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using the B3LYP/aug-cc-pVTZ basis set.  The results show that while both isotope 



 

 

xl 

effects are normal for the deprotonation of a Brønsted acid, the magnitude of the 

secondary equilibrium isotope effect is larger than the magnitude of the corresponding 

primary equilibrium isotope effect.  This does not hold for hydroxide addition to 

Lewis acids, where the primary equilibrium isotope effects are inverse and larger in 

magnitude than the secondary equilibrium isotope effects, which are normal. 

The symmetry of the hydrogen bond of hydrogen cyclohexene-1,2-

dicarboxylate monoanion was determined in chloroform using the NMR method of 

isotopic perturbation.  The observed increase in the chemical shift separation as the 

temperature decreases suggests that this monoanion is a mixture of tautomers in rapid 

equilibrium, and has an asymmetric hydrogen bond. 

The mechanism for the base-catalyzed decomposition of malonic anhydride to 

ketene and carbon dioxide was studied computationally.  The DFT methods included 

the B3LYP/6-31G+(d) basis set with and without the polarized continuum model of 

chloroform and the MP2/cc-pVDZ basis set.  The decomposition proceeds via 

deprotonation of malonic anhydride by the base catalyst.  The malonic anhydride 

anion undergoes ring-opening to form a ketene carboxylate intermediate.  

Decarboxylation of this intermediate results in a ketene anion which rapidly 

deprotonates a molecule of malonic anhydride to form the ketene product and continue 

the catalytic cycle. 
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CHAPTER 1. 

COMPUTATIONAL STUDY OF THE PRIMARY VERSUS 

SECONDARY O-18 EQUILIBRIUM ISOTOPE EFFECTS ON 

ACIDITY 

INTRODUCTION 

Isotope effects (IEs) are commonly used to explore the rates or equilibria of 

chemical reactions.
1
  The study of isotopes gained speed (and subsequent notoriety) 

during the Manhattan Project in the early 1940s.  In that period, isotope research 

advanced rapidly, and a connection was discovered between easily-obtained 

spectroscopic data and the effect of isotopic substitution on the equilibrium of a 

reaction.
2,3

 

When an isotopically labeled molecule is introduced into a reaction, the 

equilibrium constant for the labeled reaction (Kheavy) is often different from that of the 

unlabeled reaction (Klight).  Generally, the “labeled” isotopes used in these experiments 

are heavier than the “unlabeled” isotopes, such as deuterium (
2
H) versus hydrogen 

(
1
H), respectively.  These molecules are referred to as isotopologues (isotope 

homologues), which are molecules that differ only by the number of isotopic labels.  

An equilibrium isotope effect (EIE) is the ratio of equilibrium constants for the 

unlabeled and labeled reactions (Equation 1-1).  A kinetic isotope effect (KIE) is the 

ratio of rates for the unlabeled and labeled reactions (Equation 1-2).
4
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 Equation 1-1 

 
    

      

      
 Equation 1-2 

IEs provide a better understanding of what bonds are broken or formed during 

the reaction.  This work focuses on EIEs, and the explanations will be for that type of 

reactivity.  When the bond to the isotope is broken or formed during reaction it is 

referred to as a primary EIE.  A secondary EIE is when that bond remains intact 

during the course of the reaction. 

An EIE with a value greater than one it is known as a normal EIE, where the 

isotopically labeled molecule reacts to a lesser extent than the unlabeled one.  In this 

case, more energy is required to break a bond to the labeled compound than it does to 

break the same bond in the unlabeled compound.  An inverse EIE has a value less than 

one, and less energy is required to break a bond to the labeled compound than to break 

the same bond in the unlabeled compound.  An EIE equal to one means that isotopic 

substitution does not alter the overall equilibrium of the reaction. 

Isotope effects are abundant in the chemical literature.  Recently, they have 

been used to study hydrogen-bonded systems,
5
 non-covalent host/guest systems,

6
 the 

mechanism of the formation of Grignard reagents from alkyl and aryl bromides,
7
 and 

to introduce the plausibility of heavy-atom tunneling during the course of the Bergman 

cyclization.
8
  They have also been used to indicate that, kinetically, arsenates can in 

principle replace phosphates in biological systems.
9
  One of the most common uses of 
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IEs is in biochemical studies, where they are used to study the kinetics and equilibria 

of biological catalysts and small molecule protein binding.
10,11

  Thus IEs have broad 

applications, as indicated on a very small scale here.  The following explanation for 

IEs is very fundamental, and applicable to all isotopic substitutions. 

THE EFFECT OF ISOTOPES ON VIBRATIONAL FREQUENCIES 

Isotopic substitution changes the reactivity of a molecule because an isotope 

alters the frequencies, , of the various vibrational modes of the molecule.
12,13

 A bond 

can be classically modeled as a spring with masses m1 and m2 at each end.  Hooke’s 

Law states that the vibrational frequency is proportional to the square root of the force 

constant, k, and inversely proportional to the square root of the reduced mass,  

(Equation 1-3).  The force constant (k) reflects the overall strength or stiffness of the 

bond, where a stronger bond has a larger force constant.
14

 

 

  
 

  
√
 

 
                 

    
     

 Equation 1-3 

According to the Born-Oppenheimer approximation, the potential energy 

surface of a reaction remains constant regardless of the isotopic substitution.
4,15,16

  As 

such, both the labeled and unlabeled species should react in the same potential energy 

“well.”  The vibrational energy levels are quantized, as depicted in Equation 1-4.  The 

zero-point energy (ZPE) of the vibration, or the energy when n = 0, is the lowest total 

energy that a vibration can have, and is equal to ½h, where h is Planck’s constant. 
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Substitution of a heavier isotope increases the reduced mass, leading to a 

decrease in the vibrational frequency and a decrease in the ZPE of the molecule.  This 

is demonstrated in Figure 1-1, where the potential energy well for the anion, HCOO
−
 

or DCOO
−
 is broader than the potential energy well of the acid, HCOOH or 

DCOOH.
17

  Thus, the energy required to form DCOO
−
 from DCOOH is greater that 

the energy required to form HCOO
−
 from HCOOH.  This is a secondary EIE, but the 

same principles apply to primary EIEs.  As mentioned earlier, isotopic labels are 

generally heavier than their unlabeled counterpart, which have a high natural 

abundance.  The case depicted in Figure 1-1 is no different, as deuterium (the isotopic 

label) has a larger mass than hydrogen (the unlabeled atom).  

 
   (  

 

 
)                  Equation 1-4 
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Figure 1-1. Potential energy wells and ZPEs for HCOOH, DCOOH, HCOO
−
, and 

DCOO
−
.  ZPEH and ZPED represent the energy difference between reactant and 

product for the unlabeled and labeled species, respectively. 

CALCULATION OF EQUILIBRIUM ISOTOPE EFFECTS 

Bigeleisen and Mayer
18

 derived the relationship between vibrational 

frequencies and EIEs.  Their calculations require the consideration of three factors: the 

mass and moment of inertia factor (MMI), the excitation factor, and the ZPE 

(Equation 1-5)—all of which can be determined from the vibrational frequencies.  The 

factors determine the ratio of partition functions, Q/Q*, of the molecule.  For this 

equation, un converts the frequency n of the n-th vibrational mode to a unitless 

variable, as defined in Equation 1-6, where c equals the speed of light.  The MMI 

factor is the product of the ratios un*/un, where un is calculated from the vibrational 
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frequencies of the unlabeled compound and un* is calculated from the vibrational 

frequencies altered by isotopic substitution.  The final factor,  
     

 

 , is the 

contribution from the changes in the ZPE, as discussed previously.  The second factor, 

      

      
 , represents the contribution to the EIE from occupied excited vibrational states.  

Excited energy states are occupied only at low vibrational frequencies or high 

temperatures, and in all other cases the excitation factor can be excluded from the 

calculation (Equation 1-7).  These factors are acquired across all vibrational 

frequencies for a species, and the partition ratio is calculated by taking the product 

across all frequencies.  The EIE is defined in Equation 1-1 as Klight/Kheavy.  The ratio of 

partition functions is defined in the opposite direction, so their reciprocal must be used 

to obtain the EIE for the reaction, as defined in Equation 1-8. 
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 Equation 1-5 

    
    
  

 Equation 1-6 
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 Equation 1-7 

     

(
 
  )       

(
 
  )        

 Equation 1-8 

Bochkarev and coworkers
19

 have used this method (taking into consideration 

the excited state contribution) to calculate -factors from vibrational frequencies for 

molecules with various isotopic labels, including 
13

C/
12

C, 
18

O/
16

O, and 
15

N/
14

N.  



7 

 

 

-factors are the ln(Q*/Q) ratio defined in Equation 1-5.  Knowing this quantity for 

the reactants and products in an isotope exchange reaction allows for calculations of 

the EIE, which is the ratio of reactant to product. 

TECHNIQUES FOR EXPERIMENTALLY MEASURING EIES ON ACIDITY 

EIEs on acidity constants (EIE = Ka
light

/Ka
heavy

) are especially informative.
5,20

  

If the case in Figure 1-1 was considered in terms of acidity, HCOOH would be more 

acidic than DCOOH, as is evidenced by ZPEH being smaller than ZPED.  Accurate 

measurements of EIEs on acidities can be accomplished using a variety of methods.  

The classic methods for determining Kas experimentally have been potentiometric 

titration and conductivity measurements.
21

  It is possible to obtain accurate Ka ratios 

using these methods, but they require carefully controlled and accurate meter readings, 

and systematic errors can skew results.  A more indirect method is to calculate the 

infrared frequencies,
12

 but this method is reasonable only for relatively small 

structures where complete and accurate assignment of the vibrational frequencies for 

both acids and conjugate bases can be obtained.  Solution-based studies, especially 

aqueous solutions, are not feasible with IR because of peak overlap in the OH region 

above 3000 cm
-1

. An alternative method is NMR titration.
22–26

  This method allows for 

measurement of the Ka ratio simultaneously in the same NMR sample.  It works as 

long as the signals being followed during the course of the reaction are free from 

overlapping peaks.   
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The method of NMR titration involves adding small aliquots of base to a 

mixture of isotopologues or isotopomers.  An example is shown in Figure 1-2, where a 

mixture of formic and formic-d acids is deprotonated to form formate and formate-d 

anions.  Equation 1-9 shows the relationship between chemical shift and the EIE for 

the formic/formic-d acid.  The experiment works by first obtaining the chemical shifts 

    and     of fully protonated formic and formic-d acids.  As aliquots of base are 

added the chemical shifts change until they reach     and     of the fully 

deprotonated forms, the formate and formate-d anions.  The observed chemical shifts 

of the partially deprotonated formic and formic-d acids during the titration are 

represented by H and D, respectively.  Once the titration is complete, the ratio of 

acidity constants is the slope of a plot of (      )(      ) vs (      )(    

  )as expressed in Equation 1-9.  Thus the EIE can be obtained.  This method has 

been effectively used to determine secondary EIEs of D-substituted carboxylic acids,
22

 

phenols,
17

 ammonium ions,
13

 and pyridinium ions.
27

 

 

Figure 1-2. Reaction of a mixture of formic (H
0
) and formic-d (D

0
) acids undergoing 

base deprotonation to form formic (H
−
) and formic-d (D

−
) anions. 

 (      )(      )  (
  
 

   
) (      )(      ) Equation 1-9 
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SECONDARY EIES ON ACIDITY OF 
18

O-LABELED ACIDS 

The magnitude of an IE is strongly dependent on its distance from the center of 

reactivity.  Although this result is intuitive, it can be explained in terms of the 

vibrational frequencies.  The vibrational frequencies that experience the largest change 

during the course of a reaction are those directly involved in the reaction.  This 

translates to a primary IE that is generally much larger than a secondary IE.  There is 

evidence, however, that this does not hold for the secondary EIE on the acidity of 

oxygen-18 labeled carboxylic acids. 

Carboxylic acids feature unique functionality due to resonance.  In most 

reactions, an isotope connected to a secondary position is simply a spectator in the 

reaction.  However, when a carboxylic acid is deprotonated, the vibrational 

frequencies associated with both the primary position (C–OH) and the secondary 

position (C=O) experience a change in bond order due to the resonance of the anionic 

carboxylate product (Figure 1-3). 

 

Figure 1-3. Primary and secondary EIEs for the deprotonation of a mono-
18

O labeled 

carboxylic acid to form the carboxylate anion. 

Unfortunately, it is challenging to separate a primary EIE from a secondary 

EIE for carboxylic acids experimentally because of rapid proton exchange that leads to 

a scrambling of 
18

O labels.  However, a simplification can be used to examine 
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individual isotope effects based on experimental IR frequencies of unlabeled 

carboxylic acids.  As previously mentioned, isotopes have the largest impact on the IR 

frequencies they are directly participating in.  In the case of carboxylic acids, the O–H 

and C–O stretching frequencies should be the dominant contributors to the primary 

EIE, while the main contributing frequency for the secondary EIE should be from the 

C=O stretching vibration.  

Despite the difficulty in experimentally separating primary from secondary 

EIEs in carboxylic acids, the total isotope effect—the product of the primary and 

secondary EIEs—can be determined experimentally with complete 
18

O labeling. The 

EIE on the acidity of di-
18

O labeled formic acid, HC
18

O2H, has been experimentally 

determined as 1.0222 ± 0.0002 units.
28

  Although this value represents both the 

primary and secondary EIEs, it can still provide insight into the EIE of an 
18

O isotope.   

Hooke’s law (Equation 1-3) relates the vibrational frequency of a bond in a 

molecule to the reduced mass .  The spring constant k does not change upon isotopic 

substitution, so the vibrational frequencies for a di-
18

O labeled carboxylic acid can be 

calculated from experimental frequencies of unlabeled acids by Equation 1-10.  

Values for unlabeled carboxylic acids are ubiquitous in the chemical literature,
29

 and 

the general ranges for the C=O, C–O, and O–H frequencies are well known. 

 

       √
   
   

 Equation 1-10 



11 

 

 

Table 1-1
30

 lists the values calculated from Equation 1-10, where the unlabeled 

vibrational frequencies are set equal to a value within the generally accepted range for 

those vibrations.
29

 The difference between the labeled (
18

O2) and unlabeled (
16

O2) 

vibrational mode, , represents the contribution to the EIE from each mode.  The 

sum over the reactants minus the sum over the products is 9 cm
-1

, which corresponds 

to an EIE of 1.022 at 26°C.  This value is in good agreement with the value obtained 

experimentally from HC
18

O2H, as mentioned previously.
28

  Summing the differences 

in the labeled and unlabeled vibrational frequencies of O–H and C–O leads to a 

primary contribution of 39 cm
−1

, which is smaller than the secondary contribution of 

42 cm
−1

 from the C=O vibrations.  This result indicates that the primary EIE is smaller 

than the secondary EIE for 
18

O-labeled carboxylic acids. 

Table 1-1. IR stretching frequencies (cm
−1

) for di-
18

O labeled carboxylic acids 

calculated from select frequencies for unlabeled RCO2
−
 and RCO2H.  

Mode (
16

O2)
a
 (

18
O2)  

C=O 1760 1718 42 

C−O 1300 1271 29 

O−H 3000 2990 10 

C O
δ−

 1500
b
 1464

b
 36 

Sum
c
 3060 3051 9 

a
Generic di-

16
O carboxylic acid values obtained experimentally

29
 

b
Average of symmetric and asymmetric stretches  

c                             

This conclusion is not overly intuitive, but by examining the correlation 

between mass and frequency it is logical.  Carbonyl C=O has a relatively high 

frequency vibration of 1760 cm
-1

.  The stretching frequency of C=O will always be 
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larger than the stretching frequency of C–O (1300 cm
-1

) because the force constant is 

larger for the double bond.  As such, the contribution from the O–H stretching 

frequency (3000 cm
-1

) to C–O will determine the overall primary contribution, which 

can then be compared to the secondary contribution from C=O.  As described in 

Equation 1-3, a vibrational frequency is inversely proportional to the square root of the 

reduced mass.  The percent change in the reduced mass of 
16

O–H to 
18

O–H is a mere 

0.7%, while the percent change of 
16

O–C to 
18

O–C is nearly 5%.  This indicates that, 

although O–H has a high frequency, its contribution to the overall isotope effect is 

small.  In this case the vibrational contributions from O–H and C–O are not enough to 

surpass the C=O contribution, and the resulting primary EIE is smaller than the 

secondary EIE. 

EFFECT OF ISOTOPIC LABELING OF ACID PROTON ON SECONDARY 
18

O EIES ON 

ACIDITY 

Although the contribution from the vibrational frequency of the O–H group is 

small, the reduced mass contribution from that group can be increased by substituting 

the acidic hydrogen with a deuterium or tritium.  In this case, the contribution from the 

16
O–D versus 

18
O–D stretch is 1.2%, nearly double that of 

16
O–H versus 

18
O–H.  

Using Equation 1-10, the vibrational modes for the specific cases of di-
18

O HCOOH 

and HCOOD can be predicted from the experimental di-
16

O values (Table 1-2),
31,32

 as 

was previously demonstrated in Table 1-1 for a general carboxylic acid.  From 

Table 1-2, the contribution to the primary EIE of formic-H acid from C–O and O–H 

vibration was found to be 36 cm
−1

 while the secondary EIE contribution from the C=O 
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vibration was found to be 43 cm
−1

.  These values suggested that the secondary EIE is 

larger than the primary.  However, formic-OD acid has an increased contribution to 

the primary EIE of 40 cm
−1

, while the contribution to the secondary EIE remains 

constant at 43 cm
−1

.  Thus the trend of an increased primary EIE as the acid proton is 

replaced with the heavier isotope is readily apparent.  This trend should continue with 

additional isotopic substitution, and it is simple to see that tritium substitution at the 

hydroxyl would lead to an even greater primary EIE. 

Table 1-2. Select experimental IR frequencies (cm
−1

) for di-
16

O HCOOH and 

HCOOD, with calculated values for di-
18

O labeled isotopologues.  The contributions 

from the vibrations contributing to the primary EIE and the secondary EIE are 

depicted. 

 Formic-H Acid (HCOOH) Formic-D Acid (HCOOD) 

Mode 
16

O2 
18

O2   
16

O2  
18

O2  

C=O 1770
a
 1727 43 1772

a
 1729 43 

C−O 1105
a
 1081 24 1178

a
 1154 24 

O−H 3570
a
 3558 12 2632

a
 2616 16 

C O
δ−

 1567
b
 1529 38 1567

b
 1529 38 

Sum
c
 3311 3308 3 2448 2441 7 

a
Obtained from Millikan and Pitzer

31
 

b
Obtained from Ito and Bernstein

32
 

c                             

RESEARCH GOALS 

Our goal is to computationally explore 
18

O EIEs on the acidity of carboxylic 

acids and similar systems, and including those containing boron, nitrogen, and 
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phosphorus (Figure 1-4), and to compare primary with secondary EIEs.  Most of these 

are Brønsted-Lowry acids, where the acidic proton is removed to form the conjugate 

base.  For these acids, the primary EIE is from 
18

O labeling at the oxygen directly 

bound to the proton, while the secondary EIEs are from any other 
18

O labels in the 

molecule.  A few of these acids—such as the boron-containing acids, carbon dioxide, 

NO
+
, NO2

+
, and phosphenic acid—are Lewis acids, where hydroxide attacks at the B, 

C, N, or P to give a tetrahedral or trigonal adduct.  In this case, the primary isotope 

effect is when the reaction occurs with 
18

O hydroxide, and the secondary isotope effect 

is from a B–
18

OH, C=
18

O, N=
18

O, or P=
18

O bond that remains intact throughout the 

reaction. 
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Figure 1-4. Carbon, boron, nitrogen, and phosphorus acids to be probed by 

computational studies.  The acids represented in A react as Brønsted acids, while the 

acids in B react preferentially as Lewis acids. 

Ab initio density-functional calculations at the B3LYP/aug-cc-pVTZ
33,34

 level 

of accuracy have been used successfully to obtain deuterium isotope effects on the 

basicity of pyridine and pyridine derivatives.
27,35

  This method should also provide 

reasonable estimates for the energies and vibrational frequencies of a variety of 

carboxylic acid-like structures.  Gas phase computational methods often complement 

experimental results, and have historically provided values that reproduce 

experimental trends, but overestimate the magnitude of the IE.
17,27

  This deviation 



16 

 

 

from experimental results is thought to arise from neglecting solvation effects, which 

will also be modeled. 

In summary, our goal is to calculate 18O EIEs on the acidity of carboxylic 

acids and similar systems, and to explore the generality of the surprising result that a 

secondary EIE can be larger than a primary, as suggested by the vibrational 

frequencies of formic acid.  A further goal is to study the effect on the primary and 

secondary EIEs of replacing the acid proton with a heavier isotope, deuterium or 

tritium. 

EXPERIMENTAL 

COMPUTATIONAL METHODS 

Calculations were obtained on a Dell Optiplex PC with Intel Core 2 Duo 

processor.  The structures for the various acids and anions were built using 

GaussView 4.1.2 and optimized using the Gaussian03W software.
33

 The molecules 

were optimized at the B3LYP/aug-cc-pVTZ level of accuracy with a verytight 

optimized geometry and an ultrafine optimization grid at a set temperature of 

298.15 K.  This basis set has been used previously for isotope calculations
27,35

 and 

works well with acidic and basic molecules.
36

  Calculations were performed on 

molecules both with and without constraint to point group symmetry.
37

  In cases where 

the difference between the unconstrained and constrained energies was on the order of 

10 cal/mol or less, the symmetrized structure was used.  Scaling factors were not used, 

even though one is often used for vibrational frequencies.
38

  This is because the 
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correction is small and does not affect the comparison between primary and secondary 

EIEs. 

The Brønsted acid/base reactions of formic acid, nitrous acid, and nitric acid 

being deprotonated to form formate, nitrite, and nitrate were also calculated using the 

polarized continuum solvation model (PCM) of chloroform, and then the PCM of 

water, to model the effect of solvation on the vibrational frequencies and the EIEs.  

This was repeated for two Lewis acid/base pairs by calculating the vibrational 

frequencies of nitrosonium ion, carbon dioxide, hydroxide, nitrous acid, and 

bicarbonate using the PCM of chloroform and the PCM of water.  All solvation 

studies used the B3LYP/aug-cc-pVTZ basis set, the same basis set used for the studies 

without solvation. 

Each EIE on acidity was calculated using the Bigeleisen and Mayer
2
 method 

(Equation 1-7, where un is defined in Equation 1-6), excluding the contribution from 

excitation that is in the central parentheses of Equation 1-5.  In all cases un is derived 

from the vibrational frequencies of the unlabeled molecule and un* is derived from the 

vibrational frequencies of the 
18

O labeled molecule.  The EIE calculation performed 

for each Brønsted and Lewis acid examined will be described separately. 

Both the primary (1) and secondary (2) EIEs on acidities are calculated for 

dissociation of the 
18

O labeled acid as compared to the unlabeled reaction.  A primary 

EIE for a Brønsted-Lowry acid arises from a proton being removed from the 

isotopically labeled oxygen atom.  A primary EIE for a Lewis acid arises from the 
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addition of an isotopically labeled hydroxide to the acidic center atom (C, N, B, or P).  

The designation 2X=O (where X is the central atom) represents a secondary EIE that 

arises from labeling an oxygen atom bonded to the center atom with a bond order 

greater than one, that becomes partially anionic in the product.  The designation 2X–

OH represents a secondary EIE where the 
18

O label is in a hydroxyl group bonded to 

the central atom that remains unchanged during the course of the reaction. 

The primary and secondary EIEs for Brønsted acid/base pairs are calculated by 

comparing the vibrational frequencies of the acid to those of the deprotonated 

conjugate base, as expressed in Equation 1-7. 

Lewis acid/base reactions are calculated similar to the Brønsted acid/base 

pairs.  However, the primary EIE for Lewis reactions comes from the addition of a 

second molecule (hydroxide), which is introducing a labeled oxygen into the system.  

To account for that, the vibrational frequency of hydroxide (or labeled hydroxide) 

must be included with the vibrational frequencies of the Lewis acid reactant and the 

adduct product in Equation 1-7. 

Species with a three-fold axis of symmetry or higher, including CO3
2−

, NO3
−
, 

BH3, HB(OH)3
−
, B(OH)3, H3PO4, PO3

−
, CO2, B(OH)4

−
, and PO4

3
, have degenerate 

frequencies.  In some cases, errors in the calculations result in vibrational frequencies 

that appear to not be degenerate.  However, these errors are too small to be significant 

for the calculations herein. 
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Several of the Brønsted acid/base reactions included in this study are 

theoretical, since the acid preferentially reacts in a Lewis manner.  These acids include 

borinic acid (H2BOH), boronic acid (HB(OH)2), boric acid (B(OH)3), and phosphenic 

acid (O2POH).  The calculated energy differences between the Brønsted and Lewis 

products are listed in Table 1-3, where the strong preference for the Lewis acidity is 

clear.  The energy values listed are obtained by comparing the energy of the Lewis 

adduct with the sum of the energies of the Brønsted conjugate base and water. 

Table 1-3. B3LYP/aug-cc-pVTZ energy preference (kcal/mol) for select acids to react 

as Lewis acids over Brønsted acids. 

Acid HA E(A
−
 + H2O) − E(HAOH

−
) 

H2BOH 25.4 

HB(OH)2 17.2 

B(OH)3 15.8 

O2POH 24.8 

  

TREATMENT OF ISOTOPOMERS AND ISOMERS 

The number of non-equivalent oxygen atoms in an acid or conjugate base 

represents the number of mono-
18

O isotopomers for that species.  For example, formic 

acid, HCOOH, has two non-equivalent oxygen atoms, C=O and C–OH, which result 

in mono-
18

O isotopomers depending on which oxygen is labeled.  Some of the acids or 

conjugate bases in this study have isotopomers that differ by a single-bond rotation.  

These are defined as conformational isomers if the structures differ in their electronic 

energy, or conformational isotopomers if the structures differ in their ZPE. 
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The hypothetical deprotonation of boronic acid to the hydrogen boronate anion 

results in two conformational isomers, cis and trans, where the designations cis and 

trans are defined as the relationship between the hydroxyl proton and the proton 

bound directly to the boron center (Figure 1-5), even though these can also be 

designated as E and Z, respectively.  These are conformational isomers, and differ in 

their absolute energy.  This difference is between the electronic energy values 

calculated for each structure, without vibrational ZPE and regardless of isotope.  The 

trans anion is calculated to be more stable than the cis by nearly 3 kcal/mol.  

Therefore there is a strong preference for the deprotonation of the cis (E) proton in 

boronic acid over the trans (Z) proton, representing a ratio of 156:1.  It is obvious 

from these values that the deprotonation of boronic acid to form the cis hydrogen 

boronate anion can be ignored. 

 

Figure 1-5. Brønsted reaction of boronic acid forming conformational isomers of 

hydrogen boronate anion. 

Conformational isotopomers have the same electronic energy, but because of 

the isotopic labeling, they differ in ZPE.  However, this difference is found to be very 

small, so that they have a negligible preference for one isotopomeric structure over 

another.  In contrast, conformational isomers are not energetically equivalent.  
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Although they too differ by rotation around a single bond, they have significantly 

different electronic energies, stabilities, and reactivities independent of isotopic 

substitution.  In these cases, only the lowest energy structure is considered.  The 

bicarbonate anion and the hypothetical hydrogen boronate anion will be used to 

demonstrate some general considerations for the cases involving conformational 

isotopomers and conformational isomers, respectively. 

Bicarbonate anion has three mono-
18

O labeled isotopomers; two with the 
18

O 

in anionic carbonyls and one with 
18

O in the hydroxyl.  The isotopomer with 
18

O 

labeled hydroxyl will have a substantially different ZPE, and can be ignored for this 

explanation.  The two isotopomers with an 
18

O labeled carbonyl, however, have 

identical electronic energies and differ only by the trans or cis orientation of 
18

O in 

relation to the hydroxyl proton (Figure 1-6).  These are conformational isotopomers 

that differ only by ZPE.  The EIE will be an average of the EIEs of these two 

isotopomers, weighted by their populations.  The question is how much of an energetic 

preference is there for 
18

O in one position over the other?  The answer comes through 

the ZPE, which will be revealed in more detail in the Results section.  The trans 

isotopomer is slightly more stable than the cis isotopomer, but only by less than 

3 cal/mol.  This equates to a ratio of 1.004:1 for the preference of trans over cis.  

Based on such values, a mixture of conformational isotopomers can be accurately 

modeled as a 50/50 mixture.  As such, obtaining primary or secondary EIEs will be 

averaged over all the nearly identical conformational isotopomers. 
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Figure 1-6. Carbonyl 
18

O conformational isotopomers of bicarbonate anion. 

BRØNSTED ACIDS CENTERED ON CARBON 

The first two cases to consider—involving formic acid (Figure 1-7) and acetic 

acid (Figure 1-8)—are very straightforward.  The deprotonation step for both the 

primary and the secondary EIE results in the same anion, where the placement of the 

18
O label on either oxygen results in identical vibrational frequencies and ZPEs.  

Formic acid, acetic acid, and acetate were constrained to the Cs point group, and the 

formate anion was constrained to the C2v point group. 
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Figure 1-7. (A) Structures for formic acid and the formate anion.  (B) Reactions 

associated with the primary and secondary EIEs. 

 

Figure 1-8. (A) Structures for acetic acid and the acetate anion.  (B) Reactions 

associated with the primary and secondary EIEs. 

In highly acidic solutions, carboxylic acids are also known to pick up an 

additional proton on the carbonyl oxygen.
39,40

  This was modeled using protonated 

formic acid undergoing Brønsted acid/base chemistry to obtain formic acid 

(Figure 1-9).  The lowest energy form of protonated formic acid has one proton cis 



24 

 

 

and one proton trans to the hydrogen bound to the carbon.  The two formic acid 

structures formed after deprotonation are conformational isomers related by a single 

bond rotation, and they differ in energy.  Only the more acidic proton (cis in this case) 

is removed, leading to the formation of the more stable trans (Z) conformation of 

formic acid. 

 

Figure 1-9. (A) Structures for protonated formic acid and formic acid.  (B) Reactions 

associated with primary and secondary EIEs. 

The next case to consider is that of carbonic acid being deprotonated to the 

bicarbonate anion, which can undergo further deprotonation to form the carbonate 

dianion (Figure 1-10).  Carbonic acid has C2v symmetry, so labeling one OH group or 

the other in the acid does not matter; they give identical vibrational frequencies.  

Bicarbonate, however, has Cs symmetry, with anionic oxygens that are inequivalent 

because of their different relations to the H.  One oxygen is cis to the hydrogen and the 

other is trans.  Labeling one or the other of those oxygens then produces two 

conformational isotopomers.  Because the overall ZPEs are calculated to be so slightly 
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different (<3 cal/mol) for the two conformational isotopomers, both will contribute 

equally, and both the primary EIE and the secondary C=O EIE of carbonic acid will be 

averages of EIEs for deprotonation to the cis or the trans 
18

O-labeled product. 

 

Figure 1-10. (A) Structures for carbonic acid, bicarbonate anion, and carbonate 

dianion.  (B) Reactions associated with the primary and both secondary EIEs. 

Carbonate dianion has D3h symmetry, so regardless of the placement of a 

single 
18

O label, the overall vibrational frequencies and ZPEs will be the same.  The 

primary EIE for the deprotonation of bicarbonate anion has only one possible reactant 

and product, so no averaging is required.  The secondary EIE for the bicarbonate anion 

deprotonation requires averaging across two possible conformational isotopomers 

because of the cis and trans positions, as explained previously. 
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BRØNSTED ACIDS CENTERED ON NITROGEN 

The deprotonation of nitrous acid (Cs symmetry) to form the nitrite anion 

(Figure 1-11) is very similar to the previously described formic acid case (Figure 1-7).  

There are two mono-
18

O isotopomers of nitrous acid, one leading to the primary EIE 

and the other leading to the secondary EIE.  As such, no averaging is required for 

either EIE.  The nitrite anion has C2v symmetry, so the vibrational frequencies and 

ZPEs of the product are identical regardless of the mono-labeled precursor. 

 

Figure 1-11. (A) Structures for nitrous acid and nitrite anion.  (B) Reactions associated 

with the primary and secondary EIEs.  

The primary EIE and secondary EIE of nitric acid (Cs symmetry) being 

deprotonated to nitrate anion (Figure 1-12) closely parallel those of bicarbonate to 

carbonate (Figure 1-10).  Mono-
18

O labeled nitric acid has three isotopomers, and each 

one results in the same mono-labeled nitrate anion.  The primary EIE is the result of a 

single isotopomer with the
18

O label at the OH position forming a product that is a 

single isotopomer with D3h symmetry.  The secondary EIE requires averaging across 
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two possible conformational isotopomers, with the 
18

O in the nitryl oxygen either 

trans or cis to the hydrogen. 

