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Chapter 1

Chemical Bonding and Molecular Structure

(st g5y 1-858)

Information about molecular structure and ideas about bonds can be used to interpret and
predict physical properties and chemical reactivities. Molecular structure specifies the relative
position of all atoms (bond lengths and bond angles) in a molecule in quantitative terms. Structural
information and interpretation can also be provided by computational chemistry. In this chapter,
molecular orbital theory is applied to the interpretation of molecular structure and properties.

1.1 Localized chemical bonding ( Elf{L %8 )

Valence bond theory was the first structural theory applied to the empirical information about
organic chemistry. In this theory, carbon almost always formed four bonds, nitrogen three, oxygen
two, and the halogen one. Kekule’s structure for benzene, published in 1865, was a highlight of this
period. However, the structural formulas were developed without understanding of the nature of the
chemical bond that is represented by the lines in the formulas. The key advance in understanding
the concept of origin of chemical bonds was the introducing of the concept of electron-pair and the
octet rule proposed by G. N. Lewis in 1916. The concept of bonds as electron pairs gave a fuller
meaning to the traditional structural formulas, since the lines then specifically represent single,
double, and triple bonds. However, Lewis structures convey relatively little information about
molecular structure. The hybridization concept developed by Linus Pauling provided an
approximate molecular geometry. The Pauling hybridization scheme provides an effective structural
framework for most molecules. However, a particular hybridization scheme does not provide a
unique description of molecular structure. Valence bond theory is neither a unique nor a complete
description of electron density. Qualitative information about electron distribution can be deduced
by applying the concepts of polarity and resonance.

Molecular orbital (MO) theory is an alternative way of describing molecular structure and
electron density. In the molecular-orbital method, bonding is considered to arise from the overlap of
atomic orbitals. When atomic orbitals overlap in a molecule, they combine to form new molecular
orbitals with an equal number of atomic orbitals. Molecular orbitals (MOs) differ from atomic
orbitals in that there are electron clouds that surround the nuclei of two or more atoms, rather than
just one atom. MOs that involve only two atoms are called localized molecular orbitals. In
localized bonding, the number of atomic orbitals that overlap is two (each containing one electron),
so that two molecular orbitals are generated. One of them, called a bonding orbital, has lower
energy than the original atomic orbitals, and the other, called an antibonding orbital, has higher
energy than the original atomic orbitals. Bonding orbitals are filled first. Since the two original
atomic orbitals each held one electron, both of these electrons can now go into the new molecular



bonding orbital, since any orbital can hold two electrons. The antibonding orbital remains empty in
the ground state. The greater the overlap is, the stronger the bond is. Fig 1.1 shows the bonding and
antibonding orbitals that arise by the overlap of two 1s orbitals. Since the antibonding orbital has a
node between the nuclei, there is practically no electron density in that area, so that this orbital
cannot bond very well.

=) P o' (antibonding orbital) ™~

‘*7 +. <
| +E ls \ o (bonding orbital) P Is
E‘ + . + |
I
!l Fig 1.1 Overlap of two 1s orbitals gives rise to a 6 and a * orbital.

Molecular orbitals formed by the overlap of two atomic orbitals are called ¢ (sigma) orbitals
when most of its electron density is centered along the line connecting the two nuclei, and the bonds
are called o bonds. Corresponding antibonding orbitals are designated as o*. Sigma orbitals are
formed not only by the overlap of two s orbitals, but also by the overlap of any two atomic orbitals of
s, p, d, or f. But the two lobes of the two atomic orbitals that can overlap must have the same signs: a
positive s orbital can form a bond only by overlapping with another positive s orbital or with a positive
lobe ofa p, d, or f orbital. Any & orbital may be represented as approximately ellipsoidal in shape.

A pi bond (rr bond) results from overlap between two p orbitals oriented perpendicular to the
line connecting the nuclei. These parallel orbitals overlap sideways, with most of the electron
density centered above and below the line connecting the nuclei. This overlap is parallel, not linear
(as in a sigma bond), so a T molecular orbital is not cylindrically symmetrical.

