination of imine using an 

in situ-generated sulfur ylide  

 The reaction method involved the slow addition of the diazo compound to a 

solution of the Rh-salt-terpene-derived-sulfide and the substrate imine. Critical to the 

formation of the sulfur ylide was avoidance of the direct reaction between the imine and 

the in situ-generated metallocarbene. This was achieved by placing an electron-

withdrawing substituent on the imine nitrogen (Scheme 1.23).  

 

Scheme 1.23 Asymmetric aziridination of an imine using an in situ-generated sulfur 

ylide 
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 This process showed excellent enantioselectivity, but the reaction could not be 

scaled-up and the sulfide could not be fully recovered. Improvement over this 

shortcoming was achieved by use of a new chiral sulfide, developed by the same group, 

along with in situ generation of the aryl diazo compound by decomposition of a stable 

sodium salt of tosylhydrazone.
50b

 The trans-aziridine was obtained as the major isomer 

with semi-stabilized sulfur ylides, whereas the cis-isomer was formed predominantly 

when stabilized sulfur ylides were used.  Excellent enantioselectivity was observed in all 

of the cases. 

 Our group extended the substrate scope of sulfur ylide-mediated aziridination to 

the use of asymmetric N-sulfinyl imines, in particular N-tert-butanesulfinyl imines 

(Scheme 1.24), which are usually unreactive towards ethyl diazoacetate (EDA) or PDM 

in the presence of Lewis acids. Benzyl-stabilized sulfur ylides, generated in situ by a Rh-

catalyzed decomposition of PDM by various sulfides, were used to obtain asymmetric 

aziridines in excellent yields with high trans-selectivity.
51

  

 

Scheme 1.24 Asymmetric aziridination of an N-tert-butanesulfinyl imine using an in 

situ- generated sulfur ylide 
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1.2.5.3  Lewis acid-catalyzed aziridination of imines: 

 The Lewis acid-catalyzed aziridination of imines emerged as yet another 

promising route to aziridines wherein, unlike the metallocarbene or sulfur ylide pathway, 

a diazo compound directly reacts with an activated imine. In 1983 Bartnik et al.
52

 

reported that such aziridinations of imines could be achieved by use of 

phenyldiazomethane as the carbene source and zinc iodide as the catalyst. Activation of 

the imine by formation of an imine-ZnI2 complex was thought to be the driving force for 

the reaction. Moderate yields were obtained, but this procedure had a severe restriction 

on the type of carbene source that could be used. It required the mandatory use of 

phenyldiazomethane and failed when ethyl diazoacetate was used.  A few years later, 

another variation of this methodology was reported by Williams et al. with use of 

diazopenicillanates in the presence of BF3·OEt2.
53 

Neither of these
 
two methods were 

found to be general. A breakthrough in this reaction methodology with a detailed 

explanation of the reaction mechanism was reported by Templeton et al. in 1996 

(Scheme 1.25).
54

  

 

Scheme 1.25 Lewis acid-catalyzed aziridination of imines using EDA 

 Following this reaction protocol, aziridines could be conveniently synthesized 

from a range of imines using commercially available ethyl diazoacetate. Even though in 
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most cases it afforded only moderate to good aziridine yields, it showed good substrate 

tolerance, covering both electron-rich and electron-deficient imines. In general, good to 

excellent diastereoselectivity favoring the cis isomer was observed. The reaction 

conditions were mild and did not require the use of unstable phenyldiazomethane. The 

absence of formation of the carbene coupling products (diethyl fumarate and maleate) 

was indicative of a pathway which did not proceed via any metal carbenoid species. It 

was proposed that the reactions proceeded via the Lewis acid-assisted activation of the 

imine rather than via a metallocarbene pathway.  

 Subsequent work by various other groups demonstrated the versatility of this 

reaction by the use of a wide variety of Lewis acids.
55

 An asymmetric version of this 

pathway was reported by Jørgensen et al. in 1999.
56

 Using trimethylsilyldiazomethane 

(TMSD) as the carbene source, a series of N-substituted α-imino esters was successfully 

aziridinated asymmetrically with use of various chiral ligands, such as BINAP and 

bisoxazoline. Good enantiocontrol was obtained by aziridination of N-tosylimines in the 

presence of (R)-Tol-BINAP copper (I) complex as a catalyst (Scheme 1.26).  

 

Scheme 1.26 Jørgensen‟s asymmetric aziridination with (R)-Tol-BINAP 

 The most widely applicable Lewis acid-catalyzed asymmetric approach to 

aziridination was reported by Wulff et al. in 1999
57a

 and 2000.
57b

 “Vaulted” chiral boron 
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Lewis acids VANOL and VAPOL were used as chiral catalysts to mediate asymmetric 

aziridination of N-benzhydrylimines with ethyl diazoacetate as the carbene source. It was 

found that the asymmetric induction was independent of the imine-to-catalyst ratio and 

excellent enantiocontrol of 99% eecis was achieved with a catalyst loading as low as 1 

mol% (Scheme 1.27). A range of substrates, with varying substituents on the imine 

carbon atom, afforded good yields of aziridines and exhibited high cis/trans selectivity. 

In all of the cases, > 94% eecis was observed.  

 

Scheme 1.27 Wulff‟s asymmetric aziridination of N-benzhydryl imine 

 Even though Wulff‟s methodology allowed for the first generally applicable 

protocol for catalytic asymmetric aziridination, one restriction is the necessity of the N-

benzhydryl substituent, which being a poor activator thus often required a deprotection 

step for the aziridine to participate in subsequent transformations. Similar to 

Templeton‟s aziridination, formation of acyclic enamine byproducts was also observed. 

 Johnston et al
58

 extended the scope of Lewis acid-catalyzed aziridination in a 

considerably more economical and environmentally benign
59

 direction by use of 

Brønsted acids. Successful aziridination of a range of aryl and aliphatic N-benzhydryl 

imines was achieved with EDA assisted by a variety of Brønsted acids (Scheme 1.28).  



Texas Tech University, Arindam Mazumdar, August 2010 

30 
 

 

Scheme 1.28 Brønsted acid-catalyzed aziridination 

 The reaction was highly cis selective and the acidic condition neither affected the 

acid-sensitive functional groups nor did it induce any acid-promoted ring-opening of 

aziridines. An interesting study reported by Xia et al.
60

 demonstrated that with use of 

ionic liquids no catalyst was required for the aziridination of imines with ethyl 

diazoacetate (Scheme 1.29). The ionic liquid 1-n-butyl-3-methylimidazolium 

hexafluorophosphate ([bmim][PF6]) as well as its tetrafluoroborate analogue 

([bmim][BF4]) effected a highly cis-selective aziridination of both electron-rich and 

electron-deficient aryl imines. 

 

 Scheme 1.29 Ionic liquid-mediated aziridination 

 Similar to typical Lewis acid-catalyzed aziridination reactions, a small amount of 

enamine byproduct was formed and no carbene-coupling products were observed. It is 

believed that the ionic liquid acts as a Lewis acid and that the reaction proceeds in a 

similar manner to that of the previously reported Lewis acid-catalyzed pathway. Since 

ionic liquids are immiscible with some organic solvents, this method allowed an easy 
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product extraction with a petroleum ether-ethyl acetate mixture. Furthermore, the 

[bmim][PF6] ionic liquid could be re-used up to as much as five times without loss in 

product yield or diastereoselectivity. A variation of this methodology was reported by 

Rao et al.
61

 with in situ-generated imines. EDA was added to the imine generated in situ 

in [bmim][PF6], albeit in the presence of the Lewis acid Bi(OTf)3.  

 Pursuing our interest in developing novel catalytic pathways for aziridine 

synthesis, we attempted to discover analogs of ionic liquids and test their ability to induce 

aziridination of imines using diazo compounds as the carbene sources. Electron-deficient 

pyridinium and viologen species resemble ionic liquids and have the ionic organic 

character to potentially allow the formation of a charge transfer complex with imines, 

thereby activating the imines towards nucleophilic attack. In this context, we tried to 

establish aziridination of imines induced by viologen-based molecular hosts (Scheme 

1.30).
62

 

 

Scheme 1.30 Viologen-induced aziridination of imines with PDM 

 Consistent with Lewis acid-catalyzed aziridinations, no carbene dimer byproducts 

were formed and the reactions were predominantly cis-selective. A variety of imines 

were tried and it was found that the scope of imine substrate was not limited to only 

electron-rich imines. Excellent yields and cis-selectivity were obtained with the electron- 

deficient imines as well. However, they required longer reaction times and larger 
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amounts of the viologen. Various substructures and analogues of the viologens, including 

dialkyl and diaryl viologens as well as simple pyridiniums could also induce the 

aziridination in catalytic quantities, affording good to excellent yields. The reaction rates 

were found to parallel the relative electrophilicities of the viologens and pyridinium salts.  

 Within the class of substituted aziridines, aziridine-2-carboxylate esters are 

particularly interesting because of their ability to afford α- as well as β-amino esters and 

their derivatives by virtue of the intrinsic high reactivity of the three-membered ring.
63 

Of 

the various methods reported for the synthesis of aziridine-2-carboxylate esters, the 

catalytic reaction of ethyl diazoacetate (EDA) with a variety of imines has been 

extensively studied due to the commercial availability of EDA and the relatively high 

enantioselectivity achieved following this reaction pathway. A general reaction of this 

type is shown in Scheme 1.31. 

 

Scheme 1.31 General scheme for Lewis acid-catalyzed aziridine synthesis 

 Even though carbene dimer formation could be avoided, unique to this reaction 

was the formation of two enamine byproducts. The mechanistic explanation of the 

pathway proposed by Templeton
54

 involves the activation of the imine via complexation 

with the Lewis acid as the essential first step of the reaction (Scheme 1.32). This 

activated imine then undergoes nucleophilic attack by ethyl diazoacetate, thereby 
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forming a Lewis acid-complexed intermediate which subsequently undergoes ring 

closure with elimination of N2 to afford the aziridine product.  

 

Scheme 1.32 Mechanistic pathway of Lewis acid-catalyzed aziridination 

 However, with loss of nitrogen, the R
1
 or H group can undergo 1,2-migration, 

which results in the formation of the β-amino-α-β-unsaturated ester (AUE), i.e., the 

enamine byproduct. Templeton and co-workers‟
54

 study showed that depending on the 

type of substrates, the ratio of aziridines to the enamine byproducts ranged from 94:6 to 

0:100. For electron-withdrawing groups (R
1
 = p-NO2C6H4), the ratio of aziridine to 

enamine was 82:18 whereas for electron-donating groups (R
1
 = p-CH3OC6H4), only the 

enamine byproducts were formed. The latter is attributed to the high migratory tendency 

of the substituted aryl groups in electron-deficient rearrangements. Furthermore, this 
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reaction did not tolerate much variation in the N-substitution of the imine. Aziridination 

of only three different N-substituted imines (R
2 

= N-para-methoxyphenyl, phenyl and 

benzyl) were attempted, of which the easily cleavable N-para-methoxyphenyl-

substituted imines gave moderate yields of 44-53%. It was observed that along with the 

formation of aziridines, the AUEs were formed from a common reaction intermediate by 

the 1,2-migration of the H or aryl group, thereby decreasing the yield of the desired 

product. A major problem in the synthesis of aziridine-2-carboxylate esters from imines 

and diazoacetates via the Lewis acid-catalyzed pathway is the competitive formation of 

the byproducts. In summary, Carbene dimer byproducts are formed in metallocarbene-

mediated processes and the enamino ester byproducts are formed in the Lewis-acid 

activation of the imine pathway.  

1.3   Our proposed alternate catalytic pathway to aziridine-2-

carboxylate esters: Its hypothesis, results and discussions 

 In our attempt to develop an efficient and novel route to various N-substituted 

aziridines, we became particularly interested in finding an alternative pathway to the 

synthetically important aziridine-2-carboxylate esters, precluding the formation of the 

AUE (enamino ester) and carbene dimer byproducts. A retrosynthetic analysis of the N-

pmp-aziridine-2-carboxylate ester revealed that the same aziridine-2-carboxylate ester 

can be obtained by variation of the substituent on the imine and the diazoester (Scheme 

1.33).
64

 We envisioned that as a stand-in to intermediate A, which is prone to 1,2-

migration of the phenyl group, intermediate B, having no phenyl group to migrate, 

would eliminate the potential for formation of the major AUE byproduct. With very few 
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precedents for migration of the ethyl carboxylate group,
65 

we expected minimal 

rearrangement of this type in this system.  

 

                   
 

Scheme 1.33  Proposed alternate route to Lewis acid-catalyzed aziridination without the 

formation of AUE byproducts. 

 

 Thus we hypothesized that interchanging the position of the –CO2Et and the –Ph 

groups within the intermediate would give the same aziridine but without the major AUE 

byproduct. This would require the reaction of an imino ester with phenyldiazomethane as 

opposed to an imine with ethyl diazoacetate. To minimize the formation of carbene dimer 

products, we decided to avoid the use of transition metals that are known to form 

carbenoid species.
66
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 The requisite alternative starting materials, i.e., α-imino esters
67

 and 

phenyldiazomethane
68 

were synthesized following literature procedures.  The novel 

variation of the Lewis acid-catalyzed aziridination was tested
64

 initially by treating a 

hexane solution of the N-pmp substituted α-imino ester (1-3) with 5 mol% BF3·OEt2 at    

-78 °C. After letting the solution stir for 10 min, to facilitate the formation of the Lewis 

acid-imine complex, 1.1 equiv. of a 3 M dichloromethane solution of 

phenyldiazomethane (1-4) was added in one portion (Scheme 1.34). Stirring was 

continued at that temperature for 1.5 h, following which the low temperature bath was 

removed and the reddish-orange reaction mixture was allowed to come back to room 

temperature over a period of 45 min. 

 

Scheme 1.34  Novel Lewis acid-catalyzed aziridination of α-imino ester without the 

formation of AUE byproducts. 

 The 
1
H NMR spectrum of the crude product showed that the reaction proceeded 

with complete conversion of the α-imino ester. Upon purification on silica gel by flash 

column chromatography, both the cis- and the trans- isomers of the aziridine-2-

carboxylate ester 1-5 were isolated.  The overall yield of the reaction was 89%, which is 

significantly higher than that reported for N-pmp protected aziridine-2-carboxylate ester 

in any previously reported methods. Like other Lewis acid-catalyzed reactions, this 
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pathway also exhibited high diastereoselectivity, favoring the formation of the cis-isomer. 

This alternative route afforded 70% of the cis- and 19% of the trans-aziridine. In 

accordance with our hypothesis, neither the major nor the minor AUE byproducts were 

observed.  While traces of stilbenes were detected by 
1
H NMR spectroscopy, the reaction 

produced an excellent aziridine yield. With no indication of any other byproduct 

formation, we anticipate the reaction mechanism followed the pathway proposed by 

Templeton et al.
54

 Without any Lewis acid catalyst, no aziridines were observed under 

the same reaction conditions. Apart from eliminating the formation of the AUE 

byproducts, another major advantage of this reaction protocol is facilitating the high 

yielding aziridine formation with N-aromatic substituted imine substrates, especially N-

pmp protected imines. Aziridination of analogously substituted N-benzylideneanilines 

using EDA affords low yields of aziridines.
69

 

To see the possible effect of solvents on AUE byproduct formation, 

diastereoselectivity and reaction yields of aziridines, the same BF3·OEt2 catalyzed 

aziridination as in Scheme 1.34 was tested in a variety of organic solvents (Table 1.2). 

Conversion of 100% of the imine was observed in all solvent systems. Very good 

aziridine yields of 80% and above were obtained for all of the solvents tested under these 

reaction conditions. A significant improvement in the diastereoselectivity was observed 

when the reactions were performed in dichloromethane or ether, even though the total 

aziridine yields for the reactions were comparable (entries 1, 2 and 5) to that found when 

hexane was used. No reason could be attributed for this solvent behavior. 
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Table 1.2: Solvent screen for the alternative Lewis acid-catalyzed aziridination
a 

entry solvent cis:trans
b
 % cis

c
 % trans

c
 

1 DCM all cis 87 --- 

2 ether 13.2:1 85 1 

3 THF 7.3:1 83 2 

4 MeOH 4.5:1 67 13 

5 hexane 4:1 70 19 

6 toluene 2.8:1 58 22 
a 

Reaction performed with 5 mol% BF3·OEt2 and 1.1 equiv. PDM. Reaction conditions are the same as in   

Scheme 1.34 except for use of the noted solvent. Quantitative conversion of imine observed in all cases. 
b 

Determined from the 
1
H NMR spectrum of the crude product. 

c 
Isolated yield of aziridine based on imine. 

Having established the best solvent system for this type of aziridination, we 

turned our attention to screening a variety of readily available Lewis acids under the same 

reaction conditions with DCM as the solvent (Table 1.3). All of the Lewis acids tested 

afforded almost quantitative conversion and the reaction was highly cis-selective. 

Yb(OTf)3, Zn(OTf)2 and BF3·OEt2 were found to be the three best catalysts for this 

reaction pathway, with the highest yield of 90% being observed when 5 mol% Yb(OTf)3 

was used (Table 1.3, entry 1).  The reaction proceeded with quantitative conversion of 

imine and complete cis-selectivity was observed. No AUE byproducts were formed with 

any of these catalysts. However, when the metallocarbene-forming Cu(I) catalyst was 

employed (entry 8), aziridine formation was notably reduced to 67% by the competing 

formation of cis- and trans-stilbenes. 

 



Texas Tech University, Arindam Mazumdar, August 2010 

39 
 

Table 1.3: Catalyst screen for the alternative Lewis acid-catalyzed aziridination
a
 

entry catalyst % conv. cis:trans
b
 % cis

c
 % trans

c
 

1 Yb(OTf)3 100 all cis 90 --- 

2 Zn(OTf)2 100 49:1 89 --- 

3 BF3·OEt2 100 all cis 87 --- 

4 AlCl3 97 4.8:1 45 19 

5 TiCl4 98 3.1:1 49 15 

6 SnCl4 90 7.3:1 55 13 

7 AgOTf 100 6.6:1 66 9 

8 Cu(OTf)2 98 49:1 67 --- 

9 CF3SO3H 98 all cis 70 --- 

10 Fe-Lewis acid
d
 95 5.3:1 43 14 

11 AgSbF6 30 6.8:1 --- --- 

12 (t-Bu)4NOTf --- --- --- --- 

a 
Reaction performed with 5 mol% of the noted catalyst, 1.1 equiv. PDM and DCM was used as solvent. 

b 
Determined from the 

1
H NMR spectrum of the crude product. 

c 
Isolated yield of aziridine based on imine. 

d
 [η

5
-(C5H5)Fe(CO)2(THF)]

+
BF4

-
 

To see the efficiency of protic acids with this alternative pathway in comparison 

with Johnston-type
58 

aziridination, TfOH was tested (entry 9).  The protic acid provided 

less aziridine than the top performing Lewis acids. 

With the best solvent (DCM) and the best catalyst (Yb(OTf)3) identified, we 

attempted to test the versatility of this alternative route by trying the Lewis acid-catalyzed 

aziridination of a variety of α-imino esters (Table 1.4). The substrates tested were diverse 



Texas Tech University, Arindam Mazumdar, August 2010 

40 
 

with respect to the type of substituent on the nitrogen atom of the imines.  In all of the 

cases, the top performing catalyst Yb(OTf)3 was used at an amount of 5 mol%, for which 

in previous cases 100% cis-selectivity was observed, and 1.1 equiv. of PDM was used. 

