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5.1 INTRODUCTION

" 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 mest charactenstlc way in whxch carbon-carbon double (alkenes) or

carbon-carbon triple bonds (alkynes)reacts,is by addition to the multiple (double or

triple) bonds. Alkenes consist of one o bond and one 7 bond, while alkynes contain

one o bond and two # bonds. Since 1 bonds are weaker than ¢ bonds, most of the
- reactions would involve the breaking of the weak w bond(s).

‘Addition reactions at the carbon-carbon multiple bonds can be divided into three

] Electtophilic additions
® 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 mechanism of electrophilic addition reactions,

‘@ explain the 1, 2 and.1,4-addition of dienes,

® explain the mechanism of free radical addition reactions, and
® explain tbc‘mechmism of concerted addition reactions.

5.2 ELECTROPHILIC ADDITION REACTIONS

/

Most reactionsof alkenes or alkynes occur when an electron-deficient substance ¢an

electrophile) attacks the 7 bond. Most commonly the attacking reagents are acid,

‘either a mineral acid or a Lewis acid, i.e., any species which is electron-deficient and

seeks to share an electron pair of some other substance. By contrast, there is little
tendency for a double or a triple bond to react with a base.




e

K
g

damen ond Elimination

In addition reaction of an alkene, the w bond is broken and its pair of electrons are
used in the formauon of two new o bonds. The sp? hydridised carbon atoms are
rehybridised to sp” in the process, Compounds containing w bonds are usually of
highcr energy than those having o bonds Consequently, an addition reaction is
usually an exothermic process.

. ~7 N | > |
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[n the region of the double bond there is a cloud of w-electrons above and below the
plane of the bonded atoms. The w 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 mlght expect alkynes to be more reactive towards
electrophilic reagents than alkenes, but the reverse is true, i.e., alkenes are more
reactive than alkynes. You may be surprised at this trend. To understand the reason,
consider the nature of the carbon atoms of alkenes and alkynes. You may recall that
in alkenes carbon atoms are sp® hydridised and in alkynes, these are sp hydridised.
Since an sp hybtidised carbon is more electronegative than an sp hybrldlsed carbon
atom, the m 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
cyelic alkenyl cation from an alkyne as compared to strain-free alkyl cation formed
from an alkene.

RCH=CH; —&—> RCH==CH,
o
Alkyl cation

RC=CH —E RG=CH
E

Both these factors may account for the diminished reactivity of alkynes towards
clectrophilic addition. Let us study some important electrophlhc 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 > HCl > 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 principie, two products could be formed,
¢.. l-bromopropane and 2-bromopropane.
' H

‘ |
—> CH:CI:H— CHy
Br
2-Bromopropane

CH;CH=CH + HBr——
Propene

L—> CH3(|3HCH2—— Br

H
1-Bromopropane




However, only one product, 2-bromopropane is produced. One would like to know  Addition to Carbon-Carbon Multiple
why only one product is formed. A Russian chemist Valdimir Markownikoff studied Bond System
this question in 1870 and made a generalisation based empirically on his observation.

According to the rule named after him as, Markownikoff’s rule, the addition of a

hydrogen halide to an unsymmetrical alkene takes place in such a way that the

negative part of the substrate goes to the carbon atom that contains lesser number of

hydrogen atoms.

However, when both carbon atoms forming the double bond have the same number
of hyrogen atoms in a unsymmetrical alkene, a mixture of products resuvits. For
example, when 2- pentene reacts with hydrogen bromide, it gives a mixute of
2-bromopentane and 3-bromopentane. |

h ' Br Br
_ I | |
CH3CH;CH=CHCH; + HBr ——> CH3CH2(IJH—CHCH3 + CH3CHZCH—?HCH3 ’
H H
2-Pentene 2-Bromopeniane - 3-Bromopentane

Markownikoff's rule can be explained on the basis of relative stabilities of the
carbocations. In the first step i.e., the addition of H* fo 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.

—> CH;CH —<|:Hz-—"'—> CHyCH—CHy

H Br
More stable

CH3;— CH=CHz

. + Br-
> CHyCH—CH,——— CH3<|3H—CI3H2
1![ ' H Br
Less stable ) ‘ '

We can also understand the Markownikoff’s rule by considering the electronic effect
of the substitutent on the double bond. For example in propene, due to +1 effect of : '
the methyl group, the = electrons are displaced towards the terminal carbon atom |
which acquires partial negative charge. So, the proton adds on the carbon atom '
farthest from the methyl group, and then the halide ion adds to the carbocation
formed at the adjacent carbon atom.

H
& & |
CHB;—»CH=CH; + HBr ——» CHgCH“'CHz + Br

Now consider another example viz., addition of HBr to propenenitrile Addition of
HBr to propenemtnle gives 1- bromopropanemtnle as the major product, which i is
obtained from the primary carbocatlon 7
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- ——3 NCCH—CH; —B—» NCCH—CH;

sec. Carbocation
(ess stable)

N=CCH=CH, _HBr_|
Propenenitrile

i ¥
L—3 NCCH—CH; —Br g NCCH—CHz

P Carbocation
(more stable)

In the case of propene. “rile, bccause of the strong electron withdrawing effect of the
nitrile group, the secondary carbocation is less stable than primary carbocation.
Further the carbocation is separated from the CN group by two carbon atoms 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 stable carbocation is formtd which
then adds the negative ion to form the product.” This rule is adequate to predict the
orientation pattern of addition of unsymmetncal reagents to unsymmetrical alkenes.
However, it may 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 alkene are given
in Table 5.1.

