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ABSTRACT 

 

 
 Carbon-carbon bond formation is the foundation to synthesizing complex molecules and 

has gathered the attention of many synthetic chemists. One must keep in mind that these reactions 

are dependent on materials for a specific agenda when tackling a structural framework, which may 

require additional steps to create, and at times, are difficult to prepare. As significant as C-C bond 

formation reactions are, these minor setbacks may draw caution when synthesizing a complicated 

molecule whose structural framework cannot be easily accessed by the unity of two fragments. On 

the other hand, the less familiar C-C bond cleavage reactions have, over time, demonstrated the 

potential to generate unique structural building blocks that can be used to overcome certain 

obstacles that other synthetic methods cannot provide. Here, we will be focusing on concerted 

anionic five-center fragmentation reactions using vinylogous acyl triflates. The generated 

alkynogenic fragments will then be used in different applications. 

 We will begin by looking at chemoselective “click” reactions. The strained-promoted 

alkyne is synthesized by a tandem intramolecular nucleophilic addition / fragmentation. The 

expanded ring will contain a strained cycloalkyne which will later be tethered to a terminal alkyne. 

The diyne will be used to provide an example of a “dual-click” coupling via SPAAC or CuAAC 

in either sequential order. 

  Next, we will expand the tandem fragmentation / olefination methodology developed in 

this work to include dienynes. The dienyne provides the structural backbone needed to produce 

neopentylene indanes. This methodology is used to design new ibuprofen derivatives that 

demonstrate rigidity and increase hydrophobicity to modulate the molecular pharmacology of 

ibuprofen.          
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CHAPTER 1 

 

INTRODUCTION TO “GROB-TYPE” FRAGMENTATION REACTIONS  

 

 
1.1 Introduction and Definition of Grob Fragmentation 

 

Carbon-carbon bond formation is the groundwork for synthesizing complex organic 

molecules. Over the past few centuries, we have seen innovative reactions that bring forth a 

unification between an electronic rich carbon-based nucleophile with an electron deficient carbon-

based electrophile. Reactions such as aldol condensation1 (enolate chemistry), Grignard2 and 

Gillman3 reactions (1,2-addition and 1,4-addition respectively), Wittig4 olefinations and pericyclic 

reactions (e.g. Diels-Alder5) are just some of the early work from which modern-day carbon-

carbon coupling chemistry has evolved. Extensive work in this field has pioneered new carbon-

carbon (sp2-sp2) coupling reactions using palladium catalysts 6-9, the introduction of chiral catalysts 

for pericyclic reactions that increase reactivity10 and/or control the regioselectivity11, asymmetric 

carbonyl allylation12, and the new but very popular C-H activation methodology13. This ever-

growing field has generated advancements towards shorter steps in natural product synthesis14-15, 

and has cultivated a better approach to structure-activity relationship (SAR) studies16 in the field 

of drug development. However, it is important to point out that these reactions are dependent on 

premeditated materials that are fixated on a specific structural framework, which may require 

additional steps to create, and at times, are difficult to prepare. As significant as C-C bond 

formation reactions are, these synthetic obstacles may prove vital when synthesizing a complicated 

molecule whose structural framework cannot be easily accessed by the unity of two fragments. On 

the other hand, the less aware C-C bond cleavage reactions have over time, demonstrated the 

potential to generate unique structural building blocks that can be used to push C-C bond formation 

reactions to new heights17 and/or complete the synthesis of a desired target18. On a limited list of 

important C-C bond cleavage reactions are sigmatropic rearrangement19, olefination reactions 

involving transition metals20, and retro-aldol reactions21. Building up this list, would not only bring 

forth valuable material for synthetic design but enrich the scientific community with a better 

understanding of how to exploit the C-C bonds of an organic molecule. 

 When exploring the C-C bond cleaving reactions, the word “fragmentation” generally 

shows up.  The term “fragmentation” in chemistry describes the separation of a molecule into 
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smaller fragments. Grob adopted this term to define a specific type of C-C bond cleavage 

methodology which came to be known as the “Grob Fragmentation”. Referring to Grob’s work, 

he clarified fragmentation as a heterolytic bond being cleaved under an ideal condition that releases 

three (or more) fragments in either a one-step (Scheme 1) or two-step process.22 The pieces that 

are produced under this reaction are an electrofuge (a-b), an unsaturated component (c-d, more 

than one fragment can be generated), and a nucleofuge (x). Electron density from a (which is 

usually a heteroatom) of the electrofuge moves toward the unsaturated component c, and 

eventually to the nucleofuge x. This tandem bond fragmenting process results in two bond cleaving 

sites and the generation of two new bonds, a=b and c=d. The nucleofuge offers a final destination 

for the flow of electrons to occupy as it breaks from the unsaturated component. 

 

 

Scheme 1. A General Outline of a One-Step Grob Fragmentation                                              

 

1.2 History and Mechanistic Thoughts 

 

 Some of the earliest examples of reactions that are similar to the Grob fragmentation 

belong to the Beckmann fragmentation which involves the degradation of oximes to generate 

nitriles.23 This reaction generates an unsaturated component via the nitrile, and a nucleofuge 

involving the oxygen of the degraded oxime (Scheme 2). These reactions were not well 

understood at the time but showcase early examples of C-C bond cleavage. 

 

 

Scheme 2. Beckmann Fragmentation 

 

 Eschenmoser in 1952, established the first intended C-C bond fragmentation reaction on 

which Grob would later base his definition of fragmentation.24 Working with β-hydroxy ketones, 

Eschenmoser was able to create an alkene under basic conditions by cleaving the C-C bond of the 

hydrocarbon ring (equation 1 of Scheme 3). A closer look into the sequence of this reaction shows 



3 

that the β-hydroxy group was converted to the mesylate followed by addition of excess Grignard 

reagent. By introducing the mesylate, it offers a better possible nucleofuge that can hold the final 

pair of electrons than a free hydroxy group. Grob fragmentation begins with the attack of the 

methyl Grignard on the ketone generating a tetrahedral intermediate (TI). It was here that the 

collapse of the TI caused the first bond cleavage site as seen between the electrofuge and the 

unsaturated component. As the alkene is forming, the -OMs leaves, giving the desired alkene. The 

excess Grignard attacks the in-situ ketone giving rise to the final product. 

 

 

Scheme 3. History of Various Fragmentation Reactions Involving C-C Bond Cleavage 

  

In 1955, Grob demonstrated fragmentation of 1,4-dibromocyclohexanes with different 

metals that led to 1,5-diene systems (equation 2 of Scheme 3).25 This work is crucial as it provided 

mechanistic insight into the cleavage of the structural backbone of the cyclohexane. Insertion of 

the zinc produces an electronically rich carbon. The electrons from the negatively charged carbon 

follow the path of Grob fragmentation to produce the 1,5-diene.  

 Medium size rings can be difficult to synthesize, proving the Grob fragmentation to be an 

attractive approach to this dilemma. In 1956, Stork reported the first example of a ring expansion 

using an ammonium salt to create a cis-cyclooctene (equation 3 of Scheme 3).26 In this scenario, a 

-OH group attacks the carbonyl to form a T.I. The collapse of the T.I. creates a carboxylic acid 

which leads to the C-C bond cleavage that eventually produces the cycloalkene ring.  
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            Mechanistic studies on β-Bromo ketone fragmentations were done by Wolff in 1960 

(equation 4 of Scheme 3).27 Like equation 3 in scheme 3, the hydroxy group attacks the ketone of 

bromopivalophenone. Collapse of the T.I. led to benzoic acid (electrofuge), unsaturated 

isobutylene and the bromide (nucleofuge) in a two-step bond cleaving mechanism. It is important 

to point out that the carbon beta to the bromide has no hydrogens, preventing a possible elimination 

pathway. 

 

 

Scheme 4. Mechanistic Considerations of Fragmentation Reactions 

 

 As stated earlier, strengthening our understanding of fragmentation methodology can 

expand exploitation of the C-C bond cleavages of an organic molecule. Looking at a classic E2 

elimination, the C-H bond needs to be parallel to the σ* of the C-Br bond (equation 1 of Scheme 

4). The orbitals are in proper alignment where the electron density from the C-H bond can now 
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occupy the σ* C-Br mimicking a π bond. Under the right basic conditions, the elimination takes 

place giving the alkene in a concerted fashion. For a one-step or two-step Grob fragmentation to 

occur, proper orbital alignment is also necessary, following a similar pattern to an elimination 

pathway. In this case, the substrate must be a five-center system portrayed in a “W” conformation 

(equation 2 in Scheme 4). This allows the potential fragments to be in the antiparallel orientation 

for the bond cleavage to happen giving rise to five centers participating in the transition state. In a 

concerted one-step Grob fragmentation, the electrofuge, the unsaturated component, and the 

nucleofuge will dissociate at a similar time which ultimately suppresses other competing pathways. 

Typically, anionic fragmentations follow this concerted pathway. However, there are examples of 

anionic and mostly cationic fragmentations proceeding in a two-step Grob fragmentation.  

Looking at a cationic fragmentation, if a fragment breaks before the others, this can open 

the doors to competing pathways. If the nucleofuge leaves first, the electrons from the electrofuge 

have two options. The electrofuge can follow the traditional fragmentation pathway similar to a 

E1 mechanism to give the Grob fragmentation (pathway a in equation 3 of Scheme 4). The other 

approach, the electrons of the electrofuge can occupy the carbocation giving a cyclized 

intermediate (pathway b in equation 3 of Scheme 4). However, an incoming nucleophile can attack, 

leading to a substitution reaction (pathway c in equation 3 of Scheme 4). Another competing 

pathway can be the elimination, R2 (where R2 = H) can be cleaved similar to an E1 approach giving 

the alkene with the electrofuge still present in the molecule (pathway d in equation 3 of Scheme 

4). Keep in mind that an elimination can take place before the cleavage between the middle part 

and nucleofuge giving the same product as pathway d in equation 3 of Scheme 4 (This pathway is 

similar to a E2 mechanism). To suppress pathways c-e, one can change R2 to prevent elimination 

or deprive the reaction of an outside nucleophile that can create the substitution product.     

Anionic fragmentations that follow a two-step Grob fragmentation proceed by the 

electrofuge being the workhorse of the reaction. The electrofuge will break off releasing an anionic 

fragment (seen in equation 4 of Scheme 4). Here, the electrons will follow a similar pathway to an 

Elcb to give the unsaturated alkene and nucleofuge. 

  Wharton demonstrated how important the “W” conformation is when carrying a concerted 

fragmentation.28 Wharton illustrated that the fragmentation takes place as long as the C-C bond is 

in an antiparallel alignment with the potential nucleofuge. Seen in Scheme 5, a is first deprotonated 

giving the perfect setup for heterolytic fragmentation to transpire. The C-C bond that cleaves, is in 
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the correct alignment with the -OTs group giving the cis-adduct. To obtain the trans-adduct, b and 

c also have the -OTs group aligned with the C-C bond that is being cleaved. However, d has a C-

H antiperiplanar to the -OTs. Since the molecule is locked in a bicyclic system, 1,2 elimination 

reactions take place giving products that are not seen with a-c.              

 

Scheme 5. Fragmentation Observations of 1,10-Decalindiol Monotosylates 

 

  

1.3 Grob-Type Fragmentation Reactions and Their Applications 

 

 As stated earlier, there are many driving forces for a Grob fragmentation. The most 

important being the five centers participating in the transition state “W” conformation allowing 

for maximal orbital overlap. Fragmentations can go through a one-step or two-step process which 

can be facilitated by an anionic or cationic process. By manipulating the electrofuge, the middle 

part, or the nucleofuge, one can enhance the C-C bond cleavage as well as suppress competing 

pathways. The pieces generated from these fragmentations are not only useful for their pertain 

objective but can provide an easier route to a more exotic substrate that may seem difficult to 

synthesize through other methods. Herein, to simplify the concentration of Grob fragmentations, 

this dissertation will focus on concerted heterolytic anionic fragmentations as it will relate to the 

research carried out in Dr. Dudley’s group.  



7 

  

 

Scheme 6. Synthesis of a Juvenile Hormone Using a Grob Fragmentation 

  

 A classic example of a Grob Fragmentation being useful can be seen in the synthesis of the 

juvenile hormone. Edwards and coworkers synthesized 1 as a means to break apart using the fixed 

stereochemistry to be implanted in the acyclic chain. Here, Edwards demonstrated a Grob 

fragmentation of an oxidized indane core 1 to give 2.29 With 2 in hand, he then carried out another 

fragmentation giving the acyclic ketone 3 in reasonable yield. For the conversion of 2 from 1, the 

placement of the substituents played a vital role of how this reaction took place. With the first 

fragmentation, the -OTs group is acting as the leaving group which is a characteristic needed for 

the nucleofuge. The tetrasubstituted carbon between the tosylate group and the hydroxyl group 

(shown in red) contains no hydrogens suppressing a possible elimination reaction. What’s more 

extraordinary, 2 is set up in a similar fashion with assistance of the first Grob fragmentation, which 

eventually led to 3. This work provides the perfect illustration of how a Grob fragmentation can 

be used to synthesize a very difficult hydrocarbon framework without the relief of an 

organometallic coupling reaction. 

     Another example of Grob fragmentation being used for natural product synthesis can be 

seen on the natural product Jatrophatrione. The difference here is that Grob fragmentation was not 

used to generate an acyclic compound but utilized for ring expansion. Paquette and coworkers 

achieved the total synthesis of Jatrophatrione instilling a tricyclo[5.9.5] fused ring system using a 

Grob fragmentation as the key step (Scheme 7).30 In this scenario, tetracyclo[5.5.6.5] 4 was 

subjugated with potassium tert-butoxide which prompted the concerted fragmentation to take place 

(C-C bond shown in red is being cleaved). The result was a ring expansion to form a nine-

membered ring with a cis-trisubstituted alkene configuration.    
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Scheme 7.  Ring Expansion Using a Concerted Grob Fragmentation 

                                 

As previously stated, Grob fragmentation requires a “W” conformation which provides the 

best orbital overlap for the bond cleavage to occur. The earlier examples by Edwards and Paquette 

showcase five centers that participate in the transition state of the concerted fragmentation that 

were aligned in the “W” conformation. Another note is that both reactions contain oxygens in a 

1,3 relationship on the carbon backbone.  However, there are other examples that used different 

heteroatoms than oxygen as well as having an extended transition state that surpasses five centers. 

As long as the molecule has near-perfect orbital alignment, seven or more centers can contribute 

to the transition state of a concerted fragmentation. Marshall and coworkers demonstrated this 

when they carried out the nucleophilic addition of the hydroxide to borate 6 (shown in equation 1 

in scheme 8).31 The -OH group attacks the boron on molecule 6, initiating the fragmentation 

process giving the cyclodecadiene 7. Here, there are several important observations to point out 

from this reaction. One, when Marshall carried out the hydroboration reaction, the boron can attack 

the less hindered or more hindered face of the alkene. 6 portrays the boron attached on the less 

hindered side. From the less hindered side, the carbon-boron bond is in the perfect antiparallel 

alignment with the C-C bond (shown in blue) that is going to be cleaved. That same C-C bond is 

also in the correct antiparallel alignment with the potential nucleofuge. Two, with the molecule in 

the right conformation, the transition state of the concerted fragmentation contains seven centers. 

