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preface

The success achieved by this book’s forerunners. Basic Principles of Organic
Chemistry and Modern Organic Chemistry. was to a considerable extent due
to the rigor with which the subject of organic chemistry was presented. In the
present work we have tried to paint an interesting. relevant. and up-to-date
picture of organic chemistry while retaining the rigorous approach of the
carlier books.

Organic chemistry sometimes appears to be enormously complex to the
beginning student. particularly if he must immediately grapple with the
subjects of structural isomerism and nomenclature. We have attempted to
avoid this difficulty in the following way. Chapter 1 briefly relates carbon to
its neighbors in the Periodic Table and reviews some fundamental concepts.
Chapter 2 deals with the four C, and C, hydrocarbons—methane. ethane,
ethene. and cthyne—and discusses their conformational and configurational
properties and some of their chemical reactions. The reader thus makes an
acquaintance with the properties of some importantorganic compounds before
dealing in an open-ended way with families of compounds—alkanes, alcohols,
etc.

A heavy emphasis on spectroscopy 1s retained but the subject 1s introduced
somewhat later than in the earhier books. Important additions are chapters
dealing with enzymic processes and metabolism and with cyclization reac-
tions. Many of the exercises of the carlier books have been retained and have
been supplemented with drill-type problems.

[t seems a shame to burden the mind of the beginning student with trivial
names. some of them quite illogical. and throughout we have stressed lUPAC
nomenclature. which i1s both logical and easy to learn. The instructor. who
may well carry hightly the excess baggage of redundant names. may occasion-
ally find this irritating but we ask him to consider the larger good. As a further
aid to the student. each chapter concludes with a summary of important
points.

The simple introduction to the subject and the emphasis on relevance,
particularly to hving systems. should make the book appealing to the general
student. At the same time we hope that the up-to-date and more advanced
topics that are included—the effect of orbital symmetry on cyclization reac-
tions, for example—will also appeal to the chemistry spectalist.

We should like to acknowledge the help of many persons who read all or
parts of the manuscript and offered sound advice. Professor George E. Hall
read the manuscript at several stages of revision and we are particularly
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chap 1 introduction 3

Twenty-two centuries ago the Greek mathematician Euctid wrote a textbook
on geometry that is still in use today. Some 300 years ago Isaac Newton
discovered the principles of mechanics that can still be applied with great
precision to most macroscopic systems. By contrast, chemistry, and in
particular organic chemistry, is in its infancy as a precise science. The study of
molecular science—because this is what chemistry essentially is—depends on
inferences about submicroscopic bodies drawn from observations of macro-
scopic behavior. The speculations of the early chemists are best described as
“ haywire " rather than as *“incorrect ™" and it was only in the last century that
the foundations of chemical theory became firmly established. Since that time
enormous strides have been made in extending chemical knowledge. And
today, some 1,100,000 organic compounds alone (compounds containing
carbon) have been prepared, their structures elucidated. and their properties
examined.

The flowering of organic chemistry in the past hundred years followed two
events during the last century. The first occurred in 1828, when the German

chemist Wohler discovered that ammonium cyanate (NH,®CNO®) could be
O

converted to the compound urea (NH,CNH,). The former was a typical salt
and 1s considered part of the mineral world, whereas urea was a product of
animal metabolism and therefore part of the living or organic world. The
realization gradually followed that the boundary between living and nonliving
systems could be crossed, and this provided the impetus for intensive investi-
gation of the substances found in nature: the term ** organic ™ was thus applied
to all compounds of carbon whether they were found in nature or were pre-
pared i the laboratory.

The second 1mportant occurrence in the last century as far as organic
chemistry was concerned was the recognition, achieved between 1858 and
1872, that unique, three-dimensional structures could be drawn for the mole-
cules of every known compound of carbon. This realization followed essenti-
ally the work of six men: Avogadro, Cannizzaro, Kekul¢, Couper, LeBel, and
van't Hoff. Avogadro and Cannizzaro distinguished between what we would
now call empirical and molecular formulas. Avogadro’s hypothesis that equal
volumes of gases contained equal numbers of molecules was actually made in
1811 but it was not until 1860 that the Italian chemist Cannizzaro made use of
this 1dea to distinguish between different compounds having the same
composition. Thus, the distinction between the molecules C,H, and C Hyq
became clear, and 1t was reahzed that neither had the molecular formula
CH, , though both had this empirical formula. At about the same time Kekulé,
a German, and Couper, a Scot, suggested that carbon was tetravalent, always
forming four bonds. Two young chemists, LeBel and van't Hofl, then in-
dependently provided convincing proof that these four bonds are tetrahedrally
arranged around the carbon atom (Section 14-6).

Part of the fascination of organic chemistry comes from the knowledge that
the whole complex edifice has been built up from indirect study of molecular
behavior, that 1s, microscopic understanding from macroscopic observation.
The advent in recent years of sophisticated instrumental techniques for ex-
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amining structure has confirmed the vast majority of the structures assigned
to organic compounds in the late nineteenth century. Spectroscopy and X-ray
crystallography, in particular, have become powerful tools for checking
previously assigned structures and for elucidating structures of compounds
newly prepared in the laboratory or found in nature.

Considerable use will be made in this book of spectroscopy—the study of
how ‘light” (to be more exact, electromagnetic radiation) is absorbed by
matter. The infrared, ultraviolet, and nuclear magnetic resonance spectra may
permit the correct structure of a fairly complex compound to be assigned in a
matter of hours. If, at this point, a search of the chemical literature reveals
that the compound with the suspected structure has been previously prepared,
it is only necessary to compare the reported physical or spectroscopic pro-
perties with those of the substance being examined. However, if the compound
has not been previously reported, it must be synthesized from starting materials
of known structure before its structure is really considered to be proven.

Organic chemistry occupies a central position in the undergraduate science
curriculum. It is, of course, an important branch of knowledge in its own
right, but in addition it is the foundation for basic studies in botany, zoology,
microbiology, nutrition, forestry, agricultural sciences, dentistry, and medicine.
Antibiotics, vitamins, hormones, sugars, and proteins are only a few of the
important classes of chemical substances that are organic. In addition, many
industrially important products are organic—plastics, rubber, petroleum
products, most explosives, perfumes, flavors, and synthetic fibers. It is little
wonder that there are more organic chemists than chemists of any other kind.
Of the 2000 or so Ph.D.’s awarded each year in chemistry in North America,
about half go to those whose research has been in organic chemistry. The
research may have involved the synthesis of a new compound of unusual
structure, the elucidation of the structure of a new compound extracted from
a plant, or the discovery of the reaction path that is followed when one
compound is converted to another.

Only a few years ago most people regarded the effects of chemical tech-
nology as being wholly beneficial. Pesticides, herbicides, plastics, and synthetic
drugs all seemed to contribute in large or small measure to human welfare.
Recently we have come to realize, however, that our environment cannot
indefinitely accommodate all the products that are being added to it without
being damaged. A pesticide may be extremely effective at eradicating some
of man’s enemies but may seriously endanger some of man’s friends. A
cogent example is the way the potent insecticide DDT (Section 24-7) causes
bird egg shells to become thin. Further, a synthetic plastic may be immune to
sunlight, rain, and bacterial decay but this is a doubtful benefit after the object
made from it has been discarded in a park.

Many of the substances that have been added in large amounts to our
environment in recent years are synthetic organic chemicals. Some are harmful
to man and to life in general; some are not. An understanding of the proper-
ties and reactions of organic compounds will help us assess the possible perils
associated with new processes or products and will help us develop suitable
control procedures. The grave consequences of a polluted environment can
only be avoided by the wise application of chemical knowledge.
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|1 bondmg in organic Compounds

Why 1s carbon unique ? What accounts for the apparently limitless number of
carbon compounds that can be prepared? The answer is that bonds between
carbon atoms are stable, allowing chains of carbon atoms to be formed, with
each carbon atom of a chain being capable of joining to other atoms such as
hydrogen, oxygen, sulfur, nitrogen, and the halogens. Neighboring atoms in
the periodic table, such as boron, silicon, sulfur, and phosphorus, can also
bond to themselves to form chains in the elemental state, but the resulting
compounds are generally quite unstable and highly reactive when atoms of
hydrogen or halogen, for example, are attached to them. The elements at the
right or left of the periodic table do not form chains at all—their electron-
attracting or electron-repelling properties are too great.

The forces that hold atoms and groups of atoms together are the electrostatic
forces of attraction between positively charged nuclei and negatively charged
electrons on different atoms. We usually recognize two kinds of binding.
The first is the familiar ionic bond that holds a crystal of sodium chloride
together. Each Na® in the crystal feels a force of attraction to each CI€, the
force decreasing as the distance increases. (Repulsion between tons of the same
sign of charge is also present, of course, but the stable crystal arrangement has
more attraction than repulsion.) Thus, you cannot identify a sodium chloride
pair as being a molecule of sodium chloride. Similarly, in an aqueous solution
of sodium chloride. each sodium ion and chloride 1on move in the resultant
electric field of all the other ions in the solution. Sodium chloride, like other
salts, can be vaporized at high temperatures. The boiling point of sodium
chloride is 1400°.! For sodium chloride vapor, you can at last speak of sodium
chloride molecules which, in fact, are pairs of ions, Na®CI®. Enormous energy
is required to vaporize the salt because in the vapor state each ion interacts
with just one partner instead of many.

The second kind of bonding referred to above results from the simul-
taneous interaction of a pair of clectrons (or, less frequently, just one
electron) with two nuclei, and is called the covalent bond. Whereas metallic
sodium reacts with chlorine by completely transferring an electron to 1t to
form Na® and CI1°, the elements toward the middle of the rows of the periodic
table tend to react with each other by sharing electrons.

Transfer of an electron from a sodium atom to a chlorine atom produces
two ions, each of which now possesses an octet of electrons. This means of
achieving an octet of electrons is not open to an element such as carbon, which
has two electrons in a filled inner K shell and four valence electrons in the
outer L shell. A quadrinegative ion C*© with an octet of clectrons in the
valence shell would have an enormous concentration of charge and be of
very high energy. Similarly, the quadripositive 1on C*®, which would have a
filled K shell like helium, would be equally unstable. Carbon (and to a great
extent boron, nitrogen, oxygen, and the halogens) completes its valence-shell
octet by sharing electrons with other atoms.

1In this book all temperatures arc given in degrees centigrade unless otherwise noted.
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In compounds with shared electron bonds (or covalent bonds) such as
methane (CH,) or tetrafluoromethane (CF,), carbon has its valence shell
filled, as shown in these Lewis structures:

H LiE
H::C:H :F:C:F:

H 'F:
methane tetrafluoromethane

(carbon tetrafluoride)

For convenience, these molecules are usually written with each bonding
pair of electrons represented by a dash:

! ‘i
I
e gl F=C—F

-2 methane, ammonia, water, and hydrogen fluoride

The elements in the first main row of the periodic table are

Li Be B C N O F Ne

Atomic number 3 4 5 6 7 8 9 10
Number of valence
electrons 1 2 3 4 5 6 T (8

Lithium and beryllium are able to form positive ions by loss of one or two
electrons, respectively. Boron is in an intermediate position and its somewhat
unusual bonding properties are considered later in the book (Section 19-5).
Carbon, nitrogen, oxygen, and fluorine all have the ability to form covalent
bonds because each can complete its octet by sharing electrons with other
atoms. (Fluorine or oxygen can also exist as stable anions in compounds such
as Na®F® or Na® OH®))

The degree of sharing of electrons in a covalent bond will not be exactly
equal if the elements being linked are different. The relative attractive power
exerted by an element on the electrons in a covalent bond can be expressed
by its electronegativity. In one quantitative definition of electronegativity we
have an increase in electronegativity along the series toward fluorine as
follows:

C N O F
2.5 3.0 3.5 4.0

The electronegativity of hydrogen is 2.0, close to that for carbon. Each
covalent bond between elements with different electronegativities will have
the bonding electrons unequally shared between them, which leads to what is
called polar character. In a carbon-fluorine bond the pair of electrons are
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attracted more to the fluorine nucleus than to the carbon nucleus. The regions
of space occupied by electrons are called orbitals and, in a molecule such as
CF,, the pair of electrons in the orbital that represents each covalent bond
will not be divided equally between the carbon and fluorine but will be polar-
1ized towards fluorine.

PY °
C I

We say that such a bond is dipolar and it can be represented, when necessary,
by the symbols

\§€ &C \
—C—F or ==
/ /

The electronegativity of oxygen is less than that of fluorine and closer to that
of carbon; therefore the polarity of a C—O bond will be less than that of a
C—F bond. Clearly the polarity of a C—N bond will be smaller still.

Even though a molecule contains polar bonds, the molecule itself may be
nonpolar, that is, not possess a dipole moment. This will occur when the
molecule has a shape (or symmetry) such that the dipoles of the individual
bonds cancel each other. Thus, molecules such as F—O—F and H—O—H
will have dipole moments (as they do) if the angle between the two F—O (or
H—O) bonds i1s different from 180°, and zero dipole moment if the angle is
180°. To predict whether a molecule has a dipole moment, it is therefore

256 dC 256 ¢ 23C 06 230 O
) F—O— 0. H—O—H
6 / N\ o&C 686 / X\ oG
F F H H

gl

necessary to know its shape, and in the next section the principles governing
the shapes of covalently bound molecules are considered, with special refer-
ence to the series CH,, NH;, H,O, and HF.

I[f a substance i1s a liquid, 1t i1s an easy matter to show experimentally
whether 1ts molecules are polar and have a dipole moment. All you have to do
1s to hold an object carrying an electrostatic charge near a fine stream of the
falling liquid and note whether the stream is deflected. The charged object
can be as simple as a glass rod rubbed on silk or an amber rod rubbed on
cat’s fur, the charge being positive in the first case and negative in the second.
A fine stream of water is sharply deflected by such an object and this shows
that the individual molecules in the liquid have positive and negative ends.
The molecules tend to orient themselves so that the appropriately charged
end 1s directed towards the charged object (for example, the negative end,
oxygen, toward the positively charged rod) and then the electrostatic attrac-
tion draws the molecules toward the rod. A fine stream of carbon tetra-
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chloride (tetrachloromethane), CCl,, cannot be deflected at all. This shows
that the CCl, molecule is sufficiently symmetrical in its arrangement of the
four carbon-chlorine bonds so that the polarities of these bonds cancel each
other.

A. MOLECULAR SHAPES

It is important to recognize that an understanding of the shapes of organic
compounds is absolutely vital to understanding the physical, chemical, and
biochemical properties of organic compounds. We present in this section a
few simple concepts which will turn out later to be of great utility in predicting
and correlating the shapes of complex organic molecules.

The compounds CH,, NH;, H,0, and HF are all isoelectronic: they have
the same number of electrons, 10. Two are in the inner K shell of the central
atom and eight are in the valence, or bonding, shell. The bonding arrange-
ments can be indicated by Lewis structures:

H
H:C:H H:N:H H:O:H H:F:
H H

Carbon, nitrogen, oxygen, and fluorine have, respectively, contributed four,
five, six, and seven of the electrons that make up the octet. Because no more
than two electrons can occupy an orbital, we will expect that the electrons in
the octet can be treated as four distinct pairs. The electron pairs repel one
another and, if the four pairs are to get as far away from each other as
possible, we will expect to find the four orbitals directed toward the corners
of a tetrahedron, because this provides the maximum separation between the

tetrahedral tetrahedral angle
arrangement of
electron pairs

electrons. Methane, CH,, is in fact tetrahedral, as is tetrafluoromethane,
CF, . The three bonds in ammonia and the two bonds in water are directed at
slightly different angles, 106.6” and 104.5°, respectively. This is reasonable
because the repulsions between the four pairs of electrons in each of these

N O
H /<" H /o
H H
bond angle 106.6 bond angle 104.5

molecules will not be the same. Thus, for water, two of the four orbitals
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contain protons and two do not. We expect somewhat greater repulsions
between the nonbonding pairs than between bonding pairs, and this results
in the angle of the bonding pairs being somewhat less than the tetrahedral
value.

Replacement of any of the hydrogen atoms in the three molecules CH,,
NH;, and H,O with another kind of group will alter the bond angles to some
extent. Replacement of one or more such hydrogens by the methyl group
(methane minus a hydrogen atom), CH;— . gives the structures shown in Table
I-1. The methyl group is an especially important substituent group and can be
conveniently represented in three ways, the last being a three-dimensional
representation.

H H

I \
CH,— H—C— L —

| H¢

H H

The four derivatives of methane shown in Table 1-1 are all hydrocarbons—
that 1s, they contain only carbon and hydrogen. Hence their physical and
chemical properties will resemble those of methane itself. (The molecular
shapes are not well represented by the structures in the table because each of
the carbon atoms in these molecules will have a tetrahedral arrangement of
bonds connected to it. The three-dimensional shapes of such hydrocarbons
are considered m more detail in Chapter 3.) The three derivatives of ammonia
are called amines and share many of the properties of ammonia: for example,
like ammonia, they have dipole moments and are weak bases. A different
situation exists with the derivatives of water: each of them is representative
of a class of compounds The structure CH;—OH is an alcohol while CH;—
O—CH,; is an ether. The reason that water is considered to give two classes
of compounds on methyl substitution can be traced to the great importance
of the hydroxyl (OH) group in chemistry. Alcohols, like water, contain a

Table 1-1  Some simple derivatives of methane, ammonia, and water

CH, NH, H,0
CH3_CH3 CH3_NH2 CH3_Ol_I
CH3_CH2_CH3 CH3_II\IH CH3—O_CH3
CH,

CH;—CH—CHj,; CH3;—N—CH,
CH; CH;
CH,
CH;—C—CHj,
CH;
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hydroxyl group whereas ethers do not. Hydroxyl groups have a great In-
fluence on molecular properties (see next section), and the properties of
alcohols (ROH) and ethers (R—O—R) are quite different. (The symbol R 1s
usually used in organic chemistry for an alkyl group, a connected group of
atoms formed by removing a hydrogen atom from a hydrocarbon: a methyl
group is one kind of R group.)

The bond angles at oxygen in the two compounds CH;—O—H and
CH,—O—CH, are somewhat greater than those found in water. This is
expected because the CH; group is larger than hydrogen, and interference
between the CH; groups in CH;—O—CH; is lessened by opening the
C—O—C bond angle in the ether. A compromise angle 1s allowed in which
the interference between the CH; groups is reduced at the expense of moving
the pairs of electrons on oxygen to less favorable arrangements with respect
to one another. A common description of the overall change is * relief of
steric hindrance between the CH; groups by opening the C—0O—C bond
angle.”

/O\ AN /O\
H H CH; H CH, CH,

bond angle 104.5 bond angle 106 bond angle 112

B. PHYSICAL PROPERTIES

The four compounds methane, ammonia, water, and hydrogen fluoride
have the physical constants shown in Table 1-2. In each of these compounds
the atoms are held together to form molecules by strong covalent bonds. The
melting and boiling points are governed not by these powerful forces but
rather by the weaker interactions that exist between molecules—intermolec-
ular forces. Everything else being the same, the weaker such intermolecular
interactions, the lower the temperature which will usually be required, first
to break down the crystal lattice of the solid by melting, and then to separate
the molecules to relatively large distances by boiling.

What is the origin of these weak, secondary forces that exist between
neutral molecules? We shall consider two here: van der Waals forces and
hydrogen bonding. Van der Waals forces, sometimes called London forces,
depend in an important way on the numbers of electrons in a molecule. This
means that, in general, the bigger the molecule the greater will be the various

Table 1:2  Physical properties of methane, ammonia, water, and hydrogen
fluoride

CH, NH, H,0 HF
boiling point —161.5 —33 100° 20°
melting point —183 —78° 0° —84
solubility in water very low high do a7
solubility in CCly high very low very low very low
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Table 1-3 Boiling and melting points of some methane derivatives

CH,
CH, CH,—CH, CH,—CH,—CH, C143—(|:H—C113 CHJ—(lf—CHJ

CH, CH,
boiling point —161.5 —88.6° —42.1 —10.2° 9.5°
melting point —183° —172 — 188 —145 -20°

possible intermolecular attractions and the higher the melting and boiling
points will tend to be. Boiling points tend to increase regularly within a series
of compounds as the molecular weight increases. Melting points, however,
usually show much less regularity. This 1s because the stability of a crystal
fattice depends so much on molecular symmetry, which largely determines the
ability of the molecules to pack well in the lattice. Thus, the five hydrocarbons
shown in Table 1-1 have the boiling and melting points shown in Table 1-3.

