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Thomson Throughout
this chapter, sign in at
www.thomsonedu.com for
online self-study and interactive
tutorials based on your level of
understanding.

Online homework for this
chapter may be assigned
in Organic OWL.

An Overview of
Organic Reactions

\Vhen first approached, organic chemistry can seem ov€nvhelming. It's not so
mLich that all)' one part is difficult to understand, it's that there are so mallY parts:
literally millions of compounds, dozens of functional groups, and an endless nUIll

bel' of reactions. \tVith study, though, it becomes evident that there are only a few
fundamental ideas that underlie aU organic reactions. Far from being a collection
of isolated facts, organic chemistry is a beautifully logical subject that is unified by
a few broad themes. \Nhen these themes are understood, learning organic chem
istry becomes much easier ane! memorization is minimized. The aim of this book
is to describe the themes and clarify the patterns that unify organic chemistry.

WHY THIS CHAPTER?

All chemical reactions l whether in the laboratory or in living organisms, follow
the same "rules." Reactions in living organisms often look more complex than
laboratory reactions because of the size of the biomolecules and the involve
ment of biological catalysts Gliled euzy'ncs, but the principles governing aJ I reac
tions are the same.

To understand both organic and biological chemistry, it's necessary to kno\lv
not just wllatoccurs, but also why and 110\,'1' chemical reactions take place. In this
chapter, we'll start with an overview of the fundamental kjnc!s of organic reac
tions, \·ve'll see why reactions occur, and '.\'e'll see how reactions can be
described. Once this background is out of the way, we'll then be ready to begin
studying the details of organic chemistry.

5.1 Kinds of Organic Reactions

Thomson Click Organic
Interactive to classify organic
reactions by examining
reactants and products.

Organic chemical reactions can be organized broadly in two ways-by wl/ot

kinds of reactions occur and by 1101V those reactions occur. Let's look first at
the kinds of reactions that take place. There are four general types of organic
reactions: additions, dil/lil/atio/ls, substitutiolls, and ren1Tc1l1gelllellts .

• Addition reactions occur \""hen two reactants acid together to form a single
product with no atoms "left over." An example that we'll be studying soon

137



138 CHAPTER 5 An Overview of Organic Reactions

is tile reaction of an alkene, such as ethylene, with HBr to yield an alkyl
bromide.

These two
reactants.

H H
\ I
C=C + H-Br

I \
H H

Ethylene
(an alkene)

H Br
I I

H-C-C-H
I I
H H

Bromoethane
(an alkyl halidel

.. add to give
this product.

I Elimination reactions are, in a sense, the opposite of addition reactions.
They occur \'Vhen a single reactant splits into two products) often with forma w

bon of a smalllllolecule such as water or HEr. An example is the acid-catalyzed
reaction of an alcohol to yield \·vater and an alkene.

This one
reactant ..

H OH
I ,

H-C-C-H
I I
H H

Ethanol
(an alcohol)

Acid catalyst
H H
\ I
C=C

I \
H H

Ethylene
tan alkene)

+
... gives these
two products.

I Substitution reactions occur when hovo reactants exchange parts to give two
new products. An example is the reaction of an alkane with Cl2 in the pres
ence of ultraviolet light to yield an alkyl chloride. A Cl atom from CI2 substi
tutes for an H atom of the alkane) and t\-\'o new products result.

These two
reactants.

H
I

H-C-H
I
H

+ CI-CI ~

H
I

H-C-CI
I
H

+ H-C1
. give these

two products.

Methane
(an alkanel

Chloromethane
(an alkyl halide)

I Rearrangeluent reactions occur when a single reactant lIndergoe5 a reorgan
ization of bonds and atoms to yield an isomeric product. An example \s the
conversion of the alkene I-butene into its constitutional isomer 2-blltene by
treatment with an acid catalyst.

This
reactant.

CH 3CH2 H
\ I
C=C

I \
H H

l-Butene

Acid catalyst
H3C H

\ I
C=C

I \
H CH3

2·Butene

... gives this
isomeric product.

Problem 5.1 Classify each of the following reactions as an addition. elimination, substitution, or
rearra ngemen t:

Cal CI-I,Br + KOI-I --> CH 30H + KBr
(b) CI-I3CI-I 2Br --> 1-12C~CH2 T I-IBr
(cl H2C~CH2 + 1-1 2 --> CH3C1-13
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5.2 How Organic Reactions Occur: Mechanisms

Having looked at the kinds of reactions tl1at take place, let's now see how reac
tions occur. An overall description of how a reaction occurs is called a reaction
mechanislu. A mecl1anism describes in detail exactly \·vhat takes place at each
stage of a chemical transformation-which bonds are broken and in what order,
which bonds are formed and in what order, and what the relative rates of the
steps are. A complete mechanism must also account for all reactants used and
all products formed.

All chemical reactions involve bond-breaking and bond-making. When
two molecules come together, react, and yield products, specific bonds in the
reactant molecules are broken and specific bonds in the product molecules are
formed. Fundamentally. there are two 'ways in which a covalent two-electron
bond can break. A bond can break in an electronically syml/letrical "vay so that
one electron remains with each product fragment, or a bond can break in an elec
tronically Ill1symmel"l'icnl way so that both bonding electrons remain vvith one
product fragment, leaving the other with a vacant orbHal. The symmetrical
cleavage is said to be IlOlIIolytic, and the unsymmetrical cleavage is said to be /iet

erolytic. We'll develop the point in more detail later, but you might note for now
that the movement of Olle electron in the symmetrical process is indicated using
a half-headed, or "fishhook," arrow (f'), whereas the movement of two electrons
in the unsymmetrical process is indicated using a full-headed curved arrow (01).

f:': 8 ~ A· ·8
Symmetrical bond-breaking (radical):

+ one bonding electron stays with each product.IJ

(" A+
Unsymmetrical bond-breaking (polar):

A:8 ~ + :8-
two bonding electrons stay with one product.

Just as there are t"vo ways in \ivhich a bond can break, there are two \vays in
which a covalent two-electron bond can form. A bond can form in an electronically
symmetrical way if one electron is donated to the new bond by each reactant" or in
an unsYllUlletrical way if both bonding electrons are donated by one reactant.

A+~8-

A:8

A:8

Symmetrical bond-making (radical):
one bonding electron is donated by each reactant.

Unsymmetrical bond-making (polar):
two bonding electrons are donated by one reactant.

Processes that involve symmetrical bond-breaking and bond·making are
called radical reactions. A radical, often called a free radical, is a neutral chem
ical species that contains an odd Illlluber of electrons and thus has a single,
unpaired electron in one of its orbitals. Processes that involve unsyn1111etrical
bond-breaking and bond-making are called polar reactions. Polar reactions
involve species that have an even number of electrons and thus have only elec·
tron pairs in their orbitals. Polar processes are by far the more common reaction
type in both organic and biological chemistry, and a large part of this book is
devoted to their description.

In addition to polar and radical reactions, there is a third, less commonly
encountered process called a "erieydie rmctiol/. Rather than explain pericyclic
reactions now, though, we'll look at them more carefully in Chapter 30.
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5.3 Radical Reactions

Radical reactions are not as comnl0n as polar reactions but are nevertheless
important in some industrial processes and in numerous biological pathways.
Lees see briefly 110\'\1 they OCCUI".

A radical is highly reactive because it contains an atom with an odd nUlll

bel' of electrons (usually seven) in its valence shell, rather than a stable, noble
gas octet. A radical can achieve a valence-shell octet in several ways. For
example, the radical might abstract an atom and one bonding electron from
another reactant, leaving behind a ne'¥v radicaL The net result is a radical sub
stitution reaction:

Unpaired
electron

\~
Rad· + A:B

V
Reactant

radical
Substitution

product

+

Unpaired
electron

/
·B

Product
radical

Alternatively, a reactant radical might add to a double bond, taking one electron
from the double bond and yielding a new radical. The net result is a radical addi
tion reaction:

Unpaired
electron

\~(\/
Rad· + C=C

1 \

Unpaired
electron

Rad\ 1/
-C-C'
1 \

Reactant
radical

Alkene Addition product
radical

As an example of an industrially useful radical reaction, look at the chlori
nation of methane to yield chloromethane. This substitution reaction is the first
step in the preparation of the solvents dichloromethane (CH2Cl 2) and chloro
form (CHCI3).

H
I

H-C-H + CI-C1
I
H

H
I

H-C-CI +
I
H

H-CI

Methane Chlorine Chloromethane

Like many radical reactions in the laboratorYI methane chlorination requires
three kinds of steps: initiatiol1, propasatiol1, and terminatioll.

