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Lecture note for CC-2-3 (Organic Chemistry-2) 

Halogenation of Alkanes-2 

Regioselectivity in alkane halogenation:  

When isobutane undergoes halogenation, there are two possible monohalogenated products and both 

are formed. 

 

Statistically, we should be able to predict what the product distribution should be (how much of each 

product to expect), based on the number of each type of hydrogen atom: 

 

Based on this analysis, and provided that all these hydrogens have equal reactivity under a given set of 

conditions, we should expect halogenation to occur at the primary position nine times as often as it does 

at the tertiary position, i.e. the ratio of isobutyl chloride to tert-butyl chloride should be 9:1. However, 

these expectations are not supported by observations: 

 

These results clearly show that halogenation occurs at the tertiary position more readily than statistics 

alone would suggest. Recall that we have already established the RDS for these halogenations to be the 

propagation step-1, i.e. the hydrogen abstraction step. Therefore, we can say from this result that the 

tertiary hydrogen (i.e. a hydrogen attached to a tertiary centre, Ha) is abstracted at a faster rate than a 

primary hydrogen (i.e. a hydrogen attached to a primary centre, Hb), because had they been abstracted 

at an equal rate, the product distribution would have followed the ratio predicted by statistics. We can 

even calculate how much faster a single tertiary hydrogen is abstracted compared with a single primary 

hydrogen from the experimentally observed product distribution. 

33% 𝑜𝑓 𝑡𝑒𝑟𝑡 − 𝑏𝑢𝑡𝑦𝑙 𝑐ℎ𝑙𝑜𝑟𝑖𝑑𝑒

67% 𝑜𝑓 𝑖𝑠𝑜𝑏𝑢𝑡𝑦𝑙 𝑐ℎ𝑙𝑜𝑟𝑖𝑑𝑒

=
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑎 𝑡𝑒𝑟𝑡𝑖𝑎𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑎𝑏𝑠𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 × 1 𝑡𝑒𝑟𝑡𝑖𝑎𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛

𝑟𝑎𝑡𝑒 𝑜𝑓 𝑎 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑎𝑏𝑠𝑡𝑟𝑐𝑡𝑖𝑜𝑛 × 9 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑠
 

∴
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑡𝑒𝑟𝑡𝑖𝑎𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑎𝑏𝑠𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝑟𝑎𝑡𝑒 𝑜𝑓 𝑎 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑎𝑏𝑠𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛
=

33

67
×

9

1
= 4.43 

Therefore, a single tertiary hydrogen of isobutane is abstracted by chlorine radical approximately 4.4 

times faster than any of the nine primary hydrogens. 
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 The question is, why this is so? To answer any question related to the differences in rate of two 

reactions, we must look into the respective transitions states of the corresponding RDSs. So in this case, 

we need to compare the transition state for abstraction at the primary position with the transition state 

for abstraction at the tertiary position. Approximate representations of these two TSs are outlined below: 

 

As we can see, the TSs have some radical character, but the point of difference is upon which carbon is 

the unpaired electron (radical) is developing. The developing radical is more stable at the tertiary 

position than it is in the primary position. This implies that the TS with tertiary radical character is more 

stable than the TS with primary radical character. Why? Recall that tertiary radicals are more stable 

than primary ones due to inductive effect of alkyl groups and hyperconjugation. Now, those same 

factors that stabilize a tertiary radical also stabilize a TS with tertiary radical character more than a TS 

with primary radical character. As a result, activation energy is lower for hydrogen abstraction at the 

tertiary position, and the reaction occurs more rapidly at that site. As we have calculated previously, the 

abstraction of hydrogens from a tertiary carbon is about 4.4 times faster than it is from a primary carbon, 

under same reaction condition. The situation is made clear by the following energy profile diagram that 

illustrates the propagation step-1 for both sequence: 

 

To test whether you have correctly understood the analysis till now, consider the following reaction, 

chlorination of propane: 
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Then, answer the following questions: 1. How many different types of hydrogens are there in propane? 

2. Based upon statistics alone, and considering the same reactivity for all of the hydrogens present, what 

should have been the ratio of the monochlorinated products? 3. From the given product distribution 

calculate how much faster does the secondary hydrogen get abstracted compared to a primary one. 4. 

