DELOCALIZED CHEMICAL BONDING

When a Lewis structure is written for an organic compound, a short line
represents one electron pair, two short lines (=) symbolize two electron pairs, and three
short lines (=) stand for three electron pairs between the two bonded atoms. This is
shown for carbon-carbon bond in ethane, ethene and ethyne below.

C—C C=C  C=C

Wg have seen that a one electron pair bond or single bond is called a sigma (0)
bond, a two electron pair bond or double bond (=) consists of a ¢ bond and a pi (m)

bond, and a three electron pair bond or triple bond (=) is made of a 6 bond and two =
?ix;;iesf.o rI: Tacg casg the electrox} density is concentrated between only two atoms.
R ,a z 1e(;:C a(;ir;se 21 l;Ioar(tic.l T orbitals, discqssed earlier in this chapter, give rise to what
e ey tlll~l emg. Many organic compounds are fully described by a single
betwen varons yon th concept of locghzed bonds. From experience o and 7 bonds,
e s 5 ol mi r(r)1 éittoms are asmgned known values of bond lengths, bond
oredictable, This whe ents. Thelr.cherrucal reactivity and spectral behaviour is also
n a single Lewis structure represents an organic molecule fully, it.

correspond closely with the experimentally found values

Consider the mdlecule of 1,4 ' '
. ’ 'pentadlene, H2C = CH
Igas ;woFcrzziolotr;;aézoz double': bo_r}ds, W carbon-carbon sinale bCHp_ — CH = CHy. It
onds. nd energles listed earlier, the heat of a%omizntcils and eight C— 11
ation is calculated as
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Basic Concepts of Organic Chemistry 23

2C =C bonds = 2 x 630 = 1260 K] mol—]
2C —Cbonds = 2 x 345 = 690 K] m()l"]

8C —TH bonds = 8 x 415 = 3320 K] m()l"]

Total 5270 K] mol“]

The experimentally determined value is 5270 K] mol . The bond distances are

also those expected for C— C, C=C and C — H bonds. Thus the structural formula
given above, adequately represents the molecule of 1,4-pentadiene.

There are, however, many organic compounds in which one or more bonding
orbitals are spread out over more than two atoms. The resulting bonds are said to be
delocalized. Organic compounds which have delocalized bonding cannot be adequately

represented by a single Lewis structure. For example, if we write the following Lewis
structure of cis-1,3-pentadiene

H>C = C/ B :
H,C=CH N CH;
'Its expected heat of atomization may be calculated as follows:
K] mol—1 '
1 - C —C bond (from 1-pentene) = :.630
2 C—C bond (from cis-2-pentene) = 637
2 C—Chbonds:2x345 = 690
8 C —H bonds : 8 x 415 - = 3320
Total . 5277 e

The observed value, however, is 5296 K] mol_l. The above structure, therefore,
does not fully describe the behavour of the molecule. The C= C double bonds are longer
than 1.34 A (C = C bond length) and the C — C bond length (between carbon atoms
number 2 and 3) is shorter than 1.54 A, the normal C — C bond length.

The main type of stmcfures which exhibit deloalized bonding are shown below:

: + i =
A—B—X=Y ¢«— A—B=X—Y
N _
A=B—X=Y — A—B=X=Y
3 -+
A—B—X A—B=X
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24  Organic Chemistry

2 + .
A—B—X ¢—3 A—B=X
A=B—X —3 A—B=X

‘
.

A=B—X —— A—B=X

Examples of each type are:

1,3-butadiene CHy;=CH —CH=CH,

Acrylonitrile CH,=CH—C=N
Acrylaldehyde . CH=CH—C —H
Benzene and pyridin © NZ
. Cl
Xﬂfiﬁ?ﬁfd CH=CH—Cl
o 0
chamccadd.  CH—C=hy o U5y
:OH :NH,

Vinyl ether, phenol .o
- and aniline - CH;=CH—O—R |

Furon and pyrrole :O: :N:
o

Allylic and benzylic cations, anions and free radijcals

CH,
+
CHy=CH—CH, [ O

i - /
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. CH2
CI‘I?_ — CH — C]‘I2 ©/

