Alkenes - Structure, Stability, Nomenclature

Also called an olefin but alkene is better
General formula C_ H,,, (if one alkene present)

unsaturated - contain fewer than maximum H's possible per C
Can act as weak nucleophiles

H H H H

\ -
C=C H—{—0_—H

\ .

H H H H
Ethylene: CoHy Ethane: CoHg

(fewer hydrogens—unsaturated) (more hydrogens—saturated)
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Structure of Alkenes

One C-C sigma bond and one C-C pi bond
Presence of C-C pi bond prevents bond rotation!

p orbitals  bond

/ \ i o bond
-
sporbitals 7 bond
spz carbon s;:rz carbon Carbon—-carbon double bond

i H\ 121.3° /H :
108.7 pk‘ I\:C 117.4° S m bond Broken 7 bond after rotation
/. ;\ (p orbitals are parallel) (p orbitals are perpendicular)
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Degree of Unsaturation

Sum of all multiple bonds and/or rings in a molecule
Compared to saturated alkane (C H,,,,) where each double bond
and ring remove two hydrogens.

DoU = (Hsat - Hactual)/2

where H, Is number of hydrogens in saturated compound
H. ..o 1S NumMber of hydrogens in compound molecular formula

and Hg, = 2,+2 - #X + #N

X = halogens
N = nitrogens
(ignore other atoms)



Example: C.H,

Hsqy = 2(6) + 2 =14 (CgHyy)
Hactual =10

DoU = 2
Two double bonds?
or triple bond?
or two rings
or ring and double bond

S O O =K

4-Methyl-1,3-pen ene Cyclohex
(two double b d ) (one ﬂng one
double bond)

Bicyclo[3.1 0]h 4-Methyl-2-pentyne
(two rings ) (one triple bond)

CgH1p



Examples

C,H,:N

Hy, =2(7)+2+1=17
H, o = 13

actual

DoU = 2
Two double bonds?
or triple bond?
or two rings

or ring and double
bond

C4H;NBr,

H, =2(8)+2+1-3=16
Hactual =8

DoU = 4
Four double bonds?
two triple bonds?

two rings/two
double bonds?



Alkene Nomenclature

Identify longest chain containing the alkene (both carbons)

Number carbons in chain so that double bond carbons have
lowest possible numbers (if choice, give sub lowest number)

Name, number, and list substituents alphabetically as prefix like
alkane nomenclature

Indicate position of alkene with number-followed by name of
longest chain with suffix -ane replaced with -ene

CHj
CH3CH,CH,CH=CHCH CH3CHCH=CHCH,CH
6352423 213 1323 45263
2-Hexene 2-Methyl-3-hexene
CH3(Z{—I2 H
2Cc=C_1 CHj
CH3CH C{-I \H H C—C[ CH=CH
5 34 23 - 21_2 3 _4 e

2-Ethyl-1-pentene 2-Methyl-1,3-butadiene



Alkene Nomenclature: Isomer Prefix

Disubstituted Alkenes: Cis and Trans

H3C CHj H\ CHs
R & L=
/ % / \
H H HaC H
cis-2-Butene trans-2-Butene

E and Z System
rank two groups on each individual carbon by atomic number
If same, find first point of difference

count multiple bonds multiple times

Highest Priority Groups same side = Z, opposite = E

s
H H3C—CH Br 0
\ \ / |
H C=CH, C=C H3C C—OH
N P A \_ /
C=_C Ho,C=C H C=C
/ kY A 7 )
H3C CHj3 H H CH,OH
(E)-3-Methyl-1,3-pentadiene (E)-1-Bromo-2-isopropyl- (Z)-2-Hydroxymethyl-

1,3-butadiene 2-butenoic acid

@ 2007 Thomson Higher Education



Cycloalkene Nomenclature

Alkene carbons by definition carbons 1 and 2. Give first
substituent lowest possible number.

Name, number, and list substituents alphabetically as prefix like
alkane nomenclature

You do not need to indicate position of alkene with number,
simply name ring size with prefix cyclo and followed suffix -ene

For rings smaller the cyclooctene you do not need to include
alkene geometry (only cis is possible)

9
By O - 5
5 5 1 4 ]
CH3
4 2 4 2 3
3 3

1-Methylcyclohexene 1,4-Cyclohexadiene 1,5-Dimethylcyclopentene
{(New: Cyclohexa-1,4-diene)



Alkenes as Substituents

Methylene
HyC==

A methylene group
Vinyl

HoC=CH-5-

A vinyl group
Allyl
HyC=CH—CH,—%-

An allyl group



Stability of Alkenes

Evaluate heat given off when C=C is converted to C-C

More stable alkene gives off less heat
trans-Butene generates 4 kJ less heat than cis-butene

f

H H
Noof
H CHs ’ /C\ /CH3 ! H3C\ /CH3
= —2,  HsC C —i E=F -
/ \ Pd /7 \ Pd / o
HsC H H H H H ®
c
trans-2-Butene Butane cis-2-Butene w

