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Chapter 10 Alkenes

I. Introduction: Alkenes are hydrocarbons with carbon-carbon double

bonds.
terminal alkene internal alkene cycloalkene

ethylene

4, R @ ‘\\\\\

TN

¢ The C—C double bond is easily converted to other functional groups. Because
of this, alkenes are important as intermediates in the synthesis of drugs,
pesticides and other valuable chemicals. This, however, accounts for only a
small fraction of the billions of pounds of alkenes used annually to make

polymers.

Example: Polyethylene (PE):

H, H, H, H, H,

H H
\CZC/ é/C\C/C\C/C\C/C\C/C\é
H/ \H H, H, H, H,
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II. Nomenclature of Alkenes:

A. $imple alkenes are named much like alkanes, except the ending is
changed from -ane to -ene.

H,C=CH,

e Number the chain from the end closest to the double bond. Indicate the
position of the double bond by using the number of the first atom of the
double bond as a prefix. For more than one double bond, use diene or
triene, etc. and indicate the position of the double bonds.

Substituents are named as they are in alkanes.

Assign configuration of simple alkenes by using the prefix cis or trans.
This nomenclature can be used when each carbon of the alkene is bonded
to only one substituent

H,C H
./
C=C
/ \

H CH,

e Assign configuration to more complex alkenes use the E, Z system of

nomenclature.
Example: Br Cl
P N/
C=C
\
H CH,

Z. (zusamen = together): two groups of higher priority on same side

HIGH PRIORITY HIGH PRIORITY
/
/C=C

LOW PRIORITY LOW PRIORITY

E (entgegen = opposite): two groups of higher priority on opposite sides

LOW PRIORITY HIGH PRIORITY
/
C=C
/
HIGH PRIORITY LOW PRIORITY
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w  Assign priority to the two groups on each carbon of the double bond,

e Higher atomic numbers receive higher priority

Cl>O>N>C>H

e Isotopes: higher atomic mass takes priority
‘H>"H>H

e In case of ties, next atom in chain is used as a tiebreaker.

I 1 e T |
Br—C— > Cl_(|j_ > CH3_$_ > CH3_$_ > CH3_$_
H H CH, H H

Important: a priority decision is made at the first point of difference!!

Example:
CH, CH,CH,
\ /
Cc=—C
/ \
Br H

Five groups containing a C—C double bond are used in common names:

the vinyl group the allyl group
the methylene group the phenyl or aryl group

o=} (Ot )



the benzyl group
ase

Examples:

III. Physical Properties of Alkenes

Except for melting points and dipole moments, many alkenes differ little in their
physical properties from the corresponding alkane.

H,C=CH(CH,);CH; CH;(CH,),CH;
1-hexene hexane
boiling point 634 °C 68.7 °C
melting point -139.8 °C -953°C
density 0.673 g/ml 0.660 g/ml
water solubility negligible negligible
dipole moment 046D 0.085D
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IV. Cis, Trans Isomerism in Cycloalkenes

Trans configuration is only possible in larger rings, the smallest being an
8-membered ring. Even in this large of a ring, there is considerable strain.

=

cis-cycloctatetraene trans-cyclooctatetraene

Don’t draw this:

[/

V. Lipids

B-Carotene and R&S-limonene are examples of lipids: biomolecules that are
soluble in organic solvents and insoluble in water (more examples in chapter 4.15)

S Y G e YN AN N AN N ‘
H HY

PN

R-limonene  (S)-limonene

p-carotene

The most abundant lipids are triacylglycerols:

i X
OJ\R OH HO™ 'R
O O
H,O
04 2 OH + J
R' H* or HO HO™ R
O._R" or OH O
g enzymes B g
o) HO™ R
triacylglycerol glycerol fatty acids
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Pats & Oils: are triacylglycerols with different physical properties.

e Fats are solid at room temperature
e Qils are liquids at room temperatures

The identity of the three fatty acids in the triacylglycerol determines whether it is
a fat or an oil.

e Fats are derived from fatty acids having few or no double bonds.
e Qils are derived from fatty acids having a larger number of double bonds.

