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In the last two units you have studied about substitution reactions. In this unit you 
. will study addition reactions of carbon-carbon double bond and carbon-carbon triple 

bond. 

The most characteristic way in which carbon-carbon double (alkenes) or 
carbon-carbon triple bonds (aIkynes)reacts,is by addition to the multiple (double or 

reactitm~ would involve the breaking of the weak IT &nd(s). 
Addition reactions at the carbon-carbon multiple bonds can be divided into three 

Free radical additions 

Concerted additions 

In this unit we shall discuss each type of the addition reactions in detail. 

Objectives 
After studying this unit, you should be able to: 

list types of addition reactions, 

discuss the k h a n i s m  of electrophilic addition reactions, 

explain the 1, 2 and..l,6addition of dienes, 
explain the mechanism of free radical addition reactions, and 

explain the mechanism of concerted addition reactions. 

seeks to share an electron pair of some othersubstance. By contrast, there is little 
tendency for a d d l e  or a triple bond to react with a base. 



In addition reaction of an alkene, the IT bond is broken and its pair of electrons are 
used in the formation of two qew a bonds. The sp2 hydridised carbon atoms are 
rehybridised to sp3 in the process, Compounds containing IT bonds are usually of 
higher energy than those having a bonds. Conseqaently, an addition reaction is 
usually an exothermic process. 

\ 4a+ I nu I , E-C-,, C=C, + E-> E-C-C- / I I I 

Ln the region of the double bond there is a cloud of IT-electrons above and below the 
planc of the bonded atoms. The n electrons are loosely held by the nuclei and are 
thus easily available to electron seeking reagents. Such reagents are called 
electrophilic reagents ,, electrophiles and the reactions are called electrophilic 
addition reactions. 

In general, alkynes undergo almost the same types of reactions as alkenes. Electron 
density around the carbon-carbon triple bond is higher than that around carbon- 
carbon double bond. So, we 6ight expect alkynes to be more reactive towards 
electrophilic reagents than alkenes, but the reverse is true, i.e., alkenes are more 
reactne than alkynes. You may be surprised at this trend. To understand the reason, 
consider the nature d the carbon atoms of alkenes and alkynes. You may recall that 
in dlkenes carbon atoms are sp2 hydridised and in alkynes, these are sp hydridised. 
Sirl~c an sp hybtidised carbon is more electronegativr than an sp2 hybridised carboq 
atom, the n electrons are more tightly held by the carbon nuclei in the former case 
and, hence, they are less easily available for combination with an electrophile. Thus, 
electrophilic addition at the sp hybridised carbon atoms in an alkyne should be less 
facile 

Another explanation may be attributed to the formation of highly strained unstable 
cyclic alkenyl cation from an alkyne as compared to strain-free alkyl cation formed 
from an alkene. 

RCH =CH2 E' P RC-H-CH2 ... + ...- 
E 

Alkyl c.tioa 

RC i= CH " 
f RC=CH 

'8.. 
Both these factors may account for the diminished reactivity of alkynes towards 
electrophilic addition. Let us study some importan: electrophilic addition reactions 
of alkenes and alkynes. 

5.2.1 Additiorr of Hydrogen Halides 
Alkyl halide is formed when an alkene reacts with hydrogen halide. This reaction is 
known as hydrohalogenation. The order of reactivity of HX towards alkene is: HI > 
HBr > HCI > HF. In the case of a symmetrical alkene we get only one product but 
in case of unsymmetrical alkene we get two different products. Actually only one of 
the two products is formed in significant amount, For example, when HBr adds to 
an unsymmetrical alkene like propene, in principle, two products could be formed, 
i.e . I-bromopropane and 2-bromopropane. 

H 

2-Branopopne 

H 
I -Branopropme 



. . 
this question 1870 and made a generalisation based empirically on his observation. 
According to the rule named after him as, Markownikoffs rule, the addition of a 
hydrogen halide to an unsymmetrical alkene takes place in such a way that the 
negative Dart of the substrate goes to the carbon atom that contains lesser number of 

example, when 2- penteni reacts with hydrogen bromide. it gives a rnixute of 

Markownikoffs rule can be explained on the basis of relative stabilities of the 
carbocations. In the first step i.e., the addition of H' jo propene, there is a possibility 
of the formation of either primary or secondary carbocation. Since the secondary 
carbocation is more stable, it will form of 2-bromopropane. 

H 
H+ Mae ruble 

Less stable I 

obtained from the primary carbocation. 7 1 



P. - 
(- 6) 

In the case of propene. 'vile, because of the strong electron withdra~ng effect of the 
nitrile group, the seconda~y carbocation is less stable than primary arbcation. 
Further the carbocation is separated from the CN group by two carbon at- and 
the destabilisation by the inductive effect is less. 

Thus, the Markownikoff s rule can be modified to the following statement - "In the 
addition of hydrogen halide to alkenes, the more stablecarbocation is fornhd which 
then adds the negative ion to form the product." This rule is adequiate to predict the 
orientation pattern of addition of unsymmetrical reagents to unsymmetrical alkenes. 
However, it niay be, emphasised that this rule is applicable only to the addition of 
electrophilic reagents. 

The products formed from the addition of HBr to some substituted a h n e  are given 
in Table 5.1. 

Table 5.1 : Orkntntion pattern .dditlar HBr to substituted ~~JJUH 

Alkene Product 
* 

1. CH3CH=CH2 

3. C6H5CH=CH2 (3% H-CH3 i r 
4. CICH=CH2 CICH-CH3 

1 
Br 

5. NCHC=CH2 NCCH2-CH2Br 

6. (CH3kN+CH=CH2 (CH3),N'CH2-CH2Br 

7. HOQCCH=CH2 HOOCCH2-CH2Br 

8. F3CCH=CH2 F3CCH2-CH2Br 

Entry 4 of Table 5.1 is of special interest a d  illustrates artaim general featunr. 

I-I3mmo-l4oro-c4hane 

CKH=CH2 + HBr 



In chloroethene (and other haloefhenes), the primary carbocation wodd more 
stable due to inductive effect (similar to the addition of HBr to propenenitrilegiven 
earlier). 

If lhis were the only effect in operation, the prodcut would be 1-bromo-2chloroethane 
because its corresponding carbocation is more stable. There is, however, another effect 
ansing from delocalisation of the lone pair on the chlorine atom with the vacant 
p-orbital of carbocation at C-2 (resonance effect) which stabilises the secqndary 
carbocation. The question is, which of these effects predominates? Formation of 
I-bromo-lchloroethane implies that the lone apir effect apparently prevails over the 
inductive effect rendering secondary carhat ion stabler than the primary carbocation. place in 

other elect@hilic additions like 

Rearrangement: Rearrangement is one of the characteristics of a carbocation. A 
carbocation formed, i f i n  addition reaction of a hydrogen halide to an unsymnietrical 
alkene, often undergoes rearrangement (alkyl or hydride shift) to give a more stable 
carbocation. For example, addition of HC1 to 3,3-dimethyl-1-butene gives two 
products, 2-3,-thyl butane (normal produd) and 2chlor0,2,3dimethyIbutane 
(rearranged product) as shown in following scheme: 

CH3 
I CH3 CH3 

H3CC - CH=CH2 H+ , I a' I H ~ C C - ~ H - C ~  - H3CC-CH-CH3 
I I I I 

CH3 CH3 CH3 a 
sec. chtmcuicm 

(krr d e )  
2 a a o - 3 -  
3dimahylbutmc 

CH3 Cl CH3 
+ I 

CH3C- CHCH3 
a' I I , CH3CH-CHCH3 

I I 
CH3 CH3 

lerl. CIlbocrtian 2-Chloro-2- 
(mm ~tlble) Zdietkylbume 

Alkynes also undergo hydrohalogenation. Like alkenes, the addition is in accordance 
with Markownikoffs rule. For example, ethyne reacts with hydrogen bromide to 
form first 1-bromoethene and then 1,l-dibromoethane. 

C H m C H  HBr HBr B' 
CH=CH + CH2-CH a 

I I 
H Br H ' $r 

The mechanism of the reaction is same as in the hydrohalogenation of alkenes. 
Addition of one molecule of HBr gives bromoethene. 

-a+ 6- H I 
CH-CH + H-Br &-a + BF 

H H 
+ I I 
CH-CH + B;-CH-CH 

Br 

Addition of another molecule of hydrogen bromide could give either secondary 
carbocation. or aprimary carbocation. Since the former is more stable than the latte. 
the reaction proceeds ~ i ' l  the former to form 1.1-dibromoethane. i.e.. 



Because of the electron withdrawing nature of bromine atom, the availability of n 
electrons in l-bromoethene is less than that id ethyne. Hence addition of HBr to 
l-bromoethene is much slower than to ethyne~ 

SAQ 1 

Predict the relative rates of the following alkepes towards HBr 
a)CH3CHjCH=CH2 b)CH2=CH2 t)CH3CH2CH=C(CH3)2 

5.2.2 Addition of Water 
In the presence of a mineral acid, water adds to the carbon-carbon double bond to give 
an alcohol. This reaction is called hydration of an alkene. 

This reaction also follows Markownikoffs rule, a pattern with which we are now 
familiar. As expected, the reaction occurs in two steps. The alkene is first protonated 

Recause a carbocation is involved, rearrangement is possible. Carbocation can 
undergo a 1,Zshift of CH, group to yield the more stable carbocation. e.a. 



Another methd  used to accomplish Markownikoff s hydration of an alkene is A d d k  to cupcubon ~ u ~ l i p k  

oxymemation~ernercu~aHon. Alkene reacts with mercuric acetate in the presence ~ o a d  system 
nf water tn ~ i v e  hvdroxv-mercurial communds whih on reduction accomplishes 

reduced with sodium borohydride (NaBH4). Oxymercuration-demercuration 
, reaction usually gives a better yield of alcohols than acid catalysed hydration. 

0 
II 

OH 
I 

C H ~ C H ~ C H = C H ~  + H20 + Hg(mCH3)2 -CH3CH2CHCH2 
1-Bulare Mercuric I 

acetate 

2-BPlad 

~ e c b i s m :  The mechanism of oxymercuration is very siyilar to that of 
hydrohal~genation. First mercuric acetate dissociate into Hg02CCH3 and 02cCA3 
e.g., 

Hg(02CCH3)2 H~O~CCH, + 02CcH3 

In the first step electrophile Ago2cc~, attacks the carbon-carbon double bond and 
forms a cyclic intermediate called acetoxyrnercurinium ion. 

In the nejrt step nucleophile H20 attacks on the partially positively chasged carbon 
atom from the side opposite to mercury to give the stable organomercury compound. 

HgqCCH3 
organomercury 

Like alkenes addition of water tg alkyne should give alcohol, e.g., 

PH 
RC-CR + H 2 0  -% RCH=CR I 

The alcohol produced by hydration of an alkyne, however, is of a special kind known 
as enol. As the name (en-01) indicates it has OH group actadred to a carbon atom 
fo&ng a double bond. Infact enols are veN unstable and generally undergo 
isemerization (tautomerism) to give either an aldehyde or a ketone. 
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~dl tbadrru lk~nn Enols are converted to aldehydes or ketones by prototropic shift, i.e., shift of a 
proton from oxygen to carbon. This phenomenon is known ad Keto-eno1 taotoanrlsm, 

Ketqcnol taul.omerism does not and the individual compounds are known as hutomens. For example, when ethvne 
require acid catalpis though acids reacts with water, it gives ethanal, an aldehyde, while 1-propyne gives propanone a 
expedite the equilibrium. ketone, i.e., 

-- - 
CH=& + Hfl wo4. Heso4 

CH3-CH - 
OH 

II 
0 

w' Etbmd 
W*) 

1[2=4. 11gsQ 
CH3-C =CH + H20- C H ~ - F = C & - C H ~ - ~ - ~ ~  
smwne OH ti 0 

Bnd Rq*- -1 

The enoi 1s converted into aldehydz or ketone by a mechanism that is similar to 
hydration of a double bond. The en01 double bond is protonated to give a 
carbocation. The carbocation in this example, as its resonance structures show, is a 
protonated ketone. Instead of adding water, this ion loses a protorl to give ketone. 

PH 
Plotaaded 

Ksumc 

H-0% 

RC- CH3+ H,O+ 

You may now ask why the carbocation is not attacked by a water molecule., 
i.e. ? 

OH OH OH 
I -H' RC-CH)+I-I@+ I A -  - Bc-~11) .2 

k + I  w 0% 
AH 

(1,1401) 

The answer is that this reaction is reversible and-the equilibrium between the ketone 
and the corresponding diol in most cases favours ketone. . 

Alkynes cannot be hydrated as easily as simple alkenes, because of their lower 
reactivity towards electrophilic addition. However, in the presence of mercuric 
sulphate, a catalyst, hydration occurs readily. A possible explanation of the function 
of the catalyst is that Hg++ ion being of a large size, readily forms a bridged ion, a 
.rr complex, which then reacts as shown below: 

.- . 
CH-CH + Hg++ t ++ '. 

k 0 H 
I II -H + $ H-C-C =CH . 
I I 
H H 

I 
OH 

I 
12 ?& 



SAQ S 

Predict the product(s) of the following reactions 

H+ 
a) (CH3)3CCH=CH2 + H20  ---* 

A NaBHI B 
PC ..... 

H+ 
C) CHFmCH + H20  ----* ........ 

5.2.3 Addition of Halogen 
Treatment of dkenes with halogens gives 1,2-dihalogenated alkanes or dihalides* 
Bromine and chlorine are effective electrophilies. This reaction is by far the best 
method of preparing vicinal dihalides, e.g., 

%=CH2 + Bt2 > CH2-CHz 

L 8, 
1.2-I)ikanarh.ne 

CH3. CH3 

c H + b c ~ ~  + a*, 
I 

,CH3C-CHz 
I I 
CI CI 

l.2:~ichlao 
2 d l -  

Fluorine and iodine generally do not add to the carbon-carbon double bond or 
carboncarbon triple bond. Fluoine undergoes explosive reaction with alkenes or 
alkynes, the reaction, therefore, require special techniques. Addition of iodine to 
alkene is a reversible reaction, i.e., the 1,2diiodo product is unstable and loses I2 to 
reform the alkene. 

>C=Cc + I2 G+ >LA< 
These reactions are generally camed out in an inert solvent (e.g., CCl.,). Since at 
high temperature substitution products may be formed, hence these reactions are 
carried out at room temperature. 