This allows for an additional bond cleavage and simultaneously provides an extra alkene. Three, 

this work provides an example of an electrofuge that contains a different heteroatom besides 

oxygen. Finally, the product 7 is a ten-membered ring that was created by a ring expansion using 

fragmentation. Another example of an extended fragmentation can be seen by Eschenmoser’s work 

on synthesizing unsaturated macrolides32. Here, we see molecule 8 in the right conformation for 

nine centers to contribute to the transition state at elevated temperatures giving 9 in high yield 

(equation 2 in Scheme 8). In this example, there are four bond cleaving site, with two of them 
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being C-C bonds. What’s more impressive, is when the fragmentation of 8 to produce 9 takes 

place, functional group manipulation occurs as well. The acetal of 8 is converted into an ester 

creating the macrolide 9. The highlights of these examples demonstrate many transformations in 

a single concerted step. However, Grob fragmentations (also including extended fragmentations) 

are not just limited to ring expansions and acyclic alkenes, it can also be used for complex 

unsaturated molecules i.e. allenes and alkynes. 

 

Scheme 8. Examples of Extended Fragmentation Reaction Scaffolds  

 

 In 2009, Williams conveyed the first systematic investigation of allenogenic 

fragmentations.33 The generation of allene 11 can be accomplished by the tandem addition / 

fragmentation of cyclic β-trifloxy-β,γ-enone 10 and an incoming nucleophile. The framework of 

10 is the ideal circumstance needed for the fragmentation to commence without concern of other 

elimination pathways. Williams and his coworkers presented experimental and computational 

information about the kinetics and thermodynamics of the produced allene. With the fragmentation 

of 10, Williams found that the allene 11 was kinetically favored but resulted the higher in energy 

product. The alkyne that can be produced under similar conditions has a high barrier to overcome 

but leads to the more thermodynamically stable product. This work provides a new method to 

synthesize a variety of allenes. By changing a (shown in red) to different R groups, one can now 

introduce chirality to the allene. The incoming nucleophile b can also provide allenes with different 

functional groups that can later be built upon. Cramer and coworkers provided ample examples of 

nucleophiles attacking 12 to generate decorated allenes.34 One example, he used an azide to do the 
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addition / fragmentation reaction. The intermediate that was produced in-situ was an acyl azide 

which underwent the Curtius rearrangement giving 13 in 77% yield (equation 2 in Scheme 9).  

 

 

Scheme 9. Grob Fragmentations that Produce Allenes 

             

 Alkynogenic fragmentation has been recognized as an invaluable method for producing 

terminal and internal alkynes. Eschenmoser and Tanabe, independently from each other, provided 

the groundwork for alkyne production using fragmentation methodology in the late 1960s. The 

technique became quite popular with the chemistry community and would later be known as the 

“Eschenmoser-Tanabe fragmentation”. Starting with enone 14, epoxidation was taken place to 

provide the epoxide intermediate 15 (shown in Scheme 10). Hydrazone formation occurred in the 

presence of tosyl-hydrazine giving the intermediate 16 which eventually collapsed under the 

guidelines of an anionic concerted seven-center fragmentation. The end result gave alkyne 17 with 

a ketone for further synthesis use and loss of nitrogen gas as a byproduct. This reaction was well-

designed so that intermediate 15, once reacted with the tosyl-hydrazine, would rearrange under 

acidic or basic conditions to give 16. The driving force of the reaction (rearrangement and 

fragmentation) would help release strain as well as a gas byproduct giving the linear alkynal 

derivatives. The mechanism to produced 17 provides a convenient method of introducing an 

alkyne and a carbonyl. Groen subjugated the steroid A ring to the Eschenmoser-Tanabe 

fragmentation to obtain 18 (shown in figure 1a).35 
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Scheme 10. Eschenmoser-Tanabe Fragmentation 

 

 Eschenmoser’s and Tanabe’s work laid the foundation for alkynogenic fragmentation 

methodology being displayed on a precursor where the R groups can vary. This central approach 

of having a precursor that can be used for multiple studies in synthetic research proved to be a 

great selling point to the chemistry community. Research groups like Coke36 and Kuwajima37 

demonstrated different nucleofuges that provide a safer route for the Grob fragmentation to take 

place. In figure 1b, Coke used halogens as the nucleofuge while Kuwajima used selenones for the 

nucleofuge. Alkynogenic fragmentation that Coke and Kuwajima displayed led Dudley and 

coworkers to introduce triflates as another nucleofuge for the anionic five-centered fragmentation 

(shown in Figure 1b).38              

 

Figure 1. Alkynogenic Fragmentation Over the Past Decades 

 

 



12 

1.4 Insight into Fragmentation Methodology Utilizing Vinylogous Acyl Triflates 

 

 As stated before, the Eschenmoser-Tanabe fragmentation contains a seven-center transition 

state, production of molecular nitrogen plus a nucleofuge -Ts group after fragmentation, and the 

generation of an alkyne (equation 1 in scheme 11). The mechanism of the fragmentation involves 

the lone pair of electrons from the oxygen of the electrofuge forming the π-bond of the ketone, 

followed by cleavage of the C-C bond, which then undergoes an elimination freeing the 

nucleofuge, all in a concerted manner. The framework derived from this reaction can be difficult 

to prepare by other means, showcasing why more research needs to be done in this field. However, 

some of the minor setbacks for the Eschenmoser-Tanabe reaction make it less attractive. One, the 

R groups are installed into the framework of the cyclic enone before the fragmentation takes places. 

This suggests that one must synthesize a variety of enones for fragmentation purposes. Two, 

peroxides and tosyl-hydrazine are being used which can be quite dangerous to work with. Work 

by Coke, Kuwajima, and Dudley provide alternative routes to this type of fragmentation with 

solutions to either of these hindrances. Here, we will focus on Dudley’s work on vinylogous acyl 

triflates (VATs).  

 

 

Scheme 11. Alkynogenic Fragmentation Reactions with Mechanistic Insights 

 

Dudley and coworkers provided their own variation on the Eschenmoser-Tanabe 

Fragmentation reaction (equation 2 in Scheme 11).38 Dudley utilized commercially available 1,3-
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cyclohexanedione as a starting point for his fragmentation. The carbon containing R1 can undergo 

alkylation either by basic or acidic conditions. The 1,3-cyclohexanedione was transformed to the 

VAT providing a triflate nucleofuge for the fragmentation reaction. Another key point about the 

vinylogous acyl triflate, the C-C bond that experiences bond cleavage is in the correct antiparallel 

alignment with the triflate which is needed for fragmentation to occur. Dudley and coworkers 

demonstrated triflate A to be stable for a couple days when stored in the fridge. The next step is 

the introduction of the nucleophile for the tandem addition / fragmentation of the VAT.          

 The incoming nucleophile that attacks triflate A is the highlight of this alkynogenic 

fragmentation methodology. Dudley verified several nucleophiles, that can undergo 1,2 additions, 

being utilized to produce the required tetrahedral intermediate for the initiation of the Grob type 

fragmentation. Intermediate B (in equation 2 of scheme 11), upon warming to room temperature 

will decompose giving the alkynyl ketone. The welcoming addition of a variety of nucleophiles to 

triflate A offers the handler a set of options that can be resulted from a common precursor. Besides 

the late stage modification leading to the degradation of triflate A, the synthesis of A can also be 

seen as a better alternative than using reagents that require special caution seen in the 

Eschenmoser-Tanabe fragmentation.  

 The fragments generated from Eschenmoser-Tanabe and Dudley methods can be used to 

provide the same alkynyl ketones but are derived from two entirely different mechanisms. As 

stated earlier, the Eschenmoser-Tanabe reaction portrays a seven-center transition state for the 

fragmentation to occur. After hydrazone formation, the degradation of the intermediate gives the 

alkynyl ketone. The Dudley fragmentation contains a five-center transition state that arises from 

the attack of the nucleophile. Upon warming to room temperature, the tetrahedral intermediate 

collapses and provides the same alkynyl ketone.  

 As mention before, Dudley and coworkers provided an array of nucleophiles that are used 

for the commencement of the fragmentation of the vinylogous acyl triflates. Dudley showcased 

Grignard and alkyl lithium reagents as a way to introduce new carbon-carbons bonds (pathway a 

in scheme 12). The tandem addition / fragmentation that takes place provides alkynyl ketone 18 

with the nucleophile installed as part of the ketone. Pathway b in scheme 12, has a lithium amide 

attacking in a 1,2-nucleophilic addition fashion producing amide 19. Reductions of the triflate can 

not only provide the alcohol seen from an ordinary reduction but also provides the tetrahedral 

intermediate needed for the anionic fragmentation (pathway c in scheme 12). A variety of reducing 
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agents were used to carry out this reaction. Dudley and coworkers found that LiBHEt3 delivers the 

best yield for alkynyl alcohol 20. Lithium enolates offer another method for carbon-carbon bond 

formation leading to a different tetrahedral alkoxide intermediate that ultimately gives product 21 

(path d in scheme 12). This work developed by the Dudley’s lab provides a library of diverse 

alkynes that can be later applied to other branches of organic research.      

 

 

Scheme 12. Resourcefulness of Vinylogous Acyl Triflates for Alkynogenic Fragmentations  

 

1.5 Synopsis Detailing Applications of Fragmentation Reactions using Vinylogous Acyl 

Triflates 

 

 The Dudley fragmentation of vinylogous acyl triflates has been a valuable asset for natural 

product synthesis, seen in palmerolide A18 and (-)-(R)-angustureine39. This includes unique 

material and shorter step synthesis for these natural products. Dudley later expanded on the 

vinylogous acyl triflates by introducing an intramolecular 1,2 nucleophilic addition. The purpose 

here is to develop strained-promoted cycloalkynes for metal-free click chemistry (A in scheme 

12).40 Dudley and coworkers were able to synthesize 9-12 membered strained cyclic alkynes but 

found their reactivity to undergo [3+2] cycloadditions slower than the well-studied cyclooctynes. 

However, the cyclic alkynes produced by VAT demonstrated higher stability than their 8-

membered counterparts. Benzocyclononyne A provides a unique scaffold for studying 

chemoslective click reactions when tethered to a terminal alkyne (focus of Chapter 2).  

 Expanding on his work with reducing agents on vinylogous acyl triflates, Dudley found 

that vinylogous hemi-acetal triflates (VHATs) to be more suitable for a tandem fragmentation / 

olefination reaction.17 This method provided an easier route to 1,6-enynes with variety of electron-
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withdrawing groups. The work for this dissertation expands on this methodology by providing one 

of the first examples of an dienyne B being used for drug synthesis.  

 

   

Scheme 13. Applications of Fragmentation Analogues   
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CHAPTER 2 

 

ORTHOGONAL DUAL-CLICK DIYNE TO EXPLORE CLICK 

CHEMISTRY  
 

 
Ron R. Ramsubhag, Gregory B. Dudley “Orthogonal Dual-Click Diyne for CuAAC and/or SPAAC 

Couplings” Org & Biomol Chem, 2016, 14, 5028-5031. DOI: 10.1039/C6OB00795C  

 
  

 

2.1 Introduction to Click Chemistry 

 

 

Click chemistry has proven over the past decades to be an incredible asset to the scientific 

community. The term “click chemistry” is defined by K.B. Sharpless to be a reaction that is the 

unification of two components that is stereospecific, high atom economy, has great chemical yield, 

and produces unpleasant byproducts that can be easily removed by nonchromatographic 

methods.41 These very characteristics of click chemistry are what captivate scientists to utilize 

these reactions for various applications. The most prominent example of click chemistry is the 

Huisgen azide-alkyne 1,3-dipolar cycloaddition. At elevated temperatures, [3+2] cycloaddition 

takes place with an azide and a terminal alkyne to give 1,4-substituted and 1,5-substituted triazoles 

(scheme 14).42 The cycloaddition between the azide and alkyne presents an exclusive reaction that 

can be ordain without the interference of other functional groups. However, the elevated 

temperatures present a challenge for [3+2] cycloadditions to be used in in-vivo studies and other 

heat sensitive material.     

 

 

Scheme 14.  Huisgen Azide-Alkyne 1,3-Dipolar Cycloaddition 

 

Improvements of the Huisgen azide-alkyne cycloadditions, led to the use of copper (I) 

catalysts which provided a faster rate, lower temperatures, and regioselectively yielding the 1,4-
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substituted triazole.41 Sharpless and coworkers used a CuSO4 (copper II) and sodium ascorbate to 

produce Cu (I) which is then used to catalyzed the [3+2] cycloaddition reaction (a in figure 2). The 

work by Sharpless brought immediate attention to the field of click chemistry. This resulted in the 

expansion of applications of click chemistry, ranging from drug development43, polymer 

chemistry44, material science45, and provides a specific functional linker used for biolabeling46.  

An example of an application can be seen by Chen and coworkers, who designed protein tyrosine 

phosphatase (PTPs) inhibitors with a triazole linked to a glucose molecule (b in figure 3).47 

However, a minor setback for the copper azide-alkyne cycloadditions (CuAAC) comes from the 

copper itself. Some of the harmful influences of copper azide-alkyne cycloaddition (CuAAC) 

involve quenching luminescence in nanomaterials and difficulties for in-vivo studies due to copper 

toxicity.48-50    

 

 

Figure 2.  CuAAC and Triazoles as PTP Inhibitors  

 

 In order to avoid using copper (I) catalyst (Cu(I) cat.) to induce the [3+2] cycloaddition, it 

was found that introducing strain to the alkyne increases reactivity to azides bringing forth a metal 

free environment. Alabugin and coworkers demonstrated the transition state stabilization and 

destabilization of strained cycloalkynes and how to fine-tune that strain without upsetting the 

reactivity. Alabugin found that placing the alkyne in a medium sized ring causes reactant 

destabilization (figure 3a). This causes the alkyne to be higher in energy, which eventually results 

in a lower activation barrier. Upon bending of the alkyne, the π-bonds become better donors. 
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Bertozzi (OCT, DIFO) and Boons (DIBO), independently from one another, designed 

eight-membered cycolooctynes for click chemistry purposes (figure 3b).52-53 These strained 

alkynes demonstrated outstanding reactivity with azides. Utilizing these strained-promoted 

alkyne-azide cycloadditions (SPAAC), they open new avenues to applications that were deterred 

by the presence of copper. An example by Cai, validates how important this it is having a 

cyclooctyne be used as a linker for the free azide (figure 3c). The strained-promoted cyclic alkyne 

is tethered a virus which then undergoes the [3+2] cycloaddition with the azides laced to the 

quantum dot.  Here, the azide-alkyne cycloaddition (AAC) are exclusive with one another that 

there present no concerns of outside functional group interference. The explosive reactivity of the 

alkyne for the azide is beneficial for this reaction. The luminescence of the quantum dots is no 

longer in danger of being quenched. Although these cycloalkynes more reactive than their linear 

alkyne counterparts, these compounds do face a handicap when dealing with regioselectivity and 

stability over time with the latter being a more general issue.  

 

k = 2.4 x 10-3 M-1 s-1 k = 76 x 10-3 M-1 s-1 k = 120 x 10-3 M-1 s-1

 

Figure 3. Cyclooctynes – Reactivity and Applications  

                       

With these advancements in CuAAC and SPAAC, click chemistry has grown exponentially 

in short amount of time. These methods alone or combined, can offer the user orthogonal tools 
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with multipurposes. To this date there are only a few combining both methods to showcase dual 

click chemistry or entice the idea of conveying chemoselective click chemistry. 

 

2.1 Dual Click Systems: Copper Azide-Alkyne Cycloaddition (CuAAC) vs Strained-

Promoted Azide-Alkyne Cycloaddition (SPAAC) Reactions 

 

The polypeptide bis-alkyne 19 from Wolfbeis’ group1 and the bis-alkyne lysine derivative 

20 from Jones13 and co-workers provided the first examples of dual click chemistry (figure 4). 