Compare:

0]

/\/\/\/\/\/\/\/\)J\OH * found in butter

stearic acid & beef fat
octadecanoic acid

OH
/\/\/V\:/\/\/\/\[( + chief fatty acid

oleic acid O in olive oil &
(2)-9-octadecenoic acid body fat

OH
\/\/\_/\_/\/\/\/\[( R
linoleic acid ) from seeds of
ienoi ; plants
(97,127)-9,12-octadecadienoic acid

OH
/\ /\ /\ /\/\/\/\H/ * found in oils
linolenic acid from seeds of
fanoi : O lants
(972,127,1572)-9,12,15-octadecatrienoic acid p
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If you look at the 3-D structures of these fatty acids, you can see why unsaturations
lower melting points:

% Unsaturations
create bends
in the
structure that
interfere with
efficient

Q O packing in a
crystal lattice.

Interegsting Points:

*Essential fatty acids are necessary fatty acids that humans cannot synthesize, and
thus must be obtained through the diet.

®-3: o-linolenic acid (ALA) 18:3, ®-3
eicosapentanoic acid (EPA) 20:5, ®-3
docosahexanoic acid (DHA)  22:6, ®-3
-6 linoleic acid 18:2, ®-6
arachidonic acid 20:4, »-6



optimal rotio ®-6 : ®-3
typical western diets:

** Problems arise when manufacturers partially hydrogenate (add H- across a
double bond) in order to make the polyunsaturated oil a solid at room
temperature. During this process, some of the cis-alkenes become trans. Trans-
fats raise your LDL (“bad”) cholesterol and lower your HDL (“good”)
cholesterol, and interfere with the body’s metabolism of essential fatty acids/

trans 0

Reasons for hydrogenating oil:

e Partially hydrogenated oil is less likely to spoil.
e To give it the cooking properties and “mouth feel” solid shortenings
e [t doesn’t need to be changed as often as other oils in deep fat fryers.

** In the US, if food has less than 0.5 grams of trans fat, it can be labeled as O trans
fat. Very often portion sizes are smaller than normal so that the label can read
zero trans fat! Instead look for partially hydrogenated oil in the ingredients. If
it has partially hydrogenated oil, then it contains trans fat!
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VI. Reactions of Alkenes: Electrophilic Addition

The most characteristic reaction of alkenes is an Electrophilic Addition Reaction.

\. / |
C=C + X—Y e —C—C—
/ 0\
E les:
xamples H—X _ _%_%_
H X
w—on )l
H;0%(cat.) | ]
H OH
Br—Br - _é_é_
N\ / CHACl: Br Br
C=C ———
/ N\ ||
Br—Br - _C_C_
H,0 |
Br OH
BH, || H,0, |
> —C—C— — —C—C—
or 9-BBN | ] NaOH |
H BR, H OH
HoH ||

r
|
a
|
a
|

catalyst B | ]

VII. Addition of Hydrogen Halides to Alkenes

The hydrogen halides H-Cl, H-Br, and H-I undergo addition to carbon bonds to
give alkyl halides.

H,C—CH—CH—CH; + H—Br —— »
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When the alkene has an unsymmetrically located double bond, two isomeric
products are possible:
CH,
\C=CH2 + H—Br ——
CH,

e The main product is the one in which the halogen is bound to the carbon of the
double bond with the greatest number of alkyl substituents.

e A reaction that gives only one of several possible constitutional isomers is said
to be a regioselective reaction.

e Hydrogen halide addition to alkenes is regioselective and follows
Markovnikov's rule:

Markovnikov's rule: "The halogen of hydrogen halide attaches itself to the
carbon of the alkene bearing the least number of hydrogens and the greater
number of carbons."

() How can we explain the regioselectivity of this reaction?

A To answer, we have to look at the mechanism:

The rate law for a chemical reaction often gives clues to the mechanism for a
reaction. A mechanism is a complete description of a reaction pathway,
including any reactive intermediates.