7 Thomson Hiaher Education

Butane

Reaction progress =

uuuuuuuuuuuuuuuuuuuuuuuuuu
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Stability of Alkenes

Table 6.2 | Heats of Hydrogenation of Some Alkenes

AHohvdmg
Substitution Alkene (kJ/mol) (kcal/mol)
Ethylene H,C=CH, =137 —32.8
Monosubstituted CH;CH=CH, o =300
Disubstituted CH3CH=CHCHg3; (cis) =120 —28.6
CH3;CH=CHCHgs (trans) —116 -27.6
(CH3),C=CH, -119 —28.4
Trisubstituted (CH3),C=CHCH3, =113 —26.9
Tetrasubstituted (CH3),C=C(CH3), =111 —26.6
Tetrasubstituted > Trisubstituted - Disubstituted - Monosubstituted
R R R H R H R H R H
\ P4 \ A \ i \ 4 \ /
c=t > =0 > C=L0 ~ C=C > =0
4 \ / % / \ / \ / \

R R R R H R R H H H

& 2007 Thomson Higher Education
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Stability of Alkenes
————

Hyperconjugation - Electrons in neighboring filled o bond orbital
stabilize vacant antibonding & orbital — net positive interaction from
delocalization of electrons

(not possible when only H present)

& 2007 Thomson Higher Education
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Recall: Electrophilic Addition of Alkenes

General reaction

mechanism: electrophilic

addition

Attack of electrophile (such U o e e D

double bond, forming a new C-H bond. This

aS H B r) On TC bond Of leaves the other carbon atom with a + charge

and a vacant p orbital. Simultaneously, two
electrons from the H-Br bond move onto

al kene bromine, giving bromide anion.

Produces carbocation and
bromide ion

Carbocation is an
electrophile, reacting With @05 e carson siom forming -
nucleophilic bromide ion

y H—Br

H3C-

e
H3C’C' "'C""H

2-Methylpropene
o l

:I.3.r=_ y =
H\C‘ih +

H
/
3
HaC~ C{HH

Carbocation
intermediate

°|

Br

\ /r‘1
LG
HsC'7 \'H
Hoc  H

2-Bromo-2-methylpropane

13



Recall: Electrophilic Addition Energy Path

Two step process
First transition state is high energy point

Carbocation intermediate

First transition state
Second transition state

Energy

Reaction progress =——————»

Productlike transition state
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Electrophilic Additions

The reaction is successful with HCI and with HI as well as HBr
HI is generated from KI and phosphoric acid

s 3
h
C=CH; + HCl Ether , CHy—C—CHs
CHs3 CHs3
2-Methylpropene 2-Chloro-2-methylpropane
(94%)
|
KI
CH3CH2CH2CH:—CH2 m’ CH3CH2CH2CHCH3
3rls

~ 1-Pentene (HI) 2-lodopentane

ooooooooooooooooooooooooo
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Remaining Notes

Rest of the notes are for your benefit and to view pictures.
Remaining topics will be discussed on the board.
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Orientation of Electrophilic Addition:
Markovnikov’s Rule

In an unsymmetrical
alkene, HX reagents can
add in two different ways,
but one way may be
preferred over the other

If one orientation
predominates, the reaction
. . . 1-Pentene 2-Chloropentane 1-Chloropentane
IS I‘eg 10S p ecC |f| C (sole product) I (NOT formed)

Markovnikov observed in =~
the 19t century that in the

addition of HX to alkene,

the H attaches to the

carbon with the most H's

and X attaches to the other

end (to the one with the

most alkyl substituents)

This is Markovnikov's
rule

cl
I
CH3CH,CH,CH=CH, + HCI —— CH3CH,CH,CHCH; CH3CH,CH,CH,CH,C

17



Example of Markovnikov’s Rule

Addition of HCI to 2-methylpropene

Regiospecific — one product forms where two are possible

If both ends have similar substitution, then not
reglospeCIfIC No alkyl groups

on this carbon

2 alkyl groups C{‘lg / Cl

G carbon\/C:CHg + Ho Eher, CHy—C—CHs
CHS CH3

2-Methylpropene 2-Chloro-2-methylpropane

2 alkyl groups
on this carbon

/ CHy
CHs CtBr
@ Ether
+ HBr ——
H H
H

N

1 alkyl group
on this carbon

1-Methylcyclohexene
n Highes Education

1 alkyl group 1 alkyl group
on this carbon on this carbon

C T

Eth | |
CH3CH,CH=CHCH3 + HBr ———> CH3CH,CH,CHCH3 + CH3CH,CHCH,CHs

1-Bromo-1-methylcyclohexane

2-Pentene 2-Bromopentane 3-Bromopentane
@ 2007 Thomson Higher Education
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Markovnikov’s Rule (restated)

More highly substituted carbocation forms as intermediate
rather than less highly substituted one

