Alkenes
and Alkynes

We saw in the previous chapter how organic reactions can be classified, and we
developed some general ideas about how reactions can be described. In this chapter,
we’ll apply those general ideas to a systematic study of the alkene and alkyne
families of compounds. In particular, we’ll see that the most important reaction of
these two functional groups is the addition of various reagents X-Y to yicld
saturated products:

X Y
Yo 4 xoy &0
— + —_ ey i Paf Vs
7 N\ | |
An alkene An addition product

&
i
| ADDITION OF HX TO ALKENES

We _k'now from Section 3.8 that alkenes react with HCI to yield alkyl chloride
- addition Products. For example, ethylene reacts with HCI to give chloroethane.
The reaction takes place in two steps and involves a carbocation intermediate:

H H H H 1
\ / . |+ ) |
/c-—zc\ + Ht — H—(!J——(II——H <, H—C—C—H
Y i i
Ethylene Carbocation Chloroethane

intnrmediate



SECTION 41 Addition of HX 1o Alkenes L4

The addition of halogen acids HX to alkenes is a general reaction that allows
chemists to prepare a variety of products. Thus, HCL HBr, and 11 all add to

alkenes:"
ClH, (l'l
¢ CH, +HCl = CHy— ¢ e,
(H, Cil,
2 -Methylpropene 2-Chloro-2-methylpropane
(94%)
CH
. _CH, ~7 7
“ + HBr _ether [ “Br

1-Bromo I-methylcyclohcxane

I-Methylcyclohexene
“1%)

I

CH,CH,CH,CH=CH, + HI -#*% CH,CH,CH,CHCII,

1-Pentene 2-lodopentane

! Organic reaction equations can be written in different ways to emphasize different points. For ex-
ample, the reaction of cthylene with HCl might be written in the formar A + B — Cto emphasize thar
both reaction partners are equally important for the purposes of the discussion. The reaction solvent
and notes about other reaction conditions such as temperature are usually written either above or

below the reaction arrow.

solvent

her .
H,C=CH, + HCl -5+ CH,CHL0!

Alternatively, we might choose to write the same reaction in the format

A 25 ¢

to emphasize that reagent A is the organic starting material whose chemistry is of greater interest.
Reagent B is then placed above the reaction arrow, together with notes about solvent and reaction

conditions. For example:

reagent

. HC) .
H,C=CH, ~ther 25°C° CH,CH, ]

S~

solvent

Both reaction formats are frequently used in chemistry, and you sometimes have to look at the overall
. transformation to see what the different roles of the chemicals shown next to the reaction arrows are.

(Y

oy J



CHAPTER 4 Alkenes and Alkynes

ORIENTATION OF ALKENE ADDITION REACTIONS:
MARKOVNIKOV'S RULE

Look carefully at the reactions in the previous section. In every case, an unsym-
metrically substituted alkene has given a single addition product rather than the
mixture that might have been expected. For example, 2-methylpropene might have
added HCl to give 1-chloro-2-methylpropane, but it didn't; it gave only 2-chloro-

;pecific 2-methylpropane. We say that reactions are regiospecific (ree-jee-oh-specific) when
bing the only one of the two possible directions of addition is observed.
ation of an . . S
on reaction A regiospecific reaction:
\CCurs on an _
nmetrical Cl
ate and that CH, l CH
to a single N\ l 3
ict C=—CH, +HCl — CH,—C—CH,
Z | CH,CHCH,CI
CH, CH,
2-Methylpropene 2-Chloro-2-methylpropane 1-Chloro-2-methylpropane
(sole product) (not formed)

From an examination of many such reactions, the Russian chemist Vladimir
kovnikov's rule  Markovnikov proposed in 1905 what has come to be known as Markovnikov’s rule:

';.9 for th In the addition of HX to an alkene, the H attaches to the carbon that has fewer
Af;}?.?, © alkyl substituents, and the X attaches to the carbon that has more alkyl substituents.
ilkene
strophilic
iiﬂo‘fj'\ reactions 2 alkyl groups no allfyl groups
on this on this carbon
carbon CH, / 1
\\ 1 ether ‘
CH, CH,
2-Methylpropene 2-Chloro-2-methylpropane
2 alkyl groups
on this carbon
/ CH, CH,

@ + HBr — OLBI.
H\
1-Methylcyclohexene 1-Bromo-1-methylcyclohexane

1 alkyl group
on this carbon

When hath ends of the double bond have the same degree of substitution, however
. : , ,

Mo



SECIION 42 Orentation of Alkene Addilion Reactions. M.koa ikov's Rulo K2
- .

1 alkyl group 1 alkyl group
on this carbon on this carbon Br B

o |
CH,CH,CH—CHCH, + HBr <" CH,CH,CH,CHCH, + CH,CHLCHCH,CH,

2-Pentene ’ 2-Biomopentanc 3 Bromopentane

Since carbocations are involved as intermediates in these reactions (Section
3.11), another way to express Markovnikov's rule is to say that, in the addition of
HX to alkenes, the more highly substituted carbocation intermediate is formed in
preference to the less highly substituted one. For example, addition of H' to 2-
methylpropene yiclds the intermediate tertiary carbocation rather than the primary
carbocation. Why should this be?

H Cl
(-"Hs”"clj‘"“("nz - o Cly - (‘7-— CH,
¢
CH S CH, CH,
N N .
C-CH, 1l ' tert-Butyl carbocation 2-Chliro-2-methylpropane
/ 2 (tertiary; 3°)
CH,
H H
2-Methylpropene | + “ |
C[I3—_(I:"_'—Cllz e 4 Clls-’?—’(l‘llz(']
CH, Cil,
Isobutyl carbocation 1-Chloro-2-methylpropane
(primary; 1°) (not formed)
PRACIICE What product wonld you expect from reaction of HCI with I-ethylcyclopentene?
PROBLEM 4.1 :
CH,CH,
+ HCl — ?
SOLUTION Markovnikov's rule predicts that the hydrogen will add to the double-bond
carbon that has onc alkyl group (C2 on the ring), and the chlorine will add to the double-
bond carbon that has two alkyl groups (C1 on the ting). The expected product is 1-chloro-
1-ethylcyclopentane.
2 alkyl groups on
this carbon
/ CH,CH, CH,CH,
/ + HCl —s "
. 2
\ 1-Chloro 1 ethylcyclopcntane

1 alkyl group on
this carbon




CHAPTER 4 Alkenes and Alkynes

PROBLEM 4.4 Predict the products of these reactions: '

|
(<)
+ HCl — ?

PROBLEM 4.2 What alkenes would you start with to prepare these alkyl halides?
(a) Bromocyclopentane (b) CH,CH,CHBrCH,CH,CH,

(c) 1-lodo-1-isopropylcyclohexane  (d)
Br

3 CARBOCATION STRUCTURE AND STABILITY

To understand why Markovnikov’s rule works, we need to learn more about the
structure and stability of substituted carbocations. Regarding structure, evidence
has shown that carbocations are planar. The positively charged carbon atom is sp?
hybridized, and the three substituents are oriented to the corners of an equilateral
triangle (Figure 4.1). Since there are only six electrons in the carbon valence shell,
and since all six are used in the three sigma bonds, the p orbital extending above
and below the plane is vacant.

_Vacant p orbital

R~ +
>~ ’p2

R’
R<_/120°

FIGURE 4.4 Carbocation structure. The carbon is sp? hybrid-
ized and has a vacant p orbital.

Regarding stability, measurements show that carbocation stability increases
with increasing alkyl substitution. More highly substituted carbocations are more
stable than less highly substituted ones because alkyl groups tend to donate elec-
trons to the positively charged carbon atom. The more alkyl groups there are, the
more electron donation there is and the more stable the carbocation.



SICHON 4.4 tiydraticr: of Alkones 93 .
i + + +
R (‘,‘ R R—(IJ~--H R-(%‘-MH I1 ——(l‘. ~ H
R R H 1

Tertiary (3°) > Secondary (2°) > Primary (1°) > Mcthyl

More stable < ————— |55 stable

With the above information, we can now explain Markovnikov’s rule. In the
reaction of 2-methylpropene with HCI, for example, the intermediate carbocation
might have either three alkyl substituents (a tertiary cation, 3°) or one alkyl sub-
stituent (a primary cation, 1°). Since the tertiary cation is more stable than the
primary one, it’s the tertiary cation that forms as the reaction intermediate, thus
leading to the observed tertiary alkyl chloride product.

