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Abstract 

Kinetic Isotope Effect:  

Mechanisms of Asymmetric Reductions and Hydrogen Transfers 

by 

Thomas Giagou 

Doctor of Philosophy in Physical Organic Chemistry 

University of California, Merced 

Professor Matthew P. Meyer, P.I. 

Professor Erik J. Menke, Chair 

Hydrogen transfer is an important process that takes place in nearly all biochemical reactions 

and in numerous synthetically useful transformations; however, current understanding of 

tunneling upon hydrogen transfer remains poorly understood. Further understanding of 

tunneling requires a detailed analysis of quantum mechanical behavior of hydrogen, which 

remains a mystery in the majority of both hemolytic and heterolytic hydrogen transfer 

reactions. Research described herein demonstrates that hydrogen tunneling can 

fundamentally alter reaction pathways. One primary consequence of this work may be the 

construction of better competitive inhibitors for enzymes recognized at therapeutic targets. 

Enzyme-catalyzed hydrogen transfer reactions occur within the substrate- or intermediate-

enzyme complex and are, therefore, effectively unimolecular. Conventional tools used to 

understand hydrogen tunneling have demonstrated strange behavior within enzymes: large 

primary H/D KIE, temperature independent KIE, and amplified secondary H/D KIE. Largely 

ignored work by Harold Kwart found similar behaviors in intramolecular hydrogen transfers 
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that occur in small molecules. Unfortunately, Kwart's life was cut short by illness, and these 

systems were not able to be explored thoroughly. 

Our interest in intramolecular hydrogen transfer, in general, followed from our work on the 

Swern oxidation. The Swern oxidation has an isotopically-insensitive rate-limiting step, so 

we explored this reaction using intramolecular H/D KIE. We found evidence for substantial 

influences upon the intramolecular H/D KIE from tunneling, but the reaction exhibited an 

uncharacteristically low KIE. We decided to expand our scope to reactions for which we 

could measure both intramolecular and intermolecular H/D KIE. In total, three hydrogen 

transfer mechanisms have been studied here - Swern Oxidation, Benzyl nitrate elimination, 

and Cope elimination - using both experimental measurements of Kinetic Isotope Effect 

(KIE) and computational calculations of the transition structure to obtain KIE as a point of 

comparison to the experimental values. Such comparisons show a surprisingly wide range of 

behaviors for the above pericyclic reactions each of which possesses a five-member ring 

transition structure.  

Hydrogen tunneling is a key determinant of reactivity in most hydrogen transfers. The other 

principal descriptor of chemical reactions is selectivity. The design of stereoselective 

catalytic reactions has been one of the most prominent areas of synthetic methodology 

development. The second part of this dissertation is devoted to the development of a new 

mechanistic tool to explore reactions that have two simultaneous reaction pathways. This 

dissertation focuses first on the Corey-Bakshi-Shibata (CBS) reduction. We use highly 

refined techniques to elucidate the molecular mechanism of symmetry breaking or chirality 
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transfer in the reduction of 2,2-dimethyl-1,3-cyclohexanedione. We use transition structure 

models to compute expected intramolecular KIE in these systems and use experimentally-

determined 
2
H and 

13
C KIE to validate the transition structure models. We identify steric 

contacts responsible for stereoselection at the atomic level and explore the innate flexibility 

of the CBS catalyst - a catalyst once thought to be highly rigid. These observations may 

explain why the CBS catalyst has such an extensive substrate range. Finally, we also look at 

the L-Selectride (lithium tri-sec-butylborohydride) reduction of 2,2-dimethyl-1,3-

cyclohexanedione. The substantial steric demand of this reductant gives rise to the first 

example of a steric 
13

C KIE. Together, these studies begin to explain the types of motions 

that give rise to steric KIE and begin to demonstrate how these measurements infer the 

structural interactions responsible for 
2
H and 

13
C steric KIE. 
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1. Introduction: 

 1.1 Kinetic Isotope Effect (KIE) 

One of the most important factors in developing reactions relies on deep understanding of 

their reaction mechanisms. There are two major ways with which this is achievable: 1) 

creating a library of wide range of reactions by altering the substituents on substrates or 

reagents to ultimately select the one with high selectivity of the desired product and 2) 

developing methods capable of identifying the core causes of both reactivity and selectivity. 

It is evident that studying reaction mechanisms has the advantage of identifying causal 

relationships between transition structure geometries and reactivity and/or selectivity. 

Developing methods to study small molecule reactions can be applied to other and more 

complicated substrates. One of the most useful ways to do so is by performing Kinetic 

Isotope Effect (KIE) experiments. Isotope effects generally report upon the changes in 

vibrational force constants as a reactant proceeds from reactant to the transition state. In 

general, these measurements can uncover electronic or steric causes of reactivity or 

selectivity. In particular, KIE have been instrumental in identifying how hyperconjugation, 

hybridization changes, and steric repulsion affect the free energy of reaction.
1
 Isotopic 

replacement is minimally perturbative since isotopologs and isotopomers have the same 

potential energy surface. For this reason, isotope effect measurements can report upon 

reaction features without, in general, perturbing the reaction surface.  

Primary 
2
H isotope effects arise from bond forming or bond breaking events at the center 

bearing the C-H/C-D bond, in the case of deuterium substitution, for instance, whereas, a 
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secondary isotope effect arises from changes observed as the result of isotopic substitution 

remote from the bonds undergoing reaction. 

Primary kinetic isotope effect originates from the difference in frequencies ( ) of various 

vibrational modes of a molecule once one isotope is substituted with another. Isotopic 

substitution neither changes the potential energy of the system nor does it changes the 

electron distribution of the system, which makes the frequency of the vibrational modes 

dependent solely on the force constant and the reduced mass (  ) differences of the 

substituted isotopes (Eq. 1.1.1). Each potential energy well has several rungs that represent 

different energies for a specific vibrational mode (Figure 1.1.1). Quantized energies (  ) are 

measured from the lowest point in the potential energy well. The vibrational modes for bond 

stretches at ambient temperature are dominated by n = 0, which is referred to as the zero-

point energy (ZPE) (Eq.1.1.2). 

  
 

  
          where      

     

       
   Eq. 1.1.1 

          
 

 
                                            Eq. 1.1.2 

 

 

     

 
Figure 1.1.1. A Morse potential showing higher activation energy for a C-H versus a C-D bond. 

C-H  Zero-point energy where n = 0 in Eq. 1.1.2 
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Experimental explorations of the temperature dependence of primary KIE (either H/D, H/T, 

or D/T) are fitted using the phenomenological Arrhenius equation. Relating this equation to 

the Eyring equation (Eq. 1.1.3), which derives from the assumptions inherent in transition 

state theory, it can be seen that a linear Arrhenius equation should obtain in situations where 

tunneling does not influence the reaction. In other words, the isotope effect measures is the 

difference in rate for proton abstraction versus a deuterium or tritium abstraction. Since the 

vibrational frequencies measured are inversely proportional to the reduced mass, the isotope 

rate changes are most pronounced when the relative mass change is greatest. For instance, a 

system where a hydrogen atom is replaced with a deuterium atom represents 100% increase 

in the mass. Computing the H/D KIE assuming that it arises solely from ZPE in the reactant, 

a maximal KIE of 6-10 is the theoretical maximum under assumptions of transition state 

theory. Furthermore, the primary isotope effect is not limited to only hydrogen and deuterium 

atoms; it is also possible to look at other nuclei that possess heavy isotopes. For instance, if 

one were to measure isotope effect on 
12

C and 
13

C, the rate ratio is approximately 1.02-1.06 

at room termperature. 

        
  
    Arrhenius Equation 

    
   

 
   

   

    Eyring's Equation    Eq. 1.1.3 

(Where     is the Gibbs free energy of activation,    is Boltzmann's constant, and   is Plank's constant.) 

Based on the Eyring's rate equation, it is possible to derive the KIE as an expression of free 

energy of activation differences (Eq. 1.1.4). 
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         Eq. 1.1.4 

Secondary kinetic isotope effects arise from isotopic substitution at a bond that is not being 

broken, which results in, typically, a change in bond hybridization or involvement of the 

bond in hyperconjugation. Just like the primary KIE, secondary KIE arises from the ZPE 

difference between the reactant and the transition state. Understanding secondary isotope 

effects requires one to consider all the vibrational modes occurring when atom(s) associated 

with a bond undergoes rehybridization. The vibrational modes with the largest force 

constants will have the most profound effect on the isotope effect. There are a number of 

vibrational modes: stretches and in-plane and out-of-plane bending motions (Figure 1.1.2).
2
 

These vibrational modes are generated when a C-H bond, for instance, involving an sp
3
 

hybridized carbon is changing to a bond involving an sp
2
 hybridized carbon, or one that 

changes from sp
2
 to sp hybridized carbon.  

 

 

   Figure 1.1.2. Out-of-plane and in-plane C-H vibrations for sp3 and sp2 hybridized carbons. 

 

In addition, there is a possibility going from an sp to sp
2
 or from sp

2
 to sp

3
 rehybridized 

carbon. In such case, the isotope effect measured is no longer normal (greater than 1); it is an 

inverse isotope effect (less than 1). This is due to an increase in the force constant for the 

bending motion at the transition state since the vibrations are becoming stiffer. Due to this 
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phenomenon, the ZPE difference becomes larger at the transition state than at the reactant, 

which results in a faster movement of deuterium compared to hydrogen causing the rate ratio 

to be less than one or inverse. Thus far, secondary KIE is explained by using the bending 

vibrations that change when the hybridization of an atom changes. When considering a 

reaction coordinate, it is valid to state that when going from sp
3
 to sp

2
, we are moving from a 

tight environment to a looser environment causing the secondary KIE to be normal whereas 

the secondary KIE is inverse when going from sp
2
 to sp

3
, which dictates a change from a 

loose environment to a tighter one (Figure 1.1.3). 

 

 

 

 

Figure 1.1.3. Normal (left) and inverse (right) secondary kinetic isotope effects. 

Secondary KIE can also arise from the hyperconjugation involvement of C-H versus C-D 

bond in a rate-determining step. If there is a slow step, such as formation of a carbocation, C-

H or C-D bonds β to the cationic carbon center stabilize the charge by hyperconjugation, 

which weakens these bonds leading to a normal secondary KIE (Figure 1.1.4).
3 
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 1.2 How KIE Inform Mechanism 

Even though secondary isotope effects are utilized to study the hyperconjugation and steric 

effect, one of the most profound ways of studying reaction mechanisms is using the primary 

KIE. As mentioned earlier, KIE measure the reaction rate affected by the changes in isotopic 

identity at a given position. These measurements aid in identifying the rate-determining 

steps, which help to create and refine mechanistic schemes. In addition, primary isotope 

effect can be most informative about tunneling and dynamical phenomena. Consider the 

following scenario probing the mechanism of Aliphatic Hydroxylation by Iron(III) 

Porphyrins (Figure 1.2.1).
4
  

 

 

 

 
Figure 1.2.1. Radical mechanism revealed using primary KIE in Cytochrome P-450 study. 

Figure 1.1.4. Secondary 
2
H KIE measurement for a hyperconjugation. 
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Primary kinetic isotope effect of 5 is measured in this system.
4
 The large isotope effect 

supports a mechanism involving hydrogen atom abstraction in the rate-determining step, 

which in turn, is followed by a rapid transfer of the hydroxyl from the iron to the carbon-

based radical. Furthermore, since there are no carbon skeletal rearrangements that can be 

observed in the final product, it is evident that no carbocation is formed. The primary isotope 

effect measured in this system in addition to the loss of stereochemistry suggest a radical 

cage mechanism in which radicals created react together before diffusing apart.  

