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Chapter 6 — Alkenes |

Naming Alkenes
General Rule: replace ane with ene.

No. of Carbons | IUPAC Name Common Name | Formula C,H,, | Structure

2 Ethane ethylene C,H4 CH,=CH,

3 Propene propylene C;Hg CH,=CHCH;

4 1-Butene butylene C4Hg CH,=CHCH,CHj;

5 1-Pentene « CsHyo CH,=CHCH,CH,CHj;

IUPAC Rules for Alkene and Cycloalkene Nomenclature

1. Find the longest chain; will end in -ene.

2. The longest chain chosen for the root name must include both carbon atoms of the double bond.
3. The longest chain must be numbered from the end nearest a double bond carbon atom. If the
double bond is in the center of the chain, the nearest substituent rule is used to determine the end
where numbering starts.

HaC
1 H i AHz -
(1) HeCizoC. 4.l = (CH3)2¢—CHCH2C(CH3]‘3
| H, ~ CHa 2 5 5-trimethyl-2-hexene
ZHs=
1
ZH=
Hs I Hs
(2) HEC_.-”C&C/%ME.-*E&CHS = (CH3CHzCHz)zC=CHz
Hz Hz 2-propyl-1-pentene

http://www.cem.msu.edu/~reusch/VirtualText/nomeni.him#nom3

4. The smaller of the two numbers designating the carbon atoms of the double bond is used as the
double bond locator.

5. If more than one double bond is present the compound is named as a diene, triene or equivalent
prefix indicating the number of double bonds, and each double bond is assigned a locator

number.
22y H oo con
C 4 C.. =
3 -~
(3) 4, ot “L?’”S Cl = (CH3CHZ)2C=CHCHECHS)2
LEHz CHz d-gthyl-2-methyl-2-hexens
HzC
CHa  1CHs
I [l
(4) H?: AL SHJEMC,CHS = = CHy=C{CH3)CHICHS)C(CoHs)=CHa
[ Hz 2-ethyl-3,4-dimethyl-1,4-pentadien g
ZH=

http://www.cem.msu.edu/~reusch/VirtualText/nomeni.him#nom3
Practice. Name these alkenes:

CH,

Hs  H,c ——CH, —
H,C HsC CHj

CH CHg CH,
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Cycloalkenes

In cycloalkenes the double bond carbons are assigned ring locations #1 and #2. Which of the two is
#1 may be determined by the nearest substituent rule.

R
1 ;CHE
(3) ‘@—’< = HSCCI:! 4-isopropyl-1-methylcyclohexene
CHs

http://www.cem.msu.edu/~reusch/VirtualText/nomeni.him#nom3
Practice. Name these alkenes:

Alkene as substituent

Substituent groups containing double bonds are:
H,C=CH- Vinyl group

H,C=CH-CH>- Allyl group

Application:
CH,
CI—& Y
CHz //CH—CI
H,C
Cis/Trans
Consider the arrangement of groups arranged around a double bond:
. _ ] ] (. . . o [ _ ) )
| A c A b | A A A B | | A C A b
[ < R ¢ | ™ 14 o A 14 | [ ; s i |
| = = C=C | | C=C E C=C | | [ = T= |
| 5, / Y, | | kS i £ Y, | | s g A |
LA b A c | | & B B a | B o B =
| | I |
Exampla 1 Example 2 Example 3

In example 2 and 3, the connectivity (name) is the same. This type of isomer is called
stereoisomerism. Here are some real cases: Notice the cis or trans designation.

H
Halk CH2CH 3 Hal H H
N
b g e
o Y, o H
H H H CH=CH = H
ciz-2-pentens trans-2-pentens cis-cwclooctene trang-cyclooctene

Here it’s all OK, but there are cases in which the cis/trans rules are useless. How would you assign
cis/trans here?

H
| ZH
N
.fC:C“‘
Br H
Compound A Compound B
(one isamer) (one isomer)

http://www.cem.msu.edu/~reusch/VirtualText/sterisom.htm#isom1
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E/Z nomenclature System

We order groups on each side of the = and then evaluate which is on the same side (Z) — kind of like cis — or
the opposite sides (E) — kind of like trans.

The Sequence Rule for Assignment of Alkene Configurations

Assign priorities to double bond substituents by looking at the atoms attached directly to the double
bond carbons.

1. The higher the atomic number of the immediate substituent atom, the higher the priority. For example, H- <
C— < N- < O- < Cl-. (priority increases left to right) (Different isotopes of the same element are assigned a
priority according to their atomic mass.)

