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ABSTRACT 

 In our efforts to develop a new route toward rotaxane synthesis, we have envisioned the 

insertion method. This rotaxane-forming transformation can be achieved by the ring-opening of a 

[2]catenane followed by its in situ “insertion” into a doubly-stoppered axle. The process 

incorporates two modern synthetic techniques, i.e. olefin metathesis and metal templation. The 

first step to study and optimize the insertion method is to synthesize three complex molecules 

i.e., a macrocycle, an α,ω-diene, and a doubly-stoppered axle. Our progress thus far includes the 

complete synthesis of both the macrocycle and the α,ω-diene, as well as the partial synthesis of 

the doubly-stoppered axle. Future work will include: (1) completing the synthesis of the doubly-

stoppered axle via a cross-metathesis reaction, (2) synthesizing more α,ω-diene, (3) completing 

the synthesis of the [2]catenane via complexation followed by olefin metathesis, and finally, (4) 

optimizing the insertion method.  
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CHAPTER ONE 

INTRODUCTION TO INTERLOCKED MOLECULES 

 Interlocked molecules have recently garnered significant interest as potential drug 

delivery systems and as molecular machine prototypes.1 Over the last fifty years, the synthetic 

evolution of interlocked molecules has led to a growing understanding of a fundamentally new 

bonding mode, i.e. the mechanical bond.2 Mechanical bonds hold together the chemical 

fragments of interlocked molecules such that the components cannot dissociate without the 

breaking of at least one formal chemical bond.3 Examples of systems held together by 

mechanical bonds include the classes of compounds known as catenanes and rotaxanes. A 

catenane (illustrated in Figure 1.1a), from the Latin word catena, meaning chain, consists of two 

or more interlocked rings. A rotaxane (illustrated in Figure 1.1b), from the Latin words rota and 

axis, meaning wheel and axle, respectively, is composed of a linear chain, referred to as an axle, 

which threads through a ring. Additionally, large, bulky groups are attached to each end of the 

axle (as depicted by the red spheres in Figure 1.1b) to prevent dissociation of the ring from the 

axle. Pseudorotaxanes are similar to rotaxanes; however, they lack these bulky stoppers. The 

nomenclature of catenanes and rotaxanes is dependent on the number of interlocked components 

in the system, i.e., an [n]catenane consists of n interlocked rings whereas an [n]rotaxane usually 

consists of one axle and (n-1) rings, though there are other variations.  

 

 

 
Figure 1.1a. A [2]catenane Figure 1.1b. A [2]rotaxane 
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Due to their synthetic challenges, interesting three-dimensional structures, and potential 

applications, rotaxanes are becoming common synthetic targets. As such, synthetic methodology 

for rotaxanes has evolved considerably since the first report on rotaxane synthesis by Harrison 

and Harrison in the late 1960s.4 In the Mayer group, our attention, in part, is focused on the 

development of a new and efficient route toward rotaxanes. Along with a review of relevant 

literature in rotaxane synthesis and application, in this thesis, our approach and planned 

optimization studies of a [2]rotaxane synthesis will be discussed.  

I. Applications of Rotaxanes 

 As the chemical and physical properties of mechanically interlocked molecules (MIMs) 

are increasingly explored, the potential applications of rotaxanes expand. Today, rotaxane 

research is focused on a broad range of applications, including controlled drug release, molecular 

rotary motors, and chemical sensors.5 In this section, the use of rotaxanes in drug release is 

examined.  

Drug delivery is a frequently studied and emerging application of rotaxanes. A critical 

challenge in drug therapy is the limited availability of effective delivery systems capable of 

transporting hydrophobic (water insoluble) drugs.6 Fortunately, mechanized mesoporous silica 

nanoparticles (MSNPs) derivatized with rotaxanes offer a promising approach to this problem.  

MSNPs are high-surface-area porous materials with tubular-shaped interiors that can act 

as vessels to store hydrophobic drugs. As depicted in Figure 1.2, rotaxanes may gate the entrance 

of these pores and control the diffusion of the loaded material in and out of the tubes.7 Stable 

under a wide-range of chemical conditions, MSNPs can act as vehicles to transport stored 

biocompatible materials to target areas. Upon exposure to a variety of external stimuli (including 
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pH change, redox conditions, enzyme activation, etc.), the rotaxane may be chemically altered 

such that the material loaded within the tubes can be released.     

 

 

 In pioneering work by Stoddart et al., a bi-stable [2]rotaxane was installed inside porous 

tubes of a silica-based mesopore.8 A bi-stable rotaxane contains two binding sites along the axle. 

Consequently, the ring, upon stimulation, can glide along the axle from one binding site to 

another. Incorporated into an MSNP, a bi-stable rotaxane may act as a valve that can be opened 

and closed reversibly. As depicted in Scheme 1.18, in Stoddart et al.’s system, initially, the ring 

formed a complex at the binding site that is away from the pore opening. Here, the valve was 

“open” and the loading of materials within the tube was feasible. Once the tubes were charged 

with material, oxidation of the binding site within the axle induced movement of the ring onto 

the unit closer to the pore. This formed the “closed” state. At this point, theoretically, the MSNP 

could then transport the material to the target area where the binding site would be reduced to its 

original form and the material may be released into the new environment.  

Figure 1.2. A representation of a mesoporous silica nanoparticle (MSNP) 
derivitized with rotaxanes7 
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Following their redox-controlled system, Stoddart et al. developed an enzyme-activated 

drug delivery system based on their MSNP foundation (Scheme 1.2).9 In this case, a [3]rotaxane 

was threaded through silica tubes charged with material. The ring moieties plugged the pores and 

inhibited the ejection of the particles outside of the tubes. In the presence of a specific enzyme; 

however, the stopper units were removed and the rings subsequently “de-threaded.” The pores 

then opened and the material held within the tube was released into its environment.  

 

 

Scheme 1.1. A representation of Stoddart et al.’s redox-stimulated drug 
delivery system8 

Scheme 1.2. A representation of Stoddart et al.’s enzyme-activated drug 
delivery system9 
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Although they are currently not used in commercial pharmaceutical products, rotaxanes 

could potentially add another exciting dimension to the treatment of degenerative diseases, 

including several types of cancer. Indeed, MSNPs are already being tested in biological 

systems.10 In particular, Zink et al. reported the utilization of MSNPs to deliver the hydrophobic 

anticancer drug paclitaxel to PANC-1 cancer cells to inhibit cell growth.11 Because of the ring’s 

freedom in a rotaxane to glide along the axle and to “de-thread,” future research will 

undoubtedly lead to the creation of more applications. 

II. General Synthetic Pathways to Rotaxanes 

 With little knowledge of the characteristics and potential applications of rotaxanes, 

chemists of the 1950s and ‘60s were driven by both curiosity and the basic challenge to 

synthesize interlocked molecules. Following the first reported synthesis of a catenane in 1960,12 

Wasserman and Frisch introduced the theoretical concept of a rotaxane in 1961.13 Since that 

time, the synthesis of rotaxanes has garnered much attention. Furthermore, three general 

pathways have been devised, namely: slipping, threading-capping, and clipping (Scheme 1.3).  

