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Alkyl halide A compound contain:
ng a halogen atom covalently
sonded to an alkyl group; given the
symbol RX.

Chaprer7 vlaloalkanes

ompounds containing a halogen atom covalently bonded to an sp3 hy-

bridized carbon atom are named haloalkanes or, in the common system

of nomenclature, alkyl halides. The general symbol for an alky! halide
is R—X, where —X may be —F, —Cl, —Br, or —L

A haloalkane
(an alky! halide)

In this chapter, we study two characteristic reactions of haloalkanes: nucleophilic
substitution and B-elimination. By these reactions, alkyl halides can be converted
to alcohols, ethers, thiols, amines, and alkenes. Thus, an understanding of nucle-
ophilic substitution and Belimination opens entirely new areas of organic chem-
istry for you.

7.1 NOMENCLATURE

A. IUPAC System

JUPAC names for haloalkanes are derived according to the rules given in Section
3.3A. The parent chain is located and numbered from the direction that gives the
substituent encountered first the lower number. Halogen substituents are indi-
cated by the prefixes fluoro-, chloro-, bromo-, and iodo- and are listed in alphabet-
ical order along with other substituents. The location of each halogen atom on the
parent chain is given by a number preceding the name of the halogen.

CH4CH,CHCHCH;
5 4 3 21 1 5
P OH
3.Bromo-2-methylpentane ?vnoian_ornxo:n trans-2-Chlorocyclohexanol

In haloalkenes, numbering the parent hydrocarbon is determined by the loca-
tion of the carbon-carbon double bond. In molecules containing functional
groups designated by a suffix (for example, -ol, -al, -one, -oic acid), numbering is
determined by the location of the functional group indicated by the suffix.

B. Common Names

Common names of haloalkanes consist of the common name of the alkyl group
followed by the name of the halide as a separate word. Hence, the name alkyl
halide is a common name for this class of compounds. In the following examples,
the JUPAC name of the compound is given first and then, in parentheses, its com-
mon name.

Br

!

CHCHGH,CH, CHy=CHCl CHy==CHCH,Cl
2-Bromobutane Chloroethene 3-Chloropropent
(sec-Buty! bromide) (Vinyl chloride) (Allyl chloride)

7.1 NOMENCLATURE

Several om the polyhalomethanes are common solvents and are generally referred
to by their common, or trivial, names. Dichloromethane (methylene chloride) is
the most widely used haloalkane solvent. Compounds of the type CHXj are called
haloforms. The common name for CHClg, for example, is nEonow,o:.«w it is from
the name chloroform that the common name ‘methyl chloroform is Ln_,?oa for
the compound CHsCCls. Methyl chloroform and :._n:_o_,cﬁ:ﬁn:m are common
solvents for commercial dry cleaning. ' ,

. CH,Cly CHCly CH,CCls CCly==CHCI
ichloromethane Trichloromethane  1,1,1-Trichloroetha Tri
i 11T ne Trichloroethylene
{Methylene chloride) {Chloroform) {Methyl chloroform) S;_,mnr_oww "
4
[ExampLe 7.1 _
Write the [UPAC name for each compound.
n_:w :un/ \o:v CH,(CHy)g
(a) CH,CHCH,Br (b) C=C (c) ,/ol Br
\ / :,1.,\ .
H CHCH;,4 CH,

!
Br

177



8.2 NOMENCLATURE

_mx>§vrm 8.2

Classify each alcohol as primary, secondary, or tertiary.

OH CH,

4 | CH,O0H
) Olo (b) CH,COH  (c) Q

N CH, _

H CH,

SOLUTION

(a) Secondary (2°) (b) Tertiary (3°) (c) Primary (1°)

Practice Problem 8.2
Classify each alcohol as primary, secondary, or tertiary.

cH
[’ CH,
(@) CHiCCHOH  (b) [>—ou (o cH,=CHCHOH  (d) OAoz
CHy, |

In the IUPAC system, a compound containing two hydroxyl groups is named as
a diol, one containing three hydroxyl groups is named as a triol, and so on. In
IUPAC names for diols, triols, and so on, the final < (the suffix) of the parent
alkane name is retained, as for example in the name 1,2-ethanediol. As with many
organic compounds, common names for certain diols and triols have persisted,
Compounds containing two hydroxyl groups on adjacent carbons are often re-
ferred to as glycols (Section 6.4B). Ethylene glycol and propylene glycol are syn-
thesized from ethylene and propylene, respectively, hence their common names.

’
CH3— CH— CH,
| I Lo I Lo

oM  OH
1,2-Ethanediol
(Ethylenc glycol)

1,2-Propancdiol
(Propylenc glycol)

Compounds containing —OH and C==C groups are often referred to as un-
saturated alcohols because of the presence of the carbon-carbon double bond. In
the TUPAC system, the parent alkane is numbered to give the —OH group the
lowest possible number. The double bond is shown by changing the infix of the
parent alkane from -an- to -en- (Section 3.5), and the alcohol is shown by changing

CHy—CH—CH,

Ol OH OH OH OH

1,2.3,-Propanetriol
(Glycerol, Glycerin)

205
206

Glycol A compound with two by-
droxyt (—OH) groups on adjacent
carbons.

Alkoxy group An —OR group,
where R is an alkyl group.

Cyclic ether An ether in which the
ether oxygen is one of the atoms of
aring.

Chaprer 8 Alcohols, Ethers, and Thiols

the suffix of the parent alkane from -¢ to -ol. Numbers must be used to show the
location of both the carbon-carbon double bond and the hydroxyl group. In num-
bering the parent chain of these difunctional molecules, priority mm.m?n: to the
functional group indicated by the suffix over the one indicated by an infix.

—mx>7>v_.m‘lm1‘.|..m‘)‘

Write the IUPAC name for each unsaturated alcohol.
moozwo:m/ \oEQ:
C=C
/ \
H H

(a) CH,=CHCH,OH (1)

SOLUTION

(a) 2-Propen-l-ol. Its common namc is allyl alcohol.

