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Background and Significance 

 

 

 

The total synthesis of various complex molecules, such as carbohydrates, 

polypeptides and other natural products often require multiple steps. These complex 

molecules contain a diverse array of functional groups. During the synthesis of these 

complex molecules, the functionality and complexity increases with each step. Often a 

particular chemical environment can reduce, oxidize or otherwise modify a wide range of 

functional groups. When a chemical reaction needs to be performed in a very selective 

manner at one reactive site in a multifunctional molecule, all other sites that are reactive 

to the same chemical environment must be temporarily blocked by rendering them inert.  

A protecting group is a moiety that is introduced to a multifunctional molecule to 

render a specific functional group inert. The concept that a specific functional group can 

be changed or altered before the needed synthetic step, and then changed back is an 

enduring contribution by Emil Fisher.
1
 Despite advances in synthetic strategy, protecting 

groups remain an important part of organic chemistry and the synthesis of complex target 

molecules. A simple illustration shown in Scheme 1.1 illustrates how protecting a
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functional group may aid synthetic chemists in selectively altering one functional group 

over another, a process known as chemoselectivity. 

 

Scheme 1.1 An Illustration of a Protecting Group and its Significance 

 Ketoester 1.1 has two functional groups, a ketone and an ester. Lithium 

Aluminum Hydride, LiAlH4, is a reagent traditionally used for the reduction of an ester to 

an alcohol. If one wished to make molecule 1.5 from 1.1, reduction with LiAlH4 would 

be a possible synthetic strategy. However, the LiAlH4 will preferentially reduce the 

ketone functional group before the ester. Therefore, the direct reduction of ketoester 1.1 

would lead to diol 1.6. Circumventing this problem requires a protecting group, rendering 

the ketone group inert. By protecting the ketone as an acetal with diol 1.2, forming 

protected ester 1.3, the methyl ester functional group will be chemoselectively reduced. 

After reduction of the ester, the ketone can be deprotected by acid hydrolysis, reverting 

the acetal to the original ketone functional group, yielding keto alcohol 1.5. From this 

example it can be seen that protecting one or more functional groups requires one or 
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more additional step in the overall synthesis but it allows opportunity for selective 

synthesis of molecules that would not be possible otherwise. 

 The use of protecting groups involves three stages. The first stage is the formation 

or installation of the protecting group onto the desired functional group, rendering the 

functional group inert to the second step. In Scheme 1.1, the first stage is seen by 

transformation of 1.1 to 1.3. The second step, involves the manipulation of the target 

functional group (conversion of 1.3 to 1.4). An effective protecting group will be stable 

to a wide variety of reaction conditions. The last step is the deprotection or cleavage in 

which the installed protecting group on the newly modified molecule is removed to 

regenerate the original functional group (conversion of 1.4 to 1.5). An effective 

protecting group will do all three steps with high yields without changing the integrity of 

the original molecule. 

 As potential new protecting groups are developed, giving chemists a wider variety 

of potential options, it is important to consider each option carefully in relation to the 

overall synthesis. A protecting group must fulfill certain criteria in order to be effective;
1
 

however, no single protecting group can easily fulfill all these requirements in all 

circumstances, and development of better protecting groups is an ongoing area of 

research. Some considerations when selecting a protecting group:
1,2 

 The protecting group should be easily and efficiently introduced 

 It should be cheap or reasily available 

 It should be easy to characterize and avoid such complications as the creation of 

new stereogenic centers 
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 It should be stable to chromatography 

 It should be stable to the widest possible range of reaction conditions 

 It should be removed selectively and efficiently under highly specificconditions 

 The by-products of the deprotection should be easily separated from the substrate 

 For each functional group, there may be several different types of protecting 

reagents to render it inert. Other, more esoteric, functional groups may not have a wide 

variety of protecting reagents because emphasis is placed on those functional groups 

more commonly encountered.  

 One common functional group found in nature and complex molecules is the 

alcohol group. Carbohydrates and their derivatives are examples of such molecules with 

multiple alcohol functionalities. There are many ways to protect an alcohol functional 

group; some examples of common protecting groups are trimethylsilylethyl ether,
2
 t-butyl 

ethers,
3
 esters

4
 and benzyl ethers.

5
   

 The benzyl protecting group is a very commonly employed protecting group in 

organic synthesis. During the transformation step, the benzyl ether is extremely effective 

because of its stability in a wide range of chemical environments including aqueous 

acidic and basic conditions (conditions that easily remove many protecting groups), and 

are unreactive toward most metal hydride reducing agents and mild oxidizing agents.
1 

 Removal of the benzyl protecting group is typically acheived by catalytic 

hydrogenolysis. The catalytic hydrogenolysis method offers a method for the benzyl ether 

to be reverted back into its original alcohol when desired. Typically, the common catalyst 
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is palladium on charcoal in tetrahydrofuran (THF), ethanol or ethyl acetate. Alternatively 

palladium hydroxide in methanol is will work.
1
 However, the deprotection of benzyl 

ethers is versatile and can be done several ways, depending on the needs of the molecule. 

Lithium naphthalenide in THF
6
 and dimethyldioxirane in acetone

7
 are just a couple 

examples of deprotection of the benzyl group, avoiding the catalytic hydrogenolysis.   

 Benzyl ethers are typically gnerated by two traditional methods: Williamson ether 

synthesis or coupling of by an alcohol using trichloroacetimidate.
9
 The Williamson ether 

synthesis was first proposed by Alexander Williamson in the 1850. The synthesis, shown 

in scheme 1.2, requires basic conditions and is the coupling of a metal alkoide with a 

benzyl halide 1.9. The formed alkoxide displaces the halogen via an SN2 mechanism, 

forming the benzyl ether
 
1.10. The Williamson ether synthesis is an established method 

for the formation of the benzyl ethers and works well for simple substrates which are not 

base sensitive, or susceptible to elimination. 

 

Scheme 1.2 Illustration of the Williamson Ether Synthesis 

 Benzyl ethers can also be formed by coupling of an alcohol with 

trichloroacetimidate, under acidic conditions. First developed by Eckenberg and 

colleagues, the formation of benzyl ethers by trichloroacetimidate was developed as a 

solution to benzylation of a specific complex molecule. Previous to Eckenberg and 
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colleagues, all attempts at benzylating the molecule had failed, including the William 

Ether Synthesis.
9
 The formation of the benzyl ether, shown in Scheme 1.3, requires 

strongly acidic conditions for the activation of trichloroacetimidate. Once Eckenberg and 

colleagues successfully applied this synthesis to their molecule they demonstrated its 

utility as an overall reagent for the benzylation of a variety of alcohols which are tolerant 

of low pH.
9 

 

Scheme 1.3 An Illustration of Coupling with Trichloroacitimidate 

 Both methods of benzyl ether formation, Williamson ether synthesis and coupling 

with trichloroacidimate, offer effective and established way for protecting an alcohol 

functional group. Simple alcohols with little to no functionality could be protected by 

either technique. However, each method has limitations with complex molecules that 

contain high functionality. The problems presented by both traditional methods stem 

from the individual conditions required for benzylation, both of which involve extreme 

pH.  

 There is a need for a neutral benzylating reagent that allows chemists to avoid the 

limitations of both traditional methods. To generate a neutral protecting reagent, a pre-

activated analog of benzyl trichloroacetimidate may be useful, Scheme 1.4. A pre-
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activated analog would eliminate any need for a catalyst and would benzylate an alcohol 

under near neutral conditions.  

 

Scheme 1.4 A Pre-activated Trichloroacetimidate 

 2-Benzyloxy-1-methylpyridinium triflate (Bn-OPT) was developed to meet these 

criteria.
10,11,12

 The Bn-OPT is an effective protecting reagent that is also easily and 

efficiently made. The synthesis of benzyloxypyridinium triflate, shown in Scheme 1.5, is 

a two step synthesis: first step is the nucleophilic aromatic substitution of benzyl alcohol 

for the chlorine of 2-chloropyridine. The second step is the alkylation of the nitrogen with 

methyl trifluoromethanesulfonate (methyl triflate).
12

 

Scheme 1.5 Synthesis of Bn-OPT 

 Bn-OPT has been shown to be an effective protecting reagent for the benzylation 

of both alcohols and carboxylic acids, Table 1.3, under relatively neutral conditions.
11,13

 

The Bn-OPT reaction for benzylation of the alcohol functional group is shown in Table 

1.3. The temperature is elevated to 83 
o
C and the medium is trifluoromethylbenzene 
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(PhCF3). The salt is bench stable for at least six months, and there are no complex 

procedures for the isolation and purification of the product. Yields are high with most 

alcohols (including 1
o
 and 2

o
 alcohols) yielding 90 %. Tertiary alcohols also indicate high 

yields over 80 %.
11

  

 

Benzyl Ether Percent Yield
4 

Benzyl Ester Percent Yield
5 

 

88 

 

92 

 

>95 

 

85 

 

85 

 

92 

Table 1.3 Reported Yields by Dudley et al.
12

  

 Bn-OPT has gained recognition and has been an excellent alternative for some 

other molecules. In some cases, the only way to benzylate the alcohol was to use the Bn-

OPT. Table 1.4 gives some examples of molecules that required the use of Bn-OPT 

where benzylation would not occur using alternate methods.  
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Molecule Williamson Ether 

Synthesis 

Coupling with 

Trichloroacetimidate 

Bn-OPT 

Yield 

 
 

 

Failed 

 

Failed 

 

75 % 

 

 
 

 

Complete inversion 

of the secondary 

carbinol center 

 

Failed 

 

95% 

 

 
 

 

Failed 

 

Failed 

 

96% 

 

Table 1.2 Application of Bn-OPT 

 Molecule 1.25 was a key intermediate in the total synthesis of salinosporamide A. 

Langlois et al. attempted the traditional methods without success.
14

 The sensitivity of the 

methoxycarbonyl group towards hydrolysis or tranesterification proved to be a problem 

and both the Williamson ether synthesis and 2-trichloroimidate methods failed. However, 

Bn-OPT gave good yields of the desired benzyl ether product. In the case of molecule 

1.26 the initial attempt of protecting the hydroxyl group resulted in complete inversion of 

the secondary carbinol center.
15

 Molecule 1.27 was an intermediate in a total synthesis of 

the ABC-system of Upenamide. Bn-OPT was ideal for their work because of the neutral 

conditions and they reported high yields of benzylated product.
16

   

 Although the benzyloxypyridinium salt has been fully developed and proven to be 

an effective protecting reagent, the mechanism by which the salt benzylates alcohols has 
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yet to be fully elucidated. In science, all aspects of a novel synthesis and properties 

should be explored. There is some indirect evidence that the mechanism proceeds 

through carbocation intermediate 1.28 as shown in Scheme 1.6. In addition to the desired 

benzyl ether, two byproducts were observed in the crude material of the reaction mixture. 