 

 

  

  

  

                          

Slipping Clipping 

Threading-capping of 
mono-stoppered axle 

Threading-capping of 
non-stoppered axle 

Scheme 1.3. Three general pathways of rotaxane synthesis 

2 
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(a)  The slipping approach involves the temperature-induced ‘slipping’ of a 

macrocycle (ring) over a stopper and onto an axle. Stoddart et al. developed this 

self-assembly method of rotaxane synthesis in 1993 by incorporating electron-rich 

macrocyclic polyether components into an electron-deficient bipyridinium-based 

di-stoppered axle.14  

(b) In the clipping approach, a part of the ring complexes to the di-stoppered axle via 

template-directed methods. Following cyclization with the complementary ring 

fragment, a rotaxane is synthesized.  

(c) The threading-capping approach involves the template-directed threading of a 

ring on to an open-ended axle, followed by subsequent end-capping with a bulky 

stopper. 

III. Synthesis of Rotaxanes and Catenanes  

 Fitting with these three general pathways, various synthetic methods, including statistical 

threading, template-directed methods, and olefin metathesis, have been applied to rotaxane 

synthesis.  

i. Statistical Approach:  

 Initial attempts to synthesize catenanes and rotaxanes relied on the small chance of 

random threading of a ring onto an axle followed by either the stoppering or cyclization of the 

axle. After being introduced to the concept of interlocked molecules at a Harvard seminar in 

1956, Edel Wasserman initially proposed (in an unpublished forum) that in the presence of a 20-

membered ring and a 30-membered axle, catenane synthesis could be achieved if random 
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threading of the ring onto the axle was followed by an in situ cyclization of the axle (Scheme 

1.4).15 At that time, at least five groups were working towards the synthesis of interlocked 

molecules, including both the Edel Wasserman and Arthur Lüttringhaus groups. Lüttringhaus 

provided the first publication regarding an (unsuccessful) attempt at catenane synthesis via 

statistical threading in 1958.16 Wasserman then made it a synthetic reality with the first reported 

synthesis of a catenane in 1960.13 As illustrated in Scheme 1.5, following a cyclization of diester 

1.1 using sodium and xylene, a Clemmensen reduction yielded hydrocarbon 1.3. Diester 1.1 was 

also subjected to cyclization conditions, in the presence of 1.3, to yield a [2]catenane (1.4) 

composed of two 34-membered rings. Due to the random nature of statistical threading, the 

[2]catenane yield was less than one percent; however, the Wasserman synthesis paved the way 

for a new field of chemical research. 

     
 

 

 

Scheme 1.4. Representation of Wasserman’s proposed synthesis of a [2]catenane 

C20 ring and a C30 axle  [2]Catenane 

+ 

Pseudorotaxane 

Ring-Closing
Statistical 

Threading
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Following the pioneering work of Wasserman, the team of Harrison and Harrison 

achieved the first synthesis of a rotaxane in 1967, also using statistical approaches.4 In this 

synthesis, a hemisuccinate ester macrocycle was coupled with Merrifield’s resin to afford 

compound 1.5. This material was then loaded into a column and flushed with a solution of 

decane-1,10-diol (1.6), triphenylmethyl chloride, and pyridine (Scheme 1.6). To improve yields, 

this treatment was repeated 70 times before the products were hydrolyzed from the resin to yield 

a [2]rotaxane (1.7). Although groundbreaking, this initial attempt achieved a mere 6% rotaxane 

yield. Authors then referred to the interlocked product as a “hooplane”. The term “rotaxane” was 

coined by Schill and Zollenkopf and replaced “hooplane” later in 1969.17  

 

Scheme 1.5. Wasserman’s experimental synthesis of a [2]catenane 

1.1 

1.4 

1.3 1.2 
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The initial synthetic routes by Wasserman and Harrison and others demonstrated that 

although the targets were achievable, statistical approaches toward catenane and rotaxane 

syntheses are severely limited. To overcome these limitations, the pre-organization of 

complementary parts via template-directed approaches were introduced.  

ii. Template-Directed Approach:  

 A template-directed synthesis uses host-guest interactions between the counterparts (i.e., 

the ring and the axle) to hold the reactive sites close together. According to D.H. Busch, “a 

chemical template organises an assembly of atoms with respect to one or more geometric loci in 

order to achieve a particular linking of atoms.”18 The concept of the template-directed approach 

developed after the elucidation of the DNA double helix by Watson and Crick in 1953.19 It was 

discovered soon thereafter that in DNA replication, one strand acts as a template for the 

formation of a new strand.20 Since that time, chemists have developed many template-directed 

approaches to enhance reactions with, otherwise, little or no product yield. The various templates 

include, but are not limited to, transition metal complexes, donor-acceptor complexes, 

hydrophobic-hydrophilic (e.g. cyclodextrin inclusion) complexes, and hydrogen-bonded 

complexes. Due to its relevance to this project, transition metal templates will be discussed.  

Scheme 1.6. Harrison and Harrison’s synthesis of a [2]rotaxane via statistical methods 

1.6 1.7 1.5 
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 Transition metal ions increase the yields of interlocked molecules by assembling and pre-

organizing the counterparts through ionic interactions. The remarkable ability of transition metal 

templates originates from the variety of possible coordination geometries, oxidation states, bond 

strengths and labilities, and reactivities.21 In 1983, Sauvage and co-workers developed a 

groundbreaking transition metal template using Cu(I) in the synthesis of a [2]catenane.22 As 

shown in Scheme 1.7, the copper ion assembled components 1.8 and 1.9 to form the 

pseudorotaxane, 1.10. Cyclization gave catenane 1.11 in 42% yield. Although much improved 

from the statistical approach, the additional use of ring-closing metathesis has recently increased 

the yield of interlocked molecules to over 90%.23  

  

 

 

 

 

N N

O O
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Scheme 1.7. A transition metal template developed by Sauvage and co-workers to 
increase the yields of interlocked molecules22 
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iii. Olefin Metathesis  

 Discovered by Calderon et al. in the late 1960s, olefin metathesis is a process in which 

the fragments of two olefins are interchanged in the presence of certain transition-metal catalysts 

to yield a different set of olefins.24 Various types of olefin metatheses have been developed for 

broad applications in both industry and academics. Notably, Robert Grubbs, Richard Schrock, 

and Yves Chauvin were collectively awarded the Nobel Prize in Chemistry in 2005 for their 

creation of selective and effective catalysts for olefin metathesis, as well as the elucidation of the 

reaction mechanism.25  Some of the most widely carried out metatheses are cross-metathesis 

(CM), ring-closing metathesis (RCM), ring-opening metathesis polymerization (ROMP), and 

ring-opening cross-metathesis (ROCM) (Scheme 1.8).  

 

 

In 2003, Grubbs et al. pioneered the application of olefin metathesis in rotaxane synthesis 

via the “magic-ring” route.26 A [2]rotaxane was synthesized in 73% yield via ring opening, ring-

closing metathesis of olefin-containing polyethereal substrates around stoppered sec-

R1 R2
R1

R2

n

R

R

Cross-metathesis (CM)

Ring-closing metathesis (RCM)

Ring-opening metathesis polymerization (ROMP)

+

+ Ring-opening cross-metathesis (ROCM)

+

+

Scheme 1.8. Common types of olefin metathesis 
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dialkylammonium ions (Scheme 1.9) in the presence of a ruthenium-based catalyst (commonly 

referred to as Grubbs’ II (Figure 1.3)).  

