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To the Student

Contrary to what you may have heard, organic
chemisty does not have to be a difficult course. It will
be a rigorous course, and 1t will offer a challenge. But
you will learn more 1n 1t than 1n almost any course
you will take—and what you learn will have a special
relevance to life and the world around you. However,
because organic chemistry can be approached in a
logical and systematic way, you will find that with
the right study habits, mastering organic chemistry
can be a deeply satistying experience. Here, then, are
some suggestions about how to study:

1. Keep up with your work from day to day-never let
yourself get behind. Organic chemistry 1s a course
in which one 1dea almost always builds on another
that has gone before. It 1s essential, therefore, that
you keep up with, or better yet, be a little ahead
of your instructor. Ideally, you should try to stay
one day ahead of your instructor’s lectures in your
own class preparations. The lecture, then, will be
much more helpful because you will already have
some understanding of the assigned material. Your
time 1n class will clarify and expand 1deas that are
already familiar ones.

2. Study material in small units, and be sure that you
understand each new section before you go on to
the next. Again, because of the cumulative nature
of organic chemistry, your studying will be much
more etfective if you take each new 1dea as 1t comes
and try to understand it completely before you
move on to the next concept.

3. Work all of the in-chapter and assigned problems.
One way to check your progress i1s to work each
of the in-chapter problems when you come to it.
These problems have been written just for this pur-
pose and are designed to help you decide whether
or not you understand the material that has just
been explained. You should also carefully study
the Solved Problems. If you understand a Solved
Problem and can work the related in-chapter prob-
lem, then you should go on; if you cannot, then
you should go back and study the preceding mate-
rial again. Work all of the problems assigned by
your instructor from the end of the chapter, as
well. Do all of your problems in a notebook and
bring this book with you when you go to see your
instructor for extra help.

4. Write when you study. Write the reactions, mecha-
nisms, structures, and so on, over and over again.
Organic chemistry 1s best assimilated through the
fingertips by writing, and not through the eyes by
simply looking, or by highlighting material in the
text, or by referring to flash cards. There 1s a good

reason for this. Organic structures, mechanismes,
and reactions are complex. If you simply examine
them, you may think you understand them thor-
oughly, but that will be a misperception. The reac-
tion mechanism may make sense to you in a certain
way, but you need a deeper understanding than
this. You need to know the material so thoroughly
that you can explain 1t to someone else. This level
of understanding comes to most of us (those of
us without photographic memories) through writ-
ing. Only by writing the reaction mechanisms do
we pay sufficient attention to their details, such as
which atoms are connected to which atoms, which
bonds break 1n a reaction and which bonds form,
and the three-dimensional aspects of the struc-
tures. When we write reactions and mechanisms,
connections are made 1n our brains that provide
the long-term memory needed for success 1n or-
ganic chemistry. We virtually guarantee that your
grade in the course will be directly proportional to
the number of pages of paper that you fill with your
own writing in studying during the term.

. Learn by teaching and explaining. Study with your

student peers and practice explaining concepts and
mechanisms to each other. Use the Learning Group
Problems and other exercises your instructor may
assign as vehicles for teaching and learning inter-
actively with your peers.

. Use the answers to the problems in the Study Guide

in the proper way. Refer to the answers only 1in two
circumstances: (1) When you have finished a prob-
lem, use the Study Guide to check your answer. (2)
When, after making a real effort to solve the prob-
lem, you find that you are completely stuck, then
look at the answer for a clue and go back to work
out the problem on your own. The value of a prob-
lem 1s 1n solving 1t. If you simply read the problem
and look up the answer, you will deprive yourself
of an important way to learn.

. Use molecular models when you study. Because

of the three-dimensional nature of most organic
molecules, molecular models can be an 1nvaluable
aid to your understanding of them. When you need
to see the three-dimensional aspect of a particular
topic, use the Molecular Visions'™ model set that
may have been packaged with your textbook, or
buy a set of models separately. An appendix to the
Study Guide that accompanies this text provides a
set of highly useful molecular model exercises.

. Make use of the rich online teaching resources in

Wiley PLUS including ORION’s adaptive learning
system.



INTRODUCTION

Oolving the Puzzie” or “structure Is everytning
(AImosT)”

As you begin your study of organic chemistry it may seem like a puzzling subject. In fact, 1n
many ways organic chemistry 1s like a puzzle—a jigsaw puzzle. But it 1s a jigsaw puzzle with
useful pieces, and a puzzle with fewer pieces than perhaps you first thought. In order to put a
jigsaw puzzle together you must consider the shape of the pieces and how one piece fits together
with another. In other words, solving a jigsaw puzzle 1s about structure. In organic chemistry,
molecules are the pieces of the puzzle. Much of organic chemistry, indeed life 1itseltf, depends
upon the fit of one molecular puzzle piece with another. For example, when an antibody of our
immune system acts upon a foreign substance, it 1s the puzzle-piece-like fit of the antibody with
the invading molecule that allows “capture™ of the foreign substance. When we smell the sweet
scent of a rose, some of the neural impulses are initiated by the fit of a molecule called geraniol
1in an olfactory receptor site in our nose. When an adhesive binds two surfaces together, 1t does
so by billions of interactions between the molecules of the two materials. Chemistry 1s truly a
captivating subject.

As you make the transition from your study of general to organic chemistry, 1t 1s impor-
tant that you solidify those concepts that will help you understand the structure of organic
molecules. A number of concepts are discussed below using several examples. We also suggest
that you consider the examples and the explanations given, and refer to information from your
general chemistry studies when you need more elaborate information. There are also occasional
references below to sections in your text, Solomons, Fryhle, and Snyder Organic Chemistry, be-
cause some of what follows foreshadows what you will learn in the course.

SOME FUNDAMENTAL PRINCIPLES WE NEED TO CONSIDER

What do we need to know to understand the structure of organic molecules? First, we need to
know where electrons are located around a given atom. To understand this we need to recall
from general chemistry the 1deas of electron configuration and valence shell electron orbitals,
especially 1n the case of atoms such as carbon, hydrogen, oxygen, and nitrogen. We also need
to use Lewis valence shell electron structures. These concepts are useful because the shape of a
molecule 1s defined by 1ts constituent atoms, and the placement of the atoms follows from the
location of the electrons that bond the atoms. Once we have a Lewis structure for a molecule,
we can consider orbital hybridization and valence shell electron pair repulsion (VSEPR) theory
in order to generate a three-dimensional image of the molecule.