Both compounds underwent the SPAAC with the strained cyclooctyne, which was followed later 

by cycloaddition of the terminal alkyne portion using a copper (I) catalyst. It was not addressed if 

the terminal alkyne could react before the cyclooctyne. This was not the objective of both groups, 

but it does raise the question of the chemoselectivity of these bis-alkynes.  

 

 

Figure 4. Dual Click Substrates Using Strained Promoted Alkynes and Terminal Alkynes with 

Copper Catalyst 

 

 Zhu and coworkers looked at the azide portion of the AAC to explore chemoselective click 

reactions.56 The unsymmetrical bis-azide in figure 5 undergoes CuAAC with a terminal alkyne 

specifically with the azide that is in close proximity to the nitrogen atom of the pyridine ring. The 

reason for the selectivity is due to a chelating effect. The Cu(I) catalyst can chelate with either 

azide but can also coordinate with the lone pair electrons on the nitrogen of the aromatic ring. The 

Cu (I) catalyst is most likely coordinating with both the pyridyl nitrogen and the azide that is in 

close proximity to it. Now when the alkyne is coming in, the AAC would be taking place on the 

designated azide. Zhu noted that there was an increase in the rate of the reaction with first AAC in 

moderate to excellent yields. Taking advantage of this situation, Zhu provided a one-pot 

chemoslective reaction by introducing the second alkyne. 
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Figure 5. One-Pot Chemoselective Double-Click Reaction 

 

 Burley and coworkers focused on the alkyne portion of the AAC reaction for 

chemoselective click reactions (shown in scheme 15).57 Without the need for protecting groups, 

Burley was able to click the aromatic ynamine (shown in red) over the aliphatic alkyne. He used 

the increase reactivity of the ynamine due to electronic biasness helps the CuAAC to take place 

over the other aliphatic alkyne. Burley also demonstared like Zhu a one-pot two-step procedure to 

carry out a sequential click AAC.  

 

 

 

Scheme 15. Protecting Group-Free, Sequential Ligation 

    

Diyne 21 which was synthesized by Hosoya’s group presented the idea of protecting the 

strained cyclooctyne by forming a cycloalkyne-copper complex (shown in scheme 16).58 The 

protected cycloalkyne underwent CuAAC with the tethered terminal alkyne, followed by 

deprotection of the strained cycloalkyne freeing it for further use. This was achieved with a cationic 

Cu (I) salt which complexed with strained-promoted alkyne. This enables the terminal alkyne to 

undergo the AAC.  
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Scheme 16. Protection of Strained-Promoted Alkynes for Click Reactions 

 

While Hosoya’s method allows access to both alkynes, there are currently no methods 

that chemoselectively click the desired alkyne without the assistance of protecting groups. We 

hypothesized that a less reactive, but more stable cycloalkyne would be necessary to hinder the 

competition between the two alkynes and give identity to a “true” chemoselective click system.  

 

 

2.3 Synthesis of the Dual-Click Benzocylcononyne N-propargyl Carbamate and Results 

 

  

Previous work in our lab indicated that expanding the ring size of cycloalkynes alleviates 

the strain thus producing more stable alkynes.40-59 A Grob type fragmentation was used to 

synthesize the core structure containing the strained-promoted alkyne. Herein we report the 

synthesis of bis-alkyne 23 and provide an example of “true” chemoselective click chemistry 

(shown in scheme 17). Further investigation of 23 led to bis-triazoles which permitted for the 

chained triazole to be cleaved under oxidizing conditions allowing the core structure of 23 to act 

as a drawbridge among the two triazoles.   
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Scheme 17. Dual-Click Diyne 

 

Starting with 3,4,5-trimethoxybenzaldhyde 24, iodination took place on the aromatic ring 

giving molecule 25 (Shown in scheme 18).59-60 A three-step process of 25 gave vinylogous acyl 

triflate 26 in 76% yield.  Previous work in our lab used HMPA as the chelating agent to help carry 

out the important fragmentation reaction converting 26 to benzocyclononyne (BONO) ketone 27 

in 52% yield. This reaction is crucial as it displays the Dudley fragmentation in a tandem 

intramolecular nucleophilic addition / fragmentation reaction for the ring expansion to generate 

strained cycloalkynes. First halogen-lithium exchange takes places giving an anionic carbon that 

will intramolecularly attack the ketone in 26 in a 1,2-nucleophilic addition fashion. This will 

produce the [6.5.6] fused ring system. Upon warming to room temperature, the alkynogenic 

fragmentation occurs giving 27 in 52% yield. A minor setback in this reaction is that it requires 

freshly distill HMPA which is known to be a serious cancer carcinogen. Due to the toxicity of 

HMPA, a series of fragmentations were carried with TMEDA serving as a chelating substitute 

(shown in Table 1). Using 3 equivalents of TMEDA gave a poor yield of 7 in 11% (entry 2). 

Lowering the equivalents of TMEDA to 0.5 and 1 increased the yields to 21% and 52%, 

respectively (entries 3 and 4). Other solvents were looked at, but offer little to increase the yield 

of the addition/fragmentation reaction (entries 5-7). 
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Scheme 18. Synthesis of BONO-Ketone 

 

Table 1. Expansion of Vinylogous Acyl Triflates 

 

 

 

 

 

 

 

entry Base (equiv) 

additive 

(equiv) Solvent TEMP yield 

1 n-BuLi (1.1) HMPA (3) Toluene -78 52% 

2 n-BuLi (1.1) TMEDA (3) Toluene -78 11% 

3 n-BuLi (1.1) TMEDA (0.5) Toluene -78 21% 

4 n-BuLi (1.1) TMEDA (1) Toluene -78 52% 

5 n-BuLi (1.1) TMEDA (1) Ether -78 16% 

6 n-BuLi (1.1) TMEDA (1) THF -78 21% 

7 n-BuLi (1.1) TMEDA (1) 
Toluene:Ether 

1:1 
-78 14% 
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 BONO-ketone 27 was then reduced using DIBAL to give alcohol 28 in 87% yield (shown 

in scheme 19). Alcohol 28 was converted to the carbonate intermediate using 4-nitrophenyl 

chloroformate under mild basic conditions. The intermediate was not isolated but carried on in a 

2 step / 1 pot procedure with the second step being the nucleophilic substitution by propargylamine 

in 76% yield giving 23.  

 

 

Scheme 19. Synthesis of Benzocyclononyne N-Propargyl Carbamate 

 

Using bis-alkyne 23 and benzyl azide (1.0 equiv), initial studies were done to 

chemoselectively click on the desired alkyne. Entry 1 and entry 2 (shown in table 2) demonstrated 

that without the copper cat. present, the reaction exclusively gave 30. This was not a surprise seeing 

that the strained cycloalkyne is more reactive than the terminal alkyne. Cu(I) catalyst was 

generated using CuSO4 and sodium ascorbate. SPAAC on the cycloalkyne can be carried out at 

40°C in methanol to give 30 in a 70% yield. CuAAC can be accomplished with five equivalents 

of copper salt giving primarily 29 in 87% yield. Entry 4 revealed the minimum amount needed to 

give 29 but provided a diminished yield. Once the levels of copper salt were under the threshold 

needed to obtain 29, the result gave rise to a mixture of triazoles 29 and 30, where less copper salt 

starts to favor the AAC on the strained cycloalkyne (entries 5 and 6). However, chemoselectivity 

can be reestablished by introducing the copper ligand TBTA also giving a better yield (entry 7).61 

As expected, the rate can be increased for the SPAAC by increasing the concentration of the azide 

delivering 30 in 1 hour with 88 % yield.  
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Table 2. Trials: Chemoselective Click Reactions – a 40°C. b With TBTA. c 5.0 equiv. benzyl, 

azide, 0.2 [23], 40°C. 

 

 

 

 

 

 

 

 

 

 As discussed earlier, Zhu and coworkers demonstrated the utility of chelating azides for 

CuAAC.56 They found that the picolyl azide reacts faster in CuAAC than benzyl azide because of 

the coordination of pyridine and copper. We suspected that the picolyl azide should be more 

selective for the CuAAC than the SPAAC. Recalling entry 5 from Table 2, there was a ratio of 

triazoles favoring the CuAAC but not by much. We decided to try the same conditions but with 

picolyl azide instead of benzyl azide (shown in scheme 20). Triazole 31 resulted, favoring the 

CuAAC with the terminal alkyne in 79% yield. 

 

Entry Equiv. (Cu) Time Yield Ratio 29 : 30 

1 0 >2 days --- 30 only 

2a 0 16 h 70% 30 only 

3 5.0 30 min 87% 29 only 

4 1.5 45 min 65% 29 only 

5 1.0 45 min 50% 1:0.7 

6 0.5 24 h 50% 1:1.6 

7b 1.0 45 min 84% 29 only 

8c 0 60 min 88% 30 only 
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Scheme 20. Chelating Azides to Promote CuAAC 

 

A concluding set of experiments was intended to showcase the coupling of dual-click diyne 

23 (shown in Scheme 21). Here, diyne 23 can chemoslectively click an azide either by SPAAC or 

CuAAC, providing products 29 and 32. The azides used for this example are benzyl and benzo-

amido-butyl groups but any azide should be well-suited for the AAC reactions. Diyne 23 offers 

the user flexibility with coupling their azide to either the terminal or strained alkyne. However, 23 

is built to offer an optional de-coupling of the molecular cargo once the terminal alkyne has 

undergone AAC. By carrying out the available AAC of 29 and 32, bis-triazole 33 is obtained in 

either in 92% yield (SPAAC) or in 70% yield (CuAAC).  After the coupling on both alkynes, 

decoupling was accomplished by cleavage of the carbamate linker. This was done using a method 

that was developed to cleave the CBz group.62 

In summary, fragmentation of vinylogus acyl triflates led to the ring expansion of strained 

cycloalkyne 27. Cycloalkyne 27 is not as reactive as its counterpart cyclooctyne but offers enough 

reactivity that can be manipulated to carry out the first strategic merging of terminal and strained 

alkynes in a single molecular class. The subsequent carbamate cleavage enhances the value of 

diyne 23 as a potential molecule for catch-and-release protocols. An important note about diyne 

23 is its stability. This makes 23 more favorable for applications that may require dual-click 

systems. 
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Scheme 21. Serial coupling and subsequent de-coupling     

 

 

2.4 Experimental Data 

 

General Information 

1H-NMR and 13C-NMR spectra were recorded on a 400 or 600 MHz spectrometer using 

CDCl3 as the deuterated solvent. The chemical shifts (δ) are reported in parts per million (ppm) 

relative to the residual CHCl3 peak (7.26 ppm for 1H-NMR and 77.0 for 13C-NMR). The 

coupling constants (J) are reported in Hertz (Hz). Mass spectra were recorded using 

electrospray ionization (ESI). Yields refer to isolated material judged to be ≥ 95% pure by 1H 

NMR spectroscopy following silica gel chromatography. All chemicals were used as received 

unless otherwise stated. The purifications were performed by flash chromatography using 

silica gel with 40-63 micron particle size.  
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N-(4-azidobutyl)benzamide (35): To a solution of benzoyl chloride (0.610 mL, 5.26 

mmol, 1.2 equiv) in DCM (0.63 M) under nitrogen was added N,N-dimethylpyridin-4-amine 

(0.803g, 6.57 mmol, 1.5 equiv). 4-azidobutan-1-amine1 (0.500g, 4.38 mmol, 1 equiv) was then 

added to the reaction and left to run at room temp overnight. After completion, the reaction was 

quenched with H2O (7 mL). The mixture was then extracted with DCM (3 x 7 mL). The DCM 

layers were collected, washed with saturated Na2CO3, washed with brine, dried with Na2SO4, and 

concentrated under reduced pressure. The residue was purified by flash chromatography on silica 

(10% EtOAc/hexanes) to give 0.434g (45%) as a yellowish oil. 

 

 

General procedure of benzocyclononyne (BONO) 

Benzocyclononyne ketone (27): To a solution of 2-(2-iodo-3,4,5-trimethoxybenzyl)-3-

oxocyclohex-1-en-1-yl trifluoromethanesulfonate2 (1.81g, 3.29 mmol, 1 equiv) in toluene 

(0.005M) under nitrogen was added TMEDA (0.5 mL, 3.29 mmol, 1 equiv). The reaction mixture 

was cooled to -78°C and was added n-BuLi (4.0 mL, 1.6M in hexanes, 3.95 mmol, 1.2 equiv) 

dropwise. The reaction remains stirring for 30 min at -78°C. After 30 min, the reaction was allowed 

to warm up to room temp and was left to stir 3h and 30 min. After completion, the mixture was 

quenched with water. The mixture was extracted with EtOAc three times, washed with brine, dried 

with Na2SO4, and concentrated under reduced pressure. The residue was purified by flash 

chromatography on silica (15% EtOAc/hexanes) to give 0.469g (52%) benzocyclononyne 27 as 

light yellowish solid. NMR product agrees with known spectra in the literature2.   

 

Synthesis of BONO N-propargyl carbamate  

Benzocyclononyne alcohol: To a solution of 27 (0.100g, 0.365 mmol, 1 equiv) in DCM (18. 

2 mL, 0.02 M) under nitrogen at -78°C was added DIBAL dropwise (1.10 mL, 1 M in toluene, 

1.10 mmol, 3 equiv). After 90 min at -78°C, the reaction mixture was quenched with by addition 

of 2 M NaOH (2.8 mL, 5.5 mmol, 5 equiv) at -78°C. The reaction was allowed to reach room 

temperature which was then added MgSO4. After additional stirring for 15 min, the reaction 

mixture was filtered and concentrated under reduce pressure. The residue was purified by flash 

                                                 
1 R. Srinivasan, L.Tan, H.Wu, P.Yang, K.Kalesh, and S. Yao, Org. Biomol. Chem., 2009, 7, 1821-1828  
2 J. Tummatorn, P. Batsomboon, R. J. Clark, I. V. Alabugin, G. B. Dudley, J. Org. Chem. 2012, 77, 2093-2097 
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chromatography on silica (10% EtOAc/hexanes) to provide 0.087g (87%) of benzocyclononyne 

alcohol as a white solid. NMR product agrees with known spectra in the literature3.  

 

Benzocyclononyne carbamate (23): To a solution of benzocyclononyne alcohol (0.050g, 0.182 

mmol, 1 equiv) in CH2Cl2 (1.8 mL, 0.1M) under nitrogen at 0°C was added pyridine (0.030 mL, 

0.400 mmol, 2.2 equiv). 4-nitrophenyl chloroformate (0.055g, 0.273 mmol, 1.5 equiv) was then 

added to the cooled solution and left stirring at 0°C for 10 min. The reaction was allowed to reach 

room temp and left stirring for 10h (monitored by TLC). 

 Propargylamine (0.05 mL, 0.728 mmol, 4 equiv) was added to CH2Cl2 (3.6 mL, 0.1M) 

under nitrogen in a separate vessel. The reaction mixture was cooled to 0°C which was followed 

by the addition of trimethylamine (0.08 mL, 0.546 mmol, 3 equiv). The solution of the carbonated 

protected benzocyclononyne was then added dropwise to the cooled solution. After 10 min at 0°C, 

the reaction was permitted to reach ambient temperature and left stirring for 6h (monitored by 

TLC). After completion, the solution was quenched with a saturated solution of Na2CO3. The 

organic layer was washed four more times with saturated Na2CO3, washed with brine, dried with 

Na2SO4, and concentrated under reduced pressure. The residue was purified by flash 

chromatography on silica (0 to 10% EtOAc/hexanes) to give 0.049g (76%) of 23 as a white solid.     

