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9.1 What |8 the Structure of Berzsns?

show many of tha reactions characteristic of alkanas. Yet, banzene is remarkably unreactive!
It does not undergo the addition, oxidation, and reduction reactions characteristic of alkenes.
For example, benzane does not react with bromine, hydrogen chloride, or other reagents that
usually add to carbon-carbon double bonds. Nor is benzene oxidized by peracids under con-
ditions that readily oxidize alkenes. When benzene reacts, it does so by substitution in which
& hydrogen stom is replaced by another etom or a group of atoms.

The term aromatic was originally used to classify benzene and its derivatives because
many of them have distinctive odors. It became clear, however, that a sounder classification
for these compounds would be one based on structure and chemical reactivity, not aroma.
As it is now used, tha term aromatic rafars instead to the fact that benzene and its darivatives
are highly unsaturated compounds that are unexpsctedly stable toward reagents that react
with alkenes.

We use the term arene to describe aromatic hydrocarbons, by analogy with alkane and
alkene, Benzene is the parent arene. Just as we call a group derived by the removal of an H
from an alkane an alkyl group and give it the symbol R—, we call a group derived by the
removal of an H from an grene an aryl group and give it the symbol Ar—.

9.1 What Is the Structure of Benzene?

Let us imagine ourselves in the mid-nineteenth century and examine the evidence on
which chemists attempted o build a model for the structure of benzene. First, becanse the
molecular formula of benzene is oy it seemed clear that the molecule must be highly
unsaturated. Yet benzene does not show the chemical properties of alkenes, the enly un-
saturated hydrocarbons known at that time, Benzene does undergo chemical reactions, but
its characteristic reaction is substitution rather than addition. When benzene is treated with
bromine in the presence of ferric chloride as a catalyst, for example, only one compound
with the molecular formula C, H; Br lorms:

CH, + Bry —“2a CH.Br + HBr

Benzene Bromobenzene

Chemists concluded, therefore, that all six carbons and all six hydrogens of benzene must
be equivalent, When bromobenzene is treated with bromine in the presence of ferric chlo-
ride, three somenc dibromobenzenes are formed:

Feld,

CH:Br + Bry, —— CHBr, + HBr
Bromobenaene Dibvonswobenzene

(formed as a mixture of
three constitutional isomers)

For chemists in the mid-nineteenth century, the problem wis w incorporate these
observations, along with the accepred tetrasalence of carbon, inte a structural formula for
henzene. Before we examine their proposals, we should note that the problem of the struc-
ture of benzene and other aromatic hydrocarbons has occupied the efforts of chemists for
over a century. It was not until the 19305 that chemists developed a general understanding
of the unique siraetre and chemical properties of benzene and its derivarives.

A. Kekulé's Model of Benzene

The first structure for benzene, proposed by August Kekulé in 1872, consisted of & six-
membered ring with altermating single and double bonds and with one hwdrogen bonded
to each carbon. Kekulé further proposed that the nng contains three double bonds that
shift back and forth so rapadly that the two forms cannot be separated. Each structure has
become known as i Kekulé structure.

Aromatic compound A
L used 10 classily
banzens and itz darivetives

Arene  An dromatic
hydrocarbon

Aryl group A group
darived from an aromatis
compound (an arena) by the
removal of an M given te
symbol Ar

Ar— Tha symba! usad for
an aryl group, by analogy
with R— for an alkyl groep
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Kekulé inconrectly believed that the double
boscls of benzene rapidly shifl back and forth

Ho _C. _H
\C/ *C,
P =
&
i e

A Kekulé structure, Kekulé suructures
showing zll atoms as lineangle formulas

Becanse all of the carbons and hydrogens of Kekule's structure are equivalent, sub-
stituting bromine for any one of the hydrogens gives the sume compound. Thus, Kekulé's
proposed struemare was consistent with the fact that treating benzene with bromine in the
presence of ferric chlorde gives only one compound with the molecular formula CoH;Br.

His propesal also accounted for the fact that the bromination of bromohenzene gives
three (and only three) isomenc dibromobenzenes:

Br Br Br Br
Br
ﬁ(l’
+ By — B 4 + HBr
Br
Br

The three isomenc dibromobenzenes

Although Kekulé's proposal was consistent with many experimental observations, it
was contested for years. The major objection was that it did not account for the unusual
chemical behavior of benzene. If benzene contains three double bonds, why, his eritics
asked, doesn’t it show the reactions typical of alkenes? Why doesn't it add three moles of
bromine 1o form 1,2.3,4.5,6-hexabromocvdohexaner Why, instead, does henzene react by
substitution rather than additonr

B. The Orbital Overlap Model of Benzene

The concepts of the hybridization of atomic orbitals and the theory of resonance, devel-
oped by Linus Pauling in the 1950s, provided the first adequate description of the structure
of benzene. The carbon skeleton of benzene forms a regular hexagon with C—C—C and
H—C—C bond angles of 1207, For this type of bonding, carbon uses sf# hybrid orbitals
(Section 1.GE). Each carbon forms sigma bonds to two adjacent carbons by the overdap of
str=sp hybrid orbitals and ane sigma bond 1o hydrogen by the overlap of 15 orbitals,
As determined experimentally, all carbon-carbon bonds in benzene are the same length,
1.59 A, a value almost midway between the length of a single bond between s’ hybridized
carbons (1.54 A) and that of a double bond between sp” hybridized carbons (1.33 A):

s - H
I'M 2. 2
l.«@_({\( s s
H—C o C+H
- (:—(:/ .
LA ~/ ( wi-ls
I . H

LY A

Fach carbon also has a single unhybridized 2p orbital that contains one electron.
These six 2p orbitals lic perpendicular to the plane of the ring and overlap to form a
continuous pi cloud encompassing all six carbons, The electron density of the pi system of



9.1 What ls the Struciuts of Banzans?

a benzene ring lies in one tors {a donghnutshaped region) above the plane
of the ring and a second torus below the plane (Figure 9.1).

C. The Resonance Model of Benzene

One of the postulates of resonance theory is that, i we can represent 2 mol
ccule or ion by two or more contribiting structures, then that molecule
cannot be adequately represented by any single contnbuting structure. We
represent benzene as o hybrid of two equivalent contributing structures,
often referved 1o as Kekuls siruchunes:

Benzene as a hybrid of two equivalent
contribaiting stroctres

Each Kekulé structure makes an equal contribution to the hybrid: thus, the
C—C bonds are neither single nor double bonds, but something intermeds-
ate. We recognize that neither of these contributing stractures exists {they are
merely alternative ways to pair 2p orbitals with no reason to prefer one over
the other) and that the actual structure is a superpostion of both, Neverthe-
less, chemists continne to use a single contributing structure to represent this
molecule becanse it is as close as we can come 10 an accurate structure within
the limitations of classical Lewis structures and the tetravalence of carbon,

D. The Resonance Energy of Benzene

Resonance energy is the difference in energy between a resonance hvbrid and its most sta-
ble hypothetical conributing structure. One way 1o estimate the resonance energy of ben-
sene is o compare the heats of hydrogenation of cxclobexene and benzene (benzene can be
made o undergo hydrogenation under extreme conditions). In the presence of a transition
metal catabst, hvdrogen readily reduces aclohexene o cyclohexane (Section 5.6):

NI AH" = =120 KJ/mol
v ma (—28.6 keal/mol)

By contrast. benzene is reduced only very slowly to cyclohexane under these conditions.
It is reduced more rapidly when heated and under 2 pressure of several hundred atmo-
spheres of hvdrogen:
thiat aeldd (0 abkenes. ydiogenstion of beteene mist be
performed at extremely high presuces

™
@ +3Hy S O

The catalytic reduction of an alkene s an exothermic reacthon (Section 5.68). The heat
of hydrogenation per double bond varies somewhat with the degree of substitution of the
double bond; for cyclobexene AH" = —120 k]/mol (—28.6 keal/mol). If we imagine ben-
zene in which the 2 electrons do not overlap cutside of their original C—C double bonds,
a hypothetical compound with altermating single and donble bonds, we might expect its heat
of hydrogenation to be 3 X <120 = =359 kJ /mol (~85.8 keal /mol), Instead, the heat of Iy
drogenation of benzene is only —208 K] /mol {—49.8 keal/mol), The difference of 150 k] /mol
(35.8 keal/mol) between the expected value and the experimemally observed value is the res-
onance energy of benzene. Figure .2 shows these experimental results in the form of a graph.

AH® = =209 k)/mol
(=498 keal/mol)

(a)

(b

FIGURE 8.1

Orbital ovarlap model of tha
bonding in benaena, (0) The
carbon, hydrogan lramework,
The six 2p orbitals, sech with
one alestron, are shown
uncombined, (bl The overtap
of paralkal 2p orbitals fosms &
continuous pé cloud, shown
tyy one torus above the plane
of the ning and a second
Dedowy the: plane of the ring,

Resonence energy The
differance in anargy
betweasn o regongnea hybeld
and tha most stabie of its
hypothetical contributing
struciures
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FIGURE 9.2
The resenance energy of
benzens, a5 detarminad Benzene with isolated
by u comparnson of the double M
hasts of hydragenation of (hypothetical)
cyclohexena, benzena, and Resonance
the hypothetical benzene energy of

henzene + 3 He

Benseae

,w K/ mol | companmids lower
Cyclohexcne O""ﬁ fsssw/mou Rt sacrpy sl

g are more: stable
= l
+ Hy
=359 k] /mol
=208 kj/ mol (=858 keal /mol)
—120 kJ/mol (—49.8 keal/mol) calenlated
~286 kgil/mol 1 l

For comparison, the strength of a carbom-carbon single bond & approximately
353418 KJ/mol (80-100 keal/mol), and that of hydrogen bonding in water and Jow-
molecularweight alcohols is approximately 8.4-21 k] /mol (2-5 keal /mol). Thus, althongh
the resonance energy of benzene is less than the strength of a carbon—carbon single bond, it
1s considerably greater than the strength of vdrogen bonding in water and alcohols. In Sec-
tion 8,1C, we saw that hydrogen bonding has a dramatc effect on the physical properties of
alcohols compared with those of alkanes. In this chaptes, we see that the resonance energy of
benzene and other aromatic hydrocarbons has a deamatic effect on their chemical reactisity.

Following are resonance encrgies for benzene and several other aromatic

hvdrocarbons:
Resonance energy Benzene Naphthalene Anthracene Phenanthrene
[Kj/mol {keal/mol)| 150 (35.8) 255 (60.9) 347 (8249) 481 (910

9.2 What Is Aromaticity?

Many other types of molecules besides benzene and s derivatives show aromatic character:
that is, they contain high degrees of unsaturation, yvet fail to nndergo charactenstic alkene
addition and oxidation-reduction reactions, What chemists had long sought 1o understand
were the principles underlving aromatic character. The German chemical physicist Erich
Hiickel solved this problem in the 1930s,

shis criterion :nkoaliu! Hitckel's eriteria are summanzed as follows. To be aromatic, a ring must

the 4 + 2 rule because

the allowable numbers 1. Have one 2p orbital on each of its atoms.

ﬁ'ml M:nm:; L Be planar or neardy planar, so that there s continwous overlap or nearly continuous

sisbatituted by any integer. overlap of alt 2p orbitals of the ring.
mchuing zero 4 Have 2.6, 10, 14, 18, and so forth pi electrons in the eyclic arrangement of 2p orbitals,



Benzene meets these critena. It is cvelic, planar, has one 2p orbital on each carbon atom
of the ring, and has 6 pi electrons (an aromatic sextet} in the oyclic armangement of its 2p
arbitals,

Let us apply these criteria (o several heterocydlic compounds, all of which are aro-
mittic, Pyridine and pyrimidine are heterocyclic analogs of benzene. In pyridine, one CH
group of benzene is replaced by a nitrogen atom, and in pyrimidine, two CH groups are

replaced by nitrogen atoms:
P O
;‘.' L i & :

Pyvridine Pmmndmc

Each molecule meets the Hilckel criteria for aromaricity: Each is oyelic and planar, has
one 24 orbital on each atom of the ring. and has six electrons in the pi system. In pyri-
dine, nitrogen is p* hybridized, and its unshared pair of electrons occupies an sp* orbital
perpendicnlar to the 2p orbitals of the pi system and thus is not a part of the pi system.
In pynimidine, neither unshared pair of electrons of nitrogen is part of the pi system,
The resonance energy of pyridine is 134 K] /mol (32,0 keal /mol}, slightly less than that of
benzene., The resonance energy of pyrimidine is 109 K] /mol (26.0 keal /mol).

Mm&m&uﬂuw
the six 2p ocbitals of the pi system

this electron pair is not a pars
of the aromatic sextet

Determine Whether a Lone Pair of Electrons Is

or Is Not Part of an Aromatic Pi System

[ 1 [al First, determine whether the atom containing the lone pair of electrons is
part of 3 double bond, If it is part of a double bond, it is not possible for the
lone pair to be part of the gromatic pi system,

|b) If the atom containing the lons pair of electrons is not part of a double

9.2 What g Aramaticity!

Heterocydlic compound

An orgame compound that
CONRRS ONEe Or More 3lome
cthar than carbon in its ring

~— HOWTO 9.1

bond, it is possible for the long pair of electrons to be part of the pi system, Y
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Y Determine this by placing the atom in a hybridization state that places )
the lone pair of electrens in o p orbital, If this increases the number of
aromatic pi electrons 10 either 2, 6, 10, 14, and so on, then the lon2 pair

of alectrons is part of the pi aromatic system. If placing the lona pair of
gloctrons in the pi system changes the total number of pi electrons to any

other number ¢.g., 3-5, 7-9, etc.), the lone palr is not part of the aromatic

pi system,

Tha lone pair on nitrogen gives the
Pt system six electeons, Therefore, the
nitrogen should be sp? hybridizad.

The lone palr gives the pi system eight
slactrons. Therafors, the nitrogan
should not be sp hybridized,

The five-membered-ring compounds furan, pyrrole, and imadazole are also aromatic:

00 O
< I I
Fuan  Pyrole  Imidazle

In these planar compounds, each heteroatom is sp* hybridized, and its unhybridized
2p orbital is part of 2 continuous cycle of five 2p orbitals. In furan, one unshared pair
of electrons of the heteroatom lies in the unhybridized 2p orbital and is a part of the pi
swstem (Figure 9.3). The other unshared pair of electrons lies inan sp® hybrid orbital,
perpendicular to the 2 orbitals, and is not a part of the pi system. In pyrrole, the un-
shared pair of clectrons on nitrogen is part of the aromaric sextet. In imidazole, the
unshared pair of electrons on one nitrogen is part of the aromatic sextet; the unshared
pair on the other nitrogen is not.

Origin of the slx pi slosirons Nature fbam'ds with compounds having a llctcfrocyrﬁc mﬁc nng ftfsed 10 One or
ithe aramatic saset) ia more other nngs. Two such compounds especially important in the biological world are
furan ond pyreole. The indole and purine:

rasonance enargy of furan is

67 kJimol (16 kealimad); that ) Ny

of pyrrofa |s 83 klimo! \ HO NH. NZ N :

121 kcalimoll, 3\ k | ‘> NG h\
N \\; N k >
| qu ‘ | X, ?

FIGURE 9.2

H
H H

Indole Serotonin Purine Adenine
(& neurotransmitter )



9.3 How Are Banzens Compouncs Named, and What Are Their Plysics! Propseties?

Indole contains a pyrrole ring fused with a benzene ring, Compounds denived from in-
dole include the amino acd Larvptophan (Secton 18.2C) and the nenrotransmitter
serotonin, Purine contains a sis=smembered pyrimidine nng fused with a five-membered
imidazole ring. Adenine is one of the building blocks of deoxyribonucleic acids (DNA)
and ribonucleic acids (RNA), as described in Chapter 20, It s also a component of the
biological oxidizang agent nicotinamide adenine dinucleotide, abbreviated NAD" (Sec

ton 21.1B),

‘EXAMPLE 9.1

Which of the following compounds are sromatic?

{a) /\ ;\
O

-+

STRATEGY

CHN (d@

Determine whether each atom of the ring contains a 2p
orbital and whethar the molecule is planar. If these criteria
ars mat, detarmine the number of pi electrons. Those having
2, 6, 10, 14, and 0 on electrons are aromatic.

