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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 & 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 7 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.
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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.
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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 carborn
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,
-
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 > 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 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. i

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-
5 CHyCH—CH,——— CH3<|3H—CI3H2
1![ ' H Br
Less stable i ‘ '

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
& & |
CB;—-»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
(less stable)

N=CCH=CH, _HBr_|
Propenenitrile

i ¥
L 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 formed 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, \ (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—CHs —2—> CICH—CHs

SeC. 1-Bromo-1-chloro-ethane

— Cuibocstion
CICH=CH; + HBr

> ClC'H—CHz ——> cncn,—clzn,
H Br

p. Carbocation _ 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

] + | |
HyCC— CH=CH, B ch$-—én—cng S E H{CC—CH—CHs
CH; CHs CH3Cl
) Sec. Carbocation 2-Chloro-3-
(less stable) 3 dimethylbutane
- i
=
Q
(o] r
_(lfﬂg ?1 CHj
+ -
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 8
CHaCH + 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.




P, E¥
| ,—CHBr —B» GH,~ CHBr

+
CHy= CHBr H |

= éﬂz-v r
p- Carbocation

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

............................................................. gececevecirrcesceanssavraassosrrosreasess s KENLeh

§.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 B 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 Mem gmbls - ’
Sec. carbocation tert-carbiocation

+ ~ B0 :
‘ CHy—C— CHy —T) CHs — —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
_ : A ]
CH3CH,CH=CH; + H;0 + Hg(OCCHj3); —> CH;CH,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* HgO,CCHy

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 to 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 propanonc a .
ketone, i.e.,

H2504, HgSO4

CH=CH + H0 ————3% CH;=CH ——> CHs—CH
Ethyne I I

OH 0

Ethanal

Bl (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 w
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 | ; Additio 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 B, 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 o,
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 9%, po—cH
Eiyme
T o
B 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
]
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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 steép, 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 trans 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 :
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 alse
known as anti addition.

Br
K3 -
s — 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 e 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, LN 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 \ | e 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 | . P ’;;lon

n ‘ 9
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 [iTel
prof 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
+ . | BF & ]
¢H,-CH=CH-CH, —2'» CH,-CH=CH-CH,

SAQ3
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 HBr is 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
CH3CH=CHy;—
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 the 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— CHz 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
ocrORi + | > -

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—+ XX — —C—C— + X

I 1|

18




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 —orode, | .

Peroxide

b) CH,=CHCN + HBr -fomde, |
¢) CH,=CHCN + HBr.

S.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

alkenes 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 o
C=C_— \‘m'*' — s ¢
’3 > P
H—BH, L3 -

&%

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 CHj . " 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),
E——
CH, .2) HO,0H / CHy
>]'3 ]'—l _
CH3C_=_CCH3 __(BL)Z) CH,C=CCH, H.0,, OH .
P v
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 ®H) \:=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.€.,*

CH CH,
m// ol Hi'/ ~oH
SR e
\\cuz , ): o

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. . 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 hond 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 KO Yy Aew
| " ICI:H : ICH " * |cIH
HC 2 HC CHy HC 2
N\ e )
New, NeH; oy
CH,
d ~
H(li ?Hz
HC CH;

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

& G TRE
. + AT

COOH ‘
C COOH
¢l — X
x> c|: COOH
COOH
0] o)
N
iii) ( + ﬁ o — 0]
x> (
() 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.,

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

cis Acid



Addition to Carbon-Carbea Muitiple

: u |
H : : :
‘ ﬁ . HI COoO0 COOH ’ ‘ Bond System
s 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 aré 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 PA .(I:/
e ¢
H—C . ~Z \H
N Bond rotation
\C'?Hz ~ (":Hz
\ A\,
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?
‘ ' 0] 0]

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

DR R R e R R R PR R P 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. .
o '
o 5 CHyCH + CH3CCH
Z0H', HO0  pgnyde  Ketone

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

23

- HyOp, H Carboxylic Ketone
. : acid




‘Addition and Elimination -Mechanism : Ozone can be represented as resonance hybrid of the following
’ contributing structure: ,
0+ ('j+ R o,
G F N .- . O
07 NG T N0 e N0 et 0 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 H3Cy /CH3 N (\' N :
=C > CcC—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| NCH, H;C CH.
3 3 - 3
—_— da N 3
\o 0—0 Lo 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:
(6]
CH,CH,CH,CH=CHCHj, —H—Ojﬁ CH;CH,;CH;C=0 + O=CCH;
2
2-Hexene H
Aldehydes
- :
H H
0O,
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 | oy s | 50N, | om
ap—0’/ Yo
CH—O" a ’ cnz—oﬁ -
[ LN + MnO;
CH;—OMnO; CH,—OH

CHz CH,—O_ ' 0 CHy— OH
—— < NSOy

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

e c,—0” Yo %0 CH—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.

e 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,

@ 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' Carbow-Carbon Multiph




«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 formuiae of A B and C. :

5.7 ANSWERS

Self-assessment Questions

1)

2)

3).

4)

5)

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 ol
: {
w 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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UNIT 6 NUCLEOPHILIC ADDITION TO
- CARBONYL COMPOUNDS

Structure

6.1 Introduction
Objectives
6.2 Nature of the Carbonyl Group
6.3 Kind of Carbonyl Compounds
6.4 Reactivity of Carbonyl Compounds
6.5 Reactions of Carbonyl Compounds
Reaction with Hydrogen Cyanide .
Reaction with Sodium Hydrogen Sulphite
Reaction with Water
Reaction with Alcohol
Reaction with Amines
Reaction with Grignard Reagents
‘Wittig Reaction
Aldol Condensation
Reactions Related to Aldol Condensation

Cannizzaro Reéaction
Michael Addition

6.6 Summary
6.7 Terminal Questions
6.8 Answers : ' " ,

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=0O and are
often referred to collectively as carbonyl compounds. The remarkable reactivity of
the carbonyl group makes the chemistry of aldehydes and ketones the backbone of
synthetic organic chemistry. The double bond between the carbon and oxygen atoms
in these compounds serves as a model for the reactions of many other functional
groups containing 7 bonds between dissimilar atoms. Although the reactions of
carbonyl compounds are quite simple their synthetic utility is enormous. In this unit
we shall study the important nucleophilic reactions of aldehydes and ketones.

Objectives

After studying this unit, you should be able to:

e 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 earbonyl compound consists of one o bond and one 7 bond. The




carbony! carbon atom is sp? hybridised and forms three o bonds (two C-H bonds and Nucleophilic Addition to Carboay!
one C-O bond) and an unhybridized p orbital is left on the carbon atom. The o bond
is formed by overlap of sp” hybrid orbitals and a 7 bond is formed with oxygen by
overlap of p-orbitals. Carbonyl compounds are planar and have bond angles of
approximately 120°. .

unshared e

gy, C

pi bond _
¥ig. 6.1: Bonding .n 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 = electrons
of the carbon-oxygen double bond get shifted towards the oxygen atom and the bond
gets polarised. This electron imbalance in the 7 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.,

‘ 3" 87

>C=0
® The carbon carrying partial positive charge, called electrophilic or cationoid
centre. This can be attacked by nucleophilic reagents. ‘

e 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 undergo.

i) Aldehydes and ketones
ii) Carboxylic acids and their derivatives, e.g., esters, acid chlorides, acid
anhydrides and amides.

In aldehydes and ketones, the acy! units (RCO) are bonded to H and R, respectively.
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, hatogen or nitrogen that can serve as leaving

- groups. Hence, the chemistry of aldehydes and ketones is different from that of
carboxylic acids and their derivatives.

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

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. Therefore, the reactivity of the carbonyl group depends upon the
magnitude of the positive charge on the carbonyl carbon. Thus, a greater positive
charge means higher reactivity. If this partial positive charge is dlspersed throughout
the molecule then the carbonyl compound is less reactive. Electron thhdrawmg
substituents at the carbonyl carbon, which increase its positive charge, increase its
reactivity towards nucleophilic addition reactions. Similarly, electren donating
substituents decrease its positive character and hence decrease the reactivity towards ,
nucleophilic addition reaction. , - 29

Compounds -




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 than ethanal.
Similarly, nitroethanal, where NO, group has stronger electron withdrawing

_character than chlorine is more reactive than chloroethanal. Thus the order of

‘reactivity is:
. S e 0
CH;CH,9»CH < CHy>CH < Cl<4CH,—CH < O,N—«CH,—CH

' 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.

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.

g RS RS RS nS
D= —@—J—0

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
hindrance than the smaller hydrogen atom to the approaching nucleophile.

With the above general ideas, it will be easier to study the reactions of a.ldehydes and
ketones which we will take up in the next section.

SAQ 1
Considering the steric factor, arrange the followmg compounds in the order of their

 reactivity.

O . 0] (0]
I : B R
CH;CC(CHj);, CH;CCH;, (CH;);0CC(CH3);

R R R R R R N N L R L R R PR P PP R T PR R PP T Y

6.5 REACTIONS OF CARBONYL COMPOUNDS

Theoretically a carbonyl compound may be attacked either by a nucleophile or by an
¢lectrophile. Addition of the negative nucleophilic part of the reagent to the carbon
atom or addition of the positive electrophilic part to the oxygen atom would glve the
game product ultimately.

L8 - =6
/A _ 77\ B
Nu o
The addition reaction of carbonyl compounds, therefore, can theoretically proceed

by the following two mechanism.

Mechanism I: In the first mechanism, the proton adds to the carbonyl 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. -

>C=0: + H* 2%, 5c=0H — >C-0OH

Fast - \ /

>C OH + Nu




Mechanism II: In the second type of mechanism nucleophile attacks the polarised
carbonyl carbon ‘in the first step and forms an anionic intermediate.

¢~ M
>C=0 + NuH — >C-0-
PRSI

This intermediate can undergo either protonatlon to form an alcohol, or it might
-expel oxygen as water to form a new double bond between carbon and the
nucleophile.

e T
Y  ——— —c-on
—¢o i
- H

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

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

6.5.1 Reaction with Hydrogen Cyanide

'Hydrogen cyanide (hydrocyanic acid) adds to the carbonyl compounds in aqueous,
solution or with anhydrous liquid HCN ‘in the presence of catalytic amounts of an
organic base to give cyanohydrins. Cyanohydrins are hydroxy nitriles.

: OH
| ‘Base b
-C= O+HCN — —(IS—CN
cyanohydrin

For example, benzaldehyde gives the cyanohydrin (mandelomtnle) in 88% yield on

- treatment with HCN.
(0]

o =i

Benzaldehyde - Mandelonitrile
The reaction occurs very slowly when pure HCN is used, but becomes fast when a

trace amount of base or cyanide ion is added. The function of the base is to increase
the concentration of cyanide ion.

HCN*+OH «—— ©N + H,0

The reaction is reversible and the position of equilibrium depends on the usual steric
and electronic factors that govérn nucleophilic addition to carbony! groups.
Aldehydes and unhindered ketones give good yields of cyanohydrin.

HCN is a very poisonous substance, it is not used directly in cyanohydrin formation.
The reaction is carried out by mixing the carbonyl compound with aqueous sodium
cyamde and then slowly acidifying the solution by a mineral acid.

_Mechanism: In the first step, the cyanide ion attacks the carbonyl carbon to form an
-alkoxide ioh intermediate. The alkoxide ion is basic and rapidly removes a proton
from HCN present and generates a cyanide ion, in the second step.

émf‘ ?
. C+ CN — —('ZCN
5B
, CN CI-N
' —t}—c‘x + H-CN — —(|:,on +CN

cyanohydrin

Nucleophilic Addition to Carbon)
Compound
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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. 4

(I)H H

-CH~C-CN MO 5 ccoon

d cHz-

OH OH

[ Li ]
—C—CN J-LiAH, "(';.CHzNHz

' 2. Hzo

6.5.2 Reaction with Sodium Hydrogen Sulphite

Most of the aldehydes, some ketones (generally methyl ketone) and unhindered
cyclic ketones react with sodium hydrogen sulphite (sodium bisulphite) to give a
crystaline hydrogen sulphite adduct.

