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Abstract By DFT calculation we found that the acid-catalyzed carboxylic acid 

esterification or ester hydrolysis is a brief two-step reaction. Firstly, carboxylic acid 

hydroxyl-oxygen or ester alkyl-oxygen is protonated, which generates a highly active 

acylium ion. The protonation requires an activation energy (Ea) of 4-10 kcal/mol, and 

it is the rate-controlling step of esterification or hydrolysis. Sequentially, the acylium 

ion spontaneously reacts with two alcohols or two water molecules to form a neutral 

product molecule, this is a trimolecular reaction. The acylium ion is esterification and 

hydrolysis shared the highly active intermediate. ESI-MS data of several typical 

carboxylic acids confirmed that their acylium ions are easily generated. For 2, 4, 

6-trialkylbenzoic acid and its ester, the two unsubstituted carbons in benzene ring 

are very easily protonated, and we have thus revealed the root of Newman’s craft 

success. Based on these results, in organic chemistry textbooks the popular 

esterification and hydrolysis mechanism is incorrect. 

Key words: hydroxyl-oxygen, protonation, cilium ion, DFT calculation, ESI-MS. 
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Introduction 

Carboxylic acids react with alcohols to form esters through a condensation 

reaction, which is often referred to as Fischer esterification 1: 

R C

O

OH R' OH R C

O

OR' H2O++
H+

 

The acid-catalyzed esterification reaction is reversible, and proceeds very slowly in 

the absence of strong acids. However, the reaction can usually reach equilibrium 

quickly with a small amount of concentrated sulfuric acid or hydrogen chloride as 

catalysts. During the 1920’s and 1930’s, chemists 
2-8

 conducted a large number of 

experimental and theoretical studies regards to the acid-catalyzed carboxylic acid 

esterification mechanism. At that time, an important question regarding the 

mechanism was the origin of the alkyl-oxygen in the formation of ester. In 1938, Urey 

and Roberts 
2
 provided a clear-cut answer by using methanol enriched in 

18
O isotope. 

When benzoic acid in 
18

O-methanol is esterified, the methyl benzoate contains the 

entire 
18

O label that is originally present in the methanol. 

C6H5 C

O

OH H3C O C6H5 C

O

H2O++
H+

18 18
H O CH3  

In organic chemistry textbooks, the currently popular esterification and hydrolysis 

mechanism was first proposed by Watson5, 6 in 1935. The mechanism is described as 

following Scheme 1 9-11. The carbonyl-oxygen of carboxylic acid is first protonated to 

form 2, 2 undergoes a nucleophilic addition with an alcohol molecule to form 3, and 

then occurs a sequential deprotonation and re-protonation to form 4 and 5. In 

organic chemistry, 3, 4 and 5 are referred to as tetrahedral intermediates. The 
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esterification and hydrolysis are a “symmetrical mechanism”, that is, the reverse of 

such a mechanism for esterification will be the mechanism for hydrolysis. However, in 

carboxylic group the two oxygen atoms all can be protonated, if the hydroxyl-oxygen 

is protonated, what results will occur? In 1939, Urey and Roberts 3 pointed out that it 

is possible for the reaction occurrence by hydroxyl-oxygen protonation to give 

[RC(O)-OH2]+ instead of the carbonyl-oxygen protonation. They considered that the 

[RC(O)-OH2]+ and alcohol can directly generate the active complex 5 in Scheme 1. 

This shows that at that time chemists did not recognize that there are essential 

difference between carbonyl-oxygen protonation and hydroxyl-oxygen protonation. 

C

O

O
R

- H2O

-
+

R' OHH H+

C

O

O
R

H

H

+

C

O

OR H

H

O

H

R' C

O

OR
H

H

O
R'

H+
C

O

O+R

H

H
O

R'

H

C

O+

R

H

O
R'

H+
-

C

O

R
O

R'

1 2 3 4

5 6 7

..

H+

H+H+

H+H+
H2O-

- R' OH-

 

Scheme 1. The acid-catalyzed carboxylic acid esterification and ester hydrolysis 

mechanism proposed by Watson in 1935. 

Also in 1935, Ingold 7, 8 proposed a novel esterification and hydrolysis mechanism 

(Scheme 2). In the mechanism, the hydroxyl-oxygen or alkyl-oxygen protonation and 

then the dehydration or dealcoholization generate an acylium ion 3 (Scheme 2 1 → 3 

or 5 → 3). The esterification or hydrolysis is that the 3 spontaneously bonds with an 

alcohol or a water molecule, and then deprotonates to get the target product 

(Scheme 2 3 → 5 or 3 → 1). This is also a “symmetrical mechanism”. Our study 

indicates that the acylium ion derives from the hydroxyl-oxygen or alkyl-oxygen 
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protonation and is the active intermediate of esterification and hydrolysis, which is 

correct and is the highlight of Ingold’s mechanism. However, our DFT calculation 

found that Ingold’s description about the protonation process and the esterification 

or hydrolysis process is incorrect. Firstly, in the reaction system there is no the 

independent H+ ions, most of H+ ions are present in R-OH2
+ or H3O+ form. Secondly, 

the intermediate 2 and 4 also cannot be generated; the esterification and hydrolysis 

carry out in accordance with other way. 

C

O

O
R

- H2O+

R' OH

H H+

C

O

O
R

H

C

O

R O

R' H+-
C

O

R O
R'

1 2 3

4 5

H
C OR
+

H

+

R' OH-

H2O

H+

H+-

 

Scheme 2. The acid-catalyzed carboxylic acid esterification and ester hydrolysis 

mechanism proposed by Ingold. 

Has long been known, certain substituted benzoic acids, for example, 2, 4, 

6-trimethyl benzoic acid, are not appreciably esterified on refluxing with alcohols 

containing strong acid. In 1941, Newman 12 reported that this type of esterification 

could quickly finish with high yield by the following craft. First, the acid was dissolved 

in 100% sulfuric acid, after standing at room temperature for a few minutes (note 

that here is “standing”, without stirring), and then the sulfuric acid solution was 

poured into an excess of a cold absolute alcohol. Finally, the ester was obtained in 

yield of about 80%. Based on the results, Newman did not hesitate to put forward an 

identical mechanism (Scheme 3) with Ingold’s that (Scheme 2). Sulfuric acid is a protic 
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solvent, so Newman’s method confirmed an important concept that in protic solvents 

the acylium ion can be generated as an active intermediate. 