Like alkenes, alkynes also react with chlorine and bromine to yield tetrahaloalkanes. 
Two molecules of halogen add to the triple bond. A dihaloa~ke~e is an intermediate 
and can be isolated using proper reaction conditions. Ethyne, .for instance,.on 
treatment with bromine water gives-only 1 ,Zdibromoethepe wliereas with bromine 
alone, it forms 1,1,2,2-tetraboromoethane. 

HC=CH HC=CH 

I mi- 

J-& 
h B, 

1.1 #,-- 

Addition of halogens to ethyne is stereoselective; thLpredominant product is-the 
buns isomer. 

=-a + x2 ---------, 

- ' b b a  



~ukgdlR' .P IPn This reaction is very useful for detection of the carbon-carbon double bond. The test 
reagent (Br, in CCI,) has a reddish brown coloui of bromine while the dihalide is 
colourless. After addition of Br, to carbon-carbon double bond, rapid decolourisation 
occurs, which confirms the presence of carbon-carbon double bond. 

and, hence, partial positive charge (6+) is developed on one bromine atom ind partial 
negative ( 6 3  charge is developed on the other bromine atom. 

In the first step, the .rr electrons attack the positive end of the polarised bromine 
molecule, displacing bromide ion and forming carbocation. 

to give a mixture of cis and trans products. However, only the trans prtduct was 
Aobsrved. The explanation was suggested in 1937 by Kimball and Roberts who 
postulated that true reaction intermediate is not a carbocation but a cyclic bromonium 

The bromide ion must attack from the rear side of the leaving group in the 
nucleophilic displacement reaction.  heref fore,'? bromide ion attacks exclusively on 
the side opposite to the bromonium ion to only the trans product. This is alsc. 

Addition of Br2 to a synlmetrical alkene gives a symmetrical bromonium ion. 
However, addition of Br2 to an unsymmetrical alkene gives an unsymmetrical 
bromonium ion, in which, most of the positive charge is camed on the more 
substituted carbon. i.e., 

In the symmetrical broponium ion the attack by a nucleophile 'could take place at 
either carbon. Howeve in case of unsymmetrical bromonium ion the nucleophile 
will attack the more su 



5.2.4 Additibn to Codugated Dienes ~ddyk.mCrbaCYbrM- 
B u d  SF- 

In isolated diene both the double bonds react independently, as though they are in 
different molecules. Reaction of an isolated diene say 1,4-pentaaiene with bromine 
gives 4,s-dibromo-1-pentene. 

P 

1 . 4 4 k d h  4 , S - h i 1 7  

Conjugated dienes behave differently from isolated dienes. Conjugated dienes 
undergo normal as well as unexpected addition reactions. When a conjugated diene, 
say 1,3-butadiene is treated with bromine, two dibromo derivatives are obtained. One 
of these is the expected 3,ddibromo-1-butene due to 1,3-butadiene. The first step 
the unexpected 1,4-dibromo-2-butene due to i,kaddition (major product). 

Similarly reactions of HCI and Hz with conjugated diene provide not only 
lsaddition product but also 1,daddition product, e.g. I 

Additiod at l,2-position is understandable but how can we account for the prodticts 
that are obtained due to 1,daddition. To understand this, let us examine the 
mechanism of the addition of hydrogen bromide to 1,f-butadiene. The first step 
involves the formation of carbocation. HydroLen may attach itself to either C, or G. I 
allylication. This also explain the enhanced reactivity of dienes over isolated double 
bonds. 



Addltion end Ellmhtlon In the second step BY c_an attack at either CI or C; since both share the positive 
charge. Thus a mixture of 1,2- and 1,4-addition products is obtained. 

1.2-Addition 1.4-Addilia, 

Now one can ask whether these two products are formed in equal amounts or in 
different ratio. It is interesting to note that the product composition in these reactions' 
varies at different temperature. To understand this take the example of addition of 
HBr to 1,3-butadiene. HBr when added to 1,3-butadiene at low temperature 
(195 K), the 1,2-product (80%) predominates over 1.4-product (20%). While at 
higher temperature ( "5 K) the 1,Cproduct (8O0/0) predominates over I,?-product 
(20%). At intermediate temperature, a mixtures of intermediate composition are 
obtained. 

CH2= CH-CH=CH2 

m2-CH-CH=CH2 
I I 
H Br 

1.2-Additicm 
Czoa) 

+ 

CH2-CH=CH-CH2 
I 
H 

I 
Br 

1.4-Addition 
(80%) 

H H Br 

+ BF 
1.2-Addition t 1.4-Additioo 

product 
CH2= CH-m= CH2 podpa 

+ HBr 

Prograrr d 1.4-ddicioa ,-8 



At higher temperature, a greater percentage of molecules can reach the higher-energy 
state, and the more stable, 1,4-product predominates. At higher temperature, the relative 
stabilities of the products control the product ratio. Thus, we can say 1,2-product is 
kinetically controlled while the 1,4-product is thermodynamically controlled. 

Formation of 1.4-product can also be explained on the basis of electrometic effect. 
Butadiene can undergo the electromieric effect in two stages. 

P 
I) CAi=CH-CH=CH2 - CH~=CH-EH-CH~ 

/Y ii) CH2=CH-CH=CH2 - ~ H ~ - C H = C H - C H ~  
b 

Second ionic species is more stable as the charges are further apart in this as 
compared with the first. In an ionising solvent the addition of Br2 takes place in the 
second species to give 1,4-addition product. 

Br 
I 

~ H ~ - C H = C H - C H ~  + Br-Br- - EH~-CH=CH,-CH~ + Br 

sa3 3 

Fill in the blanks; 

a) When a conjugated diene is treated with halogen it gaves normal ........... product 
and unexpected ........ product. 

Z 

b) Addition of H+  to 1,3-butadiene gives .... .... carbocation and ..... ... carbocation. 
c) When HBr is' added to 1,3-butadiene at low temperature . . . . . . . . predominate and 

at high temperature ...... . . predomindttes. 

d) In the addition of HBr to conjugated diene the .. ... . .. is kinetically controlled 
and the ...... .. is thermodynamically controlled. 

5.3 FREE RADICAL ADDITION REACTIONS 

The above discussion may give you the impression that addition of hydrogen halides 
to unsaturated hydrocarbons always gives Markownikoffs product. But it is not so. 
After extensive study of the mechanism of addition of HBr to different alkenes, ~t 
was found by Kharasch and Mayo that in the presence of a peroxide the product 
obtained was contrary to Markownikoff s rule. Such additions are sometimes referred 
to.as anti-Markownikoff additions. Since the orientation is reversed in the persence 
of aperoxide, this is also known as the peroxide effect. For example, the addition of 
hydrogen bromide to propene in the presence of peroxides gives 1-bromopropane 
rather than Zbromopropane. However, this effect is not observed with HCI or HI. 

2 - B r a i c  

The intermediate in the peroxide catalysed reaction is a free radical and not 
carbocation. The function of peroxide is to generate the free radical! 

(RC02)2 - 2 ~ ~ 6 ~  - 2~ + 2C02 

R + HBr - RH + ~r 



Addltion md EHminutlon Bromine radical can add to either of the two carbon atoms producing either a primary 
or a secondary radical. 

Br 

The bromine radical prefers to react at the terminal carbon to give'a secondary radical 
- &cause, the secondary radical is more stable than a primary radical. The orientation 

of addition of the free radical is controlled on the principle that it takes place in a 
manner such that the more stable radical, of the possible alterndives, is generated. 
Consequently, the final product of reaction of HBr is (in presence of peroxide) 
generally the one with bromine attached to the less substituted carbon atom. 

I presence aswell as and in the absence of peroxide yields 1-bromopropanenitrile 

We see that the same product is formed by an entirely different mechanisms. On the 
basis of the principles discussed above, it is possible to predict the direction of 
orientation in either case. 

Now let us see what is the stereochemispy of free radical addition?. In most of the 
reported cas s, it ir trans. 1-Bromocyclohexene reacts with HBr in the presence of 
peroxide to t l  've cis 1,2-dibromocyclohexane, i n  which the two components of the 
addendum, viz., H and Br have trans stereochemistry. 

In section 5.2.3 you have studied the halogenation of alkene by ionic mechanism. 
Halogenation of alkenes can also be carried in the presence of light or  peroxides, 
which follows free radical mechanism as shown below: 



In this process chlorine radical is formed by homolytic fission of Clz. 

You will study freeedical addition reactions in more detait in Unit 10. 

SAQ 4 

Complete the folluwing reactions 

CH3 
Peroxide ...... a) cH36=CHZ + HBr - 

Peroxide ...... b) CH,=CHCN + HBr - 
c). 6H2=CHCN + HBr - .... 

In contrast to electrophilic addition reaction there are group of reagents which react 
with double bond from the same face of the double bond. These do not involve highly 
charged intermediates like carbocation. These are known as concerted addition 
reactions. Some important examples of concerted addition reactions are discussed 
below. 

Oqpdmummmc 

5.4.1 Hydroboration in the 1950s by Herbe 
Bmwn, who was a w a r t i ~ ~  I.v-n 

Hydroboration is a reaction in which diborane, (BH3)2 adds to a carbon-carbon Prize in 1979 for his work with 

double bond, or carbon-carbon triple bond to yield an organoborane. A new organoboroa compoun 

carbon-hydrogen bond and a new carbon-boron bond are formed. 

Addition of borane to alkenes gives alkyl boranes while addition of borane to an 
alkyne gives alkenyl borane. 

Alkyl borane 

I I 
-C=C- + BH3 + H-C=C-BH2 

Alkenyl borane 

This reaction is very facilc and requires only a few seconds for completion at 275 K 
and gives organoboranes in quantitative yield in ether solvents. 

The addition takes place in a stepwise fashion via successive addition of each boron 
hydrogen bond to the alkene. The 'sequence oC reaction is called hydroboration. I 

Step 2 CH2-CH2 + H-B-CH~CH~ + H-B-CH~-CH~ 1 



t Step 3 CH2=CH2 + B-CH,CH~ --+ $ - C H ~ C H ~  

LH,CH~ LHJH3 

I Triethyl borane 

Sometimes the hydroboration reaction is described as anti-Markownikoffs addition. 
This is true only in a literal sense, because in this reaction hydrogen is the 
electronegative portion of the molecule instead of being the electropdsitive portion 
as in other cases. 

CH3CH=CH2 CH3CH- CH2 
- Y L  

H-BH2 
1 I 
H BH2 

a- a+ 
As shown above, hydrogen (as a hydride ion, fir goes to the more substituted carbon 
atom. The reslllt appears to be anti-Markownikoffs addition. 

The ease of reaction decreases with i?e increase in the alkyl substituents on the 
double bond, e.g., trisubstituted alkenes form dialkylboranes and tetrasubstituted 
alkenes yield only monoalkylboranes. 

(CH3),C=CHCH3 (BH3)2 , (CH3)2CH- 

In hydroboration the boron and the hydride ion add to the t w ~  carbon atoms of the 
double bond simultaneously. This means that B and H must add from the same side 
of the double bond. Such addition reactions are called cis-additions or syn-additions. 

When,an organoborane is subsequently oxidised to an alcohol. the hydroxyl group 
ends up in the same position as the boron atom that it has replaced, that is, with the 
retention of configuration at that carbon. \ 

The organoboranes are versatile compounds capable of undergoing a variety of 
chemical transformations. Some important reactions of organoboranes are given 
below: 

i) One of the most important reactions of orgqnoboranes is H202 oxidation. 
Oxidation of an organoborane by alkaline H202 gives the corresponding alcohol. 
It amears as if water had been added to the double bond in an anti- 



Addiuoll to Carbon-Carbon M61Upk 
Bond System 

>B H 
(BH3)2 1 1  H20z, GH CH3C=CCH3 CH3C=CCH3 -, 

2-Butanone 

ii) Oxidation of organoboranes with chramic acid yields carbonyl compounds. 

iii) Organoboranes are readily cleared to alkanes by tfeating with carboxylic acid. 
Thus, the acid-hydrolysis of organobor'anes provides a useful method for carryi~j , 

out hydrogenation of alkenes and also of alkynes. 

3 CHlCOOH 3 CH3CH=CH2 (BH3)2, (CH3CH2CH2),B - 3 CH3CH2CH3 

- 

2.5-Dimethylhexane 

5.4.2 Diels-Alder Reaction 
In Diels-Alder reaction, a conjugated diene is treated with certain unsaturated 
compounds called the dienophiles (diene-lover), to yield an adduct. This is a 
1,4-addition'of an alkene to a conjugated diene. This reaction is named after the 
German chemists Otto Diels and Kurt Alder. It is an exceedingly useful reactioh used 
for synthesising cyclic systems. The simplest Diels-Alder reaction is the reaction Of 
13-butadiene and 'ethene' to yield cyclohexene, i.e., 

This is very slow reaction and occurs only under the conditions of heat and preyre. 
However, 'this reaction take$ place most rapidly giving high yields if the alkene 
component containh electron-withclrawhig groups or the diene has electron donating 







~dd~t(on .ad ~ l u l k a  Mechanism : Ozone can be represented as resonance hybrid of the following 
contributing structure: 

resonance confriburon of ozone 

The first step consists of a 1,3-dipolar addition of ozone to the double bond forming 
a. molozonide. The molozonide, being unstable, subsequently decomposes into 
fragments. decombination of these fragments in an alternative way yields an ozonide. 

Low molecular-weight ozonides are highly explosive and are, therefore, not isolated. 
Instead, ozonides are usually further treated with either a reducing agent such as zinc 
metal in etbanoic acid or an oxidising agent, such as hydrogen peroxide to yield 
cleaved prod~ats. The overall reaction is known as ozonolysis. Knowing the number 
and arrangement of cabon atoms in those cleaved products, one can locate the position 
of the double bond in the original alkene. Some examples of ozonolysis are given below: 

0 r 
CH&H2CH2CH=CHCH3 CH3CH2CH2C=0 + O=CCH3 I 

20Hexene H 
Aldehydes 

* 
H H 

0 3  I I 
CH3CH2CH=CHCH2CH3 

H20,zi) 
CH3CHg=0 + CH3CH2C=0 

3Wexene Aldehydes 

0 3  r - CH3CH2C=0 + O=CCH3 
2 Mabyl-2-Pe0el~ HzORn Aldehydes Ketone 

5.4.4 Hydroxylation 
Alkenes are readily hydroxylated, (i.e., addition of hydroxyl groups) to form a 
dihydroxy compound (diol) known as gycols. The most popular reagent used to 
convert ar! alkene into diol is cold alkaline aqueous .solution of potassium 
permanganate (KMn04) or osmium tetroxide (Os04). The yield with m04 is quite 
low as compared to Os04, but the use of Os04 is limited because it is both expenswe 
and toxic. 





b) Carbocation can undergo a 1.2-shift of H or R to yield more stable . . . . . 
c) Oxymercuration-dernercuration of alkene gives . . . . . 
d) Alkyne reacts with halogen to give . .... 