(b) ds-3-Hexen-1-ol. It is sometimes called leaf alcohol because of its occurrence
in leaves of fragrant plants, including trees and shrubs { The Merck Index, 12th

ed., #4737).

Practice Problem 8.3 -~
Write the TUPAC name for each unsaturated alcohol.

(a) CHy==CHCH,CH,OH (b) Qo:

B. Ethers

In the 1UPAC system, ethers are named by sclecting the longest carbon chain as
the parent alkane and naming the —OR group attached to it as an alkoxy group.
Common names are derived by listing the alkyl groups attached to oxygen in al-
phabetical order and adding the, word “ether.” Following are the IUPAC names
and, in parentheses, common names for three low-molecular-weight ethers.

‘ A.umu OH .
n:,omuﬂnmwn:u o:uﬁmo:u -
CH, GiCH,CH,

2-Methoxy-2-methylpropanc trans-2-Ethoxycyclohexanol

Ethoxyethane
(methyl tert-butyl ether, MTBE)

(Diethyl ether)
Chemists almost invariably use common names for low-molecular-weight ethers.
For example, although ethoxyethane is the TUPAC name for CH3CHOCHCHs,
it is rarely called that but rather, dicthyl ether, ethyl ether, or even more com-
monly, simply ether. The abbreviation for tert-butyl methyl m:.:n.... an Qrﬂ,.:ﬁ» s
becoming increasingly important as an octane-improving additive to gasolines, 15
MTBE after the common name of methyl! tert-butyl ether. .

Cyclic ethers are heterocyclic compounds in which the ether oxygen is on¢ of
the atoms in a ring. These ethers are generally known by their common names.



Chapter 8 Alcohols, Ethers, and Thiols

anic reactions requiring a strong base in a nonaqueous solvent, as for

used in org
de in ethanol.

example sodium ethoxi
A_umw
OEwOEwO;ZNJr OmunduO;wﬁ.

CH,

Sodium ethoxide Potassium tert-butoxide

T

_mx>_<:vrm 8.7

Write a balanced equat

on for the reaction of Qmwormstow with sodium metal.

SOLUTION

OH + 2Na —> 2 O"Na® + Hy

Practice Problem 8.7
Predict the position of equilibrium for this acid-base reaction. (Hunt: Review Sec-

tion 2.4.)
[e] O
i |

CH,CH,0 Na® + CH;COH —— CH,CH,OH + CHzCO™Na” _

D. Conversion to Alkyl Halides

Conversion of an alcohol to an alkyl halide involve
—OH at a saturated carbon. The most common reagen
the halogen acids and SOCle. These reactions are €xam

aliphatic substitutions (Section 7.2).

Reaction with HCl, HBr, and Hi
Water-soluble tertiary alcohols react very rapidly with HCL, H
tertiary alcohol with concentrated hydrochloric acid for a fe
temperature results in conversion of the alcohol to an alkyl ¢
evident by formation of a waterinsoluble chloroalkane th
aqueous layer. Low-molecularweight, water-soluble primary a
hols are unreactive under these conditions.

CHj

CH;
|

| 95°C
CH moom +  HG — CH wn_unw + H,O

s substitution of halogen for
ts for this conversion ar¢
ples of nucleophilic

Br, and HI. Mixing !
w minutes at room
hloride. Reaction is
at separates from the
nd secondary alco

8.4 REACTIONS OF ALCOHOLS

OH
0°C Cl

ether

CHyg CH,

1-Methylcyclohexanol 1-Chloro-1-methylcyclohexane

Water-insoluble pri
primary and seconda
Water-nsol ry alcohols react only slowly under these
To a i i
pose anca mwﬂ Q,:w reaction .vmgnm: a tertiary alcohol and HX, chemists pr
g Erws Mﬁn anism. w,ﬁw 1 is a rapid, reversible proton ﬁwzmmmw from mv%?wm
P when Mc.mowa mnmava used) to the hydroxyl group to give an oxonium ion
ed in Step 2 by loss of a molecule of i .
i ed in ) water (the leaving group) to gi
ww:nmw“u”mwamv: _bﬁmqbnw%wnm. The 3° carbocation intermediate amrms m%wvnhwmm
in Step 3 to give the product. Formation of the carbocation intermedi
i

ate in Step 2 is the rate-limiting step.

coholwith HCl:

| Step 1: - Rapid and reversible proton transfer to the OH group gives an oxonium ion:
, )18

CH
3 rapid and CHj t

_ ..\'/ + e
CH,—~C—0—H + m!lmwilm reversible [ :
- ; CHy==C—07 4+ 10=
_ Hr TR, A_u H

CHjy H

At oxoniumion

CH,
2:Methyl-Z-propanol
{tert:Butyl alcohol).

@ 2 Loss of water from the oxonium ion givesa 3% carbocation intermediate
€ 0oX

; 2 t g .

Omw

A_umw . \m rate-Jimiting _ H
i €Y - step
CHy= G Tsa CHy—C+ + :0%
ci,  H | N
s CH, H

A 8% carbocation
intermediate

3::7 Reactiony of the 3% carbocation i
on inte i is-aci i ide i
oy e rmediaté (a'Lewis-acid) with ¢hloride jon (a
A_umm CH;
omwln_ﬂw/"m_ Pz, ommlowl@ :
CHjy . m_umw
2-Chloro-2-methylpropane

(tert-Butyl chloride)

_ Prim
L wmw\ and mmnowamQ alcohols are converted to bromoalkanes and iodoal
y treatment with hydrobromic and hydroiodic acids. For example Srm%

|
CHs CH,
m.z_mnrﬁ‘m.mnomwsow 2-Chloro-2-methylpropane » heated to reflux with concentrated HBr, 1-butanol is converted
Water-insoluble tertiary alcohols are converted to tertiary halides by bubbling erted to 1-bromobutane.
£ the alcohol dissolved in diethyl ether or tetraby CH4CH,CH,CH,OH + HBr B0 | CH.CH.CH.CH.B
; K b reflux sCHoCHRCHoBr + HyO
1-Butanol 1-Bromobutane

gaseous HX through a solution o
drofuran (THF).

