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Functional Groups and Classes
of Organic Compounds
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Alkene R—CH=CH,
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Stretching vibrations

stic Infrared Absdrption Frequencies

Some Common Groups

alcohols, phenols
1° and 2° amines, amides

terminal alkynes

alkenes

aromatics

alkanes

carboxylic acids (H bonded)
nitriles
alkynes

aldehydes, ketones, carboxylic acids,
and derivatives

alkenes, aromatics

nitro compounds

alcohols, ethers, carboxylic acids, esters

Bending vibrations
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eface

This revision of Elements of Organic Chemistry, like its predecessor, is in-
. for a first course in organic chemistry. It is especially suited to the needs
£ students specializing in the life sciences, allied health fields, agricultural sci-
' and other related curricula,
~ We have retained the basic philosophy of the first edition. Foremost, we wish

#s book to be a teaching text; one that students find readable, and can study
and learn from with little dependence on the teacher. To this end, we have taken
the same systematic, but more selective, approach to our material as in the
earlier edition, keeping constantly in mind the student to whom this book is
‘addressed. As in the first edition, the discussion of topics is organized around
functional groups. In the selection of our material, we have stressed those as-
pects of organic chemistry pertinent to health, the environment, and biochem-
istry, areas of special interest to the career objectives of the students enrolled in
the course. The practical uses of organic compounds as drugs, food additives,
pesticides, plastics, and other products, as well as their occurrence in nature, are
discussed throughout the text.

Nevertheless, a number of changes have been made in this second edition,

with the hope to improve on the earlier one.

& The number of preparative methods and reactions presented has been pur-
posely reduced. Some reactions, such as the Wurtz reaction for preparing
alkanes, have been omitted because of their obsolescence or lack of practical
applications. Others, such as the Gabriel synthesis of amines, have been
deleted because of the time limitations inherent in a brief course and because
we did not feel that they were important enough for nonchemistry majors.




Jonding, Structural
‘ormulas, and
olecular Shapes

The subject of organic chemistry is unique in that it deals with vast num-
\of substances, both natural and synthetic, that directly influence our wel-
‘and standard of living. Organic chemistry is crucial to our economy as the
see of countless manufactured products that are essential to our comfort and
ng. The clothes we wear; the petroleum products we use to run our
chines: the paper, rubber, wood, plastics, paint, cosmetics, insecticides, and
2ins and drugs that we use every day—all are examples of organic com-
is. The chemical substances that make up the organs of our bodies, the
@ we eat for nourishment, and the chemical reactions that take place inside
s bodies are also organic in nature. Organic chemistry is a subject that is
sdamental to medicine, biology, and other related disciplines such as nursing,
2l hygiene, and medical laboratory technology. Because it is almost impossi-
5 think of an aspect of our daily lives that is not somehow influenced by
mnic chemistry, the relevance in your study of this exciting and dynamic
Siect should be quite apparent.

Organic Chemistry: A Modern Definition

From observation of the chemical makeup of many organic compounds it
#= recognized that one constituent common to all was the element carbon.
wiav organic chemistry is defined as the study of carbon/hydrogen-contain-

1.1
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1.2

ing compounds and their derivatives. Petroleum and coal are two vast natural
reservoirs from which many organic materials are extracted. Both were formed,
over long periods of time, from the decay of plants and animals.

The Uniqueness of Carbon

Although carbon ranks only twelfth in abundance among the elements and
constitutes less than 0.1% of the earth’s crust, oceans, and atmosphere, the num-
ber of its compounds far exceeds that of all known inorganic compounds. Inoxr-
ganic compounds are compounds formed from elements other than carbon.
There are only about 90,000 known inorganic compounds, whereas the number
of known organic compounds is several million, and thousands of new ones are
synthesized and described each year. Thus, it is not surprising that a special
branch of chemistry is entirely devoted to the study of the compounds of carbon.

What is unique about the element carbon? Why does it form so many com-
pounds? The answers to these questions lie in the structure of the carbon atom
and the position of carbon in the periodic table. These factors enable it to form
strong bonds with other carbon atoms and with other elements—most com-
monly hydrogen, oxygen, nitrogen, and the halogens. As a result, there exist
numerous stable carbon-containing substances of various sizes and shapes (see
Fig. 1.1).

Each organic compound has its own characteristic set of physical and chem-
ical properties, which depend on the structure of the molecule. The structure of
a molecule, in turn, depends on how the atoms composing it are bonded to each
other. Because this relationship between properties and structure is fundamen-
tal to a good understanding of organic chemistry, it is appropriate that we review
the topics of atomic structure and chemical bonding.

—0—

I \C/
H HHHHH —— S o SO
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H—C—H -:+—C—C—C—C—C— " e Ve |
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(a) (b) (e) (d)
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Pt C | B |
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e TC OHOH NO, cl
7 Rl 4.
(e) (f) (2) (h)

Figure 1.1 (a) A representation of methane, the simplest organic molecule. (b) The
combination of many carbons with hydrogen in a straight-chain arrangement. (¢) The
combination of carbons in branched chains. (d, €) The combinations of carbons in rings
of different shapes and sizes. (f-h) The combination of carbon with elements other than
hydrogen.



Atomic Structure

A Electrons and Energy Levels

Atoms consist essentially of three fundamental particles: neutrons, pro-
tons, and electrons. Neutrons and protons are found in the nucleus; electrons
are outside the nucleus. Neutrons are particles that have no charge, and protons
are positively charged particles. The atomic number of an element indicates
the number of protons. Since an atom is electrically neutral, this means that
electrons are negatively charged and that the number of electrons must be equal
to the number of protons.

Electrons are distributed around the nucleus in successive shells, or princi-
pal energy levels, of increasing radius. The electrons in levels close to the nu-
cleus have lower energy than do electrons in levels farther from the nucleus.

The various energy levels are designated by capital letters or whole numbers
(n). The first energy level, the one closest to the nucleus and therefore the one
having the lowest energy, is called the K level and corresponds to n = 1. The
second energy level, somewhat farther from the nucleus and with a somewhat
higher energy content than the K level, is called the L level and corresponds to
n = 2. The third energy level, the M level, corresponds to n = 3; the fourth
energy level, the N level, corresponds to n = 4—and so on.

Bach energy level has a given capacity for electrons. The K level may con-
tain a maximum of 2 electrons and never more. The L energy level has a maxi-
mum capacity for 8 electrons, the M level for 18 electrons, and the N level for 32
electrons. (The maximum capacity of a shell is equal to 2n? electrons, where n 1s
the number of the energy level.)

B Arrangement of Electrons in Energy Levels

Having learned how many electrons are needed to fill a particular shell, let
us consider the order in which electrons enter the various energy levels.

As expected, the first 2 electrons enter the K shell and the next 8, the L
shell. After the L energy level is filled, electrons do not fill the third energy level
(M level) to capacity (18 electrons) before the fourth energy level (N level) is
started. In fact, there are never more than 8 electrons in the outermost energy
level of an atom. The reason is that 8 electrons in the outermost shell give atoms
their greatest stability (noble gas configuration). For example, the element po-
tassium (atomic number 19) has its 19 electrons distributed about the nucleus as

Shell K L M N
Number of electrons 2 8 8 1
Rather than 2 8 9 0

and the electron distribution (electronic configuration) for calcium (atomic
number 20) is

Shell K L M N
Number of electrons 2 8 8 2
Rather than 8 10 0

1.3




4

Bonding, Structural
Formulas, and
Molecular Shapes

Twenty Elements

1 1
2 He 2
3 Li 2 1
4 Be 2 2
5 B 2 3
6 C 3 4
73 N 2 5
8 0 2 6
9 F 2 7
10 Ne 2 8
11 Na 2 8 1
12 Mg 2 8 2
13 Al 2 8 3
14 Si 2 8 4
15 P 2 8 5
16 S 2 8 6
17 Cl 2 8 7
18 Ar 2 8 8
19 K 2 8 8 1
20 Ca 2 8 8 2

The distribution of electrons in the various energy levels for the first twenty
elements is shown in Table 1.1.

C Valence Electrons: Electron-Dot Structures

Valence electrons are those electrons located in the outermost energy
level, the valence shell. In general, the chemical properties of an element depend
on its valence electrons. For this reason, atoms are often depicted by electron-
dot structures. In such structures the symbol of the element represents the
core of the atom (the nucleus and all electrons except the valence electrons), and
the valence electrons are shown as dots, crosses, or small circles around the
symbol. To place the electrons around the symbol in the correct manner, follow
these simple rules.

1. Imagine that the element’s symbol has four sides around it, each with room
for two electrons.

2. Pair the first two valence electrons on one side of the symbol.

3. Place the third, fourth, and fifth valence electrons, one at a time, on the
remaining three sides.

4. For elements that have more than five valence electrons, the three sides are
filled up to a maximum of eight.



For example,

Elements with one valence electron H- Li- ete.

Elements with two valence electrons He: Be: etc.
Elements with three valence electrons B: Al: ete.
Elements with four valence electrons C: -Si: ete.
Elements with five valence electrons N : ete.
Elements with six valence electrons 0 S ete.
Elements with seven valence electrons F Cl etc.
- Elements with eight valence electrons :l\:l._e! :z‘:k:ri etc.

Chemical Bonding

In 1916 G. N. Lewis proposed a theory of chemical bonding that accounted
for many of the facts regarding the reactivity, or the lack of reactivity, of many
elements. Lewis pointed out that the noble gases were particularly stable ele-
ments, and he ascribed their lack of reactivity to their having their valence shells
filled with electrons: two in the case of helium and eight for the other noble
gases. All other elements do enter into chemical reactions, and they do so be-
cause their valence shells are only partially filled. According to Lewis, in inter-
acting with one another atoms can achieve a greater degree of stability by re-
arrangement of the valence electrons to acquire the outer-shell structure of the
closest noble gas in the periodic table. This can be achieved in either of two ways:
(1) through transfer of electrons between atoms (ionic bonding) or (2) through
sharing of electrons between atoms (covalent bonding).

A Ionic Bonding

Elements at opposite ends of the periodic table attain the noble gas configu-
ration by transferring electrons to one another. In the electron-transfer process,
elements at the left of the periodic table give up their valence electrons and
become positively charged ions, or cations, and those at the right gain the elec-
trons, thus becoming negatively charged ions, or anions. The electrostatic force
of attraction between oppositely charged ions constitutes the ionic bond,

General equation

Ax R e R +E‘B]_

Electron donor Electron Cation Anion

atom acceptor
atom

L i el
Electrostatic attraction Ionic bond

1.4 Chemical

1.4

Bonding
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Specific example

Nax + Cl: —» Nat e e
Sodium ion Chloride ion

(neon configuration) {argon configuration)

Na* + €] — Na*[rCl"

Sodium chloride
(an ionic compound)

The vast majority of ionic compounds are inorganic substances. In the solid
state they exist as high-melting-point crystals owing to the strong electrostatic
forces that hold ions together. When the crystals are dissolved or melted, these
interionic forces are overcome, and the result is a liquid in which individual ions
move randomly about (Fig. 1.2). In contrast, when crystals of a covalent com-
pound such as sucrose (table sugar) are dissolved, we find distributed throughout
the solution individual molecules of sugar with definite size and shape.

Problem 1.1 Write the electron-dot formula showing the combination of mag-
nesium and oxygen to form magnesium oxide, MgO. Clearly indicate the charges
on the cation and on the anion.

B Covalent Bonding

Elements that are close to each other in the periodic table attain the stable
noble gas configuration, not through a transfer of electrons but by sharing va-
lence electrons between them. The chemical bond formed when two atoms share

R
::: f:."C‘ In solution . q
06%0

structure
In solution the erystal breaks
up into individual ions

O-C!
. =Na

Figure 1.2 A sodium chloride crystal has a cubic shape in the solid state but no specific
shape in solution.




e pair of electrons is called a covalent bond. Atoms in most substances are
@ together by bonds of this type.

The simplest example of a molecule with a covalent bond is hydrogen gas,
. In hydrogen gas each hydrogen atom fills the first energy level (which can
id no more than two electrons) by sharing the combined valence electrons.

Hx + ‘-H — H*H
‘A covalent bond

Chlorine gas, Cl,, is another molecule in which a covalent bond is formed
ween two like atoms.

5Cl- + - Cl: — :CIClL:
A covalent bond

each chlorine atom is surrounded by eight valence electrons, as is argon,
psest noble gas.

- Because it is often tedious to write electron-dot diagrams of molecules, we
ll introduce a simplified notation. A shared electron pair between two atoms,
mgle covalent bond, will be represented by a dash (—), and the electrons not
dved in bonding (the nonbonding electrons) will be omitted unless needed to
e a point. Thus, hydrogen gas is represented as H—H and chlorine gas as

molecules that consist of two like atoms, such as elemental hydrogen and
sental chlorine, the bonding electrons are shared equally. This is because
2 atoms have the same electronegativity. The electronegativity is a meas-
of the attraction the nucleus of an atom has for electrons in its outer shell.
e 1.3 shows the electronegativity values for the elements proposed by Linus
mg. You see that from left to right, within a period, the electronegativity
= increase, and from top to bottom, within a group, the electronegativity

= decrease. Fluorine, with a value of 4.0, is the most electronegative ele-

fhen two unlike atoms form a covalent bond, the bonding electrons are no
er shared equally. In the C—F bond, for example, the electron pair is shared
mally between the carbon and fluorine atoms. The greater electronegativity
orine (4.0) causes the electron pair to be closer to the fluorine atom than to
arbon atom. Such a bond, in which an electron pair is shared unequally, is

1.4 Chemical

Bonding

B c N 0 F Ne

20 25 a.0 35 4.0 —

Al Si P 5 Cl Ar

15 1.8 21 25 3.0 -

Se Ti v Cr [ Mn Fe Co Ni Cu Zn Ca Ge As Se Br Kr
1.3 15 1.6 16 15 18 18 18 18 16 16 18 20 24 28 .

X Zr Nb Mo Te Ru Rh Pd Ag Cd In &n Sh Te I Xe
12 14 16 1.8 19 22 23 22 1.9 1.7 1.7 1.8 1.8 21 25 =
57-71 Ht Ta W Re Os Ir 43 Au Hg n Ph Bi Po At Rn
1.1-1.2 1.3 15 1.7 19 23 22 22 24 19 18 18 1.9 2.0 22 ==

Figure 1.3 Electronegativity values of the elements (Pauling’s scale).
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called a polar covalent bond. In a polar covalent bond the more electronega-
tive atom assumes a partial negative charge and the less electronegative atom
assumes a partial positive charge. The polarity of a bond may be indicated by the
symbol +—. The head of the arrow points in the direction of the more electro-
negative atom. The tail, marked with a plus sign, is located at the less electro-
negative atom. More frequently, the partial charges are denoted by the Greek
letter symbols §+ and §— (pronounced delta plus and delta minus).

=g &+ 8=

C—F or C—F

As we proceed through our study of organic chemistry, we will find that
polar bonds exert special effects on the physical and chemical properties of or-
ganic molecules. In general, most reactions involve changes in polar covalent
bonds (C—O, C—Cl, etc.) while nonpolar covalent bonds (C—C, C—H, ete.)
remain unaltered.

Problem 1.2 Show the partial charges by placing the 8+ and §— symbols on
the appropriate atoms in the following polar covalent bonds.

(a) H—C1 (b) O—H (c) C—Cl

(d) N—H (e) C—0 (f) C—N

C Coordinate Covalent Bonding

In the covalent bonding discussed so far each of the two atoms contributed
one electron to the electron pair shared between them. There are molecules in
which one atom supplies both electrons to another atom in the formation of a
covalent bond. A covalent bond thus formed is called a coordinate covalent
bond. For example, when ammonia, :NH,, reacts with a proton, H*, to form an
ammonium ion, NH,*, the nitrogen atom in ammonia supplies both electrons to
the new bond.

H +
“ |
H—-l]\l —H + Hs — H—II\I —H
H H
Ammonia Hydrogen ion Ammonium ion

(Lewis base— (Lewis acid—
furnishes electron pair) accepis electron pair)

The species that furnishes the electron pair to form a coordinate covalent bond
is called a Lewis base. The species that accepts the electron pair to complete its
valence shell is called a Lewis acid. In subsequent chapters we shall have nu-
merous occasions to refer to the concept of Lewis acids and Lewis bases to ex-
plain how chemical reactions occur.

Problem 1.3 Each of the following interactions involves the formation of a
coordinate covalent bond. Indicate (1) the structure of the product formed and
(2) which species acts as a Lewis acid and which acts as a Lewis base.



H 4+ H — (b) H—ﬁli—H S e, S S 9

H 1.6 Covalence
Number and
Structural Formula

g -0y 10):- —
Cl

How Many Bonds to an Atom? 1.5
Covalence Number

The number of covalent bonds an atom can form with other atoms is called
its covalence number. The covalence numbers of atoms commonly found in
organic compounds are listed in Table 1.2.

1.2 Covalence Numbers for Typical Elements in Organic Compounds

i Cl, Br, I
(halogens)

Note that the covalence number for an element is equal to the number of
electrons needed to fill its valence shell. For example, hydrogen, which has one
valence electron, needs one more electron to fill its outermost shell. The cova-
lence number for hydrogen is therefore one. Carbon, which needs four electrons
to fill its valence shell, has a covalence number of four, and so on down the list.

Problem 1.4 Assuming that the method of assigning covalence numbers de-
scribed is valid, write the covalence numbers for (a) S; (b) P; and (c) Ne.

Covalence Number and Structural Formula 1.6

A molecular formula tells us what kind of atoms and how many of each kind
of atom are present in a particular molecule. The molecular formula for ethanol
(the drinkable alcohol), C,H,O, tells us that each molecule of ethanol contains
two carbon atoms, six hydrogen atoms, and one oxygen atom. A structural
formula, also called a constitutional formula, shows how the atoms in a par-
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ticular molecule are connected or bonded together. The secret of writing correct
structural formulas for organic molecules is to remember the covalence numbers
of the component atoms. Carbon, with a covalence number of four, must always
have four bonds in any organic compound, and each of the other elements pres-
ent must share the number of bonds indicated by its own covalence number as
listed in Table 1.2.

Following are examples of organic molecules in which each element satisfies
its covalence number by sharing one electron pair—forming a single bond—
with another atom connected to it. Carbon has four single bonds, hydrogen and
chlorine one each, oxygen two, and nitrogen three.

Open-chain (acyclic) compounds

H H H H H
H-¢H H-0-4-H HCN-H H b oH
H HoH 1'{ i
H H H
H—(IJ—O—(IJ—H H—é—Cl
W, H H

Ring (cyclic) compounds
H H 0

H H
H H
H—C—C—H H-é——/é—H ;‘q/ b of
H—C—C—H N H b ¢ H
[ ' 'l Pu
H H H H H

A carbon atom may also share more than one pair of electrons with another
carbon atom or with other elements, such as oxygen and nitrogen, to form multi-
ple bonds. If two pairs of electrons are shared, a double bond is formed; if three
pairs of electrons are shared, a triple bond is formed. A double bond is repre-
sented by two dashes (=) and a triple bond by three dashes (=).

Organic molecules with one double bond

H H HHH

Ly il (];J; | J

H—C=C—H H—C= —tlj—H H—C=0
H

Organic molecules with two double bonds

B ol o b g
e it e ) T i ¥
| K(\J /
AT
H H




Organic molecules with one triple bond
i
H—C=C—H H-—-C=N H—(|3—CEN
H

To summarize,

1. Structural formulas show how atoms are connected to one another in a mole-
cule.

2. The structural formula of a compound is correct only if each element satisfies
its covalence number.

3. The covalence number may be satisfied by forming single or multiple bonds.

Now consider a specific example.

Example 1.1 Given the skeletal structure
c—C=C—C—0

and assuming that only hydrogen atoms are missing, (a) draw the correct
structural formula and (b) write the molecular formula of the completed
structure.

Solution (a) (1) Starting from the left, count how many bonds each atom
already has. The first carbon has only one bond (a single bond); the second
carbon has three bonds (one single and one double bond); the third carbon
also has three bonds (one double and one single bond); the fourth carbon
has two bonds (two single bonds); and the oxygen atom has one bond.
(2) Determine how many extra bonds each atom needs to fulfill its cova-
lence number. Since carbon has a covalence number of four and oxygen of
two (Table 1.2), it means that the first carbon needs three more bonds; the
second carbon needs one more bond, as does the third; the fourth carbon
atom needs two extra bonds; and the oxygen needs one extra bond.

(3) Place the missing bonds.

] I
-(lj—c=é—<|:—0—

(4) Put in the missing hydrogens to obtain the correct structural formula.

it
H—(|3 —C=C —(|3 —0—H
H H

(b) Counting the number of atoms of each kind, the molecular formula of
the structure in (a) is

C,H,0

11

1.6 Covalence
Number and
Structural Formula
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1.7

Problem 1.5 Given the skeletal structures and assuming that only hydrogen
atoms are missing, (1) draw the correct structural formula and (2) write the
correct molecular formula for each of the following.

C/C\
(a) C—C—C (b) C—C (c) EI:

hod -

2

| (d) C—C=C—C

=

lﬁ) Cl C Cl G
(e) C—C—0 (f) C—C—C (g) | | (h) N—C—N

Condensed Structural Formulas

Up to this point we have used expanded structural formulas, in which all
bonds are shown, to represent organic molecules, Although very useful in visu-
alizing structures, this method of representation is time-consuming and requires
much space. One way to simplify the writing of organic structures is to include
only the bonds of multivalent atoms and leave out the bonds of monovalent
elements (hydrogen and halogens). The resulting structures are called partially
condensed formulas. If we omit all bonds except carbon-carbon multiple bonds,
we have fully condensed formulas. Examples are given in Table 1.3

Cyclic compounds can also be represented by partially condensed and fully
condensed structural formulas, as shown in Table 1.4. In the fully condensed
formulas each corner represents a CH, for singly bonded carbon atoms and a CH
when carbon is linked to another carbon by a double bond.

Problem 1.6 Write a partially and a fully condensed structural formula for
each of these structures.

H

H—é—H H

H | HHH
wn L
H H—J——H HHHH

C
H




H HHHH
= ['éf_(lg_l_H
H HHHH
H H H l0 H H
Sislien
HHH H H
H H
5
@ § Mu
-
H III\H
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s

I —T
'.I!—Jd—:n

S

=

oo
.‘:ﬂ—tlﬁ—:"u =
o
:I‘.-—(I'J-—I{

b

=

CH,

=_

H
ey
-
H H H
HHO
a i b
H H
HOH
i b
H H
H O
H;(i:—%—c)—ﬁ CH,
H

Table 1.3 Examples of Condensed Formulas

—CH,—OH

CH,—CH,—CH,—CH,

CH,
—éH—CHs

—CH,—CH
i
—é—cm

|
—C—OH

CH,CH,OH

CH,CH,CH,CH,
or
CH,(CH,),CH,

(CH,),CHCH,
or

(CH,),CH

CH,CH,CHO

CH,COCH,
or

(CH,),CO

CH,COOH
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s i H\C H
CH
H /A _H i e
b S H,C—CH, A
o S
H H
§o
o i o vl ]
H—([!—(rT—H H,C—CH,
H H
H o H
ey /C‘\. g
e e _CH,
e &
H. ¥ - H,C—CH,
™ “H
H H\c H
AR e
e H o
H
¥ H, . H
e < CH,
T D
_H HC\C ﬁCH2
w5l *
-

Problem 1.7 Given the following condensed structural formulas, write the ex-
panded structures.

(a) (CH,),CHC=CCH,0CH,

e
H.,C




Shapes of Organic Molecules:
Orbital Picture of Covalent Bonds

The Lewis model of the covalent bond and the concept of covalence number
have been helpful in giving us a clearer picture of chemical bonding and struc-
tural formulas, But there is one aspect of organic chemistry on which the Lewis
theory sheds no light at all—molecular geometry—and without also considering
the shapes and sizes of organic molecules we cannot begin to discuss their chem-
istry at even the simplest level. The distinct geometry of organic compounds is a
direct result of the covalent bonds involved. For this reason, it is necessary that
we modify the Lewis theory of bonding and describe the electronic arrangement
in atoms and molecules in terms of orbitals.

A Atomic Orbitals

In Section 1.3 we considered the arrangement of electrons within various
energy levels, but did not discuss the regions in space occupied by the electrons.
Calculations based on spectroscopic studies of atoms have shown that electrons
within each energy level are located in orbitals. An atomic orbital represents a
specific region in space in which an electron is most likely to be found. Atomic
orbitals are designated in the order in which they are filled by the letters s, p, d,
and f. The first energy level (K shell) has only one orbital, the 1s. The second
energy level (L shell) has four orbitals, one 2s and three 2p orbitals. The third
energy level (M shell) has nine orbitals: one 3s, three 3p, and five 3d orbitals. The
atoms we will encounter in most organic compounds have only s and p orbitals.
An s orbital is a spherically shaped electron cloud with the atom’s nucleus at its
center; a p orbital is a dumbbell-shaped electron cloud with the nucleus between
the two lobes. Each p orbital is oriented along one of three perpendicular coordi-
nate axes, that is, in the x, y, or z direction. The p orbitals are designated as 2p_,
2p,,and 2p, if they are located in the L shell, and as 3p,, 3p,, and 3p, if located in
the M shell. The shapes of s and p orbitals are illustrated in Figure 1.4.

The energies of the electrons in orbitals increase in the order shown in Fig-
ure 1.5. Note that the three 2p orbitals are of equal energy, and so are the three
3p orbitals.

=2
L z -4
2
9 oo x
y
Y y
y

5 orbital p,, orbital p, orbital p, orbital

Figure 1.4 Shapes of s and p orbitals.

1.8
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35 —
Energy content
of orbital 2p, — 2py — 2p, —
increases iy
1§ w—

Figure 1.5 An energy level diagram of atomic orbitals showing the order in which they
become filled with electrons.

When filling the atomic orbitals, keep in mind that
1. An atomic orbital can contain no more than two electrons (shown by 1 and

1)

2. Electrons fill orbitals of lower energy first (a 1s orbital before a 2s orbital, a
2s orbital before any of the three equivalent 2p orbitals, and so on).

3. No orbital is filled by two electrons until all the orbitals of equal energy have
at least one electron.

The electronic configuration of carbon (atomic number 6) can be repre-
sented as shown in Figure 1.6. More simply, this distribution is shown by the
notation

1s?2s%2pl2pl  or ls% 28% 2p?

The superscripts indicate the numbers of electrons in the atomic orbitals. Table
1.5 shows the electronic configurations of the first ten elements in the periodic
table.

Problem 1.8 Using s and p notation, write the electronic configurations for
(a) Na (atomic number 11) and (b) Cl (atomic number 17).

B Molecular Orbitals

A covalent bond consists of the overlap between two atomic orbitals to form
a molecular orbital. A molecular orbital encompasses the nuclei of two atoms.
Like atomic orbitals, a molecular orbital can accommodate no more than two
electrons. For example, the molecular orbital of H, is formed when the two 1s

Energy content of P . 2 i I J—
atomic orbital * ¥ W

1s AL
Figure 1.6 Energy level diagram for carbon.



Table 1.5 Electronic Configuration of the First- and Second-Row Elements
in the Periodic Table

1 H 1s! _T_

2 He 1s® _Ti

3 Li 1s%2s! T_l _T_

4 Be 152257 Al

5 B 1s%2s%2p] A N i

6 c 1522522p12p} i E s

7 N 1s%2s%2p12p12p] ﬂ ﬂ’. _T_ L _T_
8 0 gt v N Bleciite P irsm it
9 F P - G L S L S
10 Ne 1s%2s%2p22p22p? 1{. _Jl _Ti T_J' ﬁ

bitals from each hydrogen atom overlap, This molecular orbital is cylindri-
v symmetrical about the axis that joms the two nuclei. Molecular orbitals
t have this cylindrical or sausage shape are called sigma (o) orbitals, and
e bond between the two atoms is called a sigma bond (o bond) (Fig. 1.7).
Sigma bonds can be formed not only from a combination of two s atomic
arbitals, as in H,, but also from the end-on overlap of two p atomic orbitals or
© the overlap of an s atomic orbital with a p atomic orbital. (Another type of
d, called the pi (=) bond, which involves the side-side overlap between two
5 atomic orbitals, will be discussed in Chapter 3.)

Bond Energy and Bond Length

_ Since atoms achieve a stable noble gas configuration when they combine to
form molecules, we conclude that a molecule is more stable than the isolated
constituent atoms. This stability is apparent in the release of energy during the

O O
\'\\* %
Two 1s atomic orbitals

Overlap

One bonding o molecular orbital

Figure 1.7 Overlap of atomic orbitals between two hydrogen atoms to form a sigma
molecular orbital (= sigma bond).

17

1.9 Bond Energy
and Bond Length

1.9




18

Bonding, Structural
Formulas, and
Molecular Shapes

1.10

Table 1.6 Bond Dissociation Energies Table 1.7 Bond Length of
of Some Simple Molecules Some Covalently Bonded
Atoms

H—H 104

H—H 0.72
C1—Cl 58 C—H 1.09
H—OH 111 O—H 0.96
H—CH, 101 c—C 1.54
H,C—CH, 83 C=C 1.34
H,C=CH, 146 c=C 1.20
HC=CH 200 C—0 1.43
H,C—OH 89 C=0 1.22
H,C=0 166

formation of the molecular bond. The amount of energy released when a bond is
formed is called the heat of formation or the bond energy. Conversely, the
same amount of energy would have to be supplied to break the bond. The
amount of energy that must be absorbed to break a bond is called the bond
dissociation energy. For a given pair of atoms, the greater the overlap of the
atomic orbitals, the stronger the bond and the greater the amount of bond disso-
ciation energy. In the case of H,, the bond dissociation energy is 104 kcal/mole.
Table 1.6 shows the dissociation energies of certain bonds in some simple mole-
cules. Note that when two atoms are held together by a single bond, the bond
dissociation energy is lower than when they are held together by more than one
bond.

The distance between nuclei in the molecular structure is called the bond
length. For a given pair of atoms, the bond length depends upon the extent of
overlap of their atomic orbitals. For H,, the bond length is 0.72 Angstrom
(1A =108 cm). Table 1.7 shows the bond lengths between some covalently
bonded atoms. Note that when atoms are held together by more than one bond,
the bond lengths become shorter.

Problem 1.9 Predict which of the carbon-oxygen or carbon-nitrogen bonds in
each pair of structures has (1) the greater bond dissociation energy and (2) the
longer bond length.

H

i
(a) H,C—0—CH, and O=C=0 (b) CH,CH,—OH and CH,C=0
(c) HC=N and H,C=NH

sp® Hybridization: The Tetrahedral Carbon

Now that we have examined atomic and molecular orbitals, we can address
ourselves to our main topic of interest, namely, shapes of organic molecules. Let
us consider first the simplest organic molecule, methane.



Figure 1.8 The tetrahedral structure of methane.

jssed on experimental evidence, methane is known to consist of a carbon
‘Bonded covalently to four hydrogen atoms, thus having the molecular
CH,. Each of the four carbon-hydrogen bonds is identical: each has the
grength, 101 kcal/mole, and length, 1.09 A. We also know that the four
¢ are directed toward the corners of a regular tetrahedron with all
bond angles equal to 109.5° (Fig. 1.8). The tetrahedron is a pyramid-
tructure with the carbon atom at the center and each of the four attached
= or groups of atoms located at a corner.