 

General procedure of triazoles (Table 1) 

 

Triazole (30&30’) (entry 1): To solution of benzocyclononyne carbamate 23 (0.011g, 

0.030 mmol, 1equiv) in MeOH (0.03 M) under nitrogen was added benzyl azide (0.004g, 

0.033mmol, 1.1 equiv). The reaction left to run at room temp for 48 h. Crude 1H NMR revealed 

the triazole formed on the strained cycloalkyne. Product was not further purified. 

Triazole (30&30’) (entry 2): To solution of benzocyclononyne carbamate 23 (0.0106g, 

0.030 mmol, 1 equiv) in MeOH (0.03 M) under nitrogen was added benzyl azide (0.004g, 0.033 

mmol, 1.1 equiv). The reaction was heated to 40°C went to completion in 16 h showed by TLC.  

The reaction was then concentrated under vaccuum to give an oil residue. The residue was purified 

                                                 
3 J. Tummatorn, P. Batsomboon, R. J. Clark, I. V. Alabugin, G. B. Dudley, J. Org. Chem. 2012, 77, 2093-2097 



30 

by flash chromatography on silica (100% CHCl3 to 0.5% MeOH/CHCl3) to give 0.010g (70%) of 

30 & 30’ as a light yellow oil. 

Triazole (30&30’) (entry 8): To solution of benzocyclononyne carbamate 23 (0.010g, 

0.028 mmol, 1 equiv) in MeOH (0.2 M) under nitrogen was added benzyl azide (0.019g, 0.14 

mmol, 5 equiv). The reaction was heated to 40°C and went to completion in 60 min showed by 

TLC.  The reaction was then concentrated under vacuum to give an oil residue. The residue was 

purified by flash chromatography on silica (100% CHCl3 to 0.5% MeOH/CHCl3) to give 12.1 mg 

(88%) of 30 & 30’ as a light-yellow oil. 

     

Triazole (29) (entry 3): To a solution of benzocyclononyne carbamate 23 (0.006g, 0.016 

mmol, 1 equiv) in MeOH (0.016 M) was added benzyl azide (0.002g, 0.016 mmol, 1 equiv) 

followed by the addition of the combined solution of 0.25 M CuSO4 (0.30 mL, 0.08 mmol, 5 equiv) 

and 0.5 M sodium ascorbate (0.22 mL, 0.112 mmol, 7 equiv). The reaction showed completion 

after 30 min by TLC. The reaction was diluted with DCM and then quenched with a saturated 

solution of NH4OH. The organic layer was washed one more time with NH4OH. The organic layer 

was collected and dried with sodium sulfate, and concentrated under vacuum to give an oil residue. 

The residue was purified by flash chromatography on silica (100% CHCl3 to 0.5% MeOH/CHCl3) 

to give 6.8 mg of 29 (87%) as a colorless oil. 

 

Triazole (29) (entry 4): To a solution of benzocyclononyne carbamate (0.005g, 0.014 

mmol, 1 equiv) in MeOH (0.009 M) was added benzyl azide (0.002 g, 0.015 mmol, 1.1 equiv) 

followed by the addition of the combined solution of 0.25 M CuSO4 (0.080 mL, 0.021 mmol, 1.5 

equiv) and 0.5 M sodium ascorbate (0.060 mL, 0.029 mmol, 2.1 equiv). The reaction showed 

completion after 45 min by TLC. The reaction was diluted with DCM and then quenched with a 

saturated solution of NH4OH. The organic layer was washed one more time with NH4OH. The 

organic layer was collected and dried with sodium sulfate, and concentrated under vacuum to give 

an oil residue. The residue was purified by flash chromatography on silica (100% CHCl3 to 0.5% 

MeOH/CHCl3) to give 4.4 mg 29 (65%) as a colorless oil. 
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Triazole (29 and 30&30’) (entry 5): To a solution of benzocyclononyne carbamate 23 

(6.9 mg, 0.019 mmol, 1 equiv) in MeOH (0.024 M) was added benzyl azide (0.003 g, 0.021 mmol, 

1.1 equiv) followed by the addition of the combined solution of 0.25 M CuSO4 (0.080 mL, 0.019 

mmol, 1 equiv) and 0.5 M sodium ascorbate (0.050 mL, 0.027 mmol, 1.4 equiv). The reaction 

showed completion after 45 min by TLC. The reaction was diluted with DCM and then quenched 

with a saturated solution of NH4OH. The organic layer was washed one more time with NH4OH. 

The organic layer was collected and dried with sodium sulfate, and concentrated under vacuum to 

give an oil residue. The residue was purified by flash chromatography on silica (100% CHCl3 to 

0.5% MeOH/CHCl3) to give products 4.6 mg (50%) 29 and 30 & 30’ in a 1:0.7 ratio favoring 29 

as a light-yellow oil. 

 

Figure 6. 1H NMR to Determine Triazole Ratio 

 

Triazole (29 and 30&30’) (entry 6): To a solution of benzocyclononyne carbamate 23 

(0.010g, 0.027 mmol, 1 equiv) in MeOH (0.054 M) was added benzyl azide (0.04g, 0.03 mmol, 

1.1 equiv) followed by the addition of the combined solution of 0.25 M CuSO4 (0.060 mL, 0.014 

mmol, 0.5 equiv) and 0.5 M sodium ascorbate (0.14 mL, 0.068 mmol, 2.5 equiv). The reaction 

showed completion after 24 h by TLC. The reaction was diluted with DCM and then quenched 

with a saturated solution of NH4OH. The organic layer was washed one more time with NH4OH. 

The organic layer was collected and dried with sodium sulfate, and concentrated under vacuum to 

6 & 6’ 
5 
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give an oil residue. The residue was purified by flash chromatography on silica (100% CHCl3 to 

0.5% MeOH/CHCl3) to give 6.6 mg (50%) 29 and 30 & 30’ in a 1:1.6 ratio favoring 30 & 30’ as 

a light-yellow oil. 

 

 

Figure 7. 1H NMR to Determine Triazole Ratio 

 

Triazole (29) (entry 7): To a solution of benzocyclononyne carbamate 23 (0.007g, 0.02 

mmol, 1 equiv) and TBTA (0.011g, 0.02 mmol, 1 equiv) in MeOH (0.024 M) was added benzyl 

azide (0.003g, 0.022 mmol, 1.1 equiv) followed by the addition of the combined solution of 0.25 

M CuSO4 (0.08 mL, 0.02 mmol, 1 equiv) and 0.5 M sodium ascorbate (0.06 mL, 0.028 mmol, 1.4 

equiv). The reaction showed completion after 45 min by TLC. The reaction was diluted with DCM 

and then quenched with a saturated solution of NH4OH. The organic layer was washed one more 

time with NH4OH. The organic layer was collected and dried with sodium sulfate, and 

concentrated under vacuum to give an oil residue. The residue was purified by flash 

chromatography on silica (100% CHCl3 to 0.5% MeOH/CHCl3) to give 8.2 mg (84%) of 29 as a 

colorless oil. 

Triazole (31): To a solution of benzocyclononyne carbamate 23 (6.8 mg, 0.019 mmol, 1 

equiv) in MeOH (0.024 M) was added picolyl azide (0.003g, 0.021mmol, 1.1 equiv) followed by 

the addition of the combined solution of 0.25 M CuSO4 (0.08 mL, 0.019 mmol, 1 equiv) and 0.5 

M sodium ascorbate (0.050 mL, 0.027 mmol, 1.4 equiv). The reaction showed completion after 24 

6 & 6’ 
5 
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h by TLC. The reaction was diluted with DCM and then quenched with a saturated solution of 

NH4OH. The organic layer was washed one more time with NH4OH. The organic layer was 

collected and dried with sodium sulfate, and concentrated under vacuum to give an oil residue. 

The residue was purified by flash chromatography on silica (100% CHCl3 to 0.5% MeOH/CHCl3) 

to give 7.3 mg (79%) of 7 as a colorless oil.  

 

Triazole (32 & 32’): To solution of benzocyclononyne carbamate 23 (7.8 mg, 0.022 mmol, 

1 equiv) in MeOH (0.2 M) under nitrogen was added N-(4-azidobutyl)benzamide 35 (0.024g, 0.11 

mmol, 5 equiv). The reaction was heated to 40°C and went to completion in 60 min showed by 

TLC. The reaction was then concentrated under vacuum to give an oil residue. The residue was 

purified by flash chromatography on silica (100% CHCl3 to 2.5% MeOH/CHCl3) to give 10.8 mg 

(86%) of 32 and 32’ as a white solid. 

 

Bis-triazole (33 & 33’) : To a solution of triazole 32 & 32’ (0.016g, 0.027 mmol, 1 equiv) 

and TBTA (0.022g, 0.041 mmol, 1.5 equiv) in MeOH (0.024 M) was added benzyl azide (0.006g, 

0.041 mmol, 1.5 equiv) followed by the addition of the combined solution of  0.25 M CuSO4 

(0.160 mL, 0.041 mmol, 1.5 equiv) and 0.5 M sodium ascorbate (0.07 mL, 0.057 mmol, 2.1 equiv). 

The reaction showed completion after 45 min by TLC. The reaction was diluted with DCM and 

then quenched with a saturated solution of NH4OH. The organic layer was washed one more time 

with NH4OH. The organic layer was collected and dried with sodium sulfate, and concentrated 

under vacuum to give an oil residue. The residue was purified by flash chromatography on silica 

(100% CHCl3 to 2.5% MeOH/CHCl3) to give 13.4 mg (70%) of 33 and 33’ as a white solid. 

 

Bis-triazole (33 & 33’): To a solution of triazole  23 (0.018g, 0.037 mmol, 1 equiv) in MeOH 

(0.2 M) under nitrogen was added N-(4-azidobutyl)benzamide 35 (0.041g, 0.187 mmol, 5 equiv). 

The reaction was heated to 40°C and went to completion in 60 min showed by TLC. The reaction 

was then concentrated under reduced pressure to give an oil residue. The residue was purified by 

flash chromatography on silica (100% CHCl3 to 2.5% MeOH/CHCl3) to give 24.8 mg (92%) of 

33 and 33’ as a white solid. 

 

General procedure for cleavage of tethered triazole of the Bis-triazole 
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N-(4-(7,8,9,10-tetramethoxy-5,6,7,12-tetrahydrobenzo[4,5]cyclonona[1,2-

d][1,2,3]triazol-3(4H)-yl)butyl)benzamide (34): To a solution of TMS-Cl (0.005 mL, 0.042 

mmol, 4 equiv) in CH3CN (0.1 M) was added NaI (0.006 g, 0.042 mmol, 4 equiv). The mixture 

was then transported into a vial containing the bis-triazole (0.006g, 0.009 mmol, 1 equiv). The 

reaction was left to stir at room temperature overnight. The reaction was then quenched with 

MeOH (0.2 mL) and stirred for 5 min. The reaction was diluted with water (3 mL) and extracted 

with DCM (3 x 3 mL). The organic layers were then collected, dried with sodium sulfate and 

concentrated under reduced pressure to give an oil residue. The residue was purified by flash 

chromatography on silica (100% CHCl3 to 2.5% MeOH/CHCl3) to give 2.3 mg (50%) of triazole 

regioisomers 11 as a light yellowish oil.    

 

Characterization data of all compounds 

 

N-(4-azidobutyl)benzamide 

Mass = 0.434g; Yield = 45% 

Yellowish oil 

1H NMR (400 MHz, CDCl3): δ 7.76 (d, J = 7.69 Hz, 2H), 7.54-7.40 (m, 3H), 6.20 (broad s, 1H), 

3.51 (q, J = 6.59, 2H), 3.56 (t, J = 6.04, 2H), 1.71 (m, 4H) ppm; 

13C NMR (600 MHz, CDCl3): δ 167.7, 134.6, 131.5, 130.1, 128.6, 128.4, 126.8, 51.1, 39.4, 27.0, 

26.3 ppm; 

HRMS (ESI+) calcd for C11H14N4ONa (M+Na)+ 241.1065 found 241.1068  

 

 

 

Compound 23 

Mass = 49.5 mg; Yield = 76% 

White solid 

Melting point = 113°C 
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1H NMR (400 MHz, CDCl3): δ 6.70 (t, J = 5.87 Hz, 1H), 6.41 (s, 1H), 4.85 (broad s, 1H), 4.18 (dt, 

J = 17.57, 2.56 Hz, 1H), 4.02-3.80 (m, 12H (CH3 singlets, 3.89, 3.83, 3.81)), 2.90 (d, J = 17.89 

Hz, 1H), 2.35-2.08 (m, 5H (CH, t, J = 2.56 Hz)), 1.98-1.87 (m, 1H), 1.82-1.71 (m, 1H) ppm; 

13C NMR (600 MHz, CDCl3): δ 156.2, 154.1, 152.2, 141.6, 135.9, 126.6, 108.1, 91.7, 91.0, 75.0, 

71.5, 61.0, 60.6, 55.8, 35.7, 30.7, 27.0, 26.3, 20.0 ppm; 

HRMS (ESI+) calcd for C20H23NO5Na (M+Na)+ 380.1474 found 380.1470  

 

Compound 29 

Mass = 16.9 mg; Yield = 87% 

Colorless oil 

1H NMR (600 MHz, CDCl3): δ 7.38-7.32 (m, 4H), 7.27-7.21 (m, 2H), 6.63 (t, 1H), 6.41 (s, 1H), 

5.47 (s, 2H), 5.25 (t, 1H),  4.41 (dd, J = 15.36, 6.04 Hz, 1H), 4.31 (dd, J = 15.3, 5.44 Hz, 1H), 4.14 

(d, J = 17.75 Hz, 1H), 3.85-3.80 (m, 9H), 2.90 (d, J = 17.75 Hz, 1H), 2.30-2.09 (m, 4H), 1.93-1.86 

(m, 1H), 1.78-1.71 (m, 1H) ppm; 

13C NMR (600 MHz, CDCl3): δ 156.6, 154.1, 152.2, 145.5, 141.6, 135.7, 134.5, 129.1, 128.7, 

128.0, 126.8, 121.7, 108.0, 91.7, 90.9, 74.7, 61.0, 60.6, 55.8, 54.1, 36.4, 35.7, 27.0, 26.3, 19.9 

ppm; 

HRMS (ESI+) calcd for C27H31N4O5 (M+H)+ 491.2294 found 491.2287  

 

Compound 31 

Mass = 7.9 mg; Yield = 79% 

Colorless oil 

1H NMR (600 MHz, CDCl3): δ 8.58 (s, 1H), 7.68 (t, J = 7.86 Hz, 1H), 7.60 (s, 1H), 7.26 (s, 1H 

CDCl3 excluded), 7.16 (d, J = 7.26 Hz, 1H), 6.64 (s, 1H), 6.41 (s, 1H), 5.61 (s, 1H), 5.26 (broad s, 

1H), 4.45 (dd, J = 15.12, 5.44 Hz, 1H), 4.35 (m, 1H), 4.15 (d, J = 18.14 Hz, 1H), 3.89-3.76 (m, 

9H), 2.90 (d, J = 17.54 Hz, 1H), 2.31-2.09 (m, 4H), 1.95-1.86 (m, 1H), 1.79-1.69 (m, 1H) ppm;  

13C NMR (600 MHz, CDCl3): δ 156.7, 154.3, 154.1, 149.8, 145.5, 141.6, 137.3, 135.7, 126.8, 