SOLUTION

(a) (\’I\I

O
+

w [

PROBLEM 9.1

This molecule Is planar, and each atom
of the ring contains & 2p orbital There is
a total of 6 pi elactrons. The moleculs is
aromatic.

This molecule is planar, snd each atom of
the ring containg a 2p orbital, There is a2
total of 4 pi electrons. The moleculs is not
aromatic.

‘ U

Traat the molecule as planar for the pur
poses of detarmining aromaticity. Also,
freat each carbon atom in the ring as
containing & 2p orbital, That is, treat the
oxygen atom as sp’ hybridized, so that
one of its lone pairs of electrons will enter
the pi elactron systam (if wa do not do
this, the molecule cannot be aromatic
because an oxygen stom with two lone
pairs of electrons and two single bonds
is normally sp” hybridized). Despite these
special considerations, the molacule ands
up with a total of eight pi electrons, so
the molecule is not aromatic, Because it
is not aromatic, the oxygen has no driving
force to be sp® hybridized and is, in fact,
sp” hybridized. Also, the moleculs has no
driving force to be planar, and in fact, the
molecule is nonplanar.

See problem 9.11

Which of the following compounds are aromatic?

H

u A

ll-l
(b} @ (e} @‘

9.3 How Are Benzene Compounds Named,
and What Are Their Physical Properties?

A. Monosubstituted Benzenes

Monosubstituted alkyibenzenes are named as derivatives of benzene: an example s ethyl-
benzene. The [UPAC system rerains certain common names for several of the simpler
monosubstituted alkylbenzenes. Examples are toluene (rather than methylbenzene) and
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Phenyl group  CH.—

the aryl group desved by
ramoving 4 hydrogan from
pamene

Bonzyl group C,H,CH,—,
the alkyl group derived by
ramving a hydrogen fram
the mathyl group of toluans

Ortho (o} FRefors to groups
occupying positions 1 and 2
ond benzone ring.

Meta {m} HRefeors to groups
accupying pasitions 1 and 3
o & banzana 1ing.

Para {p) Refers 1o groups
ocupying positions 1 and 4
of & banzens 7ing.

styrene (rather than phenvlethylene):

CH4CHy CHy ‘H=CH,
Benzene Edwibenzene Toluene Stvrene
mp (*C} 5.5 -5 -a3 -31
bp (°C) 30 150 110 145

The common names phenol, aniline, benzaldehyde, benzoic acid, and anisole arc also re-
tained by the IUPAC system:

554384

Phenol Aniline Benzaldehyde  Benzoicacid  Anisole

mp (*C) 41 -6 26 1234 37
bp 1*C) 182 184 178 240 154

The physical properties of substituted benzenes vary depending on the nature of the sub-
stiment. Alkvlbenzenes, like other hydrocarbons, are nonpolar and thas have lower boiling
points than benzenes with polar substituents such as phenol, aniline, and benzoic acid.
The melting points of substituted benzenes depend on whether or not their molecules
can be packed close ogether, Benzene, which has no substitwents and is flat, can pack its
molecules very closely, giving it a considerably higher melting point than many substituted
benzenes.

As noted in the introduction to Chapter 5, the substtuent group denved by the loss of
an H from benzene is a phenyl group (Ph); that derived by the loss of an H from the methyl
group of wlnene is a benzyl group (Bn):

O O~ O= O

Benzene Phenyl group (Ph) Toluene Benanyl group (Bn)

In molecules containing other functional groups, phemyl groups and benzyl groups are
often named as substituents:

CHy W
u(C.zc\ PRCHCH,OH PhCHC!
CH,

(Z )-2—“-2-Immle '2-muhanol mmloridc

B. Disubstituted Benzenes

When two substituents occur on a benzene ring, three constitutional somers are possible.
We locate substitnents either by numbering the atoms of the ring or by using the locators
ortho, meta, and para. [he numbers 1,2- are equivalent to anthe (Greek: stright); 1.5 w0
meta (Greek: after); and 1,4 to para (Greek: beyvond).



9.3 How Are Bareens Compounds Named, and What Ars Their Pliysice! Fropseties?

When one of the two substituents on the ring imparts a special name to the com-
pound, as, tor example, toluene, phenol, and aniline, then we name the compound as &
derivative of that parent molecule, Tn this case, the special substituent ocoupies ring posi-
tion number 1, The IUPAC system retains the common name xylene for the three isomeric
dimethylbenzenes. When neither group imparts a special mame, we locate the two sub-
stituents and list them in alphabetical order before the ending -berzene, The carbon of the
benzene nng with the substituent of lower alphabetical ranking is numbered C-1.

CHy CHg CHyCHg

Q QLA Q

tBromotoluene  3Chloroaniline 1. 3-Dimethvibenzene  LChloro-fethylbenzene
(p-Bromotoluene)  (m-Chlorcaniline) (m-Xylene) (p-Chloroethylbenzene)

C. Polysubstituted Benzenes

When three or more substitnents are present o a nng, we specify their locations by num-
bers, If one of the substituents imparts a special name, then the molecule is named as a
derivative of that parent molecule. If none of the substituents imparts a special name, we
number them to give the smallest set of numbers and list them in alphabetical order before
the ending -benzene. In the following examples, the first compound is a denvative of tolu-
ene, and the second is a derivative of phenol. Because there is no special name for the third
componnd, we list its three substituents in alphabetical order, followed by the word henzene:

CHy

AChloro-Zaitrotoluene 24 6-Tribromophenal LBromo-Lethyb4
nitrobenzene

EXAMPLE 9.2

Writa names for these compounds:

COOH Q
CH, I i NOy >
U (b) fe) (d) O/\/
B Be
NOs

STRATEGY

Firs1, determine whether one of the substituents impans & special name 1o the benzene compound (2.g., 1oluene, phenol,
aniling). Identify all substituents and list them in alphabetical order. Use numbers to indicate relative position. The locators
ortho, mets, or para can be used for disubstitutad benzenes.
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SOLUTION
{a) 3-Jodotoluene or m-iodotoluene (b] 3,5-Dibromobenzoicacid (¢} 1-Chloro-2,4-dinitrobenzene (d) 3-Phenylpropene

See problems 9.13, 914

PROBLEM 92

Write names for these compounds:
on Q FO0H
la) (b} — (e}
Polynuciear scomatic Polynuclear aromatic hydrocarbons (PAHs) contain two or more aromatic rings,

M A rrvdrc-'carb:n each pair of which shares two ring carbon atoms. Naphthalene, anthracene, and phen-

t;?;"‘:::;s?":z: ormorelused  onthrene, the most common PAHs, and substances derived from them are found in
coal tar and high-boiling petrolenm residues. At one time, naphthalene was nsed as a
moth repellent and isecticide in protecting woolens and furs, but its use has decreased
duc to the mtroduction of chlorinated hydrocarbons such as pdichlorobenzene. Also
found m coal tar are lesser amounts of benzo|a|pyrene. This componnd is found as
well in the exhausts of gasoline-powered internal combustion engines (for example,
automobile engines) and in cigareite smoke. Benzola|pyrene is a very potent carcino-
gen and mutagen,

Naphthalene Anthracene Phenanthrene Benzola]pyrene

9.4 What Is the Benzylic Position, and How Does
It Contribute to Benzene Reactivity?

As we have mentioned, benzene’s aromaticity canses it to resist many of the reactions that

alkenes typically undergo. However, chemists have been able to react benzene in other

ways. This is fortunate because benzene nngs are abundant in many of the compounds that

society depends upon, including various medications, plastics, and preseyvatives for food.
Bensylic carbon  An s We begin our discussion of benzene reactions with processes that take place not on the ring
hybridizad carbon bonded 1self, but at the carbon immediately bonded to the benzene nng. This carbon 1s known as
10 @ benzene ring, a benzylic carbon,



9.4 Whatls the Bemylic Fosition, and How Does It Contribute 1o Bereans Reactivity! -

Benzene is unaffected by strong oxidizing agents, such as HyCrO, and KMnO . When
we treat wluene with these oxidizing agents under vigorous conditions, the sidechan
methyl group is oxidized 1o a carboxyl group 1o give benzoic acid:;

+ HCrOy — + v

Toluene Benzow acid

The fact that the sidechain methyl group i oxidized, but the aromatic nng is un-
changed, illustrates the remarkable chemical stability of the aromatic ring. Halogen and
nitro substituents on an aromatic ring are unaffected by these oxidations. For example,
chromic acid oxidizes 2« hloro-faitrotoluenc to 2chloro-nitrobenzoic acid. Notice that
in this oxidation, the nitro and chloro groups remain unaffected:

HAy,
—_—

2Chloro4-mtrotoluene LChloro-damtrobenzoic acd
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Ethylbenzene and isopropyibenzence are also oxidized to benzoic acid under these condi-
tons, The side chian of tetbaylbenzene, which bas no benzylic hydrogen, 1s not affected
by these oxidizing conditions,

Mm + H,GOp — COOH
one ydrogen are Ethylbenzene
idized . + G
Benzoic acid
+ HoGrOy —
&m e Lsoprogylbenzene
are potoxidized

+ Hor0y ——  No

fert-Butylbenaene

From these observations, we condude that, if a benalic hydrogen exists, then the
benayvic carbon (Section 9.3A) is oxidized 1o a carboxvl group and all other carbons of the
side chain are removed. If no benavlic hvdrogen exists, as in the case of fathurndbenzene,
then the side chain is not oxidized.

I more than one alky side chain exists, each is oxidized to —COOH. Oxidation
of mexylene gives 1,3-benzenedicarboxylic acid, more commonly named isophthalic
acid:

w-Xyhene L3-Benzenedicarboxylic acid
(Isophithalic acid)

"EXAMPLE 93

Predict the products resulting from vigorous oxidation of #ach compound by H;Cr0,. The various by-products that ars formed
from benzylic oxidation reactions ara usually not specified.

{a) 14 -dimethylbenzens |pxylens) (b)

STRATEGY

Identify sll the alkyl groups in the reactant. If 3 benzylic hydrogen exists on an alkyl group, chromic actd will oxidize it to a
— COOH group.



9.5 Whut s Bectrophilie Aromatic Substiiuton?

SOLUTION

chramie scid oxidizes both alkyl groups to —COOH greups.
and the product is tesephithalic acid, one of wo compounds

required for the synthesis of Dacron polyvester and Mylar
(Section 17481

(a) (:H,—Q—cm R HOE -@—wu

1,4-Dimethylbenzene 1,4-Benzanedicarboxylic acid
(p-Xylena) (Terephthalic acid)

o =0k

this alkyl group has no benadic
hydrogens and is not oxidized

. See problem 9.30 |

|

PROBLEM 93

Predict the products resulfing from vigorous oxidation of each compound by H,CrO4:

9.5 What Is Electrophilic Aromatic Substitution?

Although benzene is resistant 10 most of the reactions presented thus far for dkenes, it is
not completely unreactive. By far the most characteristic reaction of aromatic compounds
is substitution at a ring carbon. Some groups that can be introduced directly onto the
ring are the halogens, the nitro (— NOy) group, the sulfonic acid (—SOH) group, alkyl
(—R) groups, and acyl (RCO—) groups,

Fitly
- (:!2 — +

Chlorobenzene

Hs0, )
+ HNOy — + H

Nitrobenzene

Hilogenation:

Nitration:
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Electrophiiic aromatic
substitution A reaction In
which an slectrophile, E°,
substitutos for 8 hydrogon
ON 8N aromatic nng.

Sullonarion:

@‘_« + HI.OSO‘ —

Benzenesulfonic acid
Alkylation;
+RX —— + HX
An alkvlbenzene
Acylation:
O
[ Nty
+ R—C—X —
Anacyl An soylbenzene
halide

9.6 What Is the Mechanism of Electrophilic
Aromatic Substitution?

Lin this section, we study several types of electrophilic aromatic substitution reactions—hal
is, reactions in which i hydrogen of an aromatic ring is replaced by an electrophile, E*. The
mechanisims of these reactions are actuallv very similar. In fact, they can be broken down
into three common steps:

Step 11 Generation of the electrophile. Thisis a reaction pattern specific to cach particular
clectrophilic aromanic substitution reaction,

Reagent(s) — E°

Step 20 Reaction of a nucleophile and an electrophile to form 2 new covalent bond. At-
tiack of the electrophile on the aromatic ring to give a resonancestabilized cation

intermediate:
H H + H
H
+ i‘-’ - -—
Ra= G-
(the nucleophile) Resonancestabilized cation mtermediate

Step % Take a proton away. Proton transfer to a base to regenerate the aromatic ring:

“‘\
@uuﬂax =, ©/'+ Base-FH
+

The reactions we are about to study differ only in the way the electrophile is generated
and in the base that removes the proton to re-form the aromatic ring. You should keep this
principle in mind as we explore the details of each reacton.
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A. Chlorination and Bromination

Chlonne alone does not react with benzene, in contrast to sts mstantaneous addition to
cyclohexene (Section 5.3C), However, w the presence of a Lewis acid catalyst, such as
ferrie chloride or aluminum chloride, chlorine reacts o give chlorobenzene and HCL
Chemists account for this twpe of electrophilic aromatic substivution by the following
three-step mechanism:

) |
Electrophilic Aromatic Substitution—Chlorination

STEP 1 Formation of the Electrophile. Reaction between chloring (& Lewis basa) and FeCly
|a Lewis acid) gives an ion pair containing a chicronium ion {an electrophile):

the clectropbile

a a a
Chlorine  Ferric chloride 3:0' 'm'.‘"”""ch aﬁfﬂmm An ion par containing
{aLewis base)  [a Lewis acid) and a negative charge on iron & chloronium fon

STEP 2. Reaction of a nucleophile and an electrophile to form a new covalent bond.
Reaction of the Cl,-FeCly jon pair with the pi electron cloud of the aromatic ring
forms a resonance-stabilized cation intermediate, represented hece as a hwbrid of

three contributing structuras:
e dwmminng
G G A
{the nucieophile Resonance-stabilized cation intermediate The pasitive charge on the
(esoname-stahilized
STEP 3: Take a proton away. Proton transfar from the cation intermediate to FeCl, forms |Metmgd|a't;|s distr lbl”dlhe
I is aci ives chl : approximately equaly on
HCI, regenarates the Lewis acid catalyst, and gives chlorobenzena carbon atoms 2, 4. and 6 of
¢ Q a the ring relative to the point
H'\J : , 3 2 ) of substitution.
0 MFe-a — G 4+ H—Clt + Fe—Cl
i | |
o Cl Q
Cation Chlorobenzens
intermediate

Treatment of benzene with bromine in the presence of ferric chloride or aluminum
chloride gives bromobenzene and HBr. The mechanism (or this reaction 1s the same as that
for chlorinanon of benzene,

The major difference hetween the addition of halogen to an alkene and substi-
tution by halogen on an aromatic ring is the fate of the cation intermediate formed
after the halogen is added to the compound. Recall from Section 5.3C that the addi-
tion of chlorine to an alkene is a twosstep process, the first and dower step of which
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is the formation of a bridged chloronium ion intermediate. This imtermediate then
reacts with chlonide jon 10 complete the addition. With aromatic compounds, the
cation intermediate loses H™ to regenerate the aromatic ving and regain its large
resonance stabilization, There is no such resonance stabilizaton to be regained in
the case of an alkene,

B. Nitration and Sulfonation

The sequence of steps for the nitraton and sulfonaton of benzene is similar to that for
chlonmation and bromination. For nitration, the electrophile is the nitronium ion, NO,7,
generaied by the reaction of nitric acid with sulfuric acid, In the following equations nitric
acid is written HONO, 1o show more clearly the ongin of the nitronium ion.

