ene
wdrocarbon
'h one or more
irbon—carbon
uble bonds

- 3.4 NAMING ALKENES

insaturated
ontaining one or
nore double or
riple bonds

Alkenes: The
Nature of
Organic
Reactions

; onal
Alkenes are hydrocarbons that contain a carbon—carbon dm'lble bond f[;]'n(fzoi!:;a]
group. They occur abundantly in nature, and many have important f!O. g ;
roles. For example, ethylene is a plant hormone that induces ripening in fruit, an
a-pinene is the major constituent of turpentine.

H H
\CJC/
£ X

H H

Ethylene «-Pinene

We'll see in this chapter how and why alkenes behave tht? way they do, and wle l(i
develop some general ideas about organic chemical reactivity that can be applie

to all molecules.

Because of their double bond, alkenes have fewer hydrogens per carlf)on than rle-
lated alkanes and are therefore referred to as unsaturated. Ethylene, for example,
has the formula C,H, whereas ethane has the formula C,Hg.

H H

N 1
=0 H—C—C—H

N |

H H H H
Ethylene, C,H, Ethane, C;Hg

Al emnncs macamrated) {more hydrogens: saturated)

i

v
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Alkenes are named according to a series of rules similar to those used for
naming alkanes, with the suffix -ene used in place of -ane to identify the family.
There are three steps:

Step 1. Name the parent hydrocarbon. Find the longest carbon chain that contains
the double bond and name the compound accordingly, using the suffix

-ene,
CH,CH H CH,CH H
S 2oy
C=C C=C
v \ / !
CH,CH,CH, H CH,CH,CH, H

Named as a pentene NOT as a hexene, because the

double bond is not contained
in the six-carbon chain.

Step 2. Number the carbon atoms in the chain, beginning at the end nearer the
double bond. If the double bond is equidistant from the two ends, begin
numbering at the end nearer the first branch point:

CH,
CH,CH,CH,CH=CHCH,  CH,CHCH=CHCH,CH,
6 5 4 3 2 ik 1 2 3 4 5 6

Step 3. Write the full name, numbering the substituents according to their position
in the chain and listing them alphabetically. Indicate the position of the
double bond by giving the number of the first alkene carbon. If more than
one double bond is present, give the position of each and use one of the
suffixes -diene, -triene, and so on.

g
CH,CH,CH,CH=CHCH, = CH,CHCH=CHCH,CH,
6 5 4 3 2 1 1 2 3 4 & 6

2-Hexene 2-Mcthyl-3-hexene
CH,CH, H
Ry /
20=C1 (“:H 3
i
GHCH,CH, H  H,C=C—CH=CH,

2-Ethyl-1-pentene 2-Methyl-1,3-butadiene

Cycloalkenes are named in a similar way, but because there is no chain end
to begin from, we number the cycloalkene so that the double bond is between Cl
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and C2 and the first substituent has as low a number as possible:

6 CH,
, -~ CH, s i - i
O e
4 2 4 2 3
3 3 2

1-Methylcyclohexene 1,4-Cyclohexadiene 1,5-Dimethylcyclopentene

For historical reasons, there are a few alkenes whose names don’t conform
to the rules. For example, the alkene corresponding to ethane should be called
ethene, but the name ethylene has been used for so long that it is accepted by
JUPAC. Table 3.1 lists some other common names.

TABLE 3.1 Common names of some alkenes

Compound Systematic name Common name
H,C=CH, Ethene Ethylene
CH,CH=CH, Propene Propylene
CH,
CH 3(|3=CH 2 2-Methylpropene Isobutylene
CH,

H,C=C—CH=CH, 2-Methyl-1,3-butadiene Isoprene

PRACTICE What is the IUPAC name of this alkene:

LEM 3.1
PROB (|3H3 (l‘st
CH,— ?—-CHZCHZCHzCCH,
CH,

SOLUTION  First, find the longest chain containing the double bond. In this case, it's a

heptene. o
Next, number the chain, beginning at the end nearer the double bond, and identify

the substituents at each position. In this case, there are methyl groups at C2 and Cé (two).

oy
CH,—C—CH,CH,CH=CCH,
7 6| 5 4 3 21
CH,

The full name is 2,6,6-trimethyl-2-heptene.

SECTION 3.2 Elechionic Structure of Alkenes &3

PROBLEM 3.1 Give IUPAC names for these compounds:
(a) CH,4

H,C=CHCH,CHCH,
(c) H,C=CHCH,CH,CH=CHCH, (d) CH,CH,CH=CHCH(CH,),

(b) CH,CH,CH=CHCH,CH,CH,

PROBLEM 3.2 Name these cycloalkenes:

(a) CH, (b CH, (©) CH(CH,),
g 5 o

CH,

PROBLEM 3.3 Draw structures corresponding to these [IUPAC names:

(a) 2-Methyl-1-hexene (b) 4,4-Dimethyl-2-pentene
(¢) 2-Methyl-1,5-hexadiene (d) 3-Echyl-2,2-dimethyl-3-heptene

3.2 ELECTRONIC STRUCTURE OF ALKENES

We saw in Section 1.10 that the carbon atoms in a double bond are sp? hybridized
and have three equivalent orbitals that lie in a plane at angles of 120° to one
another. The fourth carbon orbital is an unhybridized p orbital, which is perpen-
dicular to the sp? plane. When two such carbon atoms approach each other, they
form two kinds of bonds: a sigma bond, formed by head-on overlap of sp? orbitals,
and a pi bond, formed by sideways overlap of p orbitals. The doubly bonded
carbons and the four atoms attached to them lie in a plane, with bond angles of
approximately 120° (Figure 3.1).

p-p pi bond
sp2—5p2 sigma bond

b

Carbon-carbon double bond; Carbon-carhon double bond;
sigma bonds only pi bond only

spz—hybridized carbon
FIGURE 3.1 An orbital picture of the carbon—carbon double bond

We know from Section 2.5 that free rotation is possible around single bonds,
. and that open-chain alkanes like ethane and propane therefore have many rapidly
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interconverting conformations. The same is not true for double bonds, however.
No rotation can take place around carbon—carbon double bonds because doing so
would break the pi part of the bond (Figure 3.2). In fact, the energy barrier to
rotation around a double bond is as large as the strength of the pi bond itself, an
estimated 65 kcal/mol. (Recall that the rotation barrier for a single bond is only

about 2.9 kcal/mol.)