123.4, 122.4, 122.3, 108.0, 91.7, 90.90, 74.7, 61.0, 60.6, 55.8, 55.6, 36.4, 35.7, 27.0, 26.3, 19.9 

ppm;   

HRMS (ESI+) calcd for C26H30N5O5 (M+H)+ 492.2246 found 492.2245  
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Compound 32 

Mass = 10.8 mg; Yield = 86% 

White solid 

Melting point = 78°C 

1H NMR (400 MHz, CDCl3): δ 7.68 (t, J = 7.06 Hz, 4H), 7.58-7.37 (m, 7H), 6.76-6.68 (m, 1H), 

6.64-6.44 (m, 4H), 6.36-6.27 (broad s, 1H), 5.66-5.55 (broad s, 1H), 5.11-5.01 (m, 1H), 4.59-4.27 

(m, 4H), 4.19 (t, J = 7.06 Hz), 4.04-3.65 (m, 24H), 3.59-3.42 (m, 4H), 2.62-2.51 (broad m, 1H), 

2.21 (t, J = 2.52 Hz, 1H), 2.19-1.43 (m, 18H) ppm; 

13C NMR (600 MHz, CDCl3): δ 167.7, 155.2, 153.7, 152.2, 134.2, 133.0, 131.5, 131.4, 129.9, 

128.5, 128.5, 128.3, 126.9, 126.9, 110.7, 79.6, 71.5, 71.3, 61.5, 60.8, 60.8, 55.8, 47.3, 47.2, 39.2, 

39.1, 30.7, 30.6, 29.3, 29.1, 27.6, 27.1, 26.5, 26.5, 24.0 21.8, 18.8 ppm; 

HRMS (ESI+) calcd for C31H37N5O6 (M+Na)+ 598.2641 found 598.2645  

 

Compound 30 

Mass = 13 mg; Yield = 88% 

Light yellow oil 

1H NMR (600 MHz, CDCl3): δ 7.43-7.32 (m, 3H), 7.31-7.24 (m, 5H), 7.20-7.13 (broad m, 2H), 

7.10-7.05 (m, 2H), 6.58-6.41 (m, 3H), 5.79-5.68 (m, 2H), 5.58-5.45 (m, 2H), 5.32-5.21 (broad 

singlet, 1H), 4.95 (broad singlet, 1H), 4.68-4.41 (m, 2H), 4.17 (d, J = 14.98 Hz, 2H), 4.00-3.72 (m, 

21H), 3.65-3.55 (m, 4H), 2.66-2.56 (m, 1H), 2.25-2.17 (m, 2H), 2.15-2.07 (broad singlet, 1H), 

2.00-1.91 (broad singlet, 1H), 1.84-1.55 (m, 6H), 1.48-1.19 (m, 3H), 0.83 (broad singlet, 1H) ppm; 

13C NMR (600 MHz, CDCl3): δ 153.7, 152.2, 145.4, 135.5, 135.4, 129.7, 129.0, 128.9, 128.3, 

127.1, 127.0, 110.2, 79.6,79.6. 71.6, 71.6, 69.6, 61.4, 60.8, 55.8, 55.7, 52.3, 51.8, 30.7, 29.4, 28.9, 

24.1, 23.1, 22.1, 19.1 ppm; 

HRMS (ESI+) calcd for C27H31N4O5 (M+H)+ 491.2294 found 491.2292 

  

Compound 33 

Mass = 24.8 mg; Yield = 92% 

White solid 

Melting point = 88°C-92°C 
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1H NMR (600 MHz, CDCl3): δ 7.81-7.72 (m, 4H), 7.50-7.30 (m, 13H), 7.25-7.18 (m, 3H), 6.66 

(m, 1H), 6.58-6.43 (m, 4H), 6.30 (s, 1H), 5.72 (broad singlet, 1H), 5.50-5.39 (m, 5H), 4.52-4.26 

(m, 7H), 4.18 (t, J = 6.96 Hz, 2H), 3.93-3.69 (m, 18H), 3.56-3.49 (m, 2H), 3.46 (q, J = 6.66 Hz, 

2H), 2.60-2.51 (m, 1H), 2.12-1.45 (m, 22H), 1.32-1.18 (broad singlet, 4H) ppm; 

13C NMR (600 MHz, CDCl3): δ 167.9, 167.6, 155.6, 153.6, 152.2, 145.4, 141.6, 134.4, 134.3, 

132.8, 131.4, 129.9, 129.0, 128.7, 128.5, 128.0, 126.9, 121.8, 110.8, 69.1, 61.4, 60.8, 55.8, 54.1, 

53.4, 47.4, 47.1, 39.1, 39.1, 36.4, 29.6, 29.3, 29.0, 27.6, 27.2, 26.5, 26.5, 24.0, 21.8, 18.8 ppm; 

HRMS (ESI+) calcd for C38H44N8O6Na (M+Na) 731.3281 found 731.3285  

     

N-(4-(7,8,9,10-tetramethoxy-5,6,7,12-tetrahydrobenzo[4,5]cyclonona[1,2-d][1,2,3]triazol-

3(4H)-yl)butyl)benzamide (34) 

Mass = 2.5 mg; Yield = 50% 

Light yellowish oil 

1H NMR (600 MHz, CDCl3): δ 7.78 (dd, J = 15.59, 6.99 Hz, 2H), 7.50 (t, J = 7.53, 1H), 7.43 (t, J 

= 7.53 Hz, 2H), 6.55-6.43 (m, 1H), 6.38 (m, 1H), 6.32 (s, 1H), 5.03-4.96 (m, 1H), 4.61 (d, J = 

16.13 Hz, 1H), 4.49-4.42 (m, 1H), 4.40-4.33 (m, 1H), 4.20 (t, J = 6.99 Hz, 1H), 3.94-3.69 (m, 

10H), 3.60-3.52 (m, 1H), 3.47 (q, J = 6.45 Hz, 1H), 3.27-3.19 (2 broad singlets, 3H), 2.62-2.56 

(m, 1H), 2.11-2.04 (m, 2H), 1.93-1.82 (m, 2H), 1.79-1.69 (m, 2H), 1.67-1.61 (m, 2H), 1.56-1.23 

(m, 6H)  

13C NMR (600, CDCl3): δ 167.6, 153.2, 134.4, 131.5, 130.0, 128.6, 126.9, 126.9, 111.0, 74.9, 61.2, 

60.9, 60.8, 56.0, 55.9, 55.8, 47.4, 47.0, 39.3, 39.3, 31.2, 30.0, 29.7, 28.5, 27.8, 27.3, 26.6,, 26.5, 

24.3, 22.1, 19.2 

HRMS (ESI+) calcd for C28H38N3O5Na (M+Na) 531.2583 found 531.2576 
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CHAPTER 3 
 

 

 

SYNTHESIS OF NEOPROFEN AND HOMO-NEOPROFEN: RIGID 

ANALOGUES OF IBUPROFEN USING A TANDEM FRAGMENTATION 

OLEFINATION METHODOLOGY TO MODIFY THE 3-D TOPOLOGY 

OF PHARMACEUTICAL SUBSTANCES 

 
Ron R Ramsubhag, Chelsea Massaro, Christina Dadich, Andrew Janeczek, Tung Hoang, Elizabeth 

Mazzio, Suresh Eyunni, Karam F Soliman and Gregory Dudley “Synthesis of “neoprofen”, a rigidifed 

analogue of ibuprofen, exemplifying synthetic methodology for altering the 3-D topology of 

pharmaceutical substances” Org & Biomol Chem, 2016, 14, 7855-7858. DOI: 10.1039/C6OB01351A 

 

 

 
3.1 Introduction to Neopentylene Ring-Fused Compounds Found in Nature 

 

 Neopentylene ring-fused compounds (3,3-dimethylcyclopentanes) are abundant in nature 

but are not general found in synthetic pharmaceutical libraries and drug development programs. 

The neopentylene motif offers a rigid and highly hydrophobic anchor that may be useful as it can 

add stiffness and lipophilicity to the framework of a molecule. Illudol63, pentalenene64, 

tremulenolide A65, illudalic acid66, and alcyoptersin A67 are just some of the natural products that 

contain this rigid motif (shown in Figure 8). However, it is that same motif that make these natural 

products difficult to prepare. Simplified versions of illudalic acid and alcyopterosin A were 

synthesized with the ring either deleted68 or truncated69 respectively, for the reason that they were 

designed for synthetic expediency. Medicinal chemistry labors found that both simplified 

analogues were less potent then their neopentylene counterparts. Specifically, illudalic acid 

demonstrated a 14-fold decrease in potency when testing the human leukocyte common antigen-

related phosphatase (LAR).68 Shen and coworkers found that the 5-formyl group and the hemi-

acetal lactone play a significant role in inhibition of LAR activity, and that the neopentylene did 

not have a major role but demonstrated an increase in the potency of illudalic acid when present.  

This raises the question, how important is the neopentylene core and where can it be most useful. 

One idea would be to look past natural products and determine what effects can result when 

installing a neopentylene motif to a well-known pharmaceutical.  
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Aspirin, acetaminophen, and ibuprofen are some of the well-known pharmaceuticals that 

are used in everyday lives. A closer look at their structures showed that these compounds possess 

an aromatic ring (highlighted in blue in figure 8). The functionality that is tethered to the aromatic 

ring plays an important role in their drug activity. As stated earlier, the functionality of illudalic 

acid is important for inhibition and the neopentylene only helped in increasing potency. We think 

that the rigid neopentylene fused ring can also have perturbing effects if applied to known 

pharmaceuticals.   

 

 

Figure 8. Natural Products Found to Possess a Neopentylene Motif and Popular Pharmaceuticals   

 

 Installing a hydrophobic anchor such as a neopentylene core to a known pharmaceutical 

will enhance the three-dimensional topology of the structural framework. We believe that the unity 

of the neopentylene ring-fused fragment and a potential drug can offer strategic value in molecular 

pharmacology. A rare example of this approach can be seen with Ibuprofen (Figure 9). The 

isobutyl tail of ibuprofen was replaced with a 3,4-neopentylene ring 35 which was prepared in nine 

steps from benzaldehyde (in 1979).70 For simplicity of this dissertation, we will refer to 35 as 
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neoprofen. The synthetic neopentylene ibuprofen pharmacology is not well known. We 

hypothesized that the neopentylene provides a rigid, topologically unique, and hydrophobic anchor 

that perturbs the biomolecular interactions relative to a truncated and/or more conformationally 

flexible analogues. Herein, a tandem fragmentation / olefination was used to provide a precursor 

for the neopentylene core as key step in the synthesis. Second, we offer preliminary studies of 

neoprofen interacting with an COX-2 enzyme and compare it to ibuprofen. These results lead to 

the development of homo-neoprofen 36.  

 

 

Figure 9. Ibuprofen and Analogues Neoprofen and Homo-neoprofen      

 

3.2 Synthesis and Preliminary Results of Neoprofen and Homo-Neoprofen 

 

Ibuprofen was discovered by Adams and Nicholson in 1961.71 It is a popular 

pharmaceutical that alleviates pain, reduces fever, and can also reduce inflammation. Like aspirin, 

it is also classified as a nonsteroidal anti-inflammatory drug (NSAID). Studies found that 

ibuprofen binds to the COX-2 enzyme in a reversible manner. This in turn, declines the synthesis 

of prostaglandins which are known to mediate symptoms such as fever and inflammation.  

The structure of ibuprofen contains significant components that help the molecule bind to 

COX-2. The carboxylic acid forms a salt bridge with amino acid arginine. (this will be discussed 

later). The other end contains a hydrophobic tail that interacts in a greasy pocket of the enzyme. 

Another important detail is that ibuprofen possesses a chiral center.  It is believed that the S-

enantiomer is the more active of the two and that the R-enantiomer gets converted to the S-

enantiomer when in vivo72. However, it is the tail that scientists manipulate to influence the 

activity. Analogues like naproxen73 and flurbiprofen73-74 bind extremely better than ibuprofen 

(shown in figure 10). This is due largely to affinity associated with the variable extension of the 

hydrophobic aromatic regions of the molecules being able to interact in the hydrophobic enzyme 
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pocket.75 When considering the framework of neoprofen, it is more massive but more compact 

compared to ibuprofen. This will be interesting, as it is expected to not extend as deeply in the 

hydrophobic pocket of the COX-2 enzymes as does ibuprofen.   

 

 

 

Figure 10. Naproxen and Flurbiprofen 

      

  

 Molecular docking studies were done on COX-2 comparing ibuprofen (IBU) to analogs 35 

and 36. Comparative scoring for 35 and 36 were -12.28 and -13.05 respectively (see 3.3 

experimental data). Both compounds scored better than IBU (-11.63) giving the impression that 

the analogues might have a better binding affinity to the COX-2 enzyme. Further computations 

overlaying IBU and 35 in the pocket of the COX-2 provided more insight to how the compounds 

may bind (Figure 11). As stated earlier, the carboxylic acid of IBU forms a salt bridge with arginine 

121 of the COX -2 enzyme locking the molecule in place. The isobutyl tail of IBU is free to interact 

in the hydrophobic pocket being formed by phenylalanine and tyrosine residues. Analog 35 would 

also be locked by the salt bridge being formed by the carboxylic acid and arginine 121, however 

by including the neopentylene substituent, the compound becomes more rigid. This might make it 

difficult for it to fit into the hydrophobic pocket. With this in mind, we decided to also synthesize 

homo-neoprofen 36, which is extended by one carbon in the carboxylic acid chain. We 

hypothesized that the neopentylene might be in closer proximity to engage in the hydrophobic 

pocket. Either way, neoprofen and homo-neoprofen will perturb the pharmacological interactions 

than the more flexible ibuprofen. 
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Figure 11. IBU (blue) vs. Neoprofen (green) Overlaid in the COX-2 Enzyme Pocket 

 

Dudley group recently published methodology for the synthesis of neopentyl-tethered 1,6-

enynes17, which we viewed as potentially ideal for preparing synthetic neopentylenes by taking 

advantage of myriad enyne cycloisomerization and annulation methods. Here, we expand this 

methodology to prepare neopentyl-tethered dienyne 38. Shown in scheme 22, the hemi-acetal 

triflate is deprotonated under basic conditions. Upon warming to room temperature, the 

deprotonated intermediate undergoes fragmentation which involves a 5-center transition state to 

give the alkynyl aldehyde. The aldehyde is not isolated and is treated to the Horner-Wadsworth-

Emmons conditions to give the dienyne 38.    

 

 

Scheme 22. Mechanism of the Tandem Fragmentation / Olefination Reaction 

Phenylalanine

Tryptophan Tyrosine

Arginine 121
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  For the neoprofen 35 and the homo neoprofen 36, we envisioned a [4 + 2] formal Diels-

Alder reaction with use of Wilkinson’s catalyst. The cyclized ring would provide the structural 

backbone with the 3,4-neopentylene ring.  

 

 

Scheme 23. Synthesis of Neoprofen 

  

 Commercially available dimedone was converted to the vinylogous hemi-acetal triflate. As 

stated before, a Horner-Wadsworth-Emmons takes place when the fragmentation of 37 occurs. 

Dienyne 38 undergoes excess alkylation with methyl lithium to give 39. This was necessary to 

remove the electron-withdrawing group ester which can stall the cyclization. In a 2-step process, 

Wilkinson’s catalyst was used to carry out the Diels-Alder reaction which was subjected to a DDQ 

oxidation giving 40 in 60% yield. Another 2-step reaction took place converting 40 to 41. It was 

found that converting the alcohol to the mesylate was needed for the elimination to take place with 

DBU. 41 was obtained in 63% yield. Hydroboration oxidation converted 41 to 42 in 67% yield. 