= picture of the bonded carbon atom we have described is inconsistent
e one predicted from the electronic configuration of the isolated or
ate carbon, which is

2s?2pl2pl equivalent to C-

a can see, there are only two half-filled p orbitals in the ground-state
on. We should therefore expect carbon to form not four but only fwo cova-

H

 bonds, as in é—H, with a bond angle of 90°.

» explain this discrepancy, Linus Pauling proposed that it is possible, by
sading the required amount of energy to the ground-state carbon (Fig. 1.9a),
gromote one electron from the 2s orbital to the empty 2p, orbital. The result-
 carbon is said to be in an excited or activated state. In this state the carbon
has four unpaired electrons (Fig. 1.9b), which should account for the for-
on of four covalent bonds. However, the four bonds would not all be the
e: three would be formed from 2p electrons, and the fourth from a 2s elec-
n. But we know from experimentation that the four bonds are identical. Paul-
therefore further proposed that the four excited-state orbitals mix together,
Bybridize, to create four equivalent 252p? (2sp® for short) hybrid orbitals,

(I .
301 3% o, T 2] 2
” 2% 2 2o promotion N s p hybridization Y
L Foi b e s i T sp® orbitals
& 4 &
12 152 152

() (b) (e}

Mgure 1.9 (a) The electronic ground state. (b) The activated state. (c¢) The sp-
idized state of carbon.

L
L
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each directed toward one corner of a tetrahedron. The merging of an s orbital
and three p orbitals to give four sp® orbitals (is and 4p characteristic) is referred
to as sp* hybridization (Fig. 1.9¢).

Figure 1.10 shows in (a) the formation of a ¢ bond from the overlap of one
sp? orbital with the s orbital of one hydrogen atom and in (b) the overlap of four
sp? orbitals with the s orbitals of four hydrogen atoms to form the tetrahedral
methane molecule,

The tetrahedral shape allows for the most effective overlap between the
orbitals, thus forming strong bonds. Whenever carbon is singly bonded to other

atoms, it utilizes sp3-hybridized orbitals and assumes a tetrahedral shape. For
example,

e S
H_éf:._C] Cl—(|3—C1 H—(F—(])—H H——(Jl—L{T-—(qu
Cl Cl H H HHH

Chloroform Carbon tetrachloride Ethane Propane

all represent molecules in which each carbon atom is sp?® hybridized. Chloroform
and carbon tetrachloride, like methane, consist of a single tetrahedron. Ethane is
made up of two tetrahedra, and Propane consists of three tetrahedra,

In molecules where the carbon atom is doubly or triply bonded, it utilizes a

(a)

(b)

Figure 1.10 (a) Overlap of the s orbital of a hydrogen atom with an sp? orbital of
carbon to form a ¢ bond. (b) Overlap of four sp? orbitals of carbon with the s orbitals
of four hydrogen atoms to form the tetrahedral methane molecule.




erent kind of hybrid orbital. For this reason, such molecules are no longer 21
edral, and we shall discuss their geometry in Chapter 3. j
No matter what the geometry, it is difficult to represent three-dimensional s F"“g;ﬁ:::
ctures on a two-dimensional surface. Therefore, as a matter of convenience,

will continue to use planar structures unless three-dimensional structures

are necessary to the discussion.

Functional Groups b B |

There are several million organic compounds. The study of their chemistry
is made possible only because we are able to classify them into a limited number
of families depending on the functional groups present. A functional group is a
reactive portion of an organic molecule, an atom, or a group of atoms that
confers on the whole molecule its characteristic properties. All compounds with
the same functional group belong to one family. Members of a given organic
family react in a similar and predictable manner. An example of a functional
group, indicating an alcohol, is the hydroxyl group, OH, attached to a singly

bonded carbon atom, as in —é!?-—OH. Thus, the first three of the following struc-

tures represent specific alcohols of increasing carbon chain length. The fourth
structure, R—OH, indicates the general formula for all alcohols; R stands for a
earbon chain of any length attached to the functional group.

OH
CH,—OH CH,CH,—OH CH3(IJHCH3 R—OH
Methyl alcohol Ethyl alcohol Isopropyl alcohol General formula
(wood alcohol, toxic) {(beverage alcohol) (rubbing alcohol) for alcohols

Table 1.8 lists some of the functional groups and corresponding classes of
compounds. In Chapter 2 we will discuss the chemistry of alkanes, the first class

of compounds listed.

Problem 1.10 Identify the class of compound represented by each structure.

CH,
(a) CH,CH,CH=CH, (b) CHaéH—O-—CHa
OH 0
¢ &
(¢) CH,CHCH, (d) CH,CH,—C—OH
I
(e) CH,—0—C—CH,CH, (f) CH,CH,CH,—NH,

0
(g) CH,CH,CH,Br (h) CHSCHchZJJ—H
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Alkane RH

C—C (single bond) H,C—CH,
Alkene *R—CH=CH, C=C (double bond) H,C=CH,
Alkyne ¢tR—C=CH  C=C (triple bond) HC=CH
Alkyl halide RX —X H,C—Cl
(X =F Cl Br, I)
Alcohol R—OH —0OH H,C—O0H
|
Ether R—O—R’ —#—0——?— H,C—0—CH,
(]:J) 0 (0] 0
Aldehyde ¢R—CH —JZII—H H—gm-l{, HSC—E——H
T B i
Ketone R—g—R’ ——C|!—(%—~JIJ— Hac—é—CHa
0] (I) E 0
Carboxylic acid “R—(!‘!—OH —(C—0H H—C—OH, Hac—ilé—OH
0 0] 0] 0
g | i
Ester *R—C—0OR —C—OR H—C—O0CH,, H,C—C—0CH,
Amine R—NH, 4¢—NH2 H,C—NH,

2In these classes of compounds R can also be H.

Problem 1.11 There are three compounds with the molecular formula C,H 0.
Two are alcohols, and one is an ether. Draw their expanded structural formulas

and identify the family to which each belongs.

Summary of Concepts and Reactions

Organic chemistry is the study of carbon/hydrogen-containing compounds and their

derivatives.

[Sec. 1.1]

Carbon is unique among the elements for its ability to bond infinitely with itself to form
compounds of various sizes and shapes as well as to bond with many other elements.

[Sec. 1.2]



»ms consist essentially of three fundamental particles: neutrons, protons, and elec-
trons. The atomic number of an element indicates the number of protons.
[Sec. 1.3A]
Jectrons are distributed around the nucleus in shells or energy levels.  [Sec. 1.3A]
> are never more than 8 electrons in the outermost energy level of an atom.
. [Sec. 1.3B]
be outer-shell electrons are called valence electrons, and they are depicted by dots
around the symbol of the element (electron-dot structures). [Sec. 1.3C]
ms can achieve a noble gas configuration by forming ionic bonds or covalent bonds.
[Sec. 1.4A, B]
setronegativity is a measure of the attraction the nucleus of an atom has for its
walence electrons. [Sec. 1.4B]
@inate covalent bond is formed when one atom supplies 2 electrons to form a
_ [Sec. 1.4C]
base is a species that has 2 electrons available for bonding. [Sec. 14C]
acid is a species that can accept an electron pair to complete its valence shell.
[Sec. 1.4C]
re number indicates the number of covalent bonds an atom can form with other
s. [Sec. 1.5]
—ural or constitutional formula shows how the atoms in a particular molecule are
sonnected or bonded together. [Sec. 1.6]
Expanded structural formulas can be simplified by condensing them. [Sec. 1.7]
An atomic orbital represents a specific region in space where an electron is most likely to
be found. [Sec. 1.8A]
Overlap of two atomic orbitals forms a molecular orbital. [Sec. 1.8B]
Molecular orbitals with a cylindrical or sausage shape are called sigma (o) orbitals, and
the covalent bond between the two atoms is called a ¢ bond. [Sec. 1.8B]
Bond formation is an energy-releasing process. The amount of energy released when a
bond is formed is called the heat of formation or the bond energy. [Sec. 1.9]
The amount of energy that must be absorbed to break a bond is called the bond dissocia-
tion energy. (Bond dissociation energy is numerically equal to heat of formation.)
' [Sec. 1.9]
When carbon is bonded to four other atoms, it makes use of sp® hybridization and will be
at the center of a regular tetrahedron. [Sec. 1.10]
A functional group is a reactive portion of an organic molecule that confers on the whole
molecule its characteristic properties. [Sec. 1.11]

Key Terms

carbon electronegativity molecular orbital
organic chemistry polar covalent bond sigma (o) orbital
neutron coordinate covalent bond sigma bond
proton Lewis base heat of formation
electron Lewis acid bond energy
atomic number covalence number bond dissociation energy
shell structural formula bond length
energy level constitutional formula tetrahedron
valence electron single bond hybridize
electron-dot structure double bond sp? hybridization
ionic bond triple bond functional group
covalent bond atomic orbital
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Exercises

Valence Electrons and Electron-Dot Structures [Sec. 1.3]

1.1 Write an electron-dot structure for each compound.
(a) H,0 (b) NH, (c) CH, (d) KBr
(e) CaCl, (f) H,CO (g) CO, (h) HCN

Ionic, Covalent, and Polar Covalent Bonding [Sec. 1.4A, B]

1.2 List which compound(s) in Exercise 1.1 contain(s) (a) only ionic bonds, (b) only
nonpolar covalent bonds, (¢) only polar covalent bonds, and (d) both nonpolar and
polar covalent bonds.

1.3 Show the partial charges by placing § + and §— symbols on the atoms involved in
a polar covalent bond.

H H
(a) HAlr'—OwH (b) H—(|:=o (c)H-—ﬁI]—Cl
H H H
H 0
(@) H—é—lf—H (e) H—C=N () H—(H}—O—-H
H

1.4 Arrange the hydrogen halides (HI, HBr, HCI, HF) in order of polarity, from the
most polar to the least polar.

Coordinate Covalent Bonding; Lewis Acid and Lewis Base [Sec. 1.4C]
1.5 For each of the following Lewis acid-base interactions (1) indicate the structure of
the product formed and (2) identify the Lewis acid and the Lewis base.

Br
| 2 o

(a) Br—f}l + :Br:~ —»  (b) CH,NH, + H* —
Br

(c) H* + :0H- — (d) C,H,0H + H* —

Covalence Number and Structural Formula [Secs. 1.5, 1.6]
1.6 Given the skeletal structure, and assuming that only hydrogen atoms are missing,
draw the correct structural formula for each of the following.

(8 C—C—C () O=C—C (c) C=C—C (d) Cl—C—C=C
Lo
C 0 0 0
P
I |
P g b c—¢—c cn @® C——0—c (h) N—C—t—0
C““c 'z

1.7 Check the following structures to see whether or not they represent possible com-
pounds within the rules of covalence. State either “possible” or “impossible” for
each.

(a) CH,CH,CH,CH, b) C\}is—}CH
H, CH,
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(¢) CH,CH,—0—CH,—0—CH, (d) CHa[CHCHz(J_",—OH et
OH
(e) CH,CH,CH,Cl (f) CH,CH,—CH,
a
(g) CH,—NH,—CH, (h) CH,C=CCH,CH,

1.8 Draw a correct structural formula for each “impossible” representation in Exercise
1.7 by either adding or removing hydrogen atoms.

1.9 Draw an expanded structural formula corresponding to each molecular formula.
(a) CHCI, (b) CH,F, (e) CH,O (d) CH,N (e) C,H,
(f) C.H, (g) C,H, (h) C,H.CL (i) CH,N (j) HyNO

Condensed and Expanded Structural Formulas [Sec. 1.7]
1.10 Convert each of the following expanded structural formulas into (1) a partially
condensed and (2) a fully condensed formula.

HHHHH H H H H
L s e
HHHHH H H H-C—H H

|
i B _H
HHHHEBELHN H\/\C/HHH
i e e g B
HHHHH|—HH H/IJII!I\HHH
H
H- H -H HHH
(e) Cl—(})—(:!—(ll?—-O—H (f) H— =(|j—(:]_(|[;_%:_]-1
H HH HHHHH
H HHHH HOHH
(g) H-E—C: —(ll— —(1)—-(|)—H (h) H-—(IEAg—é—é}—H
H HHHH HoH H

1.11 Draw the fully expanded structures corresponding to the partially condensed for-
mulas (a-d) and fully condensed formulas (e-h).

(a) CH,—CH,—CH,—CH, (b) CHS—CHF-iH—CHzCHz
Ha

H OH Fy \C/

(e) (CH,),CH(CH,),CH, (f) CH,CH=CHCHO




26

CH,
Bonding, Structural :
Formulas, and (g) CH,C=CCH,CO0H (h)
Molecular Shapes

CH,

Bond Length, Bond Strength, and Bond Angle [Secs. 1.9, 1.10]

1.12 For each structure, predict which of the two bonds shown has (1) the greater bond
dissociation energy and (2) the longer bond length,

0
(a) CH;—CH=CH, (b) CH;—C=CH (¢) Hg—OH (d) H,N—CH,C=N
1.13 (a) What is the size of the H—C—H bond angle in methane, CH,?
(b) What would you expect the size of the F—C—F bond angle in carbon tetraflu-
oride, CF,, to be?

Hybridization and Shape of Molecules [Sec. 1.10]
1.14 Indicate (1) the type of hybridized orbital utilized by carbon in each of the follow-
ing structures and (2) the shape of each molecule.

F H H

(a) F—(ll'—F (b) Cl—(‘:—Cl (c) H—C]:—Br
- B H
H H cl

(d) HLJJI—O—-H (e) H—é—S——H () CI—+~H
H H cl

Functional Groups and Classification of Compounds [Sec. 1.11]
1.15 Name the class to which each of the following compounds belongs,

I

k OH 0
{ (a) CHs—éH—CHz—C}Q (b) CH3——CH2—%—-CH3
0

(c) CH3—CH2—CH2—£-0H (d) CH,CH—CH,
|

: (¢) CH,—C=CH (f) CH,—C—0—CH,—CH,
|

1.16 Group together those compounds that you expect to behave chemically in a similar
manner.

OH
(@) CH,0H  (b) CH,CH,CI (¢) CH,0CH,CH, (d)U

0]
(e) CH,F, (f) CH,CH=CH, (g) CH,COO0H (h) r \J



CH, (j) CHBr, (k) HOCH,CH,0H () O

Number, Structural Formula, and Functional Group
[Sees. 1.5, 1.6, 1.11]
) One alcohol and one ether correspond to C,H 0. Draw their structures.
{b) One aldehyde and one ketone correspond to C;Hg 0. Draw their structures.
fe) One carboxylic acid and one ester correspond to C,H,0,. Draw their struc-
tures.

27
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2.1

Saturated
Hydrocarbons:
Alkanes

A large group of organic compounds, known as hydrocarbons, contain
only the two elements carbon and hydrogen. Based on their structural features,
the hydrocarbons are divided into two main classes, the aliphatics and aromat-
LCS.

Aliphatic hydrocarbons are subdivided into three families: alkanes, alkenes,
and alkynes. Each family is characterized by a different functional group. Al-
kanes, the topic of this chapter, are characterized by the carbon-carbon single
bond. Alkanes are also known as saturated hydrocarbons because each carbon is
bonded to four other atoms, the maximum number of atoms to which any car-
bon can be attached.

Alkanes show a general lack of chemical reactivity, although they are ex-
tremely flammable. The high combustibility of alkanes is one reason for their
importance; alkanes constitute the fuels we use in heating our homes and in
running our machines.

The Three Simplest Alkanes:
Methane, Ethane, Propane

The simplest member of the alkane family is methane, CH,, a molecule
introduced in Section 1.10. Methane has the shape of a tetrahedron with an
sp3-hybridized carbon at the center. All four C—H bonds in the molecule are
equivalent. Figure 2.1 shows different representations of the methane molecule.

The second member of the alkane series, ethane, C,H,, is shown in Figure
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2.1 The Three
Simplest Alkanes:

H

| Methane, Ethane,
H—-€|3—l-l CH, Propane
H

Figure 2.1 Tetrahedral and planar representations of methane.

22. Each carbon in ethane is sp® hybridized, and the bond joining the two car-
bons is called an sp®-sp® molecular orbital. In fact, every carbon atom in any
alkane makes use of sp3-hybridized orbitals, since each is always linked via single
bonds to four other atoms.

Note that ethane is larger than methane by a CH,, or methylene group.

e
H—(E—-(E-—H
H H
Methylene group

This is not to say that ethane is prepared in such a way from methane, but
simply to illustrate the structural relation between the two compounds.

Next in the series, with three carbons, is propane, C;H, (Fig. 2.3). Again,
t propane is larger than ethane by a methylene group. The bent repre-
gion of propane in Figure 2.3 indicates that carbon-carbon single bonds are
o rotate in any direction. Because of free rotation, an alkane can assume
- different forms depending on the amount of twist or turn of a carbon with

CH,CH;

H H
H—$— ¢

H—C—H

or

CH,CH,CH, CHS?H2
CH,

Figure 2.3 Representations of propane.
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2.2

respect to another. Structures that differ from one another only because of the
rotation of one or more carbon atoms are said to be in different conformations.
Each structure is referred to as a conformer. At room temperature conformers
cannot be separated because the change from one conformation to another re-
quires so little expenditure of energy that it occurs with extreme rapidity.

Other Alkanes: Homologous Series C,H,, i

If we keep adding CH, groups, one at a time, it is possible to build an infinite
series of compounds, called a homologous series. In a homologous series each
individual member differs from its next neighbor by a constant value, a CH, in
this case. Each member of a homologous series is called a homolog. Methane,
ethane, and propane are the first three homologs of the alkane family, whose
general formula is C,H,, ,,. In this general formula n is the number of carbons.
The names and the molecular formulas of the first ten alkanes are shown in
Table 2.1. It is important that you memorize these names because the names of
many other organic compounds of various classes are derived from them.

Table 2.1 Names and Molecular
Formulas of the First Ten Alkanes

Methane CH,

Ethane C,H,
Propane C.H,
Butane CH,,
Pentane C;H,,
Hexane CgH,,
Heptane C:H,,
Octane CgH,q
Nonane CoHyy
Decane Cipllsy

Problem 2.1 Write the molecular formula of a 40-carbon alkane.

2.3 Structural Isomerism

Does a molecular formula fully identify a substance? Consider the following
data.




Dbviously, compounds I and II are different substances. Yet they both have the
ame molecular formula, C,H,,, indicating that they are both butanes. Different
smpounds with identical molecular formulas are called isomers, and the phe-
omenon is called isomerism.

Given a set of molecular models, it is possible to construct two structures
sth different carbon skeletons corresponding to C,H,,.

i
ElovH H H H H-C—H H
é & | |
T s v
H HHH H H H
(I) (I1)
n-Butane Isobutane

Lompound I is called normal or n-butane. The prefix n- indicates that the car-
on atoms are arranged in a continuous chain. Compound II, named isobutane,
¢ a branched-chain hydrocarbon. Isomers such as n-butane and isobutane,
led structural or constitutional isomers.

Alkanes beyond butane are all capable of structural isomerism. Thus,
e are three isomeric pentanes, C.H,,: n-pentane, isopentane, and neopen-

Hj

CH,CH,CH,CH,CH, CHaéHCH20H3 CHS—JJJ—CHS
CH,

n-Pentane Isopentane Neopentane

. higher alkanes the number of structural isomers increases rapidly (see

e 2.2).

Table 2.2 Number of Possible Structural Isomers
of Alkanes

-

Methane
Ethane
Propane
Butanes
Pentanes
Hexanes
Heptanes
Octanes
Nonanes
Decanes
Pentadecanes
Eicosanes
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Structural isomerism is not confined to alkanes only. In fact, the phenome-

non exists among all classes of organic compounds. For example,

Molecular
formula
CH,CH,—OH CH,—0—CH, C,H,O
Ethyl aleohol Methyl ether
0 0}
& &
CH,CH,—C—H CH,—C—CH, C,H,0
Propionaldehyde Acetone
In dealing with questions of structural isomerism, you must always keep in
mind that
1. Structures may be drawn in different conformations (Sec. 2.1). In such cases

the various conformers represent the same molecule and not separate struc-
tural isomers. For example,

CH;—CH,—CH,—CH, (:1+13,ﬁ01+12—(]31+12 and CH,
o CH, CH,—CH,
CH,

are the same molecule, n-butane.
Every atom in each structural isomer must have the correct number of bonds
(Sec. 1.5).

Problem 2.2 Indicate whether the following pairs of structures are (1) the
same, (2) structural isomers, or (3) entirely unrelated.

.
(a) CH,—CH—CH, and CH,—CH—CH,€
“CH,
CH,
(b) CH,—CH;—CH, : . and CH,—CH, e,
H,—CH,—CH, Sawme H,—CH,—CH,
(c) CH3—CH2——-CH2,—(?H—CH3 and CI‘IE,—l.'_'JI'Iz——CHz-—O—CHz—CH3
OH |§ mees
CH, CH,
(d) CHa‘_?Hz CH,—CH, and éHz——(IJH—CHz—CHz——(JJHZ
CH,—CH,—CH, w9 ve! ate CH,

(e) Br—CH,—CH,—CH,—CH, and CH,—CH,—CH,—CH,—Br



2
H.,C\ CH, and CH,=CH—CH,—CH,—CH,

/0\1112
HC  CH
(g) CH,—CH,—C=C—CH,—CH, and | ﬁ
H,C__CH
CH,

Problem 2.3 Write partially condensed structures for the five isomeric hex-
anes, C.H,,.

Classes of Carbons and Hydrogens

The two isomeric butanes contain three different classes of carbons and
hydrogens. A primary (1°) carbon is one that is bonded to only one other
carbon. Carbons bonded to two other carbons are called secondary (2°) car-
bons, and those bonded to three other carbons are called tertiary (3°) car-
bons. Hydrogens are also referred to as 1°, 2°, or 3° accordmg to the type of
_carbon they are bonded to. n-Butane has two 1° carbons with six 1° hydrogens
and two 2° carbons and four 2° hydrogens. In isobutane there are three 1°
carbons and nine 1° hydrogens but only one 3° carbon with one 3° hydrogen.

1*
H & Y

5 i
H_.(J:.J_H ad : : |
HHHH H H c e e
I O 7
11 S g1 A fﬂ ;H H'§
| B BT h
| J o, .'-: “zg'ljsut,a;_ﬁb : ' r' N isnbutane i
v y! e '

J 2 o T -J. =

Problem 2.4 How many 1°,2°, and 3° carbons and hydrogens, if any, are there
in propane?

= L% — =

Problem 2.5 When a carbon is bonded to four other carbon atoms, it is called a
quaternary (4°) carbon. Look at the structure of neopentane (page 31) and
determine how many 1°, 2°, 3°, and 4° carbons and hydrogens, if any, there are
in this molecule.
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2.0 Alkyl Groups

Consider the complicated alkane

CH,
HC_ CH,
CH, AI:H2 “‘c|:ﬁ 3

CHS—CH—CHZ —CH—C HZ—CH —CHE ""‘CH; —CHS"".L“"‘ Parent nonane chain

Its molecular formula is C,;Hg,, and Table 2.2 indicates that there are 4347
possible isomers, Therefore 4347 names are needed to identify each one unambig-
uously. This seemingly impossible task can be accomplished by identifying and
naming first the longest continuous carbon chain* and then the branches that
are attached to it. In our example the longest continuous chain has nine carbons
and is therefore a nonane. The branches, or alkyl substituents, have names of
their own. An alkyl group is an alkane from which a hydrogen has been re-
moved. The symbol R is used to represent an alkyl group, as in R—OH, the
general formula for alcohols (Sec. 1.11).
Individual alkyl groups are named by replacing the suffix -ane of the parent
alkane by -yl Thos the alkyl group C,—, derived from methane, is called the
methyl group. Similarly, ethyl, CH,CH,—, is the alkyl group derived from eth-

ane.
H

H—;(::—H removal of any one H H— éj:_ e CH3— :

H H :
Methane Methyl

i e

H_?_?_H removal of any one H H_Ef_é':_ or CchHz—
H H H H
Ethane Ethyl

Propane has two kinds of hydrogens: the six in the two methyl groups and
the two in the CH, group.

HHH

=8 T
3 O
HHH

Removal of a hydrogen from either one of the two end carbons gives the n-propyl
group, while removal of a hydrogen from the middle carbon yields the isopropyl
group.

‘ * The longest continuous chain may be determined by following, with one’s finger,
the sequence of carbon-carbon bonds that includes the maximum number of carbon
34 atoms without ever doubling back over the same bond.




i R 5
H'—(’|1~(E~(|J—H % H—([:—c|:—(|j— or CH,CH,CH,— 2.5 Alkyl Groups

HHH H HH

Propane n-Propyl

H HH H HH

Lo — L1 ]
H—(—(C—C—H frowoeaher, g o C—C—H or CH,CHCH,

| | | CH, hydrogen i |
HHH H
Propane Isopropyl y - 27 [y
There are four alkyl groups that can be derived from the butanes, two from

‘butane and two from isobutane, because each isomer has two kinds of hydro-
ms.

ey )
H-(l:—c—t‘:— —H Zmomldavon, 4 C—C—C—C— or CH,CH,CH,CH,—
[ L 1 ] G, Xydiogen 4
HHHH HHHH
n-Butane _n-Butyl
Py TRy
e 0 (L Oy e e R gy o 0 G W e CH.OH.CHEH
I T 1 ] CH, hydrogen R B 2 ”
HHHH H H | Hp»"
.. 1 cSecrButyl
; {secondary)
II-I H
rmn y i s P
H—C 0 (i Sare i e, 4y C C—jor CH,—CH—CH,—
| | CH, hydrogen | | q
H H H H H I
Isobutane L i SR b3 \TSObllt}I
]Tl \, 5 liI
j Ry i =
H—(!: |C {E"'_H remn;al ubeIfrom H (|:} |C Cf___H or CH3_+_CH3
H H H H H

AN --_;g_a:_ﬁ!—Butyi or ¢-Butyl
' (tertiary)

Having identified the most common alkyl groups, let us go back to our
ymplicated alkane (page 34) and see if we can now give it an unambiguous
ame. The alkyl branches on the parent nonane chain are methyl, ethyl, and
opropyl; the compound could therefore be named methylethylisopropylno-
zne. Although this name does give us much information about the compound,
is still ambiguous: we do not know the locations of the branches on the parent
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chain. Thus, you can see that naming a complicated compound is difficult. We
need a systematic set of rules. Fortunately, a set of rules, the IUPAC system of
nomenclature, is available.

The TUPAC System of Nomenclature

As the number and complexity of organic compounds increased, it became
obvious that the early names used to describe them were confusing and inade-
quate. This problem led eventually to the development of systematic nomencla-
ture rules by the International Chemical Congress, which met in Geneva in 1892,
These rules and their subsequent revisions are known today as the IUPAC sys-
tem of nomenclature (International Union of Pure and Applied Chemistry).
Although the TUPAC name ofa compound makes much more sense, many of the
unsystematic names that existed prior to the development of the IUPAC system
are still in use today. As a result most organic compounds are known by two or
more names: the older unsystematic names, which are referred to as common or
trivial, and the TUPAC names. Isobutane and neopentane are examples of com-
mon names. Usually, for compounds of five carbons or less, the common nomen-
clature is employed. Larger compounds are identified by their IUPAC names.

The IUPAC rules that apply to alkanes also form the basis for the nomen-
clature of all other organic families.

1. Select as the parent structure the longest continuous chain, and consider
the compound to have been derived from this structure by the replacement of
hydrogens by various alkyl substituents.

In the following example the Iongest continuous chain contains six carbons;
it is therefore a hexane, The substituent is an alkyl branch. Note again that the
longest continuous chain is not necessarily straight. It may be bent in various
directions because of the free rotation between single-bonded carbon atoms.

+~CH,—CH, not 'GHJ

continuous ';_:}
chain (|:H2
CH, CH,
Ethylhexane Propylpentane

2. Number the carbons in the parent chain starting from whichever end will
give the lowest number for the point of attachment of the substituent.

1 . 3 6 5 4

CH,- CH,—CH—CH,—CH, not CH,—CH,—CH—CH,—CH,
4 ?|H2 3 (:sz
5 CH, 2 CH,
6 CH, 1 (|II-13

"?:;’Ethythcxane = 4-Ethylhexane

4




7o name the compound, first indicate the position of the substituent on the 37
serent carbon chain by a nu ber (in this example the position number is “37).
* The number is followed by ahyphen and the combined name of the substituent > T]sl;;:ttil::kff
=:hyl) and the parent carbon chain (hexane), giving 3-ethylhexane as the full Nomenclature
mame.
3. If thesame alkyl su bstltuent occurs more than once on the parent carbon
chain, the prefixes di; tri= tetra’! penta-Sand so on, are used to indicate two,

three, four, five, and so on. ’T‘he p051t10ns of these substitutents are indicated by
zppropriate numbers separated by commas. If the same substituent oceurs twice
oo the same carbon, the number is repeated. For example,

CH,
5 4 3 2] 1
CHS—(FH “CI‘IZ—'([}—CI‘I;g Parent carbon chain (pentane)
CH, CH,

2,244 [‘rlmethxlpentane

4. Tf different alkyl substituents are attached on the parent carbon chain,
they are named either in order of i mcreasmg compleXJt& or in alphabetical order.
It does not matter which method is chosen, as long as the compounds are
named consistently.) The chain is numbered from the direction that gives the
lowest possible number to one substituent group. For example, the following
molecule is named 4-methyl-3,3-diethyl-5-n-propyloctane if the order of com-
plexity is used, and 3,3-diethyl-4-methyl-5-n-propyloctane if the alphabetical
order system is used.

o,
CH, CH,
8 (¢ 6 1 &g “2 1
CHQ—CHZ—CHE—([:H CH C—CHQ—CH3 Parent chain (octane)
(?112 :(EIIQ}_\ s
(IJHg CH, 23 ohiethyl Y- methy | <5 popyl ocine

CH,

5. If substituents other th.an alkyl groups are also present on the parent
carbon chain, then all substituents are named alphabetically. The names for
some of the more common nonalkyl substituents are

—F  fluoro —NO, nitro —CN  cyano
—Cl  chloro

—Br bromo —NH, amino

—I  iodo

The following compound is Lherefore named 3-bromo-2-chloro-4-methyl-
pentane. - o . .
B.l‘ 3 g _ - 3 i D e _ _ ol W——— 2

5y 3 -
CH,—CH—CH-— CH—CH,

The following examples will help you to understand and apply the IUPAC
rules of nomenclature.
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Example 2.1 Write the structural formula of the compound whose IUPAC
name is 2,5,6-trimethyl-4-ethylheptane.

Solution (1) Because the parent chain is always indicated by the last part
of the compound’s name, the chain in this case is a heptane. Write a seven-
carbon chain without bothering yet about the hydrogen atoms.

I T T |
—?—(E"‘(lj C—{IJ—Q—'(']—'-’ Parent chain (heptane)
| i

(2) Number the carbons starting from either end.

