Benzene and Aromaticity_

O-0 -0

Benzene | || ————-mmmmmpemmmeee e
1,3-Cyclohexadiene @ S
-386 kJ/mol |
(expected)
e O e 206 kJ/mol
(actual)

150 kJ/mol
{difference)

Molecular Orbital of Benzene

Antibonding

/
i’
i’
!
A T il 5 v
IR A A
Ll by Ve
T4
’

+ + + + + + {' _______________________________ Nonbonding

Wy
A
Six p atomic orbitals \‘\\ } t - N
i\‘ r'
v ¥
\
1
\
\\ il

_i_r Bonding
Benzene © bond v

=118 kJ/mol
O l Six benzene molecular orbitals
Cyclohexans | | —=———remmed e e e R e e
Br H Br H‘,\.‘/.H
O + Brp #I!vr»t. ©/ + HEr ©: H—C<‘C_7C>C—H
) Br HM‘H
Benzene Bromobenzene (Addition product) .
|substitution product) NOT formed 15-1 15-2
Aromaticity and Huckel 4n+2 Rule Aromatic lons
+ Benzene is unusually stable Tic " i 9. HoH
+  All carbon—carbon bond lengths of 139 pm aroma e & " "\!}:/Ciﬁ\’" P2 : @
* Resonance hybrid with structure between two Kekulé structures S 7 W-C S -
H/C_C\H i - . i N pK, =16

» Undergoes substitution rather than electrophilic addition

Huickel’s rule: a planar cyclic molecule with alternating double and single
bonds has aromatic stability if it has 4n+ 2 zelectrons (nis 0,1,2,3,4)
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Why 4n + 27
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Polycyclic Aromatic Compounds
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Naming Benzene Derivatives

O/ Q/ O/ o

Propylbenzene

Benzene as the parent name: ‘
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Transmittance (%)

Spectroscopic Characteristics of Aromatic
Compounds

IR | <Aromatic ring C-H stretching at ca. 3030 cm~';

« Peaks at 1450 to 1600 cm~! (complex molecular motion of the ring);
« Strong absorption from C-H out of plane bending at 690 to 900 cm~".
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NMR Characteristics of Aromatic Compounds
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NMR Characteristics of Aromatic Compounds

Aromatic Coupling
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Reactions of Benzene: Electrophilic Aromatic Substitution
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Hal C..__R
©/ O/ This class of reactions is called
electrophilic aromatic substitution.
Halogenation \ / Acylation

H
NO; O/ R
-— —
Aromatic ring
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‘ Benzene as a nucleophile ‘
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Nitration
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AGIalkane

Alkene + E*

Benzene + E*

AG* benzene

Reaction progress

Ener

Addition
(does NOT occur)

Substitution

Reaction progress
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Halogenation of Benzene

Activation of Bromine by the Lewis Acid FeBr;
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P
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Aromatic Nitration and Sulfonation
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Friedel-Crafts Alkylation

s AH SR Reactivity of the haloalkane :
r + RX — + HX RI < RBr < RCI < RF
L L/
s = (increasing bond polarity)
SR o : L. c, s, ~CHICH; . Typical Lewis acids:
AR 17 L, ' BF,, SbCls, FeCls, AICI, & AlBr,
28%

STEP 1. Haloalkane activation An Intramolecular Friedel-Crafts Alkylation

Cl

RCH—X:7+3AIX, == RCH;:X:AIX - AJC1, €5, nd CHANO, e 26°C, 721
HCOY *
| .
STEP 2. Eleatrophilic attack 3%
| + B /R . . + AIX Friedel-Crafis Alkylations Using Other Carbocation Precursors
P | —CH:R o H CHCH,CHCH,
PX—AIX - H OH
! BF, 60°C, 00
+ CHCHsCHCH, e
STEP 3. Proton loss
36%
_CHR + XA, » | L + HX + AlIX;
T CH K
*
HF, 0°C
+ —

