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UNIT -1

1. Nature of Bonding in Organic Molecules:

Delocalized Chemical Bonding:

Some compounds contain one or more bonding orbitalsthat are not restricted to two atoms, but that are
spread out over three or more. Such bonding is said to be delocalized bonding. This delocalised chemical
bonding can be explained by Valence bond method and Molecular orbital method.

In the valence bond method, several Lewis structures or canonical forms are drawn and the molecule
taken to be aweighted average of them.

y=Cy1+Coyo+.rrrrnnn.
In thisequation each vy represents one of these structures. This representation of areal structureasa
weighted average of two or more canonical formsis called resonance.

Ex.: Benzene
()~

The above two forms are canonical forms of benzene. The energy of the actual molecule is obviously
lessthan that of any one Lewis structure, since otherwise it would have one of those structures. The difference
in energy between the actual molecule and the Lewis structure of lowest energy is called resonance energy.

The resonance picture is often used to describe the structure of molecules, but quantitative valence —
bond cal cul ations become much more difficult asthe structures become more complicated. Therefore molecular
orbital method is used much more often for the solution of wave equations.

Molecular orbital method can be best explained by taking the benzene as an example. In benzene each

carbon atom is connected to three other atoms. It uses sp2 orbitalstoform & bondsso that all 12 atomsarein

one plane. Now each carbon has a'p' orbital with one electron and each of these can overlap equally with the
two adjacent 'p' orbitals. Thisoverlap of six orbitals produces six new orbitals, three of which are bonding and
three antibonding. Asaresult of the overlapping of six orbitals, atorus shaped el ectron cloud called aromatic
sextet is produced. The C —C bond order for benzene, calculated by this method is 1.667.

Overlapping of 'p' orbitalsin Benzene
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For planar unsaturated and aromatic molecules, molecular orbital calculations have been made by
treatingthe ¢ and n electrons separately. Inthese calculations rn orbitals can be treated as del ocalised bonds.
First such calculations were made by Hucckel, and they are called Huckel Molecular Orbital calculations.
Because electron — electron repulsions are either neglected or averaged out in the Huckel Molecular Orbital
(HMO) method, another approach, the self consistent field (SCF) method was devised.

Although these methods give many useful results, they are often unsuccessful for other molecules. It
could be better if both the ¢ and = electrons to beincluded in the calculations. The development of modern
computers has now made this possible.

Both the Valence bond and Molecular orbital methods show that there is delocalization in benzene.
Since each method is useful for certain purposes, we shall use one or the other as appropriate.

Kinds of Molecules having Delocalized bonds:
There are three main types of structures that exhibit delocalization. They are:
1 Double bondsin conjugation :

Butadiene is the best example for this. In the molecular orbital picture, the overlap of four orbitals
gives two bonding and two antibonding orbitals. The energies of four orbitals are o +1.618 3,

a+0.618p, a.—0.618p3, a.—1.618 f and thetotal energy is 4o +4.472 3. Since the energy of two

isolated double bondsis 4o + 4 , resonance energy is0.472 3.
The possible resonance structures are as follows:

® Q © ®
H)C=CH-CH=CH «—» HyC-CH=CH-CH; <— H3C-CH=CH-CH;y

Overlaping of '4p’ orbitals of Butadiene

Bond lengths in Butadiene are 1.34A° for double bonds and 1.48 A° for single bond. But the typical
single bond distance of a bond adjacent to an unsaturated group is 1.53 A°. This shortening can be
explained by resonance.

Resonance energies for butadiene, calculated from heats of combustion or hydrogenation are only
about 4 K.cal./mol. and these values may not be entirely attributed to resonance. It may be that some
of thealready small value of 4 K.cal./mal. ishot resonance energy, but arisesfrom differing energies of
bonds of different hybridisation.
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Though bond distancesfail to show it and the resonance energy islow, the fact that butadieneis planar
shows that there is some delocalization. Similar delocalization isfound in other conjugated systems.

Crossconjugation :

In a cross conjugated compound, three groups are present two of which are not conjugated with each
other, although each is conjugated with the third.

Ex. Ph—(HZ—Ph, H2C:CH—|(|3—CH:CH2

@] CH»
It can be best explained by taking the following example.

1 2 34 5
H2C=CH -~ CH =CH,

CH»

In the above compound we find that overlap of six 'p' orbitals gives six molecular orbitals of which
three are bonding and three are antibonding. Thetotal energy of the bonding orbitalsis 6o + 6.900p .
Since the energy of three isolated double bondsis 6o + 6 , the resonance energy for thismoleculeis
0.9008.

Bond ordersare 1.930 for C-1, C-2, bond, 1.859 for C—3, C—6 bond and 1.363 for C—2, C-3 bond. We
see that C-1, C—2 bond contains more and C-3, C—6 bond has less double bond character than the
double bondsin butadiene. The resonance phenomena supports this conclusion.

Q@
ng:=r:H—1:= CH- CH3

CHq
@ ar
©

H2C=CH—|(|:—CH=CH2

®

ar
©
HgC—CI—I=ﬁI—CH=CH3

CHo

®IIII'

©

In these resonance structures C—1, C-2 bond is double in three of the five canonica forms, while the
C-3, C-6 bond isdouble in only one.

In most casesit iseasier to treat cross conjugated molecules by the molecular —orbital method than by
the valence — bond method.



Resonance :

Resonance may be defined as the phenomenon is which two or more structures, involving identical
position of atoms, can be written for a particular compound.

Ex.: Benzene O ©
>

Todea with circumstances such as bondingin ozone, the notion of resonance between L ewis structures
was developed. According to resonance concept, when more than one Lewis structure may be written for a
molecule, asingle structureisinsufficient to describeit. Rather, the true structure has an electron distribution
that isahybrid of all possible Lewis structures that can be written for the molecule.

- + +

0 o) o)
/ <> \ <> /', \\\
o/ \o_ _o/ \O EO/ \0_1
2 2

Resonance attemptsto correct afundamental defect in Lewisformulas. Lewisformulas show electrons
as being localized. They either are shared between two atoms in a covalent bond or are unshared electrons
belonging to asingle atom. In reality, electrons distribute themselvesin the way that |eads to their most stable
arrangement. This sometimes meansthat apair of electronsis delocalized or shared by severa nuclei.

Rules of Resonance:

In drawing canonical forms and deriving the true structures from them, we are guided by certain rules
which are asfollows.

1 Atomic positions must be the same in al resonance structures. Only the electron positions may vary

among the various contributing structures.

Q

./
Ex.. Hit-N H3C-O-N=0
ANIS) 3
]
(A) (B)

These structural formulas represent different compounds, but not different resonance forms of the
same compound. A’ isthe structure for nitromethane and 'B' is methyl nitrite.

2. Lewis structures in which second row el ements share more than eight valence el ectrons are especially
unstable and make no contribution to the true structure.

Va

Ex: H3C- N

N\

0

This compound has 10 electrons around nitrogen. Hence it is not a permissible Lewis structure for
Nitromethane and so cannot be a valid resonance form.
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When two or more structures satisfy the octet rule, the most stable one is the one with the smallest
seperation of oppositely charged atoms.

+ o
Ex.: H3C-O-N=0 «——> H3C-0=N-0
(A) (B)
Thetwo Lewisstructures A and B of methyl nitrite satisfy the octet rule. Structure A has no seperation
of charge and is more stable than B.

Among structural formulas in which the octet rule is satisfied for al atoms and one or more of these
atoms bears a formal charge, the most stable resonance form is the one in which negative charge
resides on the most el ectronegative atom.
Ex.: .0

:IN=C-Q: <—> :N=C=0Q¢

A B

Themost stable Lewis structure for cyanateion isA because the negative chargeisonitsoxygen. InB
negative chargeison nitrogen. Oxygen is more el ectronegative than nitrogen and can better support a
negative charge.

Each contributing Lewis structure must have the same number of electrons and the same net charge
although the formal charges of individual atoms may vary among the various Lewis structures.

Ex.: 0 Oe
HC— IJ{J/ and  H3C-N

N o°
A B

The two structures are not resonance forms of one another. Structure A has 24 valence electrons and a
net charge of 0. 'B' has 26 valence el ectrons and a net charge of —2.

Each contribution Lewis structure must have the same number of unpaired electrons.

O
Ex.: O V4
R
NS -
A B

A is Lewis structure of nitromethane, B is not, even though it has the same atomic positions and the
same number of electrons. Structure B has two unpaired electrons. Structure A has al its electrons
paired and is amore stable structure.

Electron delocalization stabilizes amolecule. A molecule in which electrons are delocalized is more
stable than implied by any of the individual Lewis structures that may be written for it.

Ex.. o o
/ <> H3C——NF/
4 \

o (@]

H3C-N
S
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Nitromethane is stabilised by electron del ocalization more than methyl nitrite.
The difference in energy between the resonance hybrid and the most stable canonical structure is
referred as the resonance energy of the molecule.

S

36K caI \
of

Resonance energy of benzene

Total energy of structure

Hence Resonance energy for Benzeneis 36 K.cal/mole.

HYPERCONJUGATION :

Alkly groupswith at |east one hydrogen atom on the ¢ —carbon atom when attached to an unsaturated
carbon atom are able to rel ease electrons by a mechanism known as Hyperconjugation.
Ex.:

R R R
|| I ©
R—(|3—C=CR2 <«—> R-C=C-CRj

H Ho

The phenomenon of hyperconjugation may be considered in terms of resonance as well as molecular
orbital theory.

Resonance: Hyperconjugation may be interpreted in terms of resonance.
Ex.:

H H® H H
| © o | ) | )
H—(|:—CH=CH2<—>H—(|3:CH—CH2<—> H (|3:CH—CH2<—> H-C=CH-CH»
H H H Ho
Sincein the above resonating structures, there is no definite bond between one of the carbon atoms and
one of the hydrogen atoms, hyper conjugation is also known as "No bond resonance”.

Molecular Orbital Treatment :

While considering the molecular orbital treatment, hyperconjugation may be regarded as an overlap of
o orbital of the C—H bond and = orbital of the C—C bond.

For carbocations and free radicals and for excited states of molecules, there is evidence that hyper
conjugation isimportant. In hyperconjugation in the ground state of neutral molecules, which Muller
and Mulliken call sacrificial hyperconjugation, the canonical formsinvolve not only no-bond resonance
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but also a charge separation not possessed by the main form. In free radicals and carbocations, the
canonical forms display no more charge seperation than the main form. Muller and Mulliken call this
as "isovalent hyperconjugation”.

H H H H
| e |l

H_Cl:_(l: > H_C:(i: P
H H HYH
H H T ||'|

H—él— ¢.(—) H—C=C® I ccrirciennnnrceenine
H H H.|-||

Effects of Hyperconjugation :

Hyperconjugationisused to interpret molecular propertiesintermsof structural formulae. It can affect

both Physical and Chemical properties of molecules which is evident from the following examples.

Heats of Hydrogenation :

For compounds of similar structure, smaller the heat of hydrogenation, more stable is the compound.
The heat of hydrogenation of ethylene and propylene are 32.8 and 30.1 K.cal/mol. respectively. The
more stability of propyleneis due to hyperconjugation.

Bond length :

Hyperconjugation also affects bond lengths, because during the process, the single bond in question
acquires some double bond character and vice versa.
Ex.:

H 1.353°A
| HE le
H-C-CH=CH <«—— H—C|I=CH—CH2
H Hl1.488°A
actual C—C bond lengthis1.543 A°and C=Cis 1.334 A°.

Dipole moments:
Since hyperconjugation causes the development of charges, it also affects the dipole moment of the
molecule.

Ex.: For H3C—-CH =CH dipole momentis0.4 D.

lonization Potential :
Since hyperconjugation increases the el ectron density on ol efinic carbon atoms, ioni zation potential of
olefins decreases with the increase in hyperconjugation.

Ex.. For H3C-CH =CH ionization potential is9.76.
For cis H3C— CH = CH — CH g ionization potential is9.34.



V. Orienting influence of Methyl group :

The O, P—directing influence of methyl group in methyl benzenesis partly dueto inductive effect and
partly due to hyperconjugation.

| I I )
o " i I

U-—10-—10
<> <> <>
Crienting influence of methyl group due to hyperconjugation.

Bonding in Fullerenes:

In 1984 Smalley had developed a method for the laser induced evaporation of metals at very low
pressure and was able to measure the molecular weights of various clusters of atoms produced. When the
experiment was carried out, in 1985 he found that under certain conditions a specieswith amolecular formula

of Cgp Was present in amounts much greater than any other.

They concluded that its most likely structure is the spherical cluster of carbon atoms and named as
buckminster—fullerene. Other carbon clusters, somelarger than Cgg and some smaller, werealso formedinthe
experiment and the general name Fullerene refers to such carbon clusters.

DIAGRAM

All the carbon atomsin Fullerene are equivalent and are sz hybridized. The strain caused by distortion
of therings from coplanarity is equally distributed among all of the carbons.

In 1990 a team of scientists successfully prepared Fullerene in amounts sufficient for its isolation,
purification and detailed study. The aromaticity associated with its 20 benzene rings is degraded by their non

planarity and the accompanying angle strain. Itisnow clear that Cgq isarelatively reactive substance, reacting
with many substances toward which benzene itself isinert. Many of these reactions are characterised by

addition to Fullerene, converting sz — hybridised carbons to sp3 — hybridised ones and reducing the overall
strain.

Thereareanother group of compounds called single—walled nanotubeswhich are considered as stretched
fullerenes. Thustheimporance of carbon cluster chemistry has beenin the discovery of new knowledge. Many
scientists feel that the earliest industrial applications of the fullerenes will be based on their novel electrical
properties.
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Buckminster fullerene is an insulator, but has high electron affinity and is a super conductor in its
reduced form.

Tautomerism :

Tautomerism can be defined as " The phenomenon by which a single compound exists in two or more
readily interconvertible structures that differ markedly in the relative positions of at least one atomic nucleus,

generally hydrogen".

The tautomeric forms are quite chemically distinct entities and can be seperated and characterised. In
tautomers, the position of an ion differs by several angstrom units.

A very common form of tautomerism isthat between a carbonyl compound containing an o —hydrogen
atom and its end form which is known as Keto — Enol Tautomerism. It can be shown asfollows.

1 1

R R
R—(|:—C—R11 R—é:C—Ru
Lo bn
Keto form Enol form

The mechanism of Keto —enol tautomerism involves the sequence of proton transfers. It isrelatively
dow in neutral media. The rate of enolization is catalysed by acids. In aguesous acid, a hydronium ion
transfers a proton to the carbonyl oxygen in step — | and awater molecule acts as a Bronsted base to remove a
proton fromthe o —carbon atominstep—Il. Thell —step is slower than | — step.

_l’_

:O/_\ H (”)—H
| + fast
R CHZ—C—R1+H<rC<: RCH, - CR! Step (1)
H
O-H O-H
I, H  dow | . o
R-CH,~C-R' + O RCH=CR! + H- 0

K NH

Enol

TheKetoformhasC—-H, C—C, C= O bondswhosetota bond energy is 359 K.cal./mol and enol form
hasC=C, C-0, O—H bondswhosetota energy is347 K.cal./mole. Therefore Ketoformisthermodynamically
stable by about 12 K .cal./mol. and enol form cannot be normally isolated. However there are some stable enols
which can be shown as:

i. Moleculesin which the enolic double bond is in conjugation with another double bond.

Ex.:
CH
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ii. Moleculesthat contain two or three bulky aryl groups.

Ex.: Ar\
C=C-H
A
H
iii. Highly fluorinated enals.
Ex.: F2C=(|:—CF3
OH

In al the above cases enol form is more stable than the corresponding keto form. In addition to keto
enol tautomerism there are some other tautomeric forms. They are

1. Phenol —Keto tautomerism :
O
O-H /
O =L
H
Phenol Cyclohexadenone

For phenal itself there is no evidence for the existence of keto form. However keto form becomes
important and may predominate when certain groups like second —-OH or N = O groups are present. It isalso
found in heterocyclic systems, fused aromatic rings.

Ex.: ﬁ) (l)H
() —C)
) o
H
2. Nitroso — Oxime tautomerism :

RoCH-N=0 _—= R»C=N-OH
Nitrosoform Oxime form

This equilibrium lies far to right, and as a rule nitroso compounds are stable only when there is no
o. —hydrogens.

3. Imine—Enamine tautomerism :

RoCH-CR=NR _—= RC=CR-NHR
Imine Enamine
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4, Valencetautomerism :
In valence tautomerism, the two forms differ only in the redistribution of the valencies.

H

HC/> \CH ~CHj HC/ \CH —CHy>

HC\C/CH —CH»

H H

The proton—transfer equilibrium that interconverts a carbonyl compound and itsenol can be catalysed
by basesaswell asby acids. Asin acid— catalysed enolization, protons aretransferred sequentially rather than
in asingle step. The base abstracts a proton from the ¢ — carbon atom to yield an anion. This anionis a
resonance stabilized species. It's negative chargeis shared by the o —carbon atom and the carbonyl oxygen.

0 &
o I, 1,
RCH-CR™ «=—> RCH=CR
Protonation of thisanion can occur either at o, —carbon or at oxygen. Protonation of o —carbonforms
starting ketone while protonation of oxygen forms enol. This anion is called enolate ion ; which is a key

intermediate in this process.
AROMATICITY

In the nineteenth century it was recognised that aromatic compounds differ greatly from unsaturated
aliphatic compounds. These aromatic compounds are characterised by a special stability and they undergo
substitution reactions more rapidly than addition reactions. The aromatic properties of benzenering arerelated
to the presence of aclosed loop of electronsi.e., aromatic sextet.

With the help of NMR technique, it is possible to determine experimentally whether a compound
contains aclosed loop of electronsor not. With thistechnique, the concept of aromaticity can be defined asthe
ability to sustain an induced ring current. A compound with this ability is called diatropic. It can be shown as
follows.

DIAGRAM

Induced n electron ring current in Benzene.
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When external magnetic field is applied to an aromatic ring in an NMR instrument, the closed loop of

n electrons begins to circulate in a plane at right angles to the direction of the applied field. This electron
circulation generates an induced magnetic field which opposes the applied field in the region of n electron
cloud and reinforcesthe latter in the peripheral region. Thusthe proton lying in the former region are shielded
while those lying in the | atter region are deshielded. The hydrogens of benzene ring are located at about 7 to
88 whereasnormal olefinic hydrogensat 5t0 6§ .

Aromaticity in Benzenoid Compounds:

The compounds which contain benzene ring in their structure are called Benzenoid compounds.

Benzene and other organic compounds which resemble benzenein certain characteristic propertiesare

called aromatic compounds. These properties are called aromatic properties which are asfollows :

Unusual stability : Aromatic compounds are highly stable due to the low heats of hydrogenation and
low heats of combustion.

Substitution rather than addition reactions: Aromatic compounds although possess double bonds,

they donot undergo addition reactions. But they undergo electrophilic substitutions like nitration,
sulphonation etc.

Resistent to oxidation : These compounds are resistent to oxidation by ag. KMnO4 and other mild
oxidising agents.

Cyclic flat molecules: These compounds generally contain six membered rings and are found to be
cyclic flat structures.

Onthebasis of molecular orbital treatment aromatic compounds must fullfill thefoll owing requirements.

It must have cyclic clouds of delocalised n electrons above and below the plane of the molecule.

DIAGRAM

These compounds must contain atotal of (4n + 2) n electrons, where 'n' is an integer. Thisruleis
known as Huckel rule. Thusaccording to Huckel rule, the no.of = € ectronsin an aromatic compound
may be 2, 6, 10, 12 etc.

Ex.:

n=1
Benzene 4n +2=4+2=06n €electrons.
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In systems of fused six membered aromatic rings. They obey Huckel's rule which can be shown as

follows.
Napthalein Anthracene Phenanthrene
n=2 n=3 n=3
4n +2= 10ne" 4n +2= 1ld4ne 4n +2= 1ld4ne

All these compounds follows the Huckel's rule and are aromatic.
In these systems, the principal canonical forms are usually not all equivalent.

Ex.: 8 1
72
6 10 3
5 4

() (11 (1)

In the above examples| has a central double bond and different from 1 and I11 which are equivalent to
each other. Molecular orbital calculations shows that bond orders and bond distances between 1, 2 & 2, 3
bonds are different. This non equivalency of bonds called partial bond fixation is found in nearly al fused
aromatic systems.

The resonance energies of the fused systems increase as the number of principal canonical forms
increases. Resonance energies for fused systems can be estimated by counting canonical forms.

Not all the fused systems can be fully aromatic.
Ex.:

H
‘ H

Phenaene

In a fused system there are not six electrons for each ring. In Naphthalein one of the ring has 6«
electrons and other has four, and hence one is aromatic system and other resembles butadiene system. Asa
result of thisthe reactivity of the compound increases and this effect becomes extreme in case of triphenylene.
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Triphenylene

In this compound there are 18 & el ectrons which were distributed so as to give each of the outer rings
asextet, whilethe middlering isempty. Since none of the outer rings need share any el ectron with an adjacent
ring, they are as stable asbenzene. Unlike other fused aromatic systemsit haslow reactivity. Thisphenomenon,
where some rings in fused systems give up part of their aromaticity to adjaint ringsis called annellation.

Huckel'srule:
"Among planar, Mono cyclic, fully conjugated polyenes only those possessing (4n + 2) © electrons,
where'n'isawhole number, will have special stability; that is, be aromatic”.

This statement is nothing but Huckel'srule. Thusthe group of hydrocarbonswith 2, 6, 10, 14 ......... T
electronswill be aromatic. Benzene, cyclobutadiene and cycloctatetraene provide clear examples of Huckel's
rule. Benzene, with6n electronsisa(4n + 2) systemand is predicted to bearomatic by therule. The = energy
levels for these 3 compounds can be shown as

Cyclobutadiene Benzene Cyclooctatetraene

This pattern of orbital energies provides a convincing explanation for why benzene is aromatic while
square cyclobutadiene and planar cyclo octatetraene are not. While counting the n electrons, cyclobutadiene
has four, benzene six and cyclo octatetraene haseight. These n electrons are assigned to M.O'sin accordance
with the usual rules lowest energy orbitals first, a maximum of two electrons per orbital.

In Benzenethe 6 electronsaredistributed in pairsamong itsthree bonding = M.O's, giving aclosed—
shell electron configuration. All the bonding orbitals are filled and el ectron spins are paired..

Cyclobutadiene has one bonding = M.O two equal energy non bonding = M.O's and one antibonding
n* M.O. After the bonding M.O. isfilled, the remaining two electrons are assigned to different non bonding
M.O'sin accordance with Hund's rule. Thisresultsadiradical. It lacks closed — shell electron configuration
and not stabilised.

Six of the8r electronsof planar cyclo octatetraene occupy three bonding orbitals. Theremaining two
n electrons occupy one each, the two equal —energy non bonding orbitals. Like cyclobutadieneisshould also
beadiradical.

An important conclusion from MO diagrams is that the geometry required for maximum r electron
delocalisation, a planar ring with 'p' orbitals aligned and equal C — C bond distances.
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Applications of Huckel'srule:

i. Huckel's rule is applied to heterocyclic systems showing aromatic behaviour.

Ex.:
g L
\ e
N N
LX) H
Pyridine Pyrrole

In Pyridine the ring contains 6 = €electrons and the lone pair of electron remain on nitrogen. But in
Pyrrole Nitrogen givesitslone pair to the ring to attain sextet configuration. In both the cases (4n + 2) ruleis
satisfied and hence they exhibits aromaticity.

Thisruleis applied to other systems asfollows :

U

n=0 n=1 4n+2=10ne" dn+2=14ne"
dn+2=2ne dn+2=6ne
Since all the above compounds whether ions or neutral species obeys Huckel'srule they exhibit aromaticity.

Aromaticity in Non benzenoid compounds:

A non benzenoid aromatic compound is defined as a compound which athough does not contain a
benzenoid ring yet exhibit a degree of aromatic character typical of benzene. Some of them are asfollows::

1 Three membered carbocyclic compounds:

According to Huckel's rule, the simplest aromatic system should contain only two = electrons, an
example of whichiscyclopropenyl cation. This cations shows 3 different canonical formsinwhich +ve charge
isdelocalized over 3 carbons. They are asfollows:

@®
AN AN A
@ @
Resonance hybrid
Hence cyclopropenyl cation should be stable. In practice several cyclopropenium salts have been

prepared.
Ex.:

Bre
+ HBr ——> ‘;
Ph Ph Ph Ph
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2. Five membered rings:

Cyclopentadieneis atypical diene and lacks aromatic characters. But, however if one of the atoms of
cyclopentadiene hasan unshared pair of € ectrons, the system can al so have aromatic sextet and shows aromaticity.

A strong base is required to form cyclopenta diene anion which shows the predicted aromaticity.

D e, (3
—

©

This cyclopentadienyl anion is stabilised by resonance.

D= Q0 8

Resonance hybride

Theresonance in cyclopentadienyl anionis proved by tracer technique. The aromatic characteristic of
cyclopentadienyl anion is confirmed by isolation and the stability of its salts like Ferrocene and Fulvenes.

i. Ferrocene: Thisisthe most important example of non benzenoid compounds. It can be prepared as

follows:
@ +CZH5MQB|' (CZHS)ZO Q +C2H6

MgBr
2 Q +FeCly ——» (CgH5)oFe+ MgBry + MgCl o
MgBr
This Ferrocene is an organic solid and its structure is established by x — ray crystallography.
S

Fe+2

S

Ferrocene

This structure of Ferroceneis proved by its zero dipole moment.
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ii. Fulvenes: TheseFulvenesare obtained by condensation of cyclopentadienewith carbonyl compounds.

3 _./@ - \
N TN

\ Fulvene /

In Fulvenesaromaticity isdueto cyclopentadienering which acquiresastablesix = electron arrangement
in the ylide form.

3. Seven membered car bocyclic compounds :
Cycloheptatriene behaveslikeatypical trienewhich hasvery low resonance energy whichisnearly of

the same order asthat of the open chain conjugated triene. Removal of a hydride ion leadsto the formation of
a carbonium ion known as Tropylium cation.

O —F
—

This+ve charge on tropylium cation isnot restricted to any one carbon. Butitisdelocalized over seven
carbon which results in the formation of following canonical forms.

@HQJH@H@@H@{@
® O — QO

Resonance hybrid

®

Tropylium cation

Thistropylium cation is planar and contains highly symmetrical six = €lectron structure.

Azulenes:

Azulenes are a group of deep blue compounds found in certain essential oils. Sincethese arebasicin
nature, these are extracted from essential oils with phosphoric acid followed by dilution with water.
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Plattner and StPfau Synthesised azulene in 1937 from 9 — octalin.

o)
|
O3 c Warm in Na in
— c “ag. NayO3 BO|I|ng EtOH

|
O

H
::': : e
—
Azulene

It is a polycyclic non—benzenoid aromatic compound which is isomeric with Naphthalein. It isless
stable than the Naphthal ein.

The canonical forms of azulene can be written as:

CO-CD-<0 -0 ~E9)

Resonance hybride

Thus azulene can be written as fused cyclopentadiene and cycloheptatriene rings neither of which
aloneisaromatic. Theimportant aromatic characters of azulene are:

i. They do not undergo auto oxidation and do not polymerise.

ii. Like Naphthalein they form molecular compounds with picric acid.

iii. Azulene does not behave as adienein Diel's— Alder reaction.

iv. They undergo electrophilic substitution like acylation, nitration, hal ogenation etc.

