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❖ Isotope Effects 

     In the previous section of this chapter, we studied isotopic labeling as a tool to detect the reaction 
mechanism. There we assumed that the isotopic substitution has no effect on the chemical profile of the 
reaction whatsoever which is far from the truth because the isotopic substitution can change the rate of 
chemical reactions in a significant manner. 

     The changes in the reaction rate when a particular atom in the reactant molecule is replaced by one 
of its isotopes are termed as isotopic effects.   

     Formally, it is called as “kinetic isotope effect”, and it is calculated rate constants for the reactions 
with the lighter isotope (kL) by the rate constant for reaction with the heavier isotope (kH) i.e. 

𝐾𝐼𝐸 =
𝑘𝐿
𝑘𝐻

(20) 

This variation in the rate of reaction because the heavier isotopologues have lower vibrational frequencies 
relative to their lighter isotopes, and can easily be rationalized quantum mechanically. In general, this means 
that greater energy is needed for heavier isotopologues to cross the transition state (or the dissociation limit in 
rare cases), and therefore, a lower reaction rate is observed. The kinetic isotopic effect can primarily be 
classified into two categories; primary and secondary isotope effects. 

➢ Primary Isotope Effects 

     The primary kinetic isotope effect is observed if a bond to the isotopically-labeled atom is being 
broken or formed. Now depending on the nature of the route followed to study kinetic isotope effect (parallel 
measurement of rates vs intramolecular competition vs intermolecular competition), we can find if the bond-
formation or bond-breaking has happened at the rate-determining step, or in the subsequent product-
determining step. Furthermore, it is also worthy to note that many textbooks are propagating the misconception 
that a primary kinetic isotope effect must echo bond breaking or formation to the isotope at the rate-determining 
step always. 

     For nucleophilic substitutions mentioned earlier, the primary kinetic isotope effects have been studied 
for the attacking nucleophiles, leaving groups, and the α-carbon at which the displacement occurs. The 
interpretation of the kinetic isotope effects as a function of the leaving group had been very complicated at 
first because of the significant contributions from temperature-independent factors. Though the primary kinetic 
isotope effect is less sensitive than the ideal, and the contribution from non-vibrational factors; the kinetic 
isotope effects at the α-carbon are employed to advance the understanding of the transition state’s symmetry 
of the SN2 pathway. 

➢ Secondary Isotope Effects 

     We will get a secondary kinetic isotope effect if no bond formation or breaking happens to the 
isotopically-labeled atom in the reactant. Also, the secondary kinetic isotope effects are much smaller in 
magnitude than primary kinetic isotope effects; though the secondary isotope effects of deuterium can reach 

https://www.dalalinstitute.com/books/a-textbook-of-organic-chemistry-volume-1/


CHAPTER 3: Reaction Mechanism: Structure and Reactivity 173 

 Copyright © Mandeep Dalal  

up to 1.4 per atom. Furthermore, many experimental techniques have been invented and refined to measure 
heavy-element isotope effects with extremely good precision; and therefore, these kinds of effects are still very 
valuable for mechanisms-elucidating of many organic reactions. 

               In the case of many nucleophilic substitution reactions, secondary isotope effects of H at α-carbon 
offer a direct route to differentiate between SN2 and SN1 type reactions. It is observed that SN1 reactions 
generally give rise to great secondary isotope effects (up to a theoretical maximum of 1.22); whereas SN2 
reactions usually have primary isotope effects which are close to or less than one in most cases. Kinetic isotope 
effects having a value greater than unity are typically labeled as ‘normal kinetic isotope effects’, whereas 
isotope effects having a value less than unity are called as ‘inverse kinetic isotope effects’. On the whole, 
transition states with smaller force constants are expected to have a normal kinetic isotope effect; and transition 
states with larger force constants are expected to have an inverse kinetic isotope effect when stretching 
vibrational contributions control the isotope effect. 

 

               The Cα-H(D) vibration at the α-carbon dictates the magnitudes of these secondary isotope effects. 
Now because the carbon is converted into an sp2 hybridized carbocation during an SN1 reaction, the transition 
state for the rate-limiting step will have an increase in Cα-H(D) bond order; and therefore, an inverse kinetic 
isotope effect would be expected if only the stretching vibrations were the chief factors. On the other hand, 
large normal kinetic isotope effects are observed which are induced by significant out-of-plane bending 
vibrational contributions if we go from the reactants to the transition state of carbocation formation. In the case 
of SN2 reactions, bending vibrations will still play a vital role in the kinetic isotope effect, but stretching 
vibrational contributions are also of significant importance; and therefore, the resulting isotope effect may be 
inverse or normal depending upon the dominating factor. 
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