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Delocalized Electrons
and Their Effect on
Stability, pKa, and the
Products of a
Reaction ¢
Aromaticity and the
Reactions of Benzene

Paula Yurkanis Bruice
University of California,
Santa Barbara

Localized Electrons

CH;7~NH,

/K

CH;—CH=CH,
/l \

localized electrons

localized electrons
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Delocalized Electrons

oo O—
QI delocalized
/ electrons
CH;C
T,

07
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What is the structure of Benzene?

replace a hydrogen replace a hydrogen

CeHe withanX CeHsX withan X CeHyXy + C67\4X2 + CeHyX;
one monosubstituted compound three disubstituted compoun{i\q
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Degree of Unsaturation = 4

H
| / shorter double bond
C

H\C/ \C/H

CH;C=C—C=CCH; I |< longer single bond
&

H™ . C/C\H
|
H
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Two Disubstituted Products

CH;C=C—C=CCHj, '_ep'at:]eB&, CH_;CEC~CEC$HB|‘ and BrCH,C=C—C=CCH,Br
wi rs
Br
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Four Disubstituted Products

Br
| .
H\( s et lace 2 H' “\(‘/ ¢ -
I \ replace s i |
C I with Br's \ C
H™ N7 H H™ \o7 “Br
| |
H H
1,3-disubstituted
product
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H™ \(/( “H
|
H

1,2-disubstituted
product

Two are in Rapid Equilibrium

rapid
equilibrium

Br
Br

% shorter double bond

O < longer single bond

Br

equilibrium
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It was confirmed that Benzene is cyclic in
1901

b Hy, Ni
enzene
150-250 °C, 25 atm

cyclohexane
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The Structure of Benzene

N
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Showing Delocalized Electrons

or
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Resonance Contributors
Resonance Hybrid

resonance contributor resonance contributor

resonance hybrid
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Resonance Contributors
Resonance Hybrid

unicorn dragon
resonance contributor resonance contributor

-

rhinoceros
resonance hybrid
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Cyclooctatriene does not have
Delocalized Electrons

cyclooctatetraene cyclooctatetraene

Cyclooctatetraene is not planar.
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Delocalized Electrons

Ny 108 0:°
/ / A
CH;_C > CHg_C CH3_C‘
\ \ e
HOH O: O:
resonance contributor resonance contributor resonance hybrid

Delocalized electrons result from the p orbital of one atom
overlapping the p orbitals of two adjacent atoms.
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Rules for Drawing
Resonance Contributors

1. Only electrons move.
2. Only T electrons and lone-pair electrons move.

1. The total number of electrons in the molecule
does not change.
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Move 1T Electrons to an
sp? Carbon

an sp? carbon

=Y.

+
CH;CH=CH~-CHCH; ¢«— CH;CH—CH=—CHCH;

resonance contributors

ot ot

CH;CH==CH=CHCH,

resonance hybrid
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Cannot Move Electrons to an
sp3 Carbon

an sp> carbon
cannot accept electrons

4

CH,= CH CH,CHCHj;
localized electrons
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Move 1 Electrons to an sp? Carbon

T ¥ X i
C“;C“:Cll—CllicllLéllz R C“]C“‘:C“LCII—C“:CHZ — Cll}é“—cll:C“—C“:CHJ

resonance contributors

CH,CH=CH=—CH=—CH=—CH,

resonance hybrid
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Move Lone-Pair Electrons to

an sp? Carbon

O: 100
p PR
) +
R/ NH, R” SNH,
an spz carbon| resonance contributors
O
i
R” SNH,

resonance hybrid
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\

an sp3 carbon
cannot accept
electrons

R
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Move Lone-Pair Electrons to
an sp? Carbon

((”) :(|):
C — C N
CH;” \’E—H\=CH2 CH;” “CH—CH,
o5—
I
C

S ot
CH;” SCH==CH,
resonance hybrid
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Moving Electrons away from the
most Electronegative Atom