(3) There are three methyl substituents, one on carbon 2 and two on car-
bon 5.

(5) Now add the missing hydrogen atoms on the parent chain to get the
correct structure of the compound,

CH, CH,
CH,

|_-’ i S W
CH, CH,
CH,

Example 2.2 The incorrect IUPAC name of a compound is 2,2-diethyl-
butane. Write the structural formula and correct name of the compound.

Selution (1) The parent carbon chain is called butane it therefore has
four carbons. -




3) There are two ethyl substituents on carbon 2.

CH,

therefore a pentane.

CH,

39
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£) The longest continuous chain is not four carbons but five carbons. It is

(5) When the parent chain is renumbered, we find a methyl substituent and
an ethyl substituent on carbon 3. Named according to alphabetical order,
the compound is 3-ethyl-3-methylpentane. Writing the missing hydrogens

gives the correct structural formula.

on,

- n,
CH,- 532—3{:_—01{3

' CH,

|
CH,

3-Ethyl-3-methylpentane

FProblem 2.6 Give the IUPAC name for each of the fol

“he alkyl substituents in alphabetical order.

CH,
(=) CH,—C—CH,—CH, -CH,
¢,
CH, CH,—CH, ="y |«
) CH;—CH—CH,—C—CH,—CH,—CH,—CH,
on, |
CH,5

T e ; b q| —7
) CH;—CH—CH,—CH,—C—CH,
(CH, CHYy—C—CHyls meiwy |

|
CH,

lowing compounds. List

/T
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(d) CH,—CH,—CH—CH,—C—CH,—CH,
CHy  CH,
cu; “cH,
o CH, CH,
. H, CH,
CHG. ., ch -
© CH;—CH—CH,—CH—CH,—CH—CH,—CH,—CH,
=
CH,

Problem 2.7 Write the structural formula for each of the following com-
pounds,

(a) 2-Methylpentane (isohexane) (b) 2,2-Dichlorobutane

(¢) 3.4-Dimethyl-5-ethvl-6-isopropylnonane (d) 2-Bromo-3-methylpentane
(e) 2,4-Dimethyl-5-ethyl-4-t-butylheptane

Problem 2.8 These compounds are incorrectly named. Write the structure and
correct name for each compound.

(a) 4,4-Dimethylpentane (b) 2-Methyl-2-sec-butylpentane
(c) 2-Ethylpropane (d) 2-t-Butylbutane

(e) 3-Methyl-5-isopropylhexane

Sources of Alkanes

The two principal sources of alkanes are petroleum and natural gas, both of
which are products of the decay of animal, vegetable, and marine matter. Petro-
leum and natural gas constitute the chief sources of alkanes up to 40 carbons as
well as of many aromatic, alicyclic (cyclic aliphatic hydrocarbons), and hetero-
cyclic (cyclic molecules with more than one kind of atom in the ring) com-
pounds.

A Petroleum Refining

Petroleum is a viscous oil liquid that varies in appearance from a dark yel-
low to a brown to a greenish black color. Its various components are separated
and purified by a process called refining. This is usually done by distilling the
petroleum into fractions of different boiling ranges and then treating the dis-
tilled petroleum in various ways to remove the undesirable components. The
most volatile components (that is, those with the lowest boiling points) come out




“=t. The less volatile components come out next, and the highest boiling com-
swements (those that boil at temperatures above 400°C) remain behind as resi-
“u== Gasoline boils at temperatures between 40 and 200°C. Kerosene (used as
= =nzine fuel) boils at temperatures ranging from 175 to 325°C. Lubricating oil,
w=zhzlt, and petroleum coke are the highest boiling residues that remain behind.
“able 2.3 lists the useful components of refined petroleum.

Commercially, gasoline is by far the most important fraction of petroleum
s===ming. It is not, however, a major fraction of the distillate. One industrial
=eihod used to increase the quantity of gasoline is a process known as cracking
o= mrolysis (from the Greek pyro, fire; lysis, breaking) (see Fig. 2.4). In this
swucess the higher-molecular-weight alkanes in petroleum, usually the kerosene
w=c zas oil fractions, are heated in a chamber to very high temperatures (400~
“°C), at which point they are broken into a mixture of smaller hydrocarbons,
some of which have molecular sizes in the range of gasoline constituents.

The refined products of petroleum, known as petrochemicals, have great
mdustrial importance. They are used as raw materials in the manufacture of
many useful finished products, as Figure 2.5 indicates.

B  Octane Number

Gasoline performance in internal combustion engines has for many years
Seen rated on the basis of the octane number scale. The higher the octane
=umber assigned to a fuel, the better its performance and the lower the incidence
=f “knock” in the engine. Knocking is the familiar sharp “ping” that occurs in an
zutomobile engine when driving up a steep grade or attempting to accelerate too
rzpidly. Knocking is caused by the premature ignition of the fuel-air mixture
Sefore completion of the compression stroke, resulting in reduced power and in
sngine wear.

severe knocking, was arbitrarily assigned an octane rating of zero. 2,2,4-Tri-
=ethylpentane (known as isooctane by the petroleum industry), an excellent
“zel with no knocking tendency, was assigned an octane rating of 100. The oc-
tzneratings of other fuels are determined by comparing their knocking tendency
with that of a synthetic blend of 2,2,4-trimethylpentane and n-heptane. The
“zmiliar “regular” gasoline with an octane rating of 90 has a knocking character-

Table 2.3 Some Components of Refined Petroleum

ange (°C)
Gas Below 20

Petroleum ether 20-60
Naphtha 60-100
Gasoline 40-200
Kerosene 175-325
Gas oil 300-500
Lubricating oil, asphalt,

petroleum coke, and Above 400

paraffins

In setting up the octane number scale, n-heptane, a poor fuel that causes -

41
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Figure 2.4 A fluid catalytic cracking unit used in the production of gasoline. [Courtesy
Mobil Oil Corp.]

istic equivalent to that of a mixture of 10% n-heptane and 90% 2,2, 4-trimethyl-
pentane.

When the system of rating a fuel was first established, no other known
hydrocarbons gave better engine performance than 2,2 4-trimethylpentane.
Since then, however, new hydrocarbons that are superior fuels have been discov-
ered and given an octane rating higher than 100. Hydrocarbons that surpass
2,2, 4-trimethylpentane in knock performance are rated not by their knocking
tendeney but by their power output as compared with the power developed by
the standard octane. Thus, octane numbers over 100 are based differently than
those under 100. Table 2.4 lists octane numbers of some hydrocarbons. Note that
octane numbers decrease with Increasing chain length and increase with increas-
ing branching.

The octane number of a poor fuel can also be improved by blending it with
small amounts of additives. Commercia] Ethyl Fluid, which is added to gasolines
to improve their octane ratings, consists of approximately 59% tetraethyllead,
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44 Table 2.4 Octane Number of Some Hydrocarbons

Saturated G Hydrocarbon i

Hydrocarbons: g i o i : :

Alkanes rn-Hexane 26
n-Heptane 0
n-Octane —20
n-Nonane —35
2-Methylpentane 73
2-Methylhexane 45
2-Methylheptane 24
2,2-Dimethylhexane i
2,3-Dimethylbutane 93
2,2 4-Trimethylpentane 100
2,2,3-Trimethylpentane 116

13% ethylene bromide, 24% ethylene chloride, and 4% kerosene and dye. Tetra-
ethyllead, (C,H;),Pb, is an efficient antiknock agent but has one disadvantage:
its combustion product, lead oxide, is reduced to metallic lead that clogs
the cylinder valves of an engine. Some lead, a dangerous pollutant, is also dis-
charged into the air through the exhaust pipe. To remove the deposited lead,
ethylene bromide and ethylene chloride are added with the tetraethyllead into
the gasoline. Each additive 1eats with the lead in the engine and trans-
forms it into gaseous lead bromide and lead chloride at the combustion tem-
perature. These gases are then discharged through the exhaust pipe. The net effect
is to clean the engine but also to pollute the air even more. Although stringent
federal emission standards were passed to combat pollution caused by the auto-
mobile, they have of late been relaxed because of the energy crisis. The emission
control equipment put in automobiles since 1973 has increased gasoline con-
sumption, and their effect in actually lessening the amount of pollution is
questionable.

Other additives such as TCP (tricresyl phosphate) and boron hydrides have
also enhanced the performance of many gasolines.

C Natural Gas

Natural gas consists of the low-molecular-weight alkanes from CitoCy It
is composed primarily of methane (80%); the other constituents are ethane
(138%), propane (3%), butane (1%), C, through C; alkanes (0.5%), and nitrogen
(2.5%). Natural gas is a cleaner fuel than petroleum because it contains almost
none of the sulfur compounds usually found in petroleum. The combustion
of natural gas, unlike the combustion of many petroleum products, produces
very little sulfur dioxide, SO,, a troublesome air pollutant in many large
cities,

The propane and butane components of natural gas can be removed by
liquefaction and compressed into cylinders to be sold as hottled gas, which is
used for fuel in many rural areas. In heavily populated urban centers, the natu-
ral gas is distributed by mesns of gpelines . Matagal S5 EO Converied o
many other ivaportant organic compounds, such as alconols, aldehydes, ketones,

carboxylic acids, and alkyl halides,




Methane is also called marsh gas because it rises as bubbles on the surface of 45
marshes and peat bogs. Like propane, butane, and other alkanes, methane is
highly flammable, and its spontaneous ignition in marshes is responsible for the
ghostly looking blue flames called will-o’-the-wisps.

2.8 Physical
Properties of Alkanes

Physical Properties of Alkanes 2.8

By physical properties we mean those properties that can be observed without
the compound undergoing a chemical reaction. o kS 8

s o ool 385
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A Physical States and Solubilities

Spel 1awgEwn  mpe wW9L<t K i o

Alkanes occur at room temperature as gases, liquids, and solids. Alkanes
from C, to C, are gases; most C, to C,, alkanes are liquids; and the C ¢ and DAY
larger alkanes are wax-like solids. e '

Alkanes are nonpolar compounds. Their solubility characteristic may be sillis
predicted by what is commonly known as the “like dissolves like” rule. What this
rule means is that nonpolar compounds are soluble in other nonpolar solvents
and that polar compounds are generally soluble in other polar solvents. Thus,
alkanes are soluble in the nonpolar solvents carbon tetrachloride, CCl,, and
benzene, C;H,, but they are insoluble in polar solvents such as water.

\ [ it
i L J e :

B Boiling Points

vaoteud ot woerbhde TV v
When a substance boils, it changes from a liquid to a gas, a process requiring
energy. The boiling points of normal hydrocarbons increase with increasing mo-

lecular weight. One explanation for this trend is that as molecules become larger

there are more forces of attraction between them, and more energy is needed to. e hesT

2o from the liquid to the gasecus state. Except for the very small alkanes, the |
boiling point rises 20-30°C for each addition of a carbon atom to the chain

Among isomeric alkanes, the straight-chain compound has the highest boil-
ing point. For the other isomers, the greater the number of branches, the lower
_the boiling point. For example, i

g

CH,
CH,CH,CH,CH, CH,CHCH,
n-Butane Ischutane -
(bp = 0°C) (bp = —12°C) 3
CH, CH,
CH,CH,CH,CH,CH, - CHBCHQ&ICH3 CHBGJT‘CHS
CH,
n-Pentane Isopentane Neopentane

(bp = 36°C) (bp = 28°C) (bp = 9.5°C)

(Fig. 2.6). Cdvaight elheiv
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300

200f-

Boiling point (°C)
=
e
T

=]
I

—100~

1 1 1 1 1 1 1 ] L
2 4 6 8 10 12 14 16 18
Chain length

—200

Figure 2.6 Boiling points of normal alkanes.

The decrease in boiling points with increased branching can be explained as
follows: as branching increases, the molecule becomes more compact, decreasing
its surface area. With a smaller surface area, the intermolecular forces of attrac-
tion are diminished, requiring less energy to go from the liquid state to the
gaseous state.

Problem 2.9 Arrange the following compounds in order of increasing boiling
points: n-hexane; 2,2-dimethylbutane: 2-methylpentane.

C Melting Points

The melting points of alkanes also increase with -increasing molecular
weight. However, unlike the change in boiling point, there is no regularity in the
change in melting point with the number of carbon atoms in a molecule. Also,
differences in melting points between straight-chain and branched-chain com-
pounds follow no regular pattern.

Preparation of Alkanes

A great number of alkanes can be obtained in pure form most economically
by fractional distillation of crude petroleum. In some cases it is necessary to
synthesize an alkane that cannot be obtained from natural sources, and labora-



~wrv methods of preparation are available. These consist of converting an-
wher class of compounds into alkanes. For this reason, we shall not discuss the
eeparations of alkanes until we encounter other classes of organic com-
pemnds.

Before proceeding to the reactions of alkanes, which involve the breaking
w2 making of bonds, we shall first look into the various ways a bond can be
~woken and the notations used to indicate the movement of electrons.

Notations for Bond Breaking and Bond Making

A covalent bond can be broken in either of two ways, homolytically or
ecerolytically. Homolytlc ¢leavage occurs when a bond splits evenly into two
weutral fragments, each with one odd electron. A fishhook arrow ~ indicates
== movement of a single electron. Heterolytic cleavage occurs when a bond
eeaks unevenly, forming two oppositely charged fragments. A full-headed
~urved arrow <~ denotes the movement of an electron pair. Both homolytic and

I
s=erolytic cleavages are illustrated with the hypothetical molecule A—(ll——.

Somolytic cleavage
I energy é
§ oo o

Free radicals

Heterolytic cleavage
A‘:L('j_. PO AR %_
| I

Carbocation

|
- A—/’tjl}——e% At 4 “:CII—
Carbanion

Each species produced by homolytie cleavage has an odd electron and is
=2 a free radical. In the case of heterolytic cleavage, depending on how
zge has occurred, the carbon is either a positively charged ion called a

socation, +CJ]—, or a negatively charged ion called a earbanion, ‘ﬁ)—. Free
czls, carbocations, and carbanions are reactive species that appear only as
-lived intermediates in organic reactions. We will encounter free radicals in
senation, the first reaction of alkanes.
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2.11 Reactions of Alkanes

Compared with most other classes of compounds, saturated hydrocarbons
undergo very few reactions, and this is why they were originally called paraffinic
hydrocarbons (from the Latin parum, little; ajffinis, affinity). We shall consider
two important reactions that alkanes do undergo, namely, halogenation and
combustion. In the former reaction only carbon-hydrogen bonds are broken; in
the latter both carbon-hydrogen and carbon-carbon bonds are ruptured.

These reactions are presented here in a general form. They are discussed in
greater detail in the next three sections.

2:12 Halogenation

Halogenation is the typical substitution reaction of alkanes. It involves
the replacement of hydrogen by halogen, usually chlorine or bromine, giving
alkyl chlorides or alkyl bromides. Fluorine reacts explosively with alkanes and is
thus an unsuitable reagent for the preparation of alkyl fluorides. Todine is too
unreactive and is not used in the halogenation of alkanes. Only chlorine and
bromine react readily with alkanes under easily controllable conditions and are
therefore used in the reaction. ~I o el 5 B

Halogenation of alkanes takes place at high temperatures or under the in-
fluence of ultraviolet light. The reaction is illustrated by the general equation

B—H +X, —» B-—X % HX7 (X, = CL, or Br,)

heat or

An alkane uv light  Alkyl halide




Chlorination of an alkane usually gives a mixture of products because more
8 one hydrogen may be substituted by chlorine atoms. For example, the
rination of methane yields a mixture of four different products.

7 i
Cl1—-Cl + H—C—H s, H—C—Cl + HCI]

I'|I uv light I_II .
Chlorine Methane Chloromethane \ S

(Methyl chloride)

| s
Cl—Cl + H—(IJ—CI — ClJf—Cl +HCI -
H

Dichloromethane
{Methylene chloride)

Cl1—Cl + Cl—#—Cl T — CI—(#—C] + HCl N7

(Carbon tetrachloride)

=d_ two monochlormated products, 1- chl.oropropane and 2- chloroplopane

CH,CH,CH; + Cl, ——> CH;CHCH, + HCI

Cl
2-Chloropropane

H H
Trichloromethane
{Chloroform)
(fl (T"l .
€1-Cl+ CI—(—Cl—  CI—C—Cl  +HCl ! cupiruTon -
H Cl 3
Tetrachloromethane . h

e Yorm o halaoeya. Wwheve snty ane ¥
CH,CH,CH, + Cl, ——> CH;CH,CH,~Cl) L+ HCL
13 Chloropropane 2 ’ o
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Problem 2.10 Name and give the structures of all the products of the mono-
chlorination of (a) butane and (b) pentane.

Problem 2.11 Name and give the structures of all the products of the mono-

bromination of (a) isobutane and (b) 2,2-dimethylbutane.

Mechanism of Halogenation of Alkanes

A reaction mechanism is a detailed step-by-step model of exactly how a
given reaction is believed to take place. Halogenation of alkanes proceeds by a
free-radical chain mechanism. Recall (Sec. 2.10) that a free radical is any
reactive species with an odd electron. The mechanism involves three distinct
steps: (1) a chain-initiation step, (2) a chain -propagating step, and (3) a chain-
terminating step. Using chlorine and methane as our reactants, we shall examine
these steps and see how they contribute to the overall reaction,

1. Chain-initiation step. Homolytic cleavage of a chlorine molecule forms
two highly reactive chlorine free radicals,

DI = A

(Note that the weaker Cl—Cl bond, rather than the stronger H—CH, bond, is
broken in the initial step, See Table 1.4)

2. Chain-propagating step. The chlorine free radical attacks a hydrogen
atom from methane, forming a methyl free radical and HCI.

H H
| I

1Y £'" ’-“(lj—H s Py i, -(|:—H (2a)
H H

The reactive methyl free radical quickly reacts with another molecule of chlo-
rine to give methyl chloride and another chlorine free radical.

H H
H—¢ o — Hobq + CI* (2h)
i B
Back o (2a)

The chlorine free radical can g0 on to repeat reaction (2a). The reaction se-
quence (2a) to (2b) to (2a) to (2b) and so on is referred to as a chain reaction. It
will continue indefinitely until one of the reactants is completely consumed or
until two reactive intermediates react together,




Chain-terminating step. The termination of the chain reaction sequence
~ reaction of two reactive intermediates may occur when two chlorine atoms
rogether to form a chlorine molecule, when two methyl free radicals react
“her to produce a new alkane, which is a dimer of the parent alkane, or when
= = =v1 free radical reacts with a chlorine atom to give an alkyl halide. The
== reactions are

C1 -(:-‘—\-Cl — Cl, or
H H H H

i |1
ﬁ(—\ ?—H — H—HF-PF—H or
H H H H
i i
H C /ﬁ—i—h\ Cl — H-—(ll—Cl
i
H H
==t effect of each of the possible occurrences is to remove from circulation
. = the reactive species.
T e overall general mechanism of free-radical halogenation is summarized

_—=in-initiation step:
— s 2X-
= light
—=m-propagating step:
X-+tH—R-> H-X+R-
pR- + X—X - R—X + X Back to a
~oon-terminating step:
BX- + X - X, or
R-+ -R—> R—R or
B- + X - R—X

=m 2.12 Monochlorination of ethane follows the same course as the chlo-
» of methane, Write the mechanism for the chlorination of ethane.

=,

s
P Y ,_ﬁ"‘ =)

seeed in the p1 ocess. In fact, the heat is the most important product of this
i because it is the source of power used to warm our homes and run our
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O, — nCO, + (n + 1) H,0 + heat

Specific examples
Complete combustion of methane
CH, + 20, — CO, + 2H,0 + 213 kcal/mole
Complete combustion of ethane
CHy + 340, — 2CO, + 3 H,0 + 373 kcal/mole
Complete combustion of propane
C;Hg + 50, — 3CO, + 4 H,0 + 531 kcal /mole

Note that about 160 keal of heat is liberated for each methylene group added to
the hydrocarbon chain. The mechanism of this reaction is not well understood,
but is believed to involve a complex series of free-radical reactions.

The incomplete combustion of alkanes liberates poisonous carbon monoxide
(CO) or carbon in the form of soot; both are major contributors to air pollution.
Incomplete combustion of fuels frequently occurs in automobile engines, where
it results in carbon deposit in the pistons and in expulsion of toxic carbon mon-
oxide in the exhaust fumes. This is why it is dangerous to drive an automobile
with all the windows closed, or to warm up the car in a closed garage. The
incomplete combustion of methane is illustrated in the following equations.

(1) 2CH, + 30, —> 2CO + 41,0
(2) CH,+0, — C(soot) +2H,0

Although soot is a nuisance when it forms in automobile engines, large
quantities are used industrially, mainly in the manufacture of tires. This soot is
produced by conducting the second reaction under controlled conditions.

Problem 2.13 Write the equation for the complete combustion of n-butane,

and estimate the value of its heat of combustion.

2.15 Cycloalkanes: Nomenclature

Cycloalkanes are saturated hydrocarbons that exist in the form of a ring.

(Except for the ¢

hree: and four-membered cyclic alkanes, which are very réactive.

cyclic alkanes are as unreactive as their open-chain analogs. For this reason they

. are also called cycloparaffins. In the petroleum industry they are known as

- _-".naphthenes because they are isolated from the naphtha fraction of petroleum.
Cycloalkanes are named by adding the prefix cyclo- to the name of the
open-chain hydrocarbon that has the same number of carbon atoms as in the
ring. For example, the three-carbon cycloalkane is called cyclopropane, and the
four-carbon cycloalkane is called cyclobutane. Expanded and partially con-
densed structural formula representations of cyclic alkanes are given in Sec-

tion 1.7.




“When only one substituent is attached to the ring, we name the substituent
© znd then name the ring. For example,

/

Methyléyclopropane Ethylcvclﬁbutane

I Two or more substltuenta are attached to the ring, their _@Eﬂtwns are
““=d by numbers. The number 1 is assigned to one of the ring carbons bear-
= substituent; then the rest of the ring is numbered in a way that will g‘we

1 3-Dimethyleyelohexane 1,5-Dimethyleyclohexane 1-Ethyl-3-methyleyclopentane
(correct) ) (incorrect)
o B ol S AR I

At

lem 2.14 Write the condensed structural formula for each of the incor-
v named compounds, and give the correct name for each.

1 3-Dichlorocyclopropane (b) 14-Dimethylcyclobutane

3.5-Dibromocyclopentane (d) 6,6-Dibromocyclohexane

1.5-Dimethyleyclohezane (f) 2,2-Dichloro-5-methyleyclohexane
St _\'_\.r sl b © 50 Wereld!

~Geometric Isomerism in Cycloalkanes

In open-chain alkanes very little energy is needed to twist around the car-
~wo—carbon bond, and we say there is f}‘éé"'rd'tai.ion (Sec. 2.1). In contrast, in
~wcloalkanes the carbons are held together in a rlngz and so much energy is
“eeded for carbon-carbon bonds to rotate that the ring would break before com-
si=te rotation takes place. Therefore, we say that there is no free rotation in
o cloalkanes. The lack of free rotation of single-bonded carbons in a ring pro-
“=ces a kind of isomerism called geometric isomerism. A cycloalkane with two
suostituents on different carbons of the ring can exist as a ¢is isomer or as a
uns isomer. In the cis isomer the two bubbtltuents are on the same side of the
==z For example, SAe '

"
T, DA ~ i

oy O Ay Q
P Br
\CH, &« CH® CH,
i | H
- - HE) 58 _
cis-1,2-Dimethyleyclopropane cig-1,2 -Dime_r.hylcyclop entane cis-1,3-Dibromocyclohexane

(bp = 37°C) {bp = 99°C; mp = —62°C) (mp = 112°C)

CH,CH, R o e AU
a a TN W W s

lowest number(s) for the position of the other substituent(s). v ;- &N Zavmore

a3

2.16 Geometric
Isomerism in
Cycloalkanes

|
g, t-,_\,; Ve Rk = O

CH, CH,
‘ i :'_-'_ lf\r\ % 1. 1 V‘r\ i S = '-'[DE{ ci 'OTJ
not EAL Vuum ey '
CH:“ CHS‘G CH,CH,

|
sally P9 _—
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In the trans isomer the two substituents are on opposite sides of the ring.

5T Br
H A 3:«CH,
I H
CH, H CH, H Br
trans-1,2-Dimethyleyvelopropane trans-1,2-Dimethyleyelopentane trans-1,3-Dibromocyclohexane
(bp = 29°C) {bp = 92°C; mp = —120°C) - {mp = 1°C)

Note that cis and trens isomers have the same sequence of atoms bonded to
each other and are therefore not structural dsomers. Cis-trans isomers differ only
In their configurations, that is, the orvientation in space of the substituents
around a carbon. For this reason geometric isomers are referred to as sfereoiso-
mers. (The subject of stereoisomerism is dealt with in greater detail in Chapter
6.) Nevertheless, cis and trans isomers represent distinet molecules with differ-
ent physical properties. 2

Problem 2.15 Draw a condensed structural formula for each compound.

(a) cis-1-Chloro-2-methyleyclopentane

(b) ¢rans-1,3-Difluorocyclohexane

{e) 1,1-Dimethylcyclohexane

(d) 1,1-Dibromo-3-methylcyclopentane (Note: There are no cis or {rans in this
case. Why?)

Problem 2.16 Which compounds can exist as geometric isomers?
(a) 1,2-Dibromocyclobutane (b) 1,1-Dimethylcyclohexane
(¢) 1,2-Dimethyleyclohexane (d) 1,1-Dichloro-2-methylcyclohexane

Summary of Concepts and Reactions

Alkanes are saturated hydrocarbons consisting only of C—C and C—H single bonds.

They have the general formula L& - (N [Becs. 2.1, 2.2]
Alkanes form a homologous series. [Sec. 2.2]
All carbon atoms in alkanes are sp?* hybridized and have a tetrahedral shape.

[Sec. 2.1]

There is free rotation about the C—C single bond in open-chain alkanes. [See. 2.1]
Conformations are structures that differ by rotation about a C—C single bond. At room

temperature individual conformers cannot he separated. [Sec. 2.1]
Different compounds with identical molecular formulas are called isomers, and the phe-
"+~ nomenon is called isomerism. [Sec. 2.3]

Isomers that differ in the sequence of atoms bonded to each other are called structural

or constitutional isomers. [Sec. 2.3]
There are four classes of carbons: primary (17}, secondary (2°), tertiary (3°), and quater-
nary (4°). [Sec. 2.4]

An alkyl group (R) is an alkane from which a hydrogen has been removed.
[Sec. 2.5]




sm=s are known by two or more names, common names and IUPAC names.

[Sec. 2.6]
“wo prinecipal sources of alkanes are petroleum and natural gas. The components of
pe:roleum are sepalated by a process called refining.-» .+~ [Sec. 2.7A]

=nd more useful molecules. [Sec. 2.7A]
refined products of petroleum are called petrochemicals, [Sec. 2.7A]
scking is produced by a fuel with a low octane number rating. [Sec. 2.7B]
= hane is the major constituent of natural gas. [Sec. 2.7C]
=olubility of alkanes may be predicted by means of the “like dissolves like” rule.

[Sec. 2.8A]

= phvsical properties of alkanes depend on chain length and degree of branching.
[Sec. 2.8B]

« sowzlent bond can be broken during the course of an alkane reaction in either of two
ways, homolytically or heterolytically. [Sec. 2.10]
 w=nes undergo two types of reactions, halogenation and combustion. [Sec. 2.11]
~ozenation proceeds via a free-radical chain mechanism: (a) R—H + X+ —
R + HX; (b) R + X, — RX 4 X -; back to (a). [Sec. 2.13]
~w=plete combustion of alkanes yields CO,, H,0, and heat. [Sec. 2.14]

- ozlkanes are saturated hydrocarbong that exist in the form of a ring. [Sec. 2.15]
2= lzck of free rotation of singly bonded carbons in a ring gives rise to a kind of

ssomerism called geometric isomerism. [Sec. 2.16]
=ometric isomers in cycloalkanes can be formed by two substituents on the same side
‘cis) or opposite sides ({rans) of the ring. [Sec. 2.16]

Terms
primary (1°) carbons carbocation
secondary (2°) carbons carbanion
tertiary (3°) carbons halogenation
quaternary (4°) carbon combustion
wmologous series alkyl group, R substitution reaction
Sesolog IUPAC system of reaction mechanism
=emers nomenclature free-radical chain
semerism common (trivial) names mechanism
~wructural (constitutional} octane number geometric isomerism
=omers free radical configuration

Exercises

Siruciure and Nomenclature of Alkanes and Cycloalkanes [Secs. 2.5, 2.6, 2.15,
2 16]
21 Write structural formulas for the following compounds.

(a) 3-Methylheptane (b) 2,3-Dimethylpentane

(¢) 2,3-Dimethyl-4-ethylhexane (d) 2,3,5-Trimethylhexane

(e) 2-Chloro-3-methylpentane (f) 2-Bromo-2,3-dichlorobutane
(g) 1,1,22-Tetrabromopropane (h) Methyleyclobutane

(i) trans-1,2-Dibromocyclopentane  (j) cis-1-Chloro-2-ethylcyclopropane

==lvsis or cracking is an industrial method used to break large molecules into smaller
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2.2 Give IUPAC names for the following compounds.

(a) CHa?I-ICHz(}HgC]‘.HCHQCHzcl-IH
CH, CH,
(¢) (CH,),CCH,CH,CH,C(CH,),
(e) CHBrZCHBr2
Br

(2)

Br

(i) H
Br

CH,

(b) CH3—(|3—-CH2—CIICHZCHQCH3
([11-13 C|JH(CH3)2

(d) CCLCH,

(f) CF,
i
(h) i>—(|3—c-H3
CH,
CH,CH,
(6} CH,CH,

2.3 Write the structure for each of the incorrectly named compounds listed below.

Explain whj
(a) 3-Methylbutane

(c) 2,3-Dibromopropane
(e) 3,4-Dichloropentane
(g) 2-Bromo-3-ethylbutane

y the given name is incorrect and give a correct name in each case.

(b) 2-Ethylpropane

(d) cis-1,3-Dimethyleyclopropane
(f) 1,1,3-Trimethylbutane

(h) trans-1,6-Dimethylcyclohexane

Structural Isomerism and Geometric Isomerism [Secs. 2.3, 2.16]
2.4 Draw the indicated number of structural isomers of compounds for each molecular

formula.

(a) C;H.CI (two isomers)
(c) C,H O (three isomers)
(e) C,H,CI (four isomers)

(b) C;H.N (two isomers)
(d) C;H,N (four isomers)
(f) C;H BrCl (five isomers)

2.5 There are seven isomeric dibromocyclohexanes, including ¢is-trans isomers, having
molecular formula CgH, Br,. Draw the structures of the seven compounds, using

condensed formulas for the rings.

2.6 For each group of structures, identify the structural isomers, the geometric iso-
mers, and the structures that represent the same compound.

