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Highly functional, designer molecules are desirable because they combine the 

properties of several, individual units to provide a material with specific behavior and 

performance characteristics.  Benzotrifuranone (BTF) is a C3h-symmetric trilactone 

compound that can quickly lead to a trifunctional target in good yield by the sequential 

addition of three different amines at a convenient reaction temperature without 

purification between each amine addition.  The three lactone rings of BTF are strain 

coupled and display useful kinetic differentiation between reactive sites, allowing 

aminolysis reactions to proceed sequentially and selectively along a strain release 

gradient.  Furthermore, BTF can be functionalized with a “clickable” alkyne unit for 

downstream functionalization through copper catalyzed azide-alkyne cycloaddtion 

(CuAAC).  While simple, the efficiency and precision of this 1,3-dipolar cycloaddition 

makes it an ideal reaction to integrate into the BTF functionalization scheme.  

Aminolysis of BTF with propargylamine provides a handle for CuAAC.  CuAAC of BTF 

derivatives works efficiently with linear azides such as 1-azidoheptane, 1-

azidododecane, and an oligoethylene glycol azide.  The reactions always reach full 

conversion, and the product is obtained in 50% yield (on average) after purification.  
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Clicked difuranone BTF derivatives were then functionalized through aminolysis to yield 

difunctional and trifuctional molecules; several primary amines like heptylamine, 

furfurylamine, and isopropylamine were used for aminolysis.  Pufication of these fully 

functionalized phloroglucinol derivatives afforded the product in 50 – 60% yield.  Thus, 

BTF can be predictably and sequentially functionalized through two efficient reactions 

with few limitations.    
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CHAPTER 1 
DESIGN OF FUNCTIONAL MATERIALS BY EFFICIENT TRANSFORMATIONS 

With the vast number of synthetic tools available for molecular manipulation, 

there is a growing desire to access complex and highly functional materials.  Indeed, 

design of well-defined and highly functional molecules requires combining the properties 

of several, individual units in order to deliver a material with specific behavior and 

performance characteristics.  Since structure and function go hand-in-hand, system 

design is directed toward innovative and sophisticated materials, where even a small 

change in structure can result in noticeable differences in properties.  These so-called 

designer materials can be applied toward “smart” drug delivery systems, biomedical 

imaging, complex polymer topologies, and molecular machines.1-5 

Careful design of a heterofunctional target allows the chemist to fine tune the 

chosen properties in order to achieve a high-performance system.  These diverse 

systems often have properties very different from their simpler, homofunctional 

counterparts.  Building designer systems is a way for the chemist to wholly control the 

outcome by modifying each element until the desired complexity and functionality is 

achieved.  Chapter 1 will assess some of the methods to access heterofunctional, 

designer molecular systems.  The methods include classical functionalization 

approaches, such as stepwise functionalization, as well as the advent of click 

chemistries for streamlined synthesis of complex molecular architectures.     

Construction of Designer Molecules  

To take the most advantage of such systems, it is desirable to access 

customizable materials in the simplest and most predictable manner as possible.  

Employing systematic and practical chemistries is the main goal in elaborating 
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molecules with a high degree of functionalization.  However, many of the available 

methods still require lengthy, highly specific transformations as well as taxing 

purification.  These methods are often time consuming and afford the product in low 

overall yield, slowing discovery of desired targets.     

The synthesis of complex architectures is accomplished in one of several ways.  

Shown in Figure 1-1 is a schematic of four major modes of multifunctionalization; these 

include (1) orthogonal functional group manipulation, (2) cyclization of linear precursors, 

(3) selective protection/deprotection strategies, and (4) stepwise functionalization.  

While these are certainly not the only means of functionalization, they do represent a 

large majority.  Orthogonal functional group manipulation (Figure 1-1A), used 

extensively in the accelerated synthesis of dendrimers,6 involves selectively 

transforming different functional groups found within a single molecule.  Some examples 

of such manipulations include Diels-Alder cycloaddition, thiol-ene addition, and Michael 

addition.  Although these reactions generally proceed with good yield, execution of this 

method is difficult because of the difficulty in synthesizing the core and the constraints 

of subsequent functionalization.  Cyclization of linear precursors (Figure 1-1B), which 

finds significant utility in the porphyrin and peptide communities, is limited only to those 

structures that can be synthesized from a linear compound.7-10  Selective 

protection/deprotection strategies (Figure 1-1C) are a safe and deliberate way to 

synthesize multifunctional domains.  This method entails the selective deprotection and 

subsequent transformation of a particular reactive site within a molecule containing 

multiple protected sites.11,12  While useful, given careful selection of protecting groups 

and deprotection methods, the process is overall tedious and low yielding.  Conversely, 
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stepwise functionalization (Figure 1-1D) starts with a symmetric compound that is 

desymmetrized through sequential chemical transformations.  This strategy has found 

use in the synthesis of carbohydrate receptors.13   Despite their interesting, individual 

characteristics, building these complex architectures is often accompanied by a 

laborious synthesis and low overall yield.9, 13, 14, 15  

A)                B)            C)           D)    

                                                                                                                                     
 

Figure 1-1. Methods of functionalization.  A) Orthogonal functional group manipulation. 
B) Cyclization of linear precursor.  C)  Selective protection/deprotection.  D)  
Stepwise functionalization. 

In addition to these modes of multifunctionalization, there are a few 

multicomponent reactions that have been used to link several building blocks together in 

order to access a larger system (Figure 1-2).  The Ugi reaction is such a 

multicomponent reaction involving an isocyanate, aldehyde, carboxylic acid, and an 

amine where the resulting structure is a bis-amide through a single, synthetic step.  This 

reaction is frequently used to generate dipeptides for combinatorial libraries but has also 

found use in macrocycle construction.16,17  Another multicomponent reaction is the 

Passerini reaction which couples an isocyanate, a carboxylic acid, and an aldehyde or 
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ketone to yield α-acyloxycarboxamides.18  It has also been used in the creation of 

combinatorial libraries as well as natural product and dendrimer synthesis.19-21        

 

Figure 1-2.  a) Ugi multicomponent reaction.  b)  Passerini multicomponent reaction. 

Stepwise functionalization has found the most wide spread utility in the 

construction of multivalent domains. This method typically starts with a symmetrical and 

shape persistent scaffold where three or more identical reactive sites serve as a starting 

point for a divergent synthesis.9  In a statistical system, there is little to no kinetic 

differentiation between reactive sites of the starting material and the intermediates, and 

thus a statistical distribution of products can arise (Figure 1-3a).  This often leads to 

complex reaction mixtures, laborious purification steps, and low overall yield.  However, 

useful kinetic differentiation among identical, competing reactive sites would offer a 

more appealing approach.  This would result in a gradual decrease in reactivity upon 

each transformation event. This ideal system would allow desymmetrization through a 

high yielding, one-pot synthesis with little to no purification required while avoiding any 

complex protection/deprotection strategies and boosting atom economy (Figure 1-3b). 
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Figure 1-3.  a)  Statistical functionalization of a symmetric core illustrating complex 
reaction mixture.  b)  Ideal functionalization of a symmetric core with useful 
kinetic differentiation between reactive sites. 

 
Symmetric scaffolds that meet all the criteria for this ideal case are especially 

rare, with cyanuric chloride one of the only known examples in the literature as its 

chemistry dates back to the 1880s (Figure 1-4).  The chlorine atoms of cyanuric chloride 

act as leaving groups in a SNAr mechanism with up to three different nucleophiles in a 

one-pot procedure at convenient reaction temperatures and times.22,23  It has found 

many applications, including use as a synthetic scaffold for synthetic dyes, pesticides, 

and optical brighteners.24   For over 100 years, cyanuric chloride has remained one of 

the only examples of a highly symmetrical but differentially functionalizable scaffold until 

the introduction of benzotrifuranone by the Castellano group in 2010.25  

Benzotrifuranone (BTF), a symmetric scaffold with three inductively coupled lactones,  
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Figure 1-4.  Trifunctionalization of cyanuric chloride by three different amine 
nucleophiles.  

can undergo selective and sequential ring-opening events through aminolysis.  This 

type of sequential functionalization yields a heterotrifunctional molecule in good yield 

and predictable fashion (Figure 1-5).  Addition of one equivalent of an amine provides 

the aminolysis product in a non-statistical yield.  Furthermore, the sequential addition of 

three amines (one equivalent each) affords a tri-functional molecule in a one-pot 

synthesis in over 85% yield.  BTF became an exciting prospect in our research group 

and the idea of using it as a tool for the rapid construction of unique and interesting 

macromolecules quickly emerged.  The chemistry of BTF will be further discussed in 

Chapter 2. 

  

Figure 1-5.  Functionalization of BTF through sequential aminolysis.   

Introduction to Click Chemistry 

Even with the extensive amount of synthetic reactions available and previously 

mentioned heterofunctionalization strategies, designer molecules are still difficult to 
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access as these approaches cannot be easily applied to all desired systems.  

Furthermore, it is advantageous to employ a few, robust reactions in order to quickly 

realize the advanced functions of complex structures.  Because of their robust and 

orthogonal nature, click reactions have been extensively integrated in to many areas of 

science, particularly since Sharpless first reported and outlined the click chemistry 

paradigm.26   Applying this methodology allows easy functionalization and rapid access 

to complex molecules.    

The idea of click chemistry was first introduced by Sharpless and co-workers in 

an influential 2001 paper.26  The purpose of the paper was to turn the focus of chemical 

modification towards identifying the  most optimized and simplified manner as possible 

in which to access the target.  In that paper, Sharpless defined a set of strict principles 

that a reaction must meet in order to be considered a click reaction.  The reaction must 

be wide in scope, proceed with high yields, and generate few byproducts.  The reaction 

should be conducted with readily available starting materials and benign solvents (like 

water).  Finally, the final product should require little to no purification; if required, 

nonchromatographic methods are preferred.26  There are a number of reactions that 

meet these strict criteria and fall under the umbrella of click chemistry.  These reactions 

include, but are not limited to, Diels-Alder cycloaddition, thiol-ene addition, nitroxide-

radical coupling, strain-promoted azide-alkyne cycloaddition (SPAAC), and copper 

catalyzed azide-alkyne cycloaddition (Figure 1-6).27,28     
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Figure 1-6.  A few examples of click reactions.  1. Diels-Alder cycloaddition.  2. Thiol-
ene addition.  3.  Strain-promoted azide-alkyne cycloaddition.  4. Nitroxide-
radical coupling.  5.  Copper-catalyzed azide-alkyne cycloaddition.   

 
Copper-catalyzed azide-alkyne cycloaddition (CuAAC) has become synonymous 

with the term click chemistry.  Huisgen first introduced 1,3-dipolar cycloadditions in the 

1960s as a way to synthesize 5-membered heterocycles.  Synthesis of 1,2,3-triazoles at 

the time did not occur under mild conditions or in good regioselectivity.  In 2002, 

Sharpless and Meldal individually reported that the addition of a copper catalyst yielded 

exclusively the 1,4-regioisomer from the reaction of an azide and a terminal alkyne 

(Figure 1-7).29,30   

 

Figure 1-7.  Example of the 1,4-regioisomer formed by CuAAC. 

What makes this reaction so versatile is that it can be conducted under a variety 

of mild conditions.  The reaction usually takes place in a mixture of water and a partially 

soluble organic solvent which can be tert-butanol, tetrahydrofuran, dimethylsulfoxide, 
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ethanol, etc.31   The active copper species in the reaction is Cu(I) and can be supplied by 

copper metal, Cu(I) salts, and Cu(II) salts.  Many choose to use a Cu(II) source such as 

CuSO4 along with a reducing agent like sodium ascorbate to afford the active copper 

species.31  This reaction is highly specific and can be used in the presence of sensitive 

functional groups. 

CuAAC typically works best with an electron-rich azide and an electron-deficient 

terminal alkyne.32  A fairly recent paper provides a more detailed insight in to why the 

copper-catalyzed reaction yields exclusively the 1,4-regioisomer of the 1,2,3-triazole.26  

First, coordination of copper to the acetylene greatly reduces the acidity of the terminal 

alkyne proton and allows for the formation of the activated alkyne.  Another copper ion 

then forms a π-complex which directs attack of the electrophilic, terminal azide nitrogen 

at the β-carbon of the acetylene complex.  Oxidative coupling followed by reductive 

elimination yields the pure regioisomer.33    

Marriage of Heterofunctional Scaffolds and Click Chemistry 

Because of its orthogonality and robust nature, CuAAC has been implemented in 

to many areas of science including biological, materials, and polymeric systems.  It has 

been used to modify DNA strands, label nucleosides, PEGylate drug molecules, and 

make derivatives of carbohydrates.34-36  On the materials end, click chemistry has eased 

surface modification and functionalization of carbon nanotubes and accelerated the 

synthesis of supramolecular systems.37-40  These can be viewed as simply illustrative 

examples to the growing number of materials applications as reflected in the over 1500 

papers using click chemistry for materials science between 2010 and 2012 alone.27    

Finally, click reactions have been used for various polymer modifications: formation of 

block co-polymers, hyperbranched polymers, and polymer end-groups.41-43 
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With the call to simplify and quicken discovery of designer molecules, click 

reactions have been incorporated in to multifunctional scaffolds.  This incorporation can 

streamline synthesis, boost overall yield, and ease target identification.  There are 

several examples of this combination of strategies including a cross-linker for 

conjugation from the Romieu group.  A triple Förster resonance energy transfer (FRET) 

cascade and a luminescent peptide-oligonucleotide conjugate were constructed using 

this method (Figure 1-8A).  By first synthesizing an organic scaffold with three clickable 

handles, the authors were able to attach cyanine-based dyes in either a sequential or 

one-pot reaction.44  Similarly, Boturyn and co-workers synthesized a sophisticated 

system that features several biomolecules such as peptides, sugars, and nucleic acids 

(Figure 1-8B).  They prepared a cyclodecapeptide with three-different clickable sites for 

later functionalization: CuAAC, thiol-ene, and oxime ligation.  Through sequential 

reactions, the authors were able to use biomolecular-friendly reactions while avoiding 

extensive purification.45 As a final example of the marriage between multifunctional 

scaffolds and click chemistry, the Li group fashioned a multitailed giant surfactant 

through sequential click reactions.  They were able to tether polystyrene, poly(Ɛ-

caprolactone), and 2-mercaptoacetic acid to a trifunctional polyhedral oligomeric 

silsesquioxane through sequential SPAAC, CuAAC, and thiol-ene transformations.46 
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Figure 1-8.  A) Triple FRET-cascade synthesized by the Romieu group starting with 
benzenic building block 1-8a.  B)  Synthesis of a cyclodecapeptide starting 
with a serine derivative (1-8d) and 4-pentynoic acid (1-8c).  

