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Chapter 1.   

Introduction and General Summary 
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1.1  Ester 

     Esters are some of the most important substrates used in flavorings, cosmetics 

and materials like PET.1  Many esters are currently synthesized on an industrial scale 

and used in our daily life (Figure 1).  For example, butyl hexanoate is manufactured 

in Japan for use as a pineapple flavoring.   
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Figure 1.  Useful esters in daily life 

 

     Since a variety of esters are synthesized on an industrial scale all over the world, 

large amounts of byproducts are also generated during synthetic processes.  Therefore, 

the use of stoichiometric dehydrating reagents, activated carboxylic acid derivatives, 

excess amounts of substrates, or solvents can lead to considerable waste after ester 

condensation reactions.  Furthermore, the use of additional energy for azeotropic 

reflux is not desirable.  Thus, the catalytic dehydrative condensation between 

equimolar amounts of carboxylic acids and alcohols without the use of an additional 

dehydration procedure is the most ideal method for the synthesis of esters.  Recently, 

some catalysts are reported toward this reaction but there are still some problems.  

Therefore, there is still strong demand for the development of the synthetic method.   

 

 

1.2  Development of Practical Methods for the Synthesis of Esters 

     The acylations of alcohols with carboxylic anhydrides or carboxylic chlorides are 

conventional methods for the synthesis of esters (Scheme 1).
2
  These reactions are 

carried out under mild conditions and can be applied to the acylation of a variety of 

alcohols.  However, these reactions produce one equivalent of carboxylic acid or 

hydrogen chloride as byproducts.  Moreover, stoichiometric amounts of bases are 

needed to neutralize these acidic byproducts.  Therefore, these methods are not 

desirable from the perspective of green chemistry. 
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Scheme 1.  Example of the conventional ester condensation method 

 

     The catalytic direct dehydrative condensation
3
 of carboxylic acids with alcohols 

is an excellent alternative for the synthesis of esters with regard to atom economy4 and 

E-factor5 because a stoichiometric amount of condensation reagent is not used in this 

reaction.  However, since the acid-catalyzed dehydrative ester condensation is an 

equilibrium reaction, it should be conducted with excess carboxylic acids (or alcohols) 

against a counterpart to obtain the esters in high yields (Scheme 2).  The use of excess 

substrates is wasteful and is not desirable for green chemistry.   

 

CO2H H2SO4 CO2Et

Reflux
EtOH

(Solvent)
+ H2O+

 

Scheme 2.  Catalytic dehydrative ester condensation 

 

     In 2000, Yamamoto and colleagues reported a Lewis acid-catalyzed ester 

condensation reaction between an equimolar mixture of carboxylic acids and alcohols 

(Scheme 3).6  This is a more ideal method for green chemistry than the conventional 

approaches because one equivalent of water is the only byproduct of ester condensation 

processes.  However, to give esters in high yields, water must be removed by 

azeotropic reflux, which requires additional energy. 
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Scheme 3.  Lewis acid-catalyzed dehydrative ester condensation 

 

     Tanabe and colleagues reported that N,N-diphenylammonium triflate (1) 

efficiently catalyzed the ester condensation reaction between an equimolar mixture of 
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carboxylic acids and alcohols under thermal conditions (Scheme 4).7  Importantly, this 

method does not require any dehydration procedure such as azeotropic reflux.  

However, it does require the use of a less polar solvent for high reactivity.  In addition, 

it is difficult to synthesize the esters of acid-sensitive alcohols because 1 is a rather 

strong Brønsted acid. 
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Scheme 4.  N,N-Diphenylammonium triflate-catalyzed ester condensation  

 

In 2005, Ishihara and colleagues reported that bulky N,N-diarylammonium 

pentafluorobenzenesulfonates were mild and highly efficient ester condensation 

catalysts (Scheme 5).8  These catalysts promote the ester condensation of carboxylic 

acids with equimolar amounts of sterically demanding alcohols and acid-sensitive 

alcohols without the removal of water.  However, this method also requires the use of 

a less polar solvent such as heptane or toluene for high reactivities.  
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Scheme 5.  Bulky N,N-diarylammonium pentafluorobenzenesulfonate-catalyzed ester 

condensation 

 

These two types of N,N-diarylammonium salts are good catalysts for the ester 

condensation between an equimolar amount of carboxylic acids and alcohols without 

dehydration procedures.  Furthermore, they can promote the ester condensation of 

various substrates.  However, these methods have five problems, as follows.  First, 
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the reactions require long reaction time because the acidities of the 

N,N-diarylammonium salts are lower than various Brønsted acids which can promote 

the ester condensation.  Therefore, the reactions use additional energy.  Second, the 

catalysts are expensive.  Third, the ester condensation reactions they catalyze require 

the use of less polar solvents to prevent water from deactivating the catalysts.  These 

less polar solvents remove water from the active sites of the catalysts due to their 

hydrophobicity because the catalysts have not enough hydrophobicity to remove the 

generated water from active site.  Since solvents are considered to be waste after the 

reaction, it is important to reduce the use of organic solvents.  Fourth, the reactions do 

not run to completion since these catalysts also promote the hydrolysis of esters by a 

small amount of water dissolved in the organic phase.  Finally, these methods require 

the use of column chromatography to separate the catalysts from the reaction mixture 

and to purify the esters.   

Chapter 2 discusses the development of the ester condensation processes for 

greater practicality and higher reactivity than with the use of N,N-diarylammonium salt 

catalysts since less reaction time and energy is needed.  Therefore, the author used 

sulfonic acids which are more acidic and have higher catalytic activities than 

N,N-diarylammonium salts as catalysts because the reaction time or energy can be 

reduced.  Although sulfonic acid-catalyzed ester condensation may not be applied to 

the ester condensation of acid-sensitive substrates due to the high acidity of sulfonic 

acids, it is important to synthesize large amounts of esters of the simple substrates such 

as primary alcohols and benzoic acid at low price by simple procedure since the esters 

widely used.  In addition, various sulfonic acids are less expensive than 

N,N-diarylammonium salts and are commercially available.  Moreover, the 

purification method for ester condensation catalyzed by sulfonic acids might be easier 

than that with N,N-diarylammonium salts because sulfonic acids can be separated by 

washing the crude product with a small amount of water.  However, sulfonic acids are 

easily deactivated by water since they have high hydrophlicity.  Therefore, the author 

first considered that the solvent effect might play a key role in the high reactivity of 

ester condensation reactions catalyzed by sulfonic acids under the conditions without 

the removal of water. 

     The author examined the reactivity of 10-camphorsulfonic acid (CSA)-catalyzed 

ester condensation in various solvents (Figure 2).  As expected, CSA showed high 
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catalytic activity in a less polar solvent such as heptane without the removal of water.  

Interestingly, the reaction proceeded the most rapidly under solvent-free conditions with 

little influence of water.  However, the reaction was not completed because CSA also 

promoted the hydrolysis of esters under these reaction conditions.  Thus, the author 

examined a simple dehydration procedure that did not require the use of additional 

equipment, procedures, or energy.  The author was pleased to find that the reactivity of 

the ester condensation under open-air conditions was very high and the reaction was 

complete in 20 hours, since the generated water was gradually removed from the 

reaction mixture under thermal conditions.  These results showed that the ester 

condensation under solvent-free and open-air conditions had high potential as a 

practical method for the synthesis of esters. 
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Figure 2.  Solvent effect and the effect of dehydration 

Circle, solvent-free and open-air; square, solvent-free; triangle, in heptane 

 

Next, the author examined the catalytic activities of various sulfonic acids under 

solvent-free conditions (Table 1).  The catalytic activities of the sulfonic acids 

depended on their pKa values.  For example, sulfuric acid (H2SO4) is highly acidic and 

showed high catalytic activity.  However, when H2SO4 catalyzed the ester 
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condensation of secondary alcohols, significant amounts of olefins were produced as 

byproducts.  On the other hand, p-toluenesulfonic acid (TsOH) and CSA, which are 

slightly less acidic than H2SO4, successfully promoted the ester condensation without 

the production of byproducts. 

 

Table 1.  Comparison of the Catalytic Activities of Various Sulfonic Acids 

Solvent-Free
80 °C, 22 h

+
cat. (5 mol %)

Ph(CH2)3 OH

O

Ph(CH2)3 O

O

n-C5H11

n-C5H11n-C5H11

n-C5H11HO
+

Ester Olefin

n-C5H11

n-C4H9

 

 cat. pKa
a
 yield of ester (%) yield of olefin (%) 

H2SO4 7.0 93 7 

TsOH 8.5 95 0 

CSA 9.0 93 0 

    apKa values were measured in CD3CO2D 

 

     Dehydrative condensations between equimolar mixtures of various aliphatic 

alcohols and carboxylic acids were successfully promoted by sulfonic acid catalysts 

under solvent-free and open-air conditions.  Sulfonic acid showed higher catalytic 

activities than N,N-diarylammonium salts.  The present protocol could be easily 

applied to a large-scale process and could give the corresponding ester in almost 

quantitive yield by simple extraction.  However, this method was not applied to the 

ester condensation of acid-sensitive alcohols and phenols because sulfonic acid catalysts 

also promoted decomposition of the acid-sensitive alcohols or hydrolysis of these 

phenyl esters.
9
  Through the present protocols, a large amount of simple and useful 

esters can be synthesized in a rather simple method. 

 

 

1.3  Ester Condensation Reactions under Aqueous Conditions 
Water plays an important role in dehydrative ester condensation.  Since water 

has unique physical and chemical properties, it may be possible to realize reactivity and 

selectivity that cannot be achieved in organic solvents under aqueous conditions.
10

  

Moreover, water is an inexpensive, safe and environmentally benign solvent compared 

to organic solvents.  Therefore, the use of water as a reaction solvent has received 



 8 

much attention in synthetic organic chemistry.  Next, the author turned my attention to 

the development of ester condensation reactions under aqueous conditions. 

Although various efficient catalytic systems under aqueous conditions have been 

developed so far, dehydrative ester condensation reactions under aqueous conditions 

are still difficult because these reactions are equilibrium reactions.  The presence of 

water should have a detrimental effect on the equilibrium of dehydration reactions.  

Moreover, widely used Brønsted acid catalysts are highly hydrophilic.  Under 

aqueous conditions, these Brønsted acids are dissolved in the aqueous phase and 

deactivated by water. 

In 2001, Kobayashi and colleagues reported the dehydrative ester condensation 

between long-chain fatty acids and hydrophobic alcohols in water using 

p-dodecylbenzenesulfonic acid (DBSA) as a surfactant-type catalyst (Scheme 6).11,12  

They claimed that DBSA and long-chain substrates would form emulsion droplets in 

water to accelerate dehydration reactions (Figure 3). 

 

+ Ph(CH2)3OH
DBSA (10 mol %)

H2O, 40 °C, 48 h

89% yield

O(CH2)3Ph

O

n-C11H23OH

O

n-C11H23 2 equiv

 

Scheme 6.  DBSA-catalyzed ester condensation in water 
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Figure 3.  Illustration of ester condensation catalyzed by DBSA in water 

 

Water is used as a reaction solvent in our bodies.  For example, lipases 

successfully catalyze the ester condensation reactions under aqueous conditions.  

Lipases create a hydrophobic environment around the active site (Figure 4).13  This 

hydrophobic wall prevents polar water molecules from gaining access to the active site 

of the lipase and thus inhibits the hydrolysis of esters.  In contrast, less polar 
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substrates can approach the active site through the hydrophobic wall and be activated 

efficiently.  Therefore, lipases promote ester condensation reactions and prevent the 

hydrolysis of esters. 

 

 

Figure 4.  Illustration of the active site of lipase 

 

In 2007, Ishihara and colleagues reported the X-ray crystallographic analysis of 

N-mesityl-[1,1’:3’,1’’-terphenyl]-2’-ammonium pentafluorobenzenesulfonate 2 (Figure 

5).14  The bulky aryl groups of the N,N-diarylammonium salts create a hydrophobic 

environment around the catalytic center, as with the active site of lipase.  Thus, 2 

promotes dehydration reactions such as ester condensation and cyclization of 

1,3,5-triketones in less polar solvents.  Based on the design of this catalyst, the author 

considered dehydrative ester condensation might be promoted under aqueous 

conditions. 
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Figure 5.  X-ray structure of 2 

 

     In chapter 3, the author designed new Brønsted acid catalysts for dehydrative 

ester condensation under aqueous conditions.  The author first examined various 

hydrophobic N,N-diarylammonium sulfonates that were prepared at ambient 

temperature.  However, N,N-diarylammonium salts of various sulfonic acids were 

disappointingly inert because sulfonic acids were dissolved in the aqueous phase.  

After intensive studies, the author found that N,N-diarylammonium sulfate 3, which was 

prepared at 80 °C for 0.5 h, surprisingly promoted ester condensations under aqueous 

conditions, although sulfuric acid is extremely hydrophilic (Scheme 7). 

 

+ n-C12H25OH

87% yield

NH

OH

O

Ph(CH2)3
On-C12H25

O

Ph(CH2)3

+ H2SO4

H2O, 60 °C
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i-Pr

i-Pr

Ph

Ph
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3

 

Scheme 7.  Dehydrative ester condensation catalyzed  

by N,N-diarylammonium sulfate 3 

 

    The pretreatment of N,N-diarylammonium sulfate catalysts by heating was crucial 

for high catalytic activities.  An alkaline titration experiment showed that large 
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amounts of preheated N,N-diarylammonium sulfates were included in the organic phase.  

Based on these results, 
1
H NMR analysis of the active catalysts, and Halstead’s report

15
 

of the thermal decomposition of ammonium sulfate, the author proposed that the active 

species of preheated N,N-diarylammonium sulfates would be the ammonium salts of 

pyrosulfuric acid.  The N,N-diarylammonium pyrosulfates formed four hydrogen 

bondings in a bidentate fashion between two N,N-diarylammonium cations and a 

pyrosulfate anion  (Figure 6).  Thus, the structure of the N,N-diarylammonium salts 

of pyrosulfuric acid should be more stable than that of sulfuric acid.  The high 

stabilities of N,N-diarylammonium pyrosulfates would increase the oil-solubilities and 

the catalytic activities for the dehydrative ester condensation under aqueous conditions. 
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Figure 6.  B3LYP/6-31G(d) optimized geometry of N,N-diarylammonium 

pyrosulfates 

 

     The use of 3 in water offered some additional advantages in unusual selective 

ester condensations.  For example, when the reaction of a 1:1:1 molar mixture of 

1-adamantanecarboxylic acid, acetic acid, and 1-dodecanol was conducted in water, the 

ester of hydrophobic 1-adamantanecarboxylic acid was predominantly obtained (81% 

yield) along with the ester of hydrophilic acetic acid in 5% yield (Scheme 8).  In 

contrast, the same reaction in heptane preferentially gave the acetate (85% yield).  This 

selectivity was based on the difference in hydrophobicity of the substrates. 
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Scheme 8.  Unusual selective ester condensation 

 

 

1.4  Hydrolysis of Esters without the Use of Any Organic Solvents 

     The hydrolysis of esters is also an important reaction because esters are often 

used not only as substrates for the synthesis of carboxylic acids but also as protecting 

groups of carboxylic acids or alcohols.
16

  For example, in our bodies, triacylglycerols, 

which are triesters derived from glycerol and three fatty acids, are hydrolyzed by lipase 

to fatty acids and glycerol (Scheme 9).17  The fatty acids are used as an energy source. 