Secondary KIE are typically more subtle than primary KIE, but they can be useful in 

developing logical models of transition structures. Secondary KIE can originate in a number 

of positions due to vibrational force constants arising from a number of physical 

phenomenon. As mentioned earlier, secondary KIE are both normal (i.e. sp
3
-sp

2
) and inverse 

(i.e. sp
2
-sp

3
), indicating a smaller force constant observed by C-H compared to C-D when 

obtaining sp
2
 hybridization while a larger force constant is observed by C-H versus C-D 

when obtaining sp
3
 hybridization. In order to prove the applicability of secondary KIE, an 

inverse isotope effect is utilized to delineate an enzyme mechanism (Figure 1.2.2).
5 

A.        B.  

 

 

 

 

Path A 

Path B Path A 

Path B 
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Figure 1.2.2. A. Proposed enzymatic mechanism posing two reaction pathways (Path A and Path B) B. Probing radical vs. 

nucleophilic mechanisms 

 

To be able to distinguish between radical intermediates or nucleophilic attach, secondary 

isotope effect is measured by deuterating the conjugate base. The carbanion on the conjugate 

base is sp
2
 hybridized before the attack; however, it changes to sp

3
 hybridized carbon upon 

an attack (Path A).
5
 Since there is a change in hybridization from sp

3
 to sp

2
, the isotope effect 

observed must inverse. However, in the alternative scenario (Path B), no significant, if any, 

isotope effect must be observed since carbon's hybridization does not change in a radical 

mechanism.
5
 The secondary isotope effect measured revealed an inverse isotope effect of 

0.84 supporting the nucleophilic mechanism (Path A).
5
 In addition to using hydrogen and 

deuterium to observe fairly large isotope effects, it is possible to measure even smaller 

isotope effects by observing heavy atom isotope effect, such as 
13

C and 
12

C kinetic isotope 

effect. In this scenario, the isotope effects measured are on the order of 1.01-1.03 (normal) 

and 0.90-0.99 (inverse).
5 

The research described in this paper requires one to utilize both experiment and theory in 

concert to elucidate the origin of stereoselection in a number of systems and hydrogen 

tunneling using both 
2
H and 

13
C isotope effects. There are many problems associated with 

transition state theory one of which being dynamical corner cutting. This phenomenon, which 

is neglected by transition state theory in non gas-phase systems, results from conformational 

sampling due to excess vibrational energy residing in the reactant that results in traversing 

the barrier away from the minimum energy path (MEP). In spite of potential complications 
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arising from the use of first-order saddle points to describe the transition state, it seems that it 

is a fairly valid way to approximate transition state in most cases.  

2. Background 

 2.1 Hydrogen Transfer 

Hydrogen transfer is one of the most important processes occurring in numerous 

synthetically useful transformations and majority of biochemical reactions. This phenomenon 

is so important that even pharmaceutical companies try to prevent it by substituting fluorine 

for hydrogen to make the drug even more stable until it reaches the target molecule in 

biological systems.
5
 Even though it is very common and important, the effects of tunneling 

(Section 2.2) upon hydrogen transfer in many reactions remain poorly understood. There are 

excellent models for explaining proton-coupled electron transfer reactions; however, the 

quantum mechanical behavior of hydrogen remains vague for the majority of reactions. 

Because of such weakness in our understanding of tunneling, realization of the factors 

dictating reactivity and selectivity in many reactions has been impacted.  

  2.1.1 Pericyclic Reactions 

There are few synthetically important reactions involving cyclic hydrogen transfer - such as 

Swern oxidation, Dess-Martin periodinane, and Corey-Kim oxidation - that have been used 

to great advantage in countless syntheses. There is also Ru(II)-catalyzed hydrogenation that 

is thought to occur via rate-limiting hydrogen transfer involving a pericyclic transition state. 

Another important cyclic hydrogen transfer is a β-Hydride elimination. A pericyclic reaction 



23 
 

is one that involves a transition state with a cyclic array of atoms and an associated cyclic 

array of interacting orbitals. In other words, pericyclic hydrogen transfers posses a five- or 

six-member ring transition structure where a hydrogen is transferred from a donor to an 

acceptor within the same molecule  (Figure 2.1.1).
6 

 

 

 

 

Pericyclic reactions are concerted reactions. Such reactions occur in a single step without any 

intermediates as opposed to stepwise reactions that possess one or more intermediates 

(carbocations, radicals, carbenes, or carboanions). However, not all concerted reactions are 

pericyclic such as SN2 reactions, which are concerted, but not pericyclic. There are few 

approaches to the pericyclic theory one of which being the connection between aromaticity 

and pericyclic reactions. Aromaticity in pericyclic reactions is tested using a computational 

method termed NICS (Nucleus Independent Chemical Shift), which calculates the absolute 

magnetic shielding at the center of the transition structure's ring taken with reverse sign 

(covered further in section 3).  

In spite of the importance of cyclic hydrogen transfers, their behaviors are poorly understood. 

For instance, it was not until recently that the influence of hydrogen tunneling was 

demonstrated in the Swern oxidation.
7
 Therefore, it is evident that further research is 

Figure 2.1.1. Intramolecular syn-β-Elimination concerted reactions with Five-Membered Transition States 

(Left) and intramolecular concerted reaction with Six-Membered Transition State (Right). 
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desirable in such reactions to be able to understand the role of tunneling in comparable 

reactions. 

  2.1.2 Asymmetric Reductions 

One of the most extremely active areas of research is the development of new stereoselective 

reactions.
8
 One that has gained an extreme attention and effort over time is the understanding 

of the physical interactions that serve to break symmetry when moving from reactant to the 

transition states on MEP. To gain a better understanding of such reactions, it is crucial to note 

that stereoselection arises from a balance between favorable orbital overlap and steric 

repulsion in the transition state, which is why KIE measurements are required to precisely 

measure the forces around atoms of interest as they change when traversing the energy 

barrier. Hydrogen transfer is a crucial step in breaking the symmetry of a molecule. For 

instance, to study the symmetry breaking process using a chiral reductant such as (-)-B-

Chlorodiisopinocampheylborane (DIP-Cl or Ipc2BCl), one has to use a system that contains 

enantiotopic groups since such groups become diastereotopic upon asymmetric reduction 

(Figure 2.1.2).
9
  

 

 

 

 

Figure 2.1.2. Asymmetric reduction of 2,4'-Dimethylpropiophenone possessing enantiotopic groups using (-)-

DIP-Cl as the reductant. ‡ - Qualitative transition structure model, IPc - isopinocampheyl. 
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To accurately study this reaction or similar reactions, KIE are used since they are typically 

very sensitive to transition structure. These measurements can be utilized to understand the 

electronic, steric, and other effects during reduction. Non-bonding interactions are the key 

concepts covered when studying such reactions (Sections 6 and 7). 

 2.2 Reaction Rate Theory 

Rate processes are characterized by rare events; they are phenomena that take place on a long 

time scale.
10

 Rate theory provides information on the long-time behavior of systems with 

different metastable states, which is very important to understand many different chemical 

processes. For a reaction to take place, the particle has to overcome the energetic barrier 

separating the two states - reactants and products. The particle has to obtain enough energy 

from its surroundings to traverse this energy barrier, which suggests an activation energy 

much larger than the thermal energy. 

  2.2.1 Classical View 

Traversing the energy barrier when discussing reaction rate is a classical phenomenon 

realized by Svante Arrhenius, which is often used to experimentally determine energies for 

the reaction barrier (Figure 2.2.1).
11,12
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Figure 2.2.1. Classical view of reaction rate 

where the particle overcomes 

the energy barrier from one 

state (reactant) to the next 

(product). 
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Arrhenius' suggestion that a transition state exists which is intermediate between reactants 

and products was central to the development of rate theory. Arrhenius rate law (Eq. 2.2.1.1) 

was derived empirically. This derivation solely was dependent on the observed exponential 

increase in the reaction rates as the absolute temperature increased. This method assumes that 

the barrier to the reaction is associated with the activation energy.  

          
   
                                            Eq. 

2.2.1.1 

It was not until late 1930s that Henry Eyring derived a formula for the rate that allowed one 

to estimate the prefactor (Arrhenius' prefactor, A) in the rate expression. In most previous 

works, the relative rates of reactions helped to eliminate the prefactor; however, Eyring 

derived the expression for the prefactor based on the assumption of an equilibrium between 

the activated complex and reactants. He postulated that at the saddle point (transition state), 

any quantum state perpendicular to the reaction coordinate reacts with the same universal 

time constant kBT/h, where h is 2πħ (Eq. 2.2.1.2).
11,13

  

   
   

 
      

      

         
   

 
  

 
   

 
 
 
 
    

  
 
   Eq. 2.2.1.2 

To derive this equation, the statistical mechanic analysis can be given in terms of 

thermodynamic parameters or activation parameters of Gibbs free energy, entropy, and 
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enthalpy, which are denoted as    ,    , and    , respectively. The ability of measuring the 

activation gives us the information about the transformations taking place at the transition 

state. In addition, these parameters provide us with the relative energies of the reactants and 

activated complex. Although classical rate theory has reached a high level of maturity, its 

quantum analog leaves the theorist with serious challenges. 

  2.2.2 Quantum Mechanical View 

The classical view assumes that only molecules having more energy than the average 

actually undergo reaction. Eyring's theory utilizes quantum mechanical descriptions in stable 

vibrational modes; however, the unstable vibrational mode that corresponds to motion along 

the reaction coordinate at the saddle point is treated classically.
11

 In early work, Bell used the 

WKB approximation to treat the unstable mode quantum mechanically. Based on the 

quantum mechanical approach, which treats a wavefunction as a probability density, the 

degree to which a wavefunction can penetrate the classical barrier depends on the values of V 

(potential energy) and E (kinetic energy) in the one dimensional Schrödinger equation (Eq. 

2.2.2.1).
2 

     
   

     
  

  
           Eq. 2.2.2.1 

Keep in mind that there are many scenarios one can predict for such a system; however, only 

for some values of E is it possible to construct a well-behaved function. In other words, the 

energy is quantized in a system with a boundary on each side. In attempting to construct a 

quantum mechanical version of transition state theory, it is valid to quantize the motion on 
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the dividing surface - for instance the (N-1) degrees of freedom in the Hamiltonian since 

these degrees of freedom correspond to bounded motions. In addition, the Born-

Oppenheimer (approximation) potential energy surface allows one to make the Hamiltonians 

simpler by allowing the wavefunction to be separated into its electronic and nuclear 

(vibrational and rotational) components (Eq. 2.2.2.2).
2
 Furthermore, whereas the classical 

transition state theory rate expression requires knowledge of the potential energy surface on 

the dividing surface, the quantum mechanical expressions require knowledge of the potential 

energy surface for some region about the dividing surface because of the quantum nature of 

the reaction coordinate (i.e., the tunneling correction). 

                                                                               Eq. 2.2.2.2 

                    
        (where j is electronic energy) 

               
 
     
   

    
     
  

   (where    is the harmonic frequency of normal mode i) 

             
           

   
        

   

            (where IA is the moment of inertia around axis A) 

                 
     

   
   

           (where M is mass, V is volume, and h is Plank constant) 

  2.2.3 Tunneling Correction - Inverse Parabola 

The transition state formulation of chemical kinetics involves a quantum correction, which is 

expressed in terms of the curvatures of the energy surface. The energy surface has positive 

curvatures in most dimensions, which corresponds to the vibrations of the transition state. 
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The corresponding terms in the quantum correction involve the zero-point energies and the 

higher energy levels of these vibrations.
14

 Assuming a one dimensionality to the reaction 

coordinate, the energy surface has a negative curvature, which corresponds to a maximum in 

the potential energy. The quantum correction for this coordinate is called tunnel effect.
15

 

Understanding the factors that drive tunneling, the hydrogen transfer occurring through the 

energy barrier separating reactant from product, is key to exploring a large number of 

reactions involving C-H bond cleavage. Such non-classical behavior is expected to transfer a 

light atom (protium) over a short distance compared to a heavier atom (deuterium) since the 

de Broglie wavelength is 0.63Å for protium and 0.45Å for deuterium.
15

 The tunneling effect 

was introduced by R. P. Bell in 1958. The so-called Bell tunnel correction model of semi-

classical transfer assumes the tunneling takes place just below the classical transition state 

(Fig. 2.2.3.1).
16

  

 

 

 

 

 

However, this correction model accommodates minor corrections to the rate of a reaction. It 

is noteworthy to refer to Arrhenius pre-factor in this discussion since the Arrhenius pre-factor 

ratios (for a lighter versus a heavier isotope) is greater than unity when a reaction proceeds 
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purely by tunneling and less than unity when there is moderate tunneling. The conventional 

view of tunneling in small molecular systems holds that hydrogen tunneling becomes 

significant only at very low temperatures (Eq. 2.2.1.2).
17

 Furthermore, in some cases, hydride 

transfer was found to involve a significant tunneling contribution as a corner-cutting process, 

about 4-8 kJ/mol beneath the top of the reaction barrier. This phenomenon was accounted for 

using variational transition state theory with large tunneling correction (Fig. 2.2.3.2).
18

 

However, this tunneling correction is the simplest model for only one reaction coordinate. It 

is clearly an approximation to assume that the reaction coordinate is only N-1 degree of 

freedom of the system. To have a quantum transition-state theory that does not consider this 

assumption, it is crucial to acquire a multidimensional tunneling treatment.
19 

 

 

 

 

 

   

  2.2.4 Tunneling Correction - Multidimensional Tunneling 

Tunneling is often very important for hydrogen, proton, and hydride transfer reactions. 