215
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alky} bromides and iodides,

to
d, reversible reaction of the

¢ for the conversion of primary alcohols

To accoun

chemists propose an Sy2 mechanism. Step 1 is 2 rapi

ngnoxﬁ group with EWO+ to form an oxonium ion. In Step 2, halide ion reacts at

the carbon bearing the oxonium jon to displace oxygen and to form a C—X
alide ion is from the side of the primary carbon opposite

bond. Displacement by h
limiting.

that of the leaving oxonium ion. Step 2 is rate

MECHANISM

ﬂm?m. and reversible proton transfer to the OH group gives an oxoniumion.
H

. B

CH,CH,CHCHy — / 4+l 41\3

H y»

Step I:
raptd-and
reversible

s IR ee S
T

|
Ommcmmomwnmml\ :}\E & m.ﬂ%\m
An oxoniumion

acenent of HoO by Br gives the alkyl bromide.

; . M ratedimiting
tBr? e
. ,.m.%. + Omu 9! ol ho Ty ./m mZM

.tsw.ﬁu;.f uO\"\
e /
H

Step 2: Nucleophilic disp}

CH,CH,CH,CH,

X by formation of a 3° carbocation inter-

by direct displacement of —OH (more
combination of the same

£ alkyl halides (Section

alcohols react with H
alcohols react
£ —OHy")? The answer is a
leophilic substitution reactions O

Why do tertiary
mediate, whereas primary
accurately, &mﬁwwnmam:n o
two factors involved in nuc
7.4B).

1. Electronic factors
ergy for their formation), whereas primary
(highest activation energy for their formation
most likely to react by carbocation formation;

ate, and primary alcohols rarely, if ever, react by carbocation for
form a new carbon-halogen bond, halide ion

st stable (lowest activation €n

rbocations are the mo:
ocations are the jeast

carb
}. Therefore, tertiary al
secondary alcohols are
mation.

Tertiary 2!

stable
cohols ar¢
intermedi-

must wwﬁaow% ;
d to it. If we contk

8.4 REACTIONS OF ALCOHOLS 217

Reaction with Thionyl Chloride
The most widely used reagent for the conversion of primary and secondary alco-

wo_.m. to m:Q.w nEolem is thionyl chloride, SOCly. The by-products of this nucleo-
philic substitution reaction are HCI and SOy, both given off as gases

CH4{CHg)sCH,OH + SOCly —> CH3(CHg)sCHeCl + SO, + HCI
1-Heptanol Thionyl 1-Chloroheptane Sulfur
chloride dioxide

E. Acid-Catalyzed Dehydration of
Alcohols to Alkenes

converted to an alkene by elimination of am

: 0 an al olecule of water
from adjacent mwn.wos atoms. Elimination of water is called dehydration. In the lab-
oratory, dehydration wm an alcohol is most often brought about by heating it with
either 85% phosphoric acid or concentrated sulfuric acid. Primary alcohols are

: 9@. most difficult to dehydrate and generally require heating in concentrated sul-
furic acid at temperatures as high as 180°C. Secondary alcohols undergo acid-

n.mo&ﬁma Qwragaoz at somewhat lower temperatures. Acid-catalyzed dehydra-
tion of tertiary alcohols often requires temperatures only slightly above room

Dehydration Elimination ofa

An alcohol can be
motecule of water from a com-

pound.

temperature.

HyS0,
CH,CH,OH — 5 CH,=CH, + HsO
OH
H,50,
140°C * M0
Cyclohexanol Cyclohexene
i i
HoS04
OEmmOi o CH,C=CH, + HyO
CH,

2-Methylpropene
(Isobutylene)

of alcohols is in this order:

9-Methyl-2-propanol
(tert-Buyl alcohol)

Thuss; the ease of acid-catalyzed dehydration

< 9°alcohol < 3°alcohol

1° alcohol

9. Steric factors TO
the substitution center and begin to form anew covalent bon
pare the ease of approach to the substitution center of a primary alcohol to that
of a tertiary alcohol, we €€ that approach is considerably easier in the case of 2
primary alcohol. The backside of the substitution center of 2 primary alcohol 18
screened by two hydrogen atoms and one alkyl group, whereas the backside of When i ]
the substitution center f a tertiary alcohol is screened by three alkyl groups-. nmwowmmumom”nzn m:aw:mm are obtained in the acid-catalyzed dehydration of an
. Smwmmd\ MM@OnMw :wﬁ.bmwgw mnm.wﬁQ number of substituents on the double bond
I sev's rule wmw nawmﬂw%w that is, acid-catalyzed dehydration of alcohols follows Zait-
factors
3° alcohol 9° alcohol 1° alcohol ; m_um
overned b 85% HyPO
m%n:o:.a,\ CH,CH,CHCH — 22> CHyCH=CHCH; + CH,CH,CH=CH,
2-Butanol 2-Butene 1-Butene )
(80%) (20%)

factors
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306 Chapter 11 Aldehydes and Ketones

of carboxylic acids with which you are familiar. The name formaldehyde is derived

TABLE 11.1 Increasing Order of vﬂmnmamalnﬂw.mwmx Functional Groups from formic acid; the name acetaldehyde is derived from acetic acid.