H Cl
P T o
(,}13—(‘:——0}12 5, (:n,——(lz CH,
CH, CH,
C{{s //, . tcrt-l?:l;ztli ;:f;:);)‘f)ation 2-Chloro-2-methylpropane
C=CH, + H'
/ 2
2-Methylpropene lI—I
+
CI{3—(|3—CH2 (not formed)
CH,

Isobutyl carbocation
(primary; 1°)

PROBLEM 4.3 Show the structures of the carbocation intermediates you would cxpect in these reactions:

{4) et oy (b) Q‘
CHCH, + HI ?
CH,CH,C=CHCHCH, + HBr — ? ’ “"'

4.4 HYDRATION OF ALKENES

-

Water can be added to simple alkenes like ethylene and 2-methylpropene to yield
alcohols, ROHH. Industrially, more than 300,000 tons of ethanol are produced each

-~

I



CHAPTER 4 Alkenes and Alkynes

ion

idition of
toa

1te, usudilly
ene

year in the United States by this hydration method:

H H
N/ .
H H

Ethylene Ethanol

The hydration of an alkene takes place on reaction with aqueous acid by
a mechanism similar to that of HX addition. Thus, reaction of the alkene double
bond with H* yields a carbocation intermediate that then reacts with water as
nucleophile to yield a protonated alcohol (ROHJ) product. Loss of H* from
the protonated alcohol gives the neutral alcohol and regenerates the acid catalyst
(Figure 4.2). The addition of water to an unsymmetrical alkene follows Markov-
nikov’s rule, just as addition of HX does, giving the more highly substituted alcohol
as product.

H'
H CH
\\\ P
cC-C
/ AN
H CH,
The alkene double bond reacts with H* to l
yield a carbocation intermediate.
(D 1
H CH,
|/ .
Hw—(|3ﬂC\+ ——=:0H,
H CH,
Water acts as a nucleophile to donate a pair
of electrons to form a carbon—oxygen bond l
and produce a protonated alcohol intermediate.
H H H
|l
H—C—C—0:
LN
o oun H_ H N
Loss of H* from the protonated alcohol
intermediate then gives the neutral alcohol l
product and regenerates the acid catalyst.
1]
H*?—?—Q*—H + H”
H H

.t ] | IR VU PO gy n‘ an _‘“,'n'
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Unfortunately, the reaction conditions required for hydration are so severe
that molecules are sometimes destroyed by the high temperarures and strongly
acidic conditions. For example, the hydration of ethylene to produce ethanol re-
quires a sulfuric acid catalyst and reaction temperatures of up ro 250°C;

PRACTICE What product would you expect from addirion of water to methy lenecyclopentane?

PROBLEM 4.2
|:>:CH2 +HO — ?

Mcthylenecyclopentane

SOLUTION  According to Markovnikov's rule, H* adds to the carbon that already has mare
hydrogens (the CH, carbon), and --OI1 adds to the carbon that has fewer hydrogens (the
ring carbon). Thus, the product will be a tertiary alcohol.

(M1
O:—_cuzulzo —_— Q(
CH,

PROBLEM 4.4 What product would you expect to obtain from addition of water to these alkenes?

(a) CH;CH,C(CH,)=CHCH,CH, (b) 1-Methylcyclopentene
(c) 2,5-Dimethyl-2-hcptene

PROBLEM 4.5 What alkenes do you suppose these alcohols were made from?
(a) OH (b) OH () OH

| |
CH,CH,CHCH, CHscHI—(i)—CHZCHJ t-cu,
CH, CH,

4.5 ADDITION OF HALOGENS TO ALKENES

Many other reagents besides HX and H,O add to alkenes. Bromine and chlorine
are particularly effcctive, and their reaction with alkenes provides a general method
of synthesis of 1,2-dihaloalkanes. More than § million tons of 1,2-dichloroethane
(also called ethylene dichloride) are synthesized each year in the chemical industry
by addition of Cl, to ethylene. The product is used both as a solvent and as
starting matcrial for the synthesis of poly(viny! chloride), PVC.

H H Cl
N/ |
C-C +Cl; — H—C-C—H
. / \ | |
. H H H H
Ethylene 1,2-Dichlorocthane

. i (ethylene dichloride)
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CHAPTER 4 Alkenes and Alkynes
Addition of bror.:n= also serves as a simple and rapid laboratory test for

the presence of a carbor. —carbon double bond in a molecule of unknown structure
A sample of unknowr. .r-ucture is dissolved in tetrachloromethane, CClI il
several drops of bromiz.= 2r€ added. Immediate disappearance of the reddis‘i; l;r(l)-
mine color signals a p/»1%ve test, indicating that the sample is an alkene.

Br

/ | - Br; L, C[
4 2

/
Br

R e B s -2

Cyclopent=ne 1,2-Dibromocyclopentane (95%)

,rine react with alkenes by the pathway shown in Figure 4.3.
The pi-electron pair f the alkene attacks the Br, molecule, displacing Br™. The
net result is that clectrophilic _Br* adds to the alkene in much the same way that
H* does, yielding an intermediate carbocation that immediately reacts further with

Br~ to give the dibromo addition product.

Bromine and chle

.
e R Nelhem bl R - SR O A S mar e St

H PR :
Br | Br b
— W ;
The electron pair from the double bond H :
attacks the polari—/.cd bromine, forming a C-Br :
bond and causing: the B_ur—-Br bond to break. 1 E
Bromide ion departs with both electrons from
1
the former Br Br bhond. |
i H

& .

B
ide i | i H
Bromide ion uses a1 € cctron pair to attack ;
the carbocation imermediate, forming a :
C—Br bond and iving the neutral addition 1 ‘
product. " |
Br ;
Br ;

H

FIGURE 4.3 Addition of bromine to cyclopentene

The mechanism of halogen addition to alkenes shown in Figure 4.3 looks

reasonable, but it’s not C(?mplctc]y consistent with known facts. In particular, the
" echanism doesn’t explain the stereochemistry of halogen addition. That is, the
mechanism doesn’t explain what product stereoisomers (Section 2.7) are fu;med '
in the reaction.

Let’s look again at the reaction of Br, with cyclopentene and assume that Br?

adds from the bortom face to form the cation intermediate shown in Figure 4.4.
— s 1t eonld just as well occur from Fhe top face, but we'll consider only

. -

R R A



anti
stereochemistry
Refering to @
reaction in which
both top and
bottom sides of a
reactant are
Invoived

bromonium ion

a species with a
positively charged,
divalent bromine
atom

/7 |
\ +
H

H

- BLCHON A6 Adkltion of Thlogens to Alkaies 97,
— T~

Br H

trans-1,2-Dibromocy clopentane

~H
( Ir T~
L .ﬁ
“DBre Br ‘\‘ 1
\J
Br Br

Cyclopentene
cis-1,2-Dibromacyclopentane

(not formed)

FIGURE 4.4 Sterco hemistry of the addition of bromine to cyclopentenc. Only the trans

product is formed.

sp? hyhridized, it coull be attacked by bromide ion in the second step of the
reaction from cither the top or the bottom side. Thus, a mixture of products might
result, in which the two bromine atoms are either on the same side of the ring
(cis) or on opposite sides (trans). We find, however, that only trans-1,2-dibromo-
cyclopentane is produced: The two bromine atoms add to opposite faces of the
double bond, a result described by saying that the reaction occurs with anti sterco-
chemistry. (Anti means that the two bromines that have added camc from opposite
sides of the molecule approximately 180”7 apart.)

The stereochemistry of bromine addition is best explained by imagining that
the reaction inrermediate is not a true carbocation. Instead, the intermediate is a
bromonium ion, formed by the overlap of the vacant carbocation p orbital with a
lone pair of electrons on the neighboring bromine atom (Figure 4.5). (A bromonium
ion is a species that contains a positively charged, divalent bromine, R,Br*.) Since
the bromine atom shiclds one face of the molecule, reaction with bromide ion in
the second step can occur only from the opposite, more accessible face to give the

anti product.