Secondly, 1n order to understand why specific organic molecular puzzle pieces fit
together we need to consider the attractive and repulsive forces between them. To understand
this we need to know how electronic charge 1s distributed in a molecule. We must use tools
such as formal charge and electronegativity. That 1s, we need to know which parts of a molecule
are relatively positive and which are relatively negative—in other words, their polarity. Asso-
ciations between molecules strongly depend on both shape and the complementarity of their
electrostatic charges (polarity).

When 1t comes to organic chemistry 1t will be much easier for you to understand why organic
molecules have certain properties and react the way they do 1f you have an appreciation for the
structure of the molecules involved. Structure 1s, 1in fact, almost everything, in that whenever we

IT
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want to know why or how something works we look ever more deeply into 1ts structure. This 1s
true whether we are considering a toaster, jet engine, or an organic reaction. If you can visualize
the shape of the puzzle pieces 1n organic chemistry (molecules), you will see more easily how
they fit together (react).

SOME EXAMPLES

In order to review some of the concepts that will help us understand the structure of or-
ganic molecules, let’s consider three very important molecules—water, methane, and methanol
(methyl alcohol). These three are small and relatively ssmple molecules that have certain simi-
larities among them, yet distinct differences that can be understood on the basis of their struc-
tures. Water 1s a liquid with a moderately high boiling point that does not dissolve organic
compounds well. Methanol 1s also a liquid, with a lower boiling point than water, but one that
dissolves many organic compounds easily. Methane 1s a gas, having a boiling point well below
room temperature. Water and methanol will dissolve 1n each other, that 1s, they are miscible.
We shall study the structures of water, methanol, and methane because the principles we learn
with these compounds can be extended to much larger molecules.

Water
HOH

Let’s consider the structure of water, beginning with the central oxygen atom. Recall that the
atomic number (the number of protons) for oxygen 1s eight. Therefore, an oxygen atom also has
eight electrons. (An 1on may have more or less electrons than the atomic number for the element,
depending on the charge of the 1on.) Only the valence (outermost) shell electrons are involved
in bonding. Oxygen has six valence electrons—that 1s, six electrons in the second principal shell.
(Recall that the number of valence electrons 1s apparent from the group number of the element
in the periodic table, and the row number for the element is the principal shell number for its
valence electrons.) Now, let’s consider the electron configuration for oxygen. The sequence of
atomic orbitals for the first three shells of any atom 1s shown below. Oxygen uses only the first
two shells 1n 1ts lowest energy state.

ls, 25, 2p ., Zp},, 2p_, 3s, 3p., 3py, 3p.

The p orbitals of any given principal shell (second, third, etc.) are of equal energy. Recall also
that each orbital can hold a maximum of two electrons and that each equal energy orbital must
accept one electron before a second can reside there (Hund's rule). So, for oxygen we place two
electrons 1n the 1s orbital, two 1n the 2s orbital, and one 1n each of the 2p orbitals, for a subtotal
of seven electrons. The final eighth electron 1s paired with another in one of the 2p orbitals. The
ground state configuration for the eight electrons of oxygen 1s, therefore

2929, 29, | 1
s 25 2p.~ 2p," 2p,
where the superscript numbers indicate how many electrons are in each orbital. In terms of

relative energy of these orbitals, the following diagram can be drawn. Note that the three 2p
orbitals are depicted at the same relative energy level.
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Energy

Now, let’s consider the shape of these orbitals. The shape of an s orbital 1s that of a sphere with
the nucleus at the center. The shape of each p orbital 1s approximately that of a dumbbell or lobe-
shaped object, with the nucleus directly between the two lobes. There 1s one pair of lobes for
each of the three p orbitals (p, p, p.) and they are aligned along the x, y, and z coordinate axes,
with the nucleus at the origin. Note that this implies that the three p orbitals are at 90° angles
to each other.

H
i

an s orbital Px, Py, - orbitals

Now, when oxygen 1s bonded to two hydrogens, bonding 1s accomplished by the sharing of an
electron from each of the hydrogens with an unpaired electron from the oxygen. This type of
bond, involving the sharing of electrons between atoms, 1s called a covalent bond. The forma-
tion of covalent bonds between the oxygen atom and the two hydrogen atoms 1s advantageous
because each atom achieves a full valence shell by the sharing of these electrons. For the oxygen
in a water molecule, this amounts to satisfying the octet rule.

A Lewis structure for the water molecule (which shows only the valence shell electrons) i1s
depicted 1n the following structure. There are two nonbonding pairs of electrons around the
oxygen as well as two bonding pairs.
. O e /O\
H H H H

In the left-hand structure the six valence electrons contributed by the oxygen are shown as
dots, while those from the hydrogens are shown as x’s. This 1s done strictly for bookkeeping
purposes. All electrons are, of course, identical. The right-hand structure uses the convention
that a bonding pair of electrons can be shown by a single line between the bonded atoms.



X

INTRODUCTION

This structural model for water 1s only a first approximation, however. While 1t 1s a proper
Lewis structure for water, 1t 1s not an entirely correct three-dimensional structure. It might
appear that the angle between the hydrogen atoms (or between any two pairs of electrons in a
water molecule) would be 90°, but this 1s not what the true angles are in a water molecule. The
angle between the two hydrogens 1s 1n fact about 105°, and the nonbonding electron pairs are
in a different plane than the hydrogen atoms. The reason for this arrangement 1s that groups
of bonding and nonbonding electrons tend to repel each other due to the negative charge of
the electrons. Thus, the 1deal angles between bonding and nonbonding groups of electrons are
those angles that allow maximum separation in three-dimensional space. This principle and the
theory built around 1t are called the valence shell electron pair repulsion (VSEPR) theory.

VSEPR theory predicts that the ideal separation between four groups of electrons around an
atom 1s 109.5°, the so-called tetrahedral angle. At an angle of 109.5° all four electron groups are
separated equally from each other, being oriented toward the corners of a regular tetrahedron.
The exact tetrahedral angle of 109.5° 1s found 1n structures where the four groups of electrons
and bonded groups are 1dentical.