In addition to experiencing van der Waals forces (dispersion forces),
molecules containing certain groups are attracted to one another by hydrogen
bonding. To be effective. hydrogen bonding requires the presence of an

—OH, —N—H, or F—H group: in other words, a hydrogen atom joined to a
I

small electronegative atom. The covalent bonds to such hydrogen atoms are

06 &9

strongly polarized toward the electronegative atom, for example, R—O—H,

and the parually positive hydrogen will be attracted toward the partially
negative oxygen atom in a neighboring molecule. In the liquid state a number

/O\}S_{@
R . N o -
\‘ o0& (5(:/
0—H---0
/ \
R R

of molecules may be linked together this way at any given time. These liaisons
arc not permanent because thermal energies of the molecules are suflicient
to cause these bonds to break very rapidly (usually within milliseconds or
less). Such bonds are continually being formed and broken and this leads to
the description of such temporary aggregates in a hydrogen-bonded hquid as
“flickering clusters.™

By far the most important of the groups responsible for hydrogen bonding
is the hydroxyl group, —OH. The strength of O—H --- O hydrogen bonds
may be as much as one-tenth that of an ordinary carbon-carbon covalent
bond.? (See Section 2-4 on bond strengths.) The highest boiling point in the

2 Recently, minute quantities of what is claimed to be a new form of water, sometimes
called ** polywater,”” have been isolated, in which very strong hydrogen bonds are believed
to exist, indeed stable to temperatures above 400°. It i1s not yet known to what degree one
should expect to find a multiplicity of bond strengths for hydrogen bonds to a specific
molecule or indeed whether * polywater ™" i1s in fact even a compound of formula (H,0),.
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Table 1-4 Boiling and melting points of some oxygen compounds

H,0 CH,0H CH,OCH,

boiling point 100° 65° —24°
melting point 0’ —89” —139

series CH,, NH;,, H,O, HF belongs to water and the lowest to methane, in
which hydrogen bonding is completely absent (Table 1-2).

The three oxygen compounds shown in Table 1-1 have melting and boiling
points as shown in Table 1-4.

The trends are exactly opposite to those expected on the basis of molecular
weight alone and are the result of having two hydrogens bonded to oxygen in
each molecule of water, one in the alcohol, CH;OH, and none in the ether,
CH,0CH;.

The hydroxyl group also has an important influence on solubility character-
istics. The alcohol CH;OH is completely miscible with water because the two
kinds of molecule can form hydrogen bonds to one another. On the other
hand, the ether CH;OCH; is only partly soluble in water. Its oxygen atom
can interact with the protons of water but it has no OH protons itself to
continue the operation. Hydrocarbons have extremely low solubilities in
water. Hydrocarbon molecules would tend to interfere with the hydrogen
bonding between water molecules and could offer in exchange only the much
weaker van der Waals forces.

The nitrogen compounds shown in Table 11 have boiling and melting
points as shown in Table 1-5. There is not a great deal of difference between
the values for the three amines. Hydrogen bonding N—H---N is not as
effective as O—H- - - O and the reduction in hydrogen bonding in going from

CH,—NH, to CH;—N—CH; is roughly compensated by the increase in
I
CH;

van der Waals forces caused by increasing molecular size.

C. ACIDITY AND BASICITY

The acidity of the four compounds methane, ammonia, water, and hydrogen
fluoride increases regularly as the central atom becomes more electronegative.

Table 15 Boiling and melting points of some nitrogen compounds

NH, CH,NH, CH,—NH CH3—I]I—CH3
CH, CH,

boiling point —33° —=6.5 70 4°
melting point —78> =93’ —96° —124°
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Thus the acid dissociation constants for these compounds in water solution
are:

CH, NH, H,O HF
Kya, 25" ~107%% ~1073% 55x107'S  35x10°*

The 1omization constant used here for water is the customary value of 1074
divided by the concentration of water in pure water (55 M). The symbol
K4 denotes the equilibrium constant for dissociation of a neutral acid HA,
that is, HA= H® + A® and K,;, = [H®][A®]/[HA]. The values refer to
water solution whether actually measurable in water or not and the symbol
H® represents the oxonium ion H,0®,

Methane, like most other hydrocarbons, has a negligible acidity in water.
Amines resemble ammonia in being very feeble acids. Alcohols are somewhat
stronger and have acidities similar to that of water.

The basicities of these four compounds follow a different pattern which is
not simply the reverse of that for acidity:

W NH, H,O HF
Ky 25 <1073° 1.8 x 107° 5.5 % 10710 ~1072°

The symbol Ky denotes the equilibrium constant for 1onization of a neutral
base B, that is, B+ H,O= BH® + OH® and Kz = [BH®][OH®]/[B]. Base
strengths are sometimes taken to be indicated by the acid strengths of the
corresponding conjugate acids. When this 1s done the symbol Kgye should be
used to denote the process being referred to: that is, Kgye = [H®][B]/[BH®]
represents the acid dissociation BH® & H® + B. Ordinary basic ionization
constants, Ky, will be used in this book.

The increase in basicity from HF to H,O to NH; 1s readily understandable
in terms of the decreasing electronegativity of the central atom along the
series. Why then is the basicity of methane so low? The reason 1s that this
molecule has no unshared pairs of electrons available for bonding to a proton
as do ammonia and the other compounds with which we have compared it.

H,N: + H,0 NH.® + OH®

If methane is to accept a proton to form the ion CH4® the carbon atom must
hold five hydrogen atoms with four pairs of electrons. (There is evidence that
CH4® can be generated and detected in the gas phase in a mass spectro-
meter. It may also be a transient intermediate in solutions of methane in the
so-called ““super acids.” Examples of the latter are mixtures of FSO;H and
SbF; their protonating power far exceeds that of concentrated sulfuric acid.)

summary

7

Carbon is unique among the elements: it 1s able to form an enormous
number of compounds by bonding to itself and to the atoms of other elements,
principally hydrogen, oxygen, nitrogen, sulfur, and the halogens. Such
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bonding is almost always covalent, with each carbon atom having four bonds,
each bond resulting from a pair of electrons in an orbital which encloses both
the bonded nuclei. Repulsions between the four electron pairs in CH,, NHj,
and H,O determine the shapes of these molecules; CH, 1s tetrahedral with
bond angles of 109.5” and NH; and H,O have slightly smaller bond angles.
Of these compounds only methane, CH,, because of its symmetry, has no
dipole moment.

The hydrogen atoms in CH,, NH;, and H,O can be replaced by alkyl
groups such as methyl, CH;—. Compounds formed from CH, this way are
hydrocarbons like CH, itself. Those from NHj are called amines, CH;NH,
or CH;NHCH,;. Those from H,O are alcohols if only one hydrogen 1S
replaced, CH,OH: and ethers if both hydrogens are replaced, CH;OCH;.

The physical properties of such compounds are determined chiefly by
intermolecular forces, van der Waals forces and hydrogen bonds, which are
normally much weaker than those involved in covalent bond formation. In
general, the larger the molecule, the greater the van der Waals forces and the
higher the boiling point. The presence of one or more hydroxyl groups (or
other good hydrogen-bonding groups) will raise the boiling point consider-
ably and will tend to make the compound soluble in water.

Acidity increases in the order CH, < NH; <H,0 < HF; basicity in the
order CH, < HF <H,0 < NH3j.

exercises

1-1  Write Lewis structures for each of the following compounds using dots for the
electrons. Mark any atoms which are not neutral with charges of the ap-
propriate sign.

a. ammonia e. ozone (L O—0—0 =120°)
b. ammonium bromide f.  hydroxylamine, HNOH
c. carbon dioxide g. hydrogen cyanide

d. hydrogen peroxide h. boron trifluoride

12 Tetramethyllead, Pb(CH,)., is a volatile liquid, bp 106°, while lead fluoride,
PbF., is a high-melting solid, mp 824°. What kinds of bonding forces are
present in the two compounds?

1-:3  Which of the following substances are expected to possess a dipole moment?
Why?

(CH,):N, O;, CO., BF,, CH:F., CF,, CH,OCH,, CH;CH,

1-4 Do you expect the compound hydrazine, NH:NH., to be more or less basic
than ammonia? Explain your answer.

1-'5  Which of the compounds in the following list are expected to be more soluble
in water than in carbon tetrachloride?

D,O., CH,NH.,, CH,CH,, CH,CO.®°Na®, HCl, CCl
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Hydrocarbons are compounds that contain only carbon and hydrogen.
We shall consider in this chapter the four simplest known hydrocarbons—
those with the lowest molecular weights—and we shall see that they represent
three classes of compounds: the alkanes, in which cach carbon atom has four
single bonds: the alkenes. in which two carbon atoms are joined by a double
bond (two electron pairs): and the alkynes. in which two carbon atoms are
joined by a triple bond (three electron pairs). We shall also see that these
classes of compounds are physically similar but chemically rather different.

There are four stable hydrocarbons of molecular weight 30 or less. They are
all gases at room temperature, and analyses for carbon and hydrogen content
coupled with determinations of their molecular weights show them to have
the formulas CH,. C,H,. C,H,, and C,H,. The first of these is methane,
CH, . whose physical properties and molecular shape were discussed in Chap-
ter 1. The other three are all C, compounds and are called. respectively,
ethane. ethene, and ethyne (ethyne rhymes with brine). These are the syste-
matic names approved by the International Union of Pure and Applied
Chemistry, IUPAC." However. cthene is often called ethylene and ethyne
called acetylene. It is to be hoped that both of these older names will pass out
of use in time.

If the carbon atoms in each of the three C, compounds are tetravalent,
then there is only one possible way to bond the atoms together in each case:

H H
HH |
cthane H:C:C:H or H _$_$_H
HH H H
H H
cthene H < C.'H \C C‘/
23 s G Cs or =
(ethylene) H N / \
H H

cthyne -
(acetylene)  H:C:iC:tH or  H—C=C-—H

The tendency of carbon to form bonds at the tetrahedral angle results in
compounds such as methane and ethane being nonplanar. The two-dimen-
stonal representation of ethane. above, is thus misleading and it is just as
informative (and quicker) to write the formula as CH;—CH,. (Or. indeed,
as C,Hg . since there 1s only one stable compound known with this formula.
We shall see that with some Cj; hydrocarbons and with all hydrocarbons
having four or more carbons. some indication of structure is necessary because
a designation such as C;Hg 1s ambiguous, there being five known compounds
with this formula.)

'TUPAC, with headquarters at Ziirich, Switzerland, is an international organization
concerned with creating worldwide standards in nomenclature, analytical procedures,
purity, atomic weights, and so on. It is governed by a Congress of delegates from many
countries, the number of delegates depending partly on a country’s financial resources and
partly on its scientific maturity. The following countries have the maximum number of
delegates (six): Austrahia, Belgium, Canada, Denmark, France, Germany, Italy, Japan,
Netherlands, Sweden, Switzerland, United Kingdom, United States, U.S.S.R. IUPAC was
founded in 1918 at the famous Coq d"Or restaurant in London.
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Figure 2-1 Bail-and-stick model of CH,.

Because of the importance of molecular structure in organic chemistry, we

shall consider the three-dimensional shapes of these compounds in the next
section.

2-1 molecular shape of CH,, C,H¢, C,H,,
and C,H,

You can illustrate the shape of a tetrahedral molecule such as methane with
ball-and-stick models (Figure 2-1).

With ethene and ethyne, the model’s carbon-to-carbon bonds are con-
structed from stiff metal springs or flexible or curved plastic connectors be-
cause more than one bond exists between the carbon atoms (Figure 2-2).

These simple mechanical models are surprisingly good for predicting the
shapes of molecules and, indeed, their reactivity. Ethene is known from
spectroscopic measurements to be planar, and this is the shape the model
naturally takes. The electronic analogy here is that the orbitals for each pair
of electrons extend as far away from one another as possible. Ethyne, likewise,
is known to be linear. The strain involved in making ** bent bonds” for these
models is reflected in a higher degree of chemical reactivity for these com-
pounds than for ethane.

Figurc 2.2 Ball-and-stick models of ethene and ethyne.
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Figurc 2:3 Two rotational conformations of ethane.

The arrangement of the linkages in the ethene model suggests that one CH,
group cannot twist with respect to the other CH, group without gross dis-
tortion from the favored geometry. We shall see that this conclusion, too, is
borne out by chemical evidence (Section 2-6B). By contrast, the model of the
saturated compound. ethane. suggests that free rotation should be possible
about the single bond joining the two carbon atoms if the sticks representing
the bonds are allowed to rotate in the holes of the balls representing the
atoms. Such rotation i1s considered in more detail in the next section.

22 rotational Confbrmations of ethane

In organic chemistry, the word structure has a specific meaning:; It designates
the order in which the atoms are joined to each other. A structure does not
necessarily specify the exact shape of a molecule because rotation about single
bonds could lead, cven for a molecule as simple as ethane. to an infinite
number of different arrangements of the atoms in space. These are called
conformations and depend on the angular relationship between the hydrogens
on cach carbon. Two extreme arrangements are shown in Figure 2-3.

In end-on views of the models, the eclipsed conformation is seen to have the
hydrogens on the forward carbon directly in front of those on the back carbon.
The staggered conformation has cach of the hydrogens on the forward carbon
set between each of the hydrogens on the back carbon. It has not been possible
to obtain separate samples of ethane which correspond to these or intermediate
arrangements because actual ethane molecules appear to have essentially
*“frec rotation ™ about the single bond joining the carbons.

Free, or at least rapid, rotation is possible around all single bonds, except
under special circumstances, as when the groups attached are so large that
they cannot pass by one another, or when the attached groups are connected
together by chemical bonds (e.g.. in ring compounds). For ethane and its
derivatives, the staggered conformation 1s always more stable than the cclip-
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H H

H
H H H

H H H H H H

staggercd echipsed i
taggerec chpset staggered eclipsed

“sawhorse” “Newman''

Figure 2-4 Conventions for showing the staggered andeclipsed conformations
of ethane. In “sawhorse” drawings the lower left-hand carbon is always
taken to be towards the front. In ‘“ Newman » drawings the view is along the
C—C bond axis with the most exposed bonds being towards the front.

sed conformation because in the staggered conformation the atoms are as
far away from one another as possible and offer the least interaction.

Many problems in organic chemistry require consideration of structures in
three dimensions, and it is very helpful to be able to use ball-and-stick models
for visualizing the relative positions of the atoms in space. Unfortunately,
we are very often forced to communicate three-dimensional concepts with
drawings in two dimensions, and not all of us are equally gifted in making
or visualizing such drawings. Obviously, communication by means of draw-
ings such as the ones shown in Figure 2-:3 would be impractically difficult and
time consuming—some form of abbreviation is necessary.

Two styles of abbreviating the eclipsed and staggered conformations of
ethane are shown in Figure 2-4. Of these, we strongly favor the *“sawhorse ”’
convention because, although it is perhaps the hardest to visualize and the
hardest to master. it is the only three-dimensional convention which is suitable
for complex compounds, particularly natural products. With the sawhorse
drawings, we always consider that we are viewing the molecule slightly from
above and from the right. just as we have shown in Figure 2-4.

23 Spaceﬁlling models

Ball-and-stick models of molecules are very useful for visualizing the relative
positions of the atoms in space but are unsatisfactory whenever we also want
to show how large the atoms are. Actually, atomic radii are so large relative
to the lengths of chemical bonds that when a model of a molecule such as
chloromethane is constructed with atomic radi and bond lengths, both to
scale. the bonds connecting the atoms are not clearly evident. Nonetheless,
this type of * space-filling” model, made with truncated balls held together
with snap fasteners, is widely used to determine the possible closeness of
approach of groups to each other and the degree of crowding of atoms in
various arrangements (see Figure 2-5).

A defect of both the ball-and-stick and space-filling models is their motion-
iess character. The atoms in molecules are in constant motion, even at absolute
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zero, and the frequencies of these vibrations give valuable information about
molecular structure and shape. This subject is considered in greater detail in
the section on infrared spectroscopy (Section 7-4).

chemical reactions of the C, and C, hydrocarbons

Two of the four simple hydrocarbons we have been considering are saturated
(contain only single bonds) and two are unsaturated (contain multiple bonds).
All four are rather similar physically, being low-boiling, colorless gases that
are insoluble in water, Chemically, however, they are rather different. the
unsaturated compounds being much the more reactive. The three kinds of
reactions we shall consider in the following sections are combustion (shared
by all hydrocarbons). substitution reactions (more important for saturated
compounds), and addition reactions (confined to the unsaturated compounds).

24 combustion

The rapid reaction of a chemical substance with oxygen to give an oxide,
usually carbon dioxide, is called combustion. The burning of a candle, the
explosion of a gasoline—air mixture in the cylinder of an automobile engine,
and the oxidation of glucose in a living cell are all examples of this process.
In all of these cases. the result is liberation of energy.

Water and carbon dioxide, the products of complete combustion of organic
compounds, are very stable substances, relative to oxygen and hydrocarbons.
This means that large amounts of energy are given out when combustion
occurs. Most of the energy of combustion shows up as heat, and the heat
liberated in a reaction occurring at constant pressure is called the enthalpy
change. AH, or simply heat of reaction. By convention, AH is given a negative
sign when heat is evolved (exothermic reaction) and a positive sign when heat
is absorbed (endothermic reaction). Some examples are given below. with the
state of the reactants and products being indicated by subscripts (g) for gas
and (s) for solid.

For each of these examples, AH can be visualized as the total heat given off
when a mixture of gaseous hydrocarbon and excess oxygen at 1 atm pressure
1s exploded in a bomb at 25°, the contents allowed to expand or contract by

Figurc 25 Spacc-ﬁlling models of organic compounds.

methane

ethane (staggered conformation) ethane
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means of a piston to maintain the pressure at 1 atm. and allowed to cool to
25°.

CHu(g) - 2 Oa(g) — CO.(g) + 2 H,0O(g) AH= —192 kcal per mole of
methane (—11.95 kcal per
gram)

CH;—CH;(g) + Z O,(g) —2 CO,(g)+ 3 H,0(g) AH= —341.3 kcal per mole of
ethane (—11.35 kcal per gram)

H—C=C—H(g)+ 5 0,(g)—2 CO(g)+ H,O(g) AH= —300.1 kcal per mole of
ethyne (—11.50 kcal per gram)

CsH, s(g)+ 3% 02(g) — 8 CO,(g) +— 9 H,O(g) AH= —1222 kcal per mole of
octane (—10.71 kcal per gram)

CeH1206(s) +6 O2(g)—6 CO:(g) + 6 H.0(g) AH= —610 kcal per mole of glucose
(—3.39 kcal per gram)

You can see that the amount of heat liberated per gram of fuel 1s not greatly
different in the case of the four hydrocarbons, but is much lower for the com-
pound C¢H,,O4 (glucose), which is already in a partly oxidized state. In the
next section, we shall consider how you can estimate heats of reaction, with
particular reference to combustion.

A. ESTIMATION OF HEAT OF COMBUSTION OF METHANE

The experimental value for the heat of combustion of methane obtained as
described above does not depend on speed of the reaction. Slow oxidation of
methane over many years would liberate as much heat as that obtained in an
explosion, provided the reaction were complete in both cases, and the nitial
and final temperatures and pressures are the same. At 25°, combustion of each
mole of methane to carbon dioxide and water vapor produces 192 kcal of heat.

We can estimate the heat of this and many other reactions by making use
of the bond energies given in Table 2-1. Bond energies for diatomic molecules
represent the energy required to dissociate completely the gaseous substances
to gaseous atoms at 25° or, alternatively, the heat evolved when the bonds are
formed from such atoms. For polyatomic molecules the bond energies are
average values. They are selected to work with a variety of molecules and re-
flect the fact that the bond energy of any particular bond 1s likely to be
influenced to some extent by other groups in the molecule.

It turns out that what is called conjugation (alternation of double and single
bonds) can have a relatively large effect on bond strengths. We will see 1n
Chapter 6 that this effect normally operates to increase bond energies: that is.
the bonds are harder to break and the molecule is made more stable. However,
the effects of conjugation are so special that they are not normally averaged
into bond energies. but are treated separately instead.

To calculate AH for the combustion of methane, first we calculate the energy
to break the four C—H bonds as follows (using the average value of 99 kcal
for the energy of a C—H bond):

H :

H:C:H(g) - » O () +4 H-(g) AH =+ 4 x99kcal

H = + 396 kcal
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Moreover, if appropriate heats of vaporization or solution are available, 1t is
straightforward to compute AH for liquid, solid, or dissolved substances.

The steps shown above are not intended to depict the actual mechanism
of methane combustion. The overall heat of reaction is independent of the way
that combustion occurs and so the above calculations are just as reliable as
(and more convenient than) those based on the actual reaction path. Some of
the general questions posed by the reaction mechanism are taken up in Section
2-5B.

25 substitution reactions of saturated hvdrocarbons

Of the four simple hydrocarbons we are considering in this chapter, only
ethene and ethyne are unsaturated, meaning they have a multiple bond to
which reagents may add. The other two compounds, methane and ethane,
have their atoms joined together by the minimum number of electrons and
can react only by substitution—replacement of a hydrogen by some other
atom or group.

There are only a few reagents which are able to effect the substitution of a
hydrogen atom in a saturated hydrocarbon (an alkane). The most important
of these are easily the halogens, and the mechanism and energetics of halogen
substitution will be discussed in detail later. (Although the hydrogen atoms in
alkenes such as ethene and alkynes such as ethyne are also subject to substi-
tution, these reactions under normal conditions tend to be much slower than
addition to the multiple bond and are therefore usually not important when
compared to addition.)

A complete description of a chemical reaction would include the structures
of the reactants and products, the position of equilibrium of the reaction, its
rate, and its mechanism. These four characteristics fall nicely into two groups.
The equilibrium constant for a reaction depends only on the energies of the
reactants and products, not on the rate of reaction nor on the mechanism. The
rate of the reaction, on the other hand, is intimately related to the reaction
mechanism and, in particular, to the energy of the least stable state along the
reaction path. The subjects of equilibrium constants and reaction rates are
treated in the next two sections.