 

OCOR1

R2CO2

OCOR3

Triacylglycerol

R1CO2H     +     R2CO2H     +     R3CO2H
Lipase

Fatty Acids

 

Scheme 9.  Example of the hydrolysis of esters 

 

In general, the hydrolysis of esters is performed under mild basic conditions 

(Scheme 9).
18

  However, a stoichiometric amount of bases is required under these 

reaction conditions because the generated carboxylic acids form salts with the base 

catalysts.  Thus, neutralization of the carboxylic acid salts with a strong acid is 

required to obtain the corresponding carboxylic acids.  The alkaline hydrolysis is 

carried out in a mixture of organic solvents and water because both substrates and bases 

must be dissolved in a homogeneous solution to achieve high reactivities.  Moreover, 

frequent problems encountered under these basic conditions include the epimerization 

of N-protected-!-amino acid esters and the decomposition of base-sensitive functional 

groups.
19 
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R OMe

O

R OLi

OLiOH (5 equiv)

MeOH–H2O (3:1 v/v) R OH

OH+

 

Scheme 10.  Conventional hydrolysis of esters under basic conditions 

 

The hydrolysis of esters can also be promoted by the use of acid catalysts.
20

  

However, in general, acid-catalyzed hydrolysis also requires the use of organic solvents 

because both substrates and catalysts should be dissolved in a homogeneous solution.  

In a heterogeneous reaction mixture, Brønsted acid catalysts are dissolved in the 

aqueous phase and the reactivity of hydrolysis should be decreased. 

     In chapter 4, the author investigated the catalytic hydrolysis of esters under 

acidic conditions without the use of any organic solvents.  In chapter 3, the author 

developed oil-soluble N,N-diarylammonium pyrosulfate catalysts for dehydrative ester 

condensation reactions under aqueous conditions.  The author considered that these 

catalysts would promote the hydrolysis of esters without the use of any organic solvents 

based on the following hypothesis (Figure 7):21 A small amount of water would be 

transferred into the organic phase as the substrate of hydrolysis.  The hydrolysis of 

esters would proceed in the organic phase catalyzed by oil-soluble N,N-diarylammonium 

pyrosulfates.  In the hydrolysis of methyl esters, the generated methanol would then 

move into the aqueous phase.  Thus, the equilibrium of the reactions would favor the 

cleavage of esters.  

 

R OMe

O

R OH

O

MeOH

cat.

Aqueous

Organic

H2O

H2O

MeOH

 

Figure 7. Working hypothesis for the hydrolysis of methyl esters under aqueous 

conditions catalyzed by N,N-diarylammonium pyrosulfate catalysts 
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     Based on this hypothesis, the author found that 3 also promoted the hydrolysis of 

esters under aqueous conditions in the absence of any organic solvents (Scheme 11).  

The present method could be applied to various esters such as methyl, ethyl, and 

isopropyl esters.  Especially, the hydrolysis of N-Cbz-L-phenylglycine methyl ester 

was successfully promoted by 3 without epimerization under aqueous conditions 

(Scheme 12).  In contrast, conventional alkaline hydrolysis resulted in significant 

epimerization (93% yield, 15% ee).
22

 

 

n-C11H23CO2Me n-C11H23CO2H
H2O, 60 °C

(5 mol %)

86% yield

3

 

Scheme 11.  N,N-Diarylammonium pyrosulfates promoted hydrolysis without the use 

of organic solvents 

 

H2O, 80 °C

80% yield, >99% ee

CbzHN CO2H

Ph

CbzHN CO2Me

Ph
(10 mol %)3

 

Scheme 12.  Hydrolysis of N-Cbz-L-phenylglycine methyl ester 
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Chapter 2. 

Development of Practical Ester Condensation Reactions 

 

 

Abstract: Under solvent-free and drying agent-free conditions, catalytic amounts of 

sulfonic acids promote ester condensation between an equimolar mixture of carboxylic 

acids and alcohols.  In particular, p-toluenesulfonic acid (TsOH) and 

10-camphorsulfonic acid (CSA), which have appropriate acidities, efficiently catalyze 

the ester condensation of secondary alcohols without their decomposition.  Since the 

present protocol does not require solvents under simple open-air conditions, a large 

amount of esters can be synthesized in a rather small apparatus. 
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     Catalytic condensation between an equimolar mixture of carboxylic acids and 

alcohols is most desirable with regard to atom economy and E-factor.1–4  

Conventionally, the acid-catalyzed ester condensation is conducted under the azeotropic 

reflux conditions with the removal of water.  For example, hafnium(IV) salts 

efficiently catalyze the ester condensation between an equimolar mixture of carboxylic 

acids and alcohols under the azeotropic reflux conditions in toluene.3  However, 

catalytic activities of Hf(IV) salts significantly decrease when the reaction is conducted 

under the conditions without the removal of water due to the serious inactivation of the 

catalysts by water.  Recently, Ishihara and colleagues reported bulky 

N,N-diarylammonium pentafluorobenzenesulfonates as mild and selective ester 

condensation catalysts.5  These bulky N,N-diarylammonium salts efficiently catalyze 

ester condensation under heating conditions even without the removal of water.  The 

use of non-polar solvent such as heptane is critical for high reactivities.  In this chapter, 

the author found that the reaction of some alcohols with carboxylic acids was efficiently 

promoted by sulfonic acids under open-air and solvent-free conditions.  This is a very 

simple and practical method for ester condensation catalyzed by sulfonic acids.   

     The author considered that the solvent effect might play a key role in ester 

condensation catalyzed by sulfonic acids under conditions without the removal of water.  

First, the solvent effect was examined in sulfonic acid-catalyzed ester condensation 

(Figure 1).  6-Undecanol (2 mmol) was reacted with 4-phenylbutyric acid (1.1 equiv) 

in the presence of 10-camphorsulfonic acid (CSA, 5 mol %) in several solvents (2 mL) 

at 80 °C without removal of the water produced.  To reduce experimental errors, these 

reactions were performed in screw-capped vessels (!16 mm ! 100 mm).  When the 

reaction was conducted in toluene, which is conventionally used as a solvent in 

Brønsted acid-catalyzed ester condensation, the reaction proceeded slowly and the 

corresponding ester was obtained in moderate yield (Figure 1, triangle).  The water 

produced might decrease the catalytic activity of CSA in a relatively polar solvent such 

as toluene under these conditions without the removal of water.  In contrast, the 

reaction proceeded more rapidly in heptane, a less polar solvent (Figure 1, square).  

Interestingly, the reaction proceeded most rapidly under solvent-free conditions with 

little influence of water (Figure 1, closed-circle).  The finding that the reaction 

proceeded very well under solvent-free conditions without the removal of water is very 

important for the development of a practical ester condensation method.  It is 
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conceivable that the use of a sulfonic acid catalyst is the key to the success of the 

solvent-free ester condensation.  In contrast to Lewis acids such as Hf(IV) salts, the 

affinity of sulfonic acids with water might be weak.  Therefore, sulfonic acids were 

unlikely to be inactivated under the solvent-free conditions.  When CSA-catalyzed 

ester condensation was performed in a screw-capped vessel, the reaction did not 

proceed to completion, even though the reaction time was prolonged.  It is conceivable 

that this result was due to hydrolysis of the product and/or the inactivation of CSA by 

the water produced.  Therefore, we next performed ester condensation in an open-air 

vessel (!16 mm ! 100 mm) to remove water spontaneously.  As a result, the reaction 

proceeded slightly more rapidly than in a screw-capped vessel, and was completed as 

expected (Figure 2A).  The reactivity of ester condensation under solvent-free 

conditions in the open-air vessel was very high.  In fact, the present ester condensation 

showed the same reactivity as that conducted under azeotropic reflux conditions in 

cyclohexane (bp 80.7 °C, bath temperature ~115 °C) with the removal of water (Figure 

2B).  When the ester condensation in solvents is conducted under the open-air 

conditions, solvents would be evaporated, which causes some trouble in the reaction.  

These results showed that the present ester condensation has high potential as a practical 

method for the synthesis of esters.  
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Figure 1.  Solvent effect in CSA-catalyzed ester condensation. 

6-Undecanol (2 mmol) was reacted with 4-phenylbutyric acid (1.1 equiv) in the 

presence of CSA (5 mol %) in solvent (2 mL) at 80 °C without the removal of water:  

closed-circle, solvent-free; square, heptane; triangle, toluene.  Yield was determined 

by 1H NMR analysis. 
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Figure 2.  Effect of dehydration in CSA-catalyzed ester condensation. 

6-Undecanol (2 mmol) was reacted with 4-phenylbutyric acid (1.1 equiv) in the 

presence of CSA (5 mol %) in solvent (2 mL) at 80 °C:  open-circle, solvent-free 

conditions in an open-air vessel; closed-circle, solvent-free conditions in a 

screw-capped vessel; square, azeotropic reflux in cyclohexane (bp. 80.7 °C) with the 

removal of water; triangle, azeotropic reflux in benzene (bp. 80.1 °C) with the removal 

of water.  The yield was determined by 1H NMR analysis. 

 

    Encouraged by these results, we next examined the catalytic activities of various 

sulfonic acids under the present reaction conditions.  6-Undecanol (2 mmol) was 

reacted with 4-phenylbutyric acid (1.1 equiv) in the presence of 5 mol % of 

concentrated sulfuric acid (H2SO4), p-toluenesulfonic acid (TsOH), methanesulfonic 

acid (MsOH), 2-propanesulfonic acid (i-PrSO3H), and CSA in a screw-capped vessel 

(Table 1).  The catalytic activities of the sulfonic acids depended on their pKa values, 

and H2SO4 [pKa (CD3CO2D) = 7.0]6 showed the highest reactivities among the catalysts 

examined (entry 1).  However, the high acidity of H2SO4 resulted in the production of 

5-undecene as a byproduct (7%), and the yield of the desired ester decreased (93%).  

In contrast to the results with H2SO4, other sulfonic acids such as TsOH [pKa 

(CD3CO2D) = 8.5], MsOH [pKa (CD3CO2D) = 8.6], CSA [pKa (CD3CO2D) = 9.0], and 

i-PrSO3H [pKa (CD3CO2D) = 9.6] did not cause the production of 5-undecene, and gave 

the ester in good yields (93–97%).  In general, sterically hindered secondary alcohols 
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are easily dehydrated to give alkenes under acidic conditions.  However, the results 

described above showed that sulfonic acids with appropriate acidities successfully 

promoted the ester condensation of secondary alcohols without the production of 

alkenes.  

 

Table 1.  Comparison of the Catalytic Activities of Sulfonic Acids for Ester 

Condensation between 6-Undecanol and 4-Phenylbutyric Acida 

n-C4H9

n-C5H11catalyst (5 mol %)

solvent-free, 80 °C

+ +  H2O

Ph(CH2)3 OH

O

HO n-C5H11

n-C5H11

Ph(CH2)3 O

O

n-C5H11

n-C5H11
+

(1.1 equiv)  

Entry Catalyst pKa
b
 Conv. (%)c

  

   2 h 22 h 

1 H2SO4 7.0 60 93 [7]d
 

2 TsOH 8.5 45 97 [0]d
 

3 MsOH 8.6 45 97 [0]d
 

4 CSA 9.0 36 95 [0]d
 

5 i-PrSO3H 9.6 22 93 [0]d
 

aThe reaction was conducted in the presence of a sulfonic acid (5 mol %) under 

solvent-free conditions at 80 °C in a screw-capped vessel.  bpKa values were measured 

in CD3CO2D.  cDetermined by 1H NMR analysis.  dYield of 5-undecene is shown in 

brackets. 

 

     Next, we examined the catalytic activities of sulfonic acids in ester condensation 

between 6-undecanol and benzoic acid (Figure 3). The reaction was conducted at 

100 °C, since the reactivity of benzoic acid was rather low. This high reaction 

temperature caused the generation of an increased amount of 5-undecene.  Especially, 

the reaction catalyzed by H2SO4 produced a significant amount of 5-undecene, and the 

yield of the desired ester was poor (graph A).  Lower catalyst loading (1 mol % of 

H2SO4) did not suppress the generation of 5-undecene, and merely decreased the 

reactivity (ester: 63% yield, 5-undecene: 20% yield for 47 h reaction).  In contrast, 

TsOH and CSA efficiently promoted the ester condensation with little production of 

5-undecene, and a 50 h reaction gave the desired ester in 90% yield (graphs B and C).  

In the ester condensation catalyzed by TsOH, however, a prolonged reaction time 
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caused the generation of a significant amount of 5-undecene (graph B). The catalytic 

activity of i-PrSO3H was much lower than those of TsOH and CSA, due to its lower 

acidity (graph D).  
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Figure 3.  Ester condensation with benzoic acid catalyzed by sulfonic acid.  

6-Undecanol (2 mmol) was reacted with benzoic acid (1.1 equiv) in the presence of a 

sulfonic acid (5 mol %) under solvent-free conditions at 100 °C in a screw-capped 

vessel.  The proportions of 6-undecanol (triangle), 6-undecyl benzoate (circle) and 

5-undecene (square) over time were evaluated by 1H NMR analysis. 

 

     To explore the generality and scope of the present ester condensation catalyzed 

by sulfonic acids, the reaction was examined with an equimolar mixture of various 

alcohols and carboxylic acids under solvent-free conditions in an open-air vessel (Table 

2).  The ester condensation of primary alcohols proceeded very well even with 

sterically hindered carboxylic acids such as 1-adamantanecarboxylic acid, and the 
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corresponding esters were obtained in excellent yields (entries 1–6).  The present 

protocol could be easily applied to a large-scale process.  The ester condensation of an 

equimolar mixture of 2-octyldodecanol and myristic acid catalyzed by CSA (1 mol %) 

gave the corresponding ester in 97% yield, just after simple extraction with the minimal 

use of organic solvents (entry 3).  Esters derived from secondary alcohols were also 

obtained in good yields (entries 7–16), although the reactivities of secondary alcohols 

were lower than those of primary alcohols.  Ester condensation of 

trans-1,2-cyclohexanediol gave the corresponding diester in high yields (entries 7–9), 

while Lewis acidic metal salts, such as HfCl4•2THF, were not suitable for use with 

these diols due to tight chelation with metal ions.3c  The reactions catalyzed by TsOH 

and CSA gave particularly excellent results (entries 8 and 9), although the use of H2SO4 

led to isomerization of the product (trans: cis = 93:7) (entry 7).  When the reaction of 

6-undecanol with 3-phenylpropionic acid was conducted with a catalytic amount of 

H2SO4, a significant amount of 5-undecene was generated (12%) and the yield of the 

desired ester was decreased (78%) (entry 10).  In contrast, neither TsOH nor CSA 

promoted the generation of 5-undecene and the ester was obtained in good yields 

(entries 11 and 12).  Ester condensation of acrylic acid was also successfully 

conducted without promoting undesired conjugate addition (entries 13–15).  When 

substrates and/or products were solid, they were effectively dissolved by the addition of 

a small amount of octane.  For example, the reaction of "-cholestanol (solid, 2 mmol) 

with oleic acid proceeded well in the presence of octane (1 mL), and gave the 

corresponding ester (solid) in 98% yield (entry 16).  Tertiary alcohols are generally 

much less reactive than secondary alcohols and decompose much more easily to give 

alkenes under acidic conditions.  In fact, the reaction of 2-methyl-4-phenyl-2-butanol 

with 4-phenylbutyric acid resulted in the generation of alkenes in ca. 85% yields under 

the present reaction conditions.  In contrast to the ester condensation of aliphatic 

alcohols, the reaction of 4-methoxyphenol with methoxyacetic acid gave poor results 

(entries 17–19), while bulky N,N-diarylammonium salt-catalyzed esterification gave the 

corresponding ester in 99% yield.5  It is conceivable that the hydrophilic nature of 

sulfonic acids promoted hydrolysis of the product to decrease its yield without the 

removal water.8  Amino acid esters could be prepared through the present ester 

condensation by using 1 equiv of an additional sulfonic acid.  When L-phenylalanine 

and benzyl alcohol (2 equiv) were reacted with CSA (1.05 equiv), the corresponding 
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benzyl ester was obtained in good yield and with complete retention of its chiral center 

(entry 20).  
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Table 2.  Ester Condensation under Solvent-Free Conditionsa 

R1CO2H      +       R2OH R1CO2R2
catalyst (5 mol %)

open-air, solvent-free
heat

1:1 molar ratio
 

Entry Product (R1CO2R
2) Catalyst Conditions 

(°C, h) 

Isolated yield 

(%) 

1b
 H2SO4 60, 39 97 

2b
 CSA 60, 39 92 

3b,c 

n-C13H27 O

O

n-C8H17

n-C10H21  CSA 60, 24 97 [97]d
 

4e
 H2SO4 80, 3 93 

5e
 TsOH 80, 3 95 

6e
 

CO2-n-C8H17  
CSA 80, 3 92 

7e
 H2SO4 80, 22 89 [93:7]f

 

8e
 TsOH 80, 22 95 

9e
 

Ph(CH2)3CO2

Ph(CH2)3CO2  CSA 80, 22 95 

10 H2SO4 80, 19 78 [12]g
 

11 TsOH 80, 29 95 

12 

O

O

n-C5H11

n-C5H11

Ph  CSA 80, 29 90 

13e
 H2SO4 80, 48 81 

14e
 TsOH 80, 48 87 

15e
 

O

O

n-C5H11

n-C5H11

 
CSA 80, 48 91 

16h
 

H

O

O (CH2)7 (CH2)7CH3

HH

H

H

 

TsOH 60, 35 98 

17 H2SO4 80, 20 34 

18 TsOH 80, 26 39 

19 

O

O
MeO

OMe

 
CSA 80, 26 35 

20i
 

H2N

Ph

O

OBn

 

CSA 60, 36 89 [>99]j
 

aUnless otherwise noted, a mixture of alcohol (2 mmol) and carboxylic acid (2 mmol) 
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was heated with sulfonic acid (5 mol %) in an open-air vessel (!16 mm ! 100 mm).  
bThe reaction was conducted with sulfonic acid (1 mol %).  cThe reaction of alcohol 

(100 mmol) and carboxylic acid (100 mmol) was conducted in a 100-mL 

round-bottomed flask.  dThe purity of the product is shown in brackets.  eThe reaction 

was conducted with 1.1 equiv of carboxylic acid.  fThe ratio of trans isomer:cis isomer 

is shown in brackets.  gThe yield of alkenes is shown in brackets.  hThe reaction was 

conducted with octane (1 mL).  iThe reaction was conducted with 2 equivalents of 

benzyl alcohol.  jThe optical purity of the product is shown in brackets. 