In water, there are two different types of electron groups—pairs bonding the hydrogens with
the oxygen and nonbonding pairs. Nonbonding electron pairs repel each other with greater
force than bonding pairs, so the separation between them 1s greater. Consequently, the angle be-
tween the pairs bonding the hydrogens to the oxygen 1n a water molecule 1s compressed slightly
from 109.5°, being actually about 105°. As we shall see shortly, the angle between the four
groups of bonding electrons in methane (CH,) is the 1deal tetrahedral angle of 109.5°. This 1s
because the four groups of electrons and bound atoms are 1dentical in a methane molecule.

Orbital hybridization 1s the reason that 109.5° 1s the 1deal tetrahedral angle. As noted earlier,
an s orbital 1s spherical, and each p orbital 1s shaped like two symmetrical lobes aligned along
the x, y, and z coordinate axes. Orbital hybridization involves taking a weighted average of the
valence electron orbitals of the atom, resulting in the same number of new hybridized orbitals.
With four groups of valence electrons, as in the structure of water, one s orbital and three p
orbitals from the second principal shell in oxygen are hybridized (the 2s and 2p., 2p,, and

2p. orbitals). The result is four new hybrid orbitals of equal energy designated as sp> orbitals
(instead of the original three p orbitals and one s orbital). Each of the four sp> orbitals has
roughly 25% s character and 75% p character. The geometric result 1s that the major lobes of
the four sp> orbitals are oriented toward the corners of a tetrahedron with an angle of 109.5°
between them.

sp> hybrid orbitals
(109.5° angle between lobes)
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In the case of the oxygen in a water molecule, where two of the four sp? orbitals are occu-
pied by nonbonding pairs, the angle of separation between them 1s larger than 109.5° due to
additional electrostatic repulsion of the nonbonding pairs. Consequently, the angle between the
bonding electrons 1s slightly smaller, about 105°.

More detail about orbital hybridization than provided above 1s given 1in Sections 1.9—1.15
of Organic Chemistry. With that greater detail 1t will be apparent from consideration of orbaital
hybridization that for three groups of valence electrons the 1deal separation 1s 120° (trigonal
planar), and for two groups of valence electrons the i1deal separation 1s 180° (linear). VSEPR
theory allows us to come to essentially the same conclusion as by the mathematical hybridiza-
tion of orbitals, and 1t will serve us for the moment 1n predicting the three-dimensional shape
of molecules.

Methane
CH,

Now let’s consider the structure of methane (CH,). In methane there 1s a central carbon atom
bearing four bonded hydrogens. Carbon has six electrons in total, with four of them being
valence electrons. (Carbon 1s in Group IVA in the periodic table.) In methane each valence
electron 1s shared with an electron from a hydrogen atom to form four covalent bonds. This
information allows us to draw a Lewis structure for methane (see below). With four groups of
valence electrons the VSEPR theory allows us to predict that the three-dimensional shape of a
methane molecule should be tetrahedral, with an angle of 109.5° between each of the bonded
hydrogens. This 1s indeed the case. Orbital hybridization arguments can also be used to show

that there are four equivalent sp? hybrid orbitals around the carbon atom, separated by an angle
of 109.5°.

H H I?
- X
H* C xH H—C—H HwC
'x- X 7
H H H H

All H-C-H angles are 109.5°

The structure at the far right above uses the dash-wedge notation to indicate three dimensions.
A solid wedge indicates that a bond projects out of the paper toward the reader. A dashed bond
indicates that 1t projects behind the paper away from the viewer. Ordinary lines represent bonds
in the plane of the paper. The dash-wedge notation 1s an important and widely used tool for
depicting the three-dimensional structure of molecules.

Methanol
CH,OH

Now let’s consider a molecule that incorporates structural aspects of both water and methane.
Methanol (CH,OH), or methyl alcohol, 1s such a molecule. In methanol, a central carbon atom
has three hydrogens and an O—H group bonded to it. Three of the four valence electrons of the
carbon atom are shared with a valence electron from the hydrogen atoms, forming three C—H
bonds. The fourth valence electron of the carbon 1s shared with a valence electron from the
oxygen atom, forming a C—O bond. The carbon atom now has an octet of valence electrons
through the formation of four covalent bonds. The angles between these four covalent bonds
1s very near the ideal tetrahedral angle of 109.5°, allowing maximum separation between them.
(The valence orbitals of the carbon are sp> hybridized.) At the oxygen atom, the situation is very
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similar to that in water. The oxygen uses 1ts two unpaired valence electrons to form covalent
bonds. One valence electron 1s used 1n the bond with the carbon atom, and the other 1s paired
with an electron from the hydrogen to form the O—H bond. The remaining valence electrons
of the oxygen are present as two nonbonding pairs, just as in water. The angles separating the
four groups of electrons around the oxygen are thus near the ideal angle of 109.5°, but reduced
slightly in the C—O—-H angle due to repulsion by the two nonbonding pairs on the oxygen. (The
valence orbitals of the oxygen are also sp> hybridized since there are four groups of valence
electrons.) A Lewis structure for methanol 1s shown below, along with a three-dimensional per-
spective drawing.

1‘{ H
H—C—O—H Hu (‘: H
| ‘ No”

THE "CHARACTER"” OF THE PUZZLE PIECES

With a mental image of the three-dimensional structures of water, methane, and methanol,
we can ask how the structure of each, as a “puzzle piece,” influences the interaction ot each
molecule with 1dentical and different molecules. In order to answer this question we have to
move one step beyond the three-dimensional shape of these molecules. We need to consider not
only the location of the electron groups (bonding and nonbonding) but also the distribution of
electronic charge in the molecules.

First, we note that nonbonding electrons represent a locus of negative charge, more so than
electrons involved 1n bonding. Thus, water would be expected to have some partial negative
charge localized in the region of the nonbonding electron pairs of the oxygen. The same would
be true for a methanol molecule. The lower case Greek o (delta) means “partial.”