Tunneling is intrinsically multidimensional because the curvature of the minimum energy 
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Figure 2.2.3.2. Examples of tunneling paths for (proton, hydride, or hydrogen atom) transfer. Left - small-curvature 

tunneling case (red line) where Bell-correction to tunneling is applicable and Right - large-curvature 

tunneling case (red line) where large tunneling correction is necessary for what it is referred to as corner-

cutting process. 
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path couples it with the other coordinates (Fig. 2.2.4.1).
19

 In multidimensional tunneling 

models, the effective barriers may contain centrifugal terms due to the fact that the tunneling 

coordinate is curvilinear. Variation of the quantized vibrational energies as a function of 

progress along the tunneling coordinate is neglected in one-dimensional tunneling models. In 

a multidimensional tunneling path, the isotope-dependent effective potential for tunneling 

includes the vibrationally adiabatic energy release of modes transverse to the path. There are 

methods utilizing the assumption of adiabaticity in natural collision coordinates. In these 

methods, the rotational and vibrational coordinates are removed from explicit consideration, 

leaving an effective Schrödinger equation with a potential that is a function of a single 

reaction coordinate.  

It is valid to conclude this section with an important fact about multidimensional tunneling; 

the important factor about multidimensional tunneling is that it can sometimes exhibit 

features that are counterintuitive to those used to think about the one-dimensional tunneling; 

for instance, deuterium can tunnel more than protium.
20

 This would be impossible if both 

isotopes tunnel along the same path with the same effective potential, but in 

multidimensional tunneling, both the tunneling paths and the effective potentials depend on 

all the masses in the system. 
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2.3 Steric Interaction 

Steric effect is a widely used concept in chemistry, and it originates from the fact that atoms 

in a molecule occupy a certain amount of space. Due to such restricted space, hindrance is 

induced in the expense of shape, reactivity, energy and more. An excellent definition of steric 

effect has to show the fact that the effect is repulsive in nature and extensive in size. It is 

repulsive because it relates to occupied space and the overlap with others result in increased 

forces between the atoms; therefore, increasing the energy of the system. Steric repulsion 

arises from the reinforcement of filled orbitals caused by no participation in bonding, where 

the negative electrostatic field of the electrons in the orbitals is repulsive. Furthermore, it is 

extensive because the bulkier the system, the larger the steric effect.
21

 The contribution from 

the quantum effect observed in steric interactions comes from the Pauli exclusion principle 

and dynamic electron correlation effect, which prevents both same-spin and opposite-spin 

electrons from coming together.  

Steric effects can have a dramatic influence on the rate of a reaction, in addition to the 

conformations.
22

 Large groups (composed of small or large atoms) influence the rate and 

conformation when molecules collide so that the reactants are deflected from the angle of 

collision necessary for the reaction to occur.
23

 This phenomenon works to our advantage to 

study such interactions with the use of kinetic isotope effect. 

  2.3.1 
2
H Isotope Effect 

Since the steric effect can change the rate of a reaction, it is valid to use deuterium isotope 

effect to study a wide range of reactions to gain an insight into the system's transition state. 
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Therefore, deuterium KIE offer a direct method for probing steric repulsion.
23

 Steric 

deuterium IEs originate from quantum mechanical differences in the vibrational 

wavefunctions of C-H and C-D bonds. Considering the bond lengths, C-D bonds are 

effectively shorter than C-H bonds for two main reasons. For one, the differences arise from 

the anharmonicity nature of the vibrational wells describing C-H and C-D stretching modes. 

Due to the zero-point energy for the C-H and C-D bonds, former resides higher than the latter 

in the vibrational wells (Fig. 2.3.1.1).  

 

 

 

 

 

Due to this difference, the average distance of hydrogen from the carbon center becomes 

greater than that of deuterium.
24

 The second reason for a difference between C-H and C-D 

bond length arises from the relative widths of the ground state stretching wavefunctions or 

the de Broglie wavefunction as mentioned in section 2.2.3. The smaller the reduced mass 

associated with C-H stretching vibrations, the more disperse the wavefunction.
16,25

 Therefore, 

for a reaction having a CD3 versus a CH3 group, the former encounters less steric interactions 

compared to the latter, which gives rise to difference in reactivity and reaction rate that is 

accurately measureable.  
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A classic example of this effect is in the racemization of the chiral biphenyl compound 

characterized by Mislow (Scheme 2.3.1.1).
26

 The rotation about the central bond racemizes 

the material and forces a severe steric interaction between the two methyl groups in the 

transition state. If the methyl group is replaced with the deuterated analogue, it is found that 

the deuterated analogue racemizes faster than the perprotiated molecule. This is consistent 

with the fact that D is effectively smaller than H. Studying steric interactions is not limited to 

only deuterium isotope effect; it is possible to observe this phenomenon using heavier atoms 

and their isotopes.  

 

 

 

  2.3.2 
13

C Isotope Effect 

Carbon-13 isotope effect is another useful ways to study the steric interactions; however, it is 

slightly more difficult to measure than the lighter atoms due to only 8% change in mass, 

which has small effect on the reduced masses; this makes the measured isotope effects very 

small. This is completely the opposite of what we observe in reduce mass change when going 

from protium to deuterium, which reflects a 100% increase in the mass. 
13

C KIE are used 

extensively in gaining an insight into understanding transition structures, which ultimately 

lead to a better mechanistic understanding. Since the ZPE disparity between 
12

C and 
13

C is 

not as large as the one observed with protium and deuterium, the isotope effect measured is 

Scheme 2.3.1.1. A classic example of a really severe steric interaction with multiple H/D substitutions 
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usually very small. Due to such effect, the evidence of an existing steric isotope effect in 

different systems has not been very successful. For instance, asymmetric reduction of 2',5'-

dimethylphenyl isopropyl ketone using (S)-Me-Corey-Bakshi-Shibata catalyzed borane 

reduction and asymmetric reduction of 4'-methylisobuyrophenone using B-

chlorodiisopinocamphyl-borane (DIP-Cl) show very small steric interactions.
27,28

 However, 

this method has been very useful in finding the rate-determining step in a multi-step 

reactions, such as proline-catalyzed aldol reaction.
29 

 2.4 Steric Repulsion and Stereoselection 

As mentioned before, steric repulsion results from steric interactions between different 

groups in the course of a reaction, which might prevent the progress of the reaction through 

one transition state while promoting the progress through another transition state. The most 

evident case for observing such behavior is by predicting the models of stereoselection. In 

such models, the major stereochemical pathway proceeds through a transition state in which 

steric repulsion is minimized. This feature is clearly illustrated in the CBS borane reduction 

of 2',5'-dimethylphenyl isopropyl ketone (Fig. 2.4.1).
27,28 

 

 

 

 

Figure 2.4.1. Favored (Left - Si attack) versus disfavored (Right - Re attack) transition structures for (S)-

Me-CBS catalyzed reduction of 2',5'-dimethylphenyl isopropyl ketone using borane. Steric 

interactions favor less steric occlusions present in Si attack. 
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Due to smaller steric interactions in the Si attack scenario in the transition structure, it results 

in a favored route to obtain the major product. Smaller interactions take place between the 

isopropyl group on the ketone and the methyl attached to the catalyst's boron. However, once 

the isopropyl groups is replaced with 2,5-phenyl group, there is higher steric hindrance 

resulting in the minor stereochemical pathway.
28 

3. Swern Oxidation 

 3.1 Introduction 

One of the most useful alcohol oxidations in organic synthesis is the Swern oxidation 

(Scheme 3.1.1).
30

 Swern oxidation of primary and secondary alcohols to form aldehyde and 

ketone moieties, respectively, is one of the most useful methods pioneered by Swern et al.
31

 

The currently accepted mechanism involves the activation of dimethyl sulfoxide (DMSO) by 

reaction with oxalyl chloride, which is followed by nucleophilic attack of the alcohol on this 

activated species, creating an alkoxysulfonium intermediate. This complex intermediate is 

then deprotonated to make an ylide, which is known to be the rate-determining step. The 

ylide undergoes an intramolecular proton abstraction, which leads to bond cleavage and the 

creation of a carbonyl and dimethylsufide. The last step is the product-determining step 

known as an intramolecular syn-β-elimination, which is the most important step that is 

considered in this study. 

 

 

Scheme 3.1.1. Currently accepted mechanism established by deuterium labeling experiments. 
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 3.2 Background 

Until recently, there had been little investigation into the syn-β-elimination in the Swern 

oxidation. This is, to some extent, due to the fact that the preceding reaction step, 

deprotonation of the oxysulfonium intermediate, is rate-limiting. This feature makes it hard 

to explore the syn-β-elimination using linear free energy relationships or intermolecular KIE 

studies. However, intramolecular 
2
H KIE can offer a view into a fundamental reaction step, 

product-determining step (Fig. 3.2.1). One of the most interesting basic questions one could 

ask is that why does Swern oxidation take place at such a low temperature (-78°C) while 

other comparable reactions possessing a five-membered cyclic transition state where six 

electrons are involved in the transition structure such as Cope and Sulfoxide eliminations 

proceed at a much higher temperature (Scheme 3.2.1)?
32 

 

 

 

 

 

 

 

 

Figure 3.2.1. Reaction coordinate for Swern oxidation showing both the rate-determining and product-

determining steps. 
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Bach, Kwart, and others have performed KIE measurements upon other syn-β-elimination.
32

 

Questions regarding the transition state geometry affecting the facility of tunneling have been 

raised with these studies. In addition, the possibility that traditional hydrogen tunneling 

models are inappropriate for some these systems has been raised. Exploration of the 

temperature dependence of the intermolecular 
2
H KIE can lend insight into the importance 

and nature of hydrogen tunneling. However, it is crucial to note that intermolecular 
2
H KIE 

measurements cannot reveal anything about the syn-β-elimination, which is why 

intramolecular 
2
H KIE measurements are utilized in this study; they serve as a point of 

contact with values computed from the transition structure models. 

The KIE measurements done by Kwart and others have yielded interesting results that need 

further investigation.
32

 The important questions to be considered in this study are: 1. Why is 

the syn-β-elimination in the Swern oxidation significantly more facile than other syn-β-

elimination that proceed by five-membered transition states? 2. How important tunneling is 

in this reaction? 3. Is the five-membered transition state aromatic? 4. How is the transition 

state geometry affecting the facility of hydrogen tunneling and whether the tunneling models 

we currently have can accurately model the tunneling effect observed in this reaction? How 

does the change in functional group at the para position of the aromatic will affect the 

electronics of the system, and how will that affect the observed intramolecular 
2
H KIE? 

Scheme 3.2.1. Cope elimination and Sulfoxide elimination reaction conditions and product distributions. 
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 3.3 Results 

 Experimental and Computational Data: 

  3.3.1. Transition State Aromaticity and the β-elimination. 

Considering the five-membered transition structure representing a cyclic six-electron 

transition state, it is important to consider the aspects leading to aromaticity in the transition 

state. Nulceus-Independent Chemical Shift (NICS) method, which was developed by 

Schleyer and co-workers, is employed to analyze the transition states for the syn-β-

elimination step in the Swern oxidation and the intramolecular elimination of sulfoxides.
33

 In 

addition, NICS is utilized to characterize the aromaticity of  several pericyclic transition 

states. Stable aromatic rings are present in each structure to provide a NICS value, which is 

used as a standard against the NICS value at the center of the five-membered transition state 

(Figure 3.3.1.1).
33

 Here, Gauge-Independent Atomic Orbital (GIAO) method is utilized to 

compute NICS values for the bystander aromatic ring and the geometric center of the active 

atoms in the five-membered transition structures.  
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Knowing that large negative NICS value corresponds to aromaticity, it is evident that the 

five-membered cyclic transition structure behaves, in fact, similar to aromaticity existing in 

the stable aromatic rings. This suggests the movement of electrons in this five-membered 

transition structure, which results in absolute magnetic shielding similar to any aromatic ring.  

Furthermore, geometrically, the transition structure for the thermolysis in sulfoxide 

elimination (TS2) is similar to exo-TS1. Considering the NICS calculations for both 

transition structures, it is evident that the value for sulfoxide elimination is notably smaller 

than those for the syn-β-elimination stem in the Swern oxidation, but still might be classified 

as having substantial aromatic character. In conjugation with NICS values shown in Figure 

3.3.1.1, it is valid to point out the C-S bond characteristic. Performing the calculations in 

both gas phase and polarizable continuum, the S-C bond in sulfur ylide changes by less than 

0.001 Å; this leads to the conclusion that the ylides are best represented as possessing a S-C 

double bond versus the alternative single-bonded resonance structure. This observation 

suggests that the syn-β-elimination step is the Swern oxidation is pericyclic. With this in 

mind, there are well-studied pericyclic reactions involving hydrogen transfer with reported 

NICS values to which syn-β-elimination step can be compared. For instance, the [1,5] 

sigmatropic hydrogen shift that occurs upon heating (Z)-1,3-pentadiene has served as a 

Figure 3.3.1.1. NICS values for the (A) endo-TS1, (B) exo-TS1, and (C) sulfoxide elimination (TS2) 

transition structures computed using B3LYP/6-31+G(d,p). 
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previous comparison to the syn-β-elimination step in the Swern oxidation.  The NICS value 

computed for the six-membered transition structure in this reaction optimized at B3LYP/6-

311+G(d,p) yields a -16.6 value. This NICS value is smaller than that found for the pericyclic 

hydrogen transfer explored here; however, it is larger than that computed for the sulfoxide 

elimination shown in Figure 3.3.1.1. This comparison further suggest that the syn-β-

elimination step in the Swern oxidation is pericyclic, yielding some insight into why this 

fundamental reactions step is so facile. 