C OH

O

RR

R

C OH2

O

RR

R

C

O

RR

R

C O

O

RR

R

C O

O

RR

R

100% H2SO4

100% H2SO4 - H2O

 H2O

- R'OH

R'OH

+
+

- H+

- H+

R'

H
+

R'

R = methyl, ethyl, isopropyl.  R' = methyl

1 2 3

4 5

 

Scheme 3. In sulfuric acid, the mechanism of certain substituted benzoic acid 

esterification and corresponding ester hydrolysis proposed by Newman 12. 

During the 1950’s and 1960’s, Chmile 13 and Bender 14-16 through kinetic and ester 

carbonyl-O18 exchange studies further affirmed that the acylium ion is the active 

intermediate of certain substituted benzoic acid ester hydrolysis, and they believe 

that only certain substituted benzoic acids and their esters follow the esterification 

and hydrolysis mechanism in Scheme 3, but other carboxylic acids and esters still 

have to follow the mechanism in Scheme 1.  

Our Density Functional Theory (DFT) calculations are done by using Gaussian 09, 

Revision-A 17. In the last 30 years, DFT has become an essential tool for clarifying 

reaction mechanism. The calculations were carried out by the Becke3LYP method 18. 

For the calculations of organic molecules, the hybrid function has now become the 

most widely employed method. All DFT calculations are performed by using the 

6-311G(d,p) basis set. 

The esterification or hydrolysis is a liquid-phase reaction, the solvent effect must 
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be considered. Usually, in an esterification system alcohol is used as solvent, but for 

an ester hydrolysis system, the solvent often is pure water or alcohol-water mixed 

solvent. In this study, we set the solvent is methanol or pure water, so the 

calculations of a carboxylic acid molecule or a reaction system containing carboxylic 

acid need to estimate the solvent effect of methanol, and the calculations of an ester 

molecule or a reaction system containing ester need to estimate the solvent effect of 

water. Methanol and water are highly polar solvent. In all DFT calculations, Tomasi’s 

polarized continuum model PCM19-22 is used to estimate the solvent effects. 

Our DFT calculation found that the two oxygen-protonations of carboxylic acids 

and esters obedience Lewis collision theory, and thus the protonations need to 

overcome activation energy Ea. Our calculation get that Ea = 0-4 kcal/mol for the 

carbonyl-oxygen protonation of acetic acid, benzoic acid and their methyl esters and 

the Ea = 4-10 kcal/mol for the hydroxyl- oxygen or alkyl-oxygen protonation. The 

carbonyl-oxygen protonation is much easier than the hydroxyl-oxygen or alkyl-oxygen 

one. However, the effective protonation site is the hydroxyl-oxygen or alkyl-oxygen, 

rather than the carbonyl- oxygen. Once the hydroxyl-oxygen or alkyl-oxygen is 

protonated, a highly active acylium ion (R-C+=O) is generated. The esterification or 

hydrolysis is a spontaneous trimolecular reaction between an acylium ion and two 

alcohol or two water molecules. For 2, 4, 6-trimethyl benzoic acid and its methyl ester, 

DFT calculation found that the two unsubstituted carbons in benzene ring are very 

easily protonated and we have revealed the root of Newman's craft success. 

Electrospray Ionization-Mass Spectrometry (ESI-MS) 23, 24 analyses of several typical 
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carboxylic acids shows that all spectrograms contain the peaks of their acylium ions, 

but any peak of the intermediates 3, 4 and 5 in Scheme 1 have not appeared. The 

ESI-MS detection directly proved that acylium ion is easily generated, but the 

traditional mechanism in Scheme 1 is not consistent with the experimental fact. 

In this study, DFT calculation of the oxygen-protonation activation energies Ea is 

an important content. From the literature 25-31 knowing, quantum chemists have 

carried out a lot of calculations on the proton affinities (PA) of some carboxylic acids 

and esters, have also given some experimental data, but the oxygen-protonation Ea 

calculations of carboxylic acid and ester has not been found in the literature. By using 

quantum chemistry method to calculate Ea that has its unique advantages: it not only 

can get the Ea, and can provide their reaction paths, orbital, and structures, etc. 

Results and discussion 

1. Activation energy (Ea) calculation of carboxylic acid or ester oxygen-protonation 

In acid-catalyzed carboxylic acid esterification or ester hydrolysis system, alcohol or 

water usually is the solvent. Therefore, the alcohol or water is firstly protonated by a 

strong acid (H+A-) catalyst. 

         R-OH + H+A- → R-OH2
+   H2O + H+A- → H3O+ 

In organic acid or ester molecule, carbonyl-oxygen (O1), hydroxyl-oxygen (O2) or 

ester alkyl-oxygen (O2) all can be protonated. The organic acids and esters are usually 

small molecules (unlike the protein or nucleic acid molecules), so at a certain 

moment, only one oxygen can be protonated in a molecule. 

The DFT calculation found that for the two oxygen-protonations of carboxylic acid 
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or ester molecule, their transition states are not present, thus the two protonations 

do not follow the transition state theory. However, we can follow Lewis collision 

theory to calculate the activation energies Ea of the two oxygen-protonations. Lewis 

collision theory is mostly used in gas phase reaction, but it cannot rule out that many 

liquid phase reactions can conform to the collision theory. Note that, the Ea are 

obtained without considering the effects of temperature changes, so they are the 

activation energies at the default temperature 298.15 K. 

(1) Activation energy (Ea) calculation of carboxylic acid hydroxyl-oxygen and ester 

alkyl-oxygen protonations 

The hydroxyl-oxygen or alkyl-oxygen protonation of carboxylic acid or ester has 

two bimolecular configurations (Scheme 4, A and B). Each configuration actually 

represents a protonation path.  

C

O

R1

O

R2

+
R'

O
HH

C

O

R1

O

R2

R'
OH

H

+
R2 = H,  R' = alkyl

R2 = alkyl,  R' = H

A B  

Scheme 4. The two bimolecular schematic configurations (A and B) of carboxylic acid 

hydroxyl-oxygen or ester alkyl-oxygen protonation by R’-OH2
+ (R’ = alkyl or H). 

According to Lewis collision theory, the initial bimolecular system 1 (RCOOR2 + 

R’OH2
+) completes the protonation through an effective collision and becomes 

system 2 (scheme 5). Therefore, the protonation activation energy Ea is the energy 

difference between the two systems, that is,  

Ea = E2 - E1.  
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Ea is the minimum energy required for the protonation.  

C

O

R1

O
H

R2
+

R'

O
H

C

O

R1

O

R2

+
R'

O

H
H

1 2

Ea

R2 = H,  R' = alkyl

R2 = alkyl,  R' = H

 

Scheme 5. 1 is the initial bimolecular system, 2 is the protonated system. 

For the hydroxyl-oxygen protonation of CH3COOH + CH3OH2
+ (configuration A), the 

calculation process of Ea is as follows: 

Firstly, optimize the initial bimolecular system 1 of CH3COOH + CH3OH2
+, which 

obtained its optimized structure and the system energy E1 (Figure 1, 1). 