 

 

 

 

 

Scheme 1.9. “Magic-ring” synthesis of a [2]rotaxane 
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 Following this groundbreaking work, Grubbs and co-workers have demonstrated that 

olefin metathesis is a powerful tool in the synthesis of rotaxanes and catenanes. Grubbs’ work 

has been extended to the synthesis of catenanes and higher order rotaxanes in good to excellent 

yields.27 With the described synthetic pathways in mind, both metal templation and olefin 

metathesis will be incorporated into our new route toward rotaxane synthesis.  
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CHAPTER TWO 

OUR PROPOSED PATHWAY TOWARD ROTAXANE SYNTHESIS 

 With the power and diverse applicability of olefin metathesis in mind, a retro-synthetic 

analysis (Scheme 2.1) revealed that a [2]rotaxane could be synthesized from a di-stoppered axle 

and a [2]catenane, where each of these counterparts possesses an olefin that can be broken and 

re-formed, reversibly, with Grubbs’ catalyst or its derivatives. Based on this retro-synthesis, in 

the Mayer group, we have envisioned the insertion method, a transformation that can be achieved 

by the ring-opening of a [2]catenane followed by its in situ “insertion” into a doubly-stoppered 

axle (Scheme 2.2). The bracketed intermediates within Scheme 2.2 are not chemically realistic; 

however, the formation of four terminal olefins from two internal olefins is shown for 

pedagogical purposes. In our efforts to develop this method of rotaxane synthesis, incorporation 

of internal olefins in both a doubly-stoppered axle and a [2]catenane are necessary features (note: 

olefins are represented by the orange portions of the illustrations in Schemes 2.1 and 2.2). 

Therefore, the first step to study and optimize the insertion method is to synthesize a [2]catenane 

and a doubly-stoppered axle each with an internal olefin. Following the synthesis of these 

starting materials, our insertion method will be studied by optimizing conditions such as the 

catalyst type, catalyst loading, reactant concentration, reaction temperature, reaction time, and 

the amount of doubly-stoppered axle added to the mixture. Herein, the design and synthesis of 

the [2]catenane and the doubly-stoppered axle are described, as well as the conditions we plan to 

optimize in the future.  

 

 
[2]Catenane Doubly-stoppered axle [2]Rotaxane 

+ 

Scheme 2.1. Retro-synthetic analysis of a [2]rotaxane 
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I. Design and Synthesis of [2]Catenane 2.3 

 To produce the olefin-containing [2]catenane 2.3, two counterparts must first be 

synthesized, α,ω-diene 2.1 and macrocycle 2.2 (Scheme 2.3). α,ω-Diene 2.1 possesses two 

olefins which will produce the necessary internal olefin of the eventual [2]catenane 2.3 (the 

single olefin will be formed in a ring-closing metathesis of α,ω-diene 2.1). In addition to the 

internal olefin, our reaction protocol requires that both counterparts have a metal template 

complexation site. These complexation sites will assemble and pre-organize the rings to facilitate 

catenane formation, as well as hold the components together during the ring-opening cross-

+ 

Scheme 2.2. The insertion method of rotaxane synthesis 
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metathesis of the insertion method. In other words, as seen in the intermediate (within brackets) 

of Scheme 2.2, during cross-metathesis, the internal olefin of [2]catenane 2.3 is opened. If a 

complexation site did not exist between the two components, macrocycle 2.2 (green ring) could 

simply “de-thread” from its counterpart (blue diolefin fragment) and the reaction would merely 

produce an extended doubly-stoppered axle instead of a [2]rotaxane. Due to strong complexation 

properties and straightforward de-metallation procedures, 1,10-phenanthroline-based rings were 

chosen to synthesize the Sauvage-type [2]catenane 2.3. The production of the [2]catenane is 

divided into two steps: complexation and ring-closing metathesis (Scheme 2.4). The design and 

synthesis of both macrocycle 2.2 and α,ω-diene 2.1 are described below followed by a discussion 

regarding the two-step production of the [2]catenane.  

  

 

 

 

 

 

 

 

Scheme 2.3. Synthesis of the Sauvage-type [2]-catenane 2.3 

[2]Catenane Macrocycle α,ω-diene 
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Scheme 2.4. Two-step synthesis of a [2]catenane 
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i. Design and Synthesis of Macrocycle 2.2 

 

 

 

 

Macrocycle 2.2 was designed with consideration of the following structural properties:  

a) The 1,10-phenanthroline moiety (highlighted in purple) forms a strong 

tetrahedral complex with Cu(I), a transition metal that will facilitate the 

formation of the [2]catenane and consequently increase the yield of the 

interlocked compound.  

b) The binding of the Cu(I) to the 1,10-phenanthroline sites will hold together 

macrocycle 2.2 and the diolefin fragment during the formation of the 

[2]rotaxane.  

c) The [2]rotaxane may be readily demetallated. 

d) The methyl groups (highlighted in blue) serve as “markers” for spectroscopic 

identification of the presence of the macrocycle in the [2]rotaxane and 

[2]catenane.  

Compounds 1,10-phenanthroline and 4-bromo-2-methylanisole were used as starting 

materials for the synthesis of macrocycle 2.2. The bidentate ligand, 1,10-phenanthroline was 

purchased from the chemical manufacturing company, Acros Organics. Although commercially 

Figure 2.1. Macrocycle 2.2 

NN

OO

O

O

O

O

CH3H3C
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available, 4-bromo-2-methylanisole was produced in the laboratory from a substantially less 

expensive starting material, 2-cresol (2.4) (Scheme 2.5). Accordingly, 2-methylanisole (2.5) was 

synthesized in 94% yield via the methylation of 2-cresol with dimethylsulfate in the presence of 

sodium hydroxide and acetone. Subsequently, compound 2.5 was regioselectively brominated 

with N-bromosuccinimide (NBS) in acetonitrile to afford 4-bromo-2-methylanisole (2.6) as a 

white crystalline sold in 89% yield.  

 

 

Compound 2.6 was then used in a nucleophilic aromatic substitution reaction with 1,10-

phenanthroline, and following a subsequent oxidation (re-aromatization) with manganese 

dioxide, dimethylated dimethoxy 2.7 was produced in 62% yield. Following a deprotection of 

dimethylated dimethoxy 2.7 with pyridinium chloride, neutralization afforded dimethylated 

diphenol 2.8 as a bright red solid in 79% yield. Under dilute conditions (4.25 mmol 2.8/L DMF), 

a double Williamson etherification/ cyclization was performed on dimethylated diphenol 2.8 

with 1,2-bis(2-(2-iodoethoxy)ethoxy)ethane. To promote a 1:1 ratio of reactants, a DMF mixture 

of 1,2-bis(2-(2-iodoethoxy)ethoxy)ethane and dimethylated diphenol 2.8 was added slowly via a 

syringe pump over three days to a vigorously stirred suspension of Cs2CO3 in DMF under a 

nitrogen atmosphere at 80 °C. Following purification by silica gel column chromatography, 

macrocycle 2.2, a white solid, was isolated in 40% yield (Scheme 2.6).  