 

     In conclusion, we have demonstrated that 1–5 mol % of sulfonic acids could 

efficiently catalyze the ester condensation of alcohols with carboxylic acids (1.0–1.1 

equiv) under open-air and solvent-free conditions.  This is a highly practical and 

atom-economical esterification method, since it does not require any solvent as well as 

additional equipment or additional amounts of materials and energy for dehydration.  

Through the present protocols, a large amount of esters can be synthesized in a rather 

small apparatus.  For example, 49 g of 2-octyldodecyl palmitate was synthesized in a 

100 mL round-bottomed flask (Table 2, entry 3).  
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Experimental Section 

 

General Methods.  

     IR spectra were recorded on a JASCO FT/IR-460 plus spectrometer.  1H NMR 

spectra were measured on a Varian Gemini-2000 spectrometer (300 MHz) or INOVA 

spectrometer (500 MHz) at ambient temperature.  Data were recorded as follows: 

chemical shift in ppm from internal tetramethysilane on the # scale, multiplicity (s = 

singlet; d = doublet; t = triplet; q = quartet; m = multiplet), coupling constant (Hz), and 

integration.  13C NMR spectra were measured on an INOVA spectrometer (125 MHz) 

at ambient temparature.  Chemical shifts were recorded in ppm from the solvent 

resonance employed as the internal standard (CDCl3 at 77.0 ppm).  High performance 

liquid chromatography (HPLC) was conducted using Shimadzu LC-10 AD coupled 

diode array-detector SPD-M10A and chiral column of Daicel Chiralcel OD-H (!4.6 mm 

! 250 mm).  For TLC analysis, Merck precoated TLC plates (silica gel 60 F254 0.25 

mm) were used.  For preparative column chromatography, Merck silica gel 60 

(0.040–0.063 mm) were used.  High resolution mass spectral analysis (HRMS) was 

performed at Chemical Instrument Center, Nagoya University on a JEOL JMS-700 

spectromemer.  

Conc. H2SO4 (Nacalai Tesque), TsOH (Wako Pure Chemical Industries, Ltd.), CSA 

(Wako Pure Chemical Industries, Ltd.), MsOH (TCI) and other materials were obtained 

commercially and used without further purification.  i-PrSO3H was prepared by 

passing its sodium salt (purchased from Fluka) through cation-exchange resin 

(Amberlite® IR-120H, H+ form).   

 

 

General Procedure 

     An open-air vessel (!16 mm ! 100 mm) was charged with the alcohol (2 mmol), 

the carboxylic acid (2 mmol) and the sulfonic acid (0.10 mmol), and the mixture was 

heated at 60–80 °C for several hours.  After the substrate had been consumed, the 

mixture was cooled to ambient temperature, and purified by column chromatography on 

silica gel (ca. 10 g) to give the corresponding ester. 
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Procedure for Ester Condensation under Azeotropic Reflux Conditions (Figure 

2B) 

     A flask (!18 mm ! 85 mm), equipped with a 5 mL pressure-equalized addition 

funnel containing a cotton plug and ca. 2 g of molecular sieves 4Å and a reflux 

condenser, was charged with 6-undecanol (2 mmol), 4-phenylbutyric acid (2.2 mmol) 

and CSA (0.10 mmol) in solvent (2 mL).  The mixture was heated under azeotropic 

reflux with the removal of water (bath temperature: ca. 115 °C).  The yields were 

determined by 1H NMR analysis.   

 

 

Ph(CH2)3 O

O

n-C5H11

n-C5H11

 6-Undecyl 4-phenylbutyrate:1  1H NMR (500 MHz, CDCl3) 

# 0.87 (t, J = 7.0 Hz, 6H), 1.19–1.36 (m, 12H), 1.45–1.56 (m, 4H), 1.95 (quint, J = 7.5 

Hz, 2H), 2.31 (t, J = 7.5 Hz, 2H), 2.65 (t, J = 7.5 Hz, 2H), 4.89 (tt, J = 6.5, 6.0 Hz, 1H), 

7.16–7.21 (m, 3H), 7.28 (t, J = 7.5 Hz, 2H); 13C NMR (125 MHz, CDCl3) # 14.0, 22.5, 

25.0, 26.7, 31.7, 34.0, 34.1, 35.2, 74.3, 125.9, 128.4, 128.5, 141.5, 173.3. 

 

Ph O

O

n-C5H11

n-C5H11

 6-Undecyl benzoate:  IR (neat) 1718, 1603, 1585, 1451, 1378, 

1313, 1273, 1175, 1110, 1069, 1026 cm–1; 1H NMR (500 MHz, CDCl3) # 0.87 (t, J = 

7.0 Hz, 6H), 1.23–1.44 (m, 10H), 1.58–1.73 (m, 4H), 5.13 (tt, J = 7.5, 5.0 Hz, 1H), 7.44 

(t, J = 8.0 Hz, 2H), 7.55 (tt, J = 8.0, 1.5 Hz, 1H), 8.05 (dd, J = 8.0, 1.5 Hz, 2H); 13C 

NMR (125 MHz, CDCl3) # 14.0, 22.5, 25.0, 31.7, 34.2, 75.1, 128.3, 129.5, 130.9, 132.6, 

166.4; HRMS (FAB) calcd for C18H29O2 [(M + H)+] 277.2168, found 277.2151.   

 

n-C13H27 O

O

n-C8H17

n-C10H21  2-Octyl-1-dodecyl myristate:  A 100-mL round-bottomed 

flask was charged with 2-octyl-1-dodecanol (100 mmol), myristic acid (100 mmol) and 

CSA (1 mmol).  The mixture was stirred at 60 °C for 24 h, and then the reaction was 

quenched by the addition of NaHCO3 (1 mmol) and water (30 mL).  After the mixture 

was stirred for 5 min, the resulting aqueous mixture was extracted with hexane (10 + 20 

mL), and the organic layer was concentrated in vacuo, to give the product (49.3 g, 97% 
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yield, 97% purity).  IR (neat) 1739, 1466, 1171 cm–1; 1H NMR (500 MHz, CDCl3) # 

0.88 (t, J = 7.0 Hz, 9H), 1.20–1.34 (m, 51H), 1.62 (tt, J = 7.5, 7.0 Hz, 4H), 2.30 (t, J = 

7.5 Hz, 2H), 3.97 (d, J = 6.0 Hz, 2H); 13C NMR (125 MHz, CDCl3) # 14.1, 22.7, 25.1, 

26.7, 29.2, 29.30, 29.32, 29.4, 29.5, 29.56, 29.60, 29.62, 29.65, 29.67, 29.68, 30.0, 31.3, 

31.90, 31.92, 34.5, 37.3, 67.0, 174.1; HRMS (FAB) calcd for C34H69O2 [(M + H)+] 

509.5298, found 509.5301. 

 

Procedure of large-scale process (Table2, entry 3) 

     A 100-mL round-bottomed flask was charged with 2-octyl-1-dodecanol (100 

mmol), myristic acid (100 mmol) and CSA (1 mmol).  The mixture was stirred at 

60 °C for 24 h, and then the reaction was quenched by the addition of NaHCO3 (1 

mmol) and water (30 mL).  After the mixture was stirred for 5 min, the resulting 

aqueous mixture was extracted with hexane (10 + 20 mL), and the organic layer was 

concentrated in vacuo to give the product (49.3 g, 97% yield, 97% purity). 

 

O-n-C8H17

O  Octyl 1-adamantancarboxylate:2  1H NMR (500 MHz, 

CDCl3) # 0.88 (t, J = 7.0 Hz, 3H), 1.22–1.38 (m, 8H), 1.61 (quint, J = 7.0 Hz, 2H), 1.71 

(tt, J = 15.0, 3.0 Hz, 6H), 1.89 (d, J = 3.0 Hz, 6H), 2.01 (br s, 3H), 4.03 (t, J = 6.5 Hz, 

2H); 13C NMR (125 MHz, CDCl3) # 14.1, 22.6, 25.9, 28.0, 28.6, 29.16, 29.18, 31.8, 

36.5, 38.9, 40.7, 64.2, 177.8.   

 

Ph(CH2)3CO2

Ph(CH2)3CO2  trans-1,2-Di(4-phenylbutyroxy)cyclohexane:1  1H NMR (300 

MHz, CDCl3) # 1.26–1.47 (m, 2H), 1.55–1.63 (m, 2H), 1.65–1.78 (m, 2H), 1.88 (quint, 

J = 7.5 Hz, 4H), 1.98–2.09 (m, 2H), 2.26 (t, J = 7.5 Hz, 4H), 2.59 (t, J = 7.5 Hz, 4H), 

4.77–4.90 (m, 2H), 7.11–7.22 (m, 6H), 7.23–7.31 (m, 4H); 13C NMR (125 MHz, 

CDCl3) # 23.4, 26.6, 30.2, 33.8, 35.1, 73.5, 126.0, 128.38, 128.43, 141.3, 172.8. 
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O

O

n-C5H11

n-C5H11

Ph  6-Undecyl propiolate:1  1H NMR (500 MHz, CDCl3) # 0.89 (t, 

J = 7.0 Hz, 6H), 1.22–1.44 (m, 12H), 1.54–1.68 (m, 4H), 5.04 (tt, J = 7.5, 5.0 Hz, 1H), 

7.37 (t, J = 7.5 Hz, 2H), 7.44 (dd, J = 7.5, 7.0 Hz, 1H), 7.60 (d, J = 7.0 Hz, 2H); 13C 

NMR (125 MHz, CDCl3) # 14.0, 22.5, 25.0, 31.7, 34.0, 76.9, 81.0, 85.8, 119.8, 128.5, 

130.5, 133.0, 154.1. 

 

O

O

n-C5H11

n-C5H11

 6-Undecyl acrylate:  IR (neat) 1724, 1637, 1620, 1467, 1405, 

1296, 1272, 1196, 1123, 1047 cm–1; 1H NMR (500 MHz, CDCl3) # 0.88 (t, J = 6.5 Hz, 

6H), 1.22–1.36 (m, 12H), 1.50–1.61 (m, 4H), 4.95 (quint, J = 6.0 Hz, 1H), 5.80 (dt, J = 

10.5, 1.5 Hz, 1H), 6.12 (ddt, J = 17.0, 10.5, 0.5 Hz, 1H), 6.39 (dt, J = 17.0, 1.5 Hz, 1H); 
13C NMR (125 MHz, CDCl3) # 14.0, 22.5, 24.9, 31.7, 34.1, 74.6, 129.0, 130.1, 166.1; 

HRMS (FAB) calcd for C14H27O2 [(M + H)+] 227.2011, found 227.1987. 

 

H

O

O (CH2)7 (CH2)7CH3

HH

H

H

 "-Cholestanyl oleate:4  1H NMR (500 MHz, CDCl3) # 

0.60–0.67 (m, 1H) 0.64 (s, 3H), 0.82 (s, 3H), 0.859 (d, J = 6.5, 3H), 0.864 (d, J = 6.5, 

3H), 0.88 (t, J = 6.5 Hz, 3H), 0.90 (d, J = 6.5 Hz, 3H), 0.93–1.40 (m, 40H), 1.42–1.68 

(m, 8H), 1.72 (dt, J = 13.0, 3.5 Hz, 1H), 1.75–1.85 (m, 2H), 1.96 (dt, J = 12.5, 3.0 Hz, 

2H), 1.93–2.08 (m, 3H), 2.25 (t, J = 7.5 Hz, 2H), 4.69 (tt, J = 11.0, 5.0 Hz, 1H), 

5.29–5.41 (m, 2H); 13C NMR (125 MHz, CDCl3) # 12.1, 12.2, 14.1, 18.7, 21.2, 22.5, 

22.7, 22.8, 23.8, 24.2, 25.1, 27.15, 27.20, 27.5, 28.0, 28.2, 28.6, 29.1, 29.2, 29.3, 29.5, 

29.7, 29.8, 31.9, 32.0, 34.1, 34.8, 35.46, 35.47, 35.8, 36.2, 36.8, 39.5, 40.0, 42.6, 44.7, 

54.2, 56.3, 56.4, 73.4, 129.8, 130.0, 173.4. 

 

O

O
MeO

OMe

 4-Methoxyphenyl methoxyacetate:1  1H NMR (500 MHz, 
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CDCl3) # 3.53 (s, 3H), 3.79 (s, 3H), 4.27 (s, 2H), 6.89 (d, J = 9.0 Hz, 2H), 7.03 (d, J = 

9.0 Hz, 2H); 13C NMR (125 MHz, CDCl3) # 55.5, 59.4, 69.7, 114.5, 122.1, 143.5, 157.3, 

169.1. 

 

H2N

Ph

O

OBn

 L-Phenylalanine benzyl ester:  A mixture of L-phenylalanine (2.0 

mmol), benzyl alcohol (4.0 mmol) and CSA (2.1 mmol) was heated at 60 °C for 36 h.  

The reaction mixture was poured into saturated aqueous NaHCO3 (30 mL), and the 

mixture was extracted with EtOAc (3 ! 20mL).  The combined extracts were washed 

with saturated aqueous NaCl (20 mL), dried (Na2SO4), and concentrated.  The residue 

was purified by column chromatography on silica gel (15 g, hexane–EtOAc 5:1 $ 1:1 

$ 1:2 $ 1:4) to give the ester (454 mg, 89%).  The optical purity of the product was 

analyzed by HPLC analysis (Daicel Chiralcel OD-H column, hexane–i-PrOH = 9:1, 

flow rate = 1.0 mL/min, UV 254 nm):  tR = 11.9 min [L-(S)-isomer] and 13.3 min 

[D-(R)-isomer].  1H NMR (500 MHz, CDCl3) # 2.89 (dd, J = 14.0, 5.5 Hz, 1H), 3.08 

(dd, J = 14.0, 8.0 Hz, 1H), 3.77 (dd, J = 8.0, 5.5 Hz, 1H), 5.13 (s, 2H), 7.12–7.16 (m, 

2H), 7.20–7.40 (m, 10H); 13C NMR (125 MHz, CDCl3) # 41.0, 55.8, 66.7, 126.8, 128.3, 

128.4, 128.5, 128.6, 129.3, 135.5, 137.0, 174.9. 
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Chapter 3. 