  3.3.2. Computational Models of the Transition States 

The Swern oxidation poses some challenges with regards to interpreting the observed 

experimental intramolecular KIE. Due to the stereogenic sulfur center present in the ylide, 

the abstraction of benzylic hydrogen atoms from the pro-S and pro-R positions represents 

distinct first-order saddle points on the potential energy surface for this reaction (Scheme 

3.3.2.1). These two transition structures are classified as endo-TS1 and exo-TS1. 

 
Scheme 3.3.2.1. Competing Reactions Leading to Intramolecular KIE Measured in Swern oxidation. 
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If the energy difference between the two transition states was larger than the energy 

differences that give rise to the primary 
2
H KIE, then no intramolecular KIE would be 

observed. However, the two competing transition structures seem to have similar structural 

and energetic properties (Table 3.3.2.1). 

 

Parameters/TSs r1(Å) r2(Å) r3(Å) r4(Å) r5(Å) iν≠(cm
-1

) Erel
a 

endo-TS1 2.241 1.657 1.816 1.189 1.337 -390 0.5 

exo-TS1 2.225 1.656 1.802 1.189 1.335 -367 0.0 

a
 Relative computed gas phase using B3LYP/6-31+G(d,p)] energies in kcal/mol 

 

Due to similar energetic requirements for both transition structures, the effect of isotopic 

substitution upon the relative free energies of reaction manifest themselves in the observed 

KIE (See Section 3.3.3). To present the magnitude of the isotope effects that one might 

expect, it is crucial to note that experimental KIE values comprise of both primary and 

secondary isotope effect. Therefore, to obtain the computed KIE, it is instructive to compute 

the ratio of the primary and secondary 
2
H KIE for both the endo-TS1 and exo-TS1 structures. 

The ratios are 2.19 and 2.26 for endo-TS1 and exo-TS1, respectively. The computed ratios 

deviate strongly from the measured intramolecular KIE (see section 3.3.3). One of the major 

Table 3.3.2.1. Structural Metrics and Relative Energy Difference between the endo-TS1 and exo-TS1 

Transition Structures. 
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reasons for such deviation could be due to the possible stereoinversion for the sulfur ylides, 

which is discussed in detail in Section 3.4 (Fig. 3.3.2.1). The first kinetic scheme (Fig. 

3.3.2.1A) assumes forbidden stereoinversion for the sulfur ylides 2 and 3. The other limiting 

case is facile stereoinversion at the sulfur center for 2 and 3 (Fig. 3.3.2.1B). 

 

 

  3.3.3. Temperature Dependence of Intramolecular KIE 

Primary 
2
H KIE dependency on the temperature is utilized to diagnose the presence of 

hydrogen tunneling because KIE are among the most successful experimental tools utilized 

to explore tunneling effects. The maximum 
2
H KIE to be expected from semiclassical 

transition state theory is approximately kH/kD = 7 at 25°C. When the isotope effect is 

Figure 3.3.2.1. Limiting Curtin-Hammett scenarios: (A) Forbidden stereoinversion and (B) Facile 

stereoinversion of ylides 2 and 3. 
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calculated at lower temperature, for instance at -78°C, a value of 19 is obtained. However, 

the intramolecular KIE measured and reported in this study are drastically lower than the 

semiclassical value (Table 3.3.3.1).
18

 Even though the KIE measured here are the ratios of 

primary over secondary KIE, they are dominated by, mainly, the primary 
2
H KIE factors.  

 -78 
o
C -63 

o
C -47 

o
C -23 

o
C 

2
H KIE 

(experiment) 
2.82 ±0.06 2.37 ± 0.05 2.22 ± 0.02 2.08 ± 0.07 

2
H KIE 

a 
2.76 2.44 2.23 2.04 

2
H KIE (no 

inversion) 

1.63 1.60 1.57 1.53 

2
H KIE (inversion) 1.89 1.81 1.74 1.65 

(1
o
/2

o
) KIE (endo-

TS1) 

1.85 1.77 1.70 1.62 

(1
o
/2

o
) KIE (exo-

TS1) 

2.00 1.90 1.82 1.72 

a Computed intramolecular KIE with no stereoinversion at the sulfur center with amplification factors of 2.3 and 2.6 for the imaginary 

frequencies corresponding to deuterium abstraction (k1 and k2) and protium abstraction (k2 and k4) respectively. 

 

Based on the previous works on hydrogen transfer and tunneling effect, it is valid to study 

primary (1°) 
2
H KIE dependency on the temperature. This method is a frequently used 

technique for exploring the importance of tunneling to the magnitude of the observed KIE 

(Fig. 3.3.3.1). If there is a tunneling effect, a curvature in plots of ln(1° - KIE) versus 1/T 

would suggest a significant tunneling effect upon the observed KIE. Tunneling affects 

primary 
2
H KIE to a greater degree than secondary 

2
H KIE. Considering the fact that the KIE 

calculated and measured in this study resemble a ratio of primary to secondary 
2
H KIE, one 

would expect the Arrhenius plot to be significantly curved if tunneling is playing a role in 

this reaction. 

Table 3.3.3.1. Intramolecular 
2
H KIE measured in dichloromethane as a function of temperature for both 

experimental measurements and computed values. 
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Equations 3.3.1 and 3.3.2 arise from taking into consideration the stereoinversion of the 

sulfur center in 2 and 3 (See Section 3.4). Equation 3.3.1 assumes a facile stereoinversion of 

the sulfur center in 2 and 3 while equation 3.3.2 assume a forbidden stereoinversion. 

     
   

   
  

      

      
 

     
   

   
  

               
               

 

The open circles containing the 2.3 and 2.6 amplifications of imaginary frequencies is 

referred to as "ad hoc" imaginary frequency amplification. By doing so, the curvature and 

values were reproduced for this complex temperature dependent kinetic expression involving 

four transition states. This correction takes place in a curve-fitting fashion, which is expected 

from tunneling corrections that take into account deviations from the minimum energy path.  

  3.3.4. Solvent Effect upon Intramolecular KIE 

Figure 3.3.3.1. Arrhenius plots of the experimentally determined intramolecular 
2
H KIE (closed circles), 

computed KIE give by equation 3.3.1 (open squares) and 3.3.2 (closed squares) and KIE 

computed from equation 3.3.2 employing static multipliers of 2.3 and 2.6 for the imaginary 

frequencies corresponding to deuterium and protium transfer, respectively. 

Eq. 3.3.1 

Eq. 3.3.2 
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Another cause of disagreement between experimental and computational KIE is the use 

of inappropriate calculations. The computational KIE obtained thus far are the outcome of 

gas phase calculations to model reactions occurring in solution. If there is a considerable 

amount of charge buildup, it might be that optimization of the transition structures in the 

presence of a continuum model would yield transition structures that differ substantially from  

those optimized in the gas phase. The optimized transition structures of the endo-TS1 and 

exo-TS1 are obtained in the presence of a dielectric continuum model of dichloromethane 

(Fig. 3.3.4.1). Polarizable Continuum Model (PCM) using the Integral Equation Formalism 

Variant (IEFPCM) method creates a solute cavity via a set of overlapping spheres developed 

by Tomasi and coworkers.
34

 For these calculations, the IEFPCM model was employed. 

    

 

The transition structures for both gas phase and PCM seem to very similar. To test this 

observation, the structure and energetic properties of the two competing transition structures 

were calculated using PCM (Table 3.3.4.1).  

Parameters/TSs r1(Å) r2(Å) r3(Å) r4(Å) r5(Å) iν≠(cm
-1

) Erel
a 

endo-TS1 2.296 1.649 1.864 1.174 1.343 -286 0.4 

exo-TS1 2.273 1.649 1.866 1.175 1.345 -272 0.0 
a
 Relative computed PCM using IEFPCM energies in kcal/mol 

A B 

 

Figure 3.3.4.1. Two distinct first-order saddle points (Left Models) for the syn-β-elimination step using gas 

phase calculations: (A) endo-TS1 and (B) exo-TS1. Overlays of endo-TS1 and exo-TS1 

structures (Right Models) in the gas phase and optimized using a PCM with dielectric constant 

corresponding to dichloromethane. 

Table 3.3.4.1. Structural Metrics and Relative Energy Difference between the endo-TS1 and exo-TS1 

Transition Structures optimized using PCM of dichloromethane. 

B 

 

A 
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There are three main alterations introduced by optimization using PCM that will be 

discussed in section 3.4. However, to further investigate the effect of solvent experimentally, 

intramolecular KIE were measured in different chlorinated solvents. Five replicates of 

measurements were performed in both dichloromethane and carbon tetrachloride based on 

the knowledge that the dipole moments, dielectric constants, and vibrational densities of 

states of these two solvents are very different (Table 3.3.4.2). 

 CH2Cl2 CCl4 PhCl C2H4Cl2 CHCl3 

ε 8.9 2.2 5.6 10.1 4.7 

μ 1.14 0.00 1.54 1.80 1.15 
2
H KIE (experiment) 2.08 ±0.07 2.17 ± 0.04 2.14 2.08 1.98 

2
H KIE (no inversion) 1.53 1.51 1.41 1.52 1.52 

2
H KIE (inversion) 1.65 1.81 1.68 1.64 1.70 

(1
o
/2

o
) KIE (endo-TS1) 1.62 1.75 1.64 1.61 1.67 

(1
o
/2

o
) KIE (exo-TS1) 1.72 1.86 1.74 1.71 1.76 

ε is the dielectric constant, μ is the dipole moment of solvent used in this study 

  

3.4 Discussion 

Intramolecular KIE have traditionally been utilized in systems where the competing positions 

are equivalent by symmetry. This is a factor to consider when studying Swern oxidation 

since the presence of a chiral sulfur center in the ylide makes the benzylic positions 

diastereotopic and therefore inequivalent. Due to such effect, it is crucial to include few 

adjustments. The experimentally determined KIE is composed of rate constants k1 - k4 

(Scheme 3.3.1).  It is also important to note that the stereochemical inversion at the sulfur 

center can further complicate the expression of the observed KIE in terms of rate constants k1 

- k4. In order to elude the complications arising from the stereoinversion at the sulfur center, 

Table 3.3.4.2. Intramolecular 
2
H KIE Measured at -23°C as a Function of Solvent, Computed KIE under 

Assumption of No Stereoinversion and Facile Stereoinversion, and Ratios of Primary to 

Secondary 
2
H KIE for the Two Distinct Transition Structures. 



48 
 

it is instructive to consider two limiting Curtin-Hammett kinetic regimes (Scheme 3.4.1). The 

computed intramolecular KIE under the assumption of facile stereoinversion is 2.21, which is 

smaller than the experimental value of 2.82 at -78°C. Furthermore, the computed 

intramolecular KIE under the assumption of no stereoinversion is 1.58, which is substantially 

smaller than the experimental value. 

 

One of the valid hypotheses could be that the Swern oxidation is extremely facile and 

tunneling is taking place that could be accounted for using a simple one-dimensional 

correction. This hypotheses would be contradictory to the expectation that chiral sulfur ylides 

are conformationally stable. To overcome this problem, the enthalpy of activation for both 

Curtin-Hammett scenarios are calculated. Temperature dependence of the rate constant for 

inversion yielded an enthalpy of 23.3 kcal/mol. Same calculations for an unstable ylide were 

performed by Eastman that yielded an enthalpic barrier of 28.0 kcal/mol. This leads to the 

fact that the barrier for inversion between 2 and 3 is high enough to prohibit any substantial 

stereoinversion at any of the temperatures explored in this study. Knowing that the 

stereoinversion is not the reason for disparities between the experimental and computed 

Scheme 3.4.1. Kinetic Scheme Utilized for Testing the Two Limiting Curtin-Hammett Scenarios. 
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intramolecular KIE, one might consider other possibilities: 1. the energy difference between 

endo-TS1 and exo-TS1 is not estimated correctly with B3LYP functional 2. using a proper 

solvent model might change the frequencies corresponding to the transition structures 3. the 

effects of hydrogen tunneling upon the KIE in this reaction step are not accounted for with a 

simple Bell correction. One of the main possible problems with disparities between the 

computed and measured intramolecular 
2
H KIE is the validity of using density functional 

theory for treating the current system. The endo-TS1 structure is placing the S-Me group 

near the face of the phenyl ring in the substrate. Dispersion interactions mediated by electron 

correlation are not reproduced by B3LYP functional. The energy differences between endo-

TS1 and exo-TS1 can arise from the inclusion of dispersion interactions. Based on the 

electronic energy calculations of both transition structures using Grimme's B97D functional, 

it is evident that endo-TS1 is slightly lower in potential energy than exo-TS1. However, the 

change is not substantial; in addition, the overall effect is a lowering of the expected 

intramolecular KIE under the assumption of no stereoinversion at the sulfur center to 1.47 

versus 1.52 for B3LYP calculations in the gas phase. Furthermore, calculations using PCM 

for dichloromethane yield 1.42 using the B97D functional versus 1.63 using B3LYP 

functional. It seems that dispersion forces do affect the relative energies of the two transition 

structure, but do not change the computed intramolecular 
2
H KIE considerably. Let us 

consider the effect of solvent on experimental intramolecular 
2
H KIE as a source of disparity.  