\ oM
- \so3Na+

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

H
/c\ === >C=0 + NaSO,H
SO;Na*
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 adduct which can be separated. The crystalline adduct can be converted back
into aldehyde or ketone.

>C=0 + NaHSO, —

6.5.3 Reaction with Water -

Aldehydes and ketones react with water to form 1,1-diols, (geninal-diols) or hydrates.
Hydrogen becomes bonded to the negatively polarised carbony! oxygen and hydroxyl

group to the positively polarised carbon: This redction is reversible and the bydrate
formed is generally too unstable to be isolated.

i H ”
~C=0+H,0 &> ~CoH

Geminal diol

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

Cl_»,CCH +HO0 ===~ CI,CCH(OH)2

Chioral hydrate
9
HCH+ H,0 <> HCH(OH),
' 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,




® ;
) —0+H20 — H-(-OH (99.96%)
H OH
HyC, H
C= O+H20 — H,C-C-OH (58%)
OH
Hsc\' (|:H3 ,
P =0 +H,0 —> CH;- ? OH (0.14%)

Methanal has no alkyl substituents to stabilise its carbonyl group and is converted
almost completely to the corresponding diol (99.96% ). The carbonyl group of ethanal
is stabilised by one alkyl substituent and the carbonyl of propanone by two. Ethanal
giv&s 58% while propanone gives only 0.14% of diols.

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

HC_ SH
>c=o +H,0 —s H,c—.qf-ou
HgC CH3
0.14%
H
>C=0+H20 —» FyC- ?
F,C _ cp,
100%

Now let us consider the steric effect on the rate of reactions. Let us examme the
geminal diol products. The carbon atom: that bears two hydroxyl group is sp’
hybridised. Its substituents are more crowded than they are in the starting aldehyde
or ketone. Increased crowding can be better tolerated when the substituents are
hydrogen than when they are alkyl groups. Diol of methanal is least crowded and
hence formed in large amount. Diol of propanone on the other hand is inore
crowded, therefore, formed in a lesser amount. Finally, the amount of diol of ethanal
is formed bétween the above two limits.

As the electronic und steric effects combine hydratlon of aldehydes becomes more
favourable than that of ketones

- SAQYD
mummmmmmmmmhwx‘wm

6.5.4 Reaction with Alcohol

Like water, an alcohol can undergo addition reactipn with carbonyl group in the
presence of an acid catalyst. It is also a reversible reaction. In most cases, the
equilibriurh lies to the aldehyde or ketone side. Addition of one molecule of an

Nucleophilic Addition to Carbouy!
Compounds
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Additfon and Elimination

alcohol to an aldehyde or ketone gives hemiacetal or hemiketal, respectlvely On the
other hand, reaction of two molecules of alcohol to an aldehyde or a ketone, with the
loss of water, give acetal or ketal, respectively. Unlike hydrates, acetals and ketals are
quite stable and can be isolated.

O OR OR

.
RCH <ROHH . Rpcu SROHAL. RCH + H,0

H OR
Aldchyde * Hemiacetal - Acetal
(OH and OR on C) (two OR’s on G)

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

.

—é=§ — -—é——@H «—> —4—011 "

| - u
—C—OH + RQH — —(:J—OH ‘i—-\ —(::‘-—OH
o* OR
/\
R H

{

In the mechanism for acetal formation from the hemiacetal, again proionauon and
deprotonation, along with loss of water, are the major reaction steps. First.
protonation of hemiacetal take place followed by dehydranon to give a karbocation.

?n (oml2 »

-COR ‘-H—— —-?OR = —(‘:0R+H20 S ;

Al

The carbocat’on is stabilised by electron release from its oxygen substituent to yield

" oxonium ion.

o . *
—(+:-£\QR > --(|:=0R
| Oxoni
o ,
Attack by a second molecule of-alcohol forms the protonated acetal which on
deprotonation gives acetal. v

OR : ‘ OR + l OR
| S S PG P
C+ + R—OH &=—— —CO0R &=—— f
AN - I Y
|

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

OR | 'fl")
RCH + H,0 2. RCH + 2ROH
OR

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 some chemical
reactions one functional group may interfere with intended reaction elsewhere in 8
complex molecule We can often ciscumvent. the problem in such cases by first




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
2,3-dihydroxypropanal, there is an interference of the carbonyl group, since both the
double bond (C=C and C=0) 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.

<|f : OHOH 0
CH,=CHCH -——> b A
doae direly CH,CH— CH
H- loﬂ%CHzOH ‘ T Hy0"
CH;--CHCH et CHzCHCH |

No—CH; No—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 4-oxopentanoate to, .5-hydroxypentan.-
2-one. We can not reduce the ester group directly by LiAIH, as both the carbonyl
groups would be reduced simultaneously. If we first protect the ketone by forming
an acetal, subsequent ester reduction proceed normally and acetal can be cleaved to get
back ketone

X

- CH3CCHzCHC0CH,CHy m—) CH3CCH;CH,CH,0H

L $-Hydroxypentan-2-cne
HOCH,CH,0H

RE St Jir T

NS iy AN\ /|

: /
CHsOCHzCHzOOCH,cng 5 na” CH3CCH;CH,CH,0H -

SAQ3 -

Consider the acid-catalysed reaction of ethanal with methanol. Write structural
formulas for,

a) The hemiacetal intermediate

b) The carbocation 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 secondary amines.

Reaction with primary aminu

In the presence of an acid catalyst a primary amine adds to carbonyl compounds to
give an imine (compounds with C=N group). In this reaction the initial addition of
H*is followed by an attack of H;NG. Subsequent dehydration forms a

Nucleophilic Addidion to Carbeayl
Compennds
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Addition and Elimination

carbon-nitrogen double bond. The net result is substitution of oxygen by another
group. Primary amines react with aldehydes or ketones to form corresponding
N-alkyl or N-aryl substituted imines, which contain C=N group.

_OH
\C —Hzo _& K

| .
~-C=0+H,NG 15,
/N

NHG
G = various groups N-substituted

The unsubstituted imines, obtained by réaction with NHj, are very unstable; while
substituted imines, formed form RNH,, are more stable. Substituted imines are also
called Schiff bases.

(o} (I)H

éI:H (I,'.NHCH3 - CHz=N{
" — [ e

O

CH NH.
2 _ou' ut
+ =T

Mechanism: Formation of a Schiff base is a two step reaction. In the first step, the
nucleophile (RNH,) adds to the partially positive carbonyl tarbon. This step is
followed by proton shift from nitrogen to oxygen to give an mtermedmte called
carbinolamine;
. ; |
X : OH '

In the second step, the carbinolamine eliminates water and gives the imine.

. . ,

OH ( OH; .

R L N g R == RO
Both the addition and the elimination steps of the reaction are sensitive to acid
catalysis. Hence careful control of pH is essential. The rate of reaction is increased
by an increase in acidity but beyond a certain limit, the rate decreases with further
increase of acidity. ;

+
You can ask why is this so? This is because, these reactions are catalysed by acxds thus,
protonation of the carbonyl compound as well as the reagent can take place.

. .
—(I:=9 +H — —?=6H — —CI—-OH

.

.o +
HNG + H —3 H)NG




The first step of the reaction is the addition of the amine to the carbonyl group. In Nucleovhﬂk Addition to Carbonyl
strongly acid medium, the concentration of the amine becomes very low because we Compounds

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

The second step involves the elimination of water. In acidic medium concentration
.of the protonated carbinolamine i mcreases with the increasing acid concentration.
(Remember —OH, is a better leaving group than —OH).

An increase in acidity causes step 2 to go faster, but step 1 to go slower, while
*decreasing acidity causes step 1 to go faster but step 2 to go slower. Between these
two extremes is the optimum pH (~ 3—4), at which the rate of the over all reaction

is the greatest. At this pH, some of the amine is protonated, but some are free to initiate
the nucleophilic addition. At this pH, too, enough acid is present so that elimination

of water in the second step can proceed at a reasonable rate.

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

melting points. For this reason they are frequently employed for the preparation of
" aldehyde and ketone derivatives needed for identification.

Table 6.1 : Reaction of ammonia derivatives

1

G ‘Ammonia derivative Product _ Class of Product
: ' .
—RAr RNH./ArNH, >C=NR/C=NAr imine
‘alkyl/aryl amine N substitufed imine (Schiff base)
—-OH NH,OH >C=NOH Oxime
hydroxylamine oxime"
—NH, H,NNH, >C=NNH, hydrazone
hydrazine hydrazone-
’ -
N=
LN
_NHNHg ' NH
@/ NO; ‘/ NO; NO;
NO,
2,4-dinitrophenyl substituted
hydrazone hydrazone
—NHCONH, H,NNHCONH, >C=NNHCONH, semicarbazone
- semicarbazide semicarbazone
Reaction with Secondary Amines

Aldehydes and ketones with an a-hydrogen react with secondary amines to yield
iminium lons, which undergo further reaction to give enamines (vinylamines).

ut H'/-N'
-H0 + *
CH; CH + (CHNH — ‘Jf“z‘ cn Ly L=NCH)| CH, == CHN(CHy),
Disthylamine Iminium ion ’ Enamine

Since there is no proton remaining on nitrogen of this intermediate iminium ion, the
imine formation 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
between a and § carbon atoms.

Like imine formation, enamine formation is reversible, and enamines can be
converted 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 they are qmte s1m|lar Both 37
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are typical examples of nucleophilic addition reaction jn 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_the mcchunism of the following reaction,
H\C, H;C CH‘-,
- CHCHO + CH;N
/HH, H;NHPh — CCHN\
H,C H,C

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

6.5.6 Reaction with Grignard Reagents

Developments in chemistry in rhe 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 ketones gives alcohols. This is the most important method for

preparaing alcohols.

H
| .
~C=0 + RMgx M, -CR

A large number.of alcohols can be obtamed from Grignard reactions dependmg upon
the reagents used. For example, a Grignard reagent reacts with methanal to give a
primary alcohol.

O
0 H.O. H*
Methanal Ethanol ~

Reactions of Grignard reagent with other aldehyde except methanal yields a
secondary alcohol. For example:

0
CH3CH2CH + CHMgBr P2 H', cH CH,CHOH
Propanal - H

3

2-Butanol

Similarly, reaction with ketones yields tertiary alcohols.

H5C2 ?ZHS )

\ . H,0, H* .

/c=o +CH,MgBr —~>", C,H,—C-OH
H,C, : Hj
3-Pentanone }Methy!-3-pentnnol

Mechanism: Analysing thé charge distribution in the Grighard reagent, we find that

_since the magnesium bears the positive charge, the hydrocarbon portion of the

reagent must have a negative charge and, therefore, should be a very powerful
ucleophlle

R: Mg)—(
When a Gngnard reagent is mixed with an aldehyde ora ketone, the negat:ve

“hydrocarbon group quickiy attacks the positive carbonyl carbon and provides the two '

«€lectrons needed for the new carbon-carbo‘n bond. The  electrons are displaced by
the oxygen, forming the alcohol salt whnch is hydrolysed to an alcohol with water m

~ acidic medium.