1.520

1.025

O

O

O

H

H

H

E1 = - 345.218557 a.u

2

1

+

1.390

        

1.527

0.969

O

O

O

H

H

H

1.499

+

E2 = -345.204152 a.u

1

2

 

               1                                2 

Figure 1. The optimized initial bimolecular system 1 and the energy E1 of CH3COOH + 

CH3OH2
+ (configuration A); the optimized system 2 and the energy E2 of CH3COOH2

+ + 

CH3OH. The bond distance is in angstroms. The atom coordinate tables of system 1 

and system 2 see Supplementary material 1. 

Then the bimolecular system 2 of a hydroxyl-oxygen protonated acetic acid and a 

methanol molecule was optimized, and its optimized structure and system energy E2 

were obtained (Figure 1 2). For the protonated acetic acid, set here, the O-H bond 
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length is equal 0.969 Å, the bond distance derived from the optimized structure of 

protonated acetic acid (see Figure 8 below). The length is frozen in the optimization.  

In Figure 1 2, the C+---OH2 actually has been disconnected because in optimized 

CH3COOH, the -C-OH bond length is 1.351 Å. The energy of system 2 is higher than 

that of 1; the elevated energy is the activation energy Ea of the protonation:  

Ea = E2 - E1 = -345.204152 – (-345.218557) = 0.014405 a.u. = 9.0 kcal/mol. 

The calculation process of Ea is the same for the alkyl-oxygen protonation of 

C6H5COOCH3 + H3O+. Figure 2, 1 is the optimized initial bimolecular system, Figure 2, 

2 is the optimized system after protonation.    

H

H

H
O

O

O

1.376

1.403

1.084

E   = -536.940190 a.u.1

1

2

       H

H

H
O

O

O1.538

1.537

0.974

E   = -536.934762 a.u.2

1

2

 

1                              2 

Figure 2. The optimized initial bimolecular system 1 and the energy E1 of 

C6H5COOCH3 + H3O+ (configuration B); the optimized system 2 and the energy E2 of 

C6H5CO(OH)+CH3 + H2O. The bond distance is in angstroms. The atom coordinates 

tables of system 1 and system 2 see Supplementary material 2. 

      Ea = E2 - E1 = 0.005428 a.u. = 3.4 kcal/mol.         

For acetic acid, benzoic acid and their methyl ester, the Ea of their hydroxyl-oxygen 

and alkyl-oxygen protonations are listed in Table 1.  
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Table 1. The hydroxyl-oxygen and alkyl-oxygen protonation Ea of acetic acid, benzoic 

acid and their methyl esters. 

Initial system      config.      E1 /a.u.         E2 /a.u.        Ea /kcal/mol 

CH3COOH+CH3OH2
+     A      -345.218557     -345.204152         9.0 

                    B      -345.218247     -345.202354        10.0 

CH3COOCH3 + H3O+        A      -345.220936     -345.214113         4.3 

                       B      -345.217571     -345.209966         4.8 

C6H5COOH + CH3OH2
+

     A      -536.944825     -536.929333         9.7 

                        B      -536.944250     -536.928458         9.9 

C6H5COOCH3 + H3O+
      A      -536.947143     -536.939691         4.7 

                     B      -536.940190     -536.934762         3.4 

(2) Activation energy (Ea) calculation of carbonyl-oxygen protonation  

The carbonyl-oxygen protonation of carboxylic acid and ester has four bimolecular 

configurations (Scheme 6 C, D, E and F). The reason why they has four configuration 

is that the -O-R2 has two orientations, and the protonated alcohol or water (R’OH2
+) 

toward O=C- also has two orientations.  

C

O

R1
O

R2

C

O

R1

O

R2

R'

O

H
H

C

O

R1
O

R2

R'
O

H

H
+

+

R'
O

H

H
+

C

O

R1

O

R2

R'
O

H

H
+

E

R2 = H,  R' = alkyl R2 = alkyl,  R' = H

C D F

 

Scheme 6. The four bimolecular schematic configurations C, D, E and F of 

carbonyl-oxygen protonation by R’-OH2
+ (R’ = alkyl or H). 
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The carbonyl-oxygen protonation of CH3COOH + CH3OH2
+ (configuration C) shows 

in Figure 3. From the optimized initial bimolecular system 1 we can see that the O1-H 

bond formed, indicating that the protonation is spontaneously completed. In this 

case, system 1 = System 2,   E2 = E1,   Ea = E2 - E1 = 0 kcal/mol. 

1.695

1.695
O

O

O

HH

H

E1 = - 345.231729 a.u

1.004

1.004

1

2

           

             1 

Figure 3. The optimized initial bimolecular system 1 and the energy E1 of CH3COOH + 

CH3OH2
+ (configuration C) carbonyl-oxygen protonation. The bond distance is in 

angstroms. The atom coordinate tables of system 1 see Supplementary material 3. 

As another example, the carbonyl-oxygen protonation of CH3COOCH3 + H3O+ 

(configuration E) shows in Figure 4. 

O

O
O

H
H

H

1.055

1.444

1
2

E1 = -345.233754 a.u.            
E2 = -345.231154 a.u.

1.581

0.972

O

O

O

H

H

H

1

2

 

                1                             2 

Figure 4. The optimized initial bimolecular system 1 and the energy E1 of CH3COOCH3 

+ H3O+ (configuration E) carbonyl-oxygen protonation; the optimized structure 2 and 
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energy E2 of CH3COH+OCH3 + H2O. The atom coordinate tables of system 1 and 

system 2 see Supplementary material 4. 

Ea = E2 - E1 = 0.002600 a.u. = 1.6 kcal/mol. 

For acetic acid and methyl acetate, the carbonyl-oxygen protonation Ea of the four 

configurations obtained by DFT calculation are listed in Table 2. 

Table 2. The carbonyl-oxygen protonation Ea of acetic acid and methyl acetate by 

R’OH2
+ (R’ = CH3 or H). 

Molecular system   config.        E1 /a.u.         E2 /a.u.      Ea /kcal/mol 

CH3COOH+CH3OH2
+   C        -345.231729     -345.231492         0 

                  D        -345.233240     -345.228078        3.2 

                     E        -345.231586     -345.225646        3.7 

                    F        -345.229543     -345.225107        2.8 

CH3COOCH3 +H3O+
     C        -345.239290     -345.236012        2.0 

                    D        -345.233881     -345.230624        2.0 

      E        -345.233754     -345.231154        1.6 

                   F        -345.234663     -345.231144        2.2 

Based on these Ea data in Table 1 and Table 2 we can get following conclusions: 

1. The Ea of carbonyl-oxygen protonation are in the range of 0-3.7 kcal/mol, which 

is very low, and reaction always loves the path with the lowest activation energy. 