Design of Hydrophobic N,N-Diarylammonium Pyrosulfates Catalysts 

for Dehydrative Ester Condensation under Aqueous Conditions 

 

 

Abstract: Oil-soluble N,N-diarylammonium pyrosulfates as nonsurfactant-type 

catalysts for the dehydrative ester condensation under aqueous conditions are described.  

Preheat treatment of dibasic sulfuric acid with bulky N,N-diarylamines generates 

water-tolerant salts of pyrosulfuric acid as active catalyst species.  The present 

catalysts in the presence of water can also widely be applied to unusual selective 

esterifications, dehydrative glycosylation. 
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     Water has unique physical and chemical properties, which allow us to realize 

reactivities that cannot be attained in organic solvents.  In addition, water is a cheap, 

safe and environmentally benign solvent when compared with organic solvents.  Use 

of water will reduce the use of harmful organic solvents and is regarded as an important 

subject in green chemistry.  Therefore, the use of water as a reaction solvent has 

received much attention in synthetic organic chemistry.1  Although several efficient 

catalysts have been exploited for the direct dehydrative ester condensation of an 

equimolar mixture of carboxylic acids and alcohols,2 it is still difficult to conduct the 

dehydrative condensation under aqueous conditions, since the presence of water should 

have a detrimental effect on the equilibrium of dehydration reactions.  Moreover, 

widely used Brønsted acid catalysts are highly hydrophilic.  Under aqueous conditions, 

these Brønsted acids are dissolved in aqueous phase and deactivated by water. 

     In 2001, Kobayashi and colleagues reported the dehydrative ester condensation 

between long-chain fatty acids and hydrophobic alcohols in water using 

p-dodecylbenzenesulfonic acid (DBSA) as a surfactant-type catalyst.3  They claimed 

that DBSA and long-chain substrates would form emulsion droplets in water to 

accelerate the dehydration reactions.  In 2005, Ishihara and colleagues reported bulky 

N,N-diarylammonium pentafluorobenzenesulfonates as mild and highly active 

dehydrative ester condensation catalysts.4,5  The high catalytic activity is attributed to 

the hydrophobic effect of bulky aryl groups of the catalysts.4c  However, these bulky 

N,N-diarylammonium salt catalysts are almost inert under aqueous conditions.  Herein, 

the author report the dehydrative ester condensation reactions catalyzed by 

N,N-diarylammonium pyrosulfates under aqueous conditions.   

     The author first examined the catalytic activities of various Brønsted acids and 

their ammonium salts with bulky N,N-diarylamine 1d
4 (Figure 1) under aqueous 

conditions.  The reaction of 4-phenylbutyric acid (1.1 equiv) with 1-dodecanol (4 

mmol) was conducted in the presence of water (2 mL) at 60 °C for 6 h (Table 1).  As a 

result, hydrophilic Brønsted acids such as trifluoromethanesulfonic acid (TfOH), 

sulfuric acid (H2SO4), p-toluenesulfonic acid (TsOH), 10-camphorsulfonic acid (CSA), 

and pentafluorobenzenesulfonic acid (C6F5SO3H) were almost inert under aqueous 

conditions,6 although they can catalyze the same reaction in less polar solvents,4 ionic 

liquids,7 and solvent-free conditions.  N,N-Diarylammonium salts, which were 

represented as [1d•acid]A, were prepared by mixing an equimolar amount of 1d and an 

acid in a homogeneous solution at ambient temperature and then evaporation of the 

solvent (method A) (Scheme 1).  Disappointingly, [1d•acid]A also gave similar results 

with the corresponding acids (Table 1).  Next, [1d•acid]A were heated at 80 °C for 0.5 
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h (method B) before being used as catalysts for the dehydrative condensation reaction.  

N,N-Diarylammonium salts prepared by method B are represented as [1d•acid]B.  Very 

surprisingly, [1d•H2SO4]
B, which was a salt of extremely hydrophilic H2SO4, showed 

excellent catalytic activity under aqueous conditions and gave 1-dodecyl 

4-phenylbutyrate in 85% yield.  In contrast, N,N-diarylammonium salts of sulfonic 

acids [1d•RSO3H]B were almost inert.   

 

H
N

R1

R1

R2

R2

R2

1a (R1, R2 = H)

1b (R1 = Me, R2 = H)

1c (R1, R2 = Me)

1d (R1 = i-Pr, R2 = Me)

1e (R1, R2 = i-Pr)

1f (R1= Ph, R2 = i-Pr)

 
Figure 1.  N,N-Diarylamines 1 

 

1   +   acid

[1•acid]A [1•acid]B
rt 80 °C, 0.5 h

method A method B

(= HX)

[1-H+]2[X–]2 [1-H+]n[X
–]m

 
Scheme 1.  Preparation of N,N-diarylammonium salts (methods A and B). 
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Table 1.  Catalytic Activities of Brønsted Acids and Their Ammonium Salts 

with 1d under Aqueous Conditionsa 

+ HOn-C12H25
OH

O

Ph(CH2)3 On-C12H25

O

Ph(CH2)3

acid  or [1d•acid]B

(5 mol %)

H2O, 60 °C, 6 h  

acid  

or [1d•acid]B 

pKa
b yield of ester 

(%)c 

TfOH   

H2SO4 

–0.74 

7.0 

6 

15 

TsOH   8.5 23 

CSA   9.0 9 

C6F5SO3H   9.2 11 

[1d•TfOH]B  9 [6]d 

[1d•H2SO4]
B  85 [10]d

 

[1d•TsOH]B  11 [15]d 

[1d•CSA]B  7 [6]d 

[1d• C6F5SO3H]B  13 [15]d 
aConditions: 4-phenylbutyric acid (1.1 equiv), 1-dodecanol (4 mmol), and catalyst (5 

mol %) in the presence of water (2 mL) at 60 °C for 6 h.  bpKa values were measured 

in CD3CO2D.11  cDetermined by 1H NMR analysis.  dYield of ester catalyzed by 

[1d•acid] A is shown in brackets  

 

     The catalytic activities of [1•H2SO4]
B, which were assessed by their initial rates 

(vi) of the dehydrative ester condensation under aqueous conditions, significantly 

depended on the steric bulkiness around ammonium protons (Figure 2).4b  The use of 

N,N-diarylamines 1c–f bearing substituents at each ortho-positions successfully 

accelerated the reaction.  The most sterically hindered [1f•H2SO4]
B showed the highest 

catalytic activities.  The catalytic activity of [1f•H2SO4]
B (vi = 0.13 Mh–1) was almost 

the same as that of DBSA (vi = 0.13 Mh–1), and was ca. 60 times higher than that of 

[1a•H2SO4]
B (vi = 0.0023 Mh–1) under aqueous conditions.8,9   
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[1f•H2SO4]B

[1e•H2SO4]B

[1d•H2SO4]B

[1c•H2SO4]B

[1b•H2SO4]B

[1a•H2SO4]B

0.13

0.11

0.10

0.016

0.0023

initial rate (Mh–1)

10.10.010.001

0.089

catalyst

 

Figure 2.  Initial rates [Mh–1] of ester condensation under aqueous conditions using 

[1•H2SO4]
B (5 mol %).  Conditions: 4-phenylbutyric acid (1.1 equiv) and 1-dodecanol 

(4 mmol) in the presence of water (2 mL) at 40 °C. 

 

     Next, [1•H2SO4]
A and [1•H2SO4]

B were compared by 1H NMR in CD3CN (Table 

2).  Based on chemical shifts of the ammonium protons, the active catalyst 

[1f•H2SO4]
B prepared by the heat treatment (method B) was a species different from 

[1f•H2SO4]
A, a simple salt of 1f and H2SO4.  In the case of [1a•H2SO4]

A and 

[1a•H2SO4]
B, both of which were almost inert under aqueous conditions, chemical shift 

of the ammonium protons also shifted downfield by the heat treatment (7.19 ! 8.34 

ppm).  However, [1a•H2SO4]
B was labile and gradually decomposed to [1a•H2SO4]

A in 

CD3CN at 60 °C for 6 h (8.34 ! 7.29 ppm), while [1f•H2SO4]
B was stable under the 

same conditions.9  In addition, the alkaline titration experiment showed that in the case 

of [1f•H2SO4]
B, only 29% of H2SO4 was leaked to the aqueous phase, while large 

amounts of H2SO4 were included in the aqueous phase in the cases of [1f•H2SO4]
A and 

[1a•H2SO4]
B.9   
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Table 2.  Comparison of N,N-Diarylammonium Salt Catalysts  

Prepared by Methods A and B 

catalyst yield of  

ester (%)a 

chemical shift of  

NH2 in CD3CN (ppm) 

content of H2SO4  

in aq phase (%) 

[1f•H2SO4]
A 10 7.59 75 

[1f•H2SO4]
B 85 9.01 29 

[1f•H2SO4(SO3)X]A 82 9.18 34 

[1a•H2SO4]
A 9 7.19 81 

[1a•H2SO4]
B 15 8.34 (! 7.29)b 82 

[1a•H2SO4(SO3)X]A 13 7.17 84 
aThe reaction of 4-phenylbutyric acid (1.1 equiv) with 1-dodecanol (4 mmol) in the 

presence of catalyst (5 mol %) was conducted in the presence of water (2 mL) at 60 °C 

for 6 h.  Yields were determined by 1H NMR analysis.  bChemical shift of ammonium 

protons changed at 60 °C during 6 h.   

 

     [1• H2SO4]
A would be dimeric complexes composed of two N,N-diarylammonium 

cations and two sulfonate anions: [ArNH2
+]2[X

–]2, based on X-ray crystallographic 

analysis of [1a•H2SO4]
A (Figure 3A).4c  While, these results showed that the heat 

treatment of [1f•H2SO4]
A generated some water-tolerant salts as active catalyst species.  

According to Halstead’s report that thermal decomposition of ammonium sulfate or 

ammonium hydrogen sulfate generates ammonium pyrosulfate10, the author expected 

that the active species [1f•H2SO4]
B might be ammonium salts of pyrosulfuric acid 

(H2S2O7).  In fact, [1f•H2SO4(SO3)X]A, the ammonium salt of 1f with oleum 

(containing ca. 30% SO3), also showed high catalytic activity (82% yield) even without 

the heat treatment before use.  In addition, chemical shift of ammonium protons of 

[1f•H2SO4(SO3)X]A was almost identical to that of [1f•H2SO4]
B.  Theoretical 

calculation of dissociation free energy showed that H2S2O7 is more acidic than H2SO4.
9  

In the optimized geometry, the salt of 1f and H2S2O7 formed four hydrogen bondings in 

bidentate fashion between two ammonium cations (Ar2NH2
+) and a pyrosulfate anion 

(S2O7
2–) (Figure 3B).  These results suggested that the ammonium salts of H2S2O7 

should be more stable than those of H2SO4.  This stability would increase the 

water-tolerance of the active catalyst [1f•H2SO4]
B.  The fact that N,N-diarylammonium 

salts of dibasic sulfonic acids9 were inert also implied that the formation of pyrosulfates 

was crucial for the high catalytic activity.   
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Figure 3.  Structures of N,N-diarylammonium sulfates 

A: X-ray single-crystal structure of [1a-H +]2[HSO4
–]2.

  B: B3LYP/6-31G(d) optimized 

geometry of [1f-H+]2[S2O7
2–].  Hydrogen atoms, except for ammonium protons, are 

omitted for clarity. 

 

     The present hydrophobic N,N-diarylammonium pyrosulfate-catalyzed dehydrative 

ester condensation could be applied to the reactions of a variety of substrates (Table 3).  

Significantly, [1f•H2SO4]
B showed higher catalytic activity than DBSA for the 

esterification of rather hydrophilic substrates (entries 1–6).  For example, the reaction 

of hexanoic acid with 1-butanol successfully catalyzed by [1f•H2SO4]
B to give 1-butyl 

hexanoate in 80% yield (6 h), while the use of DBSA gave 47% yield of the ester in the 

same reaction time.  It is noteworthy that for the ammonium salt-catalyzed 

esterification of hexanoic acid with 1-butanol, the addition of NaOH (10 mol %) to the 

reaction mixture gave clear separation between the organic and aqueous phases, and the 

crude product could be easily obtained by simple decantation.9  In contrast, the 

addition of NaOH (5 mol %) to the reaction mixture of the DBSA-catalyzed 

esterification did not give clear separation between the two phases, which was probably 

because DBSA acted as a surfactant.  The esterification of ",#-unsaturated carboxylic 

acids and sterically bulky carboxylic acids could also be catalyzed by [1f•H2SO4]
B to 

give the corresponding esters in good yields (entries 7 and 8).   
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Table 3.  [1•H2SO4]
B-Catalyzed Dehydrative Ester Condensation of 

Various Substrates under Aqueous Conditionsa 

entry carboxylic acid alcohol temp  

(°C) 

time  

(h) 

yield  

(%)b 

1 n-PrCO2H HOn-Bu 60 8 74 [60] 

2 n-C5H11CO2H HOn-Bu 60 6 80 [47] 

3 
CO2H

 

HOn-Pr 70 8 76 [48] 

4 
CO2H

 

HOn-Bu 70 6 85 [65] 

5 n-C5H11CO2H HO(CH2)3OBn 60 8 75 [53] 

6 n-C5H11CO2H HO(CH2)6SH 60 8 86 [66] 

7 n-C5H11

CO2H

 
HOn-C8H17 80 19 81 

8 
CO2H

 

HOn-C8H17 80 47 81 

aConditions: carboxylic acid (1.1 equiv), alcohol (4 mmol), and [1f•H2SO4]
B (5 mol %) 

in the presence of water (2 mL) at 60–80 °C.  bData in brackets refer to yield when 

DBSA (5 mol %) was used as a catalyst. 

 

     The use of N,N-diarylammonium sulfate catalysts under aqueous conditions has 

an additional advantage in the ester condensations of acid-sensitive alcohols.  For 

example, the esterification of cinnamyl alcohol with lauric acid (1.1 equiv) using 

[1f•H2SO4]
B (5 mol %) under aqueous conditions predominantly improved the yield of 

the ester (74%) (Scheme 1A).9  The use of water as a solvent also allowed us to 

achieve unusual selective ester condensations of two substrates based on the difference 

in hydrophobicity of the substrates.  For example, when the reaction of a 1:1:1 molar 

mixture of 1-adamantanecarboxylic acid, acetic acid and 1-dodecanol was conducted 

under aqueous conditions, the ester of hydrophobic 1-adamantanecarboxylic acid was 

predominantly obtained in 81% yield along with the ester of hydrophilic acetic acid in 

5% yield (Scheme 1B).9  On the other hand, the same reaction in heptane preferentially 

gave the acetate in 85%.  The selective esterification of cyclododecanol (71%) over 

ethanol could also be achieved under aqueous conditions (Scheme 1C).9   
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Scheme 1.  Unusual Selective Ester Condensations under Aqueous Conditions 

n-C11H23 O

O

Ph
+

solvent, 40 °C
+

(1.1 equiv)

n-C11H23 OH

O

A [1f•H2SO4]B

(5 mol%)

HO Ph O Ph
2

14%

49%

71%

42%

solvent = water:

solvent = heptane:

+

OH

O
+ HOn-C12H25

[1f•H2SO4]B

(5 mol%)

solvent, 80 °C
+

On-C12H25

O

5%

85%

1:1:1 molar ratio

B

On-C12H25

O

OH

O

81%

7%

solvent = water:

solvent = heptane:

+ + HOEt

1:1:1 molar ratio

n-C11H23 OEt

O

+

[1e•H2SO4]B

(5 mol %)

solvent, 80 °Cn-C11H23 OH

O

C

n-C11H23 O

O

HO

9%

65%

71%

33%

solvent = water:

solvent = heptane:  
 

     In addition, the [1e•H2SO4]
B-catalyzed dehydrative glycosylation of 

3,5-O-dibenzyl-2-deoxy-D-ribose with 1-dodecanol under aqueous conditions gave the 

corresponding acetal in 87% yield, while the use of H2SO4 as a catalyst decreased the 

yield (28%) (Scheme 2).   