Initiation Irradiation with ultraviolet light begins the reaction by break
ing the relatively weak Cl-Cl bond of a small number of CI2 molecules to
give a few reactive chlorine radicals.

.(i ..
:CI:CI:
"V

2 :CI·
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Propagation Once produced, a reactive chlorine radical collicles with a
methane molecule in a propagation step, abstracting a hydrogen atom to give
HCl and a mcthyl radical (. CH3). This mcthyl radical reacts further with Clz
in a second propagation step to give the product chloromethane plus a new
chlorine radical, which cycles back and repeats the first propagabol1 step.
Thus, once the sequence has been itlitiated, it becomes a self-sustaining cycle
uf repeating steps (a) and (b), making the overall process a clUfill renc/iull .

.. ;-.,~
lal :CI' + H:CH3.. v

.. ,c--..."
Ibl :CI:CI: + 'CH3.\) ..

Tennination Occasionally, t,,\'o radicals might collide and combine to
form a stable product. \Nhen that happens, the reaction cycle is broken and
the chain is ended. Such termination steps occur infrequently, however,
because the concentration of radicals in the reaction at any given moment
is very small. Thus, the likelihood that t\'\lO radicals will collide is also small.

.. ;-.,'" ..
:CI· + 'CI:

Possible termination steps

As a biulogical example of a radical reaction, let's look at the biosynthesis or
prust(/SIWlc/iIlS, a large class of molecules found in virtually all body tissues and flu·
ids. A number of pharmaceuticals are based on or dcrived from prostaglandins,
including mcdicines that induce labor eluring childbirth, reduce intraocular pres
sure in glaucoma, control bronchial asthma, and help treat congenital heart
defects.

Prostaglandin biosynthesis is initiated by abstraction of a hydrogen atom
from arachidonic acid by an iron-oxygen radical, thereby generating a new,
carbon radical ill a substitution reaction. Don't be intimidated by the size of the
molecules; focus only on the changes occurring ill each step. (To help you do
that, the unchangt'd part of the molecule is "ghosted," with only the reactive
part clearly visible.)

Arachidonic acid

'0 H
Radical

substitution

+

H

~
Carbon
radical

o 1
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Following the initial abstraction of a hydrogen atol11, the carbon radical
then reacts with O2 to give an oxygen racticat which reacts with a C=C bond
vvithin the same molecule in an addition reaction. Several further transforma
tions ultimately yield prostaglandin H2.

Oxygen
radical

t~~
H

H

0----

-= I0 __

H

CO,H
Radical

addition

H

---~CO,H

1\
H OH

Carbon
radical

H I
o---~

L~~
H

Prostaglandin H2 {PGH21

CO,H

Problem 5.2 Radical chlorination of alkanes is not generally useful because mixtures of products
often result when more than one kind of C- H bond is present in the substrate. Draw
and name all monochloro substitution products C6H13C1 you mjght obtain by reac
tion of Z·methylpentane with e1 2.

Problem 5.3 Using a curved fishhook arro'''', propose a mechanism for formation of the cyclopen~

tane ring of prostaglandin Hz. vVllat kind of reaction is occurring?

0---

I0 _
H

CO,H 0----

~ I
0 __

---~CO,H

H

5.4 Polar Reactions

Polar reactions occur because of the electrical attraction between positive and neg
ative centers on functional groups in molecules. To see how these reactions take
place, let's first recall the discussion of polar covalent bonds in Section 2.1 and
then look Illore deeply into the effects of bond polarity on organic molecules.

Most organic compounds afe electrically neutral; they have no net charge,
either positive or negative. vVe saw in Section 2.1/ however, that certain bonds
withjn a molecule, particularly the bonds in functional groups, are polar.
Bond polarity is a consequence of an unsymmetrical electron distribution in
a bond and is due to the difference in electronegativity of the bonded atoms.

Elements such as oxygen, nitrogen, fluorine, and chlorine are more electro
negative than carbon, so a carbon atom bonded to one of these atoms has a par
tial positive charge (8+). Conversely, metals are less electronegative than
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carbon, so a carbon atom bonded to a metal has a partial negative charge (0-).
Electrostatic potential maps of chloromethane and methyllithium illustrate
these charge distributions, showing that the carbon atom in chloronlethane is
electron-poor (blue) while the carbon in methyllithiul1l is electron-rich (red).

Chloromethane

'+ rLi
,_I
.C

wi 'H
H

Methyllithium

The polarity patterns of some cOl11mon fUllctional groups are shown in
Table 5.]. Carbon is always positively polarized except \·vhen bonded to a metal.

Table 5.1 Polarity Patterns in Some Common Functional Groups

\~+ 5- \8+ ,-
Alcohol -C-OH Carbonyl C=O

I /,

.-
\ /

0
\ .+Ii

Alkene C=C Carboxylic acid -C

/ \ \.-
OH

Symmetrical, nonpolar .-
\.+ .-

0
8+1;

Alkyl halide -C-X Carboxylic acid -C
/ chloride \8-

CI

8-

\8+ 8-
0

HI;
Amine -C-NH, Aldehyde -C

/ \
H

8-

\8+ 8- 8+1
0

.+Ii
Ether -C-O-C- Ester -C

/ \ \8-
O-C

8-

\8+ ,- 0
.+Ii

Thiol -C-SH Ketone -C

/ \
C

8+ 8-
Nitrile -C=ON

\,- 8+
Grignard -C-MgBr
reagent /

\8- '+
Alkyllithium -C-Li

/
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This discussjon of bond polarity is oversimplified in that weJve consid
ered only bonds that are inherently polar due to differences in eJectronega
tivity. Polar bonds can also result from the interaction of functional groups
with acids or bases. Take an alcohol such as methanol, for example. In neu·
tral methanol, the carbon atom is somewhat electron-poor because the
electronegative oxygen attracts the electrons in the C-O bond. On proton
ation of the methanol oxygen by an acid, however, a full positive charge on
oxygen attracts the electrons in the C-O bond much more strongly and
makes the carbon much more electron-poor. \Ve'll see numerous examples
throughollt this book of reactions that are catalyzed by acids because of the
resultant increase in bond polarity.

H,:': .......... H
o
I ,)+

_C,
WI 'H

H

Methanol-weakly
electron-poor carbon

Protonated methanol
strongly electron-poor carbon

Yet a further consideration is the polariza/;ilit)' (as opposed to polarity) of
atoms in a molecule. As the electric field around a given atom changes
because of changing interactions with solvent or other polar molecules
nearby, the electron distribution around that atom also changes. The measure
of this response to an external electrical influence is called the polarizability of
the atom. Larger atoms with more, loosely held electrons are more polariz
able, and smaller atoms with fewer, tightly held electrons are less polarizable.
Thus, sulfur is more polarizable than oxygen, and iodine is more polarizable than
chlorine. The effect of this higher polarizability for sulfur and iodine is that
carbon-sulfur and carbon-iodine bonds, although nonpolar according to
electronegativity values (Figure 2.2)} nevertlleless usually react as H they
were polar.

\Nhat does functional-group polarity mean \Nith respect to chemical reac
tivity"! Because unlike charges attract, the fundamental characteristic of all polar
organic reactions is that electron-rich sites react with electron-poor sites. Bonds
are made ,"vhen an electron-rich atom shares a pair of electrons ...vith an electron
poor atom, and bonds are broken when one atom leaves vvith both electrons
from the former bond.

As we saw in Section 2.11} chemists indicate the movement of an electron
pair during a polar reaction by using a curved, full-headed arrow. A curved
arrow sl1o"vs \""here electrons move when reactant bonds are broken and
product bonds are formed. It means that an electron pair moves fro", the atom
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(or bond) at the tail of the arrow to the atom at the head of the arrow during
the reaction.

A-B
'\ The electrons that moved

from :8-to A+ end up here
in this new covalent bond.

Nucleophile
(electron-rich)

This curved arrow shows that
/ electrons move from :8- to A+.

~
A+ + :S-

Electrophile
(electron-poor)

In referring to the electron-rich and electron-poor species involved in polar
reactions! chemists use the words flllcleophi/e and e1ectrophile. A l1ucleophile is a
substance that is "nucieus-loving.!I (Remember that a nucleus is positively
charged.) A nucleophile has a negatively polarized, electron-rich atom and call
form a bond by donating a pair of electrons to a positively polarized, elcctron
poor atom. Nucleophiles may be either neutral or negatively charged; amlllonia,
vvater! hydroxide ion., and chloride ion are examples. An electrophile, by con~

trast, is "electron-loving." An clectrophile has a positively polarized, electron
poor atom and can form a bond by accepting a pajr of electrons from a
nucleophile. Electrophiles can be either neutral or positively charged. Acids
(H+ donors), alkyl halides, and carbonyl compounds are examples (Figure 5.1).