2. If the two substituents are the same, go to FPD (1* point of difference).

For example, CHs— < C,Hs— < CICH,— < BrCH,— < CH30

3. Additions to above: C=0 counts as 2 C-O bonds and C=C counts as 3 C-C bonds.

7
- Br, : Br. —CH;
Br. / VoHy by SE \_He 2 .fCHS )
f— c—rs  c—e o [ 2
: / Ha % 443 H» He 2%,
Ea ™
Cl §— Cl CH-CH3 1l /CH CH3
! HaC HaC'

[-1-bron u-3-chiloro-4-sopropy-Z2-hiepler e (Z)-corfiguration
qicher priority groups on same side
http://www.cem.msu.edu/~reusch/VirtualText/sterisom.htm#isom1

Rotation around the double bond

There is normally no rotation around the double bond, but it is chemically possible to randomize the
positions.

e Heating the alkene to the the point that the pi bond is broken rotates and reforms.

HsC.. QO heat HSC"'Q .-CHg
DO O DO
CH
8 This Possible but takes

a lot of heat. An easier way is to react with acid.

H H

HaC /\v @@ /@GaCH M e

3C,, U\H W == HC weH HaC ot e CHg / {‘CHa
H” CHg X O CHg 6 H H H

. . +
rotate around sigma bond eliminate H What is

heat H3C

Addition of H*

the role of H* here?

Unsaturation

Alkane R—CHQ—CHQ—R CnH2n+2

Cycloalkane (CHy), Each ring or cyclic reduces the # of hydrogen atoms by 2.
Alkene R—CH=CH-R CH,, Each double bond reduces the # of hydrogen atoms by 2.

Formula Unsaturation

CsHy» 0 Take CsHgO. What is the unsaturation.
CsHg 2 How many isomers of the formula C4H¢?
CsHs 3

This formula may be extended beyond hydrocarbons by a few simple corrections:
e The presence of oxygen does not alter the relationship.
e All halogens present in the molecular formula must be replaced by H count.
e Each nitrogen in the formula must be replaced by a CH moiety.

3
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Stability and heats of hydrogenation

Not all alkenes have the same stabilities, because the pi bond is very sensitive to the electronics
of the groups attached.

The standard method is to compare a standard reaction for the same chemical structure, but
varying the position of the double bond.
CiHaz, (alkene) + H, (Pt) 2 C.Han.2 (alkane)

Substitution on alkene: The more C’s attached to the alkene.

E least substfalkene H,

most subs}[alkene H,

AH |

alkane

HaC

—30.3 kcal/mole 4>70H3
H,C
HsC + H, s o
—28.5 kcal/mole J\CHZ Pt 8
HsC HaC

CHg
-26.9 kcal/mole G Jﬁ

3

To a rough approximation, we see that each alkyl substituent on a double bond stabilizes the alkene

about ____ kcal/mole. The Russian chemist Alexander Zaitsev (Saytzeff) discovered this trend We call it:
The Zaitsev Rule:

Hyperconjugation vs Conjugation
Simple picture of conjugation for the allyl cation:

® ( )
H.
HZC/\CH; - - H2C+/\ » [ovee H

CH, H(C—CH—C\

0 H
Allyl cation Simple

picture of hyperconjugation for propene. http://chemistry.boisestate.edu/rbanks/organic/resonance.html

Note overlap of (C) sp3-(H) s bond with the
(C) p - p bond. There is no overlap of the
(H) s bond with (C) p - p bond.

.CHy H.

f,C_C\\‘ ’/C_CH_ ///,,'

H
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Electrophilic Additions
Addition Reactions of Alkenes

¢ Generally exothermic because of the energy of breaking a strong acid bond is low.

e AH = Energy(Bonds Broken) — Energy(Bonds Formed).

e the C-C pi-bond is relatively weak (ca. 63 kcal/mole) relative to the sigma-bonds formed

|
N - ! ! | Bonds Brokenr =C=C & H-Br Sum = 1505 keal/mols
'\ / ! ! | Bonds Broken: =C=C &H-Br Sum = 130.5 keal/mole
F— 4+ . me P N N | ol | DI =R
C=cC 1— Bt = C—C—B !
s *, | | |
! ! | monds Formad @ M- & Be— Sum = 1657.0 bealimale
| Bonds Formed -C & Br-C Sum = 1567.0 kcalfmaole
L L R, e | jl=} o=
Heat of Reaction = (150.5] - (167.0) = -16.5 kcal/moie i ks

http://www.cem.msu.edu/~reusch/VirtualText/addene1.htm#add1a

1. Addition of Strong Brgnsted Acids

As illustrated by the preceding general equation, strong Bransted acids such as HCI, HBr, HI & H,SOy, rapidly
add to the C=C functional group of alkenes to give products in which new covalent bonds are formed to
hydrogen and to the conjugate base of the acid. Using the above equation as a guide, write the addition
products expected on reacting each of these reagents with cyclohexene.