  3.4.1 Solvent Effect upon Intramolecular KIE. 
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Solvent effect is another source of disparity observed in intramolecular 
2
H KIE (Table 

3.3.4.2). There are two distinct alterations one needs to consider when using PCM. First 

consideration to take into account is the bond lengths; the only bond that considerably 

changes is the S-O bond, which becomes longer due to the positive charge on sulfur and the 

negative charge on oxygen. This will factor in when calculating the frequencies, which will 

have a substantial change upon the imaginary frequencies. The imaginary frequency is 

reduced by 100 cm
-1

 for both endo-TS1 and exo-TS1. The intramolecular 
2
H KIE calculated 

for both transition structures using PCM are still distant from those measured experimentally. 

Considering the no stereoinversion scenario, the 
2
H KIE increases to 1.63 using PCM versus 

1.58 using gas phase method where both of which are still substantially lower than the 

experimental value of 2.82. Furthermore, considering the stereoinversion scenario, the 
2
H 

KIE increases to 1.89 using PCM versus 1.72 for exo-TS1 and 1.85 for endo-TS1 using gas 

phase method where both of which are still substantially lower than the experimental value of 

2.82. Therefore, the data provided by PCM calculations suggest that disparities between 

calculation and experiment cannot be explained by including the electrostatic solvent effect 

in the calculations. 

Another possibility to explain the difference between calculated and experimental KIE is 

dynamical corner-cutting (Section 2.2.3 on Tunneling).
35,36

 The ylide formed post rate-

limiting step could retain vibrational energy in crossing the dividing surface between the 

ylide and the products. The resulting alteration in the geometry will affect the rate due to 

isotopic labeling. The best way to test this hypothesis is to measure intramolecular 
2
H KIE in 

different solvents possessing differences in the dielectric constants and the dipole moments. 
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Solvents with a high density of states should facilitate vibrational relaxation in going from 

the transition state for deprotonation to the ylide intermediate. The experiments were 

performed at -23°C, which is the freezing point of carbon tetrachloride (Table 3.3.4.2). 

Examining the KIE in difference solvents, it is evident that the KIE values measured in 

chlorobenzene and carbon tetrachloride are very similar. This is very surprising considering 

the fact that there is a difference between the two solvents in terms of dipole moment and 

vibrational density of states. Furthermore, considering two other solvents, such as 

dichloromethane and chloroform, the intramolecular 
2
H KIE measured differ substantially 

given the fact that they have similar dielectric constants and dipole moments. In summary, 

this observation leads to the fact that solvent effects upon the experimental intramolecular 
2
H 

KIE appear to be small and cannot be interpreted as dynamically responsive. However, it is 

important to note that temperature studies are crucial to understand the potential dynamical 

difference among the solvents since variety of vibrational relaxations have been observed in 

chlorinated solvents. 

  3.4.2 Temperature Dependence of Intramolecular KIE 

Keep in mind that the measured intramolecular KIE reported in this study is 2.82 ± 0.07, 

which is an order of magnitude smaller than the semiclassical value extrapolated to -78°C. 

Based on the KIE value alone, it is not possible to conclude that tunneling is the main factor 

in observing the discrepancies in computed and measured KIE.
37,38

 Especially, if one looks at 

the reduced masses obtained from calculations in the oxidation of benzyl alcohol - 4.39 for 

exo-TS1 and 3.62 for endo-TS1. It is important to note that most hydrogen transfer reactions 
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have reduced masses near one. This is why it is crucial to measure intramolecular 
2
H KIE at 

different temperatures. Once the Arrhenius plot is constructed by looking at the plots of ln(1° 

- KIE) versus 1/T, the effect of tunneling  becomes clear (Fig. 3.3.3.1). The curvature 

observed in the plot is a strong indication of tunneling; however, Bell correction to tunneling 

does not fix the KIE disparity problem. In fact, what is surprising is that the Bell tunneling 

correction is nearly the same for transfer of H and D in the endo-TS1 and exo-TS1 transition 

structures optimized in a PCM for dichloromethane. The same is true with gas phase 

calculations, which results in an exhausted possibilities to what is causing the disparities in 

the KIE values. 

As you may recall, a simple magnitude amplification of imaginary frequency corresponding 

to deuterium transfer by a factor of 2.3 and imaginary frequency corresponding to protium 

transfer by 2.6 could produce the temperature dependence of a complex kinetic expression 

that involves the transition states. This is referred to as ad hoc imaginary frequency 

amplification. Frequency amplification can be thought of as an effective reduction in the 

reduced mass, an increase in the force constant magnitude, or both. This simple correction 

reproduced the data in such a way that one might expect from tunneling corrections. Such 

tunneling correction takes into account a type of tunneling that takes place away from the 

minimum energy path (MEP), which is referred to as corner-cutting tunneling (Fig. 3.4.2.1).  
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In such scenario, the pathway describing the average trajectory for protium transfer deviates 

from that which is describing the deuterium transfer. The geometry of the transition structure 

is so different when transferring protium or deuterium that protium tunneling occurs at a 

greater donor/acceptor distance than deuterium tunneling. In addition, the tunneling pathway 

for protium proceeds under regions of greater potential energy than those corresponding to 

deuterium transfer. Considering this fact, it is valid to study the substituent effect that will 

directly alter the electronics of the system.  

  3.4.3 Substituent Effect upon Intramolecular KIE 

In order to evaluate how substituents control reactivity in cyclic hydrogen transfers, Hammett 

plot is utilized, which is the most common Linear Free Energy Relationship (LFER). There is 

a number of σ values - σ
+
, σ

-
, σR, σI, σpara, and σmeta - that have been determined 

experimentally; this is necessary because each different position on the aromatic ring will 

have different effect on the reaction and reactivity. Hammett defined a scale that measured 

the ability of substituents to influence the acidity of benzoic acid (Scheme. 3.4.3.1).
39

 The 

Figure 3.4.2.1. Graphical illustration of corner-cutting tunneling. MEP is represented with the blue path 

while the red path represents corner-cutting tunneling pathway. 
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substituents are placed meta and para to the carboxylic acid to eliminate any possible steric 

effects associated with an ortho substituents, and therefore only field, polarizability, 

inductive, and resonance effects are operative. 

  Scheme. 3.4.3.1 

The benzoic acid ionization is a reference reaction that creates a negative charge and 

compare other reactions to it as a means to see whether those reactions will also create a 

negative charge, or conversely, a positive charge. To do this, Hammett relationships are 

utilized where Rho (ρ) describes the sensitivity of the new reaction to substituent effects 

relative to the influence of the substituent on the ionization of benzoic acid (Eq. 3.4.3.2).
39

 

The ρ parameter is the slope obtained from the plot of kx/kH versus σ. 

    
  

  
          Eq. 3.4.3.2 

Hammett plot usage is not limited to ionization of carboxylic acids or any reaction that 

resembles such ionization; In fact, Hammett plot is applicable to reactions that have no 

resemblance to an acid-base reaction. The σ values can be used to analyze the kinetics of 

reactions, even though they are based upon the analysis of the thermodynamics of an acid 

dissociate reaction.
40

 For such plots, the ρ value gives us information about the change in 

charge during the rate-determining step. The ρ value obtained could be either negative, 

indicating positive charge building up in the rate-determining step, or positive, indicating 

negative charge building up in the rate-determining step. However, it is possible that the 
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Hammett plot does not yield a straight line. Such an even indicates that the transition state 

does not change significantly with regard to the extent of charge development, and so, non-

linear Hammett plot is observed. 

Considering Hammett plot in the Swern oxidation, it could be hypothesized that the 

resonance effect can have a substantial effect on the transition state. In other words, we want 

to determine whether there is any correlation between transition state aromaticity and the 

magnitude of intramolecular 
2
H KIE observed. The Hammett plot is constructed using 

ln(KIEX/KIEH) versus σR for isotope effect measurements performed at -78°C (Fig. 3.4.3.1). 

 

 

 

Hammett plot yields a positive ρ value, which indicates a negative charge build up at the 

transition state. Furthermore, the LFER yields an excellent correlation with a coefficient of 

determination (R
2
) of 97.5 %. This is an outstanding correlation that is expected from a 

unimolecular reaction. The Hammett plot yields a ρ value of +0.222, which suggests a 

negative charge build up at the product-determining step. The conclusion that the extent of 

-0.08894748 -0.04348511 

-0.01428595 0.027973852 

0.038265538 
y = 0.2219x + 0.0048 

R² = 0.9748 

-0.1 

-0.05 

0 

0.05 

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 

 σR Ln(KIEx/KIEH) 

OCH3 -0.43 -0.088947486 
   
Cl -0.16 -0.043485112 
   
CH3 -0.13 -0.014285957 
   
CF3 0.09 0.027973852 
   
NO2 0.16 0.038265538 

Figure 3.4.3.1. Constructed Hammett plot (Left Plot) for para-substituents used in the Swern 

oxidation and their corresponding σR values (Right Table). 

σR 

Ln
 (

K
IE

) 
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C-H bond rupture at the transition state decreases as the para-substituent is made more 

electron withdrawing is in accord with Hammond's postulate, which predicts that the more 

facile a reaction in a reaction series, the more reactant-like its transition state. Furthermore, 

the small isotope effects observed can be associated with a reaction where the C-H(D) bond 

rupture is quite far advanced at the transition state. However, If the transition state does 

change significantly with regard to the extent of charge development, the Hammett plot will 

not be linear. For instance, the Hammett plot will not be linear if more and more negative 

charge resides on the activated complex as the substituent becomes increasingly electron 

withdrawing. 

 3.5 Conclusion: 

There are several points that have been conveyed in this study. The most important aspect of 

this project relies on the use of intramolecular KIE as a mechanistic probe to study reaction 

mechanisms other than systems exhibiting symmetry. Computed KIE do not agree with 

experimental values with stereoinversion and/or with no stereoinversion at the sulfur center. 

Even applying tunneling correction to the computed KIE does not account for disparities. As 

a result, we have provided compelling evidence for multidimensional tunneling in a reaction 

that does not exhibit a 
2
H KIE of large magnitude. Finally, we have attempted to understand 

the facility with which the syn-β-elimination in the Swern oxidation occurs. It seems that the 

product-determining step proceeds via an aromatic transition state. These measurements 

provide even more information to further investigate and understand hydrogen transfer 
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phenomena, multidimensional tunneling, and aromatic transition states involving hydrogen 

transfer. 

4. Benzyl Nitrate Elimination 

 4.1 Introduction 

One of the main reasons for pursuing the Swern oxidation project was to explored the 

physical demands this reaction possesses compared to similar syn-β-elimination reactions 

proceeding by five-membered transition states, but at different temperatures. There must be a 

difference despite the fact that they seem to have a very similar transition states. We further 

expanded our interest to cover the thermal decomposition of benzyl nitrate elimination 

reaction (Scheme 4.1.1).
41 

  

 

This project will provide us with an expanded knowledge of hydrogen tunneling and the 

magnitude of tunneling in syn-β-elimination reactions possessing similar transition structures 

with different temperature requirements to proceed. It is our hope that these measurements 

will simulate theoreticians to undertake more detailed studies of the phenomena reported 

with such systems. 

 4.2 Background 

Scheme 4.1.1. The postulated unimolecular mechanism of benzyl nitrate elimination under thermal 

decomposition. 
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It is generally accepted that a concerted elimination reaction can proceed by a number of 

transition states differing in the extent of carbon-hydrogen and carbon-leaving group bond 

dissociation. The base-catalyzed elimination reaction of alkyl nitrates has been the subject of 

a considerable number of studies where the mechanism is studied using nitrogen and 

deuterium isotope effect.
42

 In addition, solvent and temperature studies are followed for a 

better understanding of tunneling phenomenon. Using deuterium exchange test and KIE 

measurements, the reaction of benzyl nitrate with ethoxide in ethanol has been shown to be a 

concerted one-step process with rupture of both the carbon-hydrogen and oxygen-nitrogen 

bonds at the transition state (Fig. 4.2.1).  