2

4 \'\ - C:C/ -~
920° !
/ | rotation / \\
C F
3
3

Pi bond Broken pi bond after rotation
(p orbitals are parallel) (p orbitals are perpendicular)

FIGURE 3.2 Breaking the pi bond is necessary for rotation around a carbon—carbon double
bond to take place

} CIS-TRANS ISOMERS

The lack of rotation around carbon—carbon double bonds is of more than just
theoretical interest; it also has chemical consequences. Imagine the situation for a
disubstituted alkene like 2-butene. (Disubstituted means that two substituents other
than hydrogen are linked to the double-bond carbons.) In 2-butene, the two methyl
groups can be either on the same side of the double bond or on opposite sides
(Figure 3.3), a situation reminiscent of substituted cycloalkanes (Section 2.7).

Since bond rotation can’t occur, the two 2-butenes don’t spontaneously inter-
convert; they are different chemical compounds. As with disubstituted cycloalkanes
(Section 2.7), we call such compounds cis—trans isomers because they have the
same formula and overall skeleton but differ in the spatial arrangement of their
atoms. The isomer with both substituents on the same side is called cis-2-butene,
and the isomer with substituents on opposite sides is trans-2-butene.

Cis—trans isomerism is not limited to disubstituted alkenes: It can occur when-
ever both of the double-bond carbons are attached to two different groups. If one
of the double-bond carbons is attached to two identical groups, however, then
cis—trans isomerism is not possible (Figure 3.4).

Although the cis—trans interconversion of alkene isomers doesn’t occur spon-
taneously, it can be made to happen by treating the alkene with a strong-acid

! T e esmnvner sie Y hatene with frans-2-butene and allow them to

SECTION 3.3 Cis-Trans Isomers 65

CH, CH,
X'
C=C
7N
H H

cis-2-Butene

H CH,
N
c=C
N
CH, H

trans-2-Butene

FIGURE 3.3 Cis and trans isomers of 2-butene. The cis isomer has the substituent methyl

groups on the same side of the double bond, and the trans isomer has th
on opposite sides of the double bond. ' SRR R R g MBS

D\ A D B
C:C/ ” \C:C/ These two compounds are identical;
N % they aren’t cis—trans isomers.

D B D A
D A D B

\C: C/ _ \C:C/ These two compounds are not identical;

P A P \ they are cis—trans isomers
E B E A |

FIGURE 3.4 The requirement for cis—trans isomerism in alkenes. Both double-bond carbons
must be attached to two different groups.

reach-eqtllhb_rmm, we find that they aren’t of equal stability. At equilibrium, the
trans isomer is more favored than the cis isomer by a ratio of 76% trans to 24% cis.

HC CH H ;
ot W e A N o
o=t = (=0
/ \ catalyst / X
H H H,C H
cis-2-Butene (24%) trans-2-Butenc {76%)

Cis alkenes are less stable than their trans isomers because of spatial inter-
ference between the bulky substituents on the same side of the double bond. This



CHAPTER 3 Alkenes: The Nature of Organic Reactions

is the same kind of interference, or steric strain, that we saw in axial methyl-
cyclohexane (Section 2.11).

PROBLEM 3.2

// H H \\"\

P = e ——— ':' \ / \] HH
/// H ~ H \\\ H AN C\H 7 T
I; \ /{f \} \\C/ \| C\\“C{_r-—--’/ 5
o BN S g N

et b= o gl H—¢ N H

SN LN

No steric strain in
trans-2-butene

Steric strain in
cis-2-butene

Draw the cis and trans isomers of 5-chloro-2-pentene.

The chloroethyl and methyl

SOLUTION  5-Chloro-2-pentene is CICH,CH,CH=CHCH;.
d on opposite sides in the

s are on the same side of the double bond in one isomer an

group
other isomer.
CICH,CH, CH, H CH,
N b N v
C=C C=C
/ / N\
H H CICH,CH, H

cis-5-Chloro-2-pentene trans-5-Chloro-2-pentene

PROBLEM 3.4

PROBLEM 3.5
PROBLEM 3.6

—trans isomers? Draw each cis—trans pair.

(c) CICH=CHCl
(f) 3-Methyl-3-heptene

Which of these compounds can exist as pairs of cis
(a) CH,CH=CH, (b) (CH,),C=CHCH,

(d) CH,CH,CH=CHCH; (e} CH,CH,CH=CBrCH,
Which is more stable, cis-2-methyl-3-hexene or trans-2-methyl-3-hexene?

How can you account for the observation that cyclohexene does not show cis—trans

isomerism?

.4 SEQUENCE RULES: THE E,Z DESIGNATION

we used the terms cis and trans

he same side and opposite sides
s for

In the discussion of isomerism in the 2-butenes,
to specify alkenes whose two substituents were on t
of a double bond, respectively. This cis—trans naming system is unambiguou
disubstituted alkenes, but how do we denote the geometry of trisubstituted and
tetrasubstituted double bonds? (Trisubstituted means three substituents other than
hydrogen on the double bond; tetrasubstituted means four substituents other than
L cie van tha Aanhle hﬂ'r‘ld,\

sequence rules

a series of rules for
assigning priorities
to groups so that
double-bond
geometry can be
specified

SECTION 3.4 8equence Rules: The EZ Deslgnation &7

The answer is provided by the E,Z system of nomenclature, which uses a
system of sequence rules to assign priorities to the groups on the double-bond
carbons. Considering each of the double-bond carbons separately, we use the sc-
quence 1.'u!es to decide which of the two groups on each carbon is hi’gher in priorit
Ff the .higher-priority groups are on the same side of the double bond, the alke:c;_
is designated Z (for the German zusammen, “together”). If the hig,her-priority
groups are on opposite sides, the alkene is designated F (for the German entgegen

opposite”). Qne way to remember which is which is to remember that Z = groups,
on ze zame zide (I = the other one). These assignments are shown in Figure 3.5.

