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CHAPTER 1: BACKGROUND AND INTRODUCTION  

 

1.1 Protecting Group Chemistry 

 In multi-step organic synthesis, achieving chemoselectivity and avoiding unintentional 

transformations is critical especially, when the substrate of interest is highly functionalized. 

Various reagents, such as oxidizing or reducing reagents, are capable of inducing transformations 

in multiple functional groups. For instance, treating a molecule containing both a ketone and an 

aldehyde with excess lithium aluminum hydride will result in the reduction of both functional 

groups.
1
 To avoid this problem, synthetic chemists can employ protecting groups to prevent 

unintentional transformation of a particular functional group. Protecting groups are chemical 

structures added to a molecule, under specific reaction conditions, to reduce the reactivity of a 

specific functional group. The integrity of the protected functional group is maintained during 

the reaction even in the presence of harsh reaction conditions.
2
 With the use of protecting group 

strategies, the intended functional group is chemically altered while the protected functional 

group remains unaffected (Scheme 1.1).  

Scheme 1.1: Key Steps in Protecting Group Chemistry 

 

There are three steps involved when using a protecting group as shown in Scheme 1.1. 

The starting material (1.1) in this scheme contains two generic functional groups, X and Y. In the 

first step, the protecting group (PG) is installed on the functional group of interest, X, on 

molecule 1.2. In the second step, the desired reactions are performed at a different reaction site 
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than the protective group. This is illustrated with the transformation of functional group Y of 

molecule 1.2 via the introduction of the generic group Z in molecule 1.3. In the final step, known 

as deprotection, the protecting group is selectively removed to restore functionality to functional 

group X in molecule 1.4. The selective removal of protecting groups is essential to avoid 

unintentional transformations in the molecule and defeat the purpose of using a protecting group 

in the first place.
2,3

 

Many synthetic chemists oppose the use of protecting groups because the installation and 

removal of a protecting group adds two additional steps to a total synthesis and may lead to a 

loss in yield
2
. Similarly, protecting groups receive criticism due to increased costs and reduced 

atom economy; however, with our current understanding of organic reactivity, complex molecule 

synthesis is not possible without protecting groups (Scheme 1.2).
2,3,4

 For example, 2’-C-

methylcytidine is an anti-HCV agent as well as a potent and selective inhibitor of several RNA 

viruses.
4
 Valopicitabine (1.10) is the prodrug for 2’-C-methylcytidine. The synthesis of 

Valopicitabine from cytidine (1.5) involves the initial protection of an amine (1.6) as amidine 

and the alcohol (1.7) as silyl ether before a condensation reaction occurs between protected 

cytidine (1.5) and the carboxylic acid of Boc-valine to generate structure 1.8. The amino 

functional group in valine is also protected by tert-butyloxycarbonyl (Boc) which further 

highlights the usefulness of protecting groups. Following the condensation reaction, both amines 

and the alcohol are deprotected to produce structure 1.9. In the final step, the amine in valine in 

structure 1.10 is deprotected under acidic conditions to generate Valopicitabine (1.10). The 

tertiary alcohol of cytidine did not require protection since it possesses limited reactivity. The 

synthesis of Valopicitabine is not possible without the use of protecting groups because cytidine 

contains multiple reactive functional groups.  
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Scheme 1.2: Protecting Strategies for the Synthesis of Valopicitabine
4
 

  

For a protecting group to be useful, it is required to meet several criteria and possess 

certain characteristics. A protecting group should be efficiently and easily installed in high yields 

as well as being cheap and easily accessible.
2
 Additionally, the protecting group should be stable 

and remain inert in given reaction conditions. Another requirement of protecting groups is a high 

specificity for the desired functional group without reducing the yield.
2,3 

The installation and 

removal of a protecting group should be accomplished without affecting protecting groups 

already present in the molecule. This is known as orthogonal protection.
2
 Lastly, the removal of a 

protecting group should be highly selective, easy to accomplish, and efficiently separated from 

the desired product under the reaction conditions while maintaining high yields.
2,3
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1.2 Traditional Methods for the Synthesis of Benzyl Ethers  

In the field of organic chemistry, benzyl groups are often utilized as protecting groups 

due to the increased stability associated with an aromatic ring. It is common to use benzyl groups 

as protecting groups for oxygen and nitrogen functional groups.
2,3,5

 The oxygen functional 

groups protected by benzyl groups are typically alcohols or carboxylic acids which produce 

benzyl ethers and benzyl esters, respectively. The facile deprotection of benzyl protecting groups 

in benzyl esters (1.11) can be accomplished with palladium-catalyzed hydrogenation to release 

the alcohol (1.12) and toluene (Scheme 1.3).
5
 This reaction is known to restore functionality in a 

selective manner with near-quantitative yields.  

Scheme 1.3 Removal of Benzyl Protecting Groups
5
 

 

Traditionally, benzyl ether formation was accomplished using Williamson ether synthesis 

or through coupling with trichloroacetimidate following an acid promoted activation of the 

nitrogen.
6,7,8

 Williamson ether synthesis includes the reaction of an alcohol (1.13) with benzyl 

bromide (1.14) in the presence of sodium hydroxide to generate a benzyl ether (1.15) (Scheme 

1.4).
6
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Scheme 1.4: Williamson Ether Synthesis
6
 

 

In this reaction, the deprotonation of the alcohol (1.13) by sodium hydroxide generates an 

alkoxide (1.13a) which is a much stronger nucleophile. This step is necessary for the SN2 

substitution reaction to occur between the alkoxide (1.13a) and benzyl bromide (1.14) at 

appreciable rates (Scheme 1.5). This places a limitation on the alcohols that can be used as 

substrates for benzyl ether (1.15) formation. Competition with elimination reactions will occur if 

the alcohol has structures that are susceptible to elimination. Basic conditions are problematic for 

reactions involving molecules that are highly functionalized due to the tendency of side reactions 

to occur. For instance, the presence of acid labile groups on molecules would likely result in non-

specific deprotonation especially if the competing group is more acidic.
9
  

Scheme 1.5: Mechanism for Williamson Ether Synthesis
6 

 

A second general method for generating benzyl ethers (1.19) from alcohols (1.16) is 

shown in Scheme 1.6, in which triflic acid (1.18) is used to protonate the nitrogen in 

trichloroacetimidate (1.17). This activates the nitrogen and the neutralization of its positive 

charge is the driving force of the reaction. It is important to note that the arrows in the following 
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mechanism are meant to demonstrate the flow of electrons since the mechanism for these 

reactions, SN1 or SN2, depends on the nature of the substrate (Scheme 1.7).
7, 8

  

Scheme 1.6: Benzyl Ether Formation via Trichloroacetimidate
7,8

 

 

The disadvantage of this method is the requirement of highly acidic conditions. Triflic acid 

(1.18) is an incredibly strong acid with an approximate pKa of -15.
9 

In highly functionalized 

molecules, the unwanted protonation of basic functional groups will drastically alter the 

reactivity of the molecule (e.g. making carbonyls more electrophilic, creating better leaving 

groups, or quenching Grignard reagents). With the drawbacks that accompany the traditional 

methods for benzyl ether formation, the need for a novel method was apparent.  

Scheme 1.7: Mechanisms for Formation of Benzyl Ethers via Trichloroacetimidate 

 

1.3 Development of 2-Benzyloxy-1-methylpyridinium triflate (BnOPT) 

 Mukaiyama incorporated the idea of a molecule containing an activated nitrogen during 

the development of 2-chloro-1-methylpyridinium iodide (1.20) – more commonly referred to as 

Mukaiyama’s reagent (Scheme 1.8).
10,11
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Scheme 1.8: Esterification Reaction with Mukaiyama’s Reagent 

 

As opposed to the nitrogen in trichloroacetimidate which is activated by an acid source, 

Mukaiyama’s reagent (1.20) contains a pre-activated nitrogen by way of an alkyl group.
10

 This 

eliminates the need for acidic conditions while still possessing the driving force for esterification 

(e.g. neutralization of the positively charged nitrogen). Esterification reactions begin with a 

nucleophilic aromatic substitution reaction between Mukaiyama’s reagent (1.20) and a 

carboxylic acid (1.21). The addition of an alcohol (1.23) to the carbonyl in (1.22) is followed by 

elimination of pyridone (1.25) to generate the ester (1.24). Building off this concept, Dudley 

developed a benzyl transfer reagent known as 2-benzyloxy-1-methylpyridinium triflate (1.30) 

(BnOPT) by reacting benzyl alcohol (1.26) with 2-chloropyridine (1.27), using potassium 

hydroxide (KOH) as a base and 18-crown-6 as a catalyst, in toluene for an hour at reflux (111 

°C) to generate 2-benzyloxypyridine (1.28) (Scheme 1.9).
12

 Similar to Mukaiyama’s reagent, 

BnOPT (1.30) contained a pre-activated nitrogen as a result of reacting 2-benzyloxypyridine 

(1.28) with methyl triflate (1.29) (MeOTf) in toluene at 0 °C for one hour (Scheme 1.9).
12  

Scheme 1.9: Synthesis of 2-benzyloxy-1-methylpyridinium triflate (BnOPT)
12
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1.4 Synthesis of Benzyl Ethers using BnOPT 

Following the synthesis of BnOPT (1.30), a series of experiments revealed that the 

optimized conditions for the formation of benzyl ethers (1.32) was achieved when the BnOPT 

salt (1.30) was reacted with an alcohol (1.31), in the presence of magnesium oxide (MgO), in 

trifluorotoluene (PhCF3) for 24 h at 83 
o
C (Scheme 1.10).

13,14
 With this methodology, the 

benzylation of alcohols is now possible under milder conditions without strong acids, strong 

bases, or excessive heating. The fact that BnOPT is a bench stable salt that can be synthesized 

and stored on the gram scale is an added benefit. Although MgO is present in the reaction flask, 

it is serving as an acid scavenger as opposed to a strong base due to its insolubility in the reaction 

conditions. Pyridone is a byproduct of this reaction which is easily removed as a 

hydroxypyridinium salt (1.33) following protonation during an aqueous workup. The result is a 

charged species with increased solubility in water.
13,14

  

Scheme 1.10: Synthesis of Benzyl Ethers using BnOPT
13,14

 

 

 Upon determining the optimal conditions for the formation of benzyl ethers using the 

BnOPT methodology displayed in Scheme 1.10 the next goal was to perform a substrate 

screening to investigate the versatility of this methodology. Among the substrates, primary and 

secondary alcohols were able to react with BnOPT to produce the corresponding benzyl ethers in 

high yields. Additionally, substrates containing multiple functional groups were evaluated and 

alcohols were preferentially benzylated in spite of the possibility for competition. Other 
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examples included aliphatic, heterocyclic, cylcoalkene, and aromatic alcohols that were capable 

of being benzylated utilizing this methodology. Lastly, alcohols containing stereochemistry were 

shown to produce the corresponding benzyl ether without racemicimization.
13,14

 Figure 1.1 

shows three examples of alcohols—each substrate investigated by a different research group—

that were unable to be benzylated with traditional methods due to the harsh reaction conditions; 

however, these alcohols were successfully benzylated using BnOPT.
15-18

 Williamson ether 

synthesis or coupling with trichloroacetimidate resulted in a complex mixture of products due to 

the acid or base hydrolysis of the ester functional group that is present in each of these 

alcohols.
15-18

 

Figure 1.1: Benzyl Ethers Successfully Prepared with BnOPT
15-18

 

 

 

1.5 Exploring the Mechanism for Benzyl Ether Synthesis using BnOPT  

As with any reaction, understanding the mechanism allows a chemist to adjust parameters 

and alter the starting materials to obtain a highly specific product. With that in mind, it appears 

that the benzylation of alcohols by BnOPT is the result of a substitution reaction. There are two 

opposing mechanisms for  nucleophilic substitution reactions, SN1 and SN2 (Scheme 1.11). In 

the top pathway, a SN1 reaction proceeds as BnOPT (1.30) decomposes to yield a benzyl 

carbocation (1.30a) and pyridone. Subsequent attack by an alcohol (1.31), serving as a 

nucleophile, results in the benzyl ether (1.32). Alternatively,  in the bottom pathway, an SN2 

reaction takes place as the alcohol (1.31), serving as a nucleophile, attacks BnOPT (1.30) 
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resulting in the loss of a leaving group (i.e. pyridone) in a concerted fashion to generate the 

benzyl ether (1.32). These two nucleophilic substitution patterns in Scheme 1.11 are extremes on 

a continuum of potential substitution patterns. 

Scheme 1.11: SN1 vs. SN2 Pathways 

 

In other words, it is unlikely that a reaction will solely proceed by either of these mechanisms, 

but will be predominantly SN1-like, predominantly SN2-like, or a mixture of SN1 and SN2 

characteristics. Previous studies support a more SN1-like pathway for the generation of benzyl 

ethers using BnOPT as shown in Scheme 1.12.  

Scheme 1.12: Mechanism for the Synthesis of Benzyl Ethers using BnOPT
13,14
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  For instance, support of a predominantly SN1-like pathway came from studies in which 

the benzyl group of BnOPT was replaced with a tert-butyl group to generate 2-t-butoxy-1-

methylpyridinium triflate (1.34) (Scheme 1.13). This salt is a tertiary substrate which is 

inaccessible to the regioselective backside attack by the alcohol that is required for an SN2-type 

reaction to take place; therefore, the decompostion of the salt to generate a tertiary carbocation 

via a SN1 pathway is the only possibility as far as substitution reactions are concerned. This 

carbocation is subsequently trapped by an alcohol (1.35) to generate the corresponding tert-butyl 

ether (1.36). The lower temperature required for this reaction indicates that the transition state is 

more stable and lower in energy; therefore, less energy is needed to get over the activation 

barrier. 

Scheme 1.13: Formation of t-Butyl Ethers using 2-t-Butoxy-1-Methylpyridinium Triflate
19

  

 

Similarly, the reaction went to completion in 1.5 hours; whereas, the formation of benzyl ethers 

with BnOPT took 24 hours to reach completion. The slow step, or rate-determining step, in an 

SN1 reaction is the formation of the carbocation which is followed by a rapid nucleophilic attack. 

The decrease in reaction time when comparing a benzyl carbocation to a more stable tertiary 

carbocation  provides support of a SN1-like mechanism.
19

  

 Further support of an SN1-like mechanism comes from the observation that BnOPT will 

undergo a Friedel-Crafts alkylation reaction in the presence of electron rich arenes. In a Friedel-

Crafts alkylation reaction, the formation of a benzyl carbocation (1.37a) from an benzyl halide 

(1.37) is promoted by a Lewis acid and in the presence of an electron rich arene (1.38) an 
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electrophilic aromatic substitution can occur to generate product 1.39 (Scheme 1.14A).
20-22 

 In a 

similar manner, the thermal decompostion of the BnOPT salt (1.30) generates a benzyl 

carbocation (1.30a) that will undergo a Friedel-Crafts alkylation reaction in the presence of an 

electron rich arene (1.40), such as toluene, to generate product 1.41 (Scheme 1.14B). If the 

formation of benzyl ethers follows an SN2-like mechanism, a benzyl carbocation would not be 

formed during the rate-determing step; therefore, the Friedel-Crafts benzylation of an electron 

rich arene (1.40) to produce 1.41 would not be possible. However, several examples for the 

fomration of 1.41 have been reported,
22

 suggesting that the benzylation of toluene proceeds 

through a carbocation intermediate similar to the Friedel-Crafts alkylation reaction. Accordingly, 

the benzylation of alcohols using BnOPT should also proceed through a carbocation intermediate 

following the thermal decompostion of BnOPT.  These observations prompted the use of the 

electron deficient arene, trifluorotoluene, rather than toluene in the optimized reaction conditions 

for the formation of benzyl ethers using BnOPT (Scheme 1.10).
20-22

    

Scheme 1.14: Friedel-Crafts Alkylation with (A) Classical Methods
21

 (B) BnOPT
22

 

 

 

 

 

 

Reactions attempted with the methyl analog of BnOPT offered even more support for a 

SN1-like mechanism (Scheme 1.15). In this case, the benzyl group of BnOPT was replaced with 

(B) 

(A) 
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a methyl group for the formation of a methyl ether. This BnOPT salt analog can only proceed 

through an SN2-type reaction for two reasons: 1) methyl carbocations are very unstable, 2) the 

lack of steric hinderence allows for an unimpeded nucleophilic backside attack to an easily 

accesible carbon. Thus, when utilizing 2-methoxy-1-methylpyridinium triflate (1.42) as a salt, 

the generation of a methyl ether (1.44) is contingent on the occurance of an SN2 reaction. 

Performing this reaction under indentical conditions to the formation of benzyl ethers was 

unsuccessful with no product formation after 24 hours (Scheme 1.15). This observation 

discredits an SN2 mechanism for benzyl ether formation. Further evidence for an SN1-like 

pathway is presented near the end of this chapter.
13

  

Scheme 1.15: Unsuccessful Formation of Methyl Esters using 2-Methoxy-1-

Methylpyridinium Triflate
13 

 

1.6 Expanding the Utility of Oxypyridinium Salts 

BnOPT eliminated the need for strong acid additives associated with the traditional 

methods of ether synthesis, through the incorportation of a pre-activated nitrogen, allowing for 

relatively neutral reaction conditions. The successful transfer of a benzyl group from the 

pyridinium moiety of BnOPT to alcohols motivated further investigation of oxypyridinium salts 

as alkyl transfer reagents. There were two aspects of interest for expanding the utility of 

alkylation reactions with oxypyridinium salts: 1) the identity of the nucleophile, 2) the alkyl 

group transfterred from the oxypyridinium moiety. If the mechanism truly is SN1-like then the 

identity of the nucleophile in is less important as the driving force for these reactions would be 
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the formation of a carbocation. Therefore, potentially any nucleophilic compound could be 

utilized in these reactions.  

The use of carboxylic acids as nucleophiles in reactions with BnOPT affords benzyl 

esters which are quite useful to synthetic chemists. Carboxylic acids (1.46a-b) are weaker 

nucleophiles than alcohols due to the increased stability and distribution of electron density 

(Figure 1.2) The oxygen of an alcohol (1.45) recieves more electron density from the R-group, 

which is likely an alkyl group, causing it to be more reactive. In contrast, the electron density  in 

a carboxylic acid (1.46a-b) is stabilized through the resonance between the two oxygen atoms. 

The result is a slightly electron deficient nucleophile which reduces its reactivity. Additionally, 

alcohols (1.45) have sp
3
 hybridized orbitals while carboxylic acids (1.46a-b) have sp

2
 hydridized 

orbitals. Sp
2
 Hybridized orbitals have more s-orbital characteristics than sp

3
 hybridized orbitals 

so they are closer to the nucleus. Therefore, the electrons in an sp
2 

hybridized orbital experience 

greater stabilization from the protons in the nucleus making them less reactive than the electrons 

in sp
3 

hybridized orbitals (Figure 1.2).
  

Figure 1.2: Nucleophilicity of Alcohols Compared to Carboxylic Acids 

 

Previous experiments indicated that the formation of a stable carbocation was a 

requirement for the alkyl group being transferred from the oxypyridinium moiety. The formation 

of a tertiary carbocation and a resonance-stabilized carbocation occur during the thermal 

decomposition of the t-butyl and benzyl oxypyridinium salts, respectively. However, 
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experiments have not been performed to investigate the use of an oxypyridinium salt that forms a 

less stable carbocation. The transfer an allyl group from the pyridinium moiety appears to be an 

appropriate selection since an allyl carbocation (1.48) is less stable than a benzyl carbocation 

(1.47) (Figure 1.3). Additionally, allyl protecting groups are commonly used to protect 

carboxylic acids as they can be efficiently and selectively removed under a specific set of 

conditions without altering additional structures within the molecule.  

Figure 1.3: Comparison of Benzyl and Allyl Carbocation Stability  

 

Resonance accounts for the difference in stability as the positive charge on the benzyl 

carbocation (1.47a-b) is more efficiently distributed across the molecule, as shown by its four 

resonance contributors, while the positve charge on the allyl carbocation (1.48a-b) is spread out 

over fewer atoms as it only has two resonance contributors.
1
 The assisted transfer of allyl groups 

by the pyridinium moiety to carboxylic acids—the most common functional group for protection 

with allyl groups—during the formation allyl esters will be throughly discussed in Chapter 2.  

