


Aromatické uhlovodiky ziskavané destilaci ropy

CH3 CH3 CH3 CH3
CHs;
CH,
Benzen Toluen o-Xylen m-Xylen p-Xylen
t.v. 80°C t.v. 111°C t.v. 144°C t.v. 139°C t.v. 138°C
Naftalen Bifenyl Anthracen Fenanthren

t.t. 80°C t.t. 71°C t.t. 216°C t.t. 101°C



Trivialni nazvy nékterych dalsich dalezitych derivatt benzenu

S o6& b

Fenol Anilin Benzaldehyd Acetofenon Kyselina benzoova
t.t. 43°C t.v. 184°C t.v. 178°C t.t. 21°C t.v. 178°C
X
Styren Kumen

t.v. 145°C t.v. 152°C



Derivaty benzenu - nazvoslovi

Br N02
ipso-
-
X
ortho- / ortho- .
o- o- brombenzen nitrobenzen
Cl NO,
Cl OHC
meta- / \ meta- \©\
m- T m- NO, Cl
para- o-dichlorbenzen m-dinitrobenzen p-chlorbenzaldehyd
p- ortho-dichlorbenzen meta-dinitrobenzen  para-chlorbenzaldehyd
1,2-dichlorbenzen 1,3-dinitrobenzen 4-chlorbenzaldehyd
_ O,N NO,
N
CHs
CHs NO2

fenyl benzyl 3-fenylheptan 2-benzylpyridin 4-brom-1,2-dimethylbenzen 2,4,6-trinitrotoluen
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Struktura benzenu - historie

1865

CcH,, symetricka molekula, neprobihaji adi¢ni reakce

Nl N\’

/’\*\ @ @

Kekulé benzene

Kekulé's

cyclohexatriene
D &2 X
Dewar benzene Ladenburg structures
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uzlova rovina

Konjugované p-systémy a delokalizace elektronti

antivazebny

jedna uzlova H H
2 2 Ethen - izolovand \ __ 7/
P ¢ iy Cc—C
g Y dvojna vazba / \
\\\ .’.l'l.o.\ H H
dva izolované Ny &3 Wy
orbitaly p o B radnd uzlovi
Ctyri mw-molekulové orbitaly .
v buta-1,3-dienu. PovSimnéte si, o G VY antivazebogl
Ze pocet uzlovych rovin stoupa / AY. YRy (tH vy
s energii orbital. 8 |
H H // Jnln'.-lh‘bny..‘
. \ / l// g <l dvé uzloves
Butadien - H c=C 2 D OO .
konjugované \C C/ \H : A ,
dvojné vazb - B N i A
J Y / \ &tyFi izolované AN b ‘.Mq'
H H orbitaly p N\



Dochazi k castecné
delokalizaci elektront v
ramci celého konjugovaného
T-systému

— Castecény charakter
dvojné vazby

O )

\_ )&4\ ’15; .-*‘E‘\

C=C—C= C
o 0 i

buta-1,3-dien
konjugovany dien

+5 4+ +5 +)
Uy O
C=C—C—C=C
XA\ B\

penta-1,4 dien
nekonjugovany dien

H H
H ,t-C®
@c-c H
H

Hb H Hb H
=C H -c@
H #
¢ H @c-C H

H H H




o Benzen [

1.09 A S

1.39 A
120° )
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/\/ 120°
120°

Benzene 7 bond 7 Cloud

B 7 Cloud
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Sest molekulovych orbitaliit benzenu



+2H
2 3Hy + Resonance energy
= —29.6 kcal mol-!
: -1
1,3-Cyclohexadiene (=124 kJ mol-')
g Benzene 4
+H, Estimated heat of
hydrogenation
= —78.9 keal mol ™'
Cyclohexene Measured heat of (—330 kJ mol-!) ‘
hydrogenation Measured l{cul of
Measured heat of = —54.9 keal mol™ hydrogenation x
hydrogenation (=230 kJ mol-") = —49.3 keal mol
= —28.6 keal mol™ (=206 kJ mol-')
(=120 kJ mol-')
Vs 2 V2
Cyclohexane

H,, catalyst

>

AH® = —49.3 kcal mol ™!