C/ H':ghc C;ow | /)c/

High /C\
H L

—
v

Z double bond E double bond
FIGURE 3.5 The E,Z system of nomenclature

The sequence rules used in assigning priorities are as follows:

Sequence rule 1 Look at the atoms directly attached to each of the double-
bond czfrbons and rank them in order of decreasing atomic number. That is, an
atom with a high atomic number like Cl receives higher priority than z;n atom v’vith
a low atomic number like H. Thus, the atoms that we commonly find attached
to a double-bond carbon are assigned priorities as follows:

35 17 8 T 6 I

Br>Cl>0>N>C>H

For example:

Low H\ | /CI High Low H /CH;, Low
C=¢ L/
o, wie | % CrC
High CH, CH; Low High CH,' Cl High

(a) (E)-2-Chloro-2-butene (b) (Z)-2-Chloro-2-butene

Because ch]orine_has a higher atomic number than carbon, it receives higher priorit
than a me_thyl (CH;) group. Methyl receives higher priority than hydrogen how)f
ever, an.d isomer (a) is therefore assigned E geometry (high-priority groups c’m op-
posite sides of the double bond). Isomer (b) has Z geometry (high-priority grou .s
on ze zame zide of the double bond). | "
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Sequence rule 2 If a decision can’t be reac}.led by ranking the first aton;s in
the substituents (rule 1), look at the second, third, or fourth atoms away from
the double-bond carbons until a difference is found. .Thus, an ethyl su‘bstltli)cn;;
—CH,CHj, and a methyl substituent, —CHj, are Cqulva%ent b?’ rule l.sm.ce }?t
have carbon as the first atom. But by rule 2, ethyl receives higher prlor}llty than
methyl because the second atoms are one carbon (and two hydr(.)genf) rat crlF 2.11
three hydrogens. Look at the following examples to see how this rule is applied:

H H CH,

| | |
—é—(I?—H and —?(ljﬁ?ﬁH —i—(l_“,*CHs and —E-('J_CH3

}ll H H H H
Lower Higher Lower Higher
R
~+4+C—NH, and —+C—Cl
i i
Lower Higher

Sequence rule 3 Multiple-bonded atoms are considered to be equwa]c?m to
the same number of single-bonded atoms. For example, an aldehydfa subst'lctluen(;
(—-CH=0), which has a carbon atom doubly bondefi to one oxygen, is considere
equivalent to a substituent having a carbon atom singly bonded to two oxygens.

H ‘f
|

+C=0 is equivalent to —+C—
N |

/ \ / ?

This carbon is

This carbon is This oxygen is ;
doubly bonded doubly bonded singly bonded
to one oxygen. to one carbon. O tWO OXYygens.

N
C \
This oxygen is
singly bonded

In the following examples, the indicated pairs are equivalent:

1 T
+ (|3=CH2 is equivalent to (%“(ljﬁH
c C
c C
i
4C=C—H isequivalentto (IJ-” (|)—H
C C

to two carbons.

SEETIEN 38  Kinds of Brganie Reactiens é

PRACTICE Assign E or Z configuration to the double bond in this compound:
PROBLEM 3.3
H\C C/CH(CH3)2
Pl
H,C CH,0H
SOLUTION  Look at the two double-bond carbons individually. The left-hand carbon has
two substituents, ~H and ~CHj, of which ~CHj receives higher priority by rule 1. The
right-hand carbon also has two substituents, ~CH(CH,), and ~CH,O0H, but rule 1 does
not allow a priority assignment to be made since both groups have carbon as their first
atom. By rule 2, however, ~CH,OH receives higher priority than ~CH(CHy,),, since
~CH,OH has an oxygen (and two hydrogens) as its second atom whereas —CH(CHj,), has
two carbons (and one hydrogen) as its second atom. Thus, the two high-priority groups
are on the same side of the double bond, and we assign Z configuration,
Low H CH(CH,), Low
N\ /
C=C
. 2N ) .
High H,C CH,0H High Z configuration
PROBLEM 3.7 Which member in cach ser is higher in priority?
(a) —H or —Br (b) —Cl or —Br () —CH,; or —CH,CH,
(d) —NH, or —OH () —CH,0H or —CH, {f) —CH,OH or —CH=0
1 i |
PROBLEM 3.8 Which is higher in priority, —C-OH or —C-OCH,? Explain.
PROBLEM 3.9 Which is higher in priority, isopropyl or #-octyl? Explain,
PROBLEM 3.10  Assign E or Z configuration to these alkenes:
a) CH,0 Cl b 0
. 3\(} C/ ()HC \\C ocC
= —OQOCH
SN ’ / :
H CH, C=C
/ AN
H OCH,

3.5 KINDS OF ORGANIC REACTIONS

Now that we know something about alkenes and the double-bond functional group,
it’s time to learn about their chemical reactivity. As an introduction, though, we’ll
first look at some of the basic principles that underlie all organic reactions. In par-
ticular, we’ll develop some general notions about why compounds react the way
they do and see some methods that have been developed to help understand how
reactions take place.

Organic chemical reactions can be organized in two ways: by what kinds of
reactions occur and by how reactions occur. We’ll begin by looking at the kinds
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are four particularly important kinds of organic

of reactions that take place. There
and rearrangements.

tions: additions, eliminations, substitutions,

reac _
n reaction Addition reactions occur when two reactants add Fogether to form a single
Jction that  pew product with no atoms “left over.”” We can generalize the process as
s when two
nts combine
ser to form a A+B — C
new product ' '
e areire B These two reactants ... togive this
add together . . . single product.
As an example of an important addition reaction that we’ll be studying soon, alkenes
react with HCI to yield alkyl chlorides:
H H Ili Cl
i
\CiC\ + HCl — H*C‘f(%—H
/
H H H H
Ethylene Chloroethane

These two reactants add . . . ... to give this product.
iination Elimination reactions are the opposite of addition reactions. Thfay occur when
=tion a single reactant splits into two products, a process we can generalize as
reaction that
urs when a A B+C
ile reactant =
s apart info / \ o s

products This one reactant . .. ... splits apart to give
these two products.
As an example of an important elimination reaction, alkyl halides split apart into
an acid and an alkene when treated with base:
H Cl H /H
HJ}-C'—H Reo, >c:c\ + HCI
H H H H
/ Chloroethane Ethylene \

This one reactant . . . ... gives these two products.
ibstitution Substitution reactions occur when two reactants exchange parts to give two
-action new products, a process we can generalize as
e reaction that
i A—B+C—D  — A—C+B—D

... exchange parts to give
these two new products.

xchange parts to

“im han mroducts These two reactants. ..

rearrangement
reaction

the reaction that
occurs when a
single reactant
undergoes a
reorganization of
bonds and atoms
to give a single
isomeric product

PROBLEM 3.14

3.6 HOW REACTIONS OCCUR: MECHANISMS

reaction
mechanism

a description of the
details by which a
reaction occurs

SFETIGN 28 Haw Beaetions Secur Meehapjsmns #
As an example of a substitution reaction, we saw in Section 2.4 that alkanes react
with chlorine gas in the presence of ultraviolet light to yield alkyl chlorides. A —Cl
group from chlorine replaces (substitutes for) the —H group of the alkane, and two
new products result:

H
H== (ll—H +Cl—Cl — H—»(l]fCl + H—Cl
}I-{ III
Methane Chloromethane

These two reactants . . . ... give these two products.