A. EQUILIBRIUM CONSTANTS

In Section 2-4A we considered bond energies and showed how heats of reac-
tion could be calculated. Reactions which give out large amounts of heat
(highly exothermic processes) usually proceed to completion. Consequently
it 1s reasonable to ask if the equilibrium constant, K, for a reaction is deter-
mined only by the heat of reaction, AH. The study of thermodynamics tells
us that the answer to this question is no. The equilibrium constant is. in fact,
a function of the quantity free energy (AG), which is made up of AH and
a second quantity called entropy (AS). These relations are

AG = —RTInK
AG=AH —TAS
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where

AG = Free energy change for the reaction
R = The gas constant (1.986 cal/deg mole)
7 = Temperature in degrees Kelvin
K = Equilibrium constant

AH = Heat of reaction

AS = Entropy of reaction

The heat of reaction term., AH. is readily understood but the meaning of
the entropy term. AS. is more elusive. It is related to the difference in the num-
bers of vibrational, rotational. and translational states available to reactants
and products (see Sections 7-3 and 7-4). As we have seen, molecules are not
lifeless objects but are in constant motion, each undergoing vibrational,
rotational. and translational motions. These states of motion are quantized—
that is. they can have certain energies only. The more of these states or degrees
of freedom available to a molecule. the higher its entropy and the more favor-
able the cquilibrium constant for its formation. Thus. a positive entropy
change in a reaction tends to make the free energy change more negative and
increase the equilibrium constant. hence moving the reaction toward comple-
tion.

In simple terms. a negative entropy change (a AS that is unfavorable for the
reaction as written) means that the freedom of the atoms in the products
(including the environment) is restricted more than in the reactants. A posi-
tive entropy change (favorable for the reaction as written) means a greater
freedom in the products.

In practice, reactions which are fairly exothermic (—AH > 15 kcal/mole)
almost always proceed far to the right: that is, K is large. An unfavorable
entropy term will seldom overcome such a A/ value at ordinary temperatures
because a AG that is negative by only a few kilocalories per mole will still
have a large K. This fotlows from the logarithmic relation between AG and K.

The thermodynamic values for the chlorination of methane are

CH, + Cl, —— CH,Cl + HClI

AH = —27 kcal/mole

(measurable experimentally or calculable from the data in Table 2-1):
AS = —6 cal/deg mole

(estimated from the spectroscopic properties of reactants and products):
AG = —25 kcal/mole

(calculated from above values of A/ and AS and the equation AG = AH — T
AS):
K=10"

(calculated from above value of AG and the equation AG = —RT In K).
In some cases. you can experimentally check an equilibrium constant
calculated as above by measuring the concentrations of reactants and pro-
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ducts when the system has come to equilibrium. Here, however, K is so large
that no trace of the reactants can be detected at equilibrium, a situation often
encountered in organic chemistry.

Suppose bond energy calculations for a certain reaction indicate that the
equilibrium strongly favors the desired products. Can we be assured that the
reaction is a practical one to perform in the laboratory ? Unfortunately, no,
because first, side reactions may occur (other reactions which also have
favorable equilibrium constants); and second, the rate of the desired reaction
may be far too low for the reaction to be a practical one.

In the chlorination of methane, whose equilibrium constant we have seen
overwhelmingly favors the products, the first of these two matters of concern
is whether the substitution process may proceed further to give dichloro-
methane, CH,Cl,.

CH,Cl +Cl, —— CH,Cl, + HCl

In fact, given sufficient chlorine, complete substitution may occur to give
tetrachloromethane (carbon tetrachloride), CCl, . Indeed, if the rate of chlori-
nation of chloromethane greatly exceeds that of the first step, methane
chlorination, there will be only traces of the monosubstituted product in the
mixture at any time. Using an excess of methane will help encourage mono-
substitution only if the rates of the first two chlorination steps are comparable.

With compounds and reagents that are more complex than methane and
chlorine, you can imagine side reactions taking other forms. When devising
synthetic schemes you must always consider possible side reactions that may
make the proposed route an impractical one.

The second question about the chlorination of methane that is left un-
answered by the calculation of the equilibrium constant is whether or not the
reaction will proceed at a reasonable rate. The subject of reaction ratesis bound
up intimately with the question of reaction mechanism and this subject is ex-
plored in the next section.

B. REACTION RATES AND MECHANISM

Despite the enormously favorable equilibrium constant for the formation of
chloromethane and hydrogen chloride from methane and chlorine, this
reaction does not occur at a measurable rate at room temperature in the dark.
An explosive reaction may occur, however, if such a mixture 1s irradiated with
strong violet or ultraviolet light. Evidently, light makes possible a very
effective reaction path by which chlorine may react with methane.

Any kind of a theoretical prediction or rationalization of the rate of this or
other reactions must inevitably take into account the details of how the
reactants are converted to the products—in other words, the reaction mech-
anism. One possible path for methane to react with chlorine would have a
chlorine molecule collide with a methane molecule in such a way that hydro-
gen chloride and chloromethane are formed directly (see Figure 2-6). The
failure of methane to react with chlorine in the dark at moderate temperatures
is strong evidence against this path, and indeed four-center reactions of this
type are rather rare.
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Figure 2:6 Possible four-center collision of chlorine with methane, as
visualized with ball-and-stick models.

If concerted four-center mechanisms for formation of chloromethane and
hydrogen chloride from chlorine and methane are discarded, the remaining
possibilities are all stepwise mechanisms. A slow stepwise reaction is dynami-
cally analogous to the flow of sand through a succession of funnels with
different stem diameters. The funnel with the smallest stem will be the most
important bottleneck, and if its stem diameter is much smaller than the others,
it alone will determine the flow rate. Generally, a multistep chemical reaction
will have a slow rate-determining step (analogous to the funnel with the small
stem) and other, relatively fast steps which may occur either before or after
the slow step. The prediction of the rate of a reaction proceeding by a step-
wise mechanism then involves, as the central problem, a decision as to which
step is rate determining and an analysis of the factors which determine the
rate of that step.

A possible set of steps for the chlorination of methane follows:

slow

() Cl, » 2:Cl-
slow
(2) CHy — —— CH,- + H-
g i
3) :Cl- + CH,» —=— CH,CI
fast

(4) :Cl + H- — " HCl
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Reactions (1) and (2) involve dissociation of chlorine into chlorine atoms,
and the breaking of a C—H bond of methane to give a methyl radical and a
hydrogen atom. The methyl radical, like chlorine and hydrogen atoms, has
one odd electron not involved in bond formation. Atoms and free radicals
are usually highly reactive, so that formation of chloromethane and
hydrogen chloride should proceed readily by (3) and (4). The crux then will
be whether steps (1) and (2) are reasonable under the reaction conditions.

Our plan in evaluating the reasonableness of these steps is to determine how
much energy is required to break the bonds. This will be helpful because, in
the absence of some external stimulus, only collisions due to the usual thermal
motions of the molecules can provide the energy needed to break the bonds.
Below 100°C, it is very rare indeed that thermal agitation alone can supply
sufficient energy to break any significant number of bonds stronger than 30
to 35 kcal/mole. Therefore, we can discard as unreasonable any step, such as
the dissociation reactions (1) and (2), if the AH’s for breaking the bonds are
greater than 30 to 35 kcal.

In most reactions, new bonds form as old bonds break and it is usually in-
correct to consider bond strengths alone in evaluating reaction rates. (The
appropriate parameters, the heat of activation, AH*, and the entropy of
activation, AS*, are discussed in Section §8-9.) However, the above rule of
thumb of 30 to 35 kcal is a useful one for thermal dissociation reactions such
as (1) and (2), and we can discard these as unreasonable if their heats of
dissociation are greater than this amount.

For reaction (1) we can reach a decision on the basis of the CI—CI bond
energy from Table 2-1, which is 58.0 kcal and clearly too large to lead to
bond breaking as the result of thermal agitation at or below 100°. The C—H
bonds of methane are also too strong to break at 100° or less.

The promotion of the chlorination reaction by light must be due to light
being absorbed by one or the other of the reacting molecules to produce a
highly reactive species. Since a Cl—Cl bond is much weaker than a C—H
bond, it is reasonable to suppose that the former is split by light to give two
chlorine atoms. We shall see in Section 7-3 that the energy which can be
supplied by ultraviolet light is high enough to do this; photolytic rupture of
the more stable C—H bonds requires radiation with much higher energy. It
should now be clear why a mixture of methane and chlorine does not react in
the dark at moderate temperatures.

hv ..
oL g P

Once produced, a chlorine atom can remove a hydrogen atom from a meth-
ane molecule and form a methyl radical and a hydrogen chloride molecule
(as will be seen from Table 2-1, the strengths of C—H and CI—H bonds are
quite close):

CH, + :Cl- ———— CH, + HCI

The methyl radical resulting from the attack of atomic chlorine on a hydrogen
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of methane can then remove a chlorine atom from molecular chlorine and
form chloromethane and a new chlorine atom:

CH," + Cl, — —» CH,Cl + :ClI-

An important feature of the mechanistic sequence postulated for the chlori-
nation of methane is that the chlorine atom consumed in the first step is
replaced by another chlorine atom in the second step. This type of process is

CH, + :Cl- — > CH, + HCl
CH,- + Cl, CH,Cl + :CI-
CH, + Cl, CH,Cl + HCl

called a chain reaction since, in principle. one chlorine atom can induce the
chlorination of an infinite number of methane molecules through operation
of a **chain™ or cycle of reactions. In practice, chain reactions are limited
by so-called termination processes. where chlorine atoms or methyl radicals
are destroyed by reacting with one another, as shown in these equations:

CH, + :CI- —— » CH,CI
2 CH, » CH,CH,

Chain reactions may be considered to involve three phases. First, chain
initiation must occur. which for chlorination of methane is activation and
conversion of chlorine molecules to chlorine atoms by light. In the second
phase, the chain-propagation steps convert reactants to products with no
net consumption of atoms or radicals. The propagation reactions occur in
competition with chain-terminating steps, which result in destruction of atoms
or radicals.

light . N Tty
Cl, —=+ 2:Cl- chaimn intiation

CH, + :Cl- —— CH,- + HCI

.. chain propagation
CH,- + ClI, CH,Cl + :CI- RIRESS

CH,- + :Cl- —— CH,CI
CH, + CH,- ——— CH,CH,

chamn termination

The two chain-termination reactions for methane chlorination as shown
might be expected to be exceedingly fast, because they involve combination
of unstable atoms or radicals to give stable molecules. Actually, combination
of chlorine atoms does not occur readily in the gas phase because there is
almost no way for the resulting molecule to lose the energy of reaction except
by redissociating or colliding with some third body, including the container
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wall. The products in the other termination steps shown above, by contrast,
can take care of this energy by redistributing it as vibrational excitation of
their C—H bonds. Collisions with other molecules then disperse the excess
vibrational energy throughout the system in the form of heat.

If much chain propagation is to occur before the termination steps destroy
the active intermediates the propagation steps must themselves be very
fast. However, propagation is favored over termination when the concen-
trations of radicals (or atoms) are low because then the chance of two radicals
meeting (termination) is much less likely than encounters of radicals with
molecules which are present at relatively high concentrations (propagation).

The overall rates of chain reactions are usually slowed significantly by
substances which can combine with atoms or radicals and convert then into
species incapable of participating in the chain-propagation steps. Such
substances are often called radical traps, or inhibitors. Oxygen acts as an
inhibitor in the chlorination of methane by rapidly combining with a methyl
radical to form the comparatively stable (less reactive) peroxymethyl radical,
CH,00-. This effectively terminates the chain. Under favorable conditions,
the methane-chlorination chain may go through 100 to 10,000 cycles before
termination occurs by free-radical or atom combination. The efficiency (or
quantum yield) of the reaction is thus very high in terms of the amount of
chlorination that occurs relative to the amount of the light absorbed.

C. REACTIVE INTERMEDIATES

We have seen that the chlorination of methane proceeds stepwise via highly
unstable intermediate species such as chlorine atoms (Cl-) and methyl radicals
(CH, ). Are there other molecules or ions which are too unstable for isolation
but which might exist as transient intermediates in organic reactions? If we
examine simple C, species we find the possibilities:

H H H
H:C: or CHj H:C® or CH,”  H:C:® or CH;:® H:C:H or:CH,
H H H
methyl cation methyl anion methylene

(a carbonium 10n) (a carbanion) (a carbene)

Each of these C, entities possesses some serious structural defect that makes
it much less stable than methane itself. The methyl radical is unstable because
it has only seven electrons in its valence shell. It exists for only brief periods of
time at low concentrations before dimerizing to ethane:

The methyl cation, CH;®, is an example of a carbonium ion. This species
has only six valence electrons; moreover, it carries a positive charge. Methyl
cations react with most species that contain an unshared pair of electrons—
for example, a chloride ion, CH;® + CI° - CH;—Cl. We shall see later,
however, that the replacement of the hydrogens of the methyl with other
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groups, such as CH;— or C,;Hs—, can provide suflicient stability to make
carbonium 1ons important reaction intermediates. In fact, they can sometimes
be isolated as stable salts (Section 24-5). Having only three pairs of clectrons
about the central carbon atom, carbonium ions tend toward planarity with
bond angles of 120°. This gives the maximum separation of the three pairs
of electrons.

H 120
T
H” H

methyl cation (a carbonium ion)

The methyl anion. CH,®. does possess an octet of electrons but bears a
negative charge. for which 1t 1s ill suited by virtue of carbon’s low electronega-
tivity. Such carbanions react rapidly with any species that will accept a share
in an electron pair—any proton donor, CH;® 5, CH, . for example. We shall
see later that carbanions can be stabilized and rendered less reactive by having
strongly electron-withdrawing groups. such as nitro (—NO,). attached to
them, and we shall encounter such carbanions as reaction mtermediates in
subsequent chapters. Carbanions have four pairs of electrons about the cen-
tral carbon atom. The mutual repulsion of the electrons gives the 1on a pyra-
midal shape. The methyl anion. for example. 1s 1soelectronic with ammonia

and 1s beliecved to have a similar shape:

The nonbonding electron pairs in each of the above molecules are expected
to repel the bonding pairs more than the bonding pairs repel each other
(see pp. 8-9 and Exercise 1-11). This accounts for the fact that the H—N—H
bond angles in ammonia (Section 1-:2A) are shghtly less than the tetrahedral
value.

Methylene, :CH,, like a carbonium ion, possesses only a sextet of electrons
in its valence shell and tends to react rapidly with electrondonors(Section9-7).

[t is important to be able to deduce the overall charge of a species from its

H
electronic arrangement and vice versa. A carbonium ion, such as H: Q@. IS

H
positively charged because. although the hydrogens are formally neutral. the
carbon atom has a half-share of six valence electrons. It thus has, effectively,

only three electrons in its own outer shell instead of the four electrons that a
H

neutral carbon atom possesses. By contrast, a carbanion such as H:C: € is

H
negatively charged because the carbon has an unshared electron pair in addi-
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Figure 2-7 Bent bonds in ethene.

tion to its half-share of the six bonding electrons, giving it effective possession
of five valence electrons, one more than that of a neutral carbon atom.

2-6 addition reactions cf unsaturated h)"drocarbons

The two simplest unsaturated compounds (those containing a multiple bond)
are ethene (CH,=CH,) and ethyne (HC=CH). The generally lower stability
of multiply bonded compounds arises from the restriction that only one
electron pair can occupy a given orbital. Because the most effective region for
interaction between an electron pair and the two nuclei it links 1s along the
bond axis, we expect to find this to be the region of highest electron density
in a single bond. Bonds that run symmetrically along the bond axis are called
sigma bonds (¢ bonds).

In a molecule such as ethene, though, the two carbon atoms are linked by
two electron pairs and it is quite clear that only one pair can occupy the prime
space along the bond axis. There are two ways of looking at the electronic
arrangement of ethene. The first, and simplest, is to consider the two orbitals
used to link the carbons together as being identical, both being bent, somewhat
like the arrangement taken up by springs in the ball-and-stick model of ethene
(Figure 2-7). This simple view of the bonding of ethene accounts for its mole-
cular geometry (repulsion between the electron pairs produces a planar
molecule) and its chemical reactivity (the electron pairs are not bound as
tightly to the nuclei as in the case of ethane where space along the bond axes
can be used).

The alternative way of looking at the bonding of ethene is to consider the
double bond as being made up of an ordinary single-type bond along the bond
axis. a ¢ bond, and a second bond occupying the regions of space above and
below the plane of the molecule, a © bond (pi bond). (A 7 bond is not cylin-
drically symmetrical along the bond axis.) The shaded regions above and below
the plane of the molecule (see Figure 2-8) represent just one bonding orbital:

Figure 2:8 ¢ and 7 bonding in cthene.
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that which corresponds to the = bond. This model also accounts for the geo-
metry of ethene and for its high chemical reactivity. Despite being less simple
than the bent-bond model, it is extensively used by chemists to describe the
bonding in unsaturated systems. In the case of ethyne, two n bonds and one
o bond can be said to link the two carbons together.

Neither model can be called correct or incorrect. And, indeed, refined theory
suggests that they represent equivalent approximations. Each is usefut accord-
ing to the degree of clarity it gives the user and according to its ability to
predict molecular behavior. The language of chemustry (particutarly the
theory of spectroscopy and bonding) is based to a great extent on the o. =
model, and it must be considered by anyone wishing to explore organic
chemistry in depth. Paradoxically, it is only recently that the simple bent-
bond model has received much attention from theorists.

Both models account for the shortening of the carbon-carbon bond
distance as the number of bonds between the carbons increases—the greater
the forces. the shorter the bond distance. We shall see that the analogy of
springs and bonds also accounts for the vibrational energies of these com-
pounds. A greater amount of energy is required to increase the vibration in
the strong triple bond of ethyne than in the double bond in ethene or the single
bond in ethane.

154 A 1.34 A 1.20 A
H /H H /lH
)

\ / i .
H=C—C—H (3 —C H—C=C—H
/ \ / \
H H H H
cthane cthene cthyne

A. HYDROGENATION OF MULTIPLE BONDS

The reaction of hydrogen with ethyne is highly exothermic:

cap

AH.

= — 42.2 kcal
cale —

— 40 keal (from bond
energies in Table 2-1)

Likewise. the further reduction of ethene to ethane is highly exothermic:

CH,=CH, +H, ——— CH,;,—CH, AM, . = — 32.8 Kcal
= — 30 kcal (from bond
energies in Table 2.1)

However. mixtures of either compound with hydrogen are indefinitely stable
under ordinary conditions. and this again reminds us that reaction rates
cannot be deduced from heats of reaction. Both ethyne and ethene. however,
react rapidly and completely with hydrogen at low temperatures and pressures
in the presence of metals such as nickel. platinum, and palladium. For
maximum catalytic effect. the metal is usually obtained i a finely divided
state. This is achieved for platinum and palladium by reducig the metal
oxides with hydrogen before hydrogenating the alkene or alkyne. A specially
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active form of nickel (“ Raney nickel ) is prepared from a nickel-aluminum
alloy; sodium hydroxide is added to dissolve the aluminum, and the nickel
remains as a black, pyrophoric powder.

2Ni—Al + 20H® + 2 H,0

2Ni + 2Al0,° + 3H,

Highly active platinum, palladium, and nickel catalysts can also be prepared
by reducing metal salts with sodium borohydride.

Besides having synthetic applications, catalytic hydrogenation is useful
for analytical and thermochemical purposes. The analysis of a compound
for the number of double bonds is carried out by measuring the uptake of
hydrogen for a given amount of sample.

The reaction occurs on the surface of the catalyst to which the reacting
substances may be held loosely by van der Waals forces or, more tightly, by
chemical bonds. The relatively loosely held electrons in a double or triple
bond participate in forming carbon-metal bonds to the surface while hydrogen
combines with the surface to give metal-to-hydrogen bonds (see Figure 2-9).
The new bonds are much more reactive than the old ones and allow combina-
tion to occur readily. The hydrogenated compound is then replaced on the
surface by a fresh molecule of unsaturated compound, which has a stronger
attraction for the surface.

This 1s an example of heterogeneous catalysis—a type of reaction which
involves adsorption on a surface of a solid or liquid and is often hard to
describe in precise terms because the chemical nature of a surface is hard to
define in precise terms. Homogeneous catalysis occurs in solution or in the
vapor state. For such reactions, it 1s usually easier to trace the path from
reactants to products in terms of intermediates with discrete structures. The
light-induced chlorination of methane is an example of a homogeneous
reaction.

Ethene will add one mole of hydrogen while ethyne can add either one or

Figure 29 Schematic representation of the hydrogenation of ethene on the
surface of a nickel crystal.
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two. Special catalysts are available which will convert ethyne to ethene much
faster than they convert ethene to ethane.

B. ADDITION OF BROMINE TO MULTIPLE BONDS

When ethene is treated with bromine (or with chlorine). a rapid addition occurs
to give the 1.2-dihaloethane. The name given to the reaction product can be

Brz + CH2=CH2 BICHZ—CHZBI

1.2-dibromoethane

understood as follows. First, it is saturated (no double or triple bonds) and
contains two carbon atoms and thercfore is a derivative of ethane. The posi-
tions of two of the hydrogen atoms of ecthane have been taken by rnwo bromine
atoms: hence 1t is a dibromoethane. The two bromines are located on different
carbon atoms. We call one of the carbon atoms number | and the other num-
ber 2, hence the name 1.2-dibromoethane. This naming system can be used to
name the vast majority of organic compounds. In using it one should remem-
ber these points.

I. Pick out the parent hydrocarbon. Here it is ethane. not ethene. because
we are interested in designating the structure, not the way the compound 1s
formed in any particular reaction.