}Mechanism

Formation of the Nitronium lon

STEP 1: Add a proton. Proton transfer from sulfuric acid to the OH group of nitric acid gives
the conjugate acid of nitric acid:

H
.. . * l
H— O — NGy + llU;—so,ll == H— 0 —NO + HS50]
Nitric acid Conjugate acid
of nitric acid

STEP 2: Break a bond to form a stable ion or molecule, Loss of water from this conjugate
acid gives the nitronium ion, NO,'-

lll H the electrophise
N0 N0 == 1—0: + N

The nitronium ion

L

}Mechamsm
Formation of the Sulfonium lon

The sulfonation of benzene is camried out using hot, concentrated sulfunc acid. The eleciro-
phile under these conditions is either SO; or HSO;', depending on the experimental condi-
tions. The HSO;" electrophile is formed from sulfuric acid in the following way:

STEP 1: Add a proton. Proton transfer from one molecule of sulfuric acid to the OH
group of another molecule of sulfuric acid gives the conjugate acid of sulfuric

acid:
(8]

I 3 %am 1 . LI
IIO—S—QH + II—Q—S—OH — llO-S—()t\ + 0—S§—O0H
I | [ % 1
8] 0 0

Sulfuric acid Sulfuric acid
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STEP 2: Break a bond to form a more stable ion or molecule. Loss of water from this conju-
gate acid gives the sulfonium ion as the olectrophile:

the electraphile
ﬂ P ‘"’ H
Hn—ﬁ~b§ = HO §+ 4]
|
o H o H

The sulfonium ion

o

EXAMPLE 94

Write a stepwise machanism for the nitration of benzana.

STRATEGY

Keep in mind that the machanisms of electrophilic aromatic substitution reactions are all very similar, After the formation of
the electrophile, attack of the electraphile on the aromatic ring ocours 1o give a resonance-stabilized cation intermediate. The
last step of the mechanism is proton transfer to a base to regenerate the aromatic ring. The base in nitraticn is water, which
was generated in the formation of the alectrophile.

SOLUTION

STEP 1 Reaction of a nucleophile and an electrophile to form a new covalent bond. Reaction of the nitronium ion (an elec-
trophile) with the benzena ring |a nucleophile} gives a resonance-stabilized cation intermediate,

NO, NO,

(G =) - Q)

STEP 2: Take a proton away. Proton transfer from this intermediate to H,0 regenerates the aromatic ring and gives

nitrobenzane:
NO, NOy
II.O. + é © + HgO"
Nitrobenzens
See problems 9.21, 9.22

PROBLEM 94

Write a stepwise mechanism for the sulfonation of benzene. Use HSO; " as the electrophile,

C. Friedel-Crafts Alkylation

Alkvlation of aromatic hvdrocarbons was discovered in 1877 by the French chemist
Charles Friedel and a visiing Amencan chemist, James Crafts. They discovered that mix-
ing benzene, a haloalkane, and AICl results m the formation of an alkylbenzene and
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HX. Friedel-Crafts alkylation forms a new carbon—carbon bond between benzene and an
alkvl group, as illustrated by reactnon of benzene with 2-chloropropane in the presence
of aluminum chloride:

Benzene  2Chloropropane lsopropylbenzene
{Isopropyl chloride) {Cumenc)

Friedel-Crafts alkylation is among the most important methods for forming new carbon-
carbon bonds o aromatic nings.

}Mecha.n.ism
Friedel-Crafts Alkylation

STEP 1: Formation of an electrophile. Reaction of a haloalkane (& Lewis base} with alumi-

num chloride {a Lewis acid) gives a molecular complex in which aluminum has a

negative formal charge and the halogen of the haloalkane has a positive formal

charge, Redistribution of electrons In this complex then gives an alky! carbocation
as part of an ion pair:

(l.‘.l (IZI Cl
R —(:I:I:/::\l-—(’.l = R—Ci—AI—C == R":{i—AI—Q
l (P |
Cl Cl Cl
A molecular complex An jon pair
with a pasitive charge on containing
chlorine and & negative a carbocation

charge on aluminum

STEP 2: Reaction of a nucleophile and an electrophile to form a new covalent bond.
Reaction of the alkyl carbocation with the pi electrons of the aromatic ring gives a
resonance-stabilized cation intermediate:

\ H H i
+R° — — + =
R R R

The positive charge is delocalized onto
three atoms of the ring

STEP 3: Take o proton away. Proton transfer regenerates the aromatic character of the ring
and the Lewis acid catalyst:

-\H/—\ |
b 2C1- Al C — R + Al + H—Ci:

(

2
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There are two major limitations on Friedel-Crafts alkylations. The first is that it is
practical only with stable carbocations, such as 5° carbocations, resonancestabilized car
hocations, or 2° carbocations thit cannol undergo rearvangement (Section 5.4), Primary
carbocations will undergo rearrangement, resulting in multiple products as well as bond-
ing of the benzene ring to unexpected carbons in the former haloalkane.

The second himitation on Friedel-Crafts alkvlation is that it fails altogether on ben-
zene nings bearing one or more srongly electronwithdrawing groups. The following table
shows some of these groups:

Y

ANy .
+ RX == No reaction

When Y Equsls Any of These Groups, the Benzene Ring
Doses Not Undergo Friedel-Crafts Alkylation

Determine Whether a Substituent
on Benzene Is Electron Withdrawing

5

[ 1 Determine the charge or partial charge on the atom directly bonded to the ben-
zene ring. If it is positive or partially positive, the substituent can be considered
0! to be electron withdrawing. An atom will be partially positiva if it is bonded to
@Y  anatom more electronegative than itself.
o
fom
o
- »
' N e
- I g e !

A common characteristic of the groups listed in the preceding table is that cach has
either a full or partial positive charge on the atom bonded to the benzene ning. For car-
honyl-containing compounds, this partial positive charge arises because of the difference in
clectronegativity between the carbonyl oxygen and carbon, For — CFyand — COlg groups,
the partial positive charge on carbon arises becanse of the difference in electronegativity
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between carbon and the halogens bonded to it [n both the nitro group and the wialkylam-
moninm group, there is a positive charge on nitrogen:

bonds hase & formal charge of +1

&_

¥ 01 A
ol n [ e,

saloadoalon

The carbonyl A trifluore- Ani A rrimethyl-
' ) nitro group 1
group of a ketone methyl group Ammonium group
recall that oxygens with anly one
bonel and three lone pairs of electrons
iave a formal charge of <1

D. Friedei-Crafts Acylation

Friedel and Crafts also discovered that treating an aromatic hydrocarbon with an acyl
Acyl halide & decvative oF halide in the presence of aluminum chloride gives a ketone. An acyl halide is a derivative
§ CAT00NY)IG 0wt 1y WHNE of a carboxylic acid in which the —OH of the carboxyl group is replaced by a halogen,

the —DH of tha carboxy! { . g & g
s . _ most commonly chlorine. Acyl halides are also referred 1o as acid halides. An RCO—
group 18 replaced by a L

halogen —mast commonly, group is known as an acyl group; henee. the reaction of an acyl halide with an aromaric
chioring hydrocarbon is known as Friedel-Crafts acylation, as illustrated by the reaction of ben-
rene and acetd chloride in the presence of aluminum chloride w give acetophenone:
O
I
CCHy
I
+ CHOO — + HOI
Benzene  Acetyl chlonde Acetophenone
(an acyl halide) (a ketone)

In Friedel-Crats acylations, the electrophile is an acybum ion, generated in the following way:

Friedel-Crafts Acylation—Generation of an Acylium lon

STEP 1: Formation of an electrophile. Reaction between the halogen atom of the acyl chiaride
(8 Lawss base| and aluminum chioride (a Lewis acid) gives a molecular complex.The
redistribution of valence electrons in turn gives an ion pair containing an acylium ion:

e Elecicahit
0 Cl O (o O Cl
} N - & [ | .
R—C—Qf + I“ —Q == R—C—C— ,Iu—a = R— c’ u—,'l.l —a
Cl i Cl
An acyl Aluminum A molecular complox g
( lf:wz.d) ( fh"’,'ida.d’ with & positiva charge on 22;;;:;
alewis a
alewisacidl  chiorine and a negative an scylkim fon

charge on gluminum

Steps 2 and 3 are identical to steps 2 end 3 of Friadel-Crafis alkylation [Section $.6C). r
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EXAMPLE 95

Write a structural formula for the product formed by Friedel-Crafts alkylation or acyletion of benzene with

O
Cl
(a) O/\O (b) g 0 )W/

STRATEGY

Utilize tha fact that the halogenated reagent in Friedel-Crafts reactions will normally form a bond with benzene at the carbon
bonded to tha halogen (Br or Cl). Tharafore, to pradict the product of a Friedel-Crafts reaction, raplace the halogen in the
haloalkane or acyl halide with the benzene ring. One thing to be wary of, howeves, iz the possibility of rearrangement once
the carbocation is formed.

SOLUTION

{a] Treatment of benzyl chioride with sluminum chioride gives the resonance-stabilized benzyl cation, Reaction of this cation
(an alectrophile} with benzena [a nucleophile}, followed by loss of H', gives diphenylmethane:

O O = OO

Benzyl cation [a nucleophile) Diphenylmethane
{an electrophile)

{b) Treatmeant of benzoyl chloride with aluminum chloride gives an acyl cation, Reaction of this cation with benzene,
followad by loss of H', gives benzophenone:

Benzoyl cation Benzoghenone
[&n electrophila)

{e) Treatment of 2-chloro-3-methylbutana with aluminum chioride gives a 2° carbocation, Becsuse there is an adjacent
3° hydrogen, a 1,2-hydride shift can occur to form the more stable 3° carbon. It is this carbon that reacts with benzene,
followed by loss of H', to give Z-methyl-2-phenylbutane,

rearrangement produces it more stable cation
and occurs before benzene can aack

| Zdwyckricke
- *y\ H shin K @

—————
+

A 2° carbocation A 3% carbocation 2-Mathyi-2-phanylbutane

i See problems 9.18, 9.19
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PROBLEM 95
Write a structural formula for the product formed from Friedel-Crafts alkylation or acylation of benzene with

Cl
(8)
a
{a) >‘)ka {b) U le)

E. Other Electrophilic Aromatic Alkylations

Once it was discovered that Friedel=Crafts alkylations and acsiations involve cationic inter-
mediates, chemists realized that other combinations of reagents and catalysts conld give
the same mtermedates, We study two of these reactions i this section: the generation of
carbocations from alkenes and from alcohols.

As we saw in Section 5.3B, treatment of an alkene with a strong acid, most commonly
Hy50, or HPOy, generates a carhocation, Isopropyibenzene is simthesized industrially by
reacting benzene with propene in the presence of an acid catalyst:

Ha

Benzene Propene Lsoprogylbenzenc
(Camene)

Carbocations are also gencrated by treating an alcobol with HySO, or H PO, (Section 8.2E):

@+Ho—éﬁﬂl@_é+ugo

Benzene 2Methyi-2
phenvipropane
( tert-Bunthenzene)

EXAMPLE 96

Writa a machanism for the formation of isopropylbenzene from benzene and propene in the presancs of phosphoric acid,

STRATEGY

Draw the mechanism for the formation of the carfbxocation, This step constitutes the generation of the electrophile. The remain-
ing steps in the machanism are the usual: attack of the alectrophile on benzene and proton transfer to rearomatize the ring.

SOLUTION
STEP 1: Add a proton. Proton transter from phosphoric acld to propene gives the isopropyl cation:
O amt :
A O Pl

% ¢ ) |
CHCH=CHy + H—0—P—0—H CHyCHCH; + 70 —P—0—H
OH OH

STEP 2: Reaction of a nucleophile and an electrophile to form a new covalent bond. Reaction of the isopropyl cation with
benzene gives a resonance-stabilzed carbocation intermediate:

H

. yravoion \ CH(CH;)s
+ “CH(CHg}y =
H
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STEP 3 Take a proton away. Proton transfer from this intermedizte to dibydrogen phosphate ion g_ives isopropylbenzene:

H
(8] 0
\ CHCHg): 22 Wil
+ 0=—F—0—H — CH{CH3)s + H—O—P—0—H
A I
g OH OH
Isopropylbenzene

See problems 9.18, 9.19, 9.33, 9.34 [

PROBLEM 96

Write & mechanism for the formation of tert-butylbenzena from benzene and tert-butyl alcohol in the presence of
phosphoric acid.

F Comparison of Alkene Addition and Electrophilic Aromatic
Substitution (EAS)

Electrophilic aromatic substitution represents the second instance in which we have
encountered a C=C double bond attacking an clectrophile. The first instance was
in our discussion of alkene addition reactions in Section 5.3, Notice the similarities
in the first step where a C=0C double bond attacks an electrophilic atom (H™ or
E*). In Step 2, however, alkene addition results in the attack of a nucleophile on the
carbocation, while EAS results in abstraction of a hydrogen by base. In one reaction,
the C=C double bond is destroyed, while in the other, the C=C double hond is

regenerated,
Addition 10 an Alkene
H i H
& 5
H—r:\?: 1 L-n
—_— + Ny —
oy N T2 §

H y T:.
H

Electrophilic Aromatic Substiturion

H
| k
R .
e PiBase ——
sep | wp2
H i H

9.7 How Do Existing Substituents on Benzene Affect
Electrophilic Aromatic Substitution?

A. Effects of a Substituent Group on Further Substitution

In the electrophilic aromatic substitution of a monosubstituted benzene, three isomeric
products are possible: The new group may be onented ortho, meta, or para to the exist-
ing group. On the basis of a wealth of experimental observations, chemists have made the
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Ortho-para director  Any

substituent on a benzone
ring that directs ¢lactrophilic
aromatic substitution
prafarantially to ortho and
pan positions

Meta director Any
subiatituent on & bentene
ring that directs vlectrophilic
aromatic substituton
prafarentially to @ meta
pasition,

Activating group Any
subgtituant on a benzeng
ring that causas the rate
of electrophilic srometic
substitution to be graator
than that foe benzeng

Deactivating group  Any
suhstituent on a banzene
ring that causes the rate
of alectrophilic aromatic
subatitution 10 be lower
than that for benpane

following generalizations about the manner in which an existing substituent influences
further electrophibe aromatic substitution:

L. Substituents affect the onentation of new groups. Certain substituents direct a second sub-
stituent preferentially to the ortho and para positions; other substituents divect it pref-
erentially to a meta posiion. In other words. we can classify substituents on a benzene
1ing as ortho-para directing or meta directing.

2. Subshtwents affect the rate of further substitution. Cerain substituents cause the rate of a
second substitution to be greater than that of benzene itself, whereas other substituents
canse the rate of a second substitution o be Jower than that of benzene, In other words,
we can classify groups on a benzene ring as activating or deactivating toward funther
substitution.

To see the operation of these directing and activating-deactivating effects, compare,
for example, the products and rates of bromination of anisole and nitrobenzene. Bromina-
tion of anisole proceeds at a rate 1.8 X 107 greater than that of hromination of benzene
(the methoxy group is activating), and the product is 3 mixwre of ohromecanisole and

Jhromoanisole (the methoxy group is ortho-para directing):

the bromination of anisobe proceeds many times fister
mmwmummkn
activating that oo catahst is necessany in this reaction

OCH; OCH,
@ + By T ©) @ + HBr
Anisole o-Bromoanisole (4%)  p-Bromoanisole {D65)

We see quite another situation m the mitration of nitrobenzene, which proceeds
10,000 times slower than the nitration of benzene isell, (A nitro group is strongly
deactivating.}) Also, the product consists of approximately 93% of the mera isomer
and less than 7% of the ortho and para isomers combined (the nitro gronp is meta
directing):

MMJWMM
times shower than the nitration of berzene

NO,

Nitrohenzene m-Dinirobenzene  o-Dinitrobenzene  p-Dinitrobenzene
(93%) . :

Less than 7% combined

Table 9.1 lists the directing and activating—deactivating effects for the major func-
tional groups with which we are concerned in this text.