6;1’ -i Nucleophilic Addition to Carboay
_ ) Compounds
st R N o/ g i N /OH
—C=0 + RMgX ———> C 0/ 6?4+ MgX OH

| /N 7 N\,

R R

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

i_+ + = 8" b I
—(|::ng+ H—OH —s —_(|::H + MgXOH

6.5.7 Wittig Reaction

In 1954, George Wittig reported a method of synthesising alkenes from ‘carbonyl
compounds. This reaction is applicable to aldehydes and ketones and leads to
replacement of carbonyl oxygen by the group =CRR’ (where R and R’ are hydrogen
or alkyl group). : :

_ (E= o Wittig reaction _ (|:= (I:_'_

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.,

Rll l'zf
Ph,P: + RCHX —> PhP*—CHR X~

Triphenyl Alkyl Phosphonium
phosphine 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)
commonly known as the Wittig' reagent.
i f
PhsP*—CHR X~ + C¢HsLi — Ph;P=CR + C¢H, + LiX
(ylide) -

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

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.

R’ R
JLEENa" s |
Ph3p= CR + =0 _— P hJP —CR _> The Phosphorus ylide.s !iave a
7 - / hybrid structure and it is the
u 0—~C : negative charge on carbon that is
Betine - responsible for their characteristic
4 reactions.

. R\ _ ’Ph3P=(':R — Ph,P*—‘|c'R
: mftda—_’mf' + Cc=C ' R’ R’
3\ P

3 - ,

~ The great value of Wittig reaction is that 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 T
the negatively charged carbon of the ylide. . . L 39
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Wittig reaction is so important that it can be used commercially for the preparation
of B-carotene, a yellow food-colouring ageiit. Wittig reaction is 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 functlonallty such as a double bond or
alkenyl groups. :

6.5.8 Aldol 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

. P-hydroxyaldehyde or B-hydroxyketone, a compound containing alcoholic and k

aldehydic or ketonic groups, respectively. This reaction is called aldol 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 seeond. . Jr. example reaction between the two ethanal molecules.

H

|
CH3é=O + CH,C=0 —> CH3$CH2C=O
Ethanal Ethanal 3-Hydroxybutanal

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

ArCHO

HCHO —dilute base
(CH,);CCHO"

ArCOAr

ArCOCR;

No reaction

Compounds
containing
no a-hydrogen

Since the B- 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 B-hydroxy
carbonyl compound) loses a water molecule to form unsaturated aldehydes or
ketones, (conjugated enones), e.g., .

H
cméucuzc—o di. HOl, CH,CH= CHé—
2
3-Hydroxybutanal Crotonaldehyde -
(aldot) or 2-Butenal

(conjugated enones)

‘Mechanism: Aldol condensation is a two step process. In the ﬁrst step, the base’

abstracts a proton from the a-carbon of the aldehyde tg form enolate ion.
S B O 7 S
—C=0—= H—"(i}-c:f% ——H—C= o—-d, + 10

“OH

|
"
H

. In the next step, the enolate ion attacks the carbonyl carbon of another aldehyde

molecule to form an alkoxide ion, whlch abstracts a proton from water to yneld the
B- hydroxyaldehyde, regenerating OH. :

AH- solvent

L0 ] e, 3

+ CHCH == |CHyCH—CHXH | ¥=—= CH;CHCHCH + OH




Alcohols generally do not undergo dehydraiion by dilute acid or base. However, Nacleophilic Addition to Carbony!
aldol products undergo dehydration because in this case the double bond is ir Compounds
conjugation with the carbonyl group in the product.

Crossed aldol condensation

- 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 condensation can occur. Aldol condensation between the two
different carbonyl compounds is called crossed aldol condensation which is of two

types:
In type one, both the carbonyl compounds have a-hydrogenvatoms. 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.,

ﬁ . ‘ <|)n - : _
0 ;
T o CHCH,;CHO ;
PN
Benzaldchyde Ethanal '
(No a-hydrogen)

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

6.5.9 Reactions Related to Aldol 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 examination of
_these reactions shows, that like aldol condensation each of these involves an attack by a
carbanmn formed ﬁ'om one molecule on the carbonyl group of another. Some such

Perkin condensatlon
.Perkin condensation is a reaction in which an aromati¢ 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 &, B-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 aceti~ anhydride in the presence of
anhydrous sodium acetate gives cinnamic acid.

0
0
, y:ﬂ PZCH:; CH = CHCOOH + CH;COOH
©/ 7 cngcob Na @
+
o\ocng |
Acetic
sobydride |
Mechanism: First the base abstracts the a-hydrogen from the anhydride to form a
carbanion.
CH.
CH.
No S0, RO, | arigcoon
L~
. 5 o

€H,000 41
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Addition and Elimination 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
cil
= 3
| RN ' _HO
CHCH+ O »—————->C6H5CHCHzﬁ_
CHg 5
W.‘ L
| ol
0
i
<)
\ -
sl .
COH - Yo MO cpen—cnc’ T CgsCH=CHCOOH + CH;COOI
I / T

The hydroxy compound first undergoes dehydration to give an unsaturated anhydride -
which gets hydrolysed forming the o, B-unsaturated acid.

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

Claisen condensation

Claisen condensation 1s a reaction of esters having an o-hyvdrogenfWhen these esters
are treated with a base such as sodium ethoxide, a reversibie self-condensation
reaction occurs to yield a B-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 leavmg
group. The result is, therefore, substitution, whereas the aldol condensation is an
addition reaction. For example, ethyl acetate when treated with sodium ethoxide
ylelds ethyl acetoacetate a B-keto ester.

I f1a BC.H B .
2CH,COCH; —2%25, CH,CCH,COC,H;s + C,Hs;OH .

Ethyl acetate : Ethyl acetoacetate

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

0o
il I I
?HzCOCsz = —-C (X:zHg > CHy=COC;Hs
H

O

OC,Hs

This carbanion adds to the carbonyl carbon of the sécond molecule of the ester,
forming the intermediate anion,

0 0
II/\ il | II
CH3(I: + CHCOCHy == CH3(|:-CH2C 0C2H5 +

42 OCzHs - OCaHs




This intermegiate anion is unstable. It expels cthoxidé'ioh to yield ethylacetoacetate,

oD 0
cmc — CHyC OC,Hs ——A CH CCH.»,C OC;Hs

r OCz2Hs

A B-keto ester can be hydrolysed by heating in acidic solutiorf in which
decarboxylation of the B-keto acid may occur.

O
" S H* H,O ] I _co ]
CHJCCH2COC2H5 —-——C—?'La?"——* CH,CCH,COH Y CH,CCH,
Lol

Two different esters can also be used in Claisen condensation. The Claisen
condensation between two different esters, both having an a-hydrogen is cailed
Crossed Claisen Condensation. However, this type of reaction is not of synthetic
importance, because in this case a mixture of products is obtained which is difficult
to separate.

‘ COCHy (ﬁ . o 5 CCHCCH;
- . fubCHa, .
@/ + CH3CCHs _!_E‘T__;?ﬁ + CHsOH
Propanone 2.4 ‘ .
‘ . 1-Phenyl-1-3-butanediune
Knoevenagel condensation ’

IKnoevenagel condensation is a reaction of aldehydes and many ketones with a
compound that has a hydrogen a to two activating groups (such as C=f or C=N)in
presence of base. For example, benzaldehyde can condense with dle yl malonate to
yield a, B-unsaturated diester, :

’ CHO Nidos CH= C(COOC,Hs),
+ CHy (COOGHs), ——i8 ©/
‘ : H3O+
2 C;HsOH + CO, + ©/

6.5.10 Cannizzaro Reaction

In contrast to aldol condensation this reaction takes place when aldehydes having no
a-hydrogen is treated with concentrated alkali or any other strong base. It undergoes
self oxidation-reduction reaction and yields a mixture of an alcohol and a salt of the

- corresponding carboxylic acid. This reaction is known as Cannizzaro reaction. For
example.

CH= CHCOOH

- @F @m Ly Wf

2HCHO MY, CH,OH + HCOONa

Methanal Methanol Sodium formate

Cannizzaro reaction is shown by all aromatic aldehydes and aliphatic aldehydes which
do not contain a-hydrogen, e.g., methanal, trimethylethanal, etc. In general a
mixture of two different aldehydes undergoes a Cannizzaro reaction to give all
possnﬁleproductsandlsrefcmdtoasa'ouedenizumrwﬁon

" Nucleophilic Addition to Carbonyl

Compouads
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Mechanism: The first step in the Cannizzaro reaction involves a nucleophillic attack of
hydroxide ion on the carbonyl carbon of aldehyde to nge an anion.

"‘/\ c—on
ot o

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 aldehyde accepts the hydnde and hence, is reduced
to an alcohol.

| E-_(l{:\c‘j E_0H+ _CHOH
Ok O—C0r J :

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=0 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 B-carbon atom. Such addition
reactions are known as Michael addition. In othcr words, addition of active methylene
compounds to carbon-carbon double bond of a, B-unsaturated carbonyl compounds
in the presence of basic catalyst is known as Michael addition. The following
examples are illustrative:

O 0]
li
CH:—CHCH + CHz(COOCsz)z m— C|H2CH2—CH
CH (cooc,u,)z

0 0 Y
1]
CH,=CHCCH, + CH;CCH,COOC;Hs —» CH,CH,CCH;
' CH,CCHCOOG;H;
1]
o)

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

i )
0l —y Hoy - CH;CI:H;CI-!,,-\C/OOOCZH,
CH,=CHCCH; + OOOCz S~ /5N
s cr0cmC cooc
0]

Mechanism: We take here the condensation of ethyl malonate with propenal as an
example. In the first step of Michael reaction the base removes an a-hydrogen atom
from ethyl malonate ‘to generate the corresponding carbamon (enolate anion).

&l, OCZH,

CH,(COOC,H,), =——= CH (COOC2H5)2_+ C,H;OH
) Carbanion -




in the next step the carbanion attacks at the B-carbon atom of propenal to give tue
more stable enolate which abstracts a proton from the solvent to yield the final
product.

0) (o)
Il

\ |
HC—CH= @ CH (COOCzHs), — HC=CH—3H2
CH(COOC,Hs),
Cl)H
H0 —
= HC= CH(lfﬂz
CH(COOCzHs)2
0 “
HC CH,; CH; CH (COOCzHs) ‘

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 —CH,~ or >CH— group flanked by two electron withdrawing
groups on either side. - '

Michael Mﬁon is a general reaction and is not limited to conjugated aldehyde and
kepm. Conjugated esters, nitriles, amides and nitro compounds can also undergo
Michael addition. For example:

N-CCH-_-CHz + CHz(COOC2H5) — NECCH2CH2—CH(COOC2H5)2

SAQ S
How can the following compounds be prepared using Michael reaction?

0 o
i i \

2) CH;CCHOH.CH.C{'
CO,CH, S
9 b

b) CHgCCHzCHzCHzCCH3

¢) (CH;0,C),CHCH,CH,CN
NO, 0

d) cn,éncuzcnzcocu,
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6.6 SUMMARY

e Aldehydes and ketones have carbonyl (C=0) groyp. The carbonyl carbon atom
is sp hybridized and form three o bonds. It has an unhybridized p orbital which
forms a 7 bond.

® Due to higher electronegativity difference between the carbon and oxygen, tﬁe
carbon-oxygen double bond (>C=0) is polarised, and, hence, it can undergo
electrophilic attack at oxygen or nucleophilic attack at carbon.

"Nucleophilic Addition to Carbonyl
Compounds

4



\ddition and Elimination e Carbonyl compounds can be classified into two groups:
(a) aldehyde and ketone and (b) carboxylic acid and their derivatives.
e ficctron withdrawing substituents at the carbonyl carbon increase its reactivity
while electron donating substituents decrease its reactivity in nucleophilic addmon
reactions.

#» Bulky groups, substituted at carbonyl carbon, present greater steric hindrance to
_the approaching nucleophrle

o "HCN adds to the carbonyl compounds in the presence of a basic catalyst to give
wvanohydnns

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
for carbonyl compounds.