1
o o . H
o) g /C\ e
N 0.
H H H 5 5

Secondly, the phenomenon of electronegativity influences the distribution of electrons, and
hence the charge in a molecule, especially with respect to electrons in covalent bonds. Elec-
tronegativity 1s the propensity of an element to draw electrons toward 1t in a covalent bond.
The trend among elements 1s that of increasing electronegativity toward the upper right corner
of the periodic table. (Fluorine 1s the most electronegative element.) By observing the relative
locations of carbon, oxygen, and hydrogen 1n the periodic table, we can see that oxygen 1s the
most electronegative of these three elements. Carbon 1s more electronegative than hydrogen,
although only slightly. Oxygen 1s significantly more electronegative than hydrogen. Thus, there
1s substantial separation of charge in a water molecule, due not only to the nonbonding elec-
tron pairs on the oxygen but also to the greater electronegativity of the oxygen with respect to
the hydrogens. The oxygen tends to draw electron density toward itself in the bonds with the
hydrogens, leaving the hydrogens partially positive. The resulting separation of charge 1s called
polarity. The oxygen—hydrogen bonds are called polar covalent bonds due to this separation of
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charge. If one considers the net effect of the two nonbonding electron pairs in a water molecule
as being a region of negative charge, and the hydrogens as being a region of relative positive
charge, 1t 1s clear that a water molecule has substantial separation of charge, or polarity.

An analysis of polarity for a methanol molecule would proceed similarly to that for water.
Methanol, however, 1s less polar than water because only one O—H bond 1s present. Never-
theless, the region of the molecule around the two nonbonding electron pairs of the oxygen 1s
relatively negative, and the region near the hydrogen 1s relatively positive. The electronegativ-
ity difference between the oxygen and the carbon 1s not as large as that between oxygen and
hydrogen, however, so there 1s less polarity associated with the C—O bond. Since there 1s even
less difference 1n electronegativity between hydrogen and carbon in the three C—H bonds, these
bonds contribute essentially no polarity to the molecule. The net effect for methanol 1s to make
it a polar molecule, but less so than water due to the nonpolar character of the CH; region of
the molecule.

H
+
e | u
/\,f’
Oy O

Now let’s consider methane. Methane 1s a nonpolar molecule. This 1s evident first because
there are no nonbonding electron pairs, and secondly because there 1s relatively little electroneg-
ativity difference between the hydrogens and the central carbon. Furthermore, what little elec-
tronegativity difference there 1s between the hydrogens and the central carbon atom 1s negated
by the symmetrical distribution of the C—H bonds 1n the tetrahedral shape of methane. The
slight polarity of each C—H bond 1s canceled by the symmetrical orientation of the four C—H
bonds. If considered as vectors, the vector sum of the four slightly polar covalent bonds oriented
at 109.5° to each other would be zero.

H
+—> o
Hve C:T_f Net dipole 1s zero.

17/

The same analysis would hold true for a molecule with 1dentical bonded groups, but groups
having electronegativity significantly different from carbon, so long as there were symmetri-
cal distribution of the bonded groups. Tetrachloromethane (carbon tetrachloride) i1s such a
molecule. It has no net polarity.

CII

*(—}-‘

Cle- C A Net dipole is zero.
77l

Cl
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INTERACTIONS OF THE PUZZLE PIECES

Now that you have an appreciation for the polarity and shape of these molecules 1t 1s possible
to see how molecules might interact with each other. The presence of polarity in a molecule
bestows upon it attractive or repulsive forces 1n relation to other molecules. The negative part
of one molecule 1s attracted to the positive region of another. Conversely, 1f there 1s little po-
larity in a molecule, the attractive forces 1t can exert are very small [though not completely
nonexistent, due to dispersion forces (Section 2./3B in Organic Chemistry)]. Such effects are
called intermolecular forces (forces between molecules), and strongly depend on the polarity
of a molecule or certain bonds within 1t (especially O—H, N—H, and other bonds between
hydrogen and more electronegative atoms with nonbonding pairs). Intermolecular forces have
profound effects on physical properties such as boiling point, solubility, and reactivity. An 1m-
portant manifestation of these properties 1s that the ability to 1solate a pure compound after
a reaction often depends on differences in boiling point, solubility, and sometimes reactivity
among the compounds present.

Boiling Point

An intuitive understanding of boiling points will serve you well when working in the laboratory.
The polarity of water molecules leads to relatively strong intermolecular attraction between
water molecules. One result 1s the moderately high boiling point of water (100 °C, as compared
to 65 °C for methanol and —162 °C for methane, which we will discuss shortly). Water has the
highest boiling point of these three example molecules because 1t will strongly associate with
itself by attraction of the partially positive hydrogens of one molecule (from the electronegativ-
ity ditference between the O and H) to the negatively charged region in another water molecule
(where the nonbonding pairs are located).

hydrogen bonds

The specific attraction between a partially positive hydrogen atom attached to a heteroatom
(an atom with both nonbonding and bonding valence electrons, e.g., oxygen or nitrogen) and
the nonbonding electrons of another heteroatom 1s called hydrogen bonding. It 1s a form of
dipole-dipole attraction due to the polar nature of the hydrogen—heteroatom bond. A given
water molecule can associate by hydrogen bonding with several other water molecules, as shown
above. Each water molecule has two hydrogens that can associate with the non-bonding pairs of
other water molecules, and two nonbonding pairs that can associate with the hydrogens of other
water molecules. Thus, several hydrogen bonds are possible for each water molecule. It takes a
significant amount of energy (provided by heat, for example) to give the molecules enough
kinetic energy (motion) for them to overcome the polarity-induced attractive forces between
them and escape into the vapor phase (evaporation or boiling).

Methanol, on the other hand, has a lower boiling point (65 °C) than water, in large part
due to the decreased hydrogen bonding ability of methanol in comparison with water. Each
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methanol molecule has only one hydrogen atom that can participate in a hydrogen bond with
the nonbonding electron pairs of another methanol molecule (as compared with two for each
water molecule). The result 1s reduced intermolecular attraction between methanol molecules
and a lower boiling point since less energy 1s required to overcome the lesser intermolecular
attractive forces.

i
HH/C\.\Q?H !
5_“H\ Pl et
1 00
/C\ fH$+6
N 0

The CH; group of methanol does not participate in dipole—-dipole attractions between
molecules because there 1s not sufficient polarity in any of i1ts bonds to lead to significant par-
tial positive or negative charges. This 1s due to the small electronegativity difference between
the carbon and hydrogen in each of the C—H bonds.