N\ [\ . +
CH,=CH—OCH; <— CH,—CH=0CH;
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How delocalized Electrons affect
Protein Structure

i ‘n’ L A 4 ‘n’ i 4R A

@ CH CH N (@

PN /\/\ \/\/\ \/\/ S S
CH CH e CH
/[ ||\ /| [|\ / (||)\}|{

a segment ofa protem

red arrows point at peptide bonds

. TR
Coy CH C_. CH
/NS > A NekA
\?H ll\I N \CIH \ITJ
R H R H

peptide bond
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A IS more Stable than B

(?: :ilj:_ j separated
— charges
RSN /C\ N
R™ OH R OH

A B
a carboxylic acid
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C and D are equally Stable

O: 3
Fy C
R \Q: o \O:
C D

a carboxylate ion
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E Is more Stable than F

E

F has separated charges, with N holding a positive charge.

© 2016 Pearson Education, Inc.

N O
NHCH; «— NHCH;
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H is more Stable than G

—
R™ C\;gHCH3 R~ CHCH,
G H

Oxygen better accommodates the negative charge
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Delocalization Energy

* The delocalization energy is the extra stability a compound
has as a result of having delocalized electrons.

» Electron delocalization is also called resonance.
* Delocalization energy is also called resonance energy.

* The resonance hybrid is more stable than any of its
resonance contributors is predicted to be.
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The greater the number of Relatively Stable Resonance
Contributors, the greater the Delocalization Energy

O (08 O| (O

| I | |

(6 — ¢ ¢ —> C

N ot s Y S
R OH R OH R (0] R O
relatively stable relatively unstable relatively stable relatively stable

resonance contributors of resonance contributors of

a carboxylic acid a carboxylate ion

The delocalization energy is greater for the carboxylate ion
than for the carboxylic acid.
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The number of Relatively Stable Resonance
Contributors is what is important

Little delocalization energy

CH,—CH=CH—CH, «— CH,—CH—CH=CH, «— CH,—CH=CH—CH,

relatively unstable relatively stable relatively unstable

Significant delocalization energy
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Summary

» The greater the predicted stability of a resonance
contributor, the more it contributes to the resonance hybrid.

« The greater the number of relatively stable resonance
contributors, the greater the delocalization energy.

* The more nearly equivalent the resonance contributors, the
greater the delocalization energy.
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Conjugated and Isolated Dienes

double bonds are
separated by more
than one single bond

/4

CH2=CH_CH2—CH =CH2
an isolated diene
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double bonds are
separated by one
single bond

CH;CH=CH—CH=CHCH;
a conjugated diene
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The smaller the Heat of Hydrogenation,
the more stable the Compound

Heat of
hydrogenation  (kcal/mol) (kJ/mol)

Pd/C

CH,=CH—CH,—CH=CH, + 2H, —— CH;CH,CH,CH,CH; 60.2 60.2 252
1,4-pentadiene kcal/mol
an isolated diene
~ ~ ~ Pd/C LT
CH,=CH—CH=CHCH; + 2H, —— CH;CH,CH,CH,CH; 54.1 54.1 226
1,3-pentadiene kcal/mol

a conjugated diene
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Conjugated Dienes have
Delocalized Electrons

= /’ &
CH,—CH—CH—CH, «— C‘\P-{/3=CH\‘—CHQCH3 « CH,—CH=CH—CH,

(

resonance contributors

delocalized
electrons

CH,==CH===CH==CH,
1,3-butadiene
resonance hybrid
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Allylic and Benzylic Cations

an allylic a benzylic
carbon carbon
+
| { N-cu
CH,=CHCHR

an allylic cation a benzylic cation
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Allylic and Benzylic Cations

O
CH,=CHCH,

the allyl cation the benzyl cation

allyl cation
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Resonance Contributors for
an Allylic Cation

RCHZCHY-¢H, «— RCH—CH—CH,

an allylic cation
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Resonance Contributors for
a Benzylic Cation