Rearrangement reactions occur when a single reactant undergoes a reorgani-

zation of bonds and atoms to yield a single isomeric product, a process we can
generalize as

A — B
P B

This single reactant . . . ... gives this isomeric product.

As an example of a rearrangement reaction, we saw in Section 3.3 that 1-butene
can be converted into its isomer 2-butene by treatment with an acid catalyst:

H:C CH H CH
3 \C_C/ 3 I B / 3
/ - \ catalyst /C T C
H H H,C H

cis-2-Butene (24%) trans-2-Butene (76%)

Classify these reactions as additions, eliminations, substitutions, or rearrangements.

(a) CH,Br + KOH —» CH,OH + KBr
(b) CH,CH,0H — H,C=CH, + H,0
(¢ H,C=CH, +H, —» CH,CH,

Having looked at the kinds of reactions that take place, let’s now see how reactions
occur. An overall description of how a reaction occurs is called a reaction mecha-
nism. A mechanism describes in detail exactly what takes place at each stage of a
chemical transformation. It describes which bonds are broken and in what order,
which bonds are formed and in what order, and what the relative rate of each

. step is.
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All chemical reactions involve bond breaking and bond making. When two
gether, react, and yield products, certain chemical bonds
broken, and new bonds are formed to make the prod-

ys in which a covalent two-electron
ical way such that one electron remains

lectronically unsymmetrical way such that
both electrons remain with one product fragment, leaving the other fragment with
an empry orbital. The symmetrical cleavage is called a homolytic process, and the

unsymmetrical cleavage is called a heterolytic process:

Radical bond-breaking (homolytic)

A'B — A-+°B
Polar bond-breaking (heterolytic)

AB — AT +:B”
Conversely, there are two ways in which a covalent two-electron bond can
form: an electronically symmetrical (homogenic) way, when one electron is donated
to the new bond by each reactant, or an electronically unsymmetrical (heterogenic)
way, when both bonding electrons are donated to the new bond by one reactant:

Radical bond-making (homogenic)
Polar bond-making (heterogenic)

A-+B — AB
At +:B~ — A'B
Processes that involve symmetrical bond breaking and making are called
radical reactions. A radical is a chemical species that contains an odd number of
valence electrons and thus has an orbital with only one electron. Processes that

involve unsymmetrical bond breaking and making are called polar reactions. Polar

reactions always involve species that contain an even number of valence electrons
Polar processes are the more common

and have only electron pairs in their orbitals.
reactions always involve species that contain an even number of valence electrons

description.
To see how polar reactions occur, we need to recall our discussion of polar

covalent bonds and to look more deeply into the effects of bond polarity on organic
molecules. We saw in Section 1.12 that certain bonds in a molecule, particularly
the bonds in functional groups, often have an unsymmetrical distribution of elec-
trons and are therefore polar. When a carbon atom bonds to an electronegative
atom such as chlorine or oxygen, the bond is polarized in such a way that the
carbon bears a partial positive charge (8%) and the electronegative atom bears a
partial negative charge (67). Conversely, when carbon bonds to an atom that is
less electronegative than itself, the opposite polarity results. Such is the case with
most carbon—metal (organometallic) bonds: :

X M
| |
—7@\ -7()6\

Where Y = O, N, Cl, Br, 1 Where M = a metal such as Mg or Li

nucleophile

an electron-rich
reagent that can
donate an elec-
tron pair to an
electrophile in a
polar reaction

electrophile

an electron-poor
reagent that can
accept an elec-
fron pair from a
nucleophile in a
polar reaction

ST
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What does bond polarity mean with eespect to chemical reagtions? Recauise
species with unlike charges attract each other, the fundamental characteristic of
all polar reactions is that the electron-rich sites in one molecule react with the
electron-poor sites in another molecule. Covalent bonds form in a polar reaction
when the electron-rich reactant donates a pair of electrons to the electron-poor
reactant; conversely, covalent bonds break in polar reactions when one of the two
product fragments leaves with the electron pair.

Chemists usually indicate the electron movement that occurs during a polar
reaction by curved arrows. By convention, a curved arrow means that an electron
pair moves from the tail to the head of the arrow during the reaction. In referring
to polar reactions, chemists have coined the words nucleophbile and electrophile.
A nucleophile is a reagent that is “nucleus loving™; it has an electron-rich site and
forms a bond by donating an electron pair to an electron-poor site. An electrophile,
by contrast, is “‘electron-loving”; it has an electron-poor site and forms a bond by
accepting an electron pair from a nucleophile.

 C3meni Addesiang
2 Dapar MsalhEhsms

The curved arrow shows that electrons
are moving from :B” to A™*.

N
)A+ + :B- —as A:B
e

Nucleophile
(electron-rich)

Electrophile
(electron-poor)

PRACTICE
PROBLEM 3.4

What is the direction of bond polarity in the amine functional group, C-NH;?

SOLU'I:ION According to the electronegativity table (Table 1.4), nitrogen is more electro-
negative than carbon. Thus an amine is polarized with carbon as " and nitrogen as 0.

PROBLEM 3.12

PROBLEM 3.13

PROBLEM 3.14

What is the direction of bond polarity in these functional groups?

(b) Alkyl chloride (c) Alcohol (d) Alkyllithium

Identify the functional groups and show the direction of bond polarity in each of these

molecules.

(a) Ketone

(b) Chloroethane, CH,CH,Cl

Il
(a) Acetone, CH,CCH;
(d) Tetraethyllead, (CH;CH ), Pb (the “lead” in gasoline)

(c) Methanethiol, CH,SH
Which of the following would you expect to behave as electrophiles and which as nucleo-
philes? Explain.

(a) HY (b) HO:~ (c) Br*

(d) :NH; - (e) H—C=C—H {f)y CO,
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7 AN EXAMPLE OF A POLAR REACTION:

ADDITION OF HCI TO ETHYLENE

:ctrophilic
dition

» addition of an
-ctrophile to
unsaturated
ceptor, usually
alkene

Let’s look in detail at a typical polar reaction, the reaction of ethylene with HCL.
When ethylene is treated with hydrogen chloride at rocm temperature, chloro-
ethane is produced. Overall, the reaction can be formulated as follows:

H H H Cl
\ / ||
/C—:C\ + H—Cl — H—(|3—— (l'J#H
H H H H
Ethylene Hydrogen chloride Chloroethane

(nucleophile) (electrophile)

This reaction, an example of a general polar reaction type known as an electrophilic
addition, can be understood in terms of the general concepts just discussed. We’ll
begin by looking at the natures of the two reactants.

