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Benzene and Aromatic
Compounds

Chapter 15
Organic Chemistry, 8" Edition
John McMurry



Background

» Benzene (C4zH;) is the simplest aromatic hydroca\[bon (or arene).

. Fc.)urzc\jegrees of unsaturation. o /C\\ bl

e ltisplanar. —__, s¢¢juigo=sedv) £ 5 (0 W ovil
plenner <52 e

« All C—C bond lengths are equal. >* A

 Whereas unsaturated hydrocarbons such as alkeﬁgs, alkynes and dienes

ey

readily undergo addition reactions, benzene does not. J
C,OVL dw?@bﬁd
Br .
Benzene CeHg — =i No reaction Menes
(an arene) P ZsLs!
\ / ’.y,l/’r"o

» Benzene reacts with bromine only in the presence of FeBr; (a Lewis acid), ]

and the reaction is a substitution, not an addition. el it
single) o 43! olowbe)!

Br; substitution
CeHg FeBr, CeHsBr Br replaces H



Background

* August Kekulé (1865) proposed that benzene was a rapidly equilibrating
mixture of two compounds, each containing a six-membered ring with

three alternating = bonds.

Kekulé description:
An equilibrium |
po ©

ASN g &7

X
- shortbond — || <«— long bond
(exaggerated) 2 (exaggerated)

This structure implies that the C—C bonds

* th hort bond
should have two different lengths. : th: 22 Is;mogr boonr:j SS

. _ a )
All C—C bond lengths are equal’ James Dewar (1967) : the Dewar
benzene was prepared in 1962 but it
is not stable and it converts to
benzene 3

- J




The Structure of Benzene: Resonance

* The true structure of benzene is a resonance hybrid of the two Lewis

structures. Some texts draw benzene

(52l QJ:QR)] N as a hexagon with an inner
e ° circle:
G So /. The hybrid |
W\
g & o
Coreaien
The electrons in the & bonds + The circle represents the
are delocalized around the ring. six ©t electrons, distributed over
the six atoms of the ring.

= — be- o (s) 90
VAL Wl Qe

JS?
= _ The C—-C bonds in benzene are
Chs $ Chls CH?CHQ @ equal and intermediate in length.
1.53 A 1.34 A T \ a5l T
J
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The Structure of Benzene: MO
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Benzene—A planar molecule |
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Aromaticity — Resonance Energy

nenle Whm
- SENERAY AH® observed | = AH" “predicted” 4 Vua reso
< -—e_s.\ Us (kecal/mol) (kcal/mol) l eppent ”L 7 e sonanc e
movr€ ' '
oté Lss \ enell
p““*’b‘@ 2l \ l l Lo be more sfehble hepp
e o
“pdC hagelog o Rengonance )1 LU LA = Hlw
cyclohexene B e mdm s P
_2H, mare sbable  osLo orbifeds
“pdC ( =304 2% (_-52./.8é6) = slightly more stable than g U
e two isolated double bonds -
1,3-cyclohexadiene Regononcd' =+ «— (small difference) | . Uieo

3Hy
o @ Pac maid
COV[DUWW’A benzene Rezovience
N g 4\ benzene st
5/ I \y) | Benzene with three “regular” C=C bonds
o |
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@ AH° = -85.8 kcal/mol

& (hypothetical)
252L)

|‘

() -

a0 .(_;325836)‘=— much more stable than

(large difference) three isolated double bonds

Cony ugwbei (}9\ 0855 =2y RF\R) w
Re sonemst coms & ({1, Mﬂ-o‘? WaMMUH)g’&G‘

jseletedd oy ol W LSS
Q Resonesee.  rp D) 255 |

ol Benzene is 36 kcal/mol
lower in energy.

AH° =-49.8 kcal/mol
(observed)
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Stablllty of Benzene - Aromaticity
more SphC /¢ Pey oo s «j

* Benzene does not undergo addition reactions typical of other highly

unsaturated compounds, including conjugated dienes.

yale Sgslble .
7 ALl oy s e D
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@Se?,_ﬁ(f /ﬂ g&,w}l\ Oo ZWI 6o T\ |
CP 6N o z2 LT )
)Z’ﬁ*”w D\ ML e WLl

Br2
Addition does not oceur. ] < An addition product would.no longer
contain a benzene ring.

2255 &\
lezg Séer\e

Br
Br R g 3
Substituti o&ccurs | L A substitution product. still contains
FeBr3 a benzene ring.
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The Criteria for Aromaticity

Four structural criteria must be satisfied for a compound to be aromatic.

[1] A molecule must be cyclic.

Cyclic compound l

L

 ;

benzene

Every p orbital overlaps with
two neighboring p orbitals.

aromatic

Cgelie os Loj e sy,

Regonanze:
Acyclic compound | movement e~
befween afors
row 1 orbidedS n
Z N cporm s
—
\ no overlap l
1,3,5-hexatriene .
Do O
There can be no overlap between the .
p orbitals on the two terminal C’s. ‘?:\9 0
not aromatic overlap
o 0f5 e
o) W~
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The Criteria for Aromaticity ., .
DT S S 4 i Lo — sz%g;ﬁ_ Lz;;g_fB
[2] A molecule must be completely conjugated (all atoms sp?).
g oo WA\ ¢ 85 I8

A completely conjugated ring | These rings are not completely conjugated. | b sy SFF
l l e —— i 9 55 @ of it
3
S@ Wz wo & )i
<
no p orbitals <— no p orbital

<

benzene 1,3-cyclohexadi 1,3,5-cycloheptatriene

a p orbital on every C not aromati Jiot aromatic .
aromatic no romet e 507 e —

>eo
[3] A molecule must be planar.