Cram e rom Drom e Chpam - i

a benzylic cation
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Relative Stabilities of Carbocations

relative stabilities of carbocations

R R H H
4

Ve + + / / / ' )
most — \ / CH, = CH;=CHCH, R*(“'\ > R—C’\ > R—-("\ > H—("\ > CH,=CH = least
[stable| R H H H |
benzyl allyl a tertiary a secondary a primary methyl vinyl
cation cation carbocation carbocation carbocation cation cation
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Relative Stabilities of Carbocations

relative stabilities

R R H

7 Vs vé

most CH,=CH—C’ > CH,=CH—C' > CH,=CH—C’

stable N N \
R H H

tertiary allylic cation secondary allylic cation allyl cation

R R H

/ V4 /

most F C*\ > C*\ S C*\
stable R H H

tertiary benzylic cation secondary benzylic cation benzyl cation
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Delocalized Electrons
affect pK, Values

O
I
/C\
CH; OH CH;CH,OH
acetic acid ethanol
pK, =4.76 pK, = 15.9
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Proton loss is accompanied by
greater Delocalization Energy

i T i T
G «— e — C
St X
cH; OH cH; SOH cH; O cH; O
relatively stable relatively unstable relatively stable relatively stable

-
'b_{g The negative charge is localized on
‘ ’ one oxygen.

{1 : 5{ The negative charge is shared by
® two oxygens.

© 2016 Pearson Education, Inc.

STUDENTS-HUB.com Uploaded By: Mariam Qada@1


https://students-hub.com

No Electron Delocalization

CH;CH,OH = CH,CH,0 + H'

ethanol ethoxide ion
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Phenols versus Alcohols

OH OH

phenol cyclohexanol ethanol
pK; =10 pK; = 16 pK; = 16
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Why Phenols are more Acidic

O 5 Yot "
OH OH 2 __om > 1CoH OH
e ablesEFogiloutdor
N a?) 23
phenol

(i /¥ 1y ve
o o / o: 2 3C o oF
SilTe T ouitle tte
S 7

phenolate ion

The base has greater delocalization energy than the conjugate

acid.
No Electron Delocalization
(T =g
cyclohexanol cyclohexanolate ion
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Protonated Anilines versus
Protonated Amines

+ +
a8 N

protonated aniline protonated cyclohexylamine
pK,; = 4.60 pK;=11.2
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Why Protonated Anilines
are more Acidic

- +
NH; NH;
g -

protonated aniline

N ZAar\ .
(I\\IH3 NH, NH, 2_NH, NH,
@ —> @ —> —> U — ©/ + HY
<0 -

aniline

The base has greater delocalization energy than the conjugate
acid.
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No Delocalized Electrons

+ e
NH, NH,
(T = (J e

protonated cyclohexylamine
cyclohexylamine
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Important!

Table 7.1  Approximate pK, Values

pK,<0 pK,=5 pK, = 10 pK, =15
0]

+ Il +
ROH (¢ RNH; ROH

H VN :

R OH
'OH
i NH; OH

O O me
R OH
H,0*
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Electronic Effects: Substituents on
the Benzene Ring affect pKa Values

electron withdrawal electron donation
P < less electron density l s greater
z @O Z @O electron density

electron withdrawal stabilizes the electron donation destabilizes
base by decreasing the electron the base by increasing the
density on the oxygen electron density on the oxygen
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Inductive Electron Withdrawal
and Donation

+
substituent withdraws TNH3
electrons inductively
(compared with a
hydrogen)

* A substituent more electronegative than a hydrogen
withdraws o electrons inductively from the benzene ring
more than a hydrogen will.

* An alkyl group donates electrons into the ring by
hyperconjugation.

© 2016 Pearson Education, Inc.