® Primary 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 amines react with aldehydes or
ketone to give enamines.

e Reactions of Grignard reagents with aldehydes or ketones gives alcohols.

e Two or more molecules of aldehydes or ketones, containing a-hydrogens may
combine to form B-hydroxyaldehyde or B-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. alkali,
self oxidation-reduction occurs to yield a mixture of an alcohol and the salt of the
corresponding carboxylic acid. This reaction is known as Cannizzaro reaction.

® With compounds having a carbon-carbon double bond in conjugation with an

electron withdrawing group addition of carbanions may occur at the 3-position.
This reaction is known as Michael addition reaction.

6.7\ TERMINAL QUESTIONS

1) list the following aldehydes in terms of increasing reactivity.
CH;CHO, C13CCHO, CICH,CHO, Cl,CHCHO

2) Write the structure of the carbinolamine intérmediate and the imine/enamine
product formed in the reaction of each of the following:

a) Ethanal and benzylamine

b) Propanal and dimethylamine

'3) Show how would you prepare the following compounds by an aldol/cross aldol
condensation:? ’

GHs  CHs
3, a) CH;CHCH?CHO
HO CH,

o]

Il
b) CoHsCH=CHCCH(CHs),

4) Show in detail the mechanism of Krjoevenagel reaction of diethyl malonate and
benzaldehyde

L)) Suggest two synthetic routes to 2-butanpl from an aldehyde and a Grignard
46 reagent.




Nucleophilic Addition to Carbonyl

6.8 ANSWERS | | o bt
Self-assessment Questions
o 0 o

] ] il
1) CH,CCH, > CH;CC(CH,); > (CH,);CCC(CH.)s

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

3) a) CH,CHO +;CH30H = CH;CHOH
CH,;
OCH,3 OCH,3
H* | + H,0 +
b) CH;CHOH = CH;CH-OH, =—=— CH,;CHOCH,

¢) CH,CHOCH,+ CH;0H == CH;CHOCH; —— cngiﬂocn3
HOCH, YCH,

4) N .
/_\ CH; NHPh CH3NPh
NePh ' I

(CHg)zCHCH"-O T=————= (CHy/CHCH—0 ==——= (CH;),CHCH—OH —=l=>

]

ll’l,!
Q B0 : *NCH; CHs]’qph
(CHs)zCHCH -L‘OHz e—n (Clh)zCJCH = (cHye=
H
Iminium Enamine . )
. P 5 T
) 5) a) CH,CCH,COCH, + H2C=CHC—@
2 2
b) CH,CCH,+ H,C=CHCCH,
¢) CH,(CO,CHy), + H,C=CHCN
d) CH,CH;NO, + H,C=CHCO,CH,
Terminal Questions
‘1) CH,CHO < CICH,CHO < CL,CHCHO < Cl;CCHO
? R o3 S
2) a) CH;CH + CgHsCH;NH, — CH;CH-NCH,C.Hs —5 CH,CH-NCH,qn,
' . Carbinolamine -Imine

intermediate
| 0 H H CH, | Cm{c‘ﬂ,
. : ] - e _H10 3
b) CHsCH,CH + CH;NCH; — CH,CH,EHN\ CH,CH= | ‘
. - CH, \CH3
Carbinolamine |

intermediate 47




\odiion and Elmlmation u on CHs (EH: »
3 a) 2(CH;);,CHCH =— CH;CH(l?H—CfHCHO
I il 61? HCH 9
b) CiHsCH + CH;CCH(CH;), == C¢H;CH=CHCCH(CH.),

Y CH (C00CHs)y, ———— TH(COOCHs),
3 Hﬁ
B
5 .
C(I)/l I BH
c(,nsc; + CH (COOC;Hg), =—= Cdis(ll(OOOCsz)z S
H H
o v, ** ,
CeHsCCH (COOC;Hs), écmlz—c‘:(ooocm\&» CaHSC=C(C00CsHoh
b ! &
. 1.CHMgl , | H
5) CH;CH,CH ———3VE
. 2 B K \\CH:; CH,CH,
O
| CH_,(":H 2. CH,CH,MgBr

2. H;0, H*




UNIT 7 ELIMINATION REACTIONS

Structure

7.1 Introduction

Qbjectives ‘
7.2 Types of Elimination Reactions
7.3 1,2-Elimination or B-Elimiration
7.4 E2 Reactions

Evidence of E2 Reactions

Orientation in E2 Reactions
Stereochemistry of E2 Reactions

7.5 EI1 Reactions
Evidence of E1 Reaction
Orientation ip E1 Reactions
Stereochemistry of the El Reactions

7.6 Stercochemistry of E1 Reactions
7.7 Summary

7.8° Terminal Questions

7.9 Answers

7.1 INTRODUCTION

In Unit 3 you studied substitution reactions in aliphatic compounds and in Units 5
and 6 you studied nucleophilic addition to unsaturated hydrocarbons and carbony!
compounds. Now in this unit we will discuss elimination reactions. The term
‘elimination normally refers to the loss of two atoms or groups from a molecule. Thus,
-an elimination reaction is the reverse of an addition reaction. la this unit we will
discuss the types of mechanism (E,, E,), the stereochemistry and the orientation
pattern of the elimination reaction. Finally we will compare elimination and
substitution reactions.

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

classify different types of elimination reactions,

® explain the unimolecular (E1) and bimolecular (E2) elimination mechanisms,
® explain the stereochemistry of E1 and E2 reactions,

@ discuss the orientation pattern of E1 and E2 reactions, and

°

compare elimination and substitution reactions.

7.2 TYPES OF ELIMINATION REACTIONS

When an alkyl halide is treated with a base, an elimination reaction can occur. In
organic chemistry elirnination normally refers to the loss of twb atoms or groups from
a molecule., There are many types of elimination reactions i.e. 1,1-elimination,
1,2-elimination, 1,3-elimnation etc. '

When both the atoms or groups are lost from the same carbon atom to give a carbene,
the reaction is called an 1,1-elimination or a-elimination. The most common example
of 1,1-elimination is generation of dichlorocarbene from chloroform.

XY, -.(|::+xv.’
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When both the two atoms or groups are lost from two adjacent garbpn atoms,
resulting in the formation: of a double or a triple bond, the reaction is called

1,2-elimination or B-elimination. °

Similarly, 1,3-elimination and l,4-eliniination are also known. In 1,3-elimination 3-

membered ring is formed and in 1,4-elimination a conjugated diene or a four membered
ring is formed. '

CH, CH,
. \ Zn \ . e .
(l,Hz ﬁ:Hz —~—— CH, - CH, 1,3-elimination
Br Br
?H2CH=CH?H2'-—21> CH,=CH-CH=CH, 1,4-elimination
Br Br |

»

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

SAQ 1 |
Fill in the blanks in the following statements, ,
Q) e refers to the loss of two atoms or groups from a molecule.

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 ...........ccovveenn. :

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

7.3 1, 2-ELIMINATION OR @-ELIMINATION

Alkenes are generally synthesised by elimination reactions from saturated

compounds. Elimination of two substituents from adjacent carbon atoms is the usual
‘method for the preparation of an alkene. Most 1,2-eliminations involve the removal
of a proton from a carbon atom and another leaving group, L, attached to the |
adjacent carbon atom. .= 1

% —HL lé_"

ki
g s

(L = halogen, NR;, OH, SR,, 0SO,, OCOR)

Following are some common examples of such eliminations;

Br
[ 5
CH,CHCH, €, CH,CH=CH, (dehydrobromination)
CH, CH,
con M, cnd -
CH3IOH o CH;C=CH, (dehydration)
CH, |

CHiCH;N(CHy); -3 CH,=CH, + N(CHy), + H,0



|

|

In the above instances, the leaving group, L, is respectively Br,OH and N(CH,); and
hydrogen atom on the B-carbon atom is lost alongside. Though a hydrogen atom is
generally lostin nearly all elimination reactions, there are some reactions where this
is not so. An example is removal of halogen atoms from dihalides by mctals.
BrGH,CH,Br 2% CH,=CH, + ZnBr, (debromination)
While most of 1,2-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 going to discuss them at this level.

Elimination reactions often accompany nucleophilic substitutions. It is therefore
logical to expect a similarity of the kinetics and even mechanistic features in these
reactions. Thus, like substitution reactions, elimination reactions also take place
through one of the two mechanisms, i.c. unimolecular eliminatior {(E1) or
bimoiecular elimination (E2). E1 and E2 mechanisms are closcly related to 81 and
Sn2 mechanisms respectively. E1 and E2 mechamsms are different from each other
in the timing of the breaking.of C—H and C—L. bonds and consequently in their
kinetics. Now, let us discuss each mechanism separatcly.

7.4 E2 REACTIONS

E2 mechanism involves breaking of C—L and C+H bonds simultaneously. The base

-~ pulls away hydrogen, as a-proton, from carbon atom; simultancousiy the leaving

group departs and a double bond is formed. The leaving group takes its clectrons
pair with it and hydrogen leaves its electrons pair behind to formn the double bond.
The mechanism thus a one step mechanism involving a transition state with a partial
double bond character,

| B*
By, B
—’,él(':-— — -—c_(':— ey —C=C—+BH+ L
r : I i l
Transition state

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 [substrate] [base]

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

Another mechanism that is consistent with the above kinetic requirements is called the
carbanion or ElcB mechanism in which hydrogen leaves first. This is a two steps
mechanism. The base removes the hydrogen in the first step to form an intermediate
carbanion, which then can react rapidly, in the second step, either to reform the
reactants or lose L~ to form the alkene. ‘

o — - 1 )
—C-C-L+B — —CIJ—C‘J—L + BH

—?—+;L — ;(I£=é— +L

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

Elimination Reactions
&
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EicB mechanims, is the formation of 1, 1-d1chloro-2 2-difluoroethene from 1,1-dichtoro-
2,2,2-trifluoroethane in the presence of C,HsO Na You may note that the carbanion
is strongly stabilised due to -1 effect of halogens, further F is a poor leaving group-

(,HgONa -F
C}{Clz QP‘;F_ ClzC CF3 —_—> Clzc (’FZ

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 but
is designated 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.

SAQ2

Fill in the blanks in the following statcments

a) E2eliminationisa ......... ORI ....step reaction.

b) Rate of E2 elimination depends on concentration of ............. peeeriaaeans énd

.¢) Reaction kinetics of ElcB elimination is ......... SUUUR order.
d) Reaction kinetics of E2 elimination IS e order.

7.4.1 Evidence of E2 Reactlon

The most important evidence supporung ‘this mechanism is the reaction kmetncs
whieh you have just studied. Now, let us see at the other evidence that support E2
mechanism.

LY

‘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 E1 reaction given later
in this unit).

’ ii) Isotope Effect

A second and more compellmg piece of evidence that supports our understandmg 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. -

CH3CH2CH23T -3 CH3CH—CH2

| CH,CD,CH,Br =2, CH,CD=CH,
The labelled 1-bromopropane contains two deuterium atoms at B-carbon, from which
one deuterium atom must be lost in the ¢limination 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 requires 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, Ki/Kp = 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 E1 mechanism. In E1 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
reaction.

iif) Absence of Hydrogen Exchange

E2 eliminations are not accompanied by hydrogen exchange. A dlstmctlon between
the E2 and ElcB mechanisms can be made by means of tracer expenments to test for
hydrogen exchange. The reaction of 1-bromo-2-phenylethane with sodium ethoxide,
was run in deuterated ethanol, CHsOD. C;Hs;OD and the unchanged




1-bromo-2-phenylethane was recovered. If the carbanion mechanism had operated, Elimination Reaction:
deuterium would have been found in the recovered 1-brome-2-phenylethane i.c.

C6H5CH2CH2BI + C2H56 == CGHséHCHzBr + CzH;OH

D
— | ~
C6H5CHCH2B1' + C2H5OD = C6H5CHCH2BI' + C2H50

The recovered 1-bronfo-2-phenylethane 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 B-carbons can afford
a mixture of alkenes. For example, 2-bromobutane on 1,2-elimination can give either
1-butene or 2-butene.