OCH3

CH3Br

OCH3

CH3

OH

CH3

NaOH

acetone

NBS

CH3CN, rt, 24 h

S OCH3H2CO

O

O

Scheme 2.5. Synthesis of 4-bromo-2-methylanisole (2.6) 
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ii. Design and Synthesis of α,ω-Diene 2.1 

   

 

 

 

The counterpart of macrocycle 2.2 in [2]catenane 2.3 is a 46-membered, 1,10-

phenanthroline-based macrocycle (the blue macrocycle in [2]catenane 2.3). This olefin-

containing macrocycle is formed from α,ω-diene 2.1 (Figure 2.2), which possesses the following 

structural properties: 

N N

N N

H3CO OCH3

OCH3
1) n-BuLi, THF, -78 ˚C, 2 h

2) MnO2, DCM, 60 ˚C, 3.5 h

N N

HO OH

N
HCl

200 ˚C, 24 h

ICH2(CH2OCH2)4CH2I, Cs2CO3

DMF, 62 ˚C, 48 h

NN

OO

O
O

O
O

CH3H3C

CH3
H3C CH3

H3C CH3

Scheme 2.6. Synthesis of macrocycle 2.2 

Figure 2.2. α,ω-diene 2.1 

2.6 
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62% 
(lit. 65%)31 
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a) The 1,10-phenanthroline moiety (highlighted in purple) forms a strong 

tetrahedral complex with Cu(I), a transition metal that will facilitate the 

formation of the [2]catenane and consequently increase the yield of the 

interlocked compound.  

b) The binding of the Cu(I) to the 1,10-phenanthroline sites will hold together 

macrocycle 2.2 and the diolefin fragment during the formation of the 

[2]rotaxane.  

c) The eventual [2]rotaxane may be readily demetallated. 

d) The necessary internal olefin of the [2]catenane can be incorporated via ring-

closing metathesis of the two olefins (highlighted in red).  

e) The ethereal linkages (highlighted in grey) aid in the solubility of the 

compound.  

The synthesis of α,ω-diene 2.1 is similar to the synthesis of macrocycle 2.2. First, 10-

bromo-1-decene (2.10) was prepared in 80% yield by bromination of 9-decene-1-ol (2.9) in 

DCM with triphenylphosphine and tetrabromomethane (Scheme 2.7).  

 

 

Next, lithiation of commercially available 4-bromoanisole was achieved with n-butyl 

lithium at   -78 ˚C. The nucleophile, 4-anisyl lithium, was transferred, via a cannula, to a stirring 

mixture of 1,10-phenanthroline in THF at 0 ˚C. This nucleophilic aromatic addition was 

H2C CH(CH2)7CH2OH

PPh3, CBr4

DCM, rt, 5.5 h

H2C CH(CH2)7CH2Br

2.9 2.10 

Scheme 2.7. Synthesis of 10-bromo-1-decene (2.10) 

80% 
(lit. 85%)32 
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followed by oxidation (re-aromatization) with manganese dioxide to afford dimethoxy 2.11 as a 

pale-yellow solid in 36% yield. Deprotection with pyridinium chloride, followed by 

neutralization provided diphenol 2.12 as a bright red solid in 81% yield. This compound was 

then subjected to Williamson etherification conditions with 2-(2-chloroethoxy)ethanol to afford 

dialcohol 2.13, a yellow-colored solid, in 67% yield. To complete the synthesis of the α,ω-diene, 

an SN2 reaction between dialcohol 2.13 and 10-bromo-1-decene was achieved with 9.7% yield in 

a DMF solution with sodium hydride, a strong base (Scheme 2.8).  
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Scheme 2.8. Synthesis of α,ω-diene 2.1 
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iii. Synthesis of [2]Catenane 2.3  

 

 

 

 

 

 

 Although I have not yet synthesized [2]catenane 2.3, its synthesis has been completed in 

our laboratory in good yields; thus, the reaction conditions and intermediates are established. In 

the near future, the [2]catenane will be produced using the materials synthesized thus far. To 

complete this synthesis, two steps are required: complexation followed by ring-closing 

metathesis. First, a 1:1 ratio of macrocycle 2.2 and α,ω-diene 2.1 will be stirred in a solution of a 

copper salt, tetrakis(acetonitrile)copper(I) hexafluorophosphate to afford a [2]pseudorotaxane, 

2.14. Next, ring-closing metathesis will be performed under dilute conditions (to prevent 

polymerization) with 10 mol% Grubbs’ II catalyst under reflux (Scheme 2.9).  
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Figure 2.3. Sauvage-type [2]catenane 2.3 
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II. Design and Synthesis of Doubly-Stoppered Axle 2.16 

 To study our insertion method of rotaxane synthesis, an axle with an internal olefin that 

can break and reversibly re-form is necessary. In addition to an internal olefin, the axle must 

contain large, bulky groups, referred to as stoppers (highlighted in yellow in Scheme 2.10), 

located at each axle-termini to prevent dissociation of the ring from the axle once the [2]rotaxane 

has been formed. The proposed structure of the doubly-stoppered axle is shown below. The 

symmetric doubly-stoppered axle 2.16 will be formed from a stopper-based compound 
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Scheme 2.9. Synthesis of the Sauvage-type [2]catenane 2.3 
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containing a terminal olefin (2.15) which can undergo cross metathesis with itself. Thus, to 

synthesize the doubly-stoppered olefin, compound 2.15 must first be produced.  

   

 

 

 

 

 

 

 

O O O2

Cross-Metathesis

O O O OOO

Scheme 2.10. Synthesis of doubly-stoppered axle 2.16 

2.15 

2.16 

Cross-Metathesis+ 

Scheme 2.11. Synthesis of a doubly-stoppered axle via cross-metathesis 
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The doubly-stoppered axle 2.16 possesses the following structural characteristics: 

(a) The internal olefin can be broken to produce two equivalent fragments with 

terminal olefins, which can undergo cross metathesis with the olefin-

containing [2]catenane to afford a [2]rotaxane.  

(b) The length of the axle can be extended by adding ethereal linkages to prevent 

steric hindrance between the stoppers and macrocycle 2.2 in the [2]rotaxane.  

(c) The bulky groups located at each end of the axle prevent slippage of the ring 

off of the axle.  

i. Design and Synthesis of Stopper 2.18 

 

 The responsibility of the stopper is to prevent dissociation of the ring from the axle in the 

[2]rotaxane. Hence, in our system, the cross-sectional area of the stopper must be larger than that 

of the cavity of macrocycle 2.2. It has been reported that a tris-(tert-butylphenyl)methyl unit 

(highlighted in purple) has the appropriate cross-sectional area to prevent the loss of rings 

containing up to 42 atoms.28 With this in mind, for our 30-membered macrocycle 2.2, we 

synthesized a tris-(tert-butylphenyl)methyl-based stopper (2.18).  