3) Why are alkenes more reactive than alkynes towards electrovhi!ic reactions? 

4) A, B and C are isornericheptenes. On ozono1ysis A gives ethanal and pentanal, 
B gives propanone and butanone and C gives ethanal and pentan-3-one. Give the 
structure formulae of A, B and C. 

5.7 ANSWERS 

Self-assessment Questions 

1) The alkene which forms most stable carbocatiod has fastest reaction. Thus the 
rate of reaction towards HBr addition is: I 

CH,=CH, < CH3CH2CH=CH2 < (CH,)~C=CHCH~CH; 

0 

3) a) 1,2-addition, 1,4-addition 
b) primary, secondary 

c) 1,2-product, 1 $-product 
d) 12-product, 1,4product 

5 )  Alkenes (a) and (c) are good dienophiles 



Terminal, Qtmtbm 

2) a) Markownikeffs 
b) carbocation 
c) alcohol 
d) tetrahaloalkane. 

3) Since an sp hybridised carbon is more electronegative than sp2 hybridised carbon, 
.rr electrons in alkynes are less easily available for combination with electrophile. 
Therefore alkynes are less reactive than alkene. 

4) >C=O group is introduced at >C=C< after fission, hence: 

compound A = CH3CH= CHCH2CH2CH2CH3 

yH3 p 
compound B = CH3C = C-CH2CH3 

compound C . = CH3CH= 'CH2CH3 

lH2CH3 
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6.1 INTRODUCTION 

In Unit 5 you have studied the addition reactions of carbon-carbon multiple bonded 
systems. In this unit we shall discuss the nucleophilic addition reactions'of aldehydes 
and ketones. Both aldehyde and ketone contain the carbonyl group, >C=O and are 
often referred to collectively as carbonyl compounds. The remarkable reactivity of 

After studying t h i ~  unit,,you should be able to: 

describe the structure of carbonyl group, and explain its polarity, 

explain the relative reactivity of aldehydes and ketones, 

discuss the general mechanism of nucleophilic addition to carbonyl compounds, 

discuss the different reactions of aldehydes and ketones. 

6.2 NATURE OF THE CARBONYL GROUP 

A carbonyl group consists of a carbon doubly bonded to an oxygen atom (Fig. 6.1). 
The carbonyl double bond is similar in many respects to the carbon-carbon double 
bond of an alkene. Like carbon-carbon double bond of alkene, carbon-oxygen . 
double bond of a oarbonyl compound consists of one a bond and one .rr bond. The 



carbonyl carbon atom is sp2 hybridised and forms three a bonds (two C-H bonds and ~udeophuic ~dditlon to Carbony1 

one C - 0  bond) and an unhybridizedp orbital is left on the carbon atom. The a bond 
is formed by overlap of sp2 hybrid orbitals and a rr bond is formed with oxygen by 
overlap of p-orbitals. Carbonyl compounds are planar and have bond angles of 
approximately 120". 

pi bond - 
big. 6.1: Bonding rr carbonyl compound. 

Unlike carbon-carbon double bond, carbon-oxygen double bond is polar. This is 
because of the higher electronegativity of oxygen relative to carbon. The rr electrons 
of the carbon-oxygen double bond get shifted towards the oxygen atom and the bond 
gets polarised. This electron imbalance in the rr bond makes the carbon atom electron- 
deficient as a result the carbonyl group as a whole has an electron withdrawing effect. 
Thus, the carbonyl group has two active centres, viz., 

6+ 6 -  
>C=O 

The carbon carrying partial positive charge, called electrophilic or cationoid 
centre. This can be attacked by nucleophilic reagents. 

The oxygen carrying partial negative charge, called nucleophilic or anionoid 
centre. This can be attacked by electrophilic reagents. , 

6.3 KIND OF CARBONYL COMPOUNDS 

Carbonyl compounds can be classified into two groups, based on the kind of reactions 
they under*. 

d 4) Aldehydes and ketones 
ii) Carboxylic acids and their derivatives, e.g., esters, acid chlorides, acid 

anhydrides and amides. 

In aldehydes and ketones, the acyl units (RCO) are bonded to H and R, respectively. 
I These substituents cannot serve as leaving groups. Therefore, the chemistry of these 

compounds is similar. The acyl units in carboxylic acids and their derivatives are 
bonded to substituents like oxygen, halogen or nitrogen that can serve as leaving 
groups. Hence, the chemistry of aldehydes and ketones is different from that of 
carboxylic acids and the& derivatives. 

In this unit we shall discuss only the nucleophilic addition to aldehydes and ketones. 

I Before going into details of the reactions of carbonyl compounds, let us study the 
relative reactivity of aldehydes and ketones. 

6.4 REACTIVITY OF CARBONYL COMPOUNDS 

You have studied in Unit 1 that a nucleophilic addition reaction involves addition of 
a nucleophile to the partially positively charged carbon atom of the carbonyl group. 
The relative reactivities of aldehydes and ketones in nucleophilic addition reactions 
may be attributed partly to the extent of polarisation of the carbonyl carbon. The 
rate determining step involves the attack of nucleophile at the positively charged 
carbon atom. Thekfore, the reactivity of the carbbnyl group depends upon the 
magnitude of the positive charge on the carbciiyl carbon. Thus, a greater positive 
charge means higher reactivity. If this partial positive charge is dispersed throughput 
the molecu,e then the carbonyl compound is less reactive. Electrgn withdrawing 
substituents at the carbonyl carbon, which increase its positive charge, increase its 
reactivity towards nucleophilic addition reactions. Similarly, electren donating 
rubtituents decrease its positive character and hence decrease the reactivity towards 
nuckophilic addition reaction. 



1 
~ ~ ~ l r r l m  You know that alkyl groups have electron releasing effect. Therefore, ketones, which 

contain two alkyl groups, are less reactive than aldehydes. Further chloroethanal, 
which contains the electron withdrawing chlorine atom, is more reactive t h q  ethanal. 
Similarly, nitroethanal, where NO2 group has stronger electron withdrawing 
character than chlorine is more reactive than chloroethanal. Thus the order of 
reactivity is: 

0 0 0 0 
II II II II 

CH3CH2*CH < CH3+CH < Cl+CH-CH < 0 2 N 4 H 2 - C H  I 
Aromatic aldehydes or ketones are less reactive than aliphatic aldehydes and ketones. 
This can be attributed to resonance interaction between the carbonyl group and the 
aromatic ring. I 
The result of this interaction is a weakening of the positive charge on the carbonyl, 
carbon atom through dispersal of the charge within the ring. I 

Steric factor also plays an important role in the relative reactivity of aldehydes and 
ketones. A bulky group in the vicinity of the carbonyl carbon presents greater steric 

I ~ hindrance than the smaller hydrogen atom to the approaching nucleophile. I 
With the above general ideas, it will be easier to study the reactions of aldehydes and 
ketones which we will take up in the next section. I 

I SAQ 1 
Considering the steric factor, arrange the following compounds in the order of the~r 
react'ivity . 

0 0 0 
II 11 I1 

. CH3CC(CH3)3, acCI.33, (cH3)3ccc(cH3)3 

I game product ultimately. 

The addition reaction of carbonyl compounds, therefore, can theoretically proceed 
by the following two mechanism. 

Mechaaism I: In the first mechanism, the proton adds to the carbony1 oxygen in the first 
step (slow step), This further increases the electrophilic nature of the carbonyl 
carbon. In the next step (fast step) the nucleophile attacks the carbocation. 

slow '+ >C=O: + H+ --, >C=O H - &-OH 



An acid catalysed reaction should follow mechanism I and the base catalysed 
mechanism 11. 

Now let us study some important reactions of aldehydes or ketones. 

6.5.1 Readion with Hydrogen Cyanide 
Hydrogen cyanide (hydrocyanic acid) adds to the carbonyl compounds in aqueous 

the concentration of cyanide ion. 

H C # ~ ~ H  F--L hJ + H20 
The reaction is reversible and the position of equilibrium depends on the usual steric 

HCN is a very poisowus dwtance. it is not used directly in cyanohydrin formation. I 

- - 
&om HCN present and generates a cyznide ion, in the second step. I 



d d t t l w u a ~  Cyanohydrins are also useful synthetic intermediates. An important consequence of 
the reaction is that one more carbon atom is added to the carbon chain. The cyano 
group may be converted to a carboxylic acid, by hyrdolysis, or to a primary amihe 
by reduction. 

OH 
I - cda-C- CN H+/H20 PH ; R-FCOOH 

d CH, 

OH OH 
I 1. LiALH, I 

-C-CN ------ -+ - CCH2NH2 
I 2. H2@ r 

6.5.2 Reaction witb Sodium Hydrogen Sulphite 
Most of the aldehydes, some ketones (generally methyl ketone) and unhindered 
cyclic ketones react with sodium hydr.ogen sulphite (sodium bisulphite) to give a 
crystaline hydrogen sulphite adduct. 

>C=O + NaHS03 - \ /OH 

/% 
S03Na+ 

Ketones with bulky groups fail to add sodium hygrogen sulphite. On heating with 
dilute acid or aqueous sodium carbonate, bisulphite compound regenerates the , 

carbonyl compound. 

>C=O + N ~ S ~ , H  

This reaction is often used for separation and purification ,of aldehydes and ketones 
from non-carbonyl compounds. When such a mixture is treated with sodium 
hydrogen sulphite, the aldehyde or ketone is converted into crystalline hydrogen 
sulphite ~dduct  which can be separated. The crystalline adduct can be converted back 
into aldehyde or ketone. 

6.5.3 Reaction with Water 
Aldehydes and ketones react with water to form 1,l-diols, (geninal-diols) or hydrates. 
Hydrogen becomes bonded to the negatively polarised carbonyl oxygen and hydroxyl 
group to the positively polarised carbon: This reslction is reyersible and the hydrate 
formed is generally too unstable to be isolated. 

4 

-C=O+H,O 7 

Gcminal diol 

Stable hydrates are known in a few cases but they are rather exceptions, e.g., chloral 
hydrate or in formalin: 

0 
II 

ClFCH + H20  & ' C13CCH(OH)2 
alld hydrate 

0 

Ht!H + H20 & HCH(OH)2 
in formalin 

The rate of reaction depends on the nature of the carbonyl group and is influenced 
by the combination of electronic and steric effects. 

. With increase of alkyl substitution on the carbonyl group, the reactivity of carbonyl 
compounds decreases, when treated with water under similar conditions. For 
example, 



H H 
I Z 

C=O +. H20 ---+ H- 
?-OH 

(99.96%) 
/ 

H OH 

"3"\ H t 

d 
C=O + H20 ---+ H3C-7-OH (58Yo) 

OH 

"3C\ CH3 I 

/ 
C=O + H20 + CHj-C-OH (0.14%) 

I 
H3C . OH 

Methand has no alkyl-substituents to stabilise its carbonyl group and is converted 
almost compktely to the corresponding diol(99.%%). The carbonyl group of ethanal 
is stabilised by one alkyl substituent and the carbonyl of propanone by two. Ethanal 
gives 58% wGle propanone gives only 0.14% of diols. 

Reactivity of carbonyl compounds increases when electron-withdrawing groups are 
attached to the carbony1 carbon. For example, in contrast to the almosf negligible 
hydration of propanone, the hexafluoropropanone is completely hydrated. 

"">. PH 
= O + H 2 0  v H3C-7-OH 

H3C CH3 
0.14% 

F3C PH 
\=0 + H20 - FJC-7-OH 
/ 

F3C 
100% 

Now ltt us consider the steric effect on the rate of reactions. Let us examine the 
gcminal diol products. The ca*n atom that bears two hydroxyl group is sp3 
6ybridised. Its substitucnts are more m d e d  than they are in the starting aldehyde 
or ketone. Inaeased crowding can be better tolerated when the substituents are 
hydrogen than when they are alkyl groups. Dl01 of methanal is least crowded and 
hence formed in 1- amount. Diol of propanone on the other hand is bore 
cmwded, therefore, formedin a lesser aniount. Finally, the amount of diol of ethanal 
b farmad %tween the above two limits. 

As the eledronic d stcric effects combine hydration of aldehydes becomes more 
favowable than that of kctona. 

w b w b l t b s ~ ~ g o p ~ ~ ~ r t r W s h y d s l t s ) m d  
rvh3t 

,....I.................*................................................+........ "..................*.... 

6.5.4 Rcrctkn with A l d d  



- - - - - - 7  --- --- 
loss of water, give acetal or ketal, respectively. Unlike hy&ks, acetals and ketals are 
quite stable and can be isolated. 

Aldehyde Hemiacetal Acetal 
(OH and OR on C) (two OKs on C) 

Mechanism: The mechanism of formation of hemiacetal is analogob to that of the . 
acid catalysed hydration of an aldehyde. 

1 In the mechanism for acetal formation from the hemiacetal, again protonation and 

Attack by a second molecule of.alcoho1 forms the protonated acetal which on 
deprotonation gives acetal. 

An acetal can be hydrolysed back into parent aldehyde and abmhol upon txeatmcnt 
with aqueous mineral acid even at room temperature. 

The mechanism'is just the reverse of that for the formation of the acetal. 

Now you will see how acetal formation and hydrolysis have been applied to synthetic 
organic chemistry as a means of carbonyl group protection. In romt chcmicrl 
reactions one functional group may interfere with intended rerction ebewbere ia r 
complex molecule. We can often drcumvent. the problem in W@I errs, by 

1 



protecting the interfering functional group, carrying out the desired reaction, and 
then removing the protecting group. For example, if we wish to oxidise propenal to 
2,3dihydroxypropanal, there is an interference of the carbonyl group, since both the 
double bond (C=C and C=O) would be oxidised. But after converting the carbonyl 
group to an acetal, we can oxidise a carbon-carbon double bond in the molecule 
without oxidising the carbonyl group. 

R -t- 
OHOH 0 

a 2 = c H c H  ,,, , I I  I 
cHg3-I-CH 

Since acetal formation is a reversible reaction it can be cleaved by hydrolysis to 
regenerate the carbonyl group. Thus, 2,3-dihydroxypropanal is obtained. Similarly 
take another example, conversion of ethyl Coxopentanoate to, 5-hydroxypentanb 
2-one. We can not reduce the ester group directly by LiAlH4 as both the carbonyl 
groups would be reduced simultaneously. If we first protect the ketone by forming 
an aced, &sequent &ter reduction p a  normally &d acetd can be cleaved to get 
back ketone. 