}
Some nucleophiles
(electron-rich}

0 5- \
II Some electrophites
Cil+ I (electron-poor)

/' '"
Figure 5.1 Some nucleophiles and electrophiles. Electrostatic potential maps identify the
nucleophilic (red; negative) and electrophilic (blue; positive) atoms.

If the definitions of nucleophiles ilnd electrophiles sound similar to those
given in Section 2.11 for Lewis acids and Le\vis bases, that's because there is
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indeed a correlation. Lewis bases are electron donors and behave as Ilucleo
philes, whereas Le\'\'is acids are electron acceptors and behave as electrophlles.
Thus, much of organic chemistry is explainable in terms of acid-base reactions.
The main difference is that the words acid and base are lIsed broadly, while
IlllcJeofJ/'/ile ancl electropllile are used primarily when bonds to carbon are
involved.

WORKED EXAMPLE 5.1

ThomsonNO Click Organic
Interactive to identify and
characterize nucleophiles and
electrophiles in organic reactions.

Strategy

Solution

Problem 5.4

Identifying Electrophiles and Nucleophiles

Which of the follo\ving species is likely to behave as a Ilucleopllile and which as an
eJectrophi Ie?
(a) NOz+ (b) CN- (c) CI-I:JNHz (d) (CI-I3hS+

Kucleophiles have an electron-rich site, either because they are negatively charged
or because they have a functional group containing an atom that has a lone pair of
electrons. Electrophiles have an electron-poor site, either because they are positively
charged or because they have a functional group containing an atom that is posi
tively polarized.

(a) ~02+ (nitronjulll ion) is likely to be an electrophile because it is positively
charged.

(b) :C::;;:;N- (cyanide ion) is likely to be a nucleophile because it is negatively
charged.

(c) CJ-I 3NHz (methylamine) is likely to be a nucleophile because it has a lone pair of

electrons on the nitrogen atol11.
(d) (CH3hS+ (trilllethylsulfoniulll ion) is likely to be an electrophile because it is

positively charged.

\Nhich of the foilovIo1ing species is likely to be a nucleophile and which an eJec
trophile?

lal CH3CI Idl 0
II

CH3CH

Problem 5.5 An electrostatic potential map of boron trifluoride is shmvn. Is BP3 likely to be a
nucleophile or an electrophile? Draw a Lev"is structure for BF3J and explain your
answer.
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Thomson Click Organic
Processes to view an animation
of the addition of HBr to an
alkene.
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An Example of a Polar Reaction:
Addition of HBr to Ethylene

Lefs look at a typical polar process-the addition reaction of an alkene, such as
ethylene, with hydrogen bromide. \Nhen ethylene is treated v,lith HBr at room
temperature, bromoethane is produced. Overall, the reaction can be formu
lated as

H H
\ I
C=C

I \
H H

Ethylene
(nucleophilel

+

+ H-Br

Hydrogen bromide
lelectrophilel

H Br
I I

H-C-C-H
I I
H H

Bromoethane

The reaction is an example of a polar reaction type known as an e!ectropl/i/ic addi
tion reactiofl and can be understood using the general ideas discussed in the pre
vious section. Let's begin by looking at the two reactants.

\Nhat clo \\'e know about ethylene? 'We know from Section 1.8 that
a carbon-carbon double bond results from orbital overlap of two 5pZ-hybridizect
carbon atoms. The (T part of the double bond results from sp2_sp2overlap, and
the" part results from 1'-1' overlap.

What kind of chemical reactivity might we expect of a C~C bond? We know
that alkalies, such as ethane, are relatively inert because all valence electrons are
tied up in strong, nonpolar C-C and C-H bonds. Furthermore, the bonding
electrons in alkanes arc relatively inaccessible to approaching reactants because
they are sheltered in cr bonds between nuclei. The electronic situation in nlkelles
is quite different, ho,"vever. For one thing! double bonds have a greater electron
density than single bonds-four electrons in a double bond versus only two in
a single bond. Furthermore, the electrons in the 'Ti bond are accessible to
approaching reactants because they are located above and below the plane of
the double bond rather than being sheltered between the nuclei (Figure 5.2). As
a result, the double bond is nucleophilic and the chemistry of alkenes is domi
nated by reactions with electrophiles.

What about the second reactant, HBr? As a strong acid, I-1Br is a powerful
proton (1-1+) donor and electrophile. Thus, the reaction between HBr and
ethylene is a typical electrophile-nucleophile combination, characteristic of all
polar reactions.



148 CHAPTER 5 An Overview of Organic Reactions

Figure 5.2 A comparison of
carbon-carbon single and
double bonds. A double bond is
both more accessible to
approaching reactants than a
single bond and more electron
rich (more nucleophilic). An
electrostatic potential map of
ethylene indicates that the
double bond is the region of
highest negative charge (red). ••

Carbon-carbon U' bond:
stronger; less accessible

bonding electrons

Carbon-earbon 7T bond:
weaker; more accessible electrons

\,Ve'll see more details abollt alkene eJectrophilic addition reactions shortly,
but fol' the present we can imagine the reaction as taking place in hovo steps by
the pathway shown in Figure 5.:i. TIle reaction begins when the alkene donates
a pair of electrons from its C=C bond to HBr to form a new C- H bond pillS Br-,
as indicated by the path of the curved arrows in the first step of foigure 5.3. One
curved arrO\,\T begins at the middle of the double bond (the source of the elec~

tron pair) and points to the hydrogen atom in HBr (the atom to "Yhich a bond
will form). This arrO\,\1 indicates that a new C-H bond forms using electrons
from the former C~C bond. A second curved arrow begins in the middie of the
H-Br bond and points to the Br, indicating that the H-Br bond breaks and
the electrons remain with the Br atol11 1 giving Br-.

\A/hen one of the alkene carbon atollls bonds to the incoming hydrogen, the
other carbon atom, haVing lost its share of the c1ollble~bondelectrons, now has
only six valence electrons and is left with a positive charge. This positively
charged speCies-a carbon~cation,or carbocation-is itself an electrophile that
can accept an electron pair from nucleophilic Br- anion in a second stepi forl11~

ing a C-Br bond and yielding the observed addition product. Once again l a
curved arrow in Figure 5.3 shows the electron-pair movement from Br- to the
positively charged carbon.

The electrophilic addition of HBr to ethylene is only aile example of a polar
process; there are many others that we'll study in detail in later chapters. But
regardless of the detaiis of individual reactions, ali poiar reactions take place
between an electron~poorsite and an electron-rich site and involve the dona
tion of an electron pair from a J1ucleophiJe to (In electrophile.

Problem 5.6 What product ..",ould you expect from reaction of cyclohexene "\lith HBr? With He!?

o + HBr ?
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Figure 5.3 MECHANISM: The
electrophilic addition reaction of
ethylene and HBr. The reaction
takes place in two steps, both
of which involve electrophile
nucleophile interactions.

o A hydrogen atom on the electfophile HBr is
attacked by 1T electrons from the nucleophilic
double bond, forming a new C-H bond. This
leaves the other carbon atom with a + charge
and a vacant p orbital. Simultaneously, two
electrons from the H-Br bond move onto
bromine, giving bromide anion.

& Bromide ion donates an electron pair to the
positively charged carbon atom, forming a
C-Br bond and yielding the neutral addition
product.

Ethylene

o[

Carbocation

o[
Br H
\ I.c-c.

Wi \"H
H H

Bromoethane

Problem 5.7 Reaction of HBr with 2-methyipropene yields Z-bromo-Z-methylpropane. What is
the structure of the carbocation formed during the reaction? 5110'\7 the mechanism
of the reaction.

2-Methylpropene

HBr

2·Bromo-2·methylpropane

5.6 Using Curved Arrows in Polar Reaction Mechanisms

Rule 1

Key IDEAS

Test your knowledge of Key
Ideas by using resources in
ThomsonNOW or by answering
end-af-chapter problems marked
with ...

It takes practice to use curved arrow's properly in reaction mechanisms} but there
are a fevl.' rules and a few common patterns you should look for that will help
you become more proficient.

Electrons move from a nucleophilic source (Nu: or Nu:-) to an electrophilic
sink (E or E+). The nucleophilic source must have an electron pair availabie,
usually either in a lone pair or in a multiple bond. For example:

Electrons usually flow
from one of these
nucleophiles.
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The electrophilic sink must be able to accept an electron pair, usually because it
has either a positively charged atom or a positively polarized atom in a func M

tiona I group. For example:

Electrons usually flow
to one of these
electrophiles.