Although these systems use efficient click reactions to yield diverse and highly 

functional compounds, the overall yield can still be rather low.  The synthesis of the core 

is usually very lengthy as it is synthesized through conventional stepwise 

functionalization.  For example, the starting cyclodecapeptide was synthesized by 

functionalizing the amino acid building blocks followed by peptide synthesis and 

cyclization for a total of 12 steps.45,47  The atom economy for these transformations 

were low; protecting groups were used and coupling reagents were often necessary to 

form peptide bonds. Additionally, the core used in the triple-FRET cascade was 

synthesized through stepwise functionalization in 6 steps (excluding synthesis of the 

PEG linkers) in 10% overall yield.46  Although the starting material for the core was 

commercially available, each functional group on the benzene core had to be 

transformed before actual functionalization.  Factoring in the functionalization of the 

A) 

B) 
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core and subsequent yields and purification steps makes these strategies less 

appealing and overall time consuming and expensive.    

Another downfall of these systems (and multifunctionalization strategies in 

general) is that they are not always tailorable or versatile.  The core is not always made 

from cheap or commercially available materials, requiring extra synthetic steps and 

purification to install specific functional groups.  Some of the functional groups on a 

particular substrate may not be amenable to harsh reaction conditions that are used for 

scaffold synthesis, i.e. base, acid, or heat.  The atom economy of each reaction is often 

times low as protection/deprotection methods and multi-step transformations are 

required.  Positional modification can also be arduous as incomplete or excessive 

transformations diminish yield.  Extra care must be given in choosing both the reaction 

sequence and the molecules to be added.  Therefore, a tailorable, versatile, and easily 

accessible scaffold coupled with efficient click reactions could significantly accelerate 

the synthesis of designer molecules.    

Scope of Thesis 

Although there are a vast number of synthetic strategies that can be applied to 

building intricate architectures, there is still a need for more efficient and streamlined 

methods.  Classical multifunctionalization methods are often time consuming and 

laborious which impedes discovery.  The implementation of robust click reactions has 

helped to simplify the overall process, but accessing the multifaceted frameworks is 

often through classical, stepwise techniques.  Thus, a simple molecular scaffold capable 

of accessing heteromultifunctional systems through highly efficient, orthogonal, and 

flexible methods would be a valuable tool for synthesizing designer molecules.  BTF is 

such a scaffold where the symmetric molecule can undergo positional modification via 
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amidation with a variety of amines.  Furthermore, BTF can be functionalized with a 

“clickable” alkyne unit for downstream functionalization through CuAAC.  While this 1,3-

dipolar cycloaddition is a simple reaction, its efficiency and precision make it an ideal 

reaction to integrate into the BTF functionalization scheme.  In this way, BTF can be 

predictably functionalized through two sequential, efficient, “green” reactions with few 

limitations as there are a considerable number of substrates that can be appended to 

the BTF core.  This type of simple and streamlined synthesis shifts the focus from 

general multifunctionalization to accessing complex (heterofunctional) structures using a 

few, reliable techniques, the embodiment of click chemistry.  Combining these two 

robust manipulations not only broadens the scope of BTF but opens the door for easy 

target identification in future applications. 

Chapter 2 will present experimental work done toward synthesis of trifunctional 

molecules using CuAAC.  Several monofunctionalized BTF compounds were 

synthesized through CuAAC and azide scope was studied.  These compounds were 

then further functionalized with a variety of amines to yield trifunctional systems.  

Synthetic observations will be discussed and reaction outcomes will be compared.   
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CHAPTER 2 
APPLICATION OF CLICK CHEMISTRY TO THE BENZOTRIFURANONE SCAFFOLD 

Reactivity of BTF (2-1) 

Previous work in our group involved developing the chemistry for the BTF 

scaffold.  This work included exploring the sequential ring-opening events of BTF as 

well as amine nucleophile scope and order of amine addition.  Kinetic studies were 

performed in order to better understand the unique reactivity of this system.  

Additionally, crystal structure analysis helped to give insight in to the strain within the 

molecule.25,48  

Upon aminolysis of BTF (2-1), three products along with unreacted starting 

material are imaginable (Figure 2-1A).  Using purely statistical methods, product 

distribution of a statistical system can be modeled (Figure 2-1B).25,48  A statistical 

system, in this case, is one that assumes equal reactivity among the lactone rings of 2-

1, 2-1A (with two different lactones), and 2-1B where controlling the desired degree of 

functionalization is difficult.  With exact stoichiometric control, addition of 1.0 equivalent 

of an amine gives the product with the desired degree of substitution in about 37% yield 

(entry 1).  Likewise, addition of 2.0 equivalents of an amine gives in the greatest yield 

undesired trisubstituted 2-1C product which is unable to undergo further 

functionalization (entry 2).  However, experimental results show a much different 

product distribution (Figure 2-1B).  Adding 1.0 equivalent of an amine gives the 

expected product 2-1A in 96% yield (entry 3) while the addition of 2.0 equivalents of an 

amine gives product 2-1B in the greatest yield (entry 4).  These positive initial studies 

prompted further investigation of amine scope.   
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 A)     

  
 
 
 
 
B)   

Entry SM Amine equiv. 2-1 yield (%) 2-1A yield (%) 2-1B yield (%) 2-1C yield (%) 

1 2-1 1.0 35.8 36.8 19.0 8.4 

2 2-1 2.0 9.4 22.7 26.5 41.5 
 

Entry SM Amine equiv. 2-1 yield (%) 2-1A yield (%) 2-1B yield (%) 2-1C yield (%) 

3 2-1 1.0 <1 96 <3 0 

4 2-1 2.0 0 Trace 92 <8 

5 2-1 3.0 0 0 0 99 
 

Figure 2-1.  A) Potential products via aminolysis of 2-1.  B) Entries 1 & 2: Statistical 
product distribution assuming equal reactivity among 2-1, 2-1A, and 2-1B.  
Entries 3 – 5: Experimental product distributions.  Yields are reported for 
reactions using heptylamine as the nucleophile under general reaction 
conditions as follows:  Entry 3, -41 °C (< 30 min); Entry 4, -41 °C (3 h); Entry 
5, -41 °C to rt (16 h).   

Many types of amines were found suitable to act as nucleophiles for the ring 

opening events of 2-1 (Figure 2-2).  Primary, secondary, cyclic, and benzylic amines as 

well as those with weaker competitive nucleophiles (2-2e) have all been shown to 

proceed with good reliability in lactone ring openings of BTF. More “exotic” amines such 

as dansyl amine (2-2f) and chiral amino acid derivatives (2-2g) also work well. 

 

 

Figure 2-2.  A few examples of nucleophilic amines that have been used for BTF 
aminolysis. 
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Desymmetrization of 2-1 through sequential addition of three different amine 

nucleophiles to yield a trifunctional molecule was found to work efficiently.  In fact, a 

trifunctional molecule could be synthesized through a one-pot procedure to yield the 

desired compound 2-3 in nearly 85% yield (Figure 2-3).  It was found that neither the 

identity of the amine nor the order of amine addition significantly altered the yield.  The 

ease of synthesis and overall high yield would not have been possible using a 

symmetric system with statistical reactivity.     

 

Figure 2-3.  One-pot functionalization yielding a trifunctional molecule bearing alkene, 
alkyne, and furan functionalities. 

Kinetic studies were later performed to quantify the reactivity of BTF.  The ring-

opening events of BTF show expected differences in reaction rates.  The pseudo-first-

order rate constant for the first ring opening of BTF was found to be 6.94 M-1 s-1 (at 24 

°C in MeCN) while the rate constants for the second and third ring openings were 0.125 

and 0.0126 M-1 s-1, respectively.  The last two ring openings are much slower than the 

first; the second ring-opening is an order of magnitude slower than the first and an order 

of magnitude faster than the third.2  Of course, this difference in reactivity between the 

first and second and second and third ring openings does increase with a decrease in 

temperature.  Selectivity factors (ratio of rate constants, k/k1) double for the first and 

second ring openings upon lowering the temperature from 24 °C to -40 °C.     
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It seems that the non-statistical functionalization of BTF arises from both the 

strain associated with the system and inductive effects.  Analysis of the crystal structure 

of 2-1 reveals bond-length alternation of the bonds within the central benzene core 

(Figure 2-4).  This bond-length alternation speaks to the strain associated with having 

three 5-membered rings fused to the core.  There is a noticeable difference of ±0.021 Å 

(average) among the bond lengths, where the bonds comprising the furanones are 

longer than the bonds between rings.  Important to note here  is that there is little 

 
Figure 2-4.  X-ray crystal structure of BTF showing alternating carbon-carbon bond 

lengths within the benzene core.  Bond lengths are given in Å.  Atom colors: 
C, gray; H, white; O, red.  

alternation found in the similar compound, benzotripyranone (BTP) (Figure 2-5).  The 

first ring opening relieves much of the stress associated with the system as the kinetic 

data suggests, given that the difference in rates between aminolyses 1 and 2 is larger 

than between aminolyses 2 and 3.  Additionally, inductive effects presumably play a role 

in the change in reactivity of the lactone rings.  After the first ring opening, there is a 

change in electron density within the benzene ring as the inductively withdrawing 

lactone becomes a less inductively withdrawing phenol.  This is corroborated by 

deshielded resonances of the lactone carbonyls in the 13C NMR spectra and shifts to 

lower υ(C=O) frequencies, speaking to the increase of electron density in the benzene 

ring.49,50  For example, the three lactone carbonyl carbons of BTF appear at 171.9 ppm 
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while the chemical shifts of the two lactone carbonyl carbons of a compound such as 2-

1A appear at approximately 173.8 and 174.1 ppm.     

 
Figure 2-5. Benzotripyranone (BTP) shows little to no bond length alternation for the 

carbon-carbon lengths within the benzene core.  

 
Initial Click Reaction: Testing Compatibility 

As discussed in Chapter 1, in searching for ways to expand the functional scope 

of BTF, click chemistry emerged as an attractive approach.  Coupling the efficient ring 

openings of BTF with CuAAC would offer a simple and streamlined synthesis of novel 

compounds by applying two reliable techniques.  By functionalizing BTF with a clickable 

handle, we could expand the types of substrates to be appended to the scaffold.  

Moreover, BTF could then be affixed to larger systems such as polymers or surfaces.  

To test the applicability of this approach, an initial click reaction was performed using a 

trifunctional BTF molecule bearing three alkyne handles. 

Synthesis of the test substrate began with the addition of 3.5 equivalents of 

propargylamine to 2-1 to yield trifunctional compound 2-4 in 63% yield after column 

chromatography (Figure 2-6A).  For the subsequent click reaction, a mixture of THF and 

H2O was chosen as the solvent system along with a catalytic amount (15 mol %) of 

CuSO4 as the copper source and sodium ascorbate (NaAsc) as the sacrificial reducing 

agent.  Trialkyne 2-4 was treated with 1-azidohexane under the previously mentioned 

click conditions (Figure 2-6B).  The desired product 2-5 could be filtered from the 

organic phase during the work-up to yield 57% of the expected mass.  Both 1H and 13C 
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NMR of the filtered solid showed excellent purity and no further purification was 

performed.  Although TLC indicated full conversion of the starting material,   

 

 

Figure 2-6.  A) Trifunctionalization of BTF to yield 2-4 with three clickable alkyne 
handles.  B) Triple click reaction with 2-4 to yield the tristriazole 2-5.   

the remainder of the mass could not be isolated.  The material recovered from the 

mother liquor indicated that 2-5 was present although not in good purity (impurities were 

not characterized) and isolation of any remaining 2-5 was not pursued.   

CuAAC with a monosubstituted BTF derivative 

Given the positive results of the previous reaction, performing click reactions on a 

mono-substituted BTF derivative was considered.  It was important to understand 

whether the remaining two lactone rings could be subjected to the aqueous click 

conditions and remain intact.  Additionally, this type of sequential functionalization would 

be valuable for utilizing BTF in future applications.  For this study, a mono-alkyne 2-6 

A) 

B) 



 

31 

was first synthesized and then azide scope and reaction conditions were explored in 

subsequent click reactions.  

Mono-alkyne 2-6 was synthesized by adding 1.0 equivalent of propargylamine to 

2-1 to yield the product in 77% yield after column chromatography (Figure 2-7).  Using  

 

Figure 2-7.  Aminolysis of 2-1 with propargylamine to yield alkyne 2-6.   

1.0 equivalent of the amine and careful control of the temperature allows only the 

formation of 2-6 with no detectable disubstituted product.  Although using 1.0 equivalent 

works well, 0.98 equivalents of propargylamine is often used to compensate for any 

measuring issues.  Due to the difference in solubility between 2-1 and 2-6 in DCM, it is 

not necessary to run a column as DCM can be added to the crude mixture and 2-6 

filtered off.  Since 2-6 is partially soluble in DCM, some mass is lost in the filtration.  The 

yields from filtration and column chromatography are comparable.   

A primary azide was chosen for the first click reaction of 2-6.  Benzylazide 2-7 

(Figure 2-8A) was chosen because it is readily made, well reported, and easy to track 

via TLC (BTF derivatives must be stained to be viewed by TLC).  The same reaction 

conditions were chosen for this CuAAC as used in the synthesis of 2-5 (Figure 2-6).  

Rewardingly, the click reaction proceeded efficiently in aqueous conditions and the 

lactone rings remained intact as was observed by the characteristic alpha methylene 

peak pattern in 1H NMR (Scheme 2-8B).  The alpha methylene protons are observed at 

approximately 3.9, 3.8, and 3.5 ppm for monosubstituted BTF derivatives (e.g. 2-1a in 
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Figure 2-1).  The desired clicked product 2-8 was isolated in 65% yield after column 

chromatography.  

 

 

 

Figure 2-8.  A) Synthesis of benzylazide 2-7 from benzylbromide.  B)  CuAAC of 2-6 to 
afford 2-8. 