e - S . - o) o) o
Functional Suffix if Highér .~ -+ - -Préfix if Lower i i m_u |
Graup inPrecedence . - - 5 Precedence HCH HCOH CHZCH CH4COH
—CO,H ) _gic acid T ) Formaldehyde Formic acid Acetaldehyde Acetic acid
—CHO _al oxo- Common names for ketones are derived by naming each alkyl or aryl group at-
- tached to the carbonyl group as a separate word, followed by the word “ketone.”
\O“O -one oxo- % nxu m=v
—OH -0l hydrox CH3CHCCH,CH CHZCH,CCH,CH C
¥ 3 _ 2t sttlg 3
—NH, -amine amino- CHg
~—SH -thiol mercapto- Ethy! isopropyl ketone Diethyl ketone Dicyclohexyl ketone
SOLUTION 11.3 PHYSICAL PROPERTIES
(a) An aldehyde is of higher precedence than a ketone. The 3
. presence of the car- . . i
bonyl group of the ketone is indicated by the prefix oxo-. The IUPAC name of Osygen is more electronegative than carbon (3.5 compared with 2.5; Table 1.5);
this compound is 3-oxobutanal. therefore, a carbon-oxygen double bond is polar, with oxygen bearing a partial
(b) The carboxyl group is of higher precedence. The presence of the amino negative charge and carbon bearing a partial positive charge.
group is m:a._n.w.na by the prefix amino-, The IUPAC name is 4-aminobenzoic \s+ 8-
acid. Alternatively, it may be named p-aminobenzoic acid, abbreviated PABA. \O“D"
PABA, a growth factor of microorganisms, is required for the synthesis of folic
acid ( The Merck Index, 12th ed., #443). Polarity of a
carbonyl group

(c) The D.H,O group has higher precedence than the —OH group. The —OH
group is indicated by the prefix hydroxy-. The IUPAC name of this compound
is (R)-6-hydroxy-2-hexanone.

Because of the polarity of the carbonyl group, aldehydes and ketones are po-
lar compounds and have higher boiling points than do nonpolar compounds of
. comparable molecular weight. Table 11.2 lists boiling points of six compounds of
Practice Problem 11.3 comparable molecular weight.

Pentane and diethyl ether have the lowest boiling points of these six com-
pounds. Both butanal and 2-butanone are polar tompounds, and, because of the
intermolecular attraction between carbonyl groups, their boiling points are higher

Write TUPAC names for these compounds, each of which is important in interme-
diary metabolism. Below each is the name by which it is more commonly known in

the biological sciences.
OH o ’ than those of pentane and diethyl ether. Alcohols (Section 8.3A) and carboxylic
|
(a) CHLCHCO,H ., (b) omu%oomm {€) H,NCH,CH,CH,CO,H ‘
Lactic acid Pycuvic acid y-Aminobutyric acid TABLE 11.2 Boiling Points of Six Compounds of Comparable
(product of (product of {a neurotransmitter) Molecular Weight !
anaerobic anaerobic i
glycolysis) glycolysis) ; ) '/ "“Molecular . bp.
P _ Name ' Structural Formula Weight 0
diethyl cther CH;CH,OCH,CH; 74 34
C. Common Names pentane CHgCHyCH,CHyCH3 72 36
The common name for an aldchyde is derived from the common name of the cor- butanal CHyCH,CH,CHO 72 7%
responding carboxylic acid-by dropping the word “acid” and changing the suffix Zbutanone CH,CH,COCH; qm : 80
-ic or -oic to -aldehyde. Because we have not yet studied common names for car- ! 1-butanol CH,CH,CH,CH,OH 74 s
i propanoic acid CH,3CHCO,H 72 141

boxylic acids, we are not in a position to discuss common names for aldehydes. We
can, however, illustrate how they are derived by reference to two common names




6.4 OXIDATION OF ALKENES ~ FORMATION OF GLYCOLS

A. How to Recognize Oxidation-Reduction

n the following reactions, propene is transformed into three different com-
»ounds by reactions we study in this chapter. The first reaction involves reduction,
he third involves oxidation, whereas the second involves neither oxidation nor re-
luction. These equations are not complete because they do not specify any reac-
ant other than propene; that is, they do not specify what reagents are necessary to
»ring about the particular transformation. Each does specify, however, that the car-
»on atoms of the products are derived from those of propene.

H H

[
CH,CH—CH,q Propane

reduct

OH H
L

CH,CH—CH, 2-Propanol

neither

CH,CH=CH,

OH OH

| |
CH,CH—CH, 1,2-Propanediol

oxidation

It is possible to decide if transformations such as these involve oxidation, re-
. [ . - .
{uction, or neither by using balanced half-reactions. To write a balanced half-

‘caction:

Write a halfreaction showing the organic reactant(s) and product(s).

). Complete a material balance—that is, balance the number of atoms on each
side of the halfreaction. To balance the number of oxygens and hydrogens for
a reaction taking place in acid solution, use HpO for oxygens and then H* for
hydrogens. For a reaction taking place in basic solution, use OH ™ and HpO.

3. Complete a charge balance—that is, balance the charge on both sides of the
halEreaction. To balance the charge, add electrons, ¢”, to one side or the other.
The equation completed in this step is a balanced half-reaction.

Oxidation is the loss of electrons. If electrons appear on the right side of a bal-
inced halfreaction, the reactant has given up electrons and has been oxidized.
. ! .

Reduction is the gain of clectrons. If electrons appear on the left side of a bal-
wiced half-reaction, the reactant has gained electrons and has been reduced. If no
:lectrons appear in the balanced half-reaction, then the transformétion involves
seither oxidation nor reduction. Let us apply these steps to the transformation of
>ropenc to propane. o
Step I:  Half-reaction.

CH,CH==CH, — CI1,CH,CH,
Step 2:  Material balance.

CH,CH=CH, + ZH% —— CHyCH,CH,

Stepr 3:  Balanced half-reaction,

CH,CH=CH, + .2H* + 2¢° ——» CH;CH,CH,

Because two electrons appear on the left side of the balanced half-reaction (Step
3), conversion of propenc to propane is a two-electron reduction. To bring it
about requires use of a reducing agent.

161

Oxidation The loss of electrons.

Reduction The gain of electrons.
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Following is a balanced half-reaction for the transformation of propene to
2-propanol:

42

Balanced half-reaction: CH;CH=CH, + H,0 ~> CH;CHCH,4
Propene 2-Propanol

Because no electrons are required to achieve an electrical balance, conversion of
propene to 2-propancl is neither oxidation nor reduction.