? P oraor be- 
m-=,kh' 

P 
~ r n 2 ( = H z o H  
5---2- 

r rP  CH2- CH2 
I I 

0 
\/O r - "\ /O , ~ O C H ~ O H  a-m3 

SAQ 3 
Consider the acid-catalyd reaction of ethanal with methanol. Write stnrchvPl 
formulas for, 
a) The hemiacetal intermediate 
b) The cabcat ion intermediate 
c) The acetal product. 

............................................................................................................... 

............................................................................................................... 
6.5.5 Reaction with Amines 
Reactions of carbonyl compounds with amine can be classified into the following two 
categories. 

Reaction with primary amines, 
Reaction with gecondary amines. 

Rd011 with primpry amincr 
In the prersnce of an acid catalyst a primary amine adds to carbonyl compounds to 
give an larime (compounds with C-N group). In this reaction the initial addition of 
#+ is fdowcd by an attack of HaG. Subsequent deh'ydration forms a 





The first step of the reaction is the addition of the amine to  the carbonyl group. In N~lcopbUk A d d i k  to CPCBO.YI 

strongfy acid medium, the concentration of the amine becomes very low because we compounda 

get ONH, in excess amounlts. In other words, the rate of the first step decreases with 
increase in acidity as GNH3 is a poor nucleophile than G F .  

The second step involves the eliminatiop of water. In acidic medium concentration 
increases with the increasing acid concentration. 

s a better leaving group than -OH). 

An increase in acidity causes step 2 to go faster, but step 1 to go slower, while 

- .  
is the nrtatest. At this pH, some of the &ne is protonated, but some are free to initiate I 

The names of reactants with different G, general condensation products and their 
class.is given in Table 6.1. Many of these products are crystalline solids with sharp 1 

Table 6.1 : Rerrctlon d ammonia derivatives 
1 

C Ammonia derivative Product Class of Product I 
-OH NHzOH >C=NOH Oxime 

hydroxylamine oxime ' 

-NH2 HzNN Hz >C=NNH2 hydrazone 
hydrazine hydrazone I 

-NHCONH2 H2NNHCONH2 >C=NNHCONH, semicarbazooe 
semicarbazide semicarbazone 

Aldehydes and ketones with ana-hydrogen react with secondary amines to yield 
indairun loas, which undergo further reaction to give enamines (vinylamines). 

?&re €hem is no proton remaining on nitrogen of this intermediate iminium ion, the 
iminc fo~n\~ t ion  cannot occur. Instead an enamine is formed by loss of a proton from 
a carbon atom B to the nitrogen. This results in the formation of a double bond 
betmen a and $ carbon atoms. 

like imine formation, enamine formation is reversible, and enamines can be 
coaverted back to the corresponding carbonyl compounds. 

You must have noticed from the above that the mechanism of enamine formation is 
similar to the mechanism of imine formation. Reaction of aldehydes or ketones with 
primary and secondary amine may appear different but $hey are quite similar. Both 



MIitbadEbdmtbm are typical examples of nucleophilic addition reaction j n  which the initially formed 
tetrahedral intermediate is not stable. Instead, the carbonyl oxygen is eliminated and 
a new carbon-nucleophile double bond is formed. You can practice this reaction by 
solving the following SAQ. 

SAQ 4 

Write thc mcchltnism of the followine reaction. 

.......................... .............................................................. T................... 

................................................................................................................ 
t 

* .  

6.5.6 Reaction with Grignard Reagents 
Developments in chemistry in  he past 3-4 decades, has unravelled a large number of 
reactions of Grignard reagents with carbonyl group. The reaction of Grignard reagent 
with aldehydes or ketoncs givcs alcohols. This is the most important method for 
preparaing alcohols. 

I H201H+ 
-C=O + RMgX . . 

PH 
-CR 

I 

A large numbenof alcohols can be obtained from Grignard reactions depending upon 
the reagents used. For example, a Grignard reagent reacts with methanal to give a 
primary alcohol. 

0 
II .. .. ..+ 

1 Similarly, reaction with ketones yields tertiary alcohols. 

the oxygen, forming the alcohol salt which is hydrolysed to an alcohol with water in 
38 acidic medium. 



-++-  

+ + OMgX ti+ s , \ / 
-c=o + RM~X -------3 c 

I 
/ \R / \d 

Note that the hydrocarbon portion of a Grigdard reagent acts essentially as a 
carbanion. It is for this reason that Grignard reactions must be perfornied in dry 
ether. Even traces of moisture can neutralise the reagent. 

I - +  +-  C+ c- I 
-C:MgX+ H-OH + -C:H + MgXOH 

I I 
6.5.7 Wittig Reaction 
In 1954, George Wittig reported a method of synthesising alkenes from carhonyl 

-A=O Wittig reaction 1 I 
P -C=C- 

There are two main steps in Wittig reaction. In ,the first step, the nucleophilic 
reagent triphenylphosphine reacts with a primary or secondary alkyl halide to give a 
phosphonium salt, 

R ' R' 
I I 

Ph3P: + RCHX + Ph3P+-CHR X- 
Triphenyl Alkyl Phosphonium 
p K ~ p h e  halide salt 

This phosphonium salt further reacts with a strong base, which abstracts a weakly 
acidic a-hydrogen to give alkylidene triphenylphosphorane (a phosphorus ylide) 
commorily known as the Wittig reagent. 

R ' R' 

The resulting phosphorus ylide attacks the carbonyl carbon to form a dipolar 
intermediate called a betaine, which often undergoes elimination spontaneously to 
yield an allcene. 

Mechanism: Mechanism of Wittig reaction has been the subject of much discussion, 
but evidence is now strongly in favour of the formation of an intermediate betaine. 
This betaine intermediate is unstable and rapidly fragments, probably by way of a 
second intermediate containing a four-membered ring, to an alkene and triphenyl- 
phosphine oxide. 

The phosphorus ylides have a 
hybnd structure and it is the 
negatlvc charge on carbon that is 
respns~ble  for their characteristic 
reactions. 

T+yl - 
* =  / 

The g u t  v j w  of Wittig reaction is &at pure alkenes of known structures can be 
prepared. The position at which the double bond is introduced is never in doubt. The 
double bond is formed between the carbonyl carbon of the aldehyde or ketone and 
the negatively charged carbon of the ylide. 



..rum ul PY--U~ Wittig reaction is so important that it can be used commercially !or the preparation 
of $-carotene, a yellow food-colouring age6t. Wittig reaction a versatile, the alkyl 
halide used to prepare the ylide may be methyl, primary or secondary but not tertiary. 
The alkyl halide can also contain any other functionality such as a double bond or 
alkenyl groups. 

6.5.8 AIdol Condensation 
In the presence of a dilute base, such as aqueous NaOH, two or more molecules of 
an aldehyde or a ketone, containing an a-hydrogen may combine to form a 
$-hydroxyaldehyde or P-hydroxyketone, a compound mntaining alcoholic and 
aldehydic or ketonic groups, respectively. This r6action.i~ called aldd condensation. 
The product results from addition of one molecule of the carbonyl compounds to a 
second molecule in such a way that the a-carbon of the first is attached to the carbonyl 
carbon of the second. ar example, reaction between the two ethanal molecules. 

Ethanal Ethanal 3-Hydrdxybutanal 

The starting aldehyde in an aldol condensation must' contain an a-hydrogen. If the 
aldehyde or ketone does not contain an a-hydrogen, a simple aldol condensation 
cannot take place. \ 

- No reaction 

Compounds 
containing 
no a-hydrogen 

Since the P-hydroxyaldehyde has a carbonyl carbon with a-hydrogen it can undergo 
further reaction to give trimers or tetramers. For simplicity we will show only the 
dimerisation product. 

, 
Aldol condensations are reversible reactions. The condensation product (a phydroxy 
carbonyl compound) loses a water molecule to form unsaturated aldehydes or 
ketones, (conjugated enones), e.g., 

Crotonaldehyde 
or E B u t e d  

(conjugated enones) 

Mechanism: Pldol condensation is a two step process. In the firbt step, the base 
abstracts a proton frqm the a-carbon of the aldehyde tq form enolate ion. 

In the next step, the enolate ion attacks the earbony1 carbon of another aldehyde 
molecule to forin an alkoxide ion, which abstracts a proton 'from water to yield the 

. f3-hydroxyaldehyde, o regenerating OH. 
a H. set** 



Alcohols generally do not undergo dehydrt.liion by dilute acid or base. However, Nakophilic Addition to Carbonyl 

aldol products undergo dehydration because in this case the double bond is 1n 
conjugation with the carbonyl group in the product. 

Crossed oldd eaadensatloa 

As mentioned above, an aldehyde without a-hydrogen does not undergo aldol 
condensation. However, if such an aldehyde is mixed with an aldehyde that does have 
an a-hydrogen, aldol coqdensation can occur. Aldol condensation between the twc) 
different carbonyl compounds is called crossed aldol condensation which is of two 
types: 

In type one, both the carbonyl compounds have a-hydrogen atoms. In these cases a 
mixture of four possible products may be formed. Because of the formation of such 
a mixture, this type of reaction is commercially of no use. 

In type two, one of the carbonyl compound does not have an a-hydrogen, e.g., 

0 

Barnldcbyh - 
wo achydrrgsl) 

Methyl ketones can be used successfully in crossed aldol condensation with aldehydes 
that contain no a-hydrogen. 

6.5.9 Reactions Related to AIdol Condensation 
There are many reactions that are closely related to aldol condensation. At first glance 
each of these reactions may seem quite different from others. But a close examinahon of 
these reactions shows, that like aldol condensation each of these involves an attack by a 
carbaiiion formed from one molecule on the carbonyl group of another. Some such 
reaction are given below: 

PaLIaconduMation 

.Perkin condensation is a reaction in which an aromatic aldehyde combines with 
anhydride of an aliphatic acid (having atleast two a-hydrogen atoms) in the presence 
of salt of the same acid to yield an a, @-unsaturated acid. In this reaction the catalyst 
used is generally the salt of the carboxylic acid related to the anhydride but it may 
be replaced by some other bases such as sodium carbonate, pyridine, etc. For 
example, benzaldehyde when heated with acetis anhydride in the presence of 
anhydrous sodium acetate gives cinnamic acid. 

B 6 m h M  

Amb - 
MecburLdr: First the b k  abstracts the a-hydrogen from the anhydride to form a 
carbanion. 



* 
M d W o l l m d ~ ~ b h t b m  In the next step, the resultant carbanion attacks the carbonyl carbon of the other 

molecule to form an anion which takes up a proton to form a hydroxy compound. 

0 
I I 

0 

91 

The hydroxy compound first undergoes dehydration to give an unsaturated anhydride 
which gets hydrolysed forming the a, punsaturated acid. 

It must be noted that aliphatic aldehydes do not undergo Perkin reaction. 

Claisen condensation 
Clalsell condensation 1s a reaction of csters ha\.ing an a-llydrogn,When these esters 
are treated with a base such as sodium ethoxlae, a reversible self-condensation 
reaction occurs to yield a P-keto ester. The ester condensation is similar to an aldol 
condensation; the difference is that the -OR group of an ester can act as a leaving 
group. The result is, therefore, substitution, whereas the aldol condensation is an 
addition reaction. For example, ethyl acetate when treated with sodium ethoxide 
yields ethyl acetoacetate, a f3-keto tster. 

Mechanism: At first, the base abstracts an acidic a-hydrogen from an ester to fonn 
a carbanion or ester enolate ion, 

forming the intermediate anion, 
This carbanion adds to the wbonyl carbon of the second molecule of the ester, 





Mechanism: The first step in the Cannizzaro rea - -- - - -. --r---- -- 

I hydroxide ion on the carbonyl carbon of aldehvde to dve an anion 

In the second step, transfer of a hydride ion from the tetrahedral intermediate to the 
second molecule of aldehyde takes place. The net result is that one molecule of 
aldehyde undergoes hydroxyl substitution for hydride and is thereby oxidised, 
whereas, a second molecule of aldehjde accepts the hydride and hence, is reduced 
to an alcohol. 

0 
II am 
C-OH + 0 

6.5.11 Michael Addition 
Nucleophiles and carbanions generally do not add to isolated carbon-carbon double 
bonds. However, when an electron withdrawing group like C=O is present in 
conjugation with a carbon-carbon double bond, carbanions add to the conjugated 
system at the site of electron deficiency, i.e., the f3-carbon atom. Such addition 
reactions are known as Mkhael addition. In other words, addition of active methylent 
compounds to carbon-carbon double bond of a, f3-unsaturated carbonyl compounds 
in' the presence of basic catalyst is known as Michael addition. The following 
examples are illustrative: . 

If an excess of the a, f3-unsaturated carbonyl compound is used, it is possible to 
achieve dialkylation. 

Mechanism: We take here the condensation of ethyl mirlonate with bmmenal rs rur 



In the next step the carbanion attacks at the p-carbon atom of propenal to give t ~ ~ e  N.dcopbilk Additlm to Cnrbonyl 

more stable enolate which abstracts a poton from the solvent to yield the final 
product. 

In general the compound from which carbanion is generated must have an acidic 
hydrogen, so that the carbanion can be obtained easily. Such a compound is usually 
one that contain a -CH2- or >CH- group flanked by two electron withdrawing 
groups on either side. 

Michael addition is a general reaction and is not limited to CC-;-*--*~~~ nlAaL-.rl- I 
ketone. Conjugated esters, nitriles, amides and nitro mmpounL ..,. 
Michael addition. For example: I 

SAQ S 

W w  can tho following compounds be prepared using Michael reaction? 

Due to higher electronegativity difference between the carbon and oxygen, t$e 
carbonqxygen double bond (>C=O) is polarised, and, hence, it can undergo 
electrophilic attack at oxygen or nucleuphilic attack at carbon. 



kddi thm on w~~~m~utloa Carbonyl con~pounds can be classified into two groups: 
(a) aldehyde and ketone and (b) carboxylic acid and their derivatives. 

I~icctron withdrawing substituents at the carbonyl carbon increase its reactivity 
whilt. electron donating substituents decrease its reactivity in nucleophilic addition 
rr,xcllons. 

* R d k y  groups, substituted at carbonyl carbon, present greater steric hindrance to 
the approaching nucleophile. 