The crude 1H NMR of 2-8 showed complete conversion of alkyne 2-6 with a few 

impurities (unidentified) that were removed by column chromatography.  A different set 

of reaction conditions was attempted in order to compare the crude purity of the 

reactions and determine whether aqueous conditions were the cause of the unidentified 

impurity.  The reaction was run in dry THF with 3.0 equivalents of CuI and a 

stoichiometric amount of diisopropylethylamine (DIPEA).  The outcome of the reaction 

was not much different than that of the reaction run in aqueous medium as crude yields 

were comparable (> 90%).  The crude 1H NMR spectrum showed complete conversion 

of the starting alkyne 2-6, but there were small, unidentified peaks in the 1.0 – 3.0 ppm 

region.  Column chromatography resulted in a lower recovered yield (26%) presumably 

due to the change in reaction conditions.  It is well known that a variety of triazole 

systems chelate to copper so using a large excess of copper was certainly not 

advantageous.51-53 

B) 

A) 
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It seemed plausible that increasing the solubility of the triazole substituent would 

help in purification of the target and increase overall yield.  Our group extensively uses 

the 2-ethylhexyl chain to increase the solubility of π-conjugated materials.  Since 2-

ethylhexylbromide can easily undergo substitution with azide to afford 2-ethylhexylazide 

(2-9), it was the next azide of choice and prepared easily (Figure 2-9A).  Again, 2-6 was 

subjected to aqueous click conditions (15% CuSO4, NaAsc, THF, H2O) with 2-

ethylhexylazide 2-9 (Figure 2-9B).  This reaction was slower compared to that with 

benzylazide 2-7 and had to be stirred overnight.  We were once again pleased to find 

that the two lactone rings were still intact, but the crude 1H NMR spectrum showed a 

small amount of the starting alkyne 2-6.  Nonetheless, the pure product 2-10 could be  

  

 

Figure 2-9. A) SN2 substitution of 2-ethylhexylbromide with NaN3.  B) CuAAC of 2-6 with 
2-ethylhexylazide.  

isolated in 37% yield after column chromatography.  Organic solvent reaction conditions 

(like previously stated for 2-8) were tried as well but did not provide a better outcome.  

Full conversion of the starting material was not observed and problems eluting the 

product during column chromatography resulted in low overall yield (17%).  As 

mentioned before, using an excess of copper (3.0 equivalents) is not advantageous 

given the coordination between triazoles and copper and likely was a reason for difficult 

purification; use of organic solvent conditions was no longer attempted.51-53 

B) 

A) 
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We were still disappointed by the outcome of the click reactions so far from the 

diminished yield to the long reaction times.  In comparison to 2-5 (Figure 2-6) it seemed 

that 2-ethylhexylazide should work very well.  We thought that maybe there were some 

steric issues associated with the azide.  Although secondary and even tertiary azides 

have been shown to work well in CuAAC, with this system the branching seemed to 

hinder the reaction.29,31  A linear alkyl chain was chosen for the next study. 

Synthesis of 2-11 (Figure 2-10) began with the synthesis and characterization of 

1-azidoheptane 2-12 (Figure 2-10A).  This conversion was very efficient and yielded the 

desired azide in nearly quantitative yield and with high purity.  Reaction of 2-6 and 2-12 

was conducted under aqueous CuAAC conditions (10 mol% Cu, THF/H2O, NaAsc) as 

shown in Figure 2-10B.  Full conversion of the starting material was noticed in  

 

 

Figure 2-10. A)  Substitution of 1-bromoheptane with NaN3.  B)  Formation of triazole 2-
11 under CuAAC conditions.   

approximately 1 hour by TLC, much faster than any of the previous click experiments.  

The work-up proved especially easy and yielded 90% of the expected product 2-11 as a 

white solid.  Crude 1H NMR studies indicated full conversion of the starting material and 

the product was the only material present (see Appendix C for crude spectrum).  In 

comparison to earlier CuAAC attempts (2-8 and 2-10), the 1H NMR spectrum of 2-11 did 

not show any unreacted starting material or minor unidentifiable by-products in the alkyl 

A) 

B) 
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region.  These results were what we had been hoping for to prove the successful 

marriage of click chemistry and BTF aminolysis chemistry.  

Purification of 2-11 was conducted by silica gel column chromatography to study 

the stability of the target under these conditions.  Previous studies in our group have 

noted sensitivity of the lactones to silica with a mass loss around 20%.  Using a mixture 

of hexanes and ethyl acetate, 40% of the mass loaded on the column was recovered.  It 

is evident that some of the mass remained on the column which can be attributed to the 

sensitivity of the lactones to silica gel.  Also, it is likely there are interactions between 

the silica gel and triazole ring as N2 and N3 of the triazole are slightly basic causing the 

compound to coordinate to the silica.  

The successful preparation of 2-11 spurred an interest to create a 

complementary structure through a homologated azide.  The complementary structure 

would give a better understanding of the reactivity between linear azides and 2-6, crude 

purity, and ease of purification. 1-Azidododecane (2-13) was prepared (Figure 2-11A) 

and subsequently “clicked” with 2-6 to yield triazole 2-14 (Figure 2-11B).  Crude 1H 

NMR analysis revealed good purity as the only other identifiable peaks belonged to 

unreacted azide.  Presumably using a smaller amount of azide (1.2 vs. 5 equivalents) 

would give a cleaner crude product.  Triazole 2-14 was purified by column 

chromatography in a mixture of hexanes and ethyl acetate to yield the pure product in 

80 % yield.  The increased recovery compared to 2-11 (40%) could be due to the longer 

alkyl chain present on the triazole affecting interactions with the silica gel. 
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Figure 2-11.  A) Synthesis of 1-azidododecane.  B)  CuAAC to generate 2-14.   

Finally, in the exploration of suitable azides, the use of a more water soluble unit 

was considered.  Triethylene glycol monomethylether (TGME) was chosen because it 

has a manageable length and can be readily converted to the corresponding azide.  The 

ether was transformed to azide 2-15 as shown in Figure 2-12.  The alcohol of TGME  

 

Figure 2-12.  Synthesis of azide 2-15: tosylation followed by substitution with NaN3. 

Was converted to a tosylate (TsTGME) to create a good leaving group.  The tosylate 

was purified by column chromatography before being subjected to azide substitution 

(65% yield).  Potassium iodide was added to the reaction to aid in the substitution 

process.  Azide 2-15 was formed in good yield and no further purification was 

performed.   

With the azide in hand, cycloaddition of 2-6 and 2-15 was conducted (Figure 2-

13).  The reaction proceeded smoothly and full conversion of the starting alkyne was 

noted after 2 hours.  Compound 2-16 was recovered in 83% yield after the work-up and 

crude 1H NMR showed only expected product and unreacted azide 2-15.  Attempts at 

purification proved unsuccessful; the product showed an Rf of approximately 0.4 on TLC 

(10% MeOH/EtOAc) but did not elute from the column.  The reaction was run again 

A) 

B) 
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using only 1.5 equivalents of the azide relative to 2-6 and the crude product was 

spectroscopically clean (1H and 13C NMR).  We are pleased by the results of this 

experiment as it proves that this methodology is applicable to a variety of azides, with 

linear azides working exceedingly well.   

 

Figure 2-13.  Synthesis of triazole 2-16 with a water soluble oligoethylene glycol chain.   

Post-click Functionalizations 

With aspects of azide scope fleshed out, we remained curious about 

functionalization of the remaining two lactone rings.  Along these lines, triazoles 2-11, 2-

14, and 2-16 were functionalized with amines to yield the corresponding phloroglucinol 

products.  It is important to note that the crude purity of 2-11, 2-14, and 2-16 was good 

enough for the compounds to be used in subsequent transformations as described in 

this section.  Reactions where the triazole was used crude will be noted.     

Functionalization of 2-11 (used as crude) was carried out by adding 4.0 

equivalents of propargylamine to the difuranone compound (Figure 2-14).  The reaction 

was allowed to stir overnight, and the crude product was recovered in 65% yield (the 

remaining mass was lost during work-up).  The crude purity was good as indicated by 

1H NMR but column chromatography was performed to yield the pure product 2-17 in 

47%.  However, comparison of the crude and pure 1H NMR showed very few 

differences.  A key point here is that these ring openings have excellent atom economy 

as there are no by-products.  Since CuAAC produces no by-products and uses only 
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catalytic amounts of a Cu salt and NaAsc that are removed during work-up, combining it 

with the ring-openings makes for an overall very efficient synthetic sequence.        

 

Figure 2-14.  Synthesis of 2-17 by aminolysis of remaining two lactone rings. 

A second example of functionalization of 2-11 was demonstrated through 

aminolysis with heptylamine (Figure 2-15).  Addition of 3.0 equivalents of heptylamine to 

2-11 afforded the trisubstituted product 2-18 in 78% yield after column chromatography.  

Presumably, the additional solubilizing alkyl chains aided in purification as reflected in 

the higher yield in comparison to 2-17.   

 

Figure 2-15.  Functionalization through aminolysis with heptylamine.   

Compound 2-18 was alternatively synthesized in a reverse manner where 

CuAAC followed aminolysis (Figure 2-16).  Synthesis began by adding 0.98 equivalents 

of propargylamine to BTF at -41 °C and allowing the reaction to stir for approximately 

one hour.   
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Figure 2-16.  Synthesis of a difunctional molecule with a clickable alkyne handle. 

At this time, an excess (2.5 equivalents) of heptylamine was added to the 

reaction at low temperature and stirring was continued while the reaction was warmed 

to room temperature.  This molecule with a clickable handle (2-19) was purified by 

column chromatography to give the pure product in 59% yield.  The alkyne then 

underwent cycloaddition with 1-azidoheptane to yield 2-18 in 54% yield after 

purification.  This method does yield the product through a two-pot procedure instead of 

three as in the previous example.  Still, the two synthetic routes yield the product with 

the same high purity and are otherwise identical.  The first synthetic route to 2-18 

(Figure 2-15) afforded the final product in 54% yield (with no purification of 2-11 before 

aminolysis) while the second route (Figure 2-16) afforded 2-18 in 32% yield.  The 

synthetic route shown in Figure 2-16 was a shorter and more direct method of 

accessing 2-18 although it did result in lower overall yield.  This route would be 

preferable over the former for tethering the phloroglucinol derivatives to larger systems 

such as surfaces or polymers.  The route shown in Figure 2-15 would be desired when 

constructing the phloroglucinol derivatives to be used as individual, functional units.   
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This same reaction sequence was performed with the dodecyl derivative 2-14 

(Figure 2-17).  Heptylamine (3.0 equivalents) was added to 2-14 (used without further 

purification) and allowed to stir overnight.  Functional molecule 2-20 was synthesized in 

good yield and acceptable crude purity; there was no evidence of unreacted lactones.  

Column chromatography was performed and the pure product was recovered in 52%.  

The low yield of the phloroglucinol derivatives is primarily linked to purification and is not 

a reflection of conversion as crude 1H NMR spectra of the phloroglucinol derivatives 

display high percentage (> 95%) of conversion.   

The next, complementary reaction in the sequence utilized furfurylamine (Figure 

2-18).  This amine has been previously shown to work well as a nucleophile for the  

 

Figure 2-17.  Aminolysis with heptylamine to yield 2-20.   

aminolysis of BTF.  In addition, one can imagine using such a scaffold to execute two 

consecutive click reactions as furan is a well-known diene for the Diels-Alder 

cycloaddition.  Starting with 2-14, 3.0 equivalents of furfurylamine were added to the 

reaction mixture and allowed to stir overnight (Figure 2-18).  The crude material was 

isolated in 85% yield after work-up but column chromatography proved difficult.  The 

pure product 2-21 could only be isolated in 22% yield,    

 

 

 



 

41 

 

Figure 2-18.  Addition of furfurylamine to yield the trisubstituted product. 

about 30% less than other target compounds in this series.  This is perhaps due to the 

nature of furfurylamine as use of this amine for other functionalized BTF targets resulted 

in lower yields after purification in comparison to those that are more soluble (e.g. 

heptylamine).48  

As a final example of a difunctional system, 2-16 was functionalized with 

heptylamine to form a compound with both hydrophilic and hydrophobic moieties 

(Figure 2-19).  Incorporating both components is advantageous because this 

methodology could then be employed in dendrimer or polymer applications where 

amphiphilicity is desired.  Addition of 2.5 equivalents of heptylamine to 2-16 (used 

without further purification, see Appendix C for crude spectrum) resulted in the desired 

target 2-22 in 65% crude yield as the remaining mass was lost during work-up.  Analysis 

of the crude proton NMR revealed full conversion of 2-16 as there was no evidence of 

remaining lactones.  Like the parent compound 2-16, 2-22 could not be purified by 

column chromatography (only crude NMR given in Appendix C).  Current efforts are 

directed toward better purification strategies of oligoethylene glycol triazole derivatives.     
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Figure 2-19.  Synthesis of a functional molecule with both hydrophilic and hydrophobic 
chains. 

Finally, BTF was desymmetrized to yield a trifunctional molecule with an alkyne 

handle through sequential ring openings.  The first example of a trifunctional molecule 

begins with sequential aminolysis of BTF with propargylamine, heptylamine, and 

isopropylamine (Figure 2-20).  This reaction sequence gave the trifunctional molecule 2-

23 in 91% crude yield.  There were other substituted products observed in the crude 1H 

NMR, but these compounds were present in very small amounts.  After column 

chromatography, no other substituted products were observed by NMR spectroscopy 

and the product was recovered in 48% yield.   

 

 

Figure 2-20.  Synthesis a trifunctional system through sequential aminolysis of BTF 
followed by CuAAC with 1-azidododecane. 
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The trifunctional molecule 2-23 was then subjected to CuAAC conditions (10% CuSO4, 

NaAsc, THF, H2O) to yield 2-24 in quantitative yield.  After column chromatography, the 

pure product was recovered in 52% yield. 

Alternatively, a trifunctional molecule was prepared through sequential 

aminolysis of 2-11 (Figure 2-21).  Clicked compound 2-11 was functionalized with 

heptylamine and isopropyl amine to yield trifunctional compound 2-25.  Crude 1H NMR 

spectrum revealed minor side products that are attributed to compounds that were 

substituted with only heptylamine or isopropylamine.  

 

Figure 2-21.  Synthesis of a trifunctional molecule through aminolysis of 2-11. 

Comparison of the examples of post-click functionalization reveals that the final 

ring openings proceed predictably and give the product in high yield and acceptable 

crude purity.  Adding to the merits of these reactions (ring openings) is that they do not 

have to be run under inert conditions.  The reactions are conducted with dry DMF and 

under a blanket of argon, but flame drying the reaction flask and other precautions are 

not necessary.  Column chromatography gives the pure phloroglucinol product in 50 – 

60% yield (on average).  However, the identity of the amine does seem to make a 

difference as to the ease of purification and overall final yield.  Amines that are more 

solubilizing, such as heptylamine, prove easier to purify.  The phloroglucinol derivatives 

are generally more difficult to purify than their less substituted lactone precursors as has 

been observed in previous reactions.  Phloroglucinol derivatives that also have triazole 
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units become more difficult to remove from the column so adding solubilizing alkyl 

chains aids in purification.  Nonetheless, a variety of primary amines can be used for 

this functionalization as the reaction always nears 100% conversion.  