OH

Figure 2.4. Tris-(tert-butylphenyl)methyl-based stopper 2.18 
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Scheme 2.13. Synthesis of the tris-(tert-butylphenyl)methyl-based stopper 2.18 

 The synthesis was initiated with a Grignard reaction of the commercially available 

compound, 1-bromo-4-tert-butylbenzene and the synthesized compound, methyl 4-tert-

butylbenzoate (Scheme 2.12). Following recrystallization, tris(p-tert-butylphenyl)methanol 

(2.17) was obtained as a white solid in 25% yield. To extend the size of the stopper, a Friedel-

Crafts alkylation was performed on tris(p-tert-butylphenyl)methanol (2.17) to afford the tris-

(tert-butylphenyl)methyl-based stopper 2.18 in 60% yield (Scheme 2.13). 
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Scheme 2.12. Synthesis of methyl 4-tert-butylbenzoate 
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ii. Synthesis of Doubly-Stoppered Axle 2.16 

 

Following the synthesis of the stopper, the olefin-containing axle was produced by 

extending compound 2.18 with ethereal linkages and a terminal olefin.  First, a Williamson 

etherification was performed on the stopper with 2-(chloroethoxy)ethanol in the presence of 

cesium carbonate and dimethylformamide (DMF) to produce monostoppered linear alcohol 2.19 as 

a white solid in 60% yield. I have not performed the next step of the synthesis; however, the 

purpose is to incorporate the necessary olefin feature of the doubly-stoppered axle. The plan is to 

subject a DMF mixture of monostoppered linear alcohol 2.19 to 5-bromo-1-pentene in the 

presence of sodium hydride to induce an SN2 reaction to yield compound 2.20. Compound 2.20 

will then undergo cross metathesis in the presence of 5 mole % Grubbs’ II catalyst (Scheme 2.14). 

O O O OOO

Figure 2.5. Doubly-stoppered axle 2.16 
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III. Rotaxane synthesis via ring-opening cross-metathesis (optimization step)  

At this point in the project, the synthesis of the α,ω-diene and the macrocycle have been 

completed. However, only a small amount of the α,ω-diene (70 mg) was obtained. Before 

completing the synthesis of the [2]catenane, more α,ω-diene will be produced. Another step at 
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Scheme 2.14. Synthesis of doubly-stoppered axle 2.16 
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the forefront of this project is the completion of the doubly-stoppered axle. Once these syntheses 

have been completed, we will be ready to optimize the insertion method of rotaxane synthesis. 

Scheme 1.15 illustrates our proposed transformation toward [2]rotaxane 2.21. We plan to 

optimize the reaction based on the conditions described below in the Table 2.1.    

 

Entry 
Catalyst 

Type 

Equivalents of 

Doubly-Stoppered 

Axle 

Temperature 

(˚C) 

Time 

(h) 

Catenane 

Concentration 

(mM) 

Yield 

(%) 

1 Grubbs’ I 1 rt 12 10  

2 Grubbs’ I 1 rt 24 10  

3 Grubbs’ I 1 40 12 10  

4 Grubbs’ I 1 40 24 10  

5 Grubbs’ I 1 40 12 20  

6 Grubbs’ I 2.5 40 12 10  

7 Grubbs’ I 5.0 40 12 10  

8 Grubbs’ II 1 40 12 10  

9 Grubbs’ II 2.5 40 12 10  

10 Grubbs’ II 5.0 40 12 10  

11 Grubbs’ III 1.0 40 12 10  

12 Grubbs’ III 2.5 40 12 10  

13 Grubbs’ III 5.0 40 12 10  

  

Table 2.1: Optimization conditions for the insertion method 
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IV. Conclusion 

 In the Mayer group, we have envisioned a novel pathway towards [2]rotaxanes that 

involves the ring-opening of a [2]catenane followed by its in situ “insertion” into a di-stoppered 

axle. The synthetic method uses two powerful and modern chemical tools: olefin metathesis and 

metal-templation. To complete the analysis of our method, the synthesis of three complex 

molecules must first to be completed, i.e., a macrocycle (2.1), an α,ω-diene (2.2), and a doubly-

stoppered axle (2.16). Our progress thus far includes the complete synthesis of both components 

of the [2]catenane (the macrocycle 2.2 and α,ω-diene 2.1) and the partial synthesis of the doubly-

stoppered axle 2.16. Our next steps include: (1) completing the synthesis of the doubly-stoppered 
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axle via a cross-metathesis, (2) synthesizing more α,ω-diene, (3) completing the synthesis of the 

[2]catenane via complexation followed by olefin metathesis, and finally, (4) optimizing the 

insertion method according to the conditions described in Table 2.1.  
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EXPERIMENTAL SECTION 

I. General Information 

Reagents:  

Anhydrous acetonitrile was distilled over CaH2 under a nitrogen atmosphere. 

Dimethylformamide (DMF) was dried by passage through activated neutral alumina and stored 

over 4 Å molecular sieves. 

Methods:  

1H NMR spectra were recorded on a JEOL Eclipse 400 MHz NMR spectrometer or a 

Varian Unity Plus 300 MHz NMR 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) as a shift reference. Thin layer chromatography (TLC) was performed using 

EMD HPTLC plates, silica gel 60, F254.  

II. Synthetic Procedures 

  The detailed synthetic procedures and the NMR data of the intermediate and target 

compounds are presented in the order of compound numbers as shown in Chapter 2.  

Procedure for the synthesis of 2-methylanisole (2.5)29 

 

 

  Dimethyl sulfate (31.60 mL, 333.3 mmol), o-cresol (29.00 mL, 277.7 mmol) and acetone 

(150 mL) were combined in a 1 L round bottom flask equipped with a magnetic stir bar. At 0 ˚C, 

OCH3

CH3
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sodium hydroxide pellets (13.33 g, 333.3 mmol) were added to the stirring mixture. A calcium 

chloride drying tube was used to prevent contamination with water. After two hours, the acetone 

was evaporated under reduced pressure using a rotary evaporator. The crude mixture was 

dissolved in dichloromethane (DCM) (200 mL). Subsequently, aqueous sodium hydroxide (250 

mL, 1M) was added and the mixture was stirred for 30 minutes to hydrolyze any residual 

dimethyl sulfate. The organic and aqueous layers were then separated and the organic layer was 

washed with 200 mL of water, dried with sodium sulfate, and filtered through Celite. Removal of 

DCM under reduced pressure using a rotary evaporator provided pure 2-methylanisole (31.19 g, 

92%) as colorless oil. 1H NMR data of 2-methylanisole (2.5) matched the analytical data 

reported in the literature.29  

1H NMR (400 MHz, CDCl3) δ 7.21-7.16 (m, 2H), 6.91-6.85 (m, 2H), 3.85 (s, 3H), 2.26 (s, 3H).  