Table 5.1 : Orientation pattern addition HBr to substituted ethenes

Alkene ' Product
1. CH,;CH=CH, CH,CH-CH, :
T
2. (CH,),C=CH, X (CH3)2(f—'CH3
Br.
3. C¢HsCH=CH, : CGHSEH—-CHJ
’ T
4. CICH=CH, qcl:H-CH,‘
’ Br .
5. NCHC=CH, - NCCH,~CH,Br
6. (CH;);N*CH=CH, " (CH,)sN*CH,—CH,Br
7. HOQCCH=CH, ~ HOOCCH,-CH,Br
8. F3CCH=CH2 F3CCHz—Cl‘IzBl'

Entry 4 of Table 5.1 is of special interest and illustrates certaim general features.
- T

——> CICH—CHy —2—> CICH—CHs

SeC. 1-Bromo-1-chloro-ethane .

- Cuibocstion
CICH=CH; + HBr

> ClC'H—CHz ——> cncn,—clzn,
H Br

p. Casbocation _ 1-Bromo-2-chloro-ethane




In chloroethene (and other haloethenes), the primary carbocation would be more Addltkm to Carbon-Carbon Multiple
stable due to 1nduct1ve effect (similar to the addition of HBr to propenenitrile given Bond System

earlier).

If this were the only effect in operation, the prodcut would be 1-bromo-2-chloroethane
because its corresponding carbocation is more stable. There is, however, another ‘effect
arising 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 seco_ndary
carbocation. The question is, which of these effects predominates? Formation of
1-bromo-1-chloroethane implies that the lone apir effect apparently prevails over the

inductive effect rendering secondary carbocation stabler than the primary carbocation. Rearrangements take place in
other electrophilic additions like

Rearrangement: Rearrangement is one of the characteristics of a carbocation. A
carbocation formed; in‘an addition reaction of a hydrogen halide to an unsymmietrical
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-chloro-3,3-dimethyl butane (normal product) and 2-chloro, 2,3-dimethylbutane
(rearranged product) as shown in following scheme:

e

CH3 CH3 CH3

] + | |
HiCC— CH=CH, B, ch$-—én—cng L E H{CC—CH—CHs
CH;3 CH3 CH3Cl
) Sec. Carbocation 2-Chloro-3-
(less stable) 3 dimethylbutane
- !
=
Q
(o] r
_(lfﬂg ?1 CH;
+ -
CHs€C— CHCHs < CHyCH— CHCHs
CHj; CHj
tert. Carbocation 2-Chloro-2-
(more stable) 3-dimethylbutane

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

T
CHmCH 25 CH=CH HBe CHy—CH .
H ‘Br : H. r

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

+ -

H
8 38
CHmCH + H—Br —— éH=(I3H + Br

i i

+

CH=CH + BF—»(EH—CH
Br

Addition of another molecule of hydrogen bromide could give either secondary
carbocation. or a primary carbocation. Since the former is more stable than the latte.
the reaction proceeds via the former to form 1.1-dibromoethane, i.e.

hydration, halogenation, etc. also.
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| ,—CHBr —B» GH,~ CHBr

+
CHy= CHBr H |
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p. Carbocaion

Because of the electron withdrawing nature of bromine atom, the availability of w
electrons in 1-bromoethene is less than that in ethyne. Hence addition of HBrto
1-bromoethene is much slower than to ethyne,

SAQ1
X Predict the relative rates of the following alkenes towards HBr
‘ a) CH,CH,;CH=CH, b) CH,=CH, ¢) CH,CH,CH=C(CH,),

............................................................. gevecevecirrcsceanssarraassosrresrrasesnrss KgNieh

§.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.

H
(CH;);CCH=CH; + H,0 H, (CHy),CCH-CH,

This reaction also follows Markownikoff’s rule, a pattern with which we are now
familiar. As expected, the reaction occurs in two'steps. The alkene is first protonated
to give a carbocation. Attack of the nucleophile (H,0) on the carbocation, in the
second step, and loss of a proton from the resulting adduct completes the reaction.

(CH;);CCH=CH, + H* — ,(CH,),céH—iﬂz

q.p MR f:Im' ™
(CH “(I:Hz + Hzo ——> (CH3);CCH—CHj ——9 (CH;);CCH—CH; + Hg.O

Protonated
H alcohol

Because a carbocation is involved, rearrangement is possible. Carbocation can
undergo a 1,2-shift of CH, group to yield the more stable carbocation, e.g.