When ethylene forms, the combination of a ¢ bond and a &t bond between the two carbons is
involved. The two p orbitals of the two carbon atoms overlap and form a m bonding and a ©
antibonding (n*) molecular orbital, as shown in Fig 1.2. The n bonding molecular orbital of
ethylene forms when the p atomic orbitals overlap with the same signs of the wave function in the
bonding region between the two nuclei. This type of overlap is called a constructive overlap.
Formation of the m antibonding molecular orbital occurs when the p atomic orbitals with opposite
signs for the wave functions overlap in the bonding region. This type of overlap is called a
destructive overlap. In the ground state of ethylene, two electrons are in the bonding MO, but the
antibonding MO is vacant.

S - e s

8—:g antibonding MO

E 28 !
!

8—8 bondingMO - i

[

Fig 1.2 The formation of T molecular orbitals in ethylene from p atomic orbitals

b i

S



The distances between atoms in a molecule (bond lengths) are characteristic properties of the
molecule and can give us information if we compare the same bond in different molecules. There is
a correlation of bond strengths with bond lengths. In general, shorter bonds are stronger bonds.
Bonds become weaker as we move down the periodic table. Compare C—O and C—S, or the
carbon-halogen bonds C—F, C—Cl, C—Br, C—1, since bond distances must increase as we go

down the periodic table because the number of inner electrons increases. Double bonds are both
shorter and stronger than the corresponding single bonds, but not twice as strong, because 1 overlap
is weaker than ¢ overlap. This means that a ¢ bond is stronger than a t bond.

JE OB TELR A & Rl HIE I CRIPS AN 352 of O NS 2 /G 7y 30l D, [ 3R 7 150
TE I fE A A AT R FHUE RE R KA 2 FHUE M RPUE . AERRI0N s FHOERRERLL
AT R FHUE REE SR 4 T HUEME R UE . BB E S R AIE SR R . Rk
BRALIE R A R FHUERT S A R A AR AN E AR T . RBRPUES, AR T R R
FER. BFPERBIERTUERNETFERESE KR, BRiEEsT. REHIIER o i
HUEM x REBPUE(ATFS o Ml nbRid). REPUEA o* EBHIEN o REPLUELLTTS o*Hl
w*Fric).

EHILM R FETHANE 20 D& e N 2 51 2 0] LU R A X 5l 7 )
PN G 2 1) (R A B 0 S S B b SR T I, T 22 W A A0 S () S me, S 3R AU 4
T B ER B R R o FresE L. W, Z2&PE—4 C—C. U4 C—Ho @M
—AC—Cnfd. EHBAFLBEEMRBIER. Pl —EXR ek, BERE.
AL . BAER. BESEAR S T PEMURFAZE.

1.2 Dipole moments ( {B#%E )

A bond with the electrons shared equally between two atoms is a nonpolar covalent bond. In
most bonds between two different elements, the bonding electrons are attracted more strongly to
one of the two nuclei. An unequally shared pair of bonding electrons is a polar covalent bond.
The bond polarity is measured by dipole moment (x), defined to be the product of charge
separations (5 and &7) and the bond length. The total dipole moment of the molecule is the vector
sum of the individual bond moments. This vector sum reflects both the magnitude and the direction
of each individual bond dipole moment.

Oran O oxon oo
-—-+~ -——-fr

g
1=0.43D 1=3.93D 1=4.39D 1=0D
Kt NO,
€l al

Lone pairs of electrons contribute to the dipole moments of bonds and molecules. Each lone
pair corresponds to a charge separation, with the nucleus having a partial positive charge balanced
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by the negative charge of lone pair.

r
g L
N +— H:C 7 4
NS ol 2 o=
Hw"'/ ~ H:( :
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HAR R PR A SO e, T i AR, s e 2 e i) L SR MR R
o BT B o, T AR R T AR I . IR IR R A . St
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1.3 Inductive effects and field effects ( i% 5% R F3H3 K )

The C—C bond in ethane has no polarity because it connects two equivalent carbon atoms.
However, the C—C bond in chloroethane is polarized by the presence of the more electronegative
chlorine atom. Electronegativity differences are the origin of polar bonds. The C1 atom in
chloroethane, having been deprived of some of its electron density by Cl with the greater
electronegativity, is partially compensated by drawing the C— C electrons closer to itself, resulting
in a polarization of this bond and a slightly positive charge on the C1 atom. This polarization of a
bond caused by the polarization of an adjacent bond is called the inductive effect. The effect is
greatest for adjacent bonds but may also be felt farther away; thus the polarization of the C—C
bond causes a (slight) polarization of the three methyl C—H bonds.