Top side open to atrack

Br
- - Wy
e Yy Br H
S B Br L. i N
/ Bioiitiimiiof trans-1,2 Dibromocyclopentane

intermediate

Cyclopentene
: Bottom side shielded from attack

JFIGURE 45 Formation of a bromonium-ion intermediate by addition of Br* to an alkene

-
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PROBLEM 4.6 What product would you expect to obtain from addition of Br; to 1,2-dimcthylcyclohcxcnc?

Show the stereochemistry of the product.

PROBLEM 4.7 Show the structure of the intermediate bromonium ion formed in Problem 4.6.

5 HYDROGENATION OF ALKENES

Addition of hydrogen to the double bond occurs when alkenes are exposed to an
atmosphere of hydrogen gas in the presence of a catalyst. We describe the result

rogenation by saying that the double bond has been hydrogenated, or reduced. (The word
addition of H,  yedyction in organic chemistry refers to the addition of hydrogen or removal of

1 molecule, . : ;
ally an alkene  OXYgen from a molecule.) For most alkene hydrogenations, either palladium or
uchion platinum (as PtO,) is used as the catalyst.
addition of
lrogen to a H H
lecule or the X / ||
1oval of oxygen c=C + H, Pdor, __(O—(C—
n it / \ - PO, | I
Catalytic hydrogenation of alkenes is unlike most other organic reactions
in that it is a heterogeneous process, rather than a homogeneous one. Thar is,
the hydrogenation reaction occurs on the surface of solid caralyst particles rather
L than in solution. The reaction occurs with syn stereochemistry (the opposite of
;?'ﬁfghte:'é‘w anti), meaning that both hydrogens add to the double bond from the same side.
action in which
lly one side of a CH CH;
actant Is involved 3 (]
+ H PtO,
2 CH,COOH’ H
CH, :
CH,
1,2-Dimethylcyclohexene cis-1,2-Dimethylcyclohexane
(82%)

In addition to its usefulness in the laboratory, alkene hydrogenation is a
reaction of great commercial value. In the food industry, unsaturated vegetable
oils are catalytically hydrogenated on a vast scale to produce the saturated fats

used in margarine.

PROBLEM 4.8 What product would you expect to obtain from catalytic hydrogenation of these alkenes?
(a) (CH;),C=CHCH,CH, (b) 3,3-Dimethylcyclopentene

1.7 OXIDATION OF ALKENES

wdroxylation l-f:ydroxyla'tion of an alkene—the addition of a hydroxyl group to each of the
s+ ho caeried ant by treatment of the alkene with potassium
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% . . p— 5 . .
oxidation during the reaction, we call this an oxidation. The reaction occurs with syn stereo-
the addition of chemistry and yiclds a cis 1,2-dialcohol (diol) product. For example, cyclohexene

t - . . Loy ;
gggi?ﬂ?eﬁe?n%ﬁot gives cis-1,2-cyclohexanediol in 37% yield.

of hydrogen from it

diol 3
a dialcohol - H.0 L O
| j + KMnO, 50 C[:
H
Cyclohexene cis-1,2-Cyclohexanediol
(37"%)

If the reaction of the alkene with KMnQOy, is carricd out in cither neutral or
acidic solution, clecavage of the double bond occurs, giving carbonyl-containing
products in modcrate yicld. If the double bond is tetrasubstituted, the two carbonyl- |
containing products are ketones; if a hydrogen is present on the double bond, one
of the carbonyl-containing products is a carboxylic acid; and if two hydrogens are )
present on one carbon, CO, is formed:

CH, CH,
/ 6 /
= { + KMnO, —> =0 + 0=C
N\ \ '
Isopropylidenccyclohexane Cyclohexanone Aceti:

(two ketones)

(|3113 H,C O
CH,CH,CHCH ~ CH, + KMnO, 2% CH,CI1,CHCOH + CO,
3-Methyl-1-pentene 2-Methylbutanoic acid
(45%)

An alternative method for oxidatively cleaving carbon-carbon double bonds
is to treat an alkene with ozone, O;. Conveniently prepared by passing a stream
of oxygen through a high-voltage clectrical discharge, ozone adds rapidly to alkenes

at low temperature to yicld ozonides.

ozonide

the addition

product of ozone 0—0
and an alkene

LY emon N o /

An ozonide

. Since they’re sometimes explosive, ozonides aren’t usually isolated. Instead,
they are treated with a reducing agent such as zinc metal in acetic acid to con-
vert them to carbonyl compounds. The net result of the ozonolysis—zinc-reduction

p tls-\r Ol-ln nav-'-nn__t'no-l\nn rl’\!l"i'F l\nnr‘ ;r r"‘nf\nnr' nn.‘ laXAldidfadal l-wrr\mﬂf



CHAPTER 4 Alkenes and Alkynes

doubly bonded to each of the original alkene carbons. If a tetrasubstituted double
bond is ozonized, two ketones result; if a crisubstituted double bond is ozonized,

one ketone and one aldehyde result; and so on.

0
|

CH,CH,CH,CH= CHCH,CH,CH, Lo 9 CH,CH,CH,CH

4-Octene Butanal
{two aldchydes)
CH CH
H,C } H,C ’
1. 0, —
CH, 2 Zn 0" 0 + O=CH,
p-Pinene Nopinone Formaldchyde

{onc ketone and onc aldehyde)

PRACTICE Predict the product of reaction of 2-pentene with aqueous acidic KMnOy.
PROBLEM 4.3

SOLUTION Reaction of acidic KMnO, with an alkene yields carbonyl-containing products
in which the double bond is broken and the two fragments have C=0O in place of the original
alkene C=C. If a hydrogen is present on the double bond, a carboxylic acid is produced.
Thus, 2-pentene gives the following reaction:

i |
CH,CH,CH=CHCH, + KMnO, MO, cH,CH,COH + HOCCH,

2-Pentene Propanoic acid Acetic acid
PRACTICE What alkene gives a mixture of acetone and propanal on ozonolysis followed by reduction
PROBLEM 4.4 with zinc?
0

1. 0, | I

? +giage CH,CCH, + CH,CH,CH

SOLUTION To find out what starting alkene gives the ozonolysis products shown, simply
remove the oxygen atoms from the two products and rejoin the carbon fragments with a

double bond:
CH, l0| 0
.0, l
CH,C=-CHCH,CH, —‘ﬁ-—ﬁ—a-» CH,CCH,+CH3CH,EH

2-Methyl-2-pentene Acetone Propanal



PROBLEM 4.9

PROBLEM 4.10

SO R i
Predict the product of the reaction of 1,2-dimethylcyclohexene with the following:
(a) Aqucous acidic KMnO, (b) Ozone, followed by zine
Propose structures for alkenes that yield these products on ozonolysis- reduction:

(a) (CH,),C=0 + (‘H,=0 (b) 2 equiv. CH,CH,CHl -0
(¢ 0

-0 I
{ CH,C-—H

4.8 ALKENE POLYMERS

polymer

a large molecule
puilt up by
repetitive bonding
of smaller units

monomer
a small bullding
block from which
polymers are made

No other group of synthetic organic compounds has had as greatr an impact on
our day-to-day living as the synthetic polymers. A polymer is a large molecule built
up by repetitive bonding together of many smaller units, called monomers. As we'll
see in later chapters, nature makes wide use of biological polymers. For example,
cellulose is a polymer built of repeating sugar units; proteins are polymers built
of repeating amino acid units; and nucleic acids are polymers built of repeating
nucleotide units. Although syntheric polymers are chemically much simpler than
biopolymers, there is an immense diversity to the structures and properties of
synthetic polymers, depending on the nature of the monomers and on the reaction

conditions used for polymerization.

Radical Polymerization of Alkenes

Many simple alkenes undergo rapid polymerization when treated with a small
amount of a radical catalyst. For example, ethylene yields polycthylene. Fthylene
polymerization is usually carried out at high pressure (1000-3000 atm) and high
temperature (100 -250°C) with a radical catalyst like henzoyl peroxide. The resul-
tant polymer mas have anywhere from a few hundred to a few thousand mono-
mer units incorporated into the chain.