1.7 Traditional Methods for the Syntheis of Benzyl Esters 

 The protection of carboxylic acids is useful for several reasons besides reducing its 

reactivity. Carboxylic acids are notoriously difficult to handle and purify so altering their 

properties is ideal. When using thin layer chromatography (TLC), carboxylic acids will streak 

which makes it difficult to intepret. With a larger spot on the TLC plate, distinguishing between 
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different molecules is difficult especially when spots overlap. For these reasons, the purification 

of carboxylic acids with column chromatography is challenging as they tend to streak and elute 

from the column over a large range of fractions or co-elute with unwanted byprodcuts. These 

issues can be overcome by converting carboxylic acids to benzyl esters.
2,3

   

One traditional method for the formation of esters is Fischer esterification which includes 

reacting an alcohol (1.50) with a carboxylic acid (1.49) in acidic conditions to obtain the 

corresponding ester (1.51) and water (1.52) (Scheme 1.16).
23

 As previously mentioned, it is not 

ideal to work with acidic conditions especially when dealing with complex substrates or the 

presence of other functional groups that are sensitive to strong acids.  

Scheme 1.16: Fischer Esterification
23

 

 

Also, as an equilibrium process, manipulations are needed to favor product formation using Le 

Chatelier’s principle. This can be accomplished by adding excess starting material or by the 

azeotropic removal of water. The former is impractical due to the increased expenses associated 

with the wasteful use of the starting material. The latter can be accomplished by azeotropic 

distillation to remove water from the reaction flask. Slow reaction rates are another shortcoming 

of this reaction as a result of equilibrium. Even at the elevated temperatures these reactions are 

performed it can take several hours to several days to for them to reach completition.
9,23  

 Another classical esterification reaction includes the deprotonation of a carboxylic acid 

(1.53) under basic conditions to form a carboxylate anion. A SN2 reaction occurs in the presence 

of an alkyl halide (1.54) in which the carboxylate replaces the halogen to form an ester (1.55) 
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(Scheme 1.17). Similar to Williamson ether synthesis, basic conditions can lead to unwanted 

deprotonations or hydrolysis of several functional groups in highly functionalized substrates. The 

loss of a highly reactive halide species is another disadvantage to this methodology.
1,9

    

 

Scheme 1.17: Synthesis of Esters under Basic Conditions 

 

 
The Mitsunobu reaction is another example of a traditional method for the formation of 

esters (1.60) from primary and secondary alcohols (1.56) (Scheme 1.18).
24,25

 In this reaction, 

triphenylphosphine (1.59) attacks diethyl azodicarboxylate (1.58) to form a phosphonium 

intermediate. An alcohol (1.57) is introduced to the reaction mixture and a favorable bond is 

formed between the oxygen in the alcohol and the phosphorus atom resulting in the loss of the 

diethyl azodicarboxylate (1.58). This activates the phosphonium intermediate for the loss of an 

excellent leaving group, triphenylphosphine oxide, following the nucleophilic attack from a 

carboxylate to generate the ester (1.60). A disadvantage of this reaction is that the diethyl 

azodicarboxylate competes with the carboxylate to trap the phosphonium intermediate resulting 

in a mixture of products. Furthermore, the nucleophiles used in the Mitsunobu reaction must be 

acidic to reduce byproduct formation by protonating diethyl azodicarboxylate.
24,25
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Scheme 1.18: Converting Alcohols to Esters with the Mitsunobu Reaction
24,25

 

 

1.8 Synthesis of Benzyl Esters using BnOPT  

The difficulties associated with Fischer esterification and the Mitsunobu reaction 

reinforces the need for a new method to form esters. As it turns out, the formation of benzyl 

esters by using BnOPT for the transfer of benzyl groups to carboxylic acids is possible. 

Optimized conditions for the formation of benzyl esters includes 2 equivlents of BnOPT reacted 

with a carboxylic acid with 2 equivalents of triethylamine (Et3N) serving as a base in 

trifluouotoluene at 83 °C for 24 h (Scheme 1.19).
26

   

Scheme 1.19: Formation of Benzyl Esters using BnOPT
26

 

 

It is important to note that this reaction will reach completion without including Et3N as a base, 

but for the optimal conditions it is added to reduce the reaction time and optimze yields. The 

reaction is still under mild conditions as Et3N is a weak base. Its initial role is to coordinate to the 

acdicic hydrogen to activate the carboxylic acid as a stronger nucleophile. Et3N is serving as a 

benzyl cation scavenger to prevent the fromation of a dibenzyl ether byproduct. A substrate 

screening was performed upon determining the optimal conditions (Figure 1.4).
26 
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Figure 1.4: Successful Formation of Benzyl Esters using BnOPT
26

 

 

 

 

 

Substrates included aromatic (1.62b,c,e), alliphatic (1.62a,d), and heterocyclic (1.62b) 

carboxylic acids to get a wide range of carboxylic acids with different reactivity. High yields 

were obtained from the substrates tested. It is important to note that carboxylic acids were 

preferentially benzylated over alcohols when both functional groups were present in a molecule, 

such as Boc-serine (Entry 5), under these reaction conditions. An added benefit was that the 

racemization of chiral centers was not observed in products.  

 Following the thermal decomposition of BnOPT (1.30), the benzyl carbocation (1.30a) is 

trapped by the carboxylic acid (1.61) which is activated following coordination with Et3N to 

generate the benzyl ester (1.62) (Scheme 1.20). As with the formation of benzyl ethers, this 

reaction is thought to follow a SN1-like pathway as well; however, the need for a base to activate 

the carboxylic acid suggests that the reaction has some SN2 characteristics with the nucleophile 

being involed in the rate-determining step.  

Scheme 1.20: Mechanism for Benzyl Ester Synthesis using BnOPT 
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The driving force for this reaction is the neutralization of the positive charge on the preactivated 

nitrogen. This is similar to Mukaiyama’s reagent (1.20) in the fact that they both contain a 

preactivated nitrogen; although, the reactivity of the carboxylic acid is different. In Scheme 1.20 

the carboxylic acid (1.61) is serving as a nucleophile for the generation of the benzyl ester (1.62). 

An esterification reaction using Muikayama’s reagent (1.20) serves to activate the carboxylic 

acid (1.21) as an electrophile which is subsequently attacked by an alcohol (1.23) that serves as 

the nucleophile (Scheme 1.21).
10 

 Scheme 1.21: Mechanism for Esterification Reactions using Mukaiyama’s Reagent
10, 11

 

 

 With our current understanding of organic chemistry, it is not always possible to 

overcome the challenges associated with a molecule that contains multiple reactive groups. Thus, 

the use of protecting groups is often unavoidable. The harsh reaction conditions required by 

traditional methods for the synthesis of benzyl ethers and benzyl esters greatly reduces the utility 

of these reactions. 2-benzyloxy-1-methylpyridinium triflate (BnOPT) was shown to be an 

excellent benzyl transfer reagent to alcohols and carboxylic acids for the formation of benzyl 

ethers and benzyl esters under mild conditions.
27 

The focus this research project shifted toward 
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the development of an allyl oxypyridinium salt for the transfer of allyl groups to carboxylic acids 

to expand the utility of oxypyridinium salts as alkyl transfer reagents.   
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CHAPTER 2: SYNTHESIS OF ALLYL ESTERS 

 

 After successfully optimizing the formation of benzyl ethers
1,2

 and benzyl esters
3
 using 2-

benzyloxy-1-methylpyridinium triflate (BnOPT) as a benzyl transfer agent to alcohols and 

carboxylic acids, respectively, the focus shifted toward other groups that could be transferred 

from the oxypyridinium moiety. The proposed mechanism for these reactions was SN1-like so 

the goal was to consider a group that lies between a methyl and benzyl group in terms of 

carbocation stability. Figure 1.3 in Chapter 1 illustrated the difference in carbocation stability 

for allyl and benzyl carbocation. If the mechanism is truly SN1-like, then an allyl group should 

help evaluate the limitations of the groups being transferred from the oxypyridinium moiety. The 

focus of this chapter will be as follows: allyl groups as protecting groups for carboxylic acids, 

the development of 2-allyloxy-1-methylpyridinium triflate as an allyl transfer reagent to 

carboxylic acids, the optimization of allyl ester formation, a substrate screening of allyl ester 

formations, and the analysis of potential mechanistic pathways for this reaction.   

2.1 Traditional Methods for Allyl Ester Synthesis 

A classical method for the synthesis of allyl esters can be accomplished by converting 

carboxylic acids to acid chlorides (2.2) using thionyl chloride (2.1) (SOCl2). The reaction of allyl 

alcohol (2.2) with an acid chloride affords an allyl ester as well as sulfur dioxide (SO2) and 

hydrogen chloride (HCl) (Scheme 2.1). Sulfur dioxide is a toxic gas with an unpleasant odor 

making it undesirable. Another disadvantage to this reaction is the production of hydrogen 

chloride. The loss of the chloride ion from the acid chloride in the second step of this synthesis 

can lead to unintentional side reactions. The chloride ion is capable of nucleophilic attack on a 
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variety of electrophiles. Furthermore, the addition of HCl across the alkene of the allyl group or 

the reaction of HCl with any other acid-labile parts of the structure is a disadvantage of this 

method. For these reasons, this method is not practical in total synthesis or in the presence of 

reactive functional groups.
4,5

  

Scheme 2.1: Formation of Allyl Esters from Carboxylic acids 

 

One method for the synthesis of allyl esters includes the reaction of N-

(benzyloxycarbonyl)serine (2.3) with allyl bromide (2.4) dissolved in dichloromethane in the 

presence of tricaprylmethylammonium chloride, or Stark’s catalyst, and sodium bicarbonate to 

generate the corresponding allyl ester (2.5) (Scheme 2.2).
6
 One limitation of this method is that it 

requires three days to reach completion which is not practical. Another limitation is the use of 

allyl bromide (2.4) which is a highly reactive and flammable substance that will polymerize if 

exposed to light.
7
 Furthermore, it was necessary to dissolve boc-serine in water which can serve 

as competing nucleophile.  

Scheme 2.2: Formation of Allyl Esters with Allyl Bromide
6
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A more modern method for synthesizing allyl esters includes dissolving allyl isopropenyl 

dicarbonate (2.6) in acetonitrile and adding a carboxylic acid in the presence of 4-

dimethylaminopyridine (DMAP) to generate allyl alcohol (2.2) and a reactive intermediate (2.7). 

The nucleophilic attack by allyl alcohol (2.2) at the recently installed carbonyl carbon of 

intermediate (2.7) initiates the release of carbon dioxide and acetone (Scheme 2.3). If the –R 

group of the carboxylic acid consists of acidic functional groups; then the use of DMAP will 

potentially be problematic due to deprotonation of these groups leading to unwanted side 

reactions. Additionally, allyl isopropenyl dicarbonate (2.11) is a bulky molecule with limited 

commercial availability and poor atom economy.
8
  

Scheme 2.3: Formation of Allyl Esters with Allyl Isopropenyl Dicarbonate
8
 

 

 

 

2.2 Allyl Protecting Groups 

 These methods for synthesizing allyl esters have limited synthetic utility due to the 

disadvantages discussed. The facile formation of allyl esters in high yields while avoiding harsh 

reaction conditions would increase the usefulness of allyl protecting groups. Allyl esters have 

been known to serve as protecting groups for carboxylic acids. Allyl protecting groups have 

similar benefits to those discussed for the protection of carboxylic acids with benzyl protecting 

groups. The protection of the carboxylic acid with an allyl group is followed by the 

transformation of another functional group within the molecule. After successful transformation, 
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the allyl group is selectively cleaved, deprotecting the molecule, to restore the original 

functionality.
9,10

 

An added benefit to using allyl protecting groups is the ease to which they are removed. 

The removal of this protecting group can is also highly selective meaning that the reaction 

conditions will not cleave other protecting groups or lead to unwanted side reactions.
9,10

  The 

removal of an allyl protecting group is often accomplished using palladium catalysts. One 

method such method utilizes palladium/triphenylphosphine complexes in the presence of 2-

ethylhexanoic acid (2.8) to cleave a given allyl ester and regenerate the carboxylic acid (Scheme 

2.4a). Benefits of this deprotection reaction include low reaction temperatures, short reaction 

times, and high yields. Benzyl esters remain unaffected under these same reaction conditions, 

which highlights the selectivity of this deprotection for allyl protecting groups.
11

 The selective 

deprotection of allyl groups using a bis(triphenylphosphine) palladium(II)dichloride catalyst in 

the presence of dimedone (2.9) is an efficient strategy to restore the carboxylic acid (Scheme 

2.4B). These deprotection reactions offer a synthetically useful method to selectively cleave allyl 

groups and restore carboxylic acid functional groups in excellent yields (93%-95%).
12

  

Scheme 2.4: Palladium-Catalyzed Deprotection of Allyl Esters with (A) 2-Ethylhexanoic 

Acid or (B) Dimedone
11,12
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2.3 Development of 2-Allyloxy-1-methylpyridinium triflate (AMPT) 

Allyl protecting groups are appealing due to their selective deprotection under mild 

reaction conditions while maintaining high yields. The development of an oxypyridinum salt 

serving as an allyl transfer reagent would help identify if there are limitations on groups that can 

be transferred from the pyrindinium moiety in terms of carbocation stability. The reagent 2-

allyloxypyridine (2.11) was synthesized by mixing allyl alcohol (2.2) with 2-chloropyridine 

(2.10), potassium hydroxide, and 18-crown-6 in toluene. The reaction mixture was allowed to 

stir at reflux (111 °C) for 24 hours under an argon atmosphere (Scheme 2.5). This precursor is 

analogous to 2-benzyloxypyridine (1.28).
13

 

Scheme 2.5: Synthesis of 2-allyloxy-1-methylpyridinium triflate 

 

2-Allyloxypyridine (2.11) was subsequently alkylated using methyl triflate (2.12) to form 2-

allyloxy-1-methylpyridinium triflate (2.13) (Scheme 2.5). 2-Allyloxypyridine (2.11) was 

dissolved in toluene and cooled to 0 °C in an ice bath before the dropwise addition of methyl 

triflate (2.12) over the course of ten minutes. The reaction mixture was allowed to warm to room 

temperature and stir under an argon atmosphere for an hour. However, 2-Allyloxy-1-

methylpyridinium triflate (AMPT) (2.13) is an amorphous solid which is difficult to handle, 

isolate, and store.
13
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2.4 Original Procedure for Allyl Ester Synthesis using AMPT 

 The physical properties of the isolated AMPT salt were undesirable so an in situ 

formation of the salt was necessary for the synthesis of allyl esters. This was accomplished by 

dissolving 2-allyloxypyridine (2.11) in trifluorotoluene at 0 °C in the presence of a carboxylic 

acid (2.14) followed by the dropwise addition of methyl triflate (2.12) over ten minutes. The 

reaction mixture was then raised to room temperature and allowed to stir under an argon 

atmosphere for one hour to afford AMPT (2.13). Following salt formation, the reaction was 

heated and allowed to stir at reflux for 24 hours (Scheme 2.6). The result was the formation of 

allyl esters (2.15) in moderate yields.
13

  

Scheme 2.6: In situ Formation of AMPT for Allyl Ester Synthesis 

 

 

During allyl ester synthesis, a side reaction results in the formation of methyl ester. The 

hypothesis was that carboxylate anion (2.16) directly attacks the methyl group of AMPT (2.13) 

to generate methyl ester (2.17) as an unwanted and competitive byproduct (Scheme 2.7). Attack 

at this site is not observed when using BnOPT to transform alcohols or carboxylic acids to 

benzyl ethers or benzyl esters, respectively.   

Scheme 2.7: Formation of Methyl Ester Byproduct 
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Several experiments were performed to test the hypothesis that the formation of the methyl ester 

byproduct results from the removal of the methyl from AMPT rather methyl triflate. In the first 

experiment, the carboxylic acid and the base were added after salt formation. In this scenario, 

methyl triflate was consumed during salt formation so the generation of a methyl ester must 

come from an SN2 reaction between the carboxylate (2.66) and AMPT (2.13). In a second 

experiment, the carboxylic acid was present during salt formation while the base was not 

introduced until the salt had completely formed. In this scenario, the formation of the methyl 

ester could result from the interaction of the carboxylic acid with AMPT or methyl triflate.  

The same amount of methyl ester was formed during both of these experiments 

supporting the hypothesis that the carboxylic acid interacts directly with the methyl group of 

AMPT rather than methyl triflate. If the carboxylic acid was interacting with AMPT as well as 

methyl triflate then a greater amount of methyl ester should form during the second experiment. 

In a third experiment, both the base and carboxylic acid were present during salt formation. This 

led to a much larger formation of the methyl ester compared to the previous experiments. It is 

believed that the formation of the carboxylate anion during salt formation allowed for a 

nucleophilic attack to occur at the N-methyl position of AMPT before the salt was able to 

decompose. For this reason, the base was added after salt formation. To further reduce methyl 

ester formation, the reaction mixture was heated to reflux before the base was introduced to 

promote the decomposition of AMPT.
13 
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2.5 Base Screening for Allyl Ester Synthesis using AMPT 

Early optimization of this reaction was aimed at increasing product yields by introducing 

a mild base to increase the nucleophilicity of the carboxylic acid (Table 2.1). A base should 

activate the carboxylic acid by coordinating to or completely removing the acidic hydrogen 

depending on the use of a weak or strong base, respectively. A series of bases were screened in 

regards to their ability to promote the consumption of starting material. Also, the amount of time 

it took for the reaction to reach completion and the amount of byproduct formed were considered 

when choosing an ideal base. 
1
H NMR was used to determine the ratios of product to starting 

material (2.15a:2.14a) and the ratio of product to byproduct (2.15a:2.17). These ratios came 

from comparing the integration for the allylic hydrogens of the allyl ester and the methyl 

hydrogens of the byproduct. 

Table 2.1: Base Screening for Allyl Ester Synthesis
13

 

 

  

a
Toluene (b.p. 111 °C) was used as the reaction solvent rather than trifluorotoluene (b.p. 104 °C) to  

achieve slightly higher reaction temperatures. 

Entry Base Time (h) 2.15a:2.14a 2.15a:2.17 

1 None 24 1:1 18:1 

2 NEt3 24 3:1 9:1 

3 K2CO3 1.5  >99:1 22:1 

  4
a K2CO3 1 >99:1 20:1 

5 NaHCO3 8 >99:1 19:1 

6 Lutidine 24 1:13 >25:1 

7 MgO 24 1:3 25:1 

8 DBU 24 14:1 11:1 



32 
 

For each base screened, benzoic acid (2.14a) and 2-allyloxypyridine (2.11) were dissolved in 

trifluorotoluene and the reaction mixture was brought to 0 °C before the dropwise addition of 

methyl triflate (2.22) over 10 min. The reaction temperature was then raised to room temperature 

and for the in situ formation of AMPT. After 1 h, the base of interest was added and the reaction 

was heated at reflux until completion which was monitored via TLC. In most cases, a mixture of 

allyl ester (2.25a) and methyl ester (2.29) was observed in the 
1
H NMR for the crude mixture.

13
   

In the absence of base, a majority of benzoic acid (2.14a) remained after 24 hours, and 

byproduct formation was observed (entry 1). Magnesium oxide and lutidine formed very little 

byproduct; however, these bases were dismissed due to incomplete consumption of benzoic acid 

(2.14a) (entries 6 and 7). In fact, they produced less product than the trials run without a base. 

The presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) helped the reaction proceed closer to 

completion, but a larger amount of byproduct was being formed as well (entry 8). Surprisingly, 

reactions in the presence of triethylamine (ET3N) only resulted in moderate yields even though it 

activated carboxylic acids during benzyl ether formation (entry 2). Potassium carbonate (K2CO3) 

and sodium bicarbonate (NaHCO3) proved to be effective bases for facilitating complete 

consumption of benzoic acid (2.28) in shorter reaction times (entries 3-5). Ultimately, K2CO3 

was chosen as the base for the formation of allyl esters as it led to the fastest reaction times and 

excellent consumption of benzoic acid. K2CO3 is a moderate base capable of converting 

carboxylic acid to a more nucleophilic carboxylate anion. The limited solubility of K2CO3 in the 

reaction conditions may lead to the phase-transfer of hydrogens – from liquid phase to the solid 

phase – following the deprotonation of carboxylic acids. The removal of hydrogens in the liquid 

phase would shift the equilibrium toward products and significantly increase the concentration of 

the carboxylate anion in the reaction mixture by reducing the reversibility of this reaction.
13
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2.6 Optimized Synthesis of Allyl Esters using AMPT  

 The optimized reaction conditions for the formation of allyl esters are given in Scheme 

2.8. Methyl triflate (2.12) (1.2 equiv.) was added dropwise to a solution of carboxylic acid (2.14) 

(1 equiv.) and 2-allyloxypyridine (2.11) (1.2 equiv.) in toluene at 0 °C. The reaction was stirred 

at 23 °C for 1 hour to form AMPT (2.13). The reaction mixture was transferred to an oil bath and 

heated at reflux before adding K2CO3 (0.95 equiv.). The reaction was allowed to stir until it 

reached complete consumption of the carboxylic acid (2.14) to afford the corresponding allyl 

ester (2.15). An increase in temperature may favor the formation of the allyl ester over the 

methyl ester by increasing the decomposition rate of AMPT. The formation of a less stable allyl 

carbocation makes the decomposition of AMPT slower than the decomposition of the BnOPT 

salt. In this way, there is less time for the carboxylic acid to attack the methyl group of AMPT 

before the salt decomposes. 