COCH3 COCH3

_ CHgcocl
A
COCH3
1- Acetyl azulene 1, 3 - Diacetyl azulene

Alternant and Non alternant Hydrocarbons:

Aromatic hydrocarbons can be divided into two types. In alternant hydrocarbons, the conjugated
carbon atoms can be divided into two sets such that no two atoms of the same set are directly linked.
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Napthalein is an alternant hydrocarbon and azulene is a non alternant hydrocarbon.

* *
SONReS
* * * * A
Naphthalein Azulene

In alternant hydrocarbons bonding and antibonding orbitalsoccur in pairs. Even—aternant hydrocarbons
are those with an even number of conjugated atoms. For these hydrocarbons all the bonding orbitals arefilled
and the = electrons are uniformly spread over the unsaturated atoms.

Allylic system is an example for odd — alternant hydrocarbons. When odd no.of orbitals overlap, an
odd no. iscreated. Inbenzylic system the cation has an unoccupied non bonding orhital, the freeradical hasone
electron there and the carbanion two.

With alylic systems, all the three species have the same bonding energy. The charge distribution over
the entire molecule is a so same for the three species and can be calculated by arelatively simple process.

\

& e M

Energy levelsfor benzyl cation, radical
> carbanion.

o [ |
© [} ]

[ ]
CH» CH» CH»

© © O,

Conjugated monocyclic polyenescontaining C,H, formulaarecalled annulenes. Usually they contain
10 or more carbon atomsin aring. They are named as[n] annulenes. Ex.: Benzeneis[6] —annulene.

Annulenes:

The prospect of observing aromatic character in conjugated polymers having 10, 14, 18 and soon =
electrons spurred efforts towards the synthesis of higher annulenes. A problem immediately arisesin the case
of al cisisomer of [10] annulene.

[10] — annulene

This compound contains trans double bonds, but dueto interference between 1, 6 hydrogensit cannot
attain coplanarity and does not exhibit aromaticity.
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Later Vogel etal replaced 1, 6 hydrogens by a methylene bridgeto permit = electron del ocalization and
the devel opment of aromaticity as predicted by the Huckel'srule. It's structureisasfollows:

H H

1, 6 — Methano cyclo decapentane

When thering contains 18 carbon atoms, it islarge enough to be planar while still allowing itsinterior
hydrogens to be far enough apart that they do not interfere with one another. Hence [18] annuleneis planar.

[18] —annulene

Although its structure and resonance energy attest to the validity of Huckel's rule, which predicts
specia stability for [18] — annulene, its chemical reactivity does not. [18] — annulene behaves more like a
polyene than like benzene in that it is hydrogenated readily, undergoes addition rather than substitution with
bromine, and forms a Diels — Alder adduct with maleic anhydride.

Planar annulenes with 4nn electrons are antiaromatic. A member of this group [16] — annulene has
been prepared. It isnon planar and shows long bonds typical of anon aromatic cyclic polyene.

STRUCTURE

[16] — Annulene
Antiaromaticity :

Planar cyclic conjugated species less stable than corresponding acyclic unsaturated species are called
antiaromatic. Molecular orbital calculations have shown that such compounds have 4nn electrons. Such
cyclic compounds which have 4nn electrons are called antiaromatic and this characteristic is called
antiaromaticity.
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Thus although two equivalent contributing structures can be written for 1, 3 cyclobutadiene, it is
extremely unstable antiaromatic compound, because it has4nr electrons.

‘ ‘

Thisshowsthat the ability to write equival ent contributing structuresisnot sufficient to predict stability.
It has experimentally been shown that conjugated rings with 2, 6, 10 and 14 r electrons are aromatic, while
those with 4, 8, 12, 16, 20 are not aromatic.

It can also be explained with NMR spectral data. 1n [16] — annulene which is antiaromatic, outside
protons are more shielded and inside protons are less shielded. But in Benzene and [18] — annulene outside
protons are less shielded and inside protons are more shielded. This reversal of shielding and dishielding
regionsin going form [18] to [16] annulene can only mean that the directions of their induced magnetic fields
arereversed.

Thus [16] — annulene which is antiaromatic, not only lacks an aromatic ring current, its « electrons
produce exactly the opposite effect when placed in amagnetic field.

STRUCTURE

[16] —annulene

Homo — Aromaticity :

The compounds that contains one or more sp3 — hybridised carbon atoms in a conjugated cycle are
known as homo aromatic compounds and the phenomenon is known as Homoaromaticity.

When cyclooctatetraeneisdissolved inconc. H>SO4 aproton addsto one of the double bondsto form
the homotropyliumion.

Hp
H
l a
Ht Hq
H7

In thision an aromatic sextet is spread over seven carbons asin the tropyliumion. The eighth carbon
isan sp3 carbon and so cannot take part in the aromaticity. NM R spectra show the presence of adiatropic ring

current. Hp isfoundat § =—0.3 H, at § == 5.1 ppm.
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In order for the orbitalsto overlap most effectively so asto close aloop, the sp3 atomsareforcedtolie
amost vertically above the plane of the aromatic atoms. In homotropylium ion Hy, is directly above the
aromatic sextet and so is shifted far upfield inthe NMR.

All homoaromatic compounds so far discovered are ions, and it is questionable as to whether
homoaromatic character can exist in uncharged systems. Homoaromatic ions of two and ten electrons are also
known.

Pseudo Aromaticity :

Pseudo means half or semi. Thiscompound 18 —Annuleneis showing the pseudoaromaticity. i.e. 50%
aromatic character.

This 18 — Annuleneis solid. Thusit is probably planar obeys the Huckel rule. i.e.ithas4n+ 2 «
electronsn = 4. But this compound shows the olefinic characters.

It is readily hydrogenated to the corresponding cycloalkane and react with metallic anhydride and
bromide.

It will not undergo nitration or sulphonation.
This compound is higher member of the Acene series, but highly reactive and unstable.
Eventhough this compound obey Huckel rule but shows non aromatic characters.

So, it is called as Pseudo aromatic compound.
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UNIT - 11
SYLLABUS

REACTION MECHANISM : STRUCTURE AND REACTIVITY
LESSON -1

Types of mechanisms - Methods of determining mechanisms - Types of reactions - Broad classification
- Kinetics - Thermodynamic and Kinetic requirements - Kinetic and thermodynamic control - Potential
energy diagrams - Transition states - Effect of structure and reactivity- Resonance and field effects -
Steric effects- Quantitative treatment - Hammett equation and linear free energy relationship, substituent
and reaction conditions.

LESSON -2
Intermediates- Generation - Structure - Stability and reactivity of carbocations, Crabonions, Free-radicals,
Carbenes and nitrenes.

ALIPHATIC NUCELOPHILIC SUBSTITUTION
LESSON -3

The S 2, S and S> mechanisms -The neighbouring group mechanisms -The neighbouring group
participation, anchimeric assistance. The S/ mechanism.
Nucleophilic substitution at an alylic, aiphatic trigonal and avinylic carbon.

LESSON - 4
Classical and non-classical carbocations - Phenonium ions - Common carbocation rearrangements -
Reactivity effects of substrate structure - Attacking nucleophile - Leaving group and reaction medium -
Ambident nucleophileregiosd ectivity.
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UNIT -1l
REACTIONMECHANISM : STRUCTURE
AND REACTIVITY
LESSON -1

2.1 ( [ ) Most organic reactions proceed in several steps. The study of a particular reaction is incomplete
without knowing the mechanism. When the reaction is in process, bonds are either cleaved or new bonds
formed. Stepwise description or the cleavage of formation of a bond, the probable pattern and the actual path
way by which areactionislikely to proceed is called mechanism.

A study of the reaction mechanism serves as an aid to understand the chemical reactivity of different
typesof arganic compounds. A mechanistic study brings credibility and thereby predictsand if possible, classify
the probable way by which the reactionislikely to proceed.

To determine the mechanism, the order in which the bonds are broken or formed, whether bond breaking
preceded bond formation or otherwise or whether both proceed simultaneously areto be considered. Thereisno
yard stick for a particular reaction to proceed in a particular way. Reactions are known to proceed by different
mechanisms under different conditions. Itisparticularly true of substitution reactions. The same reaction may

proceed exclusively by le or SNZ . With the change of reaction conditions, the reverse may be the case and

may even proceed either way. Also known are reactions that proceed by mixed SNland sN2 mechanisms (in
aliphatic nucleophilic substitution).

Depending on how the covalent bonds are broken, organic reactions may be categorised under three
heads for the specific purpose of determining the mechanism namely

01. Homolytic or free radical reactions in which each atom retains one electron forming highly reactive
species-radicals.

02. Heterolytic reactions in which both the el ectron are retained on one atom (el ectrons are always paired)-
ions.

03. Pericyclic reaction in which the electrons move in a closed ring involving neither of the intermediates
radicalsorions.

Examples followed by explanation for the above three categories are discussed at appropriate places.

Number of organic compoundsisolated so far runinto hundreds of thousands. Still they fitinto any one
of thefour typesnamely Addition, Substitution, Elimination or rearrangement asfar asthe process of mechanism
is concerned.

Electrophile (reagent that seeks electron pair), Nucleophile (reagent that donates electron pair) or a
free-radical may add to carbon-carbon multiple bonds by two step process or the attack at the two carbon atoms
of the doubl e or triple bond may be simultaneous.

Substitution may al so be processed through el ectrophilic, nucleophilic or free-radical (Ch4& 5) B—or
1,2 elimination reactions may take place either by hetero cyclic or pericyclic mechanisms (Ch 9)

Rearrangements involve migration of an atom or a group from one atom to another. Migrations are
common with nucleophiles and free-radical s but rare with electrophiles. ( Ch 4 & Ch6).



2

The above broad classification is of general nature nature and the reader may go through relevant
chapters for further study .

The possible movement of electrons are represented by curved arrows.
Curved arrow  movement of electrons
Tail of arrow - Source of €lectrons

Head of the arrow - ultimate destination of the el ectron-pair.

2.1.(i1) Kinetics providesthe most general and useful method for determining the reaction mecha-
nism. Thestudy of kineticsisconcerned with therate of reaction. It dependsamong other thingsmostly on
mostly of concentration. Somereversiblereactions proceed in such away that the mechanismisthe same
under certain conditionsexcept thet it proceedsexactly the oppositeway (principleof microscopicrevershility).
Thesereactions of courseare not influenced by kinetic studies.

Ordinarily whenareactioniscarried out, it isbut natural to presumethepossibleor likely product.
Presumptionisagain based on

i) formation of stable product and ii) the fastnesswith which the other product isformed.

If stability of the product isthe concern, thefactorsto beconsidered are AH values, entropy effect
etc explained p. From them, the equilibrium constant between the reactants and products is
determined. Based on theratio of equilibrium constants, theratio of productsisdetermined. Thereaction,
however, iscarried out under conditionsthat makeit readily reversible. Reactions such asthesearecalled
thermodynamically controlled reactions. Themost stableproduct issaid to bethethermodynamically con-
trolled product.

If , ontheother hand, thequantity of each possible product isdetermined by thefastnesswith which
each product isformed, thereaction issaid to bekinetically controlled. Thesearemore common.

Kinetic ver sus thermodynamic control :

Addition of HBr to 1,3 butadieneformsamixture of 1,2 and 1,4 addition products. Theformer
predominates (80%) at lower temperature (-80°C) wheretheequilibriumisnot attained rapidly. Themore
stable 1,4-addition product, predominates (80%) at higher temperature (40°C) whereequilibriumisattained
morerapidly. Thecompetition between 1,2 and 1,4 additionsistypical of conjugated dienesand isan apt
exampleof kinetic versusthermodynamic control. Thereaction that occursfastest producesthe preferred 1,2
addition product -kinetic control. Higher temperature-more stabl e product-thermodynamic control. Itis
interesting to notethat both the productsare derived from the common intermediate.

[ Az © AS]

Equilibrium free energy charge, thermodynamic and kinetic requirements:

A reactionissaidtobeinequilibriumif it takes place without alteration in the concentration of reac-
tantsand products. Equilibrium constant (k) for the chemical equilibrium of thereactions A B

< [Bl
[A]




[C]

[C][D]
= K=
[Al[B] C+D

" [A][B]

A+B CK and A+B

K isdetermined by the changein free energy (G) Gibbsfree energy changein areactionisgiven by
theequation G = H - TS whereT isistheabsolutetemperature. Thechange(A) infreeenergy of reactants
and productsisrepresented by AG . Thenegativevaueof AG indicatesthat certain amount of energy is
released (when thereaction is compl eted) and that the free energy of the productslower than that of thefree
energy of thereactants. Free-energy is made up of two components, enthal py H and entropy S. Thefree
energy changeinreactionisgiven by

AG=AH-TAS
AG = (Freeenergy of products) - (Freeenergy of reactants).
AH = (enthalpy of products) - (enthal py of reactants)
AS= (entropy of products) - (entropy of reactants).

Theenthal py changesrelate to thedifferencein bond energies between the reactants and the prod-
ucts.

Enthalpy change AH = [ Sumof thebond energiesof thebondsformed)] - [ Sum of thebond energies
of the bonds broken] + changesin resonance, strain, solvation energies, if any.

Entropy changes, on the other hand refer to the disorder of the system. Reactionstend to favour
greater entropy. Low enthal py and high entropy are the preferred conditionsin nature. Inany reacting
system, enthal py spontaneously decreaseswhile entropy spontaneously increases. Spontaneity with which
thereaction takes placein most casesisdetermined by enthapy. Entropy effectsthough small, still dominate
incertaintypesof reactions. Theguidingfactorsare

1 Theorder of entropiesaregases> liquids> solids. If, inareaction, all thereactantsare liquids and one or
more of the productsis a gas, the reaction is thermodynamically favored by the increased entropy.

2. In reactions where the reactant and product molecules are the same, A + B — C+ D the entropy effects
are small. When the product moleculesare more A —» B + C gain in entropy is noticed and the reaction

isthermodynamically favoured. When the reactant moleculesare more A + B — C, decreasein entropy
noticed.

3. Entropy becomes more and more important as is evident from the equation AG = AH - TAS. Acyclic
molecule e.g. hexane has more entropy than asimilar cyclic molecule. (cyclohexane)

Kinetic requirements for areaction:

From thepreceding discussion, itisclear that the-vevauefor AG isanecessary but not asufficient
condition for areaction to occur spontaneoudly. This, however, does not give anideaof thefastnesswith
which thereactant moleculesare converted to products. A student isintroduced to chemistry by citing the
reaction between Hydrogen and Oxygen to givewater. It isafact that the reaction does proceed. But not

until atiny spark or say aflicker of flameisintroduced to start theexplosiveresction. H, and O, canbekept

for any length of timeat room temperature with no significant reaction taking place. Thusthereisabarrier for
thereactiontotakeplace. Thebarrier hasto be overcomeand thetransition state (hasto be) attained. Energy
therefore must be added to thereactants. Thisenergy, the difference between the freeenergy of thereactants
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andthetrangtion gate, isthe freeenergy of activation pog* that must beadded whichincidentaly governsthe
rate of achemical reaction.

The profileof the reaction may be brought about by pictorial representation by energy profiledia-
grams. Thefollowingistheenergy profilediagram for asinglestep reaction that doesnot involveintermedi-
atesillustrated with the akalinehydrolysisof CH,Br.fig.2.1

H H
HO....C..Br

H
Transition state(x)

Free
energy

Reactants
CH3Br+OH"™

Free—energy CH3OH + Br~ Products
change

Reaction co-ordinate
Fig. 2.1

X (Trangition state or activated compl ex -possesses definite geometry and charge distribution but nofinite
exigence).

AG Freeenergy change
Theheight of thebarrier ((AG™) intheabovefigureiscaled freeenergy of activation andismade up
of entha py and entropy components.
AG =AH -TAS

AH" istheenthalpy of activation. It isthedifferencein bond energiesthat include strain, resonance

and solvation energies between the starting compound and thetransition state. Thebondsareether cleaved
fully or partialy broken beforereaching thetrangtion state.

Entropy of activation Ag isthedifferencein entropy between the starting compoundsand thetran-
gtiondate.
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A study of the mechanism of alkaline hydrolysisof CH.Br(S,*) isexplainedlater p. Theenergy

profile diagram of S* reaction involving hydrolysis of t-butyl halides may be represented as follows
fig.2.2.

Rate— determining T.S.
R3C CH 3

Intermediae

Free energy

Reactants
H 20 + (CH 3)3CB|’

Pr oducts
(CH3)3COH +Br~

Reaction co - ordinate
Fig.2.2.

2.1 (iii). Effect of structure on reactivity :

Organic compounds are characterised by functional groups. A compound may contain one or more
functional groups (same or different). Theintroduction of yet another functional group islikely to affect therate
of reaction, the position of equilibrium. The course and the type of mechanism is also likely to be changed.
Hence atria isto be made to coordinate structure and reactivity. In a broad sense the two effects that play a
major role to study the effect of structure on reactivity are

1) electrical and ii) steric effects.

Resonance and field affects (difficult to be separated) are grouped together and are called electrical
effects. Field effect is turn associates itself with inductive effect and their separation is aso not easy. The
independent contribution of inductive and field effects, resonance (mesomeric) and steric effectsall buy important
to cohelate structure and reactivity. Over all factorswill them betaken into consideration whereby arel ationship
can be established between structure and reactivity.



Inductive and field effects:

The C-Chbondinakanes, say ethaneisnot polar sinceit connectstwo equivalent atomicwith chloroalkanes,
thesituation isdifferent. Theelectronegative chlorine atom makesall thedifferenceand C-C bondispolrisation.

o+
866+ 86+ S

H3 C —> CHz—)CHZ — Cl
Theelectron pair forming the coval ent bond between the chlorine atom C, will be displaced towardsthe
chlorineatom. C; atom, thereforeisdeprived of some of its electron density. Hence C; acquires +ve charge.

Thisisturn attracts the el ectron pair formly the covalent bond between C; andC, . The process continues and

C,asC3 acquires +ve charge. However the +ve charges are the order C; > C, > C3.This type of electron

displacement is called inductive effect. The electron pairs through permanently displaced, remain in the same
valency shell. In addition to the inductive effect, there is the other effect that operates not through bones but
directly through spare or solvent molecules . Field effect al so decreases with increases distance asis the case
with inductive effect called effect. It is rather difficult to separate the two kinds of effect. Field effect takes
placeindependently of the el ectronic system in the mol ecul e and depends on the geometry of the molecule while
the inductive effect depends only on the nature of bond. Inductive effects may be due to atoms or groups.
Functional groups may be classified as €l ectron attracting or €l ectron withdrawing (-1) and el ectron donating or
electron releasing (+1). Hydrogen is chosen as reference in the molecule.

Thestudent hasto hear in mind that thereis no lateral donation or withdrawal of electrons. NO, group
is electron attracting conveys the meaning that it is no when compound with hydrogen.

Field effects of various groups relative to hydrogen in the order of decreasing strength.
+1,07,CO0,(CH3),C,(CH3),CH,CH3,CH,,CH3

—-1NR3,SR5,NH3,NO,,SO,R,CN,COOH, F,Cl,Br,|,0OR,OH -

The field effect order of alkyl groups attached to unsaturated systems is
tertiary>secondary>primary> CH 5 . The order is not consistent when connected to saturated system.

Resonance Effect :

Thisisastabilizing effect. It involvesdel ocalisation of eectronslike electron withdrawal from anegativity
charged centre and electron release to positively charged centre. Aniline, when represented by | _ N_H

®

gives an indication that the two unshared el ectrons reside on nitrogen atom alone. This actually is not the case
and the hybrid following canonical structuresisthereal structure of aniline.

H-N-H ®
| |

©)
H-N-H NH, NH>
Il I

Q-0

S
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It istherefore, clear that the electron density of the unshared pair is not merely concentrated on nitrogen but
spread over the ring (unsaturated system). The decrease in electrodensity at one position is followed by
corresponding increase else where is called the resonance or mesomeric effect.

Groups such as NH, are electron-releasing by resonance effect ( +H groups). Groups that have a
multiple bonded el ectronegative atom directly connected to unsaturated system are (-M) group.

E.g. NO, group.
+M groups O ,S ,NH;,,NHR,NR,,NHCoR,OR,OH,OCoR,SR,SH, Br,1,Cl,F,Ar

-M groups O ,S ,NH;,,NHR,NR,,NHCoR,OR,0OH,OCoR, SR, SH, Br,1,Cl,F,Ar .

The resonance effect works only when the group is directly attached to the unsaturated system.

To draw a subtle distinction between field and resonance effects, the former operates through space,
solvent molecules or the ¢ bonds of a system while the |atter operates through = electrons.

Steric effect :

Organic reactions proceed through transition statesin general. For astudy of the reactions mechanism
the geometry of the initial and transition states are to be considered. The speed of the reaction is certainly
affected by steric factors. If the reaction isslowed down by steric effects, it issaid that the reaction is subjected
to steric hindrance and if specified up, the reaction is said to be subjected to steric acceleration.

Steric hydrauxine may beilluminatesby taking gN2 ethanolysisof certainalkyl halidestherate decreases

with increasing  branch and reaches a very covalence for neopentyl bromide. This in the relative rates of
reaction of RBr with ethanol, while therelative rate of CH3Br is17.6 that of (CH3)3CCHBr is 4.2x107°.

Thustheincrease of number of methyl groups on the central carbon atom increases steric retardations. In gN 2

reaction, there will be crowding in the transition state, bulkier the groups, the greater will be the compressive
energy. Consequently thereaction will be hindered sterically.

In g\ mechanism, when the molecule containing the bulky groupsisionised, it can relieve the steric

strain. ¢® formed isflat. There is more room for accommodating the three alkyl groups. Thusthereis steric
accel erates.

E.g. Ozolysisof tertiary halides
R3C—-X—122 ,RC® 1 X~
2.2 (iv) Hammett equation -Linear Free Energy Relationship :

Introduction of asubstituent may

1 Changethe position of equilibrium e.g. acetic acid becomes strongly acidic with the replacement of
hydrogen at the o — position by chlorine.

2. Alter the rate of reaction.

e.g. Nitration of tolueneisrapid compared to benzene .
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Theequilibrium and rate constants are each rel ated to free-energy changes. The correlation of relation-
ship between the logarithms of rate or equilibrium constants is a linear free energy relationship LFER asis
showninthefig.2.3 given below.

—logKR COOMe

Reaction of esters

log Krcoon
lonisationof acids

Hammett studied the acidities of aseriesof m- and p- substituted benzoic acids and correlated the structure and
reactivity on a quantitative basis. The ionisation of these acids in agueous media at 25°C is taken as the
standard.

reference : The measurements were accurate and data available from literature.

Hammett equation is IogKi =Pc
[0}

K and K, represent the equilibrium constants for substituted and unsubstituted compounds. ' the substituent

constant depends on the nature of the position of the substituent in thering. The strength of a series of substi-
tuted benzoic acids are compared with benzoic acid itself ¢ for each substituent is given by the equation .

>|< X
@ — @ +H*Y
T
C @
HO/ N 0-C~ ©
o)
L od Ka(X.CeHaCOOH )
—_ a
K ,(CoHs COOH | = P**(CeHsCOOH) —PK,, (X C¢H,COOH) = o

A +ve ¢ valueindicates an electron attracting group and a-ve ¢ value indicates electron donating group cis
generally independent of the nature of the reaction and is a quantitative measure of the polar effectsinagiven
reaction by am- or p-substituent relative to hydrogen.
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Thefollowing table summarizes ¢ valuesfor different meta and para substituents

Substituent Om Gp
H @] O ( by definition)
NH, -0.16 -0.66
CH, -0.07 -0.17
MeO +0.12 -0.27
HO +0.12 -0.37
F +0.34 +0.06
I +0.35 +0.18
d +0.37 +0.23
Br +0.39 +0.23
CN +0.56 +0.66
NO, +0.71 +0.78

The reaction constant p is dependent on the nature of the reaction and conditions. The value of p
indicates the sensitivity of areaction or an equilibrium to a particular substituent. For a reaction assisted by
electron attracting substituents, p is+ve. -ve p valuesindicatethat the reaction isaided by high electron density
at the reaction site.

L ESSON -2
2.2 (i) Intermediates:

It was indicated earlier that organic reactions proceed step-wise. The step-wise process is known to
take placethrough intermediates. Theintermediatesareusually very short-lived. They may not even beisoluble
at times and detected by trapping experiments. Yet their study is important to have an overall idea of the
complete nature of the reaction. Intermediates formed are prone to transform to stable molecules. The four
types of intermediate carbon species are

R
1) Carbocations( carboniumions) R —c*
R

R
2) Carbon anions ( carbanions) R —C:~
R

3) Carbenes _and
R-C:
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R
4) FreeradicAs R—C

R

A glance at the structures of the above species brings to light the variation in the valency of carbon.

Nitrenes R— N are the anal ogues of carbenes.

Inthe coming pages an attempt ismadeto infuse into the minds of the students, the generation, structure
stability and reactivity of the above mentioned species.

2.2 (i1) Carboniumions:

Suppose the bond —C- X suffers a heterolytic cleavage to give a positively charged carbon residue.

Thiscarbon cation (1) iscalled carbonium ion. The remaining three val encies assume sp2 hybridised state and
the carboniumion assumes aplanar configuration(2).
Formation of carboniumisunlikely if the planarity is prevented by structural or steric factors.

-C-X = —-C"+X~

N
1
® \\!_
120 C ©) //\
W,

(2)

Following are some typical examples

HsC
" ® CH
H-C* CH3CH,
H (Primary)(ethyl) HsC
Secondary(isopropy!)

Me ®
C

S

Me

tertiary(t — butyl)

Triphenyl methyl
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® ®
H,C=CH-CH, CeHs—CH>
alyl Benzyl

These carboniumionsare unstable, usually identified in solution half life period around fraction of a
second. Following are some of the crystalline salts.

(CgH5)3C AICIy, (CgH5)3C ClOg,(CH3)3CT SbRg

Generation :

Alkyl halides, alcohols, ethers and unsaturated systemslike olefins and carbonyl compounds are some
of the sources.

l. R Cl +AICl; R® +AlCI;
R-X R* + x~ (Directionization in which the group attached to carbon atom leaves
withitspair of electrons).
H H
. R-OH+H' R-O-H R®+0-H
H® H
R-O-R +H® R-Og-R R®+0-R
H
R- 0+ ®R

@
R-CH=CH-R+H® —3R-CH-CHR

e -
R-C=0 R-C-0O
R R

R =H, alkyl, aryl, hydroxyl, alkoxyl, aroxyl, acetoxy! etc).

Unequivocal evidence for the presence of carbonium ions was secured from a study of
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a) Crystal structure of the solids salts
b) Cryoscopic behaviour of solutions
¢) Conductivity of solutionsand

d) Spectroscopic methods -proton NMR in particular furnished val uabl e evidence -eg. butyl cation
from the butyl fluoridesin excess Shig

Stability :

Thereadiness with which a carboniumisformed dependsonitsstability . The stability inturnis
connected with its generation. Therelative rate of formation of carboniumion asalsoitsstability followsthe

order tertiary>secondary>primary > (+3H 3" Theresonance energies of t-butyl,isopropyl and ethyl carbonium

ionsare 84,66 and 36 k.cal/mol e respectively. Stability of t-butyl carbonium ionisattributed to the nine
different possible hyper conjugation structures.