26 lb* &
CH;—CH; — — (I

Functional groups can be classified as electron-withdrawing (-I) or electron-donating (+I)
groups relative to hydrogen. The most common —/ groups include —NRj, —SR;, —NH;.
=NO;; ' —SOR)) —CN, —50:A1, —COOH, —F, —CI;'—Br, —1, —0Ar, —0C00R, —OR,
—COR, —SH, —SR, —OH, —C=CR, —Ar and —C=CR,. The most common +/ groups

‘ndude —O . —TOD , —CR;, —OHR;, —ORgR, —COiy and D. The groups are isied
approximately in order of decreasing strength for both -7 and +/ groups. It can be seen that most
groups are electron withdrawing. The +/ groups are groups with a formal negative charge, or atoms
with low electronegativity (Si, Mg, etc., and alkyl groups). Deuterium is electrondonating with
respect to hydrogen. Atoms with sp hybridization orbital generally have a greater electron-
withdrawing power than those with sp’ hybridization orbital, which in turn have more electron-
withdrawing power than those with sp’ hybridization orbital. Inductive effects always decrease with
increasing distance, and in most cases (except when a very powerful +/ or —I group is involved),

cause very little difference in four bonds away or more. .
Typical order of —/ groups: —F > —OH > —NH; > —CHjs (central atom in the same

period), F > Cl > Br > I (in the same group), —(C=CR > —C=CR;> —CR:CR3.

Typical order of +/ groups: —CR3 > —CHR; > —CH>R > —CH;

The field effect operates not through bonds, but directly through space or solvent molecules.
The field effect depends on the geometry of the molecule. But the inductive effect depends only on

4



the nature of the bonds. For example, in isomers 1 and 2, the inductive effect of the chlorine atoms
on the position of the electrons in the COOH group should be the same since the bonds intervene is
the same. But the field effect is different because the chloro groups are closer in space to the COOH
in 1 than they are in 2. Thus a comparison of the acidity of 1 and 2 should reveal whether a field
effect is truly operating. The —/ effect of the chloro group in 3 should cause a stronger acidity than 4.
The result is reverse because of the field effect between Cl and —COOH, leading to less ability of
releasing H' in 3 than in 4.

- e |
Cl COOH
COOH COOH
=607 pK =5.67 pK, 625 px 6.04
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1.4 Delocalized chemical bonding ( BiFit 452 )

Some compounds contain one or more bonding orbitals that are not restricted to two atoms,
but spread out over three or more atoms. Such bonding is said to be delocalized. Delocalized
bonding can not be adequately described by a single Lewis structure.

For planar unsaturated and aromatic molecules, many molecular-orbital calculations (MO
calculations) have been made by treating ¢ and r electrons separately. It is assumed that the o
orbitals can be treated as localized bonds and the calculations involve only the it electrons. Hiickel
molecular-orbital (HMO) calculations is often used to treat delocalized bonding. According to
HMO, a molecular orbital is formed by linear combinations of atomic orbitals. The number of n
molecular orbitals is always the same as the number of p atomic orbitals used to form & MOs. These
MOs have energies that are symmetrically distributed above and below the energy of the starting p
orbitals. Half of the MOs are bonding MOs. Half of the MOs are antibonding MOs.

The construction of the = molecular orbitals for a conjugated diene requires that four p atomic orbitals
from the four carbon atoms overlap. The overlap of these orbitals leads to four @ MOs, each MO
encompasses all four atoms that contributed the p orbitals. In the molecular orbital picture (Fig. 1.3), the
overlap of four p orbitals gives two bonding orbitals that contain the four electrons and two vacant
antibonding orbitals. It can be seen that each orbital has one more node than the one of next lower energy.
The nodes in a molecular orbital are always symmetrically distributed. For example, the m; molecular
orbital has two nodes equidistant from the center and the two ends of the orbital. Each of the two lower
energy n MOs is filled with two electrons, whereas the two higher energy T MOs remain empty.

e e

g 8 antibonding MO — 74

! i
|

i |
) 1l
! !
t |
! i
' i
| i
| !
' !
' !