Scheme 2.8: Optimized Reaction Conditions for Allyl Ester Synthesis using AMPT 

 

 

The optimized conditions were then applied to various carboxylic acids in a substrate screening 

(Table 2.2). The goal was to evaluate the applicability of this method to several carboxylic acids 

that are structurally different. Table 2.2 lists the different carboxylic acids that were utilized in 

this study along with their corresponding allyl esters, the reaction time, and the pure percent 

yield.
13
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2.7 Substrate Screening of Carboxylic Acids  

Entries 1-7 all reached completion within two hours with pure yields in the range of 71-

98%. The corresponding allyl esters of aliphatic (2.14a) and aromatic carboxylic acids (2.14a-f) 

were able to be generated under these reaction conditions. Halogen substituted derivatives of 

benzoic acid (2.14b-c) were easily transformed by this method as well. This reaction shows 

tolerance other functional groups within the same molecule such as the example of 

acetylsalicylic acid (2.14f). After purification the presence of the methyl ester (2.17) was less 

than 1% of the reaction mixture, but co-elution between the methyl ester and allyl ester made it 

difficult to achieve complete separation in some cases.
13
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Table 2.2: Substrate Screening of C. Acids in Allyl Ester Synthesis using AMPT
13 

 

 

2.14 Substrate 2.15 Product 

Time 

(h) 

Ratio 

Yield 

(%) 

a 
 

a 
 

1 >99:1 81 

b 
         

b 

      

1.5 99:1 86 

c 

 

c 
 

0.5 33:1 94 

d  d 
 

2 >99:1 90 

e 
 

e  1 99:1 91 

f 

 

f 

 

2 >99:1 71 

g  g  2 >99:1 98 
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2.8 Potential Mechanism for Allyl Ester Synthesis using AMPT 

Several observations made during the optimization for the formation of allyl esters (2.15) 

suggested that the mechanism for this reaction had more SN2-like characteristics unlike the 

proposed SN1-like mechanism for the formation of benzyl ethers and benzyl esters. The 

difference in stability between AMPT and BnOPT may be an important factor when considering 

the involvement of the nucleophile in the rate-determining step. A higher reaction temperature 

and the need for a moderately strong base in allyl ester synthesis would suggest that AMPT is 

much more stable than BnOPT. Therefore, it requires more energy for the decomposition of the 

AMPT salt than it does for the BnOPT salt which forms a carbocation that is highly stabilized 

through resonance. As a result, during the increased length of time required for the 

decomposition of AMPT it is likely that the nucleophile can attack at an electrophilic site and 

assist in the loss of the pyridine species acting as a leaving group. This scenario is characteristic 

of a SN2-like mechanism which is a concerted process. Since the allyl group contains two 

electrophilic carbons an SN2’ pathway is also possible. Figure 2.1 highlights the potential 

mechanisms for this reaction.  

Figure 2.1: Potential Mechanisms for Allyl Ester Synthesis using AMPT 

 

 

 

 

 

SN1: 

SN2: 

SN2’: 
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Besides the added stability of the AMPT salt, the formation of the methyl ester byproduct 

(Scheme 2.7) is only possible via an SN2 pathway since the generation of a methyl carbocation is 

extremely unstable. Attack at this site is not observed when using BnOPT to transform alcohols 

or carboxylic acids to benzyl ethers or benzyl esters, respectively. The shorter reaction times in 

the presence of a stronger base, K2CO3, is further evidence of an SN2-like mechanism. If the 

mechanism were SN1 then increasing the reactivity of the nucleophile by abstracting hydrogen to 

form a carboxylate should not increase the rate of the reaction because nucleophilic attack is not 

part of the rate determining step. For these reasons, we propose a more SN2-like mechanism for 

the formation of allyl esters in which the nucleophile is more intimately involved in the rate-

determining step.  

  In the future, the mechanism for this reaction could be elucidated with the isotopic 

substitution of carbon-12 with carbon-13 represented by the star on the structure below (Figure 

2.2). An SN2 mechanism will give an isotopically distinct product (2.15a*) from the product for 

an SN2’ mechanism (2.15b*) while an SN1 will give a mixture of these products (2.15a-b*).  

Figure 2.2: Mechanistic Study with Isotopically Labelled AMPT 
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The difference lies in the position of nucleophilic attack on two possible electrophilic carbons 

(Figure 2.1). An SN1 mechanism results in a mixture of products since the nucleophile can attack 

at either electrophilic carbon. After performing this experiment, a 
13

C NMR of the resulting 

reaction mixture will indicate the product(s) formed based on the intensities of the peaks 

associated with the two electrophilic carbons of the allyl group. Using this study would provide 

data to support the mechanism for the synthesis of allyl esters.   

 In summary, carboxylic acids are commonly protected with allyl protecting groups. This 

reduces the reactivity of carboxylic acids and improves purification by reducing streaking during 

column chromatography. The selective and efficient removal of allyl protecting groups in high 

yields has already been well-established; however, previous methods for allyl ester synthesis 

required harsh reaction conditions, long reaction times, impractical reagents, or generated 

reactive species along with the allyl esters. The reagent 2-allyloxy-1-methylpyridinium triflate 

(AMPT) was developed as an allyl transfer reagent to carboxylic acids to improve the synthesis 

of allyl esters. A base screening was performed to optimize the reaction and the scope this 

methodology was investigated with a substrate screening of various carboxylic acids. The results 

highlight the rapid formation of allyl esters in very good to excellent yields (71-98%) in the 

presence of AMPT. Several observations during the optimization of this reaction supported a 

mechanism in which nucleophile is intimately involved in the rate-determining step for the 

formation of allyl esters using AMPT. The difference in the extent of nucleophilic involvement 

during the rate-determining step for the benzylation and allylation of carboxylic acids with 

oxypyridinium salts has encouraged further investigation of the mechanism for these alkylation 

reactions. 
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CHAPTER 3: MECHANISTIC INVESTIGATION FOR THE 

ALKYLATION OF ALCOHOLS USING BnOPT 

 

 Changing the identity of the alkyl group in oxypyridinium salts can elicit a change in 

mechanism for the alkylation of nucleophiles. Chapter 1 introduced the benzylation of alcohols 

and carboxylic acids by BnOPT and provided evidence that supported an SN1-like mechanism. In 

Chapter 2, a discussion of the allylation of carboxylic acids for the formation of allyl esters and 

observations made during the optimization of this reaction provided support for a more SN2 or 

SN2’-like mechanism. This chapter will discuss kinetic studies that were performed to gain 

further insight into the differences in proposed mechanisms for these alkylation reactions.  

Elucidation of the mechanism for these reactions is crucial as it will help identify the 

likelihood of future oxypyridinium salt analogs being successful alkyl transfer reagents. Also, it 

will establish if the reactivity of the nucleophile is an important factor for these reactions given 

that weak nucleophiles can be utilized in SN1 reactions but perform poorly in SN2 reactions.  The 

formation of benzyl ethers as a result of the transfer of a benzyl group from 2-benzyloxy-1-

methylpyridinium triflate (BnOPT) to alcohols was investigated first. This was the first reaction 

to be optimized and the most data has been collected for these reactions so it will serve as a good 

test case for development of the experimental method. The initial goal of this project was to 

identify a suitable alcohol to serve as a nucleophile and develop a method that is both consistent 

among trials and similar to current methods of kinetic studies in the scientific community. A rate 

study for the formation of benzyl ethers will be performed by changing the concentration of the 

starting materials, the alcohol or BnOPT salt, and evaluating the change in the rate of the 
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reaction. This will be followed by a Hammett study of substituted BnOPT salt derivatives with 

alcohols.  

3.1 Rate Laws for SN1 and SN2 Reactions 

The reaction rate for an SN1 or SN2 reactions depend on the concentration of the 

molecules which are present in the rate determining step (RDS). The rate of reaction for 

nucleophilic substitution reactions can also depend on the solvent, reaction temperature, degree 

of substitution in substrate, the strength of the nucleophile (SN2), or the stability of the 

carbocation (SN1). In both cases, the nucleophilic substitution reactions involve the loss of a 

leaving group and the replacement of this group by the nucleophile. The involvement of 

nucleophilic attack in the RDS is what separates the two reaction types. The RDS for an SN1 

reaction is unimolecular meaning that the rate is dependent on the concentration of a single 

molecule while the RDS for an SN2 reaction is bimolecular and its rate is dependent on the 

concentration of two molecules (Equation 3.1).  

SN1: 𝑅𝑎𝑡𝑒 = 𝑘[𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒] 
 

SN2: 𝑅𝑎𝑡𝑒 = 𝑘[𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒][𝑛𝑢𝑐𝑙𝑒𝑜𝑝ℎ𝑖𝑙𝑒] 
 

Equation 3.1: Rate Laws for Nucleophilic Substitution Reactions  

 

The mechanism for an SN1 reaction involves the loss of a leaving group during the rate 

determining step. This allows for the formation of a carbocation which is subsequently trapped 

by the nucleophile (Figure 3.1, Path A). The mechanism for an SN2 reaction is concerted 

meaning that nucleophilic attack and the loss of the leaving group occur at the same time during 

the rate-determining step (Figure 3.1, Path B).  
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 The difference in concentration dependence for the rate laws of SN1 and SN2 reactions 

allows for a predicted change in reaction rate following a change in the concentration of starting 

materials (Table 3.1). It is imperative that these reactions are run at a constant temperature since 

the rate constant, k, is temperature dependent.  

Figure 3.1: SN1 vs. SN2 Mechanisms 

 

 

 

 

 

When the concentration of the substrate is doubled the rate will double for both SN1 and SN2 

reactions; however, when the concentration of the nucleophile is doubled only the rate for an SN2 

reaction will double. The rate for an SN1 reaction does not depend on the concentration of the 

nucleophile (Table 3.1). These relationships can be used to determine the number of molecules 

participating in the rate-determining step.  

Table 3.1: SN1 vs. SN2: Changes in Reaction Rate following Changes in Concentration 

Change in Concentration SN1 Reaction SN2 Reaction 

Double [substrate] Rate doubles Rate doubles 

Double [nucleophile] No change in rate Rate doubles 
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3.2 Original Methodology for Rate Studies 

A generic scheme for the synthesis of benzyl ethers (3.3) using BnOPT (3.1) is shown to 

facilitate the following discussion (Scheme 3.1). Various molar equivalents of the alcohol and 

BnOPT salt will be used for this rate study (Table 3.2). Rate studies with a 1:1 ratio of R-OH 

(3.2) to BnOPT (3.1) will provide a reference rate for these reactions. The reaction rates for rate 

studies with a 2:1 or 1:2 ratio of R-OH (3.2) to BnOPT (3.1) will be compared to this reference 

rate to assess the impact on reaction rate with a given change in the concentration of R-OH (3.2) 

or BnOPT (3.1). Each of these trials was performed in triplicate and the average was used to 

investigate the rate law for the synthesis of benzyl ethers. 

Scheme 3.1: Generic Scheme for the Formation of Benzyl Ethers using BnOPT 
 
 
 
 

 

 

 

Table 3.2: Various Molar Equivalents for Starting Materials 

 Alcohol BnOPT Salt 

Molar Equivalents 1 1 

 2 1 

 1 2 

 

The original experimental design involved 
1
H NMR to monitor the disappearance of the BnOPT 

(3.1) salt and the formation of the benzyl ether product. The identity of the alcohol was less 

important when employing this strategy since it would not be used in calculations. Therefore, 2-

(2-methoxyethoxy)ethanol (3.4) was chosen as the alcohol as it readily reacts with BnOPT (3.1) 

to generate the corresponding benzyl ether (3.5) in high yields (Scheme 3.2). The high boiling 
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point of this alcohol (194 °C) reduced the probability that it would be lost on the rotary 

evaporator.  

Scheme 3.2: Rate Studies with 2-(2-methoxyethoxy)ethanol and BnOPT 

 

 

 

 

The alcohol (3.4), followed by BnOPT (3.1), was added to a dry, two-neck, 25-ml round 

bottom flask that was equipped with a stir bar, condenser, and argon line. After the complete 

addition of dry trifluorotoluene in an appropriate volume to achieve a 0.3 molar concentration, 

based on the moles of the limiting reagent, the reaction mixture was heated at 83 °C in an oil 

bath. Aliquots were taken every 30 minutes for the first 4 hours then at 5, 6, 8, and 24 hours. The 

volume of each aliquot was less than 1% of the total reaction volume to ensure that the kinetic of 

the reaction were unaffected. Each aliquot was transferred to a 5-ml round bottom flask with a 1-

ml, plastic syringe equipped with a 1 ½ inch dispensing needle (Figure 3.2, I). The crude 

mixture in the round bottom flask was concentrated in vacuo then dissolved in Chloroform-D 

and transferred to a NMR tube. A 
1
H NMR was collected.  

It was difficult to remove the BnOPT salt in a consistent manner among sequential 

aliquots leading to erratic integrations from spectrum to spectrum. One explanation for this 

observation is that the BnOPT salt, being a molten solid, is not soluble in the reaction conditions. 

This creates a heterogeneous mixture that consists of a liquid solvent phase and a solid phase that 

consisting of the molten BnOPT salt. This made it particularly challenging to remove consistent 

concentrations of BnOPT with each aliquot. This problem may be avoided by comparing the 
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relative ratios of the alcohol and benzyl ether instead. However, an assumption must be made 

that the partitioning of the alcohol and benzyl ether between the liquid and molten solid phase is 

equivalent or, more ideally, the partitioning of the alcohol and benzyl ether favors the solvent. In 

the latter scenario, the collection of aliquots should more accurately represent the changes in 

substrate and product concentration since they are would both be soluble in the solvent phase.  

3.3 Updated Methodology for Rate Studies 

Changes to the original methodology were needed to compare the relative ratios of the 

alcohol and benzyl ether. The setup of the reaction remained unchanged but the 1 ½ inch needle 

was exchanged for a 3-inch needle to be less invasive when removing aliquots. The volume of 

the aliquot was less than 1% of the total reaction volume to prevent changes to the kinetics of the 

reaction. The BnOPT salt is insoluble in the reaction conditions leading to a heterogeneous 

reaction mixture. Therefore, the concentration of BnOPT in an aliquot may be greater or less 

than its concentration in the reaction flask. In the former scenario, a greater amount of BnOPT is 

removed, especially in larger aliquots, with each aliquot resulting in a lower concentration of 

BnOPT in the flask, which will decrease the rate of the reaction. By removing smaller aliquots, 

any change in BnOPT concentration should be negligible. With the new methodology, the 

aliquots were transferred to a glass vial for a microscale work up rather than a 5-ml round bottom 

flask to be concentrated on the rotary evaporator (Figure 3.2). The BnOPT salt was easily 

removed by distilled water washes since it was no longer being used to monitor the progress of 

the reaction.  

The glass vial was filled with distilled water before delivering the aliquot to quench the 

reaction and prevent any further product formation. The reaction mixture was extracted into 

diethyl ether then a cap was placed on the vial and the solution was shaken (II). The layers were 
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allowed to separate and the aqueous layer was removed with a glass pipet. In some occasions, 

namely aliquots early in the reaction or when an excess of BnOPT salt was used, a second wash 

with distilled water was necessary. The organic layer was subsequently washed with saturated 

sodium chloride (III). After shaking the vial, the aqueous layer was removed by glass pipet and 

the organic layer containing our reaction mixture was thoroughly dried over sodium sulfate (IV). 

To complete the work up the reaction mixture was passed through a silica plug followed by 

approximately 3 milliliters of dichloromethane to remove any residual reaction mixture 

remaining in the silica (V). The silica plug was constructed by lodging a piece of Kimwipe into a 

glass pipet, packing it with silica gel, and adding a layer of sand on top of the silica. The filtrate 

was collected in a 5-ml round bottom flask and concentrated in vacuo (VI) before taking a 
1
H 

NMR (VII). This process was repeated for each aliquot during the rate study.  

 

Figure 3.2: Microscale Workup of Aliquots for Rate Studies in the Hood 
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3.4 Selection of an Alcohol for Rate Studies with BnOPT 

With this change in methodology, the identity of the alcohol used for the reaction was 

important since it would be used to determine the rate of the reaction. The ideal alcohol would be 

high in molecular weight, with limited solubility in water, and be non-volatile to avoid losing it 

during the work up or on the RotoVap. Additionally, the alcohol should provide unique peaks on 

the NMR that allow for easy integration and comparison with the benzyl ether product. 2-(2-

Methoxyethoxy)ethanol was originally thought to be an ideal candidate but failed to provide 

unique peaks that were easy to integrate on the NMR (Scheme 3.2). The four methylene peaks 

overlapped on the NMR and the methyl peak of the methoxy group was only slightly upfield in 

chemical shift. This made it difficult to get accurate integrations and only allowed for 

comparison of a single peak between the starting material and the product.  

3-Phenylprop-2-en-1-ol (3.6) was also investigated as an alcohol during these rate studies 

(Scheme 3.3). It was an improvement over 2-(2-methoxyethoxy)ethanol (3.4) in terms of 

offering slightly more unique peaks in NMR spectra; however, the vinyl hydrogens of the 

alcohol (3.6) and benzyl ether (3.7) resulted in wide peaks from long range coupling. These 

peaks had similar chemical shifts so distinguishing between these peaks was challenging. Also, 

the accuracy of the integrals was questionable given that a single hydrogen gave rise to each 

peak.  

Scheme 3.3: Rate Study of 3-phenylprop-2-en-1-ol with BnOPT  
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Additionally, the sensitivity of this molecule significantly reduced its shelf life as it would 

readily oxidize to the aldehyde, (2E)-3-phenylprop-2-enal.  It was thought that a saturated 

hydrocarbon chain between the aromatic ring and the alcohol would eliminate some of these 

issues. The resulting molecule is 3-phenyl-1-propanol (3.12) which meets the criteria for alcohol 

selection as previously discussed. The synthesis of 3-phenyl-1-propanol (3.12) involved heating 

a solution of 3-phenylpropionic acid (3.8) in methanol (3.9) at reflux in the presence of p-

toluenesulfonic acid (3.10) for 18 hours to afford its corresponding ester, methyl-3-

phenylpropionate. In a second step, the ester was reduced using lithium aluminum hydride (3.11) 

followed by a quench with ethyl acetate and water to afford 3-phenyl-1-propanol (3.12) (Scheme 

3.4). Following flash chromatography, pure 3-phenyl-1-propanol (3.12) was isolated as a 

colorless oil in 87% yield.
1
  

Scheme 3.4: Synthesis of 3-phenyl-1-propanol 

 

 

 

3.5 Rate Study for the Reaction of 3-Phenyl-1-propanol with BnOPT 

A series of rate studies were performed in a 0.2 molar reaction concentration with PhCF3 

at 83 °C. Magnesium oxide was excluded from the rate studies, as it is poorly soluble in water 

and may cause difficulty when analyzing the aliquots. This should not influence the kinetics of 

the reaction since magnesium oxide is serving as an acid scavenger and not a strong base. The 

rate studies were performed using the following ratios of 3-phenyl-1-propanol (3.12) to BnOPT 

(3.1): 1:1, 2:1, and 1:2 (Scheme 3.5). The average of three trials at each ratio was used to plot the 

data and compare the rate of each reaction.   
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Scheme 3.5: Rate Studies using 3-phenyl-1-propanol and BnOPT 

 

 

Figure 3.3: Representative 
1
H NMR at 30 minutes 

 

 

 

 

 

 

 

 

 

 

 

This was accomplished by comparing the relative ratios of the hydrogens present in 

benzyl 3-phenylpropyl ether (3.13) (δ 4.53, 3.51, 2.74, and 1.96 ppm) and 3-phenyl-1-propanol 

(3.12) (δ 3.69, 2.72, 1.90 ppm) using the integrations of their 
1
H NMR peaks (Figure 3.3). The 

blue and green hydrogens of the starting material and product overlap on the spectra, but the red 

hydrogens have different chemical environments after the alcohol is benzylated. This causes the 

red hydrogens of the product to be shifted upfield. Using the benzylic hydrogens (2 H) of the 
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product, outlined with the black box, the integrations can be normalized and the relative ratio of 

the hydrogens in the red box can be used to calculate the percent of product formed in a 

particular aliquot (Equation 3.2). After interpreting the 
1
H NMR spectra for each aliquot of a 

rate study, the percent of product formation was plotted against time.  