~.THCN adds to the carbonyl compounds in the presence of a basic catalyst to give 
-t "fivanohydrim. 

9 Most of the aldehydes and and some ketones react with sodium hydrogen sulphite to 
give hydrogen sulphite adducts. 

The addition of one molecule of an alcohol to an aldehyde or ketone gives a 
hemiacetal or a hemiketal, respectively. On the other hand, the reaction of two 
molecules of alcohol to an aldehyde or a ketone, with the loss of water, gives acetal or 
ketal, respectively. 
Since acetal formation is a reversible reaction it can serve as a protecting group 
fGr carbonyl compounds. 

Piimary amines react with aldehydes or ketones to form the corresponding N-alkyl 
or N-aryl substituted imines. This reaction is sensitive to acid catalysis. Therefore, 
a careful control of pH is essential. Secondary d i n e s  react with aldehydes or 
ketone to give enamines. 

Reactions of Grignard reagents with aldehydes or ketones gives alcohols. 

T w  or more molecules of aldehydes or ketones, containing a-hydrogens may 
combine to form p-hydroxyaldehyde or fl-hydroxyketone respectively. This 
reaction is known as Aldol condensation. There are a large number of reactions 
related to aldol condensation, e.g., Perkin, Claisen, Knoevenagel, etc. 

When an aldehyde having no a-hydrogen is treated with concentrated\allkali, 
self osidation-reduction occurs to yield a mixture of an alcohol and the salt of the 
corresponding carbohylic acid. This reaction is known as Cannizzaro reaction. 
With compounds having a carboncarbon double bond in conjugation d t h  an 
electron withdrawing group addition of carbanions may occur at the P-position. 
This reaction is known as Michael addition reaction. 

J - 
6,71 TERMINAL QUESTIONS 

1 
$ 

1) List the following aldehydes in terms of increasing reactivity. 
CH3CH0, C13CCH0, ClCH2CH0, C12CHCH0 

2) Write the structure of the cadinolamine intermediate and the iminelenamine 
product formed in the reaction of each of the following: 

a) Ethanal and benzylamine 

b) Propanal and dimethylamine 

3) Shon how nould you prepare the following compounds by an aldoYcross aldol 
condensation:'? 

5) C6H5CH=CHCCH(CH3)2 



2) Compound (a) will form the most stable hydrate, because of electron- 
withdrawal by the CI atoms. 

I 

3) a) CH3CH0 + CH30H 4 

la- 41 







~ l w u m m d ~  When both the two atoms or groups are lost from two adjacent carbon atoms, 
resulting in the formation of a double or a triple bond, the reaction is called 
1,2-elimination or p-elimination. ' 

Similarly, 1.3elimination and 1,4eli11hation are also known. In 1,3elimination 3- 
membered ring is formed and in 1,4elimination a conjugated diene or a four membered 
ring is formed. 

Very. few examples of 1,l -elimination, 1,3elimination or 1,4elimination are known. 
However, 1.2elimination is quite common. Therefore, in this unit our discussion will be 
confined to 1,2-elimination only. 

SAQ I 

Fill in the blanks in the following statements. 

a) ......................... refers to the loss of two atoms or groups from a molecule. I 

b) When the two atoms are lost from the same carbon atom, the reaction is called 
.......................... 

c) When both the atoms are lost from the adjacent carbon atoms, the reaction is 
called I ......................... 

......................... d) In 1,3-elimination a ring is formed. 

7.3 1. 2-ELIMINATION OR B-ELIMINATION 

adia&nt carbon atom. 

(L = halogen, NR3, OH,  SR2, OSO,, OCOR) 

Following are some common examples of such eliminations; 



In the above instances, the leaving group, L, is respectively Br, OH and N(CH3)? and 
hydrogen atom on the &carbon atom is lost alongside. Though a hydrogen aiom is 

i generally lost in nearly all elimination reactions, there are some reactions where this 
is not so. An example is removal of halogen atoms from dihalides by mctals. 

I 
I BrGH2CH2Br -% CH2=CH2 + ZnBr2 (debromination) 

I While most of l,2-eliminations are ionic, there are a few examples of non-ionic 
1,2-eliminations that occur on pyrolysis; These are actually uncatalysed 
intramolecular 1,2-elimination. We are not gyng to discuss then1 at thh level. 

Elimination reactions often accompany nuclcophilic substitutions It is  therefore 
logical to expect a similarity of the lii~~etics and even mechanistic features in these 
reactions. Thus, like substit~~tion reactions, eli~nination rerictlons also lake p l a ~ e  
through one of the two mechanisms, i.c, u~~irnolecuiar el~minutior: (61) or 
bimoiecular elimination (E2). El and E2 mechanisms are closcly related to ?, 1 ;nd 
SN2 mechanisms respectively. El and E2 rnechs~iisrr~s are different from each other 

I in the timing of the breakin~of  C-H and (2-1, bonds and consequently in their 
kinetics. NOW, let us discrlss each mechanism separat~ly. 

7.4 E2 REACTIONS 

E2 mechanism involves breaking of C--L and C-H bonds sirnulianeciusly. Thc base 
pulls away hydrogen, as a-proton, from carbon atom; simultancousiy  he leaving 
group departs and a double bond is formed. The leaving group talces its tlcctrons 
pair with it and hydrogen leaves its electrons pair behind to f o r ~ ~ r  the double bond. 

I The mechanism thus a one step mechanism involving a transition state with a partial 
double bond character, 

--j -C= C- + BH + L 

k i t h  ute 

Since it is a one step reaction, both reactants are involved in the transition state and 
the rate of overall reaction depends on the concentration of the substrate as well as 
concentration of the base, i.e. 

Rate a [substratel [base] 

This reaction is known as bimolecular elimination or E2 reaction. Reaction kinetics 
is typically second order: firsr order in base and first order in the substrate. 

Another REChanism that is ~0nsiStent with the above kinetic requirements is called the 
carbanion or ElcB mechanism in which hydrogen leaveb first. This is a two steps 
mechanism. The base removes the hydrogen in the first step to form an intermediate 
W o n .  which then can react rapidly, in the second step, either to refom the 
reactants or lose L- to form the alkene. 

I I I -c-y-L + B + -C-C-L +'BH 
I I '  

ElcB mechanism is the least common of the elimination pathways. The ~ a r b ~ n i o n -  
mechanism has been shown to be a special case and occurs only where the carbanion from 
tbe substrate is strongly stabilised and where the leaving group is a poor leaving grwp 
d d d  not be lost from the developing anion. An example of a reaction, which follows 



Addillon and El i i inat i i  El& rnechanims, is the formation of 1 ,l-dichl0rc+2,2-difluotoethene from l,l-dichloro- 
2.2,2-trifluoroethane in the presence of C,H@ &a. You may note that the carbanion 
is strongly stabilised due to -I effect of halogens, further F is a poor leaving group. 

C,H,ON~ 
- 

- F 
C11C12 --CF3 ,- c1,C-CF~ + C12C=CF2 

The name ElcB comes from the fact that it is the conjugate base of the substrate that 
is giving up the leaving group. The process usually, shows second order kinetic hut 
is Jcsignated as ElcB (elimination, unimolecular, of a conjugated base) to indicate 
that departure of the leaving group from the initially formed carbanion leads to the 
product 

SAQ 2 
0 

Fill in the blanks in the following statements. 

a) E2 elimination is a ........................ step reaction. 

b) Rate of E2 elimination depends on concentration of ......................... a ~ d  
........................ 

-c )  Reaction kinetics of ElcB elimination is ......................... order. 

d) Reaction kinetics of E2 elimination is ......................... order. 

7.4.1 Evidence of E2 Reaction 
The most important evidence supporting this mechanism is the reaction kinetics, 
which you have just studied. .Now, let us see at the other evidence t h a  support E2 
mechanism. 

i) Absence of Rearrangement 

You have studied in Unit 5, that rearrangement is characteristic of carbocations. 
Since E2 is a single step mechanism, it does not involve intermediate carbocation and 
therefore, it does not give rearranged product (compare with E l  reaction given later 
in this unit). 

ii) Isotope Effect 
A second and more compelling piece of evidence that supports our understanding of 
E2 mechanism is isotope effect. Isotope effect for been discussed in Uhit 2. 

Let us consider dehydrohalogenation of labelled (deuterated) and unlabelled 
1-bromopropanes. 

CH3CH2CH2Br E2- CH3CH=CH2 

CH3CD2CH2Br -% CH3CD=CH2 

h e  labelled 1-bromopropane contams two deuterium atoms at P-carbon, from which' 
one deuterium atom must be lost in the elimination reaction. We have seen that 
breaking of the C-H bond is 'an integral part of the rate determining step of an E2 
reaction. The stronger C-D bond rgquires more energy to be broken. Therefore, 
rate of elimination in deuterated 1-bromopropane should be slower. In fact, it has been 
observed that the unlabelled alkyl halide reacts seven time faster than the labelled 
alkyl halide, K d K D  = 7. 

What is significant about the existence of isotope effect here? This shows the breaking 
of C-H bond taks place in rate-determing step. Let us compare the rate of this 
reaction if it was procceding according to E l  mechanism. In E l  elimination, too, 
C-D and C-H bonds would be broken but from the carbocation, in the second step, 
which is not the rate determining step. Thus it has no effect on the overall rate of 
rea~zon . 

ili) A b s e m  of Hydrogen Exchange 

E2 eliminations are not accompanied by hydrogen exchange. A distinction between 
fhe E2 and ElcB mechanisms can be made by means of tracer experiments to test for 
hydrogen exchange. The reaction of 1-bromo-2-phenylethane with 'sodium ethoxide, 
was run in deuterated ethanol, GHSOD. QHSOD and the unchanged 



1-bromo-2-phenylethane was recovered. If the carbanion mechanism had operated, 
deuterium would have been found in the recovered 1-bromo-2-phenylethane i.e. 

The recovered 'l-br0nib-2-~hen~lethane did not contain any deuterium, so the 
carbanion mechanism does not operate in this case. 

7.4.2 Orientation in E2 Reactions 
An unsymmetrical substrate with at least two hydrogen-bearing P-carbons can afford 
a mixture of alkenes. For example, Zbromobutane on 1,Zelimination'can give either 
1-butene or Zbutene. 

Similarly, decomposition of see. butyl tri-methyl ammonium hydroxide also gives a 
mixture of 1-butene and Zbutene. 

CH3CH2CHCH3 - CH3CH2CH=CH2 + CH3CH=CHCH3 
I 

+N(CH3) 1-Butene 2-Butene 
sec. Buy1 tri-methyl 
amnwniutn hydroxide 

NOW the question arises, which i s m e r  will predominate? The direction of orientation 
is governed by Hofmann rule or Saytzeff rule. Therefore, let us fist discuss these rules. 

Hofmann Rule 
Hofmann rule governs the direction of orientation in elimination react io~~s in which 

- the acarbon atom is attad XI to a positively charged atom (Onium Compounds). It 
states that elimination reactions of positively charged species, the least substituted alkene 
will be the major product. Although originally applied to quarternary ammonium 
compounds, this rule has since been applied to other substrgtks also, in which the 
acarbon is attached to a positively charged atom, e.g. 

S(CH3)2 
I C,H,O- 

CH3CH2CH - CH3 ' CH3CH2CH = CH, + CH3CH = C H C ~ ]  
- S(CH,), 

Major Minor 
OH-A 

CH3CH,CH2CH -CH, ' CH,CH,CH,CH = CH, + CH,CH,CH = CHCH, 
I b 

+ N(CH,), - N(CH,), Major Minor 
Saytzeff Rule 
Saytzeff rule governs the direction of orientation in elimination reactions involving 
neutral substrates.'It states that a neutral substrate, such as an akyl  halide, is 
converted preferably to the more substituted alkene. Thus in the above readtion 
(elimination of Zbromobropane), Zbuteie will be the major productie. 



-.ad- The elimination reactions covered by these orientation rules are base-induced, 9 
property characteristic of E2 reactions. But why is there such a variation in the nature 

productsobtained from quarternary ammonium compounds on the bne hand 
on the other? There is no complete agreement on he cause of this 

entirely different orientation in reactions which apparently follow the same E2 
mechanisms. The following reasoning may best explain these differences, 

Let us first consider the transition states (T.S.) for the formation of the two alkenes 
1-e. less substituted and more substituted alkene from an alkyl halide. Both the 
transition states for the E2 elimination reaction have partialdouble bond character 
as s b w n  below: 

6- 8- 
H .... OR RO .... H 

c&& - CHCH) 
i 8- 

Br Br 

T.S. d b c  T.+ d mae 
1- nkartucddLac 

Since both the transition states have double bond character, h e  m i t i o n  state leading 
to more stable alkene is itself more stabilised and is of lower energy pig. 7.1) 

RX + base 

Progncr of rsctioa 

~ i , , .  7.1 : E- for a typlepl E2 rurtbn, *wing why the mom abstitut* P-W. 

Therefore. the more stable alkene fonqed'as a major product. The more the number 
of alkyl substituen& on either side of the double bond, the PeafeF the stabilig ofthe 
resulting alkene. Thus, another way of stating SaytzefffUle is to say that the more 
stable of the possible alkenes is formed preferentidy. ahis is also an instance of 
"thermodyMmic contror9 as the product composition reflects the relative rates of 
formation of the products. However, Hofmann rule predicts the preferential 
formation of the less-substituted (i.e. the less stable) alkene. How does one a m u n t  
for this? 

The rule can be by considering &e mechanism of ehlination r eadon  of 
quarternary hydroxide. In thh readon,  b a  abstracts a Proton from the 
B-carbon atom wifh simultmwus expulsion of a tertiary b a  fmm fhe a m n  
giving rise to h e  formation of a double bond, i.e., 

There is one more possibility, 



In the presence of strong electron withdrawing group, positive charge is induced on ElbWk- 

all the surrounding atoms causing the loosening of a P-hydrogen which gets easily 
abstractedhy the base. But if an electron releasing group, sty an alkyl group, is 
attached to this carbon, it tends to neutralise the Induced positive charge and thus 
abstraction of P-hydrogen becomes difficult. It is understandable that if the 
ammonium salt has an ethyl as well as a propyl group attacbed to the positively 
charged nitrogen, ethyl group would be lost more readily to form ethene. 