STUDENTS-HUB.com Uploaded By: Mariam Qada&


https://students-hub.com

8/2/2016

Resonance Electron Donation

donation of electrons by resonance into a benzene ring
+0CH; +OCH, (*('5CH;

' (1 - ©%© e

:0CH;

A lone pair on an atom directly attached to the ring donates
electrons by resonance.

-

anisole
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Resonance Electron Withdrawal

withdrawal of electrons by resonance from a benzene ring

I e . o o0 . LN e o .
0 o i £ R 3 BRI 3
N/ EN ENOZ oA N/
N N N N N
g, C
© ' ~© @ {

nitrobenzene

An atom directly attached to the ring that is doubly or triply
bonded to an electronegative atom withdraws electrons by
resonance.
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Substituents on the Benzene Ring
Affect the pKa of Benzoic Acid

COOH COOH COOH COOH COOH COOH
OCH; CH; Br CH;C=0 NO,
pK,=4.47 pK.=4.34 pK,=4.20 pK, = 4.00 pK, =3.70 pK.=3.44

electron donating groups decrease the acidity
(destabilize the conjugate base)

electron withdrawing groups increase the acidity
(stabilize the conjugate base)
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Substituents on the Benzene Ring
Affect the pKa of Phenol

OH OH OH OH OH OH
OCH; CH; Cl HC=0 NO,

pKa = 10.20 pK, = 10.19 pK, =9.95 pK,=9.38 pK,=7.66 pK,=7.14
phenol

electron donating groups decrease the acidity
(destabilize the conjugate base)

electron withdrawing groups increase the acidity
(stabilize the conjugate base)
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Substituents on the Benzene Ring
Affect the pKa of Protonated Aniline

NH, NH, NH, NH; NH, NH,
OCH; CH; Br HC=0 NO,
pK, =5.29 pK, =5.07 pK,=4.58 pK,=3.91 pK,=1.76 pK,=0.98

electron donating groups decrease the acidity
(destabilize the conjugate base)

electron withdrawing groups increase the
acidity (stabilize the conjugate base)
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Delocalized Electrons can affect
the product of a Reaction

i T
QCH=CHCH3 + HBr — QCHCH:CH; i QCHZCHCHg
0%

100%

+
@—CHCHZCH3 QCHﬁHcm

a secondary benzylic cation  a secondary alkyl carbocation
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Isolated and Conjugated Dienes

CH,=CHCH,CH,CH=CH, CH;CH=CH—CH=CHCHj4
an isolated diene a conjugated diene
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Reactions of Isolated Dienes

CH,=CHCH,CH,CH=CH, + HBr —— CH3CHCH,CH,CHCHj;
1,5-hexadiene excess I|3r l[3r
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The Mechanism

‘
CH,=CHCH,CH,CH=CH, + H—Br: —> CH;CHCH,CH,CH=CH, —— CHyCHCH,CH,CH==CH,
C
\_+Brt Br AP
i oe J]H*@!:

CHyCHCH,CH,CHCHy  «— CH_;({HCH:CH:{ZHCHz
Br Br Br SR
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Double Bonds can have
Different Reactivities

s e
CH,=CHCH,CH,C=CH, + HCI —— CH,=CHCH,CH,CCH;
2-methyl-1,5-hexadiene 1 mol |
1 mol Cl

5-chloro-5-methyl-1-hexene
major product
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Reactions of Conjugated Dienes

CH,=CH—CH=CH, + HBr — CH;CH—CH=CH, + CH;—CH=CH—CH,
1,3-butadiene 1 mol |

1 mol Br Br
3-bromo-1-butene 1-bromo-2-butene
1,2-addition product 1,4-addition product

© 2016 Pearson Education, Inc.