- O
O H 3

CH,=CH —CH, R—C—O
/ -

If molecular orbitals are drawn for any one of these structures for all the o bonds
involved, a common feature will be that the structures have p-orbitals on at least three
adjacent atoms, the atoms bearing the p-orbitals being in one plane. Systems having
three or more than three p-orbitals on adjacent atoms are said to be conjugated. No
conjugated system is fully described by a single Lewis structure. To explain the structures
of conjugated system two methods are available, viz., the molecular orbital method and the
resonance method. ,

The Molecular Orbital Method

In molecular orbital theory the delocalized bond in conjugated systems are
described in terms of delocalized molecular orbitals (orbitals which are spread out over

more than two atoms). For example, in the carbocation, CH,=CH— (Jsz all the three

2 hybridized (because each one is bonded to only three other atoms),

carbon atoms are sp
the bonds between carbon atoms being sp? — sp? o bonds and the C—H bonds being sp*

— s o bonds:

. H |
H | H |
>Cacic< /> sp2—s o bond
q | H |
.SPZ__-spZ o bond

Each carbon atoms hds & P~
carbon skeleton can be pictured as:

orbital left on it. Omitting the C — H bonds the
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.A localized 7 orbital picture will be:

Since there is no reason why the central p—orbital may not overlap equally with
both the terminal p-orbitals, any one of the above orbital pictures is inadequate. Insteaq a
linear combination (addition and subtraction of their wave functions) of the

th]’Fgﬂ
—orbitals will give rise to three molecular orbitals, as shown in Fig. 1.18.
&

T, : T, R -

Fig. 1.18 m molecular orbitals of vallylic system

The m; and 7, orbitals are bonding molecular orbitals and have energies lower

than the p orbitals from which they were made. The m* orbitals is an antibonding
molecular orbital and has energy higher than that of the p orbitals from which it was
made. Note that the 7, orbital has one node more than m; and the 7* orbital has two more

nodes than m;. If a plane is passed through the node (dotted line) the probability of

finding the electrons in the nodal plane is zero. Thus n*, which has two nodal planes, has
the highest energy of the three and 7, is the most stable orbital, i.e., it has the lowest

energy. These orbitals which are spread out over more than 2-atoms are called
delocalized molecular orbitals and are filled according to the same rules as applied to
atomic orbitals. In the allylic carbocation, CH, = CH — éHz, there are only two p
electrons available and these will occupy the most stable i, orbital. The orbitals T, and 1
will remain empty. Since the m, electrons aré attracted by three nuclei rather than only
two (as in the case of a localized 7t orbital), the allylic carbocation has special stability.

Molecules such as CH, = CH — CI and CH, =CH — éHZ have molecular orbital
pictures similar to the allylic carbocation, with the exception that there are three

p—electrons available in CH, —= CH — CHz and four in CH, = CH — & In
CH, = CH — CHz- there will be 2 electrons in T, and one in T,, Whereas in

CH,=CH— Cl, there will be an electron pair each in my and m,. Thus the electrons in

these systems are spread out over more than two nuclei. The electron density between
any two atoms will be more than that of a single bond (one electron pair) but it will be
e than that of a localized double bond (2 electron pairs). Thus we see that

VAL I I A Y Y l\-l-]



Basic Concepts of Organic Chemistry 27

CH, — CH — Cl has a smaller dipole moment (ju = 1.43D) than that of CH;—CH, — Cl

(2.05D), the C = C b.ond‘lcnglh is 1.38 A (longer than C = C which is 1.34 A) and the
C —Clbond length is 1.69 A (shorter than a normal C — Cl bond length of 1.78 A).

In a similar treatment of the 1, 3-butadiene molecule, in which the four carbon

atoms are sp= hybridized, linear combination of the four atomic p orbitals gives four
molecular orbitals Fig. 1.19.

. Fig.1.19 Four p atomic orbitals give four © molecular orbitals in 1,3-butadiene.

The n; and 7, are bonding molecular orbitals and 7,* and m,* are anti-bonding

orbitals. The four available electrons fill the two bonding orbitals, the antibonding (r*)
orbitals being unoccupied. Note that as we go from T, to m,* each orbital has one more

node than the one of next lower energy. The butadiene molecule has lower energy than
that predicted from a single structure in which 7 electrons are in two localized = orbitals.