Table 1.4: Aziridine synthesis from other imino esters
a
 

entry imine R
b
 cis:trans

c
 % cis

d
 % trans

d
 

1 1-3a C6H5 all cis 61 --- 

2 1-3b C6H4(4-CH3) all cis 70 --- 

3 1-3c C6H4(2-OCH3) 9:1 59 5 

4 1-3d CH(C6H5)2 2.2:1 53 24 

5 1-3e (±)CH(CH3)(C6H5) (10:9):(3:2) 59 20 

6 1-3f C6H2(4-OCH3)(2,6-CH3) all cis 65 --- 

a 
Reaction performed with 5 mol% Yb(OTf)3 catalyst, 1.1 equiv. PDM and DCM was used as solvent. 

b 
R is the N-substituent on the imine. 

c 
Determined from the 

1
H NMR spectrum of the crude product. 

d 
Isolated yield of aziridine based on imine. 

Owing to inherent stability problems with various substituted imino esters, reports 

of additions to imino esters are usually limited to N-PMP, N-benzhydryl, or N-sulfonyl 

imino esters.  We were able to synthesize a variety of substituted imino esters which were 

not only relatively stable but also amenable to the aziridine-forming reaction (entries 1 – 

6).  As can be seen, the imines for entries 1-3 afforded lower yields of aziridine, 

compared to the N-pmp substituted imino ester. This could be attributed to the lower 

diastereoselectivity coupled with significant and selective decomposition of the trans-

aziridine isomer under the Lewis-acidic reaction conditions.
70

  Minor decomposition of 

the trans-aziridine was observed in the case of N-benzyl-type imines (entries 4 and 5). In 

comparison, (entry 3), the isomeric N-ortho-methoxy phenyl substituted imino ester was 
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relatively unstable and afforded only 59% of isolated cis-aziridine. No AUE byproducts 

or carbene dimer byproducts were formed with any of the substrates.  

The reactions for entries 1-3 in Table 1.3 produced fairly clean crude products as 

determined by 
1
H NMR spectroscopy. The conversion of imines was 100% and all of the 

three catalysts were completely cis-selective. Furthermore, all of these three catalysts 

produced aziridines in good to excellent yields. Hence, a study of the reduction in catalyst 

loading for these three catalysts seemed to be a rational scope (Table 1.5). For all of the 

three catalysts (Yb(OTf)3, Zn(OTf)2 and  BF3·OEt2) tested in Table 1.5 under otherwise 

identical reaction conditions, the catalyst loading could be lowered by an order of 

magnitude without sacrificing the excellent yield of the aziridine product. A catalyst 

loading of as low as 0.5 mol% afforded an excellent yield of aziridine without 

compromising the percent conversion of the imine or increasing the time of the reaction 

required for quantitative consumption (Table 1.5). In contrast, previous reports on 

Yb(OTf)3-catalyzed aziridinations of N-benzylideneanilines with EDA required 10 mol% 

catalyst and the yield was moderate to good at best.
71 

 With this route, even a 0.1 mol% 

loading of Yb(OTf)3 effected 94% conversion of imine and produced 87% overall yield 

of isolated aziridines (cis- 74% and trans- 13%). 
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Table 1.5: Optimization of Yb(OTf)3,  Zn(OTf)2 and BF3·OEt2 catalyst loading for the 

alternative Lewis acid-catalyzed aziridination
a
    

a
 Reaction performed with 1.1 equiv. PDM and DCM was used as solvent. 

b 
Calculated from 

1
H NMR spectrum of the crude product. 

c 
Isolated yield of aziridine based on imine.     

             

          To date, this is the highest level of efficiency observed with this low catalyst 

loading in the catalytic synthesis of aziridines from any combination of a variety of imine 

and diazo compounds. Jørgensen et al.
72

 reported the only other reaction of a highly 

entry catalyst 
amount 

(mol%) 

% 

conversion 
cis:trans

b
 % cis

c
 % trans

c
 

1 Yb(OTf)3 5 100 all cis 90 --- 

2 Yb(OTf)3 2 100 all cis 91 --- 

3 Yb(OTf)3 1 99 9:1 88 3 

4 Yb(OTf)3 0.5 100 7.3:1 87 9 

5 Yb(OTf)3 0.3 100 7.3:1 81 8 

6 Yb(OTf)3 0.2 95 4.5:1 77 11 

7 Yb(OTf)3 0.1 94 3.1:1 74 13 

8 Zn(OTf)2 5 100 49:1 89 --- 

9 Zn(OTf)2 2 100 9:1 88 --- 

10 Zn(OTf)2 1 100 4.5:1 80 10 

11 Zn(OTf)2 0.5 100 3.9:1 78 14 

12 BF3·OEt2 5 100 all cis 87 --- 

13 BF3·OEt2 2 100 13:1 81 2 

14 BF3·OEt2 1 98 7.3:1 72 9 

15 BF3·OEt2 0.5 99 11.5:1 89 7 
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active Lewis acid catalyst in the synthesis of aziridines from imines and diazo 

compounds involving the use of 0.05 mol% of SnCl4. Their reaction, however, proceeded 

with only 50% conversion of imine. The results of the catalyst loading optimization are 

summarized as follows in Table 1.6.  

Table 1.6: Optimization of catalyst loading for the alternative Lewis acid-catalyzed 

aziridination
a
   

                        

a 
Reaction performed with 0.5 mol% of the noted catalyst, 1.1 equiv. PDM and DCM was used as solvent. 

b 
Determined from the 

1
H NMR spectrum of the crude product. 

c 
Isolated yield of aziridine based on imine. 

The catalyst loading optimization study for Yb(OTf)3 revealed that the overall 

yield of aziridine rose with a decrease in catalyst loading and the diastereoselectivity 

decreased with increased formation of trans-aziridine for the reaction which was 

otherwise 100% cis-selective. This trend was also reflected in the case of  Zn(OTf)2 and 

BF3·OEt2 and there was a reduction in the diastereoselectivity, which was not observed 

until less than 2 mol% catalyst loading was used. This was attributed to the possible 

decomposition of the trans-isomer as reported by Hossain et al.
70

 

An interesting thing was observed during the experimentation on aziridination 

with the N-pmp imine and 5 mol% BF3·OEt2 (entry 3, Table 1.3).  The cis:trans ratio of 

the product aziridine was found to vary with the duration of warm-up from -78 °C, before 

entry catalyst 
% 

conversion 
cis:trans

b
 % cis

c
 % trans

c
 

1 Yb(OTf)3 100 7.3:1 87 9 

2 Zn(OTf)2 100 3.9:1 78 14 

3 BF3·OEt2 99 11.5:1 89 7 
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working up the reaction.  It was found that this reaction, which otherwise gave all cis-

aziridine with 45 min warm-up duration, afforded a mixture of cis/trans aziridine upon 

quenching the reaction without any warm-up.  This instigated us to study the effect of 

various warm-up times on this type of aziridination reaction (Table 1.7).  

Table 1.7: Effect of warm-up duration on the alternative Lewis acid-catalyzed    

               aziridination
a  

 

entry -78 °C Warm-up cis:trans
b
 

1 1.5 h 45 min all cis 

2 1.5 h 20 min 9:1 

3 1.5 h 0 min 5:1 

a 
Reaction performed with 5 mol% BF3·OEt2 catalyst, 1.1 equiv. PDM and DCM as solvent. 

b 
Determined from the 

1
H NMR spectrum of the crude product. 

 

 

We inferred that the aziridination reaction in this case, though appearing to be 

completely cis-selective with 45 min warm-up time, is actually not 100% cis-selective.  

The 
1
H NMR spectrum of the reaction crude product showed that trans-aziridine was also 

formed, in the ratio of cis 5: trans 1, and then ultimately converts to a mixture of other 

compounds during the period of warm up to leave only the cis-isomer (Figure 1.3). 
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Figure 1.3 
1
H NMR spectrum of the crude aziridination reaction mixture without 

warm-up showing the formation of cis- and trans-aziridine in a ratio of 5:1 

 To examine the mode of decomposition of the trans-isomer during warm-up, 

pure racemic trans-aziridine was subjected to a pseudo-aziridination reaction condition 

with 5 mol% BF3·OEt2 catalyst without the addition of PDM (Reaction (a), Scheme 1.35). 

The 
1
H NMR spectrum of the crude reaction product revealed the formation of the 

starting imine and a new imine; the presence of broad peaks was indicative of a possible 

oligomerization of the trans-aziridine during warm-up.  MALDI-TOF-MS of the crude 

product of reaction (a) confirmed the formation of the oligomer.   

   Interestingly, even though the parent imine was formed during the BF3·OEt2 

catalyzed decomposition of trans-aziridine, the crude product of the reaction of entry 3, 

Table 1.3 showed quantitative conversion of the starting imine. This intriguing 

observation demanded the need for reaction (b) (Scheme 1.35). In this case, pure racemic 

trans-aziridine was subjected to the aziridination reaction conditions where, in addition to 
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the 5 mol% of BF3·OEt2 catalyst, 1.1 equiv. of PDM was also used to see its effect on the 

reaction.  As expected, in the presence of PDM, the starting imine was found to be re-

aziridinated to cis-aziridine. This explains the pseudo cis-selectivity of this alternative 

pathway in the BF3·OEt2 catalyzed reaction. 

 

 Scheme 1.35 Mode of trans-aziridine decomposition 

 An asymmetric version of this alternative pathway was attempted. Asymmetric 

induction of N-PMP imino ester 1-3 was attempted with a variety of Lewis acids, such 

as Yb(OTf)3, Zn(OTf)2 and Cu(OTf)2. Independently, Tol-BINAP and BINAP were 
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used as the ligand. Under the optimized aziridination conditions, insignificant 

enantioselectivity was observed.  

In an effort to maximize the usefulness of this method, we examined the de-

protection of the N-pmp protected aziridine.  Using ceric ammonium nitrate (CAN)
73

 we 

found that the para-(methoxyphenyl)-group could be efficiently removed under mild 

conditions to afford the corresponding N-H aziridine in 82% yield (Scheme 1.36). This 

deprotected aziridine-2-carboxylate ester can be used for further transformation as 

desired.     

 

Scheme 1.36 Deprotection of cis-aziridine 

1.4 Chapter Summary 

  In summary, we have developed a novel Lewis acid-catalyzed aziridination that 

precludes the competitive pathways to enamino ester and carbene dimer byproducts. This 

alternative synthetic route proceeds with excellent conversion of starting materials, high 

stereoselectivity favoring the cis-isomer and a remarkably high yield, particularly for N-

pmp protected aziridines which are otherwise obtained in relatively low yield. The 

reaction required only minimal excess of the aryl diazo compound and worked efficiently 
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with a wide variety of Lewis acids. Under the optimized reaction conditions, excellent 

aziridine yields and high diastereoselectivity was observed even with a very low catalytic 

loading. The level of efficiency observed was the highest reported to date in the catalytic 

synthesis of aziridines from imines and diazo compounds. This efficient route was 

additionally interesting because α-imino esters, bearing two co-ordination sites, are good 

substrates for various catalytic asymmetric transformations.  
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1.5 Experimental Section 

1.5.1 General information 

 Reagents: Dichloromethane was distilled over CaH2 under nitrogen, ether was distilled 

over Na/benzophenone under nitrogen, THF was distilled over Na/benzophenone under 

nitrogen, MeOH was distilled over magnesium methoxide under nitrogen, toluene was 

distilled over Na under nitrogen and hexane was dried by storage over 4 Å MS overnight. 

Unless otherwise stated, commercial reagents were used without further purification. 

Phenyldiazomethane (PDM) was prepared following a literature reported procedure
68

 and 

it was stored at -80 °C as a dichloromethane solution, ca. 3M (concentration measured by 

1
H NMR using p-nitrotoluene as an internal standard). Imines 1-3,

74
 1-3a,

74
 1-3b,

74
 1-

3c,
75

 1-3d,
76

 1-3e
77

 and 2,6-dimethyl-para-anisidine
78 

were prepared according to 

literature reported procedures.  

 Methods: Thin layer chromatography (TLC) was performed on Merck silica gel 60 F254 

HPTLC glass plates and visualization was performed with a handheld UV lamp. Column 

chromatography was carried with reagent-grade solvents and Fisher Scientific Davisil
®
 

Grade 633 type 60 Å (200-425 mesh) silica gel. 
1
H NMR spectra were recorded on a 

Varian Mercury 300 MHz or a Varian Unity Plus 300 MHz spectrometer. Chemical shifts 

are reported in parts per million (ppm, δ) relative to TMS (0 ppm). Matrix assisted laser 

desorption/ionization mass spectrum (MALDI-MS) data were obtained on a Voyager 

Biospectrometry workstation by PerSeptive Biosystems. All reactions were performed in 
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flame-dried side-arm round bottom flasks under an argon atmosphere with freshly 

distilled solvents. 

1.5.2  General procedure for preparation of imines                                                                             

                     

 Ethyl glyoxylate (50% solution in toluene) was depolymerized by heating at 80 

°C for 4 hours and a solution was made by adding anhydrous DCM equal to half the 

volume of ethyl glyoxylate.  A solution of the corresponding amine in anhydrous 

dichloromethane was then added via
 
cannula to the dichloromethane solution of ethyl 

glyoxylate (1.2 equiv.) over 4 Å MS at 0 °C.  The reaction mixture was stirred at 0 °C for 

1 hour and then at rt for another 1 hour after which time it was filtered through a pad of 

Celite. The solvent was removed under reduced pressure using a rotary evaporator. The 

crude imine was purified by passage through a short plug of basic alumina (activity III-

IV) with petroleum ether-ethyl acetate (95:5) as the eluent.  Removal of the solvent under 

reduced pressure using a rotary evaporator yielded the imine. For imines 1-3 to 1-3e, the 

1
H NMR spectral data matched those previously reported.

74-78
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 Ethyl N-(4-methoxyphenylimino)acetate,
74

 R = para-methoxyphenyl (pmp) 

 

1
H NMR (300 MHz, CDCl3) δ 7.94 (s, 1H), 7.36 (m, 2H), 6.93 (m, 2H), 4.41 (q, J = 7.2 

Hz, 2H), 3.84 (s, 3H), 1.41 (t, J = 7.2 Hz, 3H). 

Ethyl N-phenyliminoacetate,
74

 R = Phenyl                                 

                                                

1
H NMR (300 MHz, CDCl3) δ 7.89 (s, 1H), 7.41-7.25 (m, 5H), 4.40 (q, J = 6.9 Hz, 2H), 

1.39 (t, J = 6.9 Hz, 3H). 

Ethyl N-(4-methylphenylimino)acetate,
74

 R = 4-methylphenyl                                      

 

1
H NMR (300 MHz, CDCl3) δ 7.93 (s, 1H), 7.22 (s, 4H), 4.42 (q, J = 6.9 Hz, 2H), 2.38 

(s, 3H), 1.41 (t, J = 6.9 Hz, 3H).   
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Ethyl N-(2-methoxyphenylimino)acetate,
75

 R = 2-methoxyphenyl 

 

1
H NMR (300 MHz, CDCl3) δ 8.04 (s, 1H), 7.29-7.23 (m, 1H), 7.13-7.09 (m, 1H), 6.98-

6.92 (m, 2H), 4.39 (q, J = 7.2 Hz, 2H), 3.85 (s, 3H), 1.39 (t, J = 7.2 Hz, 3H). 

Ethyl N-benzhydryliminoacetate,
76

 R = benzhydryl 

 

1
H NMR (300 MHz, CDCl3) δ 7.77 (s, 1H), 7.37-7.20 (m, 10H), 5.68 (s, 1H), 4.34 (q, J = 

7.2 Hz, 2H), 1.35 (t, J = 7.2 Hz, 3H). 

 rac-Ethyl N-(1-phenylethylimino)acetate,
77

 R = 1-phenylethyl 

 

1
H NMR (300 MHz, CDCl3) δ 7.73 (d, J = 0.9 Hz, 1H), 7.38-7.23 (m, 5H), 4.61 (dq, J = 

0.9 Hz, J = 6.6 Hz, 1H), 4.42-4.26 (m, 2H), 1.62 (d, J = 6.6 Hz, 3H), 1.35 (t, J = 7.2 Hz, 

3H).   
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Ethyl N-(2,6-dimethyl-4-methoxyphenylimino)acetate 

 

1
H NMR (300 MHz, CDCl3) δ 7.66 (s, 1H), 6.61 (s, 2H), 4.46-4.39 (m, 2H), 3.78 (s, 3H), 

2.15 (s, 6H), 1.42 (t, J = 8.1 Hz, 3H).   

1.5.3  Representative procedure for aziridine synthesis                                                                                                                                             

              To a 5 mL DCM solution of imine 1-3 (216 mg, 1.04 mmol) at -78 °C was 

added 5 mol % catalyst and the solution was stirred at -78 °C for 15 min.  To this pale 

yellow solution was added, in one portion, 1.1 equiv. of PDM, and stirring was continued 

for 1.5 h at -78 °C.  The reaction flask was then removed from the -78 °C bath and 

stirring was continued for another 45 min during which time the reaction mixture came to 

rt.  The reaction mixture was diluted with 5 mL CH2Cl2, washed with a saturated aq. 

solution of NaHCO3 (3 x 10 mL), dried over Na2SO4 and filtered.  The solvent was 

removed under reduced pressure using a rotary evaporator to provide the crude aziridine 

product which was purified on silica gel by flash column chromatography using 

petroleum ether-ethyl acetate (from 95:5 to 85:15) to provide pure aziridine isomers.  

 Syntheses of all the aziridines were performed using a similar procedure, but with 

Yb(OTf)3 as the catalyst. Spectral data of the synthesized aziridines matched those 

previously reported.
6-12
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(rac)-cis-2-carboxyethyl-1-(4-methoxyphenyl)-3-phenylaziridine 5
54 

 

1
H NMR (300 MHz, CDCl3) δ 7.5 (d, J = 6.9 Hz, 2H), 7.36-7.29 (m, 3H), 6.99 (d, J = 9.0 

Hz, 2H), 6.81 (d, J = 9.0 Hz, 2H), 4.09-3.99 (m, 2H), 3.77 (s, 3H), 3.53 (d, J = 6.9 Hz, 

1H), 3.14 (d, J = 6.9 Hz, 1H), 0.98 (t, J = 7.2 Hz, 3H). 

(rac)-trans-2-carboxyethyl-1-(4-methoxyphenyl)-3-phenylaziridine
55a

 

 

1
H NMR (300 MHz, CDCl3) δ 7.28-7.32 (m, 5H), 6.74-6.83 (m, 4H), 4.17-4.09 (m, 2H), 

3.77 (d, J = 2.7 Hz, 1H), 3.74 (s, 3H), 3.19 (d, J = 2.7 Hz, 1H), 1.91 (t, J = 6.9 Hz, 3H). 
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Table 1.4 entry 1: (rac)-cis-2-carboxyethyl-1,3-diphenylaziridine
54

 

 

1
H NMR (300 MHz, CDCl3) δ 7.52-7.48 (m, 2H), 7.36-7.20 (m, 5H), 7.09-7.00 (m, 3H), 

4.07-3.93 (m, 2H), 3.57 (d, J = 6.9 Hz, 1H), 3.19 (d, J = 6.6 Hz, 1H), 0.97 (t, J = 7.2 Hz, 

3H). 