Inallylic and benzylic cations, the charge onthe carbonis quickly del ocalised within theion

+ +
CH,=CH-CH, CH,—CH=CH,

® ®
_~CH, o éCHZ — CHZ §CH2
<> g
® @

Canonical formsof benzylic cations.

Diaryl and triaryl methyl cations are more stabl e than the benzylic carboniumions. Stability isfurther
increased when the el ectron donating substituents arein O-or p-positions.

Hetero atomslike hal ogens, nitrogen, oxygen and sul phur lend thelone pair of electron and stabilise
the carbonium ion. Inthe process, a cyclic system arises.

+
CH,—-CH, CH,—-CH>
cl - ®
Cl

Reactions of carboniumions are summarised and represented in the following table.

+
CH,—-CH, CH,—-CH>
cl - ®
Cl

Reactions of carboniumions are summarised and represented in the following table.
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2.2 (iii) Carbanions:

Carbanions are negatively charged ions. They possess an unshared pair of electronsand hence basicin
nature. They are produced by the cleavage of carbon-hydrogen or carbon-metal bonds, (under the impact of a
nucleophile) metal alkyls, Grignard reagents.

R-H - R+H®
C-Li Cc +Li®
C-MgX C :+Mg®x

Lossof proton to anucleophile (Nu:) from o — methylsof alkyl and carbonyl compoundsresultsin the
formation of carbanions.

H
CococNu {C—C:CH—C:C—(:—}

H
c-c=o_Nu, |:(_:—C=O(—>C=C—O_}
R

Itsmolecul ar picture resemblesthat of ammonia (1). It assumestheformation of apyramid. Thecentral

carbon is sp3 hybridised in its tetrahedral form. The unshared pair of electrons occupies one apex of the
tetrahedron.

N . .
H HH c ¢C

@ @ ©
Stability :

More reactive unsaturated group such as carbonyl, nitrile etc. activate adjacent C-H bonds by higher
conjugation. carbanions derived from them are more stable than those derived from the alkyl group. The
stability order among alkyl carbanionsis methyl >ethyl>isopropyl>t-butyl. Withtheincrease of electron donating
alkyl groups -ve charge on carbanion increases thereby decreasing the stability.

In unsaturated systems stability follows the increase in 's character at the carbanion carbon. Electronsin 2s
orbitals are closer to the nucleus than those in a'p' orbital hence of lower energy and the stability order is
Ry=C" > R,C=CH > RsCCH, - Inthecaseof alkyl and benzylic carbanionsthe unshared pair overlapswith
the n electrons of the double bond and theion is stabilised.

If the carbanion isin conjugation with carbon-oxygen or carbon-nitrogen multiple bonds, the stability
would be even more. Thisisobvioudly influenced adversely if carbonyl isattained to an electron rel easing group
and the case of formation of carbanion decreases in the order aldehydes ketones esters and free carboxylic
acids.
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In compounds where the methylene group is flanked by two polar groups such as malonic eser,
acetoacetic ester, cyanoacetic ester, cyclic diones such as cyclopentadiene etc, the carbanion formed is a
resonance hybrid of three or more forms and hence possess greater stability.

Carbanions are reactive nucleophiles. They take part in nucleophilic displacements
a) Alkylation  b) Wrutz reaction ¢) Haloform reaction etc.
Additions :
a) Aldol condensation  b) Perkinsreaction ¢) Claisen condensation and related types
d) Michael addition €) Knoevenagel reaction etc.
Rearrangments :
a) Stevens b) Wittig c) Favorskie  d) Sommelet rearrangements etc.

M echanism of reactionsincluded in the syllabuswill be explained at appropriate places.
2.2.(1V) Carbenes::

Carbenes are highly reactive Parent species methyleneisashort lived and bivalent carbon compound.
It existsintwo different forms, spectrally designated as singlet and triplet methylenes. In singlet methylenethe

H
unshared electronsare paired H:C: and approximately sp2 hybridized. The non-bonded electronsare not paired

H'C:H in triplet methylene and the carbon is sp hybridised. It isabi-radical.
Depending on how the carbenes are generated, some of them react as singlets, some as triplets and

some others assinglets or triplets. Thetriplet is more stable than the singlet by about 20 K.cal mol el

Disintegration of compounds like ketones and diazomethanes give carbenes,
CH,=C=0—PO9YsSs  cp 4 co

+ - hvAor —
CH2=N=N CucCl CH2+N2
Reactions : Unusual reaction with carbeneis'insertion'.
1 Insertionreacti onoccur nai Ny inthe GHbonds andhavelittl e rel evance since anmixture of product s

CH3—CH2—CHgLCHQ,CHZCHZCHg+CH3CHCH3
f or ned. CH . D hal ocar benes, hovever, do
3

nat gveinsertionreactionandare usedtofornyl aearonati crings. Rengr-Tienamnreactionisavery
good exanpl e.

2 They add t o unsat ur at ed conpounds such as ci s and trans 2-butenes gi vi ng ¢i s and trans cycl opro-
panes. Theadd tioni s stereospecific.

Me Me Me Me

Cc=C &) c=C

H H H CH, H
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Me H Me H
C=C CH2 C—C
H Me H CH, Me

3 Drmize:R26+R26_>RZC=CR2

4 Tri pl e bonded conpounds react wth carbenes t o gi ve cycl opropanes whi chrearrange to al | enes.

MeC=CMe+2CH, — Me—Me
5 Rearrangenent : A kyl carbenes undergo rearrangenent .
H
CH3-CH2—C—CH—)CH3—CH2—CH =CH2

Rearrangenent of acyl carbenes (Wil ff rearrangenent) and rearrangenents | eadi ngtoring expansi on
(addi ti onof carbenestothe doubl e bonds of aronaticrings area soknow. The order of reactivity

anong carbenes i s CH, > CHCI > CC, > CBr, > CF,
2.2 (V) Nitrenes:

The speciesthat can exist with sextet of electrons on anitrogen atom are called nitrenes. They arethe
nitrogen analogues (R-N) of carbenes. They aretoo reactive to be isolated under ordinary condition nitrenes
can be generated in singlest (R-N) and triplet states (R- N).

Generation:

1. Photolysisof hydrazoic acid

HNg— M9 s H_N+N,

2. Pyrolytic or thermal decomposition of azides.

R-N=N®=N"_—29" .R_N+N,

3. Decomposition of acyl azidesto acyl nitrenes.

R-C-N=N=N—23R-C-N+N,
0 0

Acyl nitrenes are highly unstable and undergo rapid rearrangement to an isocyanate (R— N =C=0),
the nitrogen anal ogue or ketone.

R R

C-N C
—

O O

Il
zZ



16

Reactions are similar to carbenes::
1 Insertion : Acyl nitritesin particular caninsert into C-H and certain other bonds.

RH+N-C-R——>R-NH-C-R
@)
Asin carbenes, thisreaction in not useful since mixtures of products are formed.

2. Additionto C = C bonds
R

N
R- N+R2C=CR2——>
R,C-CR,

R

N

C=C- +RN3 > c_C
Na

3. Rearrangement : In the case of alkyl nitrene, the rearrangement is very rapid and the formation of
nitrene and migration are simultaneous.

R-CH-N
4y  ——RCH=NH

4, Dimenzation : Formation of azobenzenefrom aryl nitrenes

2Ar—N——ArN=NAr

Nitrenes can also add to aromatic rings to give expansion products (asin carbenes).

Schmidt degradation and curtius, Hofmann, Neber rearrangements proceed through nitreneintermediates.
2.2 (V1) Free Radicals :
When abond isbroken homolytically, each fragment carries one electron called free-radicalsor radicals

in short. They are unstable and reactive. The weak bonds like O-O as in organic peroxides or C-C bonds
influenced by steric factors are vulnerable for thistype of fission.

A-B—>A°+°B

-0-0---0°+°0-

C-Co>C+C-



17
Stability :

Asincarboniumionsand cations, theradical sare also stabilised through extensive del ocalisation of the
free electrons. Thustriphenyl methyl radial isgreatly stabilised by resonance (note9 resonance structures can
be drawn( as in the accompanying structures.

|H

oY - oY oY 0%
® @

In the case of methyl or ethyl radicals, delocalisation is not feasible hence less stable and thereby dimerise to
form stable products.

Thehigher the bond dissociation energy valueless stabletheradical Rwill be. TheD valuefor thebond
CH3—H is102K.cal/moleat 25°C whilethat of (CgH5)3C—C(CgHs)3 is1lk.cal/mole.

Theorder of stahility among alkyl radical isT>S>P. Thet-butyl radical isstabilised by hyper configuration
as shown below.

CHg CH,H CHg
c L d c <> c etc.
HsC CHj HyC CHj HsC  CH,H

The stability of alyl and benzyl freeradicalsover smple akyl radicalsis al so attributed to resonance.

CH, = CH—CH, <> CH—CH =CH,

QCHZ HC>: CH etc.

Electron with drawing groups like NO, in a phenyl cause powerful delocalisation generating stable
free-radicalswith longlife.

Some radicals, in which the unpaired electron is on a heteroatom are still more stable.

e.g. Diphenyl picryl hydrazyl isasolid that can be kept for several years.
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Structure simple alyl radicals might have sp2 or sp3 bonding. In the former, the radical has a planar
structure with the odd electron in the p-orbital. In the latter, the radical can assume a pyramidal structure with

theodd electronina sp3 orbital. Further proof for the planar structurewas obtained from kinetic evidencefrom

iodine exchange reaction and also the evidence from the eser sectra. In short simple akyl free-radicals prefer
planar structure. The radicalsiswhich the carbon is connected to atoms of high electronegativity.

e.g. CR; prefer pyramidal shape. Further study of free-radicalsisincluded in chapter 6.

LESSON - 3
2.3 (i) Allyphatic nucleophilic substitution :

Organic reactionsin which the nucleophile brings an el ectron pair to the substrateis called nucleophilic
substitution (S ).

Thisischaracteristic of alkyl halides. Thereaction of alkyl halide with nucleophilic may berepresented

as
Alkyl group Leaving group
(nucleofuge) Loy et oy
R-X
( substrate neutral Nucleophile or leaving group
or +vely charged) attacking agent or

nucel ophilic agent
(-vely charged or neutral)

Y must contain unshared pair of electrons. If Y itself isthe solvent, the reactions are called solvolysis
reactions. Water, ethanol and acetic acid are some of the specific solvents and produce hydrolysis, ethanolysis
and acetolysis respectively. Though there is no broad division as such and make out a particular case, the

reactionsin general are characterised as Sy (unimolecular), s, (bimolecular) Syi (substitution nucleophilic

internal) and border - line behaviour caused by simultaneous operation (mixed s}\l and 32N ). Themain components
required, are substrate, nucel ophile and solvent.

Let us study the hydrolysis reactions of methyl bromide and t-butyl bromide. Both are substitution
reactionsinwhich bromineisreplaced by the hydroxyl nucleophile.

CH3Br+OH — CH3O0H +Br ..o (1

(CH3)3CBr + OH — (CH3)3COH +Br™ ....(2)

The reactions appear to be simple but the mechanism is complex and can be understood by a study of
kinetics.

In reaction (1) the rate depends on the concentration of [CH4Br] and the nucleophile [OH™] .Therate
of reaction was shown to be proportional to the concentration of both the bromide and the nucleophile.

Rate = k[CH3Br][OH] k = specific rate constant.
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It follows second order kinetics (SZ) -

But in reaction (2) , the rate of reaction was found to be proportional to the concentration of alkyl
bromide only and followsthefirst order kinetics.

Rate = k[(CH3)3CBr]
The rate of reaction isindependent of [OH~] and called S .

2.3. (i) sz mechanism :

Thereaction is believed to take place in one step. The substrate and the nucel ophile form atransition
complex and decompose to give the products.

HO™ +C-Br——[HO...C....Brf ——>HO-C + Br~

The carbon is partially bonded to both to the attacking OH group and the leaving Br as shown in the
transition complex. Neither the formation of C-OH bond nor the breakage of C-Br iscompletein thetransition
state. The unstable transition complex decomposes with the formation of anew bond. The old bond with the
leaving group is completely severed.

The 3,2\, reaction can take place at a hetero atom like N,O or S.

CH3CH2| + (CH3CH2)3N——)(CH3CH2)4 N® +1
CH3S@(CH3)2+(_)C2H5—)CH3OC2H5+S(CH3)2

CH40S0, CgHs + OH——> CHZ0H + 0S0,CeHs~
Stetreochemistry :

The two simple ways in which the reaction of CH3;Br with hydroxide ion can be effected are

i) The hydroxideion might attack methyl bromide directly at the site where bromineis attached (front side
attack).

ii) The hydroxide ion might attack from behind (rear-side or backside approach).

In optically active compounds, the rearward (backside) approach is conclusively established in 52N
mechani sm when the substrateis optically active.

Ex:
CeHi3
H— C—Br __NeoH Coflis
oH 8—2——* HO- C—H
3 2r,;ld order CHj

kinetics
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(=) 2-bromooctane (+) 2- octanol

Fromtheabovereaction, it can beinferred that the configuration of the product is oppositeto that of the

reactant (look at the Br and OH groups). The 3,2\, reaction proceeds with compl ete stereochemical inversion.

Steric hindrance:

Thereactivity of alkyl halidesin 3,2\, reaction followstheorder Me > Et > Isopropyl > t.butyl bromide.

With the replacement of hydrogensin CH3Br by Methyls, crowding around carbonisincreased. Theinaccessibility

of the rearer side of the molecule increases. The reaction rates are due to steric factors and are dependent on
the bulkiness of the groups.

2.3. (i) Kinetics, stereochemistry and the effect of structure on reactivity form the basisfor the study of s%,
mechanism.

le: Asalready stated, the formation of t-butyl alcohol fromt-butyl bromide and hydroxideion followsfirst
order kinetics. Therate depends on the concentration of t-butyl bromide only and not on hydroxideion.
Step | :

Formation of carboniumionsslow rate determining step.

Me Me
Me-C-Br — c® ;pr~ dow.
Me Me
Me

Step 11 :
Neutralisation of carboniumion by the nucleophilic fast step.

Me Me
Me Me Me Me
The nucleophile can approach the planar carbonium ion from either side consequently there is no
preferential formation for any one of the optical isomers. A Racemic mixture results.
Formation of phenyl ethyl alcohol from (-) or + phenyl ethyl chloride resultsin 98% racemisation and
2% inversion.

The stereochemistry of the le reaction and its product depends on

i) the nature of the leaving group

ii) stabilization of the carboniumionintermediate
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iii) the nature of the solvent
Thelarger the size of the leaving group, greater are the chances for racemisation
E.g. Tosyloloxyls.

Withtheincrease of sizeof thealkyl substituentson thetertiary carbon, therate of hydrolysisisincreased.
Thustherate of hydrolysisof tri isopropyl methyl chlorideisamost seven timesthat of t-butyl chloride.

Thisisdueto the excessive back strain in the tri isopropyl methyl chloride. Chlorineis squeezed out at
the first opportunity. The space released is occupied by bulky groups and the carbonium ion assumes a stable
configuration. The back strain isreferred to as B strain. The students may bring out the characteristic features

of 52 and s\ mechanisms.
2.3 (iv) Mixed syt and s,? mechanism :

Sy reactionsare shown to be proceeding through Sy 2 or le way or both depending on the substituent

and reacting conditions. But there are certain reactions which seem to proceed in between -a border line
region. There are two views to explain this phenomenon. According to one view the intermediates in mixed

le and SN2 mechanism follow neither of the two exclusively and proceed in between. The other view holds
that the border line behaviour is caused by simultaneous operation of both le and SN2 with no intermediate

mechanism. Some moleculesrear by le and others by SN2 though the reaction was carried out in the same
container.

According to seen, the le and SN2 reactions of the alkyl halides proceed through the intermediate
ion-pair followed by conversion to products.

kq K

RX RTX ——2>~ products.

In le the formation of ion pair (k;) isratedetermining. In SN2 mechanism its destruction (k) is
rate determining. When the rate of formation and destruction of theion-pair are of the same magnitude, border
line behaviour isnoticed. It was generally believed that the normal SN2 mechani sm operates at high pressures

and the cation molecule mechanism at lower pressures. Some believe that the key to the problem is perhapsthe
varying degrees of nucleophilic solvent assistanceto ion formation.

Hydrolysis of 4-methoxy benzyl chloridein 70% aqueous acetone forming 4-methoxy benzyl alcohal is
studied and following are the observations.

1 Conversion to the corresponding alcohal proceeds by le .

2. Addition of azideion resultsin the formation of 4-methoxy benzyl azidein addition to 4-methoxy benzyl
acohol.

3. The addition of azide ionsincreases the rate of ionization and decreases the rate of hydrolysis.

4, Therate of ionization islessthan thetotal rate of reaction indicating that azide formation to some extent

proceeds by Sy2 mechanism.
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5. To conclude, le and SN2 mechanism operate simultaneously and the mechanism expected is partial
racemization and partial inversion.

2.3 (V) Neighbouring group mechanism :

In this mechanism, the neighbouring group Z with an unshared pair of electrons actsasin internal nucleophile.
The reaction proceeds in two types.

Step |
Theneighbouring group helps push out the leaving group but still retains attachment to the molecule.
Z R z®
R-C-C-R R-C-C-R+X~
R X R R
Step 2

Theexternal nucleophile (y:) displacesthe neighbouring group by rear-side approach.

®
R czc R+Y 2R
_H_H_ Y ,R-C-C-R
R Y

3 —halohydrins, o— halogenated carboxylic acids or o.— aminohalogenated compounds during the
substitution reaction exhibit retention of configuration. Kineticsisof first order and racemisation not noticed.

Cl
c-C OH OH OH
:0: ——> c-c —C -C _HO . ¢ ¢
H 0 o OH
In the above example OH acts as an internal nucel ophile and assists the hal ogen to escape as halide by
rearward attack and gives rise to oxonium ion. This assistanceis called anchimeric assistance or neighbouring
group participation. Two inversions through two rearward attacks are noticed second one neutralising the
inversion of thefirst, finally resulting in the retention of configuration.

Groupsthat lend active anchimeric assistance are OH,—SR, NH , etc that possess|one pair of electrons.

2.3 (V1) s\’ Mechanism : (Substitution nucleophilic internal) :

In this mechanism the part of the leaving group attacks the sub rate and in the process detaches itsel f
from the rest of the leaving group.

Ex: Replacement of OH by Cl by thionyl chloridein phenyl alkyl carbinols.
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R
C—OH+SoCl, R O R 0
R , ¢ sS=0 , C +S=0
R R R Cl
R Cl R

Step 1: Thehydrogen of the OH is displaced to give chlore sul phonic ester C-O bond is not broken and thereis
no changein configuration.

Step 2 : The attack by Cl takes place from the same side of the carbon atom and configuration retained. The
final attack takes place internally (rearrangement followed by decomposition). Thisiscalled Syi . Carbonium
ionisnot separated in thisreaction.

2.3 (vii) Nucleophilic substitution (sy) at an allylic carbon.

If the Syreactionsof alyl halides are carried out under conditions that favour le amixture of two
products areformed i) the normal substituted product and ii) the rearrangement product

R—CH=CH—-CHyX—Y—>R—-CH=CHCH, Y +R—CH-CH=CH,
(i) Y (i)

ii). the rearranged product is an example of allylic rearrangement and the mechanism Syi . Itisbelieved
to proceed through aresonance hybrid (ambidient)

+ +
H4C—CH—CH—CH,-Cl—¢ H3C—CH=CH-CH, <»H3C CH-CH =CH,

H,0

+H*

OH
HaC—CH = CH—CH,0OH +HsC CH-CH=CH,

Methyl vinyl carbinol 2-butene-1-ol

Two different carbonium ions are produced and hence two different substitution products possible.
However, shift of the doublebond isnoticed in one of the products. Thisiscalled alylic shift. Two mechanisms

arein operation le (no rearrangement). SNll (rearrangement). Both, ofcourse proceed through a common
intermediate ambidient cation. Sy at alylic carbon cantake plane SN2 way generally allylic arrangement does

not takes place by Sy2 mechanism.
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2.3 (viiii) Nucleophilic substitution s at trigonal carbon :

Sy éat trigonal carbon takes place morereadily than at sp3 carbon. It isespecially true when the carbon

is double bonded to oxygen, sulphur or nitrogen. Thus Sy takes place in much more facile manner at an acyl
carbon than at a saturated carbon. Acid chlorides are more reactive than alkyl chlorides and acid amides more
reactive than alkyl amines in Sy . It is the carbonyl group that make all the difference. The mechanism

proceed svia tetrahedral intermediate. This sequence is not possible at a saturated carbon. The carbonyl is
unsaturated theweak = bond breaks the requirement for the attachment of the nucleophile and oxygen ready to
accept the negative charge.

Carbonyl compounds halogenatedin the o. — position proceed through S 2 mechanismsincethecarbony!

pol arisation should favour S 2.

Os R o R
R-C-C-X R-Cg-C-X
R R

2.3 (ix) Nucleophilic substitution at Vinylic carbon :

The Sy atvinylic carbonisdifficult. Vinyl haidesin general areinert towards le and SN2 reactions.

The carbon-halogen bond strength in vinyl halides is more compared to alkyl halides. Hence vinyl halides are
much less reactive.

bc-c-xeoc-c=x*

-C-C-X—>-C=C
-C=C—-X+Y — - Y Y

Invinyl chloride, thereisextensive delocalisation of the n electronswith the lone pair on the halogen
atom. Separation of charges, therefore prevented. C-Cl bond possesses even partial double bond character and
hence does not hydrolyse under the usual conditionswith any base. If the substrate contains €l ectrons attracting

groups, the substitution however, isenhanced. Substituentsin  group stabilisethe carbanion.
Y

NCCH = CHX —Y__, NC—-C-CH —> NCCH = CHY
H X
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LESSON -4

2.4 (i) Classical and non-classical carbocations :

It wasearlier pointed out that the nucl eophilic attack involvesan atom with unshared pair of eectrons
inthene ghbouring group mechanism and proceedsthrough non-class cal (bridged) intermediates carbocations.

Inclassical carbocationsthe positive chargeislocalised on one carbon atom. Also noticed wasthe
delocali sation by resonanceinvolving unshared pair of electrons. In alternate, the del ocalisationin double
bondinthedlylic position noticed. The positivechargeisdelocalisedinanon-classical carbonium aso, but
notinthealylic positionor ¢ — bond.

e.g. : Cyclopropyl methyl cation:
CH, CH,
® o CH,
CH-CH, CH-CH, CH =CH,
CH, CH, CH,
®

The discussion may be extended to 7-norbornenyl cation, ahomoallylic cation and a so the nor
bormyl cationformed through ¢ and = routes.

2.4 (i1) Carbonium ion rearrangements :

Formation carboniumion may befollowed
i. by neutralisation resulting in asubstituted product.
ii. by elimination of aproton from the nei ghbouring carbon to produce ol efine.

iii.  yetanother possibility isalkyl or aryl group or even hydroxide may migrate with itsbonded electron pair
fromthe o carbon atom to the carboniumion (1,2 shifts) creating anew carboniumion. The latter may
follow asubstitution or e imination or rearrangement depending upon the conditions of the reaction and the
structure of the new carbonium ion.

R Nu
cC C substitution
R Nu _
cC C Nu nucleophile
R o
RC:C Eliminatio
R
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R=H, dkyl oraryl

The carboniuminrearrangement may involve 1,2 or 1,3 shiftsof thegroup R or hydride structurally,
compounds containing tertiary carbons o, to the carboniumion leadsto theserearrangements.

2.4(ii1) Wagner - Meerwein and related rearrangements :

Rearrangements of alcoholsand halides under acidic conditions are generally known as Wagner-
Meerwen rearrangements. Rearrangement in arnuriesisknown as Demjanow’ srearrangement. Besides akyl
or aryl group migration, ring expansion, ring contraction or even ring closure may take place. Theserear-
rangements proceed through classical or non-classica carboniumions.

Solvolyssof neopentyl bromide i) inethanol isan exampleinwhichthemethyl group migrateswithits
bonding pair of electronsto givetertiary neopentyl carboniumion (2)

CHs

CHa HaC—C—CH
HaC—C—CH,—Br _AdNOz 3 2

ethanol CH3
CHj3
2
@
H.C H CHs
’ c=C + OC,;H;
methyl shift e = o : H3C-C-CH,  oceH, H,C—C-CH,CH,
trimethyl ethylene 3 ethyl -t-amyl ether

Formation of high energy primary carboniumion(3) istherate determining step.

Solvolysisof neopentyl chloride (4) in HCOOH proceeds atleast 60,000 timesfaster than an akyl
group Theratedetermining step istheformation of lower energy bridged phenoniumion(5).
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I
Qpgone — o/
/C—C\ZHZ
CGHS \\
Cl~
CH,
+/ +
— CeHs\C _H (CgHs5)2C=OH CgHs
C.H, triphenyl ethylene

Migration is caused by the nelghbouring group participation by phenyl. Phenyl group providesanchimeric
assistance. Thisisnot noticed if stable carbonium ionisformed by direct ionisation of the compound.

Examplesare dso known wheretwo or even more 1,2, shiftsoccur.

Eg.:
1. Formation of olefinefrom diethyl cyclobutyl carbinol in presenceof an acid.
2. Rearrangement of camphaneto isobornyl chloride (bicyclic system).

2.4(iv) Demjanow’s rearrangement
e.g. for ring expansion or ring contraction.

Theagueousdeaminationsof cyclopropyl methyl amine(6), cyclobutyl amine(7) and dlyl aming(8)
givesamixtureof an unrearranged a cohol cyclopropyl methanal (9), cyclobutanol (10) and alyl acohol (11).

CH,NH, CH,0OH /OH NH,
— A + + /\/\OH —
~48% ~47%
©) (9) 10) 11) (7)
CH,OH OH
/ AN OH
A\ — + - N (v e PN o
NH
® N2 T (10) on 1)

13%

10%
18% ’ 45%
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Hydrolysis of 5-chloro-2-methyl 2-pentene(12) to cyclopropyl dimethyl carbinol (13) inwhichthe
carboniumion undergoesring closurewith thedouble bond.

HaC OH
C=CHCH,CH,Cl —"22

HsC (12)

2.4(v) Pinacol pinaclone rearrangement :

Vicina diolslikepinacol (1,1,2,2 tetramethyl glycol) (14) when treated with acidsrearrangeto give
subgtituted ketones. Themechanisminvolvesal, 2 shift. Thenew carboniumion (15) that carriesahydroxyl
loosesaproton from the hydroxyl to giveketone pinacolone (16).

CH; CH4 CH, CH, Me Me
H3C C C CH3 H—+) H3C—C— C-— CH3 — C- (@Z—Me
OH OH OH :0%°-H OH Me
H
1,2 shiftof Me
Me Me Me Me
C C-Me MeC-C Mey n
O Me < oe < MeC-C Me,
(16) H HO
15

If the groups attached are not the same, migratory aptitude decidestheorder of preference.
Migratory aptitudesamong aryl, alkyl and hydrogen followstheorder aryl>akyl>hydrogen.

Thestability of the carbonium ion outwel ghs even the greater migratory aptitude in the course of

rearrangement. Thusinthe caseof 1,1, dimethyl 2, 2 diphenyl glycol (17) the hydroxyl group that leaves
behind the more stable carboniumion departsfird.