H,C=CH, -""", Cil,CH, —CH,CH,— CH,CH, — CH,CH,—~CI,CH, +

Ethylene

purb )(—ld o

A scgment of polycthylenc

Radical polymerizations of alkenes involve three kinds of steps: initiation
steps, propagation steps, and termination steps. Initiation occurs when small
amounts of radicals are generated by the catalyst (step 1). For example, when
benzoyl peroxide is used as initiator, the oxygen-oxygen bond is broken on heating
to yield benzoyloxy radicals. One of these radicals adds to the double bond of an
ethylene molecule to gencrate a new carbon radical (step 2), and the polymerization
is off and running. Note that this radical addition srep results in formation of a

bond between the initiator and the ethylene molecule in which one electron has been

¢’
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clectron from the ethylene pi hand

contributed by each partner. The remaining

remains on carbon as the new radical site.

Initiation
O

0O
“ H heat
Step 1 c—0-0—C ety o C—O0-

Benzoyl peroxide Benzoyloxy radical
(initiator, In )

Step 2 In' + HzC =CH2 e In—_"CHz—_CHz'

n radical adds to another

s when the carbo
nds of times

Propagation of the reaction occur
f step 3 for hundreds or thousa

ethylene molecule (step 3). Repetition 0
builds the polymer chain.

Propagation
Step 3 In—CHZ—'—CHz' + Hzc:CHz
_— In-Cllz~—Cl12—~Cllz- ClH,

repeat many, [, CH,CH,~),CH,CH,

times

reactions that consune the

ain is terminated by
hance meeting (step 4) is a

Eventually, the polymer ch
n of two chains by ¢

radical. For example, combinatio
sible chain-terminating reaction.

pos
Termination
Step 4 2 R_—CHzcﬂz' sV R-‘CHchz '—Cﬂzc}lz"‘R
Polymerization of Substituted Ethylenes

dergo radical-initiated polymeriza-

ted ethylenes (vinyl monomers) un
led S) regularly

Many substitu

‘iInyl monomer

Lmﬁj'? » tion to yield polymers with substituent groups (denoted by a circ
sthylene used spaced along the polymer backbone. '

o make polymers

| l l |
CH,=CH — —¢CH,CHCH,CHCH,CH-y

Monomer Polymer

Table 4.1 shows some of the more important vinyl monomers and lists the
: 3 10 iie mnlvmere t"‘ﬂf rcsu]t.
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Monomer common nanes
name Formula of polymer
Ethylene H,C==CH, Polyethylene
Propene (propylene) H,C=CHCH, Polypropylene
Chloroethylene H,C=CHCI Poly(vinyl
(vinyl chloride) chloride),
' Tedlar
Styrene H,C=CHC.H, Polystyrene,
Styron
Tetrafluoroethylene F,C=CF, Teflon
Acrylonitrile H,C=CHCN Orlon, Acrilan
CH,
Methyl H,C=CCO,CH, Plexiglas,
methacrylate Lucite
Vinyl acetate H,C=CHOCOCH; Poly(vinyl
acetate)
Vinyl alcohol “H,C=CHOH” Poly(vinyl
alcohol)

iU i ied
.

Uses

Packaging, bottles,
cable insulation,
films and sheets

Automotive
moldings, rope,
carpet fibers

Insulation, filins,
pipes

Foam and molded
articles

Valves and gaskets,
coatings

Fibers

Molded articles,
paints

Paints, n1hesives

Fibers, adhesives

PRACTICE
PROBLEM 4.5

is H,C=CHCI.

SOLUTION The general structure of poly(vinyl chloride) is

Cl

Cl (Ill ?l

Show the structure of poly(vinyl chloride) by drawing several repeating units. Viuyl chloride

| I
CH,=CH — ~¢CH,CHCH,CHCH,CH )

Vinyl chloride

g‘:}ff

| ., PROBLEM 4.44

i

CH,CH=CH,.

+

Y

Poly(vinyl chloride)

Show the structure of polypropylene by drawing several repcating units. Propylene is
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PREPARATION OF ALKENES: ELIMINATION REACTIONS ___

Just as addition reactions account for most of the chemistry that alkenes undergo,
elimination reactions account for most of the ways used to prepare alkenes. Addi-
tions and eliminations are, in many respects, two sides of the same coin:

Addition
\ / X\ /Y
c=C + XY A Cs

/ N\ 4 \
ydrohaloge-
on Q — 5
rgﬂ“gﬁ'gﬂwd Elimination
de to yield an
el Let’s look briefly at two elimination reactions, the dechydrohalogenation of an
‘}’c"’s'sc'gf%e, alkyl halide (elimination of HX) and the dehydration of an alcohol (elimination

" an alcohol to  of water, H,0). We'll return for a closer look at how these reactions take place
'd an alkene in Chapter 7.

Elimination of HX from Alkyl Halides: Dehydrohalogenation

Alky! halides can be synthesized by addition of HX to alkenes. Conversely, alkenes
can be synthesized by elimination of HX from alkyl halides. Dehydrohalogenation
is usually effected by treating the alkyl halide with a strong base. Thus, bromo-
cyclohexane yields cyclohexene when treated with potassium hydroxide in alcohol

solution:
H
C 3 1
O: L KOH CH.chom, @ + KBr + 1,0
Br
Bromocyclohexane Cyclohexene (81%)

Elimination r‘eaction.s are somewhat more complex than addition reactions
because o_f the regiochemistry problem: what products will result from dehydro-
h?logegatnon of unsymmetrical halides? In fact, elimination reactions almost always
give mixtures of alkene products. The best we can usually do is to predict which
product will be major.

.Accordmg' to a {'ulc formulated by the Russian chemist Alexander Zaitsev?,
base-induced elimination reactions generally give the more highly substituted alkene
prcfduct'. For example, if 2-bromobutane is treated with sodium ethoxide in ethanol,
Zaitsev’s rule predicts that 2-butene (disubstituted; two alkyl-group substituents on

R T D gy R ra Moy i o S
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ane alkyl-grau sibstitient an the davble-bond earhons): This 1« exaeily what i

found,

Br
|
CH,CH,CHCH, —*% _, CH,CH=-CHCH, + CH,CH,CH=CH,

“CH,CH,0H

2-Bromobutanc 2-Butene (81%) 1-Butene (19%)

PRACTICE
PROBLEM 4.6

What product would you expect from reaction of 1-chloro-1-methylcyclohexane with KOH?

SOLUTION Treatment of an alkyl halide with a strong base like KOH causes dchydro-
halogenation and yields an alkene. To find the products in a specific case, draw the structure
of the starting material and locate the hydrogen atoms on each neighboring carbon. Then
generate the potential alkene products by removing HX in as many ways as possible. The
major product will be the one that has the most highly substituted double bond:

CH
3 CH, _CH,
1-Chloro-1-methylcyclohexane 1-Methylcyclohexene  Methylenecyclohexane
{majnr) {minor)

PROBLEM 4.12

PROBLEM 4.43

What products would you expect from the reaction of 2-bromo-2-methylbutane with KOH?
Which will be major?

What alkyl halide starting materials might these alkenes have come from?

(a)  CH, CH, CH,

(b)
| I
CH,CHCH,CH,CHCH=CH, g
CH,

Elimination of H,0 from Alcohols: Dehydration

The dehydration of alcohols is one of the most useful methods of alkene synthesis,
and many ways of carrying out the reaction have been devised. A method that
works particularly well for tertiary alcohols is acid-catalyzed dehydration. For ex-
ample, when I-methylcyclohexanol is treated with aqueous sulfuric acid, dehydra-

tion occurs to yield 1-methylcyclohexene:

CH,

~ _CH,

1-Mefhylcyclohexanol 1-Methylcyclohexenc (91%)

PR TP

PR

P e



CHAPTER 4 Alkenes and Alkynes

Acid-catalyzed dehydrations usually follow Zaitsev’s rule and yield the more
highly substituted alkene as major product. Thus, 2-methyl-2-butanol gives primar-
ily 2-methyl-2-butene (trisubstituted) rather than 2-methyl-1- butene (disubstituted):

OH CH, CH,
- l__ H,80,.H,0 _I '__.
CH,CH, € CH, 55 CH,CH=CCH, + CH,CH,C=Cl,
CH,
2-Mcthyl-2-butanol 2-Methyl-2-butenc 2-Methyl-1-butene
(major) (minor)

PRACTICE Predict the major product of this reaction:
PROBLEM 4.7

H.G OH
CH,CH,CHCHCH, %000, 2
SOLUTION Treatment of an alcohol with acid leads to dchydration and formation of the

more highly substituted alkene product (Zaitsev's rule). Thus, dehydration of 3-methyl-2-
pentanol should yield 3-methyl-2-pentene as the major product rather than 3-methyl |-

pentenc:
H,C OH CH, CH,
CH,CH,CHCHCH, 25010, CH,CHJIJ:CHCHﬁcn,cu,c':ncu CH,
3-Methyl-2-pentanol 3-Methyl-2-pentene 3-Mcthyl-1-pentene

(major) {minor)

PROBLEM 4.14 Predict the products you would expect from these reactions. Indicate the major product in
each case.