Kinetics: If we measure the rate of the reaction as a function of varying
initial concentrations of reactants we find that:

We can conclude that:

e the reaction is second order
e the reaction is bimolecular
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Mechanism:

H3C\ }II $H3
H;C H Br
BrG>
H,C H
\
C=C
/
H;C H
H—Br
CH; H CH; H

/ |
H,C—C—C® © — H,C—C—C—Br
| \  Br |
H H H H

Important points about this mechanism:

l.

In the first reaction, which is the rate-determining step, the electron pair of the
n-bond attacks the proton of the hydrogen halide. A m-bond is a very weak
base that can be protonated to a small extent by very strong acids.

. The resulting carbocation is a powerful electron deficient Lewis acid, and thus a

potent electrophile. There are two possible carbocations that can form in this
reaction, a tert-butyl cation, or an isobutyl cation.

. In the second reaction, the carbocation reacts rapidly with nucleophilic halide

ion. If the fert-butyl cation is formed, it will react with bromide ion to form
tert-butyl bromide. If the isobutyl cation is formed, it will react with bromide
ion to form isobutyl bromide.

These two reactions are in competition - that is one can only happen at he
expense of the other because they compete for the same starting material.

. The only product formed in this reaction is tert-butyl bromide, so the tert-butyl

cation must be formed exclusively in this reaction. Why?
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The regioselectivity of the hydrogen halide addition is due to the formation of the
more stable carbocation intermediate!

Markovnikov's rule: For addition of an unsymmetrical electrophilic reagent to a
double bond, the major product comes from the more stable (lower energy)
carbocation intermediate.

Look @ the Energy Diagram:

energy

(CH;),C——CH,

HBr
(CH3)2CHCH2BI'

reaction coordinate ———

¢ Because the formation of the carbocation is the rate-determining step in this
reaction, the relative rates of formation of the two carbocations determine
the relative amounts of each product formed in the reaction.

% The relative rates of formation of the two carbocations is determined by the
relative energies of the transition states for carbocation formation.

+ Hammond’s Postulate gives us an approximation of the relative energies of
the two transition states. According to Hammond’s Postulate, the transition
state of a reaction resembles the structure of the species (reactant or
product) to which it is closer in energy.

.. Since the carbocations have a very different energies, the transition states
also have very different energies.
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Q; What happens when two approximately equivalent carbocations are formed?

A:
Example:

CH,CH=CHCH,CH; + HBr

IMPORTANT POINT: Because the intermediate in this reaction is a
carbocation, watch for rearrangements!
Example:

CH, CH, CH,
HCI

| | |
CH;—CH-CH=CH, CH3—CH—(|1H—CH3 + CH3—(|1—CH2—CH3

Cl Cl
How?

A. Stereochemistry of Electrophilic Addition of HX

Two factors are important when considering the stereochemistry of electrophilic
addition of H-X to an alkene:

1. Achiral reactants yield achiral or racemic products. So if a chemical
reaction of achiral reactants yields a chiral product (a product with a new
stereocenter), the product will be a racemic mixture.

2. Carbocations react with reagents from the top or the bottom with equal
probability.
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Example:

T T
HBr
CH,CH,” % H CH,CHy~ » Br
Br H
(R) -2-bromobutane (S) -2-bromobutane

This is easy to see if you consider the mechanism:

VIII. Addition of Water to Alkenes

When water is added to an alkene, no reaction takes place because water is not
electrophilic enough to add to the alkene double bond. If, however, a strong
acid, such as H,SO, or HCl is added (in catalytic amounts), addition takes place to
form an alcohol. Addition of water to a molecule is called hydration.

H
\C—CH H—OH H,SO, (cat)
P 25°C

H,C

This reaction is regioselective and follows Markovikov’s rule:

For addition of an unsymmetrical electrophilic reagent to a double bond, the major
product comes from the more stable (lower energy) carbocation intermediate.
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Mechanism for Hydration:

Important Points about this reaction:

1. Notice that in the first step of hydration, a carbocation is formed. It is the rate-
limiting step. Because this is the rate-limiting step, the rate of the reaction is
increased when the rate of this step is increased!

Compare:
H R H R
c=d c=c’
VAR - /A
H R H H

2. Just like with electrophilic addition of HX, the SN1, and the E1 reaction,
whenever carbocations are formed watch for rearrangements!