Therefore, the carbonyl-oxygen protonation approximately is a spontaneous process.  

2. The Ea of hydroxyl-oxygen or alkyl-oxygen protonation is in the range of 9.0-10.0 

or 3.4-4.4 kcal/mol (Table 1), which also is low, indicating that the protonation is also 
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easy to complete. However, the Ea are higher than that (Table 2) of carbonyl-oxygen 

protonation. In addition, protonation rate depends not only on the energy factor, but 

also on spatial factors. The protonation have two paths (Scheme 4), but the 

carbonyl-oxygen protonation has four (Scheme 5). In comparison, the spatial factor of 

the protonation is inferior. Therefore, the protonation rate of hydroxyl-oxygen or 

alkyl-oxygen is much slower than that of carbonyl-oxygen.  

From Table 1 visible, the Ea of the ester alkyl-oxygen is much lower than that of the 

hydroxyl-oxygen, which means that hydrolysis is easier than the corresponding 

esterification. This result is in agreement with usual experimental facts. 

3. From Figure 1 and Figure 2, the hydroxyl-oxygen or alkyl-oxygen protonation 

generates a highly active intermediate, acylium ion. Therefore, the protonation is not 

a simple proton transfer, but a key reaction step of esterification and hydrolysis. 

R1COOR2 + R’OH2
+ → R1C+=O + HOR2 + R’OH    R2=H or alkyl; R’= alky or H 

2. Carbonyl-oxygen protonated carboxylic acid or ester cannot generate the 

tetrahedral intermediates of esterification and hydrolysis in Scheme 1 

The optimized structures of carbonyl-oxygen protonated acetic acid, benzoic acid, 

methyl acetate and methyl benzoate show in Figure 5 a1, b1, c1 and d1. 

1.277
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0.973

0.977

O
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1

2

          

0.974

1.290

1.293
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1.475

1.270

1.287

0.972

O

O1

2

     

O

O

1

2

1.4701.280
1.296

1.000

 
                  c1                         d1 

Figure 5. The optimized structures (configuration E) of carbonyl-oxygen (O1) 

protonated acetic acid, benzoic acid, methyl acetate and methyl benzoate obtained 

by DFT calculation. For a1 and b1, the solvent is CH3OH; for c1 and d1, the solvent is 

H2O. The bond distance is in angstroms. 

In Figure 5, the C-O bond lengths are in the range of 1.27-1.30 Å, and the length is 

between C-O single and double bonds. This shows that these C-O bonds have a high 

strength. Accordingly, the protonated acids and esters are stable positive ions. The 

corresponding bond lengths of other configuration ions are similar. 

In order to observe whether the tetrahedral intermediate 3 in Scheme 1 can be 

generated, a potential energy surface scan (PES) was performed, in which a methanol 

molecule gradually close the carbonyl-carbon of a carbonyl-oxygen protonated acetic 

acid or benzoic acid (Figure 5. a1 or b1). The initial length of C+---O(H)CH3 is 2.50 Å 

and ten scan steps of -0.1 Å each was carried out (2.50-1.50 Å). According to the 

system energies (vertical axes) of each scanning step and the C+---O(H)CH3 distances 

(horizontal axes), the two potential energy curves show in Figure 6 I, II. The two 

curves indicated that with shorter C+---O(H)CH3 distance, the system energy 

continuously rises. Obviously, the carbonyl-oxygen protonated carboxylic acid 
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molecule and an alcohol molecule are mutually exclusive. Therefore, it is impossible 

for the carbonyl-oxygen protonated carboxylic acid and alcohol to generate 3 in 

Scheme 1. The scan results of protonated acetic acid or benzoic acid with other 

configurations are similar. 

  

kcal/molE

C- - -O

I

II

 

Figure 6. The two potential energy surface scan (PES) curves of CH3C(OH)2 + CH3OH (I) 

and C6H5C(OH)2 + CH3OH (II) obtained by DFT calculation. Here set C+---O(H)CH3 

distances is 2.5 Å when the energy of the system is zero. The solvent is methanol. 

The scan curves (III and IV) of carbonyl-oxygen protonated methyl acetate and 

methyl benzoate with water (H2O) are shown in Supplementary material 5. The two 

curves and the two curves in Figure 6 are roughly the same, indicating that the 

carbonyl-oxygen protonated ester molecule and H2O cannot also generate the 

intermediate 5 in scheme 1.  

The carbonyl-oxygen protonated carboxylic acid or ester is a positive ion, and 

alcohol is a neutral molecule. The nature of such an addition is that HOMO electrons 

of alcohol are transferred to an UMO (generally is the LUMO) of the positive ion. The 

DFT calculation found the mutually exclusive reasons: their orbital symmetries are 
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not adaptive. For example, the LUMO and HOMO of CH3C(OH)2
+ + CH3OH 

esterification system at C+---O(H)CH3 = 2.50 Å show in Figure 7 a, b.  

           

Figure 7. HOMO of CH3OH and LUMO of CH3C+(OH)2 are not symmetry-adaptive. The 

atom coordinate table of the structure sees Supplementary material 6. 

Because the two molecules are far apart from each other (2.5 Å), Figure 7 a is 

actually HOMO of CH3OH, b is LUMO of CH3C(OH)2
+. As the two molecules are close 

to each other, the + area of HOMO in Figure 7 overlaps with the - area of LUMO in b. 

According to the symmetry-adaptive rule 32, their symmetries obviously are not 

adaptive. The orbital overlap can lead to that the two molecules repel each other. 

With the shorter C+--O distance, the system energy continues to rise (Figure 6). The 

CH3C(OH)2
+ + CH3OH cannot generate the tetrahedral intermediate 3 in Scheme 1. 

Therefore, the carbonyl-oxygen protonated carboxylic acid or ester positive ions are 

inert. 

3. Carboxylic acid hydroxyl-oxygen protonation, acylium ion generation and 

acid-catalyzed carboxylic acid esterification mechanism 

Figure 8 a2, b2 shows the optimized structures of hydroxyl-oxygen protonated 

acetic acid and benzoic acid (here is a monomer optimization).  
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2.073

1.128

0.969

O

O

+

1

2

       

2.114

1.138

0.968
O

O1

2

               

              a2                           b2 

Figure 8. The optimized structures of hydroxyl-oxygen protonated acetic acid (a2) and 

benzoic acid (b2) obtained by DFT calculation. Solvent is CH3OH. The bond distance is 

in angstroms. 

