wanic Chemistry
2 Organic )
i it is chicfly, the study of compounds where carbon is COValemly
1, that 18 i1 '. e, nitrogen and ,w((fm: The fO”OWlng text is d bo,!de
L""”' (I,\'V,l,("v , . f . eVO[ed d
. and physical nature of these classes of organic COmPOUndg to"‘a

contain carbor g
(0 carbon, hvdrogen, N
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study of structure, bonding
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amiliar with fundamentals of electronic st
are alrcady familiar with fundamentals ‘

e presume that you are already

We presume that )

‘ onic structure of an atom are enumerated i
eypoints lectronic structure of an ¢
srefore, the Keypoints of elec
lh(rktﬂﬂ. th( }\k_

5 tomg
1) The simplest picture of an atom is represented by a nucleus (protons ang n
( a positive charge surrounded by negatively charged electrons. n g
number of electrons is equal to number of protons. When two atoms 4PProach ey, ‘;'Pef
. r : i
the electrons of one are attracted by the nucleus of second atom and viceversa, ¢,

i . oy,
law best describes the forces of attraction and repulsion and is gjven by :

, W
In a neytry, ator, D

k
F= q4:9»

r2

where, ¢, and ¢, are two charges separated by distance r.
If g) and g, are opposite charges then F is the force of attraction and i
similar charges then F is the force of repulsion.

(2) Electrons occupy the region of space called principal energy levels
principal quantum numbers 1, 2, 3 and 1
upto 2n° electrons, where 7 is the principal quantum number. Thus, the

can contain 2 electrons, second 8 electrons, the third 18 electrons, fourth 32
SO on.

(3) Each principal energy level is subdivided into re
orbital can contain maximum
principle).

(4) The first principal energy level containg single orbital, called Ls orbital. The second
principal energy level containg one s orbital and three p orbitals; these orbitals are called
2s, 2p,, 2p,, and 2p,. The third principal energy level containg one 3s orbital, three 3p
orbitals, and five 3¢ orbitals, '

(5) A set of orbitals which ha i

f91and g, o,

gion of space called orbitals; each
two electrons with Spin +% and -l (Pauli exclusion

gies are said to pe degenerate orbitals. For
are degenerate ang si

milarly, set of five d orbitals are also
degenerate, ag they are equivalent ip energies,
(6) According to Hu » When a number

1€N pairing of electrons takes place,
trons in atom;

o n atomic orbitals is dope according to the Aufbau Principle, that
Py the orbjta]g Successively ip order of increasing energy.

of degenerate orbitals are available, they are
(7) The filling of e]ec

is, electrong occuy

Tepresents the

valence electr
und the symbo

Placing dots g, I of an 4
om
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Organic Molecules: Structure, Bonding and Properties 3
Table 1.1 Lewis structure fépresentation and f;

—

ling up of orbitals of some elements

Element  Atomic Eloctronio ] )
number configura ".:)” tLOT'S Electronic Filling up of the
(Valence shell Structure dlstdbqtion S and p orbitals
electrons in bold) In orbitals
L | 1s|2s[2p]2p,]2p,
A ! ! ‘H 1s' 1
He 2 2 Ho 147 11
Li 3 21 LU IR PR 1.1
Be 4 2.2 Bo | 15724 11
B 5 2,3 B 1¢282p" 1L 1L 1
c 6 24 '€ | a2 NN 11
N ! 25 ‘N 12228220 1L 1L 1 1 1
0 8 2,6 :0: 1822220 TL 1L 1L 1T 1
F 9 2,7 e | 122208 TN ML L1
Ne 10 2,8 Ne: | 1s22¢22p® 1L 1L 7L 1L 1L

The _Lewis structure of a compound, also known as the electron-dot formula, involves the
representation of symbols of elements surrounded by dots, which indicates the electrons taking part
in the bond formation as well as the non-bonding (or free) electrons. In accordance with Lewis
model, during bond formation each atom attains a complete valence shell (either two (as in He) or
eight electrons (referred as octet)) resembling that of its nearest noble gas configuration. This can
be achieved by transfer of electrons (ionic bond) or by mutual sharing of electrons (covalent bond).

1.3.1 Electronegativity

Electronegativity is a measure of the tendency of an atom to attract the electrons it shares with
another atom. It is a periodic property, which increases from left to right in a period and decreases
on moving down a group. Fluorine is the most electronegative element. Similarly, lithium and
sodium with low electronegativity values of 1.0 and 0.9 respectively are often termed as
electropositive elements. Table 1.2 illustrates the electronegativity values of some elements.