However, the thermal decomposition of benzyl nitrate is lightly studied where the observed 

2
H intramolecular isotope effect yielded no significant temperature dependency.

41
 The 

temperature dependence of 
2
H KIE constitutes a mechanistic criterion which has been shown 

to be of particular value in sorting out the structural properties of hydrogen-transfer reaction 

transition states, but lack of such behavior in this system is questionable.  

 

 

In addition to exploring the temperature independency of this system below the temperatures 

studied by Kwart and co-workers, it is valid to include the thermal decomposition of  para-

substituted benzyl nitrate to observe any possible disparities in transitions states, if any, 

caused by the substituents.
41,43 

Figure 4.2.1. Concerted one-step elimination process in the 

presence of ethoxide as the base in ethanol. 
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The KIE measurements done by Kwart and others have yielded interesting results that need 

further investigation.
41,43

 The important questions to be considered in this study are: 1. Why 

the intramolecular 
2
H KIE measured by Kwart and co-workers are temperature independent? 

2. How important tunneling is in this reaction? 3. Is the five-membered transition state 

aromatic? 4. How is the transition state geometry affecting the facility of hydrogen tunneling 

and whether the tunneling models we currently have can accurately model the tunneling 

effect observed in this reaction? How does the change in functional group at the para 

position of the aromatic will affect the electronics of the system, and how will that affect the 

observed intramolecular 
2
H KIE? 

 4.3 Results 

  4.3.1 Computational Measurements 

Theory is used in conjugation with experimental data to validate or reject a set of compiled 

observables or improve upon the existing theoretical models. Computational analysis of 

benzyl nitrate elimination is of an importance due to extreme non-classical behavior observed 

in the intramolecular 
2
H KIE data obtained. Transition states are modeled using B3LYP/6-

31+G(d,p) level of theory, and the KIE are calculated using imaginary frequencies obtained 

from transition structure calculations alongside the Bigeleisen equation (Table 4.3.1.1). 

 70°C 80°C 90°C 100°C 110°C 120°C 130°C 150°C 170°C 

-H 3.104 3.009 2.922 2.841 2.767 2.698 2.635 2.520 2.420 

-CH3 3.039  2.863  2.713  2.585 2.473 2.376 

-Cl 3.125  2.940  2.784  2.651 2.535 2.434 

-NO2 3.039  2.863  2.713  2.585 2.473 2.376 

 Table 4.3.1.1. Computational intramolecular 
2
H KIE using B3LYP/6-31+G(d,p) for thermal decomposition 

of para-sbustituted benzyl nitrate in gas phase. 
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It is evident that the calculated KIE for all the substituents are temperature dependent; the 

values get much smaller as the temperature increases, which is what one would expect from a 

density functional theory (DFT) calculations. This is due to the classical over-the-barrier rate 

decrease at lower temperatures; thus, the relative importance of the tunnel effect increases 

with decreasing temperatures. Therefore, it is legitimate to consider the Bell's tunnel 

correction for KIE computed above (Table 4.3.1.2). 

 70°C 80°C 90°C 100°C 110°C 120°C 130°C 150°C 170°C 

-H 4.917 4.572 4.285 4.043 3.835 3.654 3.496 3.230 3.016 

-CH3 4.369  3.889  3.531  3.253 3.030 2.847 

-Cl 5.160  4.454  3.961  3.593 3.309 3.082 

-NO2 4.369  3.889  3.531  3.253 3.030 2.847 

 

The computed KIE increased once tunneling correction is applied, but the same temperature 

dependence isotope effect is observed for all substituents; however, the experimental KIE are 

smaller than what has been calculated using DFT. 

One of the most useful methods for calculating KIE that has been developed recently by 

Meisner and co-workers is the instanton method.
44

 As it is clear in most reactions, tunneling 

of atoms dominates any chemical reaction at low enough temperature.
45

 The probability of 

passing through a potential barrier decreases with the square root of the effective mass. 

However, extreme tunneling can affect both deuterium and protium transfer, similarly; in 

addition, heavy atom tunneling can also affect the observed KIE. Semiclassical instanton 

theory is increasingly applied to the calculation of reaction rates in chemical systems. 

Instanton theory is applicable below the crossover temperature Tc (Eq. 4.3.2.1). 

Table 4.3.1.2. Computational intramolecular 
2
H KIE using B3LYP/6-31+G(d,p) with tunneling correction 

for thermal decomposition of para-substituted benzyl nitrate in gas phase. 
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     Eq. 4.3.2.1 

 

To calculate KIE, instantons at different masses of the atoms have to be calculated, which 

will require significant CPU time. To overcome this obstacle, fixed-path approximation 

(FPA) is used to estimate the KIE. The new KIE, along with the experimental KIE, obtained 

by using the instanton theory for -Cl and -CH3 substituents are summarized in Table 4.3.1.3. 

 70°C 90°C 110°C 130°C 150°C 170°C 

-CH3 2.44  2.30  2.09  1.92  1.86  1.82 
-CH3

i 
2.540 2.337 2.173 2.039 1.928 1.834 

-Cl 1.52  1.49  1.45  1.45  1.49  1.51  
-Cl

i 
1.494 1.492 1.490 1.488 1.486 1.483 

 

If the Arrhenius plot is displayed for both experimental KIE and KIE values obtained from 

instanton theory, it would be obvious that the tunneling factor can well be accounted for 

whereas the B3LYP calculations failed to account for the tunneling even with the addition of 

Bell's tunneling correction (Fig. 4.3.1.1). 
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with ωTS being the absolute value of the imaginary frequency of the saddle point on the potential energy 

surface, ħ being the reduced Planck's constant, and kB being Boltmzann's constant. 

Table 4.3.1.3. Obtained KIE using instanton theory alongside the experimental KIE discussed in more 

details in section 4.3.2. 
i
 Instanton theory calculated KIE 

L
n
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K

IE
) 

1/T(K) 
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  4.3.2 Experimental Intramolecular 
2
H KIE Measurements 

Primary 
2
H KIE dependency on the temperature is used as a tool to diagnose the presence of 

hydrogen tunneling because KIE are among the most successful experimental tools utilized 

to explore tunneling effects. The maximum 
2
H KIE to be expected from semiclassical 

transition state theory is approximately kH/kD = 7 at 25°C. When the isotope effect is 

measured for benzyl nitrate elimination by Kwart and co-workers, it seems that the isotope 

effect is temperature independent (Table 4.3.2.1).
41 

 100°C 120°C 140°C 160°C 180°C 

Benzyl nitrate 
2
H KIE 

1.304 ± 0.002 1.302 ± 0.001 1.305 ± 0.003 1.305 ± 0.002 1.307 ± 0.001 

 

The interesting issue to point out is whether the KIE will still be temperature independent if 

the thermal decomposition takes place at lower temperature than 100°C. However, the 

intramolecular KIE measured and reported in this study are higher, and the isotope effect for 
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1.80 

1.90 

2.00 

0.0021 0.0023 0.0025 0.0027 0.0029 
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Instanton 

Table 4.3.2.1. KIE measurements for a thermal decomposition of benzyl nitrate performed my Kwart and 

Brechbiel. 

L
n

 (
K

IE
) 

1/T(K) 

Figure 4.3.1.1. Arrhenius plot for both -Cl and -CH3 substituted benzyl nitrate for the thermal 

decomposition. The KIE from the instanton theory (red diamond) are plotted alongside the 

experimental KIE (blue diamond). 
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benzyl nitrate seem to be temperature dependent at lower temperatures. Even though the KIE 

measured here are the ratios of primary over secondary KIE, they are dominated by, mainly, 

the primary 
2
H KIE factors (Table 4.3.2.2).  

 70°C 80°C 90°C 100°C 110°C 120°C 130°C 150°C 170°C 

Benzyl nitrate 
2
H KIE 

2.54 ± 

0.076 

2.43 ± 

0.14 

2.13 ± 

0.098 

1.79 ± 

0.037 

1.81 ± 

0.032 

1.78 ± 

0.015 

1.85 ± 

0.050 

1.81 ± 

0.051 

1.80 ± 

0.086 

 

Intramolecular 
2
H KIE dependency on the temperature study can reveal the importance of 

tunneling in a system. As mentioned in the Swern oxidation study, a curvature in plots of 

ln(1° - KIE) versus 1/T would suggest a significant tunneling effect upon the observed KIE. 

Tunneling affects primary 
2
H KIE to a greater degree than secondary 

2
H KIE. However, the 

observed KIE do not posses any curvature; instead, a temperature independent behavior is 

observed for values measured above 100°C whereas a temperature dependent behavior is 

observed for values measured below 100°C (Figure 4.3.2.1). 

 

 

2.54, 70C 
2.43, 80C 

2.13, 90C 

1.80, 100C 

1.81, 110C 

1.78, 120C 

1.85, 130C 
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1.80, 170C 

0.202 

0.402 

0.602 

0.802 

1.002 

1.202 

0.002 0.0022 0.0024 0.0026 0.0028 0.003 

Table 4.3.2.2. Intramolecular 
2
H KIE measurements for a thermal decomposition of benzyl nitrate in 

dimethyl sulfoxide as solvent. 

1/T(K) 

Ln
 (

K
IE

) 

Figure 4.3.2.1. Arrhenius plot of intramolecular 
2
H KIE as a function of temperature. 
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To further investigate this system, intramolecular 
2
H KIE have been measured for a number 

of para-substituted benzyl nitrate. It is legitimate for one to show curiosity about the effect of 

substituent on the temperature dependency of KIE in addition to the effect of substituent on 

the transition state geometry. The temperature study revealed even a more complicated 

system that requires further investigation and analysis (Table 4.3.2.4). 

Benzyl 

Nitrate 

70°C 80°C 90°C 100°C 110°C 120°C 130°C 150°C 170°C 

4-H 2.54 ± 

0.076 

2.43 ± 

0.14 

2.13 ± 

0.098 

1.79 ± 

0.037 

1.81 ± 

0.032 

1.78 ± 

0.015 

1.85 ± 

0.050 

1.81 ± 

0.051 

1.80 ± 

0.086 

4-CH3 2.44 ± 

0.206 

- 2.30 ± 

0.142 

- 2.09 ± 

0.058 

- 1.92 ± 

0.029 

1.86 ± 

0.042 

1.82 ± 

0.051 

4-CF3 1.26 ± 

0.039 

- 1.37 ± 

0.061 

- 1.45 ± 

0.031 

- 1.53 ± 

0.018 

1.60 ± 

0.020 

1.59 ± 

0.056 

4-NO2 1.43 ± 

0.060 

- 1.48 ± 

0.083 

- 1.54 ± 

0.058 

- 1.60 ± 

0.046 

1.63 ± 

0.039 

1.55 ± 

0.079 

4-Cl 1.52 ± 

0.019 

- 1.49 ± 

0.039 

- 1.45 ± 

0.040 

- 1.45 ± 

0.005 

1.49 ± 

0.023 

1.51 ± 

0.012 

 

As it is evident, benzyl nitrate and 4-methyl benzyl nitrate follow similar trend of 

temperature dependent KIE below 100°C and temperature independent KIE for temperatures 

over 100°C whereas all the other substituents behave similar, and the intramolecular KIE 

measured are temperature independent throughout the temperature spectrum. In order to gain 

further insight into these behaviors, Arrhenius plot is constructed to see if there is any 

tunneling involved in these reactions (Fig. 4.3.2.2).  

Table 4.3.2.4. Temperature study on five para-substituted benzyl nitrate using intramolecular 
2
H KIE 

measurements. 
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 4.4 Discussion 

  4.4.1 Temperature Dependent and Independent Intramolecular KIE 

A plausible explanation for temperature dependency of KIE can be a consequence of 

promoting vibrations. This result means that, although tunneling effects are not negligible - 

due to small KIE measured, the final values of the KIE are dominated by contributions of 

bound vibrations. These vibrations do not show any particular trend with temperature above 

100°C, thus rendering temperature independent KIE. However, at lower temperature, the 

effects of these vibrations become more vivid by observing a new trend of temperature 

dependent KIE. The thermal fluctuations, at temperatures above 100°C, that are coupled to 

the reaction coordinate are the same in different bath temperatures (within the experimental 

error), which result in an environment where dynamics, geometries, and tunneling seem to be 

perfectly coupled. 
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Figure 4.3.2.2. Arrhenius plot of intramolecular 
2
H KIE as a function of temperature for five para-

substituted benzyl nitrate. 
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This is an interesting and unique phenomenon observed in a unimolecular reactions.
46

 This 

type of behavior is usually expected from enzymes. For instance, Allemann and co-workers 

have proposed that the temperature dependence of the KIE of ecDHFR is a consequence of a 

variation in the populations of the different conformational sub-states varying catalytic 

activity. Furthermore, each reactive enzyme conformation is capable of catalysis by way of 

the same chemistry, but the microscopic rate constants for each reaction will potentially 

differ as a consequence of different low amplitude promoting vibrations. 