(a) 2-Bromo-2-methylpentane + KOH — ?

(b) H3(|3 OH
CH,CH—C—CH,CH,

i,
PROBLEM 4.15 What alcohols might these alkenes have come from?

(a) ©:CH, (b) CH,CH,CH=CHCH,CH,CH,
CH,

10 CONJUGATED DIENES

H,80, 9

jjugation Double bonds that alternate with single bonds are said to be conjugated. Thus,
mating single 1 3.butadienc is a conjugated diene whereas 1,4-pentadiene is a nonconjugated



conjugated diene
a diene whose two
double bonds are
separated by a
single bond

SECHUN 4.0 U uingugriied L1vl s wir
H,C ~CH  Cll - CH, H,C=CH—CH,—CH=CH, |

1,3 Butadicne 1,4-Pentadiene
A conjugated dicne with A nonconjugated diene with

altcrnating single and double bonds nonalternating single and double honds

What’s so special about conjugated dienes that we need to look at them
separately? The orhital view of 1,3-butadiene shown in Figure 4.6 provides a clue
to the answer: There is an electronic interaction between the two double bonds of
a conjugated diene because of p-orbital overlap across the central single bond. This
interaction of p orbitals across a single bond gives conjugated dienes some unusual

properties.

Partial double bond

He '/,H
\C =CIll —Cll= C/

H/ . \H

FIGURE 4.6 An orbital view of 1,3-buradiene. Fach

\// of the four carbon atoms has a p orbital, allowing

A

, for an electronic interaction across the C2- C3 single
Double bonds bond.

Although much of the chemistry of conjugated dienes and isolated alkenes is
similar, there's a striking difference in their addition reactions with clectrophiles
like HX and X,. When 11X adds to an isolated alkene, Markovnikov’s rule usually
predicts the formation of a single product. When HX adds to a conjugated dicne,
though, mixtures of products are usually obtained. For example, reaction of HBr

with 1,3-butadienc yields two products:

Br H Br Il

I |
CH,=CH-—CH~CH; + HBr — (EHZ"——C:‘H—CJI—*(%H2 + 9”2" (3[{:(2}1——(1'[{,

Butadi
& Outattens 3-Bromo-1-butenc (71%) 1-Bromo-2-butene (29%)

4,4-addition

the addition of an
electrophile to car-
bons 1 and 4 of a
conjugated diene

allylic _
next fo a double
bond

(1,2-addition) (1,4-addition)

3-Bromo-1-butene (a secondary bromide) is the normal product of Markov-
nikov addition, but 1-bromo-2-butene (a primary bromide) is unexpected. The
double bond in this product has moved to a position between carbons 2 and 3,
and H-Br has added to carbons 1 and 4. How can we account for the formation
of this 1,4-addition product?

The answer is that an allylic carbocation is involved as an intermediate in the
reaction (allylic means next to a double bond). When H* adds to an electron-rich
pi bond of 1,3-butadiene, two carbocation intermediates are possible: a primary
nonallylic carbocation and a secondary allylic carbocation. Aliylic carbocations are

* verv stable and therefare form in preference to less stable, nonallylic carbocations.
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CH,=- CH—CH—CH,
Secondary allylic carbocation
CH,= CH—CH=CH, +H’ .

Primary nonallylic carbocation
(not formed)

1,3-Butadiene

{4 STABILITY OF ALLYLIC CARBOCATIONS: RESONANCE

Why are allylic carbocations stable? To get an idea of the reason, look at the or-
bital picture of an allylic carbocation in Figure 4.7. The positively charged carb'on
atom has a vacant p orbital that can overlap the p orbitals of the neighboring

double bond.

cation. The vacant p orbital on the positively charged
carbon can overlap the double-bond p orbitals.

/) 7 \\\y FIGURE 4.7 An orbital picture of an allylic carbo-

From a p-orbital point of view, an allylic carbocation is symmetrical. All
three carbon atoms are sp? hybridized, and each has a p orbital. Thus, the p orbital
on the central carbon can overlap equally well with p orbitals on either of the two
neighboring carbons. The two electrons are free to move about and spread out
over the entire three-orbital array, as indicated in Figure 4.7.

One consequence of this orbital picture is that there are two ways to draw
an allylic carbocation. We can draw it with the vacant orbital on the left and the
double bond on the right, or we can draw it with the vacant orbital on the right
and the double bond on the left. Neither structure is completely correct: The true
structure of the allylic carbocation is somewhere in between the two.

ol o
C C’ — * C
AR N S INAF N
H C| CH, H cl/ CH,
H H

Two resonance forms of an allylic carbocation
sonance forms L. ;
0 representations The two individual structures are called resonance forms, and their special

!:rl orw| noiec'nuiem relationship is indicated by the double-headed arrow between them. The only dif-
Ervonce hetween the resonance forms is the position of the bonding electrons. The
! ? r .



resonance hybrid
the true structure
of a molecule
described by
different resonance
forms

I R R 1 e UNUITE SFRUACITIRTE

The best way to think about resonance is to realize that a specics like nfn
allylic carbocation is no different from any other organic substance. An allghc
carbocation doesn't jump back and forth between two resonance forms, spending
part of its time looking like one and the rest of its time looking like the f)ther;
rather, it has a single, unchanging structure that we call a resonance I.1ybr|d. (A
useful analogy is to think of a resonance hybrid as being like a mutt, or mixed-breed
dog. Just as a dog that’s a mixture of dachshund and German shepherd doesn’t
change back and forth from one to the other, a resonance hybrid doesn’t change
back and forth.)

The difficulty in understanding resonance hybrids is visual, because we can't
draw an accurate single picture of a resonance hybrid by using familiar kinds (?f
structures. The line-bond structures that serve so well to represent most organic
molecules just don’t work well for resonance hybrids like allylic carbocations. We
might try to represent the allylic carbocation by using, a dotted line to indicate that
the two C—C bonds are equivalent and that each is approximately 14 bonds, but
such a drawing really doesn’t help much and won’t be used again in this book.

1.5 bonds average

H [\ H
| I

“ + \\ K i + . .
/C\__’/C\ . An allylic carbocation
1 (|3 CH,

H

One of the most important postulates of resonance theory is that the greater
the number of possible resonance forms, the greater the stability of the compound.
Since an allylic carbocation is a resonance hybrid of two line-bond structures, it's
therefore more stable than a normal carbocation. This stability is due to the fact
that the pi electrons can be spread out (delocalized) over an extended p-orbital
network rather than centered on only one site.

In addition to affccting stability, the resonance picture of an allylic carbo-
cation also has chemical consequences. When the allylic carbocation produced by
protonation of 1,3-butadiene reacts with bromide ion to complete the addition
reaction, attack can occur at either C1 or C3 because both share the positive charge.
The result is a mixture of 1,2- and 1,4-addition products:

H
[énz—CH-—-—CH——CH, — CHZ:CH‘—-—E:u_—CHJ]

Br-

]lh' 1|3l‘
(‘H,—CH=CH—CH; + CH,=CH—CH -CH,
Co 1.4-Addition - 1,2-Addition
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QOBLEM 4.46 1.3-Butadiene reacts with Br; to yield a mixture of 1,2- and 1,4-addition products. Show

the structure of each.

2 DRAWING AND INTERPRETING RESONANCE FORMS

Resonance is an extremely useful concept for explaining a variety of phenomena.
In inorganic chemistry, for example, the carbonate ion CO%~ is knowp to l;avc
identical bond lengths for its three C-O bonds. Although there is no single line-
bond structure that can account for this equality of C~O bonds, resonance theory
accounts for it nicely. The carbonate ion is simply a resonance hybr!d of three
resonance forms. The three oxygens share the pi electrons and the negative charges

equally:

YO BIPRT al F .07 30
—:0T 10: O HENN O 00 0O
As an example from organic chemistry, we’ll see in the next chapter that the
six C—C bonds in aromatic compounds like benzene are equivalent because benzene
is a resonance hybrid of two forms. Each form has alternating single and double
bonds, and neither form is correct by itself. The true benzene structure is a hybrid

of the two forms.