2. Pick out those groups or atoms that replace any of the hydrogens of the
parent compound and join their names to the front of the name of the parent
hydrocarbon. If there are two such groups. as in the case we are working with,
designate them with the prefix di: three such groups, 7ri; and so on. The name
at this stage should be all one word—for example, dibromoethane.

3. Locate the substituent groups by counting the carbon atoms from the
end of the carbon chain. One can start numbering at either end in the example
above. but this will not be generally true. The numbers designating the carbon
atoms that bear substituents are separated from onc another by commas and
from the rest of the name by a hyphen—for example, 1.2-dibromoethane.

Remember that the number of substituents i1s designated by the prefixes
di. tri, and so on, but that their locations are designated by the numerals that
identify particular carbon atoms.

We shall examine nomenclature further in the next chapter, which deals with
alkanes.

The rapidity of the reaction of ethene with bromine illustrates the high
reactivity of carbon-carbon double bonds. It would be natural to suppose
that this reaction occurs by a simple simultaneous addition of both atoms of
bromine to the double bond:

Br---Br
~ L
/C_ C\

It will be recalled from the discussion of the methane-chlorine reaction, how-
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ever, that four-center reactions are rare, and in fact the addition of bromine to
alkenes is known to occur in a stepwise manner, usually (but not always) to
involve 1onic intermediates, and usually to proceed by addition of the two
bromines from opposite sides of the double bond. The evidence for this course
of reaction is described in detail in Chapter 4 on alkenes. Suffice it to say here
that an examination of the product of the ethene-bromine addition reaction
will not tell us whether addition occurred from the same or the opposite
side of the double bond, since rotation about the C—C bond converts one
product into the other and thus obliterates the distinction between the
two possible products (Equation 2-1). Both products are different confor-
mations of the same compound, 1|.2-dibromoethane.

tg Br Br Br
H 5 H Br Br/
/ H H s —— H-_: H
, "  H-/H “~——— H H :
H=" H T /@2
Br Br H H

Addition of bromine to ethyne also occurs readily to give the compound
1,2-dibromoethene. (Note that the parent compound is now ethene, not
ethyne.) The product of this reaction is a liquid, bp 108°, mp —6.5°. It 1s

Br, + H—-C=C—H —— BrCH=CHBr

1,2-dibromoethene

immiscible with water and easily can be shown to possess no dipole moment.
However, there is another known compound that has the same structure
—that is, possesses two carbon atoms joined by a double bond and has a
bromine and hydrogen atom on each carbon. This second compound is a
liquid, bp 110°, mp —353°. It is also immiscible with water but has a large
dipole moment. The two isomers arise because of a lack of rotation about the
double bond. The molecule with the bromine atoms on the opposite side is
called the trans i1somer, and the other the cis i1somer.

Br H Br Br
\ / \ /
C) — ( (~ ___(\
/ \ / \
H Br H H
trans-1.2-dibromoethene cis-1.2-dibromoethene

These two compounds are said to have different configurations. It is worth
reviewing here the meanings of the terms structure, conformation, and
configuration. Structure designates the atoms that are linked together and the
bonds that do this. Compounds with the same formula, C,H,Br, for example,
but different structures, such as Br,CH—CH; and BrCH,—CH,Br. are
called structural isomers. If the compound contains one or more carbon-
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carbon single bonds. rotation can usually occur freely about these and give
rise to different conformations. If the compound contains double bonds (or a
ring of atoms), rotation 1s prevented and different configurations may then
be possible. Compounds with different configurations are called stereoisomers
—for example, cis- and rrans-1.2-dibromoethene—and they can only be
interconverted by the rupture of chemical bonds. We shall encounter later in
the book (Chapter 14) a more subtle form of stereoisomerism. The form of
stereoisomerism we are discussing here is called either cis-trans isomerism or
geometrical isomerism and. harking back to our ball-and-stick models. 1t is
easy to rationalize why interconversion between geometrical isomers does
not take place readily (Equation 2-2). For rotation to occur. one of the C—C

B\r /H Bf\ B{ Elr
= —_ i N — H = i p &
oo LI~ S (22)
H Br H H H
rrans Ccis

bonds of the double bond must be broken. For this. the necessary energy
input would be roughly equal to the difference m energy between a double
and a single bond—63 kcal/mole (seec Table 2-1). Such an amount of energy
is not available from molecular collision at ordinary temperatures.

It is a simple matter to assign configurations to the two geometrical isomers
of BrCH=CHBr. The one formed by the addition of bromine to ethyne has
no dipole moment and hence must be the trans isomer. The boiling points of
these compounds are nearly the same, but the melting points are vastly

Br H Br Br
NS '\\C=C/>[
/ \ \
H Br H H
(rans i\somer cis isomer
dipoles cancel, u =0 dipoles do not cancel, u = 1.3 D
bp 108°, mp — 6.5° bp 110°, mp — 53°

different. Trans compounds often have somewhat higher melting points than
the corresponding cis isomers, reflecting greater ease of crystal packing of
their somewhat more symmetrical molecules. Dihaloethenes are exceptional
in that the cis isomers tend to be slightly more stable than the trans. This 1s
because the distances between the halogens in these compounds (but not
usually between other substituents) are just right for operation of favorable
van der Waals attractive forces. With most other substituents, particularly
if they are bulky. the frans arrangement is preferred. Where three or four
different groups are attached to the double bond, you must define what you
mean by the terms cis and trans, and the generahzations given here about
melting points and stabilities do not apply.

Will 1,1-dibromoethene (CH,=CBr,), which 1s a structural isomer of the
above compounds, also exist in cis and rrans forms? Clearly not. because
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interchange of the two bromines on one carbon or interchange of the two hyd-
rogens on the other produces the same molecule. The requirement for the
existence of geometrical isomers of an alkene is that the two groups on one
end of the double bond be different from each other and the two groups on the
other end be different from each other.

Geometrical 1somerism does not arise with triply bonded compounds,
because the —C=C— bonds in these molecules are linear.

SUIDH]GI)'

There are four C, and C, hydrocarbons: methane (CH,) and ethane (CH;—
CH,) are alkanes, ethene (CH,=CH,) is an alkene, and ethyne (HC=CH) is
an alkyne. Ethene is a planar molecule, ethyne 1s linear, and ethane nonplanar.
Rotation around the single bond in ethane can be seen to give rise to an in-
finite number of arrangements called conformations, two extreme forms of
which are designated eclipsed and staggered.

All hydrocarbons undergo combustion—complete oxidation to carbon
dioxide and water. Heats of combustion and of other reactions can be cal-
culated from bond energy data.

The hydrogens in alkanes can be replaced by halogen atoms via a substi-
tution process—for instance, CH, + Cl, - CH,Cl + HCI. The position of
equilibrium of this reaction is far to the right, the equilibrium constant K
being determined by the free energy of reaction, AG, which in turn 1s related
to the heat of reaction, the entropy factor, and the absolute temperature:
AG =—RTIn K=AH — T AS. Reactions that are fairly exothermic(—AH >
15 kcal) usually have large K values. The rate of a reaction cannot be re-
lated in a simple way to its overall AH or K. It depends on the reaction path.
For the chlorination of methane, this involves a chain reaction with the follow-
ing steps: Cl, 1s cleaved by light to give Cl- atoms (initiation); a hydrogen
atom 1s abstracted from CH, by CI- to give CH;-. a methyl radical; the
radical, in turn, abstracts a chlorine atom from Cl, .

CH, + CI- —— CH, + HCl
CH, + Cl, —— CH,Cl + CI-

These two steps are the propagation steps in the chain reaction, Cl - being con-
sumed in the first step and regenerated in the second: the chain is terminated
when radicals or atoms combine.

Some important intermediate species that will be encountered in other
reactions, in addition to radicals such as CH; -, are carbonium ions, such as
CH,®: carbanions, such as CH;® : and carbenes, such as :CH,.

The double bonds in alkenes can be considered as two 1dentical bent bonds,
or as one bond along the bond axis (a ¢ bond) and a second bond above and
below the plane of the molecule (a 7 bond).

Unsaturated hydrocarbons undergo addition reactions, as with hydrogen or
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halogens. Addition of bromine 1s often very fast while the addition of hydro-
gen requires the presence of a heterogeneous catalyst such as finely divided
nickel:

3

H.,
*» H,C=CH, — — CH,—CH,

Ni Ni

HC=CH

Br. Br.
HC=CH ——— BrCH=CHBr — —— Br,CH—CHBr.

Compounds such as 1,2-dibromoethene (BrCH=CHBr) can exist as two
geometrical 1somers, designated cis and trans. These two compounds have

Br Br Br H
\ \ /
C=C C=C
/ / \
H H H Br
cis-1.2-dibromoethene trans-1.2-dibromoethene

different physical properties and, because of the restricted rotation about the
double bond. are quite stable to interconversion. The requirements for geo-
metrical isomerism at a double bond are that two different groups be attached
to one carbon atom and two different groups be attached to the other. Cis and
trans isomers (geometrical isomers) have the same structure but different
configurations. (The many arrangements that arise because of rotation about
a single bond, as in ethane, are called conformations.)

exercises

2:1 Show how the two conventions of Figure 2-4 can be used to represent the
possible staggered conformations of the following substances:

a. CH;CH,CI (chloroethane)

b. CH,CICH,CI (1,2-dichloroethane)

c. CH,CH,CH,CH; (butane); consider rotation about the middle two
carbon atoms in this compound.

2:2  Use the bond-energy table to calculate AH for the following reactions in the
vapor phase at 25°:

a. CH;CH:CH;+50,-3C0O,+4 H,0
. CHy+340,-CO+2H,0

c. CO+3H,—- CH,;+ H,O

d CH,+4Cl,- CCl, -4 HCI

e. CHs+1,—- CH,l 4+ HI

2:3  Calculate AH for C(s)— C(g) from the heat of combustion of 1 gram-atom
of solid carbon (94.05 kcal) and the bond energies in Table 2-1.

2-4  Write balanced equations for the complete and incomplete combustion of
ethane to give, respectively, carbon dioxide and carbon monoxide. Use the



2:6

27

2:8

29

(8]

2

10

‘11
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table of bond energies to calculate the heats evolved in the two cases from 10 g
of ethane.

A possible mechanism for the reaction of chlorine with methane would be to
have collisions where a chlorine molecule removes a hydrogen according to
the following scheme:

slow

CH,:H + :(:I:l:(:I:l: —— CH, + H:(:f.l: + Cl

fast ..
2 . CH,:Cl:

CH, + :Cl-

Use appropriate bond energies to assess the likelihood of this reaction mech-
anism. What about the possibility of a similar mechanism with elemental
fluorine and methane?

Write the steps of a chain reaction for the light-catalyzed chlorination of
ethane.

Calculate AH for each of the propagation steps of methane chlorination by
a mechanism of the type

hv
cl, — 2CI initiation
Cl: 4+ CH, — CH,;Cl+ H- ,
H+Cl, —— HCl + CI- propagation
Discuss the relative energetic feasibilities of these chain-propagation steps n
comparison with those of other possible mechanisms.

How many dichloro substitution (not addition) products are possible with
(a) methane, (b) ethane, (c) ethene, (d) ethyne?

Show that the methyl radical, CH;, has no charge. Show that the carbons of
the neutral molecules CH and CH, are electron deficient, that is, they do not
possess an octet of valence electrons.

Which of the following molecules or ions contain a carbon atom that lack
an octet of electrons: CHsCH, -, CH,®, CH,®, CH;CH,;, HC=CH, CH,:?

Consider the feasibility of a free-radical chain mechanism for hydrogenation
of ethene in the vapor state at 25” by the following propagation steps:

CH,;—CH,-+ H, —— CH;—CH; -+ H-
CH:=CH2 'i" H . — 2 CH3—CH2 :

2-12 Name the following compounds:

a. CICH.CCl, d. CIC=CCl
b. CIQ_CHCHCIz e. Brg,C:CBrw
c. BrCH=CH, ~
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In the previous two chapters we have studied in some detail the properties
of the two simplest saturated hydrocarbons, methane and ethane, and have
shown how their simple derivatives are named using the rules of the Inter-
national Union of Pure and Applied Chemistry (IUPAC rules). In this
chapter we shall examine the larger alkanes, including those that are cyclic
(cycloalkanes). Open-chain, or acyclic, alkanes have the general formula
C,H,,. .. whereas cycloalkanes have the formula C,H,,. It is essential that
one be able to name compounds correctly and we will begin our discussion
of alkanes with a survey of nomenclature.

3:] nomenclature

The IUPAC rules for naming alkanes are simple and easy to apply. However,
few people adhere strictly to these rules and it 1s necessary to be familiar with
some other commonly used naming terms; these are often simple and con-
venient when applied to simple compounds but become cumbersome or
ambiguous with more complex compounds. The [UPAC name for a compound
is always acceptable: hence, when asked to supply a name to a compound
whose structure is given, it is best to follow the TUPAC rules. You should
become familiar enough with other common terms, however, so you can
supply the correct structure to a compound whose name IS given 1n non-
TUPAC terminology.

The alkanes are classified as ** continuous chain (i.e., unbranched) if all
the carbon atoms in the chain are linked to no more than two other carbons,
or “branched chain*’ with one or more carbon atoms linked to three or four
other carbons. Branching is only possible with alkanes C, and up.’

e on o
CHJ_CHZ_CHZ_CHZ_CHZ_CHJ CHJ_Cl_Cl_CHJ CH3_$_CH2_CH3
H H CH,

continuous-chain hydrocarbon branched-chain hydrocarbons

The first four continuous-chain hydrocarbons have nonsystematic names:

CH4 CHJ_CHJ CHJ_CH:__C}{3 CHJ_CHZ_CHz_CHJ

methane ethane propane butane

The higher members, beginning with pentane, are named systematically with
a numerical prefix (pent-, hex-, hept-, etc., to denote the number of car-
bon atoms) and with the ending -ane to classify the compound as a saturated
hydrocarbon. Examples are listed in Table 3-1. These names are generic of

! The notation Cs means a compound containing four carbon atoms whereas C-4 means
the fourth carbon atom in a chain.
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Table 3:1 Continuous-chain alkanes (C,H,,. )

no. branched-chain
no. of carbons, » name of isomers
1 methane 0
2 ethane 0
3 propane 0
4 butane 1
5 pentane 2
6 hexane 4
7 heptane 8
8 octane 17
9 nonane 34
10 decane 74
20 eicosane 366,318
30 triacontane 4.11 < 10°

both branched and unbranched hydrocarbons and, to specify a continuous-
chain hydrocarbon, the prefix n- (for normal) is often attached. In the absence
of any qualifying prefix the hydrocarbon is considered to be ““normal™ or
unbranched.

CHJ—CHz—CHz-CHz—-CHJ

pentane
(n-pentane)

The possibility of branched-chain hydrocarbons isomeric with the con-
tinuous-chain hydrocarbons begins with butane (n = 4). The total number of
theoretically possible isomers for each alkane up to n = 10 is given in Table
3-1, and is seen to increase very rapidly with n. All 75 possible alkanes from
n=1ton =9 inclusive have now been synthesized.

There are two structural isomers of C;H,,, one the continuous-chain
compound called butane (or n-butane to emphasize its lack of branching)
and the other called 2-methylpropane (or, in common terminology, isobutane).

CH,

butane 2-methyipropanc
( n-butane) (1sobutane)

The name 2-methylpropane is appropriate because the longest continuous
chain in the molecule is made up of three carbons; it is thus a derivative of
propane. The second carbon (from either end) has one of its hydrogens
replaced by a methyl group, hence the prefix 2-methyl. It should be re-
membered that the shape of this molecule is not as depicted in the formula
shown. The tetrahedral arrangement about the central carbon atom makes
all three methyl groups equivalent (Figure 3-1).
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fied according to whether they are primary, secondary, or tertiary. An alkyl
group 1s described as primary if the carbon at the point of attachment is
bonded to only one other carbon, as secondary if bonded to rwo other carbons,
and tertiary if bonded to three other carbons. The methyl group is a special
case and is regarded as a primary group.

In a few cases, where there is a high degree of symmetry, hydrocarbons are
conveniently named as derivatives of methane or ethane.

H,C_ CH,
H,C ?H fh? $H3

\

fH—?—H Oﬂ—?—?—CHs
H,C CH H,C CH,

VRN
H,C~ 'CH,

trusopropyvlmethane hexamecthylethane

In naming complex compounds, you must pick out the longest consecutive
chain of carbon atoms. The longest chain may not be obvious from the way
in which the structure has been drawn on paper. Thus the hydrocarbon [1]
is a pentane rather than a butane derivative, since the longest chain is one
with five carbons.

P
HJE i CH, |
 CH,—CH—CH-CH,

b e iterscrrrrrrs e 4

(1]
(dotted lines enclose
longest cham of suc-
cessive carbon atoms)

The parent hydrocarbon is numbered starting from the end of the chain,
and the substituent groups are assigned numbers corresponding to their
positions on the chain. The direction of numbering is chosen to give the
lowest sum for the numbers of the side-chain substituents. Thus, hydrocarbon
[1] 1s 2,3-dimethylpentane rather than 3,4-dimethylpentane. Although the
latter name would enable one to write the correct structure for this com-
pound, it would not be found in any dictionary or compendium of organic
compounds.

SCH, anJ
I
i g u g
CH,—CH—CH—CH, nor CH,—CH—CH—CH,
1 2 3 4 3

s

2.3-dimethylpentane 3.4-dimethylpentane
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Where there are two identical substituents at one position, as in [2],
numbers are supplied for each. Remember that the numerals represent posi-
tions and the prefixes di-, tri-, and so on represent the number of substituents.
Note that there should always be as many numerals as there are substituents,
that is, 2,2,3 (three numerals) and trimethyl (three substituents).

H3C|‘ CIH3
CHJ—CI‘—CH—CHJ
CH,

2.2.3-trimethylbutane

(2]

Branched-chain substituent groups are given appropriate names by a simple
extension of the system used for branched-chain hydrocarbons. The longest
chain of the substituent is numbered starting with the carbon attached directly
to the parent hydrocarbon chain. Parentheses are used to separate the number-
ing of the substituent and the main hydrocarbon chain. The IUPAC rules

2 3
H,C CH,—CH,
Nt/ =
CH

|
CHJ_CHz_CHZ—CHZ_Cl’{-CHz—CHZ_CHz—CHZ_CHB
1 2 3 4 5 6 7 -} 9 10

5-(I-methylpropyhdecane
(5-s-butyldecanc)

permit use of the substituent group names in Table 3-2, so that s-butyl can
be used in place of (1-methylpropyl) for this example.

When there are two or more different substituents present, the question
arises as to what order they should be cited in naming the compound. Two
systems are commonly used which cite the alkyl substituents (1) in order of
increasing complexity or (2) in alphabetical order. We shall adhere to the
latter system mainly because it is the practice of Chemical Abstracts.* Examples
are given below.

CH,— CH, CHj,
I I
CH,— CH,—CH,—CH—CH—CH,— CH,
[} 5 4 3 2 1

-

4-¢thyl-3-methylheptane
(1.c.. ethyl is cited before methyl

CH,
|
CH,— ¢ —CH,
CHJ_ (‘}IZ_C}I:_C_ClII_ CHJ—(‘}{Z_C}{Z—C}{Z—CHJ
! 2 3} 4| S 6 7 b 9 10
CH,—CH
CH,

d-r-buty l-4-1sopropy ldecane

2 Biweekly publication of the American Chemical Society: an index to, and a digest of,
recent chemical publications throughout the world.
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Derivatives of alkanes, such as haloalkanes (R—CIl) and nitroalkanes
(R—NO,), where R denotes an alkyl group, are named similarly by the
IUPAC system. Definite orders of precedence are assigned substituents of
different types when two or more are attached to a hydrocarbon chamn. Thus,
alkanes with halogen and alkyl substituents are generally named as halo-
alkylalkanes (not as alkylhaloalkanes): alkanes with halogen and nitro
substituents are named as halonitroalkanes (not as nitrohaloalkanes).

CH,
|
F-chlorobutane J-nitro-2-methylpentane
(n-butyl chloride)
e $}h
"\
/CH—CH:—Br Cl—CH—CH,—CH,—NO,
H,C
[-bromo-2-methylpropanc J-chloro-t-nitrobutance

(rsobutyl bromide)

Note that l-chlorobutane is written as one word whereas the alternate
name n-butyl chloride 1s written as two words. In the former the chloro group
is substituted for one of the hydrogens of butane and the position of sub-
stitution 1s indicated by the numeral. The latter name 1s formed by simply
combining names for the two parts of the compound just as one would do
for NaCl, sodium chloride.

37 ph)'sica/ properties (yfa//\’ancs—conccpt Qf 1701770/05])'

The series of continuous-chain alkanes, CH;(CH,),_,CH; . shows a remark-
ably smooth gradation of physical properties (see Table 3-3 and Figure 3-2).
As you go up the series, each additional CH, group contributes a fairly
constant increment to the boiling point and density and, to a lesser extent,
to the melting point. This makes it possible to estimate the properties of an
unknown member of the series from those of its neighbors. For example, the
boiling points of hexane and heptane are 69° and 987, respectively:; a difference
in structure of one CH, group therefore makes a difference in boiling point
of 29°. This places the boiling point of the next higher member, octane, at
98° + 29°, or 127°, which is close to the actual boiling point of 126°.
Members of a group of compounds with similar chemical structures and
graded physical properties and which differ from one another by the number
of atoms in the structural backbone, such as the n-alkanes, are said to con-
stitute a homologous series. The concept of homology, when used to forecast
the properties of unknown members of the series, works most satisfactorily
for the higher-molecular-weight members. For these members, the mtro-
duction of additional CH, groups makes a smaller relative change in the
overall composition of the molecule. This is better seen from Figure 3-2,
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200 0.75
|
100 =~
boiling density
point
|
°c 0 065 d2°
melting point
o T
— 100
| -
= 0.
00— 75 3 4 5 6 7 8 9 10 1 12

n

Figure 3-2 Dependence onn of melting points, and densities (d;°) of straight-
chain alkanes, CH,;(CH,),_,CHj;.

which shows how the boiling points and melting points of the homologous
series of normal alkanes change with the number of carbons, n. See also
Figure 3-3.