A balanced halfreaction for the transformation of propene to 1,2-propanediol
requires two electrons on the right side of the equation for a charge balance; this
transformation is a two-clectron oxidation.

:n_v A_um
Balanced halfreaction:  CHyCH=CH, + 2H,0 — CH,CHCH, + 2H*+ZF¥
Propene 1,2-Propanediol

Itis important to realize that this strategy for recognizing oxidation and reduc-
tion is only that, a strategy. In no way does it indicate how a particular oxidation or
reduction might be carried out in the laboratory. For example, the balanced half-
reaction for the transformation of propene to propane requires 2H* and 2¢7. Yet
by far the most common laboratory procedure for reducing propene to propane
does not involve H* at all; rather it involves molecular hydrogen, Hy, and a transi-
tion metal catalyst (Section 6.5).

We use this method of balanced half-reactions throughout the text to recog-
nize transformations that involve oxidation, those that involve reduction, and
those that involve neither oxidation nor reduction.

lExAMPLE 6.7

Balance each halfreaction to show that each transformation involves an oxidation,
-
(a) CH3CHoCHoOH — CH3CH,CH
iy ’ O O
I i

(b) CHCH=CH; ~— CH3CH + HCH

SOLUT _\O‘Z
First complele a material balance and then a charge balance. Part (a) is a2 2-¢lec-
tron oxidation; part (b) is a 4-electron oxidation. To bring each about requires an
oxidizing agent.

i
(a) CHgCH,CHyOH — CH3CH,CH + 2H* + 2¢7

P

(b) CH3CH=CHj + 2H,0 — CH3CH + HCH + 4H* + 4e”



6.4 OXIDATION OF ALKENES — FORMATION OF GLYCOLS

Practice Problem 6.7 ——————- —

Balance each halfreaction to show that each transformation involves a reduction.

0 OH n__v
(b) CH,CH,COH — CHyCH,CH,OH

(a) -

|

B. OsO,—Oxidation of an Alkene to a Glycol

Certain transition metal oxides, in particular osmium tetroxide, OsQOy, are effec-
tive oxidizing agents for the conversion of an alkene to a glycol, 2 compound with
two hydroxyl groups on adjacent carbons. Oxidation of an alkene by osmium
tetroxide is stereoselective in that it involves syn addition (addition from the same
side) of —OH groups to the carbons of the double bond. For example, oxidation
of cyclopentene by OsQy gives ds-1,2-cyclopentanediol, a cis glycol. Note that both
¢is and trans isomers are possible for this glycol.

0504} NaHSOy
o H,0
or o,

cis-1 .mb«&ovnz.u:namg
(a ds glycol)

A cyclic osmic ester

The stercoselectivity of osmium tetroxide oxidation of alkenes is accounted for by
the formation of a cyclic osmic ester in which oxygen atoms of OsO4 form new co-
valent bonds with each carbon of the double bond in such a way that the five-
membered osmium-containing ring is fused in & cis configuration to the original
alkene, Osmic esters can be isolated and characterized. Usually, however, they are
treated directly with a reducing agent, such as NaHSQjg, which cléaves osmium-
oxygen bonds to give the cis glycol and reduced forms of osmium.

The drawbacks of OsOy are that,it is both éxpensive and highly toxic. One
strategy 1o circumvent the high cost of 050, is to use it in catalytic amounts along
with stoichiometric amounts of another oxidizing agent, which reoxidizes the re-
duced forms of osmium and thus recycles the osmium reagent. Oxidizing agents
commonly used for this purpose are hydrogen peroxide and tert-butyl hydroperox-
ide. When this procedure is used, there is no need for a reducing step using
NaHSOs.

CHl,

!
HOOH CH,COOH

l

CHj

Hydrogen peroxide tert-Butyl hydroperoxide
(+-BuQOH)
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Glycal A compound with two hy-
droxyl (—OH ) groups on adjacent
carbons.

Syn addition Addition of atoms or
groups of atoms from the same side
or face of a carbon-carbon double
bond.
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6.5 REDUCTION OF ALKENES —
FORMATION OF ALKANES

Virtually all alkenes react quantitatively with molecular hydrogen, Hy, in the pres-
ence of a transition metal catalyst to give alkanes. Commonly used transition metal
catalysts include platinum, paltadium, ruthenium, and nickel. Because conversion
of an alkene to an alkane involves reduction by hydrogen in the presence of a cata-
lyst, the process is called catalytic reduction or, alternatively, catalytic hydrogena-
tion.

Pd

+ Hy

25°C, Batm

Cyclohexene Cyclohexane

The metal catalyst is used as a finely powdered solid, which may be supported on
some inert material such as powdered charcoal or alumina. Reaction is carried out
by dissolving the alkene in ethanol or another nonreacting organic solvent, adding
the solid catalyst, and exposing the mixture to hydrogen gas at pressures from lto
100 atm. Alternatively, the metal may be complexed with certain organic mole-
cules and used in the form of a soluble complex.

The most common pattern in catalytic reduction of an alkene is syn addition
of hydrogens to the carbon-carbon double bond. Catalytic reduction of 1,2-di-
methylcyclohexene, for example, yields predominantly cis-1,2-dimethylcyclo-
hexane. Along with the cis isomer are formed lesser amounts of trans-1,2-dimethyl-

cyclohexane.
CH, o CHy CH,
+ Hy, — + .
CH;, CH,4 ™ CHjg

70-85% 30-15%

1,2-Dimethylcyclohexene cis-1,2-Dimethylcyciohexane trans-1,2-Dimethylcyclohexane

Paar shakertype hydrogenation apparatus. (Paar In-
strument Co., Moline, IL)




5.4 NATURALLY OCCURRING ALKENES — THE TERPENES

SOLUTION
Cis-trans isomerism is possible about both double bonds. Four isomers are possible.