Table 1.2 Electronegativity values (on Pauling scale) for selected elements

Element H Li Na C N 0] F Cl Br |

Electronegativity | 2.1 1.0 0.9 2.5 3.0 3.5 4.0 3.0 2.8 2.5

1.3.2 lonic Bond

An ionic bond is formed when atoms participating in bond formation involve transfer of electrons
from one atom to the other. The transfer of electron(s) results in the formation of ions. The
electrostatic force of attraction holds these -oppositely charged ions close together resulting in the
formation of a strong ionic bond. For example,

/AL 1T 1N "I\.I]



4 Organic Chemistry

,/',,’ ) \“‘. ‘- . .‘.7
Na Q)i st Na Cle
Nighly clectropositive — Highly clectroncgative
(Looses electron) (Giains clectron)

_ . oo an ¢ iable difference it electr i
The ionic bond is formed between atoms having an .npprcchlm Oﬂegatwme‘.

1.3.3 Covalent Bond

Two atoms which have same electronegativity or a small difference in ClcthOﬂegat.wity nVoly
mutual sharing of electrons to form a bond known as covaler'lt bond. In gex.xcral, Lewis structyrs iz
used for the representation of a covalent bond. The shared pair of electrons is represented by 4 dagh
(=) between two atoms and represents a bond. The bond formed between atoms of Similar
electronegativities is a non-polar covalent bond such as Ho, Clz. Qz; N_z, CHs, and so on. The bong
formed between atoms having a small difference in electronegativities is a polar covalent bond gy

as HCl, H,0 and so on. The degree of ionic or covalent character can be predicted from
electronegativities of the involved atoms by the formula:

Electronegativity of more _  Electronegativity of less t
) electronegative atom electronegative atom
% lonic character =

|
- - x 100 '
Electronegativity of more electronegative atom i

—

For example, the calculations using this formula (refer to Table 1.2 for electronegativity) indicats
that the covalent bond in HCI possesses 30% ionic character.

Depending upon the number of shared electron pairs, the covalent bond may be characterized
as a single, double or triple covalent bond.

H-+-H i HiH Both attain noble gas configuration of helium.

(Gl -l

—  CkC

or Cl—Cl Single covalent bond
(covalency = 1)
e B,
0:+:0. —— :0::0: or 0=0 Double covalent bond
(covalency = 2)
. N: +. N . NERE N g
s — N:-N or N=N Triple covalent bond
coval =
) I|{ ( ency =3)
. . 4 o ek
¢+ 4H —— HIC!H or H—C—H (Covalency = 4)
H | /
H

1.3.4 Atomic Radius, van der Waals Radius, Bond Length and Bond Andle
Atomic radius. ’ ;

The distance from the nucleus of
the atom to the out i
radius. - ; ek ermo 5
as the radius of an atom. The atomic radius is the half of the closest dist'm::. Zl: i:()ﬂb . kngv?f
ance e approac
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Organic Molecules: Structure, Bonding and Properties 5

the atoms in the structure of symmetrical molecule. F

) i or covalent molecules such as H-H and
CI-Cl, the atomic radius is often termed as con

alent radiug,

van der Waals radius.  The distance from the nucleus of an atom beyond which the approach of
another atom causes repulsion is known as van der Waals radius of that atom. If two atoms are

brought closer than the sum of their van der Waalg tadii, they repel each other and this phenomenon
is known as van der Waals repulsion,

Bond length. In a covalently bonded molecule, (he

. I distance between the nuclei of the two atoms
is known as bond length. Atomic radii and bond Je

ngths are measured in angstrom (1 A = 107" m) units.
Bond angle.  In a covalently bonded molecule

-ty having more than two atoms, the bonds form an
angle with each other, which is termed ag bond

i
angle. |
Nuclei '
Atomic radius = 0,37 A or 0,037 mm |
(convalent radius)
—i —
Bond length = 0.74 A o 0.074 mm
(a)

van derm
radius of A

e
e

. van der Waals
radius of B

Forces of attraction The minimum possible distance Distance less than the ‘
operate when two between two non-bonded atoms at sum of van der Waals
non-bonded atoms which the forces of attractions radii (of A and B)

approach each other. are maximum. causes replusion.

(b)

Bond length
N =095 A
I """" H ; Bond angle = 109.5° Lo -
Bond length = 1.09A° iy e -
.......... o v H «\ H
H H \/\
H Bond angle = 104.5°
()

Fig. 1.1 (a) Atomic radius and bond length in hydrogen; (b) van der Waals radii of atoms; (c) bond angles,
and bond lengths in methane and water molecule.