Attempts at Triple-Clicked Motifs 

Having made 2-5 (Figure 2-6), we were also interested in synthesizing triple-

clicked motifs where BTF would be sequentially functionalized with propargylamine and 

then subjected to CuAAC conditions resulting in a molecule (2-26) with three, distinct  

 

Figure 2-22.  General synthesis of a trifunctional molecule with three different clicked 
units. 

units (Figure 2-22).  The first (and easiest) approach to test the methodology would be 

to follow the synthesis of 2-27 by addition of excess propargylamine and CuAAC using 

a second, different azide to give 2-28 (Figure 2-23). 

 
 
Figure 2-23.  Synthesis of a fully substituted phloroglucinol derivative bearing two 

different clicked units. 
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To initiate this sequence, compound 2-8 was reacted with 3.0 equivalents of 

propargylamine (Figure 2-24) to provide 2-29 in 90% yield and good purity (no further 

purification was performed).  To the alkyne 2-29 was added a large excess (10 

equivalents) of 2-ethylhexylazide to give the final product.  This reaction series 

proceeded smoothly and was used to create two different functionalized phloroglucinol 

compounds, one using 1-azidohexane (2-30) and the other using 2-ethylhexylazide (2-

31) (Figure 2-24).   

 

Figure 2-24.  Attempted synthesis of tristriazoles 2-30 and 2-31. 

For these particular compounds, we were not as lucky as with 2-5 and simple 

filtration would not yield the desired product.  As previously stated, purification of 

phloroglucinol derivatives is notoriously difficult and several purification techniques were 

attempted.  First, purification using a silica gel plug was unsuccessful.  The recovered 

product was unidentifiable by 1H NMR; the triazole proton peaks, as well as the alpha 

methylene peaks, were not readily detected.  If the compound is decomposing, it is 

difficult to say exactly how.  A neutral alumina column was attempted next; however, the 

product could not be recovered from the column.   

Given that these compounds were so difficult to purify, we looked at similar 

systems containing three triazole rings to get a better understanding of their reactivity 
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and purification methods.  Indeed, there are numerous papers that report using 

tristriazole ligands (and related species) in CuAAC.54-57   Shown in Figure 2-25 are two 

common examples of tristriazoles used in the catalysis of CuAAC.  These ligands do 

coordinate to the aliphatic amine which is a distinction between these ligands and our 

systems.  It seems likely that having three triazole rings on the phloroglucinol core could  

 

Figure 2-25.  Two tristriazoles used in catalysis for CuAAC.  TBTA 2-32 (left) and water 
soluble ligand 2-33 (right). 

aid in copper chelation which inhibits purification, particularly in the case of 2-31 where 

3.0 equivalents of CuI were used.  Additionally, as stated earlier, the three basic triazole 

rings could have significant interactions with the slightly acidic silica gel.  These 

interactions coupled with the already difficult purification of the phloroglucinol derivatives 

can likely explain the inability to purify compounds 2-30 and 2-31.   

Overview and Discussion 

A series of compounds were synthesized through CuAAC and aminolysis to yield 

BTF and phloroglucinol derivatives with varying functionalities.  Starting with alkyne 2-7, 

azide scope was studied using CuSO4 and NaAsc (sacrificial reducing agent) in a 

mixture of THF/H2O to yield the respective triazoles.  While benzylazide and 2-

ethylhexylazide gave the desired product, crude purity was low requiring purification and 

resulting in diminished overall yield.  However, linear azides proved to work 

exceptionally well.  Crude purity was very high as 1H NMR showed only the desired 
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target with a few baseline impurities (e.g. residual azide).  These compounds (2-11 and 

2-14) could be readily purified by column chromatography in acceptable yield.  

However, purification was not necessary before functionalization of the final two lactone 

rings for 2-11, 2-14, and 2-15.   

Functionalization of the difuranone compounds proved to be especially 

straightforward.  A variety of amines proceeded in the aminolysis with good reliability; 

heptylamine, propargylamine, and furfurylamine were all used for this step.  The 

trifunctional compounds could easily be purified by column chromatography and 

recovered in 50 – 60% yield.  Furfurylamine derivative 2-21 was more difficult to purify 

but was recovered in high purity.  This reproducibility and predictability in post-click 

functionalization is important and strengthens the case for BTF to be used as a scaffold 

for multiple applications.   

Trifunctional derivatives of phloroglucinol were synthesized by two different 

routes.  The first route included trifunctionalization of BTF through sequential aminolysis 

with propargylamine, heptylamine, and isopropylamine in a one-pot procedure.  The 

trifunctional molecule 2-23 was then subjected to CuAAC with 1-azidododecane to yield 

2-24 in 52% yield after purification.  In an opposite manner, 2-11 was further 

functionalized by sequential aminolysis with heptylamine and isopropylamine.  

Lastly, attempts at trifunctional molecules with three different triazoles were 

unsuccessful.  The methodology applied worked well as the first steps could be 

completed and the products purified.  However, the final CuAAC was problematic and 

purification was impossible.  Although accessing and studying targets of that nature 
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would be interesting, trifunctional targets can still be achieved using the BTF system 

through the previously described methodologies.   

Experimental 

Methods 

General Procedure. All chemicals were purchased from Aldrich or Acros and 

used without further purification unless otherwise noted.  DMF was purified using a 

Glass Contour solvent system (Glass Contour, Inc.), degassed in 20 L drums, and 

passed through two purification columns (molecular sieves) under an argon 

atmosphere.  Thin Layer Chromatography (TLC) was performed using Dynamic 

Adsorbents, Inc. aluminum backed plates.  The plates were developed using UV light 

and ninhydrin staining.  Flash column chromatography was performed using Purasil 

SiO2-60 230-400 mesh silica gel from Whatman.  A Varian Inova spectrometer was 

used to record 1HNMR and 13CNMR spectra; spectra were collected at 500 MHz for 

1HNMR and 125 MHz for 13CNMR.  Chemicals shifts (δ) were referenced to the 

appropriate deuterated solvent (DMSO-d6: δH 2.50 ppm, δC 39.50; CDCl3: δH 7.26 ppm, 

δC 77.16 ppm).  Abbreviations used are as follows:  s (singlet), d (doublet), t (triplet), q 

(quartet), and m (multiplet).  Accurate mass experiments were performed on an Agilent 

6220 ESI TOF (Santa Clara, CA) mass spectrometer equipped with an electrospray and 

DART source operated in positive ion mode.  The following compounds were 

synthesized according to literature procedure:  BTF,48,58 (azidomethyl) benzene (2-7),59 

2-ethylhexylazide,60 1-azidoheptane,61 1-azidododecane,62  and TsTGME.63 
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Procedures 

 
 

2,2',2''-(2,4,6-Trihydroxybenzene-1,3,5-triyl)tris(N-(prop-2-yn-1-yl)acetamide) 

(2-4): BTF (0.05 g, 0.20 mmol) and DMF (3 mL) was added to a 25 mL round bottom 

flask.  After placing reaction vessel on a cold bath (-41 °C) for 15 min., propargylamine 

(0.046 mL, 0.71 mmol) was added via syringe.  The reaction was allowed to stir in a 

cold bath for 3 h at which time it was warmed to rt and stirred for 16 h.  Ethyl acetate (75 

mL) was added and the organic layer was washed with water (3× 15 mL) and brine (1 × 

15 mL).  The organic layer was dried over Na2SO4, filtered, and then concentrated 

under reduced pressure.  The resulting crude mixture was purified by column 

chromatography (15% Hex/EtOAc) to give the desired product (0.052 g, 63%).  1H NMR 

(DMSO-d6) δ 3.12 (s, 3H), 3.49 (s, 6H), 3.86 (dd, 6H, J = 2.7 and 5.7 Hz), 8.75 (t, 3H, J 

= 5.0 Hz), 9.97 (s, 3H) ppm.  13C NMR (DMSO-d6) δ 28.3, 30.9, 73.3, 80.6, 102.7, 

153.7, 173.1 ppm.  HRMS (ESI) calculated for C21H21N3O6 [M+Na]+ 434.1323, found 

434.1335.   



 

50 

 
 

2,2',2''-(2,4,6-Trihydroxybenzene-1,3,5-triyl)tris(N-((1-hexyl-1H-1,2,3-triazol-

4-yl)methyl)acetamide) (2-5):  To a 10 mL RBF charged with a stir bar was added 2-4 

(0.057 g, 0.14 mmol) dissolved in THF (2 mL).  1-Azidohexane (0.266 g, 2.09 mmol) 

was added to the reaction vessel followed by water (2 mL) and the reaction mixture was 

allowed to stir for 5 min.  At this time, CuSO4·5H2O (0.0052 g, 0.021 mmol) and NaAsc 

(0.0083 g, 0.042 mmol) was added to the flask.  The reaction stirred at rt for 4 h before 

begin poured in to brine (75 mL).  The aqueous layer was extracted with ether (3 × 25 

mL).  The organic layers were combined and washed with brine (2 × 25 mL) then dried 

over Na2SO4.  The organic layer was filtered and the product was collected as a light 

brown solid (0.063 g, 57%).  1H NMR (DMSO-d6) δ 0.83 (t, 6H, J = 6.5 Hz ), 1.24 (bs, 

18H), 1.76 (p, 6H, J = 6.9 Hz), 3.51 (s, 6H), 4.29 (t, 6H, J = 5.1 and 6.8 Hz), 7.89 (s, 

3H), 8.78 (t, 3H, J = 5.0 Hz), 10.14 (s, 3H) ppm.  13C NMR (DMSO-d6) δ 14.3, 22.4, 

25.9, 30.2, 31.0, 31.6, 35.1, 49.7, 103.4, 110.0, 123.3, 154.2, 173.8 ppm.  HRMS (ESI) 

calculated for C39H60N12O6 [M+Na]+ 815.4651, found 815.4644.   
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2-(4-Hydroxy-2,7-dioxo-2,3,7,8-tetrahydrobenzo[1,2-b:3,4-b']difuran-5-yl)-N-

(prop-2-yn-1-yl)acetamide (2-6):  To a 25 mL RBF was added BTF (0.060 g, 0.24 

mmol) and dry DMF (2 mL).  The reaction vessel was subsequently cooled to -41 °C 

and the solution was allowed to stir for 15 min.  After this time, propargylamine (0.016 

mL, 0.24 mmol) was added to the vessel.  The reaction stirred under argon for 1 h at 

which time the TLC showed no starting material.  The reaction was allowed to warm to 

rt and then was poured in to 75 mL of EtOAc.  The organic layer was washed with water 

(5 × 20 mL) and brine (1 × 20 mL) and dried over Na2SO4.  The organic layer was 

concentrated and purified by flash chromatography (10% acetone/DCM) to yield the 

pure product (0.0537 g, 77%).  1H NMR (DMSO-d6) δ 3.09 (t, 1H, J =4 Hz), 3.47 (s, 2H), 

3.77 (s, 2H), 3.43 (dd, 2H, J = 4.5 and 9.5 Hz), 3.90 (s, 2H), 8.49 (t, 1H, J =8.5 Hz), 

10.22 (s, 1H) ppm.  13C NMR (DMSO-d6) δ 28.6, 30.7, 31.1, 31.5, 73.6, 71.5, 102.9, 

105.4, 148.3, 153.9, 169.9, 174.3, 174.6 ppm.  HRMS (ESI) calculated for C15H11NO6 

[M+H]+ 302.0659, found 302.0660.   

 

 
 

N-((1-Benzyl-1H-1,2,3-triazol-4-yl)methyl)-2-(4-hydroxy-2,7-dioxo-2,3,7,8-

tetrahydrobenzo[1,2-b:3,4-b']difuran-5-yl)acetamide (2-8):  To a solution of 2-6 
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(0.060 g, 0.19 mmol) in 3 mL THF was added (azidomethyl)benzene (0.39 g, 3.0 mmol) 

and 2 mL water.  The reaction was allowed to stir at rt before adding CuSO4 · 5H2O 

(0.0074 g, 0.029 mmol) and sodium ascorbate (0.012 g, 0.059 mmol).  The reaction was 

stirred at rt for 3 h before being poured in to brine (75 mL).  The aqueous layer was 

extracted with EtOAc (4 × 25 mL).  The organic layers were combined and washed with 

brine (2 × 20 mL), dried over Na2SO4, filtered, and concentrated.  The crude product 

was purified by column chromatography (10% acetone/DCM) to afford the product 

(0.056 g, 65%).  1H NMR (DMSO-d6) δ 3.44 (s, 2 H), 3.74 (s, 2 H), 3.87 (s, 2 H), 4.26 (d, 

2 H, J = 5.2 Hz), 5.51 (s, 2 H), 7.30 (m, 5 H), 7.92 (s, 1 H), 8.55 (t, 1 H, J = 4.9 Hz), 

10.29 (s, 1 H) ppm.  13C NMR (DMSO-d6) δ 30.4, 30.6, 30.9, 34.5, 42.1, 52.7, 97.1, 

102.7, 105.0, 123.0, 127.9, 128.1, 128.7, 136.1, 144.9, 147.8, 151.5, 153.4, 169.9, 

173.9, 174.1, 174.1 ppm.  HRMS (ESI) calculated for C22H18N4O6 [M+H]+ 435.1299, 

found 435.1319.   

 

 

 

N-((1-(2-Ethylhexyl)-1H-1,2,3-triazol-4-yl)methyl)-2-(4-hydroxy-2,7-dioxo-

2,3,7,8-tetrahydrobenzo[1,2-b:3,4-b']difuran-5-yl)acetamide (2-10):  To a 10 mL RBF 

was added 2-6 (0.072 g, 0.24 mmol), THF (2.5 mL), 1-ethylhexylazide 2-9 (0.15 g, 1.2 

mmol), and water (1.5 mL).  The reaction was allowed to stir for 5 min before adding 

CuSO4·5H2O (0.009 g, 0.04 mmol) and NaAsc (0.014 g, 0.072 mmol).  The reaction 
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stirred at rt for 16 h at which time TLC showed full conversion of starting material.  The 

reaction was poured into brine (100 mL) and extracted with EtOAc (3 × 30 mL).  The 

organic layers were combined, dried over Na2SO4, and concentrating,  The crude 

material was purified by column chromatography (10% acetone:CH2Cl2) to afford the 

pure material (0.038 g, 37%).  1H NMR (DMSO-d6) δ 0.86 (m, 6H), 1.20 (m, 8H), 1.80 

(m, 1H), 3.49 (s, 2H), 3.78 (s, 2H), 3.92 (s, 2H), 4.22 (d, 2H, J = 6.5 Hz), 4.31 (s, 2H), 

7.87 (s, 1H), 8.61 (t, 1H, J = 5 Hz), 10.35 (s, 1H) ppm.  13C NMR (DMSO-d6) δ 10.2, 

13.8, 22.4, 23.1, 27.8, 29.7, 30.5, 30.6, 31.0, 34.6, 39.6, 52.4, 97.2, 102.7, 105.1, 123.3, 

144.4, 147.8, 151.5, 153.5, 169.9, 173.9, 174.1 ppm.  HRMS (ESI) calculated for 

C23H28N4O6 [M+H]+ 457.2082, found 457.2090. 