Procedure for the synthesis of 4-bromo-2-methylanisole (2.6)30 

 

 

  To a flame-dried 500 mL round bottom flask, 2-methylanisole (2.5) (25.59 g, 209.5 

mmol), N-bromosuccinimide (41.99 g, 234.6 mmol) and anhydrous acetonitrile (150 mL) were 

added. The reaction stirred overnight under N2 at room temperature. The solvent was removed 

under reduced pressure using a rotary evaporator to leave an orange solid. The solid was 

dissolved in DCM and washed with 2 x 300 mL of water and 200 mL of brine. After drying with 

sodium sulfate and filtering through Celite, the DCM solution was evaporated under reduced 

pressure using a rotary evaporator, and the orange crystalline solid was purified on silica gel by 

column chromatography using hexanes as eluent to yield 4-bromo-2-methylanisole as a white 

OCH3

Br CH3
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crystalline solid (37.7 g, 89%). 1H NMR data of 4-bromo-2-methylanisole (2.6) matched the 

analytical data reported in the literature.30 

1H NMR (400 MHz, CDCl3) δ 7.26-7.24 (m, 2H), 6.70-6.67 (d, J = 9.2 Hz, 1H), 3.82 (s, 3H), 

2.20 (s, 3H). 

Procedure for the synthesis of dimethylated dimethoxy 2.731 

 

 

 

  In a flame-dried 500 mL round bottom flask equipped with a stir bar under N2, 4-bromo-

2-methylanisole (2.6) (26.00 g, 129.3 mmol) and tetrahydrofuran (THF) (100 mL) was added 

and cooled to -78 ˚C. n-Butyl lithium (90 mL, 2.45 M) was slowly added to the THF solution 

such that the reaction temperature did not increase above -60 ˚C. After the reaction stirred for 

two hours, the reactant flask was placed in a salted ice bath and, once warmed to 0 ˚C, the 

mixture was transferred via a cannula to a dry THF (70 mL) solution of 1,10-phenanthroline 

(5.80 g, 32.3 mmol) at 0 ˚C. The reaction mixture immediately turned dark red. After stirring 

overnight, 100 mL of water was added and the reaction mixture turned reddish-orange. The 

organic and aqueous layers were separated. Subsequently, the aqueous layer was washed with 2 

x 75 mL of DCM. The DCM and THF layers were combined, dried with magnesium sulfate and 

filtered through Celite. To the THF/DCM mixture, activated manganese dioxide (70.0 g, 0.0805 

mol) was added in a 500 mL round bottom flask equipped with a stir bar and a condenser. After 

stirring for 3.5 hours, manganese dioxide was removed via Celite filtration. The solvent was 

N N

H3CO OCH3

H3C CH3
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evaporated under reduced pressure using a rotary evaporator, 125 mL of ether was added, and 

the mixture was filtered using a Buchner funnel to yield dimethylated dimethoxy 2.7 (9.05 g, 

62%). 1H NMR data of dimethylated dimethoxy 2.7 matched the analytical data reported in the 

literature.31 

1H NMR (400 MHz, CDCl3) δ 8.42 (m, 2H), 8.35-8.33 (d, J = 8.7 Hz, 2H), 8.27-8.24 (dd, J = 

2.3, 8.2 Hz, 2H), 8.17-8.15 (d, J = 8.2 Hz, 2H), 7.78 (s, 2H), 7.03-7.01 (d, J = 8.2 Hz, 2H), 3.94 

(s, 6H), 2.40 (s, 6H). 

Procedure for the synthesis of dimethylated diphenol compound 2.831 

 

 

 

  A 500 mL round bottom flask was charged with pyridine (37.3 mL) and placed in an ice 

bath with rapid stirring. Hydrochloric acid (40.5 mL, 12 M) was slowly added. The flask was 

transferred to a salt bath at 200 ˚C. Water was removed by distillation with a Dean-Stark 

apparatus (about 31 mL of water was collected). Subsequently, the reaction allowed to cool for 5 

minutes before dimethylated dimethoxy 2.7 (5.10 g, 11.8 mmol) was added. A condenser was 

attached and the reaction was stirred overnight in a salt bath at 200 ˚C. The bright yellow 

solution was cooled for 10 minutes and approximately 20 mL of hot water was added drop-wise. 

Subsequently, an additional 105 mL of water was added. The solution turned brown and was 

placed in the refrigerator overnight. The resulting brown precipitate was filtered and added to a 

solution of ethanol and water (108 mL ethanol, 41 mL water). After stirring for 20 minutes, the 

N N

HO OH

H3C CH3
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solution was neutralized using 10% sodium hydroxide. The solution turned bright orange. 

Subsequently, 117 mL of hot water was added and the solution was placed in an ice bath for 45 

minutes. The brick red precipitate was filtered with cold water and the dimethylated diphenol 2.8 

was collected (4.64 g, 79%). 1H NMR data of dimethylated diphenol 2.8 matched the analytical 

data reported in the literature.31 

1H NMR (400 MHz, DMSO) δ 9.78 (s, 2H), 8.41-8.40 (m, 4H), 8.24-8.22 (d, J = 8.8 Hz, 2H), 

8.14-8.13 (dd, J = 8.4, 2.2 Hz, 2H), 7.84 (s, 2H), 6.96-6.94 (d, J = 8.4 Hz, 2H), 2.30 (s, 6H). 

Procedure for the synthesis of macrocycle 2.231 

 

 

 

 

 

  In a 2 L oven-dried round bottom flask, 1200 mL of DMF was added. To a separate 250 

mL side-armed flask, 200 mL of DMF was transferred and the solution was charged with 

dimethylated diphenol 2.8 (2.00 g, 5.10 mmol) and 1,2-bis(2-(2-iodoethoxy)ethoxy)ethane (2.47 

g, 5.41 mmol). Cesium carbonate (5.13 g, 15.7 mmol) was added to the 1 L solution of DMF and 

heated to 62 ˚C. The solution of dimethylated diphenol 2.8 and 1,2-bis(2-(2-

iodoethoxy)ethoxy)ethane was added slowly to the 1 L solution of DMF and cesium carbonate 

via a syringe pump over three days. Following the addition, the reaction stirred for an additional 

two days. After that time, the solvent was evaporated under reduced pressure using a rotary 

NN

OO

O

O

O

O

CH3H3C
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evaporator. The precipitate was dissolved in DCM and washed with 3 x 200 mL of water. To 

break up emulsion, approximately 50 mL of aqueous ammonium chloride was added. The 

organic layer was separated from the aqueous layer, dried with sodium sulfate, and filtered. The 

filtrate was evaporated and the resulting oil was dry-loaded and fractionated on silica gel by flash 

column chromatography using DCM-methanol (99:1) to provide macrocycle 2.2 as an off-white 

solid (1.28 g, 40%). 1H NMR data of macrocycle 2.2 matched the analytical data reported in the 

literature.31 

1H NMR (400 MHz, CDCl3) δ 8.38-8.35 (dd, J = 8.2, 2.3 Hz, 2H), 8.27-8.25 (m, 4H), 8.09-8.07 

(d, J = 8.2, 2 H), 7.74 (s, 2H), 7.16-7.14 (d, J = 8.7, 2H), 4.36-4.33 (t, J = 5.0 Hz, 4H), 3.85-3.83 

(t, J = 5.5, 4H), 3.74-3.71 (m, 12H), 2.42 (s, 6H).  