CgHs-C—- C-CHj CeHs CH3
OH OH 5o CeHs-C- C
a7) CH3 OH
—HT
CGHS C6H5
CegHs-C— C-CH ®
65 3 «— C4Hs—C- C-CH,
CH3 O

CH, OH
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2.4 (vi) Reactivity :
The effect of substrate structure. It is rare with tertiary substrates. Primary and secondary substrates
react by SN2 mechanismwhiletertiary substrates proceed through SN2 . However, elimination predominatesif
3 —hydrogen is present. SN2 reactions of simple alkyl derivatives follow the order pri > sec > ter. Steric

hindrance plays a notable role in determining the Sy 2 reaction rate. Therateisdecreased with the branching

ateither o or 3 carbons. Neopentyl halidesarevery S, 2 unreactivein reactions because of the steric hindrance

by the methyl groups onthe B carbon.

In the case of le reactions, the rate is independent of nucleophilic and hence steric hindrance has a
littleroleto play. Therates of le reectionsof alkyl derivativesfollow the order tertiary >secondary >primary .Thisisin
complete contrast to sN2 reactions.

M echanism of reactions containing vinyl and substrates of thetype RCOX inwhichthereisunsaturation
at the o — carbon were discussed earlier. Also it was pointed out that allyl and benzylic substrates in which a

double bond was present in the B position, the cation is stabilised by resonance and the SN2 rates enhanced.

This is because of the resonance possibilities in the transition complex. The effect of electron donating and
electron attracting groups can belearnt in detail in aromatic substitution.

2.4 (vii) Effect of attacking nucleophile:

In le reactions, the rate isindependent of nucleophile of speciesthat contains|lone pair of electrons.
However, anegatively charged nucleophileis always more powerful than its conjugate acid.

H-N-H
e.g. OH" more powerful nucleophile than H-O and NH,~ than H . The ability to donate an

H
electron pair to carbon is nucleophilicity OH ™, astrong base isagood nucelophile. A very weak base |- may

also beagood nucleophile. Thereactivity sequenceis |~ < Br~ > C|~ asagainst theexpected c|~ > Br~ > |~ -

It may perhaps be associated with the solvation energies of theions. Smaller negatively charged nucleophiles
are more solvated by the usual polar prootic solvents.

The approximate order of nucleophilicity is NH, > RO > OH > R,NH. The more the nucleophilic

reactivity of the reagent, the more the participation of SN2 compared to le mechanism. Also more free the
nucelophileis, the greater istherate.

2.4 (viii) The effect of the leaving group :

01. Atasaturated carbon: Whether it be le or sN2 reaction, there is a correlation between the reactivity

of R—x and the strength of H-X. The reactivity of alkyl derivative RX is partly determined by the
leaving group, X. The best leaving groups are the weakest bases. Thus among halides the best leaving



30

group is iodide. SN2 reactions require powerful nucleophiles and take place under basic or neutral
conditions. Most of the le reactions take place under acidic conditions.

OH~isapoor leaving group. A strong acid catalyst is needed for alcoholsto
react in the SN2 reaction and the OH is protonated. Hydroxyl group is thus transformed into a better
leaving group. (H,Oinplaceof oH)

H

@
R O+H R O H®

H
R O H® +Br~ — RBr+H,0 Sy?

H _
RO H® —5R®+H,0—2" 5RBr S\!

NH,,NHR and NR, are extremely poor leaving groups. However, the leaving group ability of NH,
may be increased if the primary amine RNH, converted to the detosylate.

02. Atacarbonyl carbon:

It was already pointed out earlier that tetrahedral mechanism operates at
carbonyl carbon.

Y
R-C-X+Y __y R-C-X intermediate
@) O -

In the above intermediate X and Y compete. If X isa poor leaving group compared to Y, then naturally
Y prefers to leave and the intermediate reverts to the starting compound. The order of decreasing

stability RCOCI > RCOOR > RCONH,, €tc.

2.4 (viil) The effect of the medium:

The medium plays avery important role. Theionising power of a solvent depends on two factors.
1) Dielectric constant  2) Solvation. Increase of the dielectric constant increasesionising strength. The more

polar the solvent is, the greater is the rate of le reactions. The increase of polarity however retards the

reactionin SN2 mechanism. The same reaction may proceed by le in one solvent and SN2 or le and SN2
inother solvent.

E.g. Thealkaline hydrolysisof benzyl chloridein agueous acetone proceeds both by S, 2 and le mechanism.

If water isthe solvent le mechanism predominates. Thisis because the dipole moment of water ismorethan
that of aqueous acetone.
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With neutral substrates, with the increase of polarity of the solvent the reaction proceeds faster. In the
case of positively charged substrates, the speed of the reaction is decreased with the increase of polarity of the

solvent. Theaddition of small amount of saltslikeLiBr, LiCIO, (external salt effect) also increase or decrease
the rate of reaction.

E.g. Acetolysis of some alkyl tosylates.
2.4(x) Ambidient Nucleophiles Regioselectivity :

Substrates that can be attacked at two or more positions are called ambidient substrates. Multiatomic
nucl eophilewith more than one nucleophilic center are called ambidient ions. The nucel ophilein such cases may
attack in two or more different ways and form different products called ambidient nucleophiles. Attachment of
the nucleophileto the alkyl group by different atomslead to mixed products.

E.g: Reaction between salts of thioacids and alkyl and halidesto give both thiol esters and thione esters.

R_X+RC_-S~ ——> R-C-S-R+X~

0 (@)
RC=S+X"
O R

On the other hand, the nucleophile Nco~though potential enough to give more than one structural
isomer produces only isocyanates RNCo but not cyanates. Thereaction is said to be regioselective. Ambidient
nucel ophiles.

1 lonsformed by theremoval of proton from malonic ester in which C-alkylation or O-alkylation may result
- -C-C=C- -c=Cc-C
-CO-C-C-« o R O- O R O
R O )

2. Formation of adicarbanion from af} -keto ester.
CHz - CO-CH, - CO- % “CH, - CO-CH-CO-
The ¢cN ioninwhichthe nucleophilecan givenitriles RC = N or isonitriles RN = C.

The nitriteion may form nitrite esters R-O-N=O or nitro compounds R NO, (not an ester)
There seen to be two mgjor factors

i) Polarizability of the nucelophile and ii) solvation effects to find out which atom of an ambidient
nucel ophile attacks the given substrate. Ambidient nucelophileislikely to attack with its less electronegative

atom when the reaction changesits modefrom le liketo SN 2 |ike. The position of attack isinfluenced more

by the solvent. A change from prootic to a polar aprotic solvent often increases the attack by the more
€l ectronegative atom.

E.g. : Sodium B naphthoxide attacks benzyl bromide by O-alkylation 95% (D M SO solvent) and 85%
C-dkyltation (2,2,2 trifluoro ethanal).
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Steric effects may al so governthe regiosel ectivity. Deeper study |eads usto conclude that many exceptions
arethere and no particular rule prevails. It can generally be inferred that the position of attack dependsalso on
the nature of the nucleophiles, the solvent, the leaving group and conditions prevailing at the time of reaction
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ORGANIC CHEMISTRY PAPERIIT UNIT I11
AROMATICELECTORPHILICSUBSTITUTION

The chief reactions of benzene are those in which benzene ring serves as a source of electronsthat is
as abase. Electrophilic reagents react with benzene and are said to be el ectrophilic substitution reactions.

Electrophilic aromatic subgtitution include awide variety of reactions, nitration, halogenation, sulphonation,
Friedel-Craft’sreactions, Diazo coupling reactions are shown by highly reactive aromatic compounds.

Effect of substituent groups:

Like, benzenetoluene undergo € ectrophilic aromatic substitution giving two of the three possible products
ortho- and para-isomers. It wasfound experimentally that toluene reacts much faster than benzenein any of the
electrophilic substitution reactions.Methyl group makes the ring to be more reactive than benzene itself and
directs the attacking reagent to ortho- and para- positions of thering.

CHj CHj

Ex: CH3 |
(I wmee, (0) - (oY
Toluene SOH
0—Toluene
p—tolune sulphonic acid
sulphonic 3204
acid(62%)

On the other hand nitrobenzene reacts slowly than benzene and give chiefly metaisomer.

N02 N02

H2S04,HNO3
— e IO

100°C
NO,

Nitrobenzene m — dinitrobenzene

Any group attached to abenzenering affects the reactivity and orientation of substitution. A group that
make the ring more active than benzeneis called an activating group and that makesring lessreactive are called
deactivating group.

A group that causes the attack to occur chiefly at ortho- and para- positionstoit is called ortho- para
directing. A group that causes the attack to occur chiefly at positions metato it is called meta-directing group.

Ortho- paradirecting groups: —OH,- NHCOCH 3, —CH3

-F, -Cl, -Br, -1



meta-directing groups: ~NO,, - ItI(CH 3)3
- COOH, - CHO, -SO3H
A given group causes same general kind of orientation, whatever the electrophilic reagent isinvolved.
A group iscalled an activating group if that group makes the ring to be more reactive than benzene. If

the group decreases the activity than that of benzeneis called deactivating group.
Activating (ortho- paradirectors)

—~NH,, —NHR, - NH,, —-OR
—NHCOCO3, - CgHs,—R

Deactivating ( meta directors)

+
— NOy,~ N(CHg)s,— CN, — COOH, - COOR
~SOgH, —-CHO ~COR

Deactivating (ortho-paradirectors)
-F,-Cl,—-Br,—1

M echanism of electrophilic aromatic substitution two step mechanism.

Thetwo essential stepsinvolved are

i) Attack by an electrophilic reagent upon the ring to form a carbocation
ii) Abstraction of proton from this carbocation by some base.

H

- / . -
i) ArH+Y T —SAr" slow rate-determining
\Y
H
/
i) Ar  +:Z——>Ar-Y+H:Z fast
\y

Theevidencethat thefirst step is much slower than the second is obtained by carrying out reaction with
deuterium |abelled benzene (i.e. CgDg) .In nitration, bromination, and Friedel-Crafts alkylation no significant

i sotopi ¢ effect was observed, indicating that the breaking of C-H or C-D bond in the second step isnot the rate-
determining step.

The rate of overall substitution is determined by the slow attack of the electrophilic reagent to the
aromatic ring to form the carbocation. Once formed carbocation rapidly loses hydrogen or deuterium to form
the products.



Absence of isotropic effect establish not only that reaction involves two steps, but also thefirst stepis
the rate determining step.
Energy profile diagram-Nitration

H
+ (1)

21k
ArH + MO (2)k3

+ /
Ar ——» ArNO; + HT
\NDQ

k2 >> k—l

However, sulphonation shows a moderate isotope effect. Ordinary hydrogen is displaced from an
aromatic ring about twice as fast as deuterium. Thisis explained by considering the reaction to be reversible

(i.e) the carbocation formed lose SO5 to form the hydrocarbon.
H

@ kl + / k2

AT ———> ArSOz +H"

Il S0q

ArH + SO

ko ~K_4

Thereaction (2) isnot much faster than the reversereaction of (1) In sulphonation, the energy barriers
on either sides of the carbocation (11) must be roughly the same height. whether the carbocation is 11(D) or
I1(H) the barrier to the left is the same height. But to climb the borrower to the right, the barrier is higher for
I1 (D) thanfor Il (H). Hence the deuterated benzene reacts much slower than benzeneitself and in sulphonation
thus shows isotopic effect.

Reactivity and orientation :

We have already learnt that certain groups activate the ring in electrophilic substitution reactions and
some groups deactivate the ring. As the rate of reaction is determined by slow step, any difference in rate of
substitution must therefore be due to differencesin the rate of this step.

Thedifferencetherateislargely determined by the stability of transition state. In electrophilic aromatic
substitution the intermediate carbocation is ahybrid of structures|, Il adn I11.

Y H vy H'Y H v
@H <
H &
L@
() () (1

A group already present in the benzene ring should affect the stability of carbocationswhich dependson
whether the group is electron releasing or electron with drawing.

H



Theory of reactivity :

Therate of substitution reactionsin benzene, toluene and nitrobenzene can be compared by considering
the structures of carbocation formed from three compounds.

H Y H vy H vy
™ CHs ~NO,
M Q) (11

Methyl group tendsto neutralisethe positive charge of the ring,and stabilisethe carbocation. The — NO,

on the other hand tendsto increase the positive charge and destabilize the carbocation and thus causes a slower
reaction.

Theory of orientation :

Anactivating group, activatesall positions of benzenering. It directs ortho and parabecause it activates
the ortho and para positions much more than it does the meta.

A deactivating group deactivatesall positionsinthering. It directs metabecauseit deactivates ortho and
para-even more than it does the meta.

Effect of halogen on electrophilic aromatic substitution :

Hal ogensin benzenering are deactivating and are ortho-paradirecting. Thisunusual behaviour isexplained
by considering that halogens deactivate the ring through inductive effect and release the electrons through
resonance effect.

Through its resonance effect halogen tends to release electrons and this to stabilise the intermediate
carbocation. The electron release is effective only for attack at the positions ortho and parato the halogen.

The inductive effect is stronger than the resonance effect and causes net electron withdrawal-and
hence deactivation for attack at all positions.

Reactivity isthuscontrolled by the stronger inductive effect, and orientation iscontrolled by the resonance
effect.

Orthopararatio:

If all conditionsare equal then an o-p directing group would be expectedto givean o/pratioof 2: 1. Due
to number of factorsthisratio wasadwaysless. Thefactorswhich effect theratio are polar effects of substituents
inductive () and resonance (R)) its size (steric effect), the size of the entering group solvent effects, temperature
effects and electrostatic forces acting between substrate and el ectrophile as these approach.

For exampleinthe nitration of alkyl benzenethe changein the o/p ratio wasfound to be Me (1.57) > Et

(0.93) > Me,CH(0.48) > Me3C(0.22) . The trend is likely to be largely due to the steric effect of the alkly
substituents.



| pso Attack :

It is already discussed that in monosubstituted benzene, the orientation of attack by newly entering

electrophile may be either ortho / para or meta positions. However it isobserved in recent timesthat in certain
reaction the attack of the electrophile takes place at the position wearing the substituent (called ipso position).

Ipso attack has been studied for nitration. When nitronium (f\L| 05) attacks at the ipso position, the resulting

arenium ion has five possible modesfor the reaction to give products.

Z z

NO»
+
NO» Path b
a

Path c

NO»

iz
Path—d
e
4)

Z NO»
Path—e ] )
S Y Possible other reactions
v-

Y H



+
Path —a: Theareniumioncanlose NO, and revert to the starting compound. The result is no net reaction.

Path —b : The areniumioncanlose Z*, resultingin simple aromatic substitution in the leaving group is VAR

+
Path —c: The electrophile NO, can undergo 1, 2 — migration followed by loss of proton, resulting in the

formation of ortho substituted compound.

Path —d : The ipso substituent (Z) can undergo 1, 2 — migration followed by loss of proton, resulting in the
formation of ortho substituted compounds.

Path —e: A nucleophile may attack onthe areniumion, resulting in cyclohexadiene derivative, further reactions
from this product may take place.

Quantitative treatment of reactivity in the substrate :

Quantitative rate studies in aromatic substitutions can be understood from the study of partial rate
factor. Partial rate factor for agiven group and agiven reaction is defined asthe rate of substitution at asingle
position relativeto asingle position in benzene. Thiscan beunderstood by examination of the partial ratefactors
for the acetylation of toluene.

Me

i) For ortho position Of =45
Me

1)} For metaposition M]c =48
Me

i) For paraposition F’f = 749.0

Toluene is acetylated 4.5 times as fast as a single position in benzene (or) 0.75 times as fast as the
overall rate of acetylation of benzene.

A partial ratefactor greater than onefor a given position indicates that the group activates the position
for given reaction.

If the partial rate factors are known it is possible to predict the proportion of isomers to be obtained
when two or more groups are present on a ring, if the assumption is made that the effect of substituents is
additive.

Calculated and experimental isomer distributionsin the acetylation of m—xylene*

Position Cal. Obse.
2 0.30 0

4 99.36 975

5 0.34 2.5

* Data from Advanced organic chemistry by J. March.
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Some aromatic substitution reactions :
(1) Nitration :
Aromatic compounds can be nitrated using awide variety of nitrating agents. For lessreactivearomatic

systems, amixture of concentrated nitric acid and sulphuric acid isused. For reactive systems nitration can be
carried out with nitric acid alone, or in water or acetic acid or acetic anhydride. If anhydrous conditions are

required nitration can be carried out with N>Og in CCl4 in presence of P,Og. Nitronium salts like
+ - + -
NO>BF4, NO2 PFg e€tc. can also be used.

+
Theformation of electrophile N O , under different conditions can be explained asfollows:
i) In concentrated sulphuric acid, nitric acid acting as the base

+ - +
HNO3 +2H 2S04 NO2 +2HSO4 +H30
ii) When concentrated nitric acid alone used, one molecule acts as acid and other acts as a base.

+ —
2HNOg3 NO2+NO3+H>0

+
i) N2Os in CCl 4, spantaneous dissociation resultsinthe formationof NO» .

+ —_
N2Og NO> +NO3

+
iv) When nitronium satsare used, N O, ispresent to participatein the reaction.

Evidencefor the formation of nitroniumion isobtained from Raman spectra, of the mixture of nitric acid
and sulphuric acid. Depression of freezing point on addition of nitric acid to sulphuric acid isalso an evidencefor

+
the formation of NO, species.

+
Therate of reaction with most reagents is proportional to concentration of NO,. In concentrated and

aqueous mineral acidsthe order of reaction wasfound to be second order —first order each in aromatic substrate,
andinnitricacid. Inorganic solventslike nitromethane, acetic acid, thekineticsarefirst order in nitric acid alone

+
and zero order in substrate because the formation of NO, isthe rate determining step.

(2) Sulphonation :

Benzene reacts with concentrated sul phuric acid to give benzene sul phonic acid.

SO3H
+HS04 ———> @( + H20
7



All aromatic systems can be sulphonated. Sulphonation can also be carried out with fuming sulphuric
acid, SO3, chlorosulphonicacid ( CISO3H ). The sulphonation reaction reaction isareversible reaction and can

be carried out at low temperature to get maximum yield of the product, as the reverse reaction is slow at low
temperature.

Different types of species were proposed to be formed in the reaction depending upon the nature of
solution.

+
At concentrations below 85% H,SO,, the electrophile is thought to be H3SO4 (a combination of
+
SOz and H30).
At higher concentrations H>S,07 was considered to be formed (acombination of H>SO4 and SO3).

When pure SO3 isthe reagent in aprotic solvent, SO3 itself acts as electrophile.
(3) Halogenation :

Aromatic compounds can be chlorinated or brominated using chlorine or bromine in presence of a
catalyst iron. The actua catalyst in these reactions is ferric chloride or ferric bromide formed by reaction
between iron and halogen. Lewis acid can be used as catalysts. For active substrate, use of catalyst is not
necessary. For examples phenols and amines react so rapidly when bromination is carried out with dilute
solution of bromine. Chlorineismorereactive than bromine.

Other reagents used are HOCI, HOBr, N—chloro and N-bromoamides. In all these cases the reaction
is catalysed by acids.

When Lewisacid isused as catalyst the attacking species formed may be Cu™ or Br* by thereaction.

Cl, + FeClz — FeCly +CIT

Bry + FeClz — FeCl3Br+Br

The |t or g,+ can attack on aromatic system in a rate determining step and subsequent loss of
protonin afast leads to the formation of chloro or bromo substituted products.

Diazonium compling reactions :

A detailed study of the compling reaction has shown that the mechanismiselectrophilic substitution, the
€l ectrophile being the diazonium cation and substitute being highly reactive benzenering e.q. free amine or the
phenoxideion.



+ N ..
CeHs—N=N > CgHs—N=N*
(1) (1

CGH5—N=N+ + @_ N(CH3)2

— > CgHg—N=N —@ N(CHs)»
_HT
—)CGHs—NZN_ N(CH3)2

The phenoxideion also undergoes similar reaction.

Structure (1) is the reactive species and any factor that increases its contribution will increase the
reactivity of that diazonium cation. Electron with drawing groupsfavour (11) and el ectron donating group would
favour (1). Thiswasfound to betimethat the p-nitrobenzenediazonium cation is more reactive than corresponding
p-methoxy compound (about 10,000 times) under same conditions.

Introduction of more number of el ectron-withdrawing groups makes the diazonium cation to be highly
reactive. For example 2,4,6-trinitrobenzene diazonium cation that it coupleswith certain hydrocarbons.
e.g. mesitylene.

The mechanism given above gains evidence from the following facts.
i) Primary, secondary, tertiary amines undergo coupling in weakly acid solutions. The rate of coupling
decreasesas pH changesfrom 6 to 2. AspH decreases, the amineforms salt and thusring isdeactivated

by —I effect of the ammonium cation.

1)) Phenols couple very readily in weakly alkaline solution, the rate of coupling increases as pH changes
from5to 8. Thisisdueto the fact that ring is activated by phenoxide in than neutral phenol molecule.

Coupling occurs preferentially in the p-position to the hydroxyl or amino group. If this is blocked
o-coupling occurs.

1- and 2- naptholsin alkaline solution coupleswith diazonium saltsrespectively in 4- and 1- position.
coupling occurs

OH
N
LD QT
T

coupling occurs



Gattermann-K och aldehyde synthesis:

Thereaction isuseful for the preparation of aromatic a dehyde. Benzal dehydeis prepared by bubbling
amixture of carbon monoxide and hydrogen chloride through a solution of nitrobenzene or ether containing
benzene and a catal yst aluminium chloride and asmall amount of cuprous chloride.

CeHg + CO+HCl A%, cH.CHO+HCI -

Itis considered that formyl cationisthe active species.

+
CO+HCl+AICI3——[HC=0<H-C=0]" +AICl; -

The formyl cation attacks on the benzene carbon atom followed by subsequent elimination of proton
givesthe product. The reaction is not applicable to phenols and their ether or when the substituents in benzene
ring are strongly deactivating .

Electrophilic substitution in naphthalene:

Like benzene, polynuclear hydrocarbons typically undergo electrophilic substitution. For examplein
napthal ene, nitration and hal ogenation occurs mainly inthe o, -position.

Attack by nitroniumion at the o -position of naphthalene yields an intermediate carbocation that isa
hybrid of structures | and Il in which positive charge is accommodated by the ring under attack, and several
structures like (111) in which the charge is accommodated by the other ring.

H  NO, H. NO, y H_NO
CLF
®
ONH
| I i

More stable More stable |ess stable

Alpha Carbon - Attack

Attack at the B -position yields an intermediate carbocation that is a hybrid of 1V and V and several
structureslike (V1) in which the positive charge is accommodated by the other ring.

H
¢ H H H
/N02
NO, NO;

H -~

) ®
v \V; VI
More stable less stable less stable

Beta Carbon Attack

10



In structures 1,11 and 1V, the aromatic sexet is preserved in the ring that is not under attack.

In structures 111, V and VI, the aromatic sexet is disrupted in both rings. Clearly it is understood that
structures like I, 11 and IV are much more stable.

Two of the contributing structures are for the attack at the o — position, only onefor attack at the 3 —
position. Onthisbasisit is expected that the carbocation resulting from attack at o - position is much more
stable than the carbocation resulting from the attack at the 3 -position.

Hence, nitration would therefore occur much morerapidly at the ¢ -position.

Electrophilic substitution in pyprole, furan, and thiophene ; Reactivity and
orientation.

Thefive membered heterocylic compounds pyrrole, furan and thiophene undergo electrophilic substitution
like nitration, hal ogenation, sul phation, and Friedel-Craftsalkyl ation. These are much more reactive than benzene
in undergoing such reactions asthe Reimer-Tiemann reaction, nitrosation, and coupling with diazonium salts.

Reaction takes place predominantly at the 2- position.

| o) I +S0, pyridine | OJ
(@] (@) \So:gH

Furan 2— Furansulphonic acid

| %) +CgHecooHC, | 2)
COCgHs

Thiphene 2— Benzoyl thiophene
+
| O | +CgHg N =NCI~——> | %)
N =N -CgHs
H H
Pyrrole 2— (phenylazo)pyrrole
| %J +CHCI3+KOH—— | %)
CHO
H H
Pyrrole 2—pyrrole carboxyldehyde

Inthe study of the electrophilic aromatic substitution welearnt that the attack of the el ectrophilic reagent
in the rate controlling step which takes place in such away to yield most stable intermediate carbocation. The
same may be applied for aromatic substitution in the heterocyclic compounds.

11



Let us apply this approach to the reactions of pyrrole.

H H
attack at 3 positions Y Y
[I %/le H [I N/f
= a H
H H

I
Ty
H
1l \Y% Y

@, H
attack a2 positions | +)<H [ IH /[ )<H
Y H o Y
H

more stableion

Attack at 3-position yields carbocation that isahybrid of structures| and I1. Attack at 2 positron yields
a carbocation that is hybrid of three structures I11, IV and V. This leads to extra stabilisation of carbocation.
Also, attack at 2-positron isfaster because the devel oping positive charge is accommodated by three atoms of
thering instead of by only two.

Pyrrole is highly reactive, compared with benzene, because of contribution from the relatively stable
structure I11. In 1l every atom has an octet of electrons.

Orientation of substitution in furan and thiophene, aswell astheir high reactivity can beexplainedina
similar way .

Electrophile substitution in pyridine :

= H
I
%

H
"

Pyridine resembles highly deactivated benzene derivative towards electrophilic substitution. It under
goesnitration, sulphonation and hal ogenation but does not under go Friedel -Craftsreaction.

Electrophilic subgtitution mainly takes place at 3 position which resultsin the formation of stable carbocation
than resulting from the attack at 4-position ( 2-position resembl es 4-position)
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Electrophilic attack at 3-position :

H vy H vy H'y
(l)_i H
@
y | o
N N N@
v \ VI
highly unstable

nitrogen hassexet

Electrophilic attack at 4-position

All the structures are less stable than the corresponding ones for attack on benzene because of the
electron withdrawal by nitrogen atom. Asaresult pyridine undergoes substitution more slowly than benzene.
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FREE RADICAL REACTIONS

3.2.1 Introduction :

Free radicals are the species having one or more unpaired electrons. Homolytic fission of a bond
produces free radicals.

R3C. + *X

R3C- X

Homolytic fission of an R3CX bond s, in the gas phase always requires |ess energy than heterolytic
fission.

Reactions involving radicals occur widely in the gas phase. Radia reactions also occur in solution if
carried out in non—polar solvent and if catalysed by light, or decomposition of substances known to produce
radicals eg. organic peroxides.

Radicalsonceformed in solution are generally found to beless selectivein their attack on other species.

Radical reactions once initiated, they often proceed with great rapidity, owing to the establishment of
chainreaction.

Radical reactions can be inhibited by the introduction of substances those react rapidly with radicals.
(inhibitors).

Ex.: Phenol, quinones, diphenylamine, iodine etc.
Thefirst freeradical that identified wastriphenyl methyl ( Ph3C*®).

When Ph3CCl inbenzenetreated with finely divided silver metal, there obtained an Yellow solution.

PhaCCl —29, phaC— CPhy 2PhsC*

92 , Phyc-0-0-CPhg
Ph3C' F. Ph3C-1
NO

PhaC-N=0
Theradical reacted with halogensto form tri phenylmethyl halide.

On exposureto O, formed triphenyl methyl peroxide.

Onreactionwith ‘NO’ formed triphenyl methyl nitrosomethane.



3.2.ii

3.2.ii

region.