 

Scheme 2.  Dehydrative Glycosylation 

O

OBn

OH
cat. (5 mol%)

H2O, 40 °C
+

(1.1 equiv)

cat. = [1e•H2SO4]B: 87% (!/" = 39:61)

28% (!/" = 45:55)cat. = H2SO4:

O

OBn

On-C12H25

OBn OBn

HOn-C12H25

 
 

     In conclusion, oil-soluble complexes of hydrophobic N,N-diarylamines with 

sulfuric acid successfully catalyzed dehydrative ester condensation reactions under 

aqueous conditions.  The pre-heat treatment of dibasic sulfuric acid with bulky 

N,N-diarylamines was crucial for the generation of water-tolerant aggregated complexes 

of pyrosulfuric acid as active catalyst species.  Further studies to elucidate the detailed 

aggregated structure of the N,N-diarylammonium pyrosulfate catalysts and their 
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applications to other reactions under aqueous conditions are now underway.  Water is 

still not commonly used as a solvent for organic synthesis despite the distinctive 

properties.  The present non-surfactant-type Brønsted acid catalysis will provide a new 

aspect of organic synthesis under aqueous conditions.   
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Supporting Information 

 

Real active catalyst species 

     During the catalyst preparation procedure B, 10–15% of 1f was converted to the 

corresponding 4-(arylamino)sulfonic acid S1;  i.e. the reaction mixture contained 

4.3–4.5 mol % of diarylammonium salt [1f•H2SO4]
B and 0.5–0.7 mol % of S1.  On the 

other hand, [1g•H2SO4(SO3)X]A, ammonium salt of 1g (Figure 1, R1 = Ph, R2 = I, R3 = 

i-Pr) bearing a 4-iodo substituent, included only less than 1% of the S1; i.e. the reaction 

mixture contained less than 0.05 mol % of S1.  As shown in Table S1, 

[1g•H2SO4(SO3)X]A showed same catalytic activity (vi = 0.13 Mh–1) as [1f•H2SO4]
B and 

[1f•H2SO4(SO3)X]A , while the sulfonic acid S1 showed low catalytic activity.  

Therefore, the real active catalyst species should be the ammonium salts [1•H2SO4]
B, 

not the sulfonic acids. 

 

Table S1. 

+ HOn-C12H25
OH

O

Ph(CH2)3 On-C12H25

O

Ph(CH2)3

catalyst

H2O, 40 or 60 °C  

catalyst [mol %] Content of  

S1 (mol %) in  

the reaction mixture  

yield of  

ester (%) 

(at 60 °C  

for 6 h) 

vi (Mh–1) 

(at 40 °C) 

[1f•H2SO4]
B [5] 0.5–0.7 88 0.13 

[1f•H2SO4(SO3)X]A [5] 0.5 85 0.12 

[1g•H2SO4(SO3)X]A [5] <0.05 82 0.13 
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Examination of the catalytic activities of various N,N-diarylammonium sulfates 

[1•H2SO4]
B 

     The same reaction as in Table 1 was conducted at 40 °C in the presence of 5 

mol % of [1•H2SO4]
B in the presence of water or hexane, and the initial rates (vi) were 

investigated (Figure S1).  As a result, the initial rates significantly depended on the 

steric bulkiness around ammonium protons in water (Figure 2).4b  In contrast, the use 

of hexane as a solvent resulted in slight dependence of the catalytic activities on the 

steric bulkiness of 1 (Graph A).  Thus, the catalytic activity of [1f•H2SO4]
B (vi = 0.66 

Mh–1) was just twice as that of [1a•H2SO4]
B (vi = 0.33 Mh–1) in hexane.  Interestingly, 

the initial rates of [1a•H2SO4]
B-catalyzed ester condensation dramatically decrease as 

the amount of water increased (Graph C): the reaction in the presence of 2 mL of water 

was 28 times slower than that in the presence of 0.072 mL (1 equivalent) of water.  On 

the other hand, the catalytic activity of [1f•H2SO4]
B did not highly depend on the 

amount of water (Graph B): the reaction in the presence of 2 mL of water was only 3.7 

times slower than that in the presence of 0.072 mL of water. 

 

[1f•H2SO4]B

[1e•H2SO4]B

[1d•H2SO4]B

[1c•H2SO4]B

[1b•H2SO4]B

A

[1a•H2SO4]B

initial rate (Mh–1)

10.10.010.001

0.33

catalyst

0.072

0.14

0.29

0.72

2.0

B C

0.29

initial rate (Mh–1)

10.10.010.001

initial rate (Mh–1)

10.10.010.001

0.22

0.065

0.011

0.0023

amount of 
water (mL)

0.021

0.016

0.34

0.13

0.61

0.50

0.66

0.47

0.43

0.48

 
Figure S1.  Initial rates (Mh–1) of esterification using [1•H2SO4]

B. 

Conditions: 4-phenylbutyric acid (1.1 equiv), 1-dodecanol (4 mmol), catalyst (5 mol%) 

at 40 °C.  Graph A: [1•H2SO4]
B were used as catalysts in hexane (2 mL).  Graph B: 

[1f•H2SO4]
B was used as a catalyst in the presence of water (0.072–2 mL).  Graph C: 

[1a•H2SO4]
B was used as a catalyst in the presence of water (0.072–2 mL). 
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1H NMR Analysis of [1f•H2SO4]
B and [1a•H2SO4]

B 

     Chemical shifts of ammonium protons of [1a•H2SO4]
B gradually moved upfield 

(8.34 !  7.29 ppm) in CD3CN (0.14 M) at 60 °C for 6 hours, while those of 

[1f•H2SO4]
B did not change (Figure S2A).  In addition, chemical shifts of ammonium 

protons of [1a•H2SO4]
B significantly moved upfield (8.34 !  5.39 ppm) as the 

concentration of [1a•H2SO4]
B was decreased (0.14 !  0.014 M), while that of 

[1f•H2SO4]
B slightly moved upfield (9.01 ! 7.32 ppm) (Figure S2B).  These 1H 

NMR experiment also shows that [1a•H2SO4]
B is much less stable than [1f•H2SO4]

B.   
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Figure S2. 
1H NMR chemical shifts of ammonium protons versus time (A) or 

concentration (B) in CD3CN. Circles: [1f•H2SO4]B; squares: [1a•H2SO4]B. 

 

 

Alkaline Titration of Brønsted Acids in Aqueous Phase 

     The distribution of Brønsted acids was examined under the biphasic reaction 

conditions by alkaline titration (Table S2).  As a result, in the case of [1d•H2SO4]
B, 

38% of H2SO4 was included in the aqueous phase.  On the other hand, more than 70% 

of sulfonic acids were leaked into the aqueous phase when ammonium salts of 1d with 

sulfonic acids were used as catalysts.  Furthermore, in the case of [1f•H2SO4]
B, the 

most active catalyst, only 29% of H2SO4 was leaked into the aqueous phase.  In 

contrast, in the case of [1f•H2SO4]
A, 75% of H2SO4 was leaked into the aqueous phase.  

These results indicated that [1•H2SO4]
B catalyzed the dehydrative ester condensation in 

the organic substrate phase, and that the heat treatment (method B) was important for 

the formation of active catalyst species in the organic substrate phase.   
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Table S2.  Content of Brønsted Acid in Aqueous Phase 

Catalyst Content (%)  Catalyst Content (%) 

H2SO4 80  TfOH 77 

[1a•H2SO4]
B 82  [1d•TfOH]B 80 

[1b•H2SO4]
B 63  TsOH 77 

[1c•H2SO4]
B 42  [1d•TsOH]B 83 

[1d•H2SO4]
B 38  CSA 73 

[1e•H2SO4]
B 42  [1d•CSA]B 72 

[1f•H2SO4]
B 29 [75]a  C6F5SO3H 70 

[1f•H2SO4(SO3)X]A 34  [1d•C6F5SO3H]B 72 

a[1f•H2SO4]
A was used in place of [1f•H2SO4]

B. 

 

 

Theoretical Calculation of Free Energy of Dissociation of H2SO4 and H2S2O7 

     Theoretical calculations were performed at B3LYP/6-31++G(3df,2pd) level 

(Figure S1).  The calculations at MP2/6-311++G(3df,2pd) level were also carried out 

for confirmation of the values of B3LYP levels.  These results showed that 

pyrosulfuric acid is more acidic than sulfuric acid.   

 

Figure S1.  Free energy of dissociation of H2SO4 and H2S2O7 in kcal mol–1. 

The values of MP2 levels are in parentheses 
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Catalytic Activities of N,N-Diarylammonium Salts of Dibasic Sulfonic Acids 

     The catalytic activities of N,N-diarylammonium salts of various dibasic sulfonic 

acids [1e•dibasic acid]B were low (Table S3). 

 

Table S3.    

+ HOn-C12H25
OH

O

Ph(CH2)3 On-C12H25

O

Ph(CH2)3

[1e•dibasic acid]B 

(5 mol %)

H2O, 60 °C, 6 h

dibasic acid, yield of ester

H2SO4

SO3H

SO3H
SO3H

SO3H

HO3S(CF2)3SO3H

82% 4% 2% 2%  

 

Separation of Ester from the Reaction Mixture 

When the reaction of hexanoic acid with 1-butanol was conducted in the presence of 

[1f•H2SO4(SO3)X]A (5 mol %), the reaction mixture became a turbid emulsion (Figure 

S2A), as in the case of DBSA-catalyzed ester condensation reactions (Figure S2B).  

The formation of turbid mixtures was important to attain high yields of esters.  The 

addition of aqueous NaOH (10 mol %) to the reaction mixture catalyzed by 

[1f•H2SO4(SO3)X]A gave a clear separation between the organic substrate layer and the 

aqueous layer (Figure S2C).  So, the crude butyl hexanoate was easily obtained by 

simple decantation.  In contrast, even when aqueous NaOH (5 mol %) was added to 

the reaction mixture catalyzed by DBSA, the two layers did not separate clearly (Figure 

S2B ! S2D).   
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Figure S2   

 

Other Examples of Dehydrative Ester Condensation of Acid-Sensitive Alcohols 

     The esterification of geraniol also predominantly gave the desired ester (84%) 

under aqueous conditions (Scheme S1A).  In addition, dehydrative ester condensation 

of 6-undecanol under aqueous conditions gave the corresponding ester in 74% yield 

without any generation of alkenes, despite the fact that open-chain secondary alcohols 

are sometimes dehydrated to the corresponding alkenes under acidic conditions  

(Scheme S1B). 
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O
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n-C5H11

B

+ HOR
solvent, 40 °C

+ R2O

(1.1 equiv)

n-C11H23 OH

O
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+
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n-C5H11

n-C5H11

0%

4%

74%

88%

solvent = water:

solvent = heptane:

R =

12%

25%

84%

73%

solvent = water:

solvent = heptane:

 
Scheme S1.  Dehydrative Ester Condensation of A: geraniol; B: 6-undecanol  

 

Other Examples of Selective Ester Condensation 

     The selective esterification of lauric acid (86%) over acetic acid could also be 

achieved under aqueous conditions (Scheme S2A).  Moreover, the selective 

esterification of 1-dodecanol (71%) over ethanol could be achieved (Scheme S2B). 

 

B

A

+
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O
+ HOn-C12H25
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+
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O

6%

72%

1:1:1 molar ratio

n-C11H23 On-C12H25

O

n-C11H23 OH

O

86%
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solvent = water:

solvent = heptane:

+ + HOEt

1:1:1 molar ratio

n-C11H23 OEt

O

+

[1e•H2SO4]B

(5 mol %)

solvent, 60 °Cn-C11H23 OH

O

n-C11H23 On-C12H25

O

3%

39%

71%

47%

solvent = water:

solvent = heptane:

HOn-C12H25

 

Scheme S2.   

 

 

Transesterification and Transglycosylation 

     The present catalytic system in water could also be applied to.  The 

1e•H2SO4-catalyzed transesterification1 of methyl laurate (Scheme 5A) and 

transglycosylation of methyl 2-deoxy-L-ribofuranoside in water gave better results than 

those in heptane (Scheme 5B), due that methanol produced was transferred into aqueous 

layer in the former case. 
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Scheme S3. 
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Experimental Section 

 

General Methods. 

     IR spectra were recorded on a JASCO FT/IR-460 plus spectrometer.  1H NMR 

spectra were measured on an INOVA spectrometer (500 MHz) or a JEOL ECS-400 

spectrometer (400 MHz) at ambient temperature.  Data were recorded as follows: 

chemical shift in ppm from internal tetramethysilane on the $ scale, multiplicity (s = 

singlet; d = doublet; t = triplet; q = quartet; m = multiplet), coupling constant (Hz), and 

integration.  13C NMR spectra were measured on an INOVA spectrometer 

spectrometer (125 MHz) at ambient temperature. Chemical shifts were recorded in ppm 

from the solvent resonance employed as the internal standard (CDCl3 at 77.0 ppm).  

For TLC analysis, Merck precoated TLC plates (silica gel 60 F254 0.25 mm) were used. 

For preparative column chromatography, Merck silica gel 60 (0.040–0.063 mm) was 

used.  High resolution mass spectral analysis (HRMS) was performed at Chemical 

Instrumentation Facility, Nagoya University on a JEOL JMS-700 spectrometer.  X-ray 

crystallographic analysis was performed with a Bruker SMART APEX diffractometer 

(graphite monochromator, MoK" radiation, % = 0.71073 Å) and the structure was 

solved by direct methods and expanded using Fourier techniques (Sir97 and SHELXL1).  

Conc. H2SO4 (Nacalai Tesque or Aldrich), oleum (containing ca. 30% SO3, Nacalai 

Tesque), diphenylamine (1a, Nacalai Tesque) and other materials were obtained 

commercially and used without further purification. 

 

Synthesis of N,N-Diarylamines 1 

N-(2,6-diisopropylphenyl)-2,4,6-triisopropylaniline (1e).  1e was 

prepared according to the reported method.2  A mixture of 

2,6-diisopropylaniline (4.7 mL, 25 mmol), 

2,4,6-triisopropylbromobenzene (7.6 mL, 30 mmol), Pd(dba)2 (719 mg, 

1.3 mmol), BINAP (934 mg, 1.5 mmol) and t-BuONa (7.2 g, 75 mmol) 

in toluene (30 mL) was heated under reflux for 24 h.  After cooling 

the mixture to ambient temperature, 3 M aqueous HCl (30 mL) was added, and the 

mixture was extracted with Et2O (50 mL ! 3).  The combined organic phase was 

washed with saturated aqueous solution of NaHCO3 and brine, dried (Na2SO4) and 

concentrated.  The residue was purified by column chromatography on silica gel using 

hexane and recrystallization from hexane to give 1e (4.83 g, 51% yield).  Colorless 

solid; Rf = 0.48 (hexane); IR (KBr) 3450, 1491, 1467, 1456, 1382, 1362, 1344, 1320, 

1287, 1251, 1106, 1057 cm–1; 1H NMR (500 MHz, CDCl3) $ 1.08 (d, J = 7.0 Hz, 24H), 

NH
i-Pr

i-Pr

i-Pr

i-Pr

i-Pr
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1.24 (d, J = 7.0 Hz, 6H), 2.86 (septet, J = 7.0 Hz, 1H), 3.05 (septet, J = 7.0 Hz, 2H), 

3.11 (septet, J = 7.0 Hz, 2H), 4.77 (s, 1H), 6.93 (s, 2H), 6.96 (t, J = 7.5 Hz, 1H), 7.06 (d, 

J = 7.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) $ 23.5 (4C), 23.6 (4C), 24.2 (2C), 27.6 

(2C), 27.9 (2C), 33.9, 121.6 (2C), 121.8, 123.8 (2C), 138.0 (2C), 139.8 (2C), 140.9, 

141.7, 143.6; HRMS (FAB) calcd for C27H42N [M+H]+ 380.3317, found 380.3292.   

