Supplement 7:  Halogenation Of Higher Alkanes And The Lessons Of  Relative Yields 

Chemistry 3514
Organic Chemistry I   SUNY Alfred State 

7.1.
NEW FACTS: THE EXPERIMENTALISTS DISCOVER SUBSTRATE EFFECTS AND ‘SELECTIVITY’
In TLOC#I-2 the facts for halogenation of methane were listed. Here we consider what happens when `higher alkanes’=RH=any alkane with more than one carbon is subjected to the same halogenation conditions applied to methane.  Unremarkably, the reaction that occurs is very similar to that for methane. 
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methane halogenation

CH4 + Cl2   
  CH3Cl + HCl

higher alkane=RH halogenation
RH + Cl2
   RCl + HCl

All the `FACTS’ associated with methane halogenation are also true for higher alkanes.

New FACTS , however, also emerge. Specifically:




NEW FACTS CONNECTED WITH HALOGENATING HIGHER ALKANES

1)
Reactivity of carbon sites in the `substrate’=RH follows the trend: 3>>2>1>0(CH4)


2)
“Selectivity” for these sites is greatly enhanced if bigger halogens are involved: 

e.g., halogen selectivity follows the trend:

 Br2  >> Cl2 ,

 but halogen reactivity  follows the trend
:
Cl2     >>  Br2
7.2.
How Organic Chemists Explore The Role Of  `Substrate’ Structure

In modern chemical parlance, the `attacking’ reagent in halogenation of alkanes is the halogen, X2 .  The alkane in turn is considered the victim of the attack, e.g  the `substrate’, - something the halogen beats on, like a boxer on a punching bag. However, the alkane substrate can be beaten  at different parts of its body . For example CH3 -CH2 -CH3, has two different sites, H in the methyl group and H in the methylene group. Hence, the question arises as to which among the different H sites on the alkane gets attacked preferentially ?

There is little choice in answering this question except to carry out experiments and look.

Examples of such effort are captured below. 

Examples of Measuring the Role of `Substrate’ Structure: Relative Yield Experiments

direct competition measurement






     equimolar








CH4           C2H6

raw yield ratio
=
1
CH3Cl<---------Cl2----------------> C2H5 Cl    400   => raw yield ratio~ 400:1



corrected for # H:

(4/6)*400 =266.7 ~270  = Reth /Rmet
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Examples of Measuring the Role of `Substrate’ Structure: Relative Yield Experiments

indirect competition measurement
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   PRODUCTS



ATTACKING





1)
CH3-CH2-CH3 --------> 1-chloropropane
and 2-chloropropane


yield %





45%


55%

Cl2







  3%


 97%

Br2

carbon site attacked



1o


2o



2)
CH3-CH2-CH2-CH3---> 1-chlorobutane
and 2-chlorobutane



yield %





28%


72%

Cl2







  2%


98%

Br2


carbon site attacked



  1o


2o



3)
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         H3C-C-CH3 ------------->
C-C-C-X
and    C-C-C





    |    





 |





   H    





X



yield %





64%


36%

Cl2








~0.5%


99.5%

Br2

carbon site attacked 



1o


3o
Computing `reactivity’ ratio from indirect competition:





yield a  = #Ha  x    reactivity of A
  
    

yield b     #Hb
xreactivity of B

example ...reaction (2) for Cl2
[n-butane halogenation]


1o -chloro yield
= 28   =   6   x  R1
=1.5 R1 =>
R1/R2 =0.259 or R2/R1 =3.86    2o > 1o

2o -chloroyield
   72         4      R2
        R2


example...reaction  (1) for Cl2
[n-propane  halogenation]

1o -chloro yield
= 45   =   6 x  R1
=3 R1 =>
R1/R2 =0.27 or R2 /R1 = 3.7    about same ratio irrespective of chain length

2o -chloroyield
   55         2     R2
        R2



example...reaction (3) for Cl2 
[isobutane halogenation]

1o -chloro yield =   64    =
   9  x R1 = >

R1/R2 = 0.1975  or R3/R1 = 5.1
3o beats 1o by more than 2o



3o -chloro yield       36
   1     R3
    Results of Relative Yield Experiments For Halogenation Of Various Alkanes

	ALKANE REACTED
	HALOGEN

USED
	CARBON SITES COMPARED 
	RELATIVE REACTIVITY*

	n-PROPANE
	Cl2
	2o/1o
	3.7

	
	Br2
	2o/1o
	94

	n-BUTANE
	Cl2
	2o/1o
	3.9

	
	Br2
	2o/1o
	74

	iso-BUTANE
	Cl2
	3o/1o
	5.1

	
	Br2
	3o/1o
	1791 
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7.3.
How Organic Chemists Rationalize the Substrate and Selectivity Effects

7.3.1.
Why Rates Follow The Substrate Order: 3o> 2o>1o

In words, the organic chemist’s reasoning goes like this:


“ Since all the facts are essentially the same for RH as for CH4, then the mechanism must be essentially the same. Since that mechanism’s rate is governed by the ability to form an activated complex, whatever stabilizes the complex, favors reactivity.  The complex’s activation energy is connected with the difficulty of temporarily losing a bit of the octet shell as  bonds transfer from the attached H to the attacking halogen.  It would help if the substituent groups on the attacked carbon site donated some electrons to it to cover the transient loss of the stabilizing `octet’ . 

Since 3 > 2 > 1 is an experimental fact, then the presence more R groups around the attacked site must stabilize the complex. This implies that R groups donate electrons to the central  carbon. Such an inference agrees with the fact that the electronegativity of C is higher than H so the substituent C are slightly negative. Hence, more R groups means more electron donation and more stability for the activated complex.

 The organic chemist’s visual `explanation’ is simply:  
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7.3.2.
Why Br2 is more selective than Cl2

In words, the organic chemist’s reasoning goes like this:

“The reactivity of Br2 is far less than Cl2. The activated complex is thus much more energetic (unstable) and

closer to `product’ based on Hammond’s postulate. Whatever small stabilizations occur in this case are far more

important than when the activated complex is closer to `reactant’ and more stable. Since R groups are stabilizing, their effect is enhanced for the harder-to-form alkyl bromides”

 The organic chemist’s visual `explanation’ is simply:
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