The oxidation for the next step proved to be tricky and had to undergo a 2-stage oxidation to give 

neoprofen 35. 

 Synthesis of homo-neoprofen 36 was achieved in a similar manner. Reduction using 

DIBAL gave 43 in 65% yield. Once again, it was necessary for the [4+2] cycloaddition reaction. 

Wilkinson’s catalyst was used to carry out the formal Diels-Alder. DDQ was then used to oxide 

the intermediate to give the aromatic ring. However, this time a secondary oxidation took place 

giving the aldehyde 43a. Horner-Wadsworth-Emmons conditions were used to trap the aldehyde 

giving 44 in 35% yield starting from 43. Hydrogenation gave the saturated ester 45 in very high 

yield. Finally, saponification gave the homo-neoprofen 36 quantitively.  
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Scheme 24. Synthesis of Homo-Neoprofen 

 

 With neoprofen 35 and homo-neoprofen 36 in hand, we then proceeded to compare their 

activity in the human COX-2 enzyme with that of ibuprofen (IBU) (figure 12). These studies were 

done using BV-2 microglia cells which were cultured in DMEM media. The cells viability was 

generated by using a resazurin indicator. Here, the reduction of the dye by viable cells was 

quantitatively analyzed using a Synergy HTX multi-mode reader (550/580, excitation/emission). 

COX-2 activity determined by using enzyme activity combined with ELISA. The bioassay was 

designed to for the quantification of Prostaglandin F2alpha from arachidonic acid by human COX-

2.  As stated before, ibuprofen inhibits the COX-2 enzyme from synthesizing prostaglandins. 

Neoprofen (IC50 20µM) when compared to IBU (IC50 1µM) showed poor activity for the COX-2 

enzyme. This fits well with our hypothesis; that by replacing the isobutyl chain with the 

neopentylene ring, we would perturb the molecular pharmacological interactions. In this case, the 

test confirms that the neopentylene is too compact to where it cannot extend into the hydrophobic 

pocket.  Homo-neoprofen 36, differed than 35 by showing an increase in activity (IC50 2µM). This 

result is consistent with the design we planned for homo-neoprofen. By extending the alkyl chain 

in the molecule, it gains more flexibility so that it can extend more deeply into the COX-2 binding 

pocket. This observation is also consistent with our central hypothesis: by replacing the isobutyl 

side chain with the neopentylene ring, we are perturbing the molecular pharmacological 

interactions.  

 In conclusion, we have designed, prepared, and analyzed neoprofen and homo-neoprofen. 

A key step in the synthesis involves a tandem fragmentation / olefination to synthesize the 

neopentyl-tethered dienyne. This was accomplished in 3 steps from commercially available 

material making it an attractive approach to design such enynes. Another important concept 

discussed here, was utilizing the framework in natural products and applying that to known 

pharmaceuticals. This work will be used for the long-term goal of understanding the unique 



45 

hydrophobic 3-D topology of the neopentylene ring fusion and its direct role in drug development. 

The neopentylene ring-fused substrates are abundant in nature but are heavily absent from 

pharmaceutical screening libraries. As stated before, this is probably due to the synthetic challenge 

of developing routes to the neopentyl-tethered fragments. Work in our laboratory is aimed at 

overcoming these limitations by introducing our tandem fragmentation / olefination methodology. 

The syntheses of neoprofen and homo-neoprofen resonant the issues when synthesizing 

neopentylene-fused compounds. These compounds illustrated the potential pharmacological 

significance of this compacted, higher molecular weight, rigid, hydrophobic, and topologically 

unique structural feature. Although the molecular weight of neoprofen is higher than ibuprofen by 

one carbon, the compact and rigid nature of neoprofen allows it to occupy less conformational 

space than ibuprofen in the COX-2 binding pocket. Tentative interpretation of the assay data comes 

from understanding the SAR studies of naproxen and flurbiprofen as well as the restored binding 

affinity of homo-neoprofen which compared to IBU, are structures with higher molecular weight 

but restores the 2-D length and conformational flexibility.  The rigidity and compact nature of 

neoprofen can be advantageous for ligation in compact and rigidly defined binding pockets. In all, 

more work needs to be done in this field which can be accomplished by easier synthetic methods 

that fragmentation chemistry can provide.  

 

 

Figure 12. Human COX-2 Activity Inhibition Assay; activity of homoneoprofen (36, FSU2, red 

bar) was intermediate between that of ibuprofen (IBU, yellow bar) and neoprofen (35, FSU1, blue 

bar). The data represent COX-2 Activity (% Control) and are presented as the Mean ± St. Dev, 

n=2.  Statistical difference from the controls were determined by a students t- test. *P < .05.‡  
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3.3 Experimental Data 

 

General information 

1H-NMR and 13C-NMR spectra were recorded on a 400 or 600 MHz spectrometer using 

CDCl3 as the deuterated solvent. The chemical shifts (δ) are reported in parts per million (ppm) 

relative to the residual CHCl3 peak (7.26 ppm for 1H-NMR and 77.0 for 13C-NMR). The coupling 

constants (J) are reported in Hertz (Hz). Mass spectra were recorded using electrospray ionization 

(ESI) and atmospheric-pressure chemical ionization (APCI). Yields refer to isolated material 

judged to be ≥ 95% pure by 1H NMR spectroscopy following silica gel chromatography. All 

chemicals were used as received unless otherwise stated. The purifications were performed by 

flash chromatography using silica gel with 40-63 micron particle size.  

Methods and Materials 

Hanks Balanced Salt Solution, (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 

(HEPES), sulfanilamide, 96 well plates, general reagents and supplies, were all purchased from 

Sigma Scientific (Sigma -Aldrich, St Louis, MO) or VWR (Radnor, PA). COX Activity Kits were 

purchased from Abcam (Cambridge, MA) and Cayman Chemical (Ann Arbor, Michigan) .    

Cell Culture 

BV-2 microglia cells were provided by Elizabeta Blasi.4 Cells were cultured in DMEM 

high glucose media [glucose 4500mg/L] containing 5% FBS, 4 mM L-glutamine, and 

penicillin/streptomycin (100 U /0.1 mg/mL). Culture conditions were maintained at 37°C in 5% 

CO2/atmosphere and every 2–3 days, the media was replaced and cells sub-cultured. For 

experiments, plating media consisted of DMEM (minus phenol red) [glucose 4500mg/L], 2.5% 

FBS and penicillin/streptomycin (100 U /0.1 mg/mL). LPS O111:B4 was prepared in HBSS at 1 

mg/mL and stored at –20°C. For experiments, LPS was added to the culture media at a working 

concentration of 1µg/mL. 

Cell Viability  

Cell viability was quantified using resazurin [7-Hydroxy-3H-phenoxazin-3-one 10-oxide] 

(Alamar Blue) indicator dye.5 A working solution of resazurin was prepared in sterile HBSS minus 

                                                 
4. Blasi E, Barluzzi R, et al. J Neuroimmunol. 1990;27(2–3):229–237. 
5. Evans SM, Casartelli A, et al. Toxicol In Vitro. 2001;15(4–5):579–584. 
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phenol red (0.5 mg/mL), then added (15% v/v) to each sample. Samples were returned to the 

incubator for 2–4 hr, and reduction of the dye by viable cells (to resorufin, a fluorescent compound) 

was quantitatively analyzed using a Synergy HTX multi-mode reader (Bio-Tek, Winooski, VT) 

with settings at [550/580], [excitation/emission]. 

Cyclooxygenase 2 Activity 

Quantification of PGF2 from arachadonic acid by human COX-2 was determined using 

enzyme activity combined with ELISA (Cayman Chemical, Ann Arbor MI) following the 

manufacturers guidelines.  Samples were analyzed at 405 nm on a Synergy HTX multi-mode 

reader (Bio-Tek, Winooski, VT). 

Nitrite (NO2–)  

Quantification of nitrite (NO2−) was determined using the Greiss reagent.6 Greiss reagent 

was prepared by mixing an equal volume of 1.0% sulfanilamide in 10% phosphoric acid and 0.1% 

N-(1-naphthyl)-ethylenediamine in deionized water, then added directly to the cell supernatant 

(experimental media consisting of DMEM - phenol red) and incubated at room temperature for 10 

min. Controls and blanks were run simultaneously, and subtracted from the final value to eliminate 

interference. Samples were analyzed at 540 nm on a Synergy HTX multi-mode reader (Bio-Tek, 

Winooski, VT).   

Data analysis 

Statistical analysis was performed using Graph Pad Prism (version 3.0; Graph Pad 

Software Inc. San Diego, CA, USA) with significance of difference between the groups assessed 

using a one-way analysis of variance (ANOVA), followed by Tukey post hoc means comparison 

test, or Student’s t test. IC50s were determined by regression analysis using Origin Software 

(OriginLab, Northampton, MA) 

 

Synthesis of ethyl (2E,4E)-7,7-dimethyldeca-2,4-dien-9-ynoate (5) 

To a solution of dimedone (1.0 g, 7.1 mmol, 1 equiv) in dichloromethane (30 mL) was 

added pyridine (1.15 mL, 14.2 mmol, 2 equiv) under nitrogen.  The resulting mixture was stirred 

for 10 minutes at -78°C before adding trifluoromethanesulfonic anhydride (1.40 mL, 8.6 mmol, 

                                                 
6. Ko SH, Ryu GR, et al.. Transplantation. 2008;85(3):323–330. 
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1.2 equiv) dropwise via syringe.  The reaction mixture was stirred at -78°C for 20 minutes, warmed 

to 0°C for 20 minutes, and warmed further to room temperature for 30 minutes.  The reaction was 

quenched using a 1M HCl solution (30 mL) when complete consumption of dimedone was 

observed by TLC and extracted 3 times with diethyl ether (3x10 mL).  The combined organic 

layers were washed with aqueous Na2CO3 and water, dried over sodium sulfate, filtered and 

concentrated. The resulting oil was purified by flash column chromatography (0 to 5% 

EtOAc/Hexanes) to yield 1.89g (>95%) of triflate as a colorless oil. Characterization data were in 

agreement with the literature.7 

To a stirred solution of triflate (2.48 g, 9.1 mmol, 1 equiv) in 42 mL THF at -78°C was 

slowly added DIBAL-H (10.9 mL, 1.0 M solution in toluene, 1.2 equiv).  The resulting mixture 

was stirred at -78°C for 10 minutes, warmed to 0°C for 10 minutes, and room temperature for 30 

minutes.  The reaction mixture was then diluted with ether and cooled to 0°C before quenching 

with 15% NaOH and water.  The mixture was stirred for 15 minutes before added MgSO4.  

Following the addition of MgSO4, the mixture was stirred for an additional 15 minutes.  Vacuum 

filtration and rotary evaporation gave the crude vinylogous hemi-acetal triflate 37.  Purification by 

flash column chromatography (2% to 5% EtOAc/Hexane) gave 1.85g (>95%) of vinylogous 

hemiacetal triflate 37 as a colorless oil.  Characterization data were in agreement with the 

literature.7 

To a solution of diisopropylamine in THF (0.1 M) at -78°C was added dropwise n-BuLi 

(2.5 M solution in hexane). The mixture was then stirred at -78°C for 10 minutes, warmed to 0°C 

for 30 minutes, and then cooled back to -78°C prior to the successive addition of vinylogous 

hemiacetal triflate 37 (1.56 g, 5.63 mmol, 1 equiv) and phosphonate (1.56 g, 6.19 mmol, 1.1 equiv).  

The reaction mixture was stirred at -78°C for 10 minutes, warmed to 0°C for 10 minutes, and 

heated to 60°C in an oil bath for 2 hours.  After 2 hours, the mixture was cooled to room 

temperature before quenching the reaction with half-saturated NH4Cl.  The mixture was extracted 

three times with diethyl ether and the combined organic layers washed with water, dried over 

MgSO4, and concentrated.  The resulting oil was purified by flash column chromatography (1% to 

2.5% EtOAc/Hexane) to yield 0.868g (70%) of dienyne 38 as a light-yellow oil. 

 

                                                 
7. Hoang, T. T.; Dudley, G. B. Org. Lett. 2013, 15, 4026-4029. 
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Synthesis of neoprofen  

To a solution of THF (0.05 M) was added MeLi (1.7 mL, 1.6 M in diethylether, 5 equiv) 

under nitrogen at room temperature. The reaction mixture was brought down to -78°C. A solution 

of the dienyne ester 38 (0.12 g, 0.545 mmol, 1 equiv) in THF (1 mL) was added dropwise to the 

MeLi mixture -78°C. TLC revealed consumption of starting material after 1 hr. The reaction was 

then cooled to 0°C and then quenched with a saturated solution of NH4Cl. The following solution 

was then extracted with EtOAc three times. The organic layers were then collected, dried with 

MgSO4, and concentrated under reduced pressure to give an oil. The resulting oil was purified by 

flash column chromatography (5% to 10 EtOAc/Hexane) to yield 91 mg (82%) of alcohol 39 as a 

colorless oil.  

To a solution of 39 (7 mg, 0.034 mmol, 1 equiv) in 2,2,2-trifluorethanol (1 mL) under nitrogen 

was added Wilkinson’s cat. (4 mg, 0.004 mmol, 10 mol%). The reaction mixture was then heated 

to 55°C and left to stir overnight. TLC revealed the consumption of starting material. The reaction 

was then diluted with water and extracted with DCM three times. The organic layers were 

collected, dried with sodium sulfate, and concentrated under reduced pressure. No further 

purification was needed and the oil residue was taken on to the next step. The oil residue was then 

dissolved with DCM (1.5 mL). DDQ (0.015 g, 0.07 mmol, 2 equiv) was added to the reaction and 

left to stir at room temperature for 7 hours. The reaction was then concentrated to give a brown 

oil. The oil was purified by flash column chromatography (5% to 10% EtOAc/Hexane) to yield 

4.2 mg (60%) of indane 40 as a colorless oil.  

To a solution of tertiary alcohol 40 (0.03 g, 0.147 mmol, 1 equiv) in dry DCM (0.2 M) under 

nitrogen at 0°C was added TEA (0.06 mL, 0.441 mmol, 3 equiv). Methanesulfonyl chloride (0.030 

mL, 0.441 mmol, 3 equiv) was then added to the stirring solution at 0°C over 5 min. The reaction 

continued stirring for an hour before quenching with aq. NaHCO3 and extracted with CHCl3 three 

times. The organic layers were collected, dried with sodium sulfate, and concentrated under 

reduced pressure. No further purification was needed and the oil residue was taken on to the next 

step. The oil residue was then dissolved with toluene (0.2 M) under nitrogen. DBU (0.07 mL, 

0.441 mmol, 3 equiv) was then added dropwise to the reaction and heated to 50°C to stir overnight. 

TLC showed a new nonpolar spot as well as consumption of starting material. The reaction mixture 

was cooled to 0°C and quenched with a saturated solution of aq. NaHCO3. The aqueous layer was 
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extracted with diethyl ether three times. The organic layers were collected, washed with brine, 

dried with sodium sulfate, concentrated under reduced pressure to give an oil. The resulting oil 

was purified by flash column chromatography (100% Hexane) to yield 17 mg (63%) of alkene 41 

as a colorless oil.  

To a solution of the styrene derivative 42 (0.014g, 0.082 mmol, 1 equiv) in dry THF (0.68 

M) under nitrogen at 0°C was added the borane-THF complex (0.09 mL, 1 M in THF, 1.1 equiv) 

dropwise. The reaction mixture was allowed to warm up to room temperature and stirred for an 

additional 5 hours. H2O (0.01mL, 0.68 M), 15% aq. NaOH (0.06 mL, 1.36 M), and H2O2 (0.06 

mL, 1.36 M) were added dropwise to the stirring solution and left to stir for an additional 4 hours. 