: 2 st
In benzene, again, the six carbon atoms are sp~ hybridized. The carbon—carbon

bonds are o sp2 — sp2 and C — H bonds are ¢ sp2 — 5. There remains one p orbital on

each carbon.
H ‘
' H
A 5 spP—sp°obond
sp2 —_sobond € H

Linear combination of the six atomic p orbitals, one on each carbon atoms, give
six T —molecular orbitals. These six molecular orbitals are arranged in order of increasing

energy as follows, Fig.1.20.
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28 Organic Chemistry

Fig. 1.20 Six m molecular orbitals of t;enzene

The relative energy levels of these orbitals are given below:

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

T,

| The six av'ai.lable electrons fill the three lowest energy orh; .
while, the three antibonding orbitals (m;*, % ang T3") are Sfyn T e
molecule is in its ground state (most stable state). e
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The most st
stable bonding orbi
orbitals .
between each pair of nuclei "n!’ Is, 1; has no node. It concentrates electron density
L. The least stable antibonding orbitals (n,*) has three nodes

node. Similarly, the two antibonding orbitals 7,* and 7,* (
two nodes. ! »* are of equal energy, each having
According to this . A
£ to this molecular orbital picture each carbon—carbon bond in ben
- zene

COﬂSiSlS Of one fu” o (2 gy N .
(.. (\l('( ll()nh) dnd hﬂ” anT I)()Il(l‘ 'l'h(! (’ilrl)”n"('lrb()n bOnd ]( . )
' -« -']lg hin

. o . .
benzene is 1.397A, which lies between the C — C and C = C bond lengths. Th o
gths. 1he accepte

structural for - , _
tr e mula of benzene in accordance with this molecular orbital picture is @
N

The Resonance Method
The molecular orbital approach used in the previous sections is not unique.

StI.uctlmlersl :fl’l;);l;?: r;ce;hod, which is extensively used by organic chemists to describe

jugated systems, two or more Lewis structures are written to represent a
compound ‘and the actual molecule is taken to be a weighted average of them. This
representation of a real structure as a weighted average of two or more forms is called
resonance. When two ore more Lewis structures can be written for a compound, these
structures are called resonance contributing structures or canonical structures and the real
structure is a hybrid of these contributing structures. The resonance hybrid is similar to
each of the contributing structures but identical to none of them. For example the various

contributing structures of benzene are:

O—O—D—0—S

None of these structures represents benzene satisfactorily. The real structure of
benzene is a resonance hybrid of these contributing structures. No molecule of benzene
has any one of the contributing structures at any time. The contributing structures exist
only in our imagination. The molecule of benzene has just one structure which cannot be
drawn but which resemb structures to varying degrees. The energy of
the actual molecule, the resonance hybrid, is less than that of any one contributing
structure. The difference of ehergy between the actual molecule and the contributing

structure of the lowest energy is called the resonance energy:.

The double headed arrow,

distinguished from symbols such as
reversible. The double headed arrow, >, d
are in equilibrium with each other. It simply meaill 2
represented by several Lewis structures than by one. AlSO 1

i hould resemble each contributin .
ggzsn:ng}t:era c;:;ierrtl}?;e}c\;le) T wer than any of the contributing struct

i energy 10
it is obvious that it will resl;;d o . closely which have lower energy.
vious that 1

ble those structures more -
Of th | structures that might be written for a molecule, those having lowest
e several struc .

| oo SRR

les the contributing

«—, symbolizes resonance and should be

= or &= which indicate that a reaction is
does not imply that the structures joined by it
s that the molecule is better
is not nece'ssary that the

g structure more than it
ures,



30 Organic Chemistry
energy are the most important contributors. Structures with relatively higher energy 5,
less important, i.c., their resemblance to the hybrid is small.

Consider, now, the carbonate ion, C%j’;. According to the Lewis theory it may be

represented by the following structure.