Dehydrohalogenation of alkyl halide using a bulky base leads to the formation of 
terminal alkene as a major product (steric effect). An example of this type of 
elimination is: 

CH3CH2CHCH3 + t ~ u 6  + CH3CI&CH=CH2 + CH3CH= CHCH3 + tBuOH + BT 
I 73% 27% 
Br 

Another type of "orientation" effect. may be mentioned here briefly. When a 
1,Zdisubstituted or a more highly substitut~d alkene is formed, ch-truns isomerism 
is possible. Thus, Zbromobutane actually yields three products rither than the two 
indicated previously. Two of these are geometrical isomers, the third a structural 
isomer, 

CH3 CH3 H r CH3 
CH3CH2CHCH3 4 >C=C< + >C=C< + CH3CH2CH=CH2 

I 
Br H H CH3. H 

cis . trans 

As you would expect, the more stable of the isomeric Zbutenes is the trans isomer, 
since the two methyl groups are as far from each other as.possib1e. In general, the 
geometric isomer of an alkene, which has the two largest groups trans to each other 
is the more stable isomer. 

' SAQ 3 
Give.khe major products of the following reactions. 

!= KOH a) CH3CH2 HCH3 - ..... 
b, ~ ~ 3 ~ ~ 2 & c ~ 3 ) 2  CZHSOH, ..... 

, C) 'CH3CH2CH2CHCH3 - ..... 
I 

I 
I 

+N(CH3)3 

7.4.3 Stereochemistry of E2 Reactions 
A knowledge of the stereochemistry of E2 eriminations is important for a complete 
understanding of their mechanism and for proper planning of a synthesis. % 
knowledge is also essential for predicting the product when the substrates are 
diastereoisomers that can farm stereoisomeric alkenes. 

I 

An elimination reaction can occur in two stereochemically different ways, viz., syn 
elimination and ma' elimination. In syn elimination H and L leave ihe akyl halide 
from the same side, while in Mh' elimination H and L leave from the m t e  sides, 
i.e. 

I 

I 

kYi4iddcm 



~ w w k m d p " - " + ~ . ~  Experimentally, it is found that E2 elimination is an anti-elimination. ?'he interesting 
feature of an anti-elimination is that the groups that are lost in the formation of the 
product determine the stereochemistry of that product. 

'The, E2 reaction seems to be easier when hydrogen and the leaving group are tram 
and the four atoms involved (H, C,, C,, L) are in the same plane (trans coplanar). 

propane. 

* CH3 
I 

BrCH - CHCH3 - C,H5CH=CC6H5 

b 5  &45 
1-Bromc~l ,Zdiphenyl 1,2-Diphmylpropene 
propane 

Thiscompvund contains two chiral centres and hence it has four stereoisomers. (Two 
pairs of e'nantiomers i.e. erythro and threo.) 

ws 
I II 

I I 
mlu 

Erythro 

Since there is only one &hydrogen present in the molecule, all the four isomers yield 
the same product, i.e. 1,2-diphenyl-1-propene. But this product too, exists as a pair 
of stereoisomer: the Z and E geometrical isomers. '. 
The elimination of HBr from erythro tialide (I or 11). which follows anti elimination 
gives only z-alkene. Since the reaction yields only one diastereomer,'~, of a possible 
pair, it is stereoselective. 

C 

a 



Similarly, elimination of HBr from threo halide (111 or I V )  gives only the E-alkene, l r u d ~ t h  ~ a - t m ~  

which also follows anti-elimination. 

Ws 

or 

A reaction in which different stereoisomers of the reactant yield stzreochenlicrtlly 
different products is said to be stereospecific reaction. Our stud~es have shown that 
€2 elimination is both stereoselective and stereospecific. 

These Qscussions show that E2 is an anti-elimination. Now, the question arises why 
is anti-elimination preferred? This is because anti-elimination occurs through a 
transition state in which the molecule assumes a staggered conformation and 
syn-elimination occurs through a transition state that lras an eclipsed conformation. 
Since staggered conformation is more stable, the transition state of anrr-elimination 
is also more stable. Hence anti-elimination is faster and preferred over 
syn-elimination. This canpalso be explained on the basis of steric factor. In 
anti-elimination the attacking species, a base and the leaving group are on opposlte 
side of the moIecuIe and cannot interfere with each other. However, in syn-eIimiMtion 
both, bay and leaving group are on the same side and therefore, they can interfere 
sterically with each other. Therefore, anti-elimination is preferred over syn-elimination, 
over syn-elimination. 

The foregoing example shows that the stereochemistry of E2 elimination requires a 
trans-coplanar disposition of the leaving groups in the transition state. 

To accommodate the transition state, the eliminated substituents should not only be 
Pans but also be coplanar with the a and fl carbons. In cyclic wmpounds such 
an arrangement can be achieved only when the eliminated substituents are axial. 

The requirement of stereospecificiry in E2 eliminations is dramatically demonstrated 
in the following example. Benzene hexachloride C6&C16 can exist in eight isomeric 
forms one of which loses HCI 10,000 times more slowly than the others. This isomer 
has no adjacent chlorine and hydrogen atoms ,trans to each other. . - A .  
The rate of the following reactions support an mti-elimination E2 reactions. The 
isomeric chloromaleic acid (H and CI cis) and chlorofumaric acid (H and C1 trans) 
both give butynedioic (acetylene dicarboxylic) acidan treatment with a base; but 
chlorofumaric acid reacts about 50 times faster. 

H COOH 
\c/ . OH 
I 
C Sbrr 
/ \ 

Q COOH 
Chlawndeic acid s f  111 

C 
H COOH 
'c' 

COOW 

11 OH Butynediaic 
A 

C F u  
add 

\ - Q 
Cbbrdunericdd 



A ~ I W  .nd ~lh&uai SAQ 4 

Predict the dehydrohalogenation products, induding their stereochemistry, of the 
following: 

a) mesodibromostilbene 
b) f dibromostilbene. I 

............................................................................................................... 

............................................................................................................... 

7.5 El REACTIONS 

E l  mechanism involves first the breaking of C-L bond which is then followed by 
breaking of C-H bond and formation of a new n bond between the two carbon 
atoms. In this mechanism, the bond broken and bond-made are the same as in 
& mechanism: however, bond breaking and bond making here are taking place not 
simultaneously, but one after the other. Sq, whereas E2 is a one step process, Eli!  
a two step process. 

The first step in an El mechanism is identical to the first step of the SN1 mechanism 
i.e., the substrate undergoes heterolysis to form a carbocation. 

In the second step, the carbocation rapidly loses a &proton to the base, which is 
generally the solvent itself, and forms the alkene. 

I 
1 

7.5.1 Evidence of El Reaction 

+ I I I -> -c=c- + DH 
AlLclre 

The first step of El mechanism is slow and therefore, is the rate determiningstep. 

As shown above, only the substrate is involved in the rate determining step that 
means the rate of reaction is dependent only on the concentration of the substrate 
and is independent of the concentration of base. 

Rate a [substrate] 

Therefore, it is known as unimqlecular elimination or El elimination and the reaction 
kinetic is of first order. 

7.5.1 Evidence of El Reaction 
Like in E2 reactions, here too,. the reaction kinetics is the most important evidence 
supporting El  mechanism. The other evidences are given below: 

I) Absence of Isotope Effect 
'i 

* El  mechanism does not show isotope effect. We have seen that isotope effect occur 
in elimination only if the P-carbon-hydrogen bond is broken in the rate determining 
step. In E l  mechanism rupture of the C-H (or C-D) bond occurs in the second step 
which is not the rate determining step, so there is-no difference in the rate of reaction 
in an unlabelled and isotopically (D) labelled compound. 

ii) Rearrangement 

We know that reactivity of E l  reaction is determined by the rate of formation of- 
carbocation and this depends upon the stability of carbocation. 



The first step of an El reaction gives a carbocation. Since rearrangement is 
characteristic of carbocations, El reaction should be susceptible to rearrangements. 
This, too, is confirmed by experiment. For example, 

I 

( 7 3  
GHsOH (CH3)3CyHCH3 - (CH3)3CCH=CH2 + CH3C=FCH3 

Br CH3 
Normal product Rearrangement 

product 

I 
I 7.5.2 Orientation in El  Reactions 

i We have studied in section 7.4.2 that the .orientation of E2 reactiorls is governed by 
the Hofmann and Saytzeff rules. Do El eliminations follow these rules'? In the F'l I reaction, hydrogen is not lost until the carbocation is formed and therefore, the loss 

I 
should not depend on the nature of the depking group. So, the distinct'ion of a 
positively charged leaving group and a neutral one cannot be invoked here. Since the 

I same carbocation would arise from ionization of halide or a quarternary ammonium 

i group the same orientation should be observed. This hypothesis has been validated 
by showing that El reactions of both halides and quarternary ammonium salts give 
the same product - the Saytzeff product i.e., the more substituted alkenc. Since thc 
most stable alkene arises from the most stable transition state, one should expect the 

I Saytzeff product to predominati regardless of the substrate or mechanism. 
r 

SAQ 5 

Does the nature of leaving group effect the El reaction? 

I ............................................................................................................... 
* 

7.5.3 Stereochemistry of the El  Reactions 
You may recall, at this.point, the uncertainty in the stereochemistry of S,1 

P displacement reactions. The same uncertainty could be expected to exist in the El 
reaction too. The crux of the problem is tlie half-life of the intermediate carbocation. 
If the carbocation is sufficiently Iong-lived, it will become planar and the course of 
elimination will be independent of the original configuration. In this case, there is no 
stereospecificity and the more stable alkene is formed. If, however, elimination is 
completed before thc groupL has departed far enough to leave a planar carbocation, 
a trans-eliminaticm is favouked. A simple picture of elimination in a cyclohexane 
system brings this out clearly. / 

cu 
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W'"''-- The groups attached to the intermediate carbocation are in a plane and the distinction 
between cis and trans disappears because the two sides of the plane are 'equivalent. 
Thus cis and tram isomers of a 2-alkyl cyclohexyl chloride would be expected to yield 
the same carbocation and hence the same mixture of alkenes. under E l  conditions. 
In fact, the I-alkylcyclohexene is favoured. But more of it is formed form the cis 
isomer where H and CI are trans coplanar. The explanation is similar to that for 
preferred inversion in SN1 ieactions. Apparently the carbocation is still shielded by 
the leaving group, or is unsymmetrically solvated. It, has thus, some "memory" of 
the isomer from which it was formed and by analogy with the E2 reactions prefers 
Pans elimination. You will also pote that the l-alkylcyclohexene is more stable t h  
3-alkyl isomer. 

7.6 SUBSTITUTION VERSUS .ELIMINATION 

Substitution and elimination reactions may occur simultaneoudy. Since the success 
or failure of a synthetic method will hinge upon the ability of the desired reaction to 
proceed in the right direction, some understanding of the facts influencing this 
competition is necessary. We shall now discuss some of these facts that would help 
us in designing synthesis so as to get the desired products by either substitution or .- . ~ 

elimination. i; * 
,: 

Bimolecular substitution as well as elimiiatih' are affected by: 

structure of the substrate 

structure of the attacking reagent 

nature of the solvent 

temperature 

What wpu!d be the effect of the structure of the substrate in a competition between 
the two bimolecular reactions i.e. SN2 and E2? The rate of the SN2 reaction decreases 
and 'the rate of the E2 reaction increases with increased chain branch@ in the 
substrate. The alkene yield should therefore, increase sharply in the series. 

CH3CH2-L < (CH3)2CH-L < (CH3)3C-L 

In fact, when bromo alkane are reacted with sodium ethoxide in ethanol, bromo 
ethane gives mostly ether and only 1% of ethene, while 2-bromo-2-methylpropane 

(t-buqlbromide) gives almost quantitative yield of 1,l-dimethylethene. 
2-bromopropane (Isopropyl bromide) gives both propene and 1-ethoxy propane 
(ethyl propyl ether) in about 3:l ratio. Thus the E2/SN2 ratio increases with incretdsing 
in a-branching. 

Let us now consider the effect of structure of the attacking reagent on the E2/SN2 
ratio. In E2 reactions, the basicity of the attacking reagent is critical since a proton 
is removed in the fjrst step. In SN2 reactions, nucleoehilicity is important. Hence tc; 
effect elimination, strong bases such as OH, a ~ t  and NH2 should be used rather than 
merely strong nucleophiles. 

An awareness of the role of the base in E2 and SN2 reactions is essential for designing 
syntheses properly. Frequently, for exam'ple, an alcohol has to be prepared from an 
alkyl halide that easily dehydrohalogenates.'~o repress formation of the alkene, the 
alkyl halide is treated with potassium acetate, a weak base and the resulting ester is 
saponified. 'This two-step synthesis affords a better 'yield of alcohol than the direct 
one-step treatment of the alkyl halide with KOH, a strong base that gives a 
preponderance of the alkene. 



On the other hand, hindered tertiary bases such as NN-diethylaniline and triethylamine ~ ( b a  I(~Ic:!-N 

are often used to promote dehydrohalogenation when it is desrred to avoid 
displacement. 

Effect of the solvent on the EUSN2 ratio depends on how well it solvates the two 
transition states, for the reactants qre the same for both the reactions. Let us consider 
the attack by hydroxide ion on bmmotthane. The charge is concentrated on the 
oxygen atom of the reactant. In the SN2 transition state, it is spread over three atoms: 

In the E2 transition state, it is spread w e r  five atoms. 

OH I 

Charge is dispersed in both reactions, so both will be favoirred by less polar solvents. 
This effect will be more pronounced in an E2 reaction where the extent of charge 
dispersal is greater. A less polar solvent, then favours an E2 more tha r~  an SN2 
reaction. By analogous reasoning, attack of an anionic base on a sulphonium or 
ammonium salt should give higher elimination/substitution ratios in less polar 
solvents. 

Experimentally it is seen that the alkene yields are usually better in ethanol-ethoxide 
than in water-hydroxide mixtures. A combination of Zmethylpropoxide 

than ethanol, and 2-methYlp~opoxide is a stronger base than ethoxide: 

In unimolecular substitution as well as elimination, the ElISNl ratio is determined I 

-- 
more favoured of the t k o  by rise in temperature. 

SAQ 6 , 
Predict the products and probable mechanistic path of the foll&ng reaction. Justify 

There are manytypes of elimination reactions but 1,Zelimination is the most common. - 61 I 



In 1.2-elimination the two atoms or groups are lost from the adjacent carbon atoms 
and a double bond is formed. 

a Elimination reactions take place either by E2 or E l  mechanisms. 

In El reaction the leaving group departs first to produce an intermediate 
carbocation in rate determining step. In E2 reactiup both groups depart 
simultaneously. 

In E2 reaction both reactants are involved in the rate determining step and 
therefore. its reaction kinetic is of second order. 

a In E l  reaction only the substrate is involved in the rate determining step and 
therefore, it follows a first order kinetics. 

e E2 reactions a) are not accompanied by rearrangement, b) show isotope effect 
and c) are not accompanied by hydmgen exchange. 