Now, on to methane. Methane has no hydrogens that are eligible for hydrogen bonding, since
none 1s attached to a heteroatom such as oxygen. Due to the small difference 1n electronegativity
between carbon and hydrogen there are no bonds with any significant polarity. Furthermore,
what slight polarity there 1s in each C-H bond 1s canceled due to the tetrahedral symmetry
of the molecule. [The minute attraction that 1s present between methane molecules 1s due to
dispersion forces, but these are negligible in comparison to dipole—dipole interactions that ex-
1st when significant differences in electronegativity are present in molecules such as water and
methanol.] Thus, because there 1s only a very weak attractive force between methane molecules,
the boiling point of methane 1s very low (=162 °C) and 1t 1s a gas at ambient temperature and
pressure.

Solubility

An appreciation for trends in solubility 1s very useful in gaining a general understanding of
many practical aspects of chemistry. The ability of molecules to dissolve other molecules or
solutes 1s strongly affected by polarity. The polarity of water 1s frequently exploited during the
1solation of an organic reaction product because water will not dissolve most organic com-
pounds but will dissolve salts, many inorganic materials, and other polar byproducts that may
be present 1n a reaction mixture.

As to our example molecules, water and methanol are miscible with each other because each
1s polar and can interact with the other by dipole—dipole hydrogen bonding interactions. Since
methane 1s a gas under ordinary conditions, for the purposes of this discussion let’s consider a
close relative of methane—hexane. Hexane (C4H,) 1s a liquid having only carbon—carbon and
carbon—hydrogen bonds. It belongs to the same chemical family as methane. Hexane 1s not
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soluble 1n water due to the essential absence of polarity in 1ts bonds. Hexane 1s slightly soluble
in methanol due to the compatibility of the nonpolar CH; region of methanol with hexane.
The old saying “like dissolves like” definitely holds true. This can be extended to solutes, as
well. Very polar substances, such as 1onic compounds, are usually freely soluble in water. The
high polarity of salts generally prevents most of them from being soluble in methanol, however.
And, of course, there 1s absolutely no solubility of 1onic substances in hexane. On the other
hand, very nonpolar substances, such as oils, would be soluble 1n hexane.

Thus, the structure of each of these molecules we’ve used for examples (water, methanol, and
methane) has a profound effect on their respective physical properties. The presence of non-
bonding electron pairs and polar covalent bonds in water and methanol versus the complete
absence of these features in the structure of methane imparts markedly different physical prop-
erties to these three compounds. Water, a small molecule with strong intermolecular forces, 1s a
moderately high boiling liquid. Methane, a small molecule with only very weak intermolecular
forces, 1s a gas. Methanol, a molecule combining structural aspects of both water and methane,
1s a relatively low boiling liquid, having sufficient intermolecular forces to keep the molecules
associated as a liquid, but not so strong that mild heat can’t disrupt their association.

Reactivity

While the practical importance of the physical properties of organic compounds may only be
starting to become apparent, one strong influence of polarity 1s on the reactivity of molecules. It
1s often possible to understand the basis for a given reaction in organic chemistry by considering
the relative polarity of molecules and the propensity, or lack thereof, for them to interact with
each other.

Let us consider one example of reactivity that can be understood at the initial level by consid-
ering structure and polarity. When chloromethane (CH;Cl) 1s exposed to hydroxide ions (HO™)
in water a reaction occurs that produces methanol. This reaction 1s shown below.

CH;Cl + HO™ (asNaOH dissolvedinwater) — HOCH; + ClI°

This reaction 1s called a substitution reaction, and 1t 1s of a general type that you will spend
considerable time studying in organic chemistry. The reason this reaction occurs readily can be
understood by considering the principles of structure and polarity that we have been discussing.
The hydroxide 1on has a negative charge associated with it, and thus should be attracted to
a species that has positive charge. Now recall our discussion of electronegativity and polar
covalent bonds, and apply these 1deas to the structure of chloromethane. The chlorine atom
1s significantly more electronegative than carbon (note its position in the periodic table). Thus,
the covalent bond between the carbon and the chlorine 1s polarized such that there 1s partial
negative charge on the chlorine and partial positive charge on the carbon. This provides the
positive site that attracts the hydroxide anion!

ra AN o / .l
HO: + 0. .C—Cl: 0 —> HO—C., + :Cl:
H\‘-/ ol \.-;,H .

H H

The intimate details of this reaction will be studied in Chapter 6 of your text. Suffice it to say
for the moment that the hydroxide 1on attacks the carbon atom using one of 1ts nonbonding
electron pairs to form a bond with the carbon. At the same time, the chlorine atom 1s pushed
away from the carbon and takes with 1t the pair of electrons that used to bond it to the carbon.
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The result 1s substitution of OH for Cl at the carbon atom and the synthesis of methanol.
By calculating formal charges (Section 1.5 in the text) one can show that the oxygen of the
hydroxide anion goes from having a formal negative charge in hydroxide to zero formal charge
in the methanol molecule. Similarly, the chlorine atom goes from having zero formal charge 1n
chloromethane to a formal negative charge as a chloride 10n after the reaction. The fact that the
reaction takes place at all rests largely upon the complementary polarity of the interacting species.
This is a pervasive theme in organic chemistry.

Acid-base reactions are also very important in organic chemistry. Many organic reactions
involve at least one step in the overall process that 1s fundamentally an acid-base reaction.
Both Bronsted-Lowry acid-base reactions (those involving proton donors and acceptors) and
Lewis acid-base reactions (those mmvolving electron pair acceptors and donors, respectively) are
important. In fact, the reaction above can be classified as a Lewis acid-base reaction in that the
hydroxide 10n acts as a Lewis base to attack the partially positive carbon as a Lewis acid. It 1s
strongly recommended that you review concepts you have learned previously regarding acid-
base reactions. Chapter 3 in Organic Chemistry will help 1n this regard, but it 1s advisable that
you begin some early review about acids and bases based on your previous studies. Acid—base
chemistry 1s widely applicable to understanding organic reactions.

JOINING THE PIECES

Finally, while what we have said above has largely been 1in reterence to three specific compounds,
water, methanol, and methane, the principles involved find exceptionally broad application in
understanding the structure, and hence reactivity, of organic molecules in general. You will find
it constantly useful in your study of organic chemistry to consider the electronic structure of
the molecules with which you are presented, the shape caused by the distribution of electrons
in a molecule, the ensuing polarity, and the resulting potential for that molecule’s reactivity.
What we have said about these very small molecules of water, methanol, and methane can be
extended to consideration of molecules with 10 to 100 times as many atoms. You would simply
apply these principles to small sections of the larger molecule one part at a time. The following
structure of Streptogramin A provides an example.