Branched-chain alkanes do not exhibit the same smooth gradation of
physical properties as the n-alkanes. Usually, there 1s too great a variation in

Figure 3-3 Dependence of AT (difference in boiling and melting points
between consecutive members of the series of normal alkanes) on (number
of carbon atoms).
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properties of the five hexane isomers; the most striking feature is the 19°
difference between the boiling points of hexane and neohexane.

3-3 alkanes and their chemical reactions

As a class, alkanes are singularly unreactive. The name saturated hydrocarbon
(or “paraffin,”” which literally means * little affinity™ [L. par(um), little,
+ affins, affinity])arises because their chemical affinity for most common
reagents may be regarded as saturated or satisfied. Thus none of the C—H
or C—C bonds in a typical saturated hydrocarbon such as ethane are attacked
at ordinary temperatures by a strong acid such as sulfuric, or by powerful
oxidizing agents such as potassium permanganate, or by vigorous reducing
agents such as lithium aluminum hydride (LIAIH,).

We have seen that methane and other hydrocarbons are attacked by oxygen
at elevated temperatures and, if oxygen is in excess, complete combustion
occurs to give carbon dioxide and water with the evolution of large amounts
of heat. Vast quantities of hydrocarbons from petroleum are utilized as fuels
for the production of heat and power, as will be described in the next section.

A. PETROLEUM AND COMBUSTION OF ALKANES

The liquid mixture of hydrocarbons delivered by oil wells 1s called petroleum.
Its composition varies according to the location of the field but the major
components are invariably alkanes. Natural gas is found in association with
petroleum and also alone as trapped pockets of underground gas. Natural
gas is chiefly methane, while crude petroleum is an astonishing mixture of
hydrocarbons up to Cs, in size. This dark, viscous oil is present in interstices
in porous rock and is usually under great pressure.

Petroleum is believed to arise from the decomposition of the remains of
marine organisms over the ages and new fields are continually sought to satisfty
the enormous world demand. The effect of advanced technology on our
environment is shown by the fact that combustion of fossil fuels, chiefly
petroleum, has increased the carbon dioxide content of the atmosphere by
109 in the past century and an increase of 259 has been predicted by the
year 2000. These increases would be even more marked were it not for the
fact that the rate of photosynthesis by plants becomes more eflicient at
utilizing carbon dioxide as the concentration increases.

In addition to serving as a source of power—and being the only natural
sources of suitable fuel for the internal combustion engine—petroleum and
natural gas are extremely useful as starting materials for the synthesis of
other organic compounds. These are often called petrochemicals to indicate
their source but they are, of course, identical with compounds prepared in
other ways or found in nature.

Petroleum refining involves separation into fractions by distillation. Each
of these fractions with the exception of the first, which contains only a few
components, is still a complex mixture of hydrocarbons. The main petroleum
fractions are given below in order of decreasing volatility.
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. Natural Gas. Natural gas varies considerably in composition depending
on the source but methane is always the major component. mixed with smaller
amounts of ethane. propane. butane, and 2-methylpropane (isobutane). These
are the only alkanes with boiling pomts below 0 C. Methane and ethane
cannot be liquefied by pressure at room temperature (their critical tempera-
tures are too low) but propane. butane, and isobutane can. Liquid propane
(contaming some of the C, compounds) can be easily stored in cvlinders and
Is a convenient source of gaseous fucl. 1t is possible to separate natural gas
into its pure components for sale as pure chemicals although the mixture is.
of course, perfectly adequate as a fuel.

2. Gasoline. Gasoline 1s a complex liquid mixture of hydrocarbons
composed mainly of Cs to C;, compounds. Accordingly, the boiling range of
gasoline 1s usually very wide, from approximately 40" to 180", Because of the
large number of isomers possible with alkanes of this size, it 1s much more
difficult to separate gasoline into its pure components by fractional distillation
than is the case with natural gas. Using a technique known as gas chromatog-
raphy (Section 7-1), this separation can be done on an analytical scale. It has
been shown that well over 100 compounds are present in appreciable amounts
in ordinary gasoline. These include, besides the open-chain alkanes. cyclic
alkanes (cycloalkanes, Section 3-4) and alkylbenzenes (arenes. Section 20-1).

The efficiency of gasoline as a fuel in modern high-compression internal
combustion engines varies greatly with composition. Gasolines containing
large amounts of branched-chain alkanes such as 2.2.4-trimethylpentane
have high octane ratings and are in great demand, while those containing
large amounts of continuous-chain alkanes such as octane or heptane have
low octane ratings and perform poorly in a modern high-compression auto-
mobile engine. The much greater efficiency of branched-chain alkanes is not
the result of greater heat of combustion but of the smoothness with which
they burn. The heats of combustion of octane and 2.2.4-trimethylpentane
can be calculated from the data in Table 2-1 and. since each contains the
same number of carbon-carbon bonds (seven) and carbon-hydrogen bonds
(18), we would expect their heats of combustion to be identical. The calculated
value 1s — 1218 kcal/mole, and the experimental values are close to this.

o
CH,CH,CH,CH,CH,CH,CH,CH, + = 0, ——— 8CO, + 9H,0 AH= —12228 kcal
g
Iy
CH,—C—CH,— CH—CH, + 20, —— $CO, + 9H,0 AH = —1220.6 keal

The combustion of vaporized branched-chaim alkanes is slower and less
explosive than that of continuous-chain compounds. In an automobile
engine, too rapid combustion leads to dissipation of the combustion energy
as heat to the engine block, rather than as movement of the piston. You can
clearly hear the " knock ™ in an engine that is undergoing too rapid com-
bustion of the fuel vapor in the cylinders. The problem is aggravated in high-
compression engines. These will often continue to run (though efliciently)
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on low-octane gasoline even when the ignition switch has been turned off,
the heat of compression in the cylinder being sufficient to ignite the fuel
mixture.

Combustion of hydrocarbons occurs by a complex chain reaction (Section
2-5B). It is possible to slow the propagation of the chain by adding volatile
compounds such as tetracthyllead, (CH;CH,),Pb, to gasoline. The fine
particles of solid lead oxide formed by oxidation of tetraethyllead moderate
the chain-carrying reactions and reduce the tendency for knock to occur.?
The octane rating of a gasoline is measured by comparing its knock with that
of blends of 2,2.4-trimethylpentane whose octane rating is set at 100, and
heptane whose octane rating is set at zero. Octane itself has a rating of —20.
The higher the octane rating, the smoother the ignition and, with high-com-
pression engines, the more efficient the gasoline. With low-compression engines
the effect is negligible and it is wasteful or worse (see footnote) to use gasoline
of higher rating than is needed to eliminate knocking.

The steadily increasing use of hydrocarbons in internal combustion engines
has led to increasingly serious pollution problems. Some of these are associated
with waste products from the refining operations used to produce suitable
fuels from crude petroleum, others with spillage of petroleum in transit to the
refineties, but possibly the worst is atmospheric pollution from carbon mon-
oxide and of the type known as ““smog.” The chemical processes in the
production of smog are complex but appear to involve hydrocarbons (espe-
cially branched-chain hydrocarbons), sunlight, and oxides of nitrogen. The
products of the reactions are ozone, which produces rubber cracking and
plant damage, particulate matter, which produces haze, oxides of nitrogen,
which color the atmosphere, and virulent eye irritants (one being acetyl

O

|
pernitrite, CH;—C—0—0—N=0). The hydrocarbons in the atmosphere
which produce smog come principally from incomplete combustion in
gasoline engines, although sizable amounts arise from evaporation and spill-
age. Whether smog can be eliminated without eliminating the internal com-
bustion engine is not yet known, but the prognosis is rather unfavorable.

Pollution of the atmosphere from carbon monoxide is already so severe in
heavy downtown traffic in large cities as to pose immediate health problems.
The main reason for high concentrations of carbon monoxide in automobile
exhaust is that the modern gasoline engine runs most efliciently on a slight
deficiency in the ratio of oxygen to hydrocarbon which would produce
complete combustion. A current solution to this problem is to introduce air
and complete the combustion process in the exhaust manifold.

3 Accumulation of lead oxide in a motor would rapidly damage the cylinder walls and
valves. Tetracthyllead is normally used in conjunction with 1,2-dibromoethane in gasoline
and this combination forms volatile tead bromide which is swept out with the exhaust
gases. An unfortunate consequence of this means of improving octane rating is the addition
of toxic lead compounds to the atmosphere. Isomerizing normal alkanes or cracking
kerosene to produce branched-chain compounds would seem to be better solutions to the
problem. The manufacture of cngines capable of running on nonleaded gasoline 1s also
being considered.
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3. Kerosene. Kerosene consists chiefly of C,, and C,, hydrocarbons,
compounds that do not vaporize well in automobile engines. It now finds
considerable use as fuel for jet engines. It 1s also used m small heating units
and can, if necessary, be converted to gasoline by a process knownas cracking.
This involves catalytic decomposition to smaller molecules, one of whichis an
alkene:

heat

Ci1H2s CoH;o + CH,=CH,

—_—
catalyst

4. Diesel Oil. The petroleum fraction which boils between about 2507 and
400° (C,5 to C,5) is known as diesel oil or fuel oil. Large amounts are used
oil-burning furnaces, some is cracked to gasoline. and much is used as fucl
for diesel engines. These engines operate with a very high compression ratio
and no spark system, so that they depend on compression to supply the
heat for ignition of the fine spray of liquid fuel that is injected into the
cylinder near the top of the compression stroke. Branched-chain compounds
turn out to be too unreactive to ignite and for this reason diesel and auto-
mobile engines have quite different fuel requirements.

5. Lubricating Oils and Waxes. The high-molecular-weight hydrocarbons
(C,, to C,g) in petroleum have very high boiling points and can only be
obtained in a reasonably pure state by distlfation at reduced pressure.
Thermal decomposition (pyrolysis) occurs 1if distillation is attempted at
atmospheric pressure because the thermal energy acquired by collision of
these compounds at their boiling points (400°) is sufficient to rupture carbon-
carbon bonds. Almost all alkanes higher than C,, are solids at room temper-
ature, and vou might be wondering why lubricating oil is hquid. This 1s
because it is a complex mixture whose melting point is much below that of its
pure components. Indeed, as the temperature is lowered. its viscosity simply
increases although this undesirable property can often be corrected by special
additives such as chlormated hydrocarbons.

Paraffin wax used in candles is a mixture of very high-molecular-weight
hydrocarbons similar enough in structure to pack together to give a SeMi-
crystalline solid. Vaseline is a mixture of paraflin wax and low-melting ols.

6. Residue. After removal of all volatile components from petroleum. a
black. tarry material remains which is a mixture of minerals and complex
high-molecular-weight organic compounds: it 1s known as asphalt.

B. SUBSTITUTION OF HALO AND NITRO GROUPS IN ALKANES

The chlorination of methane was discussed n considerable detail in the
previous chapter. This reaction actually occurs with all alkanes and can also

be performed satisfactorily with bromine (but not with fluorine or odine).
I I

For the general reaction —C—H + X, - —C—=X + H—X, where X =F,
I I

Cl, Br, or I, the calculated AH value is negative and very large for fluorine,



chap 3 alkanes 60

Table 3.5 Calculated heats of reaction for halogenation of hydrocarbons

I |
—C—H+X, —— —C—X+HX
| I

X AH, kcal/mole
F — 115
Cl —27
Br —10
I 12

negative and moderate for chlorine and bromine, and positive for 10dine (see
Table 3-5). With fluorine, the reaction evolves so much heat that it is difficult
to control, and products from cleavage of carbon-carbon as well as of carbon-
hydrogen bonds are obtained. Indirect methods for preparation of fluorine-
substituted hydrocarbons will be discussed later. Bromine is generally much
less reactive toward hydrocarbons than chlorine, both at high temperatures
and with activation by light. Nonetheless, it is usually possible to brominate
saturated hydrocarbons successfully. lodine 1s unreactive.

As we have seen, the chlorination of methane does not have to stop with the
formation of chloromethane, and it is possible to obtain the higher chlorin-
ation products: dichloromethane (methylene chloride), trichloromethane
(chloroform), and tetrachloromethane (carbon tetrachloride). In practice,
all the substitution products are formed to some extent, depending on the

CH; —— (CH,(Il ———— CH,ClI, == IGLEIR == CcCl,
chloro- dichloro- trichloro- tetrachloro-
methane methane methane methane

chlorine-to-methane ratio employed. If monochlorination is desired, a large
excess of hydrocarbon is advantageous.

For propane and higher hydrocarbons, where more than one monosub-
stitution product is generally possible, difficult separation problems may arise
when a particular product is desired. For example, the chlorination of
2-methylbutane at 300° gives all four possible monosubstitution products,
[3], [4], [5], and [6]. On a purely statistical basis, we might expect the ratio of
products to correlate with the number of available hydrogens at the various
positions of substitution; that is, [3], [4], [5], and [6] would be formed in the
ratio 6 : 3: 2 : 1. However, in practice, the product composition is substanti-
ally different, because the different kinds of hydrogens are not attacked at
equal rates. Actually, the approximate ratios of the rates of attack of chlorine
atoms on hydrogens located at primary, secondary, and tertiary positions are
1.0:3.3:4.4 at 300°. These results indicate that dissociation energies of
C—H bonds are not exactly the same but decrease in the order primary >
secondary > tertiary.
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CH, CH, CH,
CH,—?—CHz—CH3 W CICH2—$—CH2—CH3 i CH3—$—CH2—CH2CI
H H H
1-chloro-2-methytbutane I-chtoro-3-methyibutane
[3] [4]
CH, Cl‘.H3
|
H Cl

3-chloro-2-methylbutane  2-chloro-2-methytbutane

[3] (6]

Bromine atoms are far more selective than chlorine atoms, and bromine
attacks only tertiary hydrogens, and these not very efficiently. Thus, photo-
chemical (light-induced) monobromination of 2-methylbutane proceeds
slowly and gives quite pure 2-bromo-2-methylbutane. Bromine atoms might

be expected to be more selective than chlorine atoms, because bond energies
| . |

indicate that the process —C—H + :Br- > —C- + HBr 1is distinctly en-
| 5 |

dothermic while the corresponding reaction with a chlorine atom is exothermic.

In such circumstances it is not surprising to find that bromine only removes
those hydrogens which are less strongly bonded to a carbon chain.

Another reaction of commercial importance is the nitration of alkanes to
give nitroalkanes. Reaction is usually carried out in the vapor phase at
elevated temperatures using nitric acid or nitrogen tetroxide as the nitrating
agent. All available evidence points to a radical-type mechanism for nitration

~425°
RH + HNO, ——— RNO, + H,0

but many aspects of the reaction are not fully understood. Mixtures are
obtained—nitration of propane gives not only 1- and 2-nitropropanes but
nitroethane and nitromethane.

CH,CH,CH,NO, CH,ClHCH3
NO,
CH,CH,CH, + HNO, — { [I-nitropropane (25 %) 2-nitropropanc (407,)
CH,CH,NO, CH;NO,
U nitroethane (10%,) nitromethane (25%,)

In commercial practice, the yield and product distribution in nitration of
alkanes are controlled as far as possible by the judicious addition of catalysts
(e.g., oxygen and halogens) which are claimed to raise the concentration of
alkyl radicals. The product mixtures are separated by fractional distillation.
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34 C)fcloalkanes

An important and interesting group of hydrocarbons, known as cycloalkanes,
contain rings of carbon atoms linked together by single bonds. The simple
unsubstituted cycloalkanes of the formula (CH,), make up a particularly
important homologous series in which the chemical properties change in a
much more striking way than do the properties of the open-chain hydro-
carbons, CH;(CH,),_,CHj. The reasons for this will be developed with the
aid of two concepts, steric hindrance and angle strain, each of which is simple
and easy to understand, being essentially mechanical in nature.

The conformations of the cycloalkanes, particularly cyclohexane, will be
discussed in some detail, because of their importance to the chemistry of many
kinds of naturally occurring organic compounds.

Cyclohexane is a typical cycloalkane and has six methylene (CH,) groups
joined together to form a six-membered ring. Cycloalkanes with one ring
have the general formula C,H,, and are named by adding the prefix cyclo to

gz
“CH,

H,C~ |
CH,

|
HZC\c/

H,

cvclohexane

the name of the corresponding n-alkane having the same number of carbon
atoms as in the ring. Substituents are assigned numbers consistent with their
positions in such a way as to keep the sum of the numbers to a minimum.

| C|H3
CH
H:G GHa Hzc/CH\CH2
HZC\CH/CH, HZ\C—C/H
CIHJ \CZH*
I 4-dimethyleyclohexane I-ethyl-3-methylcyclopentane
(not 3.6-dimethvlcyvelohexane) (not I-methyl-4-ethyleyclopentane)

The substituent groups derived from cycloalkanes by removing one hydro-
gen are named by replacing the ending -ane of the hydrocarbon with -yl to
give cycloalkyl. Thus cyclohexane becomes cyclohexyl; cyclopentane,
cyclopentyl; and so on.

HzC/C\HZ
. é /CHCI
¥ T CH,

cyvclopenty] chlonde
(or chlorocyclopentance)
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Figure 34 Two conformations of cyclohexane with 109.5° bond angles
(hydrogens omitted).

valence angle of carbon, 109.5°. Thus, a cyclohexane molecule with a planar
structure could be said to have an angle strain of 10.5° at each of the carbon
atoms. Puckering of the ring, however, allows the molecule to adopt confor-
mations that are free of angle strain.

Inspection of molecular models reveals that there are actually two extreme
conformations of the cyclohexane molecule that may be constructed if the

Figure 3-5 Boat form of cyclohexane showing interfering and eclipsed
hydrogens. Top, scale model; center, ball-and-stick models; bottom, sawhorse
representations.

side view end view
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(X3

carbon valence angles are held at 109.5°. These are known as the *‘chair”
and ‘‘boat’ conformations (Figure 3-4). These two forms are so rapidly
interconverted at ordinary temperatures that they cannot be separated. It is
known, however, that the chair conformation is considerably more stable
and comprises more than 99 9 of the equilibrium mixture at room tempera-
ture.

The higher energy of the boat form is not due to angle strain because all
the carbon atoms in both forms have their bond angles near the tetrahedral
angle of 109.5°. It is caused, instead, by relatively unfavorable interactions
between the hydrogen atoms around the ring. If we make all the bond angles
normal and orient the carbons in the ring to give the extreme boat con-
formation shown in Figure 3-5, we see that a pair of 1.4 hydrogens (the
so-called flagpole hydrogens) have to be so close together (1.83 A) that they
repel one another. This is an example of steric hindrance.

There is still another factor which makes the extreme boat formunfavorable;
namely, that the eight hydrogens around the **sides’ of the boat are eclipsed,
which brings them substantially closer together than they would be in a stag-
gered arrangement (about 2.27 A compared with 2.50 A). This is in striking
contrast with the chair form (Figure 3-6) for which adjacent hydrogens are
seen to be in staggered positions with respect to one another all the way
around the ring. The chair form is therefore expected to be the more stable of
the two. Even so, its equilibrium with the boat form produces inversion about
10° times per second at room temperature. If you make a molecular modet of

less stable

cyclohexane you will find that the chair form has a considerable rigidity and the
carbon-carbon bonds have to be slightly bent in going to the boat form. You
will find that the boat form is extremely flexible and even if the bond angles
are held exactly at 109.5°, simultaneous rotation around all the carbon-
carbon bonds at once permits the ring to twist one way or the other to reduce
the repulsions between the flagpole hydrogens and between the eight hydro-
gens around the sides of the ring. These arrangements are called twist-boat
(sometimes skew-boat) conformations (Figure 3-7) and are believed to be only
about 5 kcal less stable than the chair form.

It will be seen that there are two distinct kinds of hydrogens in the chair
form of cyclohexane. Six are almost contained by the ““average™ plane of the
ring (called equatorial hydrogens) and three are above and three below this
average plane (called axial hydrogens). This raises an interesting question in
connection with substituted cyclohexanes: For example, is the methyl group
in methylcyclohexane equatorial or axial?

fast
. mc*{a

(axial) (equatorial)

CH,

a
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Figure 36 Chair form of cyclohexane showing equatorial and axial hydro-
gens. Top left, scale model; bottom, ball-and-stick model; top right, sawhorse
representations. Note that all the axial positions are equivalent and all the
equatorial positions are equivalent.

There is considerable evidence which shows that the equatorial form of
methylcyclohexane predominates in the equilibrium mixture (K~15), and
the same is generally true of all monosubstituted cyclohexane derivatives.
The reason can be seen from scale models which show that a substituent
group has more room in an equatorial conformation than in an axial con-
formation (see Figure 3-8). The bigger the substituent, the greater the tendency
for it to occupy an equatorial position.