Two resonance forms of benzene

When first dealing with resonance theory, it’s often useful to have a set of
guidelines that describe how to draw and interpret resonance forms. The following
five rules should prove helpful:

Rule 1. Resonance forms are imaginary, not real. The real structure is a composite
hybrid of the different forms. Substances like the allylic carbocation, the
carbonate ion, and benzene are no different from any other substance in
having single, unchanging structures. The only difference is in the way
they must be represented on paper.

Rule 2. Resonance forms differ from each other only in the placement of the pi
electrons. Neither the position nor the hybridization of atoms changes
from one resonance form to another. In benzene, for example, the pi elec-
trons in the double bonds move, but the six carbon atoms remain in place:

-0
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Ry eantrast, twn strnerires Tike Li-ggelahexadiens and M-E{Hsi:
hexadicne are ot resonance structures because their hydrogen atoms don's
occupy the same positions. Instead, the two dienes are constitutional

1somers:

| Constitutional isomers ] [
1ot

resonance forms .
1,3 Cyclohexadiene 1,4-Cyclohexadicne

Rule 3. Different resonance forms of a substance don’t have to be equivalent. For
example, the allylic carbocation obtained by reaction of 1,3-butadiene with
H* is unsymmetrical. One end of the delocalized pi-electron system has
a methyl substituent, and the other end is unsubstituted. Even though the
two resonance forms aren’t equivalent, they both contribute to the overall
resonance hybrid.

No methyl group here Methyl group here
\ ///-’
S 4 H I H
L
- o z
H \cl‘/ “CH, n \(':/ >,
H H

In general, when two resonance forms are not equivalent, the actual
structure of the resonance hybrid is closer to the more stable form than
to the less stable form. Thus, we might expect the butenyl carbocation to
look a bit more like a secondary carbocation than like a primary one.

Rule 4. All resonance forms must obey normal rules of valency. Resonance forms
are like any other structure: The octet rule still holds. For example, one
of the following structures for the carbonate ion is not a valid resonance
form because the carbon atom has five bonds and ten electrons:

:0: :0:
i | g electrons here
C _Ce—
o / \' - - ./ \: | et
:0: :Q: o § 1 0
Carbonate ion Not a resonance form

Rule 5. The resonance hybrid is more stable than any single resonance form. In
other words, resonance leads to stability. The greater the number of reso-
nance forms possible, the more stable the substance. We've already scen,
for example, that an allylic carbocation is more stable than a normal car-
bocation. In a similar manner, we'll see in the next chapter that a benzene
ring is more stable than a cyclic alkene.
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RACTICE
ROBLEM 4.8

Use resonance structures to explain why the two C-0O bonds of sodium formate are

equivalent.

0.
// A

H—C\ Sodium formate
:0: Na*

SOLUTION The formate anion is a resonance hybrid of two equivalent resonance forms.
The two resonance forms can be drawn by showing the double bond either to the top
oxygen or to the bottom oxygen. Only the positions of the electrons are different in the

two structures.

0. :0:
2 4
H—C «— H—C
N - N ..
:0: .0

"ROBLEM 4.17
PROBLEM 4.418

PROBLEM 4.19

Give the structure of all possible monoadducts of HCl and 1,3-pentadiene.

Look at the possible carbocation intermediates produced during addition of HCl to 1,3-
pentadiene (Problem 4.17) and predict which is the most stable.

Draw as many resonance structures as you can for these species:

(a) CH, (b o © .
Q/ CH,—C—CH,

13 ALKYNES

ne
rdrocarbon

has a
yon—carbon
2 bond

Alkynes are hydrocarbons that contain a carbon—carbon triple bond. Since two
pairs of hydrogens must be removed from an alkane, C,H,, 5, to generate a triple

bond, the general formula for an alkyne is C,Hy,— 2.
As we saw in Section 1.11, a carbon—carbon triple bond results from the

overlap of two sp-hybridized carbon atoms. The two sp-hybrid orbitals of carbon
lie at an angle of 180° to each other along an axis that is perpendicular to the axes
of the two unhybridized 2p, and 2p, orbitals. When two such sp-hybridized carbons
approach each other for bonding, the geometry is perfect for the formation of one
sp—sp sigma bond and two p—p pi bonds—a net triple bond (Figure 4.8). The two
remaining sp otbitals form bonds to other atoms at an angle of 180° from the
carbon—carbon sigma bond. For example, acetylene, H-C=C—H, is a linear mole-
cule with H-C—C bond angles of 180°.

Alkynes follow closely the general rules of hydrocarbon nomenclature already
dicenssed for alkanes (Section 2.3) and alkenes (Section 3.1). The suffix -yne is used
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FIGURE 4.8 The electronic struc-
ture of a carbon—carbon triple bond

The carbon-carhon triple bond

in the base hydrocarbon name to denote an alkyne, and the position of the triple
bond is indicatcd by its number in the chain. Numbering always begins at the
chain end nearcr the tiiple bond so that the triple bond receives as low a number

as possible.

CH,

Begin numbering carhbons at the
end ncarer the triple bond

CH,CH,(HCH,C=CCHj,
7 Y6 5 a4 "3 2
5-Mecthyl-2-heptyne
Compounds containing both double and triple bonds are called rynes, not
ynenes. Numbering of 1he hydrocarbon chain always starts from the «nd nearer
the first multiple bond, but if there’s a choice in numbering, double bonds receive
lower numbers than triple bonds. For example:

CH,CH=CHCH,CH,C=CCH,
1 2 3 4 5 6 78

2-Octen-6-yne (not 6-octen-2-yne)

PROBLEM 4.20

Provide TUPAC names for these compounds:

(a) CH,CH,C~ CCH,CH(CHy), (b} HC=CC(CHY),
(© CH,CH(CH,)CH,C CCH;  (d) CH,CH= CHCH,C=CCH,

4.14 REACTIONS OF ALKYNES:

ADDITION OF H,, HX, AND X,

imilarity, we might expect alkynes and alkenes to show

Based on their structural s
As a general rule, this prediction 15 true: Alkynes react

chemical similarities also.

« in much the same way that alkenes do.

-
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IAPTER 4 Alkenes and Alkynes
Addition of H, to Alkynes

Alkynes are easily converted into alkanes by reduction wit
of hydrogen over a palladium catalyst.

h two molar equivalents

“H,CH,CH,C=CCH,CH,CH, + 2 H, > CH,CH,CH,CH,CH,CH,CH,CH,
2 catalyst

4-Octyne Octane (95%)

The catalytic hydrogenation of an alkyne to yield an ilkane proceeds through
an intermediate alkene, and the reaction can be stopped at the alkene stage if the
proper catalyst is used. The catalyst most often used for this purposc is the Lindlar
catalyst, a specially prepared form of palladium metal. Because hydrogenation
occurs with syn stereochemistry, alkynes are catalytically reduced to give cis al-

kenes. For example:

H 8

/s

: N\ y
CH,CH,CH,C=CCH,CH,CH, + H, e /c:c\
CH,CH,CH,  CH,CH,CH,

4-Octyne
cis-4-Octene (92%)

Another method for the reduction of alkynes to alkenes employs lithium metal
in liquid ammonia solvent. Remarkably, lithium metal dissolves in pure liquid
ammonia solvent at —33°C to produce a deep blue solution. When an alkyne is
added to this blue solution, reduction of the triple bond occurs. This method is
complementary to the Lindlar reduction, since it yields trans alkenes rather than

cis alkenes:
CH,CH,CH I
Wt

CH,CH,CH,C=CCH,CH,CH; - i, /c-_:c
H, X
H CH,CH,CH,

trans-4-Octene (79%)

4-Octyne

Addition of HX to Alkynes

‘lkYI.‘ICS give the expected addition products with HCl, HBr, and HI. Although the
“ons can usually be stopped after addition of 1 molar equivalent of HX to yield
-ene, an excess of reagent leads to formation of the dihalide product. As

- examples indicate, the regiochemistry of addition to monosubstituted
Markovnikov’s rule: The H atom adds to the terminal carbon of

' the X atom adds to the internal, more highly substituted,
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I3y

