Textbook Assignment: Chapter 20 (sections); 21
Homework (for credit): POW 9 posted

Today’s Topics: Kinetic vs Thermodynamic Control

Conjugated
Systems

(Omit 20.3)




Conjugated Dienes

from heats of hydrogenation-relative stabilities of
conjugated vs unconjugated dienes can be studied:

Structural DH°
Name Formula kJ (kcal)/mol
1-Butene S -127 (-30.3)
1-Pentene N -126 (-30.1)
cis-2-Butene \J -120 (-28.6)
trans-2-Butene e d -115 (-27.6)
1,3-Butadiene NG -237 (-56.5)
conjugated =

trans-1,3-Pentadiene /2~ & >\ -226 (-54.1)
1,4-Pentadiene N X -254 (-60.8)]

Conjugated Dienes

conjugation of the double bonds in

1,3-butadiene gives an extra stability of
approximately 17 kJ (4.1 kcal)/mol

o AN+ 2H, CAQAYSL N pHO= 2(-127 kdimol

NG 4 2n, Satalys N7 pH® =237 kimol

= -254 kJ/mol)
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Conjugated Dienes
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Conjugated Systems

— systems containing conjugated double bonds,
not just those of dienes, are more stable than
those containing unconjugated double bonds

O O

2-Cyclohexenone 3-Cyclohexenone
(more stable) (less stable)

Most significant are a,b-unsaturated carbonyls

1,2 vs 1,4-Addition
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1,2 Addition
KineticProduct
0 RLiand RMgBr
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1,4 Addition
Thermodynamic Product
R,CuLiand RMgBr/Cu
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Simple Rxn Coordinate Diagram

DH is ()

A Two Step Mechanism:

DH is (-)




1,2 vs 1,4-Addition

« Addition of 1 mol of HBr to butadiene at
-78<T gives a mixture of two constitutional
Isomers:

CH,=CH-CH=CH, + HBr HLAE
1,3-Butadiene
Br K Br H
CH,=CH-CH-CH, + CH,-CH=CH-CH,
3-Bromo-1-butene 1-Bromo-2-butene
90% 10%
(1,2-addition) (1,4-addition)

— these products can be explained by the
following two-step mechanism

1,2- and 1,4-Addition

the key intermediate is a resonance-stabilized allylic

carbocation:
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Kinetic vs Thermodynamic Control

N\ 0 7

90% 10%

DG° = DH° — T D8° Gibbs Free energy
For transition states: DG DH - T DS




1,2- and 1,4-Addition

 Addition of 1 mole of Br, to butadiene at
-15T also gives a mixture of two
constitutional iIsomers:

-15C

OINHOInOIHOIN + w_.M »

1,3-Butadiene

_wq m_z mq w_q
OIN-OI-OIHOIN + OIN-OIHOI-OIN

3.4-Dibromo-1-butene 1,4-Dibromo-2-butene
(54%) (46%)
(1,2-addition) (1,4-addition)

— the formation of these 1,2- and 1,4-addition
products occurs by a similar mechanism
— The product distribution is more balanced

Experimental Information

1. for addition of HBr at -78C and Br, at -15TC, the
1,2-addition products predominate; at higher
temperatures (40°to 60C), the 1,4-addition
products predominate

2. if the products of the low temperature addition are
warmed to the higher temperature, the product
composition becomes identical to the higher
temperature distribution; the same result can be
accomplished using a Lewis acid catalyst, such as
FeCl; or ZnCl,

3. if either pure 1,2- or pure 1,4- addition product is
dissolved in an inert solvent at the higher
temperature and a Lewis acid catalyst added, an
equilibrium mixture of 1,2- and 1,4-product forms;
the same equilibrium mixture is obtained regardless
of which isomer is used as the starting material
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1,2- and 1,4-Addition

* Interpret these results using the concepts
of kinetic and thermodynamic control of
reactions

e Kinetic control: the distribution of
products is determined by their relative
rates of formation

— in addition of HBr and Br, to a conjugated
diene, 1,2-addition occurs faster than 1,4-

addition
+ +
a 2° allylic carbocation a 1° allylic carbocation
(greater contribution) (lessercontribution)

1,2- and 1,4-Addition

 Thermodynamic control: the distribution
of products is determined by their relative
stabilities

— in addition of HBr and Br, to a butadiene, the
1,4-addition product is more stable than the
1,2-addition product

__wq BrCH» H
\

BrCH, CHCH=CH, + c=C¢C
H CH, Br

3,4-Dibromo-1-butene (E)-1,4-Dibromo-2-butene
(less stable alkene) (more stable alkene)




1,2- and 1,4-Addition

 Is it a general rule that where two or more
products are formed from a common
intermediate, that the thermodynamically
less stable product is formed at a greater
rate?