T
CH,CHCH,CH; —» CHz—CHCHZCH3+ CH,CH=CHCHj,4

2-Bromobutane 1- B\utene 2-Butene

Similarly, decomposition of sec. butyl tri-methyl ammonium hydroxide also nges a
mixture of 1-butene and 2-butene.

CH;CH,CHCH; —— CH;CH,;CH=CH, + CH,CH=CHCH;

+ N(CH 3) 1-Butene " 2-Butene

sec. Butyl tri-methyl
ammonium hydroxide

Now the question arises, which isemer 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 reactious in which
the a-carbon atom is attac .:d 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 substrates also, in which the
o-carbon is attached to a positively charged atom, e.g.

>(CH )2

CH1CH2CH CHJ_':EEL)‘_’CHJCHZCH CH, + CH,CH = CHCH,
- 372 Major ~ Minor

OH~-A
CH,CH, CH;CH CH; — —  CH,CH,CH,CH = CH, + CH,CH,CH = CHCH,

+ N(C!~13)J - N(CH,), Major Minor

Saytzeff Rule ‘ ‘
Saytzeff rule governs the direction of orientation in ehmmauon reactions mvolvmg
neutral substrates. It states that a neutral substrate, such as an alkyl! halide, is

_converted preferably to the more substituted alkene. Thus in the above reaction
(elimination of 2-bromobropane), 2-butene will be the major product i.e.

! |
CH,CHCH,CH, <#®, CH,CH=CHCH, + CH,CH,CH=CH,
81% 19%

or

3 5 g:l CH;
‘CH3CH,CCH, 2, CH;CH=CCH; + cn,cnzé-cr{,

bid g




The elimination reactions covered by these orientation rules are base-induced, a
Froperty characteristic of E2 reactions. But why is there such a variation in the n;fure
of produgts obtained from quarternary ammonium compounds on the one hand and
a[kyl halides on the other? There is no complete agreement on the cause of this
entlrelyndifferent orientation in reactions which apparently follow the same F2
mechanisms. The following reasoning may best explain these differences.

.[ﬁt us first copsider the transition states (T.S.) for the formation of the two alkenes
i.e. lt;gs substituted and more substituted alkene from an alkyl halide. Both the
transition states for the E2 elimination reaction have partialsdouble bond character

as shown below: '

“ 8 3

H «+0OR . ROm-I:I

| CH;CH;(_:H;‘-‘-‘ éﬂz , CH3 CH== CHCH;

L : ‘ is
Br Br
T.S. of les )
s s ; T.S. of more

Since both the transition states have double bond character, the transition state leading
to more stable alkene is itself more stabilised and is of lower energy (Fig. 7.1)

N,

less substituted alkene
_more substituted alkene
predominant product

B
h TR

RX + base

Progress of rection —————3>
Fig. 7.1 : Energy diagram for a typical E2 reaction, showing why the more substituted alkene predominates.

Therefore. the more stable alkene formed'as a major product. The more the number
of alkyl substituents on either side of the double bond, the greater the stability of the
resulting alkene. Thus, another way of stating Saytzeff rule is to say that the mgore
" stable of the possible alkenes is formed preferentially. This is also an instance of
“thermodynamic control” 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 account

for this?

The rule can be understood by considering the mechanism of elimination reaction of
quarternary ammonium hydroxide. In this reaction, base abstracts a proton from the
B-carbon atom with simultaneous expulsion of a tertiary base from the a-carbon atom
giving rise to the formation of a double bond, i.e., ‘
H CH;
[ s I+
H— (':j' CHy — rr"‘ CH,CH;CH; —> CHy=CH, + (CH3)2 NCH;CH, CHs

i'H CH;
B

There is one more possibility,
CH; - H

9 [
CH; CHy— Tc— CH;—< CCH3 — (CH3); NCH; CH3 + CH;CH =CH,
54 F o™
CH; H B




In the presence of strong electron withdrawing group, positive charge is induced on
all the surrounding atoms causing the loosening of a B-hydrogen which gets easjly -
abstracted py the base. But if an electron releasing group, say an alkyl group, is
.attached to this carbon, it tends to neutralise the induced positive charge and thus
abstraction of B-hydrogen becomes difficult. It is understandable that if the
ammonium salt has an ethyl as well as a propyl group attached 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: ‘ :
CH3CH2(':HCH3. +BuO— CH3CH2%§/I=CH2 + CH3CH=2§°;-ICH3 + BuOH + BT
 Br T ’ |

Another type of “orientation” effect may be mentioned here briefly. When a
1,2-disubstituted or a more highly substituted alkene is formed, cis-frans isomerism
is possible. Thus, 2-bromobutane actually yields three products rdther than the two
indicated previously. Two of these are geometrical isomers, the third a structural
isomer, '

CH; CH, H CH,

CHiCH,CHCH; - >C=C<  + >C=C<  + CH,CH,CH=CH,

H H CH,,. H

cis . trans

Br

As you would expect, the more stable of the isomeric 2-butenes is the trans isomer,

since the two methyl groups are as far from each other as'possible. In general, the

geometric isomer of an alkene, which has the two largest groups trans to each other
is the more stable isomer.

SAQ3
Give.the major products of the following reactions.

, Br
a) CH:,CHgéHCHg LN

'GHOH

b) CH,CH,S(CH,), -SHOH, .
¢) 'CH;CH,CH,CHCH; — .....

*N(CH3)s

7.4.3 Stereochemistry of E2 Reactions
A knowledge of the stereochemistry of E2 eliminations is important for a compleie
understanding of their mechanism and for proper planning of a synthesis. This
k{lowledgc is also essential for predicting the product when the substrates are
diastereoisomers that can form stereoisomeric alkenes.
* An elimination reaction can occuf in two stereochemically different ways, viz., syn
elimination and anti elimination. In syn elimination H and L leave the alkyl halide
from the same side, while in anti elimination H and L leave from the opposite sides,

{\.

}.Sac'; —_>>c=c< " Anti-eliminstion
7T |
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Experimentally, it is found that E2 elimination is an anfi-elimination. The 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 trans
and the four atoms involved (H, Cy, C,, L) are in the same plane (frans coplanar).

Let us consnder another example dehydrohalogenation' of 1-bromo-1,2-diphenyl-
propare.

CH;
BrCH - c]':HCH3 — — C.H;CH=CC¢H;
5 CG}{S
1-Bromo-1,2-dipheny| 1,2-Diphenylpropene
propane

This compound contains two chiral centres and hence it has four stereoisomers. (Two
pairs of enantiomers i.e. erythro and threo.)

CeHs _ CeHs
CHs L H H CH;
Br H H—j ~ Br
CeHs ' CeHs
I i
1 ]
Enhro
CeHs CeHs
CH, H H CHs
H- Br Br H
CeHls Cells
I v
1 |
Erythro

“ Since there is only one B-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 hahde (I or II), which follows anti elimination
g;ves only z-alkene. Since the reaction yields only one diastereomer, Z, of a possible
pair, it is stereoselective.

H
- CeHs HoC
CH; — H HiC/ CeHs : CeHs
= ~HBr
Br _—
‘ H H [ CéHs u
- CgHls :
- Br - Cells
or ' @ 12-Diphenylpropene
HsCe
—Her
HsCs CH,




Similarly, elimination of HBr from zhreo halide (IIl or 1V) gives only the E-alkene,
which also follows anti-elimination.

H
CeHs H;C
CH:e | g HC/ CeHis | b CeMs
= - 1IBr
| H-——t—————Br . HCs_ / i e
S\-o
or (E) 12-Diphenylpropene
H
HsCe H H CgHs
. ¢
.
CH; Br CeHs HsCs (;Hs :

A reaction in which different stereoisomers of the reactant yield si¢reochemically
different products is said to be stereospecific reaction. Our studics have shown that
E2 elimination is both stercoselective and stereospecific.

These discussions show that E2 is an gnri-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 has an eclipsed conformation.
Since staggered conformation is more stable, the transition state of anz-climination
is also more stable. Hence anti-elimination is faster and preferred over
syn-elimination. This canalso be explained on the basis of steric factor. In
anti-elimination the attacking species, a base and the leaving group are on opposite
side of the molecule and cannot interfere with each other. However, in syn-climination
both, base and leaving group are on the same side and thercfore, they can interfere
sterically with cach other. Therefore, anti-¢limination 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
trans but also be coplanar with the o and § carbons. In cyclic compounds such
an arrangement can be achieved only when the eliminated substituents are axial.

The requirement of stereospecificity in E2 eliminations is dramatically demonstrated
in the following example. Besizene hexachloride CgHyCl, 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.

The rate of the following reactions support an anti-climination E2 reactions. The
isomeric chloromaleic acid (H and Cl cis) and chlorofumaric acid (H and Cl trans)
both give butynedioic (acetylene dicarboxylic) acideon treatment with a base; but
chlorofumaric acid reacts about 50 times faster. -

H COOH
ﬁ/ -OH
C Slow COOH
.\
C1  COOH ‘
Chloromaleic acid — il'!
- ]
Ccoo i
H\ / H COOH
ﬁ OH . Butynedioic

Elimination Reactions
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SAQ 4
Predict the dehydrohalogenation .products, including their stereochemistry, of the
following:

a) mesodibromostilbene
'b) = dibromostilbene.

Cesbasatitrevssasaenes . . F R R LR R R R R N R R LA A AR LA DA
veve . svevssBasany
.

---n-----.nn.n--'----.---.-u.----c----------4-------------n"--o---n.---.-.u-.--q-.--..--

7.5_E1 REACTIONS

E1 mechanism involves first the breaking of C—L bond which is then followed by
breaking of C—~H bond and formation of a new 7 bond between the two carbon
atoms. In this mechanism, the bond broken and bond-made are the same as in

E2 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, E1-i¢
a two step process.

The first step in an E1 mechanism is identical to the first step of the SNl mechanism
i.e., the substrate undergoes heterolysis to form a carbocauon

S S
T
Carbocation

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

+ | |
|-ﬁ| Alkene

B

The first step of E1 mechafiism is slow and therefore, is the rate determining.step.

As shown above, only the substrate is involved in the rate détermining 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 E1 elimination and the reaction
kinetic is of first order.-

7.5.1 Evidence of E1 Reaction

Like in E2 reactions, here too,-the reaction kinetics is the most lmportant evidence
supporting E1 mechanjsm. The other evidences are given below:

i) Absence of Isotope Effect ’ '

.
E1 mechanism does not show isotope effect. We have seen thatisotope effect occur
in elimination only if the B-carbon-hydrogen bond is broken in the rate determining
step. In E1 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 E1 reaction is determmed by the rate of formation of-
carbocation and this depends upon the stability of carbocation.




e

———

The first step of an E1 reaction gives a carbocation. Since rearrangement is : Elminadion Renctions
characteristic of carbocations, E1 reaction should be susceptible to rearrangements.
This, too, is confirmed by experiment. For example,

?

H,
(CH3):CCHCH,8 SHOH, (CH,),CCH=CH, + CH,C=(CH,
Br o CH3
Normal product Rearrangement
product

7.5.2 Orientation in E1 Reactions

We have studied in section 7.4.2 that the orientation of E2 reactions is governed by
the Hofmann and Saytzeff rules. Do E1 eliminations follow these rules? In the F 1
reaction, hydrogen is not lost until the carbocation is formed and therefore, the loss
should not depend on the nature of the departing group. So, the distinction of a
positively charged leaving group and a neutral one cannot be invoked here. Since the
same carbocation would arise from ionization of halide or a quarternary ammonium
group the same orientation should be observed. This hypothesis has been validated
by showing that E1 reactions of both halides and quarternary ammonium salts give
the same product — the Saytzeff producti.e., the more substituted alkene. Since thc
most stable alkene arises from the most stable transition state, one should expect the

Saytzeff product to predominaté regardless of the substrate or mechanism.