@ Practice Problem 5.7
@ The sex pheromone of the silkworm is AEMLva.woLm.rnxwunnu&ms._.o_, Draw a
structural formula for this compound. ~

An example of a biologically important compound for which a number of cis-
trans isomers is possible is vitamin A. There are four carbon-carbon double bonds
in the chain of carbon atoms attached to the substituted cyclohexene ring, and
each has the potential for cistrans isomerism. There are 2% = 16 cis-trans isomers
possible for this structural formula. Vitamin A is the all-trans isomer.

5.3 PHYSICAL PROPERTIES : ”

Alkenes and alkynes are nonpolar compounds, and the only attracfive forces be-
tween their molecules are dispersion forces. Therefore, their physical properties
are similar to those of alkanes (Sectiofy 3.8) with the same carbon skeletons. Those
that are liquid at room temperature have denshiiés less than 1.0 g/mL (they are
less dense than water). They are insoluble in watér but soluble in one another, in
other nonpolar organic liquids, and in ethanol. |

5.4 NATURALLY OCCURRING ALKENES—
THE TERPENES

A terpene is a compound whose carbon skeleton can be divided into two or more
units that are identical with the carbon skeleton of isoprene. Carbon 1 of an iso-
Prene unit is called the head, and carbon 4 is called the tail. Terpenes are formed
by stringing together the tail of one isoprene unit to the head of another.

131

Silk worms spinning cocoons
on a loom, silk farm, Japan.
(Paul Chesley/Tomy Stone World-
wide)

Terpene A compound whose car-
bon skeleton can be divided into
two or more units identical with the
carbon skeleton of isoprene.

Chapter S Alkenes and Alkynes

- CH. head C tail
_u LA 9] 3 4
CHy=C—CH==CH, C—C=—C—C
2-Methyl-1 3-butadiene Isoprene unit

(Isoprenc)

widely distributed compounds in the biologic

Terpenes are among the most ..
; glimpse of the wondrous divers!

world, and a study of théir structure provides 2
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Figure 5.2

Myrcene. (a) The structural formula
of myrcene and (b) 2 ball-and-stick
model divided to show two isoprene
units joined by a carbon-carbon bond
between the head of one unit and the
tail of the other.

that nature can generate from a simple carbon skeleton. Terpenes also illustrate
an important principle of the molecular logic of living systems, namely that in
building large molecules, small subunits are strung together enzymatically by an it-
erative process and then chemically modified by precise enzyme-catalyzed reac-
tions. Chemists use the same principles in the laboratory, but our methods do not
have the precision and selectivity of the enzyme-catalyzed reactions of celiular sys-
tems.

Probably the terpenes most familiar to you, at least by odor, are.components
of the so-called essential oils obtained by steam distillation or ether extraction of
various parts of plants. Essential oils contain the relatively ~oi.aoﬁnc~w2<nmmrn

substances that are, in large part, responsible for characteristic plant fragrances. AT
Many essential oils, particularly those from flowers, are tised in perfumes. . ]
One example of a terpene obtainéd from an essential oil is myrcene, Cyotis, California laurel, Umbeliularia

californica, one source of

a component of bayberry wax and oils of bay and'verbena. Myrcene is a triene with myrcenc. (0 Don Suzic)

a parent chain of eight carbon atoms and two ofte-carbon branches (Figure 5.2).
Head-to-tail linkages of isoprene units are <wm~€ more common in nature than

are the alternative head-to-head or tail-to-tail patterns. Figure 5.3 shows structural @

formulas of six more terpenes, all derived from two isoprene units. Geraniol and

the aggregating pheromone of the bark bectle have the same isoprene skeleton as

myrcene. In addition, cach has an —OH (hydroxyl) group. In the last four ter-

penes of Figure 5.3, the carbon atoms present in myrcene, geraniol, and the bark

Figure 5.3 ,
Six terpenes, esch divisible into two isoprenc units.

n Figure 5.4 are structural formulas of three terpencs divisible into

beetle pheromone are cross-linked to give cyclic structures. To help you identify %,,mw_wmusqmsn units, For reference, the carbon atoms of the parent chain of ?.T
the points of cross linkage and ring formation, the carbon atoms of the geraniol nesol wnnﬁ:cidmnoa 1 through 12. A bond between carbon atoms 1 and 6 of this
mrnfo: are numbered 1 through 8. This numbering pattern is vsed in here skeleton gives the carbon skeleton of zingiberene. Try t0 discover for yourself what
maining terpenes to show points of cross-linking. “wern of crossdinking gives the carbon skeleton of caryophyllene. )

P lar formula CaoHzoO, consists

Vitamin A (Section 5.9G), a terpenc of molecnt ; | >
of four isoprene units linked head-to-tail and crosslinked at one point 10 form

six-membered ring.



@ Figure 5.4
Three terpenes containing three isoprene units,
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[SumMMARY

An alkene is an unsaturated hydrocarbon that contains a car-
bon-carbon double bond. Alkenes have the general formula
C,Hy,. An alkyne is an unsaturated hydrocarbon that con-
tains a carbon-carbon triple bond. Alkynes have the general
formula C,Hz,—7. According to the orbital overlap model
{Section 5.1B), a carbon-carbon double bond consists of one
sigma bond formed by the overlap of sp? hybrid orbitals and
one pi bond formed by the overlap of parallel 2p atomic or-
bitals. It takes approximately 63 keal/mol (264 kj/mol) to

break the pi bond in ethylene. A carbon-carbon triple bond

consists of one sigma bond formed by the overlap of sp hy-
brid orbitals and two pi bonds formed by the overlapiof pairs
of parailel 2p orbitals. 7

The structural feature that makes cistrans isomerism
possible in alkenes is restricted rotation about the two
carbons of the double bond (Section 5.1C). To date,
transcyclooctene is the smallest trans cycloalkene that has
been prepared in pure form and is stable at room tempera-
ture.

According to the IUPAC system (Scction 5.2A), the pres-
ence of a carbon-carbon double bond is shown by changing
the infix of the parent hydrocarbon from -an- to -en-. The
names viny} and allyl arc commonly used to show the pres
ence of ~—CH=CH, and ——CHyCH=CH; groups. The
presence of a carbon-carbon triple bond is shown by chang-
ing the infix of the parent alkane from -an- to yn-.