e NO

— whether the thermodynamically more or less
stable product is formed at a greater rate from
a common intermediate depends very much
on the particular reaction and reaction
conditions
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Benzene &
Aromaticity

Benzene - Kekul é

» The first structure for benzene was proposed by
August Kekulé in 1872:
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» This structure, however, did not account for the
unusual chemical reactivity of benzene




Benzene - Resonance Model

» The concepts of hybridization of atomic orbitals
and the theory of resonance, developed in the
1930s, provided the first adequate description of
benzene’s structure
— the carbon skeleton is a regular hexagon
— all C-C-C and H-C-C bond angles 120°

120°

120° w| \\% =2

I|o 1200 sX

Benzene - Resonance Model

The P system of benzene:
1. the carbon framework with the six 2p orbitals

2. overlap of the parallel 2p orbitals forms one torus
above the plane of the ring and another below it

3. this orbital represents the lowest-lying pi-bonding
molecular orbital




Benzene - Resonance Model

* Benzene is represented as a hybrid of two
equivalent Kekulé structures

— each makes an equal contribution to the
hybrid and thus the C-C bonds are neither
double nor single, but something in between

<>

Benzene as a hybrid of two equivalent
contributing structures

Benzene - Resonance Model

 Resonance energy: the difference in
energy between a resonance hybrid and
the most stable of its hypothetical
contributing structures in which electrons
are localized on particular atoms and in
particular bonds
— one way to estimate the resonance energy of

benzene is to compare the heats of
hydrogenation of benzene and cyclohexene




3(-119.7 kJ/mol)

Concept of Aromaticity

The underlying criteria for aromaticity were
recognized in the early 1930s by Erich Huickel,
based on molecular orbital (MO) calculations

To be aromatic, a compound must:
1. be cyclic
2. have one p orbital on each atom of the
ring
3. be planar or nearly planar so that there is

continuous or nearly continuous overlap
of all p orbitals of the ring

4. have a closed loop of (4 n + 2) P electrons
in the cyclic arrangement of  p orbitals




Antiaromatic Hydrocarbons

« Antiaromatic hydrocarbon:

a monocyclic,

planar, fully conjugated hydrocarbon with 4 n P
electrons (4, 8, 12, 16, 20...)

— an antiaromatic hydrocarbon is especially unstable
relative to an open-chain fully conjugated
hydrocarbon of the same number of carbon atoms

E.G. Cyclobutadiene is antiaromatic

— in the ground-state electron configuration of this
molecule, two electrons fill the p, bonding MO

— the remaining two electrons lie in the p, and p,

nonbonding MOs
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Cyclobutane can
adopta "puckered”
conformation

4 0

Cyclobutadiene is
strained and has
electrons in
nonbonding orbitals




Heterocyclic Aromatics

» Heterocyclic compound: a compound that
contains more than one kind of atom in a
ring
— in organic chemistry, the term refers to a ring

with one or more atoms are other than carbon
 Pyridine and pyrimidine are heterocyclic
analogs of benzene; each is aromatic.
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Pyrdine Pyrnmidine

Pyridine
— the nitrogen atom of pyridine is sp? hybridized
— the unshared pair of electrons lies in an sp?

hybrid orbital and is not a part of the six P
electrons of the aromatic system

— pyridine has a resonance energy of 134 kJ
(32 kcal)/moal, slightly less than that of
benzene

this orbital is perpendicular
to the six 2p orbitals of the
pi system

this pair of electrons
IS not a part of the
4n + 2 pi electrons




Furan

— the oxygen atom of furan is sp? hybridized

— one unshared pairs of electrons on oxygen lies in an
unhybridized 2p orbital and is a part of the aromatic
sextet

— the other unshared pair lies in an sp? hybrid orbital
and is not a part of the aromatic system

— the resonance energy of furan is 67 kJ (16 kcal)/mol

this pair of electrons
IS a part of the
4n + 2 pi electrons

0@/?5 pair of

electrons
is not

Other Heterocyclics

) CH,CH,NH,
D U
N N

Indole Serotonin
(a neurotransmitter)

GO

OIw
Purine Caffeine

OIw




Cyclopentadienyl Anion

* To convert cyclopentadiene to an aromatic
lon, it is necessary to convert the CH,
group to a CH group in which carbon
becomes sp? hybridized and has 2
electrons in its unhybridized 2p orbital

H H
H H
S C
H H
the origin of the 6 pi electrons O<o_o_um2ma_m:<_ anion
in the cyclopentadienyl anion (aromatic)

Cyclopentadienyl Anion

* The pK, of cyclopentadiene is 16
—in aqueous NaOH, it is in equilibrium with its

sodium salt
H
- H — _
CHy + NaOH <—— >—H Na" + H,O
/ /
H pK415.7
pKg16.0 =

— it is converted completely to its anion by very
strong bases such as NaNH, , NaH, and LDA