‘ (|3H3 _ (':Hs ’fﬂs
CH5CH,('CH; + C;HsOH ——> CH;CH=CCH; + CH;CH,C=CH,
*$(CH3), .
H, CH, '  CHyCH, CH, CH,
CH:;CH_(':CI + CszOH —_— CH3C6=2$CH3 + CHSCHQI}C/: &CHz .
CH, i
SAQ 5

Does the nature of leaving group effect the E1 reaction?
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7.5.3 Stereochemistry of the E1 Reactions

You may recall, at this.point, the uncertainty in the stereochemistry of S,:.l
displacement reactions. The same uncertainty could be expected to exist in the' El
reaction too. The crux of the problem is the half-life of the intermediate carbocation.
If the carbocation is sufficiently Jong-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, ehmmauox? is
completed before the group L has departed far enough to !eavg a ;?lanar carbocation,
a trans-elimination is favoured. A simple picture of elimination in a cyclohexane

system brings this out glearly.

-
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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 trans isomers of a 2-alkyl cyclohexyl chloride would be expected to yield
the same carbocation and hence the same mixture of alkenes. under E1 conditions.
In fact, the l-alkylcyclohexene is favoured. But more of it is formed form the cis
isomer where H and Cl are trans coplanar. The explanation is similar to that for-
preferred inversion in Sy1 reactions. 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

trans elimination. You will also pote that the 1-alkylcyclohexene is more stable than
3-alkyl isomer.

7.6 SUBSTITUTION VERSUS ELIMINATION

Substitution and elimination reactions may occur simultaneously. 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
competmon is necessary. We shall now discuss some of these facts that would help
us in designing synthesis so as to get the des! red _products by either substitution or

elimination. i

Bimolecular substitution as well as elimiﬁati;’.'.;f 'z}lre affected by:
e siructure of the substrate

® structure of the attacking reagent

® nature of the solvent

® temperature

What would be the effect of the structure of the substrate in a competition bctween
the two bimolecular reactions i.e. Sn2 and E2? The rate of the Sy2 reaction decreases
and ‘the rate of the E2 reaction increases with increased chain branching in the
substrate. The alkene yield should therefore, increase sharply in the series.

CH,CH,-L < (CH;),CH-L < (CH,;);C-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-methylprepane

(t-butylbromide) gives almost quantitative yield of 1,1-dimethylethene.
2-bromopropane (Isopropy! bromide) gives both propene and 1-ethoxy propane
(ethyl propyl ether) in about 3:1 ratio. Thus the E2/S\2 ratio increases with increasing
in a-branching.

Let us now consider the effect of structure of the attacking reagent on the E2/Sy2
ratio. In E2 reactions, the basicity of the attacking reagent is critical since a proton
is removed in the fjrst step. In Sy2 reactions, nucleoehlhcuy is important. Hence tc
effect elimination, strong bases such as OH, OEt and NH, 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 example, an alcohol has to be prepared from an
alkyl halide that easily dehydrohalogenates. To 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.

O CH,CH,\C1 ©/ CH=CH;
CH2CH;OCCH3 CH,CH,0H
—_—




On the other hand, hindered tertiary bases such as NN-diethylaniline and triethylamine
are often used to promote dehydrohalogenation when it is desired to avoid
displacement.

Effect of the solvent on the E2/S\2 ratio depends on how well it solvates the two
transition states, for the reactants gre the same for both the reactions. Let us consider
the attack by hydroxide ion on brpmoéthane. The charge is concentrated on the
oxygen atom of the reactant. In the Sy2 transition state, it is spread over three atoms:

OH
;
H
|
Br’

Charge is dispersed in both reactions, so both will be favoured 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 thars an S\2
reaction. By analogous reasomng, attack of an anionic base on a sulphomum or
ammonium salt should give higher elimination/substitution ratios m 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 2—methylpropox1de
1on-2-methyl-2-propanol is stil better than ethoxide ion in ethanol and gives a better
yield of alkene. This is 'a™ :xpected, for 2-methyl-2-propanol is a less polar solvent
than ethanol, and 2-methylpropoxide is a stronger base than ethoxide.

In unimolecular substitution as well as elimination, the E1/Sy1 ratio is determined
almost exclusively by the nature of the alkyl group in the substrate. In general El is
fayoured over Sy1 by branching at the B-carbon. Thus in 80% alcohol at 300 K,
2-Chloro-2-methylpropane affords 16% alkene while 3-Chloro-3-ethyl-4,4-
dimithpentane gives 90% alkene.

Careful investigation has shown that where substitution and elimination cdmpete in
a given system, elimination normally has the higher activation energy and is thus the
more favoured of the two by rise in temperature.

SAQ 6

Predict the products and probable mechanistic path of the follq({/ing reactjon. Justify
your answer.

I

| .
CH;CH,CH,CHCH, 2400,

375K

B L L L L N O R R T Ty

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

7.7 SUMMARY

® There are many types of elimination reactions b;xt 1,2-elimination is the most common.
CF

‘Elimination Kem tions
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In 1,2-elimination the two atoms or groups are lost from the adjacent carbon atoms
and a double bond is formed. ‘

» Elimination reactions take place either by E2 or E1 mechanisimns.

¢ In El reaction the leaving group departs first to produce an intermediate

carbocation in rate determining step. In E2 reaction both groups depart
simultaneously.

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

In E1 reaction only the substrate is involved in the rate determining step and
therefore, it follows a first order kinetics.

E? reactions a) are not accompanied by rearrangement, b) show isotope effect
and’ c) are not accompanied by hydeogen 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 anfi-elimination.

7.8 TERMINAL QUESTIONS

1)
2)

3)

4
5)

Why is isotope effect not observed in £1 reactions?

Would you exbect a strong stereochemical basis in E1 elimination, that is a
perference for anti or syn elimination? Explain taking specific examples.

Define each of the following:
ﬁ) Saytzeff rule b) Hofmann rule

Outline the evidence for an E2 reaction.

For each of the following pair which compbund will react most readily by E2
elimination with sodium hydroxide in ethyl alcohol.

a) CH,CH,CH,CI and (CH3);CCH,CI

b) CH,CH,CH,CH,Cl and CH;CH,CH,Cl s

¢) CH,CH,CH,OCH, and CH,CH,CH,080,C¢Hs
H H H,C H

d) >C=C< and >C=C<
CH, o H Cl

7.9 ANSWERS

Self-assessment Questions

1)

2)

3)

a) Elimination b) 1,1-elimination
¢) 1,2-elimination d) 3-membered
a) one b) substrate, base
¢) second d) second
a) CH3CH=CHCH3 4= CH3CH2CI'I’=CH
Major 2
b) CH,=CH, .
¢) CH;CH,CH,CH=CH, + CH,CH,CH =CHCHj,
major




Eflmination Reactions

Br ' H ) 1

.. _CgHs
H ¢Hs ‘ -
4) .) ag KOH : /
Br_/ CeHs Br-”
CeHs :
B
r | R _cen
b) ] ces : 6515
CeHs'_ | Br o KOH,
CeHs ="

5) No. In the E1 reaction the leaving group is expelled in the first step before the
double bond is formed.

6) OH (PCHZCH3
CH3CH2CH2CHCH3 + CH;CHZCH;CHCH3 + CH;CH,CH=CHCH,;

(trans)

The two substitution products are formed by an Sy1 mechanism and the one
elimination product by E1 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 E1
reaction.

2) No. The carbocation intermediate in an E1 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 yleld
the least substituted alkenes as a major product.

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

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

5) a) (CH3)3CCH2C]
b) CH;CH,CH,CH,CI
C) CH3CH2CH20CH3

H H
@ Jo=c_° - z
H,e” N
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UNIT 8 OXIDATION AND REDUCTION

Structure g

8.1 Introduction
Objectives

8.2 What is Oxidation and Reduction
Oxidation State

8.3 Oxidation Reactions
Oxidation of Alkenes and Alkynes
Oxidation of Alcohols
Oxidation of Aldehydes and Ketones
Selectivity in Oxidation
Biological Oxidation

8.4 Reduction Reactions
Reduction of Alkenes and Alkynes
Reduction of Aldehydes and Ketones
Reduction of Some Nitrogen Functional. Groups

8.5 Summary
8.6 Terminal Questions
8.7 Answers

8.1 INTRODUCTION

You are familiar with reactions involving loss or gain of electrons which are known
as oxidation or reduction reactions respectively. Such oxidation and reduction
reactions play an important role in organic syntheses and biochemical
transformations. It is, therefore, very useful to know the methods and reagents used
for ond:smg and reducing various types of organic compounds. In this unit you will learn
some¢ of these methods.

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

@ define the terms oxidation and reduction,

® calculate the oxidation number of an element in a molecule,

® describe various methods for the oxidation of alkenes, alkyne, alcohols, aldehydes
and ketones, .

e explain selective oxidation, ‘ »

® describe various methods for the reduction of the alkenes, alkynes’aldehydes

ketones ,and some nitrogen functional groups.

8.2 WHAT IS OXIDATION AND REDUCTION

First we must know what oxidation and reduction mean.. Oxidation and reduction
can be defined in two ways: loss of electrons or increase in the oxidation state, is
defined as oxidation and gain of electron or decrease in the oxidation state as
reduction. In.organic reactions it is not easy to determine whether a carbon atom
loses or gains electrons. However, it is easy to calculate the change in oxidations state.
of the carbon atoms and hence, classify a partlcular reaction as ‘oxidation or
reduction. Thus, conversion of a functional group in a molecule, from a lower
oxidation state to a higher one will be termed as oxidation, while the opposite of it
would be reduction. It is obvious that to fully comprehend oxidation and reduction,
one must know what oxidation state stands for.

Oxidation State

A comparison of the oxidation states of atdms in reactants and products enables us
to keep an account of the transfer of electrons in a chemical reaction. Oxidation state
is equal to the charge an atom would have if all the electrons in a covalent bond were -




assigned to the more electronegative atom. You will understand the significance of Oxidation and Reduction
‘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.

Toxcalculate 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 a compound or ion using
the following formula:

Oxidationstate = No. of valence electron(s)
No. of electrons assigned to the atom H_
after adjustment as per electronegativety
Suppose we want to calculate the oxidation state of carbon and hydrogen atoms in g C: H
methane molecule. Lét us first write the Lewis structure of methane: , l -
H H
| . Methane
H—C—H

| Note that the bending electrons

H which are assigned to carbon
atom are shown by means of
enclosing lines. Since carbon is

more electronegative than
We know that carbon atom has four valence electrons and hydrogen atom has one. hydrogen, all the €ight electrons

Since 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 as per relative

oxidation state of this carbon atom. Using the equation stated above: - tropsgativity viILes, eecions
i assigned to carbon atom = 8 and

Oxidatign state of carbon =4-8§=—4 electrons assigned to each
Oxidation 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 three carbon atoms will have dlfferent oxidation state. We will
first write the Lewis structure of propene.

o
H-(|33—C2=C‘—
H

No. of valence electrons of all the three carbon = 4
No. of electrons assigned to C; = 6

No. of electrons assigned to C, = 5

No. of electrons assigned to C; =

Thus,

Oxidation state of C, = 4-6'= -2
Oxidation state of C, = 4-5 = —1
Oxldatlon state of C; = 4~7 =

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

(D +(D+(=3)_ =6 __,
3 3

While assigning the bonding’ electrons, 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. 65




Addition snd Elienination We can list a series of compounds according to the increasing oxidation state of

carbon: |
CH;CH; CH,=CH, CH=CH CH,;COOH CO,
CH;CH,OH CH,CHO and its cql,
CH;CH,Cl CH,CH,Cl, derivatives
. f increasing oxidation state of carbﬂ>
SAQ 1
Calculate the; oxidation state of the carbon atom(s) in the following molecules.
a) CH2=CH2
b) CH;CHO

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

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

.................
...................................................................
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8.3 OXIDATION REACTIONS

Some important axidation 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
compléxes.