What do we know about ethylene? We know from Sections 1.10 and 3.2 that
a carbon—carbon double bond results from orbital overlap of two sp®-hybridized
carbon atoms: The sigma part of the double bond results from sp?—sp? overlap,
and the pi part results from p—p overlap.

What kind of chemical reactivity might we expect of carbon—carbon double
bonds? We know that alkanes are rather inert because all of their valence electrons
are tied up in strong, nonpolar, carbon—carbon and carbon-hydrogen bonds. Fur-
thermore, alkane bonding electrons are inaccessible to external reagents because
they are localized in sigma orbitals between atoms.

The situation for ethylene and other alkenes is quite different. For one thing,
double bonds have greater electron density than single bonds: four electrons in a
double bond versus only two electrons in a single bond. Equally important, the
electrons in the pi bond are accessible to external reagents because they are located
above and below the plane of the double bond rather than between the nuclei
(Figure 3.6).

Carbon-carbon sigma bond: >
strong; inaccessible bonding electrons Carbon-~carbon pi bond:

weak; accessible electrons

FIGURE 3.6 A comparison of carbon—carbon single and double bonds. A double bond is
U1 i ok and e screccihle to external reagents than a single bond.

R
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Both electron richness and electron accessibility lead us to predict high re-
activity for carbon—carbon double bonds. In the terminology of polar reactions
used earlier, we might predict that carbon—carbon double bonds should behave
as nucleophiles. That is, the chemistry of alkenes should involve reaction of the
electron-rich double bond with electron-poor reagents. This is exactly what we
find: The most important reaction of alkenes is their reaction with electrophiles.

What about HCI? As a strong acid, HCl is a powerful proton (H") donor.
Since a proton is positively charged and electron-poor, it is a good electrophile.
Thus, the reaction between H* and ethylene is a typical electrophile—nucleophile
combination, characteristic of all polar reactions.

3.8 THE MECHANISM OF AN ORGANIC REACTION:
ADDITION OF HCI TO ETHYLENE

We can view the electrophilic addition reaction between ethylene and HCI as pro-
ceeding by the mechanism shown in Figure 3.7. The reaction takes place in two
steps, beginning with an attack on the electrophile, H*, by the electron pair from
the nucleophilic ethylene pi bond. Two electrons from the pi bond form a new
sigma bond between the entering hydrogen and one of the ethylene carbons, as
shown by tracing the path of the curved arrow in Figure 3.7. (Remember: A curved
arrow is used to indicate how electrons move in a polar reaction. In this case, the

~H* CI°
s
H . N c-H
The electrophile H* is attacked by the pi H= ~H
electrons of the double bond, and a new
C-H sigma bond is formed. This leaves the l
other carbon atom with a + charge and a
vacant p orbital. s
B ol
\‘\‘ !,_} H
H'\}'/{- /
ne %N H
0 'H

Carbocation

- : intermediate
Cl~ donates an electron pair to the

positively charged carbon atom, forming a
C—Cl sigma bond and yielding the neutral
addition product.

C1 /I-{
\
-C—C_.
H- S H
H/ H

FIGURE 3.7 The mechanism of the electrophilic addition of HC to cthylene. The reaction
takes place in two steps and involves an intermediate carbocation.
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electrons move away from the carbon—carbon pi bo
the incoming H*.) The other ethylene carbon atom,
pi electrons, is now trivalent an

nd to form a new bond with
having lost its share of the
d is left with a vacant p orbital. Since the double-
mation of the new C—H bond, the trivalent

bond pi electrons were used in the for d,
d therefore carries a positive charge. In

carbon has only six valence electrons an

ocation - ; ; 3
xcies that has  the second step, this positively charged species, a carbon-cation or carbocation, 1s
Sigée%vclem itself an electrophile that can accept an electron pair fr.olrn the nucleophilic chloride
gn atom anion to form a C—Cl bond, yielding the neutral addition product.
PRACTICE What product would you expect from reaction of HCI with cyclohexene?
PROBLEM 3.5
SOLUTION HCl should add to the double-bond functional group in cyclohexene in exactly
the same way it adds to ethylene, yielding an addition product.
H
H Cl
O[ 4 HCI
H
b H
Cyclohexene Chlerocyclohexane
e ——

PROBLEM 3.15 Reaction of HCI with 2-methylpropene yields 2-

PROBLEM 3.16 Reaction of HCl with 2-pentene yields a mixture of tw

chloro-2-methylpropane. Formulate the
mechanism of the reaction. What is the structure of the carbocation formed during the
reaction?

(CH,),C=CH, + HCl — (CH,);C—Cl
o addition products. Write the reac-

tion and show the two products.

9 DESCRIBING A REACTION: RATES AND EQUILIBRIA

juilibrium
nstant

value that
presses the
tent to which a
ven reaction
kes place at
Juilibrium

o directions. Starting materials can react to

give products, and products can revert to starting materials. We usually express
the resultant chemical equilibrium by an equation in which K., the cqu:hbnpm
constant, is equal to the concentration of products, divided by the concentration

of starting materials. For the reaction,

A4B &= £+ D

Every chemical reaction can go in tw

we have
_ [Products] _ [C][D]
¢a ~ [Reactants]  [A][B]

ion of the equilibrium, that is,
is large, then the

The equilibrium constant tells us the posit
171 i1a AF tha reactinn arrow is energetically favored. If Ken

i e e

exothermic

a favorable
reaction that gives
off energy (heat)

endothermic
an unfavorable
reaction that
absorbs energy
(heat)
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and [B], and the reacrion proceeds as written from left to right. Conversely, if K,
is small, the reaction does not take place as written but instead goes from right
to left. y

What the equilibrium equation does not tell us is the rate of the reaction:
how fast the equilibrium is established. Some reactions are extremely slow even
though they have highly favorable equilibrium constants. For example, gasoline is
stable when stored because its reaction rate with oxygen is slow under normal
circumstances. Under the proper reaction conditions, however (contact with a
lighted match, for example), gasoline reacts rapidly with oxygen and undergoes
complete conversion to water and carbon dioxide. Rates (how fast a reaction
occurs) and equilibria (how much a reaction occurs) are two entirely different
things.

Rate — Is reaction fast or slow?
Equilibrium — In what direction does reaction proceed?