Resonance energy: ~—30 ku::.':ll1 gnul"



Huckelovo pravidlo a aromaticita

Huckelovo pravidlo

Planarni cyklické systémy s (4n+2) konjugovanymi p elektrony (n =0, 1, 2 atd.),
tj. systémy s 2, 6, 10, 14, atd. konjugovanymi p elektrony, jsou aromatické.
Delokalizace p elektront systém stabilizuje.

Planarni cyklické systémy s 4n konjugovanymi p elektrony, tj. systémy s 4, 8, 12, 16, atd.
konjugovanymi p elektrony, jsou antiaromatickeé.
Delokalizace p elektront by systém destabilizovala (nejsou delokalizovany).

Neplanarni nebo acyklické systémy s nekonjugovanymi p elektrony, jsou nearomatické.

Delokalizace p elektront v téchto systémech neni mozna,.
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Naftalen

10 (4 x 2 + 2) it elektront

Aromaticky
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Kondenzované aromatické slouceniny

Anthracen Fenanthren
3
8 9 1 4 2
7 2 . 1]
; 3 90N
5 10 4 7 10
8 9
Tetracen Pyren Benzo[a]pyren

200® Og@ OO‘QO



Rezonance v kondenzovanych aromatickych slouceninach

Resonance Forms of Naphthalene

™ o N X
g > 4 l s ¢ k
(RS CO

Resonance in Anthracene

CCO-000-C00-C00)

Resonance in Phenanthrene




Koronen

[6]-Helicen

50O
ol
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2 Graphene: mother of them all
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Graphene (top left) consists of a 2D hexagonal lattice of carbon atoms. Each atom is covalently bonded to three others; but since carbon has four
valence electrons, one is left free - allowing graphene to conduct electricity. Other well-known forms of carbon all derive from graphene: graphite
is a stack of graphene layers (top right); carbon nanotubes are rolled-up cylinders of graphene (bottom left); and a buckminsterfullerene (Cgy,)
molecule consists of graphene balled into a sphere by introducing some pentagons as well as hexagons into the lattice (bottom right).

16



[18]anulen (cyklooktadeka-1,3,5,7,9,11,13,15,17-nonaen)

18 (4 x 4 + 2) it elektronti
Aromaticky
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Cyklopentadienylovy anion

H H

— H + |'/v\ «—> \,> —> /f «—> eIC. or

6 it elektronu
Aromaticky

Ferrocen




Cykloheptatrienovy kation (tropylium)

Br.. A '
—he,> Br “—> “— @ «> etc.| or

6 it elektronu
Aromaticky
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Azulen

10 1t elektronu
Aromaticky

Professional
Azulene Mask

Lactarius indigo obsahuje (7-isopropenyl-4-methylazulen-1-yl)methyl stearate.
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Pyridin

Pyrrol

Heteroaromatické slouceniny

sp?-hybridizovany

\\

volny elektronovy
pér v orbitalu sp?

Sest elektronu 7

volny elektronovy
par v p-orbitalu

sp>-hybridizace
sest elektronu
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Cyklobutadien

4 1t elektronti
Antiaromaticky

-l

E, = 3-6 kcal mol '
(13=26 kI mol ™)

A

'
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4 1t elektronu

Cyklookta-1,3,5,7-tetraen

Nearomaticky
Ni(CN), Nonaromatic Cyclooctatetraene Forms an Aromatic Dianion

70°c / \ K, THF Ak
’ N ( = \ »
15-25 atm Reduction \ / ‘ + 2K

H — . \ / by two electrons \____/ /

Eight 7 electrons, Ten 7 electrons,
nonaromatic aromatic
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The Annulenes and Other Cyclic Polyenes

n 0 O ¢co /N

\\V//\\\/
Cyclobutadiene: Benzene: Cyclooctatetraene: [10]JAnnulene: [12]Annulene:
planar, antiaromatic planar, aromatic nonplanar = nonaromatic nonplanar = nonaromatic planar = antiaromatic
\\.
\
\“——‘
I
\/ ¥
[14]Annulene: [16]Annulene: [18]Annulene: 1,3-Cyclopentadiene: 1,4-Cyclohexadiene:
planar = aromatic planar = antiaromatic planar = aromatic noncyclically delocalized nondelocalized
= nonaromatic = nonaromatic
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Syntéza benzenu a dalSich aromatt