Nu:
"-': h+ S-

_)cvalOgen

Nu:

~H,)+
\ h

{;O-

Nu:
\ \"+ 5
'--+C=O

/ \J

Rule 2 The nucleophiJe can be either negatively charged or neutral. If tile Ilucleo
phile is negatively charged, the atom that gives away an electron pair becomes
neutral. For example:

Negatively charged

\.~0
CH3-q: + H-~.r:

Neutral

\.
CH3~O: + :8r:

I
H

1£ the nucJeophile is neutral! the atom that gives avvay an electron pair
acquires a positive charge. For example:

Neutral

HJ~nr
I \

H H

Positively charged

HJ 7
- +C-C-H +

I I
H H

Rule 3 The electrophile can be either positively charged or neutral. If the electro
phile is positively charged, the atom bearing that charge becomes neutral after
accepting an electron pair. For example:

Positively charged

H ~ JH
\ (J '; I
C=C + Hi"O+

I \ '. \
H H H

H H
\ I
+C-C-H
I I

H H

+

If tile electrophile is neutral, the atom that ultimately accepts tile electron
pair acquires a negative charge. For this to happen, however, the negative charge
must be stabilized by being on an electronegative atom such as oxygen, nitroM

gen, or a halogen. For example:

Negative'] chargedNeutral

H\ rt\ J.
C=C + Hi8,;

I \ ~.

H H

H H
\ I
+C-C-H
I I

H H

+ : Br:
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Rule 4

The result of Rules 2 and 3 together is that charge is conserved during the
reaction. A negative charge in olle of the reactants gives a negative charge in one
of the products, and a positive charge in one of the reactants gives a positive
charge in one of the products.

The octet rule must be followed. That is, no second-rovv atom can be left wit!'
ten electrons (or four for hydrogen). ]f an electron pair moves to an atol11 that
already has an octet (or two for hydrogen), another electron pair must simul
taneously move {rom that atom to maintain the octet". \iVhen two electrons
Illove frolll the C~C bond of ethylene to the hydrogen atolll of H30+, for
instance, two electrons must leave that hydrogen. This means that the H-O
bond lllust break and the electrolls must stay "vith the oxygen} giving neutral
water.

Worked Example 5.2 gives another example of drawing curved arrows.

H
..r:!.. \

H

+

H H
\ I
+C-C-H
/ I

H H

This hydrogen already has two electrons. When another

/

electron pair moves to the hydrogen from the double bond,
the electron pair in the H-O bond must leave.

H ~I H
\ / .
C=C + Hih.

/ \ .. \
H H H

Thomson Click Organic
Interactive to practice writing
organic mechanisms using
curved arrows.

WORKED EXAMPLE 5.2 Using Curved Arrows in Reaction Mechanisms

Add curved arro,"vs to the following polar reaction to shO\y the flo"..r of electrons:

+
H, ...... 8r

C
/ \

H H

+ Br~

Strategy First, look at the reaction and identify the bonding c11anges that have occurred.
In this case, a C-Br bond has broken and a C-C bond has formed. The formation
of the C-C bond involves donation of an electron pair from the nucleophilic
carbon atom of the reactant on the left to the electrophilic carbon atom of CI-l3Br,
so we draw a curved arrmv originating from the lone pair on the negatively
cllarged C atom and pointing to the C atom of CH313r. At the same time the
C-C bond forms, the C- Br bond must break so that the octet rule is not violated.
\'Ve therefore draw a second curved arrow from the C- Br bond to Br. The bromine
is nm·v a stable Br- ion.

Solution
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Problem 5.8 Add curved arrows to the follovving polar re<:lCtions to indicate the Elmv of electrons
in each:

lal

Ib)

:CI-CI: + H-N-H -
I
H

H
1 • •

+ H-C-Br:
1
H

:CI:
1+

H-N-H + :CI:
1
H

(e) :0:
1

C
H C ..../ 'OCH

3 CI 3

+ :CI:

Problem 5.9 Predict the products of the follm·ving polar reaction, a step in the citric acid cycle for
food metabolism, by interpreting the flow of electrons indicated by the curved
arrows:

(
:OH,

H CO,-
........ C....

~
-0 C / C-CO - ?

2 -CH2--\ H'

n./
H..l.O:+

\
H

5.7 Describing a Reaction: Equilibria, Rates.
and Energy Changes

Every chemical reaction can go in either fonvard or reverse direction. Reactants
can go fonvard to products, and products can revert to reactants. As yOlI may
remember from your general chemistry course! the position of the resulting
chemical equilibrium is expressed by an equation in \·vhich Kecl' the equilibrium
constant, is equal to the product concentrations multiplied together, divided
by the reactant concentrations multiplied together, with each concentration
raised to the power of its coefficient in the balanced equation. For the general
ized reaction

aA or- vB: cC + dO

we have

lel'IDJd
IAI" IBlh
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The value of the equilibrium constant tells \'vhich side of the reaction arrow
is energetically favored. If Keq is much larger than 1, then the product concen
tration term [CjC 101.1 is much larger than the reactant concentration term lAyl
[BIb, and the reaction proceeds as written froIll left to right. If Keq is near 1,
appreciable amounts of both reactant and product are present at equilibrium.
And if Keq is much smaller than I, the reaction does not take place as \'V-ritten
but instead goes in the reverse direction, from right to left.

In the reaction of ethylene with HBr, for example, \,ve can write the follow
ing eqUilibrium expression, and we can determine experimentally that the equi
librium constant at room temperature is approximately 7.1 X 107:

IHBrIIH2C- CH 2]
7.1 x 107

Because Keq is relatively large, the reaction proceeds as written and greater
than 99.999 99% of the ethylene is converted into bromoethane. for practical
purposes, an equilibrium constant greater than about 103 means that the
amount of reactant left over will be barely detectable (iess than 0.1 "!o).

\o\1hat determines the magnitude of the equilibrium constant"? For a reaction
to have a favorable equilibrium constant and proceed as vaitten, the energy of
the products IllUst be lower than the energy of the reactants. In other \·\lords,
ellers')' must be released. The situation is analogous to that of a rock poised pre
cariously in a high-energy position near the top of a hill. \Vhen it rolls dovvn
hill, the rock releases energy until it reaches a more stable law-energy position
at the bottom.

The energy change that occurs during a chemical reaction is called the
Gibbs free-energy change (!>.G). I;or a favorable reaction, !>.G has a negative
value, meaning that energy is lost by the chemical system and released to the
surroundings. Such reactions are said to be exergonlc. For an unfavorable reac
tion, D.G has a positive value, meaning that energy is absorbed by the chemical
system frolJ1 the surroundings. Such reactions are said to be endergonic. You
might also recall from general chemistry that the stnlldnrn free-energy change
for a reaction is denoted .1Go, where the superscript ° means that the reaction is
carried out under standard conditions, with pure substances in their most stable
form at 1 atm pressure and a specified temperature, usually 298 K.

V Keq > 1; energy out: j,(J' negative

Keq < 1; energy in: j,G" positive

<:;:/
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Because the equilibrium constant, Kecl' and the standard free~energy

change, .::ico, both measure whether a reaction is favored, they are mathemati
cally related by the equation

"G' ~ -liT In Keg or

\VllCre R ~ 8.314 J/(K· mol) ~ 1.987 cal/(K· mol)

T = Kelvin temperature

e = 2.718

In Keq = natural logarithm of Keq

The free·energy change llG is made lip of hva terms i an enthalpy term, flH I

and a temperature-dependent efltropy terlll, T:iS. Of the hvo terms, the enthalpy
term is often larger anc! more dominant.

t>G' ~ ':;j-f' - T':;5'

For the reaction of ethylene with Hllr at room temperature (298 K), the
approximate values afe

!
~G' = -44.8 kJimol

ilH' = -84.1 kJimol

~S' = -{).132 kJilK· moll

Keq =7.1X107

The enthalpy change, flH, also called the heat of reactioll, is a measure of
the change in total bonding energy during a reactioll.If ~H is negative, as in the
reaction of J-1Br ',."ith ethylene, the bonds in the products are stronger (more sta
ble) than the bonds in the reactants, heat is released} and the reaction is said to
be exothernlic. If .:j.H is positive} the bonds in the products are weaker (less sta
ble) than the bonds in the reactants, heat is absorbed, and the reaction is said to
be endothennic. For example, if a reaction breaks reactant bonds with a total
strength of 380 kl/mol and forms product bonds with a total strength of
400 kJ/mol, then Mf for tile reaction is -20 k.llmol and the reaction is exothermic.