The H2O is far from the carbonyl-carbon (2.073, 2.114 Å) in the optimized structure. 

Obviously, the C+---OH2 bond has been disconnected, which is consistent with the 

result in Figure 1 2 (optimization of a bimolecular system). 

DFT calculation found that the acylium ion and two alcohol molecules could 

spontaneously generate a neutral ester molecule and a protonated alcohol molecule 

through a trimolecular reaction. According to these results, an acid-catalyzed 

carboxylic acid esterification mechanism is shown in Scheme 7.  

R' OH2 + C

O

OH

R
- H2O

C OR
+

C
OR

R'

O
2

Ea

+
R' OH2

+
+

TrimolecularesterificationHydroxyl-oxygen protonation

R' OH

1 2 3

R = -CH3 or C6H5    R' = -CH3

E  = 9.0 or 9.7 kcal/mol

Solvent = Methanol

R' OH R' OH2

+H+A-

a  

Scheme 8. The acid-catalyzed carboxylic acid esterification is a two-step reaction: 1. 

hydroxyl-oxygen protonation, 2. trimolecular esterification. 

This is a two-step reaction. The first reaction (1 → 2) is the hydroxyl-oxygen 

protonation. The protonation should be considered as an effective collision between 
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a carboxylic acid molecule and a protonated alcohol molecule. For the protonation of 

acetic acid and benzoic acid, the Ea is 9.0 and 9.7 kcal/mol, respectively (Table 1). The 

protonation is the rate-controlling step of carboxylic acid esterification. 

The second reaction (2→3) is the trimolecular esterification. Figure 9 g is an 

envisaged trimolecular system of an acetic acid acylium ion and two methanol 

molecules, and then DFT optimizing calculation of g was completed. The result is that 

the hydroxyl proton of CH3OH 1 is accepted by CH3OH 2, at the same time a neutral 

methyl acetate molecule is generated (Figure 9, h). For the two alcohol molecules, 

the function of the CH3OH 1 is to form the neutral ester molecule. The role of the 

CH3OH 2 is to timely accept the hydroxyl proton (H+) of the first. In Results and 

discussion 5, the trimolecular reaction process will be described in detail. 

1.123
2.338

An initial trimolecular system

CH3OH1

CH3OH2

         

O

O

O

H

1.197
1.389

1.471

1.041

after optimization

+

The system

CH3OH2
+

H

 
               g                              h 

Figure 9. The trimolecular reaction of an acylium ion and two methanol molecules 

generated a neutral ester molecule and a CH3OH2
+ (g → h). Solvent is CH3OH. The 

bond distance is in angstroms. 

 DFT calculation also shows that H2O and carboxylic acid or ester with 

carbonyl-oxygen all could substitute the alcohol 2 to accept the H+ of alcohol 1. 

Figure 10 g′ is an initial trimolecular system of an acetic acid acylium ion, a methanol 
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molecule and a H2O, and Figure 10 h′ is the optimized system of g′. Obviously, a 

neutral methyl acetate molecule and a H3O+ were also generated. 

 

2.042

2.075

0.960

O

O

O
H

An initial trimolecular system

CH3OH

H2O

         

1.398

1.082

1.369

The system after optimization

O

O

O

H

H3O
+

   

              g′                            h′                                                                     

Figure 10. H2O can substitute CH3OH 2 to accept the H+ of CH3OH 1. 

4. Ester alkyl-oxygen protonation, acylium ion generation and acid-catalyzed ester 

hydrolysis mechanism                                                                  

Figure 11 c2, d2 shows the optimized structures of an alkyl-oxygen protonated 

methyl acetate and a methyl benzoate.  

    

O

O

1.578

1.162

1.483

0.973

H

+

1

2

        

1.611

1.168

1.483

0.974

O

O

H

+

1

2

  
              c2                            d2 

Figure 11. The optimized structures of alkyl-oxygen protonated methyl acetate (c2) 

and methyl benzoate (d2) obtained by DFT calculation. Solvent is H2O. The bond 

distance is in angstroms. 

The figure 11 shows that the CH3OH is also far from the carbonyl carbon (1.578, 

1.611 Å) because in the neutral methyl acetate and methyl benzoate molecule the 
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bond distance is 1.386 and 1.357 Å, respectively. Therefore, the C+---O(H)CH3 bond is 

substantially disconnected, which is consistent with the result in Figure 2 2. 

Figure 8 and Figure 11 show that H2O and CH3OH are a good leaving group. The 

acylium ion and a H2O or an alcohol molecule cannot form a stable intermediate, i.e., 

the intermediate 2 and 4 in scheme 2 cannot be generated. 

  The acylium ion and two H2O molecules could spontaneously generate a neutral 

carboxylic acid molecule and a H3O+ via a trimolecular reaction. According to these 

results, an acid-catalyzed ester hydrolysis mechanism is shown in Scheme 8. 

+

H3O+

C

O

OR

H2O

2- H2O
C OR
+

C
O

R
R'

O Ea

H3O+
R' OH

+

Trimolecular hydrolysisAlkyl-oxygen protonation

H+A-

123

R = -CH3 or -C6H5  R' = -CH3

E   = 4.8 or 3.4 kcal/mol

Solvent = Water

H3O+

H

a  

Scheme 8. The acid-catalyzed ester hydrolysis is a two-step reaction: 1. alkyl-oxygen 

protonation, 2. trimolecular hydrolysis. 

Similarly, the hydrolysis is a two-step reaction. The first reaction (3 → 2) is the 

alkyl-oxygen protonation, which generated the acylium ion. The protonation also 

follows Lewis collision theory. For the protonation of methyl acetate and methyl 

benzoate, the Ea are 4.8 and 3.4kcal/mol, respectively (Table 1, configuration B). The 

alkyl-oxygen protonation (Scheme 8, 3→2) is the rate-controlling step of ester 

hydrolysis.  

The second reaction (2→1) is the trimolecular hydrolysis, which generated the 

neutral product molecule 1. The Figure 12 i is an envisaged initial trimolecular system 

CH3C+=O + 2H2O. The Figure 12 j shows the optimized structure of system i, a neutral 
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acetic acid molecule was generated, and H2O 2 accepted the H+ of H2O 1, a H3O+ was 

generated. 

        

2.200

O

O
O

1.128
H

+

An initial trimolecular system

H

2.164

H

H

1H2O  

H2O  2

         

H

H

The system after optimization

+

           

                 i                             j 

Figure 12. The trimolecular hydrolysis of an acetic acid acylium ion and two H2O 

molecules form a neutral acetic acid molecule and a H3O+ (i → j) obtained by DFT 

calculation, solvent is H2O. The bond distance is in angstroms. 