!
? 5—5 g antibonding MO —™ LUMO |

E
H,C=CH—CH=CH “8< |
. T 8—59—? bonding MO  4-T2 HOMO

\_ 5—5—8—8 bonding MO  #-m

Fig 1.3 The energy relationship between the constituent p orbitals and the 1 MOs of a conjugated diene. “
. J

As shown in Fig 1.3, The m; molecular orbital consists only of bonding overlaps between the
constituent atomic orbitals of 1,3-butadiene. As a result, the ; molecular orbital is very stable. The
m1.4 MOs of a conjugated diene are called delocalized molecular orbitals because they extend over
more than two atoms.

The m molecular orbital of a conjugated diene is lower in energy than the m; molecular orbital
of an unconjugated diene or alkene. The m; molecular orbital of a conjugated system also exhibits
the other two characteristics of a conjugated system: planar conformation and a shorter single bond
between C2—C3 than typical single bond. This MO has the lowest energy among the four MOs
formed in a conjugated system, so it fills with electrons before any other levels.

The m; MO involves bonding overlap between C1—C2 and C3—C4 along with an antibonding
overlap (node) between C2 and C3. The m» MO is higher in energy than the m; MO because of the
node between C2 and C3. After the m; MO fills with electrons, the 1> MO then fills. The n; MO is



the highest occupied molecular orbital (abbreviated HOMO) of 1,3-butadiene.

The m3 MO involves a bonding overlap between C2—C3 and an antibonding overlap between
C1—C2 and C3—C4. The ny molecular orbital is the lowest unoccupied molecular orbital (LUMO)
of 1,3-butadiene. The m4 MO involves all antibonding overlaps between adjacent carbons. The mg
MO is the highest unoccupied molecular orbital.

Where a p orbital is on an atom adjacent to a double bond, there are three parallel p orbitals
that overlap. As previously noted, it is a general rule that the overlap of » atomic orbitals creates n
molecular orbitals, so overlap of a p orbital with an adjacent double bond gives rise to three new
orbitals, as shown in Fig 1.4. The middle orbital is a nonbonding molecular orbital of zero bonding
energy. The central carbon atom does not participate in the nonbonding orbital. Electrons in this
orbital have the same energy as an isolated p orbital.

%%*8 antibonding MO 7, —— LUMO — LUMO

38 %—8 nonbonding MO r, LUMO —l— HOMO + HOMO
8—8—8 bonding MO % H HOMO I ||

CH,—CHCH, CH,—CHCH, CH,—CHCH,

Fig 1.4 The energy relationship between the constituent p orbitals and the
MOs of allylic cation, free radical, and carbanion.

There are three cases: the original p orbital may have contained no, one, or two electrons.
Since the original double bond contributes two electrons, the total number of electrons
accommodated by the new molecular orbitals is two, three, or four respectively. For example, the
orbital structures of the allylic cation, free radical, and carbanion differ from each other, therefore,
only in that the nonbonding orbital is empty, half-filled, or filled. The electrons in the nonbonding
orbital do not contribute to the bonding energy, positively or negatively. The two cases, where the
original p orbital contains only one or no electron, are generally found only in free radicals and
cations, respectively. Allylic free radicals have one electron in the nonbonding orbital. In allylic
cations, this orbital is vacant and only the bonding orbital is occupied. An allylic carbocation is
more stable than an ordinary carbocation. The case where the original p orbital contains two
electrons are found in allylic carbanions as well as any system containing an atom that has an
unshared pair and that is directly attached to a multiple-bond atom, e.g. CH=CH—CI, CH,=CH
—Cl, CH;=CH—OCH3, etc.
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1.5 Resonance structures ( RS )

A resonance structure may be drawn for any conjugated structure by moving electrons from
one place to another, so long as the rules of Lewis structures are followed. The electron
delocalization described by resonance enhances the stability of the molecules, and compounds or
ions composed of such molecules often show exceptional stability. Resonance structures are not
different compounds, but different ways of drawing the same compound. The actual molecule is
said to be a resonance hybrid of its resonance forms.

In drawing resonance structures, we try to draw structures that are as low in energy as possible.
The best candidates are those that have the maximum number of octets and the maximum number
of bonds. Only electrons can be delocalized. Nuclei cannot be delocalized. They must remain in the
same places, with the same bond lengths and angles in all the resonance contributors. The following
general rules will help us to draw realistic resonance structures:

(1) All the resonance structures must be valid Lewis structures for the compound.