The reaction was then extracted with pentane three times and washed with brine. The organic 

layers were collected, dried with MgSO4, and concentrated under reduced presuure to give a 

colorless oil. The resulting oil was purified by flash column chromatography (5% to 10% 

EtOAc/Hexane) to yield 10.3 mg (67%) of primary alcohol 43 as a colorless oil.  

Primary alcohol 9 (0.017g, 0.083 mmol, 1 equiv) was added to dry DCM (0.2 M) under nitrogen. 

NaHCO3 (0.025g, 0.416 mmol, 5 equiv) was added to the reaction mixture and cooled to 0°C. 

Dess-Martin periodinane (0.053g, 0.125 mmol, 1.5 equiv) was then added to the cooled solution 

and left to stir for 8 hours at room temperature. The reaction was then quenched with a solution of 

aq. NaHCO3 and extracted with diethyl ether three times. The organic layers were then collected 

and washed with a saturated solution of aq. Na2SO3. The organic layer was then collected, dried 

over sodium sulfate, and concentrated under reduced pressure to give an oil. A crude 1H-NMR 

revealed the aldehyde intermediate. The oil was then dissolved in t-BuOH (0.15 mL), followed by 

the addition of 2-methylbut-2-ene (0.15 mL, 2 M in THF, 8.88 equiv). The reaction was cooled to 

0°C. A mixture of NaClO2 (9.5 mg, 0.105 mmol, 3.1 equiv) and NaH2PO4 (0.013g, 0.105 mmol, 

3.1 equiv) in H2O (0.15 mL) was slowly added dropwise to the cooled solution. The reaction was 

left to stir at room temperature for 6 hours. The reaction mixture was diluted with 1 M HCl solution 

and extracted with DCM three times. The organic layers were then collected and washed with a 

saturated solution of aq. Na2SO3. The organic layer was then collected, dried over sodium sulfate, 

and concentrated under reduced pressure to give an oil. The resulting oil was purified by flash 

column chromatography (5% to 20% EtOAc/Hexane) to yield 8 mg (44%) of carboxylic acid 35 

as a colorless oil. 
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Synthesis of homo-neoprofen 36 

To a solution of dienyne ester 38 (0.210g, 0.954 mmol, 1 equiv) in DCM (0.1 M) under 

nitrogen at -78°C was added DIBAL dropwise (2.4 mL, 1M in toluene, 2.5 equiv). The reaction 

was stirred at -78°C for 4 hours. The reaction was then diluted with ether and warmed to 0°C. 

Water (0.10 mL) was added dropwise to the cooled solution, followed by the addition of 15% aq 

NaOH (0.10 mL). Additional water (0.238 mL) was added to the mixture. The reaction was 

allowed to warm up to room temperature and left to stir for 15 minutes. Anhydrous MgSO4 was 

added to the mixture and left stirring for an added 15 minutes. The reaction mixture was filtered 

to remove salts and then concentrated under reduced pressure. The resulting crude oil was purified 

using flash column chromatography (5% to 10% EtOAc/Hexanes) to give 0.110g (65%) of primary 

alcohol 43 as a colorless oil.     

To a solution of 43 (0.01g, 0.056 mmol, 1 equiv) in 2,2,2-trifluorethanol (1 mL) under nitrogen 

was added Wilkinson’s cat. (6 mg, 0.006 mmol, 10 mol%). The reaction mixture was then heated 

to 55°C and left to stir overnight. TLC revealed the consumption of starting material. The reaction 

was then diluted with water and extracted with DCM three times. The organic layers were 

collected, dried with sodium sulfate, and concentrated under reduced vacuum. No further 

purification was needed and the oil residue was taken on to the next step. The oil residue was then 

dissolved with DCM (1.5 mL). DDQ (0.057g, 0.252 mmol, 4.5 equiv) was added to the reaction 

and left to stir at room temperature for 7 hours. TLC showed a new nonpolar spot, tentatively 

identified as the indane carboxaldehyde intermediate. The reaction mixture was then concentrated 

under reduced pressure, filtered through a silica plug (10% EtOAc/Hexanes), concentrated under 

reduced pressure, and carried forward without further purification. 

To a stirred 1.0 M solution of LiHMDS in THF (0.073 mL, 1 M in THF, 1.3 equiv) at -

78°C was slowly added triethyl 2-phosphonopriopionate (0.013 mL, 0.062 mmol, 1.1 equiv).  The 

resulting mixture was stirred for 5 minutes before the dropwise addition of the presumed 

indanecarboxaldehyde intermediate from the previous step.  The reaction mixture was stirred 

at -78°C for 10 minutes, warmed to 0°C for 10 minutes, and room temperature for 30 minutes.  

The reaction was quenched with half-saturated NH4Cl and extracted three times with diethyl ether.  

The combined organic layers were washed with water, dried over MgSO4, and concentrated.  The 

resulting oil was purified by flash column chromatography (2.5% EtOAc/Hexane) to yield 4.5 mg 

(35% over the three steps) of α-β-unsaturated ester 44 as a colorless oil. 
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To a stirred solution of α-β-unsaturated ester 44 (53.7 mg, 0.208 mmol, 1 equiv) in ethanol (4 mL) 

was added palladium on activated carbon (19.9 mg).  The reaction mixture was flushed and 

maintained under a hydrogen atmosphere and stirred overnight at 35°C.  The solution was filtered 

over celite and extracted three times with ethyl acetate.  The combined organic layers were washed 

with water, dried over Na2SO4, and concentrated.  No further purification was required.  The 

resulting oil gave 52 mg (97%) of the saturated ester 45 as a colorless oil.     

To a stirred solution of ester 45 (25.6 mg, 0.098 mmol, 1 equiv) in dioxane (0.77 mL) was added 

0.5 M LiOH (0.39 mL) solution.  The reaction mixture was stirred for 2 days at room temperature 

until complete consumption of the starting material 45 was observed by TLC. The reaction mixture 

was quenched with AcOH at 0°C.  The resulting solution was extracted three times with ethyl 

acetate and the combined organic layers were washed with water, dried over Na2SO4, and 

concentrated. The resulting oil gave 22.5 mg (99%) of 36 as a colorless oil. 

 

 

Characterization data of all compounds 

 

Compound 38 

Mass = 0.86g; Yield = 70% 

Light yellowish oil  

1H NMR (400 MHz, CDCl3): δ 7.30-7.22 (m, 1H, (CDCl3 in this region)), 6.25-6.07 (m, 1H), 5.83-

5.78 (m, 1H), 4.20 (q, J=7.12 Hz, 2H), 2.18 (d, J=7.36 Hz, 2H), 2.08-2.05 (m, 2H), 2.02-1.99 (m, 

1H), 1.29 (t, J=7.12 Hz, 4H), 0.98 (s, 6H) ppm; 

13C NMR (600 MHz, CDCl3): δ 167.2, 144.6, 140.5, 131.1, 119.8, 82.0, 70.3, 60.2, 44.4, 34.3, 

31.5, 26.7, 14.3 ppm; 

HRMS (ESI+) calcd for C14H20O2Na (M+Na)+ 243.1361 found 243.1360 

 

 

Compound 43 

Mass = 0.091g; Yield = 82% 

Colorless oil 
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1H NMR (400 MHz, CDCl3): δ 6.25-6.16 (m, 1H), 6.10-6.00 (m, 1H), 5.78-5.63 (m, 2H), 2.13-

2.037 (m, 4H), 1.99 (t, J=2.61 Hz, 1H), 1.40 (broad s, 1H), 1.34 (s, 6H), 0.97 (s, 6H) ppm;   

13C NMR (600 MHz, CDCl3): δ 139.3, 132.6, 130.7, 126.8, 82.5, 70.7, 70.0, 44.3, 34.2, 31.4, 29.8, 

26.6 ppm; 

HRMS (APCI) calcd for C14H23O (M+H)+ 207.17434 found 207.17484 

 

 

 

Compound 44 

Mass = 4.2 mg; Yield = 60% 

White solid 

Melting point = 36°C 

1H NMR (400 MHz, CDCl3): δ 7.29 (s, 1H), 7.26-7.22 (m, 1H), 7.12 (d, J=7.53 Hz, 1H), 2.71 (d, 

J= 8.07 Hz, 4H), 1.59-1.53 (broad s, 7H), 1.14 (s, 6H) ppm; 

13C NMR (600 MHz, CDCl3): δ 147.1, 143.6, 142.0, 124.3, 122.2, 120.8, 72.6, 47.9, 47.4, 40.2, 

31.9, 28.9 ppm; 

HRMS (ESI+) calcd for C14H20O2Na (M+Na)+ 243.1361 found 243.1366 

 

 

 

Compound 41 

Mass = 17.2 mg; Yield = 63% 

Colorless oil 

1H NMR (600 MHz, CDCl3): δ 7.29 (s, 1H), 7.27-7.24 (m, 1H), 7.13 (d, J=7.69 Hz, 1H), 5.34-

5.33 (broad s, 1H), 5.03 (t, J=1.50 Hz, 1H), 2.73 (d, J=7.49 Hz, 4H), 2.16 (s, 3H), 1.17 (s, 6H) 

ppm; 

13C NMR (600 MHz, CDCl3): δ 143.7, 143.6, 143.0, 139.4, 124.4, 123.5, 121.9, 111.4, 47.8, 47.5, 

40.3, 28.9, 22.1 ppm; 

HRMS (APCI) calcd for C14H19 (M+H)+ 187.14813 found 187.14820  
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Compound 42 

Mass = 10.3 mg; Yield = 67% 

Colorless oil 

1H NMR (600 MHz, CDCl3): δ 7.11 (d, J=7.04 Hz, 1H), 7.03 (s, 1H), 6.99 (d, J=8.50 Hz, 1H), 

3.72-3.65 (m, 2H), 2.91 (sextet, J=7.20 Hz, 1H), 2.70 (d, J=8.00 Hz, 4H), 1.26 (d, J=7.20 Hz, 

(OH), 4H), 1.14 (s, 6H) ppm;  

13C NMR (600 MHz, CDCl3): δ 144.1, 142.0, 141.3, 125.3, 124.8, 123.8, 68.9, 47.8, 47.4, 42.3, 

40.2, 28.9, 17.8 ppm; 

HRMS (ESI+) calcd for C14H20Ona (M+Na)+ 227.1412 found 227.1419 

 

 

Compound 35 

Mass = 8.0 mg; Yield = 44% 

Colorless oil 

1H NMR (600 MHz, CDCl3): δ 7.16-6.99 (m, 1H), 3.73-3.65 (m, 1H), 2.69 (d, J=9.11 Hz, 4H), 

1.49 (d, J=7.16 Hz, 3H), 1.14 (s, 6H) ppm; 

13C NMR (600 MHz, CDCl3): δ 180.4, 144.1, 142.8, 137.7, 125.4, 124.8, 123.9, 47.7, 47.4, 45.2, 

40.2, 28.9, 18.3 ppm; 

HRMS (ESI+) calcd for C14H18O2Na (M+Na)+ 241.1204 found 241.1217 

 

Compound 43 

Mass = 104 mg; Yield = 65% 

Colorless oil 

1H NMR (400 MHz, CDCl3): δ 6.23 (dd, J= 15.16, 10.42 Hz, 1H), 6.07 (dd, J = 14.96, 10.42 Hz, 

1H), 5.79-5.65 (m, 2H), 4.17 (t, J=5.40 Hz, 2H), 2.11-2.03 (m (CH2, J=7.43 Hz) (CH2, J=2.70 

Hz), 4H), 1.99 (t, J=2.70 Hz, 1H), 1.32 (t, J=5.40 Hz, 1H), 0.95 (s, 6H) ppm;  

13C NMR (?, CDCl3): δ 132.3, 131.8, 131.4, 130.0, 82.4, 70.0, 63.5, 44.2, 34.1, 31.4, 26.6 ppm; 

HRMS (APCI) calcd for C12H19O (M+H)+ 179.14304 found 179.14322 
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Compound 44 

Mass = 4.6 mg; Yield = 35% 

Colorless oil 

1H NMR (400 MHz, CDCl3): δ 7.67 (s, 1H), 7.24-7.15 (m, 3H), 4.26 (q, J=7.12 Hz, 2H), 2.76-

2.71 (m, 4H), 2.15-2.11 (m, 3H), 1.34 (t, J=7.12, 3H), 1.16 (s, 6H) ppm; 

13C NMR (600 MHz, CDCl3): δ 168.9, 144.3, 143.8, 139.3, 133.9, 128.0, 127.3, 126.0, 124.6, 60.8, 

47.6, 40.3, 28.8, 14.4, 14.2 ppm; 

HRMS (ESI+) calcd for C17H22O2Na (M+Na)+ 281.1518 found 281.1514 

 

Compound 45 

Mass = 52 mg; Yield = 97% 

Colorless oil 

1H NMR (400 MHz, CDCl3): δ 7.05 (d, J=7.52 Hz, 1H), 6.96 (s, 1H), 6.91 (d, J=7.52, 1H), 4.09 

(q, J=7.08, 2H), 2.99-2.95 (dd, J=13.1 Hz, 6.52 Hz, 1H), 2.74-2.56 (m, 6H), 1.22-1.11 (m, 12H 

(CH3, t, J=7.12 Hz)) ppm; 

13C NMR (600 MHz, CDCl3): δ 176.4, 143.7, 141.5, 137.2, 126.8, 125.4, 124.5, 60.2, 47.7, 47.4, 

41.7, 40.2, 39.7, 28.8, 16.8, 14.2 ppm; 

HRMS (ESI+) calcd for C17H24O2Na (M+Na)+ 283.1674 found 283.1666 

 

Compound 36 

Mass = 22.5 mg; Yield = 99% 

Colorless oil 

1H NMR (400, CDCl3): δ 8.52 (br s, 1H), 7.06 (d, J=7.6 Hz, 1H), 6.98 (s, 1H), 6.93 (d, J=7.52, 

1H), 3.06-3.03 (dd, J=13.2 Hz, 6.04 Hz, 1H), 2.79-2.55 (m, 6H), 1.19-1.12 (m, 9H) ppm; 

13C NMR (600, CDCl3): δ 182.4, 143.8, 141.6, 136.9, 126.8, 125.4, 124.6, 47.7, 47.4, 41.6, 40.2, 

39.3, 28.9, 16.5 ppm; 

HRMS (ESI-) calcd for C15H19O2 (M-H+)- 231.1385 found 231.1405 
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Nitric oxide – LPS activated BV2 Microglial Cells 
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NO2- inhibition and toxicity in 

BV-2 cells treated with LPS 

(1µg/mL).  The data represent 

NO2- and viability (% LPS 

Control), presented as the Mean ± 

S.E.M, n=4.  Statistical difference 

from the Controls were 

determined by a one-way 

ANOVA, followed by a Tukey 

post – hoc test * P<.05 . 
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Molecular Docking of IBU vs IBU analogues on Murine Cyclooxygenase 2 

Comparative Scoring : Molecular Docking of IBU vs IBU Analogues on Murine 

Cyclooxygenase 2.  
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APPENDIX A 

 
1HNMR AND 13CMNR SPECTROSCOPIES FOR CHAPTER 2  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



61 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



64 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



65 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



66 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



67 

 

 

 

 

 

 

 

 

 

 

  