9.7 How Do Existing Substitusnts an Barzans AMoect Electrophilic Ararmatlc Substituticn? ©

Effecty of Substituents on Further Electrophilic Aromatic Substitution

strongly " " E 2 "
activating —NH; —NHR —NR; —OH —OR
£ | moderataly 0 0 0 0
§ | sctivating P2 ar:h " | "
5 —NH(R — NHCAs — (R —OCAr
e
weskly
f activating ~R
B
o
weakly : ” " . J
daactivatng —b -l —Br —1: | &
o
i
g | DRy T T i i i :
i b ~CH ~CR ~COH ~COR ~ NI, g
= strongly ¥
g daactivating — N, —NH, ' —(F, -0,

If we compare these ortho-para and meta directors for strsctural similarities and
differences, we can make the following generalizanons:

L. Alkyl groups, phenvi groups, and substituents in which the atom honded 1o the ring has
an unshared pair of electrons are ortho-para divecting, All other substituents are meta
directing,

2 Except for the halogens, all ortho—para directing groups are activating toward further
substitution. The halogens are weakly deactivating,

4. All meta directing groups carry either a partial or full positive charge on the atom
honded to the ring.

We can illustrate the usefulness of these generalizations by considering the syn-
thesis of wo different disubstituted derivatives of benzene, Suppose we wish 10 prepare
mhromonitrobenzene from benzene. This conversion can be carmed out in two steps:
nitration and bromination. If the steps are carried out in just that order, the major
product is indeed sehromonitrobenzene. The nitro group is a meta director and di-
rects bromination to a meta position:

NOg NO,
S0 firy
@ “NO: @ - @
Be

Nitrobenzene m-Bromonitrolenzene

If, however, we reverse the order of the steps and first form bromobenzene, we now
have an ortho-para directing group on the ning. Nitration of bromobenzene then
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takes place preferentially at the ortho and para positions, with the para product

predominating:
—Jris un ortho-para director
e Br Br
NOs
Brr Hy™ i,
Oy NG +
NOy
Bromobenzene  o-Bromonitrobenzene p-Bromonitobeozene

As another example of the importance of order in electrophilic aromatic sabstitu-
tions, consider the conversion of toluene 1o nitrobenzoic acid. The nitro group can be
mtraduced with a mitrating mixture of nitric and sulfuric acids. The carboxy group can be
produced by oxidation of the methyl group (Section 9.4).

CHy COOH
~CHy hu“: Wm HS0, L.l reldy
- u.sn,
CHy
NOs NOy
4-Nitrotoluene 4-Nitrobenzoic acad
COOH COOH
Toluene
His, HNOY
NO,
~COOH is i meea director Benzoic acid ANitobenzoic acid

Nitration of toluene yields a product with the two substituents para to each other,
whereas nitration of benzoic acud vields a product with the substituents meta to each other.
Agam, we see that the order in which the reactions are performed is critical.

Note that, in this last example, we show nitration of toluene producing only the para
ssomer. In practice, because methyl i an ortho—para directing group, both ortho and para
womers are formed. In problems in which we ask you to prepare one or the other of these
isomers, we assume that both form and that there are physical methods by which vou can
separate them and obtain the desired isomer.

Complete the following electrophilic aromatic substitution reactions, Where you predict meta substitution, show only the
meta product. Where you predict ortho-para substitution, show both products:

OCH, SOH
Cl

+ — (b) + HNOy s
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STRATEGY
Determing whether the existing substituant is ortho-para or meta directing prios to completing the reaction,

SOLUTION

The methoxyl group in (3} is ortho-pars directing and strongly sctivating, The sulfonic acid group in {b) is meta dirécting and
moderately deactivating.

—OCH, is an oetho-para director
’ _es \5
Q1
{a) + * ﬂ' +
2-Isopropylanisole 4-lsopropylanisole

lortho-isopropylanisole]  [para-isopropylanisole)

NOy

3-Nitrobenzenesulfonic acid
(meta-nitrobenzenesulfonic acid|

I See problems 9.24-9.26, 9.31, 9.32, 9.42-9.44, 9.46, 9.47

"PROBLEM 9.7

Complete the following alectrophilic aromatic substitution reéactions. Where you predict meta substitution, show only the
meta preduct. Where you predict ortho-para substitution, show both products:

# O
(8] 180, 151
lal + HNOy —— {b) + HNOy —
O

B. Theory of Directing Effects

As we have just seen, a group on an aromatic ring exerts a major effect on the patterns of
further substimton, We can make these three generalizations:

L. If there 1s a Jone pair of electrons on the atom honded to the ring. the group is an
ortho-para director,

te

I there is a full or partial positive charge on the atom bonded to the ring, the group is
a meta director.

3. Alkvl groups are ortho—para directors,
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We account for these patterns by means of the general mechanism for electrophilic
aromane substitution first presented in Section 9.5, Let us extend that mechansm o con-
sider how a group already present on the ring might affect the relative stabilities of cation
intermediates formed during a second substitution reaction.

We begin with the fact that the rate of electrophilic aromatic substitution is determined
by the slowest step in the mechanism, which, m almost every reaction of an clectrophile
with the aromatic ring, 1s attack of the electrophile on the ring to give a resonance-stabilized
cation intermediate. Thus, we must determine which of the alternative carbocation inter-
mediates (that for ortho—para substitution or that for meta substitution) is the more stahle.
That is, we need ta show which of the alternative cationic intermediates has the lower act-
vation energy for its formation.

Nitration of Anisole

The rate-determining step in nitration is reaction of the nitronium ion with the aromatic
ring to produce a resonancestabilized cation intermediate. Figure 9.4 shows the cation
intermediate formed by reaction meta 10 the methoxy group, The figure also shows the
cationic mtermediate formed by reaction para to the methoxy group, The intenmediare
formed by reaction a1 a meta position is 4 hybrid of three major contributing structures:
(a), (b), and (¢}. These three are the only important contmbuting structures we can draw
for reaction at a meta position.

Ihe catiomic intermediate formed by reaction at the para position i a hybrid of four
mijor contributing structures: (d), (e}, (0, and (g). What is important about structure
(£) is that all atoms in it have complete octets, which means that this structure contributes
more to the hybrid than structures (d). (e). or (g). Because the cation formed by reaction
at an ortho or para position on anisole has a greater resonance stabilization and, henee, a
lower activation energy for its formation, nitration of anisole oceurs preferentially in the
ortho and para positions.

Nitration of Nitrobenzene
Figure 9.5 shows the resonancestabilized cation intermediates formed by reaction of the
nitronim ion meta 1o the nitro group and also para w it

Each cation in the figure is a hybrid of three contributing structures; no additional
ones can he drawn. Now we must compare the relative resonance stabilizations of cach

meta attack
OCH, OCH, OCH4 OCH; OCH,
o = @.,._.@ | ®
H
NO, NO, T N0, NO,
e (c) -
hmw
g kb B contribating structure B
OCH,4 :0CH, :OCH,4 C’i’)cn.. 1OCH; OCH,
+ NOyt — — — — -
+ + H
artho axtack would H NO, H No, H NO, H NO, NO,
smihyiddd = () © ( @ - '
i i FIGURE 9.4

Nitration of anisole. Resction of the electrophile meta and para 1o a methoxy group. Regeneration
of the sromatic ring 18 shown from the rightmost contributing structure In each casa.
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meta attack
NO, NO, N0,
‘lm
+ NOy' — @n PR @ H
— {a) (c) -
ﬂwmdsmmd
para attack s uwm:ﬁugm =
NO,
+ N(_):‘ diw |: i I ‘ I: :I
H NO, H NO
T {d) (e) (fl =
FIGURE 9.5

Nitration of nitrobenzone. Reaction of the electrophila meata and para to a nitro group, Regenoration
of the aromatic ring s shown from tha nghtmoest contributing structure in each cass.

hybirid. If we draw a Lewss structure for the mitro group showing the positive formal charge
on nitrogen, we see that contributing struciure (€) places positive charges on adjacent
A10Mms:

Os}h/..
> posiiive cliarges
on adiacent atoms
destahilize 1the
nermedinte

H NO,
(e)

Because of the electrostatic repulsion thus generated, structure (¢) makes only a negli-
gible contribution to the hybrid. None of the contributing structures for reaction at a
meta position places positive charges on adjacent atoms. As a consequence, resonance
stabilization of the cation formed by reaction at a meta posinon is greater than that for
the cation formed by reaction at a para {or ortho) position. Stated altermatively, the
activation energy for reaction at a meta position is less than that for reaction at a para
position.

A rompanson of the entries in Table 9.1 shows thar almost all ortho-para directing
groups have an unshared pair of electrons on the atom bonded to the aromatic nng, Thus,
the direcring effect of most of these groups is due primarily 1o the ability of the atom
bonded to the ning 1o delocalize further the positive charge on the cation intermediate,

The fact that alkyl groups are also ortho-para directing indicates that they. too. help
to stabilize the cation intermediate. In Section 5.3, we saw that alkyl groups stabilize car-
bocaton mtermediates and that the order of stability of carbocations s 3° > 2° > 1" >
merhyl, Just as alkyl groups stabilize the cation intermediates formed in reactions of al-
kenes, they also stabilize the carbocation intermediates formed in electrophilic aromatic
substitutions.

To summarize, any substituent on an aromatic ring that further stabilizes the caton
intermediate directs ortho—para, and any group that destabilizes the cation intermediate
directs meta.

NO,

NO,

NO,

NO,

mhomkﬁmldmy
yiekl $ contributing structures,

' ommmmm

adacent 10 -NO,
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EXAMPLE 98

Draw contributing structures formed during the pars
nitration of chlorobenzane, and show how chlorine par-
ticipates in directing the incoming nitronium ion to ortho-
para positions.,

STRATEGY

Draw the intermediate that Is formed initially from para
attack of the alectrophile. Then draw & contributing struc-
ture by moving electrons from the pi bond adjacent to the
positive charge, Repeat for all contributing structures until
all resonance possibilities have been exhsusted. Nore:
Be sure to look for resonance possibilities outside of the
benzene ring.

SOLUTION

Contributing structures (a), (b), and {d] place the positive
charge on atoms of the ring, while contributing structure (c)
places it on chloring and thus creatas additiona! resonance
stabilization for the cation intarmediate:

: :61: C(Il: Cl
H NOy H O H  NOy H Ny
(a) (b) (e (d)

PROBLEM 98

Because the electronegativity of oxygen is greater than that
of carbon, the carbon of a carbonyl group bears 3 panial
positive charge, and its oxygen bears a partial negative
charge. Using this information, show that a carbony! group
is meta directing:

C. Theory of Activating-Deactivating Effects

We account for the activatng<deactivating effects ol substituent groups by a combination
of resonance and imductive effects:

L. Any resonance effect, such as that of —NHy, —OH, and — OR, which delocalizes the
positive charge of the cation intermediate lowers the activation energy for its forma-
tion and is actvating toward further clectrophilic aromatic substitution. That is, these
groups increase the rate of electrophilic aromatic substitution, compired with the rate
at which benzene itself reacts.

e

Any resonance or inductive effect, such asthat of —NO,, —C==0, —SOH, —NR,",

— €, and — CFy, which decreases electron density on the ring, deactivates the ring
to further substitution, That is, these groups decrease the rate of further electrophilic
aromatic substitution, compared with the rate a1 which benzene iisell reacts.

S0 Any inductive effect {such as that of —CHg or another alkyl group), which releases
electron density toward the ring. activates the ring toward further substitution,

In the case of the halogens, the resonance and inductive effects operate in oppasite
directions. As Table 9.1 shows, the halogens are ortho-para directing, but. unlike other
ortho-para directors listed in the table, the halogens are weakly deactivating. These obser-
vations can be accounted for in the following way.

L. The mductive effect of halogens. The halogens are more electronegative than carbon and
have an electronmwithdrawing inductive effect. Aryl halides, therefore, react more slowly
i electrophilic aromatic substitution than benzene does,
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2. The vesonance effect of halogens. A halogen ortho or para 1o the site of electrophilic attack
stabalizes the cation intermediate by delocalization of the positive cliange:

i . |
E E

EXAMPLE 99
Predict the product of 2ach electrophilic aromatic substitution.
|| 11

Pt S0,
(o) + By — (bl + HNOy ——

NO;
CHy

STRATEGY

Detarmine the activating and deactiveting affect of each group. The key to predicting the orientation of further substitution on
& disubstituted srene is that ortho-para directing groups ere always bettar at activating the ring toward further substitufion
than meta directing groups (Table 9.1). This means that, when there is compatition between ortho-para directing and meta
directing groups, the ortho-para group wins,

SOLUTION

{a) The ortho-para dirgcting and activating —OH group determines the position of bromination, Bromination
between the —OH and —NO; groups is only a minor product because of steric hindrance to attack of bromine at
this position:

this ortho position is wo stencally
hindered for astack by the elecirophile

OH OH OH
/ B
©: By ——y + @\ + HBr
NOs NOs NGO,
B

{b} The ortho-para directing and activating methy! group determines the position of nitration:

COOH COOH
+ HNO, 2 + HyO
NO;

See problems 9.24-9.26, 9.31, 9.32, 9.42-9,44, 9.46, 9.47
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PROBLEM 9.9
Predict the product of trasting each compound with HNO;/H, S0,

CHy OOH

(a) (b)

Cl

98 What Are Phenols?

A. Structure and Nomenclature

Pheno! A compount that The functional group of a phenol is a ndroxy group bonded 1o a benzene ring. We name

containg an —OH group substituted phenols eather as derivatives of phenol or by common names:
nenoad 1o @ bergana ting

(1) OH OH OH OH
f f i OH i
CHy OH
OH

Phenol  3Methylphenod 12 Beeenadiol [5-Benzenediol | 4Benzenediol
(-Cresol) (Catechol) {Resorcinol) (Hydroquinone |

Phenols are widely destributed in nature, Phenol iself and the somenc cresols (o,

e, and freresol) are found in coal far. Thymol and vanillin are imporiant constinsents of
thyme and vanilla beans, respectively:

/é)\ CHO
i OCH,

Erkeo Koga/Degita! Vesion/Satny Images, inc

Thwmal is a constituem

of garden thyme, Thymus OH
VINGAnNs
Hsopropyl-i-methylphenol  4-Hydroxy-3-methoxy-
(Thymal) benzaldehyde
(Vanilkin)

Phenol, or carbolic acid, as it was once called, i a lowamelting solid that is only stightly
sofuble i water, In sulficiently high concentrations, it 8 covrosive 1o all kinds of cefls. [n di
lute sofutions. phenol has some antiseptic properties and was introduced into the practice
of surgery by Joseph Lister, who demonstrated his technique of aseptic surgery in the surg-
cal theater of the University of Glasgow School of Medicine in 1865, Nowadays, phenol has
been replaced by antiseprics that are both more powerful and have fewer undesivable side
effects, Among these is hexylresoranol, which is widely used 1 nonpreseniption prepara-
Palson vy, tions as i mild andsepeic and disinfectant,

Charles D Winters
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OH OH
OCH, OH
OH OH
S
Hexylresorcinol Eugenol Urushiol

Eugenol, which can be isolated from the flower buds (cloves) of Evgema aromatica, is nsed
as a dental antiseptic and analgesic. Urnshiol is the main component in the irritating oil
of poison ivy.

B. Acidity of Phenols

Phenols and alcohols both contain an — OH group. We group phenols as a separate class
of compounds, however, because their chemical properties are quite different from those
of alcohals, One of the most important of these differences is that phenols are significantly
more acidic than are alcohols, Indeed, the acid ionization constant for phenol is 10° times
larger than that of ethanol!