What determines whether a reaction takes place? For a reaction to have a
favorable equilibrium constant, the energy level of the products must be lower
than the energy level of the reactants. In other words, energy (heat) must be given
off. Such reactions are said to be exothermic (from the Greek exo, “outside,”” and
therme, “heat”). Heat is produced during exothermic reactions. If the energy level
of the products is higher than the energy level of the reactants, then the equilib-
rium constant for the reaction is unfavorable, and heat must be added to make
the reaction take place. Such reactions are said to be endothermic (Greek endon,
“within™).

A good analogy for the relationship between energy and chemical reactivity
(stability) is that of a rock poised near the top of a hill. The rock, in its unstable
position, has stored the energy that was required to get it up there. When it rolls
downhill, it releases its energy until it reaches a stable, low-energy position at the
bottom of the hill. In the same way, the energy level in a chemical reaction goes
downhill as the energy stored in the chemical bonds of a reactant is released and
a more stable product is formed (Figure 3.8).

A rock at the top of the hill is
in a reactive, unstable position.

High energy [EEe2
(less stabler 2%

Low energy - ]

(more stable) _NEOdUCt e
After falling to the bottom, the rock
is in an unreactive, stable position.

FIGURE 3.8 The relationship between energy and stability. Like a rack near the top of a
hill, high-energy substances are unstable. They release their energy by dropping downhill
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»f reaction

nount of
cleased or
cedina
on

PRACTICE
PROBLEM 3.6

’ROBLEM 3.17

'ROBLEM 3.18

The exact amount of energy either released in an exothermic reaction or
absorbed in an endothermic reaction is called the heat of reaction, AH (spolfen
as delta-H). By convention, AH has a negative value in an exothcrmic_ reaction
since heat is released, and a positive value in an endothermic reaction since heat
is absorbed. AH is a direct measure of the difference in energy between prod!.x_cts
and starting materials. As such, the size of AH determines the si?e of the equlll}‘?)-
rium constant K.,. Favorable reactions with large K.’s are hlgh!y exotherml,c
and have negative heats of reaction whereas unfavorable reactions with small K.g’s
are endothermic and have positive heats of reaction.

A+B = C+D

[C][D] Exothermic if K, > 1; negative value of AH
«a " [A][B] Endothermic if K., < 1; positive value of AH
Which reaction is more favorable, one with AH = — 15 kcal/mol or one with AH = +15

kcal/mol?

SOLUTION  According to convention, reactions with negative AH are exothermic and thus
are favorable, but reactions with positive AH are endothermic and unfavorable.

Which reaction is more exothermic, one with AH = —10 kcal/mol or one with AH = + 10
kcal/mol?

Which reaction is more exothermic, one with K., = 100 or one with K, = 0.001?

‘0 DESCRIBING A REACTION: 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 look again at the addition reaction between

ethylene and HCI:

Nt # s H—C—(?—H ] H—(I:mcl:—H

C=C +H
/N |

H H H H

Chloroethane

H H

Ethylene A carbocation

(nucleophile)

As the reaction proceeds, ethylene and HCl approach each other, the pi bond
breaks, a new carbon-hydrogen bond forms in the first step, and a new carbon—
chlorine bond forms in the second step.

fransition state

a hypothetical
structure of
maximum energy
formed during the
course of a reaction

activation

energy E,,

the energy
diference between
starting material
and fransition state
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Over the years, chemists have developed a method for depicting the energy
changes that occur during a reaction using reaction energy diagrams of the sort
shown in Figure 3.9. The vertical axis of the diagram represents the total energy
of all reactants, and the horizontal axis represents the progress of the reaction
from beginning (left) to end (right). Let’s take a careful look at the reaction, one
step at a time, and see how the addition of HCI to ethylene can be described on
a reaction energy diagram.

Transition

State Carbocation

CH,CH3

Activation
energy, Eq

Reactants
H,C=CH, + HCl

Reaction progress —————

FIGURE 3.9 A reaction energy diagram for the first step in the reaction of ¢i e with
HCL. The energy difference between reactants and transition state, E,,, controls the reaction
rate. The encrgy dilference between reactants and carbocation product, AH, controls the
position of the equilibrium.

At the beginning of the reaction, ethylene and HCI have the total amount of
energy indicated by the reactant level on the left side of the diagram. As the two
molecules crowd together, their electron clouds repel each other, causing the en-
ergy level to rise. If the collision has occurred with sufficient force and proper
orientation, the reactants continue to approach each other, despite the repulsion,
until the new carbon-hydrogen bond starts to form. At some point, a structure of
maximum energy is reached, a structure we call the transition state.

The transition state represents the highest-energy structure involved in this
step of the reaction and can’t be isolated. Nevertheless, we can imagine the tran-
sition state to be a kind of activated complex of the two reactants in which the
carbon-carbon pi bond is partially broken and the new carbon-hydrogen bond is
partially formed (Figure 3.10).

The energy difference between reactants and transition state, called the activa-
tion energy, E,., measures how rapidly the reaction occurs. A large activation
energy corresponds to a large energy difference between reactants and transition
state, and results in a slow reaction because few of the reacting molecules collide
with enough energy 1o climb the high barrier. A small activation energy, however,
results in a rapid reaction because almost all reacting molecules are energetic
enough to climb to the transition state.
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FIGURE 310 A hypothetical transition-
state structure for the first step of the reaction
of ethylene with HCl. The C=C pi bond is
just beginning to break, and the C—H bond is
_l  just beginning to form.

The situation of reactants needing enough energy to climb the barrier from
starting material to transition state s similar once again to the situation of a rock
near the top of a hill. Although the rock would be more stable at the bottom of
the hill, it is effectively trapped behind a barrier in a depression and is not able to
fall spontaneously. Before the rock can release its energy in a fall, it has to be
shoved up and over the barrier. In other words, energy has to be put into the rock
to activate it for a fall.

Most organic reactions have activation energies in the range of 10-35
kcal/mol. Reactions with activation energies less than 20 kcal/mol take place spon-
taneously at room temperature or below whereas reactions with higher activation
energies normally require heating. Heat provides the energy necessary for the
reactants to climb the activation barrier.

Once the high-energy transition state has been reached, the reaction proceeds
to the carbocation product. Energy is celeased as the new C—H bond forms fully,
and the curve on the reaction energy diagram therefore turns downward until it
reaches a minimum. This minimum point represents the energy level of the car-
bocation product of the first step. The energy change, AH, between starting mate-
rials and carbocation product is simply the difference between the two levels on
the diagram.! Since the carbocation is less stable than the starting alkene, the first
step is endothermic, and energy is absorbed.