62% 15-15

Limitations of Friedel-Crafts Alkylation

UC' ol P
@ + R—X Allls NO raaction

NOT reactive

Multi-alkylation:
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= HsC CHg

izati i Mi od Major prod
Isomerization of alkylat|on: inor product ajor product

CHCH;CHZ CHyCH,CHyCH3
_CH3CHRCHaCHAC! |
AlCly .
Heating any of the three

£ Butylb Butylbe isomeric xylenes with HF/BF
nzene sec-Butylbenzene utylbenzene oads o o equ”ibrium

165%) (35%]) ‘
mixture of 18%, 58%, and
H H 24% of o-, m-, and p-xylenes,
Hydride + | respectively. Explain why.

=y +
CH3CHaCHCH,  —-——»  CH3CH,CHCH,
shift 1516




Friedel —Crafts Acylation
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Substituent Effects on the Electrophilic
Aromatic Substitutions

O/NO;; : .Cl : JH : ~OH
Relative rate
_8
of nitration 6 % 10 0.033 1 1000

Reactivity

Decrease the
electron density

of the ring EW
Q— Q Q- Increase the

electron density

lEJ' lE+ E+ of the ring
Destablllze the
o
intermediate . .
intermediate
Deactivating Actlvat|lr;91 .

Substituent Effects on the Electrophilic
Aromatic Substitutions

EWG
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H
3
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E (] o) 8
EDG ; o =
EDG A B -c— ) g
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¢ + €2 starting 02 A B C
substrates products
E progress of reaction
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Inductive and Resonance Effects

Substituents that ‘a““ O'O,, ~
interact through \N\\“ > El'il_ Ss
sigma bonds — _F\ .—I— £S- H 5"'){: R
inductive effects. ™ Cf/ c

Substituents influence
reactivity through

p-orbital overlap
— resonance effects.

reference

CH; ® CH3 CH3\® CHg

QO‘ .

g

CH. CH3 CH; @ CH3
EDG
@ @;0
EWG S
H (‘6° H_ O H

S | |
- 30 - @ 15-20




Alkyl Groups: ortho- and para-Directing Activators
é+E®—>é/Eoré\ or©
E E
ortho meta para
ﬁ/:LNDd

Most stable

+
NO3
Toluene
CHz
s
Fird 3% || o —
+

-OH, OR, and —NH/R,: ortho- and para-
Directing Activators

Ortho - ggey,
attack
H 5!—!
Meta
> 0%
© attack 0%
Phenol

Para

50%
attack

Most stable 15-21 15.22
Halogens: ortho- and para-Directing Deactivators Meta-Directing Deactivators
aD::ci 35% Ortho |
0 nokt_.-‘.:,_ H
:Clz C
@ Mo, @ Mota 72%
:e‘::::-e Benzaldehyde
15-24
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Summary on Substituent Effects

Product (%) Product (%)
Ortho Meta Para Ortha Meta  Para
Meta-directing deactivators Ortho- and para-directing deactivators
—N(CHs)s 2 87 11 -F 13 1 86
=NO; 7 9 2 —ClI 35 1 b4
~COzH 22 76 2 =Br 43 1 56
-CN 17 81 2 -1 45 1 54
=CO;CH; 28 66 6 Ortho- and para-directing activators
~COCH; 26 72 2 ~CHy 63 3 4
~CHO 19 72 9 -0H S0 0 S0
—~NHEOCH; 19 2 79
Benzene
i i . ~CHg = &
NO3 S04H COH CH —Br: —F: falkyl) OCH3 NHz
\ i I
Reactivity
+ o C == = f e
NRz —C=N | 2 —1: —Cir —H _{ \> - ? &H
CCH; — COCH; N j — NHCCHy
Orthe- and Ortho- and
para-directing para-directing
deactivators activators 15-25