68 

APPENDIX B 

 
1HNMR AND 13CMNR SPECTROSCOPIES FOR CHAPTER 3 
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APPENDIX C 

 

LIST OF CHEMICAL TERMS 

 

 
 

 

AAC   Azide-Alkyne Cycloaddition 

APCI   Atmospheric Pressure Chemical Ionization 

Arg   Arginine 

BnN3   Benzyl Azide 

BONO   Benzocyclononyne 

t-BuOH  tert-Butanol 

CHCl3   Chloroform 

CF3CH2OH  Trifluoroethanol 

13CNMR  Carbon-13 Nuclear Magnetic Resonace 

COX-2   Cyclooxygenase-2 

CuAAC  Copper Azide-Alkyne Cycloaddition 

DCM   Dichloromethane 

DDQ   2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 

DIBAL  Diisobutylaluminium Hydride 

DIBO   Dibenzocyclooctyne 

DIFO   Difluorinated Cyclooctyne 

DMSO   Dimethyl Sulfoxide 

ESI   Electron Ionization 

Et2O   Diethyl Ether 

EtOAc   Ethyl Acetate 

EtOH   Ethanol 

EWG   Electron Withdrawing Group 

Gly   Glycine 

HMPA   Hexamethylphosphoramide 

1HNMR  Proton Nuclear Magnetic Resonance 

HRMS   High Resolution Mass Spectroscopy  
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Hz   Hertz 

IBU   Ibuprofen 

LAR   Leukocyte Common Antigen-Related Receptor 

Leu   Leucine 

LiHMDS  Lithium Bis(trimethylsilyl) Amide 

MeLi   Methyl Lithium 

MeOH   Methanol 

Ms   Mesylate 

Na   Sodium 

NSAID  Nonsteroidal Anti-Inflammatory Drug 

OCT   Cyclooctyne  

Ph   Phenyl 

Pr   Propyl 

Pro   Proline 

PTP   Protein Tyrosine Phosphatases 

Py   Pyridine 

r.t.   Room Temperature 

SPAAC  Strained-Promoted Alkyne-Azide Cycloaddition 

TBTA   Tris(benzyltriazolylmethyl)amine 

TEA   Triethylamine 

TMEDA  Teramethylethylenediamine 

T.I.   Tetrahedral Intermediate 

THF   Tetrahydrofuran 

TLC   Thin-Layered Chromatography 

TMSCl  Trimethylsilyl Chloride 

TsCl   4-Toluenesulfonyl chloride 

Ts   Tosylate 

Tf   Triflate 

Val   Valine 

VAT   Vinylogous Acyl Triflate 

VHAT   Vinylogous hemi-acetal Triflate  
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BIOGRAPHICAL SKETCH 
 

 

Education 

Florida State University, Tallahassee, FL 

• Doctor of Philosophy in Organic Chemistry (Expected August 2017) 

University of Connecticut, Storrs, CT 

• Master of Science in Organic Chemistry (August 2010) 

• Bachelor of Science in Chemistry with American Chemical Society (ACS) accreditation 

(May 2009) 

• Bachelor of Science in Molecular & Cell Biology (May 2009) 

 

Professional Experience 

GlaxoSmithKline, King of Prussia, PA (Chemistry Co-op position in the Heart Failure 

Discovery Performance Unit, Full Time, September 2013 – September 2014) 

• Highlights 

o Design synthetic routes to gain access to key small molecules 

o Synthesized small molecules (varying from 3 to 10 steps) for the desired heart failure 

target 

o Analysis of biological “Structural Activity Relationship (SAR)” 

o Conducted reactions using a microwave  

o Worked on large scale production to run chemical arrays 

o Purification techniques involve UV directed and mass directed flash column 

chromatography 

o Experience with electronic lab notebook 

• Key Reactions 

o Sonogashira, Rhodium catalyzed carbene chemistry, Hydroboration Oxidation, 

Hydrogenation, Mitsunobu, Suzuki    

 

Research Experience  

Florida State University (Ph.D., Spring 2011 – present) 

• Investigation of cylcoisomerization [2+2+2] involving vinyl sulfone enynes to 

synthesize indane derivatives (Fall 2016 – present) 

o Synthesize a new type of 1,6-enyne which incorporates a vinyl sulfone 

o These vinyl sulfone enynes are used to explore and expand [2+2+2] 

cycloisomeriaztion methodology 

o Various alkynes are used as coupling partners to synthesize variety of gem-dimethyl 

indanes 

• Developed a new lab practical for the organic honors and organic survey labs (Fall 

2016 – present) 
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o To simulate an industrial lab setting by completing a multi-step synthesis in an 

allotted time 

o Teach the students to Draw comparisons between nature and science 

o Teach students to practice separation and analytical methods such as silica gel 

chromatography an UV-visible spectroscopy    

• Synthesis of an Ibuprofen derivative using tandem fragmentation/vinylogous 

olefination methodology (introduction of 3,3-dimethylcyclopentanes) (Fall 2015 – 

Summer 2016) 

o Synthesized two Ibuprofen analogues which we refer as “neoprofen” and 

“homoneoprofen” 

o Key step involves a rhodium-catalyzed intramolecular [4+2] formal Diels-Alder 

reaction 

o Investigated the unique hydrophobic 3-D topology of the neopentylene ring and its 

potential role in drug discovery 

o  Managed a small team of undergraduates (3 total) to explore this project      

• New applications of benzocyclononye as an orthogonal dual-click diyne (Summer 2012 

– Summer 2016) 

o Exercise halogen-lithium exchange to induce intramolecular addition/fragmentation 

of vinylogous acyl triflates producing strained cycloalkynes  

o Demonstrated chemoselective click reactions (copper-catalyzed azide-alkyne 

cycloaddition vs strained-promoted alkyne-azide cycloaddition) 

o Developed a new of reagent that can be used for dual-click applications   

 

University of Connecticut (M.S., Summer 2009 – Summer 2010) 

• Synthesis of methyl-D-glycero-D-gulo-septanoside and allyl- D-glycero-D-gulo-

septanoside  

o Diastereoselective dihydroxylation of the heptentiol intermediate 

o Regioselective opening of the benzylidene protected diol 

o Tandem cyclization-acetalization that gave rise to the guloseptanosides 

 

University of Connecticut (B.S., Spring 2007 – Spring 2009) 

• Synthesis of an alternative route towards the septanose sugars based on oxepine 

(Fall 2007- 2009)  

o Synthesized 7-membered carbohydrate from α-D-methylglucoside 

  

• Identification of genes that affect catabolite repression, and are possible partners to 

the HPr  

Protein (fall 2008 – 2009) 

o Transposon mutagenesis on Sinorhizobium meliloti 

o Genomic analysis of the mutants 
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• Preparation of  4-Acetylamino-2,2,6,6-tetramethylpiperidine-1-oxoammonium-

tetrafluroborate (Spring 2007) 

o    4-Acetylamino-2,2,6,6-tetramethylpiperidine-1-oxoammonium-tetra fluroborate is 

used for the oxidation of   alcohols to aldehydes or ketones 

o    Synthesized oxoammonium salt from 4-Acetylamino-2,2,6,6-tetramethylpiperidine  

 

Internship 

 Organic Chemistry Lab under the direction of Mark W. Peczuh (Summer 2007) 

• Preparation of p - nitrophenyl septanosides as substrates for natural glycosidase 

o The purpose was to determine whether some novel p-nitrophenyl septanosides can 

serve as substrates for glycosidase enzymes 

 

Teaching Experience 

• Chemistry Outreach Coordinator (Spring 2011 - Spring 2013) 

o Organize science events to promote chemistry to K-12 grade students 

o Train volunteers to carry out science experiments in a safely manner 

o Featured in a local newspaper article (Thomasville Times-Enterprise)  

• Guest Lecturer, Florida State University (Fall 2011 – present) 

o Lectured 1 time for Prof. Saha’s organic chemistry I class (Spring 2016) 

o Lectured 1 time for Prof. Saltiel’s organic chemistry II class (Fall 2015) 

o Lectured 2 times for Prof. Mariappan’s survey organic class (Summer 2015) 

o Lectured 1 time for Prof. Alabugin’s organic chemistry II class (Fall 2011) 

• Teaching Assistant (Fall 2009 - Summer 2013, Fall 2014 - present) 

o Recitation Instructor for organic II chemistry class (Summer 2016 - Fall 2016) 

o Recitation Instructor for organic I chemistry class (Spring 2016) 

o Recitation Instructor for organic II chemistry class (Fall 2015) 

o Recitation Instructor for  survey organic chemistry class (Summer 2015) 

o Supervised an survey organic chemistry laboratory class (Spring 2015) 

o Recitation Instructor for organic II chemistry class (Fall 2014) 

o Recitation Instructor for organic II chemistry class (Fall 2011 - Summer 2013) 

o Recitation Instructor for organic I chemistry class (Spring 2011) 

o Supervised an organic chemistry laboratory class (Fall 2010) 

o Supervised an chemical engineering laboratory class (Spring 2010)  

o Taught a general chemistry discussion class (Fall 2009) 

o Supervised a general chemistry laboratory class (Fall 2009) 

• Graduate Research Mentor (Fall 2011 – present) 

o Mentored and trained a total 12 undergraduates over 6 years 

o Mentoring two students from the Undergraduate Research Opportunity 

Program (UROP) (Fall 2016 – present) 

o Lead a small team of 3 undergraduates that resulted in a publication   

o Mentored two students in a honors research chemistry class (Spring 2013) 

• Graduate Assistant (Fall 2009 - Spring 2010) 

o Mentored in Louis Stokes Alliances for Minority Participation (LSAMP) First Year 

Experience (FYE) course 
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• Science Wizards Program (Summer  2009) 

o Taught chemistry to middle school students in various schools 

• Organic Chemistry Tutor (Special Program Assistant, Fall 2007 – Spring 2009) 

o Tutored college students in general and organic chemistry  

 

 

Skills 

• Computer:  Microsoft Office, Reaxys, Guassian, ChemDraw, electronic lab notebook, 

SciFinder Scholar, Genomic Analysis, C++, Java 

                

• Laboratory:  

o Instrumentation: maintaining solvent system, 1H NMR, 13C NMR, IR, GC/MS, 

LCMS), inert atmosphere reaction conditions in glovebox, 

microwave, photon reactor, transposon mutagenesis, phenotype 

screening (with x-gal), DNA sequencing, and polymerase chain 

reaction (PCR)  

 

o Purification techniques: HPLC, Distillation, Lyophilizer, UV directed and Mass 

MPLC, Extraction, Gilson reverse phase, Chromatography 

(identification and separation), Recrystallization, Titration 

Awards 

• FSU – Congress of Graduate Studies Conference Presentation Grant (2017) 

• Travel Award by the FSU Chemistry Dept. (Spring 2017) 

• Outstanding Organic Chemistry Teaching Assistant 2015-2016 

• Nominated (by the university) for the Outstanding Teaching Assistant Award 2014-2015 

• Outstanding Organic Chemistry Teaching Assistant 2012-2013 

• Hoffmann Merit Award 2010 

• Honorable Mention from ACS for improvement of the UConn SAACS Chapter 2007-

2008  

• Outstanding Poster Award from the Northeast LSAMP Conference for research on p-

NitroPhenyl septanosides (Fall 2007) 

 

Publications 

• 2016 “Synthesis of “neoprofen”, a rigidifed analogue of ibuprofen, exemplifying synthetic 

methodology for altering the 3-D topology of pharmaceutical substances”, Ron R 

Ramsubhag, Chelsea Massaro, Christina Dadich, Andrew Janeczek, Tung Hoang, 

Elizabeth Mazzio, Suresh Eyunni, Karam F Soliman and Gregory Dudley, Org & Biomol 

Chem, 2016, 14, 7855-7858 

• 2016 “Orthogonal dual-click diyne for CuAAC and/or SPAAC couplings”,  Ron R. 

Ramsubhag, Gregory B. Dudley, Org & Biomol Chem, 2016, 14, 5028-5031 
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• 2011 “Tandem cyclization and acetalization of a homologated D-glucose delivers D-

glycero-D-guloseptanosides”,  Ron R. Ramsubhag, Mark W. Peczuh, Arkivoc 2011,  92-

101  

 

Presentations 

• 2017 Florida Annual Meeting and Exposition (FAME ACS) “Synthesis of Vinyl Sulfone 

1,6-Enynes for [2+2+2] Cycloisomerization Methodology” (oral) Ron Ramsubhag, 

Gregory B. Dudley 

• 2017 ACS National meeting, San Francisco, CA, “Orthogonal dual-click diyne for 

CuAAC and/or SPAAC couplings” (oral) Ron Ramsubhag, Gregory B. Dudley  

• 2016 Florida Annual Meeting and Exposition (FAME ACS) “Orthogonal dual-click diyne 

for CuAAC and/or SPAAC couplings” (oral) Ron Ramsubhag, Gregory B. Dudley 

• 2011 UConn LSAMP symposium, Storrs, CT, “Carbon-Carbon Fragmentation From 

Unusual Types of Triflates” (oral) Ron Ramsubhag, Gregory B. Dudley 

• 2009 UConn Chemistry Undergraduate Poster session, Storrs, CT, “Toward p-NitroPhenyl 

Septanosides as Substrates for Natural Glycosidases”(poster) Ron Ramsubhag, M.W. 

Peczuh 

• 2009 ACS Connecticut Valley Section (CVS) Undergraduate Symposium, Connecticut 

College in New London, CT “Toward p-NitroPhenyl Septanosides as Substrates for 

Natural Glycosidases”(poster) Ron Ramsubhag, M.W. Peczuh   

• 2009 NEA (Northeast Alliance) Graduate Conference, “Toward p – NitroPhenyl 

Septanosides as Substrates for Natural Glycosidases” (poster) Ron Ramsubhag, Mark. W. 

Peczuh 

• 2008 ACS National meeting, Philadelphia, PA, “Activities of SAACS chapter at the 

University of Connecticut”(poster) Ron Ramsubhag, John Bushspies, Kevin Longo, Ivona 

Stanisic, Charles Engle, Tyson A. Miller, and Mark W. Peczuh 

• 2008 UConn Chemistry Undergraduate Poster session, Storrs, CT, “Toward p-NitroPhenyl 

Septanosides as Substrates for Natural Glycosidases”(poster) Ron Ramsubhag, M.W. 

Peczuh 

• 2008 ACS Connecticut Valley Section (CVS) Undergraduate Symposium, Smith College 

in Northampton, MA “Toward p-NitroPhenyl Septanosides as Substrates for Natural 

Glycosidases”(poster) Ron Ramsubhag, M.W. Peczuh   

• 2007 NE-LSAMP, Sturbridge, MA, “Toward p-NitroPhenyl Septanosides as Substrates 

for Natural Glycosidases”(poster) Ron Ramsubhag, M.W. Peczuh  

• 2007 Summer research symposium, Storrs, CT, “Toward p-NitroPhenyl Septanosides as 

Substrates for Natural Glycosidases”(oral and poster) Ron Ramsubhag, M. W. Pezuch 

 

Activities and Affiliations   

• Lab Safety graduate representative for FSU Chem Dept Safety Committee (Fall 

2014 – present)    

• American Chemical Society, (Fall 2005 - Present) 

• Students Affiliates of American Chemical Society, UConn chapter (Fall 2005 - Spring 

2009) 
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o President (2007-08) 

• UConn Outreach program  

o Volunteered at Junior Science and Humanities Symposium (JSHS) (2008, 2009)  
o Volunteered at Middle School Science Bowl (in 2007, 2008, and 2009) 

 

 


