Alkenes and Alkynes |1
Addition Reactions

Addition Reactions of Alkenes

» Using E for an electrophilic portion of a reagent and Nu for a nucleophilic portion.
» E—Nu added across the double bond.
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Why Do Addition Reactions Occur?

1. = electrons present an exposed region of electron density in a molecule that is
above and below the ¢ bonding framework.
= g electrons are therefore more available for reaction than o electrons.

2. Electrophiles are attracted to the exposed electron density of z bonds.
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An electrostatic potential map for ethene The electron pair of the v bond is
shows the higher density of negative distributed throughout both lobes
charge in the region of the = bond. of the = molecular orbital.

3. melectrons are in higher energy orbitals than o electrons, and = bonds are weaker
than o bonds. Thus, reactions that convert 7 bonds to ¢ bonds are usually
energetically favorable.
= In an alkene addition reaction, one 7 bond and one ¢ bond are converted to two

o bonds, lowering the energy of the system.
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» Some specialized reagents that also undergo addition reactions with alkenes.
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Electrophilic Addition to an Alkene

Electrophiles
» Seek electrons.
» They are attracted to sites of negative charge.
» Electrophiles include
= Proton donors: Bregnsted—Lowry acids
= Neutral reagents: bromine (because it can be polarized so that one end is
positive)
= Lewis acids: BHs, BF3, and AlCls.
= Metal ions that contain vacant orbitals: the silver ion (Ag®), the mercuric ion
(Hg?*), and the platinum ion (Pt?*)

Nucleophiles

» Electron donors.

» They are attracted to sites of positive charge.

» Nucleophiles include halide ions and water molecules.

Electrophile Nucleophile
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Electrophilic Addition of Hydrogen Halides to Alkenes
» Hydrogen halides (HI, HBr, HCI, and HF) added to the double bond of alkenes.
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» The order of reactivity of the hydrogen halides in alkene addition is
HI > HBr > HCI > HF

Markovnikov’s Rule

» Markovnikov’s rule: is to say that in the addition of HX to an alkene, the
hydrogen atom adds to the carbon atom of the double bond that already has the
greater number of hydrogen atoms.

The alkene carbon
atom with the CHzl;?HCHa E— ?HZ_?HCHS

greater number of

hydrogen atoms E H Br
receives the hydrogen. P Markovnikov addition
H Br product

A Mechanism for the Reaction
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Step 1 C=C + H—X: — *C—C— + :X:
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The m electrons of the alkene form a bond with a proton
from HX to form a carbocation and a halide ion.
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The halide ion reacts with the carbocation by
donating an electron pair; the result is an alkyl halide.

Theoretical Explanation of Markovnikov’s Rule

» If the alkene that undergoes addition of a hydrogen halide is an unsymmetrical
alkene such as propene, then step 1 could conceivably lead to two different
carbocations:
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X— H + CH,CH=CH, —> CH,CH—CH, + X-

1° Carbocation
(less stable)
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CH,CH=LCH, + F—~X —> CH,CH—CH,—H + X-

2° Carbocation
(more stable)

» The secondary carbocation is more stable, and it is the greater stability of the
secondary carbocation that accounts for the correct prediction of the overall
addition by Markovnikov’s rule.

+ Br~

—»>¢» CH;CH,CH, — CH,;CH,CH.Br
1° 1-Bromopropane
HB (little formed)
CHy,CH=—CH, —
+ Br~
— CH3CHCH3 fast CH3C|:HCH3
2°
Br

2-Bromopropane
(main product)

» The more stable carbocation predominates because it is formed faster.

A Mechanism for the Reaction: Addition of HBr to 2-Methylpropene

This reaction takes place:

H.C HaC CH,
No—c — BOH~H  —  CHG—cH, Melor
/ \)HQ e /+\ = ® 3 product
H,C H—Br: HsC —:Br: :Br:
3° Carbocation 2-Bromo-2-methylpropane
(more stable carbocation)
This reaction does not occur to any appreciable extent:
HsC CH,4 CH,4
N = |+ s> CH | v . Little
C_CH2 >< > H3—(|3—9H2 3_C _CHz_B”r . formed
HoC H o N\Cgs H
N e Iv/) ’ . .
’ E'r_} i 1° Carbocation 1-Bromo-2-methylpropane

(less stable carbocation)



Regioselective Reactions

» A regioselective reaction: is one that can potentially yield two or more
constitutional isomers but that actually produces only one (or a predominance of
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regioisomers

Regioselectivity: 95 : 5

Anti-Markovnikov Addition of HBr in the Presence of Peroxides

» Anti-Markovnikov addition: stated that when alkenes are treated with HBr in the
presence of peroxides, the hydrogen atom becomes attached to the carbon atom
with the fewer hydrogen atoms.

» This anti-Markovnikov addition occurs only when HBr is used in the presence of
peroxides and does not occur significantly with HF, HCI, and HI even when
peroxides are present.