 In the ester hydrolysis, an alcohol or a carboxylic acid or an ester molecule is also 

able instead of H2O 2 to timely accept the H+ of H2O 1.  

5. The microscopic process of esterification and hydrolysis: a spontaneous 

trimolecular reaction 

  Since esterification or hydrolysis is a trimolecular reaction of an acylium ion and 

two alcohol or two H2O molecules, we can conveniently observe the microscopic 

process of esterification or hydrolysis through a DFT scan calculation. We take 

CH3C+=O + 2CH3OH as an example to demonstrate the esterification process. For this 

system, a potential energy surface scan at the B3LYP/6-311G(d,p) level was 

performed, in which CH3OH 1 gradually close to the acylium ion CH3C+=O. The initial 

length of the CH3C+(O)---O(H)CH3 1 is 2.50 Å and 10 scan steps of -0.1 Å each 

(2.50-1.50 Å) was carried out. 
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  Figure 13 shows seven intermediate structures and the final optimized product 

structure with HOMO graphs of the reaction system CH3C+=O + 2CH3OH. 

Structure 1 and 2: the C+---O distance is 2.500 and 2.300Å; HOMO of CH3C+=O + 

2CH3OH system mainly is the HOMO of CH3OH 1. Because the hydroxyl oxygen of 

methanol is far from the acylium ion, only there is a very small amount of HOMO 

electrons in the acylium ion region. CH3OH 1 and the acylium ion only have a tiny 

interaction. At this time, CH3OH 2 has not yet entered roles. 

Structure 3: C+---O distance is 2.100 Å, the HOMO of CH3C+=O + 2CH3OH system 

basically become the HOMO of CH3OH 2, this shows that the CH3OH 2 begins to 

entered roles.  

Structure 4 - 6: as the C+- -O(H)CH3 1 distance is shortened gradually, HOMO 

electrons in the acylium ion and CH3OH 1 region is constantly increased. At the same 

time, the –O-H bond length of CH3OH 1 continuously is stretched. In 6, the -O-H bond 

(1.104 Å) was substantially disconnected. On the contrary, the distance between the 

proton (H+) of CH3OH 1 and the hydroxyl oxygen of CH3OH 2 is getting closer, i.e. the 

proton of CH3OH 1 is gradually transferred to the hydroxyl-oxygen of CH3OH 2. 

Structure 7: C+---O(H)CH3 1 distance is 1.50 Å, a new carbon-oxygen bond formed, i.e. 

a neutral ester molecule is generated. HOMO electrons of the structure are mainly in 

the area of the ester molecule. The proton (H+) of CH3OH 1 has been transferred to 

the CH3OH 2, i.e., a protonated CH3OH2
+ formed.  

Structure 8 is the final optimized product structure. The system energy E of 

structure 1-8 is continuously reduced (from -384.472552 to -384.501340 a.u.), which 

indicats that the trimolecular reaction of acetic acid acylium ion and two methanol 
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molecules is spontaneous. The process reduced the system energy 18.1 kcal/mol, and 

this quantity is considerable. However, because it is a liquid phase reaction, this 

energy is easy to be promptly released. Therefore, the trimolecular reaction is easily 

completed. The C-O bond length is 1.389 Å (a neutral ester, the C-O bond distance is 

1.3-1.4 Å). The final esterification product is a neutral ester molecule CH3COOCH3. 
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O

H
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protonated

         

H
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H
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O
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1.471

1.041

O
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Figure 13. Typical intermediates 1-7 and the optimized final product 8 with HOMO 

graphs and energies E of trimolecular reaction CH3C+=O + 2CH3OH obtained by DFT 

calculation. The solvent is CH3OH. The distance is in angstroms, orbital contour value 

= 0.05. The atom coordinate tables of structure 1-8 see Supplementary material 7. 

The hydrolysis product of CH3C+=O + 2H2O are a neutral acetic acid molecule. Its 

microscopic process is the similar with the esterification process stated above (see 

Supplementary material 8). 

6. Protonation of two unsubstituted carbons (C3 and C5) in benzene rings of 2, 4, 

6-trimethylbenzoic acid and its methyl ester: transition structures, activation 

barriers and the root of Newman’s craft success 

DFT calculation found that the two unsubstituted carbons (C3 and C5) in benzene 

ring can be very easily protonated for 2, 4, 6-three methyl benzoic acid and its esters. 

The oxygen-protonations of carboxylic acid or ester follow Lewis collision theory 

because there is no transition state in the protonations. However, on the contrary, 

the carbon-protonation of C3 or C5 in benzene ring follows the transition state theory.  

Figure 14 1, 2 and Figure 14 3, 4 show the initial structure and transition structures 

of C3 protonation by CH3OH2
+ and by H3O+, respectively. The initial structure and 
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transition structure of C5 protonation are similar with that of C3. 

1.984
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TS E*= 0.8 kcal/mol  

               3                               4 

Figure 14. The initial structure 1 and the transition structure 2 of C3-protonation in 2, 

4, 6-trimethylbenzoic acid; the initial structure 3 and the transition structure 4 of the 

benzene ring C3-protonation in methyl 2, 4, 6-trimethylbenzoate. The atom 

coordinate tables of structure 1-4 see Supplementary material 9. 

The initial system energies EI, transition state energies E* and activation barriers  

△E* of the C3 and C5 protonations by CH3OH2
+ or H3O+ are listed in Table 3.  

The Ea of carbonyl-oxygen protonation in the two molecules are listed in Table 4. 

Here only gives the minimal Ea among the configurations. 

The Ea of the hydroxyl-oxygen or alkyl-oxygen protonation in the two molecules 

are listed in Table 5.  

 

Page 26 of 38Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 页 27 

Table 3. △E* of C3 and C5 protonation by CH3OH2
+ or H3O+ in 2, 4, 6-trimethyl- benzoic 

acid or methyl 2, 4, 6-trimethylbenzoate. 

Molecular system     carbon      EI /a.u.       E
*

 /a.u.     △E*/kcal/mol 

(CH3)3C6H2COOH + CH3OH2
+

    C3     -654.830585   -654.824380       3.9 

                         C5     -654.830438   -654.824145       3.9 

(CH3)3C6H2COOCH3 + H3O+
      C3     -654. 830583   -654.829264      0.8 

                       C5     -654. 830756   -654.829287      0.9 

Table 4. Ea of carbonyl-oxygen protonation by CH3OH2
+ or H3O+ in 2, 4, 6-trimethyl- 

benzoic acid and methyl 2, 4, 6-trimethylbenzoate.  