PROBLEM 3.19

Which reaction is faster: one with E,, =15 kcal/mol or one with E;, = 20 kcal/mol?
Is it possible to predict which of the two has the larger Kg?

41 DESCRIBING A REACTION: INTERMEDIATES

How can we describe the carbocation structure formed in the first step of the reac-
tion of ethylene with HCI? The carbocation is clearly different from the starting
materials, yet it isn’t a transition state and it isn’t a final product.

! Strictly speaking, it's not correct to say that the energy difference between starting materials and

products is due entircly to the heat of the reaction, AH. The energy difference is actually defined as the

Gibbs free energy (AG), which is equal to the heat of reaction (AH) minus an entropy contriburion AS:

(AG = AH — T AS). Normally, though, the entropy contribution is small, and we make the sim plifying
e o

intermediate

a species that is
formed during the
course of a mulfi-
step reaction but
is not the final
product. Inter-
mediates lie at
minima in reaction
energy diagrams
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‘) s i
c=C +4H' — |H-C—C—H| X H-C—C—H
H H II{ II{ Ili I!I

Ethylene Reaction intermediate Chloroethane

We call the carbocation, which is formed briefly during the course of the
multistep reaction, a reaction intermediate. As soon as the intermediate is formed
in the first step by reaction of ethylene with H™, it reacts with Cl™ in a second
step to give the final product, chloroethane. This second step has its own activation
energy E,.., its own transition state, and its own energy change AH. We can view
the second transition state as an activated complex between the electrophilic car-
bocation intermediate and nucleophilic chloride anion, a complex in which the
new C—Cl bond is just starting to form.

A complete energy diagram for the overall reaction of ethylene with HCI can
be constructed as in Figure 3.11. In essence, we draw diagrams for each of the
individual steps and join them in the middle so that the product of step 1 (the
carbocation) serves as the starting material for step 2. As indicated in Figure 3.11,
the reaction intermediate lies at an energy minimum between steps 1 and 2. Since
the energy level of this intermediate is higher than the level of either the starting
material (ethylene + HCI) or the product (chloroethane), the intermediate is highly
reactive and can’t be isolated. It is, however, more stable than either of the two
transition states that surround it.

Carbocation
CH,CH3;
Transition s
state 1 Transition
—_—— — state 2 l
E,.2
Renctants. .
H,C=CH, + HCl I CH,CH,C

Reaction progress —————

FIGURE 3.11 Overall reaction energy diagram for the reaction of ethylene with HCIL. Two
steps are involved, each with its own transition state. The energy minimum between the
two steps represents the reaction intermediate.

Fach step in a multistep process can be considered separately. Each step has

Citemwn E o (rate) and ite own AH {energv change). The overall AH of the reaction,
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however, is the energy difference between initial reactants (far left) and final prod-
ucts (far right). This is always true regardless of the shape of the reaction energy
curve. Note, for example, that the energy diagram for the reaction of HCl with
ethylene in Figure 3.11 shows the energy level of the final product to be lower than
the energy level of the starting material. Thus, the overall reaction is exothermic.

PRACTICE Sketch a reaction energy diagram for a one-step reaction that is very fast and highly
PROBLEM 3.7 exothermic.

SOLUTION A very fast reaction has a small E,_,, and a highly exothermic reaction has a
large negative AH. Thus, the diagram will look like this one:

PROBLEM 3.20 Sketch reaction energy diagrams to represent the following situations and label the parts
of the diagram corresponding to starting material, product, transition state, intermediate
(if any), activation energy, and AH.
(a) An exothermic reaction that takes place in one step.
(b) An endothermic reaction that takes place in one step.

PROBLEM 3.21 Draw a reaction energy diagram for a two-step reaction with an endothermic first step and
an exothermic second step. Label the intermediate.

Carrots, Alkenes, and the
Chemistry of Vision

Folk medicine has long maintained that eating carrots improves night
*lthough that’s probably not true for healthy adults on a proper diet,
*estion that the chemistry of carrots and the chemistry of vision are

" olay a role in both.
hij in B- carotene, a purple -orange alkene that is an excellent

cimecmeand bn 2lbamnin A ik the liver.
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where enzymes first cut the molecule in half and then change the geometry of
the C11-C12 double bond to produce 11-cis-retinal, the light-sensitive pigment
on which the visual systems of all living things are based.

H,C
H,c cH, CH, CH,

R VO TV e e e e N
CH, cH, H,C  CH;

CH,
1 p-Carotene
H,C. cH, $Hs H,C. cH, CHs GCis
\\\\CHOH S A
Ilver | E
enzymes
CH, H,C7N
CHO
Vitamin A 11-cis-Retinal

The retina of the eye contains two types of light-sensitive receptor cells, rod
cells and cone cells. Rod cells are primarily responsible for seeing in dim light,
whereas cone cells are responsible for seeing in bright light and for the perception
of colors. In the rod cells of the eye, 11-cis-retinal is converted into rhodopsin, a
light-sensitive substance formed from the protein opsi and 11-cis-retinal. When
light strikes the rod cell, isomerization of the C11-C12 double bond occurs, and
11-trans-rhodopsin, also called metarhodopsin 1, is produced. This cis—trans
isomerization of rhodopsin is accompanied by a change in molecular geometry,
which in turn causes a nerve impulse to be sent to the brain where it is perceived
as vision.

light
igh

CH=N—~0psin

Rhodopsin

} 3\ S A CH=N—0psin

CH,

Metarhodopsin 11
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Metarhodopsin I is then recycled into rhodopsin by a multistep sequence
involving cleavage into all-trans-retinal, conversion to vitamin A, cis—trans
isomerization to 11-cis-vitamin A, and conversion back to 11-cis-retinal.

B-Carotene

|

Vitamin A — 11-cis-Vitamin A — 11-cis-Retinal

I Metarhc;dopsin 11 J'

Retinal +
Nerve impulse

hght
—

Rhodopsin

Alkenes are hydrocarbons that contain carbon—carbon double bonds. A double
bond consists of two parts: a sigma bond formed by head-on overlap of two sp?
orbitals and a pi bond formed by sideways overlap of two p orbitals. The bond
strength of an alkene double bond is greater than that of a carbon—carbon single
bond, with the strength of the pi part estimated to be 64 kcal/mol.

Rotation around the double bond is restricted, and substituted alkenes can
therefore exist as cis—trans isomers. The geometry of a double bond can be de-
scribed as either Z (zusammen) or E (entgegen) by application of a series of se-
quence rules.