"'}
am

ob : :
cyclooctatetraene a tub-shaped, plenvies/ | Adjacent p orbitals cannot overlap.
not aromatic eight-membered ring Electrons cannot delocalize.
el omadre .
Not  pPlenner —— 3=t o s T D o( biterls 9

e O A0 grle



The Criteria for Aromaticity—Huckel’s Rule

[4] A molecule must satisfy Huckel’s rule.

e An aromatic compound must contain 4n + 2 &t electrons (n = 0, 1, 2, and so forth).

e Cyclic, planar, and completely conjugated compounds that contain 4n &t electrons
are especially unstable, and are said to be antiaromatic.

Yn Ins2
Benzene Cyclobutadiene Table 17.2 The Number of &t Electrons
An aromatic compound | An antiaromatic compound | That Satisfy Hiickel’s Rule
5 < n 4n + 2
S —
© | | NP o{_) 2 0 2
- Y 3
L . »b‘lﬁ \o 1 6
dn+2=4(1)+2= 4n=4(1)= andi-aon”C § 5 55
6 &t electrons 4 &t electrons o M
aromatic antiaromatic =SS b '8 e 3 14
promafiS 90 Rrom® 4, etc. 18
VPPN un + Ayl comfs'c
— A & v = 7T . ] ]
- ’5' Lo = & ) Nromepl  Mon- Afomafie Ankion e
\ll S Yot C ", Mb Ve"% leQS
20 L ; R p-otbiber] - €7 e %%b’h@ (2ogay 10 sbebily
il -1 1D - - \% -
i’ O S > 20N gt Bl L)



The Criteria for Aromaticity—Huckel’s Rule

1. Aromatic—A cyclic, planar, completely conjugated compound with 4n + 2
n electrons.

2. Antiaromatic—A cyclic, planar, completely conjugated compound with 4n
n electrons.

3. Not aromatic (nonaromatic)—A compound that lacks one (or more) of the
following requirements for aromaticity: being cyclic, planar, and
completely conjugated.

nonaromatic

N = »/ \4 =
© and C | | and ( © and C
4 AN .

benzene 1,3,5-hexatriene cyclobutadiene 1,3-butadiene | 1,3-cyclohexadiene cis,cis-2,4-
L hexadiene
more stable less stable
aromatic antiaromatic similar stability

Ve a2 o€ sy
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Examples of Aromatic Rings

Cyclooctatetraene © Q:ﬂ
8 n electrons
planar puckered
U ntT % antiaromatic nonaromatic
VM I (e nurmhee/ ,
/;'Y\ —_— Po’a, Oa,d;(‘_ SZ@AC
03;@4/7( 7
? AW (4*(5_9
Sys e ' .
O‘-’(‘Oﬂ'lﬁ/é c (Q_nbfa.b_q 9
1- a8 ‘-\SL ( | 9
. efnielene 2o A
WG e— spr pamd naphthalene anthracene phenanthrene L

,

10 rt electrons 14 r electrons 14 & electrons

/ DJ’“‘"A‘)M

‘Ul.s CALRT o el

f\d—'—’"“(z’\’(f _— ‘ul_o_y:, Lo S o7 d“’(f‘

!
AZ)s s aromogic BA L T, C:,(,,\t-, G-
aromefite_y QU v+
= J" 2 coniewomed
[10]-Annulene fits Hlckel's rule, The molecule puckers to keep
but it's not planar. ’ these H’s further away from each other.
pleanoCe ) () N i
[14]-annulene [18]-annulene

4n+2=4(3)+2= dn+2=4(4)+2=

annulene
\e/' ”* Yo7 electrons

14 1 electrons —> 7 oeble 18 1t electrons upd Rotaromatie
aromatic bonet aromatic 1‘
o C
p]wnyfé) Neb plemne ‘ o[,,wbk/””"l
lemn el
[123-amsdone + 0157 —canwlogne G et 20

2!
1

)1’9 08 Planner W & ‘
G p s 9, 3-D representation
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Polycyclic Aromatic Hydrocarbons

SJ)J‘.‘:"Z)
e f
EWNE

\ L C‘Jé

.7 9
cu’omwh&'
(ué;dlé
ofol"‘"ﬁ‘c

biphenyl terphenyl

No interactions
between rings

Three resonance structures
for naphthalene

promedflc 8L oy eshe W T K

naphthalene anthracene phenanthrene
61 kcal/mol 84 kcal/mol 92 kcal/mol
1.36 A

@@ 40A
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Other Aromatic Compounds

aeidic 9rns A aci Con jug o puse
p{\" D e’ 6’3 +
» RPN ‘ ) » + H_B
WP W 2= ST o p orbital ——
kMoM"éﬂL\ w 0,“4-,; G H H'//_\.B
3 :
D L N |
- i cyclopentadiene cyclopentadienyl anion
Jo W oo not aromatic aromatic
: - pK; =15 a stabilized conjugate base
(/d L a0

The cyclopentadienyl anion The ring is completely conjugated
with 6 & electrons.

v v
~ sy o 4 ¢ H
I o = &
“pLout i S A 5
. sp? hybridized C 4

The lone pair resides in a p orbital. er'!/('

» The cyclopentadienyl anion is aromatic because it is cyclic, planar, completely —° _S
conjugated, and has six ©t electrons.