CHsCH=CH, + HBr -F°R, CH,CH,CH,Br

Stereochemistry of the lonic Addition to an Alkene

» The product can exist as a pair of enantiomers.

» The carbocation that is formed in the first step of the addition is trigonal planar and
is achiral.

» When the halide ion reacts with this achiral carbocation in the second step,
reaction is equally likely at either face.

» The reactions leading to the two enantiomers occur at the same rate, and produced
in equal amounts as a racemic mixture.
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Achiral, trigonal planar

carbocation X
(R)-2-Halobutane
(50%)
1-Butene donates a pair of electrons The carbocation reacts with the halide
to the proton of HX to form an ion at equal rates by path (a) or (b) to
achiral carbocation. form the enantiomers as a racemate.

Addition of Water to Alkenes: Acid-Catalyzed Hydration

» The acid-catalyzed addition of water to the double bond of an alkene is a
method for the preparation of low-molecular-weight alcohols.

» The acids most commonly used to catalyze the hydration of alkenes are dilute
aqueous solutions of sulfuric acid and phosphoric acid.

» The reactions follow Markovnikov’s rule.
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» For example: the hydration of 2-methylpropene

)\ HO" H
A + HOH W

HO
2-Methylpropene 2-Methyl-2-propanol
(isobutylene) (tert-butyl alcohol)

» Acid-catalyzed hydrations of alkenes do not yield primary alcohols except in the
special case of the hydration of ethene.

HaPO,

CH,—CH, + HOH
300 °C

CH4ZCH,OH



A Mechanism for the Reaction
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The alkene donates an electron pair to a proton to form
the more stable 3° carbocation.

CHy H CHyH
| | fast_
Step 2 /C+ + :O0—H —— CH;—C—O—H
HC T CH, i
— CH3

The carbocation reacts with a molecule of water to
form a protonated alcohol.

CH3 \H (|-.;H3 |'||
fast x
Step 3 CHg4 (|3 C) H + O H — CH3—(|3—Q—H + H—O—H
+
CH, CH,

A transfer of a proton to a molecule of water leads to the product.

Rearrangements

» Rearrangement can occur with certain carbocations.

» Because the reaction involves the formation of a carbocation in the first step, the
carbocation formed initially invariably rearranges to a more stable one.

» For example: the formation of 2,3-dimethyl-2-butanol as the major product when
3,3-dimethyl-1-butene is hydrated.

cat. H,SO,
Z ThHp
HO

3,3-Dimethyl-1-butene 2,3-Dimethyl-2-butanol
(major product)
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Alcohols from Alkenes through Oxymercuration-
Demercuration: Markovnikov Addition

» Oxymercuration—demercuration: is a is a two-step method for synthesizing
alcohols from alkenes that avoids rearrangement.
= Alkenes react with mercuric acetate in a mixture of tetrahydrofuran (THF) and
water to produce (hydroxyalkyl)mercury compounds.
= These (hydroxyalkyl)mercury compounds can be reduced to alcohols with
sodium borohydride.

e In the first step, oxymercuration: water and mercuric acetate add to the
double bond.

e In the second step, demercuration: sodium borohydride reduces the
acetoxymercury group and replaces it with hydrogen.

Step 1: Oxymercuration

1
]
> —C—C— O + CH,COH

HO Hg—OCCH,

-, g
/C:C\ + H,O + Hg\OCCHj3/,

Step 2: Demercuration

] |
—C—C— O + HO +NaBH, —> —C—C— + Hg + CH,CO-
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HO Hg—OCCH, HO H



Regioselectivity of Oxymercuration-Demercuration

» Oxymercuration—demercuration is highly regioselective.
» The reactions follow Markovnikov’s rule.

N/ I
o (1) Ha(OAc),/ THF-H,O
/C_C\ (2) NaBH,, HO™ R—C | H
R H Hé) H
+
HO—H
Hg(OAc), OH NaBH, OH
P VN THF-H,0 /\)\/ HgOAc HO™ /\.)\
1-Pentene 2-Pentanol
(93%)
OH OH
HgOAc
Hg(OAc), J NaBH,
THF-H,0 H HO-
1-Methylcyclopentene 1-Methylcyclopentanol

Rearrangements Seldom Occur in Oxymercuration-
Demercuration

» Rearrangements of the carbon skeleton seldom occur in oxymercuration-
demercuration.

HoC HyC
A A (1) Ha(OAc),/ THFH,0 . o
H,C—C—CH—CH, ) NaBH,, HO- > HyC—C—CH—CHj,
H.C H,C OH
3,3-Dimethyl-1-butene 3,3-Dimethyl-2-butanol
(94%)



Mechanism of Oxymercuration

A Mechanism for the Reaction
3,3-dimethyl-1-butene

Step 1 Hg(OAc), == FigOAc + AcO-

+
Mercuric acetate dissociates to form a HJOAC cation and an acetate anion.