 

 
 

N-((1-Heptyl-1H-1,2,3-triazol-4-yl)methyl)-2-(4-hydroxy-2,7-dioxo-2,3,7,8-

tetrahydrobenzo[1,2-b:3,4-b']difuran-5-yl)acetamide (2-11):  To a 10 mL RBF was 

added 2-6 (0.067 g, 0.22 mmol), THF (2 mL), water (1 mL), and 1-azidoheptane (0.31 g, 

2.2 mmol).  The reaction was allowed to stir for 5 min before adding CuSO4 (1M, 0.023 

mL, 0.023 mmol) and NaAsc (1M, 0.068 mL, 0.068 mmol).  The reaction stirred for 1 h 

at which time TLC showed complete conversion of the starting material.  The reaction 

was poured into brine (100 mL) and extracted with EtOAc (3 × 25 mL).  The organic 

layers were combined, dried over Na2SO4, and concentrated to afford a crude gray solid 

(90%) with good purity.  The crude solid was purified by column chromatography (25:75 

Hex:EtOAc) to yield the pure product (0.016 g, 36%).  1H NMR (DMSO-d6) δ 0.85 (t, 3H, 

J = 6.5 Hz), 1.25 (m, 10H), 1.78 (m, 2H, J = 7 Hz), 3.49 (s, 2H), 3.79 (s, 2H), 3.92 (s, 

2H), 4.30 (m, 4H), 7.89 (s, 1H), 8.60 (t, 1H, J = 5.3 Hz), 10.3 (s, 1H) ppm.  13C NMR 
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(DMSO-d6) δ 13.9, 21.9, 25.8, 28.0, 29.8, 30.4, 30.6, 31.0, 31.7, 34.6, 49.3, 97.2, 102.7, 

105.1, 122.7, 144.5, 147.8, 151.5, 153.5, 169.9, 173.9, 174.2 ppm. HRMS (ESI) 

calculated for C22H26N4O6 [M+H]+ 443.1925, found 443.1924.  

 

 

 

N-((1-Dodecyl-1H-1,2,3-triazol-4-yl)methyl)-2-(4-hydroxy-2,7-dioxo-2,3,7,8-

tetrahydrobenzo[1,2-b:3,4-b']difuran-5-yl)acetamide (2-14):  To a 10 mL RBF was 

added 2-6 (0.025 g, 0.083 mmol), 1-azidododecane (0.088 g, 0.42 mmol), THF (1.5 

mL), and water (1 mL).  The solution stirred for 5 min and then CuSO4 (0.33M, 0.025 

mL, 0.0083 mmol) and NaAsc (1.0M, 0.025 mL, 0.025 mmol) were added.  The solution 

stirred for 2 h at which time TLC indicated complete conversion of the starting alkyne.  

The reaction mixture was poured into brine (100 mL) and extracted with EtOAc (4 × 25 

mL).  The organics were combined, dried over Na2SO4, and concentrated to yield a gray 

solid.  The solid was then purified by column chromatography (1:1 Hex:EtOAc) to yield 

the pure product (0.034 g, 80%).  1H NMR (DMSO-d6) δ 0.85 (t, 3H, J = 5 Hz), 1.24 (m, 

18H), 1.76 (m, 2H, J = 5 Hz), 3.49 (s, 2H), 3.79 (s, 2H), 3.92 (s, 2H), 4.31 (m, 4H), 7.89 

(s, 1H), 8.60 (t, 1H, J = 5 Hz), 10.3 (s, 1H) ppm.  13C NMR (DMSO-d6) δ 13.9, 22.1, 

22.4, 23.2, 25.9, 28.7, 28.9, 29.0, 29.8, 30.4, 30.6, 31.0, 31.3, 34.6, 49.24, 97.1, 102.7, 

105.0, 122.7, 144.5, 147.8, 151.5, 153.5, 169.9, 173.8, 174.1 ppm.  HRMS (ESI) 

calculated for C27H36N4O6 [M+Na]+ 535.2527, found 535.2532.   

 

 

 
 

1-Azido-2-(2-(2-methoxyethoxy)ethoxy)ethane (2-15):  To a solution of TsTGME 

(1.25 g, 3.93 mmol) in DMSO (20 mL) was added NaN3 (0.55 g, 8.5  mmol) and KI 

(0.080 g, 0.48 mmol).  The solution stirred for 36 h at which time the TLC showed full 
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conversion.  The reaction was poured into water (30 mL) and extracted with ether (4 x 

20 mL).  The organic layers were combined, dried over MgSO4, and concentrated to 

yield the pure compound (0.71 g, 96%).  1H NMR (CDCl3) δ 3.37 (m, 5H), 3.54 (m, 2 H), 

3.64 (m, 8H) ppm.  13C NMR (CDCl3) δ 50.7, 59.1, 70.1, 70.7, 70.7, 70.8, 72.0 ppm.  

HRMS (ESI) calculated for C7H15N3O3 [M+Na]+  212.1006, found 212.1013. 1H NMR 

spectrum matched that reported by Ramakrishnan.63b   

 

 
 

2-(4-Hydroxy-2,7-dioxo-2,3,7,8-tetrahydrobenzo[1,2-b:3,4-b']difuran-5-yl)-N-((1-(2-

(2-(2-methoxyethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)acetamide (2-16):  

To 2-6 (0.025 g, 0.083 mmol) was added THF (2 mL), water (1 mL), and azide 2-15 

(0.024 g, 0.13 mmol).  The solution was allowed to stir for 5 min before the addition of 

CuSO4 (0.33M, 0.025 mL, 0.0083 mmol) and NaAsc (1M, 0.025 mL, 0.025 mmol).  The 

solution stirred at rt until TLC showed full conversion of starting material (~2 hours).  

The reaction was then poured into brine (75 mL) and extracted with EtOAc (4 × 25 mL).  

The organic layers were combined, dried over Na2SO4, and concentrated to yield the 

desired product.  1H NMR (DMSO-d6) δ 3.22 (s, 3H), 3.40 (m, 2H), 3.47 (m, 4H), 3.51 

(m, 6H), 3.80 (m, 4H), 3.92 (s, 2H), 4.32 (d, 2H, J = 10 Hz), 4.49 (t, 2H, J = 5 Hz), 7.89 

(s, 1H), 8.62 (t, 1H, J = 5 Hz), 10.37 (s, 1H) ppm.  13C NMR (DMSO-d6) δ 30.5, 30.6, 

31.0, 34.5, 49.3, 58.0, 68.7, 69.5, 69.6, 71.2, 97.2, 102.7, 105.1, 123.2, 144.4, 147.8, 

151.5, 153.4, 169.9, 173.9, 174.2 ppm.  HRMS (ESI) calculated for C22H26N4O9 [M+Na]+ 

513.1592, found 513.1606.   
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2,2'-(5-(2-(((1-Heptyl-1H-1,2,3-triazol-4-yl)methyl)amino)-2-oxoethyl)-2,4,6-

trihydroxy-1,3-phenylene)bis(N-(prop-2-yn-1-yl)acetamide) (2-17):  To a solution of 

2-6 (0.080 g, 0.18 mmol) in dry DMF (2 mL) was added propargylamine (1M, 0.73 mL, 

0.73 mmol).  The reaction stirred at rt for 20 h.  The reaction was then diluted with 

EtOAc and washed with water (5 ×20 mL) and brine (1 × 20 mL).  The organic layer was 

then dried over Na2SO4 and concentrated to yield a crude yellow solid.  The crude 

material was purified by column chromatography (Rf = 0.75; EtOAc) to yield the pure 

yellow solid (0.03 g, 31%).  1H NMR (DMSO-d6) δ 0.85 (t, 3H, J = 5 Hz), 1.23 (m, 8H), 

1.78 (m, 2H, J = 5 Hz), 3.12 (t, 2H, J = 5 Hz), 3.49 (s, 4H), 3.51 (s, 2H), 3.86 (dd, 4H, J 

= 4.5 and 9.0 Hz), 4.31 (m, 4H), 7.91 (s, 1H), 8.73 (t, 2H, J = 5 Hz), 8.82 (t, 1H, J = 5 

Hz), 9.96 (s, 1H), 10.1 (s, 2H) ppm.  13C NMR (DMSO-d6) δ 13.9, 21.9, 25.8, 28.0, 28.3, 

29.7, 30.9, 31.0, 34.6, 49.3, 73.3, 80.6, 102.8, 102.8, 122.8, 143.9, 153.7, 173.1, 173.4 

ppm .  HRMS (ESI) calculated for C28H36N6O6 [M+H]+ 553.2769, found 553.2774. 

 

 
 

2,2'-(5-(2-(((1-Heptyl-1H-1,2,3-triazol-4-yl)methyl)amino)-2-oxoethyl)-2,4,6-

trihydroxy-1,3-phenylene)bis(N-heptylacetamide) (2-18):  To a solution of 2-6 (0.016 

g, 0.036 mmol) in dry DMF (2 mL) was added heptylamine (0.016 mL, 0.11 mmol).  The 

solution stirred under a blanket of argon for 20 h.  The reaction mixture was diluted with 

EtOAc, washed with water (5 × 20 mL), and brine (1 × 20 mL).  The organic layer was 
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dried over Na2SO4 and then concentrated to yield a pale yellow solid.  The crude 

material was purified by column chromatography (25:75 Hex:EtOAc) to yield the desired 

product (0.019 g, 78%).   

Alternative procedure:  2-19 (0.036 g, 0.069 mmol) and 1-azidoheptane (0.048 g, 0.34 

mmol) was dissolved in THF (1.5 mL) and water (1 mL).  The solution stirred for 5 min 

before CuSO4 (0.33M, 0.021 mL, 0.0070 mmol) and NaAsc (1.0M, 0.021 mL, 0.021 mL) 

were added to the reaction mixture.  The resulting solution stirred for 1 h before TLC 

showed full consumption of the starting alkyne.  The reaction was poured into brine (75 

mL) and extracted with EtOAc (4 × 25 mL).  The organic layers were combined, dried 

over Na2SO4, and concentrated to yield the product.  The crude material was purified by 

column chromatography (25:75 Hex:EtOAc) to yield the desired product (0.025 g, 54%).  

1H NMR (DMSO-d6) δ 0.85 (t, 9H, J = 5 Hz), 1.25 (m, 24H), 1.41 (m, 4H, J = 5 Hz), 1.77 

(m, 2H, J = 5 Hz), 3.04 (q, 4H, J = 5 Hz), 3.48 (s, 4H), 3.51 (s, 2H), 4.30 (m, 4H), 7.88 

(s, 1H), 8.45 (t, 2H, J = 5 Hz), 8.82 (t, 1H, J = 5 Hz), 10.5 (s, 2H), 10.6 (s, 1H) ppm.  13C 

NMR (DMSO-d6) δ 13.9, 13.9, 21.9, 22.0, 25.8, 26.3, 28.0, 28.3, 28.7, 29.7, 31.1, 31.2, 

31.3, 34.6, 38.9, 49.2, 102.8, 122.8, 144.1, 153.8, 173.4, 173.7 ppm.  HRMS (ESI) 

calculated for C36H60N6O6 [M+Na]+ 695.4467, found 695.4488.   

 

 
 

2,2'-(2,4,6-Trihydroxy-5-(2-oxo-2-(prop-2-yn-1-ylamino)ethyl)-1,3-phenylene)bis(N-

heptylacetamide) (2-19):  A reaction flask with BTF (0.025 g, 0.10 mmol) dissolved in 

dry DMF (2 mL) was cooled to -41 °C.  After the solution was sufficiently cooled, 

propargylamine (1.0M, 0.098 mL, 0.098 mmol) was added to the flask.  The reaction 

stirred for 1.5 h at which time TLC showed conversion of BTF.  Heptylamine (0.038 g, 

0.26 mmol) was added to the reaction vessel and subsequently warmed to rt and stirred 

overnight.  The reaction mixture was diluted with EtOAc then washed with water (5 × 20 

mL) and brine (1 × 20 mL).  The organic layer was dried over Na2SO4 and concentrated 
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to yield a crude brown material.  The crude solid was purified by column 

chromatography (Rf = 0.65; 1:1 Hex:EtOAc) to yield the pure compound (0.032 g, 59%).  

1H NMR (DMSO-d6) δ 0.85 (t, 6H, J = 5 Hz), 1.26 (m, 16H), 1.40 (m, 4H, J = 5 Hz), 3.04 

(q, 4H, J = 5Hz), 3.11 (t, 1H, J = 5 Hz), 3.48 (s, 4H), 3.49 (s, 2H), 3.86 (dd, 2H, J = 4.5 

and 9.5 Hz), 8.46 (t, 2H, J = 5 Hz), 8.77 (t, 1H, J = 5 Hz), 10.4 (s, 2H), 10.7 (s, 1H) ppm.  

13C NMR (DMSO-d6) δ 13.93, 22.0, 26.3, 28.3, 28.4, 28.7, 30.1, 31.2, 31.3, 38.9, 73.3, 

80.6, 102.8, 102.9, 153.8, 173.3, 173.7 ppm.  HRMS (ESI) calculated for C29H45N3O6 

[M+H]+ 532.3391, found 532.3381. 