; N/ WAL 11 1N A "l‘-:]



6 Organic Chemistry

1.3.5 Formal Charge

The charge present on an atom, in a molecule or in an jon is known as formal charge, The fonn]
. . } 4 . o 4

charge is calculated by taking into consideration, the number of valence electrons of the Lew
) §

structure as follows.

Formal charge = Number of valence electrons — Number of valence electrons ;,@
in an isolated atom to atom '_ﬁ__’hfi’ff’i“m"-“uc |
e —————— il

As an example, let us calculate the formal charge on oxygen in H40" and OH",

The Lewis structure for these species are

o Isolated oxygen atom has g 3
electrons (refer Table 1.1)

,eﬁr,.

5e + - e In H;0%, the oxygen has cre nen —
H—O—H - pair of electrons, also three ale °"lean
| .0—H involved in forming O~H bonds "
H . o In OH", the oxygen has thres gy -

nonbonding electrons and one Slecirn
is involved in forming O—H bong

Number of valence electrons in

Formal charge = Number of valence electrons ‘ :
oxygen atom in the Lewis structure

in isolated oxygen atom

Formal charge (in H;0%) =6 - 5 = +1
Formal charge (in OH) =6 -7 = -1

1.3.6 Bond Polarity and Dipole Moment

In covalent bonds where two atoms have a difference in electronegafivity, a polanty develops.
For example in HCI molecule, chlorine being more electronegative attracts the shared pair of
electrons nearer to itself and acquires a partial negative charge (67) and hydrogen a partial positive
charge (6%).

These two separated opposite charges, which are a result of uneven distribution of electrons,
constitute a dipole. The dipole moment, i is a quantitative measure of polarity and is expressed in

‘Debye unit’ D.
Mathematically M = charge X distance

The dipole moment is represented by +——, where head of the arrow is always towards the more
electronegative atom and tail is towards less electronegative atom.

&
H—cl
-+

' 'I.n a molecule, the dipole moment is the vector sum of all the individual bond dipoles. The
individual bond dipole may not be zero but their vector sum on the whole may be zero since they
cancel each other being vector quantities.

/AL 1T 1N "I\.h
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" ‘ Cl
€ e |
O=C=0 o (l‘ ) l'I'
n- ‘t‘\ll o Cy
o H gl 4
. i = zero Jl = 7010 y= /cr;)
Anear molecule Tetrahedral molecnle Tetrahedral molecule

(Individual bond dipoles cancel each other,)

(]
2 0 N «” >~ ‘ 1
] S 2 (IS
H H 077N H” G2
W\
“Cl
M # zero H # zero H# ze10
Bent molecule Bent molecule Tetrahedral molecule

(Vector sum of individual bond dipoles is not zero.)

Dipole moment values give an idea about the structure of a molecule. A zero dipole moment
indicates that the molecule is symmetrical or linear.

1.4 CONCEPT OF HYBRIDIZATION AND COVALENT BONDING

As mentioned earlier, an orbital describes the region in space which has the maximum probability
of finding the electrons. In accordance with the modern theory of bonding, covalent bond formation
between two atoms involves the overlap of atomic orbitals. This overlap results in the formation of
new orbitals termed molecular orbitals.

QTS

Atomic orbital Atomic orbital Molecular orbital

H- ‘H — H—H

As you already know that based on principal energy levels, the orbital may be s, p, d, or f. In
present text our emphasis will be on s and p atomic orbitals as carbon (atomic number 6) involves

atomic orbitals of second principal energy level.

The electronic configuration of carbon is 1s?, 2s%, 2p* and is 1
depicted as follows , L
As per this configuration, carbon should be divalent in nature AR
(2 unpaired electrons in p orbitals) and since p orbitals are mutually Tl_l T
perpendicular, the covalent bond formed using p orbitals should have SRS P
bond angle ~90°. In actual, carbon is tetravalent in nature and bond G'&‘:gg;:“:‘&t‘fg)"“

angles are never observed to be 90°.

/AL 1T 1N "I\.I]
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» explained by using the concept of hybrig
¢ of ylecule can be explained
The structure of a mq

; : izan‘,,n‘ i
ical concept, which states that atomic orbitals of an atom may combine 4 ong e v,
. ‘ . 0 C‘ 4 . ' ' 5 N : " t1re Y . -
(hc‘(-)rult l ot of orbitals called ‘hybrid orbitals’ having equivalent energies, These New sel"°s
to form new 8 ! \

; ttala ‘ Orbj
are highly directional and interact with the “""'t".""’f other atoms to form hons, The p, Haly
;_HC "!; by the overlap of these hybrid orbitals exhibits the structure and bond angle
ormed by the y ’
sith the observed data. . . R T i
“"h'rl; aructure of a molecule s directly related to the type of hybridization exhibite| by ato

¢ ‘ . ) 4 ic it

The type of hybridization depends on the number and type of atomic orbitals participalin -
e b yutt , AR gi

hvbridization and is summarized in Table 1.3, .