 

Figure 1-12. (A) Structures of nitric acid and nitrate.  (B) Reactions associated with 

the primary and secondary EIEs. 

BRØNSTED ACIDS CENTERED ON BORON 

The next three boron cases have only comparative and theoretical value.  For 

all of these cases, as documented in Table 1-3, the Brønsted acid-type deprotonation is 

less favorable than the Lewis acid-type addition of hydroxide, which will be 

considered later.  The hypothetical deprotonation of borinic acid (Figure 1-13) to form 

an anion is included only for sake of comparison.  It has a primary but no secondary 

EIE.  There is only a single isotopomer for both the mono-
18

O substituted reactant and 

product. 
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Figure 1-13. (A) Structures for borinic acid acting as a Brønsted acid to form an anion.  

(B) Reaction associated with the primary EIE. 

The hypothetical case of boronic acid being deprotonated (Figure 1-14) has 

some unique features.  As depicted in Figure 1-14A, the lowest energy conformation 

of boronic acid has one OH proton cis to the BH hydrogen and one OH proton trans.  

The two possible products are conformational isomers that differ substantially in 

energy.  If the trans proton was removed it would result in a less stable anion.  

Therefore, the cis OH proton is more acidic than the trans OH proton, and will be the 

only proton removed.  This results in a primary 
18

O EIE that comes from the boronic 

acid isotopomer labeled at the cis OH oxygen, while the secondary 
18

O EIE comes 

from the isotopomer labeled at the trans OH oxygen conformational isomer.  Each 

reaction leads to a different isotopomer of the anion, and all species have Cs 

symmetry. 
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Figure 1-14. (A) Structures for boronic acid and the anion formed by its deprotonation.  

(B) Reactions associated with the primary and secondary EIEs. 

The hypothetical deprotonation of the most stable C3h conformation of boric 

acid (Figure 1-15) is fairly straightforward.  It should be noted that for this reaction a 

bond rotation must occur after the deprotonation to obtain the lowest energy anion.  

Both the primary and the secondary 
18

O EIE are calculated from the vibrational 

frequencies of the mono-labeled boric acid and of the species with 
18

O in either the 

anionic oxygen (primary) or in one of the two hydroxylic oxygens, which are 

equivalent in this anion.  The acid has C3h symmetry and the anion has C2v, so no 

averaging is required. 
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Figure 1-15. (A) Structures for boric acid and the anion formed by its deprotonation.  

(B) Reactions associated with the primary and secondary EIEs. 

BRØNSTED ACIDS CENTERED ON PHOSPHORUS 

The conversion of phosphinic acid to phosphinate (Figure 1-16) is 

straightforward.  Phosphinic acid is not symmetric (C1 symmetry).  The Cs symmetric 

structure, with the hydrogen in the OPO plane, was explored and rejected because it is 

over 90 cal/mol higher in energy than the C1 structure.  However, phosphinate anion 

has C2v symmetry, so the anionic phosphoryl oxygen atoms in phosphinate are 

equivalent, and no averaging is required to obtain the primary and secondary 
18

O EIEs, 

despite the lack of symmetry in the acid. 
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Figure 1-16. (A) Structures for phosphinic acid and phosphinate anion.  (B) Reactions 

associated with the primary and secondary EIEs. 

Phosphonic acid (Figure 1-17) has a primary and two secondary 
18

O EIEs on 

Brønsted acidity.  Phosphonic acid has C1 symmetry, which is more stable than the Cs 

symmetric structure although by only 25 cal/mol.  The lack of symmetry means that 

the two mono-
18

OH isotopomers of the acid are conformational isomers, but they are 

less than 3 cal/mol different in ZPE, and so their acidities are comparable.  As such, 

the contributions from this acid to the primary and the secondary P–OH EIEs require 

averaging across the two hydroxyl isotopomers.  Although it has C1 symmetry, the 

mono-
18

O labeled hydrogen phosphonate anion is unique regardless of the proton 

removed from phosphonic acid.  There are two mono-
18

O-labeled conformational 

isotopomers in hydrogen phosphonate anion, represented by an 
18

O label at one or the 

other partially anionic oxygen atom.  Thus, the contributions to the primary and 

secondary P=O from the anion require averaging across the two conformational 

isotopomers.  Combining all possibilities from the acid and anion requires averaging 

across four reactions for the primary EIE, and two reactions for either secondary EIE. 
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Figure 1-17. (A) Structures for phosphonic acid and hydrogen phosphonate anion.  

(B) Reactions associated with the primary and secondary EIEs. 

Phosphoric acid (Figure 1-18) has C3 symmetry, so the hydroxyl groups are 

equivalent.  Dihydrogen phosphate anion has C2 symmetry, with both of the 

phosphoryl groups and both of the hydroxyl groups being equivalent.  Therefore, no 

averaging is required. 
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Figure 1-18. (A) Structures of phosphoric acid and dihydrogen phosphate anion.  

(B) Reactions associated with the primary and secondary EIEs. 

Dihydrogen phosphate anion can be further deprotonated to form hydrogen 

phosphate dianion (Figure 1-19), which, like the phosphoric acid deprotonation, has 

three different EIEs—a primary and two secondary.  As described previously, 

dihydrogen phosphate has C2 symmetry.  Hydrogen phosphate has two equivalent 

carbonyl oxygens and one that is inequivalent (because of proximity to the hydrogen, 

Cs symmetry), so an average must be taken across all three conformational 

isotopomers, although two of them are identical.  The primary and the secondary P=O 

EIEs both require averaging over the three possible structures.  The secondary P–OH 

EIE does not require any averaging.  
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Figure 1-19. (A) Structures for dihydrogen phosphate anion and hydrogen phosphate 

dianion.  (B) Reactions associated with the primary and the secondary EIEs. 

Hydrogen phosphate dianion can be further deprotonated to form the Td 

symmetric phosphate trianion (Figure 1-20).  As explained previously, hydrogen 

phosphate dianion has Cs symmetry and requires averaging across three 

conformational isotopomers, two that are the same and one that is different.  The four 

oxygen atoms in phosphate trianion are equivalent, so there is a single primary EIE 

and three secondary EIEs to average.  There is no hydroxyl in the product, so the 

secondary EIE arises only from the phosphoryl contribution. 
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Figure 1-20. (A) Structures of hydrogen phosphate dianion and hydrogen phosphate 

trianion.  (B) Reactions associated with the primary and secondary EIEs. 

The final EIE calculated for Brønsted-Lowry acid/base pairs is that of 

phosphenic acid (Figure 1-21), which is again only theoretical because this acid 

preferentially acts as a Lewis acid.  Phosphenic acid, which has Cs symmetry, has 

conformational isotopomers similar to the bicarbonate anion (Figure 1-10), where the 

phosphoryl oxygen cis to the hydrogen is different from the oxygen trans to the 

hydrogen.  The deprotonation product, phosphenate, has D3h symmetry.  This results 

in averaging across the two conformational isotopomers to obtain the secondary EIE, 

but there is only a single isotopomer that leads to the primary EIE. 
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Figure 1-21. (A) Structures for phosphenic acid and phosphenate anion.  (B) Reactions 

associated with the primary and secondary EIEs. 

LEWIS ACIDS CENTERED ON CARBON 

The addition of the hydroxide anion (C∞v) to carbon dioxide (D∞h) to form the 

Cs bicarbonate anion (Figure 1-22) is the first Lewis-type reaction to discuss.  This 

reaction has only one primary EIE, when a labeled hydroxide adds to an unlabeled 

CO2 molecule, but two reactions lead to a secondary EIE, which must be averaged 

over the two conformational isotopomers of bicarbonate anion.  As discussed 

previously, this is because the ZPE depends on whether the 
18

O-label on the carbonyl 

is cis or trans to the hydrogen, but only slightly. 



37 

 

 

 

Figure 1-22. (A) Structures for carbon dioxide and bicarbonate anion.  (B) Reactions 

associated with the primary and secondary EIEs. 

LEWIS ACIDS CENTERED ON NITROGEN 

The nitrosonium (NO
+
) and nitronium (NO2

+
) cations can undergo Lewis 

acid/base reactivity adding hydroxide and resulting in nitrous and nitric acids, 

respectively.  An unlabeled nitrosonium reacting 
18

O labeled hydroxide (Figure 1-23) 

leads to the primary EIE, where the 
18

O will be in the N–OH of the product.  The 
18

O 

labeled nitrosonium reacting with unlabeled hydroxide leads to the secondary EIE, 

where the 
18

O will be in the N=O of the product.  The Lewis reaction of nitronium 

(Figure 1-24) has a single isotopomer that leads to the primary EIE.  However, as 

discussed previously (Figure 1-12), the secondary EIE involves two conformational 

isotopomers, with the nitryl 
18

O either trans or cis to the hydrogen and with very 

similar energies, and averaging over both conformational isotopomers is required. 
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Figure 1-23. (A) Structures for the nitrosonium cation and nitrous acid.  (B) Reactions 

associated with the primary and secondary EIEs. 



39 

 

 

 

Figure 1-24. (A) Structures for the nitronium cation and nitric acid.  (B) Reactions 

associated with the primary and secondary EIEs. 

LEWIS ACIDS CENTERED ON BORON 

The Lewis-type reaction of borane (Figure 1-25) is included for comparison 

with other boron acids undergoing a Lewis acid/base reaction with hydroxide, since 

there is only a primary EIE.  Borane has D3h symmetry, while its anionic product has 

Cs symmetry.  Due to the simplicity of these molecules, and no averaging is required. 
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Figure 1-25. (A) Structures of borane and hydroxytrihydroborate.  (B) Reaction 

associated with the primary EIE. 

Borinic acid reacts with hydroxide in a Lewis fashion, and does not undergo 

the deprotonation characteristic of a Brønsted acid (Table 1-3).  The anion for the 

Lewis acidic reaction of borinic acid (Figure 1-26) has C2 symmetry, and calculation 

of its EIEs requires no averaging. 
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Figure 1-26. (A) Structures for borinic acid and its anion from addition of hydroxide.  

(B) Reactions associated with the primary and secondary EIEs. 

Boronic acid undergoing a Lewis-type addition of hydroxide anion 

(Figure 1-27) does not have the same complexity as the Brønsted-type reaction 

(Figure 1-14).  The two mono-
18

O labeled isotopomers of boronic acid are 

conformational isotopomers (ZPE difference of <3 cal/mol), and can be averaged.  

The primary EIE arises from reaction of the unlabeled acid with labeled hydroxide 

anion to form the anion, which has C3 symmetry and requires no averaging.  The 

secondary EIE is an average over the two conformational isotopomers in the acid 

being converted into the symmetric anion. 
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Figure 1-27. (A) Structures for boronic acid and its hydroxide adduct.  (B) Reactions 

associated with the primary and secondary EIEs. 

Boric acid (Figure 1-28) is one of the simplest calculations.  Both the acid and 

the borate anion are symmetric (C3h and S4, respectively).  The primary EIE arises 

from an 
18

O label on the hydroxide and the secondary EIE arises from a mono
18

O label 

on boric acid.  Both reactions lead to the same mono-
18

O labeled hydroxide adduct, 

and no averaging is required. 
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Figure 1-28. (A) Structures for boric acid and borate anion.  (B) Reactions associated 

with the primary and secondary EIEs. 

LEWIS ACIDS CENTERED ON PHOSPHORUS 

The addition of hydroxide to phosphenic acid (Figure 1-29) to produce 

dihydrogen phosphate anion requires averaging the secondary P=O EIE over two 

conformational isotopomers. All of these molecules have been discussed preciously, 

so only a brief explanation will be provided.  When labeled with a single 
18

O, 

phosphenic acid has three possible isotopomers: one with P–
18

OH and two 

conformational isotopomers where P=
18

O resides either cis or trans to the hydrogen.  

Mono-
18

O dihydrogen phosphate anion has C2 symmetry, so no averaging is required.  

The EIEs for the primary and secondary P–OH do not require any averaging, but the 

secondary P=O EIE is the average over reactions of two conformational isotopomers 

of phosphenic acid, one with the oxygen cis to the hydrogen and the other with it 

trans. 
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Figure 1-29. (A) Structures for phosphenic acid and dihydrogen phosphate anion.  

(B) Reactions associated with the primary and secondary EIEs. 

RESULTS 

Energy, optimized geometry (Cartesian coordinates), and vibrational 

frequencies obtained for each of the various acids and anions in this study are listed 

below.  Each optimization was obtained at the B3LYP/aug-cc-pVTZ level of accuracy 

with a verytight optimized geometry and an ultrafine optimization grid unless stated 

otherwise.  For each case, the energy calculation and the optimized geometry do not 

change regardless of the isotopic substitution.  The vibrational frequencies, however, 

are different for each isotopologue.  Although each of the vibrational frequencies was 

calculated with four significant figures after the decimal point (and used in all 

calculations), the tables herein round to the nearest cm
−1

. 
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COMPUTATIONAL RESULTS FOR HYDROXIDE 

The hydroxide anion was used in all of the Lewis acid/base reactions.  It was 

calculated both without (Table 1-4 and Table 1-5) and with (Table 1-6 to Table 1-9) 

solvation effects.  The solvation calculations were obtained using the polarized 

continuum model (PCM) for chloroform and for water. 

Table 1-4. Energy and optimized coordinates (Å) for the hydroxide ion, OH
−
. 

E = −75.8362713909 A.U. 

Atom x y z 

O 0.000000 0.000000 0.107277 

H 0.000000 0.000000 -0.858218 

    

Table 1-5. Vibrational frequencies (cm
-1

) for unlabeled (
16

OH) and labeled (
18

OH) 

hydroxide anion. 

16
OH 

18
OH 

3746 3733 

  

Table 1-6. Energy and optimized coordinates (Å) for the hydroxide ion, OH
−
, using 

the polarized continuum model for chloroform, CHCl3. 

E = −75.9419769931 A.U. 

Atom x y z 

O 0.000000 0.000000 0.107331 

H 0.000000 0.000000 -0.858651 
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Table 1-7.  Vibrational frequencies (cm
-1

) for unlabeled and 
18

O labeled hydroxide 

using the PCM for chloroform. 

16
OH 

18
OH 

3709 3697 

  

Table 1-8.  Energy and optimized coordinates (Å) for the hydroxide ion, OH
−
, using 

the PCM for water. 

E = −75.9689350920 A.U. 

Atom x y z 

O 0.000000 0.000000 0.107566 

H 0.000000 0.000000 -0.860531 

    

Table 1-9. Vibrational frequencies (cm
-1

) for O isotopologues of hydroxide using the 

PCM for water. 

16
OH 

18
OH 

3652 3640 

  

COMPUTATIONAL RESULTS FOR FORMIC ACID, PROTONATED FORMIC ACID, 

AND FORMATE 

Formic acid was calculated under a variety of isotopic substitutions, including 

deuterium and tritium at both CH and OH.  Each of these isotopologues has the same 

energy and optimized geometry (Table 1-10), except for those modeled with solvation 

(Table 1-18 and Table 1-20).  The vibrational frequencies for the O isotopologues of 

each acid are slightly different (Table 1-11, Table 1-13 through Table 1-17, 

Table 1-19, and Table 1-21).  HCOO
1/2

H is a hypothetical case, where the proton has 
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one half the mass of a standard proton (Table 1-12).  Although calculated in the gas 

phase, this molecule was used to model a partially ionized acid in a solvent that 

hydrogen bonds to the OH proton.   

The energy and optimized geometry for protonated formic acid, HC(OH)2
+
, 

and the vibrational frequencies for its 
18

O isotopologues are included in Table 1-22 

and Table 1-23. 

Formate was calculated as various CH isotopologues (with identical energy 

and optimized geometry, but with different vibrational frequencies for the 
18

O 

isotopologues) both with and without PCM solvation studies (Table 1-24 through 

Table 1-30).  Vibrational frequencies for the di-
18

O labeled formic acid and formate 

anion were calculated and are included with their respective isotopologues, but only 

mono-
18

O isotopologues were calculated for all other species. 

Table 1-10. Energy and optimized coordinates (Å) for formic acid and its H-

isotopologues, HCOOH, HCOO
1/2

H, HCOOD, HCOOT, DCOOH, DCOOD, and 

DCOOT (Figure 1-7). 

E = −189.845117682 A.U. 

Atom x y z 

C 0.000000 0.421051 0.000000 

O -1.028178 -0.446130 0.000000 

O 1.158545 0.117328 0.000000 

H -0.383223 1.447894 0.000000 

H -0.659714 -1.343779 0.000000 
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Table 1-11. Vibrational frequencies (cm
-1

) for all O isotopologues of formic acid, 

HCOOH. 

16
O2 C–

18
OH X=

18
O 

18
O2 

629 620 616 607 

675 670 674 669 

1052 1051 1050 1049 

1121 1091 1117 1088 

1298 1292 1296 1290 

1402 1400 1395 1393 

1811 1810 1775 1774 

3048 3048 3048 3048 

3716 3704 3716 3704 

    

Table 1-12. Vibrational frequencies (cm
-1

) for O isotopologues of formic acid-O
1/2

H, 

HCOO
1/2

H. 

16
O2 C–

18
OH C=

18
O 

663 651 649 

890 887 889 

1063 1063 1062 

1149 1120 1146 

1385 1385 1380 

1665 1661 1646 

1862 1860 1841 

3048 3048 3048 

5201 5193 5201 
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Table 1-13. Vibrational frequencies (cm
-1

) for O isotopologues of formic acid-OD, 

HCOOD. 

16
O2 C–

18
OH C=

18
O 

531 525 529 

561 558 551 

999 973 992 

1050 1049 1048 

1186 1169 1184 

1392 1392 1387 

1805 1805 1768 

2702 2685 2702 

3049 3049 3049 

   

Table 1-14. Vibrational frequencies (cm
-1

) for O isotopologues of formic acid-OT, 

HCOOT. 

16
O2 C–

18
OH C=

18
O 

473 467 471 

506 505 497 

931 906 923 

1049 1048 1047 

1171 1153 1170 

1391 1391 1385 

1804 1803 1766 

2269 2248 2269 

3049 3049 3048 

   



50 

 

 

Table 1-15. Vibrational frequencies (cm
-1

) for O isotopologues of formic-d acid, 

DCOOH. 

16
O2 C–

18
OH C=

18
O 

623 615 610 

664 660 663 

886 884 883 

985 972 983 

1157 1137 1149 

1294 1287 1292 

1779 1778 1742 

2267 2267 2265 

3716 3704 3716 

   

Table 1-16. Vibrational frequencies (cm
-1

) for O isotopologues of formic-d acid-OD, 

DCOOD. 

16
O2 C–

18
OH C=

18
O 

513 508 512 

557 554 547 

886 884 883 

960 939 957 

1049 1040 1043 

1179 1164 1175 

1775 1774 1738 

2266 2266 2264 

2702 2686 2702 
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Table 1-17. Vibrational frequencies (cm
-1

) for O isotopologues of formic-d acid-OT, 

DCOOT. 

16
O2 C–

18
OH C=

18
O 

451 446 451 

503 502 495 

886 884 883 

918 894 912 

1012 1006 1008 

1173 1157 1168 

1774 1773 1737 

2260 2246 2259 

2274 2268 2273 

   

Table 1-18. Energy and optimized coordinates (Å) of formic acid, HCOOH, using the 

polarized continuum solvation model for chloroform. 

E = −189.856535535 A.U. 

Atom x y z 

C 0.000000 0.419408 0.000000 

O -1.030693 -0.428245 0.000000 

O 1.162168 0.100745 0.000000 

H -0.360210 1.457017 0.000000 

H -0.691591 -1.353462 0.000000 

    



52 

 

 

Table 1-19. Vibrational frequencies (cm
-1

) for O isotopologues of formic acid, 

HCOOH, using the PCM for chloroform. 

16
O2 C–

18
OH C=

18
O 

635 627 622 

657 653 656 

1061 1060 1059 

1128 1098 1124 

1293 1286 1291 

1400 1398 1393 

1760 1759 1726 

3009 3009 3009 

3399 3388 3399 

   

Table 1-20. Energy and optimized coordinates (Å) of formic acid, HCOOH, using the 

polarized continuum solvation model for water. 

E = −189.861654500 A.U. 

Atom x y z 

C 0.000000 0.418245 0.000000 

O -1.032194 -0.419706 0.000000 

O 1.163938 0.093270 0.000000 

H -0.350009 1.460884 0.000000 

H -0.703939 -1.358867 0.000000 
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Table 1-21.  Vibrational frequencies (cm
-1

) for O isotopologues of formic acid, 

HCOOH, using the PCM for water. 

16
O2 C–

18
OH C=

18
O 

638 630 625 

644 640 643 

1065 1064 1063 

1130 1099 1126 

1285 1277 1284 

1399 1397 1392 

1736 1736 1703 

2984 2983 2983 

3192 3182 3192 

   

Table 1-22. Energy and optimized coordinates (Å) of protonated formic acid, 

HC(OH)2
+
 (Figure 1-9). 

E = −190.139682836 A.U. 

Atom x y z 

C 0.000000 0.425878 0.000000 

O -1.145431 -0.105207 0.000000 

O 1.049173 -0.292999 0.000000 

H 0.028761 1.514045 0.000000 

H -1.148805 -1.086026 0.000000 

H 1.890103 0.202362 0.000000 
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Table 1-23. Vibrational frequencies (cm
-1

) for O isotopologues of protonated formic 

acid, HC(OH)2
+
. 

Vibrational Frequencies, cm
-1

 
16

O2 C
18

OH (cis) C
18

OH (trans) 

608 598 600 

658 655 658 

774 774 768 

1090 1088 1089 

1169 1165 1160 

1187 1177 1172 

1363 1347 1362 

1463 1454 1452 

1691 1685 1679 

3166 3166 3166 

3593 3592 3581 

3659 3647 3659 

cis and trans represent the relationship 

between the CH and the OH protons. 

 

Table 1-24. Energy and optimized coordinates (Å) for formate, HCOO
−
, and 

formate-d, DCOO
−
, anions (Figure 1-7). 

E = −189.288234807 A.U. 

Atom x y z 

C 0.000000 0.000000 0.315782 

O 0.000000 1.135734 -0.209106 

O 0.000000 -1.135734 -0.209106 

H 0.000000 0.000000 1.451001 
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Table 1-25. Vibrational frequencies (cm
-1

) for O isotopologues of formate anion, 

HCOO
−
. 

16
O2 C

18
O 

18
O2 

744 729 714 

1042 1040 1038 

1338 1315 1295 

1371 1368 1364 

1649 1637 1624 

2573 2573 2573 

   

Table 1-26. Vibrational frequencies (cm
-1

) for O isotopologues of formate-d anion, 

DCOO
−
. 

16
O2 C

18
O 

737 722 

902 899 

1005 1001 

1325 1302 

1646 1634 

1877 1877 

  

Table 1-27. Energy and optimized coordinates (Å) of formate anion, HCOO
−
, using 

the polarized continuum solvation model for chloroform. 

E = −189.375445734 A.U. 

Atom x y z 

C 0.000000 0.000000 0.329956 

O 0.000000 1.129703 -0.214365 

O 0.000000 -1.129703 -0.214365 

H 0.000000 0.000000 1.450108 
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Table 1-28. Vibrational frequencies (cm
-1

) for O isotopologues  of the formate anion, 

HCOO
−
, using the PCM for chloroform. 

16
O2 C

18
O 

739 724 

1059 1057 

1350 1325 

1385 1382 

1605 1594 

2733 2733 

  

Table 1-29. Energy and optimized coordinates (Å)  for formate anion, HCOO
−
, using 

the PCM for water. 

E = −189.398019909 A.U. 

Atom x y z 

C 0.000000 0.000000 0.336238 

O 0.000000 1.127147 -0.216869 

O 0.000000 -1.127147 -0.216869 

H 0.000000 0.000000 1.452472 

    

Table 1-30. Vibrational frequencies (cm
-1

) for O isotopologues of formate anion, 

HCOO
−
, using the PCM for water. 

Vibrational Frequencies, cm
-1

 
16

O2 C
18

O 

735 720 

1064 1062 

1351 1326 

1384 1382 

1581 1571 

2774 2774 
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COMPUTATIONAL RESULTS FOR ACETIC ACID AND ACETATE 

The energy and optimized geometry for acetic acid and acetate anion and the 

vibrational frequencies for their 
18

O isotopologues are included in Table 1-31 through 

Table 1-34. 

Table 1-31. Energy and optimized coordinates (Å) for acetic acid, CH3COOH 

(Figure 1-8). 

E = −229.185826803 A.U. 

Atom x y z 

O -0.177979 1.345665 0.000000 

O 1.241742 -0.392899 0.000000 

C 0.000000 0.155272 0.000000 

C -1.069439 -0.899095 0.000000 

H 1.874810 0.340146 0.000000 

H -2.046447 -0.427450 0.000000 

H -0.960916 -1.535944 0.877880 

H -0.960916 -1.535944 -0.877880 
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Table 1-32. Vibrational frequencies (cm
-1

) for O isotopologues of acetic acid, 

CH3COOH 

16
O2 C–

18
OH C=

18
O 

70 70 70 

424 417 420 

546 546 545 

584 578 572 

663 659 661 

858 845 849 

999 991 998 

1070 1070 1069 

1201 1188 1196 

1335 1330 1332 

1408 1408 1408 

1472 1472 1471 

1478 1478 1478 

1812 1811 1780 

3052 3052 3052 

3109 3109 3109 

3159 3159 3159 

3738 3726 3738 

   

Table 1-33. Energy and optimized coordinates (Å) for the acetate anion, CH3COO
−
 

(Figure 1-8). 

E = −228.621929709 A.U. 

Atom x y z 

C 0.010174 0.209370 0.000000 

O 0.000616 0.751942 1.131436 

O 0.000616 0.751942 -1.131436 

C 0.000616 -1.350532 0.000000 

H 0.482359 -1.746039 0.896053 

H -1.039308 -1.692021 0.000000 

H 0.482359 -1.746039 -0.896053 
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Table 1-34. Vibrational frequencies (cm
-1

) for O isotopologues of the acetate anion, 

CH3COO
−
. 

16
O2 C

18
O 

17 17 

436 430 

599 594 

630 624 

863 851 

998 995 

1033 1032 

1321 1316 

1347 1333 

1462 1462 

1474 1473 

1638 1627 

2998 2998 

3054 3054 

3075 3075 

  

COMPUTATIONAL RESULTS FOR CARBONIC ACID, BICARBONATE, CARBONATE, 

AND CARBON DIOXIDE 

The energy and optimized geometry for carbonic acid, bicarbonate anion, 

carbonate dianion, and carbon dioxide and the vibrational frequencies for their 
18

O 

isotopologues are included in Table 1-35 through Table 1-50. 
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Table 1-35. Energy and optimized coordinates (Å) for carbonic acid, H2CO3 

(Figure 1-10). 

E = −265.121949794 A.U. 

Atom x y z 

C 0.000000 0.000000 0.101961 

O 0.000000 0.000000 1.305151 

O 0.000000 1.088369 -0.679396 

O 0.000000 -1.088369 -0.679396 

H 0.000000 1.854613 -0.091320 

H 0.000000 -1.854613 -0.091320 

    

Table 1-36.Vibrational frequencies (cm
-1

) for O isotopologues of carbonic acid, 

H2CO3. 

16
O2 C–

18
OH C=

18
O 

526 524 526 

547 538 542 

596 594 587 

601 596 596 

800 797 795 

975 956 965 

1150 1139 1150 

1289 1284 1280 

1453 1449 1452 

1818 1817 1789 

3787 3776 3787 

3790 3788 3790 
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Table 1-37. Energy and optimized coordinates (Å) for the bicarbonate anion, HCO3
−
 

(Figure 1-10).  

E = −264.573364416 A.U. 

Atom x y z 

C 0.000000 0.172464 0.000000 

O -1.001262 0.893888 0.000000 

O 1.223692 0.427397 0.000000 

O -0.295390 -1.245700 0.000000 

H 0.583674 -1.639471 0.000000 

    

Table 1-38. Vibrational frequencies (cm
-1

) for O isotopologues of bicarbonate anion, 

HCO3
−
. 

16
O2 C–

18
OH C

18
O (cis) C

18
O (trans) 

536 535 536 536 

546 537 537 538 

620 601 613 612 

820 818 816 816 

841 834 832 831 

1194 1185 1187 1191 

1290 1290 1268 1269 

1750 1749 1742 1736 

3794 3782 3794 3794 

cis and trans represents the relationship between the 

C
18

O oxygen and the OH proton 
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Table 1-39. Energy and optimized coordinates (Å) for the bicarbonate anion, HCO3
−
, 

using the polarized continuum solvation method of chloroform. 

E = −264.661682633 A.U. 

Atom x y z 

C 0.000000 0.149537 0.000000 

O -1.012810 0.869647 0.000000 

O 1.212064 0.462383 0.000000 

O -0.273199 -1.234305 0.000000 

H 0.591557 -1.679023 0.000000 

    

Table 1-40. Vibrational frequencies (cm
-1

) for O isotopologues of the bicarbonate 

anion, HCO3
−
, using the PCM for chloroform. 

16
O2 C–

18
OH C

18
O (cis) C

18
O (trans) 

509 506 509 508 

568 559 559 560 

648 632 638 637 

823 821 819 819 

896 881 887 887 

1206 1198 1204 1200 

1302 1302 1278 1284 

1679 1678 1670 1666 

3595 3584 3595 3595 

cis and trans represents the relationship between the 

C
18

O oxygen and the OH proton. 
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Table 1-41. Energy and optimized coordinates (Å) for the bicarbonate anion, HCO3
−
, 

using the PCM for water. 

E = −264.686036386 A.U. 

Atom X y z 

C 0.000000 0.139373 0.000000 

O -1.021682 0.855853 0.000000 

O 1.204595 0.483241 0.000000 

O -0.258619 -1.231964 0.000000 

H 0.605651 -1.693280 0.000000 

    

Table 1-42. Vibrational frequencies (cm
-1

) for O isotopologues of the bicarbonate 

anion, HCO3
−
, using the PCM for water. 

16
O2 C–

18
OH C

18
O (cis) C

18
O (trans) 

496 494 496 495 

575 566 565 568 

654 640 645 643 

823 821 819 819 

922 904 913 913 

1200 1192 1198 1192 

1306 1306 1283 1291 

1639 1638 1630 1627 

3435 3424 3435 3435 

cis and trans represents the relationship between the 

C
18

O oxygen and the OH proton. 
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Table 1-43. Energy and optimized coordinates (Å) for the carbonate dianion, CO3
2−

 

(Figure 1-10). 

E = −263.792764512 A.U. 

Atom x y z 

C 0.000000 0.000000 0.000000 

O 0.000000 1.306138 0.000000 

O 1.131149 -0.653069 0.000000 

O -1.131149 -0.653069 0.000000 

    

Table 1-44. Vibrational frequencies (cm
-1

) for O isotopologues of the carbonate 

dianion, CO3
2−

. 

Vibrational Frequencies, cm
-1

 
16

O3 C
18

O 

638 624 

638 630 

858 855 

1011 991 

1296 1284 

1296 1295 

  

Table 1-45. Energy and optimized coordinates (Å) for carbon dioxide, CO2, 

(Figure 1-22). 

E = −188.663386958 A.U. 

Atom x y z 

C 0.000000 0.000000 0.000000 

O 0.000000 0.000000 1.160469 

O 0.000000 0.000000 -1.160469 
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Table 1-46. Vibrational frequencies (cm-1) for O isotopologues of carbon dioxide, 

CO2. 

16
O2 C=

18
O 

674 669 

674 669 

1369 1330 

2400 2383 

  

Table 1-47. Energy and optimized coordinates (Å) for carbon dioxide, CO2, with the 

PCM for chloroform. 

E = −188.666091910 A.U. 

Atom x y z 

C 0.000000 0.000000 0.000000 

O 0.000000 0.000000 1.160233 

O 0.000000 0.000000 -1.160233 

    

Table 1-48. Vibrational frequencies (cm
-1

) for O isotopologues of carbon dioxide, 

CO2, with the PCM for chloroform. 

16
O2 C=

18
O 

667 662 

667 662 

1370 1331 

2364 2347 
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Table 1-49. Energy and optimized coordinates (Å) for carbon dioxide, CO2, with the 

PCM for water. 

E = −188.667189144 A.U. 