(@)

Theyellow solutionisin equilibriumwith colourlessdimer. Onremoval of solvent dimer was obtained.

The dimer was shown by proton n.m.r. spectroscopy to be
Ph3

SO

Production of freeradicals:
Most important methods are

1. Photolysis
2. Thermolysis
3. Redox reactions by inorganic ions, metalsor electrolysisinvolving one electron transfer.

Photolysis :

Therequirement for this method isthe ability of the moleculesto absorb radiation inthe UV or visible

Acetonein vapour phaseis decomposed by light having awave —length of 3200A°. (=375KJ mole_l)

MeCOMe—"_ Me + CH3CO ——> CO + Me

Other speciesthat undergo ready photolysisare a kylhypochlorites, nitrites.

rocl —" 5, RO + CI

RONO —Y 5 RO + NO
Another useful homolytic fission by photolysisisthat of halogen molecule.

cl, —v 5 oc|

Bry L) 2Br

There halogen radicals are useful for halogenation of alkanes or addition to alkenes.
The advantage of photolysisover thermolysisis

It is possible to cleave strong bonds that do not break readily at reasonable temperatures.

Ex: R-N=N-R — 5 Rli N, + °R
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(b) Energy at only one particular level istransferred to a molecule so that it is more specific method of
effecting homolysisthan pyrolysis.

Ex.: Cleavageof diacyl peroxide occurs clearly on photolysis.

R—COO-O0COR —™, 2rRcO0® — 2R! + 2cO,

Another technique for radical generation is flash photolysis, which employs, a very intense pulse of
radiation (visible or U.V.) of very short duration.

This produces avery high immediate concentration of radicals.

Photolysisof iodophenyl acetylenein benzene sol ution givesthefollowing radicals.

CgHs—C=C—1 —™ 5 CqHsC=C® +1°

Photolysis of some more substances.
O

) Me,CH-CO - CHMe; —2 5 Me,CHC® + * CHMe,
i) MeCOCH,Cl —™ 5 MeCOCH, + CI

i) Me,CHCHO —™5 Me,CH® + *CHO

V) CHaCcOCOCH —™ 5 2CHZCO

Radicals may also be generated by irradiation of neutral molecules with X — rays or with y—rays
(radiolysis).

3.2.iv. Thermolysis :

Alkyl radicals of short life were produced in the vapour phase through decomposition of metal alkyls.

PbR 4 Pb + 4R°

Radicals may be generated in solution in inert solvents, as well as in vapour phase by thermolysis of
weak bonds (Having energy < 165 KJ (40 Kcal.)).

Themajor sourcesof radicalsin solution arethe thermolysis of peroxides (—O —O -) and azo compound
(C—=N).

Stable radicals are obtained when the radicals formed are stabilised by substituents present on the
radicals.



Ex.  (Me3.COO), hashalf lifeof ~ 200 hr.at 100°C.
(PhCO0O)» hason =~ 0.5 hr. at the same temperature.

L] L]
Mes-C-HM=N-CMeq L 2[MeqC-C=MNe——3 MeaC=C=N] + Ny

CH CH

Radical formation through carbon — carbon bond fissionisseeninradical induced crackingat ~ 600°
of long chain akanes.

Ra
H
e t _Ra-H %o 1 _ oo
R-CH-CH3R' ———— s RCH-CH3R' — RCH=CH + "R

Some representative examples of thermal decomposition of azo, diazo compounds t — butyl
triphenylacetale, alkyl nitrites.

180-200° 2(CH3)3C. + Ny

(CH3)3C—N=N-C(CHz)2
O
o L ]
(CgHs)3C~-C-0-t- Bu _br, (CgHs)3CY + CO; + tBu
(CH2)2C—0-NO —8% 5 (CHa),C-0° + NO
3)3 3)3

Most commonly used radical initiatorsare peroxides, benzyl and acyl peroxidesand azo bisisobutylnitrile
(AIBN).

Aninitiator may be describe as a substance which furnishes sufficient number of radicals to start the
reaction.

3.2.v Redox reactions :

These reactions involve one — electron transfer in generating the radicals and hence metal ions such

Fet2 /Fet3 and oyt /cyt? areinvolved.

cutl ionsarefound to accelerate greatly the decomposition of acyl peroxides.

O
!?! +2

ar-C-0| s+l ——>  Ar-C-0 + ArCO4” + Cu



cyt isasoinvolved in the conversion of diazonium salts Ar |:|2 Cl~ to ArCl + No, where Ar® is
probably formed as an intermediate.
+ . >
ArNo + Cu™ —— Ar+ Ny +Cu*
Fet2 isused to catalyse the oxidation reactions of aqueous hydrogen peroxide solution.
Hp0, + Fet? — 5 HO+ OH + Fe*3
This mixture is known as Fenton’s reagent.

HO useful to abstract H, and can be used to generate the resultant radical.

Me

HO + HCH; - ©- OH — H;0 + CHj-CMe;OH

Me

——> HO CMey —CH2CH» CMe,OH
Dimer

Direct reduction of carbocation has been used.
PhaCt + V2 —— PhgC + V3

Generation of radical through an oxidative process probably occursin theinitiation of the auto oxidation
of benzaldehyde, catalysed by heavy metal ion capable of one electron transfers pat3.

+ HY + Fe? 2
Stable phenoxy radical is generated by one— electron oxidation by [Fe(CN)G]_3-
on o*
Me3C CMeg Me3C CMeg

+ [Fe(CN)g] 3 + [Fe(CN)g] ™

—>

CM €3 CM €3

Oxidation of carbanions

2(MeCO)» CH™ —'25 2(MeC0O), CH —— (MeCO)5CH CH(COMe),
5



Anodic oxidation of carboxylate anions.

_ —e ° -CO ° .
RCO; Fede) 2RCO; ——2 2R* —— R-R (Kolbe'sdectrolysis)
Electrolysisof ketones, resultsintheir cathodic reduction to radical anionswhich dimeriseto thedianions

of pinacals.

+E_ . RE_C_D_ H+ RE—C—DH
JR9C=0 ———» IR70-0 —» >
Cathode : R —C-OH
Rq-C-0 2-C-

Alkyl or aryl radicals may be produced by electrolysis of grignard reagentsin ether.
RMgBr —% > R® + MgBrt — > R-R
Tripositivetitanium with hydroxylaminein acid sol ution appearsto generate amideradicals.
Ti*3 + HO-NH, —— TIOH™3 + *NH,
3.2.vi Stability of freeradicals:

Unusal stability of triaryl methyl radicals in the capacity of the three benzene rings to delocalise the
unpaired el ectron.

<>

c_ A T
Substitutents at the ortho and para positions may further delocalise the unpaired electron by electron
donation, by electronwith drawal or by hyperconjugation.

g . . /
Me.(.)— C< - > Me — 9: =C\
:"QN"'_ (.:< - > : .§N+= :C<
< Y
H H
N e . SNee(” V—=c{
HH—/C— C\ l"H CcC= C\



Two features are favouring the dissociation of a hydrocarbon radicals.

1) Excessive crowding inthe hydrocarbon itself.
2) Delocalisation of the unpaired electron over alarge areain theradical.

Careful oxidation of triphenylamine tetraphenyl hydrazine, pentaphenyl pyrrole yield anmmonium ion
radicals.

Phgi\f _° . Pth:I
PhyN- MPhy — [PhyN - NPh]*

Ph Ph

3

3.2.vii Detection of short — lived free radicals :

Paneth and his coworkers studied the thermal decomposition of certain volatile organometallics
(MeyPh, (PhCH2)4Sn). When passed through a glass tube, and if small area of the tube when vigorously
heated, ametallic mirror was deposited in the inside of tube at the point of heating.

The gaseous decomposition products were found to remove the original mirror asthey passed over it.

It was inferred that the decomposition of organometallic compound yielded the parent metal and free
alkyl radicd. Thefreeradicalsreacted with original meta mirror, convertingthismirror to avolatile organometallic
compound.

Thismethod isused to detect alkyl radical's, from decomposition of aliphatic azocompoundsfrom pyrolysis
of paraffin hydrocarbons, from photolysis of aldehydes and ketones. And from action of sodium vapour on alky!l
or aryl halides. Paneth techniqueisnot applicableto reactionsin liquid phase.

Radical consuming reagents whose disappearance may be measured quantitatively are useful for

detection of freeradicalsin soltion.
Ex.: Diphenyl picrylhydrozyl whose consumption

OsoN
[ ]
PboN—N NO»

NO,

may be followed by fading of its characteristic “violet colour”.
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FeCl3 which often transfers chlorine atoms to active free radicals yielding readily tritable FeCl» .

Another useful and sensitivetest istheinitiation of polymerisation. Polymerisation of acrylonitrileand
methyl methacrylate.

Most useful method for detection of radicalsis e.s.r spectroscopy.

1 1
Theelectron spin can have one of two values +E or 5 andin presence of an applied magneticfield.

These correspondsto different energy levels, transitions are possi ble between them resulting in acharacteristic
and detectabl e absoption spectrum.

In e.s.r. spectroscopy, the interaction (splitting) occurs between the unpaired electron and neighboring
magnetic nuclel —especially ‘H’.

Radicals have been detected by e.s.r. spectroscopy, in the low concentration of 108 -
3.2.viii  Radical shape:

It isthe question whether ssimple radicals of the type R3C, the unpaired electron is accommodated in
p-orbital (sp?) or sp3 hybrid orbital.
Direct physical evidencefor CH3 comesfrom esr spectrum of 13CH3 that CHg radical isessentially
planar. The same conclusion was derived from U.V. and |.R.
R

\
N
~

¢ —R
L)

The's' character of the half filled orbital sfound to increase across the series
EZH3 < (.ZHZF < EZHFZ < (.Zl'g
being sp3 in C.:F3,thisradical ispyramidal.
3.2.ix Types of free radical reactions and some characteristics :
Two types of reactions are of interest
1) Radical displacement

2) Radical addition

Radical displacements seldom take place on carbon atoms. Most often they occur on hydrogen or
hal ogen atoms.



BX: Cl+H-CMe3 —— CI-H + CMe3

(.:Hg + Br—CCl3 —> CH3Br + (.ZCI3
Substitutions are generally the result of two independent reactions.

(EI +H-CMeg —— Cl-H + (.ZMe3

c.:|v|e3 +Cl-Cl —— MexC-Cl + cl

In most radical additions, it is a carbon atom that suffers attack by the radical (not on a = — electron
system)

There are two processes of importance Radical Coupling.

Re + e\ R ——» R-R
Radical disproportionation

2CH3CHy ——> CHy=CH, + CH3-CHg

In al reactions, which proceed through active free radicals, the concentration of radical at ordinary
temperature is much less than those of reactants.

In favourableinstances, freeradicals may undergo eliminations, decarboxylations, rearrangements.
BroCH - (.ZHBr E— I;r + BrCH=CHBr
CHj EZOO O (.3H3 + COs
MeZCPh—E:Hz — Mez(.Z—CHzPh

Radical reactionsfollow chain reactions and sequence may continue until the radical s one destroyed.or
the reactants are completely consumed.

Thusasingleradical may bring about the successive formation and destruction of thousands of radicals,
and hence bring about changesin thousands of molecules.

Radical chain reactions may beretarded or halted by inhibitors or chain breakers.

Ex..  Chainbreakers : |,, aromatic sulphides.
R*+1-1 —— RI + I* (lessaction)

R® + Ar—S—-S-Ar —— RSAr + ArS"  (lessaction)



Nitric oxide, diphenyl picryl hydrazide are also theretarders.

Oxigen also acts asinhibitor. Oxygen reactswith carbon radicalsto yield peroxy radicals.

—c*+0; —> _—Cc—0—0¢

Peroxy radicalsarerelatively lessreactive. Hence, it wasfound that number of free—radical reactions
exhibit aninduction periodif oxygenisnot rigoroudy excluded.

Such reactions begin sluggishly but their rates suddenly increase when al of the oxygen has been
consumed.

“Induction period and inhibition by retarders are two featuresthat distinguish homolytic from heterolytic
reactions.

Heterolytic reactionsare not accel erated by light, whereas homolytic reactions are frequently accel erated
by light.

Homolytic reactions are much less subject to acid or base catalysis.
Rates of homolytic reactions areless sensitive to changesin solvent polarity and ionic strength.
Relation between structure and reactivity is some what more clear cut than for homolytic reactions.

The kinetic treatment of freeradical reactions tends to be more complex than that of most heterolytic
reactions.

10



PAPER —111 2 UNIT =111
LESSON -3

3.3.I Radical reactions:

Free radical halogenation :

Chlorination of alkaneisatypical freeradical reaction, for it may initiated photochemically or by such
initiators as benzoy! peroxide, tetraethyllead, and azomethane.

c-c ™, ¢l + cl

RH + CIl —— R® + HCI
R® + Cln, —— RCl + Cl

It haslong been recognised that tertiary hydrogens are removed readily in freeradical chlorination than
are secondary, than are primary.

Thereactivities of primary, secondary, tertiary hydrogensareintheratiol: 3: 4.

We except introduction of chloro or cyano substituents facililate radical attack at the o —carbon atom,
for resonance stabilised radical s should be obtained by removal of an o —hydrogen.

—C—.C.l; <> — — ]

—C—C=n «—> —C—=C—1H:

We might therefore predict that alkyl chloridesand nitrileswould undergo freeradical chlorination at the
o —position. But, it isnow known that homolytic chlorination takesplaceat 3 or y —carbon atoms.

Theradical isan electrophile and seeks electron —rrich site in the substrate for preferential attack.

Thus +I groups facililate chlorination where—I groupsretard it.

The side chain chlorination of toluene has been found to be retarded by el ectron—attracting substituents
in the benzenering.

Therelativeamount of substitution at thefour different carbon atomsin 1 —chlorobutane on photochemical
chlorination at 35°is
CH3 -CHy - CHy —CH, - Cl
25% 5% 17% 3%

11



Freeradical chlorination generally becomes |ess sel ective as the reaction temperature isincreased.

Ex..  Chlorination of akyl chlorides, theyield of 1, 2—dichloro compoundsfallsvery nearly zero at temperatures
above 375°C.

Propene on chlorination at about 450°C, substitution occursto thetotal exclusion of addition.

Theallyl radical obtained by H —atom abstraction is stabilised by del ocalisation.
(.3H2 ~CH=CH, =—> CH, =CH—(.3H2
Cyclohexene undergoes analogous alylic chlorination.
Elemental fluorine reactsviolently with most organic compounds under ordinary circumstances.

Flurorination may be studiedin the gasphaseby dilutingwith N5 , oninliquid phaseby dilutionwithinert
solvents CCl3.CFR3.

Fluorination often occursin the dark at low temperatures and in the absence of initiators.

It has been suggested that fluorine radicals are formed together with alkyl radicals when an energetic
fluorine mol ecul e coll oideswith a hydrogen atom of ahydrocarbon chain.

—C-H+ F-F — s —1C* 4y HF + F

Thisisfavoured thermodynamically by the low F —F bond energy (37 Kcal.) and very high H-F bond
energy (135 Kcal.).

Bromination isslower than chlorination H—abstraction by Br isendothermic.

So endothermic in case of |* and that direct iodination of alkanes does not normally takes place.

Bromination is much more sel ective than chlorination.

H\ H\ N
H—C-H < —C-H < —C-H
/ / /
Primary Secondary Tertiary
1 : 80 : 1600

(CH3)3CH foundtoyield (CH3)3CBr only.
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Free radical halogenation may be carried out using reagents other than the molecular halogens. Most
familiar is N-Bromosuccinimide.

co
CHz/ \

| N — Br

CHZ\CO/

Thisoftenan agent for dlyliccarbons. In presenceof efficient initiators, it brominates saturated compounds
aswell.

Bromination probably takes place asfollows

N-Br O, Ne  _—RH NH + R®

Initiator é

@] O O

0] O

0 0

R® + N - Br - 5 RBr + N e
@] N

If R® isdlylic, it may react with second molecule of NBS at one of two sites, leading to a mixture of
bromides.

AM. CHy-CH=CH, —" , [AM CH-CH=CH; <—» AMCH=CH-CHj]
BEr

NBS . am CH-CH=CH; 17%

Am CH,=CH-CH,Br  83%

If there are two non — equivalent alylic hydrogens in the substrate, four different allylic bromides be
formed in the resulting mixture.

Hal ogenation of an optically active form of achiral alkane R R Rl cH found to yield (+) halide.
Racemisation would be observed with either planar or rapidly inverting pyramidal structure.

Bromination of (+) 1 —bromo —2 —methyl butaneisfound to yield active bromide (-) 1, 2—dibromo —
2 — methyl butane.

13



(ie.) Overall substitution occurswith retention of configuration.

Thisisthe result of the original 1 — bromo substituent interacting with one side of the intermediate
radical, the one opposite to that from which H been abstracted.

— promoting attack by Bry onthe other, leading to retention of configuration.

Me CH,Br 4 Me Br ™
CoHs~loc . RN
O I ,
H |
H
N\ Br y
Me Br Me
— > c CH, — CoHs = C —— CH5Br

s
Br—Br Br )

Bromination of an optically active form of the corresponding chloro compound.
1-chloro—2 —methylbutane also result in an optically active product, with retention of configuration.
Hal ogenation with morereactive chlorineisfound to lead wholly to racemisation.

When erythro form of deuterated bromide PhCHD — CHBrPh istreated with NBS. Deuterium atoms
are found to be removed from the substrate nearly twice as rapidly as are hydrogen atoms.

0 0
N2 ¢ N ¢
H—/C—C\—H - N - Br H—/C—C\—H * N-D
Ph B —< Ph B K
r ® r ®
Ph
H

Br Ph H

This unsual isotopic effect is partialy a steric phenomenon. Removal of H requires that the radial
should approach on the more crowded side in the above.

14



Whereas remove of deuterium atom the radical approches on the less crowded side.

Polar effects also favour the removal of deterium atom. It would be expected that the electronegative
nitrogen atomin the attacking succinimido radical would keep asfar as possiblefrom the el ectronegative bromine
in the substrate.

Theresulting dibromideis meso form indicating that the formation of new C—Br isalso stereospecific.

Ph H

Br Ph H

D H Ph

-D* o NBS
— —

H Br

H Ph B H Br

Ph Ph

) {0 (I

Thefavoured conformation of radical isll, inwhich phenyl groupslieasfar apart asitispossible. NBS,
approaches the radical from the less crowded side of the radical.

3.3.ii Auto - oxidations :

The reaction of organic compounds with elemental oxygen under mild conditions are referred to as
auto-oxidations. These reactions takes place by thermselves when the substrate is exposed to atmosphere.

Under mildest condition, (temperature below 100°C) (in presence of freeradical initiator), oxygen attacks
on hydrocarbonsto formakyl hydroperoxides.

. | I
R®"+ —c—H —> R-H + —cC°
I

|
(or)

I
‘0—Q + —C—H —> 0—0—H + —C°
I

The propagation sequenceis

I. e o0
—(I: + .0-86. —> —C—0-0" —»



One of the termination reactionsisthe coupling of alkyl radicalsto form alkane with twice the number

of carbons.

Attack of aC —H bond with R—O — O° radicals proceeds more readily in the order.
Tertiary > Secondary > Primary hydrogens
Removal of hydrogenfroman allylic or benzylic carbonisstill easier.

It may be noted that in formation of hydroperoxides by auto - oxidation, attack occurs at alphato a

double bond, alphato abenzenering or at atertiary carbon.

1)
2)
3

In the absence of added initiators, the auto - oxidations of many hydrocarbons are autocatalytic.
Hydroperoxides may act as free —radical initiators.
The preparation of hydroperoxidesin high yield from hydrocarbons have some serious difficulties.

Temperature, if too low chain reaction becomes slow.

At higher temperatures homolytic decomposition of the hydroperoxide may greatly reducetheyield.
Hydroxides when formed with unsaturated hydrocarbons, can attack the double bonds of the remaining
hydrocarbon molecules.

Theauto - oxidations of hexaarylethanes occur readily in the absence of outside initiators.

sow °

ArsC—CArg —3M , Arac—92 , Apac-0-0 —ABCCAR |

ArC-0-0-C-Arg + AgC ......... etc.
In presence of inhibitors, (catechol), AraC*® formed hydroperoxide.

OH

OH OH
ArCO0° + —_— ArsCOOH + @i

@)
The auto - oxidation of aldehydes proceeds with ease, even at room temperatures.
@)

R-C-H"", Rrc -9, R_c-0-0°

I
O

I
O

RCHO | R_C-0-0-H + RCO.....

I
0]
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Here the product is peroxy acid (R _ (.:O n (.)OH) peroxy acid reacts with  AC,0 to give diacyl
peroxide.

R-C-0-0O0-H + AL O —— R-C-0-0O-Ac + ACOH

|
O

The substancesthat are known to be most effectiveininhibiting auto - oxidations are phenols, Aromatic
amines.

Theseinhibitors are believed to react with peroxy radicals rather than alkyl or acyl radicals.

OH
R-0-0° + Ho@—OH ——> R-0-0O-H =+
—_— Ho@/OH + o:C>:O

Deuterated amines like Ph.NDMe and PhoND were found to inhibit the auto oxidation of cumene as
effectively as undeuterated amines.

If the inhibition process beginswith a breakage of N —H or N — D bonds, deuterated compounds less
effective.

Theauto - oxidationissimilarly inhibited by tetramethyl p— phenylene diamine

MesN —@— NMe,

in which there are no N — H bonds.

Hence, it isbelieved that auto - oxidation action of aromatic aminesisdue not to hydrogen atom transfer
but rather to formation of complex with peroxy radical.

NMej +NMe,
ROO® + Me2N~<E>—NMe2—> OOR «—> © + ROO™ o
MeoN MeoN

17



Auto - oxidations are catal ysed by traces of metal salts. The salt should be derived from ametal having
at least two readily accessible oxidation states differing by one unit.

(Fe, Co, Cu, V, Mn)

Peroxides react with both upper and lower oxidation states of these metals.

Fe'2 t ROOH — > FeOH)*2 + OR®

Fe(OH)2* + ROOH —— Fe'2 4+ HOH + ROO®

Salt having the metal in the lower valence stateis added to a sol ution containing peroxide, the metal ion
will be oxidised, then reduced, then oxidised etc.

Each of these changes generate radical capable of removing a hydrogen atom from a molecule of
hydrocarbon or al dehyde.
Hence, these metal salts enhance the effectiveness of peroxy compounds as radical initiators.

Since such salts, decompose the peroxides, yields of peroxides obtained from such accelerated auto -
oxidations are generally decreased.

3.3.iii  Coupling of diazonium salts:

Diazonium salts react with certain aromatic compounds to give products having the general formula

Ar—N =N — Art called azo compounds. Such reactionsare known as coupling reactions. The nitrogen of the
diazonium group isretained in the product.

ArNo* + Ar'H —— Ar—N=N-Ar
an azo compound

The aromatic ring (ArlH ) undergoing attack by the diazonium ion must contain a powerful electron
releasing group generally -OH, — NR,, -NHR or — NH5. Substitution occurs para to the activating group.
Generdly couplingwith phenolsiscarried out inmildly alkalinesolution, and with aminesin midlly acidic condition.

Evidence from the kinetic studies indicates that the coupling is electrophilic aromatic substitution in
which the diazoniumion isthe attacking reagent.

+ AI‘N2+ EE— O — > + Ht

H N = NAr N = NAr

ArNo* isaweak electrophile and can attack only very active aromatic rings. Coupling reactions are
not observed even with benzene and other less electron rel easing groups containing benzene rings.

18



The coupling reactions are susceptible to the solvent condition. Proper acidity or alkalinity must be
maintained for better yields of the product.

For example, thereaction of anilinewith diazonium saltswasfound to decrease with increasein acidity
of the medium. This is because in high acid condition, aniline is converted into its salt

(-NH5 + HF —— —NH3")andgroup — NH3* deactivating group and the compound becomesunreactive

towards weakly electrophilic reagents (ie.) ArN 2+ .

In case of phenol which isappreciably acidic ionisein agueous solution and existsin equilibrium with
phenoxideion.
OH o

Fully developed _ o~ ismore powerful electron releaving than—OH. If the acidic nature of mediumis

increased, higher proportion of phenol becomes un —ionised and thereby lowers the rate of coupling. Hence,
proper condition of the medium must be maintai ned so asthe reaction to take placeto give better yields of diazo
compounds.

3.3.iv Coupling of alkynes:

Terminal alkynes on heating with stoichiometric amounts of cupric saltsin pyridine or asimilar base
givesdiyneinhighyield. Thisreactioniscalled Coupling of alkynes.

CuX 2

2R-C=CH ——*%-> R-C=C-C=C-R
Pyridine

Thisreaction is known Eglinton reaction. Thisreaction is useful to prepare large — ring annulenes of
Sondheimer et.al. by rearrangement and hydrogenation of cyclic polyynes, by coupling of terminal diynes.

Potassium

// \\ t — Butoxide 4

Themechanism of Eglinton reactionisinitiated by lossof proton. Thelast reactionisthe coupling of two
free radicals.

2R-C=C®° —— R-C=C-C=C-R
Theanionisconvertedinto radical, depends on the oxidising agent.
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Sandmeyer Reaction :

The conversion of aromatic diazo compounds to aryl halides by use of Cu>Cl, appear to proceed
through aryl radicals.

Thereactionisfirst order in diazoniumion andin cuprous chloride (actually CuCl,™).

AI‘N2+ + CuCly™ —— Ar® + N> + CuCly
Thereactionisretarded by large excess of added HCI, suggesting that complex CuCl 4—3 isineffective

in converting diazoniumioninto aryl radical. Univalent copper isnot consumed in the overall reaction.

(ie.) Copper oxidised in the rate determining step must be reduced in a subsequent step.

ANo* + Cl—cu—ClIm —3M , A 4 cl-cu-Cl + N,

et , Arcl + CuCl + N

Addition of hydrogen halides :

Theaddition of HBr to olefinsin non — polar solventsin presence of oxygen or peroxide or withtheaid
of illumination, thedirection of addition isreversed.

R-O-O-R —» 2RO _2HBr 2ROH + 2Br
The addition of Bi radical takes placein the formation of stable carbon freeradical

CH3-CH=CHp, —2'3 CHg—CH-CH,Br

CH3—-CH-CH,Br+HBr —— CH3CH,CHoBr + °Br

Peroxide effect is observed in addition of HBr, but not for addion of HCI or HI.

Homol ytic addition of HBr to substituted cyclohexanes are stereospecific trans—addition. Additionto
1-methyl cyclohexene gives cis— 1 — bromo — 2 — methyl cyclohexane.

H

R HBr R
Peroxide

(R=Me, Cl, Br) Br

The holytic addition of HBr to non—cyclic olefinsat room temperature and above is non stereospecific.
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N

. N~
Br o /\ y L

|

/N

Br

Br

H R
/\ N
R1 . H Br
PSRN
R

At low temperatures, rotation about C = C bond in the radical intermediate becomes much lessfree, if
large of excess of HBr is taken, stereospecificity may be restored.

O—/—0O

H
H Me H
N/ N e " Me
C Br® /‘\(
H ——3» Br Me HBr >
—-80°C °
/N
Br Me
Br Br Br Me
Meso 90%
CisolefinsgivesMeso isomer.
Trans- olefinsgives correspondingd, ¢ compounds.
Homolytic halogen addition :
Usual chain mechanism for halogen addition
Sc=cl XX
1 hV ° - ~ b | Xz | I °
—Xog — X S ——— ~ —C-C— —/—=> —C-C— + X

2 || ||

Addition chlorine and Bromine proceed with ease. Addition of I, is sluggish with fluorine, violent

reaction takesplace. Additionof cj® toordinary C = C double bonds appearsirreversible at temperature bel ow
200°C.
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Reversibility becomesincreasingly important asthe temperatureisraised.