 

 
 

2,2'-(5-(2-(((1-Dodecyl-1H-1,2,3-triazol-4-yl)methyl)amino)-2-oxoethyl)-2,4,6-

trihydroxy-1,3-phenylene)bis(N-heptylacetamide) (2-20):  To a solution of 2-14 

(0.040 g, 0.078 mmol) in dry DMF (1.5 mL) was added heptylamine (0.035 mL, 0.027 

mmol).  The solution was allowed to stir at rt overnight at which time TLC showed full 

conversion.  The reaction mixture was diluted with EtOAc (75 mL) and washed with 

water (5 × 20 mL) and then brine (1 × 20 mL).  The crude material was purified by 

column chromatography (1:1 Hex:EtOAc) to afford the pure product (0.03 g, 52%).  1H 

NMR (DMSO-d6) δ 0.84 (t, 9H, J = 5 Hz), 1.23 (m, 34H), 1.40 (m, 4H), 1.76 (m, 2H, J = 

5 Hz), 3.04 (q, 4H, J = 5 Hz), 3.48 (s, 4H), 3.50 (s, 2H), 4.29 (m, 4H), 7.88 (s, 1H), 8.45 

(t, 2H, J = 5 Hz), 8.81 (t, 1H, J = 5 Hz), 10.5 (s, 2H), 10.6 (s, 1H) ppm.  13C NMR 

(DMSO-d6) δ 13.9, 13.9, 22.0, 22.1, 25.9, 26.3, 28.3, 28.4, 28.7, 28.7, 28.9, 29.0, 29.0, 

29.7, 31.2, 31.3, 49.2, 102.9, 122.7, 144.1, 153.8, 173.4, 173.6 ppm.  HRMS (ESI) 

calculated for C41H70N6O6 [M+H]+  743.5430, found 743.5427. 

 



 

59 

 
 

2,2'-(5-(2-(((1-Dodecyl-1H-1,2,3-triazol-4-yl)methyl)amino)-2-oxoethyl)-2,4,6-

trihydroxy-1,3-phenylene)bis(N-(furan-2-ylmethyl)acetamide) (2-21):  To a solution 

of 2-14 (0.042 g, 0.082 mmol) in dry DMF (1.5 mL) was added furfurylamine (0.022 mL, 

0.25 mmol).  The solution was allowed to stir overnight under a blanket of argon.  At that 

time, the reaction mixture was diluted with EtOAc (75 mL) and washed successively 

with water (5 × 20 mL) and brine (1 × 20 mL).  The organic layer was dried over Na2SO4 

and concentrated to yield a yellow, sticky solid.  This crude material was purified by 

column chromatography (Rf = 0.45; 25:75 Hex:EtOAc) to give the pure product as a 

yellow solid (0.013 g, 22%).  1H NMR (DMSO-d6) δ 0.85 (t, 3H, J = 5 Hz), 1.23 (m, 18H), 

1.77 (m, 2H, J = 5 Hz), 3.51 (s, 4H), 3.52 (s, 2H), 4.28 (m, 8H), 6.25 (dd, 2H, J = 1 and 

3.2Hz), 6.38 (dd, 2H, J = 1.8 and 3.2 Hz), 7.57 (s, 2H), 7.90 (s, 1H), 8.80 (m, 3H), 10.1 

(s, 1H), 10.2 (s, 2H) ppm.  13C NMR (DMSO-d6) δ 13.9, 22.1, 22.4, 23.2, 25.9, 28.4, 

28.7, 28.9, 28.9, 29.0, 29.7, 31.1, 31.3, 34.6, 35.8, 38.1, 49.3, 102.9, 107.2, 110.5, 

122.8, 142.2, 144.0, 142.2, 144.0, 151.6, 153.7, 153.8, 173.3, 173.4 ppm.  HRMS (ESI) 

calculated for C37H50N6O8 [M+Na]+  729.3582, found 729.3586.  

 

 
 

N-Heptyl-2-(2,4,6-trihydroxy-3-(2-(isopropylamino)-2-oxoethyl)-5-(2-oxo-2-(prop-2-

yn-1-ylamino)ethyl)phenyl)acetamide (2-23):  To a 10 mL RBF was added BTF (0.10 

g, 0.41 mmol) and 4 mL dry DMF.  The solution was allowed to cool to -41 °C (dry 

ice/acetonitrile) for 15 min before the addition of propargylamine (1M, 0.41 mL, 0.41 
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mmol).  The solution stirred at low temperature for 1.5 h before TLC indicated full 

conversion of starting material.  At this time, heptylamine (1M, 0.41 mL, 0.41 mmol) was 

added to the reaction solution and stirred at -41 °C for 10 h when TLC indicated full 

conversion.  Isopropylamine (1M, 0.81 mL, 0.81 mmol) was added and the solution was 

allowed to slowly warm to rt and stir overnight.  The reaction was poured in to EtOAc 

(75 mL) and washed with water (6 × 30 mL) and brine (1 × 25 mL).  The organic layers 

were combined and dried over Na2SO4, filtered, and concentrated to yield a crude 

yellow solid.  The solid was purified by column chromatography (Rf = 0.7, 1:1 

EtOAc:Hex) to yield a pure yellow solid (0.092 g, 48%).  1H NMR (DMSO-d6) δ 0.85 (t, 

3H, J = 7 Hz), 1.07 (d, 6H, J = 6.5 Hz), 1.23 (m, 9H), 1.40 (m, 2H, J = 7.2 Hz), 3.04 (q, 

2H, J = 6.4 Hz), 3.12 (t, 1H, J = 2.5 Hz), 3.47 (s, 2H), 3.48 (s, 2H), 3.49 (s, 2H), 3.82 (m, 

1H, J = 7.0 Hz), 3.86 (dd, 2H, J = 5.4, 2.3 Hz), 8.45 (m, 2H), 8.78 (t, 1H, J = 5.4), 10.4 

(s, 1H), 10.5 (2, 1H), 10.7 (s, 1H) ppm. 13C NMR (DMSO-d6) δ 13.9, 22.0, 22.1, 26.3, 

28.3, 28.3, 28.6, 30.8, 31.2, 31.3, 31.4, 38.9, 40.9, 73.3, 80.6, 102.8, 102.8, 102.9, 

153.8, 153.8, 153.8, 172.9, 173.3, 173.7 ppm.  HRMS (DART) calculated for 

C25H37N3O6 [M+H]+ 476.2745, found 476.2755.   

 

 
 

N-((1-Dodecyl-1H-1,2,3-triazol-4-yl)methyl)-2-(3-(2-(heptylamino)-2-oxoethyl)-2,4,6-

trihydroxy-5-(2-(isopropylamino)-2-oxoethyl)phenyl)acetamide (2-24):  To a 10 mL 

RBF was added 2-23 (0.025 g, 0.053 mmol), THF (2 mL), H2O (1 mL), and 1-

azidododecane (0.017 g, 0.079 mmol).  The solution stirred for 10 min before the 

addition of CuSO4 (0.33M, 0.016 mL, 0.0050 mmol) and NaAsc (1.0M, 0.016 mL, 0.016 

mmol).  The solution stirred at room temperature for 2 h at which time TLC indicated full 

conversion of the starting alkyne.  The reaction was poured into brine (75 mL) and 

extracted with EtOAc (3 × 25 mL).  The organic layers were combined, dried over 

Na2SO4, filtered, and concentrated to yield a brown solid.  The solid was purified by 
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column chromatography (Rf = 0.5, 1:3 Hex:EtOAc) to yield an off-white solid (0.018 g, 

51%).  1H NMR (DMSO-d6) δ 0.85 (dt, 6H, J = 6.8 Hz), 1.06 (d, 6H, J = 6.6 Hz), 1.23 (m, 

28H), 1.40 (m, 2H, J = 6.5 Hz), 1.77 (m, 2H, J = 7.2 Hz), 3.04 (q, 2H, J = 6.3 Hz), 3.47 

(s, 2H), 3.48 (s, 2H), 3.51 (s, 2H), 3.82 (m, 1H, J = 6.5 Hz), 4.30 (m, 4H), 7.88 (s, 1H), 

8.46 (m, 2H), 8.83 (t, 1H, J = 5.6 Hz), 10.5 (s, 1H), 10.5 (s, 1H), 10.7 (s, 1H) ppm.  13C 

NMR (DMSO-d6) δ 13.9, 13.9, 22.0, 22.1, 22.1, 25.9, 26.3, 28.4, 28.4, 28.7, 28.7, 28.9, 

28.9, 29.0, 29.7, 31.1, 31.2, 31.3, 31.4, 34.6, 38.9, 40.9, 49.2, 102.8, 102.9, 102.9, 

122.8, 144.1, 153.8, 153.8, 153.8, 172.9, 173.5, 173.7 ppm.  HRMS (ESI) calculated for 

C37H62N6O6 [M+Na]+ 709.4623, found 709.4627. 

 

 

 

 

N-heptyl-2-(3-(2-(((1-heptyl-1H-1,2,3-triazol-4-yl)methyl)amino)-2-oxoethyl)-2,4,6-

trihydroxy-5-(2-(isopropylamino)-2-oxoethyl)phenyl)acetamide: (2-25)  To a 10 mL 

RBF was added 2-11 (0.019 g, 0.043 mmol) and dry DMF (2 mL).  The reaction was 

cooled to -41 °C for 15 min before the addition of heptylamine (0.042 mL, 0.043 mmol).  

The reaction stirred at low temperature for 24 h before the addition of isopropylamine 

(0.051 mL, 0.051 mmol).  The reaction solution was allowed to slowly warm to rt and 

stirred overnight.  The reaction was poured into EtOAc (75 mL) and washed with water 

(5 × 20 mL) and brine (20 mL). The organic layers were combined, dried over Na2SO4, 

filtered, and concentrated to yield a brown solid.  The solid was purified by column 

chromatography (Rf = 0.5, 1:4 Hex:EtOAc) to yield an off-white solid (0.015 g, 72%).  1H 

NMR (DMSO-d6) δ 0.85 (dt, 6H, J = 6.8 Hz), 1.06 (d, 6H, J = 6.6 Hz), 1.23 (m, 16H), 

1.40 (m, 2H, J = 6.5 Hz), 1.77 (m, 2H, J = 7.2 Hz), 3.04 (q, 2H, J = 6.3 Hz), 3.47 (s, 2H), 

3.48 (s, 2H), 3.51 (s, 2H), 3.82 (m, 1H, J = 6.5 Hz), 4.30 (m, 4H), 7.88 (s, 1H), 8.46 (m, 

2H), 8.83 (t, 1H, J = 5.6 Hz), 10.5 (s, 1H), 10.5 (s, 1H), 10.7 (s, 1H) ppm.  13C NMR 
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(DMSO-d6) δ 13.9, 13.9, 22.0, 22.0, 22.1, 25.8, 26.3, 28.0, 28.3, 28.7, 29.7, 31.1, 31.2, 

31.3, 31.4, 34.6, 38.9, 40.9, 49.2, 102.8, 102.9, 102.9, 122.8, 144.1, 153.8, 153.8, 

153.8, 172.9, 173.5, 173.7 ppm.   

 

 
 

2,2'-(5-(2-(((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amino)-2-oxoethyl)-2,4,6-

trihydroxy-1,3-phenylene)bis(N-(prop-2-yn-1-yl)acetamide) (2-29):  A solution of 2-8 

(0.05 g, 0.12 mmol) in DMF (3 mL) was cooled to 0 ° C for ten minutes.  To this reaction 

was added propargylamine (0.020 g, 0.36 mmol).  The resulting solution was allowed to 

stir at this temperature for two hours before warming to room temperature.  The solution 

continued to stir for an additional 22 hours.  At this time, the reaction was poured in to 

EtOAc (75 mL) and washed with water (3 x 25 mL) and brine (1 x 25 mL).  The solution 

was dried over Na2SO4, filtered, and concentrated to afford the product as a yellow, 

sticky solid (0.06 g, 94%).  No further purification was performed.  1H NMR (DMSO-d6) δ 

3.12 (t, 2 H, J = 2.5 Hz), 3.48 (s, 4 H), 3.50 (s, 2 H), 3.86 (dd, 4 H,  J = 5.5 and 2.5 Hz), 

4.30 (d, 2 H, J = 5.5 Hz), 5.56 (s, 2 H), 7.33 (m, 5 H), 7.97 (s, 1 H), 8.73 (t, 2 H, J = 5.5 

Hz), 8.81 (t, 1 H, J = 5.5 Hz), 9.96 (s, 1 H), 10.04 (s, 2 H).  13C NMR (DMSO-d6) δ 28.7, 

31.4, 35.1, 53.2, 73.8, 81.1, 103.3, 123.6, 128.5, 128.6, 129.2, 136.5, 144.9, 154.2, 

173.6, 173.8.  HRMS (ESI) calculated for C28H28N6O6 [M+Na]+ 567.1963, found 

567.1963.   
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N-((1-hexyl-1H-1,2,3-triazol-4-yl)methyl)-2-(4-hydroxy-2,7-dioxo-2,3,7,8-

tetrahydrobenzo[1,2-b:3,4-b']difuran-5-yl)acetamide (16):  To a flame dried flask was 

added 10 (0.052 g, .017 mmol) in dry THF (3 mL).  CuI (0.066 g, 0.35), DIPEA (0.03 

mL, 0.17 mmol), and 1-azidohexane (0.20 g, 1.72 mmol) was added to the flask.  The 

reaction mixture was allowed to stir at room temperature under argon for 2 hours.  At 

this time the reaction was poured into brine and extracted with EtOAc (4 x 20 mL).  The 

organic layer was dried over Na2SO4, filtered, and concentrated.  The resulting crude 

solid was purified via column chromatography (30% hex:EtOAc) to yield the pure, tan 

solid (0.26 g, 36 %).  1H NMR (DMSO-d6) δ 0.85 (t, 3H, J = 7 Hz), 1.24 (m, 6H), 1.77 (p, 

2H, J = 7 Hz), 3.49 (s, 2H), 3.79 (s, 2H), 3.92 (s, 2H), 4.30 (m, 4H), 7.89 (s, 1H), 8.60 (t, 

1H, J = 5 Hz), 10.3 (s, 1H).  13C NMR (DMSO-d6) δ 14.3, 22.4, 25.9, 30.1, 30.9, 31.0, 

31.4, 35.0, 49.7, 97.6, 103.1, 105.5, 123.2, 145.1, 148.2, 151.9, 170.3, 174.4, 174.6.   
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CHAPTER 3 
CONCLUSIONS AND FUTURE DIRECTIONS 

This work has explored using CuAAC with a variety of BTF and phloroglucinol 

derivatives.  Azide scope was studied and post-click functionalization of difuranone BTF 

compounds was accomplished through aminolysis.  The major modes of 

multifunctionalization were outlined and examples were given as to the field where they 

are relevant.  Copper catalyzed azide-alkyne cycloaddition was discussed to highlight 

the efficiency, versatility, and orthogonality of the reaction.  Examples where CuAAC 

has been coupled with classical multifunctionalization strategies in an effort to 

streamline synthesis were reviewed.  The need for new and powerful 

multifunctionalization strategies has been identified.   

Functionalization of BTF via CuAAC 

 Azide scope was investigated with a monofunctionalized BTF derivative 2-6.  