Kalalyticka dehydrogenace

O L W

Pt

A

Pt

- O

A

Pt

nejsnadnéjsi

nejobtizné;jsi
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Syntéza benzenu [2+2+2]-cyklotrimerizazi alkynu

Ln.oM

a | e




Reaktivita benzenu - redukce (velmi obtizné)
Kalalyticka hydrogenace
H,, Ra-Ni
>
300°C, 30 atm
Birchova redukce

Li, NHs, EtOH
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Reaktivita benzenu - elektrofilni substituce vs. a?(e

Elektrofilni substituce probihaji snadno /
Br,, Fe Adi¢ni reakce
- + HBr neprobihaji
H H

Bro, Fe H

>< -
vBr
H

Nukleofilni substituce probihaji obtizné — pouze pro elektronove chudsi systémy

L Nu

Nu-
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Nukleofilni substituce probihaji obtizné — pouze pro elektronové chudsi systémy

Nucleophilic Aromatic Ipso Substitution

Cl

Nu
//\\//N{:}j NO,
‘ + Nu —— + Cl™
\/
NO,

NO,




Cl OH

NO», NO»,
© Na,CO,, HOH, 100°C 7~ i i
> + NaC
A
NO, NO,
90%
1-Chloro-2.4- 2,4-Dinitrophenol
dinitrobenzene
Cl
NO,
:NH_:,&
EE—
NO, NO,

85%

2.4-Dinitrobenzenamine
(2,4-Dinitroaniline)
30



Nukleofilni substituce elektronové-bohatych halogenarenu

Halogenareny bez elektron-odtahujicich skupin mohou poskytovat nukleofilni substituci za
vysokych teplot a tlaku — tato reakce probiha pred benzynovy intermediat.

Cl OH
. NaOH, H-0, 340°C, 150 atm h
_H* H,0 Z _
> J + NaCl Benzyn
N . -

N
N

[t

Chlorobenzene Phenol
NH,
1. KNH., liquid NH; - -
2. H*, H:0 ~ -
> 4+ KCI
AN

Benzenamine
(Aniline)
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Mechanism of Nucleophilic Substitution of Simple Haloarenes

Step 1. Elimination occurs stepwise

.. /\ ..
[ X
> - —_— +
sp* - Hybrid orbital Highly strained
is perpendicular o triple bond
aromatic r system
Phenyl anion Benzyne
(Intermediate) (Reactive intermediate; not isolated)

Step 2. Addition occurs to both strained carbons

PR NH, (Y, NH,
“*NH, = H -~ NH.
Qb / ~~:NH,
H

vV

i } H
Z 9 :NH, N TS C'.\"u:
IL/. o T o
X NH, ' NH,
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; Poor overlap

124 A

142 A

143 A

1.40 A

33



Moderni katalytické metody , nukleofilni substituce” halogenarenti

- Pd-katalyzované C-X cross-couplingy (Buchwald-Hartwigovy reakce)

Re _R R.e R
H
Pd(OAc),, -
X=1>Br>Cl
X OH
KOH .
Pd(OAC)z,

X=1>Br>Cl




Moderni katalytické metody , nukleofilni substituce” halogenarent

- Pd-katalyzované C-C cross-couplingy (Suzukiho, Negishiho nebo Stilleho reakce)

Suzuki R Stille R

R R

| ® X ®
© B(OH), © SnBusj
: >
Pd(OAc),, PR"; Pd(OAc),, PR"3
baze X=1>Br>Cl
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Nobelova cena za chemii 2010

Negishi

1 @
ZnCl
Pd(OAc),, PR", O
X =1>Br>Cl
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