Activating substituents Most activating

—NH; ]
s
e actiming Ortho and para attack have
—OR J similar electronic considerations.
0
—Nllg‘R Maoderately
o [ activating
|
—OCR 4 L (l_ﬂhnfpura
:: | Weakly L
_(:L:“m ] activating Standard of comparison —~ —H |
- - Deactivating substituents Ortho / para
Standard of comparison —= —HI —F 1 directing
—cl | Weakly
- —pe deactivating
Steric factors can have an -1 _
influence on the ortho / para ratio. 'l
—CH
0
1
—CR
+ HNo, H2S0s NOz 4 L Moderately
—C0R deactivating
(4]
@ NO, —ll_'()H L Meta directing
[+]
1
—CCl J
—C=N 1
—S0:H
+ HNOg H2S0s NO, + o, —Nme | Sty
—NHR; —NR,
—NO; ] |
NO, Most deactivating
15-26

Electrophilic Attack on Disubstituted Benzenes

. . [the methyl and nitro substituents
> When the effects of the directing groups | direct the incoming substituent to
| the |v'1dlated pq_smom

reinforces each other, the situation is -

CH; [/ CH,

straightforward. T I%I NO,
> When the effects of the directing groups i ~
oppose each other, the more powerful o e
activating group will dominate.
. NR,.OR = X.R > meta directors
» Mixtures of products often results when 1 I 1
the directing groups are similar in their o o
directing strength. fj i 2*\”,"0,
> Further substitution rarely occurs ., ...~ ﬁ/' ey, -\xﬁ/
between two groups in a meta-
disubstituted compound due to cH OCH:
steric hindrance. L 1. oo,
CH; CH CH SO, . | |
& r L i Ehribu Uviha
CH,CH,

N | OCHLCH,

15-27

Synthetic Strategies toward Substituted Benzenes

1. Chemical interconversions of ortho, para with meta directors (nitro < amino or
carbonyl < methylene);

2. Employment of reversible blocking strategies with sulfonic acid groups (-SO;H);

3. Additional knowledge about practicality of certain electrophilic substitutions.

MO NO NH, NO NH,

e A ZurHe), HCL, of
B, FeBry I . Fe. HCI | H:. N, or Fe, HOI
e L SR,

Br ~F gy S i
3-Bromobenzenamine

Interconversion of Acyl to Alkyl Group

e P CHLCH,
CHOCL, AICY, = ki CH Cl, FeCl, = 3 CH M. PLCH.CHOH
> | "y s L%
9] Cl L]
He. P, CH,CHAOH or CH.—R 1-Chiloro-S-cthylbenecne
ZeiHy), HOL, A o . ) o
| Synthesis of Buty Without Rearr
. M0 HO e 0
- a
‘| e, A, e ¢ i HCL ZoiHp), &
» »
1% S04
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Synthetic Strategies toward Substituted Benzenes

COCH

L CHLCOCL AICY, 1. HNO, M5S0,

2HHO s 2. CHCOCL AICY,

1 HNOL HS0, i VB0 f
i iR Y <« < VI

NI
HO
CiCH.

Reactivity of Polycyclic Benzenoid Hydrocarbons

H E. H]
S y  — | — . i
CICH,) s E
I
> ) H . ) | H H .,
Reversible Sulfonation as a Blocking Procedure 16¢ 1 "
CiCH CiCH,) CiCH, 1 CiCH,)
& 0, CHAODOH, & H » [ H
L oome, M8, |I\¢I.> H'.HI'.\’ “HD e
| . . ; \hl‘-r. Minor
A Synthesis of Margin N 5 "
] o o) 'I_-
Dﬁkocm \dLOCH3 — HQN\©5(OCH3 — H2N\©)kocr13 HiS0, 0C i '
NO, NO, HO .
|
0 " ) Nitration of I-Naphthalenof (1-Naphtholj o e
MO Hy HZNO)LOCH:% omooe N ocn, SOy . T n e o
HNO Ni pyridine (0] HNO3 OH o 0 o *
3 . I I CH . 0
o Q ‘"':;“ . and [H —> |
\"/ : JL H,S0, H2N\©\)LOCH3 By, FeBry HZN:@\)(ocrcs
© NO, CH,OH NO, Br NO, 15-29 H major minor 1530
Reactivity of Polycyclic Benzenoid Hydrocarbons
S D

Electrophilic Attack on Phenanthrene

‘ addition vs. substitution: ‘

- O

Benzene as an electrophile:
cl ,59

H_..
* Os

2\\,"0: Na,CO, .