Linear azides gave cleaner products, higher degree of conversion, and shorter reaction 

times in comparison to benzylazide and 2-ethylhexylazide.  Clicked compounds using 

linear azides could be isolated after column chromatography in 50% yield on average.  

These compounds were characterized by 1H NMR, 13C NMR, and HRMS.  Post-click 

functionalized of BTF difuranones was accomplished through aminolysis with a variety 

of amines: heptylamine, furfurylamine, and propargylamine.  Conversion of the 

difuranones to phloroglucinol derivatives always neared 100% and the pure products 

could be isolated after column chromatography in 50% yield on average.  Both 

difunctional and trifunctional phloroglucinol derivatives were functionalized by sequential 

aminolysis and CuAAC. 
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Future Directions 

Future studies with BTF will continue to expand the azide scope for CuAAC with 

2-6.  Alkyl azides with branching at the gamma position (e.g. isoamylazide) will be 

considered to study the effects of branching on CuAAC with the BTF system.  Other 

azides of interest would be those with biological or fluorescence applications such as 

biotin and dansyl chloride derivatives, respectively.64   

Another area of interest is applying other click chemistries such as Diels-Alder 

cycloaddition and thiol-ene addition to the BTF scaffold.  Expanding the number of 

efficient reactions that are compatible with the BTF core would also expand the 

applications of BTF.  While few in number, there are systems that utilize triple click 

reactions for the one-pot synthesis of a functional system.65  Functionalizing BTF with 

an alkyne, diene, and alkene would make it possible for BTF to be used as a core for 

miktoarm star (three-arm) polymers or for bioconjugation.65   

Polymer and/or surface modifications can also find utility in this methodology.  

Functionalizing BTF with a clickable alkyne unit could be a powerful tool for modifying 

polymers.  Since 2-6 could be functionalized with up to two different units, there are a 

vast number of synthetic targets that can be appended to a polymer chain.  Hence, 

polymers with new and enhanced properties could be synthesized just by tuning how 

BTF was functionalized.  BTF could be functionalized with a clickable handle and two 

water solubilizing groups (e. g. oligoethylene glycol) and subsequently “clicked” to a 

hydrophobic polymer backbone appended with azide side chains (Figure 3-1).  The 

amphiphilicity introduced could induce interesting self-assembly or biocompatibility 

properties.66  Indeed, block co-polymers could be synthesized using the BTF system.  

Take for example a block co-polymer constructed from a hydrophobic polymer and a 
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polymer with azide functionalities along the backbone or at the end group.  CuAAC with 

these azide groups and a phloroglucinol derivative with hydrophilic or aromatic 

functionalities allows self-assembly of the block co-polymer through 

hydrophilic/hydrophobic interactions or pi/pi stacking, respectively.67-69  Homopolymers 

could undergo the same type of functionalization and subsequent self-assembly.   

 
Figure 3-1.  Proposed phloroglucinol derivative that could be appended to an azide 

grafted polymer by CuAAC to create an amphiphilic polymer.   

Additionally, nanoparticles could be assembled bearing peripheral azide 

functionalities.70  These azide groups could then undergo CuAAC with a BTF molecule 

bearing a therapeutic drug, a dye, or some type of targeting agent.71  Since 

nanoparticles have found increased use as drug delivery platforms, BTF would offer the 

advantage of efficient functionalization of expensive drug substrates to a nanoparticle 

core while keeping the drug in close proximity to the dye or targeting agent.  Likewise, a 

phloroglucinol derivative possessing a drug and ligand designed for receptor recognition 

could be simply clicked to a polymer backbone and further assembled in to micelles or 

nanoparticles for enhanced drug delivery.71  Finally, use of BTF derivatives as antibody 

recruiting molecules (ARMs) can be imagined.  ARMs are bifunctional molecules that 

help antibodies bind to entities relevant to the disease in question.  Functionalizing BTF 

with an antibody-binding terminus, a target-binding terminus, and even a fluorescent tag 

would offer a new approach to ARMs.72,73     
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Offered here is an approach to highly functional molecules that aims to embody 

the click philosophy for the entire synthetic process.  While BTF can only undergo a 

limited number of transformations, these reactions are wide in scope and modular.  The 

reactions have excellent atom economy which boosts crude purity and aids in 

purification.  Also, the reaction conditions are flexible in that the reactions do not require 

inert or special conditions.  Work-up is easy as only general extraction techniques are 

needed.  Targets are readily made from available materials and the reactions proceed 

predictably and with high levels of conversion.  Another advantage is that the clicked 

targets (such as 2-11 or 2-14) do not need to be purified in order to undergo final 

functionalization.  This streamlines the synthesis and avoids purification steps thus 

boosting yield.  However, purification techniques and yield still need to be optimized in 

order to truly embody the click chemistry philosophy.  A noticeable portion of material is 

lost during column chromatography.  Lowering the catalyst and azide loading is one 

possible way to reduce the purification required of the clicked targets. 

 The established approach has great potential for the selective attachment of 

dyes, biological molecules, or other valuable substrates in order for BTF to be applied to 

designer systems.  Applied to macromolecules, such as polymers, new morphologies 

and self-assembly can be envisioned where the functionalization of BTF controls 

hydrophobic/hydrophilic or pi-pi stacking interactions.  While the results reported in 

Chapter 2 are preliminary, they demonstrate a tailorable method toward streamlined 

synthesis of designer molecules.    
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APPENDIX A 
INVESTIGATION OF NOVEL, MULTIFUNCTIONAL SCAFFOLDS 

In an effort to expand the library of compounds like BTF, investigation of other 

symmetrical scaffolds capable of sequential multifunctionalization through coupled 

inductive or strain effects has begun.  An obvious starting point was mellitic trianhydride 

(MTA) with three anhydride rings fused to a benzene core (Scheme A-1).  MTA has 

been studied for its ability to form charge-transfer complexes with naphthalene, 

triphenylene, and 9,10-dimethylanthracene.74 However, due to rapid hydrolysis in air 

and overall difficult handling, little work has been done to exploit its reactivity.  Exploring 

the sequential aminolysis of MTA through control of temperature and stoichiometry 

could provide another route to trifunctional molecules.  Additionally, imide formation via 

condensation of the trifunctional molecule will yield a tri-imide which has not been 

reported (Figure A-1).  Tri-imides are often used as electron acceptors so studying non-

symmetric triimides in this role is interesting.75 

 

 Figure A-1:  Proposed sequential functionalization of MTA.   

 The first task was to complete some data analysis in order to better understand if 

the MTA system would be a good candidate for multifunctionalization.  Investigation of 

the reported crystal structure data and IR spectra revealed interesting details.  MTA 

takes on a three-blade propeller shape which is consistent with D3 symmetry.74    The 

propeller shape is not a consequence of strain or non-bonding repulsions but of the 
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packing orientation in the crystal form.  Non-bonding repulsions between the O atoms of 

the carbonyls can be excluded as a reason for the distortion as the O···O distance is 

3.206 Å, well above that of the van der Waals radii.  MTA is planar when in molecular 

complexes with donors such a triphenylene.  If the distortion were to arise from 

intramolecular repulsions, they would be evident in the crystal structure of the 

complexes.  In fact, the distortion arises from intermolecular packing.74  There is a 

distinct edge-to-face interaction in the crystal between the anhydride oxygen and the 

carbonyl carbon.  This can be ascribed to nucleophile-electrophile type interactions, and 

pyramidalization of the carbonyl carbon toward the anhydride oxygen aids in this 

attraction.   

We were curious if MTA exhibited the Mills-Nixon effect as to speak to strain 

associated with the system.  The reported crystal structure shows a disordered 

orientation; both orientations could be well resolved save for the carbon atoms of the 

central benzene ring.  Thus, information about bond-length alternation could not be 

gathered despite any distortions the fused five-membered ring might impose.  The 

crystal structure does indicate that the bond angles for the sp2 hybridized carbons are 

acute in comparison to the preferred angle.  The carbonyl carbons have an internal 

bond angle of 106.7°, far from the preferred 120° for sp2 hybridized atoms.  The 

decreased bond angles are on the scale of those found in BTF.  This alone can attest to 

the strain of the system.74      

 IR information was studied to compare MTA with relevant anhydrides.  There is a 

noticeable increase in stretching frequencies from monoanhydride to trianhydride 

(Figure A-2).  This shift in frequency is a result of increasing bond order for the carbonyl 
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groups.  The bond order reflects the contribution of the resonance structures for the 

anhydrides.  Since MTA has 14 contributing resonance structures, the bond order will 

be higher and thus the C=O stretches will shift to higher frequencies.76  Also, cyclization 

of the anhydrides shifts the stretch to higher 

frequencies speaking to ring strain as can be seen by comparing the stretches of acetic 

anhydride (1827 and 1755 cm-1).    

 Phthalic Anhydride 
Pyromellitic 
Anhydride 

Mellitic Trianhydride 

In-phase 1849 1872, 1854 1886, 1872 

Out-of-phase 1769 1790, 1775 1799 

Bond Order 1.667 1.800 1.857 

Figure A-2.  C=O stretching frequencies (cm-1) and bond orders of relevant anhydrides. 

 Preliminary studies focused on synthesizing triimides from MTA.  Since triimides 

are typically synthesized from mellitic acid through a condensation process, our 

approach to triimides was quite different.  MTA was first synthesized by refluxing mellitic 

acid with acetic anhydride overnight.  The solvent was removed by high-vacuum and 

the solid remained under vacuum until ready to use.  Attempts to fully characterize MTA 

were unsuccessful.  Since MTA is highly susceptible to hydrolysis from moisture in the 

air, performing any type of characterization was difficult.  Attempts at NMR were difficult 

due to the low solubility of MTA as well as rapid hydrolysis when exposed to any 

moisture.  Furthermore, most of the literature on the preparation of MTA is rather dated 

and does not include synthetic or characterization details.   

To access the triimides, the green, MTA solid was refluxed with benzylamine in 

DMF (Figure A-3).  TLC showed several spots which corresponded to mono-, di-, and 
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triimides.  Column chromatography allowed the isolation of the desired triimide A-4, and 

NMR characterization confirmed the desired product.  However, the desired product 

could only be isolated in 25% yield.   

 

Figure A-3.  Synthesis of a benzyltriimide. 

 With these somewhat disappointing results, the ability of these imides to undergo 

transimidation was considered.  To test this hypothesis, a pure triimide A-5 was refluxed 

with 3.0 equivalents of benzylamine (Figure A-4).  This test reaction revealed a crude 

mixture of products that had incorporated the added amine.  It appears by 1H NMR 

analysis that some of the products were diamides where benzylamine had been 

incorporated as evident by the presence of new amide peaks in the 6.0 – 6.5 ppm 

region.  Other products were imides where a benzyl substituent had replaced the heptyl 

chain as was identified by a singlet at 4.8 ppm.  The results of these reactions were not 

promising and pursuit of diverse triimides was abandoned. 

Figure A-4:  Transimidation study resulting in a complex mixture of imides and amides 
of varying degrees of substitution. 
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Proposed Future Symmetrical Targets 

   Another molecule that could potentially be used as a symmetric, molecular 

scaffold is trisisatin.  Isatin has been around for quite some time and has found its place 

in science as it is often used as a building block in biological targets and dyes.77-79  

Isatin can undergo ring-opening events with good nucleophiles, especially if the amide 

nitrogen is functionalized with an electron withdrawing group (Figure A-5A).  To date, 

bisisatin has been reported, but there are no references for the synthesis of trisisatin 

(Figure A-5B).80  The goal is to synthesize the trisisatin target and investigate its 

reactivity toward sequential functionalizations.  Isatins are typically    

 

 
Figure A-5:  A)  Reaction of N-acetylisatin with 4-bromoaniline.  B) Bisisatin (left) and 

proposed target trisisatin (right). 

synthesized through the Sandmeyer reaction of anilines with chloral hydrate in acidic 

conditions (Figure A-6).81a  This method is the most widely reported and always 

proceeds with good yields. Since Sandmeyer first introduced his synthesis in the early 

1900s, other methods have become available.  Synthetic routes by Stolle, Gassman, 

and others will also be considered for this project pending results using Sandmeyer 

isatin synthesis (Figure A-6).81a,81b     

 

A) 

B) 
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Figure A-6.  Sandmeyer, Stolle, and Gassman synthesis of isatin. 

Discussion 

 The desymmetrization of MTA was attempted by first investigating its reactivity 

toward primary amines and subsequent condensation to afford triimides.  Unfortunately, 

MTA could not be synthesized in high fidelity and the desired triimide could not be 

gathered in good yield.  It was also found that the triimides could undergo transimidation 

with other amines in the reaction solution which complicates the product outcome as 

well as diminishes the ability of MTA to be a molecular scaffold for trifunctionalization.  

In the future, other symmetrical scaffolds will be considered.  Trisisatins are of particular 

interest since they can undergo ring-opening events.  Because they have never been 

reported, there is information to be gathered from their synthesis alone.      
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APPENDIX B 
APPROACHES TO DENDRIMERS THROUGH FUNCTIONALIZATION OF BTF 

Since their discovery in 1978, dendrimers have become a great area of interest 

because of their potential applications in medicine and material science.  Dendrimers 

are very interesting macromolecules as they are globular and highly branched 

structures whose function is typically governed by the many functional groups found on 

the periphery.  However, one of the drawbacks of making sophisticated large molecules 

is the time and effort that goes in to the synthesis of such dendrimers.  A stepwise 

approach to constructing dendrimers is often very expensive, requiring large amounts of 

supplies and time, and affords low yields of the desired products.  Since high yielding 

reactions are imperative in achieving high generation dendrimers, there is a continuous 

need to develop synthetic strategies that will accelerate dendrimer construction.6, 82  

Synthesis of Dendrimer Precursors 

 The synthesis of dendrimers is an attractive application area for BTF because 

dendrimers require high yielding and reliable reactions.83-88 For this reason, it was 

decided to use a divergent approach for the initial synthesis of a first-generation 

dendrimer constructed from BTF.  At its simplest, this approach would start with tri-

functionalization of BTF with a mono-protected diamine, followed by deprotection to 

reveal three free and reactive amines.  These amines could then be reacted with a di-

functionalized BTF analog to quickly yield a first-generation dendrimer (Figure B-1).  

Removal of the peripheral protecting groups to reveal free, reactive amines followed by 

coupling with six equivalents of a di-functionalized BTF would easily provide a second-

generation dendrimer with 12 masked reactive sites around the edges.  This reaction 

sequence could be repeated for larger generations. 
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In executing this approach, BTF was reacted with 3.5 equivalents of mono-Boc 

protected ethylene diamine (Figure B-2).  The reaction was run in DMF and allowed to 

stir for 19 hours which yielded core B-2 in 90% after column chromatography (9:1 

DCM/MeOH).  Boc protecting groups were chosen because they are stable to many 

reaction conditions and are easily removed.  