 

N-(2,4,6-triisopropylphenyl)-[1,1':3',1''-terphenyl]-2'-amine (1f).  

1f was prepared according to the method for the preparation of 1e.  

49% yield.  Colorless solid; Rf = 0.39 (hexane); IR (KBr) 3412, 1491, 

1457, 1410, 1317, 1234, 1069 cm–1; 1H NMR (500 MHz, CDCl3) $ 

0.97 (d, J = 7.0 Hz, 12H), 1.07 (d, J = 7.0 Hz, 6H), 2.62 (septet, J = 7.0 

Hz, 1H), 2.97 (septet, J = 7.0 Hz, 2H), 5.34 (s, 1H), 6.50 (s, 2H), 6.84 

(t, J = 7.5 Hz, 1H), 7.08 (d, J = 7.5 Hz, 2H), 7.09 (tt, J = 1.5, 7.5 Hz, 2H), 7.15 (m, 4H), 

7.21 (m, 4H); 13C NMR (125 MHz, CDCl3) $ 23.0 (4C), 24.1 (2C), 28.3 (2C), 34.2, 

117.0 (2C), 120.2 (2C), 126.5 (2C), 127.7, 128.8 (4C), 129.2 (4C), 130.9 (2C), 134.8 

(2C), 140.1 (2C), 140.9, 144.0, 145.6; HRMS (FAB) calcd for C33H38N [M+H]+ 

448.3004, found 448.3004.   

 

5'-iodo-N-(2,4,6-triisopropylphenyl)-[1,1':3',1''-terphenyl]-2'-amin

e (1g).  1g was prepared according to the reported method.3  To a 

solution of 1f (447 mg, 1.0 mmol) and CaCO3 (150 mg, 1.5 mmol) in 

CH2Cl2–MeOH (8:3 v/v, 11 mL) was added BnMe3N
+ICl2

– (418 mg, 

1.2 mmol) at ambient temperature, and the mixture was stirred for 3 h.  

Insoluble materials in the reaction mixture were removed by filtration.  

The filtrate was diluted with saturated aqueous solution of NaHSO3 (20 

mL) and the mixture was extracted with Et2O (20 mL ! 3).  The combined organic 

extracts were dried with Na2SO4 and concentrated.  The residue was purified by 

column chromatography on silica gel (hexane–EtOAc 1:0 ! 40:1) to give 1g (361 mg, 

63% yield).  Colorless solid; Rf = 0.38 (hexane); IR (KBr) 3405, 1468, 1415, 1381, 

1361, 1316, 1298, 1237, 1070 cm–1; 1H NMR (500 MHz, CDCl3) $ 0.97 (d, J = 7.0 Hz, 

12H), 1.06 (d, J = 7.0 Hz, 6H), 2.62 (septet, J = 7.0 Hz, 1H), 2.92 (septet, J = 7.0 Hz, 

2H), 5.31 (s, 1H), 6.49 (s, 2H), 7.09–7.20 (m, 10H), 7.36 (s, 2H); 13C NMR (125 MHz, 

CDCl3) $ 22.9 (4C), 24.1 (2C), 28.4 (2C), 34.2, 77.8, 120.3 (2C), 127.0 (2C), 127.9 

(4C), 129.0 (4C), 130.8 (2C), 134.1 (2C), 138.6 (2C), 138.9 (2C), 140.9, 144.1, 146.1; 

HRMS (FAB) calcd for C33H37IN [M+H]+ 574.1971, found 574.1989.   
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i-Pr

I

NH
i-Pr

Ph

Ph

i-Pr
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N,N-Diarylamines 1b,4 1c,5 1d
6 were reported previously.   

 

2'-((2,4,6-Triisopropylphenyl)amino)-[1,1':3',1''-terphenyl]-5'-sulfo

nic acid (S1):  Purification: column chromatography on silica gel 

(hexane–EtOAc–MeOH 2:1:0 ! 1:1:1) and ion exchange column 

(amberlite IR-120H, MeOH); IR (KBr) 3402, 1602, 1586, 1489, 1426, 

1397, 1362, 1325, 1179, 1125, 1060, 1035, 1016 cm–1; 1H NMR (400 

MHz, CDCl3) $ 0.93 (d, J = 6.9 Hz, 12H), 1.07 (d, J = 6.9 Hz, 6H), 

2.62 (septet, J = 6.9 Hz, 1H), 2.88 (septet, J = 6.9 Hz, 2H), 3.10 (br s, 

1H), 5.47 (s, 1H), 6.46 (s, 2H), 6.89–7.01 (m, 6H), 7.11 (d, J = 6.4 Hz, 4H), 7.50 (s, 

2H); 13C NMR (125 MHz, CDCl3) $ 22.8 (4C), 24.1 (2C), 28.4 (2C), 34.2, 120.2 (2C), 

126.7 (2C), 127.5 (2C), 127.6 (4C), 128.9 (2C), 129.3 (4C), 130.8, 134.0 (2C), 138.9 

(2C), 142.7, 144.1, 146.0; HRMS (FAB) calcd for C33H38NO3S [M+H]+ 528.2572, 

found 528.2574.   

 

Crystal Data for N,N-Diphenylammonium Hydrogen Sulfate ([1a•H2SO4]
A)   

     Bruker SMART APEX diffractometer with CCD detector (graphite 

monochromator, MoK" radiation, ! = 0.71073 Å).  The structure was solved by direct 

methods and expanded using Fourier techniques.  Formula C24H26N2O8S2, colorless, 

crystal dimensions 0.50 ! 0.40 ! 0.30 mm3, triclinic, space group P-1, a = 9.4437(18) Å, 

b = 9.5965(18) Å, c = 15.477(4) Å, " = 82.583(3)°, V = 1217.5(4) Å3, Z = 2, and Dcalc = 

1.458 g cm–3, F(000) = 560, µ = 0.272 mm–1, T = 173(2) K.  5942 reflections collected, 

2900 independent reflections with I > 2#(I) (2$max = 28.36°), and 333 parameters were 

used for the solution of the structure.  The non-hydrogen atoms were refined 

anisotropically.  R1 = 0.0630 and wR2 = 0.1677, GOF = 1.091.  Crystallographic data 

(excluding structure factors) for the structure reported in this paper have been deposited 

with Cambridge Crystallographic Data Centre.  Copies of the data can be obtained free 

of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: int. 

code + 44(1223)336-033; E-mail: deposit@ccdc.cam.ac.uk].  Supplementary 

publication no. CCDC-787065.   
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Comparison of Diarylammonium Salt Catalysts Prepared by Methods A and B 

(Table 1) 

Preparation of Diarylmmonium Salt Catalysts  

1   +   acid
rt, 1,4-dioxane removal of 1,4-dioxane

under reduced pressure

[1•acid]A
Method A

80 °C, 0.5 h
[1•acid]B

Method B

 

     Method A:  For the preparation of a homogeneous salt, a Brønsted acid (0.20 

mmol) and 1 (0.20 mmol) were dissolved in 1,4-dioxane (0.4 mL) in a 10 mL flask at 

ambient temperature.  After stirring at ambient temperature for several minutes, 

1,4-dioxane was removed under reduced pressure to give a solid ammonium salt 

[1•acid]A.   

     Method B:  A solid salt [1•acid]A (prepared by method A) was heated at 80 °C 

for 0.5 h to give a solid ammonium salt [1•acid]B.   

 

Analysis of Diarylammonium Salts Catalysts  
     1

H NMR Analysis:  Diarylammonium salts [1•acid]A and [1•acid]B were analyzed 

by 1H NMR in CD3CN (0.14 M).  Chemical shifts of ammonium protons are shown in 

Table 2.   

     Catalytic Activity:  Catalytic activities of diarylammonium salts [1•acid]A and 

[1•acid]B (5 mol %) were investigated for the ester condensation reaction of 

4-phenylbutyric acid (722 mg, 4.4 mmol) and 1-dodecanol (895 µL, 4.0 mmol) in the 

presence of water (2.0 mL) at 60 °C for 6 h.  Yields of 1-dodecyl 4-phenylbutyrate 

were shown in Table 1. 

 

Computational Methods 

     All the ground state computations have been performed with the Gaussian 03 and 

09 suite of programs7,8.  At first, dissociation free energies of H2SO4 and H2S2O7 in gas 

phase were calculated at B3LYP/6-311++G(3df,2pd) level9.  Harmonic frequency 

calculations were performed to calculate vibrational zero point energy and thermal 

corrections.  The unscaled frequencies were used for calculating Gibbs free energies of 

the species (at 298 K and 1 atm).  Second-order M&ller-Plesset perturbation theory 

(MP2)10 was used to confirm the relative energy difference calculated at B3LYP level.  

Next, we performed the optimized structures of bulky N,N-diarylammonium pyrosulfate 

[1f-H+]2[S2O7
2–] at B3LYP/6-31G(d) level in gas phase and followed harmonic 

frequency calculations at same level.   

 



 58 

Alkaline Titration of Brønsted Acids in Aqueous Phase 

     A mixture of Brønsted acid (0.20 mmol), 1 (0–0.20 mmol) and 4-phenylbutyric 

acid (4.4 mmol) was stirred at 80 °C for 30 min.  After cooling the mixture to ambient 

temperature, 1-dodecanol (4.0 mmol) and water (2.0 mL) was added successively.  The 

mixture was stirred vigorously at 40 °C for 30 min, and then, the organic substrate 

phase and the aqueous phase were separated by centrifugation (4000 rpm, 3 min).  The 

aqueous phase was washed with hexane (3 mL ! 2), and the amount of Brønsted acid in 

the aqueous phase was established by titration with 0.025 M aqueous NaOH (Tables 1 

and S2).   

 

Typical Procedure for N,N-Diarylammonium Pyrosulfate-Catalyzed Ester 

Condensation under Aqueous Conditions (Method B)   

1 (0.20 mmol)

H2SO4 (0.20 mmol)

carboxylic acid (4.4 mmol) 80 °C, 0.5 h

[1•H2SO4]B

in carboxylic acid 60 °C, 6 h

+  alcohol (0.40 mmol)

+  H2O (2.0 mL)
ester

 
     As a practical procedure, the active catalyst [1•H2SO4]

B can be prepared in a 

carboxylic acid in situ.  A 10 mL flask with a Teflon-coated magnetic stirrer bar was 

charged with 4-phenylbutyric acid (722 mg, 4.4 mmol), sulfuric acid (10.6 µL, 0.20 

mmol), and 1d (59 mg, 0.20 mmol) and the mixture was heated at 80 °C for 30 min.  

After cooling the mixture to ambient temperature, 1-dodecanol (895 µL, 4.0 mmol) and 

water (2.0 mL) were added successively, and the mixture was stirred vigorously at 

60 °C for 6 h.  The yields were determined by 1H NMR analysis of the reaction 

mixture.   

     The representative isolation procedure is as follows:  After the reaction mixture 

was cooled to ambient temperature, saturated aqueous NaHCO3 (2 mL) was added, and 

the mixture was extracted with EtOAc (5 mL ! 2).  The combined organic phases were 

dried over Na2SO4, and concentrated.  The crude product was purified by column 

chromatography on silica gel (10 g, eluent: hexane–EtOAc 15:1 ! 6:1) to give 

1-dodecyl 4-phenylbutyrate (1.14g, 86%).   

1 (0.20 mmol)

H2SO4 (0.20 mmol)

1,4-dioxane (0.4 mL) 80 °C

0.5 h

[1•H2SO4]B

40–80 °C

+  carboxylic acid (4.4 mmol)

+  alcohol (0.40 mmol)

+  H2O (2.0 mL)
ester

removal of 

1,4-dioxane  

     When it is difficult to prepare the active catalyst [1•H2SO4]
B in a carboxylic acid, 

the following procedure is recommended.  A 10 mL flask with a Teflon-coated 
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magnetic stirrer bar was charged with sulfuric acid (10.6 µL, 0.20 mmol), 1 (0.20 

mmol) and 1,4-dioxane (0.4 mL), and the mixture was heated at 80 °C for 30 min.  

After cooling the mixture to ambient temperature, 1,4-dioxane was removed under 

reduced pressure to give the active catalyst [1•H2SO4]
B.  To this flask, a carboxylic 

acid (4.4 mmol), an alcohol (4.0 mmol) and water (2.0 mL) were added successively, 

and the mixture was stirred vigorously at 40–80 °C.   

 

On-C12H25

O

Ph(CH2)3  1-Dodecyl 4-phenylbutyrate.  IR (neat) 1737, 1496, 1455, 1243, 

1199, 1172, 1145 cm–1; 1H NMR (400 MHz, CDCl3) $ 0.88 (t, J = 7.0 Hz, 3H), 

1.19–1.42 (m, 18H), 1.61 (quint, J = 6.9 Hz, 2H), 1.96 (quint, J = 7.8 Hz, 2H), 2.32 (t, J 

= 7.8 Hz, 2H), 2.65 (t, J = 7.8 Hz, 2H), 4.06 (t, J = 6.9 Hz, 2H), 7.16–7.22 (m, 3H), 

7.24–7.33 (m, 2H); 13C NMR (125 MHz, CDCl3) $ 14.1, 22.7, 25.9, 26.6, 28.6, 29.2, 

29.3, 29.5, 29.56, 29.63 (2C), 31.9, 33.7, 35.1, 64.5, 125.9, 128.4, 128.5, 141.4, 173.6; 

HRMS (FAB) calcd for C22H37O2 [(M+H)+] 333.2794, found 333.2778.   

 

On-Bu

O

n-Pr  1-Butyl butyrate.11 

 

On-Bu

O

n-Pr  1-Butyl hexanoate.12 

 

On-Pr

O

 1-Propyl cyclohexanecarboxylate.  Colorless oil; IR (neat) 1734, 

1452, 1391, 1313, 1247, 1196, 1172, 1133, 1062, 1040 cm–1; 1H NMR (500 MHz, 

CDCl3) $ 0.94 (t, J = 7.5 Hz, 3H), 1.17–1.33 (m, 3H), 1.44 (dddd, J = 3.5, 11.0, 12.0, 

13.0 Hz, 2H), 1.61–1.67 (m, 1H), 1.64 (tq, J = 7.0, 7.5 Hz, 2H), 1.75 (m, 2H), 1.90 (m, 

2H), 2.29 (tt, J = 3.5, 11.0 Hz, 1H), 4.02 (t, J = 7.0 Hz, 2H); 13C NMR (125 MHz, 

CDCl3) $ 10.4, 22.0, 25.4 (2C), 25.8, 29.0 (2C), 43.3, 65.6, 176.2; HRMS (FAB) calcd 

for C10H19O2 [(M+H)+] 171.1385, found 171.1409. 

 

On-Bu

O

 1-Butyl cyclohexanecarboxylate.13 
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On-C12H25

O

 1-Dodecyl cyclohexanecarboxylate.14,15   

 

O(CH2)3OBn

O

n-C5H11  3-(Benzyloxy)propyl hexanoate.  Colorless oil; IR (neat) 1736, 

1456, 1363, 1246, 1173, 1102 cm–1; 1H NMR (500 MHz, CDCl3) $ 0.89 (t, J = 7.0 Hz, 

3H), 1.25–1.36 (m, 4H), 1.57–1.64 (m, 2H), 1.94 (tt, J = 6.5, 6.5 Hz, 2H), 2.27 (t, J = 

7.5 Hz, 2H), 3.55 (t, J = 6.5 Hz, 2H), 4.19 (t, J = 6.5 Hz, 2H), 4.51 (s, 2H), 7.26–7.30 

(m, 1H), 7.30–7.37 (m, 4H); 13C NMR (125 MHz, CDCl3) $ 13.9, 22.3, 24.6, 29.1, 31.3, 

34.3, 61.4, 66.7, 73.0, 127.59, 127.60 (2C), 128.4 (2C), 138.3, 173.9; HRMS (FAB) 

calcd for C16H25O3 [(M+H)+] 265.1804, found 265.1801. 