0 ee
. U‘
1 e

n acc‘)rdanca

Table 1.3 Types of hybridization, shape, and bond angle

Orbitals participating in Type Number | Stucture of Molecule
hybridization of of formed (arrangement
Hybridization Hybrid of hybrid orbjtals)
Number of Number of Orbitals
s-orbitals p-orbitals
1 3 sp® 4 Tetrahedral 109.5°
1 2 sp? 3 Trigonal planar 1200
1 1 sp ' 2 Linear 180°

1.4.1 sp’ Hybridization
Strucutre of methane (CH,)

Experimentally, it has been observed that methane (CH,), the simplest carbon compound, has same
bond length (1.09A) for all the four carbon-hydrogen bonds and has a bond angle of 109.5°, The

ground state electronic configuration of carbon has two unpaired electrons in the 2p orbital. In the
excited state, one of the 2s electrons moves to 2p orbital (see Fig. 1.2).

11y 111 rHTT
ﬂ Excitation of e~ . T Hybridization . - — -
“ from 25 to 2p 7 ” T - ”
Is 25 2p Is 2 2p 1s sp? _J
C (Ground state) c’ (excited state) i c’ (sp3 hybridized)

Fig. 1.2 Excitation and sp3 hybridization of the atomic orbitals of carbon.

al in nature and are more effective i i d to
. _ e 1n overlapping compare
pure atomic orbita]s. pping P

/WAL 11 1N\ A "I\.I‘]
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+ 3@ o an 4 c .)‘ > 'Hifh.l{ di;gctlional
A o ll ;
//]/w - 1ybrid orbita

2s 2p undergoes an

Maximum electron concentration effective overlap
is located in this bigger lobe and compared 1o pure
overlap occurs through this end. orbitals.

The four h.\'b"_'d‘ orbitals are ‘E'“"““gcd along the sides of a regular tetrahedron (bond angle
109.5°) to have minimum clectronic repulsions,

3 . 109.5°
sp--s overlap
(C—H o bond) \
A

sp> hybrid carbon "
-C-+ 4H —H:C:H

H
Fig. 1.3 Tetrahedral arrangement of four sp® hybrid orbitals of carbon and formation of methane.

The four sp* hybrid orbitals overlap with 1s orbital of four hydrogens to form four carbon-
hydrogen ¢ bonds (sp>-s overlap) with same bond lengths (1.09 A) and same bond angle. The

methane molecule is tetrahedral in shape.
Structure of ethane (C;Hg)

In ethane, two carbons undergo sp3 hybridization. Each carbon has four sp3 hybrid orbitals arranged
in tetrahedral manner, that is, in all, eight hybrid orbitals are available. The overlap of two sp3 hybrid

i, A

’ ] s £
c€ L »C C C
sp3-soverlap —S £ ’A n— V‘ AT I \
(C—H o bond) 8 J %l 109.30y H
i W 1.54 A

sp3-sp3 overlap: formation of C—C @ bond

sp? -sp® overlap (one C—C o bond)
(C—C obond) sp3-s overlap: formation of C—H & bond
. . H H. (six C—H o bonds)
2:C- + 6H —— H:!C:CIH
H H

Fig. 1.4 Structure of ethane showing overlap of sp® hybrid orbitals of carbons.
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10 Organic Chemistry

3

[ i a Ci - on o bond (s -sp3

‘h carbon) results in the formation of a 'c.nrhon carll) t f( p s. OVerlap
orbitals (ung fmll‘l C"",t hybrid orbitals overlap with Is orbitals of hydrogens to form Six ¢
The remaining s1x sp- Y

)
0.
‘ Al
hydrogen o bonds (sp -5 ovetlap).

1.4.2 sp? Hybridization

Structure of ethene (C;H,) | )

he combination of one 2y and two 2p orbitals of carbon results in the formation of three o hy :
1?‘9?;"'1‘.”\0\*0 hybrid orbitals have triponal planar arrangement (bond zzmg]c PIOSC i ]200) .
::::::::JA clc‘ctmn-ic repulsions, In case of cthene, the two carbons are sp” hybridizeq

B 111 111 L
” T Excitation of ¢~ T ”Ybfidi”’“""‘; —~ L i

” = fromr 2y to 2p “, - ﬂ

52 2 ls2s  2p | REIE |

i C (Ground state) ) C* (Excited state) C (.SPZ hybridizcd)

Trigonal planar arrangement
of three sp2 hybrid orbitals

Fig. 1.5 Excitation and sp? hybridization of the atomic orbitals of carbon,

Each carbon has three planar sp? hybrid orbitals, that jg

, in all six hybrid orbitals are available, The
sp™-sp* overlap results in C-C o bond formation ang sp?