With the tri-substituted product in hand, removal of the Boc protecting groups 

was the next step.  Since Boc groups are easily removed with acid, the first attempt at 

removing the protecting groups employed 4 M HCl in EtOAc.  After several trials, the 

desired product B-3 could not be isolated.  It appeared by NMR that Boc groups were 

still present as a peak at 1.4 ppm was evident.  There was also evidence of 

deterioration of the starting material.  Another acid approach using HCl/MeOH/dioxane 

was attempted.  This too gave incomplete deprotection as well as unwanted side 

products.  

Figure B-1.  Synthesis of a first-generation dendrimer from BTF.   
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In an effort to avoid using strong acids, a route using SiMe3I in MeCN was 

considered.  This approach gave complete conversion to the desired product in less 

than 3 hours at room temperature.  The corresponding iodide salt B-3 was isolated by 

crystallizing the resulting residue in acetone.  The product is evident via NMR by the 

disappearance of the Boc methyl groups at 1.4 ppm.  Equally as distinct was the shift of 

the ethylene peaks from 3.08 ppm and 2.99 ppm to 3.29 ppm and 2.88 ppm, 

respectively.  

   

 

The next step involved synthesizing the peripheral di-substituted BTF units 

(Figure B-3).  Addition of 1.95 equivalents of Boc-protected ethylene diamine to BTF 

gives the desired di-substituted product B-4 in 85% yield before column 

chromatography.  Using a slight excess of BTF (in relation to amine) helps to lessen the 

formation of unwanted tri-substituted product.  Discerning which impurities are in this 

reaction mixture is straightforward given that the methylene protons of BTF have 

characteristic chemical shifts based on the degree of substitution.    

The presence of tri-substituted product makes purification by column 

chromatography challenging because a solvent system that gives good separation (9:1 

EtOAc/Hex) did not remove all of the product from the column.  Likewise, a solvent 

system (9:1 DCM/MeOH) that carries all the product off of the column does not give the 

Figure B-2.  Synthesis of first-generation dendrimer core. 
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best separation.  In the end, the desired product could be isolated (< 50%) and is pure 

spectroscopically (1H NMR). 

 

 

 

Use of Alternative Diamines 

 In an attempt to avoid the use of protecting groups, the idea of using 

unsymmetrical diamines was appealing.  The Simanek group has done extensive work 

in building dendrimers using cyanuric chloride as the symmetric core scaffold.  They 

have used 4-aminomethylpiperidine (4-AMP) as a linking unit in many of their 

dendrimers and received good results.22,87  When attempting the tri-functionalization of 

BTF with 3.5 equivalents of 4-AMP, a product insoluble in most organic solvents formed  

  

 

 

(Figure B-4).  The structure of the compound could not be confirmed by NMR or MS.  It 

is likely that the reactivity between the primary and cyclic secondary amine was too 

similar to give selective aminolysis of BTF.  On the same note, cross-linking of BTF 

cores to form oligomers is probable.  After several attempts, the use of 4-AMP was 

abandoned for the more reliable Boc-protected ethylene diamine. 

Figure B-3.  Synthesis of di-substituted dendron. 

Figure B-4.  Synthesis of dendrimer with 4-AMP. 
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Final Attempts at Dendrimer Synthesis  

Unfortunately, after many unsuccessful attempts at linking BTF analogs B-3 and 

B-4 to yield a first generation dendrimer, that plan was put on hold and other routes 

were investigated.  One route considered was using Sonogashira coupling to link an 

aryl halide and a terminal alkyne.  Although synthesis of the starting materials was 

straight forward, the linking proved difficult.  With milder conditions, the  

 

crosslinking did not occur and both starting materials were identified by NMR.  When 

the temperature was elevated, the reaction gave products that could not be identified 

and presumably resulted from the decomposition of the starting materials (Figure B-5).  

With that, it was decided to try using azide-alkyne Huisgen cycloaddition because 

of the mild reaction conditions and vast functional group tolerance.28,39,88  The first 

attempt at making dendrimers using this click reaction entailed linking two mono-alkyne 

2-6 compounds with 1,6-diazidohexane (Figure B-6).   There were clues that the 

reaction was proceeding, but the reaction never went to completion.  This is most likely 

due to dilute reaction conditions (0.036 mM due to solubility of 2-6 in THF).  Additionally, 

use of aqueous medium (as used in Chapter 2) would give better outcomes but has not 

been tried in this case. 

Figure B-5.  Sonogashira coupling toward first-generation dendrimer synthesis. 
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Figure B-6. Attempted synthesis of linked compound bearing four lactone rings.   

Discussion 

BTF was used to explore first-generation dendrimers formation.  Several amines 

and different linking methods were utilized in an effort to construct the targets.  Initial 

divergent approaches proved to be difficult due to incomplete deprotection of the Boc 

groups as well as trouble isolating the pure disubstituted peripheral group.  Attempts to 

use diamines were also unsuccessful because the kinetics of the ring-opening events 

were too similar between the primary and cyclic secondary amine.    Finally, with the 

failure of Sonogashira coupling, click chemistry was employed to link two 

monofunctionalized BTF motifs.  Because click chemistry has proven to work 

exceptionally well with BTF, it is likely that concentration issues were the reason for 

failure.  Although a first-generation dendrimer was not synthesized, much has been 

learned about the type of reactions the BTF scaffold can endure as well as the types of 

amines that can be used.   
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Experimental 

 

 

Tert-butyl (2-aminoethyl)carbamate:  To a solution of ethylenediamine (13.4 g, 223 

mmol) in CH2Cl2 (70 mL) was added Boc-Anhydride (17.4 g, 79.8 mmol) over 3.5 hours.  

Saturated Na2CO3 (100 mL) was added to the solution and the two layers were 

separated.  The aqueous layer was extracted with CH2Cl2 (3 × 100 mL) and dried over 

MgSO4.  The organic layer was concentrated under reduced pressure.  The oil was 

purified via column chromatography (9:1 CH2Cl2/MeOH, 1% NEt3).  
1H NMR (CDCl3) δ 

1.43 (s, 9H), 2.78 (t, 2H, J = 6 Hz), 3.16 (q, 2H, J = 6 Hz), 4.90 (s, 2H) ppm.  13C NMR 

(CDCl3) δ 28.5, 41.9, 43.4, 79.4, 156.4 ppm.  HRMS (ESI) calculated for C7H16N2O2 

[M+H]+ 161.1285, found 161.1292. 

 

 
 

Tri-tert-butyl (((2,2',2''-(2,4,6-trihydroxybenzene-1,3,5- 

triyl)tris(acetyl))tris(azanediyl))tris(ethane-2,1-diyl))tricarbamate (B-2):  In a 

reaction vessel equipped with a stir bar was added BTF (0.05 g, 0.20 mmol) and dry 

DMF (5 mL).  The reaction flask was cooled in a dry ice/acetonitrile bath (-41 °C).  To 

the cooled solution was added tert-butyl (2-aminoethyl)carbamate (0.11 g, 0.71 mmol).  

The reaction was allowed to stir for 2 h under a blanket of argon at which time the 

reaction was warmed to rt.  The reaction stirred for an additional 14 h.  The reaction was 

poured in to ethyl acetate (75 mL), washed with water (5 × 30 mL), and once with brine 

(30 mL).  The organic layer was dried over Na2SO4, filtered, and concentrated under 
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reduced pressure.  The product was purified via column chromatography (5% 

MeOH/CH2Cl2, Rf ≈ 0.25) to yield the product as a light brown solid (0.08 g, 95%).  1H 

NMR (DMSO-d6) δ 1.37 (s, 27H), 2.99 (q, 6H, J = 4.9 and 5.7), 3.07 (q, 6H, J = 5.2 and 

5.7), 3.47 (s, 6H), 6.81 (t, 3H, J = 4.7 Hz), 8.44 (t, 3H, J = 4.5 Hz), 10.46 (s, 3H) ppm.  

13C NMR (DMSO-d6) δ 28.7, 31.8, 36.2, 39.7, 78.2, 103.3, 154.2, 156.1, 174.4 ppm.  

HRMS (ESI) calculated for C33H54N6O12 [M+Na]+ 749.3692, found 749.3702.   

 

 
 

2,2'-((2,2'-(5-(2-((2-Aminoethyl)amino)-2-oxoethyl)-2,4,6-trihydroxy-1,3-

phenylene)bis(acetyl))bis(azanediyl))bis(ethan-1-aminium) (B-3):  To a flame dried 

25 mL round bottom flask equipped with a stir bar was added B-2 (0.04 g, 0.05 mmol) 

and 5 mL dry MeCN.  The reaction was allowed to stir for 10 min at which time Me3SiI 

(0.028 mL, 0.20 mmol) was added via syringe.  After several minutes, a yellow solid 

appeared.  The reaction stirred for 3 h, and then dry methanol (0.020 mL, 0.49 mmol) 

was added to quench the reaction.  The volatiles were removed and the crude solid was 

crystallized from acetone.  NMR confirmed complete removal of protecting groups.  1H 

NMR (DMSO-d6) δ 2.87 (q, 6H, J = 6 Hz), 3.29 (q, 6H, J = 6 Hz), 3.50 (s, 6H), 3.72 (bs, 

6H), 7.70 (bs, 9H), 8.48 (t, 3H, J = 5.4 Hz), 10.03 (s, 3H) ppm.  13C NMR (DMSO-d6) δ 

31.9, 37.2, 38.8, 103.5, 154.1, 174.7 ppm.  HRMS (ESI, 1% AcOH/MeOH) calculated 

for C18H30N6O6 [M+H] 427.2300, found 427.2311.   
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Di-tert-butyl (((2,2'-(4,6-dihydroxy-2-oxo-2,3-dihydrobenzofuran-5,7-

diyl)bis(acetyl))bis(azanediyl))bis(ethane-2,1-diyl))dicarbamate (B-4):  In a reaction 

vessel equipped with a stir bar was added BTF (0.050 g, 0.20 mmol) and dry DMF (5 

mL).  The reaction flask was cooled in a dry ice/acetonitrile bath (-41 °C).  To the cooled 

solution was added tert-butyl (2-aminoethyl)carbamate (0.063 g, 0.39 mmol).  The 

reaction was allowed to stir for 2 h under a blanket of argon at which time the reaction 

was warmed to rt.  The reaction stirred for an additional 14 h.  The reaction was poured 

in to ethyl acetate (75 mL), washed with water (5 × 30 mL), and once with brine (30 mL).  

The organic layer was dried over Na2SO4, filtered, and concentrated under reduced 

pressure.  The product was purified via column chromatography (10% MeOH/CH2Cl2, Rf 

≈ 0.25) to yield the product as a light brown solid (0.08 g, 88%).  1H NMR (DMSO-d6) δ 

1.36 (s, 9H), 2.98 (q, 4H), 3.08 (q, 4H), 3.43 (s, 2H), 3.47 (s, 2H), 3.69 (s, 2H), 6.79 (t, 

2H), 8.14 (t, 1H, J = 5 Hz), 8.40 (t, 1H, J = 5 Hz), 9.89 (s, 1H), 10.90 (s, 1H) ppm.  13C 

NMR (DMSO-d6) δ  28.2, 30.8, 31.2, 31.7, 39.1, 39.4, 77.7, 98.3, 100.7, 106.5, 150.7, 

151.9, 155.4, 155.6, 171.9, 172.5, 174.5 ppm.  HRMS (ESI) calculated for C26H38N4O10 

[M+Na]+ 589.2480, found 589.2469.   

 
 

2,2',2''-(2,4,6-Trihydroxybenzene-1,3,5-triyl)tris(N-(4-bromobenzyl)acetamide) (B-

6):  To a 25 mL round bottom flask was added 4-bromobenzylamine hydrochloride (0.16 

g, 0.71 mmol), triethylamine (0.11 mL, 0.81 mmol), and THF (3 mL).  The mixture was 

stirred for 1 h at rt at which time it was cooled to -41 °C.  BTF (0.050 g, 0.20 mmol) was 
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added to the flask and reaction mixture was stirred.  After 1 h, the reaction was allowed 

to warm to rt and stirred for 27 h.  EtOAc (75 mL) was added and the organic layer was 

washed with water (3 × 20 mL) and once with brine (20 mL).  The organic layer was 

then dried over Na2SO4, filtered, and concentrated under reduced pressure.  The 

resulting crude material was purified by column chromatography (20% Hex/EtOAc, Rf ≈ 

0.3) to give the desired product as an off-white solid (0.146 g, 89%).  1H NMR (DMSO-

d6) δ 3.55 (s, 6H), 4.22 (d, 6H, J = 5.3 Hz), 7.21 (d, 6H, 7.9 Hz), 7.49 (d, 6H, J = 7.9 Hz), 

8.79 (t, 3H, J = 3.4 Hz), 10.11 (s, 3H) ppm.  13C NMR (DMSO-d6) δ 31.8, 42.3, 103.5, 

120.6, 130.0, 131.6, 138.8, 154.3, 173.9 ppm.  HRMS (ESI) ion calculated for 

C33H30Br3N3O6  was not found.    
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Figure B-7. 1H NMR (Top) and 13C NMR (Bottom) of B-2.   

 



 

85 

 

 
Figure B-8.  1H NMR (Top) and 13C NMR (Bottom) of B-3.   
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Figure B-9.  1H NMR of B-4.   
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Figure B-10.  1H NMR (Top) and 13C NMR (Bottom) of B-6. 
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APPENDIX C 
SUPPLEMENTARY INFORMATION FOR CHAPTER 2 
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Figure C-1.  (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-4. 
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Figure C-2.  (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-5. 
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Figure C-3.  (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-6. 
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Figure C-4.  (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-8.   
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Figure C-5.  (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-10. 
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Figure C-6. Crude 1H NMR spectrum of 2-11. 
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Figure C-7. (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-11. 
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Figure C-8. (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-14. 
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Figure C-9. (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-15. 
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Figure C-10. (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-16. 
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Figure C-11. (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-17. 
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Figure C-12. (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-18. 
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Figure C-13. (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-19. 
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Figure C-14. (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-20. 
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Figure C-15. (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-21. 
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Figure C-16. (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-23. 
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Figure C-17. (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-24. 
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Figure C-18. (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-25. 
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Figure C-19. (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-29. 
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Figure C-20. (Top) 1H NMR and (Bottom) 13C NMR spectrum of 2-34. 
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