CH,
| & - :
cn,-_—c—énca,Mca,ﬂ-fcl:—cn—cn,
Less stable Mors siable - ’
Sec. carbocation tert-carbiocation

+ ~ R0 :
‘ CHy—C— CHy —T) CHy — —ECH:
10 . - Cn - CHy




Another method used to accomplish Markownikoff’s hydration of an alkene is
oxymercuration-demercuration Alkene reacts with ‘mercun'x: acetate in the presence
of water to give hydroxy-mercurial compounds which on reduction accomphshes
demercuration and produces an alcohol. The product of oxymercuration is usually
reduced with sodium borohydride (NaBH,). Oxymercuration-demercuration.
‘reaction usually gives a better yield of alcohols than acid catalysed hydration.

OH
_ : N ]
CH3CH,CH=CH; + H;0 + Hg(OCCH3); —> CH3CH,CHCH;
1-Butene ' " Mercuric J
acetate Hg02CCH3
OI-I

CHsCHzCHCHz _Jublh cn,cnzéncm

HszCCHs H

2-Butanol

Mechanism: The mechanism of oxymercuration is very snmnlar to that of
hydrohalogenation. First mercuric acetate dissociate into HgOZCCH3 and O,CCH;
eg.,

Hg(O;CCH); == HgO,CCH; + 0,CCH,

In the first step electrophile ﬁg02CCH3 attacks the carbon-carbon double bond and
forms a cyclic intermiediate called acetoxymercurinium ion.

\ \3 7/
,C=C +HgOz(IIH3——'—> C: c|:

5* HgOCCHy

Acetoxymercunmum ion

In the nekt step nucleophile H,O attacks on the partially positively charged carbon
- atom from the side opposite to mercury to give the stable organomercury compound.
The organomercury compound on reduction with NaBH4 gives alcohol. We w:ll
study about-the redtiction by NaBH; in Unit 8.

|
5* 'HgOzOCHa _ Hg0CCHs Hg0CCHy
organomercury
’ compound

Oxymercuration is reglospec:fic and stereospecific (anti addition). The
stereospecaﬁcnty is attnbuted to formation of a cyclic mtermedlate

Like alkenes addition of water t2 alkyne should give alcohol, e.g.,

OH
RC=CR + H,0 ——» ‘RCH=CR

The alcohol produced by hydration of an alkyne, however, is of a special kind known
as enol. As the name (en-ol) indicates it has OH group attached to a carbon atom
fomung a double bond. Infact enols are very unstable and generally undergo
isemerization (tautomerism) to give either an aldehvde or a ketone.

N i
RCH=CR &=~ RCH,-CR

Addition to Carbon-Carbon Mnltlple
Bond System

K
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Addition and Etimination

Ketogenol tautomerism does not
require acid catalysis though acids
expedite the equilibrium.

s

Enols are converted to aldehydes or ketones by prototroplc shift, i.e., shift of a
proton from oxygen to carbon. This phenomenon is known as Keto-enol tautomerism,
and the individual compounds are known ‘as tautomers. For example, when ethvne
-reacts with water, it gives ethanal, an aldehyde, while 1-propyne gives propanone a .
ketone, i.e.,

H2504, HgSO4

CH=CH + 0 ————3% CH;=CH ——> CHs—CH
Ethyne I I

OH 0

Ethanal

ol (Aldehyde)
- 1,504, HgSO4 ‘
CH;—C =CH + H,0 > CH;—?=CH2_‘——‘CH3—C—CH3
‘Propyne g

Enol P'“"'(w,,,,"“)‘

The enoi is converted intc aldehyde or ketone by a mechanism that is similar to
hydration of a double bond. The enol 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 proton to give ketone.

H OH

I
RC=CHy —> é-—CHz +— RC—CH;
Protonated
\
+
OH, leo
RC—CH3+ Hy0'

You may now ask why the carbocation is not attacked by a water molecule.,
ie.? ' ~

-

o o g
Ré—CH, = Rcl-cn, == RC—CH; + H0'
+
: N _OH.
H) e (1,1-diol)

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
7 complex, which then reacts as shown below:

Hgn» . !{8




SAQ 2 | ; Additioa to Carbon.Carbon Mslldplr '
Bond System
Predict the product(s) of the followmg reactions

a) (CH,),CCH=CH, + H,0 1>

b) CH,CH,CH=CH, + H,0 + Hg(OCCH,), — .2 S, 7

o CHC=CH+H0 s ..
5.2.3 Additiondf’l-lalogen

Treatment of alkenes with halogens gives 1, 2 -dihalogenated alkanes or dihalides.
Bromine and chiorine are effective electrophilies. This reaction is by far the best
method of preparing vicinal dihalides, e.g.,

CH,=CH, + Bry — o5 ?Hz-—CHz
Br Ar

1,2-Dibromotthanc

CH,, CH;
' é ca,
CHy—-C=CHj + Ch———> cu,(f—(lznz

C1 a

1,2 Dichloro
2-methy) propane

Fluorine and iodine generally do not add to the carbon-carbon double bond or
carbon-carbon triple bond. Fluorine 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 1,2-diiodo product is unstable and loses I, to
‘reform the alkene. ;