Finally, the small isotope effect observed for all the substituents can be associated with a 

reaction in which the C-H(D) bond dissociates far advanced at the transition state. 

  4.4.2 Substituent Effect upon Intramolecular KIE 

The KIE measure for different substituent do not yield any useful information about the 

transition state geometry due to the electronics of the system. Comparing the most electron 

withdrawing group, NO2, with the most electron donating group, CH3, it is evident that there 

is a considerable change in the KIE measured, 1.55 and 1.82, respectively; however, the 

strong electron withdrawing group, NO2, and slightly electron donating group, Cl, yield 

similar KIE of 1.55 and 1.51, respectively. Therefore, based on the substituents, it is not 

possible to draw any conclusions regarding the electronic effect on the transition state. 

Furthermore, the Hammett plot constructed with all the available sigma values did not result 

in any LFER that can be explained. One plausible explanation can be a pathway change, 

which is faster than the original pathway, or the original pathway would continue to 

dominate. If the reaction mechanism does not change, it is also plausible to take into 
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consideration a change in the rate-limiting step. However, it is impossible for a unimolecular 

thermal decomposition reaction to have multiple rate-limiting steps.  

 4.5 Conclusion 

There are several important points that have been introduced in this study. The most 

important aspect of this project relies on the use of intramolecular KIE as a mechanistic 

probe to study reaction mechanisms other than systems exhibiting symmetry. Computed KIE 

do not agree with experimental values even though tunneling correction is applied to the 

computed KIE to resolve the disparities. However, calculation KIE using the instanton theory 

has resolved the disparities between the experimental and computed KIE. The same 

temperature dependence KIE are observed with these calculations, which represents the 

dynamical complications associated with the tunneling. Furthermore, substituent study did 

not result in any trend in the isotope effect measured. However, benzyl nitrate and 4-methyl 

benzyl nitrate yielded similar temperature dependency and independency depending on the 

temperature range whereas all the other substituent behaved in a temperature independent 

manner. The data obtained suggests the presence of promoting vibrations. These vibrations 

do not show any trend with temperature at very high temperature range. As a result, we have 

provided compelling evidence for preferred coupling of dynamics, geometries, and tunneling 

in benzyl nitrate elimination. Finally, we have attempted to understand yet another syn-β-

elimination reaction to be compared to the Swern oxidation. It seems that the transition state 

is aromatic in this system as well. These measurements provide even more information to 
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further investigate and understand hydrogen transfer phenomena, multidimensional 

tunneling, and aromatic transition states involving hydrogen transfer. 

5. Corey-Bakshi-Shibata (CBS) Catalyzed Borane Reduction 

 5.1 Introduction 

Asymmetric catalysis is used in a wide range of natural product synthesis and is an important 

field in industrial processes.
47

 One of the significant roadblocks to employing asymmetric 

strategies in industrial processes is the lack of industrially feasible asymmetric catalytic 

reactions.
48

 In fact, the very process of stereoselection is poorly understood.
49

 There has been 

numerous studies on CBS catalyzed reductions; however, it has never been revealed how 

much role steric occlusions play in such high stereoselective processes.
50

 Oxazaborolidine 

catalyst have been found to catalyze an extremely broad array of reaction from 

stereoselective reductions to stereoselective cycloadditions.
51

 Corey-Bakshi-Shibata (CBS) 

catalyst is derived from proline, which is a well known oxazaborolidine catalyst used in a 

number of reactions due to its flexibility and wide range of substituents for a wide range of 

stereoselective reactions (Fig. 5.1.1). Proline is a naturally occurring chiral compound that is 

readily and cheaply available.
48 

 

CBS catalyst has found its use in many organic reactions such as CBS reduction, (3+2) 

cycloadditions, Diels-Alder reactions, and more. The catalyst scope is large as it is shown by 

Figure 5.1.1. Corey's oxazaborolidine catalyst with a wide range of substituents. 
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Corey and co-workers; a wide range of ketone substrates are reduced providing the product 

with very high enantiomeric excess (ee) (Table 5.1.1).  

 

Ketone Equiv. BH3 Config. of product (%ee) 

C6H5COCH3 0.6 R (96.5) 

C6H5COC2H5 0.6 R (96.7) 

C6H5COCH2Cl 0.6 S (95.3) 

t-BuCOCH3 0.6 R (97.3) 

α-tetralone 0.6 R (86.0) 

c-C6H11COCH3 0.6 R (84.0) 

 

Due to its wide substrate range, there is a proposed mechanism for asymmetric reduction 

using CBS catalyst (Scheme 5.1.1).
51 

 

 

 

 

 

Even though it is widely accepted that steric repulsion is the key director of stereoselection, 

direct measures of steric interaction at the transition state (TS) are difficult to obtain. It is 

possible to utilize 
2
H and 

13
C KIE measurements to develop a methodology where one can 

study both major and minor enantiomers in one reaction. There are few questions one can ask 

Table 5.1.1. Borane Reduction of Ketones Catalyzed by CBS for a wide range of substrates with high ee. 

Scheme 5.1.1. Accepted mechanism for an asymmetric borane reduction using Methyl-CBS catalyst. 
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for such method development: 1. What is the main difference between the transition states 

for both major and minor products? 2. How well the computational data will represent the 

steric interactions; in other words, is there any disparities between the computational and 

experimental data? 3. How different are the diastereomeric transition states in terms of 

energy and geometry? 

 5.2 Background 

Knowing how important asymmetric catalysis is, it is imperative to gain a better 

understanding of how the catalyst yields the product distribution in a number of 

stereoselective reactions and reaction classes by modeling the transition structures. The CBS 

reduction is one of the most useful methods for the enantioselective reduction of prochiral 

ketones. One of the key aspects dictating the product distribution is the role of steric 

repulsion. However, it is sometime difficult to quantitatively measure the nonbonding 

interactions that arise in the transition state. There has been methods using Linear Free 

Energy Relationships (LFER) that display the role of steric interactions in determining 

reactivity. Taft developed a scale for LFERs that reflects the steric influence of substituents 

on various reactions. He used acid-catalyzed hydrolysis of RCO2Me (R is methyl acting as a 

reference group) to define two new parameters, polar nature of substituent (σ*) and a steric 

parameter (Es) (Eq. 5.2.1).  

    
  

    

                Eq. 5.2.1 
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However, to successfully determine the role of steric interactions in product distribution, 

steric kinetic isotope effects (KIE), which offer a less perturbative probe of steric repulsion 

that develops at the transition states, are utilized. Despite having the tools, general approach 

to measure steric interactions developing at the transition states of asymmetric reactions was 

not developed until Meyer's work in nonbonding interaction and stereoselection in the CBS 

reduction.  

In this study, stereoselection is directed by the presence of steric repulsion. The larger isotope 

effect in the disfavored pathway is expected, which can be related to an increase in the rate of 

deuterium upon isotopic substitution. Since the C-D bond is shorter, generally, (1.073 Å) 

compared to the C-H bond (1.085Å), steric occlusions decrease in the TS, which can be 

noticeable even more for the disfavored route.
52

 Even though the 
2
H steric isotope effect is 

measured for 2',5'-dimethylisobuyrophenone in Meyer's work, a method to study both major 

and minor products, which are the outcome of two diastereomeric transition states, is 

missing.
9
 To do so, intramolecular KIE are measured to simultaneously study the formation 

of both major and minor stereoisomeric products. 

 5.3 Results 

  5.3.1 Computational 
2
H and 

13
C KIE 

Investigating reactions possessing two distinct transition structures is hard using 

intermolecular KIE due to the isotopic fractionation resulting from the two structurally 

different transition states. Determining intramolecular KIE at homotopic groups makes use of 
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the fact that the probe molecule possesses two equivalent Re and Si faces. Isotopic 

substitution breaks the symmetry between the two Re or Si approaches (Fig. 5.3.1.1). 

 

 

 

 

 

Transition structures optimized using B3LYP/6-31+G(d,p) level of theory, and two distinct 

conformeric transition structures (chair-like and boat-like) were obtained from the 

optimization for the CBS reduction (Fig. 5.3.1.2). 

    

 

Computed KIE that result from both transition structures are reported in Table 5.3.1.1. 

OO

Si Attack

Si Attack Re Attack

Re Attack OHO

OHO

(R)-2

(S)-2

1

Figure 5.3.1.1. Intramolecular KIE upon homotopic groups reported upon the breaking of two planes of 

symmetry. 

Figure 5.3.1.2. Optimized [B3LYP/6-31+G(d,p)] structures for A) chair-like and B) boat-like transition 

structures. Cyclic arrangements of reactive atoms are shown as color-coded spheres (N: blue, 

O: red, B: pink, C: gray, and H: white. 
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Conformeric TS
‡ 13

C C=O 
13

C CH3 
2
H CH3/CD3 

Chair-like TS 1.031 0.961 0.989 

Boat-like TS 1.033 0.989 0.974 

 

The computed KIE are obtained using the ratio of the Bigeleisen equation (Eq. 5.3.1.1), 

where reduced frequencies are computed as: u2,i = hv2,i / kBT, and kB is Boltzmann’s constant. 

N and N
ǂ
 are the number of atoms in the reactant and the transition structure, respectively. 

The ratio of Bigeleisen equations for the carbinol versus carbonyl positions is shown in Eq. 

5.3.1.2. 
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  5.3.2 Experimental Intramolecular 
2
H and 

13
C KIE 

The symmetric diketone compound 1 is reduced with CBS/BH3 at 0°C and quenched with 

saturated sodium perborate solution (Scheme 5.3.2.1). The products from two diastereotopic 

transition structures are enantiomers, which means they have the same physical properties 

and NMR resonances; therefore, to be able to measure the 
2
H and 

13
C KIE for the two 

products formed, it is crucial to convert them into diastereomers. Mosher's acid chloride (2), 

which is a chiral molecule, is utilized for this conversion (Scheme 5.3.2.2).  

Table 5.3.1.1. Comparison of intramolecular KIE computed for two distinct transition structures giving rise 

to major (chair-like TS) and minor (boat-like TS) products. 
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Scheme 5.3.2.2. displays the simplest scenario in measuring the 
13

C KIE. The product 

distribution changes when measuring 
2
H KIE because of containing two chiral centers 

(Scheme 5.3.2.3.). 

 

 

Experimentally determined KIE (Table 5.3.2.1) are obtained using the 600 MHz Bruker 

NMR. 

Experimental KIE
 13

C C=O 
13

C CH3 
2
H CH3/CD3 

Major Product 1.079 0.981 0.978 

Minor Product 1.086 0.953 0.957 

 

Scheme 5.3.2.1. 2,2-Dimethyl-1,3-cyclohexadione (1) borane reduction with CBS catalyst giving rise to 

two major and minor enantiomers. 

Scheme 5.3.2.2. Converting the two enantiomers into two distinct diastereomers via Mosher's acid chloride 

esterification using pyridine. 

Table 5.3.2.1. Experimentally determined 
2
H and 

13
C KIE for both major and minor products in borane 

reduction catalyzed with CBS. 

Scheme 5.3.2.3. Product distribution when synthesizing the Mosher's ester where a methyl group is 

replaced with d3-methyl. 
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 5.4 Discussion 

The observed experimental 
2
H and 

13
C intramolecular KIE provide good evidence to the 

presence of steric occlusions at the TS between the methyl groups on 2,2-Dimethyl-1,3-

cyclohexadione (1) and methyl group on CBS (2). The measured deuterium isotope effect for 

the favored pathway is 0.978, which presents a moderate but substantial steric interaction at 

the TS; however, a very significant inverse deuterium isotope effect is observed for the 

disfavored pathway, which is 0.957. It suggests larger steric occlusions at the TS for the 

minor pathway, confirming our original hypothesis. 

Computational 
2
H steric KIE are measured through the optimization and frequency 

calculations of TSs for both chair-like and boat-like TS structures for Si attack (major 

product) and Re attack (minor product), which have been performed successfully on different 

systems in our lab. The steric KIE are 0.989 and 0.974 for chair-like and boat-like TSs, 

respectively. The B3LYP functional is being utilized because it has been found to reproduce 

vibrational frequencies in the calculations of KIE. The M06-2X functional is being utilized 

because it provides a correction for dispersion interactions which might be expected to alter 

the magnitude of vibrations used to compute steric 
2
H KIE. It seems reasonable to expect that 

methyl positions displaying significant inverse 
2
H KIE as a result of steric repulsion that 

would display greater rotational barriers for CH3 versus CD3. Continuing with the 

intramolecular measurements, the same pattern is observed in 
13

C KIE measurements of the 

methyl groups. The main reason for such disparity between the computational and 
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experimental KIE can be the contribution from improper theoretical models that take into 

account the dispersion forces or steric interactions.  