1-methyl-2-pyridone 1.29 is the expected product from the oxypyridinium fragment of 

the reagent. Pyridone 1.29 is water soluble and easily removed by an aqueous wash.
13

 

The second byproduct observed was dibenzyl ether 1.30. This is thought to be due to 

residual water in the reaction mixture or solvent. 

 

Scheme 1.6 Possible Mechanistic Pathway for Formation of Dibenzyl Ether 

 Formation of dibenzyl ether 1.30 may be due to water trapping the cabocation 

intermediate. This forms benzyl alcohol which is another nucleophile in addition to the 

original alcohol. Benzyl alcohol 1.13 traps a second equivalent of the benzyl carbocation, 

to form dibenzyl ether 1.30. 

 Reactions conducted in toluene, benzene and chlorobenzene resulted in an 

additional byproduct. Pyridinium triflate salt benzylated these solvent molecules in trace 
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amounts, Scheme 1.7. This problem was easily resolved by reacting the salt with the 

alcohol in trifluorobenzene. The deactivating trifluoromethyl group on the ring will 

prevent the aromatic ring from acting as a nucleophile.
13

 This by-product helps elucidate 

the mechanism: a possible Friedel-Crafts product.  

 

Scheme 1.7 Byproduct from using Activated Aromatic Solvents 

 

 Based upon the trace amounts of these benzylated solvents, an in-depth study of 

thermally generated phenylcarbenium ions was conducted. The work highlighted the fact 

that these Friedel-Crafts type products are obtained under neutral conditions, unlike the 

classic Friedel-Crafts alkylation shown in Scheme 1.8.
17

 A Lewis acid is required for the 

generation of a carbocation-like species and regeneration of the benzylated aromatic ring. 

The need for acidic media limits the scope of functional groups that are compatible for 

generating the reactive carbenium species.
9
  

 

Scheme 1.8 Friedel-Crafts Reaction 
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 Good yields of diaryl methanes were generated by stirring Bn-OPT at 83 
o
C. The 

relatively limited nucleophilicity of these aromatic compounds imply a SN1 mechanism 

as shown in Scheme 1.9. 

 

Scheme 1.9
18

 Proposed Mechanism for Neutral Friedel-Crafts  

 

 The other observational evidence for an SN1 mechanism involved synthesis of 2-

methoxy-1-methylpyridinium triflate. If the benzyl group was exchanged for a methyl 

group then the methyl group promotes a SN2 type mechanism. Upon testing pyridinium 

salt 1.38 they found there was no methylation of an alcohol was observed, suggesting the 

mechanism does not proceed via SN2.
13 
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Scheme 1.10 Failed Methylation 

 

 This research project will explore and elucidate the mechanism by which the 2-

benzyloxy-1-methylpyridinium triflate installs the benzyl group, forming a benzyl ether. 

The two extreme possible pathways for the formation of the benzyl ether are shown in 

Scheme 1.11. This research will build upon existing data and synthetic strategies as well 

as study the mechanism of reaction from the classic Hammett approach.  

Scheme 1.11 Illustration of Two Possible Mechanistic Pathways 

 Hammett recognized in 1935 that the electronic influence of substituent, X, can be 

studied indirectly by monitoring the reactions of side chain Y in benzene derivatives, 

Figure 1.1. 
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Figure 1.1 Substituent Effects 

 

 The substituent X doesn’t interfere with the reaction by steric process, masking 

the electronic effects, but is placed far enough away to ensure all effects of the functional 

group imparts is solely due to its electronic properties. What makes Hammett’s work so 

important is that, although the substituent is further away from the reaction center, the 

benzene ring provides polarizable pi electrons that can conduct the electronic effects. 

This solved a significant problems chemist have encountered, too close steric effects 

mask electronic effects but too far the electronic effects are not observed.
19 

 Hammett’s original work was done with benzoic acid. His approach was to take a 

standard reaction of benzoic acid and study the effects different substituents would have 

on the dissociation of the benzoic acid. Substituents of an electron with-drawing group, 

such as a nitro, in the para position of benzoic acid would cause an increase in the 

strength of the acid. The strong electron withdrawing group of the nitro allows for the 

benzoate to hold large electron density, thereby increase the acid strength of benzoic acid. 

On the other hand, an electron donating group had the opposite effects. When an electron 

donating group (such as an amino group) was placed in the para position the acid 

strength of benzoic acid was decreased. The substituents in the meta position gave rise to 

slight different effects. The ortho substituents are excluded because their proximity to the 
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reaction site gives rise to interactions that are different from the meta and para, not 

simply due to the electronic effects.
19 

 The Hammett Equation, figure 1.2, is the summation of Hammett’s work 

describing a linear free-energy relationship relating reaction rates and equilibrium 

constants for reactions involving benzoic acid derivatives with meta and para 

substituents to each other with only two parameters, a substituent constant and a reaction 

constant. The idea, summed up in his equation, states that for any two aromatic reactants 

differing only by the type of substituent, the change in free energy activation is 

proportional to the change in Gibbs Free Energy. 

   
 

     
     

Figure 1.2 Hammett Equation 

 

 The rate constant without a substituent is designated k. The rate constant that do 

have a substituent is designated ko. The σ (sigma value) is a substituent constant for the 

individual substituents and the ρ (rho value) is the reaction constant. The most convenient 

way to use the Hammett equation is graphically with a Hammett plot. A plot of the log of 

k/ko on the vertical axis against the corresponding sigma values on the horizontal axis 

results in a slope value ρ. The sigma values are for individual substituents can be 

obtained from literature. The rho value is the value that will indicate the linear free-

energy relationship. A straight line indicates the free-energy relationship of the Hammett 

equation is valid. A positive rho value (slope of the graph) indicates the reaction is 

responding to the electron with-drawing substituents and they are increasing the reaction 
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rate. If the rho value is greater than one, the reaction is more sensitive to the effects of the 

substituents than the substituents of benzoic acid. If the rho value is larger than zero but 

smaller than one, the electron with-drawing groups still favor the reaction but their 

impact is less than the substituents on the benzoic acid. A negative rho value indicates the 

electron donating groups have a favorable impact on the reaction rate, increasing the rate. 

A small rho value may indicate the mechanism of the reaction involves radical 

intermediates or a cyclic transitions state with little charge separation. Table 1.3 is a 

summary of the rho values and their implications. 

Rho Value (ρ) Implications 

Straight Line Free-energy Relationship is Valid 

Positive Value More Sensitive than Benzoic Acid 

Greater than One 

ρ > 1 

EWG Increase Rate  

0 < ρ < 1 EWG Increases Rate but not as much 

Negative Value EDG Increases Rate 

Small Value May Indicate Radical Intermediate or 

Cyclic Transition State with little charge 

separation 

Table 1.3 Rho Value Implications
19 

 The sigma values from Hammett’s original work are still used today. However, 

some reaction sites may come into direct resonance with the substituents and these 

substituents do not correlate with rate constants (sigma values). A classic example is 

illustrated with para nitrophenol. The nitro group, an electron with-drawing group, 

actually increases the ionization constant of phenol more than expected. The reason for 
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this can be seen with the resonance structures. The nitro group interacts with the oxygen 

through resonance and the extra stabilization of the anion is not included in the sigma 

value given in Hammett’s original work.  

 

Figure 1.3 Resonance Contribution 

 

 Later work done by several investigators found that rate and equilibrium constants 

could be better correlated by the Hammett equation if new sigma values were introduced. 

Whenever through resonance between the reaction site and the substituent exists, 

different sigma values (called sigma minus and sigma plus) should be used. The new 

sigma values account for the direct resonance influence the substituent may place on the 

reaction site. With this in mind, the appropriate sigma values need to be used for the 

analysis. Table 4.2 shows the substituents for our study and their corresponding sigma 

values.
19
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Substituent (X) σ Value σ
- 
Value  σ

+ 
Value 

H 0.00 Not Applicable Not Applicable 

MeO Not Used Not Used -0.78 

Me -0.07 Not Used Not Used 

Br Not Used Not Applicable 0.15 

Cl Not Used Not Applicable 0.11 

CF3 0.54 Not Applicable Not Applicable 

NO2 0.78 Not Used Not Used 

Table 1.4 Possible Sigma Values for Study 
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Synthesis and Application of Alkoxypyridinium Salt 

Derivatives 

 

 

 

 This project was designed to study the mechanism of Bn-OPT employing a rate 

study of various derivatives. The proposed idea was to functionalize 

benzyloxypyridinium triflate in such a way that the transition state of benzyl 

etherification is either stabilized or destabilized. Substituents which donate electron 

density into the ring should promote formation of a carbocation, whereas substituents that 

withdraw electron density from the system will impede the formation of a carbocation. 

The rates of reaction change depending on how much the transition state is favored.  

 Derivatives were designed with a functional group in the 4-position (para-

position) of the benzyl group, shown in figure 2.1. The para-position is chosen because 

this allows for the effects of the substituent to be felt by the carbocation through the 

electronic effects. The ortho and meta positions do allow for the electronic effects of the 

subsituents to be felt but placing the substituent too close to the reactive site may impart 

steric hindrance, masking the electronic effects. 
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Figure 2.1 Alkoxypyridinium Salt Derivative 

 The functional groups X were chosen to represent substituents with a range of 

electron donating to electron withdrawing ability. The most electron donating group is a 

methoxy functional group and the most electron withdrawing is a nitro functional group. 

The range of functional groups is shown figure 2.1.  

 The series of substituents should influence the rate of benzylation in similar ways 

for either an SN1 or SN2 mechanism pathway. However, Hammett analysis (magnitude of 

the effect) will help discern between the two pathways. Once the various 

alkoxypyridinium salts are successfully synthesized, it is important to test the new 

derivatives to ensure they work as intended, benzylating alcohols and carboxylic acids. 

The yields of the benzyl ethers and esters are not expected to change significantly. 

 A secondary focus will involve the synthesis and investigation of 2-t-butoxy-1-

methylpyridinium triflate, which will supplement the previous experiment of 2-methoxy-

1-methylpyridinium triflate. 2-t-butoxy-1-methylpyridinium triflate promotes a 

carbocation intermediate, Scheme 2.1, due to the electron donating methyl groups. 

Successful addition of the t-butyl group onto an alcohol suggests the mechanism of Bn-

OPT may be SN1.  