 

O(CH2)6SH

O

n-C5H11  6-Mercaptohexyl hexanoate.  Colorless oil; IR (neat) 1736, 

1458, 1246, 1173, 1099 cm–1; 1H NMR (500 MHz, CDCl3) $ 0.90 (t, J = 7.5 Hz, 3H), 

1.25–1.40 (m, 9H), 1.57–1.68 (m, 6H), 2.29 (t, J = 7.5 Hz, 2H), 2.53 (dt, J = 7.5, 7.5 Hz, 

2H), 4.06 (t, J = 7.0 Hz, 2H); 13C NMR (125 MHz, CDCl3) $ 13.9, 22.3, 24.5, 24.7, 25.4, 

27.9, 28.5, 31.3, 33.8, 34.3, 64.1, 174.0; HRMS (FAB) calcd for C12H25O2S [(M+H)+] 

233.1575, found 233.1568. 

 

n-C5H11 On-C8H17

O

 (E)-Octyl oct-2-enoate.  Colorless oil; IR (neat) 1723, 1655, 

1466, 1458, 1311, 1265, 1202, 1171, 1125 cm–1; 1H NMR (500 MHz, CDCl3) $ 0.88 (t, 

J = 7.0 Hz, 3H), 0.89 (t, J = 7.0 Hz, 3H), 1.22–1.40 (m, 14H), 1.46 (quint, J = 7.0 Hz, 

2H), 1.65 (quint, J = 7.0 Hz, 2H), 2.19 (tdd, J = 7.0, 7.0, 1.5 Hz, 2H), 4.11 (t, J = 7.0 Hz, 

2H), 5.81 (td, J = 1.5, 15.5 Hz, 1H), 6.96 (td, J = 7.0, 15.5 Hz, 1H); 13C NMR (125 

MHz, CDCl3) $ 13.9, 14.1, 22.4, 22.6, 25.9, 27.7, 28.7, 29.17, 29.22, 31.3, 31.8, 32.1, 

64.4, 121.2, 149.4, 166.9; HRMS (FAB) calcd for C16H31O2 [(M+H)+] 255.2324, found 

255.2342. 

 

On-C8H17

O

 Octyl 1-methylcyclohexanecarboxylate.  Colorless oil; IR (neat) 

1729, 1458, 1310, 1207, 1162, 1135, 1109 cm–1; 1H NMR (500 MHz, CDCl3) $ 0.88 (t, 

J = 7.5 Hz, 3H), 1.14 (s, 3H), 1.18–1.40 (m, 15H), 1.47–1.59 (m, 3H), 1.62 (tt, J = 6.5, 



 61 

6.5 Hz, 2H), 2.03 (m, 2H), 4.06 (t, J = 6.5 Hz, 2H); 13C NMR (125 MHz, CDCl3) $ 14.1, 

22.6, 23.2 (2C), 25.7, 26.0, 26.5, 28.7, 29.2 (2C), 31.8, 35.5 (2C), 43.1, 64.3, 177.9; 

HRMS (FAB) calcd for C16H31O2 [(M+H)+] 255.2324, found 255.2346. 

 

 

Dehydrative Ester Condensation of Acid-Sensitive Alcohols   

     According to the typical procedure (method B), the reaction of acid-sensitive 

alcohols such as cinnamyl alcohol, geranyl alcohol and 6-undecanol (4.0 mmol) was 

conducted in the presence of [1f•H2SO4]
B (5 mol%) in the presence of water (2 mL) 

(Scheme 2).  As a result, the use of water successfully suppressed the generation of the 

corresponding ethers or alkene, and gave the ester in high yields.   

 

n-C11H23 O

O

Ph  Cinnamyl laurate.  Colorless oil; IR (neat) 1738, 1496, 1465, 

1379, 1352, 1164, 1113 cm–1; 1H NMR (500 MHz, CDCl3) $ 0.88 (t, J = 7.0 Hz, 3H), 

1.20–1.36 (m, 16H), 1.65 (quint, J = 7.5 Hz, 2H), 2.35 (t, J = 7.5 Hz, 2H), 4.73 (dd, J = 

1.0, 6.5 Hz, 2H), 6.29 (td, J = 6.5, 16.0 Hz, 1H), 6.65 (d, J = 16.0 Hz, 1H), 7.26 (tt, J = 

1.5, 7.5 Hz, 1H), 7.32 (t, J = 7.5 Hz, 2H), 7.39 (d, J = 7.5 Hz, 2H); 13C NMR (125 MHz, 

CDCl3) $ 14.1, 22.7, 25.0, 29.15, 29.26, 29.32, 29.4, 29.6 (2C), 31.9, 34.3, 64.8, 123.3, 

126.6, 128.0, 128.6, 134.0, 136.2, 173.7; HRMS (FAB) calcd for C21H33O2 [(M+H)+] 

317.2481, found 317.2480. 

 

n-C11H23 O

O

 Geranyl laurate.  Colorless oil; IR (neat) 1736, 1456, 

1378, 1168, 1112 cm–1; 1H NMR (500 MHz, CDCl3) $ 0.88 (t, J = 7.0 Hz, 3H), 

1.20–1.37 (m, 16H), 1.57–1.66 (m. 2H), 1.60 (s, 3H), 1.68 (s, 3H), 1.70 (s, 3H), 2.04 (dt, 

J = 1.5, 7.0 Hz, 2H), 2.11 (td, J = 7.0, 7.0 Hz, 2H), 2.23 (t, J = 7.5 Hz, 2H), 4.59 (d, J = 

7.0 Hz, 2H), 5.08 (tt, J = 1.5, 7.0 Hz, 1H), 5.34 (qt, J = 1.5, 7.0 Hz, 1H); 13C NMR (125 

MHz, CDCl3) $ 14.1, 16.4, 17.6, 22.7, 25.0, 25.6, 26.3, 29.1, 29.2, 29.3, 29.4, 29.6, 31.9, 

34.4, 39.5, 61.1, 118.4, 123.7, 131.7, 142.0, 173.9; HRMS (FAB) calcd for C22H41O2 

[(M+H)+] 337.3107, found 337.3101. 

 

n-C11H23 O

O

n-C5H11

n-C5H11

 6-Undecyl laurate.  Colorless oil; IR (neat) 1735, 1466, 1378, 

1178, 1119 cm–1; 1H NMR (400 MHz, CDCl3) $ 0.88 (t, J = 7.0 Hz, 9H), 1.20–1.34 (m, 

28H), 1.46–1.54 (m, 4H), 1.62 (quint, J = 7.5 Hz, 2H), 2.28 (t, J = 7.5 Hz, 2H), 4.87 
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(quint, J = 6.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) $ 14.0 (2C), 14.1, 22.5 (2C), 22.7, 

25.0 (2C), 25.2, 29.2, 29.30, 29.32, 29.5, 29.6 (2C), 31.7 (2C), 31.9, 34.1 (2C), 34.7, 

74.1, 173.7; HRMS (FAB) calcd for C23H47O2 [(M+H)+] 355.3576, found 355.3571. 

 

 

Selective Ester Condensation on the Bases of Hydrophobicity of the Substrates   

     The reaction of a 1:1:1 mixture of 1-adamantanecarboxylic acid, acetic acid and 

1-dodecanol (4.0 mmol each) was conducted in the presence of water or heptane (24 

mL) in the presence of [1f•H2SO4]
B (5 mol %).  The yields were determined by 1H 

NMR analysis (Scheme 3A).   

 

On-C12H25

O

 1-Dodecyl 1-adamantanecarboxylate.15   

 

On-C12H25

O

 1-Dodecyl acetate.16   

 

The reaction of a 1:1:1 mixture of lauric acid, cyclododecanol and ethanol (4.0 mmol 

each) was conducted in the presence of water or heptane (24 mL) in the presence of 

[1e•H2SO4]
B (5 mol %).  The yields were determined by 1H NMR analysis (Scheme 

3B).   

 

n-C11H23 O

O

 Cyclododecyl laurate.  Colorless oil; IR (neat) 1731, 1469, 

1446, 1256, 1184, 1151, 1111 cm–1; 1H NMR (500 MHz, CDCl3) $ 0.88 (t, J = 7.0 Hz, 

3H), 1.20–1.53 (m, 36H), 1.61 (quint, J = 7.0 Hz, 2H), 1.65–1.74 (m, 2H), 2.26 (t, J = 

7.5 Hz, 2H), 5.01 (tt, J = 5.0, 7.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) $ 14.1, 20.9 

(2C), 22.7, 23.2 (2C), 23.3 (2C), 23.8 (2C), 24.0 (2C), 25.1, 29.08, 29.12, 29.26, 29.32, 

29.5, 29.6 (2C), 31.9, 34.7, 71.8, 173.6; HRMS (FAB) calcd for C24H47O2 [(M+H)+] 

367.3576, found 367.3569. 

 

n-C11H23 OEt

O

 Ethyl laurate.17   
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Dehydrative Glycosylation   

     In a 10 mL flask with a Teflon-coated magnetic stirrer bar, [1e•H2SO4]
B (0.10 

mmol) was prepared according to the typical procedure (method B).  To this flask, 

3,5-O-Dibenzyl-2-deoxy-D-ribose (629 mg, 2.0 mmol) and 1-dodecanol (492 µL, 2.2 

mmol) and water (1.0 mL) were added successively, and the mixture was stirred 

vigorously at 40 °C.  The conversion yields were determined by 1H NMR analysis 

(Scheme 4).  As a result, 1-dodecyl 3,5-O-dibenzyl-2-deoxy-L-ribofuranoside was 

obtained in 87% yield ("/# = 39:61).  In contrast, the use of H2SO4 (5 mol %) as a 

catalyst gave the product in 28% yield ("/# = 45:55).   

 

O

OBn

On-C12H25

OBn

 1-Dodecyl 3,5-O-dibenzyl-2-deoxy-L-ribofuranoside.  Colorless 
oil; IR (neat) 1496, 1454, 1362, 1203, 1117, 1098 cm–1; 1H NMR (500 MHz, CDCl3) $ 

0.88 (t J = 7.0 Hz, 3H), 1.20–1.37 (m, 18H), 1.44–1.53 (m, 1.4H), 1.59 (m, 0.6H), 2.01 

(ddd, J = 1.5, 3.5, 14.0 Hz, 0.4H), 2.13 (ddd, J = 5.5, 6.0, 13.5 Hz, 0.6H), 2.23 (ddd, J = 

2.0, 6.5, 13.5 Hz, 0.6H), 2.26 (ddd, J = 6.0, 8.0, 14.0 Hz, 0.4H), 3.32 (td, J = 7.0, 9.5 Hz, 

0.6H), 3.41 (td, J = 6.5, 9.5 Hz, 0.4H), 3.50 (dd, J = 6.0, 9.5 Hz, 0.6H), 3.52 (dd, J = 4.5, 

10.5 Hz, 0.4H), 3.54 (dd, J = 6.0, 9.5 Hz, 0.6H), 3.58 (dd, J = 4.5, 10.5 Hz, 0.4H), 3.64 

(td, J = 7.0, 9.5 Hz, 0.6H), 3.73 (td, J = 6.5, 9.5 Hz, 0.4H), 3.99 (ddd, J = 3.5, 5.0, 8.0 

Hz, 0.4H), 4.15 (ddd, J = 3.5, 6.0, 6.5 Hz, 0.6H), 4.22 (ddd, J = 4.5, 4.5, 5.0 Hz, 0.4H), 

4.26 (ddd, J = 3.5, 6.0, 6.0 Hz, 0.6H), 4.46 (d, J = 12.0 Hz, 0.4H), 4.48 (d, J = 12.0 Hz, 

0.6H), 4.52 (d, J = 12.0 Hz, 0.6H), 4.52 (d, J = 12.0 Hz, 0.4H), 4.54 (d, J = 12.0 Hz, 

0.4H), 4.55 (d, J = 12.0 Hz, 0.6H), 4.57 (d, J = 12.0 Hz, 0.4H), 4.59 (d, J = 12.0 Hz, 

0.6H), 5.17 (dd, J = 1.5, 6.0 Hz, 0.4H), 5.19 (dd, J = 2.0, 5.5 Hz, 0.6H), 7.24–7.36 (m, 

10H); 13C NMR (125 MHz, CDCl3) $ 14.1, 22.7, 26.2, 29.3, 29.43, 29.44, 29.58, 29.61, 

29.62, 29.65, 31.9, 38.8, 39.4, 67.81, 67.82, 70.0, 71.5, 72.1, 73.3, 73.4, 78.5, 80.2, 81.5, 

82.7, 103.7, 104.3, 127.52, 127.57, 127.60, 127.63, 127.64, 127.66, 127.68, 128.28, 

128.31, 128.34, 138.0, 138.10, 138.19, 138.24; HRMS (FAB) calcd for C31H47O4 

[(M+H)+] 483.3474, found 483.3464.   

 

 

Transesterification of Methyl Esters   

     A 10 mL flask with a Teflon-coated magnetic stirring bar, [1e•H2SO4]
B (0.10 

mmol) was prepared according to the typical procedure (method B).  To this flask, 

methyl laurate (985 µL, 4.0 mmol), 1-dodecanol (984 µL, 4.4 mmol) and a solvent (2.0 
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mL) were added successively, and the mixture was stirred vigorously at 60 °C.  The 

yields were determined by 1H NMR analysis (Scheme 5A). 

 

 

Transglycosylation of Methyl Acetals   

     The reaction of methyl 2-deoxy-L-ribofuranoside (657 mg, 2.0 mmol) and 

1-dodecanol (492 µL, 2.2 mmol) was conducted in a solvent (1.0 mL) at 40 °C in the 

presence of [1e•H2SO4]
B (5 mol%) according to the procedure for the transesterification 

of methyl esters (Scheme 5B).   
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Chapter 4. 

N,N-Diarylammonium Pyrosulfate-catalyzed Hydrolysis of Esters 

without the Use of Any Organic Solvents 

 

 

Abstract: Oil-soluble N,N-diarylammonium pyrosulfates effectively promote the 

catalytic hydrolysis of esters under aqueous conditions without the use of any organic 

solvents.  The present method can be applied to the reaction of various esters 

composed of hydrophobic carboxylic acids and hydrophilic alcohols to give carboxylic 

acids in high yields.  Especially, the hydrolysis of N-protected !-amino acid esters is 

successfully promoted without epimerization under acidic aqueous conditions.  Esters 

composed of hydrophobic alcohols and hydrophilic carboxylic acids are also 

hydrolyzed to give alcohols in high yields.  This study may lead to a new perspective 

in green chemistry since the present method does not require any organic solvents. 
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     The hydrolysis of esters is one of the most widely used transformations in organic 

synthesis because esters are often used not only as substrates for the synthesis of 

carboxylic acids but also as protecting groups for carboxylic acids or alcohols.1  In 

general, the hydrolysis of esters is performed in a homogeneous mixture of organic 

solvents and water under mild basic conditions.2–4  However, stoichiometric amounts 

of bases are needed under these conditions because the generated carboxylic acids form 

salts with the base catalysts.  Thus, neutralization of the carboxylic acid salts with a 

strong acid is required to obtain the desired carboxylic acids.  Moreover, problems that 

are frequently encountered under these basic conditions include the epimerization of 

N-protected !-amino acid esters and the decomposition of base-sensitive functional 

groups.5 

     The hydrolysis of esters can also be promoted with acid catalysts.6  However, 

organic solvents are required as co-solvents to make the reaction mixture homogeneous.  

Under heterogeneous conditions, Brønsted acid catalysts are dissolved in the aqueous 

phase and the reactivity of the hydrolysis decreases.  Since the organic solvents are 

considered waste after the reaction, these methods are not desirable for green chemistry.  

In 2003, Kobayashi and colleagues reported that a polystyrene-supported sulfonic acid 

catalyzed the hydrolysis of dodecyl acetate.7  This is the only example of the 

hydrolysis of esters without the use of organic solvents. 