1,2-Addition and 1,4-Addition

1 2 3 4
R—CH=CH—CH=CH—R

the conjugated system

| 4 | 2 1 4
CH,CH=CH—CH—CHCH; —<'s CH,CH,—CH—EH=CHCH, + CH,CH,—CH=CH—CHCH,

Cl Cl

2,4-hexadiene 4-chloro-2-hexene 2-chloro-3-hexene

1,2-addition product 1,4-addition product
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Mechanism for the
Reaction of a Conjugated Diene

~— ™

- s + +
CH=CH—CH=CI, + H—ir — CH,—('H—(CH\=CH: —— CH;—CH=CH—CH,
A

A
1,3-butadiene \+ o

C‘Hj—ci‘l—l—c1|=cn: - (_‘HJ—C‘H=CH—(|T]I2

Br Br
3-bromo-1-butene 1-bromo-2-butene
1,2-addition product 1,4-addition product

(

¢ ¢

L v
By .9 ¢y
- //

B+ D+
CHy—CH==CH==CH,

The Diels—Alder Reaction
forms a Six-Membered Ring
R
CH,—CH—CH—=CH, + CH,—CH—R -2
conjugated diene dienophile
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The Mechanism

p—
o TR R ¥

A . \\( }/R R

I L I

conjugated diene dienophile transition state new new o bond

four 7 electrons two 7 electrons double bond

six v electrons

© 2016 Pearson Education, Inc.

Faster if there is an Electron Withdrawing
Group on the Dienophile

the nucleophile adds to C-4 ‘

4 4
H CH, \ R H CH, R
i \(HZH/ B, \’u/ b
A
}C\/—\‘CHQ 2C_ _CHy
H qu L H CH,

) Ithe electrophile adds to C-1 ‘ !

a 1,4-addition reaction
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The Electron Withdrawing Group makes the
Electrophile a better Electrophile
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Another Diels—Alder Reaction

0 0
7
<+|0H 0
N

0 0
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Alkynes can also be Dienophiles

CO,CH;
CO,CH;
7 A
)R TEEN §
T
H

The cyclic product has two double bonds.

© 2016 Pearson Education, Inc.

The Stereochemistry of the
Diels—Alder Reaction

asymmetric center N

.

\NH \\C/

CH,—CH—CH=CH, + CH,—CH—C=N —> @‘(‘%N + @"H

The product will be a racemic mixture.
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How to Determine the Reactants
of a Diels—Alder Reaction

add 7 bond o delete & bond (”“.ﬁ (”)
COCH; COCH
_,COCH; - & :
delete  bond @\ add 7 bond| =— ‘
“w, N
CH, CH,

CH
3 delete o bond
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Benzene is an Aromatic Compound

localized
electrons delocalized
electrons

“cyclohexatriene” + 3 H,
36 kcal/mol

benzene + 3 H,

Potential energy
—

cyclohexene + H, AH° = -85.8 kcal/mol
AH° = -49.8 kcal/mol
AH° = -28.6 kcal/mol

cyclohexane

The delocalization energy of benzene is 36 kcal/mol.
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Criteria for a Compound to be Aromatic

g

benzene has
) 3 pairs of 7
benzene’s p orbitals benzene’s 7 cloud electrons

* It must have an uninterrupted cloud of 1T electrons.(cyclic,
planar, every ring atom must have a p orbital).

* The m cloud must have an odd number of pairs of 1T
electrons.
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Examples of Compounds
that are not Aromatic

cyclobutadiene cyclooctatetraene

Cyclobutadiene has an even number of pairs of  electrons.

Cyclooctatetraene has an even number of pairs of 7
electrons and it is not planar.
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Nonaromatic and Aromatic Compounds

not aromatic not aromatic aromatic

oo ooy o

cyclopentadiene cyclopentadienyl cyclopentadienyl
cation anion

© 2016 Pearson Education, Inc.

Resonance Contributors and
the Resonance Hybrid

<

(3 — 0 =00 — 0]

lone pair G resonance contributors of the cyclopentadienyl anion

forms a
5 5

7 bond
S

resonance hybrid
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Aromatic Compounds

naphthalene phenanthrene chrysene
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How Benzene Reacts

the electrophile has

H H %
H H H N substituted for an H
:@i + g — ji:[ + Hf
Y N
H an electrophile H

Aromatic compounds such as benzene undergo
electrophilic aromatic substitution reactions.