24 
 

 

 

Scheme 2.1 Proposed t-butylation of an alcohol 

 

The synthetic strategy for the various derivatives follow the original Bn-OPT 

synthesis. Although the 2-t-butoxypyridinium triflate derivative is not a benzyl alcohol 

derivative, its synthesis is expected to proceed in the same mechanistic manner. The 

proposed synthesis for all derivatives is shown in Scheme 2.2. 

 

Scheme 2.2 Proposed Synthesis of Bn-OPT Derivatives 

 

 It is important to establish that the derivatives designed for the study show similar 

reactivity as the original 2-benzyloxypyridinium triflate salt with respect to alcohols and 

carboxylic acids. A library of protected alcohols and carboxylic acids along with the 

corresponding yields was constructed. The reaction conditions for the benzylation of 
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carboxylic acids were the same as for the Bn-OPT. However, the temperature was 

elevated to 100 
o
C, not kept at 83 

o
C for halobenzyl derivatives. Halobenzyl derivatives 

of the Bn-OPT have been previously synthesized. Halobenzyl ethers expand the utility of 

Bn-OPT by allowing for a selective cleavage in the presence of other benzyl protecting 

groups. The halide substituent provides a convenient handle for the derivation en route to 

their cleavage. Palladium cross-coupling reactions with the halobenzyl protecting groups 

can yield amino or hydroxyl arenes that can be removed under mild conditions similar to 

para-methoxybenzyl (PMB) groups. Application of the halobenzyl reactions reported a 

need for elevated temperature to 100 
o
C; increasing the temperature of reaction resulted 

in optimal yields. When building our library, we applied the same elevated temperature 

with those derivatives containing an electron withdrawing group. 

 Synthesis of most alkoxypyridinium triflate derivatives were successful. The 

original synthetic strategy yielded 90% or higher for most derivative salts. However, 2-

(4-nitrobenzyl)oxypyridinium triflate and 2-t-butoxypyridinium triflate were unsuccessful 

with the original synthetic strategy 
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. 

 

          

Ar  Pyridyl ether  Yield  Triflate Salt Yield 

t-but 2.2 - 2.12a - 

p-Me-Ph 2.11b 100% 2.12b 97% 

p-CF3-Ph 2.11c 97% 2.12c 92% 

p-NO2-Ph 2.11d - 2.12d 96% 

p-MeO-

Ph 2.11e 89% 2.12e - 

p-Cl-Ph 2.11f 97% 2.12f 88% 

P-Br-Ph 2.11g 97% 2.12g 93% 

     The 2-(4-nitrobenzyl)oxypyridine was unable to be made under the usual conditions: 

the para-nitrobenzyl alcohol and the 2-chloropyridine appeared to decompose within 

minutes of the reaction mixture being placed under reflux. It was unknown what was 

occurring in the flask but several new attempts were made changing the reaction 

conditions:  

 Allowing the reaction mixture to stir at room temperature for 24 hours  resulted in 

the same decomposition, only slower.  

 Starting the reaction in an ice bath and allowing for the reaction to stir for 1 hour 

then at room temperature.  

  Stirring the reaction mixture in an ice bath for 24 hours also led to 

decomposition. This too failed to stop any decomposition (therefore, the synthetic 

strategy for the 2-(4-nitrobenzyl)oxypyridine had to be changed). 
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Scheme 2.6 Failed Synthesis of 2-(4-nitrobenzyl)oxypyridine 

 

The new strategy involved installation of the nitro functional group at the para-

position by nitration of 2-benzyloxypyridine. Typically, the nitration of an aromatic ring 

would be carried out in an excess of nitric and sulfuric acid mixture. However, initial 

attempt to nitrate 2-benzyloxypyridine used one equivalent of nitric acid/sulfuric acid 

solution mixture in order to limit overnitration. From the crude 
1
H NMR spectra, it was 

apparent two new products were formed, along a large amount of unreacted starting 2-

benzyloxypyridine. Isolation and purification of the two products indicated nitration at 

the ortho and para-positions of the benzene ring. After several attempts, increasing the 

nitric/sulfuric acid solution mixture to an excess consumed all the 2-benxyloxypyridine, 

leading nitration at both ortho and para-positions. The separation and purification of the 

desired 2-(para-nitrobenzyl)oxypyridine was straight forward. The 2-(ortho-

nitrobenzyl)oxypyridine was a colorless oil, while the 2-(para-nitrobenzyl)oxypyridine 

was a white solid and could be isolated as pure compound by recrystallization from hot 

solvent. 
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Scheme 2.7 Nitration of 2-benzyloxypyridine 

 

 Alkylation with methyl triflate was routine. forming 2-(4-nitrobenzyl)-

oxypyridinium triflate. The synthesis is shown in Scheme 2.8. 

 

Scheme 2.8  Synthesis of 2-(4-nitrobenzyl)oxy-1-methylpyridinium Triflate 

 

 Although our desired product was the 2-(4-nitrobenzyl)oxypyridine, we were able 

to isolate and purify enough of the 2-(2-nitrobenzyl)oxypyridine for alkylation to form 2-

(2-nitrobenzyl)oxypyridinium triflate, Scheme 2.9.  
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Scheme 2.9 Alkylation of 2-(2-nitrobenzyl)oxypyridinium triflate 

 

Synthesis of 2-t-butoxy-1-methylpyridinium triflate also presented significant 

problems in the first step, Scheme 2.10. The bulky branching of the t-butyl group makes 

t-butoxide a poor nucleophile. However, t-butyl ether 2.11 had been prepared previously 

by reacting potassium t-butoxide with 2-fluoropyridine under elevated temperature and 

pressure, Scheme 2.11. 

 

Scheme 2.10 Failed Synthesis of 2-(t-butyl)oxypyridine 

 

 This synthetic strategy proved ineffective in our hands as only 2-5% of product 

was isolated. In addition, The reaction conditions involved high pressure, a potential for 

explosions, and expensive starting materials (2-fluoropyridine) so we decided to abandon 

this approach.  
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Scheme 2.11 Synthesis of 2-t-butoxypyridine by Taylor et al. 

 

 Another approach was a modification of the original method, using more 

nucleophilic potassium t-butoxide with 18-Crown-6. It was intended that the 18-Crown-6 

would trap the potassium cation, enhancing the reactivity of the “naked” t-butoxide 

nucleophile. Initial attempts used three equivalents of potassium t-butoxide. The first trial 

resulted in a black solution forming quickly. However, isolation and purification of the 

product yielded 25% and optimization of the reaction resulted in 82% yield, Table 2.2.   
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Temperature Time Potassium t-

butoxide equiv. 

Product Yield (%) 

23 
o
C to 100 

o
C 20 min 3  Black Slurry Paste 

(25) 

0 
o
C to 23 

o
C 24 h 3  13 

0 
o
C to 100 

o
C 24 h 3  89 

0 
o
C to 100 

o
C 24 h 2  87 

0 
o
C to 100 

o
C 24 h 1.1  63 

Table 2.2 2-t-butoxypyridine Optimization 

 

 Having successfully synthesized the 2-(t-butyl)oxypyridine development of the 

salt could be achieved by alkylation of the nitrogen with methyl triflate. However, initial 

alkylation appeared to result in decomposition of the salt. First attempts at alkylation 

resulted in no salt precipitation and 
1
H NMR spectra indicated decomposition of the salt 

and loss of the t-butyl group. Later attempts at akylation with MeOTf did result in the 

formation of crystalline solid. During isolation and purification, the salt appeared to melt 

very rapidly at room temperature. Again, 
1
H NMR spectra indicated decomposition. The 

salt appeared to be stable if it was immediately stored at low temperature (refrigerator).   
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Scheme 2.10 Alkylation of 2-t-butoxypyridine 

 

 Although the 2-t-butoxypyridinium triflate can be formed as a solid, it is believed 

the optimal reaction procedure should be done in situ. Further study and development of 

this derivative is required. Enough 2-t-butoxypyridinium triflate was isolated and stored 

at low temperature for several t-butylation trials. 

Overall yields for the synthesis of alkoxypyridinium triflate salt derivatives are 

shown in Table 2.4. Although our initial synthetic strategy did not work for all the 

derivatives, we were able to obtain them through alternate strategies. Some salts such as 

the 2-(4-nitrobenzyl)oxypyrindium triflate have a low yield due to the nitration reaction, 

which needs further optimization. 
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Ar  Pyridyl ether  Yield  Triflate Salt Yield 

t-but 2.2
a 83% 2.2a in situ 

p-Me-Ph 2.11b 100% 2.12b 97% 

p-CF3-Ph 2.11c 97% 2.12c 92% 

p-NO2-Ph 2.11d
b 15% 2.12d 96% 

p-MeO-

Ph 2.11e 89% 2.12e in situ 

p-Cl-Ph 2.11f 97% 2.12f 88% 

P-Br-Ph 2.11g 97% 2.12g 93% 

o-NO2-Ph 2.18
c 7% 2.12h 89% 

     Table 2.4 
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 The procedures for the etherification and esterification are very similar, Scheme 

2.10. The only difference between them is the base used: magnesium oxide is used for the 

etherification while triethylamine is used for esterification. A slight variation is made 

with the derivatives with the electron withdrawing groups. In order to obtain the optimal 

yields we increased the temperature from 83 
o
C to 100 

o
C. Table 2.5 shows the various 

salt derivatives, alcohols and carboxylic acids used. 

 

Scheme 2.10 Benzyl ether/esterification procedure 
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Table 2.5 

 

 



36 
 

 Etherification and esterification of the alcohols with the derivative salts did not 

result in any significant problems. One significant problem encountered involved the low 

thermal stability observed when preparing the 2-t-butoxypyridinium triflate. We 

determined the derivative should be generated in situ, Scheme 2.11. However, first 

attempts to install the t-butyl group in situ failed. Crude 
1
H NMR spectra did not indicate 

any t-butyl group installation. It was thought that some heat may be required, even 

though initial observations indicated heat should not be needed.  

 

 

Scheme 2.11  

 

Applying heat (83 
o
C) for 24 hours did result in installation of the t-butyl group, 

Table 2.6. If the salt was truly decomposing at room temperature, then no heat should be 

required for the installation of the t-butyl group. Careful observation indicated the salt 

was not dissolving the reaction mixture. Instead, it appeared to remain as a solid 

throughout the reaction, unless heat was applied. It was also observed that the magnesium 

oxide used reaction caused the 2-t-butoxypyridinium triflate to precipitate a solid 

instantaneously as it was added to the reaction mixture. With these observations, the 

installation of the t-butyl group was attempted without the magnesium oxide. Results are 

shown in Table 2.6. One adaptation was made in addition to the elimination of the 
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magnesium oxide. The previously made salt stored in the refrigerator was used, not made 

in situ. However, it’s believed that the salt should be made in situ and the absence of the 

magnesium oxide will allow for the reaction to install the t-butyl group. For unknown 

reasons, close observations appeared to indicate magnesium oxide prevents the reaction 

from occurring. Therefore, the proposed reaction procedure for the t-butylation of an 

alcohol is shown in Scheme 2.12. Another adaptation to the procedure was the isolation 

and purification. Observations of the reaction mixture appeared as a solution and with no 

magnesium oxide, the isolation of the product was done by a water wash, instead of the 

filtrate over celite, and purification was done with a small silica gel plug. 