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛(%) = (
∫ 𝑃

∫ 𝑃 + ∫ 𝑅
) × 100 

Equation 3.2: Calculation for Product Formation (%) 

The integration of the product peak (∫P) was divided by the sum of integrations for the product 

and starting material peaks (∫P + ∫R) then multiplied by 100 to give the percent of product 

formed at a given time. The percent of product formed in each aliquot was plotted against time 

(Graph 3.1). In order to approximate the initial rate for these reactions, the percent of product 

formation was plotted for each aliquot in the first three hours of the rate study (Graph 3.2). 

 

Graph 3.1: % Product vs. Time in Rate Studies of 3-Phenyl-1-Propanol and BnOPT 
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Graph 3.2: Initial Rates for Rate Studies of 3-phenyl-1-propanol and BnOPT 

 
  

 

Further interpretation of this data included determining the concentration of benzyl 3-

phenylpropyl ether in each aliquot. A simple calculation can be performed based on the product 

concentration at a given time being equal to the difference between the initial concentration of 

the alcohol and the concentration of that alcohol at a given time (Equation 3.3).  

 

Equation 3.3: Calculation for Product Concentration 

Dividing both sides of Equation 3.3 by [𝑅𝑡] gives us a useful ratio between product and reactant 

concentrations at a given time (Equation 3.4). This ratio can be determined from the integrations 

of product and reactant peaks in 
1
H NMR spectra. However, the concentrations from the NMR 
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must be converted to molarity using the molecular weight of each molecule after converting from 

parts per million (ppm) to grams per liter (1 ppm = 1 mg/L).  

 

 

Equation 3.4: Ratio of Product and Reactant Concentrations at a given Time 

Equation 3.4 can be rearranged to provide an equation that can be used to calculate the 

concentration of a reactant at a given time (Equation 3.5). Using the ratio between product and 

reactant concentrations at a given time and the initial concentration of the reactant, which we 

know from the moles of reactant used and the volume of the solvent, we can calculate the 

reactant concentration at a given time. By substituting [Rt] into Equation 3.3, the product 

concentration at a given time can be calculated.  

 

 

Equation 3.5: Calculation for the Concentration of Reactant at a given Time 

Using Equations 3.3 and 3.5, the concentration of product in each aliquot can be plotted 

against time for the rate studies with differing concentrations of starting materials (Graph 3.3). 

The initial rates for benzyl ether formation, with various ratios of R-OH to BnOPT, can be 

interpreted by evaluating the conversion of starting materials near the beginning of the reaction. 

Graph 3.4 highlights the first 2.5 hours of each rate study.  
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Graph 3.3: [Benzyl 3-phenylpropyl ether] vs. Time at Different Molar Ratios 

 

Graph 3.4: Initial Rates for [Product] vs. Time at Different Molar Ratios 
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Similarly, using the [𝑅𝑡] calculated using Equation 3.5, a plot of ln([Rt]/[Ro]) versus time can be 

developed  (Graph 3.5). A graph of ln([Rt]/[Ro] versus time generates a straight line with a slope 

that is equal to the rate constant (k) for a given reaction. Rate constants are proportionality 

coefficients that can be used to compare the rate of a reaction to the starting concentrations of the 

reactants. Each rate study was run at the same temperature since rate constants are temperature 

dependent. The rate constants for rate studies using a 2:1 or 1:2 ratio of alcohol to BnOPT are 

expected to differ from the rate constant for a 1:1 ratio of the reactants if an increase in the 

concentration the reactant leads to an increase in the rate of the reaction.  

 

Graph 3.5: ln([R]t/[R]o) versus Time at Different Molar Ratios 
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in Graphs 3.1-3.5. This is because increasing the concentration of the nucleophile should not 

increase the rate of the reaction for an SN1 mechanism. In Graphs 3.2 and 3.5, the reaction rate 

for the rate study using a 2:1 ratio of R-OH to BnOPT appears to be slower than the rate study 

using a 1:1 ratio of R-OH to BnOPT while it appears to be 1.1 times faster in Graph 3.4. From 

Graphs 3.2 and 3.4, it is apparent that the slopes for rate studies using a 1:2 ratio of R-OH to 

BnOPT are approximately twice as steep as the slope for the rate studies using a 1:1 ratio of R-

OH to BnOPT. The slope is proportional to the rate of the reaction. These initial results support 

the proposed SN1-like mechanism considering that the reaction rate doubles when the 

concentration of the substrate, BnOPT, is doubled. The rate studies using a 2:1 ratio of R-OH to 

BnOPT were inconsistent but it appeared that the rate of the reaction decreased with an increase 

in alcohol concentration.  

 

3.6 Determining the Overall Order for the Reaction 

Further support for an SN1-like mechanism was found by determining the overall order of 

the reaction. Equation 3.6 shows a generic setup for a typical rate equation where r is the rate of 

the reaction, x and y are the reaction orders for the reactants, A and B are arbitrary substances, 

and k is the rate constant.  

𝑟 = 𝑘[𝐴]𝑥[𝐵]𝑦 

Equation 3.6: Generic Equation for Rate Laws 

The value of reaction orders will determine how much the rate will increase following an 

increase in reactant concentration. For instance, if x is equal to 1 then the rate will double if the 

[A] is doubled and if x is equal to 2 then the rate will quadruple if the [A] is doubled. The overall 
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order of a reaction is the sum of the orders for the reactants. SN1 reactions are first order 

reactions while SN2 reactions are second order reactions.
2
 

 Graphical methods provide the easiest way to determine the overall order of a reaction. 

The differential equations for zero, first, and second order rate laws are provided in Equations 

3.7a, 3.7b, and 3.8, respectively. The second order rate law for this reaction is rather 

complicated and unimportant since reaction rates are being examined at low conversions. This 

means that SN1 reactions can be treated as first order and and SN2 reactions can be treated as 

pseudo-first order. For these reasons, the integration for the second order rate law was excluded 

when looking at the overall order of the reaction with graphical methods.  

 

(3.7a)    Zero order:           𝑟𝑎𝑡𝑒 = 𝑘[𝐴]0 

(3.7b)    First order:           𝑟𝑎𝑡𝑒 = 𝑘[𝐴]1 

    (3.8)    Second order:       𝑟𝑎𝑡𝑒 = 𝑘[𝐴][𝐵] 

Equations 3.7 and 3.8: Rate Laws for Zero, First, and Second Order Reactions 

 

Following rearrangement of the differential rate laws, these equations can be integrated from 

initial reactant concentration to the concentration of the reactant at time t. This affords  the 

integrated rate equations which are in the same form as the equation of a line, y = mx + b. 

The integrated rate laws for zero and first order reactions are given in Equations 3.10 

and 3.11. When the [A] or ln[A] is plotted against time for zero order and first order reactions, 

respectively, the overall order of the reaction can be determined. The plot that yields a slope with 

a straight line corresponds to the order of the overall reaction. 
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−
𝑑[𝐴]

𝑑𝑡
= 𝑘[𝐴]0 

𝑑[𝐴] = −𝑘𝑑𝑡 

∫ 𝑑[𝐴] = − ∫ 𝑘𝑑𝑡
𝑡

0

[𝐴]𝑡

[𝐴]𝑜

 

[𝐴]𝑡 − [𝐴]𝑜 = −(𝑘𝑡 − 0) 

[𝐴]𝑡 = −𝑘𝑡 + [𝐴]𝑜 

−
𝑑[𝐴]

𝑑𝑡
= 𝑘[𝐴]1 

𝑑[𝐴]

[𝐴]
= −𝑘𝑑𝑡 

∫
𝑑[𝐴]

[𝐴]
= − ∫ 𝑘𝑑𝑡

𝑡

0

[𝐴]𝑡

[𝐴]𝑜

 

𝑙𝑛[𝐴]𝑡 − 𝑙𝑛[𝐴]𝑜 = −(𝑘𝑡 − 0) 

𝑙𝑛[𝐴]𝑡 = −𝑘𝑡 + 𝑙𝑛[𝐴]𝑜 

Equations 3.10 and 3.11: Integrated Rate Laws for Zero and First Order Reactions 

 

Graphs 3.6 and 3.7 were created using the graphical method to determine the overall order of 

the reaction. A straight line is not obtained when the [3-phenyl-1-propanol] is plotted against 

time indicating that the reaction is not zero order; however, a straight line with a negative slope 

is obtained when the ln[3-phenyl-1-propanol] is plotted against time. This indicates that the 

formation of benzyl ethers using BnOPT is a first order reaction. SN1 reactions by definition are 

unimolecular, or first order reactions, because a single substrate decomposes to generate a 

carbocation in the rate determining step. Accordingly, the graphical methods provide support the 

proposed SN1-like mechanism for the formation of benzyl ethers.  
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Graph 3.6: [3-phenyl-1-propanol] versus Time 

 
 

 

 

Graph 3.7: ln[3-phenyl-1-propanol] versus Time 
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3.7 Introduction to Hammett Studies 

The focus shifted to a Hammett study to investigate the charge development in the 

transition state for the formation of benzyl ethers from the reaction of alcohols with BnOPT. 

Louis Hammett introduced the concept of comparing reaction rates or equilibrium constants for a 

given series of reactions involving meta or para substituted aromatic reactants that differ only in 

the identity of their substituent.
3
 The result was a linear free-energy relationship between the 

reaction rates for the variously substituted aromatic reactants. According to the rules of quantum 

mechanics, the transition state cannot be directly observed; however, using the Hammett 

equation, the breaking and forming of bonds as well as charge development during the transition 

state can reveal the reactivity of molecules.
4
 Hammett realized that changing the identity of the 

substituent on the aromatic reactant of reactions that are otherwise similar causes a change in 

activation energy that is proportional to the change in Gibbs free energy.
5
 In this way, the impact 

of electron donating or electron withdrawing substituents on the rate of the reaction can be used 

to investigate the charge buildup in the transition state and allows for the elucidation of the 

reaction’s mechanism.  

Hammett first realized the electronic effects of substituents while working with ionization 

reactions of substituted benzoic acids (3.14) (Scheme 3.6). He realized that the ionization of 

benzoic acid with an electron withdrawing substituent occurred at a faster rate than the ionization 

of benzoic acid with an electron donating substituent.
3 

The electron withdrawing group is 

capable of stabilizing the negative charge on the conjugate base (3.15) making the reaction much 

more favorable.  
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Scheme 3.6: Ionization Reaction for Substituted Benzoic Acid Substrates 

 

Hammett recognized the qualitative aspects of this observation but wanted to explain these 

results in a predictive and quantitative manner. With this in mind, Hammett proposed Equation 

3.11 to quantify this observation 

                                       

Equation 3.11: Expanded Hammett Equation 

where KZ is the ionization constant for substituted benzoic acid (3.14), KH is the ionization 

constant for unsubstituted benzoic acid (3.14, Z = H), R is the gas constant, T is the temperature, 

E is the potential energy, and Π(z) is the quotient of partition functions for substituted and 

unsubstituted reactants.
6
 For rigid molecules, such as benzoic acid (3.14), the terms in the 

partition function will cancel each other out and the second term on the right side of Equation 

3.11 will go to 0.
6
 

It is possible to determine some important properties of the potential energy from the 

observing that the difference between log(KZ) and log(KH) is linear to the reciprocal of the 

dielectric constant.
6
 This relationship gives rise to Equation 3.12  

 

Equation 3.12: Relationship between Reaction Rates and Potential Energy 

where d is the distance between the substituent and reaction site, D is the dielectric constant of 

the solvent, and the terms A, B1, and B2 are constants which are independent of the solvent and 

the reaction temperature. The left side of this equation is equal to the free energy change or free 

−𝑅𝑇𝑙𝑛𝐾𝑍 + 𝑅𝑇𝑙𝑛𝐾𝐻 = 𝐸 + 𝑅𝑇𝑙𝑛∏(𝑧) 

−𝑅𝑇𝑙𝑛𝐾𝑍 + 𝑅𝑇𝑙𝑛𝐾𝐻 = ∆𝐹 =
𝐴

𝑑2
(

𝐵1

𝐷
+ 𝐵2) 
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energy of activation for a given reaction (ΔF).
6
 The Hammett equation can be obtained by 

rearranging and simplifying the terms in Equation 3.12 into two parameters: a substituent 

constant and a reaction constant. Additionally, the natural logarithms should be converted to 

base-10 logarithms using 2.303 as a conversion factor (Equation 3.13).
6 
 

 

 

 

 

Equation 3.13: The Parameters for the Hammett Equation 

The substituent constant, or sigma value (σ), depends on the substituent while the reaction 

constant, or rho value (ρ), depends on the reaction type, the solvent, and the reaction 

temperature.
3
 A is a measure of the effect that the substituent has on the electron density 

available at the reaction site while B1 measures the degree to which electrical charges on the 

molecules interact with the solvent and B2 is a measure of the sensitivity of the reaction to 

changes in electron density.
6
 By replacing these terms with the two parameters, sigma and rho, 

the Hammett equation becomes much less complex and quantifying the changes in reaction rate 

following changes in substituents becomes much simpler.  

 The most common forms of the Hammett equation are given in Equation 3.14.
4,5

 These 

equations are obtained by simplifying the difference in logarithms in Equation 3.13 into a 

logarithm of a quotient as shown by Equation 3.14. The form of the Hammett equation on the 

left is utilizing the equilibrium constants while the form of the Hammett equation on the right is 

utilizing rate constants for substituted and unsubstituted substrates. The research discussed 

𝑙𝑜𝑔𝐾𝑍 − 𝑙𝑜𝑔𝐾𝐻 = 𝜎𝜌 

𝜎 = −
𝐴

2.303𝑅
  𝜌 =

1

𝑑2𝑇
(

𝐵1

𝐷
+ 𝐵2) 
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within this chapter will pertain to reaction rates so the form of the Hammett equation on the right 

will be used for further discussion.  

 

𝑙𝑜𝑔 (
𝐾𝑍

𝐾𝐻
) = 𝜎𝜌                         𝑙𝑜𝑔 (

𝑘𝑍

𝑘𝐻
) = 𝜎𝜌 

 

 

Equation 3.14: The Hammett Equation 

With a closer look at the Hammett equation it is obvious that it has the same form as an equation 

of a line. After finding the rate constants for substituted and unsubstituted substrates using the 

previously discussed graphical method, the logarithm of the substituted rate constant divided by 

the unsubstituted rate constant (y-axis) can be plotted against the substituent constants (x-axis) to 

generate a Hammett plot.
3
 Remember, each substituent will have its own unique value.  

 The substituent constants, or sigma (σ) values, are calculated from the ionization 

constants of substituted benzoic acids in water at 25 °C (Scheme 3.6).
5
 Dividing the ionization 

constant of substituted benzoic acid by the ionization constant of unsubstituted benzoic acid then 

taking the log of the quotient will give the sigma value for that substituent. Consequently, the 

sigma value for unsubstituted benzoic acid is zero since dividing a number by itself is equal to 

one and the log of one is zero. The sigma value for substituents will vary in their sign and 

magnitude based on their ability to stabilize the negative charge that develops following 

deprotonation of benzoic acid. Electron donating groups have negative sigma values while 

electron withdrawing groups have positive sigma values. Electron withdrawing groups on the 

benzoate anion are able to stabilize the negative charge resulting in larger equilibrium constants 

than that of unsubstituted benzoic acid. The log of a number that is greater than one gives a 

positive number. Conversely, electron donating groups on the benzoate anion are unable to 

stabilize the negative charge resulting in smaller equilibrium constants than that of unsubstituted 
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benzoic acid. The log of a number that is less than one results in a negative number. The 

magnitude of a sigma value increases with the strength of electron donation or electron 

withdrawal by a substituent. In other words, a strong electron donating group will have a higher 

magnitude than a weak electron donating group and a strong withdrawing group will have a 

higher magnitude than a weak electron withdrawing group.
4,5

  

A plot of log10(KZ/KH) against the sigma values of the substituents may provide a straight 

line with a slope that is equal to the reaction constant or rho (ρ) value. The sign and the absolute 

magnitude of the rho value give information about the charge development at the transition state. 

A positive slope corresponds to a negative charge development in the transition state that is 

stabilized by electron withdrawing substituents. A negative slope corresponds to a positive 

charge development in the transition state, which is stabilized by electron donating groups. Large 

magnitudes of rho mean that the substituents greatly influence the rate and that there is a large 

charge development in the transition state, which is greatly impacted by the electronic properties 

of these substituents. The magnitude of the rho value also corresponds to the distance between 

the substituent and the reacting site. The magnitude of rho decreases as the distance between the 

substituent and the reacting site increases. However, a conjugated molecule will have a larger rho 

value than an aliphatic molecule that has an equal distance between the substituent and the 

reaction site. Resonance allows the substituent to influence the electronic properties at the 

reaction site. 

The results of a Hammett plot facilitate the elucidation of reaction mechanisms. For 

example, for reactions that proceed by nucleophilic substitution two scenarios are possible: 1) a 

carbocation is formed from the loss of a leaving group which is subsequently attacked by a 

nucleophile or 2) a nucleophile attacks the substrate and causes the loss of the leaving group in a 



64 
 

concerted fashion. It is possible to differentiate these pathways by performing a Hammett study 

and analyzing the Hammett plot. If electron donating groups increase the rate of the reaction then 

the first scenario is correct; however, the second scenario is correct if electron withdrawing 

groups increase the rate of the reaction.  

  

3.8 Synthesis of BnOPT Salt Derivatives 

The next objective of this research was to perform a Hammett study on the formation of 

benzyl ethers from the reaction of 3-phenyl-1-propanol with para-substituted BnOPT salt 

derivatives to gain insight into the charge development in the transition state. The BnOPT salt 

derivatives needed to be synthesized by reacting 2-chloropyridine (3.16) with benzyl alcohol 

derivatives (3.17) in toluene in the presence of potassium hydroxide and heating the reaction to 

reflux until it reached completion (Scheme 3.8). 

Scheme 3.8: Synthesis of Substituted BnOPT Salt Precursors  

 

After isolation and purification, the 2-benzyloxypyridine derivatives (3.18) were alkylated to 

generate the substituted BnOPT salt derivatives (3.20). This was accomplished by dissolving the 

2-benzyloxypyridine (3.18) derivative in trifluorotoluene followed by the dropwise addition of 

methyl triflate (3.19) at 0 °C over the course of ten minutes. The reaction was warmed to room 

temperature and allowed to stir until complete consumption of the starting material was achieved 
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(Scheme 3.9). The BnOPT salt derivatives (3.20) were isolate with vacuum filtration and dried 

under high vacuum before being stored in a desiccator.  

Scheme 3.9: Synthesis of BnOPT Salt Derivatives  

 

 

 

 

3.9 Hammett Study: 3-phenyl-1-propanol and BnOPT Salt Derivatives 

in the Hood 

The same procedure as the initial rate studies between 3-phenyl-1-propanol and 

unsubstituted BnOPT (3.1) was used for the aliquot acquisition, microscale work-up, collection 

of 
1
H NMR spectra, and calculations for rate studies of 3-phenyl-1-propanol (3.12) with several 

para-substituted BnOPT substrates (3.20). The goal was to investigate the reaction rate when 3-

phenyl-1-propanol reacts with BnOPT salt derivatives and compare these reaction rates with the 

reaction rate for unsubstituted BnOPT (Scheme 3.10). A 1:1 ratio of reactants was used for each 

rate study to remain consistent. It is important to note that moderate and strong electron donating 

substituents were not synthesized for these kinetic studies as they react too quickly. In fact, the p-

methoxy substituent decomposes at room temperature and completely reacts with alcohols within 

an hour.
7
 It would be unlikely that useful data would be obtained at elevated temperatures.  
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Scheme 3.10: Rate Studies of 3-pheyl-1-propanol with BnOPT Salt Derivatives 

  

It was hypothesized that electron donating groups on the benzyl ring of BnOPT salt derivatives 

(3.20a) would increase the reaction rate compared to unsubstituted BnOPT (3.1) and electron 

withdrawing groups on BnOPT salt derivatives (3.20c-d) would decrease the reaction rate.  