Atom x y z 

C 0.000000 0.000000 0.000000 

O 0.000000 0.000000 1.160146 

O 0.000000 0.000000 -1.160146 

    

Table 1-50. Vibrational frequencies (cm
-1

) for O isotopologues of carbon dioxide, 

CO2, with the PCM for water. 

16
O2 C=

18
O 

665 660 

665 660 

1371 1331 

2349 2332 

  

COMPUTATIONAL RESULTS FOR NITROGEN-CENTERED ACIDS WITH RESPECTIVE 

CONJUGATE BASES 

The energy and optimized geometry for nitrous acid, the nitrosonium cation, 

nitrite anion, nitric acid, the nitronium cation, and nitrate anion and the vibrational 

frequencies for their 
18

O isotopologues are included in Table 1-51 through Table 1-72. 
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Table 1-51. Energy and optimized coordinates (Å) for nitrous acid, HONO 

(Figure 1-11). 

E = −205.790627265 A.U. 

Atom x y z 

N 0.000000 0.546973 0.000000 

O 1.084475 0.090252 0.000000 

O -1.013492 -0.408799 0.000000 

H -0.567872 -1.280438 0.000000 

    

Table 1-52. Vibrational frequencies (cm
-1

) for O isotopologues of nitrous acid, 

HONO. 

16
O2 N–

18
OH N=

18
O 

623 606 613 

683 679 682 

864 854 859 

1330 1320 1320 

1708 1707 1669 

3578 3567 3578 

   

Table 1-53. Energy and optimized coordinates (Å) for nitrous acid, HONO, using the 

PCM for chloroform. 

E = −205.798586215 A.U. 

Atom x y z 

N 0.000000 0.540345 0.000000 

O 1.087553 0.078907 0.000000 

O -1.012968 -0.389973 0.000000 

H -0.596676 -1.293891 0.000000 
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Table 1-54. Vibrational frequencies (cm
-1

) for O isotopologues of nitrous acid, 

HONO, using the PCM of chloroform. 

16
O2 N–

18
OH N=

18
O 

648 631 637 

668 664 667 

868 857 863 

1334 1324 1325 

1673 1672 1635 

3254 3244 3254 

   

Table 1-55. Energy and optimized coordinates (Å) for the nitrosonium cation, NO
+
 

(Figure 1-23). 

E = −129.587323609 A.U. 

Atom x y z 

N 0.000000 0.000000 -0.563691 

O 0.000000 0.000000 0.493230 

    

Table 1-56. Vibrational frequencies (cm
-1

) for O isotopologues of the nitrosonium 

cation, NO
+
. 

16
O N

18
O 

2477 2412 

  

Table 1-57. Energy and optimized coordinates (Å) for the nitrosonium cation, NO
+
, 

using the PCM of chloroform. 

E = −129.693786365 A.U. 

Atom x y z 

N 0.000000 0.000000 -0.562637 

O 0.000000 0.000000 0.492307 
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Table 1-58. Vibrational frequencies (cm
-1

) for O isotopologues of the nitrosonium 

cation, NO
+
, using the PCM of chloroform. 

16
O N

18
O 

2484 2418 

  

Table 1-59. Energy and optimized coordinates (Å) for the nitrite anion, NO2
−
 

(Figure 1-11). 

E = −205.242086246 A.U. 

Atom x y z 

N 0.000000 0.000000 0.457240 

O 0.000000 1.069661 -0.200043 

O 0.000000 -1.069661 -0.200043 

    

Table 1-60. Vibrational frequencies (cm
-1

) for O isotopologues of nitrite anion, NO2
−
. 

16
O2 N

18
O 

796 778 

1283 1264 

1325 1312 

  

Table 1-61. . Energy and optimized coordinates (Å) for the nitrite anion, NO2
−
, using 

the PCM of chloroform. 

E = −205.328271379 A.U. 

Atom x y z 

N 0.000000 0.000000 0.459542 

O 0.000000 1.066314 -0.201050 

O 0.000000 -1.066314 -0.201050 
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Table 1-62. Vibrational frequencies (cm
-1

) for O isotopologues of nitrite anion, NO2
−
, 

using the PCM of chloroform. 

16
O2 N

18
O 

802.1416 783.5376 

1251.8877 1235.9548 

1341.2459 1325.1568 

  

Table 1-63. Energy and optimized coordinates (Å) for nitric acid, HNO3 (Figure 1-12). 

E = −281.007114831 A.U. 

Atom x y z 

N 0.000000 0.155887 0.000000 

O 1.167566 0.464330 0.000000 

O -0.979722 0.835576 0.000000 

O -0.265660 -1.232965 0.000000 

H 0.622530 -1.626743 0.000000 

    

Table 1-64. Vibrational frequencies (cm
-1

) for O isotopologues of nitric acid, HNO3. 

16
O3 N–

18
OH N

18
O (cis) N

18
O (trans) 

485 483 485 485 

585 576 575 578 

647 625 641 639 

783 781 779 779 

896 890 884 884 

1316 1311 1291 1312 

1342 1340 1337 1320 

1744 1743 1736 1730 

3711 3699 3711 3711 

cis and trans represent the relationship between  

N
18

O and the OH proton 
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Table 1-65. Energy and optimized coordinates (Å) for nitric acid, HNO3, using the 

PCM for chloroform. 

E = −281.017685088 A.U. 

Atom x y z 

N 0.000000 0.142125 0.000000 

O 1.158279 0.488884 0.000000 

O -0.991522 0.817676 0.000000 

O -0.247535 -1.224820 0.000000 

H 0.646225 -1.648793 0.000000 

    

Table 1-66. Vibrational frequencies (cm
-1

) for O isotopologues of nitric acid, HNO3, 

using the PCM for chloroform. 

16
O3 N–

18
OH N

18
O (cis) N

18
O (trans) 

454 452 454 453 

604 594 593 596 

670 649 663 660 

788 786 784 783 

905 896 894 894 

1318 1316 1294 1291 

1334 1328 1328 1334 

1680 1679 1673 1668 

3349 3338 3349 3349 

cis and trans represent the relationship between  

N
18

O and the OH proton 
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Table 1-67. Energy and optimized coordinates (Å) for the nitronium cation, NO2
+
 

(Figure 1-24). 

E = −129.587323609 A.U. 

Atom x y z 

N 0.000000 0.000000 0.000000 

O 0.000000 0.000000 1.115776 

O 0.000000 0.000000 -1.115776 

    

Table 1-68. Vibrational frequencies (cm
-1

) for O isotopologues of the nitronium 

cation, NO2
+
. 

16
O2 N=

18
O 

653 648 

653 648 

1447 1405 

2438 2418 

  

Table 1-69. Energy and optimized coordinates (Å) for the nitrate anion, NO3
−
 

(Figure 1-12). 

E = −280.481786765 A.U. 

Atom x y z 

N 0.000000 0.000000 0.000000 

O 0.000000 1.258044 0.000000 

O 1.089498 -0.629022 0.000000 

O -1.089498 -0.629022 0.000000 
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Table 1-70. Vibrational frequencies (cm
-1

) for O isotopologues of nitrate anion, NO3
−
. 

16
O3 N

18
O 

707 691 

707 697 

843 840 

1062 1041 

1364 1352 

1364 1364 

  

Table 1-71. Energy and optimized coordinates (Å) for the nitrate anion, NO3
−
, using 

the PCM for chloroform. 

E = −280.563583342 A.U. 

Atom x y z 

N 0.000000 0.000000 0.000000 

O 0.000000 1.237600 0.000000 

O 1.071793 -0.618800 0.000000 

O -1.071793 -0.618800 0.000000 

    

Table 1-72. Vibrational frequencies (cm
-1

) for O isotopologues of nitrate anion, NO3
−
, 

using the PCM for chloroform. 

16
O3 N

18
O 

712 696 

712 702 

841 838 

1073 1052 

1341 1328 

1341 1341 
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COMPUTATIONAL RESULTS FOR BORON-CENTERED ACIDS WITH RESPECTIVE 

CONJUGATE BASES 

The energy and optimized geometry for the various boron species—BH3, 

BH3OH
–
, H2BOH, H2BO

–
, H2B(OH)2

–
, HB(OH)2, HB(OH)O

–
, HB(OH)3

–
, B(OH)3, 

B(OH)2O
–
, and B(OH)4

–
—and the vibrational frequencies for their 

18
O isotopologues 

are included in Table 1-73 through Table 1-96. 

Table 1-73. Energy and optimized coordinates (Å) for borane, BH3 (Figure 1-25). 

E = −26.6243786243 A.U. 

Atom x y z 

B 0.000000 0.000000 0.000000 

H 0.000000 1.188050 0.000000 

H 1.028881 -0.594025 0.000000 

H -1.028881 -0.594025 0.000000 

    

Table 1-74. Vibrational frequencies (cm
-1

) for borane, BH3. 

unlabeled 

1161 

1204 

1204 

2565 

2692 

2692 
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Table 1-75. Energy and optimized coordinates (Å) for hydroxytrihydroborate anion, 

H3BOH
−
 (Figure 1-25), the Lewis product of the reaction of hydroxide with borane. 

E = −102.572342758 A.U. 

Atom x y z 

B -0.052466 0.741654 0.000000 

O -0.052466 -0.772228 0.000000 

H 0.523532 1.204725 1.007431 

H 0.523532 1.204725 -1.007431 

H -1.224393 1.127401 0.000000 

H 0.859387 -1.067294 0.000000 

    

Table 1-76. Vibrational frequencies (cm
-1

) for O isotopologues of the product obtained 

upon Lewis addition of hydroxide to borane, H3BOH
−
. 

16
O B–

18
OH 

222 221 

829 812 

842 837 

944 941 

1119 1113 

1155 1155 

1171 1171 

1196 1195 

2104 2104 

2162 2162 

2264 2264 

3842 3830 
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Table 1-77. Energy and optimized coordinates (Å) for borinic acid, H2BOH 

(Figure 1-13). 

E = −101.958955219 A.U. 

Atom x y z 

B 0.052746 0.714038 0.000000 

O 0.052746 -0.638879 0.000000 

H -0.976288 1.322753 0.000000 

H 1.115450 1.250539 0.000000 

H -0.824856 -1.032451 0.000000 

    

Table 1-78. Vibrational frequencies (cm
-1

) for O isotopologues of borinic acid, 

H2BOH. 

16
O B–

18
OH 

777 774 

888 887 

1058 1058 

1174 1160 

1183 1170 

1367 1354 

2560 2560 

2657 2657 

3826 3813 
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Table 1-79. Energy and optimized coordinates (Å) for the borinate anion, H2BO
−
 

(Figure 1-13), the Brønsted product of deprotonation of borinic acid. 

E = −101.376865776 A.U. 

Atom x y z 

B 0.000000 0.000000 -0.591894 

O 0.000000 0.000000 0.694457 

H 0.000000 1.041479 -1.298094 

H 0.000000 -1.041479 -1.298094 

    

Table 1-80. Vibrational frequencies (cm
-1

) for O isotopologues of borinate anion, 

H2BO
−
, the Brønsted product of the deprotonation of borinic acid. 

16
O B–

18
O 

960 956 

992 991 

1196 1190 

1522 1492 

2019 2019 

2152 2152 
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Table 1-81. Energy and optimized coordinates (Å) for dihydroxyldihydoborate anion, 

H2B(OH)2
−
 (Figure 1-26), the product of the Lewis addition of hydroxide to borinic 

acid. 

E = −177.883582970 A.U. 

Atom x y z 

B 0.000000 0.000000 0.596826 

O 0.000000 -1.240096 -0.251895 

O 0.000000 1.240096 -0.251895 

H -1.021172 -0.074639 1.301110 

H 1.021172 0.074639 1.301110 

H 0.803824 -1.225341 -0.778014 

H -0.803824 1.225341 -0.778014 
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Table 1-82. Vibrational frequencies (cm
-1

) for O isotopologues of 

dihydroxyldihydoborate anion, H2B(OH)2
−
, the product of the Lewis addition of 

hydroxide to borinic acid. 

16
O2 B–

18
OH 

281 280 

292 291 

479 470 

794 793 

836 819 

847 844 

942 941 

1097 1094 

1136 1133 

1180 1179 

1205 1205 

2170 2170 

2211 2211 

3812 3800 

3812 3812 

  

Table 1-83. Energy and optimized coordinates (Å) for boronic acid, HB(OH)2 

(Figure 1-14). 

E = −177.288987050 A.U. 

Atom x y z 

B 0.000000 0.484651 0.000000 

O -1.223983 -0.104059 0.000000 

O 1.121480 -0.299412 0.000000 

H 0.056951 1.674926 0.000000 

H -1.179995 -1.066998 0.000000 

H 1.943067 0.196576 0.000000 
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Table 1-84. Vibrational frequencies (cm
-1

) for O isotopologues of boronic acid, 

HB(OH)2. 

16
O2 B–

18
OH (cis) B–

18
OH (trans) 

475 466 468 

531 529 531 

629 629 624 

927 925 926 

966 964 963 

1005 997 988 

1113 1103 1109 

1232 1220 1226 

1430 1425 1420 

2631 2631 2631 

3804 3804 3792 

3866 3853 3866 

cis and trans represent the relationship 

between the OH and BH protons 

 

Table 1-85. Energy and optimized coordinates (Å) for hydrogen boronate, HB(OH)O
−
 

(Figure 1-14), the Brønsted deprotonation product of boronic acid. 

E = −176.707148460 A.U. 

Atom x y z 

B 0.000000 0.470565 0.000000 

O 1.246422 0.136294 0.000000 

O -1.104569 -0.466168 0.000000 

H -0.453396 1.620020 0.000000 

H -0.681430 -1.333852 0.000000 
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Table 1-86. Vibrational frequencies (cm
-1

) for O isotopologues of hydrogen boronate, 

HB(OH)O
−
, the Brønsted deprotonation product of boronic acid. 

16
O2 B–

18
OH B–

18
O 

484 478 474 

595 591 594 

880 879 878 

909 885 906 

1059 1057 1057 

1109 1105 1103 

1518 1517 1489 

2278 2278 2278 

3758 3747 3758 

   

Table 1-87. Energy and optimized coordinates (Å) for trihydroxylhydroborate anion, 

HB(OH)3
−
 (Figure 1-27), the product of the Lewis addition of hydroxide to boronic 

acid. 

E = −253.200687350 A.U. 

Atom x y z 

B 0.000000 0.000000 0.432348 

O 0.000000 1.406696 -0.076747 

O 1.218234 -0.703348 -0.076747 

O -1.218234 -0.703348 -0.076747 

H -1.646370 -0.075139 -0.663753 

H 0.000000 0.000000 1.671445 

H 0.888258 -1.388229 -0.663753 

H 0.758112 1.463368 -0.663753 
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Table 1-88. Vibrational frequencies (cm
-1

) for O isotopologues of the anion obtained 

after the Lewis reaction of hydroxide with boronic acid, HB(OH)3
−
. 

16
O3 B–

18
OH 

127 127 

127 127 

386 384 

391 386 

391 387 

538 532 

814 801 

832 826 

832 831 

1009 1007 

1009 1008 

1086 1085 

1166 1163 

1166 1165 

2227 2227 

3830 3820 

3835 3832 

3835 3835 
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Table 1-89. Energy and optimized coordinates (Å) for boric acid, B(OH)3 

(Figure 1-15). 

E = −252.611166552 A.U. 

Atom x y z 

B 0.000000 0.000000 0.000000 

O 0.000000 1.370689 0.000000 

O -1.187052 -0.685345 0.000000 

O 1.187052 -0.685345 0.000000 

H -0.884567 1.745916 0.000000 

H -1.069724 -1.639015 0.000000 

H 1.954291 -0.106900 0.000000 

    

Table 1-90. Vibrational frequencies (cm
-1

) for O isotopologues of boric acid, B(OH)3. 

16
O3 B–

18
OH 

428 420 

428 423 

447 447 

533 531 

533 533 

670 668 

876 860 

1015 1005 

1015 1012 

1019 1018 

1442 1432 

1442 1441 

3852 3840 

3852 3852 

3853 3853 
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Table 1-91. Energy and optimized coordinates (Å) for dihydrogen borate, cis/cis 

B(OH)2O
−
 (Figure 1-15), the lowest energy, rearranged Brønsted product of boric 

acid. 

E = −252.027069013 A.U. 

Atom x y z 

B 0.000000 0.000000 0.108766 

O 0.000000 1.172804 -0.725424 

O 0.000000 -1.172804 -0.725424 

O 0.000000 0.000000 1.408180 

H 0.000000 -1.902430 -0.101239 

H 0.000000 1.902430 -0.101239 

    

Table 1-92. Vibrational frequencies (cm
-1

) for O isotopologues of dihydrogen borate, 

cis/cis B(OH)2O
−
, the lowest energy, rearranged Brønsted product of boric acid. 

16
O3 B–

18
OH B–

18
O 

418 411 414 

459 455 449 

496 494 496 

520 520 520 

704 701 700 

794 778 786 

960 951 960 

1072 1068 1064 

1200 1198 1199 

1523 1522 1500 

3847 3835 3847 

3849 3848 3849 
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Table 1-93. Energy and optimized coordinates (Å) for dihydrogen borate, cis/trans 

B(OH)2O
−
, which is not the lowest energy form of the Brønsted product from reaction 

of boric acid with hydroxide. 

E = −252.024134192 A.U. 

Atom x y z 

B 0.000000 0.173458 0.000000 

O 1.344696 -0.340299 0.000000 

O -0.931108 -0.952165 0.000000 

O -0.351102 1.414294 0.000000 

H 1.299703 -1.299669 0.000000 

H -1.799582 -0.542260 0.000000 

    

Table 1-94. Vibrational frequencies (cm
-1

) for O isotopologues of dihydrogen borate, 

cis/trans B(OH)2O
−
, which is not the lowest energy form of the Brønsted product from 

the deprotonation reaction of boric acid.  

16
O3 B–

18
OH (cis) B–

18
OH (trans) B–

18
O 

422 415 416 418 

439 438 438 438 

468 462 461 457 

518 518 517 518 

689 686 687 686 

789 775 772 781 

934 925 930 934 

1055 1051 1051 1047 

1153 1151 1145 1152 

1569 1569 1569 1545 

3832 3829 3820 3832 

3842 3833 3842 3842 

cis and trans represent the relationship between the 

OH and the BH proton 
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Table 1-95. Energy and optimized coordinates (Å) for tetrahydroxyborate, B(OH)4
−
 

(Figure 1-28), the Lewis product of the reaction of boric acid with hydroxide. 

E = −328.518395869 A.U. 

Atom x y z 

B 0.000000 0.000000 0.000000 

O 0.000000 1.252369 0.801039 

O 1.252369 0.000000 -0.801039 

O 0.000000 -1.252369 0.801039 

O -1.252369 0.000000 -0.801039 

H -0.912912 -1.436339 1.031131 

H 0.912912 1.436339 1.031131 

H 1.436339 -0.912912 -1.031131 

H -1.436339 0.912912 -1.031131 
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Table 1-96. Vibrational frequencies (cm
-1

) for O isotopologues of tetrahydroxyborate, 

B(OH)4
−
, the product of the Lewis addition of hydroxide to boric acid. 

16
O4 B–

18
OH 

171 171 

221 220 

289 288 

289 289 

350 345 

404 401 

474 468 

474 471 

507 500 

726 716 

844 837 

844 844 

962 959 

1002 1000 

1047 1045 

1187 1184 

1187 1186 

3850 3840 

3853 3851 

3853 3853 

3856 3855 

  

COMPUTATIONAL RESULTS FOR PHOSPHORUS-CENTERED ACIDS WITH 

RESPECTIVE CONJUGATE BASES 

The energy and optimized geometry for phosphinic acid, phosphinate anion, 

phosphonic acid, phosphonate anion, phosphoric acid, dihydrogen phosphate anion, 

hydrogen phosphate dianion, phosphate trianion, phosphenic acid, and phosphenate 
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anion and the vibrational frequencies for their 
18

O isotopologues are included in 

Table 1-97 through Table 1-116. 

Table 1-97. Energy and optimized coordinates (Å) for phosphinic acid, H2POOH 

(Figure 1-16). 

E = −493.743114960 A.U. 

Atom x y z 

P -0.122760 0.369069 0.016441 

O -1.282687 -0.548872 -0.029767 

O 1.347558 -0.303584 -0.061600 

H -0.063736 1.170312 1.178028 

H 0.011205 1.291324 -1.039621 

H 1.374959 -1.178029 0.345918 

    

Table 1-98. Vibrational frequencies (cm
-1

) for O isotopologues of phosphinic acid, 

H2POOH. 

16
O2 P–

18
OH P=

18
O 

177 176 176 

395 388 387 

780 779 777 

856 824 854 

885 884 884 

996 993 995 

1090 1087 1086 

1163 1163 1155 

1272 1272 1239 

2413 2413 2413 

2445 2445 2445 

3802 3790 3802 

   



89 

 

 

Table 1-99. Energy and optimized coordinates (Å) for phosphinate anion, H2POO
−
 

(Figure 1-16). 

E = −493.203535644 A.U. 

Atom x y z 

P 0.000000 0.000000 0.292156 

O 0.000000 1.329482 -0.427315 

O 0.000000 -1.329482 -0.427315 

H 1.098528 0.000000 1.227349 

H -1.098528 0.000000 1.227349 

    

Table 1-100. Vibrational frequencies (cm
-1

) for O isotopologues of phosphinate anion, 

H2POO
−
. 

16
O2 P

18
O 

442 433 

783 779 

905 903 

1039 1013 

1068 1066 

1158 1158 

1224 1208 

2137 2137 

2206 2206 
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Table 1-101. Energy and optimized coordinates (Å) for phosphonic acid, HP(OH)2O 

(Figure 1-17). 

E = −569.047095052 A.U. 

Atom x y z 

P 0.007661 0.105718 0.275654 

O 0.295864 1.459540 -0.236302 

O 1.091262 -1.007676 -0.156915 

O -1.406016 -0.537137 -0.129458 

H -0.067247 -0.065247 1.660815 

H 1.832321 -0.607995 -0.628368 

H -1.728868 -0.230345 -0.985849 

    

Table 1-102. Vibrational frequencies (cm
-1

) for O isotopologues of phosphonic acid, 

HP(OH)2O. 

16
O3 P–

18
OH (1) P–

18
OH (2) P=

18
O 

111 110 111 111 

248 247 247 248 

364 359 360 361 

400 398 395 392 

467 463 463 462 

847 824 825 843 

895 885 884 895 

939 939 939 938 

987 986 985 986 

1044 1041 1043 1042 

1076 1075 1073 1071 

1289 1289 1289 1252 

2517 2517 2517 2517 

3801 3794 3789 3801 

3806 3801 3806 3806 

The designations (1) and (2) represent similar 

groups that have slightly different ZPEs 
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Table 1-103. Energy and optimized coordinates (Å) for the hydrogen phosphonate 

anion, HP(OH)O2
−
 (Figure 1-17). 

E = −568.511481548 A.U. 

Atom x y z 

P -0.131100 0.091032 0.218148 

O 0.491971 1.397384 -0.207447 

O 1.010281 -1.097083 -0.107043 

O -1.467031 -0.397307 -0.253387 

H -0.117515 0.028370 1.642655 

H 1.802242 -0.617802 -0.371854 

    

Table 1-104. Vibrational frequencies (cm
-1

) for O isotopologues of the hydrogen 

phosphonate anion, HP(OH)O2
−
. 

16
O3 P–

18
OH P

18
O (1) P

18
O (2) 

284 281 283 282 

372 367 367 369 

411 407 405 403 

522 519 516 515 

736 712 735 735 

955 954 954 955 

1000 998 997 997 

1047 1045 1025 1044 

1075 1074 1069 1054 

1267 1267 1256 1250 

2286 2285 2285 2285 

3818 3806 3818 3818 

The designations (1) and (2) represent similar 

groups that have slightly different ZPEs 
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Table 1-105. Energy and optimized coordinates (Å) for phosphoric acid, H3PO4 

(Figure 1-18). 

E = −644.344009049 A.U. 

Atom x y z 

P 0.000000 0.000000 0.115540 

O 0.000000 0.000000 1.588956 

O 0.000000 1.435598 -0.591970 

O 1.243264 -0.717799 -0.591970 

O -1.243264 -0.717799 -0.591970 

H -0.485878 2.091731 -0.079151 

H 2.054431 -0.625082 -0.079151 

H -1.568553 -1.466648 -0.079151 
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Table 1-106. Vibrational frequencies (cm
-1

) for O isotopologues of phosphoric acid, 

H3PO4. 

16
O4 P–

18
OH P=

18
O 

159 158 158 

159 159 158 

296 295 296 

368 363 364 

368 364 364 

444 440 441 

451 446 445 

451 448 445 

826 811 820 

912 895 912 

912 912 912 

1043 1040 1039 

1047 1045 1047 

1047 1047 1047 

1302 1301 1264 

3817 3805 3817 

3817 3817 3817 

3819 3819 3819 
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Table 1-107. Energy and optimized coordinates (Å) for dihydrogen phosphate anion, 

H2PO4
−
 (Figure 1-19). 

E = −643.811123850 A.U. 

Atom x y z 

P 0.000000 0.000000 0.167658 

O 0.000000 1.332462 0.854473 

O -1.287657 -0.014787 -0.892110 

O 1.287657 0.014787 -0.892110 

O 0.000000 -1.332462 0.854473 

H 1.561876 0.934626 -0.956342 

H -1.561876 -0.934626 -0.956342 

    

Table 1-108. Vibrational frequencies (cm
-1

) for O isotopologues of the dihydrogen 

phosphate anion, H2PO4
−
. 

16
O4 P–

18
OH P

18
O 

197 196 197 

312 306 309 

314 314 314 

378 375 373 

422 418 417 

485 479 478 

490 485 484 

745 728 742 

771 765 771 

1039 1035 1033 

1056 1053 1046 

1076 1076 1063 

1296 1296 1282 

3830 3818 3830 

3831 3830 3831 
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Table 1-109. Energy and optimized coordinates (Å) for hydrogen phosphate dianion, 

HPO4
2−

 (Figure 1-20). 

E = −643.072524090 A.U. 

Atom x y z 

P 0.023455 0.164723 0.000000 

O -0.545220 0.762864 1.295012 

O 1.553629 -0.084458 0.000000 

O -0.545220 -1.505583 0.000000 

O -0.545220 0.762864 -1.295012 

H 0.304412 -1.956335 0.000000 

    

Table 1-110. Vibrational frequencies (cm
-1

) for O isotopologues of the hydrogen 

phosphate dianion, HPO4
2−

. 

16
O4 P–

18
OH P

18
O (1) P

18
O (2) P

18
O (3) 

208 207 208 208 208 

326 321 321 321 323 

330 324 328 328 324 

475 462 466 466 471 

479 474 475 475 475 

493 490 487 487 484 

600 593 598 598 598 

912 912 898 898 887 

988 984 981 981 983 

1089 1089 1073 1073 1089 

1109 1107 1107 1107 1102 

3817 3805 3817 3817 3817 

The designations (1)/(2) and (3) represent similar groups that 

have slightly different ZPEs 

 



96 

 

 

Table 1-111. Energy and optimized coordinates (Å) for the phosphate trianion, PO4
−3

 

(Figure 1-20). 

E = −642.144630480 A.U. 

Atom x Y z 

P 0.000000 0.000000 0.000000 

O 0.920623 0.920623 0.920623 

O -0.920623 -0.920623 0.920623 

O -0.920623 0.920623 -0.920623 

O 0.920623 -0.920623 -0.920623 

    

Table 1-112. Vibrational frequencies (cm
-1

) for O isotopologues of the phosphate 

trianion, PO4
−3

. 

16
O4 P

18
O 

338 333 

338 333 

479 473 

479 473 

479 474 

805 787 

837 825 

837 837 

837 837 
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Table 1-113. Energy and optimized coordinates (Å) for phosphenic acid, O2POH 

(Figure 1-21). 

E = − 567.811846750 A.U. 

Atom x y z 

P 0.000000 0.139260 0.000000 

O -0.228044 -1.435678 0.000000 

O 1.412258 0.536600 0.000000 

O -1.260547 0.877839 0.000000 

H 0.610667 -1.918994 0.000000 

    

Table 1-114. Vibrational frequencies (cm
-1

) for O isotopologues of phosphenic acid, 

O2POH. 

16
O2 C–

18
OH C=

18
O (cis) C=

18
O (trans) 

394 387 389 390 

422 420 418 418 

436 433 428 427 

511 508 510 511 

887 856 881 881 

1043 1037 1043 1040 

1174 1171 1147 1154 

1444 1444 1428 1423 

3765 3753 3765 3765 

cis and trans represent the relationship between the 

proton and the P=
18

O oxygen 
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Table 1-115. Energy and optimized coordinates (Å) for phosphenate anion, PO3
−
 

(Figure 1-21), the Lewis product of phosphenic acid. 

E = −567.305477200 A.U. 

Atom x y z 

P 0.000000 0.000000 0.000000 

O 0.000000 1.498337 0.000000 

O 1.297597 -0.749168 0.000000 

O -1.297597 -0.749168 0.000000 

    

Table 1-116. Vibrational frequencies (cm
-1

) for O isotopologues of the phosphenate 

anion, PO3
−
, the product of the Lewis addition of hydroxide to phosphenic acid. 

16
O3 P

18
O 

469 457 

469 466 

469 466 

989 968 

1254 1230 

1254 1254 

  

ZPE DIFFERENCES 

The total ZPE of each isotopologue is half the sum of the vibrational 

frequencies, converted into energies, in cal/mol (Equation 1-4, with n = 0).  The 

differences between the total ZPE of an unlabeled molecule and that of its 
18

O labeled 

isotopologue (ZPE) are listed in Table 1-117.  For this table, any isotopomers 

composed of a 50/50 mixture of two positions were averaged.  The values in this table 

are all greater than zero because of the mass difference between the labeled and 

unlabeled isotopologue.  A mono-
18

O labeled species will always have a smaller total 
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ZPE than its unlabeled isotopologue because of the greater mass of 
18

O.  The 

differences in total ZPEs are used to examine the contribution from the vibrational 

frequencies to the overall EIE. 

Table 1-117. Total ZPE difference (ZPE, cal/mol) between an unlabeled molecule 

and its indicated mono-
18

O labeled isotopologue. (continued) 

    
91.3 

 

91.7 

 

79.6 

 

103.5 

 

    
107.7 

 

99.5 

 

102.7 

 

91.6 

 

    
104.8 

 

104.6 

 

96.4 

 

86.0 

 

    
82.9 

 

96.7 

 

75.6 

 

91.7 

 

    
72.3 

 

88.9 

 

103.0 

 

90.8 
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Table 1-117. Total ZPE difference (ZPE, cal/mol) between an unlabeled molecule 

and its indicated mono-
18

O labeled isotopologue. (continued) 

    
93.3 

 

104.6 

 

63.7 

 

79.8 

 

    
61.0 

 

73.7 

 

87.3 

 

90.2 

 

    
73.1 

 

76.1 

 

81.2 

 

104.5 

 

    
88.0 

 

83.5 

 

94.0 

 

86.5 

 

    
87.7 

 

81.9 

 

93.8 

 

97.1 

 

    
85.2 91.7 104.4 104.0 
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Table 1-117. Total ZPE difference (ZPE, cal/mol) between an unlabeled molecule 

and its indicated mono-
18

O labeled isotopologue. (continued) 

    

    
94.6 

 

101.1 

 

80.9 

 

93.0 

 

    
81.0 

 

96.1 

 

96.2 

 

90.2 

 

    

17.7    

    

CALCULATED 
18

O EIES ON THE ACIDITIES OF FORMIC ACID AND DERIVATIVES 

EIEs on the acidities of mono-
18

O labeled formic acid and some CH and OH 

isotopic variants are listed in Table 1-118.  The EIEs are Ka
light

/Ka
heavy

, and were 

obtained using Equation 1-7.  The primary EIEs are from 
18

O labeling at the 

hydroxylic C–OH oxygen, and the secondary EIEs are from 
18

O labeling at the 

carbonyl C=O oxygen.  It is readily apparent from Table 1-118 that the secondary EIE 

is larger than the primary for all OH acids without an isotopic substitution at the 

hydroxylic position.  This trend remains when a lighter isotope (
1/2

H) is introduced at 

the hydoxylic position, but switches with introduction of a deuterium or tritium at the 

acidic proton, and the primary EIE is found to be larger.  
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Table 1-118. Computationally determined 
18

O EIEs on the acidity of various OH and 

CH isotopologues of formic acid. 