>C=C< + [ = >é-l<

These reactions are generally carried out in an inert solvent (e.g., CC1,). 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 dlhaloalkeqe is an intermediate
and can be isolated using proper reaction conditions. Ethyne, for instance, on
treatment with bromine water gives only 1,2-dibromoethene whereas with bromine
alone, it forms 1,1,2,2-tetraboromocthane. '

HCmCH —22.¥%_, pe—cqy
Eihyne
T o
By 1.2-Dibromoethene

ks
b be

Addition of halogens- to ethyne is stereoselectwe thc predominant product is* the ,
trans isomer. ;

HC H\c ‘
=CH + X; ——> =
e —— =g

frans ‘Product

[pury
V]
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This reaction is very useful for detection of the carbon-carbon double bond. The test
reagent (Br, in CCl,) has a reddish brown colour 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.

Mechanism: Although bromine is non-polar, it is nevertheless highly polarisabic. In
the vicinity of carbon-carbon double bond, the bromine molecule becomes polarised
and, hence, partial positive charge (%) is developed on one bromine atom and partial
negative (87) charge is developed on the other bromine atom.

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

,'\go- 8- 3 H
+ Br—Br ——>
’ Br
H

Immediately in the next step, BT attacks the carbocation to yield the additon product.
Since carbocation is coplanar,, and sp2 hybridised, BT can attack from both the sides
to give a mixture of cis and frans products. However, only the frans product was
observed. The explanation was suggested in 1937 by Kimball and Roberts who
postulated that true reaction intermediate is not a carbocation but a cyclic bromonium

ion. :
8§ * H H
+ Br—Br > Cﬁ'\ —_— +Br
Br 4
H H
bromonium ion

The bromide ion must attack from the rear side of the leaving group in the
nucleophilic displacement reaction. 'Iherefore,“tl,ﬂ: bromide ion attacks exclusively on
the side opposite to the bromonium ion to yielél only the trans product. This is also
known as anti addition.

Br
K3 -
Exres — L
H Br

trans Product

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

/I"\
CH;CH=CHCH3 + Br — > CH;CH— CHCH;
bromonium ion

3+
T
+

CH;CH= CH; + Brp ———> CH;CH— CH;

In the symmetrical bromonium ion the attack by a nucleophile could take place at
either carbon. H()weve{, in case of unsymmetrical bromonium ion the nucleophile
will attack the more su

stituted carbon.




5.2.4 Addition to Conjugated Dienes mum..."sﬁ

In isolated diene both the double bonds react mdependently, as though they are in g
different molecules. Reaction of an isolated diene say 1,4-pentadiene with bromine
gives 4,5-dibromo-1-pentene.

CH,= CHCH,CH=CH, + B, ———> ’CHz—THCHzCH=CHz
r Br
1 A-Pentadiene ) 4,5-Dibromo-1-pentene

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 3,4-dibromo-1-butene due to 1,3-butadiene. The first step
the unexpected 1,4-dibromo-2-butene due to 1,4-addition (major product).

|
Br 4 Br Br

1,2-Addition 1,4-Addition

CH,= CH — CH=CH; + By —> CH—CH— CH=CH, + CHz—CH—CH (I:Hz

Similarly reactions of HCl and H; with conjugated diene provide not only
1,2-addition product but also 1,4-addition product, e.g.

~Ha ?{2_ CH—CH=CH; + (IZHz— CH=CH—CH;
H "H

" 12-Additicn 14-Addition

CHy= CH—CH=CH; —

H '
> c|:n,— (IZH—CH=CHz + (IZHz—‘CH=CH—(|3Hz
H H H H

1,2-Addition 1.4-Addition

Addition at 1,2-position is understandable but how can we account for the prodicts
that are obtained due to 1,4-addition. To understand this, let us examine the
mechanism of the addition of hydrogen bromide to 1,3-butadiene. The first step
involves the formation of carbocation. Hydrogen may attach itself to either C, or C,.
The addition of the hydrogen at C, would give rise to a unstable primary localised
carbocation. But the addition at C, results in the formation of resonance stabilised
allylication. This also explain the enhanced reactivity of dienes over isolated double
bonds. ?

H
U A
less stable

CHy= CH—CH=CH; -

, H
L CHz=rCHEéH—(I:Hz «> éﬂz—CH=CH—J3Hz

A sy

15




In the second step BT can attack at cither C; or C; since both share the positive

Addition and Elimination
charge. Thus a mixture of 1,2- and 1,4-addition products is obtained.

l_il ' : l|3r Iil l|3r H
CHp==CH ==CH— CH, N CHy;=CH—CH—CH; + CH;—CH=CH—CH,
‘ 1.2-Addition 1.4-Addition

+

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 1,4-product (80%) predominates over 1,2-product
(20%). At intermediate temperature, a mixtures of intermediate composition are

-obtained.
. CH; = CH—CH=CH;
195k \ | - 315k |

Cle—LI‘H— CH=CH, ] CIJHz—CI:H—CH=CH2
H Br H Br
12 Additi : . 12-Addition

. on

®% , %) )

~ 315k ‘ " CHp—CH=CH—CH
(|3H2— CH=CH—sz — : | 2 = | %
H Br H - Br
.. 1,4-Additi

1.4-(4;&:’:)uon i . P ’;;lon

n ‘ B
It has also been observed that warmmg 1,2-product to 315 K with atrace of aCld

results in an equilibrium mixture in which 1,4-product predominates.