CH,CH,CH,CH,C - CH 4 HIr —  CH,CH,CH,CH,C=CH,

I-Flexyne 2-Bromo-1 hexene

Addition of X, to Alkynes
Bromine and (hlorme add 1o alkynes to give addition prodacts with trans sterco-
chemisery:
CHL O crE ey, "
CHOCH Gl e el e, TR
i, j i ]

(1) 1,2 Inbeemo | hexene

PROBLEM 4.21  What products woull von expect from these reactions?
(a) CH,CH,CH,C" Cll 1 1 cquiv Cly
(b) CH,CH,CH,C~ CCH,CH, 1 1 equiv HBr
CH,
(c) CHy,CHCH,C = CCHLCU 4 ], -prie, 2

4.15 ADDITION OF WATER TO ALKYNES

Addition of water takes place when an alkyne is treated with aqueous sulfuric acid
in the presence of micrcuric sulfate catalyst:

i ‘ﬁ
CH,CH,CH,C= CH +11,0 -3 | CH,CH,CH,C=CH,| — Cli,CH,CH,CCH,
1-Pentyne An enol 2-Pemanonc (78%)
Markovuikov regiochemistry is found for the hydration reaction, with the H
attaching to the less substituted carbon and the OH attaching to the more sub-
stituted carbon. Interestingly, though, the expected alkenyl alcohol or enol
(ene = alkene; ol = alcohol) is not isolated. Instead, this intermediate enol rear-

':msgg o ranges to a more stable isomer, a ketone (R,C=0). It turns out that enols and
describe two ketones rapidly interconvert—a process called tautomerism. Tautomers, special
rapidly  * kinds of isomers that are readily interconvertible through a rapid equilibration,
Interconverting will be studied in more detail in Section 11.1. With few exceptions, the tautomeric

constitutional . ;
lsomers equilibrium heavily favors the ketone; enols are almost never isolated.

.
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0 0
I rapid ”
P N N |
l AN
Enol tautomer Keto tautomer
(less favored) (more favored)

A mixture of both possible ketones results when an internalﬂ alkyne
(R-C=C-R’) is hydrated, but only a single product is formed from reaction of a

terminal alkyne (R—C=CH).
O 0
I

|
CH,CH,C=CCH, + H,0 2+ CH,CH,CCH,CH, + CH,CH,CH,CCH,
2-Pentyne 3-Pentanonc 2-Pentanonc

(an internal alkyne)

0
CH,CH,CH,C=CH + H,0 3 CH,CH,CH,CCH,

1-Pentyne 2-Pentanone

(a terminal alkyne)

PRACTICE What product would you obtain by hydration of 4-methyl-1-hexyne?
PROBLEM 4.9

SOLUTION  Addition of water to 4-methyl-1-hexyne according to Markovnikov’s rule should
yield a product with the OH group attached to C2 rather than to Cl. This enol then

isomerizes to yield a ketone:

CH, [ CH, (')H
2

i
CH;CH,CHCH,C =CH + H,0 %8 | CH,CH,CHCH,C=CH

4-Mecthyl-1-hexyne )
g
——— CH,CH,CHCH,CCH,
4-M¢{hyl-2~hexanonc

What product would you obtain by hydration of 4-octyne?

alkynes would you start with to prepare these ketones by a hydration reaction?

i ® ?
" CCH, CH,CH,CH;CCH,CH,

R B0 arees s g .
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Nulur  Rubber

Rubber—a most unusual name for a most unusual substance—is a natu-
rally occurring all.ene polymer produced by more than 400 different plants. The
major source, however, is the so-called rubber tree, Hervea brasiliensis, from
which the crude matetial is harvested as it drips from a slice made through the
bark. The name r1ebber was coined by Joseph Priestley, the discoverer of oxygen
and early rescarcher of rubber chemistry, for the simple reason that one of its
early uses was to rub out pencil marks on paper.

Unlike polyethylene and other simple alkene polymers, natural rubber is a
polymer of a conjugated diene, isoprene, or 2-methyl-1,3-butadiene. The poly-
merization takes place by 1,4-addition (Section 4.10) of each isoprene monomer
unit to the growing chain, leading to formation of a polymer that still contains
double bonds spaced regularly at four-carbon intervals. As the following struc-
ture shows, these double bonds have Z stereochemistry.

Many isoprencs Segment of natural rubber l Z-peometry
(1,3-butadiene)

Crude rubber (latex) is collected from the tree as an aqueous dispersion
that is washed, dried, and coagulated by warming in air to give a polymer with
chains that average about 5000 monomer units in length and have molecular
weights of 200,000 to 500,000. This crude coagulate is too soft and tacky to be
useful until it is hardened by heating with elemental sulfur, a process called
vulcanization. By mechanisms that are still not fully understood, vulcanization
cross-links the rubber chains by forming carbon-sulfur bonds between them,
thereby hardening and stiffening the polymer. The exact degree of hardening
can be varied, yiclding material soft enough for automobile tires or hard enough
for bowling balls (ebonite).

The remarkable ability of rubber to stretch and then contract to its original
shape is due to the irregular shapes of the polymer chains caused by the double
bonds. These double bonds introduce bends and kinks into the polymer chains,
thereby preventing neighboring chains from nestling together into tightly packed,
semicrystalline regions, When stretched, the randomly coiled chains straighten
out and orient along the direction of the pull but are kept from sliding over
each other by the cross-links. When the stretch is released, the polymer reverts

. to its original random state (Figure 4.9).

= War
.

-
.‘c
-

4]

¥
b



CHAPTER 4 Alkenes and Alkynes

— Cross-links

Stretch - J J

e e o e e i

Relax e —ws.\,\Lm'“:"‘L"‘

~ o *\ﬁ’f' peraTieny g 2 Y e
2 N 1

VIMARY AND KEY WORDS

The chemistry of alkenes is dominated by addition reactions of electrophiles. When
HX reacts with an alkene, Markovnikov’s rule predicts that the hydrogen will add
to the carbon that has fewer alkyl substituents, and the X group will add to the
carbon that has more alkyl substituents. For example:

H;C\ (il
/C'—: CH, +HCl — ILC——?——CH3
H,C CH,

Many other electrophiles besides HX add to alkenes. Thus, bromine and
chlorine add to give 1,2-dihalide addition products having anti stereochemistry.
Addition of water takes place on reaction of the alkene with aqueous acid. Hydro-
gen can be added to alkenes by reaction in the presence of a metal catalyst such
as platinum or palladium.

Oxidation of alkenes is carried out using potassium permanganate, KMnO,.
Under basic conditions, KMnO, reacts with alkenes to yield cis 1,2-diols. Under
neutral or acidic conditions, however, KMnO, cleaves double bonds to yield
carbonyl-containing products. Double-bond cleavage can also be effected by reac-
tion of the alkene with ozone, followed by treatment with zinc in acetic acid.

Alkenes are prepared from alkyl halides and alcohols by elimination reac-
tions. Treatment of an alky] halide with strong base effects dehydrohalogenation,
and treatment of an alcohol with acid effects dehydration. These elimination re-

«ions usually give a mixture of alkene products in which the more highly sub-

4 alkene predominates (Zaitsev’s rule). '

iugated dicnes like 1,3-butadiene contain alternating single and double
-qated dienes undergo 1,4-addition of electrophiles through the forma-
“ce-stabilized allylic carbocation intermediate. No single line-bond
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representation can dcpict the true structure of an allylic carbocation. Rather, the
true structure is a resonance hybrid somewhere intermediate between two con-
tributing resonance forms. The only difference between two resonance structures
is in the location of bonding electrons: The nudlei remain in the same places in
both structures.

Many simple alkenes undergo polymerization when treated with a radical
catalyst. Polymers are large molecules built up by the epetitive bonding together
of many small monomer units.

Alkynes are hydrocarbons that contain carbon—carbon triple bonds. Much of
the chemistry of alkynes is similar to that of alkcnes. Vor example, alkynes react
with one equivalent of FiBr and HCI to yield vinylic halides, and with one equiva-
lent of Br, and Cl, to yield 1,2-dihalides. Alkynes can also be hydrared by reaction
with aqucous sulfuric acid in the presence of mercuric sulfate catalyst. The reaction
leads initially to an intermediate enol that immediately isomerizes to a ketone.
Alkynes can also be hydrogenated. Reduction over the 1 indlar catalyst yields cis

alkenes whercas reduction with lithium metal in higuid ammonia yields the trans
alkene. '

1. Addiuon reactions of alkenes

(a) Addition of TIX, where X = CI, Br, or [ (Sections 4.1 and 4.