HCl H2504
1SS
HEr H HI

http://www.cem.msu.edu/~reusch/VirtualText/addene1.htm#add1
Mechanism

m(\ H\ v/\ H X

HC=CH, 4 H—X —>=  CHyCH; x —= \on—oﬁ2

Mechanism shown at

Products.
H H

H —H
HCI H2504

Cl s H ™ —0-50zH
H H
H H
4 Her -~ H o~ HI L H
Br —
H

H

Notes:

e Weak Brgnsted acids such as water (pK, = 15.7) and acetic acid (pK, = 4.75) do not normally add to
alkenes.

e Strong acid diluted in water serves to catalyze the addition of water, and in this way alcohols may be
prepared from alkenes. For example, if sulfuric acid is dissolved in water it is completely ionized to the
hydronium ion, H,0", and this strongly acidic (pK, = -1.74) species effects hydration of ethene and

other alkenes. CH,=CH, + H;0" > HCH,~CH,OH + H®

http://www.cem.msu.edu/~reusch/VirtualText/addene1.htm#add1
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Regioselectivity and the Markovnikov Rule

Electrophilic addition gives one product when the alkene has the same substitution pattern. Because the H
can go to either C2 or C3, there are two possible products.

Possible Products for the electrophilic addition of HCI with 2-methyl-2-butene

H
L
H,C—C—CH
é \CH Cl H
HsC /_\ ~ Hy  CHg ./
\ . HaC—C—HC
C=—CH + H—Cl —= Cl- - \
Hs3C H CH CHy
HyC CH, N,/ ?
C—HC
HsC CHj
2-methyl-2-butene 2-chloro-3-methylbutane or 2-chloro-2-methylbutane

Since only 2-chloro-2-methylbutane is formed. The product is called regioselective.

What would be the predominant product of the addition of HBr with 1-butene:

H
H,C—HC
\
HiC—CH ~ L, CHeCHa
CH=CH,4 H—Br —= H —
CH,—CH"
CH2_CH3

The Russian chemist Vladimir Markovnikov discovered this trend We name this phenomenon for him and call

it: The Markovnikov Rule:
When a Bronsted acid, HX, adds to an unsymmetrically substituted double bond, the acidic
hydrogen of the acid bonds to that carbon of the double bond that has the greater number of
hydrogen atoms already attached to it.

Some people say it’s like the phrase, "Them that has gits — meaning the H of course."”

Mechanism of Markovnikov Addition

/\‘ (\ H\ v/—\ H\ /CI

H,C H—Cl ——=  CHyGH" . —=  CH,—CH
\ \ AN

CH3 CH3 CH3

First Step (Intermediate) Second Step

Identify the rate-determining step
Identify the two AE*?
What is the intermediate?

Erergy

H‘c—l::f+ Hy '
_,-"' - \\ H—C—0C=H

— Reaction Progress —=

http://www.cem.msu.edu/~reusch/VirtualText/addene1.htm#add1
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Arrow Pushing Approach
Let’s go through the general reaction.

jim.maxka@nau.edu

Genezal Reactions
For Ac id/Bas Feactions
'/-"'_"‘-\\
HA + B == B-H* + &~
; Conjugate
Z te
prraalll
For Flectrophilic Addition e
T H e H
_‘/’FH_:\‘ H— . 1"-_@ 4+ A e Y
Hurleophile: Electrophile : Electrophile  Mucle ophile
Seeks nuclei Beeks electrons
{here a protony  (here 3 pibond)
Consider the possibilities
Pivot oncarbon-a:
— H
NS /L
c— H—A —— —C—C@® L%
VAR AN
Pivot on carbon-b
NS o) |
c— H—A —m ®C A

/i /

| =
(=2

Wk will see soon why it rakesa difference which way the bond pivots! 1

Add in the Markovikov dilemma.

Two Possihie Products:

Step L: /—\
I.r‘_‘

N
H/c _C\H H—

H
~— not ohser ved

— - HsG—G—F\&)

! -
1" C+
O+ or carbocations are reactive intenue diates Ha H .
that can be stabilized bt usually are not isolated. | Ol thiz one iz
The stability of C+is 3° = 2% = 17 > methyl. ® —C—H obserred! 1
Here only the 2° C+ is formed. 7 |
H H 20—
Step Z:
H
&N ./|_\ ’
@ C—C—H = | |
f( » HzC—C——G——H
H H | |
H H 2-Bromopropane
2% o+
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Carbocation Stability

In general, the most substituted C+ is more stable.