Many organic reactions can be brought about by transition metal complexes. This is

a rapidly growing area of organic chemistry with extensive applications in industries
Transition metals possess unfilled orbitals capable of accepting electrons. Simple
alkenes can provides a pair of electrons by coordination through the w 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. ‘

PdCl,/H,0

CH2=CH2 + l/2 02 GaCi
2

CH,CHO

"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 ¢ bond and loss of
a proton. In the final step, hydride ion migration occurs as shown.

CH:/_‘\ _.H; 'l i o)

, M - |
cnzpd.......(guz + HO === ClPd ~CH,— CH—O—H

N + -
CH;CHO + Pd + H +2C1
Cupric chloride reoxidises the palladium formed, regenerating PdCl, for the
continuation of the catalytic cycle.
Pd + 2CuCl, »  PdCl, + 2CuCl

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

1,0, + 2CuCl + 2HCI —— 2CuCl, + H,0

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




ferminal alkynes ﬁndergo oxidative coupling. For éxample ‘Oxidation snd Reduction

Cu(OH), OaNH - 4. C=CC=CCeH;

CeHsC=CCu -2

CHsC=CH
1 his reaction has been used to prepare monocyclic, unsaturated large ring compoungls
cannulcnes)

8.3.2 Oxidation of Alcohols

An important reaction of alcohols is their oxidation to yield carbonyl compounds.
Alcohols with a-hydrogen atom(s) undergo oxidation readily. Oxidation of an alcohol
involves the loss of one or more a-iydrogens. The nature of the product formed
dgpends upon the number of a-hydrogens present in the alcohol, that is, whether the
akohol s primary, secondary or tertiary. Primary alcohols first give aldchydes by
losing (wothydrogens. The aldehyde formed tends to undergo further oxidation to
giye a carboxylic acid. [n aqueous solution, aldehydes are more easily oxidised than
~ alcohols. Therefore, oxidation usually continues until the carboxylic acid is formed.

T I G
RCOH 19, pe=0 19, grc-0
H : .
Alcohol aldehyde carboxylic acid .

Oxidising agents commonly used for the oxidation of primary alcohols to carboxylic
acids are, ihromium trioxide (CrQ,) in aqueous sulphuric acid (Jone’s reagent),
potassium permanganatc or potassium dichromate. For exampie,

' OH

, l
CH,(CH,)CH,OH 'S 280t oy (CH,)sC=0

1-Decanol Decanoic acid

. M ! ' . o . You will recollect that due to
If the reaction mixture is kept in between the boiling points of the aldehyde and the hydrogen bonding alcohols are

alcohol, the aldehyde distils off as soon as it is formed and further Qxi.dation is higher boiling than the
avoided. Yield of aldehydes by this method is usually low. Therefore, this technique corresponding aldehydes.
is of limited synthetic value.

Pyridinium chlorochromate or chromium-pyridine complex is a more selective
reagent. These reagent are soluble in non-aqueous solvents, such as 'CH,Cl, and
oxidation stops at the aldehyde stage.
CsHNH CrO,Cl
e

o CH,(CH,)sCHO

Decanal

CH;(CH,)sCH,OH

1-Decanol

Secondary alcohols on oxidation give excellent yields of ketones wlPich are stab!e.
Acidic conditions are usually maintained because, ketones get oxidised further in
alkaline solution.

—-éHOI:l 0, ‘—(':==O 19, Oxidation products

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

OH 0 ' x
I Na,Cr,0, "

CH3(CH,)sCHCH; —2-21, CH,(CH,)sCCH,

2-Octanol H 2-Octanone (9%6%)

Oxidation of primary and secondary alcohols fellows E2 reaction pathway which you
have sfudied in Unit 7. The first step involves the reaction between alcohol and the
chromium (VI) reagent to form the chromate intermediate. In the next step,
bimolecular elimination takes place to give carbonyl compound.

| v -
, Cr0; Y | -
—C—O0OH ———0y _ —_— By —_C=
' FOLSDs mmm? —C=0 + &ro3H
H H . :
Q&8
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Tertifil_'y alcoho!s do not get oxidised under alkaline conditions. Under acidic
conditions, tertiary alcohols undergo dehydration and the resultant alkene may get

Oxidised. [O] .
'_O_HT_') No reactlor}
: .—LHO}—> alkene LO]—-), alkene
SAQ 2 ‘ oxidation

products

Predict the product(s) of the following reactions

a) CH;CH,OH -lonesreagent,

b) CH3(|:H OH Jor;e’s reagent

CH,
CH;

C) CH3¢OH Jone’s reagent
CH,

-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

| KMnO,, H*
—_—

RC=0 RCOOH

2

Aldehydes are so easy to oxidise that even a mild reagent like silver-diammonia
complex (Tollens, reagent) can be used for oxidation. For example:

H
| _
RC=0 + 2Ag (NHy), + H,0 —> RCOO + 2Ag + NH; + 3NH,

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

H

| . .
RCH=CHC=0 —"S, RCH=CHCOOH
a, B-unsaturated reagent a, B-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 presence of aldehydes.
Mirrors are also prepared commercially in this way. :

Mechanism: In the first step, H,O as nucleophile adds to the carbonyl carbon to give
a1,1-diol or a hydrate. Diol formation is a reversible step and the equilibrium usually
favours the aldehyde.

(0 /\ OH OH
Il \, - + |

—H
R—(lj == H0 R—(l:—OHz S —— R—(I'l—OH-
H H H

Dial

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.

| '%/Cro,H

™ |
' i
R—C—OH —=2, R—CDH —— > R—C—OH
I 1Y, 10 |
H OH

" Carboxylic acid




Actones 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
through the corresponding enol to produce an acid.

D O

The arrows of unequal length indicate that the equilibrium lies in favour of the
ketone: However, as the enol is oxidised more of it gets formed and the reaction can
go to 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 carbonyl 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 molecule 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
selective oxidising agent.

CsHsNH Cr05C1 CHO
: CH,OH Selective U
CH
G 0 COOH
Noa-Selective F

In the above example, the dichromate is non-selective between primary alcohol and
aldehyde 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 enly one centre is desired.

8.3.5 Biological Oxidation

Oxidation and reducnon are very important reactions in living organisms. "These
reactions are usudlly 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 hydride transfer reaction. The hydnd{ source 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 converted into its oxidised form NAD™. In biological
svstems 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
hvdrogenatlon

H H
I
CH aC OH' —=——— CH;;COH EﬁD"'
NADH dehydrogenase

(enzyme)

Ethanal gains a hydride ion from NADH and a proton from the solvent.

The reaction is reversible and the same enzyme can catalyse the oxidation of alcohol
to ethanal. . 69




‘Wilkinson and Fischer were

given Nobel Prize in 1973 for their
work in transition metal

ichemistry

A catalyst mixed with a selective
inhibiting agent is called a
poisoned catalyst.

Stereoselective reaction is a
reaction which yield
predominantly one isomer.

8.4 REDUCTION REACTIONS

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

8.4.1 Reduction of Alkenes and Alkynes

Addition of hydrogen to carbon-carbon muitiple bonds (hydrogenation) ¢an be
carried out with the help of trgnsition metal catalysts such a#platinum, palladium or
nickel. The finally divided catalyst is shaken as a suspension with a solution of the
alkene 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.

| 1 )|
~C=C- _l:T’ ~C-C- |

© ok

Hydrogen and the alkene first become associated with the metal surface. Hydrogen
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
with ligands, like triphenylphosphine. These complexes can be used for homogeneous
hydrogenation e.g. tris(triphenylphosphine) chlororhodium called Wilkinson catalyst
is soluble in benzene. These complexes can be used for homogeneous hydrogenation.

Pth

\/
L4

Rhodium catalyst is more . selectnve and can be used to reduce less substntuted double
bonds in the presenice of more substituted double bonds.

CH, CH, H, cl:rl,
CH,C=CHCH,CH,CCH=CH, H,(Amo) - cy, =CHCH,CH,CCH,CH;

‘ RhC1 (PPhy),
OH ° OH

Like alkenes, alkynes also undergo catalytic hydrogeqatnon ‘Addition of hydrogen to
an alkyne takes place in two steps. The first addition results in the formation of an
alkene; since an alkene can also undergo catalytlc hydrogenation, the second addition 1
gives an alkane. By using a calculated amount of hydrogen and a ponsoned catalyst,
hydrogenation can be stopped at the alkene stage. The catalytic poisons selectively
block hydrogenation of alkenes.

R\ /R
_ Poisoned catalyst
RC=CR ———— C=
Pd-C/BaSO, /
Alleyne H, H
© cis-Alkene

This is a stereoselective addition reaction- gmng predommantly cis alkenes. In the
absence of a poison, catalytic hydrogenation of an alkyn&gwes the alkane.

PUC

RC=CR RCH;CH;R

Alkyne  NoPoison' 4o ne
95% yield

Canwemodifythemdueﬁonofdkyneuoutogetonlymdkcnu?nemswer

is yes; we can get only trans products, but with a different reducing agent and throgh
a different mechanism.




11 we carry out the reduction of an alkyne with sodium metal or lithium metal in Oridation and Reduction

liquid ammonia, trans alkene is almost the exclusive product. For example, 3-heptyne A radical anion has one centre

s reduced to trans-3-heptene in this way: . with a-negative charge and
b another, with an unpaired
CH3CI'{5CH2 /H : electron.
1. Na, Liquid NH
CHgCHzCHzCECCHzCH:; ) Ha o) qui i) =:C\
b . H,
3-Heptyne 14 C,HZCHs
trans-3-Heptene
(86%)

In the first step of this mechamshl the alkyne accepts one electron to give a radical
anion. The radical anion is protonated by the ammonia solvent to give an alkenyl
radical; which gets further reduced by accepting another electron to give an alkenyl
anion, This species is again protonated to give the alkene.

H ~ H H
. e I " I c
RC=CR -N.GTJ':) RC—CR ——')Ré—CRN—'—L-l-) RC= CR_NH_’ RC"—-C|R
Ak
- Radical Alkenyl Alkenyl H
apion radical anion Alkene

Formation-of the trans alkene-is due to the rapid equilibration of the intermediate
alkenyl radical between the cis- and trans-forms. The equilibrium lies on the side of
the more stable trans species.

% BN
Se=c

C= C <
N\
0
cis radical trans radical
(less stable) (more stable)

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

‘Hy :
——
Ni /415K
Cyclohexane

When aromatic rings are reduced by sodium, potassium or lithium in liquid

ammonia, usually in the presence of an alcohol, they yleld 1,4-dihydrobenzene i
(cyclohexa-1, 4-diene). This reaction is called Birch reduction. This reaction proceed

through a radical anion intermediate.

Ho_ ' H H H , ]
+e ) < 4+ __)“+ .
N O (From CaHsOH) ~ ? ' ;
H”® : ‘ -
- Redical anion H Radical Anion H )

H

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

Groups attached to the aromatic ring effect the rate of Birch reduction. Electron
donating groups decrease the rate of the reaction and are generally found on the
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.

Ordinary alkenes do not undergo Birch reduction. However, phenylated alkenes,
_ internal alkynes and conjugated alkenes do undergo Birch reduction.

Alkenes and alkynes can also be reduced by hydroboration which you have studied
in Umt-s » 1
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SAQ3
Give the products in the following Birch reduction.