However, there is physical evidence that all the C—O bonds have the same
length in the carbonate ion. According to the resonance method the equivalence of tre
three C — O bond lengths is accounted for by writing a set of three structures for tre

carbonate ion as under.

o~ 0 on
/ . —_ / - /
-C\U'e% No- o

In any one of these structures the negatively charged oxygen atoms are different from the
doubly bonded oxygen atom implying that the negative charges are localized on only
two oxygens, while the 7 bond is restricted between the third oxygen and carbon. The
resonance picture, however, shows that the electrons comprising the @ bond and two
negative charges are delocalized over the entire molecule and that in the actual carbonate
ion all the three oxygen atoms are equivalent and therefore equidistant from the carbon

atom.

The technique of writing the resonance contribuﬁng structures may be illustrated

by a few examples. For conjugated systems of the type A — B—X , where the two dots
represents an unshared electron pair on the atom X, the following steps are involved:

1 1 Write down a single conventional structure 'showing also the unshared electron
pair.
A=B—X
2 Move the unshared electron pair on X toward the double bond to make a new

bond between X and B as shown by the direction of the arrow:

)

A=—B X
3. Move the bonding 7 electron pair between B and A toward A:
A=—B (\X
4. Write a unit positive charge on X and a unit negative charge on the atom A:
= +
A—B=X

/AL 1T 1N "I\.l1
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he two co | 1
[ ntributing structures i §
0o ‘tures 4 'S ' i
es that will result from the above npemtmns are:

A=B—X s A BoX

The resonance pictures of vinyl chloride (@) and acetamide (b) which are of
A—=—B—Xtype, as derived by the above technique are:
(@) CHy =CH—Cl «— CHy—CH=Cl
O (O

™ s
(b) CH3— C — NHa «—CH3— g—ﬁHz

For compounds for which one conventional structure is of the type:

A=B—X=

Other structures are drawn by moving electrons in the direction of the arrows:

£ /N

A=B—-—X=Y and A = B

X = X

and a unit negative charge on A is

In the first case a unit positive charge on Y
d. The three resonance structures of

written and in the second case the charges are reverse
the above molecule, therefore will be:

s + =
A—B—X=Y A——B:X——{’ «— A—B=X—Y

1, 3-Butadiene is a compound of the above type and its resonance description is

as follows:

,— CH=CH—CHy ¢ EH — CHy=CH—CH;

CH/=—CH—CH=—CHp «— CH

For compounds which might have

A=B— i,’other contributing structures are written by moving
A and B towards the positively charged atom X to make a new bond betwe

Atom A, then, gets a unit positive charge:
+ + N
A —=B—Xé& A—B =X
and is considered to be a resonance

a conventional structural formula of the type

the n—electrons between
en B and X.

n is typical of this category

Allylic actio
res:

hybrid of the following two structu

+
ct, — CH— CHyCH—CH=CH:
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32 Organic Chemistry °

The Rules of Resonance
The selection of the canonical structures, which contribute to a resonance hybriq | \(ﬁ

1

is guided by the following rules:

1) All the contributing structures should be Lewis structures. For instance, in any canonica

structure the maximum number of covalent bonds that an atom may have is one for

hydrogen, four for carbon, four for nitrogen, three for oxygen and two for halogens. The

following example illustrates this rule:

O | (l) O
S| IS I
CH3;— C —0 2 CHy— C =0 «—¥— CH;— C=0
Y1t L2 . 3

Structure 3 is not a contributor because the carboxylic carbon atom has five
covalent bonds. Also note that when the oxygen atom has one covalent bond it bears 2
unit negative charge while the divalent oxygen atoms is electrically neutral. When three
bonds are written for an oxygen atom it has a unit positive charge on it, e.g.,

o . 5 | v B
| . - Il + _

CHy— C —QO—H e CH;—C=0—H ¥ CH;—C —O=H
a o - b . c

- The structure c is not allowed because the hydrogen atom has two covalent
bonds. Again consider the resonance picture of a nitro compound:

o 0 o
7 Z
R—f{l< <——>R—1ﬁ< ghes R—N<
O o o
I 23

Structure 3 has five covalent bonds for the nitrogen atom and, therefore, is not
allowed. Note that when the nitrogen atom has four covalent bonds it has a unit positive
charge on it. ;

2) The various contributing structures of a compound may differ only in the distribution of
electron, the relative positions of atoms remaining unchanged from structure to structure. In the
- following case, i.e., L

ﬁ | OH
' |
a b :

Structures 4 and b represent two different compounds which are in equﬂibrium
with each other; they are not canonical forms of the same compound as the position of a
hydrogen atom has changed in going from a to b.
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oUN AU

3) AII the co = .
ntributing struc
unpaired electr e structures of a given res
p electrons. For example, tl f a given resonance hybrid must have the s
of 1, 3-butadiene as it | le, the following structure doe ‘ . te same number of M
as it has two unpaired electre - es not contribute to the molecule
I ‘trons.