Qi@n +HO = O—i}? b HO' K,

Phenol Phenoxade won

]

L1 X 107" pK, =995

CH,CH,OH + Hy == CH,CH,0¢ + H,0"
Ethanol Fthoxide 1on

kg
i

1.8% 107 pK, = 159

(13

Another way 10 compare the relative adid sirengths of ethanol and phenol is 10
look ar the hydrogen ion concentration and pH of a 0.1-M aqueous solution of each
(Table 9.2). For comparison, the hydrogen ion concentration and pH of 0.1 M HCl are
also included.,

In aqueons solution, alcohols are neutral substances, and the hydrogen won concen-
tration of 0.1 M ethanol is the same as that of pure water. A 0.1-M solution of phenol is
slightly acidic and has a pH of 5.4. By contrast, (.1 M HCL, a strong acid (completely ionized
in agqueous solution}, has a pH of 1.0,

The greater acidity of phenols compared with alcohols resalts from the greater sta-
bility of the phenoxide ion compared with an alkoxide ion, The negative charge on the
phenoxide ion is delocalized by resonance. The two contributing structures on the left
for the phenoxide ion place the negative charge on oxvgen, while the three on the right
place the negative charge on the ortho and para positions of the ring. Thus, in the reso-
nance hybrid, the negative charge of the phenoxide ion is delocalized over four atoms,

Relative Agidities of 0.1-M Solutions of Ethanol, Phenol, and HCI

Acid lonization Equation H*} pH
CHAHOH + H,0 == CHAH0 + HO' 1x107 | 70
CHAOH + HO = G HO + H,0° 33x10°° 54
HOL 4 H0 = (1 = HO' 0.1 10
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which stabilizes the phenoxide ion realtive 10 an alkoxide ion, for which no delocaliza-

tion is possible:
10 0) 0: 0: 0:
I ~-_H
7 Hg ) .
R - D — e
Q %)
H
These two Kekulé ssructures These three contributing sirnctires delecalize
are equivalent the negative charge onta carbon atoms of the ring

Note that, although the resonance model gives us a way of understanding why phe-
nol is a stronger acid than ethanol, it does not provide us with any quantitatnve means
of predicting just how much stronger an acid it might be. To find out how much stron-
ger one acid s than another, we must determine their pK, values experimentally and
compare them,

Ring substituents, particularly halogen and niro groups, have marked effects on
the acidities of phenols through a combination of inductive and resonance effects. Be-
cause the halogens are more electronegative than carbon, they withdraw electron den-
sity from the negatively charged oxygen in the conjugate base, stabilizing the phenoxide
10n. Nitro groups have greater electron-withdrawing ability than halogens and thus have a
greater stabilizing effect on the phenoxide ion, making nitrophenol even more acidic than

chlorophenol.
Phenol 4Chlorophenol +Nitrophenol
pK, 9.95 pK,9.18 pl\', 714

I I

O Do

 elecuniewitheiing groups withdso electron density
tmhnmnmdmmwm«ujm base,
delocalizing the charge, and this stabélizing the on

)

"EXAMPLE 9.10
Arrange these compounds in order of increasing acidity: 24-dinitrophenol, phenol, and banzyl alcohol.

STRATEGY

Draw each conjugate base, Then determine which conjugate base is mora stable using the principles of resonance and induc-
tive effects. The mora stable the conjugate base, the more acidic the acid from which it was generated.
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SOLUTION

Banzy slcohal, a primary alcohol, has & pK,, of approximately 16-18 |Section 8.2A]. The pK,, of phenal is 9,95, Nitro groups are
electron withdrawing and incraase the acidity of the phenolic — OH group. In order of increasing acidity, these compounds are!

NOy

Benzyl alcohol Phenol 2 A-Dinitrophanol
pK 16-18 pK,9.95 oK, 396

|

See problems 9.36-9.38 J

PROBLEM 9.10

Arrange these compounds in order of increasing acidity: 2,4-dichlorophenol, phenol, cyclohexanol.

C. Acid-Base Reactions of Phenols

Phenols are weak acids and react with strong bases, such as NaOH, to form watersoluble

salis:
Ot)}l + NaOH — Q()'Na' + Hy0

Phenol Sodium Sodium Water
pk, 995 Iydroxide phenoxide  pk, 15.7
{stronger acid)  {stronger basc) (weaker base) (weaker acid)

Most phenals do not react with weaker bases, such as sodinm bicarbonate, and do not dis-
solve in aqueous sodium bicarbonate. Carbonic acid is a stronger acid than most phenols,
and, consequently, the equilibrium for their reaction with bicarbonate ion lies far to the
left {see Section 2.4);

@—-\m ¢ NaHCOy —= @—O"Na'  HyCOy

Phenol Sodium Sodium Carbonic acid
pK; 995 bicarbonae phenoxide pkK, 6.56
(weaker acid)  (weaker basc) {stronger base)  (stronger acid)

The fact that phenols are weakly acidic, whereas alcohols are neutral, provides a con-
venient way to separate phenols from water-insoluble alcohols, Suppose that we want to sep-
arate 4methylphenol from cvclohexanol. Each is only slightly soluble in water: therefore,
they cannot be separated on the basis of their water solubility, They can be separated, how-
ever, on the basis of their difference in acidity. First, the mixture of the two is dissolved in
dicthyl ether or some other waterammiscible solvent. Next, the ether solution is placed in a
separatory funnel and shaken with dilute aqueous NaOIL Under these conditions, 4-meth-
viphenol reacts with NaOlH 1o give sodium 4methylphenoxide, a watersoluble salt. The
upper layer in the separatory funnel is now diethyl echer (density 0.74 g/en”), containing
only disolved cyclohexanol. The lower aqueous layer contains dissolved sodium 4-meth-
viphenexide. The layers are separated, and distillation of the ether (bp 35°C) leaves pure
cyclohexanol (bp 161°C). Acidification of the agueous phase wath 0.1 M HCl or another
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strong ackd converts sodium fmethyiphenoxide to 4methylphenol, which is insoluble i
water and can be extracted with ether and recovered in pure form. The following flowchar
summanzes these experimental steps;

o

Cycdohexanol

i

A-Methylphenol

l

dissalve i cliethyl exhes

s with 0.0 M NaOH

l

Ether lnver

COntImIng

evelohexanol

chisthl] etlied

Cyelohexanol

Aquenus baver
containing the
sodivnm &methyipheooxile

acichify with 0.1 M HC)

m,—@-—ou

FMethyiphenol

Chemical

Connections

9B

CAPSAICIN, FOR THOSE WHO LIKE IT HOT

Capsaicin, the pungant principle from the fruit of vari-
ous peppers |Capsicum and Solanaceae), was isolated
in 1876, and its structure was detarmined in 191%:

0
CHP:Q/\_?L\/\/\(
H
HO

Capsaicin
[from various types of peppars)

The inflammatory properties of capsaicin are well
known; tha human tongue can detact as little as one
drop of itin 5 L of water. Many of us are familiar with
the burning sensation in the mouth and sudden tear
ing in the eyes caused by & good dose of hot chill pep-
pers. Capsaicin-containing extracts from these flam-
ing foods are also used in sprays to ward off dogs or
other animals that might nip at your heels while you
are running or cycling.

Ironicelly, capsaicin is able to cause pain and
rafieve it as well. Currently, two capsaicin-containing
creams, Mioton and Zostrix”, are prescribed o treat the
burning pain associated with postherpetic neuralgia, 2
complication of shingles. They are also prescribed for
diebatics, to relieve persistent foot and lzg pain.

The mechanism by which capsaicin relieves pain
is not fully understood. It has been suggested that, af-
ter it is appliad, the nerve endings in the srea respon-
sible for the transmission of pain ramain tamporarily
numb. Capsaicin ramains bound to spacific receptor
sites on these paintransmitting neurons, blecking
tham from further action. Eventually, capsaicin is re-
moved from the receptor sites, but in the meantima,
its presence provides needed relief from pain.

Questions
Would you pradict capsaicin 1o be more soluble in
water or maore solubls in T-octanol?

Woaould your pradiction remain the same if capsaicin
weare first treatad with a8 molar equivalent of NaOH?




D. Phenols as Antioxidants

An important reaction i Iving systems, foods, and other matenals that contam carbon-
carbon double honds s autoxidation-—that is, oxidation requiring oxygen and no other
reactant. If you open a botde of cooking oil that has stood for o long ume, vou will notice
a hiss of air entering the hottle. This sound occurs because the consumprion of oxygen by
autoxidation of the oil creates a negative pressure inside the bottle.

Cooking oils contain esters of polyunsaturated fatty acids. You need not worry now
about what esters are; we will discuss them m Chapter 14, The important point here is tha
all vegetable oils contain faty acids with long hydrocarbon chains, many of which have one
or more carbon—carbon double bonds. (See Problem 4.44 for the structures of three of
these Latty acids,) Autoxidation takes place at a carbon adjacent to a double bond—that s,
at an allylic carbon.

Autoxidation s a radical chain process that converts an R—H group into an
R—0—0—H group, called a hydroperoxide. The process begins when energy in the form
of heat or light causes a molecule with a weak bond to form two radicals, atoms, or mol-
ccules with an unpaired electron. This step is known as chain initiation. In the laboratory,
small amounts of compounds such as peroxides, ROOR, are used as initiators because they
are easly converted o RO radicals by Tight or heat. Scientists are stll unsure precisely
what compounds act as initiators in nature, Once a radical is generated, it reacts with a
molecule by removing the hydrogen atom together with one of its electrons (H+} from an
allvlic carbon. The carbon losing the H* now has only seven electrons in its valence shell,
one of which is unpaired.

9.8 What Ars Fhenols?

Autoxidation

STEP 1 Chain Initiation—Formation of a Radical from 8 Nonradical Compound. The
radical generated from the exposure of the initiator 10 light or heat causes the
removal of a hydrogen atom (H-} adjacent to a C=C double bond to give an
allylic radical:

section of a fatty aced
hydrocarbon chain
H
or so o —CHAH=CH—H— . i
RO—OR —Lo, 2RO — —CHCH=CH—CH— + ROH
Radical Radical An allylic radical
initiator

STEP Za. Chain Propagation —Reaction of a Radical and Oxygen to Form a New Radical.
The allylic radical reacts with oxygen, itself a diradical, te form a hydroper
oxy radical, The new covalent bond of the hydroperoxy radical forms by the
combination of one electron from the allylic radical and one electron from the
oxygen diradical:

(’l)—()-
—-CHgCll=CH—(:'H— ++0—0+ — —CHy,CH=CH—CH —

Oxygenis a A hydroperoxy radical
diradical

STEP 7h: Chain Propagation—Reaction of a Radical and a Molecule to Form a New Radical.
The hydroperoxy radical removes an allylic hydrogen atom {H¢) from a new fatty
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O0=0 O—0r acid hydrocarbon chain to complete the formation of 3 hydroperoxide and, at tha
¢ m" .;h)" same time, produce a new allylic radical;

Although we reprasant (I)—O' 4

malocular axygon with —CHCH=CH—(l — + = O "r.; CH ;- ?\:.5.«‘ —_—

the Lewis structura shown - e —

in &), oxypen has lang S?cﬁonda new fatty

been known 10 exist and acid hydrocarbon chain

tahave us § dirsdlcal, as O—0—H

shawn in {b.

e (HAH = CH ~ CH ~

—mz(;u :m-("}l-CH?- + Aindr hamdtmnl . 20 FIREL, o 4
A hydroperoxide A new ailylic radical

The most important point about the pair of chain propagation steps is thar they form
acontinuons eycle of reactions. The new radical formed in Step 2b next reacts with another
molecule of O, in Step 2a to give a new hydroperoxy radical, which then reacts with a new
hydrocarbon chain to repeat Step 25, and o forth, This cyele of propagation steps repeats
over and over in a cham reaction. Thus, once a rachcal is generated i Step |, the cycle of
propagation steps may repeat many thousands of times, generating thousands and thou-
sands of hydroperoxide molecnles. The number of tnes the cvele of chain propagation
steps repeats is called the chain length.

Hydroperoxides themselves are unstable and, under biological conditions, degrade 1o
shortchain aldebvdes and carboxylic acids with unpleasant *rancid” smells, These odors may be
Familiar to you il vou hase ever smelled okd cooking ofl or aged foods thas contain polyunsany-
rated fass or oils. A similar formagon of hydroperoxides m the lowdensin hpoprotems deposited
Butylatad hydroxytciuana on the valls of arteries keads 1o cardiovascular disease i bnmans, In addicion. many effects ol ag-
{BHT} i8 often uszd as an ingare thought 1o be the result of the formation and subsequent degradation of hydroperoides,
ORI Dot gacy Foctunately, nanure has deseloped a series of defenses, including the phenol vitamin E,
10 R molisas ascorbic acid (vitamin C), and ghatathione, against the formation of destructive hydroperox-
ides. The componmds that defencd against hydroperosidies are “nature s scavengers.” Vitamin E,
for example. inserts itself mto either Step 2a or 2b, donates an 4+ from its phenolic —OH
gronp 1o the allvlic radical, and converts the radical 1o its original hvdrocarbon chain, Be-
cause the vitamin E radical is stable. it hreaks the cycle of chain propagation steps, thereby
preventing the further formation of desiructive hydroperoxides. While some hydroperox-
ides may form, their numbers are very small and they are easily decomposed 1o harmless
materials by one of several enzyme-catahzed reactions,

Unfortumately, vitamin E is removed in the processing of many foods and food prod-
uces, To make up for this loss, phenols such as BHT and BHA are added w foods 1 *retard
[their] spoifage™ (as they sav on the packages) by awtoxidation:

i &

Chiarlas D Wintars

OCH,
Viamin E Burylated Aydroxy- Aaylated bdmoxy-
mluene anisole
(BHT) (BHA)

Simnitar compounds are adided 10 other waterials, sch as plastics and mibler, © protect
them against soxidation. The protective properties of phenols may explain why the health ben-
efiss of foods such as green tea, wine. and blueberries (each of which contains large amounis of
phenolic compounds) have been Laded by nutritionssts and athers in the medical commmmity,



Surmmary of Key Questiing

SUMMARY OF KEY QUESTIONS

9.1 What Is the Structure of Benzene?

* Benzene 15 3 molecule with a high degree of unsaturation
pessessing the molecular formula CiHg. Each carbon has s
single unhybridized 2 orbitel that contains one electron.
Thase six 2p orbitals lie perpendicular to the plane of the

92  What Is Aromaticity?

* According to the Hickel criteria for aromaticity, a cyclic
compound is aromatic if it [1) has one 2p orbital on each
atom of the ring, {2| is planar so that overlap of all p orbitals
of the ring is continuous or nearly so, and {3) has 2,6, 10, 14,

ring and overlap to form a continucus pi cloud encom-
passing all six carbons.

+ Benzene and its alkyl derivatives are dassified as aromatic
hydrocarbons, or arenes.

and so on, pi electrons in the ovarlapping systam of p orbit-
als |i.e, it has dn + 2 w elactrons).

* A heterocyclic aromatic compound contains ong or more
atoms other than carbon in an aromatic ring.

93 How Are Benzene Compounds Named, and What Are Their Physical Properties?

* Aromatic compounds are named by the IUPAC system,
Tha common names toluene, xylene, styrene, phenol,
anifine, benzaldehyde, and benzoic acid are ratained.

* The CgH; — group is named phenyl, and the C:HCH, —
group is named benzyl

* To locate two substituents on a benzene ring, either num-
ber the atoms of the ring or use tha locators ortho (o),
meta (m), and para (p).

* Polynuclear aromatic hydrocarbons contain two or more
fused benzena rings.

94 What Is the Benzylic Position, and How Does It Contribute to Benzene Reactivity?

* The benzylic position is the carbon of an alkyl substiluem
Immediately bonded to the benzene ring.

95  What Is Electrophilic Aromatic Substitution?

* A characteristic reaction of aromatic compounds is elec-
trophilic aromatic substitution, which involves the sub-
stitution of one of the ring hydrogens of benzene for an
electrophilic reagent,

* The benzytic position of a benzene ring can be oxidized by
chvomic acid without affecting any of the benzene ring atoms,

* The five types of electrophilic aromatic substitution dis-
cusaed hare are nitration, halogenation, sulfonation,
Friedel-Crafts alkylation, and Friedel-Crafts acylation.

9.6 What Is the Mechanism of Electrophilic Aromatic Substitution?

* The mechanism of electrophilic aromatic substitution can
be broken down into three common steps: (1} genaration of
the electrophile, {2) attack of the electrophile on the aromatic
ring to give a resonance-stabilized cation intermediate, and
13) proton transfer to a base to regenerata the aromatic ring.

* The five electrophilic aromatic substitution reactions
studied here differ in their mechanism of formation of
the alectrophile |Step 1] and the specific base used to
affect the proton transfer 10 regenerate the aromatic
ring (Step 3).

9.7  How Do Existing Substituents on Benzene Affect Electrophilic Aromatic Substitution?

* Substituents on an aromatic ring influence both tha rate
and site of further substitution,

= Substituent groups that direct an incoming group prafer
entially to the ortho and para positions are called ortho-
para directors. Those that direct an incoming group pref-
erentially to the meata positions are called meta directors.