Table 1.4 entry 2: (rac)-cis-2-carboxyethyl-1-(4-methylphenyl)-3-phenylaziridine
69b

 

 

1
H NMR (300 MHz, CDCl3) δ 7.54-7.46 (m, 2H), 7.40-7.28 (m, 3H), 7.08 (d, J = 8.1 Hz, 

2H), 6.96 (d, J = 8.4 Hz, 2H), 4.12-3.91 (m, 2H), 3.54 (d, J = 6.6 Hz, 1H), 3.15 (d, J = 

6.6 Hz, 1H), 2.30 (s, 3H), 0.98 (t, J = 7.2 Hz, 3H). 
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Table 1.4 entry 3: (rac)-cis-2-carboxyethyl-1-(2-methoxyphenyl)-3-phenylaziridine
79

 

 

1
H NMR (300 MHz, CDCl3) δ 7.53-7.56 (d, J = 6.7 Hz, 2H), 7.35-7.28 (m, 3H), 6.93-

7.04 (m, 2H), 6.83-6.92 (m, 2H), 3.91-4.02 (m, 2H), 3.81 (s, 3H), 3.58 (d, J = 6.9 Hz, 

1H), 3.09 (d, J = 6.9 Hz, 1H), 0.95 (t, J = 6.9 Hz, 3H). 

Table 1.4 entry 3: (rac)-trans-2-carboxyethyl-1-(2-methoxyphenyl)-3-

phenylaziridine
79

 

 

1
H NMR (300 MHz, CDCl3) 7.35- 7.23 (m, 7H), 7.05-6.95 (m, 2H), 4.05-4.10 (m, 2H), 

3.69 (d, J = 2.7 Hz, 1H), 3.76 (s, 3H), 3.29 (d, J = 2.7 Hz, 1H), 1.17 (t, J = 7.2 Hz, 3H). 
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Table 1.4 entry 4: (rac)-cis-2-carboxyethyl-1-benzhydryl-3-phenylaziridine
57a

 

 

1
H NMR (300 MHz, CDCl3) δ 7.59 (d, J = 7.5 Hz, 2H), 7.48 (d, J = 7.2 Hz, 2H), 7.42-

7.14 (m, 11H), 3.94 (s, 1H), 3.93 (q, J = 7.2 Hz, 2H), 3.20 (d, J = 6.9 Hz, 1H), 2.66 (d, J 

= 6.9 Hz, 1H), 0.97 (t, J = 6.9 Hz, 3H). 

Table 1.4 entry 4: (rac)-trans-1-benzhydryl-2-carboxyethyl-3-phenylaziridine
62

 

 

1
H NMR (300 MHz, CDCl3) δ 7.49 (d, J = 7.5 Hz, 2H), 7.44 (d, J = 7.2 Hz, 2H), 7.35-

7.11 (m, 11H), 5.18 (s, 1H), 3.97 (q, J = 7.2 Hz, 2H), 3.48 (d, J = 2.7 Hz, 1H), 2.85 (d, J 

= 2.7 Hz, 1H), 1.00 (t, J = 7.2 Hz, 3H). 
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Table 1.4 entry 5: (rac)-cis-2-carboxyethyl-3-phenyl-1-(1-phenylethyl)aziridine
80

    

 

(2R,3R)-2-carboxyethyl-3-phenyl-1-[(R)-1-phenylethyl]aziridine and (2S,3S)-2-

carboxyethyl-3-phenyl-1-[(S)-1-phenylethyl]aziridine 

1
H NMR (300 MHz, CDCl3) δ 7.49-7.12 (m, 10H), 4.07-3.86 (m, 2H), 2.98 (d, J = 6.9 

Hz, 1H), 2.86 (q, J = 6.6 Hz, 1H), 2.61 (d, J = 7.2 Hz, 1H), 1.54 (d, J = 6.6 Hz, 3H), 0.97 

(t, J = 7.2 Hz, 3H). 

 

(2S,3S)-2-carboxyethyl-3-phenyl-1-[(R)-1-phenylethyl]aziridine and (2R,3R)-2-

carboxyethyl-3-phenyl-1-[(S)-1-phenylethyl]aziridine 

1
H NMR (300 MHz, CDCl3) δ 7.56-7.20 (m, 10H), 3.97-3.82 (m, 2H), 3.11 (d, J = 6.6 

Hz, 1H), 2.91 (q, J = 6.6 Hz, 1H), 2.50 (d, J = 6.9 Hz, 1H), 1.51 (d, J = 6.6 Hz, 3H), 0.93 

(t, J = 7.2 Hz, 3H). 
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Table 1.4 entry 5: (rac)-trans-2-carboxyethyl-3-phenyl-1-(1-phenylethyl)aziridine
81

    

 

(2S,3R)-2-carboxyethyl-3-phenyl-1-[(R)-1-phenylethyl]aziridine and (2R,3S)-2-

carboxyethyl-3-phenyl-1-[(S)-1-phenylethyl]aziridine 

1
H NMR (300 MHz, CDCl3) δ 7.48-7.11 (m, 10H), 4.38-4.18 (m, 2H), 4.10 (q, J = 6.3 

Hz, 1H), 3.24 (bs, 1H), 2.84 (bs, 1H), 1.40-1.28 (m, 6H). 

 

(2R,3S)-2-carboxyethyl-3-phenyl-1-[(R)-1-phenylethyl]aziridine and (2S,3R)-2-

carboxyethyl-3-phenyl-1-[(S)-1-phenylethyl]aziridine 

1
H NMR (300 MHz, CDCl3) δ 7.48-7.16 (m, 10H), 4.08 (q, J = 6.3 Hz, 1H), 3.94 (q, J = 

6.9 Hz, 2H), 3.39 (bs, 1H), 2.68 (bs, 1H), 1.46 (d, J = 6.6 Hz, 3H), 0.98 (t, J = 6.9 Hz, 

3H). 
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Table 1.4 entry 6: (rac)-cis-2-carboxyethyl-1-(2,6-dimethyl-4-methoxyphenyl)-3-

phenylaziridine 

 

1
H NMR (300 MHz, CDCl3) δ 7.56-7.53 (d, 6.0 Hz, 2H), 7.37-7.25 (m, 3H), 6.53 (s, 2H), 

4.09-3.98 (m, 2H), 3.73 (s, 3H), 3.55 (d, J = 6.9 Hz, 1H), 3.12 (d, J = 6.9 Hz, 1H), 2.25 

(s, 6H), 1.01 (t, J = 7.2 Hz, 3H). 

1.5.4 Procedure
73

 for deprotection of (rac)-cis-2-carboxyethyl-

1-(4-methoxyphenyl)-3-phenylaziridine (1-5) 

 
 To an anhydrous 1.12 mL acetonitrile solution of aziridine 1-5 (60.4 mg, 0.203 

mmol) at 0 °C was added a solution of cerium(IV) ammonium nitrate (CAN)  (27.8 mg, 

0.508 mmol) in 0.8 mL of water. The reaction mixture was stirred at 0 °C for 2 h, after 

which it was brought to almost neutral pH with 5% aq. NaHCO3.  The reaction mixture 

was then warmed to rt and solid Na2SO3 was added until a brown slurry was formed. The 

organic phase was then separated and the aqueous phase was extracted with ethyl acetate 

(5 x 20 mL).  The organic phases were then combined, dried over Na2SO4 and filtered.  

The solvent was removed under reduced pressure.  The pale yellow deprotected (rac)-cis-
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aziridine 1-6
14

 (31.8 mg, 82%) was obtained, which did not require any further 

purification. 

 

1
H NMR (300 MHz, CDCl3) δ 7.34-7.25 (m, 5H), 4.04-3.89 (m, 2H), 3.49 (d, J = 6.6 Hz, 

1H), 3.01 (d, J = 6.3 Hz, 1H), 1.92 (bs, 1H), 1.01 (t, J = 6.9 Hz, 3H). 
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 CHAPTER 2 

Novel synthesis of [2]rotaxanes via ring-opening cross-

metathesis of a [2]catenane and a di-stoppered axle 

2.1 Introduction 

 Within the past decade much attention has been focused on the chemistry of 

supramolecular systems which involve interlocked molecules. The interest in such 

molecular entities has grown because of the recognition of the importance of specific 

non-covalent interactions in biological systems and in chemical processes.
1 

In contrast to 

traditional molecules which are maintained by covalent bonds, the interlocked molecules 

are comprised of two or more independent components which are not connected by any 

type of covalent linkage.
2  

Each component of such a molecule is linked to each other 

intrinsically via a mechanical bond which prevents dissociation of the counterparts. 

Catenanes and rotaxanes are two of the simplest examples of such interlocked molecules 

(Figure 2.1). The name catenane is derived from the Latin word catena meaning chain; 

these molecules consist of two or more mutually interlocking rings which can only be 

separated by breaking one or more covalent linkages that constitute each cyclic 

counterpart. The name rotaxane is derived from the Latin words rota meaning wheel and 

axis meaning axle. Thus, a rotaxane is comprised of a linear species around which is a 

ring-shaped component.  Bulky moieties, often referred to as stoppers, are placed at the 

two ends of the axle to prevent the diffusional loss of the ring. To be effective, the size of 
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the stoppers should be bigger than the cavity of the ring.  Once again, the components are 

held together by mechanical bonds but cannot be separated from one another unless a 

covalent bond is broken in either the axle or the ring. 

 

Figure 2.1 Catenanes and rotaxanes 

 The structure in Figure 2.1a is known as a pseudorotaxane because in the absence 

of any stoppers it has the potential to dissociate into a free ring and an axle. The 

nomenclature used to describe the composition of catenanes and rotaxanes takes account 

of the number of interlocked components. Thus, a [2]catenane would contain two 

interlocked rings and a [2]rotaxane would be comprised of one ring and one axle.  This 

otherwise simple nomenclature is somewhat ambiguous in terms of higher rotaxanes as a 

[3]rotaxane can consist of either two rings threaded onto one axle or two axles passing 

through one ring.  
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 An interesting feature of rotaxanes is the high degree of rotational and 

translational motion exhibited by their mechanically linked components. The translational 

motion of the rings can be aptly controlled by suitable incorporation of multiple potential 

binding sites or stations across the axle. J.-P. Sauvage et al.
3
  reported a pioneering work 

in the synthesis of an artificial muscle-like rotaxane dimer-type molecule which was 

capable of undergoing contraction and expansion under the influence of metal exchange. 

In 2005 Stoddart et al.
4
 reported the synthesis of a [3]rotaxane consisting of two different 

recognition sites along the axle of the rotaxane (Scheme 2.1)  

 

Scheme 2.1 Stimuli-responsive reversible contraction and extension in a [3]rotaxane 

 This [3]rotaxane could exist in two non-degenerate conformations as translational 

isomers, with the rings being positioned preferentially in one station or the other. 

However, on being subjected to an external stimulus, the ring could glide on to the other 

site, thereby inducing translational motion and contraction/expansion of the molecular 
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system. Owing to this unique property, rotaxane syntheses have garnered much attention 

and are considered as a potential molecular architecture in the areas of bi-stable switches, 

molecular machinery
5
 and molecular computing.

6
 

2.2  Syntheses of rotaxanes 

 The concept of rotaxanes was introduced into the literature in 1961 by Frisch and 

Wasserman in the first report of the synthesis of [2]catenanes.
7
 It became a synthetic 

reality with the pioneering work of Harrison et al.
8
 and Schill et al.

9
 A general synthetic 

protocol for rotaxanes involves the reversible process of threading of the ring onto the 

axle, and it is described by the equilibrium constant  

Keq = [rotaxane]/[axle][ring] 

 Hence, employing reaction conditions so as to shift the equilibrium towards the 

complex formation is critical to rotaxane formation.
10 

 Two approaches can be used for 

the rotaxane synthesis: statistical threading and template-directed synthesis.  

2.2.1 Statistical approach: 

 The first reported pathway for the synthesis of rotaxanes was based on statistical 

threading of a cyclic component onto a rod-like linear molecule attached with bulky end 

groups. In initial attempts, Harrison et al.
8 

demonstrated the random threading of a 

macrocyclic acyloin onto a di-trityl stoppered decane-1,10-diol (Scheme 2.2). Upon 

heating a mixture of the di-stoppered axle and the cyclic hydrocarbon at an elevated 

temperature of 120 °C, the rotaxane containing a C29 ring was obtained in 1.6% yield. 

Other homologues were unstable at that high temperature. In this process, heating at 
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elevated temperature is a prerequisite, as thermal motions are used to slip the ring over 

the stoppers. 

 

Scheme 2.2 Statistical threading approach to rotaxane synthesis 

 Harrison did further experiments to establish a correlation between the threading 

efficiency and the ratio of ring size to the stopper.
11

 A perfect correlation was not clear 

until Zilkha et al.
12 

demonstrated that a minimum of a C22 cyclic hydrocarbon system was 

required for threading onto the methylene group of 1,10-bis(triphenylmethoxy)decane. 

For ring sizes greater than C29, trityl groups failed to act as effective stoppers. The bulkier 

tris(p-tert-butylphenyl)methyl groups were found to be efficient stoppers for ring sizes up 

to C49. In the same report, Zilkha et al.
12 

 tried the threading of dibenzocrown ethers on 

ethylene oxide oligomers. Heating a mixture of ethylene oxide oligomers with dibenzo-

58-crown-19 at an elevated temperature of 130 °C followed by end-stoppering with trityl 

groups afforded the [2]rotaxane in 15% yield. Overall, the statistical approach gave low 

yields, involved difficult product separations and required high temperature reaction 

conditions. Pre-organization of complementary parts via template-directed synthesis of 

rotaxanes seemed to be a viable alternative to overcome the disadvantages of the 

statistical approach. 
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2.2.2 Template-directed approach: 

 Threading of the axle through the ring is the basis of this method of rotaxane 

formation. However, rotaxane yields have been found to be very low in the absence of 

any specific interaction between the axle and the ring. In this context, it was found that 

host-guest interaction between the axle and the ring greatly facilitated the rotaxane 

synthesis and increased the yield of rotaxanes. This is mainly based on the principle of 

self-assembly, wherein the enthalpic driving force (i.e., a negative ΔH ) derived from the 

non-covalent interactions between the ring and the axle is used to shift the equilibrium 

towards the product, thereby increasing the yield of rotaxane. This directed approach, 

more commonly known as the template method, uses molecular recognition between 

complementary fragments to form ring-axle host-guest complexes, examples of which 

would be transition metal complexes, donor-acceptor complexes, hydrophobic-

hydrophilic (cyclodextrin) inclusion complexes, hydrogen bond complexes, etc.  

2.2.2a Transition metal-templated rotaxane synthesis: 

 Transition metal coordination with organic ligands is one of the strongest types of 

interactions used in the template-directed synthesis of interlocked molecules. The 

assembling and orientational property of the transition metal greatly assists the pre-

organization of the components thereby increasing the yield of the interlocked 

compounds. Pioneering work in this area was done by Sauvage and Dietrich-Buchecker 

who reported the use of Cu(I) in the efficient syntheses of rotaxanes and catenanes. Cu(I) 

forms strong tetrahedral complexes with phenanthroline ligands. By the incorporation of 

a phenanthroline moiety in a ring and the axle, Sauvage et al.
13
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demonstrated the efficient synthesis of a pseudorotaxane in high yields (Scheme 2.3) 

 

Scheme 2.3 Cu(I)-templated approach to rotaxane synthesis 

 The presence of reactive phenolic groups in the pseudorotaxane further facilitated 

the end-stoppering with suitable blocking groups to afford the [2]rotaxane. A variety of 

stoppers starting from bulky triarylmethyl groups,
14

 porphyrin groups and fullerenes
15

 

have been used to synthesize rotaxanes by this method. Furthermore, the metallated 

rotaxane can be readily demetallated, leaving the interlocked components free to move 

relative to each other. Sauvage et al.
 3

 extended this method to the synthesis of a rotaxane 

dimer containing multiple stations on the axle which facilitated the movement of the ring, 

thereby inducing reversible contraction and expansion of the molecule upon application 

of an external stimulus (Scheme 2.4).  
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Scheme 2.4 Controlled contraction and expansion in a transition metal-complexed 

rotaxane 

2.2.2b Donor-acceptor interactions in rotaxane synthesis: 

 Interactions between electron-donor and electron-acceptor systems to form 

complexes have been known for decades.
17 

Stoddart et al. extended the donor-acceptor 

interaction to the syntheses of interlocked compounds by use of electron-deficient 

cyclobis(paraquat-p-phenylene) which reacts with various types of aromatic electron- 

donor substrates to form pseudorotaxanes. Compound 2-1
18

 is an example of a 

pseudorotaxane synthesized by Stoddart et al. (Scheme 2.5) using donor-acceptor 

interactions.  
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Scheme 2.5 Donor-acceptor interaction-based rotaxanes 

 The electron-donor molecule acts as the guest, where its aromatic ring is 

accommodated between the rings of the host paraquat moiety.  In these cases, the 

threading process is facilitated by a combination of hydrogen bonding interactions 

between the polyether oxygen and the α-pyridinium hydrogen atoms, π-π stacking 

interactions between the electron-rich aromatic unit of the guest and the electron-

deficient aromatic units of the host, and [C-H
…

π] interactions between the aromatic 

protons of the guest and the p-phenylene protons of the host.  

 The pseudorotaxane formed was then stoppered at both ends in a reaction with tri-

isopropyl triflate to yield the [2]rotaxane in 21 % yield.
19

 The yields of such reactions 

were found to be directly proportional to the number of electron-donor fragments in the 

axle. Stoddart et al. reported the incorporation of multiple electron-donor stations which, 

in addition to increasing the yield, enabled the synthesis of molecular shuttles (Figure 

2.2).
4 
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Figure 2.2 Axle containing multiple electron-donor stations 

2.2.2c Hydrophilic-hydrophobic interaction-based rotaxane synthesis: 

 Cyclodextrins have been used extensively for the synthesis of rotaxanes utilizing 

their hydrophobic interactions. Cyclodextrins (CDs) are cyclic oligosaccharides built 

from multiple D-glucopyranose units which are linked by 1,4-glucoside bonds. 

Depending on the number of glucose units, CDs are called α-, β-, and γ- corresponding to 

the presence of six, seven, and eight glucose units, respectively (Figure 2.3).
20  

 

Figure 2.3 Structure of cyclodextrins 

 CDs have a rigid, well-defined cavity with a conical shape. They are water 

soluble compounds with a highly hydrophilic exterior containing secondary hydroxyl 

groups placed on the wider side of the ring and primary hydroxyl groups placed on the 

narrow side. The inner side of the cavity is hydrophobic and gives the molecule the 

ability to form inclusion complexes with a wide variety of molecular guests in aqueous 
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media.
21 

A variety of non-covalent interactive forces such as hydrophobic, van der Waals, 

Coulombic and hydrogen bonding interactions are responsible for the binding interaction 

between the CD ring and the axle molecule. CDs have thus emerged as promising 

templates for the synthesis of rotaxanes based on hydrophobic-hydrophilic interactions. 

Initial reports of such intertwined molecules involved the threading of polymethylene 

chains through CD cavities. Since then, several examples of CD-based pseudorotaxanes 

containing aliphatic as well as aromatic axles have been reported. [2]Rotaxanes were 

obtained upon introducing stoppers at the terminal functional groups of the rod. The azo 

coupling of terminal diazonium groups with electron-rich aromatic stoppers afforded 

azobenzene-type [2]rotaxanes
22  

(Figure 2.4).  