The entropy change, ,:lS, is a measure of the change in the amount of
molecular randOluness, or freedom of motioll} that accompanies a reaction. For
example, in an elimination reaction of the type

A --> Il+C

there is more freedom of movement and molecular randomness in the products
than in the rcactant bccause one molecule has split into two. Thus} there is a net
increase in entropy during the reaction and .:lS has a positive value.

On the other hand, for an addition reaction of the type

A+B --> C

the opposite is true. Because such reactions restrict the freedom of movement of
two molecules by joining them together, the product has less randomness
than the reactants and .:j.5 has a negative value. The reaction of ethylene and
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HBr to yield bromoethane, which has "So = -0.132 kj/(K . mol), is an examplE
Table 5.2 describes the thermodynamic terms more fully.

Table 5.2 Explanation of Thermodynamic [luantities: elG" = il/f - nso
Term

..lS"

Name

Gibbs
free.cnergy
change

EnthaJpy
change

Entropy
change

Explanation

The energy difference bet..."een reactants and products. When
,lG" is negative, the reaction is exergonic, has a favorable equi
librium constant, and can occur spontaneously. When aG" is
positive, the reaction is endergonic, has an unfavorable equilib
rium constant, and cannot occur spontaneously.

The heat of reaction, or difference in strength beh....een the
bonds broken in a reaction and the bonds formed. When aH"
is negative, the reaction releases heat and is exothermic. \'\'hen
..lW is posit-ive, the reaction absorbs heat and is endothermic.

The change in molecular randomness during a reaction. When
.15" is negative, randomness decreases; when li.S' is posilive,
randomness increases.

Knowing the value of Kcq for a reaction is useful, but it's important to reallze
the limitations. An equilibrium constant tells only the position of the equilib
riUlll, or how much product" is theoretically possible. It doesn't tell the mte of
reaction, or how fast the equilibrium is established. Some reactions are extremely
slovv even though they have favorable equilibrium constants. Gasoline is stable
at room temperature, for instance, because the rate of its reaction \·vith oxygen is
slow at 298 K. At higher temperatures, however, such as contact \-\lith a lighted
match, gasoline reacts rapidly with oxygen anclundergoes complete conversion
to the equilibrium products water and carbon dioxide. Rates (how (ast a reaction
occurs) and equilibria (liow lJIud! a reaction occurs) are entirely different.

Rate ----7 Is the reaction fast or slm·v?

Equilibrium -----? In what direction does the reaction proceed?

Problem 5.10 vVhich reaction is more energetically favored, one with ~Go ;:;: -4-1- kllmot or one
with "'G' = ~.j4 kJ/moJ'l

Problem 5.11 \rVhich reaction is likely to be more exel'gonic, one \,vith Keg = 1000 or one with
Keq = 0.001?

5.8
Thomson Click Organic
Interactive to use bond
dissociation energies to
predict organic reactions
and radical stability.

Describing a Reaction: Bond Dissociation Energies

\Ve've just seen that heat is released (negative tiH) when a bond is formed and
absorbed (positive..'lH) when a bond is broken. The measure of the heat change
that occurs on breaking a bond is called the bond strength, or bond dissociation
energy (D), den ned as the amount of energy required to break a given bond to
produce t\'\IO radical fragments when the molecule is in the gas phase at 2S °c.

A : B
Bond dissociation

energy A· + ·B



156 CHAPTER 5 An Overview of Organic Reactions

Each specific bond has its own characteristic strength, and extensive tables
of data are available. For example, a C-H bond in methane has a bond dissoci
ation energy D ~ 438.4 kJ/mol (104.8 kcal/mol), meaning that 438.4 kJ/mol
must be added to break a C- J-I bond of methane to give the two radical frag
ments ·CH3 and ·H. Conversely, 438.4 kJ/mol of energy is released when a
methyl radical and a hydrogen atom combine to form metllane. Table 5.3 lists
some other bond strengths.

Table 5.3 Some Bond Dissociation Energies. 0

D D D
Bond IkJ/moll Bond IkJ/mol1 Bond (kJ/moll

H-H 436 ICH,I,C-I 209 C,H,-CH, 355

H-F 570 H,C~CH-H 444 ICH,),CH-CH, 351

H-CI 432 H,C~CH-CI 368 ICH,I,C-CH, 339

H-Br 366 H,C~CHCH,-H 361 H,C~CH-CH, 406

H-I 298 H,C~CHCH,-CI 289 H,C~CHCH,-CH, 310

CI-CI 243

a

H H,C~CH, 611

Br-Br 193 ",I 464
aCH,

I-I 151 ",I 427

CH,-H 438
aCI

CH,-CI 351 ",I 405 aCH,-CH,

CH,-Br 293 ",I 332

CH,-I 234
aCH,-H

CH,-OH 380 ",I 368 0
II 368

CH,-NH, 335 CH3C-H

C2Hs-H 420
aCH,-CI HO-H -198

C,H,-CI 338 ",I 293
HO-OH 213

C2Hs-Br 285
CH,O-H -137

C,H,-I 222
aBr CH,S-H 371

C,H,-OH 380 ",' 337
C,H,O-H 436

ICH,I,CH-H 401
0

ICH,I,CH-CI 339

a

OH II 322
CH3C-CH3

ICH,I,CH-Br 274 ",I 469

ICH,I,C-H 390 CH,CH,O-CH, 339

ICH,I,C-CI 330 HC=C-H 552 NH,-H 449

ICH,I,C-Br 263 CH,-CH, 376 H-CN 518
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Think for a moment about the connection behveen bond strengths and
chemical reactivity. In an exothermic reaction, more heat is released than is
absorbed. But since making product bonds releases heat and breaking reactant
bonds absorbs heat, the bonds in the products must be stronger than the bonds
in the reactants. In other words, exothermic reactions are favored by stable
products with strong bonds and by reactants with weak, easily broken bonds.

Somehl11es, particularly in biochemistry, reactive substances that undergo
highly exothermic reactions, such as ATP (adenosine triphosphate), are referred
to as "enert,'}'-rich" or IIhigh-energy" compounds. Such labels don't mean that
ATP is special 01' different from other compounds; they mean only that ATP has
relatively weak bonds that require a smaller amount of heat to break, thus lead
ing to a larger release of heat on reaction. vVhen a typical organic phosphate
such as glycerol 3-phosphate reacts '.vith water, for instance, only 9 kJ/lnol of
heat is released (M-r = -9 kJ/mol), but when AII' reacts with water, 30 kJ/mol
of heat is released (!;H' ~ -30 kllmol). The difference between the two reactions
is due to the fact that the bond broken in AII' is substantially weaker than the
bond broken in glycerol 3-phosphate.

~H" = -9 kJ/mol

Stronger

01 OHII I
-O-P-O-CH,-CH-CH,-OH

I
0-

Glycerol 3-phosphate

o
II

-O-P-OH
I
0-

OH
I

+ HO-CH,-CH-CH,-OH

Glycerol

~W' ~ -30 kJ/mol

Weaker

0/0 0
II II II

-O-P-O-p-O-P
I I I
0- 0- 0-

N

o

y
O~ OH

N

N

o
II

-O-P-OH + W
I

+ 0-

o 0
II II

-O-P-O-P-CH,
I I·'c _ 0_
0- 0- \..-..{

OH OH

~I-

N

NH,

1
N

N

Adenosine triphosphate lATPI Adenosine diphosphate (ADPI

5.9 Describing a Reaction: Energy Diagrams
and Transition States

For a reaction to take place, reactant molecules must collide and reorganization
of atoms and bonds must occur. Let's again look at the addition reaction of HBr
and ethylene, which takes place in two steps.
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(

H-0sr

H H
\ !
C = C -----,'I>

! \ 0
H H

Carbocation

H H
I I

H-C-C-Br
I I
H H

As the reaction proceeds, ethylene and HBr must approach each other, the
ethylene iT bond and the H-Br bond must break, a ne\'V C-H bond must form
in the first step, and a ne\'\' C-Br bond Illust form in the second step.

To depict graphically the energy changes that occur during a reactioll,
chemists use reaction energy diagrams, such as that shown in Pigure 5.4. The
vertical axis of the diagram represents the total energy of all reactants, and
the horizontal axis, called the renctiol1 courdinate, represents the progress of the
reaction from beginning to end. Let's see how the addition of HBr to ethylene
can be described in an energy diagram.

Carbocation product

1- CH3CH2+ +

Figure 5.4 An energy diagram
for the first step in the reaction of
ethylene with HBr. The energy
difference between reactants and
transition state, ~Gt-, defines the
reaction rate. The energy differ
ence between reactants and
carbocation product, ~&,
defines the position of the
equilibrium.