* Activating groups cause the rate of further substitution 1o
be faster than that for benzene; deactivating groups cause
It 10 ba slower than that for benzene.

* A machanistic rationale for directing effects is based on
the degree of resonance stabilization of the possible cat-
ion intarmediates formed upon reaction of the aromatic
ring and the electrophile.

* Groups that stabilize the cation intermediate are ortho-
para directors; groups that destabilize it are deactivators
and mata diractors.
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Electrophilic Substitution reactions

The Mechanism of Electrophilic Aromatic Substitution

’./_\\
\
M E H E H E H B -
4 \E’. ':'B. +* B-
. - P S + BH
slow *) fasl

Steps1. Addition of Sigma Complex Step 2. Proton transfer-

the electrophile-

Making the C-E bond Resonance stabilized Arenium ion  Restonng Aromaticity

Examples of Electrophilic Aromatic Substitution

Halogenation

NO,
X, FeX, ©/ Nitration
X=Q, Bl
SOH
© —» @ Sulfonation

R{'I AICI,

=
|
LOC O/ Friedel-Crafls alkylation

Friedel-Cralts acylation




The stronger sulfuric acid protonates the nitric acid to form "NO, electrophile

TN Hp O o
HO-§-8—H + HON, _=—= ;\5\4\1‘,}_. Ne + H,0
6 .. Q: H Py b:

Nitronlum oo

e ®.__NO NO, NO. H
O - ._“ - |=&

Addition of the electrophile Sigma Complex hybrid

Loss of a proton - restoring the aromaticity

TR

H No, HOH NO, "
@b —— + H30
+

nitrobenzene

The 'SO4H strong electrophile is from by protonation of SO,

/_\ sulfonium on
o) P T
. O- (e
Ho-§-5" - 0,3 /OH

o}

0. 0" &
“H  + g == g + HO-§-0%
ﬁ LOH

+ H
- SO4H OJH SO,H o SO4H
Q= |0 =, @E - &

+ hybrid
Addition of the E Sigma Complex Y

electrophile

Loss of a proton - restoring the aromaticity

R
H =
Q4H OSO;” SO3H
) — + HOSO3H = H2804

benzenesulfonic acid



Friedel-Crafts Alkylation of
Benzene

R—Cl + FeCl, —» R’ + FeCl,

?l
Cl— Fe'~Cl

RH'/ R

O — O =0

Friedel-Crafts Acylation of

Benzene
I
€. + AICl; — R—C=0: + -AICl
RS
an acyl chloride an acylium ion

|
/\ . CER C\R
© 4 R—(+:=O: = \ :B — O/ + HB*



Addition Reactions of Benzene

(1) @ +38Hg —/—* O Addition of hydrogen

cyclobenne

Cl Cl
(1) @ + 3Cl, —5:%1? Addition of halogens
Cl Cl

Cl

Benzene hexachloride (BHC)
or Gammexane

Orientation of Electrophilic
Aromatic Substitution

Monosubstituted benzene derivatives

A

Dr. Mohamed Y. Mahgoub



Positions name of monosubstituted benzene

A /IOSD
ortho ——a ~—o Ortho
M - mata
There are three isomeric products are possible:
ortho-, meta- and para-
para

A A A A
B B
s oge!
B
B
ortho isomer meta isomer para isomer

Classification of Group A

1) Ol’thO-, para- Directing groups Common Ortho / Para directing substituents
—NH,
CH;, EDG —NHR :
( —NR: —— Strongly Activating
—0—-H
e () e —
BT
Conc HNO3 'C' —— Moderately Activating
i HZSO4 —C'—(I_"'—R __J|
CH,4 CH; = ':c‘; o [ Weaky Activating
N02 =
+ —F
—C
— B t—— Weakly Deactivaing
NO, - |




Classification of Group A

1) ortho-, para- Directing groups

OCHS EDG
Anisole © @
BI’2
CH3COOH

OCH,

Sl

Common Ortho / Para directing substituents

—NH,
—NHR
—NR,
—0—H

—Q=R —

—— Strongly Activating

L Moderaely Activating

— Weakly Activating

— Weakly Deactivating

Classification of Group A

Cammon Meta Directing Substituents

2) meta- Directing groups

CHO EWG
¥,
Conc.| HNO3
H,SO4
CHO
NO,

m-nitrobenzaldehyde

0
1}
—CH
5)
—E-R
i
—t-0-r
0
il
—C—0H

O
11

—C—C —

—C=N —

~—S0_H

—NHR,
—NH,R
—NR,

o Modleratedy Deactivating

—— Strongly Deactivating

—NO, —



Inductive and Resonance Effects:
Theory of Orientation

Two types of EDG

(donates electron

(') NRZ towards the benzene
ring through
resonance effect)

(i) CHs by positive inductive

) effect (donates
electron towards the
benzene ring through
o bond)

+ For halogens, two opposing effects:

Cl qCI



Positive Resonance Effect (+R Effect): Transfer of electrons is awayv from an atom or
substituent group attached to the conjugated svstem

i S e
V-~ (-0

- R effect showing groups: — halogen, —OH,— OR, - OCOR, - NH;:,— NHR,
—=NR:, - NHCOR

Negative Resonance Effect (~ R Effect): Transfer of electrons is towards the atom or
substituent group attached to the conjugated system

QP E P E e H P
7 N N\’ N

—R effect showing groups: —~ COOH, — CHO_>C =0, — CN, - NO:

Rate of reaction (Reactivity)

e [Benzene + EDG] > benzene alone in reactivity

Because EDG increase the Nucleophilicity of benzene ring
e [benzene + EWG] < benzene alone in reactivity

Because EWG decrease the Nucleophilicity of benzene ring
e [benzene +EDG] > Benzene > [benzene +EWG] in reactivity

EDG EWG
O>0>
OH CHO



Electrophilic Aromatic Substitution

Orientation Effects in Substituted Benzenes:

+ With the NO, group (and all meta directors) meta
attack occurs because attack at the ortho and para
position gives a destabilized carbocation intermediate.

0y NO), NO, ﬁ‘:“';& I NO,
rm Al u 3 ’ . 2 H S H O

M] = I\ — : “]‘ Eo—o [: T | SP— \\(_ 'E j ,l

mM(r)“ charges
e e o o 1o
2N ) 5 -_.»;‘_:. P =
= A =Cu—El—(—C1L
el = N =g - R Ll \‘Z.E*

product

NO, ?'QO; #\""& NO, NO,

gtl ) . [_ |J PR ﬂ/b - . /:] .| (|

é,«'. A woE o €
two adjacent (4) charges

ElectrophilicAromatic Substitution

Orientation Effects in Substituted Benzenes

e A CH,group directs electrophilic attack ortho and para to itself because an
electron-donating inductive effect stabilizes the carbocation intermediate.

CH 3 (;,n, cl;H, CH, CH,
PYE BN M M AN_E
onhol ” B T Ee .L. I"‘E.." <E - [/
coood SR S - A N
CH, stabifzes the preferred
{+) charge product
CH, CH, j:H, CH, CH,
4 ‘ ;
M] s ll R | ke 'L' M ® ';l wH =
— A H il - Sl N E i
CH; CH, CH, CH, CH,
A : e 2\
o ~ "N N e
p——t | 1 . - O —| . |
RS \ N =
2 H € E HE
[-
CH, stabilizes the preferred

(+) charge i



Orientation of Electrophilic Aromatic Substitution

Disubstituted benzene derivatives

A

Dr. Mohamed Y. Mahgoub

50 Directing groups ESG

1) ortho-, para- Directing groups 2) meta- Directing groups
e, — ¥
—NHR 2 _SH
—NR, —— Strongly Activaing 8 s
—0-H 0
—0-R —8-0-R  |—— Moderately Deactivating

HE . 7 7
—Nl_gr —C—0H

0 e MIOCEr By ACtivating 0

sl o | g =
—R = —C=N —
= —— Waealdy Activating
—C=CHR =90

H == — I,
——p —NHR, p—— SQrongly Deactivating
=1 —NH,R

w

—Br eally Deactivating —NR,
| —




Orientation priority

Jal

" 0>-NHR> -NH2 > OH> -OCH3 >-NHCOR
> OCOR > RAr >F > ClI >Br > |
_ >meta-directing groups

Electrophilic Aromatic Substitution

Disubstituted Benzenes

1. When the directing effects of two groups reinforce, the
new substituent is located on the position directed by
both groups.

ortho, para director

CH_; \ CHa |
K 1 | ol The new group is ortho to the CH4 group
VL By N and meta to the NO, group.
A N+l ] S
N 'l \ FQB‘g "
[ Y f
\ 2 NO:/ N02
meta director
p-nitrotoluene O>-NHR> -NH2 > OH > -OCH3 > NHCOR |

> OCOR > RAr >F > Cl »>Br > |
>meta-directing groups




Examples

0> -NHR > -NH2 > OH > -OCH3 > -NHCOR
> .OCOR > RAr >F > Cl >Br > |

>meta-directing groups
Br Br
HaC CH3 HyC CHsy NO32 NO2
b (CH3C0)20 a. —HaS04
AICHy u S03
HaC SOaH
OH o
Cl Cl Cl Cl Br. Br
5 HNO3 2 Brz
. .———q 5. —-—.
H2504 fe
NC;
NO3 NO2
N(CH3)2 N(CH3)2
Oz2N COH O2N COzH Cl cl
3. —HNO0s & 2Cl;
H2504
NO2 SO2NH2 SO2NHz

Examples

O>-NHR> -NH2 > OH > -OCH3 > -NHCOR
> OCOR > RAr >F > CI >Br > |

>meta-directing groups
C HNO -
c u,so
OOH

H g‘cm, m(g‘

CH,
Bry/AIC],



Whal is the product of this reaction?

cl CH, o,
3 H,S0,

2

The solid arrows indicate the preference of the methyl group, the
activating and strongest directing group present. Dashed arrows
indicate the preferences of the chiorine substituents, which are
deactivating

Because -CH, Is the mos! activating group, It decides where the
nitro group will substitute.

Out of positions 1 and 3, 1 is more slerically hindered, so the
reaction will preferentially occur at position 3. Also, one of the -Ci
groups directs there, so there is a partial additive effect
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9.8 What Are Phenols?
* The functional group of a phenol is an —OH group bonded  * Various phencls are used to prevent autoxidation, &
to a benzanea ring. radical chein process that converts an R —H group into an
» Phenol and Its derivatives are weak acids, with pk, R_P-O_H {hydroperoxide) group and causes spoil-
spproximately 10.0, but are considerably stronger acids age in foods.
than alcohots, with pK, 16-18.
................................... QU'CK QU|Z

Answer true or false to the following questions to assess your general knowledge of the concapts in this chapter. If
you have difficulty with any of them, you should review the appropriate section in the chapter {shown in porenthe:
ses) before attempting the more challenging end-of-chapter problems

12

1. The machanism of electrophilic aromatic substitution
involves three steps: genaration of the elactrophile,
attack of the electrophile on the benzene ring, and pro-
ton transfer to regenerata the ring. {9.6)

2. The C—C double bonds in benzene do not undergo the
same addition raactions that the C—C double bonds in
alkenas undergo. (9.1)

3. Friedel-Crafts acylation is not subject to rearrange-
ments, [9.5)

4. An aromatic compound is planar, possesses a 2p orbital
on avery atom of the ring, and contains sither 4, 8, 12,
16, and so on, pi electrons. (9.2)

5. When naming disubstituted benzenes, the locators
para, meta, and ortho refer 1o substituents that are 1,2,
1,3, and 1,4, respectively. [9.3]

& The electrophile in the chlorination or bromination of
benzena is an ion pair containing @ ¢hloronium or bro-
monkum ion. {9.6)

7. An ammonium group (— NHy'} on a benzene ring will
direct an ettacking electrophile to a meta position. |9.7)

& Reaction of chromic acid, H,CrO,, with a substituted
benzena slways oxidizes every alkyl group at the ben-
zylic position 10 a carboxyl group. (9.4)

3. Benzene consists of two contributing structuras that

rapidly interconvert between each other. {9.1)

The electrophile in the nitration of benzene is the nitrate

ion. {9.6)

11. A benzene ring with an —OH bonded 10 it is referred to

as “phenyl” (9.3}

Frigdel-Crafts alkylation of a primary haloalkana with

henzena will always rasult in a new bond between

1. Oxidation at a Benzylic Position (Section 9.4)

A benzylic carbon bonded to at least one hydrogen is
oxidized to a carboxyl group:

13

14
15

16
17

18

18,
20

21

23,

24

benzene and the carbon that was bonded to the
halogen. {8.5)

Resonance anargy is the energy a ring contains due to
the stability afforded it by its contributing structures. {9,1)
A phenol will react guantitatively with NaOH, (9.8}

The use of & haleslkane and AICI; is the only way to
synthesize an alkylbenzena. (9.6)

Phenols are mora acidic than alcohols. (9.8)
Substituents of polysubstituted benzene rings can be
numbered according to their distance from the substitu-
ent that imparts a special name to the compound. (9.3)
If a benzene ring contains both 8 weakly activating group
and a strongly deactivating group, the strongly deactivat-
ing group will direct the attack of an electrophile. {9.7)
Oxygen, O, can be considered a diradical, {9.8)

The coniributing structures for the attack of an electro-
phila to the ortho position of aniline are mora stable
than those for the attack at the mets position, (9.7)

A deactivating group will cause its benzene ring to react
slower than benzane itsalf. (9.7)

Frisdel-Crafts alkylation is promotad by the presenca of
elactron-withdrawing groups. (9.5)

Autoxidation takes placa at allylic carbons. (9.8

The contributing structures for the attack of an electrophile

to the meta position of nitrobenzens are mora stable than
those for the attack at the ortho or para position. |9.7}

L) LIg2)

4 122) LIEZ) Liozh L164) 4doe] Lizu} Ligih 41SLh Lipk) 4 (EL) 4 121)

KEY REACTIONS

4100 3 00L) 2161 4 81 L1 L1914 (S) 340 LIEN LIZ] L{17 BIomsuyy

Jenuspy suoineg Huluediocoe
) 18 PUNAY BG URD SIAMSLE 25343 |0 AURLL 10 SUCHEUR|EXA Popeag
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Hsly

m,,@—aucu,h
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Kay Aeaching

2. Chlorination and Bromination {Section 9.6A) OH

The electrophile is a halonium ion, CI' or Br', formad by
treating Cl; or Br; with AICI; or FaCls:

AL,

(H,

| HyPry
+ LCHEC=CHy ~——>

CH,
OH
3. Nitration (Section 9.68) - e
The alectrophile is the nitronium ion, NO,", formed by e {(CHag
treating nitric acid with sulfuric acid:
Br
(H,
Has,
+ HNOy —

8. Alkylation Using an Alcohol {Section 9.6E)
The electrophile is a carbocation formad by tresting an

o Br alcohol with H,SO, or HsPO,:
NOy
” H,yM0, .
+ * "20 + (Ul;h(l)ll — (.‘_013’5 + H-‘o(,
NO,

9. Acidity of Phenols [Section 9,88)
Phencls are weak acids:

4. Sulfonation (Section 9.68)
By OH + HO —=
The electrophile is HSO, ":
Phenol
+ HSO; —— SO4H + HO

5. Friedel-Crafts Alkylation (Section 9.6C) 0O + HO" E=11%x10"
The electrophile is an alkyl carbocation formed by treat- pK, = 9.95

ing an alkyl halide with a Lewis acid:

Phencxide lon
oAy Substitution by electron-withdrawing groups, such as

@ * [CHy,CHA the halogens and the nitro group, increases the scidity

of phenols.
10. Reaction of Phanols with Strong Bases {Section 9.8C)
Waterinsoluble phanols react quantitatively with strong
bases to form water-soluble salts:
CH(CHg)s + HCI
@—()H + NaOH —
6. Friedel-Crafts Acylation (Section 9.6D)
The electrophiie is an acyl cation formed by treating an Phanol Sodium
acyl halide with & Lewis &cid: pK; 9.95 hydroxide

[stronger acid) {strongar base)
O
l

0
- 1
+ CHLO — CCHy + HC
O"Na™ + 10

7. Alkytation Using an Alkene [Section 9.6E) Sodium Water

The electrophile is a carbocation formed by tresting an phenoxide pK, 15.7
alkene with H;S0;, or H;PO,: (weaker base) (weaker acid)
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PROBLEMS

A problem marked with an asterisk indicates an applied “real-world” problem. Answers to problems whose

numbers are printed in blue are given in Appendix D.