Synthesis MgO Temperature Yield 

In Situ Yes R.T - 

In Situ Yes 83 C n.d 

Salt No R.T 83% 

Table 2.6 t-butylation Trials 

 

Scheme 2.12 in situ t-butylation of alcohols 

 

Without a fully developed procedure, it is still important to note that we can still 

install a t-butyl group as a derivative of Bn-OPT. This is a significant step forward in the 

area of protecting reagents because the t-butyl protecting group is, until now, installed in 
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an acidic media. Our neutral installation expands the utility of this protecting group. For 

our current study, the successful installation helps support our SN1 mechanism theory. 

The results of our t-butylation, etherication and esterifications are presented in Table 2.7 

and 2.8. 

 

      
 

    

Entry R-OH Salt Heat Product Yield 

1 2.26a 2.27b 83 2.26ab 51% 

2 2.26a 2.27c 100 2.26ac 72% 

3 2.26a 2.27d 100 2.26ad 64% 

4 2.26a 2.27f 100 2.26af 56% 

5 2.26a 2.27g 100 2.26ag 70% 

6 2.26b 2.27b 83 2.26bb 91% 

7 2.26b 2.27c 100 2.26bc 84% 

8 2.26b 2.27f 100 2.26bf 89% 

9 2.26b 2.27g 100 2.26bg 90% 

10 2.26b 2.27a R.T 2.26ba n.d 

11 2.26c 2.27a R.T 2.26ca 61% 

12 2.26d 2.27b 83 2.26db 89% 

13 2.26d 2.27c 100 2.26dc 83% 

14 2.26d 2.27f 100 2.26df 90% 

15 2.26d 2.27g 100 2.26dg 83% 

16 2.26d 2.27d 100 2.26dd 57% 

17 2.26g 2.27a R.T 2.26ga 83% 

18 2.26i 2.27a R.T 2.26ia 81% 

19 2.26f 2.27a R.T 2.26fa 42% 

20 2.26j 2.27a R.T 2.26ja 78% 

      Table 2.7 
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Entry RCO2H Salt Heat Product Yield 

1 2.26e 2.21b 83 2.26eb 82% 

2 2.26e 2.21c 100 2.26ec 80% 

3 2.26e 2.21f 100 2.26ef 86% 

4 2.26e 2.21g 100 2.26eg 81% 

5 2.26h 2.21b 83 2.26hb 76% 

6 2.26h 2.21c 100 2.26hc 94% 

7 2.26h 2.21d 100 2.26hd 70% 

      Table 2.8 
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General Information 

Analytical Data: Nuclear Magnetic Resonance (NMR) spectra were recorded on JEOL  

(300 MHz) or (400 MHz) instruments. Proton (
1
H) chemical shifts, reported in parts per 

million (ppm), are referenced to known resonances of the residual protonated solvent. 

Carbon (
13

C) chemical shifts, reported in parts per million (ppm), were referenced to 

known solvent resonance. 

Solvents: tert-Butanol was dried by distillation and stored over 4 Å sieves. All other 

solvents were used directly from the manufactures without additional purification. 

Purification: Flash column chromatography was performed with Dynamic Adsorbents 

Inc. Standard Grade Silica Gel (32-63 Å porosity). Thin Layer Chromatography (TLC) 

was performed utilizing Sorbent Technologies UV254 polyester backed silica gel plates 

with fluorescent indicator. Developed plates were visualized under 254 nm UV light, or 

stained with iodine, p-anisaldehyde solution, potassium permanganate solution, vanillin 

solution, or 2-4-dinitrophenylhydrazine (DNP). 

Reagents:  

General Reaction Procedure: Glassware, NMR tubes, stir bars, needles, and syringes 

were dried overnight in an oven heated to 120
o 

C and cooled to room temperature in 

desiccators over CaSO4. All reactions were performed under argon (Ar) unless specified 

otherwise. Low boiling solvents were evaporated by a Buchi Roto-vapor-R under vacuum 

(~ 7 mm Hg) via a water aspirator pump followed by high vacuum (~ .5 mm Hg) via an 

oil pump. 
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2-(4-methylbenzyl)oxypyridine. A three-necked, 100-mL, round-bottomed flask 

equipped with a magnetic stir bar, two glass stoppers, and a Dean-Stark trap with a reflux 

condenser and an argon bubbler was charged with 4-methylbenzyl alcohol (2.00 g, 16.4 

mmol, 1.0 equiv), 2-chloropyridine (1.7 mL, 18.1 mmol, 1.1 equiv), potassium hydroxide 

(3.03 g, 54.0 mmol, 3 equiv), and toluene (36 mL). The suspension is stirred and 18-

crown-6 (272 mg, 62.8 mmol, 0.004 equiv) is added in one portion. The reaction is 

heated to reflux with azeotropic removal of water for 1 h. The reaction mixture is then 

allowed to cool to room temperature and distilled water is added to the cool reaction 

mixture and the resulting biphasic solution is transferred to a 50-mL separatory funnel. 

The reaction flask is rinsed with 10 mL of water and combined with the reaction mixture. 

The lower, strongly basic aqueous layer (pH 14) is removed. The organic phase is washed 

a second time with water (10 mL). The organic phase is washed again with water (10 

mL) until the aqueous layer has a pH of 7. The cloudy, colorless organic phase is 

transferred to a 100-mL round bottom and concentrated under reduced pressure on a 

rotary evaporator (10-15 mm Hg) to leave a pale yellow oil. The material was purified by 

vacuum distillation using a short-path distillation apparatus. A single fraction was 

collected (bp 89-92 
o
C, 0.1 mmHg) 2.9(b) as a 3.254 g (99.8%) colorless oil. 
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2-(4-trifluoromethanebenzyl)oxypyridine. Follow procedure for 2.9b. 4-

trifluoromethylbenzyl alcohol (2.07 g, 11.4 mmol, 1.0 equiv), 2-chloropyrdine (1.75 mL, 

12.7 mmol, 1.1 equiv), 18-crown-6 (200.9 mg, 760 μmol, 0.067 equiv) and toluene (36 

mL) providing 2.9 g (97%). Colorless oil.  

 

2-(4-nitrobenzyl)oxypyridine. A 50-mL, three-necked, round bottom equipped with an 

argon inlet bubbler, two glass stoppers and a magnetic stir bar was charged with 

concentrated nitric acid (10 mL) and concentrated sulfuric acid (10 mL). Reaction 

mixture was stirred in an ice batch for 10 min. Reaction mixture was charged with2-

benzyloxypyridine dropwise via pipet over a 20 min (6.3 g, 34 mmol, 1.0 equiv). 

Reaction mixture was allowed to stir in the ice bath for 30 min then at room temperature 

for an additional 30 min. Reaction mixture was poured into 50 mL of water, resulting in 

precipitation of product. Solid was filtered and rinsed with water until the filtrate was pH 

7. Solid product is dried overnight under reduced pressure of high vacuum. Solid is 

purified by recrystallization to provide 1.21 g of 2-(4-nitrobenzyl)oxypyridine (15%).  

White crystalline solid. 
1
H NMR (400 MHz, CDCl3) δ 8.23 (d, J = 8.44 Hz, 2H), 8.16 – 
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8.14 (m, 1H), 7.65 – 7.60 (m, 3H), 6. 94 – 6.90 (m, 1H), 6.86 (d, J = 8.44 Hz, 1H), 5.50 

(s, 2H). 
13

C NMR (100 MHz, CDCl3) δ 163.0, 147.5, 146.9, 145.2, 139.0, 128.0, 123.8, 

117.5, 111.3, 66.0. 

 

2-(4-chlorobenzyl)oxypyridine. Follow procedure for 2.9b. 4-chlorobenzyl alcohol 

(515.4 mg, 3.6 mmol, 1.0 equiv), 2-chloropyridine (400 mL, 4.3 mmol, 1.19 equiv), 18-

crown-6 (47 mg, 178 μmol, 0.049 equiv) and toluene (9 mL) provided 768.0 mg (96.7%).  

 

2-tert-buoxypyridine. A 100-mL, three necked, round bottom flask equipped with a 

magnetic stir bar, two glass stoppers and reflux condenser is charged with potassium t-

butoxide (6. 13 g, 54.6 mmol, 2.6 equiv), toluene (50 mL) and 18-crown-6 (381.2 mg, 1.4  

mmol, 0.066 equiv). Reaction mixture is stirred in an ice bath for 10 min then charged 

with 2-chloropyridine (2 ml, 21.3 mmol, 1.0 equiv). Reaction mixture is refluxed for 24 

hours. Reaction mixture is allowed to cool to room temperature. Flask fittings are 

removed and reaction mixture is diluted with 20 mL of water and transferred to a 250-mL 

separatory funnel. The biphasic layer is washed with 20 mL of water three times. 

Aqueous phase is extracted with 10 mL of ethyl acetate three times. The two organic 

phases are combined and concentrated under reduced pressure on a rotary evaporator (10-
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15 mmHg, bath temperature 40-45 
o
C). Residual water remaining in the organic phase is 

azeotropically removed during the concentration, to provide the crude product as a clear 

and colorless to pale yellow oil. Product was purified with flash chromatography to 

provide 2.67 g (83%). 
1
H NMR (300 MHz, CDCl3) δ 8.1 (dd, J = 1.8, 4.8, 1H), 7.5-7.5 

(m, 1H), 7.3 (d, J = 1.4, 1H), 6.8-6.8 (m, 1H), 6.6 (dd, J = 7.2, 8.4, 1H), 1.6 (s, 9H). 
13

C 

NMR (75 MHz, CDCl3) δ 164.0, 146.6, 138.2, 166.3, 113.5, 79.5, 28.8. 

 

2-(2-nitrobenzyl)oxypyridine. A 50-mL, three-necked, round bottom equipped with an 

argon inlet bubbler, two glass stoppers and a magnetic stir bar was charged with 

concentrated nitric acid (10 mL) and concentrated sulfuric acid (10 mL). Reaction 

mixture was stirred in an ice batch for 10 min. Reaction mixture was charged with2-

benzyloxypyridine dropwise via pipet over a 20 min (6.3 g, 34.0 mmol, 1.0 equiv). 