The results for the rate studies of 3-phenyl-1-propanol (3.12) with the methyl (3.20a), 

chloro (3.20b), bromo (3.20c), and trifluoromethyl (3.20d) BnOPT salt derivatives are plotted in 

Graph 3.8. The product concentration was calculated using Equation 3.3 and 3.5 then plotted 

against time in a similar fashion as previously described. Remember, the assumption for these 

rate studies is that the reaction follows first order or pseudo-first order kinetics. It is apparent, 

from Graph 3.8, that electron donating substituents increase the rate of the reaction based on 

their ability to stabilize the positive charge that develops on the carbocation. The reaction does 

not reach completion in 8 hours when using the unsubstituted BnOPT salt; however, the reaction 

is near completion after 30 minutes when a methyl substituent is placed on BnOPT. This leads to 

a much steeper slope for the methyl BnOPT salt derivative than that of the unsubstituted BnOPT 

salt. The results also confirmed the suspicion that electron withdrawing substituents would 

decrease the reaction rate since the three BnOPT salt derivatives containing electron withdrawing 

groups all have reaction rates that are slower than unsubstituted BnOPT. It is not surprising that 

the slopes for the chloro and bromo BnOPT salt derivatives are nearly identical and that the slope 
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for the trifluoromethyl BnOPT salt derivative is the shallowest since it is a strong electron 

withdrawing group. 

Graph 3.8: Rate Study of 3-phenyl-1-propanol with Substituted BnOPT Salt Derivatives 

 

These observations cannot predict the mechanism for this reaction since positive charge develops 

at the benzylic position for both SN1 and SN2 mechanisms. Accordingly, electron donating 

groups will increase the rate of reaction for both nucleophilic substitution reactions.  

 Using Equation 3.5, the concentration of 3-phenyl-1-propanol, or [Rt], was found for 

each time an aliquot was collected for each rate study of the BnOPT salt derivatives. By plotting 

the ln([Rt]/[Ro]) against time, a line can be generated with a slope that is equal to the rate 

constant for each rate study (Graph 3.9). Data points with more than 20% product formation 

were excluded from this graph in order to investigate the initial rates of these reactions. This 
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allows the comparison of rate constants between different BnOPT salt derivatives and provides a 

vital variable needed to create a Hammett plot.  

 

Graph 3.9: Graphical Method to Determine Rate Constants for BnOPT Salt Derivatives 

  

 

The rate constants and substituent constants (σ and σ+) for each of the substituents of the BnOPT 

salt derivatives are provided in Table 3.3. For this research, the sigma values were obtained from 

the literature since these values have been experimentally determined and accepted in the 

scientific community.
5,8

 Plotting the log10(kZ/kH) against the sigma values for the corresponding 

substituents generates a Hammett plot for these reactions.  
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Table 3.3: Rate Constants and Sigma Values for Substituents on BnOPT Salt Derivatives
5,8

 

Substituents Rate Constants (s
-1

) Sigma Values  Log(kZ/kH) 

Hydrogen 3.9 x 10
-5 

0.0 0.0 

p-Methyl 3.5 x 10
-4 

-0.31 0.96 

p-Bromo 2.5 x 10
-5 

0.15 -0.18 

p-Chloro 3.2 x 10
-5 

0.11 -0.09 

p-Trifluoromethyl 1.5 x 10
-5 

0.54 -0.41 

 

Graph 3.10: Hammett Plot of Substituted BnOPT Salt Derivatives  
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of 3-phenyl-1-propanol using BnOPT salt derivatives is presented in Graph 3.10. The result is a 
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salt derivatives. A linear fit of the data points produces a line with a slope, or rho value, of -1.56. 

The negative sign associated with the rho value indicates that electron donating groups increased 

the rate of the reaction by stabilizing the positive charge development in the transition state. 

Unfortunately, the development of a positive charge is inherent to both SN1 and SN2 reactions.   

The R
2
 value indicates that the data points fit poorly to the linear regression line; therefore, the 

actual rho value may be much different. For this reason, a prediction of the reaction mechanism 

cannot be made with confidence. This led to a thorough evaluation of the current methodology 

which prompted several revisions.  

3.10 Optimizing Kinetic Studies in the Hood 

There were several shortcomings with the current methodology applied to these kinetic 

studies. For instance, the reaction is reaching completion too quickly, which is evident in 

Graphs 3.1 and 3.3 where the data set begins to plateau before the end of data collection. This 

makes it difficult to interpret the initial rates for these reactions. Decreasing the reaction 

temperature would reduce the rate of the reaction. The method of initial rates could be applied to 

compare reaction rates at a lower but consistent temperature.  

 The objective was to establish a reaction temperature that would allow for approximately 

20% product formation after 8 hours for the reaction of 3-phenyl-1-propanol and BnOPT. A rate 

study was attempted at 50 °C but the reaction was suppressed so much that only 2% product 

formation was calculated after 8 hours. A subsequent rate study was performed at 65 °C which 

proved to be an ideal temperature. Three trials were run at this temperature and consistently 

resulted in 22-23% product formation after 8 hours. Another benefit to running this rate study at 

a lower temperature, besides the method of initial rates, is the potential inclusion of moderate 

electron donating substituents, which will become less reactive under these conditions.  
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 A second disadvantage to the original methodology is that calculations were based on the 

relative ratios of starting material and product. Although this is a viable option, the inclusion of 

an internal standard will increase the accuracy of quantification. There are several requirements 

that an internal standard must satisfy. First off, the internal standard must be inert in the reaction 

conditions to avoid unwanted side reactions or interference with the reaction of interest. Second, 

it must have a larger molecular weight and be non-volatile to ensure that it is not lost during the 

reaction or when the aliquots are concentrated in vacuo. Solubility is a third aspect to consider 

when choosing an internal standard. The internal standard should be soluble in the solvent in 

which the reaction takes place; however, the internal standard should not be soluble in water to 

prevent any loss during the microscale work-up of each aliquot. Lastly, the internal standard 

should provide peaks on a 
1
H NMR that are easy to integrate and do not overlap with the peaks 

of the starting material, product, or byproducts.  

 One such molecule that potentially satisfies all of these requirements is naphthalene 

(Figure 3.4). Naphthalene is an aromatic, bicyclic ring structure that is joined by two carbons. 

This aromatic hydrocarbon has limited reactivity and shows great potential as an internal 

standard.  

Figure 3.4: Molecular Structure of Naphthalene 

 

Naphthalene (3.22) is a white crystalline solid with a reasonably large molecular weight of 

128.17 g/mol.
9
Additionally, naphthalene has a rather high boiling point of 217.97 °C which is 

well above the reaction temperature. Naphthalene should not be volatile considering these 

properties. In terms of solubility, naphthalene is soluble in toluene, chloroform, and was 
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experimentally determined to be soluble in trifluorotoluene. This observation was critical since 

trifluorotoluene is the solvent used for this reaction and a homogenous mixture of naphthalene in 

the solvent was necessary to maintain consistent concentrations of the internal standard between 

aliquots. Likewise, the solubility of naphthalene in chloroform is required since it is the solvent 

used to obtain 
1
H NMR spectra. Lastly, naphthalene shows little solubility in water, which is 

important since the organic layer consisting of the contents of an aliquot, is washed with water 

during the microscale work-up.
9 

 

Based on these factors, it was decided that naphthalene (3.22) would be added as an 

internal standard. Procedurally, everything remained identical for the rate study besides the 

addition of the internal standard and the lower reaction temperature (Scheme 3.11) 

Scheme 3.11: Rate Studies with an Internal Standard 

 

Naphthalene (3.22) was initially added in a 0.5 molar ratio to the limiting reagent (Graph 

3.11A); however, it was ultimately added in a 1 molar ratio after observing inconsistencies in the 

concentration of naphthalene on 
1
H NMR spectra for consecutive aliquots (Graph 3.11B). 

Multiple rate studies were performed using each molar ratio. Unfortunately, the alteration in 

molar ratios of the internal standard was unable to resolve the problem. A comparison of the R
2
 

values in Graph 3.11A and Graph3.11B  illustrates that results that are more consistent were 

obtained when using 1 molar equivalent of naphthalene for rate studies with a 1:1 or 2:1 ratio of 

R-OH to BnOPT.   
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Graph 3.11: Rate Studies with Naphthalene with (A) 0.5 Molar or (B) 1 Molar Ratio 

 

 

However, the results from the rate studies with a 1:2 ratio of R-OH to BnOPT were inconsistent 

with either molar ratio of naphthalene. The inconsistent concentration of naphthalene in each 

aliquot was thought to be compounded by the fact that the salt was still present as a solid rather 

than a molten solid at 65 °C. This made the acquisition of aliquots difficult, as the salt would 

clog the needle leading to aliquots that were misrepresentative of the reaction mixture and cause 

the inadvertent removal of a greater amount of salt with each aliquot, which would likely hamper 
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the natural kinetics of the reaction. Additionally, naphthalene may be lost by sublimation when 

the reaction is heating in the hood. Without an immediate solution to these setbacks, a different 

procedure for these kinetic studies was pursued.  

3.11 Rate Study: 3-Phenyl-1-propanol with BnOPT in the NMR at 73 °C 

This new procedure involved running the rate studies within the NMR instrument rather 

than in the hood. This was thought to remedy the inconsistent naphthalene concentrations and the 

difficulties involved with removing aliquots by hand. Additionally, the reaction is not perturbed 

and the loss of starting material from aliquots is eliminated. An added benefit is the collection of 

real-time data, which is much more precise. Performing kinetic studies in the NMR is a reliable 

technique that has been utilized by many researchers in the past. Although, a few of the 

shortcomings of this technique include: a poorer resolution in the baseline of spectra, a less 

efficient heating mechanism, and the discrepancy in start time between the setup of the reaction 

and collection of the first spectrum in the NMR.  

 With these disadvantages in mind, the first goal was to find an appropriate temperature 

that would slow the reaction to the point that the initial rates for these reactions could be 

accurately compared. The reaction was initially attempted at 65 °C, which was the ideal 

temperature of the reaction when heated in an oil bath; however, this temperature was too low 

within in NMR and only provided 11 to 12% product formation after ten hours for each of the 

several attempted trials. At that rate, the substrates with moderate to strong electron withdrawing 

groups in the subsequent Hammett study may not react at an appreciable or practical rate. The 

temperature was raised to 73 °C which provided approximately 20% consumption of the starting 

material by 10 hours. It was decided that this may be an ideal temperature for future kinetic 

studies within the NMR. Additionally, the number of scans required to provide an optimal 
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resolution of the spectra was evaluated. The collective average of 8 scans led to poor resolution 

of the baseline so the number of scans was increased to 64 which provided spectra that were 

easier to interpret. The lag time between reaction setup and the collection of spectra on the NMR ̶ 

due to the time it takes to lock and shim then raise the temperature ̶ can only be improved to a 

certain extent. The lag time is expected to have a minimal effect on the kinetics of the reaction.  

 The new reaction conditions for rate studies performed within the NMR are identical to 

the rate studies performed in the hood excluding a higher temperature and the need for a 

deuterated reaction solvent (Scheme 3.12). Toluene-d8 was chosen as the deuterated solvent as it 

is a suitable replacement for trifluorotoluene. Deuterated trifluorotoluene has limited availability 

at chemical companies since it is not used as a deuterated solvent that often.  

Scheme 3.12: Rate studies conducted within the Nuclear Magnetic Resonance Instrument 

 

The setup of these reactions is distinct from the setup of rate studies in the hood. The most 

notable difference is that the reaction takes place in an NMR tube rather than a reaction flask. 3-

phenyl-1-propanol (3.12) was added to a dry, argon purged, 2-ml reaction vial followed by 

naphthalene (3.22). A portion of the total volume of toluene-d8 was added to the reaction vial to 

dissolve these reagents. A dry NMR tube was purged with argon then BnOPT (3.1) was weighed 

out and added to this NMR tube through a funnel created using wax paper. The solution in the 

reaction vial was transferred to the NMR tube by a syringe equipped with a 3-inch needle. The 

reaction vial was rinsed with a volume of toluene-d8 that allowed for a 0.2 molar solution which 

was transferred to the NMR tube. A smaller NMR tube was partially filled with Chloroform-D 
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and placed inside the NMR containing the reaction mixture through its cap. The smaller NMR 

tube was also capped before being loaded in the NMR instrument.  

 The NMR was locked and shimmed using the Chloroform-D within the smaller NMR 

tube since toluene-d8 provided poor shimming quality in past experiments. Afterwards the 

temperature was raised to 73 °C and the first spectra were collected. A queue was programmed 

to collect spectra every thirty minutes for the following ten hours. The spinning of the sample in 

the NMR was anticipated to provide adequate stirring for the duration of the reaction. The 

spectra were integrated and the concentration of the product was calculated using the known 

initial concentration of naphthalene and the areas of their peaks (Equation 3.15).  

 

 

Equation 3.15: Calculation for [Product] for NMR Integrations and the [Naphthalene] 

 With this new procedure, rate studies were performed with the ratio of 3-phenyl-1-

propanol to BnOPT to naphthalene as follows: 1:1:1, 2:1:1, and 1:2:1. The product concentration 

for each aliquot of the three trials, calculated using Equation 3.15, was plotted against time 

(Graph 3.12). The objective was to evaluate the change in reaction rate following a change in 

the concentration of either starting material. A second goal was to compare the results obtained 

from kinetic studies in the NMR to the kinetic studies performed in the hood.   

 

 

 

 

 

[𝑁𝑎𝑝ℎ𝑡ℎ𝑎𝑙𝑒𝑛𝑒]

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑃𝑒𝑎𝑘
=

[𝑃𝑟𝑜𝑑𝑢𝑐𝑡]

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑃𝑒𝑎𝑘
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Graph 3.12: [Product] vs. Time for Rate Studies in the NMR at Different Molar Ratios 

 

A comparison of the slopes for the rate studies performed in the NMR at different molar ratios 

shows that the rate of the reaction doubles when the concentration of BnOPT salt doubles. This 

is expected for an SN1 reaction based on the previous discussion of the rate laws for nucleophilic 

substitution reactions; however, the rate of the reaction also increases by a factor of 1.7 when the 

concentration of the nucleophile, 3-phenyl-1-propanol, is doubled. These results suggest that an 

increase in the concentration of either starting material will cause an increase in the rate of the 

reaction. Therefore, the alcohol may be participating more intimately during the rate-determining 

step for benzyl ether synthesis based on these results. 
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3.12 Hammett Study: 3-phenyl-1-propanol and BnOPT Salt Derivatives 

in the NMR at 73 °C 

Utilizing the previously discussed procedure for the setup of reactions within NMR tubes, 

a Hammett study was performed with the BnOPT salt derivatives (3.20) using NMR 

spectroscopy to gather real-time kinetic data (Scheme 3.13). A 1:1:1 ratio of 3-phenyl-1-

propanol (3.12) to BnOPT salt derivative (3.20) to naphthalene (3.22) was used for each 

experiment. Similar to the equivalence rate studies, spectra were collected every thirty minutes 

for ten hours and the number of scans for each individual spectrum was increased to 64 scans.   

Scheme 3.13: General Reaction Scheme for Hammett Study of BnOPT Salt Derivatives 

 

Using Equation 3.15, the concentration of the product was calculated for each aliquot and 

plotted against time (Graph 3.13). This graph shows that electron donating groups increase the 

rate of the reaction while electron withdrawing groups decrease the rate of the reaction. This is 

expected, as electron donating groups will stabilize the charge formation in SN1 or SN2 reactions; 

therefore, the energy of the transition state is lowered allowing the reaction to reach completion 

at a faster rate.  

An interesting observation was made during the reaction of 3-phenyl-1-propanol (3.12) 

with CH3-BnOPT (3.20a) in which it appeared that there was a period of induction before the 

rapid conversion of starting material to products. This observation may be an issue of solubility.  
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The BnOPT salt derivatives have limited solubility in the reaction conditions so this induction 

may represent the time it took CH3-BnOPT to melt and become a molten solid. 

Graph 3.13: [Product] vs. Time for Kinetic Studies with BnOPT Salt Derivatives at 73 °C

 

At a reduced temperature, the CH3-BnOPT (3.20a) salt should be even less soluble causing this 

induction period to be more prominent. Alternatively, the partitioning of the alcohol into the 

molten salt phase may cause the period of induction. In this case, the induction period would 

represent the time it took for the alcohol to reach a suitable concentration in the molten salt phase 

before the reaction could take place. This may be a viable hypothesis since the molten salt phase 

is more polar than toluene-d8 and would better solubilize the alcohol. At the end of data 

collection, the data set begins to plateau as the reaction approaches completion.  

By rearranging Equation 3.3, the [R]t can be calculated using the known [R]o and the 

recently found [P]t. The rate constants for each substituent can be found by plotting the 
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ln([R]t/[R]o]) against time (Graph 3.14). The induction period for the methyl derivative was 

excluded from this graph to provide an accurate rate constant. Data points with more than 20% 

product formation were excluded from this graph in order to investigate the initial rates of these 

reactions. Similar trends were observed in terms of the reaction rates for the substituted BnOPT 

salt derivatives compared to unsubstituted BnOPT salt; although, the reaction rates for  the 

chloro and triflurormethyl BnOPT derivatives were very similar. There was a noticeable 

difference in reaction rate between these BnOPT derivaties for the kinetic studies performed in 

the hood (Graph 3.9). This is likely the result of a less efficient heating mechanism in the NMR. 

The temperature of the reaction within the NMR is actually lower than the temperature that the 

NMR was set to. The rate constants and substituent constants (σ and σ+) for the rate studies of 3-

phenyl-1-propanol with BnOPT salt derivatves are presented in Table 3.4 

Graph 3.14: ln([R]t/[R]o) vs. Time for Kinetic Study of BnOPT Salt Derivatives at 73 °C 
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Table 3.4: Rate Constants from Kinetic Studies in NMR at 73 °C and Sigma Values for 

Substituents on BnOPT Salt Derivatives
5,8

 

Substituents Rate Constants (s
-1

) Sigma Values Log(k/k
o
) 

Hydrogen 7.3 x 10
-6 0.0 0.0 

p-Methyl 2.4 x 10
-5 -0.31 0.51 

p-Chloro 1.5 x 10
-6

 0.11 -0.68 

p-Trifluoromethyl 1.3 x 10
-6 0.54 -0.75 

 

The Hammett plot for the reaction of 3-phenyl-1-propanol with BnOPT salt derivatives 

within the NMR is presented in Graph 3.15. A linear fit of the data points produces a line with a 

slope, or rho value, of -1.5. This rho value is similar to the rho value obtained from reactions run 

in the hood (ρ = -1.6). In both cases the R
2
 values are poor. Integration of product peaks in 

spectra collected for reactions involving electron withdrawing groups was particularly difficult 

since resolution of the baseline is poorer when the reactions are performed within the NMR. 

Furthermore, the electron withdrawing groups and reduced temperature at which these reactions 

are run decreases the reaction rate for these studies. At low conversions, it is difficult to integrate 

the smaller product peaks and distinguish peaks from noise in some instances. This problem was 

reconciled by increasing the number of scans to 128 and raising the temperature by 10 °C for 

kinetic studies.   
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Graph 3.15: Hammett Plot from Kinetic Studies in NMR at 73 °C 

 

 

3.13 Hammett Study: Reaction between 3-phenyl-1-propanol and 

BnOPT Salt Derivatives in the NMR at 83 °C 

A Hammett study in the NMR for the reaction of 3-phenyl-1-propanol with BnOPT salt 

derivatives was repeated at 83 °C with the exact same procedure with the exception that 128 

scans were collected per spectrum rather than 64 scans (Graph 3.16). Similar trends in the 

reaction rates for reactions of 3-phenyl-1-propanol with BnOPT salt derivatives were observed. 