How can we explain these observations? Let us examine the reaction by drawing a
potential emergy diagram (Fig. 5.1). At low temperature, the addition of HBr to

1,3- butadleite gives 80% 1,2-product. This shows that 1,2-addition has the low energy
of activation (E,.,) and thus, the 1,2-product is formed faster than the 1,4-product.

The relative rates of the reacticn control the product ratio.

fﬂz'iH—CH=CHz<—-cl:Hz—meHw CHy—> CHy —Cly= CH—Cly
~————
H T

* Potential energy ———3

H ® H Br
+ Br
l,Zq::ldi!!ion T . 1,4-Addition
R C
pros CHy=CH—CH=CH, prodact
+ HBr

i

| 16 €——=——— Progress of 1,2-addition Progress of l.4idﬁﬁu'*———$
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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.
Va4 —
1) CH;=CH-CH=€H, —» CH,=CH-CH-CH,
. VY 7 + . —
ii)} CH,=CH-CH=CH, — CH,—-CH=CH-CH,

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 Br, takes place in the
second species to give 1,4-addition product.

: Br
_ | _
CH,-CH=CH-CH, + Br-8r- —> CH,~CH=CH=CH, + Br
Br Br Br
+ . I BF & |
¢H,-CH=CH-CH, —2%» CH,-CH=CH-CH,

S5A9Q3
Fill in the blanks;
a) When a conjugated diene is treated with halogen it gaves normal ........... product
and unexpected ........ product. .
b) Addition of H* to 1,3-butadiene gives ........ carbocation and ........ carbocation.
¢) When HBris added to 1,3-butadiene at low temperature ........ predominate and
at high temperature ........ predomindtes.
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 Markownikoff’s product. But it is not so.
After extensive study of the mechanism of addition of HBr to different alkenes, it
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 a peroxide, 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 2-bromopropane. However, this effect is not observed with HCI or HI.

No Peroxide > CH; (|:H CH3
Br -
HBr 2-Bromopropanc
CHCH=CH;—
Butene
, Br
Peroxide > CHJCHZCHz

1-Bromopropape

The intermediate in the peroxide catalysed reaction is a free radical and not %
carbocation. The function of peroxide is to generate thé free radical? )

(RCO,); — 2RCO, — 2R + 2CO,
R + HBr — RH + Br

17



Addition and Elimination Bromine radical can add to either of the two carbon atoms producing either a primary
or a secondary radical.
Br

. - I .
——>é—> CH;CH— CH; P. ndial

CH;CH==CHj + Br ——

4 Br

. |
> CHCH—CH;  Sec. ndical

1HBr
CH3(IIHCH2—Br + Br

H

The bromine radical prefers to react at the terminal carbon to give'a secondary radical
~ because, 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 alternatives, is generated.
Consequently, the final product of reaction of HBr is (in presence of peroxnde)
generally the one with bromine attached to the less substituted carbon atom.

Now let us take the example of propenenitrile. How would propenenitrile react with’
HBr in the presence of peroxides? Reaction of propenenitrile with HBr both in the
presence as well as and in the absence of peroxnde yields 1- bromopropanemtnle
H llif H
Seroxi + | > -

CH,= CH— CN ——

>CH,éH—CN——'55'—><I:H 2 —CH—CN + Br

|
Br Br 1!1

Peroxide -

’

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

Now let us see what is the stereochemistry of free radical addition?. In most of the
reported cases, it is trans. 1- Bromocyclohexene reacts with HBr in the presence of
peroxide to give cis 1 ,2-dibromocyclohexane, in 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:

X —™ 5 2%
X

\c—c/—> (I: :
2 TN |__

Ix
L, T,
—c—f—+ X—-X — —C—C— + X

I 1|
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An industrial process involving addition of free radicals across double bonds is the Addition to Carbon-Carbor Multip.
reaction of chlorine with benzene in presence of light. Of the ‘theoreticaily possible Bond System
eight isomers only three, viz., «, B and vy are formed in substantial amounts. It is well

known that the y-isomer, called gammexane is a potent insecticide. _ .

Cl ‘
o Clﬁq
@‘ + 3 — | | ’
' Cl Ncl

Ci

In this process chlorine radical is formed by homolytic fission of Cl,.
You will study free gadical addition reactions in more detait in Unit 10.

SAQ 4
Compiete the following reactions

CH,
a) CH,C=CH,+ HBr —orodde, .

Peroxide

b) CH,=CHCN + HBr -f&oxde, |
¢) CH,=CHCN + HBr.