Acid Formula Primary Secondary 

Formic HCOOH 1.0123 1.0169 

Formic, OD HCOOD 1.0199 1.0161 

Formic, OT HCOOT 1.0240 1.0153 

Formic-d DCOOH 1.0119 1.0169 

Formic-d, OD DCOOD 1.0195 1.0162 

Formic-d, OT DCOOT 1.0235 1.0154 

Formic-O
1/2

H HCOO
1/2

H 1.0046 1.0173 

    

The analysis performed in Table 1-1 can be repeated using the calculated 

vibrational frequencies from unlabeled and di-
18

O labeled formic acid and formate 

anion determined in this study, and the values and results are listed in Table 1-119.  

This table indicates that the primary EIE would be larger than the secondary EIE if the 

EIEs depended on only the vibrational frequencies of these select stretches.  This is 

opposite to the conclusion from the experimental frequencies in Table 1-1, which 

suggested that the secondary EIE would be larger than the primary.  Moreover, the 

EIE is calculated from Equation 1-7, including the MMI factor, the secondary EIE 

would be larger than the primary. 
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Table 1-119. Select calculated vibrational frequencies for unlabeled and di-
18

O labeled 

formic acid (Table 1-11) and formate anion (Table 1-25).   

Mode (
16

O2) (cm
−1

) (
18

O2) (cm
−1

)  (cm
−1

) 

C=O 1811 1774 37 

C−O 1121 1088 34 

O−H 3716 3704 12 

C O
δ−

 1476
a
 1459

a
 17 

Sum
b
 3697 3648 49 

a. Average of symmetric and asymmetric stretches  

b.                         

 

CALCULATED PRIMARY AND SECONDARY 
18

O EIES ON THE ACIDITIES OF C, N, 

B, AND P-CONTAINING BRØNSTED ACIDS 

Table 1-120 lists the EIE on the acidities of the various carbon, nitrogen, 

boron, and phosphorus containing Brønsted acids examined in this study.  The EIEs 

are calculated by imputing the vibrational frequencies obtained for each acid/base pair 

into Equation 1-7.  A primary EIE (1°) occurs when there is an 
18

O label on the 

oxygen bonded to the proton that is removed during the course of the reaction.  One 

secondary EIE (2°X=O) arises from an oxygen with a bond order greater than one to the 

central atom, and one secondary EIE (2°X–OH) arises from an OH group that maintains 

its bond to the central atom throughout the course of the reaction.  It should be noted 

that all of the boron acids and phosphenic acid are Lewis acids.  The Brønsted 

examples of these acids are hypothetical, and used only for comparison. 
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Table 1-120. EIEs for various carbon, nitrogen, boron, and phosphorus-containing 

acids undergoing Brønsted acid/base reactivity. 

Acid Name Acid Conjugate Base Primary 2°X=O 2°X–OH 

Formic HCOOH HCOO
−
 1.0123 1.0169 -- 

Formic-CHCl3
a
 HCOOH HCOO

−
 1.0125 1.0148 -- 

Formic-H2O
a
 HCOOH HCOO

−
 1.0120 1.0141 -- 

Formic
+
 HCOOH2

+
 HCOOH 1.0180 -- 1.0259 

Acetic CH3COOH CH3COO
−
 1.0090 1.0166 -- 

Carbonic H2CO3 HCO3
−
 1.0099 1.0127 1.0286 

Bicarbonate HCO3
−
 CO3

2−
 1.0018 1.0203 -- 

Nitrous HONO NO2
−
 0.9980 1.0277 -- 

Nitrous-CHCl3
a
 HONO NO2

−
 0.9983 1.0252 -- 

Nitric HNO3 NO3
−
 0.9939 1.0178 -- 

Nitric-CHCl3
a
 HNO3 NO3

−
 0.9951 1.0153 -- 

Borinic
b
 H2BOH H2BO

−
 1.0230 -- -- 

Boronic
b
 HB(OH)2 HB(OH)O

−
 1.0178 -- 1.0203 

Boric
b
 B(OH)3 B(OH)2O

−
 1.0193 -- 1.0146 

Phosphinic H2POOH H2POO
−
 1.0022 1.0063 -- 

Phosphonic HP(OH)2O HP(OH)O2
−
 1.0003 1.0059 1.0109 

Phosphoric H3PO4 H2PO4
−
 1.0036 1.0045 1.0141 

Dihydrogen 

Phosphate 
H2PO4

–
 HPO4

2–
 1.0021 1.0125 1.0209 

Hydrogen phosphate HPO4
–2

 PO4
–3

 0.9996 1.0183 -- 

Phosphenic
b
 O2POH PO3

−
 1.0072 1.0074 -- 

a
Using the polarized-continuum solvent method with the solvent listed.  
b
Lewis acids—the Brønsted-Lowry deprotonation calculations are only for the 

sake of comparison. 

 

It is readily apparent from Table 1-120 that the secondary EIEs on acidity are 

larger than the primary EIE for all Brønsted acids, with the exception of the boric acid.  

Also, for phosphenic acid, the primary and secondary EIEs are nearly identical, 

although the secondary is still larger.  For both nitrogen acids and for hydrogen 

phosphate the primary EIE is inverse (<1), but the magnitudes of the secondary EIEs 
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are still larger than the magnitudes of the primary EIE, where magnitudes can be 

compared by taking 1/EIE of an inverse EIE.  Moreover, for those acids with two 

different secondary EIEs (2°X=O and 2°X–OH), 2°X–OH is much larger than 2°X=O, but 

both seconday EIEs are larger than the primary EIE. 

Solvation studies were accomplished using the PCM of chloroform and water.  

The primary EIEs are nearly the same in the gas phase as with the PCM.  The 

secondary X=O EIEs experience a more substantial decrease with solvation, resulting 

in values that are closer to unity, although still greater than the primary EIEs.  The 

solvation effect on the individual vibrational frequencies can be examined by , as 

defined in Equation 1-11, where n is the 1° or 2° EIE, 16O represents a vibrational 

frequency corresponding to the unlabeled species, 18O represents a vibrational 

frequency corresponding to the 1° or 2° mono-
18

O labeled species for either the gas 

phase (gas) or solvation (PCM). 

      (   
       

  )
   

 (   
       

  )
   

 Equation 1-11 

Table 1-121 lists  values for nitrous acid, which are obtained by comparing 

the vibrational frequencies in the gas phase (Table 1-52) to those using the PCM of 

chloroform (Table 1-54).  These values indicate the effect of solvation on the 

individual vibrational frequencies of nitrous acid, which is representative of other 

Brønsted acids and solvents. 
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Table 1-121. Changes in the vibrational frequencies, , between gas phase and 

PCM of chloroform for the 1° and 2° EIEs of nitrous acid  

Mode  1°  2° 

Bend −0.2 −1.0 

Bend −0.3   0.0 

N–O −0.9   0.5 

Bend   0.1   0.3 

N=O −0.2   1.2 

O–H   0.9   0.0 

Sum −0.6   1.0 

   

CALCULATED PRIMARY AND SECONDARY 
18

O EIES ON THE ACIDITIES OF C, B, 

AND P-CONTAINING LEWIS ACIDS 

The primary and secondary EIEs on acidity for the Lewis acid/base reaction of 

the indicated acid with hydroxide are listed in Table 1-122.  These values were 

obtained using Equation 1-7, where the vibrational frequencies of the appropriately 

labeled hydroxide were included with the vibrational frequencies of the acid.  For 

Lewis acid/base pairs, the primary EIE arises from addition of 
18

O labeled hydroxide 

to an unlabeled acid species to form a tetracovalent anion (except for carbon dioxide, 

where a tricovalent anion is formed, and the nitrogen cations, where an uncharged 

conjugate base is formed).  One secondary EIE (2°X=O) arises from an oxygen with a 

bond order greater than one to the central atom, and one secondary EIE (2°X–OH) arises 

from an OH group that maintains its bond to the central atom throughout the course of 

the reaction. 
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Table 1-122. EIEs for various carbon, boron, and phosphorus-containing acids 

undergoing Lewis acid/base reactivity. 

Acid Name Acid Conjugate Base Primary 2°X=O 2°X–OH 

Carbon Dioxide CO2 HCO3
−
 0.9551 1.0205 -- 

Carbon Dioxide-CHCl3
a
 CO2 HCO3

−
 0.9477 1.0208 -- 

Carbon Dioxide-H2O
a
 CO2 HCO3

−
 0.9453 1.0214 -- 

Nitrosonium NO
+
 HONO 0.9559 1.0302 -- 

Nitrosonium-CHCl3
a
 NO

+
 HONO 0.9555 1.0329 -- 

Nitronium NO2
+
 HNO3 0.9513 1.0218 -- 

Borane BH3 H3B(OH)
−
 0.9617 -- -- 

Borinic H2BOH H2B(OH)2
−
 0.9636 -- 1.0310 

Boronic HB(OH)2 HB(OH)3
−
 0.9698 -- 1.0340 

Boric B(OH)3 B(OH)4
−
 0.9677 -- 1.0289 

Phosphenic O2POH H2PO4
−
 0.9707 1.0126 1.0221 

a
Using the polarized-continuum solvent method with the solvent listed. 

The primary EIEs are inverse for each acid/base pair, while both secondary 

EIEs are normal.  The magnitudes of the primary EIEs (as measured by 1/EIE) are 

greater than the magnitudes of the secondary EIEs for each Lewis acid/base reaction.  

For phosphenic acid (the only case where there are two secondary EIEs), the 

secondary EIE (2°X–OH) from the X–
18

OH label is significantly greater than the 

secondary EIE (2°X=O) from the X=
18

O label, similar to the trend observed in the 

Brønsted acid/base cases, but both are smaller in magnitude than the primary EIE.   

Solvation studies indicate that the primary EIE deviates even more from unity 

with solvation (becomes more inverse), while the secondary EIE remains largely 

unchanged.  As without solvation, the magnitudes of the primary EIEs are greater than 

the magnitudes of the secondary EIEs.  Table 1-121 lists  (Equation 1-11) for 
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nitrous acid, which is the product of the Lewis addition of hydroxide to the nitronium 

cation, and is representative of other Lewis acids and solvents.  These values indicate 

the effect of solvation on the individual vibrational frequencies of nitrous acid. 

DISCUSSION 

The computed 
18

O EIEs in Table 1-120 support the hypothesis that secondary 

EIEs can be larger than primary EIEs for carboxylic acids and molecules with similar 

Brønsted reactivity.  This is not the case for acids reacting under Lewis conditions, as 

demonstrated in Table 1-122. 

RELIABILITY OF EIE CALCULATIONS 

Before drawing any conclusions, the reliability of the calculated EIEs must be 

examined.  This can be done by comparing the EIEs on acidities calculated in this 

study with experimentally determined EIEs on acidities.  The EIEs that have been 

determined experimentally for some fully 
18

O labeled compounds versus the unlabeled 

compound are listed in Table 1-123.
20

  Ellison and Robinson
28

 obtained the 

experimental value for the EIE of formic acid-
18

O2, however their published value is 

listed in D2O and the experimental EIE in H2O must be extrapolated from their data to 

zero mole fraction deuterium. 
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Table 1-123.  Experimentally observed EIEs for various di-
18

O-labeled acids 

compared to the product of the primary and secondary EIEs on acidities calculated in 

this study. 

18
O Acid   

     
   

 

EIE1°*∏EIE2° 

HC
18

O2H 1.0222 ± 0.0002
a
 1.0294 

HC
18

O2D 1.0291 ± 0.0001
a
 1.0363 

CH3C
18

O2H 1.0172 ± 0.0004
b
 1.0257 

H2P
18

O4
−
 1.019 ± 0.001

c
 1.0489 

HP
18

O4
2−

 1.019 ± 0.001
c
 1.0556 

a
 From Ellison and Robinson

28
 

b
 From Pehk, Kiirend, and Lippmaa 

41
 

c
 From Knight, Weiss, and Cleland

42
 

The fully 
18

O labeled experimental EIEs can be compared to the EIEs 

calculated herein by taking the product of all the mono-
18

O labeled EIEs for a specific 

reaction.  For formic, formic-d, and acetic acid this product is obtained by taking the 

product of the primary and secondary carboxyl EIEs.  Calculating the EIE for fully 
18

O 

labeled dihydrogen phosphate anion, with its four 
18

O labels, requires taking the 

product of one primary, one secondary acid, and two secondary phosphoryl EIEs 

(1*2P–OH*2P=O*2P=O).  Similarly, calculating the EIE for the fully 
18

O labeled 

hydrogen phosphate dianion requires taking the product of one primary and three 

secondary phosphoryl EIEs (1*2P=O*2P=O*2P=O).  These calculated EIE are 

included in Table 1-123 as EIE1°*EIE2°. 

The calculated EIEs with only two 
18

O labels—formic, formic-d, and acetic 

acid—are very similar to the experimental values, but overshoot the actual value.  

However, for the acids with four 
18

O labels—dihydrogen phosphate anion and 
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hydrogen phosphate dianion—the computationally obtained EIEs are much larger than 

their experimental counterparts.  This may be due to solvation playing a larger role in 

the di- and tri-anions.  Despite this discrepancy, the computational values are good 

representatives of the experimental EIEs. 

Another way to verify reliability of these calculations is to compare β-factors 

(natural logarithm of Equation 1-5) to those previously calculated.  Bochkarev and 

coworkers
19

 have calculated β-factors for a variety of 
18

O labeled molecules, including 

some of the ones used in this study.  They also compiled some experimental -factors.  

Their results, in addition to the corresponding ones obtained in this study, are 

presented in Table 1-124.  Each of the calculated values obtained in this study 

compares favorably with both the experimental and the computations values obtained 

previously. 

For the -factors which have an experimental counterpart, the computational 

values obtained in this study are similar, although they are not consistently larger or 

smaller than the experimental values, they are representative.  The -factor 

comparisons indicate that the basis set used in this study produces values that are 

reasonably close to the experimental values.  The values from this study are also 

comparable with those from the other basis sets, which indicates that the results are 

reliable and reproduce the experimental trends.  Performing HF/6-311++G(d,p) 

calculations on HCO
18

OH and HC
18

OOH resulted in values of 0.1177 and 0.1196, 

respectively, which are very close to Bochkarev’s values in III.  The small 
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discrepancies are likely due to rounding errors or slight variations in the vibrational 

frequencies determined, but supports the reliability of the results herein. 

Table 1-124. β-factors for select molecules.  The values obtained by the method used 

in this study, B3LYP/aug-cc-pVTZ, compared with values obtained previously,
19

 both 

experimentally and with different basis. 

Molecule I II III IV 

CO2 -- 0.1291 0.1101 0.1134 

CO3
2−

 -- 0.0937 0.0780 0.0774 

H
18

ONO 0.0937 0.1269 0.1006 0.0776 

HON
18

O 0.1012 0.1018 0.0727 0.1044 

HCO
18

OH 0.1100 0.1167 0.1013 0.1005 

HC
18

OOH 0.0990 0.1187 0.1028 0.1050 

(I) Experimental, (II) HF/6-311++G** and (III) MP2/6-311++G** 

from Bochkarev et al.
19

; (IV) B3LYP/aug-cc-pVTZ from this work 

 

SOLVATION EFFECTS 

The computational EIEs obtained in this study overshoot experimental values 

(Table 1-123).  This is a common general phenomenon,
17

 because these computations 

are obtained in the gas phase and ignore any solvation effects.  Thus, using 

computations that take solvation into effect should result in EIEs that are closer to the 

experimental EIEs.  Nitrous acid and the nitrosonium cation, representing Brønsted 

and Lewis acid reactivity, respectively, were calculated using the same B3LYP/aug-

cc-pVTZ basis set with the PCM of chloroform.  Although it should be a reasonable 

model for the purposes of this study, the PCM is not perfect, and ignores specific 

solvation effects such as hydrogen bonding in water.
43
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Solvation effects on Brønsted reactivity are represented by nitrous acid 

(Table 1-120) in chloroform.  Solvation alters the vibrational frequencies of the 

various species by stabilizing the dipole of the vibrating bond.  In a neutral molecule, 

this stabilization generally leads to a decrease in vibrational frequencies.  The values 

for the unlabeled vibrational frequencies of nitrous acid without solvation and with 

chloroform solvation are included in Table 1-52 and Table 1-54, respectively. 

As depicted in Table 1-121, the effect of solvation on the individual vibrational 

frequencies of nitrous acid can be examined by , which is the difference between 

 (−*) of the gas phase calculations (Table 1-52) and  of the PCM calculations 

(Table 1-54).   is generally quite small for each individual vibrational frequency, 

and can be either positive or negative.  For Brønsted reactivity, the positive numbers 

correspond to a decrease in the EIE, while the negative numbers correspond to an 

increase in the EIE.  A larger number corresponds to a larger difference between the 

gas phase and solvent.  The MMI factor can decrease the magnitude of the solvation 

effect, but does not affect the sign.  The largest contributions are from the N–O and 

O–H stretches for the primary EIE, and from the N=O stretch for the secondary EIE.  

However, for the primary EIE the main vibrational frequencies cancel, and the 

solvation effect arises entirely from the bending modes.  Similarly, the secondary EIE 

has substantial contributions from the bending modes.  The sums of  for the 

primary and secondary EIEs are −0.6 and +1.0 cm
–1

, respectively.  This implies that 

solvation will increase the primary EIE by a smaller amount than the secondary EIE 
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will decrease, as observed.  This result holds for all the Brønsted acids calculated 

using solvation. 

The Lewis reaction of the hydroxide anion addition to nitrosonium cation to 

form nitrous acid can be examined with the  of nitrous acid (Table 1-121).  This is 

the same acid used in the Brønsted explanation, and the largest contributions are from 

N–O and O–H for the primary EIE and N=O for the secondary EIE, but the bending 

modes are key factors in the overall solvation effect of −0.6 cm
–1

 for the primary EIE 

and +1.0 cm
–1

 for the secondary EIE.  Unlike the Brønsted reaction, nitrous acid is the 

product of the Lewis reaction, and so the solvation effects are reversed.  A negative 

value will decrease the overall EIE while a positive value will increase the overall 

EIE, as observed (Table 1-122). 

The computational EIEs from the solvation of formic acid (Table 1-120) can 

be compared to the experimental values listed in Table 1-123 by taking the product of 

the primary and secondary EIEs (1*2) obtained using the PCM.  This results in 

overall EIEs of 1.0275 for chloroform PCM and 1.0263 for water PCM, which are in 

better agreement with the experimental EIE (1.022) than the gas phase calculations 

(1.0294); however, the PCM values are still quite different from the experimental 

value. 

These results indicate that calculations that take account of solvation provide 

EIEs that are closer to experimentally determined EIEs, but not by much.  These 

results also indicate that for these calculations it is important to consider each 
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vibrational frequency, but the EIEs and the effect of solvation are not determined by a 

few select stretching modes. 

ERRORS IN THE CALCULATIONS 

Errors in the calculations due to incomplete convergence can present 

themselves as small differences in vibrational frequencies that should be degenerate.  

These degenerate frequencies appear in molecules which have a three-fold or higher 

axis of symmetry.  The species exhibiting this feature include CO3
2−

, NO3
−
, BH3, 

HB(OH)3
−
, B(OH)3, H3PO4, PO3

−
, CO2, B(OH)4

−
, and PO4

3
. 

Of all the above mentioned molecules, the one with the largest difference in 

calculated degenerate frequencies is CO3
2−

, which has a three-fold axis of symmetry.  

This dianion has a 0.08 cm
−1

 variation in the 1296 cm
−1

 mode, which is too small to 

appear in the rounded off values in Table 1-44, and which translates to a possible error 

of ±1.0002 in the EIE.  This value is large enough to be significant in the calculations 

herein (Table 1-120 and Table 1-122), but would not have any impact on the 

comparison of primary versus secondary EIE values.  The next largest discrepancy is 

from NO3
−
, which has a variation of up to ±1.0001 in the EIE, which is significant, but 

only marginally.  All other species with a three-fold axis of symmetry result in 

discrepancies of less than 1.0000 EIE units.  The species with a four-fold axis of 

symmetry or higher, CO2, B(OH)4
−
, and PO4

3−
, have degenerate frequencies that are 

identical within 0.0001 cm
−1

.  These results indicate that the convergence errors 

obtained in nearly all of these calculations are small enough to not substantially affect 

the EIEs obtained. 
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Other errors in the calculations can arise from inadequacy of the basis set, but 

the similarity between previously obtained experimental EIEs and the EIEs obtained in 

this study (Table 1-123) indicate that the basis set is adequate to reasonably represent 

experimental data, as has been found.
34,36,44

 

Neglecting solvation can also introduce errors, although the impact of 

solvation on the EIEs was considered for nitrous acid and the nitrosonium cation 

(Table 1-120 and Table 1-122).  Solvation effects were also calculated for formic acid, 

nitric acid, and carbon dioxide.  Although these acids were not described in detail, the 

nitrous acid and nitrosonium cation explanations hold for each Brønsted and Lewis 

reactions.  As just presented, while inclusion of solvation provides values closer to 

experimental, they are not substantially closer.  None of the solvation cases studied 

results in a sign change for the difference between the primary and secondary EIEs. 

COMPARING THE MAGNITUDE OF PRIMARY AND SECONDARY EIES—

VIBRATIONAL FREQUENCIES AND THE MMI FACTOR 

As mentioned in the Introduction, the original hypothesis for the secondary 

EIE being larger than the primary EIE came from an analysis of the contributions from 

representative vibrational frequencies of carboxylic acids (Table 1-1).  The C=O 

stretch was proposed to represent the dominant contribution to the secondary EIEs, 

while the sum of the C–O and O–H stretching frequencies was proposed to represent 

the dominant contribution to the primary EIEs.  This same method can be used with 

the calculated vibrational frequencies for formic acid and formate obtained herein 

(Table 1-119), where the experimental vibrational frequencies for formic acid have 
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previously been assigned to specific atom-atom stretching vibrations.
31

  The 

dependence of these vibrations on reduced mass (Equation 1-3) indicates that a C–O 

single bond and a C=O double bond will be more sensitive to 
18

O labeling than the O–

H bond, and will have a larger contribution to the overall EIE, as explained in the 

Introduction. 

The contribution from vibrational frequencies to the primary and secondary 

EIEs of Brønsted acids can be determined by comparing the change in the vibrations 

of formic acid and formate anion from Table 1-119 that are attributed to the secondary 

EIE, 37 cm
-1

, to those attributed to the primary EIE, 45 cm
-1

.  The results obtained by 

using this method would indicate that the primary EIE is larger than the secondary 

EIE, which is not the case based on the data in Table 1-120.  Obviously, this 

simplification does not work for the calculations described herein. 

While each frequency mostly represents the vibration of two atoms, there are 

also contributions from other vibrations.  This is depicted for formic acid in 

Table 1-125, where the change in each vibrational frequency () represents the 

difference, 16 − 18, between the vibrational frequency of unlabeled formic acid and 

formic acid with an 
18

O label in the hydoxylic (C–OH, contributing to the primary 

EIE) or carboxyl (C=O, contributing to the secondary EIE) position.  The most 

influential vibrational frequencies are, as expected, OH and C–O for the primary 

EIE and C=O for the secondary EIE.  However, using only these frequencies 

indicates that the primary EIE (42 cm
−1

, 1.0152) would be larger than the secondary 
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EIE (36 cm
−1

, 1.0095 if the EIEs are calculated using Equation 1-7 ignoring the MMI 

factor.  Although these three vibrations represent the largest contributions, there are 

also contributions from the “less important” vibrational frequencies, such as the lower 

frequency COH and OCO bending vibrations.  Each of these contributions is small, 

but they do contribute to the overall EIEs.  The sum of all the frequencies results in a 

primary EIE (64 cm
−1

, 1.0200) that is slightly smaller than the secondary EIE 

(65 cm
−1

, 1.0207). 

Table 1-125.  Changes in the vibrational modes of formic acid upon mono-
18

O 

labeling (Table 1-11). 

Mode C–OH (cm
−1

) C=O (cm
−1

) 

OH 12 0 

CH 0 0 

C=O 1 36 

CH 2 7 

OH 6 2 

C–O 30 4 

CH 1 2 

OH 4 1 

CO2 8 13 

Sum 64 65 

  
 

This analysis would indicate that all of the vibrational frequencies must be 

used to replicate experimental trends; however this analysis neglects the contribution 

from the MMI factor in Equation 1-7.  When the MMI factor is considered in addition 

to the sum of vibrational frequencies from the three vibrations OH, C–O, and 

C=O, the trend is reversed, with a primary EIE of 1.0099 and a secondary EIE of 

1.0114.  When the MMI factor is included with the sum of all the vibrational 
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frequencies, the primary and secondary EIEs are 1.0123 and 1.0169, respectively 

(Table 1-120).  This result indicates that when the sum of the vibrational frequencies 

for the primary and secondary EIEs are similar, the MMI factor directs the relative 

magnitudes of the primary and secondary EIEs. 

It is obvious that the MMI factor has a significant contribution to the final 

outcome of the magnitude of the primary versus secondary EIEs for some acids.  The 

MMI factor accounts for the rotational and translational movement of a species 

through space, and is defined in Equation 1-12 where m is the mass of an atom, M is 

the total mass of the molecule, and I is the moment of inertia in the xyz directions.  

The asterisk represents the isotopic labeled versions.  Since the EIEs are calculated as 

a ratio of the products and reactants, the ratio of the individual changes in mass m will 

cancel.  The ratio of the total masses of the molecules, M, will be negligible.  This 

analysis implies that the MMI factor arises primarily from changes in the moments of 

inertia, I.  The moment of inertia will be larger for the 
18

O isotopically labeled 

molecules than it is for the unlabeled molecules.  The difference between the X=
18

O 

and X–
18

OH is subtle, but works out by analysis of the moments of inertia.  The 

product rule allows the MMI factor to be simplified in terms of the vibrational 

frequencies, u*/u (Equation 1-7), and generally brings the calculated EIEs values 

closer to unity for heavy-atom isotope substitutions. 

     ∏(
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ISOTOPIC SUBSTITUTIONS OF FORMIC ACID 

The result for formic acid listed in Table 1-118 confirms the hypothesis that 

the primary EIE is larger than the secondary EIE for a simple carboxylic acid.  

However, that hypothesis falls apart when isotopic substitutions of deuterium (D) and 

tritium (T) are made at the hydroxyl position.  Although vibrational frequencies and 

ZPEs do not fully determine the EIE (because there is also the important contribution 

from the MMI factor, as just explained), they are the major contributor for the absolute 

magnitude of an EIE, and can be used for the following explanation. 

The main vibrational frequency contributors to the primary EIEs for formic 

acid are the C–O and the O–H vibrations.  A C–O vibration is much more sensitive 

to 
18

O isotopic substitution (5%) than an O–H vibration (0.6%) because of changes in 

the reduced mass (Equation 1-3), as explained in the Introduction.  Although the 

absolute O–H frequency decreases upon isotopic substitution with a D or a T, the 

changes in reduced mass from the O–H/D/T increases (1.3% D and 1.8% T), and are 

more significant for that vibration.  It is obvious from the result in Table 1-118 that the 

contributions to the vibrational frequencies upon substitution of OH with OD or OT 

are enough to make the primary EIE larger than the secondary.  It should be noted that 

the secondary EIE remains nearly constant upon D and T substitution, and it is only 

the primary EIE that changes appreciably. 

Formic-d acid results in EIEs that are comparable to those obtained with 

formic acid.  This result supports the hypothesis that some vibrational frequencies 
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have minor impact on the sign of the difference between the primary and secondary 

EIEs.  However, this hypothesis holds only when the MMI factor is included in the 

calculations.  The trend observed upon D or T substitution at the hydroxyl position of 

formid-d acid mirrors that of formic acid, with the primary EIEs becoming larger than 

the secondary EIEs. 

The last variation of formic acid studied was that of formic-O
1/2

H, where 
1/2

H 

represents a hydrogen with a mass of 1/2.  This hypothetical molecule was used to 

model the effect of hydrogen bonding.  The assumption was made that if D and T 

increase the primary EIE, the partial removal of the hydrogen (or replacement of H by 

1/2
H) would decrease the contribution to the primary EIE.  Indeed, it does.  Moreover, 

the difference between the primary EIE of formic acid and formic-
1/2

H acid is the 

same as the difference between the primary EIE of formic acid and formic-OD acid. 

MAGNITUDE OF BRØNSTED ACID EIES 

The calculated primary and secondary EIEs for various carbon, nitrogen, 

boron, and phosphorus-containing Brønsted acids are listed in Table 1-120.  With few 

exceptions (namely, nitrous acid, nitric acid, and hydrogen phosphate dianion), the 

primary EIEs for the Brønsted acid/base reaction are normal, with Ka
16

 > Ka
18

.  With 

the exception of the hypothetical boronic acid, they also all have a primary EIE that is 

smaller than either secondary EIE, as was predicted from vibrational frequencies.
20

 

The normal nature of these EIEs can be explained using the secondary H/D 

KIE of a solvolysis reaction (Figure 1-30), which is generally normal.  ZPEC–D is 
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lower than ZPEC–H because of the larger mass of D.  Moreover, in this case, the 

transition state has a lower C–H bending force constant than the starting material, so 

the H/D ΔZPE is smaller in the transition state than it is in the starting material.  As 

depicted in Figure 1-30, the activation energy, from the starting material to the 

transition state, is larger for the D species than it is for the H species, which equates to 

a faster reaction for H than for D and to a normal KIE. 

 

Figure 1-30. (Exaggerated) H/D ZPE differences for a solvolysis reaction. 

Like the solvolysis case, the ZPEs for the 
18

O labeled acids and conjugate 

bases considered in this study are always lower than the 
16

O unlabeled ZPE 

(Table 1-117).  However, in this case the acid starting material is not being compared 

to a transition state, but to a conjugate base product.  While a transition state has the 



122 

 

 

same number of vibrational modes, the conjugate bases herein have one (hydrogen) 

atom fewer than the acids, and thus a lower number of vibrational modes.  Fewer 

vibrational modes will result in less total ZPE, and consequently the conjugate base 

will have a smaller ΔZPE than the acid, leading to a normal EIE, with a ΔΔZPE 

greater than zero.  This holds for both primary and secondary EIEs on the acidity of 

Brønsted acids. 

For example, 
18

O labeling at the hydroxylic position of formic acid leads to a 

ZPE of 91.3 cal/mol.  The formate anion has a ZPE of 79.6 cal/mol.  The difference 

between these values, ZPE1° (ZPE = ZPEreactants − ZPEproducts) is 

+11.7 cal/mol, which corresponds to a normal primary EIE.  Similarly, labeling formic 

acid at the carboxyl oxygen leads to a ΔZPE of 91.7 cal/mol.  The difference for the 

secondary EIE, ZPE2°, is +12.1 cal/mol, which also corresponds to a normal EIE.  

These primary and secondary ZPEs represent the vibrational frequency contribution 

to the EIEs, and do not include the MMI factor of Equation 1-7.  However, in this case 

the MMI factor only enhances the result that the secondary EIE is larger than primary 

EIE. 

Surprisingly, nitrous acid, nitric acid, and hydrogen phosphate trianion have 

inverse primary EIEs.  The primary EIE for nitric acid remains inverse with solvent 

modeling, but that result is not surprising since solvation does not substantially alter 

the vibrational frequencies associated with the N–O and O–H single bonds involved in 

the primary EIE.  In the case of nitrous acid, the inverse nature is from the MMI 
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factor.  While the calculations are reasonable, the origin of the apparent inverse EIEs 

could be small errors in the frequency calculations that are propagated across the sum 

of the vibrational frequencies.  As such, we cannot reject the possibility that the 

primary EIE is negligible, or even slightly greater than unity. 