The forms with axial and equatorial methyl are interconverted about 10°

Figurc 3.7 Drawings of the twist-boat conformations of cyclohcxane.
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equatorial antal

Figurc 3-8 Scale models of cquatorial and axial forms of the chair form of
bromocyclohcxanc.

times/second at room temperature. The rate decreases as the temperature is
lowered. If one cools the normal mixture of chlorocyclohexane conform-
ations dissolved in a suitable solvent to very low temperatures (—150°), the
pure equatorial conformation crystallizes out. This conformation can then be
dissolved in solvents at —150° and, when warmed to —60°, is converted to the
equitibrium mixture i a few tenths of a second. However, the calculated
half-time of the conversion of the equatorial to the axial form is 22 years at
—160°.

C. OTHER CYCLOALKANE RINGS

The three cycloalkanes with smaller rings than cyclohexane are cyclopentane,
cyclobutane, and cyclopropane, each with bond angles less than the tetrahedral
value of 109.5°. If you consider a carbon-carbon double bond as a two-
membered ring, then ethene, C,H,, 1s the simplest cycloalkane (**cyclo-
ethane’’) and, as such, has carbon bond angles of 0° and. thercfore, a very
large degree of angle strain.

H,
AN
H,C CH, H,C—CH, CH,
HzC_CHz HzC_—CH: HzC_CHz
cvelopentane cyelobutane cyclopropane cthene
bond angle it planar: 108 90" 60 0
angle stram 1.5 19.35 49.5 109.5

(109.5 bond angle):

Table 3-7 shows how strain decreases stability and causes the heat of com-
bustion per methylene group (or per gram) to rise.

The idea that cyclopropane and cyclobutane should be strained because
their C—C—C bond angles cannot have the normal tetrahedral value of
109.5° was advanced by Baeyer in 1885. It was also suggested that the diffi-
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Table 3-7 Strain and heats of combustion of Cycloalkanes

angle strain heat of

at each CH, heat of combustion total
cycloalkane, for planar combustion,® per CH,, AH/n, strain,’
(CH,), n molecules,deg AH, kcal/mole kcal kcal/mole
ethene 2 109.5 337.23 168.6 22.4
cyclopropane 3 49.5 499.83 166.6 27.6
cyclobutane 4 19.5 655.86 164.0 26.4
cyclopentane 5 1.5 793.52 158.7 6.5
cyclohexane 6 (10.5)¢ 944.48 157.4 0.0
cycloheptane 7 (19.0)¢ 1108.2 158.3 6.3
cyclooctane 8 (25.5)¢ 1269.2 158.6 9.6
cyclononane 9 (30.5)¢ 1429.5 158.8 11.2
cyclodecane 10 (34.5)° 1586.0 158.6 12.0
cyclopentadecane 15 (46.5)° 2362.5 157.5 1.5
open-chain, n-alkane < 157.4

@ For gaseous hydrocarbons to give liquid waterat25°, datafromS. KaarsemakerandJ. Coops,
Rec. Trav. Chim. 71, 261 (1952), and J. Coops, H. Van Kamp, W. A. Lambgrets, B. J. Visser, and
H. Dekker, Rec. Trav. Chim. 79,1226 (1960).

b Calculated by subtracting (n ¥ 157.4) from the observed heat of combustion.

¢ Angle strain calculated for planar ring as per the Baeyer theory. The strain that is present in
the C7 to C1o compounds is not the result of angle strain (the molecules are puckered) but of
eclipsing or interfering of hydrogen atoms.

culties encountered up to that time in synthesizing cycloalkane rings from C,
upward was the direct result of the angle strain which would be expected if
the large rings were regular planar polygons (see again Table 3-7).

We now know that the Baeyer strain theory cannot be applied to large
rings because cyclohexane and the higher cycloalkanes have puckered rings
with normal or nearly normal bond angles. Much of the difficulty in synthe-
sizing large rings from open-chain compounds is due to the low probability
of having reactive groups on the two fairly remote ends of a long hydrocarbon
chain come together to effect cyclization. Usually, coupling of reactive groups
on the ends of different molecules occurs in preference to cyclization, unless
the reactions are carried out in very dilute solutions.

For cyclopentane, a planar structure would give bond angles of 1087,
very close to the natural bond angle of 109.5°. Actually, the angle strain is
believed to be somewhat greater than 1.5° in this molecule; the eclipsing of all
of the hydrogens causes the molecule to distort substantially even though this
increases the angle strain. Cyclobutane is also not completely flat for the
same reason. (It should be remembered thit molecules such as these are in
vibrational motion at all times and the shapes that have been described refer
to the mean atomic positions averaged over a period of time corresponding to
several vibrations.)

D. CHEMICAL PROPERTIES OF CYCLOALKANES

We have already observed how strain in the small-ring cycloalkanes affects
their heats of combustion. We can reasonably expect other chemical properties
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also to be affected by ring strain, and indeed cyclopropane and cyclobutane
are considerably more reactive than saturated. open-chain hydrocarbons. In
fact, they undergo some of the reactions which are typical of compounds with
carbon-carbon double bonds, their reactivity depending on the degree of angle
strain and the vigor of the recagent.

The result of these reactions is always opening of the ring by cleavage of a
C—C bond to give an open-chain compound having normal bond angles.
Relief of angle strain may therefore be considered to be an important part
of the driving force of these reactions. A summary of a number of ring-
opening reactions is given in Table 3-8. Ethene is highly reactive, while cyclo-
propane and cyclobutane are less so (in that order). The C—C bonds of the
larger, relatively strain-free cycloalkanes are inert, so that these substances
resemble the n-alkanes n their chemical behavior. Substitution reactions of
these cycloalkanes are generally less complex than those of the corresponding
alkanes because there are fewer possible isomeric substitution products.
Thus, cyclohexane can give only one monochlorination product while
n-hexane can give three.

E. Cis-Trans 1ISOMERISM OF SUBSTITUTED CYCLOALKANES

The form of stereoisomerism (isomerism caused by different spatial arrange-
ments) called geometrical isomerism or cis-trans isomerism was discussed in
the preceding chapter. This type of isomerism arises when rotation is prevented
by, for example, the presence of a double bond. A ring prevents rotation
equally well and we find that cis and frans isomers can also exist with ap-
propriately substituted cycloalkanes. Thus, when a cvcloalkane is disub-

CH
/N
CH,CH—CHCH,

[.2-dimethylevclopropane

to

4

stituted at different ring positions, as in 1,2-dimethylcyclopropane, two
isomeric structures are possible according to whether the substituents are
both situated above (or both below) the plane of the ring (cis isomer), or one
above and one below (#rans 1somer), as shown in Figure 3-9.

The cis and trans isomers of 1.2-dimethylcyclopropane cannot be inter-
converted without breaking one or more bonds. One way of doing this is to
break open the ring and then close it again with a substituent on the opposite
side from where 1t started. Alternatively, the bond to the substituent (or the
hydrogen) can be broken and reformed on the opposite side of the ring.
Examples of both processes will be discussed in later chapters.

Cis and trans 1somers of cyclohexane derivatives have the additional
possibility of different conformational forms. For example, 4-r-butylcyclo-
hexyl chloride can theoretically exist in four stereoisomeric chair forms,
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Figure 3-9 Ball-and-stick models of cis and rrans isomers of 1,2-dimethyl-
cyclopropane.

[7], [8], [9], and [10].

g
Lo, H H,C—C—CH,
3 \CW\(,Q — H H
/
FING = o Cl
[7] rrans [8]
=
CHJ (lCl " ’
”JC\CWH - r
/
HC H
(9] cis (10]

Structures [7] and [8] have the substituents rrans to one another, but in
[7] they are both equatorial while in [§] they are both axial. Structures [9]
and [10] have the cis relationship between the groups. but the s-butyl and
chlorine are equatorial-axial in [9] and axial-equatorial in [10]. -Butyl groups
are very large and bulky and much more steric hindrance results when a
t-butyl group is in an axial position than when chlorine is in an axial position
(Figure 3-10). Hence the equilibrium between the two conformational forms
of the rrans isomer strongly favors structure [7] over structure [8] because
both 7-butyl and chlorine are equatorial. For the cis isomer, structure [9] is
favored over [10] to accommodate the 7-butyl group in the equatorial position.

When there arc two substituents in the cis-1,4 arrangement on a cyclo-
hexane ring, neither of which will go casily into an axial position, then it
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Figure 3-10 1,3 Interactions in a cyclohexane ring
with an axial r-butyl group.

appears that the twist-boat conformation (Section 3-4B) is most favorable
(Figure 3-11).

summd l)"

Alkanes are hydrocarbons possessing only single bonds. The open-chain
alkanes have the formula C,H,,. ,. The ITUPAC names for alkanes are based
on the longest continuous carbon chain with substituents being indicated by
their position along the chain. The alkane names from C, to C,, are methane,
ethane, propane, butane, pentane, hexane, heptane, octane, nonane, and
decane. Structural isomerism appears at C,, there being two compounds of
formula C,H,,— the continuous-chain compound CH;CH,CH,CH;, (butane)

CH
and the branched-chain compound I g (2-methylpropane or
CH3_CH_CH3

isobutane). The larger the number of carbon atoms in a continuous-chain
alkane, the larger the number of branched-chain isomers of it that will exist.

Alkyl groups are obtained by removing a hydrogen atom from an alkane,
and structural isomerism appears here at the C; level. The group CH;—
CH,—CH,— is called the n-propyl group and CH;—CH—CH; the 1sopropyl
group. |

The physical properties of the alkanes show a smooth gradation. At room
temperature the C, to C, compounds are gases, the Cs to C;3 continuous-
chain (normal) alkanes are liquids, and higher-molecular-weight compounds
are solids. The normal alkanes which are liquids often have branched-chain
isomers which are solids. All alkanes are less dense than water and all are
immiscible with water.

Petroleum is a complex mixture of hydrocarbons which can be separated
into fractions, according to volatility: natural gas, gasoline, kerosene, diesel

Figure 3-11 Twist-boat conformation of cis-1,4-di-r-butylcyclohexane.

C(CH
e (CH,),
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oil, lubricating oils and waxes, and residual material (asphalt). The heats of
combustion of the alkanes with the same molecular weights in the gasoline
fraction are all very close but their efliciencies in producing power in high-
compression internal combustion engines vary widely with structure. The
normal alkanes, which knock in the cylinder, have low octane ratings: the
branched alkanes, which burn less rapidly. have high octane ratings.

In addition to combustion, alkanes undergo substitution reactions with
halogens or nitric acid. These three reactions are illustrated using propane
as the alkane:

0.
—=— 3CO, + 4H,0

Cl.
CH,CH,CH, *—+ CH,CHCICH, + CH,CH,CH,ClI (+ HCl)

TTIO,

-

CH,CHCH, + CH,CH,CH.NO, (+ H,0)

HNO,

With higher alkanes, more complex mixtures of substitution products result,
although the major products are usually those in which a tertiary hydrogen has
been replaced.

The cycloalkanes have similar physical and chemical properties to those of
the open-chain alkanes except that the small-ring compounds such as cyclo-

CH,

propane, C/ \CkH are more reactive because of bond-angle strain.

Cyclohexane exists m two principal conformations that are rapidly inter-
converted, the more stable and rather rigid chair form and the less stable
and flexible twist-boat form. The twelve carbon-hydrogen bonds in the chair

= T

charr form twist-boat form
of cyclohexane of cyclohexane

form are of two types, six axial bonds parallel to the vertical axis of the ring
and six equatorial bonds pointing out from the equator of the ring. Of the
two kinds of positions, the equatorial provides more room for bulky substi-
tuent groups and, therefore, a substituent group witl normally prefer to take
an equatorial position. Some of the principal conformational forms of
methylcyclohexane are shown here (all are in rapid equilibrium, with the form
on the far right being the most stable).

H
CH,

CH
3 M L/ cH,s

a twist-boat form charr form chair form
methyl group axial methyl group equatorial
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Fill in the appropriate prefix in the names given below and draw the structural
formula in each case.

a. 2,3-___ methylpentane
b. 1,1,1-______ chloroethane
c. 1,2,3,456-_____ 1odohexane

Write structures for all seventeen possible monochlorohexanes and name them
by the IUPAC system.

Use the data of Tables 3-3 and 34 to estimate the boiling points of tetra-
decane, heptadecane, 2-methylhexane, and 2,2-dimethylpentane.

Is ““neoheptanc ™ an unambiguous name? Explam.

Write structural formulas for each of the following and name each by the
[UPAC system:

a. t-butvl-isobutyl-s-butyl-n-butyvimethane

b. 1sononane

c. the monochloropentane isomers: also name each as best as vou can as
an alkyl chloride.

Calculate AH for the following reactions in the vapor state at 25°;

a. 2CH,+7Cl, —— CCl;—CCl; +~ 8 HCl
b. CH,CH,+ 0. —— 2CO,+3H.0
c. CH,CH,+H, —— 2CH,

d. CH;CH; +Br. —— 2 CH;Br

e. CH.+2Cl, —— (C(g)+4HQ

a. Would the calculated AH 1 Exercise 3-10¢ be greater or less if C (solid)
were the reaction product ? Explain.

b. What are the implications of the heats of reaction determined in Exercise
3-10c and d to the “*saturated ™ character of ethane?

The C—F bond energy in Table 2:1 was computed from recent thermo-
chemical studies of the vapor-phase reaction,

CH,+4F, —— CF,+4+4HF AH = 460 kcal

Show how the AH value for this reaction may be used to calculate the energy
of the C—F bond if all the other required bond energies are known.

Investigate the energetics (AH) of possible chain mechanisms for the light-
induced monobromination of methane and make a comparison with those
for chlorination. What are the prospects for iodination of methane ?

The heat of combustion of cyvclopropane (CH,): to give carbon dioxide and
water vapor is 468.6 kcal. Show how this value can be used to calculate the
average C—C bond energies of cyclopropane.
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Combustion of a pure sample of a gaseous alkane produced a quantity of
carbon dioxide whose weight and volume (under the same conditions) were
exactly three times that of the gaseous alkane. What is the latter’s formula?

Combustion of natural gas is generally a *“cleaner™ process (in terms of
atmospheric pollution) than combustion of either gasoline or fuel oil. Explain
why this is so.

Write a mechanism in harmony with that usually written for hydrocarbon
chlorination which would lead to production of hexachloroethane as in
Exercise 3-10a. (This reaction is used for commercial production of hexa-
chloroethane.)

Show the configurations of all of the possible cis-trans isomers of the following
compounds:

a. 1,2,3-trimethylcyclopropane
b. 1,3-dichlorocyclopentane
c. 1,1,3-trimethylcyclohexane

Would you expect cis- or trans-1,2-dimethylcyclopropane to be the more
stable ? Explain.

Write expanded structures showing the C —C bonds for each of the following
condensed formulas. Name each substance by an accepted system.

a. (CHb)o
b. (CH,)sCHCH;
|
¢. (CH3),C(CH,)¢CHC,H;
d. The isomers of trimethylcyclobutane
e. (CH,)¢CHCH,C(CH3;),CH.ClI
[(CH.,).CH].C(CH;)C,H5;

Draw structural formulas for all CiHs and all CsH,, compounds that con-
tain a ring. Designate those that exist in cis and frans forms.

The energy barrier for rotation about the C—C bond in ethane is about 3
kcal, which suggests that the energy required to bring one pair of hydrogens
into an eclipsed arrangement is 1 kcal. Calculate how many kilocalories the
planar form and extreme boat form of cyclohexane would be unstable rela-
tive to the chair form on account of H—H eclipsing interactions alone.

Use the sawhorse convention and draw all the possible conformations of
cyclohexyl chloride with the ring in the chair and in the boat forms. Arrange
these in order of expected stability. Show your reasoning.

Formation of a cycloalkane (CH.), by reactions such as Br<+CH, >, ZnBr
— (CH>,), -+ ZnBr. occurs in competition with other reactions such as
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2 Br€(CH.>.ZnBr — BrCH.),(CH.>,ZnBr = ZnBr,. Explain why
cychization reactions of this kind carried out in dilute solutions are likely to
give better yields of (CH.), than in concentrated solutions.

Usc the data of Table 3-7 and other needed bond energies to calculate AH
for the following reaction in the vapor state at 25° with n = 3, 4, and 5.

(CHZ)" == CH3(CH2)71—3CH=CH2

What can you conclude about the stability of the cycloalkanes with n — 3, 4,
and 5 with respect to corresponding open-chamn compounds with double
bonds?

Usc the heats of combustion (to liquid water) given in Table 3-7 and appro-
priatc bond energies to calculate AH (vapor) for ring opening of the cyclo-
alkanes with bromine over the range n =2 to n — 6:

(CH:),,——BI‘: — (CH;),_;(CH:BI'):

Show how the reactions described in Table 3-8 could be used to tell whether
a hydrocarbon of formula CiHg 1s methyleyclopropane, cyclobutane, or
I-butene (CH;CH,CH=CH,). Write equations for the reactions used.

Draw the possible chair conformations of rrans- and cis-1,3-dimethylcyclo-
hexane. Is the ¢rs or the frans 1isomer likely to be the more stable ? Explain.

An cmpirical rule known as the von Auwers-Skita rule was used to assign
configurations of pairs of ¢is and trans isomers in cyclic systems at a time
when ¢is 1somers were thought to be alwavs less stable than rrans isomers.
The rule states that the ¢is isomer will have the higher boiling point, density,
and refractive index. However, the rule fails for 1,3-disubstituted cvclohexanes,
where the rrans isomer has the higher boiling point, density, and refractive
index. Explam how the von Auwers-Skita rule might be restated to include
such 1,3-systems.

Would you expect cyclohexene oxide to be more stable in the cis or trans
configuration? Give your reasons.

O cyclohexene oxide

Write structural formulas for substances (one for cach part) which fit the
following descriptions. Make sawhorse drawings of the substances where
conformational problems are involved.

a. a compound of formula C,Hg which reacts slowly with bromine and
sulfuric acid but not with potassium permanganate solution

b. the most highly strained isomer of CsH,,

c. the possible products from treatment of 1-cthyl-2-methylcyclopropane
with bromine
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In the early days of organic chemistry, when it was found that the alkenes,
but not the alkanes, readily undergo addition reactions with substances such
as halogens, hydrogen halides, sulfuric acid, and oxidizing agents, the chemi-
cal affinity of alkanes was said to be “saturated ™ while that of the alkenes
was said to be *‘ unsaturated.”” Now, even though we recognize that no chemi-
cal entity (even the noble gases such as helium and xenon) can surely be
classified as saturated, the description of alkanes and alkenes as saturated and
unsaturated is still commonly used. However, i place of a nebulous chemical
aflinity, we ascribe the unsaturation of alkenes to the ease of cleaving half
of a carbon-carbon double bond in an addition reaction. Additions occur with
alkenes much more easily than with alkanes because (1) the carbon-carbon
bonds of a double bond are individually weaker (more strained) than a normal
carbon-carbon single bond and (2) the double-bond electrons are generally
more accessible than single-bond electrons to an attacking reagent (see
Section 2-6).

The great variety and specificity of the addition reactions that compounds
with double bonds undergo make these substances extremely important as
intermediates in organic syntheses. We have already examined two of these
reactions (addition of halogens and hydrogen) in connection with our study
of ethene, the simplest alkene, in Chapter 2.

4-1 nomenclature

Open-chain alkenes containing one double bond have the general formula
C,H,, and are sometimes called olefins. According to the IUPAC system for
naming alkenes, the longest continuous chain containing the double bond is
given the name of the corresponding alkane with the ending -ane changed
to -ene. This chain i1s then numbered so that the position of the first carbon
of the double bond is indicated by the lowest possible number.

1|C|H2
AEH R
4 3 2 ] 3| 4 5 6 5
I-butene J-propyt-1-heptene
(not 3-butene) (the dotted hines indicate tongest contimuous

cham contaiming the double bond)

Other, less systematic names are often used for the simpler alkenes. By
one method, alkenes are named as substituted cthylenes. This nomenclature,

CH,=CH, (CH,),C=C(CH,), Cl,C=CHCl

cthylene tetramethylethylene trichlorocthylene

based on the older name ‘“ethylene,” 1s given here because, even though not
in accord with modern practices, it has been widely used in the literature. A
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little reflection will show that attempts to name alkenes as derivatives of pro-
pylene (propene) or butylene (as will be seen, there are four open-chain C,Hyg
isomers) will require special rules or be hopelessly ambiguous.

The hydrocarbon groups derived from alkenes carry the suffix -enyl, as in
alkenyl, and numbering of the group starts with the carbon atom with the
free bond:

4 3 2 1 4 3 2 1

CH,—CH=CH—CH,— CH,=CH—CH,—CH,—

2-butenyl 3-butenyl

However, there are a few alkenyl groups for which trivial names are commonly
used in place of systematic names. These are vinyl, allyl, and isopropenyl
groups:

g
CHZ=CH_ CH2=CH_CH2_ CH2=C_
vinyl allyl Isopropenyl

(cthenyl) (2-propenyl) (1-methylethenyl)

Cycloalkenes with double bonds in the ring (endocyclic double bonds) are
named by the system used for the open-chain alkenes, except that the num-
bering is always started at one of the carbons of the double bond and con-
tinued on around the ring through the double bond so as to keep the sum of the
index numbers as small as possible.

More complex nomenclature systems are required when the double bond
is exocyclic to the ring, especially if a ring carbon is one terminus of the
double bond. Usually the parent compounds of this type are called methylene-
cycloalkanes.