More exactly stated, the most conjugated C+ is the most stable.

Carbocation o, ) _ GH,CHA® < (CHe).CH® = CHp=CHCH, < CoHsCHa® = (GHa)oCY

Stability
Consider the reaction of propene with H-CI.
'S L
H o () UL
Lo Ol ] o W — [
[ —— o [y oLt () I R S N— |
- | H I Hyty™ 2™y + L R S
{ | ) | . B ] [ 1o Markovnikoy
P | T I A = favored H CHz _— =
H, %2 ..CHs T = e ] rEvEL Froduct
SrC=Ci = | Vo r—put T o Or
s ¢ _am - H -—— | H¥™ 7 ~H | -
o | — | [ H H
HHHHHHH L )| () JH — I
pirgpens T moramnlay H.,, ¥ _7 = s Lo L
"""""" et C=Ce, 4+ Cl—C—C—H
T W LHz [
- H H  CHe

el

L H
http://www.cem.msu.edu/~reusch/VirtualText/addenei.htm#add1
The following energy diagram summarizes these features. Note that the pi-complex is not shown, since this
rapidly and reversibly formed species is common to both possible reaction paths.

Reaction Plot with all possiblities

f
+
B =
$ ! L 2
= 4Bz -1 A
E CH]':CHE_CHE
=
L
-------- + H-<l CHy=CHa=CHaCl
CH3-CHCI-CHy
Markovnikov Starting anti-Markovnikoy

Product Materials * Product
http://www.cem.msu.edu/~reusch/VirtualText/addene1.htm#add1

Conjugation
®
H., H

/C——CH=—C\"""
Ll
HQC/\CH; = HZC+/\CH2 ’ GH
ry

HC—Cl  =—=  Hc=al'
H,C—Cl <—= H,C=Cl"

Hyperconjugation http://chemistry.boisestate.edu/rbanks/organic/resonance.html

Methyl Cation (no overlap) One Methyl (C) sp>—(C) p  Two Methyls (C) sp® —(C) p
Draw the structure for the trimethyl cation.
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Hammond Postulate
George Hammond formulated a useful principle that relates the nature of a transition state to its location on the
reaction path. This Hammond Postulate states that a transition state will be structurally and energetically
similar to the species (reactant, intermediate or product) nearest to it on the reaction path. In strongly
exothermic reactions the transition state will resemble the reactant
& Transition species. In strongly endothermic conversions, such as that shown to the

Fiate right, the transition state will resemble the high-energy intermediate or
| product, and will track the energy of this intermediate if it changes. This
| change in transition state energy and activation energy as the stability of
= ! Intermediate the intermediate changes may be observed by clicking the higher or lower
E = or Product  buttons to the right of the energy diagram. Three examples may be
L | examined, and the reference curve is changed to gray in the diagrams for
! higher (magenta) and lower (green) energy intermediates.
I
Reactant http://www.cem.msu.edu/~reusch/VirtualText/addene1.htm#add1
Reference Curve
Feaction Progress
A A A
| IFtermediate
! or Product A
= | == |
= ' = ' -
i | D : Intermediate
5 i 5 £ or Product
I
[
I |
s ol A
Reactant Feactant
Higher Energy Intermediate . Lower Eneray Intermedi ate
Feaction Progress Feaction Progress

http://www.cem.msu.edu/~reusch/VirtualText/addene1.htm#add1
Answer these questions about this reaction plots:

&

Ereray

NS Lo
o PN W

— Reaction Progress —=
http://www.cem.msu.edu/~reusch/VirtualText/addene1.htm#add1

Describe the geometry of the reactants.

Describe the geometry of TS1:

Describe the geometry of the intermediate.

Describe the geometry of TS2.

Describe the geometry of the product.
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Reaction practice:
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CHz
O/ + HCl —= 7
H CH
e
H + HzD ——= ?
H CHs
H CHz
>:< + Hz504 —
HaC H

O:CHZ + H-Br —= 7
@
GeRES
H
CHs

answers at http://www.cem.msu.edu/~reusch/VirtualText/addene1.htm#add1

Rearrangement of Carbocations
The addition of HCI to 3,3-dimethyl-1-butene, for example, leads to an unexpected product, 2-chloro-2,3-

dimethylbutane, in somewhat greater yield than 3-chloro-2,2-dimethylbutane, the expected Markovnikov
roduct. The mechanism is called 1,2-shift of a methyl group.