>
0>••o
w

Transition state

I
--r---------

Activation
energy

~G' ~G'

j 1
Reactants
H2C=CH2

+ HBr

Reaction progress ----

H~;> -i= \--H
H

Active Figure 5.5 A hypotheti
cal transition-state structure for
the first step of the reaction of
ethylene with HBr. The C=C
;r bond and H-Br bond are just
beginning to break, and the C-H
bond is just beginning to form.
Sign in atwww.thomsonedu.com
to see a simulation based on this
figure and to take a short quiz.

At the beginning of the reaction, ethylene and HBr have the total amount
of energy indicated by the reactant level on the left side of the diagram in Fig
ure S.4. As the t\\'o reactants collide and reaction commences, their electron
clouds repel each other, causing the ener),'y level to rise. Lf the collision has
occurred \,vith enough force and proper orientation, the reactants continue to
approach each other despite the rising repulsion until the new C-H bond starts
to form. At some point, a structure of maximum energy is reached, a structure
called the tmlls-ition state.

The transition state represents the highest-energy structure involved in
this step of the reaction. ft is unstable and can't be isolated, but we can never
theless imagine it to be an activated complex of the t\·\,o reactants in which both
the C=C rr bond and H-Brbond are partially broken and the new C-H bond is
partially formed (Figure 5.S).

The eller!,')' difference between reactants and transition state is called the
activation energy, ;:\G+, and determines how rapidly the reaction occurs at
a given temperature. (The double·dagger superscript, :::, always refers to the tran
sition state.) A large activation energy results in a slow reaction because few col
lisions OCClIl' \vith enough energy for the reactants to reach the transition state.
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A small activation energy results in a rapid reaction because almost all collisions
occur with enough energy for the reactants to reach the transition state.

As an an a1061)', you might think of reactants that need enough energy to
climb the activation barrier to the transition state as similar to hikers ,·vho need
enough energy to climb to the top of a lllountain pass. If the pass is a high one,
the hikers need a lot of energy and surmount the barrier with difficulty. If the
pass is low, however, the hikers need less energy and reach the top easily.

As a rough generalization, lllany organic reactions have activation energies
in the range 40 to 150 kj/mol (10-35 kcal/mol). The reaction of ethylene
wil·h HBr, for example, has an activation energy of approximately 140 kj/mol
(34 kcal/mol). Reactions with activation energies less than 80 kj/mol take place
at or below room temperature, whereas reactions \Nith higher activation ener
gies normally require a higher temperature to give the reactants enough energy
to climb the activation barrier.

Once the transition state is reached, the reaction can either continue on to
give the carbocation product or revert back to reactant. \Nhen reversion to reac
tant occurs, the transition~statestructure comes apart and an amount of free
energy corresponding to -UC+ is released. VVhen the reaction continues on to
give the carbocatioll, the new C-H bond forms fully and an amount of energy
corresponding to the difference between transition state and carbocation prod
uct is released. The net change in energy for the step, ~Go, is represented in
the diagram as the difference in level between reactant and product. Since the
carbocation is higher in energy than the starting alkene, the step is endergonic,
has a positive value of ~Go} and absorbs energy.

Not all energy diagrams are like that shown for the reaction of ethylene and
HBr. Each reaction has its own energy profile. Some reactions are fast (small I'>Ct )
and some are slow (large Li.Gt); some have a negative iiGo l and some have a pos
itive /lGo. Figure 5.6 illustrates some different possibilities.

Active Figure 5.6 Some
hypothetical energy diagrams:
tal a fast exergonic reaction
(small..iG+, negative .i&,);

(bl a slow exergonic reaction
(large j.Gt:, negative .1&'1; leI a
fast endergonic reaction (small
.iG*, small positive .1&'); (dl a
slow endergonic reaction (large
j.G*, positive .1(;'0). Sign in at
www.thomsonedu.com to see a
simulation based on this figure
and to take a short quiz.

lal

lei

>-
~•c
w

>-
~•c
w

Reaction progress

Reaction progress

Ibl

Idl

Reaction progress

Reaction progress
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Problem 5.12 \'Vhich reaction is faster, one \·vith .:iC* = +45 kJ/fllol or one \...,nh jG~: = +70 kJ/mol?

5.10 Describing a Reaction: Intermediates

Hov... can we describe the carbocation formed in the first step of the reaction of
ethylene with HBr? The carbocation is clearly different from the reactants, yet it
isn't a transition state and it isn't a final product.

(

H-0sr

H H
\ Ic=c __
I \

H H

H H
I I

H-C-C-Br
I I
H H

Figure 5.7 An energy diagram
for the overall reaction of
ethylene with HBr. Two separate
steps are involved, each with its
own transition state. The energy
minimum between the two steps
represents the carbocation reac
tion intermediate.

Reaction intermediate

vVe call the carbocatioll, \'vhich exists only transiently during the course
of the multistep reaction, a reaction intermediate. As soon as the interme
diate is formed in the first step by reaction of ethylene with f-j+, it reacts fur
ther with Br- in a second step to give the final product, bromoethane. This
second step has its o"vn activation energy (D.G*), its own transition state, and
its own energy change (clGO). VVe can picture the second transition state as an
activated complex between the electrophilic carbocation intermediate and
the nucleophilic bromide anion, in \'vhich Br- donates a pair of electrons to
the positively charged carbon atom as the new C- Br bond starts to form.

A complete energy diagram for the overall reaction of ethylene with HBr is
shown in Figure 5.? In essence, we dravv a diagram for each of the individual
steps and then join them so that the carbocation prodllct of step 1 is the reactallt
for step 2. As indicated in Figure 5.?, the reaction intermediate lies at an energy

First transition state

I Carbocation intermediate

Second transition state

j

>

'"~
c
w

Reaction progress
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minimulll behveen steps. Since the energy level of the intermediate is higher
than the level of either the reactant that formed it or the product it yields, the
intermediate can't normally be isolated. It is, however, more stable than the tvvo
transition states that neighbor it.

Each step in a multistep process can all,.\'ays be considered separately. Each
step has its own act and its own ~Go. The oJlemll1Go of the reaction, however,
is the energy difference behveen initial reactants and final products.

The biological reactions that take place in living organisms have the same
energy requirements as reactions that take place in the laboratory and can be
described in similar ways. They are, however, constrained by the fact that they
must have low enough activation energies to occur at moderate temperatures,
and they must release energy in relatively small amounts to avoid overheating
the organism. These constraints are generally met through the lise of large,
structurally complex, enzyme catalysts that change the mechanislll of a reaction
to an alternative pathway that proceeds through a series of slllall steps rather
than one or t\-vo large steps. Thus, a typical ellergy diagram for a biological reac
tion might look like that in Figure 5.8.

Figure 5.8 An energy diagram
for a typical. enzyme-catalyzed
biological reaction lblue curve)
versus an uncatalyzed laboratory
reaction (red curve). The biologi
cal reaction involves many
steps, each of which has a rela
tively small activation energy
and small energy change. The
end result is the same, however.

WORKED EXAMPLE 5.3

Enzyme catalyzed

Reaction progress ----

Drawing Energy Diagrams for Reactions

Sketch an energy diagram for a one-step reaction that is fast and highly exergonic.

Strategy Afast reaction has a sma1l1G+, and a highly exergonic reaction has a large negative i1Go.

Solution

>

'"~
c

UJ

-------r
~G'

_L
Reaction progress
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Problem 5.13 Sketch an energy diagram for a t,'\'o·step reaction with an €nctergonic first step and
an exergonic second step. Label the parts of the diagr<11l1 corresponding to reactant,
product, and intermediate.

5.11 A Comparison between Biological Reactions
and laboratory Reactions

In comparing laboratory reactions with biological reactions, several differences
are apparent. For one thing, laboratory reactions are usually carried OLlt in an
organic solvent such as diethyl ether or dichloromethane to dissolve the reac·
tants and bring them into contact, vvhereas biological reactions occur in the
aqueous medium inside cells. For another thing, laboratory reactions often take
place over a wide range of temperatures without catalysts, while biological reac
tions take place at the temperature of the organism and are catalyzed by
enzymes.

We'll look at enzymes in more detail in Section 26.10, but you may already
be 3\'Vare that an enzyme is a large, globular protein molecule that contains in
its structure a protected pocket called its nctive site. The active site is lined by
acidic or basic groups as needed for catalysis and has precisely the right shape to
bind and hold a substrate molecule in the orientation necessary for reaction.
figure 5.9 shows a molecular model of hexokinase, along with an X-ray crystal
structure of the glucose substrate and adenosine diphosphate (ADP) bound in
the active site. Hexokinase is an enzyme that catalyzes the initial step of glucose
metabolism-the transfer of a phosphate group from ATP to glucose, giving glu
cose 6-phosphate and ADP. The structures of ATP and ADP were shown at tile
end of Section 5.8.