El reactions a) are accompanied by rearrangement and b) do not show isotope 
effect. 

When the more substituted alkene is the product it is said to follow Saytzeff 
orientation. Formation of the less substituted alkene is the result of Hofmann 
orientation. 

E2 elimination is normally referred to as anti-elimination. 

7.8 TERMIYAL QUESTIONS 

1) Why is isotope effect not observed in E l  reactions? 
2) Would you expect 4 strong stereochemical basis in El elimination, that is a 

perference for anti or syn elimination? Explain taking specific examples. 

3) Define each of the following: 
a) Saytzeff rule b) Hofmann rule 

4) Outline the evidence for an E2 reaction. 
5) For each of the following pair which compound will react most readily by E2 

elimination with sodium hydroxide in ethyl alcohol. 

a) CH3CHzCHzCl and (CH3)3CCH2Cl 

b) CH3CH2CH2CH2CI and CH3CH2CH2CI * 
c) CH3CH2CH20CH3 and CH3CH2CH20SOZC6HS 

H H H3C H 
d) >C=C< and >C=C< 

CH3 C1 H C1 

7.9 ANSWERS 

&If-assessment Questions 
1) a) Elimination b) 1,ltlimination 

c) 1.2-elimination d) 3-membered 
2) a) one b) substrate, base 

c) second d) second 

a) CH3CH=CHCH3 
Major 



5) No. In the El reaction the leaving group is expelled in the first step before the 
double bond is formed. 

6 )  OH I Y C H Z C H 3  
CH3CH2CH2CHCH3 + CH3CH2CH2CHCH3 + CH3CH2CH=CHCH3 

(trans) 

The two substitution products are formed by an S,1 mechanism and the one 
elimination product by E l  mechanism. The alkyl halide is secondary. A weak 
nucleophile, but polar solvent, is used. These conditions favour substitution 
reactions, while the high temperature favours elimination. 

Terminal Questions 

1) The cleavage of C-H bond is not observed in rate determining step of an E l  
reaction. 

2) No. The cartjocation intermediate in an E l  reaction is approximately ,planar, so 
proton loss from either side is equally possible. 

3) Hofmann Rule: It states that the elimination from the charged substrates yield 
the least substituted alkenes as a major product. 

Saybeff Rule: It states the elimination from neutral substrates generally gives 
more substituted alkenes as a major product. 

4) Reaction kinCtic 
Absence of rearrangements 
Isotope effect 
Absence of hydrogen exchange 

5) a) (CH3)3CCH2Cl 

b) CH3CH2CH2CH2CI 

C) CH3CH2CH20CH3 





assigned to the more electronegative atom. You will understand the significance of wd.tb.ud~sdaetb. 

this definition as you go through the examples given in this section. 

If you know how to calculate .the oxidation states of different atoms present in the 
reactants and the products, you can find out what is oxidised and what is reduced. 
The importance of oxidation state for the oxidation-reduction reactions is similar to 
the importance of currency in a business transaction. 

Tmcalculate oxidation states one must know how to write the Lewis structure of 
molecules and ions. The method%f writing Lewis structure has been discussed in 
detail in Unit 3 of "Atoms and Molecules" course. 

You can calculate the oxidation state of a particular atom in ; compound or ion using 
the following formula: 

Oxidation state = No. of valence electron(s) 

No. of electrons assigned to the atom 
after adjustment asger  electronegativety 

Suppose we want to calculate the oxidation state of carhon and hydrogen atoms in H 
methane molecule. U t  us first write the Lewis structure of methane: 

H H 
I Methane 

H-C-H 
I Note that the bonding electrons 

H which are ass~gncd to carhon 
atom are showrr by means of 
enclos~ng l~nes Since carbon IS 

more electronegattve than 
We know that carbon atom has four valence electrons and hydrogen atom has one. hydrogen. a11 the erght electrons 
S i n q  carbon is more electronegative than hydrogen, eight bonding electrons of the have been assigned to the carbon 
four C-H bonds have to be assigned to the carbon atom while calculating the atom Hence a$ per relative 

oxidation state of this carbon atom. Using the equation stated above: electronegativ~ty values, electrons 
assigned to carbon atom = 8 and 

Oxidation state of carbon = 4-8 = -4 electrons asstgned to each 
~xidati'on state of hydrogen - atom = 1-0 = + 1 hydrogen atom = 0. 

Similarly you can calculate the oxidation states of various carbon atoms in a propene 
molecule. Since in propene all the three carbon atoms have different electron 
environment, all the tbree carbon atoms will have different oxidation state. We will 

T B Y  
H - ~ - c Z = C ~ - H  

I 
H 

No. of valence electrons of all the three carbon = 4 
No. of electrons assigned to C1 = 6 
No. of electrons assigned to Cz = 5 
No. of electrons assigned to C3 = 7 

Thus, 
Oxidation state of C! = 4-6*= -2 
Oxida~ion state of = 4-5 = -1 
oxidation state of C, = 4-7 = -3 

Note that the oxidation state of an element in a compound is the average value for 
the element, if more than one alorn of the same element is present in one niolecule 
of the compound. Thus the average oxidation state of carbon in propene is: 

(-2) + (-1) + (-3) - -6 - -2 
3 3 

While assigning the bondintelectrons, care must be taken in case of bonds linking 
atoms of the same element, (e.g., C-C, C=C and N=N). In such cases, the 
bonding electrons must be distributed equally to each of the two atoms linked. 

For example, the four electrons constituting the double bond between two carbon 
atoms must be distributed equally to each of these two carbon atoms. 



~ d i ~ ~ a m d ~ w . i u t i r  We can list a series of compounds according to the increasing oxidation state of 
carbon: 

CH;CH3 CH2=CH2 CH=CH CH3COOH co2 
CH3CH20H CH3CH0 and its ccb 
CH3CH2Cl CH3CH2C12 derivatives 

increasing oxidation state of carbon 

SAQ 1 
Cdculate the, oxidation state of the carbon atom(s) in the following molecules. 

a) CH2=CH2 
b) CH3CH0 

............................................................................................................... 
',"""""".".'.'.. .......................................................................................... .. 
. .......................................................................................... ................... 
........................ _... ................................................................................... 

Some important ~xidation reactions are discussed below: 

8.3.1 Oxidation of Alkenes and Alkynes 
Some oxidation reactions of alkenes and alkynes have been discussed in Unit 5 of 
this course. In this unit we shall study the oxidation of\alkenes using transition metal 
complexes. 

Many organic reactions can be brought about by transition metal complexes. This is 
a rapidly growing area of organic chemistry with extensive applications in industriet 
Transition metals possess unfilled orbitals capable of accepting electrons. Simple 
alkenes can provides a pair of electrons by coardination through the IT bond. Such 
complexes can rearrange to form intermediates, with a carbon metal bond, which 
undergo further transformation, An example is palladium catalysed oxidation of 
ethene, known as Wacker process, which is used for commercial preparation of 
ethanal. 

CH2=CH2 + '/202 PdCI2M20 
F 

CuCl, 
CH3CH0 

The reaction is believed to proceed through a palladium complex with the alkene. 
Water adds to this complex with the formation of a metal carbon a bond and loss of 
a proton. In the final step, hydride ion migrqtion occurs as shown. 

Cupric chloride reoxidises the palladium formed, regenerating PdC12 for the 
continuation of the catalytic cycle. 

Pd + 2CuC12 ,-% PdC12 + 2CuCI 

The resultant cuprous chloride can be again oxidized to cupric chloride as shown 
'below: 

11202 + PCUCI + 2HC1 - 2CuC12 + H2Q 

Later in this unit, we will see how transition metal complexes can also bring about 
reduction of alkenes and alkynes. 



renninal alkynes undergo oxidative coupling. For example (h ld r tk . .~~ lc~w~*~  

CJ-I~C=CH Cu(oH)2, ca5cl~cu NH,, C&C=CC-CC& 
C2HsOH 

1 his reaction has been used to prepare monocyclic, unsaturated large ring compounQs 
 annul^ ncs) 

8.3.2 Oxidation of Alcohols 
An !mpurlunt reaction of alcohols 1s their ox~dation to yield carbonyl compounds. 
Ai~ohols w~th a-hydrogen a~om(s)  undrrgo oxidation readily. Ox~dation of an alcohol 
invojvcs thz loss of one ctr more a-l~ydrogens. The nature of the product formed 
dqpnds  upon the number of a-hydrogens plesent in the alcohol, that is, whether the 
akottol is prlnlnry, secondary or tertiary. Primary alcohols first give aldehydes by 
Iosulg ~ w o i  hydrogens The aldehyde forrned tends to undergo further oxidation to 
giye a carkoxylic acid. In aqueous solution, aldehydes are more easily oxidised than 
alcohols. Therefore, oxldation usually continues until the carboxylic acid is formed. 

H H 
I 

OH 
I 101 1 

RCOH 1% RC=O 4 RC=O 
I 
H 

Alcrrhol dldehydc carboxyl~c acld 

dxidising gents commonly used for the oxidation of primary alcohols to carboxylic 
acids are, \ hromium ttioxide (CrO,) in aqueous sulphuric acid (Jone's reagent), 
potassium flerrnanganatc or potassium dichromate. For example, 

O H  
Jnnc's reagent 1 

CH,(CH2)&H20H t CH3(CH2)8C=0 
kDecanol Decanoic ac~d 

~f the reaction mixture is kept in between the boiling points of the aldehyde and the Wiii lha' due to 
hydrogen bonding alcohols are 

alcohol, the aldehyde distils off as soon as it is formed and further oxidation is higher boiling than the 
avoided. Yield of aldehydes by this method is usually !OW. Therefore, this technique correspondrng aldehydes 

is of limited synthetic value. 

Pyrldiniunl chlorochromate or chromium-pyridine complex is a more selective 
reagent. These reagent are soluble in non-aqueous solvents, such as lCH$J, and 
pxidation stops at the aldehyde stage. 

C5H5&H cr0,Cl 
CHr(CHi)&H20H CH2CI, CH3(cH2)8CH0 

1-Decanol Decanal 

Secondary alcohols on oxidation give excellent yields of ketones which are stable. 
Acidic conditions are usually maintained because, ketones get oqidised further in 
alkaline solution. 

-&HoA -&SO a Oxidation products 

For large-scale oxidations, an inexpensive reagent, sodium dichromate in aqueous 
acetic acid is used. 

O H  0 t 

I Na2Cr207 I I  
CH3(CH2)5CHCH3 - 
2-Octanol 

- CH,(CH,)4CH3 
H+ 2-Octaoone (96%) 

O U t i b n  of primary and secondary alcohols fellows E2 reaction pathway which you 
have studied in Unit 7. The first step involves the reaction between alcohok and h e  
chromium (VI) reagent to form the chromate intermediate. In the next step, 
bimolecular elimination takes place t o  gi9e carbonyl compound. 

I 
-C-OH w- I 3-c 0-c& *- I I 13 4 , - C = O + ~ H  

H H 
QB 



Tertiary alcohols do not get oxidised under alkaline conditions. Under acidic 
conditions, tertiary alcohols undergo dehydration and the resultant alkene may get 
oxidised. 

(01 
OH- I reaction 

SAQ 2 

alkene lo' ' alkene 
oxidation 
products 

I 

Predict the product(s) of the following rezctions 

a) CH3CH20H 
Jone's reagent 

b) CH3CHOH Jone's reagent 
I 

7% 
C) CH+OH 

Jone's reagent 

8.3.3 Oxidation of Aldehydes and Ketones 
As mentioned above, aldehydes are very readily oxidised to acid. Aldehydes can be 
oxidised by the same reagents that oxidise alcohols. Permanganate or dichromate 
salts are the most common oxidising agents. 

H 
I 

RC=O . KMnO,, H +  
Hz0 

RCOOH 

Aldehydes are so easy to oxidise that even a mild reagent like s i l d i a m m o n i a  
complex (Tollens, reagent) can be used for oxidation. For example: 

Tollens' reagent oxidises aldehydes in high yield without attacking carbon-carbon 
double bond or other functional groups. 

I ouen s RCH=CHC=O RCH=CHCOOH 
a, P-unsaturated reagent a, f3-unsaturated 
aldehyde acid 

In this reaction, a shining coat of silver metal gets deposited on the glass surface of 
the reaction vessel. So it can be used as a test to detect the presend of aldehydes. 
Mirrors are also prepared commercially in this way. 

Mechanism: In the first step, H 2 0  as nucleophile adds to the carbonyl carbon to give 
a 1,l-diol or a hydrate. Diol formation is a reversible step and the equilibrium usually 
favours the aldehyde. . 

n 

Did 
In the second step the diol reacts like any normal primary or secondary alcohol and 
is oxidised to a carboxylic acid as discussed in the case of oxidation of alcohol. 



ketones are not easily oxidised. Oxidation of ketones occurs only when forced by the 
use of strong oxidising agents and perhaps involves the cleavage of the molecule 
t h ~  ough t h e  corresponding en01 to produce an acid. 

Thc arrows of unequal length indicate that the equilibrium lies in favour of the 
ketone. However, as the en01 is oxidised more of it gets formed and the reaction can 
gv IG completion. The reaction is only useful for symmetrical ketones such as 
cyclohexanone, as a mixture of products is formed from unsymmetrical ketones. 

Oxidation is the reaction in which aldehydes differ from ketones. It is because an 
aldehydic group contain one hydrogen atom at carbony1 carbon. While a ketonic 
group has no such hydrogen atom. This hydrogen is abstracted in oxidation. The 
analogous reaction for a ketone requires abstraction of alkyl or aryl group which does 
not take place. 

8.3.4 Selectivity in Oxidation 
A rno lecu lc may contain a functional group which can be oxidised to a product which 
IS susceptible to further oxidation. To stop at the intermediate stage we must use a 
wlcctivc clxidising agent. 

C I H ~ ~  

OWOH C_: Qr' 
Cr;":t- 

COOH 

~ - S d a a i y c  QJCHL~ 
In the above example, the dichromate is non-selective between primary alcohol and 
nldch!de groups while pyridinium chlorochromate oxidises only the alcohol but no the 
aldehyde. Similarly, for oxidation of a molecule containing more than one oxidisable 
group. a selective reagent will be needed if oxidation at only one centre is desired. 