Whether the configuration of an atkene is cis or trans is
determined by the orientation of the parent chain about the
double bond (Section 5.2C). If atoms of the parent are on
the same side of the double bond, the configuration of the
alkene is cis; if they are on opposite sides, the configuration
is trans. The configuration of a carbon-carbon double bond
can also be specified by the E,Z system (Section 5.2C) using
a set of griority rules. If the two groups of higher priority are
on the same side of the double bond, the configuration of
the alkene is Z (German: zusammen, together); if they are on
opposite sides, it is E (German: entgegen, opposite).

For compounds cantaining two or more double bonds,
the infix is changed to -adien-, -atrien-, and so on (Section
5.2F). Compounds containing several double bonds are
called polyenes.

Because alkenes and alkynes are nonpolar compounds
and the only interactions between their molecules are disper-
sion forces, their physical propertics are similar to those of
alkanes {(Section 5.3).

The characteristic structural feature of a terpene (Sec-
tion 5.4) is a carbon skeleton that can be divided into two or
more isoprene units, Terpenes illustrate an important princi-
ple of the molecular logic of living systems, namely that in
building large molecules, small subunits are surung together
by an iterative process and then chemically modified by pre-
cise enzyme-catalyzed reactions.

219  SIGNAL SPLITTING AND THE (n +1) RULE

S

"TABLE 21.3 Average Values of Chemical Shifts of Representative

Types of Hydrogens
gm of Hydrogen , Chemical : Type of Hydrogen Or.ma.mgw
@R = alkyl, Ar = aryl) Shift (5)* (R =alil, Ar = aryl) . Shift (8)
. 0 (by .n_mmi:o:v %
0.8-1.0 RCOGHz 3.7-3.9
8 1.2-1.4 o Agu
R,CH 1.4-17 .
G CRCHR, 1626 RCOCH,R 4.1-47
o 20-3.0 RCH,l 3.1-3.3
99-25 RCH;Br 5.4-3.6
23-9.8 RCH,C! 3.6-38
RO 0.5-6.0 RCH3F 4.4-45
. Ca ArOH 4547
RCH,OH 3.4-4.0
womwox . 33-40 R,C=CH, M,w..wm
RNE 0.5-5.0 RC=CHR 0-5.
P , ArH 65-8.5
! g
RCCH 21-2.3 i 05101
! g
RCCHR 29-2.6 o o3

* Values are approximate. Other atoms within the molecule may cause the signal to appear outside these

ranges.

Practice Problem 21.5
Following are two constitutional isomers of molecular formula C4HgOs2.

j g
|
CH,CH,OCCHy  CH;CH,COCH,
(1} (2)
(a) Predict the number of signals in the THL.NMR spectrum of each isomer.
(b} Predict the ratio of areas of the signals in each mvmn:‘»wn.r @

21.9 SIGNAL SPLITTING AND THE
(n + 1) RULE

We have now seen three kinds of information that can be derived from examina-
tion of a ' H-NMR spectrum. ,
. From the number of signals, we can determine the number of sets of equivalent

hydrogens. ) ) N
. From intcgration of signal areas, we can determine the relative numbers of hy-

drogens giving rise to each signal. o )
From the chemical shift of each signal, we can derive information about the

types of hydrogens in each set.

—

n

it

599
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TABLE 21.4 '3C-NMR Chemical Shifts

Typéof .. Chemical |
Carbou. .- - " Shift(5)

REH; 0-40-
REHR” 15-55.
’ 20-60
0-40
REH,Br 25-65 160180
REH,CI 35--80
RJEOH 40-80 165180
REOR 40-80
RE=HR 05-83 175185
R U8R 100150 -
L8R, o o
xm:. ﬁmw 180-210

Table 21.4 shows approximate chemical shifts for carbon-13 spectroscopy. No-
tice how much broader the range of chemical shifts is for *C-NMR spectroscopy
than for 'H-NMR spectroscopy. Whereas most chemical shifts for ' H-NMR spec-
troscopy fall within a rather narrow range of 0—10 ppm, those for I3C-NMR spec-
troscopy cover 0-220 ppm. Because of this expanded scale, it is very unusual to
find any two nonequivalent carbons in the same molecule with identical chemical
shifts. Most commonly, each different type of carbon within a molecule has a dis-
tinct signal clearly resolved from all other signals. Notice further that the chemical
shift of carbonyl carbons is quite distinct from those of sp*® hybridized carbons and
of other types of sp® hybridized carbons. The presence or absence of a carbonyl
carbon is quite easy to recognize in a 3C-NMR spectrum.

A great advantage of 1>C-NMR spectroscopy is that it is generally possible to
count the number of types of carbon atoms in a molecule. There is one caution
here, however. Because of the particular manner in which spin-flipped 13C nuclei
return to their lower energy states, integration of signal heights is often unreliable,
and it is generally not possible to determine the number .ﬁ, carbons of each type
based on signal heights.

lExampLE 21.7

Predict the number of signals in a proton-decoupled '3C-NMR spectrum of cach
compound.

7 7 7
(a) GH,COCH,  (b) CHyCH,CH,CCH,  (€) CHyCH,CCH,CH,

603

602

%
R0;
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154 CHAPTER 5 B An Overview of Organic Reactions

two-electron bond can break: A bond can break in an electronically sym-
metrical way so that one electron remains with each product fragment, or
a bond can break in an electronically unsymmetrical way so that both bond-
ing electrons remain with one product fragment, leaving the other fragment
with a vacant orbital. The symmetrical cleavage is said to be homolytic,
and the unsymmetrical cleavage is said to be heterolytic. We'll develop
this point in more detail later, but you might notice now that the movement
of one electron in a homolytic process is indicated using a half-headed, or
“fishhook,” arrow (/\), whereas the movement of two electrons in a hetero-
lytic process is indicated using a full-headed curved arrow (/).