-5 overlap results. in four C_H bonds (1.08 &),

Pure p orbitals sp2-s overlap

/ \ (C;\fi/ o bond)

1.33A
sp2-sp2 overlap
(€—C obong)
P-poverlap
(C—C rbong)
2:C 4 A — HIC::C:H
Fig. 1.6 H H
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Each carbon has a pure p orbital (doe
wo p orbitals results in the formation of
ovcrliIPPi“F of p orbitals of carbon, it j

S ot participate in hybridization) and overlap of these

a7 bond. Since 7 hond is formed hy collateral (sideways)
S relatively weaker than o hond,

structure of formaldehyde (CH,0)

In general, sp hybridization results in the formation of double bond, For example, formaldehyde
(H,C=0) where both carbon and oxygen are

sp” hybridized,

L T
Lls Sp 2p Is  sp? 2p _J

O (sp” hybridized)

C" (sp® hybridized)

Carbon has three hybrid orbitals (each having single electron). Oxygen too, has three hybrid
orbitals (two having paired electrons and one with single electron). The carbon-oxygen & bond is
formed by the overlap of one of the sp2 orbitals of carbon and sp2 orbital of oxygen containing
single electron. The remaining two sp2 hybrid orbitals on carbon form two C-H ¢ bonds by
overlaping with 1s orbitals of the two hydrogens. The 'hybrid orbitals of oxygen contain two lone

pairs of electrons. The overlap of pure p orbitals of carbon as well as of oxygen forms a carbon-
oxygen 7 bond.

sp3—sp2 overlap

(C~C o-bond) e
(I ﬂ() . sp” hybrid ™
% / onbitals of - H \_'-
, D T v PR
iz §C'/ ;;7{ oy oxygen _0:

=

O«
N/

€ e

B »0 - G

e ) g carrying
7 \ X ) ; lone pairs  H /&
ﬁé} y /J 27 of electorns

P —((s;:{c;rlap spg—sp;2 overlap
(C-0O o-bond)

Fig. 1.7 Hybridization and formation of o and 7 bond in formaldehyde.

14.3 sp Hybridization
Structure of ethyne (acetylene, C;H,)

The combination of one s and one p orbital results in the formation of two sp h.yl?rid orbitals. Tt?e
o sp hybrid orbitals are linearly arranged (bond angle 180°) to have minimum electronic
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| the two carbons are sp hyhndurcd. l,n'ch c;w}mn h ot
, etylene, : in n ¢ T bo ( i
repulsion. In avttIFI ench carbon results in carbon-carbon | ;“ TMation Wherem; s lla]S. the
- e . . Hach e HE
speap overlap I,u mation of two C-H o bonds. Each carbon has
‘ in the o
results m

lW() u .
: N ( b pure Orbltals
I their overlap results in the formation o two i onds.
wpendicnlar) and
l“’”“ I

as two hvhe

~

§ overl
(m"“lal?;

I J Excitation of ¢ [

e ————————————— ..)

Hybridization
from 2s to 2p
|

T .
— T A = l_
15 28 2p _J ls 2s 2p

] ls
C (Ground state)

L SN

i
Linear arrangement of two sp hybrid orbitalsg

Pure p orbitals

1.08 4
180°
e H%C‘H
; 120 A
(:gf: ?ggzg) Sp-sp overlap

(C-C o bond)

P-p overlap
(C-C rbona)

2:C + M — weouel

Fig. 1.8 Hybridization and formation of ¢ and bonds in ethyne.

Effect of Hybridization on Bo
acter in hybrid orbity]
(33% s character) o sp
clectrons are cloger to n

more effective itg overla

The s char

nd Length and Bond Strength
to sp2

S increases as one moves from sp> (25% s character)
(50% s character). The s orbitals are spherical jamd
ucleus. Thus, the higher the s character of hybrid orblta.l,
P with the other atomic orbitals or hybrid orbitals is. This
causes an increase in bopd

m
strength and decrease in the bond length of the syste

. _ o |
with an increase ip, ¢ character of overlapping orbitals.
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Order of bond strength and bond length of C-H bond

N -

— — Y o ’
o> Iner asing bond strength
spley | gt —z
z‘f !p -y ﬂp-l'

'\\ Increasing bond length <

_—

Order of bond strength and bond length of C~C bond

2 Increasing bond strength>

< Increasing bond length <.
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