CH,

Pl
(a) CHSCHQCHz?HCHR (i); CH,CH,

CH,
CH,—CH,

| ca,
(b) CH,—CH—CH, (i); CH,—CH—CH,CH, (ii);
H, CH,

CH, CH,CH,
CHCH, (ii); CH,CHCH, (iii)

CH,
CH,—CH—CH,
CH, —CH, (i)
CH,

(c) CH,CHCH,CHCH, (i); CH3+CH2(}H2CH3 (ii); CH;CHCH,CHBr (iii);

Br Br
CI‘ISCHQCHZCHQCH2CH2Br (iv)

H,



Br
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(d) i :B:r (1); H (i) Ur (iii); Exercises
H

H
CH,
H Br (iv); Br (v)
H
HO__Br
{e) (i); (ii); (ifi);
Br
H OH Br

9

Br HO Br
(iv); O v)
CH, H H

27 Four possible isomers can be obtained upon monochlorination of 2,2,4-trimethyl-
pentane. Draw partially condensed formulas for each of these compounds and
nzme each isomer according to the ITUPAC system.

lzsses of Carbons and Hydrogens [Sec. 2.4]
=& How many 1°, 2°, 3°, and 4° carbons and hydrogens (if any) are there in 2,24-
trimethylpentane (the alkane with an octane rating of 100)?

FRusical Properties of Alkanes [Sec. 2.8]

2% Without referring to tables, arrange each series of compounds in order of increas-
ing boiling point.

(a) n-Pentane; n-hexane, n-butane

(b) n-Hexane; n-pentane, 2-methylpentane

(c) n-Octane; 2,2.3-trimethylpentane, 2-methylheptane

Feactions of Alkanes and Cycloalkanes [Secs. 2.11-2.16]

210 Complete each of the following reactions by writing the structure of the product. If
no reaction occurs, state so.

(2) CH,(CH,j,CH, ombustion . g,y +CL—s (o) 24,
3 3 heat

211 Draw structures for all possible monochlorinated and polychlorinated compounds
that can be formed upon chlorination of ethane.

212 Bromination of ethane proceeds by the same mechaniem as chlorination of ethane.

Give the complete mechanism for the reaction, showing the initiation, propaga-

tion, and termination steps.

2.13 Isomeric compounds can sometimes be distinguished by observing the number of
monochlorinated compounds that each one forms.

(a) If a compound forms three monochloro compounds, is it n-pentane or 2-meth-
ylbutane?
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(b) If a compound forms three monochlore compounds, is it n-hexane or 2.3
dimethylbutane?
2.14 Draw structures, including cis-trans isomers, for all possible monobrominated
compounds that can be formed upon bromination of methyleyclopentane,
2.15 In the chlorination of ethane, C,H;, the product we want is C,H.Cl. Which one of
the following experimental conditions is likely to give the best yield of mono-
chlorinated product? Explain why.

(a) C,H, + Cl, () C,H, + Cl

1 —
dark, room temp

— (d) C,H,(excess) + Cl,

uv light

S
uy light
(e) CoHy + Clylexcess)

uv light

2.16 In the monochlorination of ethane, trace amounts of chlorinated butanes are also
found, suggesting that at some point in the reaction n-butane was formed. Refer to
the mechanism of free-radical halogenation of alkanes in Section 2.13 and explain
how n-butane could be formed during the chlorination of ethane.

2.17 The heat of combustion of a straight-chain alkane is 850 (Z%:5) keal/mole. Which
alkane has undergone complete combustion?
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Iz Chapter 2 we discussed the chemistry of alkanes, the saturated hydrocar-
= Many hydrocarbons contain fewer hydrogens than do alkanes having the
= number of carbon atoms. Because these compounds are deficient in hydro-
we say that they are unsaturated. Unsaturated hydrocarbons must con-
mulfiple bonds between carbon atoms. One family, distinguished by the
w=nce of a carbon-carbon double bond, is called the alkenes or olefins and
“he general formula C,H,,. A second class of compounds, the alkynes, is
==cterized by the presence of a carbon-carbon ériple bond. The general for-
= of alkynes is C,,H,,_,. Dienes are unsaturated hydrocarbons that contain
czrbon-carbon double bonds. Polyenes are unsaturated hydrocarbons that
“=in more than two carbon-carbon double bonds.

This chapter treats the alkenes. The alkynes, dienes, and polyenes are dis-
== in Chapter 4.

Nomenclature of Alkenes

The simplest members of the alkene series (C, and C,) are usually called by
“r common names, which are derived from the corresponding alkanes by re-
‘=z the -ane ending by -ylene. Larger alkenes are usually called by their

= AC names. Except for a few additions, the ITUPAC rules for naming alkenes

3.1

89
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are similar to those used for naming alkanes. Briefly, the rules are

1.

2.

3.

The longest continuous carbon chain containing the double bond is selected
as the parent chain. = ' =

The name of the parent carbon chain is obtained by replacing the -ane ending
of the corresponding alkane by -ene.

The parent carbon chain is numbered in a manner that will give theAloubly
bonded carbon atoms thellowest numbers even if it results in the substitu-
ents getting higher numbers.

. The position of the double bond is indicated by the number of the lower-

numbered doubly bonded carhon.

. In cycloalkenes, the double bond is always found between carbon 1 and car-

bon 2. It is therefore not necessary to specify the position of the double bond
with a number. If substituents are present, the ring must be numbered, start-
ing from the double bond, in the direction that gives the substituents the
lowest number(s).

Thus,
CH,=CH, CH,CH=CH,
Common name: Ethylene Propylene
ITUPAC name: Bthene Propene
/ S ) ¢ & - ?H:&
CH,CH,CH=CH, CH,CH=CHCH, CH,CHCH,CH—CH,
' 1-Butene 2.Butene 4-Methyl{Tpéentene
(not 3-Butene) (not 2-Methyl-4-pentene)
CH,
Cl
."|'. . g CHscHE
i 3-Methylcyclohexene > P 3-Chloro-4-ethyleyelobutene
(not 1-Methyl-2-cyclohexene) o (not 1-Chloro-2-ethyl-3-cyclobutene)

Compounds derived from ethylene and propylene are occasionally given

special names. The CH,=CH— group is called the vinyl group, and
CH,=CHCH,— is called the allyl group. y o

4 E _CH=CH,
CH,=CH-Br' CH,=CHCH,—Cl j -

Common name:  Vinyl bromide.. Allyl chloride Vinyl cyclohexane
TUPAC name: Bromoethene 3-Chloro-1-propene Cyclohexylethene

To reinforce the rules of nomenclature let us work out a simple example.

Example 3.1 Write the structural formula of 3,0-dimethyl-4-izopropyl-2-
octene.




Selufion (1) The parent carbon chain is an octene, and the double bond is
w=ted between the second and third carbons. Write the parent carbon
== without bothering vet with the hydrogen atoms.

FCcCc cccccC
e 2 3 4 5 6 7 8

= Two methyl groups are attached on the parent carbon chain, one on
~w=rbon 3 and the other on carbon 5.

CH, CH,
B¢ Cc—C—C—C—C
2 3 4 5 8 T 8

|
£—C—C—¢—C—C—C—C
CH
N
CH, CH,

21 Put in the missing hydrogens to get the correct structure.

T,
€8, —CH—C—CH—CH—CH,—CH,—CH,

lem 3.1 Write the structural formulas for these compounds.
2-Methyl-2-butene
4 5-Dimethyl-3-isopropyl-2-hexene
2-Chloro-4-methyl-2-pentene
3-Bromo-2-chloro-3-methyl-1-pentene
1.3-Dimethyleyclohexene
1-Bromo-3-chlorocyclobutene

lem 3.2 Name the following compounds.

o GOt —{—CH=CH—C~CHLOH) - oy 0
CH, i

1
N\,
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62 CH, CH, CH
Lds ‘

|
Unsaturated CH CHs CH3 CH,
Hydrocarbons I: | . | |
Alkenes (b) CH3CH2—C=CHCH2—C—CH3 (c) CH;,;(E-——C—-CHZCHgCH—CH:%

CII3-— C— CHS Br
CH,
l|7 Br. ’%
(d) CHQCHQCH—-—CH?H— "—CH;; (e)
Br F CH,

() I’A (g) D‘CH2CH:CH2

Problem 3.3 The names in this list are incorrect. Give the correct name and
structure for each compound listed.

(a) 2,2-Dimethyl-4-pentene (b) 4,5-Dimethyl-2-isopropyl-2-hexene
(¢) 4-n-Butyl-5-hexene (d) 2-Chloro-6-methylcyclohexene

(e) 1,2-Dimethyl-3-cyclopentene

Now that we know how to recognize and name alkenes, let us look into how
a carbon-carbon double bond is formed, and also into its geometry.

3.2 Geometry of the Carbon-Carbon Double Bond:
sp? Hybridization

In alkanes carbon is always bonded to four atoms. As a consequence, the
singly bonded carbon uses sp*-hybridized orbitals that are directed toward the
corners of a regular tetrahedron. In alkenes, on the other hand, the doubly
bonded carbon is always attached to only three other atoms. As a consequence,
the doubly bonded carbon must use a different kind of hybridization and must
assume a different shape. Let us look at the type of hybrid orbitals in and the |
shape of the simplest alkene, ethylene. Tn ethylene the carbons are sp® hybrid- |
ized (}s and 3 p characteristics). These orbitals are formed in the following man- |
ner: As with sp® hybridization (Sec. 1.10), the ground-state carbon proceeds to
its excited state, but this time the 2s orbital and only two of the three 2p orbitals
hybridize. The result is three equivalent sp? hybrid orbitals and one unhyhrid-
ized 2p, orbital (Fig. 3.1). The three sp* orbitals get as far away from each other
as possible by assuming a planar arrangement with an angle of 120° between the
hybrid orbitals. This type of arrangement is also known as trigonal planar geom- |
etry. The remaining unhybridized 2p, orbital is perpendicular to the plane of the |
sp? orbitals (Fig. 3.2).

E |




S T 4
Sergy 2Pz %P3 2 20k 20} 2} R LA . X7
g promotion [} hybridization sp? orbitals
27 - 7 3 T
4 H 4
152 152 152

(a) (b)

Fizure 3.1 Formation of three sp? hybrid orbitals by (a) promotion of ground state
~zrbon to excited state carbon followed by (b) hybridization of the 2s orbital with the
—=. and 2p, orbitals. The 2p, orbital remains unhybridized.

Each trigonal carbon of ethylene overlaps two of its sp? orbitals with the s
srbitals of two hydrogen atoms forming sp®-s o (sigma) bonds (shown by heavy
“nes and dotted lines in Fig. 3.3). The two carbons are connected by the end-on
sverlap of the remaining third sp? orbitals forming an sp2-sp? o bond. Now each
carbon still has a 2p, orbital containing one electron. These 2p_ orbitals, located
zbove and below the plane of the six atoms, are capable of a new kind of overlap

(2)

25 2p,

W

Hybridization

(b)

Figure 3.2 (a) Hybridization of 2s and 2p, and 2p, orbitals to form (b) three planar
sp®-hybridized orbitals with bond angles of 120° and a 2p, orbital perpendicular to the
plane.
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e ”,H

// overlap of
—_———

3p? and p
H

D C
- \ orbitals M
”

7 bond ethylene

Figure 3.3 End-on overlap of two sp? orbitals to form a ¢ bond between the two
carbons of ethylene and side-side overlap of the 2p_ orbitals to form a = bond.

called side-side overlap. The bond formed in this sidewise overlap is called a &
(pi) bond. Thus the two carbons of ethylene are attached together by an sp?-sp?
o bond and a 7 bond (from 2p_-2p, overlap) resulting in a carbon-carbon double
bond (C=C). The = bond, a weaker bond than the s bond (65 kcal/mole vs
83 kcal/mole), is the one that breaks in the course of a chemical reaction. The
formation of these bonds is illustrated in Figure 3.3.

The carbon-carbon double bond, shown in Figure 3.3, accounts for several
properties of alkenes. First, the carbon-carbon double bond is shorter by about
0.2 A than the carbon-carhon single bond because two pairs of electrons pull the
two nuclei closer together than does only one pair.

» / [
1.34 A 154 A b e

Second, the high electron density due to the pair of electrons in the = bond
explains the veactivity of alkenes (See. 3.12). e

Third, rotation about a carbon-carbon double bond is restricted because
rotation of one carbon with respect to the other requires that the = bond be
broken (see Fig. 3.4). Ordinarily this does not occur unless sufficient energy
(about 65 keal/mole) is supplied to the molecule in the form of heat or ultravio-
let radiation.

Fourth, restricted rotation about the carbon-carbon double bond requires

Figure 3.4 Rotation of one carbon with respect to the other diminishes the overlap of
their 2p, orbitals to the extent that if rotation is allowed to proceed to a full 90° the =
bond would break.




= the two carbon atoms and the four other atoms attached to them lie in the

== plane.
120°~ )
A—éc 120/

Finally, the restricted rotation about the carbon-carbon double bond and
planar geometry that results from it give rise to a type of isomerism, geomet-
Z=omerism, which is discussed in the next section.

Geometric Isomerism in Alkenes

Alkenes of the type WXC=CYZ, where W differs from X and Y from Z, can
== as geometric isomers. This type of isomerism was encountered earlier in

. kenes geometric isomerism is due to hindered rotation about the ca_l_'l‘:ggp;—car-

cis-2-Bulene trans-2-Butene

fmp = —139°C; bp = 3.7°C) 3. {mp = —106°C; bp = 0.9°C)
S, nF A N <ol &
BT S s T I\. i B b
Je=C_ 4 & Je=c{_ %R
Br cl H Cl
==-1-Bromo-2-chloroethene trans-1-Bromo-2-chloroethene

Geometric isomers differ from one another only in the way in which the
tuents are arranged in space relative to the plane of the C—=C bond. Since
can be interconverted only by the breaking and making of bonds, cis and
isomers are stable molecules capable of independent existence. They have
o “-rent physical properties and can be separated by fractional erystallization or
wi=rillation. Geometric isomers have similar chemical properties, since they are
wembers of the same class of organic compounds. If two identical groups are
; hed to any one of the doubly bonded carbons (W = X or Y = Z), geometric

double bond. AR "
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66 iIsomerism is not possible. For example, the following compounds have no geo-

metric isomers.
Unsaturated

Hydrocarbons 1: Y '1

Hydrocarbons CHS\C_C H CH3\C_C _CH, CHS\C . el
A g F ol N Pl !

H CH, _ H &

Propene 2-Methyl-2-butene 1L,1-Dichloropropene

Problem 3.4 Which of the following compounds can exist as cis-frans isomers?
Draw the structures of the geometric isomers.

(a) CH,=CHCH,CH,CH, (b) CH3CHQCH=(|30HRCH3
CH,
(¢) CH;CH,CH=CHCH,CH,  (d) CH,CH,CH=CBr,

Problem 3.5 Draw the structures of the following compounds.
(a) trans-4-Octene (b} cis-1,2-Dichloropropene
(¢} trans-3-Methyl-2-pentene (d) cis-3,4-Dibromocyclopentene

For alkenes with four different substituents such as Cobs kst o
N /CH3 F\ /CHS L Fa\le
/C=C\ or /C=C\ ' ;
F H Cl H
(I (IT)

the terms cis and trans are ambiguous for distinguishing the two geometric
isomers. As a result, another system, the E.,7Z system, has been devised to de-
scribe such compounds unambiguously,

Basically, the E,Z system works as follows. Arrange the groups on each
carbon of the C=C bond in order of priority. The priority depends on atomic
number: the higher the atomic number of the atom directly attached to the
double-bonded carbon, the higher the priority.

Thus, in structure (I), the priority at one end of the C—C bond is Cl>F,
and at the other end the priority is CH; >> H. If the two groups of higher priority
are on the same side of the C=C plane, the isomer is labeled Z (from the German
zusammen, together). If the two groups of higher priority are on opposite sides of
the C=C plane, the isomer is labeled E (from the German enigegen, opposite).
Thus, for I and IT we have

Priority: C1 > F, CH, > H

—al CH, F CH,
Nood TR LT o
Je=c( A Je=c(
F \H = Cl H
Z-1-Chlore-1-fluoropropene E-1-Chloro-1-fluoropropene
(C1 and CH; on same side) (Cl and CH, on opposite sides)
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Priority: Br > H, 1> CI, Priority: Br > H, C1 > F U5 Troparationivd
Alkenes
Br\ /I BI\ /F
/C=C\ /C=C\
H CH, H c1
Z-1-Bromo-2-iodopropene E-1-Bromo-2-chloro-2-fluoroethene

Froblem 3.6 Name the following compounds using the E,Z nomenclature.

1 1 Br cl
B o= (b) \0=c<

B = ' F

— e
7 PN

; T T W Sedp N
The E,Z system is less ambiguous and morejver\éatj:le than the cis-trans
==tem and is being used more and more in the literature. Nevertheless, cis and
=ns have been in common use for so many years that they are unlikely to
. @=appear.

Physical Properties of Alkenes 3.4

In general, the physical properties of alkenes are much the same as those of
wwrresponding alkanes. At room temperature the C, to C, alkenes are gases; the

Ej%glialkenes are liquids, and those above C,q are solids.

e alkanes, alkenes are insoluble in water and soluble in nonpolar organic
seivents such as benzene or in carbon tetrachloride.

Preparation of Alkenes 3.5

Alkenes are prepared in the éboratory by one of two general methods, each
= which involves the elimination of an atom or group of atoms from adjacent

zrbons and the subsequent formation of a carbon-carbon double bond.

[ '
—C—(lj———> >CmC< + AB (A = H or halogen; B = OH or
“L B halogen)

The two preparative methods are briefly illustrated here and discussed in
z=ater detail in the sections that follow.
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3.6

Dehydration of Alcohols

When an alcohol is heated in the presence of a miner_al,,a_g:ic_i_mg_afal}s't, it

readily loses a molecule of water to give an alkene. The acid catalysts most
commonly used are sulfuric acid, H,S0,, and phosphoric acid, H.PO,. In these

c|:nz~_(13H2 L, CH,—CH, + 1,0

&
OH
TUPAC name: Ethanol Ethene
Common name: Ethyl aleohol Ethylene

CH3(|3—0H2 ~- CH,CH—=CH, + H,0

H OH
TUPAC name: 1-Propanol Propene
Common name: #n-Propyl alcohol Propylene
OH
H*
= L ] +mo
H
IUPAC name: Cyvclohexanol Cvelohexene
Common name:  Cyclohexyl aleohol

Problem 3.7 Write the structure of the product of the dehydration of each of
the following alcohols.

e '
(a) CH,—C—0H ', (b) on 2,
3 | A A
CH,




Which Alkene Predoiﬁ{hates? Saytzeff’s Rule

The examples of dehydration of alcohols discussed in the previous section
menduced a single alkene as the possible product. Suppose, however, that the loss
¢ water from adjacent carbon atoms can give rise to more than one alkene, as in
~ 2= dehydration of 2-butanol. g e

H* .
—— CH,;CH,CH=CH, + H,0

1-Butene
CH30H3(|3HCH3 — ]

OH

-2, CH,CH—CHCH, + H,0
2-Butenie .. o U

W hich alkene predominates, 1-butene or 2-butene? A generalization known as
Savizeff’s rule applies: In nevery instance in which more than one alkene can be
rmed, the major product is always the alkene with the most alkyl substituents
w=ached on the double-bonded carbons...

Applying Saytzeff s rule to the dehyd1 ation of 2-butanol enables us
o predict that 2-butene, with two alkyl substituents attached to C=C, is
“=e major product, and 1-butene, with only one alkyl group, is the minor
sroduct. (Bear in mind that application of Saytaeff s rule requires you to count
“== number of alkyl groups bonded to C—C; the size of the alkyl group is
~=material.)

Froblem 3.8 Give the major and minor products of the dehydration of

= CH30H20H2?HCH3 ®) OH

OH
CH

3

Now that you have seen examples of the dehydration of some specific alco-
=ols. let us look into the mechanism of the reaction.

Mechanism of Dehydration of Alcohols

The dehydration of alcohols involves a earbocation, a reaction intermedi-
== mentioned earlier in Section 2.10. A carbocation is a highly reactive, unstable
“=termediate in which the carbon carries a positive charge. Once formed, carbo-
“=tions do not persist for any length of time. Their lack of stability causes them
“o quickly react further to form uncharged products. When the reaction is the
“ehvdration of an alcohol, the uncharged product is an alkene.

3.7

3.8
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3.9

The mechanism of dehydration basically involves the following steps.*

Step 1. Protonation of the alcohol: The proton of the acid catalyst is trans-
ferred to the oxygen atom, which functions as a Lewis base. This step is identical
to the protonation of water to form hydronium ions.

| | |
C—C— + H' — —C—C—

| ] | i
H:_QH/ H +:OH

H

Step 2. Formation of a carbocation: The highly electronegative oxygen atom
pulls electrons away from carbon, breaking the bond. A water molecule is re-
leased, and a carbocation with its positively charged carbon is generated.

L |
I N T H,0

P M
H

Step 3. Loss of a proton from the carbocation regenerates the acid catalyst and
simultaneously forms the alkene.

o e
H

An alkene

Problem 3.9 Write the mechanism for the dehydration of 1-propanol to pro-
pene.

CH,CH,CH,0H =X CH,CH=CH, + H,0
3 3

heat
1-Propanol Propene

Classes of Carbocations and Ease of
Dehydration of Alcohols

In the previous section it was established that the dehydration of alcohols
involves a carbocation intermediate. Carbocations are classified as primary (1°).
secondary (2°), or tertiary (3°) according to the number of carbon atoms at-
tached to the positively charged carbon.

*To be consistent with the convention adopted in Section 2.10, a curved double-
headed arrow ~~~ is used to indicate the making or breaking of a bond involving a pair
of electrons. In writing mechanisms that involve movements of a pair of electrons, the
curved arrow always goes from the electron-rich to the electron-deficient atom.



R—CH, R~C—H R-C—B/
e 158 R
g = g o ‘R,— p : 2 ___/)

1° earbocation 2 carbocatmn 3° carbocation | hi
Y i i Il ‘L \'

The ease of formation and the stabilities of Carbocations follow the order
30 > 2-:- > 10

Eas.e of formation and stablhtles of caljjocatmns
AT et ) 3

in a reaction that involves the formation of a carbocation intermediate,
more stah]e tertiary carbocation is the more easily | formed. This means that
FET comparmg the relative rates of dehydration among alcoho]s we can expect

ertiary aleohol (one in which the C—OH group is du'ectly attached to three
ns| to react faster than a secondary alcohof (one in which the C—OH is
=d to two carbons), and the latter faster than a primary alcohol (one in
5 the C—OH is attached to one carbon).

I | f
R—?—OH > R—(E}—OH = R—(|3—OH
R H H

3° alcohol 2° aleohol 1* alcohol

Ease of dehydration or rate of dehydration

The expectation is borne out by the fact that tertiary alcohols often un-
=r=z0 dehydration upon treatment with dilute acid at room temperature,

reas concentrated acid and elevated temperatures are usually required to
primary alcohols into alkenes.

sblem 3.10 Arrange these carbocations in order of increasing stabilities.
CH,

e

CH,CHCH,CH, CH,CH,CH,

(1) (ii) (iii)

oblem 3,11 Arrange these alcohols in order of ease of dehydiation.
OH

(|)H
CH,CH,0H CH:;ECHQCHS ;

H,
(i) (i1) (i11)
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72 Before discussing the second method of preparing alkenes, let us summarize
what you have learned thus far in the first method of preparation, the dehydra-

Unsaturated :
Hydrocarbons I: tion of alcohols. P BT N, L pof? |

Alkenes

L. The dehydration of alcohols requires anlacid catalyst.

2. The predominant alkene formed follows Saytzeffs rule, which states that the
major product is the alkene with the most alkyl substituents attached on the
double-bonded carbons.

3. The reaction proceeds via a carbocation intermediate.

4. The stabilities of carbocations and the ease of dehydration of alcohols follows
the order 8° > 2° > 1°.

3.10 Dehydrohalogenation of Alkyl Halides

Alkenes can also be prepared under alkaline conditions, in which case an
alkyl halide, RX, is required as the starting material. Thus, heating an alkyl
halide with a solution of potassium hydroxide, KOH, in aleohol, yields an alkene.
This reaction is known as dehydrohalogenation because it involves the elimi-
nation of H and of X from adjacent carbon atoms.

| aleohol B v
H X
An alkyl halide An alkene

As with the dehydration of an alcohol, the dehydrohalogenation of an alkyl
halide may form more than one alkene. In such case Saytzefl’s rule again ap-
plies; that is, the alkene with the most alkyl substituents on the double-honded
carbons predominates.-For.example,

IEI Br H
CHBCH—(]JH—-—JTHQ + KOH % CH,CH=CHCH, + CH,CH,CH—CH,
2-Bromobutane 2-Butene 1-Butene
(major product) {minor product)
(81%) (19%)
CH, CH,
2 Br
aleohol
I\H + KOH = +

H

1-Methyleyelohexene 3-Methyleyelohexene
{major product) {minor product)

Problem 3.12 Give the structure of the major and minor products of the
dehydrohalogenation of




Br

|
{=) CH,—CH—CH—CH, (b) Q-Cﬂz-- CH—CH,

CH, Cl

The mechanisms of dehydrohalogenation depend on the type of alkyl halide
wz2d (whether 1°, 2°, or 3° alkyl halide). They are discussed in Chapter 8.

.-" she A

Reactions of Alkenes

All alkenes contain a carbon-carbon double bond, and all except ethylene
zlso contain a saturated alkyl chain as part of the molecule. The chemistry of
zlkenes can therefore be divided into two general types of reactions: (1) addition
reactions that involve the carbon-carbon double bond and (2) substitution reac-
involve the saturated alkyl chain. Let us first exa_mme Lhe

various kinds of addition reactluﬁs

Additions to the Carbon-Carbon Double Bond

The typical reaction of alkenes is addition to the C=C group. An addition
reaction is one in which'a reagent A—B, adds across the double bond to give a

The addition reactions we will encounter in this chapter are summarized as
follows.

73
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3.13 Addition of Hydrogen: Catalytic Hydrogenation

The carbon-carbon double bond of alkenes can add a mole of hydrogen in
the presence of suitable catalysts to give an alkane. This method, called the
catalytic hydrogenation of alkenes, is carried out as follows. The alkene is
dissolved in a suitable solvent in the presence of finely divided platinum (Pt),
nickel (Ni), or palladium (Pd) catalyst. Hydrogen gas is then bubbled at low
pressure into the reaction vessel with constant stirring. The yield of alkane by
this method is quite good. :

o



eneral equation : 75

| ] 3.14 Addition of
‘\C=C/ -+ Hz % —C—C— Halogens:
s M low pressure [ Halogenation
H H
An alkene An alkane
Soecific examples
CH,—CH, + H, CH,CH,
low pressure
Ethylene Ethane

CH,CH,CH,CH,CH=CH, + H, Ao CH,CH,CH,CH,CH,CH,

1-Hexene n-Hexane

Hydrogenation has important industrial applications in the manufacture of
“zh-octane automobile and aviation fuels and in the preparation of synthetic
“etergents. The reaction can also be used to analyze the extent of unsaturation
= = molecule.

Addition of Halogens: Halogenation 14

When an alkene is treated at room temperature with a solution of bromine .
in carbon tetrachloride or some other inert solvent, the halogen adds
v to the double bond of the alkene to give the correspondlng vicinal diha- |
(two halogens attached to adjacent carbong).

ral equaiion

|
C—C/ 4%, 0, —t|3—3|3— (X = Cl or Br)
. Aam b .—}',
X X Y hf 'i'("l, 011| (\) VAR =
fic examples
ClL ¢l
CH.CH=CH, + Cl, =% CH,CH—CH,
Propene 1,2-Dichloroprepane
Br
1 +m [
Br
Cyelobutene 1,2-Dibromocyelobutane

Iodme is too unreactive and will not add to the double bond of an alkene.
rine is too reactive and reacts explosively with an alkene, making it an
itable reactant.




76 The addition of bromine to an alkene is useful as a practical test for detect-
- ing unsaturation (see Sec. 3.22). i

PrdeisurbonsTs The addition of halogens to an alkene proceeds by a mechanism similar to
Alkenes (but somewhat more complicated than) the addition of acids discussed in the

next sections.

Problem 3.13 Write the structure of the product expected from the reaction at
room temperature of (a) 2-butene with Br, in CCl, and (b) cyclohexene with Cl,
in CCl,.

3.15 Electrophilic Addition to Alkenes:
Addition of Acids

The next few reactions of alkenes to be discussed involve the addition to the
double bond of reagents whose general formulas are represented by the symbol
H-—A. These may be hydrogen halides (H—Cl, H—Br, H—I), sulfuric acid
(H—OS0,H), or water (H—OH). The addition of all these reagents to the dou-
ble bond follows the same mechanism. For this reason, the general mechanism of
their addition will be discussed before their specific reactions are given.

Hydrogen halides, sulfuric acid, and water all contain an ionizable hydro-
gen.

H—A —s H* + A:-

The positively charged hydrogen ion is an electron-deficient species. Any elec-
tron-deficient species is called an electrophile, and any electron-rich species is
called a nucleophile. The addition of H—A to an alkene is believed to be a
two-step process.

Step 1. The hydrogen ion (the electrophile) attacks the 7 electrons of the
alkene, forming a C—H bond and a carbocation.
N S N Y [

JCLC + HEA —s —~(i3—C\ iR
H

Step 2. The negatively charged species A : ~ (a nucleophile) attacks the carbo-
cation and forms a new C—A bond.,

—(r}—C/ +A"— —‘JJ (lj—
[ [ ]

H — H A

The formation of the carbocation in step 1 is the more difficult and conse-
quently the slower step in the mechanism. The slowest step in any reaction
mechanism 1s called the rate-determining step. The type of reaction just de-
scribed, which involves the attack by an electrophilic rea gent on the 7 electrons,
falls in a general category called electrophilic addition reactions.

Now that you have seen the general mechanism of electrophilic addition,
some specific examples will be discussed.




Addition of Hydrogen Halides 3.16

Alkenes react with hydrogen chloride, HCI, hydrogen bromide, HBr, and
tvdrogen iodide, HI, to form alkyl halides, RX. This reaction is also known as
pydrohalogenation {in contrast to dehydrohalogenation) because H and X are
tdded to the double-bonded carbons.

Feneral equation

\ / |
/C=C\ +H—X — —(|?—|,— (X =Cl, Br,or I)
H X

Specific examples
CH,=CH, + H—Cl— CH,CH,Cl

Ethene Chloroethane
i
CH,CH=CHCH, + H—Br—— CH,CH,CHCH;,
2-Butene 2-Bromohutane
1
O = O
Cyclopentene Todocyclopentane

Problem 3.14 Write the mechanism of the addition of HCI to ethene.

Markovnikov’s Rule 3.17

When hydrogen halide is added to a symmetrical alkene such as RCH=CHR,
fhere is only one possible product because the two double-bonded carbons are
fguivalent. This is illustrated by the reaction of 2-butene with HBr.