3. H,O0 attacks the carbocation equally from the top and the bottom.
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Look @ the energy diagram for this reaction:

CH,CHCH,
@

H,0

CH3C|HCH3
@?—H
H

energy

CH;CH=CH,
H;0*

CH;CHCH
OH H;0*

reaction coordinate ———

e This is a 3-step reaction, so there are 3 transition states for this reaction.
e Formation of the carbocation is the rate-determining step.

4. Notice that hydration of an alkene is the reverse of dehydration of an

alcohol!
OH
I H,SO,
H—C—CH, ————>
CH,

Compare the mechanism for hydration with the mechanism for dehydration:
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Principle of Microscopic Reversibility: The forward reaction and the reverse
reaction taking place under the same conditions (as in an equilibrium) must follow
the same reaction pathway in microscopic detail.

Because all of these steps are reversible, this is an equilibrium process. The
ultimate product obtained will depend on the position of the equilibrium.

* To favor dehydration:alcohol, concentrated acid, and A (so concentration
of H,O is low.)

* To favor hydration:alkene + dilute acid, low temp

IX. Addition of Bromine & Chlorine to Alkenes

The halogens Br, and Cl, also add to alkenes. This may be surprising, since it is
not obvious that Br, or Cl, are electrophiles. Halogens add to m-bonds because
halogens are polarizable. The electron-rich double bond induces a dipole in an
approaching halogen molecule, making one halogen atom electron-deficient, and
the other electron-rich (X%*X®"). The electrophilic halogen atom is then attracted to
the nucleophilic double bond, making addition possible.

H H H H
Brz
C=C H—(|:—(|:—H
H H Br Br

You might predict that the mechanism is similar to that for H—Br addition. The
product of the first step is not a carbocation, however. How do we know?

Prediction:

:iB.r:
Br:

H2C — CH2
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Two things are inconsistent with carbocation formation:

1. There are never rearranged products.

2. The reaction is stereoselective! Attack takes place on only one side.

An example showing stereochemistey:

H H H JBr H H
Br < < s
Cc=cC —2» HEmc_c,, 0 nor MO c—cath
\ / 1N / \
H,C CH, Br CH, Br Br
Mechanism:
:1°|3'r:
:B.r:
H,, N
O
H3C( \CH3

*In the vicinity of the
rti-electron cloud, the
Br-Br bond becomes
polarized
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How is the enantiomer formed?

Bromine
comes in
from
bottom:

or

Bromine
attacks @
right side:

Important points about the halogenation reaction:

e Unlike a normal carbocation, all of the octets are satisfied in the bromonium
ion. The bromonium ion has considerable ring strain, however, and there is a
positive charge on the bromine atom, so this is a reactive intermediate.

e Because a carbocation does not form in this reaction, no rearrangements are
seen.

The product results from stereoselective anti addition to the double bond.
This reaction does not work with F, (it reacts explosively), nor with 1, (it is
thermodynamically unfavorable — the vicinal diiodides formed are unstable)

e The reaction is typically run in an inert solvent such as CH,Cl, or CCl,.

If the reaction is run in H,O rather than CH,Cl,, a different product is obtained as
the major product:

Et /H Et Br Br\ H
Br . S
c=cC 2 eme—cl,y  no gu-c—cACHh
\ H,0 / > 4 \
H,C CH, HO CH, H,C OH
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e A bromonium ion also forms in this reaction. In the second step, however, the
bromonium ion reacts with the first nucleophile it bumps into:

Mechanism:

Q; How do we explain the regiochemistry is this addition?