 

Figure 2.4 Cyclodextrin-based [2]rotaxane 

2.2.2d Hydrogen bond-based rotaxane synthesis: 

 Crown ether-based:  

 The well studied hydrogen bonding interactions between  NH4
+ 

ions and primary 

ammonium ions with crown ethers
23

 led to the attempt of using secondary ammonium 

ions in forming intertwined complexes with crown ethers. In 1995, Stoddart et al.
24

 

demonstrated that the H-bonding interaction between a dibenzocrown ether and a 

dibenzyl sec-ammonium salt is strong enough (Ka in CDCl3 at 25 °C is 27000 M
-1

) to 
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form an interlocked pseudorotaxane (Figure 2.5). While both sidewise and inclusion-type 

complexations were possible, the crystal structure of the pseudorotaxane revealed that the 

sec-ammonium-containing axle was threaded through the crown ether. The complexation 

was driven by hydrogen bonding interactions between the polyether oxygen atoms and 

the protons of NH2
+
 and NCH2

+
 groups. Sidewise complexation is observed for bulky end 

group-containing ammonium salts. Various groups carried out the successful syntheses of 

crown ether-based pseudorotaxanes using macrobicyclic hosts
24a,b

 or by self assembly of 

C60 dimers.
24c

 Ammonium ions with various types of side chains were also successfully 

used.  

 

Figure 2.5 Pseudorotaxane formation via hydrogen bond complexation between a sec-

ammonium ion and a crown ether 

 

 Takata et al.
25

 reported that while end stoppering of the [2]pseudorotaxane affords 

the [2]rotaxane (Scheme 2.6) in high yields, homocoupling of a [2]pseudorotaxane could 

be used for an efficient synthesis of a [3]rotaxane. Basic reaction conditions should be 

avoided to prevent deprotonation of the sec-ammonium moiety and the loss of the ring 

during the stoppering. 
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Scheme 2.6 sec-Ammonium ion-based [2]rotaxane 

Amide-based rotaxane:  

  The hydrogen bonding interaction between an oxygen of a carbonyl group of the 

axle and the hydrogen on an amide nitrogen of a ring have been used to synthesize 

catenanes by Vögtle in 1992.
27 

In 1995, Vögtle et al. applied a similar approach to the 

synthesis of an amide-based [2]rotaxane (Scheme 2.7).
28 

A diacid dichloride axle was 

threaded through an amide-containing macrocycle to form a pseudorotaxane which was 

subsequently stoppered with p-(triphenylmethyl)aniline to afford the [2]rotaxane in 41% 

yield.  

 

Scheme 2.7 Amide-based [2]rotaxane synthesis 
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2.2.2e Anion-templated rotaxane synthesis: 

 Along with the use of neutral or cationic species for template-directed synthesis, 

anion templation also emerged as an efficient way to synthesize interlocked compounds. 

Sambrook et al.
29

 reported the development of a chloride anion template which, via 

complexation, orients an acyclic α,ω-diene species orthogonally to a pyridinium cation-

based axle. The resulting template-directed pseudorotaxane was subjected to ring-closing 

metathesis (RCM) to afford the [2]rotaxane in 47% yield (Scheme 2.8). 

 

Scheme 2.8 Anion-templated rotaxane synthesis 

2.2.2f  Rotaxane synthesis via ring-closing metathesis (RCM): 

“Magic-ring” route to rotaxane synthesis: 

 Grubbs and co-workers
30

 demonstrated that in addition to the statistical and 

template-directed approach to the syntheses of interlocked molecules, a further possibility 

existed for interlocked molecules to be constructed directly from their constituent 

components. They demonstrated that reversible formation of a [2]rotaxane can be 

obtained by ring-opening ring-closing of olefin-containing polyethereal substrates around 

appropriately stoppered sec-dialkylammonium ions (Scheme 2.9). 
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Scheme 2.9 “Magic-ring” synthesis of a [2]rotaxane 

 [2]Catenanes have also been synthesized following a related protocol by Grubbs 

et al.
31 

It involves the hydrogen bond template formation of a [2]pseudorotaxane as the 

intermediate, which undergoes ring-closing metathesis to form the [2]catenane (Scheme 

2.10). Both of these pathways follow a process reminiscent of the conjurer’s “magic ring” 

trick.  
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Scheme 2.10 “Magic-ring” synthesis of a [2]catenane 

“Magic-rod” route to rotaxane synthesis:  

 The concept of “magic-ring” catenation was extended to the “magic-rod” 

synthesis of hydrogen bond-assembled rotaxanes by Leigh et al.
32

 Treatment of an amide-

based macrocycle with an internal olefin-containing axle in the presence of Grubbs’ first-

generation metathesis catalyst resulted in the opening of the rod (Scheme 2.11).  
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Scheme 2.11 “Magic-rod” synthesis of rotaxanes 

 Threading of the macrocycle onto the rod was driven by hydrogen bonding. Via 

cross-metathesis, the active catalyst reforms the olefin linkage, thereby forming the 

interlocked products with an excellent overall yield of 95%. The [2]rotaxane was 

obtained in 52% yield and the [3]rotaxane was formed in 43% yield. Thus, it is seen that 

olefin metathesis can be used as yet another powerful tool for the synthesis of interlocked 

compounds in good to excellent yields. 
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2.2.3 Olefin metathesis: 

 Olefin metathesis is a carbon skeleton redistribution process in which carbon-

carbon double bonds are rearranged via breaking and reforming of the bonds; the 

process is promoted by metal carbene complexes.
33

 It was discovered in the mid 1960s
34

 

and, because of its broad applicability, this reaction has developed into a powerful and 

versatile tool for the formation of carbon-carbon double bonds in academic and 

industrial fields of research. Since then, various types of olefin metathesis reactions have 

been developed. A few of the most widely used ones are cross-metathesis (CM), ring-

closing metathesis (RCM), ring-opening metathesis polymerization (ROMP), acyclic 

diene metathesis (ADMET) polymerization and ring-opening cross-metathesis (ROCM) 

(Scheme 2.12). 

 

Scheme 2.12 Common types of olefin metathesis reactions 
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 The concentration of the reactants is a critical factor in most of these olefin 

metathesis transformations. While a highly concentrated reaction system favors cross-

metathesis reactions, ADMET polymerizations, and ROMP, a dilute reaction system is 

required for ring-closing metathesis to avoid polymerization of the starting olefin. All of 

these metatheses can be carried out under mild conditions, utilizing catalytic amounts of 

the metal carbene initiator with no requirement for any additional reagents. Both the 

cyclic and the acyclic variations proceed through a series of metallocyclobutane 

intermediates and carbene complexes. A detailed explanation of the mechanistic 

pathway for these reactions was disclosed by Chauvin in 1971 (Scheme 2.13).
35

 

 

Scheme 2.13 General reaction mechanism of olefin metathesis 

 The initial step of the catalytic cycle involves a  [2+2] cycloaddition of the metal 

carbene and olefin to form a metallocyclobutane intermediate which opens through a 

retro [2+2] cycloaddition to give a new alkylidene species with the liberation of ethylene. 
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The new metal alkylidene then reacts with another olefin to generate a new 

metallocyclobutane. Finally, the new metallocyclobutane dissociates into the metathesis 

product and regenerates the starting metal-carbene complex which continues on in the 

catalytic cycle for further conversion.  

 Ever since the discovery of the olefin metathesis reaction, there has been 

tremendous progress in the development of even more efficient catalysts for this process. 

The metal complexes that catalyze olefin metathesis can be divided into four classes 

(Figure 2.6)
33b

 

 

Figure 2.6 Various types of olefin metathesis catalysts 

Schrock’s
36

 tungsten and molybdenum based-catalysts afforded the first efficient 

and well-characterized olefin metathesis reactions, but the extreme air and moisture 

sensitivity of these catalysts curbed their practical use. In 1993, Grubbs’ et al.
37 

developed ruthenium-based class 4-type catalysts. These ruthenium alkylidene-based 

metal complexes, more commonly referred to as Grubbs’ catalysts, were bench-stable 

and overcame the disadvantages of the molybdenum-based catalysts. Even though the 

catalysts were less active than the molybdenum-based catalysts, they were more efficient 
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with high functional group tolerance and remarkable stability to air and moisture. They 

allowed for olefin metathesis in the presence of alcohols, water and carboxylic acids. As 

development of metathesis reactions continued, different types of Grubbs’ catalysts have 

been prepared with improved properties (Figure 2.7).  

 

Figure 2.7 Structures of (a) Grubbs’ first generation, (b) Grubbs’ second generation, and 

(c) Hoveyda-Grubbs’second generation catalysts 

 

 Following our interest in the methodological development in supramolecular 

chemistry, we in the Mayer group have focused our attention, in part, on developing a 

novel and efficient pathway for accessing the rotaxane-type of interlocked compounds. 

Metal templation followed by olefin metathesis seemed to be the pathway of choice, as it 

has the literature precedence of inducing one of the highest yielding rotaxane formation 

reactions. In this chapter of the dissertation, we will discuss our proposed new route to 

[2]rotaxanes along with the design and syntheses of the required starting materials, 

followed by characterization of the products formed and a discussion of the experimental 

results. 
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2.3 Our proposed novel strategy towards rotaxane synthesis:  

 Even though the synthetic methodology for the construction of rotaxanes has 

evolved in a remarkable fashion since the first report in the mid-1960’s,
7,8,9 

until 

now, only three
10a

 general approaches to this class of interlocked compounds can 

be distinguished (Figure 2.8). 

  
 

Figure 2.8 General approaches to rotaxane syntheses  

(a) Slipping approach: Involves the temperature-induced slipping of a 

macrocycle onto an end-capped rod 

(b) Clipping approach: Involves the template-assisted complexation of a part 

of the ring onto a di-stoppered axle followed by cyclization with the 

counterpart of the ring 

(c)  Threading-capping approach: Template-assisted threading of the ring on 

to an open-ended or mono-stoppered axle to form the thermodynamic 
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pseudorotaxane product followed by its subsequent end-capping with 

bulky stopper(s) 

 The slipping approach is a thermodynamically controlled process, whereas 

the clipping and threading-capping approaches are kinetically controlled pathways. 

The template-directed threading-capping and clipping pathways allowed a 

significant improvement in rotaxane synthesis over the slipping approach, but 

because of the kinetically-controlled covalent bond-forming step, these strategies do 

not always result in high yields. Consequently, the overall efficiency of these 

processes is reduced because of the competitive formation of irreversible, non-

interlocked, unwanted byproducts such as di-stoppered axle or mono-stoppered axle 

(in the threading-capping pathway) or free macrocycle (in the clipping pathway), 

which cannot be recycled due to the strong covalent bonds formed.  

 Recently, a less exploited “entering approach”
30,31,32

 has been developed 

exploiting the concept of dynamic covalent chemistry.
38 

Contrary to the generally 

used template-directed complexation followed by kinetically driven end-capping, 

this pathway involves the thermodynamic snapping of the ring or the axle to allow a 

non-covalent interaction-assisted pseudorotaxane formation followed by a 

subsequent thermodynamically-controlled transformation into a rotaxane (Figure 

2.9).  
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Figure 2.9 Schematic representation of thermodynamically controlled “entering 

approach” to rotaxanes 

 

 Based on this concept, we envisioned that a similar thermodynamic approach 

could be adopted to form a [2]rotaxane from the constituent components (Figure 

2.10).  

 
Figure 2.10 Our retro-synthetic analysis of a [2]rotaxane  

 

 A retro-synthetic analysis revealed that a [2]rotaxane may be directly 

synthesized from a di-stoppered axle and a [2]catenane where both possess, within 

their make-up, bonds that can be broken and formed reversibly. As is seen from the 

retro-synthetic analysis, this transformation can be achieved by the ring-opening of 

a [2]catenane followed by its in situ “insertion” into the di-stoppered axle. Ring-

opening of small to medium-sized olefin-containing rings and the in situ coupling 



Texas Tech University, Arindam Mazumdar, August 2010 

94 

 

with terminal as well as internal olefinic substrates has been accomplished in good 

to excellent yields by various groups using the ring-opening cross-metathesis 

reactions.
39 

An additional advantage of olefin metathesis-assisted rotaxane or 

catenane formation is that it requires only the quenching or removal of the active 

catalyst to lock in the product distribution. 

 Hence, for our proposed route to a [2]rotaxane, incorporation of an internal 

olefin linkage in the di-stoppered axle and the [2]catenane seemed to be a 

promising aspect. The overall process thus may be achieved by the ring-opening 

double cross-metathesis of a [2]catenane and a di-stoppered axle (Figure 2.11)

Figure 2.11 Proposed route to a [2]rotaxane via ring-opening double cross-metathesis 

 Thus, the initial steps would require the synthesis of a [2]catenane and a di-

stoppered axle with an internal olefin.  

2.4 Results and discussion:  

2.4.1 Design and synthesis of the [2]catenane:  

 Vital to our reaction protocol is the requirement that each of the components of 

the [2]catenane has a complexation site, not only to facilitate the formation of the 

[2]catenane, but also to be able to hold the ring in place during the processes of ring 

opening and coupling with the cross-metathesis partner. Hence, a strong non-covalent 
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interaction between the constituents of the [2]catenane is mandatory for the success of 

our reaction. Of the various types of complexation, a transition metal-templated 

[2]catenane is preferred because of the precedence of its synthesis, strong complexation 

properties and easy de-metallation procedure.
13 

A relatively low-strain Sauvage-

type
13,15a,40 

[2]catenane  was chosen as the desired “starting material”, as its ring-opening 

metathesis polymerization has been recently accomplished by our group in excellent 

yields.
41

 The design and synthesis of the components (Figure 2.12) of the [2]catenane is 

discussed below.  

 

  Figure 2.12 Components of the [2]catenane 

2.4.1a Design and synthesis of the macrocycle: 

 The macrocycle 2-7 (Figure 2.13) was designed to have a 1,10-phenanthroline 

moiety to facilitate the formation of a copper-complexed pseudorotaxane with a 1,10-

phenanthroline-based α,ω-diene which would subsequently undergo ring-closing  

 

Figure 2.13 Structure of the macrocycle 2-7 
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metathesis to afford the [2]catenane. Two methyl groups were introduced in the 

phenylene rings of the macrocycle 2-7 which would show a distinct singlet in the 
1
H 

NMR spectra of the free macrocycle, the [2]catenane, and the [2]rotaxane. This 

macrocycle has the following structural advantages: 

a) It has binding sites to form a strong tetrahedral complex with Cu(I) which will  

assist the pre-organization of the components thereby increasing the yield of the 

interlocked compound 

b) This binding will ensure that the ring is retained in the system during the ring-

opening cross-metathesis process 

c) The product [2]rotaxane may be readily demetallated to enable the free motion of 

the macrocycle 

d) The methyl groups would serve as a “marker” for easy identification of the 

presence of the ring in the metallated and demetallated [2]rotaxane 

 Macrocycle 2-7 was synthesized by macrocyclization of the diphenol 2-6 with 

1,14-diiodo-3,6,9,12-tetraoxatetradecane (2-3) under high dilution. Compound 2-3 was 

prepared in 69% yield by di-iodination of the di-tosylated pentaethylene glycol (2-2) with 

sodium iodide (Scheme 2.14).  

 

Scheme 2.14 Synthesis of 1,14-diiodo-3,6,9,12-tetraoxatetradecane (2-3) 
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 Compounds 1,10-phenanthroline and 4-bromo-2-methylanisole (2-4) were used as 

the starting materials for the synthesis of the diphenol 2-6. Compound 2-methylanisole 

was produced in 65% yield by the methylation of 2-cresol with dimethylsulfate in the 

presence of sodium hydroxide. Subsequent regiospecific bromination with NBS in 

acetonitrile afforded the 4-bromo-2-methylanisole, which was purified by silica gel 

column chromatography to give 91% of pure 2-4 (Scheme 2.15). 

 

Scheme 2.15 Synthesis of 4-bromo-2-methylanisole (2-4) 

 In subsequent steps, 2-4 was lithiated with n-BuLi to generate (4-methoxy-3-

methylphenyl)lithium in THF at -78 °C. Nucleophilic aromatic substitution of 1,10-

phenanthroline in THF at 0 °C with (4-methoxy-3-methylphenyl)lithium followed by 

hydrolysis and oxidation with activated MnO2 yielded 63% of dimethylated dimethoxy 

compound 2-5. Deprotection of 2-5 was achieved at 190-210 °C in the presence of 

pyridinium chloride followed by neutralization to afford the bright red solid diphenol 2-

6 in 89% yield. In the subsequent step, macrocyclization of 2-6 was achieved under 

highly diluted conditions. A solution of a mixture of diiodo compound 2-3 and the 

diphenol 2-6 in DMF was added slowly via syringe pump to a vigorously stirred 

suspension of Cs2CO3 in DMF under nitrogen atmosphere at 80 °C. Cs2CO3 was used as 

a base as well as a template, which supported macrocyclization by a pre-organization 
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effect. Purification by silica gel column chromatography afforded 58% of the 

macrocycle 2-7 (Scheme 2.16). 

Scheme 2.16 Synthesis of macrocycle 2-7 

2.4.1b Design and synthesis of the α,ω-diene: 

 A 46-membered 1,10-phenanthroline-based α,ω-diene 2-12 (Figure 2.14) was also  

designed for the synthesis of the [2]catenane.  

 

Figure 2.14 Structure of the α,ω-diene 2-12 
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The following are the structural advantages of the diene: 

(a) It contains a bidentate co-ordination site for copper template complexation with 

the macrocycle 2-7 

(b) This copper complexation would be strong enough to prevent the diffusional loss 

of the macrocycle during the ring-opening cross-metathesis process 

(c) It carries long pendent diolefin chains to prevent any foreseeable steric hindrances 

(macrocycle to stopper) during coupling with the cross-metathesis partner 

(d) The resulting [2]catenane would have the desired internal olefin bond which 

could be reversibly formed and broken to effect the ring-opening cross-metathesis 

reaction 

 The synthesis of compound 2-12 is shown in Scheme 2.17.  First, 10-bromo-1-

decene (2-8) was prepared by bromination of 9-decene-1-ol in DCM with 

triphenylphosphine and tetrabromomethane. After purification by silica gel column 

chromatography, 2-8 was obtained as colorless oil in 83% yield.  
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Scheme 2.17 Synthesis of the α,ω-diene 2-12 
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 Starting from 1,10-phenanthroline, the dimethoxy compound 2-9 and the 

corresponding diphenol 2-10 were prepared according to a modified literature reported 

procedure.
15a 

 First, p-bromoanisole was lithiated with n-BuLi via a metal-halogen 

exchange reaction in THF at -78 °C to produce the nucleophile, p-anisyl lithium. The 

nucleophile was then transferred into a solution of 1,10-phenanthroline in THF at 0 °C 

via cannula, and the reaction mixture was stirred overnight at room temperature. 

Hydrolysis at 0 °C followed by oxidation with activated MnO2 afforded the pale yellow- 

colored dimethoxy-substituted 1,10-phenanthroline compound 2-9 in 70% yield. The 

corresponding dialcohol 2-10
40c

 was obtained as a bright red solid in 91% yield by 

deprotection of 2-9 with pyridinium chloride at 190-210 °C followed by neutralization.  

 Williamson etherification of 2-10 and 2-(2-chloroethoxy)ethanol afforded the 

dialcohol 2-11 as a yellow solid in 87% yield. Finally, a DMF solution of 2-11 was 

treated with 10-bromo-1-decene (2-8) in the presence of NaH to furnish the α,ω-diene 2-

12, which, after purification by silica gel column chromatography, was obtained as a pale 

yellow solid in 57% yield. 