Reaction mixture was allowed to stir in the ice bath for 30 min then at room temperature 

for an additional 30 min. Precipitation was filtered and aqueous solution is transferred to 

a 100-mL separatory funnel. Product is extracted with 5 mL of ethyl acetate and 

concentrated under reduced pressure on a rotary evaporator (10-15 mmHg, bath 

temperature 40-45 
o
C). Product is purified with flash chromatography to provide 548 mg 

(7%). Colorless oil. 
1
H NMR (400 MHz, CDCl3) δ 8.2-8.2 (m, 1H), 7.6-7.6 (m, 1H), 7.5-

7.5 (m, 2H), 7.4-7.3 (m, 3H), 5.4 (s, 2H). 
13

C NMR (100 MHz, CDCl3) δ 163.0, 147.7, 

147.1, 138.9, 134.3, 133.6, 129.1, 128.2, 124.9, 117.5, 111.1, 64.2. 
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2-(4-methylbenzyl)oxypyridinium Trifluoromethanesulfonate. A three-necked, 100-

mL, round-botttom flask equipped with an argon bubbler inlet, two rubber septums and 

magnetic stir bar is charged with 2-(4-nitrobenzyl)oxypyridine (3.13 g, 15.7 mmol, 1.0 

equiv) and toluene (18 mL) by temporarily removing the septum. The resulting solution 

is cooled to 0 
o
C in an ice bath. Methyl trifluoromethanesulfonate (2 mL, 18.2 mmol, 1.2 

equiv) is added dropwise via syringe over 10 min, during which time white solids 

crystallize. The ice bath is removed and the viscous slurry is allowed to warm to room 

temperature. After an hour, the heterogeneous reaction mixture is diluted with 20 mL of 

hexanes and the solid is isolated by filtration and washed with one additional protion of 

hexanes (20 mL). After drying under vacuum, 5.58 g (97%) of 2-(4-

methylbenzyl)oxypyridinium trifluoromethanesulfonate is recovered. white 

microcrystalline solid. 
1
H NMR (300 MHz, CDCl3) δ 8.5-8.5 (m, 1H), 8.4-8.3 (m, 1H), 

7.6 (d, J = 8.8, 1H), 7.4-7.4 (m, 3H), 7.3-7.2 (m, 2H). 
13

C NMR (100 MHZ, CDCl3) δ 

160.2, 148.0, 144.1, 139.2, 130.8, 129.5, 128.8, 118.9, 112.3, 74.2, 41.7, 20.4. 
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2-(4-trifluoromethanebenzyl)oxypyridinium Triflate. Follow procedure for 2.21b. 2-

(4-trifluoromethylbenzyl)oxypyridine (2.01 g, 8.0 mmol, 1.0 equiv), toluene (11 mL) and 

methyl trifluoromethanesulfonate (0.9 mL, 8.2 mmol, 1.02 equiv) provided 3.07 g of 

product (92%). White crystalline solid. 
1
H NMR (300 MHz, DMSO) δ 8.7 (dd, J= 1.1, 

J=6.3, 1H), 8.6-8.5 (m, 1H), 7.9-7.8 (m, 5H), 7.6-7.6 (m, 1H) 5.7 (s, 2H), 4.0 (s, 3H).
13

 C 

NMR (75 MHz, CD6CO) δ 160.1, 148.2, 144.2, 138.5, 129.0, 126.1, 125.8, 119.2, 112.3, 

73.0, 41.8. 

 

2-(4-nitrobenzyl)oxypyridinium Triflate. Follow procedure for 2.21b. 2-(4-

nitrobenzyl)oxypyridine (1.2 g, 5.2 mmol, 1.0 equiv), toluene (10 mL) and methyl 

trifluoromethanesulfonate (700 μL, 6.4 mmol, 1.2 equiv) provided 1.97 g of product 

(96%). White crystalline solid. 
1
H NMR (400 MHz, CD6CO); δ 8.79 (d, 6.2 Hz, 1H), 

8.63 (apparent triplet, J = 7.3 Hz, 1H), 8.34 (d, J = 8.8 Hz, 2H), 8.0 (d, J = 8.8 3H), 7.70 

(apparent triplet, J = 7.3 Hz, 1H), 5.97 (s, 2H), 4.32 (s, 2H); 
13

C NMR (100 MHz, CD6) δ 

160.0, 148.4, 148.3, 144.2, 141.2, 129.3, 123.9, 119.3, 112.3, 72.6, 41.9. 
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2-(4-chlorobenzyl)oxypyridinium Triflate. Follow procedure for 2.21b. 2-(4-

chlorobenzyl)oxypyridine (1.25 g, 5.66 mmol, 1.0 equiv), toluene (8 mL) and methyl 

trifluoromethanesulfonate (750 μL, 6.84 mmol, 1.2 equiv) to provide 2.14 g of product 

(98.5%). 

 

2-(2-nitrobenzyl)oxypyridinium Triflate. Follow procedure for 2.21b. 2-(2-

nitrobenzyl)oxypyridine (186.8 mg, 0.811 mmol, 1.0 equiv), toluene (8 mL) and methyl 

trifluoromethanesulfonate (200 μL, 1.82 mmol, 2.2 equiv) to provide 285.4 mg of 

product (89.2%). 
1
H NMR (400 MHz, CD6SO) δ 8.8.75 (dd, J = 1.8 Hz, 6.6, 1H), 8.52 

(ddd, J = 1.8 Hz, 9.2 Hz, 16.5 Hz), 8.26 (d, J = 8.04 Hz, 1H), 7.91 – 7.84 (m, 3H), 7.75 – 

7.71 (m, 1H), 7.6 (ddd, J = 1.8 Hz, 9.2 Hz, 16. 2 Hz, 1H), 6.03 (s, 2H), 4.07 (s, 3H).  
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(s)-methyl 2-methyl-3-((4-methylbenzyl)oxy) propanoate. A 5-mL vial is equipped 

with a magnetic stir bar and a screw cap. The vial is charged with methyl (s)-(+)-3-

hydroxy-2-methy-propionate (94 μL, 848 μmol, 1.0 equiv), 2-(4-

methylbenzyl)oxypyridinium triflate (614.2 mg, 1.69 mmol, 1.99 equiv), magnesium 

oxide (77.5 mg, 1.92 mmol, 2.26 equiv) and trifluoromethyltoluene (2.0 mL). The 

reaction mixture is brought to reflux for 24 hours. The vial is cooled to room temperature. 

The vial is diluted with 5 mL of methylene chloride and filtered of celite. Process is 

repeated three times. Filtrate is concentrated under reduced pressure (20-15 mmHg, bath 

temperature 40-45 
o
C) and purified by flash chromatography providing 95.4 mg of 

product (50.6%). Colorless oil. 
1
H NMR (400 MHz, CDCl3), δ 7.20 (d, J = 8.04 Hz, 2H), 

7.15 (d, J = 7.68 Hz, 2H), 4.48 (s, 2H), 3.69 (s, 3H), 3.63 (dd, J = 9.1 Hz, 7.3 Hz, 1H), 

3.46 (dd, J = 9.1 Hz, J = 6.2 Hz, 1H) 2.78 (apparent sextet, J = 7.0 Hz, 1H), 2.34 (s, 3H), 

1.17 (d, J = 6.96 Hz, 3H); 
13

C NMR (75 MHz) δ 175.4, 137.4, 135.2, 129.1, 127.8, 73.1 

71.9, 51.8, 40.3, 21.2, 14.1. 
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(s)-methyl 2-methyl-3-((4-trifluoromethylbenzyl)oxy) propanoate. Follow procedure 

for 2.26ab. Methy (s)-(+)-3-hydroxy-2-methyl-propionate (95 μL, 0.857 mmol, 1.0 

equiv), 2-(4-trifluoromethylbenzyl)oxypyridinium triflate (702.0 mg, 1.68 mmol, 2.0 

equiv), magnesium oxide (87.6 mg, 2.17 mmol, 2.5 equiv) and trifluoromethylbenzene (3 

mL) provided 355.5 mg of product (76.5%). Colorless oil. 
1
H NMR (400 MHz, CDCl3). δ 

7.60 (d, J = 8.08 Hz, 2H), 7.42 (d, J = 8.08 Hz. 2H), 4.57 (s, 2H), 3.70 (s, 3H), 3.68 (dd, J 

= 7.4, 9.2, 1H), 3.52 (dd, J = 7.12 Hz, J = 9.1Hz), 2.80 (apparent sextet, 7.0, 1H), 1.120 

(d, J = 6.96, 3H); 
13

C NMR (400 MHz, CDCl3) δ 175.2, 142.4, 127.5, 125.4, 125.4, 72.4, 

72.4, 51.9, 40.3, 14.0. 

 

(s)-methyl 2-methyl-3-((4-nitrobenzyl)oxy) propanoate. Follow procedure for 2.26ab 

Methyl (s)-(+)-3-hydroxy-2-methyl-propionate (25 μL, 226 μmol, 1.0 equiv), 2-(4-

nitrobenzyl)oxypyridinium triflate (164.5 mg, 471 μmol, 1.85 equiv), magnesium oxide 

(24.1 mg, 598 μmol, 2.65 equiv) and trifluoromethyltoluene (750 μL) to provide 36.6 mg 

(64.1%). Colorless oil. 
1
H NMR (300 MHz, CDCl3) δ 8.20 (d, J = 8.82 Hz, 2H), 7.47 (2, 

J = 8.79 Hz, 2H), 4.62 (s, 2H)  3.71 (s, 1H), 3.73 - 3.68 (m, 3H), 3.56 (dd, J = 9.09 Hz, J 
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= 5.52 Hz), 2.82 (apparent sextet, J = 7.1, 1H) 1.21 (d, J = 7.14 Hz, 3H); 
13

C NMR (300 

MHz, CDCl3) 175.1, 147.5, 145.9, 127.7, 123.7, 123.7, 72.7, 72.0, 51.9, 40.2, 14.0. 

 

 

1-methoxy-4-(((4-methylbenzyl)oxy)methyl)benzene. Follow procedure for 2.26ab. 4-

methoxybenzyl alcohol (25 μL, 201 μmol, 1.0 equiv), 2-(4-methylbenzyl)oxypyridinium 

triflate (150.0 mg, 412 μmol, 2.0 equiv), magnesium oxide (35.1 mg, 871 μmol, 4.3 

equiv) and trifluoromethyltoluene (750 μL) provided 44.4 mg (91%).  Colorless oil. 
1
H 

NMR (400 MHz, CDCl3) δ 7.16 (d, J = 8.08 Hz, 2H), 6.88 (d, J = 8.07 Hz, 2H), 4.49 (s, 

2H), 4.47 (s, 2H), 3.81 (s, 3H), 2.35 (s, 3H); 
13

C NMR δ 159.3, 137.4, 135.4, 130.6, 

129.5, 129.2, 128.0, 113.9, 71.8, 71.6, 55.4, 21.3. 