Ty
CHS—CH=CH—“CH3 + H—Br — CH3—CH—CH—CH3
2-Butene eSE L 2-Bromobutane
{a symmetrical alkene) v o o (only one product possible)

Fith unsymmetrical alkenes, however, such as those of the type RCH=CHR’
2’ # R), the possibility exists for the hydrogen halide to add in two ways and
fhus give two isomeric products. The addition of HBr to propene, for example,
jould yield 1-bromopropane, 2-bromopropane, ar both. 77
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3.18

—> CH,CHCH,

|
Br

2-Bromopropane
{major product)

CH,CH=CH, + HBr

Propene
(an unsymmetrical
alkene)

—> CH,CH,CH,Br &

1-Bromopropane 5.7
{minor product) g

maj or p1 qc_l__uct is 2-bromopropane. Based on the results of many observatlons of
~alkene reactions, the Russian chemist Vladimir Markovnikov in 1869 summa-
rized his findings in a statement now known as Markovnikov’s rule: In efectro-
philic addition of H—X fo unsymmetrical alkenes the hydrogen of the hydr ogen
hakde adds to the double- bondeaf carbon that bears ‘the greater number of hy—

A(,wrdmg to this rule, the addition of HCI to 2-methylpropene, for example,
yields 2-chloro-2- methylpropane as the major product and 1-chloro-2-methyl-
propane as the minor product.

CH, CH, oH,
CH,C=CH, + HCl >  CH,CCH, + CH,CHCH,CI
Cl ¥
2—011].01‘0—2—methylpropan;s J1~Ch]01‘0-2—met‘nylpropane
{major product) {minor product)

In some unsymmetrical alkenes the two double-bonded carbons may be
equivalent (may contain the same number of hydrogen atoms), but the addition
of H—X still gives two possible products. In such cases an approximately equi-
molar mixture of the two possible addition products is obtained. For example,
the addition of HCI to 2-pentene yields an equal mixture of 2-chloropentane and
3-chloropentane.

Cl Cl
l
CH,CH,CH—CHCH, + HCl > CH,CH,CH,CHCH, + CH,CH,CHCH,CH,
2-Pentene 2-Chloropentane 3-Chloropentane

{an unsymmetrical alkene
with equivalent

double-bonded carbons) Exquimolar mixtire

Explanation for Markovnikov’s Rule

The explanation for Markovnikov’s rule may be given in light of the general
mechanism of electrophilic addition. The addition of HX to an alkene involves
the formation of a carbocation intermediate. We should expect the more stable




~=rbocation to be preferentially formed. Recall from Section 3.9 that the stabil- 79

v of a carbocation follows the order 3° ™ 2° > 1°. .
Returning to the previous example of the addition of HBr to propene, we 3'“’3“‘?&21‘;‘{

w=n see that two different carbocation intermediates are possible. The formation

¢ each depends on which double-bonded carbon the hydrogen ion of HBr adds

“o. Addition of the hydrogen to C-2 gives a primary carbocation, and addition at

-1 gives the more stable secondary carbocation.

ddition of H* to (-2 1.
al 1t10mn o CHS(EHCHQ
H
e 1¢ carbocation
CH,CH=CH, + HBr — (less stable)
addition of H* to C-1

e e
> CHSCH?Hz +  Br — CHa(fHCH3

H Br
2° carbocation 2-Bromopropane
(more stable) (a Markovnikov
product)

In modern terms Markovnikov’s rule can be restated: The addition of an
wmsymmelrical reagent HX to an unsymmetrical alkene proceeds in such a di-
eciion as to produce the more stable carbocation.

Froblem 3.15 Write the structures of the major products of the following reac-
Smns

@) CH3(|J=CHCH3 +HBr —>  (b) Q—CHQCHZ(JHQ +H —

CH,

(|3H3 CH,
BH.CH,C—CCH, + HI —s

Addition of Sulfuric Acid 3.19

Upon thorough mixing, cold concentrated sulfuric acid adds across the dou-
bond of alkenes to give alkyl hydrogen sulfate. The general equation for this
on is
N\ 74
/C=C\ + H—0SO,H — —C—C—

An alkyl hydrogen sulfate
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Addition of sulfuric acid to alkenes also follows Markovnikov’s rule, as illu
trated in the reaction with propene.

0S0,H
CH,CH—CH, + H,80, —s  CH,CH—CH,
Propene Isopropy! hydrogen sulfate

Problem 3.16 Write the mechanism of the addition of H,SO, to propene.

Problem 3.17 Write the structure of the major product of the addition ¢
H,30, to (a) 1-butene; (b) 2-butene; and (c) 1-methylcyclohexene.

Addition of Water: Hydration

When heated with water in the presence of an acid caiiéiyst, alkenes yiel
alcohols (ROH). The process is called hydration of alkenes because it involve

" the addition of water across the double bond.

The addition of HOH across the double bond is in accordance witd
the greater number of hydrogen atoms and the hydroxyl group goes to the othd
double-bonded carbon. - '

(|)H
CH;—CH=CH, + HOH ' CH,—CH—CH,
FPropene Isopropy! alcohol

(rubbing alcohol)

Problem 3.18 Write the structure of the major product of the hydration g
(a) ethylene; (b) 1-butene; and (c¢) 1-methyleyclopentene.

Addition of HOX'\:: Halohydrin Formation

When an alkene is treated with a:q.u..f‘.—ol.l_.,s t.:i;lur'mel‘-or aqueous bromine, thi
addition product is a halohydrin, (When Cl, is used, the product is {
chlorohydrin; when Br, is used, the product is a bromohydrin.) 1

(0 al
\ / . al Bl
/C—C\ + Cl,, H,0 — —(|,—(t,
OH
A chlorohydrin




iy
RN 4
/C- C\ + Br,, H,0 — —ll—vl&
OH
A bromohydrin
The reaction proceeds as if hypochlorous acid, HO—CI, or hypobromous
acid, HO—Bt, were the adding reagent. The chloronium ion, Cl*, or bromonium

ion, Brt , 18 the electrophile, and the hydroxide ion, OH~, the nucleophile. Addi-
sion of HOX also Follows Markovnikov’s rule, as 111ustrated with propene.

OH C1
CH,—CH=CH, %%, CH,—CH—CH,
Propene Propylene chlorohydrin

(1-Chlore-2-propanol)

Problem 3.19 Write the mechanism for the addition of HOCI to propene.

Problem 3.20 Write the structure of the major product expected on reaction of
{a) ethylene with aqueous chlorine; (b) 1-butene with aqueous chlorine; (¢) 2-
methylpropene with aqueous bromine; and (d) 1-methyleyclopentene with
zgqueous bromine.

Visual Tests for Unsaturation

The functional group of alkeneb is the C=C bond. What simple visual test
c=n we use to detect unsaturation? Of the reactions discussed so far the addition
of bromine is frequently used. Bromine itself is a dark red liguid, whereas both
the alkene and the addition product are colorless. Thus, to test whether a sub-
stance is an alkene, we add to it a solution of bromine in an inert solvent (CCl,).
1f the substance is an alkene (or an alkyne) ‘the bromine solution will be ra\_“i’l'bT
decolorized.

p - J\ |
=C\ + Br, Sy en l_,—(|}—
Br Br
Alkene Bromine sohition Vicinal dibromide
{colorless) (dark red) (colorless)

Another visual test for unsaturation is the Baeyer test. In this test, a
dilute, alkaline solution of purple potassium permanganate, KMnO,, is added to
an alkene (or alkyne) at room temperature. A glycol, a compound with two y OH
groups, and a brown precipitate of manganese dioxide, MnQ,, are formed.

81
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-ozonide is produced. Ozonides, like other compounds containing the peroxi

cold, dilute, | |
1,

b Ve alkaline
0=C__+ KMn0, lize —c—(|)— + MnO,|
HO OH
{purple) A glyeol {brown

precipitate)

Replacement of a purple-colored solution by a brown precipitate indicated
positive Baeyer test,

The addition of H,S0, to alkenes (or alkynes) is vet another visual test §
unsaturation. Alkenes will dissolve in concentrated H,S0,, with evolution
heat and form homogeneous mixtures. Alkanes do not react with concentrag
H,SO, and will separate from the acid; two distinct layers form. A word
caution: Other types of compounds also react with and dissolve in H,S0, (o3
gen-containing compounds, many nitrogen-containing compounds, and sod
aromatic compounds).

Problem 3.21 Compound A, CeH,,, gave the following results.

(1) A + Br, £, solution remains dark red

(2) A + cold, concentrated H,S0, — two distinet layers
(3) A + dilute KMnO, — solution remains purple

(4) A + Br, =" CgH,Br (a single isomer)

What is the structure of A?

Ozonolysi_s__

When ozone-rich oxygen gas is passed through a solution of an alkene di
solved in an inert solvent, the carbon-carbon double bond is broken and

group, —O—0—, are quité instable and may explode violently am
unpredictably. Consequently, they are not isolated. i

0
b~ 4 inert | L rearrangement N\ " >~/
— 3 —_— —_— o — A _— 5
/C C\+ 03 solvent (|: ([' /C\\ o LY
(6]
Ozone Unstable intermediate An ozonide
(not isolated)

formation of two smaller products, each of which contains a carbonyl grou
C=0, at the position where the carbon-carbon double bond was. These producs
: H ;

| |
may be aldehydes, R—C=0, or ketones,.I{f-C——O, depending on the structurs
of the starting alkene.

Further addition of water in the presence of a zinc catalyst results in tlg




\/O\ b g

s
7 C})_ d'c\

s
Aldehyde o7 ketone

+H,0 2=, >c-_0 +0=C

Ozonolysis is a valuable degradaiive reaction, for it can be used to locate the
position of adouble bond on the paresnt alkene chain. This is done by identifying
the structure(s) of the uwroduct(s) oblained on treatment of an alkene with
ozone. For example, suppose we wanted to know whether a given compound is
I-butene or its isomer, 2-butene. Boith compounds have the same molecular for-
mula, C,H;; both deccivrize byomine in carbon tetrachloride; and both give a
positive Baeyer test. One way we can distinguish between them is by ozonolysis,
Secause they Gboth yield different identifiable products. The ozonolysis of
I-butene yields formaldehyde, H,C=0, and propionaldehyde, CH,CH,CH=0,
whereas the ozonolysis of 2-butene yields only one product, acetaldehyde,
CH.CH=0.

H
CH,CH,CH=CH, %Efc?z_) CH:,CHE(E_-——O + O=CH,

1-Butene Propiané_l-é\;jﬂ_yﬁa Fonn:_ajééhyé%l
Ttwo products) e
H VA
o l \ '
. b e L I S COUNP T Y aCl -
CH,CHACHCH, L2 2CHC=0 1 < -
2-Butene Acetaldehyde

(a single product)

To be sure that you understand the value of ozonolysis in determining the
wructure of an alkene, you should work through Example 3.2.

Example 3.2 The products of the ozonolysis of an alkene were identified
as acetone, (CH,),C=0, and formaldehyde, CH,—0. What is the structure
of the parent alkene?

Solutiorn If you recall, the carbonyl carbons were originally double-
bonded carbons. The structure of the parent alkene can therefore be deter-
mined by eliminating the oxygen atoms from the two carbonyl carbons
2nd joining them by a double bond. Thus, the parent alkene is 2-methyl-
propene.

CH, CH,

| |
CH,—C=0 + O=CH, «— CH,—C=CH,
Acetone Formaldehyde 2-Methylpropene

lem 3.22 Write the structure of the product expected from the ozonolysis
12) 2-methyl-2-pentene; (b) cvclopentene; and (c¢) 2-hexene.
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Problem 3.23 Write the structure of the parent alkene given the following
products of ozonolysis,

.
(a) Two moles of CH,—C=0
H

|
(b) One mole of CH,CH,— &}:O and one mole of CH,—C=0

Problem 3.24 Compound B, C;H,,, gave the following results.

(1) B + Br, O, colorless solution
(2) B + dilute KMnQ, —— brown precipitate
(3) B + Oj; followed by treatment with Zn, H,0 yielded CH,CH,CHO as the
only product.
What are the two possible structures for B? (Hirt: The two structures are geo-
metric isomers.)

Substitution Reactions:
Halogenation at High Temperatures

So far discussion has focused on addition reactions that take place exclu-
sively at the carbon-carbon double bond. With the exception of ethylene, all
alkenes contain saturated alkyl groups as part of their structures. What kind of
reactions can we expect to occur there? Since these alkyl groups are saturated,
we can expect them to undergo the typical alkane reaction, which is free-radical
substitution. Let us use halogenation as an example of a substitution reaction.
We already know that halogen can attack the double bond as well as the satu-
rated alkyl site (Sec. 2.12). Can we control the experimental conditions so that
the halogen attacks only one of these sites? The answer is yes. Alkenes are more
reactive than alkanes. Their reactions therefore take place under milder experi-
mental conditions. Alkenes undergo addition of halogen at low temperature,
even in the dark, and generally in the liquid phase. On the other hand, alkanes
undergo substitution by halogen only at elevated temperatures or under the
influence of ultraviolet light (Sec. 2.12) and generally in the gas phase. The latter
conditions favor a free-radical substitution reaction, whereas the former favor an
addition reaction.

|

|
—C=C—C—H
A |
Addition reaction: f" \"L Substitution reaction:
low temperature; high temperature
absence of light X, or X, or ultraviolet light

For example, the treatment of propene with chlorine at high temperatures
yields chiefly the substitution product 3-chloropropene (allyl chloride). Reaction |



chlorine with propene in the liquid phase at low temperature, in the dark,
tlds only 1,2-dichloropropane, an addition product.

(lﬂ
CH,—CH=CH, %Lr—e CH,—CH—CH,
{gas phase)
Propene i 3-Chloropropene
{Allyl chloride)
CITI ([jl
CH,-CH=—CH, ngf—c% CH,—CH—CH,
Propene 1,2-Dichloropropane

pblem 3.25 Write the structure of the major product expected in each reac-
L

CH,CH=CHCH, + Cl, -—>  (b) CH,CH=CHCH, + Cl, "'

'—” + Br Ty low ([::mp (d) U t B12 heat

Polymerization

Omne important property of alkenes is their ability to form giant molecules
Ed polymers. Polymers are prepared by the polymerization process, which
bives the reaction of alkene units with themselves (from the Greek poly,
pv: meros, unit). The basic alkene unit is referred to as a monomer. Under
mfluence of various catalysts alkene monomers add to one another indefi-
£v in a process called addition polymerization. Alkene polymers form use-
products such as plastics and rubber. For example, the polymerization of
Flene, which takes places when ethylene is heated in the presence of a suita-
catalyst, produces a waxy polymer called polyethylene. The overall reaction

(1, 4+ CH—CH, & CH,=CH, 4 e Eﬁlﬁg —+CH,—CH,};

Monomers Polyethylene polymer

Fethylene is widely used for the manufacture of plastic bottles, wire insula-
i toys, packaging, and wearing apparel. Ethylene is one of the most impor-
E zlkenes produced in the United States. In 1980 the United States produc-
I of ethylene was 28.3 billion pounds.

The substitution of one of the hydrogens of ethylene by some other group
fuces a vinyl compound (CH,=CH—, a vinyl group; CH,=CH—G, a vinyl
fpound). These polymerize in much the same manner as ethylene, and pro-
E vinyl polymers. The general equation for the polymenzatlon of vinyl
fpounds is

85
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3.25

(n = 600-1,000)
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Table 3.1 Some Important Vinyl Polymers and

—H —1
—H —C=N
Y

I
—H  —0—C_CH,
—a —a

0

—CH, —C—OCH,

R

3
n CH2=(|3
G

A vinyl compound

peroxide
catalyst
T

r

A vinyl polymer

R
|

CH,— (lj:(— (R = H, alkyl, or Cl)
GJn

Vinyl polymers are important because they constitute the raw materials
used by the plastics industry for the manufacture of many useful finished prod-
ucts. For example, the polymerization of vinyl chloride produces polyvinyl chlo-
ride, which is used as a rubber substitute, for pipes, and as an insulator. The

polymerization of tetrafluoroe
Teflon. Teflon is a chemically in
and as a coating in “nonstick”
vinyl polymers and their uses

CH,=C

C=N

H
CH,=C

@

CH,—C
0—C—CH,

Cl

51
CH,
CH,=C
C—OCH,

Their Uses in the Plastics Industry

polyvinyl chloride

polyacrylonitrile
(Orlon)

polvstyrene

polyvinyl acetate

polvvinylidene
chloride (Saran}

relymethyl
methacrylate
(Plexiglas; Tueite)

thylene produces the tough plastic known as
ert substance widely used in insulation materials
cooking utensils. Table 3.1 lists some Important
in the plastic industry.

electrical insulators;
pipes

fibers for clothing

electrical insulators;
foamed plastic
fabrication

plastic sheets, films,
and fibers

seat covers; self
adhering food
Wrappers

transparent sheets;
unbreakable
substitute for glass;
paints




Planning a Synthesis

Now that you have learned the chemistry of alkanes and alkenes, let us see
that knowledge can be put to practice in synthesizing a compound in the
way possible.

In general, the best approach te a problem involving the synthesis of a
nd is working backward, that is, from the product to the starting mate-
To illustrate, let us work out the following example.

Example 3.3 Suppose you wish to prepare ethanol, CH,CH,OH, starting
“rom ethane. (You may use any inorganic reagent and any reaction condi-
Tions).

Solution First draw the structures of the starting material and of the
product.

7
CH,CH, —— CH,CH,O0H
Ethane Ethanol

Working backward, ethanol can be obtained via hydration of an alkene,
ethylene.

CH,—CH, + H,0 %5 (FHQ—CHQ [Sec. 3.20]
OH

Ethylene, in turn, can be obtained via dehydrohalogenation of an ethyl
halide, for example, bromoethane.

CH,CH,Br + KOH 2, CH,—CH,

[Sec. 3.10]
Bromoethane, in turn, is obtained from ethane via free-radical bromination.
CH,CH,; + Br, 4> CH,CH,Br [Sec. 2.12]

The overall series of reactions is therefore

Now work out the following synthesis problem.

Froblem 3.26

‘ Starti

§=) CH, CH OH CH,CH,
D) CH CH Br HOCH,CH,CI
$c) CH. CH -l HOCH,CH.,OH
i) CH CH CH OH CH,CHBrCH,
fe) CH, CH-CH BrCH,CHBrCH,Br
(Hint: First do a reaction at the saturated carbon.)

3.26

CH,CH, —2:, CH,CH,Br K00tWl, cp,—CH, %%, CH,CH,0H
uv g 1ea

Ethane Ethanol
{starting material} {desired product)



88

Unsaturated
Hydrocarbons T:
Alkenes

Summary of Concepts and Reactions

Alkenes are unsaturated hydrocarbons that contain a carbon-carbon double bond,
RN v
=C . Sec, 3.1
/L C\ [Sec. 3.1]
Alkenes are named in the IUPAC system by replacement of the ending -ane of alkanes
by -ene. The position of the double bond is indicated by the lowest possible number.

[Sec. 3.1]
The groups attached to the sp2-hybridized carbons in an alkene lie in the same plane.
[Sec. 3.2]
Because of the lack of rotation about the carbon-carbon double bond, geometric isomers
can exist when different groups are attached to both carbons. [Sec. 3.3]
Alkenes may be prepared by the dehydration of alcohols
] : %% ;
(e B Catalyst o N [Sec. 3.6]
| /C C\ + H,0
OH
or by the dehydrohalogenation of alkyl halides
i % o :
—C—C + KOH — C=C_ + KX + H,0 [Sec. 3.10]
| | heat R %
H X
] : : i B 7
The typical reaction of alkenes is addition to /C——C\, [Sec. 3.12]
Most reactions of alkenes are electrophilic additions
\Czc/ . _C_é— At .__é)_é_. [Sec. 3.15]
7 ~ + [
H H A
All additions of H—A to unsymmetrical alkenes follow Markovnikov’s rule.
[Sec. 3.17]
Addition of H—A involves the formation of the most stable carbocation;
1 + -+
R,C > R,CH > RCH,, [Sec. 3.18]
Alkenes decolorize (a) Br, in CCl, and (b) dilute solution of KMnO, (Baeyer's test).
[Sec. 3.22]
Ozonolysis
Mo sl o, L ) -
/C -C\ TR C=0 + 0=C
is a reaction used to locate the position of the double bond. [Sec. 3.23]
The saturated part of an alkene reacts like an alkane. [Sec. 3.24]
Alkenes can form giant molecules called polymers. The basic unit of a polymer is called a
monomer. [Sec. 3.25]

Alkene monomers add to one another in a process called addition polymerization.
S ZT N ST N SN Lg L o))
C=C_+ C=C_+ C=C_ +'.. — —O—C—C—C—C [Sec. 3.25]
pd el ™ ™~ T T 17 T 1 .

The substitution of one hydrogen of a doubly bonded carbon by another group produces
a vinyl compound (CH,=CH—G). Polymerization of a vin vl compound produces a

vinyl polymer. [Sec. 3.25]
The best approach to a problem involving the synthesis of a compound is to work
backward, that is, from the product back to the starting material. [Sec. 3.26]




Terms

tmraied geometric isomers
== (olefing) E,Z system
elimination
Saytzeff s rule
e carbocation
dehydrohalogenation
— addition reaction
sl zToup catalytic hydrogenation
i =oup electrophile
Svbridized nucleophile
bond rate-determining step
LEercises

=here pertinent for geometric isomers.

G
(=) CH,—CH—CH,—C—CH;  (b) 1
CH,
H H H B
AN
{c) >C=C< (d) /C=C/
CH,CH, CH, Bf H
© QCHZCHa (f) OCH3
H cl c1
@ o=c] () H,c—¢
7 N
H cl

{a) 3-Methyl-1-butene

(e) 4-Chlorocyclohexene

(e) Allyleyclopentane

(g) trans-2-Heptene

(i) Z-2-Bromo-1-chloropropene

molecule.

(a) 2-Ethyl-2-pentene

(e) 3-Methyl-2-butene

(e) 1-Methyl-2-cyclobutene

structures of the geometric isomers.
(a) 1-Butene

CH,CH,

Write formulas for the following named compounds.

(b) 5-Bromo-2-methyl-2-hexene

(d) Vinylcyclopropane

(f) cis-3-Hexene

(h) trans-12-Dicyclopropylethene

(j) E-1-Bromo-1-chloro-2-fluoroethene
State what is wrong with the following names and give the correct name for each

(b) 2-Pentene

89

Exercises

electrophilic addition
hydrohalogenation
Markovnikov’s rule
hydration

vicinal dihalide
halohydrin

Baeyer test
polymers

monomer

addition polymerization
vinyl polymers

wfure, Nomenclature, and Geometric Isornerisrn [Secs. 3.1, 3.3]
Give the IUPAC names for the following structures. Use cis and trans designations

(b) 2-n-Propyl-2-butene

(d) 3-n-Butyl-1-hexene

(f) 2,5-Dimethylcyclohexene

Which of the following compounds can exist as cis and frans isomers? Draw the
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(¢) 1-Bromo-3-hexene (d) 1-Chloro-2-methylpropene
(e) 1,1-Dichloroethene (f) 2-Methyl-2-pentene

3.5 There are three compounds with molecular formula CgH,Cl,. Draw the structure
of each compound and indicate which isomer(s) is (are) structural (constitutional)
and which is (are) geometric (cis-trans).

3.6 Including geometric isomers, there are sixteen alkenes of formula CgH,,. Draw and
name each structure, and indicate which are geometric isomers.

3.7 Name the following structures using the E,Z system of nomenclature.

H B B M
(@) Je=a ®) o
CH,CH, F CH,CH, “F
CHCH, — Br H F
(© Se=c{ @ o=c
o F Br Cl

Hybridization and Shapes of Molecules [Secs. 1.10, 3.2]
3.8 Indicate the type of hybridization and the shape about each carbon in the follow-
ing structures.

(a) CH,CH=CH, (b) S’ (¢) CH;CH=CHCH,0H (d) (IHE(”}CHQCOH
0

Preparation of Alkenes [Secs. 3.6-3.9] :
3.9 Which of the products named for each reaction is the major product according to
Saytzeff’s rule?

(a) CHacHZCH,(EHCH3 Semdaion, 1-pentene and 2-peniene
0H

CH,

(B) ( ) ML el 1-methylcyclopenténe and 3-methyleyclopentene
-~

3.10 Using Saytzeff s rule write the structure of the main product obtained on dehydra-
tion of each of the following alcohols.

() CH,CHCHCH, (b) [\\}OH
OH |
CH,CH,
g ~
(¢) CH,CH,CHCHCH,CH, (d) CH,CHCH,
b ot Ol

OH

3.11 Dehydration of 2-butanol, 'CH,.;CHCHQCHQ, vields 2-butene {major product) and
L-butene (minor product). Write a mechanism that accounts for the formation of
these two products.

3.12 Arrange the alcohols in each group in order of ease of dehydration.
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(a) CH,CH,CH,CH,0H (i); CH,;CH,CHCH,, (1); CH,CCH, (iii)

] Exercises

i51 OH

o,
(b) QCHQOH @) (&i); \O—OH (i)
o1

Which of the products named for each reaction is the major product according to
Saytzeff’s rule?

CH,
(a) CH,CHCHCH, -tehydrohalogenstion , o othyl-2-butene + 3-methyl-1-butene
B
Br
(b) —CH,CH, aER gL, 3-ethyleyclopentene + 1-ethyleyelopentene

Using Saytzeff’s rule write the structure of the main product obtained on
dehydrohalogenation of each of the following compounds.

(a) 2-Bromopentane (b) 2-Bromo-2-methylpentane

(¢) 3-Bromo-2-methvlpentane (d) 3-Bromo-2,3-dimethylpentane

ions of Alkenes [Secs. 3.11-3.24]

Draw the structure of the product expected on treatment of 2-butene with each of
the following.

(a) H,/Pd {(b) HCl

(e) Cold, concentrated H,SO, (d) H,0, H*

(e) Br,, H,O (f} Br, in CCl,

(g) Cold, dilute KMnO, (h) O, followed by Zn, H,O

Draw the structures of the major product(s) expected on treatment of 1-butene
with the reagents listed in Exercise 3.15. .

Draw the structures of the products, A through N.

(a) CH,CH=CH, + Br, . A JP g

(b) CH,CH,CH,0H —— C s p

KOH/aleohol {1} 0,
(e¢) CH,CH,CH,Br = ——2 K T F+G

@) <:>v—0H hH_t> : i A T ¢

KOH/aleohol Cl, Cl, H,0
(e) CH,CH,CH,01 —> = J— K L

M EOH N

) CH,CH,CH,Br KOs




99 3.18 For each reaction, fill in the missing reagent(s) and, where pertinent, the reaction

conditions.
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Alkenes (a) CH,CH=CH, — CH3CIIZCH3

o
(b) CH,CH=CH, — CH,CHO 4 CI,0
?

(c) CH,CH=CH, — > CH,CHBrCH,Br

\ cH,
@ ( Y-cm, Lad
/ oH

(f) CH,CH=CH, “{%} BrCH,CH—CH, (—;> BrCH,CHOHCH,
9
() CH,CH,CH,Br TI_) CH,CH—CH, —.> CH,CHOHCH,CI
J
2
(h) CH,CH,CH,0H (;7 CH,CH=CH, —> CH,CHBICH,

() CH,—CH, T;T CH,CH, (57 CH,CH,CI

Br
\\ ] ./'-/K\\\\ 9 // Br
G O w1l %
1) L 2 =
~" "Br ) k’ Br

Identification and Structural Determination [Secs. 322, 3.23]
3.19 n-Hexane and 1-hexene are both colorless liquids with similar boiling points. What
three simple tests would distinguish the two compounds? Indicate what you

would see.
3.20 Give the structure of an alkene that would give each of the following product(s) on
ozonolysis.
(|3H3 CH,
(a) H,C—0 and CH,CH,C=0 (b) 2 CH,CH,C=0

(¢) CH,CH,CH=0 and CH,CH=0  (d) O=CHCH,CH,CH,CH=0

3.21 Compound A, C,H,Br, on treatment with alcoholic KOH, gave compound B,
C4H,. Treatment of B with ozone followed by zinc and water yields CH,CH,CII—=0
and O=CH,. What are the structures of A and B?

3.22 A compound C,H,Br (A), on treatment with alcoholic KOH, gave compound B,
C,Hg. Treatment of B with ozone followed by zinc and water vielded CH,CH=0 as
the only product. What two possible structures for B account for these facts?
What is the strueture for A?

3.23 A compound A, C,H,Br, on treatment with alcoholic KOH, gave compound B,
C,H;. Treatment of B with ozone followed by zinc and water yielded (CH,),C=0
and O=CH,. What two possible structures for B account for these facts? What is
the structure for A?




Synthesis Problems [Sec. 3.26]
3.24 By means of equations show how you would carry out the synthetic conversion
indicated. For each step, indicate the reagents needed and the reaction conditions.

(a) CH,CH,CH,CI to CH,—CH—CH,
a
(b) CH,CH,CH,Br to CH,CHCICH,C1
(¢) CH,CH,CH,0H to CH3(I]HCH3
OH
(d) CH,CHCH, to CH3(|3HCH3
1 Br

3.25 Beginning with ethanol, CH,CH,0H, as your only organic starting material, show
how you would prepare each of the compounds listed. (You may use any other
needed reagent.) Where more than one step is required, show each reaction clearly.
(a) Ethene (b) Bromoethane
(¢) Ethane {(d) 1,2-Dichloroethane
(e) 2-Chloroethanol, HOCH,CH,Cl  (f) Ethylene glycol, HOCI,CH,0H
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4.1

Unsaturated
Hydrocarbons II:
Dienes, Polyenes,
and Alkynes

In Chapter 3 we discussed the chemistry of alkenes, In this chapter we will
study the chemistry of hydrocarbons that are even more unsaturated than sim-
ple alkenes. These include compounds that contain two or more double bonds as
well as those that contain triple bonds.

Structure and Nomenclature of Dienes
Alkenes that contain two double bonds are called dienes (that is, they have
two ene functions). If the double bonds are separated by only one single bond,

L L
—lJJ=C—C=C——, the diene is said to be conjugated.

HH
H =
\C:([j—tl_:=C/H IF/ \70HZCH2
H/ \H (e

If the double bonds are separated by more than one single bond, the diene is
called a nonconjugated diene, and the double bonds are said to be isolated.

H H H H H

|| |
NemC—C—C—=
rd | \_H_
H CH,




Dienes are named by the IUPAC system in essentially the same way as 95
. =mes except that the suffix -adiene replaces the ending -ene of the alkene. . _
=0, fwo numbers are needed to indicate the locations of the double bonds in the i “reParation and
= In cyclic dienes one of the double bonds is always assigned the number 1,
wnc the other is given the lowest possible number. This system can be extended
“» compounds that contain three double bonds (trienes), four double bonds
_=iraenes), or many double bonds (polyenes).

CH,—CH—CH,—CH—CH, CH,=CH—CH=CH—CH=CH,
1,4-Pentadiene 1,3,5-Hexatriene
{nonconjugated) {conjugated)
1.3-Cyclohexadiene 1,3,5,7-Cyelooctatetraene
(conjugated) {conjugated)

Problem 4.1 Write the structures of the following compounds.