 2.4.1c Synthesis of Grubbs’ catalysts: 

 Ruthenium carbene-based Grubbs’ first and second generation catalysts have been 

used commonly in various types of metatheses reactions, such as ring-closing, ring-

opening and cross-metathesis, due to their excellent functional group tolerance, reactivity 

and significant stability in air and moisture. In many cases, however, the phosphine-free 

Hoveyda-Grubbs’ second generation catalyst has been found to be more effective for 
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cross-metathesis reactions.
39

 For the purpose of our reactions, we synthesized all of the 

above-mentioned variations of the Grubbs’ catalysts.  

2.4.1c.1 Synthesis of Grubbs’ first generation catalyst: 

.  Grubbs’ first generation catalyst 2-14 was synthesized by modified literature 

procedures.
42

  In the first step, ruthenium(ΙΙΙ) chloride trihydrate was refluxed in 

methanol for 4 hours with 6 equivalents of triphenylphosphine to form 

dichlorotris(triphenylphosphine) ruthenium(ΙΙ) (2-13) as a brown solid in 92% yield. 

Subsequently it was treated with phenyldiazomethane (prepared by a literature method
43

) 

in DCM at -78 °C and the reaction mixture was stirred for 30 min. The resulting green- 

colored complex was subjected to a ligand exchange reaction with 2.2 equivalents of 

tricyclohexylphosphine at room temperature to afford Grubbs’ first generation catalyst 2-

14 as a purple solid in 74% yield (Scheme 2.18).   

 

Scheme 2.18 Synthesis of Grubbs’ first generation catalyst 2-14 
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2.4.1c.2 Synthesis of Grubbs’ second generation catalyst: 

 Grubbs’ second generation catalyst 2-18 was synthesized from Grubbs’ first 

generation catalyst 2-14 by ligand exchange with 1,3-dimesityl-4,5-dihydroimidazolium 

tetrafluoroborate (2-17) ( an N-heterocyclic ligand, NHC) following a modified literature 

procedure.
44 

Compound 2-17 was obtained by a three-step reaction sequence.  

 Synthesis of N-heterocyclic ligand 2-17: First, a methanol solution of 40% 

glyoxal in water was reacted with 2,4,6-trimethylaniline at room temperature for 12 hours 

to give diimine 2-15 as canary yellow crystals in 81% yield. Reduction of diimine 2-15 

with NaBH3CN in methanol at 0 °C afforded the diamine 2-16 as a colorless oil in 95% 

yield. Finally, annulation of diamine 2-16 with triethylorthoformate in the presence of 

ammonium tetrafluoroborate produced 1,3-dimesityl-4,5-dihydroimidazolium 

tetrafluoroborate (2-17) in 52% yield as bright white crystals (Scheme 2.19a). 

 

Scheme 2.19a  Synthesis of N-heterocyclic ligand 2-17 
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 Ligand exchange with Grubbs’ first generation catalyst: Finally, deprotonation of 

1,3-dimesityl-4,5-dihydroimidazolium tetrafluoroborate (2-17) with KOt-Bu followed by 

ligand exchange reaction with Grubbs’ first generation catalyst 2-14 afforded the Grubbs’ 

second generation catalyst 2-18 as a pale-red microcrystalline solid in 70% yield (Scheme 

2.19b).  

 

Scheme 2.19b  Synthesis of Grubbs’ second generation catalyst 2-18 

2.4.1c.3 Synthesis of Hoveyda-Grubbs’ second generation catalyst: 

 Hoveyda- Grubbs’ second generation catalyst 2-21 was prepared
45

 by ligand 

exchange of Grubbs’ second generation catalyst 2-18 with 2-isopropoxystyrene (2-20). 

Williamson etherification of a DMF solution of commercially available 2-hydroxy-

benzaldehyde with isopropyl iodide afforded the aldehyde 2-19 in 76% yield which was 

then subjected to a Wittig reaction with methyl triphenylphosphonium iodide to form the 

2-isopropoxystyrene (2-20). Finally, the ligand exchange reaction of Grubbs’ second 

generation catalyst 2-18 with 2-isopropoxy styrene 2-20 was achieved in the presence of 

CuCl as a phosphine scavenger to afford the Hoveyda-Grubbs’ second generation catalyst 

2-21 as a bright green solid in 84% yield (Scheme 2.20). 
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Scheme 2.20. Synthesis of Hoveyda-Grubbs’ second generation catalyst 2-21 

2.4.1d Synthesis of the Sauvage-type [2]catenane: 

A 1:1 ratio of the macrocycle 2-7 and the α,ω-diene 2-12 was treated with 1 

equivalent of tetrakis(acetonitrile)copper(I) hexafluorophosphate to afford the dark brown 

[2]pseudorotaxane complex 2-22 in 96% yield. A 3.2 mM DCM solution of 2-22 was 

treated with 10 mol% Grubbs’ second generation catalyst 2-18 and stirred under reflux 

condition for 12 hours. Diluted conditions were required to avoid the ADMET 

polymerization of the diene. Excess ethyl vinyl ether was added to quench the catalyst 

and lock the product distribution.  Purification via silica gel column chromatography 

provided the [2]catenane copper complex 2-23 in 73% yield (Scheme 2.21). 
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Scheme 2.21 Synthesis of the Sauvage-type [2]catenane 2-23  

2.4.2 Design and synthesis of the di-stoppered axle:  

 

Figure 2.13 Constituent components of the di-stoppered axle 

 Our proposed pathway to [2]rotaxanes structurally requires the di-stoppered axle 

to be able to open and close back up via reversible bond formation (Figure 2.13). We 



Texas Tech University, Arindam Mazumdar, August 2010 

107 

 

envisioned that the incorporation of a “magic” internal olefin linkage in the di-stoppered 

axle would be a proper choice.  

The following are the advantages of the proposed di-stoppered axle: 

(a) The internal olefin linkage can be reversibly broken to form fragments containing 

terminal olefins which could be re-joined under metathesis conditions 

(b) The terminal olefin-containing fragments would be a potential cross metathesis 

partner in facilitating the insertion of the [2]catenane into the axle 

(c) The length of the axle can be adjusted to prevent any steric hindrance between the 

stopper and the catenane during the insertion process   

2.4.2a Design and synthesis of the stopper:  

 The size of the stopper is crucial to the design and function of any rotaxane axle. 

It needs to be sufficiently big enough to prevent the diffusion of the threaded cyclic 

species from the rotaxane. Structurally, the cross-sectional area of the stopper or the 

blocking group should be larger than the cavity of the cyclic molecule that it is intended 

to block. It has been reported that a trityl group is an efficient stopper for rings containing 

28 atoms or less. A tris-(tert-butylphenyl)methyl unit has the appropriate cross-sectional 

area to block the loss of rings containing up to 42 atoms.
10b

 Hence, for our 30-membered 

macrocycle 2-7, we synthesized the tris-(tert-butylphenyl)methyl-based stopper 2-25 

(Scheme 2.22).  
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Scheme 2.22 Synthesis of the stopper 2-25 

 The tris-(tert-butylphenyl)methyl alcohol 2-24 was synthesized by a Grignard 

reaction of methyl 4-tert-butylbenzoate with 1-bromo-4-tert-butylbenzene.
46

 Upon re-

crystallization from methanol, 2-24 was obtained as an off-white solid in 69% yield. 

Compound 2-24 was dissolved in phenol with gentle heating. In the presence of a 

catalytic amount of HCl, the reaction mixture was heated at reflux for 16 hours to afford 

the tris-(tert-butylphenyl)-based stopper 2-25. The crude product was purified by 

washing with hot hexanes to produce 2-25 as a white solid in 71% yield.
46

 

2.4.2b Design and synthesis of the di-stoppered olefin:  

 Upon ring-opening of the [2]catenane during the proposed reaction pathway, the 

resulting [2]pseudorotaxane would carry a 14-membered chain on each side of the 

interlocked molecule. Hence, it was envisioned that even a small-chain mono-stoppered 

olefin (chain length of 5 atoms) upon coupling with the [2]pseudorotaxane would provide 

sufficient axle length to avoid potential problematic steric hindrance between the ring and 
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the stopper. Thus, the mono-stoppered olefin 2-26 seemed to be appropriate for the 

purpose. 

 The tris-(tert-butylphenyl)methyl-based stopper 2-25 was subjected to an 

etherification reaction with 5-bromo-1-pentene in the presence of cesium carbonate as the 

base. Compound 2-26 was obtained as a white amorphous solid in a good yield of 82% 

(Scheme 2.23). 

 

Scheme 2.23 Synthesis of mono-stoppered olefin 2-26 

 To obtain our target di-stoppered axle, a 0.2 M DCM solution of compound 2-26 

was subjected to cross-metathesis in the presence of 5 mol% Grubbs’ second generation 

catalyst 2-18 (Scheme 2.24).  

 

Scheme 2.24 Attempted cross-metathesis of 2-26 
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 The reaction mixture was stirred at reflux under inert atmosphere for 12 hours. A 

dirty brown solid precipitated from the reaction mixture. Removal of the solvent after 

quenching with excess ethyl vinyl ether produced a solid which was not soluble in any 

metathesis-compatible solvent system. The solid could not be further analyzed or used for 

subsequent reaction. No improvement in the reaction result was obtained even after 

trying Grubbs’ first generation or Hoveyda-Grubbs’ second generation catalysts. We then 

decided to incorporate ethereal linkages between the bulky stopper and the 5-bromo-1-

pentene carbon chain to impart better solubility to the cross-metathesis product.  

 Accordingly, a new mono-stoppered olefin 2-28 was designed and synthesized 

(Scheme 2.25). Williamson’s etherification of a DMF solution of tris-(tert-

butylphenyl)methyl-based stopper 2-25 with 2-(chloroethoxy)ethanol in the presence of 

Cs2CO3 afforded the mono-stoppered alcohol 2-27 as a white solid in 94% yield. A 

solution of 2-27 in DMF was treated with 5-bromo-1-pentene in the presence of sodium 

hydride base to form the new mono-stoppered olefin 2-28 in 70% yield. In the next step, 

2-28 was subjected to cross-metathesis in the presence of 5 mol% Grubbs’ second 

generation catalyst 2-18. The reaction mixture was stirred at reflux under inert 

atmosphere for 12 hours. In this case, no precipitation was observed. Excess ethyl vinyl 

ether was used to quench the reaction. Purification of the crude product by silica gel 

column chromatography afforded the di-stoppered axle 2-29 in 73% yield (Scheme 2.25). 
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Scheme 2.25 Synthesis of di-stoppered axle 2-29 

 Having synthesized the required components, we tried our proposed alternate 

route to a [2]rotaxane via a ring-opening double cross metathesis of the internal olefin 

containing [2]catenane and the di-stoppered olefinic axle. 
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2.4.3 Rotaxane synthesis via ring-opening cross-metathesis (ROCM):  

 This proposed alternate route to [2]rotaxane was initially tested as shown in 

Scheme 2.26.  Under a nitrogen atmosphere, a 10 mM DCM solution of [2]catenane 2-23 

and 1 equivalent of the di-stoppered axle 2-29 was treated with 5 mol% Grubbs’ second 

generation catalyst 2-18 at room temperature for 24 hours to effect the reversible ring-

opening and cross-metathesis reactions between the components.  

 

Scheme 2.26 Synthesis of a [2]rotaxane via the proposed ring-opening cross-metathesis 

pathway 

 At the end of this time, excess ethyl vinyl ether was added to quench the catalyst 

and lock the product distribution. Upon purification of the dark brown crude product by 
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silica gel column chromatography, the desired [2]rotaxane 2-30 was obtained as a dark 

brown shiny solid in 13% yield. The formation of the [2]rotaxane was confirmed by 
1
H 

and 
13

C NMR spectroscopy. Unreacted di-stoppered olefin 2-29 was recovered along 

with unreacted [2]catenane 2-23. The [2]Rotaxane was obtained as the major product and 

no mono-stoppered pseudorotaxane or oligo-rotaxane product was isolated. Crucial to 

this protocol is the prevention of a competing ring-opening metathesis polymerization 

reaction of the [2]catenane 2-23 during the reaction. Hence, a highly concentrated 

reaction condition was avoided.  As expected, under the relatively dilute conditions of 10 

mM, no ROMP polymeric byproduct was detected. 

2.4.3a Optimization of the reaction protocol: 

   Similar to the thermodynamic process of reversible threading of an axle through 

a ring, our reaction protocol can also be envisioned to be described by the equilibrium 

constant  

Keq = [rotaxane]/[axle][catenane] 

 Thus, employing reaction conditions to shift the equilibrium towards complex 

formation would be critical to increasing the yield of the rotaxane.
10 

 Two approaches to 

cause this effect would be to use higher equivalents of either (a) the di-stoppered axle 2-

29 or (b) the [2]catenane 2-23. The latter involved a lengthy synthetic protocol; 

furthermore, an increase in concentration of the latter would favor the competing ring-

opening metathesis polymerization. Hence, we decided to try the reaction with higher 

equivalents of 2-29, as there is no possibility of any additional byproduct formation with 

an increase in the amount of the di-stoppered axle in the reaction mixture.  
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2.4.3a.1 Optimization of the Grubbs’ second generation catalyst initiated ROCM 

reaction: 

 With our preliminary successful data, we attempted to optimize the synthesis of 

the [2]rotaxane via ring-opening cross-metathesis using the same starting material but 

under varying reaction conditions, as shown in Table 2.1. 

Table 2.1: Optimization of reaction conditions
a
  

entry 
equiv of 

2-29 

temp
b
 

(°C) 

time 

(h) 

conc 

(mM) 

yield
c
 

(%) 

1 1 rt 24 10 13 

2 5 rt 24 10 21 

3 5 40 24 10 39 

4 5 40 24 20 36 

5 5 40 12 10 28 
a
All reactions were performed in DCM as solvent and using 5 mol% of Grubbs’ second generation catalyst 

2-18.  
b
 For entries 3-5, 40 °C refers to the temperature of the oil-bath. 

c 
Isolated yields based on the limiting reagent. 

 

 As expected, a five-fold increase in the amount of di-stoppered olefin 2-29 forced 

the reaction to yield a greater quantity of product. Compared to using 1 equiv. of 2-29, 

the isolated yield increased by 8% (Table 2.1, entries 1 and 2). The [2]rotaxane was 

successfully formed via this new protocol, but the reaction still produced poor yields at 

low temperature. With multiple reports of high-yielding ring-opening cross-metathesis 

reactions being carried out at elevated temperature,
39

 trying our reaction at reflux 

temperature of the solvent seemed to be promising. Use of 5 equiv. of the axle along with 

increasing the reaction temperature effected a 26% increase in the product yield (Table 

2.1, entry 3) over our initial test reaction. A similar trend of an increase in reaction yield 
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with an increase in temperature was also observed in subsequent trials (Table 2.1 entries 

4, 5).  

 Unlike ring-closing metathesis, which is favored by highly dilute reaction 

conditions, cross-metathesis is typically favored in concentrated conditions of 0.2 M. 

Such a high concentration could not be applied in our case, as it would lead to the 

competing ROMP byproduct formation. However, a 2-fold increase in concentration was 

attempted to see the effect on reaction yield.  The yield decreased slightly and unreacted 

materials were recovered (Table 2.1, entry 4). Exploring the effect of variation in reaction 

time on product distribution was also considered. Under the otherwise similar reaction 

conditions, a decrease in reaction time lowered the product yield. Thus, the study of 

optimization of reaction conditions using 5 mol% 2-18, suggests that reaction of 5 equiv. 

of di-stoppered olefin 2-29 with the [2]catenane 2-23 in 10 mM DCM solution under 

reflux conditions gives the highest yield of the product [2]rotaxane.  

2.4.3a.2 Optimization of the Hoveyda-Grubbs’ second generation catalyst initiated 

ROCM reaction: 

In recent years, many groups have used the Hoveyda-Grubbs’ second generation 

catalyst in efficient ring-opening cross-metathesis reactions of strained and unstrained 

cycloalkenes with internal as well as terminal cross-metathesis partners.
39 

 In our attempts 

to further optimize the reaction towards better product yield, we investigated the effect of 

using 5 mol% of the phosphine-free Hoveyda-Grubbs’ second generation catalyst 2-21 

under various reaction conditions (Table 2.2). The Hoveyda-Grubbs’ catalyst 2-21 was 

found to be an excellent initiator for our proposed reaction pathway.  
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Table 2.2: Optimization of Hoveyda-Grubbs’ catalyst 2-21-initiated ROCM
a
  

entry 
equiv of 

2-29 

temp
b
 

(°C) 

time 

(h) 

conc 

(mM) 

yield
d
 

(%) 

1 1 40 24 10 24 

2 2.5 40 24 10 71 

3 2.5 40 12 10 67 

4 5 40 24 10 79 

5 5 rt 24 10 27 

6 5 40 12 10 71 

7 5 40 24 20 74 

8 5 58
c
 24 10 73 

a
All reactions were performed in DCM as solvent unless otherwise mentioned with the use of 5 mol% of 

catalyst 2-21.  
b
 40 °C and 58 °C refers to the temperature of the oil-bath. 

 c 
Dichloroethane was used as the solvent.

 

d 
Isolated yields based on the limiting reagent.  

 Use of 5 mol% of 2-21 under the optimized reaction conditions of Table 2.1, led 

to a 2-fold increase in the yield from 39% to 79% of the target [2]rotaxane (Table 2.2, 

entry 4). Furthermore while using this catalyst, moderate to good yields were obtained 

even with as low as 1 equivalent of the di-stoppered axle. In addition, several other trends 

were observed. Regardless of the type of catalyst used, 10 mM was found to be the 

optimum concentration for the proposed type of transformation. Under the highly 

concentrated condition of 0.2 M an intractable product was formed.  

 It was observed that temperature had a significant effect on the reaction yield. 

While room temperature afforded low yields, the highest yield was obtained with 

dichloromethane when reactions were performed at 40 °C (oil-bath temperature). 
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However, when dichloroethane was used as the solvent to carry out the reaction at further 

elevated temperature, no improvement in yield was observed (Table 2.2, entry 8).  

 It was also observed that a 24 hour reaction time typically afforded good yields of 

the target [2]rotaxane. However, with appropriate catalyst choice and di-stoppered axle to 

[2]catenane ratio, even 12 hours of reaction produced moderate to good yields of the 

rotaxane (Table 2.2, entries 3 and 6).  

 Under optimized conditions of temperature, concentration, type of catalyst, and 

di-stoppered axle to [2]catenane ratio, this novel ring-opening cross-metathesis pathway 

afforded high yields of the [2]rotaxane, with no observable amount of competing 

byproduct.   

2.4.3a.3 Effect of E:Z ratio of di-stoppered axle on optimization of product yield:  

 Stockman et al.
 39d

 reported that a trans-cyclic olefin reacted slowly 

compared to its cis-cyclic isomer towards two-directional ring-opening cross-

metathesis. The di-stoppered olefin 2-29 used for these reactions was obtained with 

an E/Z ratio of 2.6:1. The two isomers could not be separated under the column 

chromatographic conditions used for its purification. Thus, for entry 1 of Table 2.2 

the ratio of more reactive cis-2-29:[2]catenane 2-23 was 0.27:1. A comparative 
1
H 

NMR and 
13

C NMR spectroscopic study of the original axle 2-29 and the di-

stoppered olefin recovered from the reaction revealed that the more reactive cis-di-

stoppered olefin was consumed almost quantitatively during the reaction (Figure 2.14).  
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Figure 2.14 
1
H NMR spectra showing the E/Z ratio of 2-29 (bottom) and recovered 2-29 

(top) 

 At this point, it can be anticipated that higher amounts of the more reactive cis-

isomer of the axle 2-29 would afford a better yield of the product [2]rotaxane. A 5:1 ratio 

of 2-29 and 2-23 would increase the cis-axle:[2]catenane ratio to 1.34:1 and, as expected, 

upon use of 5 equivalents of the axle 2-29, the yield of [2]rotaxane increased to 79% 

yield (Table 2.2, entry 4). This fact additionally explains the increased yield of the 

[2]rotaxane product with higher amounts of di-stoppered axle. A similar trend was 

observed for the ROCM reactions initiated by Grubbs’ second generation catalyst 2-18 

(Table 2.1).  