Molecular system      config.       E1 /a.u.      E2 /a.u.     Ea /kcal/mol 

(CH3)3C6H2COOH + CH3OH2
+

     C      -654.856337   -654.855897      0.3 

(CH3)3C6H2COOCH3 + H3O+
       E      -654.853657   -654.850583      1.9 

Table 5. Ea of hydroxyl-oxygen or alkyl-oxygen protonation by CH3OH2
+ or H3O+ in 2, 4, 

6-trimethylbenzoic acid and its methyl ester.  

Molecular system     config.     E1 /a.u.        E2 /a.u.     Ea /kcal/mol 

(CH3)3C6H2COOH + CH3OH2
+

     A     -654.839323    -654.826657      8.6        

                          B     -654.839660    -654.823389      10.2 

(CH3)3C6H2COOCH3 + H3O+
       A     -654.842084    -654.835141      4.4 

                          B     -654.837057    -654.831026       4.1 

Figure 15 1, 2 is the optimized structure of C3 protonated 2, 4, 6-trimethylbenzoic 

acid and its methyl ester. The two optimized energy Ep are certainly lower than the 

energy E*of the corresponding transition structure (Figure 14. 2, 4). The optimized 
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energy Ep of the protonated system in Figure 15 1 is higher than the energy EI of 

initial system (Figure 14. 1), the Ep of the protonated methyl ester in Figure 15 2 is 

lower than the EI of the initial system (Figure 14. 3). The two potential energy curves 

of the two protonations can be imagined. 

O
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H
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1.962

1.124

H

 

              1                                2 

Figure 15. The optimized system structures and energies Ep of C3 protonated 2, 4, 

6-trimethylbenzoic acid and its methyl ester. The atom coordinate tables of the two 

structures see Supplementary material 10. 

The activation energy Ea and activation barrier △E* are comparable because the 

both are the protonation energy barrier requiring to overcome. Table 3-5 show that 

the activation barriers (△E*) of C3 and C5 protonation are very low; they are 

significantly lower than the activation energy Ea of corresponding hydroxyl-oxygen or 

alkyl-oxygen protonation (Table 5). For methyl 2, 4, 6-trimethyl benzoate, the △E* 

(0.8 and 0.9 kcal/mol) is even much lower than the Ea (1.9kcal/mol, Table 4) of 

corresponding carbonyl-oxygen protonation. This shows that the C3 and C5 

protonation of the two molecules is approximately spontaneous, and is necessarily 

Page 28 of 38Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 页 29 

much easier than hydroxyl-oxygen or alkyl-oxygen protonation. This makes it is very 

difficult for the hydroxyl-oxygen or alkyl-oxygen to be protonated, and thus cannot 

effectively complete esterification or hydrolysis under usual conditions. However, 

Newman 12 found that the esterification of certain substituted benzoic acid could be 

completed in ~80% yield in 100% sulfuric acid. Why such a good esterification result 

occurs in sulfuric acid? Newman's experimental data gave us a reliable inspiration on 

this question. The following are the experimental yields of three substituted benzoic 

acid esterifications in sulfuric acid obtained by Newman 12.   

1. Methyl 2,4,6-Trimethylbenzoate              78%  

2. Methyl 2,4,6-Triethylbenzoate                80% 

3. Methyl 2,4,6-Triisopropylbenzoate            81 % 

Obviously, the larger the alkyl-substituent, the higher is the yield. Namely, 

isopropyl (81%) > ethyl (80%) > methyl (78%). 

Although the difference of the three yields is small, it shows a trend: the larger the 

alkyl substitute, the more conducive to the formation of ester. Therefore, it is not 

difficult to imagine, in the strong inorganic acid H2SO4, these alkyl-substituted 

benzene rings easily form a parallel to each other columnar aggregate. The larger the 

alkyl substituent, the easier the columnar aggregate forms (of course, if too large, it 

may be harmful). The carboxylic groups of substituted benzoic acid are situated in the 

outer of the aggregate. Obviously, this is an effective self-assembly system in H2SO4, 

which avoids the two unsubstituted carbons in benzene ring are protonated, and 

thus the hydroxyl oxygen of carboxylic acid can be smoothly protonated. Newman's 
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method does not allow the sulfuric acid solution to be stirred, this is in order to avoid 

the aggregate be destroyed. However, under usual esterification conditions, alcohol is 

the solvent; the alkyl-substituted benzoic acid cannot form such an aggregate. The C3 

and C5 in benzene ring are easily protonated. This means that it is difficult for the 

hydroxyl oxygen to be protonated, and thus the substituted benzoic acids cannot be 

effectively esterified by using usual procedure.  

7. Acylium ions of several typical carboxylic acids all were observed by ESI-MS 

  Above calculation results mean that carboxylic acids or esters easily generate 

acylium ions in the presence of strong acid. Figure 16 shows the ESI-MS spectrograms 

of acetic acid (k), benzoic acid (l), crotonic acid (m) and α-methyl-propenoic acid (n) 

by means of using methanol as solvent and HCl as catalyst. The acids m and n are 

geometric isomers, so the two spectrograms should have the positive ion peaks with 

identical charge-mass ratio. In Figure 16, k′ and l′ are the ESI-MS spectra of samples k 

and l without HCl, this is in order to observe the influence of strong acid on 

esterification by comparison. According to above the mechanisms, the following six 

possible intermediate positive ions (Scheme 10) should be observed by ESI-MS in the 

esterification systems of carboxylic acids k–n and methanol. 

Among them, the structure 1 is the active intermediate, acylium ion (3 in Scheme 2 

and 2 in schemes 7 and scheme 8). The structure 2 and 3 is the carbonyl-oxygen 

protonated carboxylic acid and their methyl ester molecules. The 2 and 3 were 

recognized by all the relative mechanisms, so should appear in the spectrograms. The 

4 and 5 belong to the tetrahedral intermediates in Watson’s mechanism 5, 6 (3, 4 and 
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5 in Scheme 1). The two positive ion weights of 4 (3 and 5 in Scheme 1) are the same. 

The 5 (4 in Scheme 1) are a neutral molecule, if it exists, its positive ion peak also 

should be visible. 
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Scheme 9. The six possible intermediate positive ions should be observed by ESI-MS. 

For the four samples of carboxylic acids and methanol, charge-mass ratios (m/z) of 

the six possible intermediate positive ions are listed in Table 6. 

Table 6. Charge -mass ratios of the six possible positive ions in Scheme 10. 