H: H
Ly /M
g, i
i 3 —
H C/C§("7/C\}\{ H,C—CH,
’ H CH,
I .3-dimethyleyclohexene methylenecyclobutane

(not 1.5-dimethyleyclohexene)

Many compounds contain two or more double bonds and are known as
alkadienes, alkatrienes, alkatetraenes, and so on, the suffix denoting the num-
ber of double bonds. The location of each double bond is specified by appro-
priate numbers.

CH,=C=CH—CH, CH,=CH—CH=CH, CH,=C=C=CH,

. 2-butadiene I.3-butadiene 1.2.3-butatriene
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alkenes. Note that the 2-butene structure is the only one that can exist in

/CH2 HzC—CHz
CH,— HC__| |
CH, H,C—CH,
methyleyvetopropane. bp 4° cvelobutane. bp H°
CH CH
N
H H
I-butene. bp —6.3° cis-2-butene. bp 3.7
C\HJ /H
c=C CH,
/ \ |
H CH3 CHJ_CH=CH2
trans-2-butene. bp 0.9° 2-methylpropene. bp - 67

two different configurational arrangements. The other two isomers, 1-butene
and 2-methylpropene, have at least one carbon atom of the double bond with
identical groups attached to it. Thus, a rotation about the double bond, even
if it could occur, would produce an identical arrangement.

It is worth reviewing once again the meanings of the terms structure,
configuration,and conformation (Sections2-2 and 2-:6B). Of the six known com-
pounds of formula C,Hyg, there are five different structures. These are cyclo-
butane, methylcyclopropane, 1-butene, 2-butene, and 2-methylpropene. One
of these structures, 2-butene, has two different stable configurations or spatial
arrangements. All of these substances have many different possible conforma-
tions because rotation can occur to at least some degree about their single
bonds. Putting it another way, the C,Hg compounds illustrate structural
isomerism, geometrical isomerism, and conformational variation. Structural
and geometrical isomers (but not conformational isomers), because of their
stability to interconversion and their somewhat different physical constants,
can be separated by physical techniques such as fractional distillation or,
better, by chromatography (Section 7-1).

4-3 cis and trans isomers

By convention, the configuration of complex alkenes is taken to correspond to
the configuration of the longest continuous chain as it passes through the
double bond. Thus the following compound is 4-ethyl-3-methyl-rrans-3-
heptene, despite the fact that two identical groups are cis with respect to each

\ /
C=C
/ \

d-ethyl-3-methyl-rrans-3-heptene
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repulsions between
methyl groups

!

CH, /CH3) (H,c\ -

~ e
C C
CH,” \C C/ “CH,
/ \
H H

Figure 4-1 Repulsive interactions between the methyl groups of cis-sym-
di-r-butylethylene (2,2,5,5-tetramethyl-cis-3-hexene).

other, because the longest continuous chain is rrans as it passes through the
double bond.

The trans isomers of the simple alkenes are usually more stable than the
corresponding cis isomers. The methyl groups in rrans-2-butene are far
apart; in cis-2-butene, they are much closer to one another. Scale models,
which reflect the sizes of the methyl groups, indicate some interference be-
tween the methyl groups of the cis isomer. The cis alkenes with large groups
have very considerable repulsive interactions (steric hindrance) between the
substituents, and are much less stable than the corresponding frans isomers
(see Figure 4-1).

The generally greater stability of frans over cis isomers (see, however,
Section 2-6B) is reflected in their /ower heats of combustion. Table 4-1 com-
pares the heats of combustion and the boiling and melting points of some cis
and trans isomers. The data also reveal that trans 1somers tend to have higher
melting points and lower boiling points than cis 1somers. Although the
differences are not large, they may be of some help in assigning configurations.
When electron-withdrawing groups such as halogens are attached to the

Table 4-1 Comparison of propcrtics of cis and rrans 1somers

heat of
bp, mp, combustion,

alkene formula C C AH, kcal

cis-2-butene CH;—CH=CH—CH; 3.7 —139 —606.4
trans-2-butecne  CH;—CH=CH—CH; 09 —106 —605.4
cis-2-pentene CH;—CH,—CH=CH—CH, 37.9 —151 —1752.6
trans-2-pentene CH3;—CH,—CH=CH—CH; 36.4 —140 —751.7
cis-3-hexene CH;—CH,—CH=CH—CH,—CH; 664 —138 —899.7
trans-3-hexene CH;—CH,—CH=CH—CH,—CH,; 67.1 —113 —898.1
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double bond, the dipole moments of cis and trans isomers are different
(Section 2:6B), allowing an assignment of configuration to be made. Infrared
spectroscopy (Section 7-4) is also useful for distinguishing cis and trans
ISOmers.

Occasionally, a chemical method, ring closure, can be used to determine the
configuration of cis-trans isomers. In general, cis isomers can undergo ring
closure much more readily than the corresponding trans isomers because it
is not possible to prepare a five- or six-membered ring compound with a
trans double bond in the ring. The kind of difference which is observed is well
illustrated by maleic acid, which has a cis doubie bond and, on heating to
150°, loses water to give maleic anhydride. The corresponding trans isomer,
fumaric acid, does not give an anhydride at 150°. In fact, fumaric anhydride,
which would have a trans double bond in a five-membered ring, has never
been prepared. Clearly, of this pair, maleic acid has the cis configuration and

’ P ]
H C H C
Hic-Con 10 S ~C7TTOH 150 ~c7d
Il —_— I} O I —A—
Cwr-OH RO C—/ HO_ __C /é/
- C - C NN SN
@)
o) O O
maleic maleic fumaric fumaric
acid anhvdride acid anhvdride

(unknown)

fumaric acid the trans configuration.

4-4 chemical reactions of‘alkcnes

We have previously examined briefly two addition reactions of ethene, the
first member of the homologous series of alkenes. These were addition of
hydrogen, catalyzed by surfaces of finely divided metals such as nickel,and the
addition of bromine. These reactions also occur with the higher homologs.
For example, the colorless, volatile liquid 4-methyl-2-hexene reacts as follows:

g
o, e CH,— CH,— CH—CH,— CH,— CH,

| 3-methythexane
CH,—CH,— CH—CH=CH—CH,
4-methyl-2-hexene Br, C|‘H3 [?r [Tr
CH,—CH,—CH—CH—CH—CH,

2.3-dibromo-4-methythexane

Note that in the names of the three compounds shown, the number 1 carbon
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atom in one case is at the opposite end of the chain to that for the other two
compounds. This is necessary to make the names conform to systematic
usage (Sections 3-1 and 4-1).

The ease with which addition reactions to alkenes occur is the result of
the repulsions between the two pairs of electrons that make up the double
bond. Cleavage of one half of a carbon-carbon double bond requires 63
kcal, while cleavage of a carbon-carbon single bond requires 83 kcal (Table
2-1). Furthermore, because the repulsions push the electrons to average
positions further from the bond axis than the electron positions of a single
bond, the alkenes will be more readily attacked by electrophiles, that is,
reagents that act to acquire electrons. On the other hand, nucleophiles
(“‘ nucleus-loving "’ reagents) are rather poor at reacting with carbon-carbon
double bonds, unless one or more groups with a high degree of electron-
withdrawing power are attached to one of the carbon atoms.

Of the two reagents so far considered, H, and Br,, the latter, like all the
halogens, is electrophilic, as we shall see when the mechanism of the reaction
is considered in the next section. We have already noted that the addition of
hydrogen to alkenes occurs on activated surfaces, and the availability of the
electrons in the double bond is here reflected in part in the ease of adsorption
of the alkene on the metallic surface.

A. ELECTROPHILIC ADDITION TO ALKENES. THE STEPWISE POLAR
MECHANISM

Reagents such as the halogens (Cl, , Br,, and, to a lesser extent, 1,), hydrogen
halides (HCI. HBr, and HI), hypohalous acids (HOCI and HOBr), water,
and sulfuric acid commonly add to the double bonds of alkenes to give

BI': | |

Br Br
HOCI ||
Cl OH
\ / H,SO, |
C=C » —C—C—
/ \ |
\\ H OSO,H
- ||
HCI _$_$_
H CI
H,O. H? ||
- —C—C—

|
H OH
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saturated compounds. These reactions have much in common in their mech-
anisms and have been much studied from this point of view. They are also of
considerable synthetic and analytical utility. The addition of water to alkenes
(hydration) is particularly important for the preparation of a number of com-
mercially important alcohols. Thus ethyl alcohol and ¢-butyl alcohol are made
on a very large scale by hydrating the corresponding alkenes (ethene and 2-
methylpropene), using sulfuric or phosphoric acids as catalysts.

H,0.10?, H.SO,

CH,=CH, 740; — CH,CH,0OH
ethene ethyl alcohol
HCQ H.0, 10°, Hiso, THE CHs
,C=CH; 25 " AN
H,C H,C OH
2-methylpropene -butyl alcohol

We shall pay particular attention here to addition of bromine to alkenes.
This reaction is conveniently carried out in the laboratory and illustrates a
number of important points about addition reactions. The characteristics of
bromine addition are best understood through consideration of the reaction
mechanism. A particularly significant observation concerning the mechanism
1s that bromine addition (and the other additions listed above) proceeds in the
dark and in the presence of radical traps (reagents such as oxygen that react
rapidly with radicals to produce reasonably stable compounds). This is evi-
dence against a radical chain mechanism analogous to the chain mechanism
involved in the halogenation of alkanes (Section 2-5B). It does not, however,
preclude operation of radical addition reactions under other conditions. In
fact, there are light-induced radical-trap inhibited reactions of bromine and
hydrogen bromide with alkenes which we shall describe later.

The alternative to a radical-type chain reaction is an ionic, or polar, reaction
in which electron-pair bonds are regarded as being broken in a heterolytic
manner in contrast to the radical, or homolytic, processes discussed pre-
viously.

X ity X® + Y7 heterolytic bond-breaking

XelYy — X + -Y homolytic bond-breaking

Most polar addition reactions do not seem to be simple four-center, one-
step processes for two important reasons. First, it should be noted that such
mechanisms require the formation of the new bonds to be on the same side
of the double bond and hence produce cis addition (Figure 4-2). However,
there is ample evidence to show that bromine and many other reagents give
trans addition. For example, cyclohexene adds bromine and hypochlorous
acid to give trans-1,2-dibromocyclohexane and trans-2-chlorocyclohexanol.
Such rrans additions can hardly involve simple four-center reactions between
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A somewhat oversimplified two-step mechanism that accounts for most of
the facts is illustrated for the addition of bromine to ethene. (Thecurved arrows
are not considered to have real mechanistic significance but are used primarily
to show which atoms can be regarded as nucleophilic — donating electrons —
and which as electrophilic — accepting electrons. The arrowheads point to the
atoms that accept electrons.)

/\\ ../Y. ® v O o
H,C::CH, + :Br:Brt ——— “CH,—CH,Br + :Br: electrophilic

attack (4-1)
:é}:'FQ\QCHZ—CHzBr — BrCH,CH,Br nucleophilic
- attack (4-2)

I.2-dibromoethane
(ethylene dibromide)

The first step (which involves electrophilic attack on the double bond and
heterolytic breaking of both a carbon-carbon and a bromine-bromine bond)
as shown in Equation 4-1) produces a bromide ion and carbonium ion. The
latter is electron deficient (Section 2-5C) and, in the second step of the pos-
tulated mechanism shown in Equation 4:2, it combines rapidly with an

available nucleophile (:Er:e) to give the reaction product.

Clearly, if other nucleophiles (e.g., 361 :©, CH;OH) are present in solution,

they may compete with the bromide ion for the carbonium ion, as in Equa-
tions 4-3 and 4-4, and mixtures of products will result.

:C1:° + ™ *CH,— CH,Br CICH,CH,Br (4-3)
.. /_\ = :‘.
H H (4-4)

In short, we must conclude that the reagents mentioned add across the double
bond in a trans and stepwise manner and that the two steps take place from
opposite ends of the double bond.

B. WHY TRANS ADDITION?

The simple carbonium-ion intermediate of Equation 4-1 does not account
for formation of the rrans-addition product. For one thing, there 1s no obvious
reason why free rotation should not occur about the C—C bond of the cation

||

—C—C®? derived from an open-chain alkene; if such occurs, all stereospeci-
|

ficity is lost. In the case of cyclic alkenes, addition of Br® might be expected

to occur from either side of the ring.
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bond. It should be emphasized, however, that the bonding between the
bridging hydrogen and the two carbon atoms is not considered to be normal
electron-pair covalent bonding. It is different in that one electron pair effects
the bonding of three atomic centers rather than the usual two. Protonium
ions of this structure may be regarded as examples of ‘‘electron-deficient
bonding,” there being insufficient electrons with which to form all normal
electron-pair bonds.

During the past few years, a number of species having electron-deficient
bonds to hydrogen have been carefully investigated. The simplest example 1s
the H,® ion, which may be regarded as a combination of a proton and a
hydrogen atom. This ion has been detected and studied spectroscopically in
the gaseous state. Another and very striking example is afforded by the stable
compound diborane (B,H¢), which has been shown to have a hydrogen-
bridged structure. The bonds to each of the bridge hydrogens in diborane,
like those postulated to the bridge hydrogen of an alkene-protonium ion, are
examples of three-center electron-pair bonds. Spectroscopic evidence 1s also

H/ \Hx H

diborane

available for the stable existence of alkylhalonium ions, (CH;),X®, in solu-
tions containing extremely weak nucleophiles.

Whether the intermediates in alkene-addition reactions are correctly
formulated with bridged bromonium, ehloronium, or protonium structures
is still a controversial matter. Certainly, there are many other reactions of
carbonium ions that are known to be far from being stereospecific, and
therefore carbonium ions are not to be considered as necessarily, or generally,
having bridged structures. It should also be remembered that all ions in
solution, even those with only transitory existence, are strongly solvated, and
this in itself may have important stereochemical consequences. In subsequent
discussion, we shall most frequently write carbonium ions with the charge
fully localized on one carbon atom, but it should be understood that this may
not always be either the most accurate or the most desirable representation.

C. ORIENTATION IN ADDITION TO ALKENES: MARKOWNIKOFEF'S
RULE

Addition of an unsymmetrical substance such as HX to an unsymmetrical
alkene can theoretically give two products:

(CH3)2C=CH2 + HX 2 E B (CH‘;)Z(l-T_?HZ 'dnd/or (CH3)2C|_$HZ
X H H X
One of the most important early generalizations in organic chemistry was

Markownikoff’s rule (1870), which may be stated as follows: During the
addition of HX to an unsymmetrical carbon-carbon double bond, the hydrogen
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of HX goes to that carbon of the double bond that carries the greater number
of hydrogens. Thus, Markownikoff’s rule predicts that hydrogen chloride will
add to propene to give 2-chloropropane (isopropyl chloride) and to 2-methyl-
propene to give 2-chloro-2-methylpropane (r-butyl chloride). These are, in
fact, the products that are formed. The rule by no means has universal

CH,— CH=CH, + HCl —— CH,—CH—CH,
&
> (CH,),C—CH,
&

additions i accord with Markowmkott's rule

(CH,),C=CH, + HCl

application, butitis of considerable utility for polar additions to hydrocarbons
with only one double bond.

D. A THEORETICAL BASIS FOR MARKOWNIKOFF'S RULE

To understand the reason for Markownikoff's rule, it will be desirable to
discuss further some of the principles that are important to intetligent pre-
diction of the course of an organic reaction. Consider the addition of hydro-
gen bromide to 2-methylpropene. Two different carbonium-ion intermediates
could be formed by attachment of a proton to one or the other of the double-
bond carbons. Subsequent reaction of the cations so formed with bromide

H,C H,C | H,C  CH,
N (> & \€& Br N\ ./
4 & / H C/ \Br
H,C H,C 3
r-butyl cation -butyl bromide
H,C H,C_ H H,C_ H
AN + H® ’ e Bre ’ N’
/C_CH2 /N /7N
HJC HJC Cl’llz- }"IJC CH:BI‘
isobutyl cation isobutyl bromide

ion gives r-butyl bromide and isobutyl bromide. In the usual way of running
these additions, the product is, in fact, quite pure ¢-butyl bromide.

How could we have predicted which product would be favored ? The first
step 1s to decide whether the prediction is to be based on which of the two
products i1s the more stable, or which of the two products 1s formed more
rapidly. If we make a decision on the basis of product stabilitics, we take into
account AH and AS values to estimate an equilibrium constant K between the
reactants and each product. When the ratio of the products is determined by
the ratio of their equilibrium constants, we say the overall reaction is subject
to equilibrium (or thermodynamic) control. This will be the case when the
reaction is carried out under conditions that make 1t readily reversible.

When a reaction is carried out under conditions in which 1t 1s not reversible,
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the ratio of the products is determined by the relative rates of formation of the
products. Such reactions are said to be under kinetic control. To predict rela-
tive reaction rates, we take into account steric hindrance, stabilities of possible
intermediates, and so on.

Addition of hydrogen bromide to 2-methylpropene is predicted by Mark-
ownikoff’s rule to give r-butyl bromide. It turns out that the equilibrium
constant connecting t-butyl bromide and isobutyl bromide is 4.5 at 25°,
meaning that 829, of an equilibrium mixture is 7-butyl bromide and 189/ is
1sobutyl bromide.

_ [+-butyl bromide]
~ [isobutyl bromide]

=45

Addition of hydrogen bromide to 2-methylpropene actually gives 99+ 9/
t-butyl bromide in accord with Markownikoft’s rule. This means that the
rule 1s a kinetic-control rule and may very well be invalid under conditions
where addition is reversible.

If Markownikoff's rule depends on kinetic control of the product ratio in
the polar addition of hydrogen bromide to 2-methylpropene, then it is proper
to try to explain the direction of addition in terms of the ease of formation
of the two possible carbonium-ion intermediates. There is abundant evidence
that tertiary carbonium ions are more easily formed than secondary car-
bonium 1ons and these, in turn, are more easily formed than primary carbo-
nium ions. A number of carbonium salts have been prepared, and the tertiary
ones are by far the most stable. Thus, the theoretical problem presented by
MarkownikofI’s rule is reduced to predicting which of the two possible
carbonium-ion intermediates will be most readily formed. With the simple
alkenes, formation of the carbonium ion accords with the order of preference
tertiary > secondary > primary.

E. ADDITIONS OF UNSYMMETRICAL REAGENTS OPPOSITE
TO MARKOWNIKOFF'S RULE

The early chemical literature concerning the addition of hydrogen bromide to
unsymmetrical alkenes is rather confused, and sometimes the same alkene was
reported to give addition both according to and in opposition to Markow-
nikofl’s rule under very similar conditions. Much of the uncertainty about the
addition of hydrogen bromide was removed by the classical researches of
Kharasch and Mayo (1933), who showed that there must be two reaction
mechanisms, each giving a different product. Under polar conditions,
Kharasch and Mayo found that hydrogen bromide adds to propene in a rather
slow reaction to give pure 2-bromopropane (isopropyl bromide):

sl
CH,CH=CH, + HBr —#—» CH,CHCH,
conditions |
Br

With light or peroxides (radical initiators) and in the absence of radical
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traps, a rapid radical chain addition of hydrogen bromide occurs to yicld
809, or more of lI-bromopropanc (n-propyl bromide):

fas
CH,CH=CH, + HBr ——— CH,CH,CH.Br

peroxides

Smilar effects have been occasionally noted with hydrogen chloride but
never with hydrogen iodide or fluoride. A few substances apparentty add to
alkenes only by radical mechanisms and always give addition opposite to
Markownikoft’s rule.

The polar addition of hydrogen bromide was discussed in the previous
section and will not be further considered now. Two questions with regard to
the so-called abnormal addition will be given special attention: why the
radical mechanism should give a product of difterent structure from the potar
addition, and why the radical addition occurs readily with hydrogen bromide
but rarcly with the other hydrogen halides (see Exercise 4-17).

The abnormal addition of hydrogen bromide is strongly catalyzed by
peroxides. which have the structure R—O—O—R and decompose thermalty
to give radicals:

R—O:0—R ——— 2R—0-  AM= +35kal
The RO radicals can react with hydrogen bromide in two ways:

ROH + Br: AH = —23 Kkcal

RO- + HBr
T ROBr + H- AH = +39 kcal

Clearly, the formation of ROH and a bromine atom is energetically more
favorable. The overall process of decomposition of peroxide and attack on
hydrogen bromide, which results in the formation of a bromine atom. can
inttiate a radical chain addition of hydrogen bromide to an alkene:

Chain  CH,CH=CH, + Br- — CHJC‘,‘H—CHlBr Al = —5 keal
propa- .
gation: CH;CH—CH,Br + HBr —— CH,CH,CH,Br + Br- AM = — 1| Kcal

Chain .
rermi- R+ R — R'—R’ R+ = atom or radical
natrion:

The chain-propagating steps, taken together. are exothermic by 16 kcal
and have a fairly reasonable energy balance between the separate steps.
which means that one is not highly exothermic and the other highly endother-
mic. Both steps are, in fact, comparably cxothermic. The reaction chains
appear to be rather long, since only traces of peroxide catalyst are needed and
the addition is strongly inhibited by radical traps.