2.4.3b Size exclusion chromatographic study: 

 In addition to characterization of the product by 
1
H NMR and 

13
C NMR 

spectroscopy, size exclusion chromatography (SEC) studies were performed to further 

confirm the formation of the [2]rotaxane (Figure 2.15).  
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Figure 2.15 Size exclusion chromatograms of 2-29, 2-7, demetallated 2-23 and 

demetallated 2-30 

 In this analytical technique, separations of mixtures of chemical compounds are 

based on the molecular size or mass of the components. In a mixture of compounds, the 
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higher molecular mass compounds are eluted first. Since the size of the product in this 

case is larger than the starting materials and the molecular weight of our product rotaxane 

2-30 is approximately two-fold greater than the [2]catenane 2-23 and the di-stoppered 

axle 2-29, SEC was used to further verify the formation of the [2]rotaxane. Additionally 

the presence of free macrocycle 2-7, if any, could also be easily detected by this method. 

For the SEC study, [2]rotaxane 2-30 was demetallated by treatment with aq. KCN in 

acetonitrile/DCM at room temperature. Disappearance of the dark brown color indicated 

de-metallation, which was further confirmed by 
1
H NMR spectroscopy. All of the SEC 

chromatograms were recorded at a wavelength of 313 nm. SEC of the di-stoppered axle 

2-29 exhibited a peak with a retention time of 17.1 min. and the small macrocycle 2-7 

showed a retention time of 18.4 min. The demetallated [2]catenane 2-23 exhibited a 

single sharp peak, albeit with tailing, at a retention time maximum of 17.6 min. In 

contrast, the SEC of demetallated [2]rotaxane 2-30 exhibited a sharp peak, again with a 

tailing, at a retention time maximum of 16.6 min. While the shorter retention time 

indicated the formation of a higher molecular weight compound, the absence of any peak 

at a retention time of 17.6 min confirmed that the demetallated [2]rotaxane 2-30 does not 

contain any demetallated [2]catenane 2-23. A tiny peak at approximately 18.4 min. 

indicates the presence of a trace of free small macrocycle 2-7. However, its relative 

abundance with respect to the demetallated rotaxane is only 0.3%. This provides evidence 

of the formation of a efficiently stoppered [2]rotaxane via this novel pathway and also 

confirms the proper design of the constituent components of the starting material for this 

reaction.   
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2.4.3c Interpretation of the possible modes of the reaction pathway: 

 As mentioned earlier, the formation of [2]rotaxane 2-30 was confirmed by 
1
H 

NMR and 
13

C NMR spectroscopy of the product. The presence of the copper-complexed 

1,10-phenanthroline moiety in 2-30 was indicated by the appearance of distinct signals in 

the aromatic region. Furthermore, the presence of the tall signal at δ 1.29 ppm, 

corresponding to the t-butyl protons of the stopper, and the absence of characteristic 

terminal olefin signals confirmed that product 2-30 is stoppered at both ends while 

incorporating the phenanthroline moiety within the di-stoppered axle. A sharp singlet at δ 

1.50 ppm corresponding to 6 methyl protons indicated the presence of the small 

macrocycle 2-7 in the product. This observation is only possible if the [2]catenane 

undergoes a ring-opening followed by cross metathesis with the di-stoppered axle to form 

the symmetrically-capped product [2]rotaxane. Thus, 
1
H NMR spectroscopic studies 

indicate the formation of the desired [2]rotaxane via a ring-opening double cross-

metathesis facilitated “insertion” of a [2]catenane into a di-stoppered olefin.  

 Given that neither polymeric nor terminal byproducts were detected and the non-

end differentiated symmetrically capped [2]rotaxane is primarily formed as the product, 

two possible reaction modes
39b, 39c, 47

 could be envisioned: 

(a) The ruthenium pre-catalyst might first react with the internal olefin of the di-  

stoppered axle to form a substituted active ruthenium alkylidene species which  

then reacts with the olefinic [2]catenane to form a new ruthenium carbene intermediate 

containing the mono-stoppered ring-opened catenane. This new intermediate finally 

reacts with a fragmented mono-stoppered alkene or a di-stoppered axle to afford the 
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symmetrically capped [2]rotaxane product. Scheme 2.27 is a partial representation of the 

process. 

 

Scheme 2.27 Partial representation of a possible reaction mode  

  (b)  An alternate pathway might involve the initial reaction of the ruthenium pre-

catalyst to form an active alkylidene species with the [2]catenane which would 

subsequently react with a di-stoppered axle or a mono-stoppered olefinic fragmented 

form of the axle to form a new ruthenium carbene mono-stoppered pseudorotaxane.  

Finally, it might undergo a cross-metathesis reaction with a ruthenium alkylidene 

complex formed with di-stoppered axle to afford the [2]rotaxane (Scheme 2.28).  
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Scheme 2.28 Partial representation of an alternate reaction mode 

2.5 Chapter summary: 

 In summary we, in the Mayer group, have developed a novel pathway to 

access [2]rotaxanes via a ring-opening cross-metathesis reaction. This pathway is 

achieved by reacting two components incorporated with the “magic” dynamic 

covalent internal olefinic linkage which, under appropriate reaction conditions, 

results in a thermodynamically controlled synthesis of [2]rotaxanes. The reaction 

protocol involves multiple metathesis events, wherein the product of one is 

available for the next, thus leading to the desired product. This novel strategy 

exhibits the following advantages: 

(a) This pathway allows for the formation of an interlocked molecule directly from 

its constituent components  
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(b) The process is catalytic and only 5 mol% of catalyst is required 

(c) Moderate to good yields can be obtained under mild conditions in reasonable 

reaction time 

(d) Competitive formation of byproducts have been controlled by judicious choice 

of reaction conditions 

(e) Under the optimized reaction conditions none of the intermediates represent a 

dead-end structure, thereby representing a true thermodynamically-controlled 

reaction 

(f) Unreacted starting material is recovered by easy purification procedures 

(g) Finally, this novel pathway could potentially be used in accessing 

oligorotaxanes via depolymerization of polypseudorotaxanes. 
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2.6  Experimental section 

2.6.1 General information 

Reagents: Anhydrous DCM and acetonitrile were distilled over CaH2 under nitrogen.  

DMF was dried by passage through activated neutral alumina and stored over 4 Å 

molecular sieves.   

Methods: 
1
H NMR and 

13
C NMR spectra were recorded on a Varian Unity Plus 300 or a 

Varian Mercury Plus 300 spectrometer.  Chemical shifts are given in parts per million 

(ppm) either by using tetramethylsilane (TMS, δ = 0.00) or the residual protic solvent 

peak (for CHCl3, δ = 7.26 and for CH2Cl2, δ = 5.30) as a shift reference for 
1
H NMR 

spectra and CDCl3 (δ = 77.16) and CD2Cl2 (δ = 53.80) as a shift reference for 
13

C NMR 

spectra. 
 
High-resolution ESI mass spectrometry was performed on a Micromass Q-Tof 

Ultima spectrometer at the University of Illinois Mass Spectrometry Laboratories 

(Urbana-Champaign, IL).  Elemental analyses were performed by Columbia Analytical 

Service, Inc. (Tucson, AZ).  Flash chromatography was performed using Silicycle 

UltraPure Flash Silica Gel (60 Å, 40-63 μm).  HR MADLI was obtained from a MALDI 

TOF/TOF 4800 (Applied Biosystems/MDS SCIEX) mass spectrometer. MS data from 

the spots selected for analysis (sample mixed with dithranol (matrix) in DCM) were 

acquired in positive ion mode in reflector mode in the mass range of 699 to 6000 m/z by 

accumulation of 1000 laser shots. MS data from the spots selected for analysis (sample 

mixed with dithranol (matrix) in DCM) were also acquired in negative ion mode in 

reflector mode in the mass range of 500 to 1000 m/z by accumulation of 1000 laser 

shots. Thin layer chromatography (TLC) was performed using EMD HPTLC plates, 
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silica gel 60, F254. A Dionex P680 pump and a Dionex UVD 170U/340U UV-Vis 

detector were used for analytical size exclusion chromatography (SEC) studies.  Two 

Waters Styragel HR 4E (7.8 x 300 mm) columns were used in series, with a guard 

column, and maintained at 24 °C.  Chloroform was used as the mobile phase at a flow 

rate of 1.0 mL/min.  Detection was performed at a wavelength of 313 nm. All reaction 

vessels were flame-dried under vacuum and filled with nitrogen prior to use.  All 

reactions were performed nitrogen as a routine practice, not as an essential requirement. 

Except for room temperature reactions, all other temperatures are that of the oil-bath. 

2.6.2 Synthetic procedures 

 The detailed synthetic procedures and the structural characterization data of 

the intermediate and target compounds are presented in the order of compound numbers 

as shown in the Results and Discussion section. 

Procedure for the synthesis of di-tosylate 2-2
48

 

 

 To a DCM (200 mL) solution of freshly distilled pentaethylene glycol (13.40 g, 

56.00 mmol) in a flame-dried side-arm round bottom flask under nitrogen was added p-

toluenesulfonyl chloride (32.00 g, 169.0 mmol). The solution was cooled to 0 °C, 

followed by slow addition of triethylamine (40.0 mL, 281 mmol). The temperature of the 

reaction mixture was maintained below 5 °C during the entire time of addition. It was 

stirred for 12 h at 0 °C, at the end of which DCM (200 mL) and ice-water (400 mL) were 
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added. The organic layer was collected and washed with water (2 x 75 mL) and dried 

over anhydrous Na2SO4. Upon removal of solvent under reduced pressure by a rotary 

evaporator and purification by silica gel flash chromatography with DCM as eluent, 

pentaethylene glycol ditosylate 2-2 was obtained as a white solid (23.60 g, 77%). The 
1
H 

NMR spectral data matched that reported in literature. 

1
H NMR (300 MHz, CDCl3): δ 7.78 (d, J = 8.5 Hz, 4H), 7.34 (d, J = 8.5 Hz, 4H), 4.17–

4.13 (m, 12H), 3.67–3.62 (m, 4H), 3.55 (s, 4H), 2.44 (s, 6H). 

Procedure for the synthesis of 1,14-diiodo-3,6,9,12-tetraoxatetradecane(2-3)
48

  

 

 To an acetone (150 mL) solution of pentaethylene glycol ditosylate 2-2 (14.60 g, 

26.70 mmol) in a flame-dried side-arm round bottom flask fitted with a reflux condenser 

under nitrogen, was added NaI (16.80 g, 112.0 mmol). The reaction mixture mixture was 

stirred at reflux for 3 days. The solvent was then removed under reduced pressure by a 

rotary evaporator, and water (50 mL) was added to the residue. The suspension was 

extracted with DCM (2 x 100 mL). The combined organic extract was washed with brine 

(2 x 25 mL) and dried over anhydrous Na2SO4. Upon removal of solvent under reduced 

pressure by a rotary evaporator and purification by silica gel flash chromatography with 

DCM as eluent, pure 1,14-diiodo-3,6,9,12-tetraoxatetradecane (2-3) was obtained as a 

pale-yellow oil (11.50 g, 94%). The 
1
H NMR spectral data matched that reported in the 

literature. 
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1
H NMR (300 MHz, CDCl3): δ 3.27 (t, J = 7.1 Hz, 4H), 3.67 (s, 12H), 3.76 (t, J = 7.1 Hz, 

4H). 

Procedure for the synthesis of dimethylated dimethoxy compound 2-5 

 

 

A THF (140 mL) solution of 4-bromo-2-methylanisole (31.00 g, 153.0 mmol) in a 

flame-dried three-neck round bottom flask under nitrogen was cooled to 

 -78 °C. n-BuLi (2.63 M, 100 mL, 261 mmol) was then added at a rate such that the 

temperature of the reaction mixture was maintained below -60 °C during the period of 

addition.  After stirring for 2 hours at -78 °C, the solution was warmed up gradually to 0 

°C and transferred via cannula to a dry THF (85 mL) solution of 1,10-phenanthroline 

(7.00 g, 38.0 mmol) at 0 °C. The color of the solution immediately turned to dark red. 

After overnight stirring of this solution at room temperature under nitrogen, the reaction 

mixture was hydrolyzed at 0 °C with water (140 mL).  The organic layer was collected 

and the aqueous layer was extracted with DCM (2 x 150 mL).  The organic layers were 

combined and treated with activated MnO2 (110 g). Upon completion of the oxidation 

reaction, as monitored by TLC, the reaction mixture was dried over anhydrous Na2SO4 

and filtered through Celite 545. After removal of solvent under reduced pressure by a 

rotary evaporator, the crude yellow solid was purified by triturating with diethyl ether 
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(150 mL) to obtain the pure dimethylated dimethoxy compound (10.70 g, 65%) as a pale 

yellowish solid.
  

1
H NMR (300 MHz, CDCl3) δ 8.45 (dd, J = 1.5, 0.6 Hz, 2H), 8.24 (dd, J = 8.4, 0.6 Hz, 

2H), 8.23 (d, J = 8.4 Hz, 2H), 8.09 (d, J = 8.4 Hz, 2H), 7.71 (s, 2H), 7.00 (d, J = 8.4 Hz, 

2H), 3.93 (s, 6H), 2.41 (s, 6H).  

13
C NMR (75 MHz, CDCl3) δ 159.33, 156.49, 146.02, 136.78, 131.58, 130.25, 127.55, 

126.96, 126.28, 125.60, 119.25, 109.99, 55.56, 16.68.  

HRMS (ESI) calcd for C28H25N2O2 [M+H]
+
 m/z 421.1916, found m/z 421.1922;  

Anal. calcd for C28H24N2O2: C, 79.98; H, 5.75; N, 6.66; found: C, 79.73; H, 5.80; N, 

6.62. 

Procedure for the synthesis of dimethylated diphenol compound 2-6 

 

In a 250 mL flame-dried side-arm round-bottom flask equipped with a 

thermometer and a magnetic stir bar, technical grade pyridine (79 mL) was loaded and 

the temperature was cooled down to 0 °C.  Technical grade hydrochloric acid (35%, 87 

mL) was added slowly with rapid stirring. Water was removed by distillation with a 

Dean-Stark apparatus until the temperature in the flask reached 210 °C.  Approximately 

50 mL of water was removed. Following this, the reaction mixture was cooled to 140 °C 

and the dimethylated dimethoxy compound 2-5 (9.00 g, 21.4 mmol) was added.  The 
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resulting yellow reaction mixture was stirred at 190 °C~210 °C for 12 hours. The reaction 

mixture was then cooled to room temperature and diluted with 150 mL of water. The 

resulting bright yellow suspension was kept in the refrigerator overnight to facilitate 

efficient precipitation. Crude acidic diphenol was collected as a yellow precipitate which 

was filtered and washed with cold water (600 mL), suspended in an ethanol-water 

solution (300 mL/105 mL), neutralized with 5% aq. NaOH solution, and followed by 

addition of hot water (300 mL). Upon cooling to room temperature, brown solid neutral 

di-phenol precipitated which was dried by heating overnight at 100 °C under reduced 

pressure (0.1 mm of Hg) to afford pure diphenol as a bright red solid (7.53 g, 89%).  

1
H NMR (300 MHz, DMSO) δ 9.79 (s, 2H), 8.44-8.41 (m, 4H), 8.25 (d, J = 8.4 Hz, 2H), 

8.15 (dd, J = 8.4, 2.1 Hz, 2H), 7.86 (s, 2H), 6.98 (d, J = 8.4 Hz, 2H), 2.31 (s, 6H).  

13
C NMR (75 MHz, DMSO) δ 157.44, 155.20, 145.19, 136.88, 129.92, 129.48, 127.02, 

125.93, 125.36, 124.26, 118.74, 114.89, 16.35.  

HRMS (ESI) calcd for C26H21N2O2 [M+H]
+
 m/z 393.1603, found m/z 393.1597. 

Procedure for the synthesis of dimethylated macrocycle 2-7 
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In a flame-dried round-bottom flask, a mixture of dimethylated diphenol 2-6 (3.00 g, 

7.50 mmol) and 1,14-diiodo-3,6,9,12-tetraoxatetradecane (2-3) (3.80 g, 8.30 mmol) in 

DMF (300 mL) was added drop wise within 24 hours under efficient stirring to a nitrogen 

flushed suspension of Cs2CO3 (12.20 g, 37.50 mmol) in DMF (1500 mL) kept at 55 °C-

60 °C.  At the end of the addition, stirring was continued for another 48 hours at the same 

temperature.  DMF was removed under reduced pressure with a rotary evaporator. The 

yellowish residue was dissolved in 100 mL of DCM, washed with saturated aq. NH4Cl (3 

x 75 mL), dried over anhydrous Na2SO4 and filtered. The solvent was evaporated under 

reduced pressure by a rotary evaporator to leave a yellow solid that was purified on silica 

gel by flash column chromatography using DCM-methanol (99.5:0.5) to provide the 

dimethylated macrocycle (2.60 g, 58%) as a bright yellow solid. 

1
H NMR (300 MHz, CDCl3) δ 8.37 (dd, 2.4, 2.4 Hz, 2H), 8.26-8.24 (m, 4H), 8.07 (d, J = 

8.4 Hz, 2H), 7.74 (s, 2H), 7.15 (d, J = 8.4 Hz, 2H), 4.34 (t, J = 5.1 Hz, 5.4 Hz, 4H), 3.84 

(t, J = 5.4 Hz, 4.8 Hz, 4H) 3.79-3.68 (m, 12H), 2.42 (s, 6H).  

13
C NMR (75 MHz, CDCl3) 158.53, 156.53, 145.95, 136.73, 132.43, 130.28, 127.79, 

127.42, 126.68, 125.57, 119.22, 113.09, 127.79, 127.42, 126.68, 125.57, 119.22, 113.09, 

69.66, 68.40, 16.84. 

HRMS (ESI) calcd for C36H39N2O6 [M+H]
+
 m/z 595.2808, found m/z 595.2800.  

Anal. calcd for C36H38N2O6: C, 72.71; H, 6.44; N, 4.71; found: C, 72.10; H, 6.56; N, 

4.58. 

 

 

 

 

 

 



Texas Tech University, Arindam Mazumdar, August 2010 

132 

 

Procedure for the synthesis of 10-bromo-1-decene 2-8
49

 

 

 Carbon tetrabromide (25.70 g, 77.70 mmol) and triphenylphosphine (20.40 g, 

77.70 mmol) were added to a 0 °C DCM (100 mL) solution of 9-decen-1-ol (9.30 mL, 

51.2 mmol) in a flame-dried round-bottom flask. The mixture was stirred at 0 °C for 1 h 

under nitrogen. Pentane (250 mL) was added and the resulting orange precipitate was 

filtered and washed with ethyl acetate (20 mL). The solvent was removed from the 

filtrate by evaporation under reduced pressure by a rotary evaporator. The resulting crude 

oil was purified by flash chromatography using hexane as eluent to afford 10-bromo-1-

decene as a colorless oil (9.31 g, 83%). The 
1
H NMR spectrum matched that reported in 

the literature.  