(2) Only the placement of electrons may be shifted from one structure to another (electrons in
double bonds and lone pairs are the ones that are most commonly shifted.). Nuclei cannot be moved,
and the bond angles must remain the same.

(3) All the canonical forms must have the same number of paired and unpaired electrons. Most
stable compounds have no unpaired electrons, and all the electrons must remain paired in all the
resonance structures.

(4) The major resonance tontributor is the one with the lowest energy. Good contributors
generally have all octets satisfied, as many bonds as possible, and as little charge separation as
possible. Positive charge is best accommodated on atoms of low electronegativity, and negative
charge on high electronegative atoms.

(5) Resonance stabilization is most important when it serves to delocalize a charge over two or
more atoms.
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1.6 Conjugative effect ( FIEAL )

Multiple bonds that alternate with single bonds are said to be conjugated. In the conjugated
systems, many p orbitals overlap to form a more stable = bond where the & electrons are delocalized
than similar systems with isolated double bonds.

The interaction effect of atoms on the electronic density in conjugated systems is called
conjugative effect (C). Conjugative effect from the overlap and interaction of p orbitals whose axis
are parallel to each other is a characteristic of conjugative systems. Compared with inductive effect,
conjugative effect only exists in the conjugative systems. The intensity of conjugative effect is not
weakened along with the increase of the distance. Conjugative effect can be divided into electron

withdrawing conjugative effect (—C) and electron donating conjugative effect (+C).
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CH—=CH—C1  Cu,—=Cu—Tn=]"

+0) =0



Common +C and —C groups:

+C groups: O, S, —NR,, —NHR, —NH,, —NHCOR, —OR, —OCOR, —SR, —SH,
—F, —Cl; —Bi, =1, — R, —A¥

—C groups: —NO;, —CN, —COOH, —COOR, —CONH;, —CONHR, —CONR;,
—CHO, —COR, —SO3R, —SO;R, —NO, —Ar.

+C groups decrease in order: —F> —Cl> —Br> —I, —OR> —SR > —SeR, —O >
—OR> —O'R,.

In m-m conjugative systems, —C groups decrease in order: —C=0 > —C=N > —C=C,
—C—N'HR; > —C—NR.

In p-m conjugative systems, +C decreases in the order: —NR,> —OR > —F,

The conjugative effect can affect the chemical properties of some compounds. The conjugative
effect can affect on the acidity of compounds. For example, carboxylic acids are more acidic than
alcohols owing to the conjugative effect of hydroxy group in carboxylic acids. Let’s look at the
stabilities of carboxylate anions, the negative charge in the carboxylate is shared by both oxygen
atoms. In other words, a carboxylate anion is a resonance Aybrid of two equivalent structures. Since
a carboxylate anion is more stable than an alkoxide anion, a carboxylate anion is lower in energy
and is present in greater amount at equilibrium than an alkoxide anion.

(0] O
R—%—O—H — R—(‘FT—O e R—é=0 + T

The conjugative effect can also affect the basicity of compounds. Arylamines, such as aniline,
are weaker bases than alkylamines by a factor of about 10°. The nitrogen lone-pair electrons in an
arylamine are shared by orbital overlap with the m orbitals of the aromatic ring, and they are
therefore less available for bonding to an acid. In contrast to amines, amides (RCONH) are nearly
neutral. The main reason for the decreased basicity of amides relative to amines is that the lone-pair
electrons on nitrogen atom of amides are shared by orbital overlap with the adjacent carbonyl group
n orbital. The electrons are therefore much less available for bonding to an acid.
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The conjugative effect can affect the type of some addition reactions. The reaction of ethylene
with HCI is an electrophilic addition because the electrons in the m bond are accessible to
electrophiles. In acrylaldehyde, however, the n electrons in the C—C bond are accessible to
nucleophiles because the electronegative oxygen atom of o, B-unsaturated carbonyl compound
withdraws electrons from the B carbon, thereby making it more electron-poor and more
electrophilic than a typical C—C bond in an alkene.

8 & & 8
H,C—CH—CH=0+ CH3;NH, —= H,C—CH,—CH=0
111HCH3
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