The direction of addition of hydrogen bromide to propene clearly depends
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on which end of the double bond the bromine attacks. The choice will depend
on which of the two possible carbon radicals that may be formed is the

CH,— CH—CH,—Br CH,—CIIH—CHZ-
Br

[1] (2]

more stable, the 1-bromo-2-propyl radical [I] or the 2-bromo-l-propyl
radical [2]. As with carbonium ions, the ease of formation and stabilities of
carbon radicals follow the sequence tertiary > secondary > primary. There-
fore, the secondary 1-bromo-2-propyl radical [1] 1s expected to be more
stable and more easily formed than the primary 2-bromo-1-propyl radical [2].
The product of radical addition should be, and indeed 1s, 1-bromopropane.

It may seem strange to refer to certain radicals or ions as being stable and
therefore more likely to be reaction intermediates than other less stable
radicals or ions. Would not the wunstable radicals or ions actually be more
likely as intermediates because they would react more rapidly to give products?
““Stable” is used here only in a relative sense. All of the radicals and ions
which we are invoking as intermediates react very quickly to give products
and never attain high concentrations in the reaction mixture. This means that
the reactions will go more readily by way of the relatively more stable in-
termediates because these are formed most easily and react rapidly to give
products. The less stable intermediates are not formed as readily and the fact
that they would react more rapidly does not increase the overall reaction rate
in processes which would involve them. This point will be considered in other
connections later. The important thing to recognize is that there may be
large differences in the ease of formation of different kinds of reaction in-
termediates—so much so that mechanisms which imply that primary car-
bonium ions or radicals (RCH,® or RCH,*) are formed in preference to
secondary or tertiary carbonium ions and radicals should be regarded as
suspect.

F. ADDITION OF BORON HYDRIDES TO ALKENES

A recently developed and widely used reaction is that of diborane (B,Hg)
with alkenes. Diborane (Section 19-5) is the dimer of the electron-deficient
species BH;, and it is as BH; that it adds to the double bond to give tri-
alkylboron compounds (organoboranes). With ethene, triethylborane
results:

6 CH,=CH, + B,H, ——— 2(CH,CH,),B

This reaction is called hydroboration; it proceeds in three stages, but the
intermediate mono- and dialkylboranes are not generally i1solated, as they
react rapidly by adding further to the alkene.

CH,=CH, + CH,CH,BH, —— (CH,CH,),BH
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With an unsymmetrical alkene such as propene, hydroboration occurs so
that boron becomes attached to the less substituted end of the double bond—
with propene forming tri-n-propylboranc.

6 CH,CH=CH, + B,H, —— 2 (CH,CH,CH,),B

Hydroborations have to be carried out with some care. since diborane and
atkylboranes are highly reactive substances: in fact, they are spontancously
inflammable in air. For most synthetic purposes it is not necessary to isolate
the addition products, and diborane can be generated cither in situ or exter-
nally through the reaction of boron trifluoride with sodium borohydride.

(2] (€] & O
3 NaBH, + 4 BF, —— 2 B,H, + 3 NaBF,

Boron trifluoride is conveniently used in the form of its stable complex
with diethyl ether, (C,Hs),0:BF;. the reactions usually being carried out in
ether solvents such as diethyl ether, (C,Hjs),0 : diglyme. (CH;OCH,CH,),0;
or tetrahydrofuran. (CH,),0.

The most common synthetic reactions of the resulting alkylboranes are
oxidation with alkaline hydrogen peroxide to the corresponding primary
alcohol. and cleavage with aqueous acid (or, better. anhydrous propanoic
acid, CH;CH,CO,H) to give alkanes. Thus, for tri-n-propylboranc:

OH®
(CHJCHchz)JB + 3 Hzo: W 3 CHJCHchon + B(OH)_]
o n-propyl alchohol
(a primary alcohol)
(CH,CH,CH,),B + 3 H,0 mﬂl;‘ 3CH,CH.CH, + B(OH),

The first of these processes achieves ~anti-Markownikofl ™ addition of water
to a carbon-carbon double bond as the overall result of the two steps. The
second reaction provides a method of reducing carbon-carbon double bonds
without using hydrogen and a metal catalyst. Both of thesc conversions are
difficult to do any other way and this accounts for the extensive use that
organic chemists have made of diborane in recent years.

G. OXIDATION OF ALKENES

Most alkenes react readily with ozone, even at low temperatures, to cleave
the double bond and yield cyclic peroxide dertvatives known as ozonides.

0
O,
CH,CH=CHCH, — H,CHC\/ \/(:HCH3

0—-0

2-butene ozomde

Considerable evidence exists to indicate that the overall reaction occurs in



chap 4 alkenes 98

three main steps, the first of which involves a cis-cycloaddition reaction that
produces an unstable addition product called a molozonide.

H3C\ /CH3
CH,—HC=CH—CH, HC—CH
e d_b
O\O/O \O/
N molozonide (unstable)
H3C\ //CH3 H,C_ _CH,
HC~CH CH  HC PN
()/»4'¢,\O — I+, Ty GlC | CHC
‘b O O
Z/(A)/ ~0° 0—0
' ozonide

Ozonides, like most substances with peroxide (O—O) bonds, may explode
violently and unpredictably. Ozonizations must therefore be carried out with
due caution. The ozonides are not usually isolated but are destroyed by
hydrolysis with water and reduction with zinc to yield carbonyl compounds
that are generally quite easy to isolate and identify. (In the absence of zinc,
hydrogen peroxide is formed which may degrade the carbonyl products by
oxidation). The overall reaction sequence provides an excellent means for

O O
H,CHC CHCH, ——— CH,C + CCH, + ZnO
\ / Zn \ /
0—0 H H

locating the positions of double bonds in alkenes. The potentialities of the
method may be illustrated by the difference in reaction products between the
I- and 2-butenes:

O
1. O, %
CH,CH=CHCH, ———» 2CH,C
2. Zn H,0 \
H
O H
1. O, / \
2. Zn,H,0 \ /
H H

Natural rubber (polyisoprene, Section 28-2) is a substance with many
double bonds, and ozone formed in the atmosphere by sunlight or by smog-
producing reactions (Section 3-:3A) combines with the double bonds of the
rubber and causes the rubber to crack. This destructive action can be re-
duced by antioxidants mixed with the rubber, or by use of rubberlike materials
without double bonds (see Section 4-4H).

Several other oxidizing reagents react with alkenes under mild conditions
to give, overall, addition of hydrogen peroxide as HO—OH. Of particular
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g
propene polypropene
(polypropylene)
occur by chain mechanisms and may be classed as anion, cation, or radical-
type reactions, depending upon the character of the chain-carrying species.
In each case, the key steps involve successive additions to molecules of the
alkene. The differences are in the number of electrons that are supplied by
the attacking agent for formation of the new carbon-carbon bond. For

simplicity, these steps will be illustrated by using ethene, even though it does
not polymerize very easily by any of them:

R—CH,—CHY + CH,=CH, —— R—CH,—CH,—CH,—CH,. ctc.

6‘)/_\ &
R_CHZ_CHZ + CH2=CH2 = R—CHZ_CHZ_CHZ—CHZ‘ elc.

RV ERYa) .
R_CHZ—CHz + CHz'z'CHz EE— R—CHz-CHZ——'CHz_CHZ

Anionic Polymerization. Initiation of alkene polymerization by the anion-
chain mechanism may be formulated as involving an attack by a nucleo-
philic reagent Y :© on one end of the double bond and formation of a carban-
ion. Attack by the carbanion on another alkene molecule gives a four-

~

Y + CH2£CH2 ———  Y:CH,—CH,’

carbanion

carbon carbanion, and subsequent additions to further alkene molecules
lead to a high-molecular-weight anion. The growing chain can be terminated

Y:CH—CH, + CH,LCH, —— Y:CH,—CH,—CH,—CH;

n(CH,=CH,)

> Y:CH,—CH,+CH,— CH,9CH,—CH,

by any reaction (such as the addition of a proton) that would destroy the
carbanion on the end of the chain:

. b HX‘.

Anionic polymerization of alkenes is quite difficult to achieve, since few
anions (or nucleophiles) are able to add readily to alkene double bonds
(see p. 87). Anionic polymerization occurs readily only with ethenes
substituted with sufficiently powerful electron-attracting groups to expedite
nucleophilic attack.
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Cationic Polymerization. Polymerization of an alkene by acidic reagents
can be formulated by a mechanism similar to the addition of hydrogen
halides to alkene linkages. First, a proton from a suitable acid adds to an
alkene to yield a carbonium ion. Then, in the absence of any other reasonably
strong nucleophilic reagent, another alkene molecule donates an electron
pair and forms a longer chain cation. Continuation of this process can lead
to a high-molecular-weight cation. Termination can occur by loss of a proton.

CH,—CH,"+ CH,=CH, —

CH,=CH,

n(CH,=CH,)

CH,—CH,—CH,—CH,* CH;—CH,+CH,—CH,3-CH,—CH,®

He
B— CHJ_CHQ.—&CHZ—CHJ-?"_CH=CH2

Ethene does not polymerize by the cationic mechanism, because it does
not have groups that are sufliciently electron donating to permit ready
formation of the intermediate growing-chain cation. 2-Methylpropene has
electron-donating alkyl groups and polymerizes much more easily than ethene
by this type of mechanism.

The usual catalysts for cationic polymerization of 2-methylpropene are
sulfuric acid, hydrogen fluoride, or boron trifluoride plus small amounts of
water. Under nearly anhydrous conditions, a very long-chain polymer is
formed called “ polyisobutylene.”” Polyisobutylene fractions of particular

CH, CliHa CliH_a /CH,
BF,
n - CH7=C —_— CHJ_C CHZ—C CHZ_C
- \ tr. H,O | | \
CH, CH, CH, | , CH,

polvisobutylene

molecular weights are very tacky and are used as adhesives for pressure-
sealing tapes.

In the presence of 609, sulfuric acid, 2-methylpropene is not converted to
a long-chain polymer, but is dimerized to a mixture of Cg alkenes. The mech-
anism 1s like the polymerization reaction described for polyisobutvlene,
except that chain termination occurs after only one alkene molecule has been
added. The short chain length is due to the high water concentration: the
intermediate carbonium i1on loses a proton to water before it can react with

CH, Ol CH, CH, CH,
/ 60°, H.SO, | Y2 I /
CH2=C\ —-!()o_’ CHJ_Cl_CHz_C\ + CHJ_(IT_CH=C\
CH, CH, CH, CH, CH,
30 7 20 %

“diisobutylene”
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another alkene molecule. Because the proton can be lost two different ways,
a mixture of alkene isomers is obtained. The alkene mixture 1s known as
“ diisobutylene > and has a number of commercial uses. Hydrogenation gives
2.2 4-trimethylpentane (often erroneously called **isooctane’’), which is used
as the standard ** 100 antiknock rating” fuel for internal-combustion gasoline
engines (Section 3-3A).

CH,
CH2=C
CH, CH, \ CH, CH,
/ A CH; I /.
CH;=C_ + H,SO, CH,—C*  —— CH3—C|—CH2——C\¢
CH, CH, CH, CH,
CH, CH CH, CH
_HO | Vs | /0
CH, CH, CH, CH,
CH, CH,
B J H.(Ni) | I
diisobutylene 1somers —5—0—* CH3—(|?-—C}{2---CI-1—CH3

CH,

2.2 4-trimethylpentane

Radical Polymerization. Ethene may be polymerized with peroxide cata-
lysts under high pressure (1000 atmospheres or more, literally in a cannon
barrel) at temperatures in excess of 100°. The initiation step involves forma-
tion of RO- radicals, and chain propagation entails stepwise addition of radi-
cals to ethene molecules.

Initiation: R::(:):Q:R _ ?.RI:(:)-

Propa- {RO + CH,=CH, RiQICHz—CH2

gation:

R:0:CH,—CH, + n(CH,=CH;) RO+ CH,—CH, 3+ CH,—CH,

Termi-
nation:

2RO CH,—CH,¥CH,—CH, —— [RO+CH,—CH3;CH,—CH,};

\ combination

disproportionation

Chain termination may occur by any reaction resulting in combination or
disproportionation of two radicals. (Disproportionation means that two
identical molecules react with one another to give two different product
molecules.) The polymer produced this way has from 100 to 1000 ethene
units in the hydrocarbon chain. The polymer, called Polythene (or sometimes
polyethylene), possesses a number of desirable properties as a plastic and 1s
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widely used for electrical insulation, packaging films, piping, and a variety
of molded particles. The very low cost of ethene (a few cents a pound) makes
Polythene a commercially competitive material despite the practical diffi-
culties involved in the polymerization process. Propene and 2-methylpropene
do not polymerize satisfactorily by radical mechanisms.

Coordination Polymerization. A relatively low-pressure low-temperature
ethene polymerization has been achieved with an aluminum-molybdenum
oxide catalyst, which requires occasional activation with hydrogen (Phillips
Petroleum). Ethene also polymerizes quite rapidly at atmospheric pressure
and room temperature in an alkane solvent containing a suspension of the
insoluble reaction product from triethylaluminum and titanium tetrachloride
(Ziegler). Both the Phillips and Ziegler processes produce a very high-
molecular-weight polymer with exceptional physical properties. The unusual
characteristics of these reactions indicate that no simple anion. cation. or
radical mechanism can be involved. It is believed that the catalysts act by
coordinating with the alkene molecules in somewhat the way hydrogenation
catalysts combine with alkenes.

Polymerization of propene by catalysts of the Ziegler type gives a most
useful plastic material. It can be made into durable fibers or molded into a
variety of shapes. Copolymers (polymers with more than one kind of monomer
unit in the polymer chains) of ethene and propene made with Ziegler cata-
lysts have highly desirable rubberlike properties and are potentially the cheap-
est useful elastomers (elastic polymers). A Nobel Prize was shared in 1963 by
K. Ziegler and G. Natta for their work on alkene polymerization.

summary

Alkenes are hydrocarbons possessing a carbon-carbon double bond. Simple
open-chain alkenes have the formula C,H,,. The IUPAC names for alkenes
are obtained by finding the longest continuous carbon chain containing the
double bond and giving it the name of the corresponding alkane with the
ending changed from -ane to -ene. The numbering of the carbon chain is
started at the end that will provide the lowest number for the position of the
first carbon of the double bond. Thus,

i
CH,—CH— CH,— CH=CH—CH,

1s S-methyl-2-hexene. Some common alkenyl groups (an alkene minus a
hydrogen atom) are vinyl (CH,=CH—), allyl (CH,=CH—CH,—), and
isopropenyl (CH2=(|3—CH3). Compounds with two carbon-carbon double

bonds are named as alkadienes: if the double bonds are adjacent they are
called cumulated; if they are separated by a single bond they are conjugated;
and if they are separated by more than one single bond they are isolated.
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HCO,H OH
—_— | (trans addition)

H:0. CH,CHCH,OH

R®©
R0 * CH, CH, CH, (polymer: none of
| | | these reactions works
—CH—CH,— CH—CH,— CH— very well for ethene
R® - - or propenc)

The reactions shown involve attack by electrophilic reagents at the double
bond with the following four exceptions: the metal-induced reaction with
H, . hydrogen bromide with peroxides: and polymerization initiated by
radicals, R°, or anions. Y®. both of which are difficult to achieve.

Addition of most electrophiles occurs stepwise by way of ionic intermediates
(heterolytic bond breaking), with the groups being connected to the carbons
in the trans manner.

When unsymmetrical electrophilic reagents add to unsymmetrical alkenes,
Markownikoff’s rule can be used to predict the principal product. Thus,
during the addition of HX, the hydrogen goes to that carbon of the double
bond that carries the greater number of hydrogens—for example, CH;CH=
CH, + HX — CH;CHXCH,. The basis for this rule is the tendency for that
part of the electrophile that initiates the reaction (H® from HX) to add in
such a way as to produce the lowest-energy carbonium ion. (Tertiary carbon-
ium ions are of lowest energy and primary carbonium ions are of highest ener-
gy.) For this reason, the first step of the HX addition is CH;CH=CH, +

&
H® — CH,CHCHy;. to give the secondary carbonium ion (not CH,CH=
CH, + H® - CH,CH,CH,® to give the primary carbonium ion): the final

(&)
step involves addition of X®, CH,CHCH; + X® — CH,CHXCH,_.

The ratios of products in such reactions show that they are governed by
the rates of the two possible reaction paths. not by the stabilities of the final
products. This is called kinetic control of the reaction as opposed to equilib-
rium (or thermodynamic) control.

exercises
4-1 Name each of the following substances by the lTUPAC system and, if straight-

forward to do so, as in examples ¢ and e, as a derivative of ethylene:

_CH
(CH,;),C=CHCH, CH

Cl,C=C(CH,),

¢. (CH,),CCH,C(CH,)=CH, GHa
o CH
d. (CH;);C=C=CHBr HZC/ “CH
e. [(CH,;),CH],C=C[CH(CH;),]; £ HCl‘ !,
SCH” CH,
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Write structural formulas for each of the following substances:

a. trifluorochloroethylene d. 1,1-di-(1-cyclohexenyl)-ethene
b. 1,1-dineopentylethylene e. trivinylallene
c. l,4-hexadiene

The trans alkenes are generally more stable than the cis alkenes. Give one or
more examples of unsaturated systems where you would expect the cis form to
be more stable and explain the reason for your choice.

Write structural formulas for each of the following:

a. The thirteen hexene structural isomers; name each by the IUPAC
system. Show by suitable formulas which isomers can exist in cis
and trans forms and correctly designate each.

b. All trans-1,18-di-(2,6,6-trimethyl-1-cyclohexenyl)-3,7,11,15-tetramethyl
1,3,5,7,9,11,13,15,17-octadecanonaene (CaoHse).

Calculate, from the data in Table 3-7 and any necessary bond energies, the
minimum thermal energy that would be required to break one of the ring
carbon-carbon bonds and interconvert cis- and trans-1,2-dimethylcyclo-
butanes (see pp. 67-69).

What volume of hydrogen gas (STP) is required to hydrogenate 100 g of a
mixture of 1-hexene and 2-hexene?

Supply the structure and a suitable name for the products of the reaction of
2-methyl-2-pentene with each of the following reagents:

a. H,, Ni d. HBr (plus peroxide)
b. Cl, e. B,Hs followed by aqueous acid
c. Cl; in presence of NH.F

How could bromoethane be prepared starting with ethyne?

Show how each of the following compounds could be prepared starting with
1,5-hexadiene.

a. 1,2,56-tetrabromohexane
2,5-diiodohexane
c. 2-1odohexane

Write the structures of the products of the reaction of 3,4-dimethyl-2-octene
with each of the following reagents.

a. diborane followed by hydrogen peroxide and base
b. dilute aqueous sulfuric acid

¢. hypobromous acid

d. aqueous potassium permanganate

e. ozone followed by zinc and steam

Calculate AH (vapor) for addition of fluorine, chlorine, bromine, and iodine
to an alkene. What can you conclude from these figures about the kind of
problems that might attend practical use of each of the halogens as a reagent
to synthesize a 1,2-dihalide?
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a. Write as detailed a mechanism as vou can for the trans addition of hypo-
chlorous acid (HOCI) to cyclopentene.

b.  How does the fact that HOCl is a weak acid (K, in water = 7 « 10-19)
make formation of CH3;CH,OCI from ethene unlikely ?

Calculate AH for the addition of water to ethene in the vapor state at 25°.
Why are alkenes not hydrated in aqueous sodium hvdroxide solutions ?

When 7-butyl bromide is allowed to stand at room temperature for long
periods, the material becomes contaminated with isobutvl bromide. Write a
reasonable mechanism for the formation of isobutvl bromide under the
influence of traces of water and or oxygen from the atmosphere.

Arrange ethene, propene, and 2-methylpropene in order of expected ease of
hydration with aqueous acid. Show your reasoning.

Write two different radical chain mechanisms for addition of hydrogen
chloride to alkenes and consider the energetic feasibility for each.

Calculate the AH values for initiation and chain propagation steps of radical
addition of hydrogen fluoride, hydrogen chtoride, and hvdrogen iodide to an
alkene. Would you expect these reagents to add easily to double bonds by
such a mechanism?

Bromotrichloromethane, CBrClsy, adds to I-octene by a radical chain
mechanism on heating in the presence of a peroxide catalyst. Use bond
energies (Table 2:1) to devise a feasible mechanism for this reaction and work
out the most likely structure for the product. Show your reasoning.

Determine from the general characteristics of additions to double bonds
whether the direction of addition of B.H, to propene is consistent with a
polar mechanism.

The following physical properties and analytical data pertain to two isomeric
hydrocarbons, A and B, isolated from a gasoline:

bp mp 9% C % H
A 68.6° —141° 85.63 14.34
B 67.9° —133° 85.63 14.34

Both A and B readily decolorize bromine and permanganate solutions and
give the same products on ozonization. Suggest possible structures and
configurations for A and B. What experiments would you consider necessary
to further estabtish the structure and configuration of A and B?

a. Write a mechanism for the sulfuric acid-induced dimerization of trimethyl-
ethylene, indicating the products you expect to be formed.
b. Ozonization of the mixture that is actually formed gives, among
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0]
I
other carbonyl products(—C—), substantial amounts of 2-butanone

O

CH,—C—CH,—CH, ’ Write a structure and reaction mechanism for
formation of a C,;, alkene that might reasonably be formed in the dimer-
1zation reaction and that, on ozonization, would yield 2-butanone and a
C¢ carbonyl compound. (Consider how sulfuric acid might cause the
double bond in trimethylethylene to shift its position.)

A pure hydrocarbon of formula C¢H,, does not decolorize bromine water.
Draw structures for at least six possible compounds that fit this description
(including geometrical isomers, if any).

Calculate the heats (—AH) of the following reactions i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>