8.3.5 Biological Oxidation 
Oxidation and reduction are very important reactions in living organisms. These 
reactions are usuilly very complex. We may, at this stage talk about the technical 
reduction of ethanal to ethyl alcohol in a simplified manner because it also proceeds 
through a hpdride transfer reaction. The hydridksource is the reduced form of the 
coenzyme nicotinamide adenine dinucleotide. It is a complex molecule but for our 
purpose we can look at it as NADH which can transfer a hydride ion (like lithium 
aluminium hydride) and get convertep into its oxidised form NAD+. In biological 
systems an enzyme catalyst brings together the molecule to be reduced i.e., 
acetaldehyde and the reducing agent, i.e. NADH. The situation may be considered 
somewhat similar to a metal bringing together hydrogen and an alkene in catalytic 
hydrogenation. 

H 
I 

H 
I 

C H F = O H C  CH3COHA$-gfD+ 
NADH dehydroeenase 

(enrvrne) 
A 

Ethanal p i n s  a hydride ion from NADH and a proton f r ~ m  the solvent. 
6 

The reaction is reversible and the same rnz! m r  can caralyse the oxidation of alcohol 
to ethanal. 69 

- 



8.4 REDUCTION REACTIONS - 

I In this section we shall study the reduction of different classes of compounds, like 
alkenes, alkynes, atdehydes ketones and some nitrogen functional groups. 

'". 

I 8.4.1 Reduction of Alkenes and ~ l k y n e s  
Addition of hydrogen to carbon-carbon multiple bonds (hydrogenation) qan be 
camed out with the help of tmsition w t a l  catalysts such aFplatinum, palladium or 
nickel. The finally divided catalyst is shaken as a suspension with a solution of the 
alke.ne in an organic solvent in the presence of hydrogen gas (heterogeneous 
hydrogenation). You may remember that the manufacture of vegetable fats involves 
hydrogenation of double bonds present in vegetable oils. 

Hydrogen and the alkene first become associated with the metal surface. Hydi-ogen 
is then transferred to the unsaturated carbons of the organic molecule. The two 
hydrogens are added on the same side (syn-addition) of the alkene. 

Some transition metals can be rendered soluble in organic solvents by complexation 
williowrn pnd F i r  were with ligands, like triphenylphosphine. These complexes can be used for homogeneous 
given Nobel RLze in 1973 for their hydrogenation e.g. tris(tripheny1phosphine) chlororhodiurn called WiUrinson catalyst 
nort in transition metal is soluble in benzene. These complexes can be used fot homogeneous hydrogenation. 
'dlaniwy 

Rhodium catalyst is more selective and can be used to reduce less substituted double 
bonds in the presefice of more substituted double bonds. 

CH3 I 
CH3 I H2 (1 mol) F' CH3 I 

CH3C=CHCH2CH2 CH=CH2 7 ,. 
CH3 =CHCH2CH2CCH2CH3 

RhCl (PPh313 ' I 
OH OH 

A atalyst mix+ with a Like alkenes, alkynes also undergo catalytic hydrogegation. Addition of hydrogen to 
inhibiting agent is called a an alkyne takes place in t w ~  steps. The first addition results in the formation of an 
poisoned catalyst. akene; since an alkene can also undergo catalytic hydrogenation, the second addition 

gives an alkane. By using a calculated amount of hydrogen and a poisoned catalyst, 
hydrogenation can be stopped at the alkene stage. The catalytic poisons selectively 
block hydrogenation of alkenes. 

R 
Poisoned catalyst \ /R RC-CR 

PdCZBaSO, ' Alkync 
H2 H f5\ 

cit-fUkene 

Stereorckaive .reaction is a This is a stereoselective addition reaction givlng predominantly cis alkenes. In h e  
reaction which yield absence of a poison, catalytic hydrogenation of an alk-the alkane. 
pndominrntly one homer 

C I l l ~ m ~ t h e r e d ~ o i ~ w r ' m t o ~ o n l y t r r a u a l L b n e d i ' S h e ~ e r  
im yea; w cra get only fmw products, but with a &runt reduciq agent and throgb 
a ~ t ~ .  . 



rr we carry out the reduction of an alkyne with sodium metal or lithium metal in Odl.tioll..d-bn 

liquid ammonia, tram alkene is almost the exclusive product. For example, 3-heptyne A radical has one centre 
s reduced to tram-3-heptene in this way: . with it neci~tive charrc ant1 

In the first step of this mechanishr, the alkyne accepts one electron to give a radical 
anion. The radical anion is prot~nated by the ammonia solvent to give an alkenyl 
radical; which gets further reduced by accepting another electron to give an alkenyl 
anion. m i s  species is again protonated to give the alkene. 

Formation a f  the tram a1kene.i~ due to the rapid equilibration of the intermediate 
alktllyl rddical between the cis- and tram-forms. The equilibrium lies on the side of 
the more sfable tram suecies. 

cir radical 
(less stable) 

tram radical 
(more stable) 

Aromatic rings are resistant to catalytic hydrogenation and hence forcing conditions 
of high temperature and pressure'are required for their.hydrogenation. 

When aromatic rings are reduced by sodium, potassium or lithium in liquid 
ammonia, usually in the presence of an alcohol, they yielq 1,4-dihydrotienzene 
(cyclohexa-l,4-diene). This reaction is called Birch reduction, This reaction proceed 
through a radical anion intermediate. 

The function of sodium is to supply electrons while the functioriof alcohol is to supply 
protons. 

nonreduced position of the product. On the other hand, electron withdrawing groups 
increase the rate of the reaction and are found on the reduced positions of the 
product. 

- 
Ordinarydkenes do not undergo Birch reduction. However, phenylated alkenes, 
internal alkynes and conjugated alkenes do undergo Birch reduction. 

Alkerm and alkynw can allo ba reduced by hydroboration which you have studied 
io Unit-5. 



Addl(ba ud lahubth 
SAQ 3 

Give the products in the following Birch reduction. 

Birch reduction a a) Cl1,CH =CH2 - ...... 
Birch reduction 

Birch redualon 
C) CH3CH2C~CCH2 

8.4.2 Reduction of Aldehydes and Ketones 
Both aldehydes and ketonts undergo reduction, the nature of the product depending 
on tlie reagent used for the purpose. Catalytic hydrogenation or reduction with 
dissolving metals (e.g., sodium and alcohol) or metallic hydrides (lithium aluminium 
hydride or sodium borohydridi) give alcohols. Reduction of aldehydes gives primary 
alcohols and that of ketones gives secondary alcohols. 

p Alcohol 

R R 
I reduction I 

RC=O - RCOH 
Ketone I 

H 
S.r. Alcohol 

Reduction of aldehydes or ketones can be carried out by a number of reagents. Let 
us discuss them separately. 

Reduction with Metal Hydrides 

Complex metal hydrides (lithium aluminium hydride or sodium borohydride) are 
versatile reducing agents. Lithium aluminium hydride (LiAIH,) readily reduces 
aldehydes, ketones, carboxylic acids, amides and esters. It can be used in solvents 
Like ether or tetrahydrofuran (THF), for example, 

0 OH 
II 1. LiAIH, I 

CHFHzCCH, 
2. H,O+ 

CH~CH~CHCHI 
Butanone 2-Butanol (80%) 

Mechanism: To understand the mechanism of reduction with LiAlH4, let us first study 
some important characteristics of LiAIH4. This reagent is a good source of H-, the 
hydride ion. This is beca"se hydrogen is moreelectronbgative than aluminium. Thus, 
the AI-H bonds of the A I H ~  ion carry a substantial fraction of the negative charge. 
In other words, 

H 
I 

reacts as if it were H-AI R 

In the reaction of LiAIH4 with an aldehyde or a ketone, the hydride ion (obtained 
from A~H,) attacks the carbonyl carbon 'and the lithium ion, coordinated to the 
carbonyl oxygen, acts as a Lewis-acid catalyst. 





~ d i t b a  ud ~ u m h l b  However, a carbon-carbon double bond in conjugation with a carbonyl group is some 
times attacked.LiAIH4 is particularly useful for reducing a. &unsaturated ketones 
which often undergo overreduction with NaBH, to give a mixture of both unsaturated 
and Ayrated alcohols. With LiAIH4, however, a clean reduction to the allylic alcohol 
occurs. For example, 2-cyclohexenone on reduction with NaBH4 gives 59%, 
2-cyclohexenol and 41% cyclohexanol, whereas 95% 2-cyclohexenol is obtained when 
LiAIH4 is used as a reducing agent. 

Reduction with Metals 

Aldehydes and ketones can also be reduced by treatment with metals e.g., sodium 

In connection-with the reduction of aromatic compounds. you have learnt that a metal 
transfers' an electorn to the aromatic ring and the radical anion fonned takes up a 
proton to give a neutral radical which is then reduced further. A similar mechanism 
operates here. 

If a proton source is not available, dimerisation of the first formed radical anion may 
occur to aive the dialkoxide of the 1, 2-diol. 

Reduction of Aldehyde. or Ketones tp pydrocarbons 

Aldehydes and ketones can be reduced to hydrocarbons by the action of (i) hydrazine 

nd N.M. KiAncr in Russia or(iii) alzehydes or ketone and phosphonihn ylidcs ( ~ i t t i ~ . d o n ) .  Wittig react& 
indcptnJc.ntl>. you have studied in Unit 6. Here we shall discuss only worn-kishner reduction and 

Clemrnensen reduction. 



i) Wolff-Kishner Reduction ' 0 x i d . k  pnd Reducthm 

Aldehydes and ketones can be reduced to alkanes by treating them with hydrazine, 
H,bT-NH,, at a high temperature, in alkaline medium. This reactlon is knoyn as 
Wdff-Kishner reduction. It is a useful synthetic method for converting an aldehyde 
c: a ketone to an alkanc. For example, 

0 H 
I I  KOH I 

CkH5CCH2CH3 + NH2NH2 ----+ C,HS-CCH,CM3 
I 

Hydrazine H 
Proplophenone Propy lbenzene 

82 % 

This reaction is an extensian of imine formation, discussed in Unit 6. The aldehyde 
or ketone is first converted to q hydrazone, the imine of hydrazine, by reaction with 
hydrazine. The hydrazone is t h ~ n  treated with a base, which leads to the expulsion 
.of nitrogen and formation of a caxbanion which is instantaneously protonated by 
water to give an alkane. 

0 
II -1120 N- II ";,Q- 

R-C-R + NH2-NH2 R - C - R  OH + 

Wolff-Kishner reduction can b'k carried out at room temperature if a strong base hke 
potassium 2-methyl-2-propoxide is used in a polar solvent like dimethyl sulphoxide. 

ii) Clemmensen Reduction 

Aldehydes and ketones can be converted into the corresponding alkanes under acidic 
conditions by Clemmensen reduction. In this reaction,einc amalgam (an alloy of zinc 
and mercury) and concentrated HCI are used to reduce an aldehyde or  ketone. 

( There is considerable uncertainty about the mechanism of this reaction. 

Wolff-Kishner or Clernmensen reduction are particularly useful for the intrpduction 
of alkyl groups into benzene ring. You may recall that Friedel-Crafts alkylation can 
alsu be used for this purpose. But the problem with Friedel-Crafts alkylation is that 
rearrangement of the alkyl groups is usually observed. 



SAQ 4 

Give the products of the following reactions 

8.4.2 Reduction of Some Nitrogen Functional Groups 
Carbon-nitrogen douwe bond can be easily reduced by reagents used for carbon oxygen double 
bond. 

Nitriles.containing a carbon nitrogen triple bond can be reduced to primary amines 
with LiAIH, 

Primary amines can also be obtained by reduction of nitro compounds 

LiAIHl R N 0 2  P RNH2 
Ether 

Aromatic nitro compounds are often reduced using a metal. tin'or iron, with 
hydrochloric acid. The amine is obtained as salt from which it can be liberated with 
aqueous sodium hydroxide. Tin(0) is oxidised to Tin(1V) in the process. 

2C6H5NO2 + 3Sn :+ 14HC1 - 2 C6H5NH, + 3 SnCI, + 4H20  

The reduction is believed to proceed through the following stages: 

By varying the reaction conditions, specially the pH of the solution, some of lhese 
intermediates can be isolated. For example, with Zn dust and ammonium chlbride 
solution, the main product is C 6 H , N m  (phenyl hydroxylamine). 

8.5 SUMMARY 

Gonversion of a functional group in a molecule from a lower oxidation state to a 
higher oxidation state is known as oxidation, reduction is just the reverse of 
oxidation. 

Alkenes can be oxidised to aldehydes u$ng transition metal complexes. 

Alcohols with a hydrogen undergo oxidation with a number of o~ld~srng agcnts - 
P~imary alcohols first give aldehydes which tend to get oxidised further to give 
carboxylic acids. Secondary alcohois on oxidation give ketones and tertiary 
alcohols do not get oxidised easily. 

Unsaturated aliphatic hydrocarbons Pan be reduced with the help of transition 
metal catalyst. Aromatic ring can be reduced by sodium or p o t a s s i w u i d  
ammonia to give 1,4-dihydrobenzene. 

Aldehydes are easily oxidised to acids while ketones are fairly resistant to 
oxidation. 



Both aldehydes and ketones undergo reduction with metals. or metallic hydrides 
( L i A l h  or NaBH4) to give alcohols. 
Aldehydes and ketones can be reduced to hydrocarbons by (a) Clemmensen 
reduction (b) Wolff Kishner reduction and (c) Wittig reaction. 

8.6 TERMINAL OUESTIONS -- 



~ d # o s ~ l d ~ u m i ~ m t b a  No. of valence electrons of carbon = 4 
No. of electron assigned to carbon = 6 
Oxidation state = 4-6 = -2 

b) Lewis structure of ethanal 

I 
H 

No. of valence electrons of carbon = 4 
No. of electrons assigned to alkyl carbon = 7 
No. of electrons assigned to carbonyl = 3 
Therefore, 
Oxidation state of alkyl carbon = 4;7 = -3 
Oxidation state of carbonyl carbon = 4-3 = +1 
Average oxidation state = (-3) + (+1)/2 = -1 

CH3 
I 

b) CH3-C=O 

c) No reaction 

3) a) No reaction 

O H  
I 

4) a) CH3CH2CH2 

O H  
I 

b) CH2CH2CHCH~ 

C) CH,CH = CHCHCH, 

OH 
I 

d) CH3CH2CH2CHCH3 

Terminal Questions 

1) a) KMnO,, O H  
b) LiAlH4 or NaBH4 

C) Jone's reagent 

2) a) CH~(CHZ),CHT 

C) CH3CH2CH2CH3 



b) CH3CH=CHCH2CH0 
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