5.4 CONCERTED ADDITION REACTIONS

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. ,
y X were discovered
- . in the 1950s by Herbert. C.
5.4.1 Hy droboration , , ' Brown, who was awarded a Nobel
Hydroboration is a reaction in which diborane, (BH3), adds to a carbon-carbon Prize in 1979 for his wotk with
double bond. or carbon-carbon triple bond to yield an organoborane. A new organoboron compounds.

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.

/ || '
\/c=c\+ BH, — H-C-C-BH,
Alkyl borane
|
—C=C- +BH; — H-C=C-BH,
Alkeny! borane
This reaction is very facile and requires only a few seconds for conipletio’n 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 of reaction is called hydroboration.

H
l
Stepl CH,=CH, + I}—H '— H-B-CH,CH;,
| H . Borane (BHj) itself is unknown
‘but its dimer, diborane (B,He)
behaves as if it were the
H CH,CH, hypothetical monomer.

[
Step2 CH,=CH, + H-B-CH,CH; — H-B-CH,-CH;




Addition and Elimination

H H,CH,
, Step3 CH,=CH,+ B—CH,CH, —— B—CH,CH,
H,CH, H,CH,

Triethyl borane

Sometimes the hydroboration reaction is described as anti-Markownikoff’s 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 electropositive portion
as in other cases.

CH,CH=CH, —» CH,CH- CH,
A
H-BH, H BH,
-~ +
As shown above, hydrogen (as a hydride ion, 1) goes to the more substituted carbon
atom. The result appears to be anti-Markownikoff’s. addition.

The ease of reaction decreases with ihe increase in the alkyl substituents on the
double bond, e.g., trisubstituted alkenes form dlalkylboranes and tetrasubstituted

alkemes yield only monoalkylboranes.
CH; CH;
(BH,), d &
(CH;),C=CHCH, ——*2 (CH;),CH~CH~-BH-CH—-CH(CH3),

CH;
(CH,),C=C(CH;), —BHd:, (CH;)zcu—é-an
CH,

Stereochemistry

In hydroboration the boron and the hydride ion add to the two carbon atoins 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.

SRR i
C=C_— \‘m'*' — s Ye—¢f
’3 > N TN
H—BH, . -

&g

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. ’

HsC CH, . " H BH, ' ,

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

below:
i) One of the most important reactions of organoboranes is H,0O, oxidation.
§ Oxidation of an organoborane by alkaline H,0, gives the corresponding alcohol.

It appears as if water had been added to the double bond in an anti-
Markownikoff’s manner.

BH, H,0.. OH
_—

3CH;CH,CH=CH, ==,

3 CH;CH,CH,CH,0H
20 1-Butanol

(CH;CH,CH,CH,);B




Addition to Carbon-Carbon Mﬂﬁpk

‘ OH ‘ Bond System
1) (BHy),
v
CH; .2) HHO,0H ’ CH,y
>]'3 ]'—l _
CH3C_=_CCH3 __(BL)Z) CH,C=CCH, H.0,, OH .
P ¥
CH;C=CCH; = CH;CCH,CH;,

2-Butanone

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

CH3 CH;

(0]
1) (BHy),

2) CvrzO,.H'" ‘

iii) Organoboranes are readily cleared to alkanes by tfeating with carboxylic acid.
Thus, the acid-hydrolysis of organoboranes provides a useful method for carryir;,
out hydrogenation of alkenes and also of alkynes.

3CH;CH=CH, "), (CH,CH,CH,),B 2 SHCOOH 3 . CH,CH,
1-Propene Propane
: H H
_Cmc_ L BH) \:=c/
2. CH,COOH / B
cis-Alkcne

iv) Reaction of trialkyl boranes with alkaline silver nitrate solution induces a
coupling reaction and hence provides a method for the synthesis of higher
alkanes.

CH, H,

3CH3J:HCHZCHZCHCH3
2,5-Dim¢thylhexane

AgNOyNaOH
215K

2[(CH;),CHCH,],B

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 reaction used
for synthesising cyclic systems. The simplest Diels-Alder reaction is the reaction of
1,3-butadiene and ethene’to yield cyclohexene, i.€.,*

CHy CH,
m// ol Hi'/ ~oH
SR e
\\cuz , RC__

This is very slow reaction and occurs only under the conditions of heat and pressure.
However, this reaction takes place most rapidly giving high yields if the alkene
component contains electron withdrawing groups or the diene has electron donating
groups. 4

The reaction*has a wide scope because also compounds containing mulfiple bonds other

than carbon-carbon double bond may be used. When cyclic dienes are used in the .

Diels-Alder reaction, bicyclic adducts result. An especially important cyclic diene is : - :
cyclopentadiene. o 21



Addition and Elimination

Mecchanishm: The mechanism of Diels-Alder reaction is quite different from all others
we have studied. It is neither a polar reaction nor a free radical reaction, rather it is
concerted (one step) pericyclic process. Both new carbon-carbon single bonds and
the new 7 bond are formed simultaneously, just as the three w bonds in the starting
materials break. The concerted nature of the transformation can be shown as a .
delocalised transition state in which all six  electrons are indicated by dotted line -
or by the electron pushing technique.