A region with trigonal
planar bonding

5

:O.- /
N[ 7 = OH A few of the partially positive
| . =z and partially negative regions
CHj; are shown, as well as regions
s of tetrahedral and trigonal planar

HSC\ o O . geometry. See if you can identify

CH 0" O N &T more of each type.

/0

/ / 8+ ..

A region with
tetrahedral bonding

Streptogramin A

A natural antibacterial compound that blocks protein
synthesis at the 70S ribosomes of Gram-positive bacteria.
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We have not said much about how overall shape influences the ability of one molecule to
interact with another, in the sense that a key fits in a lock or a hand fits in a glove. This type of
consideration 1s also extremely important, and will follow with relative ease 1f you have worked
hard to understand the general principles of structure outlined here and expanded upon 1n the
early chapters of Organic Chemistry. An example would be the following. Streptogramin A,
shown above, interacts in a hand-in-glove fashion with the 70S ribosome 1n bacteria to inhibit
binding of transfer RNA at the ribosome. The result of this interaction 1s the prevention of
protein synthesis in the bacterium, which thus accounts for the antibacterial effect of Strep-
togramin A. Other examples of hand-in-glove interactions include the olfactory response to
geraniol mentioned earlier, and the action of enzymes to speed up the rate of reactions 1n bio-
chemical systems.

FINISHING THE PUZZLE

In conclusion, if you pay attention to learning aspects of structure during this initial period
of “getting your feet wet” 1n organic chemistry, much of the three-dimensional aspects of
molecules will become second nature to you. You will immediately recognize when a molecule
1s tetrahedral, trigonal planar, or linear in one region or another. You will see the potential for
interaction between a given section of a molecule and that of another molecule based on their
shape and polarity, and you will understand why many reactions take place. Ultimately, you
will find that there 1s much less to memorize 1n organic chemistry than you first thought. You
will learn how to put the pieces of the organic puzzle together, and see that structure 1s indeed
almost everything, just applied in different situations!
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SOLUTIONS TO PROBLEMS

Another Approach to Writing Lewis Structures

When we write Lewis structures using this method, we assemble the molecule
or 1on from the constituent atoms showing only the valence electrons (1.e., the elec-
trons of the outermost shell). By having the atoms share electrons, we try to give
each atom the electronic structure of a noble gas. For example, we give hydrogen
atoms two electrons because this gives them the structure of helium. We give car-
bon, nitrogen, oxygen, and fluorine atoms eight electrons because this gives them
the electronic structure of neon. The number of valence electrons of an atom can
be obtained from the periodic table because it 1s equal to the group number of the
atom. Carbon, for example, 1s in Group IVA and has four valence electrons; fluo-
rine, in Group VIIA, has seven; hydrogen, in Group 1A, has one. As an illustration,
let us write the Lewis structure for CH;yF. In the example below, we will at first
show a hydrogen’s electron as x, carbon’s electrons as o’s, and fluorine’s electrons as
dots.

Example A

L -
3H ,°C-, and -F: are assembled as
- =

H H
H:C?F: or H:C:F:
H H

If the structure 1s an 1on, we add or subtract electrons to give it the proper charge.
As an example, consider the chlorate 1on, C1O;™.

Example B

. w 00
:Cl", and 2O2 and an extra electron X are assembled as

o
o

[ o0

o
o

Lo
o

00

lo

] e

S 00

o
O

L&

O
l (]

or
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1.1 4N, 7 protons and 7 neutrons; I°N, 7 protons and 8 neutrons
1.2 (a) one (b) seven (c) four  (d) three (e) eight () five

13 @0 BN (©Cl (S

1.4 (a) ionic  (b) covalent (c) covalent  (d) covalent

:F: :é]:
' | .
~ (a)H (|3 F:  (b) H—(‘?—Ql:
H :Cl:
H

1.6 H—C—O—H

1.7 H—C—C—H

H
1.8 (a) H—F: (d) H—O—N=0 (2) H—Q—I"—(:f_j—H
O—H
o 0‘
0 c
(b) :F—F: ) H—O—S—O0—H (h) H—O0~ ~O—H

(c) H—C—F: (f) | H—_B—H

19 0—P—O:"
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0“
H |
L ) . C.
1.10 (a) H—(‘S—Q: (c) :C=N: (e) H—O 0.~
H
%
. Vi _
(b) H—I‘\“ (d) H—C (f) H—C=C:
AV
H O
H H :0:” H
-/ | \
1.11 (a) H—(‘—J—C< (d) H—(‘:—H (g) H—C—C=N:
H H H H
H H H
. ] -
(b) H—(‘)+—H () H—(|:—N+—H (h) H—(‘Z—NEN:
H H H H
{0} H—O—H
| |
() ch\(j‘— (f) H—(‘S—H
. . H
T
1.12 H ? §_$ ? H
H H H
L
1.13 CH3(‘3HCH(‘3HCH3 or (CH3),CHCH(CH3)CH(CH3),
CH; CH;
i
114" (a) CH CH = )\/
3
CH;y”  “CHj
i
(®) - /Iv\
_CH___CHy_ Ol

CH; CH5; OH
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CH3 H
D K
C — CH3 — —
/ \ -
CH, CH,
(d) CH_{HJ ~ CH{/ ~ CH: _ N
CH2 CH2
~ ~ e ~
() M3 i CH; . 7YY
| OH
OH
(f) CHy—C = :C
\ CH,— CHj
O
(2) (”: CH CH = I
- 3 ) )J\/\/
CH;, ~CcH;  “CHj
Cl CHj

| | Cl
(h) CH CH )\/L
CH;”  “CH; CHj

1.15 (a) and (d) are constitutional isomers with the molecular formula C;H;,.
(b) and (e) are constitutional 1somers with the molecular formula CsH;,O.

(c) and (f) are constitutional 1somers with the molecular formula CsH 5.