     In chapter 3, the author reported that N,N-diarylammonium pyrosulfates catalyzed 

ester condensation reactions under aqueous conditions.  These catalysts are dissolved 

in the organic phase and promote dehydrative condensation reactions.  Next, the author 

considered that N,N-diarylammonium pyrosulfates would promote the hydrolysis of 

esters without the use of any organic solvents based on the following hypothesis (Figure 

1).8  A small amount of water would be transferred into the organic phase as the 

substrate of hydrolysis.  In the hydrolysis of methyl esters, the generated methanol 

would move into the aqueous phase.  Thus, the equilibrium of the reaction would favor 

the cleavage of esters.  Herein, the author report that N,N-diarylammonium 

pyrosulfates promote the hydrolysis of esters without the use of any organic solvents. 
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Figure 1. Working hypothesis for the N,N-diarylammonium pyrosulfate-catalyzed 

hydrolysis of hydrophobic methyl esters under aqueous conditions 

 

     The author first examined the catalytic activity of 

N-(2,4,6-triisopropylphenyl)-[1,1’:3’,1’’-terphenyl]-2’-ammonium pyrosulfate 1 for 

the hydrolysis of esters under aqueous conditions in the absence of any organic solvents.  

When the reaction of methyl laurate (2 mmol) was conducted in the presence of water 

(1 mL) at 60 °C for 20 h, in the presence of 1 (5 mol %), lauric acid was obtained in 

56% yield. (Table 1, entry 1).  The low reactivity could be attributed to the rather low 

solubility of methanol in the aqueous phase.  The yield of lauric acid was improved by 

the use of more water (entries 2–4).  The use of 8 mL of water for the hydrolysis of 

methyl laurate (2 mmol) gave the best result (86% yield) (entry 4).  On the other hand, 

as in the case of dehydrative ester condensation, sulfuric acid (H2SO4) and the 

N,N-diarylammonium sulfate that was prepared at room temperature were almost inert 

under aqueous conditions (entries 4 and 5).  p-Dodecylbenzenesulfonic acid (DBSA)7 

also promoted the hydrolysis of methyl laurate, although the reactivity was slightly 

lower than that with 1 (entry 6).  This might be because DBSA prevented water from 

transferring to the organic phase by forming emulsion droplets.  In contrast, the 

conventional alkaline catalyst LiOH was inert in the absence of organic solvents (entry 

7).  LiOH-catalyzed hydrolysis was also not promoted in the presence of a phase 

transfer catalyst Bu4NBr (entry 8).4  Trimethyltinhydroxide (Me3SnOH) is an effective 

and mild catalyst in organic solvent.9  However, Me3SnOH was inert under aqueous 

conditions, and may be dissolved in water (entry 9).   
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Table 1.  Catalytic Activities of Various Catalysts under Aqueous Conditions 

n-C11H23CO2Me n-C11H23CO2H
H2O (Y mL)

cat. (X mol %)

2 mmol
60 °C, 20 h  

entry  cat. X (mol %) Y (mL) yield (%)a 

 

1 

2 

3 

4 

NH + H2SO4

i-Pr

i-Pr

i-Pr

Ph

Ph

1  

 

5 

5 

5 

5 

 

1 

2 

4 

8 

56 

65 

71 

86 [3]b 

 

5 H2SO4 5 8 4 

6 DBSA 5 8 70 

7 LiOH 100 8 4 

8c LiOH 100 8 6 

9 Me3SnOH 100 8 4 
aDetermined by 1H NMR analysis.  bData in bracket refer to the yield of lauric acid 

when N,N-diarylammonium sulfate (5 mol %) prepared at rt was used as a catalyst.  
cThe reaction was conducted in the presence of Bu4NBr (5 mol %). 

 

     The present 1-catalyzed method could be applied to the hydrolysis of various 

esters of hydrophilic alcohols (Table 2).  The solubilities of the generated alcohols in 

water were important to give the corresponding carboxylic acids in high yields because 

the equilibrium of the reaction favored the cleavage of esters when the alcohols were 

dissolved in the aqueous phase.  Methyl, ethyl, and ethylene glyceryl esters were 

smoothly hydrolyzed and gave the corresponding carboxylic acids in good yields 

(entries 1–3).  More water was required for the hydrolysis of isopropyl laurate since 

isopropyl alcohol is less soluble in water than methanol (entry 4).  This method could 

also be applied to the hydrolysis of triacylglycerols in high yields under aqueous 

conditions without the isomerization of carbon–carbon double bonds (entries 5–7).10 
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Table 2.  1-catalyzed Hydrolysis of Esters under Aqueous Conditionsa 

H2O
RCO2HRCO2R'

1 (5 mol %)

 
entry ester temp 

(°C) 

time 

(h) 

yield 

(%)b 

1 n-C11H23CO2Et 60 20 83 

2 
CO2Men-Pr

n-Pr  
80 30 80 

3 OCOn-C11H23
n-C11H23CO2  

60 24 92 

4c n-C11H23CO2i-Pr 80 30 85 

 

5 

 

6 

 

7 

 

O O

O

R

O

R

O

R

O

n-C8H17 C7H14
R =

C7H14

n-C5H11

R =

R = n-C15H31

            

80 

 

80 

 

80 

 

24 

 

30 

 

24 

 

95 

 

86 

 

90 

 

aUnless otherwise noted, the reaction of ester (1 mmol) was conducted with 1 (5 mol %) 

in water (4 mL).  bDetermined by 1H NMR analysis.  cWater (8 mL) was used. 

 

     Next, the author examined the hydrolysis of !-hetero-substituted esters (Table 3).  

The esters of !-hetero-substituted carboxylic acids are easily racemized under basic 

conditions.5b  For example, the conventional alkaline hydrolysis of (S)-methyl 

O-methylmandelate (entry 2), N-Cbz-L-phenylglycine methyl ester (entry 4),11 and 

N-Cbz-O-benzyl-L-serine methyl ester (entry 6) resulted in epimerization, although 

carboxylic acids were obtained in high yields.  In contrast, 1-catalyzed hydrolysis of 

these esters gave the corresponding carboxylic acids without any loss of chirality 

(entries 1, 3, and 5).  Moreover, other N-Cbz-!-amino acid methyl esters such as 

N-Cbz-L-phenylalanine methyl ester and N-Cbz-L-valine methyl ester were successfully 

hydrolyzed without epimerization (entries 7 and 8).  The present method was also 

applied to base-sensitive esters.  For example, N-9-fluorenylmethyloxycarbonyl 

(Fmoc)-protected L-phenylalanine methyl ester was successfully hydrolyzed without 

cleavage of the Fmoc group (entry 9).  In contrast, under conventional alkaline 

conditions, the Fmoc group was completely removed although the ester were 

hydrolyzed (entry 10).2,10b  When the substrates and/or products were solid under the 
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reaction conditions, the addition of a small amount of organic solvent such as 

nitroethane (EtNO2) was effective for dissolving the ester and promoting the hydrolysis 

(entry 9).   

 

Table 3.  1-catalyzed Hydrolysis of !-Hetero-substituted Methyl Esters under 

Aqueous Conditionsa 

H2O, 80 °C
RCO2H

1 (5 mol %)
RCO2Me

 
entry ester time (h) yield (%)b ee (%) 

1 

2c MeO CO2Me

Ph

 

20 

2 

83 

94 

>99 

97 

     

3 

4c 
CbzHN CO2Me

Ph

 
  

9 

2 

80 

93 

>99 

15 

     

5 

6c 
CbzHN CO2Me

OBn

 

9 

4 

83 

94 

>99 

65 

     

7 
CbzHN CO2Me

Ph

 

9 84 >99 

     

8 
CbzHN CO2Me

i-Pr

 
9 86 >99 

     

9d 

10c 
FmocHN CO2Me

Ph

 

9 

2 

82 

— 

>99 

 

aUnless otherwise noted, the reaction of ester (1 mmol, >99% ee) was conducted with 1 

(5 mol %) in water (4 mL) at 80 °C.  bIsolated yield.  cLiOH (100 mol %) was used in 

THF–MeOH–water (1:2:2 v/v, 2.5 mL) at rt.  dEtNO2–water (1:3 v/v, 1.3 mL) was 

used as a solvent. 
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     Next, the author examined the hydrolysis of various esters of hydrophilic 

carboxylic acids such as acetic acid (Table 4).4,12  In this case, the solubilities of the 

generated carboxylic acids in water were also important to give the corresponding 

alcohols in high yields.  A variety of acetates, propionates and lactates were 

successfully converted to the corresponding alcohols (entries 1–4).  In the hydrolysis 

of 1-dodecyl lactate, L-lactic acid was also obtained from the aqueous phase in 88% 

yield along with 1-dodecanol (87% yield) (entry 4).  However, dodecyl isobutyrate 

gave 1-dodecanol in 38% yield (entry 5).  This is because isobutyric acid is not 

sufficiently soluble in water to move into the aqueous phase.  In general, when the 

hydrolysis of acid-sensitive allylic esters is carried out under acidic conditions, a 

significant amount of diallylic ether is produced as a byproduct.  In fact, the hydrolysis 

of cinnamyl acetate13 at 60 °C gave dicinnamyl ether in 15% yield (entry 6).  When the 

same reaction was conducted at 40 °C, the yield of dicinnamyl ether was reduced to 2% 

and the desired cinnamyl alcohol was obtained in 92% yield (entry 7).  The hydrolysis 

of acetates bearing tert-butyldiphenylsilyl (TBDPS) (entry 8) and p-methoxybenzyl 

(PMB) (entry 9) groups afforded the corresponding alcohols without cleavage of these 

protecting groups.2,7 
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Table 4.  1-catalyzed Deacylation without the Use of Any Organic Solventsa 

H2O
R'OHRCO2R'

1 (5 mol %)

 
entry ester temp (°C) time (h) yield (%)b 

1 n-C12H25OAc 60 6 86 

2 
OAcn-Bu

n-Bu  
80 24 89 

3c EtCO2C12H25 60 30 74 

4 
HO CO2C12H25

Me

 

80 4 87d [88]e 

5 i-PrCO2n-C12H25 80 24 38 

6 

7 
Ph OAc  

60 

40 

6 

24 

82 [15]f 

92 [2]f 

8c 
OAcTBDPSO

6  
40 30 88  

9 OAcPMBO

6  
40 30 86 

aUnless otherwise noted, the reaction of ester (1 mmol) was conducted with catalyst (5 

mol %) in water (4 mL).  bDetermined by 1H NMR analysis.  cWater (8 mL) was used.  
dIsolated yield.  eIsolated yield of L-lactic acid is shown in brackets.  fYield of 

dicinnamyl ether is shown in brackets.  

 

Next, the author examined the hydrolysis of acetals.2,14  The 1-catalyzed 

hydrolysis of methyl 3,5-O-dibenzyl-2-deoxy-D-ribose under aqueous conditions gave 

the corresponding hemiacetal in 92% yield, while the use of H2SO4 as a catalyst 

decreased the yield (1%) (Scheme 2).   

 

O

OBn

OMe
O

OBn

OH
  cat. (5 mol %)

H2O 4 mL
40 °C, 4 h

92% (!:" = 35:65)1:cat. =

cat. = H2SO4: 1%

OBn OBn

 

Scheme 2.  1-catalyzed hydrolysis of methyl 3,5-O-dibenzyl-2-deoxy-D-ribose 
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     In conclusion, N,N-diarylammonium pyrosulfate 1 successfully catalyzed the 

hydrolysis of various esters under aqueous conditions.  Especially, N-protected 

!-amino acid methyl esters, which were easily racemized under basic conditions, were 

hydrolyzed by 1 without epimerization.  This method did not require any organic 

solvents.  The hydrolysis of esters is one of the most fundamental organic reactions.  

The ability to avoid using organic solvents should help to promote green chemistry.  
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Experimental Section 

 

General Methods. 

     IR spectra were recorded on a JASCO FT/IR-460 plus spectrometer.  
1H NMR spectra were measured on an INOVA spectrometer (500 MHz) or a JEOL 

ECS-400 spectrometer (400 MHz) at ambient temperature.  Data were recorded as 

follows: chemical shift in ppm from tetramethysilane as an internal standard 

on the " scale, multiplicity (s = singlet; d = doublet; t = triplet; q = quartet; m 

= multiplet), coupling constant (Hz), and integration.  13C NMR spectra 

were measured on an INOVA spectrometer (125 MHz) at ambient temperature. 

Chemical shifts were recorded in ppm from the resonance of the solvent used 

as an internal standard (CDCl3 at 77.0 ppm).  For TLC analysis, Merck 

precoated TLC plates (silica gel 60 F254 0.25 mm) were used. For preparative 

column chromatography, Merck silica gel 60 (0.040–0.063 mm) was used.  

High resolution mass spectral analysis (HRMS) was performed at the Chemical 

Instrumentation Facility, Nagoya University on a JEOL JMS-700 spectrometer.  High 

performance liquid chromatography (HPLC) analysis was conducted using a Shimadzu 

LC-20A coupled diode array-detector SPD-M20A and a chiral column of Daicel 

CHIRALCEL OD-H (4.6 mm Å~ 25 cm), Daicel CHIRALCEL OJ-H (4.6 mm Å~ 25 

cm) or Daicel CHIRALPAK AS-H (4.6 mm Å~ 25 cm).  Conc. H2SO4 (Aldrich) and 

other materials were obtained commercially and used without further purification. 

 

 

Typical Procedure for the N,N-Diarylammonium Pyrosulfate-Catalyzed 

Hydrolysis of Esters under Aqueous Conditions 

     A 10 mL flask with a Teflon-coated magnetic stirrer bar was charged with 

sulfuric acid (2.5 "L, 0.05 mmol), 

N-(2,4,6-triisopropylphenyl)-[1,1’:3’,1’’-terphenyl]-2’-amine (22 mg, 0.05 mmol) and 

1,4-dioxane (0.1 mL), and the mixture was heated at 80 °C for 30 min.  After the 

mixture was cooled to ambient temperature, 1,4-dioxane was removed under reduced 

pressure.  To this flask were added successively an ester (1.0 mmol) and water (4.0 

mL), and the mixture was stirred vigorously at 40–80 °C.  The yields were determined 

by 1H NMR analysis of the reaction mixture. 

     A representative isolation procedure is as follows: After the reaction mixture was 

cooled to ambient temperature, the mixture was extracted with EtOAc (4 mL! 2).  The 

combined organic layers were dried over Na2SO4, and concentrated.  The crude 
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product was purified by column chromatography on silica gel to give the product.  The 

ee value was determined by HPLC analysis. 

 

Typical Procedure for the LiOH-Catalyzed Hydrolysis of Esters 

     Ester (1.0 mmol) was added to a mixture of LiOH•H2O (126 mg, 3 mmol), THF 

(0.5 mL), MeOH (1.0 mL) and water (1.0 mL) with a Teflon-coated magnetic stirrer bar, 

and the mixture was stirred at ambient temperature.  The reaction was quenched with 1 

M HClaq (4 mL), and the mixture was extracted with EtOAc (5 mL! 3).  The 

combined organic layers were dried over Na2SO4 and concentrated.  The crude product 

was purified by column chromatography on silica gel to give the product.  The ee 

value was determined by HPLC analysis. 

 

     The following obtained carboxylic acids and alcohols were obtained 

commercially: lauric acid, 2-propyl valeric acid, palmitic acid, oleic acid, linoleic acid, 

L-O-methylmandelic acid, N-benzyloxycarbonyl L-phenylglycine, 

N-benzyloxycarbonyl-O-benzyl L-serine, N-benzyloxycarbonyl L-phenylalanine, 

N-benzyloxycarbonyl L-valine, N-9-fluorenyl ethyloxycarbonyl L-phenylalanine, 

1-dodecanol, 5-nonanol, L-lactic acid, and cinnamyl alcohol. 

 

OHTBDPSO

6 6-(tert-butyldiphenylsilyloxy)-1-hexanol.1 

 

OHPMBO

6 6-(p-methoxybenzyl)-1-hexanol.2 

 

O

OBn

OH

OBn

3,5-O-dibenzyl-2-deoxy-D-ribose.3 
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