Ignoring the MMI factor, the relative magnitude of the primary versus 

secondary EIEs is determined by the difference between ZPEX–OH (1° EIE) and 

ZPEX=O (2° EIE) in the acid and the conjugate base, as listed in Table 1-117.  Formic 

acid will be used as an example, but the same explanation applies to all the Brønsted 

acid/base pairs.  The difference between ZPEC–OH and ZPEC=O for formic acid is 

+0.4 cal/mol (ZPEC=O − ZPEC–OH).  This positive difference corresponds to a 

secondary EIE that is larger than the primary EIE.  However, the small magnitude 

indicates that there will be a very small difference.  While surprising, the small 

magnitude is likely due to the resonance capability of a carboxylic acid.  A C=O bond 

has a larger force constant than a C–OH; however, the resonance capability of a 

carboxylic acid results in a C–OH bond with more double bond character, and a higher 

force constant, than a typical single bond.  Likewise, the C=O bond has less double 

bond character and a lower force constant than a typical double bond.  This effect 

results in similar ZPEs.  Both the primary and secondary EIE reactions for formic 

acid result in an identical mono-
18

O labeled formate anion.  Thus, the primary versus 

secondary nature for the 
18

O EIE on the acidity for reaction of formic acid to formate 

anion is determined entirely by the total ZPE difference between HC
18

O(OH) and 

HCO(
18

OH). 
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The same analysis can be performed on the total ZPEs of nitrous acid, the 

simplest nitrogen case.  Similar to formic acid, the anion is the same for both the 

primary and secondary EIE reactions, and does not apply for this analysis.  The total 

ZPE difference between HON
18

O and H
18

ONO is +16.1 cal/mol (Table 1-52)—much 

larger than the formic acid difference.  This value indicates that the secondary EIE is 

much larger than the primary EIE, as calculated in Table 1-120.  This difference is 

accounted for in the individual vibrational frequencies (Table 1-52), where the 

vibrational frequencies of the N=
18

O bond dwarf those of the N–
18

O–H. 

An interesting aspect of the Brønsted acid data for those acids with two 

different secondary EIEs (2°X=O and 2°X–OH, Table 1-120) is that 2°X–OH is much larger 

than 2°X=O, and both are larger than the primary EIE.  Although this result was initially 

surprising, it is easily explained using the total ZPE differences of carbonic acid, as in 

the formic and nitrous acid cases.  Although carbonic acid is used for this example, the 

same principles apply to all the Brønsted acids with two secondary EIEs.  According 

to Table 1-117, the difference between ZPEC–OH and ZPEC=O for carbonic acid is 

−0.2 cal/mol (ZPEC=O − ZPEC–OH), which is very small, and similar to that observed 

for formic acid.  However, unlike formate anion, bicarbonate anion is different for the 

two secondary reactions.  The total ZPE difference between ZPEC–OH and ZPEC=O in 

bicarbonate anion is +10.4 cal/mol.  This value indicates that not only is the 2°X–OH 

large, it is much larger than either the primary or the 2°X=O EIE, which depend only on 

the total ZPE of carbonic acid, not that of the bicarbonate anion.  The large difference 

between these two anionic isotopologues can again be explained using force constants.  
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The anion would have very limited resonance, and so the single bond C–OH has a 

force constant that is much smaller than the partially anionic CO with a 1.5 bond 

order. 

The relative magnitudes of the various EIEs are depicted pictorially in 

Figure 1-31 (where *O represents an 
18

O label), although the total ZPEs depicted here 

are exaggerated in order to make the trend more obvious.  The acid is a generic acid 

containing both a hydroxyl and a double bonded oxygen being converted into an 

anionic species that still has a hydroxyl and an oxygen with a bond order of 1.5.  The 

arrows indicate the energy difference between labeling in the reactant and the product.  

As explained, the total ZPE difference between the two mono-
18

O labeled acid species 

is very small.  The total ZPE difference in the mono-
18

O labeled conjugate base is 

much larger.  It is easy to see from the magnitude of the arrows that while the 1° and 

2°X=*O EIEs are very similar (the sign of the difference in magnitude between the two 

is determined by the MMI factor), the 2°X–*OH contribution is much greater. 
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Figure 1-31. Reaction coordinate, total ZPE, and changes in total ZPEs for the 

conversion of an acid to its conjugate base. 

As depicted in Figure 1-31, the 1° and 2°X=*O EIEs are very similar.  There are 

several cases where the ZPE difference between X=
18

O and X–
18

OH is less than 

0.5 cal/mol.  Obviously, the EIE trends observed for these two acids do not arise from 

only the vibrational frequency contribution, but are heavily dependent on the MMI 

factor. 

MAGNITUDE OF LEWIS ACID EIES 

Primary and secondary 
18

O EIEs on the acidities of various carbon, boron, and 

phosphorus-containing acids undergoing Lewis reactivity are listed in Table 1-122.  

One of the first things to notice in regard to these values is the inverse nature of the 
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primary EIEs.  The primary EIEs are also larger in magnitude (farther from unity) than 

the secondary EIEs.  These results are quite different from the Brønsted case, and thus 

require a different explanation. 

Carbon dioxide (Figure 1-22B) provides a clear representation of the Lewis 

acid/base response to isotopic substitution.  Unlike the Brønsted acid/base reactions 

where the isotope begins on and remains on the acid, the primary EIE on the Lewis 

acid/base reaction of carbon dioxide (and other Lewis acids) begins with an unlabeled 

acid and a labeled hydroxide anion.  As such, for a primary EIE the only vibrational 

frequency change comes from converting the hydroxide anion into bicarbonate, and 

the vibrational frequencies of carbon dioxide do not have any impact.  As listed in 

Table 1-117, the mono-
18

O labeling of hydroxide anion results in a ZPE of 

17.7 cal/mol, while mono-
18

O labeling of bicarbonate anion at the hydroxyl position 

results in a ZPE of 86.0 cal/mol.  The difference between these, ZPE1° where 

ZPE = ZPEreactants − ZPEproducts, is −68.3 cal/mol—a large, negative number.  The 

sign indicates an inverse primary EIE, while the large magnitude indicates a large 

deviation from unity. 

This large deviation is a result of a new C–O bond being created during the 

reaction.  The main contributor to the primary EIE from the reactants is a single OH 

stretch.  However, the products contain an additional C–O bond, which contributes to 

the primary EIE.  This important bond change is the major difference between 

Brønsted and Lewis EIEs.  In the Brønsted case the conjugate base had one atom 

fewer than the acid, and thus a lower number of vibrational modes.  This is also true 
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for Lewis acids, but reversed.  The single OH vibration will have a small amount of 

ZPE, and the change in ZPE upon 
18

O labeling will be small.  The bicarbonate anion, 

however, has three atoms more than hydroxide, and thus a much higher.  As such, the 

change in ZPE upon 
18

O labeling will be much larger for the conjugate base than it is 

for the acid. 

In terms of the secondary EIE, labeling CO2 results in a ZPE of 96.7 cal/mol, 

while labeling at a partially anionic oxygen results in a ZPE of 96.4 cal/mol.  Taking 

the difference results in a ZPE of +0.3 cal/mol for the secondary reaction of the 

hydroxide addition to CO2.  This value indicates a normal EIE with a magnitude much 

smaller than the magnitude of the primary EIE.  These values are only the 

contributions to the EIEs from the vibrational frequencies, and do not include the 

MMI factor. 

CONCLUSIONS 

Gaussian03 calculations at the B3LYP/aug-cc-pVTZ level of accuracy were 

used to determine vibrational frequencies of various C, N, B, and P acids and their 

conjugate bases.  The frequencies were then converted to 
18

O EIEs on the acidity of 

those acids.  In general, computational analyses reproduce experimental trends, but 

overestimate the magnitude of the EIEs.  The primary and secondary contributions to 

the overall EIEs were separated by calculations on mono-
18

O labeled acids and 

conjugate bases. 
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The data obtained indicate that for all Brønsted type reactivity the secondary 

EIE is larger than the primary, which is a surprising result.  This is due to changes in 

the ZPEs and the contribution from the MMI factor.  The normal nature also arises 

from changes in the ZPEs, where the acid has a larger change in ZPE upon isotopic 

substitution than the conjugate base. 

There are two possible secondary EIEs.  One arises from an XO in the acid 

with a bond order greater than one between the oxygen and center atom.  While larger 

than the primary EIE, this secondary EIE generally arises from total ZPEs that are 

very similar to those that determine the primary EIE, and the secondary > primary 

result is highly dependent on the MMI factor.  The other secondary EIE arises from an 

XOH with a bond order of one between the oxygen and center atom.  This EIE is 

generally much larger than the primary EIE due to the total ZPE differences between 

the labeled and unlabeled acid and its corresponding labeled and unlabeled conjugate 

base.  The MMI factor does not alter the secondary > primary result.  These results 

indicate that for Brønsted acid/base reactivity an 
18

O label on an oxygen not 

participating in the reaction has a larger effect on acidity than an 
18

O label on the 

oxygen undergoing deprotonation. 

Lewis acids exhibit an opposite trend, with the primary EIE being larger in 

magnitude than the secondary EIE.  This is true for all of the Lewis acid/base reactions 

studied.  The large inverse primary EIE is a result of the total ZPE differences between 

the reactants (
16

O/
18

O hydroxide plus 
16

O acid) and the products (
16

O/
18

O conjugate 

base) and the addition of a new XO bond in the product.  The secondary EIEs are 
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normal, however.  Even in this case the secondary EIE from an XOH that remains 

relatively unchanged during the course of the reaction has a larger contribution to the 

EIE than labeling at the secondary oxygen that experiences a change in bond order 

during the reaction.  These results indicate that for Lewis acid/base reactivity with 

hydroxide, an 
18

O label on the hydroxide has a larger impact on acidity than an 
18

O 

label at a secondary location in the Lewis acid. 

In conclusion, we have determined computationally that secondary 
18

O EIEs 

on acidity for various C-, N-, B-, and P-centered acids can be larger than primary 

EIEs.  This is surprising, and contrary to what is generally expected for secondary 

EIEs.  
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CHAPTER 2. 

LOW-TEMPERATURE STUDIES ON THE HYDROGEN-BOND 

SYMMETRY OF HYDROGEN CYCLOHEXENE-1,2-

DICARBOXYLATE MONOANION IN AN ORGANIC MEDIUM 

INTRODUCTION 

Hydrogen bonds contribute to the shape and function of molecules such as 

water, proteins, and DNA. The principles of hydrogen bonding are so fundamental that 

they are taught in every general chemistry course, yet so complex that they are 

actively studied.
1–3

 

Hydrogen bonding is the result of a combination of interactions, including 

electrostatic, induction, electron delocalization, exchange repulsion, and dispersion.
4
  

For the majority of hydrogen bonds, the electrostatic interaction is the primary 

contributor to the attractive force between a proton donor, A–H, and a proton acceptor, 

B, as depicted in Equation 2-1.
5–7

  In this case, the negative charge of the B dipole is 

stabilized by the positive end of the A–H bond dipole.  The best proton donors and 

acceptors are highly electronegative atoms with large dipole moments, such as 

nitrogen, oxygen, and fluorine.  In addition, the proton donor and acceptor (A and B) 

must be similar in basicity (energy) to provide stability to the hydrogen bond. 

                Equation 2-1 
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HYDROGEN BOND SYMMETRY 

For many years, Perrin and coworkers
2,3,6,8–12

 have been examining the 

symmetry or asymmetry of hydrogen bonds.  These studies arose from the question of 

whether one or two minima exist in the potential energy “well” for the motion of a 

hydrogen atom fixed between two donor atoms.  If there is one well, the hydrogen 

atom will reside in the lowest energy state at the bottom of the well, creating a 

symmetric hydrogen bond with the hydrogen centered between the two donor atoms 

(Figure 2-1a, Equation 2-2).  In the case of two wells, the hydrogen will be closer to 

one of the atoms, resulting in an asymmetric hydrogen bond (Figure 2-1b, 

Equation 2-3).
3
 

 

Figure 2-1. Potential energy diagrams for O–H–O: (a) single-well and (b) isoenergetic 

double-well.  It should be noted that a double-well potential does not require 

degenerate energy levels. 

 —O- - -H- - -O— Equation 2-2 

 —O–H- - - -O—     —O- - - - H–O— Equation 2-3 
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A double well potential implies two distinct tautomers in rapid equilibrium.  

The barrier to interconversion of these tautomers decreases as the distance between 

donor atoms decreases.  At a donor distance between 2.4 and 2.5 Å the barrier to 

interconversion disappears, and a double well potential becomes a single well, with a 

symmetric hydrogen bond.  This symmetric hydrogen bond would require an O–H 

distance of 1.2 Å or more, which is exceptionally long for a hydrogen bond.
10

 

The monoanions of the dicarboxylic acids maleate (Figure 2-2a) and phthalate 

(Figure 2-2b) are classic examples that show symmetric hydrogen bonds, with O−O 

bond distances of 2.4–2.5 Å.
13

  These molecules exhibit characteristics of a low barrier 

to hydrogen transfer, including a 
1
H NMR signal around 20 ppm, and fractionation 

factors greater than one for the selectivity of deuterium over protium.  X-ray and 

neutron diffraction studies on these molecules have shown that some crystals exhibit 

centered hydrogen bonds, although there are many that do not—most likely because of 

different environments surrounding the two carboxyls.
14,15

   

 

Figure 2-2. Structures of (a) hydrogen maleate and (b) hydrogen phthalate. 
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ARE SYMMETRIC HYDROGEN BONDS UNUSUALLY STRONG? 

A mentioned previously, there are many characteristic features that appear as 

the barrier to hydrogen transfer decreases, including highly deshielded 
1
H NMR 

signals (towards 20 ppm), and fractionation factors of less than one for the selectivity 

of deuterium over protium.  When these “low-barrier hydrogen bonds” are associated 

with short donor atom bond distances and subsequent added strength (although this 

added strength is a topic of debate in the scientific community),
3
 they are also called 

“short, strong hydrogen bonds.”  There has been substantial interest in these short, 

strong, low-barrier hydrogen bonds due to their proposed stabilization of intermediates 

or transition states during some enzyme-catalyzed reactions.
16

 

The basis for expecting symmetric hydrogen bonds to be strong arose from the 

comparison of hydrogen bonds to resonance hybrids.
3
  For a resonance hybrid, the 

maximum stabilization occurs when both resonance forms (O- - -HO OH- - -O) 

have identical energy.  In the case of hydrogen bonds, however, the resonance is in the 

 bonds, not in the  bond associated with the hydrogen bond.  This only leads to a 

basicity equalization of the donor atoms and strengthens the hydrogen bond.  

However, even in this case the bond is not necessarily symmetric.
17

 

While a shorter bond length will eventually lead to a double well potential 

becoming a single well, there is no indications that there is an added strength 

associated with the shorter bonds.  The resulting decrease in the ZPE when a double 

well potential is converted to a single well potential will supply a maximum 
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contribution of only 4 kcal/mol (for  = 2800 cm
−1

).
3
  There is no substantive report of 

single well hydrogen bonds in solution, so that cannot be used as a reason for 

predicting short hydrogen bonds to have increased strength.  The lack of literature 

reporting symmetric hydrogen bonds in solution implies that there is no substantial 

energetic favorability associated with symmetric hydrogen bonds.
2,3,5,6,9,10,18–20

 

OTHER DONORS IN HYDROGEN BOND SYSTEMS 

Although the prior sections have focused on the O–H–O system, nitrogen and 

fluorine also undergo hydrogen bonding.  In the case of fluorine, although the 

hydrogen bonds are extremely strong in the gas phase,
21

 the formation of those bonds 

in an aqueous solution is nearly thermoneutral, and not applicable for this discussion.
3
  

All of the explanations used for the oxygen system are applicable when discussing the 

nitrogen analogue.  Using the method of isotopic perturbation (which is explained 

below), N–H–N systems (Figure 2-3A and Figure 2-3B) demonstrate an asymmetric 

hydrogen bond in solution.
18,22,23

  N–H–N systems have also demonstrated asymmetry 

when studying deuterium isotope effects on 
13

C NMR spectra.
24

  An N–H–O complex 

of the pyridinium-dichloroacetate ion pair (Figure 2-3C) was also examined at low 

temperatures.  The intermolecular nature of this complex allows for adjustments in the 

geometry that could result in a single well potential.  However, when the acidities of 

the donors became matched there was still asymmetry in the hydrogen bond.
25
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Figure 2-3. Examples of N-H-N (A and B) and N-H-O (C) hydrogen bonds which 

have all been determined to be asymmetric by the method of NMR isotopic 

perturbation. 

Although not a hydrogen bond, halogen bonds (N–X–N, with X representing 

an electropositive iodine or a bromine bonded to two nitrogen electron donors) have 

also been studied.
26

  This study is relevant, as the reactivity of electropositive halogens 

is often compared to that of hydrogen.  These moieties have been determined to 

exhibit symmetric halogen bonds in solution when studied using the method of 

isotopic perturbation. 

NMR ISOTOPIC PERTURBATION AND ISOTOPE EFFECTS ON NMR SPECTRA 

According to the Born-Oppenheimer approximation,
27

 isotopic substitution 

does not change the geometry of a molecule.  The method of NMR isotopic 

perturbation involves a perturbation of the system with isotopic substitution so that the 

observed chemical isotope shifts vary from the intrinsic shift.  This variation stems 

from the changes in ZPE and vibrational frequencies upon isotopic substitution, as 

discussed in Chapter 1.   
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As depicted in Equation 2-4, chemical shifts are determined by the Larmor 

frequency (resonance frequency of a spin) of the nucleus, 0 (Hz), in a strong magnetic 

field (B0), where  is constant.
28

  Although this equation implies that all identical 

nuclei would have an identical shift, this is not actually the case.  Each nucleus in a 

molecule is slightly shielded by its electron cloud, and that density alters the chemical 

environment.  Equation 2-5 is a more realistic expression for the resonant frequency 

(), where  is the shielding constant, and is proportional to the degree of shielding 

provided by the electronic cloud of a given nucleus.  While the magnitude of  is on 

the order of many megahertz, the difference between  and the frequency of an 

internal standard—such as highly shielded tetramethylsilane (TMS)—is in the 

kilohertz range.
29

  As such, the chemical shift of an atom, , is the difference between 

 and the frequency of the internal standard, TMS.  The greater the nuclear shielding 

of an atom, the lower the chemical shift will be. 

    
 

  
   Equation 2-4 

   
 

  
  (   ) Equation 2-5 

Due to the proximity of an adjacent atom’s electronic cloud, a shorter bond 

length will result in more shielding.  Treating a potential energy well of a molecule as 

a harmonic oscillator results in isotopes with identical average bond length—and 

identical shielding.  The well is not harmonic, however, and the anharmonicity of the 

system alters the potential energy well so that it is no longer parabolic.  This is 

depicted in Figure 2-4 using hydrogen (H2), deuterium (D2) and tritium (T2).
30

  With 
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an anharmonic potential energy well, the differences in the ZPE of the isotopes 

(H2/D2/T2 in Figure 2-4) lead to differences in the average bond length of the isotopes, 

with lower ZPEs equating to a shorter bond length.  As mentioned previously, the 

shorter bond length will provide more shielding to the nucleus and result in a lower 

chemical shift.
5,31

  Although the shielding is technically non-linear as depicted in 

Figure 2-4, simplifying the shielding to a line still gives the same result. 

 

Figure 2-4. Vibrational energy levels of isotopomers of H2 in relation to bond length 

and nuclear shielding. 
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By convention, an isotope shift 
n
 is defined as the chemical shift of the heavy 

isotope minus the chemical shift of the light isotope, and generally has a negative 

value experimentally (Equation 2-6, where n is the number of bonds between the 

isotope and the reporter nucleus X).  The magnitude of the isotope shift will depend on 

the distance of the isotope from the reporter nucleus, the number of isotopes present, 

and the relative change in the mass due to isotopic substitution. 

As indicated in Equation 2-7 (where n is omitted), the observed difference, 

obs, consists of both the intrinsic shift, 0, and a shift induced by the perturbation of 

an equilibrium, eq.  0 arises from the mere presence of an isotope, while Δeq comes 

from differences in the ZPEs of the two species in equilibrium.
32

  If the bond is 

symmetric, there will be no perturbation of the equilibrium, and obs will equal 0. 

             Equation 2-7 

This method can also be explained visually using the monoanion of a mono 

18
O-labeled dicarboxylic acid, such as 

18
O-hydrogen maleate (Figure 2-5).  Both the 

diacid and the dianion have an intrinsic 
13

C NMR shift (Figure 2-6): the difference 

between the chemical shifts of 
16

O−
13

C and 
18

O−
13

C.  These intrinsic shifts are 

approximately equal to each other.  Moreover, the diacid is more shielded and appears 

upfield from the dianion.  If a mono-protonated molecule was present as a single 

symmetric structure (Figure 2-5A), only an intrinsic 
18

O-induced isotope shift would 

be observed.  Its peak would be nearly centered between the diacid and the dianion 

                                    
  Equation 2-6 
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peaks, with a comparable separation between 
16

O−
13

C and 
18

O−
13

C peaks 

(Figure 2-6A).
9
  However, if there are two tautomers rapidly equilibrating 

(Figure 2-5B), the observed 
13

C NMR chemical shift will be the average of the two—

the carboxylate-like peak (more shielded) and the carboxylic acid-like peak (more 

deshielded).  In the case of an unlabeled compound, this peak would represent a 50/50 

mixture of the two tautomers.  Unfortunately, there is no way to know if the single 

observed peak is truly a single peak (symmetric hydrogen bond) or an average of two 

peaks (asymmetric hydrogen bond).  With isotopic substitution, however, one 

tautomer is favored over the other.   

 

Figure 2-5. Structures of hydrogen maleate with a symmetric hydrogen bond, A, or an 

unsymmetric hydrogen bond in equilibrium between the 
18

O or the 
16

O oxygen, B. 
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Figure 2-6. A simulated example of the 
13

C NMR chemical shift of a symmetric 

hydrogen bond (A) verses an asymmetric hydrogen bond (B) for a mono-protonated 

dicarboxylate anion. 

From Equation 2-6, anytime an isotope is introduced into a molecule there is 

an intrinsic peak separation (
n
0) between the labeled shift (Xheavy isotope) and the 

unlabeled (Xlight isotope).  The equilibrium constant—the ratio of the 
16

O and 
18

O 

acidity constants—between the two tautomers, K, is >1 due to ZPE differences (as 

discussed in Chapter 1).  The lowering of the ZPE by the heavier isotope results in a 

higher basicity for the isotopically labeled side of the molecule.  This means that the 

hydrogen resides on the 
18

O more often than it resides on the 
16

O, as indicated by the 

equilibrium arrow in Figure 2-5B.  As such, the chemical shift of the 
18

O−
13

C would 

look more like that of the diacid, and shift slightly upfield from the unlabeled peak.  

The 
16

O−
13

C peak would resemble the dianion, and appear at a slightly higher 

chemical shift. 

Mathematically, K can be related to the chemical shift by Equation 2-8.  D is 

the difference between the chemical shifts of the monoanion carboxyl and carboxylate 
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carbons (Equation 2-9), but cannot be measured directly.  It can, however, be 

approximated as the chemical shift difference between the diacid and the dianion 

(Equation 2-10).  These features result in a peak separation between the 
16

O−
13

C and 

18
O−

13
C (

n
) that is greater than the intrinsic value (Figure 2-6B). 

 
    

   

   
  Equation 2-8 

               Equation 2-9 

                    Equation 2-10 

These equations also suggest a dependence on temperature for any perturbation 

of the equilibrium, eq.  Equation 2-8 can be substituted into Equation 2-7 to produce 

Equation 2-11.  An equilibrium constant, K, is related to the Gibbs free energy, G, 

through Equation 2-12, and that relationship is used to produce Equation 2-13.  As 

already mentioned, the equilibrium constant is close to one, so K + 1 is approximately 

equal to two.  For small x, exp(x) = 1 + x, leading to Equation 2-14, which can be 

simplified to demonstrate a temperature dependence on the chemical shift, , from the 

perturbation term, eq, as depicted in Equation 2-15.  This derivation implies that if the 

chemical shift exhibits a temperature dependence it is the result of equilibrating 

tautomers, not from an intrinsic isotope shift. 

      
   

   
  Equation 2-11 

           Equation 2-12 
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Equation 2-13 

 
     

(  
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Equation 2-14 

      
 

 
 
  

 
 
 

 
 Equation 2-15 

PREVIOUS RESULTS AND AN ALTERNATIVE INTERPRETATION 

Isotopic perturbation was initially used to distinguish the structures of classical 

versus nonclassical carbocations (Figure 2-7).
33–35

  Using isotopic perturbation and 
13

C 

NMR spectroscopy, Saunders and coworkers
36,37

 were able to demonstrate the 

presence of a bridged nonclassical ion structure of the norbornyl cation (Figure 2-7A), 

instead of the classical interconverting pair of non-bridged cations (Figure 2-7B).  

Recently, the norbornyl cation was determined to have a nonclassical structure in the 

solid state, giving additional support to the nonclassical structure.
38
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Figure 2-7. Representation of the nonclassical bridged norbornyl cation (A), where the 

positive charge is shared equally between three carbon atoms.  The classical structure 

of the norbornyl cation (B) is represented by three interconverting cations. 

Hydrogen bond symmetry can also be studied using NMR isotopic 

perturbation.
39

  Isotopic perturbation studies were performed on numerous mono-
18

O 

monoanions—including hydrogen maleate and hydrogen phthalate—in both organic 

and aqueous solvents.
8–10

  The 
13

C NMR isotope shifts indicate that asymmetric 

equilibrating tautomers exist instead of a single symmetric structure.  In aqueous 

solutions this asymmetry was attributed to disordered hydrogen bonding.  In nonpolar 

solvents it was attributed to the general disorder of solvation.
11,12

  This result was 

supported by Tolstoy et al.,
40

 whose work using UV-vis coupled with NMR suggested 

that short strong hydrogen bonds exist in a tautomeric state.  Nematic phase liquid 

crystals of the difluoromaleate monoanion have also been examined, and appear to be 

symmetric based on analysis with the method of NMR perturbation.
2
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Bogle and Singleton
41

 recently published an alternative interpretation of the 

NMR data obtained by the Perrin group.  They used gas phase calculations on the 

hydrogen phthalate anion and concluded that an 
18

O would engender a significant 

intrinsic isotope shift, which could account for the results obtained by Perrin.  This 

work was accomplished by examining the trajectories of hydrogen across the highly 

anharmonic potential energy surface, then obtaining the average NMR shifts from 

those results.  This would imply that there is only an isotope-induced asymmetry, not 

equilibrating tautomers. 

RESEARCH PROPOSAL 

The goal of this work is to measure the 
18

O-induced isotope shifts in the 
13

C 

NMR spectrum of the mono-
18

O-labeled tetrabutylammonium hydrogen cyclohexene-

1,2-dicarboxylate (1, Figure 2-8) at the carboxyl, ipso, ortho, and meta positions.  The 

tetrabutylammonium salt is used to increase solubility in chloroform.  Monoanion 1 

was used because it was previously determined to exhibit a large perturbation shift.
10

  

The experiments will be run at a series of low temperatures in a deuterated organic 

solvent (chloroform-d), and the peak separations will be monitored at each 

temperature. 

An intrinsic isotope shift should be independent of temperature.  However, the 

method used by Bogle and Singleton
41

 suggests that at lower temperatures the intrinsic 

isotope shift may even decrease, as the trajectories of hydrogen would include fewer 

extreme values.  Therefore, if the peak separation increases as the temperature 

decreases, it implies a chemical equilibrium and an asymmetric hydrogen bond, but if 
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the peak separation remains constant or decreases, the previously obtained data are 

likely due to an intrinsic isotope effect. 

 

Figure 2-8. Chemical structure for the tetrabutylammonium salt of hydrogen 

cyclohexene-1,2-dicarboxylate (1). 

EXPERIMENTAL 

MATERIALS 

4,5,6,7-Tetrahydro-1,3-isobenzofurandione (3,4,5,6-tetrahydrophthalic 

anhydride, Aldrich) was recrystallized from diethyl ether (mp 69–75°C, lit 69–73°C).  

Tetrabutylammonium hydroxide (Aldrich, 40 wt% in water) was standardized by 

titration with 1.000 ± 0.005 M HCl.  H2
18

O in 1 mL ampules (Cambridge Isotope 

Labs, 97% 
18

O) was used without additional purification.  THF (Aldrich, >99.9% 

anhydrous) and CDCl3 (Cambridge Isotope Labs) were used without additional 

purification. 
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INSTRUMENTATION 

All mass spectral data were obtained using ESI-MS, negative ion mode on a 

Thermo LCQdeca-MS spectrometer.  NMR spectra were obtained on a JEOL ECA500 

FT-NMR spectrometer (500.2 MHz 
1
H, 125.8 MHz 

13
C).  CDCl3/CHCl3 was used as 

an internal standard for all NMR experiments. 

The 
1
H NMR spectra were collected with a window of 13.8 kHz (0 ppm to 

22 ppm) to include any deshielded OHO signal.  Reasonable 
1
H spectra were obtained 

with four transients and 16k points. 

The 
13

C NMR spectra were obtained using a heteronuclear broad band probe 

with 
1
H decoupling centered at 2 ppm.  The probe was tuned to the sample prior to 

gradient shimming.  A spectral window of 8000 Hz (125 ppm to 185 ppm) was used 

with 32k data points and zero-filled to a final resolution of 64 points/Hz.  Spectra were 

collected with between 64 and 256 transients.  Line broadening of 0–1.0 Hz was 

applied, depending on the resolution and the presence of fine splitting.  
1
H and 

13
C NMR acquisitions were obtained at a temperature range from 20°C to −60°C.  For 

each temperature, the probe was set to the desired temperature and allowed to 

equilibrate for 10 minutes before spectra were obtained.  The probe was tuned and the 

sample was shimmed at each temperature.  Spectra were processed using JEOL Delta 

5.0.2 and ACD/NMR Processor Academic Edition. 

The temperature in the NMR probe was calibrated using 4% methanol in 

methanol-d4 standard.  This was accomplished using Equation 2-16, Equation 2-17, or 
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Equation 2-18, depending on the temperature, where  is the difference between the 

chemical shifts of the methanol OH and CH3 groups.
42

  Temperatures were allowed to 

equilibrate for 12 minutes before the experiments were collected.  The difference 

between the set T and the actual T was generally less than 1°C at any given 

temperature.  The values obtained from this analysis are listed in Table 2-1, and while 

the corrected temperatures were used for all the analyses herein, the set temperatures 

are listed for simplicity. 

               
      

           
 Equation 2-16 

               
      

     
 Equation 2-17 

               
       

        
 Equation 2-18 

Table 2-1. Temperature calibration data using 4% methanol in methanol-d4. 

Set T (°C) OH (ppm) CH3 (ppm)  (ppm) Actual T (K) 

20.0 4.8798 3.3292 1.5506 293.80 

0.0 5.0533 3.3297 1.7236 273.93 

−20.0 5.2164 3.3303 1.8861 254.24 

−40.0 5.3733 3.3309 2.0424 234.70 

−60.0 5.5211 3.3297 2.1914 213.96 

     

SYNTHESIS OF 1-
18

O0–4 

A mixture of 
18

O isotopologues of diacid 2 (Figure 2-9) was synthesized by 

combining 20 mg (0.1 mmol) of the anhydride with 20.0 L H2
18

O and 50–70 L 

anhydrous THF (to increase solubility) in a 3 mL conical reaction vessel equipped 
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with a spin vane.  The reaction mixture was stirred at room temperature for 20–24 

hours.  The extent of hydrolysis was monitored by thin layer chromatography on 

activated silica (eluted with 100% EtOAc; anhydride reactant Rf: 0.63; diacid 2 

product Rf: 0.20).  Increasing incorporation of 
18

O was confirmed by mass 

spectrometry of 2.  The solid tetrabutylammonium salt of the monoacid monoanion 1, 

was then obtained by adding 1 equivalent (based on anhydride) of 

tetrabutylammonium hydroxide to the reaction vessel containing 2, and removing the 

solvent via vacuum pump.  No purification was performed.  
1
H NMR (CDCl3): 

0.91 ppm (t, H, 14H), 1.33 ppm (m, H, 9H), 1.48 ppm (m, Ha, 4H), 1.54 ppm (m, H, 

9H), 2.44 ppm (m, Hb, 4H), 3.17 ppm (m, H, 9H), 19.9 ppm (bs, OH).  
13

C NMR 

(CDCl3): 13.6 ppm, 19.7 ppm, 22.3 ppm, 23.9 ppm, 29.4 ppm, 58.7 ppm, 139.3 ppm, 

171.3 ppm. 

 

Figure 2-9. Synthetic scheme for formation of 
18

O isotopologues of monoanion 1. 

Negative-ion mass spectrometry of 
18

O-labeled 2 ([M−H]
−
 = 169 m/z for 

C8H9O4
−
) was used to measure the relative amounts of 0:1:2:3:4 

18
O-labeled 

isotopologues (Table 2-2).  These values were corrected for 
13

C content.  Although 
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each preparation produced slightly different ratios, they were all very similar, and the 

ratios described here are representative of all samples. 

Table 2-2. Masses and relative amounts of 
18

O0–4 isotopologues of diacid 2. 