Birch reduction [}

a) Cl"qCH =CH2 —_—> L.

b) OCH;

Birch reduction
—_

Birch reduction

¢) CH;CH,C=CCH, ——R=mon, ..

8.4.2 Reduction of Aldehydes and Ketones

Both aldehydes and ketonés undergo reduction, the nature of the product depending
on the 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 borohydride) give alcohols. Reduction of aldehydes gives primary
alcohols and that of ketones gives secondary alcohols.

H . H
RG=0 retuion | ploy
Aldehyde I

H
p Alcohol

R R
R (|:= fo) reduction R CI OH
Ketone [

H
Sec. 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 (LiAlH,) readily reduces
aldehydes, ketones, carboxylic acids, amides and esters. It can be used in solvents
like ether or tetrahydrofuran (THF), for example,

2 o
CH;CH,CCH, 1AM ,* cy,CH,CHCH,
Butanone 2. H,0 2-Butanol (80%)

Mechanism: To understand the mechanism of reduction with LiAIH,, let us first study
some important characteristics of LiAIH,. This reagent is a good source of H™, the
hydride ion. This is because hydrogen is more ‘electronsgative than aluminium. Thus
the Al—H bonds of the AlH4 ion carry a substantial fraction of the negative charge.

In other words,

H ) }i[
H-Al-{H reacts as if it were H_‘—;?I H
H H

- In the reaction of LiAlH, with an aldehyde or a ketone, the hydride jon (obtained

from ATH,) attacks the carbonyl carbon and the lithium ion, coordinated to the
carbonyl oxygen, acts as a Lewis-acid catalyst.

I - +
'=/}>___>—c—ou + AlH;

- +
HAIH;Li H




In the second step, proton from hydronium ion is added to the alkoxide salt tb give Oxidation and Reduction
the alcohol. ' |

]
_— L}
-0+ H30 - —?oH + H,0
H
Alkoxide Alcohol
salt ’

All the.four hydrogen atoms in LiAlH, may be used in reduction which involves
* successive transfer of hydride ions (H).
H “
- H

—C=0 + H— AIH,Li* — & oAl 20 | -
_ 4 T —Q—OAHIL = . 0pATHLi"
H H H

|
l>C=O
4_ ' _ H,0 ' -+ >C=0 ' p—
: (I: OH ¢——— (—(l:-0)4A|Li — (—C—O)AIHLi

Sodium borohydride (NaBH,) is another important reducing agent. It also reduces
aldehydes and ketones to alcohols. The reduction of aldehydes and ketones with
NaBH, is concg:ptually similar to that of LiAlH,. But unlike lithiumion, sodium ion
does not coordinate to the carbonyl oxygen. For this reason Na2B}!, reduction can be
carried out in protic solvents, like ‘water or alcohol. Hydrogen bonding between the
solvent (alcohol) and the carbonyl group serves as a weak acid catalyst that activates
the carbonyl group. ‘ ‘

-H-bond ,
T\, HOCH; |
dj ; oC
7Y & pCrs

—(I: - HBH3 ————»p —'?—,H + BH,

High yields are usually obtained by such reduction, as the following examples indjcate.

0]

1.N ’
CH;CH,CH,CH ——ebHdethanol, oy oy CHLCH,OH
Bn;anal

-
2. "JO_ ‘ I-Butanol (85%)

' _CHOH
1. NaBH, »
2. H0*
, s . OH
m-Hydroxybenzal dehyde / o nﬂwm

20!1;‘ LlA-IH,,and NahBH4 are highly useful réducihg agents. Howeve.r, kLiAlH4 is
uch more reactive than NaBH,. There are a number of functional
. with LiAIH, but not with NaBH,. o OO Broup that e

Neither ﬁ&.;‘BH‘, nor LiAlH, reduces isolated double bonds, consequently, a molecule
- that contdins. both a double bond and a carbonyl group can often be reduced
selectively at the carbonyl position, e.g. ~ = - . R

o N o ) OH OH .
o " | LiAIH ' o
. CH,CCH,CH=CHCH,CCH, =AM, CH,(ISHCHZCHéCHCHzéHCHg

4-Octene 2,7-dione '4-Octene 2,7-diol (70%) o
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In 1911 Ludwing Wolff in Germany
and N.M. Kishner in Russia
discovered this reaction
independently.
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However, a carbon-carbon double bond in conjugation with a carbonyl group is some
times attacked.LiAlH, is particularly useful for reducing o. B-unsaturated ketones
which often undergo overreduction with NaBH, to give a mixture of both unsaturated
and satyrated alcohols. With LiAlH,, however, a clean reduction to the allylic alcohol
occurs. For example, 2-cyclohexenone on reduction with NaBH, gives 59%,
2-cyclohexenol and 41% cyclohexanol, whereas 95% 2-cyclohexenol is obtained when
LiAlH, is used as a reducing agent.

HO H
1. NaBH4
2 H30
(0] 2 chexenol Cyclohexanol
q(ds9%) T (41%)
HO H
2. H30
2-Cyclohexencl
95%)

Reduction with Metals

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

! Na
—C=0 — 5% :!:lon

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 formed takes up a
proton to give a neutral radical which is then reduced further A similar mechanism
operates here.

~C=0+M — —(":—6161 N ~¢-oH

-

M
) i A
N .
—(I:—OH (j'o__. (I': —OM /\

"

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

-C-OM + —C-OM ———> -é—?—
R ]

Reduction of Aldehydes or Ketones tp Hydrocarbons

Aldehydes and ketones can be reduced to hydrocarbons by the action of (i) hydrazine
and a strong base like potassium hydroxide (wolff-Kishner reduction) or _
(ii) amalgamated zine and concentrated hydrochloric acid (Clemmensen reduction)
or (iii) aldehydes or ketone and phosphonium ylides (Wittig reaction). Wittig reaction
you have studied in Unit 6. Here we shall discuss only wolff-kishner reduction and
Clemmensen reduction.




i) Wolff-Kishner Reduction ’ Oxidation and Reduction

Aldehydes and ketones can be reduced to alkanes by treating them with hydrazine,
H;N—-NH;, at a high temperature, in alkaline medium. This reaction is known as .
Walff-Kishner reduction. It is a useful synthetic method for converting an a]dehyde
cr a ketone to an alkanc. For example,

KOH, H,0 _ é_

I
~C=0+ HzNNH’Z (HOCH:CHZ)ZO 515 K

O H
KOH I
C6H5CCH7CH3 + NH,NH, ——» CcHs- C‘(‘H SCHa
Hydrazine H
Propiophenone Propylbenzene -
&%

This reaction is an extension of imine formation, discussed in Unit 6. The aldehyde
~or ketone is first converted to a hydrazone, the imine of hydrazine, by reaction with
hydrazine. The hydrazone is then treated with a base, which leads to the expulsion
-of nitrogen and formation of a carbanion which is instantaneously protonated by
water to give an alkane,

H
; N-—-N/
|| —H,0 I H OH
R—C—R + NH;—NH; ——2%—>R—C—R _oH
L N=NH F:N—Hk\
] OH
R—® R >R—C—R tH-OH R——?—-R———————a
OH
H

Wolff-Kishner reduction can be carried out at room temperature if a strong base hke
potassium 2-methyl-2-propoxide is used in a polar solvent like dimethyl sulphox:de

ii) Clemmensen Reduction

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

H |
L zamg
CHA(CH,):C=0 ~22E, CH,(CH,)sCH,
Heptanal Heptane

There is considerable uncertainty about the mechanism of this reaction.

~ Wolff-Kishner or Clemmensen reduction are particularly useful for the introduction
-of alkyl groups into benzene ring. You may recall that Friedel-Crafts alkylation can
also be used for this purpose. But the problem with Friedel-Crafts alkylation is that
rearrangement of the alkyl groups is usually observed. 75
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SAQ 4 ’
Give the products of the following reactions

o)
T |
a) CH,CH,CH HAH.,

0
1 .
b) CH;CH,CCH, —HAMH.

0.
o .
¢) CH,CH =CHCCH, 28, .

o
il
d) CH,CH=CHCCH, -NBH:, .

8.4.2 Reduction of Some Nitrogen Functional Groups

Carbon-nitrogen double bond can be easily reduced by reagents used for carbon oxygen double
bond. :

/R
R = NaBH, R g::NHR
R” CH,OH R

%

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

. LiAIH,
—_—

RC=N o

RCH,NH,

Primary amines can also be obtained by reduction of nitro compounds

LiAIH,
_

RN02 Ether

RNH,

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(IV) in the- process.

2C¢HsNO, + 3Sn:+ 14HCl — 2 CeHsNH, + 3 SnCl, + 4H,0
The reduction is believed to proceed through the following stages: |
CeHsNO; — CHNO — CHsNHOH —— CqHsNH;
By varying the reaction conditions, specially the pH of the solution, some of these .

intermediates can be isolated. For example, with Zn dust and ammonium cthnde
solution, the main product is C(,HSNOH (phenyl hydroxylamme)

8.5 SUMMARY

° Converswn 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 using transition metal complexes.

® Alcohols with o hydrogen undergo oxidation with a number of oxidising agents.-

.--Primary alcohols first give aldehydes which tend to get oxidised further to give
carboxylic acids. Secondary alcohols on oxidation give ketones and tertiary
alcohols do not get oxidised easily. :

® Unsaturated aliphatic hydrocarbons aan be reduced with the help of transition
metal catalyst. Aromatic ring can be reduced by sodium or potassnum=4n<hqu1d
ammonia to give 1,4-dihydrobenzene.

e Aldehydes are easily oxidised to acids while ketones are fan'ly resnstant to
oxidation.




® Both aldehydes and ketones undergo reduction with metals. or metallic hydrides ‘Ouidution and Reduction
(LiAIH, or NaBH,) 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 QUESTIONS

1) What reagel;ts can be used to bring. about the following transformation.

a@——» (oo 1

l
b) CH3CH2CCH‘; _— CH}CHchCH*g

o)
. i
¢) CH;CH;CH;0H — CH;CH,COH

2) Complete the following equations

a) CH,CH,CH=CHCH; ‘r:i.” ......

b) CHCH,C=CCH, ihld,

¢) CH,CH,C=CH - ——— ...

~i3a (CXCESS)

3) Give starting compounds for the following

- COOH
) ) ——— ©/

LiAlHg
CH,; NH
. LiAlHg 2T
9 @ -

4) Write one example for the following reactions
a) Wolff-Kishner reaction
b) Clemmensen reaction

8.7 ANSWERS

Self Assessment Questions ; )
1) a) Lewis structure of ethene:
H H .
é I
HC=CH 77




Addition and Elimination No. of valence electrons of carbon = 4
No. of electron assigned to carbon = 6
Oxidation state = 4—6 = —2

b) Lewis structure of ethanal
H H

H(|?—(|I=O
H

No. of valence electrons of carbon = 4
. No. of electrons assigned to alkyl carbon = 7
No. of electrons assigned to carbonyt = 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

| OH
2) a) CH,c=0 19, CH3é=O
g
b) CH;—C=0
c) No reaction

3) a) No reaction

OCHj;
b)
CH,CH, _H
9 = se=
H CH,
OH

|
4) a) CHJCHzCHz

OH
b) CH,CH,CHCHj

H
c¢) CH;CH=CHCHCH;

OH
d) CH;CH,CH,CHCH;,

Terminal Questions

1) a) KMnO,, OH
b) LiAIH, or NaBH,
c) Jone's reagent

2) a) CH;3(CH;);CH,

CH.CH,  _H
b) /C= Co
*H CH;

¢) CH;CH,CH,CH,
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b) CH,CH=CHCH,CHO

9
<) CNH, CN
g -

4) a) CH,C=0 NHNHAOH =~y ~H
N
. | H
CH; CH,
/H
b) CH,C=0 -ZHHCLHO, CH’?
M
H H
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