‘2) 1.3-Butadiene (b) 1,4-Cyclohexadiene
te) 2-Methyl-2,5-heptadiene (d) 2-Methyl-1,3-cyclopentadiene
12) 1-Vinylcyclobutene (f) 1-Allylcyclopentene

Problem 4.2 Indicate which dienes in Problem 4.1 are conjugated and which
contain isolated double bonds.

Problem 4.3 Name the following compounds.
{2) CH,CH=CHCH=CH, ()] OH2=CH(|3=CH2

el
{e) CH,CH—=CCH,CH,C—CH, (d) @
CH,CHCH, CH, |

CH,CH,

Preparation and Properties of Dienes 4.2

Dienes may be prepared by applying any of the appropriate methods used to
prepare simple alkenes (Sec. 3.5). Of course, the starting molecule must have the
right kind of functional groups in the proper positions. For example, a conven-
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ient method for preparing 1,3-butadiene in the laboratory is to heat 1 4-dichlore
butane with an aleoholic solution of potassium hydroxide, a dehydrohalogena
tion reaction (Sec. 3.10).

CH,—CH,—CH,—CH, %}:’:::”‘.‘?L) CH,—CH—CH=CH,
Cl'l Cll 1,3-Butadiene

1,3-Butadiene is a raw material used in the manufacture of synthetic rubbel
(Sec. 4.6A).

As far as the chemical properties are concerned, dienes undergo the typica
reactions of unsaturated hydrocarbons—addition reactions. In nonconjugates
dienes the isolated double bonds have little effect on each other, and they there
fore behave as if they were two separate alkenes, Consequently, the chemica
properties of nonconjugated dienes are the same as those of simple alkenes ex
cept for the fact that they consume twice as much reagent.

BTt CH,CHCH,CH=CH, L2 CH,CHCH,CHCH
o ‘ H H HH HH
CHZ:L'HLH?CH:GHZ 1-Pentene n-Pentane

4.3

14-Pentadiene |

| upr (J:‘-HZ(EHCHECHZCHQ HBr (r*HQ(’leCH.z?H(?HE
i) 1
H Br H Br Br H

4-Bromo-1-pentene 2.4-Dibromopentane

In conjugated dienes, on the other hand, the proximity of the double bond:
affects their chemical properties in ways that make them different from
nonconjugated dienes. This difference is evidenced by the fact that conjugated
dienes are more stable than nonconjugated dienes and that they undergo an
unexpected reaction, 1,4-addition.

Stability of Conjugated Dienes:
Heat of Hydrogenation

Bxperimentally, one of the methods used to determine the stability of 2
diene is to measure the heat of hydrogenation. The heat of hydrogenation,
AH, 1s the amount of energy released (in kilocalories per mole) when the diene is
reduced to an alkane.

For example, if we compare the amounts of heat released when 1,4-pentadi-
ene and 1,3-pentadiene are converted to pentane, we find that hydrogenation of
the nonconjugated diene releases 60.8 kcal/mole, whereas the heat of hydrogen-
ation of 1,3-pentadiene (a conjugated diene) is 54.1 keal/mole (Fig. 4.1). The
product, pentane, has the same energy regardless of the starting diene, The fact
that 1,3-pentadiene releases less energy on hydrogenation than 1.4-pentadiens
means that the conjugated diene contains less energy, or is more stable, than the
nonconjugated diene,



CHy=CH—CH,—CH=CH, {nonconjugated)

H.,,Ft
S
AH = 60.8 kcal/mole CH,=CH—CH=CH—CH; (eonjugated)

H,, Pt
AH = 54.1 keal/mole

CH;CH,CH, CH, CHgy

Pentane

Energy—

Sigure 4.1 Conversion of two dienes to the same alkane releases different amounts of
sz 1,3-pentadiene {(conjugated) is more stable than 14-pentadiene (nonconju-
Eed).

Numerous experiments, similar to the one just described, have established
=t whenever two dienes, one conjugated and the other isolated, are converted
the same alkane, invariably the conjugated diene is more stable than the
with the isolated double bonds.
Before we discuss why conjugated dienes are more stable, let us point out
ww they also differ from nonconjugated dienes in their addition reactions.

Electrophilic Addition to Conjugated Dienes:
1,4-Addition

When a mole of a reagent capable of adding to an alkene reacts with a
wooconjugated diene, the expected addition to adjacent double-bonded carbons
= obtained. The addition of a reagent to a pair of adjacent carbons is called
1.2-addition. For example, treatment of 1,4-pentadiene with just enough of a
solution of bromine in carbon tetrachloride to form the dihalide gives the ex-
sected 1,2-addition product, 4,5-dibromo-1-pentene. Addition of another mole of
“romine gives another 1,2-addition product, 1.2,4,5-tetrabromopentane.

CH,=—CH—CH,—CH=CH, + Br, CCI:,‘
1,2-addition
1,4-Pentadiene

(EHB—(':H—CHZ—CH;CHZ + Br, _1._% (IJI-IE—(EH—CHZ—(EH—(EHQ
Br Br Br Br Br Br
4,5-Dibromo-1-pentene 1,2,4,5-Tetrabromopentane

Treatment of a conjugated diene with bromine under similar conditions
=wves, in addition to the expected 1,2-addition product, an unexpected 1,4-addi-
tion product.
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4.5

Lol B | | ] I
—C=C—C=C— + A—B — M?_#_.C:C_ and ——([3—C=C-—(|J—
i 2 3 4
A B A B
1,2-Addition 1,4-Addition
{an expected product) (an unexpected product)

1.4-Addition occurs when a reagent attaches itself to the carbons at the two ends
of a conjugated system.

Thus, treatment of 1,3-butadiene with bromine yields not only the expected
3,4-dibromo-1-butene (1,2-addition product) but also the unexpected 1,4-di-
bromo-2-butene (1,4-addition product). Treatment with hydrogen bromide, HBr,
vields not only the expected product 3-bromo-1-butene (1,2-addition) but also an
unexpected product, 1-bromo-2-butene (1,4-addition). Treatment with hydrogen
in the presence of a suitable catalyst yields not only the expected 1-butene (1,2-
addition) but alse 2-butene (1,4-addition). These reactions are represented in
Figure 4.2. Frequenily, the unexpected 14-addition product is the major one
(especially when reactions are conducted at 25°C and abhove).

We have just seen that conjugated dienes undergo an unexpected reaction,
lL4-addition. We have also observed that they are more stable than their
nonconjugated isomers (Sec. 4.3). How do we account for these facts? The expla-
nation is provided by a concept in structural theory called resonance.

Problem 4.4 Draw the structures of the product(s) that can result from the
addition of 1 mole each of
(a) HBr to 24-hexadiene

(c) H,0, H* to 2,4-hexadiene
(e) H,/Pt to 1,4 pentadiene

(b} Br, in CCl, to 2,4-hexadiene
(d) HCI to 1,3-cyclohexadiene
(f) HBr to 1,4-cyclohexadiene

Resonance

To account for 1,4-addition, we must examine the mechanism of the reac-
tion. As with simple alkenes, addition occurs by a two-step process. The first step
involves the attack on the # bond by an electrophile to form a carbocation. Thus,

1,2-Addition
(expected product)

1,4-Addition
(unexpected product)

Br, [CCl,

(]JHz— CH—CH=CH, and (rjl-iz CH=CH— (|3H3
Br ér Br Br

3,4-Dibromo. 1-butens 1 4-Dibrotne-2-buiene

CHy= CH—CH=CH2 - CHy—CH—CH=CH, and CHy—CH=CH—CH,
1,3-Buladiene | | | = |
H Br H Br

3-Bromo-1-butene 1-Bromo-2-butene

c[:ug—clu CH=CH, and CH,—CH=CH—CH,
H H H

1-Butensz 2.Butene

Figure 4.2 Addition of one mole of a reagent to a conjugated diene gives rise to an
expected 1,2-addition product and an unexpected 1,4-addition product.




zddition of bromine to 1,3-butadiene results in a secondary carbocation. This
carbocation is also called an allylic carbocation because it is part of an allylic

+
structure (—CH,—CH=CH,, the allyl group; —CH—CH=CH,, the allylic car-
Socation).

CH,=CH—CH=CH, — (|3H2_6H' ‘CH=CH, + ~:Br

Br
Br\f‘“& . :
Br Allylic carboeation
(I

Actually, our representation of the allylic carbocation is inadequate. Figure 4.3
dlustrates why this is so. As can be seen, the representation of the allylic carbo-
cztion (I) shows that the positive charge is on a carbon having a vacant p orbital.
This p orhital is next to a # bond. The proximity of 7 electrons to the positive
charge will cause them lo be atiracted to it, resulting in structure II, also an
=llvlic carbocation. In II, as in I, there is a positively charged carbon with a
wzcant p orbital, and next to it there is a # bond. The # electrons in II are also
a:tracted to the positive charge, resulting in allylic carbocation (I). In effect the
= electrons are not bonded specifically to two atoms but are dispersed over three
z:oms. The term delocalization is used whenever = electrons simultaneously
“orm a bond between more than a single pair of atoms. The phenomenon of
“elocalization of electrons is called resonance.

Note that neither structure I nor IT truly represents the allylic carbocation,
The allylic carbocation is actually a new type of species called a resonance
Exbrid. A resonance hybrid is a single species that combines the characteristics
=f two or more structures that differ only in their electronic arrangements. The
=dividual structures are called contributing structures that have no real ex-
=tence. The symbol «<— is used to represent resonance between contributing
=sructures of a resonance hybrid. The double-headed arrow should not be con-
=used with ==, which indicates an equilibrium between real structures. The
se=onance hybrid is illustrated in Figure 4.4.

+ +
CH,—CH~<CEsCH, s [ ORI o,
Br Br

Allylie carbocation Allylic carbocation

@ (In

Figure 4.3 Two contributing structures of an allylic carbocation, neither of which
er=ts in reality.
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&+ &+
lI|?H2—C]-]:CH:CH2
Br

Figure 4.4 Two representations of an allylic carbocation resonance hybrid. Below the
orbital picture is a single structure containing broken bond lines to indicate the distribu-
tion of the positive charge between the C-2 and C-4 positions.

Because of the delocalization of the positive charge over two atoms, C-2 and
C-4, the resonance hybrid is more stable (i.e., contains less energy) than any of
the contributing structures where the positive charge is localized on one carbon
atom only. The extra stability of the resonance hybrid is called the resonance
energy. .

With this more accurate picture of the allylic carbocation we can now ac-
count for the formation of the unexpected 1,4-addition product. The attack by
~: Br, the nucleophile, in the second step of the addition mechanism can take
place at either C-2 or C-4. Attack at C-2 gives the 1,2-addition product, and
attack at C-4 gives the 1,4-addition product (Fig. 4.5).

1,2-Addition 1,4-addition
7 Br Br:— ="

At di B &+
(l‘,HQ—CHZCH-—' CHy, and  CH,—CH==CH= CH,
Br Br

| l
(l:I'Iz -(!.IH--- CH=CH, CHz—CH=CH—(|JH2
Br Br Br Br
1,2-Addition product 14-Addition product

Figure 4.5 Addition of the bromide ion to C-2 and C-4 giving a 1,2-addition and =2
1,4-addition product, respectively.

0

Problem 4.5 The carboxylate anion, R- C{
Qi

since the negative charge can be delocalized over both oxygen atoms. Write for-
mulas for (a) the two contributing resonanee structures and (b) the resonance
hybrid using dashed bond lines to indicate the distribution of the negative
charge over the two oxygen atoms.

, 15 stabilized by resonance




Polymerization of Conjugated Dienes: Polyenes

A Natural and Synthetic Rubber

Like ethylene or substituted ethylenes (Sec. 3.25), conjugated dienes may
seiymerize into compounds that still contain many double bonds. Compounds
“=at contain several double bonds are generally referred to as polyenes. The
oeimerization of conjugated dienes is commercially important because both
wztural and synthetic rubber are polymers of conjugated dienes. Natural rubber
= = polymer of the conjugated diene 2-methyl-1,3-butadiene or isoprene.

Synthetic rubbers are made through polymerization of different conjugated
“i=nes. For example, the polymerization of 1,3-butadiene produces a soft rubbery
solymer manufactured since 1927 under the trade name of Buna rubber.

n CH,=CH—CH=CH, E¥=eaiion , ¢ oH _CH=CH—CH, },

1,3-Butadiene Polybutadiene
{Buna rubber)

The similar polymerization of its derivative 2-chloro-1,3-butadiene, or chlo-
soprene, forms a rubber substitute called neoprene. Neoprene is superior to nat-
wrzl rubber in its resistance to oil, gasoline, and other organic solvents.

Cl .
| S
n CH,=C—CH=CH, Powmemation, rof —C=CH—CH,3;
Chloroprene Polychloroprene
(Neoprene)

Natural or synthetic rubber is too soft to be of much use in industry. Its
==rdness and durability can be improved by vulcanization, a technique that
was discovered accidentally in 1834 by Charles Goodyear. He found that when
subber is treated with sulfur (vulcanized) a tougher polymer is produced. The
sulfur atoms form bridges between different chains in the rubber molecule.
These cross-links make the rubber harder and stronger than the original
wnvulcanized rubber.

(unvulcanized, soft) {hard}

4.6

CH CH, CH,
CH,=C5 CH=CH, + CH,=<C5CH=CH, 4, .. 2¥peietion, | oy, C—CH—CH,4,

Ty
2-Methyl-1,3-butadiene Natural rubber
(Isoprene) {a polyene)

A .
+CH,—C—=CHCH,CH,—C—CH—CH,}- (:1{2-(:ZCHCH2(|JH—C=CHCH2
L} S
heat ) |
{CHQ—(]:=CHCH20H2—(|JZCH—CHﬁn— CH2—(TT=CHCH20H—(IJ=CHCH2 .
CH, CH, CH, CH,
Natural rubber Vulcanized rubber
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102 The process of vulcanization made possible the manufacture of tough rut
i ber tires for the automobile industry. We frequ ently observe that old tires los
g;;:gﬁfmﬁ i their flexibility, become stiff and brittle, and develop small cracks. This is be

Dienes, Polyenes, and ~ cause, like simple alkenes, the rubber undergoes ozonolysis with the ozone an
Alkynes moisture present in the atmosphere, resulting in the cleavage of the long poly
mer chain into smaller chains.

. G
+CH,—C=CH—CH, %, %’-0—} fCH,—C=0 0=CH-CH,%
Natural rubber d Ozonized rubber

Other synthetic rubber polymers may also be prepared by the process
copolymerization. Copolymerization occurs when two or more different unsat
urated monomers are mixed together and are allowed to polymerize. In the poly
mer thus formed the monomeric units may be distributed in a random manne
or they may alternate along the polymer chain. During World War I, whe
natural rubber became unavailable to this country, an excellent synthetic sub
stitute called SBR (styrene-butadiene rubber) was developed from the copolym
erization of 1,3-butadiene and styrene, CH,=CHC,H,. SBR, which has sind
been used extensively in the automobile industry, consists of about three parg
butadiene and one part styrene.

3n CH,=CH—CH=CH, + n CH,=CHC H, — >

1,3-Butadiene Styrene
H_~ CH\N-CH, CH,  H
/C—C\ (|3H /C—C\
CH, H /o &m, H CH,~

Styrene-butadiene rubber (SBR)

B Natural Polyenes

Some natural polyenes, called terpenes, are found in many plants. Terpenss
may be viewed as consisting of isoprene units joined together in groups of twal
three, four, six, or eight. An isoprene unit is a sequence of five carbon atoms that
resembles isoprene.

% ‘f
C CH C C
7N 2 SN
ca “cu’ ¢ ¢
2-Methyl-1,3-butadiene An isoprene unit
(Isoprene)

Terpenes are classified according to the number of isoprene units, as indi-
cated in Table 4.1.

Geraniol, which has a sweet rose odor, and limonene, which gives lemon and




Table 4.1 Classes of Terpenes 103

4.6 Polymerization
of Conjugated
Dienes: Polyenes

Monoterpenes 10

2
Sesquiterpenes 15 3
Diterpenes 20 4
Triterpenes 30 6
Tetraterpenes 40 8

inge peels their characteristic odors, are examples of monoterpenes. The iso-
fne units are shaded.

Geraniol Limonene
(rose) (lemon, orange)

Vitamin A, a fat-soluble vitamin essential for resisting infections and for
pper vision, is an example of a diterpene.
CH,
ff c H

i e

Vitamin A
(Retinol)

oblem 4.6 The reddish yellow pigments found in tomatoes, carrots, and
ner fruits and vegetables are terpenes. Liycopene occurs in ripe tomatoes and
ftermelon, and B-carotene is found in carrots, tomatoes, and spinach. From the
en structures determine how many isoprene units each has.

| Lycopene

CH, (‘f LI’JHs CH,
E C S O A Y CH CH CH CH CH CH, CH CH
g H ScH ScH “CH “CH CH (]: el (|:/ SeH g 55’}1}(%’ ¥
CH, CH, CH, CH,
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4.7

4.8

(b) p-Carotene

CH, CH
cH, cu, M CH, 3 3
CH C_ CH C_ CH CH CH CH CH
ﬁg 1 ScH” el “cH CH ScH (r/ ~ch “‘“‘c|f ~c gy
CH, CH, ca, ©H;
Alkynes

An alkyne is an unsaturated hydrocarbon that contains a carbon-carbon
triple bond. Like alkanes and alkenes, alkynes also form a homologous series,

- the increment again being —CH,—, a methylene group. The general formula

that characterizes the alkyne series is C,H,,_,. As the formula indicates, al-
kynes are even more unsaturated than alkenes, and we would expect them to
undergo the same reactions as alkenes; namely, electrophilic addition. This is in
fact the case, except that twice as much reagent can be added to alkynes as can
be added to alkenes. Alkynes are also synthesized in much the same manner as
alkenes, except that twice as many atoms are eliminated from adjacent carbon
atoms.

Geometry of the Carbon-Carbon Triple Bond:

sp) Hybridization

The simplest member of the alkyne series is acetylene, C,H,.
H—C=C—H
Acetylene

From the structure of acetylene we see that each carbon is bonded to two other
atoms. Acetylene is also a linear molecule with a bond angle of 180°. This geome-
try can be explained by a third type of hybridization called spihybridization (3s
and § p characteristics). As with alkanes and alkenes, carbon proceeds first to its
excited state, but in the hybridization step only one s and one p orbital mix
together to form two equivalent sp orbitals. This leaves two unhybridized p
orbitals, which are perpendicularly oriented to each other and to the plane of the
hybrid sp orbitals (Fig. 4.6).

The union of the two carbons in acetylene occurs by the end-on overlap of
their sp orbitals to form a o bond. The remaining sp orbitals bond with the s
orbital of hydrogen and also form ¢ bonds. The two unhybridized p orbitals
overlap In a sidewise fashion to form two = bonds. Both carbons thus are joined
by one ¢ bond and two = bonds, which together form a triple bond (Fig. 4.7).

Not only is acetylene a linear molecule, but substituted acetylenes
R—C=C—H or R—C=C—R are also linear, and for this reason cis-trans isom-
erism s impossible in this class of compounds. The carbon-carbon triple bond is
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(a)

A%
Hybridization

{b)

Figure 4.6 (a) Hybridization of a 2s orbital and a 2p orbital to form (b) two linear
sp-hybridized orbitals with bond angle of 180° and two unhybridized p orbitals perpen-
dicularly oxiented to each other and to the plane of the hybrid sp orbitals.

averlap of

p-5p,
PPy and
B.oP,

H—C=C—H
acetvlene

Figure 4.7 End-on overlap of two sp orbitals to form a ¢ bond hetween the two carbons
of acetylene and side-side overlap of the p, orbitals and the p, orbitals to form two =
bonds.

made up of a strong ¢ bond and two weaker « bonds. Consequently, it is both
shorter (1.20 A) and stronger (200 kcal/mole) than the carbon-carbon double
bond of alkenes (1.34 A and 83 kcal/mole).

Nomenclature of Alkynes 4.9

Although alkynes can be named by both common and IUPAC nomen-
clatures, all alkynes except acetylene are generally named by the IUPAC no-
menclature. The IUPAC rules for alkynes are the same as those used for alkenes,
except that the ending -yne replaces -ene.
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4.10

4.11

HC=CH CH,C=CH CH,CH,C=CH CH,C=CCH,

IUPAC name: Ethyne Propyne 1-Butyne 2-Butyne
Common name; Acetylene
Cl CH,
CH30H(|IHCECCH2(EHCHQCH3
cx,

3-Chloro-2,7-dimethyl-4-nonyne

Problem 4.7 Write the condensed structural formula for
(a) 1-Pentyne (b) 3-Hexyne
(¢) 3,3-Dimethyl-1-butyne (d) 1-Cyclohexyl-2-butyne

Problem 4.8 The names given for the compounds listed here are incorrect.
Draw their structures and give their correct name,

(a) 4-Pentyne {(b) 2-Chloro-2-n-propyl-3-butyne
() 2,2-Dibromo-5-methyl-3-pentyne (d) 4,4-Dimethyl-2-butyne

Physical Properties of Alkynes

and alkenes, alkynes are less’ dénse than watel their boiling pomtq %how the
usual increase w1th m(,redbmg molecu].ar welght and their boiling points are

or alkenes the C2 -C, alkynes are gases, the C;-Cyq a!kynpq are hqmds and those
with more than e1ghteen carbons are solids.

Preparation of Alkynes

Basically, alkynes are synthesized by two methods.
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Dehydrohalogenation of Alkyl Dihalides

Treatment of vicinal dihalides (compounds that contain halogen atoms on
cent carbon atoms) with strong bases, aleoholic KOH followed by sodium
de, NaNH,, results in the formation of alkynes. This is a useful preparation
¢ the vicinal dihalides themselves are readily obtained from the addition of
“ogen to corresponding alkenes (Sec. 3.14). This reaction therefore provides a
rzl method for the conversion of alkenes to alkynes. The following example
strates this point.

CH,—CH,—CH=CH, + Br, 2%, CHa—CHQ—(iZ‘-H—(I)Hg

Br Br
1-Butene 1,2-Dibromobutane
(a vicinal dihalide)
T
CHs—CHz-CH—(J}Hg —R/2hdl, CHy—CH,—CH—C—Br
EEI‘ Br 1-Bromo-1-butene

(a vinyl bromide)

51

‘ I NaNH,
CH,—CH,—CH=(C—Br —hmt—% CH,—CH,—C=CH

1-Butyne

romo-1-butene, the compound obtained from dehydrohalogenation of 1,2-
romobutane with KOH in aleohol, is a vinylic bromide. Vinyl halides and all
ides where the halogen is attached to a double-bonded carbon atom (sp?-
ridized carbon) are more difficult to dehydrohalogenate than are alkyl ha-
- This is why a stronger base than alcoholic KOH, such as sodium amide, is
ed to eliminate the second mole of hydrogen halide to give the alkyne.

foblem 4.9  Starting -with 1-pentene, show how you would synthesize (a)
pentyne and (b) 2-pentyne.

Reaction of Sodium Acetylide with Primary Alkyl Halides

atom attached to a triple-bonded carbon atom. Such acetylenic hydrogens

E Acetylene and monosubstituted acetylenes, R—C=C—H, contain a hydro-
somewhat acidic and may be replaced by certain metals to form salts known
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as metal acetylides. For example, sodium in liquid ammonia reacts with acety-
lene to form a sodium acetylide salt and hydrogen.
H—C=C—H + Na =%, H—C=C:- Na* + $ H,?
Sodium acetylide
This sodium salt can react with primary alkyl halides to form higher alkynes
with the triple bond at the end of the chain (that is, terminal alkynes).

General equation

H C=C~Na-+ “RLX _» H—C=C-R 4 NaX

1° alkyl halide Higher alkyne
with terminal triple bond

Specific examples

HC=C:-Na*+ CH,Br — HC=CCH, + NaBr
Methy! bromide Propyne

HC=C:~Na* + CH;CH,] — HC=CCH,CH, + Nal
Ethyl iodide 1-Butyne

Monosubstituted acetylenes can react in a similar fashion, but give higher
alkynes with nonterminal triple bonds.

General equation

- i . - g = S
R—C=C—H + Na 2™, p_c=c“Nat + *RLX

Monosubstituted 17 alkyl halide
acetylene

R—C=C—R’ + NaX

Nonterminal alkyne

Specific example

CH,C=CH + Na 208,
CHyC=C:~ Na' + CH;CH,Br — CH,C=CCH,CH; + NaBr
Ethyl bromide 2-Pentyne

With secondary and tertiary alkyl halides, sodium acetylides generally
bring about dehydrohalogenation to give alkenes rather then the desired alkyla-
tion product.

Problem 4.10 Starting with acetylene, show how you would synthesize the
following compounds (you may use any other needed reagents).
(a) 2-Butyne (b) 1-Pentyne {c) 2-Pentyne




Reactions of Alkynes 4.12

Alkynes undergo reactions that are similar to those of alkenes, except that
they are capable of adding two molecules of a reagent for each triple bond pres-
ent. Addition of reagents occurs in two stages, producing first an alkene and,
upon further addition, a saturated compound. By proper selection of experimen-
zal conditions, it is possible to stop the reaction at the alkene stage, but it is
usually difficult to do so. We shall focus our attention on the following reactions.

A Addition of Hydrogen

Like alkenes, alkynes may add hydrogen in the presence of suitable cata-

~ Iysts, such as platinum, palladium, or nickel. Under these conditions, however,

“he hydrogenation cannot be stopped at the alkene stage, and the final product
= always an alkane. 109
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“palladium (which is prepared by adding lead acetate to palladium) or using =

dominantly trans-alkenes.

0
or Ni) ™ /Pd (or Ni : |
— = Mo for [ o o 48 } B —C—?— i
o E: I
H H H
An alkane

Conversion of alkynes to the alkene stage can be accomplished only by using
special catalysts. Depending on the choice of catalyst, the product may be =
cis-alkene or a trans-alkene, where such isomerism is possible. Addition of =
controlled amount of hydrogen either in the presence of deactivated or poisones

nickel boride catalyst, Ni—B, gives almost entirely a cis-alkene.

poisoned Pd
or Ni—B \C:C/

i
H¥  m
A cis-alkene

Treatment of alkynes with sodium or lithium in liquid ammonia yields pre-

—C=C— + H,

l\lta or Li, \ /H
—CEC— + I-]:2 M,,, =0
H/ i

A trans-alkene

Alkynes react with equivalents of halogen to glve’r:gj;;ahahdeé As with al-
kenes, this reaction is restricted to chlorine and bromine.

General equation

3
—C=C—+X, — [_(fj:(f—“:| + X, — —(‘3—?—- (X = CI, Br)
X X X X

A tetrahalide

Specific example

CH,CH,C=CH + Cl, — {CHSCHQ(")-——-CH} E |
Cl CiI
1-Butyne ) Cl C1

|
CHSCHQ(E—(;JH
Gl cl 8

; i,1,2,2~'Tetra chlorobgtan




C Addition of Hydrogen Halide

The addition of hydrogen chloride, bromide, or iodide to alkynes follows
Markovnikov’s rule (Sec. 3.17). The reaction proceeds in two steps and may be._
stopped at the haloalkene {orw stage or, if allowed to react further
with a.nothg_r,mgle_ of HX, to the gem-dihalide stage. The term gem-dihalide

(from the Latin geminus, twm) signifies that both halogens are on the same
carbon atom,

S ‘_9'
General equation

P A '—:V 1 YR MEe N, J &\(
—C=C— + HX — —(|J=(|J— +HX — — ] 4-—(|},~
|
H X H (\_Xj
A haloalkene A gem-dihalide
(A vinyl halide)

Specific example

Br H
]

CH,CH,C=CH + HBr — CHSCH2?=CH + HBr — CHSCHQ(E—(EH
o —Br H Br H

1-Butyne oy fF:‘/‘ | 2.Bromo-1-butene 2,2-Dibromobutane

Problem 4.11 Starting with acetylene, show how you would synthesize these
compounds.

{a) 1,1-Dibromoethane (b) 1,2-Dibromoethane

ie) 2.2-Dibromobutane (d) 2,3-Dibromobutane

D Addition of _W_a_t_g: Hydyration ?
U

salfate cata],yst The : additlon of water follows 1 Mﬂrkomlkox- s rule (Sec 317) to
mZve ]mtlally an adduct called ancenol.)
- 5
. e f
—C=C— + H—OH 150 #e50, | = i Gl o

—

Initial adduct: an enol o
{unstable)

The term enol is derived from the combination of the suffizes -ene, charac-
Bersstic of a]kelle& a_nd -ol, charactenstlc of alcohols. Structurally, an enol i is any

4.12
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112 group. For example, the addition of water to acetylene gives first vinyl alcohol.
an unstable enol,

Unsaturated
gﬁﬁfgg&iii and H H
Alkynes HC=C—H 4+ H—0OH 8% Hs0, \czc/
H/ \OH
Vinyl aleohol

(an unstable enol)

which rearranges to a carbonyl compound, acetaldehyde.

- H
H\C—C’/ ‘ bl
== —_— SRS 1, P 3
B\ ‘olm Lo
@ Acetaldehyde

(a stable carbonyl compound)

Acetaldehyde is but a single member of a larger class of compounds known as
H

f :
aldehydes (R—C=0), which will be discusged in Chapter 10. Acetylene is the
only alkyne that will give an aldehyde upon hydration. Substituted acetylenes

0O

I
also undergo hydration, but yield only ketones (R—C—R’). For example, the
hydration of propyne yields the ketone acetone.

CH;—C=C—H + H—0H — [C]—Q—(ﬁz%ﬂ{' R CHs—(Mj—CHS
oVH o
Propyne An enol Acetone
(unstable)

Because all enols, except vinyl alcohol, are converted to ketones, the sponta-
neous conversion of the unstable enol into a carbonyl, or keto, form is referred
to as enol-keto tautomerism, an isomerization reaction. N ote that the enol
and keto forms of a compound, also called tautomers, are disfinct molecules.
They should not be confused with the resonance forms (Sec. 4.5), which have no
real independent existence. Enol-keto tautomerism is an equiltbrium reaction
that involves the shift of a proton and of an electron pair. In the hydration of
alkynes, this equilibrium strongly favors the keto side.

Problem 4.12 Draw the structures of the product formed from the hydration
of the following compounds. Draw the enol and keto forms of each product.

C=CH
(a) CHy,CH,CH,C=CH  (b) CH,C=CCH, (e)O/




Industrial Sources and Uses of Acetylene 4.13

Acetylene is the only alkyne of significant industrial importance. Acetylene
= produced industrially by the pyrolysis of methane,

6 CH, + 0, —— 2HC=CH + 2 CO{ + 10H,]

1500°C
Acetylene

One of the earlier uses for acetylene was as an illuminant because, when
=mxed with the proper amount of air, it burns with a bright, intense white flame.
~Carbide” lamps, as they were called at the time, were widely used as a source of
=it prior to the invention of electric bulbs. Today, about half of the acetylene
~wmsumed in the United States is used for welding, cutting, and cleaning iron
- 2=d steel by means of the oxyacetylene torch. Because of its low cost and high
“=emical reactivity, acetylene is also used as the starting material for a wide
“uriety of important organic compounds, such as acetaldehyde, acetic acid, plas-
= and rubber compounds. For example, catalytic addition of acetic acid to
se=tylene yields vinyl acetate, which is used to manufacture plastics such as
+winyl acetate and polyvinyl alcohol (PVA), from which floor coverings, up-

ering materials, and shoe soles are made.