Section 9.2 Aromaticity

9.1 Which of the following compounds or chemical enti-
ties are aromatic? (See Example 9.1)

(al (b)

+ AHy
(c) {d)

0
{e) (_7 if)
\

(9) \ / (hy

9,12

20Oy

Explain why cyclopentadiene (pK,16) is many
orders of magnitude mare acidic than cyclopentane
oK, > 50}. (Hint: Draw the structural formula for the
anion formed by removing one of the protons on the
~CH,— group, and then apply the Huckel criteria
for aromaticity.)

0 D

Cyclopentadiens Cyclopantana
Section 9.3 Nomenclature and Structural Formulas
9.13  Name these compounds: [See Example 9.2}
B
R oH Z
(a) (b} (c) (d)
A
Cl
COOH CHy
OH
Cl
(o) t T ) Gl )
Z Gy
NO.
Br c 1
(i} tit (k) CH4CH,y NH, 1)] m,o—@—\
(:| \
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Section 95 Electrophilic Aromatic Substitution: Monosubstitution

3.18

9.18

920

I

322

.23

Draw structural formulas for these compounds: (See
Example 9.2}

lal 1-Bromo-2-chioro-4-ethylbenzene
|b) 4-lodo-1,2-dimethylbenzens

le) 2,46 Trinitrotoluene (TNT)

|d) 4-Phenyl-2-pentenol

le} p-Cresol

If} 2.4-Dichlorophenol

lg) 1-Phenyicyclopropanol

|h) Styrane (phenylethylana)

li} m-Bromophenol

[j) 2,4-Dibromoaniline

|k) Isobutylbenzena

() m-Xylene

Draw a structural formula for the compound formed
by treating benzene with each of the following com-
binations of reagents: (See Examples 9.5, 9.6)

lel CH,CH,C1/AICH b} CH,=CH,/HS0,
lc’ CH,CH;-OH/H,SO. ld} Ul-.UCHy":bO.

Show three differant combinations of reagents you
might use to convert banzene to isopropylbenzene.
(See Examples 95, 9.6)

How many monochlerination products are possibla
when naphthalens is treated with Cl;/AIC?
Write a stepwise machanism for the following reac-

tion, using curved arrows to show the flow of elec-
trons in 2ach step: (See Example 9.4}

A3,

Write a stepwise mechanism for the preparation of
diphenylmethane by treating benzens with dichle-
romathane in the presence of an aluminum chloride
catalyst. [See Example 9.4)

The following alkyletion reactions do not yield the
compounds shown as the major product. Predict
the major product for each reaction and provide a
mechanism for their formation.

Q-

9.15

9.16

9.7

Problems

{m| 4-8romo-1,2-dichlorobenzene
In} 5-Fluoro-2-methylphanol

lo} 1-Cyclohexyl-3-ethylbenzane
lp} m-Phenylaniline

lq) 3-Methyl-2-vinylbenzox acid
Ir} 2,5-Dimathylanisole

Show that pyridine can be represented as a hybrid of
two equivalent contributing structures.

Show that naphthelene can be represented as a
hybrid of three contributing structures. Show &lso,
by the use of curved arrows, how one contributing
structure is converted 1o the next.

Draw four contributing structures for anthracene.

QY
</\\

+ HQ

(bl©+>(\ ﬂ,

Fetlly

+ HC

+ HO

CH,

N STEPOITARE Precissor in

the syathesis of sbaprofen,
which wnforinately cannot

e made using these reagents

Ol
Ibuprofen
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Section 9.7 Electrophilic Aromatic Substitution: Substitution Effects

924 When treated with Cl;/AICl;, 1,2-dimsthylbenzane
{o-xylene] gives a mixture of two products. Draw

structural formulas for these products. (See Examples
9.7,99)

How many menosubstitution products are possible
when 1,4-dimethylbenzene (p-xylene) Is treated with
Cl,/AICH? When m-xylene is treated with Cl, /AICE?
{See Examples 9.7, 9.9)

Draw the strectural formula for the major product
formed upon treating 2ach compound with Cl, /AICE;:
{See Examples 9.7, 9.9)

{a) Toluene

{c} Chlorobenzane

9.25

9.26

(b] Nitrobenzena
(d] tert-Butylbenzana

I i
fe) O(Uml, 0 OCCH,
@—w(m (h) cur-@——u,m
fil mtm‘ fib t"-@—mg

NO,

927  Which compound, chlorobenzens or tolugne, undergoes
slectrophific aromatic substitution mors rapidly when
treated with Cly/AICI? Explain and draw structural
formulas for the major product(s} from each reaction,

Arrange the compounds in each set in order of
decreasing reactivity |fastest 10 slowest) toward elec-
trophilic aromatic substitution:

I I
(a) O OCCH, COCH,

1A Gl

O_ @-cwu @

(€)

9.28

I
Q—\*u. @—\'ﬂ(rﬂ, @—CNHGI;;
()
(B) (C)

(A)

9.2 Account for the observation that the trifluoromethy!
group is meta directing, as shown in the following
example: (See Example 9.8

CI" GN
HS0,
+ HNOy —» + H0
NOy

Show how 1o convert toluene to these carboxylic
acids: {See Example 9.3)

{a) 4-Chlorobenzoic scid (b) 3-Chlorobenzoic acid

8.30

931 Show reagents and conditions that can be used to

bring about thesa conversions: {See Examples 9.7, 9.9)
CH, CH,

{a) —
C
0% NCHJCH,

OH OH
ON

(b} =

OCH,

"

dl =

OCH,

CCHy

-

NOy



9.32

*9.33

*934

Section9.8 Acidity of Phenols

9.36

9.37

Propose a synthesis of triphenylmathane from ben-
zene as the only source of aromatic rings. Use any
other necessary reagents, (See Examples 9.7, 9.9)

Reaction of phenol with acetone in the presenca of
an acid catalyst gives bisphenol A, 8 compound usad
in the production of polycarbonate and epoxy resins
|Sections 16.4C and 16.4E). {See Example 9.6)

O

I HFOy
9 OH + CHyCCH; —

Acstone

CHy

I
|lo—@—-c|: OH + Hy0
CHy

Bisphenol A
Propose a mechanism for the formation of bisphe-
nol A, |Hint: The first step is a proton transfer from

phosphoric acid to the oxygen of the carbonyl group
of acetone.)

2,6-Di-tent-butyl-4-methylphenol, more commonly
known as butylated hydroxytioluene, or BHT, is used
as an antioxidant in foods to "retard spoilaga”
BHT is synthesized industrially from 4-methylphenol
\p-crasol] by reaction with 2.methylpropens in the
presence of phosphoric acid: (See Example 9.6)

*9.35

Problems

OH
© £ B % 1,
2 bkl

4-Methylphenol 2-Methylpropene
OH

2,6-Di-terr-butyl-4-mathylphenol
(Butylated hydroxytoluene, BHT)

Propose 3 mechanism for this reaction.

The first herbicide widely usad for controlling
weeds was 2.4-dichlorophenoxyacatic acid [2,4-0),
Show how this compound might be synthesized
from 24-dichlorophenol and chioroacetic acid,
CICH,COOH:

1
aQ—on — aQowwou
«l «l

Use resonance theory to account for the iact that
phenol (pK, 9.95) is a stronger acid than cyclohexanol
[pK, 18). (See Example 9.10)

Arrange the compounds in 2ach sat in order of
increasing acidity (from least acidic to most acidic):
|See Example 9.10)

(8} Q—-OH O—O}l CHCOOH
(b) @—-«m NaHCOs a0

(c)

OH

:

NO,

CHOH

oJe

2 4-Dichlorophenol 2,4-Dichlorophenoxyacetic acid
|12,4-D)
938 From each pair, salect the stronger base: (See

Example 9.10)

(a) O orOH”

(bl QO' or QO"
{dl O—O‘orm,coo'
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939 Account for the fact that waterinsoluble carboxylic 940 Describe a procedure for separating a8 mixture of
acids (pK, 4-5) dessolve in 10% sodium bicarbonate 1-hexanol and 2-mathylphenol (o-cresoll and recov-
with tha evolution of a gas, but waterinsoluble phenols anng each in pure form. Each is insoluble in water,
(pK, 9.5-10.5] do not show this chemical behavior. but soluble in diethyl ether.

Syntheses

941  Using styrene, CoH,CH=CH,, as the only aromatic  *9.44 The following ketone, isolated from the roots of sev-
starting material, show how to synthasize these com- aral members of the iris family, has an odor like that
pounds. In addition to styrene, use any other neces- of violets and is used as & fragrance in perfumes.
sary organic or inorganic chemicals. Any compound Describe the synthesis of this ketone from benzene.
synthesized in one part of this problem may be used {See Examples 9.7,9.9)
to make any ether compound in the problem: 0

I i
(al QCDFI (bl QCE[(31, 4-lsopropylacatophanone
(l)H (I)
|
(c) CHCH;  (d) CCH;;
*945 The bombardier beetle generates p-gquinone, an
OH irritating chemical, by the snzyme-catalyzed oxida-
i tion of hydroquinone, using hydrogen peroxide as
(e} CHyCHy () CHCH,OH the oxidizing agent. Heat genarated in this oxidation
produces superheated steam, which is ejactad, along

942 Show how to synthesze thess compounds, starting with p-quinone, with explosive force,
with benzens, toluene, or phanol as the only sourcas of OH O
aromatic rings. Assuma that, in all syntheses, you can
separate mixtures of ortho-para products to give the cnae
desired isomer in pure fornx. (See Examples 9.7, 9.9) fHO, —2 + HyO + heat
[a) m-Bromonitrobenzene
b} 1-Bromo-4-nitrobenzene
[c} 24 6-Trinitrotoluene (TNT) OH O
(@) m-Bromabenzoic acid Hydroguinone p-Quinone
::l' pg&?;:;:z'::'d {3) Balance the aquation.

& (b Show that this reaction of hwydroquinone is an
g} m-Nitrobenzenesulfonic acid oxddaion
{h} 1-Chioro-3-nitrobenzene .
. L
943  Show how to synthesize thesa aromatic ketones, 9.46 Follomnq isa suuctura! formuis for musk embretta,
/ k a synthetic musk used in perfumes to enhance and
starting with benzene or toluene as the only sources rotals lraarance: 19us E les 9.7, 9.9)
of aromatic rings. Assume that, in all syntheses, 9 g a2
mixtures of ortho-para products can be sepa- CHy CHy
rated to give the desired isomer in pure form: [See ] =
Examples 9.7, 9.9) OsN NOy
O o S
Ol OCH,
la) {b)
m-Cresol Musk ambrette
0 O Proposa a synthesis for musk ambrette from m-cresol.
Br- *9.47 (3-Chlorophenyllpropanone is a bullding block in
e (d) OH tha synthesis of bupropion, the hydrochloride sait

of which is the antideprassant Wellbutrin. During
clinical trials, researchers discovered that smokers



reported a diminished craving for tobacco after one
to two weeks on the drug. Further clinical trials con-
firmed this finding, and the drug is also marketed
under tha trade name Zyban" as an aid in smok-

0=

Benzane

948 Test your cumulative knowledge of the reactions
learmed thus far by completing the following chemi-
cal transformations. Note: Some will require more
than one step.

OH
(a) /l\ — >——C>7.\m2
CH,O CH4O

0"

COOH

NHs NH, (1"
a
: O o /JCK
a NO,
NO,
: © - )ij/

{3-Chlorophenyl]-1-prepanone

CHEMICAL TRANSFORMATIONS

Chamical Traneformativng

ing cessation. Proposa a synthesis for this building
block from benzene. (We wall see in Section 128

how to complete the synthesis of bupropion,| (See
Examples 9.7, 9.9)

Bupropion {Wellbutrin, Zyban|

OH



! CHAPTER 9 Berseqe and ts Darlvatives

9.43

9.50

95

955

LOOK'NG AHEAD .............................. LXGCULEEL U] OB

Which of the following compounds can be made 952 Predict the product of the following acid-base
directly by using an electrophilic aromatic substitu- reaction.
tion reaction?

JOREIoH (-
NH;,
O/ O/ 853  Which haloalkane reacts faster in an S,,1 reaction?
l a

compound is a better nucleophila?
: ,NHq : ,NH4 or

9,54  Which of the following compounds is more basic?

-

c}

Aniling Cyclohexanaming
Suggest a reason that the following arenes do not <\ /7 < 7
undergo electrophilic aromatic substitution when
AICl; is usad in the reaction: Furan ot Tetrahydrofuran
OH
SH
lal (b}
NHy

GROUP LEARNING ACTIVITIES

Following are benzene compounds with substituents 956  The following structuras reprasant a play on words
we have yet 1o encounter. As a group, decide whather when named. Can you name them? Can you come
gach ring will be activated or dzactivated. Then deter- up with other funny names?

mine whather each substituent is ortho-para or meta ol

directing by analyzing thair intermediates in an (a)

slectrophilic aromatic substitution reaction,

lal O’ (b) (:[
© 5lm



Amines

KEY QUESTIONS

0.1 What Are Amines? HOW TO
102 How Are Amines Named? 1.1  How to Predict the Relative Basicity of Amines
103  What Are the Charactenistic Physical Properties

o — CHEMICAL CONNECTIONS
104 h ropert Ines?

Whst Ase the Acki-Ress P os of Amines 10A  Morphine as & Clue in the Design and Discovery
105  What Are the Reactions of Amines with Acids? of Drugs
106 How Are Arylamines Synthesized? 08  The Poison Dart Frogs of South America: Lethal
10.7  How Do Amines Act as Nucleophiles? Amines

CARBON, HYDROGEN, and oxygen are the three most common elements in organic
compounds. Because of the wide distribution of aminas in the biokogical world, nitrogen
15 the fourth most common element in organic compounds, The most important chemical
propertias of amines are their basicity and their nucloophilicity,



10.1  What Are Aminaes?

'10.1 What Are Amines?

Amines are derivatives of ammonia (NHy) o which one or more hydrogens are replaced by
alkyl or aryl groups. Amines are chssified as primary (17), secondary (27), or tertiary (37),
depending on the number of hydrogen atoms of ammonia that are replaced by alkyl or aryl
groups (Section 1.7B). As we saw with ammonia, the three atoms or groups bonded to the
nitrogen in amines assume a trigonal pyramidal geometry:

‘NH, CH;—NH, (:H.—?Im m,‘—ff—mg
CH, CH;

Ammonia  Methylamine Dimethylamine  Trimethylamine
(a1”amine) (a2 amine) (a3 amine)

Amines are further divided into aliphatic amines and aromatic amines. In an
aliphatic amine, all the carhons bonded directly 1o nitrogen are derived from alkyl
groups; in an aromatic amine, one or more of the groups bonded directly (o nitrogen are
aryl groups:

Hy oy

Aniline N-Methytaniline Benzyldimethylamine
(a 1° aromatic amine) (2 2° aromatic amine) (a 4° aliphatic amine)

An amine in which the nitrogen atom s part of a nng is classilied as a heterocydic
amine. When the nitrogen is part of an aromatic ning (Section 9.2), the amine is classified
as a heterocyclic aromatic amine, Following are structural formulas for two heteroevdic
aliphatic amines and two heterocvelic aromatic amines;

H I H

Pyrrofidine  Pipendine Pyrrole  Pyndine
(heterocyclic alipharic amines) (heterocyelic aromatic amines)

Aliphatic amine An amne
I which nitrogen is bonded
only te alky! groups

Aromatic amine  An am ne
in which nitrogen is banded
1O ONE OF MO ary! proups,

Heterocyclic amine  An
amineg in which nitrogen is
one of the atoms of a ring
Heterocychic aromatic
amine An amine in which
nitroges & ane of the atams
of on arormatic Kng.




" CHAPTER 10 Amines

"EXAMPLE 10.]