OH
I

Ho~CH20
HO

OH
OH

Glucose

ATP ADP

\, }
Hexokinase

opol
I

Ho~CH20
HO

OH
OH

Glucose 6-phosphate

Note how the hexokinase-catalyzed phosphorylation reaction of glucose is
written. It's common when \vriting biological equations to show only the struc
ture of the primary reactant and product, while abbreviating the structures of
various biological I/reagentsl! and by-products such as ATP and ADP. A curved
arrow intersecting the strajght reaction arrow indicates that ATP is also a reac
tant and ADP also a product.

Yet another difference is that laboratory reactions are often done using
relatively small, simple reagents such as Br2, Hel, NaBH-l, Cr03' and so forth,
while biological reactions usually involve relatively complex "reagents ll called
coellzYIJ/es. In the hexokinase-catalyzed phosphorylation of glucose just shown,



Figure 5.9 Models of hexo
kinase in space-filling and wire
frame formats, showing the cleft
that contains the active site
where substrate binding and
reaction catalysis occur. At the
bottom is an X-ray crystal struc
ture of the enzyme active site,
showing the positions of both
glucose and ADP as well as a
lysine amino acid that acts as
a base to deprotonate glucose.
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Adenosine
diphosphate

IADPI

Lysine

AX- Glucose

for instance, ATP is the coenzyme. Of all the atoms in the entire coenzyme, only
the one phosphate group shown in red is transferred to the glucose substrate.

Adenosine triphosphate, ATP
(a coenzyme)

Don't be intimidated by the size of the molecule; most of the structure is
there to provide an overall shape for binding to the enzyme and to provide
appropriate solubility behavior. When looking at biological molecules, foclis on
the small part of the molecule where the chemical change takes place.

One final difference between laboratory anc! biological reactions is in their
specificity. A catalyst might be used in the laboratory to catalyze the reaction of
thousands of different substances} but an enzyme, because it can bind only a
specific substrate molecule having a specific shape, will catalyze only a specific
reaction. Ws this exquisite specificity that makes biological chemistry so remark
able and that makes life possible. Table 5.4 summarizes some of the differences
between laboratory and biological reactions.
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Table 5.4 A Comparison of Typical Laboratory and Biological Reactions

Solvent

Temperature

Catalyst

Reagent size

Specificity

Laboratory reaction

Organic liquid, such as ether

Wiele range; -80 to lSO °c
Either nOIl(' or very simple

Usually sllltlll anel simple

Little specificity for substrate

Biological reaction

Aqueous environment in cells

Temperature of organism

Large, complex enzymes needed

Large, complex coenzymes

Very h..igh specificity for substrate

Focus On . ..
,

\

Approved for sale in March,
199B, Viagra has been used by
more than 16 million men. It is
currently undergoing study as
a treatment for preeclampsia, a
complication of pregnancy that
is responsible for as many as
70,000 deaths each year.
Where do new drugs like this
come from?

Where Do Drugs Come From?

It has been estirnated that major pharmaceutical companies in the United
States spend some $33 biUion per year on drug research and development}
while government agencies and private foundations spend another
$28 billion. WI,at does this money buy" For the period 1981-2004, the
money resulted in a total of 912 new molecular entities (N~\'1Es)-new

biologically active chemical substances approved for sale as drugs by the
U.S. Food and Drug Administration (FDA). Thot's an average of only
38 ne\'\' drugs each year spread over all diseases and conditions, and the
number has been steadily falling. In 2004, only 23 N'vIEs were approved.

\IV here cia the new drugs come from? According to a study carried
out at the U.S. National Cancer institute, only 33% of new drugs are
entirely synthetic and completely unrelated to any naturally occurring
substance. The remaining 6791l take their lead, to a greater or lesser
extent, from nature. Vaccines and genetically engineered proteins of
biological origin accoullt for 15% of NMEs, but most new drugs come
fr0111 natl/ral prodlJClS, a catchall term generally taken to mean small
molecules found in bacteria, plants, and other living organisms.
Unmodified natural products isolated directly from the producing

organism account for 28°;b or i\:rvlEs, while natural products that have been
chemically modified in the laboratory account" for the remaining 2..PX).

Origin of New Drugs 1981-2002

Natural products
{28%}

Natura!
product
related
(24%)

Biological (15%l

(continued!
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l'vlany years of work go into screening many tllousands of substances to
identify a single corupound that might ultimately gain approval as an NME.
But after that single compound has been identified, the "vork has just begun
because it takes an average of 9 to 10 years for a drug to make it through the
approval process. First, the safety of the drug in animals must be demon
strated and an economical metllod of manufacture must be devised. Witil
these preliminaries out of the way, an Investigational New Drug (lND) appli
catIon is submitted to the FDA for permission to begin testing in humans.

Human testing takes 5 to 7 years and is divicled into three phases. Phase I
clinical trials afe carried out on a small group of healthy volunteers to estab~

lisil safety and look for side effects. Several months to a year are needed, and
only about 70% of drugs pass at this point. Phase 11 clinical trials next test the
drug for 1 to 2 years in several hundred patients 'with the target disease l look
ing both for safety and for efficacy, and only about 33% of the original group
pass. Finally, phase III trials are undertaken on a large sample of patients to
document definitively the drug1s safety, dosage, and efficacy. If the drug is one
of the 25°AI of the original group that have made it this far, all the data are then
gathered into a New Drug Application (NDA) and sent to the FDA for review
and approval, Wllich can take another 2 years. Ten years and at least $500 mil
lion has now been spent, and only 20% of the drugs that began testing have
succeeded. Finally, tilough, the drug will begin to appear in medicine cabi
nets. Tile following timeline shows the process.

IND application

,
Drug Animal tests, Phase Phase II Phase III NDA Ongoing

discovery manufacture I trials clinical clinical trials oversight
trials

Year o 2 3 4 5 6 7 8 9 10

activation energy I~GII, 158

addition reaction, 137

bond dissociation energy 101.
155

carbocation, 148

electrophile, 145

elimination reaction, 138

endergonic,153

endothermic, 154

enthalpy change (~H), 154

entropy change I~s), 154

exergonic, 153

SUMMARY AND KEY WORDS

There are four common kinds of reactions: addition reactions take place when
t1;"O reactants add together to give a single product:; eliJllination reactions
take place when one reactant splits apart to give two products; substitution
reactions take place when 1:\",10 reactants exchange parts to give t",,,o new prod
ucts; and rearrangenlent reactions take place vvhen one reactant undergoes a
reorganization of bonds and atoms to give an isomeric product.

A full description of how a reaction occurs is called its mechanisnl. There
are two general kinds of mechanisms by which reactions take place: radical
mechanisms and polar mechanisms. IJolar reactions, the more comnlon type,
occur because of an attractive interaction between a nucleophilic (electron
rich) site in one molecule and an electrophilic (electron-poor) site in another
molecule. A bond is formed in a polar reaction when the nucleophile donates
an electron pair to the electrophiJe. This movement of electrons is indicated by
a curved arrow' shm·ving the direction of electron travel from the nucleophiJe to
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the electrophile. Radical reactions involve species that have an odd number of
electrons. A bond is formed when each reactant donates one electron.

The energy changes that take place during reactions can be described by con
sidering both rates (how fast the reactions occur) and equilibria (how much the
reactions occur). The position of a chemical equilibrium is determined by the
value of the free-energy change (LlG) for the reaction, where liG = !1H - TiS.
The enthalpy term (Mf) corresponds to the net change in strength of chemical
bonds broken and formed during reaction; the entropy term (liS) corresponds to
the change in the amount of randomness during the reaction. Reactions that
have negative values of liC release energy! are said to be exergonic, and have
favorable equilibria. Reactions that have positive values of ~G absorb energyl arc
said to be endergonic, and have unfavorable equilibria.

A reaction can be described pictorially using an energy diagram that fol
lows the reaction course from reactant through transition state to product. The
transition state is an activated complex occurring at the highest-energy point of a
reaction. The amount of energy needed by reactants to reach this high point is the
activation energy, LlG*. The higher the activation energy, the slower the reaction.

1Vlany reactions take place in more than one step and involve the formation
of a reaction intermediate. An intermediate is a species that lies at an energy
111inimum between steps on the reaction curve and is formed briefly during the
course of a reaction.