Procedure for the synthesis of 10-bromo-1-decene (2.10)32 

 

  To a 500 mL round bottom flask equipped with a stir bar, 125 mL of DCM was added 

with triphenylphosphine (25.3 g, 96.2 mmol) and 9-decen-1-ol (10.0 g, 64.1 mmol). Reaction 

was lowered into an ice bath and tetrabromomethane (21.2 g, 63.9 mmol) was added slowly. 

After stirring for 5 minutes, the solution turned from colorless to orange. The round bottom flask 

was removed from the ice bath and the solution was stirred for an additional 5.5 hours. The 

solvent was then evaporated under reduced pressure using a rotary evaporator. The resulting 

solid was partially dissolved in hexanes and filtered. The solvent was removed from the filtrate 

by evaporation under reduced pressure by a rotary evaporator. The resulting crude oil was 

purified by flash column chromatography using hexanes as eluent to afford 10-bromo-1-decene 

(2.10) as a colorless oil (11.3 g, 80%). 1H NMR data of 10-bromo-1-decene (2.10) matched the 

analytical data reported in the literature.33 

H2C CH(CH2)7CH2Br
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1H NMR (400 MHz, CDCl3) δ 5.84-5.76 (m, 1H), 5.02-4.94 (m, 2H), 3.42-3.39 (t, J = 6.9 Hz, 

2H), 2.06-2.01 (m, 2H), 1.89-1.82 (m, 2H), 1.44-1.30 (m, 10H). 

Procedure for the synthesis of dimethoxy 2.1134 

 

 

  

 In a flame-dried 500 mL round bottom flask equipped with a stir bar under N2, 4-

bromoanisole (28.20 mL, 224.6 mmol) and tetrahydrofuran (THF) (200 mL) was added and 

cooled to -78 ˚C. n-Butyl lithium (285 mL, 1.35 M) was slowly added to the THF solution such 

that the reaction temperature did not increase above -60 ˚C. After the reaction stirred for two 

hours, the reactant flask was placed in a salted ice bath and, once warmed to 0 ˚C, the mixture 

was transferred via a cannula to a THF (70 mL) solution of 1,10-phenanthroline (10.00 g, 55.49 

mmol) at 0 ˚C. The reaction mixture immediately turned dark red. After stirring overnight, 100 

mL of water was added and the reaction mixture turned bright red. The organic and aqueous 

layers were separated and the aqueous layer was washed with 2 x 75 mL of DCM. The DCM and 

THF layers were combined, dried with magnesium sulfate, and filtered through Celite. To the 

THF/DCM mixture, activated manganese dioxide (140 g, 80.0 mmol) was added in a 500 mL 

round bottom flask equipped with a stir bar and condenser. After stirring for 6 hours at 60 ˚C, 

manganese dioxide was removed via Celite filtration. The solvent was evaporated under reduced 

pressure using a rotary evaporator, 125 mL of ether was added, and the mixture was filtered 

using a Buchner funnel to yield dimethoxy 2.11 (7.85 g, 36%). 1H NMR data of dimethoxy 2.11 

matched the analytical data reported in the literature.34  

N N

H3CO OCH3



 39 

1H NMR (300 MHz, CDCl3) δ 8.46-8.43 (d, J = 8.7 Hz, 4H), 8.28-8.25 (d, J = 8.4 Hz, 2H), 8.10-

8.07 (d, J = 8.4 Hz, 2H), 7.74 (s, 2H), 7.13-7.10 (d, J = 8.7 Hz, 4H), 3.93 (s, 6H).  

Procedure for the synthesis of diphenol 2.1234 

 

 

 

  A 500 mL round bottom flask was charged with pyridine (83.0 mL) and placed in an ice 

bath with rapid stirring. Hydrochloric acid (92 mL, 12 M) was slowly added. The flask was then 

transferred to a salt bath at 200 ˚C. Water was removed by distillation with a Dean-Stark 

apparatus (about 60 mL of water was collected). Following this, the reaction was allowed to cool 

for 5 minutes before dimethoxy 2.11 (10.5 g, 26.8 mmol) was added. A condenser was attached 

and the reaction was stirred overnight in a salt bath at 190 ˚C under N2. After the bright yellow 

solution was allowed to cool, approximately 30 mL of hot water was added drop-wise to quench 

the reaction. Subsequently, 145 additional mL of water was added. The solution turned brown 

and was placed in an ice bath. The resulting brown precipitate was filtered and added to a 

solution of ethanol and water (210 mL ethanol, 80 mL water). After stirring for 20 minutes, the 

solution was neutralized using 10% aqueous sodium hydroxide. The solution turned bright 

orange. Subsequently, 117 mL of hot water was added and the resulting solution was placed in 

the refrigerator overnight. The brick red precipitate was then rinsed with 200 mL of cold water 

and the diphenol 2.12 was collected (8.26 g, 81%). 1H NMR data of diphenol 2.12 matched the 

analytical data reported in the literature.34 

N N

HO OH
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1H NMR (300 MHz, DMSO) δ 9.93 (s, 2H), 8.51-8.27 (m, 8H), 7.92 (s, 2H), 7.03-7.0 (m, 4H).  

Procedure for the synthesis of dialcohol 2.1335 

 

 

 

 

  In a side-armed round bottom flask under N2, diphenol 2.12 (2.06 g, 5.43 mmol) was 

added to a DMF (50 mL) solution of potassium carbonate (2.63 g, 19.0 mmol). Next, 2-(2-

chloroethoxy)ethanol (1.73 mL, 16.3 mmol) was added. The reaction stirred at 80 ˚C overnight. 

Additional equivalents of potassium carbonate (2.69 g, 19.5 mmol) and 2-(2-

chloroethoxy)ethanol (1.73 mL, 16.3 mmol) were then added. The reaction stirred overnight. 

After removal of the solvent under reduced pressure by a rotary evaporator, the residue was 

dissolved in DCM (150 mL), washed with brine (3 × 100 mL), and dried over anhydrous sodium 

sulfate. The solution was filtered through Celite and the DCM was removed under reduced 

pressure by a rotary evaporator. The crude product was then purified by silica gel flash column 

chromatography using DCM/methanol (99:2) to afford dialcohol 2.13 as a yellowish solid (1.98 

g, 67%). 1H NMR data of dialcohol 2.13 matched the analytical data reported in the literature.35 

1H NMR (400 MHz, CDCl3) δ 8.44-8.42 (m, 4H), 8.28-8.26 (d, J = 8.2 Hz, 2H), 8.10-8.08 (d, J 

= 8.2 Hz, 2H), 7.75 (s, 2H), 7.15-7.12 (m, 4H), 4.29-4.26 (m, 4H), 3.95-3.93 (m, 4H), 3.81-3.80 

(m, 4H), 3.74-3.73 (m, 4H).  

 

N N

O O

OO
OH HO
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Procedure for the synthesis of α,ω-diene 2.136 

 

   

 

 

 

  To a 50 mL flame-dried side-armed round bottom flask, DMF (20 mL), dialcohol 2.13 

(0.510 g, 0.879 mmol), and 10-bromo-1-decene (0.529 mL, 2.64 mmol) were added and stirred 

under N2. Sodium hydride (95%, 0.069 g, 2.9 mmol) was added and reaction stirred for 3 hours. 