 

1-methoxy-4-(((4-triflroromethylbenzyl)oxy)methyl)benzene. Follow procedure for 

2.26ab. 4-methoxybenzyl alcohol (25 μL, 201.4 μmol, 1.0 equiv), 2-(4-trifluoro-

methylbenzyl)oxypyridinium triflate (153.7 mg, 368.3 μmol, 1.8 equiv), magnesium 

oxide (19.2 mg, 467.3 μmol, 2.32 equiv) and trifluoromethyltoluene (750 μL) provided 

50.1 mg of product (84%). Colorless oil. 
1
H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 8.04 

Hz, 2H), 7.47 (d, J = 8.08 Hz, 2H), 7.29 (d, J = 4.76 Hz, 2H), 6.90 (d, J = 4.40 Hz, 2H), 
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4.58 (s, 2H), 4.52 (s, 2H), 3.32 (s, 2H); 
13

C NMR δ 159.5, 142.6, 130.0, 129.5, 127.7, 

125.4, 125.4, 114.0, 72.3, 71.0, 55.4. 

 

1-(tert-butoxymethyl)naphthalene. A 5-mL vial equipped with a magnetic stir bar and 

screw cap is charged with 1-naphthalene methanol (55.6 mg, 351 μmol, 1.0 equiv), 2-t-

butoxypyridinium triflate (122.6 mg, 389 μmol, 1.10 equiv) and trifluoromethyltoluene. 

Reaction mixture was allowed to stir at room temperature for 24 hours. Reaction mixture 

was diluted with 5 mL of water and transferred to a 50-mL separatory funnel and washed 

with 10 mL of water. Biphasic solution was separated and organic phase is concentrated 

under reduced pressure on rotovap (20-15 mmHg, bath temperature 40-45 
o
C). Product is 

purified with silica gel plug to provide 45.9 mg of product (61.0%). 
1
H NMR (400 MHz, 

CDCl3) δ 8.07 (d, j = 8.1, 1H), 7.84 (dd, J = 1.8 Hz, 7.7 Hz, 1H), 7.77 (dd, J = 8.4 Hz, 

1H), 7.56 (d, J = 7.5 Hz, 1H), 7.53-7.41 (m, 3H). 
13

C NMR (400 MHz, CDCl3) δ 135.3, 

133.8, 131.7, 128.6, 128.0, 126.0, 125.8, 125.6, 125.6, 123.8, 73.8, 62.4, 27.8. 
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1-((2-(2-methoxy ethoxy) ethoxy) methyl-4-(trifluoromethyl)benzene. Follow 

procedure for 2.26ab. 2-(2-methoxy ethoxy)ethanol (60 μL, 499μmol, 1.0 equiv), 2-(4-

trifluoromethylbenzyl)oxypyridinium triflate (349.8 mg, 838 μmol, 1.68 equiv), 

magnesium oxide (39.2 mg, 794 μmol, 1.59 equiv) and trifluorotoluene (1.5 mL) 

provides 118.3 mg of product (83.2%). Colorless oil. 
1
H NMR (300 MHz, CDCl3) δ 7.59 

(d, J = 8.25 Hz, 2H), 7.46 (d, J = 7.95, 2H), 4.62 (s, 2H), 3.72 – 3.65 (m, 6H), 3.57 – 3.55 

(m, 2H), 3.39 (s, 3H) 
13

C NMR δ 142.6, 127.7, 125.4, 125.4, 72.5, 72.1, 70.8, 70.7, 70.0, 

59.2. 

 

 

2-tert-butoxycarbonyl amino-3-hydroxy-propionic acid 4-methylbenzyl ester. A 5-

mL vial equipped with a magnetic stir bar and screw cap is charged with Boc-Ser-OH 

(54.3 mg, 265 μmol, 1.0 equiv), triethylamine (70 μL, 499 μmol, 1.88 equiv), 2-(4-

methylbenzyl)oxypyridinium triflate (177.6 mg, 487 μmol, 1.83 equiv) and 

trifluoromethyltoluene (1 mL). The temperature is elevated to 83 
o
C and the reaction 

mixture is allowed to stir for 24 hours then allowed to cool to room temperature. The vial 

is diluted with 5 mL of water and transferred to a separatory funnel. The biphasic mixture 
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is separated. The organic phase is concentrated down under reduced pressure on a 

rotovap (20-15 mmHg, bath temperature 40-45 
o
C) and purified with flash 

chromatography to provide 67.1 mg of product (81.9%). Colorless oil. H NMR (300 

MHz, CDCl3) δ 7.2 (d, J = 8.5, 2H), 7.2 (d, J = 7.7, 2H), 5.5 (bs, 1H), 5.2 (s, 2H), 4.4 (bs, 

1H), 4.0-3.9 (m, 2H), 2.3 (s, 3H), 1.4 (s, 9H). C NMR (300 MHz, CDCl3) δ 170.8, 155.8, 

138.5, 132.3, 129.4, 128.5, 80.4, 67.5, 63.8, 56.0, 28.4, 21.3. 

 

2-tert-butoxycarbonyl amino-3-hydroxy-propionic acid 4-trifluoromethyllbenzyl 

ester. Follow procedure for 2.26eb. Boc-Ser-OH (54.3 mg, 265 μmol, 1.0 equiv), 

triethylamine (70μL, 499 μmol, 1.87 equiv), 2-(4-trifluoromethylbenzyl)oxypyridinium 

triflate (210.8, 505 μmol, 1.90 equiv) and trifluromethyltoluene (1 mL) provides 62.1 mg 

of product (79.5%). Colorless oil. 
1
H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 8.08, 2H), 

7.46 (d, J = 8.08 Hz, 2H), 5.53 (d, J = 7.72, 1H), 5.25 (dd, J = 18.32 Hz, J = 13.20 Hz, 

2H), 4.43 (bs, 1H), 4.02 – 3.90 (m, 2H), 2.61 (bs, 1H), 1.43 (s, 9H); 
13

C NMR δ 170.8, 

155.5, 139.3, 128.1, 125.7, 122.2, 80.5, 66.4, 63.4, 55.9, 28.3. 
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1-tert-butoxy-4-nitrobenzene. Follow procedure for 2.26ca. 4-nitrobenzyl alcohol (62.9 

mg, 411 μmol, 1.0 equiv), 2-t-butoxypyrinium triflate (219.2 mg, 695 μmol, 1.7 equiv) 

and trifluoromethyltoluene (1.5 mL) provides 36.4 mg of product (42%).  Colorless oil. 

1
H NMR (400 MHz, CDCl3) δ 8.18 (d, J = 8.8 Hz, 2H), 7.51 (d, J = 8.8 Hz, 2H), 4.54 (s, 

2H), 1.30 (s, 9H). 
13

C NMR (100 MHz) δ 147.8, 147.2, 127.56, 123.6, 74.1, 63.2, 27.6. 

 

 

tert-butoxymethylbenzene. Follow procedure for 2.26ca. Benzyl alcohol ( 50 μL, 485.5 

μmol, 1.0 equiv), 2-t-butoxypyridinium triflate (265.4 mg, 841.7 μmol, 1.73 equiv), and 

trifluoromethyltoluene (1.5 mL) provides 63.2 mg of product (83.3%). 

 

4-methylbenzyl octanoate. Follow procedure for 2.26eb. Octanoic acid (55 μL, 3.47 

mmol, 1.0 equiv), triethylamine (100 μL, 7.12 mmol, 2.05 equiv), 2-(4-

methylbenzyl)oxypyridinium triflate (256.5 mg, 7.04 mmol, 2.03 equiv) and 

trifluoromethyltoluene (1.5 mL) provides 59.6 mg of product (76%). Colorless oil. 
1
H 

NMR (400 MHz, CDCl3) δ 7.25 – 7.23 (m, 2H), 7.16 (d, J = 8.08 Hz), 5.06 (s, 2H), 2.35 

– 2.30 (m, 5H), 1.66 – 1.54 (m, 2H), 1.28 – 1.25 (m, 8H), 0.88 – 0.85 (m, 3H) 
13

C NMR 
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4-trifluoromethylbenzyl octanoate. Follow procedure for 2.26eb. Octanoic acid (55 μL, 

3.47 mmol, 1.0 equiv), triethylamine (100 μL, 7.12 mmol, 2.05 equiv), 2-(4-

trifluoromethylbenzyl)oxypyridinium triflate (289.9 mg, 6.96 mmol, 2.0 equiv) and 

trifluoromethyltoluene (1.5 mL) provides 98.3 mg of product (93.7%). Colorless oil. 
1
H 

NMR (400 MHz, CDCl3) δ 7.62 (d, J = 8.04 Hz, 2H), 7.46 (d, J = 8.08 Hz, 2H), 5.16 (s, 

2H), 2.39 – 2.36 (m, 2H), 1.69 – 1.61 (m, 2H), 1.30 - 1.26 (m, 8H), 0.89 – 0.86 (m, 3H) 

13
C  

 

 

1-(tert-butoxymethyl)-4-methylbenzene. Follow procedure 2.26ca. 4-methylbenzyl 

alcohol (50.1 mg, 410.0 μmol, 1.0 equiv), 2-t-butoxypyridinium triflate (256.8 mg, 814.4 

μmol, 1.9 equiv) and trifluromethyltoluene (1.5 mL) provides 58.9 mg of product (81%). 

1
H NMR (400 MHz, CDCl3) δ 7.3 (d J =7.7 Hz, 2H), 7.1 (d, J = 7.7 Hz, 2H), 4.40 (s, 

2H), 2.32 (s, 3H), 1.28 (s, 9H). 
13

C NMR (75 MHz, CDCl3) δ 137.0, 136.8, 129.0, 127.6, 

73.4, 64.1, 27.8, 21.2. 
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1-(tert-butoxymethyl)-4-chlorobenzene. Follow procedure for 2.26ca. 4-chlorobenzyl 

alcohol (55.7 mg, 390.6 μmol, 1.0 equiv), 2-t-butoxypyridinium triflate (227.4 mg, 721.2 

μmol, 1.85 equiv) and trifluromethyltoluene provides 60.3 mg of product (78%). 

Colorless oil. 
1
H NMR (300 MHz, CDCl3) δ 7.28-7.26 (m, 4H), 4.4 (s, 2H), 1.3 (s, 9H). 