    
  Acid           R-                       

                m/z 

1       2      3      4     5   

acetic acid        CH3-           43      61     75     93    92 

benzoic acid       C6H5-          105     123    137    155   154 

crotonic acid     CH3CH=CH-       69      87     101    119   118 

α-methyl- 

propennoic acid  CH2=C(CH3)-       69      87    101     119   118 

These spectrograms in Figure 16 give the following information: 

7.1 The acylium ions 1 of the four carboxylic acids in Scheme 9 and Table 6 all 

appeared in their ESI-MS spectrograms (Figure 11, k, l, m and n, the peaks marked 

with *), which confirmed that the acylium ions are easily generated. Note, among 

them, the peaks of l, m and n is much stronger than that of K, which is because in the 

acylium ions R–C+=O of l, m and n, the R contains a conjugated group (a benzene ring 

or a double bond). Conjugated group can enhance the stability of acylium ions, but 

the R of k is a methyl. 
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7.2 The RC(OH)2
+ 2 positive ion peaks of the four acids in Scheme 9 and Table 6 all 

appeared, and their peak intensities are stronger (Figure 11 k, l, m and n, the peak 

marked with #) than that of the acylium ions. This is consistent with the calculation 

result in Table 1 and Table 2.  

40 60 80
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Figure 16. ESI-MS spectrograms of acetic acid k, benzoic acid l, carbonic acid m and 

α-methyl-propenoic acid n in the presence of HCl, the acetic acid k′, and benzoic acid 

l′ without HCl.  Methanol is sample solvent and also is the detection solvent. RC+=O 

1 is the peak with *; (RC (OH)2
+) 2 is that with #; RCO(H+)OCH3 3 is that with &. The 

sample concentration of organic acids was about 10-3 mol. and 1 equivalent of HCl 
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was added to ensure that there is enough H+. The detection solvent is methanol. 

7.3 Carbonyl-oxygen protonated ester positive ions RCO(H+)OCH3 3 in Scheme 9 

and Table 6 also appeared in the four ESI-MS spectrograms (the peak with &). The 

peaks are often very strong, which indicates that once acylium ion is generated, it can 

rapidly react with methanol to generate ester.  

7.4 The k′ and l′ represent the k and l systems without HCl. In the two 

spectrograms, their acylium ion peaks disappeared. R-C(OH)2
+ peak still exist, but 

very weak, and in k′ a weak protonated ester peak also exists. This proved that in 

spectrograms k and l, the strong peaks are mainly resulted from the protonations of 

H+ from HCl. For carboxylic acid systems without strong acid, some peaks also can be 

observed, but usually very weak. This is because usual organic carboxylic acids are 

weak acids, they themselves can dissociate out small amount of H+.  

7.5 The tetrahedral intermediates 4 and 5 in Scheme 9 and Table 6, all of them did 

not appear in the spectrograms. This shows that the tetrahedral intermediates 3, 4 

and 5 in Watson’s mechanism (Scheme 1) 5, 6 were not generated. 

The ESI-MS spectrograms confirmed that carboxylic acids all can change into their 

acylium ions in the presence of strong acid. This means that the esterification and 

hydrolysis should follow a path containing acylium ion.  

8. Proposed acid-catalyzed carboxylic acid esterification and ester hydrolysis 

mechanism 

Based on Schemes 7, Scheme 8 and ESI-MS data, the proposed acid-catalyzed 

carboxylic acid esterification and ester hydrolysis mechanism is shown in Scheme 10. 
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Scheme 10. The proposed acid-catalyzed carboxylic acid esterification and ester 

hydrolysis mechanism.  

Scheme 10 shows that the esterification or hydrolysis is a brief two-step reaction. 

The esterification path (1 → 2 → 3) and hydrolysis path (3 → 2 → 1) are a reversible 

process, i.e., is a symmetrical mechanism. The acylium ion is the both shared active 

intermediate. The esterification and hydrolysis are an elimination-addition process, 

which is contrary with the popular textbook mechanism (Scheme 1). 

The carboxylic acid hydroxyl-oxygen or ester alkyl-oxygen protonation is the key 

reaction step in esterification and hydrolysis because the protonation can generate a 

highly active intermediate, acylium ion. However, the protonation probability is the 

minimal, so is the rate-controlling step (Scheme 10, 1 → 2 and 3 → 2) of esterification 

or hydrolysis. The acylium ion and two alcohol or two water molecules can 

spontaneously generate a neutral product molecule (Scheme 10, 2 → 3 and 2 → 1) 

through a trimolecular reaction. 

Because the esterification or hydrolysis goes through a bonding or bond breaking 

between the hydroxyl oxygen of alcohol molecule and the carbonyl carbon (C+) of 

acylium ion, the R’-O18 bond cannot is disconnected, so the O18 in ester molecule 

cannot be transferred (Scheme 11). Therefore, the mechanism is consistent with Urey 

and Robert’s experimental result 2.  
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Scheme 11. The mechanism is consistent with Urey and Robert’s experimental result. 

This mechanism is also agreement with the results of ester carbonyl-O18 exchange 

experiments 13-16. 

Conclusion 

The DFT calculation and ESI-MS data proved that the acid-catalyzed carboxylic acid 

esterification and ester hydrolysis mechanism proposed by Watson 5, 6 80 years ago is 

incorrect. The cause of mistake is that at that time chemists did not know that the 

carbonyl oxygen protonated carboxylic acid or ester is an inert positive ion.  

This study revealed that the acid-catalyzed carboxylic acid esterification or ester 

hydrolysis is a two-step reaction. Only the protonation of carboxyl acid hydroxyl- 

oxygen or ester alkyl-oxygen could effectively carry out the esterification or 

hydrolysis because the protonation can generate a highly active acylium ion. The 

acylium ion can spontaneously react with two alcohol or two water molecules to 

generate a neutral product molecule through a trimolecular reaction. 

For certain 2, 4, 6-trialkyl benzoic acid and its methyl ester, the two unsubstituted 

carbons in benzene ring are very easily protonated, which has seriously hindered the 

hydroxyl-oxygen or alkyl-oxygen protonation. However, in sulfuric acid, the alkyl 

substituents can effectively shelter the two unsubstituted carbons. 

ESI-MS confirmed that the active intermediate acylium ion are easily generated in 

esterification and hydrolysis system, but the tetrahedral intermediates 3, 4 and 5 in 
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Scheme 1 all have not been observed, which indicates that the popular esterification 

and hydrolysis path in Scheme 1 actually doesn't exist. 

Supplementary Material  

1-4. The atom coordinate tables of reaction systems in Figure 1-4; 5. Scan curves (III, 

IV); 6. The atom coordinate table of the structure in Figure 7; 7. The atom coordinate 

tables of structure 1-8 in Figure 13 ; 8. The trimolecular reaction process graphs of 

ester hydrolysis and the atom coordinate tables of structure 1-10; 9. The atom 

coordinate tables of structure 1-4 in Figure 14; 10. The atom coordinate tables of 

structures 1 and 2 in Figure 15.  This material is available via an Internet …… 
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