CHy H CHy HiC  CHg
¥
H3C—I|:—CH:C\ A, H3C—t|:—CHCI—CH2—H + HEC—llf—CH—C Hy-H
CHy H CHs cl

3,3-dimethyl-1-butene 3-chloro-2,2-dimethylbutane  2-chloro-2,3-dimmethylbutane

(|:H3 H @ CHs CHz H
! S FEarrange
H3C—?—CH:C\ Hyt—C—C @ ——— Hac—C@—fli—CHz'H
CHa H CHy CHzH CHs
lm@ lm@
CHy LH_|,H3
HSC—(l:—CHd—CHz'H + H3C—(|:—?H—CH2—H
CHz Zl CHsz
3-chloro-2,2-dimethylbutane 2-chloro-2,3-dimethylbutang

http://www.cem.msu.edu/~reusch/VirtualText/addenel.htm#addic
Here are two views of the reaction of pinene with acid

CHa3 CHs CHs3
2 H+ +|2 A2 ~
1 ;\\x 3 e 1 £ 3H rearrange Hqﬁ"ll & 3 Cl
—_—
HsC: Hz +—— HzC 2 HaC CHz
7 # 7 4 7 4
- 5
a-pinene bornyl chloride
HaC CHz HzC. o CHz HzC._ 7 CHz
+ —
H Lh— 4 e} Cl =5 4 3
7
-— —
H
7 3 ol £
HaC HaC SH HaC 4
a-pinene bornyl chlaride

http://www.cem.msu.edu/~reusch/VirtualText/addene1.htm#addic
What is the driving force for this reaction?

10
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Practice: If the cation(s) below would undergo a 1,2-hydride or methyl shift, show the product from the
rearrangement.

Ho S
| |

BioMolecules

Unsaturated fatty acids:

9,12-octadecadienoic acid (Linoleic Acid)
CH;CH,CH,CH,CH,CH=CHCH,CH=CHCH,CH,CH,CH,CH,CH,CH,COOH
abbreviated as CH3(CH,),CH=CHCH,CH=CH(CH,);,COOH

Alpha and omega nomenclature depends on the position of the double bonds and the ends of the
chain.

i) 15 12 9 1 12 9 1
\VAVAVAV A A Y Vi WA AN AV
\/ \/ \/ Z

Alpha-Linolenic Acid {omega-3) Linoleic Acid {(omega-6)

What is Hydrogenation and Partial Hydrogenation?

Unsaturated fats exposed to air oxidize to create compounds that have rancid, stale, or unpleasant
odors or flavors. Hydrogenation is a commercial chemical process to add more hydrogen to natural
unsaturated fats to decrease the number of double bonds and retard or eliminate the potential for
rancidity. Unsaturated oils, such as soybean oil, which contain unsaturated fatty acids like oleic and
linoleic acid, are heated with metal catalysts in the presence of pressurized hydrogen gas. Hydrogen
is incorporated into the fatty acid molecules and they become saturated with hydrogen.

H H (E:I g
= —» —C—-(C—
/C C\+ H, 5B
Hydrogenation Process

Fully saturated fats are too waxy and solid to use as food additives, so manufacturers use partially
hydrogenated oils. These oils are also produced at high temperatures with metal catalysts and
pressurized hydrogen, but the process is stopped when the oil has the proper consistency for its
application. The high temperatures and catalysts used for this chemical reaction weaken the double
bonds and, as a side effect, cause a large percentage of the natural Cis double bonds to change to
Trans double bonds. Trans fatty acids are present mainly in partially hydrogenated fats, but they are
also present in hydrogenated fats because chemical reactions never achieve 100% efficiency.

quoted verbatim from author(s) at  http://www.scientificpsychic.com/fitness/fattyacids.html
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Summaries:

TS0 NooOaRLN -

- O

15.
16.

Name alkenes. Draw alkenes from names.

Distinguish between cis and trans alkenes.

Distinguish between E/Z alkenes.

Be able to use unsaturation numbers to determine the number of double bonds in a formula.
What is the chemistry of breaking the C-C pi double bond.

Zaitsev’s rule. Substitution and what is the most stable double bond?

Hyperconjugation and Conjugation. How do they work? What is the result?

Electrophilic addition. Addition of an electrophile to an alkene.

Regioselectivity. Stability of different intermediates leads to ONE product.

. Carbocations. What are they? Why are some more stable than others?
. Hammond Postulate: The relationship between transition states and stability of

intermediates and products.

. Reaction profiles of the electrophilic addition.
13.
14.

Be able to predict the products of the reaction of alkenes with simple Bronsted Lowry acids.
Be able to predict the reaction profile for the reaction of alkenes with simple Bronsted Lowry
acids.

Be able to predict when C+ will undergo rearrangements.

Predict rearrangement products.
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