Tertiary cations and associated transition states are more
stable than primary cations

H Cl
+ | cr |
CHg—Cl:—CHQ E— CH3—C|:—CH3
CHs CHs
CHs3 tert-Butyl carbocation 2-Chloro-2-methylpropane
\C:CH2 +  HCI (tertiary; 3°)
/
CHj
i H | H

2-Methylpropene | o |
CH3—C—CH, — CH3—CI3—CH2CI
|
CHs3 CHs

Isobutyl carbocation 1-Chloro-2-methylpropane
(primary; 1°) (NOT formed)



Carbocation Structure and
Stability

Carbocations are planar and the tricoordinate carbon is
surrounded by only 6 electrons in sp? orbitals

The fourth orbital on carbon is a vacant p-orbital

The stability of the carbocation (measured by energy
needed to form it from R-X) is increased by the presence
of alkyl substituents

. Vacant p orbital

H H R R
5 / /
B sp H—C#* R—C+ R—C#* R—CH
RH H \H
R’ 120° . -
Methyl Primary (1°) Secondary (2°) Tertiary (3°)

@ 2007 Thomson Higher Education
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Dissociation enthalpy
(kJ/mol)

@ 2007 Thomson Higher Education

_ CH4Cl

Methyl

CH3CH,CI

10

(CH3),CHCI

2'3

(CH2)3CCl

30

(kcal/mol)
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Inductive stabilization of cation

species

H H
/ /
H—C+ HsC—C+
\ %
H H
Methyl: Primary:
No alkyl groups One alkyl group
donating electrons donating electrons

& 2007 Thomson Higher Education

via hyperconjugation!

© 2007 Thomson Higher Education

CH

C” )
HzC—C+
il

H
Secondary:

Two alkyl groups
donating electrons

CH
H5C Cf )
—C+
il
CHs
Tertiary:

Three alkyl groups
donating electrons

22



The Hammond Postulate

If carbocation intermediate is more stable than another,
why is the reaction through the more stable one faster?

The relative stability of the intermediate is related to an
equilibrium constant (AG°)

The relative stability of the transition state (which
describes the size of the rate constant) is the activation
energy (AG¥)

The transition state iIs transient and cannot be
examined

23



Transition State Structures

A transition state is the highest energy species in a
reaction step

By definition, its structure is not stable enough to exist for
one vibration

But the structure controls the rate of reaction

So we need to be able to guess about its properties in an
Informed way

We classify them in general ways and look for trends in
reactivity — the conclusions are in the Hammond Postulate

24



Examination of the Hammond

Postulate

A transition state
should be similar to
an intermediate
that is close In
energy

Sequential states
on a reaction path
that are close In
energy are likely to
be close In
structure - G. S.
Hammond

Slower Less
reaction stable
\ intermediate
ﬁore
reaction  stabl

(a) A

Energy

Transition state

/hduct

Reactant

Reaction progress ————
Education

(b) A

(b) A

Energy

Slower Less
reaction stable
\ intermediate
: |
o
=
o
=
w
\ BN
More
Faster stable
reaction intermediat
Reaction prog —_—

Transition state

Reactant

Product

Reaction progress ————»
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Competing Reactions and the
Hammond Postulate

Normal Expectation: Faster reaction gives more stable
Intermediate

Intermediate resembles transition state

Slower
reaction

\\\ —H3C\
- Less stable 5
carbocation H_/C —CHy

// | HaC

>
=
g /
L _
Faster \ H3C
reaction  More stable \C+—CH
carbocation 3
H3C 4
\ H3C
C=CH, =
v
H3C

Reaction progress




Mechanism of Electrophilic Addition:
Rearrangements of Carbocations

H

Carbocations undergo el | N

+ HCl —
HaC HaG® ™ g

structural rearrangements ,L HA

o \C4C\

Cl H
H3C | | H

/7
H H

fOI |OW| n g Set pa’tte rns 3-Methyl-1- butene 2-Chloro-3-methylbutane 2-Chloro-2-methylbutane

(approx. 50%)

1,2-H and 1,2-alkyl shifts
Occur CHz H ~ CH H
HsC | | . Hiél _ | HaC > _H

Goes to give more stable et R

H H

carbocation
Can go through less stable I

ions as intermediates el b

N
H CI

2-Chloro-3-methylbutane

(approx. 50%)

CH; H
Hydride
\,._I\-IL : ;E|: E\:<H
shift H3C \C/
LN
H H

A 3° carbocation

J o

CHy H
H3C .| | H

/N
H H

2-Chloro-2-methylbutane
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Hydride shifts in biological
molecules

CHs — CHg

' ! 1 Hydride ' =

| shift 7 |

‘ H H

o s i H D,f
\ H H
|_1 .J{ C |l_' |_] & rF |_]| = |

A tertiary carbocation An isomeric

tertiary carbocation
& 2007 Thomson Higher Education
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