1
H NMR (300 MHz, CDCl3) δ 5.87-5.74 (m, 1H), 5.02-4.90 (m, 2H), 3.40 (t, J = 6.9 Hz, 

2H), 2.07-2.00 (m, 2H), 1.90-1.80 (m, 2H), 1.54-1.30 (m, 10H). 

Procedure for the synthesis of 2,9-di(4-methoxyphenyl)-1,10-phenanthroline (dimethoxy 2-

9)
15a

 

 

A THF (70 mL) solution of 4-bromo-anisole (16.40 g, 128.0 mmol) in a flame-

dried three-neck round bottom flask under nitrogen was cooled to -78 °C. n-BuLi (2.63 
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M, 61.0 mL, 160 mmol) was then added at a rate such that the temperature of the reaction 

mixture was maintained below -60 °C during the period of addition.  After stirring for 2 

hours at -78 °C, the solution was warmed up gradually to 0 °C and transferred via 

cannula to a dry THF (70 mL) solution of 1,10-phenanthroline (5.70 g, 32.0 mmol) at 0 

°C. The color of the solution immediately turned to dark red. After overnight stirring of 

this solution at room temperature under nitrogen, the reaction mixture was hydrolyzed at 

0 °C with water (125 mL).  The organic layer was collected and the aqueous layer was 

extracted with DCM (2 x 75 mL).  The organic layers were combined and treated with 

activated MnO2 (80.00 g). Upon completion of the oxidation reaction, as monitored by 

TLC, the reaction mixture was dried over anhydrous Na2SO4 and filtered using Celite 

545. After removal of solvent under reduced pressure by a rotary evaporator, the crude 

yellow solid was purified by triturating with diethyl ether (150 mL) to obtain the pure 

dimethoxy compound (8.60 g, 70%) as a yellowish solid.
 
The 

1
H NMR spectral data 

matched that reported in the literature. 

1
H NMR (300 MHz, CDCl3) δ 8.41 (d, J = 8.7 Hz, 4H), 8.26 (d, J = 8.4 Hz, 2H), 8.10 (d, 

J = 8.4 Hz, 2H), 7.75 (s, 2H), 7.12 (d, J = 8.7 Hz, 4H), 3.93 (s, 6H). 
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Procedure for the synthesis of 2,9-di(4-hydroxyphenyl)-1,10-phenanthroline (diphenol 2-

10)
15a

 

 

 

 In a 250 mL flame-dried side-arm round-bottom flask equipped with a 

thermometer and a magnetic stir bar, technical grade pyridine (70 mL) was added and the 

temperature was cooled down to 0 °C.  Technical grade hydrochloric acid (35%, 76 mL) 

was added slowly with rapid stirring. Water was removed by distillation with a Dean-

Stark apparatus until the temperature in the flask reached 210 °C.  Approximately 40 mL 

of water was removed. Following this, the reaction mixture was cooled to 140 °C and the 

dimethoxy compound 2-9 (6.00 g, 15.3 mmol) was added.  The resulting yellow reaction 

mixture was stirred at 190 °C~210 °C for 12 hours. The reaction mixture was then cooled 

to room temperature and diluted with 125 mL of water. The resulting yellow suspension 

was kept in the refrigerator overnight to facilitate efficient precipitation. The crude 

diphenol was collected as a yellow precipitate which was filtered and washed with cold 

water (400 mL), suspended in an ethanol-water solution (200 mL/75 mL), neutralized 

with 5% aq. NaOH solution followed by addition of hot water (300 mL). Upon 

unfacilitated cooling to room temperature, a brown solid precipitated which was dried by 

heating overnight at 100 °C under reduced pressure (0.1 mm of Hg) to afford the 
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diphenol as a brick red solid (5.10 g, 91%). The 
1
H NMR spectral data matched that 

reported in the literature. 

1
H NMR (300 MHz, DMSO) δ 9.86 (s, 2H), 8.40 (d, J = 8.4 Hz, 2H), 8.34 (d, J = 8.1 Hz, 

4H), 8.21 (d, J = 8.4 Hz, 2H), 7.84 (s, 2H), 6.96 (d, J = 8.1 Hz, 4H). 

Procedure for the synthesis of diol 2-11
40c

 

 

 In a flame-dried side-arm round-bottom flask, a mixture of diphenol 2-10 (4.00 g, 

10.9 mmol) and Cs2CO3 (10.00 g, 30.69 mmol) in 40 mL DMF was heated at 80 °C. 

After 15 min., 2-(2-chloroethoxy)ethanol (3.0 mL, 28 mmol) was added and the reaction 

mixture was stirred for 12 hours under a nitrogen atmosphere. After removal of the 

solvent under reduced pressure by a rotary evaporator, the residue was dissolved in DCM 

(150 mL), washed with saturated aq. NaCl solution (3 × 100 mL), and dried over 

anhydrous Na2SO4. After filtration, the solvent was removed under reduced pressure by a 

rotary evaporator, and the crude product was purified by silica gel flash column 

chromatography using DCM/methanol (99:2) as the eluent to afford the dialcohol as an 

off-white solid (4.50 g, 87%). The 
1
H NMR spectral data matched that reported in 

literature. 

1
H NMR (300 MHz, CDCl3) δ 8.44 (d, J = 8.7 Hz, 4H), 8.27 (d, J = 8.4 Hz, 2H), 8.09 (d, 
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J = 8.4 Hz, 2H), 7.75 (s, 2H), 7.14 (d, J = 8.7 Hz, 4H), 4.32-4.24 (m, 4H), 3.98-3.90 (m, 

4H), 3.86-3.76 (m, 4H), 3.76-3.68 (m, 4H), 2.18 (t, J = 6.0 Hz, 1H). 

Procedure for the synthesis of α,ω-diolefin 2-12
41

 

 

 To a DMF (80 mL) solution of diol 2-11 (3.80 g, 7.00 mmol) and 10-bromo-1-

decene (2-8) (3.30 g, 15.0 mmol) under nitrogen was added sodium hydride (95%, 380 

mg, 15.0 mmol).  This reaction mixture was stirred for 2 hours at 100 °C following which 

a second portion of sodium hydride (95%, 380 mg, 15.0 mmol) was added. The reaction 

mixture was further stirred for 24 hours at 100 °C. After removal of the solvent under 

reduced pressure by a rotary evaporator, the residue was re-dissolved in 100 mL of DCM, 

washed with saturated aq. NH4Cl (3 x 75 mL), dried over anhydrous Na2SO4 and filtered 

through Celite. The solvent was removed under reduced pressure by a rotary evaporator 

to leave a yellow liquid which was purified on silica gel by flash column chromatography 

using DCM-methanol (99:1) as eluent to obtain pure di-olefin (3.23 g, 57%) as an off-

white liquid.  The 
1
H NMR spectral data matched that reported in the literature. 
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1
H NMR (300 MHz, CDCl3) δ 8.41 (d, J = 9.0 Hz, 4H), 8.16 (d, J = 8.4 Hz, 2H), 8.00 (d, 

J = 8.4 Hz, 2H), 7.63 (s, 2H), 7.10 (d, J = 9.0 Hz, 4H), 5.85-5.72 (m, 2H), 5.01-4.89 (m, 

4H), 4.22 (t, J = 4.5 Hz, 4H), 3.89 (t, J = 4.8 Hz, 4H), 3.75-3.71 (m, 4H), 3.63-3.59 (m, 

4H), 3.46 (t, J = 6.6 Hz, 4H), 2.05-1.98 (m, 4H), 1.61-1.54 (m, 4H), 1.37-1.23 (m, 20H). 

Procedure for the synthesis of dichlorotris(triphenylphosphine ruthenium(ІІ) (2-13)
42

 

 

 Triphenylphosphine (9.00 g, 34.3 mmol) was added to a methanol (75 mL) 

solution of RuCl3(H2O)3 (1.50 g, 5.70 mmol) and the reaction mixture was heated under 

reflux for 4 hours. The precipitate was filtered and washed with diethyl ether (3 x 150 

mL) to provide a brown solid (5.00 g, 92%). The product was analyzed by 
13

C NMR, and 

the result matched the reported spectral data. 

13
C NMR (75 MHz, CDCl3) δ 127.47 (m), 128.68 (m), 129.37 (s), 132.17 (m), 133.92 

(m), 135.36 (m). 

Procedure for the synthesis of Grubbs’ first generation catalyst 2-14
42

 

 

 A DCM solution of phenyldiazomethane (2.0 M, 4.1 mL) was added to a DCM 

(30 mL) solution of RuCl2(PPh3)3 (2-13) (4.00 g, 4.16 mmol)  at -78°C  under nitrogen. A 

spontaneous color change from orange brown to brown green along with vigorous 
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bubbling was observed. The dry ice-acetone cooling bath was removed and the reaction 

mixture was stirred for 30 min. at room temperature nitrogen. The reaction mixture was 

concentrated to about 3.00 mL under reduced pressure using a rotary evaporator.  Pentane 

(125 mL) was added to the concentrated solution and the formation of a green solid was 

observed and removed by filtration from the brown mother-liquor. The green solid was 

then re-dissolved in DCM (125 mL) and precipitated repeatedly by addition of pentane 

until the mother-liquor was nearly colorless. The collected green solid was dissolved in 

DCM (125 mL), and then a solution of tricyclohexylphosphine (1.70 g, 6.40 mmol) in 

DCM (9 mL) was added at room temperature under nitrogen. The reaction mixture was 

stirred at room temperature for 30 min. The reaction mixture was then concentrated under 

reduced pressure using a rotary evaporator, without heating, to provide a dark purple 

residue. The residue was repeatedly washed with acetone (5 x 20 mL) and dried under 

vacuum to provide a purple solid (2.20 g, 74%). The 
1
H NMR spectrum matched that 

reported in the literature.  

1
H NMR (300 MHz, CDCl3) δ 19.90 (s, 1H), 8.44 (d, J = 7.2 Hz, 1H), 7.54 (t, J = 7.8 Hz, 

1H), 7.33 (J = 7.8 Hz, 1H), 2.65-2.57 (m, 6H), 1.79-1.69 (m, 30 H), 1.47-1.34 (m, 12H), 

1.28-1.13 (m, 18H). 
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Procedure for the synthesis of diimine 2-15
44

 

 

 2,4,6-trimethylaniline (14.2 g, 105 mmol) was added dropwise via a syringe to a 

methanol solution (10 mL) of glyoxal (5.50 mL of 40% weight solution in water, 47.7 

mmol). The reaction mixture was stirred at room temperature for 12 hours, during which 

time a bright yellow precipitate slowly formed. The precipitate was dissolved in DCM (5 

mL). The resulting yellow solution was dried over anhydrous Na2SO4 and concentrated to 

give a yellowish-organge solid. The crude product was dissolved in hot methanol (ca. 600 

mL), cooled to room temperature, and then  kept in a freezer overnight to facilitate the 

formation of long canary yellow crystals. The product was filtered, washed with pentane, 

and dried under high vacuum to provide the pure diimine (11.30 g, 81%). The 
1
H NMR 

spectrum matched that reported in the literature.  

1
H NMR (300 MHz, CDCl3) δ 8.09 (s, 2H), 6.91 (s, 4H), 2.29 (s, 6H), 2.15 (s, 12H). 

Procedure for the synthesis of diamine 2-16
44

 

 

 To a suspension of diimine 2-15 (5.00 g, 17.1 mmol) in methanol (175 mL) was 

added several crystals of bromcresol green as a pH indicator.  After the mixture was 

cooled to 0 °C, NaCNBH3 (95%, 6.85 g, 109 mmol) was added portionwise. Along with 
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vigorous bubbling, the color of the reaction mixture turned to green due to the alkaline 

pH. After 10 min, concentrated HCl was added dropwise to the mixture at 0 °C, restoring 

its original yellow color. Additional reduction occurred slowly, causing the reaction 

mixture again to become basic. The acidification process was repeated until the yellow 

color persisted. The reaction mixture was warmed to room temperature and stirred for 1 

hour. A 2M aq. NaOH solution was added until the pH of the reaction mixture was 8~9. 

The mixture was diluted with water (20 mL) and extracted with diethyl ether (3 x 75 

mL). The combined organic layers were washed with saturated aq. NaCl solution (25 

mL), dried over anhydrous Na2SO4, filtered, and the solvent was removed under reduced 

pressure by a rotary evaporator to give a yellow oil. The crude product was purified on 

silica gel by flash column chromatography using hexane-diethyl ether (4:1) as an eluent 

to afford the diamine product (4.84 g, 95%) as a colorless oil. The 
1
H NMR spectral data 

matched that reported in the literature.  

1
H NMR (300 MHz, CDCl3) δ 6.82 (s, 4H), 3.27 (s, 2H), 3.14 (s, 4H), 2.27 (s, 12H), 2.22 

(s, 6H). 

Procedure for the synthesis of N-heterocyclic ligand 2-17
44

 

 

  Triethylorthoformate (730 mg, 5.04 mmol) was added via a syringe to a mixture 

of diamine 2-16 (1.50 g, 5.04 mmol) and ammonium tetrafluoroborate (540 mg, 5.04 
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mmol) in a flame-dried side-arm reaction flask. The reaction mixture was refluxed at 120 

°C for 3 hours and cooled to room temperature. A tan-colored solid was formed which 

was recrystallized from hot ethanol (ca. 500 mL) to provide bright white crystals. After 

filtration, the crystals were washed with pentane, and dried under vacuum to obtain the 

N-heterocyclic ligand (1.02 g, 52%). The 
1
H NMR spectrum matched that reported in the 

literature.  

1
H NMR (300 MHz, CD3CN) δ 8.10 (s, 1H), 7.07 (s, 4H), 4.40 (s, 4H), 2.34 (s, 12H), 

2.30 (s, 6H). 

Procedure for the synthesis of Grubbs’ second generation catalyst 2-18
44

 

 

 In a flame-dried side-arm flask, N-heterocyclic ligand 2-17 (500 mg, 1.26 mmol) 

was dissolved in dry THF (16 mL) under nitrogen. A solution of KOBu-t (141 mg, 1.26 

mmol) in dry THF (35 mL) was added to the suspension at room temperature by cannula 

and the solution was stirred at that temperature for 1 hour. The solution was transferred 

by cannula into a solution of Grubbs’ first generation catalyst 2-14 (748 mg, 0.91 mmol) 

in dry benzene (75 mL). The reaction mixture was heated at 80 °C for 30 min or until the 

reaction was over. The solvent was removed under reduced pressure by a rotary 

evaporator to give a dark red solid. Purification by silica gel flash column 

chromatography using hexanes-diethyl ether (7:1) as eluent afforded Grubbs’ second 
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generation catalyst (540 mg, 70%). The 
1
H NMR spectrum matched that reported in the 

literature.  

1
H NMR (300 MHz, CDCl3) δ 19.13 (s, 1H), 6.98-7.35 (m, 9H), 3.98 (s, 4H), 2.76-0.87 

(m, 51 H). 

Procedure for the synthesis of aldehyde 2-19
45

 

 

 To a DMF solution (75 mL) of 2-hydroxybenzaldehyde (2.50 g, 20.5 mmol) and 

2-iodopropane (4.30 g, 25.0 mmol) was added K2CO3 (12.00 g, 86.82 mmol). The 

reaction mixture was stirred at 80 °C overnight under nitrogen. The reaction mixture was 

cooled to room temperature and diethyl ether (75 mL) was added. The organic layer was 

washed with saturated aq. NH4Cl (3 x 75 mL), dried over anhydrous Na2SO4, filtered, 

and the solvent was removed under reduced pressure by a rotary evaporator to give a 

colorless oil. Purification by silica gel flash column chromatography using hexanes-ethyl 

acetate (100:1) as eluent afforded the pure compound as a colorless oil (2.50 g, 76%). 

The 
1
H NMR spectrum matched that reported in the literature.  

1
H NMR (CDCl3, 300 MHz) δ 10.50 (s, 1H), 7.81 (dd, J = 7.8, 2.0 Hz, 1H), 7.53-7.47 (m, 

1H), 6.99-6.94 (m, 2H), 4.67 (m, 1H), 1.39 (d, J = 6.0 Hz, 6H). 
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Procedure for the synthesis of terminal olefin 2-20
45

 

 

 t-BuOK (3.00 g, 27.6 mmol) was added into a vigorously stirred suspension of 

methyl triphenylphosphonium iodide (12.50 g, 30.92 mmol) in THF (30 mL) at 0 °C. The 

red reaction mixture was stirred for 20 min. at 0 °C.  Aldehyde 2-19 (2.50 g, 15.2 mmol) 

was dissolved in THF (25 mL), added dropwise to the reaction mixture and stirred until 

TLC indicated that aldehyde 2-19 was consumed (approximately 30 min.). Saturated aq. 

NaCl (75 mL) was added and the reaction mixture was stirred for 5 min. at room 

temperature. It was extracted with diethyl ether (3 x 75 mL). The combined organic 

layers were dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure by a rotary evaporator to give a pale yellow oil. Purification by silica gel flash 

column chromatography using hexanes-ethyl acetate (100:1) as eluent provided the pure 

compound as a colorless oil (1.55 g, 62%). The 
1
H NMR spectrum matched that reported 

in the literature.  

1
H NMR (300 MHz, CDCl3) δ 7.37 (d, J = 8.4 Hz, 1H), 7.07 (m, 1H), 6.97 (d, J = 8.4 Hz, 

1H), 6.76 (m, 2H), 5.63 (d, J = 17.7 Hz, 1H), 5.12 (d, J = 11.1 Hz, 1H), 4.40 (m, 1H), 

1.21 (d, J = 6.0 Hz, 6H). 
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Procedure for the synthesis of Hoveyda-Grubbs second generation catalyst 2-21
45

 

 

 Under a nitrogen atmosphere, Grubbs’ second generation catalyst 2-18 (200.0 mg, 

0.235 mmol) and CuCl (22.6 mg, 0.228 mmol) were dissolved in dichloromethane (7 

mL). A DCM solution (7 mL) of 2-isopropoxy styrene (2-20) (55.6 mg, 0.343 mmol) was 

added into the reaction flask by cannula at room temperature. The reaction mixture was 

stirred for 1 hour at room temperature and concentrated under reduced pressure by a 

rotary evaporator to give a dark brown solid. The crude product was purified by silica gel 

flash column chromatography using pentane-DCM (1:1) as eluent to afford a bright green 

solid (124 mg, 84%). The 
1
H NMR spectrum matched that reported in the literature.  

1
H NMR (300 MHz, CDCl3) δ 16.56 (s, 1H), 7.48-7.45 (m, 1H), 7.06 (s, 4H), 6.94-6.77 

(m, 3H), 4.89 (m, 1H), 4.17 (s, 4H), 2.48 (s, 12H), 2.40 (s, 6H), 1.27 (d, J = 5.9 Hz, 6H). 
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Procedure for the synthesis of dimethylated copper complex [2]pseudorotaxane 2-22  

 

 To a solution of dimethylated macrocycle 2-7 (240 mg, 0.39 mmol) in DCM (20 

mL) and acetonitrile (20 mL) at room temperature under nitrogen was added 

tetrakis(acetonitrile)copper(I) hexafluorophosphate (140 mg, 0.39 mmol) and stirred for 

20 min. A DCM solution (20 mL) of diolefin  2-12 (330 mg, 0.39 mmol) was added from 

another Schlenk flask under nitrogen via cannula.  The reaction mixture was stirred for 

40 min at room temperature under nitrogen followed by concentration of the mixture 

under reduced pressure by a rotary evaporator. Purification on silica gel by flash column 

chromatography using DCM-methanol (98:2) as eluent afforded the pure 

[2]pseudorotaxane (640 mg, 98%) as a red glassy solid.   