As a result, there are two main conclusions that can be drawn from comparing the two 

computational and experimental KIE. First, both computational 
2
H and 

13
C methyl KIE show 

a larger effect than the experimental values. It is well established that CBS-reduction has an 

early TS, which suggests that the TS geometries are closely related to the reactant geometries 

rather than the products.  Second, the steric KIE measured for both chair-like and boat-like 

TS are very close. It can be concluded from this finding that the TS geometry, whether it is a 

chair- or boat-form, does not dictate the stereoselection; in fact, it is the steric interaction 

between the methyl substituents on CBS and diketone that dictates the stereoselection in CBS 

reduction. The 
13

C isotope effect measurements also provide evidence that significant steric 

occlusions take place at the TS during the σ (C-H) bond formation and loss of the π (C=O) 

bond. It is evident from 
13

C isotope measurements, as well, that the formation of the minor 

products – 
13

Ccarbonyl/
13

Ccarbinol = 1.086 – is later than that which corresponds to the major 

product – 
13

Ccarbonyl/
13

Ccarbinol = 1.079. 

 5.5 Conclusion 

As a result, this study illustrated a simple and powerful new method for probing the process 

of stereoselection in moderately stereoselective reactions. The method reported here is 

complementary to a LFER approach recently reported by the Sigman group.
53

 Both of these 

techniques serve as probes of the symmetry breaking process that is inherent to 

stereoselective reactions. 
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6. L-Selectride Reduction 

 6.1 Introduction 

Non-bonding interactions are key factors of both reactivity and selectivity in stereoselective 

reactions, which has been presented in numerous qualitative models for stereoselection.
54

 

Steric 
2
H KIE are utilized to study the non-bonding interactions that develop in the transition 

states of asymmetric reactions. The origins of steric 
2
H KIE are founded upon a zero-point 

energy difference between C-H and C-D bonds. For reactions that develop steric repulsion at 

the transition state, vibrational modes, such as the C-H stretching and H-C-H bending 

vibrations, experience an increase in force constant.
52

 This results in a larger disparity in 

zero-point energy at the transition state for protiated and deuterated isotopologs, which 

causes ΔG
‡

H > ΔG
‡

D or, similarly, kH/kD to be less than 1.0 (Fig. 1.1.3). In order to be able to 

observe 
13

C isotope effect, it is crucial to use a reductant, Lithium tri-sec-butylborohydride 

(L-Selectride), that will create a sterically stressed environment for the methyl rotor in the 

case of 2,2-Dimethyl-1,3-cyclohexadione (1) (Scheme 6.1.1).  

  

 

 

 6.2 Background 

 If it is to understand the role of steric interactions in stereoselective reactions, one must 

understand how steric interactions translate into experimental observables, such as kinetic 

Scheme 6.1.1. L-Selectride reduction of 2,2-Dimethyl-1,3-cyclohexadione (1). 
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isotope effects. While our lab has measured numerous 
2
H KIE that result largely from steric 

interactions, we have not yet seen evidence of the bond tightening effect of steric interactions 

translating through to the carbon atom within C–H bonds. In particular, we have failed to 

observe 
13

C steric isotope effects in two reduction systems where steric 
2
H KIE are present: 

B-chlorodiisopinocamphylborane (DIP-Cl) and CBS-reductions.
9,27,28

 It is crucial to keep in 

mind that stereoselective catalyst and reagent design depend heavily upon steric repulsion as 

a control feature. Surprisingly, steric interactions are poorly understood at the quantitative 

level. The project described herein seeks to place our understanding of steric interactions in a 

more quantitative realm. 

There is an important factor to note regarding L-Selectride; in addition to being an active 

reducing agent, it exhibits essentially enzyme-like stereoselectivity in the reduction of cyclic 

and bicyclic ketones. An example of such application is observed in the enzymatic reduction 

of 4-tert-butylcyclohexanone with nicotinamide adenine dinucleotide (NADH) catalyzed by 

horse liver dehydrogenase that proceeds with only 95% stereospecificity while it proceeds 

with 96.5% with L-Selectride.
55

 As a result of such importance, it must be in the utmost 

interest of industries and pharmaceuticals to understand the factors that dictate the increased 

stereoselectivities. To be able to study steric isotope effect, it is possible to reduce the steric 

clash between the reactant and reductant by substituting a -CD3 group for one of the -CH3 

groups on 1 since it is well understood that a C-D bond is shorter, generally, than a C-H 

bond, which results in an increase in the rate of hydride transfer from the side where the 

deuteriums are located. Furthermore, based on the difference in zero-point energies for 
12

C 
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and 
13

C, it is reasonable to expect small but measurable inverse 
13

C KIE to arise from the 

development of steric repulsion at the transition state. 

 6.3 Results 

  Computational and Experimental Intramolecular 
2
H and 

13
C KIE 

KIE serve as an excellent point of contact between experimental KIE measurements and 

computational KIE from transition structure models. In modeling the L-selectride reduction, 

it is important to take into account the existence of counterion, lithium. Therefore, including 

lithium counterion in the transition structure model is important. By including the counterion, 

it is also crucial to answer other questions regarding the solvent coordination to the lithium in 

addition to the oxygen on 1. The transition structures have been optimized without applying a 

solvent model, gas phase, (TS1), employing a polarizable continuum model for solvent 

(TS2), and employing one (TS3), two (TS4), or three (TS5) explicit tetrahydrofuran (THF) 

solvent molecules in conjunction with a polarizable continuum model for addition solvation 

(Fig. 6.3.1.1). 

 

 

 

 

 

Figure 6.3.1. Optimized transition structures 

using B3LYP/6-31+G(d,p) for 

the L-Selectride reduction of 

2,2-dimethyl-1,3-

cyclohexadione employing 

polarizable continuum model 

for solvent and no (TS2), one 

(TS3), two (TS4), and three 

(TS5) explicit THF molecules. 
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A comparison between the computation and experimental intramolecular KIE are 

summarized in Table 6.3.1. 

 
2
H (Metrans) 

13
C (carbinol)

a 13
C (Metrans) 

Experiment 0.959 1.164 0.985 

TS1 0.964 1.044 [1.133] 0.996 

TS2 0.965 1.043 [1.159] 0.995 

TS3 0.932 1.051 [1.100] 0.995 

TS4 0.990 1.054 [1.082] 1.006 

TS5 0.966 1.056 [1.075] 1.005 

 

 

In order to identify the cis and trans methyl resonances using the NMR, a spin echo 

technique is utilized. 

To further investigate the non-bonding interactions taking place at the transition state, the 

steric occlusions at the methyl groups and their environments are analyzed using 

computational models (Figure 6.3.2). 

 

 

 

 

 

 

 

 

 

 6.4 Discussion 

Table 6.3.1. Experimental and computation intramolecular 
2
H and 

13
C KIE for the L-Selectride reduction of 

2,2-dimethyl-1,3-cyclohexanedione. 
a
 Bell's tunneling correction represented in the brackets 

Figure 6.3.2. Non-bonding interactions 

between cis- and trans- methyl 

groups and their environments. 

Green surfaces denote repulsive 

interactions; orange surfaces 

denote attractive interactions.. 
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Intramolecular 
2
H KIE at the methyl positions are utilized to quantitatively measure the 

repulsive non-bonding interactions that develop in the transition state. Furthermore, it is 

reasonable to think that a large steric effect can also be observed in intramolecular 
13

C KIE 

that arise at the previously equivalent carbonyl groups provide an estimate of the lateness of 

the transition state when compared to other hydride transfer reactions for which KIE data 

exist.  

Based on the TS structure, there is a, relatively, high steric clash taking place between the 

highly frustrated bulky reductant (L-Selectride) and the methyl groups on (1). Even though 

there are multiple computed transition states for this reaction, it is evident from Table 6.3.1 

that TS2 is the most realistic transition structure model. In addition, the non-bonding 

interaction calculations (Figure 6.3.2) indicates a much less steric occlusions in TS2 versus 

other transition states, which is denoted as green surfaces. The result might be surprising at 

first, but as inclusion of explicit THF solvent near the Li
+
 counterion would be expected to 

result in the most authentic transition structure model. Although the experimental and 

computational KIE values do not entirely match, TS2 yields the most reasonable and fairly 

close KIE values to the experimental KIE. This disparity can be related to the theoretical 

models being incapable of taking into account the non-bonding interactions accurately. 

As one would expect, the 
2
H KIE measured at the trans-methyl on 1 are substantial and 

inverse (kH/kD < 1) (Table 6.3.1). Inverse deuterium isotope effect is the outcome of steric 

repulsion caused by greater rotational barriers faced by CH3 versus CD3 groups in the 

presence of sec-butyl groups on the L-Selectride in the transition state. Furthermore, as it is 

clear, the 
13

C KIE of 1.164 is substantially higher than previously measured 
13

C KIE for 



82 
 

Corey-Bakshi-Shibata and DIP-Cl reductions, indicating a higher degree of bond formation 

at the transition state.
9,27,28

 As hypothesized, the bulky sec-butyl substituents on L-Selectride 

make the transition state appreciably later than in reductions with much less bulky hydride 

donors. 

 6.5 Conclusion 

If we are to understand the role of steric interactions in stereoselective reactions, we must 

understand how steric interactions translate into experimental observables, such as kinetic 

isotope effects. In particular, we have failed to observe 
13

C steric isotope effects in two 

reduction systems where steric 
2
H KIE are present: B-chlorodiisopinocamphylborane (DIP-

Cl) and CBS-reductions.
9,27,28

 In other words, even though there has been many studies 

concerning non-bonding interactions, one that can represent an inverse 
13

C KIE due to an 

extremely bulky and occluded transition state was missing. L-Selectride reduction of 1 has 

created a very bulky environment in the transition state, which can be translated into 

substantially large 
2
H and 

13
C KIE values corresponding to a great non-bonding interactions. 

This recently developed method for visualizing non-covalent interactions is used to highlight 

steric interactions. 

 

7. Summary and Outlook: 

In this study, we have demonstrated some of the main considerations one must take into 

account when studying enzymatic processes as well as designing new catalyst involving 

stereochemistry. In addition, several methodologies have been proposed that are in 

conjugation with computational work and other kinetic treatments, which makes it possible 
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to probe the process of stereoselection as well as hydrogen tunneling. Hydrogen tunneling 

studies herein can alter the reaction pathways dramatically. One of the main consequence of 

this study is constructing a better competitive inhibitors for enzymes recognized at 

therapeutic targets. The majority of the enzyme-catalyzed hydrogen transfer reactions are 

unimolecular, which requires such studies for a better understanding of substrate- or 

intermediate-enzyme complex. To excel in our study, several unimolecular pericyclic 

reactions that possess a five-member ring transition structure have been considered. 

Hydrogen tunneling study and disparities in KIE measurements between the systems studies 

provide us with deeper understanding of the factors responsible for such behaviors in even 

systems that have similar transition structures. In addition to such study, the design of 

stereoselective catalytic reactions have been one of the most active areas of synthetic 

methodology development. This study also presented development of a new mechanistic tool 

to explore reactions that have two simultaneous reaction pathways as in CBS reduction. The 

transition structure models are utilized to compute expected intramolecular KIE in these 

systems and 
2
H and 

13
C KIE are measured experimentally to validate the transition structure 

models. Steric interactions are responsible for stereoselection observed in CBS catalyzed 

reactions, which is why it is applicable to a wide range of substrates. Even though, we have 

begun to understand the magnitudes of observable 
2
H KIE that appear to result from steric 

interactions, observing 
13

C KIE was yet to be determined. Reduction with L-Selectride is 

studied to further investigate the role of steric isotope effect by measuring the 
13

C KIE. Given 

the useful role of nonbonding interaction in determining the stereochemical course of a 

reaction, new density functionals that contain corrections for nonbonding interactions will aid 
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in meaningful comparisons of experimental and computational work.
56

  The L-Selectride 

reduction of the substrate used in this study gives rise to both 
2
H and 

13
C steric isotope 

effects at the geminal methyl groups. As a result, combined use of both measurements, in 

addition to the frequency calculations from the transition structure models, promise to be 

useful proves of the types of steric interactions that develop at the transition state. The 

development of new stereoselective reactions has always depended upon mechanistic insight. 

Further investigation of such reactions are required to be able to cement our understanding of 

such reactions and behavioral aspects of nonbonding interactions. As one of the most 

promising experiments that will shed light into such developments, one can design a new 

experiment to study the isotopic perturbation in a diastereomeric perturbation experiment 

(Figure 7.1).  

 

 

 

 

 

In such experiment, the diastereomeric ratio will vary based upon the difference in 

nonbonding interactions between the perprotiated and deuterated isotopologues. The 

development of such mechanistic method promises the development of stereoselective 

Figure 7.1. Experimental design to study diastereomeric isotopic perturbation in an aldol reaction. 
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reactions considerably. Based on the difference between the C-H and C-D bond length, it is 

highly expected that isotopic substitution would perturb stereoselection.   
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