In particular, the methyl BnOPT salt derivative had a faster reaction rate than unsubstituted 
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propanol with CH3-BnOPT seems to be less prevalent at 83 °C. The increased temperature may 

provide the necessary increase in kinetic energy to avoid an induction period 

Graph 3.16: [Product] vs. Time for Kinetic Studies with BnOPT Salt Derivatives at 83 °C 

 

The Ln([Rt]/[Ro]) was plotted against time for the reaction of 3-phenyl-1-propanol with 

BnOPT salt derivatives in the NMR to determine the rate constants at 83 °C (Graph 3.17). Data 

points that contained more than 20% product formation were excluded from this graph in order 

to investigate the initial rates of these reactions. Increasing the temperature increased the amount 

of product produced during reactions of 3-phenyl-1-propanol and BnOPT salt derivatives 

containing electron withdrawing substituents. Additionally, the increased number of scans 

collected for each spectrum greatly improved the resolution of the baseline. These changes 

increased the reliability of the NMR data and made it easier to integrate each peak with greater 

precision. 
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Graph 3.17: ln([R]t/[R]o) vs. Time for Kinetic Study of BnOPT Salt Derivatives at 83 °C 

 

The rate constants for these reactions as well as the substituent constants (σ and σ+) are provided 

in Table 3.5. The log10(kZ/kH) was plotted against time to generate a Hammett Plot for the kinetic 

studies in the NMR at 83 °C (Graph 3.18). 
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Substituents Rate Constants (s
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) Sigma Values Log(kZ/kH) 

Hydrogen 2.0 x 10
-5 0.0 0.0 

p-Methyl 4.1 x 10
-5 -0.31 0.32 

p-Chloro 6.3 x 10
-5 0.11 -0.50 

p-Trifluoromethyl 4.0 x 10
-5 0.54 -0.69 
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Graph 3.18: Hammett Plot from Kinetic Studies in NMR at 83 °C 

 

As previously stated, the negative sign associated with the rho values indicates that 

electron donating groups increased the rate of the reaction by stabilizing the positive charge 

development in the transition state. The magnitude of rho (ρ = -1.2) for the reaction of 3-phenyl-

1-propanol with BnOPT salt derivatives at 83 °C in the NMR is lower than the value of rho (ρ = -
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derivatives with electron withdrawing groups (3.20c-d). The Hammett study in the NMR at 83 

°C provides a more accurate rho value for the reaction of 3-phenyl-1-propanol with BnOPT salt 

derivatives. The results of this Hammett plot show support for an SN1-like mechanism; albeit, the 

results are not statistically significant at this time and more BnOPT salt derivative should be 

included in future work. Additionally, the trials should be performed in triplicate to determine an 

average rate constant for each BnOPT salt derivative.  

3.14 Synthesis of BnOPT Salt Derivatives with Indirect Methods 

Indirect methods were needed for the synthesis of additional BnOPT salt derivatives for 

use in future Hammett studies. A nitration reaction was performed on 2-benzyloxypyridine 

(3.18) followed by methylation to generate a BnOPT salt derivative containing a nitro group 

(3.20e) (Scheme 3.14). 

 

Scheme 3.14: Synthesis of Nitro BnOPT Salt Derivative 

 

By reacting 4-hydroxybenzyl alcohol (3.17f) with acetic anhydride (3.23) in the presence of 

trimethylamine allowed for synthesis of 4-acetoxybenzyl alcohol (3.17g). This molecule was 

subjected to identical reaction conditions for the synthesis of 2-benzyloxypyridine to generate a 

4-acetoxybenzylpyridal ether (3.18g). Following methylation using MeOTf (3.19), a BnOPT salt 

derivative containing an acetoxy group (3.20g) was achieved (Scheme 3.15). 
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Scheme 3.15: Synthesis of Acetoxy BnOPT Salt Derivative 

 

 The synthesis of two additional BnOPT salt derivatives was possible upon subjecting 4-

cyanobenzyl alcohol (3.17h) to the identical reaction conditions for the synthesis of 2-

benzyloxypyridine (Scheme 3.16). This allowed for the formation of 4-cyanobenzylpyridal ether 

(3.18h) which could methylated to form a BnOPT salt derivative containing a nitrile group 

(3.20h) or it could be reacted with a Grignard reagent. In the latter situation, the nitrile is 

converted to a t-butyl ketone following an acid work up. The Grignard reagent, tert-butyl 

magnesium chloride (3.25), was synthesized by reacting t-butyl chloride (3.24) with magnesium 

turnings. Currently, the three non-methylated precursors are possessed but either require further 

purification or methylation to generate their corresponding BnOPT salt derivatives. Inclusion of 

these BnOPT salt derivatives will provide a more statistically meaningful Hammett plot and 

provide information about the charge development at the benzylic position in BnOPT.  
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Scheme 3.16: Synthesis of Nitrile and t-Butyl Ketone BnOPT Salt Derivatives 

 

3.15 Substrate Screening: Alcohols with BnOPT Salt Derivatives 

A final goal of this project was to determine if these substituted BnOPT salt derivatives 

are synthetically useful. The protection of peptides with substituted benzyl groups is a common 

protection strategy reported in the literature.
10

 The mild reaction conditions and relatively neutral 

pH is one benefit of using BnOPT as a transfer agent of substituted benzyl groups especially in 

the case of peptides. The reactivity of these salts with various alcohols was assessed with a 

substrate screening. Optimizing these reactions is not the current objective so the reaction 

conditions for the formation of benzyl ethers using unsubstituted BnOPT was applied to these 

reactions (Scheme 3.17). The sole difference is that the molar equivalence of the BnOPT salt 
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derivatives was reduced to 1.1 equivalents to avoid excessive formation of the dibenzyl ether 

byproduct.  

Scheme 3.17: Reaction Conditions for the Substrate Screening of the Reaction between 

Alcohols and Substituted BnOPT Salt Derivatives 

 

The purpose of this substrate screening was to investigate if these reactions could provide 

synthetically useful yields (~50% or higher). Further optimization of these reactions by 

increasing the reaction time or raising the temperature of the reaction will likely be pursued if 

these reactions show potential. 

The results from the initial substrate screening are presented in Table 3.6. The idea was 

to use a variety of alcohols with each BnOPT salt derivative. Both aliphatic (3.26a,e-g) and 

aromatic alcohols (3.26b-d) were capable of reacting with the BnOPT salt derivatives in 

moderate yields. Likewise, primary and secondary alcohols were evaluated and provided 

moderate yields as well. In the future, attempts with tertiary alcohols will be made. Increasing 

the reaction temperature for BnOPT salt derivatives with electron withdrawing substituents 

should improve their yields. These initial results suggest that the reaction of alcohols with 

BnOPT salt derivatives has potential to be synthetically useful and applicable. In the future, 

several more alcohols will be screened and more BnOPT salt derivatives will be included. The 

next goal will be to screen a variety of carboxylic acids with the BnOPT salt derivatives.  
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Table 3.6: Substrate Screening of BnOPT Salt Derivatives with Various Alcohols 

3.26 Alcohol 3.20 3.27  Product Yield (%) 

a 

 

a a 

 

90 

b 

 

a b 

 

58(92
a
) 

c 

 

b c 

 

51 

d 

 

c d 
 

62 

e 

 

c e 
 

51 

f 

 

c f 

 
87 

g 

 

d g 
 

48 

a
Percent yield includes dibenzyl ether byproduct  

In summary, differences in proposed mechanisms for the formation of allyl esters and the 

formation of benzyl esters and ethers using oxypyridinium salts encouraged the pursuit of in-

depth kinetic studies to elucidate the mechanism for these reactions. In this chapter, the kinetic 

studies performed for the reaction of 3-phenyl-1-propanol with 2-benzyloxy-1-methylpyridinium 

triflate were discussed in detail. Initially, rate studies were performed in the hood with aliquots 

being removed throughout the course of the reaction and subjected to a microscale workup 

before obtaining a 
1
H NMR. The results of these rate studies indicated that the rate of the 

reaction doubled when the concentration of BnOPT was doubled. This provided support for an 
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SN1-like mechanism. On the other hand, the interpretation of the results was inconsistent for rate 

studies with an increased concentration of 3-phenyl-1-propanol. Further support for an SN1 

reaction came from the use of graphical methods to determine the overall order of the reaction. A 

plot of the ln[3-phenyl-1-propanol] against time provided a straight line with a negative slope 

indicating that the reaction was first order. 

In addition, a Hammett study was performed in the hood using several para-substituted 

BnOPT salt derivatives. The result was a rho value of -1.6 indicating that the electronic effects of 

the substituents had a significant influence on positive charge development at the benzylic 

position. Ultimately, there was a shift from kinetic studies in the hood to kinetic studies in the 

NMR due to several challenges associated with collection and interpretation of the aliquots. An 

internal standard, naphthalene, was incorporated so the concentration of product could be 

calculated in a quantitative manner. The rate of the reaction was reduced by conducting rate 

studies at a lower temperature in the NMR to evaluate the initial rates for these reactions. A 

Hammett study was executed in the NMR resulting in a smaller, but more reliable rho value of -

1.2 corroborating with the previous rho value to support the development of a positive charge in 

the transition state. The magnitude of rho for an SN2 reaction is expected to be smaller in 

magnitude than the rho values obtained in this study. The nucleophilic assistance in the loss of 

the leaving group requires less stabilization of the positive charge by the substituents.
4,11

 The 

electronic effects have less influence at the reaction site for SN2 reactions. Accordingly, the 

results from the most recent Hammett plot do not support the smaller magnitude that would be 

expected for an SN2 reaction. Several more precursors to BnOPT salt derivatives were 

synthesized for use in future Hammett studies. Lastly, the results of a substrate screening 

suggested synthetic utility for the reaction of alcohols with BnOPT salt derivatives. 
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 In conclusion, oxypyridinium salts are efficient alkyl transfer reagents to a variety of 

nucleophiles. Most notably, the reagent 2-benzyloxy-1-methylpyridinium triflate (BnOPT) was 

an excellent benzyl transfer reagent to both alcohols and carboxylic acids under relatively neutral 

conditions. The reagent 2-allyloxy-1-methylpyridinium triflate (AmPT) was developed to expand 

the utility of oxypyridinium salts and explore any limitations on the alkyl group being transferred 

by the pyridinium moiety. A series of bases were screened to find a base that led to high product 

formation.  Noting the formation of a methyl ester byproduct, the synthesis of allyl esters from 

carboxylic acids and AMPT was optimized to reduce the presence of this byproduct. The results 

of this study suggested that the nucleophile is intimately involved in the rate-determining step, 

which differs from benzyl ether formation. This led to an in-depth kinetic study for the formation 

of benzyl ethers from the reaction of 3-phenyl-1-propanol with BnOPT salt derivatives to 

provide preliminary support of an SN1-like mechanism with minor involvement of the 

nucleophile during the rate-determining step. Challenges associated with the kinetic studies 

include the different degrees of solubility for BnOPT salt derivatives in the reaction conditions. 

The rate of the reaction will increase as these salts become more soluble making it difficult to 

assess if electronic properties of the salt or its solubility properties are influencing the reaction 

rate. This will cause inaccurate points on the Hammett plot. Additionally, it has been 

hypothesized that the partitioning of the alcohol and benzyl ether occurs in the solvent and the 

molten salt phases. Performing these kinetics studies with oxylepidinium salts rather than the 

oxypyridinium salts could potentially resolve these issues by greatly increasing the solubility of 

the salt derivatives. In the future, several more salt derivatives will be included in the Hammett 

study and the issues with this methodology will be addressed.  
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Appendix A:  

Supporting Information for Allyl Ester Formation 

 

 

 

General information concerning reactions, reagents, instrumentation, and 

characterization:  

All chemicals utilized to generate the data presented in this thesis were purchased from Sigma-

Aldrich, Spectrum, Acros, or Ark Pharma without further purification. All glassware, glass 

syringes, stir bars, and dispensing needles were dried in an oven at 110 °C for 24 hours and 

transferred to a desiccator to cool off before use. Reactions were run under an argon atmosphere. 

Laboratory grease was added to the joints of flasks subjected to reflux conditions. TLC plates 

from Sorbent Technologies (Aluminum back, Silica gel, UV 254, 20 μm) were used to monitor 

reactions for completion. A UV (254 nm) lamp, p-anisaldehyde stain (6 g anisaldehyde, 250 ml 

Ethanol, 2.5 ml conc. H2SO4), or KMnO4 stain (1 g KMnO4, 6.5 g K2CO3, 2 ml of 5% NaOH, 

100 ml H2O) were used to visualize compounds on TLC plates. All crude and pure materials 

were stored in the refrigerator at 2-8 °C when not in use. α,α,α-Trifluorotoluene was distilled 

from calcium hydride and stored under argon in an amber bottle over 4 Å molecular sieves. 

Toluene was dried in a VAC Atmospheres Solvent Purification System and stored in an argon 

purged amber bottle over molecular sieves. Potassium carbonate was dried for 24 hours at 110 

°C in a vacuum oven and stored in a flask under a nitrogen atmosphere. Flash column 

chromatography with Dynamic Adsorbents flash silica gel (32-63μ) was used for purification of 

products. Molecules were characterized by 
1
H and 

13
C NMR using a JEOL 300 MHz or 400 

MHz instrument. Chloroform-D (D, 99.8% + 0.05% V/V TMS) from Cambridge Isotope 

Laboratories was used as the solvent for all NMR spectra. Attenuated total reflection (ATR) was 

the sampling technique used in conjunction with IR spectroscopy on a Perkin Elmer Spectrum 

100 FT-IR instrument. 
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2-allyloxypyridine (2.11). A dry, single neck, 500-ml round bottom flask equipped with a stir 

bar was purged with argon before adding 2-chloropyridine (8.4027 g, 74.0 mmol), allyl alcohol 

(6.70 ml, 96.2 mmol), and toluene (150 ml). Potassium hydroxide (85%, 14.6547 g, 222 mmol) 

pellets were crushed using a mortar and pestle then added to the reaction flask followed by 18-

crown-6 (0.1986 g, 0.74 mmol). The reaction flask was equipped with a condenser and heated at 

reflux (118 °C) in a silicone oil bath. The reaction was monitored by TLC which indicated it had 

reached completion after 2h. Approximately half of the toluene was removed using a shortpath 

distillation apparatus under vacuum. The reaction mixture was transferred to a separatory funnel 

using ethyl acetate (50 ml) then washed with water (50 ml) and brine (50 ml). The organic layer 

was dispensed into an Erlenmeyer flask and dried over anhydrous sodium sulfate. Vacuum 

filtration was used to remove the drying agent and the filtrate was collected in a pre-weighed 

round bottom flask which was concentrated on a rotary evaporator to yield a light yellow liquid. 

Kugelrohr distillation afforded a light yellow oil (8.500 g, 62.9 mmol, 85%). Note: Flash column 

chromatography with a 19:1 ratio of hexanes to ethyl acetate can also be used for purification. 
1
H 

NMR (400 MHz, CDCl3) δ 8.14 (dd, J = 5.2, 1.5 Hz, 1H), 7.57 (ddd, J= 8.2, 7.1, 1.6 Hz, 1H), 

6.87 (ddd, J = 6.4, 5.7, 1 Hz, 1H), 6.77 (dt, J = 8.1, 1.3 Hz, 1H), 6.10 (ddt, J = 17.2, 10.6, 5.7 Hz, 

1H), 5.40 (dq, J = 17.2, 1.6 Hz, 1H), 5.26 (dq, J = 10.6, 1.5, 1H) 4.84 (dt, J = 5.5, 1.5 Hz, 2H). 
13

C NMR (100 MHz, CDCl3) δ 163.6, 147.0, 138.7, 133.8, 117.5, 117.0, 111.4, 66.6. IR (neat 

cm
-1

) 3063, 3028, 2942, 1711, 1636, 1597, 1496, 1474, 1450, 1359, 1309, 1272, 1252, 1202, 

1163, 984, 928, 864, 767, 711, 684.  
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Optimized procedure for the formation of allyl esters:  

A dry, 5-ml round bottom flask or reaction vial was equipped with a stir bar, rubber septum, and 

an argon line before adding 2-allyloxypyridine (2.11) (1.2 equiv.) and carboxylic acid (2.14) (1 

equiv.) to produce a 0.3 M solution in PhCH3. The reaction was brought to 0 °C in an ice bath 

before the dropwise addition of MeOTf (2.12) (1.2 equiv.) over 5 min. The reaction was 

removed from the ice bath after complete addition of MeOTf (2.12) and allowed to stir at room 

temperature for 1h. At this time, the rubber septum was replaced by a condenser connected to an 

argon line and the reaction was heated to reflux (111 °C) in an oil bath. The base, K2CO3 (0.95 

equiv.), was added to the reaction mixture once it reached reflux. TLC was used to monitor the 

consumption of the starting material. Upon reaching completion, the mixture was diluted in ethyl 

acetate or diethyl ether (10 ml) and transferred to a separatory funnel where it was washed with 

water (10 ml) followed by brine (10 ml). The organic layer was dried over sodium sulfate which 

was removed by vacuum filtration. The filtrate was collected in a pre-weighed round bottom 

flask and concentrated in vacuo to provide the crude material. A 
1
H NMR of the crude product 

was obtained. Flash column chromatography, with a given ratio of hexanes to ethyl acetate, was 

used to purify the crude material to yield the pure allyl ester (2.15).  

 

 

Allyl benzoate (2.15a). Original procedure applied to benzoic acid (57.1 mg, 0.468 mmol). 

Flash column chromatography with a 49:1 ratio of hexanes to EtOAc resulted in a colorless oil 

(49.0 mg, 0.302 mmol, 65%). 
1
H NMR (400 MHz, CDCl3) δ 8.17 (m, 2H), 7.59-7.55 (m, J = 5.5 

Hz, 1H), 7.47-7.43 (m, 2H), 6.05 (ddt, J = 17.2, 10.3, 5.5 Hz, 1H), 5.42 (dq, J = 17.2, 1.6 Hz, 

1H), 5.30 (dq, J = 10.5, 1.3 Hz, 1H), 4.84 (dt, J = 5.9, 1.5 Hz, 2H). 
13

C NMR (75 MHz, CDCl3) δ 

166.3, 133.0, 132.2, 130.2, 129.6, 128.4, 118.2, 65.5. IR (neat, cm
-1

) 3069, 2935, 1718, 1602, 

1452, 1361, 1314, 1265, 1176, 1108, 1069, 1026, 970, 932, 708.   
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Allyl 2-chlorobenzoate (2.15b). Original procedure applied to 2-chlorobenzoic acid (101 mg, 

0.636 mmol). Flash column chromatography with a 49:1 ratio of hexanes to EtOAc resulted in a 

colorless oil (110 mg, 0.557 mmol, 85%). 
1
H NMR (400 MHz, CDCl3) δ 7.85 (dd, J = 7.7, 1.4 

Hz, 1H), 7.46 (dd, J = 7.7, 1.4 Hz, 1H), 7.42 (td, J = 7.7, 1.4 Hz, 1H), 7.32 (td, J = 7.7, 1.4 Hz, 

1H), 6.04 (ddt, J = 17.2, 10.6, 5.8 Hz, 1H), 5.44 (dq, J = 17.2, 1.4 Hz, 1H), 5.29 (dq, J = 10.3, 

1.4 Hz, 1H), 4.84 (dt, J = 5.8, 1.4 Hz, 2H). 
13

C NMR (100 MHz, CDCl3) δ 165.5, 134.0, 132.8, 

132.0, 131.6, 131.3, 130.3, 126.8, 126.8, 118.9, 66.3. IR (neat, cm
-1

) 3076, 2947, 1728, 1593, 

1473, 1436, 1360, 1289, 1245, 1115, 1048, 931, 745, 720, 692.  

 

Allyl 3-chlorobenzoate (2.15c). Original procedure applied to 3-chlorobenzoic acid (79.3 mg, 

0.506 mmol). Flash column chromatography with 49:1 ratio of hexanes to EtOAc resulted in a 

colorless oil (85.7 mg, 0.436 mmol, 86%). 
1
H NMR (400 MHz, CDCl3) δ 8.04 (t, J = 1.8 Hz, 

1H), 7.95 (dt, J = 7.7, 1.5 Hz, 1H), 7.54 (ddd, J = 8.1, 2.2, 1.1 Hz, 1H), 7.39 (t, J = 7.9 Hz, 1H), 

6.04 (ddt, J = 17.6, 10.2, 5.5 Hz, 1H), 5.42 (dq, J = 17.1, 1.7 Hz, 1H), 5.31 (dq, J = 10.4, 1.3 Hz, 

1H), 4.83 (dt, J = 5.5, 1.4 Hz, 2H). 
13

C NMR (100 MHz, CDCl3) δ 165.0, 134.5, 133.0, 131.9, 

129.7, 127.8, 118.6, 65.9. IR (neat, cm
-1

) 3074, 2943, 1721, 1575, 1425, 1360, 1278, 1251, 1126, 

1072, 973, 933, 746, 674.  