CH, CHa CH,
Y/ AN, Y
ne” CH, HC  cHy  HCX Yy Aew
| * ICI:H : ICH " * |cIH
HC 2 HC CHy HC 2
N\ e )
New, NeH; oy
CH,
V4 ~
H(li ?Hz
HC CHz

Some important examples of Diels-Alder reaction are given below:

CL—Q
. + >

COOH ‘
C COOH
¢l — XX
S c|: COOH
COOH
) o)
R N
iii) ( + ﬁ o — 0
S (
0 o
(o) (0

5 1
. 4 k 2
iv) 1+ 0O —— o
3 3 (
2 (0] (0]

Another important feature of the Diels-Alder reaction is that it isstereospecific.. The
stereochemistry of the starting dienophile is maintained during the reaction. For
example, maleic acid gives a cis product and fumaric acid gives a trans product, ¢.g.,

t_-CoOH, H
Rl Gy
. 4‘,{ nn-H
X H Y COCH . .
COOH
Maleic acid

cis Acid



Addition to Carbon-Carbea Muitiple

: u |
H : : .
‘ ﬁ . HI COo0 COOH ’ ‘ Bond System
s " . e COOH ‘
N Hooc” NH ' |

H

Fumaric ‘ trans Acid

acid A ;
To undergo the Diels-Alder reaction, a diene must be able to adopt a s-cis geometry
(cis-like about the single bond) only. The carbon atoms 1 and 4 of the diene in s-cis
conformation are close enough to react through a cyclic transition state to give a new
ring. In the alternative s-trans geometry, the ends of the diene are too far apart to
overlap the dienophile p-orbitals effectively.

H\ o (2
it G .(I:/
e ¢
H—C . ~Z \H
A Bond rotation
\C'?Hz ~ (":Hz
\ \,
g \
) 1
: Se=c/
/C= \ s trans Confermation
s in Confermation No reaction
successful reaction
SAQ S
Which of the following alkenes would you expect to be good Diels-Alder cienophiles?
‘ ' o) 0]

a) CH = CHNO; b) @ c) d

R R R R e R R R R R R T T R R T e poorvesaans

5.4.3 Ozonolysis

In all the reactions of alkenes and alkynes studied so far, the carbon skeleton of the
starting material has been left intact. We have seen the conversion of the carbon-
carbon double bond into new functional groups (halide, alcohol, etc.) by addition
different reagents, but'the carbon skeleton has not been broken. Ozonolysis is a
‘cleavage reaction, in which the double bond is completely altered or broken and the
alkene molecule is converted into two smaller molecules.

>C=C< + 0; — >C=0 + 0=C<

Ozonolysis consists of two separate reactions, first is the oxidation of the alkene or
alkyne by ozone to give an ozonide; and the second is either oxidation or reduction
of the ozonide to yield the cleavage products. For example reductive ozonolysis of 2-
methyl-2-butene yields an aldehyde and a ketone, while oxidative ozonolysis give a
carboxylic acid and a ketone. .
S ° 8
o 5 CHyCH + CH3CCH
ZnH', HO0  pgenyde  Ketone

HyCy /cn, 05 HC 0\ ,CHs
/C =C\ —— Y C \ w—— s
H CH - HyC | | "CHs
3 0—0 :
. ~/
(6] o &
oxidation ] ’ “
| 2 3 CH3COH + CH;CCH

23

- HyOp, H Carboxylic Ketone
. : acid




‘Addition and Elimination -Mechanism : Ozone can be represented as resonance hybrid of the following
’ contributing structure: ,
0+ ('j+ Ry .
G F N .- . O
07 NG T N0 e N0t et NG

resonance contributors of ozone

Fhe 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 Recombination of these fragmenits in an alternative way yields an ozonide.

HBC\C /CH3 H3C\ /CH3 N (\' N :
=C - C—C -_ - . :
H’ ) \CHs H” I .I\ CHs /C—0\6<—-> /C_o\(j + CH;CCHs
’ - + o) C .
o, © No”
N/ :
0 Molozonide
. : : . HSC\ ‘
HiC\, ' whsin , " Cc=0 + 0=
H CK./O\\ /CH3 H3(:\ 7~ o\ /7 CHs H CHy
/F \CH 1| N CH, H;C CH.
3 3 A~ 3
—_— da N 3
\o 0—0 Lm C=0 + 0=C{
Ozonide HO 4 CHj
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 ethanoic acid or an oxidising agent, such as hydrogen peroxide to yield
cleaved products. The overall reaction is known as ozonolysis. Knowing thé 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:
(8]
CH,CH,CH,CH=CHCHj, —H—Ojﬁ CH;CH,;CH,C=0 + O=CCH;
2
2*Hexene H
Aldehydes
. .
H H
O,
CH3CH2CH CHCHzCH'{ _W CH3CH2C O+ CH3CH2C =0
2
3Hexene Aldehydes
CH,4 H,4
O
CH,CH,CH —&CH, __O;» CH,CH,C=0 + O=CCHj
2 Methyl-2-Pentene H;0/Zn Aldehydes Ketone

5.4.4 Hydroxylation

Alkenes are readily hydroxylated, (i.e., addition of hydroxyl groups) to form a
dxhydroxy compound (diol) known as gycols. The most popular reagent used to
convert an alkene into diol is cold alkaline aqueous solution of potassium
permanganate (KMnO,) or osmium tetroxide (OsOy). The yield with KMnO, is qmte
low as compared to OsO,, but the use of OsO, is limited because it is both expensive
and toxic.