CHy—CH =CH —CH,
The valid c: ical f ' |
. d canonical forms of buladiene such as CH, = CH
e " h as CHy = CH — CH = CH
CH — CHj have no unpaired electrons. 2

4) The real molecule, i
e e, f] > res ) ) .
forms, This s obvious becal; S; (;.s.ormnca hybrid, is always more stable than any of the canoni
O lized between two atoms n 1.zmy one canonical form each pair of bonding eiecizgzm
ovar three or more atoms Thznr y, whereas in the hybrid the 7 electrons arg delorali:e‘;
. esonance e : s SR

between the actt sonance energy of  co ound is the

1al molecule (the hybrid) and the most stable canfnical form e g e

ene from its heat of

. .

hydr ’
ydrogenation. The heat of hydrogenation of cyclohexene (which adds one mo

molecule) is 120 k] mol .

* Ho— O  AH=-120K mol™

cyclohexa»ne‘on hydrogenation, by adding 3 moles of
tion three times that of cyclohexene. In other words if

d by the following single structure,

Benzene, which also gives

H,, has expected heat of hydrogena
there were a compound which could be represente

3% 120 =360 k] mol L. The observed heat
e energy of benzene, therefore,
£ 152'K] mol ! due

ed heat of hydrogenation
k] mol !, The resonanc
enzene has extra stability O

would have an expect
of hydrogenation of benzene is 208
is 360 — 208 = 152 kJ mol™, showing that b
to delocalization. ‘

. In shoft all compoun
combination of contributing s
stabilized.

5) All canonical fo
most stable canonica

ed by a single structure but a

ch are not fully describ
o be resonance

ds whi
a stability and are said t

tructures have extr
t when they have the same energy: the

ntribute equally excep
ontributors, €.8/

rms do not co
the most important ¢

] forms are
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— - c —CF o CH,—CH= - |
(1) CHy = CH— CH=CH, ¢ CH,—CH=CH—CH, EH, CH 3y,
[ - —
minor contribution

major contribution
.I

34 Organic Chemistry

equivalent contribution

The question may arise, now, how does one decide which structures are Moy,

stable and therefore more important contributors to a given resonance hybrid. AIthOUz{
it is not always easy to answer this question, the following principles would often help u

deciding the relative contributions of various canonical forms:

(@) Structures with more covalent bonds are generally more stable than those with fey,..

bonds. Consider butadiene again:

: -, 4 + —_ <+ —_ + -
CHZ——-CH'—_CH:CHZHCHZ—CH:CH——CHZ<—>CHz—CH—CH—CH7
'. a b ¢ ]
major contribution minor contribution negligible contribution
Structure a has five carbon—carbon covalent bond as Comp'ared to four &

structure b and. three in structure c. Structure a is the most stable one and the mos
important contributor. Structure b makes minor contribution, whereas the contribution or

- structure ¢ is negligible.

O CHy=CH—0—cp, CH, —CH =& _
. . . 3
significant contribution

N Hz .
5 NH2 +NH2 +NH2 +NH2

* OO0~

significant contribution
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:Cl :
«Cl +Cl +Cl +Cl

‘ (iii) —

—

C—— PR l

~— . r

1. 1f3: f
significant contribution

(iv) CHy =CH — (] ¢ CHy —CH =} |
significant contribution
(c) Structures with like charges on the s

unstable, eg., ame atom or on two adjacent atomns are highly

. + — o
R T = + .. =
CH3 —N=N = N - CH;—N—N=R+«—CH;—N=N—N
a . b c
. negligible contribution
Structuf'es a and b are the important canonical forms of CH3Nj3 (methyl azide),
but structure c is negligible contributor because it has two negative charges on the same

nitrogen atom and two positive charges on two adjacent atoms. The forces of repulsion
between the like charges increase the energy of this structure considerably, making its

contribution of no importance.