© 2016 Pearson Education, Inc.

STUDENTS-HUB.com Uploaded By: Mariam Qadaﬂ)


https://students-hub.com

Benzene Reacts with Electrophiles

@@W = OHY

carbocation
intermediate

The 1T electrons above and below the ring make benzene a
nucleophile.

i W o B N
RCH=CHR + Y —= R(H*(‘HR —_— R(|H7(|HR

Y Z Y
carbocation =
. " product of electrophilic
intermediate addition

Benzene attacking an electrophile is like an alkene attacking
an electrophile.
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Benzene undergoes Substitution,
not Addition

product of
74, electrophilic addition

X

8 a nonaromatic
compound
a
b
H A
=
N

¥
/'777"\‘ A
+ @ = product of
& electrophilic substitution
carbocation Y
intermediate O/ ex HZ

an aromatic
compound

Aromaticity is restored in the product from electrophilic
substitution.
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Benzene undergoes Substitution,
not Addition

/\/ oy
A

- addmon product

\(jm

substitution product

7

Free energy
S

/ O -
Progress of the reaction

The reaction of benzene with an electrophile forms the
aromatic substitution product, not the nonaromatic addition

product.
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An Electrophilic Aromatic
Substitution Reaction

an electrophilic aromatic substitution reaction

H
"oy~
an electrophile

An electrophile (Y*) substitutes for H*.
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The Mechanism for
Electrophilic Aromatic Substitution

the proton is removed from the
carbon that has formed the
bond with the electrophile

\ =
/—\ +;\H v
+ slow Y fast +
+Y —— — + HB

‘ a base in the reaction mixture ‘
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Generating the Electrophile:
Halogenation

1. Halogenation: the electrophile needed
for bromination

A o 0w = -
Br—Br: + FeBry —— !B_r*\E:_r'*FeBr] —— Br" + FeBry

Donating a lone pair to a Lewis acid weakens the Br—Br or
Cl—ClI bond.
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Generating the Electrophile:
Nitration

2. Nitration:

the electrophile needed
for nitration

< H .
HO—NO, + HDOSO3H = HONO, == 'NO, + H;O:

nitric acid k) nitronium ion
+ HSO,
I
N
N A
HO O

nitric acid

4
O=N=0
nitronium ion

© 2016 Pearson Education, Inc.

Generating the Electrophile:
Sulfonation

3. Sulfonation: the electrophile needed
for sulfonation
N H

HO—SOH + HQ)SO;H = HO—SO;H = 'SO;H + H,0: = S0, + H.0"

W

+ HSO;

sulfuric acid sulfonium ion
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Generating the Electrophile:
Friedel-Crafts Acylation and Alkylation

4, Friedel-Crafts acylation:

0
ll

C + ~AICl; —  C
T - ~ o~k -
R g:/ R~ SCI—AICH

an acyl chloride

5. Friedel-Crafts alkylation:

O

the electrophile needed
for Friedel-Crafts acylation
— R—C=0: + “AICl

an acylium ion

the electrophile needed
for Friedel-Crafts alkylation

R—Cl:+AlC, — Rtﬁ‘l—,&m‘h — R + CAlCL

an alkyl halide
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a carbocation

Organizing what we know about the
Reactions of Organic Compounds

R—CH=CH—R

an alkene

R—C=C—R

an alkyne
R—CH=CH—CH=CH—R
a diene

These are nucleophiles,

They undergo electrophilic
addition reactions.
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O

Benzene is a nucleophile.

It undergoes electrophilic
aromatic substitution
reactions.

11! v
X=F, cl, (0] Z=an atom
R—x =81 Il more
electronegative
R™ ™Z~"|thanc
R—OH (”}
C ,/,I Z=CorH
R—OR R™ Tz
/&\
R R
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