The rate of hydrogen abstraction likewise increases and at temperatures above 450°C, substitution at
allylic position over shadow hal ogen addition.

Ex.: Isobuteneis converted into methyl chloride at about 600°C.
CHy = (|3H —CH»Cl
CHj
The addition of Br® isoften reversible at room temperature.

Thisreversibility isthe ability of bromineradicalsto bring about Cis—transisomerization.

Elemental iodinewhen heated or irradiated in solution al so catal yseisomerisation of olefinsindicating
that addition of iodineatomsto C = Cisasoreversible.

Rearrangements of free radicals :

B, B, B —triphenyl ethyl radical formed by the decomposition of the corresponding aldehydein presence
of peroxide rearrangesto give anew radical and the product is obtained accordingly.

[ ]
tBuO ° -CO

Ph3CCH>CHO ————— Ph3CCHy-C=0 — > Phg—CH, Ph, shift

Ph3C CH,CHO

Pho C-CH»Ph > PhoCH—-CH5Ph + Ph3CCH>CO

(The product Ph3CCH 3 was not obtained)

However non — phenylated radicals suffer no rearrangement.

CHs .

| . CH»
CoHg - C—-CH>» CI/

|

CHs

Thefact that aryl groups, but not alkyl groups may shift in rearrangements of free radical s suggeststhat
such rearrangements proceed through bridged activated complex.

Y. | 9

o Pl o
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Such aryl shift generally does not occur unlessthere is considerable crowding at Cp .

Thus, no migration of aryl group is observed in reactions of radicals of thetype Ar, —CHCH>.

Theformation of bridged radical intermediatesis not easy asthe formation of carboniumions.

Radical displacementson carbon arerare and presumably require consi derable activation energy, whereas
the electrophilic displacement on aromatic carbon takes place easily.

Hunsdiecker reaction :

Silver salts of carboxylic acids may be converted to alkyl or aryl halides by treatment with elemental
bromine or iodine in an inert solvent. This reaction is known as Hunsdiecker reation. It is believed that the
reaction takes place by free radical mechanism.

CgH5CH,COOAg + By % CgHECHBr + AgBr + CO

The mechanism involves the formation of carboxylate radical through decomposition of an acyl
hypobromiteintermediate.

O

—AgBr / / ©

RCOOAg + Bp ———— R-C —— R-C + Br®
OBr o

— > R® +CO, +Br* —— RBr + CO,

Thefirst stepisnot free radical process, acyl hypohaliteis considered to be the intermediate though it
was never isolated from the reaction mixture.
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ADDITION REACTIONS OF CARBON — CARBON DOUBLE BONDS

Thefunctional group present in alkenesis carbon —carbon doublebond. It isthisfunctional group which
determines the characteristic reactions of alkenes. Alkenes mainly undergo addition reactions.

Doublebond consists of astrong ¢ —bond and aweak 7t —bond. Reactionstake place by breaking of
theweak m—-bond. When 1t —bond is broken, two strong ¢ —bonds are formed in its place.

| |
\C=C/+YX—> -C-C-
/ N | I

Y Z

A reaction in which two molecul es combine to give asingle molecule of product is called an addition
reaction.

Carbon — carbon double bond act as a source of electrons (i.e.) it acts as a base. Electron deficient
moleculesor species(i.e) acidsreact with alkenes. These acidic reagentsthat are seeking apair of electronsare
called electrophilic reagents. The typical reaction of an alkeneis electrophilic addition.

Reactions which generally take place are
i. addition of hydrogen (H»)

ii. addition of hydrogen halides (HX)
iii. addition of halogens (X ,)

iv. addition of hypohalites (HOX)

Addition of hydrogen halides, Markovnikov'srule. Regioselective reactions.
An akene react with hydrogen halide to give alkyl halide.
~C=C-+ HX ———-C-C-

H X

dkene  (HX=HC, Alkyl halide
HBr, HI)

Thereaction is carried out by passing the dry gaseous hydrogen halide directly into the alkene. Polar
solvents are used in certain cases which dissolve both hydrogen halide and alkene.

Ethylene reacts with hydrogen iodide to give ethyl iodide

CH, =CHyp+Hl — 5 CH3CH,l

Thereactivity of hydrogen halides towards alkeneis
HI > HBr > HCI > HF

Propene (CH3; — CH = CH, ) reacts with hydrogen halide to give two products, n — propyl halide and
isopropy! halide depending upon the orientation of addition. Actually, only the isopropyl halide is formed.



CH3-CH=CHy+Hl — CH3—(I';H—CH3
I
Isopropyl iodide

In the same way isobutene could give two products, isobutyl halide or t—butyl halide. Actually, only t—
butyl halideis formed.
CHj (|3H3
CH3—£=CH2 +Hl —— CH3—C|:—CH3
I

t—Butyl iodide

On examination of alarge number of such additions, Markovnikov observed that where two isomeric
products are formed one of them is the predominant product.

The orientation of addition was enuntiated by Markovnikov and is known as Markovikov's rule.

In the addition of hydrogen halide (or an acid) to the carbon — carbon double bond of an akene,
hydrogen is bonded to the carbon atom aready having greater number of hydrogens. This is known as
Markovnikov's rule.

Using this rule one can correctly predict the principal product of many reactions.
Examples:

CH3-CH>-CH=CHy+Hl —— CH3—CH2—?H —CHg
|
1-Butene 2 —iodobutane

CHj CHg

| I
CH3-C=CH-CH3+Hl ——— CH3—(%—CH2—CH3
I
2 —Methyl — 2 — butene 2 —iodo — 2 — methyl butane

However, the Markovnikov's ruleis not applicable in respect of such compounds like 2 — pentene. In
this case neither product predominates, equal quantities of two isomers are obtained.

CH3—CH2CH = CHCH3 +Hl —— CH30H2CH —CH2CH3

2 — pentene 3 —iodopentane
+ CH3CH,CHo —CH -CH3

2 —iodopentane.
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Reactionsinwhich orientation of additionissuch that one of the possibleisomeric product isexclusively
formed are called "regioselective" reactions.

Electrophilic addition : Mechanism :

Addition of acidic reagentslike HX to an alkene involvestwo steps.
i. -C=C- + HX ——> —(Ij—g,— (slow)
H
(HX = HCI, HBr, HI)
i -C-C-+:X——>-C-C- (fast)

| © |1
H H X

(Z=c,Br ,17)
In step (i) hydrogen istransferred to alkene (i.e.) without its €l ectrons, to give a carbocation.
-C=C-——»Z: + -C-C-
” | ©
z —’) H H
Electrophilic addition
Step (i) isslow and difficult step and itsrate control sthe overall rate of addition. Thisstepinvolvesthe

attack by an electron—seeking reagent (i.e.) electrophilic reagent and hence the reaction is an example of
electrophilic addition.

+ —
Example:  cH;—CH=CH,+HCl ——> CH3—CH—-CH3+Cl

+
CH3-CH-CH3+Cl ——— CH3-CH-CHj
Cl
The rate of reaction depends on the concentration both alkene and hydrogen halide.

Electrophilic addition : Rearrangement

The addition of hydrogen halide to an alkene is accompanied by rearrangement depending upon the
structure of the carbocation formed in the first step of the reaction.

For example, addition of hydrogen iodide to 3, 3 — dimethyl — 2 — butene gives not only 2 —iodo — 3,
3 — dimethyl butane, but also 2 —iodo — 2, 3 — dimethyl butane.



(|3H3 (|3H3
@
CHzg—C-CH=CH, —" 5 CH3-C-CH-CHj
| |
CHj «  CHs
o -
e lI
® CH3
CHz— C© - CH - CHs CHz— € — CH - CH3
CH3 CH3 CHs |

2 —iodo — 3, 3 —dimethyl butane

I
I

> CH3—(|3— (IZH —CHj
CH3 CHj3

2—iodo -2, 3 —dimethyl butane

Theinitialy formed secondary carbocation rearrangesto give more stabletertiary carbocation by methyl
shift.

Electrophilic addition : Orientation and Reactivity :

It was already mentioned that addition of hydrogen chloride to three types of alkenes takes place
according to Markovnikov's rule.

This reaction follows two steps mechanism.
i. Propene gives 2 — chloropropane.
ii. Isobutene gives tert — butyl chloride.

iii. 2 — methyl — 2 — butene givestert — pentyl chloride.

The orientation of addition depends upon therel ative rates of formation of one carbocation or other. In
the electrophilic addition the rate of formation of carbocation follows the sequence.

+
Rate of carbocation formation : 3° > 2° >1° > CHj

Thisisthe same asthe order of stability of cabocations.

It is now possibleto define Markovnikov's rule as : electrophilic addition to acarbon — carbon double
involves the intermediate formation of more stable carbocation.

In certain akenes, the initially formed carbocation by the addition of hydrogen rearranges to form
more stable carbocation by either methyl shift or hydride shift.

Ex.: Addition of HCI to 3 —methyl — 1 — butene



CHj CHj
I + +

CH3-C-CH=CH, —>S|*;W CH3-C-CH-CHj
H H

(Secondary carbocation)

CH3 CHj
* H™ Shift
CH3-C - CH=CHy ——————— > CH3-C-CH> -CHgj
@
H
CHg CHg

CHz—C-CHy—CH3 —S 5 CHz— C—CH - CH3
@
Cl
Rate of addition of hydrogen ion to adoublebond depends on the stability of carbocation being formed.
Thisfactor not only determines the orientation of addition, but also relative reactivities of alkenes.
Relativereactivity of alkenestowards hydrogen halidesis

CH3
(CH3)2C=C(CH3), > (CH3)2C=CHCHgz > _— C=CH2>CH3CH=CHCH3
CH3

> CH3CH =CHy > CHy = CHy > CH = CHCI

In the above series vinyl chloride was found to react very slowly because the electron withdrawing
group (chlorine) increases the positive charge on carbon atom and hence destabilises the carbocation.

Addtion of hydrogen bromide: Peroxide effect :

Kharasch and Mayo discovered the orientation of addition of hydrogen bromideto an alkenein presence
of peroxide.

Inthe absence of peroxideall thethreetypes of hydrogen halideswerefound to give products according
to Markovnikov's rule. However, the addition of HBr in presence of peroxide was found to give product
exactly opposite to that of the Markovnikov's product. Hence, the reaction of HBr to akeneisalso termed as
Anti—-Markovnikov's addition.

N0 Peroxides . -y .CHBrCH3

CH3-CH=CH, 1Bl , Markovnikov's addition

|_Peroxides oy 2CH,CH,Br
Anti—-Markovnikov's addition
Thereversal of the orientation of addition in presence of peroxidesis known as peroxide effect.



Freeradical addition :

In presence of peroxides, the addition of HBr to an alkene takes place through free radical mechanism.
Peroxides initiate the free radical reaction.

The mechanism of the addition can be understood from the foll owing sequence of steps.

EN

1 Peroxide ____, Radicals
L Chaininitiating steps
2. Radicals+H:Br ___,Rad:H+Br®
A )
3 Brr +-C=C—>-C-C-
3

% Chain propagation steps

Orientation of free—radicals addition :

Free—radical addition of HBr to propene gives 1-bromopropane. In the chain propagation step (3), Br
is added to adouble bond to produce a carbon freeradical. It isthe stability of thisfree radical determinesthe
orientation of addition.

The stability of freeradicalsis
P > 2° > 1 > CHj

Addition of Br takes place in such away so asto give more stable free radical.

— >CH3CHCHBr

CHgz - CH =CHj Br_, (Secondary free radical)

> CHj3 - (IJH —-CH»
Br
(Primary free—radical)

Being secondary free radical more stable thefinal product obtained in the above reaction isn— propy!l
bromide, but not isopropyl bromide.



Addition of Halogens :

Alkenes readily react with chlorine or bromine to give saturated compounds containing two halogen
atoms bonded to adjacent carbon atoms (vicinal halide) lodine fails to react.

| |
-C=C + X»o 4>—|C—|C—
X X

(Brp, Clp)

The reaction can be carried out in an inert solvent like carbon tetrachloride. The addition takes place
rapidly at room temperature.

CHg — CH=CHy + Bry — <14, CH3 - CH-CH
Br Br
Propene 1, 2 — dibromopropane

Addition of brominein carbon tetrachlorideis generally used for detection of unsaturation inthe given
organic compounds. Unsaturated compounds rapidly decol ourise the reddish colour of bromine.

M echanism of addition of halogens:

Addition of halogens to alkenes is believed to be electrophilic involving two steps. The first step
involvesthe formation of haloniumion. If bromineisused asreagent for addition, it resultsin the formation of
cyclic broniumion. ®

) ,/_\ /Br\

- Neoc ~4-C-C
i Br—Br+/ = \——)Br +_| - |_

Brt Br
/' \ _ | |
-C-C- +Br —-C-C-
I I ||
Br
Alkene acting as anucleophile attachesitsel f to one of the bromine and pushesthe other bromine out as
bromideion. The mechanism proposed is based on certain experimental observation made

1. The effect of structure of the alkene on reactivity.
2. Theeffect of added nucleophiles
3. Complete stereo electivity and in the anti addition.

Effect of structure on alkene reactivity :
Alkenes show the same order of reactivity towards halogens as towards acids. Electron — releasing

substituents activate the alkene. This support the ideathat alkenes acts as el ectron source and hal ogen acts as
acid.



Effect of added nucleophiles :

The bromonium ion formed in the reaction of bromine with ethylene, should be able to react not only
with bromide ion, but also other nucleophile added into the reaction mixture. In fact the products were also
isolated in which the added nucleophiles are bonded to the alkene carbon atom.

— Bl CH,Br - CHoBr
| S, CHYBr - CHC
Brt
7\ N

CHy=CHp—22 5 CHy —CH3,
L L CH,Br—CHyl

| NO3 | cH,Br—CH,NOg

Stereochemistry of Addition of halogensto alkenes:

Addition of bromine to 2 — butene is useful example to study the sterochemistry of addition to an
alkene.

Addition of bromineto 2 — butene gives 2, 3—dibromobutane. Two chiral centresare generated in this
reaction.

* *
CH3—CH = CHCH3 + BI’2 —_—> CH3 —Cl:H _(I:H —CH3
Br Br

(+ indicates chiral centre)

The product can exist as apair of enantiomers (I and I1) and a meso compound (l11).

CHj CH3 CHj
H— Br Br — H Br — H
Br — H H— Br Br —H
CH3 CH3 CH3
Q) (I (1) (Meso)
2 —butene exists in two geometrical isomers, Cisand trans.
s . C/H Ha . C/H
VAN —

H CHj CH3 CH3



9

Cis— 2 —butene on reaction with bromine gives only racemic 2,3 —dibromobutane | and 11, but none of
the meso compound.

CHj CHj
H /H
P c_C Bry H— Br Br —— H
CH3 CH3 Br —— H H— Br
CHj CHj
Q) (1)
Only product

A reaction that gives predominantly one sterecisomer of several possible diasterecisomersis called

stereosel ective reaction.
However, trans—2 —butene reactswith bromineto give meso product(l11) only but none of the compounds

[ and Il

CHj
CHj H Br — H
e C/ B,
o Br ——H
H CH3
CHj
(nn

1l Meso only product
A reactioninwhich sterochemically different moleculesreact differently iscalled stereospecific reaction.
Addition of bromineto alkene is both stereosel ective and stereospecific.
Addition of bromine to 2 — butene involves anti — addition

Br
H
HCEN CH3
H
H\\ CH3z (1)
H\\/
CH H
3 Br CH3
Cis— 2 - butene _b>
Br (”)
CHj

| and Il are enantiomers.  H
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Br

an)
\\ Br
H
\\ CHj

CHj Br H
d
Trans—2 —butene — Br
H CHs (Ill)
Il is meso compound

Anti —addition isthe general rule for the reaction of bromine or chlorine with simple alkenes.

Theanti — addition products mentioned in the above reaction can be conveniently be explained with the
help the mechanism already proposed (i.e.) mechanism involving halonium ion formation in the first step of
addition.

Br
N H
H Br ’ CH3
H >
\5___ CHs - CHs
CH
/ i H b 0
H Br Br~ Br
“\\ 2 CH3
CHj 5 \6‘
H
Br CHj
Br
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Br
CH3
+
CH3 Br ’ H
<
\\ v A\H -~ CHs
H
/ H CH3 )d Br ()
H\\ BI’Z BI’_
CH o4
3 c ™~ s
Br H
Br
H cHy (1

Addition of bromineviacyclic bromoniumion.

Hydroboration —Oxidation :

Diborane (BoHg ) reacts with alkenes to form alkylborane. This reaction is known as hydroboration.
Alkylboranes on oxidation give alcohols.

6CHy=CH»> + (BH3)o — 2(CH3CH»)3B

(CH3CH>)3B + 3H,05, — 275 3CH2CH,OH + B(OH)
3 2)3 2Y2 3 2 3

Thereaction procedureis simple and high yields of the products are obtained. Hydroborationinvolves
the addition of BH3 to the double bond, with hydrogen atom bonded to one doubly bonded carbon atom and
boron to the other.

Se-c +H-8C (l:(lz
AT
H B

H>0,, OH _ l'lj_ llz_
H OH
The two stage process of hydroboration followed by oxidation, involves the addition a molecule of

H,O across the double bond.
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Orientation of hydroboration :

Hydroboration —oxidation convertsa kenesinto alcohols. Additionishighly regiosdective. The products
obtained are opposite to oneformed in the acid catalysed hydration.

Examples :
8  CHg-CH=CHy—BH3)2  (cH, CH,—CH,)3B
_H205,0H | CH3CH »CH ,0H
n—propyl acohol
b) (BH3)2 H202, OH

CH3-CH,-CH=CH>
CH3CH>CH>CH>0OH
n— butyl alcohol

The reaction gives products corresponding to anti — Markovinkov's addition of water to the carbon —
carbon double bond. One of the important advantages of this reaction that no rearrangement in the carbon
Skeleton occurs.

Michael addition :

Nucleophilic addition of carbanionto o, f —unsaturated carbonyl compoundsresultingin the formation
of anew carbon — carbon bond is known as Michael addition.

Ex.
H
i.  CgH5CH=CH-CO-CgHs + CH2(COOC,Hsg), _ Piperidine | CeH5—(|3—CO—C6H5
CH(COOC,H5)5
|
ii. CgH5CH=CHCOOC,Hs + CH2(COOCzHs)2 _ ~CoHs | ¢ i ¢ CHoCOC,Hs
CH(COOC,Hs),
H

|
_ CH4 - C—CH4 — COOC,H
iii. CHy—CH=CHCOOC,Hg + CH3— CH(COOC,Hg), ——2c2Hs | =37 ™ =r2 2s

CH3—-CH - (COOC2Hs5)»
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Cl:OOC2H5
iV.  CHp=CH-COOC,Hs +|CH2 _OCoHs | CH — CH,COOC,H5
CN

CN — CH — COOC,Hs5

M echanism :

CH2(COOCoH5)s + Base — » ~CH(COOCoHs5)»2 + H Base

O o
|1l B |
—C=C-C— + CH(COOCoHg)2 —> _C-C=C- -
I
CH(COOC2Hs5)2
| | B |
—C—C =—=C — +H:Base ——» _C-CH,-C=0 + Base
%{—J
o=
CH(COOC 2Hs), CH(COOCHs)2

The function of the baseisto generate carbanion by abstracting proton from malonic ester.
This carbanion acts as nucleophile, which attacks on the conjugated system.

Such compounds having active methylene groups in them easily generate carbanions in presence of

Compounds like ethyl cyanoacetate, ethyl acetoacetate can also be used.

Hydrogenation of double bonds :

Hydrogenation is the addition of hydrogen to a multiple bond. A simple example of this reaction is
addition of hydrogen to ethyleneto give ethane.

CH2=CH2+H2 —)CH3—CH3

The bondsin the product are stronger than in the reactants. The overall reaction is exothermic and the
heat evolved on hydrogenation of alkenesis defined asits heat of hydrogenation.

Theuncatal ysed addition of hydrogen to an akene, although exothermicisdow. Therate of hydrogenation
increasestremendoudly in presence of certain finely divided metal catalysts. Platinum, palladium, nickel, rhodium
are generally used. Metal catalysed reactions are very rapid at room temperature and good yield of the
products are obtained.
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Thesolvent used in acatalytic hydrogenation ischosen asto dissolve the alkene. Generally acetic acid,
ethanol and hexane are used. The metal catalysts are insolublein these solvents. Two phases, the solution and
the metal are present. The reaction takes place at the interface between them. Such reactions are known as
heterogeneous reactions.

Heats of hydrogenation :

Heats of hydrogenation have been used to assess the relative stabilities of alkenes. Catalytic
hydrogenation of 1-butene, cis— 2 — butene and trans — 2 — butene give same product butene. Measured heats
of hydrogenation reveal that trans— 2 — butene is 4 KJ/mole lower in energy than cis—2 —buteneand cis—2 —
buteneis 7 KJmoleis lower in energy than 1 — butene.

Thefollowing order will givethe stability of alkenes.
CHp=CHjp, RCH=CHy, RCH=CHR, RCH=CHR, RC=CRj

Decreasing heat of hydrogenation

Increasing stability of doublebond'
Stereochemistry of alkene hydrogenation :

Hydrogenation of alkenesin presence of ametal catalyst takes place in which both the hydrogen atoms
are added to the double bond from the same side of the alkene.

S e
H  H

C ——
/A
:

L

Syn—addition
Theterm syn —addition is used to for such addition reactions.
Example :

Hydrogenation of E — stilbene derivative gives aracemic mixture where asZ — stilbene derivative gives
Meso isome.

HaC

\/ CgHs HsCg

H
// CHis H3C
H,. Pd H CeH
HeC : H - o
5 6/\
CH o CeHis
3 HsCq CHj
H

E — compound d and ¢ compounds
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HsCgq
H5Cg H
CH3 CHj HeC
5Ce
H-, Pd
/ —2=, H + H CHs
HSCG/\ HsCe CHj
CH3 HsCh CHs
H
Z — Alkene

Meso compound

Hydrogenation of triple bonds :

The conditions of hydrogenation of alkynesare similar tothose of alkenes. In presence of finaly divided
catalyststwo molar equivalents of hydrogen add to the triple bond of an alkyneto give alkane.

R-C=CR'+2H, — » RCH, — CHoR!
Substituents effect the heat of hydrogenation in the same way they effect alkenes.

Alkyl groups release the alkyne and decrease heat of hydrogenation.

CH3CH,C=CH CH3-C=C-CHj
1-Butyne 2 —Butyne
—AH 292KJ/mole 275KJmole

Alkenes are the intermediates in the hydrogenation of alkynesto alkanes.

RC=C-R Ho SRCH = CHR  eeeeeeenennes First addition
RCH = CHR L)RCHZ “CHoR e Second addition

Partial hydrogenation provide a useful method for the synthesis of alkenes. Thisis most frequently
affected by using Lindlar's catalyst. Palladium on calcium carbonate combination to which lead acetate or
quinoline is added is known as Lindlar's catalyst. These substances partly deactivate the catalyst making it a
poor catalyst for alkene hydrogenation while it can act as catalyst for hydrogenation of alkynes.

Hydrogenation of alkynesto alkeneishighly stereoselective and givecis (or Z) alkenesby syn addition
totriple bond.

CH3(CHzl3 (CH7)3CH3
H
CH3(CH3)C=C(CH7)3CH4 z - C—=c
Lindlar 'z catalyst / \
5—Decyne o I

21 5—=Decene (87%
(
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Hydrogenation of aromatic rings :

Aromatic systems are considered to be most stabl e systems. Hydrogenation of such systemshby catalytic
methods generally require higher temperature (100 to 200°C) than ordinary double bonds.

Though the reaction is usually carried out with heterogeneous catalysts, homogeneous catalysis have
also been used, conditions are much milder.

Ho
—>
Cat.

Many functional groups such as—-OH, O~, - COOH, — COOR — NH, €tc. do not interfere with the

reaction but some groups may bereduced. Among theseis — CH,OH which undergo hydrogenolysisto CH3.

Phenols may be reduced to cyclohexanones. Heterocyciclic compounds can bereduced. For example, furanon
hydrogenation givestetrahydrofuran.

Benzene on hydrogeneration does not stop only after hydrogenation of one or two double bonds. Thus

one mol e of benzenewith one mole of hydrogen does not give cyclohexadiene or cyclohexene but % rd moleof

cyclohexaneand % rd moles benzene. Thisisnot truefor all aromatic systems. Phenanthrene on hydrogenation
give9, 10-dihydro compounds.

When aromatic rings are reduced by sodiuminliguid ammoniain presence an alcohol 1, 4—addition of
hydrogen takes place to give unconjugated cyclohexadiene. Thisreaction isknown as Birch reduction.

[::] Na- liquid NH3 [::]

When substituted aromatic compounds are subjected to the Birch reduction, el ectron donating groups
decrease the rate of reaction and are generally found on the non reduced position of product. For example,
anisole on Birch reduction gives 1 — methoxy — 1, 4 cyclohexadiene.

OCH3 OCH3

Nain liquid NH3

On the other hand, electron withdrawing groups such as—COOH or — CONH» increase the reaction
rate and are found on the reduced position of the product.

M echanism :
Mechanisminvolvesthedirect transfer of €l ectron from sodiumto thering producingaradical ion. The

radical ion acceptsaproton from the solvent to give aradical which isreduced to acarbanion by another sodium
atom and proton is accepted to form the product.
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H H H
€
@ _ ROH
+ € D .
H H
H H H H
+e @ ROH @j
E— —>
)
H H H

Ordinary olefinsare usually unaffected by Birch —reduction. Aromatic systems containing unconjugated

double bonds are not affected by Birch reduction.

NP

o0 AW

UNIT —111
MODEL QUESTIONS

“Markovnikov’sruleisbased on the stability of intermediate carbocation” explain with an example.
What are the possible products of bromination of 1, 3 — butadiene which compound isformed in major
amount ?

Givean examplefor chemosel ectivity in el ectrophilic addition to alkene.

Discusson theregioselectivity of electrophilic addition reactions.

What is general mechanism of an electrophilic substitutionin benzene ?

Discuss briefly about the influence of a substituent about the orientation of substitution in benzene
system.

What do you understand by ipso attack, explain with an example ?

What are free radicals ? How they are generated ? Write with suitable examples.

Discuss briefly about the free radical s addition of HX to an alkene.

What are diazocompounds ? How they are obtained ?

Write short notes on Sandmeyer reaction.

“Hundiecker reactionis useful to prepare alkyl halide”. Explainwith an example.

What is meant by hydroboration ?

Write short notes on Michael reaction.

Coupling reaction are an important class of reactionsfor synthesis of azo compound. Explain briefly.



UNIT =1V :: Lesson-1
ADDITIONTO CARBON -HETERO MULTIPLE BONDS

4.1 Metal hydridereductions:

Themost important reagentsused for meta hydride reductionsarea uminiumalkoxide, lithiumaluminium
hydride and sodium borohydride.