PROBLEM 10,1

Identify all carbon stereccenters in coniing, nicoting, and cocaine,

10.2 How Are Amines Named?

A. Systematic Names

Systematic names for aliphatic amines are derived just as they are for alcohols. The sul-
fix -¢ of the parent alkane 1s dropped and is replaced by -awene that is, they are named
alkanamines:

NH;

NH,
HuN(CHy) NH,

2-Butanamine (5)-1-Phenylethanamine I G-Hexanediamine



10.2 Haw Are Amines Named?

"EXAMPLE 10.2

Writa the IUPAC name or provide the structural formula for each amine:

N e ) NN N
{al NH, [b) 2-Methyk-1-propanamine fe) HN

(d} trans-4-Methylcyclobexanamine (e}

STRATEGY

When naming, look for the longest chain of carbons that contains the amino group. This will aliow you to datermine the
rcot name, Then identify and name the substituents, the 3toms or groups of atoms that are not pan of that ¢hain of carbons.

To trenstate 8 name to & structure, identify the carbon chain from the root ngme and add the subssituents 10 the correcs
position on the chain.

SOLUTION

{a) 1-Hexanamine (b} J\,\IH (¢} 1,4-Butanediamine (d) -<:>""NH2
AN

e}l The systematic neme of this compound is | S)-1-phenyl-2-propanamine. lts common name is amphatamine.The daxtroro-
tatory isomer of amphetamine (shown here) is a central nervous system stimulant and is manufactured and sold under
several trade names. The salt with sulfuric acid is marketed as Dexedrine sulfate.

logest carton i tha
containg the amino groap the commescial drg that
resilts from reaction with H.S0,
substitoent « phenyl ' g 3
- =
NH, NHy" HSO,
{S)-1-Phanyl-2-propanamine Dexedrine sulfate
] See problems 10.11, 10.12, 10.16

"PROBLEM 102

Write a structural formula for each amine:

|2] 2-Methyl-1-propanaming (b} Cyclohexanamine ‘el (R)-2-Butznamine

IUPAC nomenclature retams the common name aniline for C,H;NH,, the simplest
aromatic amine, Its simple denvatives are named with the prefixes o, me, and o, or numbers
to locate substituents. Several derivatives of aniline have common names that are still widely
used. Among these are toluidine, for a methvl-substituted aniline, and anisidine, for a

methoxysubstituted aniline:
NHs NH; NHy NH,
% i OCH;
NGO, CHy
Aniline £Nitroaniline +Methylamline 3Methoxyaniline

(p-Nitroaniline) ( p-Toluidine) {m-Anisidine )



" CHAPTER 10 Anines

Secondary and tertiary amines are commonly named as Nsubstituted primary amines.
For unsymmetsical amines. the largest group is taken as the parent amine; then the smaller
group or groups bonded to nitrogen are named, and their location is indicated by the
prefix N (indicating that they are bonded 1o nitrogen):

/(IH_-.
@—xuuh Ofx\
CHy,

N-Methylaniline NN-Dimethyl-
cvclopentanamine

Following are names and structural formulas for four heterocvelic aromatic amines, the
common names of which have been retained by the IUPAC:

A\ -\‘/IN . N
PR
; X i Z N
{ 5
H H

Indole Punne Quinoline Isoquinoline

Among the various functional groups discussed in this text, the —NH,; group has
one of the lowest priorities, The following compounds each contain a functional group of
higher precedence than the amino group, and, accordingly, the amino group is indicated
by the prefix amine-:

COOH
Ol
H,N/\/
NHy
2 Amincethanol 2Aminobenzoic acid
{Ethanolamine) {Anthranilic arid)

B. Common Names

Common names for most aliphatic amines are derived by listing the alkyl groups bonded
1o nitrogen in alphabetical order in one word ending in the suffix -amine; thar is. they are

named as alkylamines:
H
o 4>—Nu, -0 N
Nt
Methvlamine tert-Butylamine Dicyclopentylamine Triethylamine

"EXAMPLE 103

Write the IUPAC name or provide the structural formula for each amine:

|
N
(a) )\/E} - {b} Cyclohexyimethylamine fc) @r ] (d) Benzylamine



10.3  What Are the Claracteistic Privsical Propedias of Arates?

STRATEGY

When naming, look for the longest chain of carbans that contains the amino group. This will allow you to determing the root
name. If the longest chain of carbons is & benzang ring, the amine may be named &s an anilinz derivative. When identifying
the substitugnts, remamber that substitutents bonded to a nitrogen are precedad by “N-*

To translate a name to & structure, identify the carbon chain from the root name and add the substituents to the correct
position on the molecule.

SOLUTION
i
; NS ” NIl
{a) N-athyl-2-methyl-1-propanamina {b) (¢} N-ethyl-N-methylaniline  (d}
See problems 10.11, 10,12, 10.16
PROBLEM 103 |
Write a structural formula for each amine;
{a) lsobutylamine (b} Triphenylamina Ic! Diisopropylamine

When four atoms or groups of atoms are honded o a nitrogen atom, we name the
compound as a salt of the corresponding amine, We replace the ending -awene (or ani-
line, pyridine, or the like) by -ammonaem (or endinium, pyndinaem, or the like) and add
the name of the anton (chloride, acetate, and so on). Compounds containing such ions
have properties characteristic of salis, such as increased water solubility, high melting
points, and hgh boiling points. Following are three examples {cetvlprridininm chloride 1s
used as a topical antseptic and disinfectant):

—_ Ul
(CHg\ N"CI <\ /.\'C“g‘C"g)uC"g @—mgmam,

Tetramethylammoninm  Hexadeovpyridiniom chloride  Benayltrimethylammonium

Charlas © Wntars

chloride (Cerlpyridinium chlonde) hydroxide i i
mouthwashes contain
N-alkylatacpy ridinium
10.3 What Are the Characteristic Physical E‘:{:"“ St
Properties of Amines?

Anmunes are polar compounds, and both primary and secondary amines form intermolecu.
lar hydrogen bonds (Figure 10.1),

-.. 8’
R ALY
g H=NT

R
FIGURE 10.1
intormolacular association of 1" and 2 amines oy hydrogan bonding. Nitrogon is approximataly
totrahpdral in shapo, with 1ha oxis of the hydrogon bond along the fourth pasition of the
1etrahedron,



10.3 Wit Aze the Charsctenstic Plyslcst Propenies of Amines? |

Physical Properties of Selectad Amings

Melting Boiting
Structural Point Paint Solubility
Name Formula () ‘ (c) in Water
Ammonis NI, -78 -33 very soluble
Primary Amines
methylamine CHNH, -85 -8 vary soluble
athylaming CHCHNH, g1 17 vary soluble
propylamine CHAHAHNH, -83 49 vary soluble
butyfamine (B IATHEARN N -49 78 very soluble
banzylamina CgH;CHNH, 10 185 vary soluble
cyclohexylamine U H NI, -17 135 sligly solubie
Secondary Amines
dimethylaming (CHy NI -93 7 very soluble
dinthylaming (CHAH)NH -48 56 vary soluble
Tertiary Amines
trimethytamine (CH N -7 3 vary soluble
triathylamine (CHAHN -114 a3 slightly soluble
Arometic Amines
aniling [gHNH, -6 184 slightly solubla
Heterocyclic Aromatic Amines
pyridine (HN -42 ‘ 116 very soluble

Both compounds have polar molecules and interact in the pure hguid by hvdrogen
bonding. Methanol has the higher botling point because hydrogen bonding between its
molecules is stronger than that between molecules of methylamine,

All classes of amines form hydrogen bonds with water and are more soluble in water
than are hydrocarbons of comparable molecular weight. Most low-molecular-weight amines
are completely soluble m water (Table 101}, Higher-molecularweight amines are only
moderately soluble or insoluble,

EXAMPLE 104

Account for the fact that butylaming has a higher boiling point than t-butylamine.

_+NH2

NN NHy
Butylamine t-Butytamine
bp 78 °C bp 46 °C

STRATEGY
Identify structural differences that might alfect the intermolecular attractions between the molecules of each compound,

SOLUTION

Both molecules can participata in hydrogen bonding. However, the t-butyl group is larger and bulkier, making it mors difficult
for the molecules of t-butylamine to hydrogen bond to each other.

See problems 10.18-10,20 ]




Aromatic carboxylic acids

P ling of carhomil gk
Acidity

The most important property of carboxylic acids, and the one that is responsible
for naming them such, is their acidity. An acid is any compound that donates a
hydrogen ion, H* (also called a proton), to another compound, termed a base.
Carboxylic acids do this much more readily than most other classes of organic
compounds, so they are said to be stronger acids, even though they are much
weaker than the most important mineral acids sulfuric (H:SO4), nitric (HNOs), and
hydrochloric (HCI). The reason for the enhanced acidity of this group of
compounds can best be demonstrated by a comparison of their acidity with that
of alcohols, both of which contain an ~OH group. Alcohols are neutral
compounds in aqueous solution. When an alcohol donates its proton, it becomes
a negative ion called an alkoxide ion, RO™. When a carboxylic acid donates its

proton, it becomes a negatively charged ion, RCOO", called a carboxylate ion.

Solubility

The solubility of carboxylic acids in water is similar to that of alcohols,
aldehydes, and ketones. Acids with fewer than about five carbons dissolve in
water; those with a higher molecular weight are insoluble owing to the larger
hydrocarbon portion, which is hydrophobic. The sodium, ammonium, and
potassium salts of carboxylic acids, however, are generally quite soluble in
water. Thus, almost any carboxylic acid can be made to dissolve in water by
converting it to such a salt, which is easily done by adding a strong base —most
commonly sodium hydroxide (NaOH) or potassium hydroxide, (KOH). The
calcium and sodium salts of propanoic (propionic) acid are used as

preservatives, chiefly in cheese, bread, and other baked goods.



Boiling point

Carboxylic acids have much higher boiling points than hydrocarbons, alcohols,
ethers, aldehydes, or ketones of similar molecular weight. The difference is that
two molecules of a carboxylic acid form two hydrogen bonds with each other
(two alcohol molecules can only form one). Thus, carboxylic acids exist as
dimers (pairs of molecules), not only in the liquid state but even to some extent

in the gaseous state.

intermolecular
hydrogen bonding

5- 5+
O-+*~%vH—O
V4 N
R—C C—R

V4
—H=-=3-0
O+ o~

Therefore, boiling a carboxylic acid requires the addition of more heat than
boiling the corresponding alcohol, because (1) if the dimer persists in the
gaseous state, the molecular weight is in effect doubled; and, (2) if the dimer is
broken upon boiling, extra energy is required to break the two hydrogen
bonds. Carboxylic acids with higher molecular weights are solids at room
temperature (e.g., benzoic and palmitic acids). Virtually all salts of carboxylic

acids are solids at room temperature, as can be expected for ionic compounds.

° 5 5 ES

benzok acid ester benzeic acid amide banzoyl chloride penzeic acld anhydnde



Aromatic carboxylic acids

Aromatic carboxylic acids are compounds containing one or more carboxylic
group attached to the benzene ring, Benzoic acid is an example of
monocarboxylic (monobasic acid), Phthalic acid is an example of dicarboxylic
(dibasic) aromatic acids, Aromatic acids are stronger than aliphatic acids due to

the acidity of the benzene ring.

COOH COOH COOH
©OH ©,coou
benzoic acid Salicylic acid Phthalic acid
Cinnamic acid 2-phenylacetic acid

Preparation of benzoic acid
Benzoic acid can be prepared by the oxidation of toluene or benzaldehyde by the
proper oxidizing agent, It is prepared commercially by the oxidation of toluene

in atmospheric air at 400°C and in the presence of vanadium pentoxide V.0s.

CH, COOH
© @
toluene benzoic acid

Aromatic acids are generally stronger, less soluble in water and less volatile than
aliphatic acids, The reaction of the carboxylic group resembles the aliphatic
acids, this can be by the formation of salts with metals, their hydroxides or

carbonates and the formation of esters with alcohols.



Physical properties of Benzoic acid

Benzoic acid is less soluble in water than acetic acid because the molecular
weight of benzoic acid is more than that of acetic acid and as the molecular mass
increases, the solubility decreases.

Benzoic acid is less volatile, it has a high boiling point than acetic acid because
the molecular mass of benzoic acid is more than that of acetic acid.

Benzoic acid is stronger in acidity than acetic acid.

Carbolic acid < Acetic acid < Benzoic acid < Salicylic acid < Phthalic acid

The organic acids in our life

Benzoic acid (C6H5COOH) is sparingly soluble in water, It is converted to its
sodium or potassium salts to become soluble in water and to be easily absorbed
in the human body, sodium benzoate of concentration 0.1% is used as a
preservating substance for foods because it prevents the growth of fungi on

foods.

Salicylic acid is used in the manufacture of cosmetics specific to skin because it
makes it softer, flexible and protect it against sun rays, and It is used in the
elimination of skin warts and acne, It is also used in preparation of Aspirin and
Marookh, It was used in the treatment of cold diseases and headache since 1829,

before using Aspirin, but it caused bleeding of stomach.

0 0
¢ L
saall
P
OH (é)
0” “CH,4

Methyl salicylate
Acetylsalicylic acid
(Aspirin)

Three of the most important aromatic dicarboxylic acids are called phthalic,
isophthalic, and terephthalic acid, for the ortho, meta, and para isomers,

respectively. Phthalic acid is converted to its anhydride simply by heating (see



below Polycarboxylic acids). Phthalic anhydride is used to make polymeric resins
called alkyd resins, which are used as coatings, especially for appliances and
automobiles. The para isomer, terephthalic acid, is also used to make

polymers—namely, polyesters



Organic Chemistry in Our Life

Products With Common Organic Chemicals

These common products make use of organic chemistry:

Shampoo, Perfume, Lotion, Detergents, Cosmetics, Gasoline, Drugs, Food and
food additives, Plastics, Paper, Insect repellent, Synthetic fabrics (nylon,
polyester, rayon), Paint, Mothballs (naphthalene), Enzymes, Nail polish
remover, Wood, Coal, Natural gas, Solvents, Fertilizers, Vitamins, Dyes, Soap,

Candles, Asphalt ..... ect.

Most products you use involve organic chemistry. Your computer, furniture,
home, vehicle, food, and body contain organic compounds. Every living thing
you encounter is organic. Inorganic items, such as rocks, air, metals, and water,

often contain organic matter, too.

Organic Chemistry in Our Life

Drugs §
Synthesis of Aspirin -
COOH COOH s
0,”(013(70)20 HoS0u i O\n/CHi CHaCOOH v
0 R et

Synthesis of Paracetamol
0

£ \ /lk

NH; \‘ H,C

[rective Pen Beidd

NH
. 0 ——» + H3C
e H;C—< 0O @

0O
OH OH - 12




Organic Chemistry in Our Life

Aﬂtlseptlc Para chloro meta xylenol- PCMX H5C CH,
"7:.":?'" @
Wasarewy'
m.n-o
-
<& ~ T
CHy
A,
.’1\
N soaz moates
favassly soktna | @ « Scen molecuis
oM oH
@ + SOCly o )] *50: ¢ HO
o oy Phuryl chiorde prd ! o
3. 5-0imethylphenol 4- chioro-3, S~dimativyiphenal
Chemicai Nama CAS No Propartian (Seww)
S e O
<
Isopropy! aicohol 87-63-0 10-30
Other ingradients classified as to 100 Adazted tros (hermatry m
not hazargous according to NOSCH the cupboard; RSC Chasiary,

L, 2000

Organic Chemistry in Our Life

Azo days  Ar-N=N-Ar
" NaNQO, Soin.
Ex: @_NHZ S QN@N o
HCI Conc.
Aniline Diazonium salt
O
O

phenyldiazenyl phenol

Orange clour azo day



Organic Chemistry in Our Life

Detergents
®
Ciz2Hz4
Or R-OH / R-X
H,S04
Conc.
LABSA

Liner Alkyl Benzene Sulphonic Acid

Organic Chemistry in Our Life

Detergents
Ex: # “COOH il
CaO/NaOH
A
styrene
Polymerization

e |
-l L
L. ' =) CH,—C

.\‘ | - n

Polystyrene
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