H X Markovnikov’s rule: H adds to
Y / | the less highly substituted
/C'—-— C\ + HX ~— ‘—(IJ_‘CI— carbon and X adds to the more

highly substituted one.

(b) Addition of 11,0 (Section 4.4)

Markovnikov's rule: H
\ y, [il ?H adds to the less highly
L H* e T o I substituted carbon and OH
/ b= C\ + Hz0 catalyst Cl (f adds to the more highly
substituted one.

(c) Addition of X,, where X = ClI, Br (Section 4.5)

X .
b / 2
C=C_ +X, — ,-H' Anti addition
/ \ X

(d) Addition of H, (Hydrogenation; Section 4.6)

H H

>C==C< + H, -:P-‘:f;:—l?;(;)i’ ,H, Syn addition
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(e) Hydroxylation (Section 4.7)

\ / OH OH
/C:“—C\ -ﬁ% ,H\ Syn addition

2. Oxidative cleavage of alkenes with ozone (Section 4.7)

N /1o \ /

3. Radical-induced polymerization of alkenes (Section 4.8)

nH,C=CH, -2, —(CH,CH,),

initiator

4. Synthesis of alkenes by elimination reactions

(a) Dehydrohalogenation of alkyl halides (Section 4.9)

Zaitsev's rule: Major
Il-l )l( \ Y, product formed is the
— C—(C— _KOH, - alkene with the more
(|3 (|: /C C\ L O 5 e highly substituted
double bond.

(b) Dehydration of alcohols (Section 4.9)

H Zaitsev's rule: Major

I|{ CI) \ / product formed is the

—C—C— M50, ‘o=( ¢+ H,0 alkene with the more
| | # \ highly substituted

double bond.
5. Addition reactions of alkynes

(a) Addition of H; (hydrogenation; Section 4.14)

H\ /H
—C=C—+H, = C=C_ Synaddition
H\ /
—C=C— 1M, C=C Trans addition
/ \H

(b) Addition of HX, where X = Cl, Br, I (Section 4.14)

Markovnikov's rule: H

H X adds to the less highly

"— 4+ HX —» \C=C/ substituted carbon and X

\ adds to the more highly
suhstituted one.
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() Addition of X,, where X = Cl, Br (Section 4.14)

X
el 4 X, — >C::C\ Trans addition
X
(d) Addition of 11,0 to yield ketones (Section 4.15)
OH /H O\\ /H
N\
. 1,504, - S e (O —
—C=C—+ 110 HgSO, /C C\ /C C\

ADDITIONAL PROBLEMS

4.24 Provide IUPAC names for these compounds:

(a) CH, (b) CH,CH,CH,
CH,CH=— CHIC==CHCH, CH,CH:CH(‘JHCI],('ECH

(c) CHl; (d) CH,
CH,=C=CCH, }{cEccnzczcéllcn,

425 Draw structures corresponding to these IUPAC names:
(a) 3-Ethyl-1-heptyne (b) 3,5-Dimethyl-4-hexen-1-yne
(c) 1,5-Heptadiyne (d) 1-Methyl-1,3-cyclopentadienc

4.26 Draw three possible structures for each of these formulas:

(@) CeHy () CoH40

427 Name these alkynes according to IUPAC rules:

(a) CH,CH,C=CCH,CH,CH, (b) CH;CH,C=CC(CH,),

(c) CH,C:=CCH,C=CCH,CH; (d) H,C=CHCH-=CHC=C(CH
4.28 Draw structures corresponding to these IUPAC names:

(a) 3-Heptyne {b) 3,3-Dimethyl-4-octyne

(¢) 3,4-Dimethylcyclodecyne (d) 2,2,5,5-Tetramethyl-3-hexyne

429 Draw and name all of the possible pentyne isomers, CgH,.

4.30 Draw and name the six possible diene isomers of formula Cgtlg. Which of the six are
conjugated diencs?

4.31 Predict the products of these reactions. Indicate regiochemistry where relevant. (The aro-
matic ring is incrt to all of the indicated reagents.)

Pd
- y CH~=CH, (a) Styrene + H, —%» ?
) | l (b) Styrene + Br, —— 7
h (c) Styrene + HBr — ?

. ~ Stgiene (d) Seyrene + KMnO, SR, g
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4.32 Using an oxidative cleavage reaction, explain how you would distinguish berween these

4.33

4.34

4.35

4.36

4.37

4.38

4.39

4.40

two isomeric cyclohexadienes:

O O

Formulate the reaction of cyclohexene with Br,, showing the reaction intermediate and the
final product with correct stereochemistry.

What products would you expect to obtain from reaction of 1,3-cyclohexadiene with each
of the following?

(a) 1 mol Br, in CCl, (b) O,, followed by Zn {(c) 1 mol HCI

(d) 1 mol DCI (D = deuterium) (e) H, over a Pd catalyst

Draw the structure of a hydrocarbon that reacts with only 1 mol equiv. of hydrogen on
catalytic hydrogenation and that gives only pentanal, CH;CH,CH,CH,;CHO, on treatment
with ozone. Write the reactions involved.

Give the structure of an alkene that yields the following keto aldchyde on reaction with
ozone, followed by treatment with Zn/H,;0O*.

I I
7o~ HCCH,CH,CH,CH,CCH,

What alkenes would you hydrate to obtain these alcohols?
(a) ?H (b) OH (0 OH
CH,CH,CHCH, O/ ‘ CH,

What alkynes would you hydrate to obtain these products?

(a) (l'J'Hs ﬁ (b) 0

Draw the structure of a hydrocarbon that reacts with 2 mol equiv. of hydrogen on catalytic
hydrogenation and that gives only butanedial, OHCCH,CH,CHO, on reaction with ozone.

Predict the products of these reactions:

(a) 1 equiv HBr 9

CHjCHZCH;CHzCE CH (b) 1 eq“i' Cl;

1-Hevxvne LR T S S
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4.42

443

4.44

4.45

4.46

4.47

4.48
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Predict the products of these FeatHiits:

H,, Lindiar l:ﬂlnlyst_'P

(a)

: 1 Li, NH,
CH,CHZCHZCHZ(IE(.!CH,CHZCHZ(,H3 (b) ——
5 Decyne (©)

(d) -

2equiv. Br,

H,0, I,80,. HgSU,

n—carbon double bond and a carbon- nitrogen

Acrylonitrile, H2C=CHC?N,containsacarho : ot
he bonding in acrylonitrile and indicate the

triple bond. Sketch the orbitals involved in t
hybridization of the carbous. Is acrylonitrile conjugated?

aterial, along with any inorganic reagents

Using' 1-butyne as the only organic starting m
unds? More than one step may be needed.

needed, how would you synthesize these compo
(a) Butane (b) 1,1,2,2-Tetrachlorobutane
(c) 2-Bromobutane  (d) 2-Butanone (CH,CH,COCH,;)

Give the structure of an alkene that provides only acetone, (CH,),C=0, on reaction with
ozone.

Compound A has the formula CgHsg. It reacts rapidly with acidic KMnO, but reacts with
only 1 equiv of H, over a palladium catalyst. On hydrogenation under conditions that
reduce aromatic rings, A reacts with 4 equiv of Hj, and hydrocarbon B, CgH ¢ is produced.
The reaction of A with KMnO, gives CO, and a carboxylic acid C, C,H¢O,. What are the
structures of A, B, and C? Write all of the reactions.

Draw a reaction energy diagram for the addition of HBr to 1-pentene. Let one cirve on
your diagram show the formation of 1-bromopentane product and another curv"on the

same diagram show the formation of 2-bromopentane product. Label the position for all

reactants, intermediates, and products.

Make sketches of what you imagine the transition-state structures to look like in the reac-
tion of HBr with 1-pentenc (Problem 4.43).

Methylenecyclohexane, on treatment with strong acid, isomerizes to yield 1-methylcyclo-

hexene:
CH, CH,
S Re!

Mcthylenecyclohexane 1-Methylcyclohexene

Propose a mechanisii by which this reaction might occur.

4