T T
™ &+
Step 2 CHs—C—CH=CH, + HgOAc —— CH;—C—CH—CH,
P R .
CHs3 CHy "HgOAc
8+
3,3-Dimethyl-1-butene Mercury-bridged carbocation

The alkene donates a pair of electrons to the electrophilic ﬁgOAc
cation to form a mercury-bridged carbocation. In this carbocation, the
positive charge is shared between the 2° (more substituted) carbon
atom and the mercury atom. The charge on the carbon atom is
large enough to account for the Markovnikov orientation of the
addition, but not large enough for a rearrangement to occur.

H
T A

Step 3 HC—C—CH—CH, ——— H,C—C—CH—CH,
(|3H3 \ }|iQOAC H,C HgOAc

5+
A water molecule attacks the carbon of the bridged mercurinium ion
that is better able to bear the partial positive charge.

o i
) N
H,C :0—~H O—H H3<|: :<|3:
Step 4 HSC—(|3—CH—CH2 LN 30—<|:—CH—<|:H2 + H—'C|')+—H
H;C HgOAc H;C HgOAcC H
(Hydroxyalkyl)mercury
compound

An acid-base reaction transfers a proton to another water molecule (or to an
acetate ion). This step produces the (hydroxyalkyl)mercury compound.

Alcohols from Alkenes through Hydroboration-Oxidation:
Anti-Markovnikov Syn Hydration

» Anti-Markovnikov hydration of a double bond can be achieved through the use
of diborane (B2Hs) or a solution of borane in tetrahydrofuran (BHs: THF).
» For example: the hydroboration—oxidation of propene
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BH,: THF

hydroboration

3\/

Propene

Tripropylborane

(\/}35 HOMO™, 5 ™" 0H

oxidation

1-Propanol

» Hydroboration-oxidation takes place with syn stereochemistry, as well as anti-

Markovnikov regiochemistry.

» For example: the hydroboration—oxidation of 1-methylcyclopentene

(1) BHy: THF
(2) H,0,, HO~ ~

CHs

CH,

H
OH

Summary of Methods for Converting an Alkene to an Alcohol

—h and —oh

Reaction Conditions Regiochemistry Stereochemistry | Occurrence of
Rearrangements

Acid-catalyzed cat. HA, H20 Markovnikov Not controlled Frequent
hydration addition
Oxymercuration— | (1) Hg(OAc)>, Markovnikov Not controlled Seldom
demercuration THF-H.0 addition

(2) NaBH4, HO™
Hydroboration- | (1) BHs:THF Anti-Markovnikov | Stereospecific: Seldom
oxidation (2) H20,, HO™ addition syn addition of

Electrophilic Addition of Bromine and Chlorine to

Alkenes

» Alkenes react rapidly with bromine and chlorine in nonnucleophilic solvents to

form vicinal dihalides.
= For example: the addition of chlorine to ethene.

H H Cl H
\ cl,
C=C —> H—C—C—H
/N |
H H H CI
Ethene 1,2-Dichloroethane
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Mechanism of Halogen Addition

Br /\ Br Br
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A Mechanism for the Reaction

Step 1
o, \“\\ ‘E;- ? s
Se—el — ““c\—/c" + B
f 3 Br
. B|r?' .-.+,.
8- =E_’>.r= Bromonium ion Bromide ion

As a bromine molecule approaches an alkene, the
electron density of the alkene = bond repels
electron density in the closer bromine, polarizing
the bromine molecule and making the closer
bromine atom electrophilic. The alkene donates
a pair of electrons to the closer bromine, causing
displacement of the distant bromine atom. As
this occurs, the newly bonded bromine atom, due
to its size and polarizability, donates an electron
pair to the carbon that would otherwise be a
carbocation, thereby stabilizing the positive
charge by delocalization. The result is a
bridged bromonium ion intermediate.

Step 2 .
% F E =/Br=
\:C—C:“ + :Bri —> \:C—C.,, + enantiomer
N/ - ./ K4
Br “Br
A
Bromonium ion Bromide ion vic-Dibromide

A bromide anion attacks at the back side of one carbon
(or the other) of the bromonium ion in an S, 2 reaction,
causing the ring to open and resulting in the formation

of a vic-dibromide.
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» Example: the addition of bromine to cyclopentene

5— ;.L%r:
i+ :Br: PR
s Br
— LY+
Cyclic Bromide
bromonium ion ion
Plane of symmetry Enantiomers
.
Br Br Br
e LV — i
10 2
' Br Br
Cyclic trans-1,2-Dibromocyclopentane
bromonium ion (as a racemic mixture)

= Attack at either carbon of the cyclopentene bromonium ion is equally likely
because the cyclic bromonium ion is symmetric.

Br Br
O = U g
o +
5 )
WBr Br

(anti addition of Br») (racemate)
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