(d) Structures with a negative charge on a more electronegative atom are more stable
than those in which the negative charge is on the less electronegative atom, e.g.,

‘ . 1 s +
CH, =CH—C=N «—CH;—CH =C = N e CH—CH =C=N
significant negligible
nd bond lengths resemble closeI;r with the
hose with distorted bond angles and bond

most important

(e) Structures in which bond angles a
resonance hybrid are more stable than t

lengths, e.g. |
| e
a b c d
— ~— —~—— _
major contribution minor contribution
bond each which is expected to be longer than a

contribution each whereas the
9% contribution each.

portance because one

Structures ¢, 4 and e have oné
normal covalent bond and therefore ma
structures 4 and b with normal bond leng

The following structure for butadlet
bond (dotted) is expected to be much longer.

ke only about 7%
ths make about 40

ne is of negligible im
han a normal covalent bond.
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H,C — CH — CH — CH,
insignificant

6) Compounds for which a large number of significant structures can be written have grent,,
resonance energy (are more stable) especially if the contribulzng structures are of equal energy,

Thus butadiene has resonance energy of only 17k] mol” ! whereas benzene, for which two
equivalent structures make significant contribution, has a resonance energy of 152 K]

mol " The greater acidity of nitric acid, HNOj3, as compared to nitrous acid is als,
attributed to a similar effect; the nitrate ion is more stable than the nitrite ion:

O

N |
:O<——+O—IE —0«—>0 =

(a) O— —0O

+Z—0OI
+Z—0|

3 equivalent structures

(b) O—N =0¢— O0=N—O0
2 equivalent structures
Again the greater acidity of carboxyiic acids as compared to alcohols is attributed

to the larger resonance stabilization of the anions of the carboxylic acids relative to the
unionized acids.

RCH,—O—H +B = RCH,—O +BH
I I
R—C—O—H+B —=R—C—O+BH

For the unionized alcohol as well as the anion of the alcohol a single Lewis
structure is sufficient to describe the molecule. In other words there is no resonance

either in RCH,OH or in RCH7O™ and the loss of proton does not add to the stability of

the molecule. On the-other hand, the anion of a carboxyhc acid has greater resonance
stablhzatlon than its unionized form:

O O
| - o«
R—C—O0—H - R—C=0—H

charged separated
structure

o @)
| R |
R—C—O > R—C=0"
. 2 equivalent structures:
no charge separation
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; Del ] ] l

in one plane. Thus ] } '
benze ne, but acent atoms is maximum if these atoms are

adiene, vi
of resonance struct ‘ e, vinyl chlorid
ure were provi ide and other mol ;
PTeviously written are all planar m elcule]s A ets
; ane olecules. There is
no

delocalisation of electrons if one pair of
. ' air o
perpendicular to the plane of ana . .(l()ubly bonded atoms lies in a pl .
an unshared pair of Slsbksm er pair of doubly bonded atoms or an It)haﬂe which is
8, a positive ch; - other atom wi
cyclocatatetranene is fully descril; positive charge or a negative charge. F o
, described by the f()ll()win;’ non-pl in ] be. "o example
5 ~planar single structure:
~ e:

Z

/

/

1

There oad o
air of afoms liaer: i20::1‘ iocahzec.l dquble bonds in the molecule. Since one doubly bonded
b orsd TS, Tesg plane Wthh is perpendicular to the plane of the next pair of doubly
the —el ’ ance contributing structures, which would imply delocalization of
e n—electrons, cannot be written for this molecule.

Compare the following compounds for their strength as bases.

N(CH,),

| NO, - NO,
The decreasing order of their basicities is aniline > N, N-dimethyl
-2,4,6—trinitroaniline > 2 4 6-trinitro aniline.

The weakest base, i.e., trinitroaniline has, amongst. others, the following

structures as significant contributors:

H—N—H § 0O H—N—H
LORMAOh
| NO,

nitrogeri atom are extensively delocalized over
The electron density on the amino nitrogen 15

Thus the electrons of the amino
donor in an acid-base reaction.

all the oxygen atoms of the nitro groups. 11
greatly reduced making it a poor electron—pair
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