13
C NMR (75 MHz, CDCl3) δ 138.5, 132.8, 128.7, 128.5, 73.7, 63.5, 27.8. 

 

 

 

 

2-benzyloxy-4-methylquinoline. A round bottom flask was charged with a stir bar, dean 

stark and two glass stoppers. The round bottom was charged with potassium hydroxide, 

toluene and 18-crown-6. The solution was allowed to mix for several minutes. The round 

bottom was then charged with 2-chlorolepidine and the mixture was heated to reflux. The 

reaction mixture was allowed to reflux for two hours then allowed to cool to room 

temperature. The reaction mixture was diluted with water and poured into a seperatory 

flask and the organic layer was washed with water until the water was neutral. The 

organic layer was concentrated down and purified via flash chromatography. 
1
H NMR 
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(400 MHz, CDCl3) δ 7.89 – 7.86 (m, 2H), 7.65 – 7.61 (m, 1H), 7.54 – 7.51 (m, 2H), 7.43 

– 7.31 (m, 4H), 6.83 (s, 1H), 5.54 (s, 2H), 2.63 (s, 3H) 

 

 

2-benzyloxy-1,4-dimethylquinolin-1-ium trifluoromethanesulfonate. A three necked 

round bottom flask was equipped with a gas inlet, stir bar and two rubber septums. The 

flask was purged of air with argon for several minutes. The round bottom was charged 

with 2-benzyloxy-1,4-methylquinoline and toluene. The mixture was stirred for several 

minutes then the methyl triflate was added drop wise over a two minute period. 
1
H NMR 

(400 MHz, CD6CO) δ 8.46 – 8.38 (m, 2H), 8.21 – 8.16 (m, 1H), 8.10 (bs, 1H), 7.94 – 

7.88 (m, 1H), 7.73 – 7.70 (m, 2H), 7.52 – 7.50 (m, 3H), 5.96 (s, 2H), 4.37 (s, 3H), 3.05 

(s, 3H) 
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Method Development for the Analysis of Alkoxypyridinium 

Salt Derivatives 

 

 

 

 Optimization of the original benzyl etherification procedure via Bn-OPT involved 

varying solvent, time, acid scavenger and temperature, Table 3.1. From the table it is 

observed that the aromatic ring of toluene assists the reaction. Without the toluene or a 

similar aromatic solvent, the reaction doesn’t proceed, or does so with relatively low 

yield
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Solvent Yield
*
 (%) 

1,2-dichloroethane (DCE) 67 

Nitromethane low 

Acetonitrile - 

N-methyl-2-pyrrolidinone (NMP) - 

Toluene 91 

Chlorobenzene >95 

Benzotrifluoride (PhCF3) >95 

Table 3.1 Various Solvents Studied 

The solvent ultimately chosen was trifluoromethylbenzene; it is an aromatic 

solvent and the trifluoromethyl group prevents Friedel-Crafts reaction from occurring. 

However, Bn-OPT is not completely soluble in PhCF3, even at 83 
o
C. Although this 

doesn’t prove to be a significant obstacle for the benzylation to occur, solubility is a 

problem that must be addressed if an accurate observation of the rate is to be observed. If 

our study is to accurately study the rates of reaction, we may not know how much 

solubility is affecting our rates and this research project proposes to ameliorate this 

solubilty issue from three different approaches shown in Scheme 3.1.  
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 Scheme 3.1 Proposed Solutions for a Soluble Salt 

 The first option is to exchange the counter triflate counter ion to tetraphenyl 

borate counter ion. This exchange may promote the solubility of the salt due to the 

additional aromatic rings, which make Bn-OPT salt structurally similar to the solvent 

solvent toluene or PhCF3. Our second option is to change the 2-chloropyridine for 

another, larger, aromatic structure. During development of 2-(4-methoxybenzyl)oxy-1-

methylpyridinium triflate it was shown that switching from a pyridine ring to a lepidine 

ring increased the solubility of the salt in PhCF3. The last option is to manipulate the 

solvent, while trying to remain as close to the toluene, or PhCF3, as possible. 

Counter ion exchange was straightforward, Scheme 3.2, consisting of stirring Bn-

OPT salt and sodium tetraphenyl borate separately in tetrahydrofuran (THF) until they 

dissolve. Once dissolved, the two mixtures are combined and allowed to stir overnight. 

The THF is removed and the remaining salt is washed with PhCF3 and filtered.  
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Scheme 3.2 Counter Ion Exchange 

 

 Although the initial application of the lepidine for 2-chloropyrine was performed 

in situ, our synthetic strategy for the salt was done in a similar manner to the original salt: 

nucleophilic substitution of the chlororine of the 2-chloropyridine followed by alkylation 

of the nitrogen. 

 

 

Scheme 3.3 Synthesis of Soluble Salt Derivatives 

 

 Both counter ion exchange and synthesis of 2-benzyloxy-1-methyllepidine were 

successful with high yields. However, application of the two new Bn-OPT salt 

derivatives indicated they were not soluble in toluene.  Results are shown in Table 3.2. 
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Salt Percent Yield Soluble 

2-benzyloxy-1-methylpyridinium 

tetraphenyl borate 

97 No 

2-(benzyloxy)-1-methylquinoline 80 No 

Table 3.3 

 Although the two salts did not promote a soluble salt, more development is 

required. The potential of the two salts have not been fully explored; these salts remain a 

potential solution to solubility issue. However, our attention was turned towards the 

manipulation of solvent. Table 3.1 shows that some solvents solubilize the salt resulting 

in low yield while others do not and result in high yields. Our solvent manipulations 

began with a combination of such two types of solvents. 

 Initial trials began with a chloroform/toluene combination. Chloroform has been 

shown to dissolve the Bn-OPT well, often used as 
1
H NMR solvent. Entries 1-9 of Table 

3.4 show our results. The benzylation occurred in all trials some ratios (entry 7) resulted 

in high yields. However, there was no clear pattern for the ratios and the Bn-OPT never 

dissolved in the chloroform/toluene combinations. More polar solvents were used (entries 

10 and 11) but did not benzylate the alcohol. However, a combination of chloroform-D 

and toluene-D8 (entry 14) did solubilize the Bn-OPT and benzylation occurred.  

 The chloroform-D/toluene-D8 combination was applied to the other derivatives 

and discovered that not all derivatives would dissolve. Another attempt was made 
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substituting chloroform-D for acetone-D6 (entry 13). In addition to dissolving the Bn-

OPT, all derivatives appeared dissolve in the combination. 

 

Entry Solvent Solubility Percent Yield 

1 Chloroform: Toluene 

(1:9) 

None 65 

2 Chloroform: Toluene 

(2:8) 

None 33 

3 Chloroform: Toluene 

(3:7) 

None 51 

4 Chloroform: Toluene 

(4:6) 

None 30 

5 Chloroform: Toluene 

(5:5) 

None 61 

6 Chloroform: Toluene 

(6:4) 

None 53 

7 Chloroform: Toluene 

(7:3) 

None 81 

8 Chloroform: Toluene 

(8:2) 

None 34 

9 Chloroform: Toluene 

(9:1) 

None 65 

10 Dimethyl Sulfoxide 

(DMSO) 

Soluble 0 

11 Chloroform Partially Soluble 0 

12 Water Soluble 0 

13 Acetone-D6: Toluene-

D8  

Soluble Not Determined 

14 Chloroform-D: 

Toluene-D8 

Soluble for some 

salts  

Not Determined 

Table 3.2 
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 Toluene-D8/Acetone-D6 combination proved to be a solvent combination that 

could promote a soluble salt and still benzylate an alcohol. However, our desired 

conditions were for toluene-D8 as the only solvent. Several ratio trials were performed to 

ensure the minimal amount of Acetone-D6 was used, Table 3.3. Those ratios that did not 

promote a soluble salt were discarded and not determined whether benzylation would 

occur. 

Toluene-D8/Acetone-D6 

Ratio 

Solubility Successful Benzylation 

500/50 

(10:1) 

Soluble Yes 

400/50 

(8:1) 

Soluble Yes 

500/30 

(17:1) 

Partially Soluble NA 

500/25 

(20:1) 

Partial Soluble NA 

500/20 

(25:1) 

Not Soluble NA 

500/10 

(50:1) 

Not Soluble NA 

Table 3.3 

 The tetraphenylborate counter ion and 2-lepidine exchange did result in high 

yields but failed to dissolve in toluene. The alternate solution was to find a solvent 

combination that would dissolve the salt. The combination proved to be an aceton-

D6/toluene-D8 combination.  

 

 

 

 



 
 

Method Development for Kinetic Studies and Hammett 

Analysis 

 

 

 

 The study of the rate of the reaction has significant implications for the overall 

understanding of how chemical reactions occur. The rates of reactions can give an idea of 

what is happening on a molecular level, as well as many other practical applications.
1
 

Specifically, chemical kinetics is the study of these rates and how reaction rates change 

under varying conditions such as temperature, varying concentrations or a presence of a 

catalyst. Comparing the rates of reactions of the derivatives can give an idea of how the 

functional group is affecting the reaction but these observations alone don’t establish a 

clear relationship. In order to establish a relationship, this research takes advantage of the  

work of Louis P. Hammett and his work with linear free-energy relationships.

 We observed the rate of reaction in real time by Nuclear Magnetic Resonance 

Spectroscopy (NMR). We intended to allow the reaction to take place in the NMR while 

monitoring the reaction at particular intervals. By comparing the area of peak over time 

of salt to that of a standard, we can find the rate of reaction and the corresponding rate 
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constant. Since the reactions take place at 83 
o
C we chose the standard trichloroethylene, 

figure 4.2. Trichloroethylene has a boiling point of 87 
o
C and has a singlet at 6.1 ppm, an 

area of the NMR spectrum far from any other peaks that come from reagents or products. 

The trichloroethylene is an extremely weak nucleophile, compared to the alcohol, so no 

reaction was expected to take place between it and the salt. 

 

Figure 4.2  

 

 The area of the peak of the standard, salt and product was be measured by 

integration. From the corresponding peak areas the concentration of each reagent can be 

calculated from Formula 4.1. The formula shows that the area of the standard peak and its 

known concentration is equal to the area of the salt (or product) peak and its unknown 

concentration. The peak area is first divided by the number of protons the peak 

represents.  

                         

                     
   

                     

            
 

Equation 4.1 

 The original reaction conditions for the benzylation of alcohols using the 2-

benzyloxy-1-methylpyridinium triflate involves stirring Bn-OPT, magnesium oxide, and 

the alcohol of choice in trifluoromethylbenzene at 83 
o
C. For our rate studies we 

attempted to keep the reaction conditions as similar to the original conditions as much as 
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possible; however, toluene-D8 is a reasonable substitute for the PhCF3. Structurally, the 

two molecules are similar and the original work has shown toluene to be just as effective 

as PhCF3 with exception of small amounts of diarylmethane byproducts. 