H Cl H H O H RTEERN
[ Y Y I - C

116 (a) H—-C—C—C—C—C—C—H () C C

I |
H H H H H H*x(lj _n
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Cl
1.17 (a) (‘: (Note that the Cl atom and the three H atoms
g~ \H may be written at any of the four positions.)
H
Cl Cl
(b) (\j or (‘j and so on
Cl P \ """" H Hﬂ‘ \fH
H Cl
Cl H
(c) (lj and others (d) (‘j and others
e 1 e
H H
1.18 (a) H—C - » H—C
\ . N\
0:- o

(b) and (c). Since the two resonance structures are equivalent, each should make an equal
contribution to the overall hybrid. The C—O bonds should therefore be of equal length (they
should be of bond order 1.5), and each oxygen atom should bear a 0.5 negative charge.

“O
1.19 (a) t(H:

H-~ SH

- P

0
I H o
() "NEYCONy CZC\H
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-
i ol
50//,,/
o U — I
V4
L —
\
(D — T
/
n—0O
/ \
= L

H/
+0O— T
/
Z—0
\
O—/o
/
L—0
\
O—T
/
as
L
\
O— &
7
——0
p
O— =
/.
L—0
\
+0— T
/
T
H/
O—X
4
e ®
\
+O— L
/.
L—0
Y,
O—T
/
T
e

.-
//
=—
/C am
| s —
/
am
A
Y
“M“
/-
H|C//4f\
@3
—
/
am
S

CH,

(€)
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_ _C _
() H,Cy “CH; <—> HC” CH;
ola
|
5 ,.C
H,C~ CH;

ot ot
CH3;—S===CH,
O: ..O::_ 0.~
+\ 7 +/ 2+ /
(h) CH;—N < > CH;—N - > CH3;—N
X XY
O~ O
(minor)
0%
v
CH;—N
\ 5
O
(‘3H3 (‘31‘13
(a) H N H N ¥
SENT “CH NS \“Cjﬁ ® \\CH ; CH,=N(CHj3), because all atoms
| |
H H
have a complete octet (rule 3), and there are more covalent bonds (rule 1).
‘0" .O: - ‘0" |
V) / /  because it has no charge
(b) CH3_C\ Bl CH3_C\\ CH3— C\ separation (rule 2).
(.0—H O—H :0—H

(Y + ‘"
(c) @ C=N: <—> NH,=C=N" :NH,—C=N:because it has no charge
separation (rule 2).

(a) Cis-trans 1somers are not possible.

H CH H
C=C and C=C
/ LN /
H H H CH;

(¢) Cis-trans isomers are not possible.

(d) CH3CH2\ Cl CH;CH, H

/ /

C=C and C=C
b AN AN
H H

Sp

Sp
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1.25

1.26

1.27

1.28

sp?
Sp _ _
H
(a) é
/ ..-"""-'_-:
H=/- S|
. H _

(b) F—Be—F:

.-‘""-.
-
-

(d) @

(e) |

() A

i'j LY
(2) SN
5
P \
4 %
¢

----------

m [ ()

180°

(b) CH_:,—’(C\:C CHj3 linear

There are four bonding pairs.
The geometry 1s tetrahedral.

There are two bonding pairs about
the central atom. The geometry 1s linear.

There are four bonding pairs.
The geometry 1s tetrahedral.

There are two bonding pairs and two nonbonding pairs.
The geometry 1s tetrahedral and the shape 1s angular.

There are three bonding pairs. The geometry
1s trigonal planar.

There are four bonding pairs around the central
atom. The geometry 1s tetrahedral.

There are four bonding pairs around the central atom.
The geometry 1s tetrahedral.

There are three bonding pairs and one nonbonding pair
around the central atom. The geometry 1s tetrahedral and
the shape 1s trigonal pyramidal.

trigonal planar at each carbon atom

180°
(c) HXCXEN:

linear
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Problems

Electron Configuration

1.29 (a) Na™ has the electronic configuration, 15s°2s*2p°, of Ne.
(b) CI~ has the electronic configuration, 15%22s22p%3s23p°, of Ar.
(c) F™ and (h) Br*™ do not have the electronic configuration of a noble gas.
(d) H™ has the electronic configuration, 1s?, of He.
() Ca?* has the electronic configuration, 1s22522p%3s23p°, of Ar.
(f) S?~ has the electronic configuration, 1s22s°2p°3s23p°, of Ar.

(2) O~ has the electronic configuration, 1s22s%2p°, of Ne.

Lewis Structures

X6} {e} o iCl 0-
130 (a) g (b) :Cl ﬂ' Cl: (c) :CI“L”’Cl: (d) H—O 111//
. a) . = : - C) .. . VT
-:Cil_,,/”“"-..,_..Cl: . I oy ..le ""-\.C:l.‘ . \ |
' ' :(_:_li ' ' O_
1.31 (a) CH3_§_ﬁ_Q:— (c) ~:O ﬁ 0:”
0. .
:(?:_ ("_‘)
(b) CH;—S—CH, (d) CH3—|S‘1—Q:"
+
0.
1.32 +¢N:_

_H

_|_
,'O ] e
N :0:

N
.=
‘N
b
(a) O: (b) .
. e
H\”“IJ{I"H .07 8T STt
< |
N
‘ :él: O'f
(d) ;B\/%/K/BI‘
N
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1.33

1.34

1.35

1.36

1.37

Structural Formulas and Isomerism

(a) (CH;),CHCH,OH (c) HZ(‘Z—(‘jHZ
HC=CH

(b) (CH;),CHCCH(CH;3),  (d) (CH53),CHCH,CH,OH

(a) C;H{yO (c) C4Hg

(b) C-H,,0 (d) CsH,0

(a) Difterent compounds, not 1someric (1) Different compounds, not 1someric
(b) Same compound (J)) Same compound

(¢) Same compound (k) Constitutional 1somers

(d) Same compound (I) Different compounds, not 1someric
(¢) Same compound (m) Same compound

(f) Constitutional 1somers (n) Same compound

(g) Ditferent compounds, not 1someric (0) Same compound

(h) Same compound (p) Constitutional isomers

(@) O OH

a (d) W

/\)J\ O

(b) € N o /\/\/)

(c) ﬁ\/\/OH () ij
_/ N—=_ N
= >—
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Y4 |+ /
H—C—N ~< » H—C—N

N\ N

H O H O

L
H—C—O—N=O0:
\

H (Other structures are possible.)