A —_— A+

A .\/w A* 4B Heterolytic bond breaking (polar)
) : (two electrons stay with one fragment)

Just as there are two ways in which a bond can break, there are tweo
ways in which a covalent two-electron bond can form: A bond can form in
an electronically symmetrical homogenic way when one electron is donated
to the new bond by each reactant, or a bond can form in an electronically
unsymmetrical heterogenic way when both bonding electrons are donated

to the new bond by one reactant.
A+ — A"

>w\+/“ B- A:B Heterogenic bond making (polar)
(two electrons donated by one fragment)

Processes that involve symmetrical bond breaking and bond making
are called radical reactions. A radical (sometimes called a “free radical’)
is a neutral chemical species that contains an odd number of electrons.ant
thus has a single, unpaired electron in one of its orbitals. Processes thal
involve unsymmetrical bond breaking and bond making are called pol
reactions. Polar reactions involve species that have an even number |
electrons and thus have only electron pairs in their orbitals. Polar process
are the more common reaction type in organic chemistry, and a large pa
of this book is devoted to their description.

In addition to polar and radical reactions, there is a third, less common
encountered process called a pericyclic reaction. Rather than explain p
cyclic reactions now, though, we'll study them in more detail in Chapter 8

5.3 Radical Reactions and
How They Occur

Radical reactions are not as common as polar reactions, but they're né!
theless important in organic chemistry, particularly in some indus
processes. Let’s see how they occur.
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Radicals are highly reactive because they contain an atom with an odd
number of electrons (usually seven) in its valence shell, rather than a sta-
ble noble-gas octet. A radical can achieve a valence-shell octet in several
ways. mow. example, a radical might abstract an atom from another mole-
cule, ._mmem behind a new radical. The net result is a radical substitution
reaction:

Unpaired electron /Unpaired electron
P \
Rad- + A _f\w — Rad*A + B

Reactant Substitution Product

radical product radical

Alternatively, a reactant radical might add to an alkene, taking one
&monnoﬁ from the alkene double bond and yielding a new radical. The net
result is a radical addition reaction: ’

Unpaired electron Unpaired electron

VANV Y.

\
Rad- + C=C — —C—C-
/ \ / \
Reactant  Alkene Addition product
radical radical

Let’s look at a specific example of a radical reaction—the chlorination
of methane—to see its characteristics. A more detailed discussion of
this .am&n& substitution reaction is given in Chapter 10. For the pres-
ent, it'’s only necessary to know that methane chlorination is a multistep
process.

Jm H
m|%lm + Cl1—Cl EI%'Q + H—C1
" mﬂ

Methane Chlorine Chloromethane
o .wm&omw substitution reactions normally require three kinds of steps:
initiation, propagation, and termination.

Initiation The initiation step starts off the reaction by producing a small
HEBV.Q. of reactive radicals. In the present case, the relatively weak Cl-Cl
v.ozm is homolytically broken by irradiation with ultraviolet light. Two reac-
tive chlorine radicals are produced:

AT
Cl:Cl:
U
Nncﬁmmmﬁob Once a few chlorine radicals have been produced, propaga-
tion steps take n_w.nm. When a reactive chlorine radical collides with a
methane molecule, it abstracts a hydrogen atom to produce HCl and a

2:Cl-
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methyl radical (- CH,). This methyl radical reacts further with Cl, in a sec-
ond propagation step to give the product chloromethane and a new chlo-
rine radical (Cl-), which cycles back into the first propagation step. Once
the sequence has been initiated, it becomes a self-sustaining cycle of repeat-
ing steps (a) and (b), making the overall process a chain reaction.

o ..
(a) "m.u.w..fmnf/ﬁkmu —— mn@~"+.Omw
(b) @Jr :Cl:Cl: — :Cl:CH, + :Cl-

U
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reactions take place, we first need to recall the discussion of polar covalent
bonds in Section 2.1 and then we need to look more deeply into the effects
of bond polarity on organic molecules.

. Most organic molecules are electrically neutral; they have no net charge,
either positive or negative. We saw in Section 2.1, however, that certain bonds
within a molecule, particularly the bonds in functional groups, are polar.
Bond polarity is a consequence of an unsymmetrical electron distribution in
a bond and is due to the difference in electronegativity of the bonded atoms.
ﬂ.mﬁd 5.1, which repeats some of the information in Figure 2.2 for conve-
nience, gives the electronegativities of some commonly encountered elements.

(c) Repeat steps (a) and (b) over and over.

Termination Occasionally, two radicals might collide and combine to form
a stable product. When this happens, the reaction cycle is broken and th
chain is ended. Such termination steps occur infrequently, however, becaus
the concentration of radicals in the reaction at any given moment is ve
small. Thus, the likelihood that two radicals will collide is also small.

STEP 3

OH>+\/ CH,; — “@H“OE”W { Possible termination steps

muo.\/ YVow, — H,CiCH, )

The radical substitution reaction just discussed is only one of sever
different processes that radicals can undergo. The fundamental principle
behind all radical reactions is the same, however: All bonds are broken ar
formed by reaction of species that have an odd number of electrons.

50600600 C0008G000006G0900060600830000860008080

Problem 5.2 Alkane chlorination is not a generally useful reaction because most alkanes ha
several different kinds of hydrogens, causing mixtures of chlorinated products
result. Draw and name all monochloro substitution products you might obt

reaction of 2-methylpentane with Cly.

Radical chlorination of pentane is a poor way to prepare 1-chloropent:
CH,CH,CH,CH,CH,CI, but radical chlorination of neopentane, (CHy),C, i8°28
way to prepare neopentyl chloride, (CH,);CCH,CIL. Explain.

Problem 5.3

6900000000 00000C860000000000G00300000800090¢

5.4 Polar Reactions and
How They Occur

Polar reactions occur because of the attraction between positive and i
how

tive charges on different functional groups in molecules. To see

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

vo- M
} _
o 5~
\\\ ~ \\\O/
Y =0,N,C}] Br M = A metal

CH,C1 CH,Li