Subsequently, an additional 2 equivalents of sodium hydride (95%, 5.00 mg, 1.87 mmol) was 

added and the reaction stirred for an additional 24 hours at 105 ˚C. The reaction was monitored 

by TLC and, after stirring for 27 hours, two additional equivalents of both sodium hydride (95%, 

0.048 g, 2.0 mmol) and 10-bromo-1-decene (0.380 mL, 1.73 mmol) were added. Following 

overnight stirring, the DMF was removed under reduced pressure using a rotary evaporator and 

the crude mixture was dissolved in DCM, washed with 3 x 50 mL of aqueous ammonium 

chloride, dried with sodium sulfate, and filtered through Celite. The solvent was removed under 

reduced pressure by a rotary evaporator and the resulting oil was purified on silica gel by flash 

column chromatography using DCM as an eluent to obtain α,ω-diene 2.1 (70.0 mg, 9.76%) as a 

brown viscous liquid. Further purification is necessary to eliminate impurities causing shoulder 

peaks in the 1H NMR spectrum.  

N N

O O

OO

O O

88
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1H NMR (400 MHz, CDCl3) δ 8.43-8.40 (m, 4H), 8.27-8.25 (d, J = 8.2 Hz, 2H), 8.09-8.07 (d, J 

= 8.7 Hz, 2H), 7.74 (s, 2H), 7.13-7.11 (d, J = 8.7 Hz, 4H), 5.83-5.76 (m, 2H), 5.00-4.92 (m, 4H), 

4.27-4.25 (t, J = 4.6 Hz, 4H), 3.94-3.92 (t, J = 5.0 Hz, 4H), 3.77-3.75 (m, 4H), 3.65-3.64 (m, 

4H), 3.50-3.47 (t, J = 6.4 Hz, 4H), 2.04-2.00 (m, 4H), 1.62-1.56 (m, 4H), 1.35-1.25 (m, 38 H).  

Procedure for the synthesis of methyl 4-tert-butylbenzoate31  

 

   

 

  To a 500 mL flame-dried round bottom flask with methanol (200 mL) under N2, 4-tert-

butylbenzoic acid (10.0 g, 28.0 mmol) was added with sulfuric acid (2.00 mL, 18 M). The 

reaction was stirred under reflux conditions overnight with a condenser attached. After 

monitoring with TLC, the methanol was removed under reduced pressure using a rotary 

evaporator. The resulting solid was dissolved in DCM and washed with a 100 mL solution 

sodium bicarbonate, 2 x 200 mL water, and 2 x 200 mL of brine. The DCM was removed under 

reduced pressure using a rotary evaporator to yield methyl 4-tert-butylbenzoate as a pale yellow 

oil (10.30 g, 93%). 1H NMR data of methyl 4-tert-butylbenzoate matched the analytical data 

reported in the literature.37 

1H NMR (300 MHz, CDCl3) δ 7.98-7.96 (m, 2H), 7.46-7.43 (m, 2H), 3.89 (s, 3H), 1.33 (s, 9H).  

 

 

OCH3O
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Procedure for the synthesis of tris(p-tert-butylphenyl)methanol (2.17)38 

 

 

 

 

  THF (340 mL) and activated magnesium (3.439 g, 141.5 mmol) were added to a round 

bottom flask under N2 with an attached condenser. Dissolved in THF (70 mL), 1-bromo-4-tert-

butylbenzene (20.76 mL, 117.9 mmol) was added drop-wise to the magnesium-containing flask. 

The reaction was stirred for two hours at 50 ˚C then was cooled to room temperature and stirred 

for an additional 45 minutes. Subsequently, methyl 4-tert-butylbenzoate (10.3 mL, 53.6 mmol) 

was added with THF (40 mL) and the reaction was stirred overnight under reflux. The reaction 

was monitored by TLC and after 4 days, the reaction was quenched by adding hydrochloric acid. 

The resulting solution was extracted with hexanes, washed with brine, then re-crystallized with a 

65:35 mixture of acetone: hexanes. The precipitate was filtered using a Buchner funnel to afford 

tris(p-tert-butylphenyl)methanol compound as a white solid (5.69 g, 25%). 1H NMR data of 

tris(p-tert-butylphenyl)methanol (2.17) matched the analytical data reported in the literature.39 

1H NMR (300 MHz, CDCl3) δ 7.33 (m, 12H), 3.15 (s, 1H), 1.33-1.31 (m, 27H). 

 

 

 

OH
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Procedure for the synthesis of tris-(p-tert-butylphenyl)(4-hydroxyphenyl)methane (2.18)38 

 

 

 

 

  Compound 2.17 (5.69 g, 13.3 mmol), phenol (25.85 g, 265.7 mmol), and a catalytic 

amount of hydrochloric acid (1.2 mL, 12.1 M) were added to a 200 mL round bottom flask 

equipped with a condenser. The mixture was refluxed at 200 ˚C under nitrogen overnight. The 

resulting mixture was extracted with toluene (200 mL) and subsequently washed with 2 x 150 

mL of water and 2 x 200 mL of 5% aqueous sodium hydroxide. The solution was separated and 

dried with anhydrous sodium sulfate. 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 (2.18) as a white solid 

(4.05 g, 60%). 1H NMR data tris-(p-tert-butylphenyl)(4-hydroxyphenyl)methane (2.18) matched 

the analytical data reported in the literature.38 

1H NMR (400 MHz, CDCl3) δ 7.24-7.21 (m, 6H), 7.09-7.06 (m, 6H), 7.05-7.03 (d, 2H), 6.71-

6.69 (m, 2H), 4.57 (s, 1H), 1.30 (s, 27H).  

 

 

 

OH
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Procedure for the synthesis of monostoppered linear alcohol 2.1938 

 

 

 

 

To a flame-dried 100 mL side-armed flask charged with dry DMF (10 mL) under N2, compound 

2.18 (0.500 g, 0.990 mmol) and potassium carbonate (0.470 g, 2.97 mmol) were added at 100 ˚C. 

After stirring for 15 minutes, 2-(chloroethoxy)ethanol was added and the reaction stirred 

overnight.  Subsequently, an additional 3 equivalents of potassium carbonate (0.470 g, 2.97 

mmol) were added and the reaction stirred for 24 additional hours after which time the mixture 

was concentrated under reduced pressure using a rotary evaporator. The off-white residue was 

dissolved in DCM (30 mL), washed with ammonium chloride (3 x 25 mL), dried over anhydrous 

sodium sulfate and filtered through Celite. The solvent was evaporated under reduced pressure 

by a rotary evaporator to leave an off-white crude product. It was purified by recrystallization 

with DCM/methanol to give a white amorphous solid (0.369 g, 60%). 1H NMR data of 

monostoppered linear alcohol 2.19 matched the analytical data reported in the literature.38 

1H NMR (400 MHz, CDCl3) δ 7.23 (d, J = 8.7 Hz, 6H), 7.10-7.06 (m, 8H), 6.78 (d, J = 8.7 Hz, 

2H), 4.13-4.10 (m, 2H), 3.87-3.85 (m, 2H), 3.78-3.74 (m, 2H), 3.68-3.66 (m, 2H), 1.30 (s, 27H). 

 

 

O O OH
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