=3 & $
LN (P [ — D — )
O XA : 14



Other Aromatic Compounds

O 8 Q7
p ¢
> ovbib

cyclopentadienyl anion cyclopentadienyl cation cyclopentadienyl radical

* 6 m electrons * 4 t electrons * 5t electrons

* contains 4n + 2 =« electrons e contains 4n n electrons * does not contain either 4n
or 4n + 2 nt electrons

nonaromatic |

aromatic | —— antiaromatic

The tropylium cation The ring is completely conjugated
with 6 & electrons.

sp? hybridized C
One p orbital is vacant.
£
e The tropylium cation is aromatic because it is cyclic, planar, completely conjugated,

and has six ©t electrons delocalized over the seven atoms of the ring.
15
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9” -~ Aromatic Heterocycles

5;,: @ ); \N

two resonance structures for pyridine
6 n electrons

Six & electrons are delocalized in the ring.

Lo
3 ,a"“u.
e

sP‘\_ ,(‘ cs)y'“‘ pov’c‘a"oﬂ

~3 TR BT / -
| H * . T'helone pair occupies an sp? hybrid orbital,
\N perpendicular to the direction of the six p orbitals.
'f H I H{

sp? hybridized N _ : _ ,
A p orbital on N overlaps with adjacent p orbitals,

making the ring completely conjugated.

@
2H-pyran O 2H-pyrilium ion O.
4 m electrons @ 6 n electrons |
nonaromatic Z aromatic Z

16



Aromatic Heterocycles

The ring is completely conjugated
with 6 & electrons.

/\—/\ i ¥ H —— |

/ \ ‘—H The lone pair resides in a p orbital. ]
N H .

/ E H \

sp? hybridized N sp? hybridized N
pn'ro(‘-
& &
[/ \5 - /) "—’-[ 5"—"{ 52)‘—’ ( 5 5 (Os 5
N
H r' = H+ s
NPy B L H\% bert C‘B\P&sz/ posiive . o
!/ \5 ! \3
.‘ OO‘ .o s .‘

furan thiophen -




Nomenclature: 1 Substituent

Systematic:

CH,CH4
ethyl group

ethylbenzene

Common:

toluene
(methylbenzene)

Gt
Omgee

CHs

tert-butyl group
tert-butylbenzene

o=

phenol
(hydroxybenzene)

{ Mo

chloro group

chlorobenzene

aniline
(aminobenzene)

19



Nomenclature: 2 Substituents

|dentical:
1,2-disubstituted benzene 1,3-disubstituted benzene 1,4-disubstituted benzene
ortho isomer ’ meta isomer I para isomer
Br Br Br
Br
Br
Br
1,2-dibromobenzene 1,3-dibromobenzene 1,4-dibromobenzene
o-dibromobenzene m-dibromobenzene p-dibromobenzene
) P —
Different:
Alphabetize two different substituent names: Use a common root name:
| toluene phenol
Br NO, <— nitro group } \ NO,
Cl ¢
oA, | (O
F
o-bromochloro- m-fluoronitro- p-bromotoluene o-nitrophenol
benzene benzene




Nomenclature: 3 or More Substituents

Examples of naming polysubstituted benzenes

1 NH,
(1] /@CHzCHs 2] ci 5
2—> eqihme
CI”F>F"4>CH,CH,CH, g*"*’ coR) e

béw(v/(p\ s M PR, /
* Assign the lowest set of numbers.
* Alphabetize the names of all the
substituents.

* Name the molecule as a derivative of the
common root aniline.

* Designate the position of the NH, group as “1,”
and then assign the lowest possible set of
numbers to the other substituents.

4-chloro-1-ethyl-2-propylbenzene 2,5-dichloroaniline




Nomenclature

* A benzene substituent is called a phenyl group, and it can be abbreviated
in a structure as “Ph-".

2

e H OH
abbreviated as | Ph— = | CgHs—H = | CgHs—OH
PhH PhOH

phenyl group benzene phenol
@ﬂ’(g@fﬁ?i&‘gmcw /)y Ty L alaic gl Tl ) S8 5]«
G2 Gl Aotee i
* The benzyl group:  Aryl groups:
CH,—
©/ \an extra CH, group /©/ /©/
o g

Lﬁa}umei) z—bfomoa"l-MWplphw\

22



Interesting Aromatic Compounds

« Benzene and toluene, are obtained from petroleum refining and are
useful starting materials for synthetic polymers.

« Compounds containing two or more benzene rings that share carbon—
carbon bonds are called polycyclic aromatic hydrocarbons (PAHS).
Naphthalene, the simplest PAH, is the active ingredient in mothballs. )

&

AP o N ol e lo LA e,

The components of the gasoline additive BTX |

O O O

benzene toluene p-xylene naphthalene
v (used in mothballs)

Udss e Vsl
Yoo GossEe

23



Interesting Aromatic Compounds

NHCH;

(L
(L

Cl

* Trade name: Zoloft

* Generic name: sertraline

* Use: a psychotherapeutic
drug for depression and
panic disorders

&un by

¢

* Trade name: Viracept

* Generic name: nelfinavir

* Use: an antiviral drug used
to treat HIV

9

¢ Trade name: Valium
* Generic name: diazepam
* Use: a sedative

J.»?—o

O /CH:s
CH,CH
KOG AN HN | N\N
= /
N
0,8
2 \N/\I
(N
CH,

* Trade name: Viagra

* Generic name: sildenafil
* Use: a drug used to treat

erectile dysfunction

O
0]

N(CH,CHg),

* Trade name: Novocain
* Generic name: procaine
* Use: a local anesthetic

30 2o

CO,CH,CH,
N

N

Cl \ J

* Trade name: Claritin
* Generic name: loratadine
* Use: an antihistamine

for seasonal allergies

24



Interesting Aromatic Compounds

e Benzola]pyrene, produced
by the incomplete oxidation

g8 Sl o .
- of organic compounds
S\ in tobacco, is found in
5 t=J]  cigarette smoke.

benzo[a]pyrene
(a polycyclic aromatic hydrocarbon)

tobacco plant
Q_QL:‘_)\) N © David Young-Wolfi/PhotoEdit © Corbis

 When ingesiéd or inhaled, benzo[a]pyrene and other similar PAHs are
oxidized to carcinogenic products. 25



Electrophilic Aromatic
Substitution

Chapter 16
Organic Chemistry, 8" Edition
John McMurry
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Introduction

H
Addition | @
H
H
Substitution | ©/

E+

29



Introduction

Reaction Electrophile
[1] Halogenation—Replacement of H by X (Cl or Br)
H X
©/ X, ©/ E*=ClI* orBr
—_——
FOXs
X=Cl aryi halide
X=8Br
[2] Nitration—Replacement of H by NO,
H NO, X
O = 7 EB
H,S0,
nitrobenzene
[3] Sulfonation—Replacement of H by SO;H
H SO4H 3
O = g7 =
—
H2SO,
benzenesulfonic acid
[4] Friedel-Crafts alkylation—Replacement of H by R
H R
©’ RCI ©’ P
—_—
AICIy
alkyl benzene
(arene)
[5] Friedel-Crafts acylation—Replacement of H by RCO
(o]
’ ¢
©/ RCOC R E* =RCO
—_—
AICI,

ketone

30



Mechanism

‘ OIt | Mechanism 18.1 General Mechanism—Electrophilic Aromatic Substitution

Step [1) Addition of the electrophile (E*) to form a carbocation

H H H H ¢ Addition of the electrophile (E*) forms a new C—E bond
R o,é e @"\E‘ o @LE y E o @LE using two n electrons from the benzene ring, and
L. “\ generating a carbocation. This carbocation intermediate
[ i ik ng ce ' ic. but it ilized—.
, [:'“5 / resonance-stabilized carbocation
é T I p _ 5\&\ '\-‘QJ\P\ ,'\@6\ o
o : ¢

* Step [1) is rate-determining because the aromaticity
of the benzene ring is lost.

. .8
- \ N
¢£ 0 yé; v3\ :
s - ) Step (2] Loss of q proten to re-form the aromatic ring

C M
NN ol O @

* |n Step [2), a base (B:) removes the proton from the
carbon bearing the electrophile, thus re-forming the

+ H-B' aromatic ring. This step is fast because the
s aromaticity of the benzene ring is restored.
J"(-\J [ (e rél_l a0\ « Any of the three resonance structures of the carbocation
. ver intermediate can be used to draw the product. The
- i‘)\) \ j \/;;/l choice of resonance structure affects how curved
L}s arrows are drawn, but not the identity of the product.
e .
)\ S %5 L@ b
transition state
“ Step [1]
K ottt ~ transition state
- 99->) ] ( — <.
s w5V A &Zﬁg, ff"-b /,LE:9 R 2
- = i . ’m\ﬁ\ L!_:s I{SQ) qu)\/.",J\ ‘\b\JA\ ():’..9§*’J
) A oo ds) e /T =
e~ B s\, b\l
5 oY, W
Gz 00
("‘:: Y, t)ﬁc |

E
@*E* V1 SRS ©/+H+ 31
=

Reaction coordinate




Halogenation

‘ _-'Oh; ' Mechanism 18.2 Bromination of Benzene

Step [1] Generation of the electrophile  )s701 & 557

* Lewis acid-base reaction of Br, with FeBr;
forms a species with a weakened and
Lewis base Lewis acid electrophile polarized Br—Br bond. This adduct serves
(serves as a source of Br*) as a source of Br* in the next step.

ar—ér 5 FeBr, —» :g.r—é.r—FeBra

Step [2] Addition of the electrophile to fom'u a carbocation

H < Addition of the electrophile forms a new
Br Br Br  C-Brbond and generates a carbocation.
@\.aé'_ef-F°8fs —, @L @Z‘ = OL This carbocation intermediate is resonance
SRR W7oV stabilized—three resonance structures

o resonance-stabilized carbocation can be drawn.

+ FeBrg~ * The FeBr, also formed in this reaction is

the base used in Step [3].

Step (3] Loss of a proton to re-form the aromatic ring
¢ FeBr, removes the proton from the carbon

Br '- F°B'3 Br bearing the Br, thus re-forming the
+ HBr + FeBrg aromatic ring.

* FeBr,, a catalyst, is also regenerated for

The catalyst is _
regenerated. another reaction cycle.

32



Nitration [ e ")
,9 T/

nitrobenzene
2-bpep y
\

O | Mechanism 18.3 Formation of the Nitronium lon ("NO,) for Nitram

K \ Z

'/—__\ I._ ° + . + e
H-0-NO, + H{OSOH — H-O-NO, — H,0: + NO, = O=N=0
) cop ¢ = electrophile Lewis structure
B (\/o‘r + HSO.,
0 -3o,\

S, o) WA Go 50 I Son
S \eb NNe, 020 5 W Z/'vs{s\}“—zg
WOUS 695 G @ey S W Jooeasd 5

OU Ges
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Nitro Group Reduction

Aromatic nitro groups (NO,) can readily be reduced to amino groups (NH,)
under a variety of conditions.

N02 NH2
©/ Hy, Pd-C ©/
or Xyl

nitrobenzene Fe, HCI aniline =y bo <0 \
or ) '

Sn, HCI h onzen_Ls N,
St oo )

35



Sulfonation

SO,

- e

H,SO,

Sulfonation |

QD | Mechanism 18.4 Formation of the Electrophile

benzenesulfonic acid

O;H for Sulfonation

:II ——
.80, + HzOSOH —»

e

7 0 ) 07+ 0-H

325248 52 It

\M

*SOH = + HSO;

N\ So

electrophile

36



Friedel-Crafts Alkylation

H R

RCI ©/ N
— - + HCI
AICI, new C—C bond C

alkyl benzene

R “+
Vs ~ -
[C%];C-(_:_l + AICI, —_— (CH;))C‘C'“NCH ———~ (CHS"JC‘ + AICL™

C(CH.\I;;

C{CH3)s
-~ N -
© - ‘C(CH3,3 e JH C|— ‘J — - HC| - Nc|3

Tapermediche

Best with 2ry and 3ry halides . ) G, > <
o N R -

Py

37



Friedel-Crafts Alkylation

Other functional groups that form carbocations can also be used as
starting materials.

L)"})ES‘) \c

‘ ( X
An alkene + H—OSOzH —> Z 2° carbocation

H

+ HSO,”

\);ps}*(J)z

?H;; R (I;H:3 ?V

An alcohol = CH5;— (|: OH + H 0803H B— CHa—clt OH, —— CHY CZ CH<_ 3° carbocation
CH, CH, ° °

+ HSO,~ + H,0:

I (CH3)3C_OH + HQSO4 |

H ! C(CHa)s
e — O

new C—C bond

38



Limitations

[1] Vinyl halides and aryl halides do not react in Friedel-Crafts alkylation.

—_ Cl
v( Unreactive halides in the coo
6_4} Friedel-Crafts alkylation D00 ©/
'y | ‘
calh J e cp.zcy* D kLA SR VIS BN J vinyl halide aryl halide
wrspeble > L1 g 20 e

[2] Disubstituted products are obtained in F.-C. alkylations, but not in

acylations. ﬁ
U (f_( g
a“é/e /L@
( C
AICl; AICI3

More reactive
than benzene Ll fride crofb Alkylegronsy)
PNl e pml
) 6o Mo Nl $rolef crdt 0‘”5’“'57;’“"?3‘& _
9



Limitations
3] R t .
[3] Rearrangements can occur ) é?}? . lefom

AICI4
) e O
%

L:dé} o5 ) 350
tasgeble v > more
/\O N spete
H -
1ry 2ry
less stable more stable
© ></C' e
+ S =
1007
1ry 3ry 40

less stable more stable



Friedel-Crafts Acylation

/ R O
’ H o) \ C «— acyl group
Friedel-Crafts acylation— — & 2 R
General reaction P
acid chloride Kakina
Resonenze .
{
i o + - -
+ ACly i ~ ach = HCL—-C=0 - H,C~-C=0 + AICIS
H,C U H;‘C/lCLfI, ! CM'*ZH . N i
)0(:5" 0] L/LS
bor

Sl !

ch 0

c=0
' ‘)H Q)‘\ + HCI + AICI
+ H,LC—C=0Q =i~ - R
N~ A CI~AICI;

41



intramolecular Friedel-Crafts reactions.

v
g REEN PSR

=1y §

—
—

Jes78y ) O
cl.1_0 CHg
new C—C bond N N
Reaction occurs / o /| \
at these 2 C's. \
AICI, \
N ] —. —’
228 N several N
\ N\ steps \
CH,Ph CH,Ph 4
LSD
intramolecular lysergic acid diethyl amide
Friedel-Crafts acylation
-

42



Nitration of Substituted Benzenes
©/N02 OCl @ ©/OH
l l l i
NO, Cl OH
SANSENE NG

NO,
A
Relative
-8
rates 6x10 0.033 1 1000

Substituents modify the electron density in the benzene ring, and this affects
the course of electrophilic aromatic substitution.

43




. o syl e
Substituted Benzenes gy
V‘DWWL@

Inductive effects (through c bonds): eieet ™4 cns oo,

LS\
e Atoms more electronegative than carbon—including N, O, and X—pull electron ResenenCe? 3 ‘
density away from carbon and thus exhibit an electron-withdrawinginductive effect. Sl

¢ Polarizable alkyl groups donate electron density, and thus exhibit an electron-

donating inductive effect. & Vazs

CElectGwithdrawing-inductive SHfct | ElSeto=donating insiuctiveis ies:
c/J\_9 e o=y
- +—> e P
s FOp o | 0%
AN ad
&}»f e : .
- * N is more electronegative than C. * Alkyl groups are polarizable, making
« N inductively withdraws electron density. them electron-donating groups.
———
/NHs* -NH, -OH -F CHO -CN  SOsH -NO»
-CFs -NHR -OR -Cl -COR SO:2R
-NR2 -Br -COOH
-| -COOR _
) — C
CH | J
3 — \ = _ (O\l Q \ 5~
ARV (e g 24 s *
-SiRs N W Re sonence Jb 44




Substituted Benzenes

Resonance effects (through © bonds) are only observed with substituents
containing lone pairs or © bonds.

» Substituents containing lone pairs are electron donating (+ R)

-s ' ) 8+
QM';:- NH; NH'-' NH.,* NH,

PR

« Substituents -Y=Z (CsHs-Y=Z), where Z is more electronegative than Y are
electron accepting (- R)

gD

o M 0. _H 0. _H o W g' "
Ps E' | |
P O O
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VO PSP R B R P

Substituted Be

Oy A

zenes: Activation «- <,

-CHO CN SOsH -NO:

-COR SO2R
-COOH
-COOR
an - wi Bholrawivg .
e"’-“%’;f,wp NSNS
elecbron -o(mnotﬁ.nj.. 33\9 g\g«w Fps) g[
romar

« Substituents that increase the&’é}lg)ctron density on the ring activate the ring
towards electrophiles. Substituents that decrease the electron density on
the ring deactivate the ring towards electrophiles.

* To predict whether a substituted benzene is more or less electron rich than
benzene itself, we must consider the net balance of both the inductive and
resonance effects.
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Substituted Benzenes: Activation

© = Y©*
More reactive

than benzene

O

0
)J\Cl ”""M v
Y
o= b e

Less reactive
than benzene

47



Substituted Benzenes: Orientation

B 6‘@"‘

+R>-I -OR, -NR2 )m

o= g O

30% traces 70%
Gl Lo\
-l > +R (-F, -Cl, -Br, -1 ): deactivating, o- p- directing
HNO
Hso. 0: o] C
O = - - O
w? O?N

35% traces 65%

-, -R (-NO,, -SO3H, -CN, -COR){@eactivatingamsirecting:

HNO,

NO; H2304 NOQ OR‘N No? ~
N
NO, O;N

5% 90% 5%

NO,
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Substituted Benzenes: Orientation

+ |: activating, -0 -p directing (same as + R)

Hs HNO4
H2804

58% 5%

- |: deactivating, -m directing (same as - R)

@ S8, ©: @(

6% 91%

OzN

37%

/©/CF3
02N

2

3%
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Substituted Benzenes: Orientation

The new group is located either ortho, meta, or para to the existing
substituent. The resonance effect of the first substituent determines the
position of the second incoming substituent

j;u J(r-l OH* jH‘ é TH +R )
?f \] - G [/- \ﬂ - > ﬂ \I] Y e [ \] H )
N 5{ s Z 9 orto
;) \_ . para
O’Q:T./O O\N O O.\T\O O\I:.O e T\O o N
N TN - N o B i
) = [ ] - [| D - ] ]
S (—‘E;-" ’ ‘-._:,- i) [\ - [Q meta
B \ o Y.




Substituted Benzenes: Orientation

X X X X
H H H
E* E E E
E— ~ -
X X X X
54
R - > -~ >
E E E
H H H
X X X X
E+
H E H E H E



Substituted Benzenes: Orientation

+R [ denebing by Resononec -R
-0, -p |ntermed|ates are resonance stablllsed -0, -p mtermedlates are resonance destablllsed
CY) w2

X =0
Jl_',é——g
- Sbv/ol'/l's“ﬁb’l -
C a3l
Qii X
H E H E
+1 ( Lonpeang by inebacbive) - |
-0, -p intermediates are inductively stabilised -0, -p intermediates are inductively destabilised

X X
H H
E E
- -
X X
H E H E



Substituent Effects. Summary

Note the unique position

of the halogens.

osU
%ﬁs'wr'fj
o —RiH, [NHR, KRy J
o
S -
s ~oH
-
E -8R activating
= groups ortho, para
@ ae directors
8 —-NHCOR
S
£ -R
{
-X: [X=F,Cl,Br,1)
———————————————————————————————— ¥
deactivating
groups meta
directors
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Disubstituted Benzenes

\ CH, / CH, \ CH, / CH,
\ »/&: B Br,
) —
FQ&) / \FQ&;) &
NO: (m) NOs NHCOCH, NHCOCH,
2 Y
(/i Py e LAY Gl (SXsy) Plo g e @ o sl
sterically
hindered
o, Hh CHs
()
§ / HNO, 4
pum—— +
c' H-;lSOd a C|

Il -

(2556 (S cands )

o9 SEY] Gut) |
( Ossl =
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Further Examples

i— very strong activating group _1
NH,

OH
Bf2 Br2 Br Br
FeBr3 FeBr3
aniline phenol Br

t Every ortho and para H is replaced. ,I

NO, ,
__R_QL No reaction
1 AlCl; ©

strong deactivator
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Synthesis of Polysubstituted Benzenes

ortho, para director —>Br

m 0

P
meta director —>NO,

p-bromonitrobenzene

=N SIVN
Br wlol i
G Gl o
}(9 /L)C)'L ;&L@L (33-{;

P ot
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Synthesis of Polysubstituted Benzenes

Pathway [1]: Bromination before nitration |

ortho, para director

Br
_HNO, : NO,
FeBr3 H2804
NO,

The ortho isomer can be
separated from the mixture.

para product

This pathway gives the desired product.

Pathway [2]: Nitration before bromination

_HNO, This pathway does NOT form
HQSO4 FeBr3 the desired product.

meta director meta isomer
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Reaction of Amines with Nitrous Acid

NaNOe N=N: CI
“HCI
alkyl dlazomum salt aryl diazonium salt

v ghto <
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Reaction of Amines with Nitrous Acid

1. generation of the electrophile

T H o H - '
(HCl+ O-N=0 === CI' + HO—N=0 =—= o N=0 —»  N=3
"o O
H
nitrosonium
2. nitrosation ion

R—NH, + N=0 =—> _F —> RN N,
H -H* ‘o

— . .
Cons ekl / N-nitrosamine

7

3. acid-catalysed elimination
R— NC\><—_> R—N=N ff —— R—N=N
OH: j (, - H0
q,h)‘/

qu\ diazonium
! AN e"” ’ ion

b epome” Isym



Substitution Reactions of Aryl Diazonium
Salts

 Aryl diazonium salts react with a variety of reagents to form products in
which a nucleophile Z replaces N,, a very good leaving group.
« The mechanism of these reactions varies with the identity of Z.

General
substitution reaction

N.* CI Z
Z -
©/ > ©/ + N, + Cl
\ good

\
g~ peof Z replaces N, leaving group
534 rem
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Substitution Reactions of Aryl Diazonium

Substitution by H—Synthesis of benzene

)@oVT
_——
N- CI‘
T
benzene

A diazonium salt reacts with hypophosphorus acid to form benzene.
This reaction is useful in synthesizing compounds that have substitution
patterns that are not available by other means.

Substitution by OH—Synthesis of phenols

N,* CI” OH
H,O
_—
Cu,0 ©/

phenol
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Substitution Reactions of Aryl Diazonium

Substitution by Cl or Br—Synthesis of aryl chlorides and bromides

N,* CI- Cl N,* CI Br
CuCl CuBr
— —

aryl chloride aryl bromide
£
This is called the Sandmeyer reaction. It provides an alternative to
direct chlorination and bromination of the aromatic ring using Cl, or Br,

and a Lewis acid catalyst.

Substitution by CN—Synthesis of benzonitriles

N,* CI- CN
CuCN
—

benzonitrile

Since the cyano group can be converted into a variety of other
functional groups, this reaction provides easy access to a wide

variety of benzene derivatives. o4



Substitution Reactions of Aryl Diazonium

S ~lfe

Substitution by F—Synthesis of aryl fluorides
/‘D

- >S5
N2 CI HBF4 F &‘h)\ N
— :9\

aryl fluoride o o

This is a useful reaction because aryl fluorides cannot be produbgd by
direct fluorination with F, and a Lewis acid catalyst.

Substitution by I—Synthesis of aryl iodides

>
I F ;N2+ ; 5 I
O Naja)_or KI

aryl iodide

This is a useful reaction because aryl iodides cannot be produced by
direct iodination with |, and a Lewis acid catalyst.
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Substitution Reactions of Aryl Diazonium
Salts

Diazonium salts provide easy access to many different benzene
derivatives. Keep in mind the following four-step sequence, because
it will be used to synthesize many substituted benzenes.

N,* CI- Z
HNOg NaNO, Z
st04 Pd G HCI

mtratuon reductlon diazotlzatuon substitution
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Substitution Reactions of Aryl Diazonium

Salts
3( [ j The Br atoms are ortho, para directors
located meta to each other.

1,3,5- tnbromobenzene

elecblophlrs Db optest >t
Vely _(25[; M&Yo@nﬁ 4P

HN03 Brz NaN02
HQSO4 pd C Fer HC'

(1] (2] (3] (4]

Br

Br

Nitration followed by reduction forms aniline (CgHsNH,) from benzene (Steps [1] and [2]).
Bromination of aniline yields the tribromo derivative in Step [3].

e The NH, group is removed by a two-step process: diazotization with NaNO, and HCI (Step [4]),
followed by substitution of the diazonium ion by H with H,PO,.
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Coupling Reactions of Aryl Diazonium Salts

 When a diazonium salt is treated with an aromatic compound activated by
a strong electron-donor group, a substitution reaction takes place giving
an azo compound.

Azo coupling ®N2+CI’ + QY — QN:NQY + HCI
Ny

Y = NH,, NHR, NR,, OH azocompound
(a strong electron- .
donor group) CTC_QVWP ‘Oﬁ‘dj &1y "‘g/ﬁw‘ \
Co\oreys
. 1:";J\'7—/l/:: N — Gl=
Mechanism: &ty bl
Resonente J‘. (E)H
P 057 N
)
G- (H f_-‘“\ C‘O” N OH
—- = Q-/‘ <§ .—u ” - ™~
»N N’:—N' eolbect N H f P H N [ I
AW Ar —® N W _A’ A SNT RS
Gl
a,romaﬁcr‘[:j Z/,\

The para position is preferred for steric reasons
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Azo Dyes

« Azo compounds are highly conjugated, rendering them colored. Many of
these compounds are synthetic dyes. Butter yellow was once used to
color margarine.

Examplel QN2+CI_ + @—-N(CHQQ — QN:NON(CH3)2

a yellow azo dye

“butter yellow”
Three azo dyes \ Q
OQN@N:N OH
O )
g \v LS COOH
alizarine yellow R para red

0 (s Q-QAUW

39\ ON
Na* —OSS NH2 H2N 803 Na*
Congo red 69



SgAr in Polyciclic Aromatic Compounds

. NO»
N02 O(H\O
—
aromatic i .
\ E H aromatic E H E H 7 E e
\ ® Resonance ! Go
®
O — T — Tl =
®
not
aromatic aromatic
\ ® E \,

E EH
QO — O — G-
® ®
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Nucleophilic Aromatic Substitutions, S, Ar

eV VY

Nu

Z = Electron Accepting Substituent (sigma or z: NO,, CN, N,*, SO,R)
X = Leaving Group

Example
OEt EtO, OMe O@ EtQ OMe
O2N @ NO2 3 02NUN OzN NO> .
Oe g ? Eona
|
NO-
. o’(+)\o
O Ve pp © @
AT e &

NG bhe K{]



N 2t SRS N L PV O o TR v

1) Examples of S\ Ar - v s o g o &
(=t
R A ) .
NN EIG IR
- “NH, ' He
ND) NJ NH, N NH, N
™~ 8 .
(76) ce e ¢ K (77 (77a)
NoeRaap s ﬁ&

V(e e 5,5 9l
C (o pas\ WA

2)
3o H
9H/©1N02 Base 0“02
Me N : @O
SO-




Examples of S, Ar

oL

S OH  festes C?@OI:[C'
Cl C NaOH, A C @) Cl
Ay [nseds)) 552

/@iOCHZCOOH CI:C[OCHZCOOH
Cl Cl Cl Cl

&éw\/\rwﬁ

Herbicides were used
extensively during the

Vietnam War to defoliate 2,4-D 2,4,5-T

dense jungle areas. The 2,4-dichlorophenoxy- 2,4,5-trichlorophenoxy-
4 F acetic acid acetic acid

concentration of certain herbicide herbicide

herbicide by-products in the
soil remains high today.

e active components in Agent Orange,
a defoliant used in the Vietham War

Cl OH  CICH,COOH
-~ ( 2,45T



Aol S
Benzyne —— " L. oK
& A hv, 8 K, hv, 8 K,
N j 5 @I v de-hle
N ﬁM‘J L s
A

-CO Ar, —CO

r,
A(om“@c
QQ%) - -' o SJV? @l @

ff;&

\\\ Orbitals 9”"”“&,;@3\
overlap 1.42 A©| 1.24 A & © 1.39 A
sk dok,
| NH, NH,
-(0]=8. &
peE et Ny +

e ="3C A ‘36“73%5’“3*’

OMe Me
Cl KNHp ¢ KNH, @

stab/c <1
g o Yo



Side Chain Reactivity: Radical Halogenation

Benzylic C—H bonds are weaker than most other sp® hybridized C—H
bonds, because homolysis forms a resonance-stabilized benzylic radical.

benzylic C—H bond

H H H
| é ) |
B ( B
< :
C I et five resonance structures for the benzylic radical

H Br
\ /

H
C C
\CH3 hv or A \CH3 + HBr
or
NBS

ethylbenzene hv or ROOR a benzylic bromide

4

radical conditions
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Side Chain Reactivity

4

Br,
ﬂc’&;\@xs ¢ FeBr, i @\ + /©/\ lonic conditions
Br Br

P

ortho isomer . paraisomer
_ NI <= S

IV

S

Br ol

Br2
> Radical conditions
hv or A
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Side Chain Reactivity: Oxidation

—
CH
Examples '
| 0

toluene KMnO,,

R

7

H(CHs),

benzoic acid

isopropylbenzene

CH,CHj4 COOH
Ol == X
CH,CHj4 COOH
tenitpry — phthalic acid
1o KMnO
M}" e . ©/ ———> | No reaction
XX 0y 4,0

<«~——— carboxy group

C
O
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Side Chain Reactivity: Reduction

Hngd g
(Zn HCI)
Cl\/\ . .
+ (+ disubstituted products)
NC;,

moine V mejor
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