4.1.i Meerwein — Pondorff — Verely reduction : (MPV reduction) :
Thereduction of carbonyl compoundsto a coholswith aluminiumisopropoxideis called MPV reduction.
The reaction is easily effected by heating the components in isopropyl alcohol. The product is obtained by

distilling off acetone asit isformed.

Thereaction is considered to proceed by transfer of hydride ion from the i sopropoxide to the carbonyl
compound through asix membered transition state.

Aldehydes are reduced to primary alcohol, while ketones are reduced to give secondary alcohols. The
advantage of this reaction is carbon — carbon double bonds and other unsaturated groups are unaffected.

Examples :
i) CgHsCH=CHCHO -  CgHgCH =CHCH ,OH
Cinnama dehyde Cinnamyl acohal

CH »OH

&

iii) CgH5COCH »Br - CgHs —|CH —CHoBr

OH
Phenacyl bromide Styrene bromohydrin
M echanism :
Al (|so pr)o
1 o
\ /\ <o R\ /OAI (iso—pr)»
R/ m /CH3 — / \H + CH3COCH3
\
H3 lHydrolysis
1
R
“SCHOH + Al(OH)3
R/



4.1.ii Reduction with lithium aluminium hydride and sodium borohydride:

Lithiumaluminiumhydride ( LiAlH 4 ) and sodium borohydride (NaBH4) areconsidered mixed hydrides.
LiH+ AlH3 -  LiAlHy4
NaH + BH3 —  NaBHy4

The compounds onionisation produce AlH 4 and BH 4 which act as nucleophil esand attack polarised
multiplebondssuchasC =0, C= N by transfer of hydrideion to the more positive atom. They do not reduce
isolatedC=Cor C=C.

All the four hydrogen atoms may be used for reduction, being transferred in a stepwise manner.

R R
|_ | |
H—Al—m(::o — > H-C-OAIHg —moesof
| | | CHCOCH
H RL RL

I
L - H-0"
H-C-OlAI" _HO . 4R_CHOHR! + AI(OH)s

1
R 4

For reduction with LiAlH 4, each successive transfer of hydride ion takes place more slowly than one
before.

LiAlH4 is the most powerful reducing agent than NaBH, and reduces most common functional

groups.

AN N

C=0 e / CHOH
—COOR - —CH,OH + ROH
— COOH — = —CH,0H
—-C=N —  » —CHoNH>»

LiAIH 4 reacts most readily with water and other compounds containing hydrogen atoms. Hence, the

reductionwith LiAIH4 must be carried out under anhydrous conditions, and in non—hydroxylic solvents.

(ie.) ether, tetrahydrofuran (THF) are commonly used as solvents.



NaBH 4 reactsslowly with water and most a cohols at room temperature. Reduction is often effected
inethanol solution.

At room temperature, NaBH 4 readily reduces aldehydes and ketones, but it does not generally attack
esters or amides.

Examples :
LialH 4 (or)
) CHp=CH-CH=CH-CHO » CH;=CH-CH=CH-CH0OH
MaBHg
O
|| H OH
i) NaBH 4
e
CoH5OH
COOC5H5 COOC2Hs
i LIAIH 4 O
N X Ether N
| © I
CHj CHj
: NN NaBH 4 NN
iv) O,N CHO —— =  OyN CH20H
CoH50H

An exception to the general rulethat carbon — carbon doubl e bonds are not attackd by hydride reducing
agentsisfound in the reduction of B —aryl — a, B —unsaturated carbonyl compoundswith LiAlH4 .

LﬂﬂH4
CgHsCH = CH- CHO > CsHsCH4CH,CH,0H
Ether 35°C
MNaBHy (or)
CgHsCH = CH- CHO _ > CsHsCH=CH- CH,0H
LﬁﬂH4
Ether —10°C

Triple bondsflanked by hydroxyl groups are reduced.

H H
CH= C- CHOHC4Hg _ LAty | >r:=r:/

H CHOHC 4Hg



Aldehydes, ketones, carboxylic acids, ester amides can be reduced smoothly to corresponding alcohols
under mild conditions.

Li.e'—“'.lH4
CHsCOCHCOOC9Hs T» CH3CHOHCH,CH70OH
Ether

NaBHy
— > CH3CHOHCH,COOCHs
Ethanol
In order to reduce ester group in presence of aketo group in the moleculewith LiAIH4 , theketo group

must be protected. Thiscan be done by reaction of the compound with ethylene glycal to produce acyclic ketal,
which then can bereduced and hydrolysis give ketone containing al cohol.

]

] ]
Ethylene glycol N /
CH3COCH 5C00C 5 Hs > CHj-C-CH;C00C;Hs
Con. HCI
() LiAlHg, her | o COCH 2CH,0H

(i) H30"

The reducing properties of NaBH 4 are substantially modified by the presence of certain salts. For
example, in presence Ce(IV), selective reduction of a diketone can be effected.

— lessreactive carbonyl group is reduced before the other.

Ketones can be reduced in the presence of aldehydes by reaction with one equivalent of NaBH,4 in

aqueous ethanol in presence of cerium (IV) chloride. Thisreasonfor thisisthat the aldehyde group is protected
asthe hydrate, which is stabilised by complexation with the ceriumion.

Reduction of carbonyl groups of unsymmetrical ketone such as ethyl methyl ketonesleadsto theracemic
mixture. Ketonesinwhich an assymmetric carbonis present on the adjacent carbonyl carbon, the carbinolsare
not produced in equal amounts.

CHj

H. /O H._ / H._ /

CHj

c—=cC — > H C-—\\C —C__ c— C.__
3¢ / \CH = ‘ “on H3C// \\‘OH
CeH11 3 CeH11 CeH11 H

The main compounds formed in these reactions can be predicted on the basis of Cram’srule.



According to Cram’s rule, the diastereoisomer predominates in the product which is formed by the
approach of the reagent to theless hindered side of the carbonyl group, when the rotational conformation of the
molecule is such that the carbonyl group isflanked by two less bulky groups on the adjacent chiral centre.

H-
) / H
M S M S
—>
R HO R
L L (Predominant)
H-
\\\\ o) H
M S M S
D
R R OH
L .
(Less predominant)
L — Large size group
M - Medium size group
S - Small sizegroup

4.1.iii Reduction of carboxylic acids to alcohols :

RCOOH —-AMa  pen,0H

Carboxylic acids are usually reduced to primary alcohols by LiAIH,. The reaction does not step at

aldehyde stage. The reduction takes place under mild conditions at room temperature. The reduction of
—COOH groups takes place without affecting carbon — halogen bonds in the same molecule.

Reduction of carboxylic esterswith LiAlH 4 give ethers.

LiAIH4
—

RCOOR?! RCH,OR!

The more usual course of reaction is two produce two alcohols (ie) RCH,0H and R1oH .

Sodium borohydride reduces phenolic esters, containing electron —withdrawing groups.

Reduction of cyanides produce amines.

LiAIH4
—

RCN RCH,NH -

[51]



4.1.iv Addition of Grignard reagent to Carbonyl compounds

This reaction is very much useful for the preparation of primary, secondary and tertiary alcohol by
appropriately selecting the carbonyl compound and Grignard reagent. Grignard reagentsare prepared by treating
magnesium metal withan akyl halidein dry ether. Absolutely dry condition must be maintained for good yield of
Grignard reagent.

RX + Mg dry ether

RMgX
Of the alkyl halidesiodides reacts much faster than bromides which in turn react faster than chlorides.
The carbon — magnesium bond of the Grignard reagent is highly polar bond, carbon being negative
relative to electropositive magnesium. In the addition to carbonyl compounds, the organic group becomes
attached to carbon and magnesium to oxygen.

\5+ o— | H-o0 l
/C =0 + R—MgX — > —(l:—OMgX — 4 » _(|:_OH + Mg(OH)X
R R

The product isthe magnesium salt of theweakly acidic alcohol and can be easily convertedinto al cohol
by the addition of the water.

4.1.v Products of the Grignard synthesis :

The class of alcohol obtained from Grignard synthesis depends upon the type of carbonyl compounds
used. Formaldehyde (HCHO) yields primary alcohoals, other aldehydes, (RCHO) yield secondary alcoholsand

ketone (R,CO) yieldtertiary alcohols.

H
H H |
SC=0+RMgX —» Scoomgx M9 Lo clon
R R
Primaryal cohol
H
1 1
R R
\C=O+RMgX —> \C—OMgX H—ZO) Rl_C_OH
R R
Secondary a cohol
. . Rll
R R
SC-0+RMgX ——»  >c-omMgx 129 o1 oo
Rll/ 11/|
R™ R

R
Tertiaryal cohol

Ethylene oxide reacts with Grignard reagent to give primary alcohol.

[61]



CHy -CHp + RMgX —> R -CH»-CH»-0OMgX —DHZO R-CHy -CH>0OH
o Primary alcohol

4.1.vi Planning a Grignard synthesis :

It is always necessary to identity what carbonyl compound and Grignard reagent must be selected in
order to prepare arequired alcohol inthelaboratory. A look at the structure of the required alcohol reveal that,
the groups bonded to the carbon atom bearing —OH group, one must come from the Grignard reagent, the other
two (including any hydrogens) must come from the carbonyl compound.

Let usconsider the synthesisof 2 —methyl —2 —hexanol. Thisalcohol can be prepared from more than
one combination of the reagents.

| CH3 0O
| |
CH3CH>CHSCH 5 —:— C-CHj «—— CH3CH2CH2CHoMgBr + CH3-C-CHg

|
2—Methyl — 2— hexanol OH

T CHj
CH3CH,CH2CHy —C=0 + CH3MgBr

4.1.vii Limitation in Grignard synthesis:

Grignard reagents are extremely reactive compounds and react readily with water to produce alkanes.
Inthe same way any compound contai ning hydrogen attached to el ectronegative el ements|like oxygen, nitrogen,
sulphur or even triply bonded carbon decompose Grignard reagent.

Alkyl halides, carbonyl compound and the ether used as solvent must be scrupulously dried. During the
experiments contents of the reaction must be protected from moisture. It isnot possible to prepare Grignard
reagents from such compounds containing —OH groups.

4.1.viii Addition of Grignard reagentsto o, —unsaturated carbonyl compounds :

1, 2 — Addition of Grignard reagent :

Grignard reagentsundergo 1, 2—addition to a, B —unsaturated carbonyl compoundsto give an addition
product which on acid hydrolysisgive corresponding a cohol.

OMgBr OH

| |
—CH-C- — > _CH-C- H,0
CHy=CH-C—H + CH3MgBr CHy=CH-C—-H 9, CHy-CH-C-H

CH3 CH3

Thisreaction iswidely useful in organic synthesis. For example conjugated dienes useful in Diels—
Alder addition can be readily obtained fromthisreaction.

[71]



Example :

ﬁ OMgBr HO. CHa

H3C
CH3MgBr Hydrolysis Dehydration
—_— —

4.1.ix 1,4 —addition of Grignard reagent :

In pressure of copper salts as catalysts the nucleophilic carbon of the Grignard reagent add to the p—

carbon of an a, B — unsaturated carbonyl compound to give an addition product which on hydrolysis give a
product of 1, 4 —addition.

OMgBr OH 0]
” CH3MgBr Y Y ”
—= =
| (\R CuCl R HCl R . R
H->0 ‘
HaC H3C H3C
0] OMgBr o)
CH3MgBr HCI
CuCl H-20
H3C HaC

4.1.x Wittig reaction :

Wittig reactionisanimportant reaction for synthesis of alkenesfrom aldehydes or ketones. Thereaction
involvesthetreatment of an aldehyde or ketone with alkylidenetriphenyl phosphoranes (Wittig reagents)

R R
>C=O + (CgHg)3P=CHy, —»p >C=CH2 + (CeH5)3PO
1 1
R R Triphenyl phosphineoxide

Before going to study the mechani stic aspects of Wittig reaction, it isnecessary to understand asto how
the Wittig reagents are obtai ned.

Alkylidenetriphenyl phosphoranes are usefully prepared by treating triphenyl phosphine with an alkyl
halide and then abstracting the al pha hydrogen from the resultant phosphonium salt by the action of strong base
such as sodamide or sodium hydride.

(‘l\ + —
(CgHsizP + R-CH; - Br — (CgHs)3P-CH3E + Br

+ Base
CgHg)3P-CHyp —R ——— (CgHg)3P=CHR
6M5)3 2 6M5)3
(Wittig reagent)



M echanism :

® 0O
(CgHg)3=CHR =-—— (CeHs)3 P — CHR

Phosphoraneform Ylideform

R - + R

>C=O + RCH-P(CgHs)3 —» \c—o“)
R S —

CH - P(CgH
s (CeHs)3
R

R

=6 o R
RV | | —> C=CHR + (CgH5)3PO

CHZ—P(CgH5)3 R
R/

Themain step in thereaction isthe nucleophilic attack on carbonyl carbon of the al dehyde or ketone by
thea kylidenetriphenyl phosphorane (acarbanion stahilised by resonance with d - orbital sof adjascent phosphonium
cation). Theinitia addition product formed subsequently decomposeto produce an a keneand triphenyl phosphine
oxideviafour membered cyclic transition state.

Wittig reaction isaccel erated by the presence of electron withdrawing groupsin the carbonyl compounds.

This reaction involves the conversion of C =0 into C = C. Thereaction has an advantage in that the
position of doublebond isthe positioninwhich C= O group ispresent and no other alkene products are obtained.

4.1.xi Stereoselectivity in Wittig reaction :

It was found in general that unstabilised phosphoranes give predominantly Z — alkenes in presence of
polar solvents. For example, the Wittig reagent gives below react with propanal to give 95% of Z —akenein
presence of dimethyl formamideand lithiumiodide.

H502\ Ph
Ph3P = CHPh + COHsCHO ——p /C =C

Thereasonsfor the selectivity are based on the steric effects devel op when the carbonyl compound and
the reagent approach. On the case of unstabilised reagent, the formation of betaine isirreversible and betaine
which isformed determines the major product. Polar solvent in thisreaction solvate the betaine. Further, the
elimination of triphenyl phosphine oxideis syn, and hence predominant amount of Z —alkeneis obtained.

[o]



R © @
SE—Png 4 Rl—(ll,—H —>
H/

o
H H
— + Ph3PO
H R H/\R

In case of stahilised phosphoranes, the formation of theintermediate betaineisreversibleand thisallows
the formation of the more stable stereoisomeric form of betaine. Thus reaction proceeds through the more

stable betaine and syn — elimination of triphenyl phosphine oxide resultsin the formation of E —alkene.

+
PPh3 PPh3

| |
c® — +0=c< —

- // + Ph3PO

ROC/\H

(E—akene)



UNIT -1V :: Lesson—-2
MECHANISM OF CONDENSATION REACTIONSINVOLVING ENOLATEANION

4.2  Any molecule having acarbonyl group with an o — hydrogen atom can exists in two tautomeric forms
called keto-enol tautomerism. The o — hydrogen with the influence of carbonyl group behaves like an acidic
hydrogen and in presence of a base, a proton can be extracted to form a carbanion.

Thiscarbanion isstabilised by the carbonyl group.

The resonance hybrid of enolate can be represented as

ll_l C IIIIIC
H-C—C a
| O @)

o O il

| iscalled as carbanion and it is the conjugate base of carbon acid that is, an acid which loses a proton
from carbon.

The carbanion like this stabilised by the adjacent carbonyl group and is called enolate anion. It isthis
enolate anion that will participatein reaction.

The carbonyl group occursin aldehydes, ketones, esters. These groups make the o — hydrogensacidic
and thisacidsin the formation of carbanions. These carbanions are extremely reactive speciesand behave like
nucleophiles. These nucel ophiles can attack on other el ectrophilic carbon atomsto form acarbon-carbon bond.

4.2.1 Aldol condensation :

In presence of dilute base two molecules of an aldehyde or a ketone combine to form a § — hydroxy
aldehydeor - hydroxy ketone. Thisreactionisknown asadol condensation.

2 CH3CHO&>CH3 —CH-CH,CHO
H
3- hydroxy butanal



I
OH
4 — hydroxy — 4methyl pentana

CHg
OH
2 CH3COCH3——> CH3-C—-CH>COCH3

If aldehyde or ketone does not have an o, — hydrogen, aldol condensation cannot take place.

Ex : Aryl adehydes ArCHO
Formaldehyde HCHO

Trimethyl acetaldehyde (CH3)3C.CHO

Aryl ketone ArCO Ar
These compounds do not undergo aldol condensation.

Mechanism :
Step (1) CH3CHO+ OH H,0+ CH,CHO
(V)
H
H |
| _ CH3—?—CH2CHO
Step (2) CHg - =0+ CH,CHO
0 o
(V)
H
) CH | CH,CHO+ OH
Step (3) CHz £~ CHoCHO+ Ha0 3=~ CHaCHO+
OH
o

(vi)
In step (1), base abstracts a proton from the ¢, — carbon atom of the aldehyde to form carbanion 1V.
This carbanion 1V attacks (step 2) carbonyl carbon to formion V. lonV abstracts a hydrogen ion from water

toform B — hydroxyaldehyde V1, regenerating hydroxideion.

Inasimilar way the compound in aldol condensation using acetone can be represented as

CH3COCH3+ OH < CH, COCH3+H,0

CH3-C=0+CH,COCH3 CH3—C-PH2C0CH
o-




CH3-C-CH2COCH3+H20 CH3—?—CH2COCH3+6H
o~ OH

4.2.ii Dehydration of aldol products:

The products obtained in aldol condensation can be dehydrated very easilytoget o, -unsaturated
carbonyl compounds.

H
| .
CHz - €~ CHo CHO dil.HCI, warm | 1 .CH = CHCHO+ H,0
OH
CHj CHj
CH3—(|:—CH2COCH3 L?;ﬁ“d CHgz - C=CHCOCH3 + H,0
ISt

OH

Elimination of water takes place easily because the alkene obtained is stabl e dueto presence of carbon-
oxygen double bond in conjugation with the carbon-carbon double bond formed. When aromatic ketones are
used the product finally obtained is dehydrated one, asthe alkeneis particul arly stable duetoits conjugation with
aromatic ring. The same can be explained by thefollowing examplein which the al dol condensation of acetophe-
none results in the formation of an akene.

Hj
(B¢ an st (@b -onesD)
O

H
0 s
— C =CH—CO-@

4.2.0ii Crossed aldol condensation

A adol condensation between two different carbonyl compoundsiscalled crossed aldol condensation.
Thereactionisgenerally not conducted in thelaboratory, because amixture of four products are obtained when
two different carbonyl compounds are used. However, exclusive aldol product can be obtained when one of the
carbonyl compounds containsno o — hydrogen.

For example an aldol condensation between benzal dehyde and acetal dehydeis crossed aldol condensa-

tionreaction . Asthereisno o — hydrogen in benzaldehyde self condensation cannot takes place. The carban-
ion can be produced only from acetal dehyde which can attack on carbonyl carbon of benzal dehyde.



{0)- cHo+CHycHO 1, {0)-cH=cHeHo

M echanism:

Step (1) CH3CHO+ OH CH,CHO+H,0

H

1
<::>'C+CH2CHO

|

.

H

| _
Sep (2) @ ¢+ TH,CHO
0

i
e — @ C~CH,CHO
OH

H

1

C-CH5>CHO +H50
Step (3) @. 2CHO +H>

L

H20
Step (4 @ : 7O s {o)-cH=cHcHo

A similar aldol condensation can also be considered for reaction between formal dehyde and acetal de-
hyde.

4.2.iv Claisen condensation

An o — hydrogenin an ester also behaves|ike acidic hydrogen and in presence of base acarbanion can
be produced. Claisen condensation involves the condensation of two molecules of an ester to givea 3 — keto

ester. Carbanion formed from one mol ecul e of ester acting as a nucleophile can attack on the carbonyl groupin
the other ester mol ecul e resulting in asubstitution reaction.
When ethyl acetate is treated with sodium ethoxide, followed by acidification gives acetoacetic ester

|
2CHCO0C,Hg 220, cH, — C— CH, COOC,Hs

iiyH
M echanism :
Step (1) CH3COOC,Hs5 + CoHs0™ CH, COOC,H5+ C,H50H
|
@] o~
Step (2) " € !
CH3—C—OC2H5+CH2COOC2H5 CH3_CI:_CH 2COO0 CyH5

OC,Hs

I



—_—

1l —
CH3-C—-CH,COOC,Hg+ OCyHg
Il
In step (1) ethoxide ion abstracts a proton from o — carbon atom of the ester to form a carbanion (1).

This carbanion being a nucleophile can attack on carbonyl carbon of another molecule of ester to displace
ethoxide ion to give acetoacetic ester.

If ethyl propionateis used in Claisen condensation the product obtained again a f — keto ester.
- 1]
2CH3 CH, COO CoHg — 2215 CcH,CH,-C- CH —COOC,Hs
CHj
4.2v Crossed Claisen condensation :
Like crossed aldol condensation, crossed Claisen condensation is generally feasible only when one of

the estersdoesnot contain o — hydrogen. For example condensation between ethylbenzoate (no o — hydrogen)
and ethyl acetate the product is ethyl benzoyl acetate.

0
5 I
@ COOC,H; + CH3 COOC,Hs — 25215 @- C—CH,COOC,Hs

4.2vi Knoevenage reaction :

Condensation of an adehyde or aketone with compounds having active methylene group in presence of
abase to give o, 3 —unsaturated compound is called Knoevenagel reaction. The generally used basesin this
reaction are primary amines, secondary amines, tertiary amines. For example aniline (or) dialkyl amines (or)
trialkyl amines (or) pyridine or piperidineetc.

CgH5CHO + CH(COOR), — P14, ¢ H.CH = C(COOR),

Benzaldehyde Malonic ester

__i) hydrolysis CgHsCH = CHCOOH
i) heating cinnamic acid

M echanism

+ —
R3NH+CH(COOR),
|

Step (1) R3 N+ CH,(COOR),



O _

I -
Step (2) R~ C+ CH(COOR ),

H

O

R-—

-0O—

— CH(COOR),

T

o
| +
Step (3) R~C-CH(COOR), +RgNH

H

H

R - C—CH(COOR), + R3N

Tr—-0—0

i)hydrolysis
Step (4) i) heating . RCH =CH - COOH

In the first step base removes a proton from active methylene group to generate a carbanion. The
carbanion then attacks on the carbonyl carbon of the aldehyde (or ketone) to give Il (step 2), which abstracts

the proton to form ahydroxy compound 111, (step 3). I11 on hydrolysisand decarboxylation givesan o, 3 — unsat-

urated acid.
The reaction is given by both aromatic as well as aliphatic aldehyde. In this reaction ketones are less
reactive than aldehyde due to steric and electronic effects.

Knoevenagel reaction isuseful for preparation anumber of o, 3 —unsaturated acidslike
Crotonicacid CH3CH = CH COOH
Cinnamic acid CgH5CH = CH COOH etc.

4.2vii Perkin reaction :

A condensation reaction between an aromatic aldehyde with an acid anhydride (having at least two
o.— hydrogen atoms) in presence of sodium or potassium salt of the corresponding acid, to gives o, 3 — unsatur-
ated compound is called Perkin reaction.

CH3COONa
CeHsCHO+(CH3CO)0 = 7 CoHsCH = CH COOH + CH4COOH

M echanism :

CH3COOCOCH, +CH3 COOH

Step (1) CH3CO-0-COCH3+CH4COO
acetic hydride '
o O—

[l I
Sep () C6H5—(I:H+ CH,CO—-0-COCH5 CGH5—C|;—

CH,CO-0-COCH 3
(1)



PH

Step (3) Il + CH4COOH — CgHg —C—CH, COOCOCHg + CH3CO0™
Il
(0]
Step (4) [ % CgHg — CH = CH.COOCOCH5
IV
Step (5) |V WAOSS | & 1.~ CH = CH COOH + CH,COOH
Vv

Acetate ion acting like a base abstracts a proton from the anhydride to form a carbanion (1).

The carbanion () attacks on the carbonyl carbon atom of aromatic aldehydeto give (1) which interms
takes up proton from acetic acid to give (111). 111 undergoes dehydration on heating to give IV which on hydroly-
sisgives Cinnamic acid (V).

Thereactionis specific for aromatic al dehydes which cannot undergo self condensation in presence of
base.

4.2viii  Mannich Reaction :

The condensation of acompound contai ning active hydrogen with formaldehyde in presence of ammo-
nia or primary, secondary amines to form amino methyl or substituted amino methyl derivative is known as
Mannich reaction. The base called Mannich base is usually isolated as its hydrochloride. Aryl amines do not
normally respond in thisreaction.

C6H5COCH3 +HCHO + (CH3)2 NH.HCI — C6H5COCH 2CH2N(CH3)2 HCl + Hzo .

Withammoniaor primary aminesthe reaction may proceed further sincethefirst formed Mannich base
still contains hydrogen on nitrogen atom.

CH3COCH3+HCHO+CH3NH,.HCl — 5 CH3COCH, CH, NH.CH3.HCl + H,0

—HCHO ,(CH3COCH, CH),N.CH3HCI + H,0 -

Hence, secondary amines are generally preferred for this reaction.
The active hydrogen containing compound which participate in this reaction are aldehydes, ketones,
esters, phenols, nitroalkanes, etc.

Mechanism :
Inthefirst step ﬁmi neand formaldehyde gondense to form iminium cation.

o H " .
R2N =CH2+H20

R,NH+ H-C—H RoN-C-CH
H

It isthen attacked by the enolate anion of the active hydrogen compound to from Mannich base.




RCOCH,CH, NR,
Mannich base

.- +
RCOCH2+R2 N =CH2

4.2.ix Stobbe condensation :

Aldehydes and ketones condense with the diester of succinic acid in presence of base to give the salts
of a,B— unsaturated half estersis known as Stobbe condensation.

Carbonyl compounds generally used arealiphatic, and o, — unsaturated aldehydes aliphatic aromatic,
alicyclic ketones.

Thebases generally used are : Sodium ethoxide (C,H5ONa) , Potassium tert-butoxide (Me3; COK) or
sodium hydride (NaH).
CH,COOC,H5 COOC,H5
R2C=0+ b, c00CHs  R,C=C—CH,COOK
Thereaction is specific for succinic ester.

Mechanism :

The base abstracts a proton from succinic ester to give carbanion in the first step.

CH3COOC,H

base  CHCOOC,Hs
CH,COOC,Hs =——=

H,COOC,H5
The carbanion then attacks on the carbonyl carbon to give (1)

CeHs_ B CeHs
C ?HCOOC2H5 c-cH COOC,H5
CeHS O CH,COOC,Hs5 CGH5/| |
O~ CH;
AN
O~ OC,Hs
|
CeHs
——%Ms , N C_CH.COOC,Hs
CGHgl ICHZ
O\
7
O Il Lactone



CeHs

hase N\ O
-~ , C-C-COOO,Hg
CeHs \ |
O CH,
\/
C

|
O

COOC-H
C6H5\ 7 oHs
c=C
/
CeHs \COO‘

CgH COOC,H
» 6715 y 2Ms
_ C =C
CeHs~  “COOH

4.2x Benzoin condensation : Intermolecular condensation of two aromatic aldehydes in presence of
cyanideion givesan acyloinisknown as benzoin condensation.

The condensation of benzoin gives benzoin.