Resonance Structures

11
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1.42 (a) While the structures differ in the position of their electrons, they also differ in the
positions of their nucler and thus they are not resonance structures. (In cyanic acid the
hydrogen nucleus 1s bonded to oxygen; 1n 1socyanic acid it 1s bonded to nitrogen.)

(b) The anion obtained tfrom either acid 1s a

resonance hybrid of the following structures: GO—C=N - 0 C=N:"

H

|
1.43 H—C

|
H

(a) A +1 charge. (F—4-°/, -2 =+1)
(b) A +1 charge. (It 1s called a methyl cation.)
(¢) Trigonal planar, that 1s,

i
+
C
H™ OH
(d) sp?
i
1.44 H_$:
H

(a) A—1charge. (F=4-6/2-2=-1)
(b) A —1 charge. (It 1s called a methyl anion.)
(¢) Trigonal pyramidal, that 1s

v

AT

HI_{\H

(d) sp’
1.45 H—C-

(a) No formal charge. (F=4-°/,-1=0)
(b) No charge.
(c) sp?, that is,
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1.48
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(ﬁ) HzCO or CH20

SOV,
@?

c@o
(b) H,C = CHCH = CH,
RSV é@
U,
(& %CGDC@
" 00

(C) H2C=C=C=CH2

‘5‘

Vs

CDCQDC(IDC
[ ,ﬂﬂ_’rp2
(a) and (b)
.
/""\ 0 A
(10 ~< > Qf \O_

(¢) Because the two resonance structures are equivalent, they should make equal contribu-
tions to the hybrid and, theretore, the bonds should be the same length.

(d) Yes. We consider the central atom to have two groups or units of bonding electrons and
one unshared pair.

AN T

B _— R -, 1
:NEN—N: - = :N=—N=—=N: -« = :N—NE N:

A B C

Structures A and C are equivalent and, therefore, make equal contributions to the hybrid.
The bonds of the hybrid, therefore, have the same length.

@) S">oq oH _OuL_~_ 707

T e
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(b) (CH3),NH CH;CH,NH,

() (CH3);N  CH3CH,NHCH; CH-CH,CH,NH, CH3(‘ZHCH3

NH»
(@) 7N /\r J\
1.50 (a) constitutional isomers (b) the same
(¢c) resonance forms (d) constitutional 1somers
(e) resonance forms (f) the same
Challenge Problems
. T .
(b) Linear
(¢) Carbon dioxide
:Er:
12 SaA g BN BN
o :Br: ik
Set B:  HpN /\( H,N~ >0 OH\[/\ OH N AN NH2
OH :NH, O
N
\“‘*N/\/OH P‘J /\N,..-fo\\ \ITI;O\/
: |
H Q‘\ 11 H
H .
X D:(j' \_O M H D< OH
Set C: | O S I T H
. ° H [
O W/_
C 0.
[and unstable enol forms of a, b, and c]
Set D: N >§<
Mg \/NH3 H H
Set B: . " (i, CH3CH,CH, and CH;CHCHj)



QUIZ

1.53

1.54

1.55

1.56

1.1

1.2
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(a) No, a carbon atom 1n 1ts ground state would have 2 electrons 1n the ls orbital, 2 elec-
trons in the 2s orbital, and only 2 unpaired electrons in the degenerate 2p,.,2p,, and 2p._
orbitals. So the two unpaired electrons can pair with only 2 hydrogen atoms with their
one unpaired electron, respectively to form the compound CH,, which would be divalent
and have 180 degree bond angles.

(b) In this case 4 unpaired electrons can combine with 4 hydrogen atoms to give CH,, the
correct bonding for methane, a tetravalent compound. However, the tetrahedral geometry
known to exist for methane would not result from bonding at the 2s and three 2p orbaitals
in the excited state. Hybridized sp> orbitals are required for tetrahedral geometry.

(a) Dimethyl ether Dimethylacetylene cis-1,2-Dichloro-1,2-difluoroethene

Cl Cl
O CH:— C=C—CH
CH;” " CHj; . : >C:C<
I3 F
C1>2<C1
F F
H H (I
HfoO\CfH \C A C/ \C C/Cl CL&”‘C - RS
- o, H — _ — (' — (.o | H —_ e (O
(C) H' l l ‘H / \ Y N or Ff,. """'F
H H H F E

The large lobes centered above and below the boron atom represent the 2p orbital that
was not involved in hybridization to form the three 2sp? hybrid orbitals needed for the
three boron-fluorine covalent bonds. This orbital 1s not a pure 2p atomic orbital, since
it 1s not an 1solated atomic p orbital but rather part of a molecular orbital. Some of the
other lobes 1n this molecular orbital can be seen near each fluorine atom.

The two resonance forms for this anion are :CH,— CH:QZ and CH,=CH— (:j:‘ .
The MEP 1ndicates that the resonance contributor where the negative charge on the anion
1s on the oxygen 1s more important, which 1s what we would predict based on the fact that
oxygen 1s more electronegative than carbon.

O~ O~
Resonance hybrid, CH»=—=—=CH==-0

Which of the following 1s a valid Lewis dot formula for the nitrite 1on (NO3)?

(a) :0—N=0: (b) :0=N—0:" (¢) :0—N=0: (d) Twoof
these

(e) None of the above

What 1s the hybridization state of the boron atom in BF3?
@s bp (@©sp (@sp* (o) sp
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|

1.3 BF; reacts with NH; to produce a compound, F —I‘i— I‘\I— H. The hybridization state
of B1s

F H
@s ®p ©sp (dsp* (o) sp

1.4 The formal charge on N 1n the compound given in Problem 1.3 1s
(a) =2 (b) —1 (c) 0 (d) +1 (e) +2

1.5 The correct bond-line formula of the compound whose condensed formula 1s
CH;CHCICH,CH(CH;)CH(CH;), 1s

Cl Cl Cl
(a) )\r\r (b) (c)

Cl Cl
(d) )\)\/\ (e) )\/\/\/

1.6 Write another resonance structure tor the acetate 10n.

Acetate 10n

1.7 In the boxes below write condensed structural formulas for constitutional i1somers of
CH;(CH,);CHj;.

1.8 Write a three-dimensional formula for a constitutional isomer of compound A given below.
Complete the partial structure shown.

|
C..H Hu.h,..C\
H3C'f \ H3C/
H
A

Constitutional 1somer of A



