C. Y. Yeung (AL Chemistry)

AL Chemistry [SN Reaction of Haloalkane (RX)]
FURTHER COMMENTS on the SN reactions of RX

(
Comparison of aliphatic halogenoalkane and aromatic halide (halobenzene) 
hydrolysis. 

Halogenoalkanes hydrolyse much more readily than halobenzenes which are aromatic compounds with a halogen atom directly bonded to the benzene ring. The carbon-halogen bond is stronger and less polar in aromatic compounds compared to halogenoalkanes. This is because in the aromatic halogen compounds there is some delocalization of the lone pairs of electrons of the chlorine with the  electrons of the benzene ring. This makes the aromatic ring C-X bond stronger and more difficult to break, hence less polar and less susceptible to nucleophilic attack. 

However, if the halogen is in an alkyl side chain off the benzene ring (e.g. 
e.g. 
refluxing chloromethylbenzene with aqueous / alc. NaOH gives phenylmethanol. 
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C6H5CH2Cl + NaOH ( C6H5CH2OH + NaCl (easy!)
Whereas hydrolysis of any of the three other isomeric aromatic halogen compounds, namely chloro-2/3/4-methylbenzene where the Cl atom is attached to the ring, is very difficult to achieve to produce a phenol (where the OH group is directly attached to a benzene ring) by hydrolysis. 

ClC6H4CH3 + NaOH ( HOC6H4CH3 + NaCl  (difficult!)
(
Rate of reaction, OH- versus H2O: 

Only applies to the SN2 mechanism: Irrespective of the structure of the halogenoalkane, the hydrolysis will be faster with aqueous sodium hydroxide than just water because the hydroxide ion is a more powerful nucleophile. Although they are both electron pair donors, the hydroxide ion carries a full negative charge compared to the electrically neutral water molecule. 

The rate determining formation of the carbocation in the SN1 mechanisms means the rate is not affected by using alkali or just water. 

Reaction kinetics: The possibility of two reaction mechanisms has consequences for the rate expressions when the rates of halogenoalkane (RX) nucleophilic substitution reactions are studied. 

The SN1 mechanism is referred to as a 'unimolecular', despite it being a two/three step mechanism of bimolecular collisions, because the rate is only dependent on one reactant, the R3C-X is shown in step (1), but it still has to collide with the solvent! 

Experimental results produce the overall 1st order rate expression: rate = k1[RX]  

This is because the activation energy of the 1st step, forming the carbocation by heterolytic bond fission, is so high, that the speed is relatively low, so step (1) alone determines the speed of the reaction. This is referred to as the rate determining step (or rds in shorthand!). Step (2) has a much lower activation energy and is much faster. You would register zero order for the order of reaction with respect to sodium hydroxide (or more specifically, the hydroxide ion concentration). 

(
The SN2 mechanism is referred to as a 'bimolecular'. 

Experimental results produce the overall 2nd order rate expression: rate = k2[RX][OH]  

This is because it is a one step mechanism involving the bimolecular collision of the two reactant molecules/ions. The rate depends on both the halogenoalkane and hydroxide ion concentrations (individually, 1st order with respect to both).  

(
The relative reactivity of the C-X bond, where X = F, Cl, Br or I. 

In general the reactivity order is C-I > C-Br > C-Cl > C-F. 


This is due to the decrease in bond enthalpy as the halogen atom radius increases the bond gets longer and weaker, i.e. easier to form the carbocation in the SN1 mechanism or easier to release a X- ion from the 'activated complex' in the SN2 mechanism. 

Average bond enthalpies/kJmol-1: C-F = 484, C-Cl = 338, C-Br = 276, C-I = 238 

This bond strength factor overrides any increase in bond polarity, which on face value, since the order of becoming less polar is: C-F > C-Cl > C-Br > C-I, which would suggest an increase in susceptibility to nucleophilic attack at the delta positive carbon, but that's not what is observed! 

So bond enthalpies override the bond polarity trend. 

(
Carbon chain structure and relative reactivity. 

Generally speaking the reactivity order is 30 > 20 > 10 halogenoalkane, but unfortunately it isn't quite that simple! 

For the SN1 mechanism the reactivity trend is 30 > 20 > 10 halogenoalkane. 


The reason for this is that alkyl groups have a small electron charge donating effect (positive inductive effect). It is actually the positive charge on the carbon (from the C-X bond) attracting the electron charge of the alkyl group(s) which helps stabilize the carbocation by 'spreading' the charge and lowering the potential energy of the intermediate carbocation. 


So a typical reactivity series is (CH3)3CBr > (CH3)2CHBr > CH3CH2Br > CH3Br 

because the order of carbocation stability would be ... 

(CH3)3C+ > (CH3)2CH+ > CH3CH2+ > CH3+ 

where 3, 2, 1 and 0 methyl groups are available to stabilize the carbocation by positive inductive effect.
SN1 is also favoured by polar solvents like water or ethanol, which help stabilize the carbocation by solvation (exothermic process, H<0).
For the SN2 mechanism the reactivity trend is 10 > 20 > 30 halogenoalkane because of steric hindrance, that is alkyl groups get in the way of the incoming nucleophile such as the hydroxide ion or water molecule. It is usually very slow with water, but no problem if the R3C-X is warmed/refluxed with aqueous sodium hydroxide, though some alcohol can be added to increase the solubility of R3C-X to increase the rate of hydrolysis. 


The SN1 mechanism is favoured by 30 halogenoalkanes because of the greater stability of tertiary (30) carbocations formed. 


20 halogenoalkanes often react by either the SN1 or SN2 mechanisms simultaneously. 


10 halogenoalkanes tend to react by the SN2 mechanism, because on heterolytic C-X bond fission, they would form the least stable primary carbocations. 


For a given halogen, overall 30 halogenoalkanes tend to be the most reactive and tend to undergo nucleophilic substitution via the SN1 carbocation mechanism and 10 halogenoalkanes tend to be the least reactive and react via the SN2 mechanism. 

(
What happens if the original haloalkane has chirality? 


If the haloalkane has three different R groups on the carbon of the C-X bond, i.e. RR'R''CX, then there are four different groups bonded to the carbon of the C-X bond. Therefore the molecule is chiral and can exhibit optical isomerism (non-superimposable mirror image forms). If the initial halogenoalkane is an optical isomer, the stereochemical consequences depend on which mechanism by which the halogenoalkane reacts. There are two product formation trends. 


In the SN1 carbocation mechanism, the three bonds of the R groups of the carbocation formed in step (1), are in a trigonal planar arrangement >C-. This means the nucleophile (e.g. OH- or H2O) can attack the carbocation with equal probability on each side. This results in a tendency for a racemic mixture to form, that is an optically inactive mixture of equal amounts of the two optical isomers. 


However, in the case of the SN2 mechanism, racemisation does NOT take place and chirality and optical activity is preserved in the molecule, BUT inversion takes place. Stereochemically the most successful line of attack for SN2 substitution, is if the nucleophile hits the carbon of the C-X bond on the opposite side to the halogen atom. The result has been likened to an umbrella being blown inside out in a gale! The three single bonds for the -CRR'R'' are pushed through and so inverted! 
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