) O OH
CN [
2PhCHO —— Ph-C-C-Ph
M echanism :
O o OH
Ty — | @
CeHs — C’(\CN @‘ CeHg — C—CN —— CgHg — (%—CN
H H
@ H—0 o O o
CeHsCHO Q | @ [ |
C6H5—C|I—C|:—C6H5 — CGH5—C—C|:—C6H5
C@ H H
O OH
HY | |



Inthefirst step, the cyanideion attacks on carbonyl carbon of the aldehyde moleculeto give an addition
product. Thecyanideion increasesthe acidic character of hydrogen and thus enhancestheloss of thishydrogen
asproton resulting in the formation of a carbanion.

The carbanion acting as nucleophile attacks on the carbonyl carbon atom of another aldehyde molecule
and subsequant loss of cyanideion givesfinal product benzoin.

Cyanideionisused as catalyst in this reaction due to the following reasons.

a) It acts as agood nucleophile.

b) It will increase the acidic character of hydrogen attached to carbonyl carbon atom in the addition.
c) It also stabilises the carbanion.

d) It also actsasagood leaving group. (good nucleofuge)

The benzoin condensation failsin caseswhere the aromatic al dehyde contains el ectron donating groups
like — NMey in para— position to aldehyde group. Thisis because the electron donating group decrease the
electrophilic nature of carbonyl carbon and attack of cyanide will not take place easily.

Benzoin condensation does not take place when strongly electron withdrawing groups are present in
benzenering. Thus p — nitrobenzal dehyde does not undergo thisreaction. Thisisbecausethe nitro group with
drawsthe electron density on carbanion and carbanion becomes | ess nucleophilic to attack on second aldehyde
molecule. Though the first step takes place much more easily.

Hydrolysis of Esters:
A carboxylic ester is hydrolysed to a carboxylic acid and an alcohol or phenol when heated with aque-
ous acid or base. In akaline condition, carboxylic acid salt is obtained from which acid can be obtained by

addition of minera acid.

4.2.Xi Base catalysed hydrolysis :

Base promotes hydrolysis of estersby providing the strongly nucleophilic reagent — o . Thereaction

isessentially irreversible, since aresonance stabilised carboxylate anion showslittle tendency to react with an
acohol.

0 o 0
7L - /

R-C + OH —» R-C-OR! —>» R-C. o +RoH
1

OR (le O Alcohol
Salt

Thereaction involvesthe attack on the ester by hydroxideion, hencetherate of reaction depends onthe
concentration of both ester and hydroxide ion hence is a second order reaction. Thisisinconsistent with the
experimental observation.

Thisisfollowed by subsequent cleavage of bond between oxygen and acyl group RCO — OR?.



The evidence for acyl — oxygen cleavage is obtained from study of stereochemistry of the reaction.

Example :

Formation and subsequent hydrolysis of an ester of optically active sec — butyl alcohol isknown asan
example.

Reaction of (+) sec — butyl alcohol with benzoyl chloride must involve cleavage of the hydrogen —
oxygen bond and hence cannot change the configuration about the chiral carbon atom.

CoHs ﬁ CoHs
CgH5-C-Cl + H-O=—C—=H —p CgHg5-C-O=—C—=H
CHj CHj

(+) sec—butyl alcohol

If hydrolysis of this ester involves cleavage of the bond between oxygen and the sec — butyl group, it
would result intheinversion of configuration.

O CoHs (‘32H5
CeHs —i—-C—-—H —%  H=—C—OH +CgH5COO"
CHz  ~OH CH3

If on the other hand, the bond between oxygen and sec — butyl group remainsinfact during hydrolysis,
then we would expect to obtain sec — butyl alcohol of the same configuration as the starting material.

‘T CoHs CoHs

CeH5-C - O=— C—=H —p CgH5COO™ + HO=— C—H

“OH CH3 CHj
(+) sec—butyl alcohol

When the sec —butyl alcohol having rotation of +13.8° was converted into ester and hydrolysis of ester
with alkali, there was obtained sec — butyl alcohol of rotation +13.8°. The complete retention of configuration
clearly indicates that bond cleavage occurs between oxygen — acyl group.

Another evidence is obtained from tracer studies also. When ethyl propionate labeled with 18 was

hydrolysed by basein ordinary water, the ethanol produced wasfound to beenriched in 18, and propionic acid
contained only ordinary 16 .



) )
CH3CH, - C7 + TOH ——p CHgCHp-CJ _ + C,H580H
Hence, it isconsidered that the mechanism of hydrolysisof estersby alkali involvestwo steps. Thefirst

step is the formation of tetrahedral transtion state followed by subsequent cleavage of acyl — oxygen fission
givesacid and alcohol.

o s 0 N
)
. 7 5— ‘ 8- 7
HO + R-C —p < HO......... Ce OR > — p» HO-C +RO
~ 1
OR R
~ R /

4.2xii  Acid catalysed hydrolysis :

Acid catalysed hydrolysis of estersisareversiblereaction and mechanismfor acid — catalysed hydroly-
sisand esterification sgiven asfollows.

ﬁ ‘CI)H ® OH
R-C-ORl t Hf =———= R-C == OrR! R—T—ORl
OH»
OH OH O
. | [
R—C—SR R-C ‘@ +ROH S — R-C-OH + H
OH (‘)H

Mineral acid speeds up both processes by protonating carbonyl oxygen and thus rendering carbonyl
carbon more susceptible to ncleophilic attack. In hydrolysis, the nucleophilic is water and leaving group is
acohol.

The evidence fr the mechanism is much te same as in alkaline hydrolysis. The position of cleavage

RCO-OR! and RCO - OH has been shown by 1805 gtudies of both hydrolysis and esterification.



4.2 Xiii Hydrolysis of amides:

Hydrolysisof amidesinvolvesthe nucleophilic substitutioninwhich — NH» group isreplaced by —OH.
Under acidic conditions hydrolysisinvolves attack by water on thr protonated amide.

OH

o OH

Vi H* H,0
R-C — > R-C’ — R—-C—OH,
X
NH NH2
NH»
ya
— > NH3 + R-C —> RCOONH 4
OH

In alkaline conditions, hydrolysisinvolvesattack by the strongly nucleophilic hydroxideion ontheamide

itself.
O O
47 ~OH -
R—C\ —> R-C-OH —» RCOO™ + NHj3
NH > ‘
NH

4.2xiv.  Ammonolysis of Esters:

Reaction of an ester with ammonia, generally in ethyl acohol solution yields an amide. Thisreaction
involves nucleophilic attack by a base, ammoniaon the el ectron — deficient carbon; theakoxy group _ gRrlis

replaced by — NH».

AN
N\

R-C +NH3 —» R-C + RIOH
1
OR NH

[ 23 |



UNIT =1V :: Lesson— 3
Elimination reactions:

Elimination reactions are an important class of reactions which are widely used in the preparation of
alkenes. Inthesereaction apiece of moleculeiseliminated from adjacent carbon atoms of the reactant to form
adouble bond between them.

Such elimination reactions are called 1, 2 — elimination or 3 —elimination reaction. Also known are

1, 1-elimination and 1, 3—elimination reaction, but lesscommonly. Depending upon the molecul e eliminated
the names of the reactions are given.

The eliminated moleculeis HX, it is called dehydrohal ogenation.
The eliminated moleculeis X5, it is called dehal ogenation.

The eliminated moleculeis H50, it is called dehydration.

The eliminated moleculeis H , it is called dehydrogenation.

Dehydrohalogenation of alkyl halides: 1,2 —elimination :

Dehydrohal ogenation involves the elimination of halogen atom and a hydrogen atom from adjacent
carbon atoms. The reagent required is a base, whose function is to abstract the hydrogen as a proton.

| .
—C—C—L\ca: + HEB+X~

H X
The bas :B can be neutral or negatively charged.

Example:

When isopropyl bromide is treated with hot concentrated al coholic solution of potassium hydroxide,
propene is obtained.

CH3—CH—CHg + KOH —2159 , ¢y CH = CHy + KBr+ H,0
3~ 3 - 3 2 2

Br

In some cases, dehydrohal ogenation yieldsasingle alkene and in other cases givesamixture of alkenes
depending on the structure of the alkyl halide.

n — Butyl bromide gives only product 1 — Butene.

CHz— CHy — CHo — CHoBr —ROHEC) | oy och,cH = CH,

1 - Butene
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Secondary butyl bromide gives 1 — Butene (19%) and 2 — butene (81%).

_ KOH(@C) , cH4CHCH = CHy + CH3CH = CHCH3

CH3—CH2—|CH—CH3
Br

1 —Butene (19%) 2 —Butene (81%)
Elimination reactions are characterised by the following :

i. The substrate contains a leaving group, an atom or group that leaves the molecule, taking its electron
pair with it.

ii. In a position beta to the leaving group the substrate contains an atom or group — generally hydrogen,
can be extacted by base, leaving its electron pair behind.

iii. Reaction is brought about by the action of base.

Bases generally used are ethoxide ((_) CoHs) , hydroxideion ((_) H) , tert — butoxide (CH 3)30(_))

Kinetics of dehydrohalogenation : Duality of mechanism :

Two kinds of kinetic behaviours were observed in elimination reactions. A first order reaction is
observed with secondary and tertiary substrates and with a base which is either weak or in low concentration.
Therateof elimination dependsonly on the concentration of alkyl halide andisindependent of the concentration
of base.

Rate = k [RX]

A second order reaction is observed with primary substrates and when base strong or concentrated.
Therate of reaction depends on concentration of both alkyl halide and base.

Rate = k [RX] [:B]

To account for two types of kinetic behaviour two different mechanism have been proposed namely E;

and E2.

E» mechanism : The reaction proceeds by second — order kinetics. The reaction involves single step : base
takes out a proton from the carbon, simultaneously halide ion departs and double bond forms.

(/X
L \C=C/+HB

-0 —— ¥ o+ :

Y] AN
\\/:B

As the electron pair from departing proton beginsto form = bond, the carbon — halogen bond starts
breaking (i.e) the halogen is pushed out. The rate determining step isthe only step and therateis proportional

to the concentration of both reactants. Hence the mechanism was named E», elimination, bimolecular.



Evidence for E, mechanism :

i. The reaction follows second order kinetics.

ii. Thereaction is not accompanied by rearrangements.
iii. Shows large isotopic effect.

iv. Are not accompanied by hydrogen exchange.

V. Show alarge elemental effect.

Facts (i) and (ii) are as observed in E», mechanism involving only single step mechanism. Hence,
thereis no possibility for any rerrangement to occur.

E» —Mechanism : Isotopeeffect : E, reactions show large hydrogen isotopic effect. A differencein rate

due to adifference in the isotope present in the reaction system is called isotope effect.
I sotopic effects due to the breaking of abond to the isotopic atom are called primary isotopic effects.
For example the bond to protium (H) is broken faster than a bond to deuterium (D).

H

oo C = Het 2 o O Hooooo, Z] — www + C + HZ
D

wwe C= D 2 ————s[wwnw 0 Do Z——s wwC+ D Z

H
KAD wasfound to about 5to 8, that isto say, thereactionisabout 5to 8 timesasfast asfor ordinary

hydrogen as for deuterium.

Theisotopic effect in respect of E, mechanism can be explained by considering elimination reaction
with two compounds CgH5CH2CH 5Br (1) (2 —phenyl ethyl bromide) and CgH5CD 2CH 5Br (I1) .

The second compound contains two deuterium atoms in the position fromwhich it isto be eliminated.

Therates of dehydrobrominations by sodium ethoxide were measured. It wasfound that compound (1)
reacted seven times faster than compound (11). Thisclearly indicates that breaking C —H bond isinvolved in

the rate — determining step. This observation is consistent with the E» mechanism.

Evidence of E» mechanism : Absence of hydrogen exchange:

For elimination reaction, thereis another reasonable mechanism in which acarbanion formsin therate
determining step by losing a proton and in the second step which isfast the halide islost to give alkene.

X X
| |
i) —(lz—(li:—‘——(_f—C—+H:B
H

&_/:E:-




i) O — 7

Step (i) isan acid —basereaction, in which substrate acting as an acid. Elimination involving carbanion
formation is often called E;CB elimination, unimolecular, of the conjugate base.

Toidentify whether carbonion mechanisminvolved in elimination or not, experimentswere carried out
using deuterium as a label where deuterium acts as atracer.

Consider the dehydrohal ogenation of 2 — phenylethylbromide CgH5CHCH 2Br .

CgH5CHoCH9Br C,H50H CgHs5CH =CH»

If the reaction follows a carbanion mechanism, the first step can be written as

CgHsCH9 - CHoBr+ CQHSD_ CgHs CH-CHoBr+ CoH50OH

If the solvent is labeled ethanol C,H50D , the deuterium atom should enter into the reactant in the
reverse reaction

CyHs-CH-CH4oEr + CoHsOD — CrHs —|CH—CH3E:-r+ CoH5 0O

D

Reaction was allowed to run until half the substrate had been converted into alkene. Reaction was
interrupted and unconsumed 2 — phenyl ethyl bromidewasrecovered. It wasfound that no moleculescontaining
deuterium were isolated, indicating that the reaction is not accompanied by hydrogen exchange.

The observation also rules out the mechanism involving the carbanion formation.

Evidencefor E; —mechanism —The element effect :

The second — order eliminations show a large element effect. This involves that how the rate of
reaction is effected by the presence of leaving group. Experimental observations indicate that the order of
reactivity isgreately influenced by the ease of breaking of carborn—hal ogen bond, iodidesare more reactivethan
bromides than chlorides.

E>—Reaction : Orientation and reactivity :

Study of many reactions have shown that when there is possibility for the formation of two isomers,
one isomer is obtained predominantly than the other. It is of course possible to predict the orientation of
elimination on the basis of the molecular structure.
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Asalready pointed that in the dehydrohal ogenation of sec—butyl bromide 2 —butene wasthe predominant
product.

CoHg - H
>e-e
H H
2 —buteneis adisubstituted alkene, whereas 1 — butene is monosubstituted alkene.
CH H
3\ C = C/
CI—I3~/ \CH3

In other elimination reactions also disubtituted alkene is preferred over a monosubstituted alkene and
atrisubstituted alkeneis preferred over disubstituted alkene.

These observations were made by Saytzeff and formulated a rule which can be defined as

"In dehydrohal ogenation, the preferred product is the alkene that has greater number of alkyl groups
attached to the doubly bonded carbon atoms".

The ease of formation of alkenesis

RoC=CR2 > RoC=CHR > R2C=CH»
~RCH=CHR > RCH =CHy > CHy =CH>»

The sameisthe order of stability of alkenes.

Alkene stability not only determines orientation of dehydrohal ogenation, but also an important factor
in determining the reactivity of alkyl halide towards elimination.

Asoneproceedsalong aseriesof alkyl halidesfrom 1°to 2°to 3° the order of reactivity of alkyl halides
for E, dehydrohalogenationis 3° > 2° > 1°

Eq —Mechanism :
Thereaction proceed by first —order kinetics. In this mechanism, bond breaking and bond —making do
not take place simultaneously, but one after another (i.e.) Eq mechanism involvestwo steps.

In step (1) the substrate undergoes slow heterolysis to form halide ion and a carbocation.
In step (2) the carbocation rapidly loses a proton to the base and form the alkene.

X
(. o |
(1 —(|3—?— —>—?—?— + X~ sow

H H



/+H.

|
@ -c-C- — ‘B fast

A

Theoverall rate of reaction is determined only by the dow step and asthe rate determining step involves
only substrate, its rate depends only on the concentration of substrate. Therate of E; reaction isindependent

of force consentration elimination, unimolecular because in the rate — determining step only one molecule,
substrateisinvolved.

N
PARRAN

Rate = k [RX]
Evidence for the E; —mechanism :

The E; elimination reactions :

i. the reaction follows first order.
ii. are not accompanied by primary hydrogen isotope effect.

iii. show the same effect of structure on reactivity as g\ reactions.
iv. are accompanied by rearrangements.
Reactivity in Eq P>20>1°

Where structure permits, first — order eliminations are accompanied by rearrangement.

Examples:
CHs CHs CHs
‘ Ft OH

a CH3—T - CH-CHy ——— C(CH;-C=C-CH; + CH3-CH-C=CHy
CHs EBr CHs CH4

3, 3—dimethyl — 2 — bromobutane 2, 3—dimethyl — 2 —butene 2, 3—dimethyl — 1 —butene

CHj |CH3 |CH3

b, CH3—(|3—CHZBrﬂ—> CH3-C=CH-CH3 + CHp=C—CHyCHg
CHj

2—methyl —2-butene 2—methyl — 1 — butene
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Inthe examples cited abovetheinitially formed carbocation can rearrange by a1, 2—shift to formmore
stable carbocation.

CHs CHs CHs
| T |
a CH: - C - CH-CH; —— » CH;-C-CH-CH; —sCHs-C-CH-CH
3 | ‘ 3 3 | 3 3-8 | 3
CH3 By (CH3> o CHy ¥
CH
| -H* \ /
CH3- C- CHCH; C=C_  + CHy=C-CH-CH3
® /" NcH,

CH
CHs . CHj

E; — Reaction —orientation :

Elimination by E; show strong Saytzeff orientation. That isto say when more than one alkene can be
formed, more stable alkene is the preferred product.

Example:
CH3 CHs CHs
CH3—CH2—E—CH3——E91+CH3—CH:C—CH3+CH3—CH2—E:CH2
b
t — pentyl bromide 2—methyl —2 —butene  2—-methyl —1-butene

82% 18%

When rearrangement occursin E;, the orientation is predicted by Saytzeff rule, but we must consider

theloss of 3— protons from the rearranged cations as well asfrom the cationsinitially formed.

Dehydration of alcohols:

The dehydration of alcohols also come into the category of 1, 2 — elimination of course catalysed by
acids. Fundamentally dehydration is not very different from dehydrohal ogenation.

An acohal is converted into akene by dehydration : elimination of a molecule of water

o acld | T~~~ —
H 0OH
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Thereaction is brought about by heating with sulphuric acid or phosphoric acid or by passing alcohol
vapours over aluminaat high temperature.

The ease of dehydration of alcoholsis 3°>2°0>1°

M echanism of dehydration :

| |
—C—(lil— + HP —— -C-C- +:B

1. | +
H OH H "OH;
| |

2. -C-C-_——=-C-C- + HyO
|§|+ |
H " OH4 H
|
- :\C=C/+ BEH
[ A

- P K
3. H)

B
Step (1) : A fast acid—base reaction between alcohol and catalysing acid to give protonated alcohol.
Sep (2) : Protonated alcohol undergoes heterolysis to formed carbocation.

Step (3) :  Carbocation loses a protan to the base to give alkene.

Where the structure of the alkyl group permits rearrangement take place as was observed in the case of
Eqeliminations.

Where more than one alkene can be formed, the preferred product isthe most stable oneand it is strong
Saytzeff orientation.

Stereochemistry of elimination :
Dehydrohalogenation : E, —elimination :

It was already pointed out that E, elimination reaction takes place in asingle step, which isalso the

rate determining step. As the proton is abstracted by the base, the leaving group goes out with its bonding
electron resulting in the formation of a carbon — carbon double bond. The elimination is always takes place
following Saytzeff rule (i.e.) more stable akeneis the predominant product.

For E, elimination two important factors determine the course of reaction (i) Stereoel ectronic factor

(i.e.) the groups to be eliminated must be anti to each other. The other factor is steric factor (i.e.) the steric
requirement of the groups will decide the rate of elimination reaction. These factors can be explained by
considering the elimination of hydrogen chloride from 2—chlorobutane with abase. Inthiselimination reaction
2-butene is major compound obtained. However, as 2-butene exists in two geometrical isomers, it is to be
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considered whether which of two geometrical isomers will be obtained in large quantity over the other. The
answer to this can be obtained by considering the two factors (i.e.) stereoel ectronic factor and steric factor.

H CHsy H
CH CH
CHa— G- CH_CHg _ b Nee o 7 Neoe o
3 3 — 5 /C—C ~ /C—C o
H Cl H H &, H

Cis
2—chlorobutane exists in a number of conformation about Co —C3 bond. (about the bond between
carbon atoms two and three).

Of the number of possible conformations two are given below in which, it is deliberately written that
chlorine on one carbon atom exactly anti to the hydrogen atom on the other.

H H
H CHj3 H3C H
H3C H H
H3
cl Cl
) (1)
¥ OB
H
H¥
CH
H CHs 3
>
H3C H HaC
<\CI H
0 trans— 2 — butene
¥ B
H
—>
HsC H H3C
H

Cl cis— 2 - butene

(1
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In conformation (1), two bulky methyl groups are for away from each other whilein conformation (I1),
two bulky methyl groups are gauche to each other. Hence, it may be understood that more number of molecules
will bein conformation (I) than (I1) since steric crowding in (I1) ismore thanin (1).

The popul ation of the conformer (1) ismorethan (I1). Hence, the more percentage of trans— 2 — butene
is obtained than cis—2-butene.

Consider the dehydrohal ogenation of 1-bromo — 1, 2 — phenyl propane.
* * Ba$
CgHs - (I:H — ?H - CgHg ———— CgH5CH=C-CgH5g

Br CHj
1- Bromo — 1, 2 — diphenyl propane 1, 2 —diphenyl propene

The compound contains two chiral centres and hence exists in two enantiomeric pairs|, [l and 111, V.

CeHs CeHs CeHs CgHs
HiC ———H  H—F——CHj HeCc——H H—T—CH3
Br —H H—] Br H—] Br Br — H
CeHs CeHs CeHs CgHs
0 an (1 (V)
Erythro Threo

The product, 1, 2 —diphenyl propene exists two geometrical isomers.

GH3 CgHg HsCyg CHs

A H

/\CﬁHS H/\CﬁHS

1, 2 —diphenyl propene

Experimentally, it was observed that erythro halides | and 11, on dehydrobromination gave only Z —
alkene.

Hs CgHs
| or Il . H

H/\C6H5

Whereas from threohalides |11 and IV, only E —alkene is obtained.



It or IV - >

HsCy H

Theseexperimental observations can beexplained only onthebasisthat E, elimination alwaysinvolves
anti inthetransition state the hydrogen and the leaving group bromine arein anti position.

| or Il gave Z —akene
¥ B
H

CgHs

—

H CeHs H

CeH5s
Br

(Z2) — 1, 2 —diphenyl propene

Il or 1V gave E —akene

Br CeH5s

(E) —1, 2 —diphenyl propene
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Pyrolytic eliminations :

Some compounds such as acetates, xanthates and amine oxides undergo thermal decomposition are
known as pyrolytic elimination (pyro meansheat. Any reactionwhich undergo on heatingisknown aspyrolytic
reaction)

Characteristics of pyrolytic eliminations :
i. They involve unimol ecular mechanism.

ii. Undergo concerted mechanism proceeding through a cyclic transition state.

iii. High temperature is needed in the absence of solvent.

iv. Syn elimination of hydrogen atom and leaving group.
V. No catalyst (either acidic or basic).
Examples :

Pyrolysis of acetates :

The mechanism involvessix membered cyclic transition state. A general representation isgiven below.

—
C C
0/) L\H Heat >c:c<
— CH3COOH
N -

/

CHj

Orientation in pyrolytic eliminations :

Pyrolysis of erythro and threo isomers of 1 — acetoxy — 2 — deutero — 1, 2 — diphenyl ethanes can be
taken as exampl eto study the orientation in pyrolytic eliminations. The products excepted for both syn and anti
eliminationsfor the aboveisomersaregiven below. Itisto be noted that above elimination may involvetheloss
of acetic acid or deuteroacetic acid.
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Syn — elimination :

Ph
H
D H . N
ACO H
D
Ph
Erythro
OAC
D
N
H
P Ph H
(lessfavoured)
l — CH3COO0D

OAC

OAC

(morefavoured)
l — CH3COOH

D Ph

Ph H
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Ph
H
H D _ N
ACO H
H
Ph
Threo

OAC

D
Ph Ph H

(lessfavoured)

l — CH3COOH

Ph D

X

Ph H

Ph

OAC

OAC

H
H® Ph Ph

(morefavoured)

l — CH3COO0D
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Anti —elimination :

Ph
H
D H . N
ACO H
D
Ph
Erythro /
OAC
b Ph
N
Ph H H
— CH3COOH
Phj( D
Ph H

Cis

Ph

OAC

OAC

— CH3COOD

HI
Ph H

Trans
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Ph Ph
H OAC
H D . N
ACO H
H Ph D
Ph /
OAC OAC
Ph D
Ph
N AN
H D Ph H H Ph
— CH3COO0D — CH3COO0D
H Ph Ph D
H Ph H Ph
Cis Trans

Thefollowing are the important observations from the above figures.

An erythro compound undergo syn elimination with alossof CH3COOD to give cis—stilbenewithout
deuteriumin the product.

An erythro compound undergo syn elimination with aloss of CH3COOH much more favourably than

loss of CH3COOD to give trans— stil bene with deuteriumin the product.
An Erythro compound on anti elimination resultsin the formation cis— stilbenein which amolecul e of
CH3COOH iseliminated. The product however, contains deuteriumin it.

An erythro compound on anti elimination gives trans — stilbene with loss of CH3COOD. The loss of

CH3COOD ismuch morefavourablethanlossof CH3COOH. The product doesnot contain deuterium.
A threo compound on syn — elimination give trans stilbene with loss of CH3COOD. This is more
favourable than loss of CH3COOH.



17

Vi. A threo compound on syn—elimination involving lossof CH3COOH islessfavourableand givescis—
stilbene.

Vii. A threo compound on anti —elimination of CH3COOH ismore favourable and producetrans—stilbene
which contains deuteriumin itsstructure.

viii. A threo compound on anti elimination involvinglossof CH3COOD givescis—stilbene. However, this

islessfavourable.
Pyrolysis of Xanthates: Chugaev reaction :

Xanthates undergo pyrolytic €imination similar to acetatesinvol ving six membered cyclic transition as
shown below.

|
0/) L\H _Heat | Neo o7,
\ — / AN -
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SH SCH3
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Xanthates or acetates undergo pyrolytic elimination via the conformation in which Xanthate group or
acetate group and hydrogen are in gauche orientation to each other.

In case of cyclic systems, the stereochemical requirement for these eliminationsis 1, 2—cisorientation.
For examplein cyclohexane systemtheleaving groupsmust bein 1, 2—positionsin cismanner (i.e.) if onegroup
isinaxial orientation, the other must bein equitorial orientation.

Inthe pyrolysisof Xanthate givenin thefollowing example, Xanthate groupisin equitorial positionand
hydrogenintheaxia positionwill only beediminated not the hydrogenin theequitoria positionto give cyclohexene.

H

Heat
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UNIT -1V

MODEL QUESTIONS

Write stepsinvolved in Eq mechanismwith suitable examples.

What is the preferred stereo electronic requirement of E, reaction ? Explain.

What are the characteristic features of a pyrolytic elimination reaction ?
What is Wittig reagent ? How it is prepared ?

Write an exampl e of intermolecular aldol condensation.

Discussbriefly about various mechanisms of 3 —elimination.

“Dehal ogenation takes place viaanti —conformation” Explain with suitable examples.

Write about orientation of double bond in elimation reactions.

Explainthe mechanisminvolvedin Metal hydride reduction.

Grignard reagents are useful to prepare any type of alcohol. Elaborate the statement.

Write the meachanisminvolved in Claisen reaction.

Write some examples with explanation about reactionsinvolving enol ates.

What are important effects of medium in an elimination reaction.

Wittig reaction is useful for synthesis of alkenes from carbonyl compounds. Explain with suitable
examples.

Write mechanisminvolved in Wittig reaction.