OH OH
CH2=CH2 + KMI]O‘ H_zo’ éHz"‘éHz

: H OH
H.
24 CH,=CH, + 0s0, 22, Cu,-tu,




Both of these hydroxylation reactions occur with syn, rather than anti stereochemistry
and yield cis diol. Both the permanganate and the OsO, oxidation processes proceed
via cyclic intermediates.

P | o s | 50N, | o8
ap—0’7 Yo
CH—0" a ’ cnz—oﬁ -
[ LN + MnO;
CH;—OMnO; CH,—OH

CH CH,—O ' 0 CHy— OH
—— < NSOy

i+ 0sO, I Noo? | 250y + 08

e c,—0” Yo %0 CHy—oH

Oxidation of alkenes (disappearance of pink colour) by cold aq. (neutral or slightly
alkaline) permanganate is regarded as a test for the presence of an olefinic bond
(Baeyer test). ,

55 SUMMARY

® Addition reaction of carbon-carbon multiple bonds can be divided into three main
groups i.e., electrophilic addition, free radical addition and concerted addition.

@ Alkenes undergo electrophilic addition more readily than alkynes.
®- Alkenes react with hydrogen halides to give alkyl halides.

® Unsymmetrical alkenes on reaction with a hydrogen halide undergo
Markownikoff’s addition.

® Alkenes react with water to give alcohols, while alkynes give enols. Alcohols can
also be obtained by oxymercuration and demercuration.

) Treatment of alkeries with halogens give 1 2-d1halogenated alkanes and that of
~ alkynes give tetrahaloalkanes.

e When conjugated dienes are treated with hydrogen or halogens or hydrogen
halide, two addition products are obtained. One is 1,2-addition product and the
other is 1,4-addition product.

e Addition of MBr in the presence of peroxide gives anu-Markowmkoff’s product.
‘This reaction via free radical mechanism,

e Reaction of propenemtnle with HBr both in presence of peroxide and in the
absence of peroxide yields the same product.

® Borane adds to an alkene or an alkyne to give organoborane, which undergoes a
variety of chemical transformations.

5.6_TERMINAL QUESTIONS

1) Predict the products of the following:
a) CH,CH;CH=CHCH, + HBr — ... + ...
b) NCCH=CH, + HBr —

Additioa to' Carbos-Carbon Muitiph




«ddition and Elimination

2)

3)
4)

¢) CICH=CH, + HBr —

d) (CH,),CCH=CH, + HBr — ... + ....

Fill in the following blanks:

a) Addition of H,O to unsymmetrical alkene follows ..... rule.

~ b) Carbocation can undergo a 1,2-shift of H or R to yield more stable .....

¢}  Oxymercuration-demercuration of alkene gives .....
d) Alkyne reacts with halogen to give .....

Why are alkenes more reactive than alkynes towards electrophilic reactions?

A, B and C are isomeric heptenes. On ozon'olysis‘A gives ethanal and pentanal,
B gives propanone and butanone and C gives ethanal and pentan~3-one Give the
structure formuliae of A B and C. :

5.7 ANSWERS

Self-assessment Questions

1)

2)

3).

4)

3)

The alkene which forms most stable carbocatnon has fastest reaction. Thus the
rate of reaction towards HBr addition is: |

CH,=CH, < CH,CH,CH=CH, < (CH,),C=CHCH,CH,

OH |
a) (CH3)3C(|JH CH2+(CH3)2&CH H, '
I mh
: {
o o
b) A =CH,CH,CH-CH,, B=CH,CH2CH—E!H2
IllgOZCCHg
0
¢) CHyC=CH, = CH;(HZCH3

OH

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

¢) 1,2-product, 1,4-product
d) 1,2-product, 1,4-product

H,
a) CH;ICHZ—Br
H
b
b) CHZC'JHCN
H
l'Br
¢) - CH,CHCN

Alkenes (a) and (c) are good dienophiles




‘Terminal.QuesﬁOns »
r " H
H Br

b) NCEHEHZ
T

9 CICHCH,
' Br

?H_:, H ‘ ‘ r'?Hg
d) (:H_,,c—iué}{2 + CH,C—CHCH,
o &Hs r S H-, H
2) a) Markownikeff's
b) carbocation
¢) alcohol
d) tetrahaloalkane. o
‘ 3) Since an sp hybridised carbon is more electronegative than sp? hybridised carbon,

w 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:
CompoundA = CH;CH=CHCH2CH2CH2CH3

?Hg H3 '
CH,C == C-CH,CH,

comp,bﬁnd B

compound C .= CH;CH= ECHZCH;; ‘

H,CH,

Addition to Carbon-C

arbon Multipie
Bond Systen)

»
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