Mass (m/z) n(
18

O) p(n) 

169.17 0  

171.17 1 0.422 

173.17 2 0.366 

175.16 3 0.117 

177.20 4 0.006 

   

NMR SAMPLE PREPARATION AND NMR SPECTRA 

NMR samples were prepared as 0.1 M 1-
18

O0–4 in CDCl3.  Samples were 

deoxygenated using the freeze-pump-thaw method and used without further drying, as 

CDCl3 is not very hygroscopic and no water impurity was detected by proton NMR.  

Prior to obtaining 
13

C NMR data at each temperature, a 
1
H NMR spectrum was 

obtained. 

The presence of 1 was confirmed by the 
1
H NMR.  Figure 2-10 shows the 

1
H 

NMR spectrum for a mixture of 
18

O-labeled isotopologues of 1 at −40°C.  The peaks 

representing Ha and Hb appear about 0.94 ppm apart from each other.  This is highly 

indicative of monoanion 1, because the diacid 2, the dianion (in water), and the 

anhydride starting material all have smaller peak separations.  The acidic proton is 

highly deshielded and appears at about 20 ppm.  At room temperature this peak is very 

broad and disappears into the baseline.  However, at lower temperatures this peak 
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begins to be visible, although it is still too broad for an accurate integration, as 

depicted in the 
1
H NMR spectrum acquired at −40°C (Figure 2-10).   

 

Figure 2-10. 
1
H NMR spectrum for a mixture of 

18
O-labeled isotopologues of 1 in 

CDCl3 at −40°C, where the acid proton at 20 ppm is visible. 

According to the integration of Hb at 2.44 ppm against H of Bu4N
+
 at 

3.35 ppm, there is a 17% excess of the tetrabutylammonium counterion in the sample.  

This excess implies that there is some other anion present.  A silver test ruled out the 

presence of halides.  This impurity is likely to be dianion mixed with 1, due to 

weighing errors at milligram quantities.  If the exchange between the monoanion and 

the dianion were slow there would be additional signals in the 
1
H NMR representing 

Ha and Hb of the dianion, which are not seen.  Therefore, the exchange between the 

monoanion and dianion must be fast so that the Ha and Hb proton signals are averages 
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of the two species, where 17% of the signals would be from the dianion.  Yet even if 

the impurity is the dianion, its presence would only reduce an observed perturbation of 

the equilibrium, and will be ignored for the calculations herein. 

RESULTS 

18
O ISOTOPOLOGUES OF 2 

A 
13

C NMR spectrum of the diacid 2 in CDCl3 showed only separations of 

26 ppm, 49 ppm, and <5 ppm for the monosubstituted carboxyl, disubstituted 

carboxyl, and ipso signals, respectively.  These were fairly crude peaks, however, as 2 

converted back into the anhydride during degassing.  Because there is no tautomeric 

equilibrium possible in the diacid these must be intrinsic isotope shifts. 

CH2 
13

C NMR SIGNALS FOR 
18

O ISOTOPOLOGUES OF 1 

The CH2 peaks in the 
13

C NMR spectrum of 
18

O isotopologues of 1 were single 

peaks.  While there might be an intrinsic or perturbation shift for these peaks, they are 

so distant from the 
18

O that the shift is below the resolution obtained in these 

experiments.  As such, those signals are not useful for measuring intrinsic or 

perturbation isotope shifts and will be ignored. 

CARBOXYL 
13

C NMR CHEMICAL SHIFT ASSIGNMENTS FOR 
18

O ISOTOPOLOGUES 

OF 1 

Figure 2-11 represents the 
13

C NMR signals at 20°C for the carboxyl (A) 

carbon with 1.0 Hz additional line broadening.  The initial peak assignments were 
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made as depicted in Figure 2-11.  The peaks represent unlabeled (A0), mono-
18

O-

labeled (A1), and di-
18

O-labeled (A2) carboxyl carbons.  This assignment was based on 

the general result that the intrinsic isotope shift due to a heavy atom is shielding, as 

explained in the Introduction.  This assignment was additionally supported by the 

addition of authentic unlabeled 1, which increased the A0 integration and peak height.  

 

Figure 2-11. 125 MHz 
13

C NMR spectrum of the carboxyl region of a mixture of 
18

O-

labeled isotopologues of 1 in CDCl3 at 20°C with 1.0 Hz line broadening and showing 

three peaks representing 
18

O unlabeled (A0), monolabeled (A1), and dilabeled (A2) 

carboxyl signals. 

Table 2-3 lists the relative peak heights for A0, A1, and A2.  Those intensities 

can also be estimated from the mass spectrometry data (Table 2-2), where p(n), 

n = 0,1,2,3,4, represents the observed probability that 1 will be un-, mono-, di-, tri-, or 
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tetra-labeled.  The average number of 
18

O labels per molecule, <
18

O>, is the weighted 

sum of those probabilities (Equation 2-19).  This, divided by 4, the total number of 

possible 
18

O labels in the anion, gives the probability p(
18

O) that any oxygen will be 

18
O (Equation 2-20).  The probability P(n), n = 0,1,2 that 0, 1, or 2 

18
O labels will be 

bonded to a carboxyl carbon is given by the binomial distribution, as expressed in 

Equation 2-21, Equation 2-22, and Equation 2-23, respectively.  These values are 

included in Table 2-3.  They match very well the relative peak heights in Figure 2-11, 

with a RMS deviation of only 0.015, which supports the A0, A1, and A2 assignments. 

Table 2-3. Relative peak heights of each 
18

O-labeled carboxyl carbon in Figure 2-11 

and the distribution P(n) from mass intensities in Table 2-2. 

Signal Relative Peak Height P(n) 

A0 0.403 0.381 

A1 0.461 0.472 

A2 0.136 0.146 

    
    ∑  ( )        Equation 2-19 

  ̂(   
  )  

   
   

 
       Equation 2-20 

  ( )  [   ̂(   
  )]        Equation 2-21 

  ( )    [   ̂(   
  )]        Equation 2-22 

  ( )  [ ̂(   
  )]        Equation 2-23 

At increased resolution—and with no applied line broadening—the three peaks 

in Figure 2-11 separate into additional peaks, as observed in Figure 2-12.  The fine 

structure observed is due to the four-bond isotope shift from 
18

O on the carboxyl on 
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the opposite side of the molecule.  The indicated assignments will be explained 

shortly. 

 

Figure 2-12. 125 MHz 
13

C NMR spectrum of the carboxyl region of a mixture of 
18

O-

labeled isotopologues of 1 in CDCl3 at 20°C with no applied line broadening. 

The labeling nomenclature arises from the six possible isotopologues of 
18

O-

labeled 1 (Figure 2-13), including two isotopomers with two 
18

O labels.  These six 

structures ignore the conformational isotopomers for carboxyl carbons with a single 

18
O label.  Within each structure there are carboxyl carbons, A, and ipso carbons, B.  

The ipso carbons will be considered later.  The number of 
18

O labels directly bonded 

to the carboxyl carbon of interest has already been established in Figure 2-11, where it 

was the first subscript.  The second subscript represents the number of 
18

O labels 

bonded to the carboxyl carbon on the opposite side of the molecule, which will be 
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seen to split the carboxyl carbon of interest by a four-bond isotope shift.  Three of 

these ions are symmetric, with the same number of 
18

O labels bonded to the two 

carboxyl groups (A00, A11, and A22).  The other three ions are asymmetric, where the 

two carboxyl groups have a different number of 
18

O labels (A10/A01, A02/A20, and 

A12/A21).  These labeled are attached to the resolved peaks in Figure 2-12. 

 

Figure 2-13. Un-, mono-, di-, tri-, and tetra-
18

O-labeled isotopologues of 1 and 

designation of distinguishable carbons. 

The relative peak heights for the signals in Figure 2-12 are listed in Table 2-4.  

The mass spectrometry probability ratios in Table 2-2 are related to the structures 

presented in Figure 2-13, and support the peak assignments made in Figure 2-12.  The 

probability of an unlabeled carboxyl, p(0) contributes only to the intensity of A00, as it 

is the only ion without 
18

O labels.  Similarly, the probability of a tetralabeled carboxyl, 

p(4), contributes only to the intensity of A22.  The other probabilities, p(1), p(2), and 
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p(3) are split among the remaining carboxyl carbon types.  The probability of a 

monolabeled carboxyl, p(1), represents the intensities A01 and A10.  These carboxyl 

carbons are on the same ion, and so the intensity must be split in half, with one half 

representing A01 and the other representing A10.  Similarly, the probability of a 

trilabeled carboxyl, p(3), represents a 50/50 mixture of A12 and A21.  The probability 

of a dilabeled carboxyl, p(2), represents A11, A02 and A20, which are not all on the 

same ion.  A second 
18

O label is twice as likely to be on the distant carbon, resulting in 

A11, than it is to be on an already labeled carbon, resulting in A02 and A20.  Thus, A11 

represents 2/3 of the intensity and A02/A20 represents 1/3 of the intensity.  The ratio 

representing A02 and A20 is then split in half to represent each individual peak.  The 

results of this analysis are included as intensity ratios in Table 2-4.  They agree 

favorably with the relative peak heights in Figure 2-12, with a RMS deviation of only 

0.017. 

Table 2-4. Relative peak height of each 
18

O-labeled carboxyl carbon in Figure 2-12 

and the distribution P(n) from mass intensities in Table 2-2. 

Signal Relative Peak Height P(n) 

A02 0.058 0.061 

A01 0.202 0.211 

A00 0.135 0.089 

A12 0.054 0.058 

A11 0.229 0.244 

A10 0.204 0.211 

A22 -- 0.006 

A21 0.055 0.058 

A20 0.063 0.061 
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According to the intensity ratios, the peak heights in Figure 2-12 should be in 

the following order: A11 > A10 = A01 > A00 > A20 = A02 > A21 = A12 > A22, which 

matches the listed assignments, with A22 not visible in the 
13

C NMR because of its low 

abundance.  The assignments were further supported by the addition of authentic 

unlabeled monoanion, which resulted in an increase in the intensity of the A00 peak. 

CARBOXYL CARBON TEMPERATURE STUDIES 

As the temperature decreases, the chemical shift for each carboxyl carbon of 

18
O-labeled 1 changes.  At low temperatures the individual peaks in the carboxyl 

region coalesce to three single peaks.  These peaks have lost the information about the 

effect on the chemical shift of the labeling of the carboxyl on the opposite side of the 

ion.  This can be simulated (for sake of comparison) by applying a line broadening of 

1 Hz to all spectra, which results in weighted averages across the unlabeled (A0), 

mono-labeled (A1) and di-labeled (A2) carboxyl carbons.  The chemical shifts are 

listed in Table 2-5. 

Table 2-5. 
13

C chemical shifts (ppm) for carboxyl carbons for the 
18

O isotopologues of 

1 in CDCl3 at various temperatures with an applied line broadening of 1 Hz  

Peak 20°C −10°C −20°C −30°C −50°C 

A0 171.3576 171.5139 171.5624 171.6205 171.7169 

A1 171.3266 171.4811 171.5294 171.5866 171.6829 

A2 171.2953 171.4481 171.4958 171.5538 171.6481 

      

Table 2-6 lists the temperature dependence of the chemical shift of each 

carboxyl peak at temperatures above −20°C, where the peaks are resolvable.  
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However, even with these resolvable signals coalescence increases as the temperature 

decreases. 

Table 2-6. 
13

C chemical shifts (ppm) at 20°C, −10°C, and −20°C for the carboxyl 

carbons for 
18

O isotopologues of 1 in CDCl3. 

Peak 20°C −10°C −20°C 

A02 171.3618 171.5185 171.5670 

A01 171.3587 171.5147 171.5628 

A00 171.3553 171.5110 171.5593 

A12 171.3312 171.4861 171.5347 

A11 171.3280 171.4826 171.5305 

A10 171.3247 171.4789 171.5269 

A21 171.2970 171.4503 171.4977 

A20 171.2937 171.4473 171.4945 

    

Isotope shifts  at the carboxyl carbons are presented in Table 2-7.  Because 

isotope shifts due to heavier atoms are negative, these are reported as the negative of 

the isotope shift, −, for simplicity.  According to the structures in Figure 2-13, the 

difference −(A11 − A00) is the sum of a one-bond isotope shift, 
1
Δ, and a four-bond 

isotope shift, 
4
Δ (Table 2-7).  Because there can be no perturbation of tautomeric 

equilibrium upon equivalent isotopic substitution at both carboxyls, both the one-bond 

isotope shift and the four-bond isotope shift are intrinsic shifts, and are labeled as 
1
 0 

and 
4
0, respectively.  Also according to the structures in Figure 2-13, the differences 

−(A10 − A01) and −(A21 − A12) represent 
1
 − 

4
, where the one-bond and four-bond 

isotope shift could be intrinsic shifts or a perturbation of the equilibrium.  The 

difference −(A20 − A02) represents 2(
1
 − 

4
). 
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Table 2-7. Temperature dependence of the 
18

O induced isotope shifts for the carboxyl 

peak of 
18

O-labeled 1, reported as the negative of the isotope shift. 

Separation (ppb) Type 20°C −10°C −20°C 

−(A11 − A00) 

0 + 

4
0 27.3 28.4 28.8 

−(A10 − A01) 
1
 − 

4
 34.0 35.8 35.9 

−(A21 − A12) 
1
 − 

4
 34.2 35.8 36.9 

−(A20 − A02) 2(
1
 − 

4
) 68.1 71.2 72.5 

     

IPSO CARBON CHEMICAL SHIFT ASSIGNMENTS 

Figure 2-14 shows the five 
13

C NMR signals at room temperature for the 
18

O 

isotopologues of 1 that represent the ipso carbon, with an applied line broadening of 

1 Hz.  The ipso (B) labeling nomenclature is the same as that used for the carboxyl 

carbon (A), and is based on the structures in Figure 2-13.  The first subscript 

represents the number of 
18

O labels on the carboxyl carbon adjacent to the ipso carbon 

of interest, and the second subscript represents the number of 
18

O labels on the 

opposite carboxyl carbon.  Unlike the intrinsic isotope shift for the carboxyl carbon, 

the intrinsic isotope shift for the ipso carbon is too small to measure, as expected from 

phthalate monoanion.
10

  Thus, B00 and B11 (and B22 if there were an appreciable 

amount in solution) appear as the same peak, and will be referred to as B00/11.  The 

same is true for B01and B12 as well as for B10 and B21, and they will be referred to as 

B01/12 and B10/21, respectively.  The labels will be explained later. 
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Figure 2-14. 
13

C NMR signals of the ipso carbons of the 
18

O isotopologues of 1 at 

room temperature, with an applied line broadening of 1 Hz. 

The tentative labeling depicted in Figure 2-14 is supported by the mass 

spectrometry ratios in Table 2-2.  These ratios can be separated into the contribution to 

each of the ipso carbon types listed in Figure 2-13.  B01/12 and B10/21 each represents 

half the monolabeled probability, p(1), plus half the trilabeled probability, p(3).  

B00/11/22 represents the sum of the unlabeled probability, p(0), the tetralabeled 

probability, p(4), and two thirds of the dilabeled probability, p(2).  As explained in the 

carboxyl case, the two thirds is because a second 
18

O is twice as likely to be on the 

opposite carboxyl carbon as it is to be on the already labeled carboxyl carbon.  The 

remaining one third of p(2) is split in half to represent B02 and B20.  The results of this 

analysis are listed in Table 2-8, and compare favorably with the relative peak heights 
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associated with the tentative peak assignments in Figure 2-14 (RMS = 0.016).  The 

assignment is supported by the addition of authentic unlabeled monoanion, which 

slightly increased the center peak.  It should be noted that the B02 and B20 labels could 

be reversed (similarly for B01/12 and B10/21), but the following analysis, based on 

shielding, justifies the assignment made herein. 

Table 2-8. Relative peak heights of each 
18

O-labeled carboxyl carbon in Figure 2-14 

and the binomial distribution P(n) from mass intensities in Table 2-2. 

Signal Relative Peak Height P(n) 

B02 0.070 0.061 

B01/12 0.251 0.269 

B00/11 0.365 0.339 

B10/21 0.252 0.269 

B20 0.062 0.061 

   

In Chapter 1 the EIEs on the acidity of 
18

O-labeled acids were examined.  It 

was found that there is a 1% EIE from the 
18

O label, with 
18

O carboxylate being a 

stronger base than 
16

O carboxylate.  The only difference between B02 and B20 is the 

position of the two 
18

O labels, with both being either on the adjacent carboxyl or on 

the opposite carboxyl.  Assuming a double-well potential
10–12,18

 (which will be 

returned to in the following section), the added basicity of an 
18

O atom perturbs the 

tautomeric equilibrium, with the proton residing more often on the 
18

O-containing 

carboxyl than on the 
16

O-containing carboxyl.  As such, the labeled side has more 

carboxylic acid character (shielding) and the unlabeled side has more carboxylate 

character (deshielding), and the NMR shielding would shift accordingly.  The labeling 

on Figure 2-14 indicates that B10/21 and B20 are more shielded than B01/12 and B02.  Due 
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to the additional basicity of an 
18

O label, B10/21 and B20 have more carboxylic acid 

character while B01/12 and B02 have more carboxylate anion character.  This is further 

supported by comparing the 
13

C NMR signal from the ipso carbon of the unlabeled 

diacid 2 (135.7 ppm) to that of the unlabeled monoanion 1 (139.1 ppm) in CDCl3 (run 

as two separate samples and referenced to CDCl3, 77.0 ppm).  The diacid is more 

shielded than the monoanion, as is generally true, and as such the side with more 

carboxylic acid character is more shielded than the side with more carboxylate 

character. 

IPSO CARBON TEMPERATURE STUDIES 

Similar to the carboxyl temperature results, the chemical shift for each ipso 

carbon of 
18

O-labeled 1 changes as the temperature decreases.  Table 2-9 lists the 

chemical shift (ppm) of each signal at various temperatures. 

Table 2-9. 
13

C NMR chemical shifts (ppm) for ipso carbons of 
18

O isotopologues of 1 

at various temperatures.  

Peak 20°C −10°C −20°C −30°C −50°C 

B02 139.3765 139.4331 139.4589 139.4872 139.5373 

B01/12 139.3524 139.4082 139.4330 139.4595 139.5061 

B00/11 139.3292 139.3828 139.4067 139.4327 139.4794 

B10/21 139.3064 139.3570 139.3808 139.4060 139.4507 

B20 139.2832 139.3318 139.3555 139.3800 139.4217 

      

Table 2-10 lists differences between the chemical shifts in Table 2-9 

referenced to the center peak, B00/11.  The difference between the shifts within a single 

molecule, B01/12 – B10/21 and B02 − B20, are also included in Table 2-10.  These shifts 
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represent the difference between the three-bond (
3
) and two-bond (

2
) isotope shifts.  

These isotope shifts could represent an intrinsic shift, a perturbation shift, or a 

combination of the two. 

Table 2-10. Peak separations (ppb) relative to the B00/11 signal and intramolecular peak 

separations at various temperatures for the ipso peak of 
18

O-labeled 1 in CDCl3. 

Peak Separation Type 20°C −10°C −20°C −30°C −50°C 

−(B10/21 – B00/11)  22.8 25.8 25.8 26.7 28.6 

B01/12 − B00/11  23.2 25.4 26.3 26.8 26.8 

−(B20 − B00/11)  46.0 51.0 51.2 52.8 57.6 

B02 − B00/11  47.2 50.3 52.2 54.5 57.9 

B01/12 – B10/21 
3
 − 

2
 46.0 51.2 52.1 53.5 55.4 

B02 − B20 2(
3
 − 

2
) 93.2 101.3 103.4 107.3 115.5 

       

As the temperature decreases, the intramolecular peak separation 
3
 − 

2
 

increases, as depicted in Figure 2-15.  A line broadening of 1 Hz was used to smooth 

the data.  While this was not needed at higher temperatures, it became necessary at 

lower temperatures, where the noise interfered with the peak maxima.  As such, it was 

used on all ipso data for consistency. 
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Figure 2-15.  Temperature dependence of the 
13

C NMR signals of the ipso carbons for 

18
O isotopologues of 1 with an applied line broadening of 1 Hz. 

Similar to the carboxyl carbon, B11 − B00 represents the isotope shift between 

symmetric structures with no tautomeric equilibrium to perturb.  It must be the 

intrinsic istotope shift, 
3
0 + 

2
0.  However, in the ipso case there is no observable 

difference between the chemical shifts of B11 and B00.  This suggests two possibilities.  

The first is that there is a negligible intrinsic isotope shift, and that the observed shifts 

are due to a perturbation of an equilibrium.  The second possibility is that the two 

isotope shifts 
3
0 and 

2
0 have opposite signs and nearly identical magnitudes, thus 

nearly cancelling and resulting in no observable intrinsic isotope shift.  While the 

second explanation is possible, it is highly unlikely for a two-bond shift and a three-

bond shift to have such similar magnitudes.  As such, a negligible intrinsic isotope 
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shift is the more reasonable explanation, and all additional shifts are due to a 

perturbation of equilibrium. 

This explanation is further supported by the temperature dependence of the 

ipso carbon isotope shifts.  Equation 2-15 indicates that an isotope shift due to 

perturbation of an equilibrium is dependent on the temperature.  A linear fit of the 

peak separations  ( = 
3
 − 

2
 or 2(

3
 − 

2
)) for the ipso carbons versus 1000/T is 

displayed in Figure 2-16.  The R values of 0.973 (slope = 8.8 ± 1.2, 

intercept = 17.1 ± 4.8) and 0.998 (slope = 21.0 ± 0.7, intercept = 21.6 ± 2.7) for the 

single and double asymmetry, respectively, represent good fits to the data, and 

supports a temperature-dependent perturbation of an equilibrium.  This plot also 

provides an estimate of the energy associated with the isotopic perturbation of 

equilibrium in this system.  The variable D, as defined in Equation 2-10, can be 

estimated as −6.8 ppm, based on twice the chemical shift difference of −3.4 ppm 

between the unlabeled ipso peaks in the diacid (135.7 ppm) and the monoanion 

(139.1 ppm) in CDCl3 (run as two separate samples and referenced to CDCl3, 

77.0 ppm).  This leads to a G° of −10.3 cal/mol for B01/12 − B10/21 and −24.5 cal/mol 

for the B02 − B20 separation, corresponding to K
16

/K
18

 values of 1.019 and 1.046, 

respectively.  The G° values are converted into equilibrium constants using 

Equation 2-12. 
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Figure 2-16. Linear fit of isotope shift Δ vs 1000/T for the ipso carbons for the 
18

O 

isotopologues of 1 in CDCl3.  The blue diamonds represent B01/12 − B10/21 and the red 

squares represent B02 − B20. 

The G° and K
16

/K
18

 values are reasonable, but the calculated intercepts are 22 

and 17 ppb, much higher than the maximum possible intrinsic shift, B11-B00, which is 

smaller than 3 ppb (the peak width at half height).  However, the intercepts do not 

differ by a factor of 2, and errors in the intercepts, 4.8 and 2.7 for the single and 

double perturbation, respectively, are quite large. 

The data can also be set with a more reasonable fixed intercept of 3 ppb for 

B01/12 − B10/21 and 6 ppb for B02 − B20, as displayed in Figure 2-17.  The G° values 

for the refitted slope are −14.4 cal/mol for B01/12 − B10/21 and −29.1 cal/mol for 
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B02 − B20, corresponding to K
16

/K
18

 values of 1.027 and 1.055, respectively.  The R 

values are 0.889 (slope = 12.3 ±2.4, intercept = 3 ± 9.4) and 0.981 (slope = 24.9 ±2.4, 

intercept = 6 ± 9.4) for the single and double asymmetry, respectively, and represent a 

worse, but still reasonable fit.  While this result provides a more reasonable intercept, 

it does not change the slope significantly, and the better fit presented in Figure 2-16 

will be used in the Discussion. 

 

Figure 2-17. Linear fit of isotope shift Δ vs 1000/T for the ipso carbons for the 
18

O 

isotopologues of 1 in CDCl3.  The blue diamonds represent B01/12 − B10/21 and the red 

squares represent B02 − B20. 
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DISCUSSION 

CARBOXYL CARBON DATA 

Table 2-7 lists the 
18

O induced shifts for the carboxyl carbon of 1 at various 

temperatures.  The intrinsic peak separation for the carboxyl carbon of 1 is the sum of 

the intrinsic one-bond and four-bond isotope shifts, 
1
0 + 

4
0, as measured by 

A11 − A00.  Intrinsic shifts are independent of temperature, but that is not strictly 

observed by A11 − A00, where there is a 1.5 ppb difference between 20°C and −20°C  

This discrepancy can be explained, however, by the decreased resolution at lower 

temperatures.  As the resolution decreases, the peaks begin to coalesce from eight 

signals representing the various structures listed in Figure 2-13 to three signals 

representing A0, A1, and A2.  As can be deduced from Figure 2-12, as the peaks 

coalesce, A00 will move farther away from A11, resulting in an apparent increase in the 

peak separation.  This result suggests that the intrinsic isotope shift is constant, and 

that the slight increase observed at decreased temperatures is due to decreased 

resolution and coalescence of peaks. 

The isotope shifts of the carboxyl carbon of 1 in asymmetric structures, as 

measured from the separation between A10 and A01, A21 and A12, or A20 − A02, are 

listed in Table 2-7 as 
1
 − 

4
, and are substantially larger than the intrinsic isotope 

shift 
1
0 + 

4
0, also in Table 2-7.  The separations 

1
 − 

4
 are listed without subscripts 

because the origin of 
1
 and 

4
 for these asymmetric structures could be intrinsic or 

due to a perturbation of an equilibrium.  If 
1
 − 

4
 were intrinsic it would require that 
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1
 and 

4
 have opposite signs.  The opposite signs lead to a decrease in the observed 

separation when the values are summed and an increase when the values are 

subtracted. 

If these differences arise from an intrinsic shift, they should remain constant as 

the temperature decreases.  The differences between the 20°C and −20°C values for 

A10 − A01, A21 − A12, and A20 − A02 (
1
 − 

4
) in Table 2-7 are 1.9 ppb, 2.7 ppb, and 

4.4 ppb, respectively, which are larger than but not substantially different from the 

increase of 1.5 ppb observed for the intrinsic A11 − A00 (
1
0 + 

4
0) shift.  The 

1
0 + 

4
0 

increase of 1.5 ppb was explained by the coalescence of signals at decreased 

temperature, but that argument does not hold for the 
1
 − 

4
 cases.  Assuming 

coalescence, each of the 
1
 − 

4
 differences, A10 − A01, A21 − A12, and A20 − A02, 

should decrease as the temperature increase, not increase.  While this effect is small 

enough that it is hard to draw definitive conclusions, it suggests that there is not only 

an intrinsic isotope effect, but also a perturbation of the equilibrium. 

IPSO CARBON DATA 

Table 2-10 lists the isotope induced shifts for the ipso carbon of 1 at various 

temperatures.  The intrinsic isotope shift for the ipso carbon is 
3
0 + 

2
0, the sum of 

the three-bond and two-bond isotope shifts, as might be measured from the separation 

between B00 and B11.  Unlike the carboxyl carbon, this separation is not resolvable 

because the peak width of B00/11 at half height is < 3 ppb.  One possible explanation 

for observing a single B00/11 peak is that there is a very small intrinsic isotope shift that 
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is not measurable.  A second possible explanation is that 
3
0 and 

2
0 have opposite 

signs and happen to have the same magnitude.  This explanation is highly unlikely, 

and the explanations herein will assume that the intrinsic isotope shift is negligible. 

The absence of an intrinsic isotope shift implies that the chemical shift 

differences, B01/12 – B10/21 and B02 − B20, between signals of an asymmetrically 

substituted ion is an isotope shift, 
3
 − 

2
 due to a perturbation of an equilibrium.  

This conclusion is further supported by the temperature dependence of the ipso peak 

separations.  As depicted in Figure 2-15, 
3
 − 

2
 increases as the temperature 

decreases.  If the 
3
 − 

2
 shifts were intrinsic they should remain constant as the 

temperature decreases.  This is obviously not the case, as indicated by the values in 

Table 2-10, which support the conclusion that there is a perturbation of an equilibrium 

with a negligible intrinsic isotope shift. 

The linear plots of B01/12 – B10/21 and B02 − B20 versus 1/T in Figure 2-16 result 

in R values of 0.973 and 0.998, respectively, which are quite close to unity.  This 

result supports the accuracy of these data.  The slope of B02 − B20 is also 

approximately twice that of B01/12 – B10/21, which is reasonable because B02 − B20 

should have twice the perturbation shift of B01/12 – B10/21.  The intercepts for both 

cases are much larger than those inferred from the line width of < 3 ppb for 0.  They 

also do not differ by a factor of two between the single and double perturbation; 

however, this linear fit is extrapolating to 1000/T = 0, or infinite temperature, which is 
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far outside of the temperature range used in this study.  As such, the intercepts are 

unreliable. 

In Figure 2-17 the intercepts are fixed at 3 ppb for B01/12 – B10/21 and 6 ppb for 

B02 − B20 with R values of 0.889 and 0.981, respectively.  These values are not as 

close to unity as the fit in Figure 2-16, but are still reasonable.  The slopes remain 

relatively unchanged from the uncorrected fit, giving further support to the conclusion 

that the intercepts are unreliable, as a change in the intercept does not alter the slope 

substantially. 

The slope obtained by Equation 2-15 is converted to an EIE, K
16

/K
18

, by first 

solving for G.  This is accomplished by setting D, as defined in Equation 2-10, equal 

−6.4 ppm, which is twice the distance between the chemical shift of the diacid and the 

chemical shift of the monoanion.  The EIE is obtained using Equation 2-12.  Generally 

speaking, an 
18

O induced isotope effect on acidity of carboxylic acids is on the order 

of 1%,
43

 (as supported by the computational data in Chapter 1).  The EIE in this case is 

1.019 for the single perturbation and 1.046 for the double perturbation, which is 

reasonably close to the 1% per 
18

O generally observed. 

ASYMMETRY OF 1 IN ORGANIC SOLVENT 

The 
13

C NMR chemical shifts of the carboxyl and ipso carbons of 1 increase as 

the temperature decreases.  These results indicate that the observed chemical shift 

differences are largely due to a perturbation of an equilibrium.  Therefore, the 

hydrogen bond is asymmetric.  A calculation of the isotope shifts in 1-
18

O (or a similar 
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hydrogen dicarboxylate) at low temperatures by the hydrogen trajectory-based method 

used by Bogle and Singleton
41

 would provide computational evidence to confirm or 

dismiss this conclusion.  This conclusion would be supported if the hydrogen 

trajectory method results in no change or a slight decrease in the isotope-induced 

chemical shift at low temperatures.  This conclusion could be dismissed if the 

hydrogen trajectory method at low temperatures can account for the results observed 

herein. 

CONCLUSIONS 

The hydrogen bond symmetry of 1 in CDCl3 can be determined using the 

method of isotopic perturbation across multiple temperatures.  A symmetric bond 

would have only an intrinsic isotope shift.  Intrinsic isotope shifts should be 

independent of temperature; however, a model based on the trajectory of hydrogen 

motion across a potential energy surface
41

 may result in a slight decrease in the 

intrinsic isotope shift as the temperature decreases.  An asymmetric bond would have 

a perturbation shift in addition to any intrinsic shift, and that perturbation shift 

increases as the temperature decreases.  The observed increase in 
18

O-induced isotope 

shifts of 1 as the temperature decreases suggests that there is a perturbation of an 

equilibrium in addition to the intrinsic isotope shift.  We therefore reject the 

explanation that the isotope shift is only intrinsic, and reaffirm that the monoanions of 

dicarboxylic acids, such as 1, are asymmetric in organic solvents.  
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CHAPTER 3. 

COMPUTATIONAL STUDY OF THE BASE-CATALYZED 

DECOMPOSITION OF MALONIC ANHYDRIDE 

INTRODUCTION 

MALONIC ANHYDRIDES 

Perrin and Arrhenius
1
 completed the first successful synthesis of malonic 

anhydride in 1978.  Prior to that time, the synthesis had been attempted using the 

traditional method of heating malonic acid or its derivatives with a dehydrating agent.  

Instead of the desired malonic anhydride, carbon suboxide (O=C=C=C=O) was 

produced, a substance best known for its vile odor.
2,3

  Other attempts to synthesize 

malonic anhydride yielded oligomeric or polymeric anhydrides.
4,5

  The challenge of 

synthesizing malonic anhydride centered in the formation of a strained four-membered 

ring.
6,7

  The successful synthesis was accomplished by performing ozonolysis at 

−78°C on an existing four-membered ring (Figure 3-1), negating the need for a ring-

closing step. 
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Figure 3-1. Successful synthesis of malonic, methylmalonic, and dimethymalonic 

anhydrides accomplished by ozonolysis of an enol-lactone dimer of a ketene at −78°C.  