1
H NMR (300 MHz, CDCl3) δ 8.57 (d, J = 8.4 Hz, 2H), 8.40 (d, J = 8.4 Hz, 2H), 8.15 (s, 

2H), 7.96 (s, 2H), 7.81-7.50 (m, 4H), 7.42 (d, J = 6.3 Hz, 4H), 7.19 (s, 1H), 7.10 (d, J = 

6.3 Hz, 2H), 6.89 (d, J = 6.3 Hz, 2H), 6.02 (d, J = 8.7 Hz, 4H), 5.77-5.64 (m, 4H), 4.92-
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4.80 (m, 4H), 3.80-3.40 (m, 40H), 1.97-1.90 (m, 4H), 1.56-1.49 (m, 4H), 1.48 (s, 6H), 

1.37-1.17 (m, 20H). 

13
C NMR (75 MHz, CDCl3) δ 159.55, 157.23, 155.94, 139.31, 137.81, 137.04, 132.41, 

131.54, 130.23, 129.15, 128.30, 127.20, 126.50, 126.32, 125.85, 124.33, 114.26, 113.14, 

109.38, 71.44, 71.29, 71.03, 70.95, 70.24, 69.58, 69.52, 67.55, 67.50, 33.91, 29.80, 29.57, 

29.20, 29.03, 26.23, 15.85. 

HRMS (ESI) calcd for C88H106CuN4O12 [M-PF6]
+
 m/z 1473.7103, found m/z 1473.7084; 

Anal. calcd for C88H106CuF6N4O12P: C, 65.23; H, 6.59; N, 3.46; found: C, 64.86; H, 6.36; 

N, 3.38. 

Procedure for the synthesis of copper-based dimethylated [2]catenane 2-23 

 

Grubbs’ second generation catalyst (15 mg, 5 mol%) was added to a 3.20 mM 

solution of dimethylated copper complex [2]pseudorotaxane 2-22 (600 mg, 0.40 mmol) 

in DCM (127 mL) under nitrogen at reflux.  After the reaction mixture was stirred for 6 h 
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at 40 °C, additional catalyst (15 mg, 5 mol%) was added and stirring was continued for 

another 6 h.  Excess ethyl vinyl ether (1 mL) was then added into the mixture to quench 

the reaction.  The solvent was evaporated under reduced pressure by a rotary evaporator 

to leave a dark red glassy solid that was purified on silica gel by flash column 

chromatography using DCM-methanol (99:1) as eluent to provide pure copper-based 

[2]catenane as a red glassy solid (420 mg, 71%).   

1
H NMR (300 MHz, CDCl3) δ 8.64 (d, J = 8.1 Hz, 2H), 8.48 (d, J = 8.1 Hz, 2H), 8.21 (s, 

2H), 8.05 (s, 2H), 7.89-7.79 (m, 4H), 7.48 (d, J = 7.8 Hz, 4H), 7.18 (d, J = 8.1 Hz, 2H), 

6.97 (s, 2H), 6.08 (d, J = 8.1 Hz, 4H), 5.82 (d, J = 8.1 Hz, 2H), 5.34-5.32 (m, 2H), 3.87 

(s, 4H), 3.77-3.52 (m, 40H), 1.99-1.91 (m, 4H), 1.69-1.60 (m, 4H), 1.50 (s, 6H), 1.37-

1.26 (m, 20H). 

13
C NMR (75 MHz, CDCl3) δ 159.52, 157.25, 137.84, 137.09, 130.52, 130.02, 129.0, 

127.26, 126.47, 125.82, 113.02, 109.41, 71.76, 71.24, 70.99, 70.36, 69.58, 69.48, 67.53, 

32.40, 29.75, 29.67, 29.47, 29.34, 29.09, 28.65, 27.13, 26.14, 15.82. 

HRMS (ESI) calcd for C86H102CuN4O12 [M-PF6]
+
 m/z 1445.6790, found m/z 1445.6782;  

Anal. calcd for C86H102CuF6N4O12P: C, 64.87; H, 6.46; N, 3.52; found: C, 64.43; H, 6.16; 

N, 3.42. 
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Procedure for the synthesis of demetallated [2]catenane of 2-23  

 

 A solution of excess KCN (185 mg, 2.83 mmol) in water (3 mL) was added to a 

1:1 DCM/acetonitrile solution  (6 mL) of copper-based [2]catenane 2-23 (150 mg, 0.0942 

mmol).  The mixture was stirred for 30 min at room temperature.  A pale brown 

precipitate formed as the color of the solution changed from dark red to colorless.  The 

organic solution was washed with water (3 x 5 mL), dried over anhydrous Na2SO4 and 

filtered.  The solvent was removed under reduced pressure by a rotary evaporator to 

provide a yellow oil. Purification on silica gel by flash column chromatography using 

DCM-methanol (98:2) as eluent afforded pure demetallated [2]catenane of 2-23 (115 mg, 

89%) as a yellow oil.   

1
H NMR (300 MHz, CDCl3) δ 8.99 (d, J = 7.2 Hz, 2H), 8.40 (d, J =  8.7 Hz, 4H), 8.22-

7.99 (m, 8H), 7.76-7.63 (m, 6H), 7.28-7.19 (m, 6H), 5.41-5.33 (m, 2H), 4.29-4.18 (m, 
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8H), 3.93-3.90 (m, 4H), 3.76-3.67 (m, 20H), 3.57-3.53 (m, 4H), 3.38-3.34 (m, 4H), 2.27 

(s, 6H), 2.02-1.96 (m, 4H), 1.59-1.48 (m, 4H), 1.35-1.23 (m, 20H). 

13
C NMR (75 MHz, CDCl3) δ 160.15, 158.09, 156.36, 156.25, 146.10, 145.97, 136.48, 

131.85, 130.42, 129.93, 128.71, 128.12, 127.43, 127.82, 125.92, 125.53, 125.40, 119.28, 

119.01, 115.07, 112.76, 71.45, 70.98, 70.89, 70.78, 70.54, 70.19, 69.92, 68.43,  67.60, 

66.19, 32.49, 29.70, 29.60, 29.42, 29.32, 28.84, 27.19, 26.06, 16.51. 

HRMS (MALDI) calcd for C86H103N4O12 [M+H]
+
 m/z 1383.7572, found m/z 1383.7589. 

Procedure for the synthesis of tris(p-tert-butylphenyl)methanol (2-24)
46 

 

 

 
 
 Magnesium turnings (2.00 g, 82.0 mmol) were added to 130 mL dry THF in a 

three-necked flame-dried round-bottom flask equipped with a condenser and a dropping 

funnel. A THF solution (35 mL) of 4-bromo-tert-butylbenzene (16.50 g, 77.42 mmol) 

was added dropwise with gentle stirring to the above mixture, under nitrogen, over a 

period of 1 hour. After the addition was over, the reaction mixture was stirred at ambient 

temperature for another 2 hours. A brown solution was obtained, to which a THF solution 

(20 mL) of methyl 4-tert-butylbenzoate (7.00 g, 36.2 mmol) was added dropwise over 1 

hour. The reaction was refluxed overnight under nitrogen and then cooled to room 
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temperature, neutralized with 10% aq. HCl, and extracted with hexanes (2 × 75 mL). The 

combined organic layers were dried over anhydrous Na2SO4 and filtered. Upon removal 

of the solvent under reduced pressure by a rotary evaporator, a yellow solid was obtained 

which was purified by multiple re-crystallizations from methanol to afford tris(p-tert-

butylphenyl)methanol compound as a white solid (10.80 g, 69%). The 
1
H NMR spectral 

data matched that reported in the literature.  

1
H NMR (300 MHz, CDCl3) δ 7.37-7.25 (m, 12H), 3.04 (s, 1H), 1.30 (s, 27H). 

Procedure for the synthesis of tris-(p-tert-butylphenyl)(4-hydroxyphenyl)methane (2-25)
46 

 

 

 
 

 To a solution of tris(p-tert-butylphenyl)methanol 2-24 (10.00 g, 23.32 mmol) in 

phenol (44.00 g, 465.0 mmol), was added a catalytic amount of concentrated HCl (1 

mL). The resulting mixture was refluxed under nitrogen for 24 hours and then 

cooled to room temperature. The reaction mixture was extracted with toluene (375 mL) 

and the organic layer was washed with 1 M aq. NaOH (3 × 150 mL) and H2O (3 × 150 

mL). The extracted organic layer was dried over anhydrous Na2SO4 and decolorized with 
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activated carbon. Upon removal of the solvent under reduced pressure by a rotary 

evaporator, a white solid was obtained which was then purified by refluxing in hexanes 

for 30 min. to afford pure (tris-tert-butylphenyl)(4-hydroxyphenyl)methane as a white 

solid (8.40 g, 71%). The 
1
H NMR spectral data matched that reported in the literature. 

1
H NMR (300 MHz, CDCl3) δ 7.22 (d, J = 8.7 Hz, 6H), 7.07 (d, J = 8.7 Hz, 6H), 7.04 (d, 

J = 9.0 Hz, 2H), 6.68 (d, J = 9.0 Hz, 2H), 4.57 (s, 1H), 1.30 (s, 27H). 

Procedure for the synthesis of monostoppered linear olefin 2-26 

 

      To a DMF (60 mL) solution of 2-25 (3.00 g, 5.94 mmol) under nitrogen was added 

Cs2CO3 (5.80 g, 17.8 mmol) and 5-bromo-1-pentene (131 mg, 8.80 mmol) and the 

mixture was heated at 100 °C for 24 hours. The mixture was concentrated under reduced 

pressure with a rotary evaporator. The off-white residue was dissolved in 30 mL DCM, 

washed with saturated aq. NH4Cl (3 x 25 mL), dried over anhydrous Na2SO4 and filtered.  

The solvent was evaporated under reduced pressure by a rotavapor to leave an off-white 

solid which was recrystallizated from DCM/methanol to give a white amorphous solid 

(2.80 g, 82%). 
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1
H NMR (300 MHz, CDCl3) δ 7.22 (d, J = 8.7 Hz, 6H), 7.08 (d, J = 8.7 Hz, 8H), 6.75 (d, 

J = 8.7 Hz, 2H), 5.92-5.78 (m, 1H), 5.09-4.96 (m, 2H), 3.94 (t, J = 6.6 Hz, 2H), 2.24-2.21 

(m, 2H), 1.89-1.84 (m, 2H), 1.29 (s, 27H). 

Procedure for the synthesis of monostoppered linear alcohol 2-27 

 

      To a solution of tris-(p-tert-butylphenyl)(4-hydroxyphenyl)methane (2-25) (2.00 

g, 3.96 mmol) in dry DMF (40 mL) under nitrogen was added Cs2CO3 (3.87 g, 11.8 

mmol) and 2-(chloroethoxy)ethanol (74.1 mg, 5.95 mmol). The reaction mixture was 

heated at 100 °C for 24 hours after which time the mixture was concentrated under 

reduced pressure using a rotary evaporator. The off-white residue was dissolved in 30 mL 

of DCM, washed with saturated aq. NH4Cl (3 x 25 mL), dried over anhydrous Na2SO4 

and filtered.  The solvent was evaporated under reduced pressure by a rotavapor to leave 

an off-white crude product. It was purified by recrystallization with DCM/methanol to 

give a white amorphous solid (2.20 g, 94%).  
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1
H NMR (300 MHz, CDCl3) δ 7.22 (d, J = 8.4, 6H), 7.10-7.06 (m, 8H), 6.78 (d, J = 9.0 

Hz, 2H), 4.13-4.10 (m, 2H), 3.87-3.84 (m, 2H), 3.78-3.73 (m, 2H), 3.68-3.65 (m, 2H), 

1.29 (s, 27H). 

13
C NMR (75 MHz, CDCl3) δ 155.49, 147.40, 143.17, 139.06, 131.36, 129.79, 123.13, 

112.12, 71.60, 68.82, 66.28, 62.12, 60.91, 33.37, 30.46. 

HRMS (ESI) calcd for C41H52O3Na [M+Na]
+
 m/z 615.3814, found m/z 615.3816;  

Anal. calcd for C41H52O3: C, 83.06; H, 8.84; found: C, 82.79; H, 8.53. 

Procedure for the synthesis of long chain monostoppered olefin 2-28 

 

Sodium hydride (95%, 27.0 mg, 10.9 mmol) was added to a solution of 

monostoppered linear alcohol 2-27 (2.16 g, 3.65 mmol) and 5-bromo-1-pentene (81.6 mg, 

5.47 mmol) in 40 mL of dry DMF.  This reaction mixture was stirred for 2 hours at 100 

°C.  A second portion of sodium hydride (95%, 27.0 mg, 10.9 mmol) was added, and the 

reaction mixture was further stirred for 24 hours at 100 °C.  The reaction mixture was 

concentrated under reduced pressure by a rotary evaporator. The yellowish white residue 

was dissolved in 30 mL DCM, washed with saturated aq. NH4Cl (3 x 25 mL), dried over 

anhydrous Na2SO4 and filtered.  The solvent was evaporated under reduced pressure by a 
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rotary evaporator to leave a yellowish white solid which was purified on silica gel by 

flash column chromatography using hexanes-ethyl acetate (95:5) to provide the 

monostoppered olefin (1.68 g, 70%) as a white solid. 

1
H NMR (300 MHz, CDCl3) δ 7.23 (d, J = 8.7 Hz, 6H), 7.08 (d, J = 8.7 Hz, 8H), 6.79 (d, 

J = 9.0 Hz, 2H), 5.88-5.75 (m, 1H), 5.06-4.93 (m, 2H), 4.12 (t, J = 4.9, 2H), 3.85 (t, J = 

4.9 Hz, 2H), 3.74-3.17 (m, 2H), 3.63-3.60 (m, 2H), 3.49 (t, J = 6.9 Hz, 6.8 Hz, 2H), 2.16-

2.09 (m, 2H), 1.74-1.65 (m, 2H), 1.31 (s, 27H). 

13
C NMR (75 MHz, CDCl3) δ 156.67, 148.38, 144.26, 139.84, 138.37, 132.33, 130.85, 

124.15, 114.86, 113.19, 70.94, 70.88, 70.28, 69.90, 67.34, 63.12, 34.40, 31.52, 30.35, 

28.89. 

HRMS (ESI) calcd for C46H61O3 [M+H]
+
 m/z 661.4621, found m/z 661.4618  

Anal. calcd for C46H60O3: C, 83.59; H, 9.15;  found: C, 83.61; H, 8.85 

Procedure for the synthesis of distoppered olefin 2-29 

 

To a 45 mM DCM solution (5.1 mL) of monostoppered olefin 2-28 (160 mg, 0.23 

mmol) under nitrogen was added Grubbs’ second generation catalyst (10.3 mg, 5 mol%).  

The reaction mixture was stirred at reflux for 24 hours.  Excess ethyl vinyl ether (~0.5 
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mL) was added to quench the reaction.  The solvent was evaporated under reduced 

pressure by a rotary evaporator to provide a brown solid that was purified on silica gel by 

flash column chromatography using DCM as eluent to provide pure di-stoppered olefin as 

a white solid (218 mg, 73%). 

1
H NMR (300 MHz, CDCl3) δ 7.22 (d, J = 8.7 Hz, 12H), 7.07 (d, J = 8.7 Hz, 16H), 6.77 

(d, J = 8.7 Hz, 4H), 5.42-5.35 (m, 2H), 4.10 (t, J = 4.8 Hz, 4H), 3.84 (t, J = 4.5 Hz, 4H), 

3.71-3.68 (m, 4H), 3.61-3.57 (m, 4H), 3.44 (t, J = 6.6 Hz, 4H), 2.09-1.98 (m, 4H), 1.69-

1.59 (m, 4H), 1.30 (s, 54H). 

13
C NMR (75 MHz, CDCl3) δ 156.48, 148.40, 144.26, 139.84, 132.34, 130.85, 130.16, 

129.86, 124.16, 113.19, 70.99, 70.94, 70.27, 69.91, 67.33, 63.17, 34.41, 31.52, 29.54, 

29.13;  

Anal. calcd for C90H116O6: C, 83.54; H, 9.04; found: C, 83.29; H, 8.99. 

Procedure for the synthesis of [2]rotaxane 2-30 via  ring-opening cross-metathesis              

 

 

To a 10 mM solution of copper-based dimethylated [2]catenane 2-23 (31.8 mg, 

0.0199 mmol) in DCM (1.0 mL) under nitrogen was added the di-stoppered olefin 2-29 
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(13.0 mg, 0.10 mmol). A DCM solution (1.0 mL) of second generation Hoveyda-Grubbs 

catalyst (0.60 mg, 5 mol%) was added via syringe and the reaction mixture was stirred at 

reflux for 24 hours. An excess of ethyl vinyl ether (0.25 mL) was added to quench the 

reaction. The solvent was removed under reduced pressure by a rotavapor to afford a dark 

brown residue. Flash column chromatography on silica gel with DCM-methanol (95:5) 

afforded the [2]rotaxane as a dark brown solid (45.6 mg, 79%). 
1
H NMR (300 MHz, 

CDCl3) δ 8.63 (d, J = 8.4 Hz, 2H), 8.46 (d, J = 8.4 Hz, 2H), 8.20 (s, 2H), 8.01 (s, 2H), 

7.87 (d, J = 8.7 Hz, 2H),  7.79 (d, J = 8.1 Hz, 2H), 7.47 (d, J = 8.7 Hz, 4H), 7.23-7.15 (m, 

14H), 7.06 (d, J = 8.7 Hz, 16H), 6.95 (s, 2H), 6.76 (d, J = 8.7 Hz, 4H), 6.09 (d, J = 8.7 

Hz, 4H), 5.81 (d, J = 8.4 Hz, 2H), 5.38-5.34 (m, 2H), 4.10 (t, J = 5.0 Hz, 4H), 3.87-3.41 

(m, 56H), 2.08-1.92 (m, 8H), 1.64-1.59 (m, 8H), 1.50 (s, 6H), 1.34-1.25 (m, 74H);  

13
C NMR (75 MHz, CDCl3) δ 159.54, 157.22, 156.99, 156.72, 155.79, 148.44, 144.29, 

143.49, 139.87, 137.80, 137.03, 132.36, 132.29, 131.32, 131.05, 131.00, 130.87, 130.65, 

130.32, 129.61, 129.58, 129.22, 129.11, 128.17, 127.91, 127.18, 126.59, 126.29, 125.85, 

124.81, 113.21, 113.19, 109.38, 71.87, 71.32, 71.06, 70.97, 70.27, 70.25, 69.93, 69.60, 

68.55, 67.55, 67.51, 67.37. 63.19, 34.44, 32.73, 31.53, 29.86, 29.83, 29.75, 29.70, 29.64, 

29.52, 29.48, 29.44, 29.40, 29.31, 29.18, 27.34, 26.28, 23.87, 15.89. 

HRMS (MALDI) calcd for C176H218CuN4O18 [M-PF6]
+
 m/z 2738.5572, found m/z 

2738.6028. 
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