I CH,—CH
atal i
HC=CH + HOCCH; — oce, by iitlen |
clceoot o
Acetylene Acetic acid Vinyl acetate

-EC}13(|JH CH,;(|3H Sy SEEELRE —ECHz(leCHZCij,;

O(fCHs OCCH, OH OH
| n
Polyvinyl acetate Polyvinyl aleohol (PVA)
(plastic)

“ddition of hydrogen cyanide, HC=N, yields an important compound, ac-
wirile, used in the production of the synthetic fiber polyacrylonitrile, or
and the synthetic rubber Buna N rubber (a copolymer of 1,3-butadiene
=crvlonitrile),

HC=CH + HC=N — H,C—CH [Rlmemation, [y cOHCH,CH
| ]

C=N C=N C=NJ,

Acetylene Acrylonitrile Polyacrylonitrile {Orlon)
{a synthetic fiber)

| |

Acrylonitrile 1,3-Butadiene Buna N rubber 113

CH,—CH + CH,=CHCH=CH, 2ob=erwtin TCHZCHth‘HCHzCHZCHT
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4.14

Under the influence of cuprous chloride, Cu,Cl,, and ammonium chlo-
ride, NH,Cl, acetylene can be made to dimerize into vinylacetylene,
CH,=CH—C=CH. Careful addition of hydrogen chloride to vinylacetylene
gives the important conjugated diene 2-chloro-1,3-butadiene, or chloroprene.
Recall from Section 4.6 that polymerization of this conjugated diene monomer
gives the commercially important synthetic rubber Neoprene. This valuable
synthesis was discovered by J. A. Niewland in 1929.

2 HC=CH C‘;{‘“ > CH,—~CHC=CH

Acetylene Vinylacetvlene
Cl
CH,—CHC=CH + HCl — CH2=CH(|}=CH2 Lobuetiation
Chloroprene

[,
CH,CH=CCH, };

Neoprene

Acetylene is a reactive substance. When being liquefied under pressure, it is
liable to explode violently if subjected to heat or shock. At atmospheric pressure,
however, acetylene is soluble in acetone (25 volumes of acetylene for each vol-
ume of acetone) and forms a stable mixture. Therefore, for commercial purposes
acetylene can be safely transported in pressure cylinders saturated with acetone.
At higher pressure, acetylene can be stored safely in the presence of an inert gas
such as nitrogen.

Visual Tests for Alkynes.

Alkynes, like alkenes, are unsaturated hydrocarbons. Therefore, the same
tests that were used to distinguish between alkenes and alkanes apply to al-
kynes. Alkynes give positive tests with Br, in carbon tetrachloride, with dilute
KMnO, (Baeyer test) and with H,SO,.

Terminal alkynes, RC=CH, can be differentiated from nonterminal al-

kynes, RC=CR, by means of reactions involving heavy metal ions (Ag* or Cu*).
Terminal alkyneb_ form insoluble precipitates; nonterminal alkynes do not react

and leave a clear so]uuon

CH,C=CH 289%, CHSCEC: Agt|
Propyne Insoluble precipitate < "/

tod

CH,C=CCH, AgNO No reaction
2-Butyne S,

D A o RSN
Heavy metal dcetylldes are unstable and, if allowed to dry, are likely to explode.
Consequently, they should be destroyed while still wet by treating them with
warm nitric acid. The strong mineral acid regenerates the alkyne.




CH,C=C:~ Ag* ==t CH,O=CH + Ag*
Propyne

Froblem 4.13 Indicate how you could differentiate between the following pairs
2f compounds by means of simple chemical tests.

12) n-Butane and 1-butyne (b) 1-Butene and propyne

i=) 1-Butyne and 2-butyne

Froblem 4.14 Compound A, C,H,, gave the following tests.
1) A + Br,/CCl, (excess) — B (C,H,Br,)

2) A + H,/Pt (excess) - C (CH,,)

3) A + AgNO, — D (precipitate)

" hat are the structures of A, B, C, and D?

Summary of Concepts and Reactions

ne== are alkenes that contain two double bonds. A diene may contain isolated or
conjugated double bonds, [Sec. 4.1]
==z= are named by the IUPAC system from replacement of the ending -ene of alkenes
v -adiene. The positicns of the double bonds are indicated by two numbers.

[Sec 4.1]

== are prepared by the same reactions used to prepare simple alkenes.
[Sec. 4.2]
—zzated dienes are more stable than nonconjugated dienes. [Sec. 4.3]
~uzated dienes undergo both an expected 1,2-addition and an unexpected 1,4-addi-
THon. [Sec. 4.4]

cz=ted dienes undergo 1,2- and 1,4-addition because of allylic resonance.

| ne | I T

—C=C-—&=é~— By {:—%-—g—-&%&:&— s —(l__:—C—\‘(;:,—g— [Sec. 4.5]
E s

=znce is the result of the delocalization of electrons over more than a single pair of
| Emoms. [Sec. 4.5]
s=mple alkenes, dienes form large molecules called polymers consisting of repeating
iene MOonOmers. [Sec. 4.6A]
wo=! rubber is a polymer of 2-methyl-1,3-butadiene (isoprene). [Sec. 4.6A]
matural polyenes, called terpenes, consist of isoprene units joined together in
~ =oups of two, three, four, six, or eight. [Sec. 4.6B]
\mes zre unsaturated hydrocarbons that contain a carbon-carbon triple bond,
—_=C—. They have the general formula C H, . [Sec. 4.7]
=roon-carbon triple bond and the two groups attached to the two sp-hybridized
~asbons lie in the same plane with a bond angle of 180°. [Sec. 4.8]

re= zre named by the IUPAC system from replacement of the ending -ene of al-
S=mes by -yne. [Sec. 49]



116 Alkynes have physical properties similar to those of alkenes. [Sec. 4.10]
Terminal alkynes react with certain metals to form salts called metal acetylides.

X [Sec. 4.11B]
;Ig; (:;;;‘:a;:ﬁ, ija ;- —_— Alkynes may be synthesized by dehydrohalogenation of vicinal dihalides

Alkynes |

Unsaturated

|
X X

or by reaction of sodium acetylide with a 1° alkyl halide

|
g nedl

X

—C=C: Na' 4+ R—X — —C=CR + NaX

Alkynes undergo reactions similar to those of alkenes.
Addition of H,0 in the presence of dilute H,S0, and an HgS0, catalyst produces first an
unstable enol that is converted into a keto group, a process called enol-keto tau-

tomerism.

Acetylene is the only alkyne of significant industrial importance.
Alkynes decolorize Br, in CCl, and also give a positive Baeyer test. Only terminal al-
kynes form precipitates with heavy metal ions such as Ag* and Cu*. [Sec. 4.14]

Key Terms

dienes

conjugated
nonconjugated
isolated

trienes

tetraenes

polyenes

heat of hydrogenation
1,2-addition
1,4-addition

FExercises

Structure and Nomenclature of Dienes, Polyenes, and Alkynes [Secs. 4.1, 4.9]

allylic carbocation
delocalization
resonance

resonance hybrid
contributing structures
resonance energy
isoprene

vulcanization
copolymerization
terpenes

4.1 Draw structures for each of the following.

(a) 2,4-Heptadiene

(c) 2-Methyl-1,3-cyclohexadiene
{e) 1,35,7-Cyclooctatetraene

{g) lL4-Heptadiyne
(i) Vinylacetylene

(k) 3,3-Dimethyl-1-hexyne
4,2 Classify the dienes in Exercise 4.1 as conjugated or isolated.
4.3

Name the following compounds according to the IUPAC rules.
(a) (CH,),CHCH=CHCH,CII=CI,

(b) 3,4-Dimethyl-1,4-octadiene
(d) Isoprene

(f) 2-Heptyne

(h) Cyclooctyne

(i) Cyclopropylacetylene

(1) Allylacetylene

(b) CH,—CBr—CH=CH,

[Sec. 4114, B]
[Sec. 4.12]

[Sec. 4.12D]
[Sec. 4.13]

isoprene units

alkyne

carbon-carbon triple bond
C.H,, .

metal acetylides

enol

keto

enol-keto tautomerism
tautomers
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<) 3—01‘1201{3 (d) CHQCEC*—CI‘Iz—('}—"CH3
T

Exercises
CH,

(fl
fe) CH,C=C—CH—CH,
“Write the structural formulas and give the [UPAC names for all dienes with the
‘=dicated molecular formulas,
1a) C.I; (5 structural isomers) (by C.H,, (16 structural isomers)

Draw the structural formulas and give the IUPAC names for all alkynes with the
=olecular formulas shown in Exercise 4.4.

ce and Resonance Contributing Structures [Sec. 4.5]
When an electrophile (H*, for example) attacks 1.3-butadiene, it always does so at
-1 rather than at C-2. How do you account for this fact? (Hint: Draw the struc-
mures of the carbocations formed in each case.)
Write a resonance contributing form for each structure (the delocalization of elec-
trons is indicated by the arrows).

+

(a) CH,“CH-CH—CH,  (b)

(¢) CH,—CHX0—CH, (d) CHS—gﬁﬁ{jz—
0O:

Freparations and Reactions of Dienes and Alkynes [Secs. 4.2, 44, 411, 412]
£5 Draw the structure of the product for each reactions. If no reaction oceurs,
state g0.)
(a) CH,=—CHCH,CH,CH=CH, + Cl, (excess) —
(b) CH22$“CH20}IzCH=CH2 + HI (excess) —
CH,

(c) BrCH,CH,CH,CH,Br + KOH e‘t:anul
eat

(d) CH;CH=CHBr + NaNH, —

heat

(e) CH,CH=CH—CH=CH—CH, + Br, — (1,4-addition product)
(f) CH,C=CH + HCI (excess) —
(g) CH,C=CCH, + Cl, (excess) —

(h) CH,C=CCH, + Na 223%,

) &CECH 4 Na JalF,,

() Product (i) + CH,CH,Br —

(k) E>~-CECH A H R,

() CH,CH,C=C—CH, + H, X5,
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(m) CH,CH.C=C—CH, + H, Ne1¢NH,,

(n) <:>—CH20£CH + Agt —
(o) <:>—CEOCH3 4 Agt —

4.9 Starting from acetylene write equations for the preparation of the compounds
indicated here. If more than one step is required, show each step clearly.

(a) Ethane (b) Ethyl chloride (e} 1,1-Dichloroethane
(d) 1,1,2,2-Tetrabromoethane (e) 1-Butyne (f) 3-Hexyne
(g) cis-3-Hexene (h) trans-3-Hexene

4.10 Starting with 1-pentyne in each case, show how you would convert it to the prod-
ucts indicated. You may use any other required organic or inorganic chemicals. If
more than one step is necessary, show each step clearly.

(a) Pentane (b) 1,1,2,2-Tetrabromopentane
(¢) 2-Pentanone, CHS—(||3—CH2CH.ACH3 (d) 1-Pentene

{e) 2,2-Dichloropentane (f) 3-Heptvne
4.11 How can (a) 1-hexene be converted to 1-hexyne and (b) 1-bromopentane be con-
verted to 1-pentyne?

Enol-Keto Tautomerism [Sec. 4.12D]
4,12 Write the structure of the keto tautomer corresponding to each of the following

enol forms.
(a) CH3—ClmCHCH3 (b) <—>70H (c) (3H3,—(||3—CH=(|3—CH3
OH 0 OH

Visual Tests and Identification of Structures [Secs. 4.12, 4.13]
4.13 An unknown compound A has the molecular formula C,Hg. Suggest a possible
structure for A from these data.
. (1) One mole of A takes up two moles of bromine.
(2) A does not react with either sodium metal or heavy metal ions (Ag*™ or Cu™).

H
(3) Ozonolysis of one mole of A yields two moles of H—é=0 and one mole of
0=C—C=0.
H, H

4.14 An unknown compound B has the molecular formula C;H,. Suggest a possible
structure for B from these data.
(1) One mole of B takes up two moles of hydrogen.
(2) B forms a precipitate with Ag* or Cu*.
(3) Treatment of B with H,O in the presence of dilute H,SO, and mercuric
sulfate catalyst yields CH,CH,CH,CCH, as the main product.

6
4.15 An unknown compound C has the molecular formula C H,. Suggest a possible
structure for C from these data.
(1) One mole of C takes up two moles of chlorine.
(2) Compound C decolorizes a solution of Br, in CCl,.
(8} Compound C forms no precipitate with either Ag* of Cu*.




(4) Treatment of C with H,0O in the presence of dilute sulfuric acid and mereuric
sulfate catalyst yields an equimolar mixture of CH;CCH,CH,CH, and
CH,CH,CCH,CH,.

itions of Terms

Define or give an example of {(a) conjugated diene, (b) resonance contributing
structures, (c) allyl carbocation, (d) 1,2-addition, (e) 1,4-addition,
(f) sesquiterpene, (g) copolymerization, (h) vulcanization, (i) acetylide ion,
(j) enol-keto tautomerism.
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Benzene
and Aromatic
Compounds

The term aromatic was used originally to designate compounds with spicy
or sweet-smelling odors derived from plants. Often these pleasantly fragrant
substances contained a variety of groups, such as —OCH,, —CH=CH—COOH,

H

and —C=0, attached to a C;H, unit. This same unit was found also among
products obtained by distillation of coal tar. One such product, phenol, has the
formula C;H;OH, and another, benzene, has the formula C,H, or C,;H,—H.
With time, as odorless and vile-smelling substances that contained the C,H,
unit were discovered, the original meaning of the term aromatic was abandoned.
The expression aromatic compounds came to mean benzene and derivatives of
benzene. Today a compound is said to be aromatic if it is benzene-like in its
properties. This definition includes benzene and benzene derivatives as well as
other substances that, although they bear no resemblance to benzene superfi-
cially, nevertheless behave like benzene. Obviously, we must begin our study of
aromatic compounds with a discussion of benzene itself.

3.1 Structure of Benzene: Resonance Description

120 Benzene, C;Hg, is a p_{l_a;par, cyclic compound.

Ny

ooy’
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Each carbon in benzene is attached to three atoms and is_therefore fsp)
Svbridized. As expected, the bond angles in benzene are 120°. For two principal
==z=sons, however, the description just given is unsatisfactory.

1. If the structure we have shown were correct, we would expect benzene to be
“1,3,5-cyclohexatriene.” If benzene were 1,3,5-cyclohexatriene, we would ex-
pect the molecule to have the shape of an nreg‘ular hexagon with three C—C
bond lengths of 1.54'A (typical of single bonds) and three C—C bonds of
134 A (typical of double bonds). However, evidence from x-ray diffraction
experiments reveals that all carbon-carbon bonds in benzene are of equal
length, 1.39 A.

. If the structure of benzene we have shown were correct, we would expect
benzene to undergo addition reactions. In fact, the typical reaction of benzene
(and other aromatic compounds) is substitution, rather than addition.

(]

The true structure of benzene can be explained by the concept of resonance.
Recall that according to the resonance theory (Sec. 4.5), whenever a substance
can be represented by two or more equivalent or nearly equivalent structures
that differ only in the position of valence electrons, the actual molecule does not
correspond to any of the contributing structures but is a resonance hybrid of all
of them. Thus, benzene is actually a resonance hybrid (III) of the two imaginary
contributing structures (I and IT).

— equivalent to or ©

(I (1I) (IIT}
Contributing structures Resonance hybrid

In the resonance hybrid, the broken and solid circles within the hexagon
represent the even distribution of the valence electrons over the six carbon
atoms.

) Structure of Benzene:
24 Molecular Orbital Description
X7 AS i =

The delocalization of electrons over the six car bons may easily be seen in the

molecular orbital picture of benzene. It should be emphasized that the results of

the molecular orbital approach are identical to those of the resonance method.

(st
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5.2 Structure of
Benzene: Molecular
Orbital Deseription

5.2




122

Benzene and
Aromatic Compounds

Figure 5.1 Molecular orbital picture of benzene without p orbital overlap.

Figure 5.1 shows the molecular orbital picture of benzene without p-orbital
overlap.

To complete the picture, it should be remembered that any pair of adjacent
p orbitals is capable of side-side overlap to form a = bond. Three double bonds
can be formed by overlap of the p orbitals of C-1 and C-2, C-3 and C-4, and C-5
and C-6 (Fig. 5.2a) or by overlap of p orbitals of C-2 and C-3, C-4 and C-5, and C-6
and C-1 (Fig. 5.2b).

Which of these structures is the correct one? Neither. They both are con-
tributing forms that have no physical reality. The true structure of benzene is a

equivalent to

{e)

Figure 5.2 (a, b) Imaginary contributing structures of the resonance hybrid (e) that
represents the true structure of benzene.



“vbrid, not a mixture of (a) and (b). In the hybrid, the 7-electron cloud is delo- 123
czlized all over the ring (Fig. 5.2¢). N
An immediate benefit of the resonance or the molecular orbital description Ben:'ms ol i‘::;::if:
of benzene is that it agrees with the physical measurements of the molecule. As a Energy
resonance hybrid, we expect benzene to be a planar molecule having the shape of
= regular hexagon, with bond angles of 120°. We also expect all the carbon-
czrbon bond distances to be intermediate (1.39 A) between the usual C—C single
bond (1.54 A) and the typical C=C double bond (1.34 A). All the experimental
data confirm our expectations.
The resonance picture helps also to explain the lack of reactivity of benzene
foward addition, The reasoning is that the delocalization of « electrons confers a
zreat degree of stability on benzene. This degree of stability is so great that the
bonds of the molecule will normally resist breaking. The typical reaction of
Senzene is substitution, which leaves the =-electron cloud around the ring intact,
rather than addition, which disrupts the = cloud around the ring.*
One line of experimental evidence showing that the stability of benzene is
due to the # cloud around the ring is discussed in the next section.

Stability of Benzene: Resonance Energy 3.3

The heat. of hydrogenation of cyclohexene is 28.6 kcal/mole. If a benzene
molecule has three localized double bonds—that is, if it were 1,3,5-cyclohexatri-
ene—we would expect its heat of hydrogenation to be 3 x 28.6 or 85.8 kcal/mole.

O + H, St O AH = 28.6 keal/mole

Cyclohexene : Cyclohexane
catalyst . .
+3H, =222, AH = 85.8 keal/mole (predicted)
1,3,5-Cyclohexatriene Cyclohexane
(imaginary)

Actually, when benzene is hydrogenated to cyclohexane, only 498 keal/mole
of energy is liberated.

@ + 3 H, ﬁ—my%) O AH = 49.8 keal/mole {observed)
, pressure

Benzene Cyclohexane
{actual)

* Addition reactions (hydrogenation, bromination, etc.) can take place, but vigorous
conditions, such as high heat or high pressure, are needed.
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The amount of energy released on hydrogenation of benzene is 36.0 keal /mole
less (85.8 — 49.8 = 36.0 keal/mole) than that predicted for the hypothetical
1,3,5-cyclohexatriene. The fact that benzene liberates 36 kecal/mole less energy
than predicted can only mean that benzene contains 36 keal/mole less energy or,
in other words, that benzene is more stable by 36 kcal/mole than predicted.

Obviously, this greater stability of the molecule must come from the fact that

Cthe 7 electrons in benzene are delocalized) We refer to this amount of stabiliza-
actual structure of benzene, with its

tion between the energy liberated by the
delocalized # electrons, and the energy liberated by the hypothetical 1,3,5-cyclo-
hexatriene, with its localized s electrons, as the resonance energy. It is the
preservation of this large resonance energy that is the source of benzene’s tend-
ency to undergo substitution rather than addition reactions and gives it its aro-

matic character.

Problem 5.1 Hydrogenation of one mole of naphthalene, C,,;H,, with five
moles of hydrogen releases 82.0 kcal of heat. Assuming the heat of hydrogena-
tion of a normal double bond to be 28.6 kcal/mole, calculate the resonance en-

ergy of naphthalene.

Recall that we defined aromatic compounds as those with benzene-like
properties. Like benzene, aromatic compounds tend to undergo substitution
rather than addition reactions and, for the same reason, to retain their resonance
energy. Can we predict which compound is aromatic? The answer is ves, as will

be shown in the next section.

Aromatic Character: The (4n + 2) = Rule

Extensive studies have revealed that aromatic character, or aromaticity, is
associated with several structural requirements. First, aromatic compounds are
cyelicstructures that contain what looks like a continuous system of alternating

“double and single bonds. Actually, the 7 electrons are delocalized through over-

lap of adjacent p orbitals. To permit such delocalization, a second structural
requirement must be met: aromatic compounds must be planar. Finally, aroma-
ticity is possible only if the number of 7 electrons in the compound is (4n + 2),

" where n is zero or a positive integer (n =0, 1, 2, 3, and so on). Examples of

aromatic compounds that obey this (4n + 2) 7 rule, also known as Hiickel’s

rule, are shown in Table 5.1.

A glance at the table reveals that some aromatic compounds, such as naph-
thalene, anthracene, or phenanthrene, resemble benzene structurally: they con-
sist of two or more benzene rings'fused together. Others, such as pyrrole, bear no
structural resemblance to benzene. Nevertheless, pyrrole and all other com-
pounds listed in Table 5.1 show aromatic properties because they satisfy the
(4n + 2) 7 rule.* st

* The two nonbonded electrons within the ring of pyrrole, furan, and other mole-
cules shown in the table are part of the 7 system and should be counted when applying

Hiickel’s rule.




Table 5.1 Examples of Aromatic Compounds Containing (4n + 2) = Electrons

../.,..\\ -
| N N Q

1 6 a
P = N
H 9 5
2 Benzene Pyridine Pyrrole Furan Thiophene
' : = RN
- e DO
o ]
N N
gl 2 H
Naphthalene :»:-Qilinoline Indole
"]
\\ \‘-‘
3 14 - e
: g

Anthracene Phenanthrene

Aromaticity according to the (4n + 2) = rule shows up even more strikingly
in certain organic ions. All carbocations encountered up to this point have been
very reactive, short-lived intermediates. Tropylium bromide, on the other hand,
is a stable, high-melting salt that is soluble in water.

{H:l Br- or, more accurately, Br-

Tropylium bromide

The tropylium ion is a seven-membered rln\g that contains three double bonds.
Since the ring has a total of six)7 electrons, it is therefore aromatic. Similarly,
cvclopentadiene, in contrast to nearly all other hydrocarbons, is quite acidic. Tt
= readily converted to its sodium salt.

Q_ Na* or, more accurately, @ e

Sodium cyclopentadienide

The cyclopentadienide anion, C;H;~, is also aromatic and particularly stable
because the five-membered ring has a sextet or # electrons, two double bonds
from the ring and a pair of nonbonded electrons.

What does it mean if the sum of the = electrons in a cyclic, conjugated
svstem does not follow the (4n + 2) 7 rule? It means, simply, that the compound
= not aromatic. Cyclooctatetraene, for example, contains a # system of elec-
trons. Because no integral value of n can give the number 8 according to the
‘4n + 2) 7 rule, cyclooctatetraene is not aromatic. As predicted, cyclooctatetra-
ene reacts readily with bromine in the dark and with cold dilute permanganate,
sust as an ordinary alkene does. Furthermore, x-ray diffraction studies have
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126 shown that cyclooctatetraene has a “tub” shape rather than the planar shape

required for an aromatic compound.

Cyelooctatetraene “Tub” shape of cyclooctatetraene
(not aromatic)

Benzene and
Aromatic Compounds Eight = electrons

In our discussion of aromaticity we have represented benzene and other
compounds as having alternating double and single bonds. This was done as a
matter of convenience to illustrate the application of the (4n 4+ 2) 7 rule. Keep
in mind that in aromatic compounds such bonds do not really exist; in the actual
structure the = bonds are delocalized.

Problem 5.2 Predict which of the following structures might be expected to
possess aromatic character. Explain the basis for your choice.

@[ | ) @l 1)

(d)

J.0 Nomenclature of Aromatic Compounds

Now that we are familiar with the criteria for aromaticity, we should learn
how to name members of the various families of aromatic compounds, especially
the derivatives of benzene. We will then be ready to study their reactions.

A Monosubstltuted Ben;ene&;

that is requued is to mdlcate the nature of the substltuents present . For exam-

ple, replacement of one of the hydrogens by bromine yields a single product,
bromobenzene,




hot et
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Bromobcrunc

Other monosubstituted benzenes that can be named in the same manner, by

IiJ'
siacing the name of the substituent in front of the word “benzene,” are e
== — = R

0 © O @ o & ©

Chlorobenzene Fluorobenzene Iodobenzene

Ethylbenzene ;&.—Bul,ylhenzene Nitrobenzene
\k

1"\.1'/l.

ool

they occur so frequently. For that.._l__eason they are g;{aen common names that
vou should memorize. )
5

CH, CH=CH,

00 00 00 O

\Ilglneng/ Styrene

. .—-_\_‘_-_
Phenul Benz.d]dehvd_ﬁ) Benzow acld b _.Anllm I Benzenesulfonic acid ¢
H_&w‘“‘-"t’-“" Ty - :
Sometimes it is more mnvement to name the benzene rmg asa bubhtltuent,{

as in the following structures.

CH CHCH ICI—I

~
; e e s M

1,

.\I P
-"' b ‘\’

2-Phenylbutane 2-Phenylethanol Biphenyl The phenyl group, C;H 1 I
= i (Ph or ¢)

The phenyl group, symbolized byrﬁ or ﬂ is a benzene from which one
hydrogen has_been removed. Another common aromatic substituent is the |

benzyl group, denved by wmovmg a hydrogen from the (,Hg group in in toluene~
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) e - e 5 R __"'"\_\
Benzyl chloride Benzyl acetate: The benzyl group

(PhCH,— or ¢CH,—) |

The benzyl group is often abbreviated as PhCH,— or ¢CH,—.

.- Y o) : e o :

\”!\I _IQ:L. ) i E ‘:, i r_,:_'
(7] B D}\F.ubstltuted Benzenes roakise ¢ e
g et

;" Alldisubstituted benzenes, no matter what the substituents, can give rise to

* three possible isomers. To differentiate between the isomers, the relative posi-
tions of the substituents are designated by numbers or, more commonly, by the
prefixes ortho (0-), meta (m-), or para (p-).

" qo Br Br Br NO,
[/ : Br : '
Br NO,
l"" f‘-_ Br :
~7 1,2-Dibromobenzene 1,3-Dibromobenzene 1,4§1bmm0benzene 1,3-Dinitrobenzene
¢ gmb (Q—Df‘/ romobenzene) (m<Dibromobenzene) { p-Dibromobenzene) (m-Dinitrobenzene|
g N I r
— When the substituents are different, they are listed in alphabetical order.
< For example, S BT
C,H,
L _Cl
I
I-Chioro-él—ethylbenz.ene 1-Fluoro-4-icdobenzene 1-Bromo-3-nitrobenzene
{0-Chloroethylbenzene) { p-Fluoroiodobenzene) {m-Bromoniirobenzene)

If one of the substituents is part of a parent compound, then the disubsti-
tuted benzene is named as a derivative of the parent compound. |
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\_NH,/
2-Chlorophenol 4-Nitrotoluene 3-Bromobenzoic acid 4-Aminophenol
{o-Chlorophenol) { p-Nitrotoluene) {m-Bromobenzoic acid) ( p=Aminophenol)
or

4-Hydroxyaniline
(p-Hydroxyaniline)

Like monosubstituted benzenes, certain disubstituted benzenes are referred
0 by their common names. The dlmethylbenzenes for example, are known as-
xvlenes — S )

o~ Xylene m Xylene H_‘} p-Xylene .
L S ‘_/ - ] B

Problem 5.3 Name each of the following structures using ortho, meta, and
para designations for disubstituled compounds. .

F CH=CH,

F
(@) O (b) (c)
> ffe Sy H3C
= —[": i E %;;I-i_;._-_ )y Py o b{_:] ,L..J_,{_eﬁ( i Zat
e 5]
Cl
CH,Br CHscCHQCH CH Cl C=CH

_ No,

= T U R

b

Problem 5.4 Draw the structure of each of the compounds named.

{a) 2-Phenylpentane (b) p-Nitroethylbenzene

{c) m-Chlorobenzaldehyde (d) o-Ethylaniline

{e) m-Bromobenzenesulfonic acid () 2,2-Dimethyl-1-phenylbutane
{g) p-Bromotoluene (h) m-Nitrobenzoic acid
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Benzene and

T L _ wed .
Aromatle Compounds When three or more substituents are present, the ring must be numbered

and the positions of the substituents must be specified by numbers. As with

T x i .
/| other classes of compounds previously encountered, the numbering starts with
2/ one substituent and continues around the ring so as to use the lowest possible

numbers for the other substituents. When the substituents are different the last
one named is understood to be in position 1. As with disubstituted benzenes, if
one of the group is part of the parent compound, then the carbon that bears the
functional group of the parent compound is assigned the number 1.

N e L I

1,2,3-Tribromobenzene 3-Chloro-5-Auoronitrobenzene
{nof 1,2,6-Tribromobenzene) (nitre on carbon 1)

2.4,6-Tribromophenaol 2,4,6-Trinitrotoluene (TNT)
(OH on carbon 1) (CH, on carhon 1)

Problem 5.5 Write the structural formulas that correspond to the following

names.

(a) 2,6-Dibromotoluene (b) 1,2,4 5-Tetrachlorobenzene
(¢) 2-Benzyl-3-nitro-5-bromophenol (d) 2,4,6-Tribromoaniline

(e) 3,5-Dinitrobenzoic acid (f) 2,3-Dichlorobenzaldehyde

(g) 2.4-Dinitrofluorobenzene (h) 3,5-Dibromobenzenesulfonic acid

Problem 5.6 Give names for the following structures.

=)
'-'C..H_zcﬂsf :
" NO,

]Bl'r




- Br

.