All organic reactions involve bond making and bond breaking. Fundamen-
tally, covalent two-electron bonds can break or form in only two ways: Bonds can
break in an electronically symmetrical (homolytic) way such that each product
retains one electron or in an electronically unsymmetrical (heterolytic) way such
that one product retains both electrons, leaving the other product with a vacant
valence orbital. Conversely, bonds can form in an electronically symmetrical
(homogenic) way if each of two reactants donates one electron or in an electron-
ically unsymmetrical (heterogenic) way if one reactant donates two electrons. Elec-
tronically symmetrical bond making and bond breaking occur in radical reactions
whereas electronically unsymmetrical bond making and bond breaking occur in
polar reactions:

A-+B — AB Radical reactions

" A +:BT — AB

Polar reactions

“mergy changes that take place during a reaction can be described by
“a reaction occurs) and equilibria (to what extent the reaction occurs).
“nsition of a reaction is determined by AH, the energy change

e mmmrr ie VPN
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t.her.mic, however, energy is absorbed, and the reaction has an unfavorable equi-
llbr.lum constant. Reactions can be described pictorially by reaction energy diagrams
which follow the course of a reaction from starting material through transition state’
to product.

. Every reaction _pfoceeds through a transition state, which is the highest energy
point reached. Transition-state structures can’t be isolated because they are unstable
but. we can imagine them to be activated complexes between starting materials ir:
whlch old bonds are beginning to break and new bonds are beginning to form "l’"he
amount of energy needed by starting materials to reach the high-energy trans;ition
state is the activation energy, E,. The larger the magnitude of the activation ener
the slower the reaction. =

Many reactions, such as the addition of HCl to ethylene, take place in more
Fhan one step and involve the formation of intermediates. A reaction intermediate
is a structure that is formed during the course of a multistep reaction and that lies
in an energy minimum between two transition states. Intermediates are more stable
than transition states but are often too reactive to be isolated.

ADDITIONAL PROBLEMS

3.23
3.24

3.25

& 3.26

(a) (j/CHJ (b) CH, (c) CH,CH,; (d) CH,
‘ r’&,m_ ll:l'/ @

3.22 Identify the functional groups in these molecules:

(a) CH,CH,C=N  (b) Q/OCHS @ O 0
I I
CH,CCH,COCH,

I
0 s = NH,

C
s

Predict the direction of polarization of the functional groups you identified in Problem 3.22.

Identify the functional groups in these molecules:
{a) NH, (b) H,C /N NH, g
\1/ | i )—CH,CH,0H

S
CH, ar

et Thiamine
Provide JUPAC names for these alkenes:
(a) (|JH3 (b) CH,CH,CH,
CH,CH=CHCHCH,CH; CH,CH=CHCHCH,CH,CH,
(c) CH,CH, (d) H,C=C—=CHCH,4

H,C=CCH,CH,

Name these cycloalkenes by IUPAC rules.

‘el i
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3.27

3.28

3.29

3.30

3.31

3.32

3.33

3.34

3.35

3.36
3.37

3.38

Draw structures corresponding to these IUPAC names.

(a) 3-Propyl-2-heptene (b) 2,4-Dimethyl-2-hexene

(c) 1,5-Octadiene (d) 4-Methyl-1,3-pentadienc

(e) cis-4,4-Dimethyl-2-hexene (f) (E)-3-Methyl-3-heptene

Draw the structures of these cycloalkenes.

(a) cis-4,5-Dimethylcyclohexene (b) 3,3,4,4-Tetramethylcyclobutene
These names are incorrect. Draw each molecule and give its correct name.
(a) 1-Methyl-2-cyclopentene (b) 1-Methyl-1-pentene

(c) 6-Ethylcycloheptene (d) 3-Methyl-2-ethylcyclohexene

Neglecting cis—trans isomers, there are five possible isomers of formula CsHag. Draw and
name them.

Which of the molecules you drew in Problem 3.30 show cis—trans isomerism? Draw and
name their cis—trans isomers.

Draw four possible structures for each of these formulas.

(a) CeHyo (b) CgHO (c) C;H,0Cl,

How can you explain the fact that cyclohexene does not show cis—trans isomerism but
cyclodecene does?

Rank the following sets of substituents in order of priority according to the sequence rules.

(a) _'CH3, '__Br, —_-Hv _I

(b) —OH, —OCH,, —H, —COOH

&) —CH,, —COOH, —CH,0H, —CHO

d) —CH., —CH=CH,, —CH,CH,, —CH(CH,),

Assign E or Z configuration to these alkenes.

(@) HOCH, CH; () ﬁf
Cc=C el H
£=C, HO—C
CH, H c=¢
cl OCH,

Draw and name the five possible CsH,o alkene isomers. Ignore cis—trans isSOmers.

Menthene, a hydrocarbon found in mint plants, has the IUPAC name l-isopropyl-4-
methylcyclohexene. What is the structure of menthene?

Name these cycloalkenes by IUPAC rules.
C1

(a) (‘-"Ha (b) CH;, () Cl
CHCH, @: H b
o

<e reagents as either electrophiles or nucleophiles.
:0:

3.40

3.41
3.42

3.43

3.44
3.45
3.46

3.47

3.48

3.49
3.50
3.51
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a-Farnesene is a constituent of the natural waxy coating found on apples. What is its [UPAC
name?

= = e
a-Farnesenc
Indicate E or Z configuration for each of the double bonds in o-farnesene (Problem 3.40).

Define these terms.

(a) Polar reaction (b) Radical reaction
(c) Functional group (d) Reaction intermediate

Give an example of each of the following.

{(a) An electrophile (b) A nucleophile (c) An oxygen-containing functional group
If a reaction has K., = 0.001, is it likely to be exothermic or endothermic? Explain.
If a reaction has E,, = 5 kcal/mol, is it likely to be fast or slow? Explain.

If a reaction has AH = 12 kcal/mol, is it exothermic or endothermic. Is it likely to be Fast
or slow? Explain.

Draw a reaction energy diagram for a two-step exothermic reaction whose first step is
faster than its second step. Label the parts of the diagram corresponding to reactants,
products, transition state, activation encrgies, and overall AH.

Draw a reaction energy diagram for a two-step reaction whose second step is faster than
its first step.

Draw a reaction energy diagram for a reaction with K, = 1.
Describe the difference between a transition state and a reaction intermediate.

Consider the reaction energy diagram shown here and answer the following questions.

Reaction progress ———»

(a) Indicate the overall AH for the reaction. Is it positive or ncgative?
(b) How many steps are involved in the reaction?

(c) Which step is faster (has the lower activation energy)?

(d) How many transition states are there? Label them.