ElectrophileNucleophile

Radical

Polar

exothermic, 154

Gibbs free-energy change
(Ll61, t53
heat of reaction, 154

nucleophile, 145

polar reaction, 139

radical. 139

radical reaction, 139

reaction intermediate, 160

reaction mechanism, 139

rearrangement reaction, 138

substitution reaction, 138

transition state, 158

EXERCISES
Orgallk KNOWLEDGE TOOLS

Thomson Sign in at www.thomsonedu.com to assess your knowledge of this
chapter's topics by taking a pre-test. The pre-test will link you to interactive organic
chemistry resources based on your score in each concept area.

-wr Online homework for this chapter may be assigned in Organic OWL.

• indicates problems assignable in Organic OWL.

.. denotes problems linked to Key Ideas of this chapter and testable in ThomsonNOW.

VISUALIZING CHEMISTRY

(Problems 5.] -5.13 appear within the chepteL)

5.14 • The following elkyl halide can be prepared by addition of 1-1 Br to two differ
ent alkenes. Ora\'\' the structures of both (reddish brown = Br) .

• Assignable in OWL ... Key Idea Problems
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5.15 • The following structure represents the carbocation intermediate formed in the
addition reaction of HBr to two different alkenes. Ora,,,' the structures of both.

5.16 Electrostatic potential maps of (a) formaldehyde (CHzO) and (il) methanethiol
(CH3SH) are shown. Is the formaldehyde carbon atom likely to be electrophilic
or nucleopllilic? \'Vhat about the methanethiol sulfur atom? Explain.

lal

Formaldehyde

(bJ

Methanethiol

5.17 • Look at the following energy diagram:

Reaction progress

(a) Is ;.\Go for the reaction positive or negative? Label it on the diagram.
(b) How many steps are involved in the reaction?
(c) How lllany transition states are there? Label them on the diagram.

5.18 Look at the follmv'ing energy diagram for an enzyme-catalyzed reaction:

>en•
~

o
w

(a) Ho"',' lllallY steps are involved?
(b) \rVhich step is most exergonic?
(c) vVhich step is the slowest?

• Assignable in OWL .. Key Idea Problems
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ADDITIONAL PROBLEMS

5.19 • Identify the functional groups ill the follmving molecules, and show the
polarity of each:

5.20 • Identify the following reactions as additions, eliminations, substitutions, or
rearrangements:

lal CH3CH2Br + NaCN CH3CH2CN I + NaBrl

IbiD- Acid 0OH
catalyst

I + H2O)

°lei

~0 ~ Heat
+

°

IdlO
+ °2N- N02 ~

(rN0
2

1+ HN02)

5.21 \-Vhat is the difference between a transition state and an intermediate?

5.22 Drm·1,' an energy diagram for a one-step reaction \·vith Keq < 1. Label the parts
of the diagram corresponding to reactants, products} transition state, liCo

, and
6G+. Is .:lC" positive or negative?

5.23 Dra\-" an energy diagram for a two-step reaction \\'ith Keq > 1. Label the over·
all 6.Go, transition states, and intermediate. Is <iCc positive or negative?

5.24 Draw an energy diagram for a t\ovo-step exergonic reaction \\lhose second step
is faster than its first step.

5.25 DrJ\'v an energy diagram for a reaction \vitll Keq = I. \.vhat is the value of :.lGo

in til is reaction?

5.26 • The addition of \'\'ater to ethylene to yield ethanol has the following ther
modynamic parameters:

{

::'W = -44 kJ/mol
H2C=CH2 + H20 ~ CH 3CH20H ::'$0 = -0.12 kJ/IK· mol}

Keq = 24

(a) Is the reaction exothermic or endothermic?
(b) Is the reaction favorable (spontaneolls) or unfavorable (nollspontaneolls)

al room temperature (298 K)?

• Assignable in OWL ... Key Idea Problems
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5.27 'When a mixture of methane and chlorine is irradiated, reaction com mences
immediately. VVhen irradiation is stopped, the reaction gradually slows down
but does not stop immediately. Explain.

5.28 Radical chlorination of pentane is a pOOl' ,"vay to prepare l-chloropentane, but
radical chlorination of neopentane, (CH3)4C, is a good way to prepare
neopentyl chloride, (CH3)3CCHzCI. Explain.

5.29 • Despite the limitations of radical chlorination of alkanes, the reaction is still
useful for synthesizing certain halogenated compounds. For ,"vhich of the fol
Im·ving compounds does radical chlorination give a single monochloro product?

IdJ CH3
I

CH 3CCH2CH3
I
CH 3

III CH 3

H3

C* CH

3"",I
H3C CH3

CH3

5.31 .... Follmo\l the flow of electrons indicated by the curved arro,"vs in each of the
follmving reactions, and predict the products that result:

lal

- ?

Ibl ..~ (~
H-O: H /\ C

'C/ 'CH
/ \ 3

H H

- ?

• Assignable in OWL ... Key Idea Problems
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5.32 • "Vhen isopropyliclenecyclohexane is treated \-\lith strong acid at room tem
perature, isomerization occurs by the mechanism shmvil belm\' to yield l-iso
propylcyclohexene:

H

c8CH3

CH 3
H

H

{Acid
catalyst) cs

H

H CH
3

+ H

CH3
H

H
~

H CH3

\( H

CH3
H

H

+

IsopropyIidenecyclohexa ne 1-Isopropylcyclohexene

At equilibrium, the product mixture contains abollt 30% isopropylidenecyclo
hexane and about 70(¥o l-isopropyicyciohexene.
(a) \Nhat is an approximate value of Keq for the reaction?
(b) Since the reaction occurs slowly at rOOI11 temperature, what is its approxi

mate f),Gt?

(c) Draw an energy diagram for the reactioll.

5.33 .. Add curved anO\'1lS to the mechanism shovvn in Problem 5.32 to indicate the
electron movement jn each step.

5.34 • 2-Chloro-2-methylpropane reacts with \'vater in three steps to yield 24methyl~

2-propanol. The first step is slm·ver than the second, v1rhich in turn is much
slm·ver than the third. The reaction takes place slowly at room temperature,
and the equilibrium constant is near 1.

CH 3
I

H3C-C-CI
I
CH 3

CH
3

H]I I
H3C-C-O+

I \
CH 3 H

H,O=
CH3
I

H3C-C -O-H + H30+ + CI
I
CH3

2·Chloro·2~ 2-Methyl-2-propanol
methylpropane

(a) Give approximate values for D.G* and o.Go that are consistent with the
above information.

(b) Draw an energy diagram for the reaction, labeling all points of interest and
making sure that the relative energy levels on the diagram are consistent
with the information given.

5.35 ... Add curved arrovvs to the mechanism shown in Problem 5.34 to indicate the
electron movement in each step.

5.36 • The reaction of hydroxide ion with chlorometl,ane to yield methanol and
chloride ion is an example of a general reaction type called a Iwcleophilic sub
Mitutiol/ reactioJl~

The value of !lHo for the reaction is -75 kJ/mol, and the value of !~S is
+54 J/CK . mol). What is the value of t>.G" (in kJ/mol) at 298 K7 Is the reac
tion exothermic or endothermic? Is it exergonic or endergonic?

• Assignable in OWL A Key Idea Problems
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5.37 • A Ammonia reacts with acetyl chloride (CI-I3COCl) to give acetamide
(CH3CO:"JI-IZ)' ldentify the bonds broken and formed in each step of the reac
tion, and draw curved arrows to represent the now of electrons in each step.

:0:
I
c

H C......../ ....... NH +
3 cr 3

Acetyl chloride

Acetamide

5.38 The naturally occurring molecule a-terpineol is biosynthesized by a route that
includes the following step:

Carbocation

Isomeric
carbocation

a·Terpineol

(a) Propose a likely structure for the isomeric carbocation intermediate.
(b) Show the mechanism of each step in the biosyntheUc patlHvaYl using

curved arrmvs to indicate electron Am'\'.

5.39 Predict the product(s) of each of the [o(lowing biological reactions by inter
preti ng the flow of electrons as indicated by the curved arro\....s:

?

5.40 • Reaction of 2-methylpropene with HBr might, in principle, lead to a mixture
of two alkyl bromide addition products. Name them, and dra\ov their structures.

5.41 • Ora ......! the structures of the two carbocation intermediates that migllt form
during tile reaction of 2·methylpropene with HBr (Problem 5.40). We'll see in
the next chapter that the stability of carbocations depends on the number of
alkyl substituents attached to the positively charged carbon-the more aJkyl
substituents there are, the more stable the cation. \,Vhich of the t\ovo carbo·
cation intermediates you drew is more stable?

• Assignable in OWL ... Key Idea Problems