O e OFG O,N_
0" O
H,C~ >¥" "CH, COOH -
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D Polynuclear Aromatic Hydrocarbons

Benzene rings may be fused together to form polynuclear aromatic hydro-
carbons. Examples of polynuclear aromatic hydrocarbons containing two, three,
and four rings are

6 1 10
7 2 9
3 1 3] 2 1 4
8 2
T 2 T 2 3 3
] 3 6 3 21 4 7
3 4 3 10 4 1 10 5 [
Naphthalene Anthracene FPhenanthrene Pyrene

In naphthalene, positions 1, 4, 5, and 8 are equivalent, as are positions 2, 3,
6, and 7. Often, the 1-position in naphthalene is called the alpha («) position and
C-2 the beta () position. Thus,

NH,
Q0 NHQ
IUPAC name: 1-Aminonaphthalene 2-Aminonaphthalene
Common name: a-Naphthylamine A-Naphthylamine
(a weak carcinogen) {a strong carcinogen)

Problem 5.7 Write the structures of

(a) 2-Methylnaphthalene (b) 1-Chloronaphthalene

(¢) «-Nitronaphthalene (d) fS-Fluoronaphthalene

(e) 1,5-Dimethylnaphthalene (f) 1,3,6,8-Tetranitronaphthalene
(g) 1-Bromoanthracene (h) 9-Bromoanthracene

(i) 1,5-Dinitroanthracene (i) 1-Bromophenanthrene

(k) 3-Bromophenanthrene (1 4,5-Dimethylphenanthrene
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Problem 5.8 Name the following structures.
Benzene and
Aromatic Compounds CH. CH

NO, e
Br O

Q00 w0

CH,

(a)

S

(b}
Figure 5.3 (a) 3,4-Benzopyrene, a potent carcinogen. (b) Two stages in the develop-
ment of a skin tumor induced in the mouse using 3,4-benzopyrene. [From J. C. Arcos,

“Cancer: chemical factors in environment,” part 1. American Laboratory, 10(6), 65
(1978). Reprinted with permission. ]
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Froblem 5.9 Which other position(s) in monosubstituted anthracenes are
=s=ivalent to (a) position 1, (b) position 2, and (c) position 97 sl

A number of polycyclic aromatic h
sorene (Fig. 5.3a) has the dubious disti
=ted hydrocarbon carcinogen in the e
“vdrocarbon carcinogen in cigarette s

ydrocarbons are carcinogens. 3,4-Benzo-
nction of being the most widely distrib-
nvironment. The compound is the main
moke, auto emissions, and soot.

Sources of Aromatic Compounds 9.6

Although compounds that contain the benzene ring are widely dispersed in
mature, the two major sources of aromatic compounds are coal tar and petro-
‘eum. Until about 1940, benzene, toluene, xylenes, naphthalene, anthracene, and
warious other aromatic compounds were obtained by the distillation of coal tar, a

Sy-product in the manufacture of coke for steel. In the past 40 vears, the demand

for atomatic compounds has far outstripped the amount available from coal tar,

=0 that the major source of the commercially significant aromatic compounds

‘benzene, toluene, and xylenes) is now the petroleum industry. Alkanes and
cvcloalkanes found in petroleum are converted to benzene and alkylbenzenes by

catalytic dehydrogenation. Benzene, for example, is synthesized on a large scale

oy dehydrogenation of cyclohexane, ECh B Y in o et k A

-alalyst =i
— + 3 H, |
heat [

-

Cyelohexane Benzene

2 cyclic precursor is not always required, since cyclization of an aliphatic chain
occurs in the same process, Thus, toluene can he obtained by the dehydro-

zenation of methyleyclohexane or of n-heptane, both of which are found in
petroleum.

Oy

Methyleyclohexane

calalyst, —H,

Oren

Toluene

CH,—CH,

GH,  CH,~CH,

C H2 __C H3
n-Heptane

Xylenes are also made industrially in the same manner from dimethyl-
cyclohexanes or from the appropriate octanes found in petroleum.
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Benzene, toluene, and xylenes are the basic raw materials for most other
aromatic compounds. Derivatives are obtained from these hydrocarbons by reac-
tions that are discussed in the sections that follow.

Problem 5.10 Assuming that no rearrangement occurs during dehydrogena-
tion, predict the products obtained from the dehydrogenation of (a) 1,2-dimeth-
yleyclohexane, (b) 1,3-dimethyleyclohexane, and (e) 1,4-dimethylcyclohexane.

Electrophilic Aromatic Substitution:
General Mechanism

Because the aromatic ring is extremely stable, a highly reactive agent is
required to react with the benzene ring. The aromatic ring, with its delocalized =
electrons, is also an electron-rich system. We might therefore expect that attack
on the ring takes place by means of an electron-deficient species, or an electro-
phile. This is indeed the case. The reaction of benzene with a typical electro-
phile, E*, is similar to the addition of an electrophile to an alkene, and is shown
as step (1) of the reaction mechanism.

Step 1. The electrophile E*+ approaches the # cloud of the aromatic ring and
forms a bond to carbon, creating a positive charge in the ring.

H r

The resulting carbocation has three important contributing structures that
spread the positive charge over the other five carbon atoms, although more so on
the carbons that are orthe and para to the position attacked by the electrophile.

The intermediate carbocation has two possible fates. It could react with an
electron-rich species, a nucleophile, : Nu, to give an addition product. With al-
kenes, this is the normally observed process. If this were to happen to aromatic
compounds, however, the product that would result, a cyclohexadiene, would no
longer have the great amount of resonance energy characteristic of the aromatic
system.

H E H. B

P Nu
e

Addition of a nucleophile to the carbocation intermediate would destroy the aromatic system

To retain the aromatic system, the carbocation does not combine with the
nucleophile. Instead, the nucleophile abstracts a proton from the carbocation
ion intermediate. The loss of the proton allows the electrons from the carbon-
hydrogen bond to go back into the ring, thus restoring the aromatic system.




Step 2. The removal of the proton by the nucleophile, which leads to the resto- 135
ration of the aromatic ring, is the second step in the reaction mechanism.

5.8 The Role of

rNu Catalysts in
E Electrophilic
H E Aromatic
& Substitution
removal of S
s + H—Nu
“ by ‘Nu
//
Preduct

(retains the aromatic system)

The net overall result of this two-step mechanism is the substitution of the
group B* for a proton (H*). Hence the name given to this mechanism is electro-
philic aromatic substitution.

addlt.ltm of
lectrophil mmoxal of H+
elec mp ile & 7 ey o

Now that we are familiar with the general aspects of electrophilic aromatic
substitution, we are almost ready to study the reactions of specific electrophiles
with benzene. Before doing so, however, let us see how electrophiles sufficiently
reactive to attack the aromatic ring are generated.

The Role of Catalysts in Electrophilic O+&
Aromatic Substitution

In almost all electrophilic aromatic substitutions a catalyst is needed for a
reaction to take place. The catalysts are usually Lewis acids or a protonic acid.
The purpose of these catalysts is to generate powerful electrophiles. Contrast, for
example, the bromination of cyclohexene with the bromination of benzene. Bro-
mination of cyclohexene (an alkene) takes place rapidly in the presence of mo-
lecular bromine, Bry, and no catalyst is needed. The attacking electrophile in
this case is molecular bromine itself.

e ¥ S

(electrophile)

Bromine alone, however, is not a reactive enough electrophile to attack the
benzene ring; a catalyst is needed to generate a more powerful electrophile, Br+.
The posﬂ;welv charged bromine ion, or bromonium ion, is formed when molec-
ular bromine, Br,, reacts with a Lewis acid, such as ferric bromide.

Br Br “+ FeBr — :Brt + FeBr,~
3 - 4
Ferric bromide Bromonium ion Complex anion
{Lewis acid) {highly reactive

electrophile)
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Ferric bromide, the Lewis acid, is by definition deficient in electrons. Tt will,
therefore, combine with any species that is capable of donating an electron pair
to it, which in this case is the bromine molecule. In the process, a complex anion,
FeBr,™, and the bromonium ion, Brt, are simultaneously formed. The latter is a
more reactive electrophile than Br, and is able to attack the benzene ring to
eventually yield bromobenzene.

Similarly, chlorination of benzene requires the presence of a Lewis acid cat-
alyst, usually ferric chloride. Again, the function of ferric chloride is to generate
a highly reactive electrophile, the chloronjum ion (C1+),

‘CI=CL:F ™SFeCl, —os :Cl1*  +  FeCl-
Ferrie chloride Chloronium ion Complex anion
(Lewis acid) (highly reactive
electrophile)

Aluminum chloride, AICIL,, is another Lewis acid catalyst frequently used to
generate highly reactive electrophiles. For example, the reaction of an alkyl
chloride, R—Cl, with aluminum chloride yields a complex anion, AICl,~, and a
carbocation, R+, a powerful electrophile.

RLCL 4+ *AIC, —s R 4 AlCl,-
Alkyl chloride  Aluminum chloride Carbocation Complex anion
(Lewis aeid) {highly reactive
electraphile)

The carbocation, once formed, can attack the aromatic ring, a process known as
alkylation (see Section 5.9).

Nitration of benzene, the substitution of NO, for H, and sulfonation of
benzene, the substitution of SO,H for H, usually also require the addition of a
catalyst to help produce reactive electrophiles. The attacking electrophile in
nitration is the nitronium ion, NO,*, whose formation is facilitated by the
presence of sulfuric acid (the catalyst).

HO—NO, + H,S0, = HSO, + (H(T)'CLNOZ] Sy
L H J

Nitrie acid Sulfurie acid Protonated nitric acid
{strong acid)
NO,+ + H,0
Nitronium ion

(highly reactive
electrophile)

Sulfurie acid, the stronger acid, donates a proton to nitric acid, the weaker acid,
to yield a protonated nitric acid intermediate and h ydrogen sulfate. Upon losing
water, the intermediate generates the nitronium ion, NO,*, a powerful electro-
phile.

Sulfonation of benzene is usually carried out in fuming sulfuric acid, which
i3 a solution of SO, in H,S0,. In sulfonation, an active electrophile is the SO, H+
ion whose formation is brought about according to

SO0; + H,80, —— SO,H+ + HSO0,~

Acid catalyst Electrophile Hydrogen sulfate
{anion)




Table 5.2 The Electrophiles in 137
Common Aromatic Substitution
Reactions 5.9 Specific
. T — LN Electrophilic
Aromatic
e S S VAL e Substitution
C1t or Br* halogenation Heactions
Rt alkylation
NO,* nitration
S0, H* sulfonation
As in nitration, sulfuric acid acts as a catalyst by providing a hydrogen ion to &

S0,, thus creating the active electrophile SO,H*. §
To recapitulate, acid catalysts are needed in electrophilic aromatic substitu- oy
tion reactions to generate reactive electrophiles. The electrophiles in common 4
aromatic substitutions are shown in Table 5.2. Each of these electrophilic agents 3
plays the same role as E* does in the general mechanism of electrophilic aro- %
matic substitution shown on page 135.

The common electrophilic aromatic substitutions of benzene are illustrated ﬂi(
in the next section. S
ook
2
B!
Specific Electrophilic Aromatic 3¢9 o

Substitution Reactions

Halogenation, alkylation,” nitration, and sulfonation are the typical
electrophilic aromatic substitution reactions. These reactions are shown in Fig-
ure 5.4. Note that in each reaction the net result is the replacement of a hydro-

fals = = L -
. ’._'a e _J \‘\Aug io "l"‘/\.g“r ‘ﬁﬁ
. _cad ,\,, (XT
Eg, FeX il "
et +HX (X=Cl Br) % )3_ - 3 Jlew:
Halogenation F IR ey,
R
(Ra1, 10,
] RCL AN .
A Alkylation )Q k_{ M 1av)

ot Qc! . )

HONO,, H,80,
-

' Nitration //1} 1 iy ) s i e gr e sy
m’ < -
SO,H 3 ; K/L//JK}-_\? -X-I-J 'hoq )lf\-r_z_,\,-'% 50_5j

80y, H,80,

Sulfonation

\uf“T}me‘ﬁf‘ {c o \)(1 ’j")

Figure 5.4 Common electrophilic aromatic substitution reactions.

*The reaction, known as Friedel-Crafts alkylation, was discovered in 1877 by a
French chemist, Charles Friedel, and an American, M. Crafts.
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gen in benzene by one of the electrophiles listed in Table 5.2. The specific mecha-
nism for each reaction also follows the general pattern described in Section 5.7.

Problem 5.11 Based on the general mechanism of electrophilic aromatic sub-
stitution shown in Section 5.7, and from the discussion in Section 5.8, write the
mechanism for (a) the chlorination of benzene and (b) the nitration of benzene.

Side-Chain Reactions of Aromatic Compounds

In the previous section methods for introducing a substituent directly into
an aromatic ring via electrophilic substitution were examined. In this section we
consider reactions involving alkyl side chains.

A | Halogenation of an Alkyl Side Chain

An alkylbenzene contains both an aliphatic and an aromatic portion. We
might, therefore, expect the aliphatic portion (the alkyl side chain) to undergo
free-radical substitution characteristic of alkanes (see Sec. 2.12) and the ring to
undergo electrophilic substitution characteristic of benzene. This is indeed the
case. For example, bromination of toluene in the presence of uv light (free-
radical conditions) yields exclusively benzyl bromide; there is no substitution in
the aromatic ring.

@ @LH B ¢ Ely
uv_ hght

Benzy!l bromide

Toluene

Similarly, when ethylbenzene is chlorinated under free-radical conditions,
substitution occurs in the alkyl portion only, and the product formed is almost
exclusively 1-chloro-1-phenylethane, with small amounts of 1-chloro-2-phenyl-
ethane.

\’QCHZCH3 _Lt_) @CHCIC}%& @éch_Hg:}

1-Chloro-1-phenylethane 1-Chloro-2-phenylethane
{major product) (minor product)

To account for the almost exclusive formation of 1-chloro-1-phenylethane
we must look at the free-radical intermediates. Removal of a hydrogen from the
carbon adjacent to the aromatic ring gives a benzyl type of free radical that is
relatively easy to form because it can be stabilized by resonance.




CH,CH, / [ “CHCH, | CHCH, CHCH, CHCH,

\ / removal of | ) . ;
. 5 0 > g /
L an H by Cl [ S

CHCH,
Delocalization of the add electron I
stabilizes the free radical,
facilitating its formation,

Removal of a hydrogen from the methyl group of ethylbenzene gives a free
s=dical in which the odd electron cannot be stabilized by resonance, thus mini-
~=zing the formation of 1-chloro-2-phenylethane.

The odd electron
V4 removal of cannot be delocalized;
\QCHQCHS an H by Cl- @CH?CH2 therefore the free radical
is more difficult to form.

blem 5.12 Predict the major organic products formed in these reactions.

Br, 2
n-Propylbenzene — (b) Isopropylbenzene e

Halogenation of alkylbenzenes under electrophilic conditions (that is, treat-
~=ent of an alkylbenzene with bromine or chlorine in the presence of ferric ha-
e leads to substitution in the ring. The exact position(s) of the incoming
—zlogen will be dealt with later (Sec. 5.11).

B Oxidation of an Alkyl Side Chain_

......... — -

Another reaction of the alkyl side chain is its conversion into a carboxyl
group, COOH, by treatment with hot potassium permanganate. Regardless of
the length of the alkyl chain, the product is always the same—benzoic acid,

C,H.COOH. For example, § e g s gz
557 o S e = "'~J:,_'.»/-j"3 o Helay &-Z,'f Lel D

h t‘%{!M 0 ”.:’ Pos i 08 Aaehs ¢ ij“"‘ a,
CHS O—]l;). COOH \._ , \_‘ a L—':BS’,_ Fall (
- r .
- i c aslh
Benzoic acid < %-—-— :’ 5_::_9_\ I
: ~ 0 L4000

Copzesic
@CHzCHeCHa B @COOH +(CO, + H,0)

Benzoic acd 139




140 Rings with more than one alkyl chain are similarly oxidized; each alkyl
i 4 chain, regardless of its length, is converted to a COOH group. For example.
EenzZense an

Aromatic Compounds
H,C- O CH, CHSUHﬂ@CH20H3

p-Xylene p-Diethylbenzene

hot KMnO, hot KMnO,
L—>_ HOOC@COOH J

Terephthalic acid
(a raw material used in
synthegizing Dacron and
other polyesters)

5.11 Disubstituted Benzenes: Orientation

In previous sections the discussion centered on methods of introducing one
substituent on a benzene ring. As we have noted, certain monosubstituted
benzenes are made via direct electrophilic substitution (Sec. 5.9), whereas others
are prepared indirectly by converting a substituent already present in the ring
into another (Sec. 5.10). Like benzene, monosubstituted benzenes are capable of
undergoing further substitution. When a second group, G, is introduced into a
monosubstituted benzene, C;H.—Y, three possible isomeric compounds can the-
oretically be formed.

Further substitution
(G = second substituent)

G Y Y X Y
H G G H 3
H ¢ G g
G

Ortho product Meta product Para product

If the second substituent were to join the ring on a purely statistical basis,
the relative proportions of ortho, meta, and para products could be calculated
easily. The monosubstituted benzene, C;H,—Y, has five replaceable hydrogens.
Among these five hydrogens, the two that are ortho to Y are equivalent to each



et as are the two hydrogens in the meta position. Therefore, if the entering
sunstituent G were to join the ring on a purely statistical basis, the proportions
. =ach isomer would be

ortho = 2 of the total, or 40%
meta = £ of the total, or 40%
para = 1 of the total, or 20%

In fact, such distribution is never observed. The actual distribution depends
o= the nature of the first substiluent, Y, and falls into two and only two categor-
== Certain Ys direct the second substituent (+, regardless of what G is, into the
wrtho and para positions. Other Ys direct the second substituent G, regardless of
“he nature of G, primarily into the meta position. For example, when phenol is
mirated, the only products formed are o-nitrophenol and p-nitrophenol; no
meta isomer is produced. The OIH group (the original substituent) is said to be an
ortho, para director.

OH OH OH
NO,
LG + (no meta isomer)
NO,
o-Nitrophenol p-Nitrophenol
(53%) (47%)

Nitration of nitrobenzene, on the other hand, yields almost exclusively
m-dinitrobenzene. The NO, group (the original substituent) is therefore referred
0 as a meta director.

NOg NOE‘.
Q mbratibn (less than 5% ortho and para isomers)
NO,

m-Dinitrobenzene
(almost exclusively)

In Table 5.3 you will find a summary of the orienting effects of a number of
substituents. Remember, the orientation of the second substituent, regardless of
its nature, is dependent on Y only.

Table 5.3 Orientation Effects of Substituents Y in
Electrophilic Aromatic Substitution

i

: —NO,
—NH,, —NHR, —NR, —80,H
—CH; —COOH, —COOR
—CHg, —R (alkyl) —CHO, —COR

F, —CL; =Dy, ~I - —CN
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Problem 5.13 Consult Table 5.3 and predict the major products in the follow-
ing reactions. If the product is a mixture of ortho and para isomers, show both
isomers.

(a) @Br + H,80,, S0, —>  (b) @(31{3 B g

(c) ©~-COOH + HNO, 2%, @ @sosH + By, EE
@ @‘F + HNO, 2%, o @0@1{3 + CH,C1 Ak,
(®) @-COCH.J gy, £,

(h) @CH20H3 FHNO; 52%,

Disubstitution: Reactivity

In addition to the orientation effect, the presence of a substituent also af-
{ects the rate of electrophilic substitution reactions. Intuitively, it is reasonable
to assume that those substituents that release electrons to the ring more effec-
tively than the hydrogen they replace will activate the ring toward electrophilic
substitution. Such substituents will cause the reaction to go faster than with
benzene. Conversely, those substituents that withdraw electrons from the ring
more effectively than the hydrogen they replace will deactivate the ring toward
electrophilic substitution. Such substituents will cause the reaction to go slower
than with benzene.

The order of reactivity predicted for electrophilic substitution is shown in
Figure 5.5. Experimental observations confirm these predictions: ortho,para di-

Decreasing order of reactivity toward electrophilic substitution
e 2 —

Ve—

(1) (T

Figure 5.5 Substituent G donates electrons to the ring, thus activating it, relative to
benzene. Substituent W withdraws electrons from the ring, thus deactivating it.




Table 5.4 Orientation and Reactivity Effects of Substituents in
Electrophlllc Aromatlc Substltutlon

Subsﬁ t ent

Ortho,pala dlre("ture
~—O0OH, —0OR, —NH,, —NHR, —NR,

ﬁistrongly activating

—C,H,, —CH,, —R {alkyl} IS 2. .- moderately activating
-F Cl —Br —I e < il - deactivating

Meta directors

4 —NO,, —S0,H, —COOH, —COOR &—.__ strongly deactivating
—CHO, —COR, —CN b

~=-=ors, which donate electrons to a ring, activate the ring toward electrophilic
~-=titution, whereas meta-directing groups, which withdraw electrons from a
=z deactivate the ring toward electrophilic substitution. The only important
ssception to this generalization occurs in the halobenzenes, C;HX (X = F, Cl,
=- I). Although fluorine, chlorine, bromine, and iodine are ortho,para directors,
~==se substituents deactivate an aromatic ring in electrophilic substitutions.
The orientation and reactivity effects of substituents are summarized in
T=ble 54.

Planning an Aromatic Synthesis

Now that you have learned a great deal of aromatic chemistry, let us see
Low that knowledge can be used to prepare a particular aromatic compound in
the best way possible.

In any aromatic synthesis two kinds of information must be kept in mind.
First, you must know the different methods by which a given substituent is
miroduced into the ring. Second, you must be aware of how the group(s) already
present will influence the orientation of an incoming substituent. These points
are illustrated in the following examples.

Example 5.1 Starting from benzene, synthesize m-bromonitrobenzene.

Solution (1) Draw thestructure of the starting material and the structure
of the product.

O O,

Benzene m-Bromonitrobenzene

Obviously, two substitutions have taken place. Therefore two steps are re-
quired: bromination of the ring and nitration of the ring.
(2) Working backward, decide what reaction leads to the product.

2
— - product
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Since the —NO, group is a meta director (whereas —Br is an ortho,para-
directing group), the last reaction is bromination of nitrobenzene.

NO, NO,
@ — @
—_—
Br
NO,

(3) The reactants leading to nitrobenzene are

@ HNO:%’ H2804 @

(4) Write the overall synthesis in the right order.
NO,

NO,
@ HNQ,, H,80, @ Br,, F‘eB{?,_)
ettt ol ket B
Br

The alternate sequence (bromination followed by nitration) would have
given a mixture of o-bromonitrobenzene and p-bromonitrobenzene, the
wrong isomers.

Example 5.2 Suppose that you wish to synthesize p-nitrobenzoic acid,
starting from toluene,

Solution First, draw the structure of the starting material and the struc-
ture of the product.

CH, COOH
—
NO,
Toluene p-Nitrobenzoic acid

Obviously, two changes have occurred. The side chain (CH,;) has been oxi-
dized to COOH, and a nitro group has been introduced. Therefore two steps
are required: a side-chain oxidation and a nitration. Which step should be
carried out first?

Note that the para isomer of nitrobenzoic acid is required. Toluene
must therefore be nitrated first because the methyl group is an ortho,para
director.




1. Nitration of toluene

CH, CH, CH,
NO,
@ HNO,, H,50, @ ©/
_ +

p-Nitrotoluene o-NitrotoluenE

Separable mixture
2. Oxidation of the side chain

COOH

CH,
@ KMnO, @
—t
heat
NO, NO,

p-Nitrobenzoic acid
{desired product)

The correct sequence of steps to arrive at the desired product is there-
fore nitration followed by oxidation.

CH, CH, CH, CH, COOH
NO,
HINO,, H,80, + separate KMnO,
heat
NO, NO, NO,

If the reverse were done (that is, if toluene were oxidized first, followed
by the nitration of benzoic acid), the product obtained would be exclusively
m-nitrobenzoic acid, an unwanted isomer.

3. Oxidation followed by nitration yields the wrong isomer.

Meta director

H, COOH COOH
KMnO, HNO,, H,80,
ilisti ot 2 —_—
heat
NO,
Benzoic acid m-Nitrohenzoic acid

As you see, it is important to use the correct sequence of steps if the desived
product is to be obtained.
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Problem 5.14 Starting from benzene and any other reagents needed, show how
vou would synthesize these compounds. Assume that ortho,para mixtures can be

separated.
(a) o-Nitrotoluene (b) m-Chlorobenzenesulfonic acid
(¢} Benzoic acid (d) Benzyl chloride

Summary of Concepts and Reactions

Aromatic compounds are compounds that are benzene-like in their properties. Benzene

itself is a cyclic, planar structure of formula C H,. [Sec. 5.1]
In benzene all carbons are sp? hybridized and all carbon-carbon bonds are of equal
length. [Sec. 5.1]

Benzene is actually a resonance hybrid of two imaginary contributing structures.
[Secs. 5.1, 5.2]
Benzene and other aromatic hydrocarbons are stabilized by large resonance energies. It
is the preservation of these large resonance energies (36 kcal/mole for benzene) that
is the source of aromatic hybrocarbons’ tendency to undergo substitution rather

than addition. [Sec. 5.3]
All aromatic compounds must obey the (4n + 2) « rule, also known as Hiickel's rule.
[Sec. 5.4]

The two major sources of aromatic compounds are coal tar and petroleum. [Sec. 5.6]
Reactions of aromatic compounds proceed via an electrophilic aromatic substitution
mechanism. In almost all electrophilic aromatic substitutions a catalyst is needed
for reaction to take place. The purpose of the catalyst is to generate powerful
electrophiles. [Secs. 5.7, 5.8]
The most common electrophilic aromatic substitution reactions are

1. Halogenation: Ar—H + X, & Ar—X + HX

9. Alkylation: Ar—H 4+ RX 2%, Ay R + HX

3. Nitration: Ar—H + HONO, 2%, Ay NO, + H,0

- i : L = [\ (-) H2 Od L]
4. Sulfonation: Ar—H + S Ar—S80,H [Sec. 5.9]
The aliphatic portion of an alkylbenzene can undergo two kinds of reactions: (1) free-
radical halogenation

CH,—CH, —X 5 CH,—CH,X + HX

uv light

and (2) oxidation [Sec. 5.10A]

4 o hot KMnO, u
C;H,—R ———— C,H,—COOH [Sec. 5.10B]
When a substituent is already present on the ring, it affects the ring in two ways:
1. It can direct a second substituent to an ortho or para position (ortho,para direc-
tor) or to a meta position (meta director). [Sec. 5.11]
2. It can activate or deactivate the ring. [Sec. 5.12]
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Exercises
benzene meta (m-) nitronium ion (NO,)
aromatic para (p-) SO.H* ion
substitution electrophile halogenation
resonance energy electrophilic aromatic Friedel-Crafts alkylation
aromaticity substitution nitration
Hiickel’s rule bromonium ion (Br™) sulfonation
phenyl chloronium ion (C1*) ortho.para director
benzyl carbocation (R+) meta director
ortho (o0-)

Exercises

Resonunce, Resonance Energy, Aromaticity [Secs. 5.1-5.4]
5.1 Refer to the diagram on page 121 and draw
(a) A resonance-confributing structure of pyridine

=
)
SN

(b) Two resonance-contributing structures of naphthalene

?+—->(—)?

5.2 Hydrogenation of one mole of anthracene, C,,H,,, with seven moles of hydrogen
releases 116.2 keal of heat, Assuming the heat of hydrogenation of a normal double
bond to be 28.6 kecal/mole, caleulate the resonance energy of anthracene.

5.3 Which of these structures will be aromatic according to the {4n + 2) 7 rule?

- H__H :

) \”/ ) @



148 Structure and Nomenclature [See. 5.5]
5.4 Draw structures for these compounds.
Benzene and (a) Aniline (b) Toluene
Aromatic Compounds (¢) Benzoic acid (d) Phenol
(e) Isopropylbenzene (cumene) (f) o-Diethylbenzene
(g8) Triphenylmethane (h) p-Xylene
(i) p-Chlorobenzyl bromide (J) m-Nitrobenzenesulfonic acid
(k) 3,5-Dibromostyrene (1) 1,2-Diphenylethane
(m) m-Chloroaniline (n) Pentachlorophenol
(o) Hexamethylbenzene (p) 2-Aminonaphthalene
(1) 2,6-Dichloronaphthalene (r) 2-Bromoanthracene
(8) 9,10-Diphenylanthracene (t) 1-Nitrophenanthrene
(u) 3.,5-Dimethylphenanthrene () 2/4,6-Tribromophenanthrene

5.6 Name these compounds.

O,N._ NH,

(© Br—@CH201 (d) O,N I
0,N _COOH =
(e) Q[ () @—CHQCHQCHz- O

No, No,
1 @@ OO
S Ph
NO, No,

OO »000.,,

Aﬁ cl
(k) \Br @ OO

Br

5.6 Write the structures and give names for four aromatic compounds with the for-
mula C.H._Br,

5.7 Write structures and give names for all possible isomeric:
(a) Dichloroanilines (six isomers) (b) Chloronitrotoluenes (ten isomers)
(¢) Bromonitrophenols (ten isomers)  (d) Dibromonaphthalenes (ten isomers)
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Treatment of benzene with CH,CI catalyzed by AICL, yields toluene. Write the

mechanism for the reaction and show all contributing forms in the reaction inter- Exercises
mediate.

When a mixture of benzene and 2-methylpropene is heated in the presence of

sulfuric acid catalyst, &-butylbenzene is formed. Write the complete mechanism to

account for the formation of £-butylbenzene.

tation and Reactivity [Secs. b.11, 5.12]
O Arrange the following series of compounds in decreasing order of reactivity toward
bromination.

NO,

(a) @ (ii); @ (iit); @ (iv); (v)

COOH H I, COOH

(b) (1): @ (ii); Q (iii); (iv); O (v)
NO,

5 11 Predict the orientation and reactivity effects of these substituents.

(a) —~(“3~—OCH3 (b) —CH,CH, (¢) —SO,H  (d) —OCH,CH,

Beactions and Syntheses [Secs. 5.9-5.13]

512 Draw the structures and give the names, using ortho, meta, and para designations,
for the major products of the monochlorination when each of these compounds is
reacted with chlorine and ferric chloride.

(a) Ethylbenzene (b) Chlorobenzene () Nitrobenzene
(d) Benzenesulfonic acid (e) Iodobenzene (f) Phenol

.13 Complete the following reactions. When a mixture of ortho and para isomers is

expected, show both isomers.

(a) @ +(CHL),CHCl 2%
(b) @NOZ i P A
(c) @*OCH; R LS FeCl,
(d) @Cl 4 G050,

[l
(e) <<:)>—C(‘H1 + HNO,
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5.14

5.15

5.16

(f) H,C C)/} NO, + Br, (1 mole) pre

CH,
(g) <©I + KMnO, (excess) -
CH,
Pl
(h) Q + KMnO, ——
nedt
NO,

Draw the structures of the reactant and the product for the transformations
shown here and supply the necessary reagents A through I. ( Assume that substitu-
tions on naphthalene, anthracene, and phenanthrene require the same reagents as
henzene.)

(a) Benzene --:A—> toluene S N benzyl chioride

(b) Toluene _©, p-chlorotoluene 2L, p-chlorobenzoic acid
(e¢) Toluene —E> o-nitrotoluene i) 4-bromo-2-nitrotoluene
(d) Naphthalene i& 2-bromonaphthalene

(e) Anthracene L 9-ethylanthracene

(f) Phenanthrene —I) 9-nitrophenanthrene

Starting from benzene and any other reagents needed, show how you would syn-
thesize the following products. Assume that ortho,para mixtures can be separated.

(a) HO.‘{SA<<“)_->~CH3 (b) Cl@ (e) Br@CHZBr

‘cooH

There are three isomeric diethylbenzenes, A, B, and C. On nitration, isomer A gave
three mononitro derivatives, isomer B gave one nitro compound, and isomer C gave
two nitro compounds. What are the structures of A, B, and C?



Light Fuel Qil, 400/1. The drop shapes of EL-type mineral oil are produced by careful emulsi-
fication in glycerol. The three dimensionality of the photograph is obtained by means of the
interference-contrast technigue. Photomicrograph by Manfred Kage/Peter Arnold, Inc.
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