Compare this rate difference with that found between tertiary and primary hydrogens, and verify 

whether you arrive at the conclusion: reactivity of tertiary hydrogen > secondary hydrogen > primary 

hydrogen. If yes, proceed further up this road. If not, revisit the old places, maybe? 

Resuming our discussion on the relative reactivity of different kinds of hydrogens, we find from 

the following reaction that the tendency of higher reactivity at a tertiary centre compared to a primary 

one is also prominent for bromination: 

 

We have already explained why you need a higher temperature for bromination while chlorination can 

proceed at room temperatures. Let us focus on the product distribution for now. These results tell us 

that the tendency for bromination at the tertiary position is even more pronounced than it is for 

chlorination. More than 99% of the product is occurring from reaction at the tertiary position. Unlike 

chlorination where the major product was isobutyl chloride, for bromination, the amount of isobutyl 

bromide is less than 1%. What does this mean? Clearly, this result implies that bromination reaction is 

more selective than chlorination. We know that the RDS is the hydrogen abstraction by the halogen 

radical (propagation step-1) and so, we should concentrate on that step only for both chlorination and 

bromination. Taking this into account, this selectivity can be more elaborately illustrated at the 

molecular level by imagining that when a bromine atom arrives at the alkane, it can distinguish between 

a more reactive tertiary site and a less reactive primary site more effectively than a chlorine atom does. 

In other words, the reactivity difference between a tertiary and a primary hydrogen is greater for 

bromination than it is for chlorination. But what could be the reason behind such a behaviour?  

To understand this, we must first recall the Hammond’s postulate which says that the structure 

of a TS of a reaction resembles the structure of the species (reactant or product) to which the TS is 

closer in energy. By logical extension this means that the TS for an endothermic reaction is product-

like (or more fashionably called late TS, the term “late” signifying that a large distance has to be 

travelled along the X-axis (RC) from the reactant to reach the TS) and the TS for an exothermic reaction 

is reactant-like (or the early TS, reached by traveling a small distance along X-axis from the reactant). 

But where does this get us? 

When analysing the kinetics of halogenation of ethane, we had established that the RDS for 

chlorination is exothermic, while the RDS for bromination is endothermic. The same conclusion is valid 

here. Focussing on the RDS and applying Hammond’s postulate, we can say that for chlorination, the 

TS of the exothermic propagation step-1 is like the reactant, i.e. the alkane. That means that the C-H 

bond has only begun to break, and the carbon atom has very little radical character. On the other hand, 

for bromination, the TS of the endothermic propagation step-1 is like the product, i.e. the radical that is 

produced. As a result, the C-H bond is almost completely broken in the transition state, and the carbon 

atom has significant radical character. 
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In both cases, the carbon atom has partial radical character (•), but during chlorination, the amount 

of radical character is small. During bromination, the amount of radical character is much larger. As a 

result, the transition state will be more sensitive to the stability of the radical intermediate during 

bromination. And how does this affect the relative rate of hydrogen abstraction from a tertiary versus a 

primary centre? It is absolutely vital to understand that The energy difference between the primary 

radical and the tertiary radical is same in both the reactions, but, as the TSs for chlorination and the TSs 

for bromination are affected to a different extent by the difference in radical stability, the difference 

between the TSs are not the same the two cases. Confused? Consider the following diagram! 

 

In the energy profile diagram for the chlorination process, there is only a small difference in energy 

between the TSs leading to primary or tertiary radicals [Ea(Cl)]. In contrast, the energy diagram for 

the bromination process shows a large difference in energy between the transition states leading to 

primary or tertiary radicals [Ea(Br)]. As a result, the tertiary hydrogen is abstracted at a much faster 

rate in case of bromination than it is for chlorination, and the product mixture is absolutely dominated 

by the corresponding product for the former. A tertiary hydrogen was calculated to be 4.4 times more 

reactive than a primary hydrogen in chlorination. A similar analysis based on the product composition 

of bromination reveals that the same tertiary hydrogen in this case is 1600 times more reactive than a 

primary hydrogen. Thus, bromination shows greater selectivity than chlorination. 

Suggested Reading: 

1. Study Guide to Organic Chemistry, Saha et al., Volume-2, Techno World, ISBN: 9788192669588, 

2. Organic Chemistry, Klein, Third Edition, Wiley, ISBN: 9781119316152. 
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