The formation of malonic anhydrides and its derivatives results in a carbonyl 

oxide byproduct, which can undergo further reactions (Figure 3-2).  One possible 

reaction pathway for the carbonyl oxide is to react with similar species to form dimers 

and trimers (Figure 3-2A), while a second pathway would involve the decomposition 

of the carbonyl oxide dimer to form oxygen gas and a carbonyl, as depicted in 

Figure 3-2B.  These two pathways are the most likely to occur,
8
 and were all observed 

in previous syntheses.
1
 The final pathway, Figure 3-2C, where the oxide reacts with 

the malonic anhydride to form the ozonide would reduce the yield of the anhydride.  

Fortunately, this reaction typically only occurs with aldehyde, so malonic anhydride 

would not be expected to react in this manner.  
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Figure 3-2. Various reaction pathways for carbonyl oxides: (A) formation of dimer 

and trimer species, (B) decomposition into oxygen and a carbonyl, and (C) formation 

of ozonide by reaction with anhydride. 

The successful synthesis of malonic anhydrides is valuable because these 

molecules can easily be derivatized into monoesters and monoamides.
9,10

  These 

derivatives are common in the synthesis of pharmaceuticals, natural products, and 

other biologically active molecules.
11,12

  Malonic anhydrides could also be converted 

into Meldrum’s acid,
13

 which is commonly used in the synthesis of organic 
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compounds.
14

  The synthesis of monoesters, monoamides, and Meldrum’s acid is 

significant because these compounds are often expensive and difficult to prepare.
15

  

These derivatives can be prepared by adding the appropriate derivatizing agent 

(alcohol, amine, or Lewis acid) to the cold flask immediately following ozonolysis, 

and then warming to room temperature.  Various substitutions of the anhydride can 

also be obtained depending on the starting enol lactone used in ozonolysis.
15

  In 

addition to these advantages, perhaps the greatest achievement associated with the 

synthesis of malonic anhydride is simply the discovery of a new compound and the 

additional knowledge provided to the chemistry community. 

Despite the potential, there are downsides to this method.  The synthesis results 

in the formation of peroxides, which can be explosive—especially at an industrial 

scale.  Fortunately, this explosive byproduct can be avoided by adding aldehydes that 

react with the carbonyol oxides to form an ozonide, which can be decomposed with 

reducing agents.
13

  Another method to avoid peroxides is to add N-methylmorpholine 

N-oxide to the reaction flask before the ozonolysis to trap the carbonyl-oxide 

intermediates.
16

  On a small scale, these peroxides can be allowed to remain in 

solution, as long as their chemical shift does not interfere with the NMR peaks of 

interest.  If interference is an issue, the peroxides can be filtered off.
17

 

One of the unique properties of malonic anhydride is its IR and Raman 

spectrum.  Early on, an erroneous report indicated that symmetric and asymmetric 

carbonyl IR frequencies of malonic anhydride were 1980 cm
-1

 and 1900 cm
-1

, 

respectively.
18

  Later, a linear extrapolation of the carbonyl stretch frequency of 
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glutaric and succinic anhydrides was used to project the more reasonable values of 

1940 cm
-1

 and 1830 cm
-1

 for the symmetric and asymmetric stretches, respectively.
19

  

The experimental IR spectrum of authentic malonic and dimethylmalonic anhydrides 

prepared using ozonolysis, showed only an asymmetric stretch at 1820 cm
-1

.
1
  The 

symmetric stretch was assumed to be too weak to observe.  This assumption is valid 

because the carbonyl groups are opposed in malonic anhydride, and the symmetric 

stretch does not change the overall dipole moment significantly.  This phenomenon is 

also observed for tetramethyl-1,3-cyclobutanedione.
19

 

Despite the symmetric carbonyl stretch not being present in the IR, it does 

appear in the Raman spectrum at 1947 cm
-1

 for dimethylmalonic anhydride.
19

  This 

peak is a champion among organic carbonyl vibrational frequencies.  The only other 

molecule with comparable frequencies is ,-bis(trifluoromethyl)--propiolactone 

(ββ-bis(trifluoromethyl)-β-oxetanone),
18

 with carbonyl frequencies at 1890 cm
-1

 and 

1949 cm
-1

.  However, these reports have not been confirmed.  A similar molecule, 

4-phenyl-4-(trifluoromethyl)oxetan-2-one, has a reported
20

 carbonyl frequency of 

1850 cm
-1

, which is substantially different from the reported value of 1949 cm
-1

 for 

,-bis(trifluoromethyl)--propiolactone. 

[2 + 2] CYCLOREVERSIONS AND CYCLOADDITIONS 

One of the key challenges with the synthesis of malonic anhydride is its 

decomposition at or below room temperature into carbon dioxide and a ketene.  This 

decomposition has been studied in detail, and it is proposed that it undergoes a [2 + 2] 
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cycloreversion, which is the opposite of a [2 + 2] cycloaddition.
17,21

  The principle of 

microscopic reversibility states that in an equilibrium reaction, the mechanism for 

forward and reverse directions are essentially the same, so all the following 

explanations for cycloadditions also apply to cycloreversions, but in the opposite 

direction.
22

 [2 + 2] Cycloadditions are common in organic chemistry literature,
23–26

 

and examples of both the cycloaddition and the cycloreversion can be seen in organic 

reaction discovery
27–29

 and natural product synthesis.
30

  Most of these are geared 

towards synthesizing biologically active molecules, although this type of reaction has 

also been used as an intramolecular chirality transfer to obtain non-racemic natural 

products.
31

   

A cycloaddition reaction is when two or more unsaturated bonds react to form 

a cyclic product with a reduction in bond order.
32

  The simplest case is a [2 + 2] 

cycloaddition, as depicted in Figure 3-3.  This type of reaction can be intermolecular 

(as shown) or intramolecular, and includes two or more unsaturated bonds.  The 

forward direction is a cycloaddition, and the reverse direction is a cycloreversion. 

 

Figure 3-3. Simplest [2 + 2] cycloaddition/cycloreversion mechanism. 

Cycloadditions are not limited to the simple case depicted in Figure 3-3.  The 

Diels-Alder reaction (Figure 3-4), a [2 + 4] cycloaddition, is taught in every organic 

chemistry series.
32

  The nomenclature is derived from the number of π bonds reacting.  
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In Figure 3-3 there are two electrons in each alkene π bond, leading to a [2 + 2] 

mechanism.  In the Diels-Alder case, Figure 3-4, there are two electrons in the 

ethylene π bond and four electrons in the butadiene π bonds, leading to a [2 + 4] 

mechanism. 

 

Figure 3-4.  The Diels-Alder reaction, a [2 + 4] cycloaddition/cycloreversion. 

A cycloaddition can be favorable (allowed) or unfavorable (forbidden) 

depending on the orbital interactions of the reacting species.
33

  It should be noted that 

although “allowed” and “forbidden” are commonly used terms, they suggest a rigidity 

that may not exists.  Forbidden reactions have an electronic barrier to reactivity, in 

addition to any other barriers, such as sterics.  Allowed reactions do not have the 

added electronic barrier.  Hence, the terms more favorable and less favorable may be 

more descriptive definitions, but are less common in the scientific community.
32

 

There are several complementary methods for determining whether a 

cycloaddition is allowed or forbidden.  Woodward and Hoffmann
34

 developed a well-

known method requiring conservation of orbital symmetry during the course of the 

reaction.  Fukui
35

 developed the frontier orbital theory, which focuses on the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
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(LUMO) to predict reactivity.  A third method is the aromatic transition state theory, 

which focuses on the geometry and overlaps of the orbitals in the transition state.
36,37

 

The method developed by Woodward and Hoffmann
33,34,38

 requires creating an 

orbital symmetry diagram for all the orbitals involved in the reaction.  The orbitals 

associated with bonds that do not change during the course of the reaction can be 

ignored.  After drawing all of the necessary orbitals, the symmetry is assigned for the 

reactants and products.  This method requires the same symmetry correlation between 

the reactants and products.  An example of this method is Figure 3-5, a four electron 

system with two ethylene molecules.  Each ethylene molecule (left and right sides) has 

a low energy symmetric orbital (S, π1), and a high energy asymmetric orbital (A, π2).  

When these orbitals combine they have the horizontal symmetry from the reactant, but 

they obtain the vertical symmetry in the product.  This results in four possible orbital 

symmetries in the product: SS, AS, SA, and AA (from lowest to highest energy).  The 

electrons reside in the lowest energy orbital in the reactants, the S orbitals.  When the 

reaction occurs and the orbitals combine, two electrons will sit in the allowed SS 

orbital.  The orbital next lowest in energy, σ2, has AS symmetry, which is not allowed 

by a combination of two orbitals with S symmetry, and so the electrons cannot reside 

there.  The electrons must instead reside in the destabilized σ3* orbital, with SA 

symmetry.  This is not favorable, and so the [2 + 2] cycloaddition reaction is 

forbidden.  
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Figure 3-5. Orbital symmetry diagram for a [2 + 2] cycloaddition of two ethylene 

molecules. 

Using a similar process, the [4 + 2] cycloaddition reaction of ethylene with 

butadiene, a six electron system, is allowed.  It follows that a cycloaddition with 4n 

electrons is forbidden and 4n + 2 electrons is allowed. This explanation works only for 
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the most straightforward cases.  Figure 3-5 assumes that the reaction is occurring on 

the same face of the molecule, which is not always true.

The favorability of a cycloaddition depends on the geometry of the orbitals.  A 

suprafacial reaction occurs on a single face of the π system, while an antarafacial 

reaction occurs from opposite faces of the π system.  A cycloaddition can occur in one 

of three ways: suprafacial/suprafacial (Figure 3-6A), suprafacial/antarafacial 

(Figure 3-6B), or antarafacial/antarafacial (Figure 3-6C).  In terms of nomenclature, 

suprafacial is denoted with a subscript “s” and antarafacial with a subscript “a”.  For 

example, a suprafacial/suprafacial [2 + 2] cycloaddition would be denoted as [2s + 2s].  

When a reaction occurs in a suprafacial/suprafacial or antarafacial/antarafacial 

manner, the orbital symmetry diagram in Figure 3-5 applies.  However, if the reaction 

occurs in a suprafacial/antarafacial arrangement, the order of the orbitals is switched 

and a reaction occurring with 4n electrons is allowed and a reaction with 4n + 2 

electrons is forbidden.  It is clear that using the method proposed by Woodward and 

Hoffmann can be challenging to apply in all situations, so simpler methods were 

developed that reproduce the results without the requirement of creating an entire 

orbital diagram. 
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Figure 3-6.  Atomic orbital interactions for cycloadditions, where “s” represents a 

suprafacial and “a” represents an antarafacial orientation of π bonds.  The three 

possible orientations are suprafacial/suprafacial (A), suprafacial/antarafacial (B), and 

antarafacial/antarafacial (C). 

One simpler method is the frontier molecular orbital theory.
35

  Instead of 

looking at all of the orbitals involved, Fukui proposed that the same prediction can be 

made based solely on the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO).  In the simple [2s + 2s] cycloaddition of two 

ethylene molecules, the only orbitals to consider would be the π1 of one molecule with 

the π2* of the other, as labeled in Figure 3-5.  Pairing these two orbitals on the same 

face of the molecule (aa or ss) results in an antibonding interaction, meaning it is 

forbidden.  It also follows that a [4 + 2] cycloaddition is allowed, as long as the 

interaction occurs on the same face (aa or ss).  This trend is reversed for reactions 

occurring with an as or sa orientation of the molecule. 

The allowed/forbidden nature of these two methods may bring to mind the 

4n + 2 rule of aromaticity, which states that a molecule with 4n electrons in the ground 
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state is destabilized and 4n + 2 electrons is stabilized.  That is the basis of aromatic 

transition state theory.
36,37

  While these molecules are not actually aromatic, they go 

through an aromatic-like transition state during the course of the cycloaddition or 

cycloreversion mechanism.  Hückel topology (Figure 3-7A) is the more common 

model, where all of the orbitals are in phase—similar to the lowest energy orbital of an 

aromatic compound like benzene.  A reaction with this topology in the transition state 

will be stabilized by 4n + 2 electrons, and destabilized by 4n electrons.  However, 

cycloadditions and cycloreversions can be twisted, leading to out-of-phase orbitals.  

Möbius topology (Figure 3-7B) is characterized by a twist in the orbitals, leading to an 

odd number of nodes.  It is so named because of its structure similarity to the Möbius 

strip.  The odd number of nodes means that the system is stabilized by 4n electrons 

and destabilized by 4n + 2 electrons, and is puckered in the transition state. 

 

Figure 3-7.  Orbital arrangements for Hückel (A) and Möbius (B) topology.  The 

dashed line in the Möbius topology represents the antibonding node. 

DECOMPOSITION OF MALONIC ANHYDRIDES 

As mentioned previously, malonic anhydride decomposes at or below room 

temperature into carbon dioxide and a ketene.  Using the Woodward Hoffmann rules, 
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a [2s + 2s] cycloreversion is forbidden, so the reaction is thought to proceed via a 

[2s + 2a] cycloreversion mechanism.  The low temperature decomposition associated 

with this cycloreversion is unique, as most cycloreversions take place at temperatures 

greater than 100°C.
39–41

 

Using aromatic transition state theory, the [2s + 2a] cycloreversion of malonic 

anhydride is thought to take place with Möbius topology (Figure 3-8A).
37

  The 

suprafacial component is the O=C bond of CO2, with bonding to only one side of the 

molecule.  The antarafacial component is the C=C of the ketene.
34

  The molecule must 

twist to form or break the C=C bond between CO2 and ketene. 

 

Figure 3-8. Transition-state structures for (A) [2s + 2a] and (B) [2s + (2s + 2s)] 

cycloreversion of malonic anhydride, with the dotted lines indicating atomic-orbital 

overlap. 

An alternative mechanism is a [2s + (2s + 2s)] cycloreversion,
42

 which avoids 

the antarafacial orientation by the cycle of six electrons through the atomic orbitals.  

This requires the inclusion in the transition state of the electrons from the C=O π bond 

of the ketene.  In this mechanism, the other p orbital from the central carbon on the 
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ketene and the p orbital of the oxygen are used to obtain six orbitals.  This can be seen 

in Figure 3-8B where the p orbital of the ketene overlaps with the oxygen p orbital on 

the CO2 molecule. 

Kinetics experiments were performed on malonic anhydride and its derivatives 

to determine the rate constants and activation parameters.
17

 Malonic, methylmalonic, 

and dimethylmalonic anhydride were determined to have first order rate constants.  

The experimental ΔH
‡
 was exceptionally low, even for a [2s + 2a] or [2s + (2s + 2s)] 

cycloreversion, but that is explained by the formation of stable CO2.  A large negative 

ΔS
‡
 was observed, and indicates a highly ordered transition state, as predicted for the 

[2s + 2a] or [2s + (2s + 2s)] cycloreversion.  Computational methods were used to 

support the experimental data.
17

  The computational data suggested that the 

decomposition occurs in a concerted manner, with no reaction intermediate, instead of 

stepwise.  However, it is also asynchronous, with the C–O bond breaking in advance 

of the C–C cleavage.   

Another interesting feature of malonic anhydrides is that the decomposition is 

fastest for methylmalonic anhydride and slowest for dimethylmalonic anhydride.  

Initially it might be assumed that a methyl group would stabilize the ketene (by weak 

analogy to alkene chemistry), but obviously, as determined by the non-linear 

correlation in relation to the methyl groups, this is not the case.  In fact, the 

stabilization provided by methyl substitution is much less for a ketene than for 

alkenes,
43

  and it is possible that the methyl substitution slightly destabilizes the sp
2
 

carbon of the ketene.
17
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This hypothesis was recently supported by ab initio calculations,
44

 which found 

that methylation destabilizes the ketene product relative to the anhydride starting 

material.
17

  Methyl groups also retard the decomposition because of steric 

destabilization of the transition state (Figure 3-8).  This feature is demonstrated by the 

slow decomposition of dimethylmalonic anhydride, but if sterics were the only factor, 

the rate of reaction would be malonic > methylmalonic > dimethylmalonic.  Although 

the methyl group destabilizes the product ketene, it actually stabilizes the transition 

state through hyperconjugation.  In the transition state, methylmalonic anhydride can 

twist the methyl away so there is no substantial contribution from sterics.  As such, 

malonic (Figure 3-9A) and methylmalonic (Figure 3-9B) anhydride have similar steric 

strain in the transition state.  Methylmalonic anhydride, however, has extra 

stabilization from hyperconjugation, which allows it to proceed to product at a faster 

rate than the malonic anhydride.
17,21
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Figure 3-9. Rotation options for malonic (A) and methylmalonic (B) anhydrides to 

reach the most stable transition state. 

BASE CATALYZED DECOMPOSITION OF MALONIC ANHYDRIDES 

When methylmalonic anhydride is allowed to react with a weak, hindered base 

its 
1
H NMR signals rapidly disappear at a rate nearly ten times faster than that of the 

anhydride alone.
21

  These values are listed in Table 3-1, where DMAP, DIEA, DBU, 

and LUT represent 4-dimethylaminopyridine, N,N-diisopropylethylamine, 

1,8-diazabicyclo[5.4.0]undec-7-ene, and 2,6-lutidine, respectively.  Rates are related 

to the free energy of the transition state, G
‡
 by the Eyring equation, Equation 3-1, 

where kB is the Boltzmann constant, T is the temperature in Kelvin, h is Planck’s 

constant, and R is the ideal gas constant.  Solving for the transition state free energy, 

ΔG
‡
, indicates that the activation barrier for this reaction is less than 9 kcal/mol.   
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Table 3-1. Rates, temperature, ΔG
‡
 for the base catalyzed decomposition of 

methylmalonic anhydride (MMA). 

Sample rate (10
4
), sec

−1
 T, °C ΔG

‡
, kcal/mol 

MMA + DMAP 148 16.0 8.7 

MMA + DIEA 126 16.0 8.8 

MMA + DIEA 111 15.9 8.9 

MMA + DBU 154 16.0 8.7 

MMA + LUT 89 16.3 9.0 

    

 
     

   

 
  
   

   Equation 3-1 

Previous results
17

 indicated that this reaction is occurring through either a 

concerted (Figure 3-10) or a stepwise (Figure 3-11) mechanism to form carbon 

dioxide and methyl ketene.  Polymerization was also considered, but the presence of 

methylketene in the NMR indicated that it was proceeding through a decomposition 

pathway, not polymerization. 
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Figure 3-10. Proposed mechanism for the concerted base-catalyzed decomposition of 

methylmalonic anhydride. 
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Figure 3-11. Proposed stepwise mechanism for the base-catalyzed decomposition of 

methylmalonic anhydride. 

The pKas of malonic anhydride and methylmalonic anhydride have been 

calculated using ACD/Labs software to be 7.33 ± 0.20 and 8.61 ± 0.20, respectively.
21

  

These values indicate reasonably acidic protons, but the carbonyl in the anhydride 

would also be reactive to unhindered bases.  Figure 3-10 and Figure 3-11 have a 

common feature, an alkynolate, which could react at the carbonyl of malonic 

anhydride.  This reaction is proposed in Figure 3-12, where the alkynolate attacks the 

anhydride to open the ring.  This can undergo decarboxylation followed by formation 
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of ketene and regeneration of the alkynolate.  This type of reactivity would be 

unfavorable with a weak, sterically hindered base, but it would be reasonable with the 

small, reactive alkynolate.  It would also be catalytic in nature after the initial 

formation of alkynolate. 

 

Figure 3-12.  Alternative stepwise mechanistic pathway for the base-catalyzed 

decomposition of malonic anhydride that proceeds via nucleophilic attack of carbonyl 

by the base. 

MECHANISTIC DETAILS OF THE BASE-CATALYZED DECOMPOSITION 

The goal of this work is to understand the decomposition of base-catalyzed 

methylmalonic anhydride.  This will be accomplished via Gaussian03 calculations
44

 to 

determine the energies of the reactants, intermediates, products, and transition-state 

structures for the reactions described in Figure 3-10, Figure 3-11, and Figure 3-12.  
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Although the experimental data used methylmalonic anhydride, these studies will use 

the simpler malonic anhydride for the sake of computation time.  The presence of a 

stabilized ketene carboxylate intermediate would eliminate the possibility of a 

concerted mechanism, and so that reaction pathway will be examined only if no 

intermediate is found.  There are also possible variations on the stepwise mechanism, 

such as deprotonation of malonic anhydride by the ketene carboxylate to form a ketene 

carboxylic acid intermediate, which would undergo additional reactions to form the 

ketene product.  All of these variations will be described in detail in the Experimental 

section. 

EXPERIMENTAL 

Calculations were performed on a Dell Optiplex PC with Intel Core 2 Duo 

processor.  The structures for the various acids and anions were built using 

GaussView 4.1.2 and optimized using the Gaussian03W software.
44

  Basis sets include 

B3LYP/6-31G+(d), B3LYP/6-31G+(d) using the polarized continuum model of 

chloroform, and MP2/cc-pVDZ.  Results were confirmed by comparing energies 

obtained at the B3LYP/6-31G(d) level of accuracy to those obtained previously.
17

  The 

optimized reactants or products were then distorted slightly and used as a starting 

point for the QST3 transition state calculations. 
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The simplest pathway for the decomposition of malonic anhydride anion 2 is 

concerted, as depicted in Figure 3-10.  This pathway was effectively ruled out due to 

the high energy requirement calculated for its transition state and the discovery of a 

low-energy intermediate, which will be discussed in more detail in the Results.  As 

such, the first mechanism considered, Pathway A, shown in  

Figure 3-13, is the unimolecular ring-opening of malonic anhydride anion 2 to 

form ketene carboxylate 3.  This species could then undergo decarboxylation to form 

the ketene anion 4.  This anion could regenerate 2 by deprotonating malonic anhydride 

1 to obtain ketene 5.  The regenerated 2 would then undergo repeated reaction until 1 

is completely consumed. 

 

Figure 3-13. Possible reaction pathway A for the base-catalyzed decomposition of 

malonic anhydride 1 to ketene 5 and carbon dioxide via ketene carboxylate 3. 

An alternative mechanism, Pathway B, shown in  

Figure 3-14, continues from the ring-opened ketene carboxylate 3.  This anion 

is slightly basic.  Depending on pKas it may deprotonate 1 to form malonic anhydride 
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anion 2 and the ketene carboxylic acid 6.  This acid could undergo intramolecular 

proton transfer via a six-membered ring transition state to produce carbon dioxide and 

alkynol 7.  A second proton transfer would then lead to the product, 5.  A variation on 

that mechanism, Pathway C, would be direct formation of 5 from 6.  In this case, 6 

would twist to form a four-membered-ring transition state, with the acidic proton 

transferred directly to the partially anionic carbon forming during the decarboxylation.  

Meanwhile, as before, the malonic anhydride anion 2 would undergo intramolecular 

ring-opening to form ketene carboxylate 3. 

 

Figure 3-14. Possible reaction pathway B for the decomposition of 1.  This pathway 

proceeds via proton transfer from 1 to ring-opened 3 to form ketene carboxylic acid 6, 

followed by two proton transfers, leading to 5.  Pathway C follows this same scheme, 

but goes directly from 6 to 5 with no intermediate. 

The final mechanism considered, Pathway D, shown in  

Figure 3-15, involves the addition of the ketene anion 4 to one of the anhydride 

carbonyl carbons to form the ring-opened malonic anhydride-ketene anion adduct 8.  

Upon decarboxylation, product 9 can open to regenerate 4 (which will then 
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catalytically react with another malonic anhydride to continue the reaction) and form 

the ketene product 5. 

 

Figure 3-15. Pathway D: possible reaction pathway for the decomposition of 1.  This 

pathway proceeds via addition of ketene anion 4 to malonic anhydride 1 to form 

ketene 5, carbon dioxide, and regeneration of 4. 

All of these pathways have some similarities.  In the experimental studies, only 

hindered bases were used; unhindered bases resulted in fewer products, and likely 

included some polymerization.  This indicates that a deprotonation step must occur 

prior to additional reactivity.  However, the fact that unhindered bases resulted in 

formation of less ketene product indicates that the carbonyls of the malonic anhydride 

are reactive, as long as the base is unhindered enough.  Due to the generation of 

unhindered base 4 in the reaction it is reasonable to hypothesize that this base will 

react with the anhydride starting material. 

RESULTS 

The energy (E) and free energy (G) values in the following sections were 

obtained from the Gaussian03 outputs at three computational methods.  The E, 
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enthalpy (H), and G values calculated for each species and transition state are listed in 

the Appendix.  Dashed lines imply that the data was not obtained or would not 

converge.  The optimized structures obtained at the B3LYP/6-31G+(d) level are listed 

in Figure 3-16 for the various reactants, products, and transition states used herein. 

 

Figure 3-16. Optimized structures for reactants, products, and transition states 

calculated at the B3LYP/6-31G+(d) level. 
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ENERGY AND REASONABLE REACTION MECHANISMS 

Pathways A, B, and C are directly comparable.  These pathways are referenced 

to deprotonated malonic anhydride 2, and proceed through a low-energy transition-

state barrier to form the ring-opened ketene carboxylate 3.  This is where the pathways 

split. 

The ΔE values for each elementary step and transition state for Pathway A are 

listed in Table 3-2, starting from the reference of 0 kcal/mol for 2.  The transition state 

for the decarboxylation of 3 did not converge, but the progressively increasing C–C 

distance suggested that there is no transition state within the accuracy of the 

computational method.  It is likely that this transition barrier is only slightly larger 

than the energy required for that step, and for the purposes herein the transition barrier 

is estimated as the energy of that step.  Ketene anion 4 deprotonates malonic 

anhydride 1 to catalytically reform the deprotonated malonic anhydride 2 and ketene 

as final product 5.  A transition state for this step would not converge; however, the 

low pKa of malonic anhydride coupled with the strong basicity of ketene anion 

suggests that the formation of 5 from 4 is fast.  The calculations thus suggest that the 

highest energy barrier for Pathway A is between 25.8 kcal/mol and 28.6 kcal/mol.  It 

should be noted that prior calculations indicate that the overall change in energy is as 

much as −10 kcal/mol.
17

  The calculations included herein suggest less favorable 

reactions, where E, the energy of ketene + CO2, relative to malonic anhydride, is 

between −5.6 cal/mol and 0.5 cal/mol.  This discrepancy is due to the low level 

calculations used, and the overall reaction should be exothermic. 
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Table 3-2. ΔE values (kcal/mol) for Pathway A at various computational levels. 

Species 

B3LYP/ 

6-31G+(d) 

B3LYP/ 

6-31G+(d) 

CHCl3 

MP2/ 

cc-pVDZ 

2 0.0 0.0 0.0 

TS 5.2 3.5 9.4 

3 −0.4 −4.4 0.8 

TS 28.6
a 

25.8
a
 26.5

a
 

4 + CO2 28.6 25.8 26.5 

TS -- -- -- 

5 −29.9 −21.0 −32.9 

E −1.8 0.5 −5.6 
a
Assumed 

 

Pathway B regenerates deprotonated malonic anhydride 2 from ketene 

carboxylate 3 and malonic anhydride 1 while forming ketene carboxylic acid 6.  The 

transition state for this reaction did not converge.  Acid 6 decarboxylates to form CO2 

and alkynol 7, going through a high energy six-membered ring transition barrier of 

62.0 kcal/mol (Table 3-3).  Tautomerization results in ketene 5, but an activation 

barrier for this step was not calculated because it is likely catalyzed by some species in 

the solution and is not unimolecular. 
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Table 3-3. ΔE values (kcal/mol) for Pathway B at the B3LYP/6-31G+(d) level. 

Species ΔE 

2 0.0 

TS 5.2 

3 + 1 −0.4 

TS -- 

6 + 2 1.9 

TS 62.0 

7 + CO2 37.2 

TS -- 

5 −40.5 

E −1.8 

  

Pathway C forms the ketene carboxylic acid 6, which then passes through a 

four-membered ring transition state resulting in ketene product and carbon dioxide in a 

single step.  While this mechanistic pathway requires less energy than Pathway B, it 

still requires 51.7 kcal/mol (Table 3-4). 

Table 3-4. ΔE values (kcal/mol) for Pathway C at the B3LYP/6-31G+(d) level. 

Species ΔH 

2 0.0 

TS 5.2 

3 + 1 −0.4 

TS -- 

6 + 2 1.9 

TS 51.7 

5 + CO2 −3.3 

E −1.8 

  

The comparison among Pathways A, B, and C is shown in Figure 3-17.  It 

indicates that Pathway A is energetically much more favorable than Pathway B or C.  

While Pathway A still has an energy barrier of up to 28.6 kcal/mol at the 
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B3LYP/6-31G+(d) level (which will be discussed in terms of ΔG in the following 

section), Pathways B and C can be effectively ruled out. 

 

Figure 3-17. Energy diagram comparing ΔE of Pathways A, B, and C at the 

B3LYP/6-31G+(d) level. 

Pathway D is a catalytic cycle that can start after the production of the ketene 

anion 4 from Pathway A.  Comparison of Pathway D with Pathway A requires setting 

the combination of ketene anion 4 and malonic anhydride 1 to a reference point of 

zero, then having both reactions proceed from that point.  Although Pathway A has 

already been explained, it will be explained again using this reference. 
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Pathway A begins with the deprotonation of malonic anhydride 1 by ketene 

anion 4 (which has been formed previously) to form the deprotonated malonic 

anhydride 2 and the ketene product 5.  This passes through a low-barrier transition 

state to form the ring-opened ketene carboxylate 3.  The carboxylate 3 undergoes 

decarboxylation to reform ketene anion 4, which can restart the catalytic cycle.  As 

previously stated, this reaction has no recognizable transition state and an energy 

barrier between 25.8 kcal/mol and 28.6 kcal/mol. 

Table 3-5. ΔE values (kcal/mol) for Pathway A at various computational levels. 

Species 

B3LYP/ 

6-31G+(d) 

B3LYP/ 

6-31G+(d) 

CHCl3 

MP2/ 

cc-pVDZ 

4 + 1 0.0 0.0 0.0 

TS -- -- -- 

2 + 5 −29.9 −21.0 −32.9 

TS 5.2 3.5 9.4 

3 −0.4 −4.4 0.8 

TS -- -- -- 

4 + CO2 28.6 25.8 26.5 

E −1.8 0.5 −5.6 

    

Pathway D begins with attack by the oxygen of the previously formed ketene 

anion 4 on malonic anhydride 1.  This attack results in ring opened intermediate 8, 

which undergoes decarboxylation to form intermediate 9.  A transition state for this 

reaction did not converge, but based on the assumption for the transition state for the 

34 + CO2 reaction, the energy of the transition state is approximately equal to the 

energy of the product of that reaction.  Intermediate 9 then forms ketene product 5 and 
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regenerates ketene anion 4.  This reaction has a calculated energy requirement 

between 15.2 kcal/mol and 17.9 kcal/mol (Table 3-6). 

Table 3-6. ΔE values (kcal/mol) for Pathway D at various computational levels. 

Species 

B3LYP/ 

6-31G+(d) 

B3LYP/ 

6-31G+(d) 

CHCl3 

MP2/ 

cc-pVDZ 

4 + 1 0.0 0.0 0.0 

TS −11.6 1.9 −2.4 

8 −24.6 −16.2 −25.9 

TS -- -- -- 

9 + CO2 15.2 17.9 17.0 

TS 0.9 −1.0 −4.9 

4 + 5 7.6 −1.2 3.3 

E −1.8 0.5 −5.6 

    

The comparison of Pathway A and Pathway D is depicted in Figure 3-18 at the 

B3LYP/6-31G+(d) level.  It is obvious that the energy barrier for Pathway A is higher 

than the energy barrier for Pathway D.  However, they are both reasonable pathways. 
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Figure 3-18. Energy diagram comparing ΔE of Pathway A and Pathway D at the 

B3LYP/6-31G+(d) level. 

FREE ENERGY AND REASONABLE REACTION MECHANISMS 

As explained in the Introduction, the rate acquired from the experimental base-

catalyzed decomposition of methylmalonic anhydride suggested that ΔG
‡
 must be less 

than 9 kcal/mol.  Although the rate may be slightly different for malonic anhydride 

than it was for methylmalonic anhydride, 9 kcal/mol will be used as the maximum 

activation barrier.  Unlike E, the free energy, G, includes a contribution from the 

entropy of a reaction.  The entropy is especially important to consider for this reaction 

due to the increase in entropy that comes with the formation of two product molecules 
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from one reactant.  The free energy change for the final transition states of Pathways B 

and C are still prohibitively high, and will not be considered. 