 

Allyl trans-cinnamate (2.15d). Original procedure applied to trans-cinnamic acid (81.7 mg, 

0.551 mmol). Flash column chromatography with a 29:1 ratio of hexanes to EtOAc resulted in a 

colorless oil (85.8 mg, 0.456 mmol, 83%). 
1
H NMR (300 MHz, CDCl3) δ 7.72 (d, J = 16.2 Hz, 

1H), 7.55-7.52 (m, 2H), 7.40-7.38 (m, 3H), 6.47 (d, J = 15.9 Hz, 1H), 6.00 (ddt, J = 17.0, 10.3, 

5.5 Hz, 1H), 5.38 (dq, J = 17.2, 1.5 Hz, 1H), 5.28 (dq, J = 10.3, 1.4 Hz, 1H), 4.72 (dt, J = 5.5, 1.4 

Hz, 2H). 
13

C NMR (75 MHz, CDCl3) δ 166.8, 145.3, 134.6, 132.5, 130.5, 129.1, 128.3, 118.5, 

118.1, 65.4. IR (neat, cm
-1

) 3059, 3025, 2941, 1710, 1636, 1578, 1496, 1450, 1359, 1308, 1273, 

1253, 1202, 1162, 982, 930, 864, 767, 711, 684. 
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Allyl hydrocinnamte (2.15e). Original procedure applied to hydrocinnamic acid (80.0 mg, 0.533 

mmol). Flash column chromatography with a 29:1 ratio of hexanes to EtOAc resulted in a 

colorless oil (88.2 mg, 0.464 mmol, 87%). 
1
H NMR (400 MHz, CDCl3) δ 7.31-7.26 (m, 2H), 

7.22-7.18 (m, 3H), 5.90 (ddt, J = 17.2, 10.3, 5.9 Hz, 1H), 5.28 (dq, J = 17.2, 1.5 Hz, 1H), 5.22 

(dq, J = 10.4, 1.3 Hz, 1H), 4.58 (dt, J = 5.8, 1.4 Hz, 2H), 2.97 (t, J = 7.9 Hz, 2H), 2.67 (t, J = 7.9 

Hz, 2H). 
13

C NMR (100 MHz, CDCl3) δ 172.6, 140.6, 132.3, 128.6, 128.4, 126.4, 118.3, 65.2, 

36.0, 31.0. IR (neat, cm
-1

) 3064, 3029, 2937, 1733, 1649, 1604, 1497, 1454, 1420, 1376, 1150, 

1078, 987, 930, 750, 698.  

 

Allyl acetylsalicylate (2.15f). Original procedure applied to acetylsalicylic acid (82.7 mg, 0.459 

mmol). Flash column chromatography with a 9:1 ratio of hexanes to EtOAc resulted in a 

colorless oil (57.2 mg, 0.2600 mmol, 57%). 
1
H NMR (400 MHz, CDCl3) δ 8.05 (dd, J = 8.1, 1.8 

Hz, 1H), 7.57 (ddd, J = 8.0, 7.4, 1.8 Hz, 1H), 7.32 (td, J = 7.6, 1.2 Hz, 1H), 7.11 (dd, J = 8.1, 1.1 

Hz, 1H), 6.01 (ddt, J = 17.2, 10.4, 5.7 Hz, 1H), 5.40 (dq, J = 17.2, 1.6 Hz, 1H), 5.30 (dq, J = 

10.5, 1.2 Hz, 1H), 4.78 (dt, J = 5.7, 1.3 Hz, 2H), 2.34 (s, 3H). 
13

C NMR (100 MHz, CDCl3) δ 

169.6, 164.1, 150.6, 133.9, 131.9, 131.8, 126.0, 123.8, 123.3, 118.7, 65.7, 21.0. IR (neat, cm
-1

) 

3083, 2946, 1769, 1720, 1607, 1485, 1452, 1367, 1288, 1251, 1187, 1133, 1123, 1075, 1009, 

913, 876, 812, 751, 704, 672.  

 

Allyl hexanoate (2.14h). Original procedure applied to hexanoic acid (74.4 mg, 0.640 mmol). 

Flash column chromatography with a 19:1ratio of hexanes to EtOAc resulted in a colorless oil 

(28.1 mg, 0.180 mmol, 28%). 
1
H NMR (300 MHz, CDCl3) δ 5.93 (ddt, J = 17.3, 10.4, 5.8 Hz, 

1H), 5.32 (dq, J = 17.3, 1.4 Hz, 1H), 5.23 (dq, J = 10.4, 1.4 Hz, 1H), 4.58 (dt, J = 5.8, 1.4 Hz, 

2H), 2.33 (t, J = 7.4 Hz, 2H), 1.64 (quintet, J = 7.4 Hz, 2H), 1.34-1.29 (m, 4H), 0.9 (t, J = 6.9 

Hz, 3H). 
13

C NMR (75 MHz, CDCl3) δ 173.5, 132.3, 118.0, 64.9, 34.2, 31.2, 24.6, 22.3, 13.9. IR 

(neat, cm
-1

) 2957, 2931, 2862, 1737, 1457, 1377, 1242, 1167, 1103, 989, 928, 734.  
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Appendix B:  

Supporting Information for the Mechanistic 

Investigation of Benzyl Ether Synthesis and the 

Reaction of Alcohols with Substituted BnOPT Salt 

Derivatives 

 

 

 

General information concerning reactions, reagents, instrumentation, and 

characterization: All chemicals utilized to generate the data presented in this thesis were 

purchased from Sigma-Aldrich, Spectrum, Acros, or Ark Pharma. Purification of these 

compounds was not necessary. All glassware, glass syringes, stir bars, and dispensing needles 

were dried in an oven at 110 °C for 24 hours and transferred to a desiccator to cool off before 

use. Reactions were run under an argon atmosphere. Laboratory grease was added to the joints of 

flasks subjected to reflux conditions. TLC plates from Sorbent Technologies (Aluminum back, 

Silica gel, UV 254, 20 μm) were used to monitor reactions for completion. A UV (254 nm) lamp, 

p-anisaldehyde stain (6 g anisaldehyde, 250 ml Ethanol, 2.5 ml conc. H2SO4), or KMnO4 stain (1 

g KMnO4, 6.5 g K2CO3, 2 ml of 5% NaOH, 100 ml H2O) were used to visualize compounds on 

TLC plates. All crude and pure materials were stored in the refrigerator at 2-8 °C when not in 

use. α,α,α-trifluorotoluene was distilled from calcium hydride and stored in a brown bottle over 4 

Å molecular sieves. Toluene was dried in a VAC Atmospheres Solvent Purification System and 

stored in an argon purged brown bottle over molecular sieves. Potassium carbonate was dried for 

24 hours at 110 °C in a vacuum oven and stored in a flask under a nitrogen atmosphere. Flash 

column chromatography with Dynamic Adsorbents flash silica gel (32-63μ) was used for 

purification of products. Molecules were characterized by 
1
H and 

13
C NMR using a JEOL 300 

MHz or 400 MHz instrument. Chloroform-D (D, 99.8% + 0.05% V/V TMS) from Cambridge 

Isotope Laboratories was used as the solvent for all NMR spectra. Attenuated total reflection 

(ATR) was the sampling technique used in conjunction with IR spectroscopy on a Perkin Elmer 

Spectrum 100 FT-IR instrument.  
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1) Procedure for the Synthesis of Unsubstituted and para-Substituted BnOPT Salt 

Derivatives:  

A. A dry, 50-ml, round bottom flask was equipped with a stir bar, rubber septum, and an argon 

line. The flask was charged with 2-chloropyridine (1.1 equiv.), para-substituted benzyl alcohol 

(1 equiv.) (R = H, CH3, Cl, Br, or CF3), and potassium hydroxide (3 equiv.). The starting 

materials were diluted in toluene (0.3 - 0.5 M). The rubber septum was replaced with a 

condenser. The reaction was heated to reflux (111 °C) in an oil bath and allowed to stir until the 

benzyl alcohol was completely consumed as indicated by TLC. The reaction mixture was diluted 

in ethyl acetate or diethyl ether (20 ml) and filtered through a celite “packed” fritted funnel 

which was subsequently rinsed with the organic solvent. The filtrate was transferred to a 

separatory funnel where it was washed with water (2 x 20 ml) followed by brine (20 ml). The 

organic layer was dried over sodium sulfate which was removed by vacuum filtration. The 

filtrate was collected in a pre-weighed round bottom flask and concentrated in vacuo to provide 

the crude material. A 
1
H NMR of the crude product was obtained. Flash column 

chromatography, with a given ratio of hexanes to ethyl acetate, was used to purify the crude 

material to yield the pure 2-benzyloxypyridine derivative (R = H, CH3, Cl, Br, or CF3). 

B. A dry, 50-ml, single-neck round bottom flask was equipped with a stir bar, rubber septum, 

and an argon line. The flask was charged with para-substituted derivatives of 2-

benzyloxypyridine (R = H, CH3, Cl, Br, or CF3) (1 equiv.) which were then dissolved in 

trifluorotoluene (0.3M). The reaction mixture was brought to 0 °C in an ice bath before the 

dropwise addition of MeOTf (1.05 equiv.) over 10 minutes. After complete addition, the reaction 

was raised to 23 °C and allowed to stir until the limiting reagent was consumed (2-8 hours). The 

BnOPT salt derivatives (R = H, CH3, Cl, Br, or CF3) were separated from the reaction mixture 

using vacuum filtration and thoroughly rinsed with hexanes. The salts were transferred to dry, 

pre-weighed, round bottom flasks and placed on the high vacuum for 24 hours. No further 

purification was necessary.  
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Original Procedure for Rate Studies in the Hood: A dry, two-neck flask was equipped with a 

stir bar, two rubber septa, and an argon line. The flask was charged with 2-(2-

methoxyethoxy)ethanol (1 or 2 equiv. depending on rate study) and BnOPT (1 or 2 equiv. 

depending on rate study). Trifluorotoluene (0.3 M) was added to the reaction mixture with an 

evacuated, 3-ml, disposable syringe equipped with a 12 inch dispensing needle. One of the 

rubber septa was removed and the flask was equipped with a condenser. The reaction mixture 

was heated to 83 °C in an oil bath and stirred – at a consistent rate – for the duration of the 

reaction. Aliquots were removed with a 1-ml disposable syringe equipped with a 3 inch 

dispensing needle through the rubber septum every 30 minutes for the first 4 hours then at 5, 6, 

8, and 24 hours. Less than 1% of the reaction mixture was removed with each aliquot. The 

aliquots were transferred to a 5-ml round bottom flask and concentrated in vacuo before 

obtaining a 
1
H NMR. Each spectra was interpreted for the disappearance of the BnOPT salt and 

the appearance of the benzyl ether product. The percent of product formation for each aliquot 

was plotted against time.  

 

Updated Procedure for Kinetics Studies in the Hood: A dry, two-neck flask was equipped 

with a stir bar, two rubber septa, and an argon line. Rate Study: The flask was charged with 3-

phenyl-1-propanol (1 or 2 equiv.) and BnOPT (1 or 2 equiv.). Hammett Study: The flask was 

charged with 3-phenyl-1-propanol (1 equiv.) and BnOPT (1 equiv.). Trifluorotoluene (0.3 M) 

was added to the reaction mixture with an evacuated, 3-ml, disposable syringe equipped with a 

12 inch dispensing needle. One of the rubber septa was removed and the flask was equipped with 

a condenser. The reaction mixture was heated to 83 °C in an oil bath and stirred – at a consistent 

rate – for the duration of the reaction. Aliquots were removed with a 1-ml disposable syringe 

equipped with a 3 inch dispensing needle through the rubber septum every 30 minutes for the 

first 4 hours then at 5, 6, 8, and 24 hours. Less than 1% of the reaction mixture was removed 

with each aliquot. The aliquots were transferred to a 1-dram glass vial that was filled with one 

pipet full of DI H2O to quickly quench the reaction. A microscale work up pursued with the 

following steps: (1) the reaction mixture was extracted into diethyl ether (2) with a cap in place, 

the vial was gently shaken to mix the organic and aqueous layers (3) The cap was removed and 

the layers were allowed to separate (4) The aqueous layer – or bottom layer – was carefully 

removed with a glass pipet and discarded in a waste beaker. The organic layer was washed a 

second time with a pipet full of water following steps 2-4. The organic layer was washed a pipet 

full of brine following steps 2-4. The organic layer was dried over sodium sulfate and removed 

from the drying agent using a glass pipet. The organic layer was transferred to a silica plug. A 

piece of Kimwipe was lodged in a 5 inch glass Pasteur pipet followed by silica gel (~1g) and 

topped with sand to create the silica plug apparatus. A rubber bulb was used to force the reaction 

mixture though the silica gel which was collected in a 10-ml round bottom flask. The silica plug 

was subsequently rinsed with two separate pipet fulls of DCM. The collected filtrate and rinses 

were concentrated in vacuo before obtaining a 
1
H NMR. Each aliquot was subjected to this 
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procedure. Each spectrum was interpreted for the disappearance of 3-phenyl-1-propanol and the 

appearance of the benzyl ether product. Using the relative ratio of 3-phenyl-1-propanol to para-

substituted benzyl 3-phenylpropyl ether (R = H, CH3, Cl, Br, or CF3), the percent of product 

formation for each aliquot was plotted against time.  

Note: Several rate studies, following the procedure above, were performed at 65 °C using 0.5 

equivalents of naphthalene then moved toward using 1 equivalent of naphthalene in hopes of 

resolving the issue with inconsistent naphthalene concentrations between consecutive aliquots. 

However, after several unsuccessful attempts, it was decided that performing the kinetics studies 

within the NMR could reconcile the problem.  

General Procedure for Kinetics Studies in the NMR: Note – The calculations for each 

kinetics study were based on a theoretical yield of 25 mg. Note – Magnesium oxide was not 

included in the kinetics studies. A dry, 2-ml reaction vial was equipped with a rubber septum and 

an argon line. The reaction vial was charged with 3-phenyl-1-propanol (1or 2 equiv. for rate 

study, 1 equiv. for Hammett study) and naphthalene (1 equiv.). A portion of the total volume 

(~40%) of the reaction solvent, dry toluene-D8, was added to the reaction vial to dissolve the 

starting materials. A dry, 5mm NMR tube was purged with argon. BnOPT (1 or 2 equiv. for rate 

study), or substituted BnOPT salt derivatives (1 equiv.) (R = CH3, Cl, Br, or CF3), were weighed 

out on glass weighing paper then added to the NMR tube through a funnel that was crafted with 

weighing paper. Efforts were made to keep a continuous blanket of argon over the contents of 

the NMR tube. The reaction mixture in the vial was quickly transferred to the NMR tube. The 

reaction vial was rinsed with the remaining volume of toluene-D8 and the rinsing was transferred 

to the NMR tube. A smaller NMR tube was appropriately filled with chloroform-D and inserted 

in the larger NMR tube containing the reaction mixture. A cap was placed on each NMR tube of 

the apparatus which was then placed in the NMR. After reaching the target current, the NMR 

was locked on the chloroform-D and allowed to auto-shim. The temperature in the NMR was 

raised to either 73 °C or 83 °C depending on the kinetic study being performed. A queue was set 

to collect spectra every 30 minutes for 8 hours then at 9 and 10 hours. Each spectrum was 

interpreted in a standard manner. The concentration of product was calculated using the area of 

the product peak, the area of the naphthalene, and the concentration, naphthalene. The product 

concentration was plotted against time.  
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General Procedure for the Reaction of Alcohols with Substituted BnOPT Salt Derivatives: 

Note – The formation of para-substituted benzyl ethers was accomplished by applying the 

previously optimized reaction conditions for the formation of benzyl ethers. A dry, 5-ml round 

bottom flack was equipped with a stir bar, rubber septum, and argon line prior to the addition of 

alcohol (1 equiv.), para-substituted BnOPT salt derivative (1.1 equiv.) (R = CH3, Cl, Br, or CF3), 

and magnesium oxide (2 equiv.). Trifluorotoluene (0.3 M) was added to the reaction mixture 

with an evacuated, 3-ml, disposable syringe equipped with a 12 inch dispensing needle. The 

rubber septum was removed and the flask was equipped with a condenser. The reaction mixture 

was heated to 83 °C in an oil bath and stirred for 24 hours. The reaction mixture was diluted in 

ethyl acetate or diethyl ether (10 ml) and transferred to a separatory funnel where it was washed 

with water (2 x 10 ml) followed by brine (10 ml). The organic layer was dried over sodium 

sulfate which was removed by vacuum filtration. The filtrate was collected in a pre-weighed 

round bottom flask and concentrated in vacuo to provide the crude material. A 
1
H NMR of the 

crude product was obtained. Flash column chromatography, with a given ratio of hexanes to 

ethyl acetate, was used to purify the crude material to yield the pure benzyl ether product. 

 

 

 

3-phenyl-1-propanol (3.12). A dry, 500-ml round bottom flask was equipped with a stir bar, 

rubber septum, and an argon line. The flask was charged with 3-Phenyl propionic acid (5.0505 g, 

33.63 mmol) and tosylic acid (1.895 g, 9.962 mmol) dissolved in methanol (150 ml). The flask 

was equipped with a condenser and heated to reflux (64.7 °C) for 18h in an argon atmosphere. 

The solvent was removed in vacuo. Water (25 ml) was added to the reaction mixture and the 

aqueous layer was extracted with EtOAc (2 x 125 ml). The combined organic layers were 

washed with saturated NaHCO3 (2 x 25ml) then dried over sodium sulfate. The drying agent was 

removed by vacuum filtration and the filtrate was concentrated in vacuo to quantitatively yield 

methyl 3-phenylpropionoate (5.3114 g, 32.3 mmol, 96%) without further purification. The crude 

mixture was dissolved in THF (12 ml). A 1M lithium aluminum hydride (LiAlH) stock solution 

was transferred by cannulation to a 100-ml round bottom flask and dissolved in THF (15 ml) at 0 
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°C. The solution of methyl 3-phenylpropionoate in THF was added dropwise to LiAlH at 0 °C. 

The round bottom flask was subsequently rinsed with THF (9 ml). After complete addition, the 

reaction mixture was raised to 23 °C and allowed to stir in THF (0.6 M) for 16h. At this time, the 

reaction mixture was returned to 0 °C and slowly quench with EtOAc (5 ml) followed by water 

(12.5 ml). The resulting solid material was removed by vacuum filtration and the filtrate was 

extracted with EtOAc (2 x 75 ml) then washed with water (2 x 25 ml) followed by brine (25 ml). 

The combined organic layers were dried with sodium sulfate which was removed by vacuum 

filtration. The filtrate was concentrated in vacuo and a crude NMR was obtained. Flash column 

chromatography with a 4:1ratio of hexanes to EtOAc resulted in 3-phenyl-1-propanol ( 4.0077 g, 

29.4 mmol, 91%) as a colorless product (Overall yield = 87%). 
1
H NMR (400 MHz, CDCl3) δ 

7.31 – 7.27 (m, 2 H), 7.20 (m, 3 H), 3.69 (q, J = 5.5 Hz, 2 H), 2.72 (t, J = 7.9 Hz, 2 H), 1.90 (m, 

2 H), 1.25 (t, J = 5.5 Hz, 1 H). 
13

C NMR (100 MHz, CDCl3) δ 142.0, 128.6, 126.1, 62.5, 34.4, 

32.3. IR (neat cm
-1

) 3324, 3025, 2936, 2863, 1603, 1496, 1454, 1055, 1031, 917, 742, 697. 

 

 

[3-(Phenylmethoxy)propyl]benzene or Benzyl 3-phenyl propyl ether (3.13). Crude mixtures 

from several rate studies were combined for purification using flash column chromatography 

with a 19:1 ratio of hexanes to EtOAc which resulted in a colorless oil. 
1
H NMR (400 MHz, 

CDCl3) δ 7.39-7.35 (m, 4 H), 7.34-7.27 (m, 3 H), 7.22-7.17 (m, 3 H), 4.53 (s, 2 H), 3.51 (t, J = 

6.4 Hz, 2 H), 2.74 (t, J = 7.7 Hz, 2 H), 1.96 (tt, J = 7.7, 6.5 Hz, 2 H).
13

C NMR (100 MHz, 

CDCl3) δ 142.2, 138.8, 128.7, 128.6, 128.5, 127.9, 127.8, 125.9, 73.1, 69.7, 32.6, 31.6. IR (neat 

cm
-1

) 3027, 2919, 2855, 1603, 1495, 1453, 1364, 1101, 1028, 909, 735, 696.  