HA: Notice, the nucleophile, H,O, attacks the most-substituted carbon. This is
reminiscent of the acid catalyzed ring opening of an epoxide (Chapter 9.15B):

Becall:

CH CH,

3
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We can use the same explanation we used back in Chapter 9, namely, the
nucleophile attacks the more-substituted carbon of the bridged halonium ion
because that carbon bears more d+ charge, and is thus the most electron-deficient:

®

*Br *Br: *Br:

», " <> ., N - i ot
CH CH, CHY® CH, CH; @VcH,

3 3

Hybrid of best two resonance structures:

The same thing happens when bromine is added to unsymmetrical alkenes, it is just
that we can’t detect it:

CH;4
Br,

|
CH3—$—CH:CH2
H

X. Addition of Borane: Hydroboration/Oxidation

Borane (BHs3) is another electrophile that adds to alkenes. When the addition is
complete, H,O, and NaOH are added to give an alcohol. The regiochemistry of
this reaction is the opposite of the regiochemistry of HX and H,O addition, and
thus it is an anti-Markovnikov addition:

BH, H H  H,0,
CH;,CH=CH, ——> —
THF B HO"

H
* B-H adds to alkene

* Oxidation replaces B w/ OH
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Typical Beaction:

1) "BH;" (B,H¢, THF) @
2) H,0,,NaOH, H,0 HC " H
CHj H OH

Result:

* Highly regioselective and stereoselective reaction.
* Anti-Markovnikov addition of H,O to an alkene

e H and OH are added to the same side of the molecule (syn addition)
* no rearrangements are observed

Mechanism:

Step 1. Hydroboration: BH; is a Lewis Acid and therefore an electrophile:

13/2}'1(3 + [::::::::::t:) B

BH; reacts with the m-electrons of the alkene to form a 4-centered T.S.:

i 1F PN

—_ o S H3C7—r:' a
3 H

B—H

\\\\
I[I/
W\
"”l/
W\
I[,/

T
3
L
T
oo
.

H
H H l

)

W\
I[,/
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3 things to notice:
1. The 6+ charge is at the carbon that will lead to the most stable

carbocation.

2. The bulkier BH; group is on the least substituted side.

3. Boron & Hydrogen are added to the same side of the molecule

Step 2. Oxidation of the Organoborane

N
H,0
H3c7—rH 22
NaOH
H /B—R
R

Regioselectivity in Hydroboration Reactions:

H,C CH, CH; H CH; }|I

BH, THF | I

\ /
/C — C\ CH3C - (|2CH3 + CH3C - C|:CH3
I |

H;C H H BR, BR, H

For approximately symmetrically disubstituted alkenes, you get mixtures of
products with BHs:

i

CH,CH /H $H3 $H3
c=C BH;ELO | CH3CH(|ZH—C|HCH3 + CH3CHC|H—C|HCH3
H CH; H BR, BR, H

70



Solution: Use a bulkier reagent, so that steric interactions become more

important:

H

/
B

Advantages of using 9-BBN (9-Borobicyclononane):

e Reasonably stable (B,Hg reacts violently with air and is a gas)
e Bulkiness gives it high selectivity

Compare:
e
H,CCH H CH, CH,
/ 9-BBN | |
CcC=C ———— CH;CHCH—CHCH; + CH;CHCH—CHCH;
/7N THF | | | |
H CH; H B B H

Stereoselectivity in Hydroboration Reactions:

9-BBN H,0,
THF NaOH
CH; H H,0

& Hydroboration followed by oxidation results in the overall syn addition of
H,O to a double bond.
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Comparing hydration methods:

Hydration (H,O, H50%) and Hydroboration/Oxidation (BH3, then HO™ and H,0,)
both add the elements of H,O across a double bond, but they give different isomers
as products.

Example:

H,0 N 1.BHy/THF _
H30+ (Cat) 2. H202, HO

XI. Reactions and Synthesis

Alkenes are a central functional group in organic chemistry. They are easily
prepared by elimination or dehydration reactions. Because their m-bonds are easily
broken, they undergo addition reactions to prepare a variety of useful compounds.

Example 1: Synthesis the following compound from the given starting material:

OH WBr
(T L
Br
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Example 2: The following synthesis looks harder but really isn’t:

OH ‘\\\OH
(T — L e
Br

Example 3:

T O
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Attributions

Page 56: Cis-trans isomers:

By Foobar [GFDL (http://www.gnu.org/copyleft/fdl.html), CC-BY-SA-3.0
(http://creativecommons.org/licenses/by-sa/3.0/) or CC BY 2.5
(http://creativecommons.org/licenses/by/2.5)], via Wikimedia Commons
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