Table 3-7 lists the G values for each elementary step of Pathway A at the 

various computational levels.  The majority of the steps of Pathway A have a very 

small entropic contribution.  The only exception is the final step of the reaction where 

CO2 is formed.  This is the largest energy requirement (assuming that the transition 

state barrier is small), and is calculated to be between 7.6 kcal/mol and 17.2 kcal/mol.  

These values include the desired value of less than 9.0 kcal/mol, and suggests that this 

is a reasonable mechanism. 

Table 3-7. ΔG values (kcal/mol) for Pathway A at various computational levels and 

the total free energy change from reactants to products. 

Reaction 

B3LYP/ 

6-31G+(d) 

B3LYP/ 

6-31G+(d) 

CHCl3 

MP2/ 

cc-pVDZ 

4 + 1 0.0 0.0 0.0 

TS -- -- -- 

2 + 5 −30.2 −21.6 −27.9 

TS 4.1 2.5 6.0 

3 −2.4 −6.2 0.7 

TS -- -- -- 

4 + CO2 17.2 14.2 7.6 

G −15.4 −13.6 −19.6 

    

The G values for Pathway D are listed in Table 3-8.  Pathway D has a more 

significant entropic contribution to the various steps than Pathway A.  The first step in 

the reaction, the addition of ketene anion 4 to malonic anhydride 1, results in a 

decrease in entropy.  However, the only calculation that has an activation barrier larger 
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than zero is B3LYP/6-31G+(d) including solvation, which has a G
‡
 of 13.0 kcal/mol.  

This is the largest barrier for any of the methods used to study Pathway D.  The other 

methods have an energy barrier of 0.9 kcal/mol or less (assuming that the uncalculated 

transition states are not rate limiting).  The values less than 9 kcal/mol suggest that 

Pathway D is also a reasonable mechanism. 

Table 3-8. ΔG values (kcal/mol) for Pathway D at various computational levels. 

Reaction 

B3LYP/ 

6-31G+(d) 

B3LYP/ 

6-31G+(d)  

CHCl3 

MP2/ 

cc-pVDZ 

4 + 1 0.0 0.0 0.0 

TS −0.8 13.0 −4.7 

8 −13.0 −4.4 −13.8 

TS -- -- -- 

9 + CO2 0.9 4.4 −6.0 

TS −0.9 −6.6 −1.1 

4 + 5 −3.3 −13.6 0.1 

G −15.4 −13.6 −19.6 

    

Figure 3-19 depicts a free energy diagram comparing Pathway A and Pathway 

D at the B3LYP/6-31G+(d) level.  Although Pathway D has the lowest energy barriers 

to reach product, Pathway A has an exothermic initial step that is essentially 

irreversible. 
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Figure 3-19. Energy diagram comparing ΔG of Pathway A and Pathway D at the 

B3LYP/6-31G+(d) level. 

DISCUSSION 

REJECTION OF A CONCERTED PATHWAY AND PATHWAYS B AND C 

Initially a concerted [2 + 2] cycloreversion mechanism was considered for 

deprotonated malonic anhydride 2, as depicted in Figure 3-10.  This is thought to be 

the mechanism for the decomposition of malonic anhydride without a base catalyst.
17

  

However, this mechanism was rejected after the discovery of ring-opened ketene 

carboxylate 3, which has a low-barrier transition state for the conversion between 2 

and 3.  This discovery suggests that the reaction proceeds (at least initially) through 
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ketene carboxylate 3 following the deprotonation of malonic anhydride, and is not 

concerted. 

Comparing the E values of Pathways A, B, and C (Figure 3-17) indicates that 

Pathway A is the only feasible reaction mechanism among these three.  Pathways B 

and C have prohibitively high transition state barriers (62 or 51 kcal/mol), which 

makes them unrealistic mechanistic routes for the base-catalyzed decomposition.  

While the E values for Pathway A still have a transition barrier of 26–28 kcal/mol, it 

is reasonable to assume that with a higher level calculation that value could be reduced 

enough to fall within the reaction requirements. 

PATHWAY A VERSUS PATHWAY D 

The E comparison of Pathways A and D (Figure 3-18) suggests that both 

pathways are reasonable and should receive additional consideration.  While the E 

provides insight into the overall energy change, G provides additional insight into the 

entropy of the reactions.  The entropy is important in this case because several steps 

are entropically favored or disfavored depending on the number of species used or 

formed, and will be used for the comparison between these pathways. 

The free energy values for Pathway A are included in Table 3-7.  The first step 

of the reaction, 4 + 1  5 + 2, has a minimal entropic contribution, since the same 

number of species are used and formed during the reaction.  The same is true for the 

reaction of 2  3.  The final step of the reaction, 3  4 + CO2, is entropically 

favorable.  For this step the inclusion of the entropy is essential, and decreases the 
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required energy by over 10 kcal/mol, as compared to the E values (Table 3-2).  The 

energy required for this reaction are assumed to be equal (or negligibly larger) than the 

largest energy step of the reaction.  The B3LYP/6-31G+(d) level suggests a barrier of 

17.2 kcal/mol, and is decreased to 14.2 kcal/mol when modeled with solvation.  These 

barriers are both higher than the desired 9 kcal/mol, but are quite reasonable 

considering the low complexity of the basis set used.  Calculations at the MP2/cc-

pVDZ level lowers that barrier to 7.6 kcal/mol (Table 3-7), which is low enough to 

suggest that mechanism A is a reasonable pathway. 

The free energy values of Pathway D are included in Table 3-8.  The first step 

of the reaction, 4 + 1  8, is entropically disfavored, as there are more species in the 

reactants than in the products.  Adduct 8 is more stable than the starting materials, but 

is not as stable as the E value in Table 3-6 suggests.  The second and third steps, 

8  9 + CO2 and 9  4 + 5, are entropically favored and the G values suggests a 

reaction over 10 kcal/mol more favorable than suggested by E values. 

Pathway D has multiple negative transition barriers.  It is possible that these 

transition barriers did not converge to the appropriate structure, but it is also 

reasonable to suggest that the transition barriers are small and the calculations are 

limited by the robustness of the computational methods.  The B3LYP/6-31G+(d) level 

suggests an energy barrier of 0.9 kcal/mol, assuming that the energy barrier is equal to 

the largest energy step.  Inclusion of solvation suggests an energy barrier of 

13.0 kcal/mol.  The MP2/cc-pVDZ energy barrier is 0.1 kcal/mol.  These values are 
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either much less than the required 9 kcal/mol, or only slightly higher, suggesting that 

this is a reasonable reaction mechanism. 

Both Pathway A and Pathway D appear to be reasonable reaction mechanisms, 

and are compared in Figure 3-19.  Pathway A is favored by the initial drop in energy, 

but is disfavored by the higher energy required for decomposition of 3.  Pathway D 

has a smaller energy gain in the initial step, but is favored by minimal transition 

barriers to obtain product.  With these results, it appears that this reaction is governed 

by the initial step of the catalytic cycle.  Ketene anion 4 will either deprotonate 

malonic anhydride 1 to form the significantly more stable deprotonated anhydride 2 

and ketene 5, or it will add to 1 to form the slightly more stable adduct 8.  These 

reactions should not be appreciably reversible, so once an initial reaction occurs the 

remaining steps are set.   

The transition state for the initial step converged only for Pathway D.  In that 

case, the free energy barrier is between −4.7 kcal/mol and +13.0 kcal/mol (Table 3-8), 

which is a large variation.  A negative number for a transition state is not reasonable, 

as it implies that the transition state is more favorable than the starting materials.  

However, a negative transition barrier could imply a small or negligible transition 

barrier, within the limits of the basis set.  The positive value of +13.0 kcal/mol was 

obtained by modeling with solvation.  This suggests that the initial transition state is 

not negligible, and decreases the likelihood of Pathway D it being the dominating 

mechanism. 
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While the transition state for the initial step of Pathway A did not converge, it 

is likely that this is a low-energy barrier.  The pKa of malonic anhydride is predicted to 

be less than 7.33, which is quite acidic.  The highly reactive ketene anion 4 should be 

basic enough to remove that proton.  Even if the barrier for the initial step of Pathway 

D is small, the energy gain is larger via Pathway A. 

The calculated energy barrier for Pathway A appears to match the 

experimentally observed barrier of less than 9 kcal/mol.  The computations obtained 

herein suggest that while there may be a small contribution from Pathway D, the 

primary mechanism for the base-catalyszed decomposition of malonic anhydrides in 

Pathway A. 

CONCLUSION 

The base-catalyzed decomposition of malonic anhydride was studied using 

Gaussian03 calculations at the B3LYP/6-31G+(d), B3LYP/6-31G+(d) with the PCM 

of chloroform, and MP2/cc-pVDZ levels.  The calculations suggest that the entropy 

contributes significantly to the energy diagram.  Pathways B and C were ruled out due 

to high-energy transition states.  Pathways A and D are both feasible reaction 

mechanisms, where Pathway A has a more favorable energy drop for the initial step of 

the catalytic route and Pathway D has a more favorable overall energy requirement.  

However, this decomposition is governed by the initial step of the catalytic mechanism 

implying that while Pathway D may contribute, Pathway A is the primary 

decomposition mechanism.  
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APPENDIX 

The energies, enthalpies, and free energies (in hartrees) for each molecule and 

transition state are listed in Table A-1, Table 3-2, and Table A-3, respectively.  The 

Cartesian coordinates for each structure at the various basis sets are included in 

Table A-4 through Table A-41. 

Table A-1. Energies (hartrees) using various computational methods. 

Molecule/Method B3LYP/6-31G+(d) 

B3LYP/6-31G+(d) 

chloroform MP2/cc-pVDZ 

1 -341.194781647 -341.204572417 -339.375597290 

2 -340.650644617 -340.723850365 -338.804062671 

3 -340.651338157 -340.730792059 -338.802745652 

4 -152.015407655 -152.096121967 -151.113729834 

5 -152.607247231 -152.610308657 -151.737638619 

6 -341.192403361 -- -- 

7 -152.542672551 -- -- 

8 -493.249393875 -493.326532034 -490.530585196 

9 -304.634709139 -304.704467440 -302.856602555 

CO2 -188.590392621 -188.593507882 -187.646822351 

TS 23 -340.642347255 -340.718337200 -338.789076339 

TS 34+CO2 -- -- -- 

TS 4+15+2 -- -- -- 

TS 3+16+2 -- -- -- 

TS 67+CO2 -341.096695975 -- -- 

TS 65+CO2 -341.110060034 -- -- 

TS 4+18 -493.228663685 -493.297703891 -490.493117977 

TS 89+CO2 -- -- -490.502887002 

TS 95+4 -304.633243831 -304.706057342 -302.864363185 
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Table A-2. Enthalpies (hartrees) using various computational methods. 

Molecule/Method B3LYP/6-31G+(d) 

B3LYP/6-31G+(d) 

chloroform MP2/cc-pVDZ 

1 -341.139610 -341.149733 -340.245153 

2 -340.609124 -340.682521 -339.689821 

3 -340.610157 -340.689705 -339.686034 

4 -151.992152 -152.073004 -151.540177 

5 -152.571151 -152.574495 -152.141299 

6 -341.137464 -- -- 

7 -152.506501 -- -- 

8 -493.168232 -493.245066 -491.824135 

9 -304.572678 -304.642259 -303.696334 

CO2 -188.575246 -188.578455 -188.118428 

TS 23 -340.601993 -340.678047 -339.679502 

TS 34+CO2 -- -- -- 

TS 4+15+2 -- -- -- 

TS 3+16+2 -- -- -- 

TS 67+CO2 -341.048814 -- -- 

TS 65+CO2 -341.061630 -- -- 

TS 4+18 -493.149486 -493.218774 -491.810722 

TS 89+CO2 -- -- -491.818571 

TS 95+4 -304.572855 -304.645020 -303.696269 
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Table A-3. Gibbs free energies (hartrees) using various computational methods. 

Molecule/Method B3LYP/6-31G+(d) 

B3LYP/6-31G+(d) 

chloroform MP2/cc-pVDZ 

1 -341.173579 -341.183030 -340.280318 

2 -340.642424 -340.715774 -339.723221 

3 -340.646296 -340.725594 -339.722157 

4 -152.019328 -152.100200 -151.567313 

5 -152.598581 -152.601945 -152.168848 

6 -341.173364 -- -- 

7 -152.534687 -- -- 

8 -493.213665 -493.290158 -491.869550 

9 -304.612683 -304.680436 -303.736294 

CO2 -188.599542 -188.602755 -188.142743 

TS 23 -340.635848 -340.711723 -339.713609 

TS 34+CO2 -- -- -- 

TS 4+15+2 -- -- -- 

TS 3+16+2 -- -- -- 

TS 67+CO2 -341.084183 -- -- 

TS 65+CO2 -341.097601 -- -- 

TS 4+18 -493.194253 -493.262563 -491.855074 

TS 89+CO2 -- -- -491.866837 

TS 95+4 -304.614119 -304.690940 -303.737963 

    

Table A-4. Optimized Cartesian coordinates (Å) of malonic anhydride (1) at the 

B3LYP/6-31G+(d) level. 

Atom X Y Z 

C -0.000074 0.005827 1.009539 

O -0.000074 -0.165569 2.185323 

C -0.000074 0.005827 -1.009539 

C 0.001417 1.148989 0.000000 

O -0.000074 -0.165569 -2.185323 

O -0.001385 -0.983124 0.000000 

H 0.898927 1.773839 0.000000 

H -0.894262 1.776405 0.000000 
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Table A-5. Optimized Cartesian coordinates (Å) of deprotonated malonic anhydride 

(2) at the B3LYP/6-31G+(d) level. 

Atom X Y Z 

C 0.000000 0.991998 -0.078876 

O 0.000000 2.197542 0.105110 

C 0.000000 -0.991998 -0.078876 

C 0.000000 0.000000 -1.094495 

O 0.000000 -2.197542 0.105110 

O 0.000000 0.000000 1.000777 

H 0.000000 0.000000 -2.174498 

    

Table A-6. Optimized Cartesian coordinates (Å) of ketene carboxylate (3) at the 

B3LYP/6-31G+(d) level. 

Atom X Y Z 

C -1.433313 -0.296104 0.000019 

O -2.505151 0.206647 -0.000179 

C 1.055928 0.101344 0.000178 

C -0.225405 -0.811704 0.000227 

O 0.845528 1.336174 0.000086 

O 2.124696 -0.551799 -0.000281 

H -0.103850 -1.889395 0.000439 

    

Table A-7. Optimized Cartesian coordinates (Å) of ketene anion (4) at the 

B3LYP/6-31G+(d) level. 

Atom X Y Z 

C 0.000000 0.025456 0.000000 

O -1.190213 -0.287036 0.000000 

C 1.253594 0.196244 0.000000 

H 2.000146 0.966095 0.000000 
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Table A-8. Optimized Cartesian coordinates (Å) of ketene (5) at the 

B3LYP/6-31G+(d) level. 

Atom X Y Z 

C 0.000000 0.000000 0.101813 

C 0.000000 0.000000 -1.215151 

O 0.000000 0.000000 1.273378 

H 0.000000 0.940406 -1.753499 

H 0.000000 -0.940406 -1.753499 

    

Table A-9. Optimized Cartesian coordinates (Å) of ketene carboxylic acid (6) at the 

B3LYP/6-31G+(d) level. 

Atom X Y Z 

C 1.448394 -0.268950 0.000058 

O 2.498374 0.228378 0.000012 

C -0.985630 -0.081617 0.000019 

C 0.254171 -0.855311 0.000124 

O -0.755397 1.263582 -0.000235 

O -2.102630 -0.558232 0.000072 

H 0.201656 -1.937410 0.000314 

H -1.626047 1.702861 -0.000312 

    

Table A-10. Optimized Cartesian coordinates (Å) of ethynol (7) at the 

B3LYP/6-31G+(d) level. 

Atom X Y Z 

C 0.000000 0.123066 0.000000 

O -0.145511 -1.184867 0.000000 

C 0.054762 1.329310 0.000000 

H 0.115175 2.393051 0.000000 

H 0.720337 -1.628368 0.000000 
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Table A-11. Optimized Cartesian coordinates (Å) of 8 at the B3LYP/6-31G+(d) level. 

Atom X Y Z 

C 2.012041 -0.344014 0.085699 

O 3.169311 -0.245025 -0.371435 

C -0.348591 0.743693 0.012187 

C 1.012273 0.764262 -0.563716 

O -0.823368 1.369603 0.920633 

O 1.502493 -1.116871 0.919827 

H 0.983239 0.565516 -1.637935 

H 1.455020 1.746235 -0.381667 

O -1.160982 -0.226697 -0.696000 

C -2.380810 -0.434496 -0.286735 

C -3.530560 -0.673831 0.005478 

H -4.524007 -0.893516 0.317927 

    

Table A-12. Optimized Cartesian coordinates (Å) of 9 at the B3LYP/6-31G+(d) level. 

Atom X Y Z 

C -1.459509 -0.325088 -0.000811 

O -0.297690 -0.837077 -0.001172 

C -2.607495 0.102852 0.001417 

H -3.576269 0.541257 0.001633 

C 1.067775 0.248527 0.000336 

C 2.139666 -0.586193 0.000660 

O 0.745859 1.415186 -0.000722 

H 2.015799 -1.659442 0.000407 

H 3.132492 -0.147277 0.003503 
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Table A-13. Optimized Cartesian coordinates (Å) of carbon dioxide at the 

B3LYP/6-31G+(d) level. 

Atom X Y Z 

C 0.000000 0.000000 0.000000 

O 0.000000 0.000000 1.169356 

O 0.000000 0.000000 -1.169356 

    

Table A-14. Optimized Cartesian coordinates (Å) of transition state 23 at the 

B3LYP/6-31G+(d) level. 

Atom X Y Z 

C 0.186479 -1.176770 0.000000 

O -0.196108 -2.303734 0.000000 

C 0.000000 0.981321 0.000000 

C 1.007205 -0.104472 0.000000 

O 0.185581 2.205210 0.000000 

O -1.146334 0.336810 0.000000 

H 2.092788 -0.106765 0.000000 
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Table A-15. Optimized Cartesian coordinates (Å) of transition state 4+18 at the 

B3LYP/6-31G+(d) level. 

Atom X Y Z 

C 0.060747 0.754473 0.000886 

O -0.536989 1.725668 -0.380393 

C 1.836117 -0.319687 -0.092062 

C 1.191036 0.520120 1.005886 

O 2.870009 -0.950080 -0.184170 

O 0.885782 -0.140097 -1.020745 

H 1.742251 1.432811 1.255479 

O -1.068775 -0.584584 0.622711 

C -2.251728 -0.576845 0.170510 

C -3.413307 -0.583691 -0.222084 

H -4.391281 -0.577189 -0.639475 

H 0.911633 -0.029086 1.905957 

    

Table A-16. Optimized Cartesian coordinates (Å) of transition state 65 at the 

B3LYP/6-31G+(d) level. 

Atom X Y Z 

C 1.102799 0.124891 -0.011322 

C -0.338518 -0.390455 0.722421 

O 1.523069 1.243872 -0.010102 

O -2.456124 0.232418 -0.442939 

C -1.500128 -0.031643 0.152408 

H 0.304575 -1.386454 0.121134 

H -0.293140 -0.420596 1.809022 

O 1.483511 -1.027504 -0.435858 
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Table A-17. Optimized Cartesian coordinates (Å) of transition state 67 at the 

B3LYP/6-31G+(d) level. 

Atom X Y Z 

C -0.974610 -0.226830 -0.000105 

C 0.251075 1.352789 -0.000420 

O -2.070181 0.233759 0.000442 

O -0.345179 -1.292916 -0.000484 

C 1.293815 0.662053 -0.000024 

H 0.948560 -1.091421 0.000962 

H -0.259321 2.293221 -0.000096 

O 1.901496 -0.432076 0.000346 

    

Table A-18. Optimized Cartesian coordinates (Å) of transition state 95+4 at the 

B3LYP/6-31G+(d) level. 

Atom X Y Z 

C 1.951853 -0.147255 0.031041 

C -2.014454 -1.057021 -0.020900 

C -1.790438 0.243854 -0.005880 

H 3.935398 0.814223 0.336315 

H -1.157665 -1.719840 -0.013993 

O -1.730169 1.418108 0.005798 

O 0.821213 -0.646907 0.051924 

C 3.108379 0.319045 -0.128522 

H -3.038133 -1.415730 -0.038531 
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Table A-19. Optimized Cartesian coordinates (Å) of malonic anhydride (1) at the 

B3LYP/6-31G+(d) level using the PCM of chloroform. 

Atom X Y Z 

C 0.000000 1.006868 -0.011254 

O 0.000000 2.183740 0.172126 

C 0.000000 -1.006868 -0.011254 

C 0.000000 0.000000 -1.151082 

O 0.000000 -2.183740 0.172126 

O 0.000000 0.000000 0.979922 

H 0.899910 0.000000 -1.775929 

H -0.899910 0.000000 -1.775929 

    

Table A-20. Optimized Cartesian coordinates (Å) of deprotonated malonic anhydride 

(2) at the B3LYP/6-31G+(d) level using the PCM of chloroform. 

Atom X Y Z 

C 0.000000 0.986990 -0.083218 

O 0.000000 2.192915 0.108748 

C 0.000000 -0.986990 -0.083218 

C 0.000000 0.000000 -1.096835 

O 0.000000 -2.192915 0.108748 

O 0.000000 0.000000 1.002135 

H 0.000000 0.000000 -2.177432 
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Table A-21. Optimized Cartesian coordinates (Å) of ketene carboxylate (3) at the 

B3LYP/6-31G+(d) level using the PCM of chloroform. 

Atom X Y Z 

C -1.432353 -0.296410 0.001453 

O -2.504058 0.206700 -0.001830 

C -0.224987 -0.812619 0.001428 

H -0.104339 -1.890306 0.003081 

C 1.055306 0.101093 -0.000164 

O 2.125041 -0.550382 -0.001646 

O 0.843584 1.335922 0.001053 

    

Table A-22. Optimized Cartesian coordinates (Å) of ketene anion (4) at the 

B3LYP/6-31G+(d) level using the PCM of chloroform. 

Atom X Y Z 

C 0.000000 0.026273 0.000000 

O -1.145455 -0.443178 0.000000 

C 1.208058 0.368894 0.000000 

H 1.915290 1.174427 0.000000 

    

Table A-23. Optimized Cartesian coordinates (Å) of ketene (5) at the 

B3LYP/6-31G+(d) level using the PCM of chloroform. 

Atom X Y Z 

C 0.000000 0.000000 0.099972 

C 0.000000 0.000000 -1.214827 

O 0.000000 0.000000 1.274236 

H 0.000000 0.943053 -1.752380 

H 0.000000 -0.943053 -1.752380 
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Table A-24. Optimized Cartesian coordinates (Å) of 8 at the B3LYP/6-31G+(d) level 

using the PCM of chloroform. 

Atom X Y Z 

C 1.987386 -0.313444 0.076807 

O 3.153530 -0.297079 -0.389269 

C -0.352046 0.718679 -0.002269 

C 1.020474 0.751912 -0.578975 

O -0.811668 1.363815 0.903643 

O 1.505314 -1.044948 0.975473 

H 0.989000 0.561922 -1.655999 

H 1.443544 1.745991 -0.406960 

O -1.144531 -0.242642 -0.684956 

C -2.379220 -0.435341 -0.282316 

C -3.528781 -0.666747 0.008629 

H -4.540581 -0.871434 0.292571 

    

Table A-25. Optimized Cartesian coordinates (Å) of 9 at the B3LYP/6-31G+(d) level 

using the PCM of chloroform. 

Atom X Y Z 

C 1.425079 -0.318396 -0.000131 

O 0.239609 -0.813308 -0.002125 

C 2.579489 0.073062 0.001330 

H 3.582143 0.441220 0.003041 

C -1.005102 0.209764 -0.000183 

C -2.138829 -0.541979 0.001545 

O -0.683059 1.398968 -0.000705 

H -2.098894 -1.623364 0.001696 

H -3.099473 -0.037850 0.002536 
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Table A-26. Optimized Cartesian coordinates (Å) of carbon dioxide at the 

B3LYP/6-31G+(d) level using the PCM of chloroform. 

Atom X Y Z 

C 0.000000 0.000000 0.000000 

O 0.000000 0.000000 1.169356 

O 0.000000 0.000000 -1.169356 

    

Table A-27. Optimized Cartesian coordinates (Å) of transition state 23 at the 

B3LYP/6-31G+(d) level using the PCM of chloroform. 

Atom X Y Z 

C 0.000000 0.966778 0.000000 

O 0.059717 2.203694 0.000000 

C 0.197439 -1.126065 0.000000 

C 1.038724 -0.057233 0.000000 

O -0.136040 -2.270787 0.000000 

O -1.116160 0.233834 0.000000 

H 2.122883 -0.034806 0.000000 
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Table A-28. Optimized Cartesian coordinates (Å) of transition state 4+18 at the 

B3LYP/6-31G+(d) level using the PCM of chloroform. 

Atom X Y Z 

C 0.057171 0.751338 -0.010968 

O -0.569642 1.695356 -0.429248 

C 1.825599 -0.316408 -0.085079 

C 1.216465 0.587728 0.974586 

O 2.840199 -0.975487 -0.182347 

O 0.851778 -0.174538 -1.004373 

H 1.774433 1.516926 1.133179 

O -1.045858 -0.556409 0.671087 

C -2.224756 -0.574765 0.197233 

C -3.373567 -0.600239 -0.226487 

H 0.982656 0.108235 1.927300 

H -4.374374 -0.622469 -0.597145 

    

Table A-29. Optimized Cartesian coordinates (Å) of transition state 95+4 at the 

B3LYP/6-31G+(d) level using the PCM of chloroform. 

Atom X Y Z 

C 1.934988 -0.205154 0.005693 

C -2.186191 -0.957848 0.062610 

C -1.781730 0.294993 0.011103 

H 3.810670 0.890046 0.507931 

H -1.448690 -1.750442 0.078209 

O -1.512993 1.438359 -0.033147 

O 0.842929 -0.777324 -0.089203 

C 3.075025 0.322165 -0.026878 

H -3.254016 -1.152826 0.077493 
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Table A-30. Optimized Cartesian coordinates (Å) of malonic anhydride (1) at the 

MP2/cc-pVTZ level. 

Atom X Y Z 

C 0.000000 1.008166 -0.006360 

O 0.000000 2.174518 0.164565 

C 0.000000 -1.008166 -0.006360 

C 0.000000 0.000000 -1.144797 

O 0.000000 -2.174518 0.164565 

O 0.000000 0.000000 0.980883 

H 0.891975 0.000000 -1.767499 

H -0.891975 0.000000 -1.767499 

    

Table A-31. Optimized Cartesian coordinates (Å) of deprotonated malonic anhydride 

(2) at the MP2/cc-pVTZ level. 

Atom X Y Z 

C 0.000000 0.992656 -0.078085 

O 0.000000 2.197874 0.110682 

C 0.000000 -0.992656 -0.078085 

C 0.000000 0.000000 -1.108631 

O 0.000000 -2.197874 0.110682 

O 0.000000 0.000000 1.001786 

H 0.000000 0.000000 -2.196392 
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Table A-32. Optimized Cartesian coordinates (Å) of ketene carboxylate (3) at the 

MP2/cc-pVTZ level. 

Atom X Y Z 

C 1.407588 -0.330215 0.000001 

O 2.462531 0.217658 -0.000282 

C -1.048553 0.112675 0.000022 

C 0.197264 -0.873009 0.000277 

O -2.146892 -0.483625 -0.000217 

O -0.743244 1.328732 0.000199 

H 0.083044 -1.958832 0.000606 

    

Table A-33. Optimized Cartesian coordinates (Å) of ketene anion (4) at the 

MP2/cc-pVTZ level. 

Atom X Y Z 

C 0.000000 0.039147 0.000000 

O -1.225496 -0.108391 0.000000 

C 1.286029 -0.014091 0.000000 

H 2.087797 0.716793 0.000000 

    

Table A-34. Optimized Cartesian coordinates (Å) of ketene (5) at the MP2/cc-pVTZ 

level. 

Atom X Y Z 

C 0.000000 0.000000 0.104477 

C 0.000000 0.000000 -1.226810 

O 0.000000 0.000000 1.280503 

H 0.000000 0.952670 -1.755014 

H 0.000000 -0.952670 -1.755014 
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Table A-35. Optimized Cartesian coordinates (Å) of 8 at the MP2/cc-pVTZ level. 

Atom X Y Z 

C 1.954233 -0.357390 0.098835 

O 3.126139 -0.350711 -0.325613 

C -0.317200 0.770778 0.003636 

C 1.047312 0.822303 -0.560955 

O -0.821665 1.345686 0.930891 

O 1.338578 -1.072552 0.920028 

H 1.032884 0.673537 -1.650385 

H 1.505668 1.791817 -0.315588 

O -1.095659 -0.198412 -0.762940 

C -2.302259 -0.432406 -0.308429 

C -3.461043 -0.691150 0.016474 

H -4.443965 -0.930256 0.369674 

    

Table A-36. Optimized Cartesian coordinates (Å) of 9 at the MP2/cc-pVTZ level. 

Atom X Y Z 

C -1.456047 -0.370454 0.031463 

O -0.319292 -0.922108 -0.007141 

C -2.588255 0.163953 -0.083897 

H -3.485368 0.581089 0.339133 

C 1.099842 0.296837 -0.000400 

C 2.154410 -0.567216 0.008757 

O 0.703805 1.429093 -0.004574 

H 1.991297 -1.640632 0.007904 

H 3.158262 -0.135048 0.011147 
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Table A-37. Optimized Cartesian coordinates (Å) ofcarbon dioxide at the 

MP2/cc-pVTZ level. 

Atom X Y Z 

C 0.000000 0.000000 0.000000 

O 0.000000 0.000000 1.177085 

O 0.000000 0.000000 -1.177085 

    

Table A-38. Optimized Cartesian coordinates (Å) of transition state 23 at the 

MP2/cc-pVTZ level. 

Atom X Y Z 

C 0.187104 -1.206896 0.000000 

O -0.262519 -2.310362 0.000000 

C 0.000000 0.987872 0.000000 

C 1.009324 -0.129134 0.000000 

O 0.259468 2.200362 0.000000 

O -1.157086 0.392049 0.000000 

H 2.102527 -0.167451 0.000000 
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Table A-39. Optimized Cartesian coordinates (Å) of transition state 4+18 at the 

MP2/cc-pVTZ level. 

Atom X Y Z 

C -0.002875 0.698491 0.031586 

O 0.956599 -0.065466 -1.055192 

C 1.859081 -0.248753 -0.086195 

C 1.119247 0.467241 1.047061 

O -0.995264 -0.757404 0.435163 

O -0.652987 1.653344 -0.296584 

H 1.602284 1.404768 1.367192 

O 2.939760 -0.808844 -0.151290 

C -2.215981 -0.621045 0.099997 

C -3.435599 -0.455122 -0.110500 

H 0.849173 -0.160292 1.905847 

H -4.379552 -0.462395 -0.621505 

    

Table A-40. Optimized Cartesian coordinates (Å) of transition state 89 at the 

MP2/cc-pVTZ level. 

Atom X Y Z 

C 2.350577 -0.576682 -0.106247 

O 1.246286 -0.644144 0.563784 

C 3.431052 -0.589807 -0.707804 

H 4.341969 -0.557523 -1.269902 

C 0.376562 0.681946 0.538609 

C -0.793599 0.387408 1.253291 

O 0.815255 1.603545 -0.111268 

H -0.788391 -0.483582 1.909397 

H -1.387046 1.259244 1.546837 

C -2.178491 -0.277098 -0.392860 

O -2.146239 0.628650 -1.176373 

O -2.575694 -1.334643 0.011824 
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Table A-41. Optimized Cartesian coordinates (Å) of transition state 95+4 at the 

MP2/cc-pVTZ level. 

Atom X Y Z 

C -2.012586 -0.021244 -0.080492 

C 1.944879 -0.090666 0.102863 

O -0.934510 0.251973 -0.636242 

H -3.738473 -0.591696 1.190841 

H 0.625693 1.461996 0.001829 

C 1.670414 1.205574 0.218466 

O 2.219774 -1.233744 0.006406 

C -3.207700 -0.245415 0.314303 

H 2.460627 1.894376 0.515180 
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