 

 

2-benzyloxypyridine (3.18). Refer to procedure 1A (R = H). Vacuum distillation with a 

shortpath distillation head resulted in a colorless oil (934 mg, 5.04 mmol, 93%). 
1
H NMR (400 

MHz, CDCl3) δ 8.18 (dd, J = 5.1, 1.2 Hz, 1 H), 7.58 (ddd, J = 8.4, 7.0, 2.2 Hz, 1 H), 7.47 (d, J = 

7.32 Hz, 2 H), 7.38 (tt, J = 7.3, 1.5 Hz, 2 H), 7.32 (tt, J = 7.3, 1.5 Hz, 2 H), 6.88 (ddd, J = 7.0, 

5.1, 1.1 Hz, 1H), 6.81(dt , J = 8.3, 1.1Hz, 1 H), 5.38 (s, 2 H).
13

C NMR (100 MHz, CDCl3) δ 

163.9, 147.1, 138.8, 137.6, 128.7, 128.2, 128.0, 117.1, 111.6, 67.7. IR (neat cm
-1

) 3064, 3031, 

2941, 2880, 1594, 1569, 1473, 1430, 1365, 1310, 1270, 1142, 1042, 987, 916, 869, 777, 733, 

695.  
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2-benzyloxy-1-methylpyridinium triflate (3.1). Refer to procedure 1B (R = H). White salt 

(4.80 g,  13.7 mmol, 96%). 
1
H NMR (400 MHz, CDCl3) δ 8.48 (dd, J = 7.7, 1.5 Hz, 1 H), 8.32 

(ddd, J = 8.8, 7.7, 1.5 Hz, 1 H), 7.64 (d, J = 8.8 Hz, 1H), 7.44 (m, 6H), 5.55 (s, 2H), 4.07 (s, 3 

H). 
13

C NMR (100 MHz, CDCl3) δ 159.9, 148.2, 144.1, 132.6, 129.9, 129.3, 128.8, 119.3, 112.3, 

74.8, 42.3. IR (neat cm
-1

) 3086, 3053, 1638, 1587, 1519, 1477, 1441, 1259, 1224, 1146, 1030, 

1013, 855, 785, 735, 697.  

 

2-(4-methylbenzyl)oxypyridine (3.18a). Refer to procedure 1A (R = CH3). Flash column 

chromatography with a 29:1ratio of hexanes to EtOAc resulted in a colorless oil (1.46 g, 7.35 

mmol, 96%). 
1
H NMR (400 MHz, CDCl3) δ 8.18 (dd, J = 5.1, 1.8 Hz, 1 H), 7.57 (ddd, J = 8.4, 

7.1, 2.1 Hz, 1 H), 7.36 (d, J = 8.1 Hz, 2 H), 7.19 (d, J = 8.1 Hz, 2 H), 6.87 (ddd, J = 7.0, 5.1, 0.7 

Hz, 1 H), 6.79 (d, J = 8.4 Hz, 1 H), 5.33 (s, 2 H), 2.36 (s, 3H) 
13

C NMR (100 MHz, CDCl3) δ 

163.9, 147.1, 138.8, 137.8, 134.5, 129.4, 128.3, 117.0, 111.6, 67.7, 21.4.  IR (neat cm
-1

) 3008, 

2868, 2919, 1593, 1569, 1518, 1473, 1432, 1363, 1309, 1270, 1142, 1041, 988, 878, 801, 778, 

736. 

 

2-(4-methylbenzyl)oxy-1-methylpyridinium triflate (3.20a). Refer to procedure 1B (R = CH3). 

White salt (2.58 g, 7.10 mmol, 97%). 
1
H NMR (400 MHz, CDCl3) δ 8.50 (dd, J = 6.2, 1.5 Hz,1 

H), 8.33 (ddd, J = 8.7, 7.1, 1.5 Hz,1 H), 7.67 (d, J = 8.8 Hz, 1 H), 7.43 (t, J = 7.0 Hz,  H), 7.38 

(d, J = 8.0 Hz, 2 H), 7.30 (d, J = 8.0 Hz, H), 5.52 (s, 2 H), 4.10 (s, 3 H), 2.39 (s, 3H). IR (neat 

cm
-1

) 3092, 3059, 1638, 1586, 1520, 1476, 1447, 1339, 1263, 1225, 1175, 1148, 1031, 1014, 

856, 806, 779, 755, 733.  
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1-[(cyclohexyloxy)methyl]-4-methyl-benzene (3.27a). General procedure for benzyl ether 

synthesis applied to the reaction of cyclohexanol (37.9 mg, 0.378 mmol) with CH3-BnOPT (267 

mg, 0.734  mmol). Flash column chromatography with a 59:1 ratio of hexanes to EtOAc resulted 

in a colorless oil (69.4 mg, 0.340 mmol, 90%). 
1
H NMR (400 MHz, CDCl3) δ 7.24 (d, J = 7.6 

Hz, 2 H), 7.14 (d, J = 7.6 Hz, 2 H), 4.51 (s, 2 H), 3.33 (tt, J = 13.2, 4.0 Hz, 1 H), 2.34 (s, 3 H), 

2.0-1.9 (m, 2 H), 1.78-1.72 (m, 2 H), 1.55-1.50 (m, 1 H), 1.40-1.18 (m, 5 H). 
13

C NMR (100 

MHz, CDCl3) δ 137.1, 136.5, 129.2, 127.8, 69.7, 32.4, 26.0, 24.2, 21.3. IR (neat cm
-1

) 2929, 

2855, 1516, 1449, 1361, 1086, 1022, 953, 800.  

 

1-methyl-4-[(1-phenylethoxy)methyl]-benzene (3.27b). General procedure for benzyl ether 

synthesis applied to the reaction of 1-phenylethanol (41.5 mg, 0.136 mmol) with CH3-BnOPT 

(133 mg, 0.367 mmol). Flash column chromatography with a 49:1 ratio of hexanes to EtOAc 

resulted in a colorless oil (44.7 mg, 0.581 mmol, 58%). 
1
H NMR (400 MHz, CDCl3) δ 7.38-7.34 

(m, 4 H), 7.32-7.27 (m, 1 H), 7.21 (d, J = 8.1 Hz, 2 H), 7.14 (d, J = 8.1 Hz, 2 H), 4.49 (q, J = 6.4 

Hz, 1 H), 4.41 (d, J = 11.7 Hz, 1 H), 4.25 (d, J = 11.7 Hz, 1 H), 2.34 (s, 3 H), 1.46 (d, J = 6.2 Hz, 

3 H).
13

C NMR (100 MHz, CDCl3) δ 144.0, 137.3, 135.8, 129.2, 128.7, 128.0, 127.6, 126.5, 70.3, 

24.4, 21.3, 1.21. IR (neat cm
-1

) 3025, 2976, 2924, 2857, 1516, 1493, 1450, 1369, 1351, 1303, 

1281, 1206, 1090, 1046, 1021, 908, 801, 760, 732, 699.   

 

2-(4-chlorobenzyl)oxypyridine (3.18b). Refer to procedure 1A (R = Cl). Flash column 

chromatography with a 9:1 ratio of hexanes to EtOAc resulted in a white crystalline solid (1.80 

g, 8.19 mmol, 90%). 
1
H NMR (400 MHz, CDCl3) δ 8.17 (dd, J =  5.1, 1.5 Hz, 1 H), 7.59 (ddd, J 

= 8.5, 7.1, 1.5 Hz, 1 H), 7.40 (d, J = 8.4 Hz, 2 H), 7.34 (d, J = 8.4 Hz, 2 H), 6.89 (ddd, J = 7.0, 

5.1, 0.9 Hz,1 H), 6.80 ppm (dt, J = 8.3, 0.95 Hz, 1 H), 5.35 (s, 2 H).
13

C NMR (100 MHz, CDCl3) 

δ 163.6, 147.0, 138.9, 136.2, 133.8, 129.5, 128.8, 117.3, 111.5, 66.8. IR (neat cm
-1

) 3048, 2924, 

1599, 1570, 1492, 1473, 1432, 1363, 1311, 1269, 1142, 1087, 1043, 1012, 873, 808, 777, 736.  
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2-(4-chlorobenzyl)oxy-1-methylpyridinium triflate (3.20b). Refer to procedure 1B (R = Cl). 

White salt (2.85 g, 7.43 mmol, 93%). 
1
H NMR (400 MHz, DMSO-d6) δ 8.71 (dd, J = 6.4, 1.48 

Hz, 1 H), 8.53 (ddd, J = 8.8, 7.32, 1.5 Hz, 1 H), 7.81 (d, J = 8.8 Hz, 1 H), 7.63 – 7.53 (m, 5 H), 

5.62 (s, 2 H), 4.01 (s, 3 H)
 13

C NMR (100 MHz, DMSO-d6) δ 159.8, 148.3, 144.5, 134.3, 133.4, 

130.8, 129.4, 119.2, 112.5, 73.1, 42.1. IR (neat cm
-1

) 3090, 3053, 1636, 1584, 1519, 1494, 1449, 

1337, 1265, 1226, 1177, 1148, 1094, 1032, 1011, 854, 821, 775, 756.  

 

 

1-chloro-4-[[(4-methoxyphenyl)methoxy]methyl]-benzene (3.27c).General procedure for 

benzyl ether synthesis applied to the reaction of 4-methoxybenzl alcohol (55.2 mg, 0.400 mmol) 

with Cl-BnOPT (169 mg, 0.440 mmol). Flash column chromatography with a 19:1 ratio of 

hexanes to EtOAc resulted in a colorless oil (53.6 mg, 0.204 mmol, 51%). 
1
H NMR (400 MHz, 

CDCl3) δ 7.33-7.27 (m, 6 H), 6.89 (d, J = 8.8 Hz, 2 H), 4.49 (s, 2 H), 3.81 (s, 3 H). 
13

C NMR 

(100 MHz, CDCl3) 159.5, 137.1, 133.5, 130.3, 129.6, 129.3, 128.7, 114.1, 72.1, 71.2, 55.5. IR 

(neat cm
-1

) 2930, 2902, 2848, 1612, 1512, 1491, 1463, 1358, 1301, 1245, 1173, 1084, 1034, 

1014, 809.   

 

2-(4-bromobenzyl)oxypyridine (3.18c). Refer to procedure 1A (R = Br) 4-bromobenzyl alcohol 

(0.9970 g). Flash column chromatography with a 9:1 ratio of hexanes to EtOAc resulted in a 

white crystalline solid (1.21 g, 4.59 mmol, 86%). 
1
H NMR (400 MHz, CDCl3) δ 8.16 (dd, J = 

5.1, 1.1 Hz, 1 H), 7.59 (ddd, J = 8.8, 7.3, 2.0 Hz, 1 H), 7.49 (d, J = 8.4 Hz, 2 H), 7.34 (d, J = 8.4 

Hz, 2 H), 6.89 (ddd, J = 7.3, 6.2, 1.1 Hz, 1 H), 6.80 (d, J = 8.8 Hz, 1 H), 5.33 (s, 2 H). 
13

C NMR 

(100 MHz, CDCl3) δ 163.5, 147.0, 138.9, 136.7, 131.7, 129.7, 121.9, 117.3, 111.5, 66.8. IR (neat 

cm
-1

) 3053, 3014, 2936, 2880, 1596, 1569, 1489, 1472, 1431, 1404, 1361, 1310, 1284, 1269, 

1142, 1070, 1043, 997, 875, 803, 776, 736.  
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*2-(4-bromobenzyl)oxy-1-methylpyridinium triflate (3.20c). Refer to procedure 1B (R = Br). 

White salt (1.22 g, 2.84 mmol, 62%). 
1
H NMR (400 MHz, DMSO-d6) δ 8.70 (dd, J = 6.2, 1.6 

Hz, 1 H), 8.53 (ddd, J = 8.8, 7.3, 1.6 Hz, 1 H), 7.80 (d, J = 8.8 Hz, 1 H), 7.69 (d, J = 8.4 Hz, 2 

H), 7.59 (ddd, J = 7.3, 6.2, 1.1 Hz, 1 H), 7.55 (d, J = 8.4 Hz, 2 H), 5.61 (s, 2 H), 4.01 (s, 3 H).
13

C 

NMR (100 MHz, DMSO-D6) δ 159.8, 148.3, 144.5, 133.8, 132.3, 131.0, 122.9, 119.4, 

112.5,73.1, 40.3. IR (neat cm
-1

) 3089, 1634, 1586, 1519, 1490, 1475, 1448, 1382, 1336, 1267, 

1224, 1177, 1148, 1074, 1030, 853, 816, 774.  

 

 

1-bromo-4-[(1-methyl-2-phenylethoxy)methyl]-benzene (3.27d). General procedure for 

benzyl ether synthesis applied to the reaction of 1-phenyl-2-propanol (33.9 mg, 0.249 mmol) 

with Br-BnOPT (211 mg, 0.492 mmol). Flash column chromatography with a 29:1ratio of 

hexanes to EtOAc resulted in a yellow oil (48.1 mg, 0.158 mmol, 62%). 
1
H NMR (400 MHz, 

CDCl3) δ 7.40 (dt, J = 8.4, 1.8 Hz, 2 H), 7.31 (tt, J = 7.1, 1.5 Hz, 2 H), 7.24-7.18 (m, 3 H), 7.08 

(dt, J = 8.4, 1.8 Hz, 2 H), 4.49 (d, J = 12.3 Hz, 1 H), 4.37 (d, J = 12.3 Hz, 1 H), 3.70 (sextet, J = 

6.2 Hz, 1 H), 2.81 (ddd, J = 89.2, 13.5, 6.2 Hz, H), 1.19 (d, J = 6.2 Hz, 6.2 H).
13

C NMR (75 

MHz, CDCl3) δ 139.2, 138.1, 131.5, 129.7, 129.3, 128.4, 126.3, 121.3, 76.6, 70.0, 43.5, 19.8. IR 

(neat cm
-1

) 3025, 2966, 2919, 2852, 1592, 1487, 1449, 1373, 1337, 1259, 1069, 1011, 798, 743, 

699.  

 

 

1-bromo-4-[[(3,7-dimethyl-2,6-octadien-1-yl)oxy]methyl]-benzene (3.27e). General procedure 

for benzyl ether synthesis applied to the reaction of trans-3,7-Dimethyl-2,6-octadien-1-ol (36.4 

mg, 0.236 mmol) with Br-BnOPT (199 mg, 0.0464 mmol). Flash column chromatography with a 

29:1 ratio of hexanes to EtOAc resulted in a colorless oil (38.6 mg, 0.119 mmol, 51%). 
1
H NMR 

(400 MHz, CDCl3) δ 7.46 (dt, J = 8.4, 2.0 Hz, 2 H), 7.22 (d, J = 8.4 Hz, 2 H), 5.37 (td, J = 7.0, 

1.1 Hz, 1 H), 5.09 (tt, J = 7.0, 1.5 Hz, 1 H), 4.44 (s, 2H), 4.02 (d, J = 7.0 Hz, 2 H), 2.14-2.03 (m, 
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4 H), 1.68 (s, 3 H), 1.64 (s, 3 H), 1.60 (s, 3 H). IR (neat cm
-1

) 2969, 2927, 2857, 1718, 1591, 

1485, 1591, 1485, 1449, 1379, 1269, 1069, 1011, 803, 757, 732.  

 

 

1-bromo-4-[[2-(2-methoxyethoxy)ethoxy]methyl]-benzene (3.27f). General procedure for 

benzyl ether synthesis applied to the reaction of 2-(2-methoxyethoxy)ethanol (31.6 mg, 0.263 

mmol) with Br-BnOPT (222 mg, 0.519 mmol). Flash column chromatography with a 3.5:1 

hexanes to EtOAc resulted in a colorless oil (66.3 mg, 0.229 mmol, 87%). 
1
H NMR (400 MHz, 

CDCl3) δ 7.46 (dt, J = 8.4, 2.0 Hz, 2 H), 7.22 (d, J = 8.4 Hz, 2 H), 4.52 (s, 2 H), 3.70-3.62 (m, 6 

H), 3.57-3.55 (m, 2 H), 3.39 (s, 3 H). IR (neat cm
-1

) 2918, 2846, 1722, 1590, 1486, 1452, 1399, 

1351, 1271, 1197, 1098, 1011, 848, 802, 757.  

 

2-(4-trifluoromethylbenzyl)oxypyridine (3.18d). Refer to procedure 1A (R = CF3). Flash 

column chromatography with a 29:1 ratio of hexanes to EtOAc resulted in a colorless oil (1.69 g, 

6.68 mmol, 83%). 
1
H NMR (400 MHz, CDCl3) δ 8.17 (dd, J = 5.1, 1.5 Hz, 1 H), 7.64 – 7.56 (m, 

5 H), 6.91 (ddd, J = 7.1, 5.1, 0.7 Hz, 1 H), 6.83(dt, J = 8.4, 0.7 Hz, 1 H), 5.45 (s, 2 H) IR (neat 

cm
-1

) 3081, 3048, 3014, 2964, 2941, 2885, 1596, 1572, 1467, 1433, 1419, 1322, 1285, 1268, 

1249, 1190, 1158, 1111, 1068, 1040, 1019, 1000, 887, 824, 779, 737, 665.  

 

2-(4-trifluoromethylbenzyl)oxy-1-methylpyridinium triflate (3.20d). Refer to procedure 1B 

(R = CF3). White salt (2.66 g, 6.37 mmol, 95%). 
1
H NMR (400 MHz, DMSO-d6) δ 8.72 (dd, J = 

6.2, 1.5 Hz, 1 H), 8.55 (ddd, J = 8.8, 7.3, 1.5 Hz, 1 H), 7.87 – 7.80 (m, 5 H), 7.61 (ddd, J = 7.3, 

6.2, 1.1 Hz, 1 H), 5.74 (s, 2 H), 4.04 (s, 3 H). IR (neat cm
-1

) 3085, 1642, 1623, 1593, 1524, 1475, 

1429, 1394, 1327, 1262, 1251, 1224, 1155, 1120, 1068, 1024, 1014, 858, 829, 776, 758, 722.  

 



B12 
 

 

1-trifluoromethyl-4-[(1,3-dimethylbutoxy)methyl]-benzene (3.27g). General procedure for 

benzyl ether synthesis applied to the reaction of 4-methyl-2-pentanol (40.8 mg, 0.399 mmol) 

with CF3-BnOPT (177 mg, 0.425 mmol). Flash column chromatography with a 69:1 ratio of 

hexanes to EtOAc resulted in a colorless oil (49.3 mg, 0.189 mmol, 48%). 
1
H NMR (400 MHz, 

CDCl3) δ 7.59 (d, J = 8.4 Hz, 2 H), 7.46 (d, J = 8.1 Hz, 2 H), 4.56 (d, J = 12.3 Hz, 1 H), 4.48 (d, 

J = 12.3 Hz, 1 H), 3.59 (tdd, J = 17.6, 7.7, 5.9 Hz, 1 H), 1.79 (ddt, J = 19.8, 7.7, 6.6 Hz, 1 H), 

1.58 (tt, J = 13.9, 7.7 Hz, 1 H), 1.23 (tt, J = 13.9, 5.9 Hz, 1 H), 1.20 (dd, J = 5.9 Hz, 3 H). 0.89 

(dd, J = 6.6, 5.1, 6 H).
 13

C NMR (100 MHz, CDCl3) δ 143.6, 129.7 (q, J = 128 Hz), 127.7, 125.4, 

124.4 (q, J = 1083 Hz), 74.0, 69.7, 46.5, 24.9, 23.2, 22.7, 20.1. IR (neat cm
-1

) 2960, 2868, 1620, 

1466, 1418, 1371, 1323, 1162, 1122, 1087, 1066, 1018, 916, 821. 

 

2-(4-nitrobenzyl)oxypyridine (3.18e). 2-benzyloxypyridine (1.08 g, 5.83 mmol) was added 

dropwise to a mixture of nitric acid (3.714 mL, 58.3 mmol) and sulfuric acid (3.240 mL, 58.3 

mmol) at 0 °C. The reaction mixture was left at 0 °C for 30 minutes then warmed to 23 °C for 30 

minutes. The reaction was diluted in H2O and sodium carbonate was added until the pH was 

slightly basic. The solid material was removed by hot filtration. Recrystallization in hexanes 

resulted in a white solid (471 mg, 2.04 mmol, 35%). 
1
H NMR (400 MHz, CDCl3) δ 8.22 (dt, J = 

9.2, 2.2 Hz, 2 H), 8.14 (dd, J = 5.1, 1.1 Hz, 1 H), 7.64-7.59 (m, 3 H), 6.92 (ddd, J = 7.1, 5.1, 1.1 

Hz, 1 H), 6.86 (dt, J = 8.4, 1.1 Hz, 1 H), 5.50 (s, 2 H). 
13

C NMR (100 MHz, CDCl3) δ 163.1, 

147.6, 147.0, 145.3, 139.1, 128.1, 123.8, 117.6, 111.4, 66.1. IR (neat cm
-1

) 3109, 3081, 3008, 

2936, 2840, 1598, 1568, 1516, 1465, 1434, 1342, 1309, 1270, 1230, 1142, 1106, 1038, 1014, 

987, 884, 857, 837, 778, 735, 693.  
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