 Observing reactions as they occur in real time via a NMR spectrometer is not a 

new concept and several approaches have been developed for this type of study.
3
 

Depending upon the equipment and type of NMR along with the type of reactions, some 

in situ studies may be more difficult than others. It is important to consider the fact that 

the reaction mixture must be prepared outside of the NMR and temperature variation can 

affect accurate monitoring. For instance, if the reaction is done at varying temperatures, 

conditions of the NMR may not allow for accurate monitoring of the reaction. Delay time 

in the shimming could pose potential problems. One particular problem for our study is 

the quality of the spectra. The toluene-D8 solvent used to run the reaction doesn’t allow 

the NMR to automatically lock and shim onto it because the software available doesn’t 

have pre-set shim parameters for toluene-D8. Manual attempts at shimming provide to be 

ineffective and the ability of the NMR to lock and shim onto the solvent is extremely 

important; and this is an important aspect to the reactions because lock and shim creates 

an accurate and consistent magnetic field for the proper reading of the sample being 

studied. 

 Resolution to the problem was to build double chambered NMR tubes shown in 

figure 4.3. The inner chamber allowed us to place a known solvent into the NMR tube 

without contact with the reaction mixture. This solvent can be locked onto by the NMR 

and keep the best shimming possible throughout the reaction. 
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Figure 4.3
3
 

 The kinetics study is not to simply monitor the rate of reaction and compare each 

derivative but we are attempting to determine the rate constant of each derivative. The 

rate constant is most important to our research and is found using equation 4.2. [A] is the 

concentration at time t, [A0] is the initial concentration and k is the rate constant. 

  
   

    
     

Equation 4.2 

 Equation 4.2 gives a mathematical representation of the first order rate law. From 

this equation we will able to calculate the rate constant for each derivative we 

synthesized. A more practical way of determining the rate constant comes from a 

graphical representation of the equation. This equation can be rewritten in a slightly 

External Standard 

Reaction Mixture 
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different form, Equation 4.3 and this rewritten equation can be identified with that of an 

equation of a straight line.  

                   

Equation 4.3 

 

 A straight line has the mathematical form y = mx + b, when y is plotted on the 

vertical axis against x on the horizontal axis. Now one can identify the corresponding 

mathematical terms shown in equation 4.4. This rewritten equation allows for is 

calculations of the rate constant k by graphical means. When time is plotted against the 

natural log of concentrations the slope m is equal to the rate constant for a first order 

reaction. 

 With the solubility of the salt and derivatives solved with the manipulation of the 

solvent it was possible for the kinetics study to begin. The alcohol chosen for the kinetics 

study was 2-(2-methoxy ethoxy) ethanol. This alcohol was chosen as for the study 

because it is a primary alcohol which makes it favorable for benzylation. In addition, the 

alcohol NMR peaks do not interfere with any peaks we wish to observe. The peaks from 

the alcohol are further up-field which leave our observed peaks cleanly discernable.  The 

magnesium oxide was removed from the reaction to help promote a soluble salt and the 

solvent chosen was a deuterated acetone/toluene mixture, scheme 4.1. 
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Scheme 4.1 

 

 The rate studies were conducted once for each salt. A reaction mixture including 

the salt, toluene-D8 and alcohol were prepared in the traditional method using a vial. 

From the vial, a small aliquot was extracted and placed into the NMR tube. The NMR 

tube was then diluted with the acetone-D6. Some salts only required minimal amounts of 

shaking for the solution to become clear while other salts required the assistance of a 

vortex to vigorously stir the solution until it became clear. This method worked well to 

increase the solubility of the salt.  

 Before we began our rate studies, we found a solvent that could be used in the 

inner chamber of our double chamber NMR tubes. This was an important for the 

resolution of the spectra and would allow us to overcome our problem with lock and 

shim. The reaction was to be run at an elevated temperature which will boil most 

solvents. Testing different solvents in our inner chamber was the first step. Table 4.3 

shows results of spectra with various solvents in the inner chamber.  
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Solvent Boiling Point (
o
C) Spectra Quality 

Deuterated Dimethyl 

Sulfoxide (DMSO) 

189 Poor 

Deuterated Water 

(D2O) 

100 Poor 

Acetone-D6 56 Good 

Chloroform-D 62 Good 

Toluene-D8 111 Extremely Poor 

Table 4.1 External Standard Trials 

 Acetone-D6 and chloroform-D gave the best resolution of NMR spectra. Toluene-

D8 had to locked and shimmed manually and all attempts gave extremely poor resolution. 

The D2O shifted the peaks in an undesirable way and did not give spectra as well as 

either the acetone or chloroform. Due to the boiling points of the potential lock standards, 

the inner chamber was sealed before use. 

 The reactions of the derivatives were monitored for 13 hours and spectra acquired 

every half hour. This procedure was successful for the regular salt and all derivatives 

with an electron withdrawing groups attached. However, the reaction of the 2-(4-

methylbenzyl)oxy-1-methylpyridinium triflate completed within several hours. Since the 

reaction occurred so quickly, the overall time for reaction was lowered to 3 hours and 

spectra was taken every ten minutes. Figure 4.5 and 4.6 show spectra of the original salt 

and the first spectra taken and the last spectra taken.  
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Figure 4.5 

 Figure 4.5 shows the first spectrum acquired for Bn-OPT at room temperature and 

no benzyl ether has been formed. The spectrum in Figure 4.6 shows a singlet for the 

single proton of the trichloroethylene  at 6.1 ppm and a singlet for the benzyl protons of 

the Bn-OPT at 5.4 ppm. Figure 4.6 is the final spectrum acquired for the reaction of Bn-

OPT. Figure 4.6 shows a singlet for the single proton of trichloroethylene at 6.1 ppm and 

a singlet for the benzyl protons of the benzylated alcohol at 4.7 ppm. Figure 4.6 does 

show another peak slightly up field of the benzyl protons of the benzylated alcohol. This 

peak comes from the Friedel-Crafts byproduct. The reaction was considered done when 

the product peak no longer grew.   
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Figure 4.6 

 Once the reaction data was collected for  Bn-OPT, the reaction data was plotted to 

log [A]/[A] against the time, as shown in figure 4.7. The straight line of the plot is 

suggestive of first order reaction in salt concentration but doesn’t explicitly preclude 

other orders of reaction. 
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Figure 4.7 

 The rate data for each derivative could be used to calculate each individual rate 

constant (k). Table 4.4 shows the rate constant for each salt. Our calculations for the rate 

constant were not done over the entire period of time. Instead, the reaction was 

considered complete when the product peak stopped growing. From this point, the 

concentrations were calculated as if the peak areas were the same as the last spectra 

indicating growth. 
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Salt Rate Constant R
2
 Value 

Nitro  0.0121 hr
-1 

0.5771 

Trifluoromethyl 0.0495 hr
-1 

0.9895 

Chloro 0.3445 hr
-1 

0.991 

Bromo 0.2103 hr
-1 

0.9816 

Hydrogen 0.3452 hr
-1 

0.9949 

Methyl 0.7941 hr
-1 

0.9844 

Table 4.2 

 Our graphical data for each individual salt resulted in minimal amounts of error 

with a R squared value of 0.98 or higher. This was not the case for the nitro-derivative. 

The R squared value was significantly lower. Figure 4.8 shows the graphical data for the 

derivatives and their rate of reactions, excluding the nitro-derivative. A low correlation 

may be sue to the much slower reaction rate for this the nitro derivative resulting in much 

smaller area differences from spectrum to spectrum. Even though the correlation constant 

is not excellent, the rate constant can still be used in the Hammett plot and fits the 

correlation well.  
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Figure 4.8 

 A Hammett plot was created by plotting the sigma values (as discussed in chapter 

one) against the logarithmic values of the derivative over the original salt, log (k/k0), 

Table 4.5. The Hammett includes data from all derivatives with exception of the 2-(4-

methoxylbenzyl)oxypyridinium triflate. The R squared value for the nitro-derivative was 

low which indicates the correlation is smaller than the other derivatives. However, the 

value still represents some correlation and using the value is still included in the Hammett 

plot, Figure 4.9.   
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Alcohol 

Derivative 

Nitro Trifloromethyl Chloro Bromo Hydrogen Methyl 

Rate  

Constant 

(hr
-1

) 

0.0121 
 

0.0495 0.3445 0.2103 0.3452 0.7941 

Sigma 

Value 

0.79 

σ 

0.54 

σ 

0.11 

σ
+ 

0.15 

σ
+ 

0.00 

σ 

-0.07 

σ
+ 

Table 4.3 

 

Figure 4.9 

 The Hammett plot has given a strong correlation value of 0.9804. This indicates a 

relationship between the alkoxypyridinium salt derivatives and their effects on the 

reaction rates, as we have proposed. Figure 4.10 illustrates the two extreme pathways we 

were investigating. With the Hammett plot and other mechanistic evidence such as the 2-
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(t-butyl)oxypyridinium triflate, data suggests the benzylation of an alcohol with the 2-

benzyloxy-1-methylpyridinium triflate proceeds through a carbocation, Figure 4.10.  

 

Figure 4.10 

 The synthesis and preliminary mechanistic study of alkoxypyridinium salt 

derivatives has given valuable data to help supplement preexisting data. Discussed 

earlier, Frediel-Crafts mechanism, dibenzyl ether formation and failed methylation of 

alcohols via 2-methoxy-1-methylpyridinium triflate have suggested a SN1 mechanism. 

Together, the idea of a carbocation intermediate has been reinforced. Synthesis of 

alkoxypyridinium salts have been successfully synthesized. The Bn-OPT analogues have 

expanded the utility of Bn-OPT by allowing for functionalized benzyl groups as possible 

protecting reagents. The 2-t-butoxy-1-methylpyridinium triflate allows for the installation 

of the t-butyl protecting group under neutral conditions (until now, required an acidic 

media). Successful application of 2-t-butoxypyridinium triflate helps supplement the data 

and Hammett data also suggest a SN1 mechanistic pathway. 
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 There is still future work that needs to be performed to complete the elucidation 

of the Bn-OPT mechanism. Our studies have simply laid the foundation for a more 

complete study. Future studies will need to optimize work done here as well as approach 

the mechanistic studies from an SN2 perspective. We successfully synthesized Bn-OPT 

derivatives, found some resolution to the solubility issue and developed methods for rate 

studies employing the NMR.  
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