K) H;0,100°C H)

NO, NO,

H cl )\\/ NO
W (J
NO,

The EWG must be located ortho or para
positions. A variety of nucleophiles can be

used. The incoming group must be a stronger
base than the outgoing leaving group

< » ([
H H
Major contributor
Br, H
‘E ‘E ‘ Br, ‘ ‘ ‘
H Br
Substrate m

Requirements ‘ @
(hoy

* EWG to activate the ring
» Good leaving group
(—F best in these reactions)
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Benzene as an Electrophile:

Nucleophilic Aromatic Substitution

‘ This reaction goes by an addition/elimination mechanism ‘

Cl

NO,

g

NO,

NO2

b

‘/Noz—\"
—_—
@ addition step

(slow step)

— i

-—
elimination step

(fast step)

Cl. OH
NO,

NO,
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Benzyne: Preparation and Reactions

/
== -1,
50: 50 H_W
Bromobenzens Aniline

'B-nz\rm

Side view
g - « ~NH3 a
e s ) | I - o ; ~
Nt . Ji o | + l\ |
(~HBr) '\\/\‘-u iz
50%
Bromobenzene Banzyne Aniline
(symmetrical)
Mechanism of Nucleophilic Substitution of Simple Haloarenes
STEP 1. Elimination STEP 2. Addition
g X P 3 P NH, v ~_ _NH;
_ " g S X 7] T AL NH
. > b, (]
o S . o A —: i,
A ; , 4
Phenyl amion Bengyne
(Reactive intermedis H
#) aihin TR l
» >
- - —-:HH, P
NHa 3 NH»

Bromination at the Benzylic Carbon

0
Similar with bromination
. H H N—Br H Br o
at the allylic carbon: N \
TCH,CHy % TCH,CHg
(PhCOZ)z, CClg * NH
Propylbenzene (1-Bromopropyl)benzene o
(97%)
H H H Br H
\CX (|: \C.f
“R “R o “R
+ B+ —> + Her = + :Br
Benzylic radical
o] (o}
HEr + N—Br — Brp; + N—H
0 0
i | 1 !
\\%H — C\H — C\H s 2 C\H
. <
~J 15-34

Oxidation of Alkyl Benzene and Polycyclic Aromatics

CH3 COzH CHs cHo
_KMnOg @/ fresh MnO, @/
TH0 a3

HaC, CH3 | selective oxidation of benylic alcohol ‘

c‘\
CHz kw0, | o iaisiion H, OH "
H0 CHy0 £ : CH;0 . !
- =T w7 o MnO,, acetone s T S o

S —
3 ) 25°C,5h =
CHO . CH;0

HNO4

V205/ 0, \ _CrOsHOA ~ CrO5/ HOAc O‘O
-2 - .
25°C

400-500°C KoCr,07 1 H,S04
I I

HO,C COpH
o KMnO,

o
| o
\
o)
S
CHa CrOz-HOAc O‘ @-@
ity —
10-15°C O
o) ‘ — Cros/HOAC AN QP
X ———

L { )
KzCr207 / HySO,
NO, | 2w B,
COZH COH

Reduction of Benzene and Derivatives

@ Na (K, Li), NHs (liq.) @ Birch Reduction
K) CHOH
'N;/ L8R

@f 0

Catalytic hydrogenation

CH3

-~H
Na, NH; (liq.) _Na NHy (i) @[ Hy, Pt; sthanol -
> 130 atm, 25 °C ,
ROH ~H
CHy
B
Na, NH5 (lig.)
—_—
ROH

<

CO